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Bringing together

• Quest for neutrino mass origin                  (New physics)

• Parity into Left-Right Symmetry

• Lepton Number Violation at collider & low energy 
                                                                           (Majorana)

• and in Higgs decays             (test generation of masses)

• (+ new physics in Flavour, in Strong CP)



The last triumph of the SM
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10. Results 29

Under the assumption that there are no BSM particles contributing to the Higgs boson total
width, Higgs boson production and decay rates in each category are expressed in terms of cou-
pling modifiers within the so-called k-framework. Six free coupling parameters are introduced
in the likelihood (kW, kZ, kt, kt, kb, and kµ) and are extracted from a simultaneous fit across all
categories. In the combined fit, the coupling modifiers are constrained to be positive defined
and the event categories of the H ! µµ analysis described in this document supersede those
considered in Ref. [95]. Figure 14 (left) shows the observed profile likelihood ratio as a function
of kµ for mH = 125.38 GeV. The best-fit value for kµ, as well as those for the other couplings,
are compatible with the SM prediction. The corresponding 68% and 95% CL intervals for the
kµ parameter are 0.91 < kµ < 1.34 and 0.65 < kµ < 1.53, respectively. Note that the observed
(expected) significances reported in Table 8 and Fig. 11 are computed assuming SM production
cross sections and decay rates, constrained within the corresponding theoretical uncertainties.
In contrast, in the result presented in Fig. 11 (left) the freely floating coupling modifiers are
allowed to simultaneously modify both Higgs boson production cross sections and decay rates
within the constraint of keeping the total Higgs boson width fixed to the SM value.

In the SM, the Yukawa coupling between the Higgs boson and the fermions (lF) is propor-
tional to the fermion mass (mF), while the coupling to weak bosons (gV) is proportional to the
square of the vector boson masses (mV). The results from the k-fit can therefore be translated
in terms of reduced coupling strength modifiers, defined as yV =

p
kV

mV
n for weak bosons

and yF = kF
mF
n for fermions, where n is the vacuum expectation value of the Higgs field of

246.22 GeV. Figure 14 (right) shows the best-fit estimates for the six reduced coupling strength
modifiers as a function of particle mass, where lepton, vector boson, and quark masses are
taken from Ref. [84]. The compatibility between the measured coupling strength modifiers
and their SM expectation is derived from the �2 ⇥ DLog(L) separation between the best-fit
and an alternative one, performed by fixing the six coupling modifiers to the SM prediction
(kW = kZ = kt = kt = kb = kµ = 1), yielding a p-value of 44%.
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Figure 14: Left: observed profile likelihood ratio as a function of kµ for mH = 125.38 GeV, ob-
tained from a combined fit with Ref. [10] in the k-framework model. The best-fit value for kµ

is 1.13 and the corresponding observed 68% CL interval is 0.91 < kµ < 1.34. Right: the best-fit
estimates for the reduced coupling modifiers extracted for fermions and weak bosons from the
resolved k-framework model compared to their corresponding prediction from the SM. The
error bars represent 68% CL intervals for the measured parameters. The lower panel shows the
ratios of the measured coupling modifiers values to their SM predictions.

We wish something similar for 
neutrinos… 

 
…need a theory of neutrino mass.

Left-Right symmetry links Parity Restoration to Neutrino mass.
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A SM family of fermions

Lorentz Q Y SU(2)L SU(3)

(Y +T3L) T3L

uL 2 2/3 1/6 1/2 3

dL 2 �1/3 1/6 �1/2 3

�L 2 0 � 1/2 1/2 1

eL 2 �1 � 1/2 �1/2 1

uR 2 2/3 2/3 0 3

dR 2 �1/3 � 1/3 0 3

�R 2 0 0 0 1

eR 2 �1 � 1 0 1

Right fermions, SM singlets. . .
. . . actually doublets of a “right”-isospin group SU(2)R .

We needed the RH neutrino.

SU(2)L � SU(2)R � U(1)B�L � SU(3)c
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Outlook

A SM family – More symmetric
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A SM family – More symmetric
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Left-Right symmetry     ...new RH neutrino and gauge bosons
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Plenty of symmetries to restore ‘beauty’, starting from the simplest,
Left-Right symmetry, restoring a “Parity” at some scale:

SO(3,1) � SU(2)L�SU(2)R�U(1)B�L � SU(3)c

[Pati Salam ’74, Mohapatra Pati ’75, Senjanović Mohapatra ’75]

(Then Pati-Salam, SO(10), etc, even with Lorentz bringing Gravity into the game)

[Pati Salam ’74; Georgi ’75] [FN ’07, FN Percacci ’09, ...]

Opens the path to unifications 
Pati-Salam: SU(2)L × SU(2)R × SU(4)                                           [Pati Salam ’74; Georgi ’75]
GUT: SO(10)                                                                    [Georgi, ’75, Fritzsch Minkowski ’75]
GraviGUT: SO(3,11), SO(7,7)                             [FN ’07, FN Percacci ’09, …,  Maiezza FN ’22]



• SU(2)L SU(2)R U(1)B-L quarks and leptons… 

• Spontaneous parity breaking 

(Minimal) Left-Right Symmetric Model  
Theory of Neutrino Mass from Parity Restoration

[Pati, Salam ’74] [Mohapatra, Pati ’75]
[Senjanović, Mohapatra ’75]
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• SU(2)L SU(2)R U(1)B-L quarks and leptons… 

• Spontaneous parity breaking 

• Heavy RH gauge boson, MWR=g vR 

• And mixes with WL:

• Neutrino get massive via seesaws: 
 
      ...structural LNV. Consequences in 0ν2β, collider… 

(Minimal) Left-Right Symmetric Model  
Theory of Neutrino Mass from Parity Restoration

[Pati, Salam ’74] [Mohapatra, Pati ’75]
[Senjanović, Mohapatra ’75]
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… two possible LR Discrete symmetries

2

We opt for charge conjugation C as LR symmetry, with
the fields transforming as fL $ (fR)c, � ! �T and
�L $ �⇤

R (the case of parity will be discussed else-
where). The mass matrices then satisfy

ML =
vL

vR
MN , (5)

MD = M
T
D , (6)

where vR ⌘ h�0
Ri sets the large scale (e.g.: MWR = g vR)

and vL ⌘ h�0
Li is naturally suppressed by the large scale

and can be shown that vL  O(10 GeV) [15]. For the
complex issues related to determining vL, we refer the
reader to [16].

In the case of C, there is a theoretical lower bound on
the LR scale MWR & 2.5 TeV [17, 18], coming essentially
from K�K mixing. It is noteworthy that direct searches
for WR at LHC are now probing this scale [19, 20].

III. From Majorana to Dirac. The above seesaw for-
mula seemingly obfuscates the connection between heavy
and light neutrinos and common lore was that this con-
nection cannot be unravelled [6]. However, since the
Dirac mass matrix must be symmetric, it can be obtained
directly from (4)

MD = MN

r
vL

vR
�

1

MN
M⌫ , (7)

and thereby one can determine the mixing between
light and heavy neutrinos. The square root of an
n-dimensional matrix always has 2n discrete solutions
which can be found in [21] (ambiguities might arise in
singular points of the parameter space).

The above expression o↵ers a unified picture of the
low energy phenomena such as lepton flavour violation,
lepton number violation through the neutrinoless double
beta decay, electric dipole moments of charged leptons,
neutrino transition moments, neutrino oscillations and
neutrino cosmology. Some examples are discussed be-
low, while the rest will be dealt with in a forthcoming
publication.

It should be mentioned that the determination of the
RH neutrino mass matrix as a function of the Dirac
Yukawa coupling was studied before in [22, 23]. This
approach requires additional theoretical structure such
as quark lepton symmetry and SO(10) unified theories
[23].

Here we wish to show, on the contrary, that without
any new assumption the LRSM is a complete theory of
neutrino masses and mixings, in the sense that the mea-
surements of the heavy sector at colliders can determine
and inter-connect the low energy phenomena, including
those which proceed via Dirac Yukawa couplings. Thus
our program is in the same spirit as the SM: to pre-
dict the couplings with the Higgs-Weinberg boson as a
function of the basic fermion properties such as masses
and gauge mixings. It may take a long time before these
Dirac Yukawa couplings are measured; the essential point

is the capacity of the theory to relate them to the basic
measurable quantities.

On the absence of ambiguity of MD. As expressed
in (2), in the conventional seesaw mechanism MD is un-
determined. On the other hand, in this case (equivalent
to setting vL = 0 in (7)), one gets

MD = iMN

q
M

�1
N M⌫ . (8)

The crucial point here is that MD is symmetric and from
this requirement the matrix O can be shown to be fixed
in terms of physical parameters m⌫ ,mN , VL and VR (un-
like in the case of seesaw in the SM, VR is a physical
parameter as defined in (3))

O =
p
mN

q
m

�1
N V

†
RV

⇤
Lm⌫V

†
LV

⇤
R V

T
R VL

p
m

�1
⌫ . (9)

As can be seen from above, the elements of O take at
most values of order one. Moreover, this parametrisation
o↵ers an alternative method of computing MD which will
be discussed elsewhere.
The case with nonzero vL is completely analogous (see

[24]) and similarly, the matrix O is a function of physical
observables only.

MN from LHC. The mass matrix of light neutrinos

M⌫ = V
⇤
Lm⌫V

†
L (10)

is being probed by low energy experiments, while the one
of heavy neutrinos2

MN = VRmNV
T
R (11)

on the other hand, can be determined at high energy
colliders through the KS reaction [11]. This amounts to
producing WR at the usual Drell-Yan resonance, with
a reach of 5.8 TeV for WR mass and 3.4 TeV for the
N mass at the LHC [25, 26]. One can also verify the
chirality of the new charged gauge boson [25, 27]. Unlike
in the case of WL, where neutrinos act as missing energy,
here the decays of heavy RH neutrinos lead to a lepton
number violating final state of two same-sign leptons and
two jets. Moreover, one can directly probe the Majorana
nature of RH neutrinos through their equal branching
ratios into charged leptons and anti-leptons [11]. Due to
the absence of missing energy in the final state, one can
fully reconstruct the heavy neutrino masses mN from the
invariant mass of one of the leptons and two jets in the
final state [17, 19], together with mixings VR by tagging
the flavour of the final state leptons [28].
While waiting for the LHC to provide this information,

the reader may find it useful to have a simple working
example

VR = V
⇤
L . (12)

2
The mass matrix of charged leptons, being symmetric, can be

taken diagonal without loss of generality.

[Nemevšek Senjanović Tello PRL ’13]

3

For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :

(
QL $ QR

� ! �† , C :

(
QL $ (QR)c

� ! �T
, (5)

with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian

LY = Q
L

⇣
Y � + Ỹ �̃

⌘
QR + h.c. (6)

implies Y = Y † and Y = Y T respectively, and the same
for Ỹ . After the quark mass matrices

Mu = v1 Y + v2 e
�i↵ Ỹ

Md = v2 e
i↵ Y + v1 Ỹ (7)

are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
⇤Kd , (8)

with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:

VR,ij =Vij � is↵ t2�

 
Vijt� +

3X

k=1

Vkj(V md V †)ik
mu ii +mu kk

(9)

+
Vik(V † mu V )kj
md jj +md kk

!
+O(s↵ t2�)

2 ,

where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely

✓̄ ' 1

2
s↵ t2� Re tr

�
m�1

u
V mdV

† �m�1
d

V †muV
�

(11)

at the first order in s↵ t2� .

III. K0 � K̄0 MIXING

A particularly constraining process for the LRSM is the
neutral kaon mixing, e↵ectively induced through the chi-
rally enhanced operator

⌦
K0 |s̄Ld s̄Rd|K0

↵
=

1

2
f2
K
mKBK

4


m2

K

(ms +md)2
+

1

6

�
,

(12)
where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely

h" ⌘
Im
⌦
K0 |HLR|K0

↵

Im
⌦
K0 |HLL|K0

↵ , (13)

which in the case of C turns into

hC
"
' Im

h
ei(✓d�✓s)

�
Acc +Act cos(✓c � ✓t + �)

�i
, (14)

while in the case of P becomes

hP
"
/ Im

h
ei(✓d�✓s)

⇥
Acc +Acte

i� cos(✓c � ✓t)
⇤i

, (15)

with � = arg(VLtd) ' �22�. Acc,ct correspond to the
contributions of charm-charm and charm-top quark in
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⌘
QR + h.c. (6)

implies Y = Y † and Y = Y T respectively, and the same
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sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely
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For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :

(
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with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian

LY = Q
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implies Y = Y † and Y = Y T respectively, and the same
for Ỹ . After the quark mass matrices

Mu = v1 Y + v2 e
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Md = v2 e
i↵ Y + v1 Ỹ (7)

are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
⇤Kd , (8)

with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:

VR,ij =Vij � is↵ t2�

 
Vijt� +

3X

k=1

Vkj(V md V †)ik
mu ii +mu kk

(9)

+
Vik(V † mu V )kj
md jj +md kk

!
+O(s↵ t2�)

2 ,

where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely
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For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.
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In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :
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with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian

LY = Q
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Y � + Ỹ �̃
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QR + h.c. (6)

implies Y = Y † and Y = Y T respectively, and the same
for Ỹ . After the quark mass matrices

Mu = v1 Y + v2 e
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Md = v2 e
i↵ Y + v1 Ỹ (7)

are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
⇤Kd , (8)

with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:
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where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely
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with � = arg(VLtd) ' �22�. Acc,ct correspond to the
contributions of charm-charm and charm-top quark in

Ku = diag{ei✓u , ei✓c , ei✓t}
Kd = diag{ei✓d , ei✓s , ei✓b}
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For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :

(
QL $ QR

� ! �† , C :

(
QL $ (QR)c
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, (5)

with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian

LY = Q
L

⇣
Y � + Ỹ �̃
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QR + h.c. (6)

implies Y = Y † and Y = Y T respectively, and the same
for Ỹ . After the quark mass matrices

Mu = v1 Y + v2 e
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Md = v2 e
i↵ Y + v1 Ỹ (7)

are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
⇤Kd , (8)

with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:
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where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely
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with � = arg(VLtd) ' �22�. Acc,ct correspond to the
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For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :
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with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian
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implies Y = Y † and Y = Y T respectively, and the same
for Ỹ . After the quark mass matrices
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are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
⇤Kd , (8)

with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:
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where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
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It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :
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are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
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with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:

VR =Vij � is↵ t2�

 
Vijt� +

3X

k=1

Vkj(V md V †)ik
mu ii +mu kk

(9)

+
Vik(V † mu V )kj
md jj +md kk

◆
+O(s↵ t2�)

2 ,

where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely

h" ⌘
Im
⌦
K0 |HLR|K0

↵

Im
⌦
K0 |HLL|K0

↵ , (13)

which in the case of C turns into

hC
"
' Im

h
ei(✓d�✓s)

�
Acc +Act cos(✓c � ✓t + �)

�i
, (14)

while in the case of P becomes

hP
"
/ Im

h
ei(✓d�✓s)

⇥
Acc +Acte

i� cos(✓c � ✓t)
⇤i

, (15)

with � = arg(VLtd) ' �22�. Acc,ct correspond to the
contributions of charm-charm and charm-top quark in
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For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.
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with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.
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where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
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where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.
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where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
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Let’s start from low energy…
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But today WR is bounded …
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• Kaon sector revisited                                        
ϵ: LR enhanced in correct box calculation (gauge independent) 
 

ϵ’: New LR operators for K→ππ.  New current-current and  
     chromomagnetic matrix elements  [Bertolini Maiezza, FN ’12,’13,’14] 
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• B0 mesons revisited 
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previous analyses, and the neglected contributions of the
self-energy and vertex renormalization diagrams, which
additionally increase the ratio Act/Acc by approximately
a factor 3.

The consequences of this large phase are important:
first, in the regime x⇥ mb/mt where analytical expres-
sions for the phases are available [20], it is straightfor-
ward to see using Eq. (11) that a strong bound emerges
from ⌃�, which excludes the scenario of low scale P LR
symmetry. One finds:

x⇥ mb

mt
⌅ ⌃�

LR

⌃�
exp

⇤
�

10 TeV
MWR

⇥2

(15)

which translates into 14 (10) TeV if one tolerates a
50 (100)% contribution to ⌃�. As a result, one can exclude
the regime of hierarchic VEVs x = v2/v1 ⇥ mb/mt for
low scale P LR symmetry. This has also implications for
the analysis of the leptonic sector [71].

On the other hand, when the ratio of the doublet VEVs
is larger than a percent, the analytic solution in [20] does
not apply, and one expects that for given values of x
and � of order one, the spectrum of the LR phases may
exhibit also large values. In order to address this problem
we performed a full numerical analysis of the K and B
observables here discussed. The procedure consists in a
⇧2 fit of the known spectrum of charged fermions masses
and mixings, together with the constraints from ⌃, ⌃� and
hd, hs for the B mesons. The results can be summarized
as follows:

1. We confirm that for small x < 0.02 (0.01) ⇤ mb/mt

the model can not accommodate at the same time ⌃
and ⌃� (the tension being at 2 (3)⌅). This confirms
our discussion based on the analytic approximation
of Ref. [20].

2. The tension is resolved only for larger x > 0.02. In
this case, x becomes also irrelevant and good fits
can be found regardless of x. The solution requires
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FIG. 10. Combined constraints on MR and MWR from ⌅, ⌅�

Bd and Bs mixings obtained in the P parity case from the
numerical fit of the Yukawa sector of the model.

|hB
d,s| |hK

m| |�c � �t| |�d � �s| �d � �b Mmin
WR

[TeV]

<2⇤ <0.5 ⇥ ⇥/2 ⇥ ⇥ ⇥ ⇥/4 3.1 (3.2)

<1⇤ <0.3 4.2 (4.1)

TABLE IV. Summary of correlated bounds on the LR scale
(in TeV) in the P-parity case, for two benchmark require-
ments on the hK ’s and hB ’s and the favorite pattern of the
LR phases. With the given uncertainties the limits arising
from the combined numerical fit of ⌅, ⌅� and Bd,s mixings are
today competitive with those obtained from �MK (round
brackets).

a definite pattern of phases: ⇥c � ⇥t ⇤ ⇤/2 (which
reduces the imaginary part in Eq. (13)) together
with ⇥d � ⇥s ⇤ ⇤ (which is then necessary for ⌃�,
leading to a cancelation between the two terms in
the first line of Eq. (11)).

3. This pattern of phases leads then to a well defined
bound from �MK (see Eq. (13)). This is illustrated
in figure 9.

4. Bd mixing data then drive ⇥d�⇥b ⇤ ⇤/4, see Fig. 2,
where the data constraint on New Physics (hd) is
weaker.

5. According to this pattern we find MWR > 3.1 TeV
at 2⌅ C.L. and MWR > 4.2 TeV at 1⌅ C.L., as
illustrated in Fig. 10.

In summary, hierarchic VEVs x < 0.02 are ruled out
for low scale P LR-symmetry, while for larger x one can
find the allowed region in the MH–MWR plane, according
to Figs. 9–10. Table IV summarizes the results for the
LR scale in the P case, which we find around 3 (4)TeV
for the 2 (1)⌅ benchmark settings.

