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This talk: beyond the “poster child” 
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Themes for This Talk 
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0νββ-Decay: LNV? Mass Term?  

€ 

e−

€ 

e−

€ 

A Z,N( )

€ 

A Z − 2,N + 2( )

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

36 

LNV Physics 



6 

0νββ-Decay: LNV? Mass Term?  
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•  Total lepton number not 
conserved at classical level 

•  New mass scale in nature, Λ	

•  Key ingredient for standard 
baryogenesis via leptogenesis 

LNV Physics 



LNV: Discoverable at the Energy Frontier 

CMS 

ATLAS 

LHC 

International Linear Collider 

Future Circular e+e-  & pp 
Future Circular e+e-  & pp 
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Outline 

I.  The BSM Context 

II.  High Scale LNV 

III.  TeV Scale LNV 

IV.  Sub Weak Scale LNV (time permitting) 

V.  Summary 
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I. The BSM Context 
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BSM Physics: Where Does it Live ? 
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dark U(1)…  
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 MW 

BSM ?  SUSY, see-saw, BSM 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  

Is the mass scale associated with mν  far 
above MW ?  Near MW ? Well below MW ? 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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II. High Scale LNV 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
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•  Light Majorana mass generated 
at the conventional see-saw 
scale: Λ ~ 1012 – 1015 GeV 

 
•  3 light Majorana neutrinos 

mediate decay process 
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Details 

Essentially the rest of this workshop… 
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III. TeV Scale LNV 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  

Two parameters: Effective coupling & effective heavy particle mass 
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0νββ-Decay: LNV? Mass Term?  
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•  Majorana mass generated at 
the TeV scale 

•  Low-scale see-saw 
•  Radiative mν 

•  mMIN << 0.01 eV but 0νββ-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana 
particle exchange 
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0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 
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LRSM: Type I See-Saw 

WR WR NR 

e e 

Mass: standard see-saw but TeV 
scale 



0νββ-Decay: TeV Scale LNV  

LHC Production & 0νββ-Decay  
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Helo et al, PRD 88.011901, 
88.073011 

76Ge  τ (0ν)	

LHC exclusion 

LHC: SS Dilepton + Dijet 



0νββ-Decay: TeV Scale LNV  
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.
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The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
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1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.
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Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by
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B =
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
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[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Fig. 11 

We show limits for the different decompositions assuming
scalars are exchanged. The limits on Meff are in TeV and

scale as gð4=5Þeff . Within a given decomposition different
operators can appear in the calculation of the 0!"" decay
half-life. If within a given decomposition there is more
than one operator combination that appears for the differ-
ent possible helicity states, we quote a range of limits,
corresponding to the operators with the largest and smallest
possible rate within this decomposition. Numbers are cal-
culated using the nuclear matrix elements of [16] and the
uncertainty on Meff scales as !ðMeffÞ / ð!MNuclÞð1=5Þ,
where MNucl stands generically for the nuclear matrix
elements. Current limits range from Meff * 1:2–3:1 TeV,
while future sensitivities up to Meff * 1:8–4:6 TeV are
expected.

C. LHC vs 0!"": Numerical analysis

In this section we compare the LHC and 0!"" sensi-
tivities of the different decompositions for 0!"". In the
numerical analysis we will develop in this section, we will
concentrate on the case when the fermion mass is smaller
than (one of) the scalar masses. The numerical analysis of
the case when the fermion mass is larger than the scalar
masses will be presented in a future paper.

We can divide the discussion of all 18 decompositions
into two groups of cases. The first group corresponds to
‘‘symmetric ‘‘ and ‘‘like-symmetric’’ decompositions. The
former are simply those decompositions in which a scalar
with the same quantum numbers appears twice in the
diagram (1-i, 5-i, 4-i), while the latter are those with
two different scalars but of the same kind (two different
leptoquarks or two different diquarks, such as 2-iii, 3-i).
The second group corresponds to ‘‘asymmetric’’ decom-
positions. Those correspond to decompositions with Sþ2

and either an Sþ1 or a diquark (1-ii, 3-ii, 3-iii) and decom-
positions with a leptoquark and either an Sþ1 or a diquark
(2-i, 2-ii, 4-ii, 5-ii).

First we will derive limits from existing LHC data atffiffiffi
s

p ¼ 8 TeV to compare the discovery potential of the
forthcoming

ffiffiffi
s

p ¼ 14 TeV phase of the LHC with the
sensitivity of current and future 0!"" decay experiments.
We will begin our discussion with the ‘‘symmetric’’
decomposition ð "udÞð "eÞð "eÞð "udÞ.

As discussed in Sec. IVA the most stringent current
limits from the LHC on like-sign lepton searches come
from data taken by the CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV
[32]. CMS also presents upper limits on #% BrðeejjÞ as a
function of meejj. These limits apply directly to the case of
the decomposition ð "udÞð "eÞð "eÞð "udÞ, which describes at
LHC a produced scalar Sþ1, decaying to Sþ1 ! c 0e

þ,
followed by c 0 ! eþ "ud, producing two mass peaks in
meejj and me2jj.

