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Why twist-3 PDFs?

Twist-2

Twist-3

Order of contribution:

O(1)

Order of contribution:

0(1/Q)

PDFs Dirac structure
fi(z) =7
g1(z) I'=9%;
hi(x) I =ioc'Tys

Jaffe, Ji (PRL 67, 552)/ Jaffe, Ji (Nucl. Phys. B 375, 527)

PDFs Dirac structure
e(x) =1

gr(T) F'=+'7
hr(x) [ =iocT s

Density interpretation:

filz) (=)

gi(z) (=)= (=)=
1 ;1

hl(a:) 53/) - f.

ggg correlation

Burkardt (arXiv: 0810.3589)

[ dxx?gr(z) — L force

[ dx z*e(x) — L force




Quasi-PDF approach

Light-cone (standard) correlator -1<z<1 Correlator for quasi-PDFs (Ji, 2013) —o0 <z <00
1 d - tk-z 1 d iy .
F(z) = 2 ;—ﬂ_e K Fg](x;P?’) = 3 %em i
X(pl(=3) T W(=3, 5)¥(3)Ip) . < (plo(=5) T Wa(=35, 5)v(5)Ip)
zt=%, =0 20=%, =0
« Time dependence : 2% = %(f +27) = %z— « Non-local correlator depending on position z*

Cannot be computed on Euclidean lattice

« Can be computed on Euclidean lattice

* Quasi-PDF approach made it possible to directly extract light-cone PDFs from lattice QCD

* Quasi-PDFs & light-cone PDFs have different UV behavior: difference dealt via perturbative matching

within LAMET (Ji, 2014)




Warming up! T

1) Matching formula studied for twist-2:

+1 d M2 ( Xiong, Ji, Zhang, Zhao, 2013/ Stewart, Zhao, 2017/
3 Y Xz
qq(x; P°) = O~ Jay) + O 3 Izubuchi, Ji, Jin, Stewart, Zhao, 2018/
—1 |yl Yy (P?) Ma, Qiu (2018)/ Chen, Wang, Zhu (2020)/
(Scale dependence omitted) Li, Ma, Qiu (2020) )

2) Perturbative corrections to 1-loop:

k4
) —k
1-|00p corrections — 5(1*51’)) -+ A p—>— Y + AMV
00000000

(Feynman Gauge) P

+‘

k%' _|_ A Y

(la) (1b) (1c) (1d)




Warming up!

3) Matching kernel:

O(a) = 51— ) + 257 [f(m) _ F(m)] + 20 51— ) [ﬁ _ n]

\ } \ }

Real-corrections Y Y Virtual-corrections

* Essence of such a factorization formula is the IR finiteness of the kernel

« Set up for calculation:

i.  Feynman Gauge i. UV: [Tdk, — eyv il IR: [(d’kL — Cemr




Focus of this talk will be diagram (1a)/ ladder diagram I][I

1-loop corrections = §(1 —x)

(Feynman Gauge) :
1d)

Ladder diagram: origin of new features at twist-3




Casel: g9r & 9ro



Light-cone gr(z)

Definition of gr(z):

M St gr(x) = '] (M, S%, P*) :hadron attributes
P+
Quark Target Model (QTM)
k| ;
p—RK . o'e) n — v 7
L 1 m g ) () — ig?Crp*gu / d*k_ Trluuy” (F+mg)y's (K- me) "] o BT\ 1
i (00000000 | p+ “LI7 4 oo @17 (K2 —m2 +ie)2((p — k)2 — m2 + ie) pt ) pt

* Onecannot set m, to zero at the start in QTM calculations

« Extract linear termsin m, & thenset m, = 0 unless it is used as the IR regulator



Light-cone gr(z)

Definition of gr(z):

% St gr(x) = '] (M, S%, P*) :hadron attributes
P
Quark Target Model (QTM)
k| .
p—RK . o0 n — U 1
| 2= ] Ma g g0 g _zg2CFu2egW/ A"k Trluuy” (k+mg) vivs (K + mq) ¥ (. K\ L
il (00000000 | p+ “LI7 4 oo @17 (K2 —m2 +ie)2((p — k)2 — m2 + ie) pt ) pt

(1a)

Trace algebra

@of k= : not present at ’@

. 9 Q¢ o0 tl— +
(o) B CPI™ o [ ey e bt S(a—r ) &
gy  (x) (2r)" p /_OO il (kz_ngrZ-g)z((p_k)z_m§+fzj5) x

n=4—2¢
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Light-cone gr(z)

