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* Single (Transverse) Spin Asymmetry (SSA)
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In the conventional parton model:
(pQCD in the twist-2 level)

Ay ~ =5~ tiny!  (Kane et al. ('78))

Other mechanisms necessary!

|

Need extention of the framework for QCD hard process!



* QCD-mechanisms for SSA in the two regions of Prp

e Naively “T-odd” distribution/fragmentation functions (Sivers, Collins etc)

- Describes SSA in the region of Aqcp < Pr < @ in the framework of TMD
factorization.

- TMD distributions are process dependent!

e Multi-parton correlation functions (quark-gluon, purely gluonic etc) \
(Efremov-Teryaev, Qiu-Sterman, Eguchi-YK-Tanaka,..)

- Describes SSA in the region of Aqcp < Pr, () as a twist-3 observable in the
framework of collinear factorization.

KMulti—parton correlation functions are process-independent! J




x Example: SIDIS ep’ — ehX
- Three types of twist-3 cross sections

D(z)

quark-gluon correlation 3-gluon correlation twist-3 fragmentation
function function function
Ji,Qiu,Vogelsang, Yuan,PRL,PLB ’06 l Yuan, Zhou, PRL, 103(°09)052001,

Eguchi, YK, Tanaka,NPB, ’06,’07 R ’
Beppu, YK, Tanaka, Yoshida, Kanazawa, YK, PRD&8 (’13)074022.

PRD82 (*10)054005.

- Complete LO cross sections from all contributions have been derived.

e So far derivation of the twist-3 cross sections for SSA in pp and ep collisions has
been limitted to LO. It is still quite involved to get gauge invariant cross sections.



2. Twist-3 distribution functions: Pole contributions

2.1. Quark-gluon correlation functions



* Quark-gluon correlation functions in the L polarized nucleon.
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e Relation between D-type and F-type distributions.  (Eguchi, YK, Tanaka, NPB752(°06)1)
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Aq(x): helicity distribution

e Symmetry property from P- and T- invariance.

Gr(r1,22) = Gr(x2,21), Gr(x1,22) = —GFr(v2,21)



* SSA is caused as a pole contribution of an internal propagator:
Efremov-Teryaev(’82), Qiu-Sterman(’91)
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* {Gp(xl, T2), @F(asl, 332)} can be used as a complete set of twist-3 distri-
bution to describe SSA.

- Ward identities satisfied by a particular subset of diagrams for each pole contri-
bution is essential to prove Factorization and Gauge invariance properties.

(Eguchi, YK, Tanaka, NPB763(’07)198.)



* Twist-3 formalism for SSA. (cf. Eguchi-YK-Tanaka,(’07))

- Twist-3 single-spin-dependent cross section can be written by {G r, G F}as
(in Feynman gauge)
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* Characteristics of the twist-3 cross section for SSA

-SSA(twist-3)~ S > 2 (twist-2).

-The SGP function is related to the Sivers function fiz(x,k ) through

]_ — —,
Grl(x,0) = —— | &’k k1 fiz(x, ko).
M

TV &y

dG g (z,x)

-SGP for Gr(z,x) brings the derivative contribution —%5+

comes main contribution at x — 1.

as well, which be-

-For the HP and SFP contributions (x; — x2 # 0), one has from Ward identity

aS((THP,SFP)(kh ko )p°

1
S&HP,SFP)
okS | (
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r1p, me)

ki=x;p

This guarantees that HP and SFP do not receive derivative contributions. Calcu-
lation is also simplified.



* Applications to pp collision (G and G F)

- Ji,Qiu, Vogelsang, Yuan(’06), p'p — v*X (SGP+HP)
- Kouvaris et al.(’06), p'p — {m,7}X, (SGP)

-Appearance of the combination mdag—g’m) — Gp(x,x). (See later.)

. YK, Tomita ('09), p'p — 7X, (SFP)

. Kanazawa,YK (’12), p'p — v X, (SFP); p'p — ~* X, (HP+SFP)

-SFP contribution appears in the form of Gr(0,x) + G r(0,x) for the scattering
among massless particles (quark, gluon, photon).

x Chiral-odd twist-3 quark-gluon correlation function (Er(x1,x2)) in unpolarized
nucleon

- Kanazawa,YK(’00,’01), p'p — 7#X; pp — ATX, (Derivative of SGP)
- Zhou,Yuan,Liang(’08), pp — ATX (complete SGP)

Hear talks by D. Pitonyak and A. Metz for more.



