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Gravitational form factors

® Electro-magnetic form factors: matrix elements of em current
[ Probes distributions of electric charge, magnetic moment densities, etc.
» proton is not pointlike, rbp = 0.74(24) fm R. Hofstadter, R. McAllister (1955); R. Hofstadter (1956)

® Gravitational form factors: matrix elements of energy-momentum tensor

T (0)| N = o) [AOPP + (1) (iP#a 90 ,) + D(6) (A*A” ~ tg")] u(p)

<N (")

[ Trace anomaly: origin of mass

0 Fundamental properties of the nucleon

» Energy/mass:
my = /d3rTOO(T), A0) =1
» Spin: . g .
>pin J' = e“Jk/d3rr3T0k(r), J(0)=1/2
» D-term: m 1 g
= —TN /d37“ (7“27“‘7 — gfw) T (r), D(0): *“last global unknown property”

.. . . i M. Polyakov, PLB 555 (2003) 57;
Forces inside hadron, mechanical picture of quark confinement? M. Polyakov, P. Schweitzer, IMPA 33 (2018) 1830025



Gravitational form factors
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® Results from JLab

[ Pressure distribution inside proton using DVCS data 10
V. D. Burkert, L. Elouadrhiri, F. X. Girod, Nature 557 (2018) 396

Repulsive
pressure

—_—>

“We find a strong repulsive pressure near the centre of the proton (up to 0.6
femtometres) and a binding pressure at greater distances. The average peak
pressure near the centre is about 103 pascals, which exceeds the pressure estimated
for the most densely packed known objects in the Universe, neutron stars.”
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O Nucleon GFFs from near-threshold J /1 photoproduction
with two models B. Duran et al. [J/{-007], Nature 615 (2023) 7954 A

» Holographic QCD

» GPD + vector-meson dominance
Theoretical approach \/(r3) (fm) \/(r?) (fm)
GFF functional form

Holographic QCD 0.7554+0.035  1.069+0.056
Tripole-tripole

GPD + VMD 0.4724+0.042  0.695+0.071
Tripole-tripole

Itt..1 (GeV?)

Updated GPD analysis:  0.77£0.07  1.20+0.13
Y. Guo et al., PRD 108 (2023) 034003




‘Remarks on J /W photoproduction and J /YN scattering

® What is the main mechanism for the / /1 photoproduction in the near-threshold region?

O Gluon exchange?

[ Coupled-channel mechanism?

» hinder extraction of gluonic matrix element in the regime

» if open-charm channels are produced with larger rates
<> Thresholds close to / /YN threshold

< Océinclusive > Oy 1
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CERN/WAS58 (1987)
Jhpp data before 2002
GlueX (2019)
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My talk, 2019 EicC discussion @PKU

Naive estimate:

a(AcD) » a(J/yYp)

5 25
L Ny

%L /\c

AL+D 0 22861 1845 = 415] MeN
if/w? c 30971938 = 4035 Moy
¢ AL+BT: 5620t 5280 = [0 %0 Mon)
| 0378 meN

L Y+p + 9460t 938 =

For J/psi near-threshold production,
the A.D channel is expected to be
important!

Consequence: a cusp at the A.D

threshold




Remarks on J /1 photoproduction and J /YN scattering

® What is the main mechanism for the / /1 photoproduction in the near-threshold region?

O Gluon exchange?

[ Coupled-channel mechanism?

» hinder extraction of gluonic matrix element in the regime

» if open-charm channels are produced with larger rates

<> Thresholds close to / /YN threshold
< Océinclusive > Oy 1

D. P. Anderle et al., FoP 16 (2021) 64701 .-
103- —— e
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Remarks on J /1 photoproduction and J /YN scattering

® Production rates of open-charm v.s. charmonium channels in electron-positron collisions (units: nb)
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Remarks on J /¥ photoproduction and J /YN scattering

® Coupled-channel mechanism -1 buetal, EPIC 80 (2020) 1053
O Unitarity: J/Yp = ] /}p enters coupled-channel scattering (J /¥p, A;D™, Zg*)ﬁ(*)) w/o VMD, but
cannot be singled out

O Simple model estimate: consider A.D™ channels

> Charmed meson/baryon exchanges at 1-loop Measure the open-charm production!

