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Plan of the talk

@ Introduction — Covariant Spectator Quark Model

@ Octet baryon form factors in the spacelike region Q> = —¢> > 0
Extension of model to nuclear medium
o Hyperon form factors in the timelike region Q*=—-¢*<0

q> = (photon four-momentum)?

GR, K Tsushima, AW Thomas, JPG 40, 015102 (2013)
GR, JPBC Melo, K Tsushima, PRD 100, 014030 (2019)
GR, MT Peia, K Tsushima, PRD 101, 014014 (2020)
GR, PRD 103, 074018 (2021)
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Covariant Spectator Quark Model — Introduction

@ Baryon: 3 constituent quark system — SUp(3) x SUs(2) structure

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

Mean value theorem: s = (k1 + ko)? — m%b; effective diquark mass mp
Gross and Agbakpe PRC 73, 015203 (2006); Gross, GR and Pefia PRC 77, 015202 (2008)

@ —> reduction to a quark-diquark structure: ¥ (Pg, k)
Baryon wave function ¥ (Pg, k) free of singularities
Stadler, Gross and Frank PRC 56, 2396 (1998); Savkli and Gross PRC 63, 035208 (2001)

@ Radial wave function ¥ 5 (Pg, k) determined phenomenologically
Not a solution of a dynamical wave equation — mass Mp = M5™®
Shape determined by momentum scale parameters using experimental data
or lattice data of some ground state systems
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Covariant Spectator Quark Model — Quark current

[*] jq = Jl"}/ =+ JQ it qu, Quark form factors: Ji = %fiJr)\O + éfz;)\g + %fz‘o)\s
[parametrize gluon and qq dressing of quarks] ~ A;: Gell-Mann matrices
Vector meson dominance parameterization: PRC77 015202 (2008)

=g
fix + (1= +Q2+ci MZ+Q2
m2 A[2Q2
:)\ 1_)\ i [ h
fio=2q +( Q)mé{_QQ +CO(]W}%+Q2)2

m? M?
fox = Kz { tr e + ( i)M,f n QQ}

2 72
m( M
fgo = Ko d P +(17d0)7h
O + Q2 A[}% + Q2
Light mesons (m., = m,), m¢ 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
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Covariant Spectator Quark Model — Transition current

v*B — B’ transition and v*B — B reactions

@ Transition current — relativistic impulse approximation
F Gross, GR, MT Pefia, PRC 77, 015202 (2008)

_ P P
pass frenmnen 2@ )
A Tk B B

diquark on-shell

o Generalization to lattice QCD:
2. 2. latt latt
o fi(Q%my, Mn) — fir(Q%m, MG*"), ¢=0,+ —VMD
latt
L} ﬂ}B(MB) — 1/}B(MBa )
GR, MT Pefa, JPG 36, 115011 (2009); PRD 80, 013008 (2009); GR, K Tsushima, F Gross, PRD 80, 033004 (2009);

GR, K Tsushima, AW Thomas, JPG 40, 015102 (2013); In medium: M}, — M} (in medium masses)
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CSQM: Octet baryon wave function (1)

S-state approximation (quark-diquark) P: Baryon; k: diquark
F Gross, GR and K Tsushima, PLB 690, 183 (2010):

Up(Pk) = o5 [|Ms) % + [Ma) 5] d(P, k)

|Mg),|My4) : flavor states; @g’l : spin states

B [Ms) [Ma4)
P % [(ud + du)u — 2uud] %(ud —du)u
—LG [(ud + du)d — 2ddu] %(ud — du)d
AD % [(dsu — usd) + s(du — ud)] 112 [s(du — ud) — (dsu — usd) — 2(du — ud)s]
=+ % [(us + su)u — 2uus] %(us — su)u
»0 \/% [s(du + ud) + (dsu + usd) — 2(ud + du)s] % [(dsu + usd) — s(ud + du)]
=~ %3 [(sd + ds)d — 2dds] %(ds — sd)d
=0 7% [(ud + du)s — 2ssu] %(us — su)s
S 7% [(ds + sd)s — 2ssd] %(ds — sd)s
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CSQM: Octet baryon wave function (2) SU(3) breaking