2.2. Master formula for the Soft-Gluon-Pole (SGP) Cross Section.
(YK and K. Tanaka, PLB646(’07)232, PRD76(’07)011502(R).)

- Partonic hard cross section for the total SGP contribution has a simple

relation with a certain twist-2 cross section up to color factors.

o epl — e X, pr—Wy(*)X, pTp = X, pp—>ATX,---

- Scale invariance of the twist-2 cross section among massless partons in pp

collisions leads to a compact formula for the SGP cross section.

o p'p = X, pTp = 7X, and others.

— Explains the origin of the observation by Kouvaris et al.
(PRD74(°06)114013) for p'p — 7 X.

N (x dGZ(;’ %) _ Gpla, g;)) ® f(2) @c%

Same as twist-2 unpol. Xsec
up to color factors

Consider p'p — 7X in detail.



% Structure of the hard part for twist-2 cross section for pp — 7w(Pp)X.
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* Structure of the hard part for twist-3 SGP cross section for pTp — 7(P,) X.

. Obtained from H!“? by attaching the additional gluon onto the external
on-shell quark lines. — Insertion of the quark propagator which produces
SGP.

Final State Interaction (FSI) Initial State Interaction (IST)

Pr=Print” Ki—Ko+ P,/ 2+ ic ’ %52—¢1+$'ﬁ'+i6iﬁtaﬁ

1

I —:Eg—l—?l&‘ '

— Pole at 1 = x5 in the collinear limit (k; — z;p): ~



x SGP cross section for pTp — 7(P,) X from qqg — qq.
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i7T5(£IZ‘1 — 332)2 SGP
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- Hard part for SGP is obtained from the twist-2 hard part H!*? with the

insertion of the color matrix t¢.

- The partonic hard cross section is a function of
§=(xp+2'p)2 L= (xp— P,/2)? and @ = (2'p' — P, /2)>.

8 % %
~ gpar and gy can be performed through —=.



*x Generalization to other processes with more (> 3) partons in the final
state.

Hard part for the twist-3 SGP cross section can be obtained by attaching

the extra gluon to the external parton lines of the ”"primordial” twist-2 hard

part.
Ex. pTp = 2 jets + X x: SGP
: " unobserved :
- parton

(Gives connection of the SGP cross section to a certain twist-2 cross section

up to color and kinematic factors.

Q can contain loop corrections.
— powerful tool to include higher-order corrections.ions.



2.3. Three-gluon correlation functions

ep’ — eDX:
H.Beppu, YK, T. Tanaka, S. Yoshida, PRD 82(2010)054005, (arXiv:1007.2034)
YK, T. Tanaka, S.Yoshida, PRD 83(2011)114014 (arXiv:1104.0798) .

p'p— DX
YK, S.Yoshida, PRD84(2011)014026 (arXiv:1104.3943 [hep-ph]).

Drell-Yan and Direct photon (p'p — fy(*)X )
YK and Yoshida, PRD8&85 (2012) 034030. [arXiv:1112.1161]

p'p — {h,jet} X
Beppu, YK, Kanazawa,Yoshida, PRD 89, 034029 (2014) [arXiv:1312.6862].



* Twist-3 “three-gluon” correlation functions

(w2 — 21)p Beppu-Koike-Tanaka- Yoshida (PRI 82{10)054005)
1P +2p See also, Belitsky-Ji-Lu-Osborne, PRD63,094012(2001)
p p Braun-Manashov-Pirnay, PRD80,114002(2009).

-Two independent correlation functions O(x1,22) and N(z1,x2) due to Hermitic-
ity, PT-invariance and Permutation symmetry

Oaﬁ'y(xljxg / /dﬂ AT ?,,u,(xg $1)< SldbcaFﬁn(U)F:n([,LH)FQR(A'H,)‘pS)

= 2iMxy [O(J:l,q:g)gaﬁewns + O(z2, T2 — 21)g" "™ + O(z1, 21 — :L'g)gmeﬁpns]
(o) d d '3 €T T T €T ca T T T
N on0) = =gt [ B [ Beher ) (] 0)F2 () FE ()
= 21 M N [N(ml,mg)gaﬁewns — N(z2,z2 — ..'wf:l)g*67 apns — N(z1,21 — mg)gwaeﬁpns] )

F" =Fg"n, n: lightlike vector satisfying p - n = 1.
€175 = € p,n, Sy etc. Gauge-links suppressed above.

e Note: O(z1,x2) is C-odd and N (x1,x2) is C-even.



