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The book is very large
(even table of contents is 8 pages)
and highly technical (appendices)
SO it cannot be presented in few lectures
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Why repeat the QCD spectroscopy
on the light front?

connection to partonic observables, DA, PDFs,GPDs, formfactors

In the rest frame, nonrelativistic approximation only works
If masses are much larger than momenta,
on the LF p_t*2 appear as a sum with m#2
and it does not matter which one is larger
=> same setting from Upsilons to light quark hadrons
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Philosophy: start with “bare bone” LF Hamiltonian
constituent quarks + confinement

no need for “CM motion subtraction
and solve it as accurate as possible, /
with no arbitrary assumptions/approximations

P11 = (V6phL +3V2p,1)/6, 1= (V6\+3v2p+2X)/6
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longitudinal variables
The kinetic part of the LF Hamiltonian are defined on equilateral triangle

2 2 2 2 2 2
le_+mQ | pQJ__I_mQ | ng__I_mQ:
L1 | L9 | L3

non-factoriwable

transverse ) e
cup potential

two 2d oscillators

which is mostly zero
except near the edges

- - [G. 4. The contour plot of the “triangular cup" pote:
forcing LFWFs 10 vanish sint st




Confining Hamiltonian on LF can be desribed by:

Nambu-Goto string
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In momentum representation the square root

coordinates are derivatives,
that is how we get a Laplacian _ coord’s

are derivative
over momenta




red triangles are Upsilon masses

Comparison between Upsilon masses

from light front Hamiltonian in Schreodinger CM frame with those from light front
same method, 12*12 matrix diagonalized 14‘7‘ 42 G |
higher states affected by a cutoff - ( n)
note: orbital is not L but 2d m 130
Squared masses for n = 0..5 (left to right) 120:- 8
and orbital momentum m = 0,1,2 (down to up), 8 A
calculated from the light front Hamiltonian H.- |
| 110+ A
(red triangles), and shifted by a constant, M:— ... | %
the blue-circles show the squared masses M: |
calculated from Schroedinger ®
equation in the CM frame, with only linear plus o S S _

centrifugal potentials.




Philosophy: In momentum representation

confinement produces derivative terms
leading to Schreodinger-like equation

The Laplacian (which we encounter in the confining

tirm oi the Hamiitofnian) in the original coordinates Full set of EigenfunCtionS of the Laplacian
also takes a simple form _ )
22 U on the equilateral triangle
DBl vRirr-hiry -BENCRIIN can be found both analytically (6 standing waves)
) and numerically with Mathematica
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with A = X + L/v/3. Their symmetry properties
include e.g. p mirror symmetry i
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e-Print:s Hadronic structure on the light-front IV.
2202.00167 Heavy and light Baryons

transverse oscillator |
plus longitudinal Laplacian ff) 1dd, SSS, CCC, bbb

C

represented by a matrix
calculated in the eigenstates
of HO

Single-flavor baryons

have no “good diquark” correlations
between quarks if tHooft-induced

FIG. 9. Squared masses of baryons M;,(Q, %) in GeV?2,

- versus the principal quantum number n +1 = 1..7. The
of course, we not just have all masses,
sults of our calculations for the flavors b, c, s, q. The red
hexagons are the experimental values of three A™1 and

but all light-front wave functions as well!
an be used to calculate PDFs,FFs,GPDs el prodiotions for masees of oot aarl 455 boeyace, From




Hadronic structure on the light-front V. e-Print: 2208.04428
Diquarks, Nucleons and multiquark Fock components

phenomenology assuming that the standard spin-spin
scalar diquarks are deeply bound interactions are of the form (c102),

this spin interaction can be eliminated

diguarks are baryons in Nc=2 theory
+ — + ~
which has Pauli-Gursey symmetry M(+ud) - M(o+ud) (1)

so scalar diquark is degenerate with the pion (2M (Z+Q ) + M (2Q )/3-M(AQ) = o0.21 GeV

and vector degenerate with vector mesons

the instanton-induced 't Hooft vertex.

