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Figure 5.4: Limits on the parameter space of first generation scalar LQs (from Ref. [55]). The region above the
colored lines is excluded. While LHC limits and the bounds from parity violation are to a good approximation
independent of � (for � = O(✓c)) the bounds from kaon and D decays depend on it. We consider the two
scenarios � = ✓c or � = 0. In the first case, the limits from kaon decays apply for LQ representations with
left-handed quark fields while in the second case these limits are absent but bounds from D0 � D̄0 arise.
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Figure 1. Parametric plot of LQ effects in the C
e
1u–C

e
1d plane as well as the preferred regions from

PV and the corresponding prospects. The gray parts of the lines are excluded by the di-electron
searches of ATLAS (95% C.L.) and the preferred regions from CMS and the CAA (both 1�) are
indicated by thick and black lines, respectively. The three different values for the LQ masses (6 TeV,
4 TeV, and 2 TeV), setting �,  = 1, are indicated by markers of different shapes, the cross denotes
the best-fit point of APV and Qweak, and the black circle the SM point.
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In this addendum to Ref. [1] we discuss the implications of the recent CMS analysis of lep-
ton flavour universality violation in non-resonant di-lepton pairs for first generation leptoquarks.
As CMS finds more electron events than expected from background, this analysis prefers the
LQ representations S̃1, S2, S3, Ṽ1, V2 (

RL
2 6= 0) and V3 which lead to constructive interference

with the SM. In principle the excess could also be (partially) explained by the representations
S̃2, V1 (

R
1 6= 0), V2 (

LR
2 6= 0), Ṽ2 which are interfering destructively, as this would still lead to the

right effect in bins with high invariant mass where the new physics contribution dominates. How-
ever, in these cases large couplings would be required which are excluded by other observables. The
representations S1, V1 (

L
1 6= 0) cannot improve the fit to the CMS data compared to the SM.

I. INTRODUCTION

Leptoquarks are very well motivated by the so-called
“flavor anomalies”, i.e. the discrepancies between mea-
surements and the SM predictions which point towards
lepton flavor universality (LFU) violating new physics
(NP) in R(D(⇤)) [2–7], b ! s`+`� [8–14] and in
the anomalous magnetic moment (AMM) of the muon
(aµ) [15, 16], with a significance of > 3� [17–21], >
5� [22–29] and 4.2� [30], respectively. In this context,
it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
energy constraints on first generation leptoquarks (LQs).
In this addendum we update this analysis by including
the recent CMS measurement of lepton flavour univer-
sality violation (LFUV) in non-resonant di-leptons [155].
The CMS data points towards constructively interfering
new physics in the electron channel which can improve
the fit compared to the SM by more than 3� [156].

⇤
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Field �1 �̃1 �2 �̃2 �3 V1 Ṽ1 V2 Ṽ2 V3

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

3 � 8
3

7
3

1
3 � 2

3
4
3

10
3 � 5

3
1
3

4
3

TABLE I: The ten possible representations of scalar and vec-
tor LQs under the SM gauge group.

II. SETUP

Let us briefly review our conventions. For details, the
interested reader is referred to Ref. [1]. All 10 possible
LQ representations under the SM gauge group are listed
in Table I with the convention that the electric charge Q
is given by Q = 1

2Y +T3, where Y is the hypercharge and
T3 the third component of the weak isospin. These repre-
sentations allow for couplings to SM quarks and leptons
as given in Table II. In the following, we denote the LQ
masses according to their representation and use small m
for the scalar LQs and capital M for the vector LQs.

III. CMS ANALYSIS OF NON-RESONANT
DI-LEPTON PAIRS

In Ref. [155] CMS presented an analysis of non-
resonant high-mass di-lepton events at the LHC. Since
in our framework of first generation LQs we only get ef-
fects in electrons, we can make use of the ratio

Rµµ/ee ⌘
d�(qq ! µ+µ�)/dmµµ

d�(qq ! e+e�)/dmee
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5� [22–29] and 4.2� [30], respectively. In this context,
it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
energy constraints on first generation leptoquarks (LQs).
In this addendum we update this analysis by including
the recent CMS measurement of lepton flavour univer-
sality violation (LFUV) in non-resonant di-leptons [155].
The CMS data points towards constructively interfering
new physics in the electron channel which can improve
the fit compared to the SM by more than 3� [156].
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Field �1 �̃1 �2 �̃2 �3 V1 Ṽ1 V2 Ṽ2 V3
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TABLE I: The ten possible representations of scalar and vec-
tor LQs under the SM gauge group.

II. SETUP

Let us briefly review our conventions. For details, the
interested reader is referred to Ref. [1]. All 10 possible
LQ representations under the SM gauge group are listed
in Table I with the convention that the electric charge Q
is given by Q = 1

2Y +T3, where Y is the hypercharge and
T3 the third component of the weak isospin. These repre-
sentations allow for couplings to SM quarks and leptons
as given in Table II. In the following, we denote the LQ
masses according to their representation and use small m
for the scalar LQs and capital M for the vector LQs.

III. CMS ANALYSIS OF NON-RESONANT
DI-LEPTON PAIRS

In Ref. [155] CMS presented an analysis of non-
resonant high-mass di-lepton events at the LHC. Since
in our framework of first generation LQs we only get ef-
fects in electrons, we can make use of the ratio

Rµµ/ee ⌘
d�(qq ! µ+µ�)/dmµµ

d�(qq ! e+e�)/dmee
, (1)
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• Leptoquarks (LQs) are hypothetical BSM particles that feature tree-level quark-lepton 
couplings.
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• Originally, they were considered in Grand Unified theories (Pati-Salam, , etc.), they also 
appear e.g. in the -parity violating MSSM. 
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In this addendum to Ref. [1] we discuss the implications of the recent CMS analysis of lep-
ton flavour universality violation in non-resonant di-lepton pairs for first generation leptoquarks.
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right effect in bins with high invariant mass where the new physics contribution dominates. How-
ever, in these cases large couplings would be required which are excluded by other observables. The
representations S1, V1 (

L
1 6= 0) cannot improve the fit to the CMS data compared to the SM.
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(NP) in R(D(⇤)) [2–7], b ! s`+`� [8–14] and in
the anomalous magnetic moment (AMM) of the muon
(aµ) [15, 16], with a significance of > 3� [17–21], >
5� [22–29] and 4.2� [30], respectively. In this context,
it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
energy constraints on first generation leptoquarks (LQs).
In this addendum we update this analysis by including
the recent CMS measurement of lepton flavour univer-
sality violation (LFUV) in non-resonant di-leptons [155].
The CMS data points towards constructively interfering
new physics in the electron channel which can improve
the fit compared to the SM by more than 3� [156].
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1 • Due to their ability to explain the flavor anomalies, LQs started to receive wide attention in 
recent years. 

• If the couplings to the individual SM fermion generations are different, LQs generate LFUV. 
Experimentally, we have the highest sensitivity to LQs interacting with first generation 
fermions. 
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TABLE II: Interaction terms of the LQ representations listed
in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

of differential cross sections, measuring lepton flavour
universality (which reduces the uncertainties [116]), to
derive bounds on the LQ masses and couplings. Here,
m`` (` = µ, e) is the invariant mass of the lepton pair. In
Ref. [155] Rµµ/ee was measured for nine bins in an invari-
ant mass range between 200 and 3,500 GeV (RData

µµ/ee) and
normalized to the same ratio calculated via SM Monte-
Carlo routines (RMC

µµ/ee). This ratio in turn was normal-
ized to unity in the bin from 200 to 400 GeV in order
to correct for differences in acceptance and efficiency be-
tween the di-electron and di-muon channels. The result-
ing data points are shown in Fig. 1 where gray (black)
represents the cases where none (at least one) of the final
state leptons were observed in the detector endcaps.

We calculated the ratio RLQ
µµ/ee(m,�)/RSM

µµ/ee for the
different LQ models (at leading order in perturbation
theory) using the PDF set NNPDF23LO, also employed
e.g. in the ATLAS analysis to generate the signal DY
process [157], with the help of the Mathematica pack-
age ManeParse [158]. We then integrated this ratio over
the invariant mass ranges of the corresponding bins and
compared the resulting signal strength to the data. Here
a complication arises if the LQ mass is not much higher
than the energy of the lepton pair such that the 4-Fermi
approximation is no longer appropriate. In this case we
replaced the effective interaction by the LQ propagator
as described in Sec. 4 in Ref. [159]. Therefore, RLQ

µµ/ee is
dependent both on the LQ mass m and the LQ coupling
strength �1. We also estimated the relative sensitivities
of the CMS detector to the LR/RL vs LL/RR channels,
resulting from their different angular distributions, based
on the CI limits stated in Ref. [155]. We found a small en-
hancement of 10% for the LR/RL channels and therefore

1
Here we consider scalar LQ parameters for simplicity, it works

analogously for vector LQs with the parameters m, � replaced

by M,.

decided to neglect this effect, obtaining a conservative
estimate of the LR/RL LQ contributions in our calcula-
tions.

Then we performed a �2 statistical analysis with two
degrees of freedom, defining

�2(m,�) ⌘
X

i=1,...,18

 
RData

µµ/ee,i

RMC
µµ/ee,i

�
RSM+LQ

µµ/ee,i (m,�)

RSM
µµ/ee,i

!2

�2
i

,

(2)
where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ

µµ/ee /RSM
µµ/ee

for the different bins are shown in Fig. 1, together with
the CMS measurement.

IV. PHENOMENOLOGICAL ANALYSIS

The regions allowed at the 1� and 2� level (with
respect to the best fit points) from the CMS mea-
surement are shown in Fig. 2 and 3 together with
the other constraints on first generation LQs. For
�̃1,�LR

2 ,�RL
2 , �̃2,�3,R

1 , ̃1,LR
2 ,RL

2 , ̃2 and 3, the
model explains data better than the SM, with ��2 ⌘
�2(1, 0) � �2(m̂, �̂) being ⇡ �11 as they provide clear
effects in the high m`` bins. The representations with
�L
1 ,�

R
1 and L

1 feature a destructive LQ–SM interference
term. While they can also yield RSM+LQ

µµ/ee /RSM
µµ/ee <

1 at large m`` values for sizable LQ contributions,
the destructive interference then results in deviations
RSM+LQ

µµ/ee /RSM
µµ/ee > 1 for intermediate invariant masses

(m`` ⇡ 500 GeV) leading to a fit that is worse than
the one of the SM. The representations with couplings
�̃2,R

1 ,
LR
2 , ̃2 also lead to destructive interference with

the SM, but they feature smaller interference terms. In
these cases, RSM+LQ

µµ/ee /RSM
µµ/ee is only slightly larger than

1 for intermediate m``, allowing still for a good fit to the
data.

Taking into account the other exclusion limits already
presented in Ref. [1], we see from Fig. 2 and 3 that the
representations with the couplings �̃1, �LR

2 , �RL
2 , ̃1, RL

2
and 3 can account for the CMS measurement without
violating other bounds, since these representations in-
terfere constructively with the SM such that small LQ
contributions are sufficient to explain the excess in elec-
tron pairs. �LR

2 and 3 are potentially in slight ten-
sion with the neutral meson mixing or rare kaon decays,
depending on the CKM mixing angle �. However, in
case of alignment to the up sector, and allowing for fine-
tuning in D0 � D̄0 mixing, V3 could not only account
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where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ
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for the different bins are shown in Fig. 1, together with
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respect to the best fit points) from the CMS mea-
surement are shown in Fig. 2 and 3 together with
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1 feature a destructive LQ–SM interference
term. While they can also yield RSM+LQ

µµ/ee /RSM
µµ/ee <

1 at large m`` values for sizable LQ contributions,
the destructive interference then results in deviations
RSM+LQ

µµ/ee /RSM
µµ/ee > 1 for intermediate invariant masses

(m`` ⇡ 500 GeV) leading to a fit that is worse than
the one of the SM. The representations with couplings
�̃2,R

1 ,
LR
2 , ̃2 also lead to destructive interference with

the SM, but they feature smaller interference terms. In
these cases, RSM+LQ

µµ/ee /RSM
µµ/ee is only slightly larger than

1 for intermediate m``, allowing still for a good fit to the
data.

Taking into account the other exclusion limits already
presented in Ref. [1], we see from Fig. 2 and 3 that the
representations with the couplings �̃1, �LR

2 , �RL
2 , ̃1, RL

2
and 3 can account for the CMS measurement without
violating other bounds, since these representations in-
terfere constructively with the SM such that small LQ
contributions are sufficient to explain the excess in elec-
tron pairs. �LR

2 and 3 are potentially in slight ten-
sion with the neutral meson mixing or rare kaon decays,
depending on the CKM mixing angle �. However, in
case of alignment to the up sector, and allowing for fine-
tuning in D0 � D̄0 mixing, V3 could not only account
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in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

of differential cross sections, measuring lepton flavour
universality (which reduces the uncertainties [116]), to
derive bounds on the LQ masses and couplings. Here,
m`` (` = µ, e) is the invariant mass of the lepton pair. In
Ref. [155] Rµµ/ee was measured for nine bins in an invari-
ant mass range between 200 and 3,500 GeV (RData

µµ/ee) and
normalized to the same ratio calculated via SM Monte-
Carlo routines (RMC

µµ/ee). This ratio in turn was normal-
ized to unity in the bin from 200 to 400 GeV in order
to correct for differences in acceptance and efficiency be-
tween the di-electron and di-muon channels. The result-
ing data points are shown in Fig. 1 where gray (black)
represents the cases where none (at least one) of the final
state leptons were observed in the detector endcaps.

