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The spin of the nucleon

SN:;:;AE—I—AG—I—Lq—I—Lg
Main sources: AX, As inclusive DIS
AG qg in pp, PGF in DIS
Au,Ad,As Flavourseparation in SIDIS
W= in []9]
Lq GPD in DVCS, HEMP
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Processes

DIS: SIDIS: pp:
Ag+AG Ag, Aq Aq, Aq
AQ (From Q2 evolution of g,) A Ag
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40 years of experimental effort

SLAC HERA
E80-E155 HERMES

& (< 50 GeV) & (27.5 GeV)
p.d,3He p.d,3He

CERN Jlab
EMC,SMC Hall A,B,C
COMPASS & (< 6 GeV)
/i (< 200 GeV) p.d’He

p,d

RHIC
PHENIX, STAR
pp collider (200, 500 GeV)
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Nucleon spin and helicity PDF

1
Sv=3= 5A% + AG + Ly + L

1
AY(Q%) = / dx[Au+ AT+ Ad + Ad + As + AF](x, Q)
0

1
AG(Q2) :/ dxAg(x, Q2)

0

Helicity PDFs:  Ag(x, Q?) — .@.> - .@.y
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Nucleon spin and helicity PDF

1
Sn=5= JAY + AG + Lg + L

1
AY(Q%) = / dx[Au + AL+ Ad + Ad + As + A3](x, Q%)
0

1
AG(Q2) :/ dxAg(x, Q2)

0

Helicity PDFs:  Ag(x, Q?) — .@.> - .@.y
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Polarised deep inelastic scattering

%, €O Absorption of polarised photons
M/\/\é\(;o#
o1j2~q* q(x) = q(x)" +q(x)~
W > } 032~ q " Aq(x) = q(x)" —q(x)~
O~

» Photon nucleon asymmetries

01/2 — 03/2 1 7 small Z
A= 27932 ) TR
' o172 + 032 Fl( '8 qugq
oLt ¥ 2Mx
A= ———— — L —+ = —
? o12+032 F (&1 1 &2) T

» Spin structure function gy

X Q2 Z equ Al(Xv Qz) : Fl(X7 Qz)
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World data for spin structure function gy

Proton Deuteron
E C * x=0.0036  (i=0) F— X o E L % swc A E13
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L\qi L ’g‘-_{(,_, %=0.007 O cuswascn B compass 2wcev ﬁ L }h‘ x=0.0055 ® cowpass O clas w25 Gev.
FW0F_ . xo00 = counssmon T, S X=0.007 — cowpassnof
o [ _‘_‘-:J*_, x=0.012 o — x=0.009
L . X=0.017 X [ % _ xo012
o B*m o028 o gl . F_ xoow
L x=0.035 [ &0 o — X004
r W O | e ey o0
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[ s apasieeuf—s o F—%ux 0077 (=10 [ag a%g%% ok xe X gy =007 (=10
[ cppraooadp—d8—¥am—em 012 [ gt 5 " x=0.12
sfon o % X017 4 x=0.17
[ A-20Dot—st—oa——a—Sox—mc—oi *02 [ A -L00- o Ho— g —He X022
[ &-®d8 w029 [ A - —ow—o—xe—ex 02
r & H—y— e =041 [ - Ol Al o—K—e—m X041
r S DA O A Bo——ome—m—om X057 r e ABO o o X057
07\\ T CET = e AL/ 07\\ T R e e o e A
1 10 10° 1 10 10°
Q? (GeV¥c?) Q? (GeV?c?)
» in addition: data for neutron using polarised 3He »Badelek
> new: final data set from COMPASS for deuteron »Cosyn
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Helicity distributions

Recent determinations of polarized PDFs

DSSV NNPDF JAM LSS
DIS vl vl v val
SIDIS vl X X val
pp m (jets, 7°) m (jets, Wi) X X
statistical ngr. zmult.o Monte Carlo Monte Carlo He;snan
treatment AXT/x° =2% Ax“ =1
- polynomial neural network polynomial polynomial
parametrization (23 pars) (259 pars) (10 pars) (20 pars)
X minimally large-x higher-twist
features global fit biased fit effects effects

latest update
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Polarised PDFs at @ = 1(GeV/c)?

