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Built on the seminal works by Jackson-Treiman-Wyld and Ebel-Feldman, we derive the most general
free neutron differential decay rate where all massive particles (neutron, proton, and electron) are polarized.
This introduces 33 new correlations in addition to the 18 existing ones, which overconstrain the coupling
constants in the low-energy effective field theory of charged weak interactions, and thus provides stringent
tests of the validity of the theory framework itself. We classify the correlation coefficients in terms of their
Standard Model limit and discrete symmetries, and study their expansion with respect to the new physics
coupling strengths, supplemented by the experiment-independent O(«a) virtual electromagnetic radiative

corrections.
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I. INTRODUCTION

The failure of the Standard Model (SM) to explain
observed phenomena such as dark matter and the matter-
antimatter asymmetry calls for the search of physics
beyond the Standard Model (BSM). However, the fact that
we have not yet observed any confirmed signal of new
physics suggests that they either reside at very high energy
scale, or may involve new light degrees of freedom (DOFs)
with very weak couplings to the SM particle sector. For the
former case, one may describe the remnant of new physics
at low scales using the effective field theory (EFT)
approach, where new heavy DOFs are integrated out in
replacement of higher-order operators with the SM DOFs.
At MeV scale, the effective theory for charged weak
interactions relevant to neutron and nuclear beta decays
is given by the Lee-Yang (LY) Hamiltonian [1], where the
effective DOFs are nucleons, electrons, neutrinos and
photons. By the renormalization group analysis, their
coupling strengths can be related to the Wilson coefficients
of the low-energy effective field theory (LEFT) [2] where
quarks replace the nucleons as the active DOFs, and the
Standard Model effective field theory (SMEFT) [3,4] where
heavy gauge bosons and quarks become active.

The EFT description of BSM physics at low energies can
break down if there are light new DOFs which cannot be
integrated out. A direct consequence of such is that one
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may be unable (or find it unnatural) to consistently explain
all experimental results using a finite number of EFT
coupling constants at a given order. A recent example of
this kind is the measurement of the axial-to-vector coupling
constant A from the free neutron beta decay. This ratio has
been extracted from the electron-neutrino correlation a and
the beta asymmetry parameter A; the best measurement of a
from aSPECT (with revised systematic errors and assuming
the absence of Fierz term) returned A = —1.2668(27) [5,6],
while the best measurement of A from PERKEO-III [7]
returned A = —1.27641(56), the two showed a 3.5¢ dis-
crepancy. It was known that in the EFT framework, apart
from the spectrum-modulation by the Fierz term b that
affects the experimentally-measured correlations:

_ C(E,)
1+bm,JE, +...

Cexp(E) (1)

the BSM corrections to both a and A occur at the second
order [8,9], which makes it difficult to explain the a — A
discrepancy while avoiding constraints from high-energy
experiments, e.g. from the Large Hadron Collider (LHC)
[9-11], as well as the respective upper limits on the Fierz
term set by the individual correlations [6,12-15]. It is
therefore desirable to search for more evidences of the
possible breakdown of EFT by checking its consistency in
the prediction of different correlations in the same decay
process.

In 1957, Jackson, Treiman and Wyld (JTW) [16] wrote
down a general formula for the free neutron differential
decay rate, including terms that contain up to two out of the
three following vector quantities: the neutron polarization
3,, the electron polarization &, and the neutrino momentum
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P, deduced from the proton recoil; Ebel and Feldman (EF)
[17] extended their result to include terms that involve all
three vectors. However, to the best of our knowledge, the
most general decay rate formula that includes the polar-
izations of all massive particles: neutron, electron and
proton, is not yet written down, the practical reason is
simply that the proton polarization §), is extremely difficult
to measure and was not being attempted in existing
experiments. However, at least in principle, the polarization
of the final nuclei could be detected. Given the importance
of having additional ways of verifying new physics, it
would be interesting to consider the possibility that such
measurements could be carried out. The polarization of the
proton after neutron decay may be detectable if feasible
ways of accelerating the proton without losing its polari-
zation existed, allowing for analyzing by scattering. The
polarization of nuclei after beta decays may lead to
detectable effects in the final nucleus. This paper does
not pretend to have a proposal for doing such experiments,
but aims to inspire considerations for practical experiments.

The inclusion of §, results in a much richer structure of
the neutron decay phenomenology, with a total of 51
correlation coefficients that over-constrain the coupling
constants of the beta decay EFT and offer a powerful
consistency test of the theory framework and probe new
light DOFs. In this work we attempt on such a generali-
zation where all massive particles are allowed to be
polarized. We also perform a classification of all the
resulting correlations according to their discrete sym-
metries and properties under the expansion of small
BSM parameters, and discuss their respective roles in
the search for new physics.

