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PROTON’S MASS
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∑𝑞!"#$%&$ = 9 GeV ≪ 𝑀'()*)% = 938 𝐺𝑒𝑉
∑𝑞!"#$%&$ ≈ 0.1 × 𝑀'()*)%

§ Only a small part of the Proton’s mass may 
be attributed to the Higgs mechanism.

§ From where does the remainder emerge?
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§ Caveat:  
Consider a frame invariant 
definition of mass

𝑷+ ≠ ∑𝑷𝒊
+

§ Rest frame decomposition

§ Chiral limit trace anomaly
𝑃 )(𝑝 Θ! 𝑃 )(𝑝 = −𝑝"𝑝" = 𝑚#

$

– Mass entirely from gluons
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THE PROTON, HIGGS MASS ONLY





MESON MASS
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∑𝑞!"#$%&$
- = 7 GeV ≪ 𝑀- = 140 𝐺𝑒𝑉

∑𝑞!"#$%&$- ≈ 0.05 × 𝑀-

§ Pion, 
– 𝑀% ≈ ⁄$ &𝑀'()*)+ Constituent Quarks
– 𝑀% ≈ 0 Chiral limit Goldstone Boson
– Chiral limit trace anomaly

𝑃 )(𝑝 Θ! 𝑃 )(𝑝 = −𝑝"𝑝" = 𝑚%
$ ≡ 0

• No Gluons in Chiral limit
– Higgs mechanism & DCSB*

§ Kaon
– 𝑀, ≈ ⁄- &𝑀'()*)+ + 𝑋𝑀. Constituent 

Quarks
– s-quark addition causes Higgs 

mechanism & DCSB to rebalance 

?
∑𝑞!"#$%&$. = 95 GeV ≪ 𝑀. = 494 𝐺𝑒𝑉

∑𝑞!"#$%&$. ≈ 0.2 × 𝑀.
*DCSB ⟹ Dynamical Chiral Symmetry Breaking



KEY QUESTIONS

§ Do we understand the trace anomaly?
– Is there any glue in the pion?
– Is there any glue in the Kaon?

§ Do we understand the energy-mass distribution 
– of the pion? 
– of the Kaon?

§ What is the difference between the pion and
Kaon energy-mass distributions?

§ How do we relate this to the proton?
– We need consistent QCD explanation
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Experimentally need to 
know 𝜋, 𝜋/K and K PDF’s
(also nice to know PDF’s 
from lattice QCD)



CONSIDER HOW PDF’S ARE DETERMINED

Global fits
§ No single experiment determines a particular distribution 𝑞 )(𝑥 , =𝑞 )(𝑥 , 𝑔 )(𝑥 , etc.  

– Need to consider all data with physics-based constraints
– Some have more sensitivity though—see PDFSense Phys.Rev.D 98 (2018) 9, 094030

§ Make assumptions (e.g. for the pion, based on sum rules)

?
/

0
)(𝑢 𝑥 − =𝑢 )(𝑥 𝑑𝑥 = 1 ?

/

0
𝑥 ][𝑞 )(𝑥 + =𝑞 )(𝑥 + 𝑔 )(𝑥 𝑑𝑥 = 1

§ Make more assumptions about the analytic form
– e.g. 𝐴𝑥/ )(1 − 𝑥 0 𝑓 )(𝑥
– Notable exception NNPDF
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Better Sensitivity to Quark Distributions
§ Pionic Drell-Yan 

– CERN NA3 & NA10, Fermilab E615
– CERN COMPASS/AMBER

§ 𝜋-DIS w/Leading Hadron
– HERA, JLab, 
– EIC

Better Sensitivity to Gluon Distributions
§ Direct Photon 

– CERN WA70
– CERN AMBER

§ J/Ѱ production
– CERN AMBER

WHAT CAN BE MEASURED?
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§ Issue:  What is the shape at large-x?

𝐴G𝑥H )(1 − 𝑥 I

§ Can we validate that 𝛽 > 2?

PION VALENCE DISTRIBUTION AT LARGE-X
FN

AL E615 Phys. R
ev. D

 39
92
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§ Issue:  What is the shape at large-x?

