Proton longitudinal spin structure-
RHIC and COMPASS results
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* Gluon helicity

PHENIX & STAR: pp=> jets, pp=> =°

COMPASS g, QCD fit + AG direct measurements
* Quark helicity
* Others

Bjorken sum rule

Quark Fragmentation Functions
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Nucleon spin

How is the nucleon spin distributed among its constituents?

Nucleon Spin 1= VLAY + AG + L

quark gluon orbital momentum

Az - —> <
:sumoveru,d,s,u,d,s Aq =0-0
can take any value: superposition of several states Parton spin parallel or anti
parallel to nucleon spin

( Past:
Theory: QPM estimations, with relativistic effects AY ~ 0.6
| Experiment: “Spin crisis” in 1988, when EMC measured a,=AX=0.12+0.17
MS scheme
 Today:
Precise world data on polarized DIS g, +SU(3) a,=Ax~0.3

_Confirmed by first results from Lattice QCD on AZ ;. (Results exist alsoon L, ;)

Large experimental effort on AG measurement
also because a,= AX —n; (o /2n) AG (AB scheme)
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Three ways to study gluon spin contribution AG

ﬁﬁr’oton Pr_c;ton coIIisions\

Gluon-Quark + Gluon-Gluon +...

AG Aq AGXAG +
G ¢ G G
Al (p1)

KRHIC : PHENIX & STAR/

ﬁ Lepton Nucleon \

Photon Gluon Fusion
T W
P q
g q
—
AG/G(X)

k CERN: COMPASS /

3. QCD Q? evolution of spin structure function g,(x,Q?):
Indirect determination assuming a functional form AG(Xx).
Global fits include polarized DIS, SIDIS and pp data
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1. p p collisions at RHIC
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1. p p collisions at RHIC, channels for AG

Various channels -
7N 3 processes contribute gg, qg, qq
P AG (%;) .AG (X))
& ™ AG (1) -Aq ()
NG AQ (x1) -AQ (X;)

Di-Jet production

More abundant channels
pp—>ndX PHENIX
pp—>jet X STAR
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HIC- PHENIX AG from =° production

—
— —>

p — n® + X Measure double spin asymmetry A | (p+)
Compare data to global fits with a given AG(x) parameterization
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<j°'°"_ pp -+ X N

- 200 GeV: Run5, 6 & 9 (PRD90,012007) Al
- 2 DSSV$4 205| r(.Ee\f P H’/,f\i“E N Ix
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Significant non-zero A, (AG) observed
X range extended to x~0.01
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curves: DSSV14,
which includes
2009 data

arXiv: 1501.01220
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RHIC- STAR AG from jet production

<EFT’—>jet+X

2009 data at /s = 200 GeV
- A >0 for large p+, indicate AG>0
- agree with LSS10p (AG>0)

PRL 115 (2015) 092002

0.07- STAR 2009
0.06 p+p — Jet+X
1s=200 GeV

+6.5% scale uncertainty

'0-01; from polarization not shown
B v v v L v v b e M
5 10 15 20 25 30 35
Parton Jet P, (GeV/c)

Prelim. 2012 data, /s = 510 GeV
- agree with 2009 data
- LSS10p and DSSV14 which includes 2009

data

ALL

0.02—

0.01— — DSSV'14 T Ry o

arXiv: 1501.01220

STAF{ p+p —)Jet+)(
2012 \'__510 Ge\f R=0.5 |1]|-.:09 Prallm

— L$510p

NNPDF1.1

=6.5% polarization scale uncertainty not shown

-D.D'b
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Large impact of RHIC data on AG from QCD fits
1

Significantly positive AG in measured range:

Low-x vs high-x contributions to AG:

low x part
0.001<x<0.05

0.05

_ fiaan

-0.5

| m Dssv*

NEW FIT |
i 90% C.L. region;

