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Introduction

Neutrino oscillation ⇒
Neutrinos have masses

Open question: Dirac or
Majorana?

Is Lepton Number
conserved in nature?
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Introduction II

NEUTRINOLESS DOUBLE-BETA DECAY 499
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Fig. 14.10. Tree-level quark diagram of
a 2β−0ν process.
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Fig. 14.11. Tree-level quark diagram
of a 2β−0ν process in the case of three-
-neutrino mixing.

The particle–antiparticle mismatch. A ν̄e emitted in the upper leptonic ver-
tex cannot be absorbed in the lower leptonic vertex, which is capable only of
absorbing a νe.

The helicity mismatch. The helicity of the neutral lepton emitted in the upper
leptonic vertex is positive and the lower leptonic vertex can absorb only a neutral
lepton with negative helicity.

Therefore, there are two necessary conditions for the occurrence of 2β0ν-decay
processes (for simplicity, for the moment we do not consider neutrino mixing, which
will be taken into account later):

Particle–antiparticle matching: ν̄e = νe. The electron neutrino must be a
Majorana particle. In this case, the total lepton number is not conserved (see
section 6.2.4).

Helicity matching: mνe �= 0. In this case, the upper leptonic vertex can emit
a neutrino with negative helicity with relative amplitude mνe/Eνe (see
eqn (6.106)), which is absorbed by the lower leptonic vertex with relative
amplitude equal to unity.

These two conditions are illustrated in Fig. 14.9. It is clear that, if these two
conditions are satisfied, i.e. if the electron neutrino is a massive Majorana particle,
the amplitude of a 2β0ν-decay process is proportional to the Majorana mass mνe

of the electron neutrino (Fig. 14.10).
Let us now consider neutrino mixing with the SM weak leptonic current in

eqn (14.23). Since, in this case, the electron neutrino field is a superposition of Majo-
rana massive neutrino fields, the massive Majorana neutrinos propagate between
the two leptonic weak interaction vertices, as illustrated in Fig. 14.11. For the prop-
agation of the massive Majorana neutrino νk, each leptonic weak interaction vertex
in Fig. 14.11 is described by eL γ

ρ Uek νkL, leading to a factor U2
ek in the amplitude

of the process. In order to satisfy the helicity matching condition, there is also
a factor mk. Summing over the contributions of the three massive neutrinos, we

〈mν〉 =
∑

j

U2
ej mj ≡ mee

νe

W

e−

d u u

e−

d

νe

W

Figure : Black Box Theorem [Schechter
& Valle, 1982]
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Introduction III

Left-Right Symmetry

R-Parity Violating
Supersymmetry

Leptoquarks

Extradimensions

etc.
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Picture taken from:
J. Phys. G 39, 124007 (2012)
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High Energy Examples

Short-Range
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Short-Range Mechanisms (SRM)

Effective Lagrangian

d

d

u

e

e

u

L0νββ
eff =

G 2
F

2mp

∑

i

C XY
i (µ) · Oi (µ), (1)

with the operator basis:

OXY
1 = 4(ūPX d)(ūPY d) j , (2)

OXX
2 = 4(ūσµνPX d)(ūσµνPX d) j , (3)

OXY
3 = 4(ūγµPX d)(ūγµPY d) j , (4)

OXY
4 = 4(ūγµPX d)(ūσµνPY d) jν , (5)

OXY
5 = 4(ūγµPX d)(ūPY d) jµ (6)

j = ē(1± γ5)ec , jµ = ēγµγ5ec .
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Half-life in the SRM

Applying standard nuclear theory methods, one finds for the
half-life:

Half-life

[
T 0νββ

1/2

]−1
= G1

∣∣∣∣∣
3∑

i=1

Ci (µ0)Mi

∣∣∣∣∣

2

+ G2

∣∣∣∣∣
5∑

i=4

Ci (µ0)Mi

∣∣∣∣∣

2

(7)

Here, G1 = G01 and G2 = (meR)2G09/8 are phase space factors in
the convention of [Doi et al., 1985], and Mi = 〈Af |Oh

i |Ai 〉 are the
nuclear matrix elements defined in Ref. [Päs et al., 2001].

