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Abstract

A self consistent description of angular correlations in neutron induced reactions is required for
quantitative analysis of parity violating (PV) and time reversal invariance violating (TRIV) effects
in neutron nucleus scattering. The 1.33 eV p-wave compound resonance in ''7Sn is one of the few
p-wave resonances where enough measurements have been performed to allow a nontrivial test of
the internal consistency of the theory. We present the results of a global analysis of the several
different asymmetries and angular distribution measurements in (n,) reactions on the 1.33 eV
p-wave resonance in ''7Sn conducted over the last few decades. We show that the compound
resonance mixing theory can give an internally consistent description of all observations made in
this system to date within the experimental measurement errors. We also confirm the conclusions
of previous analyses that a subthreshold resonance in !”Sn dominates correlations related to s-p

mixing, and discuss the implications of these results for future searches for TRIV in this system.

I. INTRODUCTION

The angular distributions in (n,~) reactions on the 1.33 eV p-wave resonance in '”Sn
measured in different experiments over the last few decades have been a subject of discussions
due to reported inconsistencies in descriptions of experimental data. In 1984, Alfimenkov
et al. [1] measured the left-right asymmetry in radiative neutron capture at the vicinity of
1178n 1.33 eV p-wave resonance. One year later this group measured the (n,~) forward-
backward asymmetry [2] at the same resonance. However, the analysis of these data could
not consistently describe the experimental results using theoretical descriptions of (n, )
correlations [3] (see for details [4]). This analysis was revisited by other authors [5, 6], but
they also could not consistently describe all observable parameters. It should be noted that
in the above analyses a two-level approximation was used with a p-wave resonance at 1.33
eV and a negative s-wave resonance at -29.2 eV (the importance of multi resonance analysis
was pointed out in [7]).

In this paper we show that a resonance description of neutron radiative capture [3]
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with three resonances can give an internally consistent description of the experimental data
reerred to above. This not only resolves this particular problem for the interpretation of
angular correlations in low energy neutron radiative capture, but gives an assurance in the
measurements of nuclear spectroscopic parameters required for new experiments in a search
for time reversal invariance violation (TRIV) in neutron scattering.

The search for new sources of TRIV is one of the highest priorities in nuclear, particle
and astrophysics. New sources of CP/T violation beyond the Standard Model are needed
to explain the observed matter-antimatter asymmetry of the universe. Theoretical progress
to identify the large number of possible sources for T violation has made it very clear that
any single type of T violation search cannot be equally sensitive to all possible mechanisms.
Therefore it is important to pursue possible experiments in different systems which can
provide sufficient sensitivity to discover something new in physics or to improve the current
limits.

One of the possible experiments with a high sensitivity to TRIV is related to neutron scat-
tering at p-wave compound resonances, where TRIV effects can be observed as asymmetry
in polarized neutron transmission through polarized nuclear targets. Multiple papers [8-12]
have suggested that TRIV searches in complex nuclei have the potential to improve the
current experimental limit from electric dipole moment (EDM) experiments for parity-odd
(P-odd) and time-reversal -odd (T-odd) interactions beyond the Standard Model (BSM).
Also, neutron scattering experiments on complex nuclei can improve on the existing exper-
imental upper bounds on P-even/T-odd BSM interactions by about three orders of magni-
tude [13, 14]. The opportunity to have different nuclear systems to search for TRIV helps
in providing assurance that possible “accidental” cancellation of T violating effects due to
unknown structural factors related to the strong interactions in particular systems can be
avoided. It may also possess different sensitivity to many possible new sources of T violation
BSM [15-18].

The basic approach for TRIV experiments in neutron scattering on heavy nuclei involves
the measurement of T-odd correlations in the neutron forward scattering, such as ,, - (lgn x T )
where 7,, is the spin of the neutron, En is the neutron momentum, and [ is the spin of the
nucleus. This correlation violates P- and T- invariance and is free from so-called final state
effects, which in other processes may mimic TRIV [8, 9, 11]. These TRIV effects are directly
related to the P violating effects by a simple spin dependent factor [19]. P violating effects
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in n-A resonances in several heavy nuclei were measured by the TRIPLE collaboration at
LANSCE a couple of decades ago, following earlier work and discoveries of large amplifica-
tions of P-odd effects on p-wave neutron-nucleus resonances at other laboratories (see, for
example [20] and references therein). The dozens of measurements of P-odd asymmetries
through the neutron helicity dependence of the cross section were analyzed and interpreted
in terms of the mixing of opposite parity components of s- and p-resonances through the
parity-odd components of the electroweak interaction. For the great majority of the p-wave
resonances where large parity-odd asymmetries were measured, however, there is no other
experimental data available on other types of angular correlations beyond the P-odd cross
section helicity dependence and the p-wave resonance energy and total width. The theory
of resonance mixing has implications for both P-even and P-odd observables. Therefore,
to determine additional parameters of the resonances, it is useful to expand the range of
observables under analysis to include P-even angular correlations and angular correlations
in neutron radiative capture.

