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Neutrino Magnetic Moment

Neutrino magnetic moment µαβ can be defined by the Hermitian
form factor f M

αβ(0) ≡ µαβ of the term [for review see 1207.3980]

−f M
αβ(q2) ν̄β(p2) iσµνqννα(p1)

in the effective neutrino electromagnetic current

〈νβ(p2)|jeff
µ (0)|να〉 = ν̄β(p2) Λµ(p2, p1)να(p1)

where α, β = e, µ, τ are flavor indices, q = p2 − p1, and Λµ is a
general matrix in spinor space.

ναL νβR

γ
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In the SM, minimally extended to include neutrino masses, NMM
is suppressed by small masses mi of observable neutrinos due to
the left-handed nature of weak interaction. The diagonal and
transition magnetic moments are calculated in the SM to be

µSM
ii ≈ 3.2× 10−20

( mi

0.1 eV

)
µB

and

µSM
ij ≈ −4× 10−24

(
mi + mj

0.1 eV

) ∑
`=e,µ,τ

(
m`

mτ

)2

U∗`iU`j µB ,

respectively, where µB = e/(2me) = 5.788× 10−5 eV T−1 is the
Bohr magneton, and U`i is the leptonic mixing matrix.

D. Zhuridov New results on NMM and on Democratic Neutrinos



Outline
NMM from NSIs

Democratic Neutrinos and Incoherence
Conclusion

Introduction to NMM and NSIs
Theoretical results
Constraints on NSIs
ν̄-e elastic scattering

γ

ν

ν̄

The strongest present experimental bound on NMM [Raffelt, 1999]

µν < 3× 10−12 µB

has been obtained from the constraint on energy loss from globular
cluster red giants, which can be cooled faster by the plasmon
decays due to NMM, which delays the helium ignition. This bound
can be applied to all diagonal and transition NMMs.

The best present terrestrial laboratory constraint on NMM

µν̄e < 2.9× 10−11 µB (90% C.L.)

was derived in ν̄e–e elastic scattering experiment GEMMA
[Beda et al., 2012].

D. Zhuridov New results on NMM and on Democratic Neutrinos



Outline
NMM from NSIs

Democratic Neutrinos and Incoherence
Conclusion

Introduction to NMM and NSIs
Theoretical results
Constraints on NSIs
ν̄-e elastic scattering

Nonstandard Neutrino Interactions

NSIs of ννff type can be generically parametrized as

− Leff =
∑

a

εfaαβ
M2

(ν̄βΓaνα)(f̄ Γaf ) + H.c.,

where εfaαβ are NSI couplings, M is the scale of new physics, f
denotes the component of any weak fermionic doublet (often an
electron or a quark field for studies of νNSIs in matter),
Γa = {I , γ5, γµ, γµγ5, σµν}, and a = {S ,P,V ,A,T}.
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Typically only left-handed ν are considered in this Lagrangian

− Leff =
∑

a

εfaαβ
M2

(ν̄βΓaνα)(f̄ Γaf ) + H.c.,

which allows the study of NSIs’ impact on neutrino oscillations,
and on neutrino-nucleus scattering. This chirality constraint that
allows ννff interaction only of V ± A types cannot describe
important neutrino phenomena, such as NMM.
However a tensor term can be generated by Fierz transformation of

∑
a

ε̃faαβ
M2

(ν̄βΓaf )(f̄ Γaνα) + H.c.

with a scalar part, which is presented in many models with
leptoquarks, R-parity-violating SUSY, etc.
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Theoretical results

Among all possible νανβff interactions, the lowest-order
contribution to NMM can be generated by the tensor dimension-6
operator

εfTαβ
M2

(ν̄βσµννα)(f̄ σµν f ),

where for Majorana neutrinos ν̄β ≡ ν̄c
β, through the diagram

f f

να νβ

γ
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Interactions of νs with quarks q and leptons ` via the operators

εqαβ
M2

(ν̄βσµννα)(q̄σµνq),
ε`αβ
M2

(ν̄βσµννα)(¯̀σµν`)

where εqαβ ≡ ε
qT
αβ and ε`αβ ≡ ε`Tαβ are real, generate NMMs

µαβ = µ0
αβ −

∑
q

εqαβ
NcQq

π2

memq

M2
ln

(
M2

m2
q

)
µB ,

µαβ = µ0
αβ +

∑
`

ε`αβ
π2

mem`

M2
ln

(
M2

m2
`

)
µB ,

respectively, where Nc = 3 is the number of colors, Qq (mq) is the
electric charge (mass) of the quark, and µ0

αβ denotes the
subleading part that is not enhanced by the large logarithm.
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The result for ν-quark interaction reproduces the leading order in
the exact result, which can be derived in model with scalar LQs.