II. MOST GENERAL SET OF CORRELATIONS

Weinberg’s famous “theorem” of EFT [18] states that,
the most general Lagrangian £ will give rise to the most
general S-matrix consistent with analyticity, perturbative
unitarity, cluster decomposition and the assumed symmetry
principles in £. Assuming that new DOFs are heavy, they
can be integrated out at low energies to obtain higher-
dimensional operators constructed from SM DOFs. At the
beta decay energy scale, the active DOFs are nucleons and
leptons, and the most general effective interactions at
lowest order are given by the LY Hamiltonian [1]:

Hyy = pn|[Csev — Cseysv] + py*n[Cyey,v — Cyey,ysv]

1
+ > pot“n|Créo, v — Cyéo,,ys|
= priysn[Caey,rsv — Cyey v

+ pysn|[Cpeysv — Cpev] + H.c.. (2)
The most general correlations are then simply obtained by

computing the free neutron decay squared amplitude from
Eq. (2). Here we allow all neutron, proton, and electron to

be polarized; at this point we do not consider higher-order
effects such as radiative and recoil corrections.
The desired squared amplitude at is given by:

|M |2 = 4mnmp EeEI/é{l +gJTW +gEF +gs,, +gsps,, }’ (3)

which contains four classes of correlations apart from the
overall spectrum factor £ (which will also be called a
“correlation” throughout this paper). The first class consists
of 12 terms in the JTW paper [16]:
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The second class contains 5 correlations defined in the EF
paper [17]:
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In the derivation of Eq. (5), we have used the following
useful identity:
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to reduce the number of independent structures. Notice also
that there are four more terms in Refs. [16,17]: ¢, I, K’ and
M, that appear in a generic allowed beta decay but vanish in
the case of the neutron decay where J; = J; = 1/2.

In this paper we introduce two more classes of corre-
lations. The first class depends linearly on the proton unit
polarization §, but is independent of §,. Their structures
can be directly inferred from the terms in gyrw and ggg by
replacing §, — §,. We find 11 new correlations:
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Finally, there are structures that are linear simultaneously to §, and §,,, which have no analogy to the known structures and
have to be worked out from scratch. There are 22 such terms:

A oA ~l_7)e'l_51/ = M, A Az Nﬁe "1_51/ 7 1_5e ﬁe'ﬁu ~ﬁexﬁu
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We label some of these new correlations with alfabet polski Cy+Cy . Cy—Cy
as we are running out of Latin alphabets. Cx= 5 Cx= 7 X=S.V.T.A.P. (9)

In the Appendix we provide the analytic formula for all
51 correlations induced by the pure LY Hamiltonian (i.e.,
without considering higher-order SM corrections); notice

the absence of Cg) in the expressions due to the fact that
i,ysu, > 0 in the nonrecoil limit, despite possible
enhancement from the pion pole [19,20]. It is also useful
to study the discrete symmetries, i.e., parity (P) and time-
reversal (T), of each correlation, which we summarize in
Table 1. Such information is important to relate precision
neutron beta decay measurements to other experiments,
both at high and low energies, that search for signals of new
physics. For instance, T-odd interactions (which are also
CP-odd given the CPT theorem) are important to explain
the existing baryon-antibaryon asymmetry according to the
Sakharov criteria [21]. Experimental measurement of the
T-odd correlations in the neutron beta decay may combine
with searches for permanent electric dipole moments [22]
and LHC experiments [10,23] to constrain the magnitude of
CP-odd Wilson coefficients in SMEFT.

III. BSM EXPANSION

The SM predicts a hierarchy of the different LY
parameters, and for the purpose of new physics searches
it is useful to perform an expansion of Eq. (3) from the SM
limit. This has been considered in many literature for the
few most commonly-studied correlation coefficients such
as & a, b, A, B, and D [8-10,14,20], and here we shall
generalize it to all 51 coefficients.

