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4-1. Understanding of beta decay and Cabibbo angle

1. Effective Hamiltonian for Beta Decay (Charged Current

Since the weak interaction couples to weak eigenstates, we express the down-type quarks in

terms of mass eigenstates via the CKM matrix: Intera ctio I‘I)

! = 7 3 s = . " 0 . 0 .
d = Vuad + Viss + Vish At low energies, the charged current weak interaction can be written as a four-fermion interaction

For neutron beta decay (n — p), only the V,,4d term is relevant. Thus, the weak Lagrangian by integrating out the heaw W= bosons:
simplifies to:

. (CC, mucleon) GFI'ITM _ 5y 71 T= 5
Lok = —%V;d [ay"(1 - ~°)d] W H eal 3 (27" (gv — 947’ )n] [Evu(l — 7°)ve]
v ]

where:

e Gp—1.166 x 107 GeV 2 is the Fermi constant.

2. Integrating Out the ¥ -Boson o V== 0.974 is the CKM matrix element for up-down quark mixing.

At low energies (E << Myy), we can replace the W™ -boson by an effective f

d d s gy == 1.0 is the vector coupling constant (assuming conserved vector current (CVC)
interaction using the relation: j + )
n u u ,p hypothesis).
g_z — Gr 1 d u f . - -
8MZ /2 \\/ e g4~ 1.27 is the axial-vector coupling constant (from neutron beta decay).
which gives the effective weak Lagrangian: low- * p,n,e, v, are the proton, neutron, electron, and neutrino fields.
t
e 5 . . . . :
Lot — GF—E‘“‘I [ay" (1 —4°)d] [Evu(1 — 7¥°)e] < e The term (1 — +”) ensures that only left-handed particles participate in the weak interaction.
, 2 |
This is the quark-level interaction responsible for neutron beta decay. v This Hamiltonian governs nuclear beta decay, including:
e
1. Neutron beta decay: GLVual®, 5 . .
Y r= T:;(fo +3g3)m}. f
.. where:
3. Transition to the Nucleon Level .
2. Electron capture: e f is the Fermi integral, which depends on the electron energy and phase space effects,

Since the neutron (n) consists of (udd) and the proton (p) consists of (uud), the quark current: .
® My, is the neutron mass.

(1 - 2"

3. Beta-plus decay: Numerically, for neutron decay:
is embedded inside the neutron and proton wavefunctions. We define the hadronic matrix .
element: r,=113x107%s?
(play"(1 — 4*)d|n) = gvpy"n — gapy"y°n which gives a neutron lifetime:
1
where: T — — == 880 seconds
n
* gy = L0 (vector coupling, assuming Conserved Vector Current (CVC)), Ipan WorkShOp on Hadrons and NL'\-'\-—'/ 4
Mar. 1-2, 2025

o g4~ 1.27 (axial coupling, extracted from neutron decay).



4-1. Understanding of beta decay : neutral current

3. Effective Hamiltonian for Neutral Current Interactions

For neutral current weak interactions (mediated by the Z" boson), the Hamiltonian takes the form:

INC, nucleon) Gr N N_5
HOG ) = ZEN (o - 1) N,
W

where:
N

* gy and gir are the vector and axial couplings for nucleons.

e This describes neutrino-nucleon interactions, such as:

v+ N —=v+ N

The vector and axial couplings depend on the nucleon content:
¢ For a proton:
1 .2,
gf; — = _ 2sin® by, g{"l = —
2 .
¢ [or a neutron:

H?’ - —55 4 = —§

where sin” By = 0.231 is the Weinberg angle.

The 3rd Korea-Japan Workshop on Hadrons and Nuclei,
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4-2. Weak interaction and CKM matrix
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Figure 1.4: The first Feynman diagram describes a first order weak K% — 7' "w, decay, which is
allowed in the Standard Model. The second describes a first order weak K™ — 77 0@ decay, which
is not. allowed,
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Beta Decay
Microscopic picture

When a quark decays, the new quark does not have a definite flavor. For
instance:
u—>d=dcosf + ssinf, Cabibbo angle
However, the observed weak transitions are between quarks of definite
flavor. The strong-interaction quark eigenstates
ujcyt cosB, - d -sinf. .S

