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e Motivation: why twist-3 GPDs

o twist-3 GPD G — L1
o twist 3 PDF go(xz) —_L force
o twist 2 GPDs — L imaging (of quark densities)

< twist 3 GPDs oL imaging of 1| forces
@ J(x) contributions to twist-3 PDFs
— twist-3 GPDs — discontinuities at = 4+ £
e making the world safer for twist-3 factorization
e Summary
e Outlook
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OAM from twist 3 GPDs 3

twist-3 GPDs Polyakov & Kitpily

/ 2= e P (pl|3(2= /27 a2~ /2)|p)
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A* AZ~yT i AY~T
u(p)[ G147 (H+E+Gs) + p] Gy + 131 7504} u(p)

Lorentz invariance relations

] fd$Gq x f t) =0 QCD Eqgs. of motion polyakov & Kitpily
o [daGi(x, 5 t) = o [draGi(z,0,0) = —Ld
O f dzG} 3(z,&t) = @ same relation also derived in
o [dxGi(z,&,t) = scalar Yukawa )
@ test above relations in scalar e 0(x) in G3?

diquark model & QED e G¥ from DVCS?
4] ,C = —f dng )




Twist-2 GPDs — L Imaging of Quark Densities

o form factors:¢—s p(7) (nonrelativistic)
reference point is center of mass
o GPDs(x, 5) form factor for quarks with momentum fraction x
— suitable FT of GPDs should provide spatial distribution of
quarks with momentum fraction x
o careful: cannot measure longitudinal momentum (z) and
longitudinal position simultaneously (Heisenberg)
— consider purely transverse momentum transfer

Impact Parameter Dependent Quark Distributions

by = [ LA g e —0,-A2 Je L AL
Q(xv J_) - (27‘(’)2 (.T,f =U,—Aaj)e

q(z,b, ) = parton distribution as a function of the separation b

from the transverse center of momentum R; =

MB, Phys. Rev. D62, 071503 (2000)

i€q,9 | ;%;

e No relativistic corrections (Galilean subgroup!)
< corollary: interpretation of 2d-FT of Fy(Q?) as charge density in
transverse plane also free of relativistic corrections (—G.Miller)
@ probabilistic interpretation



Twist-2 GPDs — L Imaging of Quark Densities

q(x, by) for unpol. p
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MB,PRD 62, 071503 (2000)

g(x,b1) = [LAL H(x,0,— A% )e P A
Fi(—A?%) = [dzH(z,0,—A3)

x = momentum fraction of the quark

b, relative to L center of momentum
small z: large 'meson cloud’

larger z: compact 'valence core’

x — 1: active quark becomes center of
momentum

b, — 0 (narrow distribution) for = — 1




Twist-3 PDFs — | Force on Quarks in DIS

dy +» average | force on quark in DIS from | pol target
polarized DIS:

2A,j[w92 @ oL X gr = g1 + g2

@ oL X g1 —

— ’clean’ separation between g, and é corrections to g;
_ . _ 14
o g2 =g¥"W + g with gV (2) = —g1 () + [, 7yg1(y)

1

Siiprgs (P8 a0 gF T (0)a(0)] P.5)

4

d253/dxx g2(x) =

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 114502)

— -\ Y
V2F+Y = FO { f?y — _EY | B* = —(E+17>< B) for & = (0,0-1)

v

matrix element defining do ¢+ 1°¢ integration point in QS-integral
ds = | force & QS-integral = | impulse

magnitude of do

o (F¥) = —2M?dy = —10%27d;

o L deformation of ¢(z,b )

< sign of d3: opposite Sivers o |(F¥)| < o~ 1% = dy = 0(0.01)




Twist-3 PDFs — | Force on Quarks in DIS

dy +» average | force on quark in DIS from | pol target
polarized DIS:

o or o< g1 — g, @ oL X gr = g1+ 92

— ’clean’ separation between g, and é corrections to g;
_ . _ 14
o g2 =g¥"W + g with gV (2) = —g1 () + [, 7yg1(y)

dy = 3 / et = m (P, S |g(0)r+gF*¥(0)g(0)| P, 5)

4

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 114502)

- -\ Y
V2FTY =F% 1 F*¥ = _FY 4+ B* = —(E+ ¥ x B) for 7= (0,0~1)

magnitude of dy

o | deformation of ¢(z,b,) o (FY) = —2M?dy = —108% d,

fm
< sign of d3: opposite Sivers o |(FY)| < o= 16*1?1/ = dy = 0(0.01)

consitent with experiment (JLab,SLAC), model calculations (Weiss),
and lattice QCD calculations (Gockeler et al., 2005)



Twist-3 GPDs — 1 Force Tomography

U

take x2 moment of twist-3 GPDs (£ = 0)
subtract twist-2 parts
take 2D Fourier transform

d?AL AL ~ b
/(2ﬂ_)26 AL bL/d:z:x2G§ 3(x,0,—A%)

(R =0,81q(bi)y gF¥(br)g(br)| R =0,51)
distribution of L force in L plane for transversely polarized

target & unpol. quarks

22 moments of other twist-3 GPDs provide info about L force
tomography for other spin correlations

twist-3 GPDs = 2D L force maps

could be done immediately in lattice QCD

need to address some issues regarding experimental access...



