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• In 2015, EIC became the highest 
priority for new construction in the US 
Nuclear Physics Long Range 

• In 2018, A committee of the National 
Academy of Science favorably 
endorsed the science of EIC

• In 12/2019 EIC was granted CD0 by 
the US DOE with site selected at 
BNL

• In 2021 EIC Yellow Report (~900 
pages) was completed

Brief History of EIC
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• Polarized electron and 
proton beams (rather 
than unpolarized proton 
beam at HERA) 

• Ion beams from deuteron 
to uranium, with polarized 
3He also possible (no ion 
beams at HERA) 

• High electron-nucleon 
luminosity at 1033 – 1034

cm-2 s-1

Unique Features of EIC (relative to HERA)

Polarized e+p

e+A
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Major Physics Measurements (from Yellow Report)

 Origin of Nucleon Spin
  
 Origin of Nucleon Mass

  
 TMDs
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Three topics in this talk

• Origin of hadron mass
• Partonic structure of mesons
• Intrinsic sea in the proton
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Origin of mass
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CERN COURIER      
July/Aug 2022

The Higgs Enigma   
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Origin of the Nucleon Mass
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of a hadron is greater than the sum of the masses of the constituents



8

Hadron Mass from Lattice QCD

However, we need some “insights” on the origin of hadron mass



Hadron Mass from Constituent Quark Model
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The mass of proton is now less than the sum of the 3 constituent quarks
( ) ( ) 363 MeV; ( ) 538MeVm u m d m s= = =

From Griffiths’ textbook
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Decomposition of Proton’s Mass

This could become a major physics topic at EIC

Extensive effort at CERN, JLab, RHIC, SLAC over the last 30 years
 It remains one of the major physics topics at EIC

Decomposition of Proton's Spin
1 1 ( ) ( ) ( ) ( )
2 2 Q GG L Lµ µ µ µ

•
•

= ∆Σ + ∆ + +
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Decomposition of Proton’s Mass

From the invariance of translation in space and time, the Noether’s
theorem gives a conserved energy-momentum tensor 𝑇𝑇𝜇𝜇𝜇𝜇
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Decomposition of Proton’s Mass

Traceless part:

Matrix element of EMT in a hadron:

Decomposition of EMT into two parts:

Trace part:

Traceless part:

Trace part:
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Decomposition of Proton’s Mass
Matrix element of EMT in a hadron:

Trace part from quark mass:

Traceless part:

Traceless part for quarks:

Traceless part for gluons:

Trace part from anomaly:
2 2Knowing ( ) and ( ) is sufficient to perform the mass decompositiona bµ µ

2( ) is simply the momentum fraction of the hadron 
        carried by quarks and antiquarks !
a µ
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Decomposition of Proton’s Mass
2 2Knowing ( ) and ( ) is sufficient to perform the mass decompositiona bµ µ

2( ) is from sigma-term and the scalar charge of strange quarkb Nµ π



Trace anomaly from J/Ψ photoproduction
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2207.05212



Trace anomaly from J/Ψ photoproduction
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Extrapolate /  to 0d dt tσ =

Hence,  (and ) can be obtained from /  at 0ab M d dt tσ =

(From D. Karzeev, nucl/th 9601029)



Mass radius from J/Ψ photoproduction
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Use a dipole form factor

2 1/2The proton mass radius =0.52 0.03 fm
is much smaller than the charge radius of 0.84 fm !

mr〈 〉 ±

Hence, the mass radius  can be determinedmr



What’s next?
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Partonic structures of pion and kaon

Why is it interesting?
 Lightest  bound states, and Goldstone bosons
 A simpler hadronic system than the nucleon
 Spin-0  and contrasting spin-1/2 nucleon
 Compared to nucleons, very little is kno

qq

Kπ

•
•
•
• wn
  experimentally for the partonic structures of mesons
 Mass decomposition of pion and kaon•
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Partonic structures of pion and kaon

