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4. Quark-Level Decay Rate

The beta decay process (n — p+ e~ + ) at the quark level involves the following transition:
d—ute 4+

The decay rate depends on both the vector and axial-vector currents, which involve GG and

g4, respectively. The total decay rate T" for beta decay can be written as:
I'x Gp (1+4973) Q°

This reflects the fact that both G (from the W boson exchange) and g 4 (from the axial

current) contribute to the transition rate.

4. Effective Field Theory Connection:

In more advanced effective field theory (EFT) treatments of weak interactions, the connection
between G and g4 may be more explicit through the effective weak Hamiltonian for low-
energy processes. In this framework, the weak Hamiltonian includes terms that involve both the

vector and axial currents:

0
oy

T

Hweale = _,-E (QV'L-'TJ‘p"r”% @e?pwu + gﬁl"rﬁpﬁ'ﬂ?ﬁwn 'I_Eﬁﬁfﬂ.'}'ﬁﬁl":r;)
W

Here:

e gy (vector coupling) and g4 (axial coupling) determine the relative contributions of the

vector and axial currents to the transition rate in weak decays.

The axial coupling constant g4 is experimentally measured, while G'p is derived from the
overall weak interaction strength. However, there isn't a simple quantitative relation between
them in the standard model; they are determined by separate experimental observations but

both contribute to weak decay processes.

How to relate G,and G,?

pion decay constant pion-nucleon coupling constant

fﬂ 8o Goldberger-Treiman relation

2
M, c

G,
gA = Gv -

2025 CENuM Workshop, January 16 - 19, 2025, Jeju



S : Vi

- 1S

Ef

Ts

Department of Physics an

The precise determination
important because it could be
V4 because it is the main coni
accuracy for the test of the un
precise data for V,, is usuall
investigate the breaking of SU(
The purpose of this paper is tc
mean-fields affect the weak vec
or 27 ) decay in asymmetric n
where nuclear matter consists ¢
exchange of scalar and vector n
currents in matter. We then fin
vector coupling constant due t
which is the same amount as tt

Weak

[ u

wds — uud +ud u qu
W - W . .
natrix elements is very
4 This is particular true of
’ X ) ) ix elements. The level of
DK +n g du der of 107*. Because the
o= iy + ird } it is quite significant to
“*:,.-:__‘.-;; . W onstant in nuclear matter.
! isovector scalar (6 or ay)
C

tonic baryon (neutron, A,
coupling (QMC) model,

D" K + n°+ n" and by the self-consistent
T A .
cd = Hﬁ{ d + ud 1ss correction to the quark

' matter, the defect of the
uclear saturation density,
ents. It is also interesting

2025 CENuM Workshop, January 16 - 19, 2025, Jeju

Beta Decay
Microscopic picture

When a quark decays, the new quark does not have a definite flavor. For
instance:

Cabibbo angle

u—> d'=dcosf, + ssinf,

However, the observed weak transitions are between quarks of definite
flavor. The strong-interaction quark eigenstates

ujclt
dN\s\b
are different from weak interaction eigenstates).

ofl)

This means that the observed beta-decay strength in reactions is modified by
the mixing angle.

. cos, \/ d

W™

el 5
s1n9c
u:

-~

W™

s
cost,
c

A
W™

: d
sinf
C
c —c(
W™

d v, U, U

| wdo T b Cabibbo _Kobayashi-
S(=\Una Uy Uy,|s Maskawa (CKM) matrix
b) \U, U, U,\b

For nuclear beta-decay, we are mainly concerned with the transition
between u- and d-quarks. As a result, only the product

Vad|  |[Vas|  |Vas] 0.974 0.225 0.003
Val Vil |Van| | = | 0.225 0.973 0.041
Vial Vsl [Vinl 0.009 0.040 0.999
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Why nucleon mass becomes small than that in free space ?

A. Le Févee et al. / Nuclear Physics A 945 (2016) 112-133 121
HM/SM/FOPI
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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.)

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.

2025 CENuM Workshop, January 16 - 19, 2025, Jeju 5
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QUARK MEAN FIELD MODEL FOR NUCLEAR MATTER. ..

