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Tensor operators in combination with other operators have been shown to explain the data for the 
anomalies Bardhan, Byakti, Ghosh
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These experiments can be classified into: 

Atomic parity violation  
experiments in Cs 

Parity violation due to 
electron scattering of 
liquid hydrogen target 

Both these experiments measure the weak charge of the Cs Nucleus and proton respectively  

CS Wood et, al
Jefferson Lab Collab

In SM model parametrization 
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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-
tio RK = B(B+ ! K+µ+µ�)/B(B+ ! K+e+e�) [1]

RK |q2=1�6 GeV 2 = 0.745+0.090
�0.074 (stat)± 0.036 (syst)

signaled a ⇠ 2.6 � deviation from the standard model
(SM) prediction of RSM

K = 1.0003 ± 0.0001 [2, 3].
Similarly, the measurement of RK⇤ = B(B0 !
K⇤0µ+µ�)/B(B0 ! K⇤0e+e�) [4]:

RK⇤ =

(
0.660+0.110

�0.070(stat)± 0.024(syst), low q2

0.685+0.113
�0.069(stat)± 0.047(syst), med q2

(1)

painted a similar picture to that of RK . A comparison
with the SM prediction, leads to a 2.4� deviation for low
q2 and ⇠ 2.5 � for medium q2. The reported deviations
can be parametrized in terms of additional contributions
to the Wilson coe�cients of the following e↵ective oper-
ators:

Heff = �Gf↵p
2⇡

VtbV
⇤
ts

X

i

OXY CXY (2)

where CXY = CSM
XY + CNP

XY . The observed deviation in
the exclusive models for the angular observable P 0

5 [5] in
B ! K⇤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
Qp

W [20] and the Caesium atom (QCs
W ). In the SM, it re-

ceives contribution due to the following neutral current
Lagrangian:

LQW ,QP =
ē�µ�5e

2v2

X

q=u,d

C1q q̄�
µq (3)

The tree-level expressions for C1q are given as: C1u =
� 1

2 + 4
3 sin

2
✓W , C1d = 1

2 � 2
3 sin

2
✓W

The SM values for C1q are: CSM
1u = �0.1887 ± 0.0022

and CSM
1d = 0.3419 ± 0.0025 . The expressions for the

weak charge of the proton and Caesium atom (in terms
of C1q) are given as:

Qp
W = �2 [2C1u + C1d]

QCs
W = �2 [55(2C1u + C1d) + 78(C1u + 2C1d)] (4)

Following the independent measurements for the proton
[20] and the Caesium atom [21], the allowed ranges at 1�
are:

Qp
W = 0.0719±0.0045 ; QCs

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 C1u � C1d
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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.
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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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So far:

How are these low energy experiments relevant for B anomalies

We also discussed the  two parity violation experiments which measure the axiol vector electron 
and vector quark coupling to the Z boson 

How are these connected?

Lets go back to the effective lagrangian description of both
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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-
tio RK = B(B+ ! K+µ+µ�)/B(B+ ! K+e+e�) [1]

RK |q2=1�6 GeV 2 = 0.745+0.090
�0.074 (stat)± 0.036 (syst)

signaled a ⇠ 2.6 � deviation from the standard model
(SM) prediction of RSM

K = 1.0003 ± 0.0001 [2, 3].
Similarly, the measurement of RK⇤ = B(B0 !
K⇤0µ+µ�)/B(B0 ! K⇤0e+e�) [4]:

RK⇤ =

(
0.660+0.110

�0.070(stat)± 0.024(syst), low q2

0.685+0.113
�0.069(stat)± 0.047(syst), med q2

(1)

painted a similar picture to that of RK . A comparison
with the SM prediction, leads to a 2.4� deviation for low
q2 and ⇠ 2.5 � for medium q2. The reported deviations
can be parametrized in terms of additional contributions
to the Wilson coe�cients of the following e↵ective oper-
ators:

Heff = �Gf↵p
2⇡

VtbV
⇤
ts

X

i

OXY CXY (2)

where CXY = CSM
XY + CNP

XY . The observed deviation in
the exclusive models for the angular observable P 0

5 [5] in
B ! K⇤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
Qp

W [20] and the Caesium atom (QCs
W ). In the SM, it re-

ceives contribution due to the following neutral current
Lagrangian:

LQW ,QP =
ē�µ�5e

2v2

X

q=u,d

C1q q̄�
µq (3)