Radial wave functions: dependence on (P — k)

Defined in terms of (Mp — mD)2 —(P - k)2

B Mpmp
_ NN

U (P k) = mp(B1 + Xy ) (P2 + Xy )
— NA

Ya(P k) = mp(Br + X, ) (B3 + x,)
— NE

L e S [y

Y= (P k) = -

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

Bi: momentum range parameters (mp units); 54 > O3 > o > [
long range: (1 (all systems) — universal parameters
short range: [y (lll systems); 33 (sll systems); (4 (ssl systems)
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CSQM: total electromagnetic current — including pion cloud

Tt = Jh - Jh T Tl < QM
- _ ot %
J(’lfB = Zpgléepy' +Ekp QMZV]
~ 10tq, é
J;L:B = ZB _B17M+B2 MB :| Gﬂ'B s
[ ~ ~ Z'O'/qu,:|
Jt, = Zp |Ciy* +C Gep + §
VB B _ 1Y 2 N B
B p,l/qu . L
ZB _D17”+D2 55 ] GxB o

B;,C; and D; octet functions SU(3); G5, Gep and G, flavor deppendent;
GR and K Tsushima, PRD 84, 054014 (2011); - fit Bl, Cl, D Zp : normalization
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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

Fi, = Zn {6011 —28NB1 +Bn5(280p + €0n)C1 +BN(2R0p + Fon) D1

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

— —— —— =

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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Bare form factors — octet baryon (optional)

Quark current:  j = (Malji|Ma), 2 = (Ms|ji| Ms)

éop = B(Q%) x

Fop = B(Q?) x
272 T2 ) M 1+t
- @ B(Q?) = P k)bg(P_ k
7__4M123’ (Q)_ k;Q/}B( +> )1/)3( — )

Gilberto Ramalho (LFTC/UNICSUL) EM FF of baryons in medium and large g2 APCTP (Korea) July 14, 2021 10 / 38



Octet baryons

Methodology:

@ Estimate bare component of octet electromagnetic form factors
— use lattice QCD data G2 ;; HW Lin, K Orginos, PRD 79, 074507 (2009)
— fix radial wave functions

o Estimate pion cloud contribution (Zp — normalization):
B
Gem = ZB|GE v + Ghul

using GZ ,, (extrapolated from lattice)

physical data: proton, neutron, and octet baryon magnetic moments
*A, X9* compared with lattice m.. = 306 MeV [Boinepalli at al, PRD 74, 093005 (2006)]

GR and K Tsushima, PRD 84, 054014 (2011);
GR, K Tsushima, AW Thomas, JPG 40, 015102 (2013)
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Octet baryons — Example 1 —- lattice - - physical

m_ = 495 MeV

L L L L Il L L L
. 155 03 T 3 2
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Octet baryons — Example 2 —- lattice - - physical

0.08

m = 495 MeV

0.06

of

<004

0.02
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Octet baryon form factors in the
spacelike region

GR and K Tsushima, PRD 84, 054014 (2011)
GR, K Tsushima and AW Thomas, JPG 40, 015102 (2013)
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Nucleon elastic form factors Gp = (1 + Q*/0.71)72

liy
0.8 ‘

QQ 0.6

o 04
0.2
0
VTS5 6T 8 910 O T 25475 6 7 § 910
Q (Gev?) Q (GeV)
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¥.*, 3 elastic form factors (total —; bare - - - - )

08
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53]
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39, A elastic form factors — test results (m, ~ 306 MeV)
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Octet baryon form factors in the
nuclear medium

EM structure in medium; Gy — NGMB
[normalization by the nucleon magnetic moment

ps = Gup(0) 5 = 1 Gup(0) 55~ |

GR, JPBC de Melo, K Tsushima, PRD D100, 014030 (2019);
GR, K Tsushima and AW Thomas, JPG 40, 015102 (2013)
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Octet baryon EM FF — Motivation — In vacuum

. . Gg
ép — ep oG

Jefferson Lab 1999-...

