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Parton Distribution Functions

The three leading order, collinear PDFs

a(x) £ unpolarized PDF
flq (X) "@\%OJ quark with momentum X=pg,an/Pproton N @
o nucleon

well known — unpolarized DIS

. helicity PDF

& h\’\( / \,\ . . . -
Aq(x) 1 o ! ' - 400 quark with spin parallel to the nucleon spin in
g,49(x) .&\\‘,\%j/ V' a longitudinally polarized nucleon

known — polarized DIS

transversity PDF
guark with spin parallel to the nucleon spin in
a transversely polarized nucleon

chiral odd, poorly known
Cannot be measured inclusively




Transversity is Chiral Odd

e Transversity base:

x '\,\r‘" W o
: Y o
m: 4\ Y\Li ¢y

Difference in densities for 1%, { quarks
in T nucleon

e Helicity base: chiral odd
* Needs chiral odd partner=2Fragmentation Function

* Does not couple to gluons =different QCD evolution than g,(x)
* Valence dominated=> Tensor charge comparable to Lattice calculations

1
* We want to extract tensor charge g, = f_1 h{(x)dx



Chiral odd FFs

Collins effect

h /

A

yla

HJ‘ : Collins FF
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Chiral odd FFs

Interference Fragmentation Function

SERY/ARNG




Azimuthal Asymmetries for single Hadrons
with transversal polarized target in SIDIS

do _ Collins
dx dy di dz dopy, dP? | asymmetry

(52) st - 00 (535 g )

+ & sin(¢p, + 055 e sin(3¢y, — ¢g) F, &1};( 3pp—0ds)

+ V2¢e(1 +¢) sin ¢g FEI,;(’% + /2e(1 + ¢) sin(2¢y, — ¢g) Fl}'; (20n—bs)
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Di-hadron FF measurements

 Polarized di-hadron x-
section ™
sin(0)h,(x)H,(z,M)sin(dpz+ds-7)

 Compass does not fit sin(0)
separately




COMPASS Setup

MuonWall
two stages spectrometer 2
Large Angle Spectrometer - '
(SM1),
Small Angle Spectrometer |
(SM2) SM2za E/HCAL

tracking, calorimetry, PID E/HCAL

NEW TECHNOLOGIES

high energy beam
Large angular acceptance
Broad kinematical range

®p (mrad)

Polarised

160 GeV™~ Ly

N beam

2002-2004: 6LiD (Deuteron)

dilution factor f = 0.38 polarization PT =50%
>2005 NH3 (proton)
3 target cells with opposite polarization,90%
polarization, 16% dilution

RICH PID 9-50 GeV
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COMPASS Kinematic Reach vs. Hermes
and Jlab @ 12GeV

JLab 6 GeVv

Martin IWHSS'11



Compass Data taking

Deuteron: 2002-2004
Proton 2007 and 2010

Publications:

— Unidentified Dihadrons: Phys.Lett. B713 (2012) 10-
16, 2002-2004 (deuteron), 2007 proton

— Unidentifed Hadrons Collins:

* Deuteron:NP B765 (2007) 31-70 (uident) PLB 673 (2009)
127-135,

* Proton: PLB 692 (2010) 240-246
Identified proton 2010 preliminary:



Results Collins

COMPASS 2010 proton data
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Pions Asymmetries similar to Kaons

COMPASS 2010 proton data

| . |
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Compass is consistent with Hermes

COMPASS 2010 proton data
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Compass/Hermes Kaons

COMPASS 2010 proton data
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Comparison with Theory Predictions

COMPASS 2010 proton data

-
=
= o OF ®  COMPASS 2010 preliminary [~
"?: M. Ansslming et al
0.05 'jt.'. Nl Pleys. Proc.Suppl. FO1, 2000

== I 0.5 I | 0.5 | 1.5
10 10 x z ]r:l';’ (GeW/ic)

See talk by Elena Boglione



Very weak W dependence

COMPASS 2010 proton data
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v “binning”: Some effect from Q?

evolution?