141 : :
i , T/ 12l Gmax=1.0 GeV ] 200 -
N I S Gmax=1.2 GeV ] [ e =0. n
SR RE S ) a(A:DW) > a(J /1hp)
g 08" |$Q°
D(*)(A(;) i D(*)(A() TI; 0.6~ ""'." ] <é 100 1
i N 04l ] L N
. ; - 50/ I ]
/A;;(D<*>)':' \ 02 g : ] [ T
p i p 00~ A T ] 0 S L . s
8500 9000 9500 10000 8500 9000 9500 10000 10500
Ey [MeV] Ey [MeV]
» Threshold cusps (1-loop result is not robust) Z s & 4t
Bl [Iroos t.;};;:j:fﬂﬂ
<> Needs to be analyzed with unitarity N peats .
For such analyses, see, JPAC, PRD 108 (2023) 054018; X. Zhang, EPJC 85 (2025) 1120 %
o S . ol GlueX, PRC 108 (2023) 025201
<> Nontrivial cusp only for attractive interaction e
X.-K. Dong, FKG, B.-S. Zou, PRL 126 (2021) 152001 M Dueral g ~10Gew,
; --- M-L.Duetal (g,, =12 GeV)
D




Remarks on J /1 photoproduction and J /YN scattering

.]/l/)N Scattering |ength mechanisms B. Wu et al., Fund. Res., in print (2025) [arXiv:2410.19526]
O Open-charm coupled channels (J /YN — ACE(*)/ZE*)E(*) — JJYN)
» Based on solution of coupled-channel LSE fitted to P. data (direct J /YN scattering neglected, only via

coupled channels) c M.-L. Du et al., PRL 124 (2020) 072001; JHEP 08 (2021) 157
> Result: O(—(0.1...10)x1073 fm) <y S 1o0of  scraman
b LHCD: cos&p.—~weighted

O Soft-gluon exchange (“u N~ S 10000 et psnon !]
» Based on dispersion relation ~d g so0l M ,
»Result: a;/yy S —0.16 fm, a;/yn ay2s)y = (—0.15 fm)? £ oo} | M ‘

N scattering 3 i &
TS N ),, S >/,,\ ’ — 4?;0250 4300 4350 4400 4450 4500
> / \ ‘/ mjip [MeV]
- @+ K

]/ , Q\ e > consistent with later lattice QCD result

Y. Lyu et al. [HALQCD], PLB 860 (2024) 139178

%W_ a]/le (§=3/2) = —030f88%f883 fm

"' = J | Low-energy J /YN scattering dominated by

T T T
[ — Best fit-DP
=== Best fit-HD
¢ BESII data
Il A ATLAS data
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Pion and nucleon GFFs

X.-H. Cao, FKG, Q.-Z. Li, D.-L. Yao, Precise determination of nucleon gravitational form factors, Nature Commun. 16 (2025) 6979;

X.-H. Cao, FKG, Q.-Z. Li, D.-L. Yao, Gravitational form factors of pions, kaons and nucleons from dispersion relations, Eur. Phys. J. ST,
in print [arX1v:2507.05375].