The tree-level expressions for C1q are given as: C1u =
� 1

2 + 4
3 sin

2
✓W , C1d = 1

2 � 2
3 sin

2
✓W

The SM values for C1q are: CSM
1u = �0.1887 ± 0.0022

and CSM
1d = 0.3419 ± 0.0025 . The expressions for the

weak charge of the proton and Caesium atom (in terms
of C1q) are given as:

Qp
W = �2 [2C1u + C1d]

QCs
W = �2 [55(2C1u + C1d) + 78(C1u + 2C1d)] (4)

Following the independent measurements for the proton
[20] and the Caesium atom [21], the allowed ranges at 1�
are:

Qp
W = 0.0719±0.0045 ; QCs

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 C1u � C1d
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[20] and the Caesium atom [21], the allowed ranges at 1�
are:
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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 C1u � C1d

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 C1u or C1d 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 C1q 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:

LNP =
ē�µ�5e

⇤2

X

q=u,d

C
0NP
1q q̄�µq =

ē�µ�5e

2v2

X

q=u,d

CNP
1q q̄�µq

(6)

where we define CNP
1q =

2v2C
0NP
1q

⇤2 . Note that the appear-

ance of factor ( 1
v2 ) in Eq. 6 is to facilitate comparison

with the SM contribution in Eq. 3. Combining Eqs. 3
and 6, we get

L =
ē�µ�5e

2v2

X

q=u,d

Ceff
1q q̄�µq

where Ceff
1q = CSM

1q + CNP
1q and correspondingly lead

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

(C
0NP
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 (gVq ) and can be expressed as:

C
0NP
1q = gVq gAV

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 QCs
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 gq, ge is then used to compute its e↵ects on
the C1q 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 DL = VCKM .
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
DR ⇠ VCKM . 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 gq = gs = gd to NP. This is
essential in obtaining a VCKM 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

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
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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
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bosons. Assuming the up-quarks to be in the mass basis,
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While the left handed rotation is set by charged current
couplings, there remains an ambiguity in the form of the
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DR ⇠ VCKM . The model assumes a U(2) flavour symme-
try in the coupling of the quarks to the Z 0: irrespective
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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

He↵ = �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 = 4GF/

p
2. The SM itself contributes as C

SM
bL`L

= 8.64
and C

SM
bL`R

= �0.18, accidentally implying |C
SM
bL`R

| � |C
SM
bL`L

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

by C9 = CbLµL+R/2, C10 = �CbLµL�R/2, C
0
9 = CbRµL+R/2, C

0
10 = �CbRµL�R/2, with the ap-

proximate relation C
SM
9 ⇡ �C

SM
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 |C

SM
bL`R

| ⌧

|C
SM
bL`L

| and expanding each coe�cient CI at first order in the beyond-the-standard-model (BSM)
contribution, CI = C

SM
I

+ C
BSM
I

.

2.1 RK revisited

The experimental analysis is made by binning the observable in the squared invariant mass of
the lepton system q

2
⌘ (P`� + P`+)2. Writing the explicit q

2-dependence, we have

RK [q2min, q
2
max] ⌘

R
q
2
max

q
2
min

dq
2
d�(B+

! K
+
µ
+
µ
�)/dq

2

R
q2max

q
2
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 q

2
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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transitions in a Z 0 model can be parametrized as:

L =
Z

0µ

2 cos ✓w

⇥
ge(g

0
e)ē�µPL(R)e+ gµ(g

0
µ)µ̄�µPL(R)µ

+
X

q

(gq q̄�µPLq + g0q q̄�µPRq)

+ (gt � gq)V
⇤
tsVtbs̄�µPL,Rb+ . . . ] (7)

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 m2
Z

m2
Z0

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

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

of the form gf
m2

z

m2
Z0
, where gf is the Z 0-ff̄ coupling. The

constraint on the size of gf for the leptons from Z �
Z 0 mixing is particularly strong which translate into an

upper bound on gf as gf
m2

Z

m2
Z0

/ 0.001. For cases where

O(1) parameter is 1, leads to a relatively stronger upper
bound on gl. 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 gf
m2

Z

m2
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 gµ n ge 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 g0e = 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 CLL contributing to b ! sll processes is given
as:

CLL =

p
2⇡ge(gt � gq)

4 cos2 ✓Wm2
Z0GF↵

(8)

