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2Overview

What it is about

Explore structure of hadrons (proton/neutron, mesons) in quantum chromodynamics

Here: Characterize the distributions of mass, energy, momentum, angular momentum 
and forces inside hadrons — “mechanical properties”

Develop concepts, compute distributions, prepare/analyze experimental probes, 
interpret results — mechanical picture, analog systems

Why it is interesting

Origin of proton/neutron mass and spin: 
Emergent properties of matter — nuclei, elements

Visualization and communication of subnuclear world

Connections with other fields, e.g. classical hydrodynamics 
quantum-mechanical bound states

Energy-momentum tensor as conserved current: 
global charges, spatial distributions



3Dynamical system: Quantum Chromodynamics

Degrees of freedom: Fields = functions of space-time

Leinweber 2000

,   Aμ(x) ψ(x), ψ̄(x)

x = (x, t)
Modes can be regarded as particles

Dynamics: Gauge theory, constrained by symmetry / 
geometry, nonlinear interactions

Characteristics

Relativistic: Energies of modes  quark masses.  
Particle number not conserved, creation/annihilation 
processes, radiation

≫

Quantum: Superposition of configurations, 
fluctuations, coherence

Strongly coupled: Complex ground state (vacuum),  
dynamical generation of scales, symmetry breaking,   
emergent effective dynamics

 unique dynamical system!→



4Dynamical system: Hadrons in QCD

Ground state (“vacuum”)

QM superposition of fields - vacuum fluctuations

Analogies with condensed matter physics: 
Complex ground state, collective excitations

Dynamical scales    etc.⟨F2⟩ ≠ 0

Chiral symmetry breaking   ⟨ψ̄ ψ⟩ ≠ 0

Correlations

cf. magnetization

Hadron states

QM superposition of fields different from ground state

Fields carry energy, momentum, angular momentum

Quark fields carry quantum numbers:  
Baryon/electromagnetic/weak charge 

Comment: Includes mores with large momenta. 
UV divergences, cutoff, renormalizati



5Dynamical system: Physical properties

Measure physical quantities carried by the 
chromodynamic fields in hadrons

Analogies with quantum mechanics. 
Here: Degrees of freedom = fields, second quantization

Operators formed from fields

probe

𝒪[A, ψ̄, ψ]

⟨H′￼| 𝒪 |H⟩

Matrix element in hadron states

Distributions in position/momentum
Global properties - charges

Learn about QM distribution of  
chromodynamics fields in the hadron states!

Charge, current, energy, momentum, …

Currents from symmetries - conserved, scale-independent

Other operators - scale dependent

Can be measured through interaction 
with external fields - probes



6Dynamical system: Charge and current

4-vector current measures 

charge density
current density

Jμ(x) = ∑f ef ψ̄f(x)γμψf(x)

Obtained from invariance of dynamics under  
U(1) phase rotations

⟨H′￼| Jμ(x) |H⟩

Matrix elements in hadronic states

Describe interaction of hadrons with external 
electromagnetic field

Jμ(x) =

J0

Jx

Jy

Jz

of quark fields

Conserved current , continuity equation∂μJμ(x) = 0

Can be measured in electromagnetic scattering, 
e.g. elastic lepton-hadron scattering H′￼= H

  form factors↔
multipoles



7Dynamical system: Charge and current
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low as 20, with the largest disagreement at b = 0. For
ρch(b = 0), the difference between the result from the
parameterization and the N = 30 approximation is
-2%, while for ρ2(b = 0), the N = 20 approximation
is only 1% below the full result. Even though fewer
terms are included in the approximation for F2, the
agreement is comparable, due to the more rapid fall-
off of F2 with increasing values of Q2.
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FIG. 6: (Color online) Incompleteness error. The abso-
lute error in ρch (solid, blue) and ρ2 (dashed, red).

