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1 Introduction

Flavour physics, both in the lepton and hadron sector, o↵ers an exciting avenue to possibly explore
scales even beyond the realm of the LHC. Processes like µ ! e�, ⌧ ! µ� in leptonic sector and in
hadronic sector: KL ! ⇡0⌫⌫, K+ ! ⇡+⌫⌫ (s ! d transitions) are characterised by small contributions
in the SM. This leaves a lot of scope for the manifestation of NP in terms of additional contributions to
these processes and more precise determination of them could o↵er an indirect candle for the existance
of these states. More recently, the LHCb has been involved in the measurement of the b ! sll flavour
observables through the measurement of B(B+ ! K+µ+µ�) and B(B+ ! K+e+e�) in form of the
following ratio [1]

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

����
q2=1�6 GeV 2

= 0.745+0.090
�0.074 (stat)± 0.036 (syst)

(1.1)

while the SM expectation is RSM
K = 1.003 [2], implying a ⇠ 2.6 � deviation as a possible evidence of

lepton non-universality. This ratio, originally proposed in [3], are an especially clean test of the SM,
as hadronic uncertainties cancel. This was further corroborated by the measurement of the following
ratio

RK⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)
=

(
0.660+0.110

�0.070(stat)± 0.024(syst), 0.045  q2  1.1 GeV2

0.685+0.113
�0.069(stat)± 0.047(syst), 1.1  q2  6.0 GeV2

(1.2)

The SM prediction in the corresponding q2 bins are: RSM
K⇤ ' 0.93 for low q2 while RSM

K⇤ = 1 elsewhere.
This corresponds to a 2.4� deviation for low q2 and ⇠ 2.5 � for medium q2. Further in the b ! s

sector, LHCb [4, 5] and the BELLE [6] collaboration have observed a deviation in the measurement
of the angular observable P 0

5 [7] in B ! K⇤µµ decays. This further stresses the possibility of lepton
non-universality, in particular in the µ sector [8–14]. These deviations can be parametrized by the
additional contributions to the following e↵ective operators [15]:

L � V ⇤
tbVtsGF↵p

2⇡

X

i

CiOi (1.3)

where Ci = CSM
i +�Ci.

O9 = (s̄L�
µbL)(µ̄�µµ) O90 = (s̄R�

µbR)(µ̄�µµ)

O10 = (s̄L�
µbL)(µ̄�µ�

5µ) O100 = (s̄R�
µbR)(µ̄�µ�

5µ) (1.4)

Here �Ci determines the NP contributions to the Wilson coe�cients. There has been several analysis
to determine the fest fit values to the �Ci: Historically and owing to the P 0

5 anomaly, most of the fits
assumed NP coupled to the muon sector: they involved parameterizing deviations in Cµ

i while Ce
i is

assumed to consistent with the SM. Several 1 �D fits were performed to fit to this e↵ect and fits to
the data can be obtained if the NP satisfies one of the following hypothesis with the corresponding
best fit points [16]: 1) �Cµ

9 = �1.1, 2) �Cµ
9 = ��Cµ

10 = �0.61 and 3) �Cµ
9 = ��C

0µ
9 = �1.01. In

the 1-D hypotheses, the �Ci for the other operators in the e↵ective theory are consistent with zero. In
parallel, fits in the 2-D plane were performed in [17] in the �Cµ

9 ��Cµ
10, �Ce

9��Cµ
9 and �C

0µ
9 ��Cµ

9 ,
while the other Wilson co-e�cients are assumed to be SM like. Further, it is also possible to obtain a
fit to the data in the 6-D parameter space and obtaining the following best fit points [16]:

�C7 = 0.017 �Cµ
9 = �1.12 �Cµ

10 = 0.33 �C70 = 0.59 �Cµ
90 = 0.59 �Cµ

100 = 0.07 (1.5)
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RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745+0.090
≠0.074(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846

+0.060

≠0.054

(stat.) +0.016

≠0.014

(syst.)

≥ 2.5 ‡ from SM. ]4c/2 [GeV2q
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1 Introduction

The past few years have brought us a thriving debate on the possible hints of New Physics
(NP) from measurements of semileptonic B decays. In particular, Flavour Changing Neu-
tral Current (FCNC) decay modes into multi-body final states, e.g. B ! K(⇤)`+`� and
Bs ! � `+`�, bring forth a large number of experimental handles, see e.g. [1], that are ex-
tremely useful for NP investigations while also allowing to probe the Standard Model (SM)
itself in detail [2–6]. The inference of what pattern is being revealed by the experimental
observations is the crux of the debate.

Two distinct classes of observables characterize these semileptonic decays. The first is
the class of angular observables arising from the kinematic distribution of the differential
decay widths that have been measured at LHCb [7–13], Belle [14], ATLAS [15] and CMS [16–
18]. These observables, mostly related to the muonic decay channel, while being sensitive
to NP [6, 19–22] are besieged by hadronic uncertainties [23–28]. The latter, associated with
QCD long-distance effects – hard to estimate from first principles [29, 30] – can saturate
the measurements so as to be interpreted as possibly arising from the SM or can obfuscate
the gleaning of NP from SM contributions [31–33]. Therefore, in the absence of a complete
and reliable calculation of the hadronic long-distance contributions, a clear resolution of
this debate based solely on the present set of angular measurements is hard to achieve.
Improved experimental information in the near future [34] concerning, in particular, the
electron modes is a subject of current cross-talk between the theoretical and experimental
communities [35, 36], and may shed new light on this matter [37–39].

The second class of observables then becomes crucial to this debate. These are the
Lepton Flavour Universality Violating (LFUV) ratios that hold the potential to conclusively
disentangle NP contributions from SM hadronic effects. The latter are indeed lepton flavour
universal [2, 40]. Several hints in favour of LFUV have surfaced in the past few years
in experimental searches at LHCb [41, 42] and Belle [14]. These have led to a plethora
of theoretical investigations [43–159], all oriented towards physics Beyond the Standard
Model (BSM) able to accommodate such LFUV signals, mainly involving Z 0 or leptoquark
mediators at scales typically larger than a few TeV and with some peculiar flavour structure
needed to avoid clashing with the stringent bounds from meson-antimeson mixing and from
other observables. Despite possible model-building challenges, the primary message here is
clear: a statistically significant measurement of LFUV effects in FCNCs such as b ! s`+`�

decays would herald the discovery of NP unambiguously [160–165].
In this work we focus on the progress of this debate with the new measurements of RK

and RK⇤ recently presented by the LHCb [166] and Belle collaborations [167]:

RK [1.1, 6] ⌘ Br (B+ ! K+µ+µ�
)

Br (B+ ! K+e+e�)

= 0.846

+0.060
�0.054

+0.016
�0.014 (LHCb), (1.1)

RK⇤
[0.045, 1.1] ⌘ Br (B ! K⇤µ+µ�

)

Br (B ! K⇤e+e�)

= 0.52

+0.36
�0.26 ± 0.05 (Belle), (1.2)

RK⇤
[1.1, 6] = 0.96

+0.45
�0.29 ± 0.11 (Belle). (1.3)

The LHCb results combines the re-analysis of the 2014 measurement together with more
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Ma ci sono molte ragioni per considerare gli elettroni.

e studia la loro rilevanza dai dati di violazione di parità

La compatibilità globale con solo l'elettrone richiede  
accordatura più precisa rispetto al muone.

