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ABSTRACT

The low-energy antineutrino- and neutrino-nucleon neutral current elastic
scattering is studied within the framework of the relativistic SU(2) baryon
chiral perturbation theory up to the order of O(p®). We have derived the
model-independent hadronic amplitudes and extracted the form factors
from them. It is found that differential cross sections do/dQ? for the
processes of (anti)neutrino—proton scattering are in good agreement with
the existing MiniBooNE data in the Q? region [0.13,0.20] GeV?, where
nuclear effects are expected to be negligible. For Q* < 0.13 GeV?, large
deviation is observed, which is mainly owing to the sizeable Pauli blocking
effect. Comparisons with the simulation data produced by the NuWro and
GENIE Mento Carlo events generators are also discussed. The chiral
results obtained in this work can be utilized as inputs in various nuclear
models to achieve the goal of precise determination of the strangeness
axial vector form factor, in particular when the low-energy MicroBooNE
data are available in the near future.

Keywords chiral perturbation theory, neutrino-nucleon scattering, form
factors, chiral Lagrangians, one-loop amplitude, neutral weak current
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1 Introduction

Neutrino—nucleon scattering, as one of the fundamental
processes of neutrino interactions with matter, has been
extensively investigated for decades for its importance in
our understanding of a wide variety of physical pheno-
mena; see e.g. Refs. [24, 46] for reviews. A comprehensive
knowledge of the neutrino—nucleon/nuclei interactions is
important to achieve the precision goal of modern
neutrino-oscillation experiments [1-3, 7, 9, 13, 14].
Furthermore, the neutral current scatterings play a
dominant role in the thermal coupling between neutrinos
and the stellar environment, thereby impacting the
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mean energies of various neutrino types in core-collapse
supernovae [19, 35]. Amongst them, a fundamental
process is the vN neutral current elastic (NCE) scatter-
ing. As nucleons are usually embedded in nuclei, a good
and deep understanding of the vN NCE interaction is
indispensable for a precise extraction of nuclear effects
[40], which is one of the main sources of systematical
uncertainty in accurate determination of neutrino prop-
erties. On the other hand, it plays an extremely important
role in unveiling the electroweak properties of the
nucleon. Unlike the charged current quasi elastic (CCQE)
vN interaction, which only involves isovector weak
current, the NCE reaction is sensitive to both the
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isovector and isoscalar weak currents [8]. Therefore, it
provides the possibility to explore the strange quarks,
which exist as sea quarks in nucleons, through their
isoscalar contribution to the NCE interaction.

Experimental efforts dedicated to the measurements of
(7)v—N NCE scatterings have been undertaken since the
middle of 1980s [4-6, 44, 45]. One of the goals of these
experiments is to determine the strangeness contribution
to the nucleon spin As [19], which is associated with the
strangeness axial form factors G4 (Q?) by As= G%(Q? =
0), with @2 being the momentum transfer squared
between the initial and final nucleons. The E734 experiment
at Brookhaven National Laboratory (BNL) measured
the differential cross sections do/dQ? for (anti)
neutrino—proton NCE scattering in the momentum
transfer region 0.45 < Q% <1.05 GeV?, enabling them to
analyze the strangeness contribution to axial vector form
factor G%(Q?) but with assumptions for its @2?-behaviour
[6]. In 2010 and 2015, the MiniBooNE experiment at
Fermi National Accelerator Laboratory released data of
the differential cross-sections for neutrino- and antineu-
trino-induced NCE scattering in a mineral oil (CHy)
based target system [4, 5], with a focus on the momentum
transfer range below 2 GeV2. Note that the experimental
data close to zero momentum transfer (i.e., Q? =0) are
provided in the Ph.D. dissertation by Perevalov [44], a
member of the MiniBooNE collaboration. It should be
emphasized that the low @2 data of differential cross
sections have a complicated varying behavior due to
nuclear effects, which deserves more experimental inves-
tigations. To that end, the MicroBooNE experiment in
Argon is conducting the measurements of muon neutrino
NCE scattering from protons and more data will be
available for 0.1 < Q2 <1 GeV? [45].

In the theoretical aspects, various phenomenological
models are used to analyze the experimental data on
(7)v—N NCE scattering, mainly focusing on the extraction
of the neutral current axial form factors. For instance,
with the dipole parametrization [33], the strange quark
form factors of the proton and the axial vector dipole
mass are determined by refitting the BNL experimental
data on neutrino—proton elastic scattering [27]. In Ref.
[50], Sufian et al. studied the NC weak axial form factor
G%(Q?%) by using the data from MiniBooNE experiments
on neutrino—nucleon scattering and the result of the
strange quark axial charge from lattice QCD [38].
Therein, the model-dependent dipole parametrization is
again employed for the G4(Q?). In a very recent work
[42], the MiniBooNE NCE data are included in their
global fit and an improvement is established in
constraining the G%(Q?). In addition to the dipole model,
the z-expansion model is also chosen to parametrize the
strangeness axial vector form factor. Here, we intend to
carry out a model-independent calculation of the (7)y—N
NCE scattering within the framework of relativistic
baryon chiral perturbation theory (ChPT).

ChPT [28, 29, 51] is the effective field theory of quantum

chromodynamics (QCD) at low energies, and has been
extensively used in hadron physics and nuclear physics;
see e.g. Refs. [16, 17, 31, 47, 56] for reviews and applica-
tions. It was initially proposed for pure Goldstone
bosons and later extended to describe interactions with
nucleons [30]. As examples of applications to heavy
hadrons, recent one-loop analyses of heavy charmed
mesons and doubly charmed baryons in ChPT can be
found e.g. in Refs. [37, 39]. Returning to the (7)v—N
scattering, systematical calculation in ChPT at one-loop
order is rare. Low-energy theorems associated with
neutrino induced one-pion production off the nucleon
were derived using heavy baryon formalism in Ref. [15].
It is until 2018 that a first systematic study of charged-
current weak pion production was carried out in relativistic
baryon ChPT [54]. The study is later extended to the
neutral-current weak pion production [55]. The relevant
formalism can also be applied to investigate the NCE
(p)v—N scattering, which will provide useful information
for the explanation of the existing MiniBooNE data and
future MicroBooNE data in the low @Q? regime.

