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A “millennium problem” ...

QCD is the most complex part of the Standard Model
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of its resonances, of atomic nuclei, emerge ?
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highly nonlinear dynamics of

Nucleon: 3 valence quarks e
an infinite many-body system

how do macroscopic properties of Nucleons (mass, size, spin..),
of its resonances, of atomic nuclei, emerge ?

understanding confinement — understanding every-day world



If you don’t understand it, firstly you map it...

Where are partons ? How do they move ?
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Entering the era of precision studies for TMDs

Z production at y=0
benchmarking W term resummed at N3LL
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From 1D map ...

quark e ° $
Quark polarization I d X )
Unpolarized Longitudinally Polarized Transversely Polarized at lea Ing twist
nucleon m o m
- unpolarized
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from PDF (x)
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of internal motion

partons



From 1D map ... to 3D

Quark polarization

Longitudinally Polarized Transversely Polarized

(T)

to TMD (x,ky)
3D map

of internal motion

at leading twist

* forbidden by

Parity invariance

Mulders & Tangerman,
N.P. B461 (96)

Boer & Mulders,

P.R. D57 (98)

partons



A wealth of information !

Quark polarization

at leading twist

Unpolarized Longitudinally Polarized Transversely Polarized

)
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3D maps of
e partonic quantum correlations: spin-spin, spin-momentum (orbit)
e quantum correlations between partonic motion and macroscopic
nucleon properties (spin)
e partonic orbital motion (most TMDs vanish with no La)

e color-gauge invariance and time-reversal symmetry of QCD



A wealth of information !

Quark polarization

at leading twist

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon

* forbidden by

Parity invariance

2uztkipolaiizztion at subleading twist
; Unpolarized Longitudinally Polarized Transversely Polarized
although conjecture for (v) (1) (m)

low-qr factorized
formula that recovers

collinear known result | | _ correlations
at high-qr : Iz 91 hi,er

more quark-gluon

but no factorization

Bacchetta et al., B
fr, It theorem (yet)

P.L B797 (19) 134850 T |
arXiv:1906.07037 hz , er




TMD factorization and universality

e+te- annihilation

Drell-Yan
° ° /I/ Yuan, Ma, PR. D71 (05)
Factorization theorems well understood for qr« Q Rogers & Aybat, PR, D83 (11)
. o ° Collins, “Foundations of Perturbative QCD” (11)
for TMD distributions and Echevarria, Idilbi, Scimemi, JHEP 1207 (12)
Universality not trivial for Collins, PL. B536 (02)

¥ . . 5 Collins & Metz, PR.L. 93 (04)
nailve T-Odd TMD dlStrlbUtlonS Buffing, Mukherjee, Mulders, PR. D86 (12)
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TMD factorization and universality

e+te- annihilation

X

h h
. Drell-Yan

D 4
.. 1
Factorization breaking in il =iy
p+p — hadrons ; is it large? a—

Rogers & Mulders, P.R. D81 (10)
Buffing, Kang, Lee, Liu, arXiv:1812.07549

proton proton
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Hadron-in-jet hybrid framework

Q2

Q> I
electron positron

e+te- annihilation

proton

SIDIS

hybrid scheme:
- TMD framework for TMD
- collinear framework for PDF

Factorization theorem and universality
for TMD

Kang, Liu, Ringer, Xing, JHEP 1711 (17), arXiv:1705.08443
Kang, Prokudin, Ringer, Yuan, P.L. B774 (17), arXiv:1707.00913
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TMD evolution

more easily studied in impact-parameter (br) space
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Collins, “Foundations of Perturbative QCD” (2011) Bozzi et al., N.P. B737 (06)

Rogers and Aybat, P.R. D83 (11) others schemes possible: Fchevarria et al, EPJ. €73 (13) ...



