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* Light-front form
e GPDs & Hadron structure

* Summary
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Dirac’s forms of relativistic dynamics

[ Diehl, Rev.Mod.Phys.21.392 |
[ Burkardt, 1996 & Carbonell, 1998 & Brodsky 1998 |

instant form front form point form
Time variable: t=x° Xt =x"+x° r=1t2 — 7 — a2
Quantization surface: t=0 X" =0 T=0
Hamiltonian: H=P° P™=P°+P° P~

Dispersion relation 0 — /2 y m2 [P~ = (P +m?)/pT | p* = mo*

* -0 = O - = — 2 2
) ) ) 2 H=P —m F;|-+Pl +Vint
g"=g"=0 1=_6" fori=12 ﬂ
pP=m’=p.p —p’ d* == dk, dk_dk Mass operator
2 T square M 2

X=(x",x,x)=(x"+x°,x"=x°,x}, x%)
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GPDs & Hadron structure

e Definition of GPDs (General Parton Distributions)
e Connections between hadron structure functions

* Some basic properties
* Sum rules
* Symmetry properties

e Forward limit
e QCD Evolution
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Definition of GPDs (General Parton Distributions)

[Chueng-yong Ji, Phys.Rev.D.73.114013]
[M. Diehl, Eur. Phys. J. A (2016) 52: 149]

qe qe g% 7'’
k Ak k-A

A GPD factorization formula:

A€, A%, Q%) = DVCS, TCS, meson production
1 —
> [ deCifa,ilog(Q/) Hile, &, 4% 10
e XA

In the Deep Inelastic Limit, neglect any 4-
products not involving g :

g°,q-a>>a-b,m*,¢-q,¢"q

[H — A
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Parton correlation function:

flavor by flavor
H(k,P,A) = (2m)™% / d*z et** /

x (p(P + 34)|q(—52)Ta(32)[p(P — 34))

J

T

The Dirac matrix ' selects the Gauge A*=0

twist and the parton spin
degrees of freedom.




Connections between hadron structure functions

A—0 parton correlation function
H(k, P,A)
/ forward limit
f(k, P) parton correlation function Y [dk
¢=0 FT
/ H(r, k,£,b) €« H(xr, k&, A) GTMD

fdk‘-_,' W’ ,E k: b) Wigner distribution

Y [ d%k
FT ,
//{;% \\\\ H(xz,(,b) <> H(x ¢ A% GPD

FT
(’I’: Z) > f T, k) impact parameter \
TMD distribution Y fd-m 1
dzk
£=10
d?b fd:i:: a1 % EE:Q Ank(ﬁg) (2£)k
FT ) GFFs
f(x) Fo(b) <> F,(A2)
PDF form factor
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Definition of GPDs (J=1)

* Unpolarized

1 [ dw iz (P2
Vn =3 [ eI N a(-12) ad) Ip. )

[Berger, Phys.Rev.Lett.87.142302]

zZ=wn Vv,u = {g,uy} P‘uﬂ,y, n,upy}
Z r*yv(z E,qu :1’: f,t) P”Py, 'nfpnv}
* Polarized
Ci(.l.; ?,m Z
Ayy == B2 ip! N g(- 22)159(52) |p, A)
2 QW Z=wn
Z ’*UA(%)E”H{I (z,&,t)
¢ Symmetry properties:
P = p'+p , t= A2 — (p’_p)2 : Hi(m,.f,t) :Hi(m?_g?t) (I: 1’2?3?5)
2 H4($$£:t) — _H4(‘T: _gﬁt)
n®> = 0, (lightlike four-vector) T I}i(m,f,t) — I;Tz-(a:, —£,t) (I=1,2,4)
¢ = (n-A)/(n-P), skewness parameter , FIg(a: £, 1) = —Hs(z, —¢&,1)
e = e(p,\), € = €(p,\), polarizations , 7120 +(3: £,1) = :;Jr (z,—€,t)




Definition of GPDs: Isospin combinations

* Lagrangian: £,z = —uM/f,)gS*7q- p, = —i(M/f,) [ES“upﬂ + V2astdpt + V2dS" up;, + &Sﬂdpg]

* Quark field doublets: q(z)= ( Z(f”) ) | T3q(x):< u() )

* 5 unpolarized GPDs: Isospin combinations

L[ ups ] . =
—/ P2 (b (', X) a(~32) 1 1sa(32) 0" (2, V)| =263ab{ — (" H

2) 2r°
N (e-m)(e™ - P}D—i__,ée,* -n)(e- P) HQ{?& ~ 2(e- ng’* - P) Hg{jbl
(€~ n) (€ P}D —'ne’* EP) ity |2 € (?D)(i) ), % (e E)] HI=! }
Isospin combinations: HI Lz, &t) = [ 2T, & 1) — p:l:($ 1)
G parity: H +(:1: §,t) = —H (x,-€,t) [Berger, Phys.Rev.Lett.87.142302]