In this work, the hadronic amplitude involved in the
NCE (p)v—N scattering is calculated in covariant baryon
ChPT up to O(p*). The ultraviolet (UV) divergences are
dealt with by using the modified minimal subtraction
(MS—1) scheme in dimensional regularization, while the
notable power counting breaking (PCB) terms are
removed by imposing the so-called extended-on-mass-
shell (EOMS) scheme [25]. In accordance with Lorentz
and isospin symmetries, the amplitude can be decomposed
and expressed in terms of 6 structure functions: isovector
(isoscalar) vector Dirac and Pauli form factors, isovector
axial-vector and induced pseudoscalar form factors.
Explicit expressions of the 6 form factors are obtained
and are consistent with the results derived in previous
literature [26, 48, 53].

In our numerical computation, the low energy
constants (LECs) are either determined elsewhere or set
to be of natural size. We then predict the differential
cross sections for four physical NCE processes: vp — vp,
vp— vp, vn—vn and pn— vn. It is found that our
results of do/dQ? on vp — vp and vp — vp are in good
agreement with the MiniBooNE data in the @Q? region
~[0.13,0.20] GeV? where the ChPT calculation is
expected to be reliable. Nevertheless, when Q2 <0.13
GeV?, deviation between our predictions and the experi-
mental data can be seen. We ascribe the deviation to
the occurrence of nuclear effects. It is well known that
Pauli blocking is the dominant nuclear effect for small
momentum transfer. It is then tested that, indeed, our
ChPT results can be fine tuned by incorporating Pauli
blocking effect, whose value is estimated by nuclear
models implemented in NuWro Monte Carlo events
generator [32, 36]. For the NCE scattering on neutron,
there are no experimental data so far. Therefore, we
compare our ChPT results with the simulation data by
NuWro, and large discrepancy is observed. Future
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experimental data for the neutron channel are appealed
to explain this inconsistency, though the detection of
neutron is challengeable. At last, total cross sections are
also predicted and compared with the NuWro and
GENIE [10] data. The ChPT results of the NCE scattering
on the nucleon, we obtain here, can be used as inputs in
various nuclear models to extract the strangeness contri-
bution to the nucleon spin and the strangeness axial
vector form factor, especially when the MicroBooNE
data appear in the near future.

The manuscript is organized as follows. Section 2
presents the basics of (#)v—N scattering, such as isospin
and Lorentz decomposition. The calculation of the form
factors in baryon ChPT is detailed in Section 3. In
Section 4, numerical results of differential and total
cross sections are obtained, and comparisons to the
MiniBooNE, NuWro and GENIE data are discussed.
Section 5 is our summary and outlook. Definition of the
loop functions is given in Appendix A, while the explicit
expressions of hadronic amplitudes and form factors are
relegated to Appendices B & C, respectively.

2 Basics of elastic neutrino—nucleon
scattering

The process of (r)v—N NCE scattering can be generally
described by

£(q1) + N(p1) — €(g2) + N(p2) , (1)

where ¢ =v or 7, N=p or n. The four momenta of the
incoming and outgoing particles are indicated in paren-
theses. The Lorentz-invariant Mandelstam variables are
defined by

(2)

tulfilling the constraint s+ t+u = 2m32, with my being
the physical mass of the nucleon. In the standard model
(SM), this process is mediated by the vector Z boson
with momentum ¢ = p, — p;, which is illustrated in Fig. 1.
Note that the one-boson exchange approximation is
assumed. The energy region we are interested in is
¢®> < M%, where My is the mass of Z-boson. Therefore,
the scattering amplitude M can be written as

Gr u

\/iL“H ,
where Gp =1.166 x 1075 GeV~2 is the Fermi constant
[52]; L, and H* are leptonic and hadronic matrix
elements, respectively. Expressions of the leptonic and
hadronic parts read

s=1+q)?, t=(p1—p2)?, u=(p1 —q)?*,

M= 3)

L, =0(q2)v.(1 —s5)v(qr)
H" = (N (p2) [ T3 (0)| N (p1)) ,

where the neutral weak current is

(4)

v/v Vv

Fig. 1 Kinematics of neutral current elastic neutrino-
nucleon scattering under the one-boson exchange approxima-
tion.

Tho = (1 —2sin® 0w )V — Ay — 2sin® 0w Vi, (5)
with V¥, A4 and V¥ being isovector vector, isovector
axial-vector and isoscalar vector currents, in order. 6y,
stands for the Weinberg angle. The leptonic part can be
derived straightforwardly in the SM, while the hadronic
one is complicated due to the inner structure of the
nucleon. For the hadronic amplitude, one can perform
isospin decomposition in the following way:

He = (HE+ DHE) iy a=3, (6)
where y; and y; are isospin spinors of the initial and
final nucleons, respectively. To be specific, one has
Xp = (1,0)T for the proton and x,, = (0,1)T for the neutron.
HY and HY stand for the isospin vector and scalar
amplitudes, respectively. In view of Eq. (5), one readily
has

HY = (1 - 2sin® 0w) Vi — A},
HY = —2sin” 0y VL | (7)

with the matrix elements V//, and A, expressed in
terms of form factors [8, 18]:

_ i,
V= U(P2)(V”F1V + MU” (JVFQV>U(P1)7

i
Ay = u(pa2) (7“75GA + %V5GP)u(pl)7

<=

V= alp) (V' FS + oo B Jup) . (8)
2mN
In above, @(ps) and w(p;) represent the spinors of the
final and initial nucleons, respectively. There are six
unknown form factors: FY, Fy, Ga, Gp, F?, F5. F) (Ff?)
and FY (Fy) are called isovector (isoscalar) Dirac and
Pauli form factors, respectively. G4 and Gp are axial
and induced pseudoscalar form factors of the nucleon,
respectively. Both G4 and Gp are isovector, due to the

absence of isosinglet axial current. We will calculate the
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Table 1 Isospin factors for physical processes.