90% C.L. region
4  DSSV

i i DSSV14
I _ with
_ ........... 2009
[ i data
I ~
— sz 10 GeV? - without

1 | 111 1 | 1 11 1 i 1 111 | 1 111 | 111 | | |

02 01 -0 01, 02 03

DSSV14, PRL 113 (2014) 012001 | dx Ag(x)
0.05

AG trunc. high x part
0.05<x<1

F. Kunne

Ag(x)dx = 0.20
0.05

Running AG from X, to 1

o ! —DSSV14
O: DSSV 2014 4
ﬁ/ with 90% C.L. band |
=11 e projection with  —|
i 08 mcdamsgﬁls:-
' mid.&fwdmpidity i
04 ~Proj. with
data=>2015
02
0
10° 107 10 107 10* w0, 1
arXiv 1501.01220 X .
min
Need data at small x
-8



2.a AG/G from hadron prod. in DIS @21cevicpy

New COMPASS result ‘all-p;’ - PGF

7; E’—) h+h +X >— >—é Photon Gluon Fusion

a) 1) o

0.8¢
Q2>1(GeV/c)2 g 0 e COMPASS, all-p, Q°>1 (GeVic), 2002-06 prelim.
3 x-bins D
0.41 /< | 2 solutions from
- Ag/g total uncertaint .
0.2F g9 foneeramy COMPASS NLO QCD fit
C of g, world data
O: ———————— (presented later)
~0.2 T T~
: ~< /
C S~
-0.6— ~
_08:| Lo | 1 1 I 1 | 1
102 10"
Xg

Aglg (x=0.1) = 0.11 + 0.04 + 0.04

« COMPASS DIS data indicate AG >0 at x ~0.1
« caveat: extraction at LO only
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2.b

COMPASS AG from A/, (pT) low Q? data

h+X New COMPASS result, Q?< 0.1(GeV/c)?

* quasi-real photoproduction of single hadrons, (A, (p;) ‘ala RHIC”)
» calculation based on W.Vogelsang et al. (data-theory agreement for unpolarised case)

deuteron proton
ne[0.1,045] [ ne[04509 nel0924] =_tq:'-|' C 1 & [-0.1,0.45]
h / u.z:- h*
- r 01
i i i
- e <3l SR ofifipet_ s ____
L L L E 1 1 ad S
<[
o -
h L h
i { i
et - acd---—- e e (S A A N R £ S S
- —oif i
Norsv,. lorsv, SRSV, | COMPASS 20022006 | N Ll i = SUDEEUETID. VIR ST Vi i W
1 2 3 1 2 3 1 3
P, (GeVic) o (GeVlie) Py (GeV/c) Pr (Gevic) Pr (Gevic) Pr (Gevic)

arXiv:1509.03526

to be published in PLB

COMPASS low Q? A|, data prefer also AG>0
Caveat: NNL resummation missing for polar.case
and large dependence on fragmentation functions
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3. QCD fits- World data on g, P and g,¢
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to be published in PLB
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COMPASS NLO QCD fit to world DIS data

Need wide coverage in x and Q?

Need to assume the functional form of the polarized PDFs AX, AG and AgNS, at
a starting Q/o¢ Agsi(x|Q2) = nex®s(1 — x)% (1 + vex)/Ne

Fit to g, data, using DGLAP for Q? evolution - Obtain parametrisations.

Explore various functional forms of polarized PDF, and wide range for Q?ef

Example Qr?ef varied between 1 and 60 (GeV/c)2:
gm 50-2; COMPASS Preliminary % G

020 COMPASS Preliminary AZ

Q? = 3 (GeV/c)?

Q? = 3 (GeVic)?
0.15f

r 1 23 10 20

0.1F

0.05F

Ly - A 0050 il | L
1073 102 107 1 1073 102 107 1

All give similar good ¥2. Does not affect much A%, does change AG
(~ equivalent to changing the functional form).

F. Kunne -12



COMPASS NLO pQCD fit of g, world data

9 2 classes of solutlons AG>0 and AG<0

| @° =3 (GeVie)?

LQ? = 3 (GeVie)?

x AGS(x)
X AQ(X) -

using different
functional shapes

and Q7

0.2 —

0.82 < AU < 0.85
—0.45 < AD < —-0.42

E L ol ool MR
10 10 107! 1

Ig [Q° = 3 (GeVic) IE oz 2 (GeY ¥ fg‘:
[ 7 !
;50-35 AU f—nns Ad f_ _011 S AS S _008
o -0
o4F
[ 0 g hep-ex/1503.08935
of ., e to be published in PLB

Quark spin contribution : 0.26 < AX < 0.36 at Q%=3 (GeV/c)?

