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At leading order in weak and electromagnetic couplings, cross sections for (anti)neutrino-nucleon
elastic scattering are determined by four nucleon form factors that depend on the momentum transfer Q2.
Including radiative corrections in the Standard Model and potential new physics contributions beyond the
Standard Model, eight invariant amplitudes are possible, depending on both Q% and the (anti)neutrino
energy E,. We review the definition of these amplitudes and use them to compute both unpolarized and
polarized observables including radiative corrections. We show that unpolarized accelerator neutrino
cross-section measurements can probe new physics parameter space within the constraints inferred from

precision beta decay measurements.
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I. INTRODUCTION

Next-generation neutrino oscillation experiments
DUNE [1,2] and Hyper-K [3] aim to discover charge-
parity (CP) violation in the lepton sector and conclu-
sively establish the ordering of neutrino masses. To
achieve these goals, it is essential to control muon
disappearance and electron appearance signals at the
percent level which requires both theoretical and exper-
imental progress in our understanding of neutrino-
nucleus interactions [4-6].

Vector form factors are known relatively well from
electron scattering data [7—12], and the axial-vector form
factor is the main source of uncertainty for neutrino
interactions at the nucleon level. New experimental mea-
surements [13] and lattice-QCD evaluations [14-30] of the
axial-vector form factor have approached the precision of
determinations from deuterium bubble chamber data with
(anti)neutrino beams [31-38] and from pion electropro-
duction [39-45]. Future experimental measurements can
potentially yield subpercent uncertainties [46]. Beyond
unpolarized cross sections, a range of observables has
been considered with polarization measurements using
(anti)neutrino beams [47-82]. In a previous publication
[79] by one of the authors, and in a Snowmass 2021 white
paper [83], we performed a detailed study, within the
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Standard Model, of how to access nucleon axial-vector
structure from single-spin asymmetries in elastic charged-
current (anti)neutrino-nucleon scattering. In particular,
asymmetry measurements could determine the nucleon
pseudoscalar form factor without the conventional ansatz
of partially conserved axial current (PCAC) with pion-pole
dominance [39,40,84-98]. In order to interpret both unpo-
larized cross sections and polarization asymmetries with
neutrino beams, and to understand the potential impact of
new experimental data, we consider the general framework
of invariant amplitudes for (anti)neutrino-nucleon elastic
scattering. We compute both unpolarized and polarized
observables including radiative corrections and compare
predicted unpolarized cross sections and polarization
asymmetries to constraints inferred from precision beta
decay measurements.

The remainder of the paper is organized as follows.
Section II introduces the invariant amplitude decomposition
for charged-current elastic (anti)neutrino-nucleon scattering
and presents the expression for the unpolarized cross section.
Section III provides expressions for all possible single-spin
asymmetries and discusses the forward and backward limits.
In Sec. IV, we compare unpolarized cross sections and
polarization asymmetries to constraints from precision beta
decay measurements. We discuss the effects of radiative
corrections on some observables of interest in Sec. V. We
present plots of cross sections, polarization asymmetries,
and radiative corrections for illustrative (anti)neutrino ener-
gies in the Appendix. In Supplementary Material [99], we
provide Wolfram Mathematica files that produce plots in this
manuscript.
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FIG. 1. Kinematics of charged-current elastic scattering for neutrino (left) and antineutrino (right).

II. AMPLITUDE DECOMPOSITION AND UNPOLARIZED CROSS SECTION

In the Standard Model, the matrix element of the charged-current elastic process with a massless charged lepton can be
1
expressed as

= —_ _ K
TZZ/[—?K”[) = V2GeV ol 7"PrLuep (h(gM + fars) = (f2 = 2fasrs) ﬁ”) n,

my= x = - - - K
T,;;,,_?ﬁn = V2GpV} /" PLL T (7;1(9M + fars) = (F2 +2f asvs) M)l% (1)

with the averaged nucleon momentum K, = (k, + k;,)/2, and the averaged nucleon mass M = (m, + m,)/2. Following
tree-level notations for the form factors, we define the electric and magnetic amplitudes gz and g;; in terms of the
amplitudes f; and f, as

9 = f1— /2, g = f1+ [ (2)

Both the (anti)neutrino and the lepton are left-handed in the limit m, — 0 [we ignore the (anti)neutrino mass throughout,
m,, = 0]. A similar decomposition describes neutral-current (anti)neutrino-nucleon elastic scattering in terms of four
amplitudes, at arbitrary m,. For nonvanishing lepton mass, the matrix element for charged currents contains four more
invariant amplitudesz:

e\t > _ frP
Tynorp=T), o » T V2GeV, a7 {Zf HWPLvepon —C PLuep | f3+ fprs _TRMYS nf,
me [f1= o o - (= | = fr P
Tl—,fp_)frn = y p—»f* + fGF ﬁ |:ZTZ/ ot PRfJ'_nO'}wp —I/fPRf+n<f3 +fp75 —TRM}@)[J] s (3)

which enter all observables with a factor of the lepton mass m,. Here P, = (p, + p))/2 denotes the averaged lepton
momentum and p = y#P,. Invariant amplitudes are functions of two kinematic variables: the crossing-symmetric variable
v=E,/M—t—r2 with r, =my/(2M), 7 = Q?/(4M?), and the squared momentum transfer Q> = —(p — p')> =
—(k — k')?. For the antineutrino case, the invariant amplitudes are given by f;(v + i0, Q%) = f;(—v — i0, Q%)*. At tree level,
fr and fg vanish, and each of the remaining amplitudes are real-valued functions of the squared momentum transfer Q>
only. In the limit of isospin invariance, the amplitudes f,3 and f; also vanish at tree level. QED radiative corrections
contribute to all eight invariant amplitudes [101,102]. The invariant amplitudes can receive corrections from new physics
beyond the Standard Model. For example, the scalar interaction f; appears as a radiative correction in the minimally
supersymmetric Standard Model (MSSM) [103,104] or at tree level if R-parity is violated [105,106].

'We use the shorthand notation 7~ (...)v, = a9 (p')(...)u (p) and T,(...)¢+ = 2@ (p)(...)v')(p’) for the usual Dirac spinors
with momentum assignment in Fig. 1.

