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Light Front Dynamics

instant form front form
time variable = " zt &a’ +2° i ) P =R+ m?, equal-time
p'p, =m? = b .
1 ki p~ = (7% +m?)/p*, light-front

quantization
surface

‘."} o light-front energy: p~

Hamiltonian ~ H = P p-2pr_p

® momenta: (p*,p',p?), where pT = p! F p3
® LFWFs = equal-time WFs in IMF # equal-time WFs in rest frame

e Light-front wavefunctions (LFWFs) are frame independent and
provides intrinsic information of the structure of hadrons:

"Hadron Physics without LFWFs is like Biology without DNA!"
— Stanley J. Brodsky
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@ Boost invariant/frame independence: access to internal structure of
hadrons.

@ Direct access to partonic observables.
@ Light-cone dominance in DIS/OPE
@ Simplification of relativistic many-body dynamics
= k% . + m?
Ho =Y \/BF +mf e Hgh =3 ———
i i !
@ Light-front physics underlines hadron structure measured in
high-energy scattering experiments.

o Light front wave functions provide the full quantum information of
hadrons.
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Light-Front in QCD

@ QCD provides a fundamental description of hadronic and nuclear
structure and dynamics in terms of their quark and gluon degrees of
freedom.

@ One of the most outstanding problem of particle physics is to unravel
the internal structure of the hadrons.

@ Light-Front QCD is an ab initio approach to strongly interacting
system. It is a Hamiltonian method, formulated in Minkowinski space
rather than Euclidean space. The essential ingredient is Dirac’s front
form of Hamiltonian dynamics, where one quantize the theory at
fixed-cone time 7 = t 4 z/c rather than ordinary time t.
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Probing 3D structure

Deep Inelastic Deeply virtual
Scattering Cqmpton Scattering
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Established extended discovered the existence provides 3D spatial
nature of nucleon (quarks) inside the nucleon structure of the nucleon
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Parton Distribution Functions (PDFs)

@ PDFs were introduced by Feynman in 1969.

e PDFs f(x) imparts an information about the probability of finding a
parton carrying a longitudinal momentum fraction x inside the
hadron.

But how partons are distributed in the plane
transverse to the motion of hadron?

This missing information was then compensated in generalized parton
distributions (GPDs).
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Generalized Parton Distributions

@ An essential tool to investigate hadron structure is the study of DIS,
where individual quarks and gluons are resolved.

arXiv:1212.1701

@ From parton densities one can extract the distribution of longitudinal
momentum carried by the quarks, antiquarks and gluons.

Narinder Kumar (Doaba College Jalandhar) GPDs March 27, 2026 8/39



Photon GPDs

@ In standard model, photon is considered as one of the gauge boson
and it is fascinating object in QCD studies.

@ Photon has a rich structure which is still poorly explored.

e Photon structure function F}(x, @*) can be interpreted as the
momentum weighted sum of the quark distributions g(x, @*) within
the photon,

@ Parton distribution of photon have been the subject of much work
since the seminal papers by Witten and Klasen.

-Witten, Nucl. Phys. B 120 (1977) 189
-M. Klasen, Rev. Mod. Phys.74 (2002) 1221
@ Structure of photon can be accessed through DVCS process
Y'Y= Y-
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Photon GPDs

@ the parton distributions in the photon have turned out to be of
experimental importance in a number of accessible processes, both in
e~ e™ annihilation and photoproduction.

@ Photon structure function, could be split up into two parts, a point
like part and a hadronic part.

F2(X> Qz) = F2PL(X7 Q2) + FZHAD(X> Qz)
@ pointlike is calculable in QCD and hadron like is normally estimated

using the Vector Meson Dominance (VMD), where the photon is
represented as a sum of lowest mass vector meson states p, w, ¢.

)

) VMD hadronic
) Pointlike Photon Coupllng (p,w, P)
quark coupling
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e In QCD (light-front picture), the photon state can be expanded as:
|’Y> = |'Y>bare + |qa>point_/ike + .. + |p> + \w) + ...

