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Big puzzles in QCD

Strong force inside matter:

m Confinement of quarks and gluons
m Origin of >99% nucleon mass

m Origin of nucleon spin

The

‘\ s Millennium
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Hadronic energy-momentum tensor

H:/d3xT00(x) = 1% (z) = (VTP (z)|¥) e A
Everytl vitates They gravitate through
energy-momentum tensor

Hadronic energy-momentum tensor encodes the energy-stress densities inside hadrons

Hadronic matrix elements and gravitational form factors (GFFs): [Kobzarev:1962wt, Pagels: 1 966zza]

(o', 8" IT (O)lp, 5) =
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LaSt glObal UﬂkﬂOWﬂ [Polyakov:2018zvc, Burkert:2023wzr]

. Meson
graviton

» » v

m Ji's sum rules: second Melin moments of the GPDs, e.g, i 1996nm, Polyakov:2002yz]

/ ' dexHDI(x,&,t) = ADI(t) + E2DDI(t)
m Deeply virtual Compton scattering & deeply virtual meson production  [Burkert:2018bqq, Burkert:202 1ith]
m Di-photon pair production [Kumano:2017Ihr]
m Near threshold vector meson production [Kharzeev:202 | qkd, Duran:2022xag]

m Large uncertainties from both the theory and experiments — Electron-lon Colliders
[Lattice '23: Hackett:2023nkr]

0
. G{0) = Q = 1.602176487(40) x 10~'°C a0
electromagnetic Gy (0)= pu = 2‘792847356(23)[1.1\1 y &
-0.5 lattice 23 & lattice ‘23
wesk GA0) =ga = 1.2694(28) S = 210!
Gp0) = gp = 8.06(55) Efw \Q:c near-threshold Duran et al. method 1
mA() = m = 938.272013(23) MeV/c? | experiment (DVCS)  bands {fits) [ " pmducmm{ Duran etal. method 2
gravitational = 1 -L5 e tiswork | —4 Guoetal.
DO)=D =2 proton [ BEG proton this work
20 05 10 i's 20 0.0 05 1.0 15 20
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Mechanical stability of hadrons

m Energy-momentum conservations imply: [Cotogno2019xcl, Lorce2019sbq]
1
A(0)=1, J0O)=, lim Q*°D(Q?*) =0 = /d3r?(r) =0
27 Q2-0
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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Trace anomaly

m Trace anomaly in QCD:

S=T14 = %G“WGZV +O(my).
s

m D is related to the trace anomaly

2 2
o _ 2 Q 2 2
¥,5'|Slp.s) = Mg (0)[(1+ 1r73)AQ) + 1375 (3D(Q) = J(Q%) | uy (p)
m D < 0implies a layered structure within the proton,
g <rpy2<Tg

where, 1% = —6A47(0), 73, = —6(M?)"(0) =% —3ALD, rE = —65(0) = % — INZD

quantum onion: = | physicsworld | a Audio andvideo » | Late

valence quarks

na pQCD core: 7, = 0.4 — 0.5 fm . PARTICLE AND NUCLEAR | RESEARCH UPOATE
. ¢ - Charmonium’s onion-like structure is revealed by new
condensate: 7 = 0.85 fm ; calculations
meson cloud: 7 = 1.0 fm S
[Frankfurt:2022cyk, Xu:2024cfa]

wee partons (condensate)

s https://physicsworld.com/a/charmoniums-onion-like-structure-is-revealed-by-new-calculations
promerons, meson cloud



Part II;
Macroscopic interpretation of GFFs

numbers numbers
n ’ proton out




Sachs/Breit-frame densities

The Sachs densities are defined as the F.T. of the hadronic matrix elements within the Breit frame
@ =-p= +%(j, aka. the brick-wall frame), [Sachs: 1962zzc, Polyakov:201 87vc]

)

PN

R g 1
THE = [ G T HATTO 40, B, = e

m Frame dependence: the proton is not at rest in the Breit frame. Densities in other frames?