Scalar diguarks become
Cooper pair in dense quark matter
=> color superconductors

so it is 1 for Nc=2

and 1/2 for Nc=3



DIQUARK PAIRING IN THE
NUCLEONS

quasilocal
approximation
N versus Delta
masses and WFs

two diquark correlation

channels in N
(d with 2 u’s)
already makes noticeable
differencesfor WFs
especially near x->1

note that effect of pairing

IS smaller
IN excited states e-Print: 2208.04428

~0.8 -0

FIG. 6: Upper: Squared masses of the Delta (open
points) and N (closed) resonances versus their
successive quantum number n. The two straight
lines shown for comparison, are the Regge
trajectories fitted to the experimental values of
M?(J) , versus the total angular momentum .J,
with the slope o/ = 0.88 GeV?.

Lower: LEWFs for the lowest Delta (dashed lines)
and N (solid lines). The plots are shown versus the
Jacobi coordinate A, for fixed p =0,0.1,0.2,0.3,
top to bottom.



Nucleon and Delta Formfactors

are approximately 1/Q"4

but show differences at large

enough Q, Delta is softer

which means its size is about 2/(1/4)

times larger

Fi(t) = / deH(x,0,1)

A(t) = / dr xH (x,0,t)

A(Q7)/F1(Q7)

Delta

0.25|

0.20|
0.15/
0.10¢ N
0.05|
| Delta

0.00"

FIG. 8: Q*F3(Q?), (GeV*?) versus the momentum
transfer Q (GeV*#). The triangles and closed
points correspond to the Delta and Proton LEWEFs,
respectively. The red circles are extraction from
the experimental data on the p and n formfactors
mentioned in the text. The solid line shown for
comparison, corresponds to the dipole form factor

Q*/(1+Q%/m2).



paper VI Nucleon and Delta GPDs

e-Print: 2301.12238

It IS a formfactor
but for particular
Zero skewness: x of the struck quark,
and that turns out to be
H(w,0,) = [ 8o =)o (ki A (i b )

Gaussians, with
x-dependent slopes
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Revolution in hadronic spectroscopy -> multiquark hadrons

since 1960’s they were considered “exotics” with questionable
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Tells us about adding quark pair as

sigma and pion



)(Rg) = u(Ry)/Ry H=[ ( T

2308.05638
M(2S)— M(15) =~ 370 MeV
M(3S) — M(1S) ~ 689 MeV

S-wave solid
P-wave dashed

M(2) — M(1) ~ 250 MeV 0.4
M(3) — M(1) ~ 600MeV 0.2}
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Novel technique to find multiquark states which obey Fermi statistics

(started from P-shell and D-shell baryons)
Miesch and Shuryak, 2024

S-shell (L = O) pentaqguarks has color-spin-flavor dimension
of - 'monom” space 36 x 25 x 25 = 746496,

P-shell (L =1) states. another factor of 4, in total O(10*6) monoms

At first sight, writing operators as matrices in such a large
space may appear prohibitive,
even with the aid of Mathematica. Fortunately, this is not the case,
And how to enforce Fermi statistics?

We worked out representations of permutation groups S(n)
Procedure:

(1) find 2 generators of S_n group as explicit matrices,
(2)diagonalize those,
find common eigenvectors of them with eigenvalues -1




Where pentaquarks become chaotic?

136 9 Pentaquarks

140 [
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both Gaussian and
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Fig. 9.3.2 Distribution of monom coefficients for an S-shell state with L =0, S =5/2, I = 1/2 (upper panel) and for a P-shel
state with L =1, S =1/2, I = 1/2 (lower panel).

