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Gravitational form factors(GFFs)

e Energy Momentum Tensor (EMT)

A oL . .
THY _ v - v (Kobzarev & Okun 1962; Pagels 1966;
C En: 8(8M¢n)8 on— gL « nucleon GFFs: polyakov s Schweitzer, 2018)
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Figure 1. (a) A natural but impractical probe of EMT form factors is scattering off gravitons. (b) Hard-exclusive reactions like
deeply virtual Compton scattering (DVCS) provide a realistic way to access EMT form factors through GPDs. Here one of the
relevant tree-level diagrams is shown. (c) Information on the EMT structure of particles not available as targets, such as e.g. 7°,
can also be accessed from studies of generalized distribution amplitudes (GDAs) which are an “analytic continuation” of GPDs

to the crossed channel. The shown reaction v*y — 7°7° (and analog for other hadrons) can be studied in e™e™ collisions.
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Problematic?... anti-collinear

/)
Gravitational form factors(GFFs) .
Breit frame: %
' — |/ A=(p'—p)=(0,A)
P / t = A?
e Energy Momentum Tensor (EMT) /
uv v __uv (Kobzarev & Okun 1962; Pagels 1966;
T Z (9 M¢n O n — gL « nucleon GFFs: polyakov s Schweitzer, 2018)
2 48 . YiuP, t=0
pro grav » ! a — a {ptv}
Tgrav \/fg S gHv <p y S |le(£l?)|p, 3) u [A (t) 9 —$ Mmass ] external
B P ) AP . properties
(a=4q,8) +B%(t) ! {“anp l spin J
e GPDs « GFFs (polynomiality) (Ji, 1996) —I—Da‘(t) AMAV4:ng/WA2 » D-term ;ipotzrer:;”
[dzx H(z,€,t) = A*(t) +£°D°(t) o
[dz x E*(z,&,t) = B(t) — £2D%(t) +m c®(t) g,uu] u P =P “Druck”

(Polyakov, 1999)
Jisum A‘(t) + Bi(t) = 2J9(t)

« Mellin moments (Diehl, 2003; Belitsky, Radyushkin, 2005)

o [EM form factor, PDFs} € GPDs (P+)n+1fdmn/ dzz_w_emp+z_ [Q(—%z) 7+q(%z)] o
Jdz H(2,€,1) = Fi(t) i\ L
R - B PR DRSS | — 0~ (i)
lim H(z,€,1) = f{(z) = (i=) |a-32)7v+a(32)|| _ =a(0)7* (%) q(0)
in -0 ln — 1
probe |N) by jé‘m Tg“;';w

internal forces
(strong interaction etc.)



GFFs of spin-0

Definition

. 1 N
(0" 1T, (0)lp) = |2PuPy A%(0) + 5 (DA, — ) D (8) + 2 m (1) gy | P77 (7)

free Klein-Gordon field D, = — 1

1 1
L =5(0,2)(0"®) = V(@) Vo(P) = Emzq)z (8)
I (x) = (0"®)(0"®@) — gL, (10)
Wh'le Tfrl;lprove - T/];,I;.(lo) + eﬁgprove’
1 (n=-2
v _ U UL 2 —
R i S { ]

(16)

S = [ @2y (50,0)0,9) - V(@) - ke
(17)

D interacting improved — —1 +4h. (2())

i 1
D =—1 D:[mprovez_1+4h - -

T

Polyakov & Schweitzer, 2018

Hudson & Schweitzer, 2017
Collins, 1976

1. cannot arbitrarily add
“total derivatives” to EMT

2. hremoves UV divergences
up to three loops in
dimensional regularization

Similar 4 terms as counterterms
absorb power-counting violating
in ChPT calc for spin1/2,1, 3/2 .

Alharazin, Djukanovic, Gegelia, Polyakov, 2020
Epelbaum, Gegelia, MeiBner, Polyakov, 2021
Alharazin, Epelbaum, Gegelia, MeiBner, BDS, 2023



GFFs of spin-1

(Holstein, 2006; Cosyn, Cotogno, Freese, Lorcé, 2019; Cosyn,
e Definition: Freese, Pire, 2019; Polyakov, BDS, 2019)
W VT2 @) = [2PP (~¢* ey + S 43(0)
+2[Pu(efe-P+e, € -P)+Pye;e-P+e, - P)| J2)
(B8 — g d?) (e eD50) + T D)
+ [%(EMEL* + 6&*6,,)A2 — (A, + €Ay )e- P
+ (€uly + €sA,) €% - P —4g,, € - Pe- P] E(t)

6/*

g gm0

+ 9uv (6’* cem®c3(t) + €* - Pe- Pé‘f(t))] ot —p)z

6 conserving

3 non-conservin ’ ’
9 + (euey + €, €, —

e Mmultipole expansion: (Polyakov, BDS, 2019)
(T2°(0)) = 2m>EG (1) 6o + Q ATALE(1)
(T (0)) = ie/* Sk, , Al m T°(1)
(F3(0) = 5 (A1 AT — 59 K2)D§ (1) 3.
n (AjAkQ"ik n AiAijk _ A2Qz’j . 5ijAkAlel) Da(t)
1 T AJ 7 N2 kK AlLAKL a
+ 55 (AN — §TAT)ARAIQH D3 (1)

+ non-conserving terms

% gravitational multipole form factors

£a(t) = Aa(t) -
£8(t) =
Tot) = Jo(t)
> D(t) = —D()
D§(t) = —E*(t)
DI(t) = 5

4

t
4Am?

4
+ —E*t)+ -

t

3

5

e Spin operators, etc. ...
S = V/S(S+1) 821,

QY = [SSJ + 878" — §S(S + 1)5i3’]

1
2
ﬁ'éa
e'(p,0) = ( =

A

?60'

D €s

m(m+ E

—

)P

379 d0(t) + -
—AL(t) +2J%(t) — E*(t) + - --

[J“(t) _ E“(t)]+---

- [2D8(t) _2EY(t) + Df(t)] 4o

) (forS=1)



| Rarita- Schwinger spinor: i

GFFs of spin-3/2 uﬂ—zc , (D

Gluonic GFFs by MIT lattice group
Pefkou, Hackett, Shanahan, 2022

e Definition: (Cotogno, Lorcé, Lowdon, Morales, 2020; Kim, BDS, 2020) % gravitational multipole form factors