Given this information, we can state our procedure.
Our basic transverse densities are obtained by using
the parameterization Eq. (26) to evaluate the expres-
sions of Eq. (29),Eq. (30), and Eq. (31). However, we
are justified in using this parameterization for values
of Q2 corresponding to N = 30, (20) for F1,(2). We
assume a maximum error by taking the uncertainty in
the form factor to be ± the value given by the param-
eterization. Therefore the estimated incompleteness
uncertainty is given by the expression

∆inc(b) ≡

∣∣∣∣∣

∞∑

N+1

cnJ0(Xn/R1)Fi(Q
2
n)

∣∣∣∣∣
, (34)

as a function of b, with i = 1, 2. The results are
shown in Fig. 6. It is necessary to realize that us-
ing this expression for the incompleteness error over-
estimates the error because using this expression is
equivalent to assuming that the form factor vanishes
for Q2 > Q2

N in Eq. (5). But the form factor can not
suddenly drop to 0. Fig. 3 shows a fractional error
bar for F1(31 GeV2) which is only about 0.2, a frac-
tional error bar at 13 GeV2 which is only about 0.3 of
the form factor F2. Thus using Eq. (34) amounts to
making an overestimate. To be conservative, we ob-
tain the total uncertainty by adding the contributions
of Eq. (32) (or Eq. (33)) to the estimated incomplete-
ness uncertainty given by Eq. (34).
We now have working expressions for the trans-

verse densities ρch,2, and their respective uncertain-
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FIG. 7: (Color online) ρch (solid, blue) (with error bands
(short dashed, red)).

ties. We start with the basic term for ρch,2, obtained
by using the parameterization Eq. (26) to evaluate
the expressions of Eq. (29),Eq. (30), and Eq. (31),
then add the two separate errors ∆inc,exp to get a to-
tal error ∆ = ∆inc +∆exp for ρch. A band is formed
by considering the region between the basic plus or
minus the appropriate ∆ for the two densities.

The transverse densities ρch,2(b) are plotted with
their error bands in Fig. 7 and Fig. 8. The errors
are very small except for values of b less than about
0.1 fm. The results in this figure are the central nu-
merical findings of this paper. The transverse densi-
ties are known very well indeed. The spatial extent of
ρ2 is broader than that of ρch as previously observed
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FIG. 8: (Color online) ρ2, with error bands

[19]. Note that the realistic transverse densities dif-
fer substantially from the dipole result of Eq. (24),
shown in Fig. 2.

C. Extraction of ρm(b)

We now turn to the true transverse anomalous
magnetic density of Eq. (31), defined by taking the
matrix element of 1

2

∫
d3rb×!j in a transversely po-

larized state,[10, 19]. This Fourier transform involves
J1(Qb) and therefore the FRA corresponds to that of
Eq. (19) and Eq. (20), with λ = 1. Using this expan-
sion, instead of simply taking the derivative of ρ2,
allows an expansion in basis functions that explicitly
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FIG. 9: (Color online) The true magnetization density
ρm. The uncertainties are numerically negligible.

vanish at b = R2. Then the FRA gives the result:

ρm =
1

πR2
2

∞∑

n=1

J−2
2 (X1,n)bQ1,nF2(Q

2
1,n)J1(Q1,nb),

Q1,n ≡
X1,n

R2
. (35)

Once again we include the effects of the experimen-
tal error and the incompleteness error. This latter
error is larger in this case than for ρ2 because of the
explicit factor of X1,n. The result for ρm and its er-
ror bands are plotted in Fig. 9. This quantity has
a broader spatial extent than ρ2, possibly resulting
from the importance of the pion cloud in causing the
anomalous magnetic moment. The uncertainties on
this quantity are greater than for the other densities.
Future measurements extending knowledge of F2 to
higher values of Q2 would reduce these higher uncer-
tainties.

VI. SUMMARY

This paper is concerned with obtaining a general
method to determine information about densities in
the transverse plane. The use of Bessel series expan-
sion, augmented by the finite radius approximation
FRA of Eq. (2), Eq. (3), Eq. (19) and Eq. (20) al-
lows us to determine the effects of experimental un-
certainties and also allows us to estimate the effects
of the incompleteness error caused by a lack of mea-
surements at large values of Q2. The method can
be applied to the extraction of any spatial quantity.
One example, related to orbital angular momentum,
is shown in Eq. (19) and Eq. (20).
The method is applied here to analyze electromag-

netic form factors. We can see from Fig. 7 and Fig. 8
that the errors associated with the transverse charge

charge distribution

current distribution

H H′￼

l l′￼

Here: 2D densities in moving hadron state for particle interpretation, 
connected with 3D densities