W™ W
are different from weak interaction eigenstates). .
sinfl, -~ cosf, S
c - - c -
uyjcllit W™ W™
This means that the observed beta-decay strength in reactions is modified by
the mixing angle.
d‘ UH‘ UH ) U ue
r ¢ | : Cabibbo _Kobayashi-
S1=\Uq U, Uy, s Maskawa (CKM) matrix
b) \U, U, Uy\b
0.97428 + 0.00015 0.2253 £ 0.0007  0.00347 5 0015
7 . 000015 0.0011
Voeru = 0.2252 + 0.0007 ﬁ..‘f}?ﬂ:lﬂ__"“lmmlﬁ ﬂ.ﬂillﬂ__'_{“m[]? . (11.27)

+0.00026 +0.0011 +0.000030
0.00862Z no020 00403 "6 o7~ 099915275 00045
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4-3. Motivation: SU(3) symmetry (Charge symmetry) breaking effect in CKM matrix

PHYSICAL REVIEW D 110, 113001 (2024)

Effect of isoscalar and isovector scalar fields on baryon semileptonic
decays in nuclear matter

Koichi Saito®"
Department of Physics and Astronomy, Tokyo University of Science, Noda 278-8510, Japan

Tsuyoshi Miyatsu®’ and Myung-Ki Cheoun®*
Department of Physics and OMEG Institute, Soongsil University, Seoul 06978, Republic of Korea

The precise determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements is very
important because it could be a clue to new physics beyond Standard Model. This is particular true of
V.a because it is the main contribution to the unitary condition of the CKM matrix elements. The level of
accuracy for the test of the unitarity involving the element V,, is now of the order of 107, Because the
precise data for V,, is usually extracted from superallowed nuclear § decay, it is quite significant to
investigate the breaking of SU(3) flavor symmetry on the weak vector coupling constant in nuclear matter.
The purpose of this paper is to investigate how the isoscalar scalar () and the isovector scalar (6 or ay)
mean-fields affect the weak vector and axial-vector coupling constants for semileptonic baryon (neutron, A,
or £7) decay in asymmetric nuclear matter. To do so, we use the quark-meson coupling (QMC) model,
where nuclear matter consists of nucleons including quark degrees of freedom bound by the self-consistent
exchange of scalar and vector mesons. We pay careful attention to the center of mass correction to the quark
currents in matter. We then find that, for neutron # decay in asymmetric nuclear matter, the defect of the
vector coupling constant due to the § field can be of the order of 10~* at the nuclear saturation density,
which is the same amount as the level of the current uncertainty in the measurements. It is also interesting

Meson

Tt (Pion)

o (Sigma)

a, (980)

p (Rho)

w (Omega)

Type Isospin Spin-Parity Role in NN Interaction

Pseudoscalar 1 Long-range nuclear force
Scalar 0 Medium-range attraction
Scalar Short-range repulsion
Vector Spin-orbit interactions

Vector

Short-range repulsion

PDG 2010

0.97428 + 0.00015  0.2253 + 0.0007  0.00347)-00015
e o a4 +0.00015 41000011
Vern = ( 02252+ 0007 09734573 0.0410_{[,11{}:[[,]%.{“) , (11.27)
0.00862 000020 0.0403Tg5007  0-999152T 000015

By Including the isovector scalar meson
in the QMC model,

we try to examine the CSB

in the Cabbibo angle !!

CKM Unitarity Test and Scalar Current Search with °C Superallowed Beta Decay Measurement

Poster

= Unitarity test for the Cabbibo-Kobayashi-Maskawa (CKM) matrix:precise corrected ft value of the superallowed B-decay

= 10C js the lightest nuclide exploited for the test, and linked to the scalar current search, Fierz interference term

» For 19C, the branching ratio has largest uncertainty in corrected ft

Yonghyn Son 7



4-4. Starting from QMC model to describe the CSB

A. Le Févre et al. / Nuclear Physics A 945 (2016) 112-133 121
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Fig. 4. Various symmetric nuclear matter EOS. Dashed (red) curve, HM; full {blue) curve, SM. The dotted curves and
the thin vertical bars delimit the FOPI EOS (crosses) constraints. The thick vertical bar is the density relevant for the
GMR according to [40]. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

HM: Stiff momentum dependent EoS
SM: Soft momentum dependent EoS
Dotted lines: IQMD based on Skyrme and ...

Why nucleon mass becomes small than that in free space ?

Yes, the mass of a nucleon (such as a proton or neutron) can be smaller in certain environments
compared to its mass in free space. This phenomenon is primarily observed under conditions

like those inside atomic nuclei or in high-energy physics scenarios.

