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» Interesting topics not covered in this talk

e  Observables for twist-3 TMD FF (see, e.g., data from CLAS and HERMES; Yang,
Lu, Schmidt (2016),...)

e Observables for twist-3 DiFF (e.g., G< probed in single-longitudinal dihadron
production in SIDIS (data from COMPASS; Yang, Wang, Yang, Lu (2019),...))

«  Connection of the chiral-odd twist-3 FF E and E to dynamical chiral
symmetry breaking (Accardi & Signori (2018, 2019)) and probing transversity in
inclusive DIS (Accardi & Bacchetta (2017)))
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Definitions of Collinear Twist-3 FFs

(Gamberg, Kang, DP, Schlegel, Yoshida JHEP 1901 (2019))
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Kinematical FF ;o
(b =Pp/z + p7)
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(a) Quark fragmentation

(¢) Gluon fragmentation
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: ; R. .
Dynamical FF o s - AR Y
p=Pifzp =P/ S .

(a) qg fragmentation (b) qq fragmentation

B=z/z

(¢) gg fragmentation

AWE (2, B) = 22 Mn (oS i (DI) (2, B) + Shy Pavs (GH)* (2, B)

+ 5 [Pus LIS (2, 8) = $SarlPu 2515 (HEL)" (2, 8) )

A () = (DY, G % HE) — (DY, G Y HES)

qq;p __ (1499 A~499 1199 17199 a4 ~Yqq 149 1raq
AF;ij(z76) — (DFTvGFTvHFUvHFL) — (DFT7 _GFT7HFU7HFL)
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. R, « Ps 3
Dynamical FF o v" A - AR Y
(p = Pn/z; p’ = Py/Z’) W P

(a) qg fragmentation (b) qq fragmentation

B=z/z

(¢) gg fragmentation

AWE (2, B) = 22 Mn (oS i (DI) (2, B) + Shy Pavs (GH)* (2, B)

+ L[Pu ) i (HE) (25 8) = $Sh[Ph, Yo s (HEL)* (2, ﬁ))

2€Mh

A%Q;UVP(Z, 6) — = 2

; |:gT ZEPhnpShN*(Z,/B) gT ZEPthShN*(Z /6)
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Dynamical FF

P’ 5 P p
p=Pifzp =P/ S .

p-p' PP
(a) qg fragmentation (b) qq fragmentation
TP
p' ;{_5 ‘\ p

p-p'

(c) gg fragmentation

We note that the (gluonic and fermionic) poles of the dynamical FF
vanish (Meissner & Metz (2009)). This makes the calculation of twist-3
fragmentation effects different from the calculation of soft-gluon and
soft-fermion poles on the PDF side.
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Important Relations: EOMRs and LIRS
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QCD equation of motion relations (EoMRs) and Lorentz invariance
relations (LIRs) are necessary to guarantee

» EM and color gauge invariance of the cross section

» Frame independence of the cross section

(Kanazawa, Metz, DP, Schlegel, PLB 742 (2015); Kanazawa, Metz, DP, Schlegel, PLB 744
(2015); Koike, DP, Takagi, Yoshida PLB 752 (2016); Koike, DP, Yoshida PLB 759 (2016);
Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016); Gamberg, Kang, DP, Schlegel,
Yoshida JHEP 1901 (2019))

They are known for both twist-3 PDFs and FFs in the quark sector

EoMRs are known in the gluon sector but LIRs have not been derived
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EoMR

dx 1l o
H(z) = _2ZHiL(1),q(z) T 2Z/ 21 1 1 Hyy (2, 21)

LIR

H(z) = — (1 _ Zi) HlJ_(l)’q(z) o 2 /OO dzy Hg‘%"\s(za 21)
< z

© dz z 2f 1)z —1/z)°

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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All kinematical and intrinsic functions can be written in
terms of dynamical functions (multi-parton correlators)!
(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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Observables that Probe Twist-3 FFEs
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A, in pp -> it X — PUZZLE FOR 40+ YEARS!
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dAoc™ ~ H® f1 @ Frpr(z,x)

d3A0 (sT) a2
E = % N
Y, / D, hZ)/ 5 a:’S+T/ or/B(T')

EsTnn d )
X \Ara, ( ) [ Tor(z,x) — 2 (ETQ,F(:I;,:I:)>] o8 14)

I Frr ~TEg I (Qiu & Sterman (1999), Kouvaris, et al. (2006))

For many years the Qiu-Sterman/Sivers-type contribution was thought
to be the dominant source of TSSAsin p'p — 7 X
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— AT~ H- R e —