Meglio fits di RK* nel bassa q^2Rlow

K⇤
Kumar, London 

1901.04516

La combinazione di elettroni e muoni dà più libertà

considererò solo l'elettrone

Con solo Rk e RK *, non c'è differenza tra elettrone e  
muone.  la misure degli osservabili B-K * LL  

favorisce i muoni. 

mean(rms) �IC

CNP
9,µ

-1.20(27) 14

-1.21(16) 50

CNP
10,e -0.87(24) 15

(CNP
9,µ , CNP

9,e )
(-1.61(48), -0.56(53)) 13

(-1.28(18), -0.27(34)) 48

(CNP
9,µ , C0,NP

9,µ )
(-1.61(33), 0.72(34)) 17

(-1.30(15), 0.53(24)) 54

(CNP
9,µ , C0,NP

10,µ )
(-1.55(32), -0.44(14)) 24

(-1.38(16), -0.37(12)) 61

(CNP
10,µ, C0,NP

9,µ ) (0.73(17), -0.04(24)) 17

(CNP
10,µ, C0,NP

10,µ ) (0.75(16), 0.04(17)) 16

(CNP
9,e , C0,NP

9,e ) (1.51(38), -0.81(37)) 10

(CNP
9,e , C0,NP

10,e ) (1.36(32), 0.87(40)) 11

(CNP
10,e, C

0,NP
9,e ) (-1.06(54), -0.46(46)) 12

(CNP
10,e, C

0,NP
10,e ) (-1.01(28), 0.29(29)) 12

Table 1: Values of the WET WCs fit from data in all the considered scenarios along with
relative �IC. The gray rows highlight the PMD results when this approach can be used to
address the experimental data in a particular scenario. The PDD results are presented for
all cases. For the definition of the two approaches, see section 2.1.

For each considered scenario, we show both the posterior p.d.f.(s) of the NP WC(s)
obtained employing the previous measurement of RK [41], and the new one from ref. [166].
This allows one to easily compare the impact of the new RK measurement in our analysis.
Moreover, in order to have a further insight on the role of LFUV observables as RK and RK⇤ ,
we also provide in the same figures the joint probability distribution of these ratios extracted
from our fits. We give these results employing again either the 2014 measurement of RK

or its 2019 update. Our attempt is to investigate whether scenarios previously capable of
addressing the anomalies in both the LFUV ratios remain viable after the RK value recently
presented in [166].

4.1 New Physics in b ! s left-handed currents

Let us start our discussion examining the simple situation where the underlying BSM
dynamics can be encoded in a single operator. We focus here on three different benchmarks,
namely we assume NP effects feed into a left-handed b ! s current coupled to:

i) a vectorial muonic current, i.e. CNP
9,µ ;

ii) a purely left-handed muonic current, i.e. CLQ
2223

;
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where the sum runs over leptons ` = {e, µ, ⌧} and over their chiralities X, Y = {L, R}. New
physics is more conveniently explored in the chiral basis

ObX`Y = (s̄�µPXb)(¯̀�µPY `). (5)

These vector operators can be promoted to SU(2)L-invariant operators, unlike scalar or tensor
operators [23]. In SM computations one uses the equivalent formulation

H
e↵

= �VtbV
⇤
ts

↵
em

4⇡v2

X

`,X,Y

CbX`Y ObX`Y + h.c. , (6)

defining dimensionless coe�cients CI as

cI = VtbV
⇤
ts

↵
em

4⇡v2

CI =
CI

(36 TeV)2
, (7)

where Vts = 0.040 ± 0.001 has a negligible imaginary part, v = 174 GeV is the Higgs vacuum
expectation value, usually written as 1/v2 = 4G

F

/
p

2. The SM itself contributes as CSM

bL`L
= 8.64

and CSM

bL`R
= �0.18, accidentally implying |CSM

bL`R
| � |CSM

bL`L
|.

This observation suggests to use the chiral basis, related to the conventional one (see e.g [24])
by C

9

= CbLµL+R/2, C
10

= �CbLµL�R/2, C 0
9

= CbRµL+R/2, C 0
10

= �CbRµL�R/2, with the ap-
proximate relation CSM

9

⇡ �CSM

10

holding in the SM. To make the notation more compact,
we define CbL±R`Y ⌘ CbL`Y ± CbR`Y and CbL+R`L±R ⌘ CbL`L + CbR`L ± CbL`R ± CbR`R , and
CbX(µ�e)Y ⌘ CbXµY � CbXeY .

We now summarize the theoretically clean observables, presenting both the full expressions
and the ones in chiral-linear approximation. The latter is defined by neglecting |CSM

bL`R
| ⌧

|CSM

bL`L
| and expanding each coe�cient CI at first order in the beyond-the-standard-model (BSM)

contribution, CI = CSM

I + CBSM

I .

2.1 RK revisited

The experimental analysis is made by binning the observable in the squared invariant mass of
the lepton system q2 ⌘ (P`� + P`+)2. Writing the explicit q2-dependence, we have

RK [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2d�(B+ ! K+µ+µ�)/dq2

R q2
max

q2
min

dq2d�(B+ ! K+e+e�)/dq2
. (8)

The experimental value cited in eq. (3) refers to RK ⌘ RK [1 GeV2, 6 GeV2]. To simplify
the notation, however, in the following we will omit the units in brackets. Neglecting SM
contributions from the electromagnetic dipole operator, justified by the cut q2

min

= 1 GeV2, and
non-factorizable contributions from the weak e↵ective Hamiltonian,1 the theoretical prediction

1In the limit of vanishing lepton masses the decay rate in eq. (8) takes the form [24]

d�(B+ ! K+µ+µ�)

dq2
=

G2

F

↵2

em

|VtbV ⇤
ts|2

210⇡5M3

B

�3/2(M2

B , M2

K , q2)
�|FV |2 + |FA|2� , (9)
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The fits to the data

Iniziamo con le anomalie B

Iniziamo di questo effective Hamiltonian. 

Scriviamo gli operatori nel chiral basis.

IL Wilson coefficient sono definiti come CXY, X corrisponde a quark current chirality e Y 
corrisponde a lepton current chirality

Consideriamo, una operatore all volta
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Both ratios refer to the [1.1, 6] GeV2 q2-bin. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. RK⇤ , in a given range of q2, is defined in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

) � 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [29] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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Figure 9: As in fig. 1, adding Moriond EW 2019 data about RK and RK⇤. Black: combina-
tion. Small dots on the theoretical predictions mark changes in steps of 1 of the corresponding
coe�cients.