To facilitate the discussion, we follow Ref. [20] and
recombine the LY parameters as:

With this, we can rewrite Eq. (2) as:
HLY = ﬁn[C;éRl/L + CEE’LI/R]
+ prin[Clery, v + Cyery,vr)
1
+ Eﬁa"”n[C?éRaWuL + Creo,,vk]

+ priysn[Ciery,vr — Crery vkl
— pysn[Chegy, — Cpe vg] +He., (10)
i.e., the “47(“—") coefficients are associated to left (right)-
handed neutrinos, respectively. This representation is par-
ticularly useful since there are only two real parameters,
namely ReC; and ReC;, that have a zeroth-order SM
contribution. We express them as:

ReCy =V2Gy,  ReCi=vV2Gya (11
which defines the quantity Gy and 4 (notice that 4 < O1in this
convention). Both quantities contain SM and BSM contri-
butions: Gy = (Gy)su + (Gv)psm: 4= (A)sm + (psu
with the former given by:

(Gv)sm = GrVuagy. (Dsm = 9a/gv,  (12)
where Gy = 1.1663788(6) x 107> GeV~2 is the Fermi
constant measured from muon decay [24], and gy 4 are

the vector and axial coupling constants in the neutron decay.

~~~~~ -

A, B,G, H,K,AB,GHK,AaEeZ:i

TABLE I. Discrete symmetries of the correlation coefficients.
P-even

T-even &a,bN,Q.S.T.U N0, 8T, U, X abN, i

T-odd D,L, DL, Y0,68.s

R, V,W,R VW, L1
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Following common practice, we define gy 4 to include the
SM “inner” radiative corrections [25,26]:

9%/,A :%,A{l +AX’A}v (13)

where the “bare” vector and axial coupling constants gy 4 are
defined through the pure-QCD matrix element of the
charged weak current:

(play*(1=ys)d|n)qcp =i, y* (Gy +gars)u, +recoil.  (14)

In particular, g, = 1 due to the conserved vector current, up
to very small isospin-symmetry-breaking corrections that be
studied using lattice QCD [27]. The recent progress in
the theory prediction of the inner radiative corrections AX’A
[28-33] is one of the main driving forces behind the
resurgence of interest on the precision test of SM in charged
weak decays, but will not be further discussed in this paper.

When performing the BSM expansion, it is customary to
keep the quantities Gy and A intact without separating the
SM (zeroth- and higher-order) and BSM pieces, because it
is always the fully renormalized quantities that are exper-
imentally measured.! Therefore, we assign the following
power counting for the expansion:

Gv, l ~ O(l),
C?,T,P ~ O(e), (15)

[ +
SmCy, 4,

Cva

where e counts the power of BSM coupling. With this, we
can expand the LY-induced correlation coefficients in the
Appendix with increasing powers of e:

(CE)Ly = (C&)o + (CE); + (CE)y + ... (16)

It is easy to see that, up to O(e) only the “+” coefficients
survive, because the SM neutrinos are purely left-handed,
so the “—" coefficients that involve right-handed neutrinos
do not survive in the interference terms assuming that
neutrinos are massless. Furthermore, explicit calculation
shows that SmCy, and SmC; always appear as the
combination ImCy, = Im{C; —AC;} at this order.
Therefore, up to O(e) we have access to 7 real parameters
in the LY Hamiltonian: Gy, 1, SmCj,, ReCl, SmCy,
ReCy, and SMCy-.

For numerical precision, it is necessary to include higher-
order SM corrections on top of the LY interaction. Again,
this has been discussed extensively in literature for the few
most commonly-studied correlations, and here we take the
first step to generalize it to all 51 terms. To 10~* precision,

'With that said, it is still possible to probe new physics with
these observables. For instance, comparing the experimentally-
measured / to the theory prediction of (1)g,, may set constraints
on BSM-induced right-handed quark currents [33,34].

the relevant higher-order effects are: (1) the recoil correc-
tions, and (2) the electroweak radiative corrections. The
recoil corrections can arise kinematically (e.g. from