Point-like part

perturbative v — qg

wave function is calculable.

Falls slowly (hard tail)

Hadronic part

Y= pw, @

needs non-perturbative wave function

Gaussian type, power-law wave functions
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Work by Pire and his Colleagues

Available online at www.sciencedirect.com

ScienceDirect PHYSICS LETTERS B

ol
ELSEVIER Physics Letters B 645 (2007) 153-160

www.elsevier.com/locate/physletb

Deeply virtual Compton scattering on a photon and generalized parton
distributions in the photon

S. Friot®, B. Pire**, L. Szymanowski >

Investigate deeply virtual Compton scattering on a photon target.
Interpret results as a factorized amplitude with handbag diagrams.

Propose anomalous generalized parton distributions for the photon.

Identify log(Q?) dependence in GPDs and evolution equations.
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Photon GPDs

@ The correlator for the photon GPD can be written as

Fo = [ Y2 (P NIEO 0 )P Ao,

where (P) is a real photon state; P and P’ are the initial and final

momenta and A and X\ are the helicities of the initial and final photon
respectively.

@ Here, we take [ =+, contributes for unpolarized photon.

@ The two-particle Fock state expansion for photon (J, = +1) is
defined as

I 2
(P ) = [

167['3 ’l/)*]:E]*(Xa kJ_)|XP+7kJ_7T7T> +wi(x7kl)

’XPJ'_akJ_vTv\L) +¢f¢(X, kJ_)‘XP+7kJ_7\L7T> +wi(X7kJ_)|XP+7kJ_7\J/7\L>

- B. W. Xiao PRD 68 034020, M. Diehl Phys. Rep. 2003
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@ The light-front wave functions for photon with spin-up and spin-down

are expressed as

2 “(x,k )=0
Vh(x k) = _ﬂ% V(X k1)
x(1—x) )
_ ki + iko
+ ki + iko wTi(X’ kJ-) = _\/5 x Py
@Z)N(Xaki):_ﬁ 1 Py ]
X ~(x k)= V2 ki + iky
kl + ik2 w‘m(x’ J') - 1-— Ll
w;ﬂ%(xa kJ_) = \/E v
8 b (x, k1) = _Vem
w@(x,kL)ZO WA R x(1—x) Py
where .
(p(xakl_) = 7

)\2 o kJ_2+m2 o kJ_2+m2

X 1—x

and where m and X are constituent quark mass and photon mass
respectively. Each configuration satisfies the spin sum rule

S =SIESEL =1
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@ Since photon is considered as the two-particle constituent, both the
quark and antiquark GPDs will contribute.

o GPDs have the support in the interval xe[—1, 1], which corresponds
to DGLAP and ERBL regions.

@ We restrict our calculations in DGLAP region. For quark and
antiquark contributions, the respective regions 0 < x < 1 and
—1 < x < 0 are taken into account.

@ The overlap representation of LFWFs is used to evaluate spin non-flip
and spin flip GPDs of photon.
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Non-zero skewness

d?k |
1673

H(x..t) = |

i (KD (k) + 03 (KD (k) +

G KDY k) + 9 (4 KD8 ] (k)

where k| =k — PTXAJ_ and x/ = *=¢

1-¢-
d’k 1
HI(x,(,t) = 8;3(1—X—X +2xx){ +5+(2A2 x'(1—-x)
1 2m?
) 2 2A2 } :|
m ==X AD L T L
Al = —(1-Qr—4am*¢
Li = ki>+m*—X2x(1-x)
Ly = (ki —(1—=x)A1)%*+m? —\x(1—x)
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d’k | d’k |

L ) ki 24+ m?—X2x(1—x)
1 1
Ipy(A) = [ d’k —
Pv(4) / J(W+A W+MJ
M2
=7l
T8 e A%2x(1 — x)

After adding finite reference scale u:

leg = lim_ {/PV(A; M) — lIpy (1?; /\/1)}

d’k | d’k |
Ly Ly
2
= 7 log A
m? — X°x(1 — x)
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Using the Feynmann parametrization technique

