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Quick introduction on twist-3 PDFs

Twist-2 PDFs

Twist-3 PDFs

Order of contribution:

O(1)

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

Order of contribution:  O(1/Q)
Jaffe, Ji (PRL 67, 552)/ Jaffe, Ji (Nucl. Phys. B 375, 527)
PDFs Dirac structure
e(r) I =
gr () I'=917
hi(z) ['=ioT s

filz) (=)

gi(z) (== o=
A : 3

b (@) /3) - @

Twist-3 PDFs

)

ggg correlation

Burkardt (arXiv: 0810.3589)

[ dxx?gr(x) — L force

[ dx x*e(x) — L force




Sketch of quasi-PDF approach

Light-cone (standard) correlator

] 1 [d2" ik
@) =5 ) 5
X(pl(=3) T W(=3, 5)¥(3)Ip) .
zt=%,=0
— P S 1 _
« Time dependence : z :ﬁ(z + 2 ):Ez

« Cannot be computed on Euclidean lattice




"
Sketch of quasi-PDF approach

Light-cone (standard) correlator Correlator for quasi-PDFs (Ji, 2013)
1 d - ik-z 1 d s ik-z
P = 3 [ ) - [
x(plv(=3)TW(=%,3)¢(3)Ip) . <(pl(=5) T Wa (5. 5)¥(5)Ip)
zt=7,=0 z0=%1 =0
« Time dependence : 2% = %(f +27) = %2_ « 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
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Sketch of quasi-PDF approach

Light-cone (standard) correlator Correlator for quasi-PDFs (Ji, 2013)
1 d - ik-z 1 d s ik-z
P = 3 [ 5 ) - [
x(plv(=3)TW(=%,3)¢(3)Ip) . <(pl(=5) T Wa (5. 5)¥(5)Ip)
zt=7,=0 z0=%1 =0
« Time dependence : 2% = %(f +27) = %2_ « 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
« By now, enormous progress has taken place: Extraction of twist-2 PDFs, twist-2 GPDs, ...

« Other Euclidean approaches: Pseudo-PDF (Radyushkin, 2017), current-current correlators (Ma, Qiu, 2014) ...
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« Matching formula

+1 d M2 ( Xiong, Ji, Zhang, Zhao, 2013/ Stewart, Zhao, 2017/
3 Y~ T
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) )
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Matching formula

—1 |?J|

qq(z; P?) = fﬂ @C(S)Q(y) + 0O ( (g;)

(Scale dependence omitted)

One-loop matching coefficient

C(z; P?)=06(1—2x) +

( Xiong, Ji, Zhang, Zhao, 2013/ Stewart, Zhao, 2017/
Izubuchi, Ji, Jin, Stewart, Zhao, 2018/
Ma, Qiu (2018)/ Chen, Wang, Zhu (2020)/
Li, Ma, Qiu (2020) )
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o W 12017/
1-loop corrections = 4§(1 —z) + s o I
(Feynman Gauge) 2
(1a)

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

Matc

+

r N
One- :@
+ | 4 % - +
k (2a) (2b) (2¢) (2d) J
Set up for our calculation
rmq # 0
i. Feynman Gauge i. UV: [Td*k, — euv ii. IR: [[d’k. — < €eR
(Mg # 0
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Matc

1-loop corrections = (1 —x)

(Feynman Gauge)

O
S
P

(2d)

,@\
L

Set up for our calculatic Ladder diagram: Origin of new features at twist-3 r

i.  Feynman Gauge i. UV: [“dk, — euv il IR: [jd®ki — < e€mr




Casel: g9r & 9ro
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Calculation of ladder diagram for gr(z)

Definition: % S gr(z) = o' vs] Hadron attributes: (M, S%, PT)

Quark Target Model (QTM)

vﬂm\ ﬁsi g(la)(m) _ _iQQCpMQegW /oo A"k Tr[uﬂfyf/ (k—kmq)fyi% (k‘qu)’Y”} s( ETN\ 1
. pt " LHIT 4 oo 2m)7 (K2 —m2 +ie)%((p — k)2 — m2 + ie)

