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* Single (Transverse) Spin Asymmetry (SSA)

40

ol — gt 3
’PTP_>7TX AN:gT+g¢ o
. FNAL-E704('91)(y/5 = 20 GeV), e X >0

RHIC(+/s = 200, 62 GeV):

AN ~ 0.3 at large rp = 2p||/\/g.

FNAL-E704

Vs = 20 GeV

I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 1 1
0 01 02 03 04 05 06 07 08 09 1
X

P.L. B264 ('91) 462
P.L. B261 ('91) 201

RHIC-STAR, PRL92('04)
hep-ex/0801.2990, PRL 101(2008)

Vs =200 GeV
Ay o+p—> 1+ X at vs=200 GeV
0.151 ,Spint -
Spin 4 ,
| Left | Right | [ _ ,
| ! - ___ Sivers (HERMES fit)
016 { | twist—3
0 025 0 025 /|
vy mass (GeV/c?) ;
0.05F VA=
<n>=3.7 <n>=3.3
A
S Y. I VP /A
0 {E"‘E 7 fz
| | LN A
Il ‘ Il Il Il Il ‘ ‘ Il ‘ ‘ Il ‘ Il
—-0.b 0 0.5 -=0.b 0 0.5 X
F



* Hyperon polarizations in unpolarized pp collisions

pp — ATX (in 80’s and 90’s)
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e SSAs: naively “T-odd” twist-3 observables.
e A;7: naively “T-even” twist-3 observables.

e Technique of calculating both types of twist-3 cross sections associated with
twist-3 distribution/fragmentation functions is well developed in LO QCD.

* We derive the complete set of the relations among all kinds of twist-3 distri-
bution/fragmentation functions, and show that they are crucial to gurantee the
Lorentz-invariance of the twist-3 cross sections.



2. Twist-3 distribution and fragmentation functions

2.1 Classifications

-Three types of twist-3 distribution/fragmentation functions:

Intrinsic, dynamical and kinematical twist-3 functions



e Twist-2 and 3- (collinear) quark distribution functions for the nucleon
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e Twist-2 and 3- (collinear) quark fragmentation functions
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e Dynamical twist-3 distributions (“F-type” distribution)
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(Other notations: Ery ~ Ep, Fpr ~ Gp, Gpr ~ ép)
- These 4 functions are real.
- Support: |z1| < 1, |x2| < 1, |22 — 21| < 1.

- Hrpy, Frr are symmetric, and Hry, Gpr are anti-symmetric under x1 <> z2 by
P and T-invariance.

- gFP" (un)n, — D' (un) defines another set of twist-3 distributions (” D-type”
functions), which are related to the above ” F-type” functions.



e Dynamical twist-3 fragmentation functions (“F-type” fragmentation function)
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- These 4 functions are complex, and have no definite symmetry properties, since
T-invariance gives no such constraint. («» Twist-3 distributions.)

- Support: 1 > 2o > 0 and oo > 21 > 29.

- gF?T (un)n, — D' (un) defines another set of twist-3 fragmentation functions
(” D-type” functions), which are related to the above ” F'-type” functions.



Nucleon

Hadron

e Kinematical twist-3 distribution: k;-moment of twist-2 TMD distributions
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e Kinematical twist-3 fragmentatlon functions: kj-moment of twist-2 TMD frag-
mentation functions
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2.2 EOM relations and Lorentz invariance relations among
twist-3 distribution/fragmentation functions



* Example: twist-3 distributions in transversely polarized nucleon.

e Quark-gluon correlation functions
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e Relation between D-type and F-type from operator identity:
(Eguchi, YK, Tanaka, NPB752(°06)1)
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e Relations from identities for the nonlocal operators not on the lightcone.

- Operator identity for z* # 0: (Eguchi, YK, Tanaka, NPB752(’06)1)
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. Take the matrix element w.r.t. the nucleon state and let z> — 0, one obtains
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- Combination with the EOM relation (previous slide) gives LIR:
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x Intrinsic and kinematical twist-3 distributions gr(z) and gg,lr) (z) can be writ-
ten in terms of the twist-2 distribution g;(z) and dynamical twist-3 distribution

functions.



-Extension to twist-3 fragmentation functions

* FKOM relations for twist-3 fragmentation functions
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* Lorentz invariance relations (LIR) for twist-3 fragmentation functions
e “T-odd” fragmentation functions
- Transversely polarized spin=1/2 baryon:
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- Unpolarized hadron
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e “T-even” fragmentation functions
-LIRs can be obtained in parallel with the twist-3 distributions.
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e Several remarks

- All intrinsic and kinematical twist-3 distribution /fragmentation functions can be
expressed in terms of the twist-2 functions and the dynamical twist-3 functions.

- All twist-3 cross sections can be expressed in terms of the twist-2 parton distri-
bution/fragmentation and the dynamical twist-3 distribution/fragmentation func-
tions.

- The dynamical twist-3 functions constitute a complete set of the basis for renor-
malization, and their LO evolution equations have been derived.

Balitsky, Braun, (1989); YK, Tanaka, (1995); YK, Nishiyama, (1997), Belitsky,
Mueller, (1997); Belitsky, (1997); Braun, Manashov, Pirney, (2009);...



3. Lorentz-invariance properties of twist-3 cross sections.

e Distribution functions are defined from the lightcone correlation functions like

B () = / D 2% (P, (0)[0, Al (An)|PS).
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nt = \/§1II3I (1 —;) which satisfy P* = p" + =En" and p-n =

For P* = (E, P), we introduce two lightlike vectors, p* = % (1, %) and
| P L

e Likewise for the fragmentation functions

Agj( =N Z/ d e #(0|[f00w, 0] (0)| P Sh; X ) (PrSh; X |[1; (Aw)[Aw, Fcow]|0).

For P}’ = (En, Py), we have P = |5‘%I (1,%) and w" = \/§|113h| (1,—|§.:|),

w" and pp -w = 1.
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which satisfy Pf‘: — pi + @

* In general, calculated twist-3 cross sections depend on n" and w". But the
physical cross sections should be Lorentz invariant functions of the physical mo-
menta appearing in each process.

— n' and w" dependence should be eliminated.



* Example: e(l) + N(P) — h(Pp) + X

3 Mandelstam variables: S = (I + P)*, T = (P — P»)*, U = (I — P,)?

- In the twist-3 accuracy, one can regard P? = P? =[* = 0.

- n" and w" can be expanded as
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. These satisfy n° =w? =0and p-n=1, pp -w = 1.

- Different choices of x, xe, 7 and 7. correspond to different frames.

e ¢N c.m. frame — n = 2" (i.e., x = xc = 0).

e Nh c.m. frame
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-By using EOM relations and LIR, one can obtain the twist-3 cross sections in a
Lorentz-invariant form which does not have n* and w" dependence.

i.e., Dependence on Y, Xe, n. e vanishes owing to LIRs and EOM-relations.
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Likewise for - SSA Ayur: e(l) + N(P) = AT (Py, Sp) + X.
- DSA Aryr: €(1) + N(P) — AT (P, Sh) + X.



4. Summary

- We have derived complete set of the relations among twist-3 distribution/fragmentation
functions necessary to describe twist-3 cross sections by using QCD EOM and
identities for the nonlocal operators. Results for the twist-3 fragmentation func-

tions are wholly new.

- All intrinsic and kinematical twist-3 functions can be expressed in terms of
twist-2 functions and dynamical twist-3 functions.

- Use of EOM relations and LIRs leads to Lorentz invariant form of the twist-3
cross sections.
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