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The Nucleon Structure

the three collinear PDFs

f1(x) @ number q(x)
g1(x) @- @ helicity Ag(x)

h,(x) @ - @ transversity Arq(x)

* a chirally-odd distribution, hence not observable in DIS
* theoretically well known
* first experimental evidence in 2005
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The Nucleon Structure

taking into account the quark intrinsic transverse momentum k&,

at leading order 8 Transverse Momentum Dependent PDFs are needed
for a full description of the nucleon structure

all allowed correlations
between nucleon spin,
parton spin, parton

transverse momentum
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Asq

F. Bradamante



The Nucleon Structure

taking into account the quark intrinsic transverse momentum k&,
at leading order 8 Transverse Momentum Dependent PDFs are needed
for a full description of the nucleon structure

nucleon polarisation
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The most famous new PDFs

h, transversity function _
transversely polarized quarks in a transversely polarized nucleon

correlation between the transverse spins

chiral-odd
survives to integration over transverse momenta

tensor charge

f'1LT Sivers function @ -

unpolarized quarks in a transversely polarized nucleon
correlation between the parton transverse momentum and the nucleon spin

T-odd

hi Boer-Mulders function: - @
transversely polarized quarks in an unpolarized nucleon

correlation between the transverse momentum and the transverse spin of the partons

T-odd
measurable in SIDIS

IWHSS19, Aveiro, 24 June 2019 F. Bradamante



Semi-Inclusive Deep Inelastic Scattering

do T, K, -

dx dy dip dz dey, dPy,
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Semi-Inclusive Deep Inelastic Scattering
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Semi-Inclusive Deep Inelastic Scattering
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MAJOR RESULT:
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in the past 15 years 2 of these new PDF’s have been
measured and shown to be different from zero

by COMPASS and HERMES %I
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Semi-Inclusive Deep Inelastic Scattering E

MAJOR RESULT:
in the past 15 years 2 of these new PDF’s have been

measured and shown to be different from zero
by COMPASS and HERMES ¢ J@;\
S

the transversity PDF Collins asymmetry ~ h® HlJ'
amplitude of the sine modulation in ¢; + ¢, —

the Sivers PDF Sivers asymmetry  ~ f1r®D;
amplitude of the sine modulation in ¢, — ¢,

A STEP TOWARDS
THE 3-D STRUCTURE OF THE NUCLEON
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2 (sin(¢p+dg))ir

Collins asymmetry ~ h,® Hi

since 2005 evidence for non-zero Collins asymmetry on proton
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Collins asymmetry ~ h,® Hi

since 2005 evidence for non-zero Collins asymmetry on proton
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accessing transversity in SIDIS

recent experimental developments



A/ A polarisation

transversity induced Lambda polarisation

measured using the “reflected” direction of the

nucleon spin i.e. the transverse polarisation of the struck
quark if transversity is different from zero

5 52 HA/q completely unknown
_~q-q "1 "1

Py
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A/ A polarisation

N

transversity induced Lambda polarisation

measured using the “reflected” direction of the 2

nucleon spin i.e. the transverse polarisation of the struck

quark if transversity is different from zero

compl et ely unknown lepton scattering plane
2 pd gh/q
Yoe; hi H
P, = qa-q "1 "1
2 £4 ni/aq
2qeq fi Dy
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with different assumptions,this measurement can give

information either on hj or on Hll\/q/Dll\/q
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A/ A polarisation in ete”
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Collins difference asymmetries
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Collins difference asymmetries

namely
the asymmetries in the difference of opposite charge hadrons distributions

* they have been proposed a long time ago
L.L. Frankfurt et al., PLB 230 141 (1989) 141

E. Christova and E. Leader, NPB 607 (2001) 369
A.N. Sissakian, O.Yu. Shevchenko and O.N. lvanov, PRD 73, (2006) 094026 ....

