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Here, E and E
0
are the energies of the incoming and outgoing particles and E = E

0
due to the

energy conservation. We choose the transverse momentum of the outgoing particles to be along
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Vector triplet model

[AG, Isidori, Marzocca] 
JHEP 1507 (2015) 142

Among the four-fermion operators generated by the model, the ones most relevant to flavor
phenomenology are:
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ūiL�µd

j

L

⌘⇣
¯̀a
L�µ⌫

b

L

⌘
+ h.c.

i
, (7)

�L(T )
FCNC = � gqg`

4m2
V

�`

ab

h
�q

ij

⇣
d̄iL�µd

j

L

⌘
� (V �qV †)ij

⇣
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2.2 Step II: simplified dynamical model

In order to generate �L(T )
4f in a dynamical way, we introduce the heavy spin-1 triplet, V a

µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [42]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads
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By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian
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By construction, the first term is �L(T )
4f in Eq. (4). The second term, in the unitary gauge, is

simply
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V
a

µ . While such
terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm
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of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian
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Here �q,` are Hermitian flavor matrices and, by convention, �q

33 = �`

33 = 1.
We define Qi

L
and Li

L
to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L
and Li

L
transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`

ij
= �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q
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with ✏2 = O(✏21). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].
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• Degenerate charged W’± and neutral Z’

• Quark FV controlled by a single matrix 

quark x lepton

lepton x lepton

quark x quark
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1
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ℓ
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α
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α
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µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

ℓ
αβ and

follows from the assumed U(2)q × U(2)ℓ 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

Vℓ, 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 Vℓ ≡ (0, V ∗
τµ) with |Vτµ| ≪ 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

)
, Lα

L =

(
ναL
ℓαL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)ℓ flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λℓ

µµ (and, to a minor extent, also to λℓ
τµ). By construction,

λq
bb = λℓ

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

ℓ
µµ, and λℓ

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λℓ

τµ = O(|Vτµ|) , λℓ
µµ = O(|Vτµ|2) . (2.3)
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Common origin?

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
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, (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
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◆
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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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Among the four-fermion operators generated by the model, the ones most relevant to flavor
phenomenology are:
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2.2 Step II: simplified dynamical model

In order to generate �L(T )
4f in a dynamical way, we introduce the heavy spin-1 triplet, V a

µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [42]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads

LV = �1

4
D[µV

a

⌫]D
[µV ⌫]a +

m2
V

2
V a

µ V
µa + gHV a

µ (H
†T ai

$
Dµ H) + V a

µ J
a

µ , (12)

where T a = �a/2, D[µV
a

⌫] = DµV a
⌫ �D⌫V a

µ and DµV a
⌫ = @µV a

⌫ + g✏abcW b
µV

c
⌫ .

3

By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian

Ld=6
e↵ = � 1
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$
Dµ H)(H†T ai

$
Dµ H)� gH

m2
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(H†T ai
$
Dµ H)Ja

µ . (13)

By construction, the first term is �L(T )
4f in Eq. (4). The second term, in the unitary gauge, is

simply

�g2
H
v2

4m2
V

✓
m2

WW+
µ W�

µ +
m2

Z

2
ZµZµ

◆✓
1 +

h

v

◆4

. (14)

This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V
a

µ . While such
terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm

2
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2
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4
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of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )
4f = � 1
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where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks
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Here �q,` are Hermitian flavor matrices and, by convention, �q

33 = �`

33 = 1.
We define Qi

L
and Li

L
to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L
and Li

L
transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`

ij
= �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q

ij
as follows:

�q

ij
= �i3�3j + (✏1�i3V̂3j + ✏⇤1V̂

⇤
3i�3j) + ✏2(V̂

⇤
3iV̂3j) + . . . , V̂3j = V3j � �3jV3j , (6)

with ✏2 = O(✏21). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].
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• Degenerate charged W’± and neutral Z’

• Quark FV controlled by a single matrix 

quark x lepton

lepton x lepton

quark x quark
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V
a

µ . While such
terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

ℓ
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

ℓ
αβ and

follows from the assumed U(2)q × U(2)ℓ 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

Vℓ, 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 Vℓ ≡ (0, V ∗
τµ) with |Vτµ| ≪ 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

)
, Lα

L =

(
ναL
ℓαL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)ℓ flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λℓ

µµ (and, to a minor extent, also to λℓ
τµ). By construction,

λq
bb = λℓ

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

ℓ
µµ, and λℓ

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λℓ

τµ = O(|Vτµ|) , λℓ
µµ = O(|Vτµ|2) . (2.3)
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Common origin?

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
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1

v2
�q

ij
�`

↵�

h
CT (Q̄i

L�µ�
aQj

L
)(L̄↵

L�
µ�aL�

L
) + CS (Q̄i

L�µQ
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L
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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 ⇤
ji
uj
L

di
L

◆
, 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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Comment on NP in B-anomalies

NP:

(tree-level or 1-loop) (tree-level)

b

ν

τNP:

See  e.g. 
[Buttazzo, AG, Isidori, 

Marzocca] 1706.07808

Common scale is ~ 1 TeV, if both tree-level, with suppression:
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defined from Λsd,ττ ≡ λq
sd:

λq
sd

∣∣
LL×QQ

= bqV
∗
tsVtd (free) , λq

sd

∣∣
LQ×QL

= |λq
bs|

2V
∗
tsVtd

|Vts|2
(fixed) . (A.7)

A.1 Basis alignment and pure-mixing scenario

The identification of the U(2)q×U(2)ℓ singlets with the third-generation down-type quarks

and charged leptons, i.e. the basis choice in eq. (2.2), is somehow arbitrary. On general

grounds we expect

Qsinglet
L ≡ Q3

L + θq
∑

i=1,2

(V ∗
q )iQ

i
L , Lsinglet

L ≡ L3
L + θℓ

∑

α=1,2

(V ∗
ℓ )αL

α
L , (A.8)

were θq,ℓ are complex O(1) parameters controlling the possible basis mis-alignment. Under

the change of basis Q3 → Q3
L + (V ∗

q )iQ
i
L (and similarly for the leptons), the current

parameters defined in eq. (A.3) undergo the following transformations:

JQQJLL : aq(ℓ) → aq(ℓ) + θq(ℓ) , bq(ℓ) → bq(ℓ) + |θq(ℓ)|2 + 2ℜ[θq(ℓ)aq(ℓ)] , (A.9)

JLQJ
†
LQ : αq(ℓ) → αq(ℓ) + θq(ℓ) , δ → δ + θ∗qθℓ + θℓα

∗
q + θ∗qαℓ . (A.10)

From these transformations we deduce that the parameters aq(ℓ), bq(ℓ) and δ are all expected

to be O(1) unless some specific basis choice is adopted. This implies in particular

λq
bs = O(1)× |Vts| = O(1)× |Vcb| . (A.11)

A particularly restrictive scenario, that can be implemented both in the LQ or QQ×LL

cases, 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. Under this

assumption there exists a basis where aq(ℓ) = bq(ℓ) or αq(ℓ) = δ = 0 for all flavour tensors.

This imply all flavour tensors are described by only two parameters, θq and θℓ, that control

the basis mis-alignment. In both cases, in this specific limit, one arrives to the prediction

λℓ
µµ = |θℓ|2|Vτµ|2 > 0 . (A.12)

B Experimental observables

B.1 Minimal set relevant for the semi-leptonic operators

LFU in charged-current semi-leptonic B decays. From the combined HFAG fit [69]

(for Moriond EW 2017), assuming RD = RD(∗) (to which we add the recent LHCb mea-

surement of RD(∗) with hadronic τ decays [2], assuming zero correlation) one gets

Rτℓ
b→c≡RD(∗) ≡

B(B→D(∗)τν)exp/B(B→D(∗)τν)SM
1
2

∑
ℓ=µ,e

[
B(B→D(∗)ℓν)exp/B(B→D(∗)ℓν)SM

] =1.237±0.053 . (B.1)

The expression of this ratio in presence of a single flavour breaking structure λq,ℓ
ij (as we

assume in the EFT and vector mediator cases) is

RD(∗) =
|1 + CT (1 +∆)|2 + |CTλℓ

τµ(1 + r∆)|2
1
2

(
|1 + CTλℓ

µµ(r
−1 +∆)|2 + |CTλℓ

τµ(1 +∆)|2 + 1
) , (B.2)
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Observable Experimental bound Linearised expression

Rτℓ
D(∗) 1.237± 0.053 1 + 2CT (1− λq

sbV
∗
tb/V

∗
ts)(1− λℓ

µµ/2)

∆Cµ
9 = −∆Cµ

10
−0.61± 0.12 [36] − π

αemVtbV ∗
ts
λℓ
µµλ

q
sb(CT + CS)

Rµe
b→c − 1 0.00± 0.02 2CT (1− λq

sbV
∗
tb/V

∗
ts)λ

ℓ
µµ

BK(∗)νν̄
0.0± 2.6 1 + 2

3
π

αemVtbV ∗
tsC

SM
ν

(CT − CS)λ
q
sb(1 + λℓ

µµ)

δgZτL
−0.0002± 0.0006 0.033CT − 0.043CS

δgZντ −0.0040± 0.0021 −0.033CT − 0.043CS

|gWτ /gWℓ | 1.00097± 0.00098 1− 0.084CT

B(τ → 3µ) (0.0± 0.6)× 10−8 2.5× 10−4(CS − CT )2(λℓ
τµ)

2

Table 1. Observables entering in the fit, together with the associated experimental bounds (as-
suming 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.

where a smaller value for CT can be compensated by a larger one for λq
sb. The

preferred values of λq
sb are still consistent with the general expectation in eq. (2.3).

As we discuss below, the substantial increase in the effective 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∗νν̄), as well as radiative constraints, strongly favour

equal magnitudes of triplet and singlet operators (CT ∼ CS). Nevertheless, at the 1σ

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 λq
sb from b → u transitions, in particular from B(B → τν), enforcing the

relation Rτℓ
b→u = Rτℓ

D(∗) (see appendix B).

4. The measured value of ∆Cµ
9 = −∆Cµ

10, together with the size of λq
sb and CT,S from

points 1 and 2, requires a value of λℓ
µµ ≈ O(10−2), perfectly consistent with the

hypothesis of a small breaking of the U(2)ℓ flavour symmetry. The measured values

of Rµe
K(∗) fix also the relative sign of λℓ

µµ and λℓ
ττ which must be opposite, strongly

disfavouring the pure mixing hypothesis.

5. We do not include λℓ
τµ in the fit, but we point out that values of |λℓ

τµ| ∼ |λℓ
µµ|1/2 ∼ 0.1

are perfectly compatible with the limits from LFV in τ decays, even after taking into

account radiatively-induced effects [35]. We nevertheless list the related observable

in table 1 since it is relevant for some of the simplified models, such as the scalar

leptoquark, where λℓ
τµ cannot be set to zero.

The best-fit region is consistent with both Rµe
K(∗) and Rτℓ

D(∗) anomalies. To illustrate

this fact, in figure 2 we show the values of the two observables for a randomly chosen set
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Comment on NP in B-anomalies
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A.1 Basis alignment and pure-mixing scenario

The identification of the U(2)q×U(2)ℓ singlets with the third-generation down-type quarks

and charged leptons, i.e. the basis choice in eq. (2.2), is somehow arbitrary. On general

grounds we expect

Qsinglet
L ≡ Q3

L + θq
∑

i=1,2

(V ∗
q )iQ

i
L , Lsinglet

L ≡ L3
L + θℓ

∑

α=1,2

(V ∗
ℓ )αL

α
L , (A.8)

were θq,ℓ are complex O(1) parameters controlling the possible basis mis-alignment. Under

the change of basis Q3 → Q3
L + (V ∗

q )iQ
i
L (and similarly for the leptons), the current

parameters defined in eq. (A.3) undergo the following transformations:

JQQJLL : aq(ℓ) → aq(ℓ) + θq(ℓ) , bq(ℓ) → bq(ℓ) + |θq(ℓ)|2 + 2ℜ[θq(ℓ)aq(ℓ)] , (A.9)

JLQJ
†
LQ : αq(ℓ) → αq(ℓ) + θq(ℓ) , δ → δ + θ∗qθℓ + θℓα

∗
q + θ∗qαℓ . (A.10)

From these transformations we deduce that the parameters aq(ℓ), bq(ℓ) and δ are all expected

to be O(1) unless some specific basis choice is adopted. This implies in particular

λq
bs = O(1)× |Vts| = O(1)× |Vcb| . (A.11)

A particularly restrictive scenario, that can be implemented both in the LQ or QQ×LL

cases, 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. Under this

assumption there exists a basis where aq(ℓ) = bq(ℓ) or αq(ℓ) = δ = 0 for all flavour tensors.

