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The Proton Spin Structure

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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In the 1980s, the EMC experiment discovered that a proton's valance quarks account for only a fraction
of the proton's overall spin. New measurements from RHIC experiment reveal that gluons contribute as
much as or possibly more than the quarks.

How is proton’s spin correlated with the motion of quarks and gluons?
-> Transverse Momentum Dependent (TMD) Functions




Initial state effect

Sivers Function

. . EORES
Transverse Single Spin Asymmetry A
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Figures from L. Nogach 2006 RHIC AGS Users Meeting

- correlation between proton spin and parton k.

Final state effect

Collins Function
- Spin momentum correlation in a Fragmentation Function.

Transverse momentum dependent (TMD) framework

- two observed scales: . A ycp < QF (Pry) < Q?
- applicable in SIDIS and Drell Yan




. .
Higher Twist Effects .

Twist-3 Function

- Multiparton correlations

- Power suppressed terms in factorization expansion by
~1/Q

- applicable when only single hard scale observed, such

as in ANs in hadronic collisions. (Ay ~ 1/p7)

« They also contain initial state (correlations in the nucleon) and
final state (correlations in the fragmentation) effects
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Particle ID for it and et T

+ . Energy threshold for the emission of
T identification Cherenkov radiation in RICH

 Trigger m* with a BBC and EMCal.
» Track can be divided into two categories according
to RICH response at pT 5~16GeV/c. Threshold  20MeV/c 4.9GelV/c 17.3GeV/c  33GeV/c
- RICH Hit: e* and ¥,
- No RICH Hit: K* and p. @
« 02 < E/p <038 5
* EM shower shape probability < 0.1 ©

Particle Electron Pion Kaon Proton

10?I\IIIIIII\Illlllllll‘ll\

PHENIX

{ Good Track Cuts
¥ + RICH Hit On

—
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et identification
 Trigger e with a BBC and EMCal.

} + et Rejection Cuts

+ |E\p — (E/p)| < 205 at (E/p) ~ 1) E
e RICH Hit: et (20 MeV/c < p) 103;—.mw“
« EM shower shape probability > 0.01 - g .
* Hit requirement in inner 2 layers of VTX 107 ‘m“ﬂ?
« Conversion veto cut on opening angle of nearby B ]
et candidates ST R T R R VR
P, [GeVI/c]

example at Vs = 510 GeV

(PHENIX Collaboration) PRD 102, 032001




Calculation (Formula)
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Geometric Weighting

Square Root Formula
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Charged pion background
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Background_Fraction calculation

E/ E/
0.204 06 0':':1 11214 020406 0% 11214 9 .
10 CoTTTEm T T e | Energy over momentum ratio for pion
:g‘:; Thews. :g‘: candidates in bins of transverse momentum.
10%
EwEE [Pl 107
S 105 _ 410
It 5GeVic<p, <6Ge¥c ¥ 6GeVic<pi7Gel/e 1 « e/p < 0.2, electrons from photon conversion decay-in-flight are reconstructed with higher p;
107 | ¥ | Voo10m
1gf « e/p > 0.8, considering that most pions do not deposit all their energy in the electromagnetic
11 . .
e calorimeter in contrast to electrons.
107
10 . . . . el
Gevic Jid 11 Gt e Calibrate electron background fraction from simulation by fitting E/p peak to data
100
s T, DATAw « Correct for electron background using asymmetries from electron enhanced data sample
10 ] _: mg e
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3. .F i Fit to Data: n*+e
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1o T g Fitto Sim ¢ _ Background Subtraction
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‘ the pions enhanced sample
ScaleFactor for sys_unc.
ScaleFactor= Gaus_amp,,,, + C xGaus_ amp_erry,,, e Bg o _ )
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the electrons enhanced sample N = ~T.Bg ne BY
BgkFrac = ScaleFactor * YieldRatio; 1= msig yesig 9




Charged pion vs eletron
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Calculation Ay of pion enhancement
sample by usmg pion PID cut

T-test
ATL'_ _ATL'+
T(pr) = i A
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Calculation A of electron enhancement
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Background Subtraction

E/p

02040608 1 1214 02040608 1

E/p

1214

110°

J0

3 GeV/c <'p 11 GeVic

-y

- 11 GeViemih, <A5C

e DATA: m*

—+ MC: tt+e*
A MC: ¢t
MC: e*

Fit to Data: n*+ef

Fit to Data: n*
Fit to Data: e*
Fit to Sim : e"

702040608 1

1.2 1.