Frederico, Phys.Rev.D.80.054021




Sum rules

* Form factor decomposition of Local current

FFs in flavor

1%, = (', N 3(0) v* q(0) |p, A) /

*3 _« Pg Py
= e | — (GH0gan + GHO s )P+ G0) (6P + d4P)
e Sum rules * Conventional Form factors
1

/ doH (2, €,8) = GI(t) (i=1,2,3), Golt) = Ga(t) + 2nGa(®)

o Gu(t) = Ga(t) ,
/ deH3(,&,) =0 (i=4,5). Golt) = Gi(t) — Galt) + (1 +n)Gs(t) |

1

Bypassing the ambiguit
[Berger, Phys.Rev.Lett.87.142302] yp g guity

[Broniowski. Phys.Rev.D.77.034023, ibid. 78.094011] of angular conditions
[Frederico, Phys.Rev.D.80.054021]
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Definition of GPDs: Phenomenal vertex

+
' _ks
r = -
P;
L+
S
K = ko — T PiL

2

Phenomenal vertex: SH =THA(ks,p)

C
Bethe-Salpeter amplitude(BsA): Ak P) = g g T S g

k. +k-)H
Meson vertex: [H =~ — (kg +kq)
MO + 2m
Dispersion relation
2 2 2 2
: o . K m K m
Kinematic invariant mass: M02 — TJF 4 J__|_’ /

[Choi, Phys.Rev.D.70.053015]
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A Im
. [Choi, Phys.Rev.D.70.053015]
ReS I d U a |S [Frederico, Phys.Rev.D.80.054021]
kl? k34 le
. .() .() ;)
* Six pole (Valence) | | -
¢ = ° 4 e o p '
_ _ k56 kyay ks
kl(Z) = P —I—(k_P)on(R) k+ 2 (©) (1) kse)
A- A . Nonvalance Valance
kyy = 7+(k—5);n(m_ilﬁ_—£ ) (Ix|<IS|,ERBL)  (|x|>|&],DGLAP)
2
. A~ A B . € A
; -3 3
] o ] Valance
 Nonvalance kinematic invariant mass q — 4 .
! p—P-%V k- P VP/ZP+A§
lii +m? kT +m? C hk k) |
“w 1—2a il n-P P’ |
2 2 2 |
kY +m K5 +m? . 1-X |
— 1 + oy MOz(nv) X _1_|§| Nonvalance
- J
Xx—0,1

intrinsic momentum go infinite!

11/20 pair production




Our results: FFs G¢

* low-energy observables

* Form factors Gel(0)=1,
9 Gu(0) =2Mpu
2.0} Golt) = Gr(t) + gntia(t) . Go(0) = M*Q,
Tulh =00 s> = iy OGO 1)
15 Go(t) = Gi(t) — G2(t) + (1 +n)G3(t) , t—0

2 --
%3 [Gudino2014]
5; *Y(fm?) 052 0.37
_____________ ﬂ 2.06 2.19 2.1(5)
-------------------------------- Q,(fm?)  0.021 0.050 *

0.403GeV 1.61GeV
[ Melo, Phys.Rev.C.55.2043 ]

[ Gudino, Int. J. Mod. Phys. Conf. Ser. 35, 1460463, (2014) ] 12/20




FFs G, , 5: Valence/Nonvalence contributions
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G\ (£/Gy (1)

- Nonvalence contributions

147 05¢
121,
0.4}
< .
1.0 N, ’,.’
. < o3} e
0.8} S, QN ’’’’’
\.\ = LT _ 7
I .N"\ ;&;} ————
06 T > 02p =TT -
e f = e =
0.4} -~ T ==
T - o1~
02 T T s = T LT
0.0 - - - BN loloulole el 0.0 : : : : : :
-7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1
t (GeV?) t (GeV?)

The nonvalence contributions to FFs G; ; 3 at ¢ = —0.2 (dotted red line),
— 0.4 (dashed blue line), —0.6 (dot-dashed purple line), respectively.
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Our results: unpolarized GPDs Hi-1,23(x,€,t) PO

<
2
HI=1 (x,620 1)/Gy () \/ 1-4M“ /t

HE" (x,620 4/G2 (1) H3" (x,6=0.4/Gs (9
\ h

e

7 / P 5
t (GeV?)

