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Motivation
Physical space-time = Minkowski space 

Develop  methods in continuous nonperturbative QCD 
within a given dynamical simple framework

Solve the Bethe-Salpeter bound state equation

Observables: spectrum, SL/TL  momentum region

Relation BSA to LF Fock-space expansion of the hadron wf  



3Problems to be addressed
Observables associated with the hadron structure 
in Minkowski Space obtainable from BSA

l parton distributions (pdfs) 

l generalized parton distributions 

l transverse momentum distributions (TMDs) 

l Fragmentation functions

l SL and TL form factors ….

l Inversion Problem: EuclideanàMinkowski
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TMDs  &  PDFs 
FSI gluon exchange: T-odd

Bethe-Salpeter
Amplitude @ x+=0 

q+ = q0+q3 q- = q0-q3
q2 = q+q- -
q2

T

q- →infty   
DIS 

TF & Miller PRD 50 (1994)210
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Light-Front WF (LFWF)
basic ingredient in PDFs, GPDs and TMDs 

• From the valenceà full Fock Space w-f:
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“Parametric representation for any Feynman diagram for 
interacting bosons, with a denominator carrying the overall 
analytical behavior in Minkowski space” (Nakanishi 1962)

Kusaka and Williams, PRD 51 (1995) 7026;
Light-front projection: integration in k-

Carbonell&Karmanov EPJA27(2006)1;EPJA27(2006)11;
TF, Salme, Viviani PRD89(2014) 016010,…
Equivalent to Generalized Stietjes transform 
Carbonell, TF, Karmanov PLB769 (2017) 418

Bethe-Salpeter amplitude

BSE in Minkowski space with NIR for   bosons 

Main Tool: Nakanishi Integral Representation (NIR)
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Gutierrez,  Gigante, TF, Salmè,Viviani, Tomio PLB759 (2016) 131
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Light-front valence wave function L+XL
Large momentum behavior 

Gigante, Nogueira, Ydrefors, Gutierrez, Karmanov, TF, PRD95(2017)056012.



Euclidean space:

• Note: Wick-rotation is the exact analytical continuation of the 
Minkowski space Nakanishi representation of the BS amplitude!
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Gutierrez,  Gigante, TF, Salmè,Viviani, Tomio PLB759 (2016) 131



Observables

GOAL
Invert the Nakanishi Representation
Carbonell, TF, Karmanov, Eur. Phys. J. C 77, 58 (2017)

Lattice &  Euclidean BS    [Chang et al PRL110(2013)132001]

LF Quantization & Models



Euclidean BS amplitude

LF valence W-F



Euclidian BS amplitude



&



Gaussian-Legendre points



Solution of  an ill-posed problem                              !!!!?





Tikhonov reg.

Two-boson bound state &Ladder Kernel







Valence contribution:
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Fig. 10 EM form factor calculated via LF wave function by Eq. (31),
for Nz = 2, Nx = 4 (dashed curve) and for Nz = 3, Nx = 5 (solid
curve), i.e., via solutions gE shown Fig. 9

Fig. 11 EM form factor calculated via Minkowski BS amplitude, by
Eq. (29) with the same gE used to calculate the curves in Fig. 10; the
curves are indicated as in Fig. 10

All four versions from Figs. 10 and 11 are shown for
comparison together in Fig. 12. One can distinguish only
three curves of the four since two of then coincide with
each other. We compare form factors calculated via LF wave
function and Minkowski BS amplitude using gE . The form
factor calculated via LF wave function by Eq. (31), for
Nx = 5, Nz = 3 and calculated via Minkowski BS ampli-
tude, by Eq. (29), for Nx = 4, Nz = 2 are shown by the
solid line (upper curve). They are indistinguishable within
thickness of lines.