*The form factors from Ref. [84] contribute to our amplitudes as f; = FY, f, = EFY, fo = Fa, f3 = FY, fp = Fp, fa3 = F3. At
low energies, the invariant amplitudes reduce to local four-fermion couplings; conventionally normalized scalar and tensor interactions
are [100] Cy ~ =57 f3 and Cr =55 fr.
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Using the representation in Eqgs. (1) and (3), the charged-current elastic cross section (without real radiation) in the
laboratory frame is expressed in terms of invariant amplitudes as (841

do G|V ,al> M? v? C(v, Q%)
E O Og[Vual™ 2 ——B n Y ’ ) 4
dor (B 09 = ML (e 4 RAW, 00~ 15 B 0%) o 4)
The quantities A, B, and C are given by4
A = zlgyl* = lgel* + (L+2)|fal> = r2(lgul® + |fa + 21 pF =41+ 2)(If > + [f3]7)) = 42(1 + 2)|f a3]?
2
;
+f(1/2 + 14— (1474 r2)?)|frl* = r2(1 +2r2)|f 7[> = 2r;Re[((9r + 29m) — 2(1 4+ 7) f43) /7]
—nry(1 + 7+ r7)Re[faf5] = 2nr;Re(f pf 7], (5)

B = me[‘“ﬁfﬁ\ﬂM - 4’1”%(fA - 2TfP)*fA3 + 4”§J9Ef§

C = tlgul* + gel* + (1 +2)|fa|* +42(1

- 271”%(3fA = 2t(fp—

nfaNfr—ri(fr+2fa3)fxl. (6

+0)fasl? + 221+ 2)fr P + 03 (1 + 1) Re[faf3]. (7)

with n = +1 for neutrino scattering and # = —1 for antineutrino scattering.
In the following, we consider the limits of forward and backward charged lepton scattering, which correspond to the
squared momentum transfers Q2 and Q2 respectively, where

2ME?> M+ E,
2 = Y _AM?
Ox M +2E, M +2E,

In the forward limit, up to terms that are suppressed by
the lepton mass, the unpolarized cross section can be
expressed as

do G]%| Vud|2

dor (B 00 = T ((geP 4 1£P) + O(). (9)

and in the backward limit, the cross section can be
expressed as

do (E Q2 ) Gl27|vud|2 |(M +E )fA ”Englz
dg> ™ n (M +2E,)>
+ O(m?). (10)

SWe neglect the relative difference in nucleon masses,
(m, —m,)/(m, + m,), and electroweak power corrections sup-
pressed by the W-boson mass My, i.e., the corrections of order
Q?/Mz3,; these effects contribute at the permille level.

“The sign in front of f,3; in B differs from Ref. [84] for
antineutrino scattering, as noted in Refs. [50,107,108].

AM’E, E, 2
(R TET; \/<2M_r§> e ®)

III. SINGLE-SPIN ASYMMETRIES

Single-spin asymmetries could provide new constraints
on physics beyond the Standard Model, cf. Figs. 3 and 4
below. In this section, we provide expressions for single-
spin asymmetries in charged-current elastic (anti)neutrino-
nucleon scattering, in terms of the invariant amplitudes
defined above, and study limits of forward and backward
scattering. The single-spin asymmetry is defined as the
difference between the cross section ¢(S) with a definite
spin four-vector S of one initial- or final-state particle and
the cross section with an opposite spin direction o(—S5),
divided by the sum of these cross sections:

TR = o(5) T do(=5)" an

where T, R, and L denote target, recoil, and lepton
asymmetries, respectively. We describe these observables
in more detail below. It is convenient to express the
asymmetries in a manner similar to that for the unpolarized
cross section (4), in terms of new structure-dependent
functions that depend on the particle whose spin we are
considering:
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L (T RAT 0% -

IJBTRL(IJ Q2)+11/ CTRL(Z/, Q2)

(z+ r2)A(v. Q%) — vB(v, Q%) + £ C(v, 0?)

(12)

The target single-spin asymmetry T with a target spin four-vector SH3 s expressed in terms of the invariant amplitudes of
Egs. (1) and (3) with the following structure-dependent functions:

~ e [(fA ng)gh (K - S) = 2ngmgt(p' - S) + 202 (”gE

1+7
_|_

WELAZ TR (10 -5) 4 (5 -5) = £k -5) )y
(L+2)fa3)fA(K - S) = 2nfa39% (K - S)

oy L%(Tffw r2f3)fA((K - S) +

< (9 —20fa+12fr) — 12

2
T+ Ty,

/

r2 2 - S
%(T g(k/‘S)‘f‘T(piz
T+ ry T+,

Pl «~
——3m
T2 oM

(9Mf3

1
e @nsp + 21087 = 30usd] (0-9) ¢ puasm (103

(p'+8) +2(r3f3 -

Ir

(54 (050 - (2 )W) ) 15 w20+ T3 )

Norgw-+ 52 =267 w1407+ ng)fR«k' )+ (-5)

Ty

Faft) +nfags +2tf asghy + r2(nfa + 9u — 23 = 2f 43)f7]

L], (13)

2 —l—rf

BT = Re {(’7|fA|2 = 9uf i +mf205) (K - S) = 2fagi(p" - S) = r3(f2f § = 2f1f5) (K - S)

—2r2((fa = 20fas) f5 + nfasgly) (K - S) + 2t(ngas + fa) (fa3)* (K - S) + dntfasgiy(p' - S) —

1
=10+ 1274 0f = 2£0THE - 5) 4 S0uRK

r? * !
TfRfT(k 'S)

rZ
)+ 209 + |0+ 2+ S 12| 15K 5)]

* 2
(3t S ) P10 ) 2000 5)| = puSm | 2aff + 950 - (51 421 15| (14)
2
= R (g = )5 + 200 + ) ) + 5 (1 )0+ 11113 (5. (15)

where p, = M7 p, p,k;S,, n=+1 corresponds to
neutrino scattering vyn — ¢~ p, and n = —1 corresponds
to antineutrino scattering o,p — ¢ n, with implied overline
(f; = f,) for antineutrinos. It is worthwhile highlighting
some special cases. To evaluate T;, the asymmetry in which
the target polarization is transverse to the beam direction
with the spin vector in the scattering plane, we substitute

(K-8) = (' 8) = QM/E,)\ [’ = (1 + 0)(z + 2
and p; = 0. To evaluate Tj, the asymmetry in which the
target polarization is along the beam direction, we substitute

(K'-8)==2[c+ (M/E)(x+ 7). (p'-S)=—(K"-$)-

SWe follow the same definitions, notations, and conventions as
Ref. [79]. In particular, all spin four-vectors are normalized as
§?=—1/M>.