== JAMI5 0.02 I
04F —-- JAMI3 shut
—= DSSV09 Agt=A Ag
) 0.00 = +
03 NNPDF14 F q 7 q
Jl --- BBIO
02 T ot —0.02
01l --- Lss10
) ~0.04 ;
Jlab data with
2 2
—0.02 W< > 4GeV* used
0.2
~0.06
0.1
—0.10 0.0
, +
—0.14 xAd —~0.1

107 107 0103 05 07 o 107107 01 03 05 07 g

AY about 0.3 with 10-20% uncertainty
Au™ and Ad™ quite similar in different parametrisations

AG small, large uncertainty

>
>

> As*t small and negative (constraint from Agg)

>

» fit with TMC and HT, significant HT terms found
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Measurements at small x (and small Q?)

Final deuteron and proton results for Q> < 1GeV2/c? from COMPASS

> |mprove previous data statistics by

%54’; L ©® COMPASS, 160 GeV, preliminary a factor Z 100
= O COMPASS, 200 GeV, preliminary q d . .
r % SMC, 190 GeV > A1 , 81 compat|b|e with zero
0.05 ¢ HERMES, 27.5 GeV/ El] p 0
I > A} about 1%
oj} oo Bl[ o 5%9 ;Jﬁ ¢ significant spin effects at low x
L i ] v 155 00 0+ o O oo
S S F I ettt
o di T T gfm} % + % %
<pd b E +
17 C t
F ov5: l %\ H ‘Jf ’ \ + ‘} 3
0.05]- L F ]
i s ] [ 1
o o0 0 ®lglel g gl|e §% % 70’5? Q i{?j(mhm
g 1 F s
C -10F
-0.05]- — N3
. E : e 10° 10° ‘
&1 " . X X
T f e 7 ° 5
107 e L6 v > g1 models at low x,Q°: extrapolation of
Oy ¥ partonic description combined with GVMD
107 107 ¥ W7 Ansatz
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Measurements at large x

» domain of Jlab experiments: many high statistics results obtained,
e.g. quark polarisation in valence region using A’f’d at high x

» now focus on transition from perturbative to non-perturbative regime

» E08-027: transverse and longitudinal asymmetries on pol.3He
(E =2.254 GeV)

— Melnitchouk

g]. ® o F08-027 data
-~ Model Prediction

> for gi: good agreement with CLAS in
overlap region, extension towards lower Q2

1000 1100 1200 1300 1400 1500 1600 1700 1800
W (MeV)

> for go: investigate HT contribution g»

e 2 (x, @) = "™ (x, @%) + &a(x, @?)
h,,‘rft!iftg’,/ +‘++#

. ww Ldy
o 8" = —g(x, Q) +/ 7g1(y, Q%)

1000 1100 200 1300 1400 1500 1600 1700 1800 X
W (MeV)
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Sum rules

. 5 16m2a [ 2
» generalised GDH sum rule: lcpa(Q° # 0) = 07 g1(x, Q%) dx
0

> limits: Q2 =0 GDH sum rule
Q%> - oo Bjorken sum rule

P n
I3 i
-~ e 0.08
™ ™ JLab CLAS EGla =
0175 ® JLabCLASEGID A JLab E97110 Preliminary
¥ JLab CLAS EGldses A 0061 VW JLab E94010 - GDH slope
ousp [ e O SLACEI43 - Jietal, HBXpt
s 004F ¥ JLab CLASEGIa Bernard et al., Xpt
0125 Resonance model EGldves: Y. Prok et al. O EGIb data+extr. s Lensky et al., Xpt
<-eee GDH slope PRC 90, 025212 (2014) 002L
01 SLAC EI55
< LjERNSMC_ EG1b: full data set: Fersch et a
& CERN EMC (preliminary) 0=
0075\ & CERN COMPASS -m"-‘@z_\xsw \‘L %
002f T
0.04 -
0.06 -
0.08 -
1 1
07 1 10 0.1 -l .
Q'(GeV) 10 10

