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The study of Hadron Physics aims to understand the nature of the
matter that we observe in the universe.
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HADRON TOMOGRAPHY

® The complex internal structure of the hadron can be studied by choosing
the different high energy processes.

® Different processes are accessible
at different energy scales.

® The two energy scale regimes are
convoluted in the cross section as:

® the partonic cross-section (cal-
culable with the perturbative
methods) 1
® the nonperturbative part.

® One of the possible approaches used to study the nonperturbative as-
pects is based on the light-front Hamiltonian approach 2.

1I). G. Ireland
25. J. Brodsky, H.-C Pauli, and S. S. Pinsky, Phys. Rept. 301, 299 (1998)
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Wigner distributions
~ U
[db, [k,
Fourier trf.
b 4 b= A £=0
flxk,) flx,by) — H(x,0,0 = —
transverse momentum impact parameter f=-A generalized parton

distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes

s S
Ja'k; [, fdx [ x|

flx) F(t) A, (O+4E AL (O + e
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations

—briefly explained by Andrea Signori

1/\. Accardi et al.,, Eur.Phys.J.A 52 (2016) 9, 268.
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LIGHT-FRONT DYNAMICS

lct

« Space »
= 3D hypersurface

«Time »
= hypersurface label

Equal t Equal t
pO - p— =_Z‘)0 _p3
(rh.p) = r.
3

+ 0 3
p = P =P +pP

OI’A A. M. Dirac, Rev. Mod. Phys. 21, 392 (1949).
05 J. Brodsky, G. F. de Teramond, Phys. Rev. D 77, 056007 (2008).
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LIGHT-FRONT DYNAMICS

lc‘

« Space »
= 3D hypersurface

«Time »

= hypersurface label
Equal t Equal t
pO - p— =_Z‘)0 _p3
.pH = P

3

+ 0 3
p = P =P +pP

Light-front provides the wavefunctions (LFWFs) encode the hadronic
properties in terms of their quark and gluon degrees of freedom.

(JI‘ A. M. Dirac, Rev. Mod. Phys. 21, 392 (1949).
Of\ J. Brodsky, G. F. de Teramond, Phys. Rev. D 77, 056007 (2008).
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LicHT-FrRONT HOLOGRAPHIC QCD

® Holographic methods allows one to map the functional dependence of AdS
wavefunctions to the holographic wavefunctions in physical space-time.

® The transverse part of the wavefunction satisfies the holographic Schrédinger
Equation:

d2 412 -1
(-5 - +u) 20 = M) J

where ( = \/z(1 —x)b EJ_

® The complete meson wavefunction is given by !

onr(z,¢,0) = %X(w)eiw J

1S. J. Brodsky, G. F. de Téramond, H. G. Dosch, and J. BErlich, Phys. Rept. 584, 1 (2015).
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® In momentum space, the holographic wavefunction becomes:

B (2, kD) o Lexp —i
T 7 2K22T

? VI

lS. J. Brodsky and G. F. de Téramond, Subnucl. Ser. 45, 139 (2009).

2M. Ahmady, C. Mondal, and R. Sandapen, Phys. Rev. D98, 034010 (2018); M. Ahmady, F.
Chishtie, and R. Sandapen, Phys. Rev. D95, 074008 (2017).

3J. R. Forshaw and R. Sandapen, Phys. Rev. Lett. 109, 081601 (2012); M. Ahmady and R.
Sandapen, Phys. Rev. D88, 014042 (2013).
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® In momentum space, the holographic wavefunction becomes:

® A prescription by Brodsky et al.!

2 3 2
LA I Y i U

LFH(
2k2 a 7

1
z,k7) o< —— exp

? VI

2K2xT

IS. J. Brodsky and G. F. de Téramond, Subnucl. Ser. 45, 139 (2009).

2M. Ahmady, C. Mondal, and R. Sandapen, Phys. Rev. D98, 034010 (2018); M. Ahmady, F.
Chishtie, and R. Sandapen, Phys. Rev. D95, 074008 (2017).

3J. R. Forshaw and R. Sandapen, Phys. Rev. Lett. 109, 081601 (2012); M. Ahmady and R.
Sandapen, Phys. Rev. D88, 014042 (2013).
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® In momentum space, the holographic wavefunction becomes:

® A prescription by Brodsky et al.!

