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‘ Outline .

- QCD framework: TMD factorization for SIDIS & et e processes
- Data sets: HERMES, COMPASS, Belle

- Parameterizations of Sivers, Collins and transversity functions

- Global analysis and results

- A quick look at pp — 7w X

- Conclusions and Open issues
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‘ SIDIS with a transversely polarized target I
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Transverse single spin asymmetry (SSA) in SIDIS

T / 1 /
d6o_£p —0'hX d6o_£p — V" hX B dO_T _do_l

AUT — dGO-EpT—>£’hX + dGO-Epl—>£/hX — dO'T + do‘l ’

Ao’ =X = 466 /dx pdy dzp d2Pr dos

Ayt ~ Aqu/pT ® Dp/q sin(¢pn — ¢Ps)
+ Arq® AND,, /1 sin(¢n + ¢s)

- different azimuthal dependences

— separation of Sivers and Collins effects
- access to the transversity distribution

- k1 -factorization for Aqep ~ Pr < Q

“Trento Conventions” 2004
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‘Azimuthal correlationsine™e= — hihs + X I

(spin effects without polarization)
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do ~ (1+c0s”0) Dy, /g Dhyyq +sin” 0 A™Dy, /o1 AVDy,, /gt

X cos (p1 + ¢2) X cos(2¢o)

Boer et al. 1997

_|_

e"e” — qq — hi1h2X: two hadrons from opposite hemispheres in jetlike events.

Single jet event: zero result (zero ¢(g) polarization on average) !!!
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ete™ — mm X at Belle

qr integrated: AVD(z,p1) — AND(2)

A
= A—U — 14 cos(¢1 + ¢2) A12
L
.92
Ap = 1 (sin” ) (Py — Pr) [analogously for Ag]

4 (1 + cos? 0)

Ap, v Like- and Unlike-sign pion pair yield — favoured and unfavoured FFs.
(A)Dtay = (A) Dyt jyq (A)Dunt = (A)Dt jg.,6,5
PU — PL X Z 62 ANDW/qT (Zl)ANDﬂ./qT (Zg)

q

Notice: Ai2 and Ag data sets are NOT independent
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Remarks on TMD factorization (in SIDIS, DY, eTe ™).

- tree level

o~ /d2kL d’p . 5(2)(ij_ +p1L —Pr)w(ky,Pr,pL)f(z,k1)D(z,p )

In general [Ji et al. 2004]

2/d2k¢d22ud2h5(2)(ZkﬂrpﬂrlL—PT)’w(’ﬂ,PT,PL)f(fE‘,kL)D(Z,pL)U(li)

U soft factor
- dilution of the asymmetry with increasing Q* [Boer 2001 ]
- not implemented in phenomenology: caution  [Boer 2008, Bacchetta et al. 2008)]

e Universality of the Collins function [Metz 2002, Yuan 2008]
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‘ Experimental data I
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Sivers asymmetry data

- Previous fit: Anselmino et al. PRD72 (2005)

HERMES data: charged pions on proton target
COMPASS data: charged hadrons on deuteron target

e information on u and d Sivers functions

- This fit:

HERMES data: charged and neutral pions and charged kaons on proton target

COMPASS data: charged pions and charged kaons on deuteron target

Improved in statistics by a factor 2
COMPASS data on proton target: NOT USED

e first insight into the sea and strange Sivers functions

Role of fragmentation function sets
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Collins asymmetry data

- Previous fit: Anselmino et al. PRD75 (2007)

HERMES data: charged pions on proton target
COMPASS data: charged hadrons on deuteron target
Belle data: U/L ratios

e information on: u and d transversity and fav/unfav. Collins functions

- This fit:

HERMES data: charged and neutral pions on proton target

COMPASS data: charged pions on deuteron target

Belle data: U/L ratios

SIDIS data improved in statistics by a factor 2; Belle data by a factor 20 !!!
COMPASS data on proton target NOT USED

e Improved information on: u and d transversity and fav/unfav. Collins functions
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Remarks:

(Q*)p1s ~ 2.5 GeV? vs. (Q?).+.- ~ 110 GeV* (Q?*-evolution of Collins FF?

<CU>HERMES ~ 0.1 ws. <CIS>CQMPASS ~ 0.03 X S 0.3

Sivers asymmetry:
[HERMES] proton: ASOn=9S) ~ A ANFL Dy + ANfa Dy g
[COMPASS] deuteron: A5 ?n=%5) ~ (ANf, 4+ ANf3) (4 Dy, oy + Dpja) ~ 0

Collins asymmetry:
[HERMES] proton: ASOnTOS) ~ AN AND, 0y + Ard AND),
[COMPASS] deuteron: A3 *nt95) ~ (Ary+Apd) (AAND), . +AND, 14) ~ 0
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Role of NEW fragmentation function set [DSS]
de Florian, Sassot, Stratmann, PRD75 (2007)

z D(2)
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z z z
Pion and Kaon FFs at Q° = 2.4 GeV?: large 5 — K .
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Parameterizations of Sivers, Collins and transversity functions

