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Abstract: Neutrino-induced nuclear reactions play a crucial role in astrophysical nucleosynthesis. When a super-
nova explodes, the neutrino shockwave interacts with the outer material of the star to induce the neutrino-process (v-
process), which is essential for elucidating heavy element synthesis and the exotic abundance distribution of proton-
rich nuclei. In this study, the cross sections of neutrino-nucleus reactions are deduced using the nuclear gross theory
of beta decay (GTBD). The calculation results of 2C (ve,e_)lzNg_S,, 160 (v,,e™)IOF, 30Fe(y,,e”)°Co, and
208pp (y,,e”)298Bj reactions are consistent with those predicted using the QRPA, Hybrid, RPA, and pnQRPA mod-
els within an order of magnitude. These results are reasonable given our current knowledge of neutrino-nucleus reac-
tions. Building on this foundation, we propose a semi-empirical parametrization formula that describes the spectrum-
weighted cross section of supernova neutrinos as a function of neutrino effective temperature. This formula is instru-
mental in the development of a convenient database for neutrino-nucleus reaction cross sections. Such a database is
anticipated to streamline the process of accessing cross section data, thereby enhancing the efficiency of model cal-

culations based on nuclear astrophysical networks.
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I. INTRODUCTION

During the early stages of core-collapse supernova
explosions, numerous high-speed neutrinos are emitted
from proto-neutron stars, forming shock waves. The
shock waves engage in neutrino-nucleus reactions with
nuclei present in the outer layers of the stars, triggering
the synthesis of novel elements in a process recognized as
the neutrino-nucleosynthesis process. Our study specific-
ally focuses on the electron-neutrino induced reactions,
characterized by the reaction v.+(Z, A)— (Z, A+
1)+e~, which represents the inverse process of electron
capture (EC) decay and is the predominant neutrino-nuc-
leus interaction. In contrast to the strong or electromag-
netic interactions of other major nucleosynthesis pro-
cesses, such as the s-, -, and y-processes, neutrino-nucle-
us reactions are dominated by weak interactions with
very small cross sections on the order of magnitude of
10*? cm?. Despite the diminutive cross sections, the large
neutrino flux generated by supernova explosions can in-
duce numerous neutrino-nucleus reactions, significantly
impacting elemental abundances. The neutrino-process
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occurring in core-collapse supernovas markedly influ-
ences the synthesis of some rare isotopes, including the
exceedingly proton-rich nuclei associated with the p-pro-
cess [1—4]. These nuclei cannot be produced by the s- and
r-processes, underscoring the indispensable role of neut-
rino-nucleus reactions in unraveling the origin of p-pro-
cess nuclei.

In network calculations for stellar nucleosynthesis,
the v-process that occurs during core-collapse supernova
explosions represents an indispensable nuclear process.
The cross sections of neutrino-nucleus reactions provide
essential input information for estimating the abundance
of v-process nuclei, which is crucial for gaining a deeper
understanding of the exotic properties of neutrinos and
studying the dynamic mechanisms associated with stellar
collapse [5]. The calculation of neutrino-nucleus reaction
cross sections largely depends on nuclear models. In
1990, Woosley et al. [6] utilized a simple interpolation
between node kernels based on mass number A4 to obtain
cross sections related to giant resonance responses. Sub-
sequently, a theoretical analysis of the shell model was
used to estimate the cross sections of neutrino-nucleus re-
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actions [7]. In 1999, Kolbe et al. [8] selected a hybrid ap-
proach of the shell model (Hybrid model), which has
been proven to correctly describe the GT strength distri-
bution and total strength for **Fe and can reliably evalu-
ate neutrino-induced cross sections on nuclei in the iron
mass range. In 2010, the quasiparticle random-phase ap-
proximation (QRPA) model was adopted as a method of
describing the cross sections of the interactions between
neutrinos and atomic nuclei [9]. In 2020, the nuclear
gross theory of beta decay (GTBD) was employed to
evaluate the cross section of neutrino-nucleus reactions
[10]. The GTBD model is a microscopic model that com-
bines the £ amplitude function of independent particles
associated with the Fermi gas model with statistical argu-
ments phenomenologically, and it considers the pairing
and shell effects. This methodology not only accurately
reproduces existing experimental data but also extends its
predictive prowess to the properties of unknown atomic
nuclei located far from the stability line [11].

