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B Abstract Colliding beams of 70% polarized protons atupto /s = 500 GeV, with
high luminosity, L =2 x 1032 cm™2 sec™!, will represent a new and unique laboratory
for studying the proton. RHIC-Spin will be the first polarized-proton collider and
will be capable of copious production of jets, directly produced photons, and # and
Z bosons. Features will include direct and precise measurements of the polarization
of the gluons and of %, d, u, and d quarks in a polarized proton. Parity violation
searches for physics beyond the standard model will be competitive with unpolarized
searches at the Fermilab Tevatron. Transverse spin will explore transversity for the
first time, as well as quark-gluon correlations in the proton. Spin dependence of the
total cross section and in the Coulomb nuclear interference region will be measured
at collider energies for the first time. These qualitatively new measurements can be
expected to deepen our understanding of the structure of matter and of the strong
interaction.
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Gluon Polarization
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access AG at a pp collider?
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Recent Vs = 200 GeV m° and jet A

Phys.Rev.D 90, 012007 (2014) arXiv:1405.5134
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First Vs = 500 GeV 1° and jet A !

Provides first access to lLower x
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Forward A, accesses X ~ 1073 region
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DIS + SIDIS mmm RHIC projection

90% C.L. constraint data < 2015 RHIC im p act

=== DSSV 2014 mmm EIC projection

with 90% C.L. band Vs =78 GeV O n AG

DSSV

Phys.Rev.Lett. 113 1, 012001 (2014)

AG (x> 0.05)
= 0.2 (+0.06/-0.07)

Nucl.Phys.B887, 276-308 (2014)

AG (0.2 > x> 0.05)
= 0.17 (+/- 0.06)

Special thanks to DSSV for this plot!
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Quark Polarization
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Probing the Sea Through W Production

Measure parity-
violating single-
spin asymmetry of
detected leptons:
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Wt- & Z Cross Sections

Theory: FEWZ and MSTWO08 NLO PDFs
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Initial STAR & PHENIX mid-
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Phys.Rev.Lett 106:062001 (2011)

rapidity W A,

PHp->Wi4X—>et+X
STAR /5 =500 GeV
25 < Ef <50 GeV

W~ W* RHICBOS

- - — DNSK
— DNS-KKP

--=- — DSSV08

CHE
- - — DSSV08

Phys.Rev.Lett 106:062002 (2011)
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p+p = W* — e+ v STAR
mid-rapidity

\s=510 GeV 25 < E < 50 GeV

Data combined
from 2011-2012.

W Run 2013 still being
analyzed.
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PHENIX + STAR W A, After Run 13

p+tpoW
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on AU & Ad PDFs?

B DSSV-++ with proj. W data
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Quark Transversity
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Transversity o
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Access transversity in pp collisions?

....Couple a chiral odd fragmentation function with quark Af(x)!

Sq

Collins Fragmentation Functions 5q*(PoxPy)

Correlation between spin of transversely
polarized quark and transverse momentum
kick given to fragmentation hadron.

Interference Fragmentation Functions
Correlation between spin of transversely
P, polarized quark and momentum cross-product
of dihadron pair.




Access transversity in pp collisions?

....Couple a chiral odd fragmentation function with quark Af(x)!

Sq

Collins Fragmentation Functions 5q*(PoxPy)

Does not survive integration over transverse
momentum of hadron j; with respect to the jet
axis. Needs Transverse Momentum Dependent

framework! _
JT

Sq Interference Fragmentation Functions

The center of mass of the hadron pair is traveling
collinear with the jet axis. IFF survives integration
Py, over j; of hadrons and therefore works in collinear




200 GeV AUTCOLLINS

VS.

STAR Preliminary

p' +p — jet+ n* + X at Vs = 200 GeV
5.6% Scale Uncertainty Not Shown
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200 GeV AUTCOLLINS ve.

STAR Preliminary

p' +p — jet+ n* + X at Vs = 200 GeV
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Higher Q? and same x? Vs= 200 vs 500 GeV

p'+p —jet+ 7t + X
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arXiv: 1504.00415
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pi+p > nt+n, (s= 200 GeV
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500 GeV A
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Run 2011 }s = 500 GeV
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RHIC data probes x > 0.1 region

p+p —jet+ "+ Xat s =200 GeV
PYTHIA 6.4.22

Q%=2.41 GeV?

