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Energy-momentum tensor

Hadron matrix elements and gravitational form factors (GFFs): [Kobzarev:1962wt, Pagels:1966zza]

<p/7 S/|Ti/w<0) ’pv S> —

1 — v . v 1 v v V=
ot (P) [2P“P Ai(q*) +iPWa"q,Ji(q%) + 5(a"q” — 9" a*) Di(q”) + 2" ci(q2)} us(p)

where P = (p+p')/2,q=p —p.
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How to access gravitational form factors

graviton Y"

pl

m Deeply virtual Compton scattering [Kumano:20171hr, Duran:2022xag, Burkert:2023wzr]

[4

m Deeply virtual meson production
m Two-photon pair production
m ]/ threshold photoproduction

Ji’s sum rule:
1

1
/ dzxH®9(x,&,t) = AT9(t) + 2 DP9(1), / dzrE9(x,€,t) = BP9 (t) — £2DT9(t)
—1 —1 [Ji:1996nm]

Here, H?9 and E?9 are generalized parton distributions
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Form factors and conserved physical quantities

The structure of hadrons can be probed by the other fundamental forces [Polyakov:2018zvc]

em: O, J8 =0 (N'|JLaIN)Y — Q = 1.602176487(40) x 10~ 1°C

p = 2.792847356(23)un
weak: PCAC (N'|JE K IN) — ga = 1.2694(28)
gp = 8.06(55)
gravity: 0,Ti4%, =0 (N'|T.|N) — m = 938.272013(23) MeV/c”
J =
D=7
Momentum conservation and angular momentum conservation [Cotogno:2019xcl, Lorce:2019sbq]
1
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Proton spin decomposition

1 [Ji:1996€ek]
— = +
2 +
Spin of quarks Angular momentum Total angular momentum
‘ of quarks ] of gluons
|
Jq Jyg
Total angular momentum and momentum differ only by the AGM [Teryaev:1999sul]
_ anomalous gravitomagnetic moment
2‘]‘179(0) — A‘LQ(O) T BQag(O) 5 5 men
(AGM)
with
[Ji:1996€ek]

Aq(o) — Z/O :E[Qf(w) + cjf(a;)]dm = <:13>q, qr =u,d,s, - n

> Momentum fraction
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Anomalous gravitomagnetic moment

Electromagnetic current coupled to photon [Rosenbluth:1950yq]
1o0Mq,
0519 0, = 08 |7 Fila?) + T Fala?) | )
| DiracEE. | | Pauli EF. |

F1(0) = charge, F5(0) = anomalous magnetic moment

[Polyakov:2018zvc]
Energy-momentum tensor coupled to graviton ‘ 2J; = Ai + B,
A [ pv} iPlbgvie
v _ Y q
0, [T (0)lp, 8) = By (p') | T — Aila®) + = Bila®) + | ws(p)
or -

A ~ -P,U,PV riP{:U’o'V}pq

(', '} (0)lp, 8) = o (p) | — = Ai(a®) + —— 77— Jila”) + | ua(p)
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The Smallness of the Nucleon GFF By (Q?)

0.4 I , , [Ca0:2026jzm]

~ Remains small at finite Q?
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B(0) = 2J(0) ~ A(0) =2 x 5 ~1=0 Q° [GeV7]

What is the dynamical origin of this persistent suppression?
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Light-front quantization

equal time quantization light-front quantization [DiraC39_49CP]

s Time: t = a0
light-front coordinates
s Hamiltonian: H=Pp" % =20 4+ 23
fJ' _ (',1317 .5132)
s Dispersion relation: p° = \/p? + m? p~ = (p7 +m?)/p"

Light-front quantization is a Hamiltonian method of the quantum field theory
(P+p— — P?_) V) = M;% [1n) [Review: Brodsky:1997de]
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Light-front wave functions

[on (P, j, ) = Z/[d%d%u]ﬂﬁh/n({]gu,%’,)\i}n)‘{ﬁu,pf’)\z'}n>
n=1

B Light-front physics measures hadron structures in high-energy scattering experiments
m Light-front wave functions (LFWFs) provide full information about the hadron structure
B LFWF representation offers simple physical interpretations

[Lorce:2011kd]

t‘ | » parton
‘ | p LT ’ # g DAs
' /

pi = xP* ‘t
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Light-front wave function representation

Brodsky-Hwang-Ma-Schmidt formula [Brodsky:2000ii]

A(g®) = (', 11T |p, ) Z / da;d®r;. ] Zazem“ZzA ({zi, 7 N5 (i P })

M B(qz) - <p/7 \L|T++ |p7 T> — Zn: / [diBid2Tu_} n Z xieiﬁrt_fu za: '(:Eg,rn({wza 'FiJ_})'(pg,n({wia FzJ_})

Vanishing AGM for any composite system

1. .
%—hm 9 [q —]\qu ] Z/ da:dru zw "“uzlp ({xi, 7L }) gn({fﬂzaru})

q—0 8(]

electron  [RE kinematic constraint

x;: Bjorken variable
>

@_, 1;, - relative transverse position Z: ¢ Z iTil
of parton i

electron
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Nucleon in light-front holographic QCD Brodsky:2014yhal

—

U(, (1) = Vima(l — o)™ X (2)i((1) A -

——
A semiclassical approximation to real QCD U (1—z)P*
-

—2
g +m]
HLFQCD — Z = - + u + Z [ QCD 5”1/{7,}

1

Confinement potential from AdS;/QCD

k = 0.54 GeV from p meson mass

> 1-4L%> )
— — +K + 2rkL = _7\42 Meson Baryon
( ¢t 4~ oL panb ) =My o

Y UQCD conf. TﬁbL . 1( é') _R_;»L ¢L (g)

kinetic energy

oo
Two solutions corresponding to S wave and P wave o
I<.',2C2 K,2C2 ¢L+‘{C)
¢+(CL)NCL6XP(— 2L>, 1P(CL)NCEGXP(— 2l> oo
[deTeramond:2014asa]
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Nucleon gravitational form factor By (Q?)