« One cannot set m, to zero at the start in QTM calculations

« Extract linear terms in m, & thenset m, =0 , unless it is used as the IR regulator
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Matching for twist-3 PDF gr(z)

Calculation of ladder diagram for gr(z)

Definition:

(1a)

dr

M

57 51 gr(w) = Pl Hadron attributes: (M, S°, Pt)
Quark Target Model (QTM)
Mg G0 () = O G /°° d*k_ Trlumy” (k +mq)y'ys (K +me)a"] of KT\ 1
pt I 4 oo (2m)7 (K2 —m2 + ie)2((p — k)2 — m2 + i) pt ) pt

(z) =

Trace algebra

n=4—2¢

p-|-

OR[> Cor'i . "1
_lern +/ 42k, dk—dk* LA — 5(m—k—>—
—mg + i€) pt

e ) (k2 —mZ +2)2((p — k)2
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CaICUIation O'F ladAAv AiaAavrarm fAr P U |

Definition: Twist-2 Twist-3

Numerator independent of £k~ Numerator has one power of £~

"00000000] Mg i G0 () _ig°Crp g /°° d*k_ Trlumy” (k +mq)y'ys (K +me)a"] of KT\ 1
pr THIT 1 w 2m)" (R —m2 +i2)2((p — k)2 — m2 + ie)

Trace algebra

n=4—2¢

. 9 2e 00 @ +
(13)($):_Z9 CFIU’ —I—/ dn_2kj_dk'_dk'+ pTkT ... __5 ZE‘—k— i
— mZ + ig) pT

I eor U ). (k2 —m2 + i2)2((p — k)?
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£=0.5

/!
1
]

| I

5 i
1
\ ]
\
S

_:3. | I

Aslan talk, LC 2019
Aslan, Burkardt, Lorce’, Metz, Pasquini

arXiv: 1802.06243 “
(arXiv: 1 ) N _ Twist-3
| ‘\ / :\f""/
I \ ‘ ent of £~ Numerator has one power of £~
: 4
I
/
U

. SN | (S Fﬂgegpw /OO d"k Tr[uﬁfy" (k+mq)7i’75 (k‘f‘mq)’)*u] o x
0.8 -06§~04 02 0 02 04, 06 08 1 4 e (27T)” (k2—mg—kis)Q((p—k)Q—mg—l—is)

(2m)" . (k> —m2 + i2)2((p — k)?

. o 2¢ o0 @ +
(12) () = _ 9 Cri p+/ "2k, dk~ di* vk () L
— mZ + ig) pt
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£&=0.5
Aslan talk, LC 2019
Aslan, Burkardt, Lorce’, Metz, Pasquini
(arXiv: 1802.06243)

Y ant ]
£\ 1'-}\//
3 Iy <
| ' ‘
|
: 1
| / \‘\‘ H

nt of k~

Twist-3

Numerator has one power of £~
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General structure for the ladder-diagram result: LC gr(x)

k (la) (la) (1a)
+ 9r = 97y T I7(0)

A —— Y

Singular term Canonical term
x 0(x)

17
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Close look at singular term

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

Result after [d" 2k, : gé}(‘g(m) = —a,Cri(z) (4 —n) /_FE/
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Close look at singular term

dn_2]€J_ 1
(2m)n=2 (k3 + m2)

Result after [d" 2k, : gé}(‘g(a:) = —a,Cri(z) (4 —n) /_FE/
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Close look at singular term

n—2
ooy . (10 A7k
Result after [d" k. @ gp)(x) = —a,Cpd(z ‘ / 27r =2 (2 +m2)

X EUV

1
(X —_—
EUV

20
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Close look at singular term

dn_2]€J_ 1
(2m)n=2 (k3 + m2)

Result after [d" 2k, : gé}(‘g(a:) = —a,Cri(z) (4 —n) /_FE/
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Close look at singular term

n—2
- ] (1&) . d kJ_
Result after [d" ?ky : gy (2) = —asCré(2) (4 —n) p* f omyn—2 (k2 V{i

Il. €R
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Close look at singular term

n—2
- ] (1&) . d kJ_
Resultafter [d" 2k, : gy (2) = —asCrd(z) (4 —n) p* / omyn—2 (k2 V{Z

