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Transverse SPIN Observables
SSA (TSSA)

AJNiST°(PXP7TJ_)

* Co-linear factorized QCD-parton model
Ao~ fo® fr®0® DT
Requires helicity flip in hard part &

. Al AT 2] *+ p—
o |L/T)=(+)£1-)) = An= ZZL_I_ZZT ~ |f+77|gi|ff|2

* Requires relative phase btwn helicity amps

e QCD interactions conserve helicity m, — 0 & Born amplitudes real!

% Generally interference btwn loops-tree level Ay ~ mlgTaS small  Kane, Repko, PRL:1978
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Early test-A Production (pp — ATX) Dharmartna & Goldstein PRD 1990

do_pp—)ATX_do_pp—>A*LX

e Need strange quark to polarize a A P
g q P A do.pp—)ATX_i_dO.pp—)A*LX

99 — S8 GluonFusi+ [ + E

qq — ss

Phases in hard part &
interference of loops and tree level Lo

msQs .

o Polarization Py ~ "5 s—twist 3 & small ~ 5% as predicted

e Experiment glaringly N y
at odd with this result o1f Tyl _
P) in p — p scattering-Fermi Lab 02
Heller,...,Bunce PRL:1983 /\.0_3 i
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E704 and BNL - AR
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Azimuthal Asymmetry—Unpolarized DRELL YAN

lepton plane (cm)

E615,Conway et al. 1986, 7~ 4+ p — pu' + pu~ + X NAI0, ZPC, 1986

QCD-Parton Model doesn’t account for large “AA”

A, 1, v depend on s, x, miu,pr_p

ClN ClO' -1
- 1 )

.y do 3
dQ  “diq

diqdQ ~ 4mA+3

2 .2 v ., 9
(1—|—>\cos 0 + psin Ocos¢+§s1n 9cos2¢>

e NNLO QCD predict Lam-Tung relation 1 — XA — 2v =0
(Mirkes Ohnemus, PRD 1995)

e Unexpected large cos2¢ — v ~ 10 — 30% AA
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pr ~ k1 TSSAs thru “7T-Odd” TMD

® Sivers PRD: 1990, T SSA associated with “T-odd” correlation of transverse spin and
momenta Correlation accounts for left-right TSSA

St

St
Ao ~D® f®AfJ"®(ATBOT.n 1St - (P X kL) — ff‘T(x, kJ_)

e SIDIS w/ transverse polarized nucleon target ¢ p~ — 7.X
BHS, PLB: 2002 FSI produce phase in TSSAs-Leading Twist
Ji, Yuan PLB: 2002 -Sivers fnct. FSI emerge from Color Gauge-links

== Ao ~ DA fQ6porn

Ji, Ma, Yuan: PLB, PRD 2004, 2005 extend factorization of CS-NPB: 81
Collins, Metz: PRL 2005 Universality & Factorization “Maximally” Correlated
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Transversity w/o Target Polarization

Transversely polarized quark in unpolarized Target Boer,Mulders PRD: 1998

Correlation of transversely polarized quark spin
with intrinsic k| isp - (kL x P) — hi(z, k1)

6 - ‘ flT D (X,kr) ‘ N
Kk
:

S
M‘” / —»—.ﬁ )
Sr

hi-(z, k1) number density transversely polarized quarks in unpolarized nucleons

* Boer, Mulders PRD: 1998 cos 2¢-AA in unpolarized lepto-production eP — &' 7 X

* Boer PRD: 1999 coS 2¢-AA in Drell Yan n= 4+ p s pt 4+ "+ X Or p+p— p pt + X
(cleaner-no Fragmentation)
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ete- CMS frame:

[ sEmed o ELIMINARY

“.rL.AI'....,..

