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Motivation

Electromagnetic and Axial structure of hadrons modified in a nuclear medium

@ Proton EM ratio Gg /G is reduced in nuclear medium
Jefferson Lab, MAMI experiments: 4He

@ Nucleon axial-vector coupling constants ¢, is reduced in nuclear medium
beta-decay measurements on heavy nuclei

—> Develop theoretical methods to study electroweak structure of baryons in dense

nuclear matter: heavy-ion collisions; nucleon-nucleon collisions, coress of compact stars

Methodology: Valence quark degrees of freedom @ pion/meson cloud dressing

@ Covariant Spectator Quark Model
—> Model for the vacuum: calibrated by physical and lattice QCD data

@ Extension to the nuclear medium

Baryons as on-mass-shell particles with effective mass M
Quark-Meson-Coupling model <= Bag Model/CBM
Saito, Tsushima and Thomas, Prog. Part. Nucl. Phys. 58, 1 (2007)

Modified masses and coupling constants (g% ; 5,) = Medium modifications: bare & MC
GR, K Tsushima, AW Thomas JPG 40, 015102 (2013); GR, JPBC Melo, K Tsushima PRD 100, 014030 (2019);
GR, K Tsushima, MK Cheoun PRD 111, 013002 (2025)
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Octet baryon: Electromagnetic and axial transitions

EMFF: 8 transitions (N, A, X, =)

Axial: Neutral Current (NC): 8 & 6 + 6 Charged Current (CC) \L

AIl=1(d—u)

n—p
X — A

o ot

6 transitions

p

IAS| =1 (s—u)

6 transitions

Study Q*-dependence of form factors & Medium modifications (p)
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Covariant Spectator Quark Model (CSQM)

@ Covariant Spectator Theory: BARYONS
Active quark off-shell; 2 spectator on-shell quarks
Stadler, Gross and Frank PRC 56, 2396 (1998); Gross and Agbakpe
PRC 73, 015203 (2006)

< time

@ Integration into quark pair d.o.f. P
Reduction of system to quark-diquark system
diquark on-shell Gross, GR and Pefia PRC 77, 015202 (2008); 8*
PRD 85, 093005 (2012) I
@ Wave functions: relativistic generalization of
SUs(2) ® SUF(3) ® O(3) symmetries
@ Radial w.f. 1p determined phenomenologically
(Physical or Lattice QCD data)

@ Electromagnetic interaction; relativistic impulse
approximation diquark on-shell
JH =330 [ Ve (P, k)j§ V(P k)

@ Constituent quark current j4(g) (¢ = u,d, s)
Simulate quark dressing (gluons and ¢ effects)
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CSQM Quark Current @ Transition current

@ Quark current:

]q q Ji q)y J2\q M

Ji(@) = fit Ao + fi-A3 + fioXs —ﬁ = —i

N N Quark Model
A; Gell-Mann matrices; Ay = diag(0, 0, —2) [strange quark] "rr;
@ Functions f;y (¢ = 0,+) determined by the o=
nucleon and decuplet lattice QCD data Meson Cloud
F Gross, GR and MT Pefia PRC 77, 015202 (2008);
'
GR, K Tsushima, F Gross, PRD 80, 033004 (2009) JH = Jh e + Thic

@ fi/(q®) parametrized using VMD
Vector Meson Dominance
Include terms in m.,, m, and meg

Total current =
[Bare (Valence Quark) current]

+ [Meson Cloud current]

@ Bare current: Quark model

@ Quark current can be generalized to

@ Lattice QCD regime
@ Meson cloud current:
Educated phenomenological

parametrizations

Gal@?) = GE(¢%) + GN(¢?)

