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• Flavour puzzle
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1. Is there a dynamics behind the pattern fermion masses and mixings ? 

• Almost all the “oddities” of the SM related to the Higgs

2. How is possible to reconcile TeV-scale NP with the absence of indirect signals ?
2.1. Massless neutrinos in the SM 11
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Figure 2.1: Bounds on the scale ⇤ that suppresses non-renormalizable operators that violate
B,L,CP, Lf , Bf and a↵ect precision data. Maybe the ‘hierarchy problem’ suggests new-physics
around few hundred GeV.

massless neutrinos. This line of reasoning leads to more successful predictions: baryon flavour
and CP are violated in a very specific way, described by the CKM matrix, giving rise (among
other things) to characteristic rates of K0 $ K̄0, B0 $ B̄0 transitions. Since CKM CP violation
is accompanied by flavour mixing, CP-violating e↵ects which do not violate flavour, like electric
dipoles, are strongly suppressed, in agreement with experimental data.2

The Higgs vev breaks SU(2)L ⌦ U(1)Y ! U(1)em

hHi = (0, v) with v ⇡ 174GeV, (2.2)

and gives Dirac masses to charged leptons and quarks3 mass terms mi = �iv

mE `R`L +mD dRdL +mU uRuL

but neutrinos remain massless. Within the SM, neutrinos are fully described by the Lagrangian
term

L̄iD/L

i.e. a kinetic term plus gauge interactions with the massive vector bosons, ⌫̄Z⌫ and ⌫̄W `L.

when discussing baryogenesis in section 10.3. To be less precise, massless neutrinos were already suggested, before
the SM, by the V �A structure of weak interactions.

2Most of these theoretical successes would be lost if extensions of the SM motivated by the hierarchy ‘problems’,
such as the MSSM, will be confirmed by future data.

3Dirac and Majorana quadri-spinors are usually presented following the historical development and notation,
but this is confusing. Quadri-spinors are representations of the Lorentz group and of parity, that was believed to
be an exact symmetry. Since we now know that this is not the case, it is more convenient to use the basic fermion
representations of the Lorentz group: the 2-dimensional Weyl spinors. The only Lorentz invariant mass term that
can be written with a single Weyl fermion  is the Majorana term  2. This mass term breaks a U(1) symmetry
 ! eiq ' under which  might be charged (it could be electric charge, hypercharge, lepton number, ...). For
example, a Majorana neutrino mass is possible if the electric charge of neutrinos is exactly zero. With two Weyl
fermions  and  0 one can write three mass terms:  2,  02 and   0. In many interesting cases (all SM fermions,
except maybe neutrinos) the Lagrangian has an unbroken U(1) symmetry (electromagnetism, in the SM) under
which  and  0 have opposite charges, so that then   0 is the only allowed mass term. It is named ‘Dirac mass
term’, and one can group  and  0 in one 4-component Dirac spinor  = ( ,  ̄0). The electron gets its mass from
a Dirac term, that joins two di↵erent Weyl fermions that are therefore named eL and eR rather than  and  0. If
one knows what is doing this is the simplest notation. Since eL and eR have opposite electric charges one usually
prefers to use names like ‘ēR’ or ‘ecR’ or ‘ecL’ in place of ‘eR’. For a clean recent presentation of Weyl spinors
see [32].

- B and L
- CP
- SU(3)5

- SU(2)C
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BSM Flavour

• Flavour puzzle

[Strumia, Vissani] 



1. Is there a dynamics behind the pattern fermion masses and mixings ? 

• Almost all the “oddities” of the SM related to the Higgs

exciting NP at ATLAS/CMS, boring flavour physics at LHCb protected by MFV 

data suggest instead unexpected flavour anomalies   

1 Introduction

LSM = Lkin + Lgauge +
�
yij i jH + h.c.

�� � |H|4 + µ2 |H|2 � ⇤4
cc (1)

�⇤4
cc ⇠ ⇤4

UV (2)

(⇤cc)
4 ⇠ (10�3 eV)4 ⌧ ⇤4

UV (3)

µ2 ⇠ (100 GeV)2 ⌧ ⇤2
UV (4)

mc = 1.2 GeV (5)

mt̃ =??? (6)

⇤UV = 500 GeV (7)

⇤UV = 2 GeV (8)

⇤2
UV (9)

�m2
H =

3GFm2
tp

2⇡2
⇤2

UV (10)

⇤UV = 850 MeV (11)

M2
⇡+ �M2

⇡0 = (35.5 MeV)2 (12)

M2
⇡+ �M2

⇡0 =
3↵

4⇡
⇤2

UV (13)

LSM � �
yij i jH + h.c.

�� � |H|4 + µ2 |H|2 � ⇤4
cc (14)

µ2 ⌧ ⇤2
UV (15)

�µ2 ⇠ ⇤2
UV (16)

p
s = ⇤U (17)

Q3Q3 �! Vcb cLbL (18)

3

2. How is possible to reconcile TeV-scale NP with the absence of indirect signals ?

BSM Flavour

• Flavour puzzle

• pre-LHC scenario:



Part-I

Review of  “B-anomalies”



“B-anomalies”
Anomalies in semi-leptonic B-decays

Out of the Higgs Era into the Dark – 21/11/2017Peter Cox – Kavli IPMU 2

𝑏 → 𝑐𝜏𝜈 𝑏 → 𝑠𝜇𝜇

Lepton
Universality

𝑅(𝐷), 𝑅(𝐷∗), 
𝑅(𝐽/𝜓) 𝑅(𝐾), 𝑅(𝐾∗)

Angular
Distributions 𝐵 → 𝐾∗𝜇𝜇 (𝑃5′)

Differential BR 
(𝑑Γ/𝑑𝑞2)

𝐵 → 𝐾(∗)𝜇𝜇
𝐵𝑠 → 𝜙𝜇𝜇
Λ𝑏 → Λ𝜇𝜇

• A seemingly coherent pattern of SM deviations building up since ~ 2012 



Charged current anomalies

• SM prediction reasonably robust [lot of recent activity - HFLAV 2018]

• Deviation seen in 3 exp. in a consistent way, combined significance ~ 3.7σ

• R(D) and R(D*) point to constructive interference (+15%) with SM amplitude

Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM
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Charged-current anomalies
b to c transition in τ ν final state. 
Tree-level SM process with Vcb suppression.

LFU ratio to reduce QCD uncertainties

Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  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Charged-current anomalies
b to c transition in τ ν final state. 
Tree-level SM process with Vcb suppression.

LFU ratio to reduce QCD uncertainties

Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  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Charged-current anomalies
b to c transition in τ ν final state. 
Tree-level SM process with Vcb suppression.

LFU ratio to reduce QCD uncertainties
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All results since 2012 consistently 
above SM prediction

While μ/e universality tested at % level.

~ 20% enhancement from the SM

~ 4σ from the SM
Robust SM prediction

Lepton Universality
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[ū

i

�µ 1� �5

2
V

CKM

ij

d

j

+ ⌫̄
i

�µ 1� �5

2
e

i

]W+

µ + h.c .

W

�

b

c

l

�

⌫̄
l

Compare µ and ⌧ modes of
semi-leptonic decays:

R(D⇤) =
B(B0 ! D

⇤�⌧+⌫⌧ )

B(B0 ! D

⇤�µ+⌫µ) 0.2 0.3 0.4 0.5 0.6
R(D)

0.2

0.25

0.3

0.35

0.4

0.45

0.5

R
(D

*) BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)
Average

Average of SM predictions

 = 1.0 contours2χ∆

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Summer 2018

) = 74%2χP(

σ4

σ2

HFLAV
Summer 2018

Tension with SM in R(D) vs R(D⇤) ⇠ 3.7� ! new physics at tree-level�

FPCP 2018 Semi-leptonic decays 14 July 2018 2 / 24



Charged current anomalies
Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:
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SM Predictions
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053

He↵ =
GFp
2
V ⇤
cb(b̄L�µcL)(⌧̄L�

µ⌫⌧ )

6

����
gq
g`

���� . 5.4 (21)

�`
ee ⌧ �`

µµ (22)

�L = � g2`
2m2

V

�`
µµ(⌧̄L�µµL)(⌫̄⌧�

µ⌫µ) (23)

�L = � g2`
4m2

V

�`
⌧µ�

`
µµ(⌧̄L�µµL)(µ̄L�

µµL) (24)

gq
g`

=
✏q
✏`

(25)

V a
µ � �

Z 0
µ , W 0

µ

�
(26)

MZ0 ' MW 0 ' mV �M ⇠ O
✓
mW

gHv

mV

◆
(27)

gH ⌧ g`, gq ⇠ O
✓
1

2

◆
(28)

g`,q ⇠ 1 ! mV ⇠ 250GeV (29)

g`,q ⇠
p
4⇡ ! mV . 1TeV (30)

Z 0
µb̄L�

µbL Z 0
µb̄L�

µbL (31)

BR(Z 0 ! ⌧̄ ⌧) =
g2`

2g2` + 6g2q + extra

(32)

R⌧/`
D = R⌧/`

D⇤ Rµ/e
D . 10%R⌧/`

D (33)

�MBs

�MBd

=
�MBs

�MBd

����
SM

(34)

BR(⌧ ! µ⌫⌫̄)

BR(⌧ ! e⌫⌫̄)
(35)

�Cµ
9

(36)

R(D(⇤)) ⌘ B(B0 ! D(⇤)+⌧⌫)

B(B0 ! D(⇤)+`⌫)
, ` = µ, e (37)

2

����
gq
g`

���� . 5.4 (21)

�`
ee ⌧ �`

µµ (22)

�L = � g2`
2m2

V

�`
µµ(⌧̄L�µµL)(⌫̄⌧�

µ⌫µ) (23)

�L = � g2`
4m2

V

�`
⌧µ�

`
µµ(⌧̄L�µµL)(µ̄L�

µµL) (24)

gq
g`

=
✏q
✏`

(25)

V a
µ � �

Z 0
µ , W 0

µ

�
(26)

MZ0 ' MW 0 ' mV �M ⇠ O
✓
mW

gHv

mV

◆
(27)

gH ⌧ g`, gq ⇠ O
✓
1

2

◆
(28)

g`,q ⇠ 1 ! mV ⇠ 250GeV (29)

g`,q ⇠
p
4⇡ ! mV . 1TeV (30)

Z 0
µb̄L�

µbL Z 0
µb̄L�

µbL (31)

BR(Z 0 ! ⌧̄ ⌧) =
g2`

2g2` + 6g2q + extra

(32)

R⌧/`
D = R⌧/`

D⇤ Rµ/e
D . 10%R⌧/`

D (33)

�MBs

�MBd

=
�MBs

�MBd

����
SM

(34)

BR(⌧ ! µ⌫⌫̄)

BR(⌧ ! e⌫⌫̄)
(35)

�Cµ
9

(36)

R(D(⇤)) ⌘ B(B0 ! D(⇤)+⌧⌫)

B(B0 ! D(⇤)+`⌫)
, ` = µ, e (37)

2

Charged-current anomalies
b to c transition in τ ν final state. 
Tree-level SM process with Vcb suppression.

LFU ratio to reduce QCD uncertainties
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All results since 2012 consistently 
above SM prediction

While μ/e universality tested at % level.

~ 20% enhancement from the SM

~ 4σ from the SM
Robust SM prediction

Physics highlights

Lepton Flavor Universality: R(J/ ) NEW
• Generalization of R(D⇤) to the Bc sector

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )
B(B+

c ! J/ µ+⌫µ)

• Bc decay form factors unconstrained
experimentally: theoretical prediction not yet
precise 0.25-0.28

• Reconstruct signal with ⌧ ! µ⌫µ⌫⌧ (17%)

• Dataset: Run 1 (3 fb�1)

R(J/ ) = 0.71 ± 0.17 ± 0.18

(about 2 � from SM)

Excellent future prospects:

• Run I + Run II data with extra MC allow finer
binning in missing mass

• Form factors systematics reduced by LQCD
work + dedicated form factor study

• Only LHCb can perform this measurement

M. Fontana (INFN Cagliari and CERN) LHCC - CERN 13-09-2017 22 / 27

LHCb-PAPER-2017-035

~ 2σ above the SM

• As of Sept 2017:

clearly, a systematic effect !
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FIG. 1. Goodness-of-fit for the coe�cients of individual operators from the measured R(D) and R(D⇤) ratios. Besides the
fits to the unprimed operators in Table II (left), we also show fits to primed operators not related by simple rescalings (right).
Faded regions for CSL indicate good fits to the observed rates excluded by the measurement of the q2 spectrum [2]. Note that
the �2 includes experimental and SM theory uncertainties, but not theory uncertainties on NP.
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FIG. 2. Goodness-of-fit for coe�cients of operators which can be generated from dimension-6 operators with fermion bilinears
having the same SM quantum numbers. The plots show 1-, 2-, and 3� allowed regions. Approximate regions of parameter
space excluded by the measurement of the q2 spectrum [2] are presented as faded regions, as in Fig. 1.

as rough guides only.)

As noted earlier, certain mediators can generate two
contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

excluded [2], as indicated by the faded regions. In the
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as rough guides only.)

As noted earlier, certain mediators can generate two
contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).
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• BSM fit favours NP in LH tau operators (SM interference)*
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Figure 1: The vertical red band corresponds to the values of C⌧

VL

that satisfy the exper-

imental measurement of R
D

within 1�. Similarly, the green (blue) region corresponds

to the values of C⌧

VL

and C⌧

AL

that satisfy the experimental measurement of R
D

⇤ (R
J/ 

)

within 1�. All the WCs are defines at the m
b

scale. The oblique dashed line is the locus

of the equation C⌧

VL

= �C⌧

AL

.

It is interesting that C⌧

VL

= �C⌧

AL

⇡ 1.1 falls in the overlap region mentioned above.

As we will see in the next section, the relation C⌧

VL

= �C⌧

AL

is expected if SU(2)
L

⇥
U(1)

Y

gauge invariance in linearly realised at the dimension-6 level. Note that the vector

and axial-vector operators do not have anomalous dimensions if only QCD interactions

are considered (see, for example, appendix-E of [31] and also [44]). Hence, we take

C⌧

VL,AL

(⇤) = C⌧

VL,AL

(m
b

).

3.2 Scalar and Pseudo-scalar operators

Here we consider the scalar and pseudo-scalar operators, O⌧

SL

and O⌧

PL

respectively. In

the left panel of Fig. 2, we show the parameter space that satisfies the individual exper-

imental data on R
D

, R
D

⇤ and R
J/ 

within 1�. As discussed before, while the operator

O⌧

SL

contributes to R
D

only, the operator O⌧

PL

contributes only to R
D

⇤ . This explains

the vertical and horizontal nature of the allowed regions for R
D

and R
D

⇤ respectively.

Note that the operator O⌧

PL

directly contributes to the decay B
c

! ⌧⌫ also (refer to

appendix-A for more details). The regions below the two horizontal dashed lines cor-

8
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Figure 2: Left panel : the red and green (blue) bands correspond to the values of C⌧

SL

and C⌧

PL

that satisfy the experimental measurement of R
D

and R
D

⇤ (R
J/ 

) within 1�

respectively. The values of C⌧

PL

that correspond to Br(B
c

! ⌧⌫) < 30% and < 10% are

also shown. Right panel : renormalisation group running of the WCs C⌧

SL

and C⌧

PL

.

respond to Br(B
c

! ⌧⌫) < 30% and < 10%, which were claimed to be the indirect

experimental upper bounds by the authors of [45] and [46] respectively. Thus, an ex-

planation of R
D

⇤ by the operator O⌧

PL

is in serious tension with the upper bound on

Br(B
c

! ⌧⌫).

The right panel of Fig. 2 shows the renormalisation group (RG) running (considering

only QCD interactions) of the WCs C⌧

SL

and C⌧

PL

from the m
b

scale to 5 TeV using the

following equation [31],
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where, � = �8. The values at the m
b

scale are taken from the allowed bands in the left

panel.

3.3 Tensor operators

We now turn to the discussion of the tensor operator. In Fig. 3, we show the allowed

values of C⌧

TL

that are consistent with the 1� experimental measurements of R
D

, R
D

⇤ and

R
J/ 

. The values enclosed by the green vertical dashed lines correspond to simultaneous

explanation of R
D

and R
D

⇤ anomalies. Note however that the prediction for R
J/ 

in

9
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As noted earlier, certain mediators can generate two
contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02
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SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)
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) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

excluded [2], as indicated by the faded regions. In the
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plane (middle plot), we find the measured q

2

spectra exclude regions that provide good fits to the total
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As noted earlier, certain mediators can generate two
contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

excluded [2], as indicated by the faded regions. In the
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plane (middle plot), we find the measured q

2

spectra exclude regions that provide good fits to the total

The V-A operator gives the best fit
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*Exception: < 100 MeV sterile neutrino (no SM interference, relaxes bounds from SU(2)L )

transition occurs in the SM through a loop-induced process, thus hinting to a higher NP
scale or smaller couplings responsible for the R(K(⇤)) anomaly.

Concerning the R(D(⇤)) observables, it has recently been proposed that the measured
enhancement with respect to the SM prediction can also be obtained by adding a new
right-handed fermion, singlet under the SM gauge group, hereafter dubbed N

R

[39, 40] (see
also [25, 41–43] for earlier related studies). Di↵erently from other explanations where the
NP contributions directly enhance the b ! c⌧⌫

⌧

transition, this solution allows to evade
the stringent constraints arising from the SU(2)

L

doublet nature of the SM ⌫
⌧

neutrino. In
this case the B ! D(⇤)⌧⌫ decay rate becomes the sum of two non-interfering contributions:
B(B ! D(⇤)⌧⌫) = B(B ! D(⇤)⌧⌫

⌧

) + B(B ! D(⇤)⌧N
R

).
Several e↵ective operators involving N

R

can be written at the B-meson mass scale. In
order to ensure that the di↵erential distributions in the B ! D(⇤)⌧N

R

process are compatible
with the SM ones, as implicit in the global fits where the experimental acceptances are not
assumed to be drastically modified by the presence of extra NP contributions, we assume
that the sterile neutrino has a mass below ⇠ O(100) MeV [40] and that the dominant
contributions to the R(D(⇤)) anomaly is given by a right-right vector operator

Lb!c⌧⌫

BSM

=
c
RD

⇤2
(c̄

R

�
µ

b
R

) (⌧̄
R

�µN
R

) + h.c. . (1)

Matching to the observed excess one finds [9] (Summer 2018 update [10])

R
D

(⇤) ⌘ R(D)

R(D)
SM

=
R(D⇤)

R(D⇤)
SM

= 1 +

����
c
RDv2

2⇤2V
cb

����
2

= 1.218± 0.052 , (2)

where v ⇡ 246 GeV is the vacuum expectation value of the SM Higgs field. This gives a NP
scale required to fit the observed excess

⇤/
p

c
RD = (1.27+0.09

�0.07) TeV . (3)

Such a low NP scale strongly suggests that this operator could be generated by integrating
out at tree-level some heavy mediator. There are only three possible new degrees of freedom
which can do that:

• a charged vector W 0
µ

⇠ (1,1,+1),

• a vector leptoquark Uµ

1 ⇠ (3,1,+2/3),

• a scalar leptoquark S1 ⇠ (3̄,1,+1/3),

where in parentheses we indicate their SU(3)
c

⇥SU(2)
L

⇥U(1)
Y

quantum numbers 1. The case
of the W 0

µ

has been recently studied in detail in Refs. [39, 40]. In this work we focus on the
two coulored leptoquark (LQ) models. Interestingly enough, both LQs can also contribute
to the neutral-current b ! sµ+µ� transition. In particular, the vector LQ U1 contributes to
that process at tree-level while the scalar S1 only at one loop.

By considering the most general gauge invariant Lagrangians and assuming a specific
flavour structure, we study in details the conditions under which the two LQ models can

1We normalise the weak hypercharge as Q = T 3L + Y .
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• BSM fit favours NP in LH tau operators (SM interference)*

[1804.04135, 
1804.04642, 
1807.10745] 

• What is the scale of NP ?
Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053

He↵ =
GFp
2
V ⇤
cb(b̄L�µcL)(⌧̄L�

µ⌫⌧ )
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Charged-current anomalies
b to c transition in τ ν final state. 
Tree-level SM process with Vcb suppression.

LFU ratio to reduce QCD uncertainties

transition occurs in the SM through a loop-induced process, thus hinting to a higher NP
scale or smaller couplings responsible for the R(K(⇤)) anomaly.