Physical process Cs Co
v+p—v+p 1 1
v+p—=v+p 1 1
v4+n—=v+n -1 1
vr+n—v+n -1 1

form factors in the framework of covariant baryon
ChPT in Section 3.

In practice, it is often wuseful to reorganize the
hadronic amplitude according to its Lorentz structure.
That is,

H* = a(ps)H u(py) , 9)

1 y q*
o qyFo — yHvsGa — — 5GP,
N mn

(10)

HH = AR Fy +

where the combined form factors F,, and G4 p are
related to the ones in Eq. (8) via
Co

2sin Oy F2 (t) =

1=1,2
2 1 9 9

(11)

Fi(t)=cos 20w FY (t)% -

—= ., j=AP. (12)
For brevity7 isospin factors have been defined, i.e.,

Cs = XdeX1 and C, foTon In this way, the hadromc
amplitude for a given physical process can be obtained
by properly choosing the values of C3 and Cy. We show
the isospin factors in Table 1 for easy reference.

3 Hadronic form factors in baryon ChPT

The hadronic form factors encode dynamical information
of strong interaction inside the nucleon. At low energies,
the fundamental theory quantum chromodynamics
(QCD) is not feasible anymore due to the non-perturbative
nature of strong interaction. Instead, a popular and
powerful tool for the study of the low-energy dynamics
is ChPT, which is an effective field theory of QCD in
this regime. In this section, we are going to calculate the
form factors involved in the (7)r—N scattering within the
framework of relativistic baryon ChPT up to O(p®) by
using EOMS scheme.

3.1  Chiral effective Lagrangian

The chiral effective Lagrangian pertinent to our calculation
can be organized in the form as

RESEARCH ARTICLE
L= L0+ L+ L5 + 22 4+ £, (13)
where the superscripts denote the chiral orders. The

pieces £ (i =2,4) describe the purely pionic interac-
tions, while the terms £ff]2, (j = 1,2,3) are constructed by
further including the nucleon fields as explicit degrees of
freedom.

The 77 Lagrangians are given by [28]

F2

57(372 = I<UHUH + X+> s (14)
1 1

) = §€4<UW“><X+> + E(f?) + L) {x4)%, (15)

where F is the pion decay constant in the chiral limit
and ¢; (i = 3,4) are unknown LECs. The chiral operators
in the O(p*) Lagrangian are required for the renormalization
of the pion mass and decay constant. The so-called
chiral vielbein reads

uy, =1{ul (8, —irp)u —u(0, — il )u'}, (16)
and the Goldstone pion fields are collected in the
unitary 2 x 2 matrix u,

R )|
17

with 7¢ the Pauli matrices. Furthermore, [, and r, are
left- and right-handed external fields, respectively. The
chiral blocks x+ are defined by

x+ = ulxul £uxTu, x = diag(M? M?), (18)
where M is the pion mass at leading order.

The leading order 7N effective Lagrangian reads [23]

_ . g

Efffv = Un{il) —m+ 5%75}‘1’1\/7 (19)
with m and g being the nucleon mass and axial coupling
constant in the chiral limit, respectively. The isodoublet
Uy comprises the proton and neutron fields, i.e.,
Uy = (p,n)T. The covariant derivative acting on the
nucleon fields is given by

=0, + 1, —iv;,, (20)
= {u —iry)u+u(d, — il )ul} . (21)

Here, 07 denotes the isosinglet vector field.
The full set of 7N Lagrangians at O(p?) and O(p?) can

be found e.g. in Ref. [23]. Here, we only display the
terms relevant to our calculation:
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Fig. 2 Tree-level Feynman diagrams up to and including
O@?®). The solid, dashed and wavy lines represent the
nucleon, pions and the Z boson, in order. The circled
numbers indicate the chiral orders of the vertices.

2 1 - y

£ = S—mcﬁq/N{ﬁ o Wy
+ 8—07%{ (o by + -

£® = @N{lddm FrID” + h.c.}\IJ

TN 2%m v
i v
Sz D¥, (F1,)]D +h.c.}qu
digy" 75<X+>Uu}‘I’N
digY"y5[Dy, x ]}\I’N
dQQ")/ ’75[DV,FM_V}}\IJN+ B (23)
where ¢; (i =6,7) and d; (j =6,7,16,18,22) are unknown
LECs, and h.c. refers to the hermitian conjugation. The

field tensors, regarding the [, r, and ¢, external sources,
are defined as follows:

Fi, = f, + 208, (24)
I (25)

li—uLuT:I:uT Ru, (26)
o) = 0,05 — 0,0, (27)

with the left- and right-handed external field strength
tensors given by

L = 0uly — Ol — il 1], (28)

/ff, = Oury — Oy — [y, 1] (29)
The traceless tensor ]3:” can be obtained through

~ 1

where (--.) denotes the trace in the flavor space. The
coupling of the Z boson is incorporated by setting

gw 2 T3
l,=—"—— (-2 Ow) Z,— 31
K 2cos Oy (~2cos”bw) 2, 2’ (31)

gw . 2 T3

=— (2 ow) Z,— 32
Ty 2cos 0W ( sin W) H 97 ( )
0 = IV (9sin2 0y ) 2, 2 33
e 2 cos Oy (25in” bw ) 2, 2’ (33)
with gy the weak coupling constant. The factor

gw/(2cosfyy) is extracted out from the hadronic part to
define the Fermi constant Gr in Eq. (9), ie., Gp=
V262, /(8 M2 cos? Oy ).

3.2  Form factors

With the Lagrangians specified in the previous subsec-
tion, we are now in the position to calculate the form
factors up to and including O(p?). Tree and leading one-
loop Feynman diagrams are shown in Figs. 2 and 3,
respectively. Diagrams with one-loop corrections on the
external nucleon lines are not displayed explicitly, which
will be taken into account by the wave function renor-
malization procedure.