TMD evolution

more easily studied in impact-parameter (br) space
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TMD evolution

more easily studied in impact-parameter (br) space
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TMD evolution

more easily studied in impact-parameter (br) space

fi(z, bl = > (Cori ® f1) (=

1

use b*(bt) prescription
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Perturbative accuracy in resummation
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The TMDs at leading twist

Quark polarization

at leading twist

Unpolarized Longitudinally Polarized Transversely Polarized
nucleon W m
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each TMD enters the cross section with a specific dependence on (azimuthal)
angles of kinematics — extract them with azimuthal (spin) asymmetries
All relevant azimuthal ( spm asymmetrles have been measured by
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The TMDs at leading twist

Quark polarization

at leading twist

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon (V) (L)
-~ Boer-Mulders
o L worm gear

5 L _@ @ =& _ A hi = (b - d} transversity
T 17 — - — =) - =

talk H. Gao pretzelosity
this talk

each TMD enters the crosstction with a specific dependence on (azimuthal)
angles of kinematics — extract them with azimuthal (spin) asymmetries
All relevant azimuthal (spin) asymmetries have been measured by

Sivers T worm gear
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The TMDs at leading twist

quark e ¢ !

Quark polarization

at leading twist

Unpolarized Longitudinally Polarized Transversely Polarized
nucleon ® m
- ! fi= * hi = (1) - (1
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o L ” % g1 = (= - (o | hip =2 (v
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" the unpolarized ' k
b IMD (x k) X

how does <kt?> depend on x ¢ on flavor ¢ on energy ?



Extractions of unpolarized TMD

Framework HERMES | COMPASS DY Z production| N of points
ar)F()i?/\:anOZQ(?;5307 parton model 4 X X X 1538
Torino 2014 v v 576 (H)
arXiv:1312.6261 Pt OIS (separately) | (separately) X o 6284 (C)
DEMS 2014
arXiv:1407.3311 NNLL X X (4 v 223
EIKV 2014
arXiv:1401.5078 NLL 1 (X,Qz) bin 1 (X,Qz) bin (4 v 500 (f?)
SIYY 2014 ’
arXiv:1406.3073 NLL X v v v 200 (?)
Pavia 2017
arXiv:1703.10157 NLL v v v v 8059
SV 2017 5
arXiv:1706.01473 NNLL X X v v (LHC) 309
BSV 2019 ,
arXiv:1902.08474 NNLL X X 4 v (LHC) 457
iy up 1o NeLL X X v v (LHC) 319

in preparation
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The Pavia 2017 fit

first fit putting together SIDIS, Drell-Yan, and Z production
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The Pavia 2017 fit

first fit putting together SIDIS, Drell-Yan, and Z production

Bacchetta, Delcarro, Pisano, Radici, Sigr - Repl. 105 (Q*=1Gev+)
arXiv:1703.10157 — g

TMD(x,k1;Qo) = sum of | "?
two Gaussians ~ — 1 ky |I”
with width(x) e |

PDF=NLO GJR 2008 “05 O

0.26
= 0.24} anticorrelation (driven by SIDIS) despite
2
s 0% Drell-Yan data  (but no LHC data)
S o 3 oz
EL 2
L 2 o018} : :
% c B[ Jm Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157
C = 0.16} d
g ‘}5\;‘ 016 [ J= Signori, Bacchetta, Radici, Schnell arXiv:1309.3507
2 0.14¢ Schweitzer, Teckentrup, Metz, arXiv:1003.2190
E 0.12} Anselmino et al. arXiv:1312.6261 [HERMES]
Anselmino et al. arXiv:1312.6261 [HERMES, high z]

01 02 03 04 05 06 0.7

PV 2013 (K2)(x=0.1)[GeV?]

Transverse momentum
in PDFs

Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]
Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

ONCOEEN

only Hermes data
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Impact of TMD on W mass extraction

- global fit: no room for flavor dependence of intrinsic kr

PV 2013 only Hermes data: slightly better x? with flavor dependence of kr

Using TMD with intrinsic nonperturbative part  fi (2, br; Q)

e senerate pseudo-data for gr-spectrum of W+ with sets of flavor-dep.

parameters that give the same qr-spectrum of Z9, from pr-lepton
data and uncertainties of ATLAS and CDF

* make a template fit of these pseudo-data by varying Mw on a set of

flavo r-1 ndep. Pa rameters Bacchetta, Bozzi, Radici, Ritzmann, Signori,
PL B788 (19) 542, arXiv:1807.02101



Impact of TMD on W mass extraction

- global fit: no room for flavor dependence of intrinsic kr

PV 2013 only Hermes data: slightly better x? with flavor dependence of kr

Using TMD with intrinsic nonperturbative part  fi (2, br; Q)

e senerate pseudo-data for gr-spectrum of W+ with sets of flavor-dep.