Quantum few-body systems are known to undergo a transition to the so-called quantum chaos regime

This phenomenon is well documented in atomic and nuclear systems with several particles or holes near closed
shells. A historically important example is the cerium atom, which has four valence electrons
and thus 12 effective coordinates.
even its lowest-energy states display chaotic behavior
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In correlators,
predicted R(0++)=0.2 fm

Instead of short distances
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predicted R(0++)=0.2 fm

mesons
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Edward Shuryak* and Ismail Zahed'

Instead of short distances

we look at excited states first
and establish "constituent gluon” model

studies. The model parameters are chosen to repro-
duce the three higher states in the scalar channel,
which, unlike the lowest n = 0 state, have “normal”
hadronic sizes (see the table of r.m.s. radii) and are
therefore less sensitive to short-distance forces. The
most important parameter obtained in this way is
the effective gluon mass, fitted to be

mg = 0.90 GeV.

note size difference
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Instead of short distances

we look at excited states first
and establish "constituent gluon” model

studies. The model parameters are chosen to repro-
duce the three higher states in the scalar channel,
which, unlike the lowest n = 0 state, have “normal”
hadronic sizes (see the table of r.m.s. radii) and are
therefore less sensitive to short-distance forces. The
most important parameter obtained in this way is
the effective gluon mass, fitted to be

my = 0.90 GeV. (11)

non relativistic Schrodinger eqgn
used with instanton-induced potentials V®
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FIG. 1. Schematic setting of the variational calculation:
heavy quarks Q and Q are static, and a “constituent
gluon" g dynamical, connected to both by a linear po-
tential.

obtained is shown in Fig.2(upper). Modern versions
of this potentials from lattice studies are shown in
Fig.2(lower).

Now we present details of the calculation. The

EL (1) [GeV]
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FIG. 2. (Upper) Result of our variational calculation
of 3, (r) potential versus quark-antiquark separation
r, (fm).(Lower) The lowest hybrid static BO energies
IT, and ¥, and the quarkonium static energy Z;, from
lattice measurements reported in [8].

" variational

lattice

Hybrid hadrons at rest and on the light front

Edward Shuryak* and Ismail Zahed'

multiple non-charmonium states, tetraquarks or hybrids?

Before going into technical details, let us dis-
cuss simple qualitative estimates for the masses of
tetraquarks and hybrid states. We begin by propos-
ing a crude relation between meson and glueball
masses. The constituent quark mass is about M, ~
350 MeV, while the constituent gluon mass, fitted
from glueball spectra |1, 2|, is M, ~ 900 MeV. Their
ratio (=~ 2.57) is close to the Casimir scaling ra-
tio 9/4, which governs the strength of perturbative
Coulomb interactions. The adjoint confining poten-
tial is also stronger by approximately the same factor
|1, 2|. This suggests that Casimir scaling may be ap-
proximately used for glueball-to-meson mass ratios
as well.

Proceeding further, the mass difference between

hybrids and tetraquarks should include the differ-
ence between effective gluon mass and twice the ef-
fective quark mass. Assuming Casimir scaling, one
estimates

M, —2M,~ M,/4 ~ 225 MeV.

This combination should therefore appear in the dif-
ference between hybrid and tetraquark masses:

M (hybrids) — M (tetras) ~ M, — 2M, ~ 200 MeV.

/4 \

data

similar potentials

lead to similar WFs
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ing a crude relation between meson and glueball
masses. The constituent quark mass is about M, ~
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from glueball spectra |1, 2|, is M, ~ 900 MeV. Their
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tio 9/4, which governs the strength of perturbative
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tial is also stronger by approximately the same factor
|1, 2|. This suggests that Casimir scaling may be ap-
proximately used for glueball-to-meson mass ratios
as well.

Proceeding further, the mass difference between
hybrids and tetraquarks should include the differ-
ence between effective gluon mass and twice the ef-
fective quark mass. Assuming Casimir scaling, one
estimates

M, —2M,~ M,/4 ~ 225 MeV.

This combination should therefore appear in the dif-
ference between hybrid and tetraquark masses:

M (hybrids) — M (tetras) ~ M, — 2M, ~ 200 MeV.

/4 \

We have solved Schrodinger equation for X hy-
brids and compare their energies to charmonium E;,

using parameterizations of potentials shown in lower
Fig.2. The first three levels are ((GeV))

Ey-[n]/GeV = 4.46,4.96,5.42, .. (31)

The first two we relate to two experimentally ob-
served states (all in MeV)

(4360), M = 4374+ 7, =118 + 12
W(4660), M = 4630+6, T =72+13 (32)

due to their decay pattern (see below) .

