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Emergent Phenomena in QCD

Three pillars of EIC Physics:
m How does proton mass arise/distribute? Mass gap: million dollar question.

How does the spin of proton arise? (Spin puzzle)

[
m What are the emergent properties of dense gluon system?
m This talk: Mass distribution? three quark model VS Gluon Core?

A mass radius that is notably smaller than the electric charge radius?


https://www.nature.com/articles/s41586-023-05730-4
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Energy-Momentum Tensor and Gravitational Form Factors

m Impossible to use graviton (spin 2) to probe proton mass distribution (GFF).

m [Ji, 97]; [Kharzeev, 96] Use two photons/gluons (spin 1) to study GPDs and GFFs,
and probe quark and gluon parts, respectively.

m Usually near the production threshold, but what about high energy limit?
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Pressure and Shear forces inside proton

Lattice perspective: [Shanahan, Delmold, 19]
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m The spatial of static EMT define the stress tensor. It can be decomposed in a traceless part

associated with shear forces s(r) and a trace associated with the pressure p(r).

m s(r) and p(r) are computed in LQCD recently.
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Energy-Momentum Tensor and Gravitational Form Factors

Consider the photon/gluon GFFs, defined from the associated EMT:

T4 = FrOFY + &2 FSF 5. Ny
N.B. 7FF = fFtopt

F.T. = Off diagonal Matrix Elements. »

p=P-3%

The photon/gluon GFFs for a spin-zero hadron [Polyakov, Schweitzer, 2018]

P =P+2

AHAY — g,uVAZ
2

spin-0 = (p'|TE"|p) = 2PFPYA. (1) + C4(1)

m A: mass/momentum distribution; C (or D): shear and pressure information.
m B (or J) are related to spin. C is due to non-conservation of individual part.

m Connection with parton distributions!

+2m*C., (1)g"" .
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3D Tomography of Proton

Wigner distributions [Belitsky, Ji, Yuan, 04] Quasiprobability Wixp)
ingeniously encode all quantum information

P(x) Plp)
of how partons are distributed inside hadrons.
p
W(x,b, k)
Wigner distributions
~ ¢
[db, [&k,
Fourier trf.
K 4 b= A E=0
Flxky) fby) ¥ H&O0D 4 ]
transverse momentum impact parameter t=-A generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi=inclusive processes exclusive processes
Jak; Jab, fax [ dxer
2 N - -
fx) F(t) A, () +4E A, () + e
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations
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Classical Electrodynamics and Virtual Quanta

3 Classical
|} Electrodynamics

Following Fermi[24], Weizsicker [34] and Williams [35] discovered that the EM fields of a
relativistically moving charged particle are almost transverse. Equivalent to Say:

Charged particles carry a cloud of quasi-real photons, ready to be radiated if perturbed.

Weizsdcker-Williams method of virtual quanta (Equivalent Photon Approximation).

Application in QCD: WW gluon distribution. [McLerran, Venugopalan, 94; Kovchegov, 96; ‘ ‘
Jalilian-Marian, Kovner, McLerran and Weigert, 97]
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EPA and Weizsiacker-Williams Photon Distribution

Boost Static Field to infinite momentum frame (y — oo): [Jackiw, Kabat and Ortiz, 92; Jackson]

Az‘rov = _% ln()‘bl-)é(t - Z)7

by

B Gbis, o p_aVxbig,
\/ E_27Tbi (t—2), B—27T ) o(t—z2),

ALC — —%WL In(Ab,)]0(t — ).

Acceleration

B=0 f=1
Static E fields = EM Wave
= EM pulses are equivalent to photons

m A, in Covariant gauge and LC gauge are related by a gauge transformation.

m Classical EM: transverse EM fields <& QM: Co-moving Quasi-real photons.

m Quantization = photon distribution
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Dual Descriptions of Deep Inelastic Scattering

H1 and ZEUS Combi

o Bjorken frame Dipole frame T T W

m Bjorken: partonic picture is manifest. Saturation shows up as limit of number density.

m Dipole: the partonic picture is no longer manifest. Saturation appears as the unitarity
limit for scattering. Convenient to resum the multiple gluon interactions.