* they are in the COMPASS Proposal (1996), for SIDIS off longitudinally and
transversely polarised protons and deuterons

 they have been measured in SIDIS off longitudinally polarised deuterons
M. Alekseev et al [COMAPSS Coll] PLB 660 (2008) 458, HERMES

 they were never measured in SIDIS off transversely polarised nucleons

first extraction from the COMPASS measurement of the

Collins asymmetries for h* and h*
in SIDIS off transversely polarised protons and deuterons

V. Barone et al., PRD99 (2019)
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Collins difference asymmetries

cross-sections for hadrons (pions) of opposite charge (1)
transversely polarised nucleons

-+ -+ t o3
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+
. : + 9t
- Collins asymmetries A;, = —
Y
o — + -
. . O-C,t O-C,t !/ _ O.Clt o O.C,t
- difference asymmetries Ap; = — - Ap, = -
(two slightly different definitions) 09, + 0o, Oot — 0ot

if the acceptances for h™ and h™ are the same, they can be obtained from
the measured Collins asymmetries:

oy gy
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Collins difference asymmetries

in terms of PDFs

/ u d u d
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- they allow to extract xh‘ll” /xh‘ll” without knowing H,
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Collins difference asymmetries

in terms of PDFs

/ u d u d
Apa 3 G(J{,p + O'E,p h'll” + h‘f" AD,d _ 4f1v _ f1v h1v + h1v
- = / d d
AD,p a:)r,d + GE,d 4h'il” — hcll” ADJ’ f 11¢,, +f 1v 4hl1lv - hlv

from standard PDFs and FFs parametrisations

- they allow to extract xh‘ll” /xh‘ll” without knowing H,

2
dy
e from 4, xhy
Xhuv 0
) 1 O || N
m from A, m M M
o from xh” and xh}” 2=
A. Martin, F.B., V. Barone
PRD91 2015 L

ratios hf ’l h’f” essentially identical with ratios obtained from standard
transversity extractions using SIDIS and e*e™ data

nice cross-check: everything is consistent -
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Longitudinal double-spin asymmetries of e* on p and d ;é’ ,..._
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the Sivers function



Sivers asymmetry ~ f17©D;

as in the Collins case, since 2005 evidence for non-zero asymmetry on proton
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Sivers asymmetry

1
~ f1r®D,

as in the Collins case, since 2005 evidence for non-zero asymmetry on proton
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Sivers asymmetry recent results

OMP4Ss PBL 7702017, multiD analysis proton
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Sivers asymmetry recent results

OMP PBL 770 2017, multiD analysis proton
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the P;/zM weighted Sivers asymmetry

more results in NPB 940 (2019) 34
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the trends of the weighted and unweighted asymmetries are similar
both for positive and negative hadrons

positive hadrons: asymmetry clearly different from zero, in particular at large x

assuming u-dominance, As,, (x) = 2 lmu’(x)/fl (x)

- first direct measurement of flmu( )

IWHSS19, Aveiro, 24 June 2019 F. Bradamante
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the P;/zM weighted Sivers asymmetry

' 1(1)
extraction of f.. " (x)
neglecting the sea-quark Sivers distributions, it is
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flq, Ef’i from parametrisations (CTEQSD and DSS)

m 0 previous point-by-point extraction
A.Martin, F.B., V.Barone, PRD95, 2017
using pion Sivers asymmetries from the
COMPASS p and d data,

no assumptions on the Sivers sea quarks,
Gaussian ansatz

slightly different trend for flJ%(l)d”,

uncertainties on average larger by a
factor ~1.5

the differences are mainly due to the use
of the p data only and to the assumption
on the sea-quarks
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other non-zero signals
in SIDIS
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2(sing)

SIDIS off longitudinally polarised p
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Beam helicity asymmetries
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Beam helicity asymmetries
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Beam helicity asymmetries
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unpolarised SIDIS



unpolarised SIDIS

Relevance for TMDs:

* the cross-section dependence on P;; comes from:
* intrinsic k; of the quarks
* p, generated in the quark fragmentation

(Pur®) = (p.?) + 2% (ks ")

« the azimuthal modulations in the unpolarized cross-sections comes from:
* intrinsic k; of the quarks
« Boer-Mulders PDF

combined analysis should allow to disentangle the different effects

measured on p and/or d at Jlab, HERMES, COMPASS

IWHSS19, Aveiro, 24 June 2019 F. Bradamante
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P, distributions
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P, distributions
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unpolarised SIDIS - P, distributions

new: preliminary results from COMPASS
proton data 2016-2017
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unpolarised SIDIS - azimuthal asymmetries
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unpolarised SIDIS - azimuthal asymmetries

