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Factorization Related to the target (intrinsic properties)
Soft part: The PDF

» Process independent

QCD coupling » Non-perturbative
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The physical ob;ervable: Related to the parton (collision)
Structure I-.'unctlon Hard part: Partonic coefficient function
> Expansion over Q » Process dependent

> Perturbative

QCD event leading region factorization



Feynman’s Parton Model .-
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Covariant Parton Model
Zavada, 1996 Phys. Rev. D 55 4290

QCD Structure Covariant Parton Model
Valence quarks, sea Non-interacting
quarks, sea . ® O quarks are on mass
antiquarks and gluons = ——— "\ shell
all of whichare i > k? = m?
. W s )
spinning and also L Spherical phase space

orbiting each other,
bounded in the
nucleon

in the rest frame

JkZ + k2 < k,,

No QCD interactions
~in the hard part
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Covariant Parton Model

QCD Structure

Valence quarks, sea
quarks, sea

all of which are
spinning and also
orbiting each other,
bounded in the
nucleon

antiquarks and gluons -

Zavada, 1996 Phys. Rev. D 55 4290

Covariant Parton Model

Non-interacting
® O quarks are on mass
shell
- —--k?=m?.
Spherical phase space
in the rest frame

JkZ + k2 < k,,
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Covariant Parton Model - History

O Description of the hadronic tensor

P. Zavada, Phys. Rev. D 55, 4290 (1997) [hep-ph/9609372]
P. Zavada, Phys. Rev. D 65, 054040 (2002) [hep-ph/0106215] 100, g1(x), gr(x)
P. Zavada, Phys. Rev. D 67, 014019 (2003) [hep-ph/0210141]

O Auxiliary polarized process due to the interference of vector and scalar currents

V. Efremoy, O. V. Teryaev and P. Zavada, Phys. Rev. D 70, 054018 (2004) [hep—ph/0405225]} ot hy(x)

[ Unintegrated structure functions,” to describe twist-2 T-even TMDs.

A. V. Efremov, P. Schweitzer, O. V. Teryaev and P. Zavada, i
Phys. Rev. D 80, 014021 (2009) [arXiv:0903.3490 [hep-phl]. o+ f100 kr), 9106 kr), by (6 ker), gar (x fer)

) h1lL (x, k7)), h1lT (x, k)

Still no access to the twist-3 TMDs !
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Covariant Parton Model - The correlator

1 ) k-S k-S
®(P,k,S,n) = MA; + PAs + kA3 + W[}b’ K|As +i(k - S)ysAs + M $ys A6 + 71”’75147 + 7‘675148

There are 32
amplitudes in this most
general case

P, b k-S 1 s
+%’75A9 + [‘62 ]’75A10 + M2 [P, k]’)’5A11 -+ MG” P "y“P,,kpSo-Alg + O(B,)

no gauge field + on mass shell quarks + pure spin states

Drops down to 2 amplitudes after
applying model’s constraints

(K +m)

®(k,P,S) = (k+m)Asz + e

[(P k) + mM] Angs

CPM correlator

G(kP) larized part Gi(P-k) = - 1 [d f?(m)]
unpolarize ons 3
®(k, P, S);; = 2P°O(k°)§(k? — m2)i; (k)u; (k) x{ g b ”i” oo b . 1@
1 a Y a ga T
H(kP) polarized partons. HIP k) = — l3g1 (z) +2/m 59 (y) —z éx

Bastami, Efremov, Schweitzer, Teryaev, Zavada
Phys.Rev.D 103 (2021)



What can be calculated with the Covariant Parton Model? T-even Twist-2 and 3 distributions

Quark polarization
i UR S T
S
H fi hy
8
S i
2| L g1 | hy
-
2
1 1 hy
T fir | 911 | h{;

T-even TMDs (in blue color) can be
computed in models based on quark
degrees of freedom only. T-odd TMDs

(in red color) require explicit gauge
field degrees of freedom, and cannot
be modeled in the approach used in

this model.

s = M- s”kf\;STe%]

#7 = 2 [Sper +TTe,]

L e |
g7l = %:S’Z[’QT‘i‘SL ]\;gL+ ;ﬁTg%Jr J;;TQL],
¢[iajk 5] _ Ijg\i:sgrk%]\}s%kih%—sjkh],

d’w] = %:SLhL+krIJ‘\'4SThT].

