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Abstract

Lepton flavor violating (LFV) phenomena,
such as µ-e conversion, neutrino magnetic
moment (NMM), µ → eγ decay, etc., are very
sensitive to possible physics beyond the Stan-
dard Model (SM). Using effective field the-
ory we parametrize new physics signatures in
LFV phenomena, and get bounds for particu-
lar models, e.g., ones with leptoquarks (LQ).

Motivation

LFV is forbidden in the SM (without neutrino
masses) by flavor symmetry. However it may
occur at either tree or loop level in many SM
extensions, which provides important clues to
test them. Effective theory is a general frame-
work for description of the effects of all these
models.

In wide class of models µ-e conversion in nu-
clei is enhanced by large logarithms compar-
ing with µ→ eγ [1].

Present bound on µ-e conversion ratio is [2]

RAu
µe ≡

Γ(µ→ e)

Γcapture
< 7× 10−13, (1)

while Mu2e sensitivity goal is 5× 10−17 [3].

The strongest present limit on NMM [4]

µν < 3× 10−12 µB, (2)

where µB = e/(2me) = 5.788... × 10−5 eV T−1

is Bohr magneton, was obtained from the con-
straint on energy loss from globular-cluster
red giants, which can be cooled faster by the
plasmon decays due to NMM [5] that delays
the helium ignition. The best present labora-
tory constraint on NMM, derived in GEMMA
experiment [6], is one order of magnitude
weaker than Eq. (2).

Such high sensitivity of present experiments
on µ-e conversion and NMM makes them im-
portant in the new physics searches.

In the SM, minimally extended to include
neutrino masses, the diagonal and transition
NMMs (see Refs. in [7] and [8]),

µSM
ii ≈ 3.2× 10−20

( mi

0.1 eV

)
µB (3)

and

|µSM
ij | . 4× 10−24

(
mi + mj

0.1 eV

)
µB, (4)

respectively, are strongly suppressed by the
left-handed nature of the weak interaction and
small masses of observable neutrinos [9].
Hence the limit in Eq. (2) leaves huge window
for physics beyond the SM.

Muon-electron conversion

µ-e conversion can be described by the ef-
fective theory with the operators of dimen-
sion 5 and 6 [1]. However the operators of
dim.7, involving two gluonic tensors [10], may
be important since gluonic couplings to nu-
clei are not suppressed, and the new physics
couplings to heavy quarks are not well con-
strained. We consider the flavor changing La-
grangian

Lggeµ =
1

Λ2

8∑
i=1

ciOi + H.c., (5)

where Λ is a scale responsible for µ-number
nonconservation, ci are coefficients of dimen-
sion −1, and Oi are effective dim.7 operators:

O1 = ēRµL
αs
4πG

a
µνG

aµν, (6)
O2 = ēRµL

αs
4πG

a
µνG̃

aµν, (7)
O3 = ēLµR

αs
4πG

a
µνG

aµν, (8)
O4 = ēLµR

αs
4πG

a
µνG̃

aµν, (9)

where a = 1, . . . , 8 is gluon color index, αs =
g2
s/(4π), the gluon strength tensor is

Gaµν = ∂µA
a
ν − ∂νAaµ + gsf

abcAbµA
c
ν, (10)

and the dual one is

G̃aµν =
1
2
εµναβG

aαβ. (11)

Using the diagrams with quarks propagating
in loop, shown in Fig. 1, the Lagrangian in
Eq. (5) can be matched to dim.6 4-fremion
scalar Lagrangian

Lqqeµ =
YµiYej

Λ2
(ēPαµ)(q̄iPβq

j) + H.c., (12)

where Y are real couplings, and P stands for
a projector with α, β = L,R .
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Figure 1: Discussed effective diagrams

The pseudoscalar nucleon current couples to
the nuclear spin leading to incoherent (N 6=
N ′) contribution [11]. The coherent µ-e con-
version rate on nucleus N can be written as

Γconv(µN → eN) =
4

Λ4

(
|c1|2 + |c3|2

)
a2,(13)

where

a = G(g,p)S(p) + G(g,n)S(n) (14)

with the overlap integrals S defined in [12],
and the matrix element

G(g,N ) = 〈N |αs
4π
GaµνG

aµν|N 〉 (15)

with N = n, p. For the strange-quark sigma
term σs ≡ ms〈p|q̄q|p〉 = 50 MeV the numerical
result is G(g,N ) = −189 MeV [13].

The upper bounds on the relevant param-
eters of the Lagrangian in Eq. (5) for one
nonzero ci at a time and for the two chosen
nuclei are given in Table 1, where i = 1, 3.