- T—
1 1 T O 1

o cos(p ) method : + +

Reduced asymmetries in
low thrust sample

At low thrust significant
B contribution

High Q; (=3.5 GeV)
asymmetries from beam
related BG

UC plots similar

0 1 2 3 4 5
Thrust>0.8 Q,/GeV
Thrust<0.8 (not corrected for heavy

gquark contributions)
DIS 2007, Aprl 175 Measurement of the Collins fragmentation function at BELLE 23

E DIS2006, April 20t Spin dependent fragmentation functions at BELLE 1 @



Provide source of T-Odd Contributions to TSSA and AA

“T-odd” distribution-fragmentation functions enter transverse momentum
dependent correlators at leading twist Boer, Mulders: PRD 1998

v
cPkian_g €uvpoY n k" Spp

1 1 1

A(zvkL):Z{Dl(zakJ—)/ﬁ— + H; (2, k1) M, +D1T(ZakJ_) M, + -
1 UO"Bp ol e"PyEnt p Sa

P (z, PL)ZE{ﬁ(iB, p1) s+ hi(z,pL) ]\TI L fir(z, 1) M+ = -}

SIDIS cross section

k
do\ 7™ o f1®d6" @ Dy + 51‘1 ® d6*17* @ D; - cos ¢
k2 Lg—¥ 1 Lg—¥
+ QQf 1 ®d6* 7 ® Dy + hi ® d6*TM ® Hi-| - cos2¢
+ |S7|-hi®de*7M @ Hi -sin(¢ + ¢s)  Collins
+ |ST| ' flJ_T X da_ﬁq—)fq ® D - Sin(¢ — qbs) Sivers
_|_
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T-0Odd Effects Naturally Incorp. in Color Gauge Invariant
Factorized QCD thru Wilson Line

® |eading twist Gauge Invariant Distribution and Fragmentation Functions
Boer, Mulders: NPB 2000, Ji et al PLB: 2002, NPB 2003, Boer et al NPB 2003

Ph/"' oooo .\\.Ph Ph/"'¢“'..\\Ph Ph/”’¢‘ '~.\.P|1
q k‘ 3 ,lk if-h[.@;gg 'lk . k“ i lk1 Jk_kl
- SAYAS VaVa¥ VaVaV SAVAV;
SAVAS VaVaW)
pl gif\prpl pl- | |p plt | b
— — —_ — —_
DR RS e

Sub-class of loops in eikonal limit sum up to yield color gauge invariant hadronic tensor factorized
into distribution ® and fragmentation A operators

3 .
o, P) = [ %e’p'@P@(s‘,sgg[’L_m]|X><X|g[0,oo]¢(o>|P>|£+:0
d3¢

122m)? e (019

Ak, Py = [ W)X P)(Xs PLIBO)GH 10}~

(€T, —oc]

Y
9g,00] = Ylgr,001 9= o0 WhETE g[g—,oo]zpe"”p<‘m/£— de A7)
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cos 2¢p SIDIS Convolution of ISl & FSI thru Gauge link

P2
J Phi it cos20de 8(1-y) 5, e2h D (2,002 V12,00

<COS(2¢>> — f dzPhJ_ do T (]__|_(1_y)2) Zq egff(x’Q2)Di1(z,Q2)

do br kT I i
dzdydzd2P, X f1®D1+5f1®D1-cosq5+ @f1®D1+h1 ® Hi | - cos2¢
e The INPUT

*x Boer Mulders
x Collins Function

e [heoretical Issues

* Sign of Boer Mulders
* Universality of Collins Function
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Addressed thru Estimates of T-odd Contribution in SIDIS:
Impacts predictions at (HERMES, JLAB 6 & 12 GeV program)

cos 2¢p Asymmetry in SIDIS-"Boer Mulders Effect”

* In spectator framework point-like nucleon-quark-diquark vertex logarithmically divergent

—1

asymmetries, Goldstein, L.G., ICHEP 2002; hep-ph/0209085) ﬂiﬁ CT—ie
h (e k1) = fir” (@, ko) @ J N %j
o Asymmetry-weighted function h{"" (2 fd2kL2 shi(x,k?) diverges

e Gaussian Distribution in kJ_ L.G., Goldstein, Oganessyan, PRD 67 (2003)

