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The contribution of the R-parity violating minimal supersymmetric standard model to the neutron beta

decay at the one-loop level is investigated. It is found that the baryon number and R-parity violating

interactions contribute to the D correlation through one-loop corrections, while the tree-level prediction is

vanishing. The Fierz interference term is also investigated at the one-loop level by considering the lepton

number and R-parity violating interactions. We show that future experimental progress can provide us

with better constraints on some of the combinations of R-parity violating couplings.
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I. INTRODUCTION

The standard model (SM) of particle physics is known to
be very successful in interpreting many experimental data
up to now. There are, however, some phenomena which are
difficult to explain in this framework, such as the matter
abundance of our Universe, the absence of candidates of
dark matter, etc. We need therefore to introduce some new
physics (NP) beyond the SM.

One approach to search for NP is the fundamental test of
low energy phenomena, which consists of the precision
measurement of experimental observables with well
known SM predictions. By observing discrepancies from
the SM data, we can establish the existence of NP. One
interesting phenomenon which can probe the NP is the beta
decay of the neutron and nuclei [1–5]. The beta decay
provides many observables [6] sensitive to NP, such as
the Fierz interference term [7], the D correlation [8–10],
the R correlation [11–13], etc., and their experimental
developments in recent years are very promising. As these
observables have very small SM predictions [14], we can
say that they are an excellent probe of NP.

On the theoretical side, the minimal supersymmetric
standard model (MSSM) [15] is known to be one of the
leading candidates of the NP. A general supersymmetric
extension of the SM allows baryon number or lepton
number violating interactions, so we must impose the
conservation of R parity (R ¼ ð�1Þ3B�Lþ2s) to forbid
them. This assumption is, however, completely ad hoc,
so the R-parity violating (RPV) interactions need to be
investigated phenomenologically. Until now, many of the
RPV interactions were constrained by high energy experi-
ments, low energy precision tests, and cosmological
phenomenology [16–18].

In the (R-parity conserving) MSSM, the contribution to
the D correlation of neutron beta decay was found to be at
most on the order of 10�7 [19,20]. In the RPV sector, the
discussion is divided into two distinct cases where either

baryon or lepton number violating interactions are in-
volved but not both, since their coexistence is strongly
forbidden by the nonobservation of the proton decay. The
separate analyses of the effects of baryon and lepton num-
ber violating RPV interactions to the beta decay must
therefore be performed. The lepton number violating
RPV interactions contribute to the beta decay at the tree
level, and it was found that the Fierz interference term and
the R correlation are sensitive observables to RPV inter-
actions [1,21–24].
The alternative case, the baryon number violating

R-parity violation, generates the D correlation starting
from the one-loop level. This was analyzed in Ref. [25],
yielding new constraints on some combinations of RPV
couplings using the relation between the D correlation and
the electric dipole moment (EDM) of the neutron. This
previous loop level analysis of the RPV sector, however,
did not cover all of the one-loop diagrams, and as we
will show, there exists additional contributions to the D
correlation.
For the lepton number violating RPV interactions, there

are also new contributions which appear at the one-loop
level through flavor change and generate the Fierz inter-
ference term as an observable effect. These new contribu-
tions involve different combinations of RPV couplings,
and their sparticle mass dependencies also differ from the
tree level. It could be that the one-loop level effect sur-
passes the tree-level one. We have therefore good reasons
to discuss the one-loop contribution. In this case, we have
found that similar techniques used in the analysis of the
one-loop level P, CP-odd electron-nucleon interaction can
be applied [26].
Now that we have sufficient motivations, we will ana-

lyze in this paper the complete set of RPV contributions to
the beta decay at the one-loop level and give its potential
observable signature. Our discussion is organized as fol-
lows. We first briefly review the RPV interactions in the
next section. In Sec. III, we classify and give the RPV
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contributions to the quark beta decay at the one-loop level.
In Sec. IV, we relate the quark level physics to the neutron
beta decay effective interactions by introducing the rele-
vant nucleonmatrix elements and present the observables in
question, the D correlation and the Fierz interference term
of the neutron beta decay. In Sec. V, we analyze the baryon
number violating RPV contribution to the D correlation of
the beta decay and give the constraints on RPV couplings
which can be provided by future beta decay experiments.
We also give a short comment on the constraints given by
other experiments, in particular those provided by theEDM.
In Sec. VI, the analysis of the lepton number violating RPV
contribution to the Fierz interference term is presented. The
final section is devoted to the summary.