. . A [PHPY . Ay Ag . . . t 5
(E2(0) = a 6) | T (waFio(®) - S Fia) E5(1) = Fio(t) + Fio(t) — Ly Fiolt) +--
(ARAY — g A?) a AaAg £ L pa Lpa iy4...
+ im GoraF3o(t) — Wle(t) 2(t) = . 6 Tolt) - . 6 ra(t)+
A A, “(4) = ZF%,(t) — ~F(t) +
+ mgh” (ga'aF:?,o(t) 2m2 F3 1( )) 1 ( ) 3 4’0( ) 3 6’0( )
1
 (Prov 4+ Por)A AuA J3“<t>=——[on(t>+le<t)] SN0
4 ST P f’(ga/an()(t)—“—;le(t)) oL i
7 conserving | ) (spin) Dg(t) = F3o(t) — F5 o(t) +
3 non-conserving — —(AFgL, Ay + AVgE AL + AP GEA L + AV gRA
” DS (1) = 5 Féol)
— 29" Ao Aoy — ghiguA® — gl gh AP FS o (2) S R
1 1

+ (g g + gZ/gZ)Fé‘,o(t)] u®(p,0) D5(t) = = Fao(t) — g F2a(t) + -

(Cotogno, Lorcé, Lowdon, Morales, 2020)

e multipole expansion: (kim, BDS, 2020 e octupole operator:

(1) = 2mB g5 0600+ (L1) QM ¥Ee50)

- 3
a =t . A /—t
(T3'(0)) = 2mE | = —ie™ Y]S5, T (t) + (—m ) ey Okt g8 (t )] S

Ok =2 |§155F 1+ F5GH 4§55

LSS 1 SR 1 §RGiY

a

i 6S(S+1)—2 ... A A
- -1 ) . ( + ) (5ljsk+5zksj +(5kJS7’)
(E(0) = 2mE | 1 (AT 4 598%) D5 ()3 ;
) 7 2 kAl
+ 7 @ora (AN + 87 AT ARAIDS (1) o n-rank irreducible tensors:
1 ik ATAk 1L DI AIAE L DT A2 iiOk AFA a i160...1 (_1)n n i1 91 in 1
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+ non-conserving terms]



% radii: (energy, spin, mechanical)
1 dF,

Interpretation: Static EMT

(k) = Ef @r o () dS, unp> ’
o Definition (polyakov, 2003) (r2) = fﬁ;’:;iﬁ? /" (n =0)
T (r,0’,0) ZT“V(T a' o) o fd3;“r2 [ n( )+ 25,(r)]
- Z/ e AT T O)lpio) J&r lnfe) 30
% energy deform by spin: (Kim, BDS, 2020)

g _ 2
energy(mass) densities 9y = 15 Q0 [ dr rex(r)

TO(r,0',0) = €0(r)ds16 + 2(r) QY Y3 (Q,)

(a0l

% generalized D-terms: (Panteleeva, Polyakov, 2020)

D,, = mfd3rr2pn(fr) = —14—5mfd3’l“’l° Sn( )

spin density

Ji(r, o', 0) ZJ’& (r,0',0) = €kyi ZTOk (r,0',0) (Kim, BDS, 2020).

Do = Dy(0) (< 0 for stability!)

2 0
Dy = Dy (0) + W/ dt Ds(t)

— 00

d [ &PA _A. r )

ps(r)= T 2n)? )3 (averaged)

(Kim, BDS, 2020)

5 0
Dy = ——/ dt Ds(t)

m?2

pressure and shear forces: (“mechanical properties”)

g g . 1 1 Ny
T (r,o',0) = po(r)67d5re + s0(r) Yy 6o + (pz(r) + §P3(T’) — 533("“)) Qoo
1 1 . o . A
()~ os(r) + §or) ) 2[QF, 180 + Q7 - 9@ ypr] oo eos o
2 6 Panteleeva, Polyakov, 2020)

+ Q217 | (50 + 52a0) 87 + (a0 + 50 7|



p(r) and s(r), normal/tangential force, stability conditions

force acting on the area element dS = dS, €, + dS,¢e, + dS ¢,

dF, 2 2 2
Gor = e (o) + 550(r)) + Q5 (m2(r) 4 5520) +1a(r) + 530)) . > normal oo
F A 2 F, A 2 :
=m0+ 3a0), G2 =08, () + 20a), > tansenialfoce
3 —
stability condition (von Laue 1911): [d°rpn(r) =0 equilibrium relation (9,7 = 0).
2dsn(r) N 2sn(r) dp,, (r) _0
local stability condition : dF, 2 3 dr r dr
| | | = po(r) + 380(r)= 0
(unpolarized / spherically symmetric hadron) dS,,. unp 3 ¢
(Polyakov & Schweitzer, 2018) l [drVs, (r) = _3(N +1) [ drrNp,(r)
A 2(N —2)
D-termwnp;: Dy = mfd3r rzpo(r) mfd3rr So(r)< 0 (for N > —1)
15 (Goeke, et al, 2007)

diSperSion relations (Polyakov 2003; Teryaev, 2005; Anikin, Teryaev , 2007; Diehl, lvanov, 2007)

! 1 1
HED = [ dole——— ) H@6D

ReH (£, 1) = <>+1pv/1d§ (€, t)( Lo )

§-¢ &+¢

E e2Dq (t) + E e2dq
(Gegenbauer polynomials)
3




p(r)and s(r): spin 1, 3/2

. : 2d d
e equilibrium relation: 2 dsn(r) + 28”(r) + Pnlr) _ 0 472 plf™(r) [GeV/fm]
dr r dr 0.10¢
e solution in general (Polyakov & Schweitzer, 2018): 0.05}
1 o= 1 1d ,d = ;
r) = —0%D,(r) = r?—D,(r), 0-00¢ _
Pn(r) 6m n(r) 6m r2dr dr n(r) : '
1 d1d « ~0.05
Sn(r) =——r———D,(7), :
n(r) 4m drrdr n(r) ;
~0.10!
r [fm]
e solution for spin 1, 3/2, (BDS, Dong, 2020; Kim, BDS, 2020) for » meson in a quark model
. BA A (BDS, Dong, 2020)
Bo(r) = / e AT Dol
~ d3A _iA_,’. ]. d d 2 d d3A —iA-'r
200 [ s 200 s (G~ i) [ G0
. 2 (dd 3d BA Ay |
= | == _ = e lid forJ >27?
Ds(r) m? (dr dr rdr) / (27r)3e Dalt) Ty e
e inverse to get D, (1) < generalized D-terms (Kim, BDS, 2020)
Do(t) = 6m/d3r jO(T;/jt)po(’l’), [ Dy = Dy(0) (< 0 for stability of unp hadron!)
. 2 [°
Dy(t) = 2m/d3r ‘72(Ttﬂ (232(r) _ %P3(7’) n 283(7')) | > Dy = D5(0) + 2 /_oo dt D3 (t)
0
u(rv/—=t) (1 5 __ 0
Ds(t) = 4m3/d3r74(’"t# (§p3(r) n 653(7-)) L Dy=——j3 /_oo dt Ds(t)




GFFs/densities in Free theory / Quark model / ChPT
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(Holstein, 2006; Polyakov, BDS, 2019)

FRE E Massive VeCtOr part|C|e Table II: The free theory values of the total EMT FFs.