This imply all flavour tensors are described by only two parameters, θq and θℓ, that control

the basis mis-alignment. In both cases, in this specific limit, one arrives to the prediction

λℓ
µµ = |θℓ|2|Vτµ|2 > 0 . (A.12)

B Experimental observables

B.1 Minimal set relevant for the semi-leptonic operators

LFU in charged-current semi-leptonic B decays. From the combined HFAG fit [69]

(for Moriond EW 2017), assuming RD = RD(∗) (to which we add the recent LHCb mea-

surement of RD(∗) with hadronic τ decays [2], assuming zero correlation) one gets

Rτℓ
b→c≡RD(∗) ≡

B(B→D(∗)τν)exp/B(B→D(∗)τν)SM
1
2

∑
ℓ=µ,e

[
B(B→D(∗)ℓν)exp/B(B→D(∗)ℓν)SM

] =1.237±0.053 . (B.1)

The expression of this ratio in presence of a single flavour breaking structure λq,ℓ
ij (as we

assume in the EFT and vector mediator cases) is

RD(∗) =
|1 + CT (1 +∆)|2 + |CTλℓ

τµ(1 + r∆)|2
1
2

(
|1 + CTλℓ

µµ(r
−1 +∆)|2 + |CTλℓ

τµ(1 +∆)|2 + 1
) , (B.2)
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Observable Experimental bound Linearised expression

Rτℓ
D(∗) 1.237± 0.053 1 + 2CT (1− λq

sbV
∗
tb/V

∗
ts)(1− λℓ

µµ/2)

∆Cµ
9 = −∆Cµ

10
−0.61± 0.12 [36] − π

αemVtbV ∗
ts
λℓ
µµλ

q
sb(CT + CS)

Rµe
b→c − 1 0.00± 0.02 2CT (1− λq

sbV
∗
tb/V

∗
ts)λ

ℓ
µµ

BK(∗)νν̄
0.0± 2.6 1 + 2

3
π

αemVtbV ∗
tsC

SM
ν

(CT − CS)λ
q
sb(1 + λℓ

µµ)

δgZτL
−0.0002± 0.0006 0.033CT − 0.043CS

δgZντ −0.0040± 0.0021 −0.033CT − 0.043CS

|gWτ /gWℓ | 1.00097± 0.00098 1− 0.084CT

B(τ → 3µ) (0.0± 0.6)× 10−8 2.5× 10−4(CS − CT )2(λℓ
τµ)

2

Table 1. Observables entering in the fit, together with the associated experimental bounds (as-
suming 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.

where a smaller value for CT can be compensated by a larger one for λq
sb. The

preferred values of λq
sb are still consistent with the general expectation in eq. (2.3).

As we discuss below, the substantial increase in the effective 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∗νν̄), as well as radiative constraints, strongly favour

equal magnitudes of triplet and singlet operators (CT ∼ CS). Nevertheless, at the 1σ

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 λq
sb from b → u transitions, in particular from B(B → τν), enforcing the

relation Rτℓ
b→u = Rτℓ

D(∗) (see appendix B).

4. The measured value of ∆Cµ
9 = −∆Cµ

10, together with the size of λq
sb and CT,S from

points 1 and 2, requires a value of λℓ
µµ ≈ O(10−2), perfectly consistent with the

hypothesis of a small breaking of the U(2)ℓ flavour symmetry. The measured values

of Rµe
K(∗) fix also the relative sign of λℓ

µµ and λℓ
ττ which must be opposite, strongly

disfavouring the pure mixing hypothesis.

5. We do not include λℓ
τµ in the fit, but we point out that values of |λℓ

τµ| ∼ |λℓ
µµ|1/2 ∼ 0.1

are perfectly compatible with the limits from LFV in τ decays, even after taking into

account radiatively-induced effects [35]. We nevertheless list the related observable

in table 1 since it is relevant for some of the simplified models, such as the scalar

leptoquark, where λℓ
τµ cannot be set to zero.

The best-fit region is consistent with both Rµe
K(∗) and Rτℓ

D(∗) anomalies. To illustrate

this fact, in figure 2 we show the values of the two observables for a randomly chosen set
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R
⌧`
D(⇤) ⇡ 1.24± 0.06 (45)

5
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SMEFT + Flavour Symmetries

Simplified mediator models

1

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

Le↵ = LSM �
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 ⇤
ji
uj
L

di
L

◆
, 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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at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM

!4 TeV"!2!Q3ΓΑQ3"!L2ΓΑL2"

!!30 TeV"!2!Q1ΓΑΣaQ1"!L2ΓΑΣaL2"
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ
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R

i j = cQi j ekk v
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Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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7 B-anomalies

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl
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(ū iγµu j )(ēkγ

µel) +
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+
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cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑
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∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z
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Z + im Z'Z

+
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(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek
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i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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7 B-anomalies

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
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"2
(ū iγµu j )(L̄kγ
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"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
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j
p2→ℓ−

p′
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2
)94

= i
∑
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(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ
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+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ
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Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
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i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
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R
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Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2
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The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek
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Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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7 B-anomalies

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek
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Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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Here, E and E
0
are the energies of the incoming and outgoing particles and E = E

0
due to the

energy conservation. We choose the transverse momentum of the outgoing particles to be along

the x- axis. Explicitly computing

s = (p1 + p2)
2
= 4E

2
,

t = (p1 � p
0
1)
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=
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(17)

✏q,` ⇡ �
q,`
33 v/mZ0 (18)

H
0
= (1,2, 1/2) (19)

W
0
= (1,3, 0) (20)
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Among the four-fermion operators generated by the model, the ones most relevant to flavor
phenomenology are:

�L(T )
c.c. = � gqg`

2m2
V

h
(V �q)ij�

`

ab

⇣
ūiL�µd

j

L

⌘⇣
¯̀a
L�µ⌫

b

L

⌘
+ h.c.

i
, (7)

�L(T )
FCNC = � gqg`

4m2
V

�`

ab

h
�q

ij

⇣
d̄iL�µd

j

L

⌘
� (V �qV †)ij

⇣
ūiL�µu

j

L

⌘i⇣
¯̀a
L�µ`

b

L � ⌫̄aL�µ⌫
b

L

⌘
, (8)

�L(T )
�F=2 = �

g2q
8m2

V


(�q

ij
)2
⇣
d̄iL�µd

j

L

⌘2
+ (V �qV †)2ij

⇣
ūiL�µu

j

L

⌘2
�

, (9)

�L(T )
LFV = �

g2
`

8m2
V

�`

ab
�`

cd
(¯̀aL�µ`

b

L)(¯̀
c

L�µ`
d

L) , (10)

�L(T )
LFU = �

g2
`

8m2
V

(�2�`

ab
�`

cd
+ 4�`

ad
�`

cb
)(¯̀aL�µ`

b

L)(⌫̄
c

L�µ⌫
d

L) . (11)

2.2 Step II: simplified dynamical model

In order to generate �L(T )
4f in a dynamical way, we introduce the heavy spin-1 triplet, V a

µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [42]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads

LV = �1

4
D[µV

a

⌫]D
[µV ⌫]a +

m2
V

2
V a

µ V
µa + gHV a

µ (H
†T ai

$
Dµ H) + V a

µ J
a

µ , (12)

where T a = �a/2, D[µV
a

⌫] = DµV a
⌫ �D⌫V a

µ and DµV a
⌫ = @µV a

⌫ + g✏abcW b
µV

c
⌫ .

3

By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian

Ld=6
e↵ = � 1

2m2
V

Ja

µJ
a

µ � g2
H

2m2
V

(H†T ai
$
Dµ H)(H†T ai

$
Dµ H)� gH

m2
V

(H†T ai
$
Dµ H)Ja

µ . (13)

By construction, the first term is �L(T )
4f in Eq. (4). The second term, in the unitary gauge, is

simply

�g2
H
v2

4m2
V

✓
m2

WW+
µ W�

µ +
m2

Z

2
ZµZµ

◆✓
1 +

h

v

◆4

. (14)

This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V
a

µ . While such
terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm

2
W v

2
/m

4
V )

5

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

L � W
0aµ

J
a
µ (67)
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of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )
4f = � 1

2m2
V

Ja

µJ
a

µ , (4)

where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks

and lepton fields:

Ja

µ = gq�
q

ij

⇣
Q̄i

L�µT
aQj

L

⌘
+ g`�

`

ij

⇣
L̄i

L�µT
aLj

L

⌘
. (5)

Here �q,` are Hermitian flavor matrices and, by convention, �q

33 = �`

33 = 1.
We define Qi

L
and Li

L
to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L
and Li

L
transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`

ij
= �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q

ij
as follows:

�q

ij
= �i3�3j + (✏1�i3V̂3j + ✏⇤1V̂

⇤
3i�3j) + ✏2(V̂

⇤
3iV̂3j) + . . . , V̂3j = V3j � �3jV3j , (6)

with ✏2 = O(✏21). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].
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• Degenerate charged W’± and neutral Z’

• Quark FV controlled by a single matrix 

quark x lepton

lepton x lepton

quark x quark

Among the four-fermion operators generated by the model, the ones most relevant to flavor
phenomenology are:
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ūiL�µd

j

L

⌘⇣
¯̀a
L�µ⌫

b

L

⌘
+ h.c.

i
, (7)

�L(T )
FCNC = � gqg`

4m2
V

�`

ab

h
�q

ij

⇣
d̄iL�µd

j

L

⌘
� (V �qV †)ij

⇣
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2.2 Step II: simplified dynamical model

In order to generate �L(T )
4f in a dynamical way, we introduce the heavy spin-1 triplet, V a

µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [42]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads
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By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V
a

µ . While such
terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

ℓ
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

ℓ
αβ and

follows from the assumed U(2)q × U(2)ℓ 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

Vℓ, 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 Vℓ ≡ (0, V ∗
τµ) with |Vτµ| ≪ 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

)
, Lα

L =

(
ναL
ℓαL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)ℓ flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λℓ

µµ (and, to a minor extent, also to λℓ
τµ). By construction,

λq
bb = λℓ

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

ℓ
µµ, and λℓ

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λℓ

τµ = O(|Vτµ|) , λℓ
µµ = O(|Vτµ|2) . (2.3)
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transform as doublets under the corresponding U(2) groups, while the third generation
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breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
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µµ (and, to a minor extent, also to λℓ
τµ). By construction,
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2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the
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sb, λ

ℓ
µµ, and λℓ
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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

Vℓ, 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 Vℓ ≡ (0, V ∗
τµ) with |Vτµ| ≪ 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

)
, Lα

L =

(
ναL
ℓαL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)ℓ flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λℓ

µµ (and, to a minor extent, also to λℓ
τµ). By construction,

λq
bb = λℓ

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

ℓ
µµ, and λℓ

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λℓ

τµ = O(|Vτµ|) , λℓ
µµ = O(|Vτµ|2) . (2.3)

– 4 –
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R(D(*))

FCNC

Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W

0 model assuming gq = g`/6
is shown with solid and dotted lines.
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the generators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3.
The color and hypercharge factors of the SM group GSM ⌘ SU(3)c⇥SU(2)L⇥U(1)Y are em-
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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 S1 ⇠ (3̄,3, 1/3) and S3 ⇠ (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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Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W

0 model assuming gq = g`/6
is shown with solid and dotted lines.
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Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2

 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ

1 ⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents
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Here �(0)
i↵

= �3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour
structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.
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Figure 4. Fit to semi-leptonic and radiatively-generated purely leptonic observables in table 1, for
the vector leptoquark Uµ, imposing |βsµ,sτ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we
show the ∆χ2 ≤ 2.3 (1σ), 6.0 (2σ), and 11.6 (3σ) regions, respectively. The dashed and solid blue
lines represent the 1 and 2σ limits in the case where radiative constraints are removed from the fit.

where CU = v2|gU |2/(2M2
U ) > 0. Note that in this case the singlet and triplet operators

have the same flavour structure and, importantly, the relation CS = CT is automatically

fulfilled at the tree-level. Furthermore, as already stressed, the flavour-blind contraction

involving light fermions (flavour doublets) is automatically forbidden by the U(2)q ×U(2)ℓ
symmetry. Last but not least, this LQ representation does not allow baryon number violat-

ing operators of dimension four. These features, and the absence of a tree-level contribution

to Bs(d) meson-antimeson mixing, makes this UV realisation, originally proposed in [17],

particularly appealing: the best fit points of the general fit in section 2.2 can be recovered

essentially without tuning of the model parameters.

