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Semi-leptonic CC

! Important playground for ßavour physics"
CKM determination, hadronic matrix elements#

! Tree-level W exchange in the SM:"
ÒNP-freeÓ - To be reconsidered in view of ongoing B-anomalies#

! BSM perspective: "
Sizeable non-standard effects in Taus are motivated"
e.g. TeV scale dynamics + U(2) ßavour symmetry
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- TeV scale dynamics still motivated 
and not fully explored territory

- I will focus on Taus in this talk

- U(2) is a good approximate global symmetry of the SM#
- Admits TeV scale dynamics / protects dangerous FCNC#
- Admits solutions to the ßavour puzzle, i.e. the peculiar Yukawa structure
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Low/High p T Interplay

¥ The same underlying 4-point function!
- albeit different kinematical regime

ui

dj

!

" !

¥ Rather generic / model-independent

¥ Current status: Competitive limits at high-pT

¥ Future: Improvements at both frontiers!
(LHCb & Belle II) vs (ATLAS & CMS)

New opportunity: Harvesting the large statistics at highest collider energies

QCD

mW

Terra 
incognita 

TeVpp ! ! "

M ! M"!! "
M ! ! "
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Low/High p T Interplay
New opportunity: Harvesting the large statistics at highest collider energies

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 ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst 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 ( øQi

L �µ�
aQj

L )( øL "
L �

µ�aL #
L ) + CS ( øQi

L �µQj
L )( øL "

L �
µL #

L )
i

, (1)

where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is

Qi
L =

✓
V ⇤

ji uj
L

di
L

◆
, L "

L =
✓
⌫"

L
`"

L

◆
. (2)

A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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New opportunity: Harvesting the large statistics at highest collider energies

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 ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst hypothesis listed above, we consider the following e#ective Lagrangian at
a scale" above the electroweak scale

Le↵ = LSM #
1
v2
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where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is

Qi
L =
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A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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' Vij (
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the discussion su! ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

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

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

2. the ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst hypothesis listed above, we consider the following e#ective Lagrangian at
a scale" above the electroweak scale

Le↵ = LSM #
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where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is
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A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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the discussion su! ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

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

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

2. the ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst hypothesis listed above, we consider the following e#ective Lagrangian at
a scale" above the electroweak scale
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where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is

Qi
L =
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V ⇤
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A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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* Vij (
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the discussion su! ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

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

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

2. the ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst hypothesis listed above, we consider the following e#ective Lagrangian at
a scale" above the electroweak scale
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where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is
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A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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the discussion su! ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

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

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

2. the ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst 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 ( øQi

L �µ�
aQj

L )( øL "
L �

µ�aL #
L ) + CS ( øQi

L �µQj
L )( øL "

L �
µL #

L )
i

, (1)

where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is
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A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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the discussion su! ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

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

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

2. the ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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 Þrst hypothesis listed above, we consider the following e#ective Lagrangian at
a scale" above the electroweak scale
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where v $ 246 GeV. For simplicity, the deÞnition of the EFT cuto# scale and the normalisation
of the two operators is reabsorbed in the ßavour-blind adimensional coe! cients CS and CT .

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

"# and follows
from the assumedU(2)q ! U(2)! ßavour symmetry and its breaking. The ßavour symmetry
is deÞned as follows: the Þrst two generations of left-handed quarks and leptons transform as
doublets under the correspondingU(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 ßavour 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 beVq % (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 ßavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed Þelds is
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A detailed discussion about the most general ßavour structure of the semi-leptonic operators
compatible with the U(2)q ! U(2)! ßavour symmetry and the assumed symmetry-breaking terms
is presented in AppendixA. The main points can be summarised as follows:
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the discussion su! ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

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

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

2. the ßavour structure is determined by the U(2)q ! U(2)! ßavour symmetry, minimally
broken by two spurions Vq " (2, 1) and V! " (1, 2);

3. operators containing ßavour-blind contractions of the light Þelds have vanishing Wilson
coe! cients.

We Þrst 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.
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We investigate the interplay between semi-tauonic B-meson decays and high-pT mono-taus (⌧h
+ MET) to uncover flavor violation beyond the Standard Model. Using e↵ective field theory and
explicit simplified models, we identify rather general correlations of new physics in low energy
b ! c(u)⌧⌫ transitions and inclusive pp ! ⌧⌫X process at high-pT . By recasting the latest ATLAS
and CMS searches, we set limits on the exhaustive set of e↵ective new physics operators, as well
as, on the corresponding heavy mediators, such as W ! and leptoquarks. The key finding is that
the sensitivity of the present LHC data is already comparable to the one inferred from B-decays.
Our results put under scrutiny several models recently put forth to address anomalies in RD( ⇤)

observables.

Introduction: Branching fractions of semi-tauonic B -
meson decays, measured through the ratios RD( ⇤) =
�(B ! D (⇤)⌧⌫)/ �(B ! D (⇤)`⌫) (with ` = e or µ), ap-
pear to be enhanced with respect to the Standard Model
(SM) by a thirty percent and with a global significance
of ⇠ 4� [1–11]. This anomaly suggests the presence of
new interactions violating lepton universality, and it has
been addressed in many di↵erent models beyond the SM
(BSM) involving new colorless vector (W 0) [12–16] and
scalar (Higgs) [17–21] particles, or leptoquarks [22–38]
with masses in the TeV range. Besides confirming these
tantalizing measurements at the LHCb and Belle II ex-
periments, the most immediate question is what are the
other observables and high-pT signatures in which one
could eventually discover, or rule out, these New Physics
(NP) at the LHC [39–41] Complete references. [42]

From a bottom-up perspective the analysis of the RD( ⇤)

anomalies involves two di↵erent aspects of generality:
First, concerning the Lorentz structure of the e↵ective
operators that are needed for describing the e↵ects of
NP at the low energies where this process takes place.
Di↵erent operators are UV-completed by di↵erent heavy
particles, introducing a first criterion for model selec-
tion. Further discrimination criteria can be introduced
with low-energy data alone, by using other observables in
b! c⌧⌫ transitions, like the (semi)tauonic decay rates of
di↵erent channels [43–46] or the corresponding kinematic
distributions [47–52].

Secondly, concerning the structure of the new contribu-
tions in flavor space, since they involve new sources of fla-
vor violation both in the quark and lepton sectors, which
are expected to leave an imprint also in other processes.
The fact that most of flavor data is consistent with the
SM suggests that such NP must couple mainly to third
quark and lepton generations [23, 53–59]. Nonetheless, in
general, and without the guidance of a theory of flavor,
models addressing the anomalies have freedom in the way
they implement couplings in flavor space. This hinders
conclusive tests by measuring other weak hadron decays
or defining clear direct-search strategies at the LHC.

FIG. 1. Illustration of the complementarity in b ! c⌧⌫ transi-
tions as measured in B meson decays and inclusive production
of ⌧+MET of high-pT LHC.

