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- BRAHMS

BRAHMS

100% transverse spin!

Two spectrometer arms
with good particle ID at
high momenta
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Spin-dependent DIS
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Asymmetries in polarized pp collisions
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Parton helicity distributions from polarized pp
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Inclusive
asymmetries in DIS
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m g,°/F,P well known for x 10-3

B Excellent agreement between
all experiments

m g,°/F.P (within errors)
.independent’ of Q?, accuracy still
insufficient to confirm Q2
dependence predicted by QCD

B Q> = f(x)

B Extrapolation to x — 0 for
Q= Qg2 ?
B gFr/FPo>1forx—1



A, = g,/F; - Proton and Deuteron
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B A,dvanishes below x = 0.05
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B High x: JLAB-12 GeV
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B A,9 compatible with O at low x

W 9,9 compatible with O at low x
and very low Q2

But:
B What is the interpretation of
9,9 at these low values of Q??



Quark helicity
distributions



Quark helicity distributions from SIDIS
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Leading hadron originates with large probability from struck quark
D(z):= Fragmentation function (FF)
q(x), Aq(x):= Distribution functions (DF)

2. 22Aq(x) DA(z)
D22 4(x) D (2)

Measure hadron asymmetries| A;"(x,z) =




$ Es Extracted quark helicity distributions

P.R.L.92 (2004) 012005
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%g{ ’ As(x) from Kaon asymmetries
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NLO QCD (MS) fits

H Assumptions:

Typical example: AACO6, hep-ph/0603213 Helicity distribution of sea

quarks flavour symmeftric

0o P =1GeV T_ DIS (AACOE) Au, and Ad, constraint by
04 | DIS (AAC03) F and D (SU(3) symmetry)
0.3] xAuV(x)
= Of——— ="\ g Results for Qy2= 1 GeV2:
o XAg(X)

; | | | | | AX = 0.25 £0.10

0.001 0.01 0.1 1 0.001 0.01 0.1 1

0, 0.01 AG =047 +1.08

AG undetermined by only DIS
xAdV(x)

-0.1-

M Note: From g,¢

— DIS (AAC06) 0.03

. DIS(AACD3) T xAg(x) AZ(O.OI<X<1)€XP ~ (0.35 +0.03
o1 0.01 01 1 %oz 0.0 0.1 1 From NLO fits
X X AZ(O<X<O.01)ﬁJr ~-0.13 +0.11

& Low-x data urgently needed mmsp e-RHIC



IC via W production
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The Gluon helicity
distribution



% AG/G from high p; hadron pairs

PGF LL

Photon Leading QCD Resolved y
Gluon Order compton Q2«1 (6eV/c)?
Fusion

a,, - calculable partonic asymmetries
Rege : Monte Carlo is required to calculate Rp.r

From A. Magnon



% AG/G from high p; hadron pairs

Two high pt hadrons, p;> 0.7 GeV/c, =p:2> 2.5 (Gev/c)2
Q%< 1 (6eV/c)? analysis - large statistics  (PL B612 (2005) 154)

- perturbative QCD scale from Tp 2
- PHYTIA MC used to evaluate physical Bkg, low p+, resolved v,

Q% > 1 (6eV/c)? analysis - lower statistics

- perturbative QCD scale from Q?,
- LEPTO MC used to evaluate Bkg, better controlled

Different data sets and analysis. Independent results

From A. Magnon



M/ 20 MeV/c2

From A. Magnon

D" 5 K+r

untagged

D’ candidates in 2002-2004
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14577 £ 604

Mass  29:1.1 MeVic?
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00

400

200
m(D")-m(D::l)[MeWc

j

AG/G from open charm

D" —>D°+7tS SK+n+m

tagged

| D* candidates in 2002-2004 |

ND) 38694104
Mass 49408 MeVic*
Sigma 28,6+ 0.9 MeV/c®

8,=1966 4151

N /20 MeV/c?
=
=

COMPASS preliminary

400

00
l m(D")-m(D:)[Mch’]

We have now estimate for o (nb)



AG/G from

high pr hadron pairs and open charm

AGIG

0.4
0.2
-0
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0.8

High p+ hadron pairs,
High pt hadron pairs,

Open charm:

0.8,

JAG(x)dx =2.5

0.6F

HERMES, all @°
SMC Q%=1 (GeVic)

COMPASS, O*>1 (GeVic)’ (02-03,prelim) -
COMPASS, Q<1 {G:wzﬁuz-nd,,gil:m) l P f AG(X) dx - 06

COMPASS, open charm {02-04.prelim)
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-1 fAG(X) dx = 0.2

— GRSV-max |
- - GRSV-std | A

--- GRSV-min O

1072 107

Xg
Q?>16eV2 AG/G = 0.06 + 0.31 (stat) + 0.06 (syst) <xg> ~0.13
Q2 <1 6eV2: AG/G = 0.016 + 0.058 (stat) + 0.055 (syst) <x,> ~0.085
AG/G = -0.57 + 0.41 x> ~0.15
AG/G (x,~0.1) is small



AG/G from polarized pp collisions

How to measure AgQ:

PiO or jet

xP,
Hard ScaT‘rering




PH

Al
)

N
ENIX

pp > 10 X

E*d’s/dp ’ (mb GeV™2c?)