=05
Aslan talk, LC 2019

| Aslan, Burkardt, Lorce, Metz, Pasquini |
| (@rXiv: 1802.06243) _ (M, S, P*) :hadron attributes

et |
| 1 \\ | farget Model (QTM)

wm

0.4

04t | 1 Zegw /OO d"k It [UE’YV (K +my) Yys (K + my) ’Y‘u] 5(w k+) !

e o8 08 lue 4z o 2 04,06 08 1 —o0 (2W)n (kz - mg + ?:8)2((}9 - k)2 N mg + ig) pT)pT
Jj £ 0 £ |
| | | | | - x
DGLAP ERBL DGLAP @of k= : not present at @
) 2e¢ oo _|_ _ _|_
(1) py — _ 19 CriT +f 4"k | dk~ dk* 2kt sle_F) 1
97 (@) Com P + (2 —m2+ie)(p— k2 —m2+ic) \" p*)p'

11



Light-cone gr(z)

£=0.5
05 . v . - . ; .
oaf Aslan talk, LC 2019
.| Aslan, Burkardt, Lorce, Metz, Pasquini |
af (T EDEOEE) : (M, S%, P*) :hadron attributes
o1 b g /

o 0 d -
04 rget Model (QTM) -
"‘ iy 1811.00938)

| _ - Aslan’ Burkal‘dt (aerV- 1811 0 pp)=25
ﬂ/ﬂ;sﬂl;m talk, LC 2019 L 0




Close look ... Term: 2ptk
(k% —mZ +ie)?((p — k)? — m2 + ic)

_ _ Singular term
I.  Cancellation of gluon propagator:

o PR omg (K mp) | mg ’ | \
2(1 —x)p™ 2(1 —x)pt  2p*
2p k™ 1

v

, +
(k2 —m2 +ie)?((p — k)? — m2 + ic) (k* —m2 + ig)?

13



Close look ... Term: 2ptk
(k% —mZ +ie)?((p — k)? — m2 + ic)

_ _ Singular term
I.  Cancellation of gluon propagator:

o k) —mg (kL4 mg) my \
- 21 —ax)pt 2(1 —x)pt  2p* ! !
2pT k ‘ 1
(k* —m2 +ig)?((p — k)? — mZ +ic) ] (k* —m2 + ig)?

il. Result after [ dk™ : Yan (Phys. Rev. D 7, 1780)/ Burkardt (arXiv: 9505226)/ Aslan, Burkardt (arXiv: 1811.00938) ...

A
>~
+/ é
£
(@)
g
A~|H Readl -
=1 “0 I
kq_ O(2)
L 14



2pt k™

Close look ... Term:
(k% —mZ +ie)?((p — k)? — m2 + ic)

I.  Cancellation of gluon propagator:

o k) —mg (kL4 mg) my \
) T2 -apt 20 —apt 2t !
2p"k ‘ 1
(k* —m2 +ig)?((p — k)? — m2 + ie) - (k2 —m] +ie)?

il. Result after [ dk™ : Yan (Phys. Rev. D 7, 1780)/ Burkardt (arXiv: 9505226)/ Aslan, Burkardt (arXiv: 1811.00938) ...

|
o| >~
+/ § /OO dk—
& o mZ i)
E
~ - Real).
=1 (0 '
kr 02
L 15




Close look ... Term: 2ptk
(k% —mZ +ie)?((p — k)? — m2 + ic)

_ _ Singular term
I.  Cancellation of gluon propagator:

o k) —mg (kL4 mg) my \
21 —ax)pt 2(1 —x)pt  2p* ! !
2p k™ ‘ 1
(k* —m2 +ig)?((p — k)? — mZ +ic) ] (k* —m2 + ig)?

il. Result after [ dk™ : Yan (Phys. Rev. D 7, 1780)/ Burkardt (arXiv: 9505226)/ Aslan, Burkardt (arXiv: 1811.00938) ...

A (b, [ dk~ _0

+ g o0 dk— A0 [ (2kTk= — k3 —m2 +ig)?
< —
£y /OO (k2 —mg +ig)?
E

A~|H Readl - L

= 0 1
k, 0(2)
L 16




Close look ...