K, B meson mixing
...correlated bound MWR  MH :

…still some room at LHC.  

∆MK afflicted by long-distance uncertainty, but
B-mesons competitive now, dominant in the future 

[Bertolini Maiezza, FN ,’14] 
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a factor 3.
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first, in the regime x⇥ mb/mt where analytical expres-
sions for the phases are available [20], it is straightfor-
ward to see using Eq. (11) that a strong bound emerges
from ⌃�, which excludes the scenario of low scale P LR
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which translates into 14 (10) TeV if one tolerates a
50 (100)% contribution to ⌃�. As a result, one can exclude
the regime of hierarchic VEVs x = v2/v1 ⇥ mb/mt for
low scale P LR symmetry. This has also implications for
the analysis of the leptonic sector [71].

On the other hand, when the ratio of the doublet VEVs
is larger than a percent, the analytic solution in [20] does
not apply, and one expects that for given values of x
and � of order one, the spectrum of the LR phases may
exhibit also large values. In order to address this problem
we performed a full numerical analysis of the K and B
observables here discussed. The procedure consists in a
⇧2 fit of the known spectrum of charged fermions masses
and mixings, together with the constraints from ⌃, ⌃� and
hd, hs for the B mesons. The results can be summarized
as follows:

1. We confirm that for small x < 0.02 (0.01) ⇤ mb/mt

the model can not accommodate at the same time ⌃
and ⌃� (the tension being at 2 (3)⌅). This confirms
our discussion based on the analytic approximation
of Ref. [20].

2. The tension is resolved only for larger x > 0.02. In
this case, x becomes also irrelevant and good fits
can be found regardless of x. The solution requires
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TABLE IV. Summary of correlated bounds on the LR scale
(in TeV) in the P-parity case, for two benchmark require-
ments on the hK ’s and hB ’s and the favorite pattern of the
LR phases. With the given uncertainties the limits arising
from the combined numerical fit of ⌅, ⌅� and Bd,s mixings are
today competitive with those obtained from �MK (round
brackets).

a definite pattern of phases: ⇥c � ⇥t ⇤ ⇤/2 (which
reduces the imaginary part in Eq. (13)) together
with ⇥d � ⇥s ⇤ ⇤ (which is then necessary for ⌃�,
leading to a cancelation between the two terms in
the first line of Eq. (11)).

3. This pattern of phases leads then to a well defined
bound from �MK (see Eq. (13)). This is illustrated
in figure 9.

4. Bd mixing data then drive ⇥d�⇥b ⇤ ⇤/4, see Fig. 2,
where the data constraint on New Physics (hd) is
weaker.

5. According to this pattern we find MWR > 3.1 TeV
at 2⌅ C.L. and MWR > 4.2 TeV at 1⌅ C.L., as
illustrated in Fig. 10.

In summary, hierarchic VEVs x < 0.02 are ruled out
for low scale P LR-symmetry, while for larger x one can
find the allowed region in the MH–MWR plane, according
to Figs. 9–10. Table IV summarizes the results for the
LR scale in the P case, which we find around 3 (4)TeV
for the 2 (1)⌅ benchmark settings.

K, B meson mixing
...correlated bound MWR  MH :

…still some room at LHC.  

∆MK afflicted by long-distance uncertainty, but
B-mesons competitive now, dominant in the future 
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Appendix A: The Left-Right Model

a. The gauge lagrangian. The minimal LR symmet-
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elec
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 …and dn + 𝜀 + 𝜀′
P

[Bertolini, Maiezza, FN, PRD ’20]

P excluded 
up to 15TeV?

(unless LRSM+axion…)

after [Maiezza Nemevsek PRD ’14]



If with an axion, other PQ effects calculable and correlated…

Induced CPV Axion-nucleon coupling  ḡaN

Interplay between 𝜀, 𝜀′, dn with ḡaN

[Bertolini, Di Luzio, FN, PRL ’21 ]soon to be probed :) 
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Keung-Senjanović process at LHC: from LNV to displaced vertices to invisible decays
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In the context of Left-Right symmetry, we revisit the Keung-Senjanović production of right-handed
WR bosons and heavy neutrinos N at high energy colliders. We develop a multi-binned sensitivity
measure and use it to estimate the sensitivity for the entire range of N masses, spanning the standard
and merged prompt signals, displaced vertices and the invisible N region. The estimated sensitivity
of the LHC with 300/fb integrated luminosity ranges from 5 to beyond 7TeV, while the future
33(100)TeV collider’s reach with 3/ab extends to 12(26)TeV.

PACS numbers: 12.60.Cn, 14.70.Pw, 11.30.Er, 11.30.Fs

The Standard Model (SM) of fundamental interactions
continues to be experimentally verified, and yet we are
short of having evidence for a mechanism providing mass
to neutrinos. At the same time, the weak interactions are
evidently parity asymmetric while the fermion sector ap-
pears to hint to a fundamentally parity symmetric spec-
trum. The Left-Right symmetric theories [1–3] address
these issues simultaneously. The minimal model (LRSM)
postulates that parity is broken spontaneously [2] along
with the breaking of the new right-handed (RH) weak
interaction SU(2)R. The breaking generates at the same
time a Majorana mass for the RH neutrino N and thus
also implies Majorana masses of the known light neutri-
nos via the celebrated see-saw mechanism [3, 4].

Although the scale of breaking is not predicted, the
Large Hadron Collider (LHC) would be especially fit for
probing this scenario, if the mass of the new RH gauge
boson WR were in the TeV range. Low energy processes,
in particular quark flavor transitions were since the early
times the main reason for a lower bound on the LR scale
in the TeV region [5–10]. Updated studies of bounds from
K and B oscillations [11] and CP-odd ", "0 [10] set a lower
limit of MWR & 3–4 TeV, depending on the measure of
perturbativity [12, 13] and barring the issue of strong P

conservation [14]. The bottom line is, there remains a
significant potential to discover the WR at the LHC or
future colliders, with the high scale hinted by tensions in
the kaon sector [15].

The golden such channel is the Keung-Senjanović (KS)
process [16], in which the Drell-Yan production of WR

generates a lepton and RH neutrino N that in turn de-
cays predominantly through an off-shell WR into another
lepton and two jets, as depicted in Fig. 1. Due to the
Majorana nature of N , this process offers the possibil-
ity of revealing the breaking of lepton number, with the
appearance of same sign leptons and two jets.

Pre-LHC studies of the KS process were performed by

⇤ miha.nemevsek@ijs.si
† fabrizio.nesti@units.it
‡ gpopara@irb.hr

WR (W �
R)

N

�

�

j

j

W �
R

p

p

FIG. 1. The Keung-Senjanović process. The final state lep-
tons could be of same sign owing to the Majorana nature of N .
The Drell-Yan production of WR and N may be dominated
by an off-shell W ⇤

R exchange.

ATLAS [24] and CMS [26]. Because the heavy neutrino
lifetime lN depends on its mass, the KS process leads to
substantially different signatures depending on mN . A
roadmap for different mN was performed in [27], using
the early LHC data, where transitions from prompt to
displaced and invisible signals were sketched out.

The standard region is the usual golden channel with
lN . 0.02 mm and two isolated leptons resulting in the
``jj signature that was revisited in [28, 29]. For lighter
N , it transitions into the merged region, where one lep-
ton and two jets merge into a single neutrino (or lepton)
jet [30], the `jN signature. Eventually, the neutrino be-
comes long-lived and the jet vertex becomes displaced,
`jdN ; we call this the displaced region [31, 32]. The dis-
placed vertex may lie in the inner detector or even in
the external parts like calorimeters or muon spectrom-
eters. Finally, the invisible region covers the remaining
case when lN & 5 m decays outside of the detector. In
this work we systematically analyze all four relevant re-
gions and provide sensitivity estimates throughout the
entire parameter space.

Existing experimental searches address the standard
KS region [33–35], while searches for W 0

! `⌫ [36, 37]
apply to the invisible region. However, no active search
has been devoted to the merged and displaced regions so
far. The purpose of this work to provide an assessment
of the sensitivity of LHC in these cases and realistically
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

Senjanović (KS) process [16], pp ! WR ! `N ! ``jj.
The constraints from direct searches [31, 32], from flavour
changing processes [11, 14] and model perturbativity [12]
point to a scale of the new RH interaction which is now
at the fringe of the LHC reach, so the residual kinemati-
cally accessible range will be probed in the next year of
two.

In this work we reconsider this process and address
the regime of light N (mN . 100GeV) which leads [25]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classify the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) the standard region where the final state

is ``jj, with half of the cases featuring same-sign leptons,
testifying the lepton number violation. 2) the merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton. This results in a lepton
and a so called neutrino jet `jN . 3) the displaced region,
for mN ⇠ 10 � 100GeV. in which the merged jet jN
is originated from a N decay vertex at some apprecia-
ble displacement from the primary interaction, typically
from mm to 30 cm where the silicon tracking ends and
detection of displaced tracks becomes unfeasible; 4) the
invisible region, for mN . 40GeV, in which an appre-
ciable number of N decays happens outside the tracking
chambers of even the full detector, leading thus to a sig-
nature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning

[ Nemevsek, FN, Popara   PRD  ’18 ]

hand,we discard jets with displacement beyond 30 cm, for
which the vertex reconstruction by tracking appears largely
unfeasible.
Momentum resolution is also important especially for

muons, because for one it gets progressively worse for large
momentum ∼TeV, and because the secondary muon can
become part of the jet, thus contributing to its invariant
mass. As a benchmark, we assume the momentum reso-
lution as studied in [56] for the ATLAS detector.
Finally, the experimentally determined map for the elec-

tron efficiencies was adopted from [57] and goes from 84%
for pTðeÞ ∈ ð6; 10Þ GeV to 96% for pTðeÞ > 60 GeV in
intermediate steps, and it vanishes for ηðeÞ > 2.47. As for the
muons, the measured reconstruction efficiency reported in
[58] was used, where the efficiencies are εμ ¼ 0.86; ð0.99Þ;
½0.9% for muons with pTðμÞ>5GeV and respectively:
jηðμÞj < 0.1; ð0.1 < jηðμÞj < 2.5Þ; ½2.5 < jηðμÞj < 2.7%.

C. Backgrounds

The dominant backgrounds contributing to this process
are production of single or double vector bosons plus jets as
well as production of tt̄ plus jets.3

While prohibitive to generate in full strength, we can
take advantage of the fact that due to Eq. (5) the parton
momenta in the signal are very rarely less than a few
hundred GeV. Thus the background can be efficiently

generated by imposing a cut of minimal pT > 150 GeV
at parton level without loosing the signal. We use a stable
version MADGRAPH 2.3.3, PYTHIA 6 and modified
DELPHES 3 with the anti-kT jet clustering algorithm with
ΔR ¼ 0.3. We simulate the SM backgrounds at LO with the
addition of up to two parton-level jets and perform the jet
matching procedure. This takes into account the real
emission part of the higher order QCD corrections. The
number of background events simulated at generator level
for L ¼ 100=fb with the relative weights ≪ 1, as well as
the events recognized at detector level are

Background # generator Weight # detector

V þ 012j 22.46 M 0.021 9.93 M
VV þ 012j 10.55 M 0.0028 4.61 M
tt̄þ 012j 10.47 M 0.024 4.38 M.

These are strongly reduced to respectively 378k, 15.6k,
65k expected detector level events when restricting the
relevant kinematical variables to their loose range of
interest (see below the first column of Table I). A basic
cut on pTðlÞ ≳ 1 TeV could reduce them further to ∼250,
20, 7, or even less without sacrificing more than 20% of
signal. Instead of adopting this rough procedure, we
describe in the next paragraph a more efficient method
of assessing the sensitivity.

D. Assessing the sensitivity

Examples of event distributions are reported in Fig. 7 in
the plane of primary lepton momentum versus hardest jet
displacement. We see that as the mass scales vary, the
relative position of signal and background changes. In
particular, because the jet displacement for the signal
depends strongly on mN , the signal region can overlap
or instead be separated from one or more regions domi-
nated by backgrounds. For the lower panels of Fig. 7 with
MWR

¼ 6 TeV, the signal is significantly more displaced
and the signal yield is lower because of the off shell
suppression, which explains the shape and reduced number
of contours with respect to the MWR

¼ 4 TeV case.
In situations like this, the effectiveness of the usual

method of devising selection cuts is limited. For this reason,
instead of adapting the selection cuts to the values of model
parameters, we prefer to devise a simpler and more robust
method to assess the sensitivity. The method is a straight-
forward multibin generalization of the usual s=

ffiffiffiffiffiffiffiffiffiffiffi
sþ b

p

measure relative to single bin Poisson-counting experi-
ments. It combines single bin sensitivities of a multidi-
mensional grid as the sum in quadrature, including the bins
dominated by backgrounds,

sensitivity Σ ¼
"X

i∈bins
s2i

si þ bi

#
1=2

: ð6Þ

FIG. 6. A typical event featuring the prompt electron and a
merged jet on the opposite side, including the secondary electron
and hadronic tracks (blue) from a ∼3 cm-displaced vertex. Both,
the prompt isolated and the displaced nonisolated electron tracks
are drawn in red, while the red and blue histograms on the rim are
the ECAL and HCAL deposits, respectively. The yellow cone
corresponds to the jet cone created with the “prompt” jet
algorithm, ignoring the displacement and vertexing. (Picture
produced using the DELPHES [53] event viewer.)

3Additional backgrounds from so-called jet fakes, i.e., jets
misidentified as leptons, are found to be negligible in [28] in the
standard KS region; in the merged and displaced regions its effect
can be suppressed by asking tight isolation of the prompt lepton.
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p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

WR
<latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit>

<̀latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit>

jdN<latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit><latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit><latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit><latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit>
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

Senjanović (KS) process [16], pp ! WR ! `N ! ``jj.
The constraints from direct searches [31, 32], from flavour
changing processes [11, 14] and model perturbativity [12]
point to a scale of the new RH interaction which is now
at the fringe of the LHC reach, so the residual kinemati-
cally accessible range will be probed in the next year of
two.

In this work we reconsider this process and address
the regime of light N (mN . 100GeV) which leads [25]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classify the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) the standard region where the final state

is ``jj, with half of the cases featuring same-sign leptons,
testifying the lepton number violation. 2) the merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton. This results in a lepton
and a so called neutrino jet `jN . 3) the displaced region,
for mN ⇠ 10 � 100GeV. in which the merged jet jN
is originated from a N decay vertex at some apprecia-
ble displacement from the primary interaction, typically
from mm to 30 cm where the silicon tracking ends and
detection of displaced tracks becomes unfeasible; 4) the
invisible region, for mN . 40GeV, in which an appre-
ciable number of N decays happens outside the tracking
chambers of even the full detector, leading thus to a sig-
nature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning

[ Nemevsek, FN, Popara   PRD  ’18 ]

hand,we discard jets with displacement beyond 30 cm, for
which the vertex reconstruction by tracking appears largely
unfeasible.
Momentum resolution is also important especially for

muons, because for one it gets progressively worse for large
momentum ∼TeV, and because the secondary muon can
become part of the jet, thus contributing to its invariant
mass. As a benchmark, we assume the momentum reso-
lution as studied in [56] for the ATLAS detector.
Finally, the experimentally determined map for the elec-

tron efficiencies was adopted from [57] and goes from 84%
for pTðeÞ ∈ ð6; 10Þ GeV to 96% for pTðeÞ > 60 GeV in
intermediate steps, and it vanishes for ηðeÞ > 2.47. As for the
muons, the measured reconstruction efficiency reported in
[58] was used, where the efficiencies are εμ ¼ 0.86; ð0.99Þ;
½0.9% for muons with pTðμÞ>5GeV and respectively:
jηðμÞj < 0.1; ð0.1 < jηðμÞj < 2.5Þ; ½2.5 < jηðμÞj < 2.7%.

C. Backgrounds

The dominant backgrounds contributing to this process
are production of single or double vector bosons plus jets as
well as production of tt̄ plus jets.3

While prohibitive to generate in full strength, we can
take advantage of the fact that due to Eq. (5) the parton
momenta in the signal are very rarely less than a few
hundred GeV. Thus the background can be efficiently

generated by imposing a cut of minimal pT > 150 GeV
at parton level without loosing the signal. We use a stable
version MADGRAPH 2.3.3, PYTHIA 6 and modified
DELPHES 3 with the anti-kT jet clustering algorithm with
ΔR ¼ 0.3. We simulate the SM backgrounds at LO with the
addition of up to two parton-level jets and perform the jet
matching procedure. This takes into account the real
emission part of the higher order QCD corrections. The
number of background events simulated at generator level
for L ¼ 100=fb with the relative weights ≪ 1, as well as
the events recognized at detector level are

Background # generator Weight # detector

V þ 012j 22.46 M 0.021 9.93 M
VV þ 012j 10.55 M 0.0028 4.61 M
tt̄þ 012j 10.47 M 0.024 4.38 M.

These are strongly reduced to respectively 378k, 15.6k,
65k expected detector level events when restricting the
relevant kinematical variables to their loose range of
interest (see below the first column of Table I). A basic
cut on pTðlÞ ≳ 1 TeV could reduce them further to ∼250,
20, 7, or even less without sacrificing more than 20% of
signal. Instead of adopting this rough procedure, we
describe in the next paragraph a more efficient method
of assessing the sensitivity.

D. Assessing the sensitivity

Examples of event distributions are reported in Fig. 7 in
the plane of primary lepton momentum versus hardest jet
displacement. We see that as the mass scales vary, the
relative position of signal and background changes. In
particular, because the jet displacement for the signal
depends strongly on mN , the signal region can overlap
or instead be separated from one or more regions domi-
nated by backgrounds. For the lower panels of Fig. 7 with
MWR

¼ 6 TeV, the signal is significantly more displaced
and the signal yield is lower because of the off shell
suppression, which explains the shape and reduced number
of contours with respect to the MWR

¼ 4 TeV case.
In situations like this, the effectiveness of the usual

method of devising selection cuts is limited. For this reason,
instead of adapting the selection cuts to the values of model
parameters, we prefer to devise a simpler and more robust
method to assess the sensitivity. The method is a straight-
forward multibin generalization of the usual s=

ffiffiffiffiffiffiffiffiffiffiffi
sþ b

p

measure relative to single bin Poisson-counting experi-
ments. It combines single bin sensitivities of a multidi-
mensional grid as the sum in quadrature, including the bins
dominated by backgrounds,

sensitivity Σ ¼
"X

i∈bins
s2i

si þ bi

#
1=2

: ð6Þ

FIG. 6. A typical event featuring the prompt electron and a
merged jet on the opposite side, including the secondary electron
and hadronic tracks (blue) from a ∼3 cm-displaced vertex. Both,
the prompt isolated and the displaced nonisolated electron tracks
are drawn in red, while the red and blue histograms on the rim are
the ECAL and HCAL deposits, respectively. The yellow cone
corresponds to the jet cone created with the “prompt” jet
algorithm, ignoring the displacement and vertexing. (Picture
produced using the DELPHES [53] event viewer.)