. 1.2F ®  Punjabi 2005
Polarization transfer method L o Ga';ouZDDZ
1 & Puckett 2010
;\A Meziane 2010
L% B This wark
GE . Pt s T — O fit
— - oa- . —
GM B QI& . MNew fit
S04
P, = parallel i
0.2_—

P, = longitudinal

Jones PRL 84 (2000); Gayou PRL 88 (2002); F
T VI RRT YR IYRTE FRYRTEYRTR IYRT TR SN I

-0,
Punjabi PRC 71 (2005), Puckett PRL 104 (2010) o 1 2 3 4 5 & T B 9
&, Gev*
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Octet baryon EM FF — Motivation — In medium

ep — ep
Vacuum: Gg /Gy

In Medium (bound p) Medium: G /G
- GR/Gy

Polarization transfer method
Define Double Ratio

Gy P,
TE 1
Gy B R = /G]\[ 1
P, = parallel
P, = longitudinal Measures modifications in-medium

Dieterich, PLB 500 (2001);
Strauch, EPJA 19 S1 (2004);

Paolone, PRL 105 (2010)

Gilberto Ramalho (LFTC/UNICSUL) EM FF of baryons in medium and large g2 APCTP (Korea) July 14, 2021 20 /38



Octet baryon EM FF — Motivation — In medium (p)

proton In Medium

i —_ p=05p] 1
2 _zzlogg ] Vacuum: Gg/G
> : i
<] ] H . * *
& ! Medium: G7,/G7,
FO08 Define Double Ratio
g:u().()
1 * *
045051 . I3 ] 7353 R, = 2/ Gy 1
Q* (GeVH Gr/Gu
po = 0.15 fm=3

normal nuclear density Measures modifications in-medium

Dieterich, PLB 500 (2001);
Strauch, EPJA 19 S1 (2004);

Paolone, PRL 105 (2010)
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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)/,

s -
. -

-
-

My = Mp — 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:

9788 ~ ([Ix VX* My
g=BB ~ \ [i gl Mp

Goldberger and Treiman, PRC 110, 1178 (1958)

p=0_p=05p0 p=po

My 9390 8313 7545 S E— —
My 11160 10439 9927 —.— P - p 692'190 pogg"g’
Ms 11920 11214  1070.4 97NN/InNN ' '
Mz 13180 12822 12567 Jran/gmas ! 0973 0.99
m, 7190 7061 6537 Jpzm/gnem 1 o977 1.004
m, 10105 10101 10189 _Jz==/9r== 1 1012 1067
m. 1380 1380  138.0
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Medium: proton G7;/G}, single ratio

0.57\HH R B BB
....p:O

0.4; p - = p:0'5p0 ]

O ]7\ oo b e b e e b e e e e
0 0.5 1 , 1.5 , 2 2.5 3
Q (GeV)
G N « 2 . . G
o G—,}{é ~ m [1 — (rg% — 'r'j\f,g)%] — almost linear falloff; G—f{(O) — m

@ L% — ri7; enhanced in medium; G%/G%, suppressed in medium
EB —TMB =/Gu
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Medium: proton G7,;/G;, double ratio (DR)

— = p=05p, |
—p=10p, |

—
\°}
T

(G */GyW(G/Gy,)
=
w T - T T

o
oy

(=}
~

Lo oo b Lo Lo ]
0 0.5 1 1.5 2 2.5 3
Q’ (GeV?)

@ G /G suppressed in medium (DR < 1); Larger suppression for larger densities

@ Data *He: Dieterich, PLB 500 (2001); Strauch, EPJA 19 S1 (2004);
Paolone, PRL 105 (2010)
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Medium: ¥ - G%,/G%, double ratio

—
—
—
—_

—
T
[
—_
T
I

S
Ne)
1
L
e
o

Ed ES
(G*/Gy(G/G, )
: o

o0

T
n T / n L
* ES
(Gg*/Gy*)(G/G,)
o (=}

~ e

T T

/

0.7t 9

— = p=05p, + —= p=05p, — ]

0.6 —p=1.0p0 Z 9 0.6 _p:l'opo Z *

05005 1 15 2 25 3 05005 1T 15 2 25 3
Q’ (GeV?) Q’ (GeV?)

