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Where can we learn about
the 3D structure of matter ?
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Where can we learn about the
3D structure of matter ?
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Experimental data for TMD studies

Unpolarized and

Polarized Drell-Yan Unpolarized and
scattering Polarized SIDIS
scattering

O pretiyan = Sy (k) ® fo(x,k ) ®ET

R )

Allows extraction of

Allows extraction fragmentation functions
of distribution and

fragmentation
functions

Allows extraction of
distribution functions

2% Fermilab
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Experimental data for TMD studies

Unpolarized and

) Polarized SIDIS
\/-‘)L) 4 scattering %I
A0\ ey
/')Z)f?v“" o h )

Allows extraction
of distribution and
fragmentation
functions
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Experimental data for TMD studies

Unpolarized and
Polarized SIDIS
scattering

m—
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EIC kinematic coverage
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EIC kinematics coverage

Quark splits
into gluon
splits

intfo quarks ...

Gluon splits
into quarks

Quark density

Valence
quark 1 0-16m
:;S -
%” \E‘i Quark
momentum g
fraction x B Valence
§ quark
o - o crrossown .
momentum " / -19 N
fraction x / \ 10 m

Higher Vs and Q? values will increase resolution

Plot from E. Aschenauer
@ SPIN 2016
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Transverse momentum
dependent parton
distribution and
fragmentation functions
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TMD distribution and
fragmentation functions

Distribution

Correlations
between spin and
transverse
momentum

(orbital motion)

Fragmentation

A _—
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Extracting polarized TMDs
from SIDIS data:
the Sivers function

M. Boglione - INT-18-3 - Week 2
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The Sivers Distribution Function

f a’p,s(x k )

q c;ffp

q/pt

(xk)+;m (x.k,)S-(pxk,)

The Sivers function is
related to the probability
of finding an unpolarized
quark inside a transversely
polarized proton

qu(Xk ) M (XIKL)S'(ﬁXkAi)

p ..............

X The Sivers function embeds
correlations between proton
spin and quark transverse
momentum

The Sivers function, is
particularly interesting, as it
provides information on the
partonic orbital angular
momentum
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Where do we learn about the Sivers function?

Polarized SIDIS
scattering

Polarized Drell-Yan
scattering

O ety = Sy (X, ) ® fo(x,k )@

Allows extraction

Allows extraction of of distributi_on and
distribution functions fragmentation
functions
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Sivers function sign change

1 TMDs have to be defined in a color-gauge invariant way

d¢é— d? o . _
(v, k1) = / (fw) (2f;e”‘1° e S (P S 4(0) U(0,6) ¢ (€)IP, Se)

£+=0

il The struck quark propagates in the gauge field of the remnant and forms gauge links

A
Gauge link
La
S ® -
o = -

Transverse separation is due to
presence of transverse parton
momentum

&l Gauge links generate initial and final state interactions
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Sivers function sign change

DRELL YAN

SIDIS
i The gluon couples

Ll The gluon couples to the proton
before the quark annihilates

remnant after the quark is scattered
L Repulsive initial state interaction

L Attractive final state interaction

rossses (gh) s T
Attractive Repulsive
S

ﬂ — - '
:

(b)

The Sivers function is process dependent: it reverses its sign when measured in SIDIS w.r.t Drell Yan processes

gL _ qL
[ IT]SIDIS - _{ 1T]DY
M. Boglione - INT-18-3 - Week 2 15
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First hints of sign change

M. Boglione - INT-18-3 - Week 2
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Sivers function in p'+ p » W*/Z @ RHIC

STAR Collaboration, Phys. Rev. Lett. 116 132301 (2016)
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Sivers single spin asymmetry in
pion induced Drell Yan @ COMPASS
COMPASS Collaboration, Phys. Rev. Lett. 119, 112002 (2017)

190GeV/c - beam scattered off a transversely polarized NH3 target (polarized proton)

'« COMPASS 2015 data
[ == pGLAP
L 52 TMD-1
0.1 gy TMD-2 | e
%'J'.
m,:ﬁi_. 0_
—0.1
C 1 | |
—0.5 0

T
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Sivers single spin asymmetry in SIDIS at
the hard scales of Drell Yan @ COMPASS

New COMPASS Sivers data (higher statistics, higher precision,
multidimensional binning) require a new phenomenological extraction of
the Sivers function (more detailed estimation of uncertainties, evaluation of
the bias induced by parametric form, study of Q? scale dependence)

COMPASS Collaboration, Phys. Lett. B 770, 138 (2017)
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New, comprehensive study
of the Sivers effect

M. Boglione - INT-18-3 - Week 2
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Extraction of Sivers functions from SIDIS data

Anselmino, Boglione, D'Alesio, Murgia, Prokudin, JHEP 1704 (2017) 046

1 2 2
Unpolarized TMD PDF @ = fq(x) —ay € ki /{k1)
m(k7)

1

2 2
D — D —pi /(Pp1)
Unpolarized TMD FF n/a(%PL) h/a(2) 7r<pi> ¢

Sivers function

parametrized in
OLD MODEL [ Aqu/(ﬂ*% ki) =2Ng(x) h(lﬁ) fﬂ&sla?fzfﬁ PDF
kJ_ Sivers width
h( kL) — /2 e para_metrized
Sivers function < My starting from

