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Boosting transverse Spin

Let’s take a Dirac free plane wave particle of mass m and spin S = S %2
and boost it by f = p/E along x
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Boosting orbital angular momenta

Simple orbit with L, only (p, =0,z=0= L, = L, = 0)
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TMD and Single Spin Asymmetries
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The (re)start: SSA in p'p — X

Huge SSA for forward meson production measured by

E704 in 1991
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(Re)start: another TM effect

Huge azimuthal ¢ modulation on unpolrised target measured by EMC in 1987

doldd,, (arbitrary units)

6 2
(d) <d)

o=t = 3 £ (x,0%) ® do®d?'1 ® DI(z, %) Where, in collinear PM dg?1-t'4 = §2 4
112 = x[1 + (1 —y)?], i.e. no ¢, dependence. Taking into account the parton
transverse momentum in the kinematics leads to:

k2 2 % >, A K2
S sx[l _T’/l —ycoscph] +0(Q) il S s =g [1 Q\/_ycosth] +0(Q)
Resulting in the cos ¢, and cos 2¢; modulations observed in the azimuthal
distributions
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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 P;’; should be built up from two pieces, a spin-independent part

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

Di(z,77) = Di(z,p;) + ADy(z,0}) - sin(én — é5/), (3.23)
The measurement of the Sivers PDF was added to the program soon after
... the other TMD with the developments over the years
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

Three twist-2 quark DF’s in collinear approximation (| dk )

DTN (x) = —{q(x) +8,¥591(x) + Spysythy (x)In*

o -0 ®-¢

helicity transversity
Si 1 / g NR limit
7 Y 2 = EAZ +AG+L; + Ly [boost, rotat.]=0

= hy(x,Q%) = g1(x,Q0%)
~30% : Spin puzzle

g
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TMD Distribution Functions

h 1(‘; (X, k i) flq (x) k i) ° unpolarised
transversity

- Bk ) - ROSEC

pretzelosity @ vers

® ® 1 twist-2 q 2
- @ k) k) @ - @
helicity

worm-gear L

® - Bk ) ¢l (k) (o = (o)

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

L HERMES
Y COMPASS tp—2'hX _ ~AyYq—q h
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o . future: eN colliders?
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future: FAIR, JPark, NICA
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SSA inp'p — X
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HERMES inclusive SSAs
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SIDIS access to TMDs

o(lp > £'hX)~q(X)® &7 ® D" (2)

Nucleon polarization

Hadron polarization

- c
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Factorisation (Collins & Soper, Ji, Ma, Yuan,
Qiu & Vogelsang, Collins & Metz...)
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SIDIS 1h x-section o Sl
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LO content

SIDIS
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Phase space of different SIDIS -

experiments
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Transversity PDF spinik.

h? (x) = q"(x) - gTH(x) q=u,, d,, Qseq

Arq(x), 4 A quark with spin parallel to the

5 S nucleon spin in a transversely
a0k, k4 polarised nucleon

6rq(x)

* probes the relativistic nature of quark dynamics

* no contribution from the gluons — simple Q2 evolution

- Positivity: Soffer bound................. 2|hy|<q+ Aq Soffer, PRL 74 (1995)

» first moments: tensor charge.......... oq = [dx [h? (x) - hf(X)]

» sum rule for transverse spin in PM... %: %zhf e T

. it is related to GPD’s Bakker, Leader, Trueman, PRD 70 (04)

* Is chiral-odd: decouples from inclusive DIS
Cortona, April 20t—22th 2015 NPQCD2015 17



Transversity

IS chiral-odd:

observable effects are given only by the
product of h‘l’ (x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarised target

via “quark polarimetry”

