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Proton Spin Structure

1
L (p]

A~

Jz|P

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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Probing Sea Quark
Polarization

* W bosons couple to:
* Left Handed Particles
* Right Handed Antiparticles

* Fory; K 0andy; > 0 W charge
fixes parent quark flavor
d+u->W*t-u* 4y
u+d-W=->u +v

W~ -u~ Au (xl)

A , v > 0
W-u dO_=> — d0-<= k u’_(xl) g
Ay S do= + do<= wop+ Ad () « 0
L de

, 1 NWHP" —NWHP”

Observable: Count of u’s from W decay for

. . . . . = — X
different proton helicity configurations L P N(W+)p<= 4 N(W+)p:>
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W Physics Program at RHIC
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PHENIX Muon Arms: W - u
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Subsystems
Acceptance *  Muon Tracker (MuTr) — Momentum Selection
1.2 <|n| < 2.4 North « Muon Identifier — Particle ID
1.2 < |n| < 2.2 South * Resistive Plate Chambers (RPC) - Timing
Ap = 27 * Forward Silicon Vertex Detector (FVTX) —

secondary vertex and hadron rejection
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Forward W Phvsics With The Muon Arms

Upgrades required to properly triggeron W — u

c.

events:

An electronics upgrade in the MuTr to allow
for momentum-triggering

The addition of RPCs for background rejection
and timing improvements

The addition of steel shielding to reduce
Hadronic background and beam background
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I\/l U Tr U p g 'a d e Inclusive p Production, 500 GeV/c
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without pre-scaling recorded events
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RPC Anatomy

Graphite coating ~ RPCside view e A nassing muon ionizes the

_’- gas in the Bakelite gaps
gas gap

melelie * Charge Distribution Induced
[ — on gaps from applied bias

* Image distributions induced
on copper strips & read out

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

* RPCs also provide azimuthal
information
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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 T T T
rack from beam T E S e Toone
backgrounds

Relative TDC Count / TDC Bin
‘ T 17 |

TDC Track Matched Region
Incoming Beam Background Timing Region
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Summary And Outlook

* Upgrades allow us to
captureall W - u
events

* We have about 350
pb~1 integrated
luminosity from 2012
and 2013

* New statistical
analysis methods
have been
implemented to
extract W — u events

e See Daniel’s Talk!

Integrated polarized proton luminosity L [pb']
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Proton Spin Structure
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] understand substructure contribution to “1/2”

2
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Quark Polarization
measured to be ~30%
of Proton Spin at DIS
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Longitudinal Asymmetries

— A~ 2 - A\ 2
A (y) = _Au(xl)_d(xZ)(l _ COSAH)Z +_Ad(x1)u(x2)(1 T COAS 2) Asymmetries in terms of
u(ry)d(x2)(1 = cos )" + d(x)u(x;)(1 + cos §) quark helicity
N ., distribution functions
—Aﬂ(xl)d(xz)(l — CoS 9) + Ad(xl)ﬂ(xz)(l + cos 9)

Ay =
L o) Z(x)d () (1 — cosB)” + d(x)u(xz)(1 + cos §)

2 (TI ) _ do” —do© Measured Asymmetry in
LA do= +do< terms of cross sections for
W - u
do™~ —do~™

. N Double spin asymmetry
Arr(nu) = do== + do~=
T

We build our Asymmetry by counting the number of W — u events
for each arm and charge, and forming raw asymmetries, and
accommodating any dilution from the Muon background and the
polarization of the beams
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RHIC — Schematic Overview

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

Siberian™
Snakes @

Siberian Snakes

5% Snake

Pol. Proton S(y ,;\ AGS pC “CNI” polarimeter
)
\ ™ Protons Are Polarized and

. Rf Dipoles . . .
200 MeV polarimeter 550/ cpake accelerated in a series of rings.