For the first two generations, we assume a L $ R sym-
metry in the coupling to Z 0 resulting in gqV = gq. For the
electron the axial vector coupling is simply gAV

e = ge/2.
Using this,, the coe�cients C1q get corrected as

Ceff
1q = CSM

1q +
2v2gegq

8 cos2 ✓Wm2
Z0

(9)

The additional factor of 1
4 cos2 ✓W

is due to the form of the
Z 0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:

ge 2 [0.02, 2] gt 2 [0.02, 2] gq 2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of ge is applied for the corresponding
mass. The upper bound is chosen such that g2/4⇡  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 g2/4⇡.
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 xa implies all solutions sat-
isfy X  xa. Top right plot of Fig. 2 gives the CDF for
the light quark coupling gq. 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

The effective Lagrangian with Z’

From this lagrangian we can identify the additional contribution to the WC contributing to B anomalies as 
well as PV experiments

Since the fits for anomalies involve only on WC at a time, we consider the following three cases
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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 CLL contributing to b ! sll processes is given
as:

CLL =

p
2⇡ge(gt � gq)

4 cos2 ✓Wm2
Z0GF↵

(8)

For the first two generations, we assume a L $ R sym-
metry in the coupling to Z 0 resulting in gqV = gq. For the
electron the axial vector coupling is simply gAV

e = ge/2.
Using this,, the coe�cients C1q get corrected as

Ceff
1q = CSM

1q +
2v2gegq

8 cos2 ✓Wm2
Z0

(9)

The additional factor of 1
4 cos2 ✓W

is due to the form of the
Z 0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:

ge 2 [0.02, 2] gt 2 [0.02, 2] gq 2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of ge is applied for the corresponding
mass. The upper bound is chosen such that g2/4⇡  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 g2/4⇡.
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 xa implies all solutions sat-
isfy X  xa. Top right plot of Fig. 2 gives the CDF for
the light quark coupling gq. 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



Case A

3

transitions in a Z 0 model can be parametrized as:

L =
Z

0µ

2 cos ✓w

⇥
ge(g

0
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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 gf
m2

Z

m2
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 gµ n ge 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 g0e = 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 CLL contributing to b ! sll processes is given
as:

CLL =

p
2⇡ge(gt � gq)

4 cos2 ✓Wm2
Z0GF↵

(8)

For the first two generations, we assume a L $ R sym-
metry in the coupling to Z 0 resulting in gqV = gq. For the
electron the axial vector coupling is simply gAV

e = ge/2.
Using this,, the coe�cients C1q get corrected as

Ceff
1q = CSM

1q +
2v2gegq

8 cos2 ✓Wm2
Z0

(9)

The additional factor of 1
4 cos2 ✓W

is due to the form of the
Z 0 Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:

ge 2 [0.02, 2] gt 2 [0.02, 2] gq 2 [0.02, 2] (10)

These ranges are chosen in general and appropriate con-
straint on the value of ge is applied for the corresponding
mass. The upper bound is chosen such that g2/4⇡  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 g2/4⇡.
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 xa implies all solutions sat-
isfy X  xa. Top right plot of Fig. 2 gives the CDF for
the light quark coupling gq. 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

For light quark we assume

gq = g0q
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around gq ⇠ 0.23 which corresponds to the maximum al-
lowed value. Note that the case gq ! 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff

1q ' CSM
1q . This bound

will have implications for the direct production cross sec-
tions and will be discussed later. Note that when gq ! 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 (gt�gq) such that gt > gq.

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 ge = 0: This corresponds to the case where the
NP contribution to the Wilson coe�cients is only due to
the right handed electron (CLR) and the corresponding
ranges are given in the second row of Table I. The Wilson
coe�cient in this case is given as:

CLR =

p
2⇡g0e(gt � gq)

4 cos2 ✓Wm2
Z0GF↵

(12)

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 gq > gt. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply gAV

e = �g0e/2. For the light
quark case we first begin with the assumption of L $ R
symmetry: gq = g0q. In this case, the coe�cients C1q get
corrected as

C1q = CSM
1q � 2v2g0egq

8 cos2 ✓Wm2
Z0

(13)

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 (gt � gq) where gq > gt. Thus gq ! 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 C1q are due
to gq and the fact that gVq = gq. If we assume gq o g0q

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.

i.e. no L ! R symmetry, then gVq = gq/2 and the coef-
ficients C1q now get corrected as:

C1q = CSM
1q � 2v2g0egq

16 cos2 ✓Wm2
Z0

(14)

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 gVq 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 (g0e) is

at the edge of g0e
m2

Z

m2
Z0

' 0.001. However, it can be more

easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C ge = 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
g0q o gq 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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ficients C1q now get corrected as:

C1q = CSM
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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 gVq 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 (g0e) is
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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 ge = 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
g0q o gq 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:

Has implications for direct searches!!



