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Big puzzles of the strong force within hadrons

m Origin of confinement
m Origin of >99% nucleon mass

m Origin of the nucleon spin

AN

Gross and Klempt et al,, 50 Years of quantum chromodynamics, Eur. Phys. J. C, 83 (2023)
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Gravitational form factor D: the last global unknown

Hadronic energy-momentum tensor encodes the energy, spin and stress distributions widthin hadrons
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Physical interpretations

m Sachs densities, aka. Breit frame densities, [Sachs: 1962zzc]
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m Light-front densities (2D), related to the GPDs [Miller:2018ybm, Burkardt:2000z2]
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Physical densities from a "multi-fluid picture” [Li-2024vg]

m Quantum expectation value of the EMT tensor can be written as multi-fluid form,

(W TP (2)|0) = ((EUUP — PAYP + 10, (U2 $PIP) 4+ TP — goB )y,

where, << >>\Il is a convolution with the Wavepacket \IJ(I) [J. D. Jackson, Classical electrodynamics, Wiley]
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m Physical densities:

energy density:  E(x) = M/ (gil)lg eiq'z{ (1 — %)A(qz) + 4q7]\22 [2J(q2) — D(q2)] },
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pressure: 93 6M /
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cosmological constant: A = — MQ/ 2
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Mechanical stability

m Energy-momentum conservations imply: [Cotogno:2019xcl, Lorce:2019sbq]

A(0) =1, J(o):1 Ql;rgOQ?D(Q%:o = /d3r.’}’(r):0

2 ’
the von Laue condition implies hadrons are in mechanical equilibrium [Laue: 191 11rk]
m Polyakov et al. conjectured that D < 0 for mechanically stable systems [Polyakov:20 | 82vc]
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D= [ d&3rr2P(r) <0
m D-term also contributes to the trace anomaly
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Multi-layered picture

m Negative D gives a layered structure to the proton:
T <Tpe<Tg

where, r%/p —rA 3)\2D Ts :rA 9)\2D
m 74 measures the distribution of the valence quarks
m 7,2 samples also the wee partons, responsible for condensate
m rg couples to the scalar meson cloud and glueballs outside
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Experiments
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| Ji's sum rules: [i:1996nm, Polyakov:2002yz]
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m Deeply virtual Compton scattering (DVCS) and Deeply virtual
meson production (DVMP) [Burkert:2018bqq, Burkert:202 lith]
m Di-photon pair production [Kumano:2017lhr]

m Near threshold VM photo-production  [Kharzeev:202 1 gkd, Duran2022xag)

m Large uncertainties — electron-ion colliders
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Theories

m Chiral perturbation theory: D, = —1 in the chiral limit [Donoghue: 199 1qv]

m pQCD: scaling at large Q2, e.g. A (Q?%) ~ D_(Q?) ~ 1/Q? [Tong202 | ctu, Tong20227ax]
m Lattice QCD: considerable uncertainties & discrepancies with extracted data from experiments
m 7T is 2.5 times smaller than the result extraction from vy — 7 on Belle [Hackett:2023nkr]

m QCD-like models: [Polyakov:2018zvc, Burkert:2023wzr]

m Bag model, chiral quark model, NJL model, light-front quark model, continuum QCD, ...
m Requires a consistent treatment of the non-perturbative dynamics

| Holographic QCD [Abidin:2009hr, Brodsky:2008pf, Mamo:2019mka, Mamo:202 Itzd, Mamo:2022eui, Fujita:2022jus, Fujii:2024rqd]
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GFFs in holographic QCD

m A(q?) were obtained by coupling to gravitation waves (GWSs) in AdSs; however, D(q?) is not fully
constrained since GW can only couple to the traceless part of EMT  [Abidin2008hn, Abidin:2008ku, Abidin2009hr]

® Mamo et al. showed in AdS/QCD D(¢?) o A(q?) with D(0) undetermined; Further speculated that
finite-N,, corrections lift the degeneracy between scalar (01 ) and tensor (2*) glueballs and lead to,

2
D(a?) = i [Ale?) - As(a?)]

where, Ag is the scalar GFF associated with the trace [Mamo:2019mka, Mamo:202 | krl, Mamo:2022eui]

m Fujita et al. extracted DN),r(qQ) from the Sakai-Sugimoto model (a top-down model in 10D)

m large ¢> scaling different from pQCD prediction [Fujita:2022jus, Fujii:2024rqd]
m Predicted D, (0) = —1, D (0) = —0.140(22) resulting from cancellation between U(1) and
SU (2) fields

k=0 ~1 GeV large-k (pQCD)
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Holographic light-front QCD

m The D-term involves non-minimal coupling terms in gravitational EFT, [Donoghue:|994dn]

