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Parton Models

The nucleon has a complex This complex structure is simplified when
structure boosted to the IMF = Parton model
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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

Nucleon Rest Frame
Petr Zavada-The structure functions and parton momenta

ffz distribution in the hadron rest system,1996
The assumptions of CPM
. . A
- 1- Spherical phase space is assumed:
- K3
\/k%+k§+k2 < kn,
o %
kq
4 I
2- Quasi free partons are on
. 1,2 2
ko= (kO kL2 K mass shell: k* =m* .
( ) ) Lo
P = (M,0,0,0) N - p.
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Covariant Parton Model

Nucleon Rest Frame

ks
4

Petr Zavada-The structure functions and parton momenta
distribution in the hadron rest system,1996
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The assumptions of CPM
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1- Spherical phase space is assumed:
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2- Quasi free partons are on
mass shell: k* = m*>
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Covariant Parton Model

Nucleon Rest Frame Infinite Momentum Frame

W Boosting the nucleon to the IMF

k= (k%KY K% KD K= (KK k% EP)
P = (M,0,0,0) P = (P’O,Pl,Pz,P'B)
'//’ . kO + k3 \\‘ ///_ kO _+_k.3\ \\\
\\x o M //, (\\ B PO + P3 /’I
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Covariant Parton Model

Assumptions Limits
. mz
» Spherical phase space <y <1
M2z~
2 2 2 2
> On-shell partons m*—M < k. < M*—m
2M T T _2M
. . m
» Consistency with IMF 0<k2<M>?(x— W)(l — %)
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Covariant Parton Model
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Covariant Parton Model Structure of the nucleon at leading and subleading twist in the covariant
parton model - Bastami, Efremov, Schweitzer, Teryaev, Zavada-2020

1 . k-S k-S
®(P,k,S,m) = MA; + PAs + FAs + W[P, KlAs +i(k - S)ysAs + M $v5As + 7P75A7 + TK’YSAS

P, # Kk, 8 k-S 1 .,
+[ 9 ]75149 + | 9 ]75A10 T 5072 [P, K]vs A1 + Mpr YuPrkpSsArz + O(B;)
k: Parton momentum M: Hadron mass
P,S: Hadron momentum, spin A; = Aj(k* k. P)
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Covariant Parton Model

k-S
M

1 k-S
®(Pk,S,m) = MA, + PAy + FAsz + W[}b,k]fh +i(k - S)vsAs + M BysAs +

[P, #] [k, 8] k-S

1
Y VE

[P, K]vs A1 + Hfuupa’YpPukpSaAm + O(B;)

+ v5Ag +

2

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

k-S k-S
®(P,k,S) = MA; + PA;s + kA3 + M $ysA¢ + 71”’75147 + 7%’)’5148
: \ k-S
+ [P2$] V5 Ag + [k2$] ¥5A10 + YE [P, K]vs A1

No gauge field degrees of freedom — Down to 9 amplitudes
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Covariant Parton Model

k-S k-S
®(P,k,S) = MA; + PA;s + kA3 + M $ysA¢ + 71”’75147 + 7%’)’5148
: \ k-S
+ [P2$] V5 Ag + [k2$] ¥5A10 + YE [P, K]vs A1

Assuming the partons are on-shell, Tr[®L'(k +m)] =0

leads to the following relations between the amplitudes

AQ - Ag = 0
m m m
A = MAB Ae = MAlO Az —MAII
P-k m
Ag=L Ry ™y
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Covariant Parton Model

k-S k-S
®(P,k,S) = MA; + PAy + kA3 + M $ysA¢ + 71”’75147 + 7%’)’51‘18
: \ k-S
+ [P2$] V5 Ag + [k2$] ¥5A10 + YE [P, K]vs A1

On mass shell quarks = Down to 3 amplitudes

(k.S)
(P . k)A]_l - mMAg]

M M(k-S)
m [(P - k)Ap; — mMAg] léAS}%

PA;L +

S(P,k,S) = (k+m)ds + & A‘;;") (P k) A1y — mM As| {$ - [
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Covariant Parton Model

(k+m) (k.S)

(P . k)All — mMAg]

M M(k-S)
m [(P +k)Aq, — mMAg] 16148}75

®(P,k,S) = (K+m)As + PAn+

M2

(P k) A1 — mM A {$ T

G(kP) unpolarized partons
®(k, P, S)ij = 2P°O(k°)é(k* — m?)u;(k)u; (k) x

H(kP) polarized partons.