The obtained hadronic amplitudes are shown diagram
by diagram in Appendix B, from which one can extract
the form factors. The results of form factors are
expressed as

FY(t) =1 — 2dgt + F)'°P + F)M
FY (t) = ¢ + 2dgt + Fy P + Fy™
Fls(t) 1 — 4dst + FS’ loops Fls’Wf,
F2S(t) (66 + 2¢7) + 4d7t + FSJOOPS 1;125,wf7
GA (t) <4d16M2 + d22t> + Gloops G‘Xf
2g,rn]\f 4mNM2(2d16 — d18)
Gp(t) =
p(t) M2 _1 + Y
dgm3 M>¢y 5
F2(M?—t) 2miydaz
B 4gm3; M> [M2g3 + (M2 - t)fd
F2(M2 —t)2

+ Gl](;ops + G‘?;’»f (34)
where the expressions of loop contributions are relegated
to Appendix C. Note that the induced pseudoscalar form
factor does not contribute to the cross sections if the
neutrino mass is zero, but we show it here for complete-
ness. The last terms in the above equations account for
the effect of wave function renormalization. Up to O(p?),
they are given by

T = (T@ + T®)(Zy — 1)+,
T e{FY,F) FY Fy Ga,Gp}, (35)

where the ellipsis stands for the higher order terms

Jin-Man Chen, et al., Front. Phys. 19(6), 64202 (2024)
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Fig. 3 One-loop Feynman diagrams up to and including O(p®). The solid, dashed and wavy lines represent the nucleon,
pions and the Z boson, in order. The circled numbers indicate the chiral orders of the vertices.

beyond our accuracy. Zy is the wave function renormali-
zation constant of the nucleon at leading one-loop order

Zy=1+65) + 00, (36)
where the O(p?) term reads [21]
@ _ 3>
Ozy = W{‘lmi [Ao(m3y)
+ (m7 = 3m¥) Bo(m%, m7,mYy) — my]
+ (12m% — 5m2)Ag(m2)} . (37)

For the definitions of the loop integrals A, and B, the
readers are referred to Appendix A. Note that the bare
parameters F, m and M have been replaced by the
corresponding physical ones F,, my and m,, since the
resultant difference is of higher order beyond our accu-
racy.

The loop amplitudes are calculated by imposing the
dimensional regularization, and the UV divergence in
the loop integrals are subtracted with the so-called
MS — 1 subtraction scheme. Actually, the UV divergence
are cancelled out by the counter terms from the chiral
effective Lagrangian. In practice, one splits the bare
LECs into two parts: a finite piece and a divergent one.
To be specific, the LECs showing up in Eq. (34) are
separated in the following manner:

Bx

X=X
+ 1672

R, X €{9,c67,ds7,16,1822,034},
(38)

where R=2/(d—4)+~vg — 1 —In(4n), d is the dimension

of space-time, v denotes Euler constant, and By is

called beta functions. In order to remove the UV divergence
from the loops, the Bx’s have to take the following

values,
g9lg® — 2)m? g° -1
BQZT, 606:507:07 Bdazﬁa
g9(g> - 1)
Bdm - Wy Bd7 - ﬂdlg - /dez - 07
1
B@g = 717 5@4 = 1 (39)

Tt is pointed out in Ref. [30] that the PCB issue arises
when the nucleons appear as internal lines in the loop
diagrams. To restore power counting, here we employ
the EOMS scheme, in which an extra finite renormalization
is required. In our case, the PCB terms are those pieces,
stemming from the loops, with chiral orders lower than
O(p?). As discussed in Ref. [25], those terms are polynomials
of, e.g., pion masses, which are called infrared regular
terms therein, and hence can be absorbed by shifting the
LECs of the tree amplitudes. That is, in addition to
Eq. (39), the UV-finite O(p) and O(p?) LECs are further
split,

Bx

X=X X 4
+ 167T2 R7 € {9706,7}7 ( 0)
with the beta functions 8x’s given by
~ g(g? —2)Ag(m?) + 5g%m?
ﬁg = - F2 ) 565 = - F2 )
~ 492m2
/867 - F2 (41>

Here the function Ap(m?) represents the UV-subtracted
one-point loop integral. Namely, Ay(m?) is obtained by
removing the piece proportional to R in Eq. (Al).
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Table 2 Values of the LECs involved in neutrino—nucleon NCE scattering. The axial coupling constant g is dimensionless.
The LECs ¢; and d; are in units of GeV ! and GeV 2, respectively.

LEC Value Source
8 g 1.13 £ 0.01 Ga [53]
2 c6 1.35+0.04 kp and ki, [12, 43]
cr —2.68 +0.08 Kp and ky, [12, 43]
& ds 0.0+ 1.0 -
dz —0.49 Electromagnetic radii [26]
dis —0.83+0.03 Ga [53]
dao 0.96 +0.03 Ga [53]
4 Numerical results and discussion AQ?) =4y {gi(@% (1+n) +49F1(Q*) F2(Q?)

4.1 Differential cross section

In the laboratory frame, the differential cross section
with respect to the momentum transfer squared reads

—2
d M
do M 2' 7 (42)
dQ?  64mm3 E?
where Q? = —¢?> = —t. E, is the neutrino energy, and my

is the physical nucleon mass. The spin-averaged amplitude
squared can be written as

GF

—32
|M| = TLMDH”V ) (43)

with the leptonic tensor

Lp,u = 8(611;&2” — G 1 - 92 + Q1uq2u + i€;¢)\uoqi\qg) )
(44)

where the “+” and “—” signs correspond to the neutrino
and antineutrino cases, respectively. The hadronic tensor
is given by
1 ~
H,, = §Tr[(¢1 +mN)’HM(p2+mN)HV}, (45)
where #, =My and H, is defined in Eq. (9). One
can further contract the leptonic and hadronic tensors,

which leads to the traditional form of the differential
cross section [27, 40]:

do  GEm3 o (s—u) )
dQ* 87rEéV [A(Q )+ m3, B(Q)
+ O Po], (16
N

where the scalar functions A(Q?), B(Q?), and C(Q?) are
related to the form factors in Eq. (11) and Eq. (12)
through

— (@) - R@) (1 =) .
B(Q?) = 1 64(Q)(F(Q*) + F2(@)
Q) = 1[GA@) + FHQ) +nF3(QY)]

with (s —u) = 4myE, — Q2 and n = Q?/4m?%,. It should be
noted that the neutrino mass is zero and consequently
the pseudoscalar form factor Gp is absent. With the
above formulae, we are in the position to compute the
cross sections for physical processes numerically.

