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Extraction of the Sivers function
from Ip'—=I'h+X (SIDIS) data



The Sivers function

» The Sivers function describes the distortion of the (unpolarized)
quark distribution due to the fact that the proton is polarized
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Fig. Courtesy by Alexei Prokudin



The Sivers function from SIDIS data

» The Sivers contribution can selected weighting the cross section
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»In details:
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Turin standard approach (DGLAP)

»>Unpolarized TMDs are factorized in x and k, . Only the collinear part evolves
with DGLAP evolution equation. No evolution in the transverse momenta:

Collinear PDF (DGLAP evolution)

Normalized Gaussian: no evolution



Turin standard approach (DGLAP)

> The Sivers function is factorized in x and k; and
proportional o the unpolarized PDF.

ANfoi (@, k13Q) = 2N, (@)h(ky)fyp(z, ki Q)

Proportional to the unpolarized TMD
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Turin standard approach (DGLAP)

> The Sivers function is factorized in x and k; and
proportional o the unpolarized PDF.
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Collinear PDF (DGLAP)
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Sivers function in SIDIS

»In 2009 we performed a fit of HERMES (2002-2005) and
COMPASS (Deu’rer'on 2003-2004) data on 1 and K production
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Sivers function in SIDIS

»In 2009 we performed a fit of HERMES (2002-3005) and
COMPASS (Deuteron 2003-2004) data on 1 and K production

vValence quark
HERMES (Proton target)
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Sivers function in SIDIS

»In 2009 we performed a fit of HERMES (2002-3005) and
COMPASS (Deuteron 2003-2004) data on 1 and K production
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Sivers function in SIDIS

»In 2009 we performed a fit of HERMES (2002-3005) and
COMPASS (Deuteron 2003-2004) data on 1 and K production
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Sivers in DY processes (DGLAP)

>Polarized NH3

»Pion beam
»Valence region for the Sivers function
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Sivers function in SIDIS

»New theoretical tool: TMD evolution equation!

What are the consquences from the phenomenological point of view??



TMD evolution formalism™

* J.C. Collins, Foundation of Perturbative QCD, Cambridge Monographs on Particle Physics,
Nuclear Physics and Cosmology, No. 32, Cambridge University Press, 2011,

* 5. M. Aybat and T. C. Rogers, Phys. Rev. D83, 114042 (2011), arXiv:1101.5057 [hep-ph]

* 5. M. Aybat, J. C. Collins, J.-W. Qiu and T.C. Rogers, arXiv:1110.6428 [hep-ph]



TMD evolution formalism

»Let us denote with F either a PDF (or a FF)
or the first derivative of the Sivers function in the impact parameter space:

/ fq/p X, bT,Q) Unpolarized PDF

.’13' bT, > Dh/q 2, bT Q) Unpolarized FF

\ fJ_f bT Q) First derivative of the

Sivers function




TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

0

Corresponding to Eq. 44 of Ref [*] with K=0 and : pr=(p=C(p=Q"

* [*]S. M. Aybat, J. C. Collins, J.-W. Qiu and T.C. Rogers, arXiv:1110.6428 [hep-ph]
Y g p-p



TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

S

(2, br; Q) = F(2, b7 Qo) R(Q, Qo, br) exp {_QK(bT)in %}

Output function at the scale Q
in the impact parameter space

Input function at the scale Q,
in the impact parameter space

Evolution kernel



TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bTS Q) — ﬁ(ﬁ}, bT§ QO)(E(Q: QO? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel



TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

A S\
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0

»Perturbative part of the evolution kernel

_ Ho Qq 2
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

A S\

In —=
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»Perturbative part of the evolution kernel
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bT? Q) — ﬁ(il?, bT§ QU)@(Qa QU? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

D i Qq 2
R(Q,Qo.br) = exp {lng T‘f%{w’) +/ o (u’ Q_)}

Scale that separates the perturbative region
from the non perturbative one




TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bT? Q) — ﬁ(il?, bT§ QU)[E(Qa QU? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

- / “d ’
R(Q,Qo,br) = exp {lﬂ < —M,’}’K(Mf) + / —M’YF (Na Q_2> }

QOQOM o M H

! One of the possible prescription
T

Uy = ——— —— C, = 2¢— & | Yo separate the perturbative region
b (br) V07 /b from the non perturbative one




TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

%ﬁ(fﬂ’bT,Q) — ﬁ(xabTﬁQU) E(QaQOabT) eXp{

—

»Non Perturbative (scale independent) part of the evolution kernel
that needs to be empirically modeled

1 Common choice used in the
g (bp) = 5 92 b2 unpolarized DY data analyses
in the CSS formalism




Parametrization ot the input functions

F(x,br:; Q) {ﬁ(az, br; QO)E(Qa Qo,br) exp {—QK(bT) In QQ}

0

»Model/parametrization



Parametrization ot the input functions

F(x,br:; Q) {ﬁ(az, br; QO)E(Qa Qo,br) exp {—QK(bT) In QQ}

0

Example: unpolarized pdf

ﬁ(m, bT; QO) _ fq/p(% by QO) Fourier transf. > fq/p(xa k?J_Q QU)




Parametrization ot the input functions

F(x,br:; Q) {f(az, br; onﬁ(@ Qo,br) exp {—QK(bT) In QQ}

0

J?;/p(% br; Qo) = fo/p(x, Qo) exp {—a” b} |------- :
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Parametrization ot the input functions

