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Parton Models

Neglect the binding effects and treat the partons as being free during the short interaction time.

The nucleon has a complex
structure

Valence quarks, sea quarks, sea
antiquarks and gluons all of which
are spinning and also orbiting each

other, bounded in the nucleon

The complex structure is simplified when
boosted to the IMF - Parton model
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Stream of free partons, each carrying
a fraction of the longitudinal
momentum
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Covariant Parton Model

Formulate a covariant theory that does not prefer any special reference system like IMF and
produces the quark model for slow hadrons, the parton model for fast hadrons...
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Covariant parton model
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Covariant Parton Model

Petr Zavada-The structure functions and parton momenta
distribution in the hadron rest system,1996

Nucleon Rest Frame

ka
The assumptions of CPM
1- Spherical phase space is assumed: A
\/kf+k§+k2 < kn,
- J
4 )
2- Quasi free partons are on mass shell:
2 = m?2
E o= (K%K K% E3) \_ )

P = (M,0,0,0)
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Covariant Parton Model

Petr Zavada-The structure functions and parton momenta
distribution in the hadron rest system,1996

Nucleon Rest Frame
k;,

The assumptions of CPM

~

1- Spherical phase space is assumed:

\/kf+k§+k23km
---------------- .\ J

« K00
\af\la“o / \
' 2- Quasi free partons are on mass shell:

k2=m2

PN Y,
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Covariant Parton Model

Nucleon Rest Frame
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Infinite Momentum Frame

k, = (kIO kl k2 kl3)

-
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Covariant Parton Model

Assumptions Limits
m2

» Spherical phase space Wz <x<1
2 _ g2 2 _ 92

» On-shell partons m m” — M* <k;< M~ —m”
2M T 2M

. : m?
» Consistency with IMF 0 < k%< M?(x— W)(l — )
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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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Quark correlator in covariant parton model

Structure of the nucleon at leading and subleading twist in the covariant
parton model - Bastami, Efremov, Schweitzer, Teryaev, Zavada-2020

&(k, P,S) = (F +m) (g(k.P) + H(k.P)fy5<,b) M&(k? — m?)Ouin (k. P)

G(k.P) : The momentum distribution of unpolarized quarks in the nucleon rest frame

H(k.P) : The momentum distribution of polarized quarks in the nucleon rest frame along S* = (0, S)

Aslan, Bastami, Schweitzer
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Quark correlator

k-S k-S

1
(D(P, k, S, 77) = MA; + PA2 + kA3 + W[P’ k]A4 + ’&(k ’ S)')’sAs + M$’)’5A6 + 7?’7’5147 + Tk’}’SAS

) ) k-S 1 vpo
M'Y Ao + ¥, 8] FVE: [P, K]vsAvq + Me“ P2, P kpSs A2 + O(B;)

+ Y5 A10 +

9 P9 o

P, S: Hadron momentum, spin
k: Parton momentum
M: Hadron mass

AmpthUdes : Ala A2a A3a A41 A5a A6a A7a A8a AQ) AlOa Alla A127 Bi

Aslan, Bastami, Schweitzer
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Quark correlator - No gauge field

In models without gauge field degrees of freedom
T-odd amplitudes, A, , As, A1, and all the B; amplitudes
are absent.

Amplztudes : Al: A2) A3: AG) A7: A8: AQ) AlOa All

k.S k.S
®(k,P,S) = MA;+ PA; + kA3 + M $ysA¢ + ﬁ}b’rsfh + ﬁlé’YsAs

[P;g] Y5 Ag + [k;f] Y5 A10 + 2]3;15’2

+ [Pa k]’YSAll
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Quark correlator - No gauge field + On mass shell

Assuming the partons are on-shell, Tr[®T'(y.k + m)] = 0, leads to

A2 = Ag =0
m m m

Al = MA3 A6 = MAIO A? = _MAII
k.P m

AIO = WAH - MAS

Amplitudes : Az, Ag, A1;

[(kP)All —_ mMAg]
M2

Apolar'izcd

k.S M k.S
$ a (kP)All — mMAg PAll u m (kP)All — mMAg léAS

N -

&

d(k,P,S) = (K+ m){Ag +

)