D
Sp=-7 /ddx,ﬁ—gRqs?
m Need constraints from both the QCD side and the gravity side

m Light-front holography: correspondence between semi-classical LFQCD and AdS/QCD in 5D
m HLFQCD allows us to impose constraints from both the QCD and the gravity sides

m Further insights: super-conformal algebra, Veneziano amplitudes, parton counting rules and GPD sum

rules [Review: Brodsky:20|4yha]
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Semiclassical QCD

Non-relativistic, Non-relativistic, Relativistic,

weakly coupling strongly coupling strongly coupling
Bohr Model () Shell Model (3 f
2 eff oy 2 P = =
[_VCJ_+‘/;1¢§ (CL)}QOh(CL) = M p,(¢)) Ly
where ¢, = /z(1—2)7, ‘
L0
<q) = ::n'G.‘:"n ER )
Aqcp~0.3 GeV Ay~1GeV pn>»1GeV
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Soft-wall AdS/QCD and light-front holography

AdS/QCD is a bottom-up approach to holographic QCD based on semiclassical field theory in 5D
anti-de Sitter space (AdS;),

[Maldacena:1997re, Polchinski:2000uf, Erlich:2005gh]
1
S = /dE’xe_(D(m)«/i—g{‘DX‘Q +m2|x|* - T (FE+ F3)}
95
m Soft-wall AdS/QCD introduced a dilaton ®(z) to break the conformal symmetry in IR

m Karch et al. adopted ®(z) = k222 to reproduce the Regge trajectory M,QL o n, where k = 0.388 GeV is
fixed by fitting to the p mass [Karch:2006pv]

] Improved soft-wall AdS/QCD [e.g. Gherghetta:2009ac, Sui:2009xe, Li:2012ay, Li:2013oda, Cui:2013xva]

)
U

[Review: Brodsky:2014yha]

semiclassical LFQCD > semiclassical field theory in AdSs
op (| = \/MTL > fifth coordinate z,
i ¢ LF amplitude > string amplitude
1=t confining potential qu;f > dilation field ®
LP=(J=2? & (uR)?
—

form factors form factors
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Pion charge form factor F_ in holographic QCD

m Drell-Yan-West formula: [Brodsky:2007hb]

F (4% = /CLdgl\gow(gl)ngKl(gQ) + higher Fock sector contributions

m Electromagnetic coupling in AdSs: [Grigoryan:2007wn, Abidin:2009hr]

e 2
S =es [ Po Vi Me @ N b Ay(e) = Fole?) = [adilen o Ve )
where, V (2, z) is the bulk-to-boundary propagator of the 5D EM field Ay (). In soft-wall model,

2 1
2\ _ ¢ (. ,.2,2) @0
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Pion gravitational form factor A_ in holographic QCD

m Brodsky-Hwang-Ma-Schmidt formula: [Brodsky:2008pf]

1 .
A(?) = /(ldcj_|cp7r(cj_)|2 QCJQ_QZKQ(CLQ) + higher Fock sector contributions

m Gravitational coupling in AdSs: gnar — 9N + 09N [Abidin:2008hn]

2
Anla?) = [ 2dzlon (o) H (a2
where, H(¢?, z) is the bulk-to-boundary propagator of the 5D gravitational field. In soft-wall model,

2
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GFF D in LFQCD

Given the effective qq interaction, how to compute D(Q?)?

Us(CL) = ’<'4CJ2_ + 2”62(‘] -1
m Light-front quark-diquark model [Chakrabarti2020kdc]
t°H(3) = (P— §TP|P + )
m Adopted soft-wall light-front wave functions (LFWFs) for and the free EMT operator Té“j

m Dy (Q?) is extracted from spin-flip hadronic matrix elements ~ 711 + 722 T+~ etc,
m Problems: in violation of the von Laue condition, absence of the interaction

m von Laue condition is equivalent to light-front energy conservation
m 798 should be consistent with the Hamiltonian H

® We should adopt T, which is the density of the light-front Hamiltonian P~ = [ d3z T (z),
0

Prip) =ptlp) = (P=4IT* [P+ §) =2p"p~ = lim ¢iD(g}) =
qr



T+ from the effective Hamiltonian P~

Is it possible to obtain local one-body densities of systems described by an effective Hamiltonian?