/dzkj_ / / d’k;
L1L2 OéL]_ -+ 17(1)1_2

da
- 7/0 a(l—a)1—x'2AZ + m? — ax?x(1— x) — (1 — a)X2x'(1 — x)

In the limit, { =t =X =0, we get
2 2
€ 2 H
H(x,0,0) = m(l —2x 4+ 2x )logﬁ
This results matches exactly with the result of PLB 645 (2007) 153

x +(1—x)2—52

N 2
H{(x,£,0)= e" [0@ -

52
§) K+ (1+x)?—g2 0?
+0(E—x)6(§+x)é(1+é) _6(_X_E)T:|] g5
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Results
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Figure 1: Result for the photon PDF. Good agreement with PLB 645 (2007).
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Generalized Parton Distributions

@ The five vector meson GPDs for the spin-one hadron are defined
through the nonlocal matrix elements of the vector current on the LF

as
a (9 epre s o\ (T _
Vm,,mQ(%E-’)*/ 2 (p,lfl.m,h//( 2)7’ W(z)lquflvml) P
— @ i+ ENE DD D gy T Dt
(e -n)( -P)—(e*-n)e-P) ,(€-n)(e™ - n)
+ o H4(x.é,t)+|:4M W]mu,g,u
_PRC 99, 035208 (2019)
1
Hi(6t) = 5 Voo —2(r —1)Vis +2V2rVig+ 2v+7_}
2
H2(X,§, t) = 2V+7+ - 7V+,0
V2T
vV,
H3(Xa 57 t) = - 7_1

H4(Xa§7 t) =0

Hs(x,6,t) = Voo— (1+27)Viy +2V2rVig— Vi _
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@ In the present work, we consider p meson in its leading state |qg) in
the light front quark model.

+LFQM is quite successful in explaining the various electroweak properties of heavy
mesons compared with experimental data.
-PLB 349 393 (1995)
PRD 59 074015 (1999)
-PRD 65 116001 (2002)
* Successful in obtaining distribution amplitudes, decay constant and radiative decays
for mesons.

-PRD 75 034019 (2007)
-PRD 68 054026 (2003)

+ In this model, meson is represented as
|M) = ¢p21qd)

[0k,
w% = %4)(1’, k1 )R(z, ki, Ag; Ag)

* Hered(z, ko )is the radial wave function, (j }i is the Jacobian factor and R is the spin-
orbit wave function obtained from the interaction-independent Melosh
transformation .
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@ In terms of light-front Fock state decomposition, p meson can be

defined as

o (7 P8}

x a(ky kT ki, ) (q =

ky — ko
M +2m
|oP* R ),

One can solve the above matrix element to get the following results

= ik S V2(m(M+2m)+k3)
WY~ MFem) Ut = S vy
(o _ ki—ka T VE(kf +m)k"R
(Y — JFzm) €U = T Vel-n(Me2m)’
Ty — Jacha ). e gy = VEBTEmAT
W T MEam) T 0T Ve(—z)(M+2m)’
a(y — M) Senul = __ VARR?
AT MmN Vz(l—z)(M+2m)’
for the p* meson with spin projection S, = +1,
Tply — Bk ) gqun = —— GTEDEY
T (Y~ Mizm) " €OVt Vr(l—z)(M+2m)’
T o mM+2m)+2k3
T~ Myzm) U = T A Sty
wo o i o m(M+2m)+2k2
(7 — S - covr = TR
U (v — Ki=ka = OfRDER
(Y = MFam) €V = s iz
for spin projection S, =0
Narinder Kumar (Doaba College Jalandhar) GPDs

) eg vk ky —k1, )

22/39



CE_D. = V2D
= Ve(l—z)(M+2m)’

o _ ki—ko ) - _ V(RS +m)k"

et = Ve(l—z)(M+2m)’

\/E(A; +m)kE

Uy (y— Rzkey. o g = MmpTTT
Y M+2m i Ve(l—z)(M+2m)’

o (ﬂ Ty —ko ) o i o ﬁ(m(ﬁ\/H»?mH»Ei)
WO T M) N T T A (M am)

for spin projection S, = —1

-arXiv:0706.2018

@ Solving the matrix elements, will results in

Vous, = 3 [ kb K sy k)

3
X 16w

Currently not writing the overlap expressions! (too lengthy!!)
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@ GPDs results for fixed value of
— s skewness=0.1 with different

=07 ValueS Of —t.

