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Proton Spin Structure
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1 Studied for over 20 years — we’re still working to
] understand substructure contribution to “1/2”
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Large Uncertainty In Sea Quark Polarization
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~30% of Proton Spin via DIS
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Semi-inclusive deep inelastic scattering _ | ; 1 -0.04
constrains P.D.F.s — they are limited by L e B il e
large uncertainties from dealing with 1 - o O :
fragmentation functions Spin dependent PDF’s for i, d from DSSV global fit

PHENIX rapidity sensitivity range



Experimental Observable - A,

= Collide polarized and unpolarized
protons —interactions mediated by [p +p> > W S It + v, ]
P.D.F.s

" g, q interaction creates real W.
Maximal parity violating interaction
= udp > WY p
" dyup > W~
= Count helicity combinations of decay
leptons

" Calculate 4;, use knowledge of p
‘valence quark’ polarization to
access to sea-quark polarized
parton distribution functions.

1 N(lW+)p¢ — N(lW+)p:' _ —Au(xl)cf(xz)(l — CcoSs é)z + Ac?(xl)u(xz)(l + cos @)2

AL+ = _ - > =
OO0 = B N )P + NP uCe)d () (1 = cos 6)” + A )ulx)(1 + cos )

A= (y,) = 1 N(lyw-)P" — N(ly-)P~ _ Ati(xy)d(xp)(1 — cos @)2 — Ad(x1)i(x;)(1 + cos @)2
LV =P T NPT A Ny 1(x)d () (1 — cos é)z + A0 (1 + cos §)2
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RHIC: The Relativistic Heavy lon Collider - World’s Only Polarized
Proton-Proton Collider
PHENIX: Pioneering High Energy Nuclear Interaction eXperiment
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2013 Data Set—p + p 510 GeV /s

* Highest proton polarization
(|OngitUdina|) and beam Polarized proton runs

luminosity to date 7 [ Jassoy
TQ I 2013 P=56% === 100 GeV
« 277 pb~! data s
accumulated T 0 |
. E
* Corrected for multiple s
collisions H 2012p=52%
E 2012 (P=59%
* Central analysis status R
* Final results posted to arXiv. = £ s | m“34/_,.»250‘8fo_i;é_sf/"m% —
tOday! g _____:::"2065';:47%2003 B a0
] 0 ss=S= T ————T | .-7 °
* Forward analysis status 024 e 8102 e s

Time [weeks in physics]

e Recent preliminary status!



Central Analysis
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Central Analysis: IV * — e* + v,

Analysis Strategy P a) —+ Data b) Uncertainty in |
1. Reduce backgrounds as S 10° — Jacobian peak with background 3
. , } o GPR fit ¥ W7 Z e
much as possible with Q — Background Ze'e
isolation cuts g .
* Electron pair production, Z
© ttt

cosmic rays, beam
background,
Z/charm/bottom decays

2. Extract the background _ [ \4 { |
shape (Gaussian Process SR ANE ST WP W
Regression) and fit entire
spectra with model for

t

background + signal, 10 20 30 40 50 60 10 20 30 40 50 60
extragcting yieId§ P [GeVic] Py [GeVic]
* Use low pT region as 2 Jacobian Peaks Visible!

model for background,
extrapolate.

e Calculate and evaluate
Asymmetries Close Agreeme;’;.I‘?'etween data
and fit!



Central Analysis: V= — e* + v,

Asymmetry Results

Good agreement
with prediction!

http://arxiv.org/pdf
/1504.07451v1.pdf
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[ a) W+2Z° L b) W+2°
04F pHENIX Run 2011 (500 GeV) + T E
- ® Run 2012 (510 GeV) [ |[<0.35 T E
03 ( ) h’]el [ ¢ ]
0.2t - -
- PHENIX Run 2013 p+p 510 GeV T Ly
0.1 In 1<0.35 T i
I NN
< O: pe > 30 GeVic I
0 1: (3.5% polarization scale uncert. not shown)
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-0.2F + .
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http://arxiv.org/pdf/1504.07451v1.pdf

Forward Analysis

WE - u* +v,



Data Set Composition

Fake Muon Background

Hadronic decay in Muon Tracker
reconstructed as high pT muons

Real Muon Background

Other processes which create muons, we
model this with simulated data

W — u Signal

The actual signal data we want to look at.
Even with recent hardware upgrades, signal
comprises only

12
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Analysis Strategy

Form PDEs Construct uncorrelated kinematic variables to generate
) probability density functions which can be used to
Filter Data discriminate between Signal and Background muon tracks

Use generated PDFs to assign a statistical likelihood ratio to
c.:alc.UIate each event. This likelihood ratio is used to cut out
Likelihood background events from total data set

Unbinned Maximum Likelihood Fit: Construct new set of
PDFs. Fit PDFs representing Fake Muons, Real Background
Muons, and W-signal muons to remaining data.