1 k2 1 (m? m%
VR k) o« ——=exp | ——2— foy 7
2K2xT

? VI

No difference between the pseudoscalar and vector meson
wavefunctions.

lsv J. Brodsky and G. F. de Téramond, Subnucl. Ser. 45, 139 (2009)

2M. Ahmady, C. Mondal, and R. Sandapen, Phys. Rev. D98, 034010 (2018); M. Ahmady, F.
Chishtie, and R. Sandapen, Phys. Rev. D95, 074008 (2017).

3J. R. Forshaw and R. Sandapen, Phys. Rev. Lett. 109, 081601 (2012); M. Ahmady and R.
Sandapen, Phys. Rev. D88, 014042 (2013).
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® In momentum space, the holographic wavefunction becomes:

® A prescription by Brodsky et al.!

1 K2 1 m3 m%
LFH 2 f f
(2, k1) VT = 2Kk22% = 2kK2 a9 5

No difference between the pseudoscalar and vector meson
wavefunctions.

No quark/antiquark helicities included till now.

1S, J. Brodsky
2M. Ahmady

and G. F. de Téramond, Subnucl. Ser. 45, 139 (2009)
Mondal, and R. Sandapen, Phys. Rev. D98, 034010 (2018); M. Ahmady, F.
Chishtie, and R ndapen, Phys. Rev. D95, 074008 (2017).

S.T. R. Forshaw and R. Sandapen, Phys. Rev. Lett. 109, 081601 (2012); M. Ahmady and R.
Sandapen, Phys. Rev. D88, 014042 (2013).
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® In momentum space, the holographic wavefunction becomes:

® A prescription by Brodsky et al.!

1 k2 1 (m? m%
VR k) o« ——=exp | ——2— foy 7
2K2xT

? VI

No difference between the pseudoscalar and vector meson
wavefunctions.

No quark/antiquark helicities included till now.

¢ Dynamical spin effects were included 2 °.

15, J. Brodsky . 45, 139 (2009)

ZJ\I Ahmady, C. Mondal, and R. Sandapen, Phys. Rev. D98, 034010 (2018); M. Ahmady, F
Chishtie, and R ndapen, Phys. Rev. D95, 074008 (2017).

S.T. R. Forshaw and R. Sandapen, Phys. Rev. Lett. 109, 081601 (2012); M. Ahmady and R.
Sandapen, Phys. Rev. D88, 014042 (2013).

and G. F. de Téramond, Subnucl.
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MOMENTUM TOMOGRAPHY OF HADRONS

To get the information of hadron structure in momentum space,
TMDs(z, k%) were introduced.

r
partonic tf@qsyerse momenta pr,;
up Suarks ‘\;' e =
T P
down quarks P &
e ——

—— Y
collinear partonic momenta

P

* photon T,; %  proton momentuma
. prL
P

! Andrea Signori

Summary

9/22



Introduction  LF framework  TMDs (spin-1) PDFs (spin-1) TMDs (spin-0) PDFs (spin-0)  Summary
000 000 [e] 000 [e]e] (o] o]
00000 o]

Spin-1 hadron

S. Kaur, C. Mondal and H. Dahiya,
“Light-front holographic p-meson distributions in the momentum space,”
JHEP 01, 136 (2021)
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PDI

unpolarized

TMDs
leading quark operator
twist o —— )
unpolarized [U] longitudinal [L] transverse [T]
- -®-0

Boer-Mulders

g = —
]

helicity

hiy, —@-) -

worm gear 1

.ﬂ:@_@

Sivers

-4

worm gear 2

by = —

transversity

target polarization
)_]

hllT = -
pretzelosity
% Op(x, k7) hip (2. k%)
g] Orr(x, k:%) girr(T, k% hrr, /’JLTT
%)t Orr(r, ki) Gur(r, k7) hirr. hipp
1 Here, 6 = f.

pin-0 pin-0 Summar

PDI

® 9 T-even and 9 T-odd
TMDs including tensor
polarized TMDs.

® For spin-1 hadron, there
exists the tensor struc-
ture, which is absent in
case of spin< 1.

