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Introduction



Energy-momentum tensor
form factors
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3. Internal structure d, = ?




EMITFF measurement

Direct probe - Graviton

graviton
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Indirect probe
Deeply virtual Compton scattering (DVCS)

e(k’)
e(k) . / / v(@q)




Modern concept of form factors

Generalized Parton Distribution functions (GPDs)
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Modern concept of form factors

Mellin’s first moment

1 1
[ dxH(x, ¢, t) = F(1) J dxH(x, &, 1) = G4(1)
—1 —1

1 1
[ dxE(x, &, 1) = F5(¢) J dxE(x, &, 1) = Gp(1)
—1 —1

n_ Electromagnetic form factors

B = Axial-vector and
¥ (Dirac and Pauli form factor)

¥ pseudo-scalar form factor




Modern concept of form factors

Mellin’s second moment

1
[ dx x|H(x,&,t) + E(x, &, 1] = 2J(¥)
-1

EMT form factors

1
[ dx xH(x,&, 1) = M,(¢) + %aﬁ(t)éf :
—1

EMT form factors can be measured indirectly by using the GPDs.



Energy-momentum tensor
and Its form factors



Energy-momentum tensor current

* Belinfante-improved EMT (gauge invariant and symmetric)

Gy D — Py D] - gD — )y

py
TQ -

NSNS

TH = g™ GaGeT - GreeGy,

. Energy

: Momentum
: Pressure

: Shear forces

THY
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EMT form factors

e Baryon matrix elements R
‘ PrpY iPlrgvie A AFAY — ghv A2

P\ T* (0)|P) = u(P") | Ma(t - J(t P 4 dy(t |

(PIT (O)IP) = a(P) | Ma(®) = + T 57— + () =537
Mass of tharyon
M,(0) = )’ M5(0) = 1

a Spin

. 1 Its global constant is not fixed.
J(0) = Z JU0) = 5 There is no constraint.

Non-conservation term

0,7 =0—- Ct)= ) C)=0
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Stability conditions



Pressure and shear forces

o Static stress tensor

T(r) = 87 py(r) +

rtrJ

;5’” > ps(7)

72

1 d1l d -~
d
SMBrdrrdr 1(7)
2 1 d d -~

2
— —d
pp(T) 15Mp r? drr dr 1(7)

d~1(7°) — / (27-‘-?3 e—iA.rdl(t)

Pressure distribution

Shear forces distribution
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Global stability condition

e von Laue stablility condition

At least, one node!

/ dr r*p,(r) = 0
0

K. Goeke et al., PRD 75 (2007)
| | | rzp(r) in GeV fm™!
In the inner region, P > () corresponds to the repulsion ——

N L DL
i - quark core -----
In the outer region, pp < 0 corresponds to the attraction 0.05 - pion cloud ——- -
- LT total _
They are balanced to be existing the baryon. :
0 {\_:;‘;4--——';:
However, even though an object satisfies the von Laue condition, L\ //// .
It can be unstable, which means it Is a necessary but not sufficient. : \\ e :
-0.05 -
- PR T T T N TR TR RN T N T T TN T NN TR T -
M. Mai et. al., PRD 86 076001 (2012) 0 0.5 1 1.5 r in fm

M. Mai et. al., PRD 86 096002 (2012) 14



Local stability condition

o StrOng force fields J. Y. Kim et al., PRD 103 (2021)
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A ,6) = T7dS(0.6)€(

(r,0,9) . dF, 2
P (1) = iS5 §ps(7“) + pp(7)
dF, 1
0 v,
pp(”l“) — d—S@ — —gps(r) T ,Op(’l“)
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Chiral quark-soliton model



Chiral quark-soliton model

o Effective chiral action (massive Goldstone bosons)

Seff — —NCTT IHD(U) m = diag(my, ma, ms)