The number of eejj-like events at the LHC, in general,
depends on a different combination of couplings and
masses than the 0!"" decay amplitude. The 0!""

half-life depends on the effective parameters defined in
Eq. (5) and the cross section #% BrðeejjÞ is, in the narrow
width approximation, proportional to g2udSþ1

and to a non-

trivial function FSþ1
of the scalar mass mSþ1

. We can then
write the number of events as

#% BrðeejjÞ ¼ #ðpp ! SÞ % BrðS ! eejjÞ
¼ FSðmSÞg21BrðS ! eejjÞ; (6)

defining

FSþ1
ðmSþ1

Þ ¼ #ðpp ! Sþ1Þ=g2udSþ1
: (7)

The BrðS ! eejjÞ can be calculated from Eq. (A2) and is
equal to

BrðS ! eejjÞ ¼ fðmc =mSÞg22
3g21 þ fðmc =mSÞg22

% 1

2
: (8)

Here S ¼ Sþ1, g1 ¼ gudSþ1
, g2 ¼ gec 0Sþ1

, c ¼ c 0

and fðxÞ ¼ ð1& x2Þ2. Note that in the limit where all
couplings are equal (and mc 0

¼ 0) BrðSþ1 ! eþeþjjÞ ¼
BrðSþ1 ! eþe&jjÞ ’ 1=8. We have used CALCHEP [42] to
calculate the production cross sections for Sþ1 at the LHC.
We have compared our cross sections with the figures in
[27] finding quite good agreement.
In ‘‘symmetric’’ decompositions, such as ð "udÞð "eÞð "eÞ%

ð "udÞ, the effective couplings and scalar boson masses are
pairwise equal, i.e. in Eq. (5) g1 ¼ g4, g2 ¼ g3 and mS ¼
mS0 . Then, the effective parameters defined in (5) become

MeffðSÞ ¼ ðm4
Smc Þ1=5; geffðSÞ ¼ ðg1g2Þ1=2: (9)

Equation (6) depends on four variables: the couplings
g1, g2 and the masses mS, mc . For comparison with 0!""
we have expressed Eq. (6), using Eqs. (9) and (8), in terms
of four new variables: the effective coupling and mass geff ,
Meff , respectively, the fermion massmc and BrðS ! eejjÞ.
Then, by using Eq. (6) expressed in terms of these four new
variables, and the current limits on#% BrðeejjÞ presented
by CMS [32], we can plot in the plane geff versus
Meff bounds of the LHC for differentt values of the
BrðSþ1 ! eejjÞ and the fermion mass mc 0

. We have
drawn these limits for BrðSþ1 ! eejjÞ ¼ 10&1 (solid red
lines) and BrðSþ1 ! eejjÞ ¼ 10&2 (dashed red lines) in
Fig. 7, using different values of the fermion mass mc 0

¼
200 GeV, 800 GeV. For larger masses mc 0

the LHC
limits become more stringent except for the region
ðmc 0

&mSþ1
Þ & 100 GeV, where the LHC sensitivity

becomes very small as we discussed in Sec. IVA. Note
that the for the dotted/dashed lines, the part of the line that
is shown dotted corresponds to values of 1 ' g1 ¼
gudSþ1

' 2, i.e. close to values where this coupling would
become nonperturbative.
In addition, Fig. 7 shows current and future limits from

0!"" decay. The dark gray area is the currently excluded
part of parameter space from nonobservation of 136Xe
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Fig. 11 

We show limits for the different decompositions assuming
scalars are exchanged. The limits on Meff are in TeV and

scale as gð4=5Þeff . Within a given decomposition different
operators can appear in the calculation of the 0!"" decay
half-life. If within a given decomposition there is more
than one operator combination that appears for the differ-
ent possible helicity states, we quote a range of limits,
corresponding to the operators with the largest and smallest
possible rate within this decomposition. Numbers are cal-
culated using the nuclear matrix elements of [16] and the
uncertainty on Meff scales as !ðMeffÞ / ð!MNuclÞð1=5Þ,
where MNucl stands generically for the nuclear matrix
elements. Current limits range from Meff * 1:2–3:1 TeV,
while future sensitivities up to Meff * 1:8–4:6 TeV are
expected.

C. LHC vs 0!"": Numerical analysis

In this section we compare the LHC and 0!"" sensi-
tivities of the different decompositions for 0!"". In the
numerical analysis we will develop in this section, we will
concentrate on the case when the fermion mass is smaller
than (one of) the scalar masses. The numerical analysis of
the case when the fermion mass is larger than the scalar
masses will be presented in a future paper.

We can divide the discussion of all 18 decompositions
into two groups of cases. The first group corresponds to
‘‘symmetric ‘‘ and ‘‘like-symmetric’’ decompositions. The
former are simply those decompositions in which a scalar
with the same quantum numbers appears twice in the
diagram (1-i, 5-i, 4-i), while the latter are those with
two different scalars but of the same kind (two different
leptoquarks or two different diquarks, such as 2-iii, 3-i).
The second group corresponds to ‘‘asymmetric’’ decom-
positions. Those correspond to decompositions with Sþ2

and either an Sþ1 or a diquark (1-ii, 3-ii, 3-iii) and decom-
positions with a leptoquark and either an Sþ1 or a diquark
(2-i, 2-ii, 4-ii, 5-ii).

First we will derive limits from existing LHC data atffiffiffi
s

p ¼ 8 TeV to compare the discovery potential of the
forthcoming

ffiffiffi
s

p ¼ 14 TeV phase of the LHC with the
sensitivity of current and future 0!"" decay experiments.
We will begin our discussion with the ‘‘symmetric’’
decomposition ð "udÞð "eÞð "eÞð "udÞ.