Note that we only use spin-independent potential,
and that charmonia levels in the same approxima-
tion are

Eo+Inl/GeV = 3.10.3.67.4.09... (33)

data

similar potentials

lead to similar WFs
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We have solved Schrodinger equation for X hy-
brids and compare their energies to charmonium E;,
using parameterizations of potentials shown in lower

Fig.2. The first three levels are ((GeV))
Ey_[n]/GeV = 4.46,4.96,5.42, .. (31)

The first two we relate to two experimentally ob-
served states (all in MeV)

¥(4360),M = 4374+ 7,0 =118 £12
B(4660), M = 463046, T =72+13  (32) data

due to their decay pattern (see below) .

Note that we only use spin-independent potential,
and that charmonia levels in the same approxima-
tion are

Eo+Inl/GeV = 3.10.3.67.4.09... (33)

similar potentials
lead to similar WFs

o 2 4 6 8 10

FIG. 3.  Three lowest normalized wave functions
(black,blue and brown) versus r(GeV ~")for £ charmo-
nia (solid lines ) compared to those for three lowest hy-
brids (dashed lines of the same colors).
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Before going into technical details, let us dis-
cuss simple qualitative estimates for the masses of
tetraquarks and hybrid states. We begin by propos-
ing a crude relation between meson and glueball
masses. The constituent quark mass is about M, ~
350 MeV, while the constituent gluon mass, fitted
from glueball spectra |1, 2|, is M, ~ 900 MeV. Their
ratio (=~ 2.57) is close to the Casimir scaling ra-
tio 9/4, which governs the strength of perturbative
Coulomb interactions. The adjoint confining poten-
tial is also stronger by approximately the same factor
|1, 2|. This suggests that Casimir scaling may be ap-
proximately used for glueball-to-meson mass ratios
as well.

Proceeding further, the mass difference between
hybrids and tetraquarks should include the differ-
ence between effective gluon mass and twice the ef-
fective quark mass. Assuming Casimir scaling, one
estimates

M, —2M,~ M,/4 ~ 225 MeV.

This combination should therefore appear in the dif-
ference between hybrid and tetraquark masses:

M (hybrids) — M (tetras) ~ M, — 2M, ~ 200 MeV.

/4 \

We have solved Schrodinger equation for X hy-
brids and compare their energies to charmonium E;,

using parameterizations of potentials shown in lower
Fig.2. The first three levels are ((GeV))

Ey-[n]/GeV = 4.46,4.96,5.42, .. (31)

The first two we relate to two experimentally ob-
served states (all in MeV)

¥(4360),M = 4374+ 7,0 =118 £12
B(4660), M = 463046, T =72+13  (32) data

due to their decay pattern (see below) .

Note that we only use spin-independent potential,
and that charmonia levels in the same approxima-
tion are

Eo+Inl/GeV = 3.10.3.67.4.09... (33)

similar potentials

lead to similar WFs

0.962506 0.221047 0.115586

7% 0.248419 0.950676 0.126904
-0.2; ’ 0.0890036 0.164056 0.972669
0O 2 4 6 8 10

TABLE I. Overlaps defined in (35).
FIG. 3.  Three lowest normalized wave functions
(black,blue and brown) versus r(GeV ~")for £ charmo-
nia (solid lines ) compared to those for three lowest hy-
brids (dashed lines of the same colors).
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Hybrids on the LF, ccg and qqqg

forward WF on a triangle BARYON-GLUON ¢qq¢ HYBRID ON
THE LF
36.4898 since here g is the heaviest it is In the center
EERV S U N and identified with color junction
— - |
a = —I1 + T,
24+ V6 A —3v2 : :
mEal ; Var , g = Mz, + Mazs defined on 3d tetrahedron in 4d
1 — \/6)\ My + M >
- 3  Myxy + Maxg + M3ws .
Y M1 4 M2 4 M3 4
5 _ Mixy + Moxo + Msxs + Myxy
My + My + Ms + My |
i "
il gluon PDF calculated to be
0.500" 12 2.731956 12.474919
10l q(x) oc x= (1 —x)™* ,
0.100; : 0.8!
oS ool to be related to exps.
om0l | but first DGLAP needs
0.005 ‘ o4 to be modified
00 02 04 06 08 0.2 at mu=1 GeV
FIG. 6. Gluon PDF in the ccg hybrid, compared to the 0'91' 0 - Slnce m_g=0-9 Gev

approximation ~ z°(1 — z)° (dashed line).