m Lack of local probabilistic interpretation T% ~ 3~ ¢;7%8,q; # >, w; N, [Miller:201 8ybr]
m Ambiguities in physical densities, e.g. A vs T9 vs T /\/1 + 1 [Lorce:20200nh]
m Underlying assumption: proton as a rigid ball -- in contradiction with relativity [Jaffe:2020eb7]

i
. +2
) A s
/ / \

i

=M1 = Mm-1
ly ~ Thucl > AComp = Mpua )'y ~TN AComp =My
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Light—front densities [Miller:2018ybm]

= d3q tgte—iq, -7 1 — o —
TG P) = [ et P bl [ e T asa, = 0P~ o)

d2q P
- [ e (P b 0P o

q"=0

m Frame independent: boost invariance in light-front dynamics
® Local probabilistic interpretation: T+ ~ 37 g;v"id0%q; ~ 37, pi N,

m Intrinsically relativistic and related to the forward generalized parton density q(;z:,f)i), i.e. what

the probes "see" in high-energy collision experiments [Burkardt:2000za]
2 light-cone coordinates:
-
('Y o at =29 4+ 23,

Image credit: CERN Courier

by <> 1P (Y 3, = (ah,a?)
Experiment: DIS Theory: IMF & LFQ

August 7, 2024




Physical densities: energy and momentum

[Xu:2024cfa, cf. Freese:2021czn, Freese:2021mzg]

/d3x THH(x) = P*
Pr(r) =T (ry; P) = PTA(ry),
Pir) =THEP) = PLAr) +(Vx8),  (i=12),
- = . P2A(r )+ P - (V x8) + M?(r)) P24+ M?
P (r)=Ti(r;;P)= o P :LT
m A(r ) can be interpreted as the number density (matter density)
| |

M?(r ) can be interpreted as the invariant mass squared density

Frame independent!
[ 5"(71) can be interpreted as the spin current density

a1 g
Ary) = [ Gl ag)

»r) = [ S0

_ 1 1
Gzt "M+ gah)AWh) + 54t DlaL) .

2
S(r) =23 4, e T T (g?)
+ (272 i
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What are the proper 3D energy and stress densities within the proton?

m Physical densities associated with "bad" components 7 ~# are not well understood

?
m Light-front densities are 2D — 3D [Panteleeva:202 liip]

m Light-front densities can be understood as equal-time densities in the infinite momentum frame
which could be counter-intuitive [Lorce:20200nh]

m Amplitude vs. quantum expectation value: what is truly probed by gravity is the quantum
expectation value t*?(z) = (¥|T5(x)|¥) where |¥) is a generic hadronic state
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Proton is a de Broglie wave (as we resolving its structure) [Li-20221cb)]

resolving a non-relativistic particle: 7,400 > A 3> Apgon = Ac

resolving a relativistic hadron: A\ =T ~ A > A
hadron hadron C 0%

where A\c = M~ is the Compton wavelength, Ay = Q! is the wavelength of the probe, e.g. a photon.
Ahadron 1S the de Broglie wavelength. y,,4.n is the hadron radius. [Jaffe:2020ebz]

m The probe, e.g. the photon, ““sees" a de Broglie wavel Namely, the proton as a whole is a
relativistic continuum -- hydro for hadron!

m The hydrodynamics view of the proton has interesting consequences. For example, the mass
decomposition can be viewed as the multi-fluid description of the wave [Lorce2017xzd]
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Energy-momentum tensor of a relativistic spin medium

o = euuf — pA*P + 19, (ulvsho) 4+ moB — goBA + dissipative terms

where, u® is the medium velocity with u,u® = 1, AP = go‘ﬁ — u®uP is the spatial metric tensor:
altb’t = alb” + aVbH.