COMPASS 2010 proton data
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Z “binning”

COMPASS 2010 proton data
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Compass IFF

COMPASS 2010 proton data
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Di-hadron Asymmetries

COMPASS 2010 proton data
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Di-hadron Asymmetries

o1 COMPASS 2010 proton data
A= tor- o MTT=]5(GeVieh) B
nn Bacchetta, R;dici
Ma et al.: SU6
----- Ma et al.: pQCD
O

-0.1—

B )

See Marco’s talk
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-0.1

Comparison with Hermes

COMPASS 2010 proton data
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iIcities

Single Hadron Multipl

1 1 i
1 1 1 2
= 1 15
| ]l @
| &
(2]
{10
[ ] n L T 1 | (30N =] [ 2] Esal [ B B R s R ] I
[ ] n o B 0 0 el o Haow | [ B W IR R _.K._| o
E -
[ ] [] W B a0 Wi o= o [ I BT R ST
] | Y LTI 7 S [} Ll R N w S =T I Sy i
[ ] | D I T | T - ] s O thah o o®m o
& W W e i [ s & e W R N f M O
@ B v o= o0 W ouod o we N B Eam I Deln &8 @ 1 e
@ ® w = 0 Hu =dw al & W o v cnE
& m ouw E o nmodseE T L e B T
Ly L (TR L [T L Lig (TTTE L =
-
111111111111 12
ERRETREEEEER 1=
dSddddddd dd I K | ]
283833388858 |2
S e m - o . ™ 1o
+ ® B & 0 [0 0o 0@ M IR TR RISl R
=
w 4 ® o 0D SO O B0 N .m. .m-. ®E R oA Rl idl =
g £ F ] 1=
— & ® O B 0 0 e Oo®O W .W “ 4 W W B R i i
m ® B B 5 DE FSFEE N Um UH 1 B e 0 (Fle O@n W
oL = » o % 0@ CEoQ 0N m .m 4 SN e = 0ol o B oo W
0 3 B
73] 4 B @ ® ¢ Dyxeondam % h... 1 L L NN TR U T |
=3
“ & B & % B X O B4 RE W A_V__ 4 W w g Oeiod = oa 6
G ® W O % A TrOoOO@IN £ ] RTINS T T |
o @ @ bR DDA SRR BEmEnrin G ma N
L) il __._.___ L _______ [l . __.._.__ L ___...__ 1 ____.___| -
SOPLNP _ NI = (DPINP N1 2 o

See Marco’s talk



Single Hadron Multiplicities
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1.8

1.6

1.4

1.2

Pion Charge Ratios

+ COMPASS, W=7 GeV
+« COMPASS, 5<W=<T7 GeV

— D585 & MRST

—  » JLab/Hall C (nucl-ex/1103.1649)
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Di-Hadron Multiplicities
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The RHIC Polarized Collider

Absolute Polarm\er (HT RM)JC pC Polarimeters

Polarized proton runs

100 2011 P=48%
Spin Flipp _g_ 250 GeV
S 80|
Siberian Spakes &
SQA. é LA 2012 P=58%
E 60 2009 P=34% 2009 P=56%
Spin Rotators . 2 0 2006 P=55%
'c -
longitudinal polarization . g
(long P ) Spin Rotators E .,
Pol. H Source (longitudinal polarization) g 2008 P=44%
™ L'NAg BOOSTER T 20 /:oos P=47%
<
« Helical Partial Siberian Sn a!i( 1 - Poag
/g = 2003 =34%
200 MeV Poldfin = — 5002 P=15%

0 2 -+ 6 8 10 12 14 16 18
Weeks in physics

R "“AGS pC Polarimeter
Strong AGS Snake

Versatility:

* Polarized p+p Sqrt(s) collisions at 62.4 GeV, 200 GeV and 500 GeV

Recent Spin Runs:

2011 500 GeV, longitudinal at Phenix, transverse at STAR ~30 pb”-1 sampled

e 2012 200 GeV, Phenix and STAR, transverse ~20 pb”-1 sampled (at STAR: ~x10 statistics)



At p+p collider: increased kinematic reach in xg;,z

4 ourresult
* Kinematic reach of SIDIS
data . 1
- 2
. 3
Xr
* Kinematic reach in p+p .
: . I
for single pions at L
3<eta<4 0 0.5 1 1.5
(RHIC@200GeV) su
voss -0.35 <n < 0.35, 7’ e 3.1<n<3.9, 7
3 002 3 o0zb 0.5<p <1.0
~0.018F o018t - 1.0<p <15
2 o018F = 0016 _ 15< p, <2.0
0.014;— 0.014;— __ 20 2.5
goo: Seers 2s<pl<so
0.0085 o008 —3.0<p <3.5
0.006 0006~ —3.5<p <4.0
0.004= 0.0045
0.002( 0.002




Compare Collins and IFF at different
energies: Test evolution, Sudakov

suppression effects
SIDIS (2.5 GeV2)

collinear
evolution

BELLE (100 GeV?)

evolution

P

u D. Boer, NFB 806 (09)

3.