What are the prospects of an electron only solution in comparison to a muon only solution?

From indirect searches to colliders

Current Lepton mass reconstruction efficiencies

Figure 3: Distribution of the reconstructed mass for the di-electron(left) and di-muon(right) final
state. The plot below gives the comparison of corresponding sensitivity as a function of �Z0 at
Lint = 3000 fb�1 (see text for details)

limit ✏e ' ✏µ, then the ratio � is simply:

� =
Nµ

Ne
'

✓
�
V
e

�V
µ

◆2

=

✓
C

µ
9

C
e
9

◆2

(4.2)

It is necessary to understand that the weak acceptance of the electron is due to the stringent isolation
criteria as well as mapping it to a single track in the Tracker. In order to increase the acceptance for
the electron we give up the standard electron isolation as employed in experiments and advocate the
analysis using ‘electron jets’. Before moving to ‘electron jets’ we first outline the generic jet clustering
algorithm below:

– 6 –
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FIG. 3: Figures showing contours of total signal
significance as a function of branching fraction into the
leptons. The left plot corresponds to the current muon
reconstruction and the right is post the HL upgrade.
The benchmark used is MZ0 = 5 TeV . We assume

at-most 20% branching fraction into the leptons which
corresponds the diagonal line.

The ‘null’ hypothesis H0 assumes the presence of a sig-
nal with universal coupling of Z 0 to the leptons and is
simply s + b where s(b) = sl(bl). The alternate hypoth-
esis, HA is parametrized as µ̂s + b where µ̂ is defined
as the ‘universality’ strength parameter and 0  µ̂  2.
The statistic is defined individually for the di-electron
(muon) final state with corresponding signal strengths
µ̂e(µ̂µ).Note that µ̂e+ µ̂µ = 2 irrespective of the individ-
ual value. The universal case corresponds µ̂e = µ̂µ = 1.
The detector e↵ects are encoded in the respective multi-
plicity sl(bl) for the signal(background) assuming equal
branching fractions between the leptons. A non-universal
aspect favoring one of the leptons is then quantified by
the respective departure from µ̂ = 1.

For a quantification of the test statistic, the signal
and background events are binned and are Poisson dis-
tributed in each bin. Using this, the test statistic in Eq.
8 can be written as:

qµ̂ =
X✓

2ni log
ni

ui
+ ui � ni

◆
(9)

where ni = µ̂si + bi parameterizes the deviation from
non-universality and we are testing the pure universal
hypothesis ui = si + bi. Fig.4 gives the distribution of
the statistic qµ̂ as a function of µ̂ for both the electron
and muon at 3 ab�1 for MZ0 = 5 TeV and a produc-
tion cross-section of 0.1 fb. The width of the parabola is
di↵erent for the electrons and muons on account of the
di↵erent reconstruction and acceptance e�ciencies. Ob-
servation of any deviation deviation (µ̂� 1) corresponds
to measure of non-universality at a statistical significancep
qµ̂ standard deviation. The left plot assumes the null

hypothesis to be the universal exhibits a minimum at
µ̂ = 1 for both the leptons corresponding to the null hy-
pothesis of universality. From the curve its easy to iden-
tify that a > 2� deviation from universality is possible

FIG. 4: Distribution of test statistic as a function of the
non-universality parameter µ̂. Left: The null hypothesis
corresponds to universal couplings of Z 0 to the leptons.
Right: The null hypothesis corresponds to µ̂ = 1.8 for

muons and 0.2 for leptons. (see text for details)

for µ̂ � 1.8 and µ̂  .2. The latter would however lead to
the inference where the data for the corresponding lep-
ton is also increasingly consistent with the background
only hypothesis (µ̂ = 0). Thus there is a necessity to
test both the modes individually as is illustrated in the
right plot of Fig.4. The black curves are similar to the
ones in the right plot. The coloured curves correspond to
testing a specific non-universality ratio hypothesis: out
of the total assumed branching fraction of 20% into the
leptons, we assume 19% for the muon and the remaining
for the electron. In this scenario can be rejected at >

95% CL at the HL-LHC with 3 ab�1. The computations
of the individual significances can be put to further use
by estimating ratios and will be discussed below.