@ Nuclear medium
@ Inelastic TL region (decay width I'y)
my — my — 10 (q)
GR and MT Pefia, PRD 80, 013008 (2009);
GR, K Tsushima and AW Thomas, JPG 40, 015102 (2013)
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CSQM: Photon-Quark coupling [Extra]

° ]q ="+ sz q”, Quark form factors: j; = %fi+)\o + éfz;/\s + %fio)\s
[parametrize gluon and ¢q dressing of quarks]  \;: Gell-Mann matrices

Vector meson dominance parameterization: PRD 80, 033004 (2009)

>.\/\ = >\/\ +@\/v +W
— h
fre =2t (1= 2o s T es g gy
2 212
B Com MEQ
Jio=X+(1 AQ)WL%‘FQQ +co (]\/154_@2)2
2

My ]\[h
= dy—2 1-d
fot ”i{ + - m2 + Q2 +( i)Z\IQ—FQQ}

_ mg g —Mi
f20 = Ko {do PoE +(1 do)]w,%—FQQ}

Light mesons (m., = m,), me and effective heavy meson: M), = 2My
Fix coefficients (co, ¢+, do, d4 = d—) and a. m. m. K4+, Ko, — universal parameters
Use: Nucleon EM form factors; lattice QCD data (decuplet baryon)
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CSQM: Octet wave function (1)

S-state approximation (quark-diquark)

F Gross, GR and K Tsushima, PLB 690, 183 (2010):

P: Baryon; k: diquark

Up(P k) = % [[Mg)®S + | Ma)D5] hp(P, k)

0,1 .

|Mg),|My) : flavor states; @ : spin states
B [Ms) [Ma)
p % [(ud + du)u — 2uud] %(ud —du)u
n 7%3 [(ud + du)d — 2ddu] %(ud — du)d
AU % [(dsu — usd) + s(du — ud)] 112 [s(du — ud) — (dsu — usd) — 2(du — ud)s]
=t % [(us + su)u — 2uus] %(us — su)u
»0 \/% [s(du + ud) + (dsu + usd) — 2(ud 4 du)s] % [(dsu + usd) — s(ud + du)]
poh iﬁ [(sd + ds)d — 2dds] %(ds — sd)d
=0 —% [(ud + du)s — 2ssu] %(us — su)s
=" _% [(ds + sd)s — 2ssd] %(ds — sd)s
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CSQM: Octet wave function (2) SU(3) breaking

Radial wave functions: ¥ g[(P — k)?]
Defined in terms of (Mg —mp)? — (P — k)2

B Mpmp
_ NN

Un(P k) = mp(B1+ xn) (B2 + Xy)
— NA

VAP k) = mp(B1+x,)(Bs + x,)
— NZ

ve(Pk) = mp(B1 + Xs) (B3 + Xy)

wE(Pa k) = NE

mp(B1 + x=)(Ba + xz)

Bi: momentum range parameters: $4 > (3 > 5 > [
long range: (; (all systems)
short range: 3y (lll systems); 33 (sll systems); (4 (ssl_systems)
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Octet baryon EM form factors (Bare + Meson Cloud)

2

Ggp = Fip — me, Gup = Fip+ Fsp

Fip(Q*) = Zp [éop + a1b1(Q?) + azc1(Q?) + azd1(Q?)]
Fp(Q%) = Zp [Fop + a1b2(Q%) + azc2(Q?) + aszda(Q?)]

a;j combination of ¢y, Kop; bi, ¢;, d; meson cloud functions

. _ (3.4, 13-7Ts _ T Mp.g s |(3a_1l=87 s\Mp , 1 .s

nos—(211 +21+7—J1 21+T7MNJ2)B, ,03—[(2]2 21+7']2)7MN 21+7—]1:|B

B(Q*) = /ﬁ”B(PlkaB(ka), jit = (Mal ji [Ma), 57 = (Ms] ji | Ms)
Jk
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Octet baryon EM form factors in lattice QCD (p, X7)

Lattice QCD (bare):

@ Quark current —= VMD 7 =0, +
[ie(Q%mu, M) = fi0(Q%5 mit®, MGH)

@ Radial wave functions (fit):

latt . . . . i i i i
Ye(Mp) = YB(ME") 1
GR, MT Pefia, JPG 36, 115011 (2009); i
PRD 80, 013008 (2009); 08
GR, K Tsushima, F Gross, PRD 80, 033004 (2009); 206t

o
GR, K Tsushima, AW Thomas, JPG 40, 015102 (2013) 04
0.2F

Physical regime: - S e s B T R

Use parametrizations derived from
lattice with physical masses Bare parameters determined without contamination