3Additional backgrounds from so-called jet fakes, i.e., jets
misidentified as leptons, are found to be negligible in [28] in the
standard KS region; in the merged and displaced regions its effect
can be suppressed by asking tight isolation of the prompt lepton.
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<latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit><latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit><latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit><latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

WR
<latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit>

<̀latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit>

jdN<latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit><latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit><latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit><latexit sha1_base64="X/rthXKzvOG38F1sJzXm3Ug4+6Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8tms2nXbnbD7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0srq2vlHerGxt7+zuVfcPWlpmilCfSC5VJ8Saciaob5jhtJMqipOQ03Y4up767SeqNJPi3oxTGiR4IFjMCDZW8h/7tw9Rv1pz6+4MaJl4BalBgWa/+tWLJMkSKgzhWOuu56YmyLEyjHA6qfQyTVNMRnhAu5YKnFAd5LNjJ+jEKhGKpbIlDJqpvydynGg9TkLbmWAz1IveVPzP62YmvgxyJtLMUEHmi+KMIyPR9HMUMUWJ4WNLMFHM3orIECtMjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgBprgAwEGz/AKb45wXpx352PeWnKKmUP4A+fzB5TFjoU=</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

WR
<latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit>

<̀latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit>

/ET
<latexit sha1_base64="SQtgyIpMGPCOevOmca3hx0SYOMo=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFcSJkRQZdFEVxW6As6Q8lk7rShmQdJRihD/Qy3unAnbv0X8WdM21lo64HA4dx7kpPjp4Irbdtf1srq2vrGZmmrvL2zu7dfOThsqySTDFssEYns+lSh4DG2NNcCu6lEGvkCO/7odjrvPKJUPImbepyiF9FBzEPOqDaS6ypB1RADctdv9itVu2bPQJaJU5AqFGj0K99ukLAswlgzc43qOXaqvZxKzZnASdnNFKaUjegAe4bGNELl5bPME3JqlICEiTQn1mSm/nbkNFJqHPnnpIhoLBHVQ7W4NBX/m/UyHV57OY/TTGPM5i+GmSA6IdMmSMAlMi3GhlAmuQlN2JBKyrTpq2zacBb/vkzaFzXHrjkPl9X6TdFLCY7hBM7AgSuowz00oAUMUniGF3i1nqw36936mK+uWIXnCP7A+vwBjl6UsA==</latexit><latexit sha1_base64="SQtgyIpMGPCOevOmca3hx0SYOMo=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFcSJkRQZdFEVxW6As6Q8lk7rShmQdJRihD/Qy3unAnbv0X8WdM21lo64HA4dx7kpPjp4Irbdtf1srq2vrGZmmrvL2zu7dfOThsqySTDFssEYns+lSh4DG2NNcCu6lEGvkCO/7odjrvPKJUPImbepyiF9FBzEPOqDaS6ypB1RADctdv9itVu2bPQJaJU5AqFGj0K99ukLAswlgzc43qOXaqvZxKzZnASdnNFKaUjegAe4bGNELl5bPME3JqlICEiTQn1mSm/nbkNFJqHPnnpIhoLBHVQ7W4NBX/m/UyHV57OY/TTGPM5i+GmSA6IdMmSMAlMi3GhlAmuQlN2JBKyrTpq2zacBb/vkzaFzXHrjkPl9X6TdFLCY7hBM7AgSuowz00oAUMUniGF3i1nqw36936mK+uWIXnCP7A+vwBjl6UsA==</latexit><latexit sha1_base64="SQtgyIpMGPCOevOmca3hx0SYOMo=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFcSJkRQZdFEVxW6As6Q8lk7rShmQdJRihD/Qy3unAnbv0X8WdM21lo64HA4dx7kpPjp4Irbdtf1srq2vrGZmmrvL2zu7dfOThsqySTDFssEYns+lSh4DG2NNcCu6lEGvkCO/7odjrvPKJUPImbepyiF9FBzEPOqDaS6ypB1RADctdv9itVu2bPQJaJU5AqFGj0K99ukLAswlgzc43qOXaqvZxKzZnASdnNFKaUjegAe4bGNELl5bPME3JqlICEiTQn1mSm/nbkNFJqHPnnpIhoLBHVQ7W4NBX/m/UyHV57OY/TTGPM5i+GmSA6IdMmSMAlMi3GhlAmuQlN2JBKyrTpq2zacBb/vkzaFzXHrjkPl9X6TdFLCY7hBM7AgSuowz00oAUMUniGF3i1nqw36936mK+uWIXnCP7A+vwBjl6UsA==</latexit><latexit sha1_base64="SQtgyIpMGPCOevOmca3hx0SYOMo=">AAAB/HicbVDLSgMxFL3js9ZX1aWbYBFcSJkRQZdFEVxW6As6Q8lk7rShmQdJRihD/Qy3unAnbv0X8WdM21lo64HA4dx7kpPjp4Irbdtf1srq2vrGZmmrvL2zu7dfOThsqySTDFssEYns+lSh4DG2NNcCu6lEGvkCO/7odjrvPKJUPImbepyiF9FBzEPOqDaS6ypB1RADctdv9itVu2bPQJaJU5AqFGj0K99ukLAswlgzc43qOXaqvZxKzZnASdnNFKaUjegAe4bGNELl5bPME3JqlICEiTQn1mSm/nbkNFJqHPnnpIhoLBHVQ7W4NBX/m/UyHV57OY/TTGPM5i+GmSA6IdMmSMAlMi3GhlAmuQlN2JBKyrTpq2zacBb/vkzaFzXHrjkPl9X6TdFLCY7hBM7AgSuowz00oAUMUniGF3i1nqw36936mK+uWIXnCP7A+vwBjl6UsA==</latexit>
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and check a future collider 



FCC-hh study after  
[Mitra et al ’16]  [Ruiz EPJC ‘17]

[ Nemevsek, FN  PRD  ’23 ]



N decay 
spaghetti and phase diagram
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signal vs background
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p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>

WR
<latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit><latexit sha1_base64="UEOXU21RzhxhZna48onay4yHSJg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHtr9+3654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqnd3Walf53EU4QRO4Rw8qEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMLbo2g</latexit>

<̀latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit>

jN
<latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit><latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit><latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit><latexit sha1_base64="OQK95AIyOCYaZ55LCYtJKvV1osY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepaD+gDWWznbRrN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YRK81g+mHGCfkQHkoecUWOl+8feba9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE176GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq97deaV2lcdRhCM4hlPw4AJqcAN1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx8iUI2v</latexit>

p
<latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit><latexit sha1_base64="C50pkrGeTYlIc0VWLblfqsQv1p8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A2hmM9A==</latexit>
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• From the two group breakings 
 
 
ɸ gives Dirac mass, ΔR gives Majorana mass: 
 
 
 
plus

• Ideally one would like to see the higgs rates…
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Lyuk � L̄L(yl�+ ỹl�̃)LR + y�LRLR�R

Left-Right Symmetry: from Majorana to Dirac

Miha Nemevšek,1, 2 Goran Senjanović,1 and Vladimir Tello3, 4

1ICTP, Trieste, Italy
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Probing the origin of neutrino mass by disentangling the seesaw mechanism is one of the central
issues of particle physics. We address it in the minimal left-right symmetric model and show how
the knowledge of light and heavy neutrino masses and mixings su�ces to determine their Dirac
Yukawa couplings. This in turn allows one to make predictions for a number of high and low
energy phenomena, such as decays of heavy neutrinos, neutrinoless double beta decay, electric
dipole moments of charged leptons and neutrino transition moments. We also discuss a way of
reconstructing the neutrino Dirac Yukawa couplings at colliders such as the LHC.

I. Introduction. In the Standard Model (SM) all par-
ticles get their masses from the vacuum. This profound
mechanism can be verified through the decays of the
Higgs-Weinberg boson [1, 2], apparently found by CMS
and ATLAS [3]. In particular, to every charged fermion
of mass mf corresponds a unique (Dirac) Yukawa cou-
pling, which implies the following branching ratio

�
�
h ! ff

�
/ m

2
f . (1)

What about neutrinos? Being neutral, they could be
described by real Majorana spinors of mass m⌫ [4]. This
happens naturally in the seesaw mechanism when one
adds heavy right-handed (RH) neutrinos of mass mN to
the SM [5]. However, even if one were able to measure
both light and heavy neutrino masses and light neutrino
mixing matrix VL, the Dirac couplings still could not be
unambiguously determined [6, 7]. This is evident from
the expression for the neutrino Dirac yukawa couplings:

MD = i
p
mNO

p
m⌫V

†
L , (2)

where O is an arbitrary orthogonal complex matrix.
Thus no prediction analogous to (1) can be made for
neutrinos. The portion of parameter space where the
imaginary components of the Euler angles parametrizing
O are large, leads to large ⌫ � N mixing and the origin
of neutrino mass is hidden from the processes that could
probe it.

The question is what happens in a more fundamental
theory, such as the left-right (LR) symmetric model, in-
troduced in order to understand the origin of parity vio-
lation [8]. Historically, this model led to neutrino masses
long before the experiment and also to the seesaw mech-
anism [9, 10].

We show that once the mass matrix of heavy neutrinos
is measured, the relation between heavy and light neutri-
nos can be made definite in the usual manner: one first
measures the particle masses and mixing before predict-
ing Yukawa couplings. The KS [11] production process
of heavy neutrinos allows one to measure their masses
and flavour composition and determine their Majorana
nature [12]. The theory then predicts the Dirac Yukawa

couplings which can in principle be measured at the LHC.
This amounts to probing the origin of neutrino mass,
in complete analogy with the Higgs-Weinberg program
for the charged fermions and gauge bosons.Moreover, it
sheds light on neutrinoless double beta decay and lepton
dipole moments.

II. The Minimal LR Model. The minimal left-
right symmetric model (LRSM) is based on the gauge
group SU(2)L ⌦ SU(2)R ⌦ U(1)B�L, augmented by a
LR symmetry which implies equality of gauge couplings
gL = gR ⌘ g. Fermions come in LR symmetric doublet
representations QL,R = (u, d)L,R and LL,R = (⌫, `)L,R

and the relevant charged gauge interactions are

Lgauge =
g
p
2

⇣
⌫LV

†
L
/WLeL +NRV

†
R
/WReR

⌘
+ h.c.. (3)

The Higgs sector consists [9] of a complex bi-doublet
�(2, 2, 0) and two triplets�L(3, 1, 2) and�R(1, 3, 2) with
quantum numbers referring to the LR gauge group.
In the seesaw picture the Majorana neutrino mass ma-

trix is given by [13]

M⌫ = ML �M
T
D

1

MN
MD, (4)

where MD is the neutrino Dirac mass matrix, while
ML / M

2
WL

/MWR and MN / MWR are the symmetric
Majorana mass matrices of left- and right-handed neutri-
nos, respectively. The above formula connects the small-
ness of neutrino mass to the scale of parity restoration at
high energies.
It is crucial that there be new physical phenomena that

allow to probe directly1 the Majorana nature of RH neu-
trinos and determine their masses and mixings from ex-
periment [11], as discussed in the following section.

1
In case RH neutrinos are too light to be probed at the LHC, one

may still determine indirectly their masses and mixings as in the

case when the lightest one is the warm dark matter [14].
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•  responsible for the RH neutrino masses.�0R

• But neutral higgses mix:

Higgs sector in more detail

�R =
✓
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R cos ✓

h = �0
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SM Higgs couplings are reduced… still 20-30% mixing allowed (!)
[ Pruna+ PRD ’13; Profumo+ PRD ’15; Chen+ PRD ’15 ; Robens+ EPJC ’15

Martin-Lozano+ 1501.03799; Falkowski Gross Lebedev 1502.01361; Godunov+ 1503.01618 ] 

2

nos. The scalar sector of the minimal LRSM [7, 8] fea-
tures a complex bi-doublet ⇤ ⌥ (2L, 2R, 0) and a pair of
triplets ⇥L ⌥ (3L, 1R, 2), ⇥R ⌥ (1L, 3R, 2):

⇤ =
✓

�0
1 �+

2

��1 �0
2

◆
, ⇥L,R =

✓
⇥+/

✏
2 ⇥++

⇥0 �⇥+/
✏

2

◆

L,R

. (1)

In the minimal LRSM, LR symmetry is restored at
high energies. The scalar potential exhibits spontaneous
breaking and since the original work [13] it has been the
subject of several studies [27, 36–38]. Here we focus on
the mixing between the triplet and the SM-like Higgs and
display the relevant terms:

V =� µ2
1(⇤

†⇤)� µ2
2(e⇤⇤† + e⇤†⇤)� µ2

3(⇥
†
R⇥R)

+ ⌅ (⇤†⇤)2 + ⌃ (⇥†
R⇥R)2 + �(⇤†⇤)(⇥†

R⇥R) .
(2)

The trace on the parenthesis is implied and e⇤ ⇥ ⌥2⇤⇥⌥2.
The results below hold for both generalized parity P and
charge-conjugation C [28]; a detailed discussion will be
presented in [39].

The parameters µ are fixed by spontaneous breaking in
the usual way, µ2

1 = 2⌅v2+�v2
R, µ2

2 = 0, µ2
3 = �v2+2⌃v2

R,
and neutral scalars develop VEVs. The LR-breaking
scale is set by �⇥0

R� = vR and electroweak symmetry
breaking is completed by ��0

1� = v. For clarity we stick to
the case where �0

2 does not acquire VEV and we suppress
higher v/vR terms. In what follows the neutral scalars �
and ⇥ are the fluctuations of �(�0

1) and �(⇥0
R).

Expansion of the potential (2) around the minimum
gives the following mass matrix for � and ⇥

M2 = 2
✓

2⌅ v2 � vvR

� vvR 2⌃ v2
R

◆
. (3)

Its diagonalization leads to the masses of the physical
particles m2

h = 4⌅v2 � �2v2/⌃, m2
� = 4⌃ v2

R. Here h =
� cos ⇤�⇥ sin ⇤ is identified with the SM Higgs boson and
⇥ = ⇥ cos ⇤+� sin ⇤ with the further neutral state. Their
mixing angle is given by

⇤ ⇧
✓

�

2 ⌃

◆ ✓
v

vR

◆
. (4)

Since ⇥ is a SM singlet, this mixing leads to a universal
reduction of the SM-like Higgs couplings. Recent stud-
ies [35] allow for sin ⇤ < 0.44 at 2⌥ CL, nearly indepen-
dently of the singlet mass.

Heavy Neutrino from Higgs decay. In the LRSM the
above mixing leads to a new type of Higgs decay, with
the fascinating possibility of probing LNV and neutrino
mass generation via Higgs physics.

After spontaneous breaking, the Yukawa term L� =
YNLT

R⇥RLR + h.c., which couples the RH leptonic dou-
blet LR to the triplet Higgs, generates the heavy neutrino
mass matrix. This is directly proportional to the LR scale

MN = 2YN vR , MWR = g vR , (5)

where g = gL,R is the SU(2)L,R gauge coupling constant.
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FIG. 2. Decay rate of the SM Higgs to a pair of heavy neu-
trinos N , normalized to the leading h� bb channel.

To probe the spontaneous origin of N mass, one should
observe ⇥ ⌅ NN decays and establish that ��⇤NN ⌃
m2

N . While the production of ⇥ in the absence of mixing
is small, due to the large LR scale, in the presence of ⇤ the
gluon fusion production appears. Still, ⇥ may be heavy
enough to be elusive, in fact from (4) and perturbativity
of �,⌅ . 1, one finds m� . 5 TeV(0.1/ sin ⇤). More
importantly, the SM Higgs can now decay to NN . We
thus come to the conclusion that the origin of Majorana
neutrino masses may be probed by the SM Higgs boson.

It is useful to normalize this decay rate to the leading
SM channel h ⌅ bb. At tree level one gets

�NN

�bb

⇧ ⇤2

3

✓
mN

mb

◆2 ✓
MW

MWR

◆2 ✓
1� 4m2

N

m2
h

◆ 3
2

, (6)

neglecting the bb̄ phase space. Including the QCD run-
ning and NLO corrections [40], the ratio in Eq. (6) is
enhanced by a factor ⇤ 2 and is shown on Fig. 2.

The number of N pairs produced at the 13TeV LHC
run with 100 fb�1 luminosity is simple to estimate. Tak-
ing the Higgs gluon fusion cross-section [41] ⌥(gg ⌅ h) =
45 pb and Br(bb̄) = 57%, one gets 500 (2000) h ⌅ NN
events for mN = 40GeV and ⇤ = 10% (20%). This is
su"cient motivation for an in-depth collider study.

Lepton number violating Higgs decay at the LHC.
After pair-production from Higgs decay, each N will de-
cay further to a charged lepton and two jets via WR,
with a RH charged current quark flavour structure es-
sentially identical to the left-handed one [42]. Due to the
Majorana nature of N , 50% of events will result in a fi-
nal state of two same-sign leptons and four jets with no
missing energy, explicitly signalling lepton number non-
conservation.

In order to assess the LHC sensitivity, we extend [34]
the FeynRules [43] implementation of the LRSM [44] to
include the mixing (4) together with Higgs gluon fusion
production. Parton level events are simulated with Mad-
Graph 5 [45], hadronized with Pythia 6 [46] and passed to
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dently of the singlet mass.
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To probe the spontaneous origin of N mass, one should
observe ⇥ ⌅ NN decays and establish that ��⇤NN ⌃
m2

N . While the production of ⇥ in the absence of mixing
is small, due to the large LR scale, in the presence of ⇤ the
gluon fusion production appears. Still, ⇥ may be heavy
enough to be elusive, in fact from (4) and perturbativity
of �,⌅ . 1, one finds m� . 5 TeV(0.1/ sin ⇤). More
importantly, the SM Higgs can now decay to NN . We
thus come to the conclusion that the origin of Majorana
neutrino masses may be probed by the SM Higgs boson.

It is useful to normalize this decay rate to the leading
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neglecting the bb̄ phase space. Including the QCD run-
ning and NLO corrections [40], the ratio in Eq. (6) is
enhanced by a factor ⇤ 2 and is shown on Fig. 2.

The number of N pairs produced at the 13TeV LHC
run with 100 fb�1 luminosity is simple to estimate. Tak-
ing the Higgs gluon fusion cross-section [41] ⌥(gg ⌅ h) =
45 pb and Br(bb̄) = 57%, one gets 500 (2000) h ⌅ NN
events for mN = 40GeV and ⇤ = 10% (20%). This is
su"cient motivation for an in-depth collider study.

Lepton number violating Higgs decay at the LHC.
After pair-production from Higgs decay, each N will de-
cay further to a charged lepton and two jets via WR,
with a RH charged current quark flavour structure es-
sentially identical to the left-handed one [42]. Due to the
Majorana nature of N , 50% of events will result in a fi-
nal state of two same-sign leptons and four jets with no
missing energy, explicitly signalling lepton number non-
conservation.