E,/M, and p, =0. To evaluate T, the asymmetry in
which the target polarization is transverse to the scattering
w? —(1+1)(r+ r2)%,
(k'-S)=0, and (p'-S)=0. For nonorthogonal spin
direction, p; is multiplied with cos¢,, where ¢, is the
angle between the spin vector and the vector 7 = p X
P'/|p x p'| that is orthogonal to the scattering plane. The
transverse target single-spin asymmetries T, and T
vanish at forward and backward angles. The longitudinal
single-spin asymmetry is positive at forward scattering
when the squared momentum transfer is Q2. Up to lepton-
mass-suppressed terms, the asymmetry T, reaches a
maximum in absolute value at backward angles, when
the squared momentum transfer is Q2. For these kin-
ematic boundaries, the longitudinal target single-spin
asymmetry is given by

plane, we substitute p; =2
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_ 2Re[ge ]

2\
T = =1 1P

+O(m

7). T(Q) =n+0(m3). (16)

The structure-dependent parameters for the recoil single-spin asymmetry R, with a recoil spin four-vector S¥, are
expressed in terms of the invariant amplitudes of Egs. (1) and (3) as

AR = Re |:(fA = nge) 9 (k- S) = 2ngmgg(p - S) + 2r§<

_41—|—T
T

2
4

+nr?)(z(ngm =of1) ()5 4 (2ng _%) (k-5)— ((k-S) L 2(p-S)

2
r—i—rf

. i
_rb%’[(4fp+’7”§fR)f§+§ng§ (k-S)+
+ 2L
T+ 71,
L fa ]

2 e *
—pLnr «Smep -3 )f
4 27+r§ R_

779E+fA—2TfP(
472

5+ A8+ (0-5) +2( (140,

nry(gu + f1)
T+7r2

p-S)—fplk- S))QX} +2nf a3 (k- S)

2 2
s ,T+2-1; .

—_—t k-S
,,%fA3+”f TJH% f3>fA( )

T+

)) (gm = nfa+ 2nfp)>f¥

2
T—i—rf

F5(p-S) = (1 s f2 (k- $) +2(p s>>}

SM2r2(fafb + 9uf3) +0fags — 2tf asghy + r7(nf a + 2f a3 — (9u +213)) /7]

(17)

BR = Re |:(’7|fA|2 — 9gefi +nefagi) (k- S) = 2fagi(p - S) + ry(fof § = 2f1/3) (k- )
=2nr5((nfa +2f a3) 15 + Fasgyy) (k- S) = 2t(ngy + fa)(fa3)* (k- S) = 4nzfasgiy(p - S)

2
0o+ 12 =04 4 2RI S) + 306 36 9) 2005 + (7 = E 2 18- 5)

2 * 2
~Z e S)ast = (5 1) 119 + 20 5)| | = pu5m [ 2aasi + B L 200 ) 12] 9

2
C% = e (g = )} = 2000 + 59) ) + 5 (14 )52 4 SE] - 5),

To evaluate R, the recoil nucleon spin asymmetry with the
spin vector in the scattering plane and perpendicular to the
recoiling nucleon’s momentum, we substitute (k- S) = 0,

(p-S):—\/11/2—(1—1—1)(7—5—1%)2/\/1(1+T),andpl =0.
To evaluate R, the recoil nucleon spin asymmetry with
the spin vector in the scattering plane and parallel to
the recoiling nucleon’s momentum, we substitute
(k-S)=2yz(1+7). (p-S)=(w—(l+2)(r+77))/

7(1+7), and p;, =0. To evaluate R;, the asym-
metry in which the recoil polarization is transverse
to the scattering plane, we substitute p; =

2/t = (1+2)(z+7r2)% (k-S)=0, and (p-S)=0.

The transverse recoil single-spin asymmetries R, and R |
vanish at forward and backward angles. The longitudinal

14+7

(19)

single-spin asymmetry is positive at forward scattering when
the squared momentum transfer is Q2. Up to lepton-mass-
suppressed terms, the asymmetry R; reaches a maximum in
absolute value at backward angles, when the squared
momentum transfer is Q2 . For these kinematic boundaries,
the longitudinal target single-spin asymmetry is given by

2\ 2Re(gef}] 2
A PR

Ry(Q%) = —n + O(m3). (20)

The structure-dependent factors for the lepton single-
spin asymmetry L, with a recoil spin four-vector S¥, are
expressed in terms of the invariant amplitudes of Eqgs. (1)
and (3) as
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(t+ r7)Ab = Re {—”IA(P reS) +2(t+ 12)(faghy — (fa = 22fp)(Fa3)* +n9ef5)(p + 2k - rsS)
=207 (lgu* + |fa + 21 p P =41+ ) (Ifp* + |£37) + 291fF) (P - 1£S)

2 2 * T""’? 2 rfp «
+(T+rf)<(fA_2rf(fP_77f3))fT+ < 2 '79M‘WfA3—'17fr>fR>(p+2k‘rfS)

(z+ r%)2 +74+ 2rL2ﬂ
ey,

-n (2(1 et 2 AR >f£(p 1) =202 fr P rfs>]

+nrep Im [2’795f§ —2f SR —4cfp(fa3)* + (fa +2r2(fp — ﬂfs))f;]

T+}"§
2

2
+’7rfplsm|: anfx _%(fT+2fA3)fE:|’ (21)

C
B- = Re [—2fA9X4(P “17S) +1L+T(P + 2k - rpS) + 2ngpff = 2(fa = 20fp) (fa3)* — r2fasf5) (P - 1S)

2
+ ((Fa+2r2(fp = nf3)(p - r2S) +n(z = r2)(f2 + 2fa3) (P + 2k - 128)) fF —’Y%foE(P - 1,S)
P

7= r? * 2 2 Ty *
+77< 5 Safk = 4rlf7] >(p+2k- reS) +n—="9ufk (P 1¢S)
+rep I Sm {(fz +2fa3)fT + ngf;é] ; (22)
1
C =1+ )R | (2 + 20)fF 5 0+ 20| 0 725), 23)

To evaluate L, the lepton spin asymmetry with the
spin vector in the scattering plane and perpendicular to
the lepton momentum, we substitute (k-r,S) =0,

(p-rfS):2rf\/w2—(1+1)(7—|—r§)2/\/(1/+r§—1)2—4r§,
and p, =0. To evaluate L, the lepton spin asymmetry

with the spin vector in the scattering plane and parallel to
the lepton momentum, we substitute 2(k-r,S)=

JOAR=P A, (prS) = (= e+ 2P
\/(v+r§—r)2—4r§, and p, =0. To evaluate L, the

asymmetry in which the lepton polarization is trans-
verse to the scattering plane, we substitute p; =

2/t = (1+7) (e 4 r2)?, (k-r,S)=0, and (p-r,S)=0.

