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® Electromagnetic probe
is useful tool

@ Electric and magnetic proton form factors,;
Proton and Neutron charge distributions
Nucleon spin structure,;

Nucleon-Delta transition (other resonances)
Parton distributions,y

Pion and deuteron form factors ... iners)

% Generalized parton distributions (GPDs;p)



Experiments and theoretical studies

A Last 10 years s Last 40 years

correlated quark momentum
and helicity distributions in
transverse space --- GPDs



Y Electromagnetic form factors (space-like) nucleon(1/2)
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Point? ;jli({cal o
Structure? (pelI" (0)[pi) = ulpr) |:F1(q2)}’“ —- B(q*) T - ] u(py)
E'(q% . F¥ : Dirac form factor

[T 2 — K r 2 .
#(q*) = y*F (q%) +i 2M, © 1 FN: Pauli form factor

GE (0%) =F'(Q?) —tFY'(Q?) , Gm(Q%) =F'(Q?) +F'(Q?),
FEMO) = 1, FM) = 1), FI(0) = ne .. F3HD) = 1.

S. Pacett1, R. Baldini Ferroli and E. Tomasi-Gustafsson, * Proton electromagnetic form factors: Basic notions,
present achievements and future perspectives,” Phys. Rept. 550-551, 1-103 (2015).



B Other observables (Like Gravitational FF)

and a Global Description of nucleon (

s=1/2):

last global unknown: How do we learn about hadrons?

|V) = strong interaction particle. Use other forces to probe it!

2

[Maxim Polyakov,

proposed, 1998]

— D = "last” global unknown

em: 9,Jin =0 (N'|Ju|N) — Q, i, ...
weak: PCAC (NJE_IN) — GA, Gpr - -
gravity: 9,Tgay =0 (N'|Tgw|N) — M, J, D, ...
global propertles: Qprot = 1.602176487(40) x 10719C
pprot =  2.792847356(23)uy
ga = 1.2694(28)
Tp = 3.[]5([].55)
= ?33.2?2013(23) MeV

M
*<
D

and more:

1T

which value does it have?



ig. 1: Radial pressure distribution in the proton.

Gravitational and a Global Description
of nucleon mehanical properties :

GPDs > Gravitational FFs,
<|Energy-momentum tensor|> "

Repulsive
prassung

—

I T T T T 1T 1

Mechanics Observables:

(Energy density, mass radius, Spin) Distributions

)R AR BTN NN

@ “pressure”, "o

@ “shear force”, Oonking
* “D-term ” * -5 e
Gravitation form [ Polyakov, proposed, 0 02 04 08 08 10 12 14 18 18 20
factors (GFFys) 1998 ] Burkert V D, Nature, 2018
f o i | Zumanc, O.-T. 5o
* f N
We mayv also use neutrino.
1 vector vector — axial-vector s tensor
S ATAYa P VavaUs W 5 Sa°a%a
qr"q gy -y )e qy"“d'q
4 t /{ 4
Courtesy of Kumano




% GPDs (generalized parton distributions ), . ion

GPDs H,,(x,5,0°) naturally embody the information of both PDFs and
FFs, and therefore, display the unique properties to present a "3-D"
description for a system.

_ 1 ¢dy e [ z 7
| "Allg| —— +—= || p,A or nucleon (S=1/2
A'A 2'[ (27) <P “I 5 Hq 7 ‘P >z+=0,2=0 f ( /)
] DVCS
_ i _ 3 T
= H'(x,&,00(p) fu(p)+—= —E* (x,&,0a(p")o m g ,u(p) .
N
example: “ é /_t\/ ~

(1) In the forward limit they reduce to conventional PDF's

—&
H E(x.£.1)
% H, E(z.£.t) &
r P
Hq(ﬂ?’ 0’ 0) = q(:I;) ,

) Parton distributions (PDFs)
Hy(2,0,0) = Ag(z). Hadronic level \

(2) When one integrates GPDs over z they reduce to the usual form factors, e.g.

the Dirac form factors® *GPDS

Zq:eq/deq(m, SO =R, rorm Factors(FFs) /
Hadronic level

Sy [doEyfwt) = o). :



@ for pion (5=0)

Broniowski, PLB 574, PRD78; Choi et al., PRD64; Fanelli, EPIC76; ......

