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Abstract: The Nab and pNab collaborations are undertaking a program of studies
of free neutron beta decay with the goal to (1) to determine the ratio of the coupling
constants in free neutron beta decay, A = gv/ga, with unprecedented precision, (2) to
contribute to a test of the unitarity of the Cabibbo-Kobayashi-Maskawa matrix, and (3)
to search for non-Standard Model forms of weak interaction that manifest themselves as
scalar and/or tensor interactions. For this purpose, a large, novel magneto-electrostatic
spectrometer, the Nab spectrometer, has been developed, and is being used to determine
the correlation coefficients in unpolarized neutron beta decay: a and b. In pNab, the
second step, the same spectrometer will be used with a polarized neutron beam to
determine two more correlation coefficients, the beta asymmetry A, and the neutrino
asymmetry B. The measurements performed in Nab and pNab will provide a robust
dataset with unprecedented sensitivity to A and new physics, and will serve as a needed
systematic check to resolve discrepancies in determinations of A.

1. Scientific motivation

Despite its unparalleled successes, the present Standard Model (SM) of elementary particles
and their interactions is known to be incomplete. Additional particles and phenomena must exist.
Questions regarding possible extensions of the SM are being simultaneously addressed at the high
energy frontier, using particle colliders, and at the precision frontier, using small scale precision
experiments. Neutron beta decay contributes to a precision test of the unitarity of the Cabibbo-

Kobayashi-Maskawa (CKM) matrix, one of the most sensitive tests of our understanding of the
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electroweak interaction of quarks.

The most precise test of the unitarity of the CKM matrix is available for the first row:
Vaal® + [Vas* + [V [* = 1 - A (1)

To test CKM unitarity, one determines V.4 in nuclear or neutron beta decay and Vs in certain
Kaon decays. The contribution of Vg, is too small to register in Eq. (1) at the present level of
precision. Current experiments reviewed below indicate A ~ 1073, contrary to the SM expectation
of A =0. A failure of the CKM unitarity test indicates new physics, e.g., the effects of additional
exchange bosons (e.g., [1, 2]), anomalous couplings (e.g., [3, 4]), or the existence of a fourth quark
generation [5, 6]. Refs. [7, 8, 9, 4] use an effective field theory (EFT) approach to show that this
test of the CKM unitarity is sensitive to physics with a reach comparable to that of the CERN
Large Hadronic Collider, motivating intensive development of new analysis tools which integrate

low energy constraints with those from collider measurements.

The most precise determination of V,q is presently obtained from the analysis of superallowed
Fermi (SAF) beta decays. The Ft values (the product of “phase space factor”, “(partial) half-life”
and “nuclear structure and radiative corrections”) for multiple nuclides undergoing SAF decays are

averaged, and are used to determine V4 through

2984.43s

Vial? = 2008
Vil Ft (1+AY)

(2)

Since 2018, the inner radiative correction AK has substantially shifted, and its dominant uncertainty
(the contribution of the YW box diagram) has been reduced in Refs. [10, 11, 12, 13, 14]. A
preliminary lattice calculation [15] for this contribution in neutron beta decay gets a result similar

to the new value for the inner radiative correction.

The analysis of Ft values in SAF decays in Ref. [16] is the one generally adopted. It consti-
tutes a substantial update of previous work: It uses the revised inner radiative correction AE,
and revised nuclear structure-dependent radiative corrections (commonly called dng) that take
into account the revised computation of the YW box diagram [17]. The Particle Data Group
(PDG) [18] recognizes the new input and gives as the recommended value from SAF decays
Vad = 0.97373(11) exp. nuct. (9)rc (27)Ns-