𝐴G𝑥H )(1 − 𝑥 I
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PION VALENCE DISTRIBUTION AT LARGE-X
FN

AL E615 Phys. R
ev. D

 39
92



𝑥
-

𝑥1

§ Issue:  What is the shape at large-x?

𝐴G𝑥H )(1 − 𝑥 I

§ Can we validate that 𝛽 > 2?

§ What is a sufficiently “free” form
𝐴G𝑥H )(1 − 𝑥 I𝒇 )(𝒙

– NNPDF

§ What is a sufficient calculation of the
cross section?
– Soft gluon re-summation necessary
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PION VALENCE DISTRIBUTION AT LARGE-X

What was measured

FNAL E615 Phys. Rev. D 39
92, 

J. Conway, Ph.D. Thesis

§ How do the sea and gluon distributions 
affect this?



§ Issue:  What is the shape at large-x?
𝐴G𝑥H )(1 − 𝑥 I

§ Can we validate that 𝛽 > 2? 
– Perhaps not with the data at hand
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𝑥
-

𝑥1

J/y

xp resolution not quoted in 
paper or thesis

PION VALENCE DISTRIBUTION AT LARGE-X

What was measured

What may be extracted

Possible x𝜋 uncertainty

ΔM"" ≈ 165 𝑀𝑒𝑉
𝑀$ = 𝑥%𝑥#𝑠

Δ𝑥%
𝑥%

≈
2Δ𝑀
𝑀 ≈ 0.1

FNAL E615 Phys. Rev. D 39
92



§ Issue:  What is the shape at large-x?
𝐴G𝑥H )(1 − 𝑥 I

§ Can we validate that 𝛽 > 2? 
– Perhaps not with the data at hand
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PION VALENCE DISTRIBUTION AT LARGE-X
JAM Phys. Rev. Lett. 121,152001 (2018)

§ Remember data from both NA10 and NA3
– NA3 data has both 𝜋2 )(=𝑢𝑑 and 𝜋3 KL𝑑̅𝑢 data

Sensitivity to pion sea quarks
• Is there a pion sea? 
• Does it arise (solely) from gluons?

§ JAM collaboration has considered these data
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§ 𝜋- induced Drell-Yan data
– Valence quark determination

§ Ratio of 𝜋-/𝜋+ Drell-Yan
– Sea quark determination

§ Data with sufficient resolution

KEY MEASUREMENT: PION INDUCED DRELL-YAN DATA

COMPASS++/AMBER arXiv:1808.00848

COMPASS++/AMBER
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Better Sensitivity to Quark Distributions
§ Pionic Drell-Yan 

– CERN NA3 & NA10, Fermilab E615
– CERN COMPASS/AMBER

§ 𝜋-DIS w/Leading Hadron
– HERA, JLab, 
– EIC

Better Sensitivity to Gluon Distributions
§ Direct Photon 
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– CERN AMBER

WHAT CAN BE MEASURED?
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Sullivan Process

𝑝 = 𝑝N + 𝑎 𝑁𝜋 + 𝑏 Δ𝜋 +⋯

§ Use pions floating around proton as a target
§ Tag with beam-like neutron

LEADING HADRON VIRTUAL
PION DIS H

ER
A data ZEU

S, N
PB637 3 (2002)]

JAM
,PR

L 121,152001 (2018)
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Sullivan Process

𝑝 = 𝑝N + 𝑎 𝑁𝜋 + 𝑏 Δ𝜋 +⋯

LEADING HADRON VIRTUAL PION DIS

EIC Yellow Report on Meson Structure Functions, Draft

Possible kinematic 
reach and precision at
the EIC
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Better Sensitivity to Quark Distributions
§ Pionic Drell-Yan 

– CERN NA3 & NA10, Fermilab E615
– CERN COMPASS/AMBER

§ 𝜋-DIS w/Leading Hadron
– HERA, JLab, 
– EIC

Better Sensitivity to Gluon Distributions
§ Direct Photon 

– CERN WA70
– CERN AMBER

§ J/Ѱ production
– CERN AMBER

WHAT CAN BE MEASURED?