As discussed in Sec. IVA the most stringent current
limits from the LHC on like-sign lepton searches come
from data taken by the CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV
[32]. CMS also presents upper limits on #% BrðeejjÞ as a
function of meejj. These limits apply directly to the case of
the decomposition ð "udÞð "eÞð "eÞð "udÞ, which describes at
LHC a produced scalar Sþ1, decaying to Sþ1 ! c 0e

þ,
followed by c 0 ! eþ "ud, producing two mass peaks in
meejj and me2jj.

The number of eejj-like events at the LHC, in general,
depends on a different combination of couplings and
masses than the 0!"" decay amplitude. The 0!""

half-life depends on the effective parameters defined in
Eq. (5) and the cross section #% BrðeejjÞ is, in the narrow
width approximation, proportional to g2udSþ1

and to a non-

trivial function FSþ1
of the scalar mass mSþ1

. We can then
write the number of events as

#% BrðeejjÞ ¼ #ðpp ! SÞ % BrðS ! eejjÞ
¼ FSðmSÞg21BrðS ! eejjÞ; (6)

defining

FSþ1
ðmSþ1

Þ ¼ #ðpp ! Sþ1Þ=g2udSþ1
: (7)

The BrðS ! eejjÞ can be calculated from Eq. (A2) and is
equal to

BrðS ! eejjÞ ¼ fðmc =mSÞg22
3g21 þ fðmc =mSÞg22

% 1

2
: (8)

Here S ¼ Sþ1, g1 ¼ gudSþ1
, g2 ¼ gec 0Sþ1

, c ¼ c 0

and fðxÞ ¼ ð1& x2Þ2. Note that in the limit where all
couplings are equal (and mc 0

¼ 0) BrðSþ1 ! eþeþjjÞ ¼
BrðSþ1 ! eþe&jjÞ ’ 1=8. We have used CALCHEP [42] to
calculate the production cross sections for Sþ1 at the LHC.
We have compared our cross sections with the figures in
[27] finding quite good agreement.
In ‘‘symmetric’’ decompositions, such as ð "udÞð "eÞð "eÞ%

ð "udÞ, the effective couplings and scalar boson masses are
pairwise equal, i.e. in Eq. (5) g1 ¼ g4, g2 ¼ g3 and mS ¼
mS0 . Then, the effective parameters defined in (5) become

MeffðSÞ ¼ ðm4
Smc Þ1=5; geffðSÞ ¼ ðg1g2Þ1=2: (9)

Equation (6) depends on four variables: the couplings
g1, g2 and the masses mS, mc . For comparison with 0!""
we have expressed Eq. (6), using Eqs. (9) and (8), in terms
of four new variables: the effective coupling and mass geff ,
Meff , respectively, the fermion massmc and BrðS ! eejjÞ.
Then, by using Eq. (6) expressed in terms of these four new
variables, and the current limits on#% BrðeejjÞ presented
by CMS [32], we can plot in the plane geff versus
Meff bounds of the LHC for differentt values of the
BrðSþ1 ! eejjÞ and the fermion mass mc 0

. We have
drawn these limits for BrðSþ1 ! eejjÞ ¼ 10&1 (solid red
lines) and BrðSþ1 ! eejjÞ ¼ 10&2 (dashed red lines) in
Fig. 7, using different values of the fermion mass mc 0

¼
200 GeV, 800 GeV. For larger masses mc 0

the LHC
limits become more stringent except for the region
ðmc 0

&mSþ1
Þ & 100 GeV, where the LHC sensitivity

becomes very small as we discussed in Sec. IVA. Note
that the for the dotted/dashed lines, the part of the line that
is shown dotted corresponds to values of 1 ' g1 ¼
gudSþ1

' 2, i.e. close to values where this coupling would
become nonperturbative.
In addition, Fig. 7 shows current and future limits from

0!"" decay. The dark gray area is the currently excluded
part of parameter space from nonobservation of 136Xe

SHORT-RANGE MECHANISMS OF NEUTRINOLESS DOUBLE . . . PHYSICAL REVIEW D 88, 073011 (2013)

073011-9

W
e
sh
ow

li
m
it
s
fo
r
th
e
d
if
fe
re
n
t
d
ec
o
m
p
o
si
ti
o
n
s
as
su
m
in
g

sc
al
ar
s
ar
e
ex
ch
an
g
ed
.
T
h
e
li
m
it
s
o
n
M

ef
f
ar
e
in

T
eV

an
d

sc
al
e
as

g
ð4
=5
Þ

ef
f

.
W
it
h
in

a
g
iv
en

d
ec
o
m
p
o
si
ti
o
n
d
if
fe
re
n
t

o
p
er
at
o
rs
ca
n
ap
p
ea
r
in

th
e
ca
lc
u
la
ti
o
n
o
f
th
e
0!

"
"
d
ec
ay

h
al
f-
li
fe
.
If

w
it
h
in

a
g
iv
en

d
ec
o
m
p
o
si
ti
o
n
th
er
e
is

m
o
re

th
an

o
n
e
o
p
er
at
o
r
co
m
b
in
at
io
n
th
at

ap
p
ea
rs

fo
r
th
e
d
if
fe
r-

en
t
p
o
ss
ib
le

h
el
ic
it
y
st
at
es
,
w
e
q
u
o
te

a
ra
n
g
e
o
f
li
m
it
s,

co
rr
es
p
o
n
d
in
g
to
th
e
o
p
er
at
o
rs
w
it
h
th
e
la
rg
es
ta
n
d
sm

al
le
st

p
o
ss
ib
le

ra
te

w
it
h
in

th
is
d
ec
o
m
p
o
si
ti
o
n
.
N
u
m
b
er
s
ar
e
ca
l-

cu
la
te
d
u
si
n
g
th
e
n
u
cl
ea
r
m
at
ri
x
el
em

en
ts
o
f
[1
6
]
an
d
th
e

u
n
ce
rt
ai
n
ty

o
n

M
ef
f
sc
al
es

as
!
ðM

ef
fÞ
/
ð!