The 1.33 eV p-wave resonance in the '7Sn nucleus is one of the most interesting candi-
dates for a time reversal test in polarized neutron transmission through a polarized nuclear
target, because a rather large P-odd effect has been measured at this resonance. Also, the
I = 1/2 spin of ''7Sn is a great advantage for TRIV test because spin 1/2 systems do not
contain admixture of higher degrees tensor polarizations, which can lead to systematic er-
rors in neutron spin interactions and make the buildup of large ensembles of highly-polarized
H7Sn nuclei more difficult due to spin relaxation from interaction with electric field gradi-
ents. A large value of polarization of '”Sn nuclei can be produced by a new technique called
SABRE [21-23]. SABRE involves transfer of the spin order from parahydrogen molecules
to another pair of atoms in groups of four atoms with asymmetric spin couplings as the
molecules are transiently adsorbed onto certain molecular catalysts. In principle this pro-
cess can maintain a large steady-state 17Sn polarization over the timescales needed for a
TRIV search.

Before presenting our detailed analysis of the data on this system we present a brief
summary of some of the long history of this subject and a review of the aspects most

relevant to our work.



II. FORMALISM FOR P-ODD AND P-EVEN (N, v) ANGULAR DISTRIBUTION
ON P-WAVE NEUTRON-NUCLEUS RESONANCES.

A. P-odd effects.

Parity-violating effects have been observed since the 1960s in nuclear reaction experi-
ments. The anisotropy in y-ray emission after the capture of transversely polarized thermal
neutrons in "¥Cd in the P-odd correlation &, - k, was measured in a pioneering experiment
[24] (see also [25]). In this correlation &, is the neutron spin and l% the y-ray momentum.
This P-odd asymmetry was enhanced by a factor of 10° compared to the size expected in
nucleon-nucleon interactions. In 1980s even larger P-odd effects were measured in transmis-
sion of polarized neutrons through heavy nuclear targets (see, for example [20] and references
therein), which show the enhancements of P-odd effects by about six orders of magnitude.
Flambaum and Shuskov [26, 27], and later Bunakov and Gudkov [10, 28] explained this 10°
enhancement of P-odd effects as a result of a dynamical and resonance enhancements in
the vicinity of compound p-wave resonance. Their formalisms imply that the resonance-
resonance mixing makes the most important contribution to the enhanced P-odd effects at
very low neutron energies (£, ~ 1 eV or kR < 1) for medium and heavy nuclei, where the
neutron binding energy is approximately equal to the compound nucleus excitation energy.
For such low neutron energies it is only necessary to consider s- and p-wave neutron-nucleus
resonances (with [ =0, 1) [10].

Typical P-odd observables for neutron transmission experiments and (n,y) reactions are
the longitudinal polarization (Eq. 1), the spin rotation angle for transversely polarized
neutrons (Eq. 2) and the asymmetry in the emission of y-rays in the direction &, in radiative

capture (Eq. 3):

Oor — a;gt B 1 4
N (2%) Mw(f- — £.), 0
d N
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where a;gg*) is the total cross-section for a neutron beam with positive (negative) helicity
On - En, k is the neutron wave-number, f, ) is the forward scattering amplitude function
for positive (negative) neutron helicity, N is the nuclear number density of the target, and
dajfy(”) /dS, the cross section in the direction 7, (-75,).

To illustrate the mechanism of parity violation in compound resonances we can consider
P-odd part of elastic scattering amplitude for transmission of polarized neutron through

non-polarized target [29]:

P O, Viy |®, s 4
NGT (E—Ep)+¢rp/2< ol Viv | >(E—ES)+Z‘FS/2 Vor )

It shows the capture of the p-wave neutron due to strong interaction with the subsequent

p-resonant compound nucleus formation. Under the influence of the P-odd weak interaction
(Viv) a mixing transition occurs between resonant compound states with opposite parity of
the compound nucleus. This state then decays due to strong interaction.

Considering this mechanism, we can obtain the explicit energy dependence in two-level

approximation for Egs. (1) to (3) [28]:
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with [s,p] = (E — Esp)? + I‘ip /4, the corresponding Breit—Wigner denominators.

(7)

In case we have strong resonances close to the considered p- and s-resonances, we have
to include them which transforms the above expressions to expressions in a multi-level
approximation. Often it is sufficient to consider only one s-resonance which is close to p-
wave resonance (two-level approximation). However, if a second s-wave is close to p- or
s-ones, the three-level approximation is required.

In 1982 Bunakov and Gudkov also found enhancements for TRIV effects in the transmis-
sion of polarized neutrons through polarized targets, which can appear through a neutron-
spin-dependent difference in the total cross section and in the neutron spin rotation angle

for transversely-polarized neutron transmission. [29, 30]
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where w is the TRIV-odd mixing matrix element.

These effects are related P-odd and T-odd triple correlation &, - (l;n x I ) and can be
related to the corresponding correlation in the forward neutron elastic scattering amplitude

(19, 31]:

f=fo+ i T+ fobn - [k X I + fsGn i + ... (10)

This P-odd and T-odd correlation causes a dependence of the neutron transmission factor
on the relative orientation of the neutron spin in the direction &, x I’ (n) and the precession
of the spin with respect to the same direction ().