New physics in the muon sector (Vector Axial basis)

Wilson Best-fit 1-� range
p

�2

SM

� �2

best

coe↵. ‘clean’ ‘HS’ all ‘clean’ ‘HS’ all ‘clean’ ‘HS’ all

CBSM

9, µ �1.03 �1.15 �1.12
�0.73 �0.98 �0.97

3.9 5.5 6.8�1.34 �1.31 �1.27

CBSM

10, µ 0.87 0.48 0.66
1.11 0.69 0.81

4.1 2.4 4.6
0.64 0.28 0.51

C 0BSM

9, µ �0.26 �0.24 �0.24
�0.05 �0.15 �0.16

1.2 1.7 2.1�0.48 �0.37 �0.36

C 0BSM

10, µ 0.08 0.10 bfAll
0.26 0.19 1�All

0.4 1.2 1.2�0.11 0.01 �1�All

Table 8: As in table 2, adding Moriond EW 2019 data about RK and RK⇤.
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Il cambiamento non è molto

il punto nero mostra la misure corrente

osservare CLL, CLR e CRR mostrano buoni adattamenti ai dati



Dall Anomalie alla violazione di parità a 
bassa energia



Abbiamo discusso delle anomalie.  
Che dire degli esperimenti di violazione di parità?

Esistono due tipi da esperimenti di violazione di parità di bassa energia

Violazione di parità 
esperimenti in atomo di CS (APV)

Carica debole di protone (QW) 

gli esperimenti misurano la carica debole: dell'atomo di Cs e del protone

CS Wood et, al
Jefferson Lab Collab

Weak neutral 
current

Quali sono la carica debole?



Considerare il coefficiente della corrente axiale per elletrone e vettoriale per-quark
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We consider a simple implementation of a minimal Z0 model in the context of the anomalies in the
B decays. With the assumption of the primary contribution being due to the electron, implications
from the recent measurements on the weak charge of proton Qp

W and the Caesium atom QCs
W are

studied. The conclusion is characterized by di↵erent limiting behaviour depending on the chirality
of the lepton current. The constraints are then compared with those coming from direct searches.
This observation is crucial in determining the exact nature of the solution to the anomaly. The
bounds on the simplified models from atomic physics are then compared with those from direct
searches. We demonstrate that a minor improvement in the atomic physics measurements can be
comparable with the bounds from direct searches with possibly better sensitivities for the heavier
masses (& 3.9 TeV). We finally comment on the collider prospect for observing states beyond the
realm of resonant production at LHC.

The observation of flavour non-universality in the semi
leptonic decays of the B mesons constitutes one of
the strongest hints for beyond standard model (BSM)
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experiments suggested the possibility of new physics in
the muon sector [9–15]. However, the exclusive modes are
characterized by undetermined power corrections making
it di�cult to separate the NP e↵ects from those of the
SM.

There are several fits involving di↵erent combinations
of Wilson coe�cients (WC) for the leptons. [15–19]. In

this letter we will consider the other extreme possibility
where the NP couples solely to the electron. One dimen-
sional fits in the basis of Eq. 2 were considered in [19].
In a simplified model with an additional heavy neutral
vector, we make the first attempt to study the implica-
tions of the explanations of these fits on measurements
in atomic physics. Particularly, we are interested in the
recent measurements of the weak charge of the proton
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Following the independent measurements for the proton
[20] and the Caesium atom [21], the allowed ranges at 1�
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The simultaneous compatibility of both these measure-
ments is illustrated in Fig. 1. It gives the corresponding
2� ranges allowed by the measurement of weak charge
of proton (gray) and Caesium (brown) in the C

1u

� C

1d

Nella SM, sono definiti come funzione dell'angolo di Weinberg
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Quindi la weak charge del protone e dell'atomo di Cs è definita in termini di C1u e C1d 
come
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dalla questa misura, possiamo stimare il valore dell'angolo di weinberg a basse 
energie esperimento di  

precisione
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 
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We consider a simple implementation of a minimal Z0 model in the context of the anomalies in the
B decays. With the assumption of the primary contribution being due to the electron, implications
from the recent measurements on the weak charge of proton Qp

W and the Caesium atom QCs
W are

studied. The conclusion is characterized by di↵erent limiting behaviour depending on the chirality
of the lepton current. The constraints are then compared with those coming from direct searches.
This observation is crucial in determining the exact nature of the solution to the anomaly. The
bounds on the simplified models from atomic physics are then compared with those from direct
searches. We demonstrate that a minor improvement in the atomic physics measurements can be
comparable with the bounds from direct searches with possibly better sensitivities for the heavier
masses (& 3.9 TeV). We finally comment on the collider prospect for observing states beyond the
realm of resonant production at LHC.

The observation of flavour non-universality in the semi
leptonic decays of the B mesons constitutes one of
the strongest hints for beyond standard model (BSM)
physics. The measurement of the theoretically clean ra-
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. A comparison
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2. The reported deviations
can be parametrized in terms of additional contributions
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. The observed deviation in
the exclusive models for the angular observable P

0
5
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⇤
µµ decays by the LHCb [6, 7] and the BELLE [8]

experiments suggested the possibility of new physics in
the muon sector [9–15]. However, the exclusive modes are
characterized by undetermined power corrections making
it di�cult to separate the NP e↵ects from those of the
SM.

There are several fits involving di↵erent combinations
of Wilson coe�cients (WC) for the leptons. [15–19]. In

this letter we will consider the other extreme possibility
where the NP couples solely to the electron. One dimen-
sional fits in the basis of Eq. 2 were considered in [19].
In a simplified model with an additional heavy neutral
vector, we make the first attempt to study the implica-
tions of the explanations of these fits on measurements
in atomic physics. Particularly, we are interested in the
recent measurements of the weak charge of the proton
Q

p

W

[20] and the Caesium atom (QCs
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). In the SM, it re-
ceives contribution due to the following neutral current
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The SM values for C
1q

are: C
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= �0.1887 ± 0.0022
and C
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1d

= 0.3419 ± 0.0025 . The expressions for the
weak charge of the proton and Caesium atom (in terms
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) are given as:
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Following the independent measurements for the proton
[20] and the Caesium atom [21], the allowed ranges at 1�
are:

Q

p

W

= 0.0719±0.0045 ; Q

Cs

W

= �72.58(29)
expt

(32)
theory

(5)
The simultaneous compatibility of both these measure-
ments is illustrated in Fig. 1. It gives the corresponding
2� ranges allowed by the measurement of weak charge
of proton (gray) and Caesium (brown) in the C

1u

� C

1d
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The simultaneous compatibility of both these measure-
ments is illustrated in Fig. 1. It gives the corresponding
2� ranges allowed by the measurement of weak charge
of proton (gray) and Caesium (brown) in the C

1u
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2

plane. The central value in the SM is represented by the
black point and lies in the region of overlap due to both
experiments. The left plot gives the range for the weak
charge measurements of the proton where the theoretical
and experimental errors in Eq. 5 are added in quadrature
while the right plot corresponds to the linear sum. As ex-
pected, with the errors added linearly, the SM exhibits a
greater degree of consistency with the measurements. To
facilitate comparison with [20], we will restrict our anal-
ysis to the errors being added in quadrature. Any NP
contribution to either the C

1u

or C

1d

must satisfy the
constraints from both the measurements simultaneously
and will be the focus of the following discussion.