» comparison with chiral perturbation theory at very low Q2
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Nucleon spin and helicity PDF

1
Sv=3=5A% +1AG + Ly + L

1
AY(Q%) = / dx[Au+ AT+ Ad + Ad + As + AF](x, Q)
0

1
AG(Q2) :/ dxAg(x, Q2)

0

Helicity PDFs:  Ag(x, Q?) — .@.> - .@.y
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Direct measurements of gluon polarisation

Photon gluon fuston APGE par, Ag
AN ~ (agr)

(aFSF) analysing power
0.6
Q’ [ e COMPASS,all-p, Q°>1(GeV/c)’, 2002-06
S]’ | = COMPASS, high-p, Q<1 (GeV/c)?, 2002-03
0-4: A COMPASS, Open Charm, 2002-07
o SMC, high-p,, Q*>1 (GeV/c)’
0.of * HERMES, high-p.,all@* 1
» Open charm production r 1
(LO,NLO) o !
~g — ¢t — DO, D* r
_027
> High p hadron pairs (LO) i
_ . - 0.4 L
vg — qq — 2 jets or HTH 102 10

> Clear indication of positive Ag/g from new COMPASS result

Ag/gh© = 0.113 4 0.0384¢,¢ & 0.035y
E.M. KabufB DIS2017
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Gluon polarisation from RHIC

» measurement of A;; sensitive to gluon

AXiv1S01.01220 polarisation (+, — proton helicities)
_EO.S—.
£ A ottt — gt—
50.4— LL — O'++ + O'+_

PP 24X
1i<0.35
NLO CTEQGM, DSS.

o
Ny
T

" > wealth of new results from 2012/13 data at
T el 500/510 GeV
0.05 0.1 0.15 0.2

x(=2p1s) extend measurements to lower x

> many different channels investigated:
inclusive jet, jet+jet, 7°,J/¢

> many more analyses in pipeline

— Surrow
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Gluon polarisation from RHIC

<
pp - n’X [n|<0.35 0.4~ PHENIX p+p 510 GeV
W S10GeV: Runi2-13 Jhy — pt
[ 510 GeV: rel. tum. uncertainty E
® 200 GeV: Run6-9 (PRD90,012007) 0.08 - PHENIX 2013 Data
200 GeV: rel. lum. uncertainty — PYTHIA+NNPDFpol1.1 20 range
510 GeV / 200 GeV pol. scale uncert. 6.5%/ 4.8%| - 0.06~ assuming 8™~ =1
- / “
PHENIX 0045
0.02[~ 1 ‘
0
| 1
LSS10p i NNPDF 1.1 (§otted) ! 0| L 1 L L L L
L L -+ 00 e T s e
. . GeVic
X1 (=20 6) P, [GeVil
arXiv:1512.05400
. . arXiv:1608.01332
< | STARp+p oJdetsX g .
0921 2012 15=510GeV R=05 1]<0.9 Prelim. ol P delek
[ 2009 ys=200GeV R=0.6 |n}<1.0 b ;"‘2 v[ =05 :"‘::
b VR=06 i <0:
[ —ussiop oo —pssvams — aweoen
[ —opssvia r
001 NNPDF1.1 & n
[ + : ooz~ @ 3
[ = A1 .-
o l £ B
r 002 Solididoted curves 10200 GeV
|- Solidcurves 510 GeV; dotied curves 200 GeV. [ = 65% polarization scale uncertainty not shown
[ 6% potarzaton scale uncenaity ot shown E
o o s oz o W o BE o i
Xy (=2p /V5) M, /s