Ny(x) = Ny x%(1 )P (aq+5q)(%+5q) e
gx) =Ny z74(1 —x)"

ai;qﬁqq

5 Ng(w) = Ny
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New extraction of the Sivers function

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

New parametrization of the Sivers function

Sivers functions

Ve 5 5 . not proportional
M e_kj_/<kj_>5' to TMD PDFs
AN = 4N, z% (1 — z)P1e —L
q/pt = F Vgl X (k2 ) L (k2
‘ 1 S 1 S No direct control on
the positivity bound
- ~— _/ N— -/
First moment of the Sivers fn. k, dependence of the Sivers fn. .
L M is a fixed parameter to
Flavour dependent (u , d ) Flavour independent gif/e the right dimensions

It is fixed to 0.938 GeV

&l In perspective: parametrization in terms of momentum better suited for the study of TMD evolution

&1 It makes the expression of the actual Sivers asymmetry as simple as possible (within this model)

Sivers Asymmetry (numerator)

FSin(¢S—¢h) — 9
ot (P7)s m(P7)s

ZP M e_Piz“/<P%>S o
i Zeg(i\/’qa} q(l—w)ﬁq)Dh/q(z)

q
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New extraction of the Sivers function

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

New parametrization of the Sivers function

Y, K2 /(K2 )s
AN = 4N,z (1 — z)Ps -2k
‘ fq/pT gt ( )" <k2> l 7T<k2L>S

N — S — —

First moment of the Sivers fn. k, dependence of the Sivers fn.
Flavour dependent (u, d ) Flavour independent

Sivers functions
not proportional
to TMD PDFs

No direct control on
the positivity bound

Mp is a fixed parameter to

give the right dimensions.
It is fixed to 0.938 GeV

&l In perspective: parametrization in terms of momentum better suited for the study of TMD evolution

&1 It makes the expression of the actual Sivers asymmetry as simple as possible (within this model)

First moment of the Sivers function

(CL’ kJ_)

AV @) = [ &
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Before attempting any “global fitting”
we have to check data for compatibility

8 October 2018 M. Boglione - INT-18-3 - Week 2
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Sivers effect: COMPASS vs. HERMES

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Apparently ...
some tension between
COMPASS and HERMES data

B g ¢ COMISE b o i oM b ion However, COMPASS and HERMES
' ! span different ranges in Q?
003 % &éi - é‘f’ff ¢ R “—’f {'%’{. and have different < Q%>.
i‘? ® Eféi % i}f’ii ¢ +
P 3L — e AL AT :
005~ ., . | B 7
a8 o COMPASS negative hadron}>0.032 proliminary i
< 0.I'  HERMESw PRL 103 2009)
0.05 = + = %]
: e :
L gLty
~0.05- .., | - | is | | |
LA " Y e Kinematics effects

Possible signal of TMD evolution?

T
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About unpolarized TMDs ...

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Signal of some tension between independent
fit solutions for COMPASS and HERMES data

Start by using a 10

very simple 9 L
model only 5
parameters and 8 -

no Q evolution

=

.EI 6 L
Use only u ),

L
flavour and only 5 L
n+ data

2
0.6 . /1/ . .
MN_siv_u

Independent fits
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New extraction of the Sivers function

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Signal of some tension between independent
fit solutions for COMPASS and HERMES data

Start by using a 10

very simple 9 L
model only 5
parameters and 8 -

no Q evolution

:I
= 6 L
Use only u ),
L
flavour and only 5 L
n+ data
4 —
3 -
2
0.6 0.8 1 1.2 1.4 1.6 1.8 p

MN_siv_u

Combined fit

T
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Before attempting any “global fitting”
we have to check data for compatibility ...

. and we have to check that the
unpolarized cross sections are computed
consistently and reproduce data
successfully
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Relevance of unpolarized p_distributions

To calculate any spin asymmetry it is crucial to use the appropriate
denominator, i.e. the appropriate unpolarized cross section

e—P2/(P3)

Fyy = Z 63 faip(@5) Dhyq(2n) m(P2)

q

. 2 2 2/1.2 See talks by A. Signori
with  (Pr) = (p1) + 2, (k1) and N. Satg 7

@ Itis very important to measure p_ distributions of unpolarized cross sections
in SIDIS, Drell-Yan, e+e- processes

Ll These measurements will allow us to

Perturbative

QcD - TEST THEORY, and assess whether or not theory errors are under control
(large d, corrections, factorization errors, kinematics ...)
NON
Perturbative - HAVE BETTER MODELS for TMDs

QCD
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Relevance of unpolarized p_distributions

M. Anselmino, M. Boglione, O. Gonzalez, S. Melis, A. Prokudin, JHEP 1404 (2014) 005

5 e~ P1/(P) , ) ) 59
Fo =3 & Jujpl®s) Dnjaln)—rpg— with (PR = GA1) + 2100
q

2 2 + At
o (Gevr) COMPASS M/}
TC+
D v HERMES Mp
n <z>=0.23 Q*=7.57 GeV? 10" 3
® <z>=0.28 s
A <z>=0.33 o
v <z>=0.38 10° ] v<z>—0.34
[ +2>=0.42 < z>=0.42
* <z>=0.45 107 |, 0<z>=0.53 0<z>=0.53
O <z>=0.55 Lot 3
L Q=4.62 GeV? 25=0.15
107 y =017
b 0.25 0.50 0.75 101 _E
10° |
AP 10°
k) \ .
@*=2.90 GE% Q=295 GeV? | Q®=2.95 GeV? B<2>=0.53
10 [ y —0.64 v =0.31 ¥ —0.18 o Q2:5<20 GeV2 .
p=0.25
[ R B
10 < R 0.1 0.4 0.7 1.0
;,..f.m. “;'.:g i | 3 Py (GeV)
Q*=1.76 G::;‘é(’\ Q°=1.92 GeV? . Q*=1.92 GeV? | @°=1.92 GeV? | Q°=1.93 GeV? 1 . .
107 |y —0.50 v —0.13 V=00 v —0.20 =011 Airapetian et al, Phys. Rev. D 87 (2013) 074029
0.25 0.50 075 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
Py (GeV) z
‘B
COMPASS, Adolph et al., Eur. Phys. J. C 73 (2013) 2531

(k1) = 0.57 £ 0.08 GeV?