Thus one can see that the above equations show the necessity to measure all the pa-
rameters that characterize these low-lying resonances to calculate exact relations between
P-odd and TRIV effects. Notice that the former expressions for P-odd and T-odd effects in
two-level approximation have exactly the same energy dependence. As a consequence, we

obtain [11, 19]

AO’pT w

L = R(J) (1)

n ''7Sn (I = 1/2) case

VI
21+1)

(—2vTx+ /2T +3y)

T

k(J) = JZI—I—%, (12)

for the coupling scheme J = I + (I + §) used in [3], where the total gamma width has two

contributions from j = 1/2 and j = 3/2 p-wave neutron capture channels
FZ = 21/2 + Pp3/27 (13)
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and

r rn
i Ln/Q and y? = in/Q. (14)
Iy I
Since 22 + y? = 1 we can use the parametrization
x = cos(¢) and y = sin(¢). (15)

Then the knowledge of ¢ in Eq. (15) allows to evaluate the parameter x(.J), which relates
the P-odd difference of total cross sections Ao p proportional to the correlation ﬁn-En, and the
TRIV ones Ao pr which are proportional to &), - [l;n X f] in neutron transmission experiments
to the ratio of corresponding nuclear matrix elements v and w [19]

The parameter x(J) depends only on spin factors therefore, it is clear that TRIV and
P-odd effects have the same nuclear enhancement factors. Also, the direct relation between
P-odd and TRIV effects shows that any inconsistency in the description of P-odd observables
should be resolved to be able to fully understand and design an experiment to search for
TRIV effects. With this objective is important to look for consistency in the most studied
nuclei with the largest values of measured P-odd effects. At present, there are many mea-
sured P-odd and P-even effects in ''"Sn which provide detailed spectroscopic information
for neutron resonances at very low energies.

If we measure a very large P-odd effect but x(.J) is close to be zero, we will not be able
to measure T-odd correlation at this resonance. In such a case the TRIV effect is canceled
regardless the magnitude of w. But the opposite might be also true: if P-odd effect at the
resonance is very small, TRIV effect can be large. Since each p-resonance has a specific
value of k(J), for some resonances it might be large, which would make a future experiment
on such a resonance more sensitive to the TRIV amplitude of interest. Therefore, before
designing the TRIV experiment it is important to find a good nuclear target candidate
with both a large P-odd asymmetry and a large value of the parameter x(J). With this
objective, it is important to analyze previous experiments to characterize the low-lying p-
and s-resonances with the objective to determine the value of ¢. To achieve this goal, it
is important to study P-even angular correlations in (n,y) reactions on the same neutron
resonances, because they are sensitive to the resonance parameters of interest but can possess

relatively large asymmetries as they are not suppressed in size by weak interactions.



B. P-even effects in (n,y) reactions

In 1984 Flambaum and Sushkov developed a theoretical formalism for the description
of P-odd and P-even angular correlations in neutron radiative capture at very low neutron
energies [3, 6]. With this formalism is possible to obtain the Eq. (7) because it also considers
the resonant mechanism as the most important reaction mechanism for low neutron energies
and heavy nuclei.

For an unpolarized target and in experiments where the gamma polarization is not mea-

sured, this expression becomes [5, 6]

— = — |ap + a17iy - Ty + a8y, - [l X ] +as | (- 70,)" — =
ey 2 3
1 (16)
= agp + a1 cos (0) + ay frsin (0) cos (¢p) + as (0052 0) — 5) :

where 7i,(,) and §, are unit vectors along the neutron beam (v emission) and neutron spin
direction, respectively, and f,, is the neutron polarization.
Thus for ''7Sn, one can define k as the neutron wave-vector, £ as the neutron energy,

E, as the energy of the s(p)-resonance, I'y(,) as the total width of the s(p)-resonance, and

introducing the amplitude of the capture channel of neutrons ’yg(p) = F;L(p) with [ = 0(1)
or j = 1/2(3/2), and ’yz(p) = Tz(p) is the amplitude of the gamma decay channel of the

compound s(p)-state.

It should be noted that the sign of the neutron width amplitude is also an important
spectroscopic parameter which can be obtained only from interference terms in angular
correlations. There are very few experimental results which determine the signs for the
amplitudes associated with these widths for low-lying neutron resonances in any nuclei, and
in particular no such information to our knowledge is available for 1'’Sn. In the three-level
approximation case (one p- and two s-resonances), we have an interference term between

s-resonances in ag of the form [3]

7?17?272/17;/2 ((E - Esl)(E - ESQ) + Fs)‘lrsQ/ZjL)
2 2
(B - Eq)+ 5] [(B - Ba)?+ 2

(17)

Since the sign of every single amplitude in Eq.(17) is an important unknown parameter,

the interference term could be positive (constructive interference) or negative (destructive
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interference).
Past efforts to obtain the signs and values for  and y measuring the P-even asymmetries
in (n,y) reactions using the left-right asymmetry e/=%, the forward-backward asymmetry

" ~F, and p-wave angular anisotropy €5 [2, 5, 6] were not successful, where:

7(90°,0°, E) — o(90°, 180°, E)

L—-R E) =
)= 7 (000,00, B) + o900, 1500, ) (18)
%
- ag — CL3/3’
e o 0(0=45° B) — o(0 = 135°, E)
@ (B0 =45 =15 B+ o(0 = 1350, 1) (19)
N S
o \/§(M)+’a3/6,
0
ea(e) _ 20p(90 7Ep)
0p(0, Ep) + 0p(m — 0, E3) (20)

- (wp)
U2 + (as/3) (3cos(0) — 1)

From one of these observables we can obtain a pair of absolute values |z| and |y|, but not
the signs. The correct determination of both the absolute values and the signs should allow

one to reproduce experimental values for these three P-even asymmetries.