FIG. 7. Variational wave function as a function of -,

at @ = 0. Subseqquent curves, top to bottom, at 8 =
0,0.1,0.2,0.3,0.4, 0.5.



Topological landscape of gauge fields

: Sy
Chern-Simons number _ € 3 an aa | L abe qa gb pc
y NCS — 167T2 d XL AOﬁ@A,y | 36 AaAﬁA,y :
Sphaleron If integer then A is pure gauge, Gmunu=0

Sphaleron path,

streamline
or thimble

I\fol-2m ines in parametric form
= mE
at fixed E Umin(k, ,0) (1 —k ) g p
Conditional energy minimization Nes(k) = isign(/f)(l — k)% (2 + |K]).
Ostrovsky and Shuryak,2002)
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instanton liguid model (ILM) has two components

p=1/3fm,R=1 fm

0
o f/(2(ﬁ)4 ~ 0.12 [FEELE “molecular component” Jllgentritz,ES 1988,1993
which is denser

dilute: because overlapping
consists of well-separated | and bar-I

Instantons has smaller action
their collectivised zero but without near-zero
modes = quark condensate Dirac eigenvalues!

current lattice studies with G*2,G*3 observables
and gradient flow cooling (extrapolated to zero time)
suggest kappa=0(1)




instanton liguid model (ILM) has two components
p=1/3fm,R=1fm

P
k=1 (=) = 0.12 [FREE “molecular component” Qligentritz,ES 1988,1993

Iy which Is denser

dilute: because overlapping
consists of well-separated | and bar-I

iInstantons has smaller action
their collectivised zero but without near-zero
modes = quark condensate Dirac eigenvalues!

current lattice studies with G*2,G*3 observables
and gradient flow cooling (extrapolated to zero time)
suggest kappa=0(1)

In the ff plots we used kappa=1
and this gets the data!




e A. Athenodorou, P. Boucaud, F. De Soto, J. Rodriguez-Quintero, and S. Zateiropoulos
JHEP 02, 140 (2018), arXiv:1801.10155 [hep-lat].

Careful study of “cooling”
by gradient flow
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Nonperturbative central potential in ILM

;
¢ "
| 4
1 1 4
O. 8 string tension "",
’ "
—4 — . —1/4] ’
Nmol + 17 +ny=7.Im Rjonew =n 1/ = 0.61 fm ~ 2p ',"/
V4 4
¢ ¢

iInstanton-induced is
as good as Cornell potential for
many mesons, e.d. |
. 0.4/
T[15], np[1S5], T[25], T[35], T[45]. -

0.6;

but for bb states with N>4 or

ligher quark states, still one has to use linear O 2 - ]
for r> 1 fm Arvis pot.
: with string
_ ! vibrations |
: distance (GeV/-1)
0.0 e

0 2 4 6 8



Strongly correlated pairs or molecules:

remain there at T>Tc Ilgenfritz and Shuryak, 1989|.

“streamline equation” |Balitsky and Yung, 1986],

solved numerically | Verbaarschot, 1991].

used to calculate sphaleron production Shuryak and Verbaarschot, 1992]

Al () =

strong fields, O(few GeV*2)

action density G2




relativistic corrections to order 1/M*2 have in genral 5 potentials

3 spin-dependent potentials
spin-spin, spin-orbit and tensor
E. Eichten and F. Feinberg, “Spin Dependent Forces in QCD,” Phys. Rev. D 23, 2724 (1981
the corresponding potentials
are given by Wilson lines
decorated by field strength B