® Definitions

[ Gravitational form factors (GFFs) for spin-0 particles, e.g., for pion:

. 5ab
(7) [T(0)] 7(p) ) = - [A7 () P# P + D™ (1) (A*A” — tg")]
PH = p'* 4+ pH, AH = p'H — pH l Crossing, for constructing dispersion relations v
. §ab I
(7 ()w" () [T(0)] 0) = == [AT()ARAY + D7 (1) (PHP” — tg™) rrni(F | b
P T
AN
O Nucleon GFFs
1

(NGN) |77(0)|0) = ——alp) [A()AA” + J(1) (iale"¥P,) + D(t) (P*P* — tg™)] u(p)

4mN



Unitarity relation for the pion GFFs

e
® Unitarity = discontinuity (imaginary part) of the pion GFFs ’»\Mi\\@ = "\/"\/\"A‘@
: a(,/\.-b Iy P Wb P S
Dise (x°(p')" (p) |T*(0)] 0) NS
5ab

=5 [Disc A™(¢t)A* A" 4 Disc D™ (t) (P* P¥ — tg"")]

_ %(4;) \/ dQl< ( )ﬂ_b (p)’ﬂ'c(l)ﬂ'd (P—Z)><7Tc(l)77d (P—l)‘T“V(O)|()>*
_ %(4;)2 ]\9/7% dﬁl% 3A(t, 5,u) + A(s, t,u) + A(u, 5,1)]
< [(A™(1)" (20 = P)"(2l = P)” + (D"(t))" (P*P" — tg"")]
e o o R P o
S-, D-waves S-wave

Mandelstam variables: t = P2, s = (p’ — 1)?,u = (p — 1)?; only two independent, A'=°(¢t,s) = A'=°(¢, s, u)
Lorentz structures: /dQlAI:O(t, s)(2l — P)* (2l — P)Y = A1 AFAY + Ay (PHPY — tgh”)

Contract with A Ay and g, = 44, 4,

10



Unitarity relation for the pion GFFs

A;, A, = combinations of isoscalar S-, D-wave rr amplitudes t§(t), t3(t): Al(t,s) = 327rz (2J + 1)Pjy(cos H)tf( t)

51272
3t

/ dA™=0(t, ) (21 — P)*(21 — P)” = 1287°t5 () AF AV + [10(t) — ()] (P* Pu 9"

® Discontinuity of A™ and D™

Disc <7Ta(p’)7rb (p) (T“W(O)‘ o> 5;“) Disc A™(£)A"A” + Disc D (t) (PPY — tg")]
- 2%%’ (A7 (0)" (G230 — B0) (PP —1g™) + BHOAMA” )+ (D7(0) 0 (PP ~ 1)
1 A7 (1) = L2 (150)" 470 \
i D7) = 22 | 222 (13(0) ~ ()" 47(0) + ((0))” D7(c)| mahp Im©7 (1) = 2% (13(1)" €71
° D;composition into JP¢ = 0*", 2*" matrix elements (conserved separately):-’ K. Raman (1971) )

(7@ ) [ o] o) = {5 (9 - Pff”)e/g”() [A“AW@—;(P“P”W““)] o

@:e part: <7T“(p/)7rb (p) ]T@;(O)] 0> — 59O (1), O7(t) = —% (4p2 A™ () + 3tD7f(t))] "




ntt-KK coupled channels

® 111t phase shifts known precisely from Roy(-like) equation analyses Bern group; Madrid-Krakow group

® Generalization to coupled channels: isoscalar, scalar nr-K K; f5(500), f,(980) mesons

p
[ Unitarity relation for ®™(t) =| matrix relation for coupled channels (both pion and kaon trace GFFs):

2D
ImO™(t) = =X (t)(t)) O7(¢) ™
vi me(#) = [T3(1)]" Z(1) ©(1) @“):(%S@gm

phase-space factor

»0(t) = diag(o-0(t — tr), ox0(t — tg))

with o;(t \/1—4m2/t (1 =m, K)

n-KK T-matrix

i69 .
w0 - [P lab))e 8
olt) = AN 0(4)e24(¥Y(#)—63(8) _q
g3(1)[e?¥o®  mle S

19(t) = \/1 — 4oxorc|g(8)26 (¢ — tx) )

J. Donoghue, J. Gasser, H. Leutwyler, NPB 343 (1991) 341




Muskhelishvili-Omnes representation

® Single-channel: Watson’s theorem = phase of FF = scattering phase shift

disc A™(t) = 2iA™()0(t — ) sin 69 (t)e~ 92 ()