F(z, by Q) {ﬁ(az, br; QOJE(Q, Qo,br) exp {—QK(bT) In QQ}

0




Parametrization ot the input functions

Fle.br: Q) { (2, by @@ (Q, Q. br) exp{—gff(bff““@g}

0

k(e bp: Qo) = =242 fir(2: Qo) by e b1

M (k7)

- 4 2 = 2 =




Parametrization of the input functions

»Then the evolution equations for unpolarized TMDs become simply:
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»While for the Sivers function we have:
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TMD evolution formalism

»One can get the TMD in the momentum space by Fourier trasforming:
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Fit of HERMES and COMPASS SIDIS data
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[*]Landry et al. Phys Rev D67, 073016



Fit of HERMES and COMPASS SIDIS data

xz tables 11 free parameters, 261 points
TMD evolution (exact) DGLAP evolution
Xior = 255.8 Y2, =315.6
dof = 1.02 X2, =1.26




Fit of HERMES and COMPASS SIDIS data

x2 tables 11 free parameters, 261 points
TMD Evolution (Exact) DGLAP Evolution
Xfor = 255.8 it = 315.6
X.op = 1.02 X2o s = 1.26
2 . 2 _
HERMES X.r\ = 10.7 7 points X:r“ — 27-55
mw Xz = 4.0 X: = 3.0
Xp,=9.1 X3, =225
2 2
X = 6.7 9 points Yr = 29.2
COMPASS —
h' X: = 17.8 Y- = 16.6

Xp, =124 Xp, =118
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Consequences on DY data and warnings

» A rigorous fit need a 'fresh restart’ i.e. the analysis of the SIDIS and DY

unpolarized data

Fixed parameters in the fit

(k%) = 0.25 GeV?
(p? ) = 0.20 GeV?
1 go = 0.68 GeV?
Dmae = 0.5 GeV ™!

»In SIDIS, the Sivers asymmetry is not so
strongly sensitive to these values.

> ... however in DY they are crucial, in particular g,

[*]Landry et al. Phys Rev D67, 073016
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Conclusions I

» Sivers functions are definitively different from zero!
» There are indications supporting TMD evolution in SIDIS

» Asymmetry in DY are more sensitive to TMD evolution



Transversity&Collins functions



The Transversity Function

» The transversity is a twist two, collinear, distribution of transversely
polarized quarks inside a transversely polarized hadron

+ -
/l ll\ »Off diagonal in helicity basis: Chiral Odd!
i Ay, Al
+ - a’ta 4+ —
F)lA,)qu —» F_|__




Accessing the transversity

»Let us consider the SIDIS instead of the DIS process

m T

N

Chiral Odd Fragmentation!

»Collins fragmentation function:

2
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Extraction of the transversity & Collins functions

» Azimuthal asymmetry in polarized SIDIS

do! — dot = X@ dAG(y, k1) ®

q

ANDh/qT (z, p_l_)

Transversity Collins function
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Extraction of transversity & Collins functions

»e’e -> h; h, X BELLE Data
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Extraction of transversity & Collins functions

> Simultaneous fit of HERMES, COMPASS and BELLE data
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News on the Collins function

»New data from COMPASS (proton target, 2010-11)
»>BELLE Erratum: R. Seidl, PRD 86 (2012) 039905



News on the Collins function

»New data from COMPASS (proton target, 2010-11)
»>BELLE Erratum: R. Seidl, PRD 86 (2012) 039905
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News on the Collins function

»New data from COMPASS (proton target, 2010-11)

»>BELLE Erratum: R. Seidl, PRD 86 (2012) 039905
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News on the Collins function

»New analysis:
®HERMES (2009) 1+ m-
®COMPASS Deuteron (2004) m+ mt-

®COMPASS Proton (2011) h+ h-
eBELLE A,



News on the Collins function
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News on the Collins function
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Extraction of transversity & Collins functions
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Extraction of transversity & Collins functions
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Transversity in Drell-Yan processes

»Golden channel: Double transversely polarized DY

Not experimentally performed yet:
Very small in pp@RHIC: 1-2% (upper bound)
Feasible in pp @PAX ..




Transversity in Drell-Yan processes

»TMD way: Single transversely polarized DY: the transversity couples
to another TMD, namely, the Boer-Mulders function

o h-k _
Fiee ) — [ |
>,
Boer-Mulders function Transversity

» The Boer-Mulders function can be interpreted as the probability to

find a transversely polarized quark in an unpolarized proton
»(Chiral odd and T-odd)




Conclusions II

» Transversity functions are definitively different from zero!

»BELLE Erratum: Good News, better description of data



Boer-Mulders function
and Cahn effect
in unpolarized SIDIS



Boer-Mulders functions in unpolarized SIDIS

» The angular distribution in the unpolarized SIDIS can be written as

do = A+ Bcosop+ C cos2¢p

® A =x f1 ® D is the usual $-independent contribution

05 x = (fl ® D1 + hi @ Hi- ) subleading Cahn+Boer-Mulders effect

o( x h ® H1 —|— > f1 ® D1 BM effect+Twist-4 Cahn effect




Boer-Mulders functions in unpolarized SIDIS

» The angular distribution in the unpolarized SIDIS can be written as

do = A+ Bcosop+ C cos2¢p

® A =x f1 ® D is the usual $-independent contribution

o5 x = (fl ® D1 + h1 & H1 ) subleading Cahn+BM+.... Twist 3...

o( x h 0% H1 —|— f1 ® D1 BM effect+Twist-4 Cahn effect+2??