Concerning the R(D(⇤)) observables, it has recently been proposed that the measured
enhancement with respect to the SM prediction can also be obtained by adding a new
right-handed fermion, singlet under the SM gauge group, hereafter dubbed N

R

[39, 40] (see
also [25, 41–43] for earlier related studies). Di↵erently from other explanations where the
NP contributions directly enhance the b ! c⌧⌫

⌧

transition, this solution allows to evade
the stringent constraints arising from the SU(2)

L

doublet nature of the SM ⌫
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neutrino. In
this case the B ! D(⇤)⌧⌫ decay rate becomes the sum of two non-interfering contributions:
B(B ! D(⇤)⌧⌫) = B(B ! D(⇤)⌧⌫
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) + B(B ! D(⇤)⌧N
R

).
Several e↵ective operators involving N

R

can be written at the B-meson mass scale. In
order to ensure that the di↵erential distributions in the B ! D(⇤)⌧N

R

process are compatible
with the SM ones, as implicit in the global fits where the experimental acceptances are not
assumed to be drastically modified by the presence of extra NP contributions, we assume
that the sterile neutrino has a mass below ⇠ O(100) MeV [40] and that the dominant
contributions to the R(D(⇤)) anomaly is given by a right-right vector operator
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Matching to the observed excess one finds [9] (Summer 2018 update [10])
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where v ⇡ 246 GeV is the vacuum expectation value of the SM Higgs field. This gives a NP
scale required to fit the observed excess

⇤/
p

c
RD = (1.27+0.09

�0.07) TeV . (3)

Such a low NP scale strongly suggests that this operator could be generated by integrating
out at tree-level some heavy mediator. There are only three possible new degrees of freedom
which can do that:

• a charged vector W 0
µ

⇠ (1,1,+1),

• a vector leptoquark Uµ

1 ⇠ (3,1,+2/3),

• a scalar leptoquark S1 ⇠ (3̄,1,+1/3),

where in parentheses we indicate their SU(3)
c

⇥SU(2)
L

⇥U(1)
Y

quantum numbers 1. The case
of the W 0

µ

has been recently studied in detail in Refs. [39, 40]. In this work we focus on the
two coulored leptoquark (LQ) models. Interestingly enough, both LQs can also contribute
to the neutral-current b ! sµ+µ� transition. In particular, the vector LQ U1 contributes to
that process at tree-level while the scalar S1 only at one loop.

By considering the most general gauge invariant Lagrangians and assuming a specific
flavour structure, we study in details the conditions under which the two LQ models can

1We normalise the weak hypercharge as Q = T 3L + Y .
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Neutral current anomalies
1 Introduction

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)
B(B ! D(⇤)`⌫)

(1)

` = e, µ

R(K(⇤)) =
B(B ! K(⇤)µµ)
B(B ! K(⇤)ee)

(2)

3

P Õ
5

.... a closer look to the most tested anomaly (Type-I)

Is this an statistical fluctuation?

P Õ
5

was proposed in DMRV, JHEP 1301(2013)048

P Õ
5

=

Ô
2

Re(AL
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ALú
‹ ≠AR

0

ARú
‹ )

Ò
|A

0

|2(|A‹|2 + |AÎ|2)

= P Œ
5

(1 + O(–
s

›‹) + p.c.) .

Optimized Obs.: Soft form factor (›‹) cancellation at LO.

2013: 1fb≠1 dataset LHCb found 3.7‡.
2015: 3fb≠1 dataset LHCb (black) found 3‡ in 2 bins.

∆ Predictions (in orange) from DHMV.
Belle (red) confirmed it in a bin [4,8] few months ago.

Is there a problem with hadronic uncertainties?: Two robust and independent analysis (same as F
L

):

ORANGE DHMV: using i-QCDF and KMPW FF+ 4 types of corrections.
MAGENTA ASZB: using full FF from BSZ.

.... are in nice agreement and finds the anomaly.

Joaquim Matias Universitat Autònoma de Barcelona Heavy Flavour Anomalies

• Angular distributions

1 Introduction

B ! (K⇤ ! K⇡)µµ (1)

b ! sµµ (2)

gY
gY
g
4

Z 0 � q � q (3)

LL � g
4p
2
Q

0
�µL0

LUµ (4)

���d,s
q

�� ⌧
���b

q

�� (5)

�q =

0

@
�d
q 0 0
0 �s

q 0
0 0 �b

q

1

A (6)

LY =� q0L Yd Hd0R � q0L Yu H̃u0
R � `

0
L Ye He0R

� q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � L M  R (7)

Mg0 '
p
2MU (8)

MZ0 '
q

3

2

MU (9)

MU ' 1

2

g
4

v
3

(10)

Mg0 ' 1

2

p
2g

4

v
3

(11)

MZ0 ' 1

2

q
3

2

g
4

v
3

(12)

3M2

U ' M2

g0 + 2M2

Z0 (13)

h⌦
1,3i (14)

' g
3

(15)

' g
1

(16)

3

• LFU ratios

                       AfterRK⇤
[1704.05340, 1704.05435,
1704.05438, 1705444,
17054446, 1705447]

• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)
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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.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. 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. To this end, we define RK⇤ in a given range of q2, 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 [26] 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

7

[1704.05438 ]

• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re CBSM

bR(µ�e)L

CSM

bLµL

, (15)

where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of

6

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
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detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
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line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
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bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .
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)/2. The latter refers to the e↵ective operator Oµ
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= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM
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. Notice that, beyond the chiral-

linear limit, also CBSM
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points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of
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for RK is

RK =
|CbL+RµL�R |2 + |CbL+RµL+R |2
|CbL+ReL�R |2 + |CbL+ReL+R |2 . (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re CBSM

bL+R(µ�e)L

CSM

bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter CBSM

bX lY
/CSM

bX lY
, a

number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
(1 � p)(|CbL+RµL�R |2 + |CbL+RµL+R |2) + p

�|CbL�RµL�R |2 + |CbL�RµL+R |2�

(1 � p)(|CbL+ReL�R |2 + |CbL+ReL+R |2) + p
�|CbL�ReL�R |2 + |CbL�ReL+R |2� (14)

where G
F

is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f
+,T (q2) we have

FA(q
2) = (C

10

+ C 0
10

) f
+

(q2) , (10)

FV (q
2) = (C

9

+ C 0
9

)f
+

(q2) +
2mb

MB + MK
(C

7

+ C 0
7

) fT (q
2)

| {z }
SMelectromagnetic dipole contribution

+ hK(q2)| {z }
non�factorizable term

. (11)

Notice that for simplicity we wrote the Wilson coe�cient C
9

omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7

), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.
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• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)
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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.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. 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. To this end, we define RK⇤ in a given range of q2, 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 [26] 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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• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re CBSM

bR(µ�e)L

CSM

bLµL

, (15)

where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of

6
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for RK is

RK =
|CbL+RµL�R |2 + |CbL+RµL+R |2
|CbL+ReL�R |2 + |CbL+ReL+R |2 . (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re CBSM

bL+R(µ�e)L

CSM

bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter CBSM

bX lY
/CSM

bX lY
, a

number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
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where G
F

is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f
+,T (q2) we have
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Notice that for simplicity we wrote the Wilson coe�cient C
9

omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7

), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.

5

[D’Amico et al, 1704.05438] 

1 Introduction

ee (1)

O
9

/ (sL�µbL)(`L�
µ`) (2)

O
10

/ (sL�µbL)(`L�
µ�

5

`) (3)

m⌫ = 0 (4)

K0

L , B
0, Bs ! ` `0 (5)

MU1 � TeV (6)

⇤2017

NP

⇤2015

NP

' 5 , (7)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d

i
L�

µdjL + �L
↵� `

↵
L�

µ`�L

⌘
Z 0

µ , (8)

Qi
L =

✓
(V †

CKM

uL)i

diL

◆
(9)

�q,`
ij = �i3�j3 + corrections (10)

⌧ (11)

�q
ij�

`
kl

⇤2

(Q
i
L�

a�µQ
j
L)(L

k
L�

a�µLl
L) (12)

b ! c⌧⌫⌧ (13)

b ! sµµ (14)

⇤RD = 3.4 TeV (15)

⇤RK = 31 TeV (16)

B ! K⇤(K⇡)µµ (17)

1/⇤2 = g2/M2 (18)

3

• Well-described by NP in              (explains also angular distributions)

• RH currents in quark sector disfavoured (predict wrong correlation)

• Significance of global fits > 4σ

➢ Many groups performing global fits 
(differences in observables included and treatment of hadronic uncertainties)

➢ All find significant preference for new contribution to 𝐶9

Global fits

Out of the Higgs Era into the Dark – 21/11/2017Peter Cox – Kavli IPMU 8

(LH)

Significant deviation even with 
conservative assumptions!

1𝜎
3𝜎

Altmannshofer et al. 1704.05435

Capdevila et al. 1704.05340 (𝐶9𝑆𝑀= −𝐶10𝑆𝑀 = 4.27)

Geng et al. 1704.05446

1 Introduction

O
9

/ (sL�µbL)(`L�
µ`) (1)

O
10

/ (sL�µbL)(`L�
µ�

5

`) (2)

m⌫ = 0 (3)

K0

L , B
0, Bs ! ` `0 (4)

MU1 � TeV (5)

⇤2017

NP

⇤2015

NP

' 5 , (6)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d

i
L�

µdjL + �L
↵� `

↵
L�

µ`�L

⌘
Z 0

µ , (7)

Qi
L =

✓
(V †

CKM

uL)i

diL

◆
(8)

�q,`
ij = �i3�j3 + corrections (9)

⌧ (10)

�q
ij�

`
kl

⇤2

(Q
i
L�

a�µQ
j
L)(L

k
L�

a�µLl
L) (11)

b ! c⌧⌫⌧ (12)

b ! sµµ (13)

⇤RD = 3.4 TeV (14)

⇤RK = 31 TeV (15)

B ! K⇤(K⇡)µµ (16)

1/⇤2 = g2/M2 (17)

�MBs (18)

3

1 Introduction

O
9

/ (sL�µbL)(`L�
µ`) (1)

O
10

/ (sL�µbL)(`L�
µ�

5

`) (2)

m⌫ = 0 (3)

K0

L , B
0, Bs ! ` `0 (4)

MU1 � TeV (5)

⇤2017

NP

⇤2015

NP

' 5 , (6)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d

i
L�

µdjL + �L
↵� `

↵
L�

µ`�L

⌘
Z 0

µ , (7)

Qi
L =

✓
(V †

CKM

uL)i

diL

◆
(8)

�q,`
ij = �i3�j3 + corrections (9)

⌧ (10)

�q
ij�

`
kl

⇤2

(Q
i
L�

a�µQ
j
L)(L

k
L�

a�µLl
L) (11)

b ! c⌧⌫⌧ (12)

b ! sµµ (13)

⇤RD = 3.4 TeV (14)

⇤RK = 31 TeV (15)

B ! K⇤(K⇡)µµ (16)

1/⇤2 = g2/M2 (17)

�MBs (18)

3



Neutral current anomalies

1 Introduction

ee (1)

O
9

/ (sL�µbL)(`L�
µ`) (2)

O
10

/ (sL�µbL)(`L�
µ�

5

`) (3)

m⌫ = 0 (4)

K0

L , B
0, Bs ! ` `0 (5)

MU1 � TeV (6)

⇤2017

NP

⇤2015

NP

' 5 , (7)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d

i
L�

µdjL + �L
↵� `

↵
L�

µ`�L

⌘
Z 0

µ , (8)

Qi
L =

✓
(V †

CKM

uL)i

diL

◆
(9)

�q,`
ij = �i3�j3 + corrections (10)

⌧ (11)

�q
ij�

`
kl

⇤2

(Q
i
L�

a�µQ
j
L)(L

k
L�

a�µLl
L) (12)

b ! c⌧⌫⌧ (13)

b ! sµµ (14)

⇤RD = 3.4 TeV (15)

⇤RK = 31 TeV (16)

B ! K⇤(K⇡)µµ (17)

1/⇤2 = g2/M2 (18)

3

• Well-described by NP in              (explains also angular distributions)

• RH currents in quark sector disfavoured (predict wrong correlation)

• Significance of global fits > 4σ

• What is the scale of NP ?1 Introduction

LBSM =
c

⇤2
(sL�↵bL) (µL�

↵µL) (1)

c = 1 (2)

c = Vcb (3)

c = Vcb/4⇡ (4)

⇤ = 3.4 TeV (5)

⇤ = 0.7 TeV (6)

⇤ = 0.1 TeV (7)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (8)

b (9)

⌧ (10)

g0 (11)

Z 0 (12)

j (13)

q (14)

q (15)

MZ0 ' 1p
2
MU (16)

mC/S (17)

mT/B (18)

3

No suppression: 

MFV: 

MFV + loop: 

1 Introduction

c = 1 (1)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (2)

b (3)

⌧ (4)

g0 (5)

Z 0 (6)

j (7)

q (8)

q (9)

MZ0 ' 1p
2
MU (10)

mC/S (11)

mT/B (12)

mLµ (13)

mL⌧ (14)

1.3 TeV (15)

900 GeV (16)

�L ⇠
0

@
✏ ✏ ✏
✏ 0.01 0.2
✏ 0.05 1

1

A (17)

3

1 Introduction

LBSM =
c

⇤2
(sL�↵bL) (µL�

↵µL) (1)

c = 1 (2)

c = Vcb (3)

c = Vts (4)

c = Vcb/4⇡ (5)

c = Vts/4⇡ (6)

⇤ = 31 TeV (7)

⇤ = 6 TeV (8)

⇤ = 0.5 TeV (9)

⇤ = 3.4 TeV (10)

⇤ = 0.7 TeV (11)

⇤ = 0.1 TeV (12)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (13)

b (14)

⌧ (15)

g0 (16)

Z 0 (17)

j (18)

3

1 Introduction

LBSM =
c

⇤2
(sL�↵bL) (µL�

↵µL) (1)

c = 1 (2)

c = Vcb (3)

c = Vts (4)

c = Vcb/4⇡ (5)

c = Vts/4⇡ (6)

⇤ = 31 TeV (7)

⇤ = 6 TeV (8)

⇤ = 0.5 TeV (9)

⇤ = 3.4 TeV (10)

⇤ = 0.7 TeV (11)

⇤ = 0.1 TeV (12)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (13)

b (14)

⌧ (15)

g0 (16)

Z 0 (17)

j (18)

3

1 Introduction

LBSM =
c

⇤2
(sL�↵bL) (µL�

↵µL) (1)

c = 1 (2)

c = Vcb (3)

c = Vts (4)

c = Vcb/4⇡ (5)

c = Vts/4⇡ (6)

⇤ = 31 TeV (7)

⇤ = 6 TeV (8)

⇤ = 0.5 TeV (9)

⇤ = 3.4 TeV (10)

⇤ = 0.7 TeV (11)

⇤ = 0.1 TeV (12)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (13)

b (14)

⌧ (15)

g0 (16)

Z 0 (17)

j (18)

3

1 Introduction

LBSM =
c

⇤2
(sL�↵bL) (µL�

↵µL) (1)

c = 1 (2)

c = Vcb (3)

c = Vts (4)

c = Vcb/4⇡ (5)

c = Vts/4⇡ (6)

⇤ = 31 TeV (7)

⇤ = 6 TeV (8)

⇤ = 0.5 TeV (9)

⇤ = 3.4 TeV (10)

⇤ = 0.7 TeV (11)

⇤ = 0.1 TeV (12)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (13)

b (14)

⌧ (15)

g0 (16)

Z 0 (17)

j (18)

3

1 Introduction

LBSM =
c

⇤2
(sL�↵bL) (µL�

↵µL) (1)

c = 1 (2)

c = Vcb (3)

c = Vts (4)

c = Vcb/4⇡ (5)

c = Vts/4⇡ (6)

⇤ = 31 TeV (7)

⇤ = 6 TeV (8)

⇤ = 0.5 TeV (9)

⇤ = 3.4 TeV (10)

⇤ = 0.7 TeV (11)

⇤ = 0.1 TeV (12)

0

@
(g0aµ )

↵
� U↵

µ

(U�
µ )

† Z 0
µ

1

A (13)

b (14)

⌧ (15)

g0 (16)

Z 0 (17)

j (18)

3

4

b → s µ+ µ-  vs.  b → s e+ e-

The LHCb experiment measured:

Semi-leptonic b to s decays
FCNC: occurs only at loop-level in the SM 
            + CKM suppressed


Semi-leptonic effective Lagrangian:

L =
4GFp

2

↵

4⇡
V ⇤
tbVts

X

i

CiOi + C 0
iO0

i

Deviations from SM in several observables

• Angular distributions in B → K*µµ 

• Various branching ratios B(s) → Xs µµ 

• LFU in R(K) and R(K*) (very clean prediction!)


~ 20% NP contribution to LH current

Globally 5-6σ

b s

ℓ

ℓ̄

Vtb V ∗

ts

W

Z, γ

2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Altmannshofer, Stangl, Straub 2017

➡ see Nazila’s talk

Neutral-current anomalies

› Results consistently lower than SM predictions

Differential Branching Fractions
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› First full angular analysis of B0→K*0µµ: measured all CP-averaged
angular terms and CP-asymmetries
› Can construct less form-factor dependent ratios of observables

Angular Analyses
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Experimental hints on NP in FCNC B-decays
 B → K*μμ angular analysis 

S. Bifani

Branching Fractions

“Clean” LFU ratios b → s μ μ anomalies

- Differential distributions in B → K* µ+µ- 

- Branching ratios of b → s µ+µ-transitions
Challenging SM prediction

R(K(⇤)
) =

B(B ! K(⇤)µ+µ�
)

B(B ! K(⇤)e+e�)
(1)

�
1,s⌧ ⇠ ��

3,s⌧ ⇠ (few)⇥ Vcb (2)

(CT + CS)�bs(¯bL�µsL)(⌧̄L�
µ⌧L) (3)

(CT � CS)�bs(¯bL�µsL)(⌫̄⌧�
µ⌫⌧ ) (4)

⇠ 3y2t
16⇡2

log

M2

X

m2

t

CT

v2
(H†�ai

$
Dµ H)(

¯L3

L�
µ�aL3

L) (5)

� CT

v2
(

¯Q3

L�µ�
aQ3

L)(
¯L3

L�
µ�aL3

L) (6)

CT ⇠ g2X
v2

M2

X

(7)

Q3

L = (V ⇤
tbtL + V ⇤

cbcL + V ⇤
ubuL, bL)

T (8)

RD(⇤) ⌘ R(D(⇤)
)/R(D(⇤)

)

SM

= 1.234± 0.052 (9)

OVL = (

¯bL�µcL)(⌫̄L�
µ⌧L) + h.c. (10)

⇠ 3y2t
16⇡2
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2

�`ijR0

log
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t

◆
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(13)
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(14)
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µ⌧aB ⇢
a
µ (15)

Le↵ ⇠ 1

⇤
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F

   �  
SM (16)

cijf
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F

(

¯ 
TC

�µ 
TC

)(

¯f i
SM

�µf
j
SM

) (17)

|Bdi
(3,1,�1/3) / |QLLi ⇠ dR (18)

R
⌧/`
D⇤ =

B(B ! D⇤⌧⌫)
exp

/B(B ! D⇤⌧⌫)
SM

B(B ! D⇤`⌫)
exp

/B(B ! D⇤`⌫)
SM

= 1.25± 0.08 , (19)

R
⌧/`
D =

B(B ! D⌧⌫)
exp

/B(B ! D⌧⌫)
SM

B(B ! D`⌫)
exp

/B(B ! D`⌫)
SM

= 1.32± 0.17 , (20)

1

Lepton Flavour Universality ratios

Clean SM prediction

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

7

D’Amico et al. 2017; Geng et al. 2017, 
Altmannshofer et al. 2017, …



Future prospects 

[Albrecht et al, 1709.10308]

• LHCb + Belle-II have the potential to fully establish NP in B-anomalies 

3

Table 1: The luminosity scenarios considered along with the estimated number of bb-pairs produced inside the
acceptance of the experiments are given. The LHCb cross sections are taken from Ref. [25] assuming a linear
increase in bb-production cross section with LHC beam energy. For Belle II only e+e� ! ⌥ (4S) ! BB̄ data sets
are estimated.