M(m+xM)(1 — x)
k1A (kD)

hi(z, kL) = N, R(kS, )

with
9
R(k2, z) = exp 20(F1L—A0)) (1(0,26A(0)) — (0, 26A (k7 )) )
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Quark Transversity & Boer Mulders Function
GPDs-Impact Parameter PDFs

e Correlations transverse-spin & intrinsic k| serves fix sign Boer Mulders

e 0¢%(z,b.) > hiY WHERE §¢X(z,b ) = —ﬁa%(z%(x,bg +&r(z,b)))

* dl = [dz [ d*bi6¢™ (z,b1)b, = kT./2M

e Transverse distortion in impact parameter space of transversly polarized quarks
in an unpolarized nucleon Burkardt PRD 2005, Diehl, Hagler EPJC 2005

* Implies up and down quark Boer Mulders function-same sign!
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e Supports

* Lg No arguments Pobylitsa hep-ph/0301236

* Bag Model calculation Yuan PLB 2003

* Implications cos 2¢ phenomenology in SIDIS & Drell Yan

e |attice QCDSF/UKQCD, Hagler et al... calculations of matrix elements on the lattice

KT = /deT(x,f,t =0) = BTlO(t:O)

Preliminary results for the spin densities
QCDSF/UKQCD
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see talks of Hagler's and Metz
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1(1/2
B/

Spectator Framework: Boer-Mulders and Unpolarized f;(x)

Correlator

1
(2m)°

Di(p; P,S) = > 5((P —p)*—m)O(P’ —p°)

A
(P, S| 4;(0) W[0] 00,0, 07] | dg; P — p,A\)(dg; P — p, \| W[oo, 0,07 |0]¢:(0) | P, S).

Tg:z:(N) u(P) =

2
gam(%) PH
VR [”“ - Rgﬁ] u(P)

2% .
Tagl 2 = —iegq [gylyz(m +po)H — g""2(pg + )1 — g*"1(p1 - Q)Vz}

q, p

—_ —_— — = = =

—-— - — - = —_—_ —_ —- 9 - - - =
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Entering

p+1 l

—_—_—_— - - - = —_—_ — - - =

Boer Mulders Function for up and down flavors
m,=0.35, M,=0.94, m=10, M =12, A=L0

08

<p>=0.25 GeV

xf(x)

x Valence Normalization, fol u(x) = 2, fol d(z) =1

e Black curve- zu(x)
e Dashed curve - zu(x) GRV
e Red/Blue curve a;hlL(l/Q)(U,d)
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Pion Fragmentation Function

Bacchetta, L.G., Goldstein, Mukherjee in prep

Normalized to Kretzer, PRD: 2000

‘ T T T T
L \ i
\ —- Q=4
al- \ — Kretzer NLO _
3_
b
D, (@
2_
1_
oy . | . | . | . | .
0 0.2 0.4 0.6 0.8
Z
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Gauge Link Contribution to 7-Odd Collins Function

11—
L.G.,Goldstein,Oganessyan PRD68,2003 Ale 75](z, k‘L) = i f dk+TT(’y_’yL’y5A)|k_:P7r_/z

%" :..& %": ...\.,{ /' '\
iy F;gg Ik . J i k1K : E \
SASAY U VaVa¥ SAYAY
p“ 3 lp p‘ | | rlp
P 3 P P | P 0~ —ie FEikonal Feynman Rules Collins ’'82' £_+sz6

Motivation:color gauge .inv frag. correlator
pole contribution” Gribov-Lipatov Reciprocity 1974, Mulders et al. 1990s
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Process Dependence: Gauge Link Contribution to Fragmentation Function

L.G., Goldstein, Oganessyan PRD: 2003: Bacchetta, Metz, Jang: PLB: 2003, Amrath et. al.: PRD 2005,
L.G., G. Goldstein & Como Proceedings 2006

* Collins Metz PRL proves Universality basis for cut method of Bacchetta et al.
* Another argument in spectator model use Cauchy's theorem to evaluate the Color Gauge
1 —
invariant Correlator Al l(z k)

e Analysis of pole structure in £Tindicates a singular behavior in loop integral-looks like a
“lightcone divergence” at first sight: §(£7)0(£) f(£™)

e f(£) polynomial in £~ -vanishes...

