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Outline

* Proton mass decomposition(s)

e Gravitational form factors

* Near-threshold quarkonium production

* Recent theory developments < new!
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Origin of nucleon mass B—T

AN ASSESSMENT OF
U)S -BASED ELECTRON-ION

COLLIDER SCIENCE

Finding 1: An EIC can uniquely address three profound questions ¢
protons—and how they are assembled to form the nuclei of atoms:

e |_How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluo

Study of mass C Study of the QCD energy momentum tensor
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Proton mass and spin decompositions

Proton mass decomposition Ji (1995) quark mass (quark condensate)

/
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kinetic energy \
trace anomaly (gluon condensate)

Proton spin decomposition Jaffe, Manohar (1990)
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Can we determine individual components in experiment?
Usual strategy: First extract associated PDFs, then integrate over x.
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PDFs for proton mass?

M:Mq_l_Mg_I_MCL—I_Mm
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twist-2 PDF
?? twist-3 P(’T)
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Gluon condensate PDF

Ji (2020)

Anomaly term related to the gluon condensate YH, Zhao (2020)

M, o« (P|F*F,,|P)

Introduce a twist-4 PDF
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Most likely there’s a delta function at & = 0, impossible to measure?

Origin of mass connected to the zero-mode 6
problem in light-front quantization. 4
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Calculable on a lattice? Ji (2020) : 0.2

Can we directly access the x-integral instead?
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Proton mass decomposition: A different look

QCD trace anomaly
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Compute (15)%; and (Ty)!, separately.



Result inMs at two and three-loops
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D_term: the |aSt g|0ba| UﬂkﬂOWﬂ Burkert, Elouadrhiri, Girod (2018)

D(t =0) is a conserved charge
of the nucleon, just like mass and spin!

rpfr) (<1072 GeV fm™)

D=D,+Dy+Ds+Dy+-

D, 4 from DVCS, related to the subtraction constant
in the dispersion relation for the Compton form factor
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Teryaev (2005)
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1
HOWEVER, this is not directly proportional to what we want / dzzDy(z,t) = Dy(t)

-1

The challenge for the community is to extract the spin-2 component (energy momentum

tensor) from observables sensitive to all spins ) i
) P - large leverage in Q2 required

What about gluon D-term?



Photo-production of J/¢, T near threshold
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Ongoing experiments at Jlab (GlueX)
Future measurement at EIC, EIcC? (also at RHIC?)

E,Gev 20

Main motivation: Insight into the origin of proton mass

Is the connection clear?
Can we make this precision science?



Near-threshold photo-production: theory approaches

Kharzeev, Satz, Syamtomov, Zinovjev (1998)

vector meson dominance + HQET, connection to gluon condensate
Brodsky, Chudakov, Hoyer, Laget (2001)

two-gluon, three-gluon exchanges

Frankfurt, Strikman (2002)

two-gluon form factors

YH, Yang (2018); Mamo, Zahed (2019) ':

AdS/CFT,
connection to gluon D-term

Caveat: None of these approaches are fully systematic



Leptoproduction at high-* Boussarie, YH (2020)

Use the local OPE between photon
and J/psi interpolating operators
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gluon EMT (traceless part)

@ Connection to gluon condensate, gluon D-term very clear

Twist-2, higher-spin operators are parametrically of the same order
(the same problem as in the extraction of quark D-term in DVCS)



J/w Q2 — 64 GeV? \/Sep = 20GeV  (plots revised from 2004.12715)
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Strangeness D-term from ¢ -leptoproduction

YH, Strikman (2021)

W = 2.5 GeV, Q% = 3.8 GeV*
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Possible flattening or bump in the |t| < 1 GeV? region due to the
strangeness D-term



QCD factorization for threshold production?

Light-cone dominance when Q2 — oo or Mgg — oo > GPD description?

OK at high energy, Collins, Frankfurt, Strikman (1996)
lvanov, Schafer, Szymanowski, Krasnikov (2004)

but what about near the threshold?

Amplitude proportional to Compton form factor
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Near-threshold region correspondsto g ~ 1) ~ 1 Proton makes a full stop!

Back to PDF (GPD) framework, connection to EMT lost (or so it seems)



Energy momentum tensor strikes back

YH, Strikman (2021) (appendix)
If (and only if) 7 = 1, one can Taylor expand. Guo, Ji, Liu (2021)
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Leptoproduction at high-* Boussarie, YH (2020)

Use the local OPE between photon
and J/psi interpolating operators
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@ Connection to gluon condensate, gluon D-term very clear

Twist-2, higher-spin operators may be small and under control
(this is not the case for the extraction of quark D-term in DVCS)



Conclusions

Threshold quarkonium production is a new, exciting frontier.
Can be studied at Jlab, RHIC, EIC...

Recently, a possible breakthrough paving the way for 1st-principle calculations

Connection to GPDs at 17 = 1, largely unexplored.
Energy momentum tensor dominates over all the other twist-2 operators combined.

Unigue opportunity to probe gluon gravitational form factors, D-term and trace
anomaly (see however, Du et al, (2020); Sun, Tong, Yuan (2021))