oaf + sop —onX = 0001_' """"""""""""""""""""""""" I S R 15 AN
3 PN I . 2 s ST TP ° : Y o0 ¥ O‘.‘Q Y ey v
ﬁf\ § E —0.05F L] o ©® ® L 4 ° 4
8-0.1—%1?9%—-* Eﬁﬁ .FE PE§ : ® .o'
N g ' g ~0.10F *
-0.2F 3 1
: ' - x - E— e i M
o1f . f 1 é 1 1 % 11 o1k v i ¢
@g 0 ____________ E _____________________________ é__ﬁ _____________ - _F_ - T T | ' | | | 1 |
8 % ' ¥ E f 3 % g J% 1072 10" SEEYET 02 04 06 08
\Ng -0.1F T ; T nOM*P - X p’; (GeV/c)
-0.2f 1 f & _
pp 04 0.6 0.8 04 0.6 02 04 06 08 1 \ /S 6LlD NPB886 2014
X y z P, [GeV] < -
_%I I%'{I 5? PRD87 2013 i ] o : _
0.1 S S '
1 - Sed Senx {1 {f* $
2> 0.05f T T r 0.051 2 Y - fiif Y 1
S SO 1 SR 3 R U T N i ;4*“ 1‘1‘ 41
?% i E- ¢ % ] F E E ? ? & ﬁ- % ? % 0.00k- e i% ....... L eeeeeenes * ............................. IS S ++ ....... * ......
-0.05 : T T
01 - : I I I l I : ‘ ‘ ‘ Ll Ll ] | | | | |
> T -2 -1 02 04 02 04 06 08
/ﬁ\: 0.05F ? * 1 % # ﬁ é ﬁ % % % 0 . x " (GeVie)
JURRNET RO ORI PR A
005} 1 | o not easy to see Boer-Mulders
1(l)'1 0.I4 O.IG 0:8 0.I4 O.IG O.IZ 0.I4 0.6 08 1
X y z P, [GeV]

IWHSS19, Aveiro, 24 June 2019

F. Bradamante




unpolarised SIDIS - azimuthal asymmetries
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unpolarised SIDIS - azimuthal asymmetries

new: preliminary results from COMPASS 2016-2017 proton data
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also, precise multiD results from JLab12 experiments expected soon
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DRELL-YAN PROCESS 4

COMPLEMENTARY APPROACH TO SIDIS H:




DRELL-YAN PROCESS

COMPLEMENTARY APPROACH TO SIDIS

COMPASS is measuring for the first time
the Drell-Yan process ™ p - utu X
on a transversely polarized proton target - Sivers, ...

new results for d/u from SeaQuest

SpinQuest in perspective (end 20197) @ FNAL for
sea-quark transversity
and Sivers PDFs

IWHSS19, Aveiro, 24 June 2019

F. Bradamante
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Drell-Yan cross-section target S
rest frame /
T
general expression o 4 -
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Drell-Yan cross-section

: _ +— Boer-Mulders Boer-Mulders
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Drell-Yan at COMPASS
190 GeV = beam, transversely polarised proton (NH3) target
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Drell-Yan at COMPASS

190 GeV = beam, transversely polarised proton (NH3) target

Sivers asymmetry
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Drell-Yan at COMPASS

190 GeV = beam, transversely polarised proton (NH3) target

Sivers asymmetry

Transverse Spin asymmetries
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Drell-Yan at COMPASS

L2 o

190 GeV ©~ beam, transversely polarised proton (NH3) target

qgr/M weighted asymmetries
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Drell-Yan at COMPASS

L2 o

190 GeV ©~ beam, transversely polarised proton (NH3) target

0.5,COMPASS Drell-Yan
' 2015 + 2018 preliminary
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unpolarised Drell-Yan

do

dg*dQ)
A

* “naive” Drell-Yan model
collinear (ky = 0) LO pQCD
A=1Lu=v=0

* intrinsic transverse momentum + QCD effects

U

A . . cos 2
o 6y {1 + cos? Ocg AY + sin 20 A P95 cos g + sin? Ocg A" 7P cos 2¢¢s}

v/2

1 -

A1, u+0,v+0withl—A=2v (Lam-Tung relation) .

« experimentally
A+1Lu+0,v+0

L = "+ W at 252 GeV/c

os L 4 T +Wat194 GeVic T

06 - .

0 0.5 1 1.5 2 25 3 3.5 4

p; (GeV/c)

IWHSS19, Aveiro, 24 June 2019
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unpolarised Drell-Yan

flavor asymmetry of nucleon sea
Opd(T) %1 14 J(x)
u(x)

20pp(x) 2
Significant deviation of CZ/ U from 1

zp >>0

Asymmetry has a strong
dependence on x

Can x dependence be explained?