Learn about quantum distribution of fields 
in hadronic states



8Mechanical properties: Energy, momentum, forces

Energy-momentum tensor measures

momentum density
stress / forces

Tμν = Tμν[A, ψ̄, ψ]

Obtained from invariance of dynamics  
under time/space translations

⟨H′￼| Tμν(x) |H⟩

energy density

Tμν(x) =

T00

Tx0

Tx0

Tz0

T0x

Txx

Tyx

Tzx

T0y

Txy

Tyy

Tzy

T0z

Txz

Tyz

Tzz

= Tμν[quark] + Tμν[gluon] Obeys conservation law:  
Total energy/momentum

  form factors↔

Matrix element in hadronic states

Describes interaction of hadron  
with external gravitational field

Can be “measured” indirectly 
using high-energy scattering processes!

other QCD operatorsTμν ↔

multipoles



9Mechanical properties: Angular momentum

Angular momentum carried by  
chromodynamic fieldsJi = ∫ d3x ϵijk xj T0k(0, x)

 quark + gluonJz =

  in quantum field theory= x × p

spin + orbital

Decomposition of angular momentum

Choices determined by gauge invariance, 
measurability of contributions, 
interpretation as particle densities

Extensive efforts, now well understood

Measurement in scattering processes

Exclusive processes at large energy/momentum 
transfer: Factorization  QCD operators→

Angular momentum extracted indirectly 
from measured matrix elements: 
generalized parton distributions

X. Ji, 1995+

Review Leader, Lorce 2013

Ji; Jaffe Manohar; Burkardt; Wakamatsu; Chen, Goldman et al.; Hatta; …

GPD

proc

p p

l
l′￼ photon, meson

operators

X. Ji, 1996



10Mechanical properties: Angular momentum

Lattice QCD calculations

jd9 Ry ah_l*hl_1 P6 h>1 Ll*G1PL

�u �d �s g3
A

= �u � �d �(u + d)U*AV �(u/d)U.AV �⌃
*vT`mb yX3jyUkeVU9V @yXj3eUReVUeV @yXy9kURyVUkV RXkReUjRVUdV yX8N3Uk9VUeV @yXyddUR8VU8V yX9ykUj9VURyV
�Z*. yX39eUR3VUjkV @yX9RyUReVUR3V @yXyj8U3VUdV RXk8eUReVUjyV yX83yUReVUjyV @yXydkURkVUR8V yX9yRUk8VUjdV

SL.J1 yXdddUk8VUjyV @yX9j3UR3VUjyV @yXy8jU3V RXkR3Uk8VUjyV yXk3eUekVUdkV
/2 6HQ`B�M 2i �HX
UQ24Ry :2o2V 0.793+0.011

�0.012 �0.416+0.011
�0.009 �0.012+0.020

�0.024 0.366+0.015
�0.018

LLS.6TQHRXR
UQ24Ry :2o2V yXdeU9V @yX9RU9V @yXRyU3V yXk8URyV

*PJS�aa
UQ24j :2o2V [0.82, 0.85] [�0.45,�0.42] [�0.11,�0.08] RXkkU8VURyV [0.26, 0.36]

h�#H2 RyXjXR _2bmHib Q7 [m�`F bTBM 7Q` i?2 u, d �M/ s ~�pQ`b 7`QK i?`22 `2+2Mi H�iiB+2 +�H+mH�iBQMb #v i?2 *vT`mb ;`QmT (jR9R)-
�Z*.(jR9k)- SL.J1 (jR9j) BM i?2 MS b+?2K2 �i k :2o �`2 HBbi2/X �(u+ d)U*AV �M/ �(u+ d)U.AV �`2 i?2 bTBMb Q7 i?2 u �M/ d
[m�`Fb BM i?2 +QMM2+i2/ BMb2`iBQM U*AV �M/ /Bb+QMM2+i2/ BMb2`iBQM U.AVX h?`22 �M�Hvb2b Q7 2tT2`BK2Mib 7`QK /2 6HQ`B�M 2i �HX (RkN8)-
LLS.6 (N3j) �M/ *PJS�aa (jR99) �`2 �HbQ HBbi2/ 7Q` +QKT�`BbQMX aQm`+2, _27X(jR98)X