Llp,oup) T TH'(x)

m In non-relativistic QMBT, operators can be localized with the position operator:
Q — S edr—r)
i

m Unfortunately, there is no consistent position operator in relativistic quantum theory

m Exception: particles can be localized on the transverse plane tangential to the light cone, which
suffices to specify the hadronic one-body densities (OBDs)

Q — > e (r—ry)
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Examples

m Charge density:

Q — F. <Ze 5%( m*?ﬂ :Z/[d/lnHl/}n({%?u)’Q26152(’&*Tu)
:/ﬁ/d2xi‘¢($afﬂ’252(ﬂ*9%/(1*‘%))+"'

m Matter density/longitudinal momentum density:

Pt o A <Zx 82(r )> =2/[dﬂn]‘iﬁn({xia?u)fZfﬂi(sg(m*TM)

where, the n-body phase space element:

L x. 2 .
Jlamd =511 [ 52 [ ot < 2ms( o= 09 s)
n;—1 [ i 7

The above QMBT results are identical to the ones in QFT!




Localizing the effective qq interaction U,

m Second quantization: >’< = Z + z

_ 1
qu: ﬂ/ﬁ/d r11d%ry) Uyg(@, 71, — 7))

x bT (w, 7y )dT (1 — 2, g )d(1 — 2,75 )b(2, 7 )

m Localize the interaction operator on the light front:

1 dx
+ _ 2. 12 o -
Ty (ri)= ﬂ/m/d r11d%rg  Uggle, 71 — 79 )
N N N N 1
X bt (2,74 )t (1=, gy )1 =2, ol 7y ) 5 {02 =7y 1) + 6%, =70 ) |

m Extracting the OBD of the interaction:

1 dx 1¢ . I T,
+—(,2) _ U 1—2)g, -7 —izq, T
tqq (q ) 72”/7250(1 —l‘)/d TL|1/1:ET'L ’ le)Q{ el i L em L}



Free energy-momentum tensor

The LFWEF representation of the free EMT s,

Z/ dx d er_ wn {xzvru_} Ze”‘ﬂ ql .

where, Q2 = qu_. For the pion,

ty(Q%) —/01 dﬂ?/dQ(JJPfr(CJ_){ei\/g

D

Ji+m

[Cao:20230hj]
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Free energy-momentum tensor

The LFWEF representation of the free EMT is, [Cao:20230hj]
H ~ L —V2-l+m2-—‘11qi~
@ =3 / [da;d2r ] B (s, 7y ) S e s 3 @\A%({xi,mn
n J J
where, Q2 = qJ2_. For the pion, pOSSIb'C

divergence?

@)= [ LN G )
+ WS [ - fo_C ] }%r(ﬁ)

ldx ,1—x divergence free
—J Q | = 2Ko(2Q) —»
fo x 0( x ) " (except Q=0)




Pion gravitational form factor D7r [YL & J. P. Vary, arXiv:2312.02543]

Q) =t (@Y + 11 (Q%) = 2M2 + 2P + JQ*) AL (Q) + Q%D (Q?)

2U(z 22Q?
D@ = [ alon(a)f (@) —280(:Q) - 25 [s016: ) - T K 0)]}
where, K, (z) are the modified Bessel function of the second kind
m Similar to the A,(Q2)
m Forward limit,
lim D, (Q?) « lim an2 — —00, lim QQD (@3 =
Q*—0 Q*— Q*—

m Large Q2 scaling consistent with pQCD prediction:

m In hard-wall model, the potential U(z) = 0; in soft-wall model, the potential term has a small but
non-vanishing contribution
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From bare currents to dressed currents [YL & J. P. Vary, arXiv:2312.02543]

1 2U 22
D@ = [ selent {3 T Kol 20 (@) - 202 [0 (@) - S k)] )
4
2(1 2U
(@) = [ adilonI{5H(@ 0-250% ) - 202 (@2 - @)}

m The above result adopts the bare currents, which will be dressed in AdS/QCD ‘/ﬁ&:wmm
— =

m Dressing the currents also improves the IR behavior of D_(Q?) N

m [t is straightforward to identify the vector and tensor currents: idressedcurrent
- [~

! \ ) \
522Q2K2(zQ) — H(Q%2)=T(2+ SQ—) (SHQ,—I,QKQ 2) tensor current,

2QK1(2Q) = V(Q?,2) =T(1+ %)U(f?., 0;k22%)  vector current,
Ky(2Q) — S(Q?, 2) ! current
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Scalar current [YL & J. P. Vary, arxiv:2312.02543]

