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Keystones
D. Soper, DIS2015

e Thus the DIS experiments on which
the parton distribution functions are

largely based are like a keystone
in the arch that supports the edifice frtﬁ

of particle physics. [ 1

P. Mulders, DIS2015

Spin Physics and Transverse Structure
Piet Mulders (Nikhef Theory Group/VU University Amsterdam)

Spin is a welcome complication in the study of partonic structure that has led to new
insights, even if experimentally not all dust has settled, in particular on quark flavor
dependence and gluon spin. At the same time it opened new questions on angular
momentum and effects of transverse structure, in particular the role of the transverse
momenta of partons. This provides again many theoretical and experimental
challenges and hurdles. But it may also provide new tools in high-energy scattering
experiments linking polarization and final state angular dependence.
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Outline

0 Introduction
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Evolution in understanding the proton structure

Resolving proton structure
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Current polarized DIS data:
OCERN ADESY oJLab OSLAC

Current polarized BNL-RHIC pp data:
@PHENIX® ASTAR 1et

[m]

Spin DIS now and in future

Various Faces of QCD, 2016

1T T
Q*=10GeV?

current 1
05 data ]
ol ]
o5l B ossv+ |
- 5x100
I EICC5 1
EIC20250 ]
aluncertaines for <0

4L IR L

03 0.35 0.45

04
¥

From “White paper”, arXiv:1212.1701

=)

4/64



Introduction

Nucleon spin structure in the electroproduction

d%o o FE'
— = ——— L, WH*
*A0dE T 2MgA E!
e Symmetric part of W#”— unpol. DIS,
antisymmetric — polarised DIS

o Nomina”y F1,27 q(iﬂ) — gl,za AQ(x)
but...

e ...anomalous gluon contribution to ¢, (z)

e ...g,(x) has no interpretation
in terms of partons.

oc=0— %hl (COS’I/JAO’H + sin v cos QSAJJ_)

Scattering Plane
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Nucleon spin structure: observables in 7N scattering

e Inclusive asymmetry, A, cqs:

N= N mey _ | D)
1 - = g1z q
Ameas = ( = > ~ DAI =D : =D

fPrPp \N= + N= Fi(z,Q?) > elq(x,Q%)
q

b n
g1 + 91 3
= 1 —w .
2 ( D)’

_ _ . 3
Ag=q"—q7, g=q¢"+q, gl=9¢(1-wp) = 5
wp = 0.05 + 0.01

2

e At LO, semi-inclusive asymmetry, A":

> elAq(z, Q%D (2,Q7)
Ah ,2, 2 ~ q _ " D}I, D}l
]_(.13 z Q ) Zegq(m7Q2)Dg(z’Q2) z v q 7& q
q
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Parton distributions in the nucleon

@ parton intrinsic kt taken into account in TMD
@ TMD related to quark angular momentum, L!
@ GPD and TMD are NOT connected via the Fourier transform

@ TMD may be studied in 2 ways e.g. at COMPASS:

@ semi-inclusive DIS (polarised muons on unpolarised/transversely polarised target)
@ Drell-Yan process (m beam on unpolarised/transversely polarised target)

* : v W
SIDIS E . DY
X\ ¥  Obs.: final state interactions! Obs.. initial state interactions!
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Introduction

Partonic structure of the nucleon; distibution functions

@ TMD parton distributions need TMD Fragmentation Functions!

B. Badelek (University of Warsaw )

In LT and considering k&,
8 PDF describe the nucleon

— Transverse Momentum Dependent PDF

QCD-TMD approach valid kt < v/ Q2

After integrating over kr
only 3 survive: fi,g1,h1

TMD accessed in SIDIS and DY
by measuring azimuthal asymmetries
with different angular modulations

SIDIS: e.g. Asivers x PDF @FF
DY: e.g. Asivers 0x PDFP®¥M g PDFtareet

®/quark
™ udeon NUCLEON
unpolarized longitudinally pol. transversely pol.
L
J L o fr &
a =
S k
S|  number density
H
2 g g
= i 1T 4 K 4
g _ ke
< & et
E helicity
S A .
E h, ©-®
hL 1
E 1 ®k: @ hL hL transvekrsn
k. ¥ Kr
ﬁ v @ | M CRe
E Boer-Mulder: @'ﬁ@" [m

OBS! Boer-Mulders and Sivers PDF are T-odd, i.e. process dependent
1 1
fir(SIDIS) = — fi(DY)

hi (SIDIS) = —hi (DY)

OBS! transversity PDF is chiral-odd; may only be measured with another chiral-odd

partner, e.g. fragmentation function.

Spin DIS now and in future
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Introduction

Acceptance of spin experiments @ Q? > 1 (GeV/c)?

@ Fixed target:

@ JLab (Hall A, CLAS (Hall B)): polarised e of < 12 GeV, polarised targets
@ CERN (COMPASS): polarised nt of 160-200 GeV, polarised protons, deuterons
@ (completed) DESY (HERMES): polarised e of 27 GeV, polarised targets

@ Colliders: BNL (STAR, PHENIX) polarised protons, v/s < 510 GeV

Proton Neutron

Deuteron
510°f R 510°F %510
S ° Ezz . 3 S © HERMES g smc .,
8 o E149E155 $ e 38 3 © E143/E155 o
= L = ® JLAB hall A = © HERMES °
o ® HERMES ®e oo o o o .
© o cuas o 54 o cLas . e
compass ° El42/E154 *_COMPASS e, °
H ..' ®ee o, ©
10F 8o 10F . 10F o, "
° . o ] ¢ .o
. e ® o, ¢ g
o go e SRR
. . of .. o gy W e
0’ e
| L 8t A gon =
10° 10° 107 10" 1 10° 107? 10? 1

X
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COMPASS Spectrometer (2002-2012)

Two stages, ~ 350 planes muon runs: Nucl. Instr. Meth. A577 (2007) 455
Particle identification (RICH, calos, . filters)

Trigger Hodoscopes

"2
-~
Drift Chambers
target i
-~ - Beams: 160 (200) GeV p*
.- 2 190 GeV 7, K, p
N K,
\506/' i L- 2(1)-10%/spill

veto polarisation: —80% for 1. @ 160 GeV

Targets: large, solid state, polarised SLiD (NH3)
polarisation: +50% (85%)
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COMPASS polarised targets

