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1. Introduction

One of the motivations to search for new physics beyond the standard model in the CP-
violating observables is to eliminate the large discrepancy of the baryon asymmetry of the uni-
verse in the observation of the cosmic microwave background and that in the theoretical estimation
based on the standard model. The electric dipole moment of neutrons is a T-violating observable
which signals the breaking of CP-symmetry via the CPT-theorem. Continuous efforts have been
paid to improve the experimental sensitivity to the electric dipole moment of neutrons and new
experimental challenges are in progress [1].

Another possibility of the high-sensitivity search for the T-violation has been discussed [2,
3] after the discovery of extremely large parity-violation effects in neutron-induced compound
states [4, 5]. In the case the forward scattering amplitude of neutrons can be described in the form

f = A+Bσσσ · ÎII +C σσσ · k̂kk+Dσσσ ·
(

ÎII × k̂kk
)
, (1.1)

T-violation can be searched for in the D-term, where σσσ , k̂kk and ÎII are unit vectors of the neutron spin,
the neutron momentum and the target nuclear spin [6]. This type of experiments require an intense
epithermal neutron beam and a spin-polarized nuclear targets. The successful operation of the
intense spallation neutron sources of the Japan Proton Accelerator Research Complex (J-PARC)
and the Oak Ridge National Laboratory has enabled the opportunity to carry out the T-violation
searches in neutron-induced compound states. The spin polarized nuclear target is the missing
component. The large nuclear polarization requires intensive technical efforts and its method de-
pends on nucleus to be polarized. In this paper, we describe the study of the interference between
partial waves of incident neutrons in the entrance channel to the compound states for the selection
of appropriate target nuclei.

2. Parity Violation in Compound States

The magnitude of the parity violating effects in the effective nucleon-nucleon interaction is
at the level of 10−7 as observed in the helicity dependence of the total cross section between nu-
cleons [7, 8, 9]. Extremely large parity violation was found in the helicity dependence of the
absorption cross section of epithermal neutrons at p-wave resonances of 139La [4]. The large parity
violation was explained as the interference between the amplitudes of the p-wave resonance and a
neighboring s-wave resonance [10]. The ratio of the helicity dependent cross section to the p-wave
resonance cross section is referred to as the longitudinal asymmetry denoted as AL. The longitu-
dinal asymmetry was intensively studied in neutron transmission and in (n,γ) measurements [5].
The γ-ray energy dependence with the moderate energy resolution was not found in (n,γ) measure-
ments, which implies that the interference is taking place in the entrance channel to the compound
state and not in the exit channel [11].

The spin of the compound state JJJ is given as

JJJ = III + sss+ lll, (2.1)
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where III is the target nuclear spin and sss and lll are the spin and orbital angular momentum of incident
neutrons. The total angular momentum of incident neutron is given as

jjj = sss+ lll, (2.2)

and the channel spin in the entrance channel as

SSS = III + sss. (2.3)

We put the neutron width of the p-wave resonance as Γn
p and that of the neighboring s-wave res-

onance as Γn
s . The p-wave incident neutron has two components in terms of the total angular

momentum of incident neutron of j = 1/2 and j = 3/2. We put corresponding partial neutron
widths as Γn

p( j = 1
2) and Γn

p( j = 3
2). If we write

x2 =
Γn

p( j = 1
2)

Γn
p

, y2 =
Γn

p( j = 3
2)

Γn
p

, (2.4)

the x and y satisfies the relation x2+y2 = 1. We put x = cosϕ and y = sinϕ and we refer to ϕ as the
mixing angle between the two components corresponding to j = 1/2 and j = 3/2. The longitudinal
asymmetry AL is given as

AL =− 2xW∣∣Ep −Es
∣∣
√

Γn
s

Γn
p

(2.5)

within the framework of the interference between an s-wave and a p-wave resonances, where Ep

and Es are the resonance energies of the p-wave and s-wave resoances and W the weak matrix
element. The experimental values of |AL| is summarized in Figure 1. They are obviously beyond
the typical P-violatiing effects in the effective nucleon-nucleon interaction. The universality of
Eq. 2.5 over P-violating nuclei was ensured in the likelihood analysis of the matrix element W
taking the x as a variable since the values of x were not known.