In this study, we employ the GTBD model to estim-
ate the cross sections of 2C(v,,e")'*Ng,, '°O(v,,e")'F,
3Fe(v,,e”)°Co, and 2Pb(v,,e”)?®Bi reactions. The reli-
ability of the GTBD model is verified by comparing our
results with other theoretical results. Based on this found-
ation, we introduce a semi-empirical parametrization for-
mula to describe the spectrum-weighted cross section for
neutrino-nucleus reactions at a certain neutrino temperat-
ure. The efficacy of the formula is meticulously assessed
through the computation of the maximum relative devi-
ation, ensuring that is consistent with the results calcu-
lated using the theoretical equation. This parametric for-
mula is similar to that of the nuclear astrophysical reac-
tion rate in the REACLIB database [12], thereby enhan-
cing its utility for network calculations pertinent to astro-
physics nucleosynthesis processes. The adoption of such
a formula streamlines computational work and improves
the efficiency of predicting nucleosynthesis yield.

II. CROSS SECTION CALCULATION

Forty years ago, Takahashi and Yamada [13] pro-
posed the GTBD model, which is used to describe the
overall characteristics of allowed decay processes. The
GTBD model is a statistical model that can be integrated
to represent the transition matrix of nuclear energy levels.
It is more convenient and feasible than microscopic mod-
els, which are complex and require tedious computation-
al work. After years of development, the GTBD model
has undergone significant evolution and can be used to
systematically explain the properties of stable atomic
nuclei. It is also widely used to describe the decay half-
lives and properties of many atomic nuclei participating
in nuclear synthesis far from the f-stable line [14]. Ac-
cording to the GTBD model, the cross section of the neut-
rino-nucleus reaction is primarily determined by the in-

cident energy of neutrinos, the energy and momentum
distribution of emitted electrons, and the transition mat-
rix elements of the initial and final states of a system. It is
expressed as [10, 15]

G2 Ey—m,
o(E)=— / E.PF,
T Jo

X [gVIMr(E) + g3|Mcr(E)/*| dE, (1)

where the Fermi weak coupling constant is denoted as
Gr = 1.166 X 10! MeV~2. The energy E, and momentum
P. of the emitted electrons are represented by E, =
E, —E and P, = \/E2—m?, respectively. E represents the
transition energy from the ground state of the parent nuc-
leus to a certain resonant state of the daughter nucleus,
and E, is the energy of the incident neutrino. The Cou-
lomb correction factor F, for electrons and nuclei interac-
tions can be determined using either the Fermi function
[16] or Modified Effective Momentum Approximation
(MEMA) [17]. Because the Fermi function method may
overestimate the Coulomb corrections at high lepton en-
ergies, and MEMA may overestimate it at low energies,
this study utilizes both correction factors to calculate
cross sections accordingly. Additionally, we adopt the
common practice of selecting the smaller of the two Cou-
lomb correction factors across the entire energy range
[17-19]. The Fermi function F (Z;,E,) is given by

2
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where y=[1-(aZ;)*]"?, y=aZE,/P,, and Z; is the
number of protons in the daughter nucleus. R=1.24'/3
denotes the radius of the daughter nucleus. @ =1/137 is
the fine structure constant.

For the MEMA, this approximation involves using an
effective momentum Py = \/E2;—m2, where Eez=
E,—Vc(0), Vc(0) = =3Za/2R is the Coulomb potential at
the origin, and Fygma = EegPes/E.P. [18].

The effective interaction constants of vector and axi-
al-vector are gy =g4 =1. The matrix elements of the
Fermi (F) and Gamow-Teller (GT) transitions are determ-
ined using the following equation:

e AN
|Mx(E)*| = / d—;W(E,e)Dx<E,s>ds, 3)

€min

where X = F or GT to represent the Fermi or GT trans-
ition, respectively. Additionally, &, corresponds to the
lowest single particle energy of the parent nucleus, and
emax Tepresents the energy of its highest occupied state.
The transition matrix element |My(E)*| provides an aver-
age effect over a range of excitation energies. dN;/de
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represents the energy level density of a single particle,
dominated by the Fermi gas model of the parent nucleus
[15]:

dN E\?
‘=N1{1—(1—Q+ ) : @)
de EF

for B~, N; is the number of neutrons in the parent nucle-
us, and for EC, N; = Z. &r is the Fermi energy of a nucle-
on:

7652 1 (N1>2/3
- — () Mev, 5
MM, \ A ¢ )

M, and M are the mass and effective mass of the nucle-
on, respectively, rp = 1.25(1 +0.65A723),and M /M,, = 0.6+
0.4A7'73 according to [15].