Term:

2pt k™

(k% —mZ +ie)?((p — k)? — m2 + ic)

I.  Cancellation of gluon propagator:

(k1 +m2)  mg \

(p—k)*> —m?

k™ =— - + l \

2(1 —x)p™ 2(1 —x)pt  2p*

v

(2 —m2 +ie)*((p— k)2 —m

q

ii. Resultafter [dk~ :

Yan (Phys. Rev. D 7, 1780)/ Burkardt (arXiv: 9505226)/ Aslan, Burkardt (arXiv: 1811.00938) ...

A
>~
+/ é
£
(@)
g
A~|H Readl -
=1 “0 I
. kq_ O(2)
=y

(kT #£0. [= ak” =0

T (2ktET — k5 —m2 +ig)?

Lt — 0 dk

o0 . .
: — = linear divergence
\ J oo (k5 4+ m2 — ie)?
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Close look ...

Term:

2pt k™

(k% —mZ +ie)?((p — k)? — m2 + ic)

I.  Cancellation of gluon propagator:

(p—k)?2—m2 (k2 +m2) m? \

k™ =— - + l \

2(1 —x)p™ 2(1 —x)pt  2p*

v

(2 —m2 +ie)*((p— k)2 —m

q

ii. Resultafter [dk~ :

Yan (Phys. Rev. D 7, 1780)/ Burkardt (arXiv: 9505226)/ Aslan, Burkardt (arXiv: 1811.00938) ...

A
>~
+/ é
£
(@)
g
A~|H Readl .
=1 “0 I
. kq_ O(2)
=y

‘ dk~
kt £0: > =0
7 Joos (2k+k— — k% —m2 + ig)?

dk~ B
kT =0: ffooo (2 _|_Cffj2 o) = linear divergence
\ L q
- dk~ i N
[ = = e
18




1
Close look ... i :
Singular term: (k2 —m2 + ie)?

dn_zkj_ 1
(2m)n=2 (k3 + m2)

i, Resultafter [d" 2k, : g\i? (@) = —a,Cro(z) (4 — n) 2 /
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1
Close look ... Singular term: 7z 37y

dn_zkj_ 1
(2m)n=2 (k3 + m2)

i, Resultafter [d" 2k, : g\i? (@) = —a,Cro(z) (4 — n) 2 /

20



1
Close look ... Singular term: 7z 37y

n—2
n2p . )y d ’ﬁ

X EUV I

€Euv

21



1
Close look ... Singular term: 7z 37y

dn_zkj_ 1
(2m)n=2 (k3 + m2)

i, Resultafter [d" 2k, : g\i? (@) = —a,Cro(z) (4 — n) 2 /

] (la) o a,Cr
. my % 0 gT(s) me#0 ?5(‘7")

22



1
Close look ... Singular term: 7z 37y

n—2
n (1a) ™ "k1
1. ReSUIt aftel’ f d 2]€J_ . gT(S)( ) _QSCF(S(CE) (4 o n) I‘l’ / 27T n—2 kz _{%

\
|

1 1
5(58) EepgyYy — — 5(517) €IR ——
. (1(1,) aSOF

I, €Rr

23



1
Close look ... Singular term: 7z 37y

dn_2]€J_ 1 /
(2m)m=2 (k1 + pf))

i, Resultafter [d" 2k, : g\i? (@) = —a,Cro(z) (4 — n) 2 /

* IR dependence of zero modes
] (la) B a,Cr 5(99)
. my 75 0 QT(S) me#0 o

T (la) _
1. €Rr gT(S) .

24



1
Close look ... Singular term: 7z 37y

dn_2]€J_ 1
(2m)m=2 (k1 +m2)

iii.  Result after [ "2k, - gggyx)::—a@cFaug(4—¢ﬂ;ﬁe/P

* IR dependence of zero modes

] (la) o a,Cr
. my % 0 gT(s) mg#£0 _?5(‘7))
i I . €IR gé}(asg In =

iii. m, # 0

25



Close look ...

iii.  Result after [ "2k, - gggyx)::—a@cF5@3(4—¢ﬂ;ﬁe/P

Singular term:

1

(k? — mg + ic)?

dn_2]€J_ 1

(la) _

gT(S) mq#0 B

Il. €R

(1a)
‘gT(S) €IR

iii. m, # 0

(2m)"=

2 (k7 +m2)

IR dependence of zero modes

Working with m, # 0 is an issue at twist-3:
IR divergence unattended for the singular
term! First time at twist-3!

26



1
(k? — mg + ic)?