Perugia 0 Tune

*Excluded:
qq —qq
qq — g9
gg —qq

Phys. Rev. D 87 094019 (2013)

= How do Collins and Interference FF evolve with Q2?
=  Arethe Collins and Interference FF universal?
» What are the size of factorization breaking effects for Collins in pp?



The Sivers’Sign Change

SIDIS =- DY

r 5566666 (J)) I BOBO668 I

attractive repulsive

HP13 (2015): Test unique QCD predictions for relations between single-transverse spin
phenomena in p-p scattering and those observed in deep-inelastic lepton scattering



One DY observable : W'/W- A,

STAR Preliminary e WH =Ty

0<q,<3 GeV

STAR p-p 500 GeV f L =25pb"
05<P,<7GeV
3.4% beam pol. uncertainty not shown

rel. syst.(%)

2-15-1-050 05 1 15 2
Yy

PoS DIS2014 237 (2014) Phys.Rev.Let. 103, 172001 (2009)




One DY observable : W'/W- A,

Provide critical information
about TMD evolution!

Precision Measurement

proposed for Run 17 First measurement of sea-

quark Sivers Functions.

0<q,<3 GeV

e W*- f L(del.) = 900 pb”’
oo W f L(del.) = 400 pb”

e W - f L(del.) = 900 pb”’

w- f L(del.) = 400 pb”’

rel. syst.(%)

2-15-1-050 05 1 15 2
Yy

Phys.Rev.Let. 103, 172001 (2009)




Another Sivers observable :
Inclusive jet A,

ﬁ%
p +p—> jets, vVs=300 GaV

* jet A, (statistical errors)

5A, (systematic error)

Ay small due to u and d quark
cancelation effects

Asymmetry is consistent with SIDIS
data but too small to be conclusive.

To€ztz ‘oTT '13971°A9Y SAUd



Twist-3 “Sivers” Observable: Direct

photon A,

<C p'+p->y +X @ Ys=500 GeV, y=3.5
: dir s PRL110, 232301 (2013)
PP'— y X 0 04_STAR FPS&FMS: P=55%, Ldt=400 pb™
0.04 Vs =200 (! ’
0.02 {— e
e —

/

= N 0.02
< -0.02 |- =
| |
-0.04 +— 0 Py - # T
-0.06 |—
-0.08 [— PHENIX MPC-EX P=60%, Ldt=50 pb™, 1zl<40cm //_

-0.02
-0.1 | | | | | | | |
02 03 04 05 06 07 08 0.9 | | | | |

Xg 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Theoretical curves by Gamberg, Kang, Prokudin Phys.Rev.Lett. 110, 232301 (2013)

» Twist-3and TMD related via Efremov-Teryaev-Qui-Sterman equation
= Explores consistency between TMD and Collinear Twist-3 Formalism

= Direct photon does not suffer from u and d Sivers cancelation like inclusive
jet due to charge weighting in EM interactions.




The Big Picture

(aka lunch topics..)
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THE GLUON POLARIZATION INTHE PROTON (x > 0.05)
IS COMPARABLE TO THE QUARK POLARIZATION .

CLEAR INDICATION OF BROKEN FLAVOR SYMMETRY IN

THE LIGHT POLARIZED SEA. PION CLOUD MODELS ARE
DISFAVORED.

SIGNIFICANT ASYMMETRIES, SENSITIVE TO

TRANSVERSITY, MEASURED FOR THE FIRST TIME IN
HADRONIC COLLISIONS.

ESSENTIALTESTS OF TMD FACTORIZATION,
EVOLUTION AND THE EQTS RELATIONSHIP via W+/-,




Where do we go next?

AG — lower X!

