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Proton spin

O Proton is NOT elementary, but, a composite particle:

< Proton-spin = Proton’s angular momentum when it is at rest

< Proton-spin = One number touches every part of the guantum world

from the quantum mechanics to the quantum field theory and QCD

t

e,
s = | bl
=3 > D B
‘ % 4}‘.“__&_.

< Proton-spin = One number carries every secrets of QCD dynamics

from the “unknown” confinement to the “well-known” asymptotic freedom

L Quark Model:

<~ Expectation: S, <PT‘S‘I9T>=%, S=ESZ-

<> Wave function: ‘PT>=\/E[MTuJ,d’l‘+uJ/quT—2uTqu¢+perm.]

Skyrmion Model, MIT Bag Model, Chiral Bag Model, ...



Proton spin in QCD

O Complexity of the proton in QCD:
I Known from QCD

S(u) = S (P SIIHWIP.S) = = = Jy(w) + Jy (1)

2
/ | I— From QCD, But, unknown
Ty= [ @ [l + 6l(a@ x (<iD) Ty = [ i@ x (E x B)
d Asymptotic limit: Ji 2005
1 3N 1 1 16 1
Jalw = 00) = 2957 3N, Y 1 Jol = 00) = 563N, ~ 1
Q Spin sum rule - not unique! Ly(Q%)
1 . '
S(k) = 52(1) + Lq(p) + AG(p) + [Ty (1) — AG(u)]
Intrinsic parton’s spin: Q%) =) [Aq@) +Ad@D)],  AG(Q?)
dynamical parton motion: Lo(QY), Ly(Q?)

= Matrix elements of quark and gluon fields are NOT physical observables!
» Infinite possibilities of decompositions — connection to observables?



How to probe quarks and gluons?

O From cross sections to quarks and gluons — QCD factorization:

'/\- o
= = %'&M Boost
‘AC; N - s Time-dilation
".O. %%W‘: — -

@ Hard probe: t~1/Q<1/10 fm

\ ; dAo dx dx’ dAG
. - —(a > _ A A / q9—"9
= @ ¢ \’ - dydpz. x () / ' 9(z) dydp3
1
/?\ x[l—l—(’)(ozg)—k(’)(])—%)]

( Contribution to proton’s helicity: Protonis NOT at rest!

< Elementary particles’ spin - helicity: Q%) =) [Aq(Q%) + Aq(Q?)]

(intrinsic effect — longitudinal motion)  Ag(Q?)
4
< Motion of the particles — projection of orbital angular momentum
(dynamical — fundamental interaction — transverse motion)
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Goals of RHIC spin program

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

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

0 Transverse spin phenomena in QCD:
transversity (0q), parton orbital angular momentum (L),
and etc.



What has RHIC delivered?

4 Learning curve:
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d Maturity and discovery:

What a year of 2013!



What have we learned?

Workshop 4 - RHIC and the spin of the proton

Go Back

Date: Tuesday, June 25, 2013

Organizers: Pibero Djawotho, Mickey Chiu, Xiaorong Wang and Jim Drachenberg
Time: Afternoon Session 1:30 p.m. to 5:35 p.m.

Location: Building 463B, Biosciences Seminar Room (157)

Agenda

Session: I: Spin Sessions

1:30 - 2:15 Theory overview of spin physics at RHIC Marco Stratmann, BNL
2:15 - 2:40

PHENIX DeltaG Scott Wolin, University of Illinois @ Urbana-Champaign

2:40 - 3:05 TAR DeltaG Grant Webb, University of Kentucky

3:05 - 3:30 PHENIX W product\n Mikhail Stepanov, University of Massachusetts @ Amherst
3:30 - 3:55 STAR W productiogfand FGT Xuan Li, Temple University

3:55-4:20 Coffee

sreak
End of Session I
Session: II: Spin

4:20 - 4:45 AnDY Akio Ogawa, BNL

4:45 - 5:10 PHENIX Transverse Spin Ming Liu, LANL

5:10 - 5:35 TAR Transverse Spin Jim Drachenberg, Valparaiso University



Stratmann’s talk
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RHIC Measurements on AG
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Consistency between PHENIX and STAR data

o 4 0.06 S— Stratmann’s talk
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Impact of RHIC measurements

new RHIC data included in DSSV++ 15 - Q*=10GeV? -
. i
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Role of DIS measurements

