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SHe(i7, p)*H parity-conserving asymmetry
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Recently, the n*He Collaboration reported a measurement of the parity-violating (PV) proton directional
asymmetry Apy = [1.55 4 0.97 (stat) & 0.24 (sys)] x 1073 in the capture reaction of *He(ii, p)*H at meV in-
cident neutron energies. The result increased the limited inventory of precisely measured and calculable PV
observables in few-body systems required to further understand the structure of hadronic weak interaction. In
this Letter, we report the experimental and theoretical investigation of a parity conserving (PC) asymmetry Apc in
the same reaction (the first ever measured PC observable at meV neutron energies). As a result of S- and P-wave
mixing in the reaction, the Apc is inversely proportional to the neutron wavelength L. The experimental value is
(A x Apc) = B = [—1.97 £0.28 (stat) & 0.12 (sys)] x 1076 A. We present results for a theoretical analysis of
this reaction by solving the four-body scattering problem within the hyperspherical harmonic method. We find
that in the *He(7i, p)°*H reaction, Apc depends critically on the energy and width of the close 0~ resonant state
of “He, resulting in a large sensitivity to the spin-orbit components of the nucleon-nucleon force and even to the
three-nucleon force. The analysis of the accurately measured Apc and Apy using the same few-body theoretical
models gives essential information needed to interpret the PV asymmetry in the *He(7i, p)*H reaction.

DOI: 10.1103/PhysRevC.110.L061001

Introduction. The study of polarization observables in nu-
clear reactions is an important tool, in some cases the only
tool, to improve our understanding on issues ranging from
fundamental symmetries to still ambiguous observations in
the strong nuclear interaction. In this Letter we present re-
sults from an investigation of the reaction of 3He(ii, p)’H
using transverse polarized neutrons of meV energies at the
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Spallation Neutron Source (SNS) of the Oak Ridge National
Laboratory (ORNL). In a previous paper, we reported the
parity-violating (PV) asymmetry Apy = [1.55 &£ 0.97 (stat) £
0.24 (sys)] x 108 [1]. Here, we present the experimental
and theoretical investigation of a parity-conserving (PC)
asymmetry in the reaction. In general, the cross section for
3He(ii, p)*H can be written as

do do " a A a
i~ \ao (1 + ApySn - kp + Apc(Sn X ko) - kp), (D)
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where (do /d2), is the unpolarized cross section and 5y, IEP,
and k, denote unit vectors specifying the directions of the
neutron polarization, the outgoing proton momentum, and the
incoming neutron beam, respectively. The Apc is measured
by detecting emitted protons with their momenta in the plane
defined by §, x l%n and Ign, and the Apy in the plane §, and l%n.
The asymmetry is deduced from detector yields with opposite
neutron spin direction.

At a fundamental level, PV observables in nuclei are a
consequence of the hadronic weak interaction (HWI) between
quarks, which explains their very small values, see Ref. [2] for
a recent review. Interest in measurements of Apy in nucleon-
nucleon (NN) or in light nuclear systems at low incoming
neutron energies is therefore motivated by the effort to find
additional insight to the structure of the HWI, the least-known
part of the weak interaction [3—7]. As shown below, the Apc
is directly sensitive to the strong and electromagnetic com-
ponents of the nuclear interaction, and contributions from
the HWI can be safely neglected since they are estimated
to be a few orders of magnitude smaller. Because Apc is a
consequence of the interference between S and P waves of
the incoming neutron at meV energies, Apc o 1/A, where A
is the neutron wavelength. More specifically, the scale of the
Apc will be proportional to (kR), where k = 2m /A and R a
characteristic length for this reaction. For A =35 x 10° fm,
the neutron wave vector is k ~ 1.3 x 10~> fm~! and using
R =~ 1.97 fm for the *He radius, we find the scale of Apc to be
(kR) ~ 1073,

For the unpolarized 3He(n, p)*H reaction, measurements
of the total cross section and the differential cross section exist
at very low energies. No data for PC polarization observables
were reported for this reaction, only for the mirror reaction
SH(p, ii)*He [8,9]. These experiments were performed at pro-
ton incident energies corresponding to neutron energies of 300
keV or greater. Therefore, the measurement that we discuss
here is the first ever measurement of a PC *He(7i, p)*H polar-
ization observable at meV incident neutron energies.