m e(x) - proper energy density, i.e. energy density measured in local rest frame (LRF)

m P = 712% — pA>B - Cauchy stress tensor, consisting of a traceless shear tensor and a normal

pressure p(z).
m 7%(z) -- shear tensor, dissipative in fluids but non-dissipative in solids
m 5°P(z) - spin tensor, recently proposed by Fukushima et. al. in relativistic spin hydrodynamics
[Fukushima:2020ucl, cf. Li:2020eon]

m A -- cosmological constant term, non-conserving, presenting an external pressure

[Teryaev:2013gba, Teryaev:2016edw, Liu:2023cse]



Hadronic energy-momentum tensor [Li-2024vg]

m [t can be shown that the quantum expectation value of the EMT tensor can be written as,

(U|TP (2)|¥) = (EUUP — PAP 4 30, (U *8P) 4 TT*F — g*PA),,

where,
/d3z\II (x —2)T(2)

is a convolution with the Wavepacket \IJ ) [J. D. Jackson, Classical electrodynamics, Wiley]

)
0=20

SL O ST
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P@) 6M 271')3 Dla), ,
Bq eaf op |, @ UG |
af = iqx af _ _ 2
8P (x) /(27r) e {w' 1 YSYE YV J(q?), @ é
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Factorization of the hadronic density [Li:20221db, of. Freese:2022fat]

2

e(r) = /d?’z@(m—z){ﬂf / (;1;;13 eiq‘m{<1 — ;\?)A((f) + % 2J(¢?) —D(qQ)] }}‘Il(at—z)

The hadronic part is not factorizable due to the dependence of P = (—i/2)V, in ¢% = (¢°)2 — ¢%, where
@ = \[(P+ 507 + 22 [ (P— 40 +)1°

m Taylor expansion around P = 0: multipole series,

20=0

E(7) = S (_i)ngili’é’"'in VT2 ... Vin
=Y n ()

nnl
n:OQn.

m Monopole density gives the Breit-frame distribution (Sachs distribution)

&ol) =21 | (Sifg it { (14 ) a-) - s - pe-p)] )

m High-multipole moments exist due to Lorentz distortion

Gravitational form factors, Yang Li (USTC) 13/25 August 7, 2024



Light—front distribution [Li:20221db]

Is the multipole expansion unique? No! — Alternative: Taylor (Laurent) expansion around 1/|Z3| =0

® Sufficient to take P, — 0o = |P| = /P2 + P2 —

m Monopole density gives the 2D light-front distribution

2o = e (14 41)

m No special frame (e.g. DreII—Yan gt = 0 frame) is chosen

A=) — M;(w( 2)-D(-a))].

m Relativistic, suitable also for massless hadrons (in contrast to the Sachs distribution)

Convergence of the multipole series: | P| > Miron > {M, 71}, } — sufficiently localized z-direction

m In the infinite momentum frame (IMF), components of the EMT form a hierarchy:

T+t~ P2, JHi~ Pl Tt~ T~ PO Ti~ P7l T~ P72
—_— =
best good bad worse worst




Part IlI;
Microscopic interpretation of GFFs



Microscopic representation using QMB wave functions

m Drell-Yan-West formula for charge form factor: [Drell:1969km, West: |970av, Brodsky: 1998hn]
- 2
pen(ry) = Z/ [dxieriL]nlwn({xbFiL})‘ Z€j52(m —ri) = <Z e;6%(r, — er)>
n J J
m Brodsky-Hwang-Ma-Schmidt formula for GFF A: [Brodsky:2000ii]

Alr) = (3% —r0))
J
Matter density A(r | ) mainly samples the valence partons x;~ O(1); wee parton x; < 1 contributions
suppressed

! 7eh pion cloud
Ta > Teh

quarkonium
Ta < Tch

CGravitational form fa




Wave function representation of D-term

International Journal of Modern Physics A | Vol. 33, No. 26, 1830025 (2018) T++ of the EMT. Being related to the stress tensor f‘” the form factor D(t)
| Reviews naturally “mixes” good and bad light-front components and is described in terms

o . d h d . f of transitions between different Fock state components in overlap representation.
Forces insiae nadrons: Pressure, surrace As a quantity intrinsically nondiagonal in a Fock space, it is difficult to study the