3He - *He dilution refrigerator (T~50mK)

solenoid 25T \,: 20000
dipole magnet. 0.6T S oo
L O0OUTRSY & 4

opposite polarisation

d (°LiD) p (NH;)
polarization 50% 90%

dilution factor 40% 16%
no evidence for relevant
o ~y — — > nuclear effects (160 GeV)
— —_ e —_

From A. Bressan, POETIC 2015
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A Large Hadron Electron Collider (LHeC) at CERN

@ Symposium on the European Strategy for Partice Physics, Cracow, 2012

arXiv:12111.483

@ Two options: ring—ring (RR) and linac—ring (LR). Basic beam design:

£ 0E ‘Tuacioar DIS -F 00
& F | proposeatomes:
5 0E
10
10° =P (LHeE)
E (70 Gy -2.75 Tav)
E -9
10° |
E § |
10
F pertumane >
1 =
Enen pertursate
10
E, |

o®  10°

electron beam 60 GeV Ring Linac
e~ (eF) per bunch N, [107] 20 (20) 1(0.1)
e~ (e*) polarisation [%] 40 (40) 90 (0)
bunch length [mm] 6 0.6
tr. emittance at IP ez , [ mm] | 0.59, 0.29 | 0.05
IP 3 function 5}, [m] 04, 0.2 0.12
beam current [mA 100 6.6
energy recovery efficiency [%] — 94
proton beam 7 TeV

protons per bunch N, [107T] 1.7 1.7
transverse emittance e , [pm] 3.75 3.75
collider

Lum e p (e7p) [10%em™%7T] 9(9) 10 (1)
bunch spacing [ns] 25 25
rms beam spot size a, ,, [prm] 45,22 7
crossing angle @ [mrad] 1 0
Lew = A Lea [10%%em™ %7 0.45 1

@ The “Strategy” has not recommended a continuation of R&D for LHeC!

B. Badelek (University of Warsaw ) Spin DIS now and in future
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12/ 64



Introduction

e-p machine, EIC, planned at BNL or JLab
BNL JLab

Electron beam facility needed ELIC + injector needed

(inside RHIC tunnel)

060 GeV

detector

SRF Linac

lon

)
R
&) =~
$ a0 Gev 92 source
550 Gev 2% Pre-booster
7.95 GeV
10.4 Gev i
1285 GV Medium Energy IPs Medium
153 GeV
17.75 Gev Energy
20.2 GeV Collider
22,65 GeV' Ring
Low
Energy IP

25.1 GeV

2755 GeV.

300 Gev

12 GeV CEBAF

figure from The White Paper, arXiv:1212.1701
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e-p machine, EIC, planned at BNL or JLab

BNL JLah
Electron beam facility needed £ E\ed(o“\
(inside RHIC tunnel) \a(‘\le NC(-\Q(\

Medium
Energy
Collider
Ring

figure from The White Paper, arXiv:1212.1701
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EIC: main features

@ Highly polarised (~ 70%) e, N beams

@ ions from deuteron to uranium (lead ?)

@ variable /s from ~ 20 GeV to ~ 100 (150) GeV

@ high luminosity: ~ 10*373%* cm~2 s~ (cooling of hadronic beam !)
@ more than one interaction rregion

@ limits of current technology — R & D!

@ staged realisation; first stage: /s = 60 - 100 GeV
and high luminosity.
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A dedicated EIC detector

2-3T Solenoid

| =
E
B Solenoid
[l EM-Calorimeter
B Dual Radiator RICH
B Aerogel RICH/ DIRC/ HR-ToF
2.5m 4.5m [0 Tracking
hadron-heam lepton-beam L] Vertex Tracking

@ Acceptance -5 < n < 5 (large, comparable to CMS forward)
@ PID: 7, K, p, leptons
@ Low material density (minimal multiple scattering and bremsstrahlung)

@ Hadron beams: proton to lead
From “White paper”, arXiv:1212.1701
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Outline

e Inclusive and semi-inclusive deep inelastic scattering
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¢(z, Q% and ¢! (z,Q*), world data
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Curves: COMPASS NLO QCD fit for W2 > 10 GeV? (dashed: extrapolation for W2 < 10 GeV?)

COMPASS measurements at high Q2 important for the QCD analysis! but little sensitive to Ag

COMPASS, PLB 753 (2016) 18 COMPASS, sybmitteg;PLB.
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COMPASS NLO fit to g; world data; Q? = 3 (GeV/c)?

Fitted: Agsri, Ags, Ags, Ag  at

Qi =1 (GeV/c)?; 679 points, 28 params; MS scheme

s COMPASS NLO fit to glworld data
¢ COMPASS 160 GeV (2007)
B COMPASS 200 GeV (2011)

COMPASS Preliminary
Q? =3 (GeV/c)?

COMPASS, PLB 753 (2016) 18

COMPASS, submitted PLB

B. Badelek (University of Warsaw )

‘
10* 1

0.2

COMPASS NLO fit to
g, world data

COMPASS 160 GeV
(preliminary)

| |
10 10™ 1
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COMPASS NLO fit to g; world data... contd

o Little sensitive to gluon polarisation

e Quark polarisation: AY = /AqSI(x)dx ~0.3

= =3 (GeVic) =
, =3
=
o2k b
x
0.1~ [
~02k
Ol
L L L
10° 10? 10" 1 10° 10? 10" 1
X X
) g =3 (GeVie) 2
H T 7
e z k3
g | ]
x x ~0.05] > -0.0:
o -0.02}
-0.0:
-0.15)
-0.04f
L L -02p L L L L
10° 107 10" 1 10° 107 10" 10° 107 10" 1
X X

COMPASS, PLB 753 (2016) 18

B. Badelek (University of Warsaw )
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JAM NLO fit to world inclusive data (A, A,)

JAM: Jefferson Lab. Angular Momentum Collaboration

Included JLab data W? > 4 GeV? = reduced errors for valence & sea at z > 0.1

100 B
= EMC N
= JAMI5 0.02
*  SMC 04f = Jaun zAut SN
COMPASS P
v HERMES NNPDF14
— == BBIO
N SLAC 0.2,
= - AACK)
© © JLab ) o LS80
O o) === W2=10Gev?
— W2=4GeV? =
o —0.02
&7
- —0.06]
¥
* ~0.10
¥
5 0 —0.14
! - 0.01 N
: 10~ 107 0.1 7)5 0.5 0.7 T 10~ 107 0.1 03 05 07 T