the nucleon kinetic energy) or dynamically (e.g., from
the 1/mpy-suppressed nucleon form factors) [35], and it
would be more convenient to treat all of them coherently
under a unified framework such as the heavy-baryon chiral
perturbation theory [36], which we defer to a future work.
Meanwhile, the electroweak radiative corrections are of
three types:
(i) The long-distance Coulomb interaction between the
outgoing proton and electron which gives rise to the
Fermi function [37]

F(E,) =1+ % +0(?) (17)

(where p = p,/E,) as a multiplicative factor to the
squared amplitude, and other “Coulomb correc-
tions” to some correlation coefficients that can
mimic T-odd effects [17,38]. Notice that the Fermi
function was traditionally obtained by solving the
Dirac equation of the electron under a Coulomb
potential, but recently there is a substantial effort to
reformulate it in terms of EFT [39-41].

(i1)) The “inner” electroweak radiative corrections AX‘A
that renormalize the neutron vector and axial cou-
pling constants.

(iii) The remaining “outer” radiative corrections that
modify the correlation coefficients.

The first two are purely virtual (i.e., loop-induced) correc-
tions, while the outer radiative corrections are a combina-
tion of virtual and real (i.e., bremsstrahlung, n — pevy)
effects.

Unlike virtual corrections that do not alter the external
kinematics, the bremsstrahlung contributions rely heavily
on the actual experimental setup: For instance, the emitted
photon (or even neutrino) can either be detected or
undetected, and the various experimental cuts on the
momenta of detected particles will affect the integration
region of the four-body phase space. Early works by Sirlin
[25], Shann [42] and Garcia-Maya [43] expressed the
radiatively-corrected differential decay rate in terms of
the electron and the “true” neutrino momenta p, and p,,
which implicitly assumed that the neutrino is detected. It
was later pointed out [44] that, the naive application of such
a formula to most of the existing neutron decay experi-
ments that do not directly detect the outcoming neutrino
can lead to an O(a/x) error in the extraction of the p,-
dependent correlation coefficients, due to the breakdown of
the tree-level momentum conservation p, = p, — p, — P,
in the presence of the extra photon. This could be remedied
by adopting a modified analysis of the bremsstrahlung
corrections that fully integrates out the neutrino and photon
momenta in the phase space integral, leaving instead ﬁp
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TABLE II. Relevant quantities in the expansion of £ and gyrw-

¢ (C)o & 8 (€,

1 G (1+432%) 2ftanh~! 8 0 0

a -G3 (22 -1) %tanh" B 0 0

b 0 0 0 V2G,Re{CE +31C5}

A -2G3A(A+1) jtanh™' g 0 0

B 2GyA(A—1) 2ftanh~! B 0 —V2Gy = Re{AC§ + (1 - 24)CF}

D 0 0 0 V2G,SmC,

G -G (1+32%) Ftanh™' g 0 0

H Gy (2 -1) 0 0 —V2GyRe{C} —iCF}

K Gy (22 -1) 2Ee tanh~! 0 V2G,Re{CS - ACF}

L 0 0 2n(12p_1):ne \/EGVSTII{C}— _ /lc-;}

N 263 A+ 1) 0 0 V2GyRe{ACE + (24 +1)CF}

0 2G3A(A+ 1) 5Ee tanh~! 0 —V2GyRe{AC{ + (224 +1)CF}

R 0 0 L V2GySm{AC; + (24 + 1)CF}

TABLE IIl. Relevant quantities in the expansion of ggg.

¢ (Cg)O 5?1 (5511 (Cé) 1

S 0 0 0 V2GyRe{CF — AC5}

T =2G3A(2-1) jtanh™' 0 0

U 0 0 0 —V2GyRe{C} —IC{}

v 0 0 0 —V2GySm{C} - ACE +1C},}

w 0 0 0 —V2GySm{C}, +AC{ - CF}
and p, as free variables [45,46]. Such a prescription is, 1. m3 11 mim? 2 m2

Pe % : : P _— Y =-In—-4 ——+In——"+>tanh~!#|In—% — tanh~' B
however, inappropriate for experiments that explicitly VT2 4 mt B m2
. . e e
detect the emitted photon (above certain momentum). !
For the sake of generality, we decide to include in this —%Liz ( 2p ) (19)

work only the “experiment-independent” part of the radi- p L+p

ative corrections, i.e. the virtual corrections, to O(a). The