Close look ... Singular term:

dn_2]€J_ 1
(2m)m=2 (k1 +m2)

i, Resultafter [d" 2k, : g\i? (@) = —a,Cro(z) (4 — n) 2 /

* IR dependence of zero modes
] (la) o _Oé.sOF 5(99)
. my 75 0 QT(S) me#0 o
«  Working with m, # 0 isan issue at twist-3:
IR divergence unattended for the singular
. em g,fpl(‘g 0 =0 term! First time at twist-3!
» Consider two practical options:
( C 1. Retain m, In g
o gé,}(z))(q:)‘mq¢o — _Oé;ﬂ_F §(z) q (s)
. my # 0 I7(s) () = 4 2. DoDRfor [,d" 2k, in gr)
(1a) _
\gT(S)(m)‘EIR =0 .
3. Workwith my #0 for gr(

27



Results for canonical part: ] E

A « Starting expression
15 k- o)
S| @) ~ aC Qe/d”—zlﬁ/dk— 22 + 22 4 2m2 — (4 — n)m?
At IRV =GR [ omn=2 | or (2 —m2 +ie)2((p— k)2 — m2 + ie)
-1 70 1
| kg o2y * k= poleson bothsides of real axis: usual machinery for twist-2
-1
. mg#0 (13)(33)‘ = %CF (o pyy + o firy +$2_2$_1
- g 97 (c) - 2T vV (1—x)?m2 l—=z
. 0 (1a) ($)‘ o QSCF ZL'P —}—Ih'I /‘L%V +(1_$) PUV IR = +1n4ﬂ-_f}/E
1. my £ 97(c) m, . [9AY mmg / €UV/IR
a asC 2
ii. €er gé} C)) (z) = ul (:L‘ (Puv —Pir) + x1n M%)
€IR. 27T I‘LIR

28



Light-cone gr(z)

General structure for the ladder-diagram result

. (la) _(la) (1a)
k4 p—k 91 = 9ri) T 970
A e Y
(1a)
Singular term Canonical term
x &(x)

(IR scheme-dependent)

29



00000000) p

Quasi gr.q(z)

p—k | Mg (1) (1) _ig* ORI gy /OO d*k Trlu@y” (F +mg)v'vs (K +mg) v"] 6 ) L
e 397.Q 1 @) (k2 —m2 +i2)2((p — k)2 — m2 + ic) 3

— 00

(1a)

30



Quasi gr.q(z)

pok | M ae ig*Crp* g /O" d*k_Trlutn” (K +mq)y'ys K+ mg) "] of K>\ 1
QoI ToTeTeIoTe IO p* e 4 oo (2m)" (K2 —mg +ie)?((p — k)? — mj + ic) p®) p°
(1a)

Split into singular & canonical parts

26/ A2k, / K (4-n) p 26/ A2k, / kO 2K +2k2 + 2m2 — (4 — n)m2
(2m)n—2 - SERE ] Cm 2 | 2w (R —m2 i) ((p — k)® — m2 + ie)

L e R R R R R R R AR AR RN AR R AR AR NN AR EEAEAREEEEAREEEERREEEEEEEEEEEEEEEEEEEEEEEEEEEEER

/ \ (la)
g(la) gT,Q(c)

31



Quasi gr.q(z)

k =5~V )

+ p—k mg (la)(x):_iQQCF/«L%g,uv /C’O d*k_Trlutn” (K +mq)y'ys K+ mg) "] of K>\ 1
tososoooo] | P°° 4 o (R —mE (o - k2 —mEtie) T\ PP )
P

(1a)

Split into singular & canonical parts

U OF’LQ‘E /

dn_QkL

dk 2% 4 2k7 4 2m] — (4 —n)m;

(2m)n—2

/

21 (k* —m2 +ie)?((p — k)? — m2 + ig)

(la)
97.Q(c)

32




Quasi gr.q(z)

k =5~V )

+ p—k mg (la)(x):_iQQCF/«L%g,uv /C’O d*k_Trlutn” (K +mq)y'ys K+ mg) "] of K>\ 1
tososoooo] | P°° 4 o (R —mE (o - k2 —mEtie) T\ PP )
P

(1a)

Split into singular & canonical parts

0.C 2€/dn—2m/dk0 2k? + 2k2 4 2m?2 — (4 — n)m?
sUrH Q) n—2 D kQ_m2+,L'82 p_k2—m2—|—i€
q g

(la)
97.Q(c)

33



p—k ' my (M)(QL‘) _ _iQQCF/«L%gW /oo A"k Tr[uﬁfy’/ (k + mq),yif}/g) (k —|-mq) ryﬂ} N k_3 i
QoI ToTeTeIoTe IO p* e 4 oo (2m)" (K2 —mg +ie)?((p — k)? — mj + ic) p®) p°
(1a)

Quasi gr.q(z)

Split into singular & canonical parts

0.C 26/ dn—2 | / dk® 2k +2k7 4+ 2m? — (4 —n)m?
) ) e = md i) (o k) - md )

..........................................................