The transverse lepton single-spin asymmetries L, and L
vanish at forward and backward angles. Up to lepton-mass-
suppressed terms, the longitudinal single-spin asymmetry
reaches its extremum reflecting the chiral nature of the weak
interaction, i.e., L; = — + O(m2).

For all asymmetries (target, recoil, and lepton), only
imaginary parts of the structure amplitudes contribute to the
asymmetries when the spin vector is transverse to the
scattering plane. These asymmetries vanish at tree level in
the Standard Model.

|
IV. PHENOMENOLOGY

It is interesting to consider the potential for accelerator
neutrino cross-section measurements to constrain new phys-
ics beyond the Standard Model. In this section, we consider
possible short-distance interactions that could give rise to
nonstandard contributions to the invariant amplitudes
appearing in Egs. (1) and (3). As a benchmark for com-
parison, we plot observables including the region allowed by
constraints on such contact interactions inferred from pre-
cision beta decays. In making this comparison, we assume
the Standard Model scaling of the amplitudes with lepton
mass given in Egs. (1) and (3), i.e., assume m-independent
BSM contributions to f;. This scaling naturally appears
when the BSM contributions can be identified with mod-
ifications to the tree-level electroweak form factors associ-
ated with quark currents. For example, f3 and f,3 are
identified with second-class form factors [84,109,110]. This
scaling with lepton mass can also be motivated by the
assumption of “minimal flavor violation” [111]. It is also
interesting to consider the constraints of accelerator (anti)
neutrinos, with muon flavor (anti)neutrinos, independent of
such assumptions, which we describe in our accompanying
paper [112]. In this case, the parameter space is essentially
unconstrained by beta decay since the charged muon mass is
kinematically inaccessible to nuclear beta decays.
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For the benchmark Standard Model prediction in
numerical illustrations, we employ the vector form factors
from Ref. [113] and the axial-vector form factor from
Ref. [36]. For the pseudoscalar form factor, we use a
standard ansatz (partially conserved axial-vector current
and the assumption of pion pole dominance): Fp(Q?) =
2M?F 4 (Q?)/(m2 + Q?), with the charged pion mass m,.

A. Beta decay constraints

Neglecting isospin-breaking corrections, the amplitudes
fr. f3,and f 43 vanish at tree level in the Standard Model.
Focusing on these interactions, we consider the substitution

o Refi(0) +iSmf,(0)
fiv, Q%) = (1+2) - (24)

For simplicity, we have neglected (anti)neutrino energy
dependence and have assumed the dipole form for Q2
dependence [110,114,115] with the parameter A ~ 1 GeV
describing a typical hadronic form-factor scale. The ampli-
tudes gy, f>, and f, appear at tree level in the Standard
Model and are unsuppressed by the lepton mass; they are
thus well constrained by (electronic) beta decay measure-
ments and we do not consider new physics constraints on
them here. The amplitude fp is suppressed by the lepton
mass but receives a large and uncertain (induced pseudo-
scalar) tree-level contribution, and we do not consider new
physics constraints on it. The amplitudes f; and f5 are
suppressed by the lepton mass and relatively poorly con-
strained by beta decay; these amplitudes will be our focus.
We also consider the amplitude f 43, which is unsuppressed
by the lepton mass but recoil-suppressed in low-energy beta
decays. Finally, we mention fy, which is suppressed by
both the lepton mass and recoil and is essentially uncon-
strained by beta decay.

Numerous constraints have been placed on the
normalization of elastic (anti)neutrino-nucleon inter-
actions at low energies [73,100,114-134]. The best
low-energy constraint for the real part of the scalar
amplitude f3 comes from precise measurements of beta
decay rates: Ref3(0)/f1(0)=0.0+1.8 [135] (see also
Refs. [104,110,127,131]). The imaginary part is con-
strained by the triple-correlation coefficient in neutron
decay6: Smf3(0) = 13 £+ 54 [100] (see also Ref. [106]).
For the tensor amplitude fr, we take constraints from
the fit to beta decay data in Ref. [100] (see also
Refs. [100,128,133,136-148]): Ref+(0) = -9.3 +£10.3,
Smf(0) = —1.9 + 15.4. For the amplitude f43, which
vanishes at tree level, we take the compilation of the
experimental data from Ref. [110]: [Ref,3(0)| < 0.075.In

®The triple correlation is with respect to the neutron polari-
zation, electron momentum, and electron spin, cf. Eq. (1) of
Ref. [106].

TABLE 1. Beta decay constraints on the real and imaginary
parts of amplitudes at Q% = 0.

Parameter Value Reference
Ref3(0) 00£1.8 [135]
Smf3(0) 13+54 [100]
Refr(0) -9.3+10.3 [100]
Smf(0) -1.9+154 [100]
Ref43(0) 0+0.075 [110]

Table I, we collect the beta decay constraints on Ref; and
Smyf; that we use for the plots to follow.

B. Unpolarized observables

Figure 2 presents allowed regions for the muon-flavor
charged-current elastic neutrino-neutron unpolarized cross
section, for an illustrative 3 GeV neutrino energy. The cross
section is evaluated with an additional amplitude of
Eq. (24) and is displayed as a ratio to the benchmark
Standard Model cross section. We compare the uncertain-
ties from the vector and axial-vector form factors to the
envelope of possible values of the unpolarized cross section
obtained by including one additional amplitude within the
errors from Table 1. The effects of Ref; and Ref 3 are
within the current uncertainties on the cross sections.
However, the plots indicate that constraints on Ref,
Smfr, and Smf3 can be significantly improved using
accelerator neutrino cross-section data [112]. We present
additional plots in Figs. 6-9 of Appendix A 1 for several
beam energies between 300 MeV and 3 GeV, for both
neutrinos and antineutrinos.