Since the four-nucleon scattering problem can be routinely
solved, Apc can be accurately calculated starting from a given
model of the strong and electromagnetic interactions [10—-17].
This observable is usually very sensitive to the nuclear in-
teraction, in particular, to spin-orbit components of the NN
interaction and the three-nucleon (3N) force. This can be
readily understood, since Apc is a consequence of the inter-
action in P waves. It is worth mentioning that in the physics
of few-nucleon systems, we still have various discrepancies
between theory and experiment, such as the famous analyzing
power “Ay puzzle” in p-d, n-d, and p->He scattering [10,18—
22]. In the present case, this sensitivity could be amplified
since the process under study is at an energy rather close
to the energy of the second excited state of “He, that has
quantum numbers J* = 0~ [23]. Therefore, the study of this
PC observable could be an extraordinary opportunity to study
this poorly known resonance.

The energy spectrum of “He is, in fact, an important test-
ing ground for understanding nuclear dynamics. Energies and
widths of the various resonances have been determined in
R-matrix analyses [23]. As a matter of fact, all excited states
are resonances; however, their precise energies and widths

contain critical information. Their calculation using different
Hamiltonians gives slightly different results [9]. The first ex-
cited state, a 0" resonance, has been vigorously investigated
both theoretically and experimentally. Without the Coulomb
interaction, it would be a true bound state, with an energy
well in agreement with that predicted in the framework of
A = 4 Efimov physics [24]. This state has been studied ex-
perimentally by means of electron scattering, see Ref. [25]
for a recent analysis. Theoretical studies have found that the
position and width of this resonance are critically dependent
on the interaction [26-30]. The next excited state, the 0~
resonance, is just above the threshold of n-*He dissociation,
and has a similar width as the 0T resonance. Its existence is
due to the interaction in P waves.

Measurement and analysis of Apc. In the 3He (7, p)*H reac-
tion the Apy and the Apc are orthogonal asymmetries that in a
measurement are mixed by the experimental inaccuracies. In
order to determine the mixing correction 6Apc on the Apy,
the Apc has to be determined at the same neutron energy
range as the Apy was, see Ref. [1]. During the data runs
of these two measurements the systematic uncertainties were
controlled by performing the two asymmetry measurements
so that the only change between the Apy and Apc setups was
a rotation of the target/detector chamber around the beam
axis to the most sensitive detector orientation and in addition,
the two asymmetries were measured by alternating beam time
between the two orientations [1]. The Apc data and its quality
is discussed in Ref. [1]. The asymmetries were calculated
integrating detector yields over a neutron wavelength range of
3.4-6.3 A, which was possible for the PV asymmetry, since
it does not depend on incident neutron wavelength as the PC
asymmetry does. Using the least-squares fit of the measured
signal wire pair asymmetries from the Apy and from the Apc
data sets, the uncorrected values for the Apy and the Apc
were obtained. The fit resulted in the published uncorrected
ARE = [—41 £ 5.6(stat)] x 108 [1]. The 1/A dependence of
Apc is taken into account in the analysis of the Apc datum in
this Letter.

Corrections and systematic uncertainties for Apf are
mainly due to the uncertainty in the detector chamber ori-
entation. The first two corrections are due to a twist of the
signal wire plane in the detector [1] and then the alignment
uncertainty of the detector with the spin holding magnetic
field. These two alignment uncertainties mix the small PV
value into the significantly larger PC value, and are there-
fore expected to be small. The calculated plane twist and the
field alignment corrections to Ap are —0.09 4= 0.00 ppb and
0.00 % 0.04 ppb, respectively [1].

