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- Dirac zero modes and t’'Hooft effective Lagrangian, Chiral
symmetry breaking

- QCD correlation functions

- Light Front Wave Functions and antiquark flavor puzzle

-+ Mesonic formfactors at semi-hard Q/2

- Spin forces, from quarkonia to light mesons
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hadronic structure

Traditional quark models
(too many to mention here):
(i) Mg (chiral symmetry breaking)

(i) confining+Coulomb potentials
(iii) residual interactions (NJL,instantons)
(obviously done in the rest frame)
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Holographic QCD
hadrons are modeled by some fields
“In the bulk”

Veneziano limit in which both the number
of flavors and colors are large
Nf,Nc — oo,Nf/Nc = fixed
Good spectra => Regge trajectories




historic introduction

Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345
(1961). doi:10.1103/PhysRev.122.345 NJL model:

NJL introduced the chiral symmetry and
G large enough to break it spontaneously

Instantons: BPST and t’ Hooft, 1975-76
new effective Lagrangian
it violates U(1) chiral symmetry
Turning left-handed to right handed

Instanton liquid model (ES 1982)
instead of G and Lambda of NJL
another two parameters
their values are such that
chiral symmetry gets broken

Interacting instanton liquid model 1990s
summed all orders of 't Hooft vertex
calculated correlation functions
good description of chiral symmetry breaking
no confinement



Fermion zero modes and t’ Hooft effective Lagrangian

One quick example of
chiral symmetry breaking
In instanton liquid model

Quark effective mass
Versus virtuality
Points from lattice

Line from ILM




Correlation functions in the QCD vacuum



mesons: rho, pion and eta’

do not fit to topology-induced operator

vectors: qVuq9 = 9L Yuqr + 4RYu4R which is (LR)(LR)+(RL)(RL) only

thus rho has no correction to HO

pion and eta’ do get corrections,

which are of opposite sign Uyst = uUururp — URUJ,

70 >~ (Uysu — dysd)  IEEmeNSE2Hiaverexample e forsimplicity

flavor structure
of the 4-quark operator
Is flavor-nondiagonal:

N >~ (Uysu + dysd)

SO It appears in average
over the pion and eta’
with the opposite sign
making pion lighter and eta’ heavier




spectral densities

=> correlators

< J(x) J(0)>/(guark loop)
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But pseudoscalar correlators

show huge splittings,
already at small distances!

Direct evidences
for small-size
Instantons

A ‘ =
= Correlation functions in the QCD vacuum
- & - Edward V. Shuryak Rev.Mod.Phys. 65 (1993) 1-46
01 :':J R RS B
0) .0 1 1.5 2
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Fig. 9.10 The left panel shows the correlation functions for the vector (marked (V)) p channel
and the pseudoscalar (marked (P)) r channel. The long-dashed lines are phenomenological ones,
open and closed circles stand for RILM (Shuryak and Verbaarschot 1993b) and lattice calculation
(Chu et al. 1994), respectively. The upper right panel compares vector correlators before and after
“cooling”. The lower part shows the same comparison for the p wave function; the closed and open
points here correspond to “quantum” and “‘classical” vacua, respectively




instanton liquid model reproduces quantitatively
not only PS but vector/axial correlators as well
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FIG. 2. Euclidean coordinate space correlation functions
[Ty (x) £ ITa(x) normalized to free field behavior. The solid
lines show the correlation functions reconstructed from the
ALEPH spectral functions and the dotted lines are the cor-
responding error band. The squares show the result of a ran-
dom instanton liquid model and the diamonds the OPE fit
described in the text.