@ for nucleon (proton and neutron, S=1/2)
Diehl et al., EPIC 73; Kroll, EPJA53; Pire et al., PRD79; Selyugin, PRD91,......

® Light Nuclei: He-3 (S=1/2) |
Rinaldi et al., PRC87...... ps=a 1 J' dy e ( g'\q(— z ) iﬂl("' i)‘ pA)
@ Deuteron, p meson (S=I) e (om) / ’
Cano et al., PRL87, YBD et al., JPG19,......

77=0,7=0

Generalized Parton distributions for pion, e. g.

Broniowski, PLB574,
In the limit of £= 0

Covariant amplitude with a reduced photon vertex for ¥, T Ta
pion GPD (left diagram) and its nonvalence x << ¢ part (right p. p:'

diagram).
PRD 73’ 114013 E'*i dhagramy for the svaluation of the genemlized paron

distribiition of the pion in chiral quark models.



Y Spin-1 particle and basic properties

example

& Form factor: decomposition of Local currentgy pyrrs
14, =(p, A" 1q(0)r" q(0)| p,A)
N

1B % q qPﬂPa )7 q u
=& - Glgﬁa+G3W P +G (gaP +gﬂP)

GC 0)=G,()+ 277/3 ) GQ () [Hoodbhoy 89, Frederico ’97,

J GM (1) = Gz (1) Berger ‘01, Broniowski ‘08 Cosyn’17]
G,(t)=G,()-G,()+(U+n)G,(t '

§ Q() 1() 2() ( 77) 3() P=p;'p’ t=A2=(p'—p)2

e=¢&(p,A"), e'=¢g(p', A"

Definitions of GPDs (spin —1)
* Unpolarized vV, :{g..bn,Pn PP .nn

d7 e “(PZ) e 7 Z
] e 0 |q(_3)” q(+5)|” A)

5
_ Z(g YRy g H(x, & 1) for S=1
i=1

75=0,7=0
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z+= —3

s pdie™ ™ ,—[_1) ( g)
Vi —ZI 27) (P27 = || +5 || poA)

5 5
=;(e'ﬂ)*VéagaHf(x,f,tF;(E'ﬂ)*Véaga

> . (e - n)(e™ - P)+ (" - n)(e - P) (e - P)(e™ - P)
Vﬂ,'ﬂf: _(E'IIr ’ E)H] + HZ - ) H3
® P -n 2M
(e -n)(e™ - P)— (€™ -n)(e - P) { » (e - n)(e™ - n) | }
+ Hy + 14M + — Hs .,
P -n 4 (P - n)? 3 (7 - €)[Hs
P +p A2 1 N2
Po= ;0 = AT = -p), Asymmetry in
n* = 0, (lightlike four-vector) Longitudinal
& = (n-A)/(n-P), skewness parameter , ——
e = €(p,A),e = €(p',\N), polarizations ,

® EMT (Energy Momentum tensor), i de= o . .
Gravitational Form Factors (GFFs) (P-n) Idxxajgelxp : [W(—EJMV("'—)_‘

Mollin Momenge 4@ =0 EMFFS N } )
eilin omeni. . —
wer, arre (i) |- (+3)

=7 (0) #(i5") w(0)

z=0




narticles (selected)

and the basic pr'oper'hes

% Spin-1: deuteron target is accessible in some facilities

% Spin-3/2: particles, theoretically necessary

% Spin-3/2 target may be accessible in
future EIC (EicC), and some other Facilities

