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Nucleon Structure

» Internal structure of nucleon
— Parton Model (valence quarks, sea quarks, gluons)

— Structure function F(x,Q2) € Parton distribution
functions (PDF) f(x,Q2)

1
do= [dx Af(x,Q*)®&, ® D}
f 0

— Spin Structure inside nucleon: ‘ . ‘
spin-dependent parton distributions functions

ot -0~ _Ze(af -47) T, 000" Bfx) = fix)* - fIx)
ov {0~ Z] (If+ + ‘II_) ZI(”(""Q;))
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Proton Spin Structure

» Polarized Deep Inelastic Scattering (DIS)

- EMC (European Muon Collaboration, 1988):
First measurement of quark contributions to the
proton spin.

- Gives you only (quark + antiquark) contributions

[ g (x)dx = 0.114:0.012(stat) = 0.026(syst)

(g,: spin-dependent structure function of the proton)
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Proton Spin Structure

» Polarized Deep Inelastic Scattering (DIS)

- EMC (European Muon Collaboration, 1988): 08 s A6t s e .' g EMC (1988) -
First measurement of quark contributions to the 0ss - x /g tox '
proton spin. . on J[+H» "

- Gives you only (quark + antiquark) contributions .= wwr %* r“é;

1 0.06 - f\\ 0.04
[, 2000 dx =0.11420.012(stat)  0.026(syst) B\ e
(g,: spin-dependent structure function of the proton) s —— = >Ny
1072 10° 1
» Spin crisis .

e AX:sum of quark contributions. As recent result,
AS +AG + L total quarks’ contribution ~25%. (DIS, SIDIS, PP)
* AG: gluon contributions.

N | —

1
2

e L:orbital angular momentum.
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Proton Spin Structure

» Polarized Deep Inelastic Scattering (DIS)

- EMC (European Muon Collaboration, 1988): 08 T hs et o eie o EMC (1988) -
First measurement of quark contributions to the 0ss - x /g tox '
proton spin. . on J[+H» oot

- Gives you only (quark + antiquark) contributions .= wwr %* r“é:,

1 0.06 - f\\ 0.04
[, 2000 dx =0.11420.012(stat)  0.026(syst) B\ e
(g,: spin-dependent structure function of the proton) s —— = >Ny
107 10° 1
» Spin crisis .

e AX:sum of quark contributions. As recent result,
A+ AG + L total quarks’ contribution ~25%.
* AG: gluon contributions.

N | —

1
2

e L:orbital angular momentum.
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Proton Spin Structure

* Global analysis
— PDFs are universal

— All world data to be
analyzed

— Well known quark PDFs.

— Still large uncertainty of
antiquark and gluon PDFs.

— Further constraints from
pp data
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D. de Florian, R. Sassot, M. Stratmann,
W. Vogelsang, Phys. Rev. D 80, 034030 (2009)
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How do we measure antiquark PDFs?

* Semi-Inclusive Deep Inelastic Scattering (SIDIS)
— The method is almost same as DIS + Measure hadrons in the

final state.

—> probability that particular parton produces a particular
hadron (Fragmentation Functions). Large uncertainty of FFs.

ud — ") - QCD factorization

ud — 7| - Measure the asymmetry of polarized

s —s K cross section for access to the spin
structure

s —> K~

>, e2Ag(z,Q*)|D (2, Q%)

>y €k ¢ (z,Q%) Dk (2,Q%))
FFs

A}1L($$ QQs z) =
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How do we measure antiquark PDFs?

W Boson Measurement in longitudinally polarized P+P scattering

* Maximum parity violation of weak
interaction. Fixed helicity of incoming
quark and antiquark.

- Left-handed quark + Right-handed

antiquark ud — W+
du— W-

* Free from the fragmentation functions

 Measure W through their lepton decays

* Ideal tool to study the spin structure of
the proton (Au,Au,Ad,Ad )
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How do we measure antiquark PDFs?

