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Transverse Spin and Momentum Structure

of the Nucleon

manifests itself in many phenomena, some of those known

since a long time
A polarisation
LR asymmetries in pp - m*X
azimuthal asymmetries in Drell-Yan and SIDIS
elastic pp scattering
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Transverse Spin and Momentum Structure

of the Nucleon

today the information is encoded in the TMD PDFs which describe the
correlations between: - nucleon spin and quark spin

- nucleon spin and quark transverse momentum

- quark transverse momentum and spin

8 at twist 2
nucleon polarisation
U L T
1 -~
v i Jir ™
quark L Z on-(on |8 N - (s
polarisation 1 T
~ -
L 4 hI -
T hlf-x hIL+'— »
L
h. % -&




Transverse Spin and Momentum Structure

of the Nucleon

today the information is encoded in the TMD PDFs which describe the
correlations between: - nucleon spin and quark spin

- nucleon spin and quark transverse momentum

- quark transverse momentum and spin

8 at twist 2

nucleon polarisation
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polarisation - gIT
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only 3 of them survive after integration
over transverse momenta

number density  f/
well known

helicity gl
known

transversity h?

chiral-odd
completely unknown till 2005
- SIDIS plus e+e-



Transverse Spin and Momentum Structure

of the Nucleon

today the information is encoded in the TMD PDFs which describe the
correlations between: - nucleon spin and quark spin
- nucleon spin and quark transverse momentum
- quark transverse momentum and spin
8 at twist 2

nucleon polarisation two of them are T-odd
u L T Sivers fir
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and almost unknown




Transverse Spin and Momentum Structure

of the Nucleon

studied in different processes SIDIS, Drell-Yan, pp reactions
today most of the knowledge on TMD PDFs comes from SIDIS
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SIDIS cross-section

| 2 > 14 azimuthal modulations
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SIDIS cross-section

| 2 > 14 azimuthal modulations
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azimuthal asymmetries in SIDIS (U, T: 11>10)
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azimuthal asymmetries in SIDIS
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azimuthal asymmetries in SIDIS
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azimuthal asymmetries in SIDIS
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azimuthal asymmetries in SIDIS
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Transversity

-0.1

0.1
0.05

-0.2

HERMES p, COMPASS d, Belle
data well described by theory

first extraction of transversity and

Collins FF

Anselmino et al

PRD73, 2006

AN D, (2)/12D,, (2)

-AND,(z)/2D,(2)

1

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Efremov,
Goeke,

Schweitzer ¢.»

PRD73, 2006

xh}(x)

0.4
0.3

17 7T
\

0.1/ b
0 ¢

S T R S -

—0.2 1 | | |

Vogelsang, Yuan PRD72, 2005

— Favored

- Collins F.F. \
0.06 \ |~ Unfavored

0.04

0.02 "'




Sivers asymmetry
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Sivers asymmetry
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Sivers

function
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Sivers function
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very positive conclusion from 2004-2005 data:

transversity and Sivers PDFs different from zero !

all data fit well in the TMDs framework

Anna Martin
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Collins and Sivers asymmetries

evidence from HERMES only
zero asymmetries from COMPASS due to isoscalar target or to higher Q2?
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Collins and Sivers asymmetries

evidence from HERMES only
zero asymmetries from COMPASS due to isoscalar target or to higher Q2?

COMPASS took data
with p1 in 2007 and 2010:
an important step forward!
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Collins and Sivers asymmetries

evidence from HERMES only
zero asymmetries from COMPASS due to isoscalar target or to higher Q2?

50

COMPASS took data 0
with p1 in 2007 and 2010: (Gev?)
an important step forward! '
10
in the last years a lot has been learn
on TMDs thanks to the new
SIDIS results which have been produced
by HERMES, COMPASS, JLab on
« Sivers asymmetry 1
 Collins and di-hadron asymmetries
« other TSA
* unpolarised asymmetries

many of them are key results !
5P
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in the following, some of the SIDIS results on

« Sivers asymmetry
« Collins asymmetry
« di-hadron asymmetry

« other TSA
« unpolarised asymmetries
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Sivers asymmetry — final results
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Sivers asymmetry — final results

PR103, 2009
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Sivers asymmetry — final results
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Sivers asymmetry — final results
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Sivers asymmetry — final results
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Sivers asymmetry — final results
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Sivers asymmetry — final results
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TMDs evolution

a lot of work in the last years, progressing fast
from very strong to weak

several papers with fits of SIDIS data and predictions for DY at COMPASS
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TMDs evolution

¢1 - high Q?