% Spin-3-/2 (Q hyperon)
The comparison between the parameters of the tar'ge? mlght be POSSlble

electron-ion colliders proposed in China and in the US

in future

Facility CoM Lum. /105 Polarizati [ Q0 ]
ACUILY o ENergy _2 _] Ons OIArIZALION

(em ) e'e —( ) pair cr=1.261cm
EicC 15-20 2-3 p—U e, p, and light nuclei
EIC-.US  30-140 215  p—=U e, p, He 1Pt A

- H lon isions (RHI

@ [ Electron-ion collider in China Li-7 (3/2) L cavy 1o collisio S( C)

Fronties of Physics, 16, 64701] stable
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% 2.1, Spin-3/2 particle and basic properties

Spin-3/2 ---- Rarita—Schwinger spinor: u%(p,A) (Y. 5D, YBD),
PRD105, 096002,

PRD106,116012,

o SA o + M
m ut(p,\) = chp,%ae (p, p)u(p, o) u(p,o) = (;P/Tn) X 2305.02680

T
6a( 70) - =5 (p+:p - T aeJ_( 10)) 3 Wlth E_L(pa 0) — (p1:p2)3

T
2Upy + i , 1
€“(p,+1) = — (0, V2p: ?’pz),q(pﬁrl)) , with €, (p,+1) = (—,

),

N
g| -.
N

1 —

V2' V2

V2(p1 — ips

p+

).

T
),EL(p,—l)) , with EL(p,—l):(

Light-Cone v = (vT,v™,v), with v* =2%+9? and v = (v!,2?)

B (p— M)u(p,A\) =0, 7u®(p,A) =0, du(p,\)=0.

B u (p, AW (p,A)=-2MS,., n’ =0, lightlike four vector



_conventional (25+1)

r 117 H —_ T r g P_ﬂ a'a gV, a' V,a
(pHA \WW)\M»)— uar(p,l)[M( F,  (6)- F (t))
Y L0 e pray 4747 g
O ( F2,0 (t) ZMZ F2,I (t)]:|ua(p)}’)9
’ ]-—‘Fl
_ 5 - a'a V., Pa ’ V.,a
(p"A'|w (0" y w(o)\p,ﬂ>=—ua,<p',z')[7*‘( F O+ F; (r))

a' pa

# P
_ q ( aaFVa(t)_I_

o F, ”(l‘))]}’ u,(p,4)

L

(GLo(0),G, (D), GEz(t),GMs(t)) & (Fy(2), Fy (1), Fyy (1), Fy (1))

Cro (1) = (1 T 27—) EYo(0) + (14 1) (FYo(6) — FYo(t)) _
3 T=

+ (L DL + (1) (EV () - B (),
Grz (1) =[Fyo(t) + (1 + 1) (Fo(t) = Fy o)) + (L+7) [y, () + (1 + 7)(FY 1 (8) — Fy 1 (1)),

1 1
Gy () = (1 + T) F2‘7/0 (1) + gT(T +1) F2\7/1 (1) One can select a reference frame, *

5
say Breit frame), to proceed a
Gass () =FYy (8) + (r + )FY, (1) (say Breit frame), to p

calculation for EM-multipole form factors



§=3/2

5= = 1 j‘ dy e™ "% <

4 A _i £
3 e pLA'|q S|+ p,A)

t=0,7=0

Rarita-Schwinger spinor

1 =12 e 2 a
{( s H) S=1 u*(p,A) = ZC’lp):%ae (p, p)u(p, o)
p,0

(gaa"Pa’Pa’"n[a'Pa],n[a’Pa"]’n(l'na) S=1

Direct product (g*,P*P* ,n'* P\, 0 P* ,n"'n®,g* u, a"“b"'=a"b’ -a’b*
P*P* y,n' P y,n'* P st ,n*n® p,) a'*b” =a*b” —a’b"
Conservations: (time-reversal, parity...... ) )

+some otlvwhell relations

_ - P* ic"q,
i, (p' A"y i, (p,A)= (p',z')[ 1

Independent

“u _,(p,A)= Identities
oI, ]7’ o (PA)