There is an opportunity for free neutron beta decay to offer a competitive test of CKM unitarity
with Eq. (1), and its potential precision also benefits from the work on the inner radiative correction.
The extraction of V4 from neutron and pion beta decay is not affected by nuclear corrections. The
triple differential decay rate in neutron beta decay at leading order [19] — assuming T-invariance

and no detection of spins of the final state particles — has the form

BT o p(Ee)G2Via? (1 + 312) (1 +abe ey g [Ape + B””D QA0 dE, . (3)
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The quantity G is the Fermi constant, p(E,) is the phase space factor as a function of the (relativis-
tic) electron energy F., and o, denotes the neutron spin, respectively. Several experiments have
measured, or intend to measure, the correlation coefficients a, b, A and B, where B = By+b,m./Ee.
At tree-level in the standard model and upon neglecting terms proportional to the small neutron
recoil, the interaction is a pure V — A (vector minus axial vector) for which Fierz interference term
b [20] and neutrino Fierz term b, vanish. The coefficients a, A, and By depend on A = g5 /gv, the

ratio of the Gamow-Teller and Fermi coupling constants, through

1— \2 A2 4\ A2 -\
—— " A=_92 T7.p_o” 4
R OX 14322 1+ 3)2 (4)

The parameter A is most precisely determined by the beta asymmetry A (dA/d\ = —0.37) and the
neutrino electron correlation coefficient a (da/d\ = —0.30). The neutrino asymmetry B (dB/d\ =
—0.08) is less sensitive to A\. The PDG averages existing experimental results to A = —1.2754(13)
with a scale factor of S = 2.7. Most of the data used is from measurements of the beta asymmetry
A.

The quantity V,,q is determined using neutron beta decay data by combining the neutron lifetime

T and A:
5024.7s

(14 3X2) (14 AY)
The PDG gives the current average lifetime 7, = 878.4(5) s, but notes the long-standing disagree-

|Vud‘2 =

()

ment between in-beam (7, peam) and storage-bottle (75 pottle) results.

Figure 1(a) shows a combined analysis of the CKM unitarity test, taken from Ref. [21]. Instead
of the usual world average, we have included only the most precise experimental data for A from
a measurement of A in Ref. [22] and 7, from Ref. [23] from a measurement in a neutron bottle, in
evaluating the neutron beta decay limit. The V4 values from SAF and neutrons are consistent.
The figure also shows the conflicting limits from kaon decays. The yellow ellipse specifies the 1o
contour of the region with the most likely values for V5 and V4. It misses unitarity by 2.8c.
Inclusion of recent work to obtain V;5 from tau decays [9] would increase the deviation.

Figure 1(b) allows a closer look at the current neutron beta decay data. The red 1o bands denote
Vud values obtained from neutron lifetimes measured by the bottle method (7, pottle, Summarized in
[18]) and beam method (7 beam [24, 25]). The yellow 1o bands denote values of the ratio A obtained
from the beta asymmetry A (A4, compiled in [18]) and from the neutrino-electron correlation a (A,
see Refs. [26, 27, 28, 29], with the analysis in Ref. [29] dominating the average). Unlike Fig. 1(b),
Fig. 2 shows averages from many neutron beta decay experiments using the method adopted by
the PDG [18].

The goal of the Nab experiment [30, 31, 32, 33|, currently running at the Fundamental Neutron
Physics Beamline (FNPB) of the Spallation Neutron Source (SNS) [34], is to reduce the dominant
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Figure 1: (a) Combined analysis of Viq from selected neutron beta decays and SAF nuclear decays,
Vas/Vaa and Vys from kaon and pion decays. If unitarity holds, all 1o bands have to intersect the
black line (|Vaa|? 4 [Vis|? = 1) at the same point; here, unitarity is violated by 2.80 (see [21]). (b)
Current 1o constraints for V,q and A. Red and yellow neutron beta decay bands are discussed in
the text. The blue band denotes the V4 values from SAF and the green band the value from kaons
through |Via|® = 1 — |[Vis|*.

