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Pressure distribu:on in proton

Around the center of proton:
Pressure is positive. 

*From Deeply Virtual Compton Sca5ering (DVCS)
Black solid line: extracted from D-term fi5ed to 6 GeV DVCS.
Light-green band: represents uncertainHes.
Blue band: uncertainHes from previous analyses.
Red band: projected results from future 12 GeV experiments.

V. D. Burkert et al. Nature 557 (2018)

Repulsive pressure

Toward the outer region:
Pressure becomes negative. 

Confining pressure

<latexit sha1_base64="3eHcH4TDJu6S6FdejJB4bVeX06g="></latexit>

!static
µω (ωr,ωs) =

∫
d3ω”

(2ε)3
e→iεr·ε! →p↑, s↑|!µω(x = 0)|p, s↑

ū(p↑)u(p)
<latexit sha1_base64="3/IEsxqz6vciz0wHL0z2W9U1Ojk="></latexit>

(!µ = p→µ → pµ)

Relates to …
matrix element of proton Energy-Momentum Tensor (EMT).

Sta;c EMT
<latexit sha1_base64="cVCww6aM/qwisnI6YUzQ4uA9PP8="></latexit>

p(r) = !static
ij (r)/3
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Gravita:onal form factor
General expression of the nucleon EMT matrix element: Gravitational form factor (GFF)

<latexit sha1_base64="wn0Mg0s4CkO+hiK2i1UH/nk116Y="></latexit>

ωµω =
i

2
[εµ, εω ],

Pµ = (pµ + p→µ)/2,

!µ = p→µ → pµ,

t = !2

<latexit sha1_base64="nUiz1kBka8hO3Bpaf5UEj17qOoA="></latexit>

→p→, s→|!µω(x)|p, s↑

= ū→
[
A(t)

PµPω

MN
+ J(t)

i (Pµωωε + Pωωµε)”ε

2MN
+D(t)

”µ”ω ↓ gµω”2

4MN

]
uei(p

→↑p)x

• 𝐴 𝑡 : Mass 𝑀!
→ 𝐴 0 = 1

• 𝐽 𝑡 ∶ Spin 𝐽
→ 𝐽 0 = 1/2

• 𝐷 𝑡 : Pressure 𝑝
→ 𝐷 0 =? ? ?

D. C. Hackett, et al.,
PRL(2024)

ü LaCce observa;on

X. H. Cao, et al., 
Nature Commun(2025)

ü Dispersive method

𝐷 𝑡 is poorly understood.

Associated with physical quan33es: 

Many other studies also exist.

Recently, its general behavior is becoming clearer.

???
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V. D. Burkert et al. Nature 557 (2018)

Pressure in proton

Our motivation

We aim to …
• extract new insight from these results.
• gain a deeper understanding of nucleon.

Many results are now available, but what do these tell us?
???

???

D. C. HackeB, et al.,
PRL(2024)

ü Lattice observation

X. H. Cao, et al., 
Nature Commun(2025)

General behavior of 𝐷 𝑡

ü Dispersive method
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EMT and trace anomaly

<latexit sha1_base64="5xojFlGXx+ISSDOaawS3Gdw0vYo="></latexit>

!µ
µ = ωµJ

µ
D

= (1 + εm)
∑

f

mf q̄fqf +
ϑ(gs)

2gs
Tr (GµωG

µω)

EMT is connected to trace anomaly (scale anomaly).

<latexit sha1_base64="3eHcH4TDJu6S6FdejJB4bVeX06g="></latexit>

!static
µω (ωr,ωs) =

∫
d3ω”

(2ε)3
e→iεr·ε! →p↑, s↑|!µω(x = 0)|p, s↑

ū(p↑)u(p)
<latexit sha1_base64="KtkVH1J8ozRkHkgNg8KELUAXRg4="></latexit>

!µω = !̄µω + !̂µω

<latexit sha1_base64="dFvp7FPYVTYUGxG1o/HYFFUzGA8="></latexit>

!̂µω → 1

4
gµω!

ε
ε

<latexit sha1_base64="hYoZ9wd3PaN9FEx5peS26KCVnII="></latexit>

!̄µω → !µω ↑ 1

4
gµω!

ε
ε

Decomposi)on of EMT

In our study …

1. Decompose EMT into the trace anomaly and other contribu;ons.

2.    Inves;gate the role of trace anomaly inside nucleon based on effec;ve model.

How significant is this role in the pressure and the GFFs????
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Effective model for describing finite-size nucleon
Skyrmion approach based on chiral effec;ve model 

• Skyrmion: finite-size object identified with the nucleon.

• Chiral effective model reflects the symmetry structure of QCD.