(la)
97.Q(c)

(la)
97.Q(s)

Singular part drops out!

34



Results for canonical part:

— z>1
' 0 ) (@) _ %Ly {oln 2225 419 2 1
l. ?77;‘317é QT,Q(C)QU my — 9 ZC'HW"_ — Su""_ﬁ O<IE<
\ xr <0
(x ln% — r>1
. la O5SCJF T
. myg #0 },Q)(C)(:z:) w T om q z In 4(1mg)p3 +1—2x O<x<1
|z ln“’T_1 +1 x <0
(2 lnﬁ —1 x>1
. la asCF 2(1—2)p2?
. €IR ’E",Q)(C)(x) o Ton \ T ln% —z—2PIr D<o <l
x—1
\(E IHT —|— 1 xr < 0

35



Quasi

gr.q(z)

General structure for the ladder-diagram result

la
gf(l“,Q) = 9@%)

Singular term

(1a)
T 97.Q(c)

|

Canonical term

36



Agreement in the IR between light-cone & quasi

4
(la) . aSCF
97 ()0 = ~ 5,

6(x)
Coefficient of zero-modes IR finite g;l{;;(sc) =

97 (@) oy, =0

€IR

37



Agreement in the IR between light-cone & quasi II

(la) . C‘456113'
. . L. (1a) gT(S)( )|mq?/_-[] - 2T 5(‘2’:)
Coefficient of zero-modes IR finite gT(S)( ) = 4
(la) _
gT(S)( )|EIR =0
a asC ( T
gé}(c)) (z) _ : F = Puv rln %5 —1 x>1
T (1a) o asCF 43;p§ 2
x2—2m—1) 97,0(c)(®) N 2W6$1n(1—$)m3+1_2$+ﬁ 0<z <l
l -z z In mT_l +1 x <0
(2 In 5 = r>1
C 3
a sC (1a) _ QsbF 4(1-2)p3 N _
Wy =25 (spy i-n) | rantl, = Qe Y 0<es)
’ |z In2=1 +1 r <0
asC 2 QSCF<$InM—LE D<ax<l1
W] =5 (o pw+ »In 10V o i
EIR ”IR K In a:T—l +1 €T %80




Agreement in the IR between light-cone & quasi

« Other diagrams can be calculated just like in the twist-2 case

- Diagram by diagram the IR poles exactly match between gr(z) & gr,q() : heart of quasi-PDF approach

39




Agreement in the IR between light-cone & quasi

« Other diagrams can be calculated just like in the twist-2 case

- Diagram by diagram the IR poles exactly match between gr(z) & gr,q() : heart of quasi-PDF approach

« Matching kernel can be extracted diagram by diagram

Example:
k1 CO) = 6(1—2)+q" (@) — ¢ ()
A —— Y

00000000 — 51— a) + €3 (@) + 1 (@)

P
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Agreement in the IR between light-cone & quasi

« Other diagrams can be calculated just like in the twist-2 case

- Diagram by diagram the IR poles exactly match between gr(z) & gr,q() : heart of quasi-PDF approach

« Matching kernel can be extracted diagram by diagram

Example:
k1 CO) = 6(1—2)+q" (@) — ¢ ()
A —— Y

00000000 — 51— a) + €3 (@) + 1 (@)

P

(1a)

Canonical part of kernel independent of IR requlator (like twist-2)

r5(:1.‘[1%—1 x>1
(1a) _ aCFp A (1—z)p2
C(C) (CE) e — 2’]]' 4 :Bln% — X 0<$< 1
\xlnm—_l%—l x <0

xT
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Agreement in the IR between light-cone & quasi

« Other diagrams can be calculated just like in the twist-2 case

- Diagram by diagram the IR poles exactly match between gr(z) & gr,q() : heart of quasi-PDF approach

