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Transverse SPIN Observables SSA (TSSA) I

AO'NZ'ST'(PXPW_])

* Co-linear factorized QCD-parton model
Requires helicity flip in hard part A6 =67 — &

: 6t—ds!  2Imfrrf
o |[L/T)=(+)xi]-)) = An = §3¢+3&T ~ |f+n|12{|c_|ff|2

* Requires relative phase btwn helicity amps

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

MqgQg

By small

* Kane, Repko, PRL:1978 Generally A ~
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Early test-A Production (pp — ATX) |

dapp—>ATX _dapp—>A¢X

e Need strange quark to polarize a A Py =
Dharmartna & Goldstein PRD 1990

dapp—ﬂ\TX —|—dapp—>AJ'X

g9 — s5 GluonFusion Y + ::E
—~SsTEES

qq —> S5

Phases in hard part Ao 5

interference of loops and tree level " } k .

e Polarization Py ~ m;;S—twist 3 & small =~ 5% as predicted

0
o Experlme.nt gla.rmgly o
at odd with this result .
Py in p — p scattering-Fermi Lab Py
-0.3
Heller,...,Bunce PRL:1983
04 |
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Azimuthal Asymmetry—Unpolarized DRELL YAN I

lepton plane (cm)

7~ 4+ p— ut 4+ p 4+ X E615Conway et al. 1986, NA10, ZPC(1986)

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

A, i, v depend on s, x, miﬂ,pT

dN_(da 1 do 3
dQ  “d4q’ d4qdQ  4Am A+ 3

<1 + )\0052 0 + ,usin2 0 cos ¢ + gsin2 0 cos 2¢>

e Violation of Lam-Tung relation- (nnLOoQeD)1— A —20 %0 (Mirkes Ohnemus, PRD 1995 )
e Unexpectedly large cos2¢ — v ~ 10 — 30% AA

e Suggests a Non-Pertb. origin!
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Anomalous RESULTS Valence versus Sea or Cancellation I
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‘ Two Scales g7 ~ k| << +/@Q? TSSAs from“T-Odd” TMD Extend to Drell Yan |

® Sivers PRD: 1990,Collins NPB: 1993, Boer 1999 (DY)
TSSA associated with “I'-odd” correlation transverse spin and momenta

St

AoPP 20X tQA FL @b porn = iST- (P x k1) — fin(z, k)

* No Fragmentation-Access to TMPDFs
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Transverse Spin-Momentum Correlations in Drell Yan I

Correlation of transversely polarized quark spin with intrinsic k |

iST°(kJ_ X P) — hf‘(ﬂ?,kJ_)

Sy St
S

hi(z, k1) Transversely/unpolarized quarks in unpolarized/transversly nucleons fi=(x, k)
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x Observed non-trivial (HERMES) sin ¢ & cos 2¢-AA(maybe)
in lepto-production

eP— enmX

* SHOULD Explore sin ¢ & cos2¢-AA in Drell Yan

T p—out T+ X Compass

p+p—p pt+X  RHIC
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T-Odd Effects Incorp. thru Color Gauge Invariant Factorized QCD via Wilson Line I

® |eading twist Gauge Invariant Distribution Functions
Boer, Mulders: NPB 2000, Ji, Ma, Yuan 2002, 2004, 2005, Boer et al NPB 2003

do = L, W =

Drell YAN Hadronic Tensor

W (q, P,P) = / d*prd’krd*(pr + ar — kr) Tr[®(z, pr)y' ®(Z, kr)v"]
+(qg —q, p+v)

Class of loops sum to yield factorized color gauge invariant hadronic tensor into distribution ®

3
@(p,m:/z(‘; 5)3 EPITE 606]__IX)XIG0 0w OIP gt g

_ ., where G . _ :Peazp(—z'g/ d£_A+)
[5 ’OO] [5 700] 5—
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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

1 O.Ol,BpTan €,LlJ/pO',v/,Ll,,rLI/ pp So’
®(z,pr)=-{fi(z,pL) s + hy(z,p1) Pt fi(z, L) LR
2 M M

of VPO o, V PSO’
D (T 3 T 0 " PTaM - ey n p
o(Z,p)= filz,pL)fir + 0y (z,p1) s + fip(z, p1) oL
M M

DY cross section

L . )
do.i\fi\f—% (X x f1®d0_qq—>£ L ®fl

kﬁ— Aq(j—>€+€_ r | Aqq_>£+£— 7l
+ @fl@da ® f1+hy ®do ® hi| - cos2¢

+ |S7| hi ® dg9T T @ Rt sin(¢ + ¢s)  Collins  like
+ |S7| - fi5 @ deT T sin(¢ — dg)  Sivers
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Sivers & Collins-Mulders Effect in DRELL YAN

lepton plane (cm) ﬁ —|— p — ,U,_,LL—I_ —|— X

SSAs& T-odd Contribution in Drell Yan (RHIC-1I, JPARC & GSI-FAIR)

dAo?
X
dﬂdxldib’gqu

- hi e
Z 6f ‘S2T| { B(y) sin(¢ + ¢S2) h-pi, M,

a

N ra £1 a
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Flavor Dependence: Results & Phenomenolgy

