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EMT form factors of the nucleon

〈p′, s ′|T̂µν
a (0)|p, s〉 = ū(p′, s ′)

[
Aa(t)

PµPν

MN
+ Ja(t)

i(Pµσνρ + Pνσµρ)∆ρ

2MN

+ Da(t)
∆µ∆ν − gµν∆2

4MN
+ c̄a(t)MN gµν

]
u(p, s)

where P = 1
2 (p′ + p), ∆ = p′ − p and t = ∆2

[Kobzarev & Okun 1962, Pagels 1966]

EMT is conserved: ∂µT̂
µν = 0 T̂µν =

∑
a T̂

a
µν (a = q, g all constituents)∑

a c̄
a(t) = 0

constraints: mass ⇔ A(0) = 1 ⇔ quarks + gluons carry 100 % of nucleon momentum

spin ⇔ J(0) = 1
2 ⇔ quarks + gluons carry 100 % of nucleon spin

D-term ⇔ D(0) ≡ D → unconstrained! experimentally determined
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Bag model Chodos, Jaffe, Johnson, Thorn, Weisskopf, PRD9 (1974) 3471

Lagrangian L = LQ + Lsurf + LG

LQ =
∑
q

[
ψ̄q

(
− i

2

←−
6∂ +

i

2

−→
6∂ −m

)
ψq

]
ΘV ,

Lsurf =
1

2

∑
q

ψ̄ ψ ηµ∂µΘV , LG = −B ΘV

 Proton

u u

d

LG not really gluons, but
(i) “non-fermionic degree of freedom”,
(ii) crucial for formation of bound states → “mimics” gluons of QCD

Equations of motion of the system:

(i 6∂ −m)ψq = 0 for r < R (free quarks),

i 6η ψq = ψq for ~r ∈ S (linear b.c.)→ ηµj
µ = ηµψ̄γ

µψ = 0

− 1

2

∑
q

ηµ∂
µψ̄qψq = B for ~r ∈ S (non-linear b.c.)→ ∂µT

µν = 0
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Large-Nc expansion

The only known expansion parameter valid at all energies in QCD is 1/Nc

obtained by generalizing the color gauge group SU(3)→ SU(Nc)
[’t Hooft G. Nucl. Phys. B 72 (1974)]

In this picture, baryons appear as solitons of mesonic fields
[Witten E. Nucl. Phys. B 160 (1979)]

In large-Nc limit, the nucleon mass scales with Nc while retaining a stable
size

MN ∼ Nc R ∼ N0
c

∆0 ∼ N−1
c and |~∆|∼ N0

c

P0 ∼ Nc , |~P|∼ N0
c , t ∼ N0

c
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Large-Nc expansion

Large-Nc behaviour of the isoscalar (u+d) flavor combinations of the quark
EMT form factors: [K. Goeke, M. Polyakov, M. Vanderhaeghen, Prog.Part.Nucl.Phys. 47 (2001)]

Au+d(t) = O(N0
c ), Ju+d(t) = O(N0

c ), Du+d(t) = O(N2
c ), c̄u+d(t) = O(N0

c )

The isovector (u − d) flavor combinations have different Nc scalings:

Au−d(t) = O(N−1
c ), Ju−d(t) = O(Nc), Du−d(t) = O(Nc), c̄u−d(t) = O(N−1

c )

Use the symmetric quark EMT

Tµν
q =

1

4
ψq

(
−i
←
∂ µγν − i

←
∂ νγµ + i

→
∂ µγν + i

→
∂ νγµ

)
ψq

Contribution from the bag: Tµν
G = gµν B ΘV

We evaluate the EMT form factors in the large-Nc limit in the bag model
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EMT form factors in the large-Nc limit

[M. Neubelt, A. Sampino, J. Hudson, KT and P. Schweitzer, Phys.Rev.D 101 (2020)]
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3D EMT densities

3D EMT densities are defined in Breit frame (∆0 = 0, ~P = 0)
M. V. Polyakov, Phys. Lett. B 555, 57 (2003)
M. V. Polyakov and P. Schweitzer, Int.J.Mod.Phys.A 33 (2018)