The aim of this paper is to discuss and explore in detail
the phenomenology of a collider signature that should
be produced at the LHC by any model addressing the
RD( ⇤) anomalies with heavy mediators. The main idea,
illustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the BSM crossing symmetry univo-
cally connects the anomalies to the partonic processes
b̄c ! ⌧�⌫̄ and b̄c ! ⌧+⌫ [60–63]. As we demonstrate
in this letter, the analysis of pp ! ⌧⌫X at the LHC
already exclude broad classes of models addressing the
anomalies while o↵ers a no-lose “theorem” for the direct
discovery of NP at the LHC, were the RD( ⇤) anomalies
to be peremptorily confirmed in the future. Furthermore,
we show how these analyses at the LHC also constrain
operators involving semitauonic b ! u transitions with
bounds that are currently competitive, or even better,
than those obtained in B decays.

E↵ective-field theory: In order to analyse the possible
NP scenarios systematically in a bottom-up approach, we
start with a low-energy e↵ective field theory (EFT) de-
scribing semi-tauonic charged-current b! ui transitions
(with ui equal up or charm) at energy scales of the order
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Figure 3: (Left) The mT distribution after the Þnal selection. The black symbols with error bars
show data, while the Þlled histograms represent the SM backgrounds. Signal examples for SSM
W! bosons with masses of 0.6, 1.0, 4.0, and 5.0 TeV are shown with the open histograms. (Right)
The integral transverse mass distribution, where the value in each bin is equal to the number of
events with transverse mass equal to or greater than the left of the bin. The lower panels show
the ratio of data to prediction, and the gray band represents the systematic uncertainties.

Þlling each bin of the histogram with the sum of that bin and all following bins. The systematic
uncertainties, which are detailed in Section 7, are illustrated as a grey band in the lower panels
of the plots. The product of the signal efÞciency and acceptance for SSM W! " !" events
depends on the W! boson mass. The total signal efÞciency for the studied range of mT >
300 GeV varies from 14% to about 24% asMW! increases from 1 to 3 TeV. For higher W! boson
masses, events shift to lower mT because of the increasing fraction of off-shell production (as
shown in Fig. 3 for a few signal mass points). For example, for a W ! boson with a mass of
5 TeV, the total signal efÞciency is around 17%. Within a ± 25% mass range around the MW!

the efÞciency of an SSM W! is around 5% for MW! = 1 TeV, 5% for MW! = 3 TeV, and 2%
for MW! = 5 TeV. The trigger threshold affects the signal efÞciency in the low-mass range.
These efÞciency values are obtained assuming the W! " !" branching fraction to be unity. The
efÞciency values are estimated using simulated events where the ! lepton decays hadronically.

The dominant background is from the off-shell tail of the mT distribution of the SM W boson,
and is obtained from simulation. The background contributions from Z (" "" ) + jets and QCD
multijet events are also obtained from simulation. These backgrounds primarily arise as a con-
sequence of jets misidentiÞed as! h candidates. The contribution of QCD multijet background
is small compared to Z (" "" ) + jets in the signal region. Following the strategy in Ref. [46],
to ensure that the misidentiÞed tau background is simulated properly, the agreement between
data and simulation is checked in a control region dominated by Z (" µµ) + jets events, where
a jet is misidentiÞed as a ! h candidate. The pmiss

T is recalculated excluding the muons from
the Z decay in order to reproduce the pmiss

T distribution of Z " "" events. SpeciÞcally, the
control region is deÞned as follows. Events are selected online using a dimuon trigger with
muon pT thresholds of 17 and 8 GeV. They must contain two oppositely charged muons with
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Figure 1: Transverse mass distribution after the event selection. The total impact of the statistical and systematic
uncertainties on the SM background is depicted by the hatched area. The ratio of the data to the estimated SM
background is shown in the lower panel. The prediction forW0

SSM andW0
NU (cot �NU = 5.5) bosons with masses of

3 TeV are superimposed.

To reduce the impact of statistical ßuctuations in the jet background estimate, a functionf (mT) =
ma+b logmT

T , wherea andb are free parameters, is Þtted to the estimate in the range400 < mT < 800 GeV
and is used to evaluate the jet background in the rangemT > 500 GeV. The impact of altering the Þt range
leads to an uncertainty that increases withmT, reaching 50% atmT = 2 TeV. The statistical uncertainty
from the control regions is propagated using pseudo-experiments and also reaches 50% atmT = 2 TeV.

Figure1 shows the observedmT distribution of the data after event selection, including the estimated
SM background contributions and predictions forW0

SSM andW0
NU (cot �NU = 5.5) bosons with masses

of 3 TeV. The number of observed events is consistent with the expected SM background. Therefore,
upper limits are set on the production of a high-mass resonance decaying to⌧⌫. The statistical analysis
uses a likelihood function constructed as the Poisson probability describing the total number of observed
events given the signal-plus-background expectation. Systematic uncertainties in the expected number
of events are incorporated into the likelihood via nuisance parameters constrained by Gaussian prior
probability density distributions. Correlations between signal and background are taken into account. A
signal-strength parameter, with a uniform prior probability density distribution, multiplies the expected
signal. The dominant relative uncertainties in the expected signal and background contributions are shown
in Figure2 as a function of themT threshold.

Limits are set at the 95% credibility level (CL) using the Bayesian Analysis Toolkit [60]. Figure3 shows
the model-independent upper limits on the visible⌧⌫ production cross section,�(pp! ⌧⌫ + X) · A · ",
as a function of themT threshold, whereA is the Þducial acceptance (including themT threshold) and" is
the reconstruction e! ciency. Model-speciÞc limits can be derived by evaluating�, A and" for the model
in question and checking if the corresponding visible cross section is excluded at anymT threshold. This
allows the results to be reinterpreted for a broad range of models, regardless of theirmT distribution. Good
agreement between the generated and reconstructedmT distributions is found, indicating that a reliable
calculation of themT threshold acceptance can be made at generator level. The reconstruction e! ciency

5

¥ We recast the latest hadronic Tau + MET searches

Z ! ! + ! ! (81)

pp ! "+ "! (82)

pp ! !# (83)

8

MadGraph5 AMC@NLO v2.6.1 > Pythia 8 v8.230 > Delphes v3.4.1
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FIG. 1: Model-independent connection betweenRD ( ! ) anomalies measured at low-energies (left) and searches of resonances in
! (pp ! "#X ) at highpT (right).

analysis of the expected signal strength which shows that the current searches are already sensitive to the effects of the NP in
RD ( ! ) , up to the point where it starts discriminating among the possible solutions. Nonetheless, the EFT analysis breaks down
for masses of the mediators close to the energies of the process. Therefore, in a second step, in Sec. II B, II C, II D, we UV-
complete the different effective operators in terms of heavy colorless vector (W !) and scalar (Higgs) mediators, or leptoquarks,
and study the constraints in the coupling-mass plots. Finally, in Sec III we present projections for the High-Luminosity phase of
the LHC and a possible High-Energy phase running at 28 TeV, and show how these searches provide a promissing venue for the
direct discovery (or conclusive ruling out) of the NP responsible for theRD ( ! ) anomaly at the LHC.

I. EFFECTIVE LAGRANGIANS AND SIMPLIFIED MODELS FOR SEARCHES AT THE LHC

A. Effective Field Theory

In order to analyse the possible NP scenarios systematically in a bottom-up approach, we start with a low-energy effective Þeld
theory (LEEFT) describing semitauonic charged-current transitions at energy scales of the order of theb-quark mass [71, 72],

L LEEFT " #
2Vkl

v2

!
"

1 + $kl !
L

#
ø"%µ PL #! áøuk %µ PL dl + $kl !

R ø"%µ PL #! áøuk %µ PR dl

+ $kl !
T ø" ! µ " PL #! áøuk ! µ " PL d + $kl !