« Matching kernel can be extracted diagram by diagram

Example:
k + p—k C(la) (:L‘) _ 5(1 _ :U) + q~(1a) (:E) . q(1a) (Jj)
A Cor o Y
2 + m — 5(1 . ZL‘) + C((Sl)a) (.CE‘) 4 C((i)a) (3’:)
(la)
Canonical part of kernel independent of IR requlator (like twist-2) Singular part of kernel: dependent on IR requlator
(new at twist-3)
(2 In = —1 x> 1 o
o (la) s“YF
Cioy' (@), o= ——=—6(x)
la a;Cp )2 o 40
O((C) )(LE) Mg,Mg,CIR - 27T < v 11'1 4(1”# - 0 <T< 1 C((:)a) (a.;) = Qﬂ-
L7 I 5 v <0 ol @), =0




Matching in MS

Cms(&p%) LT 6(1—¢)
([ —€2+2e+1 3 3
B ln€£1+1§£+ﬁ} S ¢ If DR to singular t
DR — L @O ) - 4261 ) 4E0-00) o 1] 0<e<1 0 singularterms
2 L —¢ pe N
—E2 42641 -1 f 3
([T In7e et o 5)} “agy <0
OzSCF 1 3 uQ
S1—6)(—=+In—
— i 2T ( é)( 2 i 2 n4p§
— 2
7]
(s (5= _2) ’ = 0(1-¢)
P3 My
T :
£1+2£g+1 1n££1+ 3 e+ g} N £>1 ':;r;lg é? to iné;u_lar
- m .
asC g
mg #£0 — + =1 5(£)+ 2L 45(1;55)103*&15 L 0<¢<1
—£242641 ¢ £-1
L 51—5 In>¢ - 1—5 + 2(1—£)L B 2<1—£) §<0
OzSCF 1 3 Mz
(1 — — 1
— * 2T ( {)(24—21141% 43




Matching in MS

= 519

€IR
( 72+2£+1 E § 3 3
bR . ozSQC'F<{52+2§+11 1= £Tp3+£1£¢1] 0<&E<
T T
—5+25+1 51 3
a.Cp 1 3
f1-8 -+
— + 2T ( 2+2H4P%)

Problems with MS:

I.  Convolution integrals are divergent(: 51115 divergence

ii. Mismatch innorm:  [*°_g"S(z,u,p?) # [ ¢™S(z, )
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Matching in MS

= 519

€IR
(| = 2+2 +1 3 3
DR — + QSQOF < [ 52”5“ e f,: 1} 0<g<1
s —t=-
—¢? +2£+1 £ 1 3
OzSCF 1 3
d1—-8(—=+=ln—
— i 2m ( 2 i 2 . 4p§)
Problems with MS: Introduce MMS scheme: Alexandrou et. al. (arXiv: 1902.00587)

i.  Convolution integrals are divergent( 5 In¢ divergence I Subtract divergence outside physical region

_ - .- 1 Mo
ii. Mismatchinnorm: [ @S, u,p%) # [; ™S (x, n) i. Impose: [7 ™S (x,p,p%) = [) MS(x, p)
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Matching in MMS

12
C\irs (6, 2) = 0(1-¢)
P3 €IR
([ —¢%42¢41 ¢ ¢ 3
asCr | [—e242e41 | 460-8)p2 | €2—¢—1
+ 827-(- <_ T—¢ hl Mg S—f—T] 0<€<1
[ 242641 ¢ £-1 ¢ 3
T Ity et 2(1—5)]+ §<0

Matching implemented in lattice QCD (S.B, Cichy, Constantinou, Metz, Scapellato, Steffens:
arXiv:2004.04130)

Results are encouraging

@Krzysztof ’s talk today for lattice results of @
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General structure for the ladder-diagram result

k ( (1a) /’ (1a) \ ( (la)
+ p—k | : € < €(s) L e)
00000000 -

. (la) (la) (la)

i H W \\hL(s> / o)

Trouble-maker term for both light-cone &
guasi-PDF results
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Light-cone results

dn_QkJ_ 1
@m)" 2 (k2 +m2)

Singular term: eg)a)(m) = —hfnl(‘;% () = —asCpd(x) (2 —n) /ﬁﬁf
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Light-cone reg

—2(1 —¢)

QEfdn_le ].
) @ B+ m2)

Singular term: eg)a)(m) = —hfnl(‘;% () = —asCr o(x)
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Light-cone reg