The remaining term K(2Q)) may be identified as a bare scalar current

m Breitenlohner-Freedman bound: A = 3,4, -+ [Breitenlohner:982jf]

qq: A=3, M2, =2k*(2n+3), scalar mesons
trG?: A =4, M2, =2k?*(2n+4), scalar glueballs

with gss. scalar mass: Mg = 0.95 GeV, and glueball mass Mg = |.I GeV [c. ParticleDataGroup:2022pth]

m Bulk-to-boundary propagators [Colangelo:2007pt, Colangelo:2008us
SA:3 = ZF(O“ =+ %)U(a + %a Oa 5)7 SA:4 = F(a’ =+ 2)U(a7 _1a 5)
where, a = Q?/(4x?%), and ¢ = K222
m Assume mixing of scalar mesons and scalar glueballs
S(Q%2) = ¢;SA_3(Q% 2) + 255 _4(Q%, 2)

¢1, ¢y are determined by matching to chiral limit DI®(0) = —1 and large-Q? scaling from D
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DW<Q2) with holographic currents [YL & J. P. Vary, arXiv:2312.02543]

2U(z)
Q2

D@ = [z, o {{H@ 2~ 25Q% ) - 205 V(@22 - (@2 2)] )

m Large Q2 scaling consistent with pQCD prediction

m Dressed GFF D_(0) is finite, while the bare GFF D_(0) diverges (still satisfying von Laue
condition)

m U-term consists of a vector and a tensor current: V(Q?, 2) — H(Q?, 2)

0.0 T T T T T T T

HLFQCD: 7, = 060 fm, r4 = 039 fm
Lattice: rpp = 0.61(7) fm, 7,4 = 041 (1) fm

[Hackett:2023nkr]
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Scalar meson dominance [YL & J. P. Vary, arXiv:2312.02543]

D(@) = [ adelor(o) {5 HQ? 2) 20155 0(@,2) 2035 (072

2U (z)
- V@) - HQ2 o)}
m Scalar meson dominance: cancellation between scalar and tensor glueballs; as compared with
the glueball dominance in the Sakai-Sugimoto model [Fujita:2022jus, Fujii2024rqd]

m U-term consists of a vector and a tensor current:
m The p pole ¢? = Mp2 = 412 cancels out -- the net result is still scalar
m It is gluonic from Brodsky-Farrar parton counting rule [Brodsky: 1 973kr, Brodsky: 1974vy]

scalar meson  D273(0) = —0.83,
scalar glueball /)? L0) = —0.5, 1] 20 for -
tensor glueball  DL(0) = +0.5,
residual gluon D4(0) = —0.17

Q%20 »
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Extension to charmonium

[Li:2015zda, Li:2017mlw, Li:2018uif, Li:2021ejv, Wang:2023nhb]

H = Hpagsi0c0 —

Cramay(Q?) _
QQ

/7 A / v
Uy Y, U1 V9, vy dH

m For charmonium, the one-gluon-exchange interaction is important for the short-distance physics

m Remarkable agreement with experiments for spectrum, radiative widths and transition form factors

m Parameter-free predictions for hadronic observables and for charmonium productions in DIS
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Charmonium gravitational form factors [Xu:20240fa; Hu:2024edc]

m Adopt charmonium wave functions from basis light-front quantization (BLFQ) [Li20 1 7miw]

m Alternative charmonium wave functions from Dyson-Schwinger equations [Cao

m Effective one-body cc potential:

et~ (S AT
1
= ﬁ<Veff(71)> ~ (M V (r)(r)

(Vess(r1)) [GeV*]

n progress]

1 1 1 1
10 15 10 15
0’ [GeV?] 0 [GeV?]
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Energy density vs invariant mass squared density

Energy density £(r ) vs the invariant mass squared density M2 (r | ):

dQ(IL iq, T
= [ _C9L g7 p_ 47000y P4+ 4
e = | e TP 4TV0IP+ )

M2(r,) d?q s —
P+ :/(27r)22p+6 TP = ZTT(0)| P+ §)

m Energy density is positive

m Invariant mass squared density becomes negative at small r : tachyonic core within
charmonium?
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Mechanical stability conjecture D < 0 [Hu:2024edc]

777

D:/d3rr2?’(r) <0

m Speculation: a mechanically stable system must have a repulsive core and an attractive edge
m We find that while 7, has a repulsive core, X has an attractive cores, and both have negative D!
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Summary

[YL & J. P. Vary, PRD letter 109, L051501 (2024); 2312.02543 ]

m The gravitational form factors emerge as a vital tool to unravel the internal structure of hadrons

m We computed the gravitational form factors of the pion using holographic light-front QCD

m By matching to the holographic currents, we find contributions from scalar mesons, glueballs as
well as residual gluons. The obtained GFFs are in good agreement with recent Lattice QCD

simulations
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