Extract Signal to
Background
Ratio

Calculate BG
(14—

Asymmetry ALcorrected = ALmeasured SIG
. o1 ae Asymmetry is calculated, corrected for SBR dilution
With Dilution Y Y
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Calculate Use known shape of a kinematic variable to a probability
density function. Use these P.D.F.s to calculate likelihood
ratio for each event.

Likelihood

Example constructed variable: ‘DCA_r’. We
wish to apply an event selection cut to this
variable. Our options are:

DCA r: Background, Signal

10"

1. Side band cut = [DCA_ryin, DCA_rfix]: robust,
simple — apply to total spectrum of Signal +
Background

2. If we know the distribution of DCA_r for signal
and background independently, we can do

102

Counts

107

10

better.
10° 3. We define a likelihood for each event:
0 5 ST TRy L 5% Xi = ASig(xi)rAbg(xi)
DCA_r
We define this likelihood ratio: f(x;) = Asig (o)
Asig(x)+Apg(x;)

We construct a likelihood ratio using all variables
. which offer this discriminating power.
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Use combined P.D.F.s from many kinematic variables to form

Calculate total likelihood ratio (likelihood ratio for W event “Wness”).

Likelihood Determine optimum Whness cut to reduce background in data.

)lsig(xi)
W, = f(x;) =

ness = S0 = 70060 + Ag )
Whess = 0 = W — pis unlikely

Cut data using likelihood

Calculate likelihood for simulated event
populations to estimate cut efficiency!

Whess = 1 => W - uis likely

J

© 10° _ —— Background wness + 100 %

(@) >

o @]

< Yy—

.?_) 10 &= —— Signal wness o

< & S 10%

— c -
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Unbinned Maximum Likelihood Fit: Construct new set of
PDFs. Fit PDFs representing Fake Muons, Real Background

Extract Signal to

Backgrf)und Muons, and W-signal muons to remaining data.
Ratio
N
nNe_n ne .
Lo =" [ Zpexdwithn =) n,
N! n
x,eX ¢ X

X is the sample of N total events, x; = (;, dw,3; )

0 gives the fit parameters, s.t. 0 = (n.usignal’ Ny ubkgd nuhadmn)

* Muonic Background (simulation): obtain P.D.F.s directly from
simulation cocktail (fixed)

= W signal (free parameter, simulation): obtain P.D.F.s directly from
simulation

= Hadronic Background (free parameter, data) : Extrapolate P.D.F.s
from data

2015-04-30
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Extract Signal to Unbinned Maximum Likelihood Fit: Reasonabl.e description
of total data set by Muon Background, Hadronic Background

Backgrf)und and W Signal PDFs.
Ratio
N
N_—n
n'e n :
Lo === | [, S withn = ) .
x,eX ¢ X

X is the sample of N total events, x; = (1;, dw,3; )

0 gives the fit parameters, s.t. 0 = (Tlusignal;ny_ubkgd;nyhadmn)

200
2.5 <1 < -1.1: 1" candidates

120 j Ldt=277.1pb"

+ 16 <p_ <60 GeVic

—_
o
o

Events/ (0.075)
Events / ( 0.008 )

100

50
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Calculate ’ _, L Bey 1 N+ — N-
Asymmetry Lecorrected — “"Lmeasured SIG]  PN*t*+N-
With Dilution Asymmetry is calculated, corrected for SBR dilution

- 10— A

< o WHZoptet Pi>16 GeV  P;>30 GeV 1

i Run 13: ptp at {s=510 GeV [¥1 A} (2013) [®] Af (2009-2012)

(=] Aj(2013) 1

BE NNPDFpoll.1
0.5p — GRSV STD
PHENIX - — &
L — DNS KKP
L I — DNS Kretzer

Preliminary
Results:
-'.f] 1.0_' : W Z l-l_ - iﬂ_\-_'___- —t— .(' | E —t —
. i +L—e PHXENIX * STA“I? A[% SI;I’:JLEIIZ%zSz%l;} IJEBIJI} 1
Asymmetries tend i preliminary i . ]

to be small, and ]

: . e —

consistent with 00—

predictions. o5 - ]
-1.0% E R - : i :