JAM, PRD 93 (2016) 074005
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Inclusive g, (z, Q*) at EIC (pseudo-data)

50

: 2
o + const(x -
i e2tem HEQ) o saturation Qs(Y)
region &
= DSsV 2014
w b it 908 CL.ag vrtons | >
EIC projections. g
P N + Vs=T15 GeV < qa’)
4 Vs=127GeV ‘: I
+_“*"f 2hd0* 533) ® Vs=1414GeV - o
T ] £ 1z
e . 330728 " "6
" > g
e ., S2I0% 024
. £ } BFKL
et 5
20 b e aaeal X107 (419) i gI:_ DGLAP
__*—H—‘k.‘: Ix107 (17 =
- LR o |
e S
e e . -
BUX 107 (41]) ey P 2
0 - e e S Ao nQ
107 (+8) = - - e .
“'mu‘ : - (ZS~1 (ZS<1
fixed target DIS data —=
L L

1 10

Errors statistical (EIC: expected, modest parameters); bands: from gluon helicity uncertainty

arXiv:1509.06489 White paper”, arXiv:1212.1701
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In?(1/x) corrections to g7 (z, Q%)

@ Leading low x behaviour of ¢g; (g7 and g1**) generated by powers of
o, In*(1/z); a standard DGLAP for spin dependent pdf generate only

In(1/x) terms.

@ A way of including the above to QCD evolution: through f(xz, k?)

where conventional parton distributions:  p(z, Q?) = /

This formalism permits

an easy extrapolation to Q* = 0

(for fixed W?2).

@ In?(1/x) corrections to g7
are generated by ladder diagrams —-

B. Badelek (University of Warsaw )

Spin DIS now and in future

q

xp, K
e

Q" qx?
k7

a

(,k7)

| ——

e
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In*(1/z) corrections to ¢i*(z, @%)... cont'd

@ In*(1/x) corrections to g;'* are generated mathematically by equation:

k2 /z 2 '
@ k) = 1O k) + as (k) / = /k (k)

and wo
W2 32
ns ns dk MF a Te
g1 (x,QQ) =q (0>(m) + —5 (2" =x(1+ —2) kz) 006 Josst
.k Q ;
k3 004 ot .
where a, (k%) = 2a(k”) /37 and we

¢\ (z) is a nonperturbative part, corresponding to k? < k.

@ In’(1/z) terms originate from the 2-dependent limit of the /dkz’Q/k’2 and
z-dependent limit in 17> (z).

@ For fixed (i.e. non-running) @, (k*) — ds, small 2 behaviour is g7*(z, Q*) ~ &~

where A = 2V
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Semi-inclusive asymmetries and parton distributions

@ COMPASS: measured on both proton and deuteron targets
for identified, positive and negative pions and (for the first time) kaons

CLAS12, Update to E12-09-007

COMPASS, Phys. Lett. B 693 (2010) 227
DSSV, Phys. Rev. D 80 (2009) 034030

o
£
LA M |

© COMPASS
o HERMES
— DSVt

@ COMPASS: LO DSS fragm. functions and LO unpolarised MRST assumed here.
@ NLO parameterisation of DSSV describes the data well.

B. Badelek (University of Warsaw ) Spin DIS now and in future Various Faces of QCD, 2016 25/64



Polarisation of quark sea

@ As puzzle. Strange quark polarisation:
1
2AS = / (As(z) + As(z))dz = —0.09 £ 0.01 & 0.02 from incl. asymmetries + SUs,

0
while from semi-inclusive asymmetries it is compatible with zero
J DE" (2)dz

but depends upon chosen fragmentation functions. Most critical: Rgp =
p p g SF D KT (2)dz

—> COMPASS extracts it from multiplicities.

LO analysis of deuteron data of COMPASS, Q°=3 GeV?
2 DSS: Ry =6.6

x(A(x)-ad(x))

B8 St urcert (indl. DIS), published

=== stat uncert. (SIDIS:DSS). preim E § ¢ dasraeeesied
S Ureert due0R P =
I L L X 1 w0t w'
2 3 4 5 6 e Xy
SF

@ The sea is not unsymmetric: COMPASS, Phys. Lelt. B, 680 (2009) 217; | CLAS12, Update to E12-09-007
0.3
/ [Aa(r, Q%) — Ad(z,Q?)] dz = 0.06+0.04£0.02 @ Q = 3 (GeV/c)?
0.004 _ _
Thus the data disfavour models predicting Au — Ad > d — a

B. Badelek (University of Warsaw ) Spin DIS now and in future Various Faces of QCD, 2016 26/64



Nucleon spin structure @ high z: JLab at 12 GeV

12 T T T 12 T T T T
1
08 E < Hall B (CLAS), E12-06-109
£ AP and A
2706 ; X
04 g X
=
0.2
oL ; 3 } k| <
0 0.2 04 0.6 0.8 1 by - Dz
X
N : EMS;SHMS,DIS,ﬂSO hourj/
gn.zs— » E154 /
T o © HERMES /
£k = | = EQ9117 )
A | | <= Hall B (CLAS), E12-09-007 °*° Y.,
" m symmetry of the sea ‘
i SRS =
? £ :
b3 ‘ E Hall C, E12-06-110, A} = © -
;;: +§!'+éhn@n§
oL — E 0 02 04 06 08 1

>
g
x
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Inclusive and semi-inclusive deep inelastic scattering

Direct measurements of Ag(x)

Direct measurements — via the cross section asymmetry for the
photon—gluon fusion (PGF) with subsequent fragmentation

into cc or ¢q pair.

o 0.6 0.8
B & COMPASS, allp, O°>1 (GeVic]', 2002-06 2 COMPASS, all-p,, G'>1 (GeV/c)’, 2002-06
4 + COMPASS, high-p,, @*¢1 (GeVic)’, 2002-03 E’ 06 g0
0.4 . compass,open Charm, 200207 04 —- 4G
SMC, high-p_, @1 (GeVic)' : Ag/g total uncertainty
0.2| + HERMES, highp,alla® 0.2 I =
. s
0 - B
i 0.2 =l
0.4 T
- ool
-0.2 i
-0.6| i
_0.4] | .0.81 il
102 107" 10°% 107
Xg xg