‘Milestone I’ ‘Milestone II’ ‘Milestone III’
year 2012 2020 2024 2030

LHCb L [ fb�1 ] 3 8 22 50
n(bb) 0.3⇥ 1012 1.1⇥ 1012 37⇥ 1012 87⇥ 1012p

s 7/8TeV 13TeV 14TeV 14TeV

Belle (II) L [ ab�1 ] 0.7 5 50 -
n(BB̄) 0.1⇥ 1010 0.54⇥ 1010 5.4⇥ 1010 -p

s 10.58GeV 10.58GeV 10.58GeV -

LHC Shutdown

LHC Shutdown~ 22 fb-1

LHC Shutdown

2017
Q1 Q2 Q3 Q4

2018
Q1 Q2 Q3 Q4

2019
Q1 Q2 Q3 Q4

2020
Q1 Q2 Q3 Q4

2021
Q1 Q2 Q3 Q4

2022
Q1 Q2 Q3 Q4

2023
Q1 Q2 Q3 Q4

2024
Q1 Q2 Q3 Q4

2025
Q1 Q2 Q3 Q4

2026
Q1 Q2 Q3 Q4

2027
Q1 Q2 Q3 Q4

2028
Q1 Q2 Q3 Q4

2029
Q1 Q2 Q3 Q4

2030
Q1 Q2 Q3 Q4

Belle II

LHCb

Start of Data taking period

~ 50 ab-1

~ 8 fb-1

~ 50 fb-1

Belle II

LHCb

LHCb

~ 5 ab-1

Milestone I

Milestone II

Milestone III

End of Data taking period

Run 2

Run 3

Run 4

Fig. 1: An overview of the expected Belle II and LHCb timelines along with their estimated integrated luminosities
at each milestone. The scenarios compared in this manuscript are shown in bold. For more details of the expected
luminosities and number of produced bb-pairs at each milestone see Table 1. The LHCb Phase-I-Upgrade [27]
is currently scheduled for the duration of the LHC shutdown between 2019 – 2020. The LHCb experiment has
recently expressed its interest to continue running past the Phase-I-Upgrade until the end of the funded LHC Run
in 2035 [30].

quark, can still easily allow for tree-level new physics
effects of order 10% [31]. Effects of this size can cause
shifts in the tree-level determination of � of up to 4�.
Thus, comparison between the point in (⇢, ⌘) space de-
termined using � and |Vub|/|Vcb| with that found using

sin(2�) and �md/�ms is a cornerstone of the flavour
physics program at both LHCb and Belle II, where any
discrepancies will be of huge importance.

Sensitivity to |Vub| and |Vcb| arises from the semilep-
tonic transitions b ! u`⌫` and b ! c`⌫` respectively.
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Table 4: The SM prediction, world average and predictions of the relative uncertainty of the LHCb and Belle II
measurements of R(D) and R(D⇤) at 10 fb�1, 22 fb�1 and 50 fb�1 and at 5 ab�1 and 50 ab�1 respectively. LHCb
is expected to measure R(D) in the upcoming years.

Measurement SM Current World Current Projected Uncertainty
prediction Average Uncertainty Belle II LHCb
(Ref. [43]) (Ref. [35]) (Ref. [35]) 5 ab�1 50 ab�1 8 fb�1 22 fb�1 50 fb�1

R(D) (0.299± 0.003) (0.403± 0.040± 0.024) 11.6% 5.6% 3.2% - - -
R(D⇤) (0.257± 0.003) (0.310± 0.015± 0.008) 5.5% 3.2% 2.2% 3.6% 2.1% 1.6%

R(D)

R
(D

*)

0.3 0.35 0.4 0.450.24

0.26

0.28

0.3

0.32

0.34

LHCb Belle II
Future WA SM predictionSM

σ1

σ3

σ5

σ7

σ9

-18fb

-122fb

-150fb

-15ab
-150ab

Fig. 7: Future prospects for measurements of R(D) and
R(D⇤). The SM and future expected uncertainties at
milestone III are combined to predict the significance
with which a given point can be excluded if the cur-
rent central values remain the same (red lines). The
expected uncertainties from Belle II (green) and LHCb
(blue) alone are shown as the shaded bands.

LHCb [54], the uncertainty on fs/fd is assumed to be
irreducible.

Estimates of branching fraction ratios, R(X), rely
on extrapolations from the muonic branching fractions
assuming the same ratio of efficiencies between the elec-
tron and muon modes as has been observed in the anal-
ysis of R(K) [17].

For current measurements, correlations are taken
into account when available. For the theoretical uncer-
tainties on b! s`+`� exclusive decays, we assume an
improvement by a factor of two in hadronic form fac-
tors for the extrapolations to the milestones at 50 ab�1

(Belle II) and 22 fb�1 and 50 fb�1 (LHCb), anticipating
advancements in lattice QCD.

For b! s`+`� and radiative b! s� transitions, the
effective Hamiltonian can be expressed as

He↵ = �4GFp
2
�t

X

i

(CiOi + C 0
iO

0
i) + h.c., (1)

where GF is the Fermi constant and �t = VtbV
⇤
ts is a

CKM factor. In a large class of new physics models, the
most important new physics effects in these transitions
appear in the Wilson coefficients Ci of the following
dimension-6 operators,

OS =
e

16⇡2
mb(s̄PRb)(¯̀̀ ), (2)

O0
S =

e2

16⇡2
mb(PRs̄b)(¯̀�5`), (3)

OP =
e

16⇡2
mb(s̄PRb)(¯̀̀ ), (4)

O0
P =

e2

16⇡2
mb(PRs̄b)(¯̀�5`), (5)

O7 =
e

16⇡2
mb(s̄�

µ⌫PRb)Fµ⌫ , (6)

O0
7 =

e2

16⇡2
mb(s̄�

µ⌫PLb)Fµ⌫ , (7)

O9 =
e

16⇡2
(s̄�µPLb)(¯̀�

µ`), (8)

O0
9 =

e2

16⇡2
(s̄�µPRb)(¯̀�

µ`), (9)

O10 =
e2

16⇡2
(s̄�µPLb)(¯̀�

µ�5`), (10)

O0
10 =

e2

16⇡2
(s̄�µPRb)(¯̀�

µ�5`). (11)

In the following considerations, the effective Wilson co-
efficient Ce↵

7 (see e.g. [55]) is used instead of C7 as this
effective coefficient is independent of the regularisation
scheme, where we define

Ce↵
7 = Ce↵ SM

7 + CNP
7 , (12)

C 0 e↵
7 = C 0 e↵ SM

7 + C 0NP
7 . (13)

The impact of future measurements is studied by
performing scans of the new physics contribution of
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expected uncertainties from Belle II (green) and LHCb
(blue) alone are shown as the shaded bands.

LHCb [54], the uncertainty on fs/fd is assumed to be
irreducible.

Estimates of branching fraction ratios, R(X), rely
on extrapolations from the muonic branching fractions
assuming the same ratio of efficiencies between the elec-
tron and muon modes as has been observed in the anal-
ysis of R(K) [17].

For current measurements, correlations are taken
into account when available. For the theoretical uncer-
tainties on b! s`+`� exclusive decays, we assume an
improvement by a factor of two in hadronic form fac-
tors for the extrapolations to the milestones at 50 ab�1

(Belle II) and 22 fb�1 and 50 fb�1 (LHCb), anticipating
advancements in lattice QCD.

For b! s`+`� and radiative b! s� transitions, the
effective Hamiltonian can be expressed as

He↵ = �4GFp
2
�t

X

i

(CiOi + C 0
iO

0
i) + h.c., (1)

where GF is the Fermi constant and �t = VtbV
⇤
ts is a

CKM factor. In a large class of new physics models, the
most important new physics effects in these transitions
appear in the Wilson coefficients Ci of the following
dimension-6 operators,
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e
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mb(s̄�
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7 =
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e2

16⇡2
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µ�5`). (11)

In the following considerations, the effective Wilson co-
efficient Ce↵

7 (see e.g. [55]) is used instead of C7 as this
effective coefficient is independent of the regularisation
scheme, where we define

Ce↵
7 = Ce↵ SM

7 + CNP
7 , (12)

C 0 e↵
7 = C 0 e↵ SM

7 + C 0NP
7 . (13)

The impact of future measurements is studied by
performing scans of the new physics contribution of

2020 2024 2019 2024 2030

Future prospects 
• LHCb + Belle-II have the potential to fully establish NP in B-anomalies 

charged currents neutral currents
assuming current central values:

+ LHCb will measure R(D)

[Albrecht et al, 1709.10308]

- LHCb will measure R(K) and R(K*) 
at > 5σ by 2019 and ~15σ by 2030

- Belle-II will reach ~ 7σ by 2024
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Two classes of (tree-level) mediators, giving rise to different correlations 
among the anomalies, other low-energy observables, and high-pT physics 
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Anomalies are seen only in semi-leptonic (quark×lepton) operators

RR and scalar currents disfavored → LL current-current operators

Necessity of  at least one SU(2)L-triplet effective operator is we aim to a 

combined explanation (as in the Fermi theory):
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• SU(2)L triplet operator (neutral+charged currents in SMEFT)

[Bhattacharya et al 1412.7164 
Alonso, Grinstein, Camalich 1505.05164, 
Greljo, Isidori, Marzocca 1506.01705, 
Calibbi, Crivellin, Ota 1506.02661, … ] 
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EFT [general considerations]

            no-loose theorem for HL/HE-LHC ? [LDL, Nardecchia 1706.01868] 

• Perturbative unitarity bound from 2 → 2 fermion scatterings (worse case scenario)
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• SU(2)L triplet operator

• Flavour structure:   
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 1. large couplings in taus (SM tree level)

 2. sizable couplings in muons (SM one loop)

 3. negligible couplings in electrons (well tested, not much room)

            link to SM Yukawa pattern ?
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U(2)q × U(2)ℓ approx flavor symmetry 
[Barbieri et al 1105.2296, 1512.01560] 
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• SU(2)L triplet operator

• Tree-level mediators:   
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Two classes of (tree-level) mediators, giving rise to different correlations 
among the anomalies, other low-energy observables, and high-pT physics 

EFT-type considerations

Anomalies are seen only in semi-leptonic (quark×lepton) operators

RR and scalar currents disfavored → LL current-current operators

Necessity of  at least one SU(2)L-triplet effective operator is we aim to a 

combined explanation (as in the Fermi theory):
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EFT [problems]
• Three main problems mainly driven by R(D) [in the pure mixing scenario]

1. High-pT constraints 

EFT-type considerations [The main problems]

II. radiative constraints
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Figure 5: ATLAS (13 TeV, 3.2 fb�1) ⌧⌧ search [37] exclusion
limits on bb̄ ! H0 ! ⌧⌧ resonances. The preferred value from
the fit to the R(D(⇤)) anomaly is YbY

⇤
⌧ ⇥v2/M2

H+ = (2.9±0.8).

optimized as we are forced to use a certain fixed number
of bins and their sizes and cannot leverage the full control
of experimental systematics.

3. 2HDM exclusion limits

The cross-sections for A,H0 production from bb̄ an-
nihilation can be estimated at NNLO in QCD using the
Higgs cross-section WG results [45]. While the results are
directly applicable for the CP even state H0, we expect
them to hold as a good approximation also for a heavy
CP-odd A0 due to the restoration of chiral symmetry
when mb/mH0 ⌧ 1 . We have checked explicitly that
di↵erences between scalar and pseudoscalar production
are negligible up to NLO [46] for the interesting mass
region mA0,H0 & 200 GeV. In setting bounds, we there-
fore rescale the LO simulation results to the Higgs cross-
section WG production cross-sections [45] taken at the
lower factorization, renormalization and 68% CL PDF
uncertainty ranges.

Conservatively considering only a single neutral scalar

ATLAS ττ: 13 TeV, 3.2 fb-1

ATLAS ττ: 8 TeV, 19.5 fb-1

13TeV, 300 fb-1

RD@1σ
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0

1

2

3

4

5

MU (TeV)

|g
U
|

Vector LQ exclusion

Scalar LQ exclusion

Figure 6: (Upper plot) 8 TeV [36] (13 TeV [37]) ATLAS
⌧+⌧� search exclusion limits are shown in red (black) and
R(D(⇤)) preferred region in green for the vector leptoquark
model. Projected 13 TeV limits for 300 fb�1 are shown in
grey. (Lower plot) the same search exclusion limits for the
scalar leptoquark model.

resonance contribution (denoted by H 0 meaning either
A0 or H0), we show the resulting 95% CL upper lim-
its on the |YbY⌧ | ⇥ v2/M2

H0 (evaluated at the b-quark
mass scale µR ' 4.3 GeV) after recasting the ATLAS
13 TeV [37] ⌧+⌧� search in Fig. 5. We observe that
even after accounting for the possible O(100 GeV) mass
splitting between the charged and the lightest neutral
state within the scalar H 0 doublet, the R(D(⇤)) preferred
value YbY

⇤
⌧ ⇥ v2/M2

H+ = (2.9± 0.8) cannot be reconciled
with existing ⌧+⌧� resonance searches at the LHC in the
mA,H0 & 200 GeV region.6

6 In case of H0 = H0 (with A0 decoupled), small departures from
the 2HDM alignment limit (i.e. non-zero h � H0 mixing), con-
sistent with existing experimental constraints, in particular on
h ! ⌧+⌧�, bb̄ [47] (see e.g. [48]), can further mildly alleviate
the bound due to somewhat reduced e↵ective Yb,⌧ couplings of

[Faroughy, Greljo, Kamenik 1609.07138] 
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1. High-pT constraints 

2. Radiative constraints

EFT-type considerations [The main problems]
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• Three main problems mainly driven by R(D) [in the pure mixing scenario]
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EFT [solutions]

1. Triplet + Singlet operator (more freedom in SU(2)L structure)

• Tension gets drastically alleviated if [Zürich’s guide for combined explanations, 1706.07808] 

the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

L
e↵

= L
SM

� 1

v2
�q
ij�

`
↵�

h

CT (Q̄i
L�µ�

aQj
L)(L̄

↵
L�

µ�aL�
L) + CS (Q̄i

L�µQ
j
L)(L̄

↵
L�

µL�
L)
i

, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q
ij , �

`
↵� and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td, V
⇤
ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤
⌧µ) with |V⌧µ| ⌧ 1. We adopt as

reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi
L =

✓

V ⇤
jiu

j
L

diL

◆

, L↵
L =

✓

⌫↵L
`↵L

◆

. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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EFT [solutions]

1. Triplet + Singlet operator (more freedom in SU(2)L structure)

2. Deviation from pure-mixing scenario

• Tension gets drastically alleviated if [Zürich’s guide for combined explanations, 1706.07808] 

with their functional dependence on the fit parameters, is discussed in length in Appendix B. In
particular, we take into account the LFU tests in the charged-current semi-leptonic observables
R⌧`

D(⇤) and Rµe
b!c, global fits of b ! sµµ processes (including the LFU ratios Rµe

K(⇤) and the angular

observables) along the direction �Cµ
9

= ��Cµ
10

[36–42], and limits on B(B ! K⇤⌫⌫̄) [43].
We also include a set of observables sensitive to the purely-leptonic and electroweak operators
generated by the renormalisation-group running of the semi-leptonic operators from the scale
⇤ down to the electroweak scale. The most notable e↵ects are the corrections to the Z ! ⌧ ⌧̄
e↵ective couplings, to the invisible Z decay width, and to the LFU (R⌧`

⌧ ) and LFV (⌧ ! 3µ)
tests in ⌧ decays [34,35]. The matching scale is set to ⇤ = 2 TeV in the fit. The results change
only slightly using ⇤ = 1 TeV instead, relaxing the impact of the loop-induced constraints. The
observables considered in the fit are summarised in Table 1, together with their approximate
dependence on the EFT parameters. In order to fulfil the condition in Eq. (3) we impose
|�q

sb| < 5|Vcb|.
We minimise the total �2 function to find the best-fit point and the corresponding confidence

level intervals. The result are presented as 2D plots after marginalising over the other two
parameters (see Figure 1). The main observations can be summarised as follows.

1. Because of radiative constraints, the fit favours sizeable values of �q
sb/V

⇤
ts ⇡ ��q

sb/Vcb,
which allow to lower the value of CT,S (i.e. to increase the scale of NP) keeping fixed the
contribution to R⌧`

D(⇤) (see the bottom-right panel of Figure 1). This can be understood

from the approximated expression for R⌧`
D(⇤) (see Appendix B for the exact formula used

in the numerical fit),

R⌧`
D(⇤) ⇡ 1 + 2CT

✓

1� �q
sb

V ⇤
tb

V ⇤
ts

◆

= 1.237± 0.053 , (4)

where a smaller value for CT can be compensated by a larger one for �q
sb. The preferred

values of �q
sb are still consistent with the general expectation in Eq. (3). As we discuss

below, the substantial increase in the e↵ective NP scale is also beneficial in improving the
agreement with the high-pT searches pointed out in [33].

2. The upper bound on B(B ! K⇤⌫⌫̄), as well as radiative constraints, strongly favour equal
magnitudes of triplet and singlet operators (CT ⇠ CS). Nevertheless, at the 1� level this
relation has to be satisfied only at the 30% level, and therefore requires no fine tuning.

3. The flavour symmetry plays a non-trivial role in avoiding significant constraints on the
value of �q

sb from b ! u transitions, in particular from B(B ! ⌧⌫), enforcing the relation
R⌧`

b!u = R⌧`
D(⇤) (see Appendix B).

4. The measured value of �Cµ
9

= ��Cµ
10

, together with the size of �q
sb and CT,S from points

1 and 2, requires a value of �`
µµ ⇡ O(10�2), perfectly consistent with the hypothesis of a

small breaking of the U(2)` flavour symmetry. The measured values of Rµe

K(⇤) fix also the

relative sign of �`
µµ and �`

⌧⌧ which must be opposite, strongly disfavouring the pure mixing
hypothesis.

5. We do not include �`
⌧µ in the fit, but we point out that values of |�`

⌧µ| ⇠ |�`
µµ|1/2 ⇠ 0.1 are

perfectly compatible with the limits from LFV in ⌧ decays, even after taking into account
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is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
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A detailed discussion about the most general flavour structure of the semi-leptonic operators
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is presented in Appendix A. The main points can be summarised as follows:
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Figure 2: Left: Prediction for �Cµ
9 = ��Cµ

10 (following from Rµe
K(⇤)) and R⌧`

D(⇤) for a randomly
chosen set of points within the 1� preferred region of the EFT fit: the blue points are obtained setting
|�q

sb| < 5|Vcb|, while the green points are obtained setting the tighter condition |�q
sb| < 2|Vcb| in the fit.

The red cross denotes the 1� experimental constraint. Right: expectations for B(B ! K(⇤)⌫⌫̄) and
B(B ! K(⇤)⌧ ⌧̄) within the 1� preferred values of the EFT fit, again for �q

sb < 5Vcb (blue) and �q
sb < 2Vcb

(green).

the context of an explicit vector leptoquark model in Section 3.1. Another constraint on the
size of CS,T comes from the study of perturbative unitarity in 2 ! 2 scattering processes [45].
Similarly to the one from direct searches, this bound is relevant for small �q

bs and large CS,T ,
while it is easily satisfied in the region chosen by our EFT fit.

As far as other low-energy observables are concerned, the most problematic constraint is
the one following from meson-antimeson mixing. On the one hand, given the symmetry and
symmetry-breaking structure of the theory, we expect the underlying model to generate an
e↵ective interaction of the type

�L
(�B=2)

= CNP

0

(V ⇤
tbVti)2

32⇡2v2
�

b̄L�µd
i
L

�

2

, CNP

0

= O(1)⇥ 32⇡2v2
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0

�

�

�

�

�q
sb

Vcb

�

�

�

�

2

. (6)

The preferred values of ⇤
0

and �q
sb from the EFT fit yield CNP

0

= O(100), while the experimental
constraints on�MBs,d require C

NP

0

to be at mostO(10%). This problem poses a serious challenge
to all models where�F = 2 e↵ective operators are generated without some additional dynamical
suppression compared to the semi-leptonic ones. A notable case where such suppression does
occur are models with LQ mediators, where �F = 2 amplitudes are generated only beyond the
tree level.

An alternative to avoid the problem posed by �F = 2 constraints is to abandon the large �q
sb

scenario preferred by the EFT fit, and assume |�q
sb| . 0.1⇥ |Vcb|. In this limit the contribution to

(down-type)�F = 2 amplitudes is suppressed also in presence of tree-level amplitudes. However,
in order to cure the problem of the EFT fit, in this case one needs additional contributions to

10
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Simplified models
• Finite list of tree-level mediators
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb scenario the tuning problem is moved from the �F = 2 sector to that of electroweak
observables. We will present an explicit realisation of the small �q

sb scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S
1

⇠ (3̄,3, 1/3) and S
3

⇠ (3̄,3, 1/3), and coloured vectors Uµ
1

⇠
(3,1, 2/3) and Uµ

3

⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ
1

, which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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Table 2: Scale of unitarity violation ⇤U as a function of the coe�cients ⇤O of the semi-leptonic
SMEFT basis of Eq. (26). For the case of QLQL ! LLLL scattering the SU(2)L triplet and
singlet channels are labelled explicitly. The third column denotes the enhancement factors on
the partial wave due to the gauge group structure in SU(3)C ⇥ SU(2)L space.

for the new mediators is that after integrating them out they are able to generate triplet and
singlet left-handed operator, namely those associated with the coe�cients ⇤QL(3) and ⇤QL(1) in
Eq. (26). In all the cases that we are going to consider the phenomenologically disfavoured
right-handed and scalar/tensor operator of Eq. (26) can be set to zero by a proper choice of
the mediator’s coupling. Given these conditions, the full set of simplified models is displayed
in Table 3.