“Collins” asymmetry
“Collins” Fragmentation Function

/IN" > ' h X

/N' 5 7" h h X two-hadron” asymmetry | |
“Interference” Fragmentation Function
INT 57 A X A polarisation | |
Fragmentation Function of gt—=>A
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Transversity from Collins SSA and
Collins FF

lg—h g — T
ASin(¢h+¢S—TE),h A Zq eé hg_ (k_L)®H1 g (pJ_) ¢

UT 2 £q q—h
2q€q fy ®D;
//Jf ) Thrust axis
- . 1(1/2)q=hy 2, L(1/2)G—h
2 2 2 1/2 1/2
™~ Ah1h2 an Sin 9 Zq eq H1 H]_
— el 12 7 1 + cos28 2 nA~h1/2 nd—h1)2
il Zq eq D D1
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
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Collins asymmetry on deuteron
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Collins asymmetry on proton x > 0.032 region

charged pions 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 (x: Q%: z: py) approach

® 0.1-=h 1<Q*(GeVieY<1.7 I COMPASS preliminary I Proton 2010 data = -
T&v [ «h~ z20.1; P, =0.1 GeV/ie z=0.2; Py =0.1 GeV/e 0.1=2<0.2; |11>0 1 GeVie 0.2<z=0.4; p_l_>0,l GeVie 0.4=z<1.0; |11>0,1 GeVic
= F
-;q:lj 0-‘ i.‘lx; I lxnxé Hi‘l I 1 T Tﬁ&} l ﬂTIJTI
[ 4% 7= Ty T B e P i 4
i I { {
—_— -_— ——
001 r L I [, —
’5‘ 0.1 1.7=Q7/(GeViey<3 F r r [
T {
gL i j
-;qjj 0 gx.ii; %IIIYI L{ﬁi 1 8 HTI$ IHLT i1
PR FE¥es Pt tERES [ T1g?
0.1 ‘ ) - —— - —— = | — - I——- )
® 01 3<Q(GeVic)<T - r 3 3
T
£ i I i 1 " i { ;
(R SR I {54 biga L is, fgd
L 4
T}i ] ﬁ # ; ] H I ! $
g olf T<QH(GeViey <16 L L } I I 1
> i - . |
f5 #;é {é %}é} 3 f
]
b £ LI i ¢ T 4 % { ! %
r — —— —
0.1 ‘ e — B -_._- - e m—— = ‘ r —
R 0.1 16<Q¥(GeVic <81 I } r % r { J r ]
%‘E—' 0- 1 } T 1 { ; T [
w2 L
< | gt L bts fyl R
0.1 — ) ) | ) ) - ) ) = r ) ) h
107 10! 10 107! 107 107! 10t 107 102 107!

X

Cortona, April 20t—22th 2015

NPQCD2015

Q* (GeV/icy

T

p. (GeV/c)

g

TTTTET

COMPASS

Proton 2010 data

COMPASS preliminary

L SRR AL

1QUGeV/ey<1.7 g ‘“
N e il

COMPASS preliminary

010



Collins asymmetry on proton. Multidimensional %Z\?ﬁ
Extraction of TSAs within a Multi-D (x: z: py) approach
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Collins asymmetry on neutron
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Collins asymmetry on e*e”
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Collins asymmetry o=

7T => 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 ete™ data
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Transversity from Collins

Combined analyses of HERMES, COMPASS and BELLE fragm.fct. data
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statistical correlations
Collins (Sivers, ...) asymmetries measured vs X, z, p;"

gorrelation coefficients qorrelation coefficients
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charged pions ) "
also available for .
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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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2h asymmetries on d
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2h asymmetries on p
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2h asymmetries in p'p — X i
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IFF asymmetryonete”
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Transversity from 2h p and d results

E 08— e 2007 & 2010 proton data and .:. 0.8~ = 2007 & 2010 proton data and
:'-‘;? 2003 & 2004 deuteron data = 2003 & 2004 denteron data
06— I flexible scenario 0.6— I flexible scenario
Bacchetta et al. _ Bacchetta ef al.
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Hadron correlations
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Interplay between
Collins and IFF
asymmetries

common hadron sample for Collins and 2h analysis
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Asymmetries for x > 0.032 vs Ap = ¢+ — Pp-