resulting differential decay rate is thus incomplete (and in
fact infrared-divergent), and must be supplemented by the
corresponding bremsstrahlung correction calculation tail-
ored to meet the actual setup of the specific experiment to
be analyzed. The virtually corrected differential decay rate
takes the following form:

an.  pkE,
dE,dQ,dQ,” 512n3m,m

FE) (14558 )M, (18)

p

where F(E, ) is the Fermi function, and §Y is the “universal”
part of the virtual outer radiative corrections’:

There is a freedom to shift 6V by an arbitrary additive
constant, which is compensated by a corresponding shift in
AX‘A simultaneously. Our choice of 6¥ in Eq. (19) is consistent to
the “standard” definition of A} from which numerical values are
quoted, see, e.g., [26] and references therein.

where m, is a fictitious photon mass to regularize the

infrared divergence. The squared amplitude | M |? takes the
form of Eq. (3), with the correlation coefficients expanded
in increasing powers of € [see Eq. (16)] and supplemented
by correlation-dependent virtual outer radiative corrections:

Cé= (1+%5€l) (Cf)o+G%/%5€11+<C§)1+"' (20)

In particular, 6$; represents the “Coulomb correction” that
mimics T-odd correlations. We do not include the recoil-
suppressed radiative corrections [47,48] that can be relevant
to certain observables; for example, it was known that the
leading SM contribution to the D-coefficient scales as
O(aE,/my) ~ 107> [49].

In Table II-V, we summarize all the relevant quantities in
expansion of the 51 terms up to O(e): (CE)y, 85, 8%, (CE);.

vl
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TABLE IV. Relevant quantities in the expansion of 9s, -

C (C&)o 55 & (C),
A 2G3A(A—1) Stanh™' 0 0
B —2G3A(A+1) 2ptanh™! 0 —V2Gy 2 Re{AC{ + (244 1)CF}
D 0 0 0 V2G,SmCy,
N =265 A2~ 1) 0 0 V2GyRe{AC{ + (1 —22)CF}
0 -2GyA(A—1) 2E e tanh™! 0 —V2GyRe{AC{ + (1 =20)C5}
R 0 0 — el me V2GySm{iCs + (1 -2)C}
Ky 0 0 0 V2GyRe{C —AC5}
T 2G3A(A+ 1) Ftanh™' g 0 0
U 0 0 0 —V2GyRe{C} —IC5}
v 0 0 0 —V2GySm{Cy — ACE +2=Cj,}
w 0 0 0 -V2G,Sm{C}, +iCt - C}
TABLE V. Relevant quantities in the expansion of s, s,
c (Cét) 0 551 6511 (Cé:) 1
X -Gy (2 -1) 2ftanh™! g 0 0
a -G3 (22 -1) Ftanh™' g 0 0
b 0 0 0 V2GyRe{Ci —ACT}
G Gy (22 -1) tanh™' 0 0
H Gy (4 =1) 0 0 —V2GyRe{CS - 21CF}
K GL (2 -1) 2E anh~! 0 V2GyRe{CE — ACE}
L 0 0 _2z@=l)m, V2GySm{C{ - 1Cr}

Pe
Y 0 0 0 V2G,Sm{C} - AC§ + 3= Chy}
A —2G} (- 1) 0 0 V2GyRe{ACE + (1 -22)CF}
a =265 = A(A+ 1) 0 0 —V2GyRe{AC{ + (22 + 1)CF}
E 0 0 0 V2GyRe{CF — ACE}
e 0 0 0 —V2GyRe{CF —AC§}
2 0 0 0 —\/EGVSm{CXV-F’g—f(C? —1C3)}
t 0 0 0 —V2G,SmCy,
N 2G3A(A+1) Ftanh™' 0 0
f 2GA(A—1) Ztanh~! f 0 0
0 0 0 W V2GySm{ACE + (22 + 1)CF}
6 0 0 W —V2GySm{IC{ + (1 -22)CF}
§ 0 0 0 V2GySm{C}, + A1C§ — CF}
7 —2G3A(A+1) 2L tanh ! 0 V2GyRe{AC{ + 22+ 1)CF}
z -2G3A(A—1) 2L tanh~! 0 —V2GyRe{IC{ + (1 -22)CF}

IV. SM, BSM, AND EFT

For a more intuitive understanding, it is useful to catego-
rize the correlations into two different classes (see Table VI):
Class-A elements which begin at O(1), and Class-B ele-
ments which begin at O(e); the former provide avenues for
the precision extraction of Gy and A (and new physics

parameters provided the SM background are well-under-
stood), whereas the latter have a reduced SM background
and are particularly useful to search for new physics. We
further divide the Class-A elements into group I that receives
O(e) corrections from the BSM-induced LY parameters, and
group I that does not receive O(€) corrections. This is useful
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TABLE VI

Classification of the correlation coefficients under the BSM expansion.

Class A: Starts at O(1)

Class B: Starts at O(e)

I: Non-zero O(e) II: Zero O(e) I: T-even II: T-odd

B, H, K, N, Q, §a, A G T, b, S, U, D,L,R,V, W,