e Proca Lagrangian + a non-minimal term (?): EMT FFs |E(t) E(t) T(t) Do(t) Da(t) Da(t)

1 , 1
Sgrav = [ d*a+/~ (—— Fy F* +2m2A AR + hRA A“’) —%®  freetheory] 1 0 1 L—4n -1 0

e conformal transformation: (carroll, 2004: Dabrowski, 2009) J: °I° a" GFFs are r-independent: free of lnteraCtlon

~ 02 ~ -1 . 1

gu () = V(2)gp(2), M =Q""m, #Dp=—1——7: week interaction matters

A, =A4,, AF =gt" A, = Q_zA“,

~ % Diarmion =0~ #0: interaction:

UI*LV — Uuy — VIJIAV - VVA/,L
9 1

D, <0 h> IR seems NOT allowed ...

e choices of §: conformal invariance (CI) (or not) Pagels, 1966; Novikov, Shifman, 1980; Hudson,Schweitzer, 2017;

1 Polyak Schweitzer, 2018, etc.
grav B fd4x\/_( B ZF'U,I/FMV N ;mzA A“) . olyakov & Schweitzer etc
1 1 1
Serav = = [d*z\/— ( — ZF/WFW + 2m2A AP + hRA2) , (not CI for h #0) — Ricciscalar term breaks ClI !
1
— 4 = [ viZ 242
grav = [d z\/— ( A,0A, A“V VYA, + 5™ Au) , (not CI) (with O = gV, 7.
grav = [d*z\/— ( A,0A, — —A VHVY A, + 2m2A2 — 1RM,,A“A”) (CI and give same Dy as Sgrav )

e Riemann tensor R Weyl tensor C

wpo Lwpor E1C., but NO suitable mass-dim-4 terms:

11



p meson GFFs by a LC quark model

deuteron GPDs: (Berger, Cano, Diehl, Pire, 2001)
sum rules: (Cosyn, Freese, Pire, 2019.

D,=-021<0 2
1.0f
I \
o8 AN o Ao(t), This work
AN
06[ i\ % — Ao(t), Fitting
0 4:, (t), Freese
f (t), Abidin
0.2}
ool v s T —O
0 2 4 6 8 10
—t (GeV?)
1'0; \ o Do(t), This work
0.8f — Do(t), Fitting
: \‘ ----- Do(t), Freese
0.6f N 0
04 e
0.2
0.0 ——e—o—o—0o o
0 2 4 6 8 10
—t (GeV?)

etc.)

14r

0.8
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0.4/
0.2
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3.5
3.0F
2.5¢

1.2}
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AdS/QCD [30]
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NJL [31], Light Cone
this work, Briet frame
this work, Light Cone

\/<T2>mass \/<T2>elec. Omass Qelec.
0.46 0.73
0.45 0.67 —0.0224 —0.0200
0.32 0.45
0.53 0.72 —0.0322 —0.0212
0.41

(Abidin et al, 2008; Freese et al, 2019; BDS, Dong, 2019)

O -A4(t), This work
— —Aq(t), Fitting
————— -Aq(t), Freese

2.0¢
15]
1.0
0.5¢
0.0f

1
1
1
1
\
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1.0
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08F %
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0.2

Y o J(t), This work

N — J(t), Fitting
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03}
02}

01L
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____________ J(t), Abidin
-t (GeV?)
\
\
\
\\
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\
A Y
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-t (GeV?)



p meson densities by a quark model

(energy/mass)

T9(r) [GeV /fm?]

(spin)

JOO(r) [fm~]
141
120
10
0.8/
0.6
0.4]
0.2

I S T

| I

IR S w—

0.0

00 02

Tii(r) (GeV/fm?)
0.10;

I
-

04 06 08 10 12 14

r [fm]

0.05 * S(zao)(r)

=<

0.00f="——

~0.05}

—0.10t
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(BDS, Dong, 2017, 2020)

(pressure py(r))

4712 p(r) [GeV/fm]
0.10(

0.05}

0.00f——
- 02 04 12 1.4

-0.05}

-0.10t
r [fm]

Ti(r) (GeV/fm?)

0.20;
0.15} pY(r)
[ (d0)
[ S r
0.10F o "
005? ,,/ \\\\\\\
: e =
000 \x n n 1 n n n 1 ya n n 1 n n 1 n n n 1 n )
S~ 02 o4 06 08——+0
005 777
010t
r [fm]
dF, 2
g = po(r) + gso(r)z 0
T lunp



A in quark-diquark mode| Fu, BDS, Dong, 2201.08059

3.5 3 o.6——mm—————r——————————————— _
3.0 ] [
oot F5o(t)
2. |
° 0.4} F2,()
2.0 |
0.3t
15 :
0.2F
1.0 :
0.5 0.1F
0.0 0.0f

0.15}
0.10}

0.05}

0.0f ] 0.00}

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

~{[GeV?] ~t[GeV?]

Figure 6: Calculated GFFs of F{) 1 50 91 40,4150 8 functions of —t for A.
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A in quark-diquark mode| Fu, BDS, Dong, 2201.08059

mR=1.6, gz=0.703, g3=0412 mR=1 .6, gz=0.703, g3=0412
7 0.30F ' ) ' ' ' '

0.25¢
0.20f-

0.15¢

£5(t)
&)

0.10f
0.05F

0.00¢ ]
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14

~t[GeV?] -t[GeV?]

Figure 7: The calculated energy monopole form factor of the A as a function of —t (left panel) and the energy
quadrupole (right panel). The dashed, dashed-dotted and solid curves stand for the contributions from quark, diquark
and their sum.

mg=1.6, g,=0.703, g3=0.412 mg=1.6, gz=0.703, g3=0412
- 0.06 ' ' ' ' ' '

0.05F
0.04f
0.03f .

T (1)

0.02f
0.01F

0.00F

Figure 8: The angular momentum form factor of the A as a function of —t (left panel), and the octupole angular
momentum form factor (the right panel). The solid, dashed and dashed-dotted curves represent the total result, and
the contributions of quark and diquark,respectively.
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£(r) [GeV fm™]

Ad

ensities by SU(2

(energy/mass)

200 N, 0 LO
o S U — NLO (Nucleon)
£ 151 —— NLO (A)
> [
o 1.0f
S 0.5[

0.0¢

0.00;
-0.02;
-0.04;
—0.065—

-0.08}

-0.10!
0.0

r [fm]

(r%) = 0.54fm? (LO)

(r%) = 0.57fm? (NLO, Nucleon)
(r%) = 0.64 fm? (NLO, A)

QY, = —0.0181 Q% _GeV - fm?

so(r) [GeV fm™]

Po(r) [GeV fm™]
o
N

o

0.5

©
»

0.20;

©
w
T

0.15}

0.10}

) Skyrme model «im, sos, 2020

(pressure & shear forces: “mechanical”)

?‘\
2.,. \‘ ----- LO
.\‘\\ ........ NLO (Nucleon)
“‘ \
“\‘ — N LO (A)
N
““
R\

..... LO
PAginlS
Y NLO (Nucleon)
4 RONEN
Y R4 », N
ya AN NLO (A)

1) ’0.\
"l *,
o

(r2)mech = 0.61 fm? (LO)

(T2 mech = 0.63 fm* (NLO, Nucleon)
(72)mech = 0.85fm? (NLO, A)

(72) mech = 0.33 fm

pu(r)IS [fm™]

o
o

o
>

— Nucleon, A

o
(X

o
()

(r2)n.a = 0.92 fm?