K.M. Watson (1952)

0 2150 _
{to{ givs — ¢ 7 L
0 Omneés solution ? 200
. . dt’ #9(t) 52 replaced by the phase of m partial wave @3 to
A™(t) = Py (¢) QQ(t) ) QQ( ) — €XPp { / AT } account for inelasticity
T Jt, o M. Hoferichter et al., Phys. Rept. 625 (2016) 1

> 62,19 up to Ey = 2 GeV from latest dispersive analysis P Bydzovsky et al,, PRD 94 (2016) 116013

» Beyond matching point E,, 8. Moussallam, EPIC 14 (2000) 111 f o ] )
) * :
50 — 50 E2 .
2(t) =7+ (03 (Ep) W)1+(\/%/E0)3
) -

ma(t) =1+ (n3 (E) —

" T (Vi Boy

» Polynomial: PJ'(t) = 1 + at matched to NLO ChPT

2L’I“ P [ P [ P TR o ]
A™E () =1 - ;275 J. Donoghue, H. Leutwyler, ZPC 52 (1991) 343 0.5 10 15 2.0
Fx Vi [GeV]
FT% \ y,

tensor-meson dominance estimate: Ljy = — 3 PDG average: m;, = (1275.4 + 0.8) MeV  PDG2024

1 J2 We take mg, = (1275 £ 20) MeV for a conservative
Prt)y=1+ | — — QO(O)> t~1—(0.01 GeV ?)t error estimate

m2
f2

Meson dominance picture for GFFs, W. Broniowski, E. Ruiz Arriola, PRD 112 (2025) 054028



Muskhelishvili-Omnes representation

® Coupled-channel: solution known as the Muskhelishvili-Omnées (MO) representation

O The above can be generalized to nt-K K coupled channels (matching point: ~ 1.3 GeV)

O Take isoscalar scalar mm-KK as example 45/~

o0 =~ [T s ee) <

I e i
U t— £ 05
0.0t
—0.5:’““““"“““““i r ]
0.0 0.5 1.0 1.5 2.0 0.0 05 1.0 15 20
Vit [GeV]

nr phase shifts: Roy equation NEEPZaN
|. Caprini et al. (2012); = |

i — KK: Roy-Steiner equation S
P. Buttiker et al. (2004); =

M. Hoferichter et al., JHEP 06 (2012)063 -3t .. . .. .. ‘% .
0.0 0.5 10 15

Vit [GeV]
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Muskhelishvili-Omnes representation

® Pion and kaon trace GFFs:

)] = [Po(t)]" Q(t)

2m3 + frt
( 2 (2m3, + Bct) )

G

(0) — 2m3; (98) (0)

22

OO

5 = 67(0) — 22 () (0 _ i £ (&

Bie = 0% (0) - V3m2 (no)

%

21

® Matching to NLO ChPT J. Donoghue, H. Leutwyler, ZPC 52 (1991) 343
T r m72r r r m72r 3 mﬂ' m72r
. 2 2 2 ] 5
OK(0) =1 — 4L", ”;;f; 24 (LT, — L) ”;gf _ ”;g I, = 0.94(14) Chiral logs: 1, = 7 <1n (j;—) - 1)

® Similar coupled-channel analysis for D-wave -KK = coupled-channel results for A", AX and DT, DX



Pion and kaon GFFs

Prediction, NOT fit

> Pion LQCD (m,; = 170 MeV): D.C. Hackett et al., PRL 132 (2024) 251904
\
1.0E — Single-channel ] E ]
I — Coupled-channel
0.87 \s\ - _
e - LQCD.m, =10 MoV | L s ) ]
= 06/ v i
=
< i =7 = 6 ]
0-4j -] ?D | —— This work i —— This work
0.2/ ] 0.6 --- chpT 1 -0.8 - CLPT .
Tl - @ LQCD,m, = 170 MeV @ LQCD,m, = 170 MeV
0.8l ~1.91 - - ‘
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
—t [GeV] —t [GeV?] )
.