) . of meson cloud effects (large m) — radial wf
—- Lattice - - - Physical o .
Bare contribution extrapolated to m, = m2™
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Octet baryon EM form factors — physical regime (p, 31)

Physical Form Factors:
Gy=272p [G? + Gﬂ
G? from lattice QCD

G calibrated by

physical data
*Nucleon EMFF
*Octet baryon

magnetic moments

Model compatible with
lattice QCD data and
physical data

Can be used to calculate
octet baryon FF in
different regimes of Q?
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Octet baryon electromagnetic
form factors in medium

GR, K Tsushima, AW Thomas JPG 40, 015102 (2013)
GR, JPBC Melo, K Tsushima PRD 100, 014030 (2019)

Density: p = 0.5p9, po  po = 0.15 fm=3 (normal nuclear matter)
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Symmetric nuclear matter - Equation of state

Quark-Meson-Coupling model
Saito, Tsushima and Thomas, Prog. Part. Nucl. Phys. 58, 1 (2007)/,

M = My — go0 + ...

-
-

— ——

-
-
-
-

—  ——

Calculate medium modifications of masses and coupling constants for
p=0.5p5 and p = py (po = 0.15 fm—3) — masses reduced in medium

Goldberger-Treimann relation:

N
9788 ~ (Ix) (94
g=BB ~ \ [i gl

Goldberger and Treiman, PRC 110, 1178 (1958)

)

Mg
Mp

p=0_p=05p0 p=po

My 9390 8313 7545 ———0: —
My 11160 10439 0927 —— P - p 892'1’)0 pogg"g’
Ms 11920 11214  1070.4 97NN/InNN ' '
M= 13180 12822 12567 JrAn/9mAS ! 0973 0.99
m, 7790 7061 6537 Jmus/9mm 1 0.977 1.004
m, 10105 10101 10189 _Jz==/9r== L 1012 1.067
m, 1380 1380  138.0
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Octet baryon EM form factors

0.087 . 127

0.06

32004

0.02

‘
00—

i 1.5 2 2.5
Q (GeV?)

@ Proton: G, G suppressed in medium (quenched effect)

G* T‘*2
@ Neutron: Gpg small effect; G—g x TQE" enhancement; GGj; suppress.
En

Gilberto Ramalho (OMEG/SSU) EMFF and axial structure ... nuclear matter Kyoto, April 2, 2025 14 /28



Octet baryon EM FF — double ratios (G%/G%,)/(GE/GE)

Ratios G—g and C}“\; are NOT directly measured

We can measure G'p/G/ in vacuum and in medium (*He)

b
0.7 B
< — —p=05p,
S ——p=10py| 1
0.5 \ | \
=0 0.5 L5 2 2.5

I
Q" (GeV) Q (GeV?)

Proton: G'g/G)y is supressed in medium, Data from JLab and MAMI

L ) M,
Include Gy in units iy = 57— (correction: Cy = 37%) strong Gy eff.

Neutron: G /G enhanced in medium (prediction)
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Hyperon EM form factors

G */Gy,

0.2

G'r: quenched (softer than p); G'as: low Q?: enhanced; large Q?: suppressed

=7 Milder effects (softer medium effects for strange quarks)
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Hyperon EM FF — double ratios (G%/G%,)/(Gr/GE)

[*)

= (GG (G /G
o
%

C.
S
=N

Y7 Quenching (softer than proton)
Z7: Low Q?: quenching (due to Gjr); Large Q*: Milder medium effects

Neutral baryons: softer medium effects (not discussed here)
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Axial form factors in medium

GR, K Tsushima, MK Cheoun PRD 111, 013002 (2025)
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Octet baryon: axial-vector transitions

Charged Current (CC) transitions (6 + 6)

ATl =1 (d— u) IAS| =1 (s — u)

n—p T —n

> = A »0 P

ST A(u—d)¥ A—p

DI 7 = x0

DI D 2T A

= =0 - 20— ot

6 transitions 6 transitions
Neutral current transitions (8): Ga(n) = —Ga(n — p);

GA(2+) = \/iGA(EO — E+), GA(EO) = GA(E_ — EO)
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Octet baryon axial-vector form factors in vacuum