In figure 4 we show the results of the flavour fit in this parametrisation (using the

βiα rather than the λq(ℓ)
ij(αβ) as free parameters). When marginalising we let βsτ and βsµ

vary between ±5|Vcb| and impose |βbµ| < 0.5. We find very similar conclusions to the

previous fit, in particular a reduced value of CU thanks to the extra contribution to Rτℓ
D(∗)

proportional to βsτ , with both this parameter and βsµ of O(|Vcb|).
Despite being absent at the tree level, a contribution to∆F = 2 amplitudes is generated

in this model at the one-loop level. The result thus obtained is quadratically divergent and

therefore strongly dependent on the UV completion. Following the analysis of ref. [17],

i.e. setting a hard cut-off Λ on the quadratically divergent ∆F = 2 (down-type) amplitudes,

leads to
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the experimental constraints on ∆MBs,d (for comparison, C(SM)
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the vector leptoquark Uµ, imposing |βsµ,sτ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we
show the ∆χ2 ≤ 2.3 (1σ), 6.0 (2σ), and 11.6 (3σ) regions, respectively. The dashed and solid blue
lines represent the 1 and 2σ limits in the case where radiative constraints are removed from the fit.
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previous fit, in particular a reduced value of CU thanks to the extra contribution to Rτℓ
D(∗)

proportional to βsτ , with both this parameter and βsµ of O(|Vcb|).
Despite being absent at the tree level, a contribution to∆F = 2 amplitudes is generated

in this model at the one-loop level. The result thus obtained is quadratically divergent and

therefore strongly dependent on the UV completion. Following the analysis of ref. [17],

i.e. setting a hard cut-off Λ on the quadratically divergent ∆F = 2 (down-type) amplitudes,

leads to

∆L(∆B=2) = C(U)
0

(V ∗
tbVti)2

32π2v2
(
b̄Lγµd

i
L

)2
, C(U)

0 = C2
U

(
λq
bs

Vts

)2
Λ2

2v2
. (3.4)

As already pointed out in section 2.3, the value of C(U)
0 should not exceed O(10%) given

the experimental constraints on ∆MBs,d (for comparison, C(SM)
0 = (4πα/s2W )S0(xt) ≈ 1.0,
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1 Introduction

One of the most interesting phenomena reported by particle physics experiments in the last few
years are the numerous hints of Lepton Flavour Universality (LFU) violations observed in semi-
leptonic B decays. The very recent LHCb results on the LFU ratios Rµe

K(⇤) [1] and R⌧`

D(⇤) [2] are
the last two pieces of a seemingly coherent set of anomalies which involves di↵erent observables
and experiments. So far, not a single LFU ratio measurement exhibits a deviation with respect
to the Standard Model (SM) above the 3� level. However, the overall set of observables is very
consistent and, once combined, the probability of a mere statistical fluctuation is very low.

The evidences collected so far can naturally be grouped into two categories, according to the
underlying quark-level transition:

• deviations from ⌧/µ (and ⌧/e) universality in b ! c`⌫̄ charged currents [2–5];

• deviations from µ/e universality in b ! s`` neutral currents [1, 6].

In both cases the combination of the results leads to an evidence around the 4� level for LFU
violating contributions of non-SM origin, whose size is O(10%) compared to the corresponding
charged- or neutral-current SM amplitudes. Furthermore, a strong evidence for a deviation from
the SM prediction has been observed by LHCb in the angular distribution of the B0

! K⇤0µ+µ�

decay [7,8], which is consistent with the deviations from LFU in neutral-current B decays [9,10].
These deviations from the SM have triggered a series of theoretical speculations about pos-

sible New Physics (NP) interpretations. Attempts to provide a combined/coherent explanation
for both charged- and neutral-current anomalies have been presented in Refs. [11–29]. A com-
mon origin of the two set of anomalies is not obvious, but is very appealing since: i) in both
types of semi-leptonic B-meson decays (charged and neutral) we are dealing with a violation of
LFU; ii) in both cases data favours left-handed e↵ective interactions that, due to the SM gauge
symmetry, naturally suggest a connection between charged and neutral currents.

One of the puzzling aspects of the present anomalies is that they have been observed only
in semi-leptonic B decays and are quite large compared to the corresponding SM amplitudes.
On the contrary, no evidence of deviation from the SM has been seen so far in the precise
(per-mil) tests of LFU in semi-leptonic K and ⇡ decays, purely leptonic ⌧ decays, and in the
electroweak precision observables. The most natural assumption to address this apparent para-
dox is the hypothesis that the NP responsible for the breaking of LFU is coupled mainly to
the third generation of quarks and leptons, with a small (but non-negligible) mixing with the
light generations [13, 25, 30]. This hypothesis also provides a natural first-order explanation for
the di↵erent size of the two e↵ects, which compete with a tree-level SM amplitude in charged
currents, and with a suppressed loop-induced SM amplitude in neutral currents, respectively.
Within this paradigm, a class of particularly motivated models includes those which are based
on a U(2)q⇥U(2)` flavour symmetry acting on the light generations of SM fermions [31,32], and
new massive bosonic mediators around the TeV scale: colour-less vector SU(2)L-triplets (W 0,
B0) [13], vector SU(2)L-singlet or -triplet leptoquarks (LQ) [17], or scalar SU(2)L-singlet and
-triplet leptoquarks. Besides providing a good description of low-energy data, these mediators
could find a consistent UV completion in the context of strongly-interacting theories with new
degrees of freedom at the TeV scale [23, 24].
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Direction I

Vector LQ

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 S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (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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’74 Pati-Salam

A cake by 
[Buttazzo], 2017 • Pati-Salam quark-lepton unification

• Resolves another open problem of the 
SM — charge quantisation

Establishing links (The big picture) 

• Low-scale Pati-Salam  
    No proton decay  
    Flavour > 1000 TeV~

• B-anomalies

• Charge 
quantization

• Flavour problem • Neutrino masses

• Hierarchy
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Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W

0 model assuming gq = g`/6
is shown with solid and dotted lines.
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4321 Model for B-anomalies 
[Di Luzio, AG, Nardecchia] 

1708.08450

Model structure from
[Georgi, Nakai], 1606.05865

[Diaz, Schmaltz, Zhong], 1706.05033

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

q0i
L

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

1 3 1 2/3 1/3 0
d0i
R

1 3 1 �1/3 1/3 0
`0i
L

1 1 2 �1/2 0 1

e0i
R

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 on a grey background.

vector-like fermions is described by the Yukawa Lagrangian LY = LSM�like + Lmix, with

LSM�like = �q0L YdHd0R � q0L Yu H̃u0R � `
0
L YeHe0R + h.c. , (2.1)

Lmix = �q0L �q ⌦
T

3 R � `
0
L �`⌦

T

1 R � L (M + �15⌦15) R + h.c. . (2.2)

Here, H̃ = i�2H⇤ 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 Sec. 3.

The full Lagrangian (including also the scalar potential in Eq. (A.1)) 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 1. 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 ordinary 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 effective operator `0`0HH/⇤/L

, where the effective scale of lepton number violation, ⇤/L
,

is well above the TeV scale. In contrast, recent proposals which address the anomalies based on
a non-minimal Pati-Salam extension with gauged B � L broken at the TeV, such as e.g. [38, 50],
generically predict too large neutrino masses. The latter either require a strong fine-tuning in the
Yukawa structure or a very specific (untuned) realisation of the neutrino mass matrix by the inverse
seesaw mechanism [44, 65].
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A Anatomy of the 4321 model

In this Appendix we provide a detailed account of several theoretical aspects of the 4321 model,
including: the minimisation of the scalar potential (App. A.1), the scalar spectrum (App. A.2), the
Yukawa interactions of the radial modes (App. A.3), the gauge boson spectrum within the minimal
scalar sector (App. A.4) and beyond (App. A.5), the vector-fermion interactions in the mass basis
(App. A.7), the relevant tri-linear gauge vertices (App. A.8), the renormalisation group equations
(App. A.9), and the list of SU(4) generators and structure constants (App. A.10).

A.1 Scalar potential

The scalar sector comprises the representations: ⌦3 ⇠
�
4,3,1, 1/6

�
, ⌦1 ⇠

�
4,1,1,�1/2

�
,

⌦15 ⇠ (15,1,1, 0) and H ⇠ (1,1,2, 1/2). Note that ⌦15 is taken to be a real field. Given
the hierarchy h⌦3i > h⌦1i � h⌦15i � hHi suggested by phenomenology, we simplify the prob-
lem by first considering the ⌦3,1 system in isolation and comment later on about the inclusion of
the other fields. We represent ⌦3 and ⌦1 respectively as a 4⇥3 matrix and a 4-vector transforming
as ⌦3 ! U⇤

4⌦3UT

30 and ⌦1 ! U⇤
4⌦1 under SU(4) ⇥ SU(3)0. The most general scalar potential

involving ⌦3 and ⌦1 can be written as

V⌦3,⌦1 =µ2
3 Tr (⌦†

3⌦3) + �1(Tr (⌦†
3⌦3)� 3

2v
2
3)

2 + �2Tr (⌦†
3⌦3 � 1

2v
2
313)

2

+µ2
1 |⌦1|2 + �3(|⌦1|2 � 1

2v
2
1)

2 + �4(Tr (⌦†
3⌦3)� 3

2v
2
3)(|⌦1|2 � 1

2v
2
1)

+�5⌦
†
1⌦3⌦

†
3⌦1 + �6 ([⌦3⌦3⌦3⌦1]1 + h.c.) , (A.1)

where 13 denotes the 3⇥3 identity matrix and we have used a relative rephasing between the fields
⌦1 and ⌦3 in order to remove the phase of �6. Note that the non-trivial invariants ⌦†

1⌦3⌦
†
3⌦1 and
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� , (A.2)

are required in order to avoid extra global symmetries in the scalar potential leading to unwanted
massless Goldstone bosons (GBs). The scalar potential in Eq. (A.1) is written in such a way that in
the limit µ3 = µ1 = 0 and �6 = 0, the configuration
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is (by construction) a stationary point. For �6 6= 0, the stationary equations are satisfied by

µ2
3 = �3�6v1v3 , µ2

1 = �3�6
v33
v1

. (A.4)

By imposing that the second derivatives of the potential (evaluated at the stationary point) are
positive definite, we can make sure that the configuration in Eq. (A.3) is a local minimum13 and
compute in turn the scalar spectrum.

13Determining the global minimum is a non-trivial mathematical problem. Nevertheless, in the limit v1 ! 0 the
configuration in Eq. (A.3) is the global minimum of the potential for �2 > 0 and �1 > � 1

3�2 [122].
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.

III. GAUGE LEPTOQUARK MODEL

Let us consider the gauge group G ⌘ SU(4) ⇥
SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respectively
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0 the gener-
ators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8,
i = 1, 2, 3. The normalization of the genera-
tors in the fundamental representation is fixed by
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T
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charge factors of the SM gauge group GSM ⌘

SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded in the
following way: 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 =
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2
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0,

with T
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6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.

forming as ⌦3 ! U
⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
4⌦1 under

SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]
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ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]
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Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read
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while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking
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The matching with the SM gauge couplings reads

gs =
g4g3p
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2
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, gY =
g4g1q
g
2
4 +

2
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2
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, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
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while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
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0 from SU(4)PS ! SU(3)c breaking with
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text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
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massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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ensuring the proper G ! GSM breaking. Un-
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(3, 1,�2/3) � (1, 1, 0). After removing the linear
combinations corresponding to the would-be Gold-
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glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (1, 1, 2, 1/2) of G and
acquiring a vev hHi = 1p
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sive vector states belonging to G/GSM and trans-
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W

0 model assuming gq = g`/6
is shown with solid and dotted lines.
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Let us consider the gauge group G ⌘ SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0, and denote respec-
tively by H
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the generators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3.
The color and hypercharge factors of the SM group GSM ⌘ SU(3)c⇥SU(2)L⇥U(1)Y are em-

bedded in the following way: SU(3)c = (SU(3)4 ⇥ SU(3)0)diag and U(1)Y = (U(1)4 ⇥ U(1)0)diag,
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0, with T
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.

III. GAUGE LEPTOQUARK MODEL

Let us consider the gauge group G ⌘ SU(4) ⇥
SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respectively
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the gauge couplings and T
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i
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0 the gener-
ators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8,
i = 1, 2, 3. The normalization of the genera-
tors in the fundamental representation is fixed by
TrT↵

T
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↵� , etc. The color and hyper-

charge factors of the SM gauge group GSM ⌘

SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded in the
following way: 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 =
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2
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with T
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2
p
6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.

forming as ⌦3 ! U
⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
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SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]
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ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]
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Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read
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while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking
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The matching with the SM gauge couplings reads

gs =
g4g3p
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, gY =
g4g1q
g
2
4 +

2
3g
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, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
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0 from SU(4)PS ! SU(3)c breaking with
unsuppressed O(gs) couplings to SM fermions 2.
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SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
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group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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ensuring the proper G ! GSM breaking. Un-
der GSM the scalar representations decompose as
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(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
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glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
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100 TeV ballpark [43–45]. Allowing for a mixed em-
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SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
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fermions, if the latter are SU(3 + N) singlets. A
coupling of Uµ to left-handed SM fermions can be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
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ensuring the proper G ! GSM breaking. Un-
der GSM the scalar representations decompose as
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(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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W

0 model assuming gq = g`/6
is shown with solid and dotted lines.
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1

v2
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q
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a
Q

j
L)(L̄

3
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µ
�
a
L
3
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q
sb| . 0.1|Vts| (22)

Let us 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, g4, g3, g2, g1 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 color and hypercharge factors of the SM group GSM ⌘ SU(3)c⇥SU(2)L⇥U(1)Y are em-

bedded in the following way: 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
3T

15+Y
0, with T

15 = 1
2
p
6
diag(1, 1, 1,�3).
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A vector-like 
fermion rep.