1 1 ofl
er,en,er, fr,fr, [7, 9r, and h cannot be

calculated in CPM because they are T-odd
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Consistency of the covariant parton model — Lorentz invariance relations

Lorentz invariance relations (LIRs) connect the twist-2 and twist-3 parton distribution functions
(PDFs) and weighted moments of transverse momentum dependent (TMD) correlation functions

LIRs are satisfied in the
covariant parton model.

97 (z) +

hi.(z,pr) — hy%(z, pr)

LIR d |
91(2) = gi(2) + gir (),
LIR d |
R (z) "= hi(z) — byt V()
LIR d 10
R (z) "= — Ry (@),
d L(Wayy LR

dng

LIR
— h’llg(wapT) )

k2 ‘
gD (x) = / (12kT2A§2g1T(.r.k%). cte.

P.J. Mulders and R.D. Tangerman, Nucl. Phys. B 461, 197-237 (1996).
D. Boer and P.J. Mulders, Phys. Rev. D 57,5780 (1998)1.1



Consistency of the covariant parton model — Equation of motion relations

Twist-3 TMDs = Contribution from (Genuine twist 3 TMDs + Twist-2 TMDs + Mass terms )

ze = 16 + — f
— ik
zft=aft+ fi
. . . L 1L =1 n ﬁhl
Equation of motion relations are satisfied rgy = x9;, + 0 L
. . ™
in th.e cova.rlant parton model when 297 = §r + g L(1) o My,
genuine twist-3 terms are set to zero. M
1 xl 1 Eh_L
rg9r =29y + g0+ M
zhy, = zhy, — thlfl) + Mgl
shy = ahy — hy — b)) + A'”J‘ gi.
:Eh% _ (I)hrff + hy — ht,(al)
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Consistency of the covariant parton model -

WW
gr(x) "=

WW dy m [ g3 (z) dy ]
hi(z) = 29:/ > hi(y) + . —233/ — 91(y)| -

WW relations

[t [0 [ ).,

z Y M| =z Y

Quark model relations in Covariant Parton Model

91T f(z,pr) =

QTq(mvPT)

97 (z, pr)

gi(z,pr) — hi(z, pr)
g7 (z,pT) —
h%’(mva) - h%q(ff,p:r)

h’%(xapT) —
= h_lLI?(x’pT)-

1
_h’ll(;l(xapT)a

1 . . g -
—hi7(z,pr), These relations are valid in a large

—hi.(z, pr), class of quark models, including
by (z, pr), spectator models, bag model, light-
h_L(l)q

1T (x)pT)7

front constituent quark model \/

Aslan, Bastami, Schweitzer 13



Anth uark correlator Independent amplitudes in the quark and antiquark correlators and TMDs in the
covariant parton model. Aslan, Bastami, Schweitzer (2020)

[P K] k.S

®(k,P,S,n) = MA; + PAy+ Az + A4 +i(k.S)vs A5 + M $vysAg + —P’75A7 —k’YsAs
k.S 1
[P i v5Ag + [k2$] v5A10 + M2 [P, Klvs A1 + MGW'M’Y#P koS sA12 + O(B;)

. In models without gauge field degrees of freedom T-odd amplitudes, 4,, A, A;, and all the B; amplitudes are absent

Il.  Assuming the partons are on-shell, Tr[®TI'(y.k — m)] = 0, leads to the relations between some amplitudes

—m)

ll. Assuming pure spin states, w? = —1, leads to /Tg = %411 ®(k,P,S) = (k —m)A; + (kM2

[(P k) — mM] 1‘111‘777’)’5

G(kP) unpolarized partons
ok, P,S):; = 2M5(k* — m*)O(—k°)O[(P + k)?]vi(k)v, (k) x {

H(kP) polarized partons.