W Boson Measurement in longitudinally polarized P+P scattering

Proton helicity ="+"

O
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_do, -do.
do, +do.

Te

we  J A dxo[Ad (e u(x, )1+ cos0)° + Au(x, Jd(x,)(1 - cos0)’]

fdxld 2[a(xl) ()(2)(1+cos(9)2 u(x,) (xz)(l—cosﬁ)Q]

_>§=_

(z1) d¥(x

S

fdx dx,[Au(x,)d(x,)(1- cosf)? - Ad(x, )u(xz)(l+cosﬁ) ]

fdx dx,[u(x,)d(x,)(1- cos6)? +d(x, )u(xz)(l+cose) ]
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How do we measure antiquark PDFs?

* W Boson Measurement in longitudinally polarized P+P scattering
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_do,-do.

Al =
do,+do_

Ty KLxy “

Te

[ dx, dx,[Ad(x D (x, )(1+c0s8)” + Au(x, Jd(x, )(1 - cos6)’]
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RHIC

* Relativistic Heavy lon Collider (RHIC).
* The world unique polarized hadron collider
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RHIC

* Relativistic Heavy lon Collider (RHIC).
The world unique polarized hadron collider

. .
|
Peekskill ‘ New Fjaven
rnon T:bwnship s > BridgepOrt’s
«West Milford 5 Norgvglk
n M+ )
Jy! +Stamford===
N \Yonkers > East Hampt
N
Paterson

Morristown Manhattén

Huntington Station . 3
: e ¥ Southampton
T.; - 495 '35

Newark
Elizabeth s c—,

Staten Island- Brooklyn Far.Rockaway,

' .OOuéensn -.Isllp Brookhaven

Ed|son iy
t J Mlddletown
SOl yMorganville «Red|Bank
awrence Townships ]

Hamilton Townshlp
J95

May 30, 2014 g2l SIRIILF—QCD-EFHEEMHRE 15



RHIC

* Relativistic Heavy lon Collider (RHIC).
* The world unique polarized hadron collider
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P+P Collisions at RHIC

—-— RHIC pC “CNI”
abiolute pH polarimeters
polarimeter /

N\ - . BRAHMS
” . & PP2PP

PHOBOS._
O

Siberian
Snakes

2 PHENIX.

@
Siberian Snakes

5% Snake

AGS quasi-elastic polarimeter

, -
Pol. Proton Source AN i e .
v “e—— AGS pC “CNI” polarimeter

v
200 MeV polarimeter 2()“,\“ Snake Rf Dipoles

* Polarized proton + proton collisions up to

Vs =510 GeV N
——
* Change the polarization at each IR through ==+ +--++ +-+-4-+-..
Spin Rotators P

* Different spin patterns
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Polarized p+p data @ RHIC

* Longitudinally
polarized proton
runs 2009 - 2013 at
Vs =510 (500) GeV.

* Large statistics in
2013.

Integrated polarized proton luminosity L [pb']
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Polarized proton runs

250/255 GeV
=== 100 GeV

2013 P=52%

2009 P=34%

2012 P=59%
2011.P=48%

2012 P=52%

2009 P=56%

- 2008 P= 44%/2(1()6 P=55%
_____ 2005 P=47%

‘_:j_:_r'_:,/._f-/-—»: 2003 P=34%
L 1 L 1

-
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-
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- .

0 2 4 6 8 10 12 14 16 18

Time [weeks in physics]
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2012

PHENIX Detector
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PHENIX W= e Measurement

contributions at 30 < pT <50

P, spectrum plus

P, spectrum minus

ldentify W signals by Jacobian peak.
Reduced BG and estimate its remaining
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PHENIX W21 Measurement

* Different kinematics at
forward region.

* Muon BGs get smeared
to high pT region

* Large Hadron BG
contamination

e Careful signal
identification required.

