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High sensitivity of a future search for effects of P-odd/T -odd interactions on the 0.75 eV p-wave
resonance in�n + 139 �La forward transmission determined using a pulsed neutron beam
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Neutron transmission experiments can offer a new type of highly sensitive search for time-reversal invariance
violating (TRIV) effects in nucleon-nucleon interactions via the same enhancement mechanism observed for
large parity violating (PV) effects in neutron-induced compound nuclear processes. In these compound pro-
cesses, the TRIV cross section is given as the product of the PV cross section, a spin factor κ , and a ratio of TRIV
and PV matrix elements. We determined κ to be 0.59 ± 0.05 for 139La + n using both (n, γ ) spectroscopy and
(�n + 139 �La) transmission. This result quantifies for the first time the high sensitivity of the 139La 0.75-eV p-wave
resonance in a future search for effects of P-odd/T -odd interactions in (�n + 139 �La) forward transmission.
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The search for time-reversal invariance violating (TRIV)
effects is one of many efficient methods to search for new
physics beyond the present standard model of elementary par-
ticles. It has been suggested that compound nuclear processes
may provide a highly sensitive search for TRIV effects in
the nucleon-nucleon interaction on the basis of the experi-
mental fact that extremely large parity violating (PV) effects
are observed in p-wave compound resonances from the small
contribution of the weak interaction in the nuclear interaction
[1–4]. Previous experiments have reported that the PV effect
measured by the helicity dependence of the neutron absorp-
tion reaction of 139La is approximately 10% of the 0.75-eV
p-wave resonance cross section [5–8], corresponding to 2% of
the total neutron cross section. This is much larger than that of
the nucleon-nucleon interaction, which has been measured to
be on the order of 10−8–10−7 [9,10]. PV and TRIV effects are
both understood to be a result of the nonvanishing statistical
variance of a large number of perturbative contributions due
to a large number of degrees of freedom in the compound
nuclear process [2,11]. These TRIV effects can be related
to the PV effects at the same p-wave resonances through a
spin-dependent factor, quantified by the spin of the compound
nucleus and the p-wave partial neutron widths [2,12]. The
TRIV and PV cross sections �σ�T �P and �σ�P can be related

to [12]

�σ �T �P = κ
WT

W
�σ�P, (1)

where WT and W are the TRIV and PV matrix elements [1].
The variable κ is the spin-dependent factor for the compound
nucleus spin J = I + 1/2 expressed as [13]

κ = I

I + 1

(
1 + 1

2

√
2I + 3

I

y

x

)
, (2)

where I is the target nucleus spin. The variables x and y are
the ratios of p-wave partial widths for j = 1/2 and 3/2 to
the p-wave total neutron width �n

p, where �j = �l + �s with l
and s as the neutron orbital angular momentum and its spin.
They are defined as x2 = �n

p, j=1/2/�
n
p and y2 = �n

p, j=3/2/�
n
p

[14], which satisfies the constraint, x2 + y2 = 1, due to �n
p =

�n
p, j=1/2 + �n

p, j=3/2. Hence, the corresponding mixing angle φ

can be defined as x = cos φ and y = sin φ.
The four possible solutions of x and y were obtained

from the results of the spin-dependent cross section at the
0.75-eV p-wave resonance with polarized neutron transmis-
sion through a transversely polarized 139La target as reported
in Ref. [15]. The total neutron cross section of the p-wave
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resonance can be described by the spin-independent cross
section σ0 and spin-dependent cross section σS as σ = σ0 ±
σS(�s · �I ), where �s and �I are the neutron and nuclear spins. The
cross section σS was obtained as σS = −0.26 ± 0.08 b [15].
Its theoretical expression is given by a function of x and y as
[16]

σS = 0.079

(
−7x2 − 2

√
35xy + 2

5
y2

)
. (3)

Therefore, the solutions of x and y are obtained as

(x, y) = (0.28 ± 0.06, 0.96 ± 0.02),

(−0.96 ± 0.02, 0.28 ± 0.06),

(−0.28 ± 0.06, −0.96 ± 0.02),

(0.96 ± 0.02, −0.28 ± 0.06). (4)

Of the four possible solutions, the physical solution can be
determined using other experimental results obtained by the
angular correlation measurement of the (n, γ ) reactions.

The γ -ray angular correlations at the neutron-induced p-
wave resonances arise from the interference between the
partial amplitudes of the s- and p-wave resonances [14].
Therefore, the information on x and y can be extracted from
the correlations of neutron spin σn, neutron momentum kn,
γ -ray spin σγ , and γ -ray momentum kγ [14]. The angular
correlation terms corresponding to a1, a2, and a3, as described
in Eq. (17) in Ref. [14], for the γ rays derived from the
transition to the ground state of 140La were reported [17–20].
The measured values were obtained as a ratio to a0, which
represents the angle-independent cross section in the (n, γ )
reaction and is composed of the sum of both the s- and p-wave
cross sections, denoted as a0s and a0p.