10°
10*
10°
10°
10

107

B fe* ATeT
AV, m :B g 44 A" €
roy = "\ — D‘AT‘Ll(Ef/le) % " MClymi_scaled
™ T N7wt,Sig 4ei N.-’?Tj:—i—ei
. ﬂ'fclumi_scaled (E.fpwl) “TDATA
. / ei AL
\ex,Bg A NT
ro+ = ‘I\ — Dflel(E,fpwl) % " MClymi_scaled
€ T Net,Sig _419:': N-*?ri—l—ei‘
ﬂf(?lumi_scafed(Erxpml} T DATA
.;171-':‘:‘51'9 j\r?ri.sig_i_j\rﬂi,Bg o Fleirlis'lg j\r?r:t.Bg j\,vc:t.Si_g_i_j\rei.Bg
47Tri - “EN J\.Y:lTj:.Sig ‘N J\.”.l’(:l:.sig _Lr\re:t.Sig
AN — 1 A."rr:t._Bg j\.'e.:l:.Bg
- _L?\Hri.Sig AJ\.’ej:.Sig
+ 55 +p 2 =B *.s £.B ?
N7E.Sigy ym+.Bg Nm=.,Bg NeT, 'ig_‘_i?\.'e. ,Bg
(JA?{#-S{Q N7E.Sig ) + (UA‘;?'S‘Q N7E.Sig  NeE,Sig )
U‘4R,i = J_ B -L?\.'W:I:.Bg AJ\.'E:‘:,BQ'
j\"‘.’ri Sig j\.'e.:t_.Sig
2 2
{O’A,{{_ﬂ:_&-g (1 + rﬁi)} + {JAE_N?‘SQ-Q crax (14 I‘E:i:)}
T .t =
A% 1 —rpxr.+

11

KOREA



Compare before/after background correctio

A, Comparison with Background Correction(-)
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Charged Pion Ay
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L2

 First central charged pion AN
measurement at PHENIX

» Ay of each charge consistent with
zero

« But slight indication of differences
with each other. (particularly low
Pr region)

&

Hint of different asymmetries from
up and down quarks

13



Summary

e First Ay measurements of r* at midrapidity
- Ay In Tt production are sensitive to quark flavors.

- With a complementary probe with improved statistics, might

help to check the up and down quarks make a different
asymmetries.

- It expands ©* and = for each quarks flavor.