Gaussian & factorized expressions
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Sivers functions:

Aqu/pT (z, kL) :Nqs(m) h(ki)2 fq/p(z, kL)

Ni (@) ~ NG (1 —2)% NG () <1

h(kil) = V2e k—J'e_k’i/M% <1
M,
1 _
Farp(@ ki) = fa(x) — e e FL/ KL (52) = 0.25 GeV?
m(k?)
u, d and s quarks: “broken sea” ansatz fit [11 parameters]

N Ny N Nz N; N3z
QA ad Asea
B <= large x unconstrained M, (GeV)

e PDF FF sets: GRV98, DSS

e Q*- evolution: A" f, same as f,
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Transversity and Collins functions:

—k2 /(k2)

w (k1)

Arq(a, ki) = N (2) 5 [fa(@) + Aa(@)] ©

A .2 2
ANDh/qT (z,pJ_):./\/'qC(z)\/Ze%e pL/M 2Dp/q(2z,pL)

e—pi /(p%)

(p7) = 0.2GeV?

Dpyq(2,01) = Dnyqe(2) (p?)

NS ()~ N; (1 — z)’ g=u,d (4]
NE(2) NS 271 —2)° q=u,d,s |h=m — fav./unfav.] [4]

— 9 parameters
e PDF, FF sets: GRV98, GRSV2000, DSS

e Q*- evolution: Arq properly; AVD, same as D,
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‘ Global fit I
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| Uncertainties '

N 2
i — F(zi;a
x2=§:<y U(. >>
i=1 v

- N measurements y; at known points x;, with variance o2

'I: .
- F'(x;; a) depends non-linearly on M unknown parameters a;.
- Best fit: x2,, — ao

Error band: all sets of parameters such that x*(a;) < X2, + Ax°
- Ax? =1 < 1-0: small errors, uncorrelated parameters, linearity, y~ parabolic
- Ax?: fixed according to the coverage probability

AXQ 1 2 (M/Q)_l 2
X X 2
P = _A ) gy 2.
/o 2P<M/2>(2> eXp( 2) X

P=probability that true set of parameters falls inside the hypervolume

[P = 0.68 <> 1-0, P = 0.95 < 2-0]
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Sivers effect: Best fit

X?lof = 1.00 [Ndata =~ 170]
x° data point
pions: 0.94 vs. kaons (K 7): 1.20

unbroken-sea ansatz [8 param.]: x3, 5= 1.16
x° data point
pions: ~ 1 vs. kaons (K 1): ~ 3

Collins effect: Best fit
Xaos = 1.30 [Ndata ~ 110]

TMDs: Global fits
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e Sivers effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, EPJA 2009
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and COMPASS data [Martin et al. 20006]

(deuteron target)
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sin ((I)h = (|)s)
uT

Sivers SSAs for Kaons
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Fit of HERMES data [Diefenthaler et al. 20006,

Pappalardo et al. 2008

K¢ predicted [not included in the fit]
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COMPASS

jr—

- 2003-2004

B

:

REME

sin ((l)h = (I)s)

uT

1w
@ —

i

02 04 06 038
z

0.5 1 15

P, (GeV)

and COMPASS data [Martin et al. 2006]

(deuteron target)
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Sivers functions

valence quarks: new vs. old fit

2 2
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Predictions vs. COMPASS data with proton target (Levorato 2008)

0 %1 AR ;Ht{'#

Anselmino et al
h"’ arXiv:0805.2677

-0.1 | —e— COMPASS preliminary |
Y R B 1 1 1 1 L L L
> 0.1f r r
Qv h
0.05- B B
e E f ¢ -
0.05- T B B
-0.1 - =
wl ol vl 1 | | 1 1 1 1
10° 10?2 10" 0.2 0.4 0.6 0.8 0.5 1 1.5

...Controversial.
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e Collins effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, NP Proc. Suppl. 2009
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[right] COMPASS data [Alekseev et al. 2008].
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e Collins effect in e e~ : Best Fit of Belle data
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Fit of A12 = comparison with Ag data. [Belle data, Seidl et al. 2008].
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Transversity distribution

04 —
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&
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Collins function

av
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new vs. old error bands
HERMES (proton target)
UT ~ AA U AN Dgau +Ard AVD
T~ AA7u AVD e+ Ard AN Dy,
Afr| > | AT

= large and negative unfav. FF

Consistent with other extractions [Efremov et al. 2006, Vogelsang & Yuan 2005]

U. D’Alesio
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Predictions vs. COMPASS data with proton target (Levorato 2008)

B i
+ o1 h* COMPASS
P preliminary
+
3_-: 0 + | Ll $ +‘ +
£k t ? t
o D + +
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Amazing agreement!
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‘ Transversity: Comparison with models I
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0.5 = 0 Barone et al. 1997
04-

_ 2 2 Korotkov et al. 2001
0.3 - 2 3 Schweitzer et al. 2001
0.2 / 5 4 Wakamatzu 2007

___ 6 5 Pasquini et al. 2005
0.1 ' 6 Cloet et al. 2008

0 = 7 Our improved analysis

o ———
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Tensor charge: 6g = [dx(Arq — Arq) = [dxArq
du = 0.547599 6d = —0.23799% at Q? = 0.8 GeV?