Accounting for the Pauli blocking constraint, the
weight function W(E,¢) is defined within the range of
0<W(E,e) < 1. Dx(E,e) represents the probability of a
nucleon undergoing f transition at single particle energy
¢, normalized to |, Dx(E,&)dE = 1. The B decay probab-
ilities of all the nucleons with different & are the same if
Dx(E,e) = Dx(E) is energy independent [13]. Dx(E) fol-
lows a Gaussian distribution [11] :

Dx(E) = e (BB /20 (6)

1
\/EO'X

Ex and oy represent the resonance energy and corres-
ponding standard deviation, respectively. When the
isospin serves as an appropriate quantum number, the
total Fermi strength |Mg(E)|dE = N—Z is completely de-
termined by the isospin similar states (IAS) in the daugh-
ter nucleus. However, owing to Coulomb force effects,
when the isospin does not remain conserved as a quantum
number, the Fermi resonance energies split. We adopt the
method proposed by Takahashi and Yamada for estima-
tion [13]:

Er = +(1.44Z,A7'° -0.7825) MeV, p*decay, (7)

or=0.157Z,A"*MeV, (8)

for B~ decay, Z; represents the number of protons in the
parent nucleus. For 8* decays and EC, Z; signifies the
number of protons in the daughter nucleus. The total GT
intensity of the (v.,e”) channel depends on the Ikeda
summation rule [|Mgr(E)|dE ~3(N —Z), but its distribu-
tion must be determined by calculation or measurement.
The experimental results from charge exchange reaction
(p, n) indicate that the wide resonances near IAS signific-

antly contribute to the GT transition strength [20,21].
Takahashi and Yamada et al. [13] used an approximation
of Egr=~Ep, whereas ogr is expressed as ogr=
Vor?+0oy?, and the parameter oy represents the energy
diffusion resulting from spin-dependent nuclear forces,
with each decay mode demonstrating distinct values [10].
For even-even, even-odd, odd-even, and odd-odd parent
nuclei, the respective values of oy for 8* decay or EC are
9.9, 11.8, 12.2, and 10.4. For B~ decay, the values for oy
are 15.8,7.2, 16.5, and 15.8, respectively [10].

For Fermi transitions, we use Eq. (7). However, for
GT resonance, we use the following equation to estimate
Egr [13]:

18.5(N-2) M

Egr=Ep+6,6=26A717 - 1

eV.  (9)

The computational procedure was executed using Py-
thon code. We have computed the cross sections for the
2C(v,,e7)""Ng, and '°O(v,,e")'°F reactions as functions
of neutrino energy. Following the suggestion of refer-
ences [17—-19], we applied the minimum Coulomb correc-
tions. The calculations showed that the Coulomb correc-
tions using the Fermi function are consistently smaller
than those using the MEMA method across the entire en-
ergy range, as shown in Fig. 1. Therefore, the Coulomb
corrections for these reactions were determined using the
Fermi function in the subsequent analysis. Two experi-
ments on direct measurement of neutrino-'2C interaction
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€ 150 — GTBDrem /
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20 30 40 50 60

Fig. 1.  (color online) Cross sections of the >C(v,,e™)!?Ng.
(top panel) and '°O(v,,e”)!°F (bottom panel) reactions as a
function of neutrino energy.
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cross sections were performed by KARMEN [22—24] and
LSND Collaborations [25, 26]. The neutrino sources are
the positive muon decay, the monoenergetic muon neut-
rino beam, resulting from stopped positive pion decay
(DAR) and muon neutrino flux, produced by positive pi-
on decay in flight (DIF). In the top panel of Fig. 1, we
compare the results obtained from the GTBD model with
the experimental data from LSND and the results from
two different Hamiltonians of the new shell model. The
maximum relative deviations of the GTBDggmi results
compared with the experimental data, SFO, and
PSDMK?2 Hamiltonian results are 30%, 40%, and 20%,
respectively, across the entire energy range. In addition,
we conducted a comparative analysis of the cross sec-
tions for the '°O(v,,e™)'°F reaction calculated using the
GTBD model and other models, including QRPA [27],
RPA [28], and pnQRPA [29]. The analysis indicated that
the results of GTBDgey; lie within the range of results
from other models and are consistent with the observed
trend of cross section variation as a function of neutrino
energy. Across the entire energy range, QRPA and RPA
results are up to 1.4 and 1.9 times those of GTBDgep;, re-
spectively. Meanwhile, GTBDg,; results are up to 2.5
times those of the pnQRPA model.