Extraction of the Boer-Mulders function

» The angular distribution in the unpolarized SIDIS can be written as

do = A+ Bcosop+ C cos2¢p

® A =x f1 ® D is the usual ¢-independent contribution

o( hf & Hf + éﬁ ® D1 BM effect+Twist-4 Cahn effect

[ do cos2¢ _C

Acos 2¢ —9
[ do A




Extraction of the Boer-Mulders functions

» The angular distribution in the unpolarized SIDIS can be written as

do = A+ Bcosop+ C cos2¢p

® A =x f1 ® D is the usual ¢-independent contribution

oC o hy @ Hi + gz Jil R 1{1 BM effect+Twist-4 Cahn effect

N

Unpolarized PDF&FF gaussian as in Anselmino et

[1] Anselmino et. Phys. ReV D71, 074006 (2005)



Extraction of the Boer-Mulders functions

» The angular distribution in the unpolarized SIDIS can be written as

do = A+ Bcosop+ C cos2¢p

® A =x f1 ® D is the usual ¢-independent contribution

o( hf X I,{f — éﬁ ® D1 BM effect+Twist-4 Cahn effect

Collins function as in Anselmino et. al arXiv: 0812.4366v1




Extraction of the Boer-Mulders functions

» The angular distribution in the unpolarized SIDIS can be written as

do = A+ Bcosop+ C cos2¢p

® A =x f1 ® D is the usual ¢-independent contribution

o( hf & Hf + éﬁ ® D1 BM effect+Twist-4 Cahn effect

\A BM that we want to extract from the fit of A<?®data




Extraction of the Boer-Mulders functions

» Simple parametrization of the Boer-Mulders functions:

ohqu(:L‘, ki) = \g fllqji (x, kL) for valence quarks

o»hfq(:c, ki) = —]ff‘T(J (x,k1)| for seaquarks

—a

»Inspired by models: ,
Tensor magnetic moment

q
hqu(xakJ—) = <% i]g(xakJ—)

Burkardt, Phys. Rev. D72, 094020 (2005) Anomalous magnetic moment
Gockeler, Phys.Rev.Lett.98:222001,2007.




Extraction of the Boer-Mulders function

HERMES Proton < kf>2018 (G@V/C)Z

arXiv:0901.2438
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V. Barone, S. Melis and A. Prokudin Phys. Rev. D81, 114026 (2010)



Extraction of the Boer-Mulders function

HERMES Proton

<k?=0.18 (GeV/c)

0.15
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= 0.05
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vCahn effect (Twist-4) comparable
to BM effect

v'Same sigh of Cahn contribution
for positive and negative pion

vDifferent average transverse
momenta are preferred

v'BM contribution opposite in sign
for positive and negative pions

V. Barone, S. Melis and A. Prokudin Phys. Rev. D81, 114026 (2010)



Boer-Mulders function in DY?
Antiquark BM



Boer-Mulders function in DY from fits

»General expression for the dilepton angular distributions

in the dilepton rest frame:

1 do 3

= {1 + Acos? 0 + psin 20 cos ¢ + (v/2) sin? 0 cos 2q§}

odQ  Am(\+3)

» TMDs approach

Boer-Mulders functions
7 0.8

1 La @Th“’ o |
1 1 -

fo fo \ |

UV X

Unpolarized PDFs

T

1 ® p+dat800GeVic

- = o+ W at 252 GeV/c
- 4 m + W at 194 GeV/c

P I
a5




Boer-Mulders function in DY from fits

»In 2010 we performed an analysis of E866 data on pp and pD Drell-Yan

™ T and d Boer-Mulders extraction from DY data:
1lag 1lag *
hi¥ (e, k) = Mg figt (@, k)t

™ u and d Boer-Mulders functions as extracted from SIDIS

N Gaussian smearing for PDFs

fapla k1) = fo(x) "’T“izﬁ e—k1/ (k1) —
(k%) = 0.25 (GeV/c)?

[*] Sivers functions : Anselmino et al. Eur. Phys. J. A39,89 [**]Anselmino et. Phys. ReV D71, 074006 (2005)



Boer-Mulders function in DY from fits

»Results of the analysis of E866 data on pp and pD Drell-Yan

hf_g(mﬁ kJ_) — A@ff_jg(x kJ_)

Ao = 3.25 £ 0.75 )
Xd.0.5 = 1.24 FITI
A= 0154013 47
0.01 0.01
i /\ . /_\

107! 1 102 1071 1



Boer-Mulders function in DY from fits
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Boer-Mulders function in DY from fits

B.25 ' ; 0.25

0.2} ; 63 |

015 ¢ 1 015 t

a 01} 1 o o1k

> 005} > 005 |
0 0

-0.05 | ' 0.05 |
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ar ar



Boer-Mulders function in DY from fits

»Can we safely assume that the average transverse momentum is
the same in SIDIS and in DY?

> Gaussian smearing for unpolarized PDFs

'fq/p(fl?; kJ_) — fq(iﬁ) 7"(!%_) e~ k1/{k1)

From SIDIS: (k1) =0.25(GeV/c)?

Typical DY : (k%) ~0.5—1 (GeV/c)?

> Let us try to change this value




Boer-Mulders function in DY from fits

» Notice taht BM functions are proportional to the unpolarized pdf

N Wiz, k) = A fid(z, k2) = A po(2) nkr) £1(2,K3)

Unpolarized PDF



Boer-Mulders function in DY from fits

» As an exercise let us assume different average transverse momentum
in the unpolarized PDF.