�0.0403(44)(78)X h?2 iQi�H [m�`F bTBM +QMi`B#miBQM iQ
i?2 T`QiQM ?2HB+Biv Bb �#Qmi 9yWX

hQ +�H+mH�i2 i?2 iQi�H [m�`F Q`#Bi�H �M/ ;HmQM �J
+QMi`B#miBQMb- QM2 +�M bi�`i rBi? i?2 �J /2MbBiv-Mµ⌫�-
Q7 Z*.- 7`QK r?B+? i?2 �J QT2`�iQ` Bb /2}M2/X Ai
Bb r2HH@FMQrM i?�i i?2 �J /2MbBiv Bb `2H�i2/ iQ i?2
2M2`;v@KQK2MimK i2MbQ` U1JhV Tµ⌫ i?`Qm;? (jRjy)-

Mµ⌫�(x) = x⌫Tµ� � x�Tµ⌫ . URyXjXkNV

h?2 BM/BpB/m�H +QMi`B#miBQMb iQ i?2 1Jh- ?2M+2 �J
/2MbBiv- +�M #2 r`Bii2M �b i?2 bmK Q7 [m�`F �M/ ;HmQM
T�`ib-

Tµ⌫ = Tµ⌫
q + Tµ⌫

g , URyXjXjyV

r?2`2

Tµ⌫
q =

1

2

h
 ̄�(µi

�!
D⌫) +  ̄�(µi

 �
D⌫) 

i
, URyXjXjRV

Tµ⌫
g =

1

4
F 2gµ⌫ � Fµ↵F ⌫

↵ , URyXjXjkV

r?2`2 Tq BM+Hm/2b [m�`Fb Q7 �HH ~�pQ`X h?2 2tT2+i�iBQM
p�Hm2b Q7 i?2 �J /2MbBiB2b +�M #2 /2`Bp2/ 7`QK i?2 Qz@
7Q`r�`/ K�i`Bt 2H2K2Mib Q7 1Jh (Ry38)-

hP 0S|Tµ⌫
q/g(0)|PSi = Ū(P 0S)

h
Aq/g(�

2)�(µP̄ ⌫)

+Bq/g(�
2)
P̄ (µi�⌫)↵�↵

2M
+ Cq/g(�

2)
�µ�⌫ � gµ⌫�2

M
+C̄q/g(�

2)Mgµ⌫
⇤
U(PS) , URyXjXjjV

r?2`2 P̄ = (P + P 0)/2- � = P 0 � P - �M/ A- B- C �M/
C̄ �`2 7Qm` BM/2T2M/2Mi 7Q`K 7�+iQ`bX Ai ?�b #22M b?QrM
i?�i

Jq = 1/2(Aq(0) +Bq(0)) URyXjXj9V

�M/ bBKBH�`Hv 7Q` i?2 ;HmQMX
h?2 +�H+mH�iBQM Q7 i?2 iQi�H [m�`F �M/ ;HmQM �M@

;mH�` KQK2Mi� bi�`i2/ 7`QK _27X (jR8y) BM r?B+? i?2
[m�`F T�`i BM+Hm/BM; i?2 /Bb+QMM2+i2/ /B�;`�Kb r�b
+�H+mH�i2/ rBi?Qmi /vM�KB+�H [m�`FbX h?2 `2bmHi Bb i?2
iQi�H [m�`F +QMi`B#miBQM Bb Jq = 0.30 ± 0.07- BX2X eyWc

6B;X RyXjXR UmTT2`V S`QiQM bTBM /2+QKTQbBiBQM BM i2`Kb Q7
/Bz2`2Mi [m�`F ~�pQ`b �M/ ;HmQM 7`QK _27X (jR9e)X UHQr2`V aTBM
/2+QKTQbBiBQM BM i2`Kb Q7 [m�`F ?2HB+Biv- P�J �M/ ;HmQM +QM@
i`B#miBQMb 7`QK _27X (jR83)X

i?2`27Q`2 �#Qmi 9yW Q7 i?2 T`QiQM bTBM Kmbi #2 +�``B2/
#v i?2 ;HmQMX 6QHHQrBM; Qi?2` [m2M+?2/ bim/B2b (jR8R-
jR8k)- /vM�KB+�H bBKmH�iBQMb iQQF Qp2` (jR8jĜjR8d)X �
+QKTH2i2 bim/v Q7 i?2 �M;mH�` KQK2MimK /2+QKTQbB@
iBQM r�b K�/2 BM _27X (jR93) BM [m2M+?2/ 7Q`K�HBbK-
�M/ H�i2` BM _27X (jR9R)X Ai r�b 7QmM/ i?�i i?2 [m�`F
Q`#Bi�H �M;mH�` KQK2MimK +QMi`B#mi2b �#Qmi 9dW �M/
;HmQM �M;mH�` KQK2MimK +QMi`B#mi2b k3WX