D& = —3.53 < 0 (stable!) /

DY = -3.63
DQ =0
D3 = —0.50



A GFFs/GMFFs by SU(2) Skyrme model «in eos, 2020

1
10— . L e A _
L I L
0.8 — A : 0.8} — A
I 1 I
= 0.6} ' _ 0.6f
! ' > |
p [ 1 S I
0.4 ' © 0.4
L 1 L
0.2} : 0.2}
L I L
' ool
: 0.0 0.2 0.4 0.6 0.8 1.0
+ I —t [GeV?]
1
1
1
1
1
1
1
1
1 —_
I =
1 W
1
1
1
1
1
1

larg-N_ behaviors: & (t) ~ O(ND),  &(t) ~O(ND),  Jo(t) ~O(ND),  TJs(t) ~ O(N?),
(GMFFs) Dy(t) ~ O(NZ), Da(t) ~ O(N), Ds(t) ~O(N?)

C
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A GFFs in chiral perturbation theory (ChPT)

Alharazin, Epelbaum, Gegelia, Meissner, Sun, EPJC.82.907
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A GFFs in chiral perturbation theory (ChPT)

A fields (Rarita-Schwinger)

(8 §>\ o
One way:: u*(p, A) = Zcfp,%ae (p, p)u(p, o)
p,o
The other: V() Z/ p 2 [b(B,5a) uu (B sa) e + dF (5, 50) v, (B 5a) €]
1 1 1 T
\:[11:_ A++——AO,—A+—A_] ,
V2 [ V3 V3 .
v _ L [A++ L Lao LA+ +A—]T
V2 V3 V3 o

2 T
=3 ]

19



A in chiral perturbation theory (ChPT)

Building blocks:

DU

v, ¥

RS

0,U —ir, U +iUl,

g g i () . g o g . N
VI, = [(swau + 69T, — 167y — i€ 7P T (7T,,) + 59 ]w“baab] U —T% Wi,

ViIwi =) [5’98“ — YT, + i6Yv(®) +ie*Tr (7FT,) — idww“baab] +WiTe,

I

S witoawl + (Du — () ¥,

0uY — 5 Woawi’ — ¥ (T, — i) ,

0, ¥ +

= i [u'0,u —udyut —i(ulv,u — wo,ul)]

= 2By(s +1ip),
% [u'dyu + udu’ —i(ulvu +uv,ul)] ef is vielbein gravitational fields:
g6 (Bl — ebT7,) e Ny = Gy bl = g,
%gm (8eg50 + D39as — Do gas) elebgh =, elel g, = M.
0uT0, — 8,16, + 0.2, — T4, ),
g* VR/\,LAV-
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Actions

_ /44,,,,-\/—{ g"* Tr(D,U(D,U)') +

— /d4:1:\/ {\Ilz'y“v U —mU¥ + 7\11'7 75u“\11}

+ iUy AR +ma¥, T, +

3t

+ g_g‘i’zua’Y“’YaWs’Y”‘I’z

2

/d4m /_[g;u/ \IJ?' Z,Yav \Ijz — mA g#«l/\pz \Ijz

g1

29

MY uay s U, + L

— —/d‘la:\/—g grNA ‘i/u,i (" —v"*7") u: ¥ + H.c.

B / d*zy/—g a1 U}, 0% (2) (x+) 9ap©”" (') ¥},

where:

Yy = €7,

2

F2
TTr(xUT + UXT)} :

2

- . A4 . = o )
(\I!Lzﬂy“v,\\llf, + \I!f\zﬂy“va‘llz)

! (uy” 4+ uyH) v 0,



Actions

Sy = / d*z\/—g [th g*P UL Uy + hoR Wy yP U +z’h3R( A 7ﬂv U — gP VAN \11)
+ haR™ W' W, + 2ihs R* g*P ! ’y#V U} + ihe R* g*” (qf Wv Ul — »y,N \11)
— . — . — . — .
+ th7 R (%7“%‘1’2 — ‘I’Zvavu‘l’fx) + hg R (v v, ¥, + W}y, 7 T, )
+ thgRHY <\Il“y y ’tu \Ifz g oYY ’y“V,,\I"fg) +z'h10R“”aﬁ\IfgaW\I'g
— . — . — . — .
+ i[hll R*B 4 Ry Ruowﬁ] (‘IIZ’YMVV‘I’% — };’yﬂvy\llfx) + hi3 R*OVB Y ’)’#’)’V‘I’z

. — .
+ 1 [h14 RHveP 4 his R,uaz/ﬁ] (\I’z Y 'y,/y,,V \Ifz Z-}’YV'YM'YKVQ\I’Z;)] 3

Ty (g9,v)

5ea,u v 560,1/ eN

2 §5n 1768 , 65
e Tu(9,%) = ! e, +
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EMTs in ChPT

v - % {000 + I B0+ U | 4+ e

ts 9 9A = N (& . o 5 L 9A F o
§\IlfyﬂD,,\Il+ I\I/’y“'ysu,,lll— o Uiy DoV — mUW + ?\Ilfy Ysua ¥ | + (u < v)

_ . “ . _ . “ . _ . “ . — .. 7 —. “ .
—‘IIL DoV, + Ve, iv* DY, + \IIL iv*D, V!, + mA\IJL\IIf, —3 Ve, YuD, ¥
V=i D gia  dia. 5 @i @i T B i tn BT T T 0B Th i
g (Yu Do W + Wy, Do W), = W), 7,7 s Do W7 = Wy " D ¥ — Wy "y 7 Dp¥,
APSYETRS i,8 mAa (= Ty =i i
Za |:\II (’Yun)\[anﬁ]u +77/\p,771/[a7ﬁ] +77uu77>\[,3’)’a])\p :| - T (\IJM, YWY \I;a +\IJa7 ’YV\IJM)

_ 9
4

[} uar Y157 g + Thuay’ v 157, ),

% [2\TlZua'ya'ys\Ilf, + U,y y5 0 |

g3
4

_ . . _ . <~ . _ . . _ . <~ . _ . <~ .
w15y U] + 7’2ﬂ [xpg iy’ DpU'™ — mp UL, U — ULiy* DU — Uiy D, U}