In a free space, the mass of a proton, for example, is about 938 MeV/c2 However, inside a
nucleus, the nucleon mass can be lower due to the binding energy of the nucleus. The binding
energy is the energy required to break a nucleus into its constituent nucleons. This energy is
released when the nucleons come together to form the nucleus, leading to a reduction in the

effective mass of the nucleons in the bound state.

This decrease in mass is due to the strong nuclear force, which acts between nucleons and can
bind them in a nucleus. The effective mass of the nucleons inside a nucleus is typically lower
than their free-space mass because the system as a whole has a lower total energy than if the
nucleons were free. This concept is connected to the idea of mass-energy equivalence, where

energy contributes to the mass of a system.

In high-energy particle physics, under extreme conditions like those found in heavy-ion collisions
or at the beginning of the universe, nucleons can also experience mass modifications due to
factors such as the quark-gluon plasma, where quarks and gluons are no longer confined within

individual nucleons.

Decrease below normal density: Might stem from the reduction of effective nucleon mass
Increase after: Perhaps come from the repulsion of NN force

The 3rd Korea-Japan Workshop on Hadrons and Nuclei,
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4-5. Quark Mean Field model
for nuclear matter

PHYSICAL REVIEW C, WOLUME 61, 045205

Quark mean field model for nuclear matter and finite nuclei

H. Shen”
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QUARK MEAN FIELD MODEL FOR NUCLEAR MATTER. ..
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FIG. 1. The effective nucleon mass M} as functions of the
quark mass correction dm,. The results in the QMF model with
Xe= %krz are shown by solid curves, while those with .
=2kr?(1+ 9°)/2 are shown by dashed curves. For each potential
shown are the two results for two confining strengths.

The first step is to generate the nucleon system under the
influence of the meson mean fields. In the constituent quark
model, the quarks in a nucleon satisfy the following Dirac
equation:

[iy,d*—my—x.— gho(r)—glw(r)y’—gip(r)m3y°]1q(r)
=0, (2)

where 73 is the isospin matrix in our nuclear physics conven-
tion. Assuming the meson mean fields are constant within
the small nucleon volume, we can then write the Dirac equa-
tion as

[—ia-V+Bm;+Bx.]q(r)=e*q(r), (3)
where m; =m,+gio and e*=e—glw—gip7s, with 0, w,
and p being the mean fields at the middle of the nucleon. e is
the energy of the quark under the influence of the o, w, and
p mean fields. The quark mass is modified to m: due to the
presence of the o mean field. Here, g7, g7, and g7 are the
coupling constants of the o, w, and p mesons with quarks,
respectively. We take into account the spin correlations,
Epin, due to gluons and pions so that the mass difference
between A and nucleon arises. Hence, the nucleon energy is
expressed as E =3 e* + E,,, where the vector contribution
is removed here. There exists the spurious center of mass
motion, which is removed in the standard method by M}
= VE;Z (P, where (pl) =33 (p). since the three
constituent quarks are moving in the confining potential in-
dependently.

We now move to the second step, in which the nuclear
many body system will be solved with the change of the
nucleon properties obtained in the first step. We assume the
following QMF Lagrangian,

Lome= W iv,0"— M;—g,0v" —g,p73¥ 14
+L,(o,w,p). (4)

PHYSICAL REVIEW C 61 045205

TABLE I. The nuclear matter properties used to determine the
five free parameters in the present model. The saturation density
and the energy per particle are denoted by p, and E/A, and the
incompressibility by k, the effective mass by M, , and the symme-

try energy by agy;,.

Po E/A k MM, dgym
(fm ™ 3) (MeV) (MeV) (MeV)
0.145 -16.3 280 0.63 35

III. PROPERTIES OF NUCLEAR MATTER

We calculate first the change of the nucleon properties as
a function of the quark mass correction, ém,, which is de-
fined as 5mq= m,— m: = — gficr. Here, the constituent quark
mass is taken to be one third of the nucleon mass; m,
=M,/3=313 MeV. We take into account confinement in
terms of the harmonic oscillator potential together with two
Lorentz structures: (1) scalar potential y,.=3kr? and (2)
scalar-vector potential y .= ;kr®(1+y°)/2. As pointed out
in Ref. [25], the quark cannot be confined when the vector
potential is larger than the scalar one. Here, we just take two
extreme types, since the Lorentz structure of the confinement
is not established. As for the strength of the confining poten-
tial, we take k=700 and 1000 MeV/fm?, in order to see the
results depending on this factor. The spin correlation, Egy,,
is fixed by the free nucleon mass as M,
=\ (3e+ Egn) *—{ p- Y=939 MeV. We assume further
that the confining interaction and the spin correlations do not
change in the nuclear medium.