,uvpa A vpor

g +ig" " g +ig”™ g +ig”™ g™ +ie™" g™ = 0 = Schouten Identity



@ GPDs for spin-3/2 particles

Conservations

Some other on-shell relations

+conservations
P v, - q'rs | id 0 ic"lys
- - = PH
1_51 0=gq Y'Ys 2M+M Y5 T+ 5
2397 uvPA uvgi
. 4rs . w e LV TS L plu) YT
s=oy 0 = Prs o oMM r 2
) 2 U
rEyT 0= +io e el ]
M ZM 2 EH#E}, =_P }’U}’S EE'# q Y 0_ dq J’U}'5+ E,I,uyP}I,},
. M oM 2

where = represents the on shell equality

like the well-known identities for S=1/2 fermion
16



)

DS of a Sp Laile i Definitions of GPDs (spin —3/2)

% Unpolarized

_ 1¢edz p
RS Emia

4 2,7 1 1
A W(—EZJ}‘“//! EZ)lp’ﬂ»
=T, (P AV (x, &, ) (9, ),
a' pa [a' pal 2.0 0
ik 12’ +H3&+H4Mn ’Z +
M (P-n) (P-n)
a' pa [e" pal 32 2

6P Pﬂ+H7Mn P2ﬂ+H8M” ”3”
M(P-n) (P-n) (P-n)

7 =0,7=0

Ha'a — Iga'a +H2

Y Polarized

~ o 1¢ed7 i(p. ) oa = 1 1

V/?:S:A3/2 5 ge (P )<P A ‘//(_25)70’5'//! 35)|P’ﬂ>>
75=0,7=0

=—u,(p\ AYVH " (x,&,Du_(p,A),

Mga'a}{
T (P-n)

a*b" = a’b” —a’b”

a“b” = a”b’ —a’'b"

~ _ ' _ Pa'Pa _ n[a'Pa] _ MZna’na _ Mga'a}{
H = Yy +H,—y.+H,—y.+H +H
8 Vs VS Vs 3 (P-n) Vs ‘(P-n) Vs S(P-n) Vs
~ P*P°w ~ Mn'* P*'y ~ M’n*n*n
H, ys+H, ; Vst H, 3 /s 7
M(P-n) (P-n) (P-n)



® GPDs and EMFFs

1
f\/f/ dr H;(x,&,t) =G5(t) with i=1,2,5,6,
—1

%2

~

= M’/ de H;(x,&.t) =£G;(t) with i =1,2,

% . _11

fl"f/ de Hy(x,€.t) =G;(t) with i=5,6,
J -1
1 1 i
M / doe Hj(x, &, t) =M / de Hj(z,§,t) =0 with j=3,4,7,8,

J -1 J-1

Properties: H;(z,&,t) =H;(x,—-&,t) with i=1,2,4,5,6,8,
Hi(z,&,t) =—H;(x,—&,t) with i=3,7,
Hi(z, &,t) =—H;(x,—€,t) with i=1,2,3,4,
‘ H;(z,&,t) =H;(z,—¢£,¢) with i=5,6,7,8.

18



@® GPDs and Structure Functions (S=3/2)

In Forward limit

EMFFs, Structure functions, and PDF's
4=m) GPDs (5=3/2)

19



’ GP D S an d EM T Energy-Momentum Tensor

< o j‘wu(o)‘ D, A> « Decomposition of EMT
B pepr (. 2P P
(quql/ gﬁbuq2) Ve 2Pa’Pa

+ 9" “Fao(t) + =5 F3.(t)

2P PO‘

M gtV aaFT / FTt '
+ Mg (9 o(t) + 31())+ i

1 v a/ (84 vV ()’_', (84 (X’ vV rx O{I LV rxy
Y (Zq{“g Hoo pal  ggrv pe p — g imgy) qz) Flo(t) + Mg~ g} Fgfo(t)] Ua (s N)

u®(p, \) Z CZ*, e (p, p)u(p, o)

a=0, EMFFs
a=1, GFFs

® EMT (Energy Momentum tensor),

Gravitational Form Factors (GFFs) Mellin Moment: {

20



® GPDs and (EMT, GFFs, GMFFs)

