gemes. XXIX-th International Workshop on High Energy
P Physics: NEW RESULTS and ACTUAL PROBLEMS in

U 4 PARTICLE & ASTROPARTICLE PHYSICS and
W COSMOLOGY

-4

RHIC Spin: Results and Prospects

v Nucleon helicity structure
v’ Transverse spin phenomena

A.Bazilevsky (BNL)
June 26-28, 2013

Protvino, Russia



Nucleon Helicity Structure

Naive parton model:

1 1 = Gluons are polarized (AG)
2 2 ! => Sea quarks are polarize For complete description
1989 EMC (CERN): \ include parton orbital
angular momentum L,:
A3=0.12+0.09+0.14 ~(Aq+Aq)+AG 5 2
i 2 2
AS = AU+Ad +As+AT +Ad +AS ~ 1 )
— Spin Crisis §=§(AQ+AQ)+AG+LZ

Determination of AG and Ag-bar has been the main
goal of longitudinal spin program at RHIC



From

(semi)DIS

Probes AG: Probes AG:
Q? dependence of quark PDFs Directly from gg and qg scattering
Photon-gluon fusion

(Anti-)quark flavor separation: (Anti-)quark flavor separation:
Through fragmentation processes Through ua —W" and Gd —>W~

Complimentary approaches



RHIC as polarized proton collider

Absolute Polarimeter

(H jet) RHIC pC Polarimeters
—

: BRAHMS & now A,DY
L., =2 10%s'cm? o
70% Polarization
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PHENIX and STAR

COUNTER

M il o PHENIX:
L~y High rate capability
(N 4 High granularity
Good mass resolution and PID
Limited acceptance
Upgrades to wider acceptance,
forward capabilities, inner tracking

P H;}}%E N I x /\ STAR Detector “

Cails —~Tracker

E-M
Calorimeter

STAR: — o \ ey o TG
Large acceptance with azimuthal symmetry )
Good tracking and PID

Central and forward calorimetry

Upgrades to higher rate capabilities,

inner and forward tracking

Electronics
Platforms

Forward Time Projection Chamber



Probing AG in pol. pp collisions

pp = hX
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Double longitudinal spin
asymmetry A, is sensitive

to AG



AG: 0 and jet A,

p° p, (GeVic)
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Sensitive to gluon momentum
fraction 0.05<x<0.2

First observation of non-zero A |
associated with non-zero AG !



DSSV:

AG: DIS+pp global QCD fit D. de Florar

DSSV: Phys Rev D.80, 034030 (2009)
DSSV+: DSSV+COMPASS
DSSV++: DSSV+ & RHIC 2009
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Still huge uncertainty at lower x
which may bring AG to big value



AG: towards lower x =%-AZ+ AG + Lg,,

1
2

1988

SLAC: 0.10<x<0.7 = AX~0.6
Phys.Rev.Lett.51:1135
consistent with Quark-Parton Model expectations

= This experiment
o SLAC [26]
o SLAC [27]

. _ CERN: 0.01<x<0.5 =» AX~0.12
| T 4 Phys.Lett.B206:364
0o ——9— —* ———————————
olm 0102 :;.05 :l1 0.2 ol.s 0.7 2012
S
< fagx @) dx -
g ! Q?=10Gev? |
Gluon Contribution to the Proton Spin S osf - .
still may be large at low x (<1072) rc? on i 500 GeV
Spin 04
> Measurements at higher Vs .
and forward rapidity %AZ/
0




0.04 f
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(Anti)quark flavor separation

DSSV: PRL 101, 072001 (2008)

-- DNS DSSV Ax’=1

wul Loyl 1 1

DSSV Ay’ i*=2%}

1L xAs

Ty T

Mainly from SIDIS:

Fragmentation
functions to tag
(anti)quark flavor

10 0"

p+p —> W= — (e/u)*+ v

» Parity violating W production:
Fixes quark helicity and flavor
» No fragmentation involved

> High Q2 (set by W mass)

ALW+

B _an)c_{ (xb)_l_Ac_l (x, Ju(x;,)
() () +d(x, ()




W

STAR Preliminary Run 2012

—_
p+p —> W* — e* +n
Vs=510 GeV

25 < E] < 50 GeV
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-1— DSSV08 LO with Dc?=1 pdf error
3.4% beam pol scale uncertainty not shown
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lepton h

Run-12 data alone have a significant
impact on anti-quark polarization
constraint
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W: projection
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RHIC W-data will give a significant
constraint on anti-quark polarization

in the proton
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Transverse Spin
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o PRL 36, 929 (1976)
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have been observed
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Puzzles from RHIC