(Kang, Qiu, Vogelsang, Yuan (2011); Kang and Prokudin
(2012); Metz, DP, Schifer, Schlegel, Vogelsang, Zhou (2012))
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(Metz & DP - PLB 723 (2013))
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We now believe the TSSAsin p'p — 7 X
are due to fragmentation effects as the partons
form pions in the final state

(Kanazawa, Koike, Metz, DP, PRD 89(RC) (2014);
Gamberg, Kang, DP, Prokudin, PLB 770 (2017))

S};L + HC( ) St

(Metz & DP - PLB 723 (2013))
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(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))
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Ayinep’ > 71X drc"~hioS® (e, £
(Kanazawa, Koike, Metz, DP,
Schlegel, PRD 93 (2016))

*Note: Only the fragmentation terms are shown.
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Ayinep’ > 71X drc"~hioS® (e, £
(Kanazawa, Koike, Metz, DP,
Schlegel, PRD 93 (2016))

Arinep’! -1 X dAc"~hi®@S®F
(Kanazawa, Metz, DP,
Schlegel PLB 742 (2015))

A;inppl 5> 17X dAo™~g 0h ®@S®E

(Koike, DP, Takagi,
Yoshida PLB 752 (2016))

*Note: Only the fragmentation terms are shown.
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Ayinep! = X 4a0" ~mese (" )
(Kanazawa, Koike, Metz, DP,
Schlegel, PRD 93 (2016))

Arinep’! -1 X dAc"~hi®@S®F
(Kanazawa, Metz, DP,
Schlegel PLB 742 (2015))

A;inppl 5> 17X dAo™~g 0h ®@S®E
(Koike, DP, Takagi,
Yoshida PLB 752 (2016))

Ayinep — ATX  anct ~f1®5®( D" DT)
(Kanazawa, Koike, Metz, DP,
Schlegel, PRD 93 (2016))

. N J_(l) dzy Dpr + Gir
Ayinpp — ATX  dAs* f1®5®<  Dr, / o /2= 1/
(Koike, Metz, DP, Yabe, (only qq and ggq FF)

Yoshida PRD 1901 (2017)) *Note: Only the fragmentation terms are shown.
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Ayinetee> hX

L dU(Sh) = 00 (1 — 20) —1 8Mp, U PrSh Z (Zh)
d3 P, st =

(Boer, Jakob, Mulders (1997); Gamberg, Kang, DP, Schlegel, Yoshida JHEP 1901 (2019))

NLO calculation 1s available => evolution of D;
(Gamberg, Kang, DP, Schlegel, Yoshida JHEP 1901 (2019))

Note that this observable probes the intrinsic FF D, and NOT the
polarizing FF DfT
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Ayine‘e> hX
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(Boer, Jakob, Mulders (1997); Gamberg, Kang, DP, Schlegel, Yoshida JHEP 1901 (2019))

- Belle (2018)
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A% inete > h,h, X integrated over q;
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(Boer, Jakob, Mulders (1997))
Belle (2018)
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Connecting TMD FFs to Collinear (Twist-3) FF
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TMD (b-space)

. ) €XP [_Spert(b*(bT%“b*aQ?:uQ))S ;(bT Q):|
9u (2,01 + gx (br) In(Q/Qo)

(Echevarria, Idilbi, Scimemi (2014); Kang, Prokudin, Sun, Yuan (2016))

ﬁlJ_(l)(zabT5Q29NQ) ~

The collinear twist-3 functions (along with the NP g-function) are what
get extracted in analyses of transverse-spin TMD processes!
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xp |~ Spert (b2 (br); 1., Q. 1Q) — Sy b (br, Q)]

.- —
H,y (1)(z’bT5Q2’NQ) ~ |H; (1)(231%*)

/ 2 1
2 [ ~dz (Z B 5) g,
(Z) = —;/ le/ 22 5 Hg‘g[} (zl’z2)

22 (1 _ 1
21 zZ9

Dir (2, br; Q% ng) ~ |Dip (25 pe.)exp [—Spert(b*(bT);ub*,Q,uQ)—Sﬁ}aT(bT,Q)]

H]J--(l)v

A S 3 _ 1 a9,
DM,y — dzy /OO dzo [G%‘gf (21,22) (z1 z2) Dgr (zlazz)]
1T = [ — 5

1 1 2
Z1 z2 (L _ L)
zZ1 )
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ALL transverse-spin observables are driven by
multi-parton correlations!
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Open Issues
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» NLO calculations of twist-3 observables (in particular those

involving fragmentation) and fragmentation correlators
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* Does factorization hold at one-loop?



