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.. they exist!



Spin-Momentum Structure of the Nucleon
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Spin-Momentum Structure of the Nucleon
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TMD “discovery” status
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TMD “discovery” status

quark pol.
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nucleon pol.
-

@ flavor dependence (partially) explored
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TMD “discovery” status

quark pol.
U L T

nucleon pol.
-

@ flavor dependence (par"riallY) explored

@ transverse-momentum dependence (largely) unknown
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snapshots

—— HERA-I PDF (prel.) Q% = 10 GeV?
B experimental uncertainty

0.8 model uncertainty

HERA Structure Functions Working Group
Nucl. Phys. B 181-182 (2008) 57-61
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The details
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Collins fragmentation

@ spin-dependence in
fragmentation

@ left-right asymmetry in
hadron direction transverse
to both quark spin and
momentum
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Collins fragmentation
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Collins fragmentation

@ spin-dependence in
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1-Hadron Production (ep—>ehX)
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Cross section without polarization

target
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.. possible measurements
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.. possible measurements

hadron multiplicity:

normalize to inclusive DIS
cross section
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.. possible measurements

hadron multiplicity:
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@ plenty of data available

@ but only for integrated
version of fi
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@ plenty of data available

@ but only for integrated
version of fi

@ spin asymmetries involve
unintegrated f: in
denominator!

Gunar Schnell

©m

I-': -Iogm(\)

Momentum density

HERA I~'2
VAMN-S a3
| 3 \.-::’l‘:‘:l)l‘to — LO OO
//&{ \-Ol‘l:H 2006 B2
-
= (LI
* s vl
.‘ ’/’t /;’/.v“ e
b / '.c" LTI
TV - e J
$ ""‘!':‘// ',f' R0
2 ol T
- ; o .,\"" .c""
h c’f.:‘,Q"” '.ﬂ"i e
» z ‘.,e..
¥ s J" -."".‘
2% . -~
. _“‘, -~ ‘..w.:.“
. ."-o -~ .~...:'.’
o magmansw gttty
” sgetemagealy-dy
—— -—‘--—-——v—r—m“';'.-. t -
1 DR A Tt A o s o o ‘-l
e e sermapate . 4 3 * 3
B R e I
e - evew e - 1
I 1 1 ' 1 T —— HERA-I PDF (prel.) Qz =10 G8V2
Q*GevY) | I experimental uncertainty
08 model uncertainty
+  HERA Structure Functions Working Group
. Nucl Phys. B 181-182 (2008) 57-61
0.6
Y—
>
04
0.2
10+ 102 102 107 1

X
14 INT 12-49W, February 10™, 2012



U L T
U | fi hi
L glL hiLL 20 HERA F,
T 1T | 91T h17h1T E—T. » ;}2)// o ‘ 11 PDE 2000 61
* /41/ j=
4 ,. : :lzf:/f /J':“-‘"? v
| 3L
@ plenty of data available g
PO S
] _,»' G ': AR
@ but only for integrated R et

version of fi

@ spin asymmetries involve
unintegrated f: in
denominator!

@ need multiplicities and
fragmentation functions not

only binned in z but also in Pp.

Gunar Schnell

Momentum density

e T
G hatbey---§ 0258
wesstag.ngl -9 g
—_— B e ALsS 1
' T T HERA-I POF (prel.) Qz =10 G8V2
Q*GevY) | I experimental uncertainty
08 model uncertainty
+  HERA Structure Functions Working Group
| Nucl Phys. B 181-182 (2008) 57-61
0.6
h »
x
04
0.2
0 . A
104 103 102 107!

