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Large single spin asymmetry

—— Single spin Asymmetry (SSA) —
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left-right asymmetry of pion distribution

SSA evaluated by the conventional pQCD

An ~ agTq: small! (Kane et al. (’78))

What is the origin of the large SSA 7



New pQCD frameworks

Transverse Momentum Dependent(TMD) factorization

- Applicable in small Pr(Q > Pr > Agcp) region
- Nonperturbative functions depend on the transverse momentum of partons

c.f Sivers function fir(x,k )

- Some nonperturbative functions have process dependence

collinear factorization

- Applicable in large Pr(Pr > Agcp) region
. Unique applicable framework for pp" — 7#.X,pp — AT

- twist-3 functions don’t have simple physical interpretation
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Large single spin asymmetries in high- Py

Large SSAs in high energy scatterings were first observed in 1970s.
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Leading order calculations

pr — 71X

» Twist-3 distribution effect of p! (Sivers type)
Qiu, Sterman(1998) Kouvaris, Qiu, Vogelsang, Yuan(2006) Koike, Tomita(2009)
Beppu, Kanazawa, Koike, Yoshida(2014)

+ Twist-3 distribution effect of p (Boer-Mulders type)
Kanazawa, Koike(2000)

» Twist-3 fragmentation effect of © (Collins type)

Metz, Pitonyak(2013) C leted !
ompleted !

pp — ATX

+ Twist-3 distribution effect of p (Boer-Mulders type)
Kanazawa, Koike(2001) Zhou, Yuan, Liang(2008) Koike, Yabe, Yoshida(2015)

» Twist-3 fragmentaion effect of AT(Sivers-fragmentation type)

Koike, Metz, Pitonyak, Yabe, Yoshida(2017)

Last piece: 3-gluon fragmentation



Numerical Simulation
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K. Kanazawa, Y. Koike, A. Metz and D. Pitonyak, Phys. Rev. D 89(2014)
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+ TMD associated functions Gp(x,x) and H f ) give tiny contribution

+ T'wist-3 fragmentation effect can be dominant source of the large SSA



Evolution equation for the twist-3 distribution function Gp(x, x)



QCD factorization theorem

Cross section formula can be decompsed into the nonpertabative

function and the hard cross section.

do = f(z,ur) ® do(z, Q°, ur)

- 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.

Dynamical twist-3 functions

d _
/ / M ’L)\lUl Z.U CEQ-—Tl <pS_J_|77bj(O)QFa7l(ﬂn)wl()\n)‘pSL>

MN (Xp?’LS_L M

= (#)i;Gr(21,v2) + %TSJ_(%WUGFWMQ)

We discuss the scale evolution equation for Gp(x,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)
V. M. Braun, A. N. Manashov and B. Pirnay, Phys. Rev. D80, 114002 (2009)
A. Schafer and J. Zhou, Phys. Rev. D85, 117501 (2012)

J. P. Ma and Q. Wang, Phys. Lett. B715, 157 (2012)
Z. B. Kang and J. W. Qiu, Phys. Lett. B713 , 273 (2012)

do = f(z,pur) @ do(z,Q%, ur)

o NLO transverse-momentum-weighted single spin asymmetry
W. Vogelsang and F. Yuan, Phys. Rev. D 79, 094010 (2009)
7. B. Kang, L. Vitev and H. Xing, Phys. Rev. D 87, 034024 (2013)

SY, Phys. Rev. D 93, 054048 (2016)
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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 _p'Ph,
5 Zh = .
2p - q p-q

Sep=m@+0? Q*=-((—-¥)V=-¢ z5=

NLO transverse-momentum-weighted single spin asymmetry is defined as

4
d <PhJ_AU> — dQPh_i_faﬁ_—i_S_LaPhJ_B (

dS Ao )
deszthdd) -

drpdQ?dzpdP? | dédy



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.

R VG B
N/

— — — ol — — —

/ I
r1p (xg —:xl)p L2p
1 1 : h 2
= — im0 (— — (x2 — 21
(5 — (w2 — m1)p)? + ie P(% — (w2 — z1)p)? (( ( " )
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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) éF(iﬁaO)

3. hard pole(HP)

1 =IB or L2=IB GF(-TEwB) GF(H?;@'B)

4. new hard pole(HP2)
L1 —Ip — L, 9 —IRB or L1 —IB, X9 —Irp — I

~

GF(ZCBMSC,SCB) GF(:EB—.CU,CCB)



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



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
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Z. B. Kang, I. Vitev and H. Xing, Phys. Rev. D 87, 034024 (2013)
SY, Phys. Rev. D 93, 054048 (2016)



HP2 contribution SY, Phys. Rev. D 93, 054048 (2016)
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HP2 contribution brings a collinear sigularity %



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

We can subtract the collinear singularitiesby the following renormatioza-

tion of Gp(x,x).

Gr(zp,rR)
) ) as( 1){f1da:[P N
= F (xB;ZUB + o\ ¢ . o qq(x) F(mvx)
N (1+§:)GF(LU37'T) - (1 +§32)GF($7$) ~
+5( 1—2). +GF($B,$)H — NGp(zp,2B)
L [P ana G
+ﬁ/$8 ?(( —22)Gp(zp, v —x) + F(fEB,JUB—x))}
. e 1 1
with MS sheme z=--E+ Indr.

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)

J. P. Ma and Q. Wang, Phys. Lett. B715, 157 (2012)
Z. B. Kang and J. W. Qiu, Phys. Lett. B713 , 273 (2012)



Scale evolution equation for Gp(z, x)

o d4<PhJ_AU>LO+NLO
Olnp?  depdQ?dzydd

= ()

O 5 g L de A 5
_ &L Zp
+ maCres ) = 52 { [ T [Pu@Gea.
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1 L da R 9 = 2
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This completely agrees with the result in different approach.

