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Pressure distribution in proton

V. D. Burkert et al. Nature 557 (2018)
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Around the center of proton:

: . Repulsive pressure
Pressure is positive.

Repulsive
pressure
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Toward the outer region:
Pressure becomes negative.

Confining pressure

r2p(r) (x102 GeV fm™)

Confining

pressure Relates to see
matrix element of proton Energy-Momentum Tensor (EMT).
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*From Deeply Virtual Compton Scattering (DVCS) : tatic /- —
Black solid line: extracted from D-term fitted to 6 GeV DVCS. : @Zj 1C (r, 3) —
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Light-green band: represents uncertainties.
Blue band: uncertainties from previous analyses. :--.I. ____________________________________________________ I
Red band: projected results from future 12 GeV experiments.



Gravitational form factor

General expression of the nucleon EMT matrix element: Gravitational form factor (GFF)
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Many other studies also exist.



Our motivation

Many results are now available, but what do these tell us?
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e gain a deeper understanding of nucleon.




EMT and trace anomaly
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EMT is connected to trace anomaly (scale anomaly). E r-A* ------ T }
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@ How significant is this role in the pressure and the GFFs?

In our study ...
1. Decompose EMT into the trace anomaly and other contributions.

2. Investigate the role of trace anomaly inside nucleon based on effective model.



Effective model for describing finite-size nucleon

Skyrmion approach based on chiral effective model
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Effective model w/ scalar meson field

Skyrmion approach based on chiral effective model

Skyrmion: f b dentified with th I ctr) =€) + el
. rmion: finite-size object identified with the nucleon. _ .
 Chiral effective model reflects the symmetry structure of QCD. s(r) = 5(r) + &(r

20x\
c:f(—> Tr (0,UTO*U) +

fa Scalar mimics

|

|

|

|

| :

: 2 9 3 I P luonic anomaly.
() : < b ; o
! 4 \Je i ’ !

1 4 1
o= ez (X) [w(x) -] f | Traceanomaly R
| 2O 2Mo0lo \ 7, 7. ) 4 | ) > EUCY
b e e N L N (0](Ocst )" 0) = — (1 + ) frm — -

Spherical configuration Boundary condition i 0 (@QCD)%|O> (1+m) Z m(0]grqr|0)
i f
X(@) = foC(r) WOfdrlr=o =0,

For details, see e.g. H. J. Lee, et al., (2003)
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v The behavior of total pressure (p) is consistent with
experimental and lattice results.
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v' Other contributions (p) produce repulsive effect.

v" Gluonic anomaly (p9) provides confining effect.
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- - Based on 3
Forces inside nucleon feeed

D. Fujii, M. K. and M. Tanaka, PLB 866, 139559 (2025)
* M. Tanaka, D. Fujiiand M. K., PRD 112, no.5, 054048 (2025)

Force density inside nucleon: F7(7) = 9'©3*"(7)

Confining forces:
Negative force is directed inward from the outside.

For a spherically symmetric nucleon, force is expressed as .77"(7“) = F"(r)e:

* Forces are balanced between trace anomaly and other contributions: F"(r) = F"(r) +I.7:"T(r)i= 0
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Based on
D (t) fO rm fa Cto r * D. Fujii, M. K. and M. Tanaka, PLB 866, 139559 (2025)

* M. Tanaka, D. Fujiiand M. K., PRD 112, no.5, 054048 (2025)

* D(t) form factor

1 . ' f,',=68 MeV

Pressure inside nucleon T2
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= (1.97) + (—0.20) + (—5.88) = —4.12

v’ Large contribution from trace anomaly part
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To advance the understanding of the nucleon’s internal structure,
we employed the Skyrmion approach based on the chiral effective model.

v’ Trace anomaly contribution dominates... 1 Skyrmion approach cannot describe the quarks and gluons.
— Details of the nucleon’s internal structure is still unclear.
— Quark degrees of freedom would be essential.

(chiral quark soliton approaches)

e confining pressure

* confining force

Our analysis is based on the viewpoint of continuous medium.

— Alternative interpretation (momentum transfer among particles)
has been proposed recently. X. Ji and C. Yan (2025)

— Picture of the nucleon’s internal structure is still unclear.

* D(t) form factor



Thank you.



Model construction

Effective model based on ChPT w/ scalar

Tr ([U'0,U, U0, U])
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v’ These breaking seen from the dilation current conservation:
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EMT expression

~ 1
Ou =0 — Zguvgpp
does not have the trace anomaly operator explicitly,

but it would feel the trace anomaly effect implicitly. (= next page)



Can we extract “trace anomaly”

In skyrmion approach, .
we solve the coupled equations of motion of U(Z) = € 2¥(") and x(%) = f,C(r)

In the static EMT,
trace part and traceless part are constructed by F(r) and C(r).
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In the static EMT,

O" and ©M¥ are correlated with each other through F(r) and C(r).

In this sense, trace anomaly contribution cannot be completely separated from the EMT???



Trace anomaly contribution

We can define the pressure and “the anomalous pressure”. Pressure ilnISilde nUCleon |
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Positive  Negative
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Using the above definition,
the negative and positive contributions Broad distribution provides

_ 3.2
are completely separated. the large contribution on D term. £ = MN/d zrp(r)

induces the negative pressure.

* Negative pressure is broadly distributed.



Model parameters

Setl Set?2
fr =68 MeV and e = 5.45 fi =93 MeV and e=4.7¢

mgo = 9950, 720, 1000MeV
Ym = —0.9, 0, 2

(fr, meo)/MeV Anomalous dim. v, My/MeV Gluonic anomaly (%) D-term: D = D(0) /(r2)™** /fm \/ (r2yme® /fm

(68, 550) 0 923.6 24.1% -5.69 0.81 0.82
(68, 720) 0 927.6 24.2% 4.12 0.74 0.74
(68, 1000) 0 932.5 24.2% -3.03 0.68 0.72
(93, 550) 0 1397.4 24.0% -12.14 0.75 0.76
(93, 720) 0 1409.1 24.2% -8.64 0.69 0.66
(93, 1000) 0 1425.4 24.3% -5.69 0.61 0.62
(68, 720) -0.9 928.8 24.9% -4.19 0.75 0.75
(68, 720) 2 925.3 22.8% -3.98 0.76 0.71




Results in other parameter sets
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