M
N
uc
lÞð

1=
5Þ
,

w
h
er
e
M

N
uc
l
st
an
d
s
g
en
er
ic
al
ly

fo
r
th
e
n
u
cl
ea
r
m
at
ri
x

el
em

en
ts
.
C
u
rr
en
t
li
m
it
s
ra
n
g
e
fr
o
m

M
ef
f
*

1:
2–
3:
1
T
eV

,
w
h
il
e
fu
tu
re

se
n
si
ti
v
it
ie
s
u
p
to

M
ef
f
*

1:
8–
4:
6
T
eV

ar
e

ex
pe
ct
ed
. C
.
L
H
C

vs
0!

"
"
:
N
u
m
er
ic
al

an
al
ys
is

In
th
is

se
ct
io
n
w
e
co
m
p
ar
e
th
e
L
H
C

an
d
0!

"
"

se
n
si
-

ti
v
it
ie
s
o
f
th
e
d
if
fe
re
n
t
d
ec
o
m
p
o
si
ti
o
n
s
fo
r
0!

"
"
.
In

th
e

n
u
m
er
ic
al
an
al
y
si
s
w
e
w
il
l
d
ev
el
o
p
in

th
is
se
ct
io
n
,
w
e
w
il
l

co
n
ce
n
tr
at
e
o
n
th
e
ca
se

w
h
en

th
e
fe
rm

io
n
m
as
s
is
sm

al
le
r

th
an

(o
n
e
o
f)

th
e
sc
al
ar

m
as
se
s.
T
h
e
n
u
m
er
ic
al
an
al
y
si
s
o
f

th
e
ca
se

w
h
en

th
e
fe
rm

io
n
m
as
s
is

la
rg
er

th
an

th
e
sc
al
ar

m
as
se
s
w
il
l
b
e
p
re
se
n
te
d
in

a
fu
tu
re

p
ap
er
.

W
e
ca
n
d
iv
id
e
th
e
d
is
cu
ss
io
n
o
f
al
l
1
8
d
ec
o
m
p
o
si
ti
o
n
s

in
to

tw
o
g
ro
u
p
s
o
f
ca
se
s.

T
h
e
fi
rs
t
g
ro
u
p
co
rr
es
p
o
n
d
s
to

‘‘
sy
m
m
et
ri
c
‘‘
an
d
‘‘
li
k
e-
sy
m
m
et
ri
c’
’
d
ec
o
m
p
o
si
ti
o
n
s.
T
h
e

fo
rm

er
ar
e
si
m
p
ly

th
o
se

d
ec
o
m
p
o
si
ti
o
n
s
in

w
h
ic
h
a
sc
al
ar

w
it
h

th
e
sa
m
e
q
u
an
tu
m

n
u
m
b
er
s
ap
p
ea
rs

tw
ic
e
in

th
e

d
ia
g
ra
m

(1
-i
,
5
-i
,
4
-i
),

w
h
il
e
th
e
la
tt
er

ar
e
th
o
se

w
it
h

tw
o
d
if
fe
re
n
t
sc
al
ar
s
bu
t
o
f
th
e
sa
m
e
k
in
d
(t
w
o
d
if
fe
re
n
t

le
p
to
q
u
ar
k
s
o
r
tw
o
d
if
fe
re
n
t
d
iq
u
ar
k
s,

su
ch

as
2
-i
ii
,
3
-i
).

T
h
e
se
co
n
d
g
ro
u
p
co
rr
es
p
o
n
d
s
to

‘‘
as
y
m
m
et
ri
c’
’
d
ec
o
m
-

p
o
si
ti
o
n
s.

T
h
o
se

co
rr
es
p
o
n
d
to

d
ec
o
m
p
o
si
ti
o
n
s
w
it
h
S
þ
2

an
d
ei
th
er

an
S
þ
1
o
r
a
d
iq
u
ar
k
(1
-i
i,
3
-i
i,
3
-i
ii
)
an
d
d
ec
o
m
-

p
o
si
ti
o
n
s
w
it
h
a
le
p
to
q
u
ar
k
an
d
ei
th
er

an
S
þ
1
o
r
a
d
iq
u
ar
k

(2
-i
,
2
-i
i,
4
-i
i,
5
-i
i)
.

F
ir
st

w
e
w
il
l
d
er
iv
e
li
m
it
s
fr
o
m

ex
is
ti
n
g
L
H
C

d
at
a
at

ffiffiffi sp
¼

8
T
eV

to
co
m
p
ar
e
th
e
d
is
co
ve
ry

p
o
te
n
ti
al

o
f
th
e

fo
rt
h
co
m
in
g

ffiffiffi sp
¼

14
T
eV

p
h
as
e
o
f
th
e
L
H
C

w
it
h

th
e

se
n
si
ti
v
it
y
o
f
cu
rr
en
t
an
d
fu
tu
re

0!
"
"
d
ec
ay

ex
pe
ri
m
en
ts
.

W
e

w
il
l
b
eg
in

o
u
r
d
is
cu
ss
io
n

w
it
h

th
e

‘‘
sy
m
m
et
ri
c’
’

d
ec
o
m
p
o
si
ti
o
n
ð" u
d
Þð
" eÞ
ð" e
Þð
" u
d
Þ.