Proton 2010 data
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Sivers Asymmetry

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

at LO:

1993

1995
2004

2004

Cortona, April 20t-22th 2015
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The Sivers PDF
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J. Collins proofs fi+ = 0 for T invariance

J. Collins shows that(fi5)py = —(fi)siprs
COMPASS on d: A%, = 0 and A%, =0
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Sivers asymmetry on deuteron

PLB 673 (2009) 127

understood as
u —d cancellation
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Sivers asymmetry on deuteron and proton for Gluons
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Sivers asymmetry onp

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‘

fir Rl (ef Q2 R () E 1 (a0 0%07) ‘o
L(x) — Lensing function (from Burkart) 2 )
E? — GPD related to quark OAM @

n-th moment of a TMD with respect to k

F9,02) = [ @k, (2M2) fir e, k2, QD) oot

0.000F

\—\
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Sivers asymmetry on neutron
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Test of universality

T-odd character of the Boer-Mulders and Sivers functions

In order not vanish by time-reversal invariance T-odd SSA require an

interaction phase generated by a rescattering of the struck parton in
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 invariance

h 1 (SIDIS) = —h7 (DY)

Boer-Mulders
1 (SIDIS) = — fr7 (DY)

Sivers
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Sivers asymmetry on proton. Multidimensional
First ever extraction of TSAs within such a Multi-D (x: Q%: z: pT) approach
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importance of unpolarized SIDIS
for TMDs

The cross-section dependence from p2 results from:

Intrinsic k, of the quarks

p, generated in the quark fragmentation ;
A Gaussian ansatz for k;, and p, leads to

(p7.n) = 2%(k%) + (p?)

The azimuthal modulations in the unpolarized cross-sections comes from:
Intrinsic k, 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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Boer-Mulders and Cahn effects
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Conclusions (?)

A lot of data on the shelf being used,;
New PP results from RHIC

SIDIS results will continue to come In the future
noth from COMPASS and from JLAB12;

n the near future COMPASS will provide first
polarized DY

Whats NEXT?

Cortona, April 20t-22th 2015 NPQCD2015
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Theory side, a suggestion

The amount of data is rapidly increasing;

The phenomenological analysis of
Collins/Sivers/Unpolarised Asyms...is helping to get
Insight on the mechanisms

We have strong groups of IT theorists leading the field

Maybe (?) it is the right time for them to setup a
Collaborations, aiming to a global analysis of all this data
sets.

Cortona, April 20t—22th 2015 NPQCD2015
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Nucleon Structure Outlook

« Thisisa def|n|ner|od for the future, which can be bright
oOrF

« LHeC (and 5 4,
upgrade). They WiN/Z 2
allow unprecedented

« parton distributions of gitré 5 and nuclei, down to the region of the
highest-density matter 0

« precision Higgs characterization
* resolving proton (and LQ) structure dow &4 //1/,% 0> fm

« EIC science requires polarization & lumino
EIC allows a unigue opportunity to make a (texts
nucleon structure and QCD dynamics

bn capability.
eakthrough in

Lepton scatterlng has proven its science value over the last 5 decades!

These projects deserve the strongest support — they can be on your horizon!
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Past
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All of us dream of

EIC:
the MACHINE to image quarks and gluens

Electron lon Collider:
The Next QCD Frontier

N v Understanding the glue
/" that binds us all







Other SSAs - Deuteron data

Feosn—ds) o gd o D, t_wo twist-2 gsymmetrles can be
(e ) — interpreted in QCD parton
L _ o _
@5 - @ “pretzelosity” ® Collins FF In some models hir = g1 — by
i _ ~®- posirive 1l hadr 2002-2004 dat
ASLIJ:'(S 21705) o negaive i R i COMPASS.
) _ _
o%&fﬂ_é—&—ﬁiﬂm 2 {% }i%%%ié » *
-0.1— = o
1(I)2 II” 1(I)1 — ””'.2 014 O.IG 0!8 ? 0.I5 ‘II 1!5 2
x z PY (GeVrc)

on deuteron asymmetries compatible with zero: again cancellation between

proton and neutron?
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Lo

Other SSAs - proton data

@ “‘pretzelosity” ® Collins FF
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Other SSAs - proton data