10
10



4-6. Quark Mean Field model

for nuclear matter with delta meson in free space

IV. QUARK-MESON COUPLING MODEL FOR
ASYMMETRIC NUCLEAR MATTER

In this section, we introduce the quark-meson coupling
(QMC) model [22-26], which starts with confined quarks
as the degrees of freedom, with the relativistic confinement
potential of the scalar-vector HO type [see Eq. (1)]. We
assume that the strength parameter ¢ in the potential does
not change in matter.

We here consider the mean fields of o, w. p and &
mesons, which interact with the confined quarks, in
uniformly distributed, asymmetric nuclear matter. Let the
mean-field values for the o, @ (the time component), p (the
time component in the 3rd direction of isospin) and &
(in the 3rd direction of isospin) fields be &, @, p and 3.
respectively. The Dirac equation for the quark field w,
(i = u, d or 5) is then given by [32]

. C 2
|:!.V cd—(m; = V) =roVy _5(] + yo)re

where V, = g2 + T;ggs and Vy = go@ + T;gﬂ_ﬁ [t3 = %1
for (j;) quark] with the quark-meson coupling constants, g
g1, ga, and g . Motivated by the Okubo-Zweig-Tizuka (OZI)
rule, we here assume that the o, @, p and é mesons couple to
the u and d guarks only. not to the s quark. This breaks
SU(3) symmetry explicitly. Furthermore, the isoscalar o
meson couples to the u and d quarks equally, while the
isovector § meson couples to the 1 and d quarks oppositely.
This breaks isospin symmetry. Now we respectively define
the effective quark mass and the effective single-particle
energy as m; =m; — V, = m; — gac .r,r::r_i and €7 = €; —
Vo =€ — gl T gip for () quark, where ¢; is the cige-
nenergy of Eq. (19). Note that m} = m, and €] = €,.

The static, lowest-state wave function in matter is
presented by

wi(7.1) = exp [—iely (7). (20)

The wave function y;(7) is then given by Egs. (2) and (3),
in which €;, m;, 4; and a; are replaced with €;, m;, 4; and

*

a;, and the effective energy ¢; is determined by

Ve +mi(ef —m}) = 3y/c [see Eq. (4)].
The zeroth-order energy EY% of the low-lying baryon is
thus given by

Ey =) e, (21)

and we have the effective baryon mass in matter

My = Ey + E§" — Eg™*. (22)

TABLE I Parameters and quark energies in vacuum.

i

Phys. Rev. D 110 (2024) 11

In this model, we have eight parameters: ¢, m,, ni,, m,,
EX" EM, EX", EX". In order to reduce the number of
parameters, we assume EY'" = E;" = E;'™, and consider
the three cases:

(i) case 1; m, = 250 MeV, m, = 450 MeV,

(i1) case 2; m, = 300 MeV, m, = 500 MeV,

(i11) case 3; m, = 350 MeV, m, = 550 MeV.
The remaining five parameters, ¢, mg, Ex, Ex, and EZ-",
are determined so as to reproduce the proton charge radius

{rE)},ﬁ = 0.841 fm [3] and the baryon masses: M, =
937.64 MeV, M, =939.70 MeV, M, = 1115.68 MeV,
and Mz = 1321.71 MeV. Here, the -electromagnetic
self-energy for proton or neutron is subtracted from the

observed mass [32].

my, My m, €y €4 £y Ex?m E_\,'\pi" Egp_m C
Case (MeV) (MeV) (fm™)
1 250 252.63 450 493.1 495.0 649.8 -236.8 -227.7 -190.2 0.635
2 300 302.48 500 517.8 519.7 681.2 -334.5 -3313 -299.8 0.561
3 350 352.38 550 546.4 5483 715.3 —4419 -4433 -416.5 0.500
“Input.
The 3rd Korea-Japan Workshop on Hadrons and Nuclei, 11
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4-6. Quark Mean Field model

for nuclear matter with delta meson in symmetric and asymmetric matter

Here, we assume that the spin correlation Ej " does not
change in matter, and the c.m. correction E%"™* 1s given by
Eqgs. (5)—(8) with ¢; and m;, instead of ¢; and m;.