Table 1: Bounds on the parameters in Eq. (5)

|c|
Λ2 Expression for Bound, MeV−3

the bound 48
22Ti 197

79 Au

|ci|
Λ2

Γ
1/2
conv(µN→eN)

2|aN | 2.46× 10−20 1.17× 10−20

Models with leptoquarks

The bounds in Table 1 can be used for re-
stricting the physical parameters of particu-
lar models, e.g., models with LQs. The gen-
eral renormalizable, B and L conserving, and
SU(3)×SU(2)×U(1) invariant LQ-lepton-quark
interactions are given in Refs. [14, 15, 16].
The scalar (S) and vector (V ) LQ interactions
relevant for the Lagrangian in Eq. (5) are

LS =
(
λLS0

q̄cLiτ2`L + λRS0
ūcReR

)
S
†
0

+
(
λLS1/2

ūR`L + λRS1/2
q̄Liτ2eR

)
S
†
1/2

+ H.c.,

LV =
(
λLV0q̄Lγµ`L + λRV0d̄RγµeR

)
V
µ†

0

+
(
λLV1/2d̄

c
Rγµ`L + λRV1/2q̄

c
LγµeR

)
V
µ†

1/2
+ H.c.,

(16)

where we omit flavor indeces, the subindexes
0 and 1/2 indicate SU(2) singlet and dou-
blet LQ, respectively; and couplings λ are
assumed to be real. These LQ interactions
induce the effective vertices of the form of
Eq. (12). By further matching with Eq. (5),
assuming that only the couplings λ for a sin-
gle quark flavor are nonzero at a time, for
the common scales MS and MV of scalar

and vector LQ masses, respectively, from the
bound on µ-e conversion on gold we have

|λαRS0
λ
β
LS0
| = |λαRS1/2

λ
β
LS1/2
|

< 1.2× 10−2
(
MS

1 TeV

)2

, (17)

|λαLV0λ
β
RV0
| = |λαLV1/2λ

β
RV1/2
|

< 1.6× 10−4
(
MV

1 TeV

)2

, (18)

where α 6= β = e, µ.

Neutrino magnetic moment

Similar approach can be applied for NMM µναβ,
which is defined by the form factor

fMαβ(0) = µναβ (19)

of the term in the effective neutrino current

−fMαβ(q2) ν̄β(p2) iσµνq
ννα(p1), (20)

where q = p2 − p1, and σµν = i[γµ, γν]/2.

NMM generically induces a radiative correc-
tion to the neutrino mass, which constrains
NMM [7, 17, 18]. In the case of diago-
nal NMM (Dirac neutrinos) the correspondent
bound µαα . 10−14 µB is significantly stronger
than in Eq. (2). However, the transition NMM
µαβ, which is possible for both Dirac and Ma-
jorana neutrino types, is antisymmetric in the
flavor indices, while the neutrino mass terms
mν
αβ are symmetric. This may lead to sup-

pression of the µαβ contribution to mν
αβ, e.g.,

by the SM Yukawas, which makes the bound
on NMM much weaker than in Eq. (2): µαβ .
10−9 µB [7, 18].

In the general quark-ν dim.6 Lagrangian [19]

Lνqeff =
ε
qΓ
αβ

M2
(ν̄βΓνα)(q̄Γq) + H.c., (21)

where M is high-energy scale, only the term

ε
q
αβ

M2
(ν̄βσµννα)(q̄σµνq), (22)

where ε
q
αβ ≡ ε

qT
αβ, generates through the one-

loop diagram, shown in Fig. 2, the lowest or-
der contribution to NMM

|µαβ| = |ε
q
αβ|

Nc|Qq|
π2

memq

M2
ln

(
M2

m2
q

)
µB,(23)

where Nc = 3 is the number of colors, Qq and
mq are quark charge and mass, respectively;
and we neglected the subleading term, which
is not enhanced by the large logarithm.

k k + q

q

Figure 2: Effective diagram for NMM

And for the tensor term in the charge lepton-ν
dim.6 Lagrangian [19, 20, 21]

Lν`eff =
ε`Γαβ

M2
(ν̄βΓνα)(¯̀Γ`) + H.c., (24)

denoting ε`αβ ≡ ε`Tαβ, we have

|µαβ| =
|ε`αβ|
π2

mem`

M2
ln

(
M2

m2
`

)
µB. (25)

For M = 1 TeV, using Eq. (2) and taking
one nonzero ε

f
αβ at a time, we obtain the

constraints shown in Tables 2 and 3 [22].

Table 2: Upper bounds on the couplings εqαβ.

|εdαβ| 0.25 |εuαβ| 0.49

|εsαβ| 1.6× 10−2 |εcαβ| 1.7× 10−3

|εbαβ| 5.8× 10−4 |εtαβ| 4.8× 10−5

Table 3: Upper bounds on the couplings ε`αβ.

|εeαβ| 3.9

|εµαβ| 3.0× 10−2

|εταβ| 2.6× 10−3

We note that Eq. (23) reproduces the leading
order in the exact result, which can be derived
in the model with scalar LQs; see Ref. [23] for
the exact expressions of diagonal NMMs.