parameters that give the same qr-spectrum of Z9, from pr-lepton
data and uncertainties of ATLAS and CDF

* make a template fit of these pseudo-data by varying Mw on a set of

flavo r-1 ndep. Pa rameters Bacchetta, Bozzi, Radici, Ritzmann, Signori,
PL B788 (19) 542, arXiv:1807.02101

shifts comparable to world-average uncertainty -6 < AMw: <+9 MeV

current extractions of Mw do not include flavor [EEEERERMSY

sensitivity; we might need it for a better AMwy



Problems with normalization of (SIDIS) data

Pavia 2017 global fit: for each {x,z,Q2} bin 2 ° Nm NO'O% e
fit normalization in < ° ;//% yf?\ A
. .. ; . /\ /\ /‘\
first bin in Pht R DN DN
AR AR AR
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Pavia 2017 global fit: for each {x,z,Q2?} bin
fit normalization in

4 » 0 N

10
107
102

10

10
10°
10”

107

Problems with normalization of (SIDIS) data

10

o
v

0.24 <z < 0.30
0.30 < z < 0.40

first bin in Pp

:

1ty

Q? = 20.00 GeV7

17

xp;j = 0.157 ]Bj =0.291

2

'\)‘{‘ 22
L\ﬂi;”n Iy
I Tt
II I Hl

Q? = 22.10 GeV]

21

19
10 '\;\
0.40 < z < 0.50 . f;;i:: r”{&? A, 2,
10 % oty R "%1& o'y Tk
0.65 < z < 0.70 T ! I”] Trg o, iy e 7 Iy
102 [ I R o
110 1A I[
3 I [
10
Q? = 8.30 GeV? | Q% = 9.30 GeV? | Q% = 9.80 GeV? | Q% = 11.00 GeV
xp; = 0.045 xp; = 0.077 xp; = 0.149 xp; = 0.254
7 10 13 16 w0 2 A6
(]
10 "’\\ ap (GeV)
107! Ty h‘n"‘g 1 A, R B
Tt T 5 e i 2!1‘“ T %‘1:'1 iy F o
10_2 II I 11 Iy T 1 T (S 1‘ IL[ 1 : 111 ]11 “I‘II]I
1 1 [
10 I
Q% = 3.50 GeV? | Q% = 4.10 GeV? | Q% = 4.50 GeV? | Q% = 4.60 GeV? | Q® = 5.30 GeV? 2.5
xp; = 0.017 xp; = 0.026 xp; = 0.043 xp; = 0.075 xp; = 0.133 .
2 4 5 8 12 R
GeV
A, A A 2 A, 2 ar (GeV)
e S, i, A AWAS 2.0
"11“ (B o 3 T B B n w LR .
]1[ Iyt . Tx nohy N P Tor T L
1 11 1t i L 1 1 I L
T 1 1 I I i
Q% = 1.80 GeV? | Q% = 2.10 GeV? | Q% = 2.30 GeV? | Q% = 2.30 GeV? | Q% = 2.30 GeV? | Q% = 2.50 GeV? 1.5
xg; = 0.007 xg; = 0.011 xg; = 0.016 xg; = 0.025 xp; = 0.042 xp; = 0.068 .
1 3 6 9 11 0 2 4 6
S R R R R e (0o
5, S o, "“ L P =
I O PR i HII‘] 3 . 0o II
T I
Q% =1.30 Gev? | Q% = 1.30 GeV? | Q% = 1.30 GeV? | Q% = 1.30 GeV? | Q% = 1.40 GeV? 0.5
xp; = 0.006 xp; = 0.010 xp; = 0.016 xp; = 0.025 xp; = 0.039 .
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
qp (GeV) qp (GeV) qp (GeV) qy (GeV) qy (GeV) x
Bj N

(@%)=2. GeV?
(x)=0.055

(Q%)=2. GeV?
(x)=0.033

(@%)=2. GeV?
(x)=0.022

(o8]

)

o
P
%

0.3 0.6 0.9
PhT[GeV]

0.3 0.6 0.9
PhT[GeV]