V. M. Braun, A. N. Manashov and B. Pirnay, Phys. Rev. D80, 114002 (2009)

J. P. Ma and Q. Wang, Phys. Lett. B715, 157 (2012)
Z. B. Kang and J. W. Qiu, Phys. Lett. B713 , 273 (2012)



Evolution equation for the twist-3 fragmentation function H 1L m(z)

L. Gamberg, Z. B, Kang, M. Schlegel, K. Tanaka, H. Xing and SY

In progress



List of works on the evolution equations

pion production (spin-0)

- twist-3 naively T-even fragmentation function
A. V. Belitsky and E.A. Kuraev, Nucl.Phys. B499 (1997)

(Double spin asymmetry Arr)
Koike, Pitonyak,Takagi, Yoshida(2015)

- twist-3 naively T-odd fragmentation function

Z. B. Kang,Phys.Rev. D83 (2011)

J.P. Ma and G.P. Zhang, arXiv:1701.04141
AT production (spin—%)

- twist-3 naively T-odd fragmentation function
Z. B. Kang,Phys.Rev. D83 (2011)

No results from calculation of NLO cross section



Twist-3 fragmentation effect of w

p'(p, S1) +p(p',A) = n(Py) + X
K. Kanazawa et al., Phys. Rev. D93 (2016)

Intrinsic: H(z) Kinematical: Hf(l)(z)

~

Dynamical: HFU (21, 2’2), HFU (21, Zg)

o EOM relation

dz 1 ~ L) H(z)
2] —P Im(H —2H =
_/ 22 (1/2—— 1/zl> m(Hru(z,21)) e () z
o Lorenz invarinat relation

2 [dz 1 . d oY) H(2)
;/z_%P((l/z—1/z1)2)lm(HFU(Z’Zl))+d(l/z) PR




Twist-3 fragmentation effect of w

p'(p,SL)+p,A) = m(P) + X

Intrinsic: H(z)

~

Dynamical: ﬁFU (21, 2’2), HFU (21, Zg)

Kinematical: Hf(l)(z) M) = zz/deL

K. Kanazawa et al., Phys. Rev. D93 (2016)
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o Lorenz invarinat relation
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Twist-3 fragmentation effect of w

p'(p, S1) +p(p',A) = n(Py) + X
K. Kanazawa et al., Phys. Rev. D93 (2016)

C : .y ppLl(D) 11 ‘ ‘ P ‘
Intrinsic: H(z) Kinematical: H; "/ (2) H D (2) = Zz/dsz 21\2‘5 Hi (2, 22p°)

Dynamical: ﬁFU(Zl’ %), Hry (21, 22) Collins function

Hpy(z1,22) = Re(Hpy (21, 22)) Hilm(Hpy (21, 22)

o EOM relation
()

2

dz 1 ~ L(1)

2] —P Im(H —2H =
_/ 22 (1/7:—— 1/zl> m(Hru (2, 21)) )

o Lorenz invarinat relation

2 [dz 1 . d oY) H(2)
Z/z_fp((l/z_1/z1)2)1m(HFU(Z’Z1))+d(1/z) PR




LO cross section

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

Pole contribution is not needed. (nonpole contribution)

D N S S S SO

A. Metz and D. Pitonyak, Phys. Lett. B 723, 365 (2013)
K. Kanazawa and Y. Koike, Phys. Rev. D 88, 074022 (2013)

K. Kanazawa et al., Phys. Rev. D 93 (2016) no.5, 054024
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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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Real emission diagrams in NLO cross section
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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 H ‘L(l)( )

alfﬂzHlL(l)(zizsﬂg) = ;—{ @513(“( )H}L(l)a(z,,u?)
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Chiral-odd functions don’t have gluon mixing



Evolution equation for H f‘ m(z)
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Chiral-odd functions don’t have gluon mixing



SSA for AT-production

A Polarization

pp — ATX (in 80’s and 90’s)
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Belle experiment reported a preliminary data for ete™ — ATX
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Twist-3 fragmentation effect of AT

K. Kanazawa et al., Phys. Rev. D93 (2016)

Intrinsic: Dp(z) Kinematical: Df}l)(z)

~

Dynamical: IA)FT(Zl, 22), GFT(Zla 22)

DFT(Zh 22)? GFT(ZI: 2’2)

1(1) : pA :
DlT (2) = ZQ/dZIJL—Qﬁg D%T(Z,Z%i)
h

Sivers-fragmentation function

o EOM relation

o Lorenz invarinat relation
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Evolution equation for Dj
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Df”jgl) has gluon mixing



Summary

op'p — X

+ Evolution equations were derived both for the distribution part

and the fragmentation part.

Evoution equations for QS funtion match between two different methods.

+ Evoution equations for kinematical twist-3 function have not matched

yet between two different methods.
opp — ATX

- Evolution equation for kinematical twist-3 funtion was derived.

+ 3-gluon fragmentation effect has to be included for flavor

singlet evolution.

A complete set of the functions EOM relation LIR relation



Backup



Twist-3 fragmentation functions

K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak and M. schlegel, Phys. Rev. D93 (2016)

o Intrinsic twist-3 functions
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o Kinematical twist-3 function
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Collins function

o Dynamical twist-3 functions
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Twist-3 fragmentation functions

K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak and M. schlegel, Phys. Rev. D93 (2016)

o Intrinsic twist-3 functions o Kinematical twist-3 function
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o Dynamical twist-3 functions
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