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Polarized PDFs: chiral-even sector

e on the light-cone 22 =0

e twist-2 PDF

l —_
(p, s| q’(z),i’y5 [2,0]q(0) |p, s) = 2M (s - z) / ) dx e”CAq(x) =2M(s-2)Aq(¢),

e twist-3 two-particle PDF
1

(0,51 227 22010 0) o) = 2M5% [ doei*Cgr () = 260 MG (0),
o twist-3 three-particle PDF
(p, s| [—ig géﬁpq’(az)i(sz (b2)vs — iﬁ'pz(bz))q(cz)] |p,s) = —48%<2M §(a§,b§,c§)

with { =p- 2.
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Twist decomposition g7 (z) = gi¥?(z) + g3 (z)

e Exact relations to all orders based on OPE [I. Balitsky and V. Braun, (1991)]

1
/g\%‘WQ (©) = / da Aq(ag), Wandzura-Wilczek relation
0

1 €T
#(@) = 0(@) | d—yyAq(y) ~o(-2) [ 1 d—qu(y)

z

1 1
~w3 _ 2 2aq
F3(¢) = 2 /0 da/a dB BB, B¢, al),

() 2/[dz]/l o (6(93+a931) I O(z + z1 + awxa) o §(z +a:1)) (w1, 2, 73)
0

13 273 172

/[da:} = /11 ﬁ dz; 6(z1 + z2 + x3)
—li=1
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loffe-time distributions

[V. Braun, P. Gornicki and L. Mankiewicz, (1994)]
e off-light-cone separation 22 # 0

(p, 3 @(2)#7°[2,01q(0) |p, s) = 2M (s - 2)G1((, 22)
(p, s| @(2)747° 12, 014(0) |p, s) = 2M s5.Gr (¢, 22)

tree-level a(() = E\q(C) +0(z?) é’;(() =g7(¢) + O(z?)

e OPE — Factorization Theorem

1 —
G1(C,2%) = /0 da C1 (o 1222) Ag(ad, ur) + O(22)

1 —
Gr(¢,22) = /O do Co(a, y 22) Rg(ad, ur)

1 1 ,\
+2C2/0 da/o deCB(OhB,M%ZQ)S(C,ﬁC,aC,uF)+O(z2)
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Twist decomposition for ITDs

Alternative representation

1 1
Gr(¢,2%) = /0 da Cr(a, p322) G2 (al, pr) + /O da Copt (e, p322) G2 (o, pr)

1 1 —~
w2t [ [ 45 Capu(a, 8,11, 56,0 )

e S is indispensable!

e separation between Cga¢ and Cg3p¢ is ambiguous gtTW3 oS
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One-loop matching

g 3

e Background field technique [L. Abbott (1981); I, Balitsky, V. Braun (1989)] in axial and Feynman gauge

e Evolution known, used for renormalization [v. Braun, A Manashov, J. Rohrwild, (2009); YJ, A. Belitsky, (2014)]

T
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One-loop results in position space: twist-2 part

— 1 —
G1(C, 22, 1) = Ka(C, 1) + as /0 doe CY (, L, ) Aq(at, 1),

1 2 3-8a+3a2—-4lna 3 7
Cgl)(a7LZ):20F |:(_Lz +a " o+ 3a na) + 6(a) (ELZ-F*)
+

11—« l—-«a 2

1
GE¥2(C, 2%, 1) = G2 (G, ) + as /0 da O (, Lz, ) G2 (0, 1)

1+ a? 1—4a+a?—4lna _ 3 5
O (o, L) = 20p | (~L. TEZ + LT )++6(a) (3r-+3)].

2,2
N
L, =1In (4e—2’YE )
1 1 !
o ClV £l — WW relation G5 :/ da Gy is violated:

0

additional information (C{)) required for G2 even if Gy is known
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One-loop results in position space: twist-3 part

R = G (o) +as /0 da O (o, L, 1) 97 (G, 1)

+ 205 No(? /0 " / Cap [B(aL + 2+ a) + 28] 5(¢, 8¢, 0¢) + O(1/Ne)

or equivalently

1
G5 = 33 + 0o | da [P (0,1, ) + Ve (Lx (5(3) = @) + -+ 25(a) | 35 (al. )

1 1 ~
+ day Noc? / do / dB1n B 5(¢, B¢, aC) + O(1/N.)
(0] a

e O(1/N.) given in 2103.12105
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gPDFs at NLO

e Fourier transform position-space result (ITD) — quasi-PDF [X. Ji, (2013)]

dz 3
g1(x, pv) =pv/§e_“”p“91(Zpu,z2)

vy

dz 3
gr(z,po) :pv/Q—e‘“”p“gT(zm,zQ)