It is worth to make the two following remarks. ( i) Though
the form factors F L F (Q2) and F BSM (Q2) turned out to be
very close to each other (as is seen from the present cal-
culations and from G. Salmè, private communication), they
should not coincide exactly. Their deviation seen in Fig. 12 is
caused not only by numerical uncertainties, but also by phys-
ical reasons. This deviation cannot be completely removed
by more precise calculations. From point of view of the Fock
decomposition of the state vector, the form factor F L F (Q2)

is determined only by the two-body contribution in the state
vector, whereas F BSM (Q2), determined by the two-body BS
amplitude, includes implicitly the effect of higher LF Fock
states. ( ii) The contribution of the higher Fock components

Fig. 12 The EM form factor for the four calculations given in Figs. 10
and 11 with gE shown in Fig. 9. Solid (upper) curve: results obtained
via LF wave function by Eq. (31), for Nx = 5, Nz = 3 and via
Minkowski BS amplitude, by Eq. (29), for Nx = 4, Nz = 2, which are
indistinguishable within thickness of the line. Dotted (middle) curve:
results obtained via LF wave function by Eq. (31) for Nx = 4, Nz = 2.
Dashed (bottom) curve: results obtained via Minkowski BS amplitude,
by Eq. (29), for Nx = 5, Nz = 3

can be found knowing only the two-body component. Indeed,
inverting Eq. (6), we extract gL F from the two-body LF wave
function ψL F . It is the same g as enters in the Minkowski
BS amplitude (4) and in the form factor (29), including the
higher sector contributions.

As just mentioned, the form factor (29) (calculated with
gL F extracted from the two-body LF wave function) includes
implicitly not only the two-body component contribution but
also the higher Fock components. So, this higher Fock sector
contribution is found from the two-body component which
was taken as input. Though it seems a little bit paradoxi-
cal (the possibility to get information as regards higher Fock
states from the two-body one), this is, probably, a manifes-
tation of self-consistency of the Fock decomposition embed-
ded in the Nakanishi integral representation. In the field-
theoretical framework (in which only the BS amplitude can
be defined via the Heisenberg field operators [1]), the num-
ber of particles is not conserved and the existence of one
Fock component requires the existence of other ones. The
set of them, corresponding to different numbers of particles,
ensures also the correct transformation properties of the full
state vector |p⟩, since the Fock components are transformed
by dynamical LF boosts in each other.

The fact that the difference between form factors deter-
mined by the two-body LF wave function and the form factor
including higher components is small was found also in the
Wick–Cutkosky model [27]. The contribution of many-body
components with n ≥ 3 reaches 36% in the full normaliza-
tion integral F(0) only for the coupling constant so huge that
the total mass of the bound system tends to zero.

A final remark: the stability of the form factors obtained
from gE , though quite unexpected in view of the sizable dif-
ference of the Nakanishi weight functions (see e.g. Fig. 8),
is in fact appropriate. As we have discussed in the analytical
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Stability of the observables: 
weighting by the small eigenvalues 
of the corresponding eigenstates 
in the Minkowski BS amplitude



SUMMARY: INV METHOD

• Extract Nakanishi weight function with
Tikhonov regularization + mapping + expansion

• from valence LF wave function is stable

• from Euclidean BS amplitude some residual instability

• from Euclidean BS to LF wave function/ Form Factor
shows some stability
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Generalized Stietjes transform and the LF  valence wave function 
Jaume Carbonell, TF, Vladimir Karmanov PLB769 (2017) 418

UNIQUENESS OF THE NAKANISHI REPRESENTATION 

PHENOMENOLOGICAL APPLICATIONS from  the valence wf → BSA! 



27

Vertex Form-Factor 

Ladder approximation (L): suppression of XL for Nc=3 [A. Nogueira,
CR Ji, Ydrefors, TF, PLB(2017) 1710.04398 [hep-th]]

Carbonell and Karmanov EPJA 46 (2010) 387;

de Paula, TF,Salmè, Viviani PRD 94 (2016) 071901;

Vector

BSE for qqbar: pion
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BS amplitude

NIR for fermion-antifermion: 0- (pion) 

Light-front projection: integration over k- (LF singularities)



End-point singularities– more intuitive: can be treated by the pole-dislocation method 
de Melo et al. NPA631 (1998) 574C, PLB708 (2012) 87

End-point singularities: 

à Kernel with delta’s and its derivatives!
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de Paula, TF,Salmè, Viviani PRD 94 (2016) 071901;