B,N,0,H.K, AT.X,a G, S,U,b, DR, V.W,L,
Aa.Zi N, Ee¢ Y.£.1.0.6.5.5

for the precision test of the EFT framework: For instance, if
the extractions of A from two different Class-A.Il correlations
show a discrepancy, then its explanation within the EFT
framework would involve BSM physics at the order O(e?)
and could be challenging (e.g., in order to comply with
constraints from high-energy experiments); this could point
toward the existence of light DOFs. We similarly divide the
Class-B elements into group I that is T-even and group II that
is T-odd (up to small SM Coulomb corrections). This is
useful for tests of fundamental symmetries: For instance, the
Class-B.II correlations are sensitive to CP-violating inter-
actions needed for baryogenesis.

An interesting application of the analysis above is to find
possible sums of two correlation coefficients that have
vanishing O(1), O(e) contributions and virtual radiative
corrections; this means in the EFT framework such sums
are extremely suppressed (both in SM and BSM), so a
significant non-zero experimental value would be a
strong evidence of the breakdown of EFT. When restricting
to the “old” correlations, namely those from g;rw and ggg,
we only find one such sum: S + U, but with the inclusion
of gs, and g, we find a lot more possibilities, see
Table VII. This again supports our assertion that the future
measurement of the proton polarization will open new
windows to test the EFT framework.

We conclude this section by briefly discussing the O(e?)
corrections. They can be obtained by expanding the full
expressions in the Appendix and are in general quite
lengthy; here we show the results for a few most fre-
quently-studied correlations:

TABLE VIIL.

1
()2 =5 {ICs P+ IG5 +ICy? +3(ICr 1P + [ C7f?

+|C?) + (SmCy)? +3(ImC;)*}
1
(a8)y =5 {=ICs P =G5 P +|Cr [ +|Cr [ +|Cy?
= |CAP + (SmCy)? — (ImCy))
(4¢), = [Cr [ = |C7* +|CAI* = (SmC;)* + ReCyReCr

—ReC5ReCr + ReCyReCy + IMCLSmMC;
—8mCy8SmCy; — ImCy,ImC;

+3ImCy,ImCy. (21)

As an application, we consider the a — A discrepancy
from aSPECT and PERKEO-III. The two experiments had
included an independent fit of the Fierz term, which
returned b = —0.0098(193) [6] and 0.017(21) [15] respec-
tively, both consistent with zero; so we may assume b = 0
in what follows for simplicity. We may try to explain the
discrepancy between the A measured from a and A (after
accounting for SM corrections), which we denote as 4, and
A4 respectively, in terms of O(e?) effects. This amounts to
writing:

1-27  Gy(1=2%) + (ad),
1432 Gy(1+32%) + (&),
~224(da +1) —262,1(/1 + 1) + (A), (22)
1+322 GL(14322) 4+ (&),

A list of sum between two correlation coefficients that give vanishing O(1), O(¢) terms and the

O(a) virtual radiative corrections. We only display terms that involve up to one “new” correlation coming from

gsp or gsl,s,,'

EFT-suppressed combinations

(JTW.EF) & (JTW, EF)
JTW @ new

EF & new

S+U
a-a,a+G A+T,A+N. D-D, D+t D-S§
H-H KK, L-L,N+a,Q+Z R-0
S—8,S4+U,S—E S+¢.T+A T+, U+S
U-U,U+EB U-¢e V-V, V+Y, W=W, W+5§
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FIG. 1. The axion-induced one-particle-irreducible diagram.

and expanding both expressions to O(e?). That gives:

2
b= 2a g g (AP0, + 4204),
— (1= 2)(1 -+ 3)(a)). 23)

One can then analyze if such explanation is compatible
with constraints on BSM Wilson coefficients from high-
energy experiments. Plugging the experimental results
from aSPECT and PERKEO-III to the left hand side returns
Ao — 24 = 9.6(2.8) x 1073, Meanwhile, by dimensional
analysis we assume that the BSM couplings scale as
1/A%q, where Aggy is a new physics energy scale. So,
up to order-one factors, the a — A discrepancy would imply
a relatively low new physics scale:

1

G%/AzéSM Nla —/1A = ABSM ~1 TeV (24)