 No helicity distributions ( ( ) 0, (
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Meson partonic content from the 
Drell-Yan Process
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Exp P (GeV) targets Number of D-Y events

WA11 175 Be 500 (semi-exclusive)

WA39 40 W (H2) 3839 (all beam, M > 2 GeV)

NA3 150, 200, 280 Pt (H2) 21600, 4970, 20000 (535, 121, 741)

NA10 140, 194, 286 W (D2) ~84400, ~150000, ~45900 (3200, --, 
7800)

E331/E444 225 C, Cu, W 500

E326 225 W

E615 80, 252 W 4060, ~50000

Experiments at CERN and Fermilab

 Relatively pure  beam; J/ production also measured
 Relatively large cross section due to  contents in ud

π

π

−

−

• Ψ

•
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For a very long time, only four pion parton 
distribution functions were available 

• Third: GRV-P (Z. Phys. C53, 651 (1992))
– Only valence and valence-like gluon at initial 

scale. Sea is entirely from QCD evolution
– Valence distribution from fit to direct photon data

• Fourth: SMRS (PR D45, 2349 (1992))

– NA10 and E615 D-Y data
– WA70 direct photon data

 Need new global fits to all existing data
 Need new experimental data with pion and kaon beams 
•
•
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PRL 121, 152001 (2018)

• Drell-Yan data from NA10 and E615
• Leading-neutron tagged DIS from HERA provides 

information on the pion PDFs at small x
• The Q2 evolution allows extraction of gluon distribution

JAM Collaboration

Tagged DIS can be performed at EIC to   
study pion and kaon parton structures
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 The statistical model describes 
   proton's PDF very well
 The antiquark's flavor structure is

   related to quark's flavor structure
 The antiquark's spin structure is

   related to quark's spin stru

•

•

•
cture

  It is not clear if the statistical model
    also works for meson's PDFs
•



Valence and gluon distributions for various pion PDFs

• Quite good 
agreements for 
valence quark 
PDFs

• Much larger 
variations for 
the gluon PDFs

26

Valence

Gluon



Constraining gluon distribution of pion 
with pion-induced J/Ψ production

• An attempt to compare existing pion PDFs in their abilities 
to describe existing pion-induced J/Ψ production data

• The existing data are sensitive to the gluon PDF in pion, 
which is poorly known and is of much theoretical interest   

27

Chang, Platchkov, Sawada, JCP, PRD 102 (2020) 054024



Comparison between data and calculations for 
different PDFs
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• At the highest available  
beam energy (515 
GeV), GG fusion 
dominates at wider 
range of xF for all PDFs

• JAM and xFitter GG 
fusion contribution falls 
off rapidly at large xF

Chang, Platchkov, Sawada, JCP, PRD 102 (2020) 054024



Comparison between J/Ψ dσ/dxF data and 
NRQCD calculations for different pion PDFs
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Chang, JCP, Platchkov, Sawada, preliminary 2022

• The SMRS and GRV give smaller smaller χ2 than JAM 
and xFitter

• It would be very important to include the J/Ψ data in the 
global fit to better constrain gluon distribution in mesons



Pion PDFs using DY and J/Ψ data
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AMBER (Phase-I was approved)

• Expect new Drell-Yan and J/Ψ production data 
with pion (kaon) beams in the near future !
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Top View

(0.2m) (2.3 m)

(2.4x1.8 m2)
(3.5x2.5 m2)

Muon-ID Wall

Original Configuration
for Charmed Baryon Spectroscopy

Extension part

Stage-1 approved by J-PARC PAC-18, August 12, 2014.
Proposal is currently 
being prepared.

Proposal for exclusive Drell-Yan and J/Ψ
at J-PARC with pion beam (W. Chang et al.)
(sensitive to the pion distribution amplitude)

•32



33

What do we know about the kaon PDF (very little!)