. ourresult N
. 1 . 1 Quark-diquark model: Cloet et al. 2008
2 CQSM: Wakamatzu 2007

’ 2 ’ 3 Lattice QCD: Goeckeler et al. 2005

. 3¢ . 4 QCD sum rules: He & Ji 1995

P EE——

I IR |

du od
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Transversity vs. helicity distribution

transversity: Q* = 2.4 GeV~

s o Soffer bound: (¢ + Aq)/2

0.1 ’\% 01 . e . . .
= oost i, vosl helicity distribution: Ag [GRSV2000]
5

|Arqg| < |Ag|: relativistic effect

Ag— Arq = iy pid
= Aq — Tq = sprz'lir

in no-gluon models

0.2 0.4 0.6 0.8 1 .0 02 04 06 0.8 1 . . L
X k| (GeV) [Avakian, Efremov, Meissner, Pasquini,...]
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Notice:
- competing (or related) mechanism: higher-twist terms [Qiu-Sterman]
- TMD factorization: phenomenological assumption [Anselmino et al.]

- many terms but only two significant

‘:>AN2A]S\irvers_|_A%011insI
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STAR BRAHMS
oS p———T———T——T—T7 —T T T ] S e N S B B B
[ Sivers effect I Sivers effect ] 0.15 F Sivers effect : T Sivers effect : T
01 F n=33 + n=37 3 01 E 6=23° TI 6=4.0° i
g i ; 0.05 | e § ; ;
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Attempt to describe A by scanning the large x region of the Sivers and transversity
functions and fitting SIDIS data with Ax?/x2,:, < 20%.

e Crucial role of gluon FF in unpol. cross sections
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‘ Conclusions I

- Global fitting of TMDs has started

- Sivers functions

valence quarks: good; sea quarks: first insight
HERMES KT data (improvement, but...);
COMPASS proton data?

- Transversity and Collins functions

Aru and Ard (SIDIS data crucial);

fav/unf. Collins functions (Belle data crucial)
COMPASS proton data!

U. D'Alesio TMDs: Global fits 35



Milos, 27-29 September 2009

‘ Open issues I

Theory side

- parameterizations: Gaussian z(z) — k_ factorization

- evolution: ANDh/qT (2,Q%) < Hi(z,Q?) impact on hy [in progress]
- soft factor

-Axyinpp — h X extended global fit [in progress]

Experimental side

- Correlation matrix errors
- binning

- large = (JLAB)

- p1 dependence (Belle)

- Ax and A7 in Drell-Yan processes
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‘ Open issues I

Theory side

- parameterizations: Gaussian z(z) — k_ factorization

- evolution: ANDh/qT (z,Q%) < Hi(z,Q?) impact on h [in progress]
- soft factor

-Axinpp — hX global fit [in progress]

Experimental side
- Correlation matrix errors
- binning

- large  JLAB) ‘ MANY THANKS |

- p dependence (Belle)

- Ax and A7 in Drell-Yan processes
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BACK-UP SLIDES I
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‘ Sivers effect for kaons and role of FF sets .

1 1 1 1 1 1 1 1 1
0 01 02 03 04 0 0.2 0.4 0.6 08 0 02 04 06 08 1

X z P; (GeV)

U. D'Alesio TMDs: Global fits 39



Milos, 27-29 September 2009

‘ Burkardt sum rule . Burkardt PRD69 (2004)
Z/dazd%ﬂ ki fopr (k) =) (k1) =0

A

(k) = [ /d:v/ dk, k5 A fa/pT(a: kL)](S x P)
almost saturated by v and d quarks alone at Q% = 2.4 GeV?>:

(k1) + (k1) = 17150 (MeV) (k1) + (kD) + (B +(EL) = — 1478 (MeV)

(k1) = 96752 (MeV) (k1) = —113%2° (MeV)

leaving little room for a gluon Sivers function,

—10 < (k7) < 48 (MeV)

U. D'Alesio TMDs: Global fits 40



Milos, 27-29 September 2009

‘ SIDISLLAND I

Polarized SIDIS cross section up to subleading order in 1/Q)

do = doly + cos 201, dopry + @ COS Op dop + )\eé sin ¢y, dos ¢
+ SL{ sin 2¢y, do . + % sin ¢ do . + Ae [daﬁL + % coS dazL] }
+ ST{ sin(¢n — ¢s) dogr + sin(¢n + ¢s) dogrr + sin(3¢n — ¢s) dogrr
+ é :sin(2gbh — $s) dobl + sin ¢ da%JZT}
+ Ae :cos(th — ¢s) do + %(cos bs dorr + cos(2¢n — ¢s) dUET)} }

Bacchetta et al. 2007

U. D'Alesio TMDs: Global fits 41