® Tensor polarized structures are related to the unpolarized quark distribution
in the polarized spin-1 hadron.

le Cloét
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® The k| -dependent quark-quark correlator:
dz~ d?%z . = _
O3 (@ 1e1) = [ TSR AP 810,007 2P S) L
w_1 (M)
(0§ = 5T (F@ )

® At the leading-twist,

3A% —2 1 k, -S
(’Y+>(SA)($»ki) =fi-——%— < (S% - g) firn+Sp—"L fipr

2 My
(ki -S7)% — L1k2
+ TuflTT ;
H
(@, k) = ... ; (i) g (@, k3) = ..
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® fi1, 911, h1 and fi1 1 are diagonal in the OAM. The overlap configurations of
the other TMDs show interference between several wave compositions.

® The S-wave contribution dominates at the central region of x, where fir1
vanishes, whereas at lower and higher z domains, the other contributions rule
over i.e. L > 1.

® fir7 can be observed by polarizing the spin-1 hadron with angles 45° and
135° with respect to the hadron momentum direction

® firr and fip got vanished at 2 = 1/2 for all k? , which means the relative
momentum between the valence constituents is zero.

18, Hino and S. Kumano, Phys. Rev. D 59, 094026 (1999).
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PARTON DISTRIBUTION FUNCTIONS (PDFs)

® Integrating the TMDs over k| lead to leading twist PDFs: f1(z), g1(x), hi(z)
and fipr(z).

® The tensor polarized PDF is defined as:

@) +ai @)
flLL(m) X (q()(z) - Q7)

2

® In literature, the tensor polarized distribution exists as by ().

® Experimentally, it can be determined by measuring the deep inelastic cross
section for an unpolarized lepton beam to scatter from a polarized target along
the beam and subtracting this cross section for an unpolarized target *.

® The experimental data of bi(z) has been already taken by HERMES for the
deutron case 2.

® A proposal was approved to measure by at JLab. Much progress is expected
for b; in the near future 3 %.

® The tensor structure studies in terms of quark and gluon degrees of freedom,
different from ordinary descriptions, could open a new era of high-energy spin
physics.

IT’ Hoodbhoy, R. L. Jaffe and A. Manohar, Nucl. Phys. B 312, 571 (1989)
2HEI(I\IEQ Collaboration, A. Airapetian et al., Phys. Rev. Lett. 95, 242001 (2005).
3I\'. Slifer, J. Phys. Conf. Ser. 543, 012003 (2014).

4.T<‘,Hm\nn Lab experiment E12-13-011
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® We investigated the valence quark PDFs in case of p meson using light-front
inspired models.

® At the model scale, the sum rules are satisfied by our PDFs 3:
1
/ dz fi(z) =1
0
1 1
/ dx x fl(a:)—I—/ dz (1 —2) fi(z) =1
0 0

1 1
/ dz firr(z) :O;/ dz z firr(z) =0
0 0

lY. Ninomiya, W. Bentz and I. C. Cloét, Phys. Rev. C 96, 045206 (2017).
2;\. Bacchetta and P. J. Mulders, Phys. Lett. B 518, 85 (2001).
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® We investigated the valence quark PDFs in case of p meson using light-front
inspired models.

® At the model scale, the sum rules are satisfied by our PDFs 3:

/ldm fil@) =1

0
1 1
/ dx x fl(a:)—I—/ dz (1 —2) fi(z) =1
0 0
1 1
/ dz firr(z) =0 ;/ dz z firr(z) =0
0 0
® The positivity conditions for quark PDF's in case of spin-1 hadron 2:
3
filz) 20 5 3f@) 2 firp(z) 2 — S fi(2)
3 1
S f1(@) = filz) - gfu:L(l“) > [g1()]

(fl(x) + gfm(x)) (fl(x) + (@) — %flLL(x)) > 2l (2) 2

lY. Ninomiya, W. Bentz and I. C. Cloét, Phys. Rev. C 96, 045206 (2017).
2A\ Bacchetta and P. J. Mulders, Phys. Lett. B 518, 85 (2001).
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1Y. Ninomiya, W. Bentz and I. C. Cloét, Phys. Rev. C 96, 045206 (2017).
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Spin-0 hadron

S. Kaur, N. Kumar, J. Lan, C. Mondal and H. Dahiya,
“Tomography of light mesons in the light-cone quark model”
Phys. Rev. D 102, 014021 (2020).