@ Similar to proton; smaller reduction (slower falloff)

@ strange quarks = smaller medium effects

GR, JPBC de Melo, K Tsushima, PRD D100, 014030 (2019)
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Medium: neutron G7,/G3, double ratio (DR)

1.2F

N\ 1
) ]
| ]
I ]
] i
| ]
I ]
] ]
| ]
] i
I 1
I
{ TR B

o
o]
S

—— p=05p,
—p=10p,

(G *1GyW(G/G,,)

<
o

0511‘5225
Q’ (GeV)

o
~

w

@ Prediction: Q% < 2 GeV?: G}, G'asy, enhanced; Enhancement of G, /Garn

@ Proposals to measure DR: R. Gilman et al, “Neutron properties in the nuclear medium
studied by polarization measurements” (Letter of intent JLab PAC 35)

@ Enhancement consistent with other calculations:
Cloet, Miller, Piasetzky, Ron, PRL 103, 082301 (2009);

Ardujo, Melo, Tsushima, NPA 970, 325 (2018)
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Medium: =°, == — G%/G%, double

[1

_
~

i

(G */G\ (GG, )

I
%
T

—— pP=05p) _0 ]
—p=10p| = ]

005 1 15 T2 a5 T3
Q’ (GeV?

o
=N

(G*/Gy(GL/G, )

o
)
T

—_
IS

ratio |

o
T

—

I
=)

0.5 1 1 ‘.5
Q’ (GeV?)

2

2.5

@ Rough estimate of = double ratios (limitations in the description of lattice data)

@ Weak dependence on Q?

GR, JPBC de Melo, K Tsushima, PRD D100, 014030 (2019)
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Hyperon form factors at large ¢

GR, MT Pefia and K Tsushima, PRD 101, 014014 (2020)
GR, PRD 103, 074018 (2021)
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Elastic form factors — Timelike vs Spacelike @Q* = —¢?

Asymptotic relations between

spacellke (GZSL) and the t|me||ke Kuraev, Dbeyssi, Tomasi-Gustafsson, PLB 712, 240 (2012)
regions (GZTL) l — _E'7 M Proton form factors Gy, |G pr|
TL, 2 s —© ~SL 2 —a F
G (%) Gr(=q) T
Phragmén-Lindel6f theorem, Pacetti, Ferroli, 1:_

Tomasi-Gustafsson, Phys. Rep. 550-551, 1 (2015), App. D

There is a gap between

] — 00,0] and [4M2, +o0] b

Finite corrections (central value):

Gl (¢*) = GM M —¢?) A

20
q’[GeV%

SL TL

Upper limit: G (—¢?)
Lower limit: GF(4M%—g?)
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Elastic form factors — Timelike vs Spacelike Example

Finite corrections to Gy(¢%) ~ G3*(—4?)
N - 2]\11_%; q2 — q2 — 4M%

0.004; 10Ty
H 1 £ 2
N —— G ] N —— G(-q) ]
[\ N 2 2 ] 2 2 2 |
_0.003} — GeM™-q)| A _G(2M2-q2) |
g \ == GUM-) 1 g10 T T GUMq)]
51 \ 1 [f ]
£, -
g g
2 2107
| S S S NS S S R EY

50 L
10729 40 60 30 100
4 (GeV)

2
A2
2y _ D 2 _ 2
G(Q _<A%2> . A3 =0.71 GeV
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Elastic form factors — Timelike form factors

ete” - ~* - BB
Gr(q?) and G/(¢?) not measured directly (... except for A)

1—7 C~1

2
s 4
Integrated Cross section: 7 = ;71—

OBorn = 3q2/8 ( 2 ) ‘G((] )|

’ 2 2
21+ 1

Measure oBorn and effective form factor |G(¢”)|?