For describing asymmetric nuclear matter, we now start
from the following Lagrangian density in mean-field
approximation

L = yryliy - 0= My(5,0) = g,70® = g,roT3plWx
2 2 2 2
_ 02 n;ﬁ §2+%EJE —|—7‘”_ﬁ2 —%2&3 (23)

with yy the (isodoublet) nucleon field, 73 the 3rd compo-
nent of Pauli matrix and M}(5, ) the mass matrix whose
component 1s given by Eq. (22). The nucleon-meson
coupling constants, g,, g,. g, and gs, are respectively
related to the quark-meson coupling constants as g, = 3ga,
9o = 39w, g, = gp. and gs = g5. The meson masses
are taken to be m, = 550 MeV, m,, = 783 MeV, m, =

770 MeV, and mz; = 983 MeV. We add the last term to the
Lagrangian, which 1s the nonlinear, self-coupling term of &
meson, in order to reproduce the properties of nuclear
matter as discussed later. Here, we do not include the non-

linear term %g;ad', because it plays similar roles as %gga-‘.

The total energy per nucleon of asymmetric nuclear
matter is then obtained by

E = Z [ dk kz\;M*j + i+ g, + 9p Cj )p
I\‘r

=p.n
1 3 52 2-2 !
oo — mwa} + m — M, ) + qzcr

2{) N (m 3;’);\;

py
2
(24)

wherelk Foim 18 the Fermi momentum for protons (neutrons),
and this is related to the density of protons (neutrons), p ),

through p,,) = k3. /(37%). The total nucleon density is

pln) —
given by py = p, + p,. and the difference in proton and
neutron densities is defined by p;=p,—p,. Using
Eq. (24), we can calculate pressure by P = p3,(0E/dpy).
Then, the binding energy per nucleon, Ej, 1s defined by

1
Eb(f’)a\f"{‘r) = E(f’)a\:" ar) _5 [(Mn +

M,)+ (M, —M,)a]
(25)

where e = (p, = p,)/pyand E(py, a) is given by Eq. (24).

The 3rd Korea-Japan Workshop on Hadrons and Nuclei,

Mar. 1-2, 2025

dM’

(m2 + g26)6 == ) _ ( =

J=p.n

m2@ = GuPN-

_—Z(

oM’

2= __
My = g3,

).f 0} = %ZG@-(&- d)p

(29)

with G,; (G;) the isoscalar (isovector) quark scalar density
in j (= proton or neutron) (see Appendix C), and p'} the

scalar density of j in matter

L dk k*

£

M;

."M-;E + k2

(30)

TABLE IV. Coupling constants. For detail, see the text.

Model  Case o oo 9 gy g (fm™)

NLO 1 1034 7.34 4.37 23.61
2 998  7.69 435 24.97
3 972 7.95 4.33 25.67

NLA 1 1034 734 404 483 23.61
2 998 769 404 490 24.97
3 972 795 404 496 25.67

NLB I 1034 734 559 516 23.61
2 998 7.69 559 531 24.97
3 972 795 559 543 25.67

NLC | 1034 734 770 5.65 23.61
2 998 7.69 770 593 24.97
3 972 795 770 6.16 25.67

12



4-7. Results for u and d quark mass in matter TABLE VL.

Mean-field values of the meson fields (in MeV) at

500 [T T | T T T T T ]
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400 [~ 4 |
— — — ]
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0300 e T ]
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=200 [ e g
gL —
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FIG. 2. Effective quark mass (i = u or d)
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the saturation density. The p meson field vanishes in symmetric

I —— — — nuclear matter.
[~ (a) symmatric nuclear matter (a =0.0} | 7] * o £ ® ‘-
;— —; ﬁd” = Mg = My = Ad" + 2(}”5 Model Case & 0] &
:‘--._.___“_- =4
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- T e -— = 5 f i
o T Vo=e —guw@ F gpp for (j) quark, where ¢; is the npa | 20.54 13.80 ~0.023
i 1 2 21.15 14.46 —0.017
T In symmetric matter 3 21.61 14.94 -0.012
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e { delta meson effect is very - 2L l4de 002
i T————— ] 3 21.61 14.94 -0.016
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4-9. Results for nucleon masses in matter
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4-10. Results of weak coupling constants in matter

III. WEAK COUPLING CONSTANTS IN VACUUM

We are interested in caleulating the weak form factors. The transition matrix element for
the decay of an initial baryon By to a final baryon Bs and lepton | with its antineutrino i,
that is By — Hy + I + 1y, 1s proportional to the matrix element of the baryon weak current