Z G e ZOée SJ_/ dz/d ri |y Z7VJ_7Q)| [ - 5@ (erl)}
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Wilson Lines in Color Glass Condensate Formalism

The Wilson loop (color singlet dipole) in McLerran-Venugopalan (MV) model

S@ (ry)= Ni (TrU(x 1)U (yL)) =e -t § § § §

m [P-Sat Model and Glauber-Mueller formula for NG

272 1 >
0%(x,b1) = = aexg(x, yg2)T(by), with T(b,)— ¢ 01/,

N, c 27B G
® MV model for large nuclei with uniform nucleon distribution
3A
Ta(b)) = 2R R — b3.

m In general, unitarity and color transparency imply S?) (r) =1 — QXra J4+ -
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Photon Gravitational Form Factors

For a charge with FF. F(g?), compute photon A-GFF from definition with WW method:

A1) = 40‘/ /del s qu(q )F(q"”)

Connection with GTMD: = / dx / d?ky xfy(x ki, AL).
0

m Mass Radius (2/3 D): Expansion at small-|¢| for a pointlike charge (F = 1)
t (3 mrt 1
with A (1) =& {U,V, TR
s

m Divergent radius due to the long-range tail of the Coulomb field.

4 dA(1)

<b2L>’Y = A,Y(O) dt

t=0

m IR and UV divergences disappear for a charge neutral dipole with a distribution.



Gluon GFF and Radius
Relating GFFs to Scattering matrices

New Relation between GFF A(r) and the Laplacian of Dipole Scattering Amplitude S(r| ).

1
A1) = / dx / &k xGy(k A L),

2
= N / dX/dbL —iALby vZ [ Sx(bJ_arJ_)]

Slopeof 1 —§ = #ri at small ri

}“L:O '

m Two GTMDs (WW and Dipole) reduce to the same GPD and GFF.

(] : similar relations between other GFFs and non-eikonal S-matrices.
Trento Workshop on



https://indico.ectstar.eu/event/205/
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Understanding GFFs in the small-x formalism

m Gaussian Ansatz. Sy(b ,r)) = exp[—%Q%(x, by)].

N ! dzbJ- —iA] by A2
Ag(t):a—s ) dx 2n L Qg(x,b1), = Probe Q.

m IP-Sat Model: Q?(x,b,) = asxg(x p)T(by), with T(b) = ﬁe—bi/(z&;).

Proton with the Gaussian Distribution

Al) = AL0) [ e Brp)

— Ag(o)e—l‘fcmﬂ7

1
with A, (0) —/ dxxg(x, u?) —
0

y (fm)

4Cfp
4CF + I’lf '

m Gluon Mass Radius (b? ), = 2B¢ independent of A,(0).
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Diffractive vector meson production

Py, JJU, T

m Analogy to Fraunhofer Diffaction [QCD at high energy, Kovchegov and Levin, 12].
Coherent and incoherent Diffractive scattering = gluon spatial distribution.

m DVMP is sensitive to the proton GPD and fluctuating shape. (Variance)
[Mantysaari, Schenke, 16; Mantysaari, Roy, Salazar, Schenke, 20]
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Exclusive diffraction at HERA

m [P-Sat Model: [Bartels, Golec-Biernat and H. Kowalski, 02; Kowalski, Teaney, 03;
Kowalski, Motyka and Watt, 06; Watt, Kowalski, 07; Caldwell and Kowalski, 2010]
[Rezaeian, Siddikov, Van de Klundert, Venugopalan, 13, ...] B =4.0£0.4 GeV—2
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m Gluon Mass Radius in the proton (Originally called two gluon radius)

. /<bi>g = /2B~ 0.56fm and /(r2), ~0.61fim with r?~3b% /2.

8
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Application of GFF

m Comparison with Jlab experiment B. Duran, ef al., CNTEGHEFEIEETIENTD and lattice
(MIT group) calculation [Hackett, Pefkou and Shanahan, 23] = Gluon core!

m Assume uniform gluon in p and n. = Neutron Radius in Nuclei at the EIC!

Tab1) = pplbi) 4 palbr) = (BR)g = 200+ LB

2D Density of Hard Sphere Nucleus
10,

da/dt (nb/Gev’)
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Summary

P, I/, T

Cloherent Incoherent X

WW method provides analytic insights into gluon GFFs and radii.
A new relation between the gluon A-GFF and the Laplacian of dipole amplitude.
Understanding dense gluon core inside Proton!

A-GFF of nuclei = nuclear gluon distribution — the charge distribution =
neutron distribution for large nuclei.

Measurements of GFFs at the upcoming EIC and EicC.


https://www.nature.com/articles/s41586-023-05730-4