?
/

0
𝑥 ][𝑞 )(𝑥 + =𝑞 )(𝑥 + 𝒈 )(𝒙 𝑑𝑥 = 1

§ g(x) determined by “what’s left over”
§ NLO sensitivity in Drell-Yan
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§ WA 70

1/3 to 1/2 glue in momentum space?

DIRECT PHOTONS

𝐺% = >
!

-
𝑥𝑔 )(𝑥 𝑑𝑥 = 0.33 − 0.43

𝑥𝑔% )(𝑥 = 𝐴1% )(1 − 𝑥 2 𝜂 ≈ 2.1

SMRS Phys. Rev. D 
45, 2349 (1992)

WA70, Z. Phys. C 37, 535 (1988)

§ Chiral limit trace anomaly
𝑃 )(𝑝 Θ/ 𝑃 )(𝑝 = −𝑝4𝑝4 = 𝑚-

+ ≡ 0
– No Gluons in Chiral limit
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DIRECT PHOTONS

WA70, Z. Phys. C 37, 535 (1988)

§ Chiral limit trace anomaly
𝑃 )(𝑝 Θ/ 𝑃 )(𝑝 = −𝑝4𝑝4 = 𝑚-

+ ≡ 0
– No Gluons in Chiral limit

§ JAM analysis

𝐺% = >
!

-
𝑥𝑔 )(𝑥 𝑑𝑥 ≈ D1 3

JAM, Phys. Rev. Lett. 
121,152001 (2018)



• =𝑞𝑞 → 𝐽/𝜓
• =𝑞𝑔 → 𝐽/ψ

• 𝑞𝑔 → 𝐽/𝜓
• 𝑔𝑔 → 𝐽/𝜓

GLUON SENSITIVITY

§COMPASS/AMBER
–Direct photons

• Large background

–J/Ѱ production

• Need to get rid of understand excess color in
production model (Color evaporation vs NRQCD)

23Paul E Reimer

COMPASS/AMBER 
Direct Photon Kinematic Coverage



QCD

§To “see” QCD in full color 
these measurements must 
be repeated for the kaon

§Cannot over emphasize 
this



25

§ Regime in which Higgs mechanism
begins to show importance

PION TO KAON RATIOS
T. N

guyen, et al, Phys. R
ev. C

 83 (2011) 062201

Badier, et al, Phys. Lett. B 93, 354 (1980) Predictions of the K/𝜋 Drell-Yan ratio based 
on Bethe-Salpeter Equations (BSE)
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§ Regime in which Higgs mechanism
begins to show importance

PION TO KAON RATIOS

Badier, et al, Phys. Lett. B 93, 354 (1980)

COMPASS/AMBER

Predictions of the K/𝜋 Drell-Yan ratio based 
on Bethe-Salpeter Equations (BSE)
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COMPASS++/AMBER
KAON DRELL-YAN

§ Ratio of Valence to sea quarks in the Kaon



THE EMERGENCE OF
THE BIG PICTURE FROM
TINY DOTS OF COLOR?

erhtjhtyhy

PAUL E REIMER
Physics Division
Argonne National Laboratory
18 November 2020

This work is supported in part by the U.S. Department of Energy, Office 
of Nuclear Physics under contract No. DE-AC02-06CH11357.

Predictions of the K/𝜋 Drell-Yan ratio based 
on Bethe-Salpeter Equations (BSE)
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Pion:
§ 𝜋- and 𝜋+ Drell-Yan  with attention to 

kinematic resolution (quark-antiquark) 
§ direct photons (gluon)
§ J/𝜓 production (gluon)

EIC Sulivan Process
§ Leading neutron

MEASUREMENT REQUESTS

𝑝 = 𝑝! + 𝑎 𝑁𝜋 + 𝑏 Δ𝜋 + 𝑐 Λ𝐾 ⋯

Kaon:
§ K- and K+ Drell-Yan  with attention to 

kinematic resolution (quark-antiquark) 
§ direct photons (gluon)
§ J/𝜓 production (gluon)

EIC Sulivan Process
§ Leading Lambda

Ratios of K/𝜋 may be sufficient

Global analysis with demonstrated consistency

Pion measurements are not enough!
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EXTRA STUFF
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BASIC CONTENT SLIDE
ONE OR TWO LINES FOR HEADLINE
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BASIC CONTENT SLIDE
ONE OR TWO LINES FOR HEADLINE
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LIGHT PIONS AND HEAVY KAONS AND PROTONS
Lattice challenges from 
AMBER 2024

§ What can the pion PDF’s tell us 
about QCD mass emergence?