H H H D-t i aches based on light-front functions. This is due to the rela-
tens'on' mechanlcal radlus' and aII that €rm 1n approaches based on lig ont wave nctions. 18 18 due to e rela-
Maxim V. Polyakov and Peter Schweitzer =]

i non-diagonal
https://doi.org/10.1142/50217751X18300259 | Cited by: 212 (Source: Crossref) dlagonal

m There are indeed non-diagonal contributions. However, all non-diagonal contributions add up to
a diagonal contribution [Ca0:20230h]

It RN S SN
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Light-front wave function representation [Ga0:20230hj, Cao:2024rul

1.2
’LQLTL Jilv —aUn
(5o Tl
Zj

AN 2 12 ,
_ =2<Zewﬂ-'ql- 4Vl J 497 4 Veirnid
J J potential part

kinetic part

—V3 +m3

where, V = M2 — Zj L and the quantum average is defined as,

= Z/ [dxidQTiL]nJZ({zm?u})on{/;n({%fu})

. FT
m The off-shell factors et "9t — §%(r| — 7, ) indicate the location of the graviton coupling

m Use scalar model as an example
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Covariant analysis of EMT on the light cone [Ca0:2024ru]

/ (&3 a ]‘ fe o afl =
p'1T77(0)|p) = 2P PP A,(—¢?) + 5@ ¢ — *9*?)Dy(—¢*) + 2M*g*P¢;(—¢?)
M*w*wf

- (2 a3 o, B
<W'P)2 S]z( q )+(V Vv +4q%q )SZZ( )a

where, P = (p’ +p)/2,¢q=p —p. wt = (w,w™,&,) = (0,2,0) is a null vector indicating the orientation of
the quantization surface. Vector V¢ is defined as V* = so‘ﬂpc’Pquwg/(w - P).

m Emergence of spurious form factors S; 5 due to the violation of dynamical Lorentz symmetries in practical
calculations, which usually contain uncanceled divergences

m Identify THF, T+ T12 7%= a5 the good currents that are free of spurious form factors or divergence

. M?+ %q3 2 4M*
t7T =2(P)24,(4?), t, = 2(T> A3+ e S1i(q?).
t12 = = D, _ .
i?=4lal Di(ad), i+t = quD( 2)—4aM?¢;(q2) + 242 So;(q?).

t7- =2(M*+=q})A;(q}) + ¢} D;(¢?) + 4M?¢;(q%)

NH
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Strongly-coupled scalar Yukawa theory gN?7 (Cao:20230h)]

10 S T T T T 0 T T T T
0.8 e o | )
~ 0.6 - < o = 97
S 1.0f— ] Q-4 [T 06 - 16wm?2
< 0.4+ ’ E Q U
—a=05 08 NI F 4708 __a=05
021 --- =10 o6f e . oL h—to ---a=10 7
00 T P A o 10 A 10t :1:2.0
0 5 10 15 20 25 0 5 10 15 20 25
0% [GeV?] 0% [GeV?]

m Simplest strongly coupled QFT in 341D, solved on the light cone with Fock expansion [1i2015iaw]
m For small coupling, D(Q?) is close to —1, the result of the free scalar theory
m For small Q? (forward limit):
lim A(Q?) =1, lim D(Q?) = D = finite lim Q%D(Q?%) =0
m AQ?) Jm D@ Jim Q?D(Q?)
all conservation laws are preserved
m For large Q2
lim A(Q?) =2, lim D(Q?) = —Z,
2500 2500
revealing a pointlike core, consistent with the physical picture of the model
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Charmonium: "hydrogen atom" of QCD

[Xu:2024cfa; Hu, in preparation]

m Adopt charmonium wave functions from basis light-front quantization (BLFQ) [Li2017miw]

m Energy density £(r ) is positive. However, M2(r | ) is negative at small 7 : tachyonic core
within hadrons?