Largest uncertainty comes from the bad knowledge of functional forms.
Result in fair agreement with other global fits

Gluon spin contribution: AG not well constrained, even the sign, using DIS only

Solution with AG>0 agrees with result from DSSV++ using RHIC pp data

F. Kunne
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Results for Bjorken sum rule from g, COMPASS data

Fundamental QCD sum rule, which relates proton and neutron
. . 1 n A
spin structure functions g;. S (gP(x, Q%) — g (x, Q2)) dx = L | £a | CNS (@?)

w
% 01— @ COMPASS Data
= - —— NS it (measured range)

Using COMPASS data alone: XQ{N® 008l st nmeasured range)
- Non-singlet fit: independent from AG

- Reduce systematics

94% of the sum is from the measured range

0.06F

Q% = 3 (GeV/c)?
0.04f

0.02f

07 1 Il \\\\\I‘ Il Il IIIIII|
10° 102 10"

COMPASS (9A/Gy)no= 1.22 £ 0.05 £ 0.10

neutron B decay |[9,/9y| = 1.269 + 0.002

- Bjorken sum rule verified to 8%

Better statistics and extended systematics studies compared to past
Note that experimental value increases from 1.22 to 1.25 when C,NS at NNLO

F. Kunne - 14



Quark helicities from W production in pp_

37:} .EAF
Vs = 500 GeV
p Ve
u+d s>W*™ e +v 2 Ad
UH+d—->W —>e +7v > AU

Single spin asymmetry - STAR and PHENIX
Parity violating

No quark fragmentation function needed
High energy scale

F. Kunne
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0.5

i+ -+ STAR Data CL=68%
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--- -.-..DSSV08 CHE NLO
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DSSV08 L0 Ax%/x2= 2% error
3.4% beam pol scale uncertainty not shown
1
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e e

Rel lumi
syst

-1 0

PRL 113 (2014) 072301

run 11+12, |n.| < 1.2

*0.05 < x < 0.2

1
lepton n

2
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W results from STAR and global analysis
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PHENIX

0.5

0.4f
o.3§—

W* production

- a) W20

® Run 2012 (510 GeV) I 1<0.35

PHENIX Run 2011 (500 GeV) + 1

|

RN
OO \s\\\\\\

- NN
0-2__ NN \\ :::E NN
- PHENIX Run 2013 p+p 510 GeV N RRua
0 1_ In |<0 35 I ANNSS e s eeeth) ANRRNRNRNRERN \\\ \E
a f RN -
< GI N ]
C (:15% polarization scale uncert. not shown) ]
-0.1 T .
- CHE NLO calculations ]
0.2 :
N ----DSSV 14 ]
-0.3; :
B NN E
0.4f NNPDFpol1.1 ;
_0.5 | | | | | | | ]
-04 -0.2 0 0.2 0404 -0.2 0 0.2 04
ne ne

Run 12+13, |n| < 0.35

arXiv:1504.07451

F. Kunne

Also larger A, for W~
wrt to DSSV14

recent NNPDF1.1
includes RHIC W data
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W+- prod. from sTAR and PHENIX @Nd QCD fits

Lo
A‘rf - O STARW- O PHENIX e~
I B STAR W' ® PHENIX e* - -NNPDF1.1
— DSSV14
- - GRSV
—1.0_ — I—— |

 Ringer, Vdgelsang: afXiv:1503.07052 , 2
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Quark helicities from semi-inclusive DIS

I”p~ - Lh*/~ X

Hadron tags quark flavor i
(quark fragmentation functions) =
Leading order extraction of quark helicities from spin asymmetries: 2= X

04F
0.2f
of
02f

0.05 [
-0.05 [
0.02 |

-0.02 F

-0.04 |

* COMPASS

PLB693(2010)227, using DSS quark FFs

10 HERMES
PRD71(2005)012003

o:-- B . s dal == PRl RN DY IS RN D R E e e e - -

H__ DSSV at NLO

102 10
Q2=3 (GeV/c)?

 Full flavour separation = x~0.004
« Sea quark distributions ~ zero
« Good agreement with global fits

- What about As? for which the integral is found negative from inclusive
data (with su3)?
- Here from SIDIS data, x> ~ 0.005, As compatible with zero. Lower x?