� +QKTH2i2 /vM�KB+�H bBKmH�iBQM �i i?2 T?vbB+�H
TBQM K�bb ?�b #22M }MBb?2/ `2+2MiHv (jR9e)X Ai r�b 7QmM/

Lattice QCD: xQCD Wang et al. PRD 106, 014512 (2022)

Extensive studies

EFT methods,  expansion, dynamical models1/Nc

Analysis of exclusive processes,  
sensitivity to angular momentum

Spatial densities of angular momentum

Spin-orbit correlations

Angular momentum in  transitions N → Δ

Conceptual developments

Adhikari, Burkardt 2016; Lorce, Mantovani, Pasquini 2017

Lorce 2014

Goeke, Polyakov, Vanderhaeghen 2001; Goity, Kim, Weiss, Won 2023

Angular momentum carried by 
chromodynamic fields in proton



11Mechanical properties: Forces

Spatial part of energy-momentum tensor 
describes forces in system⟨H′￼| Tij(x) |H⟩}

J = 0, 2

( 1-3)i, j =

Multipole expansion of matrix element
J = 0 pressure

2 shear forces

19

The von Laue condition can be proven in exactly the same way also in the Skyrme model [180] and bag model [197].
These models have in common that they describe the nucleon in terms of a static mean field, even though in these
models the mean fields are realized in much di↵erent ways. The generic mean field picture of the nucleon is justfied in
QCD in the large-Nc limit [198, 199]. Thus, the connection of the von Laue condition and the virial theorem is of
more general character than the respective models: it holds in the large-Nc limit in QCD. It is not known whether a
connection of the von Laue condition and extrema of the action can be established also in QCD with finite Nc.
It is interesting to investigate what happens when one increases the value of the current quark masses (as it was

routinely done until recently in lattice QCD studies). In this case the hadron masses increase, while their sizes decrease.
For the EMT densities it has the following implications: the energy density in the center of the nucleon increases and
so does the pressure, see Fig. 5. This implies a more negative D-term [178].
Modifications of the D-term of the nucleon in nuclear matter were studied in [200, 201]. As the density of the

nuclear medium increases, the energy density in the center of the nucleon bound in the medium and the pressure both
decrease. The size of the system, however, grows and the D-term becomes more negative [200, 201].

Chiral perturbation theory cannot predict the value of the nucleon D-term, but it predicts its m⇡-dependence and
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Figure 4. EMT densities of the nucleon from the chiral quark soliton [126]. (a) Energy density T00(r), (b) densities p(r) and
s(r) of the stress tensor Tij(r), and (c) 4⇡r2p(r) where the shaded areas above and below the x-axis are exactly equal to each
other which demonstrates how the von Laue condition (31) is realized. (d) The integrand of the D-term is proportional to r4p(r)
and yields D < 0 upon integration. The negative sign of D emerges as a natural consequence of the “stability pattern” [126].
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Figure 5. The pion mass dependence of the nucleon EMT densities from chiral quark soliton [178] from the chiral limit up to
m⇡ of the order of magnitude of the kaon mass. (a) Energy density normalized as 4⇡r2T00(r)/m such that the curves integrate
to unity, and (b) r2p(r) which integrates to zero. (c) The pressure in the center as function of the energy density in the center.