Pv=7v'Pp

e Factorization theorem: support |z| € R [T. Ilzubuchi, X. Ji, L. Jin, I. W. Stewart and Y. Zhao, (2018)]

2.9 = Aal) +ar [ 2o (2,1,) Aqt).

re.p0) = gr(@) +ar [ (oD (2,1,)g820) + 6 (2,1)a80))

+2a:C5; ® S,

2
W
Lpy=ln|——=
<4y2p%>

e explicit one-loop matching coefficient functions Cgl) given in 2103.12105

first explored in [S. Bhattacharya, K. Cichy, M. Constantinou, A. Metz, A. Scapellato and F. Steffens (2020),(2020)]
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pPDFs at NLO

e Fourier transform position-space result (ITD) — pseudo-PDF [ A. Radyushkin (2017)]

m(o,2%) = [ SeG1(¢ )

d )
or(e,2%) = [ 52 Gr(¢, )

Pv=v'Pp

e Factorization theorem: support |z| < 1 [ A. Radyushkin (2017)]

L do a8
gl(az,z2) = Aq(z) +as/ —Ggl)(a,Lz)Aq(a) ,

|| &
L do az az
sr(@2%) = gr(@) + o [ 2 (el Lag?(2) + ehantor®(2) )

|| (0% (6%

aF 2a5€§;)t ® Sy

2
W
Ly=ln|——
<4y2p%>

e explicit one-loop matching coefficient functions GEI) given in 2103.12105
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Breaking of WW relation at NLO

e “How much” WW-relation is violated?

1
tw2 22 — d La22?) =
(&% ) /0 a G (al, a“z”)
2

1
1
:8aSCF/ do (Liz(&)—i-ln&lna— noa
0

)&uac) +0(a2).

e Local expansion: how much twist-2 contamination from WW subtraction?

1
5
QT(C,ZQ) = /0 da gl(ac,a2z2) =4asCpag + iQEaSCF a1

z 20 13 4
C {dQ — —C’FasaQ +a5d2 |:LZ (?Nc = 3N ) —8CF:| }-|—(9(<377;2)7

1 _ 1
@i :/_1d:c:c"Aq(:c), da2 :/0 dx 2*[3gr (x) — Aq()] :/[d:c] 57 (1, m2,T3) -

20 G - .
e genuine twist-2 —Cprasas ~ 3.6 - 10~3 vs. genuine twist-3 |d2| ~ (1 — 5) - 10~3: nois;
9 nm
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chiral-odd PDFs

e Chiral-odd PDFs:

l . o~
2 (p, 518(2)icu=r>q(0)|p, s) = 2si¢ / doci*Coq(z) = 250 5a(0),
1 . o~
(p, sd(2)ic?*v°q(0)|p, s) = —2M X / & e Chr(z) = —2MX:Chr(C),

1 .
(p; s14(2)q(0)|p, s) = 2M /Adﬂﬂ e'™Ce(z) = 2ME(C) -

Az =M(s-z)/(p-2)
e Decomposition

hL©) = B30 + A0 =2 |

0

1 ~ 1 o .
do o Sg(ac) + ¢2 / e / dBa (28 — a)B(ac, BC,0)
0 0

1 @
2(¢) = Bg +em(C) =2q + 42/0 da/o dB E(ac, B¢,0), ¥, : nucleon o-term

(p, sla(az) 0#*y° gFyuz (b2)q(c2) p, s) = 4A=¢*M H(ag, b, c€)
(p, sla(az) 0% gFuz(bz)q(cz)lp, s) = 4¢2M E(ag, b, ) M
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Chiral-odd ITDs

e Definitions:

2

(p-2)

(p, 51d(2)ic"*7°q(0)|p, s) = 2. (p - ) H1(p - 2,2%) — 2X: (Z“ - p“) MHL(p- 2,2°),

(p, s13(2)q(0)|p, s) = 2ME(p - 2, 27)

e Decomposition (to O(z2))

Hi (G, 2%) = HE2(C, 2%) + HEP (¢, 22),
5(4'7 22) = CEEQ + gnl(<7 22)

e One-loop matching

o~ l o~
HE2(C2) = A2+ as [ daCff) (@ L) B (aGim),

1
HE3 (¢, 22) = hY3(C; 1) + as /0 o CYy (a, L)RY (ag; p) + 2¢2a,CY) @ H

Cx3, = (1 i C(El)) S,

3pt

1
gnl(<7 22) = ’e\nl(c; /J‘) +as A da C-gly)th(av Lz)é\nl(ag; /J‘) + 2(211505917) QF )
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One-loop matching: 71 and Hp,