NON-UNIVERSALITY RATIOS

In the following we discuss a methodology based on the
computation of the individual significances. It which is
independent of its total width and is purely a measure of
the non-universality of its coupling into the correspond-
ing final state. However for the sake of explanation we
demonstrate it in the context of narrow width resonances.
A useful observation for the resonant production of nar-
row width objects is the factorization of the production
cross-section (�) and the branching fraction into the final
states (B). Assuming a di-lepton final state, the number
of events Nl at a given integrated luminosity is simply
Nl = �Bl✏lL where ✏l is collider acceptance e�ciency for
the leptons. In general it is di↵erent for the electrons and
the muons. A useful measure is to simply consider the
ratio Nl/Nl0 where l, l

0 = e, µ and l 6= l
0. However, given

the large associated background which must also be taken
into account, the following measure is more appropriate:

R =

vuuut
2(Sl +Bl) log

h
1 + Sl

Bl

i
� 2Sl

2(Sl0 +Bl0) log
h
1 + Sl0

Bl0

i
� 2Sl0

(10)
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FIG. 2: Left plot gives the current expected
reconstruction for for the di-leptons invariant mass.

The Right plot gives the expected imporvement for the
di-muon with the HL upgrade.

on the �⇥Bll for these states [18]. Parallel to the existing
techniques, it is also instructive to ask if additional mea-
sures could be constructed which could possibly preempt
a direct discovery through an evidence of non-universality
in the observed branching fractions. To facilitate this we
consider the resonant production of a heavy Z

0 according
to the following matrix element.

M(p p ! Z
0
, Z

0 ! l
+
l
�) where l = e, µ (6)

The model file for the signal is generated using
FEYNRULES [19] and matrix element for the process is pro-
duced using MADGRAPH at 14 TeV centre of mass energy.
We use PYTHIA 8 [20] for the showering and hadroniza-
tion and consequently use the CMS card of DELPHES 3.4

[21]. We begin with an analysis of traditional resonance
searches into the di-lepton final states. In this instance
we assume the width for either final state is < 5% of the
mass of the resonance.
Event selection: In order to identify the leptons from
the Z

0 we demand the following criteria:
A) Two isolated leptons (electrons and muons) with a
minimum pT = 50 GeV and no missing energy. The
main source of background is the pp ! Z/�

⇤ ! ll where
l = e, µ. In order to populate the signal phase space,
the events are generated with minimum invariant mass
m̂ = 800 GeV and this reduces the e↵ective cross section
of the process to ⇠ 130 fb at 14 TeV. It is natural to find
that di-muon final state enjoys ⇠ 20% more acceptance
e�ciency than that of the di-electron. However, with
prior to the HL upgrade, the electrons enjoy a far supe-
rior mass construction compared to the muon as shown
in the left plot of Fig. 2.

As a result of this in the mass bin around the Z
0 pole

there are more di-electron events than the corresponding
di-muon events. To quantify this aspect, we bin the SM
and the signal events in the range 0 < mll < 8000 GeV,
in 100 GeV bins. We compute the following variable:

Z =

s
X

i

✓
2(si + bi) log


1 +

si

bi

�
� 2si

◆
(7)

Where the sum runs over the bins and si and bi are the

signal and background event multiplicities in the ith bin.
This is a mesure of the signal sensitivity at a given lu-
minosity. Note that if bi o si for a given bin, then Eq.
7 simply reduces to si/

p
bi. Tbe binned computation of

the variable is sensitive to the NP new physics e↵ects in
individual bins and is fairly democratic of the resonant
mass. We estimate the individual significance for both
electron and muon final state and extract the total sig-
nificance by adding them in quadrature. The plots in
Fig. 3 gives contours in the total di-lepton significance
as a function of branching fractions into the electron Be