Although precise experimental data on tau (anti)neu-
trino cross sections is currently lacking for GeV
energies [149-152], in anticipation of future data we
repeat our study of unpolarized cross sections for tau
(anti)neutrinos with energies above the tau production
threshold. Results are displayed in Figs. 10-13 of
Appendix A 1. As expected from the charged lepton mass
dependence in Eq. (3), cross sections with tau flavor are
even more sensitive to the amplitudes f3; and f; than cross
sections with muon flavor, including sensitivity to values
of Ref that are allowed by beta decay constraints.

C. Polarization observables

We note that the contribution of the scalar amplitude
f3 and the tensor amplitude f; to the (anti)neutrino-
nucleon elastic unpolarized charged-current cross sections
is always suppressed by the lepton mass, which causes
relatively small effects in the scattering of electron and
muon (anti)neutrinos. Consequently, it is interesting
to study the contributions of these amplitudes to spin-
dependent observables, where mass suppression is not
necessarily present. We focus here on two cases that may
be experimentally feasible: first, the case of polarized
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vun — u p,E, =3 GeV
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FIG. 2. Ratio of unpolarized muon neutrino cross section to the tree-level result as a function of the squared momentum transfer Q2 at
fixed muon neutrino energy E, = 3 GeV. The dark black and light gray bands correspond to vector and axial-vector uncertainty,
respectively. Orange dashed and green dotted lines represent allowed regions for f3 and f, respectively, as described in the text. The left
and right plots show results for one extra real-valued amplitude and one extra imaginary-valued amplitude, respectively.

initial state nucleon; second, the case of polarized final
state tau lepton. The first case is realized in electron
scattering experiments [153,154]; the potential realization
in neutrino scattering has been considered in Ref. [83]. The
second case could potentially be realized in future neutrino
experiments, with the spin-state inferred from the tau
decay products [155]. In Fig. 3 as an illustrative example,
we consider the asymmetry predicted for an illustrative
3 GeV muon antineutrino beam on a polarized proton
target, including the effect of possible new physics
encoded in the amplitudes in Eq. (24). Figures 14-31 of
Appendix A 2 present the complete set of polarization-
transfer observables 7,,7,,T,,R;,R;,R,,L,,L;, L, for
the scattering of muon (anti)neutrinos with energies
between 300 MeV and 3 GeV. In each case, we present
the envelope of possible asymmetries after varying the
amplitudes Refs, Refys, Refr, Imfs, and Smfy
within the constraints of Table 1. The transverse nucleon

Vup — p'n, E, =3 GeV
1001+ :

- — - Refi3(0) = 0+0.075
- Refr(0)=-93+103
e Refs(0)=00£18 ]

50

spin asymmetries 7, and R, both for neutrinos and
antineutrinos, as well as the longitudinal asymmetries 7',
and R;, are sensitive to new parameter space for the tensor
coupling Ref;, and also exhibit sensitivity to Ref 3 at
neutrino energies above ~1 GeV. The asymmetry R; both
for neutrinos and antineutrinos and the target asymmetry
T, for antineutrinos provide sensitivity above current
uncertainties on vector and axial-vector form factors to
the amplitude Ref; only. The target nucleon asymmetry
T, in neutrino scattering is sensitive also to the amplitude
Ref5 near the muon production threshold, cf. Fig. 16. The
lepton-spin asymmetries L, and L; are sensitive to the
amplitudes Ref; and Ref; both in the scattering of
neutrinos and antineutrinos. The transverse polarization
asymmetries 7 ,,R,,L, receive small Standard Model
contributions but potentially large contributions from
Smfr and Smf; and are thus sensitive to these
quantities.

Vup — u'n, E, =3 GeV

- JImfr(0)=-1.9+154

T, (%)

=50

—-100

Q? [GeV?]

FIG. 3.

0? [GeV?

Polarization observables 7'; with one extra real-valued amplitude (left) and 7, with one extra imaginary-valued amplitude

(right) compared to the tree-level result at fixed muon antineutrino energies £, = 3 GeV. The dark black and light gray bands
correspond to vector and axial-vector uncertainties, respectively. Orange dashed, green dotted, and blue dashed-dotted lines represent
allowed regions for f3, fr, and f43, respectively, as described in the text.
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FIG. 4. Polarization observables L,, L; with one extra real-valued amplitude, and L, with one extra imaginary-valued amplitude,
compared to the tree-level result at fixed tau neutrino energy E, = 5 GeV.

We repeat our study for tau flavor polarization asym-
metries. As an illustration, Fig. 4 considers the lepton
asymmetries that can be determined by measuring the
polarization of the final-state tau lepton. For neutrinos with
E, =5 GeV, the results demonstrate that asymmetries
differ significantly from Standard Model predictions in
large regions of parameter space that are allowed by beta
decay constraints. Figures 32—44 of Appendix A 3 present
results for all single-spin asymmetries over a range of
(anti)neutrino beam energies between 5 and 15 GeV, above
the tau production threshold. For tau neutrinos, all polari-
zation observables with a reference spin in the scattering
plane are sensitive to the amplitudes Ref; and Refs.
Contrary to the unpolarized cross section, the transverse
spin asymmetries 7, and R, in both neutrino and antineu-
trino scattering are also sensitive to Ref 43. The transverse
polarization asymmetries 7|, R, L, with spin direction
orthogonal to the scattering plane, are sensitive to Smfr
and Smf3, in both neutrino and antineutrino scattering.

V. RADIATIVE CORRECTIONS
TO UNPOLARIZED CROSS SECTIONS
AND SINGLE-SPIN ASYMMETRIES

In this section, we study the effects of radiative correc-
tions on the unpolarized cross sections and polarization

vun — u p,E, =3 GeV

1.20
115
1.10
1.05
£l&1.00
095t\_ . _ . _._._ s
0.90
0.85
0.80

-—- NLO

0* [GeV?]