0.3 0.6 0.9
PhT[GeV]

the Torino group also confirms
that large normalization factors

have to be introduced to describe
the new COMPASS data

o
0

COMPASS Collaboration,
PR. D97 (18) 032006, arXiv:1709.07374

talk Gonzalez at DIS2019



Problems with normalization of (SIDIS) data

TMD matching collinear

>
AQcpSgT4<Q AQcp<qr<Q Aqcpkgr~Q qr

Study of “safe” TMD region

Boglione et al., JHEP 1910 (19) 122, arXiv:1904.12882
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Problems with normalization of (SIDIS) data

Gonzalez, Rogers, Sato, Wang,

P.R. D98 (18) 114005, arXiv:1808.04396
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Problems with normalization of (SIDIS) data

Gonzalez, Rogers, Sato, Wgng, Bacchetta et al.,
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Problems with normalization of (SIDIS) data

Gonzalez, Rogers, Sato, Wang, Bacchetta et al.
P.R. D98 (18) 114005, arXiv:1808.04396 PR. D100 (19) 014018, arXiv:1901.06916
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at low-energy Drell-Yan

while trying to solve the (SIDIS) normalization problem, focus on

improving the accuracy of TMD description of low-gr Drell-Yan dO data



State-of-the-art precision at LHC

Measurements of qr distributions of Z have reached the sub% precision

Calculations have reached the NNLO-N3LL level sizonetal,
E.PJ. C79 (19) 868, arXiv:1905.05171

PO  ATLAS ~ (s=8TeV,20.31b" =
(3 10~ 66 GeV =< r_‘rlil1‘6 GeV, Iy l<2.4 =
_ 102 =
—%10 =
B 10°° =
Lo} 10-4 ee-channel . =
g = —¥— uu-channel .0' =
10 E —$— Combined % E
100 = Statistical uncertainty '0. E
107" £ [ Total uncertainty e g
10% o . 5 =
— 8 1 _ ‘L— | _—
k= -
O
g5
Cloo.
r— t “
2, 2I N
% 0 ------------------------------------------------------------------------ -—
a ~2HEur. Phys. J. C 76(5), 1-61 (2016)] -
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Extractions of unpolarized TMD

Framework HERMES | COMPASS DY Z production| N of points
X005 | parton mode ¢ X X X 1538
Torino 2014 v v 576 (H)
arXiv:1312.6261 RATeniTo0S (separately) | (separately) A x 6284 (C)
DEMS 2014
arXiv:1407.3311 NNLL ) 4 X v v 223
EIKV 2014
arXiv:1401.5078 NLL 1 (X,Qz) bin 1 (X,Qz) bin v v 500 (f?)
SIYY 2014 ’
arXiv:1406.3073 NLL X v v v 200 (?)
Pavia 2017
arXiv:1703.10157 NLL 4 4 v v 8059
SV 2017 5
arXiv:1706.01473 NNLL X X v v (LHC) 309
BSV 2019 ,
arXiv:1902.08474 NNLL X X 4 v (LHC) 457
ravia 2019 up 1o NSLL X X v v (LHC) 319

in preparation



http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157

The BSV 2019 fit

first fit to fully include LHC data at high accuracy NNLO-+NNLL

P4

data coverage data points Experimental data Theoretical predictions
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LHCb 1.010f ]
o :
‘l ‘I 7 1.005 | g l ]
ATLAS(46<Q<66) o oS S S = 4 | see- po—
3 57 0998t TTTTTRemees ! i I T T ]
0990 . e T Fm-=== ]
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.

Bertone, Scimemi, Vladimirov,
JHEP 1906 (19) 028, arXiv:1902.08474

large Impact

I of LHC data !