In our numerical computation, we use my =938.8 MeV,
mn, =138 MeV and F, =92.21 MeV [52]. Values of the
LECs relevant to NCE scattering are summarized in
Table 2. The values of g, dig and dss are taken from Ref.
[53]. They appear in the axial form factor G4 and were
pinned down by fitting to the corresponding lattice
QCD data simulated at unphysical pion masses [53]. The
LECs ¢ and ¢; have been determined by employing the
empirical values of the anomalous magnetic moments of
the nucleon (k, and x,) in Refs. [12, 43]. We set
d7 = —0.49, which is extracted from the neutron and
proton electromagnetic radii in Ref. [26]. The ds is set to
be of natural size"), following Ref. [54]. The renomalization
scale p in the loop integrals is fixed at the physical
nucleon mass: y=my. We do not assign values to the
LECs only showing up in Gp, since they are irrelevant
to the NCE scattering cross sections.

The differential scattering cross sections for p—p and
7—p NCE scatterings are displayed in Figs. 4 and 5,
respectively. Our ChPT calculation is expected to be
reliable up to Q2 =0.2 GeV? indicated by the gray
region in the figures. The first measurement of the above
two processes was conducted by the BNL E734 experiment
[6, 34]. Unfortunately, the BNL E734 data are for the Q?
region higher than 0.45 GeV?, which are far beyond the

(47)

D In Ref. [26], d¢ is determined to be dg = —0.70 but without error.
Therefore, we prefer to vary it in a range [—1.0, 1.0], in accordance
with the naturalness ansatz.

Jin-Man Chen, et al., Front. Phys. 19(6), 64202 (2024)
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Fig. 4 Differential cross section do/dQ? of v—p NCE scat-
tering, with the neutrino energy being E, =0.8 GeV. The
MiniBooNE data [4, 5] are marked by black dots with error
bars. The NuWro data for free nucleon, bound nucleon with
and without Pauli blocking effect are represented by orange
diamonds, red crosses and green triangles in order. The blue
solid line denotes the ChPT result up to O(p®), while the
magenta dashed line stands for the sum of our ChPT prediction
and Pauli blocking effect. The error bands are obtained by
varying the LECs in their 1-o uncertainties. We use the
abbreviation “PBE” for “Pauli blocking effect” in the figure.

validity scope of ChPT. The available experimental data
for lower Q? are from the MiniBooNE experiment [4, 5],
which are represented by the dots with error bars in
Figs. 4 and 5. The MiniBooNE data for cross sections
do/dQ? on CHj are measured at E, = 0.8 GeV for vp and
at E, =065 GeV for op. Our ChPT results are
computed with the same (anti)neutrino energy for easy
comparison. The blue solid lines with bands stand for
the resulting ChPT predictions, which are plotted up to
Q% =0.4 GeV?, twice of the ChPT validity limit, to see
the trend of the curves. The error bands are obtained by
varying the values of the LECs within their 1-o uncer-
tainties. It can be seen that our results are in good
agreement with the experimental data in the range
0.13 < Q2 < 0.2 GeV? within uncertainties. In particular,
the data at Q2 ~0.13 GeV? are excellently described.
Note that it is just a coincidence that the ChPT result
of the p—p scattering agrees better with the MiniBooNE
data than that of the ,—p scattering.

However, for the Q? region lower than ~ 0.13 GeV?
our free-nucleon scattering prediction deviates from the
MiniBooNE data, which are extracted from (z)-CHa
scatterings where the nucleon are tightly bound. Such a
dramatic deviation actually implies that the nuclear
effects start to play an important role at low Q2%s. It is
acknowledged that three main types of nucleon effects
for bound nucleons, i.e., Fermi motion, Pauli blocking
and final state interaction, may affect the cross section;
see e.g. Refs. [7, 40] for more details. Amongst them, the
Pauli blocking effect suppresses the cross section at low

Fig. 5 Differential cross section do/dQ?* of y—p NCE scat-
tering, with the anti neutrino energy being FE; =0.65 GeV.
Other description is the same as Fig. 4.

momentum transfer square, as shown e.g. in Fermi gas
model [49]. The Pauli blocking effect has been already
implemented in various neutrino events generators such
as NUANCE [20] and NuWro [32, 36]. Here, we use
NuWro to generate the Pauli blocking effect numerica-
lly?, which is then added to the ChPT result. The sum
of our ChPT result and the Pauli blocking effect is
shown by the dashed lines with error bands in Figs. 4
and 5. It can be found that the theoretical prediction is
now comparable with the MiniBooNE data for the ,—p
scattering, provided that the abnormal data point at
Q? = 0.05 GeV?is excluded. Nevertheless, the incorporation
of the Pauli blocking effect in the p—p cross section is
not sufficient to make the chiral result agree with the
low-Q? data at ~ 0.067 GeVZ.

For comparison, the simulation results from NuWro
event generator are also shown. The free-nucleon cross
sections are marked by orange diamonds. For the cases
that the target is CHy nucleus, cross sections with and
without the Pauli blocking effect are represented by red
crosses and green triangles. It can be observed that in
the ChPT wvalidity region, our results exhibit better
agreement with the MiniBooNE data, compared to the
NuWro simulation results.