FIG. 5. Radiative corrections to unpolarized cross section in
Fig. 2. The blue dashed-dotted line represents the radiatively
corrected result.

observables considered above. We take virtual contribu-
tions to the amplitudes in Egs. (1) and (3) from the recent
calculation of Refs. [101,102]. For the muon and tau
charged-current events considered in this paper, we include
the radiation of one real photon with energy below AE =
10 MeV and label this cross section as next-to-leading
order (NLO).

In Fig. 5, we compare the effect of radiative corrections to
the theoretical cross-section uncertainties that are obtained
by propagating errors from the vector and axial-vector
nucleon form factors, cf. Fig. 2. Over most of the kinematic
range, the effect is larger than the current vector form factor
uncertainty [113] but smaller than the current axial-vector
form factor uncertainty [36]. The effects of radiative
corrections are at or below the current level of experimental
uncertainties but will become increasingly important with
more precise data. These corrections are also critical for the
determination of flavor ratios [101]. In Appendix A 4, we
present results over a range of energies, for unpolarized
cross sections of both neutrinos and antineutrinos,
cf. Figs. 50-53. Results are displayed as a ratio of the
cross sections evaluated with radiative corrections to the
benchmark tree-level cross section, for the illustrative
energies considered in Appendix A 1. The results reproduce
those from Refs. [101,102] for the corresponding kine-
matics and muon (anti)neutrino flavor. At very low squared
momentum transfers, radiative corrections for muon
(anti)neutrino flavor typically exceed the tree-level cross-
section uncertainty, determined mainly by the axial-vector
charge according to Figs. 5, 50, and 51. The corrections are
positive at hundreds of MeV incoming (anti)neutrino ener-
gies and become negative for energies above 500 MeV.
For tau (anti)neutrino scattering, cf. Figs. 52 and 53, the
radiative corrections are well below uncertainties from the
axial-vector form factor and reach vector form-factor uncer-
tainties only at lowest squared momentum transfers.

For the first time, we investigate the effects of radiative
corrections on the polarization asymmetries in neutrino
scattering 7,, T}, R,, R;, L,, L, for muon and tau flavors. We
present these observables in Figs. 58-89 of Appendix A 4.
Radiative corrections to these asymmetries are below the
uncertainties from the axial-vector form factor but have the
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same order of magnitude as vector form-factor errors.
Besides the motivated model for the real part of ampli-
tudes in Refs. [101,102], we consider also imaginary parts
of all invariant amplitudes in the same model as an
estimate of the order-of-magnitude for possible contribu-
tions from imaginary parts. The asymmetries with a spin
vector transverse to the scattering plane vanish at tree level
and are generated by the imaginary parts of invariant
amplitudes. Both for muon and tau flavor, the transverse
spin asymmetries 7|, R, are typically at permille level.
The asymmetry L, is below permille and can reach
~0.1% at some kinematics.

VI. CONCLUSIONS AND OUTLOOK

In this paper, we present the general decomposition of
(anti)neutrino-nucleon charged-current elastic scattering
amplitudes. We provide expressions for the unpolarized
cross section and single-spin asymmetries in terms of
these amplitudes and investigate both the forward and the
backward limits for these observables. We provide
numerical results for all observables for relevant fixed
(anti)neutrino energies as a function of the squared
momentum transfer considering the uncertainty of tree-
level nucleon form factors and also accounting for
radiative corrections. QED contributions to muon
(anti)neutrino-nucleon charged-current elastic scattering
cross sections are of the order of the theoretical uncer-
tainty, while the radiative corrections to the scattering of
tau (anti)neutrinos are much smaller than the theoretical
error from current knowledge of the nucleon form factors.
The radiative corrections to the single-spin asymmetries
largely cancel between the numerator and denominator
resulting in negligible effects within the uncertainties of
tree-level predictions.

Assuming the dipole form for the Q? dependence and v
independence for possible new physics contributions to the
invariant amplitudes, and Standard Model scaling with the
lepton mass, we examine the parameter space allowed by
beta decay constraints on unpolarized cross sections and
polarization transfer observables. Surprisingly, we find that
the available constraints on both the real and the imaginary
parts of the tensor interaction coefficient, as well as con-
straints on the imaginary part of the scalar coefficient, can be
significantly improved with current data on the unpolarized
antineutrino-hydrogen and neutrino-deuterium scattering
cross sections. We present an analysis of the recent anti-
neutrino-hydrogen measurement by the MINERVA
Collaboration in an accompanying publication [112].
Relatively imprecise first measurements of single-spin
asymmetries with (anti)neutrino beams would be sensitive
to new parameter space for both the real and the imaginary
parts of the scalar and tensor couplings.

FEYNCALC [156,157], ©LoopToOoLs [158], and
Mathematica [159] were extremely useful in this work.
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APPENDIX: CROSS SECTION, ASYMMETRY,
AND RADIATIVE CORRECTIONS PLOTS

In the main text, we have illustrated Standard Model
uncertainties, constraints on new physics extrapolated from
beta decay measurements, and the impact of radiative
corrections, cf. Figs. 2, 3, 4, and 5. For completeness, in
this appendix we provide corresponding plots for each of
the unpolarized and polarized observables, for a range of
neutrino energies relevant to accelerator neutrino experi-
ments. Appendix A 1 considers unpolarized cross sections
for muon flavor and tau flavor (anti)neutrinos.
Appendixes A 2 and A 3 consider polarization asymmetries
for muon and tau flavor (anti)neutrinos, respectively.
Appendix A 4 shows the impact of radiative corrections
on each of the above observables.

1. Unpolarized cross sections

In this section, we consider the unpolarized cross
section with one extra real- or imaginary-valued ampli-
tude, f(v. Q) = [Ref(0) +iSmf(0)]/(1 +£)°, for
illustrative muon (tau) neutrino and antineutrino
energies £, = 300 MeV, 600 MeV, 1 GeV, and 3 GeV
(E,=5,7, 10, and 15 GeV), and A =1 GeV. We vary
the amplitude normalizations within the ranges from
Table I, and compare to the uncertainty from vector
and axial-vector form factors from Sec. IV. The effect
from the extra amplitude Ref43(0) from Table I cannot
be distinguished from zero on plots with the unpolarized
cross section.
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FIG. 6. Ratio of unpolarized muon neutrino cross section with one extra real-valued amplitude to the tree-level result as a function of
the squared momentum transfer Q? at fixed muon neutrino energies E, = 300 MeV, 600 MeV, 1 GeV, and 3 GeV. The dark black and
light gray bands correspond to vector and axial-vector uncertainty, respectively. Orange dashed and green dotted lines represent allowed
regions for f3 and fr, respectively, as described in the text.
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FIG. 7. Same as Fig. 6, but for imaginary amplitudes.
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FIG. 8. Same as Fig. 6 but for antineutrinos.
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FIG. 9. Same as Fig. 7 but for antineutrinos.
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FIG. 10. Same as Fig. 6 but for real amplitudes in the scattering of tau neutrinos at fixed beam energies £, = 5, 7, 10, and 15 GeV.
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FIG. 11. Same as Fig. 10 but for imaginary amplitudes.
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FIG. 12. Same as Fig. 10 but for antineutrinos.
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2. Polarization asymmetries, muon (anti)neutrino