We calculated the ratio RLQ
µµ/ee(m,�)/RSM

µµ/ee for the
different LQ models (at leading order in perturbation
theory) using the PDF set NNPDF23LO, also employed
e.g. in the ATLAS analysis to generate the signal DY
process [157], with the help of the Mathematica pack-
age ManeParse [158]. We then integrated this ratio over
the invariant mass ranges of the corresponding bins and
compared the resulting signal strength to the data. Here
a complication arises if the LQ mass is not much higher
than the energy of the lepton pair such that the 4-Fermi
approximation is no longer appropriate. In this case we
replaced the effective interaction by the LQ propagator
as described in Sec. 4 in Ref. [159]. Therefore, RLQ

µµ/ee is
dependent both on the LQ mass m and the LQ coupling
strength �1. We also estimated the relative sensitivities
of the CMS detector to the LR/RL vs LL/RR channels,
resulting from their different angular distributions, based
on the CI limits stated in Ref. [155]. We found a small en-
hancement of 10% for the LR/RL channels and therefore

1
Here we consider scalar LQ parameters for simplicity, it works

analogously for vector LQs with the parameters m, � replaced

by M,.

decided to neglect this effect, obtaining a conservative
estimate of the LR/RL LQ contributions in our calcula-
tions.

Then we performed a �2 statistical analysis with two
degrees of freedom, defining

�2(m,�) ⌘
X

i=1,...,18

 
RData

µµ/ee,i

RMC
µµ/ee,i

�
RSM+LQ

µµ/ee,i (m,�)

RSM
µµ/ee,i

!2

�2
i

,

(2)
where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ

µµ/ee /RSM
µµ/ee

for the different bins are shown in Fig. 1, together with
the CMS measurement.

IV. PHENOMENOLOGICAL ANALYSIS

The regions allowed at the 1� and 2� level (with
respect to the best fit points) from the CMS mea-
surement are shown in Fig. 2 and 3 together with
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�2(1, 0) � �2(m̂, �̂) being ⇡ �11 as they provide clear
effects in the high m`` bins. The representations with
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1 feature a destructive LQ–SM interference
term. While they can also yield RSM+LQ
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µµ/ee <

1 at large m`` values for sizable LQ contributions,
the destructive interference then results in deviations
RSM+LQ

µµ/ee /RSM
µµ/ee > 1 for intermediate invariant masses

(m`` ⇡ 500 GeV) leading to a fit that is worse than
the one of the SM. The representations with couplings
�̃2,R

1 ,
LR
2 , ̃2 also lead to destructive interference with

the SM, but they feature smaller interference terms. In
these cases, RSM+LQ

µµ/ee /RSM
µµ/ee is only slightly larger than

1 for intermediate m``, allowing still for a good fit to the
data.

Taking into account the other exclusion limits already
presented in Ref. [1], we see from Fig. 2 and 3 that the
representations with the couplings �̃1, �LR

2 , �RL
2 , ̃1, RL

2
and 3 can account for the CMS measurement without
violating other bounds, since these representations in-
terfere constructively with the SM such that small LQ
contributions are sufficient to explain the excess in elec-
tron pairs. �LR

2 and 3 are potentially in slight ten-
sion with the neutral meson mixing or rare kaon decays,
depending on the CKM mixing angle �. However, in
case of alignment to the up sector, and allowing for fine-
tuning in D0 � D̄0 mixing, V3 could not only account
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ū �
RL
2 �T

2 i⌧2 ̃1�µṼ
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µ†
2 �

R
1 �

†
1

TABLE II: Interaction terms of the LQ representations listed
in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

of differential cross sections, measuring lepton flavour
universality (which reduces the uncertainties [116]), to
derive bounds on the LQ masses and couplings. Here,
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Carlo routines (RMC

µµ/ee). This ratio in turn was normal-
ized to unity in the bin from 200 to 400 GeV in order
to correct for differences in acceptance and efficiency be-
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ing data points are shown in Fig. 1 where gray (black)
represents the cases where none (at least one) of the final
state leptons were observed in the detector endcaps.

We calculated the ratio RLQ
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different LQ models (at leading order in perturbation
theory) using the PDF set NNPDF23LO, also employed
e.g. in the ATLAS analysis to generate the signal DY
process [157], with the help of the Mathematica pack-
age ManeParse [158]. We then integrated this ratio over
the invariant mass ranges of the corresponding bins and
compared the resulting signal strength to the data. Here
a complication arises if the LQ mass is not much higher
than the energy of the lepton pair such that the 4-Fermi
approximation is no longer appropriate. In this case we
replaced the effective interaction by the LQ propagator
as described in Sec. 4 in Ref. [159]. Therefore, RLQ

µµ/ee is
dependent both on the LQ mass m and the LQ coupling
strength �1. We also estimated the relative sensitivities
of the CMS detector to the LR/RL vs LL/RR channels,
resulting from their different angular distributions, based
on the CI limits stated in Ref. [155]. We found a small en-
hancement of 10% for the LR/RL channels and therefore
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Here we consider scalar LQ parameters for simplicity, it works

analogously for vector LQs with the parameters m, � replaced

by M,.

decided to neglect this effect, obtaining a conservative
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where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ

µµ/ee /RSM
µµ/ee

for the different bins are shown in Fig. 1, together with
the CMS measurement.
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The regions allowed at the 1� and 2� level (with
respect to the best fit points) from the CMS mea-
surement are shown in Fig. 2 and 3 together with
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1 at large m`` values for sizable LQ contributions,
the destructive interference then results in deviations
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(m`` ⇡ 500 GeV) leading to a fit that is worse than
the one of the SM. The representations with couplings
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the SM, but they feature smaller interference terms. In
these cases, RSM+LQ
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µµ/ee is only slightly larger than

1 for intermediate m``, allowing still for a good fit to the
data.

Taking into account the other exclusion limits already
presented in Ref. [1], we see from Fig. 2 and 3 that the
representations with the couplings �̃1, �LR
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and 3 can account for the CMS measurement without
violating other bounds, since these representations in-
terfere constructively with the SM such that small LQ
contributions are sufficient to explain the excess in elec-
tron pairs. �LR

2 and 3 are potentially in slight ten-
sion with the neutral meson mixing or rare kaon decays,
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of differential cross sections, measuring lepton flavour
universality (which reduces the uncertainties [116]), to
derive bounds on the LQ masses and couplings. Here,
m`` (` = µ, e) is the invariant mass of the lepton pair. In
Ref. [155] Rµµ/ee was measured for nine bins in an invari-
ant mass range between 200 and 3,500 GeV (RData

µµ/ee) and
normalized to the same ratio calculated via SM Monte-
Carlo routines (RMC

µµ/ee). This ratio in turn was normal-
ized to unity in the bin from 200 to 400 GeV in order
to correct for differences in acceptance and efficiency be-
tween the di-electron and di-muon channels. The result-
ing data points are shown in Fig. 1 where gray (black)
represents the cases where none (at least one) of the final
state leptons were observed in the detector endcaps.

We calculated the ratio RLQ
µµ/ee(m,�)/RSM

µµ/ee for the
different LQ models (at leading order in perturbation
theory) using the PDF set NNPDF23LO, also employed
e.g. in the ATLAS analysis to generate the signal DY
process [157], with the help of the Mathematica pack-
age ManeParse [158]. We then integrated this ratio over
the invariant mass ranges of the corresponding bins and
compared the resulting signal strength to the data. Here
a complication arises if the LQ mass is not much higher
than the energy of the lepton pair such that the 4-Fermi
approximation is no longer appropriate. In this case we
replaced the effective interaction by the LQ propagator
as described in Sec. 4 in Ref. [159]. Therefore, RLQ

µµ/ee is
dependent both on the LQ mass m and the LQ coupling
strength �1. We also estimated the relative sensitivities
of the CMS detector to the LR/RL vs LL/RR channels,
resulting from their different angular distributions, based
on the CI limits stated in Ref. [155]. We found a small en-
hancement of 10% for the LR/RL channels and therefore
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Here we consider scalar LQ parameters for simplicity, it works

analogously for vector LQs with the parameters m, � replaced

by M,.

decided to neglect this effect, obtaining a conservative
estimate of the LR/RL LQ contributions in our calcula-
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Then we performed a �2 statistical analysis with two
degrees of freedom, defining
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where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ

µµ/ee /RSM
µµ/ee

for the different bins are shown in Fig. 1, together with
the CMS measurement.

IV. PHENOMENOLOGICAL ANALYSIS

The regions allowed at the 1� and 2� level (with
respect to the best fit points) from the CMS mea-
surement are shown in Fig. 2 and 3 together with
the other constraints on first generation LQs. For
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the SM, but they feature smaller interference terms. In
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µµ/ee is only slightly larger than

1 for intermediate m``, allowing still for a good fit to the
data.

Taking into account the other exclusion limits already
presented in Ref. [1], we see from Fig. 2 and 3 that the
representations with the couplings �̃1, �LR

2 , �RL
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and 3 can account for the CMS measurement without
violating other bounds, since these representations in-
terfere constructively with the SM such that small LQ
contributions are sufficient to explain the excess in elec-
tron pairs. �LR

2 and 3 are potentially in slight ten-
sion with the neutral meson mixing or rare kaon decays,
depending on the CKM mixing angle �. However, in
case of alignment to the up sector, and allowing for fine-
tuning in D0 � D̄0 mixing, V3 could not only account
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TABLE II: Interaction terms of the LQ representations listed
in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

of differential cross sections, measuring lepton flavour
universality (which reduces the uncertainties [116]), to
derive bounds on the LQ masses and couplings. Here,
m`` (` = µ, e) is the invariant mass of the lepton pair. In
Ref. [155] Rµµ/ee was measured for nine bins in an invari-
ant mass range between 200 and 3,500 GeV (RData

µµ/ee) and
normalized to the same ratio calculated via SM Monte-
Carlo routines (RMC

µµ/ee). This ratio in turn was normal-
ized to unity in the bin from 200 to 400 GeV in order
to correct for differences in acceptance and efficiency be-
tween the di-electron and di-muon channels. The result-
ing data points are shown in Fig. 1 where gray (black)
represents the cases where none (at least one) of the final
state leptons were observed in the detector endcaps.

We calculated the ratio RLQ
µµ/ee(m,�)/RSM

µµ/ee for the
different LQ models (at leading order in perturbation
theory) using the PDF set NNPDF23LO, also employed
e.g. in the ATLAS analysis to generate the signal DY
process [157], with the help of the Mathematica pack-
age ManeParse [158]. We then integrated this ratio over
the invariant mass ranges of the corresponding bins and
compared the resulting signal strength to the data. Here
a complication arises if the LQ mass is not much higher
than the energy of the lepton pair such that the 4-Fermi
approximation is no longer appropriate. In this case we
replaced the effective interaction by the LQ propagator
as described in Sec. 4 in Ref. [159]. Therefore, RLQ

µµ/ee is
dependent both on the LQ mass m and the LQ coupling
strength �1. We also estimated the relative sensitivities
of the CMS detector to the LR/RL vs LL/RR channels,
resulting from their different angular distributions, based
on the CI limits stated in Ref. [155]. We found a small en-
hancement of 10% for the LR/RL channels and therefore

1
Here we consider scalar LQ parameters for simplicity, it works

analogously for vector LQs with the parameters m, � replaced

by M,.

decided to neglect this effect, obtaining a conservative
estimate of the LR/RL LQ contributions in our calcula-
tions.

Then we performed a �2 statistical analysis with two
degrees of freedom, defining
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X

i=1,...,18
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where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ

µµ/ee /RSM
µµ/ee

for the different bins are shown in Fig. 1, together with
the CMS measurement.

IV. PHENOMENOLOGICAL ANALYSIS

The regions allowed at the 1� and 2� level (with
respect to the best fit points) from the CMS mea-
surement are shown in Fig. 2 and 3 together with
the other constraints on first generation LQs. For
�̃1,�LR

2 ,�RL
2 , �̃2,�3,R

1 , ̃1,LR
2 ,RL

2 , ̃2 and 3, the
model explains data better than the SM, with ��2 ⌘
�2(1, 0) � �2(m̂, �̂) being ⇡ �11 as they provide clear
effects in the high m`` bins. The representations with
�L
1 ,�

R
1 and L

1 feature a destructive LQ–SM interference
term. While they can also yield RSM+LQ

µµ/ee /RSM
µµ/ee <

1 at large m`` values for sizable LQ contributions,
the destructive interference then results in deviations
RSM+LQ

µµ/ee /RSM
µµ/ee > 1 for intermediate invariant masses

(m`` ⇡ 500 GeV) leading to a fit that is worse than
the one of the SM. The representations with couplings
�̃2,R

1 ,
LR
2 , ̃2 also lead to destructive interference with

the SM, but they feature smaller interference terms. In
these cases, RSM+LQ

µµ/ee /RSM
µµ/ee is only slightly larger than

1 for intermediate m``, allowing still for a good fit to the
data.

Taking into account the other exclusion limits already
presented in Ref. [1], we see from Fig. 2 and 3 that the
representations with the couplings �̃1, �LR

2 , �RL
2 , ̃1, RL

2
and 3 can account for the CMS measurement without
violating other bounds, since these representations in-
terfere constructively with the SM such that small LQ
contributions are sufficient to explain the excess in elec-
tron pairs. �LR

2 and 3 are potentially in slight ten-
sion with the neutral meson mixing or rare kaon decays,
depending on the CKM mixing angle �. However, in
case of alignment to the up sector, and allowing for fine-
tuning in D0 � D̄0 mixing, V3 could not only account

2. First Generation LQs
2.1 Lagrangian
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ū
c

̃2�µṼ
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TABLE II: Interaction terms of the LQ representations listed
in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

of differential cross sections, measuring lepton flavour
universality (which reduces the uncertainties [116]), to
derive bounds on the LQ masses and couplings. Here,
m`` (` = µ, e) is the invariant mass of the lepton pair. In
Ref. [155] Rµµ/ee was measured for nine bins in an invari-
ant mass range between 200 and 3,500 GeV (RData

µµ/ee) and
normalized to the same ratio calculated via SM Monte-
Carlo routines (RMC

µµ/ee). This ratio in turn was normal-
ized to unity in the bin from 200 to 400 GeV in order
to correct for differences in acceptance and efficiency be-
tween the di-electron and di-muon channels. The result-
ing data points are shown in Fig. 1 where gray (black)
represents the cases where none (at least one) of the final
state leptons were observed in the detector endcaps.