Ag/g = 0.113 £ 0.038(stat.) & 0.035(syst.) at

B. Badelek (University of Warsaw )

Spin DIS now and in future

Q%) ~3GeV?, zg~0.10

COMPASS, K. Klimaszewski, SPIN2016

Various Faces of QCD, 2016

28 /64



A;, for W* production at /s=510 GeV @ STAR

@ Direct coupling to qq of interest u+¢7—>@—>@+v ’ e ﬁ+d—>@—>@+
@ Scale set by W mass e J—’ e e

@ Efficient spin separation

@ Easy detection

A - osa XAU(X,QP=10 GeV)
Cartoons from D.Gunarathne, DIS2015 L P+p > W se v f
15=510GeV 25 <E} <50 GeV
05 .
o v Aw A
, =— T I — 1
03 u [ %Dssvn:(:x‘sw b
— - ose. — EoSiy Eound
o} @ - 0 o e
F=== - syt
0 F~-—" arXiv: 1403.0440
0 g2 xAu ]
NS, Q= 10GeV?
g S e -0.5 v
— Dbssvos - ++ STAR Data CL=68% ¢
. E CHE — - DSSV08 RHICBOS
02 i == — DSSVO§ - DSSV08 CHENLO 002
LSS10CHENLO | | T
—03F @ @ DSSV08 L0 Ay/x*= 2% error
!. 3.4% beam pol scale uncertainty not shown 004
—0.4F 4" Au 1 1 I
4, = T -2 -1 0 1 2 n ;
0 ) ! lepton 1 0 " .
-2 -1 0 1 2
lepton pseudorapidity e LU arXiv: 1304.0079
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Inclusive and semi-inclusive deep inelastic scattering

Ay for 7° production at v/s=200 and 510 GeV @ PHENIX

AG AG AgAG

<

< F pp— 74X Ii<0.35

B 50GeV:Runi243
510 Ge V: rel. lum. uncertainty
® 200 GeV: Run -0 {PRD20.042007)
200 Ge'V: rel um. uncertainty

001~
I PHENIX +
[ 1 =
[ ] g

0.02

fageea)

DSSV++ with 200 GeV data:

1.0

Ag(x)dx = 0.2F

0.05
B. Badelek (University of Warsaw )

0.1 _
xr (=2p V)

0.06
0.07

04 - 7

&
5 [EesyEw e .
£ 5 R e
= S 4 DSSV
05 - -
x
®
E o 1
w
-
<
05 = Q¥= 10 GeV® 7
0.2 0.1 -0 0.1 ﬂ! 0.3
At large x de Ag(x)

Spin DIS now and in future

Various Faces of QCD, 2016

DSSV, PRL 113 (2014) 012001
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Inclusive and semi-inclusive deep inelastic scattering

Global NLO fits

Compilation by M.Stratmann (2015 Jlab Users Meeting)
overview of recent hcllcn'y PDF fits @ NLO

] £
£ o
& &
¢ 28
latest & & &
paper 5 @

NNPDF 14065539 @ O @ius 200 MCreplicas  ppdataw/
Bal,Fort, Guffant, Nocera, W5 stat.approach  reweighing method
Rodolt, Rojo
09043821 icts Lagrange mult. data fitted
o 20|Q @ @i
de Florlan, Sassot, 115, Vogelsang| (Hessian) fast Mellin method
JAM 14033355 N \ JLab reqi
imenez.Deigad, Accardi, Hessian arge x / regien
Avaian, Metnitchout, sato, pp soon
Lss 1010.0574 . . .
Leader, Sidorov, Stamenoy @ @ O Hessian higher twist, As
1502.02517 .
BBS  rosns @ O O Hessian statistical approach
Bourrely, Buccella, Soffer unpolfpol simult. fit
1010.3113 . . .
9508347 .
GRSV St @ O o o 2% NLO analysis 1895
Gluck, Reya, MS, Vogelsang

B. Badelek (University of Warsaw ) Spin DIS now and in future

Various Faces of QCD, 2016

Moving towards
NNLO

Higher Twist

Including more
probes

A. Bazilevsky, SPIN2016
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EIC pseudo-data (inclusive and semi-inclusive)

0.04F XAU JE xAd Jo.04
all uncertainties for Az~ 9
JF —H0.02
) 0 » Ag(x) from scaling violation
V Jooe o
= 0SSV and » Au, Ad, As from SIDIS
004k EIC5 GeVon 100 GeV Joos ? ’
&5 GeV on 250 GeV
Lo il il vl vl 0 vnld . . .
O B B e s B e BN » Flavor separation at high Q2 via CC DIS:
0.04f XAS JF XAg
oot ] q02 8" =All+Ad + AT + As
= R 8" =Au+Ad +Ac+AF
o 1
— 7—4 °
ooet T 1o gy =AE-Ad+AT-As
004 Q7= 10 GeV? 1 . _
I I £ I | 002 gW =—Au+Ad —Ac+As
10 107 1 102 107 1 S
X X
From “White paper”, arXiv:1212.1701 E. Aschenauer, SPIN2016
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Proton Spin Puzzle will be solved @ EIC ?

o1 T T T T T ~ oy T T T
=3
? DIS + SIDIS da ~— Dssv2014 4 2
z Ty with90% CL band %X == DSSV 2014
% s Fosf 0% L bt
P Fomced i pto 2015 DSSV 2008
5, 1 = = 0% CL bund
i
05 g
0
@=10GeV? Q=10GeV*
5 L L L A L P R R A A I
I — 2 6 5 4 3

Aschenauer, Stratmann,Sassot arXiv : 1509.06489

B. Badelek (U

Spin DIS now and in future

HRCL bt
EIC projections:
- Vs=T75GeV
- =127 GV
- = 1414 GeV

DSSV 2008 ~— DSSV 2014
0% L.

A

Various Faces of QCD, 2016
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Outline

© Charged hadron multiplicities
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Charged hadron multiplicities; identified kaons

e Studied to measure fragmentation functions (FF), Dg(z, Q?) (= cf. As).