SL
ø" PL #! áøuk PL dl + $kl !

SR
ø" PL #! áøuk PR dl

$

+ h .c., (1)

where subindices label quark ßavor in the physical mass basis,PL,R are the chiral projectors,! µ " = i/ 2[%µ , %" ] and we have
usedGF = 1 / (

$
2v2) with v = 246 GeV the electroweak symmetry breaking (EWSB) scale. Light right-handed neutrinos can

be added straighforwardly to the above list by the replacementsPL ! PR in the leptonic currents and$! ! ÷$! in labeling the
Wilson coefÞcients. None of these operators with#R interfere with the SM for vanishing neutrino masses.

TABLE I: Values of the Wilson coefÞcients atµ = mb of the LEEFT Lagrangian of eq. (1) forb ! c"# transitions Þtted to the
current values ofRD ( ! ) . For the theoretical analysis we follow ref. [56].

Left-handedTensor Scalar-Tensor Right-handed

! cb!
L ! cb!

T ! cb!
SL

! cb!
T ÷! cb!

R

0.11(2) 0.37(1) 0.18(7) ! 0.042(10) 0.48(6)

Out of the ten possible operators forb ! c"# transitions, only those with$cb!
L , $cb!

T (possibly with an admixture of$cb!
SL

) and
÷$cb!

R have been shown to explain the measurements ofRD ( ! ) at the same time as being consistent with all other low-energy data
such as the kinematic distributions [73] in the corresponding decays or constraints on theBc ! "# branching fraction [48, 50].

Z ! ! + ! ! (81)

pp ! "+ "! (82)

pp ! !# (83)
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LHC is sensitive to NP scenarios addressing anomalies!

ÒNo-loose theoremÓ for the discovery of NP at the LHC
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analysis of the expected signal strength which shows that the current searches are already sensitive to the effects of the NP in
RD ( ! ) , up to the point where it starts discriminating among the possible solutions. Nonetheless, the EFT analysis breaks down
for masses of the mediators close to the energies of the process. Therefore, in a second step, in Sec. II B, II C, II D, we UV-
complete the different effective operators in terms of heavy colorless vector (W !) and scalar (Higgs) mediators, or leptoquarks,
and study the constraints in the coupling-mass plots. Finally, in Sec III we present projections for the High-Luminosity phase of
the LHC and a possible High-Energy phase running at 28 TeV, and show how these searches provide a promissing venue for the
direct discovery (or conclusive ruling out) of the NP responsible for theRD ( ! ) anomaly at the LHC.

I. EFFECTIVE LAGRANGIANS AND SIMPLIFIED MODELS FOR SEARCHES AT THE LHC

A. Effective Field Theory

In order to analyse the possible NP scenarios systematically in a bottom-up approach, we start with a low-energy effective Þeld
theory (LEEFT) describing semitauonic charged-current transitions at energy scales of the order of theb-quark mass [71, 72],
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where subindices label quark ßavor in the physical mass basis,PL,R are the chiral projectors,! µ " = i/ 2[%µ , %" ] and we have
usedGF = 1 / (

$
2v2) with v = 246 GeV the electroweak symmetry breaking (EWSB) scale. Light right-handed neutrinos can

be added straighforwardly to the above list by the replacementsPL ! PR in the leptonic currents and$! ! ÷$! in labeling the
Wilson coefÞcients. None of these operators with#R interfere with the SM for vanishing neutrino masses.

TABLE I: Values of the Wilson coefÞcients atµ = mb of the LEEFT Lagrangian of eq. (1) forb ! c"# transitions Þtted to the
current values ofRD ( ! ) . For the theoretical analysis we follow ref. [56].

Left-handedTensor Scalar-Tensor Right-handed

! cb!
L ! cb!

T ! cb!
SL

! cb!
T ÷! cb!

R

0.11(2) 0.37(1) 0.18(7) ! 0.042(10) 0.48(6)

Out of the ten possible operators forb ! c"# transitions, only those with$cb!
L , $cb!

T (possibly with an admixture of$cb!
SL

) and
÷$cb!

R have been shown to explain the measurements ofRD ( ! ) at the same time as being consistent with all other low-energy data
such as the kinematic distributions [73] in the corresponding decays or constraints on theBc ! "# branching fraction [48, 50].
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range will be accessible with ⇠ 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L � gc c̄�µPL,R⌫ U

µ
1 + gb b̄�µPL,R⌧ U

µ
1 ).

Similar plots for the other LQ have been presented else-
where [96].

The W
" completion: The left-handed solution can

be completed by a new massive spin-1 real SU(2)L triplet
vector, W "

L = (1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z

" boson nearly de-
generate to W

"± ) leads to dangerous tree-level e↵ects
in neutral meson mixing. The flavour structure that
keeps the contribution in �F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bb̄ ! Z

"
! ⌧

+
⌧

! . Recast of the ATLAS ⌧
+
⌧

! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the model’s perturbative parame-
ter space explaining the anomaly, requiring the Z

" to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W

"
R = (1, 1,+1), and a relatively light right-

handed neutrino that induces the right-handed solution
to RD(⇤) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z

" boson with flavor violating e↵ects com-
pletely decoupled from RD(⇤) due to the lack of SU(2)L
relations.

The relevant W
" interactions are defined as, L �

gbc c̄�
µ
PL,RbW

"
µ+g⌧⌫ ⌫̄�

µ
PL,R⌧ W

"
µ +h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same specifications as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di↵erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW 0 = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "

bc and W
"
⌧⌫ vertices, and confront it

with the fit results from RD(⇤) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to �W 0 . 0.5MW 0 .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude the W

"
R models in the

pertubatively calculable parameter space explaining the
anomaly, |gbcg#

⌧⌫ |/M
2
W 0 ⇡ (0.6± 0.1) TeV! 2. This quan-

tity is ⇡ (0.14±0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by the Z"

! ⌧
+
⌧

! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W

" mass region as the signal tends to hide in the

large SM background. Robust lower limits of & 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are significantly improved by the electroweak
pp ! W

"+
W

"! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp ! ⌧⌫ searches at previous pp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the final jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b ! u transitions: NP mod-
els addressing RD(⇤) are expected to contribute to semi-
tauonic transitions other than b ! c, and to neutral-
current processes via SU(2)L symmetry (e.g. for the LQ
or W "

L). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional flavor structures can only
enhance the pp ! ⌧⌫ signal [103]. Thus, the bounds ob-
tained above are conservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb�1) 0.48 0.84 0.23

HL-LHC 0.21 0.37 0.10

We explore this issue by repeating our analysis for
b ! u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a↵ected by
NP addressing RD(⇤) . Experimentally, branching frac-
tions of B ! ⌧⌫ have been measured, showing a slight
excess over the SM at ⇠ 1.5�, while there is only an up-
per limit on the semi-tauonic decay B

0
! ⇡

!
⌧
+
⌫. In

Tab. III, we show the bounds on the di↵erent structures
that are obtained from pp ! ⌧⌫X at the LHC, assuming
that these are the only active flavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/|Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B

0
! ⇡

!
⌧
+
⌫ [104], �1.25 . ✏

ub
T . 0.57 and

�1.75 . ✏
ub
SL

+ ✏
ub
SR

. 0.94 at 2�, using the form factors
from lattice QCD calculations [105, 106].