The origin of the third additive correction is the spin-orbit
component of the electromagnetic neutron->He atom interac-
tion due to the Mott-Schwinger (MS) mechanism [31]. In fact,
the probability that a neutron undergoes an elastic scattering
on 3He atoms in the target before being captured by another
helium nucleus is very small, ~10~4, but, in any case, finite.
This elastic scattering produces, via the MS mechanism, a
small left-right asymmetry Ay that is then conserved in the
subsequent capture, which is essentially isotropic. The se-
quence (elastic scattering + capture) produces at the end a
false asymmetry 8Ams, which has to be subtracted from ApF
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FIG. 1. The selected measured outputs of the central signal wires
of the first and the tenth wire planes out of 16 planes. The plots
indicate how the incoming beam intensity and shape change as it
passes through the *He gas in the chamber. The signals were mea-
sured as a function of TOF but are plotted as a function of the
neutron wavelength. Due to 17 cm difference in distance between
the two wire planes from the moderator, the neutron wavelengths on
the tenth are little shorter than on the first wire, consequently, there
is a half time bin shift between the wavelength plots. The signals
represent collected charges after the emitted proton and triton from
the n*He capture deposit their kinetic energy to 3He gas, see text for
details. The integration ranges of the two signals are indicated with
thicker lines. The two small dips at 4.1 A and 4.7 A are residuals
from neutron transmission Bragg-edges on the aluminum beam-line
windows.

in order to obtain the PC asymmetry due solely to the capture
process. We calculated Ays following the model described
in Ref. [31]. Since it depends on the neutron wavelength A,
we have to average over the measured wavelength range at
each wire plane j (the geometry of the detector chamber is
discussed in the Supplemental Material [32]).

‘ Mhax '
Ays = / o As(OPI()dA, @

min

where Pi(1.) is the yield density distribution of the wire plane.
Figure 1 shows yields from two out of 16 central signal wires
of the first and the tenth plane. )‘Jmin(max) are the integration
limits, unique in each wire plane due to the increasing distance
of the planes from the moderator. The significant variation in
the detector yield between the planes is due mainly to the large
wavelength-dependent n-*He capture cross section [33,34]
that exponentially decreases the beam intensity as it passes
through the *He gas at a pressure of 43.6 kPa. The overall
MS asymmetry Ay for the detector is obtained by calcu-
lating the average given in Eq. (2) for each of the 16 wire
planes and then combining those using the integrated yield
in the respective planes as the weighting factor. The final
calculated value is Ays = (—4.8 £ 0.2) x 107>, This number,
multiplied by the fraction of neutrons that first undergo elastic
scattering instead of capture (estimated by the ratio of the
corresponding phenomenological cross sections [34,35], see
the Supplemental Material [32]), gives the correction to Apc,

which turns out to be $Ays = (—1.32 +0.10) x 1073, With
the above corrections and those from Table 1 of Ref. [1], we
obtain the final value for the measured PC asymmetry

Apc = [—42.5 4+ 6.0(stat) £ 0.11(sys)] x 1075, (3)

where the error in the calculated value of §Ays has been
folded into the systematic uncertainty.

The incoming neutrons contributing to the PC asymmetry
reported in Eq. (3) have a range of wavelengths. Since Apc
1/, we can write explicitly

Apc(p) = B, S

where $ is a constant that we want to extract from Apc and
u = 1/A. The mean inverse wavelength over the integrated
wave forms in each wire plane can be calculated as discussed
previously in context of Eq. (2) and in Supplemental Material
[32]. For the overall 7z we obtain

1 o
EE<X>=0'2151 +0.0015 A1, 5)

where the uncertainty is statistical, and is determined by the
averaging process.

To finalize systematic uncertainties in 8, we need to work
out first the full uncertainties in zz. The wavelength of neutrons
arriving at detector location is calculated from the measured
time of flight (TOF) over the known neutron path length. In
our case, the path length is formed by a distance from the
neutron emission surface from the liquid hydrogen moderator
to the first wire plane in the detector, this distance has been
measured with relative accuracy of 0.2%. The TOF measure-
ment is started by a clock signal corresponding to the arrival
of the proton beam bunch on the mercury target to within
1 us, a small correction to TOF is coming from the neutron
emission time, i.e., the time from start of TOF to moment
when the neutron exits the moderator [36]. After a selected
delay (13.500 ms), the DAQ system starts to digitize the sig-
nals in 49 time bins of 0.32 ms width. Figure 1 shows typical
detector yields, measured in the first and tenth wire planes as
a function of TOF but presented as a function of wavelength.
This presentation required that the two plots had to be shifted a
little respect to the x axis, since the two planes are at different
distances from the moderator. The TOF calculation includes
as its most significant uncertainty the charge collection time,
the time that is required to collect all the charges from the
ionization by the emitted proton from the n->He capture. Re-
sults of GARFIELD++ simulations indicate that the collection
time can be up to 1.5 ms long [37]. This is the dominating
uncertainty in & and is carried over to the systematic uncer-
tainty in 8. A more detailed discussion of the determination
of the uncertainty is contained in the Supplemental Material
[32]. Our final result for 8 is