source of uncertainty in the determination of V4 from Eq. (5) by determining the a coefficient
and therefore A with AX/|A| = 0.04%. This measurement may also shed light on the disagree-
ment between A4 and A,. A natural extension of the Nab experiment will make use of the Nab
spectrometer, but with a polarized neutron beam, to perform simultaneous measurements of the
B-asymmetry A and neutrino asymmetry B involving polarized neutrons. This experiment, called
pNab, will require only minor modification of the existing Nab apparatus, since the possibility to
have highly polarized neutron beams and precise polarization analysis has been accommodated in
the design of Nab. The pNab experiment would provide a new measurement of \ with a goal of
oA/ |A] = 0.02% and new methods to control sources of systematic uncertainties through coincident
detection of electrons and protons and ratios of spin-dependent observables. The Nab and pNab
accuracy goals are illustrated with straight red dashed lines in Fig. 2. Note that further progress
on the neutron lifetime only makes a substantial impact for the test of the CKM unitarity if it is
accompanied with new results with Nab, pNab, or PERC [35, 36]. Besides neutron beta decay,
improvements are anticipated in the uncertainty in Viq from the analysis of SAF [37]. There are
also planned experiments studying beta decay in mirror nuclei [38, 39] and pions [40] that strive to

achieve comparable accuracy in the CKM unitarity test.

Results from pNab will allow a direct comparison with other beta asymmetry measurements

entering in A4 above. There are particular similarities with the UCNAplus project, although pNab
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Figure 2: Uncertainty AV,q from neutron beta
decay (Eq. (5)) as a function of uncertainties in
the experimental input. Contours of constant val-
ues of AV,q are ellipses centered around the ori-
gin; shown is the blue thick contour line for AV, 4
from SAF and blue thin contour lines for half and
twice that value. The outer vertical and horizon-
tal lines show AV,q4 for neutron beta decay, using
averages from [18]; their crossing point far from
the origin indicates that PDG’s average is cur-
rently not competitive with SAF. The lines de-
noted “UCNTAU only” and “PERKEO III only”
show the selected data set used in Fig. 1(a), which
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remains the only coincidence experiment. The outcome of this program is not only a test of the
CKM Unitarity that avoids uncertainties due to nuclear corrections. The result can alternatively
be interpreted as a test of the CVC hypothesis [41], and as a verification of the new radiative
correction calculations.

The ratio A can be calculated from first principles using Lattice QCD. Recent attempts [42, 43|
reach a percent level accuracy. While impressive, this uncertainty is still too large to replace direct
measurements. On the other hand, the comparison of calculated and measured ) is a sensitive tool
to indicate right-handed currents [44, 38].

Additional tests of the Standard Model can be performed if the electron energy dependences of
the correlation coefficients are analyzed; ref. [45] provided a framework in which such an analysis
can be performed to verify the weak magnetism term, or to restrict ”second class” hadronic matrix

elements.

2. Measurement of the beta and the proton asymmetries with the Nab spec-
trometer

Principles of the Nab spectrometer design and operation are illustrated in Fig. 3. For the current
Nab experiment, the polarizer is not present, and the unpolarized cold neutron beam at the FNPB
beamline passes through the spectrometer. A tiny fraction of neutrons decay in the fiducial decay
volume. Decay protons have to pass through a magnetic filter above the fiducial volume followed by
a bm flight path. They are detected in the upper Si detector only, which is kept at a high voltage of
—30kV to allow their detection. The Si detectors also accurately measure the energy of the decay

electrons with keV-level resolution. Electron energy losses through backscattering of electrons are
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largely avoided thanks to the magnetic guide field that connects two Si detectors at both ends of the
apparatus. Electrons might bounce, but are ultimately absorbed in the two detectors, whose signals
are added. Only events with a total electron energy above a threshold of 100keV are considered.
Energy loss for detector dead-layer and bremsstrahlung have to be taken into account for electron
energy extraction. It is addressed using in-situ calibrations using sets of monoenergetic lines from
conversion electron sources and additional measurements in test facilities to fully characterize the
energy response of the system. Above the magnetic filter, the proton momentum becomes parallel
to the magnetic field as the field expands. The measured proton time of flight (TOF) gives an
estimate of the proton momentum p,: for a proton whose momentum is longitudinalized along the
magnetic field, we have p, o« 1/t,. Finally, the a coefficient and the Fierz term b are extracted

from the two-dimensional distribution of events as a function of electron energy and proton TOF.