[GR and K Tsushima PRD 94, 014001 (2016)] Generalization of nucleon to octet baryon

oM 27
@ Extend octet model to the axial-vector transition; P-state mixture

) q" T
Jhe = (gf{,v“+g%w> 755(1, Uy =1/1-n%¥g+np¥p

@ g% = f1_ (isovector); g% fit to the lattice QCD data for nucleon

() = a(Py) [GA@W " Gp<@2>q“] (P

a2

GA _ Gg 4 G%C, GP — GI;—;OIG + G}BD + CTvJ}gIC7 GI}ole _ GA

_/L2+Q2

@ u=m; (AS=0), u=mg (AS=1)
G SU(3) effective model (D, F ~ g2y x)

@ Bare: lattice data, SU(6); Meson-Cloud: nucleon and Gﬁ’B/ (0) data
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Axial Form Factors — |Al] =1

s "o
o o

* 2
G, @G, (@)
=)
3

6,6,
e
\
\
]
S

07 |——P=05¢p ==

0g 03 I 15 2 065 03 I s
Q'(GeV?) Q GV
@ Suppression in medium: stronger for light baryons

@ Suprr. increases with Q? (light baryons); Heavy baryons: milder effect
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Axial Form Factors — |[AS| =1

o

oo

* 2 2
G, (@VG,@)

o
9

. o T T T T = ———

- S ——
o ©

+.0. =08 —
< S

7 = oqk i
©

0.6 —

0 05 1 15 2 036 05 1 s 2

Q (GeV?) Q (GeVY)

@ Similar to |AI| =1 case; softer effect
Light baryons: softer falloff
@ Heavy baryons: milder effect (weak Q? deppendence)
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Applications

@ Study of neutrino-nucleon and (antineutrino)-nucleon scattering
in a nuclear medium (densities 0 < p < pg)
Charged Currents (B’ — BW®); Neutral Currents (B — BZY)

Form Factors = (%‘})VN (Q*.E,), <dQ2> (Q* E,)

@ In progress:

@ Study of v-hyperon and v-hyperon scattering
o Extend calculations to higher densities (p > po)

Gilberto Ramalho (OMEG/SSU) EMFF and axial structure ... nuclear matter Kyoto, April 2, 2025 23/28



Applications: Study of weak interactions with NC (neutral currents) and CC (charged currents)

M.K. Cheoun, K.S. Choi, S. Kim, K. Saito, T. Kajino, K. Tsushima and T. Maruyama, PRC 87, 065502 (2013)

we calculated differential cross sections of the neutrino
(antineutrino) reactions on the nucleon via NC as follows

[31.32):

(Lﬂ
d0?

do
(i

with

G§€ = GhoH -

Include EMFF G, G and Axial FF G 4 (mixture of p and n),

30

Gilberto Ramalho (OME

NC
)mr

EMFF and axial structure ...

G2

27

d(ioy- M,
Yy ZE.,)

1 M
+(2\ +17\+T\)(GA)'

1
F2y (l . E)) GMGA:I.

¢ fdo \M
)Itl! (dQ )v(l"\

(Ge = GS°, Gy — G§£.Ga — GSO),
(6)

G3(0%).
()

GH(Q). Gif =Gh(@) -

_ @
Y= 3mE,

nuclear matter Kyoto, April 2, 2025
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Proton and neutron FF — NC and CC transitions

— p=0 — p=0

1 25 o pml0p) ]
P ——p=20p) |

0.1 ———— 0 : : :
008
04F
£ 0068 s o
o % o
< [/ —p=0 = 03 ——p=0 ]
S 004 // ——— p=l0p, © - p=10 p,|
!
q —— p=2.0 py B —— p=2.0 p,|
ol
002 12 g
0 05T TS 2 2 05 i3 2 05 i i3 2
Q (GeVY) Q (GeV) Q (GeV?)

Used in calculation of GY'C (¢ = E, M, A); Include extension to p > pg
PRD 111, 013002 (2025): G, reduced in medium (except for G%;,,)
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Neutrino-nucleon cross sections in medium E, = 100 MeV

S} &~ =) [

(doldQ*) [10 *° em*/Gev?H

(=}

E,=100 MeV

] == p=0
I ———p=05 p,
o B=5 MeV — P=P
0 001 002 003
Q’ (GeV)

2
0<Q?< L

Py
1428

(doldQ*) 110 em¥/Gev?]