(k1) =0.60 £ 0.14 GeV* | Simple models seems to work , )
(p?) = 0.12 4 0.01 GeV

2

1
(p2) = 0.20 £ 0.02 GeV? well, but ca_nnot describe both
data sets simultaneously

ot = 3.42 Xdot = 1.69
e e e e e e
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New extraction of the Sivers function

Tension relaxes when the asymmetry is computed using
the appropriate unpolarized widths for each data set

I I

hermes +
10 L compass ‘
hermes+compass

Reference
Fit

b_u_siv

COMPASS-2015
(COMPASS widths 4
no-evolution)

HERMES-2009
(HERMES widths
no-evolution)

0.8 1 1.2 / 1.4 1.6 1.8 2

SIMULTANEOUS FIT OF N_u_siv
HERMES-2009 (HERMES widths - no evolution)
COMPASS-2015 (COMPASS widths — no evolution)

8 October 2018 M. Boglione - INT-18-3 - Week 2 31



New extraction of the Sivers function

If we use different
unpolarized widths for
HERMES and
COMPASS data, do we
have to use different
Sivers widths as well?

<k2>s

8 October 2018

0.6

Sivers widths: HERMES vs. COMPASS

in preparation

No-evolution

Boglione Gonzalez Flore D'Alesio,

0.5

04 -

03

0.1

diff-diff
same-diff

(COMPASS)

0.1 0.2 0.3
<k2>s(hermes)

M. Boglione - INT-18-3 - Week 2

0.4

0.5

Allowing for different
Sivers widths for each
experiments, does not
improve the quality of the
fit, and the extracted
values are very similar
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Simple models seem to work
well, but cannot describe both
data sets simultaneously ...

However, more refined calculations

seem to be presenting
serious difficulties

M. Boglione - INT-18-3 - Week 2

See talks by A. Signori
and N. Sato
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Global fits

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori, JHEP06 (2017) 081

Extraction of partonic transverse momentum
distributions from semi-inclusive deep-inelastic

scattering, Drell-Yan and Z-boson production

-

D)

=B Ga®
(0005

a8 Gav® a8 G -

Alessandro Bacchetta.®" Filippo Delcarro,** Cristian Pis

and Andrea Signori®

A Dipariimento di Fisica, Universita di Pawia,
wa Bassi 6, I-27100 Pawvia, Ttaly

BINFN Sesione di Pavia,
wa Bassi 6, I-27100 Pawvia, Ttaly

“Theory Cenier, Thomas Jefferson National Accelerator Faeility
12000 Jefferson Avenue, Newport News, VA 25606, LS A.
E-mail: alessandro.bacchettafunipv. it, filippo.delcarro@pv.infn.it,
cristian.pisano@unipv.it, marco.radici@pv.infn. it, asignori@jlab.org

ApsTracT: We present an extraction of unpolarized partonic transverse momentumn dis-
tributions (TMDs) from a simultancous fit of available data measured in semi-inclusive
decp-inelastic scattering, Drell-Yan and Z boson production. To connect data at differ-
ent scales, we use TMD evolution at next-to-leading logarithmic accuracy. The analysis
is restricted to the low-transverse-momentum region, with no matching to fixed-order cal-
culations at high transverse momentum. We introduce specific choices to deal with TMD
evolution at low scales, of the order of 1 GeV?. This could be considered as a first attempt
at o global fit of TMDs.

E200 J5o 164 GeV  E208 /50200 GeV
i 021

E208 50 27.4 GeV EB05. 45« 388 Gel

Although the shape in transverse
momentum space is well described,
normalization is very problematic

2
K= 1-99
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Figure . Compass multiplicities for production of negative hadrons (77 ) off a deuteron for
different (x), {z}, and {Q?) bins as & function of the transverse momentum of the detected hadron
P Multiplicities are normalized to the first bin in Phy for each (=} value (see (3.1)). For clarity,
each {z} bin has been shifted by an offset indicated in the legend.

=003 [ xpelL1
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g
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=
e
e
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i
o

L] Y-term is neglected

L) Sum of two Gaussian k_
distributions is introduced

%

7
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i i
riGet] arGet] ariGen] oriGen]

» (D=4 5 GV (ottat =16)
» D55 Gl
» D65 Ga
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Figure 7. Drell-Yan differential cross section for different experiments and different values of /&
and for different {Q} bins. For clarity, each {Q) bin has been normalized (the first date point has
been set always equal to 1) and then shifted by an offset indicated in the legend.

30,
CDF Do CDF Do
25 VE=18Tev Ve=18Tev VE=1986Tev VE=186TaV
2|
]
(o]
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515
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5 10|
2
5
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Figure 8 Cross section differential with respect to the transverse momentum g¢r of & £ beson
produced from pp collisions at Tevatron The four panels refer to different experiments (CDF and
DO} with two different, values for the center-of-mass energy (/5 = LETV and /5 = 196 T&V). In
this case the band is narrow due to the narrow range for the best-fit values of go.
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Normalization and K factor

How can we address the normalization problem ???