1000

M' [MeV]

qu [MeV]

FIG. 1. The effective nucleon mass M} as functions of the
quark mass correction dm,. The results in the QMF model with
Xc= %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}
= JEX2—(pZ ), where (p>,)=27_,(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"'IIA k M::'IFMH asym
(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 §mq= m,— m:, = — gfia'. 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, = Ykr? 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.




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 6, @. 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 5,
respectively. The Dirac equation for the quark field v,
(i = u, d or s) is then given by [32]

. ¢ .
iy - 0= (m; = V) = yoVy —5(1 +yo)r?|wi(F. 1) =0,

(19)

where V, = gig + 1'3g33 and V = gha + nggﬁ [13 = +1
for (;',) quark] with the quark-meson coupling constants, gﬂ,
g, g& and gi. Motivated by the Okubo-Zweig-lizuka (OZI)
rule, we here assume that the o, @, p and 6 mesons couple to
the u and d quarks 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
1sovector 6 meson couples to the « and d quarks oppositely.
This breaks 1sospin symmetry. Now we respectively define
the effective quark mass and the effective single-particle
energy as m; =m; — V, = m; — ga6 F .r)r:;ff] and €; =¢; —
Vo =€ — gu@ F gpp for (1) quark, where ¢; is the eige-
nenergy of Eq. (19). Note that m} = m, and € = €.

Phys. Rev. D 110 (2024) 11

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

wi(7. 1) = exp [—ie;tlyi(F). (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(el —m!) = 3./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 = By + EJ" — B 22)

TABLE I Parameters and quark energies in vacuum.

In this model, we have eight parameters: ¢, m,, ni,, m,,
EX" EM, EX", EX". In order to reduce the number of
parameters, we assume E)" = EJ™ = 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

{rz)}fz = 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 ms ! €y €d €5 Ex?m E\:'\Piﬂ ;p_'lﬂ ©
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 -=331.3 —-299.8 0.561
3 350 352.38 550 546.4 548.3 715.3 —441.9 —443.3 —416.5 0.500

“Input.



Here, we assume that the spin correlation Ej does not
change in matter, and the ¢.m. correction E3"* 18 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 =pyliy-0—My(5.8) — g, v0@ — 9,700y
2 2 2 2
_%_ _75 +”;'u_2_|_?ﬂﬁ‘) {IQ&_]. (23)

with yy the (isodoublet) nucleon field, 73 the 3rd compo-
nent of Pauli matrix and M} (&, 5) the mass matrix whose
component 18 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,
9w = 39w, g, = gp. and gs; = gi. The meson masses
are taken to be m, = 550 MeV, m,, = 783 MeV, m, =
770 MeV, and m; = 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 % g30°, because it plays similar roles as _1193 o’

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

E=Y = / dk I\ /M2 + K + g, + g, C" ) F;

j=p.n f?"'
I 222 2 -2 272 2.2 I 3
+— (mr,a — my,@" + mMzo° — mpp“) +—— o,
2pn PN
(24)
where k F, is the Fermi momentum for protons (neutrons),

and this 18 rclatf:d to the density of protons (neutrons), p

F.nruv/(:sx
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 = pi,(dE,fde).
Then, the binding energy per nucleon, £, is defined by

pin)s

through p,¢) = ). The total nucleon density is

Eypy. @) = Elpy. @) =3 (M, + M,) + (M, - M)
(25)

where @ = (p,, —p,)/py and E(py. a) is given by Eq. (24).

2025 CENuM Workshop, January 16 - 19, 2025, Jeju

(m2 + g26)6 =

m2@ =

_—Z(

2=
myp =

G N -

o3+

6M *
b

i

M\ o
_Z ( a;)p} = gaZGﬁj(o, d)p;
j=p.n

(27)

)p}‘i = g,gZng(&.SJpj, (28)
I

(29)

with G,; (G;) the isoscalar (isovector) quark scalar density
in j (= proton or neutron) (see Appendix C), and p;‘,i the
scalar density of j in matter

ke, 2
dk k-

£

M;

."M}E + k2

(30)

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

Model Case o e s 9p 2 (fm™")