\
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Quasi PDFs

PDFs are calculated using light cone coordinates (+,—, 1) A¢

o) = [ Gme P PIHE U OV OIP)

qPDFs are calculated using cartesian coordinates (0, L, z)

i dZ —iT P,z I z
q(z,p, Pr) = 7€ P2 (Pl (2)v*U (2, 0)(0)| P),
The instant form The front form
V= ct ' = ct+z
-
PDFs and qPDFs are related through matching e S
1 dm 1 0 0 0 0O 0 0 1
~) ~ ~ i 0-1 0 O o 0 =1 0 D
i@, P, ) = / 0, 0, 1) qla, u) + O(1/P,) e’ e
-1 00 0 -I i 0D D



qgPDFs in quark models

---» Point splitting in + direction

1 L kT
Twist 2 PDF:  f{(z) = 557 d*k tr[®9(k, P, S)y"] 6(z — F)
3
Its quasi counterpart: DI(z,,T',v) = 2;3 /d4k tr[®9(k, P, S) T | 6(z — %) :
*," - » Point splitting in z direction
Fr'=y%o0rys3

k - k-S
®(P,k,S,n) = MA; + PAs + kA3 + —[P K|As +i(k - S)ysAs + M $v5Ag + —P’YsA? + —46’75A8

+[P.‘,2—$]75AQ + @751410 + ko5

1
M2 [P, KlvsA11 + MC“UPU’YuPukpSaAm + O(B;)

Quark models- no gauge field degrees of freedom- T-odd amplitudes, A4, A<, A;, and all the B; amplitudes are absent

k-+
k3

q 72 4 P“ q ku q
Di(z,,v*,v) =2 [ d*k ﬁA2+—A J(m—ﬁ), w=0,3.



Sum rules Number of valence quarks of flavor q
1 1 -
v s [ (1) 710)) = [ 1) = 0, <
0
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Momentum sum rule: / dmx(ff(m) + ff(:v))

0 A form factor of the energy
momentum tensor at zero

momentum transfer

22,A0) =1

o0 q
/ deq(mv,'yO,v) = NT,

— 00

/ dz [ DY(x,,~°,v) — DI(z,,7°,v
0

o )
¥/0 dz (Dq(xv,'y v) — D¥(z,, 7 'u)
( )=/

( )=/

Flavor sum rules: —

/ dz DY (z,,v%,v) = N9,

q
dxxDq(xv,'yO,v) = AU(O) :

Dq(x'vi’y v +D x'l),,y v

/ dr x

/ dr x| DI(xy,v3,v) + DI(2y,7>,v

o

Momentum sum rule: —

dmme(mv,'y3,v) = A9(0) —

o

-

A form factor of the energy .
momentum tensor at zero »_, c*(t) =0

Bhattacharya, Cocuzza, Metz, Phys.Rev.D 102 (2020) 5, 054021 momentum transfer



gPDFs in the Covariant Parton Model

/ In renormalizable theories

o

» PDFs:-1<x <1

» (PDFs:-00 < x < o©

~

b

a In CPM N\

mZ
» PDFs: —4 <x<1
My

K> gPDFs: Xppin < x < Xmax )

m? M2 M? m?2
Tmaz = (1 M2)+ \/(1+M2)2 ‘1(1+P2)+P2(1+M‘;)2

2 2 2 2
- M M
Imiﬂ: M2)_ Py (1+ M2)2 (I(1+ P2)+ P2 (1+ M2)2
z = M m2
As P* 0 ZTmaz = 5p; (1= 775) =
M m2

Tmin =_2Pz(1_ m) - —0O0

As P? 5 > Tmaz = 1

2
Mg



gPDFs in the Covariant Parton Model

» Quark distribution leaks to anti-quark distribution and vice versa

-15



gPDFs in the Covariant Parton Model

> D9(x,,y° v)and DI(x,,y3,v) are related

D%(z,,~°,v) = v DY(z4,7°,v) + (1 —v?) 271'M/ dk kGi(Mk).