L—-R F-B

These P-even asymmetries € and € are related with the P-even correlations in the
(n,7) expression s, - [77 X 7] and 7, - 7i.,, respectively. The explicit energy dependence of every
single expansion coefficient in Eq. (16) can be found in reference [3].

On the other hand, the spectroscopic parameter

2y doy(0,E,)/dQ
to(Ep) = doy(0, E,)/dQ

s MES)

(21)

with a = —(3/v/2)xy — (3/4)y? characterizes the relative contribution to the total cross sec-
tion from both the s- and p-resonances measured at the p-resonance energy o,(0, E,)/0s(0, E,)

[5, 6]. It can be shown that
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ex(0) = % (23)

Once the parameters of the low-lying resonances involved in the former equations are
determined, we can fit the measured P-even asymmetries and should be able to find a
unique ¢ value that guarantees consistency with Flambaum-Sushkov formalism.

This analysis can be complicated if there is a nearby subthreshold s-wave resonance that
mixes with the p-resonance of interest. This makes the determination of the spectrometric
parameters that characterize this state more difficult because of the impossibility of directly
measuring this resonance. In the ''”Sn case there is no agreement between the reported
spectrometric parameters by several authors for this negative s-resonance.

Several authors in the past tried with no success to solve this problem and find this
unique ¢ value that guarantees consistency [5, 6]. These analyses were done in a two-level
approximation. This problem has not been resolved up to now.

We find that using the Bunakov-Gudkov formalism it is possible to find consistency with
measured P-odd effects. In 1991, Gudkov suggested an important contribution to P-even
effects from a close and strong enough s-resonance at 38.8 eV [7]. This means that the

analysis should be done considering a three-level approximation.

III. EXPERIMENTAL VALUES FOR SPECTROSCOPIC PARAMETERS AND
P-EVEN EFFECTS FOR !17"SN

The nearest compound resonances to £, = 1.33 eV p-wave resonance in ''"Sn are a
positive s-resonance at 38.8 ¢V and a sub-threshold state (a negative s-resonance) [32, 33].
The determination of the spectroscopic parameters of this negative s-resonance is difficult
because we cannot directly measure the properties of this state: it can only be inferred
from information on the neutron energy dependence of the cross section near zero energy.
Furthermore, we find different reported values for the resonance energy of this sub-threshold

state in different global data evaluations: -29.2 eV (Table I and Ref. [32]) and -81.02 eV
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TABLE 1. Spectrometric parameters for 7Sn+n by Alfimenkov (Refs. [36] and [37]) and
Mughaghab (Ref. [32])

Es (eV) 'Y (meV) [y (meV) TJ (meV)
-29 7.33 100 23+04
38.80 £ 0.05  0.67 £ 0.02 100 0.6 £0.2
E, (eV) I} (meV) Iy (eV) T} (meV)

1.33 £ 0.01 (2.5 £0.2)x107% 0.148 4+ 0.01 1.2 4+ 0.3

TABLE II. Values for spectrometric parameters €% and t5(E,) for "'7Sn+n by Alfimenkov (Ref.
[35]) and Lyapin (Ref. [39]).

200,E,) 60 ) 0

1.83 + 0.18 45° 1.18 + 0.12 45°
3.0+ 0.3 90° 1.63 + 0.14 45°
2.16 + 0.22 90°

(Ref. [33]). The change of the position of the subthreshold resonance from -29.2 eV to
-81.02 eV in the 2006 re-evaluation [32, 34] occurred despite the fact that the spectroscopic
values for positive resonances had either not changed at all or changed only very slightly.
We believe that this shift comes from small changes in how the data fitting procedure was
reoptimized to determine some global parameters of interest in nuclear data evaluations such
as level densities, Westcott g-factors, and resonance integrals parameters. It is known that in
these global evaluations the negative energy resonance parameters often serve the function
of “absorbing” some of these changes. Therefore this later change in the inferred value
for the subthreshold resonance position in ''"Sn appearing in the global data evaluations
may have nothing to do with the real properties of the resonance. We therefore choose
to rely on data taken close to zero neutron energy, where the effects of the tail of the
subthreshold resonance are the largest. Alfimenkov, Lyapin et al. measured P-even effects
and spectroscopic parameters for these resonances in 17Sn (Tables and Figs. I-11) [1, 5, 6, 35—
38] in the low neutron energy regime.

In this paper we conduct an analysis to seek consistency between the theoretical for-

malism [3] and experimental results for these P-even asymmetries using the spectroscopic
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FIG. 1. Results of the asymmetry eL=% (left figure from Refs. [1, 5]) and =P (right figure from

Refs. [2, 5]) for 117Sn at the vicinity of the p-resonance E, = 1.33 eV.

parameters measured by Alfimenkov, the -29.2 eV negative s-resonance by Mughabghab [32],
later measurements of '7Sn resonance parameters by the TRIPLE collaboration [38], and
a recent measurement of an angular-dependence of the (n, 7) p-wave resonance shape [40].
Then, the self consistent description gives a unique ¢ value by reproducing experimental

values for all these observables.