> good agreement with LSS10p, DSSV14 and NNPDF1.1

> all data point to fol.os Ag(x)dx = 0.2 (similar to COMPASS result)
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Nucleon spin and helicity PDF

1
Sn=5= 5A% + AG + Ly + L,

1
AY(Q?) :/ dx[Au + AT+ Ad + Ad + As + AF](x, Q)
0

AG(Q%) = /1 dxAg(x, Q%)

0

Quark helicity PDFs: Aq(x, Q%) = -@-} - .@.y
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Seaquark polarisation from W production

I N"-N~ i
AComeacs _ 1 1+BG/Si
L PN'+N- ( g)

> -
p+p = W* —e*+ v
V5=510 Gev 25 <E3 <50 GeV

a) WsZ® b) W+2Z°

4 pHENIX Run 2011 (500 Gev) + T
0.3 Run 2012 (510 Gev) I }<0.35 1

02 +
PHENIX Run 2013 p+p 510 GeV
04" <035
o -
< 30 Gove e T

23000V o scse ncer Rel lumi
d bolar fell

CHE NLO calculations

- DSSV 14

NNPDFpoIi.I 1 _0.5]

w

+$~ STAR 2013 Preliminary
+i+ STAR 201142012 Data
=
L

0. L
04 02 0 02 0404 02 0 02 04
T]e rls

DSSV08 LO Ay*/’= 2% error
3.3% beam pol scale uncertainty not shown

7> 30 Gev -1 I | I
ooy
B A G _2 1

0 1 2
q lepton n

%ﬁ > new precise STAR results from 2013

y > good agreement with PHENIX

WiZowe pHYENIX  * mmn«\w[uzcu\m 301)

Ay

preliminary

" % & %ﬁ ------ > data point to sizeable positive At
0.0]

— Xu

2 -1 0 1 2
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Flavour separation using SIDIS data

0.2

0.05 [

-0.05 |-

0.02

-0.04 -

h _

Yqe2Aq(x) [ Di(z)dz

1=

Y 4e2q(x) [ Di(z)dz

Basic concept

» measured:

xAd

+ +

A(li' Afdi’ A717di’
p K T
Al' Alp ! Alp

determined:

L xad

Au, A, Ad, Ad,
As = AS

inputs:

L unp0|. LO PDFs (MRSTO4)

10?

X

107 10*

X LO FFs (DSS)
curves: DSSV param.

results: As >0 77

— Results for As depend very much on the strange quark FFs used

E.M. KabufB
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Fragmentation functions

Progress on global determinations of Fragmentation Functions

. .\ [ ‘ N, x
et +e~ > h+ X v L+N—=V +h+X Ni+ N, — h+ X
X single-inclusive S semi-inclusive deep- high-p1 hadron production
o annihilation (SIA) It inelastic scattering (SIDIS) 4 X in pp collisions (PP)
siois »
Process DSs HKNS JAM NNPDF
SiA vl vl vl vl
SIDIS vl X X X
PP vl X X X
statistical Lagr. mult. Hessian Monte Carlo Monte Carlo
treatment A)(z/)(2 =2% Ax? =15.94
hadron species ﬂi,Ki,p/fJ, hE ri,Ki,p/b ﬂi,Ki Wi,Ki,p/[_J

latest update

E. Nocera SPIN2016

— Nocera
— Sato
— Horn
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SIDIS data

» High precicion data

from e™

e™ annihilation, but qg separation difficult

> SIDIS data allow for gg separation: high statistics 7 and K multiplicities

from HERMES and

COMPASS

» COMPASS multiplicities in 3 dim. bins of (x,y,z) from isoscalar °LiD
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o
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E.M. KabufB

el
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amnoee-
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z  — Stolarski
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Pion and kaon multiplicities