M = M (k) : dynamical quark mass ~ 350 MeV

D(U) =i + ith + iMUs s e Sy

« Mean field approximation MT  eee
E=0
5]\45](\;[[]] — 0 M+ oo e Nucleon
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Form factors and densities

e Form factors and its densities

t

5M2 MB /dSTjO(Tr)pE( )

T (1) :3/d3 Jliiﬁ) ()

[ /=00

M (t)

dq(t) =

SMp
t

dy(t) =

e Corresponding densities

pE(r) = 1;]\4(;)
,OJ(T) _ 6]\143 ngSrﬁlTOk (’l")
ps(r) = —> YR ()T (1)

AMp
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Results
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nergy & angular momentum form factors
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Shear forces & Pressure distribution
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Local stability condition & d; form factor

(r)[GeV fm ]

7“
p

0.30

0.20

0.10

0.00

-003

Local pressure
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Numerical table

PE (O) <T’%> <T.2]> <r2>mech pp (O) ro 'rp,min rs,max dl
GeV/fm® fm? fm? fm*  GeV/fm® fm® fm? fm?
N 2.47 0.49 1.26 0.67 0.19 0.083 0.728 0.415; —2.16
A 2.70 0.44 2.53  0.68 0.18 0.588 0.733 04177 —2.11
) 2.92 0.40 0.62  0.69 0.17 0.093 0.737 0.419 —2.07
= 3.03 0.37 2.84  0.70 0.16 0.095 0.740 0.4207 —2.04
SU(3) sym. 1.69 0.67 1.57  0.63 0.23 0.571 0.714 0.411" —2.36
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Summary
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Summary

We investigated the energy-momentum tensor form factors of baryon
octet by using the chiral quark-soliton model.

d,(t) form factor provides information on the stability conditions.

We showed the baryon octet satisfies the stability conditions (global and
local) despite the flavor SU(3) symmetry breaking.

We are trying to decompose the quark flavor contribution of each form
factor. Thus, | will show our result next workshop or somewhere if it Is
possible.
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Thank you for listening



One more thing...



Angular momentum decomposition

(B )| T (0)|Bp, J2)) = § (B I 00 (9= 3,) wlz2) B B)), oy
# 3BT I (80 = 80) 0 1B,
1 ki3 ~Al0k
pa(r) = i s T (1)
N, 1 ,L
pa(1) = ~50 > g, (I m) h () @ (B

]. ]- 1 1 v
— —NCMg <D83> Z T _F <TL| "}/OT |m> zplz(’r) (2L +- (En T Em)75(r X U) )wn("“)



Angular momentum decomposition

Using the following relation,
{H,77709"} = 2p"7 +in? " — 2ig”"
H = ~A%"p™ 4+~ (MUs5 + m)

one can obtain the result
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Energy & Angular momentum distribution
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Bi-local matrix elements

 Bi-local current

(B, p'|4"(21)T¢(22)| B, p) L=ror”

e Baryonic current

B.p) = N(p) lim ¢iPsos / B P T () [0)

X4 —> OO

(B,p| = N*(p) lim e *P4¥s / d’y e *PY (0| Jp(y)

Tq4—> OO0

 |offe-type current

1 & N 1 N
JB('I) — N !5 1. crf f Cwalfl('x)"'wachNc (x)
1 cr .
Jp(x) = et PN (D0 ave ) (—ip(2) ') gy gy - (—it(2) 7a) By, g, ()
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Bi-local matrix elements

(B",p'[¢"(21)T(22)| B.p) = N*(p)N(p) lim lim exp (—iyap} + izaps)

Yq4—>00 T4 —>00
| dvizexpi=ip' -y +ip- )OIy )T CITYC) @ O]

(01 T{ T3 ()" (1) Db (22) Thy ()} 0

_ Zio / DUDYDY T (y) =it (21) 74T (22) T () exp _ / d* 201 (2) (i@ + iMUs +im)¢(?&)_
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Bi-local matrix elements