From NA3; 150 GeV, Pt target
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( Pt) / ( Pt) ratios for J/  productionK π− −+ + Ψ

Ratios for D-Y

Similar behavior at large  for D-Y and J/  production?Fx Ψ

From NA3; 150 GeV, Pt target

Ratios for J/Ψ
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0.203

0.203

Red dashed curve:
Modified  pdf

( )

Black solid curve: 
same PDF for  and  in

61.0 1 ( )(1 )

( ) 0.937 ( )( )
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V V
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K
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−
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JCP, Chang, Platchkov, Sawada: 1711.00839

( / ) ratios versus ( / ) ratios for J/  productionK Kπ π+ + − − Ψ

(in disagreement with the expectation that gluons in kaon
carry less momentum than gluons in pion)

 Blue dot-dashed curve: 
gluons in kaon carry 5% more momemtum than gluons in pion
•

A global fit to extract the kaon PDF using the ( / ) Drell-Yan and J/  data 
     in the statistical model is underwat (Bourrely, Buccela, Chang, JCP)

K π Ψ



Complementarity between AMBER and EIC in 
probing the partonic structure of mesons
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B) Tagged DIS (TDIS) with forward neutron tagging in e − p
collisions can probe meson PDF using the Sullivan process

• TDIS measures F2(x) structure function of pion, which is a combination of
valence and sea distributions.
• The Q2-evolution of TDIS can be used to constrain the gluon distribution of pion 

A) Drell−Yan and quarkonium production in AMBER with meson beams

• Drell−Yan with 𝜋𝜋− or 𝐾𝐾− beam probe the
valence−quark distributions in pion and kaon
• Comparison between Drell−Yan
with 𝜋𝜋− and 𝜋𝜋+ beams can separate the valence
and sea distributions in pion. Similarly for kaons
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Search for the “intrinsic” quark sea

3 5

The "intrinsic"-charm  from |  is "valence"-like 
and peak at large  unlike the "extrinsic" sea

|

 

| |

( )

q qp P uud
uudcc

x g cc

P uudQQ〉 = 〉 + 〉 +

〉
→



In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) 
suggested the existence of “intrinsic” charm

“extrinsic sea” “intrinsic sea”
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Search for the “intrinsic” quark sea

3 5

The "intrinsic"-charm  from |  is "valence"-like 
and peak at large  unlike the "extrinsic" sea

|

 

| |

( )

q qp P uud
uudcc

x g cc

P uudQQ〉 = 〉 + 〉 +

〉
→



In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) 
suggested the existence of “intrinsic” charm

“intrinsic”

“extrinsic”
The "intrinsic charm" in |  
can lead to large contribution 
to charm production at large 

uudcc

x

〉
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A recent global fit by CTEQ-TEA to extract 
intrinsic-charm (JHEP02 (2018) 059)

39

No conclusive evidence for intrinsic-charm 
(However, possible new evidence from LHC) 
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Search for the “intrinsic” light-quark sea

Some tantalizing, but not conclusive, 
experimental evidence for intrinsic-charm so far
Are there experimental evidences for the intrinsic
light-quark sea: | , | , |  ?uuduu uuddd uudss〉 〉 〉

2 2
5 ~ 1/q QP m

The “intrinsic” sea for lighter 
quarks have larger probabilities!

3 5| | |q qp P uud P uudQQ〉 = 〉 + 〉 +

40

Work in collaboration with Wen-Chen Chang



x-distribution for “intrinsic” light-quark sea
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Brodsky et al. (BHPS) give the following probability 
for quark i (mass mi) to carry momentum xi 

In the limit of large mass for 
quark Q (charm):

     One can calculate ( ) for
antiquark  ( , , ) numerically

P x
Q c s d
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How to separate the “intrinsic sea” from the 
“extrinsic sea”?