Scalar boson exchange
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Massless vector exchange:  high-momentum tails

Power one is expected for the pion valence amplitude: 

X Ji et al, PRL 90 (2003) 241601. 

de Paula, TF,Salmè, Viviani PRD 94 (2016) 071901;
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PION MODEL
W. de Paula, TF, Pimentel, Salmè, Viviani, EPJC 77 (2017) 764

l Gluon effective mass ~ 500 MeV – Landau Gauge LQCD
[Oliveira, Bicudo, JPG 38 (2011) 045003;  
Duarte, Oliveira, Silva,  Phys. Rev. D 94 (2016) 01450240]

l Mquark = 250 MeV 
[Parappilly, et al, PR D73 (2006) 054504]

l Λ/m =1, 2, 3
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f⇡ = 150MeV
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twist 3 DA
<latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="i8YxJGSJhfOpe0bi1K8VL1PAJ6Q=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrM6EKXii5cVrAPaIeSSdM2NJMZkjvaMsxfceNCEX+NO/+N6WOhrQcCh3MS7s0XJlIY9Lxvp7CxubW9U9wt7ZX3Dw7do3LTxKlmvMFiGet2SA2XQvEGCpS8nWhOo1DyVji+nfWtJ66NiNUjThMeRHSoxEAwijbquZUu8glm+GxHkQtC7m7ynlv1at5cZN34S1OFpeo996vbj1kacYVMUmM6vpdgkFGNgkmel7qp4QllYzrkHWsVjbgJsvnuOTm1SZ8MYm2PQjJPf7/IaGTMNArtzYjiyKx2s/C/rpPi4CrIhEpS5IotBg1SSTAmMxCkLzRnKKfWUKaF3ZWwEdWUocVVshD81S+vm+Z5zfdq/oMHRTiGEzgDHy7hGu6hDg1gMIEXeIN3J3denY8FroKz5FaBP3I+fwC54JJl</latexit><latexit sha1_base64="i8YxJGSJhfOpe0bi1K8VL1PAJ6Q=">AAAB8HicbZBLSwMxFIXv1FetVcdu3QSL4KrM6EKXii5cVrAPaIeSSdM2NJMZkjvaMsxfceNCEX+NO/+N6WOhrQcCh3MS7s0XJlIY9Lxvp7CxubW9U9wt7ZX3Dw7do3LTxKlmvMFiGet2SA2XQvEGCpS8nWhOo1DyVji+nfWtJ66NiNUjThMeRHSoxEAwijbquZUu8glm+GxHkQtC7m7ynlv1at5cZN34S1OFpeo996vbj1kacYVMUmM6vpdgkFGNgkmel7qp4QllYzrkHWsVjbgJsvnuOTm1SZ8MYm2PQjJPf7/IaGTMNArtzYjiyKx2s/C/rpPi4CrIhEpS5IotBg1SSTAmMxCkLzRnKKfWUKaF3ZWwEdWUocVVshD81S+vm+Z5zfdq/oMHRTiGEzgDHy7hGu6hDg1gMIEXeIN3J3denY8FroKz5FaBP3I+fwC54JJl</latexit><latexit sha1_base64="97Gywe51w9UoRwBbM3nJqz7Qpi0=">AAAB+3icbVC5TsNAEF1zhnCZUNKsiJCoIhsKKMNRUAaJHFJiRevNJFllfWh3DIks/woNBQjR8iN0/A2bxAUkPGmkp/dmNDPPj6XQ6Djf1srq2vrGZmGruL2zu7dvH5QaOkoUhzqPZKRaPtMgRQh1FCihFStggS+h6Y9upn7zEZQWUfiAkxi8gA1C0RecoZG6dqmDMMYUn8wqek7p7VXWtctOxZmBLhM3J2WSo9a1vzq9iCcBhMgl07rtOjF6KVMouISs2Ek0xIyP2ADahoYsAO2ls9szemKUHu1HylSIdKb+nkhZoPUk8E1nwHCoF72p+J/XTrB/6aUijBOEkM8X9RNJMaLTIGhPKOAoJ4YwroS5lfIhU4yjiatoQnAXX14mjbOK61Tce6dcvc7jKJAjckxOiUsuSJXckRqpE07G5Jm8kjcrs16sd+tj3rpi5TOH5A+szx8U0JPH</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit><latexit sha1_base64="AmAfb6nGBMiXCtr+I0asn4ETCYw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQq6LI+Fi4r2Ae0oUymk3boZBJmbrQl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8WPBNTjOt1VYWV1b3yhulra2d3b37P1yU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/upn6rUemNI/kA0xi5oVkIHnAKQEj9exyF9gYUngyq/AZxrdXWc+uOFVnBrxM3JxUUI56z/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXR2e4aPjdLHQaRMScAz9fdESkKtJ6FvOkMCQ73oTcX/vE4CwaWXchknwCSdLwoSgSHC0yBwnytGQUwMIVRxcyumQ6IIBRNXyYTgLr68TJqnVdepuvfnldp1HkcRHaIjdIJcdIFq6A7VUQNRNEbP6BW9WZn1Yr1bH/PWgpXPHKA/sD5/ABYQk8s=</latexit>
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Valence distribution functions  