Jd P, [pb/(GeV/c)]

60
p'1'f [GeVic)

PH ENIX
preliminary

do, /de [pb/(GeV/c)]

p_’; [GeVic)
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PHENIX W21 Measurement

Reduce BG using likelihood-based
pre-selection using multivariate
cut based on signal MC and data

(mostly BG)

estimate the S/B by performing
unbinned maximum likelihood fit.
(2D fit with n, dw23)

S/B ratio for 2012 dataset is about
~ 0.3 (preliminary).

Rpct MuTr MulD RPC3

DCAr distribution (16 < p; < 60 GeV)

W Simulation Data
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PHENIX W21 Measurement

Reduce BG using likelihood-based  + Multivariate cut for pre-selection

pre-selection using multivariate i .
cut based on signal MC and data Mg + 75,
(mostly BG) 4 = [p(DGO,DDGO)- p(x") pIDCA)  p(RpeDCA)

estimate the S/B by performing
unbinned maximum likelihood fit.
(2D fit with n, dw23)

S/B ratio for 2012 dataset is about | -
~ 0.3 (preliminary). "Bt

f>0.92

o 'Y ) 0e ok Y] ! 0s "
Wikt oo (o)
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PHENIX W21 Measurement

Reduce BG using likelihood-based
pre-selection using multivariate
cut based on signal MC and data

(mostly BG)

estimate the S/B by performing
unbinned maximum likelihood fit.
(2D fit with n, dw23)

S/B ratio for 2012 dataset is about
~ 0.3 (preliminary).

5t-2

St-3

dw23 = pT xsinf xd¢23
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PHENIX W21 Measurement

Reduce BG using likelihood-based
pre-selection using multivariate
cut based on signal MC and data
(mostly BG)

estimate the S/B by performing
unbinned maximum likelihood fit.
(2D fit with n, dw23)

S/B ratio for 2012 dataset is about
~ 0.3 (preliminary).

Inclusion of FVTX will give you
improvement of BG estimation.

Many efforts have been made.

N+

N+



PHENIX A, Result

. [
< [ w2 [ w2’
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STAR

_\USTAR Detector Overview

0.5 T Solenoldal Magnet

Triggering Barrel EM
Calorimeter (BEMC): Inl<1

Time Projection
Chamber (TPC):
Charged particle
tracking Inl<1.4

Trlggering Endcap EM
Calorimeter (EEMC):
1.1<n<2

Slide by J. Stevens @DIS2014
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STAR W = e Measurement

* |solate electron/position with EeT
(~40GeV)

* Large missing energy from undetected
neutrinos

e pT-balance cut to suppress Z, QCD BG

O pr-balance cut

— bal — € — j€t8
pr  =pr + E pT
AR>0.7

Pr-balance cos(¢) =

Transverse plane view

£} (Gew
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STAR W = e Measurement

Mid-rapidity background estimation

E Electron Inel<0.5 Electron 0.5<inel<1 A .
~ 150 — STAR Data i [ Second EEMC W Signal
> —--- W—sevMC Bl W-tvMC
E 100 [] Data-driven QCD [ Bl Z—eeMC #* “Jacobian Peak”
>
w
50 i ) Electroweak
> . * /- eeMC
o 300 .
c(_-)“ Positron 0.5<h|el<1.1 * W—1vMC
~
2 200
- QCD Background
>
w

100 #* Second EEMC

#* Data-driven QCD

50 60 10 20
ES (GeV) E7 (GeV)

@ arXiv:1404.6880
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STAR A, Result