&

Ltunanvitey ot A

» NLO calculations of twist-3 observables (in particular those
involving fragmentation) and fragmentation correlators

* Does factorization hold at one-loop?
« Evolution known for H;- ™" (2) (Kang (2011); Ma, Zhang (2017)),

Dy (2) (Kang 2011)), Hpy (2, 8), H(z) (Belitsky & Kuraev (1997); Ma & Zhang (2017)),

DT(Z ) (Gamberg, Kang, DP, Schlegel, Yoshida, JHEP 1901 (2019))

«  What is the evolution of chiral-even dynamical FFs like Dpr(z, 8), Gpr(z, 5)?
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» NLO calculations of twist-3 observables (in particular those
involving fragmentation) and fragmentation correlators

* Does factorization hold at one-loop?
« Evolution known for H;- ™" (2) (Kang (2011); Ma, Zhang (2017)),

J_ A
Dy (2) (Kang 2011)), Hpy (2, 8), H(z) (Belitsky & Kuraev (1997); Ma & Zhang (2017)),
DT(Z ) (Gamberg, Kang, DP, Schlegel, Yoshida, JHEP 1901 (2019))

«  What is the evolution of chiral-even dynamical FFs like Dpr(z, 8), Gpr(z, 5)?
* Do the EoMRs and LIRs hold at NLO (crucial for validity of the twist-3

framework!)
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» NLO calculations of twist-3 observables (in particular those
involving fragmentation) and fragmentation correlators
* Does factorization hold at one-loop?
« Evolution known for H;- ™" (2) (Kang (2011); Ma, Zhang (2017)),

J_ A
Dy (2) (Kang 2011)), Hpy (2, 8), H(z) (Belitsky & Kuraev (1997); Ma & Zhang (2017)),
DT(Z ) (Gamberg, Kang, DP, Schlegel, Yoshida, JHEP 1901 (2019))

«  What is the evolution of chiral-even dynamical FFs like Dpr(z, 8), Gpr(z, 5)?
* Do the EoMRs and LIRs hold at NLO (crucial for validity of the twist-3

framework!)

» Derivation of LIRs for gluon FFs
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» Can twist-3 fragmentation explain 4, results in p4 from RHIC?
(Hatta, Xiao, Yoshida, Yuan (2017); Bennic & Hatta (2019))
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» Can twist-3 fragmentation explain 4, results in p4 from RHIC?
(Hatta, Xiao, Yoshida, Yuan (2017); Bennic & Hatta (2019))

> Updated analysis of 4 N n epT —1aX (Gamberg, Kang, Metz, DP, Prokudin,
PRD 90 (2014)) that includes constraints from LIRs (mandatory for an

EIC!)
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» Can twist-3 fragmentation explain 4, results in p4 from RHIC?
(Hatta, Xiao, Yoshida, Yuan (2017); Bennic & Hatta (2019))

> Updated analysis of 4 N n epT —1aX (Gamberg, Kang, Metz, DP, Prokudin,
PRD 90 (2014)) that includes constraints from LIRs (mandatory for an

EIC!)

» Global fit of TMD and collinear transverse spin observables
(Gamberg, Kang, DP, Prokudin, Sato, ..., on-going work)
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Summary

* Collinear twist-3 FFs can be probed in a variety of different processes, and
they are fundamentally different than their PDF counterparts (complex-valued,
non-pole matrix elements,...).

* Both TMD and collinear functions that are relevant for transverse-spin
observables are driven by multi-parton correlations — global analysis is
possible!

* Several open issues remain for theory and phenomenology to validate the
twist-3 framework and connect analytical calculations to experimental data.
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» What follows are very preliminary results of a global fit of
1) Collins effect in ee
2) Collins effect in SIDIS
3) (Integrated) A?}I}% in SIDIS
4) A, in proton-proton collisions (fragmentation term)

*Also will add Sivers and QS term of 4, to the analysis

» Monte Carlo (MC) sampling was used to determine error bands. For now, we
use a simple Gaussian ansatz for TMDs.

» We have found solutions for the relevant non-perturbative functions
(including H!) that describe simultaneously a non-trivial amount of
observables.

» Large errors in the (transversely polarized) deuteron SIDIS data make flavor
separation subject to significant correlations which can only be estimated by
MC — an EIC can hopefully deliver more accurate data.

(Gamberg, Kang, DP, Prokudin, Sato, ..., on-going work)
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Collins effect SIDIS
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AS 95 in SIDIS
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