N
S il 220°<45GeV?
= —— KKPNLO
gL e KEPLO
= O e R s ENLO
T T KLo
£
= 1.4
0P=200 GeV? i1 K factor depends on p_

L Kinematics cuts can affect the size
of K factors ... up to a factor 10!
Stringent cuts on the pion production angle in

H1 data suppresses LO and NLO contributions
in a different way

_____ 15< 0° <70 GeV?

0.6

Pl 4 6 8 10 12 14 16
3 4 5 6 7 8 910 15 pr (Gel)

Py (GeV)

2<0° <8 Gel”

—_—  HI cufts
----- No cuts

Daleo, De Florian, Sassot, Phys.Rev. D71 (2005) 034013
Daleo, De Florian, Sassot, Braz.J.Phys. 37 (2007) 585-590
Aktas et al., H1 Collaboration, Eur. Phys. J. C36 (2004) 441

K=(dd\'w/(£\‘3 Mo O/d\'B )
b~
[=1

“The rather large size of the K-factor can be understood as a consequence
of the opening of a new dominant (‘leading-order’) channel, and not to the
‘genuine’ increase in the partonic cross section [...]. The dominance of the
new channel is due to the size of the gluon distribution at small x_ and to

the fact that the H1 selection cuts highlight the kinematical region dominated
bythey +g—g +q + q partonic process. In particular, without the
experimental cuts for the final state hadrons, the gg component represents Daleo, De Florian, Sassot, Phys.Rev. D71 (2005) 034013

less than 25% of the total NLO contribution at small X, Dafeo. Do Florian. S ¢ Braz.J.Phys. 37 (2007) 585-590
aleo, De Florian, Sassot, Braz.J.Phys. -

T
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Large transverse momentum behaviour in SIDIS

J.O. Gonzalez-Hernandez, T.C. Rogers, N. Sato, B. Wang, arXiv:1808.04396

Challenges with Large Transverse Momentum in Semi-Inclusive Deeply Inelastic
Scattering

J. O. Gonzalez-Hernandez,'»23:* T. C. Rogers,"** T N. Sato,** and B. Wang" %5 §
! Department of Physies, Old Dominion University, Norfolk, VA 23529, USA
? Dipartimenta di Fisica, Universitd di Torine, Via P. Giuria 1, 10125 Torino, Italy
3INFN-Sezione Torino, Via P. Giuria 1, 10125 Torino, Italy
4 Jefferson Lab, 12000 Jefferson Avenue, Newport News, VA 23606, USA

% Zhejiang Institute of Modern Physics, Department of Physics, Zhejiang University,
Hangzhou 310027, China
(Dated: 13 August 2018)

We survey the current phenomenological status of semi-inclusive deep inelastic scattering at mod-
erate hard scales and in the limit of very large transverse momentum. As the transverse momentum
becomes comparable to or larger than the overall hard scale, the differential cross sections should be
calculable with fixed order pQCD methods, while small transverse momentum (TMD factorization)
approximations should eventually break down. We find large disagreement between HERMES and
COMPASS data and fixed order calculations done with modern parton densities, even in regions of
kinematics where such calculations should be expected to be very accurate. Possible interpretations
are suggested.

o= 013 Q7 = 5.3 GeV? op = 0.15 Q° = 9.8 GeV? zpy = 0.29 Q° = 22.1 GeV?
M
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FIG. 5. Ratio of data to theory for several nearvalence region panels in Fig. 4. The grey bar at the bottom is at 1 on the
vertical axis and marks the region where gr > Q.

Q% (GeV?)

F Y
COMPASS 17 bt
=1 a5 Jdc:ﬂi df*—f iy, a:o’ (GeV™) vs
“| —— pDS(LO)
— DDS (NLO)
w2 qr > (‘? ]';[']? % .
v 10 |
102
10°
oo |[107!
—1|107?
03
., - 0.30
Y|\ 0,40
L 0,50
- 0.70

v

0.007 0.010 0.016 003 0.04 0.07 015 0.

I'hy

10%“”’ \W“HFIH { ’ | ' H’ { | | FIG. 4. Caleulation of O(a,) and O(a?) transversely differential multiplicity using code from [22], shown as the curves labeled

DDS. The bar at the bottom marks the region where gr > (). The PDF set used is CINLO [25] and the FFs are from [26].

Scale dependence is estimated using p = ([QQQ)E - (iqTqr}E]lﬁ where the band is constructed point-by-point in gr by taking

the min and max of the cross section evaluated across the grid (g » (qr = [1/2,1,3/2,2] % [0,1/2,1, 3/2, 2] except (g = {gr = 0.
024 <z <030 The red band is generated with (g = 1 and {;r = 0. A lower bound of 1 GeV is place on g when @Q/2 would be less than
0.0 < = < 040 1 GeV.