Singular term: eg)“)(m) = —hg{;)}(m) = —a,Cpi(x)

asCHl \ 2
la s
. mg # 0 ety (@), = o '\5(33)(% the )
\ J q
ot 7N « Zero modes are unavoidable
. a Qg
Il. €R e%i) )($)|Em = '6(:L') (PUV — P +In ZLII}Z)
\ l
t’"\
4 a C’ 2
ey (0], = ~5 F'é(:c)(PUV+1n - )
iii. my #0 g)@)(m) = o ‘>'~‘~‘\ ’
o (10) F,(s . (PUV — P+ In MUV)
(b) ( )EIR QT \( ), I'LIR

So’/
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Light-cone reg

Singular term: eg)‘”(m) = —hg(‘;% () = —asCr o(x)

N
: asC 'l i \‘
. mg #0 eta) (2)],, = —=—"d(x) PUV+111 Uvi_1
‘ 2m my |
\\ /
RN « Zero modes are unavoidable
H (la) asoF 2
Il €mR e (@), = 5 0(x) PU\} PIRH- In FUV
AN “IR  IR-dependent prefactors of the
DL zero modes
/ \
e sC Py
68) )(m) = a2 Fé(m)( —v“ln MU;,‘ 1)
Mq mzi
iii. my # 0 ets) (x) = ¢ . ,‘_\\;’ iy
o(1a) T F 5(ax (77 MU\/)
A = U\A PIRH‘hl
( ) ( ) €IR Q9 ( ) \ , /'LIR
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Quasi results (\2(1 B I']_['I

Singular term:  eqes) () = —hr g (z) = a,Cp p® ;FE/ = f

(2m)n=2 ) 27 (k? —m2 +ig)?
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Quasi results I']_['I

Singular term:  eqes) () = —hr g (z) = a,Cp p® ;FE/ = f

2 —m2 +ze)2
i [dEY : A
+| §
s k2 02
£
A~|— Real
) ) T
> K 0@
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Quasi results

Singular term:  eqes) () = —hr g (z) = a,Cp p® ;F'ﬁ/ = f

—m2 + ’68)2
[dk° - A i, [ d?ky:
+|§
g kg O(2) / d2k, p3 _ i pS
T % Rea;’ (2m)? (KL oPps my) 2w \/332193 +mg
| ke OQ2) | |
-1 twist expansion r 1
— x>1
T
[ 1 L
= — — x
oo (K2 —m2 +ie) (k? + 22p3 + m2)3/2 27 T
1
—— x <0
N

T

Light-cone PDF Quasi-PDF

o(x) ] —o0o<r <0
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Comparison of singular terms

Light-cone PDF

Quasi-PDF

(1a)
€(s)

(z) = <

( (1a) B asCrp #%V
¢y (@), = . 5(5U)<73Uv+lnm—§_ )
QSCF

2
o(r) (PUV —Pmr +In _ﬂgv

(La)
Cs) (T)
- | MR

€IR o 27T

)

.

Bl—= 8| 8|~

”~

r>1

OD<ax<l1

r <0
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Comparison of singular terms

Light-cone PDF Quasi-PDF

(1

( (1a asC 2 — x> 1

eg) )($)|mq ~ 9 Fé(x) (PUV + In MLX — ) T

(1a) a g (1a) a;Cr
€@ () = ) e () = = 0<z<1
(1a) _ oCp Huv g
€(s) (:r:)|€ = d(xz)| Puv — Pr +1In —+
\ " 2m Hir r<0

 Singular terms exhibit IR divergence: 1/ poleas = —0
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Comparison of singular terms

Light-cone PDF Quasi-PDF

(1

( a Ofsc — r>1

) )($)|mq = QFF(S(QD')(PUV @ 1) . z

el (#) = 3 eom (@) = L 0<z<1
e(la) ($)| asCFé( )(,P 1 /'L%JV) i 27
S €1 = L Uuv n =5
L) " 2m Hir x <0

Singular terms exhibit IR divergence: 1/z poleas z — 0
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Comparison of singular terms

Light-cone PDF Quasi-PDF

(1

( a Ofsc — r>1

) )($)|mq = QFF(S(QD')(PUV @ 1) . z

el (#) = 3 eom (@) = L 0<z<1
6(10) ($)| ascFé( )(,P 1 /'L%JV) i 27
S €1 = L Uuv n =5
L) " 2m Hir x <0

 Singular terms exhibit IR divergence: 1/ poleas = —0

 Mismatch in the IR behavior between the = dependent e (z), hre(z) & eqe)(®), hrqge ()

» Potential problem with matching
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Comparison of singular terms