In order to assess the LHC sensitivity, we extend [34]
the FeynRules [43] implementation of the LRSM [44] to
include the mixing (4) together with Higgs gluon fusion
production. Parton level events are simulated with Mad-
Graph 5 [45], hadronized with Pythia 6 [46] and passed to
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• gives Majorana neutrino mass, to check by Δ decay 
 
 
 
 

• with Δ-h mixing, now also Higgs can decay to NN

so, Higgs probing Majorana masses

a new SM Higgs decay, checks RH neutrino mass 
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LNV Higgs decay

• 50% same sign dileptons

• In LR, N decay WR-mediated

• heavy WR, light N~30GeV, 
i.e. long lifetime

• N lifetime submillimeter to meters:  displaced vertices

Lepton Number Violation in Higgs Decay

Alessio Maiezza,1, ⇥ Miha Nemev6ek,2, † and Fabrizio Nesti3, ‡

1IFIC, Universitat de València-CSIC, Apt. Correus 22085, E-46071 València, Spain
2Jo0ef Stefan Institute, Ljubljana, Slovenia

3Ru�er Bo)kovi⌘ Institute, Bijeni✓ka cesta 54, 10000, Zagreb, Croatia
(Dated: March 31, 2015)

We show that within the Left-Right symmetric model, lepton number violating decays of the Higgs
boson can be discovered at the LHC. The process is due to the mixing of the Higgs with the triplet
that breaks parity. As a result, the Higgs can act as a gateway to the origin of heavy Majorana
neutrino mass. In order to assess the LHC reach, a detailed collider study of the same-sign di-leptons
plus jets channel is provided. This process is complementary to the existing nuclear and collider
searches for lepton number violation and can probe the scale of parity restoration even above other
direct searches.

PACS numbers: 14.80.Bn, 11.30.-j, 12.60.-i, 13.35.Hb

The discovery of the Higgs boson [1, 2] allows to test
the mechanism of elementary particle mass generation
at the LHC [3]. Compared to this success, the problem
of neutrino mass in the Standard Model (SM) appears
acute. In contrast to charged fermions, neutrinos may
be their own antiparticles [4], in which case lepton num-
ber is violated (LNV). One immediate phenomenological
implication [5] is neutrino-less double beta decay (0⇥2�),
the canonical way of searching for LNV, induced either
by light Majorana neutrinos or by new physics [6].

The latter, needed for neutrino mass, can be provided
by the celebrated seesaw mechanism [7–11]. In particu-
lar, Left-Right symmetric models (LRSM) [12], designed
to explain parity violation of weak interactions [13], em-
bed naturally the seesaw [7, 8] and also connect the Ma-
jorana and Dirac masses [14]. With the left-right (LR)
scale in the TeV range, 0⇥2� may be dominated by heavy
neutrino (N) exchange [15, 16]. This may even be favored
over light neutrino exchange in view of cosmology [17] in
case a signal is found in the upcoming experiments [18].

A direct strategy for LNV searches at hadron colliders
was suggested in [19] by Keung and Senjanovi⇠ (KS) [20].
The KS production of heavy Majorana neutrinos would
demonstrate LNV and also relate directly to 0⇥2� [16, 21]
and lepton flavor violation (LFV) [22, 23]. The predicted
Dirac mass may then be tested at the LHC through LNV
decays [14], uncovering the underlying seesaw mechanism
and connecting to electric dipole moments [14, 24]. Indi-
rect constraints played [25–29] an important role and the
comprehensive analyses [30, 31] allow the LR scale well
within the ⇥ 6 TeV reach of the LHC [32].

In this Letter we show that within the LRSM a new
channel arises, connecting Higgs physics to restoration of
parity. We point out that the SM Higgs can have a size-
able mixing with the triplet that breaks LR symmetry
spontaneously and provides a mass to heavy Majorana
neutrinos. Through this mixing the Higgs decays to a

�
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FIG. 1. Dominant diagram leading to LNV Higgs decay.

pair of Ns, probing their Yukawa couplings and lead-
ing to a LNV final state with two same or opposite sign
charged leptons and four jets, as shown on Fig. 1. The
possibility of LNV from Higgs decay to RH neutrinos
was suggested in [33] with e�ective operators. Here the
LNV Higgs decay is directly connected with the origin
of right-handed Majorana neutrino masses. As a result,
the SM Higgs boson may not only test the origin of mass
of known SM fermions but also that of heavy neutrinos.
In this sense, the Higgs would act as a portal to LNV,
complementary to 0⇥2� and the KS reaction.

In order to estimate the LHC sensitivity to the signal,
we implement the model [34], perform a simulation of
both the signal and the expected SM background, and
devise cuts to isolate the signal. To further enhance the
search, we simulate the characteristic displaced vertices
arising from N decay and highlight their importance.
Given the current limits on the Higgs mixing [35], a dis-
covery turns out to be possible even if the LR scale is
beyond the reach of other direct searches.

We conclude with a discussion on alternative models
with potential LNV Higgs decays and a short outlook on
the related search at e+e� colliders.

Left-Right symmetry and Higgs mixing. Left-
Right symmetric models [12], based on the gauge group
SU(2)L � SU(2)R � U(1)B�L, contain a right-handed
(RH) gauge boson WR and three RH Majorana neutri-

N is Majorana, thus LNV Higgs decays: 

LNVH complementary to KS 

[Maiezza Nemevšek FN, PRL ’15]
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N lifetime
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Similar,
 Δ → NN
even more promising

[ Nemevsek, FN, Vasquez JHEP ‘17 ] towards a joint study with ATLAS now



e.g. Neutral scalars spectrum solution

Just in:     Full LRSM solution



                Full LRSM model file
• Explicit solution of couplings in terms of  

physical masses and scalar mixings!

• Explicit solution of square root  
for Dirac neutrino mass!  (Cayley Hamilton) 
 
 

• FeynRules & UFO implementation  
including QCD NLO

[ Kriewald, Nemevsek, Nesti , EPJC ’24  ]    https://sites.google.com/site/leftrighthep/1-lrsm-feynrules

https://sites.google.com/site/leftrighthep/1-lrsm-feynrules
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Neutral scalars spectrum solution



• Recall MD is predicted

• Too small to see h →l𝜈, but N decays also through MD:

Probe Dirac Mass?
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FIG. 1. Branching ratio for the decay of heavyN to the Higgs-
Weinberg and SM gauge bosons, proceeding via Dirac cou-
plings, exemplified vL = 0 and VR = V ⇤

L . The solid (dashed)
line corresponds to MWR = 6(3) TeV.

Although in general (7) may require some computational
tedium, for this example one gets

MD = V
⇤
LmN

r
vL

vR
�

m⌫

mN
V

†
L . (13)

It is easy to see from the generalisation of (9) that O = 1
in this case.

IV. Phenomenological implications. Low scale
LRSM contains a host of experimentally accessible phe-
nomena related to lepton number and flavour viola-
tion [29], both at high and low energies, which we discuss
in this section.

N decay at the LHC. We start with the high energy
probe of MD at the LHC. The crucial thing is that N ,
besides decaying through virtual WR as discussed above,
decays also into the left-handed charged lepton through
MD/MN . In a physically interesting case when N is
heavier than WL, which facilitates its search through the
KS process, the decay into left-handed leptons proceeds
through the on-shell production of WL. For the sake of
illustration we choose again the example of (12), in which
case one can estimate the ratio of N decays in the WL

and WR channels

�N!`Ljj

�N!`Rjj
' 103

M
4
WR

M2
WL

m2
N

����
vL

vR
�

m⌫

mN

���� , (14)

which is about a permil for naturally small vL. The
branching ratios for the Higgs-Weinberg and SM gauge
bosons are shown in Fig. 1 (the SM bosons W,Z, h can
decay into a lighter N , but the small couplings make the
corresponding branching ratios too tiny to matter at this
point).

The issue here is how to observe these rare channels.
Ideally, one should measure the chirality of the outgoing
charged lepton [25, 27] and/or establish the kinematics
of the two jets associated with the on-shell production of
WL. This may be a long shot, but could still be feasible
for the LHC with a luminosity in the hundreds of fb�1.
The bottom line is that this probes in principle all the
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FIG. 2. Electron EDM size in the LRSM with Eqs. (12),
vL = 0 and mN1,2,3 = 0.5, 2, 2.5 TeV. The neutrino mixing
angles are fixed at central values provided in [35] and the CP
phases are scanned over.

matrix elements of MD, once the heavy neutrinos are
identified through their dominant WR mediated decays.
This o↵ers a clear program of bringing the issue of the
origin of neutrino mass to the same level of other fermion
masses in the SM.

Electron EDM. One of the most sensitive probes of
new physics beyond the SM is the T and CP-violating
electric dipole moment (EDM) of charged leptons. The
SM contribution arises at four loops [30] and is around
eleven orders of magnitude below the current experimen-
tal limit de < 10�27 e cm [31]. In the LRSM this process
is significantly enhanced due to the mixing ⇠LR of left and
right gauge bosons. The leading amplitude is present at
one loop [32, 33]
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ee
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where

F (t) =
t
2
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. (16)

There are strong limits on the ⇠LR but, in any case, it is
automatically small due to the suppression of the heavy
gauge boson mass. It is bounded by

↵

4⇡

mtmb

M2
WR

. |⇠LR| .
M

2
WL

M2
WR

, (17)

with a lower bound resulting from radiative electroweak
corrections [34].
Taking the example in (12), the size of the EDM is

shown in Fig. 2 as a function of the lightest neutrino
mass for two di↵erent neutrino hierarchies. These values
can be probed by future experiments [36]. In the case
when the LR mixing is close to its lower bound, one has
to go beyond the one loop approximation [37], but in that
case the experimental outlook seems bleak and we do not
pursue it here.
In the context of LRSM, EDM is a manifestly CP-odd

process sensitive to Majorana and Dirac phases, comple-
mentary to [38]. This can easily be checked using the

Becomes more relevant
for heavier WR

[Nemevšek Senjanović Tello PRL ’13]

2

We opt for charge conjugation C as LR symmetry, with
the fields transforming as fL $ (fR)c, � ! �T and
�L $ �⇤

R (the case of parity will be discussed else-
where). The mass matrices then satisfy

ML =
vL

vR
MN , (5)

MD = M
T
D , (6)

where vR ⌘ h�0
Ri sets the large scale (e.g.: MWR = g vR)

and vL ⌘ h�0
Li is naturally suppressed by the large scale

and can be shown that vL  O(10 GeV) [15]. For the
complex issues related to determining vL, we refer the
reader to [16].

In the case of C, there is a theoretical lower bound on
the LR scale MWR & 2.5 TeV [17, 18], coming essentially
from K�K mixing. It is noteworthy that direct searches
for WR at LHC are now probing this scale [19, 20].

III. From Majorana to Dirac. The above seesaw for-
mula seemingly obfuscates the connection between heavy
and light neutrinos and common lore was that this con-
nection cannot be unravelled [6]. However, since the
Dirac mass matrix must be symmetric, it can be obtained
directly from (4)

MD = MN

r
vL

vR
�

1

MN
M⌫ , (7)

and thereby one can determine the mixing between
light and heavy neutrinos. The square root of an
n-dimensional matrix always has 2n discrete solutions
which can be found in [21] (ambiguities might arise in
singular points of the parameter space).

The above expression o↵ers a unified picture of the
low energy phenomena such as lepton flavour violation,
lepton number violation through the neutrinoless double
beta decay, electric dipole moments of charged leptons,
neutrino transition moments, neutrino oscillations and
neutrino cosmology. Some examples are discussed be-
low, while the rest will be dealt with in a forthcoming
publication.

It should be mentioned that the determination of the
RH neutrino mass matrix as a function of the Dirac
Yukawa coupling was studied before in [22, 23]. This
approach requires additional theoretical structure such
as quark lepton symmetry and SO(10) unified theories
[23].

Here we wish to show, on the contrary, that without
any new assumption the LRSM is a complete theory of
neutrino masses and mixings, in the sense that the mea-
surements of the heavy sector at colliders can determine
and inter-connect the low energy phenomena, including
those which proceed via Dirac Yukawa couplings. Thus
our program is in the same spirit as the SM: to pre-
dict the couplings with the Higgs-Weinberg boson as a
function of the basic fermion properties such as masses
and gauge mixings. It may take a long time before these
Dirac Yukawa couplings are measured; the essential point

is the capacity of the theory to relate them to the basic
measurable quantities.

On the absence of ambiguity of MD. As expressed
in (2), in the conventional seesaw mechanism MD is un-
determined. On the other hand, in this case (equivalent
to setting vL = 0 in (7)), one gets

MD = iMN

q
M

�1
N M⌫ . (8)

The crucial point here is that MD is symmetric and from
this requirement the matrix O can be shown to be fixed
in terms of physical parameters m⌫ ,mN , VL and VR (un-
like in the case of seesaw in the SM, VR is a physical
parameter as defined in (3))

O =
p
mN

q
m

�1
N V

†
RV

⇤
Lm⌫V

†
LV

⇤
R V

T
R VL

p
m

�1
⌫ . (9)

As can be seen from above, the elements of O take at
most values of order one. Moreover, this parametrisation
o↵ers an alternative method of computing MD which will
be discussed elsewhere.
The case with nonzero vL is completely analogous (see

[24]) and similarly, the matrix O is a function of physical
observables only.

MN from LHC. The mass matrix of light neutrinos

M⌫ = V
⇤
Lm⌫V

†
L (10)

is being probed by low energy experiments, while the one
of heavy neutrinos2

MN = VRmNV
T
R (11)

on the other hand, can be determined at high energy
colliders through the KS reaction [11]. This amounts to
producing WR at the usual Drell-Yan resonance, with
a reach of 5.8 TeV for WR mass and 3.4 TeV for the
N mass at the LHC [25, 26]. One can also verify the
chirality of the new charged gauge boson [25, 27]. Unlike
in the case of WL, where neutrinos act as missing energy,
here the decays of heavy RH neutrinos lead to a lepton
number violating final state of two same-sign leptons and
two jets. Moreover, one can directly probe the Majorana
nature of RH neutrinos through their equal branching
ratios into charged leptons and anti-leptons [11]. Due to
the absence of missing energy in the final state, one can
fully reconstruct the heavy neutrino masses mN from the
invariant mass of one of the leptons and two jets in the
final state [17, 19], together with mixings VR by tagging
the flavour of the final state leptons [28].
While waiting for the LHC to provide this information,

the reader may find it useful to have a simple working
example

VR = V
⇤
L . (12)

2
The mass matrix of charged leptons, being symmetric, can be

taken diagonal without loss of generality.



BB limits shrinking  
towards phase III

[Charles et al, 2020, PRD,  2006.04824][Charles et al 2015]

https://arxiv.org/abs/2006.04824
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100 TeV collider reach
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

Senjanović (KS) process [16], pp ! WR ! `N ! ``jj.
The constraints from direct searches [31, 32], from flavour
changing processes [11, 14] and model perturbativity [12]
point to a scale of the new RH interaction which is now
at the fringe of the LHC reach, so the residual kinemati-
cally accessible range will be probed in the next year of
two.

In this work we reconsider this process and address
the regime of light N (mN . 100GeV) which leads [25]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classify the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) the standard region where the final state

is ``jj, with half of the cases featuring same-sign leptons,
testifying the lepton number violation. 2) the merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton. This results in a lepton
and a so called neutrino jet `jN . 3) the displaced region,
for mN ⇠ 10 � 100GeV. in which the merged jet jN
is originated from a N decay vertex at some apprecia-
ble displacement from the primary interaction, typically
from mm to 30 cm where the silicon tracking ends and
detection of displaced tracks becomes unfeasible; 4) the
invisible region, for mN . 40GeV, in which an appre-
ciable number of N decays happens outside the tracking
chambers of even the full detector, leading thus to a sig-
nature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning

[Nemevsek, FN, Popara   PRD ’18] [Ruiz  EPJC ‘17]

l+MET KS:  l±l±jj
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K to 𝜋𝜋 - LR matrix elements
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�F = 2 Hamiltonians

E�ective Hamiltonians from the box diagrams:

H�F=2
LL =

G 2
FM2

WL

4⇧2

X

d,d�=d,s,b

d̄ �⇥µPLd d̄ �⇥µPLd
X

i,j=c,t

⌅LL
i ⌅LL

j SLL(xi , xj) ⇤LL,ij

H�F=2
LR =

G 2
FM2

WL

4⇧2
8 �

X

d,d�=d,s,b

d̄ �PLd d̄ �PRd
X

i,j=u,c,t

⌅LR
i ⌅RL

j SLR (xi , xj , �) ⇤LR,ij

H�F=2
RR =

G 2
FM2

WL

4⇧2
�

X

d,d�=d,s,b

d̄ �⇥µPRd d̄ �⇥µPRd
X

i,j=c,t

⌅RR
i ⌅RR

j SRR (xi , xj , �) ⇤RR,ij

where

⇥AB
i = V A�

id� V B
id , xi = (mi/MWL)

2 , � = M2
WL

/M2
WR

and Matrix elements for meson M0-M
0

are:
D
M0

˛̨
d̄ �⇥µPLd d̄ �⇥µPLd

˛̨
M

0
E

=
2
3
f 2
MmMBLL

M

D
M0

˛̨
d̄PLd

� d̄PRd � ˛̨ M
0
E

=
1
2
f 2
MmMBLR

M

"„
mM

md� + md

«2

+
1
6

#
.
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�F = 2 FC Higgs

E�ective Hamiltonians from the tree level Higgs:

H�F=2
H = � 4GF⇤

2M2
H

X

d,d�=d,s,b

d̄ �PLd d̄ �PRd
X

i,j=u,c,t

�LR
i �RL

j mimj ,

where again
�AB

i = V A�
id� V B

id , xi = (mi/MWL)
2

H

d s

d̄s̄

H

d

s̄

s

d̄

∆F = 2 FC Higgs



Signal VS background with displacement

KS process vs background



How Right is WR ?

LHC is pp symmetric: not possible to use a simple AFB asymmetry of WR .

• Use the first decay WR → eN.

- Determine the WR direction (from the full event) 

- Identify the first lepton. (the more energetic) 

- Its asymmetry wrt the WR direction gives the ’Right’ chirality.

• It is necessary to efficiently distinguish the two leptons. 
(Easier for MN ~ 0.7 MWR   [Ferrari ’00])

• Also the subsequent decay N → ljj may be used.

Polarization visible in a wide range of masses MN , MWR .



LNVH



LNVH in other models_
• Seesaw type-I and III: h → νN decay may turn into 

h→NN LNV decays, by paying a price of MDirac. 
However, mixing is now excluded [CMS-EXO-12-057]

• SUSY with R-parity violation [Allanach, Kom, Pas ’09] 
Not excluded, need a dedicated study, e.g. [T. Banks,  
JHEP ’08]. Current limits pose a challenge.  