Forces exerted by chromodynamics fields. 
Mechanical interpretation in analogy with 
classical systems

Stability condition from EMT conservation 
(von Laue condition)

∫
∞

0
dr r2 p(r) = 0

Radial pressure changes signChiral soliton model (mean-field picture): 
Goeke et al. PRD 75, 094021 (2007)

M. Polyakov, PLB 555, 57 (2003)



12Mechanical properties: Forces
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Table 2: Compilation of results for
P

q
d
q

1(µ
2
F) over a given number of quark flavours. Results 1) and 2) are

originally only given for the DVCS subtraction constant considering three light flavours, and here are scaled
by a factor 9/8 following Eq. (68). The dispersive evaluations 3) di↵er by the input pion PDF. The lattice
results 9) are originally only given for the EMT form factor Cu(0, µ2

F) + Cd(0, µ2
F), and here are scaled by

a factor 5 following Eq. (45). Both di↵er by the extrapolation of lattice data to the chiral limit. The scale
associated to all results coming from �QSM is assumed to be 0.6 GeV, which is the natural scale for this
type of models as argued in Ref. [53]. The same scale is associated to the Skyrme model.

No.
Marker

X

q

dq1(µ
2
F) µ2

F # of
Type Ref.

in Fig. 3 in GeV2 flavours

1 # �2.30± 0.16± 0.37 2.0 3 from experimental data [13]
2 ⇤ 0.88± 1.69 2.2 2 from experimental data [14]
3 3 �1.59 4 2 t-channel saturated model [54]

�1.92 4 2 t-channel saturated model [54]
4 4 �4 0.36 3 �QSM [29]
5 5 �2.35 0.36 2 �QSM [10]
6 ⇥ �4.48 0.36 2 Skyrme model [55]
7 � �2.02 2 3 LFWF model [56]
8 ⌦ �4.85 0.36 2 �QSM [57]
9 � �1.34± 0.31 4 2 lattice QCD (MS) [58]

�2.11± 0.27 4 2 lattice QCD (MS) [58]

Fig. 2: Values of d
uds

1 (µ2
F) for light quarks (blue

backward-hatched band – ��), dc1(µ
2
F) for charm

quarks (brown solid band) and d
g

1(µ
2
F) for gluons

(red forward-hatched band – ��) quoted at µ
2
F =

2 GeV2 as a function of the initial factorisation scale
squared µ

2
F,0. The results for charm quarks are multi-

plied by 100. All bands correspond to 68% confidence
level.

eters ⇤ and ↵ are still subject to large uncertain-
ties. However, we observe a dramatic change in the
estimated mean values and standard deviations be-
tween the fits extracting d

uds

1 (µ2
F) only on the one

hand, and d
uds

1 (µ2
F) and d

uds

3 (µ2
F) simultaneously on

0.1 1
-10

-5

0

5

10

10

µF [GeV2]2

∑
d 1
q

q

Fig. 3: The sum
P

q
d
q

1(µ
2
F) as a function of µ2

F for
this study (green band) and other phenomenological
and theoretical analyses. See Table 2 for the descrip-
tion of each data point, including the marker legend.
For the sake of legibility some markers are artificially
shifted by a small distance in the horizontal direc-
tion.

the other hand. This signals a possible influence of
higher-order terms in the series (35) and raises the
question of determining the terms of the series (35)
from the values of the subtraction constant and the
specific Q

2-dependence of each term.

GPD

+

D

J = 0, 2 multipoles contained in D-term 
invariant form factor of EM tensor

Appears in dispersive representation of 
deeply-virtual Compton scattering amplitude: 
Subtraction constant, energy-independent

Quark D-term extracted from DVCS: Normalization of  
“quark pressure”. Dutrieux et al. EPJ C 81, 300 (2021)

Measurement in scattering processes

Can be extracted from DVCS data  
with moderate model dependence

Teryaev 2001; Anikin and Teryaev 2007; Diehl, Ivanov 2007

Kumericki, Muller 2015;  Burkert, Elouadrhiri, Girod 2018; 
Moutarde, Sznajder, Wagner 2019; Dutrieux et al. 2021

Global charge

D-term D(0) global charge of proton 
= matrix element of conserved current, 
independently of forces interpretation



13Mechanical properties: Forces

Dynamical calculations of EMT form factors
Lattice QCD

Concept of “forces in hadrons” proved to be very fruitful, created new field of research

Semiclassical methods: Vacuum fields, instantons
Hadronic methods: Dispersion theory/unitarity, chiral effective field theory, holography

D-term and forces in mechanical analog systems
Quantum-mechanical: Electron in QED, hydrogen atom
Classical: Hydrodynamics, gravity