14






BACKUP



Sys_Background_Fracti

pion_min pion_max
pt | pion_bgkfrac| elec_bgkfrac - A_N_error pt | pion_bgkfrac | elec_bgkfrac -w -
0 3.583.E-02 6.519.E-03 6.356.E-03 4.494.E-03 0 5.358.E-02 6.519.E-03 6.326.E-03 as81E03l| o = ( An.max — A”mm) / 2
1 4.189.E-02 6.569.E-02 9.972.E-03 4.841.E-03 1 1.358.E-01 6.569.E-02 9.934.£-03 5.464.E-03 T N N
- 2 1.049.E-01 1647.E-01 5.538.E-03 7.394.-03 - 2 1775.E-01 1,647.6-01 7.100.E-03 sieod o ( Aemax _ ) /2
3 5.568.E-02 8.560.E-01 2.882.6-04 7.161.E-03 3 2.037.E-01 8.560.E-01 _9.079.E-04 9.989.E-03 e — N
4 1.252.E-01 9.178.£-01 1473E-02 1.430.E-02 4 3.187.£-01 9.178.6-01 -3.012.E-02 2.192.6-02
0 3.583.6-02 6.519.6-03 -6.065.E-03 4.174.E-03 0 5.358.6-02 6.519.6-03 -5.818.E-03 4.255.E-03 _ 2 2
1 4.189.E-02 6.569.E-02 -3.943.E-04 4.450.E-03 1 1.358.E-01 6.569.E-02 -1.052.E-03 5.040.E-03 Gsyst bg_frac _ \/ (STL' ) + (86)
+ 2 1.049.E-01 1.647.E-01 -5.880.E-03 6.632.6-03 + 2 1.775.E-01 1.647.E-01 -4.702.E-03 7.376.6-03 —
3 5.568.E-02 8.560.E-01 3.893.6-03 6.338.6-03 3 2.037.E-01 8.560.E-01 3.384.6-03 8.985.6-03
4 1.252.E-01 9.178.E-01 1.604.E-02 1.343.E-02 4 3.187.E-01 9.178.E-01 1.864.E-02 2.079.E-02
elec_min elec_max
pt |pion_bgkfrac| elec_bgkfrac AN A_N_error pt |pion_bgkfrac | elec_bgkfrac -E pt o-syst,bg_f rac
0 4.361.E-02 5.710.E-03 6.343.6-03 4.532.6-03 0 4.361.E-02 7.535.6-03 6.343.E-03 4.532.E-03 0 1 509.6-0
1 6.883.6-02 5.732.E-02 9.961.E-03 5.001.E-03 1 6.883.6-02 7.579.E-02 9.961.E-03 5.009.E-03 -209.E-05
- 2 1.375.E-01 1.350.E-01 6.150.E-03 7.694.E-03 - 2 1.375.E-01 2.037.E-01 6.348.6-03 7.795.6-03 1 1.871.E-05
3 1.192.E-01 6.518.E-01 -7.106.E-05 7.956.E-03 3 1.192.E-01 1.160.E+00) -3.630.E-04 8.641E-03
4 2.154.£-01 6.421.E-01 ~1.834E-02 1.603.E-02 4 2.154.£-01 1.243.£+00) 2.481E-02 1.923.E-02) = 2 7.875.E-04
0 4361.E-02 5.710.E-03 -5.957.E-03 4.209.E-03 0 4361.E-02 7.535.E-03 -5.956.E-03 4.209.E-03 3 6.156.E-04
1 6.883.E-02 5.732.E-02 -5.782.E-04 4.600.E-03 1 6.883.E-02 7.579.E-02 -5.871.E-04 4.607.E-03
+ 2 1.375.E-01 1.350.E-01 -5.419.6-03 6.913.E-03 + 2 1.375.E-01 2.037.E-01 -5.269.E-03 7.007.E-03 4 8.349.E-03
3 1.192.E-01 6.518.6-01 3.740.6-03 7.071.E-03 3 1.192.E-01 1.160.6+00) 3.616.6-03 7.712.6-03 0 1 236.E-04
4 2.154E-01 6.421.E-01 1.665.E-02 1.510.E-02 4 2.154.E-01 1.243.£+00) 1.775.E-02 1.819.E-02 el
1 3.289.E-04
ScaleE _ Gaus_amp,,., + CxGaus_amp_erry,,, h - 101 + 5 5937 E-04
caleFactor where C, D = {-1,0,1}
Gaus_amp,,. + D xGaus_amp_err, 3 2.622.E-04
4 1.412.E-03

Where C =1 and D = -1 ---> max
Where C =-1 and D = 1 ---> max
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Bunch shuffling

spin_blue[ cross ] == 1 && spin_yellow[ cross ] == 1) { //B down, Y down }

) . . . .
else if ( spin_blue[ cross ] == 1 && spin_yellow[ cross ] == -1) { //B down, Y up } Bunch shuffllng - For each fl”, the pOlarlzathn
else if ( spin_blue[ cross ] == -1 && spin_yellow[ cross ] == 1) { //Bup, Y down} . . . .
clse if ( spin_bluel cross | == -1 && spin_yellow[ cross ] == -1) { //B up, Y up } directions of each crossing are randomized, and the

asymmetry is calculated using the fill group method.

Blue = Clockwise
‘

Polarized Beams ‘PHEI\:IX :
e R ¢ (., o It involves randomizing the polarization directions of

the beam such that the physics asymmetry disappears
and all that is left are the statistical fluctuations
present in the data.