and muon Bµ. We assume at most 20% total branching
fraction into the leptons which corresponds to the diago-
nal line. The regions below corresponds to smaller values.
The left plot corresponds to the current muon reconstruc-
tion while the right plot corresponds to the same analysis
after the HL upgrade. Given the bin wise estimation of
the variable in Eq. 7, the results are independent of the
width of the window (800 < mll < 13000) over which
the events are analysed. This is because if si = 0 in any
given bin, the presence of only background events in those
does not a↵ect the overall signal significance. For sim-
plicity we have assumed the same benchmark luminosity
of L = 3 ab�1 for both the plots in Fig. 3 corresponding
to before (left) and after (right) the HL upgrade. Note
that in the left plot, there is a distinct asymmetry in the
total significance as a function of Be and Bµ, suggest-
ing that a direct discovery favours a larger coupling to
electrons than the muons. This can be attributed to the
better mass reconstruction for the di-electron. However,
the high luminosity upgrade is expected to wipe out the
di↵erences in the reconstruction as shown the right plot
of Fig. 3. The HL phase is set to be implemented af-
ter about 500 fb�1 of integrated luminosity. Given the
existing framework, it is useful to consider the following
questions:
1) For relatively lighter resonance (/ 6 TeV) it is useful
to develop methodologies to obtain smoking gun signa-
tures before the pre-HL phase is implemented. In the
event of a larger muon coupling one cannot expect to ob-
serve a significant signal before the HL is implemented
as shown in the left plot of Fig. 3.
2) Using the same methodology, obtain hints for signifi-
cantly heavier resonances thereby setting up searches for
direct hints at the FCC.

TEST STATISTIC

The extraction of evidence for non-universality would
necessitate the separation of detector e↵ects from the one
induced due to non-universal coupling. To this e↵ect, we
construct the following test statistic:

qµ̂ = �2 log


µ̂s+ b

s+ b

�
(8)

Test of universality

Consider a general test statistic
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for µ̂ � 1.8 and µ̂  .2. The latter would however lead to
the inference where the data for the corresponding lep-
ton is also increasingly consistent with the background
only hypothesis (µ̂ = 0). Thus there is a necessity to
test both the modes individually as is illustrated in the
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ones in the right plot. The coloured curves correspond to
testing a specific non-universality ratio hypothesis: out
of the total assumed branching fraction of 20% into the
leptons, we assume 19% for the muon and the remaining
for the electron. In this scenario can be rejected at >

95% CL at the HL-LHC with 3 ab�1. The computations
of the individual significances can be put to further use
by estimating ratios and will be discussed below.
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In the following we discuss a methodology based on the
computation of the individual significances. It which is
independent of its total width and is purely a measure of
the non-universality of its coupling into the correspond-
ing final state. However for the sake of explanation we
demonstrate it in the context of narrow width resonances.
A useful observation for the resonant production of nar-
row width objects is the factorization of the production
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the large associated background which must also be taken
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Its defined separately for both the electrons and muons such that
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The statistic is defined individually for the di-electron
(muon) final state with corresponding signal strengths
µ̂e(µ̂µ).Note that µ̂e+ µ̂µ = 2 irrespective of the individ-
ual value. The universal case corresponds µ̂e = µ̂µ = 1.
The detector e↵ects are encoded in the respective multi-
plicity sl(bl) for the signal(background) assuming equal
branching fractions between the leptons. A non-universal
aspect favoring one of the leptons is then quantified by
the respective departure from µ̂ = 1.

For a quantification of the test statistic, the signal
and background events are binned and are Poisson dis-
tributed in each bin. Using this, the test statistic in Eq.
8 can be written as:

qµ̂ =
X✓

2ni log
ni

ui
+ ui � ni

◆
(9)

where ni = µ̂si + bi parameterizes the deviation from
non-universality and we are testing the pure universal
hypothesis ui = si + bi. Fig.4 gives the distribution of
the statistic qµ̂ as a function of µ̂ for both the electron
and muon at 3 ab�1 for MZ0 = 5 TeV and a produc-
tion cross-section of 0.1 fb. The width of the parabola is
di↵erent for the electrons and muons on account of the
di↵erent reconstruction and acceptance e�ciencies. Ob-
servation of any deviation deviation (µ̂� 1) corresponds
to measure of non-universality at a statistical significancep
qµ̂ standard deviation. The left plot assumes the null

hypothesis to be the universal exhibits a minimum at
µ̂ = 1 for both the leptons corresponding to the null hy-
pothesis of universality. From the curve its easy to iden-
tify that a > 2� deviation from universality is possible