Figure 6 displays the differential cross sections
[do/dQ?)yn—un With E, = 0.8 GeV and [do/dQ?]5,_pn with
E; =0.65 GeV. Experimental data on the two processes
are not available so far. For comparison, the ChPT and
NuWro results are shown together. Large discrepancy
between the two determinations arises for the neutron
processes. Future cross section data from experiments
for the neutron channels are required to explain this
discrepancy, though it is a challenge due to the difficulties
associated with neutron detection.

2) The Pauli blocking effect is estimated by the nuclear models imple-

mented in the NuWro event generator, see Refs. [32, 36] for details.
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Fig. 6 Differential cross sections [do/dQ%|vn—vn With E, = 0.8 GeV and [do/dQ?|snpn With E; =0.65 GeV. The ChPT and
NuWro simulation results are represented by solid lines and blue diamonds, respectively. The red error bands are obtained by

varying the LECs in their 1-¢ uncertainties.

4.2  Total cross section

The total cross section can be readily obtained by inte-
grating the differential cross-section over all possible
scattering directions. It describes the overall probability
of interaction between the incident particle and the
target particle during the scattering. Taking ,—N NCE
scattering for example, the total cross section as a function
of the center-of-mass (CM) energy /s can be written as

do .
o(v/s) = / deQdQ ;
where the differential cross section do/dQ? is given by
Eq. (46). In CM frame, the relation between the scattering
angle # and the Mandelstam variables reads

(48)

2st
cos0:1+;2. (49)
(s —m%)?
Sincet = —Q? and s isa Lorentz invariant, which guarantees
s =m% + 2E,my, one can get that
277’LNE2
2 v
=—""(1- #), 6|0 50

Q* = g (1~ cost), € [0.7) (50)

where E, is the neutrino energy in the laboratory frame.
With the above equation, it is straightforward to
perform the integration in Eq. (48). Moreover, the resultant
total cross section is a function of E,, ie., o(E,). The
above derivation also holds true for anti-neutrino
nucleon NCE scattering.

It is necessary to determine the maximal neutrino
energy E™* up to which our ChPT model is trustwor-
thy. For this purpose, the contour plot of @Q? with
respect to E, and cosf is shown in Fig. 7. The ChPT
validity limit of Q? is expected to be 0.2 GeV? as
mentioned in the preceding subsection. Furthermore,
cos® must be able to take any values in the whole region
[-1,1], such that the numerical accuracy of the total

0 (GeV?)

0.30

0.25

E, (GeV)

-0.5 0.0 0.5 1.0
cos 0

-1.0

Fig. 7 Contour plot of Q2 with varying E, and cos¥.

cross section, obtained by the integration in Eq. (48), is
ensured. Therefore, an acceptable estimate of E™* is
~0.28 GeV in view of the Q2 =02 GeV? contour in
Fig. 7.

In Fig. 8, our ChPT results of the total section o(FE,)
are shown order by order, together with the simulation
data by NuWro [32, 36] and GENIE [10]. The vertical
dash-dotted lines indicate the ChPT wvalidity limit,
E™ ~ 0.28 GeV, as discussed above. The NuWro data
are generated for free nucleons. For the vp and vp chan-
nels, a calculation with higher chiral orders makes the
predictions closer to the NuWro data. The GENIE data
are produced with C'? as the target nucleus, and have
been merely divided by 6 since C'2? is composed of 6
protons and 6 neutrons. Namely, the nuclear effects are
not excluded for the GENIE data, leading to a sizeable
deviation from our model and the NuWro data. For the
vn and on channels, our ChPT predictions are consistent
neither with the NuWro data nor with the GENIE data.

Jin-Man Chen, et al., Front. Phys. 19(6), 64202 (2024)
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Fig. 8 Total cross sections at different chiral orders. Our ChPT prediction is expected to be reliable up to EJf, = 0.28 GeV,
indicated by the gray vertical line. For comparison, the simulation data produced by NuWro and GENIE events generators

are also shown by red crosses and black diamonds, respectively.

Similar to the situation for differential cross sections,
experimental data are needed to explain the deviation.

5 Summary and outlook

The (anti)neutrino—nucleon NCE scattering has been
systematically investigated for the first time within the
framework of covariant baryon ChPT up to O(p?) in the
low energy region. We have derived the model-independent
hadronic amplitudes, from which explicit expressions of
form factors are obtained. The UV divergences from the
loops are removed by applying the MS—1 subtraction
scheme, while the PCB terms are handled by using the
EOMS scheme. We fix the LECs either to the values
determined in previous literature or to natural size in
accordance with the naturalness ansatz. Finally, numerical
results of the differential cross sections and total cross
sections are predicted.

In the regime Q2 e [0.13,0.20] GeV?, where nuclear
effects are expected to be negligible, our ChPT predictions
of [do/dQ¥,p—vp and [do/dQ?)s,—5p, are well consistent
with the MiniBooNE data within 1-¢ uncertainties. For
Q2% <0.13 GeV?, the so-called Pauli blocking effect starts
to make sizeable contribution. It is found that our
ChPT results can be fine tuned by incorporating the

Pauli blocking effect, which is estimated by nuclear
models implemented in the NuWro event generator.
Moreover, our fine-tuned results are better than the
simulation data, produced by NuWro, in the sense that
they are more closer to the experimental data in the low
@? region. Unfortunately, there are no available experi-
mental data for the neutron channels, due to the difficulties
in neutron detection at experiments. Therefore, we
prefer to compare our ChPT results of [do/dQ?],, ., and
[do/dQ?)sn—pn with NuWro, but large discrepancy is
observed unexpectedly. Future experimental data for
these channels are needed to interpret the deviation. We
also compute the total cross sections of the four physical
NCE processes and confront them with the NuWro and
GENIE data. Similar to the differential cross sections,
our predictions of total cross sections agree with NuWro
for the proton channels, but are incompatible for the
neutron ones. Our ChPT calculation of the total cross
section should be reliable for the (anti)neutrino energy
lower than 0.28 GeV.