Spectator Model Calculations of PDF's

example: scalar diquark

E+m E+m 1
PSS
—m?2 +ie k2—m2+i5u( ’ )(P—k)2—)\2+i5

sl = / Ak~ a(P,8)

o similar for quark target (QCD)
e kT =axpt

denominator integral

1 1
Lien, = -
den /dk (k2 —m? +ie)2 (P — k)2 — A2 + ie

o k2= 2Ktk — k2, (P— k)2 =2(PT — k") (P~ — k) — k2
@ Igen, =0 for kt < 0: all k= poles in UHP
o I, =0 for kt > P*: all k= poles in LHP
0 ljen = p+(€i;)m2 [2P+Pwki+>\2j|2
S =

o twist-2: T contains v }f = k=

< numerator only function of z, k; as yt4T =0 = straightforward!



Spectator Model Calculations of PDFE'S us. ero sz, ssa1 (1005

example: scalar diquark

E+m E+m 1
PSS
—m?2 +ie k2—m2+i5u( ’ )(P—k)2—)\2+i5

sl = / Ak~ a(P,8)

o similar for quark target (QCD)

@ similar for 1-loop corrections

twist-3: example I' = 1

e numerator (§ +m)? = k? + m? + 2m}
o u(P,S)ku(P,S) =2PTk™ + ...

_ P—k)2—)\2 _ k2 22
o 2k~ = (= — [P - pim]

o 27?4 term canonical (from LF Hamiltonian pert. theory — SJB)
e 1% term cancels spectator propagator

= Is = fdkfm = [dk~ (2k+k*—k%—m2+ie)2 =
e Is = 0 for k™ = 0 as pole can be avoided

o [dky oy = [k Ak rmprrye = e = L= a0 (k)




Relevance for QCD

sum rules for twist-3 PDF's MB, PRD 52, 3841 (1995)

° f drgr(z f dzgr (z)
(] f dﬂ?hL f dmhl )
° j;l dze( x) = 517 (P|qq|P) (o-term sum rule)

o first two are Lorentz invariance (LI) relations

If sum rule is tested by evaluating e.g. lim._,o f; dx [hr(x) + hr(—2)]
then presence of d(z) in hz, would result in violation of LI relation!

violation of twist-3 sum rules in QCD MB & Y. Koike, NPB 632, 311 (2002)

Using moment relations based on QCD eqgs. of motion one finds
o h§(z) = —5:% [91(0T) — g1(07)] (LI relation ‘violated’ at 1-loop)
o gh(z) = =3 [h1(0F) — hy(07)] (LI relation o.k. at 1-loop)

@ o-term sum rule ‘violated’ at 1-loop

implications for twist-3 GPDs

what does presence of §(z) in twist-3 PDFs imply for twist-3 GPDs?




Relevance for twist-3 GPDs

o relevant energy denominators:

di 1 1 1
/ (k—2) —m24ic (k+2)" —m2+ic(P—k)’ =) +ic
2 2

e twist-3: k= from Dirac numerator can cancel (P — k)* — A2 + ie
o(=5T<rt<al)

— 1 1
- fdk (k—%)2—m2+is (k+%)2—m2+i6 At

1
k2 +m?2

e contribution to ERBL region only!
e nonzero only for —§ < x < £
e discontinuous at x £ &
ooc%forf§<:v<§ Il

— representation of § function as £ — 0
e big issue: convergence of [ f%’gGPD(J; £,t) when
GPD(z,¢,t) discontinuous at x + &
@ presence of such terms ‘normal’ for twist-3 GPDs J A L




Go, Gs in QCD (1 loop)
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o Gy(T' =v1), Go(T = v, 75) discontinuous at z = —¢
o [ migG2 x,&,t) divergent — oops!

— factorization?



G+ 1G5 in QCD (1 loop)
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o Gy + %G‘z continuous at z = —&

o Gy — %ég continuous at x = &

< makes world a lot safer for twist-3 factorization!




G+ 1G5 in QCD (1 loop)
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o Gy + %ég continuous at x = —¢

o Gy — %ég continuous at x = &

— makes world a lot safer for twist-3 factorization!




oo momentum for twist 3 PDFS s e acen

quasi PDFs/TMDs
o Let pi(k., k1) be momentum distribution of quarks
e P momentum of nucleon (in 2-direction)
o I': Dirac structure of quark bilinear (I' = v for twist 2, unpol.)

— gr(z, k1) = limp_yoo Pph(zP, kL) ‘quasi-PDF’ x.uit+

twist-3 quasi PDFs I'=1 (quark target model)

1 k24m2+42p-k
pp(kzakJ_) ~ fdkO [szmz};?(piléyf)@]
° 2p'k:p2+k2—(p—k)2:p2+k27>\2— [(pfk)QfAﬂ

< contribution to p%(k,, k) that is independent of P

1

1,6 ~ 0
Pp (kz;kJ_) /dk []{7277’)12]2

o some quarks ‘left behind’ when hadron gets boosted




Summary

VTP, O...

“¢ (factorisation)
¥ +E

o GPDs 5 q(x,b ) ’3d imaging’
22 moment of twist-3 GPDs

gyt Ft1tg distribution

°
NN
— 1 force tomography
@ )(x) in twist-3 PDF
— discontinuities in twist-3 GPDs
o rep. of 6(z) as £ — 0 M
e cancel in DVCS amplitude ~ G5 + ég
o individual extraction of G & ég questionable

e some quarks ‘left behind’ in IMF .
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