Conclusions and discussion: We have discussed
in detail the consequences of the univocal connection be-
tween the semi-tauonic B decays and the pp ! ⌧hX +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key findings can be summarized as fol-
lows: First, the current data at 13 TeV on W

" searches,
consisting of roughly ⇠ 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing the RD(⇤)

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed by W

"
R or LQ, are ex-

cluded at more than 2� for most of masses. Second, the
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mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W 0
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1,3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "±) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1,1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " . 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of& 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
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the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
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Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )
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additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#
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tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub
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Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
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keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1
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relations.

The relevant W " interactions are deÞned as,L "
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and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "
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A potential caveat could be the loss of sensitivity in
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Another promising direction to close this window is to
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gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
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els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
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pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
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tained above areconservative in the sense that they can
only be stronger in realistic models of NP.
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We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
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that are obtained from pp # #"X at the LHC, assuming
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(S1 or U1) and scalar-tensor (S1) scenarios are not being
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range will be accessible with ⇠ 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
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The W
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be completed by a new massive spin-1 real SU(2)L triplet
vector, W "

L = (1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z
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generate to W
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rality is inaccessible in our present analysis. We perform
simulations using the same specifications as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di↵erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
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bined in quadrature range from roughly 10% (30%) for
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is rather general, and it does not require to specify any
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is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to �W 0 . 0.5MW 0 .
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for observed (expected), exclude the W
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Another promising direction to close this window is to
study pp ! ⌧⌫ searches at previous pp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the final jets [36]. Some sensitivity is
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pact on the mono-tau signal at the LHC, we conclude
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LHC combined 0.72 1.23 0.34
LHC (150 fb�1) 0.48 0.84 0.23

HL-LHC 0.21 0.37 0.10

We explore this issue by repeating our analysis for
b ! u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a↵ected by
NP addressing RD(⇤) . Experimentally, branching frac-
tions of B ! ⌧⌫ have been measured, showing a slight
excess over the SM at ⇠ 1.5�, while there is only an up-
per limit on the semi-tauonic decay B

0
! ⇡

!
⌧
+
⌫. In

Tab. III, we show the bounds on the di↵erent structures
that are obtained from pp ! ⌧⌫X at the LHC, assuming
that these are the only active flavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/|Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B
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⌧
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⌫ [104], �1.25 . ✏
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. 0.94 at 2�, using the form factors
from lattice QCD calculations [105, 106].

Conclusions and discussion: We have discussed
in detail the consequences of the univocal connection be-
tween the semi-tauonic B decays and the pp ! ⌧hX +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key findings can be summarized as fol-
lows: First, the current data at 13 TeV on W

" searches,
consisting of roughly ⇠ 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing the RD(⇤)

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed by W

"
R or LQ, are ex-

cluded at more than 2� for most of masses. Second, the
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range will be accessible with ⇠ 150 fb�1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L � gc c̄! µPL,R " U

µ
1 + gb b̄! µPL,R #U

µ
1 ).

Similar plots for the other LQ have been presented else-
where [96].

The W
0 completion: The left-handed solution can

be completed by a new massive spin-1 real SU(2)L triplet
vector, W 0

L = (1,3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z

0 boson nearly de-
generate to W

0±) leads to dangerous tree-level e! ects
in neutral meson mixing. The flavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V �1

cb ) enhancement in
bb̄ ! Z

0
! #+ #�. Recast of the ATLAS #+ #� search

with 3.2 fb�1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the model’s perturbative parame-
ter space explaining the anomaly, requiring the Z

0 to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W

0
R = (1,1,+1), and a relatively light right-

handed neutrino that induces the right-handed solution
to RD (! ) [64, 65] (see also [99, 100]). Explicit UV models
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rality is inaccessible in our present analysis. We perform
simulations using the same specifications as for the EFT,
for several W 0 masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
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is rather general, and it does not require to specify any
additional W 0 decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5MW " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude the W
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A potential caveat could be the loss of sensitivity in
the low W
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experiment are significantly improved by the electroweak
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Another promising direction to close this window is to
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ticular, LHC bounds are currently better than the ones
derived from B

0
! %�#+ " [104], �1.25 ! &ub

T ! 0.57 and
�1.75 ! &ub

SL
+ &ub

SR
! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonic B decays and the pp ! #hX +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key findings can be summarized as fol-
lows: First , the current data at 13 TeV on W

0 searches,
consisting of roughly ⇠ 36 fb�1 per collaboration, is
already sensitive to NP scenarios addressing the RD (! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed by W

0
R or LQ, are ex-

cluded at more than 2$ for most of masses. Second, the

RH WÕ models: !
[Asadi, Buckley, Shih] 1804.04135
[AG, Robinson, Shakya, Zupan] 1804.04642

LH WÕ models: !
[AG, Isidori, Marzocca] 1506.01705

! !

!"#$%&'(&)*+"$',%-"+

-09-

./$"0&1$"'%2$'$3"'3"145'4"#$%&67'

89:;<'1/%=1+5'>)$

- Greljo, Isidori, Marzocca JHEP 1507(2015)142
- Pappadopulo et al. JHEP 1409 (2014) 060

?%/6$&1)/$67

@'ABCD7'

=166'6*+)$$)/0'%>'D:EF<

@'GAC'#%/6$&1)/$6'%/'#31&0"-'*1)&'*&%-2#$)%/7

@'?C'4)%+1$)%/''''''''''=)H)/07'

WÕ

c

b

!

"

(Z øqq)ij !

!

"
1 0 0
0 1 V !

ts
0 Vts 1

#

$ , CDµ
ij =

!

"
Cdµ 0 0
0 Csµ C!

bsµ
0 Cbsµ Cbµ

#

$ . (46)

c(1)
QL ! g2

! (47)

c(1)
QL ! g2

! (48)

B " K (! ) ! ! ø! ! (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 #= $Zµ L (56)

$ZeR = $Zµ R = 0 (57)

# $ (#ZZ , $ZeL , $ZeR , $Zµ L , $Zµ R )T (58)

L(#) =
%

bin

%

cat

exp (%µbin ,cat ) (µbin ,cat )
N exp

bin ,cat

N exp
bin ,cat !