M.González QCD in NDBD



Long-Range Mechanisms (LRM)

Effective Lagrangian

ν

d

d

u

e

e

u

Ld=6
eff =

GF√
2

(
jµJ†µ +

∑

i

C X
i (µ)O(6)X

i (µ)

)
(8)

O(6)X
1 = ūPX d · ēPRν

C , (9)

O(6)X
2 = ūσµνPX d · ēσµνPRν

C , (10)

O(6)X
3 = ūγµPX d · ēγµPRν

C (11)

jµ = ēγµ(1− γ5)ν, Jµ = d̄γµ(1− γ5)u
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Half-life in the LRM

Applying standard nuclear theory methods, one finds for the
half-life:

Half-life

[T 0νββ
1/2 ]−1 = |Ci ME |2 (12)

Currently the best bounds are

KamLAND-Zen : T 0ν
1/2(136Xe) = 1.07× 1026 ys (90%C.L.),

GERDA Phase-II : T 0ν
1/2(76Ge) = 5.2 × 1025 ys (90%C.L.).

M.González QCD in NDBD



SRM v/s LRM

SRM
Elementary quark-level
(uudddd)
dd → uu + 2e−

Hadronic level
nn→ pp + 2e−

LRM
Elementary quark-level
d → u + e−ν
Hadronic level
nn→ pp + 2e−

QCD corrections:
Short-Range Mechanisms
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QCD corrections:
Long-Range Mechanisms
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QCD corrections:
Short-Range Mechanisms
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QCD corrections:
Long-Range Mechanisms

ν

d

d

u

e

e

u

T a
αβT a

γρ = − 1

2N
δαβδγρ +

1

2
δαρδβγ (13)

Color Mismatch effect.
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Renormalization Group Equations

[Buras, 1998] :

RGE of WC

d~C (µ)

d lnµ
= γ̂T ~C (µ), (14)

γ̂(αs) = −2αs
∂Ẑ1(αs)

∂αs
, (15)

~C (µ) = Û(µ,MW ) · ~C (MW ). (16)
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Results: SRM

Without QCD

[
T 0νββ

1/2

]−1
= G1

∣∣∣∣∣
3∑

i=1

Ci (µ0)Mi

∣∣∣∣∣
2

+ G2

∣∣∣∣∣
5∑

i=4

Ci (µ0)Mi

∣∣∣∣∣
2

(17)

With QCD

[
T 0νββ

1/2

]−1
= G1

∣∣∣βXX
1 C XX

1 (Λ) + βLR
1 C LR

1 (Λ) + βXX
2 C XX

2 (Λ)+

+ βXX
3 C XX

3 (Λ) + βLR
3 C LR

3 (Λ)
∣∣∣2

+ G2

∣∣∣βXX
4 C RR

4 (Λ) + βLR
4 C LR

4 (Λ) + βXX
5 C RR

5 (Λ) + βLR
5 C LR

5 (Λ)
∣∣∣2 ,

where

βXX
1 =M1

1︷︸︸︷
UXX

11 +M2

0︷︸︸︷
UXX

21

M.González QCD in NDBD



AX M1 M2 M(+)
3 M(−)

3 |M4| |M5|
76Ge 9.0 −1.6× 103 1.3× 102 2.1× 102 |1.9× 102| |1.9× 101|

136Xe 4.5 −8.5× 102 6.9× 101 1.1× 102 |9.6× 101| |9.3|

Table : The numerical values of the nuclear matrix elements Mi taken
from Ref. [Deppisch et al., 2012].
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With QCD Without QCD With QCD Without QCD
AX |C XX