Pic by A. Bacchetta,



PHENIX Detector at RHIC

X D
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AR

* Central Region (-1<eta<l) = ——
* |dentified Pions, eta =
* Jets
* Endcap (1<eta<2)
* PiQ, eta, (some) jets
 FMS (2<eta<4)
* Pi0, eta

Momentum measuring subsystems

+7

o &

ol

K +8% 170]
- -8% 170
—a +8% 170
—p -8% I70

_——p+8% 170
—x 8% 170

~—% +8% 170 =3 =3 -2 -1 0 +1 +2 +3 +4

n
Full azimuth spanned with nearly contiguous

electromagnetic calorimetry from -1<n<4

Lo ] il Il
-1 45 0 [ 1 1

" ool = approaching full acceptance detector
PID (Barrel) with dE/dx, in the future: ToF pi/K separation up to 1.9 GeV



Jets: Proven Capabilities in p+p

B.l. Abelev et al. (STAR Coll.), Phys.Rev.Lett. 97, 252001, 2006 SPIN-2010: Matt Walker/Tai Sakuma, for the collaboration
B =
10 g T T T T | T T T T | T T T T | T T T T | T T T T | T E
- (a) = 10° Dijet Cross Section
TE— —=
10°E STAR 5 pp @ 200 GeV
S — p+p = jet+ X - Cone Radius = 0.7
©10°E J8=200 GeV = max(pr) > 10 GeV, min(pr) > 7 GeV
% ) - midpoint-cone - 10%- -08<n <08, |An|<1.0
:10 E_ rcone=0-4 _E |AL’|)| >20
g F 0.2<n<0.8 -
%: 10° §_ _§ s 7QTAR Preliminary
CE = 310 Ldt = 5.39pb™"
aUE = 2 EEsaL
< L ] 5
= = = 3
10°E o Combined MB = g d’c
_ - T 10?7 dMdnsd
105" e Combined HT = B M3t
= o 3 %
1~ —— NLO QCD (Vogelsang) =
- Loy | I R R B I T B 5 10 - ° STAR RUn-E
> 1.8 i: Systematic Uncertainty (b):ﬁ || Systematic Uncertainty
S 14E «« Theory Scale Uncertainty =
2 = .—— Theory
o=t = (LI T P T TITTTTI T I NI ITTIITICTTINCT TR P IR T L A L L LU L) I =
310 = Ubgiglgq_ﬁf—-—t—-m_-._,miw—f—' . ]  NLopacD +CTEQEM
w 0.6 = 25 = 1 . Had. and UE. Corrections
0.2E . . . . . =
0 10 20 30 40 GeV/ 50 30 40 5 60 70 80 90
Py [GeVic] M; [GeV]

Jets well understood in STAR, experimentally and theoretically



Mid-Rapidity Collins Asymmetry Analysis at
STAR

= STAR provides the full mid-rapidity jet
reconstruction and charged pion
identification

ws®

s
s
.
s
.
“““
.
.
s
s
.
|

= Look for spin dependent azimuthal /
distributions of charged pions inside the

jets! First proposed by F. Yuan in (
) ‘ PJet

Phys.Rev.Lett.100:032003.
2 | Nsin(¢.)dg, ~ uu ”
o I | |do ~do [1+ATN sin(g, — 4,)]

= Measure average weighted yield:




Moving on to Correlation
Measurements: Pions in Jets

Terms in Numerator of TMD English Names Modulate
SSA for qq scattering
N : .
A fw. At ® fs:,.-'B . D_U.q Sivers » PDF « FF 5111({;(:-5.&]
1 N e - . -
n'eA f.i:*r,.-"B . D,T,-"q Transversity*Boer-MuldersFF 5111( q;,h)
hi ® &‘Vfbw *D_, Pretzelocity*Boer-MuldersFF sin(t;c};ﬁ ]
hy'e f,z *AD,, , Transversity*PDF *Collins Siﬂ(t;f?'s_,, — @y

.&fiﬂ '&Nfbwﬂ -&D:MT SiverseBoer-MuldersCollins sin({pgﬁ —Q,
hﬁ"ﬂ . f-?:.-"E ‘ADI.-"@T Pretzelocity*PDF+Collins sin[qﬁ-_,,’. B

Ca
‘é‘f;—if 'fﬁxfbr,.-*ﬂ 'w,T,.-'qT Sivers*Boer-Mulders*Collins sin(q:-s_* + @

Based on work by F.Yuan (Phys.Rev.lLeft. 100:032003) and D’ Alesio et al. (Fhys.Rev. D83, 034021)



