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Outline of my talk

Twenty years since the “spin crisis”

The goals of RHIC Spin program

What we have achieved?
What we could achieve in next few years?

New opportunities
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Twenty years since the “spin crisis”
1 EMC experiment in 1988/1989 - “the plot”:

) I I

018 — ELLIS-JAFFE sum rule ® xgf (x) 010
0.15 x faf x|
= 0.12 008
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gi(z) =5 > el [Aq(z) + Ag(z)] + O(as) + O(1/Q)

Aq = / dzAq(z) = (P, 5[, (07 1524 (0)|P, 5))

Q “Spin crisis™  AY =) [Ag+Aq =0.12+0.17

q
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Early “solution” to the “crisis”
d Large AG to cancel the “true” Aq: A»-??—)—
1
Aq= [ dedag(a) = (P [T,01 3 (O1P. )

2
— AR Ax — Y@ Ao S

2T

J What value of AG is needed?
AG(Q*) ~2 atQ~1GeV

 Question: How to measure AG independently?

< Precision inclusive DIS

< Jets in SIDIS

<> Hadronic collisions — RHIC spin
<> ...
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“Bigger” Questions?

1 Beyond AG:

< Antiquark helicity contribution?
< Quark flavor separation?
< Proton’s spin structure?
< QCD dynamics behind the spin structure?

...

4 Proton spin = Angular momentum of the proton at rest:

. 1
S=> (PS.=1/2|J7|P,S. =1/2) = 5

f

 Spin sum rules:
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Inclusive DIS

d The “Plot” is now much improved:
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4 Flavor separation - SIDIS: See Elke’s talk
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RHIC Spin Program

J The machine:

Absolute Polarimeter (Ht jet)

RHIC pC Polarimeters

Siberian Snakes — @

Spin Rotators

(longitudinal polarization) Spin Rotators

Pol. H™ Source (longitudinal polarization)

> Helical Partial Siberian Snake

200 MeV Polarimeter

\ Y AGS pC Polarimeter
Strong AGS Snake

Collider of two 100 GeV (250 GeV) polarized proton beams
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The Goals of RHIC Spin Program

O Determination of polarized gluon distribution (AG)
over a large range of momentum fraction x,
using multiple probes

1 Determination of flavor identified quark and anti-quark
polarization using parity violating production of W*

 Transverse spin phenomena in QCD:
connections to parton orbital angular momentum (L)
and transversity (0q)
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Question

Experiments measure cross sections,

Not AG, Aq and Aq!

How reliable we can extract these quantities
from

the measured cross sections/asymmetries?
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PQCD Collinear Factorization

U Factorization is an approximation:

do dr dz’ A6 g,
= [ o) [ o) e

dydp?. | = x dydpr
+0(a?) + O <%>
Pr

Convoluted with a fragmentation function
for inclusive single particle production

d The proof was originally given for spin-averaged case

< The same proof could be carried through for the leading power
contribution to spin-dependent cross section

< But, the proof does not say anything about the spin dependence
of the power corrections
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Inclusive Jet at 200 GeV

16°E” A DB B R BN AL R =
d STAR: ' F (a) =
105 STAR E
- ptp>jet+ X -
§1o“'§‘ =200 GeV 5
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Inclusive single hadron at 200 GeV

d PHENIX:
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Extending x coverage and particle type

d BRAHMS:

Large rapidity ,K,p cross sections for p+p,

Vs=200 GeV PRL98, 252001 (2007)
o y=2.95
- K AP
1 oP
rg 1o — w=p, mKKP [ “ — uep, mKKP [ --- p=p AKK/2
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Determination of AG

Leading power pQCD factorization theorem is valid
for spin-dependent cross section at the same level of
confidence as for spin-averaged observables

Many NLO pQCD calculations

including jet-jet, particle-particle correlations
are available

See Werner’s talk
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RHIC Measurements on AG
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Small asymmetry leads to small gluon “helicity” distribution