We note that the dominant logarithmic terms may not contribute
to NMM in certain models, e.g., in the SM, due to a mutual
compensation between the relevant diagrams.
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Constraints on NSIs

For the new physics scale M = 1 TeV, using µν < 3× 10−12 µB ,
and taking one nonzero εfαβ at a time, we obtain the following
upper bounds

|εeαβ| 3.9 |εdαβ| 0.25 |εuαβ| 0.49

|εµαβ| 3.0× 10−2 |εsαβ| 1.6× 10−2 |εcαβ| 1.7× 10−3

|εταβ| 2.6× 10−3 |εbαβ| 5.8× 10−4 |εtαβ| 4.8× 10−5
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ν̄-e elastic scattering

Besides the limits on NMM, neutrino-electron and neutrino-nucleus
scattering constrain the tensorial NSIs [Barranco et al., 2012].

Using the cross section for the ν̄e–e scattering published by the
TEXONO Collab. [Deniz et al., 2010] and taking M = 1 TeV, the
bound |εeeβ| < 6.6 at 90% C.L. can be obtained, and for the
GEMMA sensitivity it gives

|εeeβ| < 2.7 (90% C.L.),

which slightly improves the respective bound from NMM.

The planned ν̄e–nucleus coherent scattering experiments, e.g., part
of TEXONO low-energy neutrino program, can reach the sensitivity
of |εu,deβ | < 0.2 (M/1 TeV)2 at 90% C.L. [Barranco et al., 2012].
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Introduction to Democratic Neutrinos

Consider the mass term for three left-handed Majorana neutrinos

Lνm = −1

2

∑
αβ

ν̄c
αLMαβνβL + H.c.,

where α, β = e, µ, τ are the flavor indices, and

M = m

 0 1 1
1 0 1
1 1 0


is a “democratic” mass matrix, which is invariant under the
permutation group of three elements S3 [Harari et al., 1978;
Fritzsch and Xing, 1995].
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The eigenvalues of M result in the neutrino mass spectrum

{m,m, 2m}, (1)

and the eigenvectors form the mixing matrix of tri-bimaximal type

U = R12(θ12)× R23(θ23)

=

 c12 s12c23 s12s23

−s12 c12c23 c12s23

0 −s23 c23

 =


1√
2

1√
6

1√
3

− 1√
2

1√
6

1√
3

0 − 2√
6

1√
3

(2)

where cij ≡ cos θij , sij ≡ sin θij ,
θ12 = 45◦, θ23 = π/2− arctan(1/

√
2) ≈ 54.7◦.
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Atmospheric Neutrinos: Oscillations

In the limits L� Lcoh
ij and σx � Losc

ij the neutrino oscillation
probability can be written as

P(L,E)
να→νβ =

∑
i

|Uαi |2|Uβi |2 + 2
∑
i>j

|U∗αiUβiUαjU
∗
βj | cos (φosc − φ)

with φosc =
∆m2

ij

2E L = 2πL/Losc
ij and φ = arg(U∗αiUβiUαjU

∗
βj).

For the neutrino masses in Eq. (1) and mixing in Eq. (2) we have

P(L,E)
νe→ντ = P(L,E)

νµ→ντ = 4s2
12c2

23s2
23 sin2

(
∆m2L

4E

)
=

4

9
sin2

(
∆m2L

4E

)
, (3)

P(L,E)
νe→νµ = 4c2

12s2
12s4

23 sin2

(
∆m2L

4E

)
=

4

9
sin2

(
∆m2L

4E

)
, (4)

where ∆m2 ≡ m2
3 −m2

i<3 = 3m2.
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Using the atmospheric neutrino mass splitting [PDG2012]

∆m2
a = (2.06− 2.67)× 10−3 eV2(at 99.73% CL),

we have 0.026 eV < m < 0.030 eV. Neutrino masses are
determined!

How to explain the difference between the e-like and µ-like event
distributions in the Super-Kamiokande experiment [SK Collab.:
Ashie et al., 2005]?