1
M (2500 = 5a(Giw) + as | da O (o, L) fatatin)
0
1
HY2(C,22) = R (G ) + as /0 o C), (L) R (ads )

o~ l o~ ~
HES(C,22) = R (Giw) + as /0 da C) (o, L)RE™ (ads 1) + 2¢2asC )y @ H

C e (@ L) = €V (0, L) + Ne[La (1 + 8(@) + 1+ 26(@) | # €1V (o, L),
~ ~ l @ — o~
c), ®H=-L.P*g H+/0 da{2Nc/O dBn B H(ac, B¢, 0)

+Nicﬁldﬁ[w_ﬁs]mamw)}7

oL =4[ (g2 - EER) @@+ D], wiwzeor
l-«a l-«a +
CS‘I’?NQ((J,7 L,)= Cﬁw(u,, L.),

e Jaffe-Ji relation preserved: to all orders!
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Summary

One-loop matching: £

CsZy = (1 + cg)) S,

1
E(C.2®) = Bu(Gin) +as [ do Ol (Lo (o) + 2%

(1) o
CS,Bpt ®F ’

Cé:l) = 6CF(15 5 no scale dependence!
@ L. a+2Ina _ _ B
cl),, = 4CF (_E -5 ).t 8a)| + Nc[— L.(1—8(a&) -1+ 25(a)] ,
1 @
Cc{) ®E=-LP"3@F+ / da{2Nc/ dB In B E(ac, B¢, 0)
’ 0 0
it 28 In & J =
b [ as {M +ﬁ] E(aC,EQO)}
Nc « 1l—«

~ 1 1 i CME? -
tw3 —_ — —E (6% 0
P ®E7NC/0 da/ dﬂl ( ¢, B¢, )
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Quasi-PDFs: one-loop matching

e quasi-PDFs with support x € R c§1> agrees with [Y.-S. Liu, J.-W. Chen, L. Jin, R. Li, H-W. Lin, Y.-B. Yang et al. (2018)]

14
h1<m,pv>:6q<x>+a5/l‘—@’|

b (2, p0) = hi(z) + as / 1 M( (510 ) P22 0) + €500 (5 10 ) 1)

+2a,¢0) ®H,

1
e(z,pv) = e(z) + 6Cpasd(z)Sqq + aS/ |—y‘ G (g Lp ) eni(y)

et (1) 8av)

+2a,¢5}, O F.

. 1 1 1 —af ~
tw3 — e
P ®H_Nc/o da/a d,Bl_aH(OéC,ﬁCvo)

e explicit expressions given in Eqs.(4.44) - (4.51) in 2108.03065

first explored in [S. Bhattacharya, K. Cichy, M. Constantinou, A. Metz, A. Scapellato and F. Steffens (2020)‘m
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Pseudo-PDFs: one-loop matching

e pseudo-PDFs with support |z| < 1

1
B1(2,2%) = da(@) +as [ e (e Laysa (),

|z|

1
hL(x722):hL(I)+as/ dﬁ

o] &

1 w2 [T 1 w3 [T
(el @Lang? () + el L)rg® (2))
1
+ 2as Q:(L,)iipt ® H7
L da aw
e(w,¢2) = e(x) + 6Cras6(z)Sqq + as / e hpe(enLoent (£

|

+ 2as Q:Egl’gpt ® E7

e explicit expressions given in Eqs.(4.31) - (4.34) in 2108.03065
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Local expansion of ITDs

e twist-3 extraction:

1
HE3(¢, 22) = Hy (¢, 22) — 2/0 doaHi(al,z?), much simpler!

e first twist-3 nontrivial moment

Summary

6
E(¢,2%) = (1 + 6Cras)Xy

es 11 8 11N, 11 5 s
= 5 1+as|:LZ(§NC_3NC>_ 3 +3Nc:| +O(C 7Z)7

12 12N, 36 36N,

;-3
w3 (c, 22y = —hs h3{1+as [Lz (65Nc 25 ) _ A, ”+0(<4,z2),

1
hs = B /[d:c] xo H(x1,22,23), ex = —/[d:c]E'(:cl,xQ,zg)
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Summary

e QCD factorization applies to ITDs/qPDFs/pPDFs from OPE

Complete NLO matching coefficient function available for twist-3 PDFs
o Wandzura-Wilczek relation is violated ©; Jaffe-Ji relation is preserved to all order ©

o No simple factorization for g and h, three-particle PDFs indispensable, ambiguity exists
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