The cross section of 3°Fe(v,,e”)**Co varying with the
incident neutrino energy are shown in Fig. 2. The green
dotted, orange dotted, blue dotted, purple dotted, red sol-
id, and black solid lines represent the results predicted by
the QRPA [27], Hybrid [30], RPA [28], pnQRPA [29],
GTBDgemi, and GTBDygyva models, respectively. The cy-
an solid line indicates the cross sections calculated using

56Fe(ve, €7)%0Co

7000
-e- QRPA 1000
Hybrid 800 F
60001 ~&~ RPA €
—%- pnQRPA g“ 600
— GTBDrem
| =—— GTBDmema ~ 400}
5000 oo | =
[ % 200t
5
§ 4000f ok
1 0
=]
~ 3000} ,
@ , /
S 2000t A
1000} E;A/‘i
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E, (MeV)
Fig. 2.  (color online) Cross sections of the °Fe (v,,e™)**Co

reaction predicted by the QRPA [27], Hybrid [30], RPA [28],
pnQRPA [29], and GTBD (Fermi function or MEMA) mod-
els, respectively. GTBDyy,;, represents Coulomb corrections us-
ing the Fermi function at low neutrino energies and the
MEMA method at high neutrino energies. The inset shows the
cross sections at low energies to display the differences
among the model calculations clearly.

the minimum value of Coulomb corrections derived from
the Fermi function and MEMA method. For the
%Fe (v,,e”)*%Co reaction, the Fermi function is effective at
low neutrino energies, whereas the MEMA method is
preferable at high neutrino energies. Through a combina-
tion of these methods, minimal Coulomb corrections can
be achieved across different energy ranges [17-19].
Therefore, the Fermi function is used for E, <50 MeV,
and the MEMA method is applied for E, > 50 MeV. The
GTBD,;, cross section result is most appropriate for sub-
sequent calculations. As the neutrino energy increases
within the range of 7.5 < E, <50MeV, the discrepancy
between the GTBD,,;, model and results of other models
gradually decreases as the energy increases. The results
of the GTBD,,;, model lie between those of the other
models. Specifically, the average relative deviations
between GTBD,,;, and the QRPA, Hybrid, RPA, and pn-
QRPA models are 50%, 21%, 55%, and 45%, respect-
ively. Within the higher energy band of 50 < E, <100
MeV, the predictions of the GTBD,,;, model fall within
the envelope of cross section values projected by the four
theoretical models. The largest discrepancy is observed
between the QRPA and pnQRPA results, with a maxim-
um difference of 76%. The QRPA and pnQRPA models
fundamentally compute the cross sections at discrete en-
ergy levels and the transition strength distributions cor-
responding to each occupied state, informed by the shell
configuration, spin parity of the nucleus, and nucleon-
nucleon interaction parameters. In contrast, the GTBD
model differs from these models, offering a description of
the continuous transition.

Figure 3 shows the cross section of the 2%Pb(v,,
e”)*Bi reaction. Similarly, we compare the cross sec-
tions calculated using the GTBD model with the results
calculated using the QRPA [27], Hybrid [30], and RPA
models [28], and the Hybrid model used here is actually
RPA for all the multipolarities. For the 2%®Pb(v,,e™)**®Bi
reaction, which has a large charge number Z, we con-
sider Coulomb corrections using the Fermi function at
low neutrino energies and the MEMA method at high
neutrino energies. The Fermi function is adopted for
E, <33 MeV, whereas the MEMA method is used for
E, >33 MeV. This approach provides a more reasonable
calculation of the cross sections. As the figure shows,
when the neutrino energy is 5 < E, <40 MeV, the discrep-
ancies between the results of the GTBD,,;, model and
those of the QRPA, Hybrid, and RPA models become in-
creasingly pronounced with the increase in neutrino en-
ergy, culminating in maximum relative discrepancies of
87%, 50%, and 90%, respectively. Given the inherent
complexity of the various theoretical models, compoun-
ded by variations in parameter selection and the condi-
tions of application, we expect that the computed data
across models will manifest some degree of variance.
Notably, the maximum relative discrepancy between the
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Fig. 3. (color online) Cross sections of the 2%Pb (v,,e™)?®Bi

reaction calculated using the QRPA [27], Hybrid [30], RPA
[28], and GTBD models. GTBD,,, represents the cross sec-
tion calculated when the Coulomb correction is minimized by
the Fermi function and MEMA method in the GTBD model.
The inset shows the cross sections at the neutrino energies less
than 50 MeV.

