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Boosting orbital angular momenta
Simple orbitwith O only(y, mdx n 0 0 ™)
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TMD and Single Spin Asymmetries
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The (re)start: SSA in Vidp A

Huge SSA for forward meson production measured by

E704 in 1991 06 —
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The observable is 5
O Y d(mp i ), odd under naive time reversal (time
reversal without interchange of initial and final states)
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(Re)start: another TM effect

Huge azimuthal %.modulation on unpolrised target measured by EMC in 1987

doldd,, (arbitrary units)

4 4
o, (radians) ¢y, (radians)

Q,P°% B oD )& Q®°® & 0 (oD ) where, in collinear PM Q, P°/b {H
0 op (P w ], ie.no% dependence. Taking into account the parton
transverse momentum in the kinematics leads to:

(HU ([p .—,/p~ E3 %a]~ 2 (—) o i @ [p ——A] /@] 2 (—)
Resulting in the A | %) and A | ¢%. modulations observed in the azimuthal
distributions

Cortona, April 20t 22th 2015 NPQCD2015



Few facts:

Transverse Spin and Momentum effects were put under scrutiny by the
COMPASS Proposal in 1996, starting with transversity via the Collins

meChanlsm We propose to measure in semi-inclusive DIS on transversely .pola,rise(l proton and deu-

terium targets the transverse spin distribution functions Arg(z) = ¢(z) — g,(z), where
T (]) indicates a quark polarisation parallel (antiparallel) to the transverse polarisation
of the nucleon. Hadron identification allows to tag the quark flavour.

As suggested by J. Collins [71], the fragmentation function for transversely polarised

quarks should exhibit a specific azimuthal dependence. The transversely polarised quark

fragmentation function 'Df; should be built up from two pieces, a spin-independent part

Ug’, and a spin-dependent part L\.Uf;:

DMz, 5 = DMz, pl) + ADP(z,p") -sin(dn — o)), (3.23)

The measurement of the Sivers PDF was added to the program soon after

€ the other TMD with the devel opmel
Measurements started in 2002 by HERMES (p) and COMPASS (d)

This field has grown considerably in the last years and comes one of high
priority measurements for the JLab12 program
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The spin of the proton
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TMD Distribution Functions

h 1(‘; (X, k i) flq (x) k i) ° unpolarised
transversity
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Boer-Mulders worm-gear T

-O' nucleon with transverse or longitudinal spin S T
T

- @ parton with transverse or longitudinal spin

—) parton transverse momentum

Proton goes out of the screen. Photon goes into the screen k, — intrinsic transverse momentum of the quark
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Accessing TMD PDFs and FFs

SIDIS off polarized p, d, n targets
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HERMES inclusive SSAs

Relevant kinematic:

Feynman w
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SIDIS access to TMDs
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Hadron polarization
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Parton polarization

Factorisation (Collins & Soper, Ji, Ma, Yuan,

Qiu & Vogelsang, Collins & Metz...)
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SIDIS 1h x -section e
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LO content
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Phase space of different SIDIS -
experiments
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Transversity  PDF spiIni.

l x) =qY {X) - ¢Y &) q=uy, dy, Oseq
Dra(x), 4 4 quark with spin parallel to the
dg(x), (%) - nucleon spin in a transversely
d q(x’) : Y polarised nucleon

i

Aprobes the relativistic nature of quark dynamics

Ano contribution from the gluons g simple Q2 evolution

APositivity: Soffer boundé é é é é . . 21h1| ¢+ SofferPRL 74 (1995)

Afirst moments: tensor chargeé é é . aa® adx i ()-hd ()

Asum rule for transverses pi n | n; g Mt@ ;e

Ait is relatedto GP D 6 s Bakker, Leader, Trueman, PRD 70 (C

Ais chiral-odd: decouples from inclusive DIS
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Transversity

IS chiral-odd:

observable effects are given only by the
product of |‘(x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarised target
viahquay k pol ari metryo
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AColl i nso asymmetry
ANColl inso Fragmentat.i

At whoadrono asymmetry
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Fragmentation Function of qyg s
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Transversity  from Collins SSA and
Collins FF

; i B N CLEC I R (11 )
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Collins effect:

a quark with an upward (downward) polarization,
perpendicular to the motion, prefers to emit the leading
meson to the left (right) side with respect to the quark
direction

Cortona, April 20t 22th 2015 NPQCD2015

19



Collins asymmetry on deuteron
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Collins asymmetry on proton

charged pions

Cortona, April 20t

x > 0.032 region

COMPASS and HERMES results
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Collins asymmetry on proton x>0.032 region

Charged kaons COMPASS and HERMES results
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Collins asymmetry on proton x > 0.032 region

same strength:
a very important, not obvious result!
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Collins asymmetry on proton. Multidimensional

First extraction of TSAs within a Multi-D (oqu LGt ) approach
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Collins asymmetry on proton. Multidimensional
Extraction of TSAs within a Multi-D (eddms) approach