• Scalar singlet + N ok, but no neutrino connection 
[Graesser ’07][Shoemaker+ ’10]

• Simplified model may be B-L spontaneous breaking.

Our analysis applies to generic models / lifetime scenarios.
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muon PT - before/after cuts 



3.51 Histogram 41

* Plot: PT ( mu )

Table 40. Statistics table

Dataset Integral Entries / events Mean RMS %Underflow %Overflow
mn20 1.6 2.0 23.2479 10.2 0.0 0.0
mn40 7.9 2.0 22.4912 9.457 0.0 0.0
ks40 0.118 2.0 24.4041 11.68 0.0 0.0
ttbar 0.0 +/- 0.0 0. 0.0 0.0 0.0 0.0
wz 7.84 2.0 25.746 10.68 0.0 0.0

Figure 41.

– 59 –

muon PT - before/after cuts 



...allowed Higgs mixing? 

[ Pruna+ PRD ’13; Profumo+ PRD ’15; Chen+ PRD ’15 ; Robens+ EPJC ’15
Martin-Lozano+ 1501.03799; Falkowski Gross Lebedev 1502.01361; Godunov+ 1503.01618 ]

[Falkowski Gross Lebedev]

sinθ~40%

possible 
(95%CL)

32 7 Compatibility of the observed data with the SM Higgs boson couplings
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Figure 9: Results of 2D likelihood scans for the �V and �f parameters. The cross indicates the
best-fit values. The solid, dashed, and dotted contours show the 68%, 95%, and 99.7% CL
confidence regions, respectively. The diamond shows the SM point (�V, �f) = (1, 1). The left
plot shows the likelihood scan in two quadrants, (+,+) and (+,�). The right plot shows the
likelihood scan constrained to the (+,+) quadrant.
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The diamond represents the SM expectation, (�V, �f) = (1, 1). The left plot shows the likelihood
scan in two quadrants (+,+) and (+,�), the right plot shows the positive quadrant only.
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h → NN - large decay rate
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nos. The scalar sector of the minimal LRSM [7, 8] fea-
tures a complex bi-doublet ⇤ ⌥ (2L, 2R, 0) and a pair of
triplets ⇥L ⌥ (3L, 1R, 2), ⇥R ⌥ (1L, 3R, 2):

⇤ =
✓

�0
1 �+

2

��1 �0
2

◆
, ⇥L,R =

✓
⇥+/

✏
2 ⇥++

⇥0 �⇥+/
✏

2

◆

L,R

. (1)

In the minimal LRSM, LR symmetry is restored at
high energies. The scalar potential exhibits spontaneous
breaking and since the original work [13] it has been the
subject of several studies [27, 36–38]. Here we focus on
the mixing between the triplet and the SM-like Higgs and
display the relevant terms:

V =� µ2
1(⇤

†⇤)� µ2
2(e⇤⇤† + e⇤†⇤)� µ2

3(⇥
†
R⇥R)

+ ⌅ (⇤†⇤)2 + ⌃ (⇥†
R⇥R)2 + �(⇤†⇤)(⇥†

R⇥R) .
(2)

The trace on the parenthesis is implied and e⇤ ⇥ ⌥2⇤⇥⌥2.
The results below hold for both generalized parity P and
charge-conjugation C [28]; a detailed discussion will be
presented in [39].

The parameters µ are fixed by spontaneous breaking in
the usual way, µ2

1 = 2⌅v2+�v2
R, µ2

2 = 0, µ2
3 = �v2+2⌃v2

R,
and neutral scalars develop VEVs. The LR-breaking
scale is set by �⇥0

R� = vR and electroweak symmetry
breaking is completed by ��0

1� = v. For clarity we stick to
the case where �0

2 does not acquire VEV and we suppress
higher v/vR terms. In what follows the neutral scalars �
and ⇥ are the fluctuations of �(�0

1) and �(⇥0
R).

Expansion of the potential (2) around the minimum
gives the following mass matrix for � and ⇥

M2 = 2
✓

2⌅ v2 � vvR

� vvR 2⌃ v2
R

◆
. (3)

Its diagonalization leads to the masses of the physical
particles m2

h = 4⌅v2 � �2v2/⌃, m2
� = 4⌃ v2

R. Here h =
� cos ⇤�⇥ sin ⇤ is identified with the SM Higgs boson and
⇥ = ⇥ cos ⇤+� sin ⇤ with the further neutral state. Their
mixing angle is given by

⇤ ⇧
✓

�

2 ⌃

◆ ✓
v

vR

◆
. (4)

Since ⇥ is a SM singlet, this mixing leads to a universal
reduction of the SM-like Higgs couplings. Recent stud-
ies [35] allow for sin ⇤ < 0.44 at 2⌥ CL, nearly indepen-
dently of the singlet mass.

Heavy Neutrino from Higgs decay. In the LRSM the
above mixing leads to a new type of Higgs decay, with
the fascinating possibility of probing LNV and neutrino
mass generation via Higgs physics.

After spontaneous breaking, the Yukawa term L� =
YNLT

R⇥RLR + h.c., which couples the RH leptonic dou-
blet LR to the triplet Higgs, generates the heavy neutrino
mass matrix. This is directly proportional to the LR scale

MN = 2YN vR , MWR = g vR , (5)

where g = gL,R is the SU(2)L,R gauge coupling constant.
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FIG. 2. Decay rate of the SM Higgs to a pair of heavy neu-
trinos N , normalized to the leading h� bb channel.

To probe the spontaneous origin of N mass, one should
observe ⇥ ⌅ NN decays and establish that ��⇤NN ⌃
m2

N . While the production of ⇥ in the absence of mixing
is small, due to the large LR scale, in the presence of ⇤ the
gluon fusion production appears. Still, ⇥ may be heavy
enough to be elusive, in fact from (4) and perturbativity
of �,⌅ . 1, one finds m� . 5 TeV(0.1/ sin ⇤). More
importantly, the SM Higgs can now decay to NN . We
thus come to the conclusion that the origin of Majorana
neutrino masses may be probed by the SM Higgs boson.

It is useful to normalize this decay rate to the leading
SM channel h ⌅ bb. At tree level one gets

�NN

�bb

⇧ ⇤2

3

✓
mN

mb

◆2 ✓
MW

MWR

◆2 ✓
1� 4m2

N

m2
h

◆ 3
2

, (6)

neglecting the bb̄ phase space. Including the QCD run-
ning and NLO corrections [40], the ratio in Eq. (6) is
enhanced by a factor ⇤ 2 and is shown on Fig. 2.

The number of N pairs produced at the 13TeV LHC
run with 100 fb�1 luminosity is simple to estimate. Tak-
ing the Higgs gluon fusion cross-section [41] ⌥(gg ⌅ h) =
45 pb and Br(bb̄) = 57%, one gets 500 (2000) h ⌅ NN
events for mN = 40GeV and ⇤ = 10% (20%). This is
su"cient motivation for an in-depth collider study.

Lepton number violating Higgs decay at the LHC.
After pair-production from Higgs decay, each N will de-
cay further to a charged lepton and two jets via WR,
with a RH charged current quark flavour structure es-
sentially identical to the left-handed one [42]. Due to the
Majorana nature of N , 50% of events will result in a fi-
nal state of two same-sign leptons and four jets with no
missing energy, explicitly signalling lepton number non-
conservation.

In order to assess the LHC sensitivity, we extend [34]
the FeynRules [43] implementation of the LRSM [44] to
include the mixing (4) together with Higgs gluon fusion
production. Parton level events are simulated with Mad-
Graph 5 [45], hadronized with Pythia 6 [46] and passed to

h to NN first mentioned in LR by [Gunion+ ’89]
Graesser studied effective operators: [Graesser  PRD 76 (2007) 075006; arXiv:0705.2190] 



SM Background, same sign
• Electron channel - forget it: 

charge misidentification + photoproduction 
need to be experimentally measured 

• Muon channel: challenging
- prompt muons from WZ+ZZ+VVjj+ttbar 
- nonprompt muons from 

QCD jets +  
hadron misidentified  
as a muon 

[CMS-EXO12057]

To be measured 

in control regions.

We try to estimate it



Basic cuts and Event count

3

Delphes 3 [47] for detector simulation. We also use Mad-
Analysis 5 [48] for cuts and event counting. Dedicated
software extensions were implemented in each module in
order to study the displaced vertices.

Below we discuss the physical characteristics of the
signal and background sources, and then describe a cut
strategy at detector level to optimize the final sensitivity.

The channel h ⌅ �±�±4j carries plenty of physical
information at parton level. The total invariant mass re-
constructs the Higgs mass, while the �jj invariant mass
reconstructs the N peak. Moreover, tagging the fla-
vor of outgoing leptons identifies the RH analog of the
PMNS mixing matrix and the related Majorana mass
matrix [14]. Notice that with such low N masses, LFV
constraints are easily satisfied and one may expect LFV
in Higgs decays.

Reconstruction at detector level is more delicate. The
Higgs is produced with a boost �(h) ⇥ 3 at

⇧
s = 13 TeV

and the N is further boosted if mN ⇤ mh/2. As a result
the two jets from N tend to merge. In addition, the
jets get closer to the charged lepton and typical lepton
isolation cuts may prevent its recognition. Furthermore,
the distribution of transverse momentum of the lepton
(and the jets) peaks at a fairly low value of mh/6 ⇥
20 GeV. Typical detector simulation parameters forbid
tight leptons with pT < 10 GeV, causing a loss of the
signal by a factor of 2. Still, the N mass peak can be
clearly observed in the µj invariant mass.

We add that the fairly long lifetime of N , characteristic
for this portion of parameter space [21], can lead to a
measurable displacement of the N decay products. It
ranges from sub-millimeter to a few meters, depending on
mN and MWR . This results in a striking LNV signature
with two displaced vertices.

Background estimation. Since lepton number is con-
served in the SM, there is no background at parton level
for this final state. Nevertheless, there are three distinct
ways in which background arises:

1. Electron charge mis-identification and secondary
photo-production constitute a background that is hard
to understand in absence of real data [49, 50]. Since
at this stage one cannot reliably estimate this experi-
mental e!ect, we study the muon channel free from such
issues [49, 50].

2. The main prompt muon background comes from
pair-production of electroweak gauge bosons, in partic-
ular WZ, ZZ and W±W±jj, and tt̄ production. These
components also contain non-prompt muons from meson
decays.

3. Significant background is due to non-prompt muons.
This component, likely dominant and not easy to es-
timate, is due to QCD jets when some hadron is mis-
identified as a muon. Even though the mis-identification
probability is small, the huge QCD cross-section still
gives a finite number [49, 50]. A realistic estimate will
require a knowledge of hadron mis-id within the real
detector in the next LHC run. Nevertheless, previous
studies indicate this background behaves similarly to the

Process No cuts Imposed cuts
µ±µ±+ nj /ET pT mT minv

WZ 2 M 544 143 78 40 20
ZZ 1 M 55 29 16 12 8

W±W±2j 389 115 16 5 3 1
tt 10 M 509 97 40 22 14

Signal (20) 254 11 11 10 9 8
Signal (40) 543 44 43 41 38 37

TABLE I. Number of expected events at the 13TeV LHC
run with 100 fb�1 collected luminosity after sequential cuts
described in the text. The signal is generated with mN = 20
and 40GeV, sin � = 10%, MWR = 3 TeV and nj = 1, 2, 3.

WZ + ZZ background (see supplement of [50]). From
that sample, we estimate the QCD mis-id contribution
by multiplying the W Z + Z Z background by 2.5.

Selection criteria and sensitivity. We now turn to
the event selection procedure. We adopt the default
Delphes 3 ATLAS card with muon isolation parameters
in agreement with [49] and the anti-kT jet algorithm with
�R = 0.4 and pTjmin = 20 GeV. We demand two same-
sign isolated muons and no other leptons, together with
nj jets, where nj = 1, 2, 3. To increase the sensitivity,
we require /ET < 30 GeV and leading muon transverse
momentum pT < 55 GeV. Moreover, we demand the
transverse mass mT

µ/pT
< 30 GeV and invariant masses

mµµ < 80 GeV, mµ/pT
< 60 GeV. The impact of these

selection cuts on the event count is shown in Tab. I.
In addition, for both short and long lived Ns the known

decay length allows us to impose cuts on the muon vertex
transverse displacement dT , shown on Fig. 3. We simu-
late the displacement of signal and background, smearing
the reconstructed vertex with the pT � ⇥ dependent res-
olution of 20–40µm, as reported in [51]. Since the typi-
cal background contains one prompt and one secondary
muon, it is very e!ective to cut on both short and long
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FIG. 3. Reconstructed transverse muon displacement after
µ±µ±+nj event selection and before other cuts.

On top, let’s take advantage of vertex displacement...

• Model implemented w/ Feynrules       (extension of  [Roitgrund+ 1401.3345]) 
                                         (available at https://sites.google.com/site/leftrighthep)

• Collider simulation with Madgraph5+Pythia6+Delphes3
• WZ+ZZ+WW2j+ttbar simulated, QCD estimated =*2.5 factor 

s:37 vs b:100 

already

sensitive

Cuts [GeV]
E < 30

PT(μ) < 55 
M(μμ) < 80

MT (μ pT) < 30

ΔR < 0.4, etc.
min PT(j)=20 

isol μ >0.3
min PT(μ)=10 

/

/



where |d0| is the impact parameter of the track with re-
spect to the transverse position of the PV, (xPV, yPV). In
the MC, this requirement rejects 98% of all tracks origi-
nating from the primary pp interaction.

The selected tracks are used to search for displaced
vertices using an algorithm based on the incompatibility-
graph approach, similar to that used in Ref. [16]. The algo-
rithm begins by reconstructing 2-track seed vertices from
all track pairs, and keeping those that have a vertex-fit ⌅2

less than 5. A seed vertex is rejected if one of its tracks
has hits between the vertex and the PV. Seed vertices are
combined into multi-track vertices in an iterative process,
as follows. If a track is used in two di⇥erent vertices, the
action taken depends on the distance D between the ver-
tices: if D < 3⇥D, where ⇥D is the estimated uncertainty
on D, then the tracks of the two vertices are combined
and refitted to a single vertex; otherwise, the track is as-
sociated with only the vertex relative to which it has the
smaller ⌅2. If the ⌅2 of a track relative to the resulting
vertex is greater than 6, the track is removed from the ver-
tex, and the vertex is refitted. The process continues until
no tracks are shared among di⇥erent vertices. Finally, ver-
tices that are separated by less than 1 mm are combined
and refitted. Events containing at least one such displaced
vertex are said to satisfy the event selection criteria.

The typical position resolution of the DV in the sig-
nal MC samples is tens of microns for rDV and about 200
microns for zDV near the interaction point. For vertices
beyond the outermost pixel layer, which is located at a ra-
dius of 122.5 mm, the typical resolution is several hundred
microns for both coordinates.

To ensure the quality of the DV fit, we require the ⌅2

per degree of freedom (DOF) of the fit to be less than
5. The DV position is required to be within the bar-
rel pixel fiducial region, defined by the longitudinal and
transverse ranges |zDV| < 300 mm, rDV < 180 mm, re-
spectively. To suppress background from tracks that orig-
inate from the PV, we require the transverse distancep

(xDV � xPV)2 + (yDV � yPV)2 between the primary and
the displaced vertices to be at least 4 mm. We require the
number of tracks N trk

DV in the DV to be at least four, to sup-
press background from random combinations of tracks and
from material interactions. Background due to particle in-
teractions with material is further suppressed by requiring
mDV > 10 GeV, where mDV is the invariant mass of the
tracks originating from the DV. We refer to vertex candi-
dates that satisfy (fail) the mDV > 10 GeV requirment as
high-mDV (low-mDV) vertices.
Low-mDV vertices from particle-material interactions

are abundant in regions of high-density detector material.
High-mDV background may arise from random spatial co-
incidence of such a vertex with a high-pT track, especially
when this track and the particle that created the material-
interaction vertex originate from di⇥erent primary inter-
actions, which may result in a large angle between their
momentum vectors. An example of such a random com-
bination of a material-interaction vertex with a high-pT

track is shown in Fig. 2.

Figure 2: An event from a jet-trigger data sample, where a high-
mass vertex (circled) is the result of an apparently random, large-
angle intersection between a track (labeled as “Large angle track”)
and a low-mDV hadronic-interaction vertex produced in a pixel mod-
ule. Tracks originating from this vertex are shown in blue, those
from the primary vertex are green, and other tracks are orange. The
beampipe and pixel modules with track hits are shown.

To suppress this type of background, we veto vertices
that are reconstructed within regions of high-density ma-
terial, mapped using low-mDV material-interaction candi-
date vertices in data and true material-interaction vertices
in minimum-bias MC events. We use the zDV and rDV po-
sitions of these vertices to form a 2-dimensional material-
density map with a bin size of 4 mm in zDV and 1 mm in
rDV. Studies have shown [16] that the positions of pixel
layers and associated material are well simulated in the
MC detector model, while the simulated beampipe posi-
tion is shifted with respect to the actual position. Thus,
the use of data events to construct the material map en-
sures the correct mapping of the beampipe material, while
MC events make possible the high granularity of the map
at the outer pixel layers, where material-interaction ver-
tices in the data are relatively rare due to the low density
of primary particles. Material-map bins with vertex den-
sity greater than an rDV- and zDV-dependent density crite-
rion are designated as high-density-material regions, which
constitute 34.4% of the fiducial volume |zDV| < 300 mm,
4 < rDV < 180 mm. High-mDV vertices reconstructed
within these bins are rejected. We refer to the combina-
tion of all the requirements above as the vertex-selection
criteria.

In addition to the vertex-selection criteria, events are re-
quired to contain a muon candidate reconstructed in both
the MS and the ID with pT > 45 GeV, which is well into
the e⇤ciency plateau of the 40 GeV level-1 trigger. The
muon candidate must satisfy

p
�⇤2 +��2 < 0.1, where

�⇤ (��) is the di⇥erence between the azimuthal angle
(pseudorapidity) of the reconstructed muon candidate and
that of the muon identified by the trigger. The ID track
associated with the muon candidate is required to have at
least six SCT hits, with at most one SCT hit that is ex-
pected but not found, and must satisfy an |�|-dependent
requirement on the number of TRT hits. No pixel-hit re-

3



Simulation and Displaced Vertices 

• Madgraph 5 event generator - updated  
                 (module to add decay time in parton events)

• Pythia 6 hadronization        (writes lifetime in stdhep)

• Delphes 3 detector - updated 
       (new module for vertex track resolution smearing)                 
                     (extended lhco format to hold vertex info)

• Madanalysis 5 analysis package - updated                
               (to read new formats and treat displacement)

(...becoming a complete suite)



LNV Higgs - displaced vertices

Track vertex resolution ~ 20 μm

prompt
loose muons

We cut on a sliding window
 function of mN



Displaced vertices power
• Background: usually one prompt + one loose muon
• Signal: muons are both displaced 

                 N lifetime depending on mN and MWR 

• Thus we require two displacements, 
and employ a sliding window cut:

• Background is greatly reduced: 
 

• For each N mass/lifetime, 
we optimize on L. 