(59)

µbin ,cat = ( N bg,SM
bin ,cat + N sig,SM

bin ,cat #T X bin ,cat#) (60)

! L,R $ (4, 1, 2, 0) (61)

(q#
L , %#

L , u#
R, d#

R, e#
R) (62)

Yd & &q (63)

6

[Faroughy, AG, F. Kamenik] 
1609.07138

! Three parameters (in full generality)#

! Event shape depends on         and#

! Normalisation controlled by:

*Very wide resonances indicate the loss of predictivity

4

range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1,3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "±) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1,1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " . 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of& 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25. &ub

T . 0.57 and
%1.75 . &ub

SL
+ &ub

SR
. 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ
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1 ).
Similar plots for the other LQ have been presented else-
where [96].
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L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#
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W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub
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from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed
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tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )
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right-handed solutions, completed byW "
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ
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1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"
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rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
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which is, however, scrutinised by theZ " # #+ #! searches
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A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub

T ! 0.57 and
%1.75 ! &ub

SL
+ &ub

SR
! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#
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tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the
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from Eq. (2), that additional ßavor structures can only
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ularly interesting because they are typically a! ected by
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tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
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that are obtained from pp # #"X at the LHC, assuming
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on the ub WCs are roughly a factor two worse than for
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(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
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at the LHC [98].
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large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.
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b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
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excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
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that are obtained from pp # #"X at the LHC, assuming
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the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#
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W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub
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from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "
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A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub

T ! 0.57 and
%1.75 ! &ub

SL
+ &ub

SR
! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub
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from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "
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Leptoquark solutions
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub

T ! 0.57 and
%1.75 ! &ub

SL
+ &ub

SR
! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub

T ! 0.57 and
%1.75 ! &ub

SL
+ &ub
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! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub

T ! 0.57 and
%1.75 ! &ub

SL
+ &ub

SR
! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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¥ One of the main obstacles to NP 
explanation of anomalies in B → D(! )τν

[Faroughy, AG, F. Kamenik]
1609.07138
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¥ However, still some model 
dependence unlike MonoTau
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! Preliminary LHC limits
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FIG. 3. Bounds on representative explicit models that address the RD ( ! ) anomalies. Left: The U1 vector leptoquark. Right: A
potentially broad W ! gauge boson. See main text for details.

TABLE II. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic cb transitions at µ = mb.

Vector Scalar Tensor
LHC combined 0.009 0.015 0.004
LHC (150 fb " 1) 0.21 0.37 0.10

HL-LHC 0 .10 0.17 0.05

the two collaborations di! er mainly because ATLAS has
a slight excess of events in themT distribution whereas
the one of CMS is systematically consistent with the SM.
The most remarkable result shown in this table is that,
combining the analysis of the two sets of data, we arrive
at a sensitivity to NP which is, indeed, competitive to the
one achieved inB decays. In fact, the collider data poses
already a challenge to some of the possible explanations
to the RD ( ! ) anomaly. To make this discussion clearer,
we compare in Fig. 2 the results from the Þts toRD ( ! )

shown in Tab. I with the ones obtained from the collider
analysis. The tensor and right-handed solutions are ex-
cluded at more than 2! with the current data, while the
HL-LHC will probe the two remaining scenarios in Tab. I.

A caveat in this analysis concerns the range of conver-
gence of the expansion in powers of (s/ " 2) implied by
the EFT. This manifests, for instance, in the pathologi-
cal behaviour of the cross section, Eq. (2), for

!
s " " ,

leading to the upper bound " ! 9 TeV by means of uni-
tarity arguments [ ? ]. In the upper horizontal axis of
Fig. 2 we show the bounds in terms of the NP scale de-
Þned as" = v/

!
|Vcb||"! |, which result to be within the

range ofmT reported by the experiments. The bins most
sensitive to NP turn out to be those in 0.7 TeV ! mT !
1.5 TeV; removing the tail of the distribution above that
region has a minimal impact, of ! 10%, on the bounds.
Therefore, the EFT analysis should retain its validity for
mediators above this scale.

For scenarios with lighter NP, the EFT study is invalid
and one needs to do the analysis in terms of the particular
UV completions of the operators. The possibilities in

terms of mediators are also quite limited, reducing to the
tree-level exchange of either new colorless vector (W !) [?
? ? ? ? ? ? ] and scalar (H ± ) [? ? ? ? ? ] particles
in the s-channel, or leptoquarks in the t-channel [? ? ?
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
]. We will not consider extra Higsses because they are in
conßict with bounds from the decayBc # #$ [? ? ].

The Leptoquark completion: Leptoquarks (LQ)
carrying di! erent quantum numbers (or combinations
thereof) can produce all the operators in Eq. (1) [? ?
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ] (we
will use same notation as in refs. [? ? ]). Our analysis in-
volve (i) the scalar LQ S1 = ( ø3, 1, 1/ 3) producing vector-
current (left-handed or right-handed) solutions; (ii) the
S1 producing the scalar-tensor solution;(iii) the S1 com-
bined with the scalar LQ R2 = (3 , 2, 7/ 6) to achieve a
tensor solution by adjusting the massesM S1 = M R 2 ;
(iv) the vector LQ U1 = (3 , 1, 2/ 3) leading also to the
vector-current scenarios. All in all, we study four di! er-
ent LQ models, accounting for a total of six di! erent NP
solutions to the RD ( ! ) anomalies.

We simulate the signals scanning the LQ masses in the
range 0.75 TeV to 5 TeV and, for a given mass, we derive
upper bounds on the product of LQ couplings toc- and
b-quarks. In contrast to the EFT analysis, we simulate
without jets at parton level in the Þnal state keeping only
the t-channel contributions, which are those connected to
RD ( ! ) . Single- and pair-LQ production topologies appear
with extra jets. These introduce model dependence in
terms of e.g. branching fractions to other possible decay
channels, and are the target of direct searches (see e.g. [?
? ]).

In all the models we Þnd that the bounds on the
coupling-mass plane of the LQ are approximately equal
to those derived from the EFT solutions they incarnate
for masses" 2$ 3 TeV. Solutions with lower masses are,
nevertheless, being cornered by the aforementioned di-
rect searches. Therefore, the conclusions for the LQ are
very similar to the EFT analysis: The two LQ S1-R2 sce-
nario is excluded by more than 2! in all the mass range.

cs ! &"

4

Right-handed solutions [? ? ] with S1 and U1 are also ex-
cluded by ! 2! except for masses below 2 TeV. This mass
range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc" µ PL,R # Uµ

1 + gb
øb" µ PL,R $ Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [? ].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [? ] (see also [? ? ? ]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # $+ $! . Recast of the ATLAS $+ $! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [? ], al-
ready cuts deep into the modelÕs perturbative parameter
space explaining the anomaly, requiring theZ " to be a
rather wide resonance. A second class of models involve
a complex vector, SU(2)L singlet with a hypercharge,
W "

R = ( 1, 1, +1), and a relatively light right-handed neu-
trino that induces the right-handed solution to RD ( ! ) [?
? ] (see also [? ? ]). Explicit UV models introduce a Z "

boson with ßavor violating e! ects completely decoupled
from RD ( ! ) due to the lack of SU(2)L relations.

The relevant W " interactions are deÞned as,L "
gbc øc" µ PL,R b W"

µ + g!" ø#" µ PL,R $ W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "$# vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " " 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # $+ $! searches
at the LHC [ ? ].