Implications of the ALEPH tau lepton decay data
for perturbative and nonperturbative QCD

Thomas Schafer,ES

 Phys.Rev.Lett. 86 (2001) 3973-3976
e e-Print: hep-ph/0010116 [hep-ph]

perturbative correction
iIn V+A nicely complement
iInstanton contribution

<G72> OPE correction
not seen...
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instanton liquid model reproduces quantitatively
not only PS but vector/axial correlators as well
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We conclude that the range of validity of the OPE in
the vector channels is quite small, < 0.3 fm. This
means that there is essentially no “window” in which

FIG. 2. Euclidean coordinate space correlation functions
[Ty (x) £ ITa(x) normalized to free field behavior. The solid

lines show the correlation functions reconstructed from the both the OPE is accurate and the correlation function
ALEPH spectral functions and the dotted lines are the cor- is dominated by the ground state. Instantons, on the
responding error band. The squares show the result of a ran- other hand, provide a quantitative tool at all distances.
dom instanton liquid model and the diamonds the OPE fit This is true even though the vector channels, because

described in the text. of the smallness of direct instanton effects, are generally

considered to be the best system to study the OPE.
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Light Front wave functions (LFWFs)

Meant to be defined at some “low normalization point”
\mu (1/A\rho=0.6 GeV) at which gluon PDF =0

Only (constituent) quarks are there

Gluon radiation is to be done by evolution



motivation problem: isospin asymmetry of the sea”

1-body
density matrix

3 bodies (minimal)

for baryons
ark WFs *
exclusive processes

e.g. form factors

PDFs, entropy,
entanglement
Equilibrium

Famous puzzles of

qqa+qg+bar q or 5 bodies+ spin and

antiquark sea

; _— B Is flavor
D- F. Geesaman’ and P E. Reimer [/ N[0l (and chirality) blind: why is
sea so asymmetric?

because glue is

not just gluons
there is gauge topology
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Basis light front quantization for the charged light mesons with color singlet

Nambu—Jona-Lasinio interactions

Shaoyang Jia* and James P. Vary'

Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
(Dated: March 14, 2019)

We apply the basis light front quantization (BLFQ) approach to describe the valence structures
of the charged light meson ground states. Specifically, the light front wavefunctions of 7+, p*, KT,
and K** are obtained as the eigenvectors of the light front effective Hamiltonians with confinement
potentials supplemented by the color singlet Nambu—Jona-Lasinio (NJL) interactions. We adjust
our model such that the spectrum of these ground states and the charge radii of the pseudoscalar
states agree with experimental results. We present the elastic form factors and parton distribution
amplitudes (PDAs) as illustrations of the internal structures of the pseudoscalar pions and kaons in
terms of valence quarks.

H = Hy+ Hy.1 =
P g

H: | 1 — —2
0 " 1_33 k(1 —x)7 2

confinement Derivative in momenta
9

(m +m)?2 Oy (1l — )0, Are coordinates

They calculated, using certain functional basis,
the 2-body wave functions

for the mesons
(also K,K*,phi)

the model has 3 parameters: m, kappa ( | keep both the same)
My only parameter is the 4-quark coupling
Instanton size neglected rho=>0



Light-front wave functions of mesons, baryons, and pentaguarks with topology-induced local four-quark interaction
( 1908.10270

what is new :

1.simplifications made, in particular different shapes of
transverse momentum w.f. are ignored, only functions of x included

2.0nly t’ Hooft vertex (not all possible NJL ones)
Strange quarks ignored, only light included so far

3. 2-body mesons, rho and pions and eta’.
topology-induced 4-quark operator has coefficients 0,1,-1
a different functional basis (nhot diagonal for HO)

4. 3-body part of baryons: Delta(++) also has no 't Hooft operator, while
the proton has it. It creates diquark-like ud correlations inside the proton

5. 5-body hadrons or pentaquark

6. 5-body admixture to baryons added: antiguark appear and their distribution
calculated. Problem of isospin sea asymmetry basically solved


https://inspirehep.net/literature/1751406
https://inspirehep.net/authors/988810
https://arxiv.org/abs/1908.10270
https://inspirehep.net/literature/1751406
https://inspirehep.net/authors/988810
https://arxiv.org/abs/1908.10270

H written as matrix in functional basis
(of even Jacobi polynomials)
and diagonalized

The only new parameter G

is fitted from vanishing pion mass
note the differences in distributions

the wave function squared
for 2-particles give PDF
without any integrations

comparing to the data note,
that pions have 2,4,6 etc sectors,
unlike the calculation shown above