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

Schematic Courtesy of Kiyoshi Tanida



W Detection Summary
PHENIX Detector

RPC3 South

[ Ky, ™
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ZDC South
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South Side View North

1) Muon Tracker (MuTr): Fast Electronics, Slow Muon Triggering

2) Resistive Plate Chambers (RPCs) 1&3 + MuTr: High pT muons, fast triggering

ZDC North
@
MulD
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RPCs — Run 12 Pre Shielding

* RPCs have fast timing,
allowing us sub-beam clock
timing resolution, and
rejection of background
‘splash’ from DX magnets

» Shielding Installed during Run
11 and 12 reduced
background

Backgrounds incoming with
next beam bunch.

“Splash” from DX
magnet

In-time TDC peak

| North RPC 3,all octants Module C

Ul Run 3340T North

0.00 Pﬂl H

0.0 ’J Peak 1 6.50
0.003— '

Peak 2 9.50
eak 3 14.50
eak 4 22.50

Peak 8 5.50

Lo eak 9 22.50
0 - Peak 10 40.50
1 I.L'_‘.I—rr

uﬁ""""" 30wl e
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One beam clocRB¢ieHhe 106ns/44

ZE . eak 5 27.50

b eak 6 40.50
Lo P "‘ Peak 7 1.50
0.0 E

Red = all TDC's
Blue = TDC’s associated with tracks
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Analysis Overview

Phase 1

* Pass over the Run 13 data and Monte Carlo
W — u simulation, selecting kinematic
variables which offer discriminating power
between W — u events, X = Usake
background events

Phase 2

* Use the discriminating kinematic variables to
create Probability Density Functions, which
can assign a W — pu likelihood (Wness) to
each u track in the Run 13 Data.

Phase 3

* Perform an unbinned maximum likelihood fit
on the data, to extract the signal to
background ratio, using Muonic background
simulation, W simulation, and data

Phase 4

* Calculate 4; from the signal to background
ratio

Phase 1:
Produce

Kinematic
Distributi DF’s

Phase 2: l
Event Preselection
with “Wness”
Likelihood«Ratio

Phase 3:
Signal to Backgrpund

Ratio Extrapolati
dwzg,vs./q/l(wY

dw,3 = prsin(0) (¢, — ¢3)

Phase 4:
Calculate
Asymmetry

17

RpcDca(1]3)

Variables Sensitive

To W Signal vs. rDGO vs DDGO
Background
42 vs DCA, [ fvtx: dr X d6,d¢

Likelihood of event to be W based on
Signal and Background kinematic P.D.F.’s

Signal PDFs

Background PDFs

Extrapolate signal to background ratio
with unbinned maximum likelihood fit

. —

L

Signal PDF [i Muon Background PDF [~

Hadronic Background PDF

1+ =
( SIG

Lcorrected ~ “'Lmeasured

Whness > 0.9, S.B.R.
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Discriminating Kinematic Variables

Variable

Definition

n

2
Xtrack

DGO,DDGO

DCA,,DCA,

RpcDca 1,3

dW23

fvtx_do,
fvtx_do,
fvtx_dr

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(0) (¢, — ¢3)

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.
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Schematic Representation @ = v =0

Track

f Discriminating Variabl
MulD RPC3
RpcDCA T
e mom;f" DG4 .
) H;)ad
Station-1
Track
12345
Figure 4.6: Schematic illustration of the definitions of DGO, DG4, DDGO0 and RpcDCA in side Figure 4.7: Definition of DCA,..
view.
Extrapol. We produce distributions of these variables to
@RPC3 s ~RpcDCA

server as seeds to Probability Density

Functions. Criteria for choosing the variables

are:

1. The distribution can be meaningfully
normalized (i.e. it converges to zero in
asymptotic regions)

2. The distribution has a shape depending
on the data set composition (i.e., rich in
W events, rich in Hadronic background,

Figure 4.8: Illustration of RpeDCA in beam view. rich in Muonic background)

RPC uster

RPC3




2013-10-19 20

The Likelihood Ratio Event Selection Method

e Suppose we have a variable, ‘x” and we wish to apply a cut

for event selection. Our options are:
1. Side band cut = [Xpin, Xfix = 1]: robust, simple

2. We can do better, if we know the distribution of
signal and background, in x.

3. We define a likelihood for each event:
X; = Asig (%), Abg (x;)

1 02 03 04 05 DB OF 08 O

Some variable x }{’S lg (xl)

We may define this likelihood ratio: f(x;) = T o) 2 G
sig\Xi bg\*i

We construct the likelihood ratio (Wness) from our
discriminating variables.