COMPASS has measured the TSA in the Q2 “golden” range of the
Drell-Yan measurement of COMPASS

B. Parsamyan, Transversity 2014
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clearly positive:
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TMDs evolution

¢1 - high Q?

new: multidimensional measurement of TSA at COMPASS

- B. Parsamyan, today
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TMDs evolution

¢1 - high Q?

new: multidimensional measurement of TSA at COMPASS

- B. Parsamyan, today
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TMDs evolution c¢1 - high Q2
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TMDs evolution c¢2 — < kf >

P% distributions are a hot topic: needed for Q2 evolution, PDF extraction, ...

the published data have been used by several groups
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TMDs evolution ¢2 - < kf >

P% distributions are a hot topic: needed for Q2 evolution, PDF extraction, ...

many interesting results from JLab
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TMDs evolution
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P% distributions are a hot topic: needed for Q2 evolution, PDF extraction, ...
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new: results from COMPASS
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Collins asymmetry — final results
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Collins asymmetry — final results
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Collins asymmetry — final results
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Collins asymmetry — final results
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Collins asymmetry — final results

charged pions
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Collins FF
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dihadron asymmetry

independent channel to access transversity in SIDIS on
transversely polarised nucleons
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Z e’ h HL Belle Babar
Aws S
¢ 4 71 74 “gpin independent di-hadron FF”
being measured at COMPASS
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dihadron asymmetry — final results
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dihadron asymmetry — final results

A. Airapetian et al., JHEP 0806:017,2008
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dihadron FF
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Transversity from 2h asymmetries 1

Bacchetta Courtoy Radici JHEP 1303 2013

D;" from PYTHIA plus HERMES p, COMPASS p and d (2h), Belle data
—> linear combinations of transversity for u and d valence quark

fit with parametrisations - transversity PDFs
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Transversity from 2h asymmetries 2

also possible: point-to-point extraction

using
» the “analysing power” from Pavia group
« the COMPASS p and d results (same x-bins)
one can extract in each x-bin the transversity PDF
(new charged pion results, DIS2014)
results —=> G. Sbrizzai, this Session
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Transversity from 2h asymmetries 2

also possible: point-to-point extraction

using
» the “analysing power” from Pavia group
« the COMPASS p and d results (same x-bins)

one can extract in each x-bin the transversity PDF

(new charged pion results, DIS2014)
results —=> G. Sbrizzai, this Session

or one can use directly the Belle data (and some “reasonable” assumptions)
to evaluate the analysing power

advantages:

* no MC nor parametrisation is needed

» the same technique can be used for the Collins asymmetries
- F. Bradamante, today
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Transversity from 2h asymmetries 2

also possible: point-to-point extraction

using

» the “analysing power” from Pavia group
« the COMPASS p and d results (same x-bins)
one can extract in each x-bin the transversity PDF

results

(new charged pion results, DIS2014)
- G. Sbrizzai

or one can use directly the Belle data (and some “reasonable” assumptions)
to evaluate the analysing power

advantages:
no MC nor parametrisation is needed
the same technique can be used for the Collins asymmetries
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- F. Bradamante, today

there are other new ideas on the extraction of information
on transversity from SIDIS and e+e- data only
and new ideas on data analysis




dihadron asymmetry - new ideas

Partial Wave expansion
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dihadron asymmetry - new ideas

interplay between dihadron and single hadron asymmetries

intriguing results ;& 0.10 — . 29’(1)?&2010pr0t0ndata
» Collins asymmetry for h+ and for h- O Collins 4" <]f
“mirror symmetry” 005 (- © Colimh ;
- dihadron asymmetry vs Collins asymm. % : v
only somewhat larger I 2 T
0 % %
LA
e
this motivated the study of the correlations 005~ ¢ : %
between the relevant azimuthal angles
and the corresponding asymmetries o0 L
[F. Bradamante , Como2013, D-SPIN2013] ]

X

conclusion:
hints for a common physical origin for the Collins
mechanism and the polarised dihadron FF
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dihadron asymmetry - new ideas

interplay between dihadron and single hadron asymmetries

new developments:
dependence of the asymmetries on A¢g= ¢, —¢@,_
first results: Transversity2014

presently a consistent description of the h+ and h- Collins
asymmetries and of the dihadron asymmetries
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accessing Transversity at RHIC
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other SIDIS TMD transverse spin asymmetries
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other SIDIS TMD transverse spin asymmetries
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Ay in pp collisions
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unpolarisd azimuthal asymmetries - reminder
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unpolarised

azimuthal asymm

not easy as expected!
« <kfi>~x(1-x)? 3]
* Boer-Mulders PDF

still ~ unknown
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unpolarised
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future:

« 2006 data

- SIDIS run with LH2 in
2016-2017 (DVCS)
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summary

many new results, not all easy to explain; a lot of work ongoing ...

 the SIDIS data collected in so far are unique
 the analysis are not yet over

more multidimensional measurements,

gluon Sivers from high pT and J/¥ - K. Kurek
interplay 1h-2h,

weighted asymmetries, ....

* new interesting results on transversity and TMD observables will

come soon from
SIDIS at JLab, HERMES, COMPASS

pp at RHIC
e*e at Belle / Babar
while waiting for the results of the new experiments
Drell-Yan measurements
JLab12, eN Collider, high energy ep experiments
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