We calculated the ratio RLQ
µµ/ee(m,�)/RSM

µµ/ee for the
different LQ models (at leading order in perturbation
theory) using the PDF set NNPDF23LO, also employed
e.g. in the ATLAS analysis to generate the signal DY
process [157], with the help of the Mathematica pack-
age ManeParse [158]. We then integrated this ratio over
the invariant mass ranges of the corresponding bins and
compared the resulting signal strength to the data. Here
a complication arises if the LQ mass is not much higher
than the energy of the lepton pair such that the 4-Fermi
approximation is no longer appropriate. In this case we
replaced the effective interaction by the LQ propagator
as described in Sec. 4 in Ref. [159]. Therefore, RLQ

µµ/ee is
dependent both on the LQ mass m and the LQ coupling
strength �1. We also estimated the relative sensitivities
of the CMS detector to the LR/RL vs LL/RR channels,
resulting from their different angular distributions, based
on the CI limits stated in Ref. [155]. We found a small en-
hancement of 10% for the LR/RL channels and therefore
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Here we consider scalar LQ parameters for simplicity, it works

analogously for vector LQs with the parameters m, � replaced

by M,.

decided to neglect this effect, obtaining a conservative
estimate of the LR/RL LQ contributions in our calcula-
tions.

Then we performed a �2 statistical analysis with two
degrees of freedom, defining

�2(m,�) ⌘
X

i=1,...,18

 
RData

µµ/ee,i

RMC
µµ/ee,i

�
RSM+LQ

µµ/ee,i (m,�)

RSM
µµ/ee,i

!2

�2
i

,

(2)
where i runs over the data points available from the nine
bins with and without leptons detected in the CMS end-
caps and �i are the corresponding uncertainties reported
in Ref. [155]. Minimizing the �2 function with respect
to (m,�) we find the best fit points m̂ and �̂ given in
Tab. III. The corresponding values of RSM+LQ

µµ/ee /RSM
µµ/ee

for the different bins are shown in Fig. 1, together with
the CMS measurement.

IV. PHENOMENOLOGICAL ANALYSIS

The regions allowed at the 1� and 2� level (with
respect to the best fit points) from the CMS mea-
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these cases, RSM+LQ
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• We recently published the complete Lagrangian and set of Feynman rules for the scalar 
LQs, including


- Interactions with SM fermions, gauge bosons and the Higgs

- LQ-LQ-Higgs(-Higgs), LQ-LQ-LQ(-Higgs) and LQ-LQ-LQ-LQ self-interactions.
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• We recently published the complete Lagrangian and set of Feynman rules for the scalar 
LQs, including


- Interactions with SM fermions, gauge bosons and the Higgs

- LQ-LQ-Higgs(-Higgs), LQ-LQ-LQ(-Higgs) and LQ-LQ-LQ-LQ self-interactions.

• They feature a novel representation of interactions involving charge-conjugated fermions. 
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A. Denner, H.Eck, O.Hahn,  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• We recently published the complete Lagrangian and set of Feynman rules for the scalar 
LQs, including


- Interactions with SM fermions, gauge bosons and the Higgs

- LQ-LQ-Higgs(-Higgs), LQ-LQ-LQ(-Higgs) and LQ-LQ-LQ-LQ self-interactions.

• They feature a novel representation of interactions involving charge-conjugated fermions. 

• We provide a FeynRules model file that allows for exports to FeynArts and MadGraph5_aMC@NLO, 
constituting a powerful tool for for the automatization of scalar LQ phenomenology studies. 
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TABLE II: Interaction terms of the LQ representations listed
in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

V1 and V2 possess only one of the two possible couplings
at the same time. Therefore, no scalar or tensor operators
are generated, where the former ones are very stringently
constrained from ⇡ ! e⌫.

Let us now consider the one-loop matching on four-
quark operators [170] involving only left-handed fields:

Q
(1)
qq =

⇥
Q̄�

µ
Q
⇤⇥
Q̄�µQ

⇤
, (3)

Q
(3)
qq =

⇥
Q̄⌧

I
�
µ
Q
⇤⇥
Q̄⌧

I
�
µ
Q
⇤
, (4)

where the color indices are contracted within each bilin-
ear and the Wilson coefficients are given by

�1 : C
(1)
qq =

�|�L
1 |4

256⇡2m2
1

, C
(3)
qq =

�|�L
1 |4

256⇡2m2
1

, (5a)

�2 : C
(1)
qq =

�|�LR
2 |4

128⇡2m2
2

, (5b)

�3 : C
(1)
qq =

�9|�3|4
256⇡2m2

3

, C
(3)
qq =

�|�3|4
256⇡2m2

3

, (5c)

V1 : C
(1)
qq =

�|L
1 |4
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1

, (5d)

V2 : C
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qq =

�|LR
2 |4
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2

, (5e)

V3 : C
(1)
qq =

�3|3|4
32⇡2M2

3

, C
(3)
qq =

�|3|4
16⇡2M2

3

. (5f)

Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
fi dL,i ,

dR,f ! U
dR
fi dR,i ,

uL,f ! U
uL
fi uL,i ,

uR,f ! U
uR
fi uR,i ,

(6)

with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
uL⇤
jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as

U
uL =

 
cos(↵) sin(↵)

� sin(↵) cos(↵)

!
,

U
dL =

 
cos(�) sin(�)

� sin(�) cos(�)

!
.

(8)

Using Eq. (7) this yields

V =

 
cos(� � ↵) sin(� � ↵)

� sin(� � ↵) cos(� � ↵)

!
(9a)

!
=

 
cos(✓c) sin(✓c)

� sin(✓c) cos(✓c)

!
. (9b)

Hence, we can write

U
uL =

 
cos(� � ✓c) sin(� � ✓c)

� sin(� � ✓c) cos(� � ✓c)

!
. (10)

If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.

• When going to the mass eigenstates, the unitary matrices  enter. UdL, UuL
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to K

0 � K̄
0 and/or D
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0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
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dR,f ! U
dR
fi dR,i ,

uL,f ! U
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fi uL,i ,

uR,f ! U
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with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
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As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as
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If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.

• When going to the mass eigenstates, the unitary matrices  enter. UdL, UuL
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Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
fi dL,i ,

dR,f ! U
dR
fi dR,i ,

uL,f ! U
uL
fi uL,i ,

uR,f ! U
uR
fi uR,i ,

(6)

with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
uL⇤
jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as

U
uL =
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Using Eq. (7) this yields
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=
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Hence, we can write
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� sin(� � ✓c) cos(� � ✓c)
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. (10)

If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.
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V1 and V2 possess only one of the two possible couplings
at the same time. Therefore, no scalar or tensor operators
are generated, where the former ones are very stringently
constrained from ⇡ ! e⌫.
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Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1
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fi dR,i ,
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with the unitary matrices U
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dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix
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jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as
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If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents
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The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.
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• We couple to the first generation weak eigenstates. 
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Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
fi dL,i ,

dR,f ! U
dR
fi dR,i ,

uL,f ! U
uL
fi uL,i ,

uR,f ! U
uR
fi uR,i ,

(6)

with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
uL⇤
jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as

U
uL =

 
cos(↵) sin(↵)

� sin(↵) cos(↵)
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,
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Using Eq. (7) this yields

V =

 
cos(� � ↵) sin(� � ↵)

� sin(� � ↵) cos(� � ↵)

!
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=
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Hence, we can write
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cos(� � ✓c) sin(� � ✓c)

� sin(� � ✓c) cos(� � ✓c)
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. (10)

If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.
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ū �
RL
2 �T

2 i⌧2 ̃1�µṼ
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V1 and V2 possess only one of the two possible couplings
at the same time. Therefore, no scalar or tensor operators
are generated, where the former ones are very stringently
constrained from ⇡ ! e⌫.

Let us now consider the one-loop matching on four-
quark operators [170] involving only left-handed fields:
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Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
fi dL,i ,

dR,f ! U
dR
fi dR,i ,

uL,f ! U
uL
fi uL,i ,

uR,f ! U
uR
fi uR,i ,

(6)

with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
uL⇤
jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as
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If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.
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V1 and V2 possess only one of the two possible couplings
at the same time. Therefore, no scalar or tensor operators
are generated, where the former ones are very stringently
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Let us now consider the one-loop matching on four-
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Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
fi dL,i ,

dR,f ! U
dR
fi dR,i ,

uL,f ! U
uL
fi uL,i ,

uR,f ! U
uR
fi uR,i ,

(6)

with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
uL⇤
jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as
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uL =

 
cos(↵) sin(↵)
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If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.
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TABLE II: Interaction terms of the LQ representations listed
in Table I, where Q and L represent the left-handed quark and
lepton SU(2)L doublets, e, d and u the right-handed SU(2)L
singlets, the superscript c stands for charge conjugation and
⌧i are the Pauli matrices.

V1 and V2 possess only one of the two possible couplings
at the same time. Therefore, no scalar or tensor operators
are generated, where the former ones are very stringently
constrained from ⇡ ! e⌫.

Let us now consider the one-loop matching on four-
quark operators [170] involving only left-handed fields:

Q
(1)
qq =

⇥
Q̄�

µ
Q
⇤⇥
Q̄�µQ

⇤
, (3)

Q
(3)
qq =

⇥
Q̄⌧

I
�
µ
Q
⇤⇥
Q̄⌧

I
�
µ
Q
⇤
, (4)

where the color indices are contracted within each bilin-
ear and the Wilson coefficients are given by

�1 : C
(1)
qq =

�|�L
1 |4

256⇡2m2
1

, C
(3)
qq =

�|�L
1 |4

256⇡2m2
1

, (5a)

�2 : C
(1)
qq =

�|�LR
2 |4

128⇡2m2
2

, (5b)

�3 : C
(1)
qq =

�9|�3|4
256⇡2m2

3

, C
(3)
qq =

�|�3|4
256⇡2m2

3

, (5c)

V1 : C
(1)
qq =

�|L
1 |4

32⇡2M2
1

, (5d)

V2 : C
(1)
qq =

�|LR
2 |4

32⇡2M2
2

, (5e)

V3 : C
(1)
qq =

�3|3|4
32⇡2M2

3

, C
(3)
qq =

�|3|4
16⇡2M2

3

. (5f)

Due to SU(2)L, these operators will necessarily give rise
to K

0 � K̄
0 and/or D

0 � D̄
0 mixing after electroweak

symmetry breaking. For the vector LQs we calculated the
diagrams in Feynman gauge, i.e. neglecting Goldstone
contributions. In this way a finite result is obtained and
the estimate is conservative in the sense that the NP
contribution obtained is smaller than (the finite part of)
the one in unitary gauge where large logarithms involving
the cut-off appear [53].

B. Electroweak Symmetry Breaking

For left-handed quarks “first generation” is only well
defined in the interaction basis as after electroweak
symmetry breaking non-diagonal mass matrices for the
quarks are generated. In order to work in the physical
basis with diagonal mass terms, we have to rotate the
quark fields1

dL,f ! U
dL
fi dL,i ,

dR,f ! U
dR
fi dR,i ,

uL,f ! U
uL
fi uL,i ,

uR,f ! U
uR
fi uR,i ,

(6)

with the unitary matrices U
uL,R and U

dL,R . While the
right-handed rotations can be absorbed by a re-definition
of the couplings and are thus unphysical, the left-handed
ones form the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix

Vfi ⌘ U
uL⇤
jf U

dL
ji . (7)

As we want to study first generation LQs (defined in the
weak basis), and flavor violating effects involving first
and second quark generation quarks are most stringently
constrained, we can focus on the 2 ⇥ 2 sector which is
related to the relatively large Cabibbo angle ✓c ⇡ 0.22.
We can thus parameterize the matrices in Eq. (6) as

U
uL =

 
cos(↵) sin(↵)

� sin(↵) cos(↵)

!
,

U
dL =

 
cos(�) sin(�)

� sin(�) cos(�)

!
.

(8)

Using Eq. (7) this yields

V =

 
cos(� � ↵) sin(� � ↵)

� sin(� � ↵) cos(� � ↵)

!
(9a)

!
=

 
cos(✓c) sin(✓c)

� sin(✓c) cos(✓c)

!
. (9b)

Hence, we can write

U
uL =

 
cos(� � ✓c) sin(� � ✓c)

� sin(� � ✓c) cos(� � ✓c)

!
. (10)

If � = 0, we work in the so-called down basis where no
CKM elements appear in flavor changing neutral currents

1
The same is true for charged leptons. However, in the limit of

vanishing neutrino masses all rotation necessary to diagonalize

the charged lepton mass matrix are unphysical since they can be

absorbed into a field redefinition.

• When going to the mass eigenstates, the unitary matrices  enter. UdL, UuL
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Field �1 �̃1 �2 �̃2 �3 V1 Ṽ1 V2 Ṽ2 V3

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

3 � 8
3

7
3

1
3 � 2

3
4
3

10
3 � 5

3
1
3

4
3

TABLE I: The ten possible representations of scalar and vec-
tor LQs under the SM gauge group.

II. SETUP AND MATCHING

LQs have first been classified systematically in
Ref. [167] into 10 possible representations under the SM
gauge group: five scalar and five vector ones, as listed in
Table I. The conventions are chosen such that the electric
charge Q is given by Q = 1

2Y +T3, where Y is the hyper-
charge and T3 the third component of the weak isospin.
These representations allow for couplings to SM quarks
and leptons as given in Table II. Here we did not consider
couplings to two quarks, which, together with the cou-
plings in Table II, would lead to proton decay. Note that
such couplings can be avoided (to all orders in perturba-
tion theory) by assigning baryon and/or lepton number
to the LQs. In the following, we denote the LQ masses
according to their representation and use small m for the

scalar LQs and capital M for the vector LQs.