=




J1-4M2 [t

unpolarized GPDs Hi-12(x,€,t,)

Our results
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Forward limit

e GPDs in forward limit
g'(x) + ¢ '(x) + ¢°(x)

H(x,0,0) = :

1 -1
Hs(x,0,0) = ¢°(x) — 4 () +2‘? (x)
,(x,0,0) = g{(x) — g1 '(x)

for x> 0.

e DIS structure functions
Fi(x) = %Ze:‘; ¢/ () + g~ (x) + ¢°(x)
q

3

[Berger, Phys.Rev.Lett.87.142302]

Quark densities:

: g x) = gi'(x) + g{'(x)

Fi(x)

A —A
qr — 4,

»

For x < 0, antiquark
distributions at —x with
an overall minus sign in
H1 and H5.

+1{g — g},
Callan-Gross
relation

-
~

N

'

1 -1
b[(X) — Lzei[qﬂ(x) 9 (X) + g (I):| + {q - C_j}

2 2

q

@ = > Yl - g7 W] + {g — 3}
q

e Single-flavor F,?, bf

[Broniowski. Phys.Rev.D.77.034023, ibid. 78.094011]

4——-’—’:——————————
bi(x)

4 )
quT(J«) (X) — % Hlu (X, o’ 0)

1 ..
. bqu(i)(X) = E H5 (X, 0, 0)

17/20

0.15}

0.10|

0.05f

-0.05

-0.10F

-0.15}

-0.20}

0.2

0.4

0.6

0.8

1.0



QCD Evolution

[Broniowski. Phys.Rev.D 77.034023, ibid. 78.094011]
[Broniowski. j.physletb.2003.09.009]

* DGLAP evolution function at LO [Best. Phys.Rev.D 56.2743]
7 1(2f) /" Lattice[Best1997]: N\
Vi) > _[ () < x(u = 2.4) >=0.612 k model poi le):
<V, (1) > (14, o M= -k ; I- Quark model point (our scale):
ective quark model: —
=) = 528111 MeV
with <X(p)>=1 Ho —62
Mg+ Quark model point typical expansion parameter:
1 \ (no gluon & sea quark) /
V, :jdxxH "9 (x,0,0) alpmo) 0.131+18
0 27'{' _ ’ —23
Ar 1 11 11
a(ﬂ)z( ] 2 2 ! ﬂOZ_CA__NF’
By )In[u” [ Agep] 3 3
n+1 . T
7/?5 __2C. |3+ 2 _421 | In our model, valence quark( q) probability:
(n+)(n+2) 15Kk
Py ~ 70%
C,=N, =3, cAzg, e
NS By Fock decomposition, other constituent
v 1(2p8,)=32181,

contributes.
AQCD =0.226GeV
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QCD Evolution

[1] Best, Phys.Rev.D.56.2743 (1997)

e Lattice calculation[1]

VE=0.332), V¥=0.17(5), V#=0.064),
do = 029722 d3 = —0.001(15), ds= —0.01(6) .

* Our model predicts

Vi =0.34(2), V& =0.15(1), V&=0.08(1),
dy = 0.044(3) , d3 =0.048(5), ds=0.039(5),
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Summary

[ arXiv:1707.03972 ]

* Light-Front constituent model

* Connections between hadron structure functions
* p meson FFs(V/Nv); unpolarized GPDs H;

* Single-flavor DIS structure functions F,, b,

* QCD Evolution

o Deuteron ?%@%%@%5

o DDs, DPDs,
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Backups: Extract GPDs H._;c

M? /

2 (2w3m 2r)i°
WE—F+m) , f+5+m) H-F+m

% (_)Tq’n{(k—P)2 —m2+1e ! (k+ )2 —m2+367¢(k— 2)2—m? e }

k=P —m ek + 22 —m3 +1d  [(k— P)2—m3 +1e[(k — )2 — m3 + 1]

V‘LL ;.LIJ(CE 51 )

§ [cPt — k]

_ wwgu  TPPY4PEnY 2PEPY . niPY— Phn M2*nfn” 1 ,,
g Hy A+ n- P H M? Hs + n- P Hi (n - P)? 37 Ho
A 2 2P 0 1) ,
/ v \ 2(n-P)? ° ( Hl \
n”ny 0 T M2 5 0 0 H%L
n P, |-V =] _(n-P) n-P _2(?1};2)2 —(n - P) n.P | HY¥
Dy (n-P) n-p —2DF ,.p nP e
\P#Pv \ _p2 9 P2 2}‘1;1 0 M2—|—%2) \HE: )




Backups: Extract GPDs H._;c

((1(P2 _g) PAP-M’) a2op?
/ HY \ 6 \ M2 2M?2(n-P)2 2M?Z(n-P)
U 1 3P? 1
Hj 2 - 2(n-P)? n-P
HY | = M
o 0 3(n-P)? 01
i, 0 0 ~ 2(n-P
\ Hj ) \ P? 3P . %Pz)
2M? 2M?2(n-P)? 2M?(n-P)
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