II. RPV LAGRANGIAN

Let us first introduce the RPV interactions. The super-
potential of the RPV interactions can be written as follows:

W 6R ¼ 1

2
�ijk�abL

a
i L

b
j ðEcÞk þ �0

ijk�abL
a
i Q

b
j ðDcÞk

þ 1

2
�RGB�

00
ijkðUcÞRi ðDcÞGj ðDcÞBk ; (1)

with i; j; k ¼ 1; 2; 3 indicating the generation, a; b ¼ 1; 2
the SUð2ÞL, and R;G; B ¼ 1; 2; 3 the color SUð3Þc indices,
respectively. The lepton left-chiral superfields L and Ec

are, respectively, SUð2ÞL doublet and singlet. The quark
superfields Q, Uc, and Dc denote, respectively, the quark
SUð2ÞL doublet, up-quark singlet and down-quark singlet
left-chiral superfields. The bilinear term has been omitted
in our discussion. We have also neglected the soft breaking
terms in the RPV sector. We should note that the coex-
istence of lepton number violating interactions (�ijk and

�0
ijk) and baryon number violating interactions (�00

ijk) in-

duces rapid proton decay [27], so we must investigate
them separately. The above RPV superpotential gives the
following lepton and baryon number violating Yukawa
interactions:

L 6L ¼ � 1

2
�ijk½~�i �ekPLej þ ~eLj �ekPL�i þ ~eyRk ��

c
i PLej

� ði $ jÞ� þ ðH:c:Þ � �0
ijk½~�i

�dkPLdj þ ~dLj �dkPL�i

þ ~dyRk ��
c
i PLdj � ~eLi �dkPLuj � ~uLj �dkPLei

� ~dyRk �e
c
i PLuj� þ ðH:c:Þ;

L 6B ¼ � 1

2
�00
ijk�RGB½~dByRk �uRi PLd

cG
j þ ~dGy

Rj �uRi PLd
cB
k

þ ~uRyRi �dGj PLd
cB
k � ðj $ kÞ� þ ðH:c:Þ: (2)

The matter fields of the above Lagrangian are assumed to
be mass eigenstates.

III. RPV CONTRIBUTION TO THE QUARK BETA
DECAYAT ONE-LOOP LEVEL

Let us now show the RPV contribution to the beta decay
at one-loop level. On the basis of tree-level contributions
(see Fig. 1), we can classify the RPV corrections contrib-
uting to the quark beta decay at the one-loop level as shown
in Fig. 2. Let us see them one by one in detail. (Incidentally,
tree diagrams in Fig. 1 were analyzed in Refs. [1,24]).
Wqq corrections [diagram (a) of Fig. 2]:
This is the RPV correction to the SM contribution with

W boson exchange [Fig. 1 (t1)]. The complete set of this
type is depicted in Fig. 3. The amplitude of the first
diagram (a1) can be written as

iMða1Þ ¼ 2i
�00
1bi�

00�
a1iVabmuamdb

ð4�Þ2
GFffiffiffi
2

p Iðm2
ua ; m

2
db
; m2

~dRi
Þ

� �u��ð1þ �5Þd �e��ð1� �5Þ�e; (3)

where we have neglected the external and exchanged mo-
menta. Indices i, a, and b indicate the flavor. Here, GF is
the Fermi constant. The Cabibbo-Kobayashi-Maskawa
matrix is denoted by Vab. The loop integral I is expressed
as follows:

Iða; b; cÞ ¼ 1

ðb� aÞðc� bÞða� cÞ
�

�
ab ln

a

b
þ bc ln

b

c
þ ca ln

c

a

�
: (4)

For m2
~dRi

� m2
ua , m

2
db
, we have

Iðm2
ua ; m

2
db
; m2

~dRi
Þ � 1

ðm2
ua �m2

db
Þm2

~dRi

�
�
m2

ua ln
m2

~dRi

m2
ua

�m2
db
ln
m2

~dRi

m2
db

�
: (5)

FIG. 1. Tree-level contribution to the quark beta decay within
RPV MSSM. Diagrams (t3) and (t4) are generated by RPV
interactions.
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We see from Eq. (3) that the process (a1) is a ðV þ AÞ �
ðV � AÞ interaction. As the product of RPV interaction
�00
1bi�

00�
a1i can have complex phase, the imaginary part

of this amplitude contributes to the CP-odd ðV þ AÞ �
ðV � AÞ interaction. As observable sensitive to the CP-odd
ðV þ AÞ � ðV � AÞ interaction, we have theD correlation of
the beta decay. The contribution of Eq. (3) was not discussed
in Ref. [25]. The RPV one-loop level contribution to the D
correlation is discussed in Secs. IV and V.