Simplified Model Spin SM irrep CS/CT RD(⇤) RK(⇤) No di ! dj⌫⌫

Z 0 1 (1, 1, 0) 1 ⇥ X ⇥
V 0 1 (1, 3, 0) 0 X X ⇥
S
1

0 (3, 1, 1/3) �1 X ⇥ ⇥
S
3

0 (3, 3, 1/3) 3 X X ⇥
U
1

1 (3, 1, 2/3) 1 X X X
U
3

1 (3, 3, 2/3) �3 X X ⇥

Table 3: Overview of simplified models which can possibly contribute to RD(⇤) or RK(⇤) via a
singlet/triplet left-handed operator. Only for specific values of the ratio of the Wilson coe�-
cients c

1

/c
3

(obtained by integrating out a given mediator) the dangerous di ! dj⌫⌫ operators
are not generated (U

1

case).

From the SU(2)L decomposition (neglecting flavour indices and reinserting the Wilson co-
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UV completion: U1 ~ (3,1,2/3)
• Massive vectors point to UV dynamics at the TeV scale

composite resonance of 
a new strong dynamics 

gauge boson of an 
extended gauge sector 



composite resonance of 
a new strong dynamics 

🙂 conceptual link with the naturalness issue of EW scale

🙁 intrinsically non-calculable (divergent loop observables)

🙁 light LQ lowers the whole resonances’ spectrum (direct searches + EWPTs)

[Barbieri, Isidori, Pattori, Senia 1502.01560
Barbieri, Murphy, Senia 1611.0493
Buttazzo et al, 1706.07808
Barbieri, Tesi 1712.06844] 

G

H
=

SU(4)× SO(5)× U(1)X
SU(4)× SO(4)× U(1)X

• pNGB Higgs + U1 as composite state of G

• Massive vectors point to UV dynamics at the TeV scale

UV completion: U1 ~ (3,1,2/3)
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🙂 hinted by SM chiral structure + everything’s calculable

🙁        from                         decays (L x R couplings) 
[Kutznetsov et al 1203.0196 
+ update from A. D. Smirnov 
1801.02895]
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(unitary matrices)

• An interesting option: minimal Pati-Salam (PS)
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🙂 hinted by SM chiral structure + everything’s calculable

🙁 Z’ direct searches (                         + O(gs) Z’ couplings to valence quarks)

Minimal PS cannot explain B-anomalies
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🙁 neutrino masses also suggest                   (                    )
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🙁        from                         decays (L x R couplings) 
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The ‘4321’ model

involve the exchange of the leptoquark. The separate larger symmetries in the quark and
lepton sector guarantee enough flavour protection form indirect probes, while a sizable ✓LQ
allows for large e↵ects in the wanted b ! c⌧⌫ transitions at tree level, thus allowing to raise
the absolute scale of NP and relaxing in turn bounds from direct searches.

In Sect. 2 we introduce the 4321 model and in Sect. 3 we discuss the leptoquark Cabibbo
mechanism making use of symmetry arguments and analogies with the SM. In Sect. 4, we
collect the main observables relevant for the low-energy phenomenology, including the flavour
anomalies and the relevant constraints from indirect searches. In Sect. 5 we present the status
of direct searches, and show that a large breaking in the 2-3 sector is needed to lift the NP
scale in order to escape direct detection. In Sect. 6 we summarize the main predictions of
the 4321 model and conclude. A thorough discussion of several more technical aspects of
the 4321 model is deferred in App. A.

2 The 4321 model

In this section we summarise the main elements of the 4321 model presented in [1]. We
consider the gauge group G

4321

⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, that extends the SM
gauge group G

321

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The embedding of color and hypercharge
into G

4321

is defined as SU(3)c = (SU(3)
4

⇥ SU(3)0)
diag

and Y =
p
2/3T 15 + Y 0, with

SU(3)
4

⇢ SU(4) and T 15 being one of the generators of SU(4).1 Apart from the SM
gauge fields, the gauge boson spectrum comprises three new massive vectors belonging to
G

4321

/G
321

and transforming as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and Z 0
⇠ (1,1, 0) under G

321

.
Their definition in terms of the G

4321

gauge fields, as well as their masses, is given in App. A.2.
The field content is summarized in Table 1. The new gauge bosons receive a TeV-

scale mass induced by the vacuum expectation value (vev) of three scalar multiples: ⌦
1

⇠�
4,1,1,�1/2

�
, ⌦

3

⇠

�
4,3,1, 1/6

�
and ⌦

15

⇠ (15,1,1, 0), responsible for the breaking of
G

4321

! G

321

. While only one representation, e.g. ⌦
3

, would su�ce for the breaking, the role
of the other fields is of phenomenological nature as discussed below. By means of a suitable
scalar potential (analyzed in App. A.1) it is possible to achieve a vev configuration ensuring
the proper G

4321

! G

321

breaking. After removing the linear combinations corresponding
to the would-be Goldstone bosons (GB), the massive scalar spectrum featuring the radial
modes is also detailed in App. A.1. The final breaking of G

321

is obtained via the Higgs
doublet field transforming as H = (1,1,2, 1/2).

The would-be SM fermion fields, denoted with a prime, are singlets of SU(4) and are
charged under the SU(3)0⇥SU(2)L⇥U(1)0 subgroup with SM-like charges. Like in the SM,
they come in three copies of flavour. Being SU(4) singlets, they do not couple with the vector
leptoquark directly. In order to induce the required leptoquark interactions to SM fermions,
we introduce three vector-like heavy fermions that mix with the SM-like fermions once ⌦

1,3

acquire a vev. The vector-like fermions transform under G

4321

as  L,R = (Q0
L,R, L

0
L,R)

T
⇠

(4,1,2, 0), with Q0
L,R ⇠ (3,2, 1/6) and L0

L,R ⇠ (1,2,�1/2) when decomposed under G

321

.
The mixing among the left-handed SM-like and vector-like fermions is described by the

1For a complete list of SU(4) generators see App. A.6.
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2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively by H↵

µ , G
0a
µ ,W

i
µ, B

0
µ the gauge fields, g

4

, g
3

, g
2

, g
1

the gauge couplings and T ↵, T a, T i, Y 0

the generators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: SU(3)c = (SU(3)

4

⇥ SU(3)0)
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and U(1)Y =

(U(1)
4

⇥ U(1)0)
diag

, where SU(3)
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⇥ U(1)
4

⇢ SU(4). In particular, Y =
q
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3

T 15 + Y 0, with

T 15 = 1

2

p
6

diag(1, 1, 1,�3). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦

1,3i = 1p
2

v
1,3, ensuring the proper G ! G

SM

breaking. Un-

der G
SM

the scalar representations decompose as ⌦
3

= (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and
⌦

1

= (3, 1,�2/3) � (1, 1, 0). After removing the linear combinations corresponding to the
would-be Goldstone bosons, the massive scalar spectrum (detailed in App. B.1) features a
real color octet O, two real and one pseudo-real SM singlets S, a complex scalar T trans-
forming as (3, 1, 2/3). The final breaking of G

SM

is obtained via the Higgs doublet field
residing into H = (1, 1, 2, 1/2) of G and acquiring a vev hHi = 1p

2

v, with v = 246 GeV.
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real color octet O, two real and one pseudo-real SM singlets S, a complex scalar T trans-
forming as (3, 1, 2/3). The final breaking of G
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and transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z 0 = (1, 1, 0) under G
SM
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(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
a light Z 0 from SU(4)PS ! SU(3)c breaking with
unsuppressed O(gs) couplings to SM fermions [47].
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [48] in the con-
text of a “partial unification” model in which the
color and hypercharge factors of the SM are em-
bedded into a SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group.
The latter resembles the embedding of color as the
diagonal subgroup of two SU(3) factors, as origi-
nally proposed in [49–51]. For N = 1 one can
basically obtain a massive leptoquark Uµ which
does not couple to SM fermions, if the latter are
SU(3+N) singlets. A coupling of Uµ to left-handed
SM fermions can still be generated via the mixing
with a vector-like fermion transforming non-trivially
under SU(4)0⇥SU(2)L, as recently suggested in Ap-
pendix C of Ref. [52]. The latter model example,
formulated in the context of leptoquark LHC phe-
nomenology, is the starting point of our construc-
tion. We go a step beyond and implement the nec-
essary flavour structure to fit the B-anomalies, while
keeping the model phenomenologically viable.

Gauge leptoquark model. Let us consider the
gauge group G ⌘ SU(4)⇥SU(3)0⇥SU(2)L⇥U(1)0,
and denote respectively by H↵
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the gauge couplings and
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der G

SM

the scalar representations decompose as
⌦

3

= (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and ⌦
1

=
(3, 1,�2/3) � (1, 1, 0). After removing the linear
combinations corresponding to the would-be Gold-
stone bosons, the scalar spectrum features a real

color octet, two real and one pseudo-real SM sin-
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The ‘4321’ model

involve the exchange of the leptoquark. The separate larger symmetries in the quark and
lepton sector guarantee enough flavour protection form indirect probes, while a sizable ✓LQ
allows for large e↵ects in the wanted b ! c⌧⌫ transitions at tree level, thus allowing to raise
the absolute scale of NP and relaxing in turn bounds from direct searches.

In Sect. 2 we introduce the 4321 model and in Sect. 3 we discuss the leptoquark Cabibbo
mechanism making use of symmetry arguments and analogies with the SM. In Sect. 4, we
collect the main observables relevant for the low-energy phenomenology, including the flavour
anomalies and the relevant constraints from indirect searches. In Sect. 5 we present the status
of direct searches, and show that a large breaking in the 2-3 sector is needed to lift the NP
scale in order to escape direct detection. In Sect. 6 we summarize the main predictions of
the 4321 model and conclude. A thorough discussion of several more technical aspects of
the 4321 model is deferred in App. A.

2 The 4321 model

In this section we summarise the main elements of the 4321 model presented in [1]. We
consider the gauge group G

4321

⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, that extends the SM
gauge group G

321

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The embedding of color and hypercharge
into G

4321

is defined as SU(3)c = (SU(3)
4

⇥ SU(3)0)
diag

and Y =
p
2/3T 15 + Y 0, with

SU(3)
4

⇢ SU(4) and T 15 being one of the generators of SU(4).1 Apart from the SM
gauge fields, the gauge boson spectrum comprises three new massive vectors belonging to
G

4321

/G
321

and transforming as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and Z 0
⇠ (1,1, 0) under G

321

.
Their definition in terms of the G

4321

gauge fields, as well as their masses, is given in App. A.2.
The field content is summarized in Table 1. The new gauge bosons receive a TeV-

scale mass induced by the vacuum expectation value (vev) of three scalar multiples: ⌦
1

⇠�
4,1,1,�1/2

�
, ⌦

3

⇠

�
4,3,1, 1/6

�
and ⌦

15

⇠ (15,1,1, 0), responsible for the breaking of
G

4321

! G

321

. While only one representation, e.g. ⌦
3

, would su�ce for the breaking, the role
of the other fields is of phenomenological nature as discussed below. By means of a suitable
scalar potential (analyzed in App. A.1) it is possible to achieve a vev configuration ensuring
the proper G

4321

! G

321

breaking. After removing the linear combinations corresponding
to the would-be Goldstone bosons (GB), the massive scalar spectrum featuring the radial
modes is also detailed in App. A.1. The final breaking of G

321

is obtained via the Higgs
doublet field transforming as H = (1,1,2, 1/2).

The would-be SM fermion fields, denoted with a prime, are singlets of SU(4) and are
charged under the SU(3)0⇥SU(2)L⇥U(1)0 subgroup with SM-like charges. Like in the SM,
they come in three copies of flavour. Being SU(4) singlets, they do not couple with the vector
leptoquark directly. In order to induce the required leptoquark interactions to SM fermions,
we introduce three vector-like heavy fermions that mix with the SM-like fermions once ⌦

1,3

acquire a vev. The vector-like fermions transform under G

4321

as  L,R = (Q0
L,R, L

0
L,R)

T
⇠

(4,1,2, 0), with Q0
L,R ⇠ (3,2, 1/6) and L0

L,R ⇠ (1,2,�1/2) when decomposed under G

321

.
The mixing among the left-handed SM-like and vector-like fermions is described by the

1For a complete list of SU(4) generators see App. A.6.
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of the generators in the fundamental representation is fixed by TrT ↵T � = 1
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�↵�. The
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The spontaneous breaking G ! G
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and ⌦
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. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦
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breaking. Un-
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the scalar representations decompose as ⌦
3

= (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and
⌦

1

= (3, 1,�2/3) � (1, 1, 0). After removing the linear combinations corresponding to the
would-be Goldstone bosons, the massive scalar spectrum (detailed in App. B.1) features a
real color octet O, two real and one pseudo-real SM singlets S, a complex scalar T trans-
forming as (3, 1, 2/3). The final breaking of G

SM

is obtained via the Higgs doublet field
residing into H = (1, 1, 2, 1/2) of G and acquiring a vev hHi = 1p

2

v, with v = 246 GeV.

The gauge boson spectrum comprises three massive vector states belonging to G/G
SM

and transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z 0 = (1, 1, 0) under G
SM

. From the
scalar kinetic terms one obtains (cf. App. B.2)
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is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0iL 1 3 2 1/6 1/3 0
u0i
R 1 3 1 2/3 1/3 0

d0iR 1 3 1 �1/3 1/3 0
`0iL 1 1 2 �1/2 0 1
e0iR 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
whose action on the matter fields is displayed in
the last two columns of Table I. The vevs of ⌦

3

and ⌦
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break spontaneously both the gauge and the
global symmetries, leaving unbroken two new global

U(1)’s: B = B0+ 1p
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T 15 and L = L0�
q
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T 15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .

The fermions’ kinetic term leads to the following
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Flavour structure. The Yukawa Lagrangian is
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These are 3+n
 

dimensional square matrices which
can be diagonalised by unitary rotations U(3+n

 

).
For example, Me = UeLMdiag
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eR , where the mass
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handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z 0 exchange. In this respect,
we identify two interesting scenarios:

• (n
 

= 3): In order to avoid tree-level g0 and Z 0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n
 

= 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment
of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)
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�� ⌧ ���bq
��. The main implications of this

setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g0 and Z 0 exchange,

SSB

Would-be SM fields

Vector-like fermions (Q’+L’)
} mix after SSB

Matter content: 



The ‘4321’ model

involve the exchange of the leptoquark. The separate larger symmetries in the quark and
lepton sector guarantee enough flavour protection form indirect probes, while a sizable ✓LQ
allows for large e↵ects in the wanted b ! c⌧⌫ transitions at tree level, thus allowing to raise
the absolute scale of NP and relaxing in turn bounds from direct searches.

In Sect. 2 we introduce the 4321 model and in Sect. 3 we discuss the leptoquark Cabibbo
mechanism making use of symmetry arguments and analogies with the SM. In Sect. 4, we
collect the main observables relevant for the low-energy phenomenology, including the flavour
anomalies and the relevant constraints from indirect searches. In Sect. 5 we present the status
of direct searches, and show that a large breaking in the 2-3 sector is needed to lift the NP
scale in order to escape direct detection. In Sect. 6 we summarize the main predictions of
the 4321 model and conclude. A thorough discussion of several more technical aspects of
the 4321 model is deferred in App. A.

2 The 4321 model

In this section we summarise the main elements of the 4321 model presented in [1]. We
consider the gauge group G

4321

⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, that extends the SM
gauge group G

321

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The embedding of color and hypercharge
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is defined as SU(3)c = (SU(3)
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and Y =
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⇢ SU(4) and T 15 being one of the generators of SU(4).1 Apart from the SM
gauge fields, the gauge boson spectrum comprises three new massive vectors belonging to
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/G
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and transforming as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and Z 0
⇠ (1,1, 0) under G
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.
Their definition in terms of the G

4321

gauge fields, as well as their masses, is given in App. A.2.
The field content is summarized in Table 1. The new gauge bosons receive a TeV-

scale mass induced by the vacuum expectation value (vev) of three scalar multiples: ⌦
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G
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. While only one representation, e.g. ⌦
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, would su�ce for the breaking, the role
of the other fields is of phenomenological nature as discussed below. By means of a suitable
scalar potential (analyzed in App. A.1) it is possible to achieve a vev configuration ensuring
the proper G

4321

! G

321

breaking. After removing the linear combinations corresponding
to the would-be Goldstone bosons (GB), the massive scalar spectrum featuring the radial
modes is also detailed in App. A.1. The final breaking of G

321

is obtained via the Higgs
doublet field transforming as H = (1,1,2, 1/2).

The would-be SM fermion fields, denoted with a prime, are singlets of SU(4) and are
charged under the SU(3)0⇥SU(2)L⇥U(1)0 subgroup with SM-like charges. Like in the SM,
they come in three copies of flavour. Being SU(4) singlets, they do not couple with the vector
leptoquark directly. In order to induce the required leptoquark interactions to SM fermions,
we introduce three vector-like heavy fermions that mix with the SM-like fermions once ⌦

1,3

acquire a vev. The vector-like fermions transform under G

4321

as  L,R = (Q0
L,R, L

0
L,R)

T
⇠

(4,1,2, 0), with Q0
L,R ⇠ (3,2, 1/6) and L0

L,R ⇠ (1,2,�1/2) when decomposed under G

321

.
The mixing among the left-handed SM-like and vector-like fermions is described by the

1For a complete list of SU(4) generators see App. A.6.
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is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.
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TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).
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Flavour structure. The Yukawa Lagrangian is

LY � �q0L Yd Hd0R � q0L Yu H̃u0
R � `

0
L Ye He0R (9)

� q0L �q ⌦
T
3

 R � `
0
L �` ⌦

T
1

 R � L M  R + h.c. ,

where H̃ = i�
2

H⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3
flavour matrices, �q and �` are 3 ⇥ n

 

, while M is
n
 

⇥n
 

matrix where n
 

is the number of  fields.
In absence of the Yukawa Lagrangian the global

flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥
U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n

 

)
 L ⇥U(n

 

)
 R . Us-

ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = Mdiag ⌘
diag (M

1

, ...,Mn ), Yd = Y diag

d , and Ye = Y diag

e

are diagonal matrices with non-negative real entries,
while Yu = V †Y diag

u , where V is a unitary matrix.
After spontaneous symmetry breaking, the

fermion mass matrices in this (interaction) basis are

Md =

 
vp
2
Y diag
d

v3p
2
�q

0 Mdiag

!
, Me =

 
vp
2
Y diag
e

v1p
2
�`

0 Mdiag

!
,

Mu =

 
vp
2
V †Y diag

u
v3p
2
�q

0 Mdiag

!
, M⌫ =

 
0 v1p

2
�`

0 Mdiag

!
.

(10)

These are 3+n
 

dimensional square matrices which
can be diagonalised by unitary rotations U(3+n

 

).
For example, Me = UeLMdiag

e U†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1

L, ..., E
n 
L )T , are

given by  eL = U †
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z 0 exchange. In this respect,
we identify two interesting scenarios:

• (n
 

= 3): In order to avoid tree-level g0 and Z 0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n
 

= 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment
of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)

�q =

0

@
0 0
�sq 0
0 �bq

1

A , (11)

with
���sq

�� ⌧ ���bq
��. The main implications of this

setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g0 and Z 0 exchange,
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The ‘4321’ model

involve the exchange of the leptoquark. The separate larger symmetries in the quark and
lepton sector guarantee enough flavour protection form indirect probes, while a sizable ✓LQ
allows for large e↵ects in the wanted b ! c⌧⌫ transitions at tree level, thus allowing to raise
the absolute scale of NP and relaxing in turn bounds from direct searches.

In Sect. 2 we introduce the 4321 model and in Sect. 3 we discuss the leptoquark Cabibbo
mechanism making use of symmetry arguments and analogies with the SM. In Sect. 4, we
collect the main observables relevant for the low-energy phenomenology, including the flavour
anomalies and the relevant constraints from indirect searches. In Sect. 5 we present the status
of direct searches, and show that a large breaking in the 2-3 sector is needed to lift the NP
scale in order to escape direct detection. In Sect. 6 we summarize the main predictions of
the 4321 model and conclude. A thorough discussion of several more technical aspects of
the 4321 model is deferred in App. A.

2 The 4321 model

In this section we summarise the main elements of the 4321 model presented in [1]. We
consider the gauge group G

4321

⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, that extends the SM
gauge group G

321

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The embedding of color and hypercharge
into G

4321

is defined as SU(3)c = (SU(3)
4

⇥ SU(3)0)
diag

and Y =
p
2/3T 15 + Y 0, with

SU(3)
4

⇢ SU(4) and T 15 being one of the generators of SU(4).1 Apart from the SM
gauge fields, the gauge boson spectrum comprises three new massive vectors belonging to
G

4321

/G
321

and transforming as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and Z 0
⇠ (1,1, 0) under G

321

.
Their definition in terms of the G

4321

gauge fields, as well as their masses, is given in App. A.2.
The field content is summarized in Table 1. The new gauge bosons receive a TeV-

scale mass induced by the vacuum expectation value (vev) of three scalar multiples: ⌦
1

⇠�
4,1,1,�1/2

�
, ⌦

3

⇠

�
4,3,1, 1/6

�
and ⌦

15

⇠ (15,1,1, 0), responsible for the breaking of
G

4321

! G

321

. While only one representation, e.g. ⌦
3

, would su�ce for the breaking, the role
of the other fields is of phenomenological nature as discussed below. By means of a suitable
scalar potential (analyzed in App. A.1) it is possible to achieve a vev configuration ensuring
the proper G

4321

! G

321

breaking. After removing the linear combinations corresponding
to the would-be Goldstone bosons (GB), the massive scalar spectrum featuring the radial
modes is also detailed in App. A.1. The final breaking of G

321

is obtained via the Higgs
doublet field transforming as H = (1,1,2, 1/2).