2015-04-30



Calculate .
Cross section may also be calculated from data as a

AsymmEtry consistency check
With Dilution

o(pp—W*)x BR(W— F) total cross section

2013 :J‘ Ldt = 277 pb-1 —— RHICBOS

B — PYTHIA

—— CHE

, STARW-e
1.0<n<1.0 e - PRDS85 (2012) 092010
B , PHENIXW-e

PRL 106 (2011) 062001
-0.35<n<0.35 . " o  PHENIX Wo u

— Total Systematic
Uncertainty

'_\V/———
PH--ENIX
preliminary

Sampled range

—

11<n <25 *- ——

50 100 150 200 250 300
o(pp—W*)x BR(W— ) [pb]
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Summary

Wi — ei + Vi
* Final results and paper in advanced stage, and will be submitted
for publication imminently

W= - u* +v,
Preliminary results for run 2013 presented for first time at DIS
Work in progress to reduce systematics:
* Improve signal to background extraction

 New data production to correct alignment between detector
subsystems, improving momentum smearing and charge
reconstruction



Backup
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The PHENIX Apparatus
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%y, Central Magnet 0(35
o
8,
Mu MulD
Y South Side View

18.5m = 60 ft

TOF-W

w60l
000
@
—§§b

=

S
UoTr =weL

H9¢
=
—

West Beam View
Forward Muon Arms Central Arms
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p+p> > WEopuT+vy,  p+p” > WEoet+y

Trackmg and Momentum for Tracklng, Momentum and
pt PID for e

Francesca Giordano



Experimental Observable —A4;

Partonic Momentum Fraction

Momentum
Fraction Of Parton
Gives Boost to [

Q%2 =10 GeV? -

VIOGMENTUM VIOGMENTUM
= = 0.2 n
AW+_)”+ 1 N(ly+)P - N(ly+)P
= —X
L P p<= p=> n 1 l!JI[IIJ 1 JJlIJIII L 1 Llill =
Nl )P™ + N(ly )P~ ol sl i)
Count I’s from Protons with Positive Helicity X

Count [I’s from Protons with Negative Helicity
Calculate Asymmetry

23



RHIC — Schematic Overview

— RHIC pC “CNI”
absolute pH i
) / polarimeters

Siberian™
Snakes @

Siberian Snakes

5% Snake

Pol. Proton Sw’ ; AGS pC “CNI” polarimeter
)
\ ™ Protons Are Polarized and

. Rf Dipoles . . .
200 MeV polarimeter 5o, gake accelerated in a series of rings.

Polarization typically 55% for
2013 Run, with /s = 510 GeV

Schematic Courtesy of Kiyoshi Tanida
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n

2
Xtrack

DGO,DDGO

DCA,,DCA,

RpciDCA
Rpc3DCA

dW23

fvtx_do,
fvtx_do,
fvtx_dr

fvtx_cone

Pseudorapidity — we use this variable to perform secondary likelihood cuts

This variable is the chi-squared value from the track fitting + Kalman fitter during
reconstruction

Roads are generated through MUID + MuTr planes. These roads are compared to
tracks fit through the same hits. DGO is the distance between the first gap’s road and
track. DDGO is the opening angle between the road and track

Distance of closest approach between the track and beam axis (DCA_r). DCA_z is the
distance between the track’s intersection with the z axis, and the event vertex.

Distance between extrapolated track at RPC 1 or 3 and the hit-cluster at RPC 1 or 3.

Reduced azimuthal bending — the magnitude of this variable corresponds to the
bending of the particle in the azimuthal direction. dw,3 = p7 sin(8) (¢, — ¢p3)

Fvtx residuals for phi, theta and radius. The FVTX has a separate tracking system from the
Muon Tracker, so these residuals are the result of matching between MuTr and FVTX track
at Z=+/-40cm

FVTX clusters in a cone or fvtx_cone: Number of FVTX clusters inside a cone around the
track defined by 0.04 rad < dR < 0.52 rad, where dR = sqrt(dEta*2 + dPhi*2)

Used in W, ¢ Calculation Uncorrelated Used in EUMLF, SBR Extraction
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Discriminating Kinematic
Variables - Schematic / T s
/ 1 q&"
DGO
. &
Each Discriminating S I
Variable is Chosen QR°
because: i
RPC1 MuTR MulD  RPC3
1. Its distribution can be
meaningfully
normalized Ly
2. Its distribution has a MSUT1R Track
t

shape depending on
the data set
composition

e e e

Graphics By Chong Kim



Forward W P|

[ =
Upgrades required to properly triggeron W — u |
events: :