LFWF

“  FNAL-E-0615 data

0.5 \\ Y FNAL-E-0615 Mod-data PDF for pion +
L LFHQCD — Valence

BLFQ-NJL — Valence

FIG. 3: Upper: momentum distribution for pion, rho and
eta-prime mesons, calculated in the model. Lower (from [18])
comparison between the measured pion PDF (points) and the

JV model (lines).



baryons: Delta(++) and the proton, as 3-quark states

Deltas
AT ~ aha () |ul (z)ul (z2)ul (23)) no flavor-nondiagonal (uu)(dd) term at all!
Hops = M2( Lo ) the mass of Delta follows with
ey ma w3 no new parameters, found to be
In perfect agreement with data!
A g 9 9 9 the excited states not so good
Heons = = 50.0022 95" ® V3 T 3793  (confinement too schematic...)

Proton has a scalar diquark

t’ Hooft vertex does generate
spin-0 (ud) diquarks
the coupling fitted to the

1)~ Wp(as) (Jul (z1)ut (22)d (23))

color
superconductivity

—|u" (z1)d* (x2)u’ (23))) correct proton mass,
the wave function and PDF
u X T are predictions




Back to PDFs:

d quarks in Delta and p
(from my w.f.
which only has
the 3-quark component)
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FIG. 5: Upper: our calculation of the d quark distribution
in the Nucleon times x, xd(x) (red, solid) and Delta (black,
dashed) states. For comparison, the lower plot shows empiri-
cal structure functions (copied from [18] ), where the valence

xd(x) is also shown in

red.
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5-quark systems: (no diquark interaction, only m and confinement)

Mmin.penta = 2.13GeV
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FIG. 8: Probability P(X) to find a quark with momentum
fraction X in the lowest pentaquark state, calculated from
the wave function given in the Appendix. Note that in this
WF the residual 4-quark interaction has not been yet imple-
mented.



5-quark systems: (no diquark interaction, only m and confinement)

Mmin.penta = 2.13GeV

To get this number in perspective, let us briefly remind
the history of the light pentaquark search. In 2003 LEPS
group reported pentaquark O = u?d?5 with surprisingly
light mass, of only 1.54 GeV, 0.6 GeV lower than our
calculation (and many others) yield.

Of course, so far the residual perturbative and NJL-
type forces were not included. Quick estimates of the
time (including mine [20]) suggested that since ud di-
quark has binding energy of AM,q4 ~ —0.3 GeV and the
pentaquark candidate has two of them, one gets to “then
observed” mass of 1.54 GeV .

Several other experiments were also quick to report ob-
servation of this state, till other experiments (with better
detectors and much high statistics) show this pentaquark
candidate does not really exist. Similar sad experimental
status persists for all 6-light-quark dibaryons , including
the flavor symmetric u?d?s? spin-0 state much discussed
in some theory papers.
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FIG. 8: Probability P(X) to find a quark with momentum
fraction X in the lowest pentaquark state, calculated from
the wave function given in the Appendix. Note that in this
WF the residual 4-quark interaction has not been yet imple-
mented.



5-quark systems: (no diquark interaction, only m and confinement)

Mmin.penta = 2.13GeV

To get this number in perspective, let us briefly remind
the history of the light pentaquark search. In 2003 LEPS
group reported pentaquark O = u?d?5 with surprisingly
light mass, of only 1.54 GeV, 0.6 GeV lower than our
calculation (and many others) yield.
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time (including mine [20]) suggested that since ud di-
quark has binding energy of AM,q4 ~ —0.3 GeV and the
pentaquark candidate has two of them, one gets to “then
observed” mass of 1.54 GeV .
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servation of this state, till other experiments (with better
detectors and much high statistics) show this pentaquark
candidate does not really exist. Similar sad experimental
status persists for all 6-light-quark dibaryons , including
the flavor symmetric u?d?s? spin-0 state much discussed
in some theory papers.
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FIG. 8: Probability P(X) to find a quark with momentum
fraction X in the lowest pentaquark state, calculated from
the wave function given in the Appendix. Note that in this
WPF the residual 4-quark interaction has not been yet imple-
mented.