A. Matching

We now perform the tree-level matching of our ten LQ
representations on SU(2)L gauge invariant dimension-six
four-fermion operators using the basis of Ref. [168]

L=
X

CiOi ,

O
(1)
`q = [Q̄�

µ
Q][L̄�µL] ,

O
(3)
`q = [Q̄⌧

I
�
µ
Q][L̄⌧ I�µL] ,

Oqe= [Q̄�
µ
Q][ē�µe] ,

O`u= [ū�µ
u][L̄�µL] ,

O`d= [d̄�µ
d][L̄�µL] ,

Oeu= [ū�µ
u][ē�µe] ,

Oed = [d̄�µ
d][ē�µe] ,

(1)

and find

C
(1)
`q C

(3)
`q Cqe C`u C`d Ceu Ced

�1
|�L

1 |2
4m2

1

� |�L
1 |2

4m2
1

⇤ ⇤ ⇤ |�R
1 |2

2m2
1

⇤

�̃1 ⇤ ⇤ ⇤ ⇤ ⇤ ⇤ |�̃1|2
2m̃2

1

�2 ⇤ ⇤ � |�LR
2 |2
2m2

2

� |�RL
2 |2
2m2

2

⇤ ⇤ ⇤

�̃2 ⇤ ⇤ ⇤ ⇤ � |�̃2|2
2m̃2

2

⇤ ⇤

�3
3|�2

3|
4m2

3

|�2
3|

4m2
3

⇤ ⇤ ⇤ ⇤ ⇤

V1 � |L
1 |2

2M2
1

� |L
1 |2

2M2
1

⇤ ⇤ ⇤ ⇤ � |R
1 |2
M2

1

Ṽ1 ⇤ ⇤ ⇤ ⇤ ⇤ � |̃1|2

M̃2
1

⇤

V2 ⇤ ⇤ |LR
2 |2
M2

2

⇤ |RL
2 |2
M2

2

⇤ ⇤

Ṽ2 ⇤ ⇤ ⇤ |̃2|2

M̃2
2

⇤ ⇤ ⇤

V3 �
3
��2

3

��
2M2

3

|2
3|

2M2
3

⇤ ⇤ ⇤ ⇤ ⇤

(2)

in agreement with Ref. [47, 145, 148, 169]
For simplicity, we do not include flavor indices, since we

will only consider couplings to first generation fermions
(in the weak basis). Furthermore, we assume that �1, �2,
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Ṽ2 ⇤ ⇤ ⇤ |̃2|2

M̃2
2

⇤ ⇤ ⇤

V3 �
3
��2

3

��
2M2

3

|2
3|

2M2
3

⇤ ⇤ ⇤ ⇤ ⇤

(2)

in agreement with Ref. [47, 145, 148, 169]
For simplicity, we do not include flavor indices, since we

will only consider couplings to first generation fermions
(in the weak basis). Furthermore, we assume that �1, �2,
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II. SETUP AND MATCHING

LQs have first been classified systematically in
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Table I. The conventions are chosen such that the electric
charge Q is given by Q = 1

2Y +T3, where Y is the hyper-
charge and T3 the third component of the weak isospin.
These representations allow for couplings to SM quarks
and leptons as given in Table II. Here we did not consider
couplings to two quarks, which, together with the cou-
plings in Table II, would lead to proton decay. Note that
such couplings can be avoided (to all orders in perturba-
tion theory) by assigning baryon and/or lepton number
to the LQs. In the following, we denote the LQ masses
according to their representation and use small m for the

scalar LQs and capital M for the vector LQs.
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Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus

��V �

us

�� =

r
1 �

���V �

ud

���
2

� |Vub|2 ⇡
r

1 �
���V �

ud

���
2

. (4.1)

Following Ref. [152] we have

V �

us
= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)

15

Paper: arXiv:2101.07811 SUSY 2021, Luc Schnell

https://arxiv.org/abs/2101.07811


4. Observables
4.1 Low-Energy Precision Observables

13

Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.

4.1 Low-Energy Precision Observables

RX9 E�QM .2+�vb
u u

s̄ d̄

⌫

⌫̄

LQK+ ⇡+

RX8 *��

LQ

d

⌫̄

u

e

k

(CAA)

62vMK�M .B�;`�Kb
Gm+ a+?M2HH

CmM2 jy- kykR

R G2TiQ[m�`Fb
RXR hvTB+�H BMi2`�+iBQM i2`K

�/V

`q̄

�/V

`q̄c

RXk J2bQM JBtBM;

d s

s̄ d̄

LQ

LQ

e/⌫ e/⌫K0 K̄0

RXj Zr2�F 1tT2`BK2Mi

u u
u u
d d

e/⌫ e/⌫

LQ

p+ p+

R

(PV)

RX9 E�QM .2+�vb
u u

s̄ d̄

⌫

⌫̄

LQK+ ⇡+

RX8 *��

LQ

d

⌫̄

u

e

k

(K ! ⇡⌫⌫)

62vMK�M .B�;`�Kb
Gm+ a+?M2HH

CmM2 jy- kykR

R G2TiQ[m�`Fb
RXR hvTB+�H BMi2`�+iBQM i2`K

�/V

`q̄

�/V

`q̄c

RXk J2bQM JBtBM;

d s

s̄ d̄

LQ

LQ

e/⌫ e/⌫K0 K̄0

RXj Zr2�F 1tT2`BK2Mi

u u
u u
d d

e/⌫ e/⌫

LQ

p+ p+

R

(K0 � K̄0)

Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus

��V �

us

�� =

r
1 �

���V �

ud

���
2

� |Vub|2 ⇡
r

1 �
���V �

ud

���
2

. (4.1)

Following Ref. [152] we have

V �

us
= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)

15

Paper: arXiv:2101.07811 SUSY 2021, Luc Schnell

https://arxiv.org/abs/2101.07811


14

Cabibbo-Angle-Anomaly (CAA):

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2101.07811

• The CAA is a deficit in first row CKM unitarity.  

SUSY 2021, Luc Schnell

https://arxiv.org/abs/2101.07811


14

Cabibbo-Angle-Anomaly (CAA):

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2101.07811

• The CAA is a deficit in first row CKM unitarity.  

SUSY 2021, Luc Schnell

4

(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)

V
�
ud = V

L
ud

�
1 + C

e⌫e
11

�
. (14)

The element V
L
ud can then be converted to V

L
us applying

unitarity

��V L
us

�� =
q

1�
��V L

ud

��2 �
��V L

ub

��2 . (15)

We find

V
L
us ⇡ V

�
us +

|V �
ud|2

|V �
us|2

C
e⌫e
11 . (16)

V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1� C

e⌫e
11

Vud
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1� C12

Vus
.

(19)

This has to be compared to

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010± 0.0025 ,

K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(20)

from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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NP effects)

V
�
ud = V

L
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1 + C
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. (14)

The element V
L
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We find
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V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in
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Vud
,
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from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.
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The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian
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governing semi-leptonic transitions. The coefficients
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jk = C
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e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM
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jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results
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where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V
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ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V
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ud of the Lagrangian (including

NP effects)
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where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �
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kaon [173] and tau decays [174]
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which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in
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from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d
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⇥
q̄�

µ
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where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-
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During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.
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Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)
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ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
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us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]
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us = 0.22320(61) ,
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which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.
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cays, defined at the amplitude level and normalized to
unity in the SM, result in
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from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads
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GFp
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where Ĉ1q = C
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1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus

��V �

us

�� =

r
1 �

���V �

ud

���
2

� |Vub|2 ⇡
r

1 �
���V �

ud

���
2

. (4.1)

Following Ref. [152] we have

V �

us
= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)
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where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]

V Kµ3
us

= 0.22345(67) , V Ke3
us

= 0.22320(61) ,

V Kµ2
us

= 0.22534(42) , V ⌧

us
= 0.2195(19) ,

(4.3)

which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads

L`⌫

e↵
= �4GFp

2
VijĈ

`⌫

ijkl

⇥
ūi�

µPLdj

⇤⇥
¯̀
k�µPL⌫l

⇤
, (4.4)

where Ĉ`⌫

ijkl
= CSM

ijkl
+ C`⌫

ijkl
is the sum of the SM and LQ contributions. The normalization is chosen such that

CSM

ijkl
= �kl (4.5)

in the SM. Integrating out the LQs, we obtain the tree-level matching result

C`⌫

ijkl
=

�1p
2GF

UdL

j0j UuL⇤
i0i

Vij

(C(3)

`q
)i0j0kl . (4.6)

The corresponding Feynman diagram is given in Fig. 4.1. Determining the CKM element from super-allowed
beta decays, we get

V �

ud
= Vud

 
1 +

X

l

C`⌫

111l

!
, (4.7)

assuming that it is not possible to determine the flavor of the neutrino in the experiment, which is why we take
the sum over it. Here, Vud denotes the true CKM matrix element. This has to be compared to

V K

us
= Vus

 
1 +

X

l

C`⌫

12kl

!
, (4.8)

where V K

us
is determined based on the partonic process s ! u`k⌫k (again, the neutrino ⌫l is interpreted as ⌫k).

If C`⌫

111l
and C`⌫

12kl
take the right values, the CAA is resolved.

Pion and Kaon Decays

Further tests of LFU are available from pion and kaon decays, where no significant deviations from SM predic-
tions were measured. Any explanation of the CAA also needs to account for this data. Normalized to the SM
prediction and defined at the amplitude level, the ratios read

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010 ± 0.0025 ,
K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(4.9)

from Ref. [157], Refs. [158–160] and Refs. [160–163], respectively. The LQ contributions to these observables
are

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1 +

X

l

�
C`⌫

112l
� C`⌫

111l

�
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1 +

X

l

�
C`⌫

122l
� C`⌫

121l

�
. (4.10)

4.2 Neutral Current

4.2.1 Parity Violation Experiments (PV)

QWEAK and APV

Since LQs induce parity violating interactions, measurements of the weak charges of protons and atoms per-
formed by experiments like QWEAK [164, 165] and APV [166, 167], respectively, may be used to contrain LQs.
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)

V
�
ud = V

L
ud

�
1 + C

e⌫e
11

�
. (14)

The element V
L
ud can then be converted to V

L
us applying

unitarity

��V L
us

�� =
q

1�
��V L

ud

��2 �
��V L

ub

��2 . (15)

We find

V
L
us ⇡ V

�
us +

|V �
ud|2

|V �
us|2

C
e⌫e
11 . (16)

V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1� C

e⌫e
11

Vud
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1� C12

Vus
.

(19)

This has to be compared to

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010± 0.0025 ,

K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(20)

from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
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we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus

��V �

us

�� =

r
1 �

���V �

ud

���
2

� |Vub|2 ⇡
r

1 �
���V �

ud

���
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. (4.1)

Following Ref. [152] we have

V �

us
= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)

15

Chapter 4. Observables 16

where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]

V Kµ3
us

= 0.22345(67) , V Ke3
us

= 0.22320(61) ,

V Kµ2
us

= 0.22534(42) , V ⌧

us
= 0.2195(19) ,

(4.3)

which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads

L`⌫

e↵
= �4GFp

2
VijĈ

`⌫

ijkl

⇥
ūi�

µPLdj

⇤⇥
¯̀
k�µPL⌫l

⇤
, (4.4)

where Ĉ`⌫

ijkl
= CSM

ijkl
+ C`⌫

ijkl
is the sum of the SM and LQ contributions. The normalization is chosen such that

CSM

ijkl
= �kl (4.5)

in the SM. Integrating out the LQs, we obtain the tree-level matching result

C`⌫

ijkl
=

�1p
2GF

UdL

j0j UuL⇤
i0i

Vij

(C(3)

`q
)i0j0kl . (4.6)

The corresponding Feynman diagram is given in Fig. 4.1. Determining the CKM element from super-allowed
beta decays, we get

V �

ud
= Vud

 
1 +

X

l

C`⌫

111l

!
, (4.7)

assuming that it is not possible to determine the flavor of the neutrino in the experiment, which is why we take
the sum over it. Here, Vud denotes the true CKM matrix element. This has to be compared to

V K

us
= Vus

 
1 +

X

l

C`⌫

12kl

!
, (4.8)

where V K

us
is determined based on the partonic process s ! u`k⌫k (again, the neutrino ⌫l is interpreted as ⌫k).

If C`⌫

111l
and C`⌫

12kl
take the right values, the CAA is resolved.

Pion and Kaon Decays

Further tests of LFU are available from pion and kaon decays, where no significant deviations from SM predic-
tions were measured. Any explanation of the CAA also needs to account for this data. Normalized to the SM
prediction and defined at the amplitude level, the ratios read

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010 ± 0.0025 ,
K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(4.9)

from Ref. [157], Refs. [158–160] and Refs. [160–163], respectively. The LQ contributions to these observables
are

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1 +

X

l

�
C`⌫

112l
� C`⌫

111l

�
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1 +

X

l

�
C`⌫

122l
� C`⌫

121l

�
. (4.10)

4.2 Neutral Current

4.2.1 Parity Violation Experiments (PV)

QWEAK and APV

Since LQs induce parity violating interactions, measurements of the weak charges of protons and atoms per-
formed by experiments like QWEAK [164, 165] and APV [166, 167], respectively, may be used to contrain LQs.
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)

V
�
ud = V

L
ud

�
1 + C

e⌫e
11

�
. (14)

The element V
L
ud can then be converted to V

L
us applying

unitarity

��V L
us

�� =
q

1�
��V L

ud

��2 �
��V L

ub

��2 . (15)

We find

V
L
us ⇡ V

�
us +

|V �
ud|2

|V �
us|2

C
e⌫e
11 . (16)

V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1� C

e⌫e
11

Vud
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1� C12

Vus
.

(19)

This has to be compared to

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010± 0.0025 ,

K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(20)

from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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• The CAA is a deficit in first row CKM unitarity.  

Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus
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where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]
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which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads
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The corresponding Feynman diagram is given in Fig. 4.1. Determining the CKM element from super-allowed
beta decays, we get
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assuming that it is not possible to determine the flavor of the neutrino in the experiment, which is why we take
the sum over it. Here, Vud denotes the true CKM matrix element. This has to be compared to
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where V K

us
is determined based on the partonic process s ! u`k⌫k (again, the neutrino ⌫l is interpreted as ⌫k).
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111l
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take the right values, the CAA is resolved.

Pion and Kaon Decays

Further tests of LFU are available from pion and kaon decays, where no significant deviations from SM predic-
tions were measured. Any explanation of the CAA also needs to account for this data. Normalized to the SM
prediction and defined at the amplitude level, the ratios read

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010 ± 0.0025 ,
K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(4.9)
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4.2 Neutral Current

4.2.1 Parity Violation Experiments (PV)

QWEAK and APV

Since LQs induce parity violating interactions, measurements of the weak charges of protons and atoms per-
formed by experiments like QWEAK [164, 165] and APV [166, 167], respectively, may be used to contrain LQs.
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where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]
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which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads
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Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus
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Following Ref. [152] we have

V �
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= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)

V
�
ud = V

L
ud

�
1 + C

e⌫e
11

�
. (14)

The element V
L
ud can then be converted to V

L
us applying

unitarity

��V L
us

�� =
q

1�
��V L

ud

��2 �
��V L

ub

��2 . (15)

We find

V
L
us ⇡ V

�
us +

|V �
ud|2

|V �
us|2

C
e⌫e
11 . (16)

V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1� C

e⌫e
11

Vud
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1� C12

Vus
.

(19)

This has to be compared to

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010± 0.0025 ,

K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(20)

from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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• The CAA is a deficit in first row CKM unitarity.  

Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus
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The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the
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where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]

V Kµ3
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= 0.22345(67) , V Ke3
us

= 0.22320(61) ,

V Kµ2
us

= 0.22534(42) , V ⌧

us
= 0.2195(19) ,

(4.3)

which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads
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, (4.4)

where Ĉ`⌫

ijkl
= CSM

ijkl
+ C`⌫

ijkl
is the sum of the SM and LQ contributions. The normalization is chosen such that

CSM

ijkl
= �kl (4.5)

in the SM. Integrating out the LQs, we obtain the tree-level matching result
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=
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The corresponding Feynman diagram is given in Fig. 4.1. Determining the CKM element from super-allowed
beta decays, we get
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assuming that it is not possible to determine the flavor of the neutrino in the experiment, which is why we take
the sum over it. Here, Vud denotes the true CKM matrix element. This has to be compared to

V K
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= Vus

 
1 +

X

l

C`⌫

12kl

!
, (4.8)

where V K

us
is determined based on the partonic process s ! u`k⌫k (again, the neutrino ⌫l is interpreted as ⌫k).

If C`⌫

111l
and C`⌫

12kl
take the right values, the CAA is resolved.

Pion and Kaon Decays

Further tests of LFU are available from pion and kaon decays, where no significant deviations from SM predic-
tions were measured. Any explanation of the CAA also needs to account for this data. Normalized to the SM
prediction and defined at the amplitude level, the ratios read
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from Ref. [157], Refs. [158–160] and Refs. [160–163], respectively. The LQ contributions to these observables
are
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4.2 Neutral Current

4.2.1 Parity Violation Experiments (PV)

QWEAK and APV

Since LQs induce parity violating interactions, measurements of the weak charges of protons and atoms per-
formed by experiments like QWEAK [164, 165] and APV [166, 167], respectively, may be used to contrain LQs.
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where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]
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which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads
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ijkl
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is the sum of the SM and LQ contributions. The normalization is chosen such that
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The corresponding Feynman diagram is given in Fig. 4.1. Determining the CKM element from super-allowed
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Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus

��V �
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���
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Following Ref. [152] we have

V �

us
= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)

V
�
ud = V

L
ud

�
1 + C

e⌫e
11

�
. (14)

The element V
L
ud can then be converted to V

L
us applying

unitarity

��V L
us

�� =
q

1�
��V L

ud

��2 �
��V L

ub

��2 . (15)

We find

V
L
us ⇡ V

�
us +

|V �
ud|2

|V �
us|2

C
e⌫e
11 . (16)

V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1� C

e⌫e
11

Vud
,

K ! (⇡)µ⌫

K ! (⇡)e⌫
⇡ 1� C12

Vus
.

(19)

This has to be compared to

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010± 0.0025 ,

K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(20)

from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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• The CAA is a deficit in first row CKM unitarity.  

Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.

4.1.1 Charged Semi-Leptonic Current

Cabibbo-Angle-Anomaly (CAA)

The Cabibbo-Angle-Anomaly (CAA) is a deficit in first row CKM unitarity. By measuring d ! ue⌫̄e transitions
in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus
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in super-allowed beta decays, the CKM element V �

ud
can be extracted based on the SM hypothesis. Using the

unitarity of the CKM matrix and neglecting the tiny contribution from Vub, this can be translated into a
measurement of Vus
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Following Ref. [152] we have

V �

us
= 0.2281(7) , V �

us
|NNC = 0.2280(14) , (4.2)
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where the latter value contains the “new nuclear corrections” (NNCs) proposed by Refs. [153, 154]. At the
moment the issue of the NNCs is not resolved, which is why we decided to state both values. This can be
compared to determinations of Vus from two and three body kaon [155] and tau decays [156]

V Kµ3
us

= 0.22345(67) , V Ke3
us

= 0.22320(61) ,

V Kµ2
us

= 0.22534(42) , V ⌧

us
= 0.2195(19) ,

(4.3)

which are significantly lower. In this agreement exactly lies the CAA. It can be interpreted as an LFUV e↵ect
arising from LQ contributions. The relevant e↵ective Lagrangian reads
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where Ĉ`⌫

ijkl
= CSM

ijkl
+ C`⌫

ijkl
is the sum of the SM and LQ contributions. The normalization is chosen such that

CSM

ijkl
= �kl (4.5)

in the SM. Integrating out the LQs, we obtain the tree-level matching result
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Vij
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`q
)i0j0kl . (4.6)

The corresponding Feynman diagram is given in Fig. 4.1. Determining the CKM element from super-allowed
beta decays, we get

V �

ud
= Vud
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X

l

C`⌫

111l

!
, (4.7)

assuming that it is not possible to determine the flavor of the neutrino in the experiment, which is why we take
the sum over it. Here, Vud denotes the true CKM matrix element. This has to be compared to

V K

us
= Vus
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X

l

C`⌫

12kl

!
, (4.8)

where V K

us
is determined based on the partonic process s ! u`k⌫k (again, the neutrino ⌫l is interpreted as ⌫k).

If C`⌫

111l
and C`⌫

12kl
take the right values, the CAA is resolved.

Pion and Kaon Decays

Further tests of LFU are available from pion and kaon decays, where no significant deviations from SM predic-
tions were measured. Any explanation of the CAA also needs to account for this data. Normalized to the SM
prediction and defined at the amplitude level, the ratios read
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K ! ⇡e⌫
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= 1.0010 ± 0.0025 ,
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= 1.0010(9) ,

(4.9)

from Ref. [157], Refs. [158–160] and Refs. [160–163], respectively. The LQ contributions to these observables
are
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. (4.10)

4.2 Neutral Current

4.2.1 Parity Violation Experiments (PV)

QWEAK and APV

Since LQs induce parity violating interactions, measurements of the weak charges of protons and atoms per-
formed by experiments like QWEAK [164, 165] and APV [166, 167], respectively, may be used to contrain LQs.
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4.2.1 Parity Violation Experiments (PV)
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Since LQs induce parity violating interactions, measurements of the weak charges of protons and atoms per-
formed by experiments like QWEAK [164, 165] and APV [166, 167], respectively, may be used to contrain LQs.

Chapter 4

Observables

Here we list low-energy precision observables as well as high-energy LHC searches that have sensitivity to LQ
e↵ects beyond the well-known b ! c⌧⌫, b ! s`` and aµ flavor anomalies (introduced in Sec. 1). Particular
emphasis is placed on first generation LQs, which we will discuss in detail in Sec. 5.1. In many of the observables
we list, however, also e↵ects stemming from second or third generation LQs could be detected. This becomes
relevant when extending our first generation model to three generations, allowing us to address the muon and
tau anomalies in addition to the electron ones without violating the bounds from lepton number violation
experiments. We intend to study such extensions in the future, they are briefly discussed in Sec. 5.2. This
chapter is based on Ref. [55] and its Addendum, to which the author contributed in the framework of this
thesis. Sections written by the coauthors of Ref. [55] are paraphrased here in the author’s own words.

4.1 Low-Energy Precision Observables
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Figure 4.1: Feynman diagrams depicting the LQ e↵ects in �-decays which would explain the Cabibbo-Angle
Anomaly (CAA), in parity violation experiments (PV) such as QWEAK, APV or COHERENT, in K ! ⇡⌫⌫
decays and in meson mixing (K0 � K̄0 is shown). The explicit charge conjugation appearing in LQ interactions,
indicated by the white arrows, is discussed in Appendix B.
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(FCNCs) with down-type quarks. On the other hand, if
we choose � = ✓c, we work in the up basis in which
down-type FCNCs are induced via CKM elements while
up-type FCNCs are absent.

III. OBSERVABLES

A. Charged Semi-Leptonic Current

We use the charged current effective Hamiltonian

H`⌫
eff =

4GFp
2
VjkĈ

e⌫
jk

⇥
ūj�

µ
PLdk

⇤⇥
ē�µPL⌫e

⇤
, (11)

governing semi-leptonic transitions. The coefficients
Ĉ

e⌫
jk = C

SM
jk +C

e⌫
jk are the sum of the SM and LQ contri-

bution. The normalization is chosen such that we have
in the SM

C
SM
jk = �jk . (12)

Integrating out the LQs, we obtain the following tree-
level matching results

C
e⌫
11 =

�1p
2GF

c�c��✓

Vud
C

(3)
`q ,

C
e⌫
12 =

�1p
2GF

s�c��✓

Vus
C

(3)
`q ,

(13)

where we abbreviated c� ⌘ cos(�), s� = sin(�),
c��✓ ⌘ cos(� � ✓c) and s��✓ ⌘ sin(� � ✓c) and ne-
glected effects related to third generation quarks and
charm quarks, which would result in much weaker limits
than the bounds to be discussed now.

The d ! ue⌫̄e transitions contribute to beta decays
where the measured CKM element V

�
ud (extracted from

experiment using the SM hypothesis) is related to the
unitary CKM matrix V

L
ud of the Lagrangian (including

NP effects)

V
�
ud = V

L
ud

�
1 + C

e⌫e
11

�
. (14)

The element V
L
ud can then be converted to V

L
us applying

unitarity

��V L
us

�� =
q

1�
��V L

ud

��2 �
��V L

ub

��2 . (15)

We find

V
L
us ⇡ V

�
us +

|V �
ud|2

|V �
us|2

C
e⌫e
11 . (16)

V
�
ub is most precisely determined from super-allowed beta

decays. Following Ref. [160] we have

V
�
us = 0.2281(7) , V

�
us|NNC = 0.2280(14) , (17)

where the latter value contains the “new nuclear correc-
tions” (NNCs) proposed by Refs. [171, 172]. Since at the

moment the issue of the NNCs is not settled, we will
quote results for both determinations. This value of V �

us
can now be compared to Vus from two and three body
kaon [173] and tau decays [174]

V
Kµ3
us = 0.22345(67) , V

Ke3
us = 0.22320(61) ,

V
Kµ2
us = 0.22534(42) , V

⌧
us = 0.2195(19) ,

(18)

which are significantly lower2. This disagreement consti-
tutes the so-called Cabibbo angle anomaly.

Besides �-decays, tests of LFU in pion and Kaon de-
cays, defined at the amplitude level and normalized to
unity in the SM, result in

⇡ ! µ⌫

⇡ ! e⌫
⇡ 1� C

e⌫e
11

Vud
,

K ! (⇡)µ⌫
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⇡ 1� C12
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.

(19)

This has to be compared to

K ! ⇡µ⌫

K ! ⇡e⌫

����
exp

= 1.0010± 0.0025 ,

K ! µ⌫

K ! e⌫

����
exp

= 0.9978(18) ,

⇡ ! µ⌫

⇡ ! e⌫

����
exp

= 1.0010(9) ,

(20)

from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.
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from Ref. [176], Refs. [177–179] and Refs. [179–182], re-
spectively. Numerically, C

e⌫e
11 ⇡ �0.001 would signifi-

cantly improve the agreement with data. Note that ef-
fects in charged current D decays are not very constrain-
ing [183].