1 (Λ1)| |C XX
1 (Λ2)| |C XX

1 | |C LR,RL
1 (Λ1)| |C LR,RL

1 (Λ2)| |C LR,RL
1 |

76Ge 5.0× 10−10 3.8× 10−10 2.6× 10−7 1.5× 10−8 9.1× 10−9 2.6× 10−7

136Xe 3.4× 10−10 2.6× 10−10 1.8× 10−7 9.7× 10−9 6.1× 10−9 1.8× 10−7

AX |C XX
2 (Λ1)| |C XX

2 (Λ2)| |C XX
2 | − − −

76Ge 3.5× 10−9 5.2× 10−9 1.4× 10−9 − − −
136Xe 2.4× 10−9 3.5× 10−9 9.4× 10−10 − − −

AX |C XX
3 (Λ1)| |C XX

3 (Λ2)| |C XX
3 | |C LR,RL

3 (Λ1)| |C LR,RL
3 (Λ2)| |C LR,RL

3 |
76Ge 1.5× 10−8 1.6× 10−8 1.1× 10−8 2.0× 10−8 2.1× 10−8 1.8× 10−8

136Xe 9.7× 10−9 1.1× 10−8 7.4× 10−9 1.4× 10−8 1.4× 10−8 1.2× 10−8

AX |C XX
4 (Λ1)| |C XX

4 (Λ2)| |C XX (0)
4 | |C LR,RL

4 (Λ1)| |C LR,RL
4 (Λ2)| |C LR,RL(0)

4 |
76Ge 5.0× 10−9 3.9× 10−9 1.2× 10−8 1.7× 10−8 1.9× 10−8 1.2× 10−8

136Xe 3.4× 10−9 2.7× 10−9 7.9× 10−9 1.2× 10−8 1.3× 10−8 7.9× 10−9

AX |C XX
5 (Λ1)| |C XX

5 (Λ2)| |C XX
5 | |C LR,RL

5 (Λ1)| |C LR,RL
5 (Λ2)| |C LR,RL

5 |
76Ge 2.3× 10−8 1.4× 10−8 1.2× 10−7 3.9× 10−8 2.8× 10−8 1.2× 10−7

136Xe 1.6× 10−8 9.5× 10−9 8.2× 10−8 2.8× 10−8 2.0× 10−8 8.2× 10−8

Table : Individual upper limits on Wilson Coefficients
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Results:LRM

without QCD
[
T 0νββ

1/2

]−1
= G0k |Ci (µ0) ·ME |2 (18)

With QCD
[
T 0νββ

1/2

]−1
= G0k |Ui (µ0,Λ)Ci (Λ) ·ME |2 (19)

with

U1 = 1.6, U2 = 0.6, U3 = 0.8
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Without QCD With QCD
76Ge 136Xe 76Ge 136Xe

C V +A
V−A 2.2× 10−9 1.5× 10−9 2.7× 10−9 1.9× 10−9

C V +A
V +A 3.4× 10−7 2.4× 10−7 4.3× 10−7 3.0× 10−7

C S+P
S−P 5.3× 10−9 3.7× 10−9 3.3× 10−9 2.3× 10−9

C S+P
S+P 5.3× 10−9 3.7× 10−9 3.3× 10−9 2.3× 10−9

C
TL
TR

3.1× 10−10 2.2× 10−10 5.0× 10−10 3.5× 10−10

C
TR
TR

8.2× 10−10 5.7× 10−10 1.4× 10−9 9.2× 10−10

Table : Individual upper limits on Wilson coefficients, without QCD and
with QCD running for comparison
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Freezing work in progress
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(20)
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Preliminary results I work in progress
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Figure : Relative change of the limit on the short-range coefficients with
respect to the “frozen” value of αS at low energies. Here αF

S represents
α̃S (Q2) for Q2 ≤ 0.1 GeV2. ∆(C AB

i ) is calculated normalizing with
respect to the value of the coefficient derived without “freezing” and
using an αS (1 GeV2) ' 0.32.

∆(C XY
i ) = C XY

i (αF
S )/C XY

i (αS (1 GeV)) (21)
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Preliminary results II work in progress
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Figure : Relative change of the limit on the long-range coefficients with
respect to the “frozen” value of αS at low energies. Note the change of
scale with respect to the short-range figure.
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Summary and Conclusions

We have calculated QCD running to the complete set of
Lorentz-invariant operators for the short-range (SR) part and
for the long-range part of the NDBD amplitude.