At LO:
dM"(2,2,Q) _ (@07 ) sipus | Sl [a(@, Q7 Dl (, Q) + ala, QQ)Di—ng,QQﬂ .
- o - 2 2 = 2 -
=T () i @ @)

© 2006 data; °LiD target; 317 kinematic bins.

e Q2 >1(GeV/c)?, 0.1<y<0.7, 0.004<z<04
02<2<0.85 12<p, <40GeV/c (coveragein W:5-17 GeV).

& 0T <a<001 O0T<x <002 02 < <003 Ob3<s <004 OBt <x <006
> v om
t 115 . . v
gg':'b H 4 a=010 'V . - v K+
o4t ‘3 ves0 e " Te | H &
: s 10
02 <
!
Ofpacegeom oy ey ey L ey ey e s
006<x<0.10 0.10<x <014 014<r <018 0.18<x<0.40 2 04 06 08 10
¥ t
0sf ©, 1
04 1 h B = o '
1 o 8t ' 10° 0
s H ‘ & 0.20<y <030
02 wha aa i P
sall +i1, . ID<y<0.13 COMPASS, hep-ex:1608.06760
Of sgazz---o- -2 casaseneeatls topogooseonaaaa Aot oo nmmeseene
02 04 06 0802 04 06 08502 04 06 0802 04 056 08
z
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Charged hadron multiplicities; identified kaons and pions

Kaons: pions:
|
9 ep-ex: | 09pF° 1
® [ eCOMPASS Qu,f;m.‘,;‘;“f BO_ 6760 1 09F hep-ex:1604.02695
. | o HERMES t H accepted PLB
x [x.z] respresentation X 0.8
. ® . R
O. ] 5 B * : ¢ L L] : 0 L
F 0.7 o 7
i ° ) s { 06 :_ . . - . . L) .
S e 0 o © L
0.1 R ] f—
0.5 -
tz i i PR S .7 . ' e e e . ]0—— IU—[ I
10 10° 1 x
X
HERMES, PRD 89 (2014)097101 HERMES, PRD 87 (2013) 074029

@ Both 7 and K multiplicities on the SLiD (isoscalar) target

@ strong discrepancies COMPASS/HERMES in the sum of multiplicities
integrated over z, pr, Q? (kinematics is similar)

@ Ratio 7/~ is OK but K/K ~ differ by ~20% = under study!
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Outline

@ Measurements on a transversely polarised target
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Properties of the transversity, Arq(z)  (or ni(x))

@ it is chiral-odd
= hadron(s) in final state needed to be observed (SIDIS reaction)

@ simple QCD evolution since no gluons involved
@ itis related to Generalised Parton Distributions (GPD)
@ there is a sum rule for transverse spin

@ first moment gives a “tensor charge” (now being studied on the lattice)
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Examples (2 of 8) of measurements on a 1 polarised target
Collins asymmetry (first time by HERMES) —> permitts to access transversity,
1 polarised g <= p% of unpolarised h (asymmetry in the distribution of hadrons):

NiE(¢e) = NY [L+ fPrDynAcou sin éc
¢c =¢np + s — T

which in turn gives at LO and at collinear approach:

1 ¢ - Arq(z) - AY.DE (2, ply)
> €2-q(x)- Dh(z,plh)

Acou ~

But transverse fragmentation functions AF}D,’I” (universal!) needed to extract Arg(x)
from the Collins asymmetry! Recently FF measured using data of Belle, BaBar and BES IlI.

Sivers asymmetry (¢s = ¢n — ¢, correlation of L nucleon spin with k1 of unpolarised g): if # 0
then Ly # 0 in the proton. Fundamental !
4 eg . Ag‘q(:l;,p{;:/z) . Dg(z)

Agip ~
" >, €2 a(z,plt/2) - Di(z)
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Results for the Collins asymmetry for protons

liosf : *f : -
. t
&Saiéf o‘?’é ¥ 14 N‘“”A } 03
#é MM EUTSLEE S UL R | . 02¢F
' + £ o
<Sof ox ’, L g 0
i H B it * i
o %!‘{?éﬁy % T mt. ; - Q% T
o ! 1 L 1[ L : _ 0.1
=
‘jo K } ’- : l { i z; -0?
o {,*‘ ,»%H’ 1 IR { — 02
' -0.3
R L. 0001 001 01 1
b " x ” Lon ot Geviey X
COMPASS, Phys.Lett. B744 (2015) 250 M. Anselmino et al., Phys.Rev. D87 (2013) 094019

@ Collins asymmetries for proton measured for +/— unidentified and identified hadrons...
@ ..arelarge at =z > 0.03 and consistent with HERMES (in spite of different Q2!)
@ but negligible for the deuteron
@ COMPASS data on p,d + HERMES data on p (2005) + BELLE onete™: = Aqu, Ard
@ Transversity also obtained from 2-hadron asymmetries
(and “Interference Fragmentation Function”)
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Results for the Sivers asymmetry for protons

B. Badelek (University of Warsaw )

éééé{’i

5 abed d
33%—3%; §+* """"""

BRI TN ;:| m*f

Spin DIS now and in future

15
7l (GeVie)

COMPASS, Phys.Lett. B744 (2015) 250

@ Sivers asymmetries for proton measured for +/— identified hadrons are large for 7+, KT ...
@ ..and even larger at smaller Q% (HERMES)
@ COMPASS deuteron data show very small asymmetry

Various Faces of QCD, 2016
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Measurements on a transversely polarised target

Multidimensional analyses: Sivers asymmetry (z, Q?; z, pr)

the Sivers asymmetry

Pr > 0.1GeV/c

multiD (x, Q%; z, P;)
results
an example

COM ;JSS
y 4

SPIN2014

B. Badelek (University of Warsaw )

0.1<z<02 02<z<04

04<z<10

0.1 - Praton 2014 data F

01 p 0] GeVie 02004 p 01 GeVie

1 Dt 0pp0 Geic

Spin DIS now and in future

oogwikh g\_n‘-j i ";
- 1<Q%1.7 Gev? i
ol = . . P — P —
e L T
b i ot id
o gt LETR S LA
1.7<Q?<3 Gev? :
) r Fp—,
M7 3¢Q<7Gev? h f ;
. i [ ooat
o Fent pretd SRR
— R -—
mk L L —_—
M 7¢Q2%<16Gev? 1 .
— Pyt
gL LERE IR B
o — — —_—
15(0%8}69\12
o }‘Ef’s q
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Measurements on a transversely polarised target