0.1f
. =  n* Asymmetry

0.05

2<sin(¢ _-0,)>

-0.05

245

First Step: Mid-rapidity Collins analysis

Collins Asymmetry A =2 <sin(q)h - qys)b- vS. Z

Collins Asymmetry A =2 <sin(q)h - ¢s)> VS. j_l_

- & 7w Asymmetry

I systematic uncertainties

~ Systematic effects contributing to <1% of total uncertainty excluded

- systematic uncertainties

STAR Preliminary

n— data horizontally offset for clarity

RHIC 2006 vs =200 GeV
pTp — jet(n") + X; jet p >10 GeV
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Interference Fragmentation Function in p-p

Or-Os

|t
X
S” » TS
p’ 1 a GA b
<fl>
x & P

° |t

O-T G

T "% (h—d) = Assin(d—¢)  Ag ch ®H,

(7-|—O'

b : Angle between polarisation vector and event plane
36



Di-Hadron Correlations

SB [

[ Moy T
{ 4
/ Wiy, —

.___J_,.,_.f--' Hh“"'x,,_‘_ / ”ﬁ'{?;”, "--,_h—:_ )
Pe 100-GeV AL~
N O/ ?’ﬁc p+p c.m.s. = lab frame
= . y | P
AS £

Pa, Ps : momenta of protons

\\\ ~_ N Bm, Ph2 : momenta of hadrons
T~ P .
\\\ T~ , - Pc =P+ Pho
~ Re =(ﬁh1—ﬁh2)/2
Pc < - ' '
Sg : proton spin orientation
pp’ — hhX
hadron plane: P, Pha ¢, : from scattering plane ¢s  from polarization vector
scattering plane: Pc, Ps to hadron plane to scattering plane
0'T —o" .
S g =Arsin(—g) A ch@H,
(7 o)

Angle between polarisation vector and event plane

37
Bacchetta and Radici, PRD70, 094032 (2004)



Transversity from di-Hadron SSA

T_ v
Physics asymmetry A = °-° = = Jur

-I—O' Ouu

dr,dr AT ~
doyy =2[Pey| ) / 1 (a) £ ()| =2 Dy 7o, ME)

A2
ﬂlb‘lc‘ld ‘.4?]—.2{:/ /dlt
Unpolarized

guark distribution
Known from DIS
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|SBT| sin r,:}_55 —{EJRL :If b fl (;‘L‘a hi[i’?b]

167 =,

: Hard scattering )
Transversity cross section IFF + Di-hadron FF

to be extracted from pQCD measured in e+e-

[Rc|
M
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dt

ffCT[T—2|PC | Z
a.bc,d




PHENIX IFF results shows small

asymmetries.
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NEW: STAR shows significant Signal!

"STAR Run 6 Preliminary s
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Enhanced Kinematic reach with TPC inner sector
Upgrade to enable tracking up to n=2

| x1 {eta<1.0&&p_t > 78& eta>0} |

htemp

Entries 1097

40

15

- [ Mean 0.2525
350 Current: RMS  0.1404
300 ] | n<el-n>7.-Ge\/

c U-‘ N<4i,Pyz79c
251 U L]

20 ! H‘\‘LJLH‘IJ-HJJ‘

10__ ..... LLL‘
0%||||mHijﬂ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Fri Jul 20 10:35:32 2012
X—
[ x1 {eta>1.588&p_t>7} | htemp
- Entries 265
14 Mean 0.4324
of New: |rMs o0.1476
J: 1<2,p,.>7 GeV
8
6f
4F
Aol ni
o 01 07 0.8
i Jul 20 10:12:04 2012 X

| x1 {eta<1.0&&p_t > 10&& eta>0} |

htemp
Entries 218

oF Mean 0.2956
8F RMS  0.1407
uE -
j: l Current:
iE . n<1,p,>10GeV
2ol __ (- o
3| Ly
%o o2 03 04 05 06 o7
Fri Jul 20 10:37:07 2012 X_
N
[x1 {eta>1.78&p_t>7} | htemp
= Entries 120
9 Mean 0.4702
8f RMS  0.1387
i New:
6 1.7m<2,p.>7 GeV
hE | |
OE " I NIREE I RN | N SN SR | A T W P |
© o1 02 03 04 O 7 08

Fri Jul 20 10:10:55 2012




Summary

Compass collected large set up data with
transversely polarized proton and deuteron data

STAR showed first significant transversity signals
in p+p

Jet capabilities make more correlation
measurements possible

10x more data taken in 2012
Explore channels including neutral pions

Future upgrades to PHENIX and STAR aim to
extend program to 2<n<4
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