The diagram (a2) is the analogue of (a1) with all fields in
the loop interchanged with their superpartner and involves

exactly the same RPV couplings as the (a1) contribution.
This contribution was treated in Ref. [25]. It is also of
ðV þ AÞ � ðV � AÞ type interaction. The amplitude of the
second diagram (a2) is given by

iMða2Þ ¼ �i
�00
1bi�

00�
a1iVabCuaCdb

ð4�Þ2

�GFffiffiffi
2

p Jðm2
~uL
; m2

~uR
; m2

~dL
; m2

~dR
Þ

� �u��ð1þ �5Þd �e��ð1� �5Þ�e; (6)

where Cua and Cdb are mass insertions given as follows:

Cua ¼ �muað�Aua þ� cot�Þ; (7)

Cdb ¼ �mdbð�Adb þ� tan�Þ: (8)

If we take tan� ¼ 50 and soft parameters A and � around
1 TeV, CuaCdb � �muamdbAua� tan�. The loop integral J

is expressed as

Jða; b; c; dÞ �
Z 1

0

rdr

ðrþ aÞðrþ bÞðrþ cÞðrþ dÞ : (9)

It is not profitable to examine every corner of the parameter
space of m2

~uL
, m2

~uR
, m2

~dL
, and m2

~dR
. Here, we take them to be

equal in magnitude. We have then

Jðm2
SUSY; m

2
SUSY; m

2
SUSY; m

2
SUSYÞ ¼

1

6m4
SUSY

: (10)

We must note that signs of soft parameters A and � are so
far undetermined, so there is a possibility of cancellation
between contributions (a1) and (a2).
Let us add a brief comment on the Lorentz structure of

(a1) and (a2). At first sight, it may look strange to obtain a
right-handed vector current from W boson interacting ver-
tex. In the case in question, this was possible thanks to the
right-chirality projection of the external down quark due to

FIG. 3. R-parity violating correction to the W boson-quark
vertex at the one-loop level. Diagrams (a1) and (a2) contribute
to the ðV þ AÞ � ðV � AÞ interaction, while (a3) and (a4) are the
ðV � AÞ � ðV � AÞ interaction. The grey blobs denote mass
insertions which mix the squark gauge eigenstates.

FIG. 2. Classification of one-loop correction to the beta decay amplitude within RPV MSSM. The grey blobs denote the one-loop
effective vertex.
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baryon number violating RPV interactions (�00) and also to
the propagation of antiparticles in the loop.Wewill see that
for other diagrams, this is not possible.

The remaining (a3) and (a4) diagrams of Fig. 3
contribute to the ðV � AÞ � ðV � AÞ interaction of the
beta decay. The tree-level SM contribution has also the
same ðV � AÞ � ðV � AÞ structure, so these remaining
diagrams work as a shift of the Fermi constant GF. As
the redefinition of the Fermi constant cannot be probed by
the nucleon beta decay itself, we do not consider them. In
the case of (a3) and (a4), the projection of the chirality of
external down quark is left-handed, so it is not possible to
generate (V þ A) quark current. This is due to the chirality
structure of the lepton number violating RPV interactions
(� and �0).

Wll corrections [diagram (b) of Fig. 2]:
As the Wqq corrections, there are also RPV corrections

to theW boson-lepton vertex. The complete set of this type
is depicted in Fig. 4. For the case of Wll corrections, all
diagrams have the ðV � AÞ � ðV � AÞ structure.

This is because the chirality projection of the neutrino
due to lepton number violating RPV interactions (� and �0)
gives only left-handed lepton currents. As we have seen,
the ðV � AÞ � ðV � AÞ interaction gives the shift of the
Fermi constant, so they do not lead to an observable effect.
We therefore do not consider the Wll corrections in this
discussion.

Corrections to charged Higgs exchange [diagrams (c)
and (d) of Fig. 2]:

The Higgs exchange contribution to the beta decay can
be drawn by replacing theW boson of diagrams (a) and (b)
by the charged Higgs boson. These radiative corrections

give a scalar-type interaction of beta decay. They are,
however, suppressed by at least a factor of light fermion
Yukawa coupling [smaller than Oð10�5Þ], so their effects
are negligible. We do not consider them further in our
discussion.

~eL-fermion vertex corrections [diagrams (e) and (f) of
Fig. 2]:
These one-loop corrections are the vertex corrections to

the tree-level selectron exchange diagram [Fig. 1 (t3)].
As the vertex corrections are the renormalization of the
RPV interactions, we do not need to consider this set of
diagrams.

~dR-fermion vertex corrections [diagrams (g) and (h) of
Fig. 2]:
This type corresponds to the vertex corrections to the

tree-level down-squark exchange contribution [Fig. 1 (t4)].
Again, they do not need to be treated as the vertex
corrections are renormalization of the tree-level RPV
interactions.
Box diagrams [diagram (i) of Fig. 2]:
The one-loop level box diagrams yield finite contribu-

tions to the beta decay amplitude. They correspond to the
electroweak radiative corrections to the tre- level RPV
processes [Fig. 1 (t3) and (t4)]. The QCD radiative correc-
tions to the RPV amplitude are not considered, since the
hadron matrix elements given in the next section include
them nonperturbatively. Corrections with Higgs bosons are
neglected, since their contributions receive suppression
from light fermion Yukawa couplings.
The box diagrams can be classified into two types. The