We note that the bound on εeeβ from ν̄e–e scat-
tering, derived in [24], is comparable with the
respective bound in Table 3.

Conclusions

We have considered the muon-electron con-
version in nuclei and the neutrino magnetic
moment within the effective theory frame-
work, and derived general constraints on the
physics beyond the standard model, which
can be involved in these phenomena.

Acknowledgments

This work was supported in part by the US
Department of Energy under the contract DE-
SC0007983.

References

[1] M. Raidal and A. Santamaria, Phys. Lett. B 421, 250
(1998) [hep-ph/9710389].

[2] W. H. Bertl et al. [SINDRUM II Collaboration], Eur.
Phys. J. C 47, 337 (2006).

[3] R. J. Abrams et al. [Mu2e Collaboration],
arXiv:1211.7019 [physics.ins-det].

[4] G. G. Raffelt, Phys. Rept. 320, 319 (1999).

[5] J. Bernstein, M. Ruderman and G. Feinberg, Phys.
Rev. 132, 1227 (1963).

[6] A. G. Beda, V. B. Brudanin, V. G. Egorov,
D. V. Medvedev, V. S. Pogosov, M. V. Shirchenko and
A. S. Starostin, Adv. High Energy Phys. 2012, 350150
(2012).

[7] N. F. Bell, Int. J. Mod. Phys. A 22, 4891 (2007)
[arXiv:0707.1556 [hep-ph]].

[8] C. Broggini, C. Giunti and A. Studenikin, Adv. High
Energy Phys. 2012, 459526 (2012) [arXiv:1207.3980
[hep-ph]].

[9] J. Beringer et al. [Particle Data Group], Phys. Rev.
D 86, 010001 (2012).

[10] V. Cirigliano, R. Kitano, Y. Okada and P. Tuzon,
Phys. Rev. D 80, 013002 (2009) [arXiv:0904.0957
[hep-ph]].

[11] T. S. Kosmas, S. Kovalenko and I. Schmidt, Phys.
Lett. B 511, 203 (2001) [hep-ph/0102101].

[12] R. Kitano, M. Koike and Y. Okada, Phys. Rev. D 66,
096002 (2002) [Erratum-ibid. D 76, 059902 (2007)]
[hep-ph/0203110].

[13] H. -Y. Cheng and C. -W. Chiang, JHEP 1207, 009
(2012) [arXiv:1202.1292 [hep-ph]].

[14] W. Buchmuller, R. Ruckl and D. Wyler, Phys. Lett.
B 191, 442 (1987) [Erratum-ibid. B 448, 320 (1999)].

[15] S. Davidson, D. C. Bailey and B. A. Campbell, Z.
Phys. C 61, 613 (1994) [hep-ph/9309310].

[16] M. Gonderinger and M. J. Ramsey-Musolf, JHEP
1011, 045 (2010) [Erratum-ibid. 1205, 047 (2012)]
[arXiv:1006.5063 [hep-ph]].

[17] N. F. Bell, V. Cirigliano, M. J. Ramsey-Musolf, P. Vo-
gel and M. B. Wise, Phys. Rev. Lett. 95, 151802
(2005) [hep-ph/0504134].

[18] N. F. Bell, M. Gorchtein, M. J. Ramsey-Musolf,
P. Vogel and P. Wang, Phys. Lett. B 642, 377 (2006)
[hep-ph/0606248].

[19] C. F. Cho and M. Gourdin, Nucl. Phys. B 112, 387
(1976).

[20] R. L. Kingsley, F. Wilczek and A. Zee, Phys. Rev. D
10, 2216 (1974).

[21] B. Kayser, E. Fischbach, S. P. Rosen and H. Spi-
vack, Phys. Rev. D 20, 87 (1979).

[22] K. J. Healey, A. A. Petrov and D. Zhuridov, Phys.
Rev. D 87, 117301 (2013) [arXiv:1305.0584 [hep-
ph]].

[23] A. V. Povarov, Phys. Atom. Nucl. 70, 871 (2007)
[Yad. Fiz. 70, 905 (2007)].

[24] J. Barranco, A. Bolanos, E. A. Garces, O. G. Mi-
randa and T. I. Rashba, Int. J. Mod. Phys. A 27,
1250147 (2012) [arXiv:1108.1220 [hep-ph]].

MFU4, Magnetic Fields in the Universe IV (Feb. 4-8, 2013) Playa del Carmen, Mexico