C% B
O, :
g/ ]
@
0.2" : 8/
00 L oy ] _:‘ ] _10 R T T ‘
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
\ —t [GeV?] —t [GeV] t [GeV?]
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Pion GFFs: pion mass dependence

® Using the mm scattering phase shifts at unphysical pion masses (239 MeV, 283 MeV, 391 MeV) obtained

from Roy equation analyses X.-H. Cao et al., PRD 108 (2023) 034009; A. Rodas et al., PRD 109 (2024) 034513

N

-0.2-

A"(t)

0" (t) [GeV?]

‘O-4f — my; = 140 MeV
_0.6. — M. =239 MeV

- — m, =283 MeV
_0'8; — m, = 391 MeV ] 7 .

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
—t |GeV?] —t [GeV?]
Fast change before m; = 391 MeV.: > Singularity in quark-mass dependence at such critical
» 0 meson becomes a T bound state point:
from lattice HadSpec, PRL 118 (2017) 022002 FKG, C. Hanhart, F. Llanes-Estrada, U.-G. MeilBner, PLB 703 (2011) 510;

FKG, U.-G. MeiBner, PRL 109 (2012) 062001

17



Unitarity relation for nucleon GFFs
® Discontinuity: Disc <N(p’)N (p) ‘TAW(O)‘ ()>

OCZ <N<p/)f\7 (p)‘ n> <n ‘TW(O)‘ 0>* §*(p+p — pn)

® In the region t € (4M2,16M2), only m intermediate state
Disc <N(p’)N(p) ‘T’“’(O)| 0>

1 o A .
— _ay) [Disc A(t)APAY + Disc J(t) (z’A{”a”}pPp> + Disc D(t) (P*P¥ — th)] v(p)

() p_w dQl<N(p/>N (p)’ﬂa(l)ﬂb (P— Z)> <7ra(l)7'rb (P—l) |T“V(O)‘O>*

! dQy u(p’) [5“]1 <A+ - (7 _2 2/) B+> + i€paeT” (A - (P—2]) B>
)"

v(p)

2

a0, a(mg <A+ ) B+> ) [(A7())" (2 = PY*(2L = P)” + (D7(0))" (P#P¥ — 192"

DO | =
N
A
[\
SIF
\

A* B*: Lorentz invariant T scattering amplitudes G. Hshler (1983) .



rrr — NN amplitudes

® Partial-wave amplitudes for tm = NN

W. Frazer, J. Fulco (1960); G. Hohler (1983)

8T — 1 cos 0
Al(t,s) = —Tﬂ Z (J + 5) (pxpn)” { Ps(cos 0)f(t) — N Pl(cosO) (1) ¢,
PN = J(J+1)
7 + [ =+ /— for even/odd J;
. _ ] — . :
t s) =8m pﬂpN) ! P’ (cos6) ff(t) fi:mm — NN partial-wave amp. with
Z VI + /— for parallel/antiparallel NN helicities
® Dlscontmmty of the nucleon GFFs
s ; " N
Im A*(t) = 3x [f2 \/7mN (mN\[F F(t) > A"(¢)

I J*(0) = 222 (72(9)" 47(0).
Tm D*(t) = ?;ZZN%

\_

[4;;7 ((fi(t»* — (prpn)’ (f_%(t))*) A™(t) + (f2(1)” D”(t)]

‘Im@s

® Decomposition into JP¢ = 0*F, 27+

matrix elements

coupled-channel

(NN () |T7(0)] 0) = a(p') (T + T1") v(p)
, 1 , PrPY s |
Ty :g(gu— P2 )9(75)7 @(t)——4mN
2
pv v ppyv 4o pv s ALK VP
IR (VS R PRI AR

Im ©7(¢) = - 4p23 7 [pw (F2))" O7(1(t — 1) + 5pic (10)" " ()0(t - tK)]
[—4p2 A3 (t) + 265 (t) — 3tD*(t)]