14

X
INT 12-49W, February 10™, 2012




| Hadron multiplicities
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@ Pp, -integrated multiplicities ideal input for FF fits and tests

@ kaons difficult to describe
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», | » Disentangle z and Py, -dependence
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@ study Pn.-dependence -> access to TMDs
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», | » Disentangle z and Py, -dependence
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@ study Pn.-dependence -> access to TMDs

@ constant average (fragmentation) p, excluded
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», | » Disentangle z and Py, -dependence

n 07—y

) Ref: <k}> = 0.28, <pi> =0.25

3 0.6 = h":<ki>=0.53 = 0.05, <p>=0.43 = 0.01

o — — = h':<kj>=0.36 = 0.05, <p’>=0.47 = 0.01

= A =AM shi8, Gl 0l 2\ _ o 2 2/12
OF 05 ' — (p7) = z%(1 — 2)’(p?) + 2%(K?)

a=0.5; B=1.5

(p7) = (p1) + 2°(k1)

4" COMPASS 2004 LiD (part) Preliminary
', (@%) =7.36
‘ (xBI) = 0.0550

0 0.1 02 03 04 05 06 07 Claude Marchand - DIS 2011

@ study Pn.-dependence -> access to TMDs

@ constant average (fragmentation) p, excluded

® difference in h* and h™ behavior ™ flavor dependence
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», | » Disentangle z and Py, -dependence
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AR Helicity density
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[ Helicity density
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AR Helicity density
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AR Helicity density

giL hf_L

H || G

o [ (unintegrated)

& 087 " * : * 5 ~ 0.6 ¥

0.5 + T - U i T < i + . . . . ' + 7T +
04 |9.... - - u
02| ++*+ D! 0.4 | 4 Lattice
0.1 - i i %ﬁr\|
0 i“—/li%/t.i%/—\ 0.3 |- ? | *
e 5| o o5 o o5 1
P (GeV) 0.2
0.1 | o CLAS
- ® CLAS-2009 (projected)
0 A
CLAS data hints at width p2 of g, i — | =
that is less than the width po of f, o 0.2 0.4 0.6 0.8 1
NN .
fi(@,kr) = fi (x)w_ﬂg P (_M_c%) New CLAS data will allow multi-D binning
1 k2 to study Pn. dependence for fixed x
91(z, kr) = g1(z) —5 exp (——3)

T3 1

Gunar Schnell 20 INT 12-49W, February 10™, 2012



Ul fi hi
L girL hiLL
T

1 1
17 | 91T hlath

Gunar Schnell

Helicity density
(unintegrated)

Ea 0.6 + I - [ 0 ~0.81 i
o5 T B I < G = :osnt:\!e pion
04 L - 0.7 = ouiral plon b
0.3 #Qﬁ’a.*#+ + ++++’ +%+ E p Q @£ Neutral p IC |
0.2 | ++++ T 06 []W[]V CLAS
0.1 | C T -
0 FL + ° 0.5 ’ (Q@P
0 0.5 0 0.5 ] 0.5 1 o4l A
P, (GeV) - |
- B l
= " S S
3 | o t
CLAS data hints at width pz of g, - 1 +
. . 01 25% of dat |
that is less than the width po of f, = 1 1 1 4
| K2 00“10.2“10.4'"o.sl'lo.g'(G'v)'
q o o T e
fi(@ k) = fi(2) T2 exp ( ﬂ%) New CLAS data will allow multi-D binning
1 1.2 to study Pn, dependence for fixed x
gi(z, kr) = g1(2) = exp (——%)
T 2

20 INT 12-49W, February 10™, 2012



The quest for transversity



Measuring azimuthal spin asymmetries

1 N} (¢,65) — N} (9, ¢s)
(ISLD N (9, 95) + N} (0, 05)

AUT(¢7 ¢S) =

~ sin(¢p+og) Y e T
. _

sin(e — ¢5) Y €2 T|ZEtL phd (o p2) DYz, 3.