-
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Fiducial “ Figure 3: Principles of the design and operation
volume of the pNab spectrometer. Magnetic field lines
Spin flipper N (shown in blue) and electrodes (light green boxes)
X possess cylindrical symmetry around the vertical
_ ] A [[ /I/:I newtron l;>eam axis. The Nab spectrometer is currently installed
I_I [/ I—?_* at FnPB. With the addition of a neutron beam
1 m flight path omitted

) polarizer (shown as the red oval), the setup be-
Polarizer |_| %_"_' Lower HV comes the pNab spectrometer.

The asymmetry in the count rate of electrons o, or protons a;, with respect to the neutron spin
can be measured using the Nab spectrometer with minimal modifications; this is the goal of the

pNab experiment. Both count rate asymmetries are of the type
differential decay rate oc (1 + arepPycosth) (6)

where P, is the degree of polarization of the neutron beam, and 6y the initial angle of electron
or proton momentum relative to the neutron beam polarization (i.e., the magnetic field) at the
moment of the neutron decay. The quantities c. or oy, are the observables, and may be obtained in
dependence of electron energy. To convert a, into the beta asymmetry A, one uses that ae = A-ve/c

with electron velocity v, and speed of light c.

The basic setup is close to what is already installed at FNPB for Nab. The pNab collaboration
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will add a neutron polarizer before the Nab spectrometer, and modify the spin flipper to make space
for it. Coincidence between electrons and protons from the same neutron decay will be required.
For pNab, coincidence is required to suppress background-related uncertainties. The measurement
of a, will use a configuration with an upper electrostatic voltage of 1kV and a lower voltage of
—30kV, all voltages relative to the fiducial volume, such that all protons are detected in the lower
detector. The asymmetry o, will be measured with the voltage settings exchanged, so that the
upper detector serves as the proton detector, like it is currently in the measurement of a with Nab.

Ref. [46] shows how a measurement of the asymmetry in the proton count rate a; as a func-
tion of the electron energy can be transformed into a measurement of the neutrino asymmetry B.
Alternatively, one averages over electron energies and obtains a = C' (We note that there are differ-
ent definitions of “proton asymmetry” in the literature; ours follows the most recent measurement
[47, 18]). And finally, pNab also allows to analyze the ratio of a./c,, in the same instrument with
the goal to obtain B/A, as it was done in Ref. [48]. For these measurements, the uncertainty
budget has not been completely worked out. The main motivation of all of them is that they allow

to determine the neutrino Fierz term b,.

2.1. Statistical uncertainty

Table 1 presents the statistical sensitivity of the beta asymmetry A in a Standard Model fit
(b = 0), and of the Fierz term b (with A as another free parameter). The likely value for the
threshold for the electron kinetic energy, Eekinmin = 100keV, together with the goal for the
statistical uncertainty in (AA/|A|)stas = 7 x 1074, translates to a minimum of N = 5 x 10? neutron
decays in the fiducial volume. The statistical accuracy goal will be reached after about one calendar
year, taking into account the published schedule for neutron production at SNS. After only 4 weeks
of beam time, pNab would already get to (AA/|A|)stat = 0.002 (this is the uncertainty in the
currently most precise result, PERKEO III). These expectations are calculated for a decay rate of
320s~! and a down time of the experiment (including calibration and other auxiliary measurements)
of 25%. This decay rate assumes a transmission of the polarizer of T;, = 20%. The calculations for
Table 1 assume perfect neutron beam polarization, which is close to what we want to achieve. In

section 2.3 we discuss a beam polarizer that promises to meet these specifications.

Using the same data, we would also be able to obtain (Ab)sat = 0.007. We don’t discuss this
possibility here, as we hope that by the start of the pNab experiment, we have done a more precise

measurement of the Fierz term b with Nab.