= RHIC Forward Upgrades to push to lower x
= Ultimately need an Electron-lon Collider

TMD and IFF Asymmetries

* RHIC Forward Upgrades will allow jet reconstruction
in forward region - push to higher x

SIVERS SIGN CHANGE
Drell-Yan in the forward direction will allow continued




STAR Forward Upgrade (fSTAR)

Lead and Scintillator tiles
Tracking Silicon mini-strip detector or GEM Tracker

Ecal: Tungsten-Powder-Scintillating-fiber

Forward jet reconstruction will extend AG to lower x
and TMD +IFF asymmetries to higher x



PHENIX Forward Upgrade
(fsPHENIX)

EIC detector GEM + H-Cal s>
-> Forward jet with charge sign '/ ///:///ﬂgiif
tagging (

+ reuse current silicon tracker &

Muon Id detector 1
-> polarized Drell-Yan with muons \\
+central detector (sPHENIX) \
-> Forward-central correlations




YOU WANT MORE?




Historically same trend with AX!

0.21 ﬁ ¢ This experiment
ELLIS-JAFFE SUM RULE b SLAC [2-3]

2
X
N
N
*o)
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Q
£
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<
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o
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Q
[
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EMC 1989: AX(Q° =10.7GeV)=0.12+0.094 + 0.138
DSSV 2x bigger than EMC AX - but still CONSISTENT!




Are PHENIX and STAR data consistent?

m° p. (GeV/c)
10

PHENIX Prelim. =°, Run 2005-2009
PHENIX shift uncertainty

DSSV++ for n°

STAR Prelim. jet, Run 2009

STAR shift uncertainty

DSSV++ for jet

PHENIX/ STAR scale uncertainty 6.7% / 8.8% from pol. not shown

10 20
Jet P, (GeV/c)

Thank you to
de Florian,
Sassot,
Stratmann &
Vogelsang for
preliminary
DSSV++ curves!
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8.8% Vertical Scale Uncertainty
3.1<n<3.9
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Single Cluster MPC Asymmetry

c
o
-
o
©
e
L.

PHENIX Prelir{?i_nara( "
s Run-2009 =200 GeV
v Cluster Decomposition: . 8.8% Vertical Scale Uncertainty

Dominated by merged m°’s. 3.1<n|<3.9

v'Process decomposition skewed
more heavily toward quark-gluon
than mid-rapidity.

v/ Rel lumi uncertaintyis
significant compared to statistical.
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How does this ADD UP?

...Integration over full x range
1 2
JAg(xQ") dx
X .

n

Q> =10 GeV*

. RHIC |
200 GeV

' forward rapidity I 500 GeV I

This
preliminary
DSSV++ plot
brought to
you by

de Florian,
Sassot,
Stratmann &
Vogelsang!



Lepton Decay Kinematics

= W is Left handed

" v /v R/L Handed
(99-9999%)

= |epton decay
direction, in the W
rest frame, is set by
conservation of
angular
momentum

= | epton
momentum aligned
(anti-aligned) with
W- (W)
momentum




Impact on AU & Ad PDFs?

Thanks to DSSV for permission to show preliminary analysis plots!

IIIIIIIIL‘I lllllllll’.Il

/
/DSSV++ |

J w/STAR W data |

/
o

lllllllllllllllllllllllllll

-0.06 -0.04 -002 O

DSSV+

002 0.04 0.06

\
- DSSV++'\.\
" w/ STAR W datd, : ) )
N X Q% = 10 GeVH

\

o
‘e —

DSSV++
w/ proj. W data

l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1

-0.08 -006 -0.04 002 0 0.02

[Ad(x.Q%) dx

= DSSV & COMPASS data
DSSV++ = DSSV+ run-9 pi0 and jet & projected W data
DSSV++ = DSSV+ run-9 pi0 and jet & STAR W




Why don’t we know more ?

Af(x) is . In a helicity basis this
corresponds to a helicity flip of both the incoming
nucleon and parton. Af(x) Is not probed in inclusive
DIS because flipping of chirality is highly suppressed!

Must access Af(x) by coupling to a second
chiral odd function.

= Ralston and Soper proposed Drell-Yan
but ...

low rates compared to other hadronic
processes P 500 GeV

anti-quark transversity is likely very small

= Could also look atinclusive jet A7 in pp
collisions, however ...
Gluons are abundant and have ZERO A,
A < A/, dueto Soffer bound

. {500 GeV, 800 pb™!