JH (), which consists of the vector and axial-vector currents, as

(Bo|J*(x)|Br) = C[(Ba

V()| By) + (Bol A(x)| B1)], (12)

and

(Bo|V*(x)|By) = tia(p2) [fla®)f
(Ba| A*(x)|Br) = ti2(p2) [ (g

——

. . _— ) 1 -
where €' = cos #,(sin#,) is the Cabibbo angle for t wi(F) = \/; (ir‘;’ Pl () )e"".””.-';(‘-. (2)
ma; N6 T (o

1), and pyz is the four-momentum of baryon 1(2)

8  Aia
. . . . 2 i —
transfer squared, which is generally quite small for Ny= J7a; 2,{,2:1,2 T3 A = €+ my,
1 3
2
e — e 3
4 ci; e —m &)

where m; is the constituent quark mass, a; is the length
scale, and jy; is the quark spinor. Here, the single-particle
quark energy, ¢;, is determined by

Ve, Fomyle; —my) = 3/e. (4

The zeroth-order energy of the low-lying baryon, EJ,
is then simply given by a sum of the quark energies,
B = > .;€. Now we should take into account some
corrections to the baryon energy such as the spin correla-
tions, £, ", due to the quark-gluon and quark-pion inter-
actions [47 48], and the c.m. correction, E%™ . Here we do
not calculate the spin correlation explicitly, but we assume
that it can be treated as a constant parameter which is fixed

The 3rd Kor'ea—_]apan Workshop on Hadr( so as to reproduce the baryon mass [33.34]. The c.m.
Mar. 1-2 2025 correction to the spurious motion can be calculated ana-
: I

litinnllar iFar Adatail caa Anmandiz A 1% T tha sreacant

4} refer to additional vector and axigl-vector currents, which contribute to the decay

slonly in order g /M or higher. Therefore, in order to focus on the leading form factors
Fil0) (vector coupling constant) and gpf@lfaxial-vector coupling constant), we only consider
the W‘ and the p = 3 component of A (all baryons are treated with
. =

spin up).

The & decay of the octet barvons, By — Ba + ¢ + ¢, can be interpreted as the quark 3
decays like q; — q; + ¢~ + 2, inside the barvon, where j = u and i could be d or s quarks.
The weak coupling constants without the cnr correction 'IUJ] and gim, are calculated by the

quark model

£ = [ di' (Bo|V°(x)|Br) , gaith= / dr'(B| A ()| Ba) . (15)

Then, they are rewritten by

(o) SU(E) = 7 .
=0 X /.d'-'” Wy (T ot (7)

a4,z 2 2
_gSU) -)5;’2( (il ) Aiaidja; + 3asa;/(ai + aj)
=f 2

af + aj INZaZ + 3. /90202 + 3
W e

= £S5V o (g (‘7 1)) (%Y o A" (16)
and
g[l[ﬂl _ gi—?l_ll::{] ", [f’hT EIITIJ_(?—,:',}.E“II_H _"J‘t'l:?_"_]._ )

3/2 3 2
IRIRY 5l 4005 ! /\jﬂjkjﬂj mmjf{aﬁ- t :!13,-)
= w2

V2Ma? +34/20a% + 3

2 2
a; +a;

= .r,rf“':;” % (1

SU(3) [46] (for example, in case of neutron 4 decay, [y
S the BSAG
15

thermore, using Eq. (4), we can easily verify that the

theorem, namely 4 _flfm = O(AZ).
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4-9. Weak coupling constants in vacuum v. av’

TABLE I1I. Weak couplj

L]
sstants in vacuiin, A"i

wi- a\
%U Lfaj q\l {/M n—p \r c:ﬂ'"l
case S % 108 PV 8f1 % 108 dgi" PA a1
1 3.12 0.999999789 20 (.187 09177 (114
2 228 0.99999981() 2.08 (0.156 (0.9195 (082
In this model, we have eight parameters: ¢, m,, m , n,, 3 L7l 0.999999825 1.54 0.131 0.9209 0.057
ESP P pseiln S 1 order to reduce the number of
£ A = ) _ _ AN—p
Spin oEpin spin .
parameters, we assume Ey = E, = E; ", and consider (0] ] 0) ]
. Case af pv a1 dg £4 g1
the three cases: ‘ ! L
(i) case 1; m, = 250 MeV, m, = 450 MeV, 1 0.012 0.9988 0.011 0.154 0.9254 (0.086
(i) case 2; m, = 300 MeV, m_ = 500 MeV,