3

SU(3)0⇥SU(2)L⇥U(1)0 subgroup, but are singlets
of SU(4). Let us denote them as: q0L = (1, 3, 2, 1/6),
u
0
R = (1, 3, 1, 2/3), d

0
R = (1, 3, 1,�1/3), `

0
L =

(1, 1, 2,�1/2), and e
0
R = (1, 1, 1,�1). These rep-

resentations come in three copies of flavour. Being
SU(4) singlets, they do not couple with the vector
leptoquark field directly. To induce the required in-
teraction, we add vector-like heavy fermions trans-
forming non-trivially only under SU(4) ⇥ SU(2)L
subgroup. In particular,  L,R = (Q0

L,R, L
0
L,R)

T =
(4, 1, 2, 0), where Q

0 and L
0 are decompositions un-

der SU(3)4 ⇥ U(1)4 ⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing
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

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 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 Lagrangian3 is invariant under the acci-
dental 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 sym-
metries, leaving unbroken two new global U(1)’s:

B = B
0 + 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability and make neutrinos massless.
Non-zero neutrino masses require an explicit break-
ing of U(1)L0 , e.g. via a d = 5 e↵ective operator
`
0
`
0
HH/⇤, where ⇤� v is some UV cuto↵.

The fermions’ kinetic term leads to the following

3 We also include a [⌦3⌦3⌦3⌦1]1 term in the scalar potential
which is required in order to avoid unwanted Goldstone
bosons [52].

left-handed interactions

LL �
g4
p
2
Q

0
L�

µ
L
0
L Uµ + h.c.

+
g4gs

g3

✓
Q

0
L�

µ
T

a
Q

0
L �

g
2
3

g
2
4

q
0
L�

µ
T

a
q
0
L

◆
g
0a
µ

+
1

6

p
3 g4gY
p
2 g1

✓
Q

0
L�

µ
Q

0
L �

2g21
3g24

q
0
L�

µ
q
0
L

◆
Z

0
µ

�
1

2

p
3 g4gY
p
2 g1

✓
L
0
L�

µ
L
0
L �

2g21
3g24

`
0
L�

µ
`
0
L

◆
Z

0
µ , (7)

and right-handed interactions

LR �
g4p
2
Q

0
R�µL0

R Uµ + h.c.

+
g4gs
g3

✓
Q

0
R�µTaQ0

R �
g23
g24

⇣
u0
R�µTau0

R + d
0
R�µTad0R

⌘◆
g0aµ

+
1

6

p
3 g4gYp
2 g1

✓
Q

0
R�µQ0

R �
4g21
3g24

⇣
2u0

R�µu0
R � d

0
R�µd0R

⌘◆
Z0
µ

�
1

2

p
3 g4gYp
2 g1

✓
L
0
R�µL0

R �
4g21
3g24

e0R�µe0R

◆
Z0
µ . (8)

IV. FLAVOUR STRUCTURE

The Yukawa Lagrangian is

LY � �q
0
L Yd Hd

0
R � q

0
L Yu H̃u

0
R � `

0
L Ye He

0
R (9)

� q
0
L �q ⌦

T
3 R � `

0
L �` ⌦

T
1 R � L M  R + h.c. ,

where H̃ = i�2H
⇤. 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 = M

diag
⌘

diag (M1, ...,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 symmetry breaking, the fermion mass ma-
trices 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 diagonalized by unitary rotations U(3+n ).
For example, Me = UeLM

diag
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

(Zq̄q)ij ⇠

0

@
1 0 0

0 1 V
⇤
ts

0 Vts 1

1

A , CDµ
ij =

0

@
Cdµ 0 0

0 Csµ C
⇤
bsµ

0 Cbsµ Cbµ

1

A . (46)

c
(1)
QL ⇠ g

2
⇤ (47)

c
(1)
QL ⇠ g

2
⇤ (48)

B ! K
(⇤)
⌫⌧ ⌫̄⌧ (49)

pp ! µ
+
µ
�

(50)

pp ! ⌧
+
⌧
�

(51)

10
�9 . |y| . 10

�6
(52)

|y| . 10
�9

(53)

|y| & 10
�6

(54)

ZZ = 1 (55)

✏ZeL 6= ✏ZµL (56)

✏ZeR = ✏ZµR = 0 (57)

 ⌘ (ZZ , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR)
T

(58)

L() =

Y

bin

Y

cat

exp (�µbin,cat) (µbin,cat)
Nexp

bin,cat

N
exp
bin,cat!

(59)

µbin,cat = (N
bg,SM
bin,cat +N

sig,SM
bin,cat 

T
Xbin,cat) (60)

 L,R ⌘ (4, 1,2, 0) (61)
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SM fermion doublets 
mix with the vector-like 
partners

Left-handed dominance!
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Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0i
L

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

1 3 1 2/3 1/3 0
d0i
R

1 3 1 �1/3 1/3 0
`0i
L

1 1 2 �1/2 0 1

e0i
R

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 on a grey background.

vector-like fermions is described by the Yukawa Lagrangian LY = LSM�like + Lmix, with

LSM�like = �q0L YdHd0R � q0L Yu H̃u0R � `
0
L YeHe0R + h.c. , (2.1)

Lmix = �q0L �q ⌦
T

3 R � `
0
L �`⌦

T

1 R � L (M + �15⌦15) R + h.c. . (2.2)

Here, H̃ = i�2H⇤ 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 Sec. 3.

The full Lagrangian (including also the scalar potential in Eq. (A.1)) 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 1. 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 ordinary 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 effective operator `0`0HH/⇤/L

, where the effective scale of lepton number violation, ⇤/L
,

is well above the TeV scale. In contrast, recent proposals which address the anomalies based on
a non-minimal Pati-Salam extension with gauged B � L broken at the TeV, such as e.g. [38, 50],
generically predict too large neutrino masses. The latter either require a strong fine-tuning in the
Yukawa structure or a very specific (untuned) realisation of the neutrino mass matrix by the inverse
seesaw mechanism [44, 65].
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Figure 1. Interactions of the SM fermions with the heavy vectors induced by the fermion mixing.

4 Low-energy phenomenology

The scope of this section is to discuss the main low-energy observables of the 4321 model, together
with the relevant constraints coming from electroweak precision tests and FCNC. Let us start by
outlining the main interactions of the new vectors with the SM fermions, described in terms of mix-
ing angles between the would-be SM fermions and their vector-like partners. The flavour structure
of our model, defined by our assumptions in Eq. (3.4), is such that (up to CKM rotations) each
SM family mixes with only one fermion partner, see Fig. 1 for illustration. The only non-trivial
source of flavour breaking is found in the W matrix, introduced in the previous section, which
is responsible for a misalignment between quarks and leptons in the leptoquark interactions. The
resulting vector leptoquark interactions with SM fermions closely follow those introduced in [35],
which were shown to provide a successful explanation of the b ! s`` and R(D(⇤)) anomalies. We
write these interactions in the mass basis in a similar fashion4

LU � g4p
2
Uµ

⇥
�ij q

i�µ`j + h.c.
⇤
, (4.1)

with

� =

0

B@
sq1 s`1 0 0

0 c✓LQ sq2 s`2 s✓LQ sq2 s`3
0 �s✓LQ sq3 s`2 c✓LQ sq3 s`3

1

CA , qi =

 
V ⇤
ji
uj
L

di
L

!
, `i =

 
⌫i
L

ei
L

!
. (4.2)

and V the CKM matrix. The interactions of these new gauge bosons with SM fermions read

Lg0 � �gs
g4
g3

g0µ

h
ijq qi�µqj + iju uiR�

µuj
R
+ ij

d
d
i

R�
µdj

R

i
,

LZ0 � gY
2
p
6

g4
g1

Z 0
µ

h
⇠ijq qi�µqj + ⇠iju uiR�

µuj
R
+ ⇠ij

d
d
i

R�
µdj

R
� 3 ⇠ij

`
`
i
�µ`j � 3 ⇠ije eiR�

µej
R

i
,

(4.3)

4In this section we show only the interactions of the new gauge bosons with the SM fermions for illustration. Full
expressions, including also the couplings to vector-like fermions, can be found in App. A.7.
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3 Cabibbo mechanism for leptoquarks

Our goal is to introduce the flavour structure required by the anomalies in the quark-lepton transi-
tions, while simultaneously suppressing the most dangerous quark-quark and lepton-lepton flavour
violating operators.2 This step can be neatly understood in terms of the global symmetries of the
Yukawa Lagrangian.

Let us first consider the Lmix ! 0 limit. The surviving term in Eq. (2.1) corresponds to the SM
Yukawa Lagrangian. Exploiting the U(3)5 invariance of the kinetic term of the SM-like fields we
choose, without loss of generality, a basis where Yd = Ŷd, Yu = V † Ŷu and Ye = Ŷe (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, the term
q0
L
ŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus implying the absence of

flavour violation in the down sector. Similarly, for Yd ! 0 we are left with q0
L
V † ŶuH̃uR in the up

sector. Reabsorbing V into q0 bears no physical effects 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 independent any more due to
the 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 yields3

(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 6=1���! U(1)B , (3.1)

where the last step of breaking is due to the CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level FCNC are generated. These 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 are generated by the misalignment between the up and down
sectors, which is parametrised by the CKM matrix V . In the unitary gauge, the physical effects of
flavour violation are fully encoded in the coupling of the W boson to the up and down quark fields.

Let us consider now the pattern of global symmetries when Lmix 6= 0. The role of the scalar
representations ⌦i in Lmix is the following:

• h⌦3i mixes the would-be SM state q0
L

with Q0
L
⇢  L. In this way the SM quark doublet

enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦1i mixes the would-be SM state `0
L

with L0
L
⇢  L. In this way the SM lepton doublet

enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦15i splits the bare masses of quark and lepton partners. We can hence effectively trade M

and �15h⌦15i for MQ and ML.
2For a partially related discussion in the context of the neutral current anomalies, see [66].
3Here U(1)d+u stands for the simultaneous transformation d ! ei✓d and u ! ei✓u, where ei✓ is an element of

U(1)d+u. The generalisation to non-abelian factors, which is employed later on, follows in analogy.
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Figure 1. Interactions of the SM fermions with the heavy vectors induced by the fermion mixing.

4 Low-energy phenomenology

The scope of this section is to discuss the main low-energy observables of the 4321 model, together
with the relevant constraints coming from electroweak precision tests and FCNC. Let us start by
outlining the main interactions of the new vectors with the SM fermions, described in terms of mix-
ing angles between the would-be SM fermions and their vector-like partners. The flavour structure
of our model, defined by our assumptions in Eq. (3.4), is such that (up to CKM rotations) each
SM family mixes with only one fermion partner, see Fig. 1 for illustration. The only non-trivial
source of flavour breaking is found in the W matrix, introduced in the previous section, which
is responsible for a misalignment between quarks and leptons in the leptoquark interactions. The
resulting vector leptoquark interactions with SM fermions closely follow those introduced in [35],
which were shown to provide a successful explanation of the b ! s`` and R(D(⇤)) anomalies. We
write these interactions in the mass basis in a similar fashion4

LU � g4p
2
Uµ
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�ij q

i�µ`j + h.c.
⇤
, (4.1)

with

� =

0
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CA , qi =
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uj
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, `i =
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. (4.2)

and V the CKM matrix. The interactions of these new gauge bosons with SM fermions read

Lg0 � �gs
g4
g3

g0µ

h
ijq qi�µqj + iju uiR�

µuj
R
+ ij

d
d
i

R�
µdj
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i
,

LZ0 � gY
2
p
6

g4
g1

Z 0
µ

h
⇠ijq qi�µqj + ⇠iju uiR�

µuj
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+ ⇠ij

d
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µdj

R
� 3 ⇠ij

`
`
i
�µ`j � 3 ⇠ije eiR�

µej
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i
,

(4.3)

4In this section we show only the interactions of the new gauge bosons with the SM fermions for illustration. Full
expressions, including also the couplings to vector-like fermions, can be found in App. A.7.
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• How to get large flavour violation to be 
mediated only by the LQ?

‘4321’ model

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

LSM�like = �q0LV
†ŶudR H̃ � q0LŶddR H � `

0
LŶeeR H + h.c. , (3.2)

Lmix = �q0L�q R ⌦3 � `
0
L�` R ⌦1 � L(M̂ + �15⌦15) R + h.c. , (3.3)

where �q, �` and �15 are matrices in flavour space. If the latter were generic, we would expect large
flavour violating effects both in quark and lepton processes. We are going to argue that, assuming

the following flavour structure:

�q = �̂q ⌘ diag (�q

12,�
q

12,�
q

3) ,

�` = �̂`W
† ⌘ diag

⇣
�`

1,�
`

2,�
`

3

⌘
0

B@
1 0 0

0 cos ✓LQ � sin ✓LQ
0 sin ✓LQ cos ✓LQ

1

CA ,

�15 / M̂ / 1 ,

(3.4)

provides a good starting point to comply with flavour constraints. Later on we will comment about
the plausibility of our assumptions, but for the moment let us inspect the physical consequences of
Eq. (3.4).