B. Tree-Level Neutral Current

Chiral quark-electron interactions can be constrained
from atomic parity violation experiments like APV [184,
185] and from the weak charge of the proton as measured
by QWEAK [186, 187]. The relevant effective Lagrangian
reads

Lee
eff =

GFp
2

X

q=u,d

Ĉ1q

⇥
q̄�

µ
q
⇤⇥
ē�µ�5e

⇤
, (21)

where Ĉ1q = C
SM
1q + C1q with C

SM
1u = �0.1887 and

C
SM
1d = 0.3419. Again we can express the Wilson coeffi-

2
During finalization of this article, Ref. [175] obtained a value of

|Vud|2 = 0.94805(26) which even slightly increases the disagree-

ment with Vus.

https://arxiv.org/abs/2101.07811


15

Parity violation experiments:

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2107.13569 SUSY 2021, Luc Schnell

https://arxiv.org/abs/2107.13569


15

Parity violation experiments:

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2107.13569 SUSY 2021, Luc Schnell

• Measure the parity-violating contribution to the scattering of leptons off the proton and nuclei. 

https://arxiv.org/abs/2107.13569


15

Parity violation experiments:

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2107.13569 SUSY 2021, Luc Schnell

• QCD and QED processes are suppressed that otherwise overshadow potential NP effects.
• Measure the parity-violating contribution to the scattering of leptons off the proton and nuclei. 

https://arxiv.org/abs/2107.13569


15

Parity violation experiments:

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2107.13569 SUSY 2021, Luc Schnell

• Parity-violating electron scattering 
- Low-energy scattering ( , P2)

- Atomic parity violation (APV, Ra )

- Parity-violating deep inelastic scattering (PVDIS, SoLID)

Qweak
+

• QCD and QED processes are suppressed that otherwise overshadow potential NP effects.
• Measure the parity-violating contribution to the scattering of leptons off the proton and nuclei. 

https://arxiv.org/abs/2107.13569


15

Parity violation experiments:

4. Observables
4.1 Low-Energy Precision Observables

Paper: arXiv:2107.13569 SUSY 2021, Luc Schnell

• Parity-violating electron scattering 
- Low-energy scattering ( , P2)

- Atomic parity violation (APV, Ra )

- Parity-violating deep inelastic scattering (PVDIS, SoLID)

Qweak
+

• QCD and QED processes are suppressed that otherwise overshadow potential NP effects.
with scattering angle ✓. The quantities A

N
V/A(t) represent the asymmetries arising from the

terms in which the vector/axial-vector part of the weak current appears on the quark side,
commonly parameterized in the effective Lagrangian

Lee
eff =

GFp
2

X

q=u,d,s

⇣
C

e
1q

⇥
q̄�

µ
q
⇤⇥

ē�µ�5e
⇤
+ C

e
2q

⇥
q̄�

µ
�5q

⇤⇥
ē�µe

⇤⌘
, (3.3)

where C
e
1q, C

e
2q contribute to A

N
V,A(t), respectively. Writing

C
e
1q = C

e,SM
1q + C

e,NP
1q , C

e
2q = C

e,SM
2q + C

e,NP
2q , (3.4)

we have the SM values

C
e,SM
1u = �0.1888, C

e,SM
2u = �0.0352,

C
e,SM
1d = C

e,SM
1s = 0.3419, C

e,SM
2d = C

e,SM
2s = 0.0249, (3.5)

including radiative corrections as detailed in Refs. [86, 87]. The NP contributions, expressed
in terms of the SMEFT Wilson coefficients defined in Eqs. (2.2) and (2.3), are given by

C
e,NP
1u =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + Ceu + Cqe � C`u � |Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

⌘
,

C
e,NP
2u =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + Ceu � Cqe + C`u � (1 � 4s

2
W )

h
|Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

i⌘
,

C
e,NP
1d =

p
2

4GF

⇣
� C

(3)
`q � C

(1)
`q + Ced + Cqe � C`d + C

(3)
�q + C

(1)
�q + C�d

⌘
,

C
e,NP
2d =

p
2

4GF

⇣
� C

(3)
`q � C

(1)
`q + Ced � Cqe + C`d � (1 � 4s

2
W )

h
C

(3)
�q � C

(1)
�q + C�d

i⌘
, (3.6)

where sW = sin ✓W is short for the weak mixing angle. Next, the nucleon matrix elements
are expressed in terms of form factors according to

hN(p0)|q̄�µ
q|N(p)i = ū(p0)

h
�

µ
F

q,N
1 (t) +

i�
µ⌫

q⌫

2mN
F

q,N
2 (t)

i
u(p),

hN(p0)|q̄�µ
�5q|N(p)i = ū(p0)

h
�

µ
�5G

q,N
A (t) + �5

q
µ

2mN
G

q,N
P (t)

i
u(p), (3.7)

where q = p
0 � p, t = q

2. In particular, we will write F
N
i (t) for the electromagnetic form

factors, G
3
A(t) = G

u,p
A (t) � G

d,p
A (t) for the triplet component of the axial-vector form factor

of the proton, G
q,N
A (0) ⌘ g

q,N
A (with g

u,p
A �g

d,p
A = gA = 1.27641(56) the axial-vector coupling

of the nucleon [88]), and define the Sachs form factors

G
N
E (t) = F

N
1 (t) � ⌘F

N
2 (t), G

N
M (t) = F

N
1 (t) + F

N
2 (t). (3.8)
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3.2 Coherent Elastic Neutrino–Nucleus Scattering

Low-energy PV is also accessible in CE⌫NS, in which a neutrino interacts with a nucleus
via a neutral current, and the elastic recoil of the nucleus is measured. This rare process
was measured for the first time by the COHERENT experiment [131, 132], and future mea-
surements at a number of experiments worldwide are expected to provide complementary
constraints on the Wilson coefficients probed in electron scattering. In analogy to Eqs. (3.3)
and (3.4), we write the relevant effective Lagrangian as

L⌫e⌫e
eff =

GFp
2

X

q=u,d,s

⇣
C

⌫e
1q

⇥
q̄�

µ
q
⇤⇥

⌫̄e�µ(1 � �5)⌫e
⇤
+ C

⌫e
2q

⇥
q̄�

µ
�5q

⇤⇥
⌫̄e�µ(1 � �5)⌫e

⇤⌘
, (3.20)

where
C

⌫e
1q = C

⌫e,SM
1q + C

⌫e,NP
1q , C

⌫e
2q = C

⌫e,SM
2q + C

⌫e,NP
2q , (3.21)

and the tree-level values in the SM fulfill

C
e,SM
1q

��
tree = C

⌫e,SM
1q

��
tree, C

e,SM
2q

��
tree = �(1 � 4s

2
W )C⌫e,SM

2q

��
tree. (3.22)

The relation of the NP contributions to the Wilson coefficients in Eqs. (2.2) and (2.3) is
given by

C
⌫e,NP
1u =

p
2

4GF

⇣
C

(3)
`q + C

(1)
`q + C`u + |Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
� C�u

⌘
,

C
⌫e,NP
2u =

p
2

4GF

⇣
�C

(3)
`q � C

(1)
`q + C`u � (1 � 4s

2
W )

h
|Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

i⌘
,

C
⌫e,NP
1d =

p
2

4GF

⇣
�C

(3)
`q + C

(1)
`q + C`d � C

(3)
�q � C

(1)
�q � C�d

⌘
,

C
⌫e,NP
2d =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + C`d � (1 � 4s

2
W )

h
C

(3)
�q � C

(1)
�q + C�d

i⌘
. (3.23)

Radiative corrections to the SM values have been studied in Refs. [86, 133, 134]. Following
the conventions from Ref. [86], one has

C
⌫e,SM
1u = �0.1961, C

⌫µ,SM
1u = �0.1906, C

⌫⌧ ,SM
1u = �0.1877,

C
⌫e,SM
1d = 0.3539, C

⌫µ,SM
1d = 0.3511, C

⌫⌧ ,SM
1d = 0.3497,

C
⌫e,SM
2u = C

⌫µ,SM
2u = C

⌫⌧ ,SM
2u = 0.5010,

C
⌫e,SM
2d = C

⌫µ,SM
2d = C

⌫⌧ ,SM
2d = �0.5065, (3.24)

where we included the flavor dependence of C
⌫`,SM
1q . Since the additional corrections from

�Z boxes and renormalization of the axial-vector current as in Eq. (3.17) are absent for
CE⌫NS, this leads to the flavor-dependent weak charges

Q
⌫`
w = ZQ

⌫`,p
w + NQ

⌫`,n
w , (3.25)
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ē�µe

⇤⌘
, (3.3)

where C
e
1q, C

e
2q contribute to A

N
V,A(t), respectively. Writing

C
e
1q = C

e,SM
1q + C

e,NP
1q , C

e
2q = C

e,SM
2q + C

e,NP
2q , (3.4)

we have the SM values

C
e,SM
1u = �0.1888, C

e,SM
2u = �0.0352,

C
e,SM
1d = C

e,SM
1s = 0.3419, C

e,SM
2d = C

e,SM
2s = 0.0249, (3.5)

including radiative corrections as detailed in Refs. [86, 87]. The NP contributions, expressed
in terms of the SMEFT Wilson coefficients defined in Eqs. (2.2) and (2.3), are given by

C
e,NP
1u =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + Ceu + Cqe � C`u � |Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

⌘
,

C
e,NP
2u =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + Ceu � Cqe + C`u � (1 � 4s

2
W )

h
|Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

i⌘
,

C
e,NP
1d =

p
2

4GF

⇣
� C

(3)
`q � C

(1)
`q + Ced + Cqe � C`d + C

(3)
�q + C

(1)
�q + C�d

⌘
,

C
e,NP
2d =

p
2

4GF

⇣
� C

(3)
`q � C

(1)
`q + Ced � Cqe + C`d � (1 � 4s

2
W )

h
C

(3)
�q � C

(1)
�q + C�d

i⌘
, (3.6)

where sW = sin ✓W is short for the weak mixing angle. Next, the nucleon matrix elements
are expressed in terms of form factors according to

hN(p0)|q̄�µ
q|N(p)i = ū(p0)
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2 (t). (3.8)
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3.2 Coherent Elastic Neutrino–Nucleus Scattering

Low-energy PV is also accessible in CE⌫NS, in which a neutrino interacts with a nucleus
via a neutral current, and the elastic recoil of the nucleus is measured. This rare process
was measured for the first time by the COHERENT experiment [131, 132], and future mea-
surements at a number of experiments worldwide are expected to provide complementary
constraints on the Wilson coefficients probed in electron scattering. In analogy to Eqs. (3.3)
and (3.4), we write the relevant effective Lagrangian as

L⌫e⌫e
eff =

GFp
2

X

q=u,d,s

⇣
C

⌫e
1q

⇥
q̄�

µ
q
⇤⇥

⌫̄e�µ(1 � �5)⌫e
⇤
+ C

⌫e
2q

⇥
q̄�

µ
�5q

⇤⇥
⌫̄e�µ(1 � �5)⌫e

⇤⌘
, (3.20)

where
C

⌫e
1q = C

⌫e,SM
1q + C

⌫e,NP
1q , C

⌫e
2q = C

⌫e,SM
2q + C

⌫e,NP
2q , (3.21)

and the tree-level values in the SM fulfill

C
e,SM
1q

��
tree = C

⌫e,SM
1q

��
tree, C

e,SM
2q

��
tree = �(1 � 4s

2
W )C⌫e,SM

2q

��
tree. (3.22)

The relation of the NP contributions to the Wilson coefficients in Eqs. (2.2) and (2.3) is
given by

C
⌫e,NP
1u =

p
2

4GF

⇣
C

(3)
`q + C

(1)
`q + C`u + |Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
� C�u

⌘
,

C
⌫e,NP
2u =

p
2

4GF

⇣
�C

(3)
`q � C

(1)
`q + C`u � (1 � 4s

2
W )

h
|Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

i⌘
,

C
⌫e,NP
1d =

p
2

4GF

⇣
�C

(3)
`q + C

(1)
`q + C`d � C

(3)
�q � C

(1)
�q � C�d

⌘
,

C
⌫e,NP
2d =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + C`d � (1 � 4s

2
W )

h
C

(3)
�q � C

(1)
�q + C�d

i⌘
. (3.23)

Radiative corrections to the SM values have been studied in Refs. [86, 133, 134]. Following
the conventions from Ref. [86], one has

C
⌫e,SM
1u = �0.1961, C

⌫µ,SM
1u = �0.1906, C

⌫⌧ ,SM
1u = �0.1877,

C
⌫e,SM
1d = 0.3539, C

⌫µ,SM
1d = 0.3511, C

⌫⌧ ,SM
1d = 0.3497,

C
⌫e,SM
2u = C

⌫µ,SM
2u = C

⌫⌧ ,SM
2u = 0.5010,

C
⌫e,SM
2d = C

⌫µ,SM
2d = C

⌫⌧ ,SM
2d = �0.5065, (3.24)

where we included the flavor dependence of C
⌫`,SM
1q . Since the additional corrections from

�Z boxes and renormalization of the axial-vector current as in Eq. (3.17) are absent for
CE⌫NS, this leads to the flavor-dependent weak charges

Q
⌫`
w = ZQ

⌫`,p
w + NQ

⌫`,n
w , (3.25)

– 12 –

• Measure the parity-violating contribution to the scattering of leptons off the proton and nuclei. 
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Figure 4.2: Feynman diagrams depicting the LQ channels accessible to high energy searches at LHC. Pair
production (PP), single production (SP), single resonant production (SRP) and Drell-Yan-like signatures (DY)
are shown (from Ref. [55]).

4.4.2 Single Resonant Production (SRP)

As pointed out by Ref. [179], stringent constraints on first generation LQs can be obtained considering the single
resonant production (SRP) channel `q ! LQ ! `q [180, 181], where the electron PDF of the proton enters. In
fact, these limits are better than the bounds from the single production (SP) channel qg ! LQ ! ``q, which
turn out to be quite weak [179]. Both the SP and SRP channels are depicted in Fig. 4.2. For our numerical
analysis, we adapt the simplified setup with ue and de interactions presented in Ref. [180] to our needs. For
this we again assume a small mass splitting between the SU(2)L components so that their contributions add up
to the total cross section. Furthermore, we have to take into account the di↵erence between the up and down
quark PDFs, the branching ratio of LQs decaying into neutrinos that are not being considered in the analysis of
Ref. [180], as well as a factor of two for the vector LQs with respect to the scalar LQs �VLQ = 2�SLQ + O(↵s)
coming from the Dirac algebra.