FIG. 1. Allowed regions in the C1uC1d plane due to measure-
ments of weak charge of proton (gray) and Caesium (brown).
The central value in the SM is represented by the black point.
The left plot corresponds to the error in Eq. 5 added in
quadrature while the right corresponds to the linear sum.

New physics contributions

The coe�cients C

1q

in Eq. 3 can receive corrections
due to di↵erent extensions of the SM. They can be in-
duced either at tree level due to the direct exchange of
heavy vectors or at one-loop. Before we discuss a spe-
cific implementation of a well defined NP scenario, we
consider a generic NP contribution to Eq. 4 as:
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2 . Note that the appear-

ance of factor ( 1

v

2 ) in Eq. 6 is to facilitate comparison
with the SM contribution in Eq. 3. Combining Eqs. 3
and 6, we get

L =
ē�
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and correspondingly lead

to corrections to Eq. 4. Similar to the SM, the C
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1q

(C
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to be precise) can be factored into the NP ax-
ial vector coupling to electrons (gAV

e

) and the vector
coupling to light quarks (gV

q

) and can be expressed as:

C

0
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AV

e

. The range of these couplings can be
influenced by observations in other flavour sectors which
could be limited by the allowed regions in Fig. 1. Im-
plications of the measurements of Qp

W

and Q

Cs

W

on NP
parameters have been considered in [22–25]. In the fol-
lowing, we consider an e↵ective model with a heavy neu-
tral vector Z 0 in the context of the observed evidence for
lepton flavour universality violation in the semi-leptonic
decay of B mesons. Using the observations from atomic
physics in di↵erent simplified realizations of Z 0, we study
its impact on the allowed solutions as well as on direct
searches.

While the anomalies correspond to a flavour changing
observable, QCs,p

W

is characterized by the flavour diago-
nal transition. Thus a correlation is possible only with
the aid of an underlying model characterized by a flavour
symmetry. We fit the Wilson coe�cients for the anoma-
lies at B meson scale and determine the correlation be-
tween the di↵erent couplings. This correlation between
the couplings g

q

, g

e

is then used to compute its e↵ects on
the C

1q

which are determined at q2 = 0. We now discuss
a minimal model of heavy neutral vectors which can fa-
cilitate this correlation.
Minimal Z

0
model: Models with additional heavy gauge

bosons can be considered a consequence of an extended
gauge symmetry viz. U(1), SU(2) etc. [26]. Alterna-
tively, these states could also manifest as Kaluza-Klein
excitations of gauge fields in extra-dimensional models.
[27]. A minimal framework in the context of B anoma-
lies, but with muons, was considered in [28].

The pattern of the FCNC couplings is determined by the
structure of the couplings of the fermions to the gauge
bosons. Assuming the up-quarks to be in the mass basis,
the rotation matrix in the down sector is D

L

= V

CKM

.
While the left handed rotation is set by charged current
couplings, there remains an ambiguity in the form of the
right handed rotation matrix. For simplicity we assume
the rotation matrix for down type singlets to also follow
D

R

⇠ V

CKM

. The model assumes a U(2) flavour symme-
try in the coupling of the quarks to the Z

0: irrespective
of the chirality we require g

q

= g

s

= g

d

to NP. This is
essential in obtaining a V

CKM

like scaling in order to
satisfy the constraints from �F = 2 processes [29, 30].
With this background, the most general Lagrangian, af-
ter electroweak symmetry breaking, responsible for b ! s
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ē�

µ

�

5

e

2v2

X

q=u,d

C

NP

1q

q̄�

µ

q

(6)

where we define C

NP

1q

=
2v

2
C

0NP
1q

⇤

2 . Note that the appear-

ance of factor ( 1

v

2 ) in Eq. 6 is to facilitate comparison
with the SM contribution in Eq. 3. Combining Eqs. 3
and 6, we get

L =
ē�

µ

�

5

e

2v2

X

q=u,d

C

eff

1q

q̄�

µ

q

where C

eff

1q

= C

SM

1q

+ C

NP

1q

and correspondingly lead

to corrections to Eq. 4. Similar to the SM, the C

NP

1q

(C
0
NP

1q

to be precise) can be factored into the NP ax-
ial vector coupling to electrons (gAV

e

) and the vector
coupling to light quarks (gV

q

) and can be expressed as:

C

0
NP

1q

= g

V

q

g

AV

e

. The range of these couplings can be
influenced by observations in other flavour sectors which
could be limited by the allowed regions in Fig. 1. Im-
plications of the measurements of Qp

W

and Q

Cs

W

on NP
parameters have been considered in [22–25]. In the fol-
lowing, we consider an e↵ective model with a heavy neu-
tral vector Z 0 in the context of the observed evidence for
lepton flavour universality violation in the semi-leptonic
decay of B mesons. Using the observations from atomic
physics in di↵erent simplified realizations of Z 0, we study
its impact on the allowed solutions as well as on direct
searches.

While the anomalies correspond to a flavour changing
observable, QCs,p

W

is characterized by the flavour diago-
nal transition. Thus a correlation is possible only with
the aid of an underlying model characterized by a flavour
symmetry. We fit the Wilson coe�cients for the anoma-
lies at B meson scale and determine the correlation be-
tween the di↵erent couplings. This correlation between
the couplings g

q

, g

e

is then used to compute its e↵ects on
the C

1q

which are determined at q2 = 0. We now discuss
a minimal model of heavy neutral vectors which can fa-
cilitate this correlation.
Minimal Z

0
model: Models with additional heavy gauge

bosons can be considered a consequence of an extended
gauge symmetry viz. U(1), SU(2) etc. [26]. Alterna-
tively, these states could also manifest as Kaluza-Klein
excitations of gauge fields in extra-dimensional models.
[27]. A minimal framework in the context of B anoma-
lies, but with muons, was considered in [28].