&
20—
AL p+p = W= —e=+ v S : ;;?R_,D:f:- .
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I
Lo | 5
+ _,% in Z 5 }
e
HH — w
— i 80 100 21 20
— - m,.. (GeV/c?)
i gfétluml
ZIY‘ Rel lumi
AL o S
— — DSSV08 CHE NLO
------ -0.1— |
~ i £ STAR Data CL=88%
- - DSSV08 RHICBOS i -0.2—
[ - _._.DSSV08 CHE NLO p+p — Z/y* —e'+e”
R — LSS10 CHE NLO
DSSV08 LO Ay?/y?= 2% error 0.3 (e=510GeV 70<M,_ <110 GeV
[~ 3.4% beam pol scale uncsertainty not shown 3.4% beam pol scale uncertainty not shown
U N TR NN (NN TR NN WA SN NN SN SN SN S N S S . ! ! L 1
2 1 0 1 > 0 0.1 0.2 0.3 04 X, 0.5
lepton .
pton m @ arXiv:1404.6880
@ arXiv:1404.6880
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Sea quark polarization

o

002 -

DSSV++ (prelim.)

xAu

Slide by J. Stevens @DIS2014

002 [ | A
e DSSV with COMPASS SIDIS ] xAU(x,Q"=10 GeV?) ]
004 DSSV-++ with STAR W data ] 0.08 ﬂ:g;gg‘:;; 3
N : N | -0.05 1— itivity bound ‘ .
? ! 10° 10!
10 10 N <
30T T T T T T T T T )
* Lots of recent progress! BRI HAN i ‘
DSSV " % L tt QCD
250 JAM © % Lallce :
Lattice :

* Preliminary STAR data included 5 2

in fits by DSSV and
(talk by E. Nocera)

* Even first attempts to calculate

flavor asymmetry in lattice QCD

""':, Ll 1 .':’."“N.._l
-04 -0.2 0 0.2 0.4 0.6 0.8 1.0
arXiv:1402.1462
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Impact of RHIC data
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Impact of RHIC data

0.02 -— XAu _‘ 0.02 -_ XAd _

Q*=10 GeV* |

002 | - -0.02

DSSV+

004 - 004 F 4
| B DSSV++ with proj. W data ] I ]

- - b
| 1 1 PSSR | 1 1 L1 1 | 1 1 NS |

2 1 2 1
10 10 10 10
X X

* Expected impact of RHIC pp data.
e Significant impact will be made on the uncertainty of
the anti-quark polarized PDFS
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Summary

W measurement provides us clean access to
sea quark polarization.

STAR and PHENIX has measured AW at Vs =
510 GeV from 2009 - 2013.

Recent results from STAR and PHENIX were
reported.

Higher precision data from 2013 is being
analyzed -2 Significantly improve our
knowledge of sea quark polarization.
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Unpolarized PDFs

x fix)

MSTW2008 (NNLO)
W=10 GeV

MSTW2008 (NNLO)
&=10,000 GeV*

x fix)

g/10

0.6

04

MSTW2008 (arxiv:0901.0002) NNLO PDFs
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I Slide by K. Nakamura

Fermilab E866 - Drell-Yan

= Unpolarized flavor 2} L S
1.8
asymmetry - $
) - =1 -9 L
— Quantitative calculation of Pauli ='* &% 7 .
12 » P e
blocking does not explain & /u E |
ratio 08}
0.6 =0 032 Systematic error not shown
04077005 0.1 015 02 025 03 035
M e X PRD 64, 052002 (2001)
0.1 :— _ Ei?:,?;i;::;fucmh -
N : = Polarized flavor asymmetry
g 005 |- R

) =_+___+-i£__#1\\_\ ST — Polarized flavor asymmetry
j xX(Au—Ad) could help
differentiate models

l]llllll]’l

TN | 1||11|1| L L Ll
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polarized
beam
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proton

probing
quark sum (U+d)

probing
U quark

probing
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~Pythia: quark flavors-and x ranges

Proton 1 Proton 2 Proton 1 Proton 2
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Central Arm Measurement

* Observable: electron/positron
fromW7/*> e ++v,
* ( Ad+Au) from W+, ( Au + Ad) from W-

PHENIX Detector

B )
~PC3 Central ";({’( S
{XIL‘M VN e

2012

* Backgrounds:
- Reducible:

Cosmic, y=2e*e” conversion from 1i/n =2 vy,
direct photon, Beam related BGs

V9T mwgl

X - Irreducible:

Beam View

Z = e* + e, Leptonic decay of charm, bottom
to e*

Charged particles

* W eventidentification

Jacobian peak at pT=M,,/2 in pT spectrum
Measure high pT electrons using EMCal
DC-EMCal matching (Ag < 0.01 rad)
Relative isolation cut < 10%

April 23, 2013 DIS 2013, Marseille 3



Relative isolation cut

* Main background discriminator

* Energy in a cone of R=0.4 divided
by energy of the candidate

e After basic cuts it reduces
background by a factor of 10
while leaving the signal region
relatively untouched

I

dN/d :'I‘ IGgVicl

Q

5/19/2014 PH:-<ENIX PHENIX W->e ‘\\ Stony Brook University 42



Signal Extraction in Forward Arm Analysis

* Likelihood-based signal selection

- Pre-selection: multivariate cut using likelihood ratio
- S/B ratio extraction: unbinned maximum likelihood fitting (next page)

* Multivariate cut for pre-selection Rpct MuTr MulD RPC3
S N N B O O B
f= = ,—.::-—--—::.[.’E@— s RpcDCA3
Asig + )'BGS Z/H/ ppGa[ |1+

A= [p(DGO,DDGO) -p(x*)- p(DCAr)- p(RpcDCA)] e "

ob e s | £2092

b |mm o) NN SO S S N | 1.

R S o e sl N AR N N R OO DCAr distribution (16 < p; < 60 GeV)
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Signal Extraction in Forward Arm Analysis

* Extended unbinned maximum likelihood dbas
Lo sin(f) x dgoz |
fitting v

nNe—n N Ne
LO\X) = N H [Z ;pc(mi)] : 'n=z'nc ) G Q

r,eX e

- Probability distribution functions extracted from
simulation (W signhal, muon BGs) and data (hadron 513

BGs) using eta, dw23 (reduced azimuthal bending).  [dw23=pT xsinf xd¢23

dw23 distributions (16 < p, < 60 GeV)
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PHENIX Result
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O Mid-rapidity STAR selection criteria

>

D A5

¢ 10
O Match pr> 10 GeV track to BEMC cluster &

W, .

E10
O TIsolation ratios 310,

O pr-balance cut 167

— bal — € — jels
pr = =pr + E - pr’
AR>0.7

ﬁ e . ﬁ bal
Pr-balance cos(¢) = ﬁ
T

Recent results - W production I

Candidate track and BEMC
cluster reconstructed

E7 > 14 GeV and EVE]" > 095
B e >0

- P,- balance cos(9) > 14 GeVic
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XXI International Workshop on DIS and Related Subjects - DIS2013
Marseille, France, April 22-26, 2013
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Reconstruct initial state
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STAR A| Result

STAR Preliminary Run 2012
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STAR W ALL

@ arXiv:1404.6880
ALL -

- 2 * -
05_‘,_p+p—>W — e +v
2 {s=510 GeV 25 <E; <50 GeV

i = ]

e
2
s

-0.5 ---- DSSV08 CHE NLO 1
_6.S%lbean:| pol ‘scale_unce,:rtainlty no! shoyvn )

0o 05 1

lepton In|

* Probes different combination of quark polarizations

A ott — ot~ ne Au Ad Ad Au
LL= Gty ot T aa
* Asymmetries expected to be smaller, and first

measurement consistent with predictions from DSSV
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Expectations for W AL
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* Large parity-violating
asymmetries expected

* Simplified interpretation
at forward and
backward rapidity

- . 0.01
x Ad(x.Q)
EEs e 000

/ ~: 0.01
N DNS kxp

DNS kre 1 002
————— GRSV std |
- CRSV val «
' DSsV

-0.03

5 = ~004
! !

1
02 03 04
X

|
00 01

DI 2014

Justin Stevens i 27