There are large discrepancies
between data and fixed order
calculations. They seem to be
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generated by collinear PDFs and FFs
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Now, back to Sivers ...
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New extraction of the Sivers function

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Main indications directly inferred from data:

LJ u seems well constrained n. of data points = 220
One flavour fits (3 parameters)
1l d is not constrained: it can be replaced by Xiot Xt
sea contributions with equally good fits - ; 3?_81 iif
hard to distinguish where this contribution ' :
Two flavour fits (5 parameters)
comes from. > 2
Xtot Xdof
_ _ _ w, i 266 1.24
Ll Sivers sea is totally unconstrained u,d 228 1.06
u.,.d 213 0.99

It is of vital importance to gain information
on the d content of the Sivers function

We strongly rely on SIDIS
measurements of the Sivers asymmetry
on deuterium target @ COMPASS,

as well as @ the future EIC
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Study of the uncertainties
in the extraction of the Sivers function

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Reference fit
(N,B, no a parameters)

No - evolution
Dift-Same configuration

Exploring the low-x region
Fit with N, B and o
(hard to find convergence)

8 October 2018

» Proxy for Collinear Twist-3 Evolution

Proxy for TMD Evolution

M. Boglione - INT-18-3 - Week 2
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Study of the uncertainties
in the extraction of the Sivers function

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Reference fit - no evolution

Reference 2 .
Vo — 2128 n. of points = 220 Fit X~ scans: some examples
X3t = 0.99 n. of free parameters = 5
Ax? =113 .
HERMES ) — 0.57 GeV? ) — 0.12 GaV? 220 data points 226 . . »
COMPASS (K2} = 0.60 GeV? P2) = 0.20 GeV? 5 free-parameters
N, =040+0.09 §,=543+1.50 AXZ =11.31

Ng = —0.63+0.23
(k3)s =0.30 £0.15 GeV?

Ba = 6.45 £ 3.64

&tg
P [
u]

{ 3{'2 (M[2)—1 )(.2 .
morm(5) ()

Parameter correlations

N_siv_u

226

: 212

-0.4

-0.5

-0.6

-0.7

-0.8

-0.9

226

224

222

220

8 October 2018
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chiz:

chi2:

220

218

216

214

212

226

224

222

220

218

216

214

212

N_siv_u

03 032 034 036 038 04 042 044 046 048 0.5

-0.8 -0.7

N_siv_d

-0.4

N_siv_u

The y? profile can reasonably be approximated
with a quadratic, Hessian approx. works well,
MINUIT errors give reliable estimates of the

uncertainty on the free parameters.
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Study of the uncertainties

in the extraction of the Sivers function

Study of Low-x Uncertainties
(include o and o in the parametrization of the Sivers function)

Reference fit — no evolution a fit — no evolution
5 params. 7 params.

x? does not
improve !

Attempt to
minimize bias
Induced by the
choice of
parametric form

« fit - no evolution

Reference fit - no evolution
) X?cut = 2128 n. of points = 220 X2 = 211.5 \ n. of points = 220
‘ Xaof = 0.99 n. of free parameters = 5 Xaor = 0.99 ‘ n. of free parameters = 7

Ay? =113 Ax? =143
HERMES (k%) = 0.57 GeV? (p?) = 0.12 GeV? HERMES () =057 GeV?  (p2) = 0.12 CeV?
COMPASS (k%) = 0.60 GeV? (p?) = 0.20 GeV? COMPASS  (k3) = 0.60 GeV?  (p7) = 0.20 GeV?
N,=040+009 A, =543+159 "N, =0.40£0.09 ‘
Na=—-063+0.23 [s=6.45+3.64 Na=—-063+£023

(k%)s = 0.30 £0.15 GeV? (k3)s = 0.30 = 0.15 GeV?

By = 5.93 £ 3.86
Bg=5.71+743

o, = 0.073 £0.46
ag = —0.075 = 0.83

L Alphaand N
parameters
are totally
correlated

For the alpha-fit, the % profile is NOT quadratic, Hessian approx. does not work,
MINUIT errors do NOT give reliable estimates of the uncertainty on the parameters,
especially on the N parameters.
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Study of the uncertainties

in the extraction of the Sivers function

N_siv_u

N_siv_d

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Parameter correlations

6 8 10
b siv_d

20

2182
5

Study of Low-x
Uncertainties

(include a and o,

in the parametrization
of the Sivers function)

no-evolution

220 data points
7 free-parameters
Ay® =14.34

chiz:

chi2:

226 v

224 ~

222 ~ %

v? scans

20

L]
218 -
216
o
214 ~

212 ~

210

226

224

222

220

218

216

214

212

210

MN_siv_u

-45

-40

-35

1
-30

I 1
-25 -20

N_siv_d

1
-15

-10

-5

For the alpha-fit, the x> profile is NOT quadratic, Hessian approx. does not work,

MINUIT errors do NOT give reliable estimates of the uncertainty on the parameters,
especially on the N parameters.
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Uncertainty bands - Sivers first moment

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Study of Low-x
| | Uncertainties
10 no evolution no evolution .
i 0.0 F (include a2 and a.
08 | oy — 05 / in the parametrization
" of the Sivers function)
= 0.6 . - ,;—1 0 . =
Zo04 | es i
Z<1 Z<J
02 x 2.0 .
25| .
0.0 L )
Sivers 1 Sivers
. 45 ——y —— 10" ———y — .
First moment 5 % First moment
u-contribution  :>*° 210 d-contribution
h05 P L L ool L L P = M| L L Ca ol L
0.01 01 0.01 01
0.5 : 0
o fit ===
ref. fit _
04 - ref. fit —— - 0.1 F\N -
Gl = {1 Zo2f ]
= / 3
= 02 N x=0.1 - = -03 x =01 .
< . <
0.1 /\ i i |
0 | ! 05 | | |
0 0.5 1 15 2 0 0.5 1 1.5 2
k, (GeV) K, (GeV)
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Uncertainty bands — Sivers Asymmetries