Brodsky-Hwang-Ma-Schmidt formula for a two-body system [Brodsky:2000ii]
' —|_ I * 161 i L_‘J_'_’J_
8 b )—2/dmd2g2\1ﬁ 2, C1) 0 (2, [xe WL (] el TS

In light-front holographic QCD [Cao:2026jzm]

By(Q}) =M / CLACBOCL, Q%) (¢ (C)

0, Q%) = L [de(1 - )7 (

> Qg) X.(1-9)X (1-2) - X. (@)X ()

antlsymmetrlc factor

The asymmetry induces a strong cancellation

A X(x)ocx (1 = x) A X (x)ocx (1 = x) A X(x)ocx® (1 - x)

N/

\/’x

X.H. Cao (USTC) GFF B 11/14



Longitudinal modes

Original LFHQCD contains only the transverse modes (chiral limit) [Abidin:2009hr,Mamo:2021krl, Deng:2025azp]

X(z)=1 = By(@Q*)=0

BdT light-front wave function ansatz: [Brodsky:2008pg]
7 1 kzL 1 kﬁ_ mg n m2D
\I!(CU, kJ_) ~ CC(]_ — :C)e 2x2 z(l-z) —> x(]_ — m)e 212 (a:(l—a:)+ x 1—90)

Two set of parameters from LFHQCD and constituent quark model
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Partial waves

n-th partial wave in longitudinal modes

m2

m2

X, (2) = Ne 2 3209 P, (2z — 1)

[Li:2021jqb]

The antisymmetric factor grows for higher partial waves, but its integral remains strongly suppressed.

-1 X (x) -
X2 (x)-X>(1-x)
1 1 1 1 1 7] In‘Eegrar}d (ZQIZ 1)
_8.0 0.2 0.4 0.6 0.8 1.0
X
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_____ X (_x) -
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— In‘Eegrar}d (zQ:l)
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Summary

By (0) = 0 is required by angular momentum conservation, yet By (Q?) remains strongly
suppressed at finite Q*

The suppression originates from asymmetric cancellations in the longitudinal mode of
light-front holographic QCD

The smallness of By (Q%) suggests an S-wave-dominated proton

7hark, you!

Based on PRD 113, L071503 (2026)
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Light-front holographic QCD

m Light-front holographic QCD is a first approximation to real QCD [Brodsky:2014yhal
-2 2
N Rt g, @cD) _ 5.4
HLFQCD — Z ; + u@ ‘|‘ ; [‘/Z] 62_7[/{2]

<kﬁ+m§ . kK +m2

T 1—=x

+ U) P(z, k1) = M*y(z, k)

m The effective potential is from AdS/QCD, a weak-coupling duality of QCD in AdSs

semiclassical LFQCD — semiclassical field theory in AdSs
N {, = Jx(1—x)r, > fifth coordinate z
P+ ¢ J LF amplitude — string amplitude
(1 —2)P confining potential U > dilation field @
I>-(J-2?%* <« (uR)?
form factors > form factors
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Application of light-front holographic QCD

[deTeramond:2014asa, Sufian:2016hwn, deTeramond:2018ecg]
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Microscopic interpretation of form factors

Drell-Yan-West formula for charge form factor: [Drell:1969km, West:1970av, Brodsky:1980zm]
pen(rL) = /[dflfidzru]nmn({%77u}>|2 D b —ri) = e 6P r =)
j j

Brodsky-Hwang-Ma-Schmidt formula for gravitational form factor A: [Brodsky:2000ii]

Alry) = /[d$2d2r2L] |¢n<{xzafru} |2Zx1 (ry—7j1) ij —7j1))

Matter density A (r;) mainly samples the Valance partons x; ~ 0(1) wee parton x; < 1
contributions suppressed

q
€

@ x;: Bjorken variable .
x; =k /B

Y @_'
.

electron
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Mechanical properties of hadrons

D(q?) is related to the pressure and shear forces inside hadrons
[Polyakov:2018zvc]

. ied 1 .. .
T (r) = (TTZ — gdw)s(fr) + 0" p(r)
1 1d ,d ¢ 1 d1d
2 ~ ~
= D = — ——D
p(r) 6M r2 dr  dr (), s(r) AM ' drrdr ()
Hadron stability conditions:
[Perevalova:2016dIn]

B Force equilibrium (von Laue condition): f d?’rp(r) =0

B Stability conjecture: D(0) = [ d3rr?p(r) <0
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Forces inside the hadron

The divergence of EMT defines the force on quarks and gluons [Ji:2025qax, Ji:2026lyj]
F, =01}

Confinement induced by a constant force?
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The first measurement of the pressure and shear

15

o1 [Burkert:2018bqq]
B [Burkert:2021ith]

Repulsive
pressure

—
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The proton contains the highest pressure in nature

Adapted from Kumano: LC2024

Center of earth Center of sun Neutron star
105Pa 101 Pa 1016Pa 1034Pa
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Big problems related with energy-momentum tensor

m Origin of hadron mass [Burkert:2023wzr]
B Spin decomposition

m  Mechanical properties of hadrons

Quark mass(<10%)

|j
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