[2\TlfLuV'ya’y5\Ilﬁl + 22U 4,y % ys \IIL

U0y, Y5 ), + Uy uar 15 27] —

TP o oo A ari =i o Bqi , 91 Ti o qif , 92 zia i
WYYy Do +ma¥e ™y U + 5 Wpuay s U + 0™ (uas + usva) 150
93 1. o i

5 Yaligy 7‘3757“1&] +(kev),

1

S nNa T [Poug' W + Wud Uy, — Uy y upl — Uy up W] — gava (P,u, ¥ + Vu, V)
1 . ) . ) _ ) ) _ ..
§gquA [\IIL'y,/yo‘u;\I' + o v vuuy, ¥ + Uy yu, V), + \Il'y“’yauf,\ll;‘x] + (n & v),
ai

T, 7 2 T, o 7 Tl 1 T, e
= a1 ¥, (x1) ¥, + sa1 (T30 (x4) Yo + Yo (x+) 9,) — M (W2, (x+) ¥

2
2 ULy () Uh) + (1 e v),
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— .. h _ .. _ ..
TR, = hy (0,020 —8,8,) T, T + 74 (020 (T8 0%) + 1, 0%0° (U7
Y Y — . <~ . — . <~ . By — . <~ .
— 09, (Tu)) | +ihs [8 ) (w;wuwm) + 070" (wmmz“) -89, (%me\P“’)]
h _ . — . _ — . _ . —
+ - o la*a (xpmyﬂDa\p; - \I!,/yHDa\I'“"> + 1,0 0° (\I’“"fyﬁDa\I!" Uiy D, \I,m>
A — . — . — . — . — . . — . .
— 89, (\I’m')’(ADa\I’f,) - \I"zl,vA)Da\I'm)] +ihig 8°9° (Ui0p, 0!, — Ui op, UL)
Zhll

+ = 0" [xpwﬂD Ui, — Uiy, Dy, + Uy, Dyl — Uiys D, Wi — Uy D, Wi + Uiy, DU

— Uiy, DpW, + FinsD, \I’z] i Zhjanaﬂ [‘Iﬂ 5D W, — Uiy, D Wi, + Wiy, D, W — Wiy D, Wl

- \IﬂfygD Ui 4 'y,,D vl — 0 7,,1) U+ 0 yﬂD \If] ;36“6’3 (M 5T — Wy, vy, T,

T ')/g'y,,\IlZ + 0! ’Yﬁ’)’nqﬂ'] (pev).

=’=i=;=z ; = Fo— == = §== ,§~\
\ / \ /

\ / / \
\§’/ \__/ \_’/ =l - !=
a b c) d)
/ \ / \ /// \\
S S S =‘_)_¢
e) f) 9) h)
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GFFs at Tree order

¢ t (2hsma + 2h10 — h13)  (—2he + 2h11 + hi2) t?

Fiotrec(t) = 1 — —5 — :
1,0,t ee( ) mQA + ma 2m2A
Fl,l,tree(t) = —4 —4mp (hlzmA — 2hq1o + h13) -+ (4h6 — 2 (2h11 -+ h12)) t
F5 0 tree(t) = —2—-4 (2h1 — 2hq1o + h13) ma + (2h6 — 2h11 — h12) t,
2,1,tree(t) — O,
3 t hio  his hi2 (—2he + 2h11 + hi2) t°
ree(t) = t| — — hs — hg + h — ] —
Frowee(t) = 3 oma (mA oma 0T 4m2
Fy1tree(t) = —2 —2ma (hi2ma — 2hio + hi3) + (2he — 2h11 — hi2)t
1 1 1
F5.0tree(t) = ) + 5 (ha +4h1o — h13) ma + 1 (2he — 2h11 — h12)t
2 2
h’’s also provide/contains Shy = Ohiamy (1575 grna + 172 g7) my
, 2 20736072 F2 ’
counter terms (64;’s) under m (45 g2 o x + 2336 g2)
N s
EOMS scheme: 0hy = —20h1o — dhiamy — 5181&2},2 =,
She — ~Ohip  11(135g7ya + 124 g7)
2 20736072 F2 ’
(9972”\,A + 4909%) mny

Shis = 26hio — Ok
13 to = Ofzma 1036872 F2
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GFFs at One-Loop order (r = 0)

Fl,O,loop(O) = 0,
5gsz 3mM — 496
Fl,l,loop(o) = ——= 6i87T2F2 )
+ JunamN _535% + 245 (M? — 6) In - 4 24ims>\/8% — M2 — 12inM>+/6% — M?
14472 F? (M? — 52) mpy

/82 — 2
+ 12 (M?* —26%) Ve _em Tt ‘jsw M —|—535M2>+(9(e2),

_ gimn (257 M — 10680)

F2,0,100p (0) —

216072 F2
02 amuy (206 +485Tn M. — d8im/87 — M2+ 48Y/6% — M2 In SWEIT)
" 28872 F2 +0(e),
gy, e fi 1 (n (1) )
Fo1100o(0) = ——IJ1N |
21100 (0) 54mF? M i 15m2F2 (M2 — §2) + O(€”)
F4,0,100p(0) — 07
5g2NAm]2V 2359%m12\,
Fi1100n(0) = s ,
4,1,lo0p(0) e 32 T grograps T O6)
2
_ gimn(150m M — 33230)
F5.0100p(0) = 2592072 F2
g2 NATN (5(5 + 20 1n Tf:”—N — 2imV62 — M2 + 2382 — M21n 5+\/<W) 2
" 0672 F2 + O(e?).
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Slopes of the GFFs F;;(t) = F;;(0)+ sg, ;t+O(t%)

Fio

SFs.0

SF 1

SFy0

SFs

SF50 —

_ 97(85 — 2557 M)

1036872 F?m
gﬂ;erA 255(52 _ M2) + 246 (52 _ MZ) In ﬁ _ 12’iﬂ‘(252 . M2) 52 — M2
5767T2F2mN (M2 —_ 52) my
NV VP

12 (M? — 26%) /62 Ve s ‘]Sw M ) + O(?),

gimn gZNAMN (53 + M? (=6 +inV/62 — M?) — M2y/62 — M2 1In 6+\/<§\24—M2) "
1327F20 120m2F2 (M? — 62)? +0(e),

2 S+/62—M?

e

1087 F2 M 602 EF2/52 — M2 ;
GENATY (—53 + M? (5 — zw\/W) + M2/82 — MZ?In H\/W) gl o

14072 F2M? (M? — §%)° 504nF203 | )

9Zna (16352 — 96 (M? — 6?) In 2L — 96im6+/02 — M2 + 966+/6% — M? In SV =02 163M2)
460872 F2 (M2 — §2)

e (877 —150In mMN)
2592072 F2 +0(e),
0+ O(E_l) ,
gimy JaNATN (ln PG - z'7r)

+O(€).