I
TTLLTTLLTT'_]‘LT.I]‘LT.ITLT
]

« Both beams polarized
« Variation of bunch polarization direction minimizes systematic

uncertainties in measurement

« For transversely polarized beams, allows for two independent A,

measurements
" Pattern of each fillnumber (example)
o . . RunNumber FilINumber Crossing shift # of pattern
. = spins 1 430024 18893 5 1
- _ 430116 18894 5 7
= 430117 18894 5 7
- 430120 18894 5 7
. - 430123 18894 5 7
EEEEEEENRI] = spins | 430124 18894 5 7
IEI TN INI IN I IND I INE DN N = +1 430125 18894 5 7
= 430128 18894 5 7
430131 18894 5 7
430133 18895 5 3
bpd repeat 24
430134 18895 5 3
Bat repeat 4
430141 18895 5 3
bp2 repeat 24
430142 18895 5 3
i e 430143 18895 5 3
o e 430234 18897 5 8
bps e . e ey e - e x e Xy ey - ‘e ) . e e e - e e LR e e e ey - * no repeat 430235 18897 5 8 18
bps P R Ty B R T Er TR L L T L T PR B PR * ne repeat 430236 18897 5 8
bp? PP C B bbb p bbb h e d bbb h bbb bbb chepedepopopogogoge ooy o repeat




counts

counls

courls

Sys. Unc. From Bunch shuffling

Bunch Shuffling for

| BE_minus_5 6

Bunch Shuffling for = 5 minan 7.8
RMS

*

1
0004878 + 0005015
1.0¢

5

counts.

counls

[ Bunch Shuffling for = | f-=etr
"3 &
1000~ i O ong +nooe

sno;:
dl‘loz

D i t r—
mmi—
|zou::
|ooo::
sno;‘
mn:_—
4no:_—
ZDOZ—

“;— - —

charge | pT (GeV) mean sigma 1-sigma

5~6 4.99.E-03 0.945]  0.0546)

6~7 2.26.E-03 1.018] -0.0183

- 7~8 4.98.E-03 1.001] -0.0006

8~11 -2.19.E-03 0.931] 0.0692

11~15 -4.89.E-03 1.046] -0.0459

counls

counts.

counts.

Bunch Shuffling for =*

Bunch Shuffling for =*

L
AMS.
o

Sys. Unc. From Bunch shuffling

Ex) 1.018 0444t = \/(Gstat)2+(osyst)2 for = 6~7 pt bin.

Osyst = Oseary/ (1.018)2—(1)2 ~ 0.000954

counts

counts

[

Bunch Shuffling for «

+
Lo

1400 0.008ese
|000::—
ano;_
nmi—
JDOE_:
_ | Bunch Shuifling for ©* i
IDOOE nmenls-.amé:é;‘
ano.:—
ADOE_
2005:
o -
charge | pT (GeV) mean sigma 1-sigma
5~6 -2.29.E-03 1.064] -0.0635
6~7 -5.41.E-04 0.947] 0.0529
- 7~8 -2.59.E-03 0.924] 0.0761
8~11 6.79.E-03 1.066f -0.0657
11~15 2.49.E-04 1.071] -0.0713
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A_N with Systematic Uncertainty

A\ with systematic uncertainty

KOREA

0.08,
< L 1
0.06 — -
0.04 —
- |
0.02 _ !
- | * : i
.l Tt .
-0.02|— \
-0.04 |
-0.06
~0.08, 12 14
pT(GeV)
pt <pt> in GeV/c An (103) Stat. (107%) Syst. (bg frraction) (1073) Syst. (bunch shuffling) (10 Syst. (total) (10
5~6 5.56 6.34 4.53 0.015 0.015
6~7 6.46 9.96 5 0.019 0.954 0.954
- 7~8 7.45 6.23 71.74 0.788 0.346 0.860
8~11 9.08 -0.18 8.22 0.616 0.616
11~15 12.42 -21.05 17.36 8.349 5.326 9.903
5~6 5.56 -5.96 4.21 0.124 1.530 1.535
6~7 6.46 -0.58 4.6 0.329 0.329
+ 7~8 7.45 -5.35 6.95 0.594 0.594
8~11 9.08 3.69 7.31 0.262 2.701 °2.714
11~15 12.42 17.11 16.38 1.412 6.280 6.437




Compare before/after background correctio

A, Comparison with Background Correction(+)

- Sqrt_plus
|| Sqrt_plus_corr

4 6 8 10 12

~0.08

Sart_plus, Sqgrt_plus_corr

14
p,[(GeV]

Sqgrt_minus, Sqrt_minus_corr

e Using pion enhancement
sample by using pion PID
cut

before after

Al — AN

\/l(o_nbefore)z + (O_nafter)zl

T(pr) =

» Using pion enhancement
sample by using pion PID
cut
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