= An electronics upgrade in the MuTr to allow 1|
for momentum-triggering i

= The addition of RPCs for background rejection]
and timing improvements

= The addition of steel shielding to reduce
Hadronic background and beam background

luon Arms

27
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M UTr U pg ra d e Inclusive p Production, 500 GeV/c
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We can record ALL W — u event
without pre-scaling recorded events

Tracking

Planes



RPC Anatomy

. Graphite coating |

RPC side view

—>
bakelite
gas gap

bakelite /|

RPC top view

= A passing muon ionizes the
gas in the Bakelite gaps

" Charge Distribution Induced
on gaps from applied bias

" |[mage distributions induced
on copper strips & read out

* Timing from RPC hit
combined with sagitta
information from MuTr for
new muon trigger

Hardware Support
| built and tested the RPC
hardware



RPC Timing Performance

RPC Timing Resolution

= Fast timing from RPC
TDCs allow for:

= Sub-beam clock timing
resolution

" Correlation of MuTr
Track with crossing
pair

® Distinguishing a Muon
Track from beam
backgrounds

Relative TDC Count per TDC Bin
T

O

5 10 15 20 25 30 35 40
TDC Count — subdividing one beam clock
(1 TDC Count = 106 ns / 44)

TDC Track Matched Region (scaled for
comparison)
Incoming Beam Background Timing

Region



PHASE 2- Forming P.D.F.s For Wness

31

Example: forming P.D.F.s for kinematic variables used to
calculate the Wness of an event

e Real Muons
e Fake Muons

Shapes for W — p and data

\ Relative /. distribution

DCA,

10"

10

Kfake ..

[=]
N

—
<,
n

o II\IIII| T \IIIHIl T I\IHHl

Some kinematic variables are highly correlated
—in which case 2D distributions are utilized.




PHASE 2 — Calculation of Wness ”

Calculate
Likelihood

Constructing a set of unique P.D.F.s to calculate Wness each
event, characterized by each event’s properties

Asig (x;)

Whess = f(x;) =

Muon Trgis Asig (x;) + /1bg (x;)
w Calculation From . .
ness o Whess = 0 = W — pis unlikely
Arm Whess > 1 > W — uis likely y
North outh Decision S
W, . Distribution Whess > 0.99 Cut
B10%
Charge o —— Background wness
Positiv Negative Decision > [
'D Lo
ﬁ 10 &= —— Signal wness
?Eu +
RP
RPC1 RPCIAS < |5
Decision =
\ RPC3 1
e 107"
Has Decisior
FVTX
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Unbinned Maximum Likelihood Fit

33

Extract Signal to
Background
Ratio

Unbinned Maximum Likelihood: New PDFs fit to data
sensitive to differences in Fake Muons, Real Background

Muons, and W-signal muons are fit to data.

e | _ = 180F 3
2 100 1.1<n<2.5:u candidates | © ¢ 2
S e e 4 2160 —e— Data £.100
= [ PHENIX Jra=zmapt | =70 =
£ I preliminary € 140 —— Fitting Total <
2 80,_ 16 < p, <60 GeVic o F 2 80
w W20F i WHZ
sof 100F — LBG
[ 80 } = Hadronic BG
L 40
20 g
i 201
PR T SRR EAE SRR H i O T
1.1 14 1.7 23 2.6 -0.1 -0.05 0 0.05 0.1
nl dw23
o o o
= [ + . =3 ~
2 1601 1.1<n < 2.5: 1" candidates <200~ S 140
St a =, S  F-eData s
3140;PH|:EN|X ILdl=277.1 pb” > F =
2140 preliminary . o0 cou £ [Z Fitting Total £ 120
Z 120 P EE0GeVe | F 150 2
u.|120: w P WHZ s U>J100
[—uBe 80
100_7— Hadronic BG
L 60
50 40
L 20
h L A R R
2.6 -0.1 -0.05 0 0.05 0.1 1
| dw23

~ -2.5<n<-1.1:u candidates

J' Ldt=277.1pb"

16 <p <60 GeVic

Events / ( 0.008 )

—e— Data

=—— Fitting Total
sl WHZ >
— 1 BG

=— Hadronic BG

N
-0.05

0.1
dw23

-2.5 <1 <-1.1: 1" candidates
N
PH ENIX

preliminary

J‘ Ldt=277.1pb"

16 <p <60 GeVic

Events /(0.008 )