IV. P-EVEN EFFECTS IN Y7SN+n.
A. Left-right ¢/~ and forward-backward /2 asymmetries

1. Two-level approximation

Taking Egs. (18) and (19) spectroscopic parameters from Table (I) in a two-level approx-
imation, we find ourselves in exactly the same situation reported by several authors (Refs.
2, 5, 6]). We cannot find a unique ¢ value that allows us to reproduce both experimental
results on e/~ and €78 as can be seen in Figs. (2) and (3); for a given ¢ value, we obtain
either magnitude or sign problems.

In view of the lack of information on the signs of neutron (7},) and gamma (v,
transition amplitudes for the s(p)-compound state, we propose to assume a negative sign

in Egs. (18) and (19) to see if the additional spectroscopic data can be fit. After fitting

13



T T T T F T T T T
07 F E
- a . - F a .
0.3 + —_ 7%_33 75 with ¢[deg] = —101.70 t —_ 7a0_§3 75 with ¢[deg] = 37.50

06 F —— ¢ldeg] = —57.03 x2 =1.15 7

e R(En)

05 10 15 20 25 30 05 10 15 20 25 30
Ep [eV] En [eV]
FIG. 2. Measured values for the left-right asymmetry at the vicinity of the p-resonance E, = 1.33
eV for 1'7Sn. Red curves correspond to the best fits: ¢(°) = —57.03 (x2 = 1.15) and ¢(°) = 92.88
(x2 = 1.15). Black curves correspond to calculated curves using obtained ¢ values from the fitting

on measured F-B asymmetry values.

0.8 — T T 1 ' T T T T T T T T T T T T T T 0.8 r——— 1.~ T T ]
[ 1 a ; 1 L —_— 1 a ; _ J
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06 — ¢[deg] = 3750 x2 =100 ] cr — gldegl = —101.70 2 =1.00 1

1.0 1.5 2.0 25
Ep [eV] Ep [eV]

FIG. 3. Measured values for the forward-backward asymmetry at the vicinity of the p-resonance
E, = 1.33 eV for 17Sn. Red curves correspond to the best fits: ¢(°) = —101.70 (x2 = 1.00) and
#(°) = 37.5 (x?> = 1.00). Black curves correspond to calculated curves using obtained ¢ values

from the fitting on measured L-R asymmetry values.

the experimental values for e/~ (e ~B) we obtain two possible values for ¢ (red curves in
figures). With these ¢ values we can try to reproduce the measured values for the other
asymmetry e/ =8 (=) evaluating Egs. (18) and (19) with the opposite sign (black curves

in figures).
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we obtain Fig. (4).
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FIG. 4. Measured values for the left-right and forward-backward asymmetries at the vicinity of
the p-resonance E, = 1.33 eV for 17Sn. Red curve corresponds to the best fit: ¢() = —101.70
(x2 = 1.00). Black curve corresponds to the calculated curve using the fitted ¢ value from F-B

asymmetry with y2 = 5.77.

From the figure we are able to reproduce experimental values for these two measured P-even
asymmetries with a unique ¢ value. On the other hand, taking
Qs 1 ai

e RE)= ———— and e BEN=45") = ———— 25
( ) ao—a3/3 ( ) \/5@0“‘&3/6 ( )

we obtain the same result. Notice here that we do not have problems with the sign of the
P-even effects or their order of magnitude. In these cases the fitting of a single asymmetry
gives us a value for ¢ that fits both measured observables.

In the isolated resonance regime it is common to take only one s-resonance but in the
more general case we can have more than one s-resonances contributing to the P-even effect
at the p-resonance energy. The mixing of the p-state with those s-resonances with the largest
I'm0/(Ey)? values (the positive s-resonance at 38.8 eV and the sub-threshold state at -29.2
eV) should make the dominant contribution to the asymmetries [6]. Below we investigate

whether or not the inclusion of this positive s-resonance in the fits lowers the x2.
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FIG. 5. Measured values for the left-right and forward-backward asymmetries at the vicinity of
the p-resonance E, = 1.33 eV for 117Sn. Red curve corresponds to the best fit: ¢() = 92.88
(x2 = 1.15). The black curve corresponds to the calculated curve using this fitted ¢ value from

L-R asymmetry with x2 = 7.04.

2. Three-level approximation

Considering Eq. (24), spectroscopic parameters from Table (I), three-level approxima-
tion (one p- and two s-resonances) and destructive interference, we obtain Figs. (6) and
(7). The value of ¢ from this fit does not change much from that obtained in the two-level
approximation analysis, but the quality of the fit as measured by x? improves noticeably.
Note carefully that this success occurs in spite of the fact that we did not treat the positive
resonance parameters as adjustable fit parameters: there is no change from their accepted
values in the scientific literature. The only additional new undetermined “parameter” in-
volved in this three resonance fit is the relative sign of the positive s-wave resonance term
compared to that from the subthreshold resonance. As we pointed out above, such signs are

not determined by other measurements and must be treated as free parameters in our case.

From Fig. (7), for the interval

¢ € [—93.93; —92.13), (26)

we have
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FIG. 6. Measured values for the left-right and forward-backward asymmetries at the vicinity of
the p-resonance E, = 1.33 eV for 117Sn. Red curve corresponds to the best fit: ¢(°) = —93.93

(x2 = 1.00). Black curve corresponds to the calculated curve using this fitted ¢ value from F-B

asymmetry with y2 = 1.17.
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FIG. 7. x?2 as a function of the parameter ¢ (a negative s-resonance at -29.2 eV, a p-resonance at

1.33 eV, a positive s-resonance at 38.8 eV and considering three-level approximation, destructive

interference and spectroscopic parameters by Alfimenkov).