\
|

1 1
5(38) cygyy — — 5(58) €EIR ——
] (la) a,Cr
. mg#0 97() | my 20 = —?5(.@) (} cuv €IR

Il. €R
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Close look at singular term

n—2
- ] (1(1) . d kJ_
Result after [d" ?ky : gy (2) = —asCré(2) (4 —n) p* f omyn—2 (k2 V{i

(la) o a,Cr
: Mgy % 0 gT(s) m 70 I 5(‘%)
I em gé’}((g e

» Appearance of zero modes is an IR scheme-dependent feature
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Results for canonical part:

d" 2k, / dk=  2k* +2k3 +2m2 — (4 —n)m?

—~ 2e
CIC / 2m)n=2 ) 2 (k2 —m2 +ie)2((p — k)2 — m2 + i)

2 2
- (1a)  aCp Uy r? —2r—1
. mg # 0 97 (c) (x)‘mq 27 (az Pov twin (1—x)?m2 " 1—x
.- la QfsCF /.L2 . B
1. my 75 0 gép(c)) (m)‘m = - (ZE PUV + xln I;\g -+ (1 — :E)) PUV/IR = cov/In + Indn — vg
g g
a Of.SCF 2
ii. €IR gé} C)) (z) . Gy (;L‘ (Puv — Pr) + xn %)
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Calculation of ladder diagram for grq(x)

Definition: % SY grqlz) = B s

g
/|

p—k My (1a)

A (o o Y _ (3}) p—

(I B

_”;92CFN269;W /Oo d"k Tr [’UJE'YU (F +mg) v (K ‘|‘mq)"Y”] 52 k? 1
4 (2m)" (k2 —m2 +ig)?((p — k)? — m2 + ie) 3

— 00

26
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Calculation of ladder diagram for grq(x)

Definition: % SY grqlz) = B s

k| _
L 22F 3| magae g WPCRE G / * drk Tr[umy” (F+mg)v'ys (K +mg) 7] 5($_ k_f”) 1
) +m@ p3 “TQ 4 o 2m)™ (K2 —m2 +ie)%((p — k)% — m2 + ie) p® ) p3
(‘111.')

(la) (1a)
97.03(s o _ gl
Split into singular & canonical parts

oo [ d"2ky / Ak 2K% 4 2k7 4 2m] — (4 —n)m; :
(2m)n=2 ) 2m (k* —mZ +i)?*((p — k)? — m2 + ig)

L m e R R R R R R R R R N AR RN N AR R R N AR R AR AR AR RN RN EEE AR EE A REN A RRRNENRARNENEAREEAAREEEEEEEEEEEEEEEEEEEEEEEEREEER

o 2€/d”_2kL/dl~c° (4—n)
IrQ = QSR [ omn=2 | or (B2 — m2 + ie)?
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Calculation of ladder diagram for grq(x)

M

Definition: -3 SY grqlz) = B s
kA .
[ 22F | maga0, _ _i9°Crn* g / * Ak Tr[umy” (F+mg)v'us K+me) ] (kY 1
,[oosoTTTDY | P IT.Q 4 @0 (R —mZ+ie)2((p— k)2 —m2 + ie) 7 )P
p

(la)

o 2€/d”_2kL/dk° (4—n)
IrQ = QSR [ omn=2 | or (B2 — m2 + ie)?
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T

Calculation of ladder diagram for grq(x)

i d" 2k, [dK®  (4—n)
Close look at singular term (1a) < a.C 26/ L /
; Irae = CEE [ Qo2 | 2n (k2 —m2 + ie)?
\ J
k| '
p—k
A o coun Y (4 . n)
‘000000007
& (K + 223 + m2)/?
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Calculation of ladder diagram for grq(x)

30
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Calculation of ladder diagram for grq(x)

31
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Calculation of ladder diagram for grq(x)

dk® (4—mn)
2w (k? —m2 +ig)?