Greek letter: Color
Tg{a}g{ﬁ}* English letter: Flavor

O T4 () ()T (z2) T @)} 10) = - [ PUDWDY it
X T{w?élfl (y) T wOéNc fn. (y)[_in(21)74]777mrmn¢"7n(z2)[ w( )74]5191 T [_iw(x)74]5Ncch}
X exp /d4z¢T(z)(iﬁ + iMUs + 1m)(2)

e Wick’s theorem

First contraction The other contraction
T{Ya 1, () [=1%" (21)Va]ym Dy 08 (22) [T (2) vl 8,00 }
= ~T{Pa s @)U (22) T30 [0 (21) 7]y [~ 9" (@) Val 3y 0}
s DT 8 1) a9 @],

— _(_]‘)2Gfk9k( - m)éak:@k anG”m(z2 21)577,7

T{Yay 5. W)= (21)Ya)ym ol (22) [—i0" () 14 8,0 9,0 }
[ | | |
— %kfk (y) [_in (21)74]'7mF%n¢jm (22) [_in ($)74]ﬁk/9k/

— (_1)2Gfkm(y — Zl)dakWanGngk’ (22 = :C)(S"ﬂk’
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O\ T ()61 ()T () T ()} 0) = - [ DUDUDUIN,

x| Y (=1)7® |

_ QESNC

X { N GkaGNC (y — x)try ¢ [FG(ZQ — Zl)} 5ak50Nc +Gpm(y — Zl)rmnGnQQNc (72 = m)éakﬁeNc }

X exp

Bi-local matrix elements

[tz ()i + MUy + i)

{a} B}
(N.!)?

e Spectral representation

v) = Alya) (y — Z| 2| — Z) Al (x4)

G(y,

DE(UC)

0(ys — 74) Z —0(z4 — ya) Z

35 F. >0 E,, <0_

[ =T"Ng,

rifrpigrs

{Gflgl (y - 55)5&1591 T Gch—1geNc_1 (y _ 33)5@1\76—150]\76_1 }

e~ En T A(ya )i (y) 0 (2) A(a)



Bi-local matrix elements

0] T{ T ()T (21)T(22) T ()} |0) = / DU exp | N Trln(i@ + iMUs + ith)|

N
X Ne H Gfigi (y _ .CI?) |:Gf1m(y _ Zl)rmnGngl (ZQ - Zl?) - Gf191 (y _ x)trvf [FG(ZQ - Zl)}

1=2
— NCK”UCLZ + NCICsea

IC..) = ZO/DUB Sery HGfg — T [ (y—zl)FG(ZQ—x)]

f191

]Csea — 70 /DUe_Seff Z];[l Gfigi (y _ .CU) [ o ter[FG(ZQ T Zl)}
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Bi-local matrix elements

e \Valence part

N
1 C
Koar = Z0 /DUe_Se” [[Grg(y—2) [G(Q%mg)(y — 2)DG ™) (2 — 1)

i=2

+ G(Qoémo)(y — Zl)FG(QldmO)(ZQ —x) + G(Qldmo)(y — Zl)PG(Q06mO)(22 — )

+ G(Qoémo)(y — Zl)FG(rosml)(ZQ —x) + G(Qoéml)(y — zl)FG(QO5mO)(22 — m)} )

191
e Sea part

N
1 C
/Csea, — = /DUe_Seff H szgz (y T £l?) { o tr’Yf [FG(QOémO)(ZQ — Zl)
20 i=1

o G(Qlémo)(z2 - Zl) o CTY(QO&ml)(Z2 - Zl)H
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Bi-local matrix elements

Saddle-point approximation

DU — dZDA

<B,7p/|77;(21)7'u¢(22) |B7p> — /dZ/DA e_Seff

N
><N*(p/) lim e—iyzlpil/ dSye—zp’yI‘{f}H[A(y4>¢(y_Z)]fz

Yqg —> OO

1=1
X .F(Zl, 29, Z)
. NC
N(p) lim et*¥4aPs / d3xeTPETII HWT (x — Z)AT(24)],,
Xg4—> OO
1=1
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Bi-local matrix elements

Transformation,
y—24 =y, r—4 —<zx

<Blap/‘ QZ(Zl)Vuw(ZQ) B, p) General form factors

— /dZe—’iq.Z/DA gl ,(A)}"(zl,z%Z)@B(A)e—seff




Bi-local matrix elements

For example...