first type is the flavor conserving contribution, given by
photon, Z boson, and neutralino corrections. After dia-
grammatic analysis, we have found that these one-loop
diagrams give only higher-order corrections in �em to the
tree-level selectron or down-squark exchange contribu-
tions [Fig. 1 (t3) and (t4)], with the same Lorentz structure
(scalar, pseudoscalar interactions; see the Appendix for
detail). We cannot expect them to yield particular observ-
able effects, until RPV interactions are discovered and
quantitatively studied at the higher order in �em. It is
then not useful at present to treat them.
The second type is the flavor changing contribution,

given by W boson and chargino corrections. This contri-
bution, although being suppressed against the tree-level
ones, involves RPV flavor structures not relevant at the
tree level, and is thus interesting. The relevant diagrams are
shown in Fig. 5.
The contribution of the first diagram (i1) is

iMði1Þ ¼ i
�i11�

0�
ia1e

2V1a

8ð4�Þ2sin2	W
Iðm2

da
; m2

~�i
; m2

WÞ

� �uð1þ �5Þd �eð1� �5Þ�e: (11)

The loop integral I was defined in Eq. (4). As we can
see, this amplitude yields scalar and pseudoscalar interac-
tions. The scalar-type interaction contributes to the Fierz

FIG. 4. R-parity violating correction to the W boson-lepton
vertex at the one-loop level. All diagrams have the ðV � AÞ �
ðV � AÞ structure.
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interference term (CP-even part) and to the R correlation
(CP-odd part) of the beta decay. The pseudoscalar inter-
action vanishes in the nonrelativistic limit of the nucleon,
so we neglect it for now. The RPV one-loop level contri-
bution to these observables is discussed in the next section.

The second diagram (i2) is the analogue of (i1), with all
particles in the loop interchanged by their superpartner. It
is expressed as

iMði2Þ ¼ i
�i11�

0�
ia1e

2V1a

8ð4�Þ2sin2	W
X
j

jZ1j�j2Iðm2
~dLa
; m2

~eL
; m2


j
Þ

� �uð1þ �5Þd �eð1� �5Þ�e; (12)

where the mixing matrix elements of the chargino
Z1j�ðj ¼ 1; 2Þ follow the notation of Rosiek [28]. The index
j ¼ 1, 2 denotes the flavor of the chargino. We observe that
the diagram (i2) has exactly the same couplings, sign, and
Lorentz structure as (i1). This fact is consistent with the
analysis of the P, CP-odd electron-nucleon interaction at
the one-loop level within RPV MSSM of Ref. [26], where
similar diagrams with exactly identical RPV couplings
appear. There, it was argued that the chargino exchange
box diagram is generally smaller than that of the W boson
exchange. This is because the chargino exchange diagram
involves three sparticles in the loop. In this analysis, we
will neglect the diagram (i2).

Diagrams (i1) and (i2) are both electroweak corrections
to the tree-level contribution [see Fig. 1 (t3)]. Due to the
flavor change of the W boson, they involve different RPV
couplings from the tree-level ones. This fact provides
accessibility to various RPV couplings through beta decay
experiments.

Diagrams (i3) and (i4) are suppressed by two factors of
light fermion masses, so they can be neglected.
The (i5) and (i6) contributions vanish in the limit of

low external and exchanged momenta, so they are also
neglected.

IV. OBSERVABLES IN NEUTRON BETA DECAY

In this section, we introduce the observables of the beta
decay, i.e., the Fierz interference term and the D correla-
tion. The general decay distribution of the beta decay is
given as follows:

!ðEe;�e;��Þ / 1þ a
~pe � ~p�

EeE�

þ b
me

Ee

þ ~�n �
�
A

~pe

Ee

þ B
~p�

E�

þD
~pe � ~p�

EeE�

�

þ ~�e �
�
N ~�n þ R

~�n � ~pe

Ee

�
þ � � � :

(13)

The Fierz interference term is the shape correction to the
beta spectrum (bme

Ee
) and is sensitive to the real part of the

scalar interaction of the beta decay ( �ud �eð1� �5Þ�e).
TheD correlation is the triple product of the initial neutron
spin polarization, emitted neutrino, and electron momenta

(D ~�n� ~pe� ~p�

EeE�
). It is sensitive to the time reversal violation of

the theory and receives contribution from the imaginary part
of the ðV þ AÞ � ðV � AÞ interaction of the beta decay.
Before going to the evaluation of observables, we must

first evaluate the nucleon matrix elements of the quark beta
decay to derive the effective interaction of the neutron beta
decay. The relevant matrix elements are

hpj �u��djni ¼ gV �p��n; (14)

hpj �u���5djni ¼ gA �p�
��5n; (15)

hpj �udjni ¼ gS �pn: (16)