Valence probability:

W. de Paula, et. al, in preparation
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Valence probability

Lot of room for the higher LF Fock components of the wave function to manifest!
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Valence distribution functions: longitudinal and transverse

Mquark 187 MeV

Mgluon 28 MeV

Λ/m =2

P_val=0.32

Mquark 187 MeV

Mgluon 280 MeV

Λ/m =2

P_val=0.39

f⇡ = 77MeV
<latexit sha1_base64="iRYLaOUi+JC4bGSHLNKrcZF5r/I=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyChxBmRIgXIejFixDBLJAJoadTkzTpWeiuEcMQvPgrXjwo4tWv8Obf2FkOmvig4PFeFVX1vFgKjbb9bWWWlldW17LruY3Nre2d/O5eXUeJ4lDjkYxU02MapAihhgIlNGMFLPAkNLzB1dhv3IPSIgrvcBhDO2C9UPiCMzRSJ3/gd9xYuMULt1guU7foIjxgegP1USdfsEv2BHSRODNSIDNUO/kvtxvxJIAQuWRatxw7xnbKFAouYZRzEw0x4wPWg5ahIQtAt9PJCyN6bJQu9SNlKkQ6UX9PpCzQehh4pjNg2Nfz3lj8z2sl6J+3UxHGCULIp4v8RFKM6DgP2hUKOMqhIYwrYW6lvM8U42hSy5kQnPmXF0n9tOTYJef2rFC5nMWRJYfkiJwQh5RJhVyTKqkRTh7JM3klb9aT9WK9Wx/T1ow1m9knf2B9/gBiFJYj</latexit><latexit sha1_base64="iRYLaOUi+JC4bGSHLNKrcZF5r/I=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyChxBmRIgXIejFixDBLJAJoadTkzTpWeiuEcMQvPgrXjwo4tWv8Obf2FkOmvig4PFeFVX1vFgKjbb9bWWWlldW17LruY3Nre2d/O5eXUeJ4lDjkYxU02MapAihhgIlNGMFLPAkNLzB1dhv3IPSIgrvcBhDO2C9UPiCMzRSJ3/gd9xYuMULt1guU7foIjxgegP1USdfsEv2BHSRODNSIDNUO/kvtxvxJIAQuWRatxw7xnbKFAouYZRzEw0x4wPWg5ahIQtAt9PJCyN6bJQu9SNlKkQ6UX9PpCzQehh4pjNg2Nfz3lj8z2sl6J+3UxHGCULIp4v8RFKM6DgP2hUKOMqhIYwrYW6lvM8U42hSy5kQnPmXF0n9tOTYJef2rFC5nMWRJYfkiJwQh5RJhVyTKqkRTh7JM3klb9aT9WK9Wx/T1ow1m9knf2B9/gBiFJYj</latexit><latexit sha1_base64="iRYLaOUi+JC4bGSHLNKrcZF5r/I=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyChxBmRIgXIejFixDBLJAJoadTkzTpWeiuEcMQvPgrXjwo4tWv8Obf2FkOmvig4PFeFVX1vFgKjbb9bWWWlldW17LruY3Nre2d/O5eXUeJ4lDjkYxU02MapAihhgIlNGMFLPAkNLzB1dhv3IPSIgrvcBhDO2C9UPiCMzRSJ3/gd9xYuMULt1guU7foIjxgegP1USdfsEv2BHSRODNSIDNUO/kvtxvxJIAQuWRatxw7xnbKFAouYZRzEw0x4wPWg5ahIQtAt9PJCyN6bJQu9SNlKkQ6UX9PpCzQehh4pjNg2Nfz3lj8z2sl6J+3UxHGCULIp4v8RFKM6DgP2hUKOMqhIYwrYW6lvM8U42hSy5kQnPmXF0n9tOTYJef2rFC5nMWRJYfkiJwQh5RJhVyTKqkRTh7JM3klb9aT9WK9Wx/T1ow1m9knf2B9/gBiFJYj</latexit><latexit sha1_base64="iRYLaOUi+JC4bGSHLNKrcZF5r/I=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyChxBmRIgXIejFixDBLJAJoadTkzTpWeiuEcMQvPgrXjwo4tWv8Obf2FkOmvig4PFeFVX1vFgKjbb9bWWWlldW17LruY3Nre2d/O5eXUeJ4lDjkYxU02MapAihhgIlNGMFLPAkNLzB1dhv3IPSIgrvcBhDO2C9UPiCMzRSJ3/gd9xYuMULt1guU7foIjxgegP1USdfsEv2BHSRODNSIDNUO/kvtxvxJIAQuWRatxw7xnbKFAouYZRzEw0x4wPWg5ahIQtAt9PJCyN6bJQu9SNlKkQ6UX9PpCzQehh4pjNg2Nfz3lj8z2sl6J+3UxHGCULIp4v8RFKM6DgP2hUKOMqhIYwrYW6lvM8U42hSy5kQnPmXF0n9tOTYJef2rFC5nMWRJYfkiJwQh5RJhVyTKqkRTh7JM3klb9aT9WK9Wx/T1ow1m9knf2B9/gBiFJYj</latexit>