2
X2 e [1.17;1.14],
LR [ ] (27>

Xop, € [1.00;1.14].

On the other hand, taking Eq. (25) we obtain
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¢ € [86.07;87.87], (28)

that also satisfy Eq. (27). From Figs. (8) and (9) we can see an improvement in the
evaluated y2 values for e£=% and /=B, This means that the positive s-resonance makes an
important contribution to the measured asymmetries at the p-resonance energy. From the

former two intervals ¢ € {[—93.93; —92.13] U [86.07; 87.87]} we obtain Fig. (10)

K € [6.53;12.34].

T T T T T T T T
4

V2 apg+az/6
0.4 - b

—— ¢ldeg] = 87.68 X2 =1.14 r o with ¢[deg] = 87.68 x2 = 1.12

eFB(Ey)

0.5 1.0 15 2.0 25 3.0 0.5 1.0 15 2.0 25 3.0
En[eV] En[eV]

FIG. 8. Measured values for the left-right and forward-backward asymmetries at the vicinity of
the p-resonance E, = 1.33 eV for 117Sn. Red curve corresponds to the best fit: ¢(°) = 87.68
(x2 = 1.14). Black curve corresponds to the calculated curve using this fitted ¢ value from L-R

asymmetry with y2 = 1.12.

The measurement of the parameter I', is not an easy experimental task. Alfimenkov
measured the parameter I'" through (n,y) reactions at 1.33 eV in 7Sn. He reported a
first value I') = 0.23 £ 0.02 eV [41]. Since '""Sn is a non-fissile nucleus and the total
cross section is practically equal to the radiative capture cross section at these very low
energies (I < I'7) we can make the approximation I', ~ I'). Later Smith et al. [42]
reported a lower value I') = 0.148 £ 0.010 eV which then was adopted into the next edition
of Mughabghab [33]. Usually I, = I'; ~ 0.1 eV [28] for most resonances. We can also
find a lower value I') = 0.180 + 0.018 eV by Alfimenkov in references [43-45]. We fit the
data using all of these values for I'). We obtain the best fits with I') = 0.148 eV. There
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FIG. 9. x?/ndf as a function of the parameter ¢ (a negative s-resonance at -29.2 eV, a p-resonance
at 1.33 eV, a positive s-resonance at 38.8 eV and considering three-level approximation, destructive

interference and spectroscopic parameters by Alfimenkov).

are additional good reasons to believe that this narrower width is likely to be closer to
the correct value based on the differences of the source and apparatus properties used in
these different measurements. The beam and measurement apparatus used in [42] were
a qualitative improvement over that available to [41]. The intrinsic spread of the neutron
energies from the water moderator at the spallation source used in [42] is narrower than that
from the neutron source used in [41], and the time resolution of both the °B-loaded liquid
scintillation neutron detector used in transmission and the pure Csl gamma detector array
used in (n, ) mode in [42] were sharper than the detectors available to [41]. We suspect that
these instrumental improvements could be the reason why Smith et al. reported a narrower
resonance width I'). Combined with the high statistical accuracy obtained in this work, the
Smith et al. result domiantes the reported errors on the resonance energy and width.

The recent measurements of y-rays angle distribution with unpolarized neutrons at 1.33
eV in n+!7Sn [40] are consistent with the values ¢; ~ —88° and ¢, =~ 18°. While the mea-
surements of the left-right asymmetry [46, 47] reported ¢; ~ —2.0° and ¢ = 40.9°, with the
value of the left-asymmetry Apr = 1.07 +0.23. These results do not agree with each other,
nor with the obtained interval in the present analysis ¢ € {[—93.93; —92.13] U [86.07; 87.87] }
that guarantees x2 € [1.00;1.17]. This indicates that more precise experiments are required
to resolve the possible source of inconsistency, which is more likely related to low statistics

in the previous measurements.
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FIG. 10. Values obtained for the parameter «(.J) (Eq. 12) in the present analysis. Since there
is no constraint on x(J) values derived from any formalism, values between 107! and 10 can be

possible.

The values of TRIV effects  and y in Egs. (8) and (9) are proportional to unknown TRIV
matrix element w, and directly related to corresponding P-odd observables (see, for example
Eq. (11)), which can be measured at the same experiment. Thus, the relations between
observed P-odd effects and TRIV effects are defined by one unknown parameter A = w/v,
which is a ratio of TRIV and P-odd nuclear matrix elements calculated with exactly the

same nuclear wave functions, and by parameter x obtained in the current analysis: k=6.53.

The exact calculations of matrix elements v and w are practically impossible due to
the chaotic nature of compound resonance nuclear wave functions. However, their ratio
(parameter \) can be estimated with rather good accuracy [48-50]. It has been shown (see
for example [48-54] and references therein) that different models of CP-violation lead to the
possible values of the parameter \ in the wide range from 1072 to 107!°, which corresponds
to Kobayashi-Maskawa mixing in the Standard Model.