27r 1 E(r /M [fm™!]

27r  MP(r1)/M? [fm™!]

PRSI

%

0.1 0.2 0.3 0.4 0.5 0.6
r [fm]

0.1 0.2 0.3 04 0.5 0.6
r1 [fm]

fm" TY 77:

tachyonic
core

ov®

M)

August




Physical densities [Xu:2024cfa]

Matter density A(r | ), energy density £(r | ), invariant mass squared density M2 (r ) and trace scalar
density 6(r )

, Y
1 T T T T T
t —acy ]

Te grom +
ol e ML) M? X + P
& oM ] X
’3 4
= |
S 1 ATD g M2 e p@w)
o~ -

] fm—2 15 10 5.0 0 -5.0
N

physicsWOnd Q Audio and video ¥ | Lates

PARTICLE AND NUCLEAR | RESEARCH UPDATE
Charmonium’s onion-like structure is revealed by new

calculations
05 Jul 2024
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MeChaﬂlca| Stablhty COI"IJeCtUI’e D < 0 [Hu, in preparation]

777

D:/d?’rrz?(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 .o has an attractive cores, and both have negative D!

T T T T T T T T T T
n i Xeo(1P)
¢ 201 Xe0(2P)

3
i=3
T

r
1 g 0 5

o IP(r)cﬂr =0

L
03 1 T 3T
o4

D= fr*p(r)d’r <0
1 5 T

27r P(r1) [fm2)
: <>>*<F ,
1

_ 1 I 1 1 1 _ I I I I 1
48.0 0.1 0.2 0.3 0.4 0.5 0.6 28.0 0.1 0.2 0.3 0.4 0.5 0.6
ry [fm] r.[fm]




Pion in AdS/QCD [Li:2023izn]

m AdS/QCD is a bottom-up approach to QCD based on string-gauge duality ==
m Form factors F, i n(Q?) and A,k n(Q?) in AJS/IQCD (462009 \y

2 2
F Q%) = /dzz x| V(Q%2),  A(Q%) = /dQZ |ox(2)| H(Q, 2),
where, V(Q?, z) and H(Q?, z) are vector and tensor bulk-to-boundary propagators

m Unfortunately, the gravitational wave in AdS can only couples to the traceless part of the EMT

— D(Q2) is not fU”)/ constrained [Abidin:2008ky, cf. Mamo:2019mka, Mamo:202 I'tzd, Fujita:2022jus, Fuijii:2024rqd]
10 ' T j T " bdre current 10 j T j T T barl current
i —— dressed current'| N\ ___ dressed current
0.8 Sakai—Sugimoto| bare current
B 4 Lattice 23 T [ (
(8 06: \ \
< 0.4
- ; dressed current
0.2 = [ (
- i \ /
0 8 L 1 L 1 L 1 L
0 1.0 2.0 3.0 4.0
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Pion in AdS/QCD [Li:2023izn]
m Light-front holography: correspondence between AdS/QCD and LFQCD  [erodsky2014]

2 =+vz(l—a)r,
m Effective gq interaction from soft-wall AdS/QCD: U; = kA2 +26%(J — 1)
2
D@ = [ @eler)f 02 2)

where ©(Q2,2) = LH(Q2, 2) — 2, S7_3(Q2, 2) — 2551 4 (Q°. =) = ZEV(Q2,2) - H(Q?. 2)]
is the dressed current.

m Scalar meson dominance -- contribution from scalar & tensor glueballs cancel out [cf. Fujii2024rqd]

0.0 T T T T T T L —

scalar meson  D2=3(0) = —0.83,

S scalar glueball f)%*J (0) = —0.5,

= . -

= —0.8}, ,."' ————— bare current tensor g‘ueba” D7r (0) - +0'5v
—— dressed current residual g‘UOﬂ D»{,]1—<0) - 017