7t=0

Mellin Moment: (P.n)a+lj‘dxxaj‘?eixﬂz' [W(—g)}‘ﬂ//(+§):|
V(4

(Pl

1
M / Ao wHy (2,6,1) =FTy(6) + €T (1) — 27 (8),
1

z=0

=y7(0)n(i5+)“y/(0)

z=0

1
M / dz zHs(z, &, 1) =2F | (t) + 28 F) | (1) — 4F] 1 (1),
—1

1
M f do o Hs (€, 1) =8EFTy (1),
~1

1
2%
M/ dexHy(z, €, 1) —Fgo(t)+2pgjo(t),
—1

One can select a reference frame *

1 to proceed a calculation (say Breit frame)
M f da xHeg(z, &, t) =4F, (), for gravitational multi-pole form factors
—1

1
M / Ao o Hs (1, €,8) =2F T (1),
—1

1
M/ drxH;(x,&,t) =0, with ¢=7,8. 21
~1



3. Numerical calculation and Results

3.1), Framework: Covariant quark-diquark model ($S=3/2)

{m . [q(r/z)J [ ==iger

- + v l(_— Av —  vA
0 qu(] ) \1:1" =;(v/q7”6 w,+v,y 6”%)
, P% pP* n'* p® M’n* n®
H“=H,g""+H, —+H, +H, )
M (P-n) (P-n)

M a'a Pa’Pa M [a’Pa] M3 a'__«a
s 5 ﬂ+H6 ﬂ+H7 " 2”+H8 " nft
(P-n) M(P - n) (P-n) (P-n)

22



Phenomenological vertex [ Choi ’04, Frederico ’09 ] [Scadon, PR165,1640]

For () : T% =c,[ g% +2,7° A" +g,4°4" |
Phenomenal vertex: [ =T%. E(p;,p,smy)
correlation —_ ¢
E'(Pz’Pz;m

amplitude: R)=|:pf—m§+i8:||:pj—m,i+i8:|

qp l

i
f” — I.J,

Explicit Diquark and its FFs b

— 4b

Pp -4

ED_”fff — {.'DLPEC_IY#LPQE%D()UD.A)ED — H.C..

Pp—Ip

B’ B
’ q- q / ’
POE(0) = S5 Fla(t)] (0 + p0) — (a7 9" = a°g"” ) Pl (1)
D

g FD;l(t)

23



3.2), Results: a), EMFFs of A

( (1) \ No Direct Measurement (So far)
A q 2 . dAlc . . 1 - ¥ oy
2 *LQCDS TABLE I. The parameters used m our approach.

D (1+) Models M/GeV mg,/GeV mp/GeV mg/GeV g2/GeV™! g3 /GeV 2
99
S 4 1.085 0.4 0.76 1.6 0.703 0.412

A% (g2=0.703, g4=0.412)