Stratmann’s talk

idea: processes with (dominant) contributions from yg-fusion

L L] T|TT1I

— photon can be Ao/o [ © COMPASS 2-had, Q1 GeV? 1
real or virtual S L 4 COMPASS 2-had, Q°<l GeV® -
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"0 SMC l
hadrons - ; i . .
compilation of existing results L, & I ]
05 - \t &) o
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o
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iy stat. errors only
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Quark flavor decomposition

d Single longitudinal spin asymmetries: <«

o(4) = o(-)
A= D T o)

Parity violating weak interaction ' 1'

d Early RHIC results: unpol. ——{}—
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Impact of preliminary 2012 STAR data

Stratmann’s talk
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status of proton spin sum rule

raging controversy in past 2 years

-
2 | l A l (often semantics)

. ) S <P . .]: P . > Jaffe, Manohar; Ji; ....; Chen et al;

2 .2 .2 Wakamatsu; Leader; Lorce;

Hatta, Yoshida; Leader; Ji, Xiong, Yuan; ...

in a nutshell

. 1
- @ ax-3 [ ax(aqx) + Agw)
Ji —=—-AX+Ly+Jg gauge invariant q 70
2 2 @ ' .
same Jqg <->GPD’s (exclusive processes)
1 1 “number” )
Jaffe “ o na p
Manohar 2 - §A2 + Ag + Lq + Lg partonic” A*=o gauge @ Ag = ‘/0 dx Ag(x)
all quantities depend on scale Q & factorization scheme ~ ,Cq,g <-> tWiSt-3 GPD’s
@O Ji, Xiong, Yuan
@ -extremel bold } ! '
2 y bo ) -
where do we stand on A and Ag* = [Wextrapaiation ! Ag(x.Q% dx |
o a" ﬁtS ﬁnd A): ~ 0.25 -é - Q' = 10 GeV* )
beware of LARGE small x & 3F-D uncertainties " o8 { little
) room
® Ag is anybody's (uUEesSS (apart from x=0.05-0.2 region) 04 ¢ e ) for
03 | 2 2
® even non-singlet BJ sum has large errors 02 F e RN <
Au+ Au — (Ad + Ac_l) =1.19 £+ 0.22 orwesd mmidity © 900 G .
\_ NNPDF Y, | OV ST S

0" Io"‘ ln" x >7
Stratmann’s talk



Future RHIC measurements on AG

0.025
¢ Runs 9+15 Proj (200) s
0.020 {| w Run 12 Proj (510) /s *fAR
= =GRSV-Std (510) V.
0.015 11— -pssv (510)
0.010 - GRSV-Std (200)
DSSV (200)
3 0.005 -
<
0.000 - iﬁ 3 ¢ { { & $
-0.005 -
0.010 - Inclusive Jet A_LL for |eta|<1
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< Expect to reduce A G uncertainty by a factor of 2 by end of run-15
< Expect to expand the x-coverage from mid rapidity jet data to [0.01-0.2]

Talks by Li, Stratmann
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Potential impact from 2013 data

Stratmann’s talk

preliminary study!
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Future on proton spin - eRHIC
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Transverse single-spin asymmetry (SSA)

 Consistently observed for over 35 years!
FNAL — 20 GeV

ANL — 4.9 GeV

BNL — 6.6 GeV

60 60
[ PRL 36, 929 (1976) [ PRD 65, 092008 (2002)
40 F 40 |
[ + [ .ﬂ
— 20F ;71% b.. 20 e
2 [ [
:;z 0f-------- i Of------- -
20f 20f ©
i [ Q
-40 | -40 f é{)
X Xg
d Definition:
3
P Left
| S
) 4 ~
Right
Ac(l,8) o(l,5) —o(l,—58)
< 1 .\' — £ N\ — ', — -‘ / —
og(t) oglt,s)+ oL, —Ss)

Do we understand this?

BNL — 62.4 GeV

<n>=3.7

60 [ 60
r PLB 261, 201 (1991) [ PRL 101, 042001 (2008)
40 _ PLB 264, 462 (1991) + 40 _ BRAHMS
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Do we understand it?

Kane, Pumplin, Repko, PRL, 1978

d Early attempt:

Cross section: 7as(pr,5) + 4+

Asymmetry:  oap(pr,5) —oap(pr,—35) =

Too small to explain available datal!
d What do we need?
An o< 15, (B X Pr) = i€ Ppu,s,pabhs
Need a phase, a spin flip, enough vectors
d Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference



Current understanding of SSAs

Talks by Liu, Drachenberg, ...
0 Two scales observables — Q; >> Q, ~ Agcp:

TMD factorization
' TMD distributions

vvvvvvv
AT

| S Direct information on
SIDIS: Q>>P DY: Q>>Q; parton ky

[ One scale observables — Q >> Agp:

Collinear factorization

' Twist-3 distributions
o i Information on
DY: Q~Q; Jet, Particle: P; moments of parton k
d Symmetry plays important role:
Inclusive DIS Parity

) A =0

Single scale
Q

Time-reversal




Transverse motion and TMDs

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or y production in the forward jet fragmentation
Sp Sp - (p X kT,parton) ) #0 SP <Sq * (p X kT,n) »#0
kT,parton

p

P o— o

Sensitive to proton spin- Sensitive to S K.
parton transverse motion transversity (0q) ’ ’
correlations (L,)

Inclusive hadrons:

Observed transverse single-spin asymmetries could arise from the
Sivers effect or Collins effect, or from a linear combination of the two

Sivers or Collins ~ sin(¢,)
d,—angle between spin and event plane

STAR - Drachenberg’s talk



Twist-3 correlation functions

 Twist-3 polarized correlation functions: Efremov, Teryaev, 1982, ...

Qiu, Sterman, 1991, ...

\
TG (z,2,51) ANC/\%

d Twist-3 unpolarized correlation functions:

7
/\D_’ Moment of Sivers function

TG (& 2") ﬂ_(//g
C
)

Moment of Boer-Mulders
( function

d Twist-3 fragmentation functions:

Kang, Yuan, Zhou, 2010

D@ (z,2) )

I~

E

Moment of Collins function?

All these correlation functions have No probability interpretation!

Quantum interference between a single and a composite state

Kanazawa, Koike 2000, ...



Transition from low p+ to high p+

O Two-scale becomes one-scale:

2
A AN(Q 7pT)
pr L Q pr ~ Q
~ Qs
pT
>
TMD Collinear Factorization
L TMD factorization to collinear factorization: Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan

Two factorization are consistent in the overlap region: Aqcp < pr < @

A\ finite — requires correlation of multiple collinear partons

New opportunities!



STAR Transverse Asymmetries at Forward Pseudorapidity

. M. Anselmino et al aerv -hep-ph/1304. 7691v1 0.15 M. Anselmlno et aI PRD 86 074032 (2012)
. T T 1 | L ] . [ 'Ol
[ 70 —=— It Sivers effect ] i
0.1 f 1k 0.1 F
; } * ‘. o ] I |
0.05 F afs . »
Ay { L | Loosp ¢
0F e e o L et L L — ] _ - - it
] i 0 B . e
0.05 f n=3.3 iF n=37 : b n=33 1t
S B [P § S R | P B _005 -----------
02 04 06 02 04 06 02 04 :
XF
Xg Xg

STAR data from PRL 101, 222001 (2008)
Current models based on fits to SIDIS and ete™:

» “The Collins effect...is not sufficient for the medium-large
Xgrange of STAR data, x. <0.3”

 “The Sivers effect alone might in principle be able to
explain...almost the full amount of STAR ri® data on A,”

Theoretical questions remain about applicability to p+p data

of Sivers extractions from SIDIS
(e.g. Kang et al., PRD 83, 094001 (2011))

STAR Transverse Spin - Drachenberg 9



STAR Transverse Asymmetries at Forward Pseudorapidity

0.1 M. Anselmino et al., arXiv-hep-ph/1304.7691v1 M. Anselmino et al., arXiv-hep-ph/1304.7691v1
gg rmn:gg """ STAR preliminary gg m::g """ STAR preliminary
SIVERS effect Xg =0.20 stat. band COLLINS effect  Xxg =0.20 stat. band
| Particular fit within scan of | |
< acceptable fits to SIDIS
....... @ eriensd - Peorari@erenial PEnor R
+ WM $ Rarens ,, ...... 3 + % M $ e t .......
2 3 4 5 6 F 3 8 2 3 4 5 6 7 8
P+ (GeV) Pr (GeV)

Recent models based on SIDIS fits suggest flat p;-dependence for
Sivers effect out to p; ~ 7 GeV/c but at
lower magnitude than data
Similar behavior for Collins effect in some parameterizations
—> possible hint of Collins+Sivers effect?
Twist-3 models also see flat p; dependence out to p; ~ 15 GeV/c
le.g. Kanazawa and Koike, PRD 83, 114024 (2011)]

STAR Transverse Spin - Drachenberg 14




Future transverse spin @ STAR

* STAR investigation of large transverse asymmetries at forward-»:
- Persistence of sizable asymmetries at forward pseudorapidity to p; ~ 10 GeV/c
- Precise investigation of A, dependence of on event topology
-> asymmetries in jet-like 7° are smaller than asymmetries in isolated =2°
- Investigation of forward calorimeter jets at Vs = 500 GeV underway
- Measurement of 7° A for the first time at intermediate pseudorapidity (1 <n < 2)