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

o HERMES (2009) 01 - |
0.08 | Ip— I7* X i 0.08 - Ip— 17X | StUdy of Low-x
= 0.06 |- 14 =2 oosf . Uncertainties
§5 0.04 | %ﬁi—‘&l - _{;fs 0.04 | . (include o and o,
<ol 7t 2 < ooz | } . in the parametrization
ot . 0 _‘_'—f_ . of the Sivers function
-0.02 - -0.02 - } - )
00 005 0 0;15 02 025 04 00 00 0 ox15 02 025 03
Uncertainty 0.04 e SOMPASS (2009) 0.04 —rrr———— e ————— Alpha fit gives
bands from the 0.02 DRSS i oon - D= 17X

: : i better estimates
reference fit 0 % I of uncertainties
(light-blue) 0.02 4 S50 1 at small x
become 0.04 . 004 | ‘\ 1 (gray bands).
artificially small 006 | . 006 | —

sin(dy, g
AU‘T( )
A{Sﬁ(ohﬂs)

at small x. 008 Lt L 008 Lot L
0.01 0.1 0.01 0.1
X X
JLAB (2011)
T T T T T T T T T T
0.2 |- In— It X 7 0.2 |- Tin= 1 X 7
01 - L 01f . } }—
S : & O e
< 01} y < 0.1 —I §
L ]
-0.2 = -0.2 B
1 s
03 - -03 -
| | | | | | | | | |
0.15 0.20 0.25 0.30 0.35 0.15 0.20 0.25 0.30 0.35
X X
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Impact of the precision of SIDIS deuteron data

Boglione Gonzalez Flore D'Alesio,
in preparation

no evolution 0.0 no evolution
0.8 current . '
projected 02

= -04 S TR
- SR HH AL
atetelelete
z elete a
- 0.6 e
-0.8 .

rel. uncert.

. Light-blue bands represent the uncertainties corresponding to the reference fit

L1 Red meshed bands correspond to the uncertainties estimated by using the same
model, with the projected experimental errors of the future COMPASS run on
deuteron target.

COMPASS Collaboration, d-Quark Transversity and. Proton Radius. Addendum to the COMPASS-II Proposal.
CERN-SPSC-2017-034. SPSC-P-340-ADD-1. January 2018
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Signals of Q scale dependence
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TMD Factorization approach and
Collinear twist-three factorization approach

TMD factorization approach

|| Spin asymmetries are generated by spin and
transverse momentum correlations between
the identified hadron and the active parton.

|| This correlations are embedded in the TMD
parton distribution or fragmentation
functions, which can be interpreted as
probability densities.

Collinear twist-three
factorization approach

|| The correlation between spin and transverse momentum is
included into the high twist collinear parton distributions or
fragmentation functions.

|| Twist-3 collinear parton distributions or fragmentation functions
have no probabilistic interpretation. They are interpreted as the
quantum interference between a collinear active quark state in the
scattering amplitude and a collinear quark—gluon composite state
in its complex conjugate amplitude.

|| The first k,-moment of the Sivers function is

\| Evolution kernels for T, (x, x) are known;

2 H 2 H
evolution : : Q° evolution
gffects both || TMDs and quark—gluon correlation functions occurs only

x and k, are closely related to each other. through x

equal to the twist-3 quark—gluon correlation
functions T, (X, X)

we can exploit them in our study
(off diagonal terms are not included)

Il p(w,w 1) g

dln 2 {qu(z)Tq,F(é-é'-ﬂ)

[
z &

T o7

1

—Neo(l — 2)Tqr(e, a,p) + 3N,

N, [1+ 22 ] o
=+ 9 [% (Tq)(/“)_ Tq:F(£=£=ﬁ-’E'))+’:Tq.

J.B. Kang and J.W. Qiu, Phys. Rev. D 79 (2009) 016003

W. Vogelsang and F. Yuan, Phys. Rev. D 79 (2009) 094010

T, 1) + Tag BT €, ;1)}

(1= 22) T (s =€) + Tag o — .0 |

Z.B Kang and J.W. Qiu, Phys. Lett. B713 (2012) 273-276
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TMD evolution of the Sivers function

Aybat, Collins, Qiu, Rogers, Phys. Rev. D 85 (2012) 034043

Configuration
space Perturbative evolution

Input function

i /77": | ) - *dp ! ’
B! (@ brip, ¢r) = Fi ! {Tabr;itn,Qﬁ}D}fp{lﬂ LR (bai o) + f o [*;-F{gua 1) —In g }J]
i

Qo . Iy
+ [ N d’[f’ In ‘/@"m (g(n’)) — gxc (br)In Ver }

o [0 H QD Qﬂ

Non perturbative evolution

2
A proxy for TMD evolution: (k1)s = g1+ g2In oy

< >

Free parameters
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Signals of scale dependence

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

Collinear twist-3 evolution

Collinear twist-3 evolution

2, =2015 n. of points = 220

x3or = 0.94 n. of free parameters = 5

Ax? =113

HERMES (k7)) = 0.57 CeV? (p2) =0.12 GeV?
COMPASS (%) = 0.60 CeV? (p2) = 0.20 GeV?

N, =0.39 +£0.08

[, =3.55+1.26

Ng=—065+027 [a=477+341
(k%)s = 0.33 £0.14 GeV?