@ PDF sum rule verified!!

=03
e =05
=07

H3(x.4,t)

@ Calculations are going on to get the results in the transverse position
space.
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What is Transverse Charge Density?

@ A truly impressive level of experimental technique, effort, and
ingenuity has been brought to measuring the electromagnetic form
factors of the proton and neutron.

@ These quantities are probability amplitudes that the nucleon can
absorb a given amount of momentum and remain in the ground state.

@ Should be important sources of information about the nucleon charge
and magnetization densities.

@ The textbook interpretation of these form factors is that their Fourier
transforms are measurements of the charge and magnetization
densities.

@ But the initial and final nucleons have different momentum, and
therefore different wave functions. This is because the relativistic
boost operator that transforms a nucleon at rest into a moving one
changes the wave function in a manner that depends on the
momentum of the nucleon.
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@ The presence of different wave functions of the initial and final
nucleons invalidates a probability or density interpretation.

@ A proper determination of a charge density requires that the quantity
be related to the square of a wave function.

@ Proper determination of charge density requires measurement of
matrix elements of density operators

p(x~,by) = J*(x z eqq(x",b1 )y a(x",by)
p(X_abJ_) = <p+7 R = 07)‘| Zq-i- X 7bJ_)q+(X_abJ_)|p+7 R = 07)\>
q

-D.E. Soper, PRD 15 (1977) 1141

@ In the Drell-Yan frame, no momentum is transferred in the plus
direction, so information regarding the x~ dependence of the density

is not accessible
d
b= [ L2F(@)h(0)

-Miller, Ann. Rev. Nucl. Part. Sci. 2010, 60:1-25
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Transverse charge densities for proton and neutron

15
o(b) [fm2] 1 proton
0.5
0
005 115 2
b[fm]
0.1
0 T ——
" -0.1
o(b) [fm™=] _o0.2
-0.3 neutron
-0.4
0 05 1 15 2 00305 115 2
b[fm] bffm]
Figure 2: Proton and neutron charge Figure 3: Fy for neutron and long .
densities. -G Miller PRL 99 112001 range structure of the charge density.
QdQ GE(Q?) + 7Gum(Q? Q2
)= [ 220 S 4 @), &
27 1+7 4M
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Electromagnetic form factor of the p meson

» Form factors of meson can be expressed as

(P, N|JHIPA) = —ex - ea(P+ P Fi(Q) + (ehg - b — €Xia - ea) F2(Q%)+
er - q)(en - q
e Den D p 1 pyery (@),

-Berger, PRL 87 142302
g =p—p'and ep[e},] is the polarization vector of the initial[final] meson with physical mass M,

» The co-variant form factors of spin-1 hadron can be determined by
the plus component of current

Lji,(0) = (P, W'|T¥|P, h)

« Current matrix element is constrained by the invariance under the
LF parity and time reversal and therefore reduce to four elements

+ 7+ 7t +
I, Iy, I and Ig,
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. In practical computation, instead of Lorentz
invariant form factors £(Q?), the ¢c(@* physical
charge,®” @ magnetic and ¢o(@* quadrupole
form factors are often 2used.