November 20, 2009

Jianwei Qiu, ISU



Current status on AG

TP 1
 Definition: AC :/ dz AG(z) = (P, sy |FH(0)F (0)|P, 5 ) (—i€p)
0

PRL101,072001(2008)

d NLO QCD global fit - DSSV:
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Strong constraint on AG from 0.05 <z <0.2
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Improvement to AG

d NNLO? Probably not yet

d Key: Extrapolation to low x and high x

< Large x: total contribution might be smalli
due to the steep falling phase space

< Small x: larger phase space for shower and smaller Q
for a fixed collision energy = Larger (kr)

 Collinear factorization does not work when Q(z) ~ (kr)

G(x) =G (z)+ G (v) x 7. atsmall x
1
AG(z) = GT(z) — G~ () Could be proportional to —
Not positive definite!

Uncertainty in extrapolation!
Sign change = sign of interesting dynamics
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Determination of Ag and Aq
1 W’s are left-handed: = = =
dt(z,) u (x2) u () d*(z2)
> >
—= _y+ = Sw+
== = =

4 Flavor separation:

Lowest order: AV = DU
- u(z)d(zs) + d(zy)u(z2)
M W yw B M W —uw
Ty = \/§ € ) Lo \/g €
Forward W* (backward e*): AV & _Bulzy) <0
u(_xl)
+ +\. + Ad(xQ)
Backward W* (forward e*): AV & — o) <0
d 9

d Complications:
High order, W’s p;-distribution at low p+
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High order effect

J Fixed order pQCD calculation:

LO:

NLO:

W

See Daniel’s talk

o 6°(qr)
4
T X — =00 as qp — 0
4T

 All order resummation is needed:

CSS formalism - implemented in RHICBOS

November 20, 2009
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Predicted lepton asymmetry

W p.>20 GeV W* p_>20 GeV
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Plan for the RHIC Spin Physics Program, 2008
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Uncertainty in CSS formalism

1 CSS formalism:

dOAB—>W o)y /OO —~
= 20 [ abb Ty (g0 b) Wan(y, b, M) + Y, M
dydqz o J, o(qr b) Wap(y,b, Mw) + Yan(y, ¢r, Mw)

< Resummation is achieved by solving evolution equations of
the b-space distribution: W4g(y,b, My ) at small b

N}Zl)eBrt(y7b7 MW) — Z U%y(lW [¢a/A @Ca—n'} 0% [¢b/3 ®Cb_’j] X e_S(b,MW)
a,b,i,j

< Predictive power is sensitive to the distribution at large b

bW(b,0) !

o Large b tail is NOT universal
— phase space sensitivity

o Reliable prediction if

b-integration is dominated

5 —b  bylowb

sp max
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Extrapolation to large b

1 CSS prescription - used in RHICBOS:

— — b
WAB (y7 ba MW) — ngt (ya b*7 MW) X e_SNP(b’MW) b

VT
Prescription changes both large b and small b region
DO Z Data CDF Z Run 1

0 ——+—+—+——— S 80— o
T T T

« Data :
w— Normaired LY Function Fi oo
t redd 2-Pasameter o r

— w NOT AN

. ala

e lized LY Function Fi
w— = NOrmalzad 2-Farametor
mmwweNormaized Causs 1 FIE

smeme Normalzed Gauss 1 Fit

] 600 [
500 -1 r
of ’
. 500 i
- 400 o |-
&[% 18
— —— 400
~ 300 o
8¢ &l¢

5 10 15 20 ] 5 10 15 20

P_(GeV) P_(GeV)
Different Snp(b, Mz) yields different cross section/shape at low q;
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Upsilon production at Tevatron

((IZG/dyde VO (GeV y!

10

CDF Run-|

0 5

10 15
p(GeV)

20

(d’c/dydp. /G (GeV)!