" * 2 0.010 (.9980 0.0049 0.131 0.9271 (h.o62
(i11) case 3; m, = 350 MeV, m, = 550 MeV. ' ’
The remaining five parameters, ¢, m,, E}P™, EP™ and EP™, 3 0.008 0.9990 0.007 0.111 0.9285 0.043

are dcjtermined so as to reproduce the proton charge radius =— A
(r1)}/* = 0.841 fm [3] and the baryon masses: M, = - - - -
: 7 case 51" pv 5h 591" pa 61
937.64 MeV, M, =939.70 MeV, M, = 1115.68 MeV,
and Mz = 1321.71 MeV. Here, the electromagnetic 1 0.012 0.9973 0.009 0.154 0.9404 0.101
self-energy for proton or neutron is subtracted from the 2 0.010 0.9975 0.007 0131 0.9420 0.077
observed mass [32].
3 0.008 (0.9433 (L0558
in the cast 2, we find that :’fif{n] ~ 2.3 = 1025 neutron 3 decay. It

and pions [21]. In contrast, we find
Aor =- decay. Here, ai_qﬁ”] in the hyvperon decay
eCay, which is cansed by the fact that the s quark i1s

The 3rd Korea-Japan Workshop on Hadrons and Nuclei, heavier than the d quark and thus the lower component of the s-quark wave function in% .

Mar. 1-2, 2025

hyperon is smaller than that of the d-quark wave function in neutron.



4-9. Weak coupling constants in matter

EFFECT OF ISOSCALAR AND ISOVECTOR SCALAR FIELDS ... PHYS. REV. D 110, 113001 (2024
? ( ) SAITO, MIYATSU, and CHEOUN PHYS. REV. D 110, 113001 (2024)
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™ NLA (case 2) ] [ MLA (case 2) P e = I case 2 (m, = 300 MeV) B - case 2 (m, = 300 MeV) 1
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4-10. Summary |

1. We investigated effects of the isoscalar scalar (sigma) and isovector scalar (delta) fields
on the semi-leptonic decay in free space and nuclear matter.
2. The evolution of u and d quark masses (m_d>m_u) in nuclear matter are evaluated. The smaller d quark

mass than u quark mass are found with the increase of density.

AL, =my—m, = Ay, + 2g;50,

1o

{
‘f]-\".';'.!r = mg—m, = ‘ﬂ‘.m +—= 0+ .ff;i('i*

where A,, and A, are the original breaking in vacuum,

and the meson-field terms are the additional ones in matter.

It should be noticed that the mean field & is negative

(positive) in neutron-rich (proton-rich) matter. Because the
3. We found that the deviation of vector CC from the SU symmetry amounts to O(10-%) for SU(2),
but it is O(10-2) for SU(3). For axial CC, they are up to O(10°") for SU(2), but it is O(10-2) for SU(3).

4. Main reason of the deviation for the vector CC comes from SU(3) symmetry breaking, but the axial CC
stems from the relativistic effect due to the lower component of the wave function.

Electromagnetic |GE/GM| ratios of hyperons at large timelike g2

G. Ramalho (SoongSil U}, M.T. Pefia (LIP, Lisbon and Espirito Santo U.), K. Tsushima (Cruzeiro do Sul U.), Myung-Ki Cheoun (SoongSil L)
2024)
Published in: Phys.Lett.B 858 (2024) 139060 = e-Print: 2407.21397 [hep-ph]

Weak interaction axial form factors of the octet baryons in nuclear medium
G. Ramalho (SoongsSil U.), K. Tsushima (Cruzeiro do Sul U.), Myung-Ki Cheoun (Seongsil U) (Jun 12, 2024) (PRD 111 013002 (2025)) 18
e-Print: 2406.07958 [hep-ph]
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4-11. Covariant spectator quark model

A Covariant spectator quark model

Fig. 1. ~N — N" transition in the covariant spectator quark model (diguark on-shell)
in relativistic impulse approximation. Py (P_) represents the final (initial) baryon mo-
mentum and & the intermediate diquark momentum. The baryvon wave functions are
represented by ¥, and ¥; for the final and initial states, respectively.

@ Baryon: 3 constituent quark system

@ Covariant Spectator Theory: wave function W defined in terms of a 3-quark
vertex I" with 2 on-mass-shell quarks — integrate into quark-pair degrees of freedom

D T
k1 o ko 47”‘3 = 2z =+ k?

