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Why transversely polarized nucleons?

@ vast information on spin-independent (f1) and helicity (g1)
structure of nucleons available

@ transverse polarization provides distinct view, e.g.
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The “Trouble” with Transversity

Transverse-spin states written in terms of helicity states:
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m Transverse-spin asymmetries (1]0[1) —(||O|]) involve helicity-flip
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Semi-Inclusive Two-Hadron Production



2-Hadron Production (ep=* ¢ h1h2X)

polarized 2-hadron cross section:

(Unpolarized beam, "ransversely pol. target)
o1~ sin(¢rL + ds) D eg hi HY
HT = Hf(z, C? Mfz%w)

(C ~ z1/(21 + 22))
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2-Hadron Production (ep=* ¢ h1h2X)

polarized 2-hadron cross section:

(Unpolarized beam, "ransversely pol. target)
o1~ sin(¢rL + ds) D eg hi HY
HY = Hf(zv Ca Mfz%w)

(C ~ z1/(21 + 22))

& only relative momentum of hadron pair relevant

= integration over transverse momentum of hadron
pair simplifies factorization and Q> evolution
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2-Hadron Production (ep=* ¢ h1h2X)

polarized 2-hadron cross section:

(Unpolarized beam, "ransversely pol. target)
o1~ sin(¢rL + ds) D eg hi HY
HY = Hf(zv Ca Mfz%w)

(C ~ z1/(21 + 22))

& only relative momentum of hadron pair relevant

= integration over transverse momentum of hadron
pair simplifies factorization and Q> evolution

& however, cross section becomes quite complex
(differential in 9 variables)
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Model for 2-Hadron Fragmentation

Ay ~ Sil’l(gbRJ_ + gbs) sin (9h1[‘[1<z
Expansion of H;* in Legendre moments:

Hf(z, cos 0, M%T) = H,9%P(2, Mgﬁ) + cos O H1 PP (2, Mgw)

~~ /

describe interference between 2 pion pairs
about H;"*: coming from different production channels.

Jaffe et al. [hep-ph/9709322]:

; | H%P(2, M2.) = sindg sin &1 sin(dp — 61) H P ()
/‘/M\K / oo (01) — S(P)-wave phase shifts
| M PM2)HE (2)

o
o

o
N

sind,sing, sin(6,-9,)

o
no

o

SO A = Ay might depend strongly on M,
m(GeV)
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Final HERMES Results
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Final HERMES Results
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o first evidence for naive-1-odd 2-hadron fragmentation
function in semi-inclusive DIS!
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o first evidence for naive-1-odd 2-hadron fragmentation
function in semi-inclusive DIS!

[ invariant-mass dependence rules out Jaffe model
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Semi-Inclusive One-Hadron Production




1-Hadron Production (ep=*¢ h X)

1 1
do = da%U + cos 2¢ dalljU + — cos o dO(QJU + )\eé sin ¢ dU%U

Q

1
+Sr {sianbdaéL%—@SingbdagL—l—)\e [ ]}

+S {sin(¢ — ¢g) dogp +sin(¢ + ¢g) doprp + sin(3¢ — ¢g) dogry

1

+—= (sin(2¢ — ¢s) dogrp + sin ¢g dogry)
OXY Q

Beam Target 1
Polarization  +Ac {COS@ — ¢3) dUiST =+ @ (COS Gs dU%p + cos(2¢ — ¢g) dU?T)] }

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron Production (ep=*¢ h X)

1 1
do = da%U + cos 2¢ da(ljU + — cos o dO-IQJU + Aeé sin ¢ dU%U

Q

1
+S5T, {sianbdaéL—l—@SingbdagL—l—)\e [ ]}

+Sz {sin(0  bs) dotr +{sinlg 6s) da sin(30 - 6s) dotfy
]( N

as 4 Collins Effect:
Beam Target 111 .
cam Target | {COS( " sensitive to quark transverse spin
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1-Hadron Production (ep=*¢ h X)

1 1
do = dagU + cos 2¢ da(ljU + — cos o dO-IQJU + Aeé sin ¢ dU%U

Q

1
+Sr {sianbdaéL—l—@SingbdagL—l—)\e [ ]}

+S7 {Sin(qb — ¢g) da?jT + sin(¢ + ¢g) da?jT + sin(3¢ — ¢g) da(l]OT

Sivers Effect: o)
@ correlates hadron’s transverse L cos(26 — bg) dag)”
momentum with nucleon spin b <. & 467 1908) 07
- o v/ (1998) 5780
@ requires orbital angular R
> (2004) 309
momentum ) 093
v rrermo vonvenuons , rnys. nev. D 70 (2004) 117504
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The HERMES Collins Results
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effect observed!
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and transversity
sizeable
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The HERMES Collins Results
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Collins Amplitudes for Kaons
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HERMES Sivers Results
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HERMES Sivers Results
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o first observation of
T-odd Sivers effect in
semi-inclusive DIS!
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o first observation of
T-odd Sivers effect in
semi-inclusive DIS!