)

|

(d-n) X €
00000000
(k? + 27p3 + m2)3/2

=Py

- (la) o
. mg #0 97,Q(s) lmy 20 = 0
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Calculation of ladder diagram for grq(x)

Close look at singular term gg}g(s) ~ asCpu
k
+ p—k
A
P4
(1&1.')
- (la) _
l. mq % 0 gT:Q(S) mq7#0 =0

. €R

33




Matching for twist-3 PDF gr(z) ll
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Calculation of ladder diagram for grq(x)

Close look at sinqular term

k
+ p—k
"00000000) e UV-finite
p )
(13)
. (la) _
I mgq #0 97,Q(s) lmg#0 = 0

. €R
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Calculation of ladder diagram for grq(x)

Close look at sinqular term

k
+ p—k
ey + UV-finite
p
(1a) « |R-finite exceptat z = 0
. (la) o
l. my 7é 0 gT,Q(s) mqe#0 0

. €R
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Calculation of ladder diagram for grq(x)

Close look at sinqular term

k
+ p—k

"00000000) » UV-finite
p )

(18) * IR-finite exceptat z = 0
: (la) _
I mg # 0 9I7,Q(s) lmg£0 = 0 / d" 2k, (4 —n) - 2 M Zarg=3/24ar [(1/2 4 e
(2r) =2 (K +a%3)"2 ()12

. €R
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Calculation of ladder diagram for grq(x)

We derive:

/dko (4—mn)
7N 2 (k? —mg + ig)?
I,
1 10(x)\ 1
= sl ( )': [_:| +O0(elr) —1l<zx<1 \ J
|L‘ \EIR ‘ll +(0)

\\ ,,
” )
‘ (k2 +$p3/ «  UV-finite

* [R-finite exceptat x = 0

- (1a) _
I mg # 0 9I7,Q(s) lmg£0 = 0 / d" 2k, (4 —n) - 2 M Zarg=3/24ar [(1/2 4 e

(27)n—2 (ki + $2p§)3/2 - (p3)1+2em

. €R
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Calculation of ladder diagram for grq(x)

Close look at singular term  ¢3'0) | ~ a.Crp
k
+ p—k
3
P
(la)
: (1a) _
. My 7é 0 gT,Q(s) mqe#0 0

ii. e gl | =
' IR T,Q(s) lerr QT
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Calculation of ladder diagram for grq(x)

i dkY (4—mn)
Close look at sinqular term (la) 2¢
d gT,Q(s) CISCFM I (k.Q _ mg + iE)Q
J
k| '
p—k
r o coun Y (4 . n)
p + : (ki 1 :Bng, n m§)3/2
(la)
I mg #0 9’%8(5) ma#0 0 « Justas in LC case, existence of zero modes in quasi-PDF is

IR scheme-dependent

ii. € N I
' IR T,Q(s) lerr A
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Results for canonical part:

rmlnﬁ—l x> 1
- a aC
L. mg #0 Iraw@)| = 27TF<J:111 tarlnfE 41204+ 2 O<z<l
mq
\:ElnT—l—l 117<0
(:clnﬁ—l r>1
. a asC
. mg #0 (I,Q)(C)(ac) = QWF<$IH +rzlnd4(l—2)+1-2x O0<z<l1
Mg
\a:ln7+1 x <0
faclnﬁ—l r>1
a asC (1
Il. €R gé}Q)(c)() = 2WF<—$PIR+$IH%—$ O0<z <l
€IR
A z—1 x <0
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Raciilts £— o ” O0LKT <1 Only

«physical region

D 102 (2020)

43 t in the
. ties presen
IR singularl P | -
| // r—1
b | i la aSCF
. m, #0 g;’&(c)(x) . = o 4 ar:ln?,i—% 0<z<1
- la asCF
4
la QSCF ~
. ar drao@|, = o *@ Vew<l
\
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S Jook very different
0<z<1lo
ms In
/’_«"ﬂf‘ ( 1
i a SC
i mg #0 gl @] = O‘2WF< sl 41-224 -2 O<az<l
M \ ' J
i a SC
. mg #0 gé,lQ)(C)(ac) = DE rInd(l—2)+1-2z 0<z<l1
’ Mg 2T
\ Y J
(
(1a) . OZSCF 4:5(1—:5);02 .
. ar 97.Q(c) () s rln=r5r=" -2 0<z <]
L J
1
\
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Results for the “unphysical regions” T ~ 1,
L —
I mg #0 z In -
9 (1a) n— —1
g @ = ° C 1
,Q(c) — s“F
m { x> 1
q 27
x <0
T,Q(c) x) - = SQWF < x>1
z <0
97.0(e) () _ asCp x> 1
€IR oI <
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T