B =[—1.97 +0.28 (stat) = 0.12 (sys)] x 1070 A.  (6)

Note that without this systematic error in w, the systematic
error in 8 would be reduced to 0.02 x 1076 A.

Theoretical analysis. In the Letter the four-nucleon (4N)
scattering problem is solved using the hyperspherical harmon-
ics (HH) method [9,38]. Here, we will give only some details
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of the procedure. First, a particular clusterization A 4+ B of
the four-nucleon system in the asymptotic region is denoted
with the index y. More specifically, y = 1 (2) corresponds
to p-*H (n-He) clusterization. Consider a scattering state
with total angular momentum quantum number JJ;, and parity
. The asymptotic part of the wave function describing the
incoming clusters y with relative orbital angular momentum
L and total spin S [note that 7 = (—)"] is generally written
as a sum of a (distorted) plane wave plus outgoing spherical
waves in all possible channels y', L', S’. The weights of the

outgoing waves are the 7-matrix elements (TMEs) / TLVS Z's

It is well known that /7,5, ~ g for g, — 0 (see Sec. IV
of Ref. [39]), where ¢, is the relative n->He momentum. To
complete the calculation, the inner part of the wave func-
tion (where the nucleons are close between themselves) is
described by an expansion over the HH basis (for more details,
see Refs. [9,39]).

In terms of the TMEs, the transverse asymmetry can be
written as

~| (2.1 \* 02,1 (02,1 V¥ 1472,1
Apcoy = 3\/5“’[( Iy 10) Too 00] + 2*‘[( T11,11) Tm,m]
2,1 * 12,1
+3\/_~‘[ T1011 Toy. 01]
2,1 * 12,1
"'3‘/2“3[ 11, 11 T01,01]

_55[( T11 11)* T021 })1] @)

Totol +3' T |- ®)

where in the expression of oy we have retained only the con-
tributions of S-wave TMEs (which are ~ qz) and in Apc the
contribution of S and P waves. From the g, behavior discussed
above, we see that Apc &~ ¢,. Note that ¢, = (3/4)27 /A,
hence Apc &~ 1/A as discussed previously.

The Apc observable has been obtained using the NN
interaction derived by Entem and Machleidt at next-to-next-
to-next-leading order (N3LO) in chiral effective field theory
(EFT) [40,41], corresponding to two different cutoff values
(A =500 MeV and A = 600 MeV). These NN interactions
are labeled, respectively, N3LO500 and N3LO600. The pa-
rameter A is used to cut the interaction for momentum transfer
k 2 A, or equivalently at interparticle distances r < 1/A.
They reflect our ignorance of the short-range physics, which
is taken into account by a number of low-energy constants
entering the expression of the potential, and fitted to the NN
database. Roughly, at the end of the procedure, the calculated
observables should be independent of A. The eventual de-
pendence on A of the results indicates that the order of the
potential (N3LO in this case) is not sufficient to describe the
observable under study. This rationale should be refined and
made consistent by studying the observable with interaction
derived at various orders, and using a Bayesian analysis to
study the theoretical uncertainty associated to the truncation
of the chiral expansion [42-45]. Clearly this analysis (in
progress) should be performed by including 3N forces derived
at the same order as the NN interaction.