• Select experimental observables which have no 
contributions from the “extrinsic sea”

=

only sea" intrinsic"  tosensitive is and             
)(sea  extrinsic from oncontributi no has qqgud →−

How to measure 𝑑̅𝑑 - �𝑢𝑢 ?
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Comparison between the ( ) ( ) data
        with the intrinsic-sea model

d x u x−

The difference in the 
two 5-quark 

components can also 
be determined

The data are in good 
agreement with the BHPS 

model after evolution from the 
initial scale μ to Q2=54 GeV2

5 5 0.118uuddd uuduuP P− =

(W. Chang and JCP , PRL 106, 252002 (2011))
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How to separate the “intrinsic sea” from 
the “extrinsic sea”?

• “Intrinsic sea” and “extrinsic sea” are expected 
to have different x-distributions
– Intrinsic sea is “valence-like” and  is more 

abundant at larger x
– Extrinsic sea is more abundant at smaller x

ondistributi )()(  theis example An xsxs +
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Comparison between the s( ) ( ) data
        with the intrinsic 5-  model

x s x
q

+

2 2

( ) ( ) from  HERMES kaon 
SIDIS data at 2.5 GeV

s x s x
Q

+

〈 〉 =

024.05 =suudsP

Assume 0 1 data are dominated
by intrinsic sea (and 0 1 are 
from QCD sea)

x .
x .

>
<

(W. Chang and JCP, PL B704, 197(2011))

This allows the extraction of the 
intrinsic sea for strange quarks

45
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How to separate the “intrinsic sea” from the 
“extrinsic sea”?

• Select experimental observables which have no 
contributions from the “extrinsic sea”

only sea" intrinsic"  tosensitive is and             
)(sea  extrinsic from oncontributi no has qqgssud →−−+
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(W. Chang and JCP, PL B704, 197(2011))

Comparison between the ( ) ( ) - ( ) ( ) 
           data with the intrinsic 5-  model

u x d x s x s x
q
+ −

( ) ( ) from CTEQ6.6
( ) ( ) from HERMES

d x u x
s x s x

+
+

5 5 5~ 2
(not sensitive to extrinsic sea)

uuduu uuddd uudss

u d s s

P P P

+ − −

+ −

314.02 555 =−+ suudsduudduuudu PPP

A valence-like distribution 
peaking at x ~ 0.1 is observed
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024.0  ;122.0  ;240.0 555 === suudsuuududuudd PPP

Extraction of the various five-quark 
components for light quarks

314.02 555 =−+ suudsduudduuudu PPP024.05 =suudsP5 5 0.118uuddd uuduuP P− =
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s s+

Dependence of  extraction on
the kaon fragmentation functions 

s s+

2008 
HERMES

2014 
HERMES

2014 
HERMES
DSS FF

2014 
HERMES

Intermediate  
FF

Wen-Chen Chang and JCP,  PRD 92, 054020 (2015) 

𝑃𝑃5𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ̅𝑠𝑠=0.022

𝑃𝑃5𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ̅𝑠𝑠=0.046

𝑃𝑃5𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ̅𝑠𝑠=0.00

𝑃𝑃5𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ̅𝑠𝑠=0.086
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“…However, conclusion about whether the proton contains valence-
like intrinsic charm can only be drawn after incorporating these 

results into global PDF analyses” 50
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Nature 608, 483-487 (2022)



Possibility to search for intrinsic sea at EIC

52
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Conclusions 
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 Building upon the experience and expertise from other
  previous research, the Taiwan group can readily explore 
  related

 EIC represents a major opportuniy for nuclear/particle
  physicists in Taiwan
•

•

 A staged approach with on-going and near-future projects
  at RHIC (sPHENIX, STAR), JLab, J-PARC, CERN (AMBER)
  converging on EIC would be very at

 and compelling physics at this major future facility
•

 Research related to EIC physics offers an excellent opportunity
   to form strong collaboration between experimentalists and
   theorists in Taiwan

tractive
•
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