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1. Trace anomaly, threshold quarkonium
production, mass and confinement radii

2. Proton mass sum rule, anomaly contribution, and
QCD Higgs mechanism
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QCD trace anomaly

* In the massless quark limit, classical
chromodynamics (CCD) is scale invariant ->
conformal symmetry

Energy-momentum tensor T#V traceless: TS = 0

* In the quantum version of the theory, QCD, the
conformal symmetry is broken by quantum
fluctuations -> anomaly.

a da:S(A) 2
le dlnA K
due to UV div., the QCD coupling runs with cut-offs



Anomaly and mass scale

* Anomaly (F?) is a scalar, providing much needed
mass scale of the massless theory.

* The V.E.V of F? characterizes the non-perturbative
property of the QCD vacuum.

important for QCD sum rule calculation

* The matrix elements of FZ in hadrons generate the
hadron mass scale.

my ~ (H|F*|H)

Therefore, it is important to measure F/A2
experimentally



(p|F?|p): heavy quarkonium probe

D. Kharzeey, Proc. Int. Sch. Phys. Fermi 130, 105 (1996) - =>
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* Using a color dipole to measure the scalarfield
static response. Voloshin (1978), ...
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* Heavy quarkonium is a natural probe for the scalar
matrix element, or mass scale.




photo or electro-production of heavy

guarkonium.
D. Kharzeev, Proc. Int. Sch. Phys. Fermi 130, 105 (1996)

* Heavy quarkonium production
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only %2 amplitude satisfies the slow moving
condition

* VVector Dominance Model (VDM): Questionable but
maybe phenomenologically useful .



QCD factorization?

* In photoproduction, because of the heavy quark
mass, the difference in rapidity (skewness) between
two gluons must be large.

 Factorization formula can be derived in the heavy
qguark limit, ignoring the intrinsic heavy-quark
contribution.

* The cross section depends on gluon GPDs: a new
factorization formula.

Guo, Ji, Liu, Phys. Rev. D 103 (2021) 9, 096010



Threshold J/psi production: QCD
factorization
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The standard gluon GPD Fjy is defined as [10]
Fy(x, t)
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FIG. 4: Examples of leading Feynman diagrams that
contribute to heavy vector meson photoproduction.



Large-¢ expansion

* In the heavy quark limit, the skewness parameter
¢ —1

* One might consider expand the gluon propagators
in the large ¢ limit (Hatta et al)

G(t, &) = ZQEHHJ dxx’" Fy(z,&,1) .
n=0
_ 1 , arti () part (c
G(t.&) = - ST P| ZF F0) F&T (0) | P)
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Mass structure: gravitations form
factors

* Form factors of EMT for quarks and gluons (Ji,1996)

(P'ITEY|PY = T(P) [Agg(A2)y WP + By o(A)PHic") Ay /2M + Cyuy(A?)(A*AY — gH"A%)/M
+ Eq.g(ﬂz)gm)M]U(P) )

* Form factors for the total EMT (Pagels, 1966)
(P'|T"| Py = a(P) [4 (Q?) 4P
+ B (Q*) PWic")q. /2M
+C-’(Q‘)(g q" — g ]
A=A, +A; B&Cetc, C;+C,=0



Deeply virtual Compton scattering

Deeply Virtual Compton Scattering /'1 do v H(x, €.1) = A(t) + 52 C(t)
1 S b / )
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Mass form factor/distribution

(P'|T"| P) =u (P)u(P)Gn(Q?) .
where

72, o2



Trace anomaly, mass scale, and
scalar form factor

* Form factor of the scalar density
(P} P) = @ (P u(P)GL(Q%) .
where,

(02 VA2 0 QP 307
GL(Q%) = | MAQ?) - B(szfW eItas) ?[

* Fourier transformation of Gs gives us the scalar
field distribution inside the Nucleon
* Dynamical MIT “bag constant”.

* One can determine the mass scale without directly
measuring FA2 matrix element! (EMT conservation)



Scalar field (QAE) distribution
inside the proton
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Scalar and mass radii

* Definition: G (@)

2
rT)sm = —6 -

(r?)s = Gd‘ig‘f) —13(152)
02 = 62T )
* The difference
(%), = () = —1250)

* Conjecture (rz)s > (rz)m or C(0)<0



Scalar radius

e Scalar field radius might be similar to confinement
radius

 The radius

dA(O)- (0
;G - |8

. rf{j-: A=

 MIT bag scalar radius

re = %Rz, r, = 1.3fm



Proton mass sum rule,
anomaly contribution, and
QCD Higgs mechanism



The proton mass sum rule

* Physics consideration:
* Mass is energy, m = E/c?
What is the individual sources of energy?
terms in the QCD Hamiltonian

Eo=Y; E, Eo=/d7E®F
E; shall be calculable in theory, measurable in exp.