Go =Fi + 3rGq
Gu = —F
Go=Fi+F+(1+kr)Fs
Q2
4M2

K

. At zero momentum transfer

eGe (0) =& (Charge)
eG(0) = 2M,p,  (Magnetic Moment)

—eGQ (0) _ MﬁQ (Quadrupole Moment)
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* In literature, there are two types of prescription are available, for example
Grach and Kondrayutak (GK) and Brodsky and Hiller (BH).
1 [(3—2kK) 4k IT,
GGK ]+ +0
2P+{ 8 " 3o
2
GK _ +
o = 2. [I Iw}
1 I*
GRS + +0 I4—
G =gpr| T T 2 K
“BH _ 1 (8-2x) ﬂi 2 + ]
(e T 2PH(1 +2~:)[ 5 dot 3 \/7+ (2 M**_
2
GEIH 2P+ (1 + 2 ){Ioo \/7 IIU Ii—}
BH_ 1 I + 14k
G P+(l+2h) "IUO 2\/2*+I+7
* However, in this work we choose BH-prescription as it has (0,0)
component which gives the most dominant contribution in the high
momentum perturbative QCD (PQCD) region.
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* In LFQM, the physical form factors are obtained from the I, which
is defined as

ok’ Ok S
+ 2 z * A'A
IA’A_/ 2(1 - 2) /d 1 B 2z ¥ kL)@ kus) 3 M,;

+ S}, is defined in PRD 70 053015.
¢ Radial wave function is defined as

6(@.1) = || = ean(—12/26%)

K=k, 2 +k2k, = (x—1/2)M,
k2% +m?2
z(1—x)

M2 =MZ2 =M =

* The model parameters used in this study are m=0.22 GeV,

3 =0.3659 GeV and M, =0.77 GeV.

* These model parameters were obtained from the linear confining
potential of QCD motivated Hamiltonian in LFQM.
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Transverse charge density and Helicity form factors

*Charge density in transverse plane as a standard interpretation can be
obtained by two- dimensional Fourier transform of form factor

2qi
p)\(b) /( q)Le_quvaGi'A(QQ)z

= /0 T2 ro(@n)es,(@),

G, (Q*1s the form factor related with the matrix elements of
electromagnetic current J*(0) sandwich between two Pmeson
states.

Here )\ and )/ are the initial and final P meson states respectively.

q q
(PF, S NTHO)[PT, =5, A) = 2P 6, (Q7)
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* One can define the helicity- conserving form factor(G1,
helicity non-conserving form factors (G,

of Gc, GMand GQ

+
Gl =

o AP S
00 1+K]

G G G
1+{c+ M+ Q

|:(1 = E)GC + 26Gp — ?(1 + 2H)GQ

.G, ) and

G+, ) respectively, in terms

V2K 1
G(J);* 1+ |:Gc—§(1—K)GM+ GQ y
2K
Gt+ 1+ |:G0—GM—<1+3>GQlD
-PRD 70 053015 (2004)

Here, again , — Q2/4M3
- Go,Gyand G @ are already calculated by C.R. Ji in PRD 70
053015, we have extracted the helicity form factors and charge

density from it.
GPDs
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Results for unpolarized p meson (PRD 99 014039 (2019)

1.0,
o
0.5
030
T
3 028
>
3
oz
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-1.0,
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-1.0 -0.5 0
by(GeV™') be(GeV™")
035/ o.3oj
o550 0.25/
s g
%025 < 0.200
020" 0.5
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b(Gev™") b(GeV™")
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Transversely Polarized p meson

* We also consider the transversely polarized 0 meson state which
provides information about dipole and quadrupole moments.

« Transverse charge density for transversely polarized meson can be
defined as

d’qL . 1 aL qL
ngT(bJ‘) = / (Qﬂ)ze s bLQPﬁUDJrv778J_\J+|P+7—778J_>7

« Here S is the meson spin projection along the transverse polarization
direction S| = cos¢ & +sin¢ gandfors; = 0,1

pr(®) = [ 2L]10QIGT, +cos2(n - 600G |

00 G}
o) = [ L2 20D 61+ )+ sinten - 0010 VEG, - cosen - 80200 S

-Carlson and Vanderhaeghen, PRL 100 032004 (2008)

EPJA 41 1 (2009)
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Conclusions

@ We have calculated the photon GPDs and PDF from the overlap of
light-front wave functions.

@ Currently working on the non-zero skewness case, to obtain results in
longitudinal position space.

@ Calculations are also done for the p meson GPDs for non zero
skewness.

@ Results for the transverse charge densities for the p meson obtained
for the first time in LFQM.
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