—
o

DO Run-li
1T T I T 11 | P11 | T
__;, Do Y(15) |
= — n |y <06 é
...... 0 ly<18
| |
[
: ™3
E L 111 | | I I I | | I 1 1 1 | L 111 E
0 5 10 15 20
p(GeV)

Why the shape works so well, while M, ~10 GeV?
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The b-space distribution

a 20@0 lllllllllllllllllll 10m llllllllllllllllli
g (a) +vs=18TeV e} L (b) vs=18TeV _
;g u y=0 i ;g X y=0 -
| — —
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: I ]
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|
I —_ -
10000 [H ! — 500 | -
| ] I ]
I - -
I — -
5000 | - 250 - —
: )
H | —
: .
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< Gluon-gluon dominate the production
<~ Dominated by perturbative contribution even M, ~10 GeV
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Improvement to W production at RHIC

d Exam the b-space distribution at various y,, values:

\

bW(b,Q)
< Contribution from the long b-tail?

< Itis important to measure
spin-averaged W cross section

> b

b b.

sp max

1 Possible “dilution” to the asymmetry of decay lepton

Existing calculation of lepton asymmetry is based on
lepton from boosted W + production of W-boson

< Production of W-boson (diagonal tensor): o W*” x (—g,,)
< Off-diagonal hadronic tensor: x WH x L,
also contribute to lepton production (with resummation?)
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Transverse spin phenomena in QCD

Double Transverse-Spin Asymmetry (A;¢)

Probe the transversity distribution: 0q(x)

Single Transverse-Spin Asymmetry (SSA)

Ao (¢, 5) _ ol,5) —o(4,—5)
o) o(l,5) +o(L,—5)

AL, 8) =

Chance to go beyond the collinear approximation

Probe parton’s transverse motion?

See Feng'’s talk
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SSA in hadronic collisions

Hd Hadronic p 1 +p = (D)X : t T

b
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SSA inthe parton model

U transverse spin information at leading twist — transversity:

S5q(x)= d) : é = Chiral-odd helicity-flip density

A the operator for 0'ghas even v’s => quark mass term

U the phase requires an imaginary part => loop diagram

p

4
A
——

St

LA B
===p> SSA vanishes in the parton model

connects to parton’s transverse motion
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Cross section with ONE large scale

4 Collinear factorization approach is more relevant

(M) ' — Expansion

Q
0(Q,s7) =Ho® fo@ fo+ (1/Q)H1 @ fo @ f3+ O(1/Q%)
? 1
Too large to compete! Three-parton correlation

1 SSA - difference of two cross sections with spin flip
is power suppressed compared to the cross section

Ac(Q, sT) = |0(Q, s7)—0(Q, —s1)]/2
= (1/Q)H1(Q/np, as) @ falpr) ® fa(pr) + O(1/Q?)

* Sensitive to twist-3 multi-parton correlation functions

* Integrated information on parton’s transverse motion
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Direct information on parton k;
L Need processes with two observed momentum scales:

(), necessary for pQCD factorization to have a chance

0-0 ]

(Q, sensitive to parton’s transverse motion

 Example — semi-inclusive DIS:

J

p *» Both p and p’ are observed

4 *
- - -.< < p’r probes the parton’s k;

q K P “ Effect of k; is not suppressed by Q

d Very limited processes with valid TMD factorization

» Drell-Yan transverse momentum distribution: (,q,
o quark Sivers function

o low rate Bomhof and Mudlers, ...
Collins, Qiu, ...
< Semi-inclusive DIS for light hadrons: Q, p. Vogelsang, Yuan, ...

o mixture of quark Sivers and Collins function
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TMD factorization
d Factorization in terms of ky-dependent PDFs:

0(Q1,Q2, s11,821) = Ho @ Fao(kr, s17) ® Falkr, sor) + O(Q2/Q1, Q2/M, M/Q1)

Unlike the collinear factorization, we should include the scale of
hadron mass when Q, ~ Aqcp