> EMT Form factors are calculated and found that

1) Sum rules are satisfied /Oodx (Dq(xv,7 v) — Di(, ~°,0) =/°° 4 D@1 0) =

xva7 v)

0
oo

dz x| DY (zy,v?,v) + DI(xy,7>,v)

O

c(0) =— 1 49(0), CPM

— DY(z,,7>,v)

dx:z:(Dq Ty,7°,v) + DI(z,,7°,v)

c’(0),

Il)2

) 5
) =/ d:z:Dq(x,,,73,'U) = N7,
00 q
) =/ dx:qu(xv,'yo,v) = AU(O) ,
) 1 — 2

=/ dzrx D (z,,v3,v) = A?(0) —

This might a consequence of the fact that the quarks inside the

c1(0) =— i A9(0), bag model bag obey the free Dirac equation as they do in the CPM.



Summary » On mass shell quarks

Covariant parton model > Spherical phase space in the rest frame
» On-shell partons in pure spin states

Quarks || Antiquarks
+ — _ —_ — —
wh =< SH — (.5) pr— M (k-5) kH ot ={ gk — (k.S) PH 4+ M (k- 5) kH
[(P k) + mM] m [(P k) + mM] [(P- k) — mM] m [(P- k) — mM]
Az(k.P) = P, (k? — m?)G(k.P) A3(k.P) = P%_(k* — m?)G(k.P)
M? - _ M?
_ po 2_ 2 _ _ po 2_ 2
Au (k.P) = P, (k? —m )H(k.P)( TP mM) Ay (k.P) = P°5_(k? — m2)H(k.P) (k‘P = mM)
Table 1: The quark and antiquark correlators, polarization vectors and amplitudes for Ag = —A1; and Ag = —A1;

» All polarized and unpolarized T-even TMDs are systematically obtained for quarks and antiquarks,
» TMD relations supported by other quark models are satisfied
» Quark distribution leaks to anti-quark distribution and vice versa

> D9(x,,y°% v)and D9(x,,y3,v) are related



Outlook

o Polarized gPDFs to be completed
o Making the model more realistic by including off-shell-ness effects
o Wish to access T-odd TMDs

o Calculating other distributions and quasi distributions: GTMDs, GPDs, etc..

@)

THANK YOU



Quark correlator — no gauge field + on mass shell + pure spin states

Assuming pure spin states, w? = —1, leads to Ag =+ A4 Mixed spin state

Pure spin state

Amplitudes : As, Aqq

Choosing Ag = — Aq4

(K +m)
M2

®(k,P,S) = (f+m)Az + [(P k) + mM] Angys

w*(k, P, S) = {S“ - kS5) _pu M__ (k5 k"}
o (P k) +mM]| ™ (P k) +mM]|

ASlan, Bastamil, Schweltzer
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Covariant Parton Model - The amplitudes for quarks

» Model

Tr[®(P,k, S)I = PPO(K°)8(k2 — m2)Tr [(k +m)(G(kP) + H(kP)'yE’c/:)I‘]

» Quark correlator with no gauge field + on mass shell + pure spin states

(K +m)
M2

&k, P,S) = (F +m)As + (P k) +mM] Angs

» Amplitudes obtained in terms of the covariant distribution functions

As(k.P) = P9, (k2 — m2)G(k.P)

Ay (k.P) = P, (k* — mz)H(k'P)( B k.PAmeM)
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