Mean value theorem: s = (ki + !.:_v]l‘2 — -mzp; effective diquark mass mp
Gross and Agbakpe PRC 73, 015203 (2006); Gross, GR and Pefia PRC 77, 015202 (2008)

The electromagnetic current associated with the final state N* in the
covariant spectator quark model (see Fig. 1) is determined by

T =3%" £ Uy (Py, k)jy i(P-, k). 4)
_,‘-'\ . o

In the above, fk represents the covariant integral with respect to the on-
mass-shell diquark momentum and A the diquark polarization. For simplic-
ity, diquark and baryon polarization indices are suppressed.

The 3rd Korea-Japan Workshop on
Mar 1-2. 2025

The quark electromagnetic current j; is given by the Dirac and Pauli
structures:

1 1 dq* 1 1 iofq,,

[ Z - Nz — — v
— + _T —_— + a1 + 3T . (1
Jr (ﬁf1+ 2f1 715) (r 7 ) (ﬁfz+ sz Ta) M (1)

where My is the nucleon mass, fi+ and fo4 are the quark form factors
as functions of )2, and 73 the isospin operator. To represent the quark
structure we adopt a vector meson dominance motivated parametrization,
where the form factors are written in terms of two vector meson poles:

2 2a02
o B B ﬂ'r‘_,w Q J.;I.r'.{lh
fl—l—(Q }_}‘q+(l ‘}‘*?}m%_FQE +C+(ﬂ{§+Q2)2

2 0?2 }

fa+(Q%) = Ky {d+m;—Tg + (1 —dx) MZ + QP (3)

st Q
In the above ni, = m, is a light vector meson mass that effectively rep-
resents the p and w poles and M, is the an effective heavy vector meson
mass, that takes into account the short range phenomenology. We chose
My, = 2Mpy in the present study. The isoscalar £, and isovector x_ quark
anomalous moments are fixed by the nucleon magnetic moments. The ad-
justable parameters are Ay and the mixture coefficients ¢+ and d+. In the
study of the nucleon properties, it turned out that d. = d_ gives a very
good description of the nucleon electromagnetic form factor [10]. This re-
duces the number of adjustable parameters to 4. The quality of the model
description for the nucleon form factors is illustrated in Fig. 2. The quark
current fixed by the nucleon form factors will be used for all other applica-

tiots Sscussed Rl nuce, 19



4-12. Results of Covariant spectator quark model.and quenching.
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4-13. Results of Covariant spect;

tor quark model an quenalhlng . .
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Summary |l

1. We investigated effects of the isoscalar scalar (sigma) and isovector scalar (delta) fields

on the semi-leptonic decay in free space and nuclear matter.

2. The evolution of u and d quark masses (m_d>m_u) in nuclear matter are evaluated. The smaller d quark
mass than u quark mass are found with the increase of density.

AL, =my—m, = Ay, + 2g;50,

% - . Yo
&.Hr = Mg —=m,; = ﬂ".m T TO- + .{fﬁﬁ~

where A,;, and A,, are the original breaking in vacuum,

and the meson-field terms are the additional ones in matter.

It should be noticed that the mean field & is negative

(positive) in neutron-rich (proton-rich) matter. Because the
3. We found that the deviation of vector CC from the SU symmetry amounts to O(10-%) for SU(2),
but it is O(10-2) for SU(3). For axial CC, they are up to O(10") for SU(2), but it is O(10-2) for SU(3).

4. Main reason of the deviation for the vector CC comes from SU(3) symmetry breaking, but the axial CC
stems from the relativistic effect due to the lower component of the wave function.
This was also confirmed by using a different quark model, covariant spectator quark model.

5. In nuclear matter, the deviation becomes larger with increase of the density.

6. Now we are applying this evolution of axial and vectorial CC to the supernovae evolution and BBC.

The 3rd Korea-Japan Workshop on Hadrons and Nuclei, 22
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4-14. Application to Supernova simulation

GR1D : Relativistic Boltzmann equation

a afvl . Fﬁ afv dfv
P o ~Tar PR 8| =
coll

ny . connection coefficients-Christoffel symbols
f, . distribution function

ax® _ o
r= drt o p
d .
i] = collision term
dt lcoll

Neutrinos in supernovae is High energy + not equilibrium
— use relativistic Boltzmann equation



4-15. Application to Supernova simulation

Preliminary data : (g4 =1) vs (g4 =1.27) data
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Bounce time = 0.267s
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