The would-be SM fermion fields, denoted with a prime, are singlets of SU(4) and are
charged under the SU(3)0⇥SU(2)L⇥U(1)0 subgroup with SM-like charges. Like in the SM,
they come in three copies of flavour. Being SU(4) singlets, they do not couple with the vector
leptoquark directly. In order to induce the required leptoquark interactions to SM fermions,
we introduce three vector-like heavy fermions that mix with the SM-like fermions once ⌦

1,3

acquire a vev. The vector-like fermions transform under G

4321

as  L,R = (Q0
L,R, L

0
L,R)

T
⇠

(4,1,2, 0), with Q0
L,R ⇠ (3,2, 1/6) and L0

L,R ⇠ (1,2,�1/2) when decomposed under G

321

.
The mixing among the left-handed SM-like and vector-like fermions is described by the

1For a complete list of SU(4) generators see App. A.6.
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h⌦
1,3i (1)

2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively by H↵

µ , G
0a
µ ,W

i
µ, B

0
µ the gauge fields, g

4

, g
3

, g
2

, g
1

the gauge couplings and T ↵, T a, T i, Y 0

the generators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: SU(3)c = (SU(3)

4

⇥ SU(3)0)
diag

and U(1)Y =

(U(1)
4

⇥ U(1)0)
diag

, where SU(3)
4

⇥ U(1)
4

⇢ SU(4). In particular, Y =
q

2

3

T 15 + Y 0, with

T 15 = 1

2

p
6

diag(1, 1, 1,�3). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦

1,3i = 1p
2

v
1,3, ensuring the proper G ! G

SM

breaking. Un-

der G
SM

the scalar representations decompose as ⌦
3

= (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and
⌦

1

= (3, 1,�2/3) � (1, 1, 0). After removing the linear combinations corresponding to the
would-be Goldstone bosons, the massive scalar spectrum (detailed in App. B.1) features a
real color octet O, two real and one pseudo-real SM singlets S, a complex scalar T trans-
forming as (3, 1, 2/3). The final breaking of G

SM

is obtained via the Higgs doublet field
residing into H = (1, 1, 2, 1/2) of G and acquiring a vev hHi = 1p

2

v, with v = 246 GeV.

The gauge boson spectrum comprises three massive vector states belonging to G/G
SM
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Expressed in terms of the original gauge fields of the group G, the massive gauge bosons
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1. Large quark-lepton transitions in 3-2 sector [mainly driven by R(D(*))]

2. Severe constraints from quark-quark transitions [ΔF = 2, … ]

3. Severe constraints from lepton-lepton transitions [LFV, … ]

4. Absence of signals in direct searches @ high-pT

✔

?
?
?



Flavour structure
• Pick-up a basis exploiting U(3)7 symmetry of kinetic term 

1 Introduction

 =

✓
Q0

L0

◆
(1)

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y (2)

G4321/GSM = U + Z 0 + g0 (3)

U(1)Y (4)

SU(3)C (5)

⇤33 = ⇤RDVcb = 0.7 TeV (6)

|✓| . 10�10 (7)

�LQCD = ✓
g2s

32⇡2
GG̃ (8)

p
sRK

< 84 TeV (9)

⇤RK = 31 TeV (10)

1

⇤RK

=
gbsgµµ
M2

Z0
(11)

⇤UV = 400 GeV (12)

[M?] = L�1 (13)

[g?] = [~�1] (14)

LEFT =
M4

?

g2?
L̂tree


@

M?

,
g?�

M?

,
g? 

M3/2
?

�
+

g2?~
16⇡2

M4
?

g2?
L̂1�loop


@

M?

,
g?�

M?

,
g? 

M3/2
?

�
+ . . . (15)

[L] = [~]/L4 (16)

1

|⇤O| =
4⇡

M?

(17)

3

L

SM�like

= �q0L Ŷd Hd0R � q0L V
†Ŷu H̃u0
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L Ŷe He0R + h.c. , (4)

L

mix
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 R � LM̂ R + h.c. . (6)

(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
V
�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �

15

h⌦
15

i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:

L
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) R + h.c. , (9)

2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.
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In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
V
�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �

15

h⌦
15

i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:

L

SM�like

= �q0LV
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3

is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0iL 1 3 2 1/6 1/3 0
u0i
R 1 3 1 2/3 1/3 0

d0iR 1 3 1 �1/3 1/3 0
`0iL 1 1 2 �1/2 0 1
e0iR 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
whose action on the matter fields is displayed in
the last two columns of Table I. The vevs of ⌦

3

and ⌦
1

break spontaneously both the gauge and the
global symmetries, leaving unbroken two new global

U(1)’s: B = B0+ 1p
6

T 15 and L = L0�
q

3

2

T 15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .

The fermions’ kinetic term leads to the following
left-handed interactions
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4p
2
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and right-handed interactions
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g4p
2
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0
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R Uµ + h.c.
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✓
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R + d
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+
1
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Flavour structure. The Yukawa Lagrangian is

LY � �q0L Yd Hd0R � q0L Yu H̃u0
R � `

0
L Ye He0R (9)

� q0L �q ⌦
T
3

 R � `
0
L �` ⌦

T
1

 R � L M  R + h.c. ,

where H̃ = i�
2

H⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3
flavour matrices, �q and �` are 3 ⇥ n

 

, while M is
n
 

⇥n
 

matrix where n
 

is the number of  fields.
In absence of the Yukawa Lagrangian the global

flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥
U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n

 

)
 L ⇥U(n

 

)
 R . Us-

ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = Mdiag ⌘
diag (M

1

, ...,Mn ), Yd = Y diag

d , and Ye = Y diag

e

are diagonal matrices with non-negative real entries,
while Yu = V †Y diag

u , where V is a unitary matrix.
After spontaneous symmetry breaking, the

fermion mass matrices in this (interaction) basis are

Md =

 
vp
2
Y diag
d

v3p
2
�q

0 Mdiag

!
, Me =

 
vp
2
Y diag
e

v1p
2
�`

0 Mdiag

!
,

Mu =

 
vp
2
V †Y diag

u
v3p
2
�q

0 Mdiag

!
, M⌫ =

 
0 v1p

2
�`

0 Mdiag

!
.

(10)

These are 3+n
 

dimensional square matrices which
can be diagonalised by unitary rotations U(3+n

 

).
For example, Me = UeLMdiag

e U†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1

L, ..., E
n 
L )T , are

given by  eL = U †
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z 0 exchange. In this respect,
we identify two interesting scenarios:

• (n
 

= 3): In order to avoid tree-level g0 and Z 0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n
 

= 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment
of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)

�q =

0

@
0 0
�sq 0
0 �bq

1

A , (11)

with
���sq

�� ⌧ ���bq
��. The main implications of this

setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g0 and Z 0 exchange,
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Yukawa Lagrangian LY = L

SM�like
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mix
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Here, H̃ = i�
2

H⇤ and Yu,d,e, �q,`,15, M are 3 ⇥ 3 flavour matrices. The flavour structure of
the 4321 model will be discussed in detail in Sect. ??.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0iL 1 3 2 1/6 1/3 0
u0i
R 1 3 1 2/3 1/3 0

d0iR 1 3 1 �1/3 1/3 0
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⌦

1
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15

15 1 1 0 0 0

Table 1: Field content of the 4321 model. The index i = 1, 2, 3 runs over generations,
while U(1)B0 and U(1)L0 are accidental global symmetries (see text for further clarifications).
Particles added to the SM matter content are shown in with a grey background.

The full Lagrangian (including also the scalar potential in Eq. (??)) is invariant under
the accidental global symmetries U(1)B0 and U(1)L0 , whose action on the matter fields is
displayed in the last two columns of Table ??. The vevs of ⌦

3

and ⌦
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break spontaneously
both the gauge and the global symmetries, leaving unbroken two new global U(1)’s: B =

B0 + 1p
6

T 15 and L = L0
�

q
3

2

T 15, which for the SM eigenstates correspond respectively to

baryon and lepton number. These symmetries protect proton stability and make neutrinos
massless, as in the SM. Non-zero neutrino masses can be achieved by introducing an explicit
breaking of U(1)L0 , e.g. via a d = 5 e↵ective operator `0`0HH/⇤/L, where ⇤/L � v.

3 A Cabibbo mechanism for leptoquarks

The phenomenological features of the 4321 model can be neatly understood in terms of the
global symmetries of the Yukawa Lagrangian. Our goal is to introduce the flavour structure
required by the anomalies in the quark-lepton transitions, while simultaneously protecting
the most dangerous quark-quark and lepton-lepton FV operators.

Let us first consider the L

mix

! 0 limit, corresponding to the SM Yukawa Lagrangian.
Exploiting the U(3)5 invariance of the kinetic term of the SM-like fields we choose a basis
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
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misalignment between the up and down sectors, which is parametrized by the CKM matrix
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†ŶudR H̃ � q0LŶddR H � `
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†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
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(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
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V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
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is the following:
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LŶeeR H + h.c. , (8)

L

mix

= �q0L�q R ⌦3

� `
0
L�` R ⌦1

� L(M̂ + �
15

⌦
15

) R + h.c. , (9)

2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.

6

-             :

L

SM�like
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= �q0L Ŷd Hd0R � q0L V
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
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Flavour structure
•               

Yukawa Lagrangian LY = L

SM�like

+ L

mix

, with

L

SM�like

= �q0L Yd Hd0R � q0L Yu H̃u0
R � `

0
L Ye He0R + h.c. , (1)

L

mix

= �q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � L (M + �
15

⌦
15

) R + h.c. . (2)

L

mix

= �q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � LM R + h.c. . (3)

Here, H̃ = i�
2

H⇤ and Yu,d,e, �q,`,15, M are 3 ⇥ 3 flavour matrices. The flavour structure of
the 4321 model will be discussed in detail in Sect. ??.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0iL 1 3 2 1/6 1/3 0
u0i
R 1 3 1 2/3 1/3 0

d0iR 1 3 1 �1/3 1/3 0
`0iL 1 1 2 �1/2 0 1
e0iR 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4

H 1 1 2 1/2 0 0
⌦

1

4 1 1 �1/2 �1/4 3/4
⌦

3

4 3 1 1/6 1/12 �1/4
⌦

15

15 1 1 0 0 0

Table 1: Field content of the 4321 model. The index i = 1, 2, 3 runs over generations,
while U(1)B0 and U(1)L0 are accidental global symmetries (see text for further clarifications).
Particles added to the SM matter content are shown in with a grey background.

The full Lagrangian (including also the scalar potential in Eq. (??)) is invariant under
the accidental global symmetries U(1)B0 and U(1)L0 , whose action on the matter fields is
displayed in the last two columns of Table ??. The vevs of ⌦

3

and ⌦
1

break spontaneously
both the gauge and the global symmetries, leaving unbroken two new global U(1)’s: B =

B0 + 1p
6

T 15 and L = L0
�

q
3

2

T 15, which for the SM eigenstates correspond respectively to

baryon and lepton number. These symmetries protect proton stability and make neutrinos
massless, as in the SM. Non-zero neutrino masses can be achieved by introducing an explicit
breaking of U(1)L0 , e.g. via a d = 5 e↵ective operator `0`0HH/⇤/L, where ⇤/L � v.

3 A Cabibbo mechanism for leptoquarks

The phenomenological features of the 4321 model can be neatly understood in terms of the
global symmetries of the Yukawa Lagrangian. Our goal is to introduce the flavour structure
required by the anomalies in the quark-lepton transitions, while simultaneously protecting
the most dangerous quark-quark and lepton-lepton FV operators.

Let us first consider the L

mix

! 0 limit, corresponding to the SM Yukawa Lagrangian.
Exploiting the U(3)5 invariance of the kinetic term of the SM-like fields we choose a basis
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L Ŷe He0R + h.c. , (4)

L

mix

= �q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � L (M + �
15

⌦
15

) R + h.c. . (5)

L

mix

= �q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � LM R + h.c. . (6)

(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
V
�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
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i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �
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i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:
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2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
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V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:
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i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
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i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �
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i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:
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2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.
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= �q0L Ŷd Hd0R � q0L V
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In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
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(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.
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In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
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U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
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�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L
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is the following:
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3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �
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i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:
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SM�like
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similar notation will be employed later on also for non-abelian factors.

6

1 Introduction
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3

• Collective breaking in the SM ensures: 

1. No FCNC in either up or down sector [forbidden by the two U(1)3 in isolation]

2. FCCC from up/down misalignement [due to CKM ≠ 1]



Flavour structure
where �q, �` and �

15

are generic matrices in flavour space. If the latter were generic, we
would expect large FV e↵ects both in quark and lepton processes. As we are going to argue,
assuming the following simplified structure:

�q = �̂q = diag (�q
12

,�q
12

,�q
3

) , (11)

�` = �̂` W = diag
�
�`
1

,�`
2

,�`
3

�
0

@
1 0 0
0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ

1

A , (12)

�
15

/ M̂ / 1 , (13)

provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (10)–(12). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L

mix

(�q ! 0) = �`
0
L�̂` ̃R ⌦1

�  ̃L(M̂ + �̂
15

⌦
15

) ̃R + h.c. . (14)

Since everything is diagonal, the global symmetry is identified as GL = U(1)`01+˜

 1
⇥U(1)`02+˜

 2
⇥

U(1)`03+˜

 3
. The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
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where �q, �` and �
15

are generic matrices in flavour space. If the latter were generic, we
would expect large FV e↵ects both in quark and lepton processes. As we are going to argue,
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.
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Since everything is diagonal, the global symmetry is identified as GL = U(1)`01+˜
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⇥

U(1)`03+˜

 3
. The limit �q ! 0 thus implies:
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix
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In the �` ! 0 limit L

mix
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generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
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V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L
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scalar representations ⌦i in L
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enters into the SU(4) representation  L and feels the leptoquark interaction.
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i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �
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i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:
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†ŶudR H̃ � q0LŶddR H � `
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similar notation will be employed later on also for non-abelian factors.
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
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this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L

mix

(�q ! 0) = �`
0
L�̂` ̃R ⌦1

�  ̃L(M̂ + �̂
15

⌦
15

) ̃R + h.c. . (17)

7

L

SM�like
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
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i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:
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0
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where �q, �` and �
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are generic matrices in flavour space. If the latter were generic, we
would expect large FV e↵ects both in quark and lepton processes. As we are going to argue,
assuming the following simplified structure:
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (10)–(12). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L

mix

(�q ! 0) = �`
0
L�̂` ̃R ⌦1

�  ̃L(M̂ + �̂
15

⌦
15

) ̃R + h.c. . (14)

Since everything is diagonal, the global symmetry is identified as GL = U(1)`01+˜

 1
⇥U(1)`02+˜

 2
⇥

U(1)`03+˜

 3
. The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L
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generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L
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in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L
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generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
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comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L
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in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L
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GQ = U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
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†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L
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scalar representations ⌦i in L
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• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L
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in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L
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is invariant under the action of the global symmetry group
GQ = U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].
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1. No tree-level FCNC in the down sector (    and     diagonal in the same basis) 
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
V
�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �

15

h⌦
15

i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:

L
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LŶeeR H + h.c. , (8)

L

mix

= �q0L�q R ⌦3

� `
0
L�` R ⌦1

� L(M̂ + �
15

⌦
15

) R + h.c. , (9)

2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.
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2. CKM-induced tree-level FCNC in the up sector (D-mixing) protected by 

where �q, �` and �
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are generic matrices in flavour space. If the latter were generic, we
would expect large FV e↵ects both in quark and lepton processes. As we are going to argue,
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ = U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads
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0
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (10)–(12). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L
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is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
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Since everything is diagonal, the global symmetry is identified as GL = U(1)`01+˜
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 2
⇥
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 3
. The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
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surviving global symmetries of L
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in turn:
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• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
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i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
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i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ = U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.
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mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L

mix

(�q ! 0) = �`
0
L�̂` ̃R ⌦1

�  ̃L(M̂ + �̂
15

⌦
15

) ̃R + h.c. . (17)
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†Ŷu H̃u0
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0
L Ŷe He0R + h.c. , (4)
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T
3

 R � `
0
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 R � LM R + h.c. . (6)

(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
V
�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �

15

h⌦
15

i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:

L

SM�like

= �q0LV
†ŶudR H̃ � q0LŶddR H � `

0
LŶeeR H + h.c. , (8)
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� `
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� L(M̂ + �
15

⌦
15

) R + h.c. , (9)

2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.
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where �q, �` and �
15

are generic matrices in flavour space. If the latter were generic, we
would expect large FV e↵ects both in quark and lepton processes. As we are going to argue,
assuming the following simplified structure:
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�
15

/ M̂ / 1 , (16)

provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L
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in either of the limits �` ! 0 or �q ! 0.
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is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L
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(�q ! 0) = �`
0
L�̂` ̃R ⌦1
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Since everything is diagonal, the global symmetry is identified as GL = U(1)`01+˜

 1
⇥U(1)`02+˜

 2
⇥

U(1)`03+˜

 3
. The limit �q ! 0 thus implies:
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Since everything is diagonal, the global symmetry is identified as

GL = U(1)`01+˜

 1
⇥ U(1)`02+˜

 2
⇥ U(1)`03+˜

 3
.

The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
presence of the underlying SU(4) gauge symmetry which locks together the transformations
of the Q and L fields. Indeed the intersection of the two groups yields

GQ\GL = U(1)q01+`01+ 1 ⇥U(1)q02+`02+ 2 ⇥U(1)q03+`03+ 3

W
�! U(1)q01+`01+ 1 ⇥U(1)q0+`0+ , (18)

where the last step of breaking is a consequence of the specific structure of the W matrix
in Eq. (12) featuring only 2-3 mixing. Thus the quantum number of the first family of
quarks and leptons, U(1)q01+`01+ 1 , is left unbroken together with the factor U(1)q0+`0+ ,
which corresponds to a simultaneous re-phasing of all the fermion fields in L

mix

. [I do not
understand how this is related to total baryon and lepton number, since the latter involve a
non-trivial transformation of ⌦

3,1, which are clearly neutral under U(1)q0+`0+ ] In particular,
to simplify even more our analysis we can set to zero the coupling �`

1

, thus implying a
further enhancement of the symmetry: U(1)q01+`01+ 1 ! U(1)q01+ 1 ⇥U(1)`01+ 1 which forbids
FV transitions involving either down or electron fields.