- e =T
12 —-—m- mg=ld v me=384 MeV :
mets o mesiovav ] oof Our EMFFs
IZI.H: ----- - mg=18 & m,=353 MeV _ _nsk
= = v.s. LOCD
wp 08F . 5 -1.0F ]
o K, ] _F °
041 “_'_: F i o3 ] -1.5F A e — Me=14 v =384 MeV ] Consistent
nzf it T F } i.-¥ 20k mp=16 o+ Mg=Ai0 Mey ]
[ "“"r--m - L
ool % : 1 cmemem =18 w M, =353 Mey
=L, 1 1 1 1 1 1 1 —-25 PR AT ETErE AP ETETE B AT AN S AT AT S AT AT ST AT
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 gaﬂ +g 7/9/1“
: r¥ = ?
—1[GevE] —[GeVv? 1 +o A AP
A% [gz=0.703, g:=0.412) A7 (g5=0.703, g3=0.412) g3
A5 -——-— mg=14 v =384 MV ] = ]
30r Mn=1E 0 M=t Ma _azl B ________:_-:-_-;_+.—_'—'_'—1—5
25 memem mgElB o m=353 Mal mpE—— ]
= 20 s 03 L ;
. + E E
E 1 5 , I I- ] .EE —ﬂ 4 L .
1.0F [ i v Sl T | mp=id
%*‘*Hil-ii sl ? e
05E " ]
E n -I [ T N I T T T N TN TN T N T T T N TN T T N T T N A 11 |- _ﬂ E -IJ’;'l T T N T T T N T TN T T T T T 1 |--I-I_-I_| Th:_: l‘::I 1 |E
00 02 04 0B 08 10 12 14 0O 02 04 0B OB 10 1.2 4 24



TABLE II. A comparison of our magnetic-dipole moment with other models.

G, (t=

Gr1 (0) A+ A+ A0 A~

This work 6.04 3.02 0.00 ~3.02

NQM [68] 5.56 2.73 —0.09 —2.92

RQM [71] 4.76 2.38 0.00 ~2.38

QCDSR [72-74] 4.39 £ 1.00 2.19 +0.50 0.00 ~2.19 £ 0.50

LCQSR [76] 44+08 22404 0.0 22404

Large N, [77-79] 5.9(4) 2.9(2) ~2.9(2)
¥QMEC[80,81] 6.93 3.47 0.00 ~3.47

QCDQM [82.,83] 5.689 2.778 —0.134 ~3.045 .
CBM [84] 4.52 2.12 ~0.29 ~2.69 Consistent
EMS [87,88] 4.56 2.28 0 ~2.28

#PT [89,90] 5.390 2.383 ~0.625 ~3.632

LQCD [92-94] 491+ 0.61 2.46 +0.31 0.00 ~2.46 +0.31

#CQM[95] 5.82 +0.08 2.63 +0.06 —0.56 + 0.09 ~3.75 £+ 0.08

TABLE III. A comparison of our electric-quadrupole moment with other models.

GEz(t — 0)_ I’EZ(A+) = 0665fm2

— +
G (0) ATt At A Géz =-1.93
This work —3.86 —1.93 0.00 1.93
Oblate deformed
NQM [69] —3.82 —1.91 0
NQM [70] —3.63 —1.79 0 1.79 At
¥PT [91] —3.12+£1.95 A7+ 078 0.47 £0.20 234 +£1.17 GA _0° 727
7QSM [86] ~72.15
QCDSR [75] —0.0452 + 0.0113 —0.0226 + 0.0057 0 0.0226 + 0.0057 Ob].ﬂte

- ~ ; : : GM3 (t = 0)
TABLE IV. A comparison of our magnetic-octupole moment with other model calculations.
Gya(0) ATt At AY
This work —1.12 —0.56 0.00 0.56
GPQCD [85] —11.68 —5.84 0 5.84 PRD105. 096002
s

QCDSR [75]

—0.0925 = 0.0234

—-0.0462 = 0.0117

0

0.0462 = 0.0117




3.2), Results: b), GPDs of A :

o Example : PRC80, 045210

pPo= pl;rp, t=A4A% = (p'—p)*,
n®> = 0, (lightlike four-vector)
& = (n-A)/(n- skewness parameter ,
e = €pA),¢€ e'(p',\') , polarizations ,
Asymmetry in
Longitudinal
direction

FIG. 1. Feynman diagram for the form factor with the photon
coupling to the ¢ particle of mass m . The initial and final hadrons
W carry momentum P and P + g. The £ is a spectator.

given by

Jh=¢ 3" ¢
and find

(P 4+ g|J™0)|P) = F(QH2P* +4¢")

26



3.2), Results: b), GPDs of A :