The Pavia 2019 fit (preliminary)

current top accuracy NNLO-+N3LL , matching LHC state-of-art

P — ——
data coverage data points
similar to BSV19 319
+ STAR data # fit parameters
9
global x2/d.o.f.
1.12 = 0.01
functional form B —d

(nonperturbative part)

2\ p2 2\ pd
—g2 10%(%) — —92B 1Og(%> -+
€ 0 0 fNP(CCa bT)

evolution intrinsic

_|_ )\ 6—913(37) bZT/4

1+ g1(z)b7./4 /

—

fnp(z,b7) = (1 -4A)

1 — )% 2@ 21— z)&
_N —N
0nle) =@ (1—2)> 7 915(2) i (11— &)

e correlation of syst. errors
(including collinear PDFs)

e Montecarlo method for stat. errors
e including kin. cuts on final leptons

e full integration in bins when required
(no “narrow-width”,.. approx.)

e no ad-hoc normalization

Bacchetta, Bertone, Bissolotti, Bozzi,
Delcarro, Piacenza, Radici, in preparation

“Q - Gaussian”

width(x) PDF = MMHT2014nnlo68cl

(similar to PV2017)



The Pavia 2019 fit (preliminary)

Very good reproduction of low- and high-energy data

E605 10.5< Q< 11.5 x¢=0.1 CDF Runll 66< Q< 116 LHCb 13 TeV 60< Q< 120 2<y<4.5
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HE 8% 88

0.04 4
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0.02 A
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300 replicas

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici,
in preparation



The Pavia 2019 fit (preliminary)

ATLAS at8 TeV, 66 GeV<Q <116 GeV,2<lyl <24
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002k N L L ! 0.05F %2 =3.003923
02} 0.035} :  —
—— : 0.045[ 0.055F —e— Data
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[ 0.035f :
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0.03}

Clear improvement
with perturbative accuracy;
helps particularly at low qi/Q (“TMD regime”)

0.025E

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici,
in preparation



The Pavia 2019 fit (preliminary)

Effect of nonperturbative intrinsic part fnp (x,br)
(not included in other benchmark codes)

LHCb at 13 TeV, 60 GeV <Q <120GeV,2 <y <45

= -
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o o
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Ratio to data

o
©
Ul

G. Bozzi
CERN EW Working Group, 10-14-2019



Pion unpolarized TMD

also affected by large ad-hoc normalization Viadimirov,
JHEP 1910 (79) 090, arXiv:1907.10356
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Dyson-Schwinger equations
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Shi & Cloet,
PR.L. 122 (19) 082301, arXiv:1806.04799
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Gluon TMDs

basically unknown; so far, only explorations

ep— e jet jet X pp— Jpy X pp—n. X

gluon TMD

luon TMD

see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, P.R.L. 108 (12) 032002
den Dunnen, Lansberg, Pisano, Schlegel, PR.L. 112 (14) 212001
Mukherjee & Rajesh, PR. D93 (16)



The TMDs at leading twist

Quark polarization

at leading twist

Unpolarized Longitudinally Polarized Transversely Polarized
nucleon ® m
- ! fi= * hi = (1) - (1
~ — 4 N
o L % g1 = (= - (o | hip =2 (v

AR
s - L

& FIESER é)/' kt
7 ~\ : f
the Slye 5] (oTmm— = (050
r g
_function | Y

(spin-orbit) correlation between kr of parton and spin of Nucleon



the Sivers effect

Bacchetta & Contalbrigo,
Il Nuovo Saggiatore 28 (12) n. 1,2

no polarization

polarization Sy T

distortion of quark distribution
in transversely polarized proton PT

fCI/pT(x7kT) = f{](kaT) Pk flji”q(xakT) S (% & kT)

Sivers, P.R. D41 (90) 83 deformation along x

depends on flavor
45



non-universality of Sivers function

Collins, PL. B536 (02) p L+
- initial ;E@u/\/\/\f 4 L—

state ‘;‘)

SIDIS prediction based on P Drell-Yan
fundamental properties of QCD




non-universality of Sivers function

Collins, P.L. B536 (02)

Sivers — —Sjvers initial
SIDIS D-Y state

final
state

SIDIS prediction based on P Drell-Yan
fundamental properties of QCD

)STAR . | ﬁyp}s
STAR, arXiv:1511.06003 ; .
, arXiv COMPASS, arXiv:1704.00488 j T-PT = 0+ p-X
< T STAR p-p 500 GeV (L = 25 pb') e COMPASS 2015 data With sign change \

08095 <PV <10 Gevie

prediction with TMD
4/ evolution (2?)