Mimicking the pure SM discussion, we examine the surviving global symmetries of Lmix in
either of the limits �` ! 0 or �q ! 0. In the former case Lmix 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,d)33 6= 0) to be also a symmetry of the NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note that Yd and �q are diagonal in the
same basis). Such a down alignment mechanism was already introduced in Ref. [37].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed by
the underlying U(2) symmetry and the physical effects are proportional to the small breaking
induced by the SM-like Yukawa Yu via the CKM. We will show in Sec. 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. In this limit Lmix 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 let us reabsorb W in a redefinition of the field  , via  ̃ ⌘ W † . With such a
redefinition Lmix reads

Lmix(�q ! 0) = �`
0
L�̂` ̃R ⌦1 �  ̃L(M̂ + �̂15⌦15) ̃R + h.c. . (3.5)

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.
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• Redefine 

• No tree-level Z’ FCNC for leptons  

• Only LQ interaction feels W matrix!

• that the W matrix is unphysical.

Let us consider now the case where both �q and �` are simultaneously present in Lmix. 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. 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 6=1���! U(1)q01+`01+ 1
⇥U(1)q0+`0+ ,

(3.6)
where the last step of breaking is a consequence of the specific structure of the W matrix in Eq. (3.2)
featuring only 3-2 mixing. The unbroken groups correspond to the quantum number of the first
family of quarks and leptons, U(1)q01+`01+ 1

, and to the total fermion number U(1)q0+`0+ , namely
the simultaneous re-phasing of all the fermion fields in Lmix. The latter is nothing but 3B0 + L0

(cf. Table 1), which in combination with with T 15 yields ordinary baryon and lepton number after
G4321 breaking.

To simplify our analysis even more we can set the coupling �`
1 to zero, thus implying a further

enhancement of the symmetry: U(1)q01+`01+ 1
! U(1)q01+ 1

⇥ U(1)`01+ 1
which forbids flavour

violating transitions involving either down quark or electron fields. On the other hand, we can still
have a large mixing between the second and third family of quarks and leptons, whose misalign-
ment is parametrised by the matrix W . Such an effect appears in the coupling of Uµ with quarks
and leptons, in complete analogy with the flavour violation involving the W± boson and the quark
doublet in the SM. Working e.g. in the basis  L = (Q0

L
, L0

L
)T = (QL,WLL)T , the interaction of

Uµ with quarks and leptons can be readily extracted from the covariant derivative:

i L�
µDµ L � g4p

2
UµQL�

µ

0

B@
1 0 0

0 cos ✓LQ sin ✓LQ
0 � sin ✓LQ cos ✓LQ

1

CALL . (3.7)

In the same way that 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,
since the breaking induced by h⌦3i and h⌦1i redirects part of the SM quark and lepton doublets
into  L. The net effect is given by (cf. App. A.7)

g4p
2
�ijUµ q

i

L�
µ`j

L
, (3.8)

where � is a 3 ⇥ 3 matrix describing the flavour structure of the leptoquark interactions with the
light SM mass eigenstates:

� = diag(sq12 , sq12 , sq3)W diag(0, s`2 , s`3) =

0

B@
0 0 0

0 c✓LQsq12s`2 s✓LQsq12s`3
0 �s✓LQsq3s`2 c✓LQsq3s`3

1

CA . (3.9)

The definitions of the mixing angles in terms of the fundamental parameters of the Yukawa La-
grangian are given in App. A.6.
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*a hat means diagonal

Without loss of generality, we use the U(3)7 symmetry of the fermionic kinetic term to pick up the
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flavour violating effects both in quark and lepton processes. We are going to argue that, assuming
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provides a good starting point to comply with flavour constraints. Later on we will comment about
the plausibility of our assumptions, but for the moment let us inspect the physical consequences of
Eq. (3.4).

Mimicking the pure SM discussion, we examine the surviving global symmetries of Lmix in
either of the limits �` ! 0 or �q ! 0. In the former case Lmix 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,d)33 6= 0) to be also a symmetry of the NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note that Yd and �q are diagonal in the
same basis). Such a down alignment mechanism was already introduced in Ref. [37].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed by
the underlying U(2) symmetry and the physical effects are proportional to the small breaking
induced by the SM-like Yukawa Yu via the CKM. We will show in Sec. 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. In this limit Lmix 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 let us reabsorb W in a redefinition of the field  , via  ̃ ⌘ W † . With such a
redefinition Lmix reads

Lmix(�q ! 0) = �`
0
L�̂` ̃R ⌦1 �  ̃L(M̂ + �̂15⌦15) ̃R + h.c. . (3.5)

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.
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LŶeeR H + h.c. , (3.2)

Lmix = �q0L�q R ⌦3 � `
0
L�` R ⌦1 � L(M̂ + �15⌦15) R + h.c. , (3.3)

where �q, �` and �15 are matrices in flavour space. If the latter were generic, we would expect large
flavour violating effects both in quark and lepton processes. We are going to argue that, assuming

the following flavour structure:

�q = �̂q ⌘ diag (�q

12,�
q

12,�
q

3) ,

�` = �̂`W
† ⌘ diag

⇣
�`

1,�
`

2,�
`

3

⌘
0

B@
1 0 0

0 cos ✓LQ � sin ✓LQ
0 sin ✓LQ cos ✓LQ

1

CA ,

�15 / M̂ / 1 ,

(3.4)

provides a good starting point to comply with flavour constraints. Later on we will comment about
the plausibility of our assumptions, but for the moment let us inspect the physical consequences of
Eq. (3.4).

Mimicking the pure SM discussion, we examine the surviving global symmetries of Lmix in
either of the limits �` ! 0 or �q ! 0. In the former case Lmix 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,d)33 6= 0) to be also a symmetry of the NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note that Yd and �q are diagonal in the
same basis). Such a down alignment mechanism was already introduced in Ref. [37].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed by
the underlying U(2) symmetry and the physical effects are proportional to the small breaking
induced by the SM-like Yukawa Yu via the CKM. We will show in Sec. 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. In this limit Lmix 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 let us reabsorb W in a redefinition of the field  , via  ̃ ⌘ W † . With such a
redefinition Lmix reads

Lmix(�q ! 0) = �`
0
L�̂` ̃R ⌦1 �  ̃L(M̂ + �̂15⌦15) ̃R + h.c. . (3.5)

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.

– 7 –

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

LSM�like = �q0LV
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provides a good starting point to comply with flavour constraints. Later on we will comment about
the plausibility of our assumptions, but for the moment let us inspect the physical consequences of
Eq. (3.4).

Mimicking the pure SM discussion, we examine the surviving global symmetries of Lmix in
either of the limits �` ! 0 or �q ! 0. In the former case Lmix 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,d)33 6= 0) to be also a symmetry of the NP. This guarantees
in turn:

• the absence of tree-level FCNC for down quarks (note that Yd and �q are diagonal in the
same basis). Such a down alignment mechanism was already introduced in Ref. [37].

• a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed by
the underlying U(2) symmetry and the physical effects are proportional to the small breaking
induced by the SM-like Yukawa Yu via the CKM. We will show in Sec. 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. In this limit Lmix 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 let us reabsorb W in a redefinition of the field  , via  ̃ ⌘ W † . With such a
redefinition Lmix reads

Lmix(�q ! 0) = �`
0
L�̂` ̃R ⌦1 �  ̃L(M̂ + �̂15⌦15) ̃R + h.c. . (3.5)

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.
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1 Introduction

In the recent years the central question of flavour physics beyond the Standard Model (SM) has been
the following: “How is it possible to reconcile TeV-scale new physics (NP) (as suggested e.g. by

naturalness) with the absence of indirect signals in flavour changing neutral currents (FCNC)?”.

One possible answer was given by the principle of Minimal Flavour Violation [1], which allowed
for exciting NP at ATLAS and CMS while predicting less room for serendipity at LHCb. Somewhat
unexpectedly, we are faced with the fact that experimental data seem rather to suggest the opposite
situation. In fact, a coherent pattern of SM deviations in semileptonic B-decays, which goes under
the widely accepted name of “flavour anomalies", keeps building up since 2012 [2–13]. Were these
anomalies due to NP, they would certainly imply a shift of paradigm in flavour physics.

A unified explanation of the whole set of anomalous data minimally requires: i) a NP contribu-
tion in b ! sµµ neutral currents that interferes destructively with the SM and ii) a NP contribution
in charged currents that enhances the decay rates of b ! c⌧⌫ transitions. Despite many models be-
ing proposed so far for the combined explanation of the anomalies (see [14–54] for an incomplete
list), it is fair to say that the majority of these works suffer from various issues: neglect of key ob-
servables (both at low energy and high-pT ), missing UV completion, breakdown of the perturbative
expansion, unnatural and tuned values of the parameters, etc. The difficulties in constructing a vi-
able and coherent NP interpretation of the flavour anomalies (both in charged and neutral currents)
are due to the simultaneous presence of the following aspects of the phenomenological situation:

1. the NP contribution in b ! c⌧⌫ needs to be very large, since it must compete with a SM
tree-level process;

2. there is an absence of NP signals in direct searches at the LHC;

3. there are very severe constraints from flavour observables in pure hadronic channels, most
notably in �F = 2 transitions;

4. there are very severe constraints from flavour observables in pure leptonic channels, most
notably in processes violating lepton universality and lepton flavour.

Since the first point clearly contrasts with the remaining ones, finding a coherent NP framework to
explain all these facts remains a non-trivial challenge. However, the points above are also suggest-
ing in a (qualitative) way their own solutions. Indeed a viable NP scenario should:

1. contain a leptoquark with large flavour violating couplings in order to trigger the anomalous
semileptonic decays in charged currents;

2. only introduce new states that are heavy enough to escape direct detection;

– 1 –
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Figure 3. Leptoquark mediated one-loop diagrams contributing to Bs � Bs mixing. The symbol E
denotes a six-dimensional vector containing SM charged-leptons and their partners.

ii) Unitarity of the W matrix provides a GIM-like protection similar to that in the SM arising
from CKM unitarity.

In what follows we detail the model contributions to Bs and D mixing.

4.3.1 Bs � Bs mixing

The leading NP contribution to the mixing amplitude is given by the leptoquark box diagrams
shown in Fig. 3. The resulting leptoquark contribution follows a very similar structure as that of
the SM with a W±

µ boson (see e.g. [94]). Defining NP contributions to the Bs meson-anti-meson
mass difference, �Ms, as CLL

bs
⌘ �Ms/�MSM

s � 1, we find

CLL

bs = � g24
64⇡2

CU

1

(VtbV ⇤
ts
)2Rloop

SM

X

↵,�

�B

↵�
B

� F (x↵, x�) , (4.30)

with ↵ and � running over all the leptons, including the vector-like partners, and where Rloop
SM =p

2GF m2
W

⌘̂B S0(xt)/16⇡2 = 1.34 ⇥ 10�3, with S0(xt) ⇡ 2.37 being the Inami-Lim func-
tion [95]. In this expression F (x↵, x�) is a loop function defined as

F (x↵, x�) =
1

(1� x↵)(1� x�)

✓
7x↵x�

4
� 1

◆

+
x2↵ log x↵

(x� � x↵)(1� x↵)2

⇣
1� 2x� +

x↵x�
4

⌘

+
x2
�
log x�

(x↵ � x�)(1� x�)2

⇣
1� 2x↵ +

x↵x�
4

⌘
, (4.31)

with x↵ = m2
↵/M

2
U

and �B
↵ = �b↵ �⇤

s↵, where � denote the leptoquark couplings to left-handed
fermions given in Eq. (A.50). The explicit form of �B

↵ in terms of fermion mixing angles reads

�B

↵ =
1

2
sin 2✓LQ sin ✓q3 sin ✓q12

�
sin2 ✓`3 �↵3 + cos2 ✓`3 �↵6 � sin2 ✓`2 �↵2 � cos2 ✓`2 �↵5

�
.

(4.32)

Note that, analogously to the SM case, the flavour parameter �B
↵ has the key property

P
↵
�B
↵ = 0,

related to the unitarity of the flavour rotation matrices (and to the assumed down-aligned flavour
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In what follows we detail the model contributions to Bs and D mixing.

4.3.1 Bs � Bs mixing

The leading NP contribution to the mixing amplitude is given by the leptoquark box diagrams
shown in Fig. 3. The resulting leptoquark contribution follows a very similar structure as that of
the SM with a W±

µ boson (see e.g. [94]). Defining NP contributions to the Bs meson-anti-meson
mass difference, �Ms, as CLL
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with ↵ and � running over all the leptons, including the vector-like partners, and where Rloop
SM =p

2GF m2
W

⌘̂B S0(xt)/16⇡2 = 1.34 ⇥ 10�3, with S0(xt) ⇡ 2.37 being the Inami-Lim func-
tion [95]. In this expression F (x↵, x�) is a loop function defined as

F (x↵, x�) =
1

(1� x↵)(1� x�)

✓
7x↵x�

4
� 1

◆

+
x2↵ log x↵

(x� � x↵)(1� x↵)2

⇣
1� 2x� +

x↵x�
4

⌘

+
x2
�
log x�

(x↵ � x�)(1� x�)2

⇣
1� 2x↵ +

x↵x�
4

⌘
, (4.31)

with x↵ = m2
↵/M

2
U

and �B
↵ = �b↵ �⇤

s↵, where � denote the leptoquark couplings to left-handed
fermions given in Eq. (A.50). The explicit form of �B

↵ in terms of fermion mixing angles reads

�B

↵ =
1

2
sin 2✓LQ sin ✓q3 sin ✓q12

�
sin2 ✓`3 �↵3 + cos2 ✓`3 �↵6 � sin2 ✓`2 �↵2 � cos2 ✓`2 �↵5

�
.