A potential caveat could be the loss of sensitivity in

the low W " mass region as the signal tends to hide in the
large SM background. Robust lower limits of! 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [?
]. Another promising direction to close this window is
to study pp # $# searches at previouspp collision ener-
gies [? ]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [? ]. Some sensitivity is
expected also in the top quark decays [? ].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # $# signal [? ]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.015 0.025 0.008
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # $# have been measured, showing a slight
excess over the SM at! 1.5! , while there is only an up-
per limit on the semi-tauonic decay B 0 # %! $+ #. In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # $#X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! $+ # [? ], %1.25 " &ub

T " 0.57 and
%1.75 " &ub

SL
+ &ub

SR
" 0.94 at 2! , using the form factors

from lattice QCD calculations [? ? ].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # $h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-

cd ! &"

! Looking at the PDG

0 (Ds ! &") = (5.55± 0.24) %

mD± %m&1 90 MeV

! Phase space suppression

0 (D ! &") < 1.2& 10%3

High-pT beats Low-pT! 
[AG, Martin Camalich, Ruiz-Alvarez]!
w.i.p

#L - 0.09

#L - 0.03 #S - 0.02

#S - 0.05

- In all cases!
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Meson decays High-pT Tails
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! New physics in semi-leptonic CC
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b # u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD ( ! ) . Experimentally, branching frac-
tions of B # #" have been measured, showing a slight
excess over the SM at! 1.5$, while there is only an up-
per limit on the semi-tauonic decay B 0 # %! #+ " . In
Tab. III, we show the bounds on the di! erent structures
that are obtained from pp # #"X at the LHC, assuming
that these are the only active ßavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/ |Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B 0 # %! #+ " [104],%1.25 ! &ub
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Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonicB decays and thepp # #h X +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key Þndings can be summarized as fol-
lows: First , the current data at 13 TeV on W " searches,
consisting of roughly ! 36 fb! 1 per collaboration, is
already sensitive to NP scenarios addressing theRD ( ! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed byW "

R or LQ, are ex-
cluded at more than 2$ for most of masses.Second, the
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range will be accessible with! 150 fb! 1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L " gc øc! µ PL,R " Uµ

1 + gb
øb! µ PL,R # Uµ

1 ).
Similar plots for the other LQ have been presented else-
where [96].

The W " completion: The left-handed solution can
be completed by a new massive spin-1 realSU(2)L triplet
vector, W "

L = ( 1, 3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z " boson nearly de-
generate to W "± ) leads to dangerous tree-level e! ects
in neutral meson mixing. The ßavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V ! 1

cb ) enhancement in
bøb # Z " # #+ #! . Recast of the ATLAS #+ #! search
with 3.2 fb! 1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the modelÕs perturbative parame-
ter space explaining the anomaly, requiring theZ " to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W "

R = ( 1, 1, +1), and a relatively light right-
handed neutrino that induces the right-handed solution
to RD ( ! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z " boson with ßavor violating e! ects com-
pletely decoupled fromRD ( ! ) due to the lack of SU(2)L
relations.

The relevant W " interactions are deÞned as,L "
gbc øc! µ PL,R b W"

µ + g!" ø"! µ PL,R # W "
µ + h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same speciÞcations as for the EFT,
for several W " masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W "bcand W "#" vertices, and confront it
with the Þt results from RD ( ! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W " decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5M W " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude theW "

R models in the
pertubatively calculable parameter space explaining the
anomaly, |gbcg#

!" |/M 2
W " $ (0.6 ± 0.1) TeV! 2. This quan-

tity is $ (0.14± 0.03) TeV! 2 for the left handed solution,
which is, however, scrutinised by theZ " # #+ #! searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W " mass region as the signal tends to hide in the

large SM background. Robust lower limits of" 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are signiÞcantly improved by the electroweak
pp # W "+ W "! pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp # #" searches at previouspp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the Þnal jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b # u transitions: NP mod-
els addressingRD ( ! ) are expected to contribute to semi-
tauonic transitions other than b # c, and to neutral-
current processes viaSU(2)L symmetry (e.g. for the LQ
or W "

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional ßavor structures can only
enhance thepp # #" signal [103]. Thus, the bounds ob-
tained above areconservative in the sense that they can
only be stronger in realistic models of NP.
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Figure 6: Exclusion limits from the pp ! ! " search in the (#23
L , M U ) plane for di! erent values of the

coupling #33
R . We Þx#33

L = 1, gU = 3 and the leptoquark width to its natural value. The corresponding
limits from pp ! ! ! and pair-production, using the same parameter points, are overlaid.

4.3.2 Limits on the U1 leptoquark

For this search, we Þx#33
L = 1 and consider two di! erent benchmarks for the right-handed coupling,

|#33
R | = 0 , 1. In this case the relative sign between#33

R and #33
L is not observable in this channel. Since

the leptoquark width plays a marginal role, we Þx it to its natural value. We furthermore set gU = 3.
We compute exclusion limits for the vector leptoquark in the (#23

L , M U ) plane, see Þg.6. For
comparison, we overlay the corresponding limits frompp ! ! ! (see Þg.1 (right)) and pair-production
limits. As can be seen, these limits give complementary information to those presented in section4.2.2,
o! ering more stringent limits only when the #23

L coupling becomes large. Analogous limits for the case
#33

R = 0 have already been derived in the past literature [14]; we Þnd good agreement between these
limits and the ones quoted here. Interestingly, and as happens in thepp ! ! ! search, the exclusion
bounds get signiÞcantly a! ected by non-zero values of#33

R .

4.4 pp ! ! µ search

The ATLAS collaboration has published a search for heavy particles decaying into di! erent-ßavour
dilepton pairs using 36.1 fb! 1 [44] of 13 TeV data. In this section we recast the ATLAS data and
reinterpret the collider bounds in terms of the model in section3 to set limits on #L

32 and $23
! , as a

function of the leptoquark and Z " masses, respectively.

4.4.1 Search strategy

We useMadgraph5aMC@NLO v2.6.3.2[54] with the NNPDF23lo as 0119 qed PDF set [55] to com-
pute the NP contribution to the pp ! ! µ process. The output is passed toPythia 8.2 [56] for tau
hadronization and the detector e! ects are simulated with Delphes 3.4.1 [57]. The ATLAS Delphes
card has been adjusted to satisfy the object reconstruction and identiÞcation criteria in the search.
In particular we have modiÞed the muon e" ciency and momentum resolution to match theHigh-pT

muon operating point, and adjusted the missing energy reconstruction to account for muon e! ects.
We have further included the ! -tagging e" ciencies quoted in the experimental search [44].
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Recent example:  !
Vector LQ model

5

ergy ßavor phenomenology of such models has been dis-
cussed in Refs. [23, 32], implying that the third gener-
ation fermion couplings dominate the phenomenological
discussion also at the LHC.

Unlike in the case of colorless mediators, QCD induced
leptoquark pair production can lead to a large signal
rate at the LHC, thus yielding robust constraints on the
leptoquark mass M U . In the exact U(2) ßavor limit,
B(U ! t! ) = B(U ! b" ) = 0 .5. Revisiting the AT-
LAS search [37] for QCD pair-produced third generation
scalar leptoquark in the tøt! ø! channel, Ref. [23], excludes
M U < 770 GeV. For large#ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t" channel [38].

Integrating out the heavy Uµ Þeld at the tree level, the
following e! ective dimension six interaction is generated

L e!
U = "

1
M 2

U
J µ  

U J µ
U . (10)

Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one Þnds

L e!
U = !

! il !  
kj

2M 2
U

[( øQi " µ #a Qj )( øL k " µ #a L l ) + ( øQi " µ Qj )( øL k " µ L l )] ,

(11)
which Þnally leads to

L e!
U # "

|gU |2

M 2
U

!
Vcb(øcL $µ bL )(ø"L $µ ! L ) + ( øbL $µ bL )(ø"L $µ "L )

"
.

(12)
The Þt to R(D (! ) ) anomaly requires |gU |2/M 2

U $
2|cQQLL | % (4.3 ± 1.0) TeV" 2. As a consequence, size-
able b øb ! " + " " signal at LHC is induced via t-channel
vector LQ exchange. A recast of existing" + " " searches
in this model is presented in the SectionIV B 4 .

