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Exploring the 3-dimensional phase-space structure
of the nucleon
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information on TMDs

SIDIS:
k. dependence of unpolarized partonic
distributions (Cahn effect)
Sivers distribution
Collins fragmentation and transversity
model (+ data) computation of J,
role of intrinsic motion in other processes:
D-Y processes
AN In pp — h + X



TMDs in SIDIS
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TMDs: the leading-twist correlator, with intrinsic
ki, contains 8 independent functions

(I)(x, kJ_)
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The nucleon at twist-2
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lepton plane
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TMDs in unpolarized SIDIS: "Cahn effect” at O(k, /Q)
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CLAS data
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"Cahn modulation” - proton vs. deuteron
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the azimuthal dependence induced by
intrinsic motion is clearly observed
phenomenolgical analysis and data need
much improvement

Gaussian k, distribution of TMDs?

(k1) (@, Q%) (p1)(2,Q7)

X, z dependence?
flavour dependence?
energy dependence?

k. dependence of Aq vs. g?

more data covering wider kinematical ranges



Siver function phenomenology in SIDIS

M.Anselmino, M.Boglione, J.C.Collins, U.D"Alesio, A.V.Efremov, K.Goeke, A.Kotzinian,
S.Menzel, A.Metz, F.Murgia, A.Prokudin, P.Schweitzer, W.Vogelsang, F.Yuan,
A. Bacchetta, M. Radici
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extraction of Sivers function based on very simple
parameterization, with x and k. factorization. Typically:
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x AN 11 (x)

simple Sivers functions for u and d quarks are sufficient
to fit the available SIDIS data
large and very small x dependence not constrained by data
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new and previous
extraction of
u and d Sivers
functions

S. Melis and A. Prokudin,
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S. Melis, talk at Transversity 2011
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the Sivers asymmetry 2010 vs 2007 data COMPASS

COMPASS proton data
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the Sivers asymmetry 2010 data

x > 0.032 region - comparison with HERMES results
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azimuthal dependences from
target fragmentation region
(fracture functions)
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azimuthal modulations in TFR
(M.A, V. Barone, A. Kotzinian, PL B699 (2011) 108 )

cross section for lepto-production of an unpolarized or
spinless hadron in the TFR
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possible Sivers-like azimuthal dependence
from target fragmentation region



Sivers effect now observed by two
experiments (+ Hall-A Ayt on neutrons),
but needs further measurements

great improvement in study of QCD evolution
(Aybat, Rogers, arXiv:1101.5057)

Q¢ of data not so high, role of higher twists?
clear separation of TFR and CFR needed...
more sophisticated parameterization...
universality of Sivers function?...



Collins effect in SIDIS - Fjip*os)
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Collins effect in SIDIS couples to transversity



independent information on Collins
function from e*e” processes

BELLE @ KEK
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extracted Collins functions
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Soffer's bound

extracted transversity
and comparison with
models
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best fit of HERMES data
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best fit of COMPASS and

BELLE data
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Collins asymmetry 2010 vs 2007 data COMPASS

_ COMPASS proton data
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Collins asymmetry 2010 data

x > 0.032 region - comparison with HERMES results
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results recently confirmed by extraction based on
coupling of transversity with di-hadron fragmentation
function (SIDIS + BELLE data)

Bacchetta, Radici P.R.L. 107 (2011)
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is there a quantitative link between the Sivers

distribution and orbital angular momentum?
Bacchetta, Radici, arXiv:1107.5755

usual PDF
1 A
5 1 g 2 2
use sumrule J*(Q°) = 5 dex | H*(2,0,0;Q°) + E*(x,0,0; Q°)
0

with model assumption  fiz (z; Q%) = —L(z) E%(x,0,0; Q%)

fix E9 and fiT best fitting SIDIS data on Sivers asymmetry
and the nucleon magnetic moments

1
Zeqv/ dex E?7(2,0,0) = K
- 0
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Transversity & Collins function phenomenology
in SIDIS and e+e-

Same simple parametrization as for Sivers, but
Collins effect has been clearly observed by

three independent experiments:
HERMES, COMPASS and BELLE

Collins function expected to be universal

QCD evolution important, as BELLE data are at
a much higher energy than SIDIS data
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Only one large scale, Pt. Any role for TMDs?
TMD factorization not proven

1. Generalization of collinear scheme
(assuming factorization)

i X
P_f S o §:>7p

do! = Z \fa/PT (Ta, kLa)J@)kfb/p(fnba klb)J@) d&abﬁCd(kLa’ kip) ®P”/C(Z’p“r)1

a,b,c=q,q,9 Y Y Y

single spin effects in TMDs

M.A., M. Boglione, U. D'Alesio, E. Leader, S. Melis, F. Murgia, A. Prokudin, ...
(Field-Feynman in unpolarized case)



TMD factorization at work ...
U. D'Alesio, F. Murgia

E704 data STAR data
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2. Higher-twist partonic correlations