O Sivers function:
Fapn(, kr, s7) = Fop (@, k) + fo5 (@, kr) 87 - (P X kr)

4 Parity and Time-reversal invariance of matrix element:
<P7 ST|@(¢7 A,U)|P7 ST> — <P7 _ST|PT@(¢7 AM)TT_17_1|P7 _ST>

- Fo S (@ ke, sT) = Fop (@, kr, —s7)

Si SIDIS Si DY
m— S (ke )SPIS = — S ()

Time-reversal modified universality

1 Collins function: ¢(Q1,Q2,s7) = Hy ® dq(x, s7) @ Da(kr, Q1) + ...
November 20, 2009 31 Jianwei Qiu, ISU




The modified universality — Drell-Yan/Z°

D Dl’e"-Yan . Asin((b—cbs) —_A Collins et al. 2006
¢ N - N Kang, Qiu, 2009
< R = 0
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The modified universality — W production
3 SSA of W-production at RHIC : Kang, Qiu, PRL 2009

Sivers function same as DY, different from SIDIS by a sign

< : < -
03F @ 01f @
0o5F  0<P,<3GeV . - |
u 0.05 [
0.15 T N~
0.1F 005  0<P<3GeV
0.05 F :
s 01 [
0F n
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII
2 15 1 05 0 05 1 15 2 2 15 1 05 0 05 1 15 2
y y

- flavor separation
- large asymmetry: should be able to see sign change

But, the detectors at RHIC cannot reconstruct the W’s

The Sivers functions from Anselmino et al 2009
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SSA of lepton from W-decay

 Lepton SSA is diluted from the decay:
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0.08

0.06

0.04

0.02

0.06

0.05

0.04

0.03

0.02

0.01

N P=41GeV d

-TlllllIIIlIIIIIIIIIllllllllllllllllllllllllllll
30 35 40 45 50 55 60 65 70

T

October 15, 2009

Kang,

Qiu, PRL 2009
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- flavor separation

- asymmetry gets smaller due to dilution

should still be measurable by current

RHIC sensitivity

Complimentary to Drell-Yan/Z°

production
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Other TMD distributions
1 Quark TMD distributions:

1 €pvooYHNY kX ST k, -S
e = b [ oGBS (s RS
k. -S ; y 5 #—ku
+ @z‘apw*”n’isa’w + (SL@+ —(lM T :j)) il zwn“L L

+ (hi 0“";}”1]

Total 8 TMD quark distributions
1 Gluon TMD distributions, ...
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Collinear vs TMD factorization

] Relation between TMD distributions and collinear
factorized distributions

spin-averaged: f A7l f2° (x,k, )+ UVCT (uz ) =q, (x, u’ )

Transverse-spin: (ZQELEiqT(;’l?, k) =1TF(x,x)

] Relation between two factorization schemes

They are valid for different kinematical regions:

Collinear: Q.. Q, > /\QCD
TMD: Q1 > Q2> Ageo

Common region - perturbative region:

Ji,Qiu,Vogelsang,Yuan,
Q1 >> Q2 >> AQCD Koike, Vogelsang, Yuan

where both schemes are expected to be valid
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SSA in QCD Collinear Factorization

Qiu, Sterman, 1998
 Factorization formalism for SSA of single hadron:

A0A+B—w(sT)_2 <f>a/,q(‘f1 X2, 857)®Dyp(x"VOH 4y (S7)®D . _, 1(2)

abce

+E 8qir(x.57) @ biip(x] X))@ H . (S7)®D e n(z)

+E 5(1(1/,4(‘ ST)®¢b/B(‘ )®H(1+1)—'L(ST)®D((_—)'W(Z1=z2)

+higher power corrections,
Only one twist-3 distribution in each term!