Taking the value of A = 107°, which will improve the current limits on EDMs and some

constrains on new physics (see, for example [8, 9, 50] and references therein), and xk=6.53
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for 17Sn we obtain

Aopr

< 6.53 x 1075, 29
Nop X (29)

Then, for possible neutron transmission experiments with time-of-flight spectrometer,
assuming very intense neutron fluxes, high-efficiency polarizers, excellent energy resolution
at thermal and epithermal energies, and the use of 47w absolute efficiency detector arrays,
one can get an experimental sensitivity for Aopr/Acp in the order of 1075 [9]. Polarized
neutron fluxes, in the energy range of the neutron resonance in *7Sn, at the target position
of the order of 10° — 107 neutrons-s are currently achievable at LANSCE and JPARC [55-57]
with *He spin-filters polarization of the order of 70% and neutron transmission between
40 and 50%. Therefore, an uncertainty of the order of 107¢ in TRIV cross section can be
achieved for "7Sn, in 107 s (see Ref. [9] and Fig. (11)). On the other hand, experimental
sensitivity of 1073 can be obtained in 10° s. These results show that TRIV experiment with

1781 is very complementary to the ongoing experiments for EDM measurements.

1073 ¢ —— Experimental sensitivity 5

1074k

1075 ¢

(AUPT/AO'P)exp

107°

1077k

10—8 2........|3........|‘{+........|5........| L - .......|8......
10 10 10 10 10° 10 10

Measuring time (s)

FIG. 11. Estimated experimental sensitivity of the TRIV experiment with '17Sn.
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B. P-component angular anisotropy ¢; and t2(0, E,)

In Table (I) values for ¢} were obtained using Eq. (23) and measured values for ¢2(6).

Taking into account directly experimental values for ¢2(45°), £2(55%), £2(90°) and evaluated

ones for t2,(0, E,) from spectroscopic parameters from Table (I) we obtain Figs. (12) and
(13).
L L L L LS LS L .
a5l — 2,(45deg, Ep) vs ¢ i
I +— &, (90deg, Ep) vs ¢ i
S i +— t2,(55deg, Ep) = 2.05 + 0.87
(&2 I — _ - s . 1
Z 30l ¢ldeg] € [-93.93; <92,13] L [86.07: 87.87] |
=2 Y A | Y A | E
[}
g I
S NS | SRR AV \ N
a2 [
g
3 2.0_"::::::: Vel ) gl g4 Wil
L0
X I
Y Foee e NG N e NG
15 —
PRI S S SR U B I U SN T S SO AN TR T ST SO U TS T SR TR T ST
-150 -100 -50 0 50 100 150
¢ [deg]

FIG. 12. Calculated values for spectroscopic parameters t3.,(E,), t2:0(Ep) and 3, (E,) using

three-level approximation, destructive interference, Flambaum-Sushkov formalism, and values by

Alfimenkov. Experimental values ¢2, (90°, E,) = 3.0 £ 0.3 (red dashed line), tgmp(450,Ep) =

exp

2.16 & 0.22 (black dashed line) and t2,,(45°, E,) = 1.83 & 0.18 (black dotted line) are also shown.

erp
There is agreement between the calculated and experimental values if we take into account the

L—R F-B

values for ¢ from e and €

From these figures we can see that ¢ is consistently determined from e/~ and ¢/ ~” data
when analyzed in the three-level approximation (destructive interference) and Flambaum-
Sushkov formalism. In this case, we have agreement considering only the value €; = 1.63 +
0.14. The fact that we obtain the best result in three-level approximation means that the
positive s-resonance at 38.8 eV has an important contribution to the asymmetries at the

p-resonance energy F, = 1.33 eV in "7Sn.
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FIG. 13. Experimental and theoretical values for the spectroscopic parameter 61‘;(450) using three-
level approximation, destructive interference, Flambaum-Sushkov formalism and values by Alfi-
menkov. Experimental values €2, (45", E,) = 1.63 £ 0.14 (red dashed line) and €2,,(45°, E,) =
1.18 £ 0.12 (red dotted line) are also shown. There is agreement between the calculated and ex-

L—-R F-B

perimental values if we take into account the values for ¢ from € and €

It would be no surprise if the addition of more fitting parameters to a theoretical model
lowers the chi-squared value of the fit to the data. We emphasize again that in this study

we always consider only one fitting parameter ¢ both in two- and three-level approximation.

Above we presented our arguments for why we chose to base our main analysis of the data
using the subthreshold resonance parameters from the measurements of Alfimenkov, whose
values come directly from data in the low-energy neutron range of interest. Nevertheless,
we also analyzed the data with values from two different global data evaluations (1981
and 2006 from Mughabghab) which as noted below possess very different values for the
subthreshold resonance. We were not able to obtain consistency between experimental
and evaluated values for t*(E,,45°), t*(E,, 55°) and t?(E,,90°) in two-level approximation
from either data evaluation, nor was it possible to succeed with spectroscopic values from
the 1981 Mughaghab series in three-level approximation. But we could get an internally

consistent analysis from the 2006 Mughaghab series in three-level approximation (destructive
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interference). In this case, we obtain

¢=—96.14 and 83.86, (30)
and
2
X, . = 1.59,
i (31)
XZ%FB = 1.00.

