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The trace anomaly
QCD Lagrangian has scale invariance classically. Broken by quantum anomaly

TH = PU9) 2 1 (1 4 n(9)
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Fundamentally important in QCD. Trace anomaly is the origin of hadron masses
(P|T}|P) = 2M?

Anomaly consists of two parts:

Quark condensate (' sigma term’) Gluon condensate

(P|mdgq|P) (P|F*F,,|P)



Nucleon gravitational form factors

Off-forward matrix element of the QCD energy momentum tensor P P
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Form factors associated with graviton exchange ) )
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"Pressure’ inside nucleon and nuclei
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Trace anomaly and GFFs

Form factor of the trace related to GFFs.
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In the forward limit, A(() = 1 and the other two terms vanish.

. 2
(P|T"|P) = 2M

ﬂ, B, [ form factors cannot separately probe the quark and gluon condensate,
crucial ingredients of proton mass decomposition.

(P'|F™F,,|P) (P'|mqq|P)



GFFs: Quark and gluon components

Energy momentum tensor consists of quark and gluon parts
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Introduce GFFs separately for the quark and gluon parts  Ji (1996)
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The fourth form factor C,,

Non-conservation of the quark/gluon parts

(0, T e AYC,,
C'q —+ (jg — () because the total EMT is conserved.
(P|(Tyg)1|P) = 2M?(Ag,g +4C 4)

Introducing C, , is equivalent to computing (Ty)% and (1})", separately.

A delicate problem in quantum field theory.



Renormalization of C,,: a first look

. ~ Polyakov, Son (2018
RG equation for C ! 2018)

g - as [ 16 Ins\ = 5
O = -3 ( S0r + T) CR + O(m) +0(a2)

\

1-loop anomalous dimension

This implies, in the chiral limit,

~R
C.,(pg—00)—0 7??



(Ty)1, ,(Ty);, InMS at one-loop

YH, Rajan, Tanaka (2018)
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Can be systematically extended to n-loops. We need n-loop beta function and
n-loop anomalous dimensions of the twist-two operators.



Result inMS at two-loops
YH, Rajan, Tanaka (2018)
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Result inMS at three-loops
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Result inMS at four-loops Ahmed, Chen, Czakon (2022

Tr([0,)%°)) = ([Or]r)p (—0.437676 oy — 0.261512 a2 — 0.183827 o — 0.256096 o)
P

+{[Om]r)p (0.495149 ag + 0.776587 a2 + 0.865492 ) + 0.974674 o) |

<Tr([@q}F) >P — ([Op]R)p (0.079578 oy + 0.058870 a2 + 0.021604 % + 0.013675 o)

+{[Om]r)p (1 + 0.141471 oy — 0.008235 a2 — 0.064351 o) — 0.065869 ;)

Very precise relation between C,, , and (P|F*"F,,|P) !

Measuring (P|F" F,,,|P) is equivalent to measuring C_’q,g



Renormalization of C,,: the real thing

Return to

g - a, (16 dng\ = 5
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Correct result at O(a)
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Accessing the gluon condensate (P|F*F,,|P) in experiments

The operator F*'F,, is twist-four,
highly suppressed in high energy scattering.

Instead, we should look at low-energy scattering.

Purely gluonic operator. Use quarkonium as a probe.

> J/4 photo- or electro-production near threshold.



Quarkonium photo-(electro-)production near threshold
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~~=- J/W =007 using M-Z approach
—— J/W =007 using G-J-L approach
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P \/ P’ 0.1
Ongoing experiments at JLab, future measurement at EIC? s
Originally proposed by Kharzeey, Satz, Syamtomov, Zinovev (1997) <
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to probe the gluon condensate. (P|FH F,,|P)

~ 100

One can also study gluon GFFs in this process
YH, Yang (2018), Mamo, Zahed (2019~) 05 10 15 20 25 30 35 40 45

k? (GeV?)




GPD factorization

Quarkonium photo-production in the limit Mgy — oo
Computed to NLO in the GPD framework. lvanov, Schafer, Szymanowski, Krasnikov (2004)

Amplitude proportionalto Compton form factor

b dr 1 1
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Skewness £ =

Connection to GFFs?



Skewness

Threshold production characterized by large values of skewness

f__:_ == 1 intheideal limit QE — 00 or My — OO

Enhanced sensitivity to the energy momentum tensor.

& < 1 inpractice, but still promising. Guo, Ji, Yuan (2023)

But sensitive only to (777

Access to 44g, D, form factors, but no sensitivity to
gluon condensate in the GPD approach.

YH, Strikman (2021)
Guo, Ji, Liu (2021)

W =45 CeV

o / 1) electro-production
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Electro-production near threshold Boussarie, YH (2020)

Amplitude dominantly real near threshold
Dominated by EMT (local operator) when £ =~

—> OPE situation
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Two-gluon operator with 4 open indices

W] — FrFYPp)y = Za(p')(g"~\ PP — ghBylapr) — govauph) o gofy i priyy (p)

B

+ preo. u(p') (g’“’”ia(o"\A PP — g"Big AN PY) — g igMAAL PP g Big(FAA ,\PV>) u(p)
D

+8 — ’U,(p,) (g,uVAOaAB L goa/A,u,AB + gQBA,{LAI} L g,u,BAOaAu)u(p)

(p")(g"" g*" — g"" g™ u(p)

+o o u(p) (A" =y A (PYAT = PPAY) 4 (PHA" = PEAM) (VA7 =47 A%)) u(p)
N
Y
5 u(p)(PPA" = PTAM)(PYAY = PPAY)u(p)
N
A
L u(p') (ich*(PYAP — PPAY) +ic"? (P*AY — PCAM)) u(p), 30)
N
o v
Relatedto (), , > related to gluon condensate (P |F*"F),,,|P)



Dashed curves:
without gluon D-term

Solid curves: with gluon D-term
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summary

« C,,form factor key to understand the nucleon mass decomposition.
Very precise (4-loop) relation to gluon condensate (P|F*F,,|P)

* Threshold quarkonium production at £ = 1 promising for A,. D,
* Leading twist GPD approach cannot probe (P|F*"E,, |P) .

* Estimated the impact of (P|F" F,,|P), can be numerically significant.
Remember
o, F? ~ O(1)
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