FITII| asFitIbutwith (k2)~0.64 (GeV/c)?[*]

[*] U. D'Alesio and F. Murgia, Phys. Rev. D67,



Boer-Mulders function in DY from fits

Ai= 0254020 dof T 1Tl

Same description of the datal

0.01

0.01

{k?) -0.25 (GaV/c)?

(K =0.28 (GaW/c)’
(@) =0.64 (GaVfg? s

(i) =0.64 (GaV/g)? e

0.005 |

x |1 )|
x |3 )|
(e ]

o
o
o




Conclusions ITI

»From <cos 2¢> analysis BM compatible with models
»Large Cahn effect

»Different average transverse momenta
for different experiments.

» Antiquark BM are not vanishing

»Different transverse momenta
for different processes &/or Q"2?










(

Extraction of the Boer-Mulders functions

» Simple parametrization of the Boer-Mulders functions:
Lq _ Lqg
ohy “(x,k1) = Ay f{+ (2, k1) for valence quarks

o»hfq(:c, ki) = —]ff‘qg (x,k1)| for seaquarks

V. Barone, S. Melis and A. Prokudin Phys. Rev. D81, 114026 (2010)

N e . m——




Extraction of the Boer-Mulders function

vDifferent average transverse
momenta are preferred

I I I I I
0.6 _
Schweitzer, Teckentrup, Metz (2010) . '\ o COMPASS
0.2 - T HERMES -
i JLab
0 | 1 | 1 | 1 | 1 |

0 100 200 300 s (GeV?)



Extraction of the Boer-Mulders function

o
o
T

v'Same signh of Cahn contribution
for positive and negative pion

o © o
2

A2 (cosZcb)UU

o &
L=
i
e

"

m
=

_Hb!*

ey
3
i
R

vBM contribution opposite in sign .t

for positive and negative pions /ggj " & I} % :
5“’:%%%%%%“#55% _____ %?'

<COS 2¢> X h%Hlj_ —1_ Cahl’l 0.05% 107 0406 08 04 06 02 04 0608 1
X v z P. [GeV]

= L
018¢ sed >ehX

A 2 (cos2d) U

o lppl ) | i |
(cos p) x —hy Hi — Cahn N %_g ol i g}uﬁ% .

-0.05E

0.15 } 1 i ]

A2 (coscb)uu

-0.05F ) L T N S N SRV U S S S I
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1/6,,s do/dP2 (GeVic)™?

Extraction of the Boer-Mulders function

v.. large cahn effect!

ol 01<z, <02 | 02<z <04 | 04<z <10
1
-1 \
10 - .
-2 . >
10 T . £
t
-3 ¢
10 E
-4
10
0 1 2 0 1 2 0 1 2
P2 (GeVic)?

Fit of EMC data: Anselmino et al (2005)

do/d¢,, (arbitrary units)

x> 0.1

4
¢y, (radians)

...but...




Extraction of the Boer-Mulders function

v... large cahn effect!

HERMES Proton-rt"

0.2
0.1F Cahn ----- ;
S T B
& -01F -
2 .
S -02¢ S~
-0.3 k
0.4
0.01 0.1 1
XB



Why such a large Cahn effect?

» The Cahn effect is suppressed by powers of Q:

do = A+ Bcosgp+ C cos2¢p

® A = f1 ® D1 is the usual ¢-independent contribution

1
® 5 x 0 (f1 @ Dy + hi ® Hll) subleading Cahn+Boer-Mulders effect

oC x hi @ Hi + é f1 ® Dy BM effect+Twist-4 Cahn effect

k1
— < 1??
@




Why such a large Cahn effect?
>HERMES and COMPASS:  (Q?) ~ 2 GeV~

Q? > 1 GeV?

» Analytical integration of the transverse momenta
e_ki/<ki>

(k1)

. 27T Jo'e)
/koL:/ d@/ dk | k|
0 0

fq/p(xa ki)= f(z)

(k%) ~ 0.25 (GeV/c)?




Bounds on the intrinic transverse momenta

¢/ The integration from O to infinity can be a crude assumption
¢ The parton model provides kinematical limits on the transverse momentum size

»By requiring the energy of the parton to be smaller
than the energy of its parent hadron, we have

‘]{J_ 2—2,)(1—2,)Q* . 0<ua, <1

»By requiring the parton not to move backward
with respect to its parent hadron, we find

(1_33}3)
ki< (1_2%)2@ , Ty < 0.5

Boglione, Melis, Prokudin, Phys. Rev. D 84, 034033 (2011)



Bounds on the intrinic transverse momenta

¢/ The integration from O to infinity can be a crude assumption
¢ The parton model provides kinematical limits on the transverse momentum size

A Energy
Forward <€—L3 |

0.5

04 0.6 0.8 1.0

XB



Bounds on the intrinic transverse momenta

¢/ The integration from O to infinity can be a crude assumption
¢ The parton model provides kinematical limits on the transverse momentum size

> Energy

Forward

b 2 | es 06 08 1o
HERMES and COMPASS

"




2(cos(20r))

(cos oy,

Smaller Cahn effect...

HERMES Proton-r*

num-+cuts
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(cos oy,)

No effects in "true” DIS regime...

EMC Proton-tt"

0.1 ——r————r————T—r—1—

5 num-+cuts ]

: analyt -—---- ]

0 B :
0.2 |

o3 b

02 04 06 08
Zh

EMC like kinematics:

Q? > 5 GeV?