Agreement of the IR singularities between light-cone PDF & quasi-PDF

44
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Matching for twist-3 PDF gr(z)

T

Agreement of the IR singularities between light-cone PDF & quasi-PDF

€IR

: « Singular terms: Coefficient of singular terms are IR finite
Pi—
(00000000} Light-cone PDF Quasi-PDF
. ( C ¢ (1a)
a as a —
gé}(s)) ('CB)‘mq?éO - 27TF5($) IT.Q(s) () mq70 0
ro@) = 3 Ir.0e(®) = |
(10’) . (1(1,) o aSCF5
\gT(S)(m)‘ =0 LI1,Q(s) (2) —— (z)

2
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T

Agreement of the IR singularities between light-cone PDF & quasi-PDF

« Singular terms: Coefficient of singular terms are IR finite

 Canonical terms:

46
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Agreement of the IR singularities between light-cone PDF & quasi-PDF
k4 :  Singular terms: Coefficient of singular terms are IR finite
p—k
A - -
p 4 « Canonical terms:
(1a)
: (1a) asCr 1y 1 r? —2r —1
Light-cone PDF 9T<c>($)‘mq T on ( e TR TPV A T
Quark mass
fl x> 1
i a a,C
Quasi-PDF 9o (@ )‘ = S emL ot 41— 0<z<l1
|z In # T +1 x <0
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Agreement of the IR singularities between light-cone PDF & quasi-PDF

k4 :  Singular terms: Coefficient of singular terms are IR finite

p—

A - -

p 4 - Canonical terms:

(1a)

- a SO
Light-cone PDF génl(c))(%‘)‘ = QQWF )

Quark mass

Quasi-PDF (1a) ‘ _aCF
gjugﬁg(x)?nq = or \

O<e<l
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T

Agreement of the IR singularities between light-cone PDF & quasi-PDF

k4 :  Singular terms: Coefficient of singular terms are IR finite
p—
A - -
p 4 - Canonical terms:
(1a)
: (1a) o C‘fscF
Light-cone PDF 9 )(:p)‘ = |
¢ Mgy 2
Gluon mass

~

Quasi-PDF (1a)

Ve

O<axe<l1
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

T

Agreement of the IR singularities between light-cone PDF & quasi-PDF

k4 :  Singular terms: Coefficient of singular terms are IR finite
p—
A - -
p 4 - Canonical terms:
(1a)
. (1a) o OL’SC
Light-cone PDF 97 (@) T Ton +
DR for IR

4

o Cp
e ) 27[- 6@

\

QuasIi-PDF gé}’g(c) (z)

O<ax<l
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Agreement of the IR singularities between light-cone PDF & quasi-PDF

« Singular terms: Coefficient of singular terms are IR finite

« Canonical terms: IR singularities agree for all 3 regulators
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Agreement of the IR singularities between light-cone PDF & quasi-PDF

« Singular terms: Coefficient of singular terms are IR finite

« Canonical terms: IR singularities agree for all 3 regulators

Other diagrams can be calculated just like in the twist-2 case
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Agreement of the IR singularities between light-cone PDF & quasi-PDF

: « Singular terms: Coefficient of singular terms are IR finite
p—
« Canonical terms: IR singularities agree for all 3 regulators

Other diagrams can be calculated just like in the twist-2 case
Diagram by diagram the IR singularities agree, which is at the heart of quasi-PDF approach

Matching is possible for g (x)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MS scheme

