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e Remarks Transverse Spin effects in TSSAs and AAs in QCD
* Reaction Mechanisms: Beyond Co-lineararity 1SI/FSI Twist Two vs. Colinear-limit ETQS-Twist Three

* Unintegrated “T"-odd” TMDs Distribution/ Fragmentation Functions in Spect. FRMWK
Correlations btwn intrinsic k, transverse spin St

* T'-odd cos 2¢ & sin 2¢ asymmetries

e Conclusions
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Transverse SPIN Observables SSA (TSSA) I
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* Co-linear factorized QCD-parton model
Requires helicity flip in hard part A6 =67 — &
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* Requires relative phase btwn helicity amps

e QCD interactions conserve helicity m, — 0 & Born amplitudes real!
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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
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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
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at odd with this result .
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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!

PENNSTATE

Probing the Nucleon’s Spin Structure w/ Transverse Polarized .. ..., BNL June 201 2007



Anomalous RESULTS Valence versus Sea or Cancellation I
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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,

First Moment of Boer Mulders and Sivers Functions
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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
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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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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‘.
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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])
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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
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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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