In this section, we present all independent single-spin asymmetries for muon neutrinos and antineutrinos, with one extra
real- or imaginary-valued amplitude f;(v, Q%) = [Ref;(0) + iSmf;(0)]/(1 + /Q\—z)z for illustrative neutrino energies
E, =300 MeV, 600 MeV, 1 GeV, and 3 GeV, and A = 1 GeV. We vary the amplitude normalizations within the ranges
from Table I, and compare to the uncertainty from vector and axial-vector form factors from Sec. IV.

vun — i~ p, E, = 300 MeV vun — u p, E, = 600 MeV
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FIG. 14. Transverse polarization observable, T',, with one extra real-valued amplitude, compared to the tree-level result at fixed muon
neutrino energies £, = 300 MeV, 600 MeV, 1 GeV, and 3 GeV. The dark black and light gray bands correspond to vector and axial-
vector uncertainty, respectively. Orange dashed, green dotted, and blue dashed-dotted lines represent allowed regions for f3, f7, and f 43,
respectively, as described in the text.
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FIG. 15. Same as Fig. 14 but for antineutrinos.
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FIG. 16. Same as Fig. 14 but for the longitudinal polarization observable 7.
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FIG. 18. Same as Fig. 14 but for the transverse polarization observable 7| and imaginary amplitudes.
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FIG. 19. Same as Fig. 15 but for the transverse polarization observable 7| and imaginary amplitudes.
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FIG. 20. Same as Fig. 14 but for the transverse polarization observable R,.
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FIG. 21. Same as Fig. 15 but for the transverse polarization observable R,.
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FIG. 22. Same as Fig. 14 but for the longitudinal polarization observable R;.
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FIG. 23. Same as Fig. 15 but for the longitudinal polarization observable R;.
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FIG. 24. Same as Fig. 14 but for the transverse polarization observable R| and imaginary amplitudes.
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FIG. 25. Same as Fig. 15 but for the transverse polarization observable R| and imaginary amplitudes.
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FIG. 26. Same as Fig. 14 but for the transverse polarization observable L,.
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FIG. 27. Same as Fig. 15 but for the transverse polarization observable L,.
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FIG. 28. Same as Fig. 14 but for the longitudinal polarization observable L,.
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FIG. 29. Same as Fig. 15 but for the longitudinal polarization observable L;.
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FIG. 30. Same as Fig. 14 but for the transverse polarization observable L, and imaginary amplitudes.
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FIG. 31. Same as Fig. 15 but for the transverse polarization observable L, and imaginary amplitudes.
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3. Polarization asymmetries, tau (anti)neutrino

In this section, we present all independent single-spin asymmetries for tau neutrinos and antineutrinos in Figs. 32—49,
with one extra real- or imaginary-valued amplitude f;(v, Q%) = [Ref;(0) + iSmf;(0)]/(1 + %)2 for illustrative neutrino
energies £, = 5,7, 10, and 15 GeV, and A = 1 GeV. We vary the amplitude normalizations within the ranges from Table I,
and compare to the uncertainty from vector and axial-vector form factors from Sec. IV.
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FIG. 32. Transverse polarization observable, T,, with one extra real-valued amplitude, compared to the tree-level result at fixed tau
neutrino energies E, =5, 7, 10, and 15 GeV. The dark black and light gray bands correspond to vector and axial-vector uncertainty,

respectively. Orange dashed, green dotted, and blue dashed-dotted lines represent allowed regions for f3, f7, and f 43, respectively, as
described in the text.
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FIG. 33. Same as Fig. 32 but for antineutrinos.
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FIG. 34. Same as Fig. 32 but for the longitudinal polarization observable 7.
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FIG. 35. Same as Fig. 33 but for the longitudinal polarization observable 7.
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FIG. 36. Same as Fig. 32 but for the transverse polarization observable 7| and imaginary amplitudes.
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FIG. 37. Same as Fig. 33 but for the transverse polarization observable 7', and imaginary amplitudes.
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FIG. 38. Same as Fig. 32 but for the transverse polarization observable R,.
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FIG. 40. Same as Fig. 32 but for the longitudinal polarization observable R;.
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FIG. 41. Same as Fig. 33 but for the longitudinal polarization observable R;.
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FIG. 42. Same as Fig. 32 but for the transverse polarization observable R| and imaginary amplitudes.
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FIG. 43. Same as Fig. 33 but for the transverse polarization observable R, and imaginary amplitudes.
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FIG. 44. Same as Fig. 32 but for the transverse polarization observable L,.
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FIG. 45. Same as Fig. 32 but for the transverse polarization observable L,.
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6. Same as Fig. 32 but for the longitudinal polarization observable L.
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FIG. 47. Same as Fig. 33 but for the longitudinal polarization observable L;.
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FIG. 48. Same as Fig. 32 but for the transverse polarization observable L | and imaginary amplitudes.
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FIG. 49. Same as Fig. 33 but for the transverse polarization observable L and imaginary amplitudes.
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4. Radiative corrections

In this section, we consider radiative corrections to the observables illustrated in Appendixes A 1, A2, and A 3.

a. Radiative corrections to unpolarized cross sections

In this section, we present unpolarized cross sections including radiative corrections as described in Sec. V. We consider
muon (tau) neutrino and antineutrino energies £, = 300 MeV, 600 MeV, 1 GeV, and 3 GeV (E, =5, 7, 10, and 15 GeV),
and compare to the uncertainty from vector and axial-vector form factors from Sec. IV.

vun — u p, E, = 300 MeV vun — u p, E, = 600 MeV

0.98
0.95
0.96
0.00 0.05 0.10 0.15 0.20 0.0 0.1 0.2 0.3 0.4 0.5 0.6
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vun — u p,E, =1GeV vin — u p,E, =3 GeV
1.10 T T T -

0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 1 2 3 4
0* [GeV? 0? [GeV?]