FIG. 4: Distribution of test statistic as a function of the
non-universality parameter µ̂. Left: The null hypothesis
corresponds to universal couplings of Z 0 to the leptons.
Right: The null hypothesis corresponds to µ̂ = 1.8 for

muons and 0.2 for leptons. (see text for details)

for µ̂ � 1.8 and µ̂  .2. The latter would however lead to
the inference where the data for the corresponding lep-
ton is also increasingly consistent with the background
only hypothesis (µ̂ = 0). Thus there is a necessity to
test both the modes individually as is illustrated in the
right plot of Fig.4. The black curves are similar to the
ones in the right plot. The coloured curves correspond to
testing a specific non-universality ratio hypothesis: out
of the total assumed branching fraction of 20% into the
leptons, we assume 19% for the muon and the remaining
for the electron. In this scenario can be rejected at >

95% CL at the HL-LHC with 3 ab�1. The computations
of the individual significances can be put to further use
by estimating ratios and will be discussed below.

NON-UNIVERSALITY RATIOS

In the following we discuss a methodology based on the
computation of the individual significances. It which is
independent of its total width and is purely a measure of
the non-universality of its coupling into the correspond-
ing final state. However for the sake of explanation we
demonstrate it in the context of narrow width resonances.
A useful observation for the resonant production of nar-
row width objects is the factorization of the production
cross-section (�) and the branching fraction into the final
states (B). Assuming a di-lepton final state, the number
of events Nl at a given integrated luminosity is simply
Nl = �Bl✏lL where ✏l is collider acceptance e�ciency for
the leptons. In general it is di↵erent for the electrons and
the muons. A useful measure is to simply consider the
ratio Nl/Nl0 where l, l

0 = e, µ and l 6= l
0. However, given

the large associated background which must also be taken
into account, the following measure is more appropriate:

R =

vuuut
2(Sl +Bl) log

h
1 + Sl

Bl

i
� 2Sl

2(Sl0 +Bl0) log
h
1 + Sl0

Bl0

i
� 2Sl0

(10)

D’Ambrosio, F. Conventi, Iyer, Rossi, Mangano  
To appear



A note on di-tau modes

This test statistic can also be applied to explore non-universality in di-tau modes

This is relatively more involved owing to the tagging techniques used in identifying the tau

Substructure variables are known to work well especially for the hadronic tau
Chakraborty, Roy, Iyer

This analysis can be correlated with B-K* tau tau analysis at LHCb
Talk by Jacopo

Summary of Part II
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• b → s l+ l- quark level transition at second order, expected BR(B0 -> K* #+ #-) ~ 10-7 * 

• Goal: perform study on two final states (and charged conjugates) using Run1 + Run2 data: 


*https://arxiv.org/abs/1712.01919v1     

B → K* ( → K−π+ ) τ+ ( → π+ π+ π−ν̄τ) τ−( → π+ π−π−ντ) → 3π3π final state
B → K* ( → K−π+ ) τ+ ( → π+ π+ π−ν̄τ) τ−( → μ−ντ ν̄μ) → 3πµ final state

Introduction

• Standard Model prediction based on LFU assumption, but…

• …due to new physics particles entering the loop, branching 

ratios could be enhanced up to hundreds times the SM 
predictions


• Tau lepton modes still largely unexplored

• Still lots of room for beyond the SM effects

• More complex experimentally

Capdevila, Crivellin, Descotes-Genon, Matias  
arXiv 1712.01919 
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3π3π final state

3π3π
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Neutrinos and mass reconstruction

• Two neutrinos in final state, LHCb has not 4π coverage: missing energy!

3π3π

• Tau momentum can be reconstructed analytically 
imposing its true mass:


• Due to vertex resolution the discriminant can be negative

• In signal sample only 33% candidates have positive 

discriminant for both taus, discriminant set to 0 if 
negative


• Four-fold ambiguity on B mass. “Optimal” solution is 
chosen as the one with minimum angle between 
reconstructed momentum and B direction (from primary 
and secondary vertices)

| ⃗pτ | =
(m2

τ + m2
3π) | ⃗p 3π |cos θ ± E3π (m2

τ −m2
3π)2 −4m2

τ | ⃗p 3π |2 sin2 θ

2(E2
3π −| ⃗p3π |2 cos2 θ)

⃗p τ = | ⃗p τ | ⃗u τ , ⃗u τ =
⃗p τV − ⃗rSV

| ⃗p τV − ⃗rSV |

MC16 truth matched
Entries  13718
Mean  1.269e+12− 
Std Dev    7.668e+12
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LHCb unofficial
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Mass discriminating power & analysis strategy 3π3π