(P2

0.5

0.45
04
0.35 f
03}
0.25 f

HERMES Proton-nt*

02 k=

0.15 t

num+cuts
analzyt

(P2+zE(KE)

0.2

0.6

<P$>

Very often the relation
2 2 2/1.2
(Pr) = (p1) + 2 (k1)
is used in phenomenological analysis

But is wrong unless you integrate from
O to infinity P_which is never

the case experimentally



2

Fi(z.k2) = N fi(z) e ¥1/X1  Dy(2,p2) = N Dy(2)e PL/PL

2 = / P2 (I3 ) (p2) = [ 4p, p? Di(zp2)

If you integrate from O fo infinityl  (k?) =k2  (p?) = p2

Fou =) e / d’k | / ®p_ 62(pL + zpky — Py1) [ (e, k3) DY (21, P?)

2 2
e_Ph,J_ /Ph,J_

Fou = Z ez fi(xp) DS (1)

a

2
'JrPhL

5 o 279
Py, =p] +z, k7]

(P ) = P2, Only if you integrate from O to infinity!







Sivers function in SIDIS

COMPASS PROTON

01F J
};‘” 0.15 TMD evolution ] h+
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: 3
= 5 01— COMPASS \ 0.05
< > -
s |
0.05 — £ _
< 0
[ @ 127 155 183 217 282 434 7.75 105 205 |
0
| | | | | | | [
02 03 04 05 06 07 08 005 —DGTLI\AB 7
0.01 0.1

XB

Aybat, Prokudin, Rogers, PRL 108 (2012) 242003 Anselmino, Boglione, Melis, PRD 86 (2012) 014028






Sivers function in SIDIS: Pavia analysis

» The Sivers function can shed light on the partonic angular momentum.
Naively, the distortion in the transverse momentum space corresponds
to an orbitating quark in the position space.

e GPD
Lensing function \ (

L(O “(2:QF) = 2L(x) B“(2,0,0; Q%)
I

(Model dependent)

Burkardt, PRD 66 (2002) 114005

\J

JUQ%) = f de (Ha'(m,O;O; Q%) + E"(x.0,0; Q2>)

1
2




Sivers function in SIDIS: Pavia analysis

X f#“ (x)
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Bacchetta and Radici, PRL 107 (2011) 212001

Simple model

1(0)a

“

SIDIS data (HERMES&COMPASS)

(v:Q1) = —L(x) E*(2,0,0: Q1 )

] First moment constrained by the anomalous magnetic moments




Sivers function in SIDIS

> The sivers function can shed light on the partonic angular momentum

1(1
x £ ()
u
) 0 Goloskokov & Kroll, EPJ C59 (09) 809
ey 0%= 4 GeV?] u R
[ =9 ] Diehl et al., EPT C39 (05) 1
g ] B Dichictal, (05)
O\"D
0.05+ vy - i
| é ,a‘; . Guidal et al., PR D72 (05) 054013
. : ) D Liuti ct al., PRD 84 (11) 034007
1 ~ 0.00 . Bacchetta & Radici, PRL 107 (11) 212001
[T
+ L
»p\ :3 e . LHPC-1, PR D77 (08) 094502
—-0.05+= 1 LHPC-2, PR D82 (10) 094502
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] I D QCDSF, arXiv:0710.1534
T L
-0.10} . D Wakamatsu, EPJ A44 (10) 297
HERMES JHEP 0806 (08), . Thomas, PRL 101 (08) 102003
I (model based)]
-0 Thomas, INT 2012 workshop
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0.004f ] -
\_ d S
o.ooc%
~0.004F

Bacchetta and Radici, PRL 107 (2011) 212001







Gluon Sivers function

» Almost no information...

»Burkardt Sum Rule: The net transverse Sivers momentum from all
quark flavors plus the gluons vanishes. (Like net force of of a
classic multi-particle system with only internal forces)

Do ) do d*ki k. Ja/pi (x,k1)=>. (kK1)=0

~

(k%) = [ Jlde [dky k2 AN, (a, ]CJ_)} (S x P)

S

= my fyde AN (2) (S x P) = (k1) (S x P)




Gluon Sivers function

» Almost no information...

»From the 2009 analysis: the B.S.R. is almost saturated by u and d
quarks alone at Q*=2.4 GeV?

(k') + (kT) = 1737 (MeV/c)
Y 4+ (kDY 4+ (k) + (k) = —14T53 (MeV /c)

> ...thus leaving little room for a gluon Sivers function. However
data are only in a limited x region (almost a valence region)






Sivers function in SIDIS

»New SIDIS data from HERMES and COMPASS

5 i
o C
Eoos|
£ - o
ﬂ“ - COMPASS 2010 proton data
[ B e positive hadrons ~
- L1 T &  negative hadrons
|5 =
f--.“u‘, 0.1 [ T L L 0.05 3 -
Eor ++5+ y t +5 ey ;i"”? w' g et
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Phys.Rev.Lett.103:152002,2009 Bradamante, Transversity 2011



R(Q.Qq.by)

Analytical (approximated) solution of the TMD

evolution equation
>§(Q,QO,bT) exhibits a non trivial dependence on b_

that prevents any analytical integration
35 ———r—

Q%= 2.4GeV2 —— | TQ(Q,QO,bT) becomes constant for b_>1 GeV b
; Q°= 20 GeV* ---- ' /
3 ]
25 '-1‘ ]
o —  We can therefore neglect the R dependence
21\ / onh bt and define:
AT | ,U
| | R(Q, Qo) = R(Q.Qo,br — o0)
0 1 2 3 4 5
by [GeV']