L/10 < dT < L ⇤ 5
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Improvements 
Challenges

• Relax minimum muon PT below 10GeV? 
                                                          (x 2 more signal!)

• Tighter missing energy? <20GeV?                                           

• Go to better jet recognition/substructure 

• Displaced jets                                    (naively doable) 

• Displacements vs pileup problems? 

• Triggering at low pt?
Joint study with Atlas



NB: need one loop EFT

• At such small mΔ2…  
trilinear couplings as ΔΔΔ or hΔΔ are loop dominated:

α3 ~ 20 (!)       mH2 ~ (20TeV)2

[A. Maiezza, M. Nemevsek, FN PRD ‘16]

More couplings and fields involved…

𝜌1 ~ 10-4 (!)



Tree level potential (neutrals only)





Kaon CP versus Strong CP



Kaons: 𝜀, 𝜀′

• h𝜀<10% correlates 𝜃d and 𝜃s,  for low WR: 
 

C )              →  𝜃s-𝜃d ~ 0 

P ) →  𝜃s-𝜃d ~ 0.16

• 𝜀′ mediated by LR mixing   ….

4

the e↵ective Lagrangian. They are real numbers which
scale circa asM�2

WR
, as we consider the contribution of the

FC scalar to be at most comparable to the one of MWR ,
corresponding to MH ' 6MWR within the perturbative
regime [25]. For a wide range of MWR one has Act/Acc '
0.45.

Conservatively we allow the amount of new physics in
" to be at most 10% [46]. This translates into a sharp
constraint on ✓d � ✓s [25], which in the case of C reads

| sin(✓s � ✓d)|scst=�1 <

✓
MWR

104TeV

◆2

| sin(✓s � ✓d)|scst=1 <

✓
MWR

71TeV

◆2

, (16)

while for P one has

| sin(✓s � ✓d + 0.16)|scst=�1 <

✓
MWR

104TeV

◆2

| sin(✓s � ✓d � 0.16)|scst=1 <

✓
MWR

71TeV

◆2

. (17)

IV. DIRECT CP VIOLATION IN K0 ! ⇡⇡

A. E↵ective interactions

Mesonic and hadronic processes that involve weak inter-
actions are best described in terms of the operator prod-
uct expansion, which factorizes short- and long-distance
e↵ects. For �S = 1 flavor changing transitions the e↵ec-
tive Lagrangian can be written in the form

L�S=1 = �GFp
2

X

i

CiQi + h.c. , (18)

where Qi are the relevant operators and Ci the corre-
sponding Wilson coe�cients (GF is the Fermi constant).

In the Standard Model the �S = 1 Lagrangian in-
volves tree-level operators as well as QED and QCD in-
duced loop diagrams. When both left and right chirality
interactions are present, the standard set of operators
is enlarged to include, at the scale of 1 GeV, 28 opera-
tors [23]

QLL

1 = (s̄↵u�)L(ū�d↵)L QRR

1 = (s̄↵u�)R(ū�d↵)R

QLL

2 = (s̄u)L(ūd)L QRR

2 = (s̄u)R(ūd)R

Q3 = (s̄d)L(q̄q)L Q0
3 = (s̄d)R(q̄q)R

Q4 = (s̄↵d�)L(q̄�q↵)L Q0
4 = (s̄↵d�)R(q̄�q↵)R

Q9 = 3
2 (s̄d)Leq(q̄q)L Q0

9 = 3
2 (s̄d)Req(q̄q)R

Q10 = 3
2 (s̄↵d�)Leq(q̄�q↵)L Q0

10 = 3
2 (s̄↵d�)Req(q̄�q↵)R

(19)

QRL

1 = (s̄↵u�)R(ū�d↵)L QLR

1 = (s̄↵u�)L(ū�d↵)R

QRL

2 = (s̄u)R(ūd)L QLR

2 = (s̄u)L(ūd)R

Q5 = (s̄d)L(q̄q)R Q0
5 = (s̄d)R(q̄q)L

Q6 = (s̄↵d�)L(q̄�q↵)R Q0
6 = (s̄↵d�)R(q̄�q↵)L

Q7 = 3
2 (s̄d)Leq(q̄q)R Q0

7 = 3
2 (s̄d)Req(q̄q)L

Q8 = 3
2 (s̄↵d�)Leq(q̄�q↵)R Q0

8 = 3
2 (s̄↵d�)Req(q̄�q↵)L

(20)

QL

g
= gsms

16⇡2 s̄�µ⌫taGµ⌫

a
Ld QR

g
= gsms

8⇡2 s̄�µ⌫taGµ⌫

a
Rd

QL

�
= ems

16⇡2 s̄�µ⌫Fµ⌫

a
Ld QR

�
= ems

8⇡2 s̄�µ⌫Fµ⌫

a
Rd ,

(21)
with (q̄q)L,R ⌘ q̄�µ(L,R)q, L,R ⌘ 1 ⌥ �5, and implicit
summation on q = u, d, s. QLL

1,2 are the SM operators
usually denoted as Q1,2. The dipole operators Qg,� are
normalized with ms, for an easy comparison with exist-
ing calculations and anomalous dimensions. It is known
that some of the operators above are characterized by
enhancements due to their chiral structure, either in the
running of the short distance coe�cient or in the matrix
element. In particular the Wilson coe�cients of the QCD
dipole operators QL,R

g
receive a large enhancement from

the mixing with the current-current operators.
At the leading order the operators generated by the SM

and the LR short distance physics are: QAB

2 , Q4, Q0
4, Q6,

Q0
6, Q7, Q0

7, Q9, Q0
9, Q

A

g
, QA

�
, with A,B = L,R. Their

Wilson coe�cients are for current-current operators
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u
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(22)

for the penguins
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and for the dipoles
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(24)

In the above, eu = 2/3 is the u-quark charge, xi =
m2

i
/m2

WL
with i = u, c, t, and FAB

1,2 and EAB

1,2 are the loop
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the e↵ective Lagrangian. They are real numbers which
scale circa asM�2
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, as we consider the contribution of the

FC scalar to be at most comparable to the one of MWR ,
corresponding to MH ' 6MWR within the perturbative
regime [25]. For a wide range of MWR one has Act/Acc '
0.45.

Conservatively we allow the amount of new physics in
" to be at most 10% [46]. This translates into a sharp
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where Qi are the relevant operators and Ci the corre-
sponding Wilson coe�cients (GF is the Fermi constant).

In the Standard Model the �S = 1 Lagrangian in-
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interactions are present, the standard set of operators
is enlarged to include, at the scale of 1 GeV, 28 opera-
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In the above, eu = 2/3 is the u-quark charge, xi =
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(19)

QRL

1 = (s̄↵u�)R(ū�d↵)L QLR

1 = (s̄↵u�)L(ū�d↵)R

QRL

2 = (s̄u)R(ūd)L QLR

2 = (s̄u)L(ūd)R

Q5 = (s̄d)L(q̄q)R Q0
5 = (s̄d)R(q̄q)L

Q6 = (s̄↵d�)L(q̄�q↵)R Q0
6 = (s̄↵d�)R(q̄�q↵)L

Q7 = 3
2 (s̄d)Leq(q̄q)R Q0

7 = 3
2 (s̄d)Req(q̄q)L

Q8 = 3
2 (s̄↵d�)Leq(q̄�q↵)R Q0

8 = 3
2 (s̄↵d�)Req(q̄�q↵)L

(20)

QL

g
= gsms

16⇡2 s̄�µ⌫taGµ⌫

a
Ld QR

g
= gsms

8⇡2 s̄�µ⌫taGµ⌫

a
Rd

QL

�
= ems

16⇡2 s̄�µ⌫Fµ⌫

a
Ld QR

�
= ems

8⇡2 s̄�µ⌫Fµ⌫

a
Rd ,

(21)
with (q̄q)L,R ⌘ q̄�µ(L,R)q, L,R ⌘ 1 ⌥ �5, and implicit
summation on q = u, d, s. QLL

1,2 are the SM operators
usually denoted as Q1,2. The dipole operators Qg,� are
normalized with ms, for an easy comparison with exist-
ing calculations and anomalous dimensions. It is known
that some of the operators above are characterized by
enhancements due to their chiral structure, either in the
running of the short distance coe�cient or in the matrix
element. In particular the Wilson coe�cients of the QCD
dipole operators QL,R

g
receive a large enhancement from

the mixing with the current-current operators.
At the leading order the operators generated by the SM

and the LR short distance physics are: QAB

2 , Q4, Q0
4, Q6,

Q0
6, Q7, Q0

7, Q9, Q0
9, Q

A

g
, QA

�
, with A,B = L,R. Their

Wilson coe�cients are for current-current operators

CLL

2 = �LL

u
, CLR

2 = ⇣⇤�LR

u
,

CRR

2 = r �RR

u
, CRL

2 = ⇣ �RL

u
;

(22)

for the penguins

C4 = C6 =
↵s

4⇡
⌃i�

LL

i
FLL

1 (xi)

C 0
4 = C 0

6 =
↵s

4⇡
r⌃i�

RR

i
FRR

1 (rxi)

C7 = C9 =
↵eu
4⇡

⌃i�
LL

i
ELL

1 (xi)

C 0
7 = C 0

9 =
↵eu
4⇡

r⌃i�
RR

i
ERR

1 (rxi) ;

(23)

and for the dipoles

msC
L
g = ⌃i

h
ms�

LL
i FLL

2 +⇣mi�
RL
i FLR

2 +mdr�
RR
i FRR

2

i

msC
R
g = ⌃i

h
md�

LL
i FLL

2 +⇣⇤mi�
LR
i FLR

2 +msr�
RR
i FRR

2

i

msC
L
� = ⌃i

h
ms�

LL
i ELL

2 +⇣mi�
RL
i ELR

2 +mdr�
RR
i ERR

2

i

msC
R
� = ⌃i

h
md�

LL
i ELL

2 +⇣⇤mi�
LR
i ELR

2 +msr�
RR
i ERR

2

i
.

(24)

In the above, eu = 2/3 is the u-quark charge, xi =
m2

i
/m2

WL
with i = u, c, t, and FAB

1,2 and EAB

1,2 are the loop

⇣

WL

d

u, c, t

s

d̄

u, c, t

WR

s̄

VL VR

VL VR

cancelation, ±0.2, is very different from that needed for the box diagram. The conclusion is
that there is no bound on MH coming from ε when FCNH contribution is considered alone.

Because of the conflict in the spontaneous CP phase required for individual cancelations
in the box and FCNH contributions, one might expects their combined contribution places a
joint bound on MWR

and MH . This, however, is not the case, because the two contributions
again cancel each other, as was first found in [5]. In fact, with the analytical solution for
the right-handed mixing, we arrive at an even stronger conclusion: For any given pair of
MWR

and MH , we can always find a r sinα such that the total contribution to ε vanishes.
This situation is extremely interesting, because it implies that ε itself, unlike the kaon
mass difference, is completely useless in constraining the individual parameters in the new
contribution. It does, however, provide a correlation among different parameters, as shown
in Fig. 5, where for several different values of MH = ∞, 75, 25 TeV, we plotted the allowed
regions in the MR and r sinα plane. Because of the FCNH contribution, the pattern of the
correlation changes considerably as MH changes. The general trend is that the spontaneous
CP parameter r sinα increases toward 0.2 as MH becomes smaller, consistent with the
cancelation pattern in FCNH contribution to ε found above.

B. Neutron EDM

The neutron EDM imposes another constraint on the new CP phases in VR and MWR
.

Non-zero EDM implies both P and T (or equivalently CP in local quantum field theories)
violations. At the quark level, sources of flavor-neutral CP violation are mainly from the
penguin diagrams in the SM, and from the tree level WL − WR exchange in the LRSM
[29, 30]. Generally, there are several contributions to the neutron EDM, including valence
quark EDM, quark chromomagnetic dipole moment (CDM) induced EDM, dimension-6 pure
gluonic operator contribution, as well as the contributions at hadronic level. The present
experimental upper bound on neutron EDM is 3.1 × 10−26e cm [9].

In the SM, contributions to the neutron EDM mainly come from the CP violating pen-
guin diagrams. The flavor changing nature of CKM CP violation means that the leading
contribution is at least second order in weak interaction (∼ G2

F ). The predicted neutron
EDM is well within the experimental bound—about 10−33e cm.

u

d (s)u

d (s)

WL

WR

FIG. 6: Dominant quark-level effective operators contributing to neutron EDM in LRSM.

In the LRSM, the flavor-conserving CP violating four-quark operator arises from the
tree-level diagram with WL − WR mixing exchange, as shown in Fig. 6

Luq→uq = −2
√

2GF sin ζe−iαV L
uqV

R∗
uq (Oq

− − Oq
+) + h.c. , (66)
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h"0 ' 0.92⇥106 |⇣|
h
sin (↵�✓u�✓d) + sin (↵�✓u�✓s)

i

So, a single combination is relevant, e.g. (𝛼 - 𝜃u - 𝜃d). 
Let’s see strong CP… 

(measure of New Physics   h=NP/EXP)



𝜃QCD  and  arg det M  in LRSM
• Case of C: both are free  - no prediction.

• Case of P: fix  𝜃QCD zero at high scale, but after 
spontaneous P breaking, arg det M is calculable: 
 

       
Then → EDM limit requires vanishing s𝛼t2𝛽 
Then → all phases vanish 
Then → h𝜀 constraint can only be satisfied if  
                         MWR ≳ 30TeV 

3

For the present study devoted to the CP observables ",
"0/" and nEDM, one of the main ingredients is Eq. (1).
It contains sources of CP-violation because of the spon-
taneous phase ↵ inside ⇣ and of the complexity of VR.
Remarkably, a tree-level contribution to "0 is generated
by the LR mixing ⇣ via an e↵ective four-quark operator
(defined below as QLR

2 ) obtained after integration of the
gauge field. The complete basis of operators, induced
at tree or loop level and through renormalization to low
scale, will be listed in section IV. A similar treatment is
reserved for nEDM, in the case of �S = 0 transitions:
as we shall see, analogous e↵ective operators generate via
chiral loops the dominant contribution to the nEDM [30].
The account and evaluation of the various sources of "0

and nEDM are the matter of dedicated sections in the
following.

B. The choice of LR discrete symmetry

In Eq. (1) the condition gL = gR = g is assumed, being
gL,R the gauge coupling of SU(2)L,R. This follows from
an additional discrete symmetry in the LRSM relating
the left and right sector. Such a symmetry is not unique:
it can be realized either with a generalized parity P or
a generalized charge conjugation C which, in addition to
exchanging the weak gauge groups, are defined respec-
tively by [22]

P :

(
QL $ QR

� ! �† , C :

(
QL $ (QR)c

� ! �T
, (5)

with analogous transformationa for the lepton doublets.
The action of P and C on the Yukawa Lagrangian

LY = Q
L

⇣
Y � + Ỹ �̃

⌘
QR + h.c. (6)

implies Y = Y † and Y = Y T respectively, and the same
for Ỹ . After the quark mass matrices

Mu = v1 Y + v2 e
�i↵ Ỹ

Md = v2 e
i↵ Y + v1 Ỹ (7)

are bi-diagonalized given forms of VR are obtained, ac-
cording to the properties of Y , Ỹ . The case of C is fairly
simple [22]:

VR = KuV
⇤Kd , (8)

with V the standard CKM matrix and Ku,d diagonal
matrices of free phases Ku = diag{ei✓u , ei✓c , ei✓t}, Kd =
diag{ei✓d , ei✓s , ei✓b}, where from now on we adopt ✓b = 0.

In the case of P, an analytical form for VR has been re-
cently found, with a perturbative expansion in the small
parameter |s↵ t2� | . 2mb/mt ' 0.05 [41, 42]:

VR =Vij � is↵ t2�

 
Vijt� +

3X

k=1

Vkj(V md V †)ik
mu ii +mu kk

(9)

+
Vik(V † mu V )kj
md jj +md kk

◆
+O(s↵ t2�)

2 ,

where mu,d are the diagonal quark mass matrices. This
expression is not unique, other solutions are found by
replacing mii ! simii and

V ! diag{su, sc, st}V diag{sd, ss, sb} , (10)

where si are arbitrary signs (and from now on we adopt
sb = 1). In Appendix A, explicit expressions for the
relevant phase combinations are given for generic si.

The argument of the determinant of the fermion mass
matrices can also be computed [30, 41, 42], namely

✓̄ ' 1

2
s↵ t2� Re tr

�
m�1

u
V mdV

† �m�1
d

V †muV
�

(11)

at the first order in s↵ t2� .

III. K0 � K̄0 MIXING

A particularly constraining process for the LRSM is the
neutral kaon mixing, e↵ectively induced through the chi-
rally enhanced operator

⌦
K0 |s̄Ld s̄Rd|K0

↵
=

1

2
f2
K
mKBK

4


m2

K

(ms +md)2
+

1

6

�
,

(12)
where fK and mK are the decay constant and the mass
of the meson K respectively, and L,R = (1 ⌥ �5)/2.
This operator is generated via the LR box diagrams and
even at the tree-level through the exchange of a flavor-
changing (FC) scalar [12, 43]. The inclusion of the one-
loop renormalization of the tree-level diagrams, necessary
for a gauge invariant result [44], has phenomenologically
relevant implications [25]. The bag factor BK

4 has been
computed on the lattice by various groups with some 20%
discrepancies [45]. For the present study, we follow the
discussion and numerical analysis of Ref. [25], to which
we refer the reader for the details.

The CP violating parameter ", which gauges the indi-
rect CP violation in the mixing, is particularly important
in constraining the external CP-phases introduced in the
previous section [22, 25]. The bounds may be inferred by
using a convenient parametrization of new physics in ",
namely

h" ⌘
Im
⌦
K0 |HLR|K0

↵

Im
⌦
K0 |HLL|K0

↵ , (13)

which in the case of C turns into

hC
"
' Im

h
ei(✓d�✓s)

�
Acc +Act cos(✓c � ✓t + �)

�i
, (14)

while in the case of P becomes

hP
"
/ Im

h
ei(✓d�✓s)

⇥
Acc +Acte

i� cos(✓c � ✓t)
⇤i

, (15)

with � = arg(VLtd) ' �22�. Acc,ct correspond to the
contributions of charm-charm and charm-top quark in

Situation changes if some mechanism (like PQ) cancels …

7

Given the spread and pattern of values in Table I we
conservatively use in our analysis the results of VSA as a
reference benchmark, while including a conservative the-
oretical uncertainty of a factor of two.

V. NEUTRON EDM

A. Strong CP in LRSM

While the SM provides a natural answer to the small-
ness of ✓̄, the latter being perturbatively protected [5],
more general approaches have been proposed, which are
relevant for new physics extensions. The Peccei-Quinn
(PQ) axion models [27–29] provide an elegant way to ad-
dress dynamically the problem. On the other hand other
solutions involving the UV completion are possible, as
the restoration of a mirror symmetry in the fermion sec-
tor [82] or other extensions [83, 84]. For a grand unified
embedding see [85].