Other azimuthal asymmetries

«  AKowzinian, Nucr. Pays. Bi41 /J(MEJJ
S I D IS X xse‘c‘f;[ o H B cenetta, Diemi, Goeke, Mete, Mutders ana Senteges JHEPO702:093 (2007)
2 AN g
| L | o)
dxddydzall a @ aW

o 21}l 24

Tt con, (22 (T4 £) A% )+ o2 (e 457
+ Auind) {.JZ:H )AL
5 [ron (JPete e oo (s q

n S,A[HA,, +eong, (TR0 ) AT }]

Twist-2

t Twist-3
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Other azimuthal asymmetries...cont'd

. AKotzinian, Nucl. Phys. B441, 234 (1995).
SIDI S X-section Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007).

do a 7
2 = 7 y 1+ 2= | |(Fuy r +Fp )%
dxdydzdPde,dy | xyQ° 2(1-£)| 2x

1+cosd, ( 2 (1+6)ATT" )+(os 24, (eAT™*)

+ isll]g@‘[mAﬂw)

+ S, [sm :1,‘{ 26 (1+ L’].&’f")-vsm 24, (.aAf’,”" )]

+ s,/z[\h-l.-‘,q,, +cosg, (yf2e(1-5)AT* )] ATV o @D
T 1 Twist-2

sin(, -, )( 454 *) AR o hi @H -
+[sin (¢, + ¢ }(1.'#\?,"“ “) A -4 o his @ H L
T T 1q

+ Sp |+ [sin(3g, — o, )(z:/\'?”" "’)
sinlg, ) @K YD+,

+ fing, (2o (1+e) 45 ) SSA AR Q! (W ®H + f;° @Dl +...)

L+ [sin (24, -4, )(2e(1+ o) A1 "'] ' AT Q' (b ©H," + ;" ®Df, +...)

cos (¢, — ¢ P(,’(l—gl)‘qg‘(vum) l Aiu;w, ) o gfr ®D1':;
+ 51|+ frosg (e (1-2) AT ) DSA

+ {cus(m_.. — g, )(JZ;‘(I*;‘)AE?”""""&

AT o Q7'(gi ®Df +...)

cos(24,— = h
- AP 2Q ! (gf © D +...)

26 May 201
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Example of TSA: A%%”" %) sensitive to gi1

@ gi7: the only T-even, chiral-even, off-diagonal, twist-2 TMD

> ~positive hadrons { COMPASS preliminary Proton 2010 data
[ = negative hadrons
b [ H [
[ I
i l
S | HH [ r”rlH| il [ | ll hﬂﬂhﬂh} Ir
LI S LA L T R 2 L R i
o1f F {' F
b ————————————
g R S — =
L I L s I 1 n
107 10! 02 04 0.6 08 05 1 135
x z Py (GeVicy
& = COMPASS preliminary & W COMPASS preliminary
g o2 Proton 2010 data 0.2] Proton 2010)dara

= = = PRO73:114017(2008)

0.1~ ——— PRD73:114017(2006) updated
=.+i= arXmvi0806.3804 [hep-ph]
== PRD79:084012{2009)

=)

e
IAAREAREES RERES LR

- - — PRD73:114017(2008)

-0.1

=+ PRD79:024012(2009)
L

——— PRD73:114017(2008) updated
- = arXiv:0808.3804 [hop-ph]

107 10!

B. Badelek (University of Warsaw )

1 107

Spin DIS now and in future

10! 1

X
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Quark polarimetry through ee~ — h;hyX

Asymmetries in number of hadron (jet) are ~ to a convolution of two Colins FFs
E.g. at lower energies (no jets): BES lll results (/s ~ 4.5 GeV) PRL. 116 (2016) 042001

0.15F *Au E
& Ayc

0.1F [JAy, prediction E

. [JAuc prediction
0.05 —— b
AT ]

0 05 1
p,(GeV)
AVLE = RU/RE = Acos(2¢0) + B

And for Babar and Belle (/s ~ 10.5 GeV):

< ool eaaes [ osaes
4 oas [ M L
& 0.04 T e
+ SouL 005 A
003, A E N .
ouc - 0
002 _—— S L —
02l osaer [ oraa
ke —v— N 015 - 4
0.01 e |
S ‘ 04 t A
1 L 1 1 L 1 o - =
0 02 04 06 08 1 12 14 oos| — = )
Py (GeVie) 02 04 06 0802 04 06 08
z 2
Phys.Rev. D90 (2014) 052003 Phys.Rev.D78'(2008) 082011, D86"(2012) 039965(E)
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Measurements on a transversely polarised target

Sivers function at EIC

' x=0.1, proton L polarised along y, moving along z
w4 quark “flow” in a nucleon
ue x fy(x, kr, Sr)
1w 4/ d quark
Y — 7 05 05
100 ) -1
/10)( % s
0 0
50 ,710-2 '.gr ":“
/ L / /_, -0.5| 05
o 02 o4 06 o8 110
Quark transverse momentum (GeV) L L% S8

0 05
ke(GeV) |

From “White paper”, arXiv:1212.1701

T T T
current data for Collins and Sivers asymmetry:

al
T ® COMPASS h* P,; <16GeV.
O HERMES 2, K Py <1GeV.
= dabHatA = P <045Gev
* STAR Whosors
£+ RHIC500Gov -1 <n <1 Callns p

© RHIC 200 GV -1 < < 1 Callins. e
= RHIC 500GoV 1< <4 Colins

<= EIC acceptance for Sivers meas.

425 JLab 12 vpeoming)

- -t > O. Eyser, SPIN2016
10 o
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Outline

e Drell-Yan process
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Partonic structure of the nucleon; distibution functions

In LT and considering k&,
8 PDF describe the nucleon
— Transverse Momentum Dependent PDF

QCD-TMD approach valid kt < v/ Q2

After integrating over kr
only 3 survive: fi,g1,h1

TMD accessed in SIDIS and DY
by measuring azimuthal asymmetries
with different angular modulations

SIDIS: e.g. Asivers x PDF @FF
DY: e.g. Asivers 0x PDFP®¥M g PDFtareet

®/quark
™ udeon NUCLEON
unpolarized longitudinally pol. transversely pol.
L
J L o fr &
a =
S k
S|  number density
H
2 g g
= i 1T 4 K 4
g _ ke
< & et
E helicity
S A .
E h, ©-®
hL 1
E 1 ®k: @ hL hL transvekrsn
k. ¥ Kr
ﬁ v @ | M CRe
E Boer-Mulder: @'ﬁ@" [m

OBS! Boer-Mulders and Sivers PDF are T-odd, i.e. process dependent
1 1
fir(SIDIS) = — fi(DY)

hi (SIDIS) = —hi (DY)

OBS! transversity PDF is chiral-odd; may only be measured with another chiral-odd

partner, e.g. fragmentation function.