The 3N force considered here has been derived at next-
to-next-leading order (N2LO) in Ref. [46] (the 3N force

oo ="

contributions at N3LO and beyond are still under construc-
tion but we plan to include them in future 4N calculations).
With the N3LO500 (N3LO600) NN interaction, we have con-
sidered the 3N N2LO force, in the local coordinate space
version [47], labeled N2LO500 (N2LO600). These interac-
tions include the contribution of a two-pion-exchange, an
one-pion-exchange, and a 3N contact interaction diagram as
derived in chiral PT [46]. The contribution of the last two
diagrams involves two new LECs, known as the parameters
cp and cg, respectively. They have been fixed by reproduc-
ing two observables in the 3N systems, i.e., the 3N binding
energy and the experimental Gamow-Teller (GT) matrix ele-
ment in the tritium beta decay [48—50]. The values of these
parameters, recently redetermined in Ref. [50], are (cp, cg) =
(40.945, —0.0410) for the N2LOS500 force and (cp, cg) =
(4+1.145, —0.6095) for the N2LO600 force. For example, in
the following a calculation performed with the N3LO500 NN
interaction plus N2LO500 3N interaction will be denoted as
N3LO5004+N2LO500, etc.

In order to explore the dependence on the parameters
cp and cg, we use also another 3N N2LO force labeled
N2LO500%*. In this case, the interaction reproduces the 3N
binding energies but not the tritium GT matrix element. The
corresponding values of the parameters are chosen arbitrarily
to be (cp, cg) = (—0.12, —0.196). The calculation based on
this interaction will be labeled N3LO5004+-N2LO500%*.

We also report results obtained using the Norfolk NN inter-
actions, also derived within chiral EFT, but using as degrees
of freedom nucleons, pions and As [51,52]. In this case, the
potentials are regularized in coordinate space. We use the
so-called NVIa and NVIb NN interactions, regularized with
cutoff Ry, = 1.2 and 1.0 fm, respectively. They are augmented
by 3N N2LO interactions, with (cp, cg) = (—0.635, —0.090)
for the NVIa force and (cp, cg) = (—4.71, +0.55) for the
NVIb force (see Table IV of Ref. [53]). The calculations
based on these interactions will be labeled NVIa+N2LOa and
NVIb+N2LOb, respectively.

In all cases, the electromagnetic force between the nucle-
ons has been approximated by the point-Coulomb potential.
Effects due to other terms, as the magnetic dipole interaction,
the vacuum polarization term, etc. are thought to be very small
in capture observables.

For each interaction, the convergence of the calculated
TMEs has been checked by increasing the size of the HH
basis. The only problematic quantity to be calculated has been
found to be the 0~ TME, due to the difficulty of constructing
the 4N wave function close to the 0~ resonance.

In order to explore the properties of this resonance, we
have performed a series of calculations for different neutron
energies. From the TMEs we can extract also the resonance
position Er and width I', using the procedure described in
Ref. [9], Sec. IV B. Results are reported in columns 2 and 3 of
Table I. The values are generally smaller than those extracted
from the experiment using an R-matrix analysis [23] (actually,
the two methods do not necessarily give the same result). The
ER value in correspondence with the N3LO500+N2LO500
interaction is found to be smaller than for the other cases.
Also the width I' is found to be narrower. We note that Apc
is very sensitive to the value of Otlzi }11 = limg,_, |0T121‘!l11 l/q2,
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TABLE I. Results of the calculations performed using the HH
method. The calculations reported in the first part of the table have
been performed considering Hamiltonians with only a NN interac-
tion, while in the second part also a 3N potential has been included.
See the main text for the notation adopted. In columns 2 and 3, we
report the position Ex and width I" of the “He 0~ resonance obtained
as discussed in Ref. [9]. Note that Eg is calculated starting from
the n->He threshold. In column 4, we report the values of 01121’_1” =
lim,, .o [°T}7},1/¢> and in column 5 the quantity B as defined in
Eq. (4) (we remind that this quantity at low energies is independent
of ¢,). In the last row, we report the experimental values for Eg, I'
[23], and B, the latter quantity obtained as discussed in the main text.