028<2<037

037 <z<048

i

048<z<070

HERMES
7.3% scale

= 1

e

ERELIMINARY

Cortona, April 20t 22th 2015

020<z<0.28 028<2<037 037 <2<040 048 <z<0T0 020<z<028
3 02fF & - F HERMES|[PRELIMINARY 3 osF K
D ufg T - } - 7:'““‘—'"-"' : ’3:0255-+J
z 05— + - E———-—‘-——:—-E -—- --—‘-—E— —+——+———-¢-— : g VEA
-0 AR TR AR & f Taal
S 0of T T = o5
P I == = e o e e e | e e e e e e e | e e e e | e s e
05
£ 025
. 0
‘ 02sEt
05
i 0255
P
; 025
osf
E E 5 : o5
N | o
YR - X DT A 5_‘.--4.-_ ] ;_"__’_.‘_-_"'_-- . oF
'— 1
02 e e i -
0 05 o0 05 o 05 | o 05
P, [GeV]

NPQCD2015

UCO>X> 200

25



Collins asymmetry on neutron
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Collins asymmetry on
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Collins asymmetry on

=> non-zero asymmetries, increase with z,, z,
“ K => asymmetries compatible, with zero

KK => non-zero asymmetries, increase with z,,z,
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Collins asymmetry fits

M. Anselmino et al., arXiv:1303.3822
fit to HERMES p, COMPASS p and d, Belle g g data
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Transversity from Collins

Combined analyses of HERMES, COMPASS and BELLE fragm.fct. data
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statistical correlations
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The Collins mechanism The Di-hadron Fragm. Funct. mechanism
J- Collins, NPB396 (93) Collins, Heppelman, Ladinsky, NP B420 (94)
» >
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Collins angle
kxPn-Sr occos(g—d)) = sin ¢

= SiD((ﬁRT + (.’)\')
transverse Fnotion of hadron azimuthal orientationlof hadron pair
spin ana]yzer of fragmenting quark spin analyzer of fragmenting quark
single—spin asymmetry —> convolution single—spin asymmetry —> product
A o [ @ B o] A9 o h(@) H1M (o, RE)

Radici, Jakob, Bianconi PR D65 (02); Bacchetta, Radici, PR D67 (03)

TMD factorization , s
collinear factorization

evolution equations understood
Ceccopieri, Radici, Bacchetta, PL. B650 (07)
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2h asymmetries on d
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2h asymmetries

on p
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IFF asymmetry on Q Q
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Transversity  from 2h p and d results

08— w 2007 & 2010 proton data and
2003 & 2004 deuteron data
06— I flexible scenario 0.6—

Bacchetta er all.

® 2007 & 2010 proton data and
2003 & 2004 deuteron data
I flexible scenario
Bacchetta ef al.
arXiv:1212.3568
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arXiv:1212.3568
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Hadron correlations
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Asymmetries for

? 0.1 COMPASS preliminary
by [ x>0.032, z>0.1
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Sivers Asymmetry

Sivers: correlates nucleon spin & quark transverse momentum k; /T-ODD

. e Y Yol
at LO: aqeqfquA D, H "5 HJ__I

ASiV: . 2 ~ h
aq€e dA DO,
The Sivers PDF

1993 | J. Collins proofs 'Q  mtfor T invariance

2002 | J. Collins shows that("Q ) Q)

2004 | COMPASS ond: 0 mtand O
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Sivers asymmetry on deuteron

PLB 673 (2009) 127

understood as
ul dcancellation
—
2
<

102 10" 02 04 06 08 0.5 1 1.5
X Z P'; (GeV/c)
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Sivers asymmetry on deuteron and proton for
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Sivers asymmetry on

charged pions (and kaons), HERMES and COMPASS
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Sivers asymmetry on proton

charged hadrons, 2010 data - Q2 evolution

comparison with

S. M. Aybat, A. Prokudin and T. C. Rogers calculations PRL 108 (2012) 242003
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Chromodynamic  lensing

Use SIDIS Sivers asymmetry data to constrain shape
Use anomalous magnetic moments to constrain integral‘.

00 @) B0 (D ) ‘o

0(w Lensing function (from Burkart)

O GPD related to quark OAM Y

¢ -th moment of a TMD with respect to 'Q

T ) s 7 Q ne~ () e i ¢
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Sivers asymmetry on neutron
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Test Oblinersalityality

T-odd character of the Boavlulders andSiverdunctions
In order not vanish by timeeversal invariance-ddd SSA require an

interaction phase generated byrascatteringof the struckpartonin
the field of the hadron remnant

)
%
#

before hard em-scatfering
past-pointing Wilson-line

SRV o~
= final state interactions M ¥
= afrer hard em-scattering DY — o
N Juture-pointing Wilson-line < inifial stafe inreraciions
Ny

these functions are process dependent, they change sign to provide the gauge invariar

h 1 (SIDIS) =- h7; (DY)

BoerMulders

Sivers | f17 (SIDIS) = - f11 (DY)
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Sivers asymmetry on proton. Multidimensional
First ever extraction of TSAs within such a Multi-D (ed]r ) approach
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Importance of  unpolarized SIDIS
for TMDs

The cross-section dependence from r} results from:

intrinsic 'Q of the quarks

N generated in the quark fragmentation ;
A Gaussian ansatz for Q and ) leads to

(a) @(@) )

The azimuthal modulations in the unpolarized cross-sections comes from:
Intrinsic 'Q of the quarks
The Boer-Mulders PDF

These are difficult measurements were one has to correct for the apparatus

acceptance
Cortona, April 20t 22th 2015 NPQCD2015
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Boer-Mulders and Cahn effects, a reminder
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