<latexit sha1_base64="Tt+4bVWsMH09OwMBqUmwxZMXTcM="></latexit>

L =
f2
ω

4
Tr

(
ωµU

†ωµU
)
+

1

32e2
Tr

(
[U†ωµU,U

†ωεU ]
)

+
f2
ωm

2
ω

4
Tr

(
U + U †)

EffecLve model based on ChPT
1

Solve the EOM and numerically obtain 𝐹(𝑟).
3

<latexit sha1_base64="iiFfjlByP88V72oqPX3aiBeqTH0="></latexit>

U(ωx) = eiωε ·
ω̂xF (r)

<latexit sha1_base64="ZNL6vHfXTUW0diyQyoYi9Tbzyks="></latexit>

F (0) = ω,

F (r → ↑) = 0

Hedgehog ansatz Boundary condition
2

<latexit sha1_base64="GGnyCTK923HgENSQfbb2HwNCY2o="></latexit>

!static
µω (r)

<latexit sha1_base64="8iSKr1mXj02FfInSEB37kB6Wz4A="></latexit>

ω(r) = ω̄(r) + ω̂(r)

p(r) = p̄(r) + p̂(r)

s(r) = s̄(r) + ŝ(r)

<latexit sha1_base64="3akolkeHe7MxPDjIcf1tTR/2L3s="></latexit>

→0|(!e!)
µ
µ|0↑ = ↓4f2

ωm
2
ω

<latexit sha1_base64="TNwlbKMkT3JloAPNrg/9+DYcuS0="></latexit>

→0|(!QCD)
µ
µ|0↑ = (1 + ωm)

∑

f

mf →0|q̄fqf |0↑

+
ε(gs)

2gs
→0|Tr (GµωG

µω) |0↑

Trace anomaly

Only pion contribu;on…
(quark)
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Effective model w/ scalar meson field
Skyrmion approach based on chiral effec;ve model 

• Skyrmion: finite-size object identified with the nucleon.

• Chiral effective model reflects the symmetry structure of QCD.

EffecLve model based on ChPT w/ scalar
1

<latexit sha1_base64="GGnyCTK923HgENSQfbb2HwNCY2o="></latexit>

!static
µω (r)

<latexit sha1_base64="8iSKr1mXj02FfInSEB37kB6Wz4A="></latexit>

ω(r) = ω̄(r) + ω̂(r)

p(r) = p̄(r) + p̂(r)

s(r) = s̄(r) + ŝ(r)

<latexit sha1_base64="TNwlbKMkT3JloAPNrg/9+DYcuS0="></latexit>

→0|(!QCD)
µ
µ|0↑ = (1 + ωm)

∑

f

mf →0|q̄fqf |0↑

+
ε(gs)

2gs
→0|Tr (GµωG

µω) |0↑

Trace anomaly

<latexit sha1_base64="02OMNXcLUPLJLYrJBsKZd6AYMHA="></latexit>
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(
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2
ω

4

(
ω

fε
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+
1
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µω→ 1

4
m2
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2
ε

(
ω

fε
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ln

(
ω
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)
→ 1

4

]

Spherical configuration Boundary condiLon
<latexit sha1_base64="MZBcFFGUM8kqRuFnus4zmi+j9pg="></latexit>

ω(εx) = fωC(r)

2+
<latexit sha1_base64="8EfDKuYfUgvparcQL/R2SUU0aTg="></latexit>

dC/dr|r=0 = 0,

C(r → ↑) = C→

Scalar mimics 
gluonic anomaly.

<latexit sha1_base64="EtEHqB4Q0dGl1uh6k5lwoEtj+ZI="></latexit>

→0|(!e!)
µ
µ|0↑ = ↓ (1 + ωm) f2

ωm
2
ω ↓

f2
εm

2
ε0

4

For details, see e.g. H. J. Lee, et al., (2003)
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Trace anomaly
(𝑝̂)
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<latexit sha1_base64="qHxdXZaVYM86SD3yD/wxGLwA7D4="></latexit>

(!QCD)
µ
µ = (1 + ωm)

∑

f

mf q̄fqf

+
ε(gs)

2gs
Tr (GµωG

µω)Gluonic anomaly 
(𝑝̂!)

Current quark mass 
(𝑝̂!)

<latexit sha1_base64="JR7h5Pm5E2CRoXxDTA31nRbpojI="></latexit>

p̂ = p̂q + p̂g

ü The behavior of total pressure (𝒑) is consistent with 
experimental and la9ce results.

ü Other contribu3ons ("𝒑) produce repulsive effect.

ü Gluonic anomaly (#𝒑𝒈) provides confining effect. 