([—€2+26+1 £ £ 3 3
(0 £>1 ¢ 1”5—1+1—5+EL_E
QSCF OJ.SCF '_§2 + 25 +1 45(1 - 5)}3% 52 - g —1
- Q 0(€) 0<éE<l  + 5 <_ ¢ In 2 + T ]+
0 £<0 [ S SR A Sk S SR ]_ 3
L 1-¢ 3 1-¢& 2(1-&)], 2(1-¢)
aCr 1 3 2
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Matching for twist-3 PDF gr(z) Il
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MS scheme

[ —£%2 42641

§ § 3 3
o &>l 1€ 1”5—1+1—5+EL_E o
2 sC Op ) [ +26+1 461 —-¢6p3 & -¢—1
c%(f,g—%) = Q0O 0<g<1 o+ T g1+_§+ In 280 u25)p3+51_§g } 0<é<1

Matching coefficient for ¢ (x) is independent of IR scheme b <0

CBSCF 1 3 [1,4
51-8)(—=+=In—
T 5)( 2+2n4p§)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MS scheme

([—€2+26+1 ¢ ¢ 3 3
0 £>1 T 1-¢ 1”6—1+1—§+EL_E
u? o CF aCp | [—€2+26+1  46(1—-&)ps &£ —-€6-1
%) = 40 0<g<1l 4+ — <_ ¢ In " + ey L
0 £<0 '—§2+25+1ln§—1_ &, 3 ]_ 3
(L 1-¢ 3 1-¢& 21-9], 21-¢)
OdSCF 1 3 [1,2
gy 2 Y) (‘§+§1“@)

£>1

0<¢é<l

£<0

« Convolution integrals ¢(x) :/OO %C(m(g)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MS scheme

([ +26+1 3 ¢ 3 3
1—¢ 1n£_1+1_§+i:|+—£ E>1
Y\ asCp | [ +26+1 461 -&py £ —-£-1
—3) = + e <_ ¢ In 2 + ¢ L 0<¢<1
(2 4+204+1, £-1 ¢ 3 ] 3
1 - _
U ime M Ti—etanogl), - 0

OdSCF 1 3 [1,2
1—&) -2+ 2mi
o 8( 2+2n4p§)

« Convolution integrals ¢(x) :/OO %C(m(g)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

~-
-y
- i

AT-2+26+1 £ £ 3} 37
( 1 + +=| —= > 1
I —¢ g1 1-¢ 2], 2. :
e T
(1) % asCF
Al = — 0 1
o (e5) e s v <g<
FI@eoeet e-1 ¢ 3 ] 37T
t 1 — + — VE<O
T € 1 a1-9), 2-g.7°

-

-
-
——————
-

Problems with MS g
« Convolution integrals ¢(x) :/ é()(é)fj(g)

» Mismatch in norm: [*°_dz g™ (z, u, p®) # fol dz g™ (z, 1)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MMS scheme

([—€2+26+1 ¢ ¢ 3 3
1-¢ lng—1+1—§+iL_
W, K _ a.Cp | [—€2+26+1 | 4¢(1 - &)p? 52_g_1]
CM_S(E,—Q) = + 5 T I ey e - )
2+l -1 ¢ 3 ]_ 3
(L 1= § 1-¢ 201-9], 2(01-9

OdSCF 1 3 [1,2
1—&) -2+ 2mi
o 8( 2+2n4p§)

£>1

0<¢é<l

£<0

Introduce MMS (Alexandrou et. al., arXiv: 1902.00587)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MMS scheme

(:—521+_2§+11n£fl+1§§+%h—>)’< £>1
C%(E”—;) _ N a;iF< :—521+_2§+11n4£(1l;2£)p§+£21—_§g1]+ o<t
\:—621+_2§+1mﬁgl_lngrz(l?’_g)L— g <Y
+ a;iF(S(l—@(—%-l—gln%)

Introduce MMS (Alexandrou et. al., arXiv: 1902.00587)

« Subtract divergences outside the physical region
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Matching for twist-3 PDF gr(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MMS scheme

.X

2(1—£>L_ INE)

r'_§21+_2§+11n£§1+1§§+%
C%(&u_j) _ N a;ip< '—521+_2§+1ln4£(1l;£)p§+521—_£g1]+
\:—521+_2§+11n§g1_15€+ 3
+ 0‘52?5(1— > —1n“—22)

