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QCD factorization theorem

Cross section formula can be decompsed into the nonpertabative

function and the hard cross section.

do = f(x, pr) @ do(z, Q% pr)

- Cancellation of the infrared divergence (collinear singularity) has to be

proven order by order.

- Scale evolution equation for the factorization scale yp is necessary

for quantitative calculation.

F-type twist-3 function
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We discuss the scale evolution equation for Gp(x, ).



History of evolution equation for Gp(z, x)

o One loop calculation for F-type operator

Z. B. Kang and J. W. Qiu, Phys. Rev. D79, 016003 (2009)

J. Zhou, F. Yuan and Z. T. Liang, Phys. Rev. D79, 114022 (2009)

I V. M. Braun, A. N. Manashov and B. Pirnay, Phys. Rev. D80, 114002 (2009*
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| J. P. Ma and Q. Wang, Phys. Lett. B715, 157 (2012) |
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o NLO transverse-momentum-weighted single spin asymmetry

W. Vogelsang and F. Yuan, Phys. Rev. D 79, 094010 (2009)
Z. B. Kang, I. Vitev and H. Xing, Phys. Rev. D 87, 034024 (2013)

The complete agreement between two approaches was not achieved yet.



P, -weighted cross section in SIDIS

We discuss the semi-inclusive deep inelastic scattering,

e(f) +p(p,SL) = ell)+h(P) + X.

The cross section formula can be expressed by the Lorentz invariant

variables,

Q2 Zh:p'Ph,

Sew=(p+0? Q@ =-(-07=-¢* =3
pP-q pP-q

NLO transverse-momentum-weighted single spin asymmetry is defined as
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¢s(x): azimuthal angle of S| (P, )



LO cross section

The SSA, naively T-odd observable, requires a complex phase.

This can be given by the pole contribution in collinear factorization approach.
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Real emission diagrams in NLO cross section

Pole contributions can be classified into four types.

H. Eguchi Y. Koike and K. Tanaka, Nucl. Phys. B763 (2007) 198
Y. Koike and K. Tanaka, arXiv:0907.2797

1. soft gluon pole(SGP)

%1 = 2 Gr(z,z)  COrkg)

2. soft fermion pole(SFP)
ry =0 or x2=0 Gr(z,0) CN;F(CE;O)

3. hard pole(HP)

r1 =T or T2=TB Gp(r,zB) Gr(z,zB)

4. new hard pole(HP2)

L1 —Ip — L, 9 —IRB or L1 —IB, X9 —Irp — I

Gp(xgmaf,LL‘B) éF(CEB—x,IB)




SGP contribution
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SFP contribution
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Upper diagrams and lower diagrams cancel each other.

Y. Koike, W. Vogelsang and F. Yuan, Phys. Lett. B 659 (2008) 878-884



HP contribution

d4 (P}I,J_AO")HP
dr 5dQ2dzpdo

X

e e () s [ D) [ £ (s0r + 5)

40%52,Q7 21\ Q? 1—¢) 2N
- ; )+ 2 : L 1442 ,\
{Gr(e.25) [ 500 =200 —2) + £ (200 - 900 - 2) - T=5-60 -9
143 W [ —
= £)+5(1 — Z))} +|GF(IIJ,ZL‘B)E(5(1 - z)} o

This contribution was neglected in previous works

7. B. Kang, 1. Vitev and H. Xing, Phys. Rev. D 87, 034024 (2013)



HP?2 contribution Y. Koike and K. Tanaka, arXiv:0907.2797

This is new pole contribution to the P} | -weighted SSA.
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HP2 contribution brings a collinear sigularity %

We should not neglect this contribution to show the cancellation of

the collinear singularities.



Virtual correction diagrams in NLO cross section
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These diagrams were calculated in previous work.
7. B. Kang, I. Vitev and H. Xing, Phys. Rev. D 87, 034024 (2013)
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Subtraction of collinear singularity

We can subtract the collinear singularitiesby the following renormatioza-

tion of Gp(x,x).
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These collinear singularities are the same as those in F-type correlator
at 1-loop order.
V. M. Braun, A. N. Manashov and B. Pirnay, Phys. Rev. D80, 114002 (2009)
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Scale evolution equation for Gp(z, x)

The cross section doesn’t depend on the artificial scale p.

o d4 <PhJ_A0-> LO+NLO

=0
Olnp? drpdQ?dz,dd

SGP+HP contributions
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New HP contribution

This completely agrees with the result in different approaches.



trasverse momentum weighted SSA fore+p — e+ AT + X

based on a work with: Leonard Gamberg (Penn State Berks)

Zhong-Bo Kang (LANL)

Hongxi Xing (Northwestern University /ANL)



LO cross section

The imaginary part of twist-3 fragmentation function provide a complex phase.

Pole contribution is not needed. (nonpole contribution)
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Virtual correction diagrams in NLO cross section




Real emission diagrams in NLO cross section
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Real emission diagrams in NLO cross section
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Evolution equation for ImD’L(]’) (2)
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Summary

o We discussed the new hard pole contribution to the P | -weighted SSA
in e+ p' — e+ h+ X and reproduced the correct evolution equation

for Gp(z,z)(Tp(x,x)).

o We discussed the first application of the transverse momentum weight

method to the fragmentation contribution.

Future work

o Comparison of two methods.
Zhong-Bo Kang, Phys. Rev. D83, 036006 (2011)

o Application to the Collins effect.

o Tri-gluon fragmentation effect on the AT production.



Backup



Definition of twist-3 fragmentation functions
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EOM relation
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