 STAR investigation of transverse spin effects at central-»:
- Hints of transversity in inclusive jet and di-hadron asymmetries
- Investigation of transverse single-spin asymmetries for the first time in inclusive
jets at central pseudorapidity and vs = 500 GeV
- Extension of existing Collins and IFF analyses to higher statistical precision and
reduced systematics (Run-12)

* Future endeavors include direct photons at forward-»n and
investigation of transverse-spin phenomena in p+Au collisions

STAR Transverse Spin - Drachenberg



Future transverse spin @ PHENIX

pap — WX 0 8 = 62.4 GaV
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.;_M ----- * .... % ..... " 150 nb™ 1z1<40 cm, P=80%
Forward muons with FVTX py A
. “'wz‘z‘?“.‘..}&. 1 15 2 25 8 85 4 45
— Gluon Sivers . Py (GoV/c)
— Charm vs anti-Charm & tri-gluon | |
— Drell-Yan to test QCD oal [Z Dimeson | [ S Er—
l)f"\r'l-};-l‘.‘nl\li‘ !:v?‘N pb P =56%) 1 -002 .
e 0.1 pp=2GeV --00‘;
Forward s/ePHENIX B o M L L on e B,
— New spin program o et -
I B I R e
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Future Forward Dimuon Drell-Yan A, Study =
fundamentally important test of QCD factorization and gauge-link

RHIC 1-year running projection

* Drell-Yan Ay accesses quark Sivers : ,
e o1k Vs=510GeV  DOE milestone HP13
effect (i) in proton - 0<,<1 GeV
L 0.081- 4<Q<8 GeV
. f1T expected to reverse in sign ol ~2016
from SIDIS to DY meas. :
1 1 0.04
q — q i
[f i |sipis = —fi7 |DYJ 002f
.y of -
’ -0.02}
. i 004
N u —"——'n :
B~ 0.06} /
i + (F)VTX Projection 80 pb”
/ _ 008 ' . S
62)T _) e ,n-X T ppT - l‘l'+ p’ X i Kang-Qiu, 2010 (/7= /170
-0.1 [ f u'rl.D»r:f‘tsus
I T P T PR
Semi-inclusive DIS (SIDIS) Drell-Yan 4 -3 -2 -1 0 1 2 3 4
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Projected Open Charm TSSA with FVTX ™ ="

Unique opportunity to study gluon Sivers distributions at RHIC

— D" meson
02F — D" meso .
Forward Muon arms o e x
(FVTX proj. for 8 pb P =56%)
— Runl2 work in progress e ‘
(1] S ity R R e SRR e
— Much improved w/FVTX (Run15) - —
0.1F . 1 . 1 1 H N
-4 2 0 2 4

- E—— y
- ptp—>uiXats=200GeV  PHLENIX “20.3? Charm A, with FVTX
- 14<ni<19 preliminary 0255 4 b +X, {5 =200 GeV .
N 1.0<pT<5.0 GeV/c 0.2F 21PbM1ZI<10cm, P =60 % om0
- - —+2006 - PHENIX (Run®) w~ -~ 2015
L u —+— 2008 015 y 4cmi<19
- —— F 1<p_<5GeVlc
- ] 2006+2008 0.4F 1<P,
B K 3% 0.0527. .................... - i
A S|
- I -0.05F- } l
C <P >=24,14,14,24 GeVic -0.1F- Anselmino et. al.
" Scale uncertainty 5% not shown - PRD70(2004)074025  ----- IA |, Maximum gluon
- 015 5 _15Gevic —IAl, Maximum quark
- l l l l I l l -0 :IIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIII
S 0 sh 3 0 0 08 oE  om 94 03 02 01 0 01 02 03 04

Xe Xg
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Summary

1 After almost 40 years, we have learned a lot of QCD dynamics,
but, only at very short-distance - less than 0.1 fm,

and limited information on non-perturbative parton structure

d Understanding proton spin could provide the first complete
example to describe the fundamental properties of hadrons
at various distance scale

0 Transverse spin opens a new domain to test QCD dynamics
and new observables for extracting partonic structure
beyond PDFs

1 RHIC spin program is rich, and has a clear path forward to
the future EIC.

Thank you!
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Global QCD analysis for PDFs

Input DPFs at Q,
A(pf/h (x,{aj})
DGLAP e,

Ap,, (x) at Q>Q,

Minimize Chi?