Aclo (%)

(Data-QCD)/QCD

—

10
10°
10
10"
10
10"
10"

-8

10

40
20

-20
-40

o N RO M

QCD a)
1/ prediction
E PHENIX Data

—KKPFF

- Kretzer FF

In|<0.35

E | L L

= [ b)

= stfeszzif i+ { [ \

- )

T d)

T i e,

E T e e

0 5 10 15
pr (GeVic)

PRL 91, 241803 (2003)

0.8

0.6

04

Mid-rapidity: PHENIX




PH.ENIX AG from A (n°)

A, (1) Theory C.L.
0.08 0
) o, RUN 5 (Preliminary) —— model (%)
06~ GRSV-std 21.7-
0.04 17.1
N GRSV-std *GRSV-max | 0.0-
002_— 1 ] ( ) O O
S S = T Ag=g -
0— --------------------------- e S T
: 1 RIFQ Ag=-g *GRSV Ag=0 |16.7-
-0.02- Scaling error of 40% 184
n 04‘ .is. npt‘ i||1clluld<|-:tdl. o 1 o, *GRSV Ao—
% 2 4 6 8 10 12 |TORSVAg=—g|0.7-
p; (GeVic) 0.0
GRSV: M. Gluck, E. Reya, M. Stratmann, and _
W. Vogelsang, Phys. Rev. D 53 (1996) 4775. * At input scale:

2= 4 Gev



PHENIX STAR pp — v +X, pp — jet +X

Direct Photon Cross section Inclusive Jet Cross section
T T T T
S n .
g i . . > 102 . E
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I e L N
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’ETAR

AG from A (jet)

—0.15
-

0.1

0.05

-0.05

-0.1

p+p — jet + X at ys=200 GeV

0.2 <1/ <0.8

—_— GRSV-std *

GRSV Ag=ginput
GRSV Ag=0input
GRSV A g =-ginput

*) Predictions:

B.Jager et.al, Phys.Rev.D70(2004) 034010

STAR Preliminary

jet cone=0.4

................................

6 8 10 12

14 16
jet P. [GeVic]

Results limited by statistical precision

Total systematic uncertainty ~0.01 (STAR) + beam pol. (RHIC)
GRSV-max gluon polarization scenario disfavored



NLO QCD (MS) fits, DIS + ¥

AACO6, hep-ph/0603213

& Significant reduction of 1] _ DIS + 7 (Ag > 0)
AG uncertainty og| T DISOISON)
AG =0.31+ 0.32 (DIS+pO) os
AG =0.47 = 1.08 (DIS only) 02 -
ool XAg(x)
& Sign prOblem : gg dominates Yoot oot o1 1
Similar y2 for (AG(x) >0) and ., X
(AG(x)<0) 05|  bre ez

& Consistent results for partial
1s* moment(0.1<x<1)

AG(x)>0: 0.30 + 0.30 L] s
AG(X)<O: 032 + 042 2 ! f?OM‘PAS"S"?%lG?v?‘ B ||
0.001 0.01 0.1 1

X



Transverse Spin physics



Transversity DF 3q(x) and Sivers DF f 19 (p+2)

¢ ¢ ¢ ¢ ¢

i @ - ®

DF of transv. polarized quarks
in a transv. polarized nucleon

3rd leading twist DF. As
important as q(x) and Aq(x)

dq is chiral-odd:
hot accessible in DIS

Need 2" chiral-odd object
Collins FF

f1r9(p+°) & - I
DF of unpolarised quark with
transv. momentum p+ ina
transv. polarised nucleon.

Non-zero Sivers DF requires
non-vanishing orbital angular
momentum in nucleon WF

Chiral-even & ndive T-odd



Azimuthal angular asymmetries in SIDIS

1 N (@, bs) — N (¢, P5)

Avrl(o. Dg) =
vt (  5) S| NT (@, bg) + N (0, @g)

U: unpol. beam Collins
T: transv. pol. Target |
v - © f[ OQ(J- PT) Hi (,.Lrﬂ
Aut(@, ¢s) ~ .. .|sin(¢ + ds) > Ve
Y .ex T [ , f._.{‘r '.r.ﬁ%) - Dy (=, If ‘
g + ... sin(¢ — ¢g) Z ‘ DT |

Sivers

I'[...]: convolution integral over
quark transverse

momenta jr and kr
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&) Non-zero Collins effect

& Both Collins FF and transversity
DF sizeable

&) Surprisingly large n- asymmetry

& Possible source: large contribution
(with opposite sign) from
unfavored fragmentation, i.e.

U—> -

Hl,disf ~ - Hl,fav

& Substantial contribution to pion
sample from exclusively produced
vector mesons (PYTHIA)



Yol Collins amplitudes for n*/- and K*/-
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Va Collins Asymmetries - D target

Note: different convention : Ocof = O + g -m  also: V. Yu. Alexakhin et al, PRL 94 (2005) 202002

=0.2
3 Il had .
< "+ leading hadrons positive hadrons 2002-2004 data
——Efremov, Goeke, Schweitzer,
0.1 hep-ph/060354 = - COMPASS
(fit to BELLE & HERMES data)
u_...ﬂ.#.}}..@.g.%.ﬂ_. SRR BT £ 708 S S g o —#ﬁqggﬂﬂ ...... # ................ H ............
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Consistent with zero. Cancellation due to deuteron target?