Good approximation for large b_i.e. small k;




Analytical (approximated) solution of the TMD
evolution equation

»For instance, replacing Rwith R in the unpolarized, we gef:

ﬁ]/p(;v’bT;Q) — fq/p(.’L',Qo) R(QaQO) exp {@2 4 2 92 In %)}

Which is Gaussian in b_, and will then Fourier-transform into a Gaussian in k;

~ _ki
farp(@, ks Q) = fep(e, Qo) R(Q, Qo) : wg)

w(Q, Qo) = (k1) +2 9> thQ
0




Analytical (approximated) solution of the TMD
evolution equation

»Similarly, for the unpolarized TMD fragmentation function, we have

ﬁh/C](zapJ_E Q) = Dj/q(2, Qo) R(Q. Qo) e_pL

W

= wp(Q. Qo) = (p7) + 22 gzlng
0




Analytical (approximated) solution of the TMD
evolution equation

»>For the Sivers distribution function, we find:

~ 2\2 —ki ’w%
Aqu/pT(xakJ_a ) ]{J_ \/_ <kJ_>S Aqu pT('CU QO) (Q QO) ﬁ

M, (k1) mws)
_ Q
w5(Q. Qo) = (k1)s +2g21In 0o
"""""" T T
AN Jyp (ki) = =S e k)] ()5 = gt




Consequences on DY data and warnings

»Numerator of the asymmetry in analytical approximation for a SIDIS process

Ngiprs o< AN f(x,Q0)D(z, Qo)

INSIDIS _ .2 2 2
(P7)gin  ~ = 27W54 + Whp

wz(Q, Qo) = (k7 )s + 2¢2In @
Qo

w}% (Q. Qo) = <p2l> + 22292 In %

w

»Here it is squared,
strongly suppresses
the asymmetry as it
becomes larger and

larger

»0.2 <z<0.8



Consequences on DY data and warnings

»Numerator of the asymmetry in analytical approximation for a DY process

Npy o< AN f(21, Qo) f (w2, Qo)\/Q_ej\.Z <ki<f> .

<PT>S’L?) — w%w T w%

, ) Q »Here it is squared,
ws(Q, Qo) = (k1)s + 2g2In @ strongly suppresses
the asymmetry as it
becomes larger and

w*(Q, Qo) = (k1) +2g21n QQ larger
0

>g, is more crucial for DY processes than for the present SIDIS data

(Dbecduse O d wider ninermdiicdi rdrige in W)



Consequences on DY data and warnings

»>g, depends on the prescription for the separation of the perturbative region

from the non -perturbative one. Depends also on the “"order” at which you stop in
the perturbative expansion.

o 0.4

- .

- u

- o Renormalon ]
: analysis (Tafat) |]
| foas, |
T === -k x-r-—-T———- —
i e 5
0.5 15 2 25

bmax(Gev_1)

a,=9g,, stars correspond to the choice C1=2 exp(-y,), squares to C1=4 exp(-y,)

Konvechev and Nadnlekyv Phvue | ottt RARRR (2NNA)



Comparative analysis of TMD evoultion
equations

L] T L L] L] 8 T T L L] T
N IMD —— 3 TMD ——
\ DGLAP ---- \ DGLAP ----
[ TMD Analytical ==~ ] [ TMD Analytical ------ ]
\ \
6F \ 6 F \
A \‘
—_— ‘ —_—
—"‘__' ST ‘\ _\2 ST \\‘
- \ —
. 3 \
T o4F N Q=24 GeV? T 4P Q=20 GeV?
S =)

Starting scale Q,=1 GeV DGLAP evolution is slow at For the unpolarized PDF, the
Same function at Q moderate x and in this analytical approximation
° range of Q° holds up to large k,




Comparative analysis of TMD evoultion
equations

0.7 T T 0.7 T T
TMD —— ™MD ——
DGLAP ---- DGLAP ----
06 F TMD Analytical ------ - 06 F TMD Analytical ------ .
AN ,"\\
05 F / \ . o5F /
i \\ ‘, \‘
\ 1
04 F \ Q%=2 4 GeV? . - 04 F ' ! Q2%=20 GeV?

Starting scale Q,=1 GeV For the Sivers function,
Same function at Q, the analytical approximation
breaks down at large k, values
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Fit of HERMES and COMPASS SIDIS data

A. Airapetian et al., Phys. Rev. Lett. 103, 152002 (2009), arXiv:0906.3918 [hep-ex]
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Aa‘?(kbh"bs)

Fit of HERMES and COMPASS SIDIS data

F. Bradamante, arXiv:1111.0869 [hep-ex]

COMPASS PROTON - TMD COMPASS PROTON - DGLAP
015 } ntoT 1 - 015 | T
01} T 1 1 01 f
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0.1} 1 1 ; 0.1}
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015 } T 1 1 015 } b
01} 1 1 ; 01} + 1 1
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0 -——#ﬁeﬁ"éa-—*—éﬁ%p“. =g + g 0 -——#lﬁél——"— < e ) B S e S
-0.05 } 1 1 %2 005} 1 1 1
0.1} T 1 - 0.1}
0.15 | T 1 1 015 }
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Fit of HERMES and COMPASS SIDIS data