The vector renormalization constant is gV ¼ 1 by con-
served vector current assertion. For the axial renormaliza-
tion constant, we use the experimental value (gA ¼ 1:27).
For the scalar renormalization constant, we take gS � 0:8.
We should add some comment on the choice of gS. Using
approximate isospin symmetry, the scalar matrix element
can be rewritten as hpj �udjni ¼ hpj �uu� �ddjpi. The latter
can be written in terms of the proton-neutron mass splitting
m0

p �m0
n ¼ �2:05 MeV (nucleon masses without electro-

magnetic contribution), up- (mu ¼ 2:5 MeV) and down-
quark masses (md ¼ 5 MeV) [29] as

gS ¼ hpj �uu� �ddjpi ¼ m0
p �m0

n

md �mu

� 0:8: (17)

The up- and down-quark masses are small compared to the
typical scale of the QCD, so the above chiral perturbation

FIG. 5. Box diagrams with flavor change contributing to the
beta decay at the one-loop level in RPV MSSM. The chargino is
denoted by 
.
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works well. We must, however, note that the input quark
masses have a large uncertainty. The result obtained is
consistent with the evaluation of gS within the nonrelativ-
istic quark model [30].

From the analysis of the previous section, the one-loop
level RPV contribution gives the following beta decay
effective interaction:

HLR ¼ aLR � �p��ðgV þ gA�5Þn �e��ð1� �5Þ�e þ ðH:c:Þ;
(18)

or

HS ¼ aSgS �pn �eð1� �5Þ�e þ ðH:c:Þ: (19)

From these nucleon level effective interactions, we can
derive the Fierz interference term, theD and R correlations
of the neutron beta decay as follows [1,6]:

D ¼ 4gVgA
g2V þ 3g2A

ImðaLRÞ
VudGF=

ffiffiffi
2

p ; (20)

b ¼ 2gVgS
g2V þ 3g2A

ReðaSÞ
VudGF=

ffiffiffi
2

p ; (21)

R ¼ �2gAgS
g2V þ 3g2A

ImðaSÞ
VudGF=

ffiffiffi
2

p : (22)

In this discussion, we will use the Fierz interference term
of the analysis of superallowed beta transitions made by
Hardy and Towner [7], which provides the most accurate
data. The relation between the Fierz term bF for the �þ
decay and the scalar coupling aS is given as follows:

bF ¼ � 2gS
gV

ReðaSÞ
VudGF=

ffiffiffi
2

p : (23)

Note that the Fierz term bF defined above differs from b of
Eq. (21) by a constant factor. In this discussion, we will use
the Fierz term bF defined in Eq. (23).

There is no tree-level contribution to aLR, but at the one-
loop level, diagrams (a1) and (a2) [see Eqs. (3) and (6)]
give rise to

aLR ¼ �2
�00
1bi�

00�
a1iVabmuamdb

ð4�Þ2
GFffiffiffi
2

p Iðm2
ua ; m

2
db
; m2

~dRi
Þ

� �00
1bi�

00�
a1iVabmuamdbAua� tan�

ð4�Þ2

�GFffiffiffi
2

p Jðm2
~uL
; m2

~uR
; m2

~dL
; m2

~dR
Þ: (24)

Contribution of Fig. 3 (a2) was also discussed in Ref. [25].
The authors’ result is shown to agree with the second
term of Eq. (24), thereby noting that the definition of the
RPV couplings �00

ijk and the soft breaking term Au used in

Ref. [25] differs from ours. By setting tan� � 50, the
sparticle masses, Au and � to 1 TeV, the ratio between
the first term [contribution of Fig. 3 (a1)] and the second

term is approximately aða1ÞLR =aða2ÞLR � 0:85, which gives com-
parable contributions for both. The relative sign between
them depends on the sign of Au and cannot be determined
by known experimental data, so the possibility for both
constructive and destructive interferences remains.
On the other hand, there exists both tree-level and one-

loop contributions to aS: aS ¼ atreeS þ aloopS . The tree-level

effect with selectron (~eLi) exchange [Fig. 1 (t3)] has been
computed in Refs. [22,24] as

atreeS ¼ ��i11�
0�
i11

4m2
~eLi

: (25)

The one-loop diagram (i1) contributes to the Fierz term as
[see Eq. (11)]

a
loop
S ¼ � �i11�

0�
ia1e

2V1a

8ð4�Þ2sin2	W
Iðm2

da
; m2

~�i
; m2

WÞ: (26)

The flavor change due to W exchange gives new contribu-
tions with RPV couplings �0�

i21 and �0�
i31 in comparison

with Eq. (25). Moreover, the sparticle mass dependence

is different for atreeS and aloopS . These qualitative differences

between atreeS and a
loop
S motivate us to consider a particular

case in which a
loop
S surpasses atreeS .

In later numerical analyses, we do not consider con-
straint coming from R for the following reason. It was
shown that the experimental data of the EDM of the
199Hg atom [31] can constrain the same products of RPV
couplings through P, CP-odd electron-nucleon interaction
[26]. There, the constraints on the combinations of RPV
couplings are given at the level of Oð10�7Þ, which is
considerably stronger than those which can be given
from the present experimental data of the R correlation
(Rexp ¼ 0:008	 0:011	 0:005) [13].