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [39], in which the SM is supplemented by a scalar
leptoquark weak doublet, " $ (3, 2, 1/ 6) and a fermionic
SM singlet (! R ),4 with the following Yukawa interactions,

L " # Y ij
L

ødi (i%2" ! )  L j + Y i !
R

øQi " ! R + h .c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonicB
decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ! R in the
Þnal state. Following Ref. [39], the R(D (! ) ) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquarkµR & 0.5" 1 TeV)

4 The case of several $R is a trivial generalization which does not
a! ect our main results.

take values respecting

#
Y b!

R Y b" !
L

g2
w

$ #
M W

M "

$ 2

= 1 .2 ± 0.3, (14)

(see Fig. [1] in [39]) where gw % 0.65 and M W % 80 GeV
are the SM weak gauge coupling andW boson mass,
respectively. Considering an exhaustive set of ßavor con-
straints, Ref. [39] Þnds that Y s"

L , Y sµ
L and Y s!

R are in
general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The " (2 / 3) component decays dominantly to b" and
t! , while " (1 / 3) decays to the b! Þnal state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M " . In particular, ATLAS [ 37] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bøb! ø! for M " < 625 GeV andtøt! ø! for
M " < 640 GeV, respectively. In addition, CMS [40] ex-
cludes at 95% CL M " < 900 GeV scalar leptoquarks
decaying exclusively to " leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate theR(D (! ) ) anomaly. For example,
M " = 650 GeV, implies |Y b!

R Y b"
L | = 34 ± 9. Imposing a

(conservative) perturbativity condition on all partial de-
cay widths #(" ! qi &j )/M " ! 1, leads to|Y ij

L,R | ! 7.1.
In this model the R(D (! ) ) resolution involves a light

! R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizablebøb ! " " production at LHC
is generated viat-channel" exchange, and can e! ectively
constrain |Y b"

L | (see SectionIV B 4 ). A restrictive enough
bound in conjunction with Eq. ( 14) can in turn drive the
Y b!

R coupling into the non-perturbative regime.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the" + " " signature at the
LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simpliÞed models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D (! ) ) anomalies.

A. Recast of ! ! resonance searches

ATLAS (8 TeV, 19.5 fb " 1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the " " " + Þnal state at 8 TeV pp collisions with
19.5 " 20.3 fb" 1 of data [41]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o$ cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
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Natural expectation:

¥ Two different scenarios considered 

¥ In both cases, DiTau beats MonoTau in the natural parameter space

Figure 6: Exclusion limits from the pp ! ! " search in the (#23
L , M U ) plane for di! erent values of the

coupling #33
R . We Þx#33

L = 1, gU = 3 and the leptoquark width to its natural value. The corresponding
limits from pp ! ! ! and pair-production, using the same parameter points, are overlaid.

4.3.2 Limits on the U1 leptoquark

For this search, we Þx#33
L = 1 and consider two di! erent benchmarks for the right-handed coupling,

|#33
R | = 0 , 1. In this case the relative sign between#33

R and #33
L is not observable in this channel. Since

the leptoquark width plays a marginal role, we Þx it to its natural value. We furthermore set gU = 3.
We compute exclusion limits for the vector leptoquark in the (#23

L , M U ) plane, see Þg.6. For
comparison, we overlay the corresponding limits frompp ! ! ! (see Þg.1 (right)) and pair-production
limits. As can be seen, these limits give complementary information to those presented in section4.2.2,
o! ering more stringent limits only when the #23

L coupling becomes large. Analogous limits for the case
#33

R = 0 have already been derived in the past literature [14]; we Þnd good agreement between these
limits and the ones quoted here. Interestingly, and as happens in thepp ! ! ! search, the exclusion
bounds get signiÞcantly a! ected by non-zero values of#33

R .

4.4 pp ! ! µ search

The ATLAS collaboration has published a search for heavy particles decaying into di! erent-ßavour
dilepton pairs using 36.1 fb! 1 [44] of 13 TeV data. In this section we recast the ATLAS data and
reinterpret the collider bounds in terms of the model in section3 to set limits on #L

32 and $23
! , as a

function of the leptoquark and Z " masses, respectively.

4.4.1 Search strategy

We useMadgraph5aMC@NLO v2.6.3.2[54] with the NNPDF23lo as 0119 qed PDF set [55] to com-
pute the NP contribution to the pp ! ! µ process. The output is passed toPythia 8.2 [56] for tau
hadronization and the detector e! ects are simulated with Delphes 3.4.1 [57]. The ATLAS Delphes
card has been adjusted to satisfy the object reconstruction and identiÞcation criteria in the search.
In particular we have modiÞed the muon e" ciency and momentum resolution to match theHigh-pT

muon operating point, and adjusted the missing energy reconstruction to account for muon e! ects.
We have further included the ! -tagging e" ciencies quoted in the experimental search [44].
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! igY
2
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(1 ! ÷! U ) U 
1 µ U1 ! B µ! +

gU"
2

[Uµ
1 (" ij

L øqi
L #µ$j

L + " ij
R

ødi
R#µej

R) + h .c.] , (9)
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1
4

Z !
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M 2
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gZ !

2
"
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q øqi
L #µ qj

L + %ij
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R #µ ej
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L G! = !
1
4

G! a
µ! G! a µ! +

1
2

M 2
G! G! a

µ G! a µ +
1
2

! G! G! a
µ! Ga µ! + gs ÷! G! f abcG! a

µ G! b
! Gc µ!

+ gG! G! a µ (! ij
q øqi

L Ta #µ qj
L + ! ij

u øui
R Ta #µ uj

R + ! ij
d

ødi
R Ta #µ dj

R) , (11)

where Ta = &a/ 2, with &a (a = 1 , . . . , 8) the Gell-Mann matrices. In both L U1 and L G! we include
possible non-minimal interactions with SM gauge Þelds, which play a role in the pair production of
the heavy vectors at the LHC. In gauge models these couplings vanish,! U = ÷! U = ! G! = ÷! G! = 0.
However, this is not necessarily the case in strongly interacting models. The so-called minimal-
coupling scenario for the leptoquark corresponds to! U = ÷! U = 1. Since a triple coupling of the type
GGG! would lead to a huge enhancement of the colour-octet production at LHC and with that, to
very strong constraints from high-energy data, in what follows we will take! G! = 0.

Without loss of generality, we choose the ßavour basis of theSU(2)L fermion doublets to be aligned
to the down-quark sector, i.e.

qi =

!
V "

ji uj

di

"

, $i =

!
' i

ei

"

, (12)

whereVji denote the CKM matrix elements. We assume that the new vectors are coupled dominantly
to third generation fermions. The couplings to light quarks are assumed to respect a U(2)q ßavour
symmetry broken only in the leptoquark sector by the same leading spurion controlling the 3#
q mixing in the CKM matrix [ 38]. We parameterise the strength of this spurion by " 23

L . In the
lepton sector we assume vanishing couplings to electrons. These assumptions are phenomenologically
motivated by the tight constraints from low-energy observables, in particular ! F = 2 amplitudes and
lepton ßavour violation in charged leptons (see e.g. [26, 27]). More precisely, we take the following
textures for the vector couplings (Q = q, u, d):

" L =

#

$
%

0 0 " 13
L

0 0 " 23
L

0 " 32
L " 33

L

&

'
( , " R = diag(0 , 0, " 33

R ) ,

%" =

#

$
%

0 0 0

0 %22
" %23

"

0 (%23
" )" %33

"

&

'
( , %e = diag(0 , %22

e , %33
e ) ,

%Q = diag( %ll
Q, %ll

Q, %33
Q ) , ! Q = diag( ! ll

Q, ! ll
Q, ! 33

Q ) .