TMD Evolution DGLAP Evolution
012 o
0.08 F

0.04 F

0
0.04 f
0.08 |

xAN f(”(x)

QO=1 GeV




Consequences on DY data and warnings

-0.02

-0.04

-0.06

-0.08

_ = Blue curve: bare parton model (using Torino TMD with Gaussian
ansatz from SIDIS)

= Red curve: resummed formalism (using Torino TMD to calculate Tr(x,
X) as the initial input function, then evolve)

Vs=200 GeV
O=q<1 GeV
4<0Q<9 GeV

-3 -2 -1 0 1 2 3
y

Presented by Zhongbo Kang, QCD Evolution 2012, JLAB




Predictions for COMPASS DY (DGLAP)

>Polarized NH3

»Pion beam
»Valence region for the Sivers function

7
COMPASS: p COMPASS:  p
04 T T T T 03 1
03 02 F
02 F
0.1}
o1} -
£ £
g0 g 0
‘= ‘:
< -0.1 01 F
02 F .
Ve I 4<M<9 GeV
4<M<9 GeV 0.2<x-<0.5
03} F ] -
E, =160 GeV E, =160 GeV GRVPI
0.4 - , . . 0.3 L— -
0 0.1 02 03 04 05 0.5 0 05
X XF:
2

*Anselmino et al. Phys. Rev. D79,054010






Extraction of the transversity and the
Collins function

»Parametrization of Transversity function:

S Arq(z, k1) = %Ng(x)[fq/p(x) + Aq(2)] = e k1/ (kL)

\ !Uﬁj
Unpolarized PDF Helicity PDF

o (aq+B8q)
NT () = NF ga(1 — g)fa CQatPd 17

N,, ®, B free parameters




Extraction of the transversity and the
Collins function

»Parametrization of the Collins function:

> ANDﬂ-/qT (Zap_L) — 2NqC'(Z) h(pL)D‘rr/q(z?pl)

o NG (2) = Ny 27(1 = 2) 60 Unpolarized FF
2 2
'h(pJ_) —V 26%6 PL/M, vBound:
2
AND, i (z,p1) = f—A}HiL(ZaPL)

Né’, Y, 8, M, free parameters







Chiral Odd nature of Transversity

»Chiral Odd: Tt cannot be measured in DIS processes!

N

+

i

+

»It needs to be coupled with another chiral odd quantity....



TMD evolution

» TMD evolution for the Collins function is still unknown.
> TMD evolution can suppress the Collins function at large Q2 (Boer, 2001)

HERMES, COMPASS BELLE
Q?%=2.5-3.2 GeV? Q2=100 GeV?

Unpolarized DGLAP .
Colling  e— > Collins

Collins




TMD evolution

» TMD evolution for the Collins function is still unknown.
» TMD evolution can suppress the Collins function at large Q?
[D. Boer, Nucl. Phys. B603 (2001); Nucl. Phys. B806 (2009)]

HERMES, COMPASS BELLE
Q?%=2.5-3.2 GeV? Q2=100 GeV?
. TMD evolution?? .
Collins - —» Collins




The dihadron way

—
Chiral Odd Fragmentation!

q—hih2 2
Dl (Za Mh)
»Unpolarized DiFF

<1q 2
Hl (Zn Mh)
> Chiral-Odd DiFF




The dihadron way

Collinear evolution!

q—hih2 2
Dl (Za Mh)
»Unpolarized DiFF

<1q 2
Hl (Zn Mh)
> Chiral-Odd DiFF




The dihadron way: Pavia group extraction

»Comparison Pavia-Torino

X hlf"(x)— X h?"(x)/iﬂ X hlll"(x)+x h?"(x)

P [~
- ~ -
- i
. .
A
' 0

]“in{ﬂf | b

100 10 100

PRELIMINARY

\

PRELIMINARY ]

|
hI

|

L

et ——
.

|
(]
1=y
=+
===
|
[— =F
|I—' ] I'.
L

f
o

X X

Bacchetta, Courtoy, Radici.,arXiv:1206.1836



Transversity at low x?

»No gluon contributions in the evolution

+

+ -

>Non singlet evolution of the transversity, h,; suppressed at low x



““H%iﬁ%ﬁ“
??5?%:&Mwﬂm?
H“”ﬁﬁ““%“
TN (T N

10" 0.4 0.6 0.8 0.4 0.6 0.2 04 0.6 0.3 1
X y z P, [GeV]



Extraction of the transversity and the
Collins function

02 -

BELLE A, (FIT)
0.2<2,<03 [ 03<z<05

- 05<z,<07

- 07<z<1?

/ ,

1 1 1 1
0.2 04 06 038

Z,

1
02 04 06 08

o R. Seidl et al., Phys. Rev. D78

*Anselmino et. al arXiv: 0812.4366v1

0.2 -

Aoz, Z,)

0.2 -

0.1 -

BELLE A, (Predicted)
02<2,<03 [ 03<z<05
L
05<2,<07 | o07<z<1

0.15

01

0.05

HHFSH

0_17<22<’| 0 In—e—u
0.7<24<1.0 —=—

H_

0.2

0.3 0.4 0.5

0.6 0.7 0.8

zy0rz,




Extraction of the Boer-Mulders functions

» Simple parametrization of the Boer-Mulders functions:

ohqu(:L‘, ki) = \g fllqjl (x, kL) for valence quarks

o »hfq(:c, ki) = —]ff‘qg (x,k1)| for seaquarks
| | —a
> Inspired by models: / Tensor magnetic moment
K4
hy (. k1) = 5k fif (2, kL)

N—

X

Anomalous magnetic moment
Burkardt, Phys. Rev. D72, 094020 (2005)

Gockeler, Phys.Rev.Lett.98:222001,2007.