FOO) (21,20, 2) = [ dwn| B D [0 - we) 37 ~bwa— ) 3 el

En,>0 E, <0
x (21 — Z)AT(2))TA(21)¥n (22 — Z) (n]iQ(wa) |v)

+ e~ Fo(zi—wa) [9(w4 — 2;) Z —0(z5 — wy) Z }e_En(w‘*_zi)

E,>0 E, <0

< (0] iQwa) [n) (1 — Z)AT (2T Ao (22 — Z)

+/dw4 -{9(,22 — wy) Z —0(ws — 27) Z }e_Enl(zi—w‘l)

E,>0 E,<0

X [9(w4 — 23) Z —0(2; — wa) Z }e_Em(w‘l_zi) (n|1Q(w4) |m)

E., >0 E,,, <0

Ui (21 — Z)[ AT DA Jabtous (22 — 2)
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Bi-local matrix elements

./T(Qlémo)(ZLZQ,Z) ~ /dw4 9(22 —W4)‘9(W4—Zi) Z T{Qo‘(w4)AZb(zi)Acd(zi)}

n=nomn
m=non

— 0(25 — wa)0(z5 — wa) Z T{O%(w Alb 24)Acd(zi)}

— O(ws — 25)0(ws — 23) Z T{Q(wa) ALy (21) Aca(21) }

0w — D00k —wa) 3 TLO (wi) AL, () Aca(2D)}

n=—occ
mMm=ocCcC

—Ww — Zl_ 22 1 8%
x e~ @Bm=En)gbmZi=Enzi () ;A" M) Uha(Z1 = Z)Thetpna(z2 — Z)
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Bi-local matrix elements

F(Qlémo)(Z17227 Z) — /dw4 —+ (9(22 — (,d4)9(£d4 _ Zi) Z ACanA;rLb

n=nomn
m=non

—0(z; — 2)0(2] — wa) Z AZbACdQO‘

n=nomn
m=occ

—0(2 — 23)0(2; — wa) Z ACdAleO‘

n=nomn
m=occ

—O(ws —21)0(z1 —25) Y QAL A

n=occ
m=non

— O(ws — 23)0(25 — ;) Z QO‘ACdAZb

n=occ
m=non

+ 0wy — 23)0(2; — wa) Z AleO‘Acd

n=—occ
m=occ

— W — Zl— 252 1 87
x e nlEn B Bn Bz (n] X [m) )4 (21 — Z)Toetbna(22 — 2)
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(B (0, 1) 01 () i(z2) [B(p. ) = 2Mi [ dPre@ 7,

o~ Em(z1—21) —E,(22—2))

e
Z bk, — B, I

1
" 91, i) | = Z E, —E,.

_ n—non Nn=—occ Nn=—occ Nn=—occ En o Em

x (n| 7" [m) ¥}, (z1 + )t (22 + 7)

B — 22—Z1 — 22—21 — 22 Zl 22 Zl
— Mg (Ds;) [[il_ > - EE:i }m4) > - Ei(_Em 3 - Ei(_Em P - E]imi 4Em4
<l 7 m) (2 - (e £ 1) ) )
+ | M10z., \;§M8 (Dss)

3 o~ Em(:3—2) o Bn(z3—2]) o Bu(z2—21) B (:3—21)

8 __n;m E _E. n; E _E. n; E —E, n; E —E,.
x (n|ya m) ) (z1 + 1)L uhn (22 + 1)
R T R ol =

% (n| 47" [m) ¥y, (21 + 1)Lt (22 + 1)
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D-functions

Baryon Y | T Dgg (A) D83 (A)
N 1115 % TV
1 3
= 1] 1L _1 4
— 2 5 10v/3
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