Neither IILM nor lattice have found

light pentas or dibaryons

Later explained by diquark mutual repulsion




THE 5-QUARK SECTOR OF THE BARYONS

As originally emphasized by Dorokhov and Kochelev

u % 23], The 't Hooft topology-induced 4-quark interaction
u U leads to processes
d C_< g u — u(dd), d— d(uu)
G
but not
FIG. 9: The only diagram in which 4-quark interaction con- U — u(ﬂu), d — d(ch)
nects the 3 and 5 quark sectors, generating the u sea.
which creates strong
(V| H|5q, %)
wtm;l(S/, o, w/) _ Z T ]\472 wi(s/’ o, w/) flavor asymmetry of the sea
- i — My up to \bar d/\bar u =2

mixing between N and
All pentaquark
calculated

It is hard to plot function
of 4 variables...
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TOPOLOGY-INDUCED ANTIQUARK SEA
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FIG. 10: The distribution over that @ in its momentum frac-
tion, for the Nucleon and Delta 5-quark “tails” (solid and
dashed, respectively).

The “Kochelev mechanism”
works semi-quantitatively:
The magnitude and shape are
basically correct
The isospin sea problem
Is thus declared solved
(sea spin problem is in work now)
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The available experimentalxdata, for the dif ference
of the sea antiquarks distributions d — @ (from [18]) is
shown in Fig.11. In this difference the symmetric gluon
production should be cancelled out, and therefore it is
sensitive only to a non-perturbative contributions.

Few comments: (i) First of all, the sign of the differ-
ence is indeed as predicted by the topological interaction,
there are more anti-d than anti-u quarks;

(ii) Second, since 2-1=1, this representation of the data
directly give us the nonperturbative antiquark produc-
tion per valence quark, e.g. that of 4. This means it can
be directly compared to the distribution we calculated

from the 5-quark tail of the nucleon and Delta baryons,
Fig.10.



“dense instanton liquid model” has two components

2 4 “molecular component”
k=7 (=) ~0.12 L ligenfritz,ES 1988,1
( R) ES, 1982 i ar o genfritz,ES 1988,1993

because overlapping

_ dilute: | and bar-I
consists of well-separated has smaller action

Instantons but it do not lead
their collectivised zero to near-zero

modes = quark condensate Dirac eigenvalues!

: " current lattice studies with G*2,G*3 observables
inputs <Q*2> and <gbar q>l -d gradient flow cooling (extrapolated to zero time)
suggest kappa=0(1)

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




Including instanton effects in the hard block

Quark propagators in the instanton field are
Known analytically
(for massless quarks only).

Performing LSZ “amputation” on them
One obtains local hard block

Integration over instanton location restore

4-momentum conservation i i
Too many technical details

The results (exp(-Q\rho)) are averaged => paper Is about 50 pages

Over instanton size distribution So | present result only
And become power-like




we calculated photon, scalar, graviton and dilaton FFs
for pion, rho and scalar a_0 (brother of eta’)

they are mostly dominated by diagram ¢ (NZ modes)
or just strong instanton fields, not zero modes

06— T T diagram with 3 non-zero mode propagators
| ? 2 2.2
L ... 4 KJT f X
0.5 | L VT = eu(@)(p" + p™) (e + €) L (p° Gy (Qp))
I ..o. - _ NCMQ
0.4 | 00 instantons (s b . - 7
| X /dx1dxzx1(§0ﬂ (x1)p, (x2) — %gﬂn (x1)@; (xz))
03 [© ]
’ diagram containing zero mode propagators
_ (Hooft vertex)
0.2 | :
| one-gluon exchange ? Vi = =@ P" + P (eut ep) (10.35)
: Wj 1 4/<712f7$x7%< 2K1(Q’0)>f . o }
_ _ dxd
0.1] : X[(NCZ(NC+1)) 3Mé P 0p x1dxop, (x1)@, (x2)
L T I S Ty

Fig. 10.9 The vector form factors of the pion times squared momentum transfer,
Q2F,(0?) (GeV?) versus Qz(GeVz). Closed discs show the total perturbative contribution.
Squares correspond to the instanton contribution from nonzero mode propagators. The dotted line
above 1s their sum. A curve in the l.h.s. 1s the usual dipole formula, and open points are from
experimental measurements. We do not show data points at smaller Q2, where they do agree with
the dipole formula curve