- NB: The extraction assumes quark Fragmentation Functions known
(DSS here)

E-Kunne -19




Quark Fragmentation Functions (FF)

FFs : - Non perturbative object; needed to describe various reactions

- Strange quark FF=largest uncertainty in As extraction from polarized
SIDIS. Data exist from e*e- and pp reactions, but unsufficient and at too high Q3

- Measure «, K, p multiplicities in SIDIS ~ pd — ph*=X

PDFs FFEs

th(X, Qz,Z) - qu fq(Xv Q2 h(za Q2
dz  atlo Y e2f(x, Q?)

PDFs depend on x, while FFs depend on z

Data obtained in a fine binning in x, z, Q2

- Constitute an input to global NLO QCD analyses to extract quark FFs

F. Kunne - 20




compAass T and K multiplicities vs z in (X,y) bins

Tt preliminary
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i . ) ) o 0.15<y<0.20
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« ~400 data points for = and 400 for K
« Strong z dependance
* Mn*~Mrnr and MK*> MK-
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Extraction of quark FFs from COMPASS LO fits

« Assume isospin and charge symmetry:

Pions : 2 independent FFs D] =D =Dj =Dr

<

T

D} =DI =Dj

[
\ R

Assume also D/ "=D, =D, "

unf

Kaons : 3independent FFs

* Choose functional forms for FFs (z); Chose PDF set ;
use DGLAP for Q2 evolution

« Fit #* and n— multiplicity data and extract the independent FFs

 |dem for Kaons

F. Kunne
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Quark FFs from COMPASS LO fits

Pions

COMPASS data 2006
Q? = 3.0 Gevic?

7z DK

K
fav

« As expected, Dy, > D

COMPASS results ~agree
with DSS and LSS NLO fits

(not shown here)

0.1

0.05—

Kaons

DSS flt

_________
o

— COMPASSLO | ¢

unf

—— COMPASSLO

zDE

Dfav ----- DSS 1O
-—-DS$S NLO

Q7 =3.0(GeVic)
0.05—

<
T

S I o I

Dfav > Dunf

D;,, and D . larger than DSS and
LSS NLO fits which do not include these

kaon data)

D./X unstable (not shown; depends
on choice of functional form)

F. Kunne

-23



Sum of z integrated multiplicities t+n & K*+K-

For isoscalar target, simple dependence on FFs:

Mn++ "= (1' +28)) Dfav + Dunf

~ no X dependence expected -

0.9 [*COMPASS 2006 data

- =HERMES TC+ + 1T

0.8

(M™(2)+M™(2) ) dz

0.7

0.6

0.5 1 L | N
10 107! |

COMPASS pion data:
* significantly below HERMES
* no x dependence
(as in EMC h, but not shown here)

Q=u+u+d+d.
S=s5+3
D¢ = 4Dg, + 6D

where:

unf

&
o

0.15

(M¥@2)+MX(2))dz

0.1

MK+ K= po¥ + 5/Q DX

high x data low x data

- systematic error on hadronic radiative correction

== Monte Carlo LEPTO/JETSET(LUND) + _
~ o HERMES K + K

+« COMPASS 2006 data preliminary

other systematic error

systematic error

1 ' 1 1 1 1 1 1 1 1 ]
107 107!

COMPASS kaon data:
» significantly above HERMES one
« agree with MC simulation (LUND)

* Indicate smaller Dg¥,and larger Dq

F. Kunne
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Summary

AG: High impact data from RHIC
STAR: pp-> jets and PHENIX pp> =°:

> fol.os Ag(x)dx =~ 0.20  (undetermined at low X).

COMPASS data at low Q2 and at high Q2 also favor AG>0.

« COMPASS NLO QCD fit of g, world data:
0.26< AX<0.36  Uncertainty dominated by initial functional forms
AG : Not constrained enough by DIS data alone

« Bjorken sum rule from COMPASS p and d data: Verified to 8%

« RHIC data on W production: constrain Au and Ad_; & more to come

« Quark Fragmentation Functions from LO fit of multiplicities for h*,h-,

", w, K*,K- Large discrepancies between COMPASS and HERMES data
in the sum of integrated multiplicities. Hint for smaller D, X from COMPASS?