In the near future, low @Q? data on y,—N NCE cross
section will be available from, for instance, the MicroBooNE
experiment. The model-independent ChPT
obtained in this work would be helpful for a precise
determination of the strangeness axial vector form factor
and hence the strangeness contribution to the nucleon

results
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spin, since they can be used in various nuclear models as
inputs. On the other hand, the obtained form factors
can be readily applied to investigate the CCQE scattering
and muon capture processes, where the induced pseu-
doscalar form factor is involved. Besides, the A(1232)
resonance contribution may be incorporated to improve
the @2-behaviour of the form factors through the
complexity of the A(1232) propagator.
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Appendix A: Definition of one-loop integrals

In this appendix, the one-loop integrals involved in our
chiral results of the hadronic amplitudes and the form
factors are defined following e.g. Ref. [22].

e One-point one-loop integral

4—d d
Ag(m?) = a - / (d k !

i 2m) k2 — m? + ie

m? m?
= — R+1In— Al
WQ( +nu2>’ (A1)
with p the renormalization scale.
e Two-point one-loop integrals
{Bo(b), B"(b)}
_ i / ddk {1, k*}
=T et R i id[k ) —mi 4 id
(A2)
with the abbreviation (b) = (p?,m?,m3). The rank-1
tensor function can be further expressed as
B*(p*,m3,m3) = p*By(p?, m3, m3). (A3)

The scalar coefficient function can be reduced through
the Passarino—Veltmann (PV) approach [41], which
yields

1
Bi(p®, m3,m3) = TPQ[AO(W?) — Ag(m3)
- (p2 - m% + m%)Bo(p27 mi mg)] .
(A4)

® Three-point one-loop integrals

{Co(e),C*(e)} =
M4_d ddk {Lk//.}
i /(QF)d (k2 —m3+ie)[(k+p1)® —m3+ie][(k+p2)* —m3+ie] 7

with the abbreviation (c) = (p?,4q? p3, m3, m3,m3) and
q = pz — p1- The rank-1 tensor integral can be decomposed
as

C*(pt,q*,p3, mi, m3,m3)
- PHC’l [p%aq2ap%7m%7m§7m§] (A5)
+q"Ca [p?, ¢, p3, m}, m3, m3] | (A6)

where P = p; + py. The PV reduction leads to

1
_ﬂW¢—wnm{WPﬂwmﬁﬁm@

+(¢* + P - q) x Bo(p3,m3, m3) — 2¢*

i

 Bo(q®, m3,m3) — [¢*(2m} —m3 — m3 + p} + )
+ P q(m} —m} —p} +p})]

2 2 2 2 2 2
. Co(plvq 7p2am17m27m3)} ’

1
j{BO(pza m?a mg) - BO(pga m?a m%)

C, =
2 2(]

2

+mvm@@+mx%@ﬁ@m%@@@

P.
- qchl(p?»q2,p§,m?,m§,m2) .
(A8)
Appendix B: Hadronic amplitudes

For brevity, we use the following abbreviations for the
loop integrals:

A(% = Ao(m?\/') )

A% = Ao(mi) )

B} = Bo(m3,m3%,m2),

Bj = Bo(t, my, my) ,

Bj = Bo(t,m%,m2),

C(% = C’O(m?\,,m?\,,t,mfmm?\,,mi) 3

C§ = CO<m?V7m?V7t7m?Vam72rvm?\/) (B1>

In what follows, expressions of the hadronic amplitudes
are listed diagram by diagram. Here, we prefer to show
#H* [cf. Eq. (9)], where the common spinors of the
nucleon are thrown away for simplicity.
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HE = —g—~Fvy5 — (sm Ow o — cos 29W—)'y“ . (B2) po_ _ _*gMNAGTS B11
a 2 2 H; 3 (mz — ¢ 0 (B11)
e Diagram (b) . .
e Diagram (J)
o gmnT3 m B3
i 6F2(m2 — )2 (B12)
e Diagram (c)
e Diagram (k)
. .9 .
o _ _isin Ow uw icos 20y, o
HC 2my (66 + 267)0 ot dmy 60" quTs - HH o COoS 29[/[/14%7'3 " gA%Tg " B13
(B4) Y Y (B13)
e Diagram (d) ® Diagram (1)
— 973 (41
s = 2 ijzlﬁ)n;NM 2ty B5) =g (ot mBo) s
g cos20w s ¢ 9 1
e Diagram (e) - 22 [Ap +mzBy| " (B14)
2gLymy M>73 e Diagram (m
Hg F2 tq ]\7452 . (BG) g ( )
no_ gT7s3 Al Bl "
e Diagram (f) Fom T 2F? ( 0) 7"
g?cos20wTs ¢ 9 1
o — 2d-t Sil’l2 Ow o pr dgt cos 20y 73 pi - 22 [AO + mwBo] 7H . (B15)
o my 2mN .
1 e Diagram (n)
- 2d16M27'3’7‘u’75 + §d22T3 (2qu,u - ’yﬂt) Y5 . 5
BT) M= g g 24k~ 04b+ (e - 043
e Diagram (bs) —2m (2m3; — )B; — 2m?v'(2m727 —t+4m}) B}
_ 4m2 m402},yu7 I g’mnTs
2gmy M2 [M2£3 (M2 — t)&l} 73 N C0 175 SR (42, — 1)
My = ¢"vs.  (BS) 23 BL

F2(M? —t)?
e Diagram (g)

cos (20 )73

b= _
7y 12F2

[(4m72r B3+ 2A3} V4. (BY)

e Diagram (h)

{—QmNm (—t 4 4m3% —m2)C2 — m2(t —

— mN(—Qm7T —t+ 4mN)BO + (4777?\/ — t)A(l)
g% cos 20y 73
8F2(t — 4m?\,)