• Different masses can be defined:

• Analytically reconstructed

• Visible mass

• “Corrected” mass 


• None of them very discriminating compared to background from same sign data (selected 
requiring both taus to have the same charge) but still work in progress:

Mco r = P2
T + Mvis + P2

T
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• Not enough mass discriminating power to fit, need to modify analysis strategy:

• Loose cut-based preselection

• MVA-based selection, 2 BDTs in sequence

• Fit on third BDT 
•                                                             used as (preliminary) normalization channel to avoid 

introduction of uncertainty on luminosity and cross-section measurements
B0 → D+ ( → π+ π+ K−) D−

s ( → K+ K−π+ )
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Event multiplicity issue 3π3π

• On signal sample, truth matching requires tracks to be matched to true MC particles

•  Only half of the events contain a fully matched and correctly reconstructed B -> K* tau+ tau- 

decay, currently investigating why

•  Observed events in which the decay is reconstructed swapping pions between different taus 

or between taus and K*, investigating why the correctly reconstructed candidate is not selected

•  Considerable amount of non-signal candidates in MC sample, ~10 candidates per event:

• Currently trying to understand why a significant fraction of signal is lost
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Selection 3π3π

• Loose cut-based preselection on isolation variables: quantify the probability of a track in 
proximity of the signal candidate to be part of the candidate itself


• BDT-based selection, trained against:

• Fully matched and reconstructed signal MC events

• Same sign data as background sample 

• First BDT trained using isolation variables

• Second BDT trained after the first BDT cut, using flight distances and vertex information
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Background categorization 3π3π

• Same Sign data used for BDT training 

• Simulated inclusive B sample 

• Used to identify background from exclusive decays after selection

• Expected backgrounds from B decaying into D mesons:


• Investigating vertex topology

• Veto on D mass?


• Plan to consider other possibilities for background characterization:

• Combinatorial background from K* mass sidebands

• Background regions in “dalitz” plane (as done in Bs -> #+ #-)

• Exclusive MC samples

B−→ D*(2007)0 π+ π+ π− π− π−

B0 → D*(2010)− D*+
s

B+ → D̄0 D+
s π+ π−

. . .

Bs -> #+ #-

https://arxiv.org/pdf/1703.02508.pdf
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Fit BDT 3π3π

• Mass discriminant power not enough to perform a fit: trained a third BDT with masses and 
momenta 


• Same samples used, after the first and second BDT cuts

• Fit strategy similar to the Bs -> #+ #- case:

• Comparison data-MC for the BDT variables ongoing using normalization channel

https://arxiv.org/pdf/1703.02508.pdf

Bs -> #+ #- 
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3πµ final state

3πµ
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Neutrinos and mass reconstruction 3πµ

⃗pτ2
T = − ⃗pτ1

T − ⃗pK*
T

• Tau decaying into three pions (tau1) reconstructed 
analytically with two-fold ambiguity


• Information on decay vertex position for tau decaying into 
muon (tau2):


1. tau2 transverse momentum wrt B flight direction:


2. Plane containing tau2 transverse momentum and B 
flight direction  


3. Intersection between plane and muon track: tau2 
vertex! Courtesy of A. Tayduganov

• Using transverse momentum and angle between B flight direction and tau2 flight direction one 
gets tau2 momentum


• 54% taus have positive discriminant, set to 0 if negative

• Two-fold ambiguity on B mass, constrain on B flight direction already used

• Higher fractions of true events in MC sample, less background

• Masses still not discriminating, strategy similar to the 3π3π case
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Selection 3πµ

• Loose cut-based preselection on isolation variables

• BDT-based selection, trained against MC signal sample and SS data

• First BDT trained using isolation variable

• Second BDT trained using isolation, flight distances and vertex information
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Conclusions

• B physics with taus in the final state very promising field


• Work in progress in two different final states


• Challenging analysis: multiple candidates, lots of background, poor mass discriminating power


• Selection almost completed, still not optimized


• Fit will be probably performed on BDT


• Background characterization ongoing


• Next steps: Data-MC comparison and define a fit strategy

Thanks!

Summary of Part III



Joint Conclusions

There is a lot of interesting physics to be explored in the electron and tau mode

While providing a new perspective to the anomalies, they serve to be independent portals for NP 
searches previously unexplored

The indirect modes coupled with the direct searches could serve to complement each other.