Within the LRSM such a solution is provided by the
scenario in which the P symmetry is exact at high scale
and then spontaneously broken [26]. The symmetry sets
to zero the topological term ✓, so that ✓̄ is computable
after spontaneous breaking, see Eq. (11). Since this is
by far the dominant contribution to dn, the constraint
on ✓̄ translates into a very stringent limit on the combi-
nation s↵t2� and thus into the e↵ective vanishing of all
phases ✓i, which are directly driven by it. In such a situ-
ation the " constraint in Eq. (17) implies a lower bound
on the LR scale, MWR & 28TeV [30], as derived in the
limit ✓s � ✓d ! 0 [25]. This conclusion is avoided if ✓̄
is canceled by a di↵erent mechanism, like the PQ one.
In the case of LRSM with C, both arg detM and ✓QCD

are free parameters, and if one does not want to exploit
this freedom as a fine-tuning, the ✓̄ issue has again to be
addressed by assuming some underlying mechanism, as
mentioned above.

After the PQ setup removes ✓̄, still the presence of P-
and CP-violating LR e↵ective operators generates vari-
ous sources of the nEDM [86], in both the C and P cases.
We review and compare their impact in the following sec-
tions. It turns out that the most relevant contribution
to dn is due to meson loops after the shift of the me-
son fields in the U(3) chiral Lagrangian, induced by the
CP-violating four-quark operators (see Appendix D). As
we will see, the proper calculation of the meson-baryon
couplings in the U(3) chiral Lagrangian, shows in the PQ
case an exact cancelation that suppresses the predicted
nEDM. This result is due to the remnant ✓̄ induced by
the relevant LR quark operators. Such a feature was
missed in Ref. [39], where a di↵erent dependence of the
meson-baryon couplings on the mesons VEVs is obtained.

In the following sections we briefly review the contri-
butions to the neutron EDM, arising in the LRSM, from
short- and long-distance sources.

B. E↵ective operators

The e↵ective CP odd Lagrangian relevant for the nEDM
can be written as [87, 88]

LEDM = �GFp
2

0

@
2X

q 6=q0,i=1

Cqq
0

i
Oqq

0

i
+

1

2

4X

q 6=q0,i=3

Cqq
0

i
Oqq

0

i

+
4X

q,i=1

Cq

i
Oq

i
+ C5O5

1

A , (33)

where q = u, d, s and the e↵ective operators are given by

Oq
0
q

1 = q̄0q0 q̄i�5q, Oq
0
q

2 = q̄0
↵
q0
�
q̄�i�5q↵, (34)

Oq
0
q

3 = q̄0�µ⌫q0 q̄�µ⌫i�5q, (35)

Oq
0
q

4 = q̄0
↵
�µ⌫q0

�
q̄��µ⌫i�5q↵, (36)

Oq

1 = q̄q q̄i�5q, Oq

2 = q̄�µ⌫q q̄�µ⌫i�5q, (37)

Oq

3 = � e

16⇡2
eq mq q̄�µ⌫i�5q F

µ⌫ , (38)

Oq

4 = � gs
16⇡2

mq q̄�µ⌫i�5T
aq Gaµ⌫ , (39)

O5 = �1

3

gs
16⇡2

fabcGa

µ�
Gb,�

⌫
eGc,µ⌫ . (40)

The tensor operators Oq
0
q

3,4 are symmetric in q0 q

(i�5�µ⌫ / "µ⌫↵��↵�), hence the factor 1/2 in Eq. (33).

The Oq
0
q

1,2 and dipole operators Oq

3,4 are obtained from
the �S = 1 Lagrangian Eqs. (18)–(21) by replacing

s ! d = q. Accordingly, the Wilson coe�cients Cq
0
q

1,2
at the weak scale are related to the �S = 1 ones by

Cud

1,2 = �Cdu

1,2 = 4 ImCRL

1,2 , (41)

while

mu,d eu,d C
u,d

3 = 2ms Im (CR,L

�
) , (42)

mu,d C
u,d

4 = 2ms Im (CR,L

g
) , (43)

where one should replace �AB

i=q0 with �AB

q0q = V ⇤A
q0q V

B

q0q,
thus selecting in Eq. (24) only the mixed LR terms.

The Wilson coe�cient of the three-gluon operator O5

is suppressed by ↵s/4⇡ and its contribution to the nEDM
is negligible for light quarks. At the integration scale of
each heavy quark it is given by [89–92]

C5(mq) =
↵s(mq)

8⇡
Cq

4(mq) , (44)

with q = b giving the dominant contribution, propor-
tional to mt/mb (see Eq. (24)).

By inspection of Eqs. (22)–(24), the leading operators
induced by gauge boson exchange, which are sensitive to
the new CP phases through the LR mixing ⇣, are those

[Maiezza Nemevsek PRD ’14]



nEDM ? Even with  (PQ?)  
still CP is broken - I

θ̄ = 0

• WL-WR exchange brings CP violation  
in  effective operators,  
as  .       Rearranged:

• Run at low-energy…

• …and bosonize: 
→ CPV operators in meson Chiral Lagrangian, e.g. 

Qud = (ūd)L(d̄u)R

cancelation, ±0.2, is very different from that needed for the box diagram. The conclusion is
that there is no bound on MH coming from ε when FCNH contribution is considered alone.

Because of the conflict in the spontaneous CP phase required for individual cancelations
in the box and FCNH contributions, one might expects their combined contribution places a
joint bound on MWR

and MH . This, however, is not the case, because the two contributions
again cancel each other, as was first found in [5]. In fact, with the analytical solution for
the right-handed mixing, we arrive at an even stronger conclusion: For any given pair of
MWR

and MH , we can always find a r sinα such that the total contribution to ε vanishes.
This situation is extremely interesting, because it implies that ε itself, unlike the kaon
mass difference, is completely useless in constraining the individual parameters in the new
contribution. It does, however, provide a correlation among different parameters, as shown
in Fig. 5, where for several different values of MH = ∞, 75, 25 TeV, we plotted the allowed
regions in the MR and r sinα plane. Because of the FCNH contribution, the pattern of the
correlation changes considerably as MH changes. The general trend is that the spontaneous
CP parameter r sinα increases toward 0.2 as MH becomes smaller, consistent with the
cancelation pattern in FCNH contribution to ε found above.

B. Neutron EDM

The neutron EDM imposes another constraint on the new CP phases in VR and MWR
.

Non-zero EDM implies both P and T (or equivalently CP in local quantum field theories)
violations. At the quark level, sources of flavor-neutral CP violation are mainly from the
penguin diagrams in the SM, and from the tree level WL − WR exchange in the LRSM
[29, 30]. Generally, there are several contributions to the neutron EDM, including valence
quark EDM, quark chromomagnetic dipole moment (CDM) induced EDM, dimension-6 pure
gluonic operator contribution, as well as the contributions at hadronic level. The present
experimental upper bound on neutron EDM is 3.1 × 10−26e cm [9].

In the SM, contributions to the neutron EDM mainly come from the CP violating pen-
guin diagrams. The flavor changing nature of CKM CP violation means that the leading
contribution is at least second order in weak interaction (∼ G2

F ). The predicted neutron
EDM is well within the experimental bound—about 10−33e cm.
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d (s)

WL

WR

FIG. 6: Dominant quark-level effective operators contributing to neutron EDM in LRSM.

In the LRSM, the flavor-conserving CP violating four-quark operator arises from the
tree-level diagram with WL − WR mixing exchange, as shown in Fig. 6

Luq→uq = −2
√

2GF sin ζe−iαV L
uqV

R∗
uq (Oq

− − Oq
+) + h.c. , (66)

23

+ iC1qq0 c3
�
[U †]qq[U ]q0q0 � [U ]qq[U†]q0q0

�

TheLOmixingmatrix of theOqq0 operators is givenby [92]

γð1Þqq0→qq0 ¼

0

BBBB@

−16 0 0 0

−6 2 0 0

0 0 −16 0

0 0 −6 2

1

CCCCA
; ðC3Þ

while the dipole anomalous-dimensionmatrix (we neglect the
mixing of O5 into Oq

4) reads [122,123]

γð1Þq→q ¼

 
32
3 0

32
3

28
3

!

: ðC4Þ

The subscripts qq0 and q in the γ’s indicate the nonvanishing
subblocks of the anomalous-dimension matrix.
The mixing of Oqq0 into the dipoles is readily obtained

from Ref. [96], taking into account the different operator
basis and the covariant derivative conventions

γð1Þqq0→q ¼

0

BBBBBB@

8
3

eq0
eq

mq0

mq
− 67

6

mq0

mq

−8 eq0
eq

mq0

mq
− 5

2

mq0

mq

8
9

eq0
eq

mq0

mq
− 67

18

mq0

mq

− 8
3

eq0
eq

mq0

mq
− 5

6

mq0

mq

1

CCCCCCA
: ðC5Þ

The Wilson coefficients evolve according to

dC
d log μ

¼ Cγð1Þ
αs
4π

; ðC6Þ

where γð1Þ is the 6 × 6 anomalous dimension matrix. The
γ’s superscript indicates the αs=4π order of the mixing.
The short-distance running of the LR effective

operators for ΔS ¼ 1 and ΔS ¼ 2 transitions is discussed
in Refs. [23,25], respectively.

APPENDIX D: THE MESON AND BARYON
CHIRAL LAGRANGIANS

The LO chiral Lagrangian for the octet of Nambu-
Goldstone bosons and the η0 singlet, including the bosonic
representation of the O1q0q operator is given by

L ¼ F2
π

4
tr½ðDμUÞ†DμU þ χðU þU†Þ&

þ a0tr½logU − logU†&2

þ GFffiffiffi
2

p
X

u;d;s

fiCLRLRijkl ðc1½U&ji½U&lk − c1½U†&ji½U†&lk

þ c2½U&li½U&jk − c2½U†&li½U†&jkÞ

þ iCRLLRijkl ðc3½U†&ji½U&lk − c3½U&ji½U†&lkÞg; ðD1Þ

where we follow the notation of Ref. [42]. The 3 × 3
matrix U represents nonlinearly the nine Goldstone states.
Under Uð3ÞL × Uð3ÞR rotations L × R it transforms as
U → RUL†, while χ includes explicitly the quark masses,
namely

U ¼ exp
"

2iffiffiffi
6

p
F0

η0I þ
2i
Fπ

Π
#
; ðD2Þ

Π≡

0

BBBB@

1
2 π

0 þ 1
2
ffiffi
3

p η8 1ffiffi
2

p πþ 1ffiffi
2

p Kþ

1ffiffi
2

p π− − 1
2 π

0 þ 1
2
ffiffi
3

p η8 1ffiffi
2

p K0

1ffiffi
2

p K− 1ffiffi
2

p K̄0 − 1ffiffi
3

p η8

1

CCCCA
; ðD3Þ

χ ¼ 2B0diagfmu;md;msg ðD4Þ

and I is the identity matrix. Fπ is the pion decay constant in
the chiral limit, while F0 denotes the η0 decay constant,
which we approximate to be equal. The quark mass term is
written in terms of the condensate B0 ≃m2

π=ðmu þmdÞ.
The second term in Eq. (D1) represents the anomaly

induced by the QCD instantons in the large N limit [103].
The coupling a0 satisfies 48a0=F2

0 ≃m2
η þm2

η0 − 2m2
K .

The third term represents the bosonization of C1q0qO1q0q
where the sum over q ≠ q0 ¼ u, d, s is understood. The
coefficients that encode the short distance physics are given
by CLRLRijkl ¼CRLLRijkl ≡Pq≠q0C1q0qδiq0δjq0δkqδlq. The unknown
low energy constants (LEC) c1;2;3, are estimated in the large
N limit as

c1 ∼ c2 ∼ c3 ∼
F4
πB2

0

4
: ðD5Þ

The terms proportional to c1 and c3 induce VEVs of the
Goldstone nonet. However, the c1 terms are proportional to
ðC1ud þ C1duÞ, which vanishes due to Eq. (41). Thus, only
the c3 contributions, proportional to ðC1ud − C1duÞ are
nonvanishing. By neglecting jC1usj, doubly Cabibbo sup-
pressed with respect to jC1udj, we confirm the results in [42]

hπ0i
Fπ

≃
GFffiffiffi
2

p ðC1ud−C1duÞ
c3

B0F2
π

×
B0F2

πðmuþmdÞmsþ8a0ðmuþmdþ4msÞ
B0F2

πmumdmsþ8a0ðmumdþmdmsþmsmuÞ
;

ðD6Þ

hη8i
Fπ

≃
GFffiffiffi
2

p ðC1ud − C1duÞ
c3ffiffiffi
3

p
B0F2

π

ðmd −muÞ

×
B0F2

πms þ 24a0
B0F2

πmumdms þ 8a0ðmumd þmdms þmsmuÞ
;

ðD7Þ
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Still CP is broken - II

• they give meson tadpoles, i.e. shift chiral vacuum

• which induce new CP violating couplings,

• which give EDM at loop, e.g. :

8

obtained from QLR,RL

2 and QL,R

g,�
. The Oq

1,2 operators
are induced by neutral scalar exchange with CP-violating
couplings (Z boson exchange does not induce CP violat-
ing transitions). On the other hand, the contributions of
the heavy doublet Higgs, that we assume decoupled at
a scale higher than the right-handed gauge bosons, are
always suppressed by the light quarks Yukawa couplings,
and are henceforth neglected. Analogously, the operators

Oq
0
q

3,4 are not generated at the tree level in the model, but

obtained via gluonic corrections of Oq
0
q

1,2 . Since Oq
0
q

3,4 are
flavor symmetric their contribution to the renormaliza-

tion of Oq

1,2 and Oq

3,4 is proportional to C
q
0
q

1,2+Cqq
0

1,2 , which
vanishes to great accuracy in the present framework. One
noticeable consequence is that the leading additive QCD
renormalization of the dipole operators Oq

3,4 comes at the

NLO in the loop expansion (LO in ↵s) from the Oq
0
q

1,2 op-
erators, in analogy to the �S = 1 case.

The QCD anomalous dimensions and mixings of the
whole set of operators in Eq. (33), at the leading order in
the loop expansion, are found in Ref. [89]. A more recent
NLO calculation is presented in Ref. [93]. We report the
relevant anomalous dimension matrix in Appendix C in
our normalization. At the hadronic scale the Wilson co-
e�cients Cqq

0

1 and Cqq
0

2 turn out to be comparable, with

a slight predominance of the radiatively induced Cqq
0

1 .

The quark EDM from Oq

3 is given in units of e by

dq = �GFp
2

eq mq

4⇡2
Cq

3 (45)

and analogously for the chromo-EDM

d̃q = �GFp
2

mq

4⇡2
Cq

4 . (46)

The neutron EDM can be obtained from Eqs. (45)–(46),
evaluated at the hadronic scale, via naive dimensional
analysis, chiral perturbation theory or QCD sum rules,
the latter providing a more systematic approach. A re-
cent reevaluation in this framework gives [89, 94] 6

dn ' 0.32dd�0.08du+e(0.12d̃d�0.12d̃u�0.006d̃s) . (47)

In the presence of a PQ axion, the e↵ective CP
and chiral-symmetry breaking operators in Eq. (33) still
induce a nonzero ✓̄ [86, 97], as explicitly derived in
Eq. (D20) for Oud

1 . As a result, in the PQ case Eq. (47)
is modified to include the contribution to the nEDM of
the ✓̄ induced by the chromoelectric dipoles [98]

dPQ

n
' 0.32dd � 0.08du + e(0.25d̃d + 0.14d̃u) . (48)

6 A chiral perturbation calculation of the chromoelectric dipoles
gives coe�cients larger by order one factors [95], while a very re-
cent lattice calculation gives [96] dn = 0.8dd�0.2du, still missing
the chromoeletric dipoles. Since, as we shall see, the dipole con-
tributions to the nEDM are largely subdominant, the present
variance in the calculations is immaterial for our conclusions.

The size of the nEDM induced by the ✓̄ term is estimated
by various methods to be [99–105]

dn ' �(1–4)⇥ 10�16 ✓̄ (49)

in units of e · cm.

The contribution of the Weinberg three-gluon operator
to the nEDM is subject to large hadronic uncertainties,
related to the method of evaluation. By comparing dif-
ferent calculations one finds [106]

dn = �(10–30 MeV)
GFp
2

egs
8⇡2

C5(1GeV) . (50)

In the LR framework the dominant chirality flip of the
dipole operators depends on the fermion masses in the
loop. Albeit chirally unsuppressed, the two-loop Wein-
berg operator O5 turns out to give a subleading contri-
bution to the nEDM.

C. The long-distance contributions

The operator Oqq
0

1 mediates meson to vacuum transi-
tions that when chirally rotated away generate P and
CP-violating interactions among mesons and baryons.
These couplings induce potentially large contributions
to the nEDM via chiral loops [87, 107]. As shown in
Ref. [39], the pion VEV carries an enhancement factor
ms/(mu + md) with respect to the other VEVs. In
the pion-baryon couplings it then dominates the chi-
ral loop contributions to the nEDM. As a matter of
fact, by considering the U(3)L⇥U(3)R chiral Lagrangian
(Appendix D) with the inclusion of the axial anomaly
term [100] one obtains

⌦
⇡0

↵
' GFp

2
(C1ud � C1du)

4 c3
B0F⇡(md +mu)

, (51)

with
⌦
⇡0

↵
� h⌘0,8i by a factor ms/(md �mu). For the

notation and estimate of chiral couplings and low energy
constants (LEC) see Appendix D.

Given the leading role of
⌦
⇡0

↵
, the relevant CP violat-

ing baryon-meson couplings are (Eqs. (D15)–(D17))

ḡnp⇡ '2
p
2B0

F 2
⇡

(bD + bF )(md �mu)h⇡0i , (52)

ḡn⌃�K+ =
B0

F⇡

(bD � bF )


�2

p
2 mu

h⇡0i
F⇡

(53)

�2
p
2p
3
(mu�2ms)

h⌘8i
F⇡

� 4p
3
(mu+ms)

h⌘0i
F0

#
,

with bD + bF ' �0.14 and bD � bF ' 0.28 in units of
GeV�1. As we comment in Appendix D, these results
di↵er from those of Ref. [39]. In particular, the coe�cient
of the pion VEV in Eq. (53) is not enhanced by ms. As
a consequence ḡn⌃�K+ is of size comparable to ḡnp⇡ and
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dn ' 0.32dd�0.08du+e(0.12d̃d�0.12d̃u�0.006d̃s) . (47)

In the presence of a PQ axion, the e↵ective CP
and chiral-symmetry breaking operators in Eq. (33) still
induce a nonzero ✓̄ [86, 97], as explicitly derived in
Eq. (D20) for Oud

1 . As a result, in the PQ case Eq. (47)
is modified to include the contribution to the nEDM of
the ✓̄ induced by the chromoelectric dipoles [98]
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' 0.32dd � 0.08du + e(0.25d̃d + 0.14d̃u) . (48)

6 A chiral perturbation calculation of the chromoelectric dipoles
gives coe�cients larger by order one factors [95], while a very re-
cent lattice calculation gives [96] dn = 0.8dd�0.2du, still missing
the chromoeletric dipoles. Since, as we shall see, the dipole con-
tributions to the nEDM are largely subdominant, the present
variance in the calculations is immaterial for our conclusions.