3456w F? M + 96072 F2+/862 — M2
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One-Loop contributions to GFFs
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EM &« EMT densities
In local wave packet / in 2D

for charge, magnetic, mass, spin, internal forces
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Slri~1pl

Belitsky, Radyushkin, 2005.

1,0|r| < Ry

2,0|r| < 1/|A] - 1/Ry<|A| K |p| <My
3,0|r| > 1/M, O|r| ~1/|p|)

" ), 2n)°
In Iimit: |¥(»)|" = 5 MN5 )

F(A) = f d*re A7 p(r)

d3 .
=f(2n1))3‘1’*(p—%A)5”(p+%A)(p—%AIJ'O(O)IP'F%A) —> 2MyF(A) = (—5Aljo(0)[5A)

0GE(—A?)
0A2

Breit frame: — R,Zv = (rz)E s /d3rr2p(r) = —6

pl:(E’ %A)’ p2=(E’_%A)

hydrogen atom: Raiom Maom ~ Matom/(Medem) ~ 10°

—_ 2P = + = (2E,0

Pi (pl p2) ( ) But: nucleon: MyRy ~ 4
A=(py—p)= (0,A)

Py )
r=A
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Hudson, Schweitzer, 2017 PHYSICAL REVIEW D 96, 114013 (2017)

TABLE I. Masses, radii, and the sizes of relativistic corrections
Or as defined in Eq. (53) for various spin-0 mesons and nuclei.
The proton, deuteron, and °Li are included for comparison.
Masses and mean charge radii of mesons and protons are from
[60] except for the radii of # taken from the estimate [61] and 7,
taken from the lattice calculation [62]. Nuclear masses are from
[63] and nuclear mean charge radii from [64]. The smaller 6, is,
the safer it is to apply the 3D-density interpretation of form

factors.

Particle J* Mass (GeV) Size (fm) Orel
Pion 0~ 0.14 0.67 2.2

Kaon 0~ 0.49 0.56 2.5%x 107!
;-meson 0~ 0.55 0.68 1.4 x 107!
n.-meson 0~ 2.98 0.26 3.8 x 1072
Proton %JF 0.94 0.89 2.8 x 1072
Deuteron 1t 1.88 2.14 1.2 x 1073
Li 1* 5.60 2.59 93 x 107
‘He o+ 3.73 1.68 5.0x 10~
e 0" 11.2 2.47 2.6 x 107
20Ne 0+ 18.6 3.01 6.2 x 107°
329 o+ 29.8 3.26 2.1 x107°
SOFe ot 52.1 3.74 5.1 x 1077
132 ¢ ot 123 4.79 5.6 x 1078
208pp, o+ 194 5.50 1.7 x 1078
244py o+ 227 5.89 1.1 x 1078

Criticisms on Breit frame: Burkardt, 2000.Miller, 2007 . Jaffe 2021. etc..
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022

. Panteleeva, Epelbaum, Gegelia, Meildner, 2022
Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

Heisenberg-picture: D, X, s Ye P X|p s), (2)

_ d°p
> _ / \/W ¢(S7p

Normalization in ZAMF: / Eplo(s,p)? = 1. (3)

zero average momentum frame

Spherically Sym & Dimensionless: o(p) = R¥? ¢(Rp), (4)
/ _ N daq
EM parameterization:  (Pr 8/ Julpiss) = =i%(ps.s') | 2 (95 FY0(a®) — Sy FYA ()
(Spin-3/2) :
i ﬁaupqp (gaﬁFg,/o(f) N Zigg F2‘,/1(q2))“ u®(pi, s) (5)

= T p Vo2 adB v ;2
= —/ (27‘(‘)3 /4EE,'U (P+ 5,0/) E (gaﬁFl,O(q )_ 212 F1,1(CI ))
v daq . q q\ . a\ .
+ gt (905F30() = 52 Fle(qz))w“ <P—§’U)¢(P‘§>¢ (“5)6 ar(8)

“Naive” Breit Frame is problematic:

P=Q/R, R— 0 Onlylarge P region contributes:
firstm - cothenR - 0
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Charge and MagnetiC denSitieS Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

Using multipole expansion:

0./ d’q —ig-r 1 2 2 2\ ~kal 2 qﬁqi Akl
Jg(s',8,1) = (27)3 € Ar d*i§ Zo(—q1) dsrs + | Z21(—q1) 20" + Z2(—q1) s's (11)

m2
= p§ (1) 6ws+ 05 (r) Yo" (Q) QY (12)
Monopole Quadrupole
AN (27m)3 47r m
I ¢ 47\ .
+ (Ag(—qi) ' n® + As(—q1) ;L;) ntalen
2\ ataz 2 qiqi itn skl kaly | CL Aktz 13
+ | Aa(—q1)n'n* + As(—q7) 2 )€ (5 —n n) EOS/S (13)
cikn &k 1 d ke Aktzvntz T (1 d ’ M
= iYLt () il T (1) gt ), (14)
Dipole Octupole
“Naive” Breit Frame:
. d3q o q? ¢
]gaive(‘S/?S?r) - / (27T)36 4 { [Fl‘,/o (_q2> + wFl 1 ( 2) 55 S Flvl (_q2) leg’ZS )

) d3 iq-r; _tkn " A A
]rzlaive(slvsvr) — / (275)[36 ATie * ?C;l_m{ [FQ‘,/O (_q2) + #FXI (_q2>] Sf’s T FQ‘,/I ( ) 2m2 } (19)



Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

EMT densities Freese, Miller, 2022
Panteleeva, Epelbaum, Gegelia, Meildner, 2022

ty (r)

y (®,X,s'|TH (x,0)|®, X, s)

d>P d3q q
— _ u’ (P+— ’)
u O

/(27T)3\/4EE7’ 2

2 .
qudv — Nuvq qaq i (Puovp + Puoy,) ¢° qaq
g e T (o) - 2D () ST RO (g2) - B0 ()

P,P,

4m 2m 2 m 2m>?
1
= (9v8%uda + 9uptvda + 9raluds + Jualvls — 29uvdads
« q q q —iq-r
— GuB9val” — GuBIuad’) F50(q*) |u (P - 5,0) ¢<P — §)¢* (P + 5)6 ar, (21)
Using multipole expansion:
00 d*q / 2 2 2\ skl oy dL T An
t¢ (3/,371') — N¢’R/ (27T)3 e_zq-r/d fL 80(QJ_) 58’8 ‘|‘ lgl(qJ‘) 7/;L 7/’}/ +52(QJ_) m2 ] QS/S 3 (228;)
0i (! — iN d3q —iq-r A2 Col(a? kin A1~ C+ (g2 iln 5krl o akal ﬁ ka:
ty (s',8,1) = iNg R 5 € n S [Colgl) € n'n + Ci(q7) €' ( R n')] o
(2m) m
+ C ( )AtA g ( )qiqj_ kin sl
2(q])n'n 3(q1 - e'nn
2\ ataz 2\ G140 i kl skl ﬁ Aktz
+ (Csa(qi)n'n® +Cs5(q7)s 5 )€ (6 nn') - 02 p, (22b)
tzg(s’,s,r) = tfbj,o(sl,s,r) —i—tfbj,Q(s’,s,r), (22¢)
~ IR . ~ K Nor = %/OO dQ Q*|¢(1Q))I,
motion of system internal pressure & shear forces 2]% .
(needs higher order contributions) No.r2 = m2 /ﬂ dQ Qlo(1QNI.
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Pressure and Shear Forces

Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

1 d1l1d

Tij — D _ = H? - _ -
i,(s',s,r) —b  Polr) = To(r) = o 50%wo(r), so(r)=—g or——— wo(r),
pg(?“) = 0, 82(7“) = 0,
1 1 d1d
2~ 2
_ s - - 37
psr) = mPi (1) = cOPun (1), ss(r) = —groy o (1), (37)
Conservation of EMT:
0 tg”( S, T, t)|t=0 = 801525”(3’, S, T, t)|t=0 + &;tib’/(s’, s,r,t)|[t=0 = 0. (39)
\ N Breit Frame only has 2nd term
. . / 2 / 2 / .
differential egs: Pp(r) + gsn(r) + ;Sn(r) = hy, (r), withn=0,2,3, (40)
von Laue stability condition: /d?’?“pn(?“) = 0, with n=0,2,3, (42)
as long as limgz o (¢2)° Fao (—43) = 0 and limgz g (¢3)° Faa (~43) =0, for 6 > 0.
generalized D-terms: D, = —%m d*rris,(r) =m /dSTT o, () — by ()],  with n=0,2,3.
: dF, 2 2 - dF,
internal forces: i, Nchzl(PO( )+§SO(T)> Oss + (pQ("“)JrgSQ(?“)) Qs +... , dSi = ..., fig%: —
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IOng—range behavior under ChPT Alharazin, BDS, Epelbaum, Gegelia, Meifner, 2022

o (1) = 15325Fg§mAri6 B 817r12(;g2%m2A %7 o <ri8> ’ (51
p2(r) = 614iifg§m“i6 1627::251%%27112%7 © (%8) ’ (52)
pa(r) = _245(;251792%7712A rifi " 547r251€?2m?>A ri? o (%) ’ (54
po(r) = _23oiirg§mwi6 B 1022792%7713%8 © (%) ’ (55)
so(r) = %% %%—FO(%) : (56)
pa(r) = 2825191%8111?2%4 B 196g§§1?%2mA riG O (%) ’ (57)
s3(r) = _%% i 4O9égg§mA %6 0 (%) | (58)

general stability conditions:  pf'(r) > 0 and Zs¢(r) + po(r) > 0
Note: necessary but not sufficient for a system to be stable
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Another way: 3D — 2D

localize

/
\

D BF

3
oD BF

oD EF _—

T TT—3 9D IMF

Wigner distribution

&P
(2m)°

/ d*RW (R, P){T"(r))r.p,

@) = [
k= ;

— /d?’ze_iz'Pw* (R— g) Y (R+ g) .

Wigner distribution: W(R, P) =

. B _ [Tdr g(r) _
Abel transformation:  Algl(z1) = G(z1) —/xL B g(r) =
e.g.:
/dwz<’f00(0)>_r,0 = /da:z EO(T)(SX)\ = 8(()2D)(£U_]_)5)\/>\,
(2D) . > 27‘80(’/‘)
€0 (.’ﬂJ_) = . d’l"ﬁ
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Panteleeva, Polyakov, 2021. Freese, Miller, 2022.
Kim, BDS, Fu, Kim, 2022.

Elastic Frame (EF)  Lorcé, PRL 2020

2P = (p; +py) = (2E,0)

3D BF: A = (p,—p,) = (0,A)
2DEF: 2P =(2E,0,,P)
A = (O,AJ_,O) —¥ 2D BF:
l P=(E 0
A = (0,A,,0)
b IME: 2P = E.0,.P, > o)
A — (O,A_L,O)
(20)
A
(21)
2 o0 dG(zy) g(r)
—;T2 /T da’,'J_ de_ ,—xi — r2 . (68)

1. Fully relativistic description in 2D IMF
(avoid relativistic corrections)

2D BF vs 2D IMF shows relativistic effects
Operation is not invertible



2DBF: A, -0 Kim, Sun, Fu, Kim, 2022

<p’, /\I|T00(0) p, )\> = 2m2£(0,1)(t)6¢,,0 -+ 2m25(0,0) (t)5,\,3(5)‘3 -} 4m27'82 (t)QAleécl(oAL).
(', X|T%(0)|p, A) = 2m®\/Tie*" 5%, , X1 (0a, ) 1 (1),

(0, X|T7(0)|p, A) = 2m*r [(lpz(t) - %Do(t)) Soro + (—gpz(t) - %Do(t)) 5X35A3] K

3 3

+2m27'X§j(9AL)5X,\D0(t)+4m2'r[ QFXIF(0a,) + Q7F X* (04, ) — Q™ XI™ (04 )67 | Da(2)

+ 8m2r2Qim (xgm (0a.) + %ym) (X;'-"' (0a,) — %y‘j) Dy (t)

i

: x i T x 1
2D n-rank irreducible tensors: Xo(0:,) =1, Xi(0,,)= m—l, X7 (0,,) = —;—2l — 55 J
' 1
X.n n(eml): (2n_2)!'$_]_3 ...anlnx_]_.

. i . (2]
3D n-rank irreducible tensors: Yo(Q) =1, Y ()= T Y7 (Q) = T
T

’

21%2...1n _ (—l)n n+1 gt Qi 7:111
@) = g T 97070
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2D IMF: P, > oo

D BF- = (p; +py) = (2E,0)
" A=(p,—p)=(0,A)

2D BF A — (OaAj_a())

2D IMF: 2P = (2E,0,,P, — )

<p’a /\IlTOO(O) |p’ ) = 2Iﬂg(l(l)\/I()P;( )5)\’363,\ -+ 2P225(I(1)\j[11:; (t)60’0

+2P2\/_SIMF(t)Z€3ngX)‘X{c(BAL)+4P27_ IMF(t)leX ( AJ_)’

F0i : 3li & i L A
@ NI O)lp, ) = 2mPo/ric S8, X1 00T (O + AmPor  X34(0.) - 50 ) TMF Q™

1

. 1 9 1 g
W NI, 3) = 2y | (D8 — OB ) o + (=5 — OB ) buadia] 67

E0,0)(t) =
o (t) =

Do)(t) =

Dy (t) =

3 2 3 2
+om27 X (0a,) [50,07;%3?5 () + 6x30xs DT (t)]