f⇡ = 99MeV
<latexit sha1_base64="+HKBT7tr/raD1bhWhi7hKWVSMEo=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAIHkLYFUFzEIJevAgRTCJkQ5id9CZDZh/M9IphCV78FS8eFPHqV3jzb5w8DppY0FBUddPd5cVSaLTtbyuzsLi0vJJdza2tb2xu5bd36jpKFIcaj2Sk7jymQYoQaihQwl2sgAWehIbXvxz5jXtQWkThLQ5iaAWsGwpfcIZGauf3/LYbC7d47hbLZbdIXYQHTK+hPmznC3bJHoPOE2dKCmSKajv/5XYingQQIpdM66Zjx9hKmULBJQxzbqIhZrzPutA0NGQB6FY6fmFID43SoX6kTIVIx+rviZQFWg8Cz3QGDHt61huJ/3nNBP2zVirCOEEI+WSRn0iKER3lQTtCAUc5MIRxJcytlPeYYhxNajkTgjP78jypH5ccu+TcnBQqF9M4smSfHJAj4pBTUiFXpEpqhJNH8kxeyZv1ZL1Y79bHpDVjTWd2yR9Ynz9oopYn</latexit><latexit sha1_base64="+HKBT7tr/raD1bhWhi7hKWVSMEo=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAIHkLYFUFzEIJevAgRTCJkQ5id9CZDZh/M9IphCV78FS8eFPHqV3jzb5w8DppY0FBUddPd5cVSaLTtbyuzsLi0vJJdza2tb2xu5bd36jpKFIcaj2Sk7jymQYoQaihQwl2sgAWehIbXvxz5jXtQWkThLQ5iaAWsGwpfcIZGauf3/LYbC7d47hbLZbdIXYQHTK+hPmznC3bJHoPOE2dKCmSKajv/5XYingQQIpdM66Zjx9hKmULBJQxzbqIhZrzPutA0NGQB6FY6fmFID43SoX6kTIVIx+rviZQFWg8Cz3QGDHt61huJ/3nNBP2zVirCOEEI+WSRn0iKER3lQTtCAUc5MIRxJcytlPeYYhxNajkTgjP78jypH5ccu+TcnBQqF9M4smSfHJAj4pBTUiFXpEpqhJNH8kxeyZv1ZL1Y79bHpDVjTWd2yR9Ynz9oopYn</latexit><latexit sha1_base64="+HKBT7tr/raD1bhWhi7hKWVSMEo=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAIHkLYFUFzEIJevAgRTCJkQ5id9CZDZh/M9IphCV78FS8eFPHqV3jzb5w8DppY0FBUddPd5cVSaLTtbyuzsLi0vJJdza2tb2xu5bd36jpKFIcaj2Sk7jymQYoQaihQwl2sgAWehIbXvxz5jXtQWkThLQ5iaAWsGwpfcIZGauf3/LYbC7d47hbLZbdIXYQHTK+hPmznC3bJHoPOE2dKCmSKajv/5XYingQQIpdM66Zjx9hKmULBJQxzbqIhZrzPutA0NGQB6FY6fmFID43SoX6kTIVIx+rviZQFWg8Cz3QGDHt61huJ/3nNBP2zVirCOEEI+WSRn0iKER3lQTtCAUc5MIRxJcytlPeYYhxNajkTgjP78jypH5ccu+TcnBQqF9M4smSfHJAj4pBTUiFXpEpqhJNH8kxeyZv1ZL1Y79bHpDVjTWd2yR9Ynz9oopYn</latexit><latexit sha1_base64="+HKBT7tr/raD1bhWhi7hKWVSMEo=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAIHkLYFUFzEIJevAgRTCJkQ5id9CZDZh/M9IphCV78FS8eFPHqV3jzb5w8DppY0FBUddPd5cVSaLTtbyuzsLi0vJJdza2tb2xu5bd36jpKFIcaj2Sk7jymQYoQaihQwl2sgAWehIbXvxz5jXtQWkThLQ5iaAWsGwpfcIZGauf3/LYbC7d47hbLZbdIXYQHTK+hPmznC3bJHoPOE2dKCmSKajv/5XYingQQIpdM66Zjx9hKmULBJQxzbqIhZrzPutA0NGQB6FY6fmFID43SoX6kTIVIx+rviZQFWg8Cz3QGDHt61huJ/3nNBP2zVirCOEEI+WSRn0iKER3lQTtCAUc5MIRxJcytlPeYYhxNajkTgjP78jypH5ccu+TcnBQqF9M4smSfHJAj4pBTUiFXpEpqhJNH8kxeyZv1ZL1Y79bHpDVjTWd2yR9Ynz9oopYn</latexit>
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Beyond the valence ….