V. ANALYSIS OF THE D CORRELATION

As we mentioned in the introduction, we cannot con-
sider HLR and HS simultaneously, since baryon number
and lepton number violating RPV interactions cannot co-
exist due to the constraint of the proton lifetime. We first
analyze HLR. As we see in Eqs. (20) and (24), the D
correlation is given in terms of �00

123�
00�
112, �00

112�
00�
212,

�00
123�

00�
212, �

00
112�

00�
312, �

00
123�

00�
312, �

00
123�

00�
113, �

00
113�

00�
213, �

00
123�

00�
213,

�00
113�

00�
313, and �00

123�
00�
313 (note the antisymmetry in the

exchange of the second and third indices for �00
ijk). From

now on, we neglect contributions involving light up- and
down-quark masses. This is also justified by additional
suppression due to off-diagonal components of the
Cabibbo-Kobayashi-Maskawa matrix. We then obtain the
following D correlations for each RPV combination con-
sidered:
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Dð�00
123�

00�
212Þ ¼ 3:8� 10�8 � Imð�00

123�
00�
212Þ;

Dð�00
123�

00�
312Þ ¼ 6:3� 10�5 � Imð�00

123�
00�
312Þ;

Dð�00
123�

00�
213Þ ¼ �2:5� 10�8 � Imð�00

123�
00�
213Þ;

Dð�00
123�

00�
313Þ ¼ �6:1� 10�8 � Imð�00

123�
00�
313Þ;

(27)

where we have used the quark masses mt ¼ 173 GeV,
mb ¼ 4:2 GeV, mc ¼ 1:29 GeV, and ms ¼ 100 MeV
[29]. The large coefficient for Dð�00

123�
00�
312Þ is due to the

large mass of the top quark. We have set all squark masses
to m~q ¼ 1 TeV (this is the current upper limit given by the

LHC [32]). The soft breaking parameters � and A have
also been set to 1 TeV, and tan� ¼ 50. In this discussion,
we have taken the sign of � and A so that the contribution
from diagrams (a1) and (a2) is constructive. We must note
that the sign of � and A parameters are undetermined, and
the possibility of cancellation between them exists, as these
two contributions have the same order of magnitude. If the
cancellation occurs, the limit on RPV couplings provided
by experimental data will be significantly loosened.

Let us consider the possibility to constrain the above
combinations of RPV couplings. The present experimental
data for the D correlation are [10]

Dexp ¼ ½�0:94	 1:89ðstatÞ 	 0:97ðsysÞ� � 10�4: (28)

By comparing with Eq. (27), we see that the present
experimental sensitivity to the D correlation cannot con-
strain the baryon number violating RPV interactions.
Future experimental progress may, however, limit them,
and we have to discuss it. The D correlation receives
actually an additional contribution from the final state
interaction (FSI), of order Oð10�5Þ [33], and can limit
the analysis of the contribution from NP. Recently, the
FSI effect has been evaluated with chiral perturbation to
the subleading order [34]:

DFSI ¼
�
1:083

pe

pmax
e

þ 0:228
pmax
e

pe

�
� 10�5: (29)

This provides an accuracy for the D correlation at the
percent level. It is then possible to explore the level of
Oð10�7Þ for the D correlation with future experiments. In
Eq. (27), we see that D has a large sensitivity on
Imð�00

123�
00�
312Þ. By reaching the sensitivity of Oð10�7Þ, it

will be possible to limit the RPV combination Imð�00
123�

00�
312Þ

on the order of 10�3. For bilinears Imð�00
123�

00�
212Þ,

Imð�00
123�

00�
213Þ, and Imð�00

123�
00�
313Þ, further experimental

developments and theoretical studies to go beyond the
10�8 sensitivity are needed.

We should also present the constraints given from other
analyses for the same baryon number violating RPV inter-
actions. The first case to consider is the upper limits on
single RPV couplings. Some of the RPV couplings dis-
cussed above are actually constrained by the lifetime of the
nucleus (n� �n oscillation) [35,36]. The constraints for
RPV couplings relevant in this analysis are

j�00
312j< 2:2� 10�2; j�00

313j< 2� 10�2; (30)

where it should be noted that these limits were given by
assuming the squark mass m~q ¼ 200 GeV. By respecting

the recent lower bounds on squark and gluino masses
(> 1 TeV) [32], the limits on single RPV interactions
should be looser. Bounds on other single baryon number
violating RPV interactions relevant in this analysis have
not been worked out yet to our best knowledge [16,17]. We
see then that by reaching the sensitivity of Oð10�7Þ for the
D correlation, it is possible to obtain tighter limits on
Imð�00

123�
00�
312Þ than the n� �n oscillation data.