The pattern of the FCNC couplings is determined by the
structure of the couplings of the fermions to the gauge
bosons. Assuming the up-quarks to be in the mass basis,
the rotation matrix in the down sector is D

L

= V

CKM

.
While the left handed rotation is set by charged current
couplings, there remains an ambiguity in the form of the
right handed rotation matrix. For simplicity we assume
the rotation matrix for down type singlets to also follow
D

R

⇠ V

CKM

. The model assumes a U(2) flavour symme-
try in the coupling of the quarks to the Z

0: irrespective
of the chirality we require g

q

= g

s

= g

d

to NP. This is
essential in obtaining a V

CKM

like scaling in order to
satisfy the constraints from �F = 2 processes [29, 30].
With this background, the most general Lagrangian, af-
ter electroweak symmetry breaking, responsible for b ! s

Anomalie PV esperimenti

Heavy quarks and chiral lepton current

where the sum runs over leptons ` = {e, µ, ⌧} and over their chiralities X, Y = {L, R}. New
physics is more conveniently explored in the chiral basis

ObX`Y = (s̄�µPXb)(¯̀�µPY `). (5)

These vector operators can be promoted to SU(2)L-invariant operators, unlike scalar or tensor
operators [23]. In SM computations one uses the equivalent formulation
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where Vts = 0.040 ± 0.001 has a negligible imaginary part, v = 174 GeV is the Higgs vacuum
expectation value, usually written as 1/v2 = 4G
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2. The SM itself contributes as CSM
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This observation suggests to use the chiral basis, related to the conventional one (see e.g [24])
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holding in the SM. To make the notation more compact,
we define CbL±R`Y ⌘ CbL`Y ± CbR`Y and CbL+R`L±R ⌘ CbL`L + CbR`L ± CbL`R ± CbR`R , and
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with the fermions embedded in custodial representations
[31–33]. In parallel, this mixing could be also induced at
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work the structure of the Wilson coe�cient contributing
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lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
electrons, we will only consider the cases where the
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Electron only: Since we assume the contribution to the
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set g
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fits, it is assumed that only the corresponding Wilson
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while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:
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lepton current in Eq. 7 vanishes. Additionally we assume
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implies all solutions sat-
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. Top right plot of Fig. 2 gives the CDF for
the light quark coupling g
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. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ⇠ 1 at
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lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
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set g
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were considered in [19] for di↵erent combinations of
chirality of the quark and the lepton current. The
best fit point and the corresponding 2� ranges for the
Wilson coe�cients are given in Table I. For each of the
fits, it is assumed that only the corresponding Wilson
coe�cients in the second column of Table I contributes
while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:

Case A g

0
e

= 0: This is the case where the right handed
lepton current in Eq. 7 vanishes. Additionally we assume
a U(3) symmetry in the coupling of the singlets to the
Z

0 resulting in the absence of tree level FCNC for the

WC operator Best fit 2 �
Case A CLL (s̄L�
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the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
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per limit of the numerical scans. Left plot of Fig. 2 gives
the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
prediction. The length of the blue band satisfying the
anomalies is determined by scanning the allowed ranges
for the coupling parameters. Irrespective of the length,
Fig. 2 illustrates that there exists only a marginal region
common to fit involving Eq. 8 and the anomalies. To rep-
resent the change in the ranges of the quark couplings we
define:

CDF(x) =

Z
x

�1
P(x)dx (11)

This can be understood as follows: Let X be a given
set of solutions. For a given point on the x axis, the
CDF expresses the percentage of solutions in X such that
X  x. CDF = 1 at a given x

a

implies all solutions sat-
isfy X  x

a

. Top right plot of Fig. 2 gives the CDF for
the light quark coupling g

q

. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ⇠ 1 at
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Z-Z

0
mixing: Depending on the underlying framework,

the extent of mixing of the SM Z with the Z

0 can a↵ect
the electroweak precision observables. The mixing could
be induced by vacuum expectation value (vev), kinetic
mixing or loop induced. Since we attempt to represent a
wide category of Z 0 scenarios we assume a mass mixing of

the form c

m

2
Z

m

2
Z0

where c ⇠ O(1). For simplicity we assume

c = 1. This gives a contribution to the Z ! ff̄ coupling

of the form g

f

m

2
z
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2
Z0
, where g

f

is the Z

0-ff̄ coupling. The

constraint on the size of g

f

for the leptons from Z �
Z

0 mixing is particularly strong which translate into an

upper bound on g

f

as g

f

m

2
Z

m

2
Z0

/ 0.001. For cases where

O(1) parameter is 1, leads to a relatively stronger upper
bound on g

l

. However, one can relax these bounds if
the gauge symmetry is extended to a custodial symmetry
with the fermions embedded in custodial representations
[31–33]. In parallel, this mixing could be also induced at
loop level [34] or a kinematic mixing with a small mixing
parameter [35] enabling a relaxation of the constraints.
In order to represent a significant fraction of Z 0 scenarios,

in this analysis we assume g

f

m

2
Z

m

2
Z0

to be at-most ⇠ 0.001.

Anomalies: Independent of the underlying frame-
work the structure of the Wilson coe�cient contributing
to b ! sll decays remains similar. There exist several
possibilities for the solutions to the anomalies: chi-
rality of the quark and lepton current as well as the
lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
electrons, we will only consider the cases where the
electron contributions to the NP Wilson coe�cients are
non-negligible.
Electron only: Since we assume the contribution to the
Wilson coe�cients due to the muon to be negligible, we
set g

µ

n g

e

in Eq. 7. Fits involving only the electrons
were considered in [19] for di↵erent combinations of
chirality of the quark and the lepton current. The
best fit point and the corresponding 2� ranges for the
Wilson coe�cients are given in Table I. For each of the
fits, it is assumed that only the corresponding Wilson
coe�cients in the second column of Table I contributes
while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:

Case A g

0
e

= 0: This is the case where the right handed
lepton current in Eq. 7 vanishes. Additionally we assume
a U(3) symmetry in the coupling of the singlets to the
Z

0 resulting in the absence of tree level FCNC for the

WC operator Best fit 2 �
Case A CLL (s̄L�

µbL)(ēL�µeL) 0.99 [0.37,1.61]
Case B CLR (s̄L�

µbL)(ēR�µeR) -3.46 [-4.76,-2.16]
Case C CRR (s̄R�

µbR)(ēR�µeR) -3.63 [-5.5,-2.67]

TABLE I. 2� ranges used for the fits to Wilson coe�cients in
the case where only electron couples to New Physics.

down type singlets. Using Eq. 2 and Eq. 7, the Wilson
coe�cient C
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contributing to b ! sll processes is given
as:
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For the first two generations, we assume a L $ R sym-
metry in the coupling to Z

0 resulting in g
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V

= g
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. For the
electron the axial vector coupling is simply g

AV
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/2.
Using this,, the coe�cients C
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The additional factor of 1
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is due to the form of the
Z

0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:
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2 [0.02, 2] g

t

2 [0.02, 2] g

q

2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of g

e

is applied for the corresponding
mass. The upper bound is chosen such that g

2

/4⇡  1.
The upper bound of ‘2’ is chosen so as to be consistent
with an ⇠ O(1) parametrisation of couplings. Note that
this is well below the rough pertubativity bound g

2

/4⇡.
As we shall see below the results do not depend on the up-
per limit of the numerical scans. Left plot of Fig. 2 gives
the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
prediction. The length of the blue band satisfying the
anomalies is determined by scanning the allowed ranges
for the coupling parameters. Irrespective of the length,
Fig. 2 illustrates that there exists only a marginal region
common to fit involving Eq. 8 and the anomalies. To rep-
resent the change in the ranges of the quark couplings we
define:

CDF(x) =

Z
x

�1
P(x)dx (11)

This can be understood as follows: Let X be a given
set of solutions. For a given point on the x axis, the
CDF expresses the percentage of solutions in X such that
X  x. CDF = 1 at a given x

a

implies all solutions sat-
isfy X  x

a

. Top right plot of Fig. 2 gives the CDF for
the light quark coupling g

q

. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ⇠ 1 at

coupling  a Z’ sono scansionati nell'intervallo

4

around g

q

⇠ 0.23 which corresponds to the maximum al-
lowed value. Note that the case g

q

! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff

1q

' C

SM

1q

. This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g

q

! 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g

t

�g

q

) such that g
t

> g

q

.

FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.

Case B g

e

= 0: This corresponds to the case where the
NP contribution to the Wilson coe�cients is only due to
the right handed electron (C

LR

) and the corresponding
ranges are given in the second row of Table I. The Wilson
coe�cient in this case is given as:
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It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
sible for g

q

> g

t

. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply g

AV

e

= �g
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/2. For the light
quark case we first begin with the assumption of L $ R

symmetry: g
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g

t

� g

q

) where g

q

> g

t

. Thus g

q

! 0 is not
permitted. However, these solutions are not compatible
with the constraints from atomic physics. This is due to
the fact that relatively large contributions to C

1q

are due
to g

q

and the fact that gV
q

= g

q

. If we assume g

q

o g

0
q

FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0
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) is

at the edge of g0
e
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2
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' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:
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Z-Z

0
mixing: Depending on the underlying framework,

the extent of mixing of the SM Z with the Z

0 can a↵ect
the electroweak precision observables. The mixing could
be induced by vacuum expectation value (vev), kinetic
mixing or loop induced. Since we attempt to represent a
wide category of Z 0 scenarios we assume a mass mixing of

the form c

m

2
Z

m

2
Z0

where c ⇠ O(1). For simplicity we assume

c = 1. This gives a contribution to the Z ! ff̄ coupling

of the form g

f

m

2
z

m

2
Z0
, where g

f

is the Z

0-ff̄ coupling. The

constraint on the size of g

f

for the leptons from Z �
Z

0 mixing is particularly strong which translate into an

upper bound on g

f

as g

f

m

2
Z

m

2
Z0

/ 0.001. For cases where

O(1) parameter is 1, leads to a relatively stronger upper
bound on g

l

. However, one can relax these bounds if
the gauge symmetry is extended to a custodial symmetry
with the fermions embedded in custodial representations
[31–33]. In parallel, this mixing could be also induced at
loop level [34] or a kinematic mixing with a small mixing
parameter [35] enabling a relaxation of the constraints.
In order to represent a significant fraction of Z 0 scenarios,

in this analysis we assume g

f

m

2
Z

m

2
Z0

to be at-most ⇠ 0.001.

Anomalies: Independent of the underlying frame-
work the structure of the Wilson coe�cient contributing
to b ! sll decays remains similar. There exist several
possibilities for the solutions to the anomalies: chi-
rality of the quark and lepton current as well as the
lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
electrons, we will only consider the cases where the
electron contributions to the NP Wilson coe�cients are
non-negligible.
Electron only: Since we assume the contribution to the
Wilson coe�cients due to the muon to be negligible, we
set g

µ

n g

e

in Eq. 7. Fits involving only the electrons
were considered in [19] for di↵erent combinations of
chirality of the quark and the lepton current. The
best fit point and the corresponding 2� ranges for the
Wilson coe�cients are given in Table I. For each of the
fits, it is assumed that only the corresponding Wilson
coe�cients in the second column of Table I contributes
while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:

Case A g

0
e

= 0: This is the case where the right handed
lepton current in Eq. 7 vanishes. Additionally we assume
a U(3) symmetry in the coupling of the singlets to the
Z

0 resulting in the absence of tree level FCNC for the

WC operator Best fit 2 �
Case A CLL (s̄L�

µbL)(ēL�µeL) 0.99 [0.37,1.61]
Case B CLR (s̄L�

µbL)(ēR�µeR) -3.46 [-4.76,-2.16]
Case C CRR (s̄R�

µbR)(ēR�µeR) -3.63 [-5.5,-2.67]

TABLE I. 2� ranges used for the fits to Wilson coe�cients in
the case where only electron couples to New Physics.

down type singlets. Using Eq. 2 and Eq. 7, the Wilson
coe�cient C

LL

contributing to b ! sll processes is given
as:

C

LL

=

p
2⇡g

e

(g
t

� g

q

)

4 cos2 ✓
W

m

2

Z

0G
F

↵

(8)

For the first two generations, we assume a L $ R sym-
metry in the coupling to Z

0 resulting in g

q

V

= g

q

. For the
electron the axial vector coupling is simply g

AV

e

= g

e

/2.
Using this,, the coe�cients C

1q

get corrected as
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The additional factor of 1

4 cos

2
✓W

is due to the form of the
Z

0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:

g

e

2 [0.02, 2] g

t

2 [0.02, 2] g

q

2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of g

e

is applied for the corresponding
mass. The upper bound is chosen such that g

2

/4⇡  1.
The upper bound of ‘2’ is chosen so as to be consistent
with an ⇠ O(1) parametrisation of couplings. Note that
this is well below the rough pertubativity bound g

2

/4⇡.
As we shall see below the results do not depend on the up-
per limit of the numerical scans. Left plot of Fig. 2 gives
the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
prediction. The length of the blue band satisfying the
anomalies is determined by scanning the allowed ranges
for the coupling parameters. Irrespective of the length,
Fig. 2 illustrates that there exists only a marginal region
common to fit involving Eq. 8 and the anomalies. To rep-
resent the change in the ranges of the quark couplings we
define:

CDF(x) =

Z
x

�1
P(x)dx (11)

This can be understood as follows: Let X be a given
set of solutions. For a given point on the x axis, the
CDF expresses the percentage of solutions in X such that
X  x. CDF = 1 at a given x

a

implies all solutions sat-
isfy X  x

a

. Top right plot of Fig. 2 gives the CDF for
the light quark coupling g

q

. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ⇠ 1 at

Per quark leggero, assumiamo gq = g0q
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Z-Z

0
mixing: Depending on the underlying framework,

the extent of mixing of the SM Z with the Z

0 can a↵ect
the electroweak precision observables. The mixing could
be induced by vacuum expectation value (vev), kinetic
mixing or loop induced. Since we attempt to represent a
wide category of Z 0 scenarios we assume a mass mixing of

the form c
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of the form g

f

m

2
z

m

2
Z0
, where g

f

is the Z

0-ff̄ coupling. The

constraint on the size of g

f
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upper bound on g

f
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/ 0.001. For cases where

O(1) parameter is 1, leads to a relatively stronger upper
bound on g

l

. However, one can relax these bounds if
the gauge symmetry is extended to a custodial symmetry
with the fermions embedded in custodial representations
[31–33]. In parallel, this mixing could be also induced at
loop level [34] or a kinematic mixing with a small mixing
parameter [35] enabling a relaxation of the constraints.
In order to represent a significant fraction of Z 0 scenarios,

in this analysis we assume g
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2
Z
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2
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to be at-most ⇠ 0.001.