C. Lorcé, H. Moutarde and A. P. Trawiński, Eur.Phys.J.C 79 (2019)

Tµν(~r , ~s) =

∫
d3∆

2E (2π)3
exp(−i ~∆~r) 〈p′,S ′|T̂µν(0)|p,S〉

∫
d3r T00(~r ) = M mass∫

d3r εijk si rj T0k(~r , ~s) =
1

2
spin

−2

5
M

∫
d3r

(
r i r j − r2

3
δij
)

Tij(~r ) ≡ D D-term
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3D EMT densities

Belinfante-improved (symmetric) angular momentum density:

J ia(~r) = εijk r jT 0k
a (~r)

= Sm

[
δimρaJ(r)mono +

(
r i rm

r2
− 1

3
δim
)
ρaJ(r)quad

]
monopole and quadrupole contributions are related to each other by
ρaJ(r)mono = −2

3 ρ
a
J(r)quad [P. Schweitzer and KT, Phys.Lett.B 796 (2019)]

The components Tij(~r) of the static stress tensor encode the
information on the distribution of pressure and shear forces

Tij(~r) = s(r)

(
ri rj
r2
− 1

3
δij

)
+ p(r) δij .

s(r) related to distribution of shear forces

p(r) distribution of pressure inside hadron

}
−→ “mechanical properties”
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3D EMT densities

[M. Neubelt, A. Sampino, J. Hudson, KT and P. Schweitzer, Phys.Rev.D 101 (2020)]
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Consistency checks

2
3
∂s(r)
∂r

+ 2s(r)
r

+ ∂p(r)
∂r

= 0

stability condition:

∫ ∞
0

dr r 2 p(r) = 0
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2
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+

-

c̄Q(t) + c̄G (t) = 0
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2D EMT densities

Onshell conditions of initial and final states → P ·∆ = 0

2D EMT densities are defined in elastic frames (∆0 = 0, ~P · ~∆ = 0)
C. Lorcé, L. Mantovani and B. Pasquini, Phys.Lett.B 776 (2018)
C. Lorcé, H. Moutarde and A. P. Trawiński, Eur.Phys.J.C 79 (2019)

〈Tµν
a 〉EF(~r⊥;Pz) =

∫
d2∆⊥
(2π)2

e−i
~∆⊥·~r⊥

[
〈p′, s ′|Tµν

a (0)|p, s〉
2P0

]
|~P⊥|=∆z=0

For Pz → 0, 2D distributions become the projection of 3D
distributions onto the transverse plane

〈Tµν
a 〉EF(~r⊥; 0) =

∫
dz 〈Tµν

a 〉BF(~r)
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2D EMT densities

EMT form factors of an asymmetric EMT

〈p′, s′|T̂µν
a (0)|p, s〉 = ū(p′,s′)

[
Aa(t)

PµPν

MN
+ Ja(t)

i(Pµσνρ + Pνσµρ)∆ρ

2MN

+ Da(t)
∆µ∆ν − gµν∆2

4MN
+ c̄a(t)MN gµν

− Sa(t)
i(Pµσνρ − Pνσµρ)∆ρ

2MN

]
u(p, s)

B. Bakker, E. Leader and T. Trueman, Phys. Rev. D 70, (2004); E. Leader and C. Lorcé, Phys. Rept. 541 (2014)

Kinetic quark EMT operator: Tµν
kin,q = 1

2ψq(−iγµ
←
∂ ν + iγµ

→
∂ ν)ψq

Likin,q(~r) = εijk r j T 0k
kin,q(~r)

S i
kin,q(~r) =

1

4
εijk ε0jkλ 〈ψ̄q(~r)γλγ5ψq(~r)〉
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2D EMT densities

2D EMT densities in a physical situation, mq = 5MeV
[C. Lorcé, P. Schweitzer, KT, in preparation]
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2D EMT densities

2D angular momentum densities at fixed nucleon mass (938 MeV)
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2D EMT densities

2D angular momentum densities in heavy quark limit at fixed bag constant
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Summary

EMT form factors and 3D densities are evaluated in the bag model, in
the large-Nc limit

EMT 2D densities are discussed in the large-Nc limit and their various
limits are studied in the bag model

The consistency of the model allows us to test many theoretical
concepts in a lucid way
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