@5 - é@ “pretzelosity” ® Collins FF

Cortona, April 20t-22th 2015

NPQCD2015
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Other SSAs - neutron data

@5 - é@ “pretzelosity” ® Collins FF
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Other Transverse Target spin
asymmetries on d
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Other Transverse Target spin
asymmetries on p
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Other Transverse Target spin
asymmetries on p
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Other Transverse Target spin
asymmetries on n

A COS(({)}-J —@ )

L35

‘JL_':""'I"' I"'I""I'_I"I""I"'I" I'::"'I""I"'I"'I" 'I""I""I"'I:
emunat EOG010 Preliminary "He A Cc&-s[c::un-c-‘] T

%u:ﬁ_ & Tt

(=] - ¥ T

E.i}fum

¥

a
=]
L]

'_ B Sys. Uncer. __ + ¢ ) +

(=]
T TT

o02F ‘ i

0,04 -

0.06F T

ook I + O

P T T PRI AP PR I PRIT RN I JUUT PUTIT PITT PRI PN TR PO PRI I
01 015 02 025 03 035 04 045 01 045 02 025 03 035 O 0.45

X, Xg;

A;c;,-(qﬁ,, ~4.) on gl ® [)I’;, "Worm Gear" PDF g/, 3 .

Cortona, April 20t-22th 2015 NPQCD2015



Collins Asymmetryonp - 1, Kid.

Correlatlon between outgoing hadron & quark transverse spin > hY & h¢

COMPASS positive pions x<0.032 preliminary
- COMPASS positive pions x>0.032 preliminary
o] HERMES = PLB 693 (2010) rescaled by (

[-<y=)/(1-<y=>+<y=>7)

~ < 0.1
=
g 0.05
T (:’bMP S§
@ '\\/S/' 0_
o, f
tédbs  —0.05-
_0_1_
=g
IR 0.05
Y \ P
o
?1 s
—0.05
—0.1+

COMPASS negative pions x<0.032 preliminary
- COMPASS negative pions x>0.032 preliminary

< HERNllES n PLB 693 (2010) r(.‘s(,dlt.d by (} -<y>)/(1- <y‘*+<—y> )

| |

107!
X

05 1
z

0 5 1 1.5
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 Agreement HERMES/COMPASS - no Q?dependence seen
Now also produced in bins of zand y
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Importance of unpolarized
SIDIS for TMDs

* The cross-section dependence from pZ results from:
* intrinsic k; of the quarks
* p, generated in the quark fragmentation

* The azimuthal modulations in the unpolarized cross-sections comes from:
* Intrinsic k; of the quarks
 The Boer-Mulders PDF

These are difficult measurements requiring to take into account apparatus
acceptance

« COMPASS and HERMES have
« results on °LiD (~d) and d from
* No measurements on p since on NH; (~p) nuclear effects
may be important

« =>COMPASS-II, measurements on LH, in parallel with DVCS
Cortona, April 20t-22th 2015 NPQCD2015
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Collins asymmetry on proton

charged pions and kaons
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a{é.J
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SIDIS 1h x-section
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lepton plane




Jefferson Lab
CLAS Detector

Players on SIDIS play
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7 GeV spectrometer,
1.8 GeV spectrometer,
large installation experiments

Two high-resolution
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Players on FF playground
B Belle Detector

BELLE |
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Spin, L and the free Dirac H

H=a-p+pm

L position dependent, doesn’t commute with 9; in H
[HL]=-a-V

L not conserved

$ (5 O) _, Pauli matrices in% and H do not commute
0 [H,Z] =2a-V

spin not conserved

[H,Z + %f] =[H,]] =0 J conserved
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