ES+ |.Zahed, in progress

Central and spin-dependent forces,
in hadronic wave functions, at CM and Light Front



Instanton effects in central potentials

o ()T _ <W(f )W_|_ ( — )> spin forces are related to WGWG nonlocals

: ) : Callan et al 1978,
angle of color rotationalong a straignt line g NN W N S R 13

Is easy to calculatefor instanton fields

de|1 — cos(aq)cos(az) — o i;rfj Qxycsin(al)sin(ozz)]
|f “dense I|qU|d” in which ¢ = cos(¢), and two color rotation angles are
Iits magnitude ) [ a2+ 2
is similar to Cornell y- ot 2eyet |
Mool - 1f + 17 = T. fm™*  Ryonse = n V4 = 0.61 fm ~ 20 o3 strinéj tension
| instantons

as good as Cornell potential for

Y(15].7,[15), T[25), Y[35], T[4 "

but for bb states with N>4 or ligher quark states, still one has to use linear



Instanton effects In 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

for instantons related to Vc Ven :<5§ Lo _Sq. f@) (li(v(r) N Qvl(r))>
mg, QmQ rdr
Sa - L So - L 1 d
. (5g Lo Sq-Lg\(ld
perturbative | (QOQ Mmame ) ( . dTV2("“ ))
0.12— . 3Sg - #Sg -7 — Sq - Sg 15 Sq
| | - (35¢g - 754 Q Q)%(T)+_ 2 %@y,

0.10,

| 0.05|
0.08' |

0.06' 0.00|

0.04 |
| -0.05

0.02

-0.10}

0.00 L




0.14
0.12!
0.10!
0.08!
0.06!
0.04|
0.02
0.004-

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

r2V55

lattice

l~'
.,.
]
......

TABLE II. “Hyperfine” splittings of certain L = 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
matrix elements of the lattice-based spin-spin potential (19), the next two are those for (regulated)

1 2 3
smeared delta function
normalized to Coulomb

Coulomb and instanton-induced spin-spin forces.

favors My — M,, | M, — M, |M(D*) — M(D)|M(K*) — M(K)|M(p) — M(r)
Exp 61. 116. 137. 398. 636.
(Vi /3 M7 My) 46. 108. 98. 170.
(V2Ve /3M; M) 28. 58. 48. 32.
(V2 Vst /3M1 M) 7 30. 48. 90.

we also studied splittings of 1P states h,chi _0,chi_1,chi 2
and calculated matrix elements of VSS,VSL,VT also

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

correct mass of rho meson needs “molecular forces” to be included




Summary

- gauge topology objects: 2d wortices, 3d monopoles, 4d
iInstantons are all related; e.g. Poisson duality for monopole-
iInstanton-dyons

- Dirac zero modes and t'Hooft effective Lagrangian => instanton
liquid explains chiral symmetry breaking and QCD correlation
functions at intermediate distances, but not confinement

- LFWFs and antiquark flavor puzzle u-> u dbar d, u sbar s,

- not u ubar u

- New “molecular” components => explains mesonic formfactors
at semi-hard Q22, Central potential and spin forces, in quarkoni:



Additional slides



Hadron formfactors at semi-hard Q”*2. (1-10 GeV*2)
kinematics -> factorization
but hard block is not just perturbative

History of the exclusive QCD processes and the pion form factor

Asymptotic at large Q defined in 1970’s Hard block is pointlike
Brodsky-Lepage, Chernyak-Zhitnitsky, Radyushkin... In transverse plane
F3s (PQCD) 2y _ BT /1 m /1 dy P20 9x () f2
9O Jo Jo xyQ? T

f_pi*2 gives wave function at the origin
In the transverse plane

unfortunately, for “asymptotic wave function”
It is well below the data for (F_pi Q*2)

One proposed way out:

Chernyak-Zhitnitsky Unfortunately it is not supported by
Wave function Any lattice or mode calculations

Another option: higher twist
Wave functions which partially helps

02 0406 08 1o%
asymptotic (red), flat (green), Chernyak-Zhitnitsky (blue).