2.2, Solid angle acceptance for proton and electron detection

In a symmetric spectrometer such as PERKEO III or UCNA, the measurement precision relies

on the fact that the accepted solid angle of each detector is a hemisphere, and the average angle of
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Table 1: 04, statistical uncertainty in the determination of beta asymmetry A (in a SM fit requiring
b = 0), and o, (obtained in a simultaneous fit with both A and b as fit parameters). Both
uncertainties are given as a function of the applied electron energy threshold FEyi,. N is the
number of neutron decays in the fiducial volume.

lower FE kin cutoff: none 100keV  200keV
oA 43/VN 48/V/N 7.8/VN
o 300/vVN 350/vVN 500/vVN

electron (proton) momentum with the neutron spin is given as cos fp ~ 1/2 with a correction due to
the magnetic mirror effect. The asymmetric spectrometer design of Nab eliminates the uncertainty
from an unwanted magnetic mirror effect, and replaces it by the requirement to determine the solid
angle of the upper and lower detectors. The cutoff angle for each detector depends on the magnetic
field at the position of neutron decay. The measured count rate asymmetries a, in both detectors
can be combined in such a way that the polar angle cutoff for each detector drops out in leading
order, or in a different way that allows us to extract the solid angle of the upper detector in situ
from the beta asymmetries in both detectors. The second possibility is of interest for subsequent
use in a measurement of a,. We have shown in the appendix of Ref. [31] that this works despite
unavoidable magnetic field inhomogeneities in the Nab setup. Therefore, no high precision magnetic
field measurements are needed, and the systematic uncertainty due to the solid angle is negligible,

as is the uncertainty due to the imperfect knowledge of the neutron beam position.

2.3. Neutron beam polarization

A critical point in these measurements will be the precision of the knowledge of the neutron
beam polarization. The earlier SNS proposal called for polarizing the neutron beam with a cell
containing polarized Helium-3 (see Ref. [49, 50]), and relying on the known time-dependence of the
polarization as a tool to analyze it. The advantage is that this provides an in-situ measurement of
the degree of polarization. The potential issue is that for a reasonable transmission, the neutron
beam polarization is low (~ 80%) which renders systematic errors hard to detect. The method
relies on the assumption that the Helium-3 polarizer is the only device that affects polarization in
the beam, an assumption that has not been shown to be true at the required level of precision.

An alternative method, which has been developed, tested, and is being used by scientists at
Institut Laue-Langevin (ILL) [51, 52], has the neutron beam polarized with crossed supermirrors
to a very high degree (P, > 99.7%), and analyzed with an opaque polarized Helium-3 spin filter.
We argue in this proposal for a new device that builds on the idea of the crossed supermirrors: a
modern Solid State Polarizer [53, 54]. Figure 4 shows a sketch of the setup planned for FNPB (the

optimization has to be tailored to the beam properties).
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Figure 4: Proposed setup for studies of polarized neutron beta decay with pNab.

The Solid State Polarizer consists of two stacks of 180 um thin sapphire plates oriented nearly
parallel to the neutron beam, coated with modern supermirror and anti-reflective coating on both
sides. Most neutrons undergo at least two reflections (and all at least one), guaranteeing a degree
of polarization as large as for crossed supermirrors. At the same time, neutron transmission is
much higher, as neutrons go on slightly attenuated through a few cm of sapphire substrate, and the
only limitation is the imperfect reflectivity of the supermirror-coated surface of the substrate. In
contrast, usual supermirror polarizers comprise a stack of thicker and much longer (30—50 cm) glass
substrates with gaps in between. The length renders the substrate opaque, and only neutrons that
enter through the gaps can be transmitted, with transmission still limited by imperfect reflectivity.
Assembly of the Solid State Polarizer will be done in a clean room to avoid dust that could limit the
degree of parallelism of the sapphire plates. Simulations for the FNPB predict 99.5% polarization
at 40% transmission (just behind the polarizer), which degrades to 99.5% polarization and 20%
transmission in the decay volume of the experiment[55, 56]. That simulation takes into account
losses in the neutron beam collimation system. Our prediction is similar to the performance to
the recently built device at ILL: 99.7% polarization at 33% transmission just behind polarizer
[57]. Our optimization is necessarily slightly different since FNPB has a neutron beam with higher
divergence. In other words, the Solid State Polarizer combines high polarization and transmission
with a quality factor Q = P2T, that is superior to a Helium-3 polarizer. Since the through-going
beam is not deflected, we have the capability to easily switch back to an unpolarized beam just
by removing the polarizer (as it would be for a Helium-3 polarizer, but not a usual supermirror
polarizer). The degree of polarization will not show a time dependence unlike it is typical for
a Helium-3 polarizer, and the constantly high degree of polarization does not degrade statistical
sensitivity of the experiment. In addition, the Solid State Polarizer is now a proven technology.