Insertions
Here is the main point: ‘

electric flux tubes

models do not give
predictions

for magnetic fields

flux tube Is electric
spins interact with
magnetic field

iInstantons on the other hand
are selfdual E=B




Instanton effects Iin spin-related potentials

Wilson lines complemented by
two field strengths =>

E. Eichten and F. Feinberg, “Spin Dependent Forces in QCD,” Phys. Rev. D 23, 2724 (1981

In general, 5 potentials

: So-Lo So-Lg\(1d
for instantons related to Vc Vsp =< gm% o gméQ) (;%(V(T) + 2V1(r>)>
So-Log Sg-Lp 1 d
perturbative | <77me@ - QOCCj) (;%‘/2(7“ ))

0.12——— —_———— #Sy - F — So - S S,

: ;" .,“" _ I(SSQ TSQ T SQ SQ)‘/ES(T)_FESQ SQ‘/ZL(T)
0100 .

B 0.05|
0.08} |
0.06' 0.00/4.
0.04/ |

g -0.05|
0.02} [:: r*Vp o
OOO . —010 Soan®

r (GeV/-1)




Their sum explains lattice data for Vss and
explains spin splittings rather well, except in light-light mesons

0.14]
| r*Vss
0.12¢ TABLE II. “Hyperfine” splittings of certain . = 0 mesons with J = 1 and J = 0. The first
: row of numbers shows the experimental values (MeV) (rounded to 1 MeV'). The second gives
0.10¢ lattice matrix elements of the lattice-based spin-spin potential (19), the next two are those for (regulated)

Coulomb and instanton-induced spin-spin forces.

0.08!

At N\ flavors M~y — My, |Mjy, — M, |M(D*) — M(D)|M(K*) — M(K)|M(p) — M ()
0.06} i stanton-induced Exp 61. 116. 137. 398. 636.
I ' (Vi /3 My Msy) 46. 108. 98. 170.
0.04] | =00
i (V2Ve /3M, M) 28. 58. 48. 82.
0 02?_ d (V2 Vst /3M1 M) 7 30. 48. 90.
1% T N another type addﬁ :ﬁ MeV
0-000 N “ of instanton e)? Iainetf\e
4 delta funct; effect due to t’Hooft olgserve d
smeare eila Tuncilion .
Lagrangian .
normalized to Coulomb Send splitting

massless pion is due to zero modes (t’ Hooft Lagrangian)

we also studied splittings of 1P states h,chi _0,chi_1,chi 2
and calculated matrix elements of VSS,VSL,VT also
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The color force acting on a quark in the pion and nucleon

Wei-Yang Liu,* Edward Shuryak,’ and Ismail Zahed?

The most interesting correlation between
partons are those stemming from a polarized
target. While the structure function ¢, (x, Q%)
starts with the usual twist-2 operators, the
structure function go(x, Q*) starts with twist-
3. Since in experiments the structure functions

can be separated kinematically, this fact of-
fers the most direct access to the higher twist
physics. For a transversely polarized nucleon,
at 90 to the incoming momentum, ¢;(x, Q%)
vanishes and the remaining DIS amplitude is
purely twist-3. The pertinent physics is related
with the local operator!

Edward V. Shuryak and A. I. Vainshtein,

“Theory of Power Corrections to Deep Inelas- . _ Y,
tic Scattering in Quantum Chromodynamics. Oqu — Zg (q/ypG'UJ Q) (1)

2. Q**4 Effects: Polarized Target,” Nucl. Phys.
R 201. 141 (19892).
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and J. M. Zanotti, “Transverse force distribu-
tions in the proton from lattice QCD,” (2024),
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1. Jacobi coordinates used, both in CM and LF spectroscopy: no fake variables
2. LF mesons, baryons ... pentaquarks quantized in momentum representation
3. all defined on proper manifolds

4. basic model: constituent quark+confinement, in N diquark correlations

5. Novel methods to enforce Fermi statistics, used for 5,6 and more light quarks
6. spin problem + antiquark PDFs from pentaquark admixture to nucleons

Topological landscape, sphalerons and instantons
Instanon-based forces, 't Hooft Lagrangian

Instanton liquid model

Chiral symmetry breaking

instanton-antiinstanton molecules

generation of interquark potentials

spin-dependent forces

unquenching program: tetraquarks, pentaqguarks and hybrids