N
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Quark correlator — No gauge field + On mass shell + Pure spin states

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

Amplitudes : As, Aqq

ChOOSing A8 —_ All

(K +m)

®(k,P,S) = (K+m)Az + Ve

(P k) + mM| Avigbys

(5, P,5) = {Sﬂ_ (kS) oy M (k-S) k,,}
o [(P.k)+mM] m [(P-k)+mM]
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Covariant Parton Model - The amplitudes for quarks

» Model
o(k, P, 8) = (k+m)(G(k.P) + H(k.P)yssp) MS(K* — m?)Oyin k. P)
» Quark correlator with no gauge field + on mass shell + pure spin states

(K +m)
M2

(k, P, S) = (K +m)As + (P k) +mM| Angys

» Amplitudes obtained in terms of the covariant distribution functions

A3(k.P) = M5(k? — m2)Owin(k.P)G (k. P)
M2
k.P+ mM)

ASIdN, bdsudimni, dcnweltzer 15

Ay (k.P) = M&(k* — m2)ekin7{(k,p)( _



The covariant functions G(k.P) and #(k.P)

P k) = ) [d ff"(fv)]

M3 |dr =z
1 a L dy a dg{(x
HIP-B) = s i@ +2 [ Pt -2 40

P. Zavada, Phys. Rev. D 83, 014022 (2011) [arXiv:0908.2316 [hep-ph]].
A. V. Efremov, P. Schweitzer, O. V. Teryaev and P. Zavada, [arXiv:0912.3380 [hep-ph]].
A. V. Efremov, P. Schweitzer, O. V. Teryaev and P. Zavada, Phys. Rev. D 83, 054025 (2011) [arXiv:1012.5296 [hep-ph]].

Aslan, Bastami, Schweitzer 16



Antiquark correlator in covariant parton model

Parton model description of quark and antiquark correlators and TMDs.
Aslan, Bastami, Schweitzer-2022

&(k,P,S) = (k —m) (g‘(k.P) + ﬁ(k.P)fyg,J)) M6(k? — m2)Oy, (k.P)

G(k.P) : The momentum distribution of unpolarized antiquarks in the nucleon rest frame

H(k.P) : The momentum distribution of polarized antiquarks in the nucleon rest frame along S* = (0, S)
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Antiquark correlator

k.S _
[};Af] Ay +i(k.S)ysAs + M $vs Ag + —P75A7 —kﬁ’sAs

¥, 8] k.S
o A0t o

(i)(k,P,S,T]) = MA1+PA2+IéA3+
[P $]

vsAg +

_ 1 _ _
[P, Klvs A1 + ME“UpO’YpPukpSaAlz + 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

Il Assuming pure spin states, w? = —1, leads to Ag = ¥4,

a(k, P,5) = (k- m)ds + £ (P k)~ mt] Aoy

Q,L(k,P,S)z{S,L_[( (k5)  pu M __ (k:5) ]kﬂ}

P-k)—mM m (P -k)—mM
I
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Covariant Parton Model - The amplitudes for antiquarks

> Model

B(k, P, S) = ( —m)(G(k.P) + H(k.P)ys) M3(k? — m?)Oy, (k.P)

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

B(k,P,S) = (} —m)As + (¥ ];pm) [(p k) — mM] Ay

» Amplitudes obtained in terms of the covariant distribution functions

A3(k.P) = M6(k* — m?)Oyin (k.P)G(k.P)

Ay1(k.P) = M§(k* — m?)Oin (k.P)H(k.P )( k,pﬂ—ljnM )
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Covariant Parton Model - Twist-2 TMDs

Quark polarization

T-even TMDs (in blue color) can

c U L T be computed in models based on
B quark degrees of freedom only.
s U f1 hi T-odd TMDs (in red color)
§ require explicit gauge field
% L g1 hh degrees of freedom, and cannot
2 n be modeled in the approach

T fl L f used in this model.