l Population of lower x, due to the gluon radiation! 

l Evolution?

Sales, TF, Carlson,Sauer, PRC 63, 064003 (2001)

Marinho, TF, Pace,Salme,Sauer,  PRD 77, 116010 (2008)

 

 

+ +

+ ....
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Beyond the valence ….

ERBL – DGLAP regions

Fragmentation function
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• A method for solving the fermionic BSE: singularities
LF framework to investigate the fermionic bound state system

• Our numerical results confirm the robustness of the Nakanishi Integral 
Representation for solving the BSE. 

• More realism: self-energies, vertex corrections, Landau gauge,   ingredients from 
LQCD….

• Confinement? 

• Beyond the pion, kaon, D, B, rho…, and the nucleon

• Form-Factors, PDFs, TMDs, Fragmentation Functions...

• Numerical Inversion of the Nakanishi weight function needs improvements…

Conclusions and Perspectives
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THANK YOU!









Oscillations:  small eigenvalues  start to be relevant!  



Results with the same quality



Perfect match with the model

TR: match with the model



Tikhonov regularization (TRM) vs. Naive regularization

Increasing N and decreasing ε : TRM is robust

The eigenvalues for TRM larger than Naive regularization

det [TRM] >> det[Naive regularization] 

Next use TRM to get  gE   from the Euclidean BS amplitude

Check with LF wave function and Form Factor