Vary {aj}

YT T T T T

Current polarized DIS data:
oCERN ADESY o¢JLab oSLAC

Current polarized BNL-RHIC pp data:

® PHENIXT® ASTAR 1-jet

QCD calculation

Comparison with Data
at various x and Q

Procedure: lterate to find the best set of {a} for the input DPFs




Determination of AG

 Double longitudinal spin asymmetries:

ot +) —o(t )]~ lo(=+) —a(=, -]

lo(+,+)+o(+,—)] + [o(—,+) + o(—, —)] for o(s1, s2)

ALL —

4 Physical channels sensitive to AG:

p+p—=m+X 88 =88 3) ik § Pion or jet production

p+p—jet+X G — qg > < high rates

p+p—=>r+X i = 1q ? i Direct photon production

p+p—y+jet+X low rates

p+p—>D+X g8 —cC Heavy-flavour production

p+p—=B+X g8 —>bb ; ( separated vertex detection
required

Many NLO pQCD calculations are available



Integrated transverse motion

 Cross section with one large momentum transfer: Q >> Ag¢p

2
0(Q,5) x
Z%N ;(%( % Q2 ~ (K2), (k)

~HY ® fo® fo + —HNLP ® f2 ® f3+ ... pQCD factorization

d Single transverse spin asymmetry.

Ay «x 0(Q,51)—0d(Q,—51)
< H(Q) [(p, SO, A¥)|p,S1) — (p, =S |0, A¥)|p, =S 1) ]

1 Dominated by the derivative term - forward region:

dAo
d3¢

Qiu, Sterman, 1998, ...
Ox :|

x eTST™™ D (2) ® I:—a:iTp (x, )
Kouvaris, Qiu,
Vogelsang, Yuan, 2006

1 ’ ~ E : ’ ~
X ——ﬁ, [G(m ) X Aqu—)C + ql(x ) X Aaqq’—r(‘:|

al
o

L

—U l—x




Importance of the evolution

. . Aybat, Rogers, 2012
d SSAs - Sivers function:

’(?o 0.15 TMD evolution ’;?n 0.04

of HERMES e

2 S 0031 wenmes, coupass
€k o COMPASS { g
o

< RHIC

|
v

P, (Gel Q" (GeV’)

Q? dependence - effectiveness of the probe?



Forward Inclusive Neutral Pions at 200 GeV

0.1
. — STAR Run 12 Preliminary
< 0_09;_2 track (35mr)1t only i e B
0.08—2 track (35mr) °+ Near y s Cos(Ao)>0
0.07 tFor ° ‘s with X,<0.45:
0.06 5}Emints"wuth opposite s.ldg photons . 1!
tor “no” photons have similar A, 4 e
0.05 Same side photons lead to much + | | ‘i;;
I reduced A, , & % e
0.035 N ¢ t + )
0.02- f A | Form® ‘s with X,>0.45:
- ‘ Observation of additional
0.01- %
= 4 l A Photons reduce Ay
0 = 1 L1 1 L 1 1 l L1 1 1 1 1 1 l L 1 L 1
20 30 40 50 60
S. Heppelmann, DIS2013 0
Cluster 1 Energy(GeV)

Recent data from Run-12 suggest that asymmetries for
pions with additional near-side energy deposit have
lower asymmetries than those of more isolated pions

STAR Transverse Spin - Drachenberg 17
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Polarized p+A at RHIC(2015+)  “voarized pe @ritic* workshop, san, 013

https://indico.bnl.gov/conferenceDisplay.py?
ovw=True&confld=553

* Large transverse spin asymmetry A, at forward rapidity — a large analyzing power at large x,
*  Gluon saturation/CGC probed at forward rapidity in p+A —small x, in A
A new probe — using a large spin asymmetry to study CGC effects in the forward rapidity

~ p—'Le+y ~ 1

projectile: T1 /5 valence
target: o ~ f/—%e"’ <1 gluon
1 ~ ;
2(: : . A()l'forward A.f(xl) ® g('xZ)’ xl > x2
= .4 -- p+Si
> -- p+Cu
0.6 -- p+Au
i Forward Pion Single-Spin Asymmetry
04r LP**: 50 pb'1zI<40 cm, P=60%
N LP**“: 150 nb ' 1z1<40 cm, P=60%
0.2~ ApA—>h 2 P2 82
. N ~ 2Pl
oo bbb} } T 2
R N P}, <Q? :
-0-2_I| I 1 l 1 1 l L1l l L1 11 I L1l I L1 11 I 1
1 15 2 25 3 35 4 45 Kang, Yuan (2011)

P, (GeV/c) Ming Liu @RHIC-AGS