@ TMD parton distributions need TMD Fragmentation Functions!

B. Badelek (University of Warsaw )

Spin DIS now and in future

Various Faces of QCD, 2016
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Transverse Momentum Dependent (TMD) distributions

@ parton intrinsic k1 taken into account
@ related to quark angular momentum, L!

@ TMD at COMPASS studied in 2 ways:
@ semi-inclusive DIS (polarised muons on unpolarised/transversely polarised target)
@ Drell-Yan process (w beam on unpolarised/transversely polarised tgt.)

SIDIS ; « DY

X.*¥  Obs.: final state interactions! Obs.: initial state interactions!
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Drell-Yan process

Sivers sign change?

The STAR experiment at RHIC recently reported the measurement of Ay in
pl +p— WT/ZY at \/5 = 500GeV. One of the beams is polarized ({P) = 53%)

STAR, Phys.Rev.Lett. 116, 132301 (2016)

Apn compared to models where Sivers TMD is obtained from SIDIS data

STAR p-pS00 GeV (L= 25 pti’')
OBEos <P} <10 GeVic

_]_.-

1

0.6}
04
0.2

STAR p-p 500 GeV (L = 25 pb ™)
08F5< P <10 GeVic

-0.4f +W‘—’ Ir'v

06| — "0 (assuming "sign change )
. Global ;%/DOF = 7.4/6

=08 3. 4% beam pol. uncertainty nat shavwn

-0.2 ——
0.4
b KQ (no “sign change )
08F == Giobat ;/DOF = 196/ DY.

=0B[ 3.#% beam pol. uncertainiy ot shawn

08 [) 05
e

* Devika Gunarathne talk, tuesday

morning

Y

o 05
¥

e KQ: Z-B.

Kang and J-W. Qiu,
Phys.Rev.Lett. 103, 172001 (2009)

7#. KQ model does not include TMD

evolution effect. It does not take
into account the very large differ-
ence between kg at SIDIS and at

e Data comparison with KQ model
shows preference for a sign
change of Sivers TMD from

DY wrt SIDIS

SPIN 2016

B. Badelek (University of Warsaw )

C. Quintans, "Nucleon Spin Structure from Experiments using Drell-Yan Process”

Spin DIS now and in future

Page 28
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The COMPASS bridge

Drell-Pan

SIDIS

Courtesy of B. Parsamyan, COMPASS
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Drell-Yan process

Nucleon TMD PDFS accessed via SIDIS and Drell-Yan asymmetries

SIDIS ¢~ N

Nucelon TMD PDF

Drell-Yan 7NT (LO)

&}‘,) AT h f‘f - "Boer-Mulders" ,-1}7“2” s
R o) BT R— Agnes
A;i-'-}"-"" TeemT) Alzi-':}-':" h{ - "Transversity" ASn(Zpcs—¢s)
A}“.E}!”""""ﬂ A;i‘}"‘k’“ —9s) hif - "Pretzelosity" AP Zpcstes)
Ao g AR gt "Worm-Gear" (T)|Double-polarized DY

Color code:

LO asymmetries: twist 2 TMDs ® FFs

HT asymmetries

B. Badelek (University of Warsaw )
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Drell-Yan @ COMPASS: experimental requirements

@ intense m beam

(up to 10%/spill)
@ hadron absorber

downstream target sm
@ di-muon trigger

TARGET ABSORBER .

Vertex  Hadron Absorber ... <.

Detector
x f -?/ Alumina

v = f— o= e
polarized NH,
Targets

Tungsten Plug
(works as a nuclear target)

60 cm
Thin Nuclear Target
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Drell-Yan @ COMPASS: preliminary results from 30% 2015 data

% COMPASS preliminary ) %i COMPASS preliminary
= 1P| = N
2o [T 0% n g 1w ~30% of 2015 Drell-Yan NH, data
37F uy 10'F
s A '“% w0tk
113 F
us 3
na 107
n3 F
10
LH] 3
ot 1e [ H
M RN I AP W R D
o 1 2 3 4 5 6 1 8
N M, (GeVIc)
: 1~
«10° &~ COMPASS preliminary El
$ |5 COMPASS preliminary 0- ~30% of 2015 Drell-Yan NH, data[ " {0
} 0. 08 .=
= ~30% of 2015 Drell-Yan data N 4 < M, /(GeV/c?) <9 El
4< My/(GeV/c?) <9 0. 07
0. 06 =
S
0. 05 °
0. 0.4
0. 03
0. 0.2
S — \1\4) § 0. < : 0.1
E ’J}‘ - Tf‘ e 0,441‘(\\'?)\“\ LA ‘\‘“MA_J, . i . : b ! ! L 0
300 —250 —200 —150 =100 =50 0 50 0.1 02 03 04 05 06 07 08 09 1
z (cm) X
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Drell-Yan @ COMPASS: preliminary results from 30% 2015 data

COMPASS -y
of 2015 Drell-Yan NH, data

D51 Estimmed uncertainty N d mncertumty
- 4 < M itievic ) <% B 45 M filicVic =9
r oo
3 i 3

o [ [ R
.
0.5 &
i 1! 1
o] An
COMPASS pecliminary COMPASS prebiminmy

N - OIS Drell-Yan NH, dsta - 15 Drell-Yan NH, data
= D5 E e uncertainty mited uncertainty
7 4 M iGeVie ) € e M NGV 9
E
= ol .k s 0 -t

0.5 0.5

' ! 1
Ay A

B. Badelek (University of Warsaw )

Spin DIS now and in future

Request for another Run in 2018,

sind

-

<

02

0.15

0.05

0.05

0.1

*  COMPASS OY (2013 + 190 deyn)
P 5un B F. Yuan, PRD B8, 114073 (3013)

e havarria ot i, PRD B8, TAOT3 ()

Projections for the combined

statistics of the 2 years.