A
s
d
is
cu
ss
ed

in
S
ec
.
IV

A
th
e
m
o
st

st
ri
n
g
en
t
cu
rr
en
t

li
m
it
s
fr
o
m

th
e
L
H
C

o
n
li
k
e-
si
g
n
le
p
to
n
se
ar
ch
es

co
m
e

fr
o
m

d
at
a
ta
k
en

b
y
th
e
C
M
S
C
o
ll
ab
o
ra
ti
o
n
at

ffiffiffi sp
¼

8
T
eV

[3
2
].
C
M
S
al
so

p
re
se
n
ts
u
p
p
er

li
m
it
s
o
n
#
%

B
rðe

ej
jÞ
as

a
fu
n
ct
io
n
o
f
m

ee
jj
.T

h
es
e
li
m
it
s
ap
p
ly

d
ir
ec
tl
y
to

th
e
ca
se

o
f

th
e

d
ec
o
m
p
o
si
ti
o
n

ð" u
d
Þð
" eÞ
ð" e
Þð
" u
d
Þ,

w
h
ic
h

d
es
cr
ib
es

at
L
H
C

a
p
ro
d
u
ce
d
sc
al
ar

S
þ
1
,
d
ec
ay
in
g
to

S
þ
1
!

c
0
eþ

,
fo
ll
ow

ed
b
y
c

0
!

eþ
" u
d
,
p
ro
d
u
ci
n
g
tw
o
m
as
s
p
ea
k
s
in

m
ee
jj
an
d
m

e 2
jj
.

T
h
e
n
u
m
b
er

o
f
ee
jj
-l
ik
e
ev
en
ts
at

th
e
L
H
C
,
in

g
en
er
al
,

d
ep
en
d
s
o
n

a
d
if
fe
re
n
t
co
m
b
in
at
io
n

o
f
co
u
p
li
n
g
s
an
d

m
as
se
s

th
an

th
e

0!
"
"

d
ec
ay

am
p
li
tu
d
e.

T
h
e

0!
"
"

h
al
f-
li
fe

d
ep
en
d
s
o
n
th
e
ef
fe
ct
iv
e
p
ar
am

et
er
s
d
efi
n
ed

in
E
q
.(
5
)
an
d
th
e
cr
o
ss
se
ct
io
n
#
%

B
rðe

ej
jÞ
is
,i
n
th
e
n
ar
ro
w

w
id
th

ap
p
ro
x
im

at
io
n
,
p
ro
p
o
rt
io
n
al

to
g
2 u
d
S
þ
1
an
d
to

a
n
o
n
-

tr
iv
ia
l
fu
n
ct
io
n
F
S
þ
1
o
f
th
e
sc
al
ar

m
as
s
m

S
þ
1
.
W
e
ca
n
th
en

w
ri
te

th
e
n
u
m
b
er

o
f
ev
en
ts
as

#
%

B
rðe

ej
jÞ

¼
#
ðp
p
!

S
Þ%

B
rðS

!
ee
jj
Þ

¼
F
S
ðm

S
Þg

2 1
B
rðS

!
ee
jj
Þ;

(6
)

d
efi
n
in
g

F
S
þ
1
ðm

S
þ
1
Þ¼

#
ðp
p
!

S
þ
1
Þ=
g
2 u
d
S
þ
1
:

(7
)

T
h
e
B
rðS

!
ee
jj
Þc

an
b
e
ca
lc
u
la
te
d
fr
o
m

E
q
.
(A

2
)
an
d
is

eq
u
al

to

B
rðS

!
ee
jj
Þ¼

f
ðm

c
=m

S
Þg

2 2

3g
2 1
þ

f
ðm

c
=m

S
Þg

2 2

%
1 2
:

(8
)

H
er
e

S
¼

S
þ
1
,

g
1
¼

g
u
d
S
þ
1
,

g
2
¼

g
e
c

0
S
þ
1
,

c
¼

c
0

an
d

f
ðx
Þ¼

ð1
&

x2
Þ2 .

N
o
te

th
at

in
th
e
li
m
it

w
h
er
e
al
l

co
u
p
li
n
g
s
ar
e
eq
u
al

(a
n
d
m

c
0
¼

0)
B
rðS

þ
1
!

eþ
eþ

jj
Þ¼

B
rðS

þ
1
!

eþ
e&

jj
Þ’

1=
8.

W
e
h
av
e
u
se
d
C
A
L
C
H
E
P
[4
2
]
to

ca
lc
u
la
te
th
e
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
s
fo
r
S
þ
1
at
th
e
L
H
C
.

W
e
h
av
e
co
m
p
ar
ed

o
u
r
cr
o
ss

se
ct
io
n
s
w
it
h
th
e
fi
g
u
re
s
in

[2
7
]
fi
n
d
in
g
q
u
it
e
g
o
o
d
ag
re
em

en
t.