which is difficult to avoid LHC bounds. Similar analysis
can be performed if more Class-A.Il correlations are
experimentally studied in the future.

V. MODEL EXAMPLE

In Table VII we display a list of correlation coefficient
pairs that sum up to zero in the EFT description; here we
provide a simple example to show how the inclusion of a
light DOF can break this “zero-sum game” which provides
experimental signatures of its existence. Notice that this is
just for illustrative purpose and we do not intend to perform
a more comprehensive analysis that may have to account
for SM corrections and real constraints from other low-
energy experiments.

We consider an axion field a with mass m, that couples
to the nucleons as:

Lay = —ia(g,pysp + guiiysn), (25)

where g,, g, are dimensionless coupling constants.
Assuming m, > m, —m,, it cannot be emitted as a real
particle in the neutron beta decay and can only appear in
loops. The axion-induced nucleon wave function renorm-
alization provides only a constant multiplicative correction
to & which is irrelevant to our discussion of correlation
coefficients (since £ is always divided out), so we may focus
on the one-particle-irreducible diagram depicted in Fig. 1. It
gives the following correction to the decay amplitude:

L_tpky}L ( 1 + /1]/5 )kun

.G dk
6M(ppa pn) = _ljggpgnl‘/ll’ﬁ_d/(

where L, is the matrix element of the leptonic weak current,
and we have regulated the ultraviolet (UV) divergence using
dimensional regularization, and simplified the numerator of
the integrand using the equation of motion. It is easy to see
that, the UV-divergent part of the integral serves only to
renormalize the SM couplings Gy and A. In fact, since these
couplings are usually defined in terms of the forward

E,=1MeV,c=0

22) (P = k)* = m3) ((p = k)* = m3) (k> = m3)”

m, =10MeV, c=0

(26)

nucleon matrix element, one may in stead work on the
following UV-finite renormalized amplitude:

M, (pp.Pn) =6M(p,. pn) —M(p.p). (27)

by reabsorbing the forward piece SM(p,p) into the
definition of Gy and 4.

m, = 10MeV, E, = 1MeV

«:9 5 «:9 8t 1<% 5.508
x 4 x gl ] X 5507
> > >
933 34 ] 25506
=2 = < 5505
] l(IU 2f ] @
o & & 5504

ok o, . . 1 5503

10 100 1000 10* 0.6 0.8 1.0 1.2 -10 -05 00 05 1.0
m, (MeV) E. (MeV) c

FIG. 2. The axion-induced breaking of the a = & equality as functions of m,, E,, and c.
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We recall that, in a pure LY-induced beta decay (after
subtracting the known higher-order SM corrections) the
correlation coefficient a is exactly equal to a; the former is
a well-studied correlation and the latter is a new correlation
introduced in this paper. However, the inclusion of the
correction M, results in a finite breaking of such an
equality. In Fig. 2 we plot the results of the difference a — @
with the axion coupling constants g,g, scaled out. Notice
that now the correlation coefficients are no longer constants
but functions of E, and ¢ = p, - p,, as well as the axion
mass m,, so we show three plots to illustrate their func-
tional dependence on all the three variables.

VI. SUMMARY

To summarize, we studied the SM prediction and the
leading BSM correction, within the EFT framework, of the
free neutron differential decay rate assuming that the proton
polarization is measurable. We showed that it gives rise to a
very rich phenomenology that can be used for the precision
test of the SM, the search for new physics and the test of the
EFT framework. This may provide new motivations for

future experimental designs to measure the proton polari-
zation. A generalization to allowed nuclear beta decays is
also possible but will not be attempted in this work.
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APPENDIX: PURE LEE-YANG