The second case to consider is the constraints given by
the analysis of the EDM of the neutron and 199Hg atom.
The bilinears of RPV couplings relevant in our discussion
also contribute to the neutron EDM through the EDM of
quarks [35] and P, CP-odd 4-quark interaction [25]. The
quark EDM contribution is estimated to be

dnðdqÞ ’ Imð�00�
cbi�

00
a1iÞ

e�emVabVc1

4�3sin2	W

muamdbmuc

m2
Wm

2
~dRi

; (31)

where a, b, and c indicate the quark flavor. The above
equation gives the following relations for the products of
RPV couplings in our discussion:

dnðdq;�00
123�

00�
212Þ ’ 4:3� 10�31 � Imð�00

123�
00�
212Þ e cm;

dnðdq;�00
123�

00�
312Þ ’ 1:4� 10�27 � Imð�00

123�
00�
312Þ e cm;

dnðdq;�00
123�

00�
213Þ ’ 2:4� 10�31 � Imð�00

123�
00�
213Þ e cm;

dnðdq;�00
123�

00�
313Þ ’ 1:3� 10�30 � Imð�00

123�
00�
313Þ e cm:

(32)

For the dependence of the baryon number violating RPV
interactions through P, CP-odd 4-quark interaction, rela-
tions independent of the model of NP considered can be
given as follows (see Ref. [25] for derivation):

jdnj ¼ 1� 10�19 e cm� jD=0:87j;
jdHgj ¼ 7� 10�24 e cm� jD=0:87j:

(33)

These relations can be derived by observing that the right-
handed quark current ( �u��ð1þ �5Þd) contributing to the
D correlation can be coupled to the standard left-handed
quark current to form a P, CP-odd 4-quark interaction
(Cqq). By combining the above formulae with Eq. (27),

we obtain

jdnðCqq;�
00
123�

00�
212Þj ¼ 4� 10�27 e cm� Imð�00

123�
00�
212Þ;

jdnðCqq;�
00
123�

00�
312Þj ¼ 7� 10�24 e cm� Imð�00

123�
00�
312Þ;

jdnðCqq;�
00
123�

00�
213Þj ¼ 3� 10�27 e cm� Imð�00

123�
00�
213Þ;

jdnðCqq;�
00
123�

00�
313Þj ¼ 7� 10�27 e cm� Imð�00

123�
00�
313Þ:

(34)

By comparing the above relations with Eq. (32), we see
that the dependence of RPV interactions on neutron EDM
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through P, CP-odd 4-quark interaction is much stronger
than that given through quark EDM. Similarly, we obtain
the dependence of the EDM of the 199Hg atom as

jdHgðCqq;�
00
123�

00�
212Þj ¼ 3� 10�31 e cm� Imð�00

123�
00�
212Þ;

jdHgðCqq;�
00
123�

00�
312Þj ¼ 5� 10�28 e cm� Imð�00

123�
00�
312Þ;

jdHgðCqq;�
00
123�

00�
213Þj ¼ 2� 10�31 e cm� Imð�00

123�
00�
213Þ;

jdHgðCqq;�
00
123�

00�
313Þj ¼ 5� 10�31 e cm� Imð�00

123�
00�
313Þ:
(35)

The current experimental data of the neutron EDM are [37]

dn < 2:9� 10�26 e cm: (36)

The experimental upper bound of the 199Hg atom EDM
is [31]

dHg < 3:1� 10�29 e cm: (37)

By combining the above experimental limits with Eqs. (34)
and (35), we see that the current experimental data of the
neutron EDM give the tightest constraint on the imaginary
part of �00

123�
00�
312 as

jImð�00
123�

00�
312Þj< 4� 10�3: (38)

This constraint is tighter than the present experimental
limit given by the direct measurement of the D correlation
in beta decay, but this argument should be taken with
reservation. We must note that the relation between the
neutron EDM and the P, CP-odd 4-quark interaction has a
large uncertainty [38], and there still remains possibilities
to have small dependence. Moreover, the quark EDM
contribution to the neutron EDM has also theoretical un-
certainty, and the accidental cancellation between it and
the P, CP-odd 4-quark interaction effect cannot be com-
pletely ruled out. Therefore, it is always of importance to
analyze the constraint on RPV interactions which can be
derived by the experimental data of the direct measurement
of the D correlation.