FIG. 50. Ratio of the unpolarized cross section including radiative corrections to the tree-level result as a function of the squared
momentum transfer Q2 at fixed muon neutrino energies E, = 300 MeV, 600 MeV, 1 GeV, and 3 GeV is illustrated. The radiatively
corrected cross section, which includes virtual contributions and one real photon of energy below 10 MeV, is shown by the blue dashed-
dotted line. The dark black and light gray bands correspond to vector and axial-vector form factor uncertainty.
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FIG. 51. Same as Fig. 50 but for antineutrinos.
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FIG. 52. Same as Fig. 50 but for tau neutrinos at fixed beam energies £, = 5, 7, 10, and 15 GeV.
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FIG. 53. Same as Fig. 52 but for antineutrinos.
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b. Radiative corrections to polarization asymmetries, muon (anti)neutrino

In this section, we present single-spin asymmetries for muon neutrinos and antineutrinos in Figs. 54-71, including
radiative corrections as described in Sec. V. We consider neutrino energies £, = 300 MeV, 600 MeV, 1 GeV, and 3 GeV,
and compare to the uncertainty from vector and axial-vector form factors from Sec. IV.

vun — u p, E, = 300 MeV vun — p p, E, = 600 MeV
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FIG. 54. Radiative correction to the transverse polarization observable T,, at fixed muon neutrino energies E, = 300 MeV, 600 MeV,
1 GeV, and 3 GeV is illustrated. Radiatively corrected observable, which includes virtual contributions and one real photon of energy
below 10 MeV, is shown by the blue dashed-dotted line. The dark black and light gray bands correspond to vector and axial-vector form
factor uncertainty.
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FIG. 55. Same as Fig. 54 but for antineutrinos.
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FIG. 56. Same as Fig. 54 but for the longitudinal polarization observable 7.
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FIG. 57. Same as Fig. 55 but for the longitudinal polarization observable 7.
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FIG. 58. Same as Fig. 54 but for the transverse polarization observable T | .
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FIG. 59. Same as Fig. 55 but for the transverse polarization observable T | .
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FIG. 60. Same as Fig. 54 but for the transverse polarization observable R,.
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FIG. 61. Same as Fig. 55 but for the transverse polarization observable R,.
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FIG. 62. Same as Fig. 54 but for the longitudinal polarization observable R;.
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FIG. 63. Same as Fig. 55 but for the longitudinal polarization observable R;.
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FIG. 64. Same as Fig. 54 but for the transverse polarization observable R .
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FIG. 65. Same as Fig. 55 but for the transverse polarization observable R | .
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FIG. 66. Same as Fig. 54 but for the transverse polarization observable L,.
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FIG. 67. Same as Fig. 55 but for the transverse polarization observable L,.
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FIG. 68. Same as Fig. 54 but for the longitudinal polarization observable L;.
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FIG. 69. Same as Fig. 55 but for the longitudinal polarization observable L;.
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FIG. 70. Same as Fig. 54 but for the transverse polarization observable L | .
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FIG. 71. Same as Fig. 55 but for the transverse polarization observable L .

013004-47

PHYS. REV. D 110, 013004 (2024)




BORAH, BETANCOURT, HILL, JUNK, and TOMALAK PHYS. REV. D 110, 013004 (2024)

c. Radiative corrections to polarization asymmetries, tau (anti)neutrino

In this section, we present single-spin asymmetries for tau neutrinos and antineutrinos, including radiative corrections as
described in Sec. V. We consider neutrino energies E, = 5, 7, 10, and 15 GeV, and compare to the uncertainty from vector
and axial-vector form factors from Sec. IV.
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FIG. 72. Radiative correction to the transverse polarization observable T, at fixed tau neutrino energies £, = 5, 7, 10, and 15 GeV is
illustrated. Radiatively corrected observable, which includes virtual contributions and one real photon of energy below 10 MeV, is
shown by the blue dashed-dotted line. The dark black and light gray bands correspond to vector and axial-vector form factor uncertainty.
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FIG. 73. Same as Fig. 72 but for tau antineutrinos.
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FIG. 74. Same as Fig. 72 but for the longitudinal polarization observable T'.
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FIG. 75. Same as Fig. 73 but for the longitudinal polarization observable 7.
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FIG. 76. Same as Fig. 72 but for the transverse polarization observable T .
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FIG. 77. Same as Fig. 73 but for the transverse polarization observable T .
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FIG. 78. Same as Fig. 72 but for the transverse polarization observable R,.
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FIG. 79. Same as Fig. 73 but for the transverse polarization observable R,.
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FIG. 80. Same as Fig. 72 but for the longitudinal polarization observable R;.
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FIG. 81. Same as Fig. 73 but for the longitudinal polarization observable R;.
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FIG. 82. Same as Fig. 72 but for the transverse polarization observable R .
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FIG. 83. Same as Fig. 73 but for the transverse polarization observable R | .
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FIG. 84. Same as Fig. 72 but for the transverse polarization observable L,.
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FIG. 85. Same as Fig. 73 but for the transverse polarization observable L,.

vih — 17 p, E, =5GeV vin — 7 p,E, =7 GeV

100 T T T T r 100~
-—- NLO
50 50
S S
~ < 0
~ 0 ~
-50)
=50
0 1 2 3 4 5 0 2 4 6 8
Q% [GeV?] Q* [GeV?]
vin — 7 p,E, =10 GeV vin — 1 p,E, =15 GeV
100~ T T T T T 100~ T T T
50 1 50
< <
SO S o
) )
~50 1 -50
_ _ [
10GO 2 4 6 8 10 12 14 lOG0 5 10 15 20
Q% [GeV?] Q* [GeV?]

FIG. 86. Same as Fig. 72 but for the longitudinal polarization observable L;.
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FIG. 87. Same as Fig. 73 but for the longitudinal polarization observable L;.
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FIG. 88. Same as Fig. 72 but for the transverse polarization observable L | .
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FIG. 89. Same as Fig. 73 but for the transverse polarization observable L .
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