Introduce MMS (Alexandrou et. al., arXiv: 1902.00587)

« Subtract divergences outside the physical region

+ Impose: [ du ™ (z, . p%) = [y du g™z, p)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MMS scheme

([—&2+26+1 3 ¢ 3
| 1-¢ ln§—1+1_g+£L £>1
2 B 2 2 2
(1) i aCp ) [ +26+1 . 46(1—-&ps | ¢ _5_1]
.OMM_S(g’E) = -+ o <_ 1_5 In I,LQ + 1_&_ . O<£<1
(242641 €1 3 3
| 1-e e _1—5+2<1—5)L ¢<Y

Introduce MMS (Alexandrou et. al., arXiv: 1902.00587)

« Subtract divergences outside the physical region

« Ampose: [ da Gz, p,p%) = [y duq®(z, p)
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Matching for twist-3 PDF gr(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Matching in MMS scheme

([—€2 42641 ¢ ¢ 3
1€ lnﬁ—ﬁl—&*EL <
2 B 2 2 2
(1) B R aCp | [ +26+1 461 -Ep; | ¢ _5_1]
lCMM—S(f,%) = + o <_ e In [1,2 + 1—¢ N 0<&éE<1
(242641 £—1 3 3 }
1 - 0
T 1o Me Ti-etai-ol. ¢
dTWisfe

%ﬁ Matching implemented by ETM Collaboration in lattice QCD

See Aurora’s talk for our first lattice QCD result for g (x)

o B e O
%/aborat™®
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Non-trivial role of zero-modes in matching for e(z) & hy(z) ||
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Light-cone PDF Features
Example: .
P e Zero modes are unavoidable
PagiN
\
o asCpf It
h(Ll(s)) (33)|mq = _Tﬂpl\?(m) EPUV + In ?71?%[ — 1)

N’
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Non-trivial role of zero-modes in matching for e(z) & hy(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Light-cone PDF

Features

Example:

4
a as Crf
P (@), = ‘Tf‘\f@)l{%v

Zero modes are unavoidable

IR-dependent prefactor of zero modes
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Non-trivial role of zero-modes in matching for e(z) & hy(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Light-cone PDF Features
Example: :
P « Zero modes are unavoidable
/“\\
hg(‘;)) (33)|m = —q;—%(é(az) EPUV — 1)
’ AN . IR-dependent prefactor of zero modes
Quasi-PDF Features
Example: « Seemingly different looking IR pole

(la) _
hiqe) () —

structure
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Non-trivial role of zero-modes in matching for e(z) & hy(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Light-cone PDF

Features

Example: :
P « Zero modes are unavoidable
AN
\
a SC !
hSLl(s)) ($)|mq = —O:T;‘l\(s($) EPUV — 1)
N/ * IR-dependent prefactor of zero modes
Quasi-PDF Features
Example: « Seemingly different looking IR pole
structure
hpoe(@)| =

Mg

Do quasi-PDFs and LC PDFs share same
IR physics?
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Non-trivial role of zero-modes in matching for e(z) & hy(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Treatment of IR singularity for quasi-PDFs (non-zero quark mass)

CI{SCF 1 mg

Rtz = — 2 _
L,Q(S)( ) m, o \/m where, n* = E —l<z<l1
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Non-trivial role of zero-modes in matching for e(z) & hy(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Treatment of IR singularity for quasi-PDFs (non-zero quark mass)

h(la) (LE) asC 1 b 5 mg lcn<l
L, wililere, = —5 — W
Q(s) My 21 A /;1;2 -+ 772 gl p%
(1a) O[SCF
hL,Q(S) () = — 5
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Non-trivial role of zero-modes in matching for e(z) & hy(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Treatment of IR singularity for quasi-PDFs (non-zero quark mass)

Recall:

(la), .
h 1,(5)("-‘)|

CI{SCF 1 ) mg

Rtz ‘ = — _
L,Q(S)( ) m, o \/m where, n* = E —l<zr<l1

o ‘2
_ _%CF 5(z) (7?‘;\.- +1In “‘f;’ — 1)