N
o
o

-
[42]
o

100

50

- —e— Data

——— Fitting Total

e WHZ >

— uBG

= Hadronic BG

1.7 23

0 0.05 0.1

dw23
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Modeling dw23 with Wness Dependence

* We fit the dw23 vs Wness region from 0.1 < Wness < 0.9 in
order to extrapolate its value in high Wness, in order to seed
the Hadronic Background PDF

,u:P()-I_PaneSS 0'2=P4+P5Wness
a1 = Py + P3Wyess Cg = P + P7Whess

dwaz—p\° dwaz—p\°
g Wyess, AWa3) = C,, X (( ! ) X ((e_%( 01 H) + Cge_%( 07 ,u) )))

V2roy + CyV2moy
f (Whess) = Pg + PoWyess + PioWitess + PriWhnss + PraWoess

F(Wness: dWZS) — f(Wness) X g(Wness: dW23)



PHASE 3 - Improving dw, 3 Extraction *

Our ability to extract only the hadronic background P.D.F.s
from the combined data set directly affects our ability to
create a signal to background ratio. Can this be improved?

Extract Signal to
Background
Ratio

dw;s vs Wess

dw, varies width with Wness — so
we fit dw,5 vs W, .. in order to
extrapolate shape of dw,3 Hadronic
background P.D.F. in high Wness
range
dw,3: 0.1 < Wy < 0.9 -
dw,3: Wyees = 0.92

—
o

-
&) ]
cv b b b b Ly

w




PHASE 3 - Improving dw, 3 Extraction *

Our ability to extract only the hadronic background P.D.F.s
from the combined data set directly affects our ability to
create a signal to background ratio. Can this be improved?

Extract Signal to
Background
Ratio

The shape of dw23, and its

AWoz Vs W, s depend.ence-on Whness i§ |
determined in the low-signal region
of the dw23 vs Wness distribution.

The shape of dw23 is then
extrapolated into the high Wness
region so as to approximate the
P.D.F. for hadronic background
events in the high-Wness region.

#Tracks
]
T

However, due to lower than
expected asymmetries, we need to
understand how well our P.D.F.s
perform in extracting the real
distributions of data in the high
Whness region.

2




2015-04-30 LineaT Wness

3 Center I
o i VE 3 .

Hadronic Vo i
Background E tofsser | |0
PD.F.—dw23  : ‘ ] 1

We extrapolate S 3” ; dW23vSW"e

dw23 into high g : 3

Whness to obtain Vo

shape for PD.F e M

N 5

Similar § ”

extrapolations E

are performed v

for other T e

arm/charge S - t e

configurations P

with good v

results. S 7

Red Curve i . 3: == High Wness Region — we extrapolate the

orojection of 2D s shape of Hadronic background into this

it SR region — which also contains W signal and

muon background.
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Merging Muon Background Simulation

W simulation and Data are shown below relative to muon backgrounds, stacked and weighted,
Whness distriubiton used for comparison, for S, u*

Data

Z only

W — had
W — tau

Y -Z
open bottom
direct photon

onium
open charm

10°

10°

W likelihood ratio

228
L(pb~1)

Scale Factor= X k_factor X detector_ef f Detector_eff = 0.407



Muon Background Cocktail

39

final yield generatd events luminosity correction correction factor

Charm
Onium
direct v
Bottom
Z+DY

W —rT1

W — hadrons

Z

84.54
89.16
0.21
48.38
87.8
512
0.09
46.61

5.85e+11
1.50e+11
5.84e+10
7.36e+09
2.93e+08
3.43e+08
3.42e+08
1.73e+08

2.23e-01
2.05e-01
2.08e-01
2.26e-01
1.24e-02
1.10e-03
1.11e-03
4.44e-04

5.40e-01
1.90e-01
2.08e-01
1.24e-01
1.94e-02
7.88e-04
7.90e-04
7.00e-04

Table 3.1: Muon background factors used for weighting /scaling various muon backgrounds
before adding to generate muon background distributions. This particular table shows values

for the south arm, negative charge.



Signal To Background Ratios

South u= | South u™ | North u= | North u™

Total events 708 810 704 845
Signal events | 1431265 | 23772849 | 1807538 | 2357267
Hadron events | 29872520 | 334172%2° ) | 32612%2L, | 4291272
Muon events 267 239 197 181
Signal/BG | 025750 | 0417505 | 0347506 | 038700
old S/BG 0.38 0.30 0.37 0.26

Data subject to Wness cut of 0.95

40