Interpretation of EMT form factors
Spatial densities 3D / 2D
Conditions and relevance of “pressure” interpretation

Processes probing EMT form factors
Near-threshold production of heavy quarkonia

Hadron-induced processes

 transitionsN → Δ

Schweitzer, Polyakov IJMP A 33, 1830025 (2018)

Lorcé, Moutarde, Trawiński, EPJ C79, 89 (2019)

Reviews:

Burkert et al. Rev.Mod.Phys. 95, 4, 041002 (2023)

Lorcé, Schweitzer, arXiv:2501.04622



14Mechanical properties: Hadron mass decomposition

Trace of energy-momentum tensor, 4D scalar

⟨H | Tμ
μ(0) |H⟩

Tμ
μ(x)

Tμ
μ(x) =

β(g2)
4g4

FμνFμν(x)

 quark mass terms+

Trace anomaly: Breaking of scale invariance 
in QCD by quantum fluctuations

Hadron mass decomposition in QCD:  
Contribution of gluon and quark fields

Field of research in its own right

Many theoretical and experimental results
Lorcé, EPJ C 78, 2, 120 (2018)

Metz, Pasquini, Rodini, PRD 102, 11, 114042 (2021)

Hatta, Rajan, Tanaka, JHEP 12, 008 (2018)

Reviews:



15Workshop: Program

Agenda organized in subjects:

Interpretation

Dynamics

Processes

Goal: Review status of field of “mechanical properties of hadrons” 
and propose strategy for next-level development

Each subject will be covered by presentations and discussions

Questions addressed in discussions can/will extend beyond  
those covered in presentations



16Workshop: Interpretation

• What are assumptions/conditions of the “pressure” interpretation of the EMT form factors? 
In what sense is it applicable to hadrons in QCD?

• What role does QCD structure play in the “pressure” interpretation?

• What can be learned from analog mechanical systems - classical and quantum?

• Can the mechanical interpretation be extended to related structures:  
Quark flavor contributions to EMT, spin-orbit correlations

Adam Freese: Pressure in quantum-mechanical systems

Andrzej Czarnecki: Energy-momentum tensor and D-term of hydrogen atom

Xiangdong Ji: Interpretation of energy-momentum tensor form factors

Andrea: Mejia: Classical model of gravitational form factors



17Workshop: Dynamics

• What are the prospects for LQCD calculations, esp. quark singlet and gluon operators?

• What can be learned from semiclassical approaches to vacuum structure - topology, instantons?

• What can hadronic approaches contribute to modeling and interpretating the 
energy-momentum tensor form factors

• What can be learned from the direct coupling of effective theories to gravity — chiral EFT, 
holography

Wojciech Broniowski: Meson exchange dynamics in gravitational form factors

Feng-Kun Guo: t-channel analysis of gravitational form factors

Ismail Zahed: Instantons and gravitational form factors
Kiminad Mamo: Holographic QCD and gravitational form factors

Enrique Ruiz Arriola: Gravitational form factors and densities of pion

Jambul Gegelia: Chiral dynamics and gravitational form factors

Krzysztof Cichy: Lattice QCD for mechanical properties
Huey-Wen Lin: x-dependent GPDs at physical pion mass

Jose Goity: 1/Nc expansion for baryons

Shohini Bhattacharya: GPDs from pseudo distribution approach and mechanical properties



18Workshop: Processes

• What are the prospects for extracting mechanical properties from “conventional” 
exclusive processes - DVCS, DVMP?

• What is the potential of “new” processes such as near-threshold heavy quarkonium production 
or high-Q2 light meson production?

• What can  transition processes contribute to the study of mechanical properties?N → Δ, N*

• What are the prospects for experiments at JLab 12 GeV and EIC

Yoshitaka Hatta: Gravitational form factors from deeply-virtual phi production near threshold

Stefan Diehl: Exclusive processes from JLab to EIC

Kirill Semenov-Tian-Shansky: Transition GPDs and perspectives for mechanical properties

Kyungseon Joo: JLab 12 GeV exclusive processes

Victor Martinez Fernandez: Dispersion relations beyond lowest order: D-term and hadronic properties

Melany Higuera Angulo: Gravitational form factors using novel computational techniques

• What are the possibilities for combining lattice QCD and experimental data 
for determining the gravitational form factors?