ATsin(ps

0"

| | 1 1
lo L] -
»

LI L I L L
d

Anselmino et al.,
JHEP 1704 (17) 046

7
KQ (no “sign change™) . Without sign change
I I | | I | | |
: Global y?/d.o.f. = 19.6 /6 g -0 S () (1 S
-0.8C3.4% beam pol. uncertainty not shown bl X
= (o]
| S I ST IR R 2?3
-0.5 0 0.5 z,
©
1
0
1
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the Sivers Single-Spin Asymmetry in SIDIS

fir ® Dy

yeinin—ge) _ A 9) Fong" ™" (@, 2, Pir, Q%)

e - Alz,y) Fyur(z, 2, P2, Q%)

il o

First extraction of Sivers function using
unpolarized TMDs 1| and D) extracted from

olobal fit of (SIDIS + Drell-Yan + Z-boson) data
| the Pavia 201/ fit ]

Bacchetta, Delcarro, Pisano, Radici, in preparation
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The Pavia 2019 fit of Sivers firL (preliminary)

Bacchetta, Delcarro, Pisano, Radici,
in preparation

data coverage
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Same kinematic cuts applied to unpolarized
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The Pavia 2019 fit of Sivers firL (preliminary)

Q2[GeV?] = {EIKV =2.4,TC18 =1.2,PV =1.0}

0.01 PV11 Bacchetta & Radici, PR.L. 107 (11)
0.00 1 :
EIKV Echevarria et al., PR. D89 (14)
—0.01
—~ TC Boglione et al., JHEP 1807 (18)
2 _0.021

- Bacchetta, Delcarro, Pisano, Radici,

—
-
= — . : .
q>_'<" 0.03 in preparation

—0.04 -

m PV11[1107.5755] ! UP
TC [1806.10645]

m EIKV [1401.5078]

e PV19

—0.051

—0.06 ey —
107 107 10° .

X 0 PV11[1107.5755]
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The Pavia 2019 fit of Sivers firL (preliminary)

fi(x, k. ;Q*=1)
Bacchetta, Delcarro, Pisano, Radici,
in preparation

k, (GeV)

fq/pT (ZIZ’, kT) — f{l(mv kT)

fq/pT (377 kT) — f{](,’l}, kT)

P
- f1LTq(5’7>kT)S' (M X kT)

k, (GeV)

~1.0 -05 0.0 0.5 1.0
Ky (GeV)

(distorted) plots entirely based on data



Conclusions

*\We are entering the era of precise 3D maps of the proton
IN momentum space

e Goal: link them to high-energy phenomenology, providing
input (precision PDF=TMD, W mass = BSM physics...)

104 — ™ AL W W ———v—

e Upcoming/future data will give further opportunities

Lab12  LfHC v '\

spin 3. @ .
P 107 @ CoMPASS  anlarging the
- & HERMES

A 28 phase space
Vv E28
> E2s8
107 < E605
% Tevatron (Z prod.)

1 ' [ LHC (Z prod.)
10~ 1073

*The EIC will open a new era






Problems with normalization of (SIDIS) data

dol; /dx dz dP? dQ?

SIDIS data as multiplicities — MY = donrs /dz dQ?
DIS

it should be N :/dzdP%LT My =1 collinear formula

' . ' " Q2-18 x=0.0074 ' ' " Q2-21 x=00106 ' ' ' 02=;2.3 "x =0.0423 ’I /N
1 1 P |
° :( )o( 1 ! 2 2 ’: 1 ’.‘ x X 5 ] X at O(aS)
_ . ' . ' 02=;2.3 "x=0.0254 | ' ' " Q2-23  x=00161 | ' ' . ' 02=;2.5 'x=o."c:678 | ' ' " Q2235 x=0017 | . nOrmaIization
ol X x x 1 X x ; s 1 X * * 1 . e . x f t . d
I T . AClOrs reql,”re
ol ' ' " Q%241 x=0026 | ' ' " Q2-45 x=00427 | ' ' " Q%2-46 x=00752 | ' ' " Q2-53 x=0.1326 | to -ﬁt COMPASS
S A S TS S 2 S N ot ,
[ ]

data (at NLL)
. ' ' " Q2-83 x=0.0455 ' ' " Q2293 x=00771 ' ' " Q%2-98 x=0.1488 ' ' " Q2-11. x=0.2544
2r 2 2 2 x 2 2 | x 2 2 2 x 1 ¥ ¥ x
1t {

————— —— 02 03 04 05 06 07 02 03 04 05 06 07

Q?=20.  x=0157 | Q2-221  x=02909 . .
N % * ® 1 P%e >.( L |
! L | similarity b d e migh h
02 03 04 05 06 07 02 03 04 05 06 07 SIMmi arlty etween X an o mlg t SuggeSt t at

Z z

normalization problems are related to the
fixed-order collinear formula (and to the
matching between TMD and collinear regimes)

F. Piacenza, Ph.D. Thesis



parametrization of Sivers fi1.