Anomalies: Independent of the underlying frame-
work the structure of the Wilson coe�cient contributing
to b ! sll decays remains similar. There exist several
possibilities for the solutions to the anomalies: chi-
rality of the quark and lepton current as well as the
lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
electrons, we will only consider the cases where the
electron contributions to the NP Wilson coe�cients are
non-negligible.
Electron only: Since we assume the contribution to the
Wilson coe�cients due to the muon to be negligible, we
set g

µ

n g

e

in Eq. 7. Fits involving only the electrons
were considered in [19] for di↵erent combinations of
chirality of the quark and the lepton current. The
best fit point and the corresponding 2� ranges for the
Wilson coe�cients are given in Table I. For each of the
fits, it is assumed that only the corresponding Wilson
coe�cients in the second column of Table I contributes
while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:

Case A g

0
e

= 0: This is the case where the right handed
lepton current in Eq. 7 vanishes. Additionally we assume
a U(3) symmetry in the coupling of the singlets to the
Z

0 resulting in the absence of tree level FCNC for the

WC operator Best fit 2 �
Case A CLL (s̄L�

µbL)(ēL�µeL) 0.99 [0.37,1.61]
Case B CLR (s̄L�

µbL)(ēR�µeR) -3.46 [-4.76,-2.16]
Case C CRR (s̄R�

µbR)(ēR�µeR) -3.63 [-5.5,-2.67]

TABLE I. 2� ranges used for the fits to Wilson coe�cients in
the case where only electron couples to New Physics.

down type singlets. Using Eq. 2 and Eq. 7, the Wilson
coe�cient C

LL

contributing to b ! sll processes is given
as:
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For the first two generations, we assume a L $ R sym-
metry in the coupling to Z

0 resulting in g

q

V

= g

q

. For the
electron the axial vector coupling is simply g

AV

e

= g

e

/2.
Using this,, the coe�cients C

1q

get corrected as
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The additional factor of 1
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is due to the form of the
Z

0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:
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2 [0.02, 2] g

t

2 [0.02, 2] g
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2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of g

e

is applied for the corresponding
mass. The upper bound is chosen such that g

2

/4⇡  1.
The upper bound of ‘2’ is chosen so as to be consistent
with an ⇠ O(1) parametrisation of couplings. Note that
this is well below the rough pertubativity bound g

2

/4⇡.
As we shall see below the results do not depend on the up-
per limit of the numerical scans. Left plot of Fig. 2 gives
the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
prediction. The length of the blue band satisfying the
anomalies is determined by scanning the allowed ranges
for the coupling parameters. Irrespective of the length,
Fig. 2 illustrates that there exists only a marginal region
common to fit involving Eq. 8 and the anomalies. To rep-
resent the change in the ranges of the quark couplings we
define:

CDF(x) =

Z
x

�1
P(x)dx (11)

This can be understood as follows: Let X be a given
set of solutions. For a given point on the x axis, the
CDF expresses the percentage of solutions in X such that
X  x. CDF = 1 at a given x

a

implies all solutions sat-
isfy X  x

a

. Top right plot of Fig. 2 gives the CDF for
the light quark coupling g

q

. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ⇠ 1 at

Osservare il WC per le anomalie è ampio e negativo.
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around g

q

⇠ 0.23 which corresponds to the maximum al-
lowed value. Note that the case g

q

! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff

1q

' C

SM

1q

. This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g

q

! 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g

t

�g
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) such that g
t

> g

q

.

FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.

Case B g

e

= 0: This corresponds to the case where the
NP contribution to the Wilson coe�cients is only due to
the right handed electron (C

LR

) and the corresponding
ranges are given in the second row of Table I. The Wilson
coe�cient in this case is given as:
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g
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) where g
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. Thus g
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! 0 is not
permitted. However, these solutions are not compatible
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the fact that relatively large contributions to C
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are due
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FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e
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2
Z
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2
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' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:
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lowed value. Note that the case g
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! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff

1q

' C

SM

1q

. This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g
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! 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g
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) such that g
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.

FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.
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It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
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. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply g
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g

t

� g

q

) where g

q

> g
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. Thus g

q

! 0 is not
permitted. However, these solutions are not compatible
with the constraints from atomic physics. This is due to
the fact that relatively large contributions to C
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are due
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and the fact that gV
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FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e

m

2
Z

m

2
Z0

' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:

perché gli elettroni sono destrorsi

G. D’Ambrosio, A.I, F.Piccinini, A Polosa  
1902.00893 

Le espressioni per WC non cambiano ma la correzione a C1q cambia segno

grande WC per  
questo caso



4

around g

q

⇠ 0.23 which corresponds to the maximum al-
lowed value. Note that the case g

q

! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff

1q

' C

SM

1q

. This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g

q

! 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g

t

�g

q

) such that g
t

> g

q

.
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gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.
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It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
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> g

t
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current couples to new physics, the corresponding axial
vector current is simply g
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g
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) where g
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. Thus g
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with the constraints from atomic physics. This is due to
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1q

are due
to g

q

and the fact that gV
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plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e

m

2
Z
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2
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' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:

A causa del grande WC per anomalia, questo caso non è coerente

Come risolvere questo?
All'inizio abbiamo assunto

gq = g0q
quindi il Vector Coupling è gq
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will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g
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the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g
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) such that g
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.

FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.
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It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
sible for g
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> g
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. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply g
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/2. For the light
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g

t

� g

q

) where g

q

> g

t

. Thus g

q

! 0 is not
permitted. However, these solutions are not compatible
with the constraints from atomic physics. This is due to
the fact that relatively large contributions to C
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are due
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and the fact that gV
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. If we assume g
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FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e

m

2
Z

m

2
Z0

' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:se assumiamo quindi il Vector Coupling è gq/2
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FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
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) where g
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FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0
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) is

at the edge of g0
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' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
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in this case.
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The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:
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gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e

m

2
Z

m

2
Z0

' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g
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= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:
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around g
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⇠ 0.23 which corresponds to the maximum al-
lowed value. Note that the case g
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! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff
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' C
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. This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g
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! 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g

t

�g

q

) such that g
t

> g
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.

FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.

Case B g

e

= 0: This corresponds to the case where the
NP contribution to the Wilson coe�cients is only due to
the right handed electron (C

LR

) and the corresponding
ranges are given in the second row of Table I. The Wilson
coe�cient in this case is given as:
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It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
sible for g

q

> g

t

. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply g

AV

e

= �g

0
e

/2. For the light
quark case we first begin with the assumption of L $ R

symmetry: g
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0
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. In this case, the coe�cients C
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get
corrected as
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g

t

� g

q

) where g

q

> g

t

. Thus g

q

! 0 is not
permitted. However, these solutions are not compatible
with the constraints from atomic physics. This is due to
the fact that relatively large contributions to C

1q

are due
to g

q

and the fact that gV
q

= g

q

. If we assume g

q

o g

0
q

FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e
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2
Z
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2
Z0

' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:
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Z-Z