4.4.3 Drell-Yan-like Signatures (DY)

Both the ATLAS and the CMS collaborations have recently presented non-resonant Drell-Yan-like signature
(DY) analyses in Ref. [42] and Ref. [41], respectively. This data can be used to constrain the contribution of
LQs, as they have e↵ects on the di-lepton events via t-channel contributions, as shown in Fig. 4.2. For this, we
first compute the partonic cross sections

�̂q,SM+NP

ijkk
⌘ �̂SM+NP(q̄iqj ! `+

k
`�
k

) , (4.26)

with q = u, d at tree-level. The SM matrix elements are

Mu,SM

ijkk,AB
=

✓
�2

3

e2

q2
� ig2

2

c2
w
q2

✓
+I3,A � 2

3
s2

w

◆ �
I3,B � s2

w

�◆
�ij ,

Md,SM

ijkk,AB
=

✓
+

1

3

e2

q2
� ig2

2

c2
w
q2

✓
�I3,A +

1

3
s2

w

◆ �
I3,B � s2

w

�◆
�ij ,

(4.27)

with A, B 2 {L, R}, I3,L = 1

2
and I3,R = 0. The non-zero NP contributions Mq,NP

ijkk,AB
from the 2-quark-2-lepton

operators are given by

Mq,NP

ijkk,AB
LL LR RL RR

q = u (C(1)

`q
)ijkk � (C(3)

`q
)ijkk (Cqe)ijkk (C`u)ijkk (Ceu)ijkk

q = d (C(1)

`q
)ijkk + (C(3)

`q
)ijkk (Cqe)ijkk (C`d)ijkk (Ced)ijkk

. (4.28)

Then, the partonic cross section reads

�̂q,SM+NP

ijkk
⇠

���Mq,SM

ijkk,AB
+ Mq,NP

ijkk,AB

���
2

. (4.29)
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Figure 4.2: Feynman diagrams depicting the LQ channels accessible to high energy searches at LHC. Pair
production (PP), single production (SP), single resonant production (SRP) and Drell-Yan-like signatures (DY)
are shown (from Ref. [55]).

4.4.2 Single Resonant Production (SRP)

As pointed out by Ref. [179], stringent constraints on first generation LQs can be obtained considering the single
resonant production (SRP) channel `q ! LQ ! `q [180, 181], where the electron PDF of the proton enters. In
fact, these limits are better than the bounds from the single production (SP) channel qg ! LQ ! ``q, which
turn out to be quite weak [179]. Both the SP and SRP channels are depicted in Fig. 4.2. For our numerical
analysis, we adapt the simplified setup with ue and de interactions presented in Ref. [180] to our needs. For
this we again assume a small mass splitting between the SU(2)L components so that their contributions add up
to the total cross section. Furthermore, we have to take into account the di↵erence between the up and down
quark PDFs, the branching ratio of LQs decaying into neutrinos that are not being considered in the analysis of
Ref. [180], as well as a factor of two for the vector LQs with respect to the scalar LQs �VLQ = 2�SLQ + O(↵s)
coming from the Dirac algebra.

4.4.3 Drell-Yan-like Signatures (DY)

Both the ATLAS and the CMS collaborations have recently presented non-resonant Drell-Yan-like signature
(DY) analyses in Ref. [42] and Ref. [41], respectively. This data can be used to constrain the contribution of
LQs, as they have e↵ects on the di-lepton events via t-channel contributions, as shown in Fig. 4.2. For this, we
first compute the partonic cross sections

�̂q,SM+NP

ijkk
⌘ �̂SM+NP(q̄iqj ! `+

k
`�
k

) , (4.26)

with q = u, d at tree-level. The SM matrix elements are

Mu,SM

ijkk,AB
=

✓
�2

3
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q2
� ig2

2

c2
w
q2

✓
+I3,A � 2

3
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w
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ijkk,AB
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✓
+
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e2
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� ig2

2

c2
w
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✓
�I3,A +

1
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w

�◆
�ij ,

(4.27)

with A, B 2 {L, R}, I3,L = 1

2
and I3,R = 0. The non-zero NP contributions Mq,NP

ijkk,AB
from the 2-quark-2-lepton

operators are given by

Mq,NP

ijkk,AB
LL LR RL RR

q = u (C(1)

`q
)ijkk � (C(3)

`q
)ijkk (Cqe)ijkk (C`u)ijkk (Ceu)ijkk

q = d (C(1)

`q
)ijkk + (C(3)

`q
)ijkk (Cqe)ijkk (C`d)ijkk (Ced)ijkk

. (4.28)

Then, the partonic cross section reads

�̂q,SM+NP

ijkk
⇠

���Mq,SM

ijkk,AB
+ Mq,NP

ijkk,AB

���
2

. (4.29)
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Table 3: Systematic uncertainties considered in the search for nonresonant signals. The rela-
tive impact of the uncertainties on the background yield estimates is shown for two dilepton
invariant mass thresholds, 1 and 3 TeV. The uncertainty in the jet misidentification background
has a negligible effect on the overall background estimate and is not listed.
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Impact on background [%]
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ee µµ ee µµ

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9
Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 — 0.6
Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7 3.0 9.4 10.2
Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Z peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.
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Table 3: Systematic uncertainties considered in the search for nonresonant signals. The rela-
tive impact of the uncertainties on the background yield estimates is shown for two dilepton
invariant mass thresholds, 1 and 3 TeV. The uncertainty in the jet misidentification background
has a negligible effect on the overall background estimate and is not listed.

Uncertainty source
Impact on background [%]
m`` > 1 TeV m`` > 3 TeV
ee µµ ee µµ

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9
Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 — 0.6
Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7 3.0 9.4 10.2
Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Z peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.
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Figure 12: Ratio of the differential dilepton production cross section in the dimuon and dielec-
tron channels Rµ+µ�/e+e� , as a function of m`` for (upper left) events with two barrel leptons,
(upper right) at least one lepton in the endcaps, and (lower) their combination. The ratio is ob-
tained after correcting the reconstructed mass spectra to particle level. The error bars include
both statistical and systematic uncertainties.

spin-1 and spin-2 resonances are the most stringent to date.

For spin-1 resonances that act as a mediator between SM particles and dark matter (DM), exclu-
sion limits are set in the mass plane of the mediator and DM particles. For large values of mDM,
mediator masses below 1.92 (4.64) TeV are excluded in a model where the mediator is a vector
(axial vector) with small (large) coupling to leptons. For mDM = 0, these limits are reduced to
1.04 and 3.41 TeV, respectively.

Two models of nonresonant signatures have been considered. In case of a four-fermion con-
tact interaction, lower limits on the ultraviolet cutoff parameter L range from 23.8 to 36.4 TeV
depending on the helicity structure of the interaction and the sign of its interference with the
SM Drell–Yan background. In the Arkani-Hamed, Dimopoulos, and Dvali model of large extra
dimensions, lower limits on the ultraviolet cutoff ranging from 5.9 to 8.9 TeV are set, depending
on the parameter convention.

The dimuon and dielectron invariant mass spectra are corrected for the detector effects and, for
the first time in this kind of analysis, compared at the TeV scale. No significant deviation from
lepton flavor universality is observed.
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In this addendum to Ref. [1] we discuss the implications of the recent CMS analysis of lep-
ton flavour universality violation in non-resonant di-lepton pairs for first generation leptoquarks.
As CMS finds more electron events than expected from background, this analysis prefers the
LQ representations S̃1, S2, S3, Ṽ1, V2 (

RL
2 6= 0) and V3 which lead to constructive interference

with the SM. In principle the excess could also be (partially) explained by the representations
S̃2, V1 (

R
1 6= 0), V2 (

LR
2 6= 0), Ṽ2 which are interfering destructively, as this would still lead to the

right effect in bins with high invariant mass where the new physics contribution dominates. How-
ever, in these cases large couplings would be required which are excluded by other observables. The
representations S1, V1 (

L
1 6= 0) cannot improve the fit to the CMS data compared to the SM.

I. INTRODUCTION

Leptoquarks are very well motivated by the so-called
“flavor anomalies”, i.e. the discrepancies between mea-
surements and the SM predictions which point towards
lepton flavor universality (LFU) violating new physics
(NP) in R(D(⇤)) [2–7], b ! s`+`� [8–14] and in
the anomalous magnetic moment (AMM) of the muon
(aµ) [15, 16], with a significance of > 3� [17–21], >
5� [22–29] and 4.2� [30], respectively. In this context,
it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
energy constraints on first generation leptoquarks (LQs).
In this addendum we update this analysis by including
the recent CMS measurement of lepton flavour univer-
sality violation (LFUV) in non-resonant di-leptons [155].
The CMS data points towards constructively interfering
new physics in the electron channel which can improve
the fit compared to the SM by more than 3� [156].
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Field �1 �̃1 �2 �̃2 �3 V1 Ṽ1 V2 Ṽ2 V3

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

3 � 8
3

7
3

1
3 � 2

3
4
3

10
3 � 5

3
1
3

4
3

TABLE I: The ten possible representations of scalar and vec-
tor LQs under the SM gauge group.

II. SETUP

Let us briefly review our conventions. For details, the
interested reader is referred to Ref. [1]. All 10 possible
LQ representations under the SM gauge group are listed
in Table I with the convention that the electric charge Q
is given by Q = 1

2Y +T3, where Y is the hypercharge and
T3 the third component of the weak isospin. These repre-
sentations allow for couplings to SM quarks and leptons
as given in Table II. In the following, we denote the LQ
masses according to their representation and use small m
for the scalar LQs and capital M for the vector LQs.

III. CMS ANALYSIS OF NON-RESONANT
DI-LEPTON PAIRS

In Ref. [155] CMS presented an analysis of non-
resonant high-mass di-lepton events at the LHC. Since
in our framework of first generation LQs we only get ef-
fects in electrons, we can make use of the ratio

Rµµ/ee ⌘
d�(qq ! µ+µ�)/dmµµ

d�(qq ! e+e�)/dmee
, (1)
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• Based on this they carried out a test of LFU.  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4.2 High-Energy Searches

• The CMS collaboration performed an analysis of 
non-resonant di-lepton events, finding an excess in 
di-electrons.  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Table 3: Systematic uncertainties considered in the search for nonresonant signals. The rela-
tive impact of the uncertainties on the background yield estimates is shown for two dilepton
invariant mass thresholds, 1 and 3 TeV. The uncertainty in the jet misidentification background
has a negligible effect on the overall background estimate and is not listed.

Uncertainty source
Impact on background [%]
m`` > 1 TeV m`` > 3 TeV
ee µµ ee µµ

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9
Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 — 0.6
Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7 3.0 9.4 10.2
Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Z peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6

5−10
4−10
3−10
2−10
1−10
1

10
210
310
410
510
610
710
810

Ev
en

ts
 / 

G
eV CMS

 (13 TeV)-1137 fb

 = 0.05, M = 3.5 TeVPlM, k/KKG
, M = 5 TeVSSMZ'

Data
-e+e→/Z γ

ττ, tW, WW, WZ, ZZ, tt
Jets

70 100 200 300 1000 2000
m(ee) [GeV]

1−
0.5−

0
0.5

1

(D
at

a 
- B

kg
) /

 B
kg

5−10
4−10
3−10
2−10
1−10
1

10
210
310
410
510
610
710
810

Ev
en

ts
 / 

G
eV CMS

 (13 TeV)-1140 fb

NR SR

 = 0.05, M = 3.5 TeVPlM, k/KKG
, M = 5 TeVSSMZ'

Data
-µ+µ→/Z γ

ττ, tW, WW, WZ, ZZ, tt
Jets
Total Background (NR)

70 100 200 300 1000 2000
) [GeV]-µ+µm(

1−
0.5−

0
0.5

1

(D
at

a 
- B

kg
) /

 B
kg

Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.
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Figure 12: Ratio of the differential dilepton production cross section in the dimuon and dielec-
tron channels Rµ+µ�/e+e� , as a function of m`` for (upper left) events with two barrel leptons,
(upper right) at least one lepton in the endcaps, and (lower) their combination. The ratio is ob-
tained after correcting the reconstructed mass spectra to particle level. The error bars include
both statistical and systematic uncertainties.

spin-1 and spin-2 resonances are the most stringent to date.

For spin-1 resonances that act as a mediator between SM particles and dark matter (DM), exclu-
sion limits are set in the mass plane of the mediator and DM particles. For large values of mDM,
mediator masses below 1.92 (4.64) TeV are excluded in a model where the mediator is a vector
(axial vector) with small (large) coupling to leptons. For mDM = 0, these limits are reduced to
1.04 and 3.41 TeV, respectively.

Two models of nonresonant signatures have been considered. In case of a four-fermion con-
tact interaction, lower limits on the ultraviolet cutoff parameter L range from 23.8 to 36.4 TeV
depending on the helicity structure of the interaction and the sign of its interference with the
SM Drell–Yan background. In the Arkani-Hamed, Dimopoulos, and Dvali model of large extra
dimensions, lower limits on the ultraviolet cutoff ranging from 5.9 to 8.9 TeV are set, depending
on the parameter convention.

The dimuon and dielectron invariant mass spectra are corrected for the detector effects and, for
the first time in this kind of analysis, compared at the TeV scale. No significant deviation from
lepton flavor universality is observed.

Source: arXiv:2103.02708
Paper: arXiv:2104.06417 SUSY 2021, Luc Schnell

CERN-TH-2021-053, PSI-PR-21-05, ZU-TH 16/21

Addendum to: Combined Constraints on First Generation Leptoquarks

Andreas Crivellin⇤

CERN Theory Division, CH–1211 Geneva 23, Switzerland
Physik-Institut, Universität Zürich, Winterthurerstrasse 190, CH-8057 Zürich, Switzerland and

Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

Luc Schnell†
Laboratoire de Physique Théorique et Hautes Énergies, LPTHE,

Sorbonne Université, CNRS, 4 place Jussieu, FR-75252 Paris Cedex 05, France
Departement Physik, ETH Zürich, Otto-Stern-Weg 1, CH-8093 Zürich, Switzerland and

Département de Physique, École Polytechnique, Route de Saclay, FR-91128 Palaiseau Cedex, France

In this addendum to Ref. [1] we discuss the implications of the recent CMS analysis of lep-
ton flavour universality violation in non-resonant di-lepton pairs for first generation leptoquarks.
As CMS finds more electron events than expected from background, this analysis prefers the
LQ representations S̃1, S2, S3, Ṽ1, V2 (

RL
2 6= 0) and V3 which lead to constructive interference

with the SM. In principle the excess could also be (partially) explained by the representations
S̃2, V1 (

R
1 6= 0), V2 (

LR
2 6= 0), Ṽ2 which are interfering destructively, as this would still lead to the

right effect in bins with high invariant mass where the new physics contribution dominates. How-
ever, in these cases large couplings would be required which are excluded by other observables. The
representations S1, V1 (

L
1 6= 0) cannot improve the fit to the CMS data compared to the SM.