% 1st term: Collinear version of Sivers effect
% 2" term: Collinear version of transversity + BM function

s 3 term: Collinear version of Collins effect
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Asymmetries from the 7.(x,x)

(FermiLab E704) A (RHIC STAR)
N
0.6 T -
[ ppat\s=20GeV " T L 0
4 " E 0.2~ PP at \s=200GeV I.—n
0.1-

5k PR A R RN FERN S FEN ST FETE
0.2 0.3 0.4 0.5 0.6 Xg

Kouvaris,Qiu,Vogelsang,Yuan, 2006
Nonvanish twist-3 function == Nonvanish transverse motion
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Asymmetries generated by TMD distributions

d STAR Run 6 inclusive n°: FRL 101, 222001 (2008)
Ay p+p —> 7+ X at vs=200 GeV
0.15H pin 1 s
‘[J“"’ .‘/
Left , R
- —. Sivers (HERMES fit)
0.1 [ twist—3
0 025 0  0.25
, vy mass (GeV/c?)
.05
<n>=3.7
& ‘} $7°%
o |
—-0.5 @)
U. D’Alesio, F. Murgia C. Kouvaris, J. Qiu, W. Vogelsang, F. Yuan,
Phys. Rev. D 70, 074009 (2004) Phys. Rev. D 74, 114013 (2006).

arXiv:hep-ph/0712.4240
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All RHIC experiments measured A,

d

0.15
0.1

0.05

-0.05

November 20, 2009

PHENIX Run 6 forward 7°;

| PHENIX Preliminary ~— & 0.1

| 20% polarization uncertainty on A scale W
| 10% energy calibration uncertainty on x scale PH EN Ix 0.09

0.08

0.07
} 0.06
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$ ¢ 0.04

IIIIIIIIIIIII
——

l * Py = 0.560.67 084 0.98 0.03
T 0.02
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0.6 0.4 0.2 0 0.2 0.4 0.6 0
X

p,+p—n'+X, Vs = 62 GeV
= PHENIX Preliminary -
—_ 20% polarization uncertainty on A, scale PH ENIX
E 10% energy calibration uncertainty on p; scale
C_x>0.3
= 0.33 0.37 045 =ix,
E 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0.4 0.6 0.8 1 1.2 1.4

Py (GeV)

Transverse SSA persists with similar characteristics over a
broad range of collision energy (20 <vs <200 GeV)
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BRAHMS: n*, Kaons
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Transverse SSA persists with similar characteristics for

producing different particles
November 20, 2009 41 Jianwei Qiu, ISU



pr — dependence of A,

d STAR inclusive ° (Run 3,5,6):

AN p+p— °+X at vs=200 GeV Ay p+p —> T +X at vs=200 GeV
oosl  <x%>=0.28 [ <x>=0.32 LIRS o U4
| ® FPD datg [ e Sivers (E704 fit) 01L © x<-0.4
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See Feng’s talk
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Future: new opportunities

d RHIC will provide the much needed information
on parton helicity distributions:

e

istrib.
ang. mom.

lon
Functions,

J RHIC can do much rﬁore than that!
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Example: QCD quantum interference

1 Cross section is a classical quantity — probability:

O Collinear factorized cross section: Probability

A A Ty

= | |p —’@ @*—gv{ - dydp7 dydp:r
/ +0(a?) + O <Q>

/'/ \ PT

1 SSA - Collinear factorization approach:
0(Q,s7)=Ho® fo®@ fo+ (1/Q)H1 R f2 & f3 +0(1/Q%)

Short-distance interference Long- dlstance interference

2 7 P

g(st) =
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Important recent developments

d Identify all quark-gluon and tri-gluon correlation
functions responsible to SSA

1 One-loop evolution equations for these correlation
functions - from several groups Kang, Qiu, ...

Yuan, Zhou, ...
Braunetal. ...

d First NLO hard part was calculated Vogelsang, Yuan, ...

Have the knowledge to make reliable predictions!

1 RHIC Spin Program provide many new opportunities
to learn/test QCD dynamics — no other collider can do

Thank you!
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