A =p(DGO, DDGO)p(chiZ)p(DCAT)p(Rpcl/3dca)p(d’rfvtx * dvatx)p(dqbfvtx)
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Constructing Probability
Density Functions & Wness

Muon
Track
Arm
North South Decision
) Charge
Positive Negative Decision
RPC
Decision

RPC1 RPC13 RPC3

For Each Track, we traverse this decision tree to decide which
combination of Probability Density Functions to use in calculating the
“Wness“ of that event. Each event has one “Wness”

A:p(DGO,DDGO)p(chi2) X p(DCA,)p(Rpcl/3dca)

Asig (xl)
Asig (xl) + Abg (xl)

2401
P.D.F - Simulation (W Signal Simulation)
s 0.25
(U. — DCA_r_Arm1_Charge1_simu
02 S
0.15"
0.1+
0.05- |
-
0_\"‘rﬂ-4|\|||\\||\||||
0 5 10 15 20
DCA_R (cm)
P.D.F. - Data (W + Hadronic Background)
s 0.25
‘6 : DCA_r_Arm1_Charge1_data
02, -
0.15-
0.1~
0.05-
i e S R —
O f | R PR B s s e
0 5 10 15 20
DCA_R (cm)



Wness Comparison
Run 13 Data

Figures produced by running
over all Run 13 data.

Unigue Wness distributions
are produced for each arm
and charge configuration.

Agreement is very good
between analyzers.
Differences stem currently
from using two separate
productions (muon & fvtx),
as well as a minor bug in
Mike’s code

g L
QSJ\ Ralf: 152297 mean 0.044 0.169 1.0
2 Abraham: 154610 mean 0.053 0.179 1.0
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N
g
-1

510
f =

107

107 - £

RIS .
I i :Ir""’ i

Whness South arm p* data

07010203704 0506070809 1
Whness

Whness North armp* data

0 010203040506070809 1

Whness

g
sz 1F
> Ralf: 162454 mean 0.047 0.175 1.0
2 Abraham: 164912 mean 0.056 0.184 1.0
N
g
£10"
c
107

w
O
z 1F
> Ralf: 250573 mean 0.050 0.176 1.0
2 Abraham: 253192 mean 0.047 0.168 1.0
N
g
510"
=

102F

-3
10°F el _adr
F el g s

3 ; : _J':
10 3 \‘N\M'\’;hnrpwm‘"'ﬂr

Whness South arm - data

R P AT
Whness

Whness North armp™ data

0 010203040506070809 1

Whness



Wness Comparison
Run 13 W Simulation

Figures produced by running
over all Run 12 W simulation

Unigue Wness distributions
are produced for each arm
and charge configuration.

Agreement is very good
between analyzers.
Differences stem currently
from using two separate
productions (muon & fvtx),
as well as a minor bug in

Mike’s code
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Extended Unbinned Maximum Likelihood Fit

* Choose variables to seed P.D.F.s, fit P.D.F.s to data

* Variables: dw,5, 7
N N

nve ™" \N7)
i 1 [prc(Xi),WithTL: Enc

xX,eX C X
X is the sample of N total events, x; = (17;, dwy3; )

L(O|X) =

6 gives the fit parameters, s.t. 8 = (nﬂsig, N, nufake)
* Muonic Background: obtain PDF directly from simulation
* W signal: obtain PDF directly from simulation

* Hadronic (fake u) background: PDF requires
extrapolation...