The correlation terms a1 and a3, which correspond to the
coefficient of the correlations �kn · �kγ and (�kn · �kγ )2 − 1/3, re-
spectively, were measured through the angular distribution of
γ rays emitted from the p-wave resonance, which depends on
x and y. The equations of x and y related to a1/a0 and a3/a0

were obtained by comparing the experimental results and the
theoretical expression of the angular correlations as [17,18]

−0.409 ± 0.024 = 0.30x − 0.35y, (5)

0.191 ± 0.028 = −0.20xy + 0.033y2, (6)

respectively.
The correlation term a2, which corresponds to the coeffi-

cient of the correlation �σn · (�kn × �kγ ), was measured through
the transverse asymmetry of the γ rays from the p-wave
resonance, which also depends on x and y [19,20]. This trans-
verse asymmetry, denoted as ALR, was obtained as ALR =
−0.60 ± 0.19 [19,20]. To compare with the theoretical ex-
pression due to the contribution from a3 in the denominator,
ALR should be multiplied by a factor of (1 − a3/3a0p) [19].
The theoretical expression, formulated as a function of x and
y in Refs. [14,19], gives

ALR

(
1 − a3

3a0p

)
= 0.72x + 0.42y. (7)

Here, a3/3a0p = (a3/3a0) × (a0/a0p) = 0.14 ± 0.02, where
a3/a0 is obtained experimentally and a0/a0p is calculated

FIG. 1. Visualization of the value of φ on the (x, y) plane. The
red, blue, green, and purple filled areas represent the neutron trans-
mission, a1, a2, and a3 results with a 1σ region. The corresponding
solid lines indicate the central values.

based on resonance parameters from Ref. [17]. Therefore,
ALR(1 − a3/3a0p) = −0.52 ± 0.17 is obtained. The analyses
of a1, a2, and a3 take into account the interference between
the p wave and neighboring s waves listed in Ref. [21].

Equations (5)–(7) are illustrated on the (x, y) plane with
Eq. (3) as shown in Fig 1. The unit circle expresses the rela-
tion x2 + y2 = 1. The results of the (n, γ ) measurement were
used to determine the physical solution from the four possible
solutions in Eq. (3). In the case where both spectroscopic
parameters for γ -ray emission and neutron absorption are
necessary, the neutron transmission measurement provides a
more comprehensive understanding of the formation of com-
pound states, in which large symmetry violation is expected.

Each result shown in Fig. 1 can be interpreted as a
probability density function (PDF) on the unit circle. As de-
picted in Fig. 2, the PDFs suggest that the physical solution
is in the second quadrant on the (x, y) plane. The central
value of Eq. (6) does not intersect the unit circle. Further
study is necessary to identify the origin of this discrepancy.
Thus the physical solution is obtained as (x, y) = (−0.96 ±
0.02, 0.28 ± 0.06), which corresponds to φ = (164 ± 4)◦.
Consequently, the spin-dependent factor in Eq. (2) is deter-
mined to be

κ = 0.59 ± 0.05. (8)

The p-wave resonance cross section is calculated to be 3.06 ±
0.09 b using the resonance parameters in Ref. [21], and with
the PV effect of 9.55 ± 0.35% in Ref. [7] the TRIV cross
section in Eq. (1) is

�σ �T �P = (0.17 ± 0.02)
WT

W
(b). (9)

The TRIV cross section can be searched by means of measur-
ing the transmission of low-energy polarized neutrons passing
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FIG. 2. PDFs for φ on the unit circle. The red, shaded, and gray
filled areas represent the PDFs of Eq. (3), the product of PDFs
of Eqs. (5)–(7), and the product of PDFs of Eqs. (3) and (5)–(7),
respectively.

through a polarized target [22–24]. This gives the opportunity
to improve the current limits of nucleon TRIV interactions.
Moreover, this method is complementary to the ongoing mea-
surements of electric dipole moments. For example, theory

predicts that WT/W is sensitive to a linear combination of
the isoscalar and isovector TRIV couplings in the π meson
exchange [25–28]. This method is a unique probe for the
isoscalar coupling, since the isovector coupling is already
tightly excluded by the measurement of the electric dipole
moment of diamagnetic atoms [29] while the neutron electric
dipole moment [30] is sensitive to the difference between the
isoscalar and isovector TRIV couplings.
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