IWHSS19, Aveiro, 24 June 2019
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unpolarised Drell-Yan

flavor asymmetry of nucleon sea

Upd!.?cm,

. O'pd(aj) ~ 1 (1 d(x) ) 225 "FNAL E866/NuSea Drell- Yan :
~ — . CTEQ4M
20pp(x) 2 u(x) 2: N 51, TG
zp >>0 175 -
s p2d +
B Sealluest |+E906 = et
- mi 1.25 - S
sal- Preliminary 1 E866 |§ : *,}*
i DIS2019 T e R
- 0.75
h L | |
Fi * ! ] ] I 05?
B S
L ity ‘l I i 0.25 - Systematlc Error
| ¥‘r—'—T\x WXWTw\ \/.(‘\ VAV, AT‘V_A YA O VVATA & W VA "‘7’\‘7‘7(]‘
L [ 00 005 0.1 0.15 0.2 0.25 0.3 0.35
0.8 X
i 800 GeV protons
L Systematics
0.6—
1L 1 I L b b 1l I Ll 1 1 I L L 1 1 I L L 1 1l | L b 1 1 I L 1 1 I Ll 1 1 I L1l 1

0.1 015 0.2 0.25 X 0.3 0.35 0.4 0.45
2

120 GeV

IWHSS19, Aveiro, 24 June 2019 F. Bradamante



TMD PDFs from SIDIS and Drell-Yan

future
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TMD PDFs from SIDIS and Drell-Yan

future

SIDIS

« COMPASS: transversely polarised deuteron 2021

gain in precision:
up to 2 for the u-quark
2 to 4 for the d-quark

— present

L _{»c}§++++++<——projected
021 {J - %
3 P :
Y . - - S R % —————— %———%% —————————— }) ————————
% -
xhy” xh %
04E, ! r | L Ll L
X X

IWHSS19, Aveiro, 24 June 2019
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TMD PDFs from SIDIS and Drell-Yan

future

SIDIS
« COMPASS: transversely polarised deuteron 2021
« JLab12: soon later; SoLID ~20267?

One example on Collins asymmetry

2 2 o *  E06010, PRL 107 072003 (2011)
Q (GeVIC) 2‘:\: B Vogelsang and Yuan (Collins)
L =E B <P,>=1.1 (GeV) 3 Anselmino et al.(Collins)
8 ~ 12 GeV SoLID forward S S 0.2— Pasquini (Collins)
r y < B Pasquini (Pretzelosity)
I 12 GeV SoLID large angle —  <P>=09(GeV) e = 2 p 5 ® 90 days SoLID
6__ 6 GeV Transversity 0.0 ~—ss=rmay T -
4—_ | <Pp=05(GeV) S P .
I -0.2—
L - <P,>=0.3 (GeV) R
L
2__ | * o o o . . 2< QZ <3
L | 1 | 1 1 | 0 4 __ <PT>=0'I (GeV) . ® o0 o ° .
0.2 0.4 0.6 Reid * 0.40 <z<0.45
xbj i 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0.1 0.2 0.3 0.4 0.5

P; vs. x for one (Q?, z) bin
Total > 1400 data points
IWHSS19, Aveiro, 24 June 2019 F. Bradamante



TMD PDFs from SIDIS and Drell-Yan

future

SIDIS

« COMPASS: transversely polarised deuteron 2021
« JLab12: soon later; SoLID ~20267?

« EIC
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TMD PDFs from SIDIS and Drell-Yan

future

SIDIS

« COMPASS: transversely polarised deuteron 2021
« JLab12: soon later; SoLID ~20267?

« EIC

Drell-Yan

* SpinQuest ~20197

« COMPASS++/AMBER ~20247
« LHC

IWHSS19, Aveiro, 24 June 2019 F. Bradamante



TMD PDFs from SIDIS and Drell-Yan

future

SIDIS

« COMPASS: transversely polarised deuteron 2021
« JLab12: soon later; SoLID ~20267?

« EIC

Drell-Yan

* SpinQuest ~20197

« COMPASS++/AMBER ~20247
« LHC

and soon many new results from already collected data
SIDIS and Drell-Yan cross-sections, SeaQuest, ...

IWHSS19, Aveiro, 24 June 2019 F. Bradamante
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