VI. ANALYSIS OF THE FIERZ
INTERFERENCE TERM

Let us now move to the analysis of the Fierz interference
term with lepton number violating RPV interactions. In this

discussion, we consider the one-loop contribution a
loop
S as

leading, while the tree level atreeS is small for reasons

explained in Sec. IV. The relevant products of RPV cou-
plings are �i11�

0�
ia1 [with i ¼ 2, 3 and a ¼ 1, 2, 3, see

Eq. (26)], and their real part contributes to the Fierz
interference term bF. From the recent update of the analy-
sis on 20 superallowed Fermi transitions, Hardy and
Towner have given a new bound on bF [7]. The result is

� bF
2

¼ þ0:0011	 0:0013: (39)

On the other hand, from Eqs. (26) and (23), the RPV
contribution to bF is

bFð�i11�
0�
ia1Þ �

2gS
ð4�Þ2

m2
W

m2
~�i

ln

�m2
~�i

m2
W

�
� V1a

Vud

Reð�i11�
0�
ia1Þ;

(40)

where i ¼ 2, 3 and a ¼ 2, 3. Explicitly, this reads

bFð�i11�
0�
i21Þ ¼ 7:6� 10�5 � Reð�i11�

0�
i21Þ;

bFð�i11�
0�
i31Þ ¼ 1:2� 10�6 � Reð�i11�

0�
i31Þ:

(41)

From the above relations and the data of Hardy and Towner
[Eq. (39)], we obtain constraints on Reð�i11�

0�
ia1Þ as shown

in Table I. By comparing our result with constraints ob-
tained from other experiments, we see that the upper
bounds on RPV couplings from bF are 4 orders looser
for jReð�i11�

0�
i21Þj and 5 orders for jReð�i11�

0�
i31Þj. For the

Fierz interference term, there are no FSI contributions [6],
so the upper limits on RPV couplings are directly related to
the experimental sensitivity. Future improvement of bF by
more than 4 orders of sensitivity can open accessibility
to the combinations of RPV couplings jReð�i11�

0�
ia1Þj

(i ¼ 2, 3 and a ¼ 2, 3).

VII. CONCLUSION

In this analysis, we have discussed the RPV contribution
to the beta decay at the one-loop level. After careful
analysis, we have found that many RPV interactions not
relevant at the tree level contribute at the one-loop level.
For the baryon number violating RPV interactions, combi-
nations �00

123�
00�
112, �

00
112�

00�
212, �

00
123�

00�
212, �

00
112�

00�
312, �

00
123�

00�
312,

�00
123�

00�
113, �

00
113�

00�
213, �

00
123�

00�
213, �

00
113�

00�
313, and �00

123�
00�
313 con-

tribute to the D correlation. The combination (�00
123�

00�
312) is

particularly interesting because by reaching the experimen-
tal sensitivity of Oð10�7Þ for the neutron beta decay, it
is possible to put a Oð10�3Þ constraint on Imð�00

123�
00�
312Þ.

This is possible since the FSI contribution to the D correla-
tion is known with the accuracy of Oð10�7Þ. The RPV
combinations �00

123�
00�
212, and �

00
123�

00�
313 can also become inter-

esting because there are no experimental constraints to them
so far to our best knowledge. If the theoretical estimation of

TABLE I. Upper bounds to the RPV couplings given by the
Fierz term of the analysis of Ref. [7] for m~�i

¼ 1 TeV. Limits

from other experiments [16–18,23] are also shown.

RPV couplings bF Other experiments

jReð�211�
0�
221Þj 63 2:9� 10�2

jReð�311�
0�
321Þj 63 1:7� 10�2

jReð�211�
0�
231Þj 4000 0.60

jReð�311�
0�
331Þj 4000 0.36
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the FSI contribution goes beyond the Oð10�8Þ level, further
experimental progress will give us good chances to probe
the corresponding RPV contributions.

For the lepton number violating RPV interactions, the
new RPV combinations not relevant at the tree level
�i11�

0�
ia1 (i ¼ 2, 3 and a ¼ 2, 3) can contribute to the

scalar-type interaction of the beta decay through box dia-
grams involving a W boson and chargino. We have found
that the currently known Fierz interference term cannot set
new limits to Reð�i11�

0�
ia1Þ. The constraints on Reð�i11�

0�
ia1Þ

can, however, be tightened with further experimental
progress by more than 4 orders of sensitivity.

In this analysis, we have seen the importance of
the subleading effects. It has also been emphasized that
the access to a variety of RPV interactions through the
subleading loop level contributions would be made
possible.

APPENDIX: FLAVOR CONSERVING
ELECTROWEAK CORRECTIONS

TO RPV BETA DECAY

The electroweak flavor conserving corrections (photon,
Z boson, and neutralino corrections) are seen in detail. The
list of the corresponding diagrams is shown in Fig. 6.
Diagrams (i’1)–(i’8) are corrections to the tree-level RPV
contribution (t3) (see Fig. 1). These are of scalar-,
pseudoscalar-type interaction ( �uð1þ �5Þd �eð1� �5Þ�e). As
the Z boson and the photon do not change flavor, the same
combination of RPV interactions as the tree level (t3)
(�i11�

0�
i11, i ¼ 2, 3) is relevant. Diagrams (i’9)–(i’16) are

corrections to the tree-level RPV contribution (t4) (see
Fig. 1). These are of ðV � AÞ � ðV � AÞ type interaction
( �u��ð1� �5Þd �e��ð1� �5Þ�e), and contribute to the shift

of the Fermi constant. They are not interesting in our analysis.
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