0.5

0.4

8 October 2018

T TTT T T LI || T T T T TTTT U.D
ref. fit
; ref. fit
Q=12 GeV2 ------- 3 = [T
N 35GEVC e
““"‘..“‘ 4{} G'E-V ............... —
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Signals of scale dependence

Boglione, Gonzalez, Flore, D'Alesio, JHEP 1807 (2018) 148

TMD evolution proxy

Q*-dependent (k3 )s fit e e
thnt = 2128 n. of points = 220 224
3. = 0.99 n. of free parameters = 6
Ax? =129 04 - . =
HERMES (k%) =057 GeV?  (p?) =0.12 GeV? " 220 «
COMPASS  (k?) = 0.60 GeVZ  (p?) =0.20 GeV? o 21 BNQ
N, = 0.0 £ 0.09 Bu =542+ 1.70 02 L |
Ng=—063+0.26 By = 6.45 4+ 3.89 216
(k1)s = g1 + g2 log (Q*/Q3) 14
g1 = 0.28 £ 0.20 GeV? g2 = 0.01 = 0.20 GeV?
0.0 L ' L 212
9 -0.30 -0.15 0.00 0.15 0.30
92
(k1)s =91 +go2In =
0
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TMD evolution of the Sivers function

COMPASS PROTON

v Aybat, Collins, Qiu, Rogers, Phys. Rev. D85 (2012) 034043 -
v Aybat, Prokudin, Rogers, Phys. Rev. Lett. 108 (2012) 242003 - ]
v Anselmino, Boglione, Melis, Phys. Rev. D86 (2012) 014028 > ;,y/"f’f"‘{
v Echevarria, Idilbi, Schafer, Scimemi, arXiv:1208.1281 ? o L-ii‘i"
v Echevarria, Idilbi, Scimemi, arXiv:1208.1281 o e
v Godbole, Misra, Mukherjee, Raswoot, Phys. Rev. D89 (2014) 074013 g
v Sun, Yuan, Phys. Rev. D88 (2013) e
v Boer, Nucl. Phys. B874 (2013) 217 01 : -
v Echevarria, Idilbi, Kang, Phys. Rev. D89 (2014) 074013 > s v 0 s

Z Or .

| SlI:

\ 005 F - C

r d - d u H

- and many others .

v ...until the most recent studies on the Sivers function in J/y@ production

A. Mukherjee et al.

See talks by E. Aschenawer,
v and on the gluon contribution to the Sivers functions C. Pisano, A. Mukherjee

Zheng, Aschenauer,Lee, Xiao,Yin, Phys. Rev. D98, 034011 (2018)

EIC will give important contribution! I
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Simultaneous extraction
of transversity
and the Collins function
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What about Q° evolution ?

SIDIS
HERMES - COMPASS
Q? ~ 3 GeV?

Simultaneous fits of SIDIS and e'e” — h.h X
involve data sets at very different Q* scales

In our computation the Collins TMD function
evolves according to DGLAP evolution
equations, through its Dh/q(z,pt,Qz) component

@ Could TMD evolution be an issue ?

= Could TMD evolution affect our results ?
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New BaBar data

BaBar measurements of A0 and A12 as a function of z and z, BaBar multidimensional data

B o ‘ onA_inbinsof(z,z,p, p,)
10" vAjue I E E Y Ajuc
| 1L | =4 —— |
o e — —— a 0 —— -_F-_'__—-— —_—
- i T e _H_{_'l"-i- —_ S e —— T Hozoasoa| T 212102205
02 ¥ ; —_— Y ; —_ 'h'l'-l- 1 oL g | I e 1 e ] 02 N y
+"1"'+'+ E N 4= i
N e e L e % o1 Jr 1r .
EEERETRMRRNRNNE (7= NARRRNNS 7= v MR : B oy MR P
10F e 4 — e — ) EE— ﬁ ------------------------- B - % »»»»»»»»»»»»»»»»»»» S &7—7»;
E = — — r 1 ]
] — ~ 10 E3 T T are e 3 R e Y e e T e e A =
< — ] i _1_.,"' e 2 e d—""—-_._ ) Hz1=[0.3-0.5] 1l z1=[0.5-1]
e ——T g —— _i_-i-q_ = — ™ gre=ei= 0.2p! HF + . ]
1o * E3 -l-"'-H- A 102§ S 3 : ‘ ] %‘é
z I RS ES
R S I R T PN S L L L L L L L L L L L L [ & fﬁf % ﬁ?@ ] !
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‘()IS‘ ‘07I ‘()?l ‘09 ‘0) IO.IS‘ 107‘ I().} ‘05‘ ‘09
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0.08F 1F . 0.01= =i ———h
T —F— N
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- L - i
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CSS/TMD evolution and Collins/Transversity