Pressure inside nucleon

In the model

Based on
• D. Fujii, M. K. and M. Tanaka, PLB 866, 139559 (2025)
• M. Tanaka, D. Fujii and M. K., PRD 112, no.5, 054048 (2025)
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Forces inside nucleon
<latexit sha1_base64="BBo/Fr1h+hJG6IGqE6vkAdcpig0="></latexit>

Fj(ωr) → εi!static
ij (ωr)Force density inside nucleon:

<latexit sha1_base64="LOLsb+bqR+1yElGBPrVrg7nZbWA="></latexit>

ωF(r) = Fr(r)ωer

• Forces are balanced between trace anomaly and other contributions:

• For a spherically symmetric nucleon, force is expressed as
<latexit sha1_base64="FqEUsDKNNPP/K/MUCpOgZY9xz40="></latexit>

Fr(r) = F̄r(r) + F̂r(r) = 0
<latexit sha1_base64="ck+/ZKlRkuOhPL0jwfle1w+PhL4="></latexit>

Fr(r) = p→r(r) +
2

r
(pr(r)→ pω,ε(r))

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

ü NegaTve force is generated by trace anomaly.

Larger trace anomaly → stronger confining force

• Strength of trace anomaly is controlled by 𝑚"#.

Based on
• D. Fujii, M. K. and M. Tanaka, PLB 866, 139559 (2025)
• M. Tanaka, D. Fujii and M. K., PRD 112, no.5, 054048 (2025)

8



Pressure inside nucleon

𝐷(𝑡) form factor

*Lattice result:
D. C. Hackett, et al., PRL(2024)

• 𝐷(𝑡) form factor

Our results

La6ce

<latexit sha1_base64="kAEh6tdGTM4d4SDHAQsmgvjI6m0="></latexit>

DN (0) = D̄N (0) + D̂q
N (0) + D̂g

N (0)

= (1.97) + (→0.20) + (→5.88) = →4.12

• 𝐷-term w/ 𝑚"# = 720 MeV

ü Large contribu;on from trace anomaly part

Based on
• D. Fujii, M. K. and M. Tanaka, PLB 866, 139559 (2025)
• M. Tanaka, D. Fujii and M. K., PRD 112, no.5, 054048 (2025)
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Summary and discussion

To advance the understanding of the nucleon’s internal structure,
we employed the Skyrmion approach based on the chiral effec;ve model.  

• confining pressure

• confining force

• 𝐷(𝑡) form factor

ü Trace anomaly contribu;on dominates… 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)

Our analysis is based on the viewpoint of conGnuous medium.
→ AlternaGve interpretaGon (momentum transfer among parGcles) 

has been proposed recently.
→ Picture of the nucleon’s internal structure is sGll unclear.

X. Ji and C. Yan (2025)

Based on
• D. Fujii, M. K. and M. Tanaka, PLB 866, 139559 (2025)
• M. Tanaka, D. Fujii and M. K., PRD 112, no.5, 054048 (2025)
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Thank you.



Model construction
EffecLve model based on ChPT w/ scalar

<latexit sha1_base64="02OMNXcLUPLJLYrJBsKZd6AYMHA=">AAAE/HicjVJLa1NBFD5Notb4aKsbwc3F0FJpEyZtqCIIBTcuXPSVtpCbhsnN5GbofTGZBOsw/gB/gC5cKYpIcesfcOMfcNGfIC4ruFHw3EfS5lHthOSeOed83/nOd1MPHN6WhBxNpNKZCxcvTV7OXrl67frU9MyN7bbfERYrW77ji906bTOHe6wsuXTYbiAYdesO26nvPwrrO10m2tz3tuRBwKoutT3e5BaVmKrNpF6aLpUtiz </latexit>
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+

1
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+
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ε
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ω
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→ 1

4

]

<latexit sha1_base64="wjR4G70XVJcTMiTIJwx3ZTiIAkg="></latexit>

U → gLUg†R
ω → ω

Chiral transformation Scale transformaLon
<latexit sha1_base64="+R4ThGEODki5ofoxRKE00NKcJhw="></latexit>

U → U

ω → εω

(xµ → ε→1xµ)

Transformations

Invariant part under the transformaGons

Breaks the chiral symmetry and the scale symmetry 

Breaks the scale symmetry

<latexit sha1_base64="a2mYpK3Asdle5DVLGaTPtGmtBsc="></latexit>

→0|ωµJµ
D(x)|ε(p)↑ = ↓fωm

2
ωe

→ip·x

<latexit sha1_base64="In6gc5gm10Zc/Fn0xMNgOpWPJWI="></latexit>
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m2
ωf

2
ω

4

(
ϑ

fε

)3→ϑm

tr
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U + U†]

→
m2

ε0f
2
ε

4

(
ϑ

fε

)4

.