;4200 GeV, 320 pb”

Phys.Rev. D65 (2002) 114024 61



2012 A, OIS vs, . at 200 GeV (XF>0)

STAR Preliminary

p' +p — jet+ =" + X at Vs = 200 GeV
5.6% Scale Uncertainty Not Shown

10 < Jet p_ < 31.6 GeV/c %

------------- Tab s

0.1<z<0.6

1

i [GeV/c]

62



2012 A, OIS s, . at 200 GeV (x.<0)

STAR Preliminary

p' +p — jet+ n* + X at Vs = 200 GeV
5.6% Scale Uncertainty Not Shown

10 < Jet p_<31.6 GeV/c %

------------- I

0.1<z<0.6

i [Gevic]

63



2012 200 GeV A,OLIN p (x. > O)

STAR Preliminary

p' +p — jet+ n* + X at Vs = 200 GeV
5.6% Scale Uncertainty Not Shown

0.1<z<0.6

A AN S . .

0.125<j <4.5GeV/c




2012 200 GeV A, OIS po (x. < O)

p' +p — jet+ n* + X at Vs = 200 GeV
5.6% Scale Uncertainty Not Shown

0.1<z<0.6

A A e e e e

0.125<j <4.5 GeV/c




Cross sections @ Vs=200 & 62 GeV

3,

PHENIX Data

g
[}
B

7° from p+p at\s=62 GeV,
PHENIX Preliminary

NLO pQCD
(by W.Vogelsang)
CTEQ6M PDF; KKP FF
--- u:pT/Z
H=p,

— NLO pQCD
(by W.Vogelsang)
CTEQ 6M PDF
BFGII FF

u=1"2stpT,2pT

p * (mb.GeV?.c)

E*d’s/dp® (mb-GeV>.¢%)
T 1T IIIII|
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005 1152253 35445
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E*d’s/dp* (mb/GeV?)
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NLO pQCD
(by W.Vogelsang)
CTEQ6M PDF; KKP FF

u=PpJ/2,p., 2p,

T T T T

- 19% scale uncertainty
£ is not inc"luded
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9.7% normalization uncertainty
is not included
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p, (GeV/c) p;[GeVic] P, (GeVic)

o

Data-Theo
Theory

o
[

(Data-pQCD)pQCD
o N E~Y (<]

0
—_

(Data-QCD)/QCD

Good agreement between NLO pQCD calculations and data

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




p+p = jet+ X
\s=200 GeV
midpoint-cone
Lone=0.4
0.2<n<0.8

—_—

1/2n do/(dndpT) [pb/GeV]
(]

2

—&— Combined MB
—&— Combined HT
—— NLO QCD (Vogelsang)

NLO + Nonperturbative

Systematic uncertainty
Theory scale uncertainty

10 20

STAR (hep-ex/0608030)

1 dc 1 N, 1 1

°-

2 dndp, 2 Andp, [Ldt c(p,)

* 3 point overlap between HT and
MINB show good agreement.

* 50% systematic shown in yellow
band comes from uncertainty in jet
energy scale. Need orgamma-jet
to reduce this error.

* Application of hadronization
correction removes systematic
offset from NLO and data



2006 Inclusive Jet Cross-
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Inclusive Jet Cross Section
pp @ 200 GeV

Cone Radius = 0.7
-0.8<n<0.8

f Ldt=5.39 pb~!

d%c

2ndptdn

e STARRun-6

D Systematic Uncertainty

]
HH

Theory
NLO pQCD + CTEQ6M

Had. and UE. Corrections

15

20 25 30 35 40 45 50 55

27 dndp, Ton AnAp; det | c(p)

(Data - Theory) / Theory

e STAR Run-6

Systematic Uncertainty

|:| Theoretical Uncertainty

Data-theory Comparison

of Inclusive Jet Cross Section
pp @ 200 GeV
Cone Radius = 0.7

j Ldt=5.39 pb!

“1 08<n<08

15 20 25 30 35 40 45 50 55

NLO is corrected for hadronization
and UE
Good agreement with theory!

B. Jager et.al, Phys.Rev.D70 034010




2006 Dijet Cross Section

Dijet Cross Section
pp @ 200 GeV

Cone Radius = 0.7
max(pt) > 10 GeV, min(pt) > 7 GeV

-08<1<0.8,|An| <1.0

[Ap| > 2.0
%R Preliminary

fl_dt = 5.39pb ™"

dMdnsdn4 =9 Catatheory Companzon
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