» TMD evolution » Naive TMD

HERMES PROTON
006 i 0.1 L
_ 004+ . 0.05 4
PN RS I T
< 55
2E < 005 4
<
0021 , 01
0.02F 0.1 T
0 005 1
o= 00r ¢ .
|‘A 004+ ‘g"— [ S R T = -%_ ______________
< < 05 % 1 I
= £ -006r : ' ﬁ ]
< o8- 01}
. 0'4 ols ols os i 0 01 02 03 02 04 06 08 05 1 15
- : ’ ’ P+ [G
z P, (GeV) " o rieey)
COMPASS PROTON
0041 R otr ISR 1 -
& 0.02F n - "
s 0 ;IL I E ooy wﬁ% I b 1
S onl -Iﬁ-hh Biiiad) T FRY SR & B B e
= B L
§ 5 -004 t % { - < o5t ik 1 |
< -0.06F = 01 F . .
006l [ 01| ' S
by 0.04- - } . 005f + 1
T oo H el £ L oftee— et
= 0 =] L
£ 5 i I I ! < o5t i l
& 00 { i
0.04F ul wil ol 1 | | | C 1 1 1 01 F ! N T L L 1 ! ! N !
0 102 107 02 04 06 08 05 1 13 0.01 0.1 02 04 06 08 05 1 15
Xg z P,, (GeV) Xg zy PriGeV]
Kang et al: Phys. Rev. D93 (2016) 014009 (a) Anselmino et al., Phys. Rev. D92 (2015), 114023
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CSS/TMD evolution and Collins/Transversity

» TMD evolution

015<z, <02

past” |

0125 04<z,<05

0.041 ,'j

1 I 1 1 1 I I 1
02 04 06 OB 0z 04 0.4 0E 02 04 06 0s

02<=z,=03

e

05 z,= 07
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= (=]
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T
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]

0.04

0.03 —

AP, )

0.02 —

0.01

0.01 | | 1 | | 1
0 0.2 04 06 0.8 1 12

P, (GeV)
Kang et al: Phys. Rev. D93 (2016) 014009

» Naive TMD

[0.4<z,<0.5] [0.5<z,<0.7] [0.7<z4<0.9]
0.1 T
0 t } } t } t } }
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02 04 06 08 1 1.2 14
Py7 [GeV]

Anselmino et al., Phys. Rev. D92 (2015), 114023
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CSS/TMD evolution and Collins/Transversity

» TMD evolution effects at BESIII ? > Naive TMD

L
[ T T T T T T T Ij’rb Ij’rb Ij’q’ !j’q’ Q(b Qé) Q% Q?) QQ Q%
0.2F Ay ' S 2t 4t ot at at ud
F A Ay 0.08 T NARNERN RN AR N
0.15 L = Ay, prediction 0.06 L I ] 0.25 . ;
. ;_-!-AuC prediction o 004 b ] 02k I
- =F 0.15 F
0.02 | 1 I } 1 3 ol
of { 0.05 F Pl ! f oo
0t op
E L EE L 0.05 - -
RS S
(Lf:"f" %ﬂf\ q’ﬁf" o oS
Q- [\ Q- Q- Q Q
. 0.15 . . . . . 0.15
[ A i
015 vt =
[ & Ayc -
0.1E & A, prediction ] 01T ] 01T
[ 3 A prediction . Se 3p
0.05[ + I - 0.05 | 0.05 | l
o T 3 %
. L M B ol ol
0 0.5 1 GeV 0 0z 04 06 08 1 0 02 04 06 08 1
pt( eV) P,7[GeV] Py7[GeV]
BESIII, Ablikim et al.,,PRL116 (2016) 042001 BESIII, Ablikim et al.,PRL116 (2016) 042001
Kang et al: Phys. Rev. D93 (2016) 014009 Anselmino et al., Phys. Rev. D92 (2015), 114023
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Other phenomenological analyses for
the extraction of the Collins function

There are other ways to study the Collins function ...

... for example studying the transverse momentum
distribution of single hadron pp production in jets

il Kang, Liu, Ringer, Xing, JHEP (2017) 11:068
il Kang, Prokudin, Ringer, Yuan, Phys. Lett. B774 (2017) 635-642
il D'Alesio, Murgia, Pisano, Phys. Lett. B773 (2017) 300-306

These analyses, performed on independent processes, provide evidence
that the Collins function extracted in these processes is well consistent

with that extracted by fitting e+e- and SIDIS data simultaneously.

Moreover, they confirm that the experimental data presently available do
not show signals of strong evolution effects, and cannot resolve calculations

Don't miss the TMD/Jet Session
on Tuesday; X. Liu, Y. Makris,
F. Ringer, D. Pitoniak

done with or without TMD evolution

Z-B. Kong er ol. / Physics Leceers B 774 (2017) 635-642

e 004
5

0021

641
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Other phenomenological analyses for
the extraction of the Collins function

There are other ways to study the Collins function ... |
Don't miss the Collinear/ Twist-3

. : : . sessions on Wednesday and Thursday
. Using collinear twist-three formalism W. Vogelsang, M. Schlegel, L. Gamberg

... Or studying closely related phenomena like the di-hadron |
ying y P Dedicated talks on Thursday by

fragmentation functions coupled to transversity A Vossen. M. Radici

EIC will give important contribution!
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Outlooks and perspectives

t1 Phenomenological studies of TMDs, TMD factorization and TMD extraction have come a long way.
Some issues remain open and need further investigation

i P_ distributions of unpolarized SIDIS cross sections need to be measured (over the largest
possible P_range) and further investigated on the phenomenological point of view.

il Simultaneous fits of SIDIS, Drell-Yan and e’e” annihilation data are highly recommended, but they
should be performed within a consistent and solid framework where they can be implemented.

L1 New data allow for
v Much more reliable extraction of the Sivers function
v Detailed study of the uncertainties
v Reduce the bias introduce by the choice of a specific parametrization on the final results

L1 Data selection is crucial in global fitting:
v not too many
(only data within the ranges where the TMD scheme works should be considered)
v not too few
(too strict a selection can bias the fit results and neglect important information from
experimental data)

As discussed by T. Rogers this morning
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