123 r gy, Bx10°

Interaction MeV) (MeV) (fm) A
N3LO500 0.16 0.41 20.7 —4.83
N3LO600 0.24 0.51 16.9 —2.68
NVIa 0.31 0.53 17.3 —2.61
NVIb 0.30 0.54 13.0 —0.43
N3LO500+N2LO500 0.06 0.26 30.1 —10.04
N3LO500+N2L0500%* 0.14 0.41 18.5 —2.68
N3LO600+N2LO600 0.09 0.30 25.9 —5.28
NVIa+N2LOa 0.04 0.36 354 —12.17
NVIb+N2LOb 0.12 0.40 23.9 —5.15
Experimental 0.44 0.84 —-1.97

+0.28 (stat)

+0.12 (sys)

reported in the fourth column of the table. Note the large
variation with the different interactions. Tiny differences of
the position of the 0~ resonance result in large changes in

B = Apc x A for the various interactions using Eq. (7). The
calculations have been performed at g, = 0 (namely, at A —
00), but in any case, for these energies 8 is independent of
q>. The large differences between the results for B reflect
the fact that the various terms in Eq. (7) tend to cancel each
other, in particular the first two, which are the largest ones.
Furthermore, note that without the contribution of the Olel’ 1”
term, Apc would be positive, at variance with what is found
experimentally. The Apc with N3LO5004-N2L0O500 is found
to be too large (in absolute value), due to the large value of
0T121’,111 q». This is probably a consequence of the fact that for

this interaction the 0~ resonance is very close to the n->He
threshold.

The interaction N3LOS5004+-N2LO500* differs from
N3LO500+N2LO500 just for cp, cg values. In this case
Apc is found to be in good agreement with the experimental
value. This result shows the sensitivity of this observable
to the details of the 3N force. The difference between the
N3LO500+N2L0O500 and N3LO600+N2LO600 results
shows the sensitivity of this observable to the cutoff values
and consequently to the different treatment of the short-range
physics.

Conclusions. The first accurate measurement of a parity-
conserving proton directional asymmetry at reaction of

SHe(ii, p)H at meV incident neutron energies resulted
in Apc = [—42.5 £ 6.0(stat) &= 0.11(sys)] x 1078, Since the
Apc depends on 1/A, where A is neutron wavelength, we
can remove the A dependence and obtain a constant 8 =
(A X Apc) = [—1.97 £0.28 (stat) £ 0.12 (sys)] x 107 A.In
this reaction, Apc comes out from the S- and P-wave in-
terference induced mainly by the strong nuclear interaction.
The difference between the final Apc and the uncorrected
Ap [1] is only 3%; this small improvement in the Apc does
not cause any significant corrections to the published Apy =
[1.55 4 0.97 (stat) & 0.24 (sys)] x 1078 [1].

This accurate measurement of the Apc represents an impor-
tant testing ground for nuclear physics studies, in particular
those involving polarized neutrons. We have calculated Apc
using a number of modern nuclear interactions derived in the
framework of chiral EFT. We have found that this observable
depends critically on the 0~ TME. This quantity is in turn
very sensitive to the nuclear Hamiltonian, since the experi-
ment is performed at an energy close to a rather sharp 0~
resonance in the *He spectrum. Thus, this observable works
like a magnifying glass for the nuclear dynamics, and in par-
ticular for NN P-wave and 3N interactions, so that this study
can give valuable information on these small components of
the interaction and can be very useful in order to construct
more accurate nuclear potentials. This can have a noticeable
impact on other studies where the accurate determination of
the nuclear matrix elements is crucial, as, for instance, in the
case of the neutrinoless double beta decay.

To summarize, this Letter reports a preliminary study of
this observable using a number of interactions, in order to
show its extreme sensitivity to the NN and 3N interactions.
In particular, this observable could be used to fix the 3N
interaction in P waves. This could be accomplished by using
the 3N interaction at N4LO, where a certain number of new
and unknown LECs appear [54,55]. At present the effect of
these components are being constrained in the 3N system.
Their effects in A = 4 systems (and for this observable) will
be performed after this preliminary part is concluded.

Finally, we comment on the impact of this study on the
PV observable Apy. As we have seen, the difficulty in the
prediction of Apc is due to the large variability in the TME
Olel' ]1 ,- However, this element does not enter in the calculation
of Apy (it is suppressed with respect to other terms by a factor
~ g,). Therefore, the theoretical prediction of Apy is much
less sensitive to the choice of the strong Hamiltonian.
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