LO-QCD Analysis of HERMES and BELLE Results
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Combined fit to Hermes asymmetries (Transversity x Collins-FF) and
Belle asymmetries (Collins-FF2) =» Excellent agreement!

From M. Grosse Perdekamp, DIS06
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Sivers amplltudes for n*/- (2002-2004)
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different from zero and positive

mm) First hint of naive T-odd DF  from
DIS

mmp orbital angular momentum L4

But: Contribution of L,9to nucleon
spin unclear

&) 7 asymmetry consistent
with zero

&) Substantial contribution to pion
sample from exclusively produced
vector mesons (PYTHIA)
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O Sivers Asymmetry - D target

also: V. Yu. Alexakhin et al, P R L 94 (2005) 202002

—ae— all hadrons
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Consistent with zero. Cancellation due to deuteron target?



L&g Two-pion Asymmetries - H target

Detection of two final state pions with opposite charge:

A + Z (‘Jg ) H{{j( Urd \
Avr(dr . . b ~ ... SIN(ORI + O,
uT(PRL, ¢s) SIn(@RL + 9s) S €2 q(x)- DIz, M2

H(z,MZ2_), Dy(=,M2_): two pion fragmentation functions
@ no assumptions for pr and kr
distributions necessary

@ completely independent from
single pion analysis




Two-pion Asymmetries - H target

& * HERMES PRELIMINARY -

- < sind > =0.89 ]
— 0.51 < M:: = 0.97 —

UH 1 2 3 4 5 6
(0, +0g) [rad]

@ hadrons assumed to be pions

‘ 'ﬁT AUT ((J}R_ I {’j".iS ) .fj {:Hill 9
with p; + s sin(ép. + ¢g)

@ significant sin(¢r. + ¢5) behaviour!

& extract A PrLTOS)IN0 from
AuT (f,.-JR_? 0g.0) by three
dimensional fit

AZn(PrLtos)snG - 9 040 + 0.009 (stat) = 0.003 (syst)
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Two-pion Asymmetries - H target
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& positive asymmetry
amplitudes in all bins

@ no sign change at m 0!

@ significant result for

45i11{+'irR_—|—+'i'.5*} sin @
“HUT

- non-zero IFF!



% Two-hadron Asymmetries - D target
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! Transversity from transverse A polarisation
2

2 e, xqgxD,
5 All 2002+2003 transversity data All 2002+2003 transversity data
=) — 50
:3 40 All Q2 = 40 Q? > 1 (GeV/c)?
2=l 0.1<y<09 =ap 0.1<y<0.9
20
4 10
.......... ++&+++++++F .
-10
[ -20
-30
-40
10° 10 10” 1 %7 152 16' 1
XBj Xg)
Negative trend for Q? > 1 GeV?, but Statistics will double
deviation from zero not significant with 2004 data

But: HERMES data for quasi-real photoproduction from
unpolarized and longt. polarized target: p;2 ~ + 5%



Single transverse Spin Asymmetry A, in pp

;(/

P+ +P— 1+ X (W=19.4GeV)

<Z 0.6 g
J Large Ay has been observed at T
forward rapidities in hadronic ML
reactions: E704 and STAR 0 18k " :
@ Possible origins:
Collins FF e T R
Siver‘s DF -nlﬁﬂ 0]. 02 03 0.4 0.5 0.6 07 08 X;QM
Twist-3 WEE
Combina.rions Of above E:.: 'i Igr:?f%;%:tatetmst?; I __“ i
g oal — — Final state twist-3 ? /
& Possible connection to orbital ] o
angular momentum L ? Yo
@ For consistent partonic description: | s s o o

0 02 04 06 0.8

Need flavor dependent A\(E, Xg, pt). xF



sy Ay for identified hadrons

>0.15 =015
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s0s]- 8- ! TC+ 0.05—
o + 0o g, : b gﬁ —
D: - ® % - # K
-0.05;— . -G-_Q_O_Q* T 0.0
: e o
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=015 —
< D_1§_BRAHMSP 'y ‘ ~ & AN(T?) positive ~ Ay(n™) negative
ousc %t + P @ AN(KY) ~ A(K™) positive
o LB P (in disagreement with expectation
- ** p from valence quark fragmentation)
*E t D An(p) ~ 0, Ay(p) positive
S % Y X B 7 S—

‘x.ofpandp @) More theoretical input needed



Conclusions

M Plenty of new data from COMPASS, HERMES, RHIC
improve our understanding of nucleon spin structure

B Gluon and sea quark polarisations small. Further
improvements expected soon, especially from RHIC

B First results on transverse spin physics (Transversity DF,
Collins FF, Sivers DF, Ay) very promising

Stay tuned ...
New exiting results will come soon!

Special thanks to G. Bunce and A. Magnon
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