/KK — NN S-wave amplitudes

G.E. Hite, F. Steiner (1973)

— — ) 2 . .
® Inputs: mt /KK — NN S-wave amplitudes ff’ , h9 from Roy-Steiner equation analyses
M. Hoferichter et al., Phys. Rept. 625 (2016) 1; PLB 853 (2024) 138698; X.-H. Cao et al., JHEP 12 (2022) 073

20; |
15"
_ 10
8 5 |
-5 N
100 1 -9 ]
04 06 08 10 12 14 16 18 SN0 12 14 16 18

Vit [GeV] Vit [GeV]

2(t) = mN\/ng(t) UM

~C |
_5; L | L L L | L L L | L L L | L L L | 1 1 1 L 1 1 1 ] : L L L L L | L L L | L L L | 1 1 1 | 1 1 1 L 1 1 1 :
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Nucleon GFFs

G.E. Hite, F. Steiner (1973)

— — ) 2 . .
® Inputs: mt /KK — NN S-wave amplitudes ff’ , h9 from Roy-Steiner equation analyses
M. Hoferichter et al., Phys. Rept. 625 (2016) 1; PLB 853 (2024) 138698; X.-H. Cao et al., JHEP 12 (2022) 073

® Dispersive relations for the nucleon GFFs 1 /OO Im(A, J,0)(t)
4

A S /
(A, 7,0) (1) ar R

T 2
m2

[ Normalization = sum rules

1 [ Im(A ! 1
_/ dt/ m( 7‘],7@)(1;) — (1,_7mN)
4

78 t 2

2
mZ

O Introduce S-wave (0**) and D-wave (2**) poles to the spectral functions: 7tcs ,mé 6 (t - mng) to
satisfy the sum rules
>0+ mg € (1.5, 1.8) GeV to cover f,(1500) and f,(1710) ] ror estimate
> 2%t mp € (1.5,2.2) GeV to cover f,(1565), f,(1950) and £,(2010)

M.A. Belushkin et al., PRC 75 (2007) 035202; M. Hoferichter et al., EPJA 52 (2016) 331;
J.M. Alarcdn, C. Weiss, PLB 784 (2018) 373

21
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Nucleon GFFs: results Prediction, NOT fit

1.0 —— This work *
i —8— LQCD,m, = 170 MeV 0.5¢ LQCD (m,; = 170 MeV):
0.8 04l D.C. Hackett et al PRL 132 (2024) 251904
~ 0.6 =
< I =
0.4+
0.2t
0.07\ | | | | | | | | | | | | | | | | | | | \7
0.0 0.5 1.0 1.5 2.0
—t [GeV?]
1.0 -
0.8k & LQCD,m, =253 MeV |
(gluon)
= 0.6 ]
% i
O i =
— 04 15
o 0.2F L
0.0- L2200
: J l 1 ' l I ]
-0.2 % S TS R S RS EN S B *\ . % -4 R R SRS
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
—t [GeV?] —t [GeV?]

LQCD (m,; = 253 MeV), gluon part only:
B. Wang et al. [xQCD], PRD 109 (2024) 094504 22