The systematic uncertainty from imperfect neutron beam polarization AP, will be small due
to the fact that the deviation from perfect polarization is small, as demonstrated in all modern
beta asymmetry experiments. Correction due to Stern-Gerlach effects have to be applied. We
plan to measure the neutron beam polarization with opaque Helium-3 cells. We are estimating the

uncertainty to be AP, < 5 x 1074, corresponding to a relative uncertainty in the beta asymmetry
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of AAJ/A <5 x 107%. We want to be conservative in our promises: This is only slightly better than
what had been achieved with a worse-performing polarizer in PERKEO III [22], and substantially
less precise than what the experienced ILL group plans to do with the same technique for PERC.

2.4. Electron energy calibration

The pNab experiment plans to use the same detector system as the one used in Nab. The
simulated electron energy response of the Nab detector system is shown in Fig. 5(a). Its width
is substantially smaller than it was for plastic scintillator detectors used in previous experiments.
A set of radioactive calibration sources will be used to determine the detector response function,
and to establish the linearity of the relationship between deposited energy and ADC channel. The
sources are backed by thin, e.g., 10 ug/cm?, carbon foils, and are movable within the fiducial volume
so as to reach every point in the detector. Six candidates for such calibration sources have been
used in Ref. [58]. Possible deviations from perfect linearity of the relationship between pulse height
and deposited energy are shown in Fig. 5(b). Table 2 shows the requirements on the detector
response to achieve desired measurement uncertainties. The requirements for the measurement of
the beta asymmetry A are much less stringent than for measurements of a and b coefficients with

Nab”. Detector design and modelling are described in Refs. [59, 60, 61, 62].
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Figure 5: (a) Simulated detector electron energy response for electrons incoming with E, = 300keV.
The red curve is for a single detector, and shows a large tail due to electron backscattering. The
black curve is for both detectors. Backscattering is suppressed, and the remaining tail is mostly
due to Bremsstrahlung. (b) Relationship between energy deposited in a detector and the average
pulse height of the output signal. These synthetic data exaggerate possible types of nonlinearity.

Fig. 6 shows a preliminary spectrum of the electrons from Sn-113 source taken during Nab
commissioning in summer 2023. The raw energy spectrum is the energy deposition in a single
detector. The spectrum of reconstructed events gives the reconstructed energy derived from all
hits in both detectors of each event. The flat tail due to backscattering is strongly reduced, as

predicted in the simulation in Fig. 5(a). There is a remaining exponential tail that may be due

10
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Table 2: Requirements on our understanding of the detector response for the planned measurements
with Nab and pNab. The meaning of the parameters are explained in Fig. 5.

Specification for Aa =3 x107° (Nab) Ab=10"3 (Nab) AA=3x 107> (pNab)

Gain factor (Ag/g) fit parameter fit parameter 0.0018

Offset Ey 0.3keV 0.06 keV 0.2keV

Nonlinearity (JAFEmax|) 1.5keV 0.06 keV 0.3keV
Tail to peak ratio (At) 0.01% 0.2% 2.4%

to energy deposition in inoperable pixels which were present in that beamtime, or due to the high
threshold used for the detection of additional hits. The Nab collaboration is currently working on

the elimination of both problems.

363 keV
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Figure 6: Preliminary spectrum of electrons from
a Sn-113 source. The two main decay electron en-
ergies are marked. The red line shows the energy
5 5 5 : spectrum obtained from a single detector. The
T'1" ‘Reconstructed events - blue line shows the spectrum of reconstructed en-
L ergies that take into account energy depositions

0 400 800 1200 |
Energy [ADC] in both detectors.
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2.5.  Electric field homogeneity

Protons from decays in a shallow electrostatic potential minimum with a momentum close to
parallel to the magnetic field are trapped, which affects the solid angle of detector acceptance. A
measurement of o, in a symmetric spectrometer is very difficult: Unwanted electrostatic potential
variations need to be reduced to well below 1 mV, which is hard to achieve and even harder to verify.
The asymmetric Nab spectrometer is much better suited for a proton asymmetry measurement:
Only protons whose momentum points mostly upwards can pass the filter in Nab. Protons which
are trapped in the decay volume would not pass the filter even in the absence of an unwanted trap,
and therefore make no difference for a,. In Nab, the leading contribution to the list of uncertainties
from unwanted electrostatic potential variations is a potential difference between the filter region

and the fiducial volume. A filter—fiducial volume potential difference as large as 100mV changes

11
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the proton asymmetry by less than 0.01%, and can be neglected. The main electrode system for

Nab suppresses potential differences far below this requirement [63].