I. INTRODUCTION

Leptoquarks are very well motivated by the so-called
“flavor anomalies”, i.e. the discrepancies between mea-
surements and the SM predictions which point towards
lepton flavor universality (LFU) violating new physics
(NP) in R(D(⇤)) [2–7], b ! s`+`� [8–14] and in
the anomalous magnetic moment (AMM) of the muon
(aµ) [15, 16], with a significance of > 3� [17–21], >
5� [22–29] and 4.2� [30], respectively. In this context,
it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
energy constraints on first generation leptoquarks (LQs).
In this addendum we update this analysis by including
the recent CMS measurement of lepton flavour univer-
sality violation (LFUV) in non-resonant di-leptons [155].
The CMS data points towards constructively interfering
new physics in the electron channel which can improve
the fit compared to the SM by more than 3� [156].
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TABLE I: The ten possible representations of scalar and vec-
tor LQs under the SM gauge group.

II. SETUP

Let us briefly review our conventions. For details, the
interested reader is referred to Ref. [1]. All 10 possible
LQ representations under the SM gauge group are listed
in Table I with the convention that the electric charge Q
is given by Q = 1

2Y +T3, where Y is the hypercharge and
T3 the third component of the weak isospin. These repre-
sentations allow for couplings to SM quarks and leptons
as given in Table II. In the following, we denote the LQ
masses according to their representation and use small m
for the scalar LQs and capital M for the vector LQs.

III. CMS ANALYSIS OF NON-RESONANT
DI-LEPTON PAIRS

In Ref. [155] CMS presented an analysis of non-
resonant high-mass di-lepton events at the LHC. Since
in our framework of first generation LQs we only get ef-
fects in electrons, we can make use of the ratio

Rµµ/ee ⌘
d�(qq ! µ+µ�)/dmµµ

d�(qq ! e+e�)/dmee
, (1)
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• Based on this they carried out a test of LFU.  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it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
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II. SETUP

Let us briefly review our conventions. For details, the
interested reader is referred to Ref. [1]. All 10 possible
LQ representations under the SM gauge group are listed
in Table I with the convention that the electric charge Q
is given by Q = 1

2Y +T3, where Y is the hypercharge and
T3 the third component of the weak isospin. These repre-
sentations allow for couplings to SM quarks and leptons
as given in Table II. In the following, we denote the LQ
masses according to their representation and use small m
for the scalar LQs and capital M for the vector LQs.

III. CMS ANALYSIS OF NON-RESONANT
DI-LEPTON PAIRS

In Ref. [155] CMS presented an analysis of non-
resonant high-mass di-lepton events at the LHC. Since
in our framework of first generation LQs we only get ef-
fects in electrons, we can make use of the ratio

Rµµ/ee ⌘
d�(qq ! µ+µ�)/dmµµ

d�(qq ! e+e�)/dmee
, (1)

ar
X

iv
:2

10
4.

06
41

7v
1 

 [h
ep

-p
h]

  1
3 

A
pr

 2
02

1

https://arxiv.org/abs/2104.06417


19

5. Results
5.1 CMS Non-Resonant Di-Lepton Analysis

Paper: arXiv:2104.06417

Out[�]=

200 500 1000 2000

0.4

0.6

0.8

1.0

mℓℓ [GeV]

R
μμ

/e
e/
R

μμ
/e
e

SM
Scalar LQ Fits

λ
�
1

λ2
LR

λ2
RL

λ
�
2

λ3

CMS

Out[�]=

200 500 1000 2000

0.4

0.6

0.8

1.0

mℓℓ [GeV]

R
μμ

/e
e/
R

μμ
/e
e

SM

Vector LQ Fits

κ1
R

κ�1

κ2
LR

κ2
RL

κ�2

κ3

CMS

SUSY 2021, Luc Schnell

CERN-TH-2021-053, PSI-PR-21-05, ZU-TH 16/21

Addendum to: Combined Constraints on First Generation Leptoquarks

Andreas Crivellin⇤

CERN Theory Division, CH–1211 Geneva 23, Switzerland
Physik-Institut, Universität Zürich, Winterthurerstrasse 190, CH-8057 Zürich, Switzerland and

Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

Luc Schnell†
Laboratoire de Physique Théorique et Hautes Énergies, LPTHE,

Sorbonne Université, CNRS, 4 place Jussieu, FR-75252 Paris Cedex 05, France
Departement Physik, ETH Zürich, Otto-Stern-Weg 1, CH-8093 Zürich, Switzerland and

Département de Physique, École Polytechnique, Route de Saclay, FR-91128 Palaiseau Cedex, France

In this addendum to Ref. [1] we discuss the implications of the recent CMS analysis of lep-
ton flavour universality violation in non-resonant di-lepton pairs for first generation leptoquarks.
As CMS finds more electron events than expected from background, this analysis prefers the
LQ representations S̃1, S2, S3, Ṽ1, V2 (

RL
2 6= 0) and V3 which lead to constructive interference

with the SM. In principle the excess could also be (partially) explained by the representations
S̃2, V1 (

R
1 6= 0), V2 (

LR
2 6= 0), Ṽ2 which are interfering destructively, as this would still lead to the

right effect in bins with high invariant mass where the new physics contribution dominates. How-
ever, in these cases large couplings would be required which are excluded by other observables. The
representations S1, V1 (

L
1 6= 0) cannot improve the fit to the CMS data compared to the SM.

I. INTRODUCTION

Leptoquarks are very well motivated by the so-called
“flavor anomalies”, i.e. the discrepancies between mea-
surements and the SM predictions which point towards
lepton flavor universality (LFU) violating new physics
(NP) in R(D(⇤)) [2–7], b ! s`+`� [8–14] and in
the anomalous magnetic moment (AMM) of the muon
(aµ) [15, 16], with a significance of > 3� [17–21], >
5� [22–29] and 4.2� [30], respectively. In this context,
it has been shown that LQs can explain b ! s`+`�

data [31–58], R(D(⇤)) [31, 32, 34–38, 40–42, 44, 45, 49–52,
54–93] and/or aµ [54, 55, 57, 63, 71, 74, 77, 88, 93–112].
They have been studied in direct LHC searches [113–
126], leptonic observables [127] and oblique electroweak
(EW) parameters as well as Higgs couplings to gauge
bosons [128–133]. Furthermore, if the LQs couple to first
generation fermions particularly many low energy preci-
sion probes can be affected [98, 134–137], including the
so-called “Cabibbo-Angle Anomaly” [138–151] as well as
rare Kaon decays and/or D0 � D̄0 [152–154].

In Ref. [1] we studied the interplay of low and high
energy constraints on first generation leptoquarks (LQs).
In this addendum we update this analysis by including
the recent CMS measurement of lepton flavour univer-
sality violation (LFUV) in non-resonant di-leptons [155].
The CMS data points towards constructively interfering
new physics in the electron channel which can improve
the fit compared to the SM by more than 3� [156].
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Figure 1. Parametric plot of LQ effects in the C
e
1u–C

e
1d plane as well as the preferred regions from

PV and the corresponding prospects. The gray parts of the lines are excluded by the di-electron
searches of ATLAS (95% C.L.) and the preferred regions from CMS and the CAA (both 1�) are
indicated by thick and black lines, respectively. The three different values for the LQ masses (6 TeV,
4 TeV, and 2 TeV), setting �,  = 1, are indicated by markers of different shapes, the cross denotes
the best-fit point of APV and Qweak, and the black circle the SM point.
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with scattering angle ✓. The quantities A
N
V/A(t) represent the asymmetries arising from the

terms in which the vector/axial-vector part of the weak current appears on the quark side,
commonly parameterized in the effective Lagrangian

Lee
eff =

GFp
2

X

q=u,d,s

⇣
C

e
1q

⇥
q̄�

µ
q
⇤⇥

ē�µ�5e
⇤
+ C

e
2q

⇥
q̄�

µ
�5q

⇤⇥
ē�µe

⇤⌘
, (3.3)

where C
e
1q, C

e
2q contribute to A

N
V,A(t), respectively. Writing

C
e
1q = C

e,SM
1q + C

e,NP
1q , C

e
2q = C

e,SM
2q + C

e,NP
2q , (3.4)

we have the SM values

C
e,SM
1u = �0.1888, C

e,SM
2u = �0.0352,

C
e,SM
1d = C

e,SM
1s = 0.3419, C

e,SM
2d = C

e,SM
2s = 0.0249, (3.5)

including radiative corrections as detailed in Refs. [86, 87]. The NP contributions, expressed
in terms of the SMEFT Wilson coefficients defined in Eqs. (2.2) and (2.3), are given by

C
e,NP
1u =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + Ceu + Cqe � C`u � |Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

⌘
,

C
e,NP
2u =

p
2

4GF

⇣
C

(3)
`q � C

(1)
`q + Ceu � Cqe + C`u � (1 � 4s

2
W )

h
|Vud|2

⇣
C

(3)
�q � C

(1)
�q

⌘
+ C�u

i⌘
,

C
e,NP
1d =

p
2

4GF

⇣
� C

(3)
`q � C

(1)
`q + Ced + Cqe � C`d + C

(3)
�q + C

(1)
�q + C�d

⌘
,

C
e,NP
2d =

p
2

4GF

⇣
� C

(3)
`q � C

(1)
`q + Ced � Cqe + C`d � (1 � 4s

2
W )

h
C

(3)
�q � C

(1)
�q + C�d

i⌘
, (3.6)

where sW = sin ✓W is short for the weak mixing angle. Next, the nucleon matrix elements
are expressed in terms of form factors according to

hN(p0)|q̄�µ
q|N(p)i = ū(p0)

h
�

µ
F

q,N
1 (t) +

i�
µ⌫

q⌫

2mN
F

q,N
2 (t)

i
u(p),

hN(p0)|q̄�µ
�5q|N(p)i = ū(p0)

h
�

µ
�5G

q,N
A (t) + �5

q
µ

2mN
G

q,N
P (t)

i
u(p), (3.7)

where q = p
0 � p, t = q

2. In particular, we will write F
N
i (t) for the electromagnetic form

factors, G
3
A(t) = G

u,p
A (t) � G

d,p
A (t) for the triplet component of the axial-vector form factor

of the proton, G
q,N
A (0) ⌘ g

q,N
A (with g

u,p
A �g

d,p
A = gA = 1.27641(56) the axial-vector coupling

of the nucleon [88]), and define the Sachs form factors

G
N
E (t) = F

N
1 (t) � ⌘F

N
2 (t), G

N
M (t) = F

N
1 (t) + F

N
2 (t). (3.8)
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left-handed quark fields while in the second case these limits are absent but bounds from D0 � D̄0 arise.
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FIG. 3: Limits on the parameter space of first generation vector LQs. The regions above the colored lines are excluded. The
1� and 2� regions that are preferred by the CMS measurement are shown in yellow. While LHC limits and the bounds from
parity violation are to a good approximation independent of � (for � = O(✓c)) the bounds from kaon and D decays depend
on it. We consider the two scenarios � = ✓c or � = 0. In the first case, the kaon limits arise for LQ representations with
left-handed quark fields while in the second case these limits are absent but bounds from D

0 � D̄
0 arise.
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• Although the CAA could in principle be explained by the LQ representations , the 
necessary parameter space is excluded by other observables we considered.  

S3, V3

• Parity violation experiments yield strong constraints on LQ representations, we have 
compiled the current and prospective limits. 

• The non-resonant di-lepton analyses performed by CMS and ATLAS are highly relevant for 
first generation LQs. The excess in di-electrons found by the former can be explained with 
the LQ representations  and  that interfere constructively with the 
SM contribution. 

S̃1, S2, Ṽ1, V2 (κRL
2 ≠ 0) V3
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Figure 2: Distributions of the invariant mass of dilepton pairs passing the full selection for dielectrons (left) and
dimuons (right), and showing CR and SR for constructive interference (top) and destructive interference (bottom).
Figures (c) and (d) show the region between the SR and CR, but this is not used by the fit. The data points are
plotted at the center of each bin as the number of events divided by the bin width, which is constant in log (<✓✓).
The error bars indicate statistical uncertainties only. A few CI benchmark signal shapes are shown, scaled to the data
luminosity and superimposed by subtracting the LO DY component and adding the resulting shape to the background
shape obtained from the fit. These signals have LL chirality with ⇤ = 18, 22, and 26 TeV for the constructive case
and ⇤ =16, 20, and 26 TeV for the destructive case. The background-only fit is shown in solid red, with the light red
area being its uncertainty. The boundaries of the CR and SR corresponding to the signals used are shown in dotted
vertical lines for reference and marked by arrows. The di�erences between the data and the fit results in units of
standard deviations of the statistical uncertainty are shown in the bottom panels.
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• They also measured a  excess in di-electron 
events in the constructive channel, still consistent 
with the SM hypothesis.  

≈ 2σ

• Their measurements can be recasted, yielding 
stringent constraints on first generation LQs.  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Mass bounds: 

Figure 6. Graphical representation of the limits on the LQ and VB mass scale ⇤ for |�| = || = 1
and |ge| = |gq| = 1, respectively. Scenarios that worsen the agreement with CAA (CMS) data
compared to the SM are indicated with black (yellow) minus signs next to the coupling label. The
hatched regions indicate the P2 and Ra+ exclusion prospects, assuming that the current central
value remains unchanged.

order as current LHC searches, and the simplified-model analysis yields the same conclu-
sion. However, in the combination with P2 and di-lepton searches, it could be helpful in
distinguishing different NP scenarios.
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