Summary
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TMDs

()@, k1) = /T (2,k1)

AT
<

/T'(X,ki? [GeV2] flk/(x,r ) [Gev-2]

/

K [1GeV?]

M. Ahmady, C. Mondal and R. Sandapen, Phys. Rev. D 100, 054005 (2019)
19 /22



Introduction
000

LF framework  TMDs (spin-1) PDFs (spin-1) TMDs (spin-0) PDFs (spin-0)  Summary
oce o

000 () 000
00000 [e]

. €9 kI
<LO’1+’Y5>(12, ki) = M—:h%,}?(w, ki)

I (x2) [GeV2]
LT

M. Ahmady, C. Mondal and R. Sandapen, Phys. Rev. D 100, 054005 (2019)
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1J. 8. Conway et al. (E615 Collaboration), Phys. Rev. D 39, 92 (1989).
2M. Aicher, A. Schafer and W. Vogelsang, Phys. Rev. Lett. 105, 252003 (2010).

3J. Lan, C. Mondal, S. Jia, X. Zhao, J. P. Vary, Phys. Rev. Lett. 122, 172001 (2019).
4

M. Ahmady, C. Mondal and R. Sandapen, Phys. Rev. D 98, 034010 (2018).

Summary

21 /22



Summary

PDFs (spin-0)
°

TMDs (spin-1)  PDFs (spin-1)  TMDs (spin-0)
[e]e]

LF framework
000
[e]

Introduction
000 000 ()
00000

PDFs

—— LF Holographic Model
= LF Quark Model

0.0 0.2 0.4 06 0.8
X X
04,
03
)
02
P
—— LF holographic model
LF quark model
01 BLFQ
E615 Data
E615 Mod-data
00!
04 06 08 10

00 02

J. S. Conway et al. (E615 Collaboration), Phys. Rev. D 39, 92 (1989).
M. Aicher, A. Schafer and W. Vogelsang, Phys. Rev. Lett. 105, 252003 (2010).
Rev. Lett. 122, 172001 (2019).

1

2

3J. Lan, C. Mondal, S. Jia, X. Zhao, J. P. Vary, Phys.
4

Ahmady, C. Mondal and R. Sandapen, Phys. Rev. D 98, 034010 (2018). 21/22
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SUMMARY

p-meson

® Investigated various T-even TMDs: there are total 9 T-even TMDs, from which
8 are non-zero in LF holographic model.

® Qur findings of the valence quark TMDs and PDFs found to be consistent with
the NJL model results and also have satisfied all the positivity conditions.

® The presented results in this study together with other theoretical predictions
on the TMDs and the PDFs may help the experimental groups to measure
these distributions for the p-meson.
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SUMMARY

p-meson
® Investigated various T-even TMDs: there are total 9 T-even TMDs, from which
8 are non-zero in LF holographic model.

® Qur findings of the valence quark TMDs and PDFs found to be consistent with
the NJL model results and also have satisfied all the positivity conditions.

® The presented results in this study together with other theoretical predictions
on the TMDs and the PDFs may help the experimental groups to measure
these distributions for the p-meson.

Pseudoscalar mesons

® Showed the TMDs: the unpolarized fi(z,k2 ) and Boer-Mulder’s hi(z, k2 ).

® Investigated the only non-zero PDF fi(x) for pseudoscalar mesons. For pion
case, we found excellent agreement with modified E615 data after applying
QCD evolution.
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SUMMARY

p-meson
® Investigated various T-even TMDs: there are total 9 T-even TMDs, from which
8 are non-zero in LF holographic model.

® Qur findings of the valence quark TMDs and PDFs found to be consistent with
the NJL model results and also have satisfied all the positivity conditions.

® The presented results in this study together with other theoretical predictions
on the TMDs and the PDFs may help the experimental groups to measure
these distributions for the p-meson.

Pseudoscalar mesons

® Showed the TMDs: the unpolarized fi(z,k2 ) and Boer-Mulder’s hi(z, k2 ).

® Investigated the only non-zero PDF fi(x) for pseudoscalar mesons. For pion
case, we found excellent agreement with modified E615 data after applying
QCD evolution.
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