COMPASS

?0-9;*"’“5"”'55 » LO FFs extracted from COMPASS pion
Kosf . data agree well with most NLO FFs
F ° parametrisations
0.7 0 ®
E » multiplicity sum: integrated over z
oo (and y for COMPASS)
C [
R 107 .1 P simple interpretation in LO:
m: almost no x dependence expected
Lo02 K: very simple relation to FFs
N [ *COMPASS
S [ omeRmEs > clear discrepancies between COMPASS
§O.15} e and HERMES being investigated
* e, > kinematics is similar, but not identical
. . ¢ N . .
= ) » multiplicity ratio: comparison ok for
[ ‘ 7t /7, differs by 20% for KTK~
107 107! 1
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Nucleon spin and helicity PDF

1
Sv=3=5A% + AG +L + L

1
AY(Q%) = / dx[Au+ AT+ Ad + Ad + As + AF](x, Q)
0

1
AG(Q2) :/ dxAg(x, Q2)

0

Helicity PDFs:  Ag(x, Q?) — .@.> - .@.y
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3D structure of the nucleon

Elastic scattering Deep inelastic scattering Hard exclusive processes

) fx)
’ i 0 r 2 L
X
0 1
Form factors Parton distributions
Generalized Parton
Distributions (GPDs)
Carlos Munoz Camacho (IPN-Orsay) GPDs: experiment SPIN'16 3/39

GPDs correlate transverse spatial size and longitudinal momentum
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Generalised parton distributions

accessible in exclusive reactions
factorisation for Q2 large, |t| < 1 GeV?

>
>
» GPD for each quark flavour and for gluons
>

XB
2—XB

depend on 3 variables: x, &, t with £ =

» 8 GPDs: H, E HT,ET conserve nucleon helicity
E, E, Er, E+ flip nucleon helicity, T: flip quark helicity

> limits: PDFs g(x) = H(x,0,0) and formfactors F(t) = [dx H(x,&,t)

1
» Ji’s sumrule JF= % Iim/ dx x [Hf(x,&,t) + B (x, &, 1)]

t—=0 /_ 1

Jf: total angular momentum contribution of quark f
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Deeply virtual Compton scattering

» mainly sensitive to GPDs H and E

» GPDs related to Compton form factors H = Ze??—lf
Im (¢, 1) 2 H(EE. £, 1)
ReH(€,t) € P [ dx H(x,& 1) 3¢

— Sznajder

—a(x)

H(x,§,0)
10
» Dependence on x g 0.2
cannot be measured 54 4
— modelling 2'-”; >
very important —2.5! E

P
From Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)
DIS2017
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DVCS and Bethe-Heitler

known BH
. %«N .
smalt v slow p P/\jfﬂj!,.&TSjOWP

160 GeV do ~ |TBH|?2 4 Interference Term + |TPVCS|2

do/dQ” dx,, dt dp(nb/GeV'rad)

t [BH+DVCS|? .

X=0.01
|DVCSP ®

[ IBHP

0.3
12 |

1 | |BH+DVCSP w004 |1 Xg=0.1
os [ IDVCSP

2
0.6 IBHI

|BH+DVCS[?
| |pvesp

[ IBHP

E”=1 60GeV Q?=2GeV? t=-0.1GeV?
1 . | I H H

02 [E,~160GeV QP=2GeV2 t=-0.1GeV2 | | . | E =160GeV Q?=2GeV? t=0.1GeV?

4150 100 5 0 50 100 1504)

BH dominates,
reference yield

E.M. KabufB

DVCS amplitude DVCS dominates,
via interference study of do/d|t],
Jlab,HERMES, H1, only for

COMPASS H1,ZEUS,COMPASS
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DVCS: new results from HALL A EQ7-007

> new high statistics beam-spin and unpolarised cross section results

(proton)
E = 4.455 GeV E =5.65GeV
,E Lo . gt ‘. . - = FitLT/LO
So.2f- y X — Fit HT ;

~— KM15

0.1—

w *W
[ E N B vt | I E N N
0 100 0

200 300

T
® (deg)

Q% = 1.75GeV?/c?
xp = 0.36
t = —0.30GeV?/c?