RPA and QRPA models is estimated to be approximately
145%. In the absence of experimental data on neutrino-
nucleus reactions, discerning the superior accuracy of any
given theoretical calculation in predicting cross sections
remains a challenge. Within the astrophysical energy
range of interest, the predictions of the GTBD model fall
within the range of discrepancies among other theoretical
models. Therefore, the GTBD model is a viable alternat-
ive for cross section computations in neutrino-nucleus in-
teractions.

1. SPECTRUM-WEIGHTED CROSS SECTION
AND ITS PARAMETERIZED FORMULA

The spectrum-weighted cross section of neutrino-nuc-
leus reactions is the corresponding cross section aver-
aged over the neutrino spectrum of the neutrino stream,
which can be expressed as [9]

e}

<O—V(TV)>[h = / (DV(EV’ Tv)o—(Ev)dEv, (10)
E,

th

where Ey, is the threshold energy of the reaction, which is
equal to the O value of the nuclear decay. ®,(E,,T,) is the
supernova explosion neutrino spectrum, which can be as-
sumed to approximately follow the Fermi-Dirac distribu-
tion [29]. It is expressed as follows [2]:

N E?
CDV (Evr Tv) =3 - bl
T3 exp [(E,/T,)—u] +1

(11)

where N is the normalization coefficient N = 0.5546, and

T, represents the neutrino temperature; previous studies
have suggested that the appropriate electron neutrino tem-
perature is 7, =4MeV [6, 31]. In a follow-up study,
Sieverding et al. corrected this by using results from cur-
rent supernova simulations and suggested that the elec-
tron neutrino temperature was 7, =2.8 MeV [32-34]. If
the influence of the mutual conversion between electron
neutrinos and other flavor neutrinos is considered, the
neutrino temperature will likely increase to a higher value
of T, = 6 MeV [35]; u represents the chemical potential
u=0.

The spectrum-weighted cross sections of neutrino-
nucleus reactions are temperature-related physical quant-
ities. Although the spectrum-weighted cross section at
different neutrino temperatures can be calculated using
Eq. (10), the calculation involves the physical parameters
of the reaction cross section and the supernova explosion
energy spectrum at different neutrino temperatures, and
this requirement for extensive computer processing time
leads to low computational efficiency. To solve this prob-
lem, we propose a transformation of the spectrum-
weighted cross section into a semi-empirical parameter-
ized formula that correlates with neutrino temperature
following the approach of the nuclear astrophysical reac-
tion rates compilation [12, 36, 37]. This approach en-
ables stellar model calculation programs to access para-
meters such as the neutrino energy spectrum and cross
section, thereby enhancing computational efficiency. Ow-
ing to the lack of an analytical expression for the spec-
trum-weighted cross section, this study utilizes approxim-
ate methods or numerical integration to derive a paramet-
erized representation. The cross sections are calculated
using the minimum value of Coulomb corrections ob-
tained from the Fermi function and the MEMA method
and are expressed as o (E,) ~ C(E,— Ey,)?, where C is a
constant. By taking the logarithm of both sides of Equa-
tion (10), we can express the relationship as follows:

“0.554 EXE,-Ey)?
In(o(T,)).. ~ In / 0 5536C L(E,— Ey) dE,
i T: exp(E,/T))+1

In{o(T,))s = In(0.5546C) +21In(T,)
) E2 E —-E 2 E

+1n / %%di" , (12)
Eair, Ty €Xp(E,/T)+1 T,

Subsequently, Eq. (12) is transformed by applying the
substitution x=E,/T,. The integral is then defined as

Jo= /E " exp(xmdx’ which leads to the following for-

mulation:

In(o(T,)). ~ In(0.5546C) +21n(T,)
+In(fy —2EnT, ' fs + EAT2 f2), (13)

064102-5



Na Song, Zhi-Hong Li, Ge-Xing Li et al.