+ ... Z[...]: convolution integral over initial (pr)

and final (k1) quark transverse momenta

= 2D Max.Likelihd. fit of to get Collins and Sivers amplitudes:
PDF(2(sin(¢ & ¢5))ur, - - -» &, d5) = {1+ Pr(2(sin(¢ + ¢5))vr sin(¢ + és) +...)}
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@ significant in size and

opposite in sign for charged :°
pions ;E:,

@ disfavored Collins FF large ~
and opposite in sign to
favored one

@ |eads to various cancellations
in SSA observables
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T Fit of Collins amplitudes
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T Fit of Collins amplitudes
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. Transversity: models and fits
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[2] Korotkov et al. EPJC 18 (01) [7] Bacchetta, Conti, Radici, PRD 78 (08)

[3] Schweitzer et al., PRD 64 (01) [8] Anselmino et al., arXiv:0807.0173
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. Transversity: models and fits
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I Collins amplitudes
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@ wealth of new
results available and/or
analyses ongoing

® JLab

® COMPASS

® HERMES
® BELLE

@ BaBar

Gunar Schnell 26 INT 12-49W, February 10™, 2012



U L T

Tal Collins amplitudes

L giL hiLL

T | fix | 17 | ha, hir

X
@ wealth of new\\)

results available and/or
analyses ongoing

® JLab

@ COMPASS

® HERMES
® BELLE

@ BaBar

Gunar Schnell 26 INT 12-49W, February 10™, 2012



U L T

I Collins amplitudes

H || G

S

_L B o
gz | hig  Neutron I orr | LPRL107 (2011) 072003]
0 . —-%Lm*L
: : + = =11 Quark-diquark

#4444 Phenomenological Fit

h
I
——
I

L 1
Jir | 1T | ha, hit
==uns Light-Cone Quark
= AXial Diquark

(N
W -
@ wealth of new I
results available and/or' 01 02 03 EJZ 01 02 03 04

analyses ongoing

@ JLab

2(sin(o +6_)) (Collins)

-0.5

® COMPASS
® HERMES
® BELLE

@ BaBar

Gunar Schnell 26 INT 12-49W, February 10™, 2012



U L T

I Collins amplitudes
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17 Lo i (2-hadron fragmentation)
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Agr ~ sin(¢pr | + ¢g)sinOhi H{®

Jaffe et al. [hep-ph/9709322]:
‘T o H%P (2, M2.) = sindg sin &1 sin(dg — 61) H P ()

| /N\K / oo (61) — S(P)-wave phase shifts

= P(MZ ) H™ (2)

e B ‘:> Ay might depend strongly on M”I
m(GeV)
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17 Lo i (2-hadron fragmentation)

[A. Airapetian et al., JHEP 06 (2008) 017]
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[A. Alrapet/an et al., JHEP 06 (2008) 01 7]
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[ first evidence for T-odd 2-hadron fragmentation
function in semi-inclusive DIS!

[/ invariant-mass dependence rules out Jaffe model
predicting a sign change to rho mass
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Transversity distribution
(2-hadron fragmentation)

[A. Airapetian et al., JHEP 06 (2008) 017]
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Transversity distribution
(2-hadron fragmentation)

[A. Airapetian et al., JHEP 06 (2008) 017]
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@ need to correct for
depolarization factor
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Transversity distribution
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[A. Airapetian et al., JHEP 06 (2008) 017]
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Transversity distribution
(2-hadron fragmentation)

[A. Airapetian et al., JHEP 06 (2008) 017]
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@ chiral-odd = needs Collins FF (or similar)

@ leads to sin(3 ¢ - ® s) modulation in Ayt

@ proton and deuteron data consistent with
zero

@ cancelations? pretzelosity=zero?
or just the additional suppression by two
powers of Ph,
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Sivers amplitudes for pions
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Sivers amplitudes for pions
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Sivers amplitudes for pions
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Modulations in spin-independent
SIDIS cross section

8%
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Summary

@ first round of SIDIS measurements coming to an end
@ transversity is hon-zero and quite sizable

@ can be measured, e.g., via Collins effect or s-p interference in 2-
hadron fragmentation

@ Sivers and Boer-Mulders effects are also non-zero
@ direct probe of "physics of the QCD gauge links"
@ so far no sign of a hon-zero pretzelosity distribution

@ first evidence for non-vanishing worm-gear functions
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