In
‘‘
sy
m
m
et
ri
c’
’
d
ec
o
m
p
o
si
ti
o
n
s,

su
ch

as
ð" u
d
Þð
" eÞ
ð" e
Þ%

ð" u
d
Þ,
th
e
ef
fe
ct
iv
e
co
u
p
li
n
g
s
an
d
sc
al
ar

b
o
so
n
m
as
se
s
ar
e

p
ai
rw

is
e
eq
u
al
,
i.
e.
in

E
q
.
(5
)
g
1
¼

g
4
,
g
2
¼

g
3
an
d
m

S
¼

m
S
0 .
T
h
en
,
th
e
ef
fe
ct
iv
e
p
ar
am

et
er
s
d
efi
n
ed

in
(5
)
b
ec
o
m
e

M
ef
fðS

Þ
¼

ðm
4 S
m

c
Þ1=

5
;

g
ef
fðS

Þ
¼

ðg
1
g
2
Þ1=

2
:

(9
)

E
q
u
at
io
n
(6
)
d
ep
en
d
s
o
n
fo
u
r
va
ri
ab
le
s:

th
e
co
u
p
li
n
g
s

g
1
,g

2
an
d
th
e
m
as
se
s
m

S
,m

c
.F

or
co
m
p
ar
is
o
n
w
it
h
0!

"
"

w
e
h
av
e
ex
pr
es
se
d
E
q
.
(6
),
u
si
n
g
E
q
s.
(9
)
an
d
(8
),
in

te
rm

s
o
f
fo
u
r
n
ew

va
ri
ab
le
s:
th
e
ef
fe
ct
iv
e
co
u
p
li
n
g
an
d
m
as
s
g
ef
f,

M
ef
f,
re
sp
ec
ti
v
el
y,
th
e
fe
rm

io
n
m
as
s
m

c
an
d
B
rðS

!
ee
jj
Þ.

T
h
en
,b
y
u
si
n
g
E
q
.(
6
)
ex
p
re
ss
ed

in
te
rm

s
o
f
th
es
e
fo
u
r
n
ew

va
ri
ab
le
s,
an
d
th
e
cu
rr
en
tl
im

it
s
o
n
#
%

B
rðe

ej
jÞ
p
re
se
n
te
d

b
y

C
M
S

[3
2
],

w
e

ca
n

p
lo
t
in

th
e

p
la
n
e

g
ef
f
ve
rs
u
s

M
ef
f
b
o
u
n
d
s
o
f
th
e

L
H
C

fo
r
d
if
fe
re
n
tt

va
lu
es

o
f
th
e

B
rðS

þ
1
!

ee
jj
Þ
an
d

th
e

fe
rm

io
n

m
as
s
m

c
0
.
W
e

h
av
e

d
ra
w
n
th
es
e
li
m
it
s
fo
r
B
rðS

þ
1
!

ee
jj
Þ¼

10
&
1
(s
o
li
d
re
d

li
n
es
)
an
d
B
rðS

þ
1
!

ee
jj
Þ¼

10
&
2
(d
as
h
ed

re
d
li
n
es
)
in

F
ig
.
7
,
u
si
n
g
d
if
fe
re
n
t
va
lu
es

o
f
th
e
fe
rm

io
n
m
as
s
m

c
0
¼

20
0
G
eV

,
8
0
0

G
eV

.
F
o
r
la
rg
er

m
as
se
s
m

c
0
th
e

L
H
C

li
m
it
s

b
ec
o
m
e

m
o
re

st
ri
n
g
en
t
ex
ce
p
t
fo
r

th
e

re
g
io
n

ðm
c

0
&

m
S
þ
1
Þ&

10
0
G
eV

,
w
h
er
e

th
e

L
H
C

se
n
si
ti
v
it
y

b
ec
o
m
es

ve
ry

sm
al
l
as

w
e
d
is
cu
ss
ed

in
S
ec
.
IV

A
.
N
o
te

th
at
th
e
fo
r
th
e
d
o
tt
ed
/d
as
h
ed

li
n
es
,
th
e
p
ar
t
o
f
th
e
li
n
e
th
at

is
sh
ow

n
d
o
tt
ed

co
rr
es
p
o
n
d
s

to
va
lu
es

o
f

1
'

g
1
¼

g
u
d
S
þ
1
'

2,
i.
e.
cl
o
se

to
va
lu
es

w
h
er
e
th
is
co
u
p
li
n
g
w
o
u
ld

b
ec
o
m
e
n
o
n
p
er
tu
rb
at
iv
e.

In
ad
d
it
io
n
,
F
ig
.
7
sh
ow

s
cu
rr
en
t
an
d
fu
tu
re

li
m
it
s
fr
o
m

0!
"
"
d
ec
ay
.
T
h
e
d
ar
k
g
ra
y
ar
ea

is
th
e
cu
rr
en
tl
y
ex
cl
u
d
ed

p
ar
t
o
f
p
ar
am

et
er

sp
ac
e
fr
o
m

n
o
n
o
b
se
rv
at
io
n

o
f

13
6
X
e

S
H
O
R
T
-R
A
N
G
E
M
E
C
H
A
N
IS
M
S
O
F
N
E
U
T
R
IN

O
L
E
S
S
D
O
U
B
L
E
..
.

P
H
Y
S
IC
A
L
R
E
V
IE
W

D
88

,
0
7
3
0
1
1
(2
0
1
3
)

0
7
3
0
1
1
-9

EXO exclusion 

Future Xe: T1/2 
> 1027 yr 

29 



0νββ-Decay: TeV Scale LNV  

Helo et al claim: 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

LHC: pp !   jj e-e- 

Fig. 11 

We show limits for the different decompositions assuming
scalars are exchanged. The limits on Meff are in TeV and

scale as gð4=5Þeff . Within a given decomposition different
operators can appear in the calculation of the 0!"" decay
half-life. If within a given decomposition there is more
than one operator combination that appears for the differ-
ent possible helicity states, we quote a range of limits,
corresponding to the operators with the largest and smallest
possible rate within this decomposition. Numbers are cal-
culated using the nuclear matrix elements of [16] and the
uncertainty on Meff scales as !ðMeffÞ / ð!MNuclÞð1=5Þ,
where MNucl stands generically for the nuclear matrix
elements. Current limits range from Meff * 1:2–3:1 TeV,
while future sensitivities up to Meff * 1:8–4:6 TeV are
expected.