However, we can still have a large mixing between the second and third family of quarks
and leptons, whose misalignment is parametrized by the matrix W . In the unitary gauge,
such e↵ect is encoded in the coupling of the leptoquark U with quarks and leptons, in
complete analogy with the FV involving the W boson and the quark doublet in the SM.
Working e.g. in the basis  L = (Q0

L, L
0
L)

T = (QL,WLL)T , the interaction of U with quarks
and leptons can be readily extracted from the covariant derivative:

i L�
µDµ L �

g
4

p

2
Uµ QL�

µ

0

@
1 0 0
0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ

1

ALL . (19)

As the Cabibbo angle ✓C represents the misalignment between the up and down quarks of the
first two families within an SU(2)L doublet, here ✓LQ represent the misalignment between
the quark and lepton fields of the second and third generation within an SU(4) quadruplet.
Note, however, that the states QL and LL have to be projected along the light SM mass
eigenstates. As already mentioned the breaking induced by h⌦

3

i and h⌦
1

i redirects part of
the SM quark and lepton doublets into  L. The net e↵ect is given by (cf. App. ??)

g
4

p

2
�ijUµ q

i
L�

µ`jL (20)
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Flavour structure
• We assume:

• Collective breaking:

where �q, �` and �
15

are generic matrices in flavour space. If the latter were generic, we
would expect large FV e↵ects both in quark and lepton processes. As we are going to argue,
assuming the following simplified structure:

�q = �̂q = diag (�q
12

,�q
12

,�q
3

) , (11)

�` = �̂` W = diag
�
�`
1

,�`
2

,�`
3

�
0

@
1 0 0
0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ

1

A , (12)

�
15

/ M̂ / 1 , (13)

provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (10)–(12). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L

mix

(�q ! 0) = �`
0
L�̂` ̃R ⌦1

�  ̃L(M̂ + �̂
15

⌦
15

) ̃R + h.c. . (14)

Since everything is diagonal, the global symmetry is identified as GL = U(1)`01+˜

 1
⇥U(1)`02+˜

 2
⇥

U(1)`03+˜

 3
. The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
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. The limit �q ! 0 thus implies:
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provides a good starting point to comply with the flavour constraints. Later on we will
comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L
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is invariant under the action of the global symmetry group
GQ ⌘ U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
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has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
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(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =
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where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �
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i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:
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similar notation will be employed later on also for non-abelian factors.
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comment about the plausibility of our assumptions, but for the moment let us inspect the
physical consequences of Eqs. (11)–(16). Mimicking the pure SM discussion, we inspect the
surviving global symmetries of L

mix

in either of the limits �` ! 0 or �q ! 0.
In the �` ! 0 limit L

mix

is invariant under the action of the global symmetry group
GQ = U(2)q0+ ⇥ U(1)q03+ 3 , with the non-abelian factor acting on the first and second
generation. Basically, we are promoting the approximate U(2)q0 of the SM (emerging in the
limit where only (Yu)33 6= 0 and (Yd)33 6= 0) to be also a symmetry of NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note indeed that Yd and �q are
diagonal in the same basis). Such down alignment mechanism was already introduced
in Ref. [1].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical e↵ects are proportional to the small
breaking induced by the SM-like Yukawa Yu via the CKM. We will show in Sect. 4 that
this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when �q ! 0. It easy to see that L
mix

has a U(1)3 symmetry which is just the generalisation of the accidental symmetries of the
SM in the lepton sector. To show this we reabsorb W in a redefinition of the field  , via
 ̃i ⌘ Wij j. With such redefinition L

mix

reads

L

mix

(�q ! 0) = �`
0
L�̂` ̃R ⌦1

�  ̃L(M̂ + �̂
15

⌦
15

) ̃R + h.c. . (17)
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1.           :                                                        [no FV involving down and electrons]

L

SM�like

= �q0L Ŷd Hd0R � q0L V
†Ŷu H̃u0

R � `
0
L Ŷe He0R + h.c. , (4)

L

mix

= �q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � L (M + �
15

⌦
15

) R + h.c. . (5)

L

mix

= �q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � LM R + h.c. . (6)

(a hat denotes a diagonal matrix with positive eigenvalues and V is the CKM matrix).
For later convenience, we recall some well-known features of the SM quark Yukawa sector.
In the Yu ! 0 limit q0LŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus
implying the absence of FV in the down sector. Similarly, for Yd ! 0 we are left with
q0LV

†ŶuH̃uR in the up sector. Reabsorbing V into q0 bears no physical e↵ects and the
subgroup U(1)u ⇥ U(1)c ⇥ U(1)t is left unbroken. If both Yu and Yd are present the two
U(1)3 are not anymore independent due to the locking SU(2)L gauge symmetry that forces
the transformations of the left-handed down and up fields to be the same. The intersection
of the two subgroups thus yields2

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) =

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t
V
�! U(1)B , (7)

where the last step of breaking is due to CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level flavour changing neutral currents
(FCNC). The latter are forbidden by the two U(1)3 symmetries in isolation, either in the up
or in the down sector. ii) Flavour changing charged currents (FCCC) are generated by the
misalignment between the up and down sectors, which is parametrized by the CKM matrix
V . In the unitary gauge, the physical e↵ect of FV is encoded in the coupling of the W to
the up and down quark fields.

Let us consider now the pattern of global symmetries when L

mix

6= 0. The role of the
scalar representations ⌦i in L

mix

is the following:

• h⌦
3

i mixes the would-be SM state q0L with QL ⇢  L. In this way the SM quark doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
1

i mixes the would-be SM state `0L with LL ⇢  L. In this way the SM lepton doublet
enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦
15

i splits the bare mass of quark and lepton partners. We can hence e↵ectively trade
M and �

15

h⌦
15

i for MQ and ML.

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to
pick-up the following basis:

L

SM�like

= �q0LV
†ŶudR H̃ � q0LŶddR H � `

0
LŶeeR H + h.c. , (8)

L

mix

= �q0L�q R ⌦3

� `
0
L�` R ⌦1

� L(M̂ + �
15

⌦
15

) R + h.c. , (9)

2Here, for instance, U(1)d+u stands for d ! ei✓d and u ! ei✓u, where ei✓ is an element of U(1)d+u. A
similar notation will be employed later on also for non-abelian factors.
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Since everything is diagonal, the global symmetry is identified as

GL = U(1)`01+˜

 1
⇥ U(1)`02+˜

 2
⇥ U(1)`03+˜

 3
.

The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
presence of the underlying SU(4) gauge symmetry which locks together the transformations
of the Q and L fields. Indeed the intersection of the two groups yields

GQ\GL = U(1)q01+`01+ 1 ⇥U(1)q02+`02+ 2 ⇥U(1)q03+`03+ 3

W
�! U(1)q01+`01+ 1 ⇥U(1)q0+`0+ , (18)

GQ \ GL
SU(4)+W
������! U(1)q01+`01+ 1 ⇥ U(1)q0+`0+ , (19)

where the last step of breaking is a consequence of the specific structure of the W matrix
in Eq. (12) featuring only 2-3 mixing. Thus the quantum number of the first family of
quarks and leptons, U(1)q01+`01+ 1 , is left unbroken together with the factor U(1)q0+`0+ ,
which corresponds to a simultaneous re-phasing of all the fermion fields in L

mix

. [I do not
understand how this is related to total baryon and lepton number, since the latter involve a
non-trivial transformation of ⌦

3,1, which are clearly neutral under U(1)q0+`0+ ] In particular,
to simplify even more our analysis we can set to zero the coupling �`

1

, thus implying a
further enhancement of the symmetry: U(1)q01+`01+ 1 ! U(1)q01+ 1 ⇥U(1)`01+ 1 which forbids
FV transitions involving either down or electron fields.

However, we can still have a large mixing between the second and third family of quarks
and leptons, whose misalignment is parametrized by the matrix W . In the unitary gauge,
such e↵ect is encoded in the coupling of the leptoquark U with quarks and leptons, in
complete analogy with the FV involving the W boson and the quark doublet in the SM.
Working e.g. in the basis  L = (Q0

L, L
0
L)

T = (QL,WLL)T , the interaction of U with quarks
and leptons can be readily extracted from the covariant derivative:

i L�
µDµ L �

g
4

p

2
Uµ QL�

µ

0

@
1 0 0
0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ

1

ALL . (20)

As the Cabibbo angle ✓C represents the misalignment between the up and down quarks of the
first two families within an SU(2)L doublet, here ✓LQ represent the misalignment between
the quark and lepton fields of the second and third generation within an SU(4) quadruplet.
Note, however, that the states QL and LL have to be projected along the light SM mass
eigenstates. As already mentioned the breaking induced by h⌦

3

i and h⌦
1

i redirects part of
the SM quark and lepton doublets into  L. The net e↵ect is given by (cf. App. ??)

g
4

p

2
�ijUµ q

i
L�

µ`jL (21)
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�`
1 = 0 (1)

�` (2)

Ye (3)

�q (4)

Yd (5)

 ̃ = W (6)

SU(4) (7)

SU(2)L (8)

 =

✓
Q0

L0

◆
(9)

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y (10)

G4321/GSM = U + Z 0 + g0 (11)

U(1)Y (12)

SU(3)C (13)

⇤33 = ⇤RDVcb = 0.7 TeV (14)

|✓| . 10�10 (15)

�LQCD = ✓
g2s

32⇡2
GG̃ (16)

p
sRK

< 84 TeV (17)

⇤RK = 31 TeV (18)
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Since everything is diagonal, the global symmetry is identified as

GL = U(1)`01+˜

 1
⇥ U(1)`02+˜

 2
⇥ U(1)`03+˜

 3
.

The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
presence of the underlying SU(4) gauge symmetry which locks together the transformations
of the Q and L fields. Indeed the intersection of the two groups yields

GQ\GL = U(1)q01+`01+ 1 ⇥U(1)q02+`02+ 2 ⇥U(1)q03+`03+ 3
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GQ \ GL
SU(4)+W
������! U(1)q01+`01+ 1 ⇥ U(1)q0+`0+ , (19)

where the last step of breaking is a consequence of the specific structure of the W matrix
in Eq. (12) featuring only 2-3 mixing. Thus the quantum number of the first family of
quarks and leptons, U(1)q01+`01+ 1 , is left unbroken together with the factor U(1)q0+`0+ ,
which corresponds to a simultaneous re-phasing of all the fermion fields in L

mix

. [I do not
understand how this is related to total baryon and lepton number, since the latter involve a
non-trivial transformation of ⌦

3,1, which are clearly neutral under U(1)q0+`0+ ] In particular,
to simplify even more our analysis we can set to zero the coupling �`

1

, thus implying a
further enhancement of the symmetry: U(1)q01+`01+ 1 ! U(1)q01+ 1 ⇥U(1)`01+ 1 which forbids
FV transitions involving either down or electron fields.

However, we can still have a large mixing between the second and third family of quarks
and leptons, whose misalignment is parametrized by the matrix W . In the unitary gauge,
such e↵ect is encoded in the coupling of the leptoquark U with quarks and leptons, in
complete analogy with the FV involving the W boson and the quark doublet in the SM.
Working e.g. in the basis  L = (Q0

L, L
0
L)

T = (QL,WLL)T , the interaction of U with quarks
and leptons can be readily extracted from the covariant derivative:

i L�
µDµ L �
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2
Uµ QL�

µ

0
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1 0 0
0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ
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As the Cabibbo angle ✓C represents the misalignment between the up and down quarks of the
first two families within an SU(2)L doublet, here ✓LQ represent the misalignment between
the quark and lepton fields of the second and third generation within an SU(4) quadruplet.
Note, however, that the states QL and LL have to be projected along the light SM mass
eigenstates. As already mentioned the breaking induced by h⌦

3

i and h⌦
1

i redirects part of
the SM quark and lepton doublets into  L. The net e↵ect is given by (cf. App. ??)
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4
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�ijUµ q
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L�

µ`jL (21)
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2. Large effects in 3-2 lepto-quark transitions via W:

Since everything is diagonal, the global symmetry is identified as

GL = U(1)`01+˜

 1
⇥ U(1)`02+˜

 2
⇥ U(1)`03+˜

 3
.

The limit �q ! 0 thus implies:

• the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists a
basis where Ye and �` are simultaneously diagonal.

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in L

mix

.
The symmetries in the quark (GQ) and lepton (GL) sectors are not independent due to the
presence of the underlying SU(4) gauge symmetry which locks together the transformations
of the Q and L fields. Indeed the intersection of the two groups yields

GQ\GL = U(1)q01+`01+ 1 ⇥U(1)q02+`02+ 2 ⇥U(1)q03+`03+ 3

W
�! U(1)q01+`01+ 1 ⇥U(1)q0+`0+ , (18)

GQ \ GL
SU(4)+W
������! U(1)q01+`01+ 1 ⇥ U(1)q0+`0+ , (19)

where the last step of breaking is a consequence of the specific structure of the W matrix
in Eq. (12) featuring only 2-3 mixing. Thus the quantum number of the first family of
quarks and leptons, U(1)q01+`01+ 1 , is left unbroken together with the factor U(1)q0+`0+ ,
which corresponds to a simultaneous re-phasing of all the fermion fields in L

mix

. [I do not
understand how this is related to total baryon and lepton number, since the latter involve a
non-trivial transformation of ⌦

3,1, which are clearly neutral under U(1)q0+`0+ ] In particular,
to simplify even more our analysis we can set to zero the coupling �`

1

, thus implying a
further enhancement of the symmetry: U(1)q01+`01+ 1 ! U(1)q01+ 1 ⇥U(1)`01+ 1 which forbids
FV transitions involving either down or electron fields.

However, we can still have a large mixing between the second and third family of quarks
and leptons, whose misalignment is parametrized by the matrix W . In the unitary gauge,
such e↵ect is encoded in the coupling of the leptoquark U with quarks and leptons, in
complete analogy with the FV involving the W boson and the quark doublet in the SM.
Working e.g. in the basis  L = (Q0

L, L
0
L)

T = (QL,WLL)T , the interaction of U with quarks
and leptons can be readily extracted from the covariant derivative:

i L�
µDµ L �

g
4

p

2
Uµ QL�

µ

0

@
1 0 0
0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ

1

ALL . (20)

i L�
µDµ L �

g
4

p

2
Uµ QL�

µWLL (21)

As the Cabibbo angle ✓C represents the misalignment between the up and down quarks
of the first two families within an SU(2)L doublet, here ✓LQ represent the misalignment
between the quark and lepton fields of the second and third generation within an SU(4)
quadruplet. Note, however, that the states QL and LL have to be projected along the light
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An suggestive analogy*  
• It is remarkable that we can match our explicit and UV-complete model with the
simplified analysis performed in [5]. However, since we have a fully calculable model,
we are also able to provide precise predictions in �F = 2 and LFV observables.

All this aspects will be addressed in a more quantitative way in Sect. 4.

321 4321

✓C ✓LQ
V W
W µ Uµ

qL =

✓
uL

V dL

◆
 L =

✓
QL

WLL

◆

Yu, Yd �q, �`

SU(2)L SU(4)
U(1)u ⇥ U(1)c ⇥ U(1)t U(2)q0+ ⇥ U(1)q03+ 3

U(1)d ⇥ U(1)s ⇥ U(1)b U(1)`01+˜

 1
⇥U(1)`02+˜

 2
⇥U(1)`03+˜

 3

U(1)B U(1)q01+`01+ 1 ⇥ U(1)q0+`0+ 

u ! d tree level Q ! L tree level
ui ! uj loop level Qi ! Qj loop level
di ! dj loop level Li ! Lj loop level

Table 2: SM analogy.

4 Low-energy phenomenology

5 High-pT signatures

5.1 Resonances spectrum

The 4321 model predicts plethora of new resonances around the TeV scale – potential targets
for the direct searches in the ATLAS and CMS detectors. The main purpose of this section
is to discuss the spectrum of new resonances and their couplings focusing on the parameter
space of the model preferred by the flavour anomalies and consistent with other low-pT data.

New fermions

Let us simplify the fermion mass mixing discussion to a level suitable for the purpose of
high-pT phenomenology. Since the CKM matrix is close to the identity, we assume a single
family of the SM weak doublets to mix with a single vector-like fermion weak doublet. We
introduce the following notation in the quark sector,

✏iu(d) =
vY i

u(d)
p

2M i
, xi

q =
v
3

�i
q

p

2M i
, (23)

10

* symmetries in 321 accidental, in 4321 imposed (still, helpful for understanding pheno)



1. Large quark-lepton transitions in 3-2 sector

Key phenomenological features

Tuesday 26th June, 2018 10:36

M

(ph)
qi =

r

|�q
i |2 v23
2

+M

2

. (1.9)

2 Main pheno constraints

I write the leptoquark interactions in a notation similar to that of the guide

LU � g

4p
2
Uµ

⇥

�i↵ q̄
i
�

µ
`

↵ + h.c.

⇤

, (2.1)

with (A,B = 4, 5, 6)

�i↵ =
⇥

Uq

⇤⇤
Ai

⇥

W

⇤

AB

⇥

U`

⇤

B↵
. (2.2)

Assuming W = R
45

(✓
LQ

), sin ✓dL = ✓sL and ✓eL = 0, we have

� =

0

@

0 0 0
0 c✓LQ ssLsµL s✓LQ ssLs⌧L

0 �s✓LQ sbLsµL c✓LQ sbLs⌧L

1

A

. (2.3)

The leptoquark mass in terms of the vevs of ⌦
1,3 and the gauge coupling reads

MU =
1

2
g

4

q

v

3

1

+ v

2

3

, (2.4)

2.1 R(D(⇤))

�RD(⇤) =
g

2

4

v

2

2M2

U

�b⌧

✓

�b⌧ � �s⌧
V

⇤
tb

V

⇤
ts

◆

, (2.5)

We have

�RD(⇤) = 2CU �b⌧

✓

�b⌧ � �s⌧
V

⇤
tb

V

⇤
ts

◆

, (2.6)

where I defined CU = g

2

4

v

2

/(4M2

U). And for RK(⇤)

2.2 RK(⇤)

�C

µµ
9

= ��C

µµ
10

= � ⇡

↵ VtbV
⇤
ts

2CU �sµ �
⇤
bµ , (2.7)

2.3 Radiative constraints

The so-called radiative constraints (one-loop corrections to LFU test in ⌧ decays) give the
rough bound

CU �b⌧ . 0.04 , (2.8)

This is not important in the limit in which we are working.

2

SM mass eigenstates. As already mentioned the breaking induced by h⌦
3

i and h⌦
1

i redirects
part of the SM quark and lepton doublets into  L. The net e↵ect is given by (cf. App. ??)

LU �

g
4

p

2
�ij q

i
L�

µ`jLUµ (22)

where � is a 3⇥3 matrix describing the flavour structure of the leptoquark interactions with
the light SM mass eigenstates:

� = diag(s
12

, s
12

, sbL)W diag(0, sµL , s⌧L) =

0

@
0 0 0
0 c✓LQs12sµL s✓LQs12s⌧L
0 �s✓LQsbLsµL c✓LQsbLs⌧L

1

A . (23)

The definition of the mixing angles in terms of the fundamental parameters of the Yukawa
Lagrangian are defined in App. ??.

An important aspect that breaks the analogy with the SM is the following: while the
global symmetries in the Yukawa sector of the SM are accidental, in our phenomenological
limit the symmetry groups GQ, GL and their relative orientation parametrized byW have been
assumed. This calls for an UV understanding. The hope is that a more complete UV theory
will provide the required flavour structure at the scale of the 4321 model. However, since the
symmetries that we imposed for phenomenological reasons are nothing but a generalization
of the accidental and approximate symmetries already present in the SM, the possibility
to create a link between the flavour structure of the SM and GQ,L is well motivated and
proposals such as that in Refs. [3, 4] might play a role in achieving this goal. It appears
instead more di�cult to provide a flavour dynamics responsible for the misalignment induced
by W . On the other hand, our phenomenological limit turns out to be robust against higher-
order e↵ects and is not tuned. It allows us to identify which are the crucial observables
and understand suppressions or enhancements directly in term of the symmetries of the
fundamental Langrangian. Also, another di↵erence with respect to the SM is the presence of
radial modes contained in the scalar fields ⌦i which can mediate FV beyond that induced by
the massive vectors in the unitary gauge. In this sense the analogy would be rather with the
2-Higgs doublet extension of the SM. It can be anyway shown (see Sect. 4) that FV e↵ects
mediated by the radial modes are phenomenologically under control.

We conclude this section by summarizing the main features of the Cabibbo mechanism
for leptoquarks advocated above and highlight in Table 2 the main analogies with the SM:

• we have found a mechanism that allows for large FV in semi-leptonic decays in the 3-2
sector, as required by the B-flavour anomalies.

• tree-level FCNC involving down quarks and charged leptons are absent.

• tree-level FCNC in the up sector are protected by the small U(2) breaking of the SM
Yukawas.

• FCNC are induced at one loop. While flavour changing processes involving electrons
and down quarks are forbidden, the leptoquark contributes at one loop to Bs and D
mixing, as well as in LFV processes such as ⌧ ! µ�. In Sect. 4 we show that these
bounds can be easily satisfied, also thanks to an extra dynamical suppression provided
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SM mass eigenstates. As already mentioned the breaking induced by h⌦
3

i and h⌦
1

i redirects
part of the SM quark and lepton doublets into  L. The net e↵ect is given by (cf. App. ??)

LU �

g
4

p

2
�ij q

i
L�

µ`jLUµ (22)

where � is a 3⇥3 matrix describing the flavour structure of the leptoquark interactions with
the light SM mass eigenstates:

� = diag(s
12

, s
12

, sbL)W diag(0, sµL , s⌧L) =

0

@
0 0 0
0 c✓LQs12sµL s✓LQs12s⌧L
0 �s✓LQsbLsµL c✓LQsbLs⌧L

1

A . (23)

The definition of the mixing angles in terms of the fundamental parameters of the Yukawa
Lagrangian are defined in App. ??.

� =

0

@
0 0 0
0 c✓LQs12sµL s✓LQs12s⌧L
0 �s✓LQsbLsµL c✓LQsbLs⌧L

1

A . (24)

An important aspect that breaks the analogy with the SM is the following: while the
global symmetries in the Yukawa sector of the SM are accidental, in our phenomenological
limit the symmetry groups GQ, GL and their relative orientation parametrized byW have been
assumed. This calls for an UV understanding. The hope is that a more complete UV theory
will provide the required flavour structure at the scale of the 4321 model. However, since the
symmetries that we imposed for phenomenological reasons are nothing but a generalization
of the accidental and approximate symmetries already present in the SM, the possibility
to create a link between the flavour structure of the SM and GQ,L is well motivated and
proposals such as that in Refs. [3, 4] might play a role in achieving this goal. It appears
instead more di�cult to provide a flavour dynamics responsible for the misalignment induced
by W . On the other hand, our phenomenological limit turns out to be robust against higher-
order e↵ects and is not tuned. It allows us to identify which are the crucial observables
and understand suppressions or enhancements directly in term of the symmetries of the
fundamental Langrangian. Also, another di↵erence with respect to the SM is the presence of
radial modes contained in the scalar fields ⌦i which can mediate FV beyond that induced by
the massive vectors in the unitary gauge. In this sense the analogy would be rather with the
2-Higgs doublet extension of the SM. It can be anyway shown (see Sect. 4) that FV e↵ects
mediated by the radial modes are phenomenologically under control.