L 277- S

q

O[SCF 1

27 T

P (@)~ —

T

Doing a twist-expansion before we calculate the
matching coefficient gives rise to an incorrect
conclusion of mismatch in the IR between quasi

& LC PDFs!
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Non-trivial role of zero-modes in matching for e(z) & hy(z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

T

Treatment of IR singularity for quasi-PDFs (non-zero quark mass)

Recaﬂ:

g CF 1 N ) mg
where, n° = —% (1a)
p% /Il,(s) (')/

h(la)

L) mg 21 \Jo? AP

—

iy CF

m, |

Incorrect approach

Correct approach

q

/tda:& = /11dmf(zc

+ 11 dr f(x) [ﬁ] L, rou)

Doing a twist-expansion before we calculate the
matching coefficient gives rise to an incorrect
conclusion of mismatch in the IR between quasi
& LC PDFs!

By convoluting with a well-behaved test-function, it is possible
to isolate singularity at x = 0

Agreement in the IR poles between quasi & LC PDFs:
Matching possible for e(x), hr(x)
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Non-trivial role of zero-modes in matching for e(z) & hy(z)

SB, Cichy, Constantinou, Metz, Scapellato, Steffens/ PRD 102 (2020)

Treatment of IR singularity for quasi-PDFs (non-zero quark mass)

Point x = 0 is extremely delicate for quasi-PDFs!

Incorrect approach

Correct approach

T

= /11dmf(zz:

- 11 dr f(x) [ﬁ] L, rou)

Doing a twist-expansion before we calculate the
matching coefficient gives rise to an incorrect
conclusion of mismatch in the IR between quasi
& LC PDFs!

By convoluting with a well-behaved test-function, it is possible
to isolate singularity at x = 0

Agreement in the IR poles between quasi & LC PDFs:
Matching possible for e(x), hr(x)
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Matching for twist-3 PDFE 7. (z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens (in preparation)

T

Matching in MMS scheme

Singular part of matching coefficient

’5(1—5)(%—%1114”—;%) E>1
s (65) = 2L s (B 1) -role)  0<e< Rl = ||, =
s1+9)(5 - ity £<0 o(ll) 001 ~ el tim | =24 5] - 9y
Canonical part of matching coefficient
(-1iflnffl+1i§+%]+ £E>1
cl (g,gg) = a;iF < _136 1][1‘15(1H:25)1"g +2(15)1i£]+ 0<¢<1
kilialnggl_lisﬂisL ¢t
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Matching for twist-3 PDFE 7. (z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens (in preparation)

Matching in MMS scheme

Singular part of matching coefficient

| r a1

Matching coefficient for A (z) (as well as for e(z) ) is independent of IR scheme

A R — =7 I L >

Canonical part of matching coefficient

(r 2 ¢ 11
| — 1
_1—5“5—1+1—5+5L s>
(c) p? - aCp | 2 46(1 - ¢)p3 U
CMM—S(g’p%> = o <_1_§ln 2 +2(1 —¢) —1_£+ 0<é<1
2 -1 1 1
1 _
T ™ ¢ 1—5*1—5L $<90
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Matching for twist-3 PDFE 7. (z)
SB, Cichy, Constantinou, Metz, Scapellato, Steffens (in preparation)

T

Matching in MMS scheme

Singular part of matching coefficient

1 1 2

| r a1

Matching coefficient for A (z) (as well as for e(z) ) is independent of IR scheme |

A R — =7 I L >

=

%, Matching implemented by ETM Collaboration in lattice QCD

'_.“ y Ql
«/ See Aurora’s talk for our first lattice QCD result for 5 (z)

c.,
laporat™®
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Summary & Outlook

Quasi-PDF approach has made it possible to directly access PDFs from lattice QCD

Extracted matching coefficient for 97(z), hr(x) (& e(x)) for the first time

Presence of singular zero-modes in perturbative results makes the extraction of matching coefficient
non-trivial

We laid the necessary theoretical foundation to deal with zero-modes in matching

Explore very recent twist-3 matching results by Braun, Ji, Vladimirov (arXiv: 2103.12105)
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