Extraction of the Boer-Mulders functions

» Simple parametrization of the Boer-Mulders functions:
Lq _ Lqg
ohy “(x,k1) = Ay f{+ (2, k1) for valence quarks

o»hfq(:c, ki) = —]ff‘qg (x,k1)| for seaquarks

»Models inspired:
hi_q(xv ki) = I/CC_% 1J_751(x7 ki)
ohi"(z, k1)~ 1.80fi7 (x, k1) <0
ohi(z, k1) ~—0.94f5(x, k1) <0

N e ~ EE———




FITI

Extraction of the Boer-Mulders functions

»HERMES proton and
deuteron target
(x,z,P1) charged hadrons

HERMES, Giordano:arXiv:0901.2438

vGRV98 PDF
vDSS FF
vGaussians: <ki»>=0.25 (GeV/c)*

<p1>=0.20 (6eV/c)
(from Cahn effect)

»COMPASS deuteron target
(x,z) charged hadrons

COMPASS, Kafer: arXiv 0808.0114

»?2 free parameters:
?\u ?\d

v hilz, k) = N fi(z, kL)

v bz kL) = —|fi(x, kL)

Sivers functions from
Anselmino et al. Eur. Phys. J. A39,89

N e

— S——




Extraction of the Boer-Mulders functions

0.1 0.1

0.08 | : 0.08 |
X 006} X 006}
l__T: 5—1:
£ 004} £ 004}
< <

0.02 | : 0.02 |

0 : — 0 : —
102 10° 1 102 10° 1
X X

ox?/d.o.f. = 3.73

o)\, =2.0+0.1 = hlldand hf‘“ both negative
oy = —1.11700

Compatible with models predictions
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Extraction of the Boer-Mulders functions

vCahn effect (Twist-4)comparable
to BM effect

v Same signh of Cahn contribution
for positive and negative pions

vBM contribution opposite in sign
for positive and negative pions

HERMES, Giordano:arXiv:0901.2438




ACOS 20

ACOS 20

Extraction of the Boer-Mulders functions

015
0.1 ¢
0.05

-0.05
01 ¢
-015

015
01 r
0.05

-0.05
011
015

COMPASS Deuteron

i

————— Cahn] ----- CahnT ----- Cahn ]

------- Boer-Mulders 4+ ------- Boer-Mulders 4+ ------- Boer-Mulders 4
— Cahn+BM — . Cahn+BM 1 —— . Cahn+BM

————— Cahn] ----- Cahn] ----- Cahn ]

------- Boer-Mulders 4+ ------- Boer-Mulders 4+ ------- Bgr-Mulders
, Calhn+BI\-’I — . Celahn+lBI\,-‘| L . ar]r1+BI\,-‘|l

102 107 0.3 04 05 06 07 01 03 05y 07 09

z

P, (GeY)

COMPASS, Kafer: arXiv 0808.0114

vCahn effect (Twist-4)comparable
to BM effect

vSame signh of Cahn contribution
for positive and negative pions

vBM contribution opposite in sign
for positive and negative pions

Data in p; not included in the fit




\
vGaussians: <k?>=0.25 (GeV/c)?

<p?>=0.20 (GeV/c)*

/

COMPASS

<k3>=0.25 (GeV/c)?
<p3>=0.20 (GeV/c)

~EMC

*] Anselmino et al. Phys. Rev. D71 074006 (2005)

S V=T = T A M A NN TARAY

Extraction of the Boer-Mulders Function

» The Cahn effect is a crucial ingredient

From Ref.[*]: analysis of
Cahn cos¢ effect from EMC data

HERMES

<k3>=0.18 (GeV/c)’
<p3>=0.20 (GeV/c)

~HERMES MC




Extraction of the Boer-Mulders Function

>FITII
COMPASS HERMES
<k?>=0.25 (GeV/c)* <k3>=0.18 (GeV/c)’
<p3>=0.20 (6eV/c)’ <p3>=0.20 (6eV/c)’
~EMC ~HERMES MC

ox?/d.o.f. = 2.41
FITII e\, =2.140.1

0.00

Better description of HERMES but the BM is unchanged

*




Extraction of the Boer-Mulders function

» The Cahn effect is a crucial ingredient

\
vGaussians: <k?>=0.25 (GeV/c)?

p?520.20 (GeV/cy [ oM RefI°] analysis of

Cahn cos$ effect from EMC data

J

COMPASS HERMES
<k3>=0.25 (GeV/c)* <k3>=0.18 (GeV/c)?
<p3>=0.20 (GeV/c) <p3>=0.20 (GeV/c)

~EMC ~HERMES MC

[*] Anselmino et al. Phys. Rev. D71 074006 (2005)



Extraction of the Boer-Mulders function

»FITII

COMPASS

<k$>=0.25 (6eV/c)*
<p3>=0.20 (6eV/c)’

~EMC

ox?/d.o.f. = 2.41

FITII e\, =2.140.1

oMy = —1.11

HERMES

<k3>=0.18 (GeV/c)’
<p3>=0.20 (6eV/c)’

~HERMES MC

Better description of HERMES but the BM is unchanged
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