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Categories of questions 

•
Q

uestions related to broader fields (astronom
y, 

particle &
 nuclear physics, condensed m

atter, 
chem

istry &
 biology...)

•
Q

uestions related to fundam
entals of Q

CD
•

Q
uestions related to lattice calculations

•
Q

uestions related to experim
ents

•
…

In hope to find yet m
ore, and the m

ost im
portant 

one! 



Q
uestions related to the 

broader fields



N
ucleon m

ass: 
“charges” of stellar dynam

ics &
“m

other of all energies”



N
ucleon 

m
ass in 

astrophysics 
and 
cosm

ology

•
Proton and neutron m

asses account for 5%
 

of the energy of the U
niverse

•
The m

ass is the gravity charge w
hich 

determ
ines the stellar form

ation dynam
ics: 

supernova, neutron stars, blackholes



Biggest revelation about the m
ass

•“It appears far m
ore 

natural to consider 
every inertial m

ass as 
a store of energy” , 
Dec. 1907, A. Einstein



Saving energy 
in the nucleon 
m

ass

•
As the U

niverse expands and cools, 
the only w

ay to store the hot 
plasm

a energy is to form
 color-

neutral droplets (nucleons) of 
quark and gluons, locking their 
kinetic energies inside. 



Squeezing the energy out of the 
nucleon m

ass



M
other of all energies

•
Through gravity 
contraction, the 
quark and gluon 
energy inside 
the nucleon 
m

ass can be 
unleashed by 
form

ing heavier 
nuclei.

•
Conspiracy 
betw

een gravity 
and other forces 



M
ass scales in Q

CD

•
The

nucleon m
ass is determ

ined by tw
o different 

m
ass scales:

•
Q

uark m
asses

•
Just like the electron m

ass in atom
ic physics, determ

ined 
by Higgs m

echanism
•

Electrow
eak sym

m
etry

breaking
scale. 

•
Q

CD scale 𝚲𝚲
𝑸𝑸
𝑸𝑸𝑸𝑸

•
Q

CD scale Λ
𝑄𝑄
𝑄𝑄𝑄𝑄

does not appear directly in the 
lagrangian: dim

ensional transm
utation 

•
Free param

eter 



Changing the Q
CD scale

•
W

hat happens if w
e can change Λ

𝑄𝑄
𝑄𝑄𝑄𝑄

by a factor of 
10 or 1/10? How

 w
ill the w

orld change? 
•

The Earth m
ay be closer to or further from

 the Sun, m
ay 

rotate faster and slow
er around it?

•
The neutron can

be lighter than the proton?
•

N
uclear energy production and

details of star evolution 
w

ill be very different?
•

Atom
s and m

olecules w
ill rem

ain the sim
ilar size?

•
Feeling of hot and cold m

ight be different? 
•

Superconductivity phenom
ena m

ight enhanced
or 

decreased?
•

Change of gravity m
ay affect biology evolution? 



W
hat decides the Q

CD scale?
Running of the couplings



Q
uestions related to 

Q
CD fundam

entals



M
ass from

 Q
CD dynam

ics

𝑴𝑴
𝑵𝑵
=
𝜶𝜶
𝚲𝚲
𝑸𝑸
𝑸𝑸𝑸𝑸
+
�𝒒𝒒

𝜷𝜷
𝒒𝒒 𝒎𝒎

𝒒𝒒



Role
ofcolor confinem

ent 

M
ass = quark kinetic energy + B(scalar-field condensate)



Role of chiral sym
m

etry breaking 

•
SSB of chiral sym

m
etry 

Goldstone bosons: π, K 
Chiral condensate 

�𝜓𝜓𝜓𝜓
≠
0

•
Q

uarks acquire an effective m
ass? N

JL m
odels 

etc.



M
ass of the nucleon

•
Internal m

ass as a store  of energy
𝑚𝑚
𝑐𝑐
2
=

𝑁𝑁
�𝐻𝐻
𝑄𝑄
𝑄𝑄𝑄𝑄

𝑁𝑁
•

For any relativistic system
, the Ham

iltonian can be 
separated into tw

o term
s, 

�𝐻𝐻
𝑄𝑄
𝑄𝑄𝑄𝑄
=
�𝐻𝐻
𝑇𝑇
+
�𝐻𝐻𝑆𝑆

This separation is a fundam
ental property of 

relativity and both parts are scale invariant 



Tensor and scalar energies
•

Tensor energy 𝐸𝐸
𝑇𝑇
=

𝐻𝐻
𝑇𝑇

is related to the usual 
kinetic and potential energy sources

•
Scalar energy 𝐸𝐸

𝑆𝑆
=

𝐻𝐻
𝑆𝑆

is related to related to 
scale-breaking

properties of the theory, as such as 
quark m

ass𝑚𝑚
𝑞𝑞

and trace anom
aly:

•
In the m

assless lim
it, the classical theory is scale-

invariant. 
•

Due to U
V divergences, the scale invariance is broken, 

the trace of EM
T is now

 zero, 𝑇𝑇𝜇𝜇 𝜇𝜇
≠
0.