Chin. Phys. C 49, 064102 (2025)

After numerically solving the integral part of Eq. (13) and
fitting the results with a polynomial related to the neut-
rino temperature T,, we conducted extensive validations
and found that the integral results are correlated with the
constant term, —1, —2, -3, —4, and logarithmic terms of the
neutrino temperature. Based on these findings, we derive
the relationship between the neutrino spectrum-weighted
cross section and neutrino temperature as follows:

<0-V(TV)>SE = exp(al 'i'aZTV7I +a3Tv72

+asT, 3 +asT, ™ +agIn(T,)).

(14)

To evaluate the difference between the results ob-
tained from the semi-empirical parametrization formula
(14) and the theoretical Eq. (10), we define the relative
deviation r as the evaluation indicator:

_ Ri — Ry,
r=—m/,
R

(15)
Ry, denotes the numerical value derived from theoretical
calculations, whereas Ry represents the value obtained
through the semi-empirical parametrization formula. The
parameter » encapsulates the discrepancy between the fit-
ted data and theoretical dataset; a lower r value indicates
a superior fit. The maximum relative deviation r,, signi-
fies the extent of the greatest divergence between the fit-
ting and theoretical values across a dataset.

Figure 4 depicts the spectrum-weighted cross sec-
tions for six neutrino-nucleus reactions, °Fe(v,,e”)*°Co,

Ge(v,,e7)*As,*Zr(v,,e")**Nb, '2Ru(v,, e)'?Rh, '®Pd(v,,
e )'%BAg, and 2®Pb(v,,e”)*®Bi, as a function of neutrino
temperature. The figure displays a temperature range of
1-8 MeV, which covers the range of neutrino temperat-
ures typically associated with core-collapse supernova
explosions. We employ Eq. (14) to fit the spectrum-
weighted cross sections of six neutrino-nucleus reactions,
calculated using the theoretical weighted cross sections
(Eq. (10)) based on the GTBD model. The resultant fit-
ting parameters are presented in Table 1. Parameter er-
rors primarily result from the interdependencies among
parameters and their inherent uncertainties. The covari-
ance matrix derived from the least squares fitting process
encompasses the correlations and variances of these para-
meters. The diagonal elements of the matrix represent the
variances of the parameters, with their square roots cor-
responding to the standard errors. The uncertainties of the
parameterized formula are indicated by the shaded areas
in Fig. 4. Because the fitting error is smaller than the dis-
crepancies among the computational results from various
theoretical models, our focus lies on the maximum devi-
ation between the results calculated using the parameter-
ized and theoretical formulas. We calculated the theoret-
ical results of the spectrum-weighted cross sections using
Eq. (10) and compared them with the results obtained
from the semi-empirical parameterized formula (14). The
maximal relative deviations between the parameterized
formula calculations and the theoretical weighted cross
sections were observed to be rpn= 0.54%, 0.47%,
0.35%, 0.55%, 0.61%, and 1%, respectively. The major-
ity of medium or heavy atomic nuclei exhibit a maxim-
um relative variation of less than 1%. The goodness of fit

250 _ _ 500
— ZZfaor;eethilzceicfg:jr?Slz 300 4Ge(ve, e7)7*As 9471 (v, €7)%Nb

2000 eror 400 N

150 Fe(ve, €7)6Co 200 300
”E 100 200
& 100
§ 50 100
o
0 0 0
= 500 600
’: lOZRu(\)E’ef)lDZRh lDBPd(\)E’ef)lDBAg ZOSPb(Ve'ef)ZGSBi
E
S 400 1500
- 400

300 1000

200

200 500
100
0 0 0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Fig. 4.

Ty (MeV)

(color online) Fitting results of spectrum-weighted cross sections of different neutrino-nucleus reactions. The blue circles in-

dicate the results calculated using the GTBD model based on the theoretical equation for the spectrum-weighted cross sections. The red
solid lines represent the results from the semi-empirical parametric formula. The orange shaded area indicates the uncertainty range of