(4.32)

Note that, analogously to the SM case, the flavour parameter �B
↵ has the key property

P
↵
�B
↵ = 0,

related to the unitarity of the flavour rotation matrices (and to the assumed down-aligned flavour
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structure). This property, similarly to the GIM-mechanism in the SM, is essential to render the
loop finite and is required to derive the expression in Eq. (4.30). As a result of this GIM-like
protection, we find that the leptoquark contribution to CLL

bs
receives an additional mass suppression

proportional to M2
L
/M2

U
with respect to the naive dimensional analysis expectation with generic

leptoquark couplings and no vector-like fermions.6 In particular, we find that the NP contribution
to �Ms follows the approximate scaling

CLL

bs ⇠ �R2
D(⇤) M

2
L , (4.33)

and therefore it is completely controlled by ML, for fixed R(D(⇤)) anomaly and leptoquark gauge
coupling. This scaling is made manifest in Fig. 4 where we show the constraints arising from the
leptoquark contribution to CLL

bs
in the MU � sq12 plane, together with the preferred region for

R(D(⇤)), and for different values of ML. The experimental limit on CLL

bs
is obtained using the SM

determination in [96–98]7 and the experimental measurement from [69]. We have

CLL

bs = 1.03± 0.15 . (4.34)

The radial excitation arising from the linear combination of ⌦1 and ⌦3 (see Apps. A.1–A.2)
could also potentially yield dangerous NP contributions not protected by the U(2)q symmetry.
These contributions depend on other parameters (masses and couplings) that are not directly con-
nected to the anomalies and are therefore more model dependent. Moreover, in the phenomeno-
logical limit v3 � v1 we find the coupling of the radial mode to be suppressed by cot�T = v1/v3
(see App. A.3).8 As an estimate of the size of such contributions, we compute the box diagrams
with two radial modes (similar to the ones in Fig. 3 but with the leptoquark replaced by the radial
excitations). Recasting the result in [100] for the up squark box we find in our model

CLL
bs =

1

(VtbV ⇤
ts)2 R

loop
SM

G2
F C2

U M4
3

128⇡2
t�4
�T

s2q2s
2
q3

(
1

m2
L2

⇥
G0(xTR L2 , xTR L2 , 1) (4.35)

�G0(xTR L2 , xTR L2 , xL3 L2)
⇤
+

1
m2

L3

⇥
G0(xTR L3 , xTR L3 , 1)�G0(xTR L3 , xTR L3 , xL2 L3)

⇤
)

,

with xab = m2
a/m

2
b

and the loop function G0 defined in [100]. Assuming typical values for the
model parameters, we estimate that values as small as tan�T & 1.75 are enough to keep this
radial-mode contribution to CLL

bs
to be below 1% and therefore small enough to be ignored. Mixed

contributions involving both the leptoquark and the radial mode are present as well. Assuming
similar sizes for the loop functions and including the cot�T = 1/1.75 suppression in the radial-
mode coupling, we find such contribution to be also sufficiently suppressed to be neglected.

6This GIM-like behaviour has been qualitatively noticed also in a different model presented in Ref. [38]. On the other
hand, models that address the R(D(⇤)) anomaly with scalar leptoquarks do not exhibit this suppression, see Eq. (5.18)
in [45].

7A recent lattice QCD simulation from the Fermilab/MILC collaboration [99] finds a larger central value (and a
smaller error) for the non-perturbative parameter fBs

p
B̂ entering the determination of �Ms. That would imply a 1.8�

tension with respect to the SM and translates into very stringent limits for purely left-handed NP contributions featuring
real couplings [93]. Given the fact that the new lattice result has not been confirmed yet by other collaborations, we
conservatively use the pre-2016 determination in [96].

8Note that in this phenomenological limit purely leptonic transitions mediated by the radial excitations would receive
additional tan�T enhancements. However, we find the bounds from this sector to be significantly smaller and thus they
do not pose any relevant constraint on these effects (see Sec. 4.4).
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Figure 4. Constraints from �Ms at 95% CL using the 2015 SM prediction [96], for different values
of the vector-like lepton mass parameter ML. The 1� and 2� preferred regions by the R(D(⇤))
anomaly are shown in dark and light blue, respectively. We use as input for the model parameters:
g4 = 3.5, sq3 = 0.8, s`3 = 0.8, v3 = 1.75 v1 and �15 = 2.5.

4.3.2 D � D mixing

Following the analysis from UTfit [101, 102], the constraint obtained from D�D transitions can be
expressed in terms of bounds on the Wilson coefficients of the four-fermion effective Hamiltonian

H�C=2
e↵ � CD

1 (cL�µuL)
2 . (4.36)

The latest constraints on CD
1 from UTFit read [101]

Re (CD

1 ) = (0.3± 1.4)⇥ 10�7 TeV�2 ,

Im
�
CD

1

�
= (�0.03± 0.46)⇥ 10�8 TeV�2 .

(4.37)

In our model, NP effects are induced in both the real and the imaginary parts of CD
1 . Also, in

contrast to the Bs mixing case, the model yields contributions both at tree level and at one loop. In
what follows we describe both contributions.

Tree level. The Z 0 and g0 mediate tree-level contributions to the D �D amplitude proportional to
the CKM matrix elements. These are given by

CD

1

��
tree

=
4GFp

2

✓
CZ0 +

Cg0

3

◆
(V ⇤

ub Vcb)
2

✓
sin2 ✓q3 + sin2 ✓q2

V ⇤
us Vcs

V ⇤
ub
Vcb

+ sin2 ✓q1
V ⇤
ud

Vcd

V ⇤
ub
Vcb

◆2

,

(4.38)

with CZ0 and Cg0 defined in Eq. (4.5). Setting ✓q1 = ✓q2 ⌘ ✓q12 and using CKM unitarity, the
expression above simplifies into

CD

1

��
tree

=
4GFp

2

✓
CZ0 +

Cg0

3

◆
(V ⇤

ub Vcb)
2
�
sin2 ✓q3 � sin2 ✓q12

�2
. (4.39)
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ii) Unitarity of the W matrix provides a GIM-like protection similar to that in the SM arising
from CKM unitarity.

In what follows we detail the model contributions to Bs and D mixing.

4.3.1 Bs � Bs mixing

The leading NP contribution to the mixing amplitude is given by the leptoquark box diagrams
shown in Fig. 3. The resulting leptoquark contribution follows a very similar structure as that of
the SM with a W±

µ boson (see e.g. [94]). Defining NP contributions to the Bs meson-anti-meson
mass difference, �Ms, as CLL

bs
⌘ �Ms/�MSM

s � 1, we find
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with ↵ and � running over all the leptons, including the vector-like partners, and where Rloop
SM =p

2GF m2
W

⌘̂B S0(xt)/16⇡2 = 1.34 ⇥ 10�3, with S0(xt) ⇡ 2.37 being the Inami-Lim func-
tion [95]. In this expression F (x↵, x�) is a loop function defined as

F (x↵, x�) =
1

(1� x↵)(1� x�)
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with x↵ = m2
↵/M

2
U

and �B
↵ = �b↵ �⇤

s↵, where � denote the leptoquark couplings to left-handed
fermions given in Eq. (A.50). The explicit form of �B

↵ in terms of fermion mixing angles reads

�B

↵ =
1

2
sin 2✓LQ sin ✓q3 sin ✓q12

�
sin2 ✓`3 �↵3 + cos2 ✓`3 �↵6 � sin2 ✓`2 �↵2 � cos2 ✓`2 �↵5

�
.

(4.32)

Note that, analogously to the SM case, the flavour parameter �B
↵ has the key property

P
↵
�B
↵ = 0,

related to the unitarity of the flavour rotation matrices (and to the assumed down-aligned flavour
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In what follows we detail the model contributions to Bs and D mixing.
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shown in Fig. 3. The resulting leptoquark contribution follows a very similar structure as that of
the SM with a W±
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Note that, analogously to the SM case, the flavour parameter �B
↵ has the key property

P
↵
�B
↵ = 0,

related to the unitarity of the flavour rotation matrices (and to the assumed down-aligned flavour
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Benchmark spectrum

Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.

– 26 –

‘4321’ model

Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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• Peculiar high-pT signatures
• Dominant decays of new fermions 

are 1 > 3

• Exotic multi-lepton & multi-jet signatures
(a) (b) (c)

Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Figure 2. Kinematic distributions in the B rest frame for couplings ranging over C23,3 2 [0.26, 0.66]
(gray regions) with phase space cuts (2.9), for B ! (D⇤

! D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄ (top row) and
B ! D(⌧ ! `⌫̄`⌫⌧ )⌫̄ (bottom row). The blue (red) dashed curves show the SM (SM+W

0 best fit,
C23,3 = 0.46). [JZ: If we put this in appendix, the plots can be bigger?] [DR: This should
be in the main text. Just make them bigger :)]

choosing a phase convention in which Vcb is real. We work in the mass basis, such that

setting i = 2, j = 3, k = 3 in eq. (2.3) generates the operator
�
c̄R�

µ
bR

��
⌧̄R�µNR

�
. The

definition for ⇤e↵ in (2.4) is chosen such that the rate for the B ! D
(⇤)

⌧N̄R decay is

normalized to the SM rate for the B ! D
(⇤)

⌧ ⌫̄ process at C23,3 = 1. The B ! D
(⇤)

⌧ ⌫̄

decays become an incoherent sum of two contributions: from the SM decay, b ! c⌧ ⌫̄⌧ , as

well as from the new decay channel, b ! c⌧N̄R. The NP contributions therefore necessarily

increase the both B ! D
(⇤)

⌧ ⌫̄ branching ratios above the SM expectation, in agreement

with the direction of the experimental observations for R(D(⇤)).
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2 The 4321 model

In this section we summarise the main features of the 4321 model presented in [37] (see also [62]).
Further details are provided in App. A. The goal of the model’s construction is to generate a cou-
pling of the vector leptoquark U ⇠ (3,1, 2/3) mainly to left-handed SM fermions. This allows i)
to match with the model-independent fits to B-anomalies [35, 52] and ii) to tame strong constraints
from chirality-enhanced meson decays into lepton pairs (for an updated analysis see Ref. [63]). To
this end we consider the gauge group G4321 ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, which ex-
tends the SM group G321 ⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y by means of an extra SU(4) factor. The
embedding of colour and hypercharge into G4321 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 G4321/G321 and transforming under G321 as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and
Z 0 ⇠ (1,1, 0). Their definition in terms of the G4321 gauge fields, as well as their masses, are given
in App. A.4.

An important point to be stressed is that the three massive vectors are connected by gauge
symmetry breaking and it is not possible to parametrically decouple the g0 (hereafter called “col-
oron”) and the Z 0 from the leptoquark mass scale. In App. A.5 we show that this feature persists
also in non-minimal scalar sectors responsible for G4321 breaking. Moreover, the peculiar embed-
ding of the SM into G4321 allows for suppressed coupling of the Z 0 and coloron to light quarks
(cf. Sec. A.7). That is not the case in more standard Pati Salam [64] embeddings such as in [38],
where the Z 0 has unsuppressed O(gs) couplings to valence quarks.

The matter content of the model is summarised in Table 1, where we have emphasised with
a grey background the states added on top of the SM-like fields. The new gauge bosons receive a
TeV-scale mass induced by the vacuum expectation value (VEV) of three scalar multiplets: ⌦1 ⇠�
4,1,1,�1/2

�
, ⌦3 ⇠

�
4,3,1, 1/6

�
and ⌦15 ⇠ (15,1,1, 0), responsible for the breaking of

G4321 ! G321. While only ⌦3 would suffice for the breaking, the role of the other fields is of
phenomenological nature as discussed below. By means of a suitable scalar potential (analysed in
App. A.1) it is possible to achieve a VEV configuration ensuring the proper G4321 ! G321 breaking.
After removing the linear combinations corresponding to the would-be Goldstone bosons (GB), the
massive scalar spectrum featuring the radial modes is detailed in App. A.2. The final breaking of
G321 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 to 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 (cf. also Fig. 1).
The vector-like fermions transform under G4321 as  L,R = (Q0

L,R
, L0

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 G321. The vector-like
masses of Q0 and L0 are split by the VEV of ⌦15. The mixing among the left-handed SM-like and

1For a complete list of SU(4) generators see App. A.10.
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2 The 4321 model

In this section we summarise the main features of the 4321 model presented in [37] (see also [62]).
Further details are provided in App. A. The goal of the model’s construction is to generate a cou-
pling of the vector leptoquark U ⇠ (3,1, 2/3) mainly to left-handed SM fermions. This allows i)
to match with the model-independent fits to B-anomalies [35, 52] and ii) to tame strong constraints
from chirality-enhanced meson decays into lepton pairs (for an updated analysis see Ref. [63]). To
this end we consider the gauge group G4321 ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, which ex-
tends the SM group G321 ⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y by means of an extra SU(4) factor. The
embedding of colour and hypercharge into G4321 is defined as SU(3)c = (SU(3)4 ⇥ SU(3)0)diag
and Y =
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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 G4321/G321 and transforming under G321 as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and
Z 0 ⇠ (1,1, 0). Their definition in terms of the G4321 gauge fields, as well as their masses, are given
in App. A.4.