Tr[®(P,k,S)I] = P°O(k°)5(k? — m2)Tr [(16 +m)(G(kP) + ’H(kP)fysc/))F]
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Covariant Parton Model

(k+m) (k.S) M M(k-S)

]6148}75
(P-k)A;; — mMAg] m [(P k)Ay — mMAg]

K )
f

£ g(kP) > 0

(kP < G(kRy

G(kP) unpolarized partons

®(P,k,S) = (K+m)As + PAn+

M2

(P k) A1 — mM A {$ T

\

®(k, P, S);; = 2P O(k%)é(k* — m?)u;(k)u; (k) x
H(kP) polarized partons.

Tr[®(P,k,S)T] = P°O(k°)5(k? — m2)Tr [(16 +m)(G(kP) + H(kp)yf’(p)r]
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Covariant Parton Model

(K +m)
M2

(k.S) M M(k-S) i AS}%
(P . k)All — mMAg] m [(P . k)All - mMAg]

k )

®(P,k,S) = (k+m)As + [(P -k)Aq; — mMAs] {$ - [ PA +

Mixed spin state —

1
Pure spin state w
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Covariant Parton Model

(k.S) M M(k-S) i AS}75
(P . k)All — mMAg] m [(P . k)All - mMAg]

K )
f

¢

PA,L +

®(P,k,S) = (K+m)As + (k]\;—zm) [(P k)A — mMAg] {$ - [

Assuming pure spin states, w?=-1

leads to the following relations between the amplitudes

Ag = FAn
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Covariant Parton Model

(k+m) (k.S) M M(k-S)

]6148}75
(P-k)A;; — mMAg] m [(P k)Ay — mMAg]

K )
f

¢

®(P,k,S) = (K+m)As + PAn+

M2

(P k) A1 — mM A {$ T

Pure spin states — Down to 2 amplitudes

B . B+m)r, . B (k.S) M (k- S) Ars
s e A
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Covariant Parton Model

1 . k-S k-S
®(P,k,S,m) = MA; + PAs + FAs + W[ib, KlAs +i(k - S)ys As + M $v5Ae + 71”’75447 + TkvsAs

[P, ] K, 8] k-S

1

[P, Klvs A1 + Mewpc’%pykpgaAm + O(B;)
» No gauge field degrees of freedom

» On mass shell quarks
» Pure quark spin states

$

_ m (¥ +m) . m - (k.5) _M (k- 5) 5A11
UPK ) = (F+midst Soe |0+ M]{$ [(P.k)+mM]P m[(P.k)+mM]k}7A

+ Y5 Ag +

2
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Twist-2 TMDs in Covariant Parton Model

Quark polarization

Nucleon polarization

T-even TMDs (in blue color) can be

. - v computed in models based on quark
degrees of freedom only. T-odd TMDs
f1 hi‘ (in red color) require explicit gauge
field degrees of freedom, and cannot
n be modeled in the approach used in
g1 h1; this model.
1 1 hl
fir | 91r | hi;
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Twist-2 TMDs in Covariant Parton Model

Nucleon polarization

Quark polarization
T-even TMDs (in blue color) can be
U L T .
computed in models based on quark
degrees of freedom only. T-odd TMDs
U f1 (in red color) require explicit gauge
field degrees of freedom, and cannot
g hi be modeled in the approach used in
1 1L this model.
1 hl
T dir | hiy

h1 and f17 cannot be calculated in CPM because they are T-odd
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Twist-3 TMDs in Covariant Parton Model