Com
posite scalar 

fields w
hich could have scale-breaking vacuum

 
expectation values 

�𝜓𝜓𝜓𝜓
,
⟨𝐹𝐹

2⟩



Relativistic virial theorem

•
As an im

portant feature of relativity, one can show
𝐸𝐸
𝑇𝑇
=
3𝐸𝐸

𝑆𝑆
(virial theorem

)
3 is the dim

ension of space. 
•

Scalar energy sets the scale of the tensor (kinetic 
and potential energies of the system

). But it is not 
the only energy (M

N
=
4𝐸𝐸

𝑆𝑆 )
•

In non-relativistic lim
it of Q

ED &
 gravity, it reduces  

𝑉𝑉
=
−
2⟨𝑇𝑇⟩

kinetic energy sets the scale for potential energy! 



Scalar energy in Q
CD

•
W

hat is the scalar Ham
iltonian in Q

CD? 
𝐻𝐻
𝑆𝑆
=
𝐻𝐻
𝑚𝑚
+
𝐻𝐻
𝑎𝑎

𝐻𝐻
𝑚𝑚
=

14 ∫
𝑑𝑑
3𝑥𝑥

𝑚𝑚
�𝜓𝜓𝜓𝜓

•
Q

uantum
 anom

aly contribution: due to breaking of 
scale sym

m
etry from

 renorm
alization. 

•
In the m

assless lim
it, 𝐻𝐻

𝑎𝑎
∼
𝐹𝐹
2



Q
uantum

 Anom
alous Energy (Q

AE) 

•
There is an anom

alous scalar contribution to the 
nucleon m

ass
𝐸𝐸
𝑎𝑎
∼

𝑁𝑁
𝐹𝐹
2
𝑁𝑁
~
14 𝑚𝑚

𝑁𝑁 𝑐𝑐
2

•
This particular contribution

com
es from

 the scalar 
response to the presence of the quarks (bag 
constant).Ltscontribution is also sim

ilar to
Higgs 

m
echanism

 in electrow
eak theory, w

ith 
𝜙𝜙
=
𝐹𝐹
2
−
⟨0|𝐹𝐹

2|0⟩
as a dynam

ical Higgs field.
X. Ji &

 Y. Liu, e-Print:2101.04483



Q
uestions 

related to 
Q

CD 
fundam

entals

W
hat is the role of confinem

ent in the proton 
m

ass?

W
hat is the role of chiral sym

m
etry breaking in 

the proton m
ass?

Does the relativistic virial theorem
 tell us 

som
ething deep about the m

ass? 

W
hat is the role of quantum

 anom
alous energy 

(Q
AE) in the nucleon m

ass? 

W
hy are the nucleon resonances separated by 

large m
ass gap? (w

hy quark m
odel w

orks?) 

W
hy the nucleon-nucleon potential is attractive 

(one pion change)? 



Q
uestions related to 

lattice Q
CD



Lattice is the only 
first-principles 

approach 
to understand 

non-perturnative
Q

CD dynam
ics



Splitting the Q
CD energy sources 

�
Fourdifferent type energies (X. Ji, PRL, 1995) 

Q
uark energy

Q
uark m

ass

G
luon energy

Q
uantum

 Anom
alous 

Energy (Q
AE)



Proton m
ass on the lattice

Y.-B. Yang et al., (χQ
CD

), PRL 121, 212001 (2018)
Y.-B. Yang et al., (χQ

CD
), PRD

94,054503 (2016)
C. Alexandrou

et al., (ETM
C), PRL 119, 142002 (2017)

C. Alexandrou
et al., (ETM

C), PRL 116, 252001 (2016)

•
Trace anom

aly: 2101.04942 by Chi-Q
CD

•
B

2is negative



Q
uark m

ass contribution

•
Lattice Q

CD calculations of the pion-N
 sigm

a term
 

and strange quark contribution
∑
𝑞𝑞 𝑚𝑚

𝑄𝑄
�𝑞𝑞𝑞𝑞

=
80

−
90

𝑀𝑀
𝑀𝑀𝑉𝑉

about 10%
 of the total.