= 1 dz_ ix(P-z e
V;:;/Z =3j‘ge (P )<P ,ﬂ

o{-Le (e

= _ﬁa'(p ')ﬂ’ r)%a'a(x, 5’ t)ua (p’l)’
Pa'Pa [d'Pa] MZ a’ o M o
2 +H3n—+H4n—’z+H5g—}{
M (P-n) (P-n) (P-n)

77=0,7=0

%aa= Igaa+H2

» ] a' pa [a" pal 3_a'_«a
P—1 +H6P P}{+H7Mn PZ}{+H8Mn n3}{
~ M(P-n) (P-n) (P-n)
@® Advantage o

@ Difference

b.1), 3-D plots for d-quark
unpolarized GPDs of A*
with (=0, or —0.4)

Figure 3: The 3D d quark unpolarized GPDs of A* H; and H, as functions of = and —¢ at £ = 0 and £ = —0.4.



c), GFFs of A

mr=1.6, g;=0.703, g5=0.412 mMg=1.6, go=0.703, g;=0412

1|:|_---| "'-_ 0.30F
'I:IEI:- - EI.EEE‘
: 020
06p [
= b = pasf
L?-El.d:-.;‘ S f
F - 010
r2(4)=0.529 fm* | 005, ™
M — e [ :
o L L L L L L L n'm'—...l...l...l...l...l...l...l.
80 (t = 0) ~1 D0 02 04 0B 0B 10 12 14 o0 02 04 0F 08 10 12 14
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FIG.7. The calculated energy-monopole form factor of the A as a funcoon of —¢ (left panel) and the energy quadrupole (nght panel).
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FIG. 8. The angular-momentum form factor of the A as a function of —¢ (left panel), and the octupole-angular momentum form factor
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(® Focus on spin-3/2 particles (A & Q) and their GPDs,

EMFFs, GFFs, and some other properties;
% GPDs of the systems with spin-3/2 are defined and given.

@ Calculation: framework (Quark-diquark (1*) approach or
quark diquark spectator approach)

® Results: electromagnetic form factors of the example look
okay (at least qualitatively) v

@ Some properties (static) of the systems are obtained (V)

® The calculations and analyses maybe useful for EicC (EIC)...



4.2, Discussions (GFFy)

I. Gravitational form factors of the systems (a system governed
by the strong interaction) are also discussed through the
GPDs and their moments.

II. Understanding the mechanical properties of the systems is

necessary. —
t Gravitational and a Global
_» [energy momentum o
2. : |
- ( density ] density Descrtp‘tton of nuc{eon
mehanical properties :
S
§ . GPDs = Gravitational FFs,
= 10 3
S S § §  shear <|Energy-momentum tensor|>
= 2 | 720 stress , _
5 S 35 _ (Energy density, mass radius,
~ .
§ i T . ma pressure Spln)
= momentum  momentum Distributions
density flux O “pressure”,
Classical Systems i ® “shear force”,
& In continuum « ’
) X “D-term” %

Quantum Systems media theory



4.2, Discussions and questions (GFFY)

D(t) ( ﬁn (r)) — term

Moreover, thereis an

1 dld -~ equilibrium relation

""Shear Force" :s (r)=—

’/‘ —
dM drrdr "

D) petween the pressure and

N 1 12 d .d B () shear force densities
6M r° dr dr
2ds (r) s (r) dp,(r)
von Laue condition is indeed satisfied 5 +2 . g 0

Irzpo(r)dr =0
0

B X But not inequality

po(r)+§s0(r)> 0

[Polyakov Proposed, 1998 ]

Figure 8: The physical quantity 47r’po(r) as a function of r.
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Questions:
0. Numerical results: model-dependent (D > 0 or D < 0)

1. The interpretation of “pressure” and “shear force” in

this quantum few-body system?
Classical Systems

2. EMT and the V, <T”> =0 is sufficient? g s
momentum current density? e SR

-0 -05 00 0.5 1.0
x [fm]
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Figure 9: The momentum current with the unit GeV fm~> on the = — y plane with z = 0.