CORRELATION COEFFICIENTS

In this Appendix we provide the analytic formula for the
purely LY-induced correlation coefficients. Those from &
and gyrw read:

(Ory = [CsP +[Cv> + |Cs2 + VP + 3(ICr > + C4 P + |Cr* + |C4 )

(b¢

)
(a8)y = —ICs* + |Cy > = [CsP? + |Cy P + |Cr [ = [Cal® + C7 P = |C
)Ly = 2Re{CsCyy + C5Cy +3(CrCh + CLC5)}

)

(Ad)Ly = 2Re{2(CrCT — C4CY) + C5C7 + C5Ch - CyCf — CyCh

e

me * * * * * k
(B = e 27 (G105 + C1C3) + (CrF + €| = €5 -

me

- CyCi = CyCh -~

e

(CsClf + CsCL+ CyCF + C’VC;)}

(DE)Ly = 23m{CsCr — CyC)y + CsCr - i}
(GELy = 2Re{CsCy - CyCy +3(CrCr — C4C)}

(HE)y = ZERe{—CSC’J - CiCy + CrCl + C1C +

m,

E (CrCF + C,Cy = CsC§ — CVC/\;‘)}

(K&)Ly = 2Re{—CsC§ — CyCy + CsC + C4Cy + CrCY + CoCly — CrClf — CrCh}
(LE)Ly = 23m{CsCy + CsCy = CrC) = CC

me % *
(NE)y = 2Re{ G + G, + [CAP +1C,) + 2(CrC3 + €1 )

e

+qq+qq+%q+q¢+%mmwfmm£w%£wm}

(Q)y = 2Re{|Cr* + |Cal® + |C7* + [C4 > = 2(CrC + C1C))
~ CsC;y — CyCy — C5Cly — CyClf + C5Ch + Cy Cy + C5Cl + CLCl )

(RE)ry = 23m{2(CrCy + CrCL) + C5C + CsC) = CyCr = CyCr}

(A1)
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Those from ggr read:

(S&)1y = 2Re{-CsC}, — C,Cy + CyC + C,C }
(T8)1y = 2Re{~CsCy — C4Cy + CyCh + CyCl + G+ [Ch2 = [Ca = |G )
(Ugy = 2Re{C5C) + C5C) = CuCr — CyCF)

m
Vv =28md —¢
( f)LY dm{E

e

(CsCF 4+ CCF 4 CyCly 4 C,C) + CsCly + C4CL + CyCF + C’VC’}}
(Wé)Ly =28m{CsCY} + CsC; + CyCy + C,C — CsClf — CCy — CyCF — C,Cr}
Those from 9s, read:
(Af)Ly = 2Re{=2(CrCy = C4C)) + CsCf + C5Cr = CyCy — CyCi}

By = -2me] o[

e

(CrCl + ChCy) + (CrCF + CACZ‘)} + CsCf + CCs,

me * % * %
+CyCi + CyCh + - (CsCj + CCi + Cy G + C’VCT)}

e

(D%E)LY = (Df)LY

(NE)Ly = 25"@{——(|Cr|2 G +Cal” +|C4P) = 2(CrC) + C7CY)

mé’ % £ * *
+CsCh + CyCr + CyClf + Cy Cl 4+ =2 (C5C + CyC + CCli + C'VCQ‘)}

E,
(0&)Ly = 2Re{~|Cr[* = [C4* = |CF]? = |CLI? +2(CrC) + C1C)
—CsCy — CyC; — CClf — C,Cf + CsC + CyC + CCF + CLC )
RE)Ly = 23m{-2(CrC} + C1Cy) + CsCf + C5Cy — CyCf = CyCr}
Ly = (S&)Ly
Ly = 2Re{—=CsCp = CsC7 + CyCy + CyC = [Cr? = |Cr” + |Cal? + |Cy P}

5¢)

T¢)

f)LY = (Ud)Ly
)
)

(
(
(
(
( Oy = (VéLy
( Wé)Ly = (Wé)Ly

And finally, those from s, 5, read:

(X&)Ly = |Cs|> + [CSP? + [Cy P + [Cy > = |Cr> = |C7 > = [Ca? = [C4
(@&)Ly = =ICsP = |Cs|> + [Cy [ + [Cy P + [Cr? + [Cr* = [C4? = |C4 2
(b)Ly = 2Re{CsCy, + CsCy — CrC — CrCy

(GE)1y = 2Re{CsCy — CrCF = CyCy + C4Cl}

(HE) y = ZRe{—CSC"}‘ - CsCy, + CrCf + C,CL + % [-CsC§ + CrCF — CyCy + CACL‘]}

(f((S)LY =2Re{-CsC§ — CyCy + CrCf 4 CoCf + C5Cy 4 C4Cy, — CrCly — CrCL}
(L&)Ly = 28m{CsCy + C5Cy = CrCy = CrCy}

me % * % *
o [CsCh+ CSCF + CuCh + C’ch]}

e

(Y& y = —ZSm{CSCZ + CCy + CyCy + CLCF +
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(Aé)Ly = 22Re{C5CX + CCy + CyCf + C, Cy = 2(CrClf + CrCy)

E

e

me % % * * % *
+ = [CsCF + CCr + CyCy + C,CL —2(CrCF + CACQ)]}

(af)y = —22Re{CSCX + CCh + CyCf + C,C +2(CrCly + CLCH)

e

me £ % * * * *
+E— [CsCF + CCr + CyCy + C,CL +2(CrCF + CACA)]}

(B)Ly = 2Re{-CsC}y — CCy + CyCyF + C,Cr}

(€&)ry = 2Re{CsCy + C5C = CyCr =

(EE)y = ZSm{CSC’T* + CCh+ CyCly + C,C + 7

(t¢

(N¢

CyCr}

me /% / vk /% / *
—2[CsCls + C,Ch + CyCli + CVCT]}

e

iy = 28m{-CsCr - CsCr + CyC + G Ch}
iy = 2Re{=|Cr]> = [C1* +[C4* +|C)* = CsCh — CsCF + CvCy + CCi}
iy = 2Re{=|Cr]> = [C7* +|C4* +|C4 > + C5Cf + C5C = CyC = C,Ci}
(08)y = 28m{CsC; + C5Ci = CyCy = Cy,CF +2(CrCh + CrCR)}
)iy = 28m{—CsC;, — C,Ci + CyCh + C,,Clk +2(C1C;y + CpC)}
iy = 28m{CsCr + CsCr - CyCy — Gy O}
iy = 28m{—CsC; — CsCf + C5C;y + CyCi + CyCy + C,Cp — CyC;, — CyyCli}
)iy = 2Re{—CsCy — CsxC; + CsCli + C5C4 + CyCy + Cy,Ch — CyClf — CyC,

+2(=C7CF — C,Cf + CrCl 4+ C1CH) }
(28)1y = 2Re{CsCy + CChr — CsCly — CCy — CyCf — C,Cr + CyCly 4 C,C

+2(=CrCF = C4C + C1Cf + CrCy) }

(A4)
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