34 13. Neutrino mixing

13.5. Measurements of |∆m2
A| and θA

13.5.1. Atmospheric neutrino results :
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Figure 13.6: The zenith angle distributions for fully contained 1-ring e-like
and µ-like events with visible energy < 1.33 GeV (sub-GeV) and > 1.33 GeV
(multi-GeV). For multi-GeV µ-like events, a combined distribution with partially
contained (PC) events is shown. The dotted histograms show the non-oscillated
Monte Carlo events, and the solid histograms show the best-fit expectations for
νµ ↔ ντ oscillations. (This figure is provided by the Super-Kamiokande Collab.)
Color version at end of book.

The first compelling evidence for the neutrino oscillation was presented by the Super-
Kamiokande Collaboration in 1998 [13] from the observation of atmospheric neutrinos
produced by cosmic-ray interactions in the atmosphere. The zenith-angle distributions
of the µ-like events which are mostly muon-neutrino and muon antineutrino initiated
charged-current interactions, showed a clear deficit compared to the no-oscillation
expectation. Note that a water Cherenkov detector cannot measure the charge of the
final-state leptons, and therefore neutrino and antineutrino induced events cannot be
discriminated. Neutrino events having their vertex in the 22.5 kton fiducial volume in

February 16, 2012 14:08

Fig. is taken from [PGD Collab.: Beringer et al., 2012].
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This difference between the e-like and µ-like event distributions can
be explained by the matter effect on νs which travel through Earth.
Using the Mikheyev-Smirnov-Wolfenstein theory, for the mean
electron number density in the Earth core N̄c

e ≈ 5.4 cm−3 NA we
have

Pm
νe→νx

≈ 0.05 sin2

(
2.8

∆m2L

4E

)
, x = µ, τ,

which is significantly suppressed with respect to Pνµ→ντ in Eq. (3).

(νµ ↔ ντ oscillations in the matter of the Earth proceed practically
as in vacuum.)
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Solar Neutrinos: Incoherence

Solar νs are detecting using charged-current (CC) and neutral
current (NC) reactions

νe + d → e− + p + p,

ν` + d → ν` + p + n.

Ratio of the neutrino fluxes measured by Sudbury Neutrino
Observatory (SNO) with CC and NC events is

ΦCC
SNO

ΦNC
SNO

=
1.68± 0.06+0.08

−0.09

4.94± 0.21+0.38
−0.34

= 0.340+0.074
−0.063. (5)
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For solar νs with the energies E . 10 MeV the oscillations due to
∆m2

a proceed in the matter of the Sun as in vacuum. In the limit

Lcoh
ij =

4
√

2E 2

|∆m2
ij |
σx � L ≈ 1.5× 108 km

the oscillation probability takes a simple incoherent form

P incoh
να→νβ =

∑
i

|Uαi |2|Uβi |2.

Using Eq. (2), we have

ΦCC
sol

ΦNC
sol

=
P incoh
νe→νe∑

β P incoh
νe→νβ

=
∑

i

|Uei |4 =
7

18
' 0.39,

which is in good agreement with the experimental data in Eq. (5).
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Predictions of Theory with Democratic Neutrinos

I Low energy β decays

〈mβ〉 ≡
√∑

i m2
i |Uei |2 = m

√
2 ≈ 0.04 eV,

which is below KATRIN sensitivity of 0.2 eV, but can be
probed by next sub-eV experiments (MARE, ECHO, Project8).

I 0ν2β decay
〈m〉 ≡∑i simiU

2
ei = 0, where si are sign factors.

I Neutrino (Transition) Magnetic Moment
Using the SM result for Majorana neutrinos

µSM
ij ≈ −4× 10−24

(
mi +mj

0.1 eV

)∑
`=e,µ,τ

(
m`
mτ

)2
U∗`iU`j µB ,

and Eqs. (1) and (2), we have
µ23 ≈ 1.7× 10−23 µB � µ12, µ13.
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Conclusion

I First, we constrained generic nonstandard neutrino
interactions, using existing limits on neutrino transition
magnetic moments, and derived new bounds on tensorial
couplings of neutrinos to charged fermions.

I Second, I introduced a simple theory of democratic neutrinos
with only one mass splitting, which elegantly explains the
established neutrino oscillation data, using the effect of
incoherence. And I discussed the predictions of this model.

(For more detailed discussion see coming update of
DZ, arXiv:1304.4870.)
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