M u-quark dominance
suggests sizeable
u-quark orbital
motion
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Si1vers Valence-Quark Distributions

look at charged-pions cross-section difference:
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2 <Sin(¢'¢s)>UT
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The Intriguing Kaon Amplitudes
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The Intriguing Kaon Amplitudes
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The Intriguing Kaon Amplitudes
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The Intriguing Kaon Amplitudes
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(... let’s speculate ...)
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(... let’s speculate ...)
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(... let’s speculate ...)
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2-Dimensional Binning
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2-Dimensional Binning
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Inclusive Deep-Inelastic Scattering



Transverse SSA 1n Inclusive DIS

@ transverse SSA require interference of amplitudes with
different phases

@ achievable via loop diagrames, e.g.
@ Sivers DF includes gauge link (soft gluon exchange)

@ 2-photon exchange could
provide such mechanism in
inclusive DIS

A. Metz et al,, Phys.Lett.B 643, 319-324, 2006

@ 2-photon exchange: also
candidate for explanation of
discrepancy in form-factor measurements
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Inclusive Left-Right Asymmetry at
HERME

@ 22 x bins separated into low- NE ol
and high-Q? region o |

@ to minimize systematic effects
extract asymmetry as
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Any Sign of 2-Photon Exchange?
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Any Sign of 2-Photon Exchange?
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Conclusions

® C(lear evidence that transversity is non-zero and
measurable through

@ 2-hadron fragmentation (“interference fragmentation™)
@ Collins effect

@ Observation of Sivers effect suggests sizeable orbital
angular momentum of quarks

@ vanishing left-right asymmetry in inclusive DIS does not
support significant contribution from 2-photon exchange
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2D Binning Sivers
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“Chromodynamic Lensing”

approach by M. Burkardt: [hep-ph/0309269]

ux (SC, bJ_) dX (SC, bJ_)

. / \

. /\
Yy
0

spatial distortion of g-distribution
(obtained using anom. magn. moments
& impact parameter dependent PDFs)

by
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“Chromodynamic Lensing”

approach by M. Burkardt: [hep-ph/0309269]

U,X(x, bJ_) dX<CU, bJ_)

. / \

. /—\
Yy
0

spatial distortion of g-distribution
(obtained using anom. magn. moments
& impact parameter dependent PDFs)

by

+ attractive QCD potential .
(gluon exchange) e e we e owe oo er o

= transverse asymmetries

O /9
‘ \ Ps= /2>sin(¢—gb5)>0
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“Chromodynamic Lensing”

approach by M. Burkardt:
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2D Collins
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Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

N
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Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

N TN

qg-pair with vacuum
quantum numbers (3 P,-state)
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Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

outgoing pion/kaon
@ deflected into page

(positive Collins FF)

N\ 7
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gg-pair with vacuum
quantum numbers (3 P,-state)




Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

outgoing pion/kaon

deflected into page
&\ (positive Collins FF)

pion from next string break

deflected out of page
i\@ (negative Collins FF)

qg-pair with vacuum
quantum numbers (3 P,-state)
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Artru Model vs. HERMES
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Artru Model vs. HERMES
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Artru Model vs. HERMES

Artru model and HERMES results in agreement!
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Inclusive Ax - No x-Binning

<x>=0.02, <Q?>=0.6GeV?

e+ | Ag=(1.28 £ 1.47,, + 1.35.,,) X103 | Acceptance factor:
58%
e- | Ay=(1.35 £ 1.29,,,.+ 0.73,, ) X103 0.37 of full 2n
acceptance
<x>=0.14, <Q2>=2.4GeV?
e | Ay=(0.21 £ 0.90,, + 0.74, ;) x10° Acceptance factor: .
+ 0.42 of full 2x
e- | Ay=(0.87 £ 0.76,  0.41,, ) x10°3 ZECELE

Expectation: 4, ~a
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