* Symmetry

Lorentz symmetry is one of the most important physics
constraints.

* The sum rule is unique!
X. Ji, PRL Phys. Rev. Lett. 74 (1995) 1071



QCD energies in the nucleon

" Four different types

Hocp = Hy + H,, + H, + H, .

Hy = f T (=D - a)i, Quark energy

Hy = f.;g:"'f wmy, Quark mass

H, = fd3£ %{EE + BY), Gluon energy

H; = fd%“r ;)gfr(E2 — B?). Quantum Anomalous

Energy (QAE)



Proton mass content from data vi,199s)

| p MMHTI NNLO, Q* = 10 GeV?

rfix, *)

* Quark energy and gluon energy !
can be measured through quark e
and gluon parton distributions in
high energy scattering
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Proton mass on the lattice

To date no direct calculation of the trace anomaly
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Trace anomaly only constrained through sum-rules not

Q

calculated directly.



Combining contributions

* One can combine the four contributions to form 2
or 3 term decompositions.

C. Lorce
Metz et al, see Metz talk
* In doing so, however, physics suffers.

* One of the most important pieces of physics in
mass sum rule is the anomaly contribution, which
points to a Higgs-like mechanism for the proton
mass.



Energy of a scalar field

* Scalar field is special because it can have a vacuum
condensate: non-vanishing expectation value in the
physical vacuum. (n) # 0, which stores the
internal energy (latent heat)
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Mean field theory for nuclear
structure

* Traditional theory for nuclear structure: mean field
theory

Self-consistent
Mean-field

“Simple" Trial state:

Wiry, - >y, -, Fiag, -+ -)  E— [Prr} = llal |0)

* Two important features:
a) Mean field depth is about ~40 MeV

b) Large spin-orbit splitting for nuclear shells.



Masses of electrons and leptons:
Higgs mechanism

 There is a scalar field H,
which interacts with
the fermions gy yH. H  « ———r —=
acquires an o i
expectation value in ,,
the vacuum after SSB, e
(H) = v = 246 GeV, . : >
hence the fermion b “ .
mass, V -

m= gv . L S L el



Dynamical picture of the fermion
mass in Higgs mechanism

* Part of the fermion mass comes from the dynamical
excitation of the higgs field in the presence of
fermion

mg ~ (f|Hs|f) ~ (f|h]f)
(H> )
N\
g h Hg
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v——~—L]A 4

— — é
~>

J g




Quantum anomalous energy (QAE)
contribution to the proton mass:

* The scalar field has a VEV: (0|F#|0)
e QAE comes from the scalar

response to the presence of the
qguarks.
¢ = F* —(0|F*|0)
 QCD Higgs mechanism, with gluon

scalar as a dynamical Higgs field.




QAE as a dynamical response

* Eq ~ (N|F?|N)
* This matrix element can also be calculated through
dynamical scalar excitations

\\\ :\_
X . :
\\\ gNNs s Ha (N|¢|N) = Z INNsfs '
ST ® —~ M3
;f;f
;’ff :\—



Test of the QCD “Higgs
mechanism”

* The couplings of the scalars with the hadrons are
proportional to the hadron masses.

9HHs ~ My
this also works for pion and kaon.

One can do the similar test as one does for Higgs
particles at LHC but much more complicated

s |

 Scalar spectrum




Physics of QAE in the MIT bag model

M.I.T. Bag Model

normal QCOD-vacuum

\ / « The boundary condition generates discrete
energy eigenvalues.
* # X R - radius of the Bag
8 — 71 3
inward I R X1 204
pressure 53 16
/ \ E (R) =N L N, = # of quarks inside the bag
T kin q R
4 3 B — bag constant that reflects the
. E (R)y=—mnR'B T il
perturbative QCD-vacuum P‘”( ) 3 ekt R

inside the proton
26

Mass = quark kinetic energy + B(scalar-field condensate)



Conclusions

* Threshold heavy-quarkonium production can probe
the gluon contributions to the energy-momentum
tensor form factors, which give us important
information about the mass and scalar radii.

* The origin of proton mass is closely related to gluon
scalar field, similar to EW Higgs mechanism.
Anomaly contribution is a critical part of the mass.