F. Kunne
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Backup

F. Kunne
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RHIC

Probed x,, for various p; of °

" \'s = 200 GeV
20.04

. 2-2.5 GeV/e
4-5 GeV/e
0027912 GeV/e
0.01—

;0.05 | \'s =500 GeV %30

S 0.04- T e

= ) " "=

S 0.032 Z'Sﬂwac

© 4.0/ 33 GeVie | Rl

- . e e
0.0q19-12 GeV4 P s
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AP (Q?) at various <x>
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160 and 200 GeV data: no Q? dependence observed

F. Kunne
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Fit to proton, neutron and deuteron world data
x-Q? coverage of world data

proton neutron deuteron
%102? PLOtogMDgta .l %102? Neutron Data %1025 Deuteron Data
3 i SMC S ¥, ) > : = F SMC
€ I e E143E15 5¢% see C | © HERMES O [ e E143E155
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NLO fit:

Assume functional forms for AX, AG and AQN® at a reference Q,? =1(GeV/c)?
e.0.: Agsi (x| QF) = nsxs(1 — x)7s (1 + vsx)/Ns

Assume SU,
Use DGLAP equations
Fit world data

495 points with W>10 GeV

138 are from COMPASS, 11 free parameters.
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g,° and g,

COMPASS data and NLO QCD fit to world data

XgqP ¥ |

0.06- -

- COMPASS NLO fit to

g, world data

COMPASS (2007/2011)

0.04

0.02

COMPASS NLO fit to
g, world data

COMPASS 160 GeV
(2002-2004)

[ Q?=3(GeV/c)

- - - AG < 0 solution
AG > 0 solution

EJ:lF) 1.2

1

0.8
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0 LoL

COMPASS NLO fit to
g, world data

COMPASS (2007/2011)

Q* = 3 (GeV/c)?

of

d
J17 .

* g,P positive at low X
 Lower x data needed for sensitivity to AG

F. Kunne
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X

COMPASS NLO fit to
9, world data

COMPASS 160 GeV
(2002-2004)
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Ratio of z integrated multiplicities T+ / &t -

Interesting because many systematic errors cancel in the ratio
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Pions:

Good agreement COMPASS-
HERMES.
Jlab data higher, but at lower W
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Hadrons:

Good agreement COMPASS - EMC.
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Sum of z integrated multiplicities K* + K-

<
)

3 « COMPASS 2006 data preliminary
—~ = systematic error on hadronic radiative correction
N | other systematic error + o
o~ -= Monte Carlo LEPTO/JETSET(LUND) K"+ K — K + K
S | HERMES SM =Dy SIQ Ds
systematic error

+ B ’ .
R 015 iy high x low X data
& L R i ¥ ;
= L s 0 ™ K K K
- " where: Do = 4Dp, + 6_D“"f

- o ; % Q =u-+u-+ d -+ d

sl 2 BB g B S=s5+5
1 1 1 Il 1 1 1 1 1 1 l
107 107!

« COMPASS data significanxtly above HERMES one
« agree rather well with MC simulation LEPTO+JETSET (LUND)

Hints on kaon fragmentation functions:

[ DX from these data at high x:  0.70
@ from DSS analysis: 0.43

DQK COMPASS result >> DSS one, as seen in LO fit where
D,,, and D, both larger for COMPASS than DSS

Low x data, agree well with MC/Lund
Suggest much lower D, than DSS

F. Kunne - 32
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Quark Fragmentation Functions (FF)

- Non perturbative objects

- Process independent

- Needed to access strange quark polarization As from polarized SIDIS.
strange quark FF = largest uncertainty in this extraction

LO analysis of deuteron data of COMPASS, Q=3 GeV*

DSS: R, =6.6

- Stat_uncert. (incl. DIS), published
- Stat_ uncert. (SIDIS+DSS), prelim

- Uncert. due to RUF

F. Kunne

PLB 680 (2009) 217

-33



Lattice : quark spin and angular momentum
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4 _ :
* Impressive results from lattice QCD

« Agreement with measurements for quark spin
 Predictions for angular momentum

F. Kunne
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