Flavor-dependent PDFs from diquark models: u = %s -+ %a, d = a,

moments: Ay "/?(z) = [ d&*pr
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e Comparison to fl(u’d)
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(Gluck, Reya, Vogt) — parameters of the model, e.g. diquark masses,
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e Comparison to parameterization of Sivers function flJ‘T — size and sign of FSI.

e Boer Mulders up and down are negative is spectator model
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Theory ISSUES

e Gluon bremstrulang Collins PRL: 1979, recent wk. Boer Vogelsang 2006 competes with convolution of hlL X BlL

—q—\/\/\/\/\/\/\< ———— T T T

7 3 r 3

—_—— v v —b—‘\N\/\'\/\<

e Sudakov Suppression g << Q2 due to exponentiation of soft gluon contributions. Boer 1999, 2001

e Qui Sterman, Ji Yuan Vogelsang approach 2006 g ~ Q. . .
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Numerical study of Sudakov suppression

do . -
= [ d®be” "W (b, Q; Y -
Q2 dyd2qdS / ¢ (b, Qi wa,x5) +Y (g7, Qs 2, 75)

with f — P
W(b,Qiza,xp) = Y Pujalwa,b;1/b,as(1/6)) Py p(xs, b;1/b,as(1/b))
a b

xe (0@ Hap (v, 25,Q; as(Q)) f](bQ 1/b,a5(1/b))

Scale choice is such that b dependence of soft factor U appears only at NLLA

N ~ N
(o, ) = 2 {m, SEANEETNG) 37}

Furthermore, assume Gaussian k7 dependence for f; (with Gaussian width ?2) and hi
(with Gaussian width % > R?)

SSA workshop, BNL, June 1, 2005 13



Unpolarized DRELL YAN cos 2¢

lepton plane (cm) 13 + p — l,L_'LL+ + X

1d 3 1
;d; — TN T3 <1—|—)\cos29+,usin29c:osgb—|—gsin29c:os2¢> (1)

Angles refer to the lepton pair orientation in their rest frame relative to the boost direction and the initial hadron's
plane. Asymmetry parameters, A, i, v, depend on s, x, mfw, qT

Boer PRD: 1999, Boer, Brodsky, Hwang PRD: 2003 Collins SoperPRD: 1977 subleading twist

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

My Moy
e . - (2)
Za,& eaf[flfl]

1 71,
2>, 63}_ [(QPL -k, —p,1 - kL)hl (wkp)hy (@.pr)

Convolution integral

F= / Pp &2k, 82 (p) + k) — q.1)f %@, P ) (E k)
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Higher twist comes

L2l
hy (z,kp)hy (Z,pT) =
2> ,e2F |(2p) k) —py k)L ﬁlMlz Lo + valwa 1 f1])

>a.acaFfif1]

where Collins SoperPRD: 1977 subleading twist

B éza e2F [wa f1(z, k1) f1(Z,p1)]
YLt F (filz k) fi(z,py))

V4

A 2
where the weight wgq = 2 (h (k| — PL)) — (k1 — PL)2
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Perform Convolution integral L.G., Goldstein PLB: 2007
s =50GeV? z =[0.2 — 1.0],

q = [3-0 — 6.0] GeV, qr =0 —2.0GeV 04

q%/Q2 corrections 0.35; |
2 2 2 SN !

r1xro = @ (1+qT/Q ) 03 \\ -

S

qr/Q can be order 0.5

0.1 L ‘ ! \ w | s \ ‘ |
3 ) .
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Sea Quark Boer Mulders I

Gamberg & Goldstein Plb 2007
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v plotted as a function of g for s = 50 GeV?, 2[0.2 — 1.0], and Q[3 — 6] GeV/c. Solid line leading twist
contribution v, dashed line leading and sub-leading twist (v + v4).

e Data: Diamonds are for E615 w~ + p at 252 GeV/c. Circles are for E866 p + d at 800 GeV/c Peng, Zu
hep-ex/0609005.

e Horizontal bars refer to bin size, vertical error bars refer to statistical uncertainties.

. . . . . . =1 _ 5
e One of pair of structure functions in convolution involve sea anti-quarks, the hl (sea) for N — u or d.

e Suppressed by another factor of s in our approach (as well as possible kinematic factors) w/ data suggest that
sea structure BM function roughly % of the magnitude of predicted valence quark structure function.
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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 DRELL - YAN at RHIC-IlI experiments could uncover the Boer Mulders sea-quark and
valence function

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

* Transverse spin effects are more than h;
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