T dm?r [Qikxékwm) + O X0, ) — QXm0 L>6”]D‘MF<t)
g 1 ..
+ 8m273/2i™3 G X T (Oa ) (X;J (0a,) — 55”) DIME (¢)

+smir2 Qi (X4 (0a,) + 56 ) (XF(60s.) - 307) D)

30 i my [127‘Jl —3(1 = 1)& +7(2+41)E + (T — 1)(3Dy — 2D,) — 47%(1 + 27)D3] ,
30 i mF (671 + 360 — TE> — 37D — TDs — 37°Da + 27°D3]
1, monopole mix with quadrupole
Do + IGW, DIVE 1) = Dy + L Gy, . . .
(0,0) 3 2, D-term FFs do Wigner spin rotation
—GW, DIMF (1) — D, DIMF(3) = D, — jIGW,
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= (p;+py) = (2E,0)

3D BF:
: . : A = — = (0,A
EMT distributions (P2=p) =08
2D EF: 2P =(2E,0,,P) P = (E,0)
A = (O,AJ_,O) > 2D BF: A=
l - (OaAj_ao)
b IME: 2P = E.0,,P, — o)
— (OaAJ_aO)
3D BE: T,u,z/(m )\l )\) — (T”V(O» :/ d3A e—im.A<p/ )\/|Tp,1/(0)|p )\)
. BF ) ) —m,O 2P0(27T)3 ) )
2D EF: TH (21, Py, N, A) = / da, (T""(0))_p o = / A, e T AL (! N T (0)|p, A)
EF y L zy /N z L 2P0(27T)2 ’ ’ A.=0
) m
2D IMF: Tine (@1, X, ) = Tgp (@1, Pr, X, X) - ;
0lP,—500

Py
m

TIMF(m-L’ N /\) TEF(m , Pz, N >‘)

P,—o0

Note: Need to divide Lorentz factors in order to be normalized to be its mass m,

instead of its momentum P,
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G(t) =

G(0)

(1—t/A%)*

00 / . (2D) (2D) Nij vid (2D)
Ter(x1,0, X, A) = d3x0x38(5 0) (ZL) + 0or0€ g y(21) + QY X (0, )es (2 1)
1.4 20
& 12| |2DBF — £ 15| |2DBF &
g 1.0 sém) ; ’ —_ s.§2D)
= [
= 0.8 "t A O 1.0 "t A
% —_
S 96 S 05
/: 04 :/ LN
2 0.2 8. 0.0~ ~iiooo=s ==
Qﬁ 0.0 — \\ 7
ol LI NP
0480 02 04 06 08 1.0 1.2 1.4 “180 05 10 15 20 25
z ) [fm] x ) [fm]

FIG. 1. Mass distributions of a spin-1 particle in the 2D Breit frame. In the left panel, the solid, dashed, and short-dashed

curves draw the numerical results for &g
those weighted by 27z are exhibited.

(2D), egm), and A, defined in Eq. (70) and Eq. (73), respectively. In the right panel,

00 / . IMF IMF 37k &j vk IMF Nid vig
Trvr (T, A, A) = 53/\5/\’35(0,0)(33L) + 50'05(0,1)(33L) + €755 X1 (0, )er (1) + QY X5 (0z,)
3.0 3
. 2.5{ [2DIMF — <G £ 2D IMF —
= 2.0 —— | S 2 —= &%
; 15 —em DM i’)o 1 // N I
) —= IMF — \\ —— cIVF
‘C_D' 1.0 } — 0 - __\ . ]
— 0.5 3 . T e
5 = \ /
2 0.0 S=—1 \ /
S 05 N I
“_1.0 = N/
180 02 04 06 08 1.0 1.2 1.4 80 05 1.0 15 20 25
T | [fm] T | [fm]

FIG. 3. Transverse mass densities of a spin-1 particle in the 2D infinite-momentum frame. The solid and dashed curves draw

the 2D mass densities e%ﬁ’fg) and eigff), whereas the short-dashed and dot-dashed ones depict ei™F and e}

™MEF The expressions

for these mass densities are given in Eq. (55). In the right panel, we draw those weighted by 27z .
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Spin density :

Pressure and
shear force:

Internal local
force fields:

Jar(@ L, N, A) = 39k Tk (2, , P, N, \)

P,— o0
A 2A . dJ(t
= Si/)\/ (C;T)z e L AL [jl(t) + 1 %t( )]
e 1 [ PA . 475 (%)
- 37l 3l/ i) AL AJ 2
+ 1€ Q}\ )\2 (27‘(‘)26 A |:3._72(t) + t dt

Tilip (L, N, 2) = (p%éﬁ‘} (z1) - gp;MFm))éafaé” + (o) (#1)8070 X5 (6,)

3
+ 2s5MF (1) [Qingj(Hu) + ijXgi(Ou) — 5ijquX§q(9u)]

- Qe (B )XY (6.,) + P (2.)0" )

m2

(P e + 5B (a1) ) bwatias® + oY e sy 0

— %elmi”ﬁlam (sllMF(:BL)X;j (0,)+ pllMF(:cL)Jij) .

dF,

' + iFo
ds,” +  ds,

A dF,
0?1.? fI_TIl{/IF(mla /\’a)‘) —

dSy

~J
T, + S5

fi’iTIilzﬁF(mla N, A) =
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Polarized along x-axis s,=1 (2D IMF) Polarized along x-axis s,=0 (2D IMF)
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FIG. 5. T%(z ) visualized in the 2D IMF by choosing a specific polarization. In the upper-left (upper-right) panel, we draw
the mass distribution when the spin-1 particle is polarized with s; = 1 (s = 0). In the lower-left (lower-right) panel, we
illustrate that with s. =1 (s, = 0).
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Polarized along x-axis s,=1 (2D IMF)

Polarized along z-axis s,=1 (2D IMF)

FIG. 9. Strong force fields inside a fastly moving spi-1 particle (P.

polarized along z- and z-axis.
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Polarized along x-axis s,=0 (2D IMF)
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oo) are visualized in the 2D plane when the target is



Summary

o Parameterization for matrix elements of EMT, defining GFFs, which are related to the fundamental

properties, mass, spin, D-term. It’s interpretation are given in terms of static densities.

o Estimation for GFFs are done by using Skyrme model, quark model and ChPT. Therefore the

corresponding densities can be obtained for mass, spin, internal forces (pressure and shear forces.)

o Breit frame has problem when defining densities for light hadrons. By using localized wave packet in
the ZAMF, one can bypass the problem. Another way is going to two-dimension (2D). Mechanical
structure of a spin-1 particle are investigated in 3D BF, 2D BF and 2D IMF. They related by the Abel

transformations.

Outlook

e ChPT calculation for N — A transition FFs

e Density interpretation for transition processes?

Many Thanks for your attention!

45