- ,1’ Sakai—Sugimoto|
H ¢ Lattice 23
H L 1 L 1 Il L

0.0 1.0 2.0 3.0 4.0
07 [GeV7]
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Summary

m Hadronic energy-momentum tensor and the gravitational form factor D

® Intriguing observables with many puzzles

m Macroscopic picture of hadrons as a relativistic continuum

T8 = cuouP — PAP + Lo, (ule8PP) + 1198 — B

m Microscopic picture of hadrons from light-front wave functions

m Strongly coupled scalar; charmonium, pion
Tsung-Dao Lee (1st R) making an academic report at University of
Science and Technology of China on May 18,1984
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Quantum wave kinematics (Li:20221db]

B Hadronic wWavepacket:

3
¥ =3 / @g—;;we—wus<p><p,sw>

which satisfies the Dirac equation (hence not a true probabilistic wave function)

m Conserved number current: (fgg = fdg—09fg)
() = —T(2)ihT(z) =  Ont =0
2M "
=nu®, (ugu®=1)

n = n,u® is the proper number density and u® the wave velocity.

m Quantum wave velocity:

[wigw] 1 R
Jartoe szt " T 1ene

84na —_— e

u(x) = V() UV (z) =

m More wave kinematics:
Oqug =y ag + Qug +3,5
NN L N

acceleration vorticity shear



Strongly coupled scalar theory as an example Cao:20230h]

(a) om? = ém3 go = go3 (c) sm? = éms
LF\N Fs EMT oper: mnjg_

9o = goz (8) dm =0,90 = goz go = goz
m Adopt a strongly coupled scalar theory as an example to derive the LF\/\/F representation

£ = —gIx*¢
m Quenched theory: excluding nucleon-antinucleon d.o.f. to avoid vacuum instability

m Systematic Fock sector expansion and sector dependent renormalization [112015aw, Karmanov:2016y20]

m All divergence cancels out with the sector dependent counterterms, e.g. (a) + (b)
1 1
Z[( q* = m3)g*’ +plp) = Z2P* PP + (5% — 9m3)g*’ — S q*d”)

N N dz d?k, N
tbﬁ —VZyg ﬂ/m/@ )Sgoswz(fc k1) = g*PZsm3



Strongly coupled scalar theory as an example [Cao:20230h]

%%}%%:

(a) om? = om3 (b) go = gos (c) om?* = 6m3
9o = go2 (g) dm = 0,90 = goz 90 = goz

m Adopt a strongly coupled scalar theory as an example to derive the LFWF representation
£ =—g|xI*¢
m Quenched theory: excluding nucleon-antinucleon d.o.f. to avoid vacuum instability
m Systematic Fock sector expansion and sector dependent renormalization [1i2015iaw, Karmanov2016y2u]
m All divergence cancels out with the sector dependent counterterms, e.g. (a) + (b)

1 1 1
o = Zl(54* —om3)g*’ +plop'l = Z[2P* PP + (5¢° — om3) g™’ — Sq*¢”

dx 4%k,
\Fgaﬂ/m/ (2m)3 = gosha(@, k) ) = g™ Zom’



Light-front energy density

m Hadronic matrix elements within Drell-Yan-Breit frame (¢™ = 0, fﬂ =0)
= 2(P*)?A(—q?)
19 = S(qid — 594 D(~?)
th =2(m?+ iqﬁ)A(ffﬁ) +¢1D(—q})
o os( ) g

P+

pPr = /d3xT+“(m)
=t =0

m A(Q?) can be extracted from ¢+
m D(Q?) can be extracted from either t7~ and ¢/, which are equally “bad" currents

m We adopt ¢t because it is constrained by energy conservation in the forward limit

Ptlp) =ptlp), = (¢} = 0) =p*