We conclude this section by summarizing the main features of the Cabibbo mechanism
for leptoquarks advocated above and highlight in Table 2 the main analogies with the SM:

• we have found a mechanism that allows for large FV in semi-leptonic decays in the 3-2
sector, as required by the B-flavour anomalies.

• tree-level FCNC involving down quarks and charged leptons are absent.

• tree-level FCNC in the up sector are protected by the small U(2) breaking of the SM
Yukawas.
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2.3 Radiative constraints

The so-called radiative constraints (one-loop corrections to LFU test in ⌧ decays) give the
rough bound

CU �b⌧ . 0.04 , (2.8)

This is not important in the limit in which we are working.
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SM mass eigenstates. As already mentioned the breaking induced by h⌦
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i and h⌦
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part of the SM quark and lepton doublets into  L. The net e↵ect is given by (cf. App. ??)
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where � is a 3⇥3 matrix describing the flavour structure of the leptoquark interactions with
the light SM mass eigenstates:

� = diag(s
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, s
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The definition of the mixing angles in terms of the fundamental parameters of the Yukawa
Lagrangian are defined in App. ??.

An important aspect that breaks the analogy with the SM is the following: while the
global symmetries in the Yukawa sector of the SM are accidental, in our phenomenological
limit the symmetry groups GQ, GL and their relative orientation parametrized byW have been
assumed. This calls for an UV understanding. The hope is that a more complete UV theory
will provide the required flavour structure at the scale of the 4321 model. However, since the
symmetries that we imposed for phenomenological reasons are nothing but a generalization
of the accidental and approximate symmetries already present in the SM, the possibility
to create a link between the flavour structure of the SM and GQ,L is well motivated and
proposals such as that in Refs. [3, 4] might play a role in achieving this goal. It appears
instead more di�cult to provide a flavour dynamics responsible for the misalignment induced
by W . On the other hand, our phenomenological limit turns out to be robust against higher-
order e↵ects and is not tuned. It allows us to identify which are the crucial observables
and understand suppressions or enhancements directly in term of the symmetries of the
fundamental Langrangian. Also, another di↵erence with respect to the SM is the presence of
radial modes contained in the scalar fields ⌦i which can mediate FV beyond that induced by
the massive vectors in the unitary gauge. In this sense the analogy would be rather with the
2-Higgs doublet extension of the SM. It can be anyway shown (see Sect. 4) that FV e↵ects
mediated by the radial modes are phenomenologically under control.

We conclude this section by summarizing the main features of the Cabibbo mechanism
for leptoquarks advocated above and highlight in Table 2 the main analogies with the SM:

• we have found a mechanism that allows for large FV in semi-leptonic decays in the 3-2
sector, as required by the B-flavour anomalies.

• tree-level FCNC involving down quarks and charged leptons are absent.

• tree-level FCNC in the up sector are protected by the small U(2) breaking of the SM
Yukawas.

• FCNC are induced at one loop. While flavour changing processes involving electrons
and down quarks are forbidden, the leptoquark contributes at one loop to Bs and D
mixing, as well as in LFV processes such as ⌧ ! µ�. In Sect. 4 we show that these
bounds can be easily satisfied, also thanks to an extra dynamical suppression provided
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1. Large quark-lepton transitions in 3-2 sector

2. Tree-level FCNC involving down quarks and leptons are absent 

3. Tree-level FCNC involving up quarks are U(2) protected

4. FCNC @ 1-loop under control
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Figure 7: Box diagrams leading to Bs − Bs mixing
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The functions S0(xα), S0(xα, xβ) with xα ≡ m2
uα
/m2

W are the Inami-Lim functions [35],

whereas ηij , ηB with i, j = 3, 4 are the QCD correction factors. The numerical values for

these factors for a 600 GeV for vector-like quark mass are [36]

η33 = ηB = 0.5765, η34 = η44 = 0.514. (43)

It is sometimes more convenient to parametrize M12s as [37]

M12s −MSM
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MSM
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≡ r1se
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i2σ2s (44)

where {r1s, σ1s} and {r2s, σ2s} are the new contributions. With this parametrization, one

can write
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, (45)

with βSM
s ≡ Arg [(−V32V ∗

33) / (V22V ∗
23)] = 0.019± 0.001, ∆mSM

Bs
= (19.3± 6.74) ps−1.

The main reason to highlight this phenomenon is because there are hints for new sources

of CP violation beyond the SM in the DØ measurement inferred from the charge asymmetry

in the same sign di-muon decay of the B mesons [16]:

Ab
sl =

N++ −N−−

N++ +N−−
= −(0.787± 0.172± 0.093)%. (46)

Here N++(N−−) is the numbers of events containing two b hadrons that decay semilepton-

ically into two positive (negative) muons. Eq. (46) can be written as a linear combination

of two asymmetries [16, 38]

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl, (47)
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3.4 Tree-level constraints

• Write formulas for all tree-level processes (R(D), etc)

• In particular, 4-lepton operators from Z 0.

• D-mixing very carefully!!! (To make Andi happy) Help from extra phases?

• Semi-leptonic D decays?

3.5 Loop-level constraints

• Bs mixing at one-loop in the down-alignment. K-mixing?

• D mixing at one-loop? (Just to make sure it’s fine)

• Finite loop contribution to Z ! ⌧⌧ , also ⌧ physics, etc.

3.5.1 Bs, Bd, K-mixing in the down-alignment limit

The contribution to meson mixing at the one-loop level involves the full gauge sector of the
theory in order for the amplitude to be UV finite. Here, we work under the simplifying
assumption of dow-alignment, according to which Z 0 and g0 do not contribute to tree-level
FCNC in the down sector. Then only the leptoquark contributes to meson mixing in the
down sector. [L: we should justify why we do not look at D-mixing at one loop, which
would require also Z 0 and g0 contribution] The calculation of the leptoquark-mediated box
diagrams to the e↵ective Hemiltonian can be carried out in the unitary gauge, and resembles
very closely that of the W contribution in the SM (see e.g. App. B.1 in [6]). Focussing
for concreteness on the case of Bs-mixing (analogous expressions hold for Bd and K-mixing
after replacing the down-quark flavours in the e↵ective operator), the leptoquark contribution
yields (we neglect the subleading RH currents)

HNP
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= � g4
4

128⇡2m2
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�
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µsL
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bL�µsL
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�↵��F (x↵, x�) + h.c. , (79)

where �↵ = (VU
dLeL

)b↵(VU
dLeL

)†↵s, with ↵ = 1, . . . , 3 + n
 

running over charged lepton masses,
x↵ = (m2

E)↵/m
2

U and the loop function is given by (before using unitarity)

F (x↵, x�) =
1

(1� x↵)(1� x�)
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Let us remark that the calculation in the unitary gauge features a quadratically divergent
integral proportional to �↵ (see e.g. [6]). In the SM for instance this would be zero by

15

in the current basis. Noticing that the color factor is the same as in the SM case and recalling
the relation G2

F = g4/(32m4

W ), we obtain
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where �↵ = (V†)⇤↵bV†
↵s, with ↵ = 1, 2, 3, . . . , 3 + n

 

running over charged lepton masses and
x↵ = (m2

E)↵/m
2

U .
In order to set the bound from Bs-mixing we employ the following parametrization

�M exp

s

�MSM

s

=

�����1 +
CLL

bs

Rloop

SM

����� , (6)

where the SM loop function, including RG e↵ects from the top mass scale, reads

Rloop
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=

p
2GFm2

W ⌘̂BS0

(xt)

16⇡2

= 1.3397⇥ 10�3 , (7)

and CLL
bs is a Wilson coe�cient entering the e↵ective Hamiltonian for Bs-mixing as

HNP
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=
4GFp

2
(VtbV

⇤
ts)

2CLL
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By comparing Eq. (19) with Eq. (8) we get

CLL
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g4
4

P
↵,� �

⇤
↵�

⇤
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where ⌘LL(mU) encodes the running down to the bottom mass scale using NLO anomalous
dimensions (e.g. ⌘LL(mU = 1 TeV) = 0.79). For the experimental value we use �M exp

s =
17.757± 0.021 ps�1, while for SM predictions we adopt two benchmarks which depend on the
choice of the Lattice input: �MSM, 2015

s = 18.3± 2.7 ps�1 and �MSM, 2017
s = 20.01± 1.25 ps�1.

Let us consider for simplicity the case in which �↵ are real. Then, depending on the sign
of the combination

P
↵,� �

⇤
↵�

⇤
�F (x↵, x�), we saturate the 2� bound by choosing the sign in the

error of the SM prediction which leads to the most conservative (less stringent) bound. This
procedure yields (the sign refers to the combination of loop function and couplings above):
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Monday 25th June, 2018 11:27

2.4 Bs-mixing

Defining NP contributions to Bs � B̄s as

C

LL
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� 1 (2.8)

In the down-alignment limit we have
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U with ↵ running over all the leptons, including the vector-likes,
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The loop function has a very interesting behaviour due to the double-GIM, i.e due to the
fact that

P

↵ �↵ = 0. Taking the light leptons to be massless, sbL = s`3 = 0.9 and sµL = 0.1,
and keeping only the leading order in xi, I get
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The proportionality to xE2 explains why in the large �s⌧ limit one finds the scaling
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E2
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instead of the expected result in the absence of GIM protection, i.e.
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2.5 D � D̄

2.5.1 Tree level

At tree level we have
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1. Large quark-lepton transitions in 3-2 sector

Key phenomenological features

2. Tree-level FCNC involving down quarks and leptons are absent 

3. Tree-level FCNC involving up quarks are U(2) protected

4. FCNC @ 1-loop under control

5. Suppressed Z’ and g’ couplings to light generations1 Introduction
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2 The 4321 model

(AG: To be rephrased in order to avoid text overlap with [1].)We consider the gauge group
G ⌘ SU(4)⇥SU(3)0⇥SU(2)L⇥U(1)0, and denote respectively by H↵

µ , G
0a
µ ,W

i
µ, B

0
µ the gauge

fields, g
4

, g
3

, g
2

, g
1

the gauge couplings and T ↵, T a, T i, Y 0 the generators, with indices ↵ =
1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization of the generators in the fundamental
representation is fixed by TrT ↵T � = 1

2

�↵�, etc. The color and hypercharge factors of the SM
gauge group G
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⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded as diagonal subgroups of G:
SU(3)c = (SU(3)

4

⇥ SU(3)0)
diag

and U(1)Y = (U(1)
4

⇥ U(1)0)
diag

, where SU(3)
4

⇥ U(1)
4

⇢
SU(4). In particular, Y =

q
2

3

T 15 + Y 0, with T 15 = 1

2

p
6

diag(1, 1, 1,�3) (cf. Appendix A for

a complete list of SU(4) generators).
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
, which can be represented respectively as a 4⇥3 matrix

and a 4-vector transforming as ⌦
3

! U⇤
4

⌦
3

UT
3

0 and ⌦
1

! U⇤
4

⌦
1

under SU(4) ⇥ SU(3)0. By
means of a suitable scalar potential (for details see Appendix B) it is possible to achieve the
following vacuum expectation value (vev) configurations

h⌦
3

i = 1p
2

0

BB@

v
3

0 0
0 v

3

0
0 0 v

3

0 0 0

1

CCA , h⌦
1

i = 1p
2

0

BB@

0
0
0
v
1

1

CCA , (2)

ensuring the proper G ! G
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breaking. Under G
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the scalar representations decompose as
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3

= (8, 1, 0)�(1, 1, 0)�(3, 1, 2/3) and ⌦
1

= (3, 1,�2/3)�(1, 1, 0). After removing the linear
combinations corresponding to the would-be Goldstone bosons, the scalar spectrum features
a real color octet, two real and one pseudo-real SM singlets, a complex scalar transforming
as (3, 1, 2/3). The final breaking of G

SM

is obtained via the Higgs doublet field residing into
H = (1, 1, 2, 1/2) of G and acquiring a vev hHi = 1p

2

v, with v = 246 GeV.

The gauge boson spectrum comprises three massive vector states belonging to G/G
SM

and transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z 0 = (1, 1, 0) under G
SM

. From the
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2 The 4321 model
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breaking. Under G
SM
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= (3, 1,�2/3)�(1, 1, 0). After removing the linear
combinations corresponding to the would-be Goldstone bosons, the scalar spectrum features
a real color octet, two real and one pseudo-real SM singlets, a complex scalar transforming
as (3, 1, 2/3). The final breaking of G
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is obtained via the Higgs doublet field residing into
H = (1, 1, 2, 1/2) of G and acquiring a vev hHi = 1p
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v, with v = 246 GeV.

The gauge boson spectrum comprises three massive vector states belonging to G/G
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and transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z 0 = (1, 1, 0) under G
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1. Large quark-lepton transitions in 3-2 sector

Key phenomenological features

2. Tree-level FCNC involving down quarks and leptons are absent 

3. Tree-level FCNC involving up quarks are U(2) protected

4. FCNC @ 1-loop under control

5. Suppressed Z’ and g’ couplings to light generations

6. B and L accidental global symmetries as in the SM (           )
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High-pT searches
• LQ pair production via QCD

(
U ! b⌧+, BR =50 %

U ! t⌫, BR =50 %

[CMS search for spin-0, 1703.03995
recast for spin-1 1706.01868 (see also 1706.05033) + Moriond EW update] 

LQ mass sets the overall scale:

- 3rd generation final states (fixed by anomaly and SU(2)L invariance)
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• LQ pair production via QCD

• Z’ Drell-Yan production naturally suppressed1 Introduction
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• g’ resonant di-jet searches
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2 TeV coloron naively excluded

[ATLAS, 1703.09127]
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High-pT searches



[LDL, Fuentes-Martin, Greljo, Nardecchia, Renner 1808.00942] 
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Figure 11: (Top panel) Coloron contribution to the pp ! jj (left panel) and pp ! tt (right
panel) invariant mass spectrum for two representative benchmark points. (Bottom panel)
Coloron exclusion limits in the mass-total width plane for jj and tt for several representative sq2
benchmarks.

the model. Here we provide a catalog of promising topologies and estimate their potential
future impact.

5.3.1 Coloron searches in tt and bb final states

The dominant production mechanism of the colour octet g0 in pp collisions is resonant pro-
duction from a quark-antiquark pair, qq ! g0. There is no tree-level coupling between
a single g0 and a gg pair, see App. A.8. Due to the flavour structure of the model, the
couplings to light quarks are suppressed, however the PDF enhancement of valence quarks
relative to third generation quarks in the proton ensures that this channel is nevertheless
dominant. The interesting regimes of the model are when the width is rather large (but still
calculable) or the resonance is narrow but rather heavy.

Existing analyses which are most sensitive to the coloron are an ATLAS tt invariant mass
measurement [106], an ATLAS dijet resonance search [107], and an ATLAS dijet resonance
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Conclusions 

3.  In the meantime, lesson from UV complete models

unexpected experimental signatures (coloron, vector-like leptons, …)
+ playground to compute correlations

who ordered that ?

1.  We will know much more by ~ 2020 (LHCb + Belle II)

2.  Early speculations point to TeV-scale vector leptoquark (R(D)+R(K) explanation)
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A tale of scales
Anomaly O FSQ FSL ⇤A[TeV] |⇤O| [TeV] ⇤U [TeV] M?[TeV]

b ! c⌧⌫ Q23L33 1 1 3.4 3.4 9.2 43
b ! c⌧⌫ Q33L33 |Vcb| 1 3.4 0.7 1.9 8.7
b ! sµµ Q23L22 1 1 31 31 84 390
b ! sµµ Q33L22 |Vts| 1 31 6.2 17 78
b ! sµµ Q33L33 |Vts| ‡mµ/m⌧ 31 1.5 4.1 19
b ! sµµ Q33L33 |Vts| ⇤(mµ/m⌧ )2 31 0.4 1.0 4.7

Table 1: Summary of the di↵erent new physics scales associated with the B-flavour anomalies
in the EFT analysis: ⇤A is the scale of the e↵ective operator needed to fit the low-energy
observable, ⇤O is that required by a SMEFT, ⇤U is the scale of unitarity violation and M?

is the NDA mass scale of the operator in the strongly coupled regime. O denotes the flavour
structure of the triplet operator in Eq. (113), while FSQ and FSL are flavour suppression
factors in the quark and lepton sector which rescale the aligned entries (those corresponding to
FSQ,L = 1) by a factor

p
FSQ ⇥ FSL. The cases marked by ‡ and ⇤ correspond respectively to

the ansatz of left-right symmetric partial compositeness and minimal flavour violation in the
charged lepton sector (see Sect. 3 for details).

3 On the flavour structure of the e↵ective operators

The RD(⇤) and RK(⇤) anomalies can be interpreted via new physics contributions in quark flavour
transitions involving the third and second generation, respectively b ! c for FCCC and b ! s
for FCNC. In models with motivated flavour structures, it is natural to expect sizable e↵ects
in channels not directly related to the flavour anomalies. In particular, it may happen that
operators involving fermions of the third family are enhanced compared to flavour violating
ones. This implies that a stronger unitary bound can be derived from 2 ! 2 scatterings of
fermions of the third generation. For example, when considering the channel related to the
anomaly in b ! c⌧⌫⌧ we always get a unitarity bound from the scattering bc ! ⌧⌫⌧ , but we
can reasonably expect that scatterings of the form bb ! ⌧⌧ give stronger unitarity constraints.
In order to create a link between the di↵erent channels, a flavour structure has to be assumed.
In the following, we review some well-known frameworks:

1. Minimal Flavour Violation (MFV)

The MFV hypothesis [27] states that the strength of new physics e↵ects are linked to the
SM Yukawa couplings, which act as sources of breaking of the enlarged symmetry of the
gauge-kinetic terms for fermions, SU(3)3 for quarks. In particular, for quark doublets we
get that flavour violating interactions are generated at the leading order (in powers of
Yukawas) by

Qi

⇣
a YUY

†
U + b YDY

†
D

⌘

ij
Qj , (123)

where we omitted SU(2)L and Lorentz indices. Here, a and b are coe�cients of similar
size. This implies a suppression of flavour violating quark currents compared to flavour
conserving ones
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• “Fermi constant” of the process [SU(3)C x U(1)EM invariant EFT]
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• Scale of the SMEFT operator [SU(3)C x SU(2)L x U(1)EM invariant EFT]

easily generalized to scenarios including more operators by using the results given in Sect. 5.
In order to start the discussion it is useful to identify and compare four (conceptually di↵erent)
scales in the EFT:3

1. ⇤A: the “Fermi constant” of the process.
This is the scale required to explain the anomaly, to be evaluated at the typical energy of
the process which is fixed by the B-meson mass. The low-energy EFT description is based
on SU(3)C ⇥ U(1)EM invariant operators. The index A on ⇤A runs over the anomalies,
schematically A = {RD(⇤) , RK(⇤)}, and the EFT Lagrangian featuring purely left-handed
operators reads

Le↵ � � 1

⇤2
RD

2 cL�
µbL⌧L�µ⌫L +

1

⇤2
RK

sL�
µbLµL�µµL + h.c. , (112)

where we assumed alignment with the phases of the CKM elements that appear in the
corresponding SM operators. Note that the fit of the RD(⇤) and RK(⇤) anomalies requires
an opposite sign interference with the SM contribution. We also included an extra factor
of 2 in the definition of the charged-current operator, so that the latter has the same
normalization of the neutral-current operator when considering a SMEFT. The best fit
values of the RD(⇤) [23] and RK(⇤) [10] anomalies yield respectively

⇤R
D(⇤) = 3.4± 0.4 TeV , (113)

⇤R
K(⇤) = 31± 4 TeV , (114)

where the errors are at 1�. In the following we will only consider central values.