T etes cove v Naive collinear pQCD predicts
0_2; - {5=62.4 GeV/c2, PHENIX 3.1<h<3.7 Preliminary AN —~ asmq/ pT ~ O
R {s=200 GeV/c?, STAR <h>=3.3
R + * Asymmetries survive at highest Vs
- * {s=500 GeV/c?, STAR 2.7<h<4.0
. {1 Non-perturbative regime!
- 4
0.05— o -
i t M : % Asymmetries of the ~same size at all Vs
o + 7777777 +,,,;,*{?§,f 7777777777777777777777777777777777777777 ) -
6016z o3 04 05 o8 07 o Asymmetries scale with X
F
=0.08
< 0.07 E_ n® Ay vs p, (0.16 <x_<0.24) (Isolation 70 mR)
0.06 = \'s = 500 GeV ° Energy 50 GeV (x_~ 0.20)
Collinear (higher twist) pQCD predicts 0.05E STAR Run 11 PRELIMINARY
Ay ~ 1py 0.045—
No fall off is observed out to p; ~7 GeV/c 003 ++ x>0
0.02:— +
0.01F- t ]+++ t [
G ey
-0.01;—
_0_02?..|....|....|....|....|....
2 3 4 5 6 7



More puzzles from RHIC BRAHMS

PRL101, 042001

0.4;— Tc_l_ ‘-‘:
02F . c%
Z 07_ E
< O =
0.2 - E——
- 62.4 GeV m
-0.4 __ | L L L | L L L | + L

—0.2 0.4 0.6

n+ 7w- Opposite asymmetries

is believed to come from

opposite spin-kT properties

of valence u and d quarks

PRL101, 042001

- <z | BRAHMS Preliminary ep
0.4 - K+ 0.1 ep
0.2 K = ? : #.'f+
S S = i -
of R e
; ; +
02 L
- 62.4 GeV o 20008V
'04__ C by
T TR TR NN SN SN SAN NN SO SR S N S 0 01 0.2 0.3 0.4 0.5
0.2 0.4 0.6 x. of proton
... But K" =us Large antiproton
doesn’t contain any asymmetry, while ~0
valence quarks but still proton asymmetry??

shows the same asymmetry
as K'=us



Sources

Collins effect (Nucl.Phys.B396,161):
Correlation between spin of the fragmenting parton
and the hadron pT (spin dependent fragm. function)

X Ay u(x)

=01

01
003

d(x)

= o050

XA

=0
-015F
-02

Connected to tensor charge

02 04 085 08 1
X

Anselmino et al., Eur. Phys. J. A39, 89 (2009)

_|u_ xmiq

Sivers effect (Phys.Rev.D41,83):
Correlation between proton spin and parton KT

u x f1(x, k, St) d

Relates to parton
motion => Connected
to orbital momentum!

ky(GeV)




Fundamental Role of Sivers

Brodsy, Hwang, Schmidt (Phys.Let.B530,99):
Sivers function in DIS can arise from interference with diagrams
with soft gluon exchange between outgoing quark and target spectator
Collins (Phys.Let.B536,43):
Sivers asymmetry is revered in sign in Drell-Yan process

|DIS: attractive | Drell-Yan: repulsive

Sil’("}l"ﬁ‘ DIS —Sivers‘ DY

18



RHIC -> eRHIC

Electron — lon Collider

0.60 GeV

Add electron ring to existing RHIC proton/heavy _ion ring or

Add proton/heavy _ion ring to existing electron ring N

New
detector

Back to DIS but at much higher luminosity (x100- 0/ soce o N
1000 as HERA) [ - \
And much higher Vs (with both beams polarized)

T T T i
0.04F XAU 1k xad 1 0.04
all uncertainties for Ay?= 9 -

0.02F 1F 4 0.02

of R 1 o
-0.02f . V 7002
[ B DSSV and 1 ]
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-0.04r &5GeVon250GeV A} 170-04

L | | F T L lllll | i 0-3
0_04:_ XAS _: n XAg solz:lce SRF Linac
N ] E _: 0.2 Pre-booster
0.02f af _
N 1t Medium Energy IPs Medium
L Energy
or Collider
C @ Ring
-0.02 [ ] ; Low
L 4F ] E IP
C 1F 4 -0.1 neray
0.04F Q=10 GeV? 1 ]
Lol v vty 02
10 10" 1 10 10" 1



Summary

RHIC Spin program:

How do gluon contribute to the proton Spin
Non-zero (in the limitted x-range) and comparable to quark contribution

Need to study lower x

What is the flavor structure of polarized sea in the proton
Au-bar tends to be positive, Ad-bar tends to be negative
Will see the more precise conclusion very soon

What are the origins of transverse spin phenomena in QCD

Transverse quark polarization x spin-dep. fragmentation ?