1T | 911 | hyp

hi and f17 cannot be calculated in CPM because they are T-odd



Covariant Parton Model - Twist-3 TMDs

o = e T,
Siv° = %:SLeL—I-kT]‘hSTeT]
¢[7j75] — % :S;JFQT + St %QL + ;\ZE%QT + €j;;];’gi]’
G ]JJ\/i :SJTkkMSkki hT_Ejkh]’
s = p£+ Sih+ k“;WST hr|.

ex,er, er, fr, fir, fi, gr, 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.

LIR d |
91(2) = gi(2) + gir (),
d
R (z) "= hi(z) — ——hif (@),

LIR d. i
hi(z) = — —hi(z),

d LIR
95"(@) + 97 (2) =0,

LIR , |
— hl[?(

h’%(x7pT) o h’%q(m’pT) mapT) 9

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)2.
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Consistency of the covariant parton model — Equation of motion relations

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

m

re = € + Mfl
zft=zf"+ f
. . . . . 4 — ~1 + ﬁhl
Equation of motion relations are satisfied rgy = x9;, + 0 L
. . ™
in th.e cova.rlant parton model when zor = G + ng( ) 4 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

= 2z

1 - 1q
dy m hi(z) / dy
— _|, | — | hq

— WW relations

I v

x

dy [
[ rw+ |

q _
gl(w) dy q
@ g [ gl(y)_ .

Quark model relations in Covariant Parton Model

91T f(z,pr) =
QTq(mvPT)
97 (z, pr)
9i(z,pr) — hi(z,pr)
9r(z,pr) — hi(z,pr) =
h%’(mva) - h%q(ff,p:r)

1
_h’ll(;l(xapT)a

1
_h‘llq(m7pT))

_h’g’(xapT)a

1
hli(’l)q(m7pT)7

hiLfI(‘l)q(x)pT)7

= h_lLI?(x’pT)-

These relations are valid in a large class
of quark models, including spectator
models, bag model, light-front
constituent quark model \/
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Summary ~ ~

» Spherical phase space in the rest frame
» On-shell partons in pure spin states

Covariant parton model _ _
» Consistency with IMF

\_ » Covariant functions G(k.P) and H(k.P) )
Quarks || Antiquarks
®=(F+m)A +M[(P-k)+ M}A &= (f—m)ds+ E=(p. g - And
m)As e m 1475 (K —m)As + e [(P k) mM} 1475
w”:{su_ (k8  pu_ M (k-9) k”} w”:{su_ kS)  pu M (k-5) ku}
[(P k) + mM} m [(P k) + mM} [(P k) — mM} m [(P k) — mM}
Asz(k.P) = P° (k? — m?)G(k.P) A3(k.P) = P%_(k* — m?)G(k.P)
A (k.P) = P, (k2 — m2)H(k.P)( - k;‘fw) Ay (k.P) = PO5_ (k% — m2)H(k.P) (kl)]‘fw)
Table 1: The quark and antiquark correlators, polarization vectors and amplitudes for Ag = —Aq; and Ag = —Aq;

» All polarized and unpolarized T-even TMDs are systematically obtained for quarks and antiquarks,

» TMD relations expected in QCD or supported by other quark models are satisfied
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Summary

4 , , )
» Spherical phase space in the rest frame
Covariant parton model > On-shell partqns in pure spin states
» Consistency with IMF
\_ » Covariant functions G(k.P) and H(k.P) )
Quarks || Antiquarks
(K +m) (¥ —m)

‘I’Z(}é+m)A3+W

(P k) +mM | Auighs

@z(k—m)flg—l—

e [(P k) — mM:|A11LZVY5

(k.S) M

PH —

(k-S5) (k.S) M

oy M (k-5)

v {Su - [(P-k) +mM}

m [(P-k)+mM} k”}

QNZ{SH_ [(P-k)—mM} m [(P-k)—mM} ku}

As(k.P) = P, (k? — m?)G(k.P)

As(k.P) = PO5_(k? — m2)G(k.P)

0 2 2 M? i 0 2 2\ 75 M?
Table 1: The quark and antiquark correlators, polarization vectors and amplitudes for Ag = —Aq; and Ag = —Aq;

Outlook o Generalization to include off-shell-ness effects
o  Wish to access T-odd TMDs
o  Calculating the GPDs
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