•
Strange quark contribution is not as big as from

 
chiral perturbation theory.

•
1 M

eV accuracy? 



Q
AE contribution to confinem

ent 

H. J. Rothe, Phys. Lett. B 346, 227 (1995); 355, 260 
(1995)
•

Heavy quark potential betw
een Q

Q
-bar 

𝑉𝑉
𝑟𝑟
=
𝜎𝜎𝑟𝑟

•
Contribution to the potential from

 the anom
alous 

energy is 

𝐸𝐸
𝑎𝑎
𝑟𝑟
=

14
𝑉𝑉
𝑟𝑟
+
𝑟𝑟𝑉𝑉

′
𝑟𝑟

=
12 𝑉𝑉(𝑟𝑟)



Center-vertices: confinem
ent &

 
chiral sym

m
etry breaking

Leinw
eberet al. 

J.Phys.G
44

(2017)
12,125002



Effects of center vertices on 
the nucleon &

 Delta m
ass 



Q
uestions 

related to 
lattice Q

CD

Precision quark m
ass contributions to the proton 

m
ass from

 lattice Q
CD? 

W
hat is the best w

ay to com
pute he Q

AE 
contribution to the m

ass (bag constant) 

How
 to separate influences of chiral sym

m
etry 

breaking from
 color confinem

ent on the m
ass? 

Can one reproduce the dynam
ical Higgs m

echanism
 

for the gluon scalar contribution? 

W
hy is the color m

agnetic field depleted inside the 
nucleon?



Q
uestions related to 

experim
ents



Q
uark m

ass contribution 

•
U

p &
 dow

n quark m
ass contribution

Pi-N
 scattering 𝜎𝜎

term
:

•
Strange quark contribution 
𝜒𝜒-PT from

 baryon spectrum
M

eissner’s talk
•

Any other useful data to fix them
?  



Q
uark

and gluon energy: PDFs ji,1995

•
Statisticalm

odel: C. Bourrely, 
F. Buccella, J.-C.Peng,arXiv:2008.05703

T=100 M
eV

TM
DPDF?



𝑝𝑝
𝐹𝐹
2
𝑝𝑝
:
heavy

quarkonium
production

D. Kharzeev, Proc. Int. Sch. Phys. Ferm
i 130, 105 (1996) 

•
U

sing a color dipole to m
easure the scalar field 

static response. Voloshin (1978), …
.

•
This naturally leads to the “probe” through photo 
or electro-production of heavy quarkonium

. 
•

Precision data is needed + VDM
 



M
eziani’stalk 



H
igher Q

2: Looking to EIC

•
Higher Q

2provides a m
ore rigorous connection 

betw
een cross section and the m

atrix elem
ent. 

(Boussarie
&

 Hatta et al, Phys.Rev.D
101

(2020)11,114004)

•
J/psi &

 Υ
production 



M
ass form

-factor A(Q
2), 

̅𝐶𝐶(Q
2)

•
Form

 factors of energy-m
om

entum
 tensor

X. Ji, PRL 1996
•

M
ass form

 factors:
A(Q

2) and C-bar 
C-bar is a tw

ist-4 contribution  
(Ji, M

elnitchouk,Song, 1997, Hatta, Rajan, Tanaka, 2018, . ) 



M
ass form

 factor: 
lattice Q

CD and DVCS

(Ji, M
elnitchouk, 

Song, 1997)



Q
uestions 

related to 
experim

ents 
and 
observables

How
 to im

prove the precision in 
m

easuring and extracting the quark 
m

ass contribution experim
entally? 

How
 to reliably m

easure and interpret 
the Q

AE contribution from
 J/psi, 

upsilon threshold production? 

How
 w

ell are the m
ass distributions in 

the nucleon m
easured from

 DVCS and 
sim

ilar processes? 

W
hat is the m

ost im
portant question 

that EIC can answ
er about the nucleon 

m
ass? 



Conclusions 

•
The nucleon m

ass is one of the m
ost im

portant 
physical quantities in our universe.

•
M

any interesting questions can be asked and 
answ

ered by m
odels, lattice Q

CD calculations, and 
experim

ents.
•

M
ore questions to be asked and answ

ered through 
this w

orkshop.