END ——Thanks for your attention !
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2Kk 1

d*k 1
2PYF 2 :_-,Ef
(@9 =-1¢" | oy [[;p T ie) [kt qP —ml ] [(P kP —n+ ie]]

_ sz d*k 2kT 1 1 1
IR S U o TP TS [P T S S = 2 I
I
If we integrate over the upper half of the com-  for the case 0 < k™ <= PT. Carrying out the integral
plex K~ plane we find a nonzero contribution only leads to

+

ity & [ 2 dk
2PTF(Q)=—— | d'k
(@)= Gny f f (T — k) p_

Next we change variables by defining
k+

Pt

® (12)

1 1
k2+m] (P—k ) +m3 p- (k+q+m? (P—kP+m3

kT PT—k* K PT—k*

50 that

2 1
5 & > dx I 1
F(Q )= 2{27[}3 fd kj[; x(1 —x) prp- — k2+mj . (P—k)24-m3 pPtp- — (k+q)"+m] . (P—KP+m3
x x

l—x |—x



GPDs (generalized parton distributions)

Deep virtual Compton Scattering (DVCS) PRD73, 114013

[Chueng-Ryong Ji ‘06, Diehl ’16 ]

q¢ T 4% q’e’ A
1 1
k2A// \\k+2A n o o
Pl — — P+1A k Ak A g A

Parton correlation function:
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GPDs (generalized parton distributions)

Deep virtual Compton Scattering(DVCS)

PRD73, 114013 [Chueng-Ryong Ji '06, Diehl 16 ]

A GPD factorization formula:

A€, A%, Q%) = DVCS, TCS, meson productions
1 /
> [ dnCilegilog(@/m) Hila, &, A% )
—J-1
H(k,P,A) = (%)4/6542 ik flavor by flavor

x (p(P + 38)13(=32)Tq(32)|p(P — 34))
|_'_l

GPDs may be measured by . .
Deeply virtual Compton scattering The Dirac matrix I" selects the
OR twist and the parton spin degrees

of freedom.

Deeply virtual meson electro-productions
[# — ~#



3-D GPDs Schemes X : give rich information | Diehl °16 |

/ f mm H(k,P,A)
G it

J|':_|!|JI'J'| B tonn correlation funetion '_|.-'|'|:'

T
Hir k Eb) > H(r k EA) GTMD

Y[k

e
Hir £.b) - H(r £ A°) GPD *

[ d*b Y b Ane( A%) (26)°
-

) F.(b) == F (A @
L form fact:




~

Polarized Electron lon Collider in China

{ElcC)



Axial vector form factors of A
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The axial vector form factors of AT as functions of —f in comparison with lattice QCD results [21].
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Parameters: ¢, and c;

1o E G Oez.ea) N Sl TEN  Eeiiee
- — e --E_E;Eﬁtn:liﬂ
05l T

(n] (&) (e

The parameters c, and c, dependence : G, ., .

' =c, [g“ﬂ +c,y” A% + c3A“Aﬂ:|
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“A Lewis-Tolman-like Paradox”

Moving Reference’

VANEY:/ 0 A A0 AL Al AN Al

IF-1 .,jg,_ f'A =(ﬂ7F97F90’0)’ f'B =(090aF90)
r e Total clockwise torque is
— - VF' —x'F', = LF(I-y~)= B’LF 0
¥ = Energy — Momentum — Tensor
(T = energy — density
R1 ~ B T’’ = cx density of(f’)j,j=1,2,3
- . I 1
DL' A -4 T" =—x flux of energy in the j direction
Ky F, o .
. ¥ \T" = flux of (P),, in the j direction

The angular momentum is given by the integrating the mements of the momentum density
- 1 _
I (t) =~ j d’ x M (1, %)
c

M (8, %) = X' T — xT"”
0, M" (1,%) =0

A\

L

The angular momentum conservation requires that the stress-energy tensor is symmetric.
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