C. Quintans, SPIN2016
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Drell-Yan process

TSAs from (un)polarized DY — the future

After the check of sign of Sivers TMD in Drell-Yan wrt SIDIS, a new phase will
come for studying in detail dependencies and TMD evolution. It will require
input from both type of processes.

Several (un)polarized Drell-Yan experiments are being planned:

Experiment type VE(GeV) when
STAR (RHIC) collider; p1p 510 2017
COMPASS (CERN) fixed target; 7~ p', K p' 18.9 2018
E1039 (FNAL) fixed target; pp T 15 2018-2019
J-PARC (KEK)) fixed target; = p 3-5.5 >2018
NICA (JINR) collider; p'p', p'd! 10-26 >2018
E1027 (FNAL) fixed target; pr 15 =>2020
PANDA (FAIR) fixed target: pp 5.5 >2022
J-PARC (KEK) fixed target; K~ p, pp 2.2-4.5 >2022
AFTER (CERN) fixed target; pp' 115 2025
COMPASS+ (CERN) fixed target; K p', jp' = 20 2025

* List possibly not complete

SPIN 2016 C. Quintans, "Nucleon Spin Structure from Experiments using Drell-Yan Process” Page 32
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Outline

G Generalised Parton Distributions
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3D picturing of the proton via GPD

D. Mueller, X. Ji, A. Radyushkin, A. Belitsky, ...
M. Burkardt, ... Interpretation in impact parameter space

Proton form factors,
transverse charge &

Structure functions,

current densities Correlated quark momentum quark longitudinal
and helicity distributions in momentum & helicity
transverse space - GPDs distributions

After V.D. Volker, LANL 2007

o =1 =
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Generalised Parton Distributions

Access GPD through the DVCS/DVMP mechanism

e 4 GDPs (H, E, H, E) for each flavour and for gluons
plus 4 chiral odd ones (Hr, Er, Hr, ET)

o DVMP: factorisation proven for o, only

o All depend on 4 variables: z,£,t,Q%;DIS@ ¢ =t = 0;
Later Q2 dependence omitted. Careful | Here = # 2!

e H, H conserve nucleon helicity
E, E flip nucleon helicity

e H, E refer to unpolarised distributions
H, E refer to polarised distributions

e H%(z,0,0) = g(x), ﬁq(x, 0,0) = Ag(x)

Q% — oo,
fixed zp,t = [t|/Q? small

H, E accessed in vector meson production via Ay asymmetries

H, E accessed in pseudoscalar meson production via Ay asymmetries

All 4 accessed in DVCS (v production) in Ac, ALy, Aur, Aur

Integrals of H, E, H, E over x give Dirac—, Pauli—, axial vector— and pseudoscalar vector
form factors respectively.

1 1
Important: JZ = 5 /da:ac[Hq(a:,f,t =0)+ EY(z,&,t=0)] = 5AE-;—Lg (X. Ji)
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DVCS/DVMP: up — upy(M); observables

Q? large, t small M

% known BH ;
N /

smallt v SIOWp smallt v SlOWP

dohP=HPY = oBH 4 (do {1)11\;(518 + Py 1(7119)0\1(5) + eu(Rel + P,ImI)

Observables (Phase 1):

@ Scsu= wtC T =2 <daBH + da‘]i};cojls + eHPHImI>
@ Desyu=ptT —p~ 7 =2 (P”dchVCS +e ReI)
+— _ ,,— D
M M CS,U
o ACS,U = =

put<+p=7  Scsu
@ Each term ¢-modulated
If p-dependence integrated over — twist-2 DVCS contribution;
if p-dependence analysed: = Im (F'1 H) and Re (F1 H); H dominance @ COMPASS kin.

Analogously for transversely polarised target (Phase 2): Scs, 1, Dcs, T, Acs,1 = F
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GPD at COMPASS: data taking in 2016-2017

e CERN high energy muon beam
—100 - 190 GeV
— 80% polarisation
— T and p~ " beams

LD

3 T COMPASS 160 GeV
O | HERMES27Gev
o [0 JLab11Gev

[ ZEUS+H1

o
oy
o
OCa0

i
4

e Kinematic range
— between HERA and HERMES/JLab12
—intermediate x (sea and valence)

e Separation
—pure B-H @ low zp
— predominant DVCS @ high zp

e Plans
—-DVCS
— DVMP

i
i
S
A

R

2
§ 10 S

e Goals
10t 1 — from unpolarised target: H (Phase 1)
Xa —from L polarised target: E (Phase 2)

Test runs: 2008-9 and 2012; DVCS signal seen, full setup evaluated
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Acceptance of present and EIC DVCS

1080 ZEUS- total xsec
Fe ZEUS dot

4 HERMES-A

4 HERMES-Ayr
102L* S AL
f Planned DVCS

. T g .
Current DVCS data at colliders:

+ Current DVCS data at fixed targets:

L Ao HERMES-Apy, AL, A

—
(8]

>

[0} 1 COMPASS- dafdt, Acsy, Agst

0] r JLABI2- doidlt, A, Au, Al
o

e

O Hi-total xsec

W H1-do/dt

B Hi-Acy
A HERMES-AcCU

L
* Hall A-CFFs
* CLAS-Ay

at fixed targ.:

B. Badelek (University of Warsaw )

Spin DIS now and in future

From “White paper”, arXiv:1212.1701
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Generalised Parton Distributions

Instead of a summary
D. Soper, DIS2015

e Thus the DIS experiments on which
the parton distribution functions are

largely based are like a keystone
in the arch that supports the edifice frtﬁ

of particle physics. [ 1

P. Mulders, DIS2015

Spin Physics and Transverse Structure
Piet Mulders (Nikhef Theory Group/VU University Amsterdam)

Spin is a welcome complication in the study of partonic structure that has led to new
insights, even if experimentally not all dust has settled, in particular on quark flavor
dependence and gluon spin. At the same time it opened new questions on angular
momentum and effects of transverse structure, in particular the role of the transverse
momenta of partons. This provides again many theoretical and experimental
challenges and hurdles. But it may also provide new tools in high-energy scattering
experiments linking polarization and final state angular dependence.
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