ü These breaking seen from the dilation current conservation:

ü Trace anomaly is designed to saGsfy the PCDC relaGon:



EMT expression

<latexit sha1_base64="In6gc5gm10Zc/Fn0xMNgOpWPJWI="></latexit>

ωµj
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D =→ (1 + εm)

m2
ωf

2
ω

4

(
ϑ

fε

)3→ϑm

tr
[
U + U†]

→
m2

ε0f
2
ε

4

(
ϑ

fε

)4

.
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!̄µω → !µω ↑ 1

4
gµω!

ε
ε

does not have the trace anomaly operator explicitly,
but it would feel the trace anomaly effect implicitly. (→ next page)



Can we extract “trace anomaly”?
<latexit sha1_base64="iiFfjlByP88V72oqPX3aiBeqTH0="></latexit>

U(ωx) = eiωε ·
ω̂xF (r) <latexit sha1_base64="MZBcFFGUM8kqRuFnus4zmi+j9pg="></latexit>

ω(εx) = fωC(r)
In skyrmion approach, 
we solve the coupled equa;ons of mo;on of                                  and

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

<latexit sha1_base64="ey3SQuccENDcFvJOog15elTFkzc=">AAACenichVHLSsNAFD2N7/qKiiC4CRZFEcpUpIorwY1LrVYFU0sSp20wL5JJoQZ/wB9w4UpBRPsZbvwBF36CuFRw48LbNCAq6h1m5syZe+6cmdE9ywwEY48pqaOzq7unty/dPzA4NCyPjO4EbugbvGi4luvv6VrALdPhRWEKi+95Ptds3eK7+tFaa3+3zv3AdJ1t0fB4ydaqjlkxDU0QVZbHVV3zFXW7xoV2EKl2qDrhiVKWMy zL4lB+glwCMkhiw5WvoeIQLgyEsMHhQBC2oCGgto8cGDziSoiI8wmZ8T7HCdKkDSmLU4ZG7BGNVVrtJ6xD61bNIFYbdIpF3Selgmn2wG7YC7tnTfbE3n+tFcU1Wl4aNOttLffKw6cTW2//qmyaBWqfqj89C1SwHHs1ybsXM61bGG19/fjsZWulMB3NsEv2TP4v2CO7oxs49VfjapMXzpGmD8h9f+6fYGchm8tn85uLmdWF5Ct6MYkpzNJ7L2EV69hAkc6NcIFbNFPv0pQ0J823U6VUohnDl5AWPwC03JJq</latexit>

!̄µω and
<latexit sha1_base64="VQj5r+6lGX/RfEwH7GCwgGEjr34="></latexit>

!̂µω are correlated with each other through F(r) and C(r).

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

In the static EMT,



Trace anomaly contribu:on

<latexit sha1_base64="9xxBz6UVdSm9mmbKQQ4bZGvbWK8="></latexit>

p(r) =
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∫
d3ω!

(2ε)3
e→iωr·ω! →p↑, s↑|ϑij”ij(x = 0)|p, s↑

ū(p↑)u(p)

<latexit sha1_base64="/prUQxREHk7lBqnnpIsJATTrAUo="></latexit>

p̂(r) = →1

4

∫
d3ω!

(2ε)3
e→iωr·ω! ↑p↑, s↑|”µ

µ(x = 0)|p, s↓
ū(p↑)u(p)

<latexit sha1_base64="BCFWtfkwrDXWneP7kwCh8QE0zkQ="></latexit>

p(r) = p̄(r) + p̂(r)

<latexit sha1_base64="U81e7aFrZ+j91xBlZcIhHfCchFQ="></latexit>(
p̄(r) = p(r)→ p̂(r)

)

Pressure inside nucleon

<latexit sha1_base64="8o3A+cduB4HCZfaq29FW3QU6erA="></latexit>

D = MN

∫
d3x r2p(r)

• This matrix element (trace anomaly contribu;on)
induces the nega;ve pressure. 

• Nega;ve pressure is broadly distributed.

• Broad distribution provides 
the large contribution on D term.

We can define the pressure and “the anomalous pressure”.

Positive NegaGve

Using the above definition, 
the negative and positive contributions 
are completely separated.



Model parameters

<latexit sha1_base64="Ibzp53xjrTIctRTcvG0cC3Kx4hE="></latexit>

mω0 = 550, 720, 1000MeV
<latexit sha1_base64="I8sQdqohyeUChMuUPUaFLFCjzB8="></latexit>

ωm = →0.9, 0, 2

<latexit sha1_base64="g9zHiBqDTgSJTZnxWMdE/dTmIhU="></latexit>

fω = 68 MeV and e = 5.45
Set1 

<latexit sha1_base64="GO0c8YwfumIW58dFjOgZjdAe4vI="></latexit>

f ! = 93 MeV and e = 4 .75
Set2



Results in other parameter sets

<latexit sha1_base64="WKGw7VPR5TCgOkThUHgSSlx/4EQ="></latexit>

! m = 0

Anomalous dimension parameter dependence 


