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Introduction

#* The exploration of the 3-dimensional structure \
of the nucleon, both in momentum and in
configuration space, is one of the major issues
in high energy hadron physics.

% Information on the 3-dimensional structure of _ —
the nucleon is embedded in the Transverse > Beautifully highlighted

Momentum Dependent distribution and by W. Vogelsang,
fragmentation functions (TMDs). P. Mulders, F. Yuan and

A. Bacchetta in their talks

#* The Sivers function, which describes the number
density of unpolarized quarks inside a transversely
polarized proton, is particularly interesting, as it
provides information on the partonic orbital angular
momentum.

#* So far, all phenomenological fits have either neglected the QCD scale dependence of TMDs

(which was unknown) or limited it to the collinear part of the unpolarized PDFs, according to the
DGLAP scheme.

# Here | will present the first extraction of the Sivers function which takes into account the
TMD evolution scheme proposed by Aybat, Collins, Qiu and Rogers and show how the
new results compare with the previous extractions.
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TMD Evolution Formalism

Let F be either an unpolarized distribution or fragmentation function,
or the first derivative of the Sivers distribution function,

in the impact parameter space.

In general terms, its TMD evolution equation can be written as

f(vaTQQ) — ﬁ(xabT§Q0) E(Q,Qo,b{r) exp _QK(bT)IH%

Aybat, Collins, Qiu, Rogers

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

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

S. M. Aybat, J. C. Coallins, J.-W. Qiu and T.C. Rogers, arXiv:1110.6428 [hep-ph]
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TMD Evolution Formalism

Let F be either an unpolarized distribution or fragmentation function,
or the first derivative of the Sivers distribution function,

in the impact parameter space.

In general terms, its TMD evolution equation can be written as

A

F(xubT~Q) — ﬁ(x:bT;QO) E@ QO:bT) exp {—QK(bT)IH%@}

0

Aybat, Collins, Qiu, Rogers

28/03/12 DIS 2012 - M. Boglione 4



TMD Evolution Formalism

Let F be either an unpolarized distribution or fragmentation function,
or the first derivative of the Sivers distribution function,

in the impact parameter space.

In general terms, its TMD evolution equation can be written as

F(m br;:Q) = (m br; Qo) F(QaQO;bT] eXp{—QK(bT)anQ}

0

Aybat, Collins,Qiu, Rogers

= Hb Q 5
R(Q.Qo,br) = exp {ln @/ du” @ d“ Q

- Q? Cp (3 2
Vi () = as(pe) 2Cr VF (1 Q—) = a,(p) — (-‘ B IHQ_)
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TMD Evolution Formalism

Let F be either an unpolarized distribution or fragmentation function,
or the first derivative of the Sivers distribution function,

in the impact parameter space.

In general terms, its TMD evolution equation can be written as

F(x, br;Q) = [ (2, br; Qo}%(@ QO,bT] exp{£gf< bT]anQ}

0

Aybat, Collins,Qiu, Rogers

Input function

Unknown,
but universal

N o Q d QQ and scale
R(Q,Qo,br) = exp {h’l Q0 / MM @ M Independent,

input function

2 o 2 2
2CF v (1 ﬁ—zj = ag(p) ?rF (— —In Qz )

™ H

VK (1) = os(p)
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28/03/12

TMD Evolution Formalism

The appropriate Fourier transform allows us to obtain the
distribution and fragmentation functions F in the momentum space

1 [ -
th/q(z,pL;Q) — %/ de bT JO(kaT)Dh/q(ZabT;Q)a
0
—1 o0
Lf . _
if ; QWkL/(; dbr br Jl(kLbT)

1 > ~
fq/p(xa kL;Q) — %/O de bT JO(kLbT) fq/p(xabT; Q) ;

Ezk‘l Sj
fQ/pT(iU,kL,SSQ) = fq/p(x,kl;@)_ #(I,RL;Q)%
P
1 i k' S
= Jap(@ b Q) §Aqu/pT (, kg@)%
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Parameterization of unknown functions

F(x,br: Q) {ﬁ(:c,bT;Q@ﬁ(Q,QO,bT) eXp{{gK(bT)]ln QQ }

1
gx (br) = 59 @ with g = 0.68
};/p(aja bT:QO) — fq/p(x, Qg) exp {—@2 .....
e [ ey
: 1 2 2 e N
: fq/p('fa ki1:Qo) = fq/p($aQ0) <k_2L> e~ FL/KL) r -':_6242_ ____qfi_)_/fl_
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Parameterization of unknown functions

Then the evolution equations for unpolarized TMDs become simply:

ﬁ/p(m,bT;Q) = fq/p(anQo) E@ (o, br) exp {—b% (@2 + g;)} ;
Eh/q(zabT;Q) — Z%Dh/q(zaQO) ﬁ@ (o, br) exp {—b% (52 + 922)}

While for the Sivers function we have

) = —27° fILT(CGQo)E@ Qo,br) by exp {—b% (’}’2 + 922)}

~ b / Q 9
R(Q,Qo,br) = exp {lng0 o i—lf”/K(M’) +/ d—M’YF (M; Q)}
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Analytical solution of the
TMD evolution equations