2. ⇤O: the scale of the SMEFT operator.
This is the scale required to explain the anomaly using an EFT at higher energies4

(SU(3)C ⇥ SU(2)L ⇥ U(1)Y invariant), with Wilson coe�cient normalized to one. The
index O on ⇤O is associated with an operator of the SMEFT semi-leptonic basis and runs
over all the possible Lorentz and flavour structures. For definiteness we will consider here
an SU(2)L triplet operator (Q and L denoting SU(2)L doublets)

LSMEFT � 1

⇤2
QijLkl

�
Qi�

µ�AQj

� �
Lk�µ�

ALl

�
+ h.c. , (115)

and two reference flavour structures such that the operator is aligned in the direction of
the flavour eigenstates responsible for the anomalies, namely O = Q23L33 (for b ! c⌧⌫
transitions) and O = Q23L22 (for b ! sµµ transitions). The matching with Eq. (112)
yields

|⇤Q23L33 | = ⇤R
D(⇤) = 3.4 TeV , (116)

|⇤Q23L22 | = ⇤R
K(⇤) = 31 TeV . (117)

3
Some of the results presented here will be derived in the following sections.

4
QCD running e↵ects on the Wilson coe�cients are of the order of 1 +

↵s
4⇡ ⇥ log

⇤O
mb

. For ⇤O = 1 TeV, this

corresponds to an O(5%) correction that will be neglected in the following.
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- can be effectively reduced by flavour structure, e.g.  
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b ! c⌧⌫⌧ (85)

b ! sµµ (86)

⇤RD = 3.4 TeV (87)

⇤RK = 31 TeV (88)

B ! K⇤(K⇡)µµ (89)

1/⇤2 = g2/M2 (90)
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1 Introduction
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As we will discuss in detail in Sect. 3, depending on the specific flavour ansatz, the scale
⇤O can be e↵ectively reduced with respect to the “Fermi constant” of the process. For
example, the transition b ! c⌧⌫ could originate from the operator O = Q33L33, where
the 3 ! 2 transition in the up sector is due to a CKM mixing (in the basis where
Qi = (V †

iju
j
L, d

i
L)

T ), which yields ⇤Q33L33/
p|Vcb| = ⇤R

D(⇤) .

3. ⇤U : the scale of unitarity violation.
This is the scale where the EFT description breaks down. The important point is that
it can be expressed in terms of the scale ⇤O, without passing through the ambiguous
separation between coupling and mass. Using the results of Sect. 5 (which are based on
a non-trivial calculation of the scattering amplitude, including gauge group multiplicity
factors) we obtain

⇤U =

s
4⇡p
3

��⇤QijLkl

�� , (123)

which yields

⇤U = 9.2 TeV (O = Q23L33 case) , (124)

⇤U = 84 TeV (O = Q23L22 case) . (125)

These are the most conservative bounds on the scale of new physics responsible for the
anomalies in b ! c⌧⌫ and b ! sµµ.

4. M?: the NDA mass scale in the strongly coupled regime.
This is the mass scale associated with the e↵ective operator when saturating perturba-
tivity. After reintroducing ~ in the NDA (see e.g. [24–26]), one can formally distinguish
among scales (⇤), masses (M) and couplings (g), and set M = g⇤. By naively saturating
perturbativity at |g?| = 4⇡, we can write

1

|⇤O| =
4⇡

M?
, (126)

which leads to

M? = 43 TeV (O = Q23L33 case) , (127)

M? = 390 TeV (O = Q23L22 case) . (128)

Note that M? is a factor 5 larger than the scale of unitarity violation in Eqs. (124)–(125).

Our results for the EFT analysis are summarized in Table 1 (cf. also Sects. 3–5 for more details
on the flavour structure of the e↵ective operators and the unitarity bounds), where we report
the values of the four di↵erent scales discussed above for the anomalies in either b ! c⌧⌫ or
b ! sµµ transitions, and depending on the flavour structure of the operator O. The two main
points to be observed are the following: i) ⇤U is sizably smaller than M? and ii) depending
on the flavour structure of the operator O, the scale ⇤U approaches the energy reach of LHC.
This motivates an interesting interplay of the flavour anomalies with direct searches, which is
further explored in Sect. 6 by employing simplified models.

13
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A tale of scales
Anomaly O FSQ FSL ⇤A[TeV] |⇤O| [TeV] ⇤U [TeV] M?[TeV]

b ! c⌧⌫ Q23L33 1 1 3.4 3.4 9.2 43
b ! c⌧⌫ Q33L33 |Vcb| 1 3.4 0.7 1.9 8.7
b ! sµµ Q23L22 1 1 31 31 84 390
b ! sµµ Q33L22 |Vts| 1 31 6.2 17 78
b ! sµµ Q33L33 |Vts| ‡mµ/m⌧ 31 1.5 4.1 19
b ! sµµ Q33L33 |Vts| ⇤(mµ/m⌧ )2 31 0.4 1.0 4.7

Table 1: Summary of the di↵erent new physics scales associated with the B-flavour anomalies
in the EFT analysis: ⇤A is the scale of the e↵ective operator needed to fit the low-energy
observable, ⇤O is that required by a SMEFT, ⇤U is the scale of unitarity violation and M?

is the NDA mass scale of the operator in the strongly coupled regime. O denotes the flavour
structure of the triplet operator in Eq. (113), while FSQ and FSL are flavour suppression
factors in the quark and lepton sector which rescale the aligned entries (those corresponding to
FSQ,L = 1) by a factor

p
FSQ ⇥ FSL. The cases marked by ‡ and ⇤ correspond respectively to

the ansatz of left-right symmetric partial compositeness and minimal flavour violation in the
charged lepton sector (see Sect. 3 for details).

3 On the flavour structure of the e↵ective operators

The RD(⇤) and RK(⇤) anomalies can be interpreted via new physics contributions in quark flavour
transitions involving the third and second generation, respectively b ! c for FCCC and b ! s
for FCNC. In models with motivated flavour structures, it is natural to expect sizable e↵ects
in channels not directly related to the flavour anomalies. In particular, it may happen that
operators involving fermions of the third family are enhanced compared to flavour violating
ones. This implies that a stronger unitary bound can be derived from 2 ! 2 scatterings of
fermions of the third generation. For example, when considering the channel related to the
anomaly in b ! c⌧⌫⌧ we always get a unitarity bound from the scattering bc ! ⌧⌫⌧ , but we
can reasonably expect that scatterings of the form bb ! ⌧⌧ give stronger unitarity constraints.
In order to create a link between the di↵erent channels, a flavour structure has to be assumed.
In the following, we review some well-known frameworks:

1. Minimal Flavour Violation (MFV)

The MFV hypothesis [27] states that the strength of new physics e↵ects are linked to the
SM Yukawa couplings, which act as sources of breaking of the enlarged symmetry of the
gauge-kinetic terms for fermions, SU(3)3 for quarks. In particular, for quark doublets we
get that flavour violating interactions are generated at the leading order (in powers of
Yukawas) by
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U + b YDY
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⌘

ij
Qj , (123)

where we omitted SU(2)L and Lorentz indices. Here, a and b are coe�cients of similar
size. This implies a suppression of flavour violating quark currents compared to flavour
conserving ones
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• Scale of unitarity violation (            saturates pert. unitarity criterium)  
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tivity. After reintroducing ~ in the NDA (see e.g. [24–26]), one can formally distinguish
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which leads to

M? = 43 TeV (O = Q23L33 case) , (127)
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Note that M? is a factor 5 larger than the scale of unitarity violation in Eqs. (124)–(125).

Our results for the EFT analysis are summarized in Table 1 (cf. also Sects. 3–5 for more details
on the flavour structure of the e↵ective operators and the unitarity bounds), where we report
the values of the four di↵erent scales discussed above for the anomalies in either b ! c⌧⌫ or
b ! sµµ transitions, and depending on the flavour structure of the operator O. The two main
points to be observed are the following: i) ⇤U is sizably smaller than M? and ii) depending
on the flavour structure of the operator O, the scale ⇤U approaches the energy reach of LHC.
This motivates an interesting interplay of the flavour anomalies with direct searches, which is
further explored in Sect. 6 by employing simplified models.
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ones. This implies that a stronger unitary bound can be derived from 2 ! 2 scatterings of
fermions of the third generation. For example, when considering the channel related to the
anomaly in b ! c⌧⌫⌧ we always get a unitarity bound from the scattering bc ! ⌧⌫⌧ , but we
can reasonably expect that scatterings of the form bb ! ⌧⌧ give stronger unitarity constraints.
In order to create a link between the di↵erent channels, a flavour structure has to be assumed.
In the following, we review some well-known frameworks:

1. Minimal Flavour Violation (MFV)

The MFV hypothesis [27] states that the strength of new physics e↵ects are linked to the
SM Yukawa couplings, which act as sources of breaking of the enlarged symmetry of the
gauge-kinetic terms for fermions, SU(3)3 for quarks. In particular, for quark doublets we
get that flavour violating interactions are generated at the leading order (in powers of
Yukawas) by

Qi

⇣
a YUY

†
U + b YDY

†
D

⌘

ij
Qj , (124)

where we omitted SU(2)L and Lorentz indices. Here, a and b are coe�cients of similar
size. This implies a suppression of flavour violating quark currents compared to flavour
conserving ones
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- correlation of the partial wave in SM-group space strengthens the bound by ~2
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A tale of scales
Anomaly O FSQ FSL ⇤A[TeV] |⇤O| [TeV] ⇤U [TeV] M?[TeV]

b ! c⌧⌫ Q23L33 1 1 3.4 3.4 9.2 43
b ! c⌧⌫ Q33L33 |Vcb| 1 3.4 0.7 1.9 8.7
b ! sµµ Q23L22 1 1 31 31 84 390
b ! sµµ Q33L22 |Vts| 1 31 6.2 17 78
b ! sµµ Q33L33 |Vts| ‡mµ/m⌧ 31 1.5 4.1 19
b ! sµµ Q33L33 |Vts| ⇤(mµ/m⌧ )2 31 0.4 1.0 4.7

Table 1: Summary of the di↵erent new physics scales associated with the B-flavour anomalies
in the EFT analysis: ⇤A is the scale of the e↵ective operator needed to fit the low-energy
observable, ⇤O is that required by a SMEFT, ⇤U is the scale of unitarity violation and M?

is the NDA mass scale of the operator in the strongly coupled regime. O denotes the flavour
structure of the triplet operator in Eq. (113), while FSQ and FSL are flavour suppression
factors in the quark and lepton sector which rescale the aligned entries (those corresponding to
FSQ,L = 1) by a factor

p
FSQ ⇥ FSL. The cases marked by ‡ and ⇤ correspond respectively to

the ansatz of left-right symmetric partial compositeness and minimal flavour violation in the
charged lepton sector (see Sect. 3 for details).

3 On the flavour structure of the e↵ective operators

The RD(⇤) and RK(⇤) anomalies can be interpreted via new physics contributions in quark flavour
transitions involving the third and second generation, respectively b ! c for FCCC and b ! s
for FCNC. In models with motivated flavour structures, it is natural to expect sizable e↵ects
in channels not directly related to the flavour anomalies. In particular, it may happen that
operators involving fermions of the third family are enhanced compared to flavour violating
ones. This implies that a stronger unitary bound can be derived from 2 ! 2 scatterings of
fermions of the third generation. For example, when considering the channel related to the
anomaly in b ! c⌧⌫⌧ we always get a unitarity bound from the scattering bc ! ⌧⌫⌧ , but we
can reasonably expect that scatterings of the form bb ! ⌧⌧ give stronger unitarity constraints.
In order to create a link between the di↵erent channels, a flavour structure has to be assumed.
In the following, we review some well-known frameworks:

1. Minimal Flavour Violation (MFV)

The MFV hypothesis [27] states that the strength of new physics e↵ects are linked to the
SM Yukawa couplings, which act as sources of breaking of the enlarged symmetry of the
gauge-kinetic terms for fermions, SU(3)3 for quarks. In particular, for quark doublets we
get that flavour violating interactions are generated at the leading order (in powers of
Yukawas) by

Qi

⇣
a YUY

†
U + b YDY

†
D

⌘

ij
Qj , (123)

where we omitted SU(2)L and Lorentz indices. Here, a and b are coe�cients of similar
size. This implies a suppression of flavour violating quark currents compared to flavour
conserving ones
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• NDA mass scale in the strongly-coupled regime  

- unitarity bound sets in earlier !

As we will discuss in detail in Sect. 3, depending on the specific flavour ansatz, the scale
⇤O can be e↵ectively reduced with respect to the “Fermi constant” of the process. For
example, the transition b ! c⌧⌫ could originate from the operator O = Q33L33, where
the 3 ! 2 transition in the up sector is due to a CKM mixing (in the basis where
Qi = (V †

iju
j
L, d

i
L)

T ), which yields ⇤Q33L33/
p|Vcb| = ⇤R

D(⇤) .

3. ⇤U : the scale of unitarity violation.
This is the scale where the EFT description breaks down. The important point is that
it can be expressed in terms of the scale ⇤O, without passing through the ambiguous
separation between coupling and mass. Using the results of Sect. 5 (which are based on
a non-trivial calculation of the scattering amplitude, including gauge group multiplicity
factors) we obtain

⇤U =

s
4⇡p
3

��⇤QijLkl

�� , (124)

which yields

⇤U = 9.2 TeV (O = Q23L33 case) , (125)

⇤U = 84 TeV (O = Q23L22 case) . (126)

These are the most conservative bounds on the scale of new physics responsible for the
anomalies in b ! c⌧⌫ and b ! sµµ.

4. M?: the NDA mass scale in the strongly coupled regime.
This is the mass scale associated with the e↵ective operator when saturating perturba-
tivity. After reintroducing ~ in the NDA (see e.g. [24–26]), one can formally distinguish
among scales (⇤), masses (M) and couplings (g), and set M = g⇤. By naively saturating
perturbativity at |g?| = 4⇡, we can write

1

|⇤O| =
4⇡

M?
, (127)

which leads to

M? = 43 TeV (O = Q23L33 case) , (128)

M? = 390 TeV (O = Q23L22 case) . (129)

Note that M? is a factor 5 larger than the scale of unitarity violation in Eqs. (124)–(125).

Our results for the EFT analysis are summarized in Table 1 (cf. also Sects. 3–5 for more details
on the flavour structure of the e↵ective operators and the unitarity bounds), where we report
the values of the four di↵erent scales discussed above for the anomalies in either b ! c⌧⌫ or
b ! sµµ transitions, and depending on the flavour structure of the operator O. The two main
points to be observed are the following: i) ⇤U is sizably smaller than M? and ii) depending
on the flavour structure of the operator O, the scale ⇤U approaches the energy reach of LHC.
This motivates an interesting interplay of the flavour anomalies with direct searches, which is
further explored in Sect. 6 by employing simplified models.
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A tale of scales
Anomaly O FSQ FSL ⇤A[TeV] |⇤O| [TeV] ⇤U [TeV] M?[TeV]

b ! c⌧⌫ Q23L33 1 1 3.4 3.4 9.2 43
b ! c⌧⌫ Q33L33 |Vcb| 1 3.4 0.7 1.9 8.7
b ! sµµ Q23L22 1 1 31 31 84 390
b ! sµµ Q33L22 |Vts| 1 31 6.2 17 78
b ! sµµ Q33L33 |Vts| ‡mµ/m⌧ 31 1.5 4.1 19
b ! sµµ Q33L33 |Vts| ⇤(mµ/m⌧ )2 31 0.4 1.0 4.7

Table 1: Summary of the di↵erent new physics scales associated with the B-flavour anomalies
in the EFT analysis: ⇤A is the scale of the e↵ective operator needed to fit the low-energy
observable, ⇤O is that required by a SMEFT, ⇤U is the scale of unitarity violation and M?

is the NDA mass scale of the operator in the strongly coupled regime. O denotes the flavour
structure of the triplet operator in Eq. (113), while FSQ and FSL are flavour suppression
factors in the quark and lepton sector which rescale the aligned entries (those corresponding to
FSQ,L = 1) by a factor

p
FSQ ⇥ FSL. The cases marked by ‡ and ⇤ correspond respectively to

the ansatz of left-right symmetric partial compositeness and minimal flavour violation in the
charged lepton sector (see Sect. 3 for details).

3 On the flavour structure of the e↵ective operators

The RD(⇤) and RK(⇤) anomalies can be interpreted via new physics contributions in quark flavour
transitions involving the third and second generation, respectively b ! c for FCCC and b ! s
for FCNC. In models with motivated flavour structures, it is natural to expect sizable e↵ects
in channels not directly related to the flavour anomalies. In particular, it may happen that
operators involving fermions of the third family are enhanced compared to flavour violating
ones. This implies that a stronger unitary bound can be derived from 2 ! 2 scatterings of
fermions of the third generation. For example, when considering the channel related to the
anomaly in b ! c⌧⌫⌧ we always get a unitarity bound from the scattering bc ! ⌧⌫⌧ , but we
can reasonably expect that scatterings of the form bb ! ⌧⌧ give stronger unitarity constraints.
In order to create a link between the di↵erent channels, a flavour structure has to be assumed.
In the following, we review some well-known frameworks:

1. Minimal Flavour Violation (MFV)

The MFV hypothesis [27] states that the strength of new physics e↵ects are linked to the
SM Yukawa couplings, which act as sources of breaking of the enlarged symmetry of the
gauge-kinetic terms for fermions, SU(3)3 for quarks. In particular, for quark doublets we
get that flavour violating interactions are generated at the leading order (in powers of
Yukawas) by

Qi

⇣
a YUY

†
U + b YDY

†
D

⌘

ij
Qj , (123)

where we omitted SU(2)L and Lorentz indices. Here, a and b are coe�cients of similar
size. This implies a suppression of flavour violating quark currents compared to flavour
conserving ones
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• Most conservative unitarity bounds (no flavour enhancement)
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EFT [details fit]

Observable Experimental bound Linearised expression
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B(⌧ ! 3µ) (0.0± 0.6)⇥ 10�8 2.5⇥ 10�4(CS � CT )2(�`
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2

Table 1: Observables entering in the fit, together with the associated experimental bounds
(assuming the uncertainties follow the Gaussian distribution) and their linearised expressions in
terms of the EFT parameters. The full expressions used in the fit can be found in Appendix B.

1. The factorised flavour structure in Eq. (1) is not the most general one; however, it is general
enough given that the available data are sensitive only to the flavour-breaking couplings
�q
sb and �`

µµ (and, to a minor extent, also to �`
⌧µ). By construction, �q

bb = �`
⌧⌧ = 1.

2. The choice of basis in Eq. (2) to define the U(2)q ⇥U(2)` singlets (i.e. to define the “third
generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects itself in the
values of �q

sb, �
`
µµ, and �`

⌧µ, that, in absence of a specific basis alignment, are expected to
be

�q
sb = O(|Vcb|) , �`

⌧µ = O(|V⌧µ|) , �`
µµ = O(|V⌧µ|2) . (3)

3. A particularly restrictive scenario, that can be implemented both in the case of LQ or
colour-less mediators, is the so-called pure-mixing scenario, i.e. the hypothesis that there
exists a flavour basis where the NP interaction is completely aligned along the flavour
singlets. For both mediators, in this specific limit one arrives to the prediction �`

µµ > 0.

In order to reduce the number of free parameters, in Eq. (1) we assume the same flavour
structure for the two operators. This condition is realised in specific simplified models, but it
does not hold in general. The consequences of relaxing this assumption are discussed in Section 3
in the context of specific examples. Finally, motivated by the absence of deviations from the SM
in CP-violating observables, we assume all the complex phases, except the CKM phase contained
in the Vq spurion, to vanish (as shown in Appendix A, this implies �q

bs = �q
sb and �`

⌧µ = �`
µ⌧ ).

2.2 Fit of the semi-leptonic operators

To quantify how well the proposed framework can accommodate the observed anomalies, we
perform a fit to low-energy data with four free parameters: CT , CS , �

q
sb, and �`

µµ, while for

simplicity we set �`
⌧µ = 0.1 The set of experimental measurements entering the fit, together

1We explicitly verified that a nonzero �⌧µ has no impact on the fit results.
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the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

L
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� 1
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ij�
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aQj
L)(L̄

↵
L�

µ�aL�
L) + CS (Q̄i

L�µQ
j
L)(L̄

↵
L�

µL�
L)
i

, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q
ij , �

`
↵� and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td, V
⇤
ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤
⌧µ) with |V⌧µ| ⌧ 1. We adopt as

reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi
L =

✓

V ⇤
jiu

j
L

diL

◆

, L↵
L =

✓

⌫↵L
`↵L

◆

. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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λq
bb = λℓ

ττ = 1CS , CT ,λ
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bs,λ

ℓ
µµ- 4 parameters fit:                       (                )
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EFT [details fit]
λq
bb = λℓ

ττ = 1CS , CT ,λ
q
bs,λ

ℓ
µµ- 4 parameters fit:                       (                )
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Figure 1: Fit to the semi-leptonic and purely leptonic (radiatively generated) observables in Table 1,
in the framework of the triplet and singlet V � A operators (see Eq. (1)), imposing |�q

sb| < 5|Vcb|. In
green, yellow, and gray, we show the ��2  2.3 (1�), 6.2 (2�), and 11.8 (3�) regions, respectively, after
marginalising over all other parameters. In the bottom-right plot we fix CT = CS and perform a fit with
and without the radiatively induced observables.
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