The size of the nEDM induced by the ✓̄ term is estimated
by various methods to be [99–105]

dn ' �(1–4)⇥ 10�16 ✓̄ (49)

in units of e · cm.

The contribution of the Weinberg three-gluon operator
to the nEDM is subject to large hadronic uncertainties,
related to the method of evaluation. By comparing dif-
ferent calculations one finds [106]

dn = �(10–30 MeV)
GFp
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C5(1GeV) . (50)

In the LR framework the dominant chirality flip of the
dipole operators depends on the fermion masses in the
loop. Albeit chirally unsuppressed, the two-loop Wein-
berg operator O5 turns out to give a subleading contri-
bution to the nEDM.

C. The long-distance contributions

The operator Oqq
0

1 mediates meson to vacuum transi-
tions that when chirally rotated away generate P and
CP-violating interactions among mesons and baryons.
These couplings induce potentially large contributions
to the nEDM via chiral loops [87, 107]. As shown in
Ref. [39], the pion VEV carries an enhancement factor
ms/(mu + md) with respect to the other VEVs. In
the pion-baryon couplings it then dominates the chi-
ral loop contributions to the nEDM. As a matter of
fact, by considering the U(3)L⇥U(3)R chiral Lagrangian
(Appendix D) with the inclusion of the axial anomaly
term [100] one obtains
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↵
' GFp

2
(C1ud � C1du)

4 c3
B0F⇡(md +mu)

, (51)

with
⌦
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↵
� h⌘0,8i by a factor ms/(md �mu). For the

notation and estimate of chiral couplings and low energy
constants (LEC) see Appendix D.

Given the leading role of
⌦
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↵
, the relevant CP violat-

ing baryon-meson couplings are (Eqs. (D15)–(D17))
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F⇡

� 4p
3
(mu+ms)

h⌘0i
F0

#
,

with bD + bF ' �0.14 and bD � bF ' 0.28 in units of
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di↵er from those of Ref. [39]. In particular, the coe�cient
of the pion VEV in Eq. (53) is not enhanced by ms. As
a consequence ḡn⌃�K+ is of size comparable to ḡnp⇡ and
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all meson VEVs are relevant. In addition, when consid-
ering the PQ scenario, the ✓̄ induced by the Oud

1 operator
cancels exactly the ḡnp⇡ coupling, leaving only ḡn⌃�K+ ;
the logarithmic enhancement in the pion mediated loop
(visible below) is therefore lost and the predicted nEDM
is strongly suppressed. On the contrary the Ous

1 opera-
tor consistently induces a cancelation of ḡn⌃�K+ but a
nonzero gnp⇡, so that, in spite of being doubly Cabibbo
suppressed, the logarithmic enhancement of the pion loop
makes its contribution to the nEDM no longer neglige-
able, albeit still subdominant. We quantitatively discuss
the e↵ects of the pion coupling cancelation in the PQ
setup in the following section.

Up to unknown LECs (that are numerically sublead-
ing according to a naive dimensional estimate [39]) the
nEDM computed from baryon-meson chiral loops leads
to [108, 109]

dn ' e

8⇡2F⇡

ḡn⌃�K+p
2

(D � F )

✓
log

m2
K

m2
N

� ⇡mK

2mN

◆
,

(54)
to be compared with the LO pion contribution [110]

dn ' � e

8⇡2F⇡

ḡnp⇡p
2
(D + F )

✓
log

m2
⇡

m2
N

� ⇡m⇡

2mN

◆
, (55)

where at the leading order D + F ⌘ gA ' 1.3 and
D � F ' 0.3. In Ref. [111] large logarithmic correc-
tions to the tree level result are computed leading to
D + F ' 1 and D � F ' 0.2. We include this spread
within the hadronic uncertainty in our numerical analy-
sis. In Eqs. (54)–(55) the extended-on-mass-shell pre-
scription is applied to ensure a correct power count-
ing [112].

In spite of the large pion log in Eq. (55), Eq. (54) gives
a non negligible contribution to the nEDM and we will
include it in our numerical analysis, together with the
pion loop contributions induced by ḡnn⇡ [30, 37, 110]. 7

VI. NUMERICAL ANALYSIS

A. Preliminaries

According to Eq. (26) and to the discussion of the LR
hadronic matrix elements in Sect. IVB we obtain

h"0 = 0.92⇥106 |⇣|
h
sin (↵�✓u�✓d) + sin (↵�✓u�✓s)

i

+ 320 |⇣|
h
sin (↵�✓c�✓d) + sin (↵�✓c�✓s)

i

+ 6200 r sin (✓d � ✓s) , (56)

which is normalized to unity when matching the central
experimental value in Eq. (30). The contributions that

7 The direct short-distance contribution to the isovector CP odd
pion nucleon coupling, which is part of the unknown loop coun-
terterm, is estimated to be sizeable, albeit with a large uncer-
tainty [113]. We assume no fine tuned cancellation occurs.

are proportional to the LR mixing ⇣ in Eq. (3) are due
to current-current (first line) and dipole operators (sec-
ond line), while the term proportional to r represents the
RR current contribution. The relative magnitude of the
three contributions is readily estimated. From the di-
rect search limit MWR & 3.7TeV (see [34]) one obtains
an upper bound on the mixing, ⇣ < 4 ⇥ 10�4. Thus,
the first line can easily overshoot by orders of magni-
tudes the experimental value. The contribution of the
dipoles instead amounts at most to h"0 ⇠ 0.25. As for
the last line, the phase ✓d�✓s is constrained by "K , with
di↵erent outcomes in the C or P cases. In the case of
C, from Eq. (16) one finds r sin (✓d � ✓s) < 1.4 ⇥ 10�6,
so that this contribution falls short of ⇠ 0.008 and can
be neglected. In the case of P, from Eq. (17) one finds
r sin (✓d � ✓s) . 2.5⇥ 10�5 (7TeV/MWR)

1.5, which con-
tributes to h"0 at most as 0.15, whereMWR is constrained
to be larger than 7TeV as we shall see in the following.

It is convenient to note that in the dominant contribu-
tion to "0, namely in

h"0 ' 0.92⇥106|⇣|
h
sin (↵� ✓u � ✓d)+ sin (↵� ✓u � ✓s)

i
,

(57)
the constraints (16)–(17) on ✓d � ✓s enforced for low LR
scale imply that the result depends on a single combina-
tion of phases, e.g. ↵� ✓u � ✓d.

Turning to the neutron electric dipole moment, in anal-
ogy with "0 it is convenient to introduce the parameter

hdn =
dLR

n

d<
n

, (58)

where the LR contribution to the dipole moment is
normalized to the present experimental bound, d<

n
=

2.9⇥ 10�26 e cm.
From the results of the previous section and those in

the appendices we finally obtain, for central values of the
hadronic parameters at the neutron scale,

hnoPQ
dn

= 106|⇣|
h
+ 1.65 sin (↵� ✓u � ✓d)

� 0.007 sin (↵� ✓c � ✓d)

+ 0.00095 sin (↵� ✓t � ✓b)
i
, (59)

hPQ
dn

= 106|⇣|
h
+ 0.21 sin (↵� ✓u � ✓d)

� 0.010 sin (↵� ✓c � ✓d)

+ 0.00095 sin (↵� ✓t � ✓b)
i
, (60)

where the first line includes the contribution of the LR
current-current operators via chiral loops, generated by
the ḡnp⇡, ḡn⌃�K+ and ḡnn⇡ couplings, and in the PQ
case it includes the induced shift on ✓̄ (see Eq. (D20)).
As already mentioned in the previous section, the Oud

1
induced ✓̄ cancels exactly the ḡnp⇡ coupling, leaving only
ḡn⌃�K+ to contribute in chiral loops to the nEDM (see

4

n N N
γ

n

π0,π+

n p n

π
+

π
+

γ

n p n

π
+

γ

FIG. 1. Loop diagrams contributing to the nucleon EDM.
Hatched vertices violate CP, black square is the charge
(magnetic moment) coupling of the photon to nucleons at
LO(NLO) and N = (n, p). The complete topology includes
also the exchange of CP violating and conserving vertices.

final result for the nEDMs is

dn=
e

(4⇡)2
gA
f⇡

⇥
g+f(x) +

�
2g+p � g

n
n

�
g(x)

⇤
, (21)

with loop functions up to O(x), where x = m2
⇡
/m2

N
:

f(x) = 2 log x� ⇡
p
x+ x, (22)

g(x) = �3

4
x (1 + log x) +

3

4
log

�
m2

N
/µ2

�
. (23)

The energy scale µ disappears once the (scale dependent)
counter-terms are added, leading to a finite and scale
independent result. Equivalently, log

�
m2

N
/µ2

�
in (21)

can be neglected, since we are interested in µ ⇠ 1GeV.
Power counting. The expected power of a small quan-

tity for a given diagram is [49]

D = d�NN � 2N⇡ + 2kV (k)
⇡

+ kV (k)
⇡N

, (24)

where d is the dimension from loop integration, NN (N⇡)
is the number of nucleon(pion) propagators and V (k) is
the number of vertices from the Lagrangian at a given
order k. Diagrams on Fig. 1 at LO(NLO) count as D =
2(3) and since the Lagrangian term already contains one
power of a small parameter, the photon momentum, the
expected analytical contribution to the loop function is
D = 1(2). Therefore, the analytic terms in Eqs. (22)
and (23) start at

p
x(x), as they should.

As noticed in [19], the chiral loop calculation in early
works on LR models [30] does not obey the correct power
counting and over-estimates the impact of the LR opera-
tor [30, 33]. After an appropriate EOMS subtraction, or
alternatively a computation in the heavy baryon e↵ective
theory at NNLO [32], this estimate decreases by an order
of magnitude.

Pion-nucleon couplings. We proceed to estimate the
CPV pion-nucleon couplings, induced by ✓̄ and the LR
current-current operator.

Adopting [42], the estimate of ✓̄ induced couplings is

g+ = �g
n
=

m2
⇡

2f⇡

✓
m⌅ �m⌃

m2
K
�m2

⇡

◆
✓̄ ' 0.05 ✓̄. (25)

The chiral loop due to (25) dominates the nEDM signal,
with a lattice estimate of counter terms at ⇠ 30% [44].
Exchange of W via LR gauge boson mixing in (4) gen-

erates LR (and RL) current-current operators

Q1 = (ud)
V�A

�
du

�
V+A

, Q2 = (uLuR)
�
dRdL

�
, (26)

with corresponding Wilson coe�cients obtained from (4)

c1(MW ) = 2
p
2GFVLud

V ⇤
Rud

⇠, c2(MW ) = 0. (27)

QCD running mixes the two operators, suppresses Q1

and enhances Q2. The anomalous matrix at NLO was
obtained in [50] and running to 1 GeV gives

c1(1 GeV) = 0.74 c1, c2(1 GeV) = �1.71 c1. (28)

After a Fierz transformation and dropping the color gen-
erator terms since we are only interested in pion cou-
plings, the CPV e↵ective Hamiltonian can be written as

HLR ' 3GF cLR

⇥
(u�5u)

�
dd

�
� (uu)

�
d�5d

�⇤
, (29)

with a dimensionless short-distance coe�cient

cLR = Im (V
Lud

V ⇤
Rud

⇠) . (30)

The leading contribution to g+ comes from the pion
vacuum expectation value h⇡0i. From (29), a linear term
is created in the potential of the chiral Lagrangian which
induces h⇡0i. In the vacuum saturation approximation

h⇡0i = 3GF cLR

✓
f3
⇡
m2

⇡

2mumd

◆
. (31)

The meson fields are expanded around the vev [42, 51],
leading to:

g+ = 2
m2

⇡

f2
⇡

(bd + bf )

✓
md �mu

mu +md

◆
h⇡0i

' �10�7 cLR,

(32)

g
n
= �4

m2
⇡

f2
⇡

✓
b0 + (bd + bf )

md

mu +md

◆
h⇡0i

' 2.7⇥ 10�5 cLR,

(33)

with b0 = �0.517 GeV�1, bd = 0.066 GeV�1 and bf =
�0.213 GeV�1.
Matching (29) to the chiral Lagrangian provides a di-

rect source for g
n
[30]

g
n
= 3GF cLR

✓
f⇡m2

⇡

2mumd

◆
hmuuu+mdddin

' 2.5⇥ 10�5 cLR,

(34)

while direct matching to g+ is negligible. Here, the nu-
cleon sigma term �⇡N = (mu + md)/2hp|uu + dd|pi =
(45 ± 8) MeV [52] and mass di↵erence hp|uu � dd|pi '
0.54 [53] were used to estimate the neutron matrix ele-
ment.



• The UV coefficient has VR phases and W mixing: 
 
 
So it’s the same phase combination as 𝜀′.

 
                                                              (comment below, for the PQ suppression)

hPQ
dn

' 106|⇣|⇥ 0.21 sin (↵� ✓u � ✓d)

hnoPQ
dn

' 106|⇣|⇥ 1.65 sin (↵� ✓u � ✓d)

  …still CP is broken - III

C1,ud =
GFp
2
Im(⇣⇤VL,udV

⇤
R,ud) ⇠ |⇣| sin(↵� ✓u � ✓d)

(dHg  and others… )



Resulting bound: dn plus 𝜀, 𝜀′

Case of C: no bounds, 
the free phases can be taken zero  

to cancel all CP violation.

Limit still given by K and B 
oscillations,  MWR≳7TeV

C P

[Bertolini, Maiezza, FN, PRD ’20]



Insides of CP and PQ 
• Important to use single approach, as PT.

• E.g. the induced axion VEV   
consistent with the meson ones…

• When inserted into  , this cancels exactly

(i.e. the dominant dn vanishes! hence the PQ suppression)

χ

θ̄eff

ḡnpπ

ḡnpπ =
B0

Fπ
(bD + bF)2 2 (md − mu)

⟨π0⟩
Fπ

−
(mu + md)

3 ( ⟨η8⟩
Fπ

+ 2
⟨η0⟩
F0 ) − 2

mumdms θ̄eff

msmd + msmu + mumd
= 0 .

…a general result, only depends on the operators.
[Bertolini, Di Luzio, FN, PRL ’21 ]



Other PQ effects calculable and correlated…

Induced CPV Axion-nucleon coupling  ḡaN

Interplay between 𝜀, 𝜀′, dn and ḡaN

[Bertolini, Di Luzio, FN, PRL ’21 ]

soon to be measured :) 



Perturbativity



EWPT and h to photons



RH neutrino bound from 
stability and perturbativity



Perturbativity in LRSM
5

taken as a measure of perturbativity

↵
(1)
3

↵3
=

3↵3

8⇡2
, (20)

⇢
(1)
1

⇢1
=

27⇢1
16⇡2

, (21)

⇢
(1)
2

⇢2
=

7⇢2
4⇡2

, (22)

⇢
(1)
3

⇢3
=

3⇢3
16⇡2

, (23)

where the superscript (1) denotes the 1-loop value. Note
that (21) reproduces the result from the effective poten-
tial in (18), as it should.

In addition to the quartics related to heavy scalars,
one can generalize the discussion to the SM-like Higgs h.
In particular, focusing on the �1 quartic, one gets

�
(1)
1

�1
=

27�1

16⇡2
. (24)

It should be kept in mind that when the actual physical
processes (e.g. �0

R
�0

R
HH scattering) are considered, the

vertices of the interaction will typically be suppressed
with respect to those in Veff . This is due to non-zero
masses and momentum flowing in the loop. Both will
regulate the loops and make the perturbative expansion
more stable as the evaluation of the Veff .

In addition to perturbativity of the effective poten-
tial, one may consider requiring tree level unitarity of
the scattering of LRSM scalars. The bounds from the
optical theorem imply ⇢1,2 < 2⇡, ↵3, ⇢3 < 8⇡. These are
close or slightly more stringent than the ones from 100%
perturbative level for ⇢1,2,↵3, while for ⇢3 the unitarity
bound matches with ⇠ 50% perturbativity.

IV. MASS SCALES IN TEV LRSM

The discussion in the previous section was independent of
the LR scale, i.e. the perturbativity measure in Eqs. (20)-
(23) are independent of MWR . Here we apply those re-
sults on the mass spectrum of the LRSM scalars.

In subsection IV A, we analyze the level of perturba-
tivity for given masses of H and WR, we then consider
the mixing ✓ of the SM Higgs with �0

R
in IV B, fol-

lowed by limits on the RH neutrino from the stability
of Veff in IVC. Finally, in subsections IV D and IV E,
we deal with implications of ↵3 on the mass of �L due
to oblique parameters and �++

R
via radiative Higgs de-

cays to ��(Z�).

A. B mixing and WR

The estimate of perturbativity and unitarity on ↵3 from
the previous section together with the B-oscillations limit

FIG. 3. Perturbativity assessment of Veff (dashed) and tree-
level unitarity (solid) of ↵3, together with the bound on MWR

vs. mH from B
0
d,s �B

0
d,s (see [19] for details).

in Eq. (12), impose a bound on MWR for a given per-
turbative level, as shown on Fig. 3. In [19] a rough
evaluation of such bound for 100% perturbativity led to
MWR & 3 TeV. As clear from Fig. 3, the improved treat-
ment basically confirms that result with a slight increase.

It is worth noting that the ↵3 vertices from the scalar
potential could directly affect the B

0
d,s

� B
0
d,s

analysis
after the renormalization of the H propagator as in the
scheme of [34], where only gauge interactions were taken
into account. The ensuing modification of Eq. (12) turns
out to be ⇠ 2%, therefore the B mixing bound remains
reliable even with ↵3 close to the unitarity bound.

B. Higgs mixing

Using the results of the previous section, one can un-
derstand the perturbative range of couplings relevant for
the h � �0

R
Higgs mixing. In the physically interesting

region m�0
R
< O(TeV), its quartic ⇢1 is small and thus

perturbative. As a result, ↵1 also turns out to be small,
for a given mixing angle, from (10). The point is then,
that the correction to the mass of the Higgs in Eq. (9)
becomes sizeable and needs to be canceled by a large �1

in order to preserve the light SM Higgs.
To a good approximation �1 can be determined for

given m�0
R

and ✓ as

4v2�1 ' m
2
h
+ ✓

2
m

2
�0

R
, (25)

which shows that with significant mixing ✓, �1 becomes
large for �0

R
in the TeV range. At this point �1 may

clash with Eq. (24), derived in the small ↵1 limit, which
translates into an upper bound on the mixing for a given
�0

R
mass, shown in Fig. 4. A considerable mixing is

allowed for �0
R
, whose mass can lie in the TeV range,

still in perturbative regime.

(all relevant scalars one loop/tree level ratio)

Heavy FCH generates tension…

[Maiezza Nemevšek, FN 1603.00360]

…points to heavier WR.

(Still one can have 
sizeable higgs mixing)