An important point to be stressed is that the three massive vectors are connected by gauge
symmetry breaking and it is not possible to parametrically decouple the g0 (hereafter called “col-
oron”) and the Z 0 from the leptoquark mass scale. In App. A.5 we show that this feature persists
also in non-minimal scalar sectors responsible for G4321 breaking. Moreover, the peculiar embed-
ding of the SM into G4321 allows for suppressed coupling of the Z 0 and coloron to light quarks
(cf. Sec. A.7). That is not the case in more standard Pati Salam [64] embeddings such as in [38],
where the Z 0 has unsuppressed O(gs) couplings to valence quarks.

The matter content of the model is summarised in Table 1, where we have emphasised with
a grey background the states added on top of the SM-like fields. The new gauge bosons receive a
TeV-scale mass induced by the vacuum expectation value (VEV) of three scalar multiplets: ⌦1 ⇠�
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and ⌦15 ⇠ (15,1,1, 0), responsible for the breaking of

G4321 ! G321. While only ⌦3 would suffice for the breaking, the role of the other fields is of
phenomenological nature as discussed below. By means of a suitable scalar potential (analysed in
App. A.1) it is possible to achieve a VEV configuration ensuring the proper G4321 ! G321 breaking.
After removing the linear combinations corresponding to the would-be Goldstone bosons (GB), the
massive scalar spectrum featuring the radial modes is detailed in App. A.2. The final breaking of
G321 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 to 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 (cf. also Fig. 1).
The vector-like fermions transform under G4321 as  L,R = (Q0
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‘3221’ model

vEW

~TeV

Extended gauge symmetry

In each plot, we show the variation in shape over the range C23,3 = 0.46 ± 0.2, and for

the SM (C23,3 = 0). One sees that the variation in shape is small. The variation in other

observables, such as q
2, is not shown, since it is even smaller. This gives us good confi-

dence that the measured R(D(⇤)) in eq. (2.5) well-approximate the values that would be

measured for an SM+W
0 model template.

[todo]Upper bound on mW 0 from the decay width ?

3 Explicit UV completion: The ‘3221’ gauge model

A massive vector requires an ultraviolet completion. A minimal renormalisable and per-

turbative NP model that can accommodate the above explanation of R(D(⇤)) anomaly

through W
0 mediator requires extending both the SM gauge group and the field content.

The new gauge group is SU(3)c ⇥ SU(2)L ⇥ SU(2)V ⇥ U(1)0, while the field content is

extended by a right-handed neutrinos ⌫ 0
R
, and by new vector-like quarks and leptons, Q0

L,R

and L
0
L,R

, as well as a new scalar representation HV responsible for the symmetry breaking

to SM. In the remainder of the Section, we give a detailed account of these extensions,

while the related phenomenology is given in Section 4.

Gauge symmetry and the spontaneous symmetry breaking pattern. The

extended gauge group is taken to be G ⌘ SU(3)c ⇥ SU(2)L ⇥ SU(2)V ⇥ U(1)0. At around

TeV scale, this is spontaneously broken down to the SM gauge group, GSM ⌘ SU(3)c ⇥

SU(2)L ⇥ U(1)Y . Our notation for the gauge fields in the G-symmetric phase is G
a
µ, W

i
µ,

W
0j
µ , and B

0
µ, respectively, with gs, gL, gV , and g

0 the corresponding gauge couplings. The

generators in the fundamental representation of SU(3) (SU(2)) group are �a
/2 (�i

/2) with

�
a (�i) the Gell-Mann (Pauli) matrices, where the indices take values a = 1, . . . , 8, and

i, j = 1, 2, 3. We use the phase convention in which the covariant derivative is, for example

for the scalar field HV ⇠ (1,1,2, 1/2), given by Dµ ⌘ @µ � igV W
0j
µ �

j
/2� ig

0
B

0
µ/2.

The gauge group GSM is spontaneously broken in two steps, first G ! GSM and then

GSM ! U(1)em. The first step of spontaneous symmetry breaking, G ! GSM, occurs when

the scalar HV obtains a nonzero vacuum expectation value (vev),

hHV i =
1
p
2

 
0

vV

!
. (3.1)

This results in three Goldstone modes being eaten by the W 0± and Z
0 gauge bosons, giving

W
0±
µ =

1
p
2
(W 01

µ ⌥ iW
02
µ ) , with mass mW 0 =

gV vV

2
,

Z
0
µ = cos ✓V W

03
µ � sin ✓V B

0
µ , with mass mZ0 =

mW 0

cos ✓V
,

(3.2)

where tan ✓V = g
0
/gV . In the following, we will use the notation

cV ⌘ cos ✓V , sV ⌘ sin ✓V and tV ⌘ tan ✓V . (3.3)

The HV vev breaks SU(2)V ⇥ U(1)0 ! U(1)Y . The unbroken generator, Y = T
3

V
+ Y

0,

corresponds to the massless SM hypercharge gauge boson, Bµ = sV W
03
µ + cV B

0
µ. Here, T

3

V
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3 broken generators 

W’ Z’

2

However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.

III. 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

↵
µ , G

0a
µ ,W

i
µ, B

0
µ the gauge fields, g4, g3, g2, g1

the gauge couplings and T
↵
, T

a
, T

i
, Y

0 the gener-
ators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8,
i = 1, 2, 3. The normalization of the genera-
tors in the fundamental representation is fixed by
TrT↵

T
� = 1

2�
↵� , etc. The color and hyper-

charge factors of the SM gauge group GSM ⌘

SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded in the
following way: 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
3T

15 + Y
0,

with T
15 = 1

2
p
6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.

forming as ⌦3 ! U
⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
4⌦1 under

SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]

h⌦3i =

0

BB@

v3p
2

0 0

0 v3p
2

0

0 0 v3p
2

0 0 0

1

CCA , h⌦1i =

0

BB@

0
0
0
v1p
2

1

CCA , (1)

ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]

MU = 1
2g4

q
v
2
1 + v

2
3 , (2)

Mg0 = 1p
2

q
g
2
4 + g

2
3v3 , (3)

MZ0 = 1
2

q
3
2

q
g
2
4 +

2
3g

2
1

q
v
2
1 +

1
3v

2
3 . (4)

Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read

U
1,2,3
µ =

1
p
2

�
H

9,11,13
µ � iH

10,12,14
µ

�
, (5)

g
0a
µ =

g4H
a
µ � g3G

0a
µp

g
2
4 + g

2
3

, Z
0
µ =

g4H
15
µ �

q
2
3g1B

0
µ

q
g
2
4 +

2
3g

2
1

,

while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking

g
a
µ =

g3H
a
µ + g4G

0a
µp

g
2
4 + g

2
3

, Bµ =

q
2
3g1H

15
µ + g4B

0
µ

q
g
2
4 +

2
3g

2
1

.

The matching with the SM gauge couplings reads

gs =
g4g3p
g
2
4 + g

2
3

, gY =
g4g1q
g
2
4 +

2
3g

2
1

, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the

SSB:

Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W

0 model assuming gq = g`/6
is shown with solid and dotted lines.

Le↵ � �
1

v2
CT�

q
ij (Q̄i

L�µ�
a
Q

j
L)(L̄

3
L�

µ
�
a
L
3
L) , (21)

as

|�
q
sb| . 0.1|Vts| (22)

Let us 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, g4, g3, g2, g1 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 color and hypercharge factors of the SM group GSM ⌘ SU(3)c⇥SU(2)L⇥U(1)Y are em-

bedded in the following way: 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
3T

15+Y
0, with T

15 = 1
2
p
6
diag(1, 1, 1,�3).
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In each plot, we show the variation in shape over the range C23,3 = 0.46 ± 0.2, and for

the SM (C23,3 = 0). One sees that the variation in shape is small. The variation in other

observables, such as q
2, is not shown, since it is even smaller. This gives us good confi-

dence that the measured R(D(⇤)) in eq. (2.5) well-approximate the values that would be

measured for an SM+W
0 model template.

[todo]Upper bound on mW 0 from the decay width ?

3 Explicit UV completion: The ‘3221’ gauge model

A massive vector requires an ultraviolet completion. A minimal renormalisable and per-

turbative NP model that can accommodate the above explanation of R(D(⇤)) anomaly

through W
0 mediator requires extending both the SM gauge group and the field content.

The new gauge group is SU(3)c ⇥ SU(2)L ⇥ SU(2)V ⇥ U(1)0, while the field content is

extended by a right-handed neutrinos ⌫ 0
R
, and by new vector-like quarks and leptons, Q0

L,R

and L
0
L,R

, as well as a new scalar representation HV responsible for the symmetry breaking

to SM. In the remainder of the Section, we give a detailed account of these extensions,

while the related phenomenology is given in Section 4.

Gauge symmetry and the spontaneous symmetry breaking pattern. The

extended gauge group is taken to be G ⌘ SU(3)c ⇥ SU(2)L ⇥ SU(2)V ⇥ U(1)0. At around

TeV scale, this is spontaneously broken down to the SM gauge group, GSM ⌘ SU(3)c ⇥

SU(2)L ⇥ U(1)Y . Our notation for the gauge fields in the G-symmetric phase is G
a
µ, W

i
µ,

W
0j
µ , and B

0
µ, respectively, with gs, gL, gV , and g

0 the corresponding gauge couplings. The

generators in the fundamental representation of SU(3) (SU(2)) group are �a
/2 (�i

/2) with

�
a (�i) the Gell-Mann (Pauli) matrices, where the indices take values a = 1, . . . , 8, and

i, j = 1, 2, 3. We use the phase convention in which the covariant derivative is, for example

for the scalar field HV ⇠ (1,1,2, 1/2), given by Dµ ⌘ @µ � igV W
0j
µ �

j
/2� ig

0
B

0
µ/2.

The gauge group GSM is spontaneously broken in two steps, first G ! GSM and then

GSM ! U(1)em. The first step of spontaneous symmetry breaking, G ! GSM, occurs when

the scalar HV obtains a nonzero vacuum expectation value (vev),

hHV i =
1
p
2

 
0

vV

!
. (3.1)

This results in three Goldstone modes being eaten by the W 0± and Z
0 gauge bosons, giving

W
0±
µ =

1
p
2
(W 01

µ ⌥ iW
02
µ ) , with mass mW 0 =

gV vV

2
,

Z
0
µ = cos ✓V W

03
µ � sin ✓V B

0
µ , with mass mZ0 =

mW 0

cos ✓V
,

(3.2)

where tan ✓V = g
0
/gV . In the following, we will use the notation

cV ⌘ cos ✓V , sV ⌘ sin ✓V and tV ⌘ tan ✓V . (3.3)

The HV vev breaks SU(2)V ⇥ U(1)0 ! U(1)Y . The unbroken generator, Y = T
3

V
+ Y

0,

corresponds to the massless SM hypercharge gauge boson, Bµ = sV W
03
µ + cV B

0
µ. Here, T 3

V

– 6 –

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

L � W
0aµ

J
a
µ (67)

v/

p
CT ⇡ 0.7 TeV (68)

�b⌧ = 1 (69)

W
0
= (1,1,+1) (70)

7

of the final state phase space, and the measured missing invariant mass spectrum in the full

B ! D
(⇤)

`⌫̄ decay chain is not disrupted (in the remainder of the paper we denote ⌫ = NR

or ⌫⌧ ). There are five possible UV completions involving such an additional, SM sterile,

state NR [24] (for earlier partial studies see [14, 15] [JZ: more?]). Here, we focus on

the specific case of a W
0-type mediator, which needs only to carry a nonzero hypercharge.

As such, it may obtain its mass from the spontaneous breaking of an exotic non-Abelian

symmetry. In particular, we show that this mediator may be UV completed within the

so-called ‘3221’ gauge model, and examine the relevant flavor, collider and cosmological

constraints. Such a UV completion is minimal in its NP field content and naturally leads

to the largest NP e↵ects in the b ! c⌧ ⌫̄ transitions.

It is instructive to compare the ‘3221’ model, that we introduce below, to the one of

Ref. [12] (see also [? ]) where W
0 is part of an SU(2)L triplet vector with the nearly

degenerate Z
0, as dictated by the Z-pole observables. The gauge invariance also requires

that the flavor structures of W 0 and Z
0 couplings are related through the SM CKM mix-

ing matrix. In the ‘3221’ model, on the other hand, the observable e↵ects of Z 0 can be

suppressed below the present experimental sensitivity, while at the same time one can still

explain the R(D(⇤)) anomaly through the tree level exchange of the W
0.