These values are not far away from those reported in Eqgs. (26) and (28). In this article
we only presented our best results (taking values by Alfimenkov). Alfimenkov’s values
come directly from his own data in the low-energy neutron range of interest. Clearly, more
experiments would be very valuable to better constrain the spectroscopic parameters in this
system, especially for the resonant sub-threshold state in '¥Sn whose properties are clearly

important to describe the data.

V. SEEKING FOR CONSISTENCY BETWEEN BUNAKOV-GUDKOV FOR-
MALISM AND MEASURED P-ODD ASYMMETRIES IN ''"SN+n.

We now turn to the measurements of P-odd effects near the 1.33 eV p-wave resonance of
H78n to see if the existing data is internally consistent with the resonance parameters that
describe the P-even data.

From the P-odd reaction amplitudes we obtain in two-level approximation at the thermal

energy

P(Ey) _ ,0t(En) (By = BTy (B — Ey)* +T3/4] (B — E,)* + T3 /4] (32)
P(Eth) Utat(Ep) [(Eth - ES)FP + (Eth - Ep)FS] [(Ep - ES)2 + Fg/4] F% .

At the p-resonance energy we have

P(E,) 2 (B = EJU[(Bn — B)? + T4 [(Bn — B,)* +T7/4]
do/dz(Ey,) N NUtot<Ep) [(Ewn — Es)(Eg — Ep) - Fsrp/4] [(Ep — E,)? +T2/4] P?o.

(33)

In this case we eliminate the spin factors dependence (because both P and d¢/dz share the
same spin factor) and the weak-mixing represented by v which means that we should be

able to compare well with the P-even results.
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cccc

TABLE III. Calculated values for P-odd effects (P, d¢/dz and ay, ) at the thermal and p-resonance

energy for 117Sn.

Py (1073) Py (107%)  ap,, (107%) déyn/dz (107°) (rad/cm)

—(3.0£0.13) —(10 £ 0.69) —(7.6 + 0.92) —(48.4 +1.94)

To obtain the former two equations we need to take into account the contribution from the
nearest s- and p-resonances and the scattering potential in the total cross section expression

[58]

T T, 7r | O

B) = 7 W
Utt( ) kQ(E_ES)2+F§/4+]{;2(E—Ep)2+rg/4+

(kR)*. (34)

Taking the spectrometric parameters reported in Table (I), o(Ey) = 4 b, o(E,) = 1.8 b,
N =3.7-102 em 3, d¢/dz(Ey,) = (—36.7 £ 2.7) - 107° rad/cm and the average P(Ey,) =

(6.740.5) - 1079 from reference [43] and evaluating these equations we obtain

P(E,) = (47+£04) x107® and P(E,)=(9240.7) x 107%,

respectively. These calculated values agree with the experimental values reported in Table
(IV).
To estimate the weak matrix element v for heavy and medium-heavy nuclei we can use

the phenomenological equation [58]

v~ 10"%/DeV], (35)

where D is the average distance between compound resonances. In the following calculations
we use D = 48 4+ 6 eV [32] to evaluate some P-odd asymmetry for 117Sn.

Taking spectroscopic parameters from Table (I) we calculate values for these P-odd effects
shown in Table (III). In order to compare absolute values we need to consider the exact
expressions for spin factors.

In Table (IV) we can see measured values for these asymmetries reported in several

references. On the sign of these measured asymmetries we observe that it is very common to
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TABLE IV. Measured P-odd asymmetries at resonant and thermal energies.

Qi (1079) Py, (1079)
8.1+ 1.3 [59] (6.2 & 0.7) [28, 43]
44406 (60, 61] 11.2 +2.6  [43]
-(4.1 £0.8) [59] 6.9 + 0.8 [43]
8.9+ 1.5 [62] 9.8 + 4.1 [63]
85+ 1.5 58]  16.0 £ 2.1  [28]

~(9.78 + 4.08)  [28]

doe/dz (107%) (rad/cm) P, (1073)
-36.7 £ 2.7 [43, 60] -(4.5 + 1.3) [60, 63]
-38.6 = 6.8 64  7.7+1.3 [38, 43]

79+04  [38]

find discrepancies between references that cite the same experimental reported value. Our

reported values in Table (III) agree pretty well with those shown in Table (IV).

VI. CONCLUSIONS

Our analysis shows that a resonance description of neutron radiative capture [3] can
describe all of the data taken so far at the 1.33 eV resonance in '7Sn, which is one of
the most extensively studied p-wave compound nuclear resonance to date. We observed an
essential improvement in the fit of the experimental data without additional free parameters
when we use the three-level approximation with destructive interference. This shows that
the s-wave resonance at 38.8 eV is important to describe the P-even effects at the vicinity
of p-wave resonance in *"Sn, which are dominant by the mixing with the subthreshold s-
wave resonance. It should be noted that to improve the accuracy of the measured resonance
parameters the further analysis of new observables involving gamma circular polarization
and the ''7Sn nuclear polarization is highly desirable. However, even at this stage our results
show the assurance in understanding spectroscopic parameters which are required for future
experiments for the search of TRIV in neutron scattering on '7Sn target. The reasonably

large value of the parameter x makes 1'"Sn a good candidate for a TRIV test.
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We plan to apply a similar analysis for other candidates for the targets for TRIV exper-

iments such as *°La, 8'Br, *'Xe, when more experimental data will be available.
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