Proton-spin and parton k; correlation?
Connected to orbital angular momentum !

Many other results from PHENIX, STAR, BRAHMS and AnDY

Much more expected in EIC era !
20



Outlook

o 1 — 1AZ‘,+ AG + L,
2 2

T\

(Anti)quark Gluon Parton Orbital
Contribution: Contribution: Momentum:
0.15-0.20 0.1 in 0.05<x<0.2 ?7?7?
Lattice QCD:
quark contributions to the proton spin L e e L B
| | | - Q=10GeV® :
*%’4_ — 38— B current B
04 L ® ATY/2 b 0.5 __ data __
02 O]
fi “““““““ - o—-____‘l':: _______ . < or ]
0 I ]
05 B DSsv+ |
Y G w— e - I Eic>d% 4
*i Y S Y S Ay L 5x250 |
02} | & ATd/2 Lu EIC 20x250 |
‘ . . ) - L aIII ur:cer:ain:ieslfor?;geg_
0.2 04 0.6 ! 0.3 0.35 0.4 0.45 21
mnz (GeVZ) AY



Backup



DSSV: PRL 101, 072001 (2008)

TABLE IL.  First moments A fi ==~ at 02 = 10 GeV2.
Xeig — 0 Xpmin — 0.001
best fit Ay =1 Ayt =2%
Au+ A 0.813 0.793+0011 0.793 70028
Ad+ Ad —0.458 —0.416+0011 —0.4161093
Aii 0.036 0,028 +0021 0.028*003
Ad —0.115 —0.089+0:029 —0.089 0%
A3 —0.057 —0.006+0.919 —0.006 403
Ag —0.084 0.013*010 0.013547%
AS 0.242 0.366+0015 036674063

Before RHIC Run9 data for AG

No W data yet
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RHIC Spin Measurements

Check theory (pQCD) works

/N
Jetyield=gq ® g ® o

Extract polarized PDF from spin asymmetries using pQCD

! L !
Jet Yield Spin  _ A
Asymmetry AQ ®ATg X Ao

Extract!



E*d’c/dp’ (mb-GeV?.c?)

(Data-pQCD)pQCD
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PHENIX Data
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(by W.Vogelsang)
CTEQ 6M PDF
BFGIl FF
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2 4 6 8

calculations and data = pQCD can be used to
extract spin dependent pdf’s from RHIC data.

14 16
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W: A vsn,

STAR

Forward (endcup) region (W—e*, 1<|n|<2) :

_o,—0. Forward tracker upgrade, first data in 2012

PHENIX

Forward Arms (W—pu*, 1.2<|n|<2.4):

] Trigger upgraded, first data from 2011



Neutron A

Neutron asymmetry x; distribution with neutron trigger & MinBias |

=z

< 0.1

0.05

-0.05
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PHENIX preliminary Scaling error of 20%
—~— is not included.

PH ENIX Statistical error is correlated
due to unfolding.
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A simple model to illustrate that spin-orbital angular
momentum coupling can lead to left right asymmetries
in spin-dependent fragmentation:

Proton spin
is pointing up! " picks up L=1 to
compensate for the
. pair S=-1 and is emitted
\ to the right.

mt

String breaks and
a dd-pair with spin
-1 is inserted.

u-quark absorbs
photon/gluon and
flips it's Spin.
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Naive Sivers Interpretation

Sivers effect is an interference
with a final state interaction of
quark with spectator system.

Can be understood as
soft-gluon exchange in
final state.

cuarranl
quark jol

st ator
wyElerm

{Int.J.Mod .Phys A18:1327-1334 2003)
M. Burkardt

Sivers effect generates single spin
asymmetries scattered off transversely
polarized target.

(Nucl.Phys. A735 (2004) 185-199)
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Sivers effect and Orbital Angular Momentum

Semi-classical picture :

If quarks have L, probability to find quark which carries
momentum fractmn of “X" Is different between left & right
sides in the nucleon (viewed frr:-m virtual photon).

Quark density

Y : M. Burkardt

-)E‘:wers functmn can be wewed an
impact-parameter dependent PDF.
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Quark Densnt

S

up /

h l:fm]

0.6

Lattice QCD PRLBB:ZZZQOLZGO?.
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Lo

Q2 dependence

@)
00 ] _ . AG is dynamic value — Q2 dependent
AG can be large at large Q? (and can be >>1/2) no
—osh . matter how small it is at some low Q2
R Large AG at large Q? is compensated by L,
1 5 10 50 100 Qa [Gevz]SOU 1000
1 proton 1
> —EAZ+Ag+Lq+Lg
1 1 3n, 1 16
AT+, == =018 Ag+L == =0.32
2 7 23n, +16 23n; +16