Calculations:
Ignore imaginary components and relative phases (very large ¢)
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Elastic form factors — A

—— G(q? — 2M?); - - - - Upper limit: G(¢?); Lower limit: G(¢> —4M?)

q [GeV’]
Data from CLEO, BaBar, BES-IIl — underestimation of the data
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Hyperon elastic form factors at large ¢* (e*e~,pp — BB)

BES-IIT

10 10 15 20 25 30 1o
2 cmxita
10 T T T T 10)
10"
S0t
o
10°F
1075 10 15 20 25 30 107 10 15 20 25 10 10 15 20 25 3
& [GeV?] & [GeV’] ¢ [GeV?]

GR, MT Pefia and K Tsushima PRD 101, 014014 (2020) — Data from CLEO, BaBar, BES-III (new data ¥7)
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Elastic form factors — Summary of results

@ The estimates of |G| have the

’ GexpP
magnitude of the data B <Gm°d>

@ Approximated agreement with EA+ (2)'6152
data within the theoretical 520 1.08
bands for large ¢° =0 0.60

o Average Sop ~ 1 = 1.08

Average 1.12

Table : Comparison between the ratios
between the experimental value (G**P) and the
model estimate of G (G™°%) for the different
baryons, for g2 ~ 14.2 and 17.4 GeV2.
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Elastic form factors — Summary of results

@ The estimates of |G| have the

’ Gexp
magnitude of the data B <G"’°d>

@ Approximated agreement with 2A+ (2)'6152
data within the theoretical 520 1.08
bands for large ¢° =0 0.60

o Average g:f; ~1 = 1.08

Average 1.12

@ What about larger values ?

@ Predictions Table : Comparison between the ratios

Tabl 2 _ V2 between the experimental value (G**P) and the
able up to g 60 Ge model estimate of G (G™°%) for the different

¢ How far are we from baryons, for g2 ~ 14.2 and 17.4 GeV2.

pQCD estimates 7
(pointlike quarks)
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Comparison with pointlike quarks

10 —
|G,,| - Model
10" + | —— Gy -Large Q|
\\ z — — - |Gyl - Model |
10750 —= =[Gyl - Large @) -
10’35
10’45
10-57‘“‘\““\““\““7
0 50 100 150 200

Q’ [GeV]
Model: exact (extended quarks) — - - - -
Large Q?: pointlike quarks [f1(Q%) — A\, & Q% f2(Q?) — const.] — - - - -
Convergence for Q? ~ 150 GeV? (perturbative regime — pQCD)
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Extension to spin 3/2 baryons: Q™ elastic FF

201 B
@ The formalim can be _1sf .
¥ o
extended to 3 baryons %107 1
.. @]
(redefining Gg and Gyy).
s ]
@ First estimate
GR, MT Pefia, PRD 83, 054011 (2011) %0 05 @ [Gl v 15 2
€
(Geo, Gy, G2, Gus)
@ Overestimation of G 10'
o Very large Gars(0) ... 10°%
@ ... or slower falloff 7 =0t
>
@ Opportunity to study 2~ [
Global fit to TL and SL data
Estimate Gg2(0) and Gs3(0) 10°F 3
GR, PRD 103, 074018 (2021) 0 ‘ ‘ ‘ ‘
5 10 15 20 25 30
¢ [GeV’]
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Q) elastic form factors at large ¢>

1 1 1
GR, PRD 103, 074018 (2021) Gt < g3, Go1,Goz < gz, G- X 55
2 ; .
(S, D1 and D3 states) Large Q“ constraint (LQ2):
. 2y _ 4 Q@ 2
SL/TL global fit Gu(Q7) = 5 33,7 Gms (@)
T T T T IOU
121 5 Hybrdm-0353Gev| ]
® DWF:m,=0.297 GeV Ei Q
10 E
~ 08 -
=4 oo
OEU.ﬁ glf) E
04
107
02
% 03 i s 2 R - N
Q GV Q (GeV?) ¢ [GeV?]