C. LHC vs 0!"": Numerical analysis

In this section we compare the LHC and 0!"" sensi-
tivities of the different decompositions for 0!"". In the
numerical analysis we will develop in this section, we will
concentrate on the case when the fermion mass is smaller
than (one of) the scalar masses. The numerical analysis of
the case when the fermion mass is larger than the scalar
masses will be presented in a future paper.

We can divide the discussion of all 18 decompositions
into two groups of cases. The first group corresponds to
‘‘symmetric ‘‘ and ‘‘like-symmetric’’ decompositions. The
former are simply those decompositions in which a scalar
with the same quantum numbers appears twice in the
diagram (1-i, 5-i, 4-i), while the latter are those with
two different scalars but of the same kind (two different
leptoquarks or two different diquarks, such as 2-iii, 3-i).
The second group corresponds to ‘‘asymmetric’’ decom-
positions. Those correspond to decompositions with Sþ2

and either an Sþ1 or a diquark (1-ii, 3-ii, 3-iii) and decom-
positions with a leptoquark and either an Sþ1 or a diquark
(2-i, 2-ii, 4-ii, 5-ii).

First we will derive limits from existing LHC data atffiffiffi
s

p ¼ 8 TeV to compare the discovery potential of the
forthcoming

ffiffiffi
s

p ¼ 14 TeV phase of the LHC with the
sensitivity of current and future 0!"" decay experiments.
We will begin our discussion with the ‘‘symmetric’’
decomposition ð "udÞð "eÞð "eÞð "udÞ.

As discussed in Sec. IVA the most stringent current
limits from the LHC on like-sign lepton searches come
from data taken by the CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV
[32]. CMS also presents upper limits on #% BrðeejjÞ as a
function of meejj. These limits apply directly to the case of
the decomposition ð "udÞð "eÞð "eÞð "udÞ, which describes at
LHC a produced scalar Sþ1, decaying to Sþ1 ! c 0e

þ,
followed by c 0 ! eþ "ud, producing two mass peaks in
meejj and me2jj.

The number of eejj-like events at the LHC, in general,
depends on a different combination of couplings and
masses than the 0!"" decay amplitude. The 0!""

half-life depends on the effective parameters defined in
Eq. (5) and the cross section #% BrðeejjÞ is, in the narrow
width approximation, proportional to g2udSþ1

and to a non-

trivial function FSþ1
of the scalar mass mSþ1

. We can then
write the number of events as

#% BrðeejjÞ ¼ #ðpp ! SÞ % BrðS ! eejjÞ
¼ FSðmSÞg21BrðS ! eejjÞ; (6)

defining

FSþ1
ðmSþ1

Þ ¼ #ðpp ! Sþ1Þ=g2udSþ1
: (7)

The BrðS ! eejjÞ can be calculated from Eq. (A2) and is
equal to

BrðS ! eejjÞ ¼ fðmc =mSÞg22
3g21 þ fðmc =mSÞg22

% 1

2
: (8)

Here S ¼ Sþ1, g1 ¼ gudSþ1
, g2 ¼ gec 0Sþ1

, c ¼ c 0

and fðxÞ ¼ ð1& x2Þ2. Note that in the limit where all
couplings are equal (and mc 0

¼ 0) BrðSþ1 ! eþeþjjÞ ¼
BrðSþ1 ! eþe&jjÞ ’ 1=8. We have used CALCHEP [42] to
calculate the production cross sections for Sþ1 at the LHC.
We have compared our cross sections with the figures in
[27] finding quite good agreement.
In ‘‘symmetric’’ decompositions, such as ð "udÞð "eÞð "eÞ%

ð "udÞ, the effective couplings and scalar boson masses are
pairwise equal, i.e. in Eq. (5) g1 ¼ g4, g2 ¼ g3 and mS ¼
mS0 . Then, the effective parameters defined in (5) become

MeffðSÞ ¼ ðm4
Smc Þ1=5; geffðSÞ ¼ ðg1g2Þ1=2: (9)

Equation (6) depends on four variables: the couplings
g1, g2 and the masses mS, mc . For comparison with 0!""
we have expressed Eq. (6), using Eqs. (9) and (8), in terms
of four new variables: the effective coupling and mass geff ,
Meff , respectively, the fermion massmc and BrðS ! eejjÞ.
Then, by using Eq. (6) expressed in terms of these four new
variables, and the current limits on#% BrðeejjÞ presented
by CMS [32], we can plot in the plane geff versus
Meff bounds of the LHC for differentt values of the
BrðSþ1 ! eejjÞ and the fermion mass mc 0

. We have
drawn these limits for BrðSþ1 ! eejjÞ ¼ 10&1 (solid red
lines) and BrðSþ1 ! eejjÞ ¼ 10&2 (dashed red lines) in
Fig. 7, using different values of the fermion mass mc 0

¼
200 GeV, 800 GeV. For larger masses mc 0

the LHC
limits become more stringent except for the region
ðmc 0

&mSþ1
Þ & 100 GeV, where the LHC sensitivity

becomes very small as we discussed in Sec. IVA. Note
that the for the dotted/dashed lines, the part of the line that
is shown dotted corresponds to values of 1 ' g1 ¼
gudSþ1