0
mixing: Depending on the underlying framework,

the extent of mixing of the SM Z with the Z

0 can a↵ect
the electroweak precision observables. The mixing could
be induced by vacuum expectation value (vev), kinetic
mixing or loop induced. Since we attempt to represent a
wide category of Z 0 scenarios we assume a mass mixing of

the form c

m

2
Z

m

2
Z0

where c ⇠ O(1). For simplicity we assume

c = 1. This gives a contribution to the Z ! ff̄ coupling

of the form g

f

m

2
z

m

2
Z0
, where g

f

is the Z

0-ff̄ coupling. The

constraint on the size of g

f

for the leptons from Z �
Z

0 mixing is particularly strong which translate into an

upper bound on g

f

as g

f

m

2
Z

m

2
Z0

/ 0.001. For cases where

O(1) parameter is 1, leads to a relatively stronger upper
bound on g

l

. However, one can relax these bounds if
the gauge symmetry is extended to a custodial symmetry
with the fermions embedded in custodial representations
[31–33]. In parallel, this mixing could be also induced at
loop level [34] or a kinematic mixing with a small mixing
parameter [35] enabling a relaxation of the constraints.
In order to represent a significant fraction of Z 0 scenarios,

in this analysis we assume g

f

m

2
Z

m

2
Z0

to be at-most ⇠ 0.001.

Anomalies: Independent of the underlying frame-
work the structure of the Wilson coe�cient contributing
to b ! sll decays remains similar. There exist several
possibilities for the solutions to the anomalies: chi-
rality of the quark and lepton current as well as the
lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
electrons, we will only consider the cases where the
electron contributions to the NP Wilson coe�cients are
non-negligible.
Electron only: Since we assume the contribution to the
Wilson coe�cients due to the muon to be negligible, we
set g

µ

n g

e

in Eq. 7. Fits involving only the electrons
were considered in [19] for di↵erent combinations of
chirality of the quark and the lepton current. The
best fit point and the corresponding 2� ranges for the
Wilson coe�cients are given in Table I. For each of the
fits, it is assumed that only the corresponding Wilson
coe�cients in the second column of Table I contributes
while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:

Case A g

0
e

= 0: This is the case where the right handed
lepton current in Eq. 7 vanishes. Additionally we assume
a U(3) symmetry in the coupling of the singlets to the
Z

0 resulting in the absence of tree level FCNC for the

WC operator Best fit 2 �
Case A CLL (s̄L�

µbL)(ēL�µeL) 0.99 [0.37,1.61]
Case B CLR (s̄L�

µbL)(ēR�µeR) -3.46 [-4.76,-2.16]
Case C CRR (s̄R�

µbR)(ēR�µeR) -3.63 [-5.5,-2.67]

TABLE I. 2� ranges used for the fits to Wilson coe�cients in
the case where only electron couples to New Physics.

down type singlets. Using Eq. 2 and Eq. 7, the Wilson
coe�cient C

LL

contributing to b ! sll processes is given
as:
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p
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For the first two generations, we assume a L $ R sym-
metry in the coupling to Z

0 resulting in g

q

V

= g

q

. For the
electron the axial vector coupling is simply g

AV

e

= g

e

/2.
Using this,, the coe�cients C

1q

get corrected as
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+
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The additional factor of 1

4 cos

2
✓W

is due to the form of the
Z

0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:

g

e

2 [0.02, 2] g

t

2 [0.02, 2] g

q

2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of g

e

is applied for the corresponding
mass. The upper bound is chosen such that g

2

/4⇡  1.
The upper bound of ‘2’ is chosen so as to be consistent
with an ⇠ O(1) parametrisation of couplings. Note that
this is well below the rough pertubativity bound g

2

/4⇡.
As we shall see below the results do not depend on the up-
per limit of the numerical scans. Left plot of Fig. 2 gives
the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
prediction. The length of the blue band satisfying the
anomalies is determined by scanning the allowed ranges
for the coupling parameters. Irrespective of the length,
Fig. 2 illustrates that there exists only a marginal region
common to fit involving Eq. 8 and the anomalies. To rep-
resent the change in the ranges of the quark couplings we
define:

CDF(x) =

Z
x

�1
P(x)dx (11)

This can be understood as follows: Let X be a given
set of solutions. For a given point on the x axis, the
CDF expresses the percentage of solutions in X such that
X  x. CDF = 1 at a given x

a

implies all solutions sat-
isfy X  x

a

. Top right plot of Fig. 2 gives the CDF for
the light quark coupling g

q

. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ⇠ 1 at
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What are the implications on the quark couplings
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around g
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⇠ 0.23 which corresponds to the maximum al-
lowed value. Note that the case g

q

! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff
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' C

SM

1q

. This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when g

q

! 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coe�cients are proportional to (g
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) such that g
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.

FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u � C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.

Case B g

e

= 0: This corresponds to the case where the
NP contribution to the Wilson coe�cients is only due to
the right handed electron (C

LR

) and the corresponding
ranges are given in the second row of Table I. The Wilson
coe�cient in this case is given as:
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It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
sible for g

q

> g

t

. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply g

AV

e

= �g

0
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/2. For the light
quark case we first begin with the assumption of L $ R

symmetry: g
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The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coe�cients are negative. They are propor-
tional to (g

t

� g

q

) where g

q

> g

t

. Thus g

q

! 0 is not
permitted. However, these solutions are not compatible
with the constraints from atomic physics. This is due to
the fact that relatively large contributions to C

1q

are due
to g

q

and the fact that gV
q

= g

q

. If we assume g

q
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0
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FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g0q while the top right cor-
responds to gq o g0q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq o g0q.
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V

q

= g

q
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The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gV

q

with respect to the case with L $ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g0

e

) is

at the edge of g0
e

m

2
Z

m

2
Z0

' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C g

e

= 0: This case is similar to B, with the
only di↵erence being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only di↵erence between B and C would
be that a consistent set of solutions would necessitate
g

0
q

o g

q

in this case.

COLLIDER IMPLICATIONS

The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:

non influenza la produzione direttacoupling di top quark a Z 'è piccolo dopo i dati di 
violazione di parità
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Conclusione…

Le anomalie B rappresentano una delle migliori speranze per NP

Anche altri esperimenti a bassa energia hanno importanti implicazioni

Le soluzioni con gli elettroni sono possibili ma difficili

Elettroni o muoni o entrambi?

La risposta sta nelle future misure di precisione o nella ricerca diretta

Grazie Mille
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.

–0.20 –0.19 –0.18 –0.17

0.355

0.345

0.335

0.325

 C1u

/g = 3 TeVΛ

Λ

Λ

C
1d

/g = 5 TeV

���/g = 8 TeV

APV 133Cs

Q p
w (2018)

0                 π π 3π/2 2π/2

 10

   5

  1

0.5

Combined
and 133Cs

95% confidence level

95% confidence level

a

b

Qp
w

133Cs(2018)Qp
w

/g
 (T

eV
)

Λ

Th

Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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Questi grafici mostrano i resultati combinati di entrambi gli esperimenti

Questa grafico mostra da il valore  
dell’angolo di Weinberg a energia basso

La linea nera è il valore SM stimato da rge

Il  valore APV è coerente con SM e il volre  
QW è leggermente diverso da SM