The paper is structured as follows [JZ: to be finished]

[JZ: Need to cite somewhere [? ]]

2 The EFT analysis

We assume the SM field content is supplemented by a single new state, the right-handed

sterile neutrino transforming as NR ⇠ (1,1)0 under SU(3)c ⇥SU(2)L ⇥U(1)Y . This state

may couple to the SM quarks via any of the four dimension-6 operators

QSR = ✏ab

�
q̄
a

LdR

��
¯̀b
LNR

�
, QSL =

�
ūRq

a

L

��
¯̀a
LNR

�
,

QT = ✏ab

�
q̄
a

L�
µ⌫
dR

��
¯̀b
L�µ⌫NR

�
, QVR =

�
ūR�

µ
dR

��
ēR�µNR

�
, (2.1)

suppressing for now the generational indices. We focus on the operator QVR. This is

generated in a simplified model by a tree level exchange of the W 0
⇠ (1,1)1 mediator, with

the interaction Lagrangian,

LW 0 =
gV
p
2
c
ij

q ū
i

R
/W

0
d
j

R
+

gV
p
2
c
i

N N̄R /W
0
e
i

R + h.c. , (2.2)

with gV and overall coupling constant, while c
ij
q , c

i

N
coe�cients encode the flavor depen-

dence of W 0 interactions. Restoring the flavor structure to QVR, the b ! c`NR decay then

arises from

LVR =
Cij,k

⇤2

e↵

�
ū
i

R�
µ
d
j

R

��
ē
k

R�µNR

�
, Cij,k =

g
2

V
c
ij
q c

k

N
⇤2

e↵

2m2

W 0
, (2.3)

with i, j, k = 1, . . . , 3 the generation indices. Above we have defined an e↵ective scale

⇤e↵ =
�
2
p
2GFVcb

��1/2
' 0.87 (40⇥ 10�3

/Vcb)
1/2TeV , (2.4)
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Field SU(3)c SU(2)L SU(2)V U(1)0

SM-like chiral fermions

q
0i
L

3 2 1 1/6

`
0i
L

1 2 1 -1/2

u
0i
R

3 1 1 2/3

d
0i
R

3 1 1 -1/3

e
0i
R

1 1 1 -1

⌫
0i
R

1 1 1 0

Extra vector-like fermions

Q
0
L,R

3 1 2 1/6

L
0
L,R

1 1 2 -1/2

Scalars

H 1 2 1 1/2

HV 1 1 2 1/2

Table 1. Matter content of the model in the unbroken phase of gauge group G. The flavour index
i = 1, 2, 3. Singlet representation is denoted with 1, while fundamental of SU(3) (SU(2)) is 3 (2).
The last column shows Y 0 quantum number.

The Z
0 mass is arbitrarily increased in the limit of large j, keeping a fixed, while m

0
W

remains unchanged in that limit.

Matter content. The field content of the model is shown in Table 1. There are three

copies of would-be SM chiral fermion fields, q0
L
, `0

L
, u0

R
, d0

R
, e0

R
, and ⌫

0
R
, with the usual

charges under SU(3)c ⇥ SU(2)L ⇥ U(1)0. In addition, we introduce a single generation

of vector-like fermions, Q0
L,R

⇠ (3,1,2, 1/6) and L
0
L,R

⇠ (1,1,2,�1/2), which decompose

under the SM gauge group as

Q
0
L,R =

 
U

0
L,R

D
0
L,R

!
, L

0
L,R =

 
N

0
L,R

E
0
L,R

!
, (3.9)

where U 0
L,R

⇠ (3,1, 2/3), D0
L,R

⇠ (3,1,�1/3), N 0
L,R

⇠ (1,1, 0), and E
0
L,R

⇠ (1,1, 0) under

GSM.

Yukawa sector. The mixing of the SM-like chiral fermions and vector-like fermions

occurs through the following Yukawa interactions in the Lagrangian,

L � L
SM

Yuk
� �

i

d
Q̄

0
LHV d

0i
R � �

i

uQ̄
0
LH̃V u

0i
R

� �
i

eL̄
0
LHV e

0i
R � �

i

⌫L̄
0
LH̃V ⌫

0i
R

�MQQ̄
0
LQ

0
R �MLL̄

0
LL

0
R + h.c. ,

(3.10)

where the Yukawa interactions between the SM fields are, as usual,

L
SM

Yuk
� �q̄

0
LYdHd

0
R � q̄

0
LYuH̃u

0
R

� ¯̀0
LYeHe

0
R � ¯̀0

LY⌫H̃⌫
0
R + h.c. ,

(3.11)
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occurs through the following Yukawa interactions in the Lagrangian,
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where the Yukawa interactions between the SM fields are, as usual,

L
SM

Yuk
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Matter content
‘3221’ model

FV Z’ couplings uncorrelated!

For quarks, if one is able to expand in vV /MQ, one has [JZ: are we even showing

this?]

c̃
ij

d
/

v
2

V

M
2

Q

�
i

d
�
j

d
, c̃

ij

u /
v
2

V

M
2

Q

�
i

u�
j

u, c
ij

q /
v
2

V

M
2

Q

�
i

u�
j

d
, (4.4)

A hierarchy in �
i

d,u
then translates to a hierarchical structure of the couplings of SM quarks

to Z
0 and W

0 gauge bosons. In the numerical analysis we take vV � MQ ⇠ O, and show

next the resulting scaling for two representative scenarios of the flavor patterns in the

Yukawa couplings, �i

d
,�

i
u, Eq. (3.10).

In flavor-locked 23 model we assume the minimal set of nonzero couplings in order to

explain the b ! c⌧⌫ anomaly. We therefore assume that the new states only couple to cR

and bR in the mass eigenstate basis, so that

�
i

d
⇠ (0, 0, 1), and �

i

u ⇠ (0, 1, 0). (4.5)

We are interested in the limit vV � mQ. For concreteness, we take mQ/vV ⇠ �, and

mQ ⇠ vEW, in which case one obtains for the couplings in (4.1)

c̃
ij

d
⇠

⇣1
2
+ s

2

V

1

6

⌘
0

B@
0 0 0

0 0 0

0 0 1

1

CA+
1

3
s
2

V

0

B@
1 0 0

0 1 0

0 0 �
2

1

CA ,

c̃
ij

u ⇠

⇣1
2
� s

2

V

1

6

⌘
0

B@
0 0 0

0 1 0

0 0 0

1

CA+
2

3
s
2

V

0

B@
1 0 0

0 �
2 0

0 0 1

1

CA , [FL-23],

c
ij

q ⇠

0

B@
0 0 0

0 0 1

0 0 0

1

CA .

(4.6)

Above we assumed that the SM Yukawa structure is aligned for the right-handed fields,

i.e., that no right-handed rotations are needed to diagonalize them. If we instead assume

that the flavor structures comes from a Froggatt-Nielsen model (see below), some of the

entries that become nonzero. They are at most of O(�4), and in most cases actually well

below this size, and can still be safely ignored.

The Froggatt-Nielsen inspired flavor structure. The FN models of flavor explain the hi-

erarchy of quark masses through di↵erent horizontal charges of the SM quarks,H(ui
R
), H(di

R
),

H(q̄i
L
). The SM Yukawa couplings in (3.11) are then parametrically

(Yd)ij ⇠ �
|H(q̄

i
)+H(d

j
R)|

, (Yu)ij ⇠ �
|H(q̄

i
)+H(u

j
R)|

, (4.7)

with � ' sin ✓C = 0.23, where ✓C is the Cabibbo mixing angle, and we do not display

unknown O(1) prefactors. We use the following assignment of horizontal charges [32],

H({q̄1L, q̄
2

L, q̄
3

L;u
1

R, u
2

R, u
3

R; d
1

R, d
2

R, d
3

R}) = {3, 2, 0; 3, 1, 0; 2, 1, 1}. (4.8)

which leads to a phenomenologically satisfactory pattern of quark masses and CKM mixing

angles in the moderate tan� ' 1/� limit of a two Higgs doublet model. The Yukawa
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Above we assumed that the SM Yukawa structure is aligned for the right-handed fields,

i.e., that no right-handed rotations are needed to diagonalize them. If we instead assume
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with � ' sin ✓C = 0.23, where ✓C is the Cabibbo mixing angle, and we do not display

unknown O(1) prefactors. We use the following assignment of horizontal charges [32],

H({q̄1L, q̄
2

L, q̄
3

L;u
1

R, u
2

R, u
3

R; d
1

R, d
2

R, d
3

R}) = {3, 2, 0; 3, 1, 0; 2, 1, 1}. (4.8)
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.

III. GAUGE LEPTOQUARK MODEL

Let us consider the gauge group G ⌘ SU(4) ⇥
SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respectively
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the gauge couplings and T
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i
, Y

0 the gener-
ators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8,
i = 1, 2, 3. The normalization of the genera-
tors in the fundamental representation is fixed by
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T
� = 1

2�
↵� , etc. The color and hyper-

charge factors of the SM gauge group GSM ⌘

SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded in the
following way: 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 =
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with T
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diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.

forming as ⌦3 ! U
⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
4⌦1 under

SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]
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ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]
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Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read
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while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking
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The matching with the SM gauge couplings reads
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
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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 Gold-
stone bosons, the scalar spectrum features a real
color octet, two real and one pseudo-real SM sin-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]

MU = 1
2g4

q
v
2
1 + v

2
3 , (2)

Mg0 = 1p
2

q
g
2
4 + g

2
3v3 , (3)

MZ0 = 1
2

q
3
2

q
g
2
4 +

2
3g

2
1

q
v
2
1 +

1
3v

2
3 . (4)

Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read

U
1,2,3
µ =

1
p
2

�
H

9,11,13
µ � iH

10,12,14
µ

�
, (5)

g
0a
µ =

g4H
a
µ � g3G

0a
µp

g
2
4 + g

2
3

, Z
0
µ =

g4H
15
µ �

q
2
3g1B

0
µ

q
g
2
4 +

2
3g

2
1

,

while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking

g
a
µ =

g3H
a
µ + g4G

0a
µp

g
2
4 + g

2
3

, Bµ =

q
2
3g1H

15
µ + g4B

0
µ

q
g
2
4 +

2
3g

2
1

.

The matching with the SM gauge couplings reads

gs =
g4g3p
g
2
4 + g

2
3

, gY =
g4g1q
g
2
4 +

2
3g

2
1

, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the

2

However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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acquiring a vev hHi = 1p
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g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.
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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 final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (1, 1, 2, 1/2) of G and
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.
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multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
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as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
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B-anomalies, while keeping the model phenomeno-
logically viable.

III. 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

↵
µ , G

0a
µ ,W

i
µ, B

0
µ the gauge fields, g4, g3, g2, g1

the gauge couplings and T
↵
, T

a
, T

i
, Y

0 the gener-
ators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8,
i = 1, 2, 3. The normalization of the genera-
tors in the fundamental representation is fixed by
TrT↵

T
� = 1

2�
↵� , etc. The color and hyper-

charge factors of the SM gauge group GSM ⌘

SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded in the
following way: 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
3T

15 + Y
0,

with T
15 = 1

2
p
6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.

forming as ⌦3 ! U
⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
4⌦1 under

SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]

h⌦3i =

0

BB@

v3p
2

0 0

0 v3p
2

0

0 0 v3p
2

0 0 0

1

CCA , h⌦1i =

0

BB@

0
0
0
v1p
2

1

CCA , (1)

ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]

MU = 1
2g4

q
v
2
1 + v

2
3 , (2)

Mg0 = 1p
2

q
g
2
4 + g

2
3v3 , (3)

MZ0 = 1
2

q
3
2

q
g
2
4 +

2
3g

2
1

q
v
2
1 +

1
3v

2
3 . (4)

Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read

U
1,2,3
µ =

1
p
2

�
H

9,11,13
µ � iH

10,12,14
µ

�
, (5)

g
0a
µ =

g4H
a
µ � g3G

0a
µp

g
2
4 + g

2
3

, Z
0
µ =

g4H
15
µ �

q
2
3g1B

0
µ

q
g
2
4 +

2
3g

2
1

,

while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking

g
a
µ =

g3H
a
µ + g4G

0a
µp

g
2
4 + g

2
3

, Bµ =

q
2
3g1H

15
µ + g4B

0
µ

q
g
2
4 +

2
3g

2
1

.

The matching with the SM gauge couplings reads

gs =
g4g3p
g
2
4 + g

2
3

, gY =
g4g1q
g
2
4 +

2
3g

2
1

, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
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and g1 = 0.365.
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group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
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implement the necessary flavour structure to fit the
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the mixing discussed below), are charged under the
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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and g1 = 0.365.
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100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
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still not be enough for RD(⇤) , due to the presence of
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group of two SU(3) factors, as originally proposed
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generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
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implement the necessary flavour structure to fit the
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
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unsuppressed O(gs) couplings to SM fermions 2.
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sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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and g1 = 0.365.
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where gs = 1.02 and gY = 0.363 are the values
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Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W
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However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(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 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark 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 be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.

III. GAUGE LEPTOQUARK MODEL

Let us consider the gauge group G ⌘ SU(4) ⇥
SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respectively
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The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =
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4, 3, 1, 1/6
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and
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, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.
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SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]
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ensuring the proper G ! GSM breaking. Un-
der GSM 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-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (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 mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]
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Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read
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while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking
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The matching with the SM gauge couplings reads
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the

‘4321’ model [Di Luzio, AG, Nardecchia], 
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