C Alexandrou et al, PRD 82, 034504 (2010) [lattice]; S Dobbs, et al, PRD 96, 092004 (2017) [TL data]

Overall description of Ggo, Gpr1 and G go; large result for Gr3; TL within limits; LQ2
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Conclusions

@ Use covariant spectator quark model with meson cloud dressing

to estimate octet EM form factors in medium and at large ¢? (timelike)
@ In-medium form factors
o Estimate Gg /Gy ratios in medium
@ proton X+, ¥7: suppression
@ neutron: enhanced
Measurements of neutron double ratio projected

neutron recoil polarization in the *He(€, ¢/77)3He reaction (JLab)
@ Method can be extended to higher densities ...
(heavy-ion collisions, neutron stars, compact stars, ...)
@ Hyperon form factors at large ¢>
o Use high ¢® TL/SL relations to estimate effective form factors |G|
@ Very good estimate for octet baryon elastic form factors
within the uncertainties ¢* — ¢ = 2M3
Data from CLEO (Large ¢?)
o Calculations suggest that g2 ~ 40 GeV? is not in the pQCD region
(difference to quark pointlike limit)

L]
Thank you very much
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More ...

Backup slides
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Results: Form Factors — nucleon units

All Gy, G5 converted into units of the nucleon in vacuum

) ) , M
G p(Q?) in nucleon units; g = G%B(O)ﬁ = G(J)\/‘,B(O)ﬁ e
#
Gu(0)
Vacuum: Fig, Fhp
Gpp(Q?) = F1B(Q2)—Q72 55(Q7%)
A2
P P ov1 M
Gup(Q?) = [FiB(Q%) + F2B(Q7)] i
7§z
Medium: F['5, F5p
Chn(@) = Fal@ - L Fp(@)
AN,
* 2 2 2 My
wp(@Q7) = [FIB(Q )+ F5p(Q )] e
B
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Results: Proton form factors in medium

Q’(GeV?) Q (GeV?)
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Results: Neutron form factors in medium
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Results: A form factors in medium — - —
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Results: X form factors in medium
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Results: 2° form factors in medium — - —
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Results: >~ form factors in medium
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Results: =Y form factors in medium
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Results: =~ form factors in medium
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Results in vacuum/in medium — summary

@ Vacuum and Medium:
Dominance of valence quark component

@ Medium modifications dominated by valence quark component
@ Variation on pion cloud component < 4%

@ Exception: Electric form factor of neutral particles:
A, X0 dominated by pion cloud part
(n, Z° dominated by valence part)

Next: results for the Double Ratios
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Medium: neutron G7,/G;, double ratio (1)

Gilberto Ramalho (LFTC/UNICSUL)

0 Q?~0:

*
T, €nhanced

G, €nhanced

Enhancement increases with p

Low—Q2 ) rEnQ2

—rEn enhanced in medlum
GEn ~ rEn

Gen — TS >1

LOW—Q2 Mn X 1/My
G* ~
GMn

Global effect (low Q?):

Gp/Gu ~ i My >1
Gp/Gy 72 Ty
G}, effects dominate

over (i, effect
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Medium: neutron G7,/G;, double ratio (2)

0 Q?~0:
*
T, €nhanced

G, €nhanced

‘ Enhancement increases with p
1.21 Bl
~ ° Low—Q2 ) rEnQ2
Qo
9, _
o rEn enhanced in medlum
= G* T
*~0.8F n ] GEn ~ En > 1
@] En ’I”En
0 - = p=05p, 2 *
T o6l p=10p) | ° Ié(iw—Q n OC 1/My
04\ L L L Il L Mn
4005 T 15 2 25 3 Gun ™
Q' @ev) @ Global effect (low Q?):

Gu/Gu ~ TEn My >1
Gr/Gn r2 My
o (7}, effects dominate

over (i, effect
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Medium: neutron G7,/G%, double ratio (2')

. ] G* . .
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5 M
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