24
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Data — || and dw23 P.D.Fs

htemp
B - Entries 15871
L 400— Mean 1.849
— - RMS  0.2779
- 350
B 300
— 2501—
N 200—
C 150 —
L 100/
= 50—
b OI:|I III|III|III|III|III|III|II 11 1
3 1 12 14 16 18 2 22 24 26

abs{eta)
Our goal is to select a portion of high-Wness data and fit P.D.F.s for each muon source
the data, so as to extract a signal to background ratio.

Because the high Wness region contains a mixture of Muonic background, Hadronic
background, and w signal, we extrapolate the shape of dw23 from low Whness into high
Whess. || shape varies very little over the range of Wness.

25
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Muon Background PDFs

Before we can utilize the muon
backgrounds simulation, we must weight
each simulation appropriately

Events
o Scale

Factor

Generated
Process kevents* o (mb) o
1073 (pb-1)

Z Only 106.5 (-)1.33x107 | -800751.88 |-0.000083

W tau 82 1.66 x 106 49397.59 0.001342

Z 245.2 1.59 x 10 15421.38 0.009456

2
Scale Factor= m

X k_factor X detector_ef f

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

Data

Z only
——— W had
— W tau

— Y* ad
open bottom
rect photon

onium
open charm

04 CETETEE
W likelihood ratio

Detector_eff = 0.407

0 01 02 0‘3

26
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Spin Information

| crossing distribution South arm pi° | | crossing distribution South arm ji* |

10°

We must match spin
information at each i i A s , e
crossing in the data. B R f AT R L L

() 200 400 800 10

The spin database has [ crossing distribution North arm ;= | [ crossing distribution North arm ji* |
been updated with latest
crossing shift information
(see AN1125)

10"

107

(] 200 10
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Inside the W* — [% + v, interaction

Unpolarized Proton

IANIOIAI

Beam Axis
INIMEN3

ENTUIVI

\1€))Y]

Longitudinally Polarized Proton

Shown: ud - W+ + v,

28
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Inside the W* — [T + v, interaction

Partonlc Momentum Fraction

I| T IIIIII| LI TTT ]l T TTTTh

Q*=10 GeVz_:

Bea'm Spin .
g IS Pol. ]
IVIOIVIENTUIV] VIGIVIENTUIM
Y — g (r) — 4 T T T

AQ(JJ) 1 (JJ) 7 100“‘ 10° 107 10" 1

A d(rs) — Ad(r ) ulr Particles produced are X
AE’ ’ w(a) —( 2) (21)ulzs) boosted according to the

( )d( ) + d(ii)u(lQ) momentum fraction carried by

the interacting partons.
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Inside the W* — [T + v, interaction

Bea'm Spin
AXis " polarization
VIOIVIENTUIVI IVIOIVIENTUIVE

Wr_ 1o INFV)SN (W)
Ap = RS N+ (W)+N—(W)

Count W'’s from Protons with Positive Helicity
Count W’s from Protons with Negative Helicity

Partonlc Momentum Fraction

I III.I| T T IIIIIIl T IIIIII]| T TTTTh

Q*=10 GeVz:

0.2

T T T I T T

oL R R R A R T S
10* 10° 102 10" 1
Recall the for a process, the cross

section is proportional to the
number of particles produced

(v=2)




Measuring W — | + v at PHENIX

* PHENIX is not hermetic; missing energy carried away by
neutrinos causes some smearing of g, g distribution.

* Smearing is due to fixed helicity of neutrinos, but additional
kinematic smearing is introduced in central regions because of

. + .
6 modulation to AY ™ terms in W center of mass frame.
* @ is polar angle u makes with the beam axis

_|_
Full form AY ™ in terms of parton distribution functions:

Jdzidzy 37, 5 (—Agi(21)q;(z2) + AGj(21)gi(22)) - d6
Jdzydzy ), o (qi(1)q(x2) + @j(71)gi(2)) - do

[dx1dxs (—&u(.—rl )d(z2) + Ad(x )-u{;r:g)] - do
[dzidzy (u(zy)d(x2) + d(z1)u(zs)) - db

Ar(p"p = WT = (M)

&2

(2.89)