- SSA occurs as a pole contribution at x1 = x2 — soft-gluon-pole (SGP).

— Oaﬁ’Y (;r;, Z) = 21Mn [O($, Z)gaﬁeﬁpns + O(l‘, 0) (gﬁ’Yeaan + gqaeﬁpns)]

NP (z,2) = 2iMy [N(a:, z)g*P "™ — N(z,0) (95’?’50‘?’”5 + gwaeﬁan”

- In general, one has different cross sections for O(z,x) and O(x,0) (Likewise for
N(x,z) and N(z,0)).



* Three-gluon contribution to pT(p) + p(p') — v(q) + X.
YK and Yoshida, Phys. Rev. D 85 (2012) 034030

§= ((a:er:v)’p’)Q,
d 4ozemoz3M T dx’ 2) o\ apns, 1 t=(zp q22
Eﬁ’ch; = a Z / a /—5(8+t+u)e s z W= (2'p —q)
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Xléﬂ( 0w) - =) = (V@ - =, )}(N (G+%)
O(z) = O(z,z) + O(z,0) T

N(x) = N(z,z) — N(x,0)

The same as twist-2 cross section

0, = 1 for a =quark, é, = —1 for a =anti-quark. (also from master formulal)
s = (g_f;p + gg"p")zj f: (;pp — q)Q, U = (g_r;"p — q)2 (YK,Ta,naka,YOShida,(’11))

- This differs from the previous study (X. Ji, Phys.lett.B289 (’92)137).

e For processes driven by scatterings among massless partons (and photon) only,
three-gluon correlation functions appear in the combination of N(z) and O(x) (so

. T
isp'p — wX). (<> SIDIS and Drell-Yan with large Qz)



* Three-gluon contribution to p'p — DX

-Master formula can also be applied.

Unpol. gluon density D- meson frag. func.
P;?d‘;zzm ~ & MN’” (PrpnSy Z/ \ / /—5 §+1+4) %
o = (20 22) o (.5.5)]
o= 'E'"“'““"“““““““““““““'; Tiny at RHIC energy!
| d. = 1 (D-meson) and 0 1 (D-meson) i

(Kang-Qiu(’08), Kang-Qiu-Vogelsang-Yuan('08))

§=(xp+ 5(;'p')2 { = (pe — a:p)2 — mz = (p. — :c'p')2 —
Do = Py
c T z



3. Twist-3 fragmentation functions: Nonpole contribution

* Twist-3 fragmentation function for a spinless hadron
Ji(’94), YK(’02), Yuan-Zhou(’09), Yuan-Kang-Zhou(’10), Metz-Pitonyak(’12), Kanazawa-
YK('13),- - -

* Use of Feynman gauge makes the appearance of the gauge invariant cross section

explicit.
(Kanazawa, YK, PRD 88 (’13) 074022; Hatta,Kanazawa, Yoshida, PRD(’13) 014037)

-More recently, it’s been confirmed that the calculation in the Feynman gauge and
the lightcone agree with each other for the twist-3 fragmentation contribution to
An in p" > 71X (Kanazawa,Metz,Pitonyak,Schlegel, arXiv:1503.02003).



* SIDIS
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Ep (21, 22) is defined by gF*" (pw) — D*(pw), and they are related as

1/z i 1/z2) EF(Z1,,Z2) + 0 (i — i) &(22),

<1 Z9

ED(ZhZz) = P (

. Er(z,2) = 0 (Meissner-Metz,PRL102(°09)). — Universality of Collins function

— No pole contribution from Re Ep(z, z).

- Ep and Ep are complex, ¢ is pure imaginary, and é;(z) is real.
—> Im EF, Im e and é7 gives rise to SSA as NONPOLE contributions.