Our approach: include

nhonperturbative gbar q scattering



additional comments: two puzzles which ILM explained

1.the “puzzle of strong breaking of the SU(3) flavor

symmetry”. Naively, in NJL-like models

ms ~ 0.1GeV < Anjr, ~1GeV

yet SU(3)f symmetry is often broken by 100%

e.g. recent work by Regensburg group on PDF moments | |
: : FIG. 1: Schematic form of the 6-quark ’t Hooft effective La-
found completely different ones for N,Lambda,Sigma grangian is shown in fig (a). If quarks are massive, one can

make a loop shown in (b), reducing it to 4-fermion opera-
tor. Note a black rhomb indicating the mass insertion into
2 2 a propagator. We only show it for s quark, hinting that for
M* L ﬂ- — 2 u, d their masses are too small to make such diagram really
f — T | <(] f q f > |,0 relevant. In (c,d) we show other types of effective 4-fermion
3 vertices, appearing because some quark pairs can be absorbed

by a nonzero quark condensates (red lines).

Moy d — 0
AN ~ p? /R ~ 20 MeV
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for light and strange quarks
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additional comments: two puzzles which ILM explained

ST, SR ST, SR
1.the “puzzle of strong breaking of the SU(3) flavor - —( —
symmetry”. Naively, in NJL-like models L ur UL UR
dr, () dr dr, (b) dr

ms ~ 0.1GeV < Anjp ~1GeV <§S>/ (uu,)

: —_
yet SU(3)f symmetry is often broken by 100% UL / UR SL SR
A @ 9r df @ dr

e.g. recent work by Regensburg group on PDF moments | |
. : FIG. 1: Schematic form of the 6-quark ’t Hooft effective La-
found completely different ones for N,Lambda,Sigma grangian is shown in fig (a). If quarks are massive, one can

make a loop shown in (b), reducing it to 4-fermion opera-
tor. Note a black rhomb indicating the mass insertion into
a propagator. We only show it for s quark, hinting that for

the “determlnantal maSS” * 2 u, d their masses are too small to make such diagram really

. relevant. In (c,d) we show other types of effective 4-fermion

IS COM pal‘ab|e to ms vertices, appearing because some (quark pai)rs can be absorbed
by a nonzero quark condensates (red lines).

so 4-quark terms are ’ b

factor 2 different

for light and strange quarks

2.the puzzle of nonlinear chiral extrapolation mu,d — 0

AN ~ p? /R ~ 20 MeV

the chiral condensate, made of collectivized instanton zero modes, has a spread of Dirac eigenvalues proportional to overlaps of zero
modes of individual instantons. To form a condensate, quark needs to hop from one instanton to the next. The overlap of their zero
modes is surprisingly

small because the topology ensemble is rather dilute
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new functional basis for
with N=2,3,5 bodies

N=2 S =T1 — X2
1+ s
L1 = 9 y L =

L1 — L2

S —

r1+ X2 + T3 — T4

9
5131—|—33‘2

u =

r1+ X2 + T3+ T4

T = 2—14(1 +5)(1+t)(1 4+ u)(1 + w)

- 2—14(1 — (1 + )1 +u)(1 +w)

integration measure

dsdtdudw

o721 LSS —)(L+ t)°

x(1—u)(14+uw)?(1 —w)(1+w)..

N
in — 1,

integration measure

/d$1d$25(5131 + X9 — 1)513‘1332... — / ds 1
1

functional basis: Jacobi polynomials [Jitael€)

t— 1+ T2 — I3 .
x4 T+ x5 * enough for 3 bodies

N ) all variables
, w=xl+x24+ 23+ 24 — x5 c [_171]

- 2ig(1 ~ (1 +u)(1 + w),

4= 5 (1 —u)(1+w) (15)

1
CE5:1—£U1—CEQ—JZ3—ZC4:§(1—’LU)

functional basis: Jacobi polynomials

wlmnk(sa t,u, w) ~ Pll’l(S)Pfrln’g(t)Pl’S(U)P/iﬁ(w)

n