— Munoz
— Hamilton
—— Boussarie

> generalised Rosenbluth separation for DVCS and BH-DVCS

interference term

> leading twist description not sufficient, twist 3 or/and higher order

contributions neccessary

E.M. KabufB DIS2017
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Transverse imaging

> t-slope of DVCS cross section B(xg)
doPYES /d|t] o exp(—B(xg)|t])

> related to distance (r?(x)) between
struck quark and spectator c.m.

B(xg) ~1/2(r} (xg))

model independent

COMPASS 2012; (@) =1.8 (GeVic)?

T
T

.
W ZEUS: JHEP0905 (2009) 108 (@%) = 3.2 (GeVicY
¥ H1: 7. Eur. Phys. C44 (2005) 1 (@%) = 4.0 (GeVicP
A H1: Phys. Lett. B881 (2009) 391 (Q) - 8.0 (GeVic}

Q)

>

Tl= [—B=431£062")% (GeVic)®
*Q. © r 1 (GeVicP < @ < 5 (GeVicf
=

©

©

— Ferrero
results from COMPASS 2012 pilot run
2

n 105, 7=00s COMPASS 2012 ’éo's £ . Ph. Jorg, DIS2016

> [(Q%)=18 (GeVic} “— C ?

S [ (w)=58Gevic2 ~0.7 ii

[} . A E -

] L osF f

Qo Vo

= 10 05F

10 GeV < v < 32 GeV
I I

Y04 02 03 04 05 06 o o 02 07
Il (GeVicf B
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Transverse proton size from Jlab data

F mmE e, w=mF  wm » analysis of CLAS and Hall A data:
M e e e of g CFF at LO/LT
F- Eg. E 3 N C Pure DVCS cross section meastrements| Interference
m%“% "5 E E t-slope of the X-cross section measuremenis
ET e e s = 0.6 .. Singlet GPD H contribution S Fit of 8 quantjties
i e Ly o T E T tslope of im #{
SR o os ok ~ 0.5 s i » Singlet GPD contr.
-t C n
— — - " 3
O 04 - gluon sector sea quarks I —
~~— - i r \d
03F %
[ ® COMPASS 2012: (Q?) = 1.8 (GeV/c}
02Fu zeus: (Q?) =32 (GeVioy
Fv H: (Q?) =4.0 (GeV/c)
0.1Fa H1: (Q?)=8.0 (GeV/c)
F om JLab/HERMES: <Q2>e[1_|1,1.9] (GeVicy |
107 107 1072 107" 1
X
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Hard exclusive meson production

‘S;:W — Sabatie
SR » new Jlab Hall A results on
i — van Hulse . 0
exclusive 7° from neutrons
— Tanaka

(]

> many analyses for exclusive meson

: e
production: 70, p, w, ¢ n(e.e )n

-=d(e,e' °)d

30

2}
©
o

COMPASS 2012
S
* somotomai

nb
(GeVicy

p) {

20

dit]
.
o

do(y*p—

85 GeV < v <28 GeV }
1(GeVic) < Q2 < 5 (GeVic)
.

$
L h L L L
0 01 02 03 04 05 06 [0.080.64]

[t] (GeVic)?
new results from COMPASS on excl.

v

70 from protons

» shape reproduced by model, but data ;
factor 2 below model o3 004 006 0.8 01 0.2 0.4 016 0.5
1 -t (GeV?)
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Summary and Outlook

Current knowledge

Inclusive measurements yield AY =~ 30% (NLO pQCD)
Gluon polarisation small, but positive for x ~ 0.1
Flavourseparation (SIDIS, W production)

vV v vy

Discrepancy in strange quark polarisation from DIS and SIDIS
measurements?

> New data for extraction of fragmentation functions

Future
> Data at large x from JLAB12 s Page
» Hopefully data at low x from EIC —— Zhao

> Investigation of orbital angular momenta e.g. via deeply virtual
Compton scattering

E.M. KabufB DIS2017 33