Light-cone PDF Quasi-PDF

(1

( a Ofsc — r>1

) )($)|mq = QFF(S(QD')(PUV @ 1) . z

el (#) = 3 eom (@) = L 0<z<1
e(la) ($)| asCFé( )(,P 1 /'L%JV) i 27
S €1 = L Uuv n =5
L) " 2m Hir x <0

Singular terms exhibit IR divergence: 1/z poleas z — 0

Mismatch in the IR behavior between the = dependent ey (z), hre () & eqe)(z), hrge) (@)

Potential problem with matching

Cross-check: agreement of norm

fdm eqs)(T) = /d:ce(s)(;v); /da: hr.qe)(x) = /da: hrs) ()

S.B., Cocuzza, Metz (arXiv: 1903.05721)

60



Summary

« Calculated twist-3 light-cone PDFs gr(z), e(x) & hr(z) & their quasi versions in QTM

Ladder diagram and zero modes:

m—

« Zero modes may or may not show up in light-cone gr(z) (IR scheme dependence)

« Corresponding terms drop out in g7 q(x)

IR poles agree between gr(z) & gr,q(z) for all diagrams: Matching is possible

Zero modes bound toshow up in e(x) & hr(x): e(x), hp(z) — 0(x)

Corresponding terms bound to show up in eq(x) & hrq(z): eq(x), hp g(x) = —

Mismatch in the IR between e(z) & eq(x) aswellas hy(z) & hr q(z)

Potential problem with matching
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Back-Up Slides
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(1b) a;Cr 1+z P 1 Hov
gT ( ) 'rn,y 271_ 2(1 o "L') uv + 1 _’L'T]’)Jﬁ 9
2
(1b), . asCr 14z D l il
9r (@) o Bl—m \ TR (1 z)’m2
(1b) (ISCF 1+ //J[ij
x ; | .
Ir (L) €IR 27 2(1 — L‘) PLV Pm‘ * 'ul?R
(2a) 9X(p) asCp / iy
It mg op Img 2r  Jo Y\ Pow 10 g ym?
(23) az(p) - (‘YSCF /1 (1? (1 =y ) ,P + ll] /LIQV - ]- + y2
< my Bp my - 2T 0 % % 2y (1 = l/) 7712 (1 == .7/)2 ,
IS 1 2
(2a) 9X(p) a,Cr / T
= 1
gT €IR 0}5 €IR 2T 0 Yy Ry I Tl /LIQR
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(1b)
91.Q

(1b)

(1b)
91.Q

()

m g

(x)

my

€IR

Quasl grq(z)

15
rln 7 R |
'E =
T 4(1 — z)p?
= a,Cp l+a <ln—( ;)pg D axl
2 2(1 — x) m2
r—1
In e l),
L T
( p
In 7 e>1
—
. ; Y
= asCr 1tz <ln——1 LT)gz D <l
2r  2(1 — ) (1 —z)m2
r— 1
In J <0,
\ I
rlna. o 7 > 1
asCr 14z 4z(1 — z)p3
= — ¢ In = —-P O<e <l
27 2(1 —x) p2, "
r—1
Kln " o< 0.

64



Quasl grq(z)

2 |
- > 1
1d (-YSCF 1
(](TQ)(J) = e 43;_1 0<z<l
1
r <0
N | -
[ —2euv Y
) b (y In — 1) y>1
=1
c 3 —2eyuv 2
(2a) 0%X(p) asCr p / . 4(1 —y)p3 :
| = = — | o | gy e dy £ 1 Viyln ———=+1 — 2 <y«
TRl = "8y |m, g o Sov)CAE) fuy e ’ myg g ’
ol o1
(=) ™*""V{yin +1 y <0,
\ Yy
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Quasl grq(x)

r

(1 — €yv) y~2€uv ((1 —y)In

y—2‘l1\" ((1 ™ fuv)(l i ',l/) In

2y* — 5y + 1
l—y

1 €uv 4y
2 J1-y

—(1 — €yv)

\

(1= ) (o) (=)

yﬁl-i—l) y>1
4yp3
(1 —y)m32
O<y<l1

y—1
=1 y<0,
Yy
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Quasi grq(z)

i Y
y"%”"’ (y In —— — 1) y>1
y—1
. 4y(1 — y)p?
y—zeuv <y In y( - y)p3
:uIR
+1—y—y7’m) 0<y<l1
i )t |
(—y)" """V (yln +1] 2<0.
\ Y
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