(Efremov, Teryaev; Qiu, Sterman; Kouvaris, Vogelsang, Yuan;
Bacchetta, Bomhof, Mulders, Pijiman; Koike ... )

higher-twist partonic correlations - factorization OK

dAc o To(ky, k2, S1) ® foyn(ws) @ H* 7 (k, ko) ® Diye(2)

a,b,c Y .Y ,
twist-3 functions hard interaction,
not a cross section

1(1
(T ox flT( ))

possible project: compute T, using SIDIS extracted Sivers
functions

Phase



1 1 1 l 1 1
0.8 X

1 1 1 1 1 1 1 l 1 1
0.2 0.4 0.6 X

0_2:— p.p at \s=200GeV il
0.15—
!
-0.1:—. 1 | P IR AP
0.2 0.3 04 0.5 0.6 Xxg

fits of E704 and STAR data
Kouvaris, Qiu, Vogelsang, Yuan




sigh mismatch
(Kang, Qiu, Vogelsang, Yuan)

compare

k’ 2
9Ty r(x, ) = _/koL| M‘ #J(C’?aki)\smls

as extracted from fitting An data, with that obtained by
inserting in the the above relation the SIDIS extracted
Sivers functions

similar magnitude, but opposite sign!

the same mismatch does not occurr adopting
TMD factorization; the reason is that the hard
scattering part in higher-twist factorization is
hegative



TMDs in Drell-Yan processes

factorization holds, two scales, M?, and gt <« M
_ Gt
doP™Y =) fo(w1,k11;Q%) @ fa(m2, k12 Q%) do970

direct product of TMDs, no fragmentation process



cross-section: most general pp leading-twist expression

déo;m _ ;2;; x S. Arnold, A. Metz and M. Schlegel, arXiv:0809.2262 [hep-ph]

{ ((1 + cos? 0) Fiyy 4+ (1 — cos? ) F2,; 4 sin 20 cos ¢ Fros® + sin® 6 cos 2¢) Ffjﬁw)
+ Sar(sin20sin ¢ Fyi® + sin? 0sin 26 Fi** )
+ S (Sin 20 sinng(S]iEqb + sin? 0 sin 2¢ ngzlw)
+ 1S.r] [sin ba ((1 + cos? 0) Fyr + (1 — cos? 0) F2,; + sin 260 cos ¢ Fio3? + sip” 6 cos 2¢ Fry; 2¢)
+ €Oos ¢q ( sin 26 sin ¢ F;%Qs + sin® 6 sin 2¢ F;i{}%)} 6
+ |Syr| | sindg ( (1 + cos? 0) FL. + 1 — cos? ) F7 n20(:os 5S¢ + sin? 0 cos 2¢ F2529
UT U T UT
+ cos ¢b(sin 20'sin ¢ Fiom® + sin’ Hsmﬁ
+ S.r SbL<(1 + cos?0) Fi; + (1 — cos? L + su@(bﬁ’chb + sin? (9COS2¢F£OLSQ¢>
+ SaL fng| [Cos (bb((l + cos? 6 F@Ql — CcOoSZ Q,FLT + sin 260 cosngz(}Sgb + sin® 6 cos 2¢FICE,§2¢>
+sin gy ( sin 20 sin ¢ Fj7 % + sm@l 2 F3p>? )|
1+ 1S, 7] Sz cos¢a 1 + cos® 6) Fi Z cos? ) F2, + sin2¢9czosngCOS¢ + sin? 9(:082¢F6082qzs
TL TL TL TL
in 2
+sm¢a sm2081n¢ N—l—sm fsin2¢ Fr.} ¢)}
+ S| ]Sle cos(¢q + cos? 0) Fp + (1 — cos? 0) F2,. + sin 20 cos ¢ F323? + sin” 6 cos 2¢ F“;f%)
+ cos( &) ( (1 + cos®0) Frp + (1 — cos? 0) F2, + sin 20 cos ¢ F223? 4 sin® 0 cos 2 Fyon 2¢)
+ sin(¢, + ¢p) (Sm 20 sin ¢ F3n® + sin? 0 sin 2¢) F;i;%)

+ sin(¢ ( sin 26 sin ¢ F2n? + sin? 0 sin 2¢ F;i;%)] }



Sivers effect in D-Y processes

By looking at the d* o /d*q cross section one can
single out the Sivers effect in D-Y processes

do! —dot o< ¥ (AN f i (21, B L)® fqp(x2) ® d6

ASiH(¢S—¢7) L 2f027rd¢7 [dO_T T dO’l] Sin(¢5 — ¢7)
[Z7d¢., [doT + do!]

(p-p c.m. frame)
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M.A., M. Boglione, U. D'Alesio, S. Melis, F. Murgia, A. Prokudin, e-Print: arXiv:0901.3078



Conclusions

The3-dimensional exploration of the nucleon has just
started: collect as much data as possible and try to
reconstruct the nucleon phase-space structure

TMDs describe the momentum distribution; the
actual knowledge covers limited kinematical
regions, and assumes (too) simple functional forms

The properties of the Sivers function and its
different role in different processes, have
to be investigated

and much more to do .....