the semi-empirical parametric formula.
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Table 1. Parameters of semi-empirical parametrization formulas for neutrino-induced nuclear reactions.
reaction ap ap az as as ag
56Fe(v,,e”)Co 3.000.11 ~10.07+0.39 ~1.64+0.73 5.2240.73 —1.88+0.28 1.75+0.04
T4Ge(ve,e7)*As 3.960.10 ~10.93+0.36 0.67+0.03 5.50+0.66 —2.35£0.25 1.49+0.03
9471(v,,e”)**Nb 5.06+0.08 ~12.39+0.27 1.25+0.51 6.35+0.51 ~3.09+0.19 1.2120.02
102Ru(v,,e™)!92Rh 6.48+0.06 ~17.03£0.22 4.98+0.41 6.40+0.41 ~4.1320.16 0.84+0.02
108pd(v,,e™) B Ag 6.79+0.07 ~17.50+0.23 5.75+0.44 6.06+0.43 —4.10£0.16 0.75+0.02
208pp(y,, e )28Bi 15.110.31 -43.61+1.08 49.1342.02 -29.49+2.00 6.73+0.76 ~1.53+0.10

for the six reactions exceeds 0.99, underscoring the uni-
versal applicability and accuracy of the parameterized
formula across most reactions.

IV. SUMMARY

In this study, we successfully developed a computa-
tional code to calculate the cross sections of neutrino-
nucleus reactions using the GTBD. This code enables
users to conveniently obtain the relevant reaction cross
sections by merely inputting the parameters of the target
neutrino-nucleus reaction. To verify the precision of the
GTBD model in estimating cross sections, we utilized
this model to compute the cross sections of
2C(ve,e)*Ngs,  '®O(v.,e")'°F, **Fe(v,,e)**Co, and
208Pb(v,,e”)*Bi reactions. We conducted a comparative
analysis of the predictions of the GTBD model with those
of the QRPA, Hybrid, RPA, and pnQRPA models. For
the ?C(v,,e")!*N,, reaction, we assessed the spectrum-
weighted cross section using the neutrino spectrum pro-
duced by the decay of muons at rest. Low-energy neut-
rino beams can be obtained at the Spallation Neutron
Source (SNS) facility [38], where muon decay at rest res-
ults in a significant flux of v,. This neutrino spectrum is
referred to as the Michel spectrum, represented by

12
<I>M(Ev5)=ﬁE3e(Eo—Eyg) [39]. In the GTBD model,

when considoering the Coulomb distortion of leptons us-
ing the Fermi function, the spectrum-weighted cross sec-
tion derived from the Michel spectrum is calculated to be
(0,.) =7.0x 10> cm?. This value is 30% smaller than the
experimental ~measurements from LSND (9.1
0.4+0.9)x 107 cm?) [40], E225 ((10.5+ 1.0+ 1.0)x 104
cm?) [41], and KARMEN ((9.1+0.5+0.8)x 107 cm?)
[22]. For the *Fe(v,,e")’Co reaction, the cross section
was calculated using the GTBD model with the minim-
um value of the Coulomb correction. The spectrum-

weighted cross section was calculated using the Michel
spectrum to be 290x 10~*?cm?, a result that agrees well
with the experimental measurement of (256+108+
43)x107* c¢m’® obtained by the KARMEN collaboration
[42], and it is well within the error range of experiment
data. The cross sections predicted using the GTBD mod-
el are consistent with the results of these theoretical mod-
els within an order of magnitude. Considering the current
scarcity of experimental data on neutrino-nucleus reac-
tions and the current status of theoretical computations,
the GTBD model provides a viable predictive tool for cal-
culating neutrino-nucleus reaction cross sections during
supernova explosions. For the 2%®Pb(v,,e")*®Bi reaction,
by convoluting with the approximate distribution of the
supernova explosions observation spectrum, we obtained
an spectrum-weighted cross section of 2.85x 10~ cm?.
For 100 kT of 2%Pb, the number of nucleons are
2.91x10%. Over a period of one year, with an ideal de-
tector and 100% detection efficiency, the observable
event count is 26.

We also introduced a parameterized method for ob-
taining the spectrum-weighted cross sections of neutrino-
nucleus reactions at specific temperatures. The semi-em-
pirical parameterized formula includes six undetermined
coefficients, which are ascertained by fitting to the cross
section data derived from theoretical calculations. After
testing with six neutrino-nucleus cross sections, we found
that the relative deviations are controlled below 1% for
medium or heavy mass nuclei. These results fully sub-
stantiate the effectiveness and reliability of the parameter-
ized formula in reproducing the spectrum-weighted cross
sections of neutrino-nucleus reactions. Furthermore, ap-
plying the formula is beneficial for establishing a data-
base of neutrino-nuclear reactions. It provides neutrino-
nucleus cross section data for nuclear astrophysics reac-
tion networks, significantly improving retrieval effi-
ciency in these calculations.
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