' 2, i.e. close to values where this coupling would
become nonperturbative.
In addition, Fig. 7 shows current and future limits from

0!"" decay. The dark gray area is the currently excluded
part of parameter space from nonobservation of 136Xe
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0νββ-Decay: TeV Scale LNV  
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.
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TeV Scale LNV 

Comparing 0νββ & LHC 
sensitivities (our work): 
 
•  LHC backgrounds 
•  Running effective op’s to low 

energy 
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•  Long range NME 
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0νββ-Decay: TeV Scale LNV  
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•  Charge flip 

•  Jet faking electron 
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0νββ-Decay: TeV Scale LNV  

Backgrounds: 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

•  Charge flip 

•  Jet faking electron  e+	

 e+	  e-	
Z	

 e+ transfers most of pT to conversion e- ; 
Z / γ*  + jets !  apparent e- e- jj event   

 e-	

g	

g	
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Electron charge misidentification probability:

Global misidentification probability = 
(agrees with 
1110.3174v2) 

CMS, arXiv:1110.3174v2

For charge-flip events: 
 Bin the events according to the η bins above.
 When making the histograms, if an event has η falling into any of the bins above, 

the event weight is then multiplied by the corresponding misID probability in that eta bin.

Bin in η and apply charge flip prob  
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Jet fakes (e.g., π+ looks like e+ ) 
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Cuts 
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Match onto Oeff  at  ΛBSM  

4

FIG. 1: Significance of a LHC e�e� + di-jet signal as a func-
tion of integrated luminosity assuming the maximum C1/⇤

5

consistent with the GERDA 0⌫�� half-life limit. Upper and
lower curves correspond to values of the NME M0 = �1.0 and
�1.99, respectively.

FIG. 2: Present and future reach of 0⌫�� and LHC searches
for the TeV LNV interaction (1) as functions of the e↵ective
coupling ge↵ and mass scale ⇤ (see text). Present GERDA
exclusion and future tonne-scale 0⌫�� sensitivity are indi-
cated by upper and lower shaded regions, respectively. Darker
shaded bands indicate impact of varying M0⇤

2
H by a factor of

two. LHC exclusion reach for representative integrated lumi-
nosities are indicated by the solid, dashed, and dotted lines.

present GERDA limit for 76Ge (T1/2 <3⇥1025 yr) as
implied by Eq. (8). We see that non-observation with
⇠ 735 fb�1 (⇠ 70 fb�1) would imply exclusion at a level
consistent with the present GERDA limit assuming the
larger (smaller) value of M0⇤2

H . The corresponding re-
quirement for discovery S/

p
S +B � 5 is >⇠4.6 ab�1 (>⇠

435 fb�1). It is striking that a factor of two di↵erence in
M0⇤2

H , when translated into an upper bound on C1/⇤5,
implies an order of magnitude di↵erence in the luminos-
ity needed for LHC exclusion or discovery. The ex-
clusion and discovery reaches for both the LHC and a

FIG. 3: Same as Fig. 2 but giving LHC discovery reach.

future, one-ton 0⌫��-decay as functions of ⇤ and an ef-
fective coupling ge↵ = C1(⇤)1/4 are shown Figs. 2 and
3, respectively. We use a prospective 76Ge sensitivity of
T1/2 = 6⇥1027 yr[46]. We also show the present GERDA
exclusion for reference. The darker shaded bands at the
lower edges of each 0⌫��-decay exclusion and future sen-
sitivity regions indicate the impact of varying M0⇤2

H by
a factor of two. From Fig. 2 we observe that with >⇠ 100
fb�1 the LHC would begin to extend the present GERDA
exclusion for ⇤ in the vicinity of 1.4 TeV for the larger
value of |M0|⇤2

H and for a broader range of masses as-
suming the smaller value. As indicated by Fig. 3, the
opportunities for discovery with 300 fb�1 appear more
limited, even under the assumption of the smaller nu-
clear and hadronic matrix elements. However, the high
luminosity phase of the LHC with 3 ab�1 could open
the possibility for discovery over a range of masses that
depends on the value of M0⇤2

H .

From the standpoint of the LHC, this conclusion is not
as optimistic as obtained in Refs. [29, 30], as the reach
of the tonne-scale 0⌫��-decay experiments appears to
exceed that of the high-luminosity LHC over nearly the
entire range of parameter space considered. It is, nev-
ertheless, interesting to compare the prospects for both
0⌫��-decay and the LHC, as observation of a signal in
both experiments is possible and would point to the exis-
tence of TeV scale LNV interactions. Reducing the 0⌫��-
decay nuclear and hadronic matrix element uncertainties,
as well as refining the estimates of jet-fake and charge flip
backgrounds at the LHC, would clearly clearly sharpen
the implications of this comparison.
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0ν ββ - decay in effective field theory 
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0ν ββ - decay in effective field theory 
Operator classification 
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Putting Pieces Together 
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0νββ-Decay: TeV Scale LNV  
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0νββ / LHC Interplay: Matrix Elements 
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LNV: pp at 100 TeV 

Cut based analysis Machine learning 

M. Graesser, T. Peng, 
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V. Summary 

•  LNV interactions responsible for mν may live at any 
scale from the conventional see-saw scale to the sub-
GeV scale 

•  TeV scale LNV is theoretically well-motivated and 
would have important implications for baryogenesis if 
it exists 

•  0νββ-decay and collider searches provide 
complementary probes of this scenario 

•  Fully exploiting this inter-frontier interface poses new 
challenges for hadronic & nuclear structure theory 