é1(z) may be eliminated by the relation:

R dzl 1 -~ ’ -
éi(z) = z/ Z?P (1/2, — 1/2:) Im Er (2, z) + 2zImé(z).

- In Feynmann gauge calculation, Ward identities are essential to construct gauge
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ok~

invariant combination for the NONPOLE contribution:
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We also have
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Final form of the cross section (Kanazawa,YK,’13):
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* Many applications to twist-3 spin asymmetries caused by the nonpole contribu-
tions.

e Quark-gluon correlation functions

- Zhou,Yuan,Liang, PRD&81(’10)054008, A7 in Drell-Yan.

- Liang,Metz,Pitonyak,Schafer,Song,Zhou, PLB 712(°12)235.
Apr in direct-photon production: p'pg — v.X.

- Metz,Pitonyak,Schaefer,Zhou, PRD 86 (’12) 11402,
Apr in p'p— {h,jet} X.

e Three-gluon correlation function

- Hatta,Kanazawa, Yoshida, PRDS88 (°13) 1,014037
Three-gluon contribution to Ar7 in open charme production in pp collision:
p'p— DX

e T'wist-3 fragmentation function
. Metz,Pitonyak, PLB 723 (’13) 365, Ay in p'p — hX. (— Pitonyak’s talk.)

Observables in [p scatterings. (— Metz’s talk.)



4. Connection to TMD factorization



x SIDIS ep’ — eh X

HADRON PRODUCITON PLANE

¢n: azimuthal angle of hadron plane

¢s: azimuthal angle of spin vector

e Unpolarized cross section

7—axis

oV ~ of + o5 cos ¢, + o3 cos(2¢)

LEPION SCATTERING PLANE

- Three types of twist-3 cross section contribute to all 5 structure functions:

----------
....................
........
.® Y
. 3
.

Ac™hoy sin(¢p, — ds) FI2LT99) 4 sin(2¢), — ¢g) o0 —0s)
+ sin(gbj/}si“@s) + sin(3¢n — ¢g) FC—0) (), + dg) FEMEuros)
Siveriasymmetry ) Collins asygmetry
~ fir(z, k1) ® D(2) ® 6

~ h(z) ® Hi (2,k1) ® 6"

(TMD) (TMD)

Leading twist-3 contribution at Py < )
~ Grp(r1,22) ® D(2) ® 6’

(quark-gluon correlation) ~ h,]gx) ® f? (21,22) ® 6"
R wist-3 fragmentation
4G (21,22) @ D(2)& ( ; )

(3-gluon correlation)



* Relation between TMD and Twist-3 at intermediate Pr (Aqgep < Pr <€ @)

SSA

Agecp € Pr, @ Twist-3

Twist-7 =

-2
AqQcp )T

Suppressed by ( )

Agep < Pr < Q)
Equivalent for Sivers asymmetry F*"(¢2=¢s) and for DY, consistently with fi5|pis =

L
—firlpy. - Ji-Qiu-Vogelsang-Yuan (PRL 97(’06)082002, PLB638(°06)178).
- Koike-Vogelsang-Yuan (PLB’07 ) (< Gr-contribution)

- 3-gluon contribution to Fin(¢n=¢s) ig also shown to be consistent between the
two frameworks. (Dai,Kang,Prokdin,Vitev,arXiv:1409.5851hep-ph])

. Similar equivalence also shown for Collins asymmetry Fsin(¢ntes)
(Yuan-Zhou, Phys.Rev.Lett.103:052001,2009.)

e Needs to be clarified for other 3 azimuthal-structure functions in ep” — er X.



5. Summary

e The technique for the collinear twist-3 calculation has been well developed both
for the pole (SGP, SFP, HP) and the nonpole contributions.

e [LO twist-3 cross sections for SSA are available for many relevant processes.

p'p—= hX (h=m,v,7*, D), pp = AT, ep" = eDX, ep" = hX, ep = ATX, etc

e The SGP hard cross sections for the quark-gluon and three-gluon correlation
functions can be related to some 2 — 2 (twist-2) partonic cross sections.

— May become a powerful tool to include higher-order corrections.

e Twist-3 fragmentation function gives rise to SSA as a nonpole contribution.