3. Time Reversal Invariance Violation in Compound States

The T-violating effect is estimated as

∆σT = κ(J)
WT

W
∆σP, (3.1)

where ∆σP and ∆σT are P-violating and T-violating cross sections, WT is the T-violating matrix
element [2]. The κ(J) is the geometric factor to connect two representations of different coupling
sequence of angular momenta: JJJ = III + jjj = SSS + lll. Two channel spin components S = I + 1/2
and S = I − 1/2 contribute to the T-violating effects. We define their partial neutron widths as
Γn

p(S = I +1/2) and Γn
p(S = I −1/2) and put

x2
s =

Γn
p(S = I +1/2)

Γn
p

, y2
s =

Γn
p(S = I −1/2)

Γn
p

. (3.2)
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Figure 1: Experimental values of |AL| summarized in Ref. [5] are plotted. The horizontal axis is the
resonance energy of corresponding p-wave resonance.

The xs and ys are related to x and y through the relation

xs = (−1)2I+1
√

4I

{
1 1

2
1
2

I J I − 1
2

}
x+(−1)2I

√
8I

{
1 1

2
3
2

I J I − 1
2

}
y (3.3)

ys = (−1)2I
√

4(I +1)

{
1 1

2
1
2

I J I + 1
2

}
x+(−1)2I+1

√
8(I +1)

{
1 1

2
3
2

I J I + 1
2

}
y.

The explicit expression of κ(J) is given in Ref. [2] as the function of xs and ys for cases of J =

I +1/2 and J = I −1/2 as

κ
(

J = I +
1
2

)
= − 3

2
√

2

(
2I +1
2I +3

)3/2( 3√
2I +3

xs

ys
−
√

I
)−1

,

κ
(

J = I − 1
2

)
= − 3

2
√

2

(
2I +1
2I −1

)(
I

I +1

)1/2(
− I −1√

2I −1
ys

xs
+
√

I +1
)−1

. (3.4)

This relation can be expressed with x and y by using Eq. 3.4 as

κ
(

J = I +
1
2

)
=

3
2
√

2
(2I +1)3/2

2I +3
2
√

Ix−
√

2I +3y
(2I −3)

√
2I +3x− (2I +9)

√
Iy
,

κ
(

J = I − 1
2

)
= − 3

2
√

2
(2I +1)

√
I√

(I +1)(2I −1)
2
√

I +1x+
√

2I −1y
(I +3)

√
2I −1x− (5I −3)

√
I +1y

. (3.5)
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These equations visualizes that the T-violation sensitivity strongly depends on the values of x and
y or ϕ the mixing angle of j = 1/2 and j = 3/2 components.

4. Experiment Design

The sensitivity to new physics of the T-violating effects in compound states is not easily com-
pared with that of the neutron electric dipole moment. A theoretical analysis is suggesting a crude
estimation within the framework of an effective field theory [12]. The suggested sensitivity crudely
equivalent to the present upper limit of the neutron electric dipole moment corresponds to the sub-
millibarn accuracy in terms of the cross section determination accuracy, which can be accessed
within a day using the intense spallation neutron source. The p-wave resonances in low energy
regions are more appropriate since the neutron intensity of the spallation neutron sources such as
that of the Material and Life-science Facility of the Japan Proton Accelerator Research Complex
(J-PARC/MLF) rapidly decrease in higher energies. Target nuclear polarization is necessary for T-
violation. Thus, we are surveying the candidate nuclei among non-zero-spin nuclei showing large
P-violating effects in lower energy resonance energy: 139La, 81Br, 131Xe, 117Sn, 115In, . . . .

However, the information of the mixing angle ϕ is necessary to quantify the sensitivity to T-
violation. The interference of j = 1/2 and j = 3/2 components are expected to cause the neutron-
energy-dependent angular distribution of individual γ-rays as suggested in Ref. [13]. The exper-
imental study of the angular distribution in resolved γ-ray detection is in progress at the ANNRI
Spectrometer installed at BL04 of the Material and Life-science Facility of the Japan Proton Ac-
celerator Research Complex to determine the mixing angle ϕ [14]. The practical design of the
sensitive search for new physics beyond the standard model will be enabled based on the determi-
nation of ϕ .
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