—_
(=3

e

(=)

~

0

=]

Cross section vp dominate over cross section vp

== p=0
- - ———p=05p b
vp - V 0
P VP pep,
- EV:QO MeV EV:IOO MeV
i EV:S MeV

L L | L L L L L n

0.01 0.02 0.03
Q’ (GeV?)

Cross sections reduced in nuclear medium (quenched)

Similar trend for vn — e p and p — e n cross sections
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Hyperon Form Factors in medium

¥+, == form factors: G4, G reduced; G, enhanced at low Q?

0 T T T 0 . . . 0. T
E——
-0.2 ———-p=10 p| 1
04 —— p=20py
< 0.6t
5
0.8 =1.0p, |
— p=2.0 p,
1 1
12 05 i 5 2 03 I 2 O 05 T 15 2
Q (GeVY) Q (GeV) Q (GeV?)
Gilberto Ramalho (OMEG/SSU) EMFF and axial structure ... nuclear matter Kyoto, April 2, 2025 27/28




Outlook and Conclusions

@ Calculations of EM and Axial form factors in-medium
are important to study interactions in dense nuclear matter

@ Electromagnetic and Axial form factors are modified
in nuclear medium (quenched or enhanced) and in nucleus
Effects increase with density
Milder effects for hyperons with more strange quarks
Calculations of Gp (quenched) are also available

@ vN and PN cross sections are in general reduced in medium

@ In progress:
Extension of calculations to higher densities (p > pp)
Study of v-hyperon and -hyperon cross sections in medium
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Thank you < Arigatou
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Thank you < Arigatou

More questions: gilberto.ramalho2013@gmail.com
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Axial form factors in medium

GR, K Tsushima, MK Cheoun PRD 111, 013002 (2025)
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Octet Axial form factors [Nucleon — Octet]

T 200 [ T T
—_— gare + Meson cloud _® Dm
12 ] 1508 T R Meson clowe|
[ Lattice (m, = 213 MeV)
— I & Lattice (m, = 260 MeV)
< 100/l A Latice (m=262MeV) | |
ol
0 0‘5 ‘1 1‘5 2
Q* (GeV?
G]WC’O AM 2
GMC = zy—4 Gp=GB + GH + G
4 o2\ ! T
(1 + p)

G%C =V ZpZp ML F D: SU(3) meson cloud coefficients

(+5)

Bare part: replace f}i’A, masses, etC. [ = Mg /K
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Model: bare contributions X = I, V4

- 3 6
GE = 931‘7:{27%30 —3ngp B + *n2p [TB2 — (1+ T)B4]}

1+7 5

- 3 B
Gp = 9?4.7'"{—3?15131_1_ Bl+2n2 [54‘2(32—34)}}

Mpp
M

3 3
+ ‘1]-—{ nSBo—?)nSPBl—i-2nP[TB2+Bg—(2+T)B4]}

o 1 .
P = o MAX DA, = OIsIXIS) 5. F = (5 315

ngp = ngnp, Mpp = %(MB + Mp/), By overlap integrals of 1) and ¢ p
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Model: bare contributions: coefficients f?’s

B~ B 5 fs F
Al=1 (I4) n—p 1 7é 19—0
+ 1 1 2v2
(If) by a/i i16 :Fl\/é ig/;
0
(I+) DIUERSY 7 e N
(I+) 2= =0 : -2
AS=1 (V) A=p _% 0 —\/2
(V4) T —=n 0 -2 £
(Vi) 20> p 0 - ?
=— _ 1 _ 1 V2
e I oY e
V4) 2" %0 £ 1 5y2
(V) =0 2t ? —352 2
NC D) N> N 3 —%73 13073
(Io) =3 IZ ;3[2 5212
(Io) =) 0 §T3 757'3

AI =1, AS =1 CC transitions; NC transitions vB — vB, vB — VB
P — GZ_”’ =G, "
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Octet baryon electromagnetic
form factors in medium