M el*k}.Sk
o = e == Lez,
i) — M kr-ST
¢ 7 - P+ _SLeL + M BT],
i M 'k?j ‘ Ejkkk KjkElel
o0 = T[St et sk 4 ST - S
- M7 K’ KkIk Gk eIk Lk
o = o |Stgr + Spoker + 5 er + MTQL],
Qi pk _ Gk
otk M Stkr — Stki | | __jk ]
ot = S|t — €7,
J Mt kt.S
gl = o |SLhe + rI]‘wThT].
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Twist-3 TMDs in Covariant Parton Model

M
1] _— =
¢[i75] — :
. M 'kj
(vl — 2|2 L
¢ P+ _Mf ]?
jA5 M 1 . kj lﬁijk’
d’h vl = Pt -S:JFQT + 5L MTQEI: + M2T g% ],
_ ol .k k 1.7
ioiky?) M Stky — Skt | |
¢ P+ | M h’T :|7
i M r kt.S
] _ T-2T
¢7 - P+ _SLhL + M hT].

et,er, er, fr, fir, f#, g, and h cannot be calculated in CPM because they are T-odd
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Limitations in Covariant Parton Model

Twist-2 TMDs

Nucleon polarization

Quark polarization
¢[1] —
U L T ¢[i75] =
f ¢[’Yj] _
1
¢['7j75] _
AL
91 hiy glio™ ]
i h_Ll ¢[’Yj] —
dir | hyy

Twist-3 TMDs

M
= )
M rky
Pt Mf

P k% 1 "jks%lc‘ 1
o _S%QT +SLMQL + a2 97
P+ | M T ’
Mt kr.S
P_+ Srhr + rl;wThT].

No accesstoT —odd TMDs
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Lorentz Invariance Relations in Covariant Parton Model

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

The superscript (1) indicates the
k% moment of the TMD

k2 ‘
y%—)(.l') = /(IQkT 2*\7[12 .(,/IT('I'- k%)

ete.

g7()
(@)
(o)
g 1(@) + < 5 V(z)

LIR d 1¢1
= gl@) + g7 (@),

d

dz

LI d
hip(x),

LIR

= hi(z) — ——hip (=),

dx

=" hif(@,pr),
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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).
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EoM Relations in Covariant Parton Model

re = Té + mf
— ik
oft = 2f* + 1y

- m
zg; = 23y + 91 + MhiLL

rgr = gr + G17 (1) Mhl

z9r = g7 + gip + Mth

zhy = CB;LL - 2hf£1) e

Mg
7 (1
rhy = zhy — hy — h; <’+Mgi%,~

shi = zhi + hy — hys")
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EoM Relations in Covariant Parton Model

re = 1o + Mfl

rft = + f1

Tgy = + g1+ %hil-L

zgr = i1 + g1y + %’h

Ty = + gir + %hll’r

chy =+, — 2k 4+ %gl

whr = ohr —hi— bt + Tgir
zhi = vhy + hy — hyp?
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WW Relations in Covariant Parton Model

WW dy m [ hi(z L dy |
@) Y [ Wy [ O W),

1 - q/.. 1 b
dy m [ g7 (x) dy
h(z) = 293/ 2 W)+ 57 = —293/ A

Quark model relations in Covariant Parton Model

1
91T($ pr) = _hlg(x:PT):
gTq(x7pT) = _h_ll_flg(xapT)a
9: %z, pr) = —hi(z,pr),

1(1
gi(z,pr) — hi(z,pr) = hi3""(z,pr), | .
. e e ( ) These relations are valid in a large class of
97 (z,pr) — hi(z,pr) = (z,pr), quark models, including spectator models, bag
hi.(z,pr) — th[:q(a:, pr) = hlLL (x,pr). model, light-front constituent quark model
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“Essentially,

One value of the models is that they allow us to quantify how B all models
much of an observed phenomenon can be attributed to a o= a are wrong,
specific model concept ‘ - .

but some are
useful.”

George E. P. Box

Summary

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

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

Outlook

o  Exploring the anti-quark distributions
o  Generalization to include off-shell-ness effects

o  Wish to access T-odd TMDs
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