R(Q,Qo,br) shows a weak dependence on (small) br, which correspond to large k ;
R(Q,Qo,bt) becomes constant for bt > 1 GeV

b m—m—m—mmmm——

Q%= 2.4 GeV? 181

Q=20 GeV? ---- |

We can therefore neglect the R dependence on br and define

R(Q, Qo) = R(Q,Qo,br — )

28/03/12 DIS 2012 - M. Boglione 10




Analytical solution of the
TMD evolution equations

Finally, for the unpolarized TMD parton distribution function, we have

fusp(@.07:Q) = fu/p(2. Qo) R(Q. Qo) exp {OP " % " %)}

Which is Gaussian in b1, and will then Fourier-transform into a Gaussian in k

Forn(@ ki, Q) = f./n(x, Qo) R(Q, Qu) =

w*(Q.Qy) = (k1) +2goIn—
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Analytical solution of the
TMD evolution equations

For the unpolarized TMD parton fragmentation function, we have

il /@

Dh,/q(zapLa Q) — Dh,/q(za QO) R(Qa QO)
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Analytical solution of the
TMD evolution equations

For the Sivers distribution function, we find

Aqu/pT (ZC,;{‘L ) k_L \/_< >S Aqu /p! ('CU QU) (QaQO) ‘.

M,y (k1)
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Comparative analysis of

TMD evolution equations

DGLAP evolution
is extremely slow
in this Q° range

=0.1.k,)

fi(u, x

TMD evolution
Very rapidly
widens and
dilutes the
functions

28/03/12
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f(u, x=0.1k )

0.1,k )2,

ANf(u,x
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For the unpol.
function, the
analytical approx.
holds until large k;

TMD ——
DGLAP —---

TMD Analytical =-=--- E

Q%=20 GeV?

For the Sivers
function, the
analytical approx.
breaks down

at large k
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The Sivers function from HERMES and
COMPASS SIDIS data

d&fq—}fq

> /df.f?s dy, d®ky ANfy (2 k1. Q)sin(p — o) i0° Dg(z,py,Q)sin(¢n — ds)
q

sin(@h —¢sg)
Arr =

dﬁ.fq—}fq

dQZ D?{E:PL:Q]

3 f dos dn &k, f,/y(z,k1,Q)
q

ANf (@ kL, Qo) = ANF, i (2,Qo) (k) = 2Ny(2) h(ky) fpp(, ki, Qo)

— g + 3 (@q+5q)
N, (z) = N,z (1 — )P (2 + By)

ﬂf?qﬁqq
kJ_ _kﬂ ‘flilfz
h(ky) = Ve e T, N, Na, N.
N, N; N,
gy, g, Ngeq
3 M; (GeV/c) .
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The Sivers function from HERMES

28/03/12

and COMPASS SIDIS data

We perform 3 different fits:

@ TMD-fit (computing TMD evolution equations numerically)
@ TMD-analytical fit (solving TMD evolution equations in the analytical approx.)

@ DGLAP fit (using DGLAP evolution equation for the collinear part of the TMD)

HERMES PROTON COMPASS PROTON

01 F

0.1 F

0.05 f

ASIG105)

—_— TMD

] TMD

_ 7, [TMD(Gausgian) | |, | 005 —--- DGLAP
0 0.1 0.2 0.3 - _TMD (Gaussian)
X 0.01 0.1

XB
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The Sivers function from HERMES and
COMPASS SIDIS data

) tables
TMD Evolution (Exact)  TMD Evolution (Analytical)  DGLAP Evolution
Y2, = 255.8 X2, = 275.7 Y3, =1315.6
Xitop = 1.02 Xidop = 1.10 Xit.of = 1.26
2 2 2
—[10.7 = 12.9 2 —|27.5
HERMES " N X‘Z
T x: = 4.3 Y = 4.3 Y2 =86
Xp, = 9.1 XP, = 10.5 X, = 22.5
2 2 2
Y2 o 6.7 Y2 =11.2 Y2 =29.2
COM:ASS Y2 =178 Y2 =18.5 Y2 = 16.6
Xp, = 124 Xp, = 24.2 Xp, = 11.8
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The Sivers function from HERMES and
COMPASS SIDIS data

A. Airapetian et al., Phys. Rev. Lett. 103, 152002 (2009), arXiv:0906.3918 [hep-ex]
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The Sivers function from HERMES

and COMPASS SIDIS data

F. Bradamante, arXiv:1111.0869 [hep-ex]
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The Sivers function from HERMES and
COMPASS SIDIS data

TMD Evolution DGLAP Evolution
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Conclusions and further remarks

* We have analyzed the Sivers effect by up-grading old fits with the
addiction of the most recent HERMES and COMPASS SIDIS data.

» For the first time, we have applied TMD evolution equations to
the phenomenological analysis of the Sivers effect.

» We have compared the analysis obtained using TMD evolution
equations with the results found by considering the DGLAP
evolution of the collinear part of the TMDs.

» SIDIS data support the TMD evolution, but further experimental
data covering a wider range of Q* values are necessary to confirm
these results.
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