Aprs in pp and ep collision also receive nonpole contribution from twist-3 distri-
butions.

e At Aqep K ¢ < Q, matching between the twist-3 and TMD has been shown

for some asymmetries, consistently with the process dependence of the TMD
didtributions.



Backup slides



x Three-gluon contribution to twist-3 cross section for pTp — DX

- SSA occurs as a pole contribution at 1 = x2 — soft-gluon-pole (SGP).

e ['inal state interaction

Gives a pole at 1 = xs.
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x Twist-3 cross section from the soft-gluon-pole (SGP) at x1 = x5
(Feynman gauge calculation)

|
PO dg8tion _ as dx dzD (2) d:z:l d.ﬁb’g w“a = g'ua — pHng,
h dBP}b
08955 (k1 kz, x'p’, pe)p” v o g
X : A( - 820‘ ) wuaw 5w 'YMF,,G(I’?)C(':EL'I’Q)J
2 ki=xip
where
d ?, T 3 T i T T T

M arvan) = =gi® [ 32 [ Bees =) (s B 087 () FE™ ()lps)

?

dabcoal@’y (JZ1, J»2) o

40 facho;ﬁq (11 Jf2);

dSZi(:\(kl 1k2=$,p,3p6)p>\
kg

produces §(x1 — x2) and &' (xy — x2).

ki=x;p

— %P (x,2) = 2iMN [O(x,x)gaﬁe””pns +0(x,0) (gﬁ’yeapns n gmegpng)]

NP (z,2) = 2iMy [N(:c,a:)gaﬁewns — N(x,0) (g’%{(—:mmLS + gmeﬁpns)}

- Different cross sections for O(x, x) and O(x, 0) (Likewise for N (x,z) and N (x,0)).



* Extention to higher order corrections

Ex. ep’ — eDX (YK, K. Tanaka, S.Yoshida, arXiv:1104.0798 [hep-ph])

Generic diagrams for twist-2 v*g — ¢ scattering
including higher order corrections

-Twist-3 SGP contribution is obtained by attaching the extra gluon onto the final
parton line fragmenting into D.

:
()

O
S
S
-
O
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O
27
=000
()
®
>

00008

— Master formula holds at higher order as well.



* Small-gr behavior of the twist-3 cross section: connection with TMD approach
-Leading power behavior for 5 structure functions.

Twist-3 distributions, Gg and Gg Twist-3 fragmentation, Fr
Ji-Qiu-Wogelsang-Yuan,('06), YK-Vogelsang-Yuan('07) From Kanazawa-YK, in prep.
EKT(’07), YK-Tanaka, arXiv:0907.2797hep-ph]. (PT = zqr in SIDIS)

. M M
sin(on—9s) In Q, }"[GFD GFD] >> peinton—os) 02 il o .F[hlEF]
qT qr
—> TMD-Sivers
: M sin(:
Fein@én—¢s) TNO! FlGpD,GpD] = Foin(@on=0¢s) (nonsingular)
T
Fsin(@s) My s F|GrD, GFD] FEin(ds) My asFih B
7 ~ Soya-FlinFr
[sin(3én—¢s) My FIG»D é D N (3 — b e
~ quT Qs [ rD,GFp } >> Fhlﬂ(t bn—ds) ~ (} (nonsingular)
, ~ - M ~
psin(éntés) ;VT as FlGrD,GpD] < FEin(dntos) q_;\’asf[hlEF]
T

Yuan-Zhou, PRL103,052001(°09)
- SFP contribution is less singular at gy — 0 in all channels. —> TMD-Collins



* Large-q7 behavior from the TMD approach (Bacchetta et al., arXiv:0803.0227.)

in(on—de M -
F““[‘Ph os) _gﬂ'ﬂj?_fl%fl“fl] Dl'.' ] _.

UT,T
qr
peinon+es) M o i)
T """"_:Jﬂgf-_-l 1 ,...]._
qr
Fsin{Er;}h—r;}s:I M 2 h Hl{”
UT ~ —ag Flh Hy vl
9
in g M 1(1
For? ~ S au Ffip Dy, i Hp Y, ]
QQT
D M
FEFI;{E'?’.& ¢s) —gﬂ'sf[ff}“{l}ﬂl-.-'-] 1
QQT

. O(as) contribution to Fia®?»~%5) from twist-3 is less singular (~ 1/qr).
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