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role of gluons in hadron mass generation ... the enigma of pion mass

@ significant contributions of gluons (trace-anomaly) to proton mass, even in the chiral limit

@ contribution of gluons (trace-anomaly) to pion mass ?

my =0 = (T,) = (Hy) + (H) = M, > 0

a puzzling dichotomy !

understanding the role of gluons in hadron mass generation will remain
iIncomplete without explaining the absence of pions mass




where are the gluons? ... valance quark PDF of pion different for different models/fits
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partonic imaging of pion at EIC
Sullivan process w/ off-shell pion

whitepaper: Eur. Phys. J. A55,190 (2019)

Pion and Kaon Structure at the Electron-Ion Collider

abstract

1 GeV mass-scale that characterizes atomic nuclei appear; why does it have the observed value; and,
enigmatically, why are the composite Nambu-Goldstone (NG) bosons in quantum chromodynamics
(QCD) abnormally light in comparison? In this perspective, we provide an analysis of the mass bud-
get of the pion and proton in QCD; discuss the special role of the kaon, which lies near the boundary n
between dominance of strong and Higgs mass-generation mechanisms; and explain the need for a

coherent effort in QCD phenomenology and continuum calculations, in exa-scale computing as pro-
vided by lattice QCD, and in experiments to make progress in undermm
“masses and the distribution of that mass within them. We compare the unique capabilities foreseen
at the electron-ion collider (EIC) with those at the hadron-electron ring accelerator (HERA), the




Jjourney from Euclidean time to light-cone ...

@ bare matrix element:
Tsink

Op(z.p,) = (H(p,0)|w(0,0)r,W(0,2)y(z,7) | H(p,, Tiink))

H'(0)

eqgual-time, non-local operator within boosted hadron

@ renormalization group invariant ratio M(Z,p,,p;) = -
Qb(Z9 pz)

p, =0 Radyushkin: Phys. Rev. D96, 034025 (2017)

p. >0 BNL et. al.: Phys. Rev. D102, 074504 (2020)



@ leading twist factorization in momentum space X. Ji Phys. Rev. Lett. 110, 262002 (2013

Yong Zhao’s talk

@ leading twist factorization in coordinate space Radyushkin: Phys. Rev. D96, 034025 (2017)

. . Phys. Lett. B781, 433 (2018)
short distance expansion

Karpie, Orginos, Zafeiropoulos: JHEP 11, 178 (2018)
BNL et.al.: Phys. Rev. D102, 074504 (2020)
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coefficient function PDF moments target mass, higher twist
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| (x") =J dxx"f(x, p)
NLO: Izubuchi et. al.: Phys. Rev. D 98, 056004 (2018) 1

NNLO: LI, Ma, Qiu: 2006.12370
NLO+NLL: BNL-ANL: 2102.01101




valance PDF of pion ...

BNL: Phys. Rev. D102, 094513 (2020)
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valance quarks: Wilson-Clover
sea quarks: 2+1 flavor HISQ, m,;* ~ 160 MeV, m* ~ 500 MeV



model-dependent fit:

f™(x) = Ax*(1 — x)P(1 + s\/x + tx)
model-independent moments
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radial excitation: valance PDF
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Improved matching: threshold resummation

Melin space:

lim CN-C = s (k)Cr 21n N’ In(z5 %)

N —o00 27T
w2
—21n2N'+21nN'—?
a(u)Cp 34+ 2n
C(2ud)=1+-= + 2H)In(z uH)+ ... 1+ ...
Lt pla)— ] oo = 0
d1ln u? B 7 A

7o = z°ee/4

BNL - ANL - K. Lee: 2102.01101
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‘evo’: resum DGLAP logs
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physical mass and chiral quarks ...
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Wilson-Clover + HISQ
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.. with NNLO matching
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model-independent moments
NNLO matching, physical mass, chiral quarks

Domain-Wall Wilson-Clover + HISQ BN L, AN L, Preliminary
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@ pion mass dependence is very mild
@ good agreement between DWF and Wilson-Clover + HISQ
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back up ...
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assessing higher twist corrections
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