NLO 1 1034  7.34 4.37 23.61
2 998 7.69 4.35 24.97
3 972  7.95 4.33 25.67

NLA 1 1034 7.34  4.04 483 23.61
2 998 769 404 490 24.97
3 972 795 4.04 496 25.67

NLB 1 1034 7.34 559 516 23.61
2 998 7.69 559 531 24.97
3 972 795 559 543 25.67

NLC 1 1034 734 770 565 23.61
2 998 7.69 770 593 24.97
3 972 795 770 6.16 25.67
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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 B; to a final baryon B; and lepton ! with its antineutrino iy,
that is By — Bz + [ + i, is proportional to the matrix element of the barvon weak current

J¥(x), which consists of the vector and axial-vector currents, as
(Bal ()| B1) = C (BaV*(2)| Bu) + (Bl 44(2)| B, (12)

and

(Bal V()| Bu) = o) [ + ] wn(pn)e*™, (13)
(Ba| A¥ ()| B1) = tta(pa) [gn(q" 7"y + -+ Jun (pa) e, (14)
where ' = cos #,(sin#,) is the Cabibbo angle for the strangeness transition AS = 0 [AS =

1), and pyy is the four-momentum of baryon 1(2). Here, ¢* = (p; — py)* is the momentum

transfer squared, which is generally quite small for any such decays. The ellipses in Eqgs. (13)

2025 CENuM Workshop, January 16 - 19, 2025, Jeju

sonly in order g/My or higher. Therefore, in order to focus on the leading form factors

emrijri) refer to additional vector and axigl-vector currents, which contribute to the decay
rates

fil0) (vector coupling constant) and gyp(f){axial-vector coupling constant), we only consider

the p = () component of V* and the g = 3 component of A* (all baryons are treated with
"

spin up).

The A decay of the octet baryons, By — Bs + ¢~ + i, can be interpreted as the quark 3
decays like ¢ —+ q; + &7 + 4 inside the barvon, where j = w and i could be d or s quarks.
The weak coupling constants without the cm correction, IEU} and g&u}, are caleulated by the

quark model

O [ ar(Balv° ()] 1) gl [ (ol A" ) ). (15)

Then, they are rewritten by

7 = 170 [ ariy o)
_ SUE L o5/ ( 84 )m Dyt + Joco /(a5 + )
— 41
v 2Xal +3,/2)%a2 + 3 b"ﬁé
» A ’
= 1" % (148" (7 v (%) 6 (16)

and

g =" x / it (P s (7),

32 2, 2
_ gi;l.'[:i] w 95/2 ( ;84 ) Aiaidja; — aza;f(ai + aj)

2 2
a +a V2Xa? +3,/2)\2a? + 3

_suE . 0
= ¢ % (1= !31[.]

.

where in both cases the superseript V) indicates th¢ usual value obtaimed—~g exact

Fur-
¢ the TERAG

SU(3) [46] (for example, in case of neutron 7 decay, fj

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

theorem, namely :’5}'1{“1’ = (I[AZ]),



TABLE III. Weak mupl'g# ﬂp‘ﬂ g]tﬁ in vacuum, a\,’t: \l‘( % Y
SL 3 T VLT e

n—+p

case S 108 PV & f1 =108 dgi" PA dgn
1 3.12 (. 9909999780 201 (L1187 09177 0.114
2 2.28 (.999999510 2.08 (1.156 (.9195 (.0s2
3 1.71 (.9909999825 1.54 i1.131 (0.9209 0.057

A—p

case 6fy" pv 51 g\ pa 81
1 0.012 0.9988 0.011 1.154 (0.9254 (L.086
2 (.01 0.9989 0.008 i1.131 (.9271 0.062
3 0.008 0.9990 0.007 111 (L9285 0.043

= = A

case 6" pv 6f1 g1 pa 61
1 nn1z 0.9973 0.008 (1154 (.9404 0.101
2 00710 0.9975 0.007 i1.131 0.9420 0077
3 0.005 . 0.9433 0.058

heavier than the d 31]%1.1‘]{ and thus the lower component of the s-quark wave function in
025 CENuM \Watkshepamuary 16 - 19, 2025, Jeju

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

{
&.';'.!r = mg—m, = ﬂ".m +—= 0+ .{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.

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))
e-Print: 2406.07958 [hep-ph]
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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,

[/ =

* * % JII(F =
&.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.
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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
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Preliminary data : (g4 =1) vs (g4 =1.27) data
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Bounce time = 0.267s
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