* Regulate it keep n off light cone, outside physical regime

1
n -0+ e

n=(n", nt, 0) (see CS NPB 1982, LG, Hwang, Metz, Schlegel PBL:2006)

e On Eikonal and Spectator

e On Fragmenting quark and gluon contributes

Reciprocity Fails, “T-odd” Fragemtation Function Universal between e™e™ and SIDIS

PENNSTATE
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Bacchetta, L.G., Goldstein, Mukherjee

Re-analysis and Kaons
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a0 for (z1,z2)
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CLAS12 PAC 30-Avakian, Meziani. .. L.G. ..

_ . . 1 (d—nT 1 T
Model assumption for dis-favored fragmentation H; (d=mT) — —H; (u=m™)
01 — JLAB12GV T |
I — JLAB12GeV T |
0.05 7
S
g 0
< 9
-0.051-
0.1
P
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Boer-Mulders Effect in Unpolarized DRELL YAN cos2¢

Iepton plane (cm) p + p — /,l,_lLl,—i_ —I_ X
dN (dO')_l dO’ 3 1 <1+>\ 29+ .20 ¢+V _20 2¢>
—_— = (— = COS Sin CcOSs — S1n COSs
dQ ~ ‘diq’ diqdQ  4mA+ 3 H 2

Boer PRD: 1999, Boer, Brodsky, Hwang PRD: 2003, L.G., Goldstein 2005

. . . . L. . L
e Leading twist cos 2¢ azimuthal asymmetry depends on T'-odd distribution hy .

M7 M
> a e?zf[flfl]

e Higher twist comes in Collins SoperPRD: 1977

2 Za 63.7: |:W2 hiL(wakT)}_liL(:iapT)

Vo =

. é Za 62.7 [W4f1(33, kJ-)f_l(a_ja pJ_)]
Y. e2F (fi(m, k1) Fi(3, pL))

Vg
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Perform Convolution integral L.G., Goldstein
s = 50 GeV2, x = [0.2 — 1.0],

q =[3.0—6.0] GeV, g =0 — 2.0GeV

g7/ @Q? corrections

_ Q%(1+4%/Q%)
L1y =

qr/@ can be order 0.5
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cos2¢ JLAB, EIC, GSI, JPARC ...

e Georgi and Mendez 1975, gluon PQCD “.. gluon bremstrulang competes with convolution of
hi ® Hi

e Cahn Effect: Chay-Ellis PRD 1995,L.G., Goldstein, Oganessyan DIS03-proc 2003,Barone,Ma, PLB: 2006,
Anselmino,Boglione,Prokudin, Turk Chay et al PRD: 95

e Qui Sterman Ji Yuan Vogelsang approach 2006

—<
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SUMMARY

e Going beyond the collinear approximation in PQCD recent progress has been achieved
characterizing transverse SSA and azimuthal asymmetries through “rescattering” mechanisms
which generate T'-odd, intrinsic transverse momentum, k,, dependent distribution and
fragmentation functions at leading twist

e Central to this understanding is the role that transversity properties of quarks and hadrons
pocess terms of correlations between transverse momentum and transverse spin in QCD hard
scattering

e The tranversity programs Belle, HERMES, RHIC, have uncovered large effects and near term
Hall-A Transversity will start to check flavor structure of T-odd TMDs

e Future experiments to uncover the Boer Mulders function was approved at JLAB Hall B-CLAS12
proposal on cos 2¢ . Will also be a check on the Collins function

* Azimuthal asymmetries in Drell Yan and SSA can be measured at GSI-PAX, JPARC as well

* Transverse spin effects are more than h;

PENNSTATE

DIS 2007, MUNICH- April 17%2 2007 23



	seidl_dis06_07.pdf
	Collins fragmentation in e+e- : �Angles and Cross section cos(2f0) method