The beta asymmetry is much less sensitive to trapping, as electron energies are much higher.

3. Budget and schedule

The pNab experiment needs a modest amount of funds in addition to what has been spent or
committed already for the Nab experiment. A budget is shown in Table 3. This is in addition to
the operating expenses of 250 k$ per year that is needed for upkeep of the Nab experiment at the

beamline.

Table 3: Budget estimate for pNab

Item Budget [k$] Contingency [k$]
Solid State Polarizer 150 350
Additional Si Detectors 100 25
Changes to beamline 150 75
Total 400 450

¢ The polarizer budget item reflects material costs only, and assumes that we can complete
the assembly and characterization with our students and in collaboration with scientists of the
host institution (the ILL). The large contingency is for the case that the Solid State Polarizer
has to be purchased.

Furthermore, pNab will require the continuation of personnel commitment from ORNL similar
to that required for Nab. In particular, pNab will need substantial support from the beamline staff
to prepare for and carry out the Instrument Readiness Review, and to a lesser degree for interfacing

with SNS and ORNL support staff during operations.
The changeover from Nab data-taking to the start of the pNab experiment is expected to take

about 3 months. The main activity is to install the polarizer and a shortened spin flipper, and
determine the degree of polarization with sufficient precision. Since pNab can make use of all other
systems of the Nab experiment, no further commissioning is needed if pNab is directly following
the Nab experiment. After only 2 months of data taking, the result allows to test CKM Unitarity
with the same precision as SAF. Within one year of data taking, the statistical goal of pNab is
reached. Note that this time estimates should be increased by 50% if a reasonable amount of time
contingency is to be included.

A decision on pNab has to be made well before Nab data taking is ending: Funds need to be
available early enough to start contracting and fabrication of the the longest lead-time item, which

is the Solid State Polarizer. Fabrication of this device takes at least one year.

The estimates assume that Nab has indeed finished data-taking before pNab starts. pNab will
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rely on the detector characterization that has to be performed for Nab. In this document, the
pNab collaboration proposes a followup experiment after Nab has finished its data-taking, not a

replacement or a reason for a premature termination of Nab.

4. Summary

The pNab experiment co-proposing research groups commit to forming a collaboration with
the goal of reaching the ultimate sensitivity to new physics at the Fundamental Neutron Physics
Beamline at the Spallation Neutron Source with pNab. The pNab experiment is to be staged at
the FnPB immediately following the completion of measurements with unpolarized neutrons in
the Nab experiment, and it will re-use most of the existing Nab apparatus. The most significant
hardware addition will be a novel, custom design high efficiency supermirror polarizer that the pNab
collaboration proposes to fabricate and use. The measurement program with pNab is expected
to take only about an additional year plus schedule contingency, as pNab will make use of the
characterization program of the elements of the Nab spectrometer that will have to be done for
Nab anyway. Carrying out pNab will require only modest additional resources.

The pNab experiment goal is a measurement of the neutron beta asymmetry to substantially
better than AA/A = 1073, as indicated in Fig. 2. The main systematic uncertainties in this mea-
surement are related to the determination of the neutron beam polarization and to the detector,
and pNab will have an important synergy with the Nab experiment in that the detector character-
izations made for Nab are more than sufficient for pNab. Together, Nab and pNab measurements
will provide a unique study of the CKM matrix unitarity, with very different systematics compared
to other existing or planned measurements. CKM unitarity appears to be violated by about 3o
since new, more precise calculations of the inner radiative correction became available, making the

proposed pNab extension to Nab well motivated.
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