(13)

As shown in [27], the assumption of a single U(2)q breaking spurion in both leptoquark and SM
Yukawa couplings implies the relation " 13

L = V "
td /V "

ts " 23
L .

4 Results

We consider a variety of high-pT searches at the LHC which place limits on the model discussed above.
The most constraining ones, which we discuss in detail below, are shown in table1. In some cases

5

4

range will be accessible with ⇠ 150 fb�1 expected to be
gathered after run 2 of the LHC. Finally, the left-handed
(S1 or U1) and scalar-tensor (S1) scenarios are not being
probed yet but will be covered at the HL-LHC for almost
the full mass range. We show in Fig. 3, left, a coupling-
mass plot for the U1 vector LQ illustrating our results
and conclusions (L � gc c̄! µPL,R " U

µ
1 + gb b̄! µPL,R #U

µ
1 ).

Similar plots for the other LQ have been presented else-
where [96].

The W
0 completion: The left-handed solution can

be completed by a new massive spin-1 real SU(2)L triplet
vector, W 0

L = (1,3, 0) [28] (see also [61, 75, 97]). The
neutral component of the triplet (a Z

0 boson nearly de-
generate to W

0±) leads to dangerous tree-level e! ects
in neutral meson mixing. The flavour structure that
keeps the contribution in " F = 2 observables under
control, unavoidably predicts a O(V �1

cb ) enhancement in
bb̄ ! Z

0
! #+ #�. Recast of the ATLAS #+ #� search

with 3.2 fb�1 at 13 TeV, performed in Ref. [98], al-
ready cuts deep into the model’s perturbative parame-
ter space explaining the anomaly, requiring the Z

0 to be
a rather wide resonance. A second class of models in-
volve a complex vector, SU(2)L singlet with a hyper-
charge, W

0
R = (1,1,+1), and a relatively light right-

handed neutrino that induces the right-handed solution
to RD (! ) [64, 65] (see also [99, 100]). Explicit UV models
introduce a Z

0 boson with flavor violating e! ects com-
pletely decoupled from RD (! ) due to the lack of SU(2)L
relations.

The relevant W
0 interactions are defined as, L �

gbc c̄! µ
PL,R bW

0
µ+g! " "̄! µ

PL,R #W
0
µ +h.c., where the chi-

rality is inaccessible in our present analysis. We perform
simulations using the same specifications as for the EFT,
for several W 0 masses in the range 0.5 TeV to 3.5 TeV
and di! erent total width hypotheses. Besides includ-
ing experimental systematics and the SM theory uncer-
tainties, we also estimate the uncertainty on the signal
prediction stemming from the higher-order QCD correc-
tions and PDF determination. These uncertainties com-
bined in quadrature range from roughly 10% (30%) for
mW " = 1 TeV (3 TeV). For a given mass and width com-
bination, we set an upper limit on the product of the two
couplings in the W 0

bc and W
0#" vertices, and confront it

with the fit results from RD (! ) . Note that this procedure
is rather general, and it does not require to specify any
additional W 0 decay modes. This choice of parameters
is suitable for the interpretation of the perturbativity of
the model. Very wide resonances indicate the loss of pre-
dictivity and here we investigate up to #W " ! 0.5MW " .
Our results, shown in Fig. 3 (right) in solid (dashed)
for observed (expected), exclude the W

0
R models in the

pertubatively calculable parameter space explaining the
anomaly, |gbcg

⇤
! " |/M2

W " ⇡ (0.6 ± 0.1) TeV�2. This quan-
tity is ⇡ (0.14± 0.03) TeV�2 for the left handed solution,
which is, however, scrutinised by the Z 0

! #+ #� searches
at the LHC [98].

A potential caveat could be the loss of sensitivity in
the low W

0 mass region as the signal tends to hide in the

large SM background. Robust lower limits of " 100 GeV
on a new electrically-charged gauge boson from the LEP
experiment are significantly improved by the electroweak
pp ! W

0+
W

0� pair-production process at the LHC [101].
Another promising direction to close this window is to
study pp ! #" searches at previous pp collision ener-
gies [101]. Search strategies in this region could include
requiring a b-tag in the final jets [36]. Some sensitivity is
expected also in the top quark decays [102].

The semi-tauonic b ! u transitions: NP mod-
els addressing RD (! ) are expected to contribute to semi-
tauonic transitions other than b ! c, and to neutral-
current processes via SU(2)L symmetry (e.g. for the LQ
or W 0

L ). Focusing on the charged-currents and their im-
pact on the mono-tau signal at the LHC, we conclude
from Eq. (2), that additional flavor structures can only
enhance the pp ! #" signal [103]. Thus, the bounds ob-
tained above are conservative in the sense that they can
only be stronger in realistic models of NP.

TABLE III. 2 ! upper bounds for the absolute value of the
WCs of semi-tauonic ub transitions at µ = mb.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fb ! 1) 0.48 0.84 0.23

HL-LHC 0 .21 0.37 0.10

We explore this issue by repeating our analysis for
b ! u operators in the EFT. These are transitions partic-
ularly interesting because they are typically a! ected by
NP addressing RD (! ) . Experimentally, branching frac-
tions of B ! #" have been measured, showing a slight
excess over the SM at ⇠ 1.5$, while there is only an up-
per limit on the semi-tauonic decay B

0
! %�#+ " . In

Tab. III, we show the bounds on the di! erent structures
that are obtained from pp ! #"X at the LHC, assuming
that these are the only active flavor entries. The limits
on the ub WCs are roughly a factor two worse than for
the cb ones, which is the result of the CKM suppression
(|Vub|/|Vcb|)2 partially compensated by the larger PDFs
of the up-quark, c.f. Eq. (2). Nonetheless, these are
competitive with those obtained from B decays. In par-
ticular, LHC bounds are currently better than the ones
derived from B

0
! %�#+ " [104], �1.25 ! &ub

T ! 0.57 and
�1.75 ! &ub

SL
+ &ub

SR
! 0.94 at 2$, using the form factors

from lattice QCD calculations [105, 106].
Conclusions and discussion: We have discussed

in detail the consequences of the univocal connection be-
tween the semi-tauonic B decays and the pp ! #hX +
MET signature at the LHC given by crossing symmetry,
cf. Fig. 1. Our key findings can be summarized as fol-
lows: First , the current data at 13 TeV on W

0 searches,
consisting of roughly ⇠ 36 fb�1 per collaboration, is
already sensitive to NP scenarios addressing the RD (! )

anomalies. Pure tensor solutions, completed by LQ, and
right-handed solutions, completed by W

0
R or LQ, are ex-

cluded at more than 2$ for most of masses. Second, the

[Baker, Fuentes-Martin, 
Isidori, Konig] 
1901.10480

Flavour Physics with High-pT Leptons  -  Admir Greljo, CERN