GR, K Tsushima, AW Thomas JPG 40, 015102 (2013)
GR, JPBC Melo, K Tsushima PRD 100, 014030 (2019)
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Octet baryon: total electromagnetic current

JH = Jop + g+ g Jbg <+ QM
e = Zp et il %
0B B |¢BY B Mg
[ - ~ 10tq, é
Jt. = Zp|BiyW+ B G IR
B B _ 17"+ D2 oM 5 ] 7B
[ ~ ~ Z'O'/qu,
JH = Zg|Ci7v* +C :| Gep +
+B i 17 2 oMp
[ S Yo daid oo
ZB _D17”+D2 ZMZV] GxB

Grp,Gep and G, flavor part — known; SU(3) functions Bi,éi,bi — fited
GR and K Tsushima, PRD 84, 054014 (2011)
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Pion cloud: adding PC effects 1

@ Projecting Gp,G.p and G5 = coupling constants Sp

4
By =1, B = 50

By = 4(1 — a)?, Bz = (1 —2a)?
SU(6) limit: o« = 0.6; and g = gxnyn — included in B;, C;, D;
e Fit functions of Q2: B;,C;, D; — 6G g, 6Gyp pion cloud

GR and K Tsushima, PRD 84, 054014 (2011);
Bare: €p, K F Gross, GR and MT Pefia, PRC 77, 015202 (2008)

Fip=2Zplép+ 0F1B], GEB = ZB|GEoB + 0GEB]
Fop = Zp|kp + 0F3pB], GuvB = Zp [Gros + 0GumB]

Zp is a normalization factor
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Calibration of the model in vacuum

Gx(Q%) = Zp [GR(Q°) + GX(Q?)] X=EM

@ Calibration of model in vacuum by Lattice QCD data
(radial wave functions) — bare part

@ Physical data (/V form factors, magnetic moments, baryon radii)
— pion cloud part: coefficients (By, Ba, Ca,, D}, D2) @ cutoffs Ay, As

1

|B) = v/ Zg [|qqq) + |7 Bo)] B =T anb

Normalization dependent on the photon-pion function By = Bl(O) — self-energy

GR, Tsushima, Thomas, JPG 40, 015102 (2013); GR and K Tsushima, PRD 84, 054014 (2011)
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Octet baryon: total electromagnetic current (pion) f

JH = Jop + g+ g Jbg <+ QM
e = Zp et il %
0B B |¢BY B Mg
[ - ~ 10tq, é
Jt. = Zp|BiyW+ B G IR
B B _ 17"+ D2 oM 5 ] 7B
[ ~ ~ Z'O'/qu,
JH = Zg|Ci7v* +C :| Gep +
+B i 17 2 oMp
[ S Yo daid oo
ZB _D17”+D2 ZMZV] GxB

Grp,Gep and G, flavor part — known; SU(3) functions Bi,éi,bi — fited
GR and K Tsushima, PRD 84, 054014 (2011)
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Dressed form factors — Nucleon — example |

~—

Nucleon dresssed form factors [GR and K Tsushima, PRD 84, 054014 (2011

]
Py, = Zn {éop +28nB1 +Bn (Eop + 280n)C1 +Bn (Fop + 2Fon) D1

Fy, = Zn {%Op +28xn Ba +Bn(€op + 280n)Ca +0n(Fop + 2F0n) D2

Fon —28n Ba +0n(2€0p + e +0n(2Rop + Fon) Do

— —— —— =

Fi, = Zn {éOn —28NB1 +Bn5(280p + €0n)C1 +BN(2R0p + Fon) D1
Fy, = Zn {

F Gross, GR and K Tsushima PLB 690, 183 (2010): Zx = 1/(1 4 35y B1)
F1,(0) = 1 and Fy,(0) = 0 = D1(0) = 0 and B;(0) = C1(0) = By
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Pion cloud: Normalization factor f

Zp normalization factor; determined by the charge or self-energy

Nucleon case, using B; = B1(0) = C1(0)

GEp(O) =ZN[1+28nB1+0NB1] =1
GEn(O) =ZN [0—25N31+2ﬂNB1] =0

Then GEp(0) =1 = Zn[1+ 36nB1]:

7 1
N = -
1+ 308 By
Similar for Zp, Zy, and Z=
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