We showed that the QCD corrections are indeed important in
the SR principally because of the operator mixing

We showed that in the long-range part the QCD correction is
not as important as in the short-range part

We analysed the IR behaviour of QCD running. With the
exception of C XX

2 (in the SRM), the Wilson coefficients
depend only moderately on the exact value of αF

S and it seems
we can extract reliable limits on these coefficients from 0νββ

Thanks for your attention!
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Back Up #1
A non-trivial example: Rp/ SUSY

d̃R
χ, g

d̃R

ēL

ūL

ēL

ūL
dR dR

(a)

ũL χ, g
d̃R

ēL

dR

ēL

ūL
ūL dR

(b)

ũL χ, g ũL

ēL

dR

ēL

dR
ūL ūL

(c)

d̃R
χ ẽL

ūL

ēL

dR

ūL
dR ēL

(d)

ũL χ ẽL

dR

ēL

dR

ūL
ūL ēL

(e)

ẽL χ ẽL

dR

ūL

dR

ūL
ēL ēL

(f)

Figure : The six different Feynman diagrams in R-parity violating
supersymmetry that contribute to 0νββ decay.

M.González QCD in NDBD



Back Up #2
A non-trivial example: Rp/ SUSY

g̃ -exchange contribution:

Lg̃
eff =

G 2
F

2mp

(Cg̃a Oa + Cg̃b Ob + Cg̃c Oc) = (22)

=
G 2

F

2mp

1

48

[
(2Cg̃a + 2Cg̃c − 7Cg̃b)ORR

1 −
1

4
(2Cg̃a + 2Cg̃c + Cg̃b)ORR

2

]
.

χ-exchange contribution:

Lg̃
eff =

G 2
F

2mp

∑
i=a···f

C#i O#i = (23)

=
G 2

F

2mp

1

128

[
4 (Cb + Cc + Ca + 4Cf − 2Cd − 2Ce)ORR

1 +

+ (Cb − Cc − Ca)ORR
2

]
.
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Back Up #3
A non-trivial example: Rp/ SUSY

Cg̃c =
κ3

mg̃

1

m4
ũL

, Cg̃a =
κ3

mg̃

1

m4
d̃R

, Cg̃b = − κ3

mg̃

1

m2
ũL
m2

d̃R

, (24)

Cb =
κ2

mχ

εL(u)εR(d)

m2
ũL
m2

d̃R

, Cc =
κ2

mχ

ε2
L(u)

m4
ũL

, Ca =
κ2

mχ

ε2
R(d)

m4
d̃R

, (25)

Cf =
κ2

mχ

ε2
L(e)

m4
ẽL

, Cd =
κ2

mχ

εL(e)εR(d)

m2
ẽL
m2

d̃R

, Ce =
κ2

mχ

εL(e)εL(u)

m2
ẽL
m2

ũL

, (26)

with

κ2 = λ′21114πα2
mp

G 2
F

, κ3 = λ′211116παs
mp

G 2
F

, (27)

εL(ψ) = tan θW [T3(ψ)− Q(ψ)], εR(ψ) = tan θWQ(ψ) , (28)
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Back Up #4
A non-trivial example: Rp/ SUSY

g̃ − exchange : λ
′
111Ge ≤ 1.0× 10−2

( mq̃

1TeV

)2 ( mg̃

1TeV

)1/2

, (29)

χ− exchange : λ
′
111Ge ≤ 7.3× 10−1

( mẽ

1TeV

)2 ( mχ̃

1TeV

)1/2

(30)

g̃ − exchange : λ
′
111Ge ≤ 9.3× 10−2

( mq̃

1TeV

)2 ( mg̃

1TeV

)1/2

, (31)

χ− exchange : λ
′
111Ge ≤ 5.2

( mẽ

1TeV

)2 ( mχ̃

1TeV

)1/2

(32)

This is about ∼10 (∼7) weaker than the limits for gluino (neutralino) cases in

Eqs. (29), (30) taking into account the QCD running.
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