Pavia 2017 fit q 2 q 2
x, br: I x,b
unpol. TMD at scale Qo f1( g Qo) f1( Qo) fNP< T)
Bacchetta, Delcarro, Pisano, Radici,
in preparation
Sivers TMD at scale Qo f;-4(, by L(l 75 QO)@TNP (x bT)J
: : v
parametric expression normalized flavor-independent
based on PDF fi4 double Gaussian on top of fnp
PDF=NLO GJR 2008 q = Uy, dy, s (= sea)

(fl (567 k%))Z

. o _o ° 2 k2
normalized to grant positivity ( iigl)(x’k%)) < s

0 > TMD evolution at NLL i :
7 (2,075 ()  ——— [ (2, b5 Q)

il 1 : e
o ) = —op To(@, @, %) Qiu-Sterman Z’e Sﬁgﬁfﬁfﬁ%’ el

approximate evolution of Tr as DGLAP evolution of f;



Sivers function < quark total )

Ji's sumrule  J2(Q?» = %/lda:a: [H(z,0,0; Q%) + E%(z,0,0; Q°) |
0

‘model lensing funct. L(x) + fit fi1L /dkT Firi(z, kr; Q2) = —L{z) BA(E0N @

(applicable only to 2-body systems)
Pasquini, Rodini, Bacchetta, arXiv:1907.06960

| T T T L} 1 B
S 010 7] Goloskokov & Kroll, EPJ C59 (09) 809
+ I8 - models
:s% 2 ] Diehl & Kroll, E.P.J. C73 (13) 2397
. S iehl et al.,
005 & 3 Diehl et al., EPJ C39 (05) 1 of
% E B Guidal et al., PR D72 (05) 054013 GPD
0.00 f ~ | Liuti at al., PRD 84 (11) 034007

Bacchetta & Radici, PRL 107 (11) 212001 color lensing

{+d
T T T 7T T T T L | T T T T T T T T T T T
- J‘n .
- L) l.

005 1 W LHPC-T, PR D77 (0%) 094502
B LHPC-2, PR D82 (10) 094502
o | I QCDSF, arXiv:0710.1534 .
| | Wakamatsu, EPJ A44 (10) 297 lattice
HERMES JHEP 0806 (08) | — ,
modelbased) | [ Alexandrou et al., arXiv:1706.02973
~0.15L 02 03 04 o5 || Dekaetal., arXiv:1312.4816
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The Future

What’s next ¢



What’s next ?

0XGeV/c)?

(—F ) 0.4<z<0.6 10}\\
OMP. T e
e Understand new Compass data { /@L {or e
Compass Collab., ~ 7
PR. D97 (18) 032006, arXiv:1709.07374 7M<)\

7

/

/
chis / -/ 3 &
PV 4IVEIN4
L7

)
dzdPy;

e Also new multiplicity data from Hermes N
Hermes Collab., arXiv:1903.08544 £
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3,
UNLILLAALL \HHH‘ T TTTTIT T
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i ///

e Include new Belle data on TMD fragm.
(thrust axis...)

_
o
)

Ny = 4 2R  5clle Collab., arXiv:1807.02101
10° . 0.85 <‘ T<0.90 \ | _Hj;_ BELLE L
R Adamczyk et al. (STAR), PR. D97 (18) iS\IAR

L pl+p—jet+ 7+ X Vs =500 GeV

sin(6_-9,)

0.05 — 0<mng, <1 {p )=31.0GeVic
= | ® STAR2011x*
e systematic study of hadron-in-jet data: = "< [ [Gemazns

test universality of Collins funct., ... :

e
_ e PRERRRIRKK
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