{2t - 4m3) A} — (¢~ 4m3) A3 + 2m2 (¢ — 6mi) B

(4, 048} +

o+ 2m3 (43, + 2m2 — B3 + 4mimiC "

2
2 2
9N COSBNTS (i) A} — (t — Am3y) A3

2 cos 20 Y STy
( ;” —1) . | bm2 (= 10m2)BL + m2 (6m2 — ¢ + 4m?,) B2
+ mNt CO — 24mN — 2mN BO 5 o 5 or o 392mN sin2 Ow o
_ p oy 29 TN S YW To
— (—40mZm2 + 16m3t + dm2t — £2) B3 + 2y (¢ = dm, + 3m3)CH § P+ F2(t — 4m3,)?
2g2 cos 20 . A2 VAL (A2 VA2 2 2 _ 1
+oam, — t)zA(z)}v,i N s;;niv 03 20w 7y {(t 4m2) AL — (t — 4m2) A2 — m2(10m2, — t) B}
(4my — 1) — m3(—6m2 +t—4mN)BO—2mNm (—t 4 4m3%;
. {m?v(—élm?rt — 8m%im?2 + 6mt + % 4+ 2mit)CL B 3m2)C’§} P 32 sin® By 7o {2(47”?\/ b
+ (10m%m?2 — 2m3%t — 4m%y — m2t) B} ) AF2(4mly )
N N N — (4m3 — 1) A2 — 2m>2(t — 6m3) B}
+3mN(t—2m )BO +(4mN—t)A0 —Qm?\,(4m?v+2mfr—t)Bg
- (4mN - t)AO} - 4m?\]mfng}'y“
(B10) (B16)
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e Diagram (o)

2
gmpNT3 A()

Ly - m? a"s - (B17)
e Diagram (p)
e = %(miBé + Ab)ghs . (B18)
e Diagram (q)
Ml = gy gy (7B + Ab)as (B19)

e Diagram (r)

2
PO = —% (mng + A},) : (C6)
\% g
2
Vim) _ g . 2,2 2 2
By = 1F2(i — 4m2,)? { dmym; (4mN(2m7r

1) — 16md, + m,%t) C2 + 2t(4m?, — t) AL
+ (2 — 16my ) Af + 2m2 (6mAt + 16mYy — t*) B

+2m (= dmd (4m2 + ) + 1(t - 2m2) ) B3

3
g MmNT3
Hi = (i —m?) (4m§\,33 +A%+4m?vmfrcg) q" s . (C8)
(B20) The loop contribution is given by
F1V7100P5 _ Flv’(g) + Flv’(h) + Flv’(k)
Appendix C: Explicit expressions of form + 7O 4 ey phe (C9)
factors .
e Isovector Pauli form factor
For easy reference, the form factors [c.f. (8)] extracted — pvi(e) _ (C10)
from the hadronic amplitudes in Appendix B are explicitly 2 6
shown here. Abbreviations defined in Eq. (B1) are used
as well. If the result of form factor from a specific FQV’(f) = 2dgt, (C11)
diagram is not displayed, it means that its contribution
is zero. 802m2
e Isovector Dirac form factor i () LNQ [m?\, (2m3 (4m2 —t)
F2(t — 4m%)
Fr@ = (C1) 2 4 o\l 2 2 3
1 ’ +4mZt — 6my — t*)Cg + 3miy (2m2 — t) By
+ (2m3% (t — 5m2) + 4my + m2t) B}
PO = —2dgt (C2) ( )
+ (4~ )43 - (am2 — 048]
RO = [(4m$r B3+ 2A3} : (C3) (C12)
V,(h) 9 2 [, 2 2 By = - % m% (4m% 4 6m2 — t) B2
W = e aye ) 24y {mN(_12mﬂ't ? F2(t —4m3)2 |V " 0
GF2(t — 4m3,)
+m2(t — 10m%) By + (4m3 —t) A2
+8mt + 32) + m;ﬁt} cl - [16mjl\,(8m727 — 5¢)
— (4m% — ) AL — 2m3mZ (4m3 — 3mZ — t)C’g} .
+ A t(14m? = 5t) + £2(t — 4m2)| B
(C13)
— 24m?, [m§v(6t — 16m2)
} The loop contribution is given by
+m2t| B} + 48m3% (4m3 — t) A}
R = g M ) (C14)
2 2 2
— 2(4my — £)(20my + t)AO} ’ e Isoscalar Dirac form factor
(©4) ps@ g (C15)
vk _ L g0
By =45 Ao (C5)  pSO_ _4q.4, (C16)
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— 4m3 (4m? + t)}Bg + (12 — 16my ) A2 + 2m? P M2 —t’
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(C17)
The loop contribution is given by o _ 4gm?\;M2€4 (C32)
FlSJoops _ FIS,(n) . (C18) P FQ(MZ t) ,
e Isoscalar Pauli form factor 0 5
GP = 72mNd22 s (C33)
FP = e+ 267, (C19)
4gm?2 M?[M?03 + (M? — t)¢
50 _ G = gmi M? [M?(3 + ( )l4] 7 (C34)
= 4dyt, (C20) F2(M? —t)?
pS0 _ 6g2m3, {4, — 041 + (¢ — 43 43 o _ _ 8gmk o (C35)
F2( —4m?2,)? N 0 No P ogF2(m2 — )" 07
m2(10m3, — t) By + m3 (t — 4m3 — 6m2) Bg
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(C21) P3P (m2 -2 Y
The loop contribution is given by
W _ 9N [on2 2y —1)C3
Gp == —5"——
FZS,IOO]:)S _ F2$,(n) ) (C22) P F2 (4m%\r — t)t mNm mN m 0
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+ 2m3% (—4m3, — 2m2 + t)BE + 2m2(t

—2m3) B + (4m?3 — t)AZ — 2(4m3 — t) A}
(C28)

The loop contribution is given by

2F%(m2 —t)

The loop contribution is given by

G() + G(J) + G(H) + G(O) + G(P) + G(‘l) + G(r)
(C42)

Gloops _
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