§ What does a lattice-based 
calculation of a π-PDF mean with a 
Mπ >= 300 MeV?

25 SeptemberPaul E Reimer 34



LIGHT PIONS AND HEAVY KAONS AND PROTONS
Lattice challenges from 
AMBER 2027

§ What can the ratio of π/K PDF’s tell 
us about mass, QCD and binding?

§ Or is a Kaon just a 500 MeV pion in 
a lattice?

Not Drell-Yan, but
§ Gluon PDFs for pions and Kaons 

via prompt photon detection.

25 SeptemberPaul E Reimer 35

Letter of Intent: A New QCD facility at the M2 beam line of the CERN SPS29 51
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Figure 32: The 3 panels show, for 3 different momenta of the incoming kaon beam, the ratio Rs/v as a
function of xK for three hypotheses on the kaon sea-quark content. The projected statistical uncertainties
of the experiment are compared to the sensitivity of Rs/v to a variation of this content. The three curves
representing 10%, 15%, and 20% of kaon momentum carried by sea quarks are derived from SMRS pion
PDFs by interchanging d-quarks with s-quarks.

rameterisations of Ref. [63] for the pion were used replacing d by s-quarks. The three distributions were
obtained assuming sea-quark momentum contributions between 10% and 20%. For xK = 0.4, the differ-
ence between the two extreme values of the sea contribution reaches about 25%. With decreasing xK the
difference increases, uo to about a factor of 1.6 at xK = 0.2 . Three different kaon-beam momenta are
shown. The largest is the most favourable one from the physics point of view, but it requires additional
R&D studies to optimise the RF-separation of the kaon beam.

Since the cross section for positive kaons is smaller than that for negative kaons, the statistical uncertain-
ties of the sea-valence separation can be further minimised by a better sharing of the beam time for the
two kaon charges. For a 280 days data-taking period, such an optimisation leads to 210 days with a K+

beam and 70 days with a K� beam.

4.3.4 The J/y production mechanism and the gluon distribution in the kaon

It is expected that the heavier quark in the kaon radiates less gluons than the lighter quarks in the pion.
A natural consequence of this expectation is that the gluons in the kaon carry less momentum than the
gluons in the pion. Using the Dyson-Schwinger-Equation (DSE) approach, the authors of Ref. [55]
find that at the hadronic scale the gluons contribute to only 5% of the total momentum in the kaon, as
compared to about one third in the pion. A stringent check of this prediction requires the measurement
of the presently unknown gluon distribution in the kaon.

The gluon distribution in the kaon can in principle be inferred through a measurement of kaon-induced
J/y production. An important advantage of this process is its large cross section, which reaches 100
nb/nucleon for small values of xF , as compared to a fraction of nb per nucleon for the high-mass Drell-
Yan production at the fixed-target energies available at the CERN SPS. As discussed in Sec. 3.1.3, J/y
production is not well understood. For fixed-target energies, the simple Color Evaporation Model (CEM)
does not agree with the more thorough NRQCD approach, and the relative contributions of the gg fusion
and qq̄ annihilation terms depend on the model considered [75]. In both models, the gg component
is larger at small xF , whereas the qq̄ term is dominant at large xF , although with somewhat different
intensities.

Here, the availability of the two signs of beam kaon charge can greatly help. A comparison between cross
sections measured with the two beam-charge signs can be used to both improve our understanding of the
J/y production mechanism and infer the gluon distribution in the kaon. Indeed, the J/y cross section
for the positive kaon beam is different from the one for the negative kaon beam. The main difference
comes from the valence ū quark in the negative kaon, which annihilates the valence u quark in the target.

Expected statistical 
uncertainty for Kaon 
sea to valence quark 
ratio.