Nucleon GFFs: results

o D-term: D = (0 Quantity | Result | Error budget

® Various radii in the Breit frame +(0.18)chpr(0.12) pywa (0.26) ot
. +0.34
O From the trace FF (scalar radius): D-term 3.382935 —(0.16) cppr(0.12) 0 (0.29) o ¢
. . pwalV- e
02y = 90 _ gy - 2P L H00D)epr(0.01)puwa(0.03)er
o o ) tfm] 097003 0.02) cnpr(0.01) s (0.02)
O Radius of the energy density (mass radius): (0.02)cnpr(0-01)pwa(0-02)est
< 0 > 6A(O) 3D 10.03 +(O'02)ChPT (O-Ol)pwa (O-OZ)eff
T'Mass/) — rz fm 0.70*
23 Uitass M 570008 0) cppr (0,01 (0.0
0 Mechanical radius: . Polyakov, PLB 555 (2003) 57; M.
Polyakov, P. Schweitzer, JMPA 33 (2018) \/ﬁ (fn] 0.72+0.09 +(0.02)chpr(0 OO)pwa (0.09)ef
6D 183005; C. Lorcé et al., EPIC 79 (2019) 89 n m 0.08
(i) = — A Mech —(0.03)chpr(0.01) pwa(0.07) gt
J_. dt D(t)
2 d](t) +(O-Ol)ChPT(O-O1)pwa(0-01)eff
O Radius of the density J(t) + = St : /(,}2) [fm] 0.70%9-05
/ _(0-01)ChPT(O-Oo)pwa(o-oz)eff
<r,«J> = 20J(0) M. Polyakov, PLB 555 (2003) 57;
C. Lorcé et al., PLB 776 (2018) 38 » ChPT: NLO ChPT inputs

> pwa:tr/KK - NN
»> eff: effective poles mg, mp 23



Nucleon GFFs: results

® Comparison with other results

Bag Model
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Nucleon GFFs: results

® Comparison with other results
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Summary and outlook

® The pion, kaon and nucleon GFFs are precisely determined using dispersive method with inputs:
O Coupled-channel nr-KK, nm/KK — NN amplitudes
O Low energy: NLO ChPT with LECs estimated using resonance saturation, improvable with lattice
calculations

[ High energy: highly excited meson resonances

® DV = -338%83%, [(rd) = 0.971333 fm > /(rE%p) ~ 0.84 fm > /(@ass ) = 0.70+9:93 fm

May be regarded as a proton charge radius

confinement radius

Bag radius in MIT bag model X. Ji, Front. Phys. (Beijing) 16 (2021) 64601

» Gluons distributed over a larger region than (anti-)quarks
» Foundation for further analyses, interpretations, etc.

® More results to come. Outlook:
[ Pion mass dependence
[ Extension to hyperons

Thank you for your attention! .



1tN amplitudes

® Amplitudes for t%(q) + N(p) » t%(q") + N(p")

, 1
T3 (s, t,u) = X {5a/aT+(s,t,u) +35 [Tars Tal T_(SﬂfaU)} XN  with isospinors xy, Xn

® Lorentz and isospin decompositions:
/ 1
7 (s t0) = 1) () {45t + 3 (6 + ) B o) [

ATEV2 = AT 4 24~ AI=3/2 = At — A~



Spatial density profiles

M. Polyakov, PLB 555 (2003) 57; M. Polyakov, P. Schweitzer, IJMPA 33 (2018) 183005;

® Consider various densities: C. Lorcé et al., EPIC 79 (2019) 89; C. Lorcé et al., PLB 776 (2018) 38;
_ X. Ji, Front. Phys. (Beijing) 16 (2021) 64601; D.E. Kharzeev, PRD 104 (2021) 054015; ...
por) = my [ ((;jA A()— g (A0 =20 () + 3D <t>1] - [ f;jA@ (0.
P () = my [ gﬂﬁA :A ()= g A0 =27 () +D <t>]] - [ ((;jA [@ (0 + 5 D(1)]
o) = [ e s 10+ 2 0]
i) = my [ e [ i LD =5+ 3500, 1) =00) — 30
p(r) = 677%1,]\7 r12 (frrz (S“D(T) 8 = _4W17JNT(fr%;rD(T) D(T) = / (05;33 "D 9

Zero-average-momentum frame (ZAMF) E. Epelbaum et al., PRL 129 (2022) 012001; J.Y. Panteleeva et al., EPJC 83 (2023) 617; ...
1

pEAME (1) — @/ dA Asin (AT)/ da A [(@® — 1)A?]
0

47T'r -1

- | BA
p%?:;"e(?a) = lim pEner.<T) — mN/ e AA (t)

my — o0 (27‘(‘)3 28



Spatial density profiles
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