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Polarized Physics Runs at PHENIX
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« Helical Partial Siberian Snake

Year System | /s (GeV)| Polarization | Recorded
Direction Luminosity
(pb~1)
62.4 tran.sverf,e 0.02
2006 i longitudinal 0.08
200 transverse 2l
longitudinal 75
2008 p+p 200 transverse 5.2
2009 | ptp ggg longitudinal 12
2011 p+p 500 longitudinal 18
200 transverse 9.7
2012 | BB 510 | longitudinal 32
2013 p+p 510 longitudinal 155
p+p 60
2015 p+Au 200 transverse 1.27
p+Al 3.97
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Muon Piston Calorimeter PH:-<ENIX

[d  Forward electromagnetic calorimeter
d MPC has 196 (220) towers of lead tungstate scintillating crystal in South (North) arm
d  High energy photons are detected in MPC when they shower into electrons, positrons, and photons from a
combination of pair production and bremsstrahlung
d  Clusters are formed from a central tower with local energy maximum and a group of surrounding towers
containing some energy of the shower
[  MPC dedicated trigger (MPC4x4)
d Define groups of 4x4 towers as tiles (72 tiles in each arm)
d  MPC4x4 trigger fires when the ADC sum of towers in at least one tile exceeds threshold
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Run-09 (2009) Forward » meson Cross Section
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Accessing collinear v FFs with forward cross section PH:-<ENIX

2 F
A In p+p collisions, inclusive hadronic cross sections directly access ~§ W P 7
. Y 08
quark and gluon fragmentation g F P
ancsiion § orF
g 07f
ab—cX h E] 0_5:— / pp - n+X
dUpp X fa(Xa)fb(Xb)dU Dc(ZC) co 3.0 <l <3.8
05 s = 500 GeV
5 NLO CT18, AESSS
[d  Only one existing set of vy meson fragmentation functions (FFs) 4E v 4
0.3
06 06 =
F 1 02— o
05 F 405 30% c //
1 n _+30% 01
i jos 5Du,d_—20% ————————
0 Jo3 P, (GeV/c)

0.2

I 0D = £15%

0.1 0.1

New inputs for a potential updated v FF analysis

1 1 Ezperiment | Observable | \/s (TeV) | Pseudorapidity
- 07 PHENIX dopp—nx 0.2 Forward PRD 90 072008 (2014)
1 1 | PHENIX dopp—nx 0.5 Forward |
) i, PHENIX dopp—snx 0.2 Midrapidity PRD 83 032001 (2011)
10 3" PHENIX | doppnx 0.51 Midrapidity | 1nprogress
1 1 ALICE dopp—snx 2.76 Midrapidity Eur. Phys. ].C (2017) 77:339
w2 RS | ANt N 1T ALICE dopp—snx 7 Midrapidity | Phys. Lett. B717 (2012) 162
M 10" z 1 107 z 1 ALICE dopp—snx 8 Midrapidity Eur. Phys. J.C (2018) 78:263
e ¥ e PRD. 83 034002 (2011) STAR n/m° 0.2 Midrapidity | prc s1064904 (2010)
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FOI’W&I’d Y] MESon Cross section

plo 1 1 1 AN
dp3 L BRU—VW 27TpT 6tm’gefr*ecoApTAn

[ Cross section is binned in p.. and integrated over pseudorapidity (3.0 < |V]| < 3.8)
4 Minimum Bias  p,:1-4.5GeV/c
[ MPCéx4 trigger  p..:3.5-6.5GeV/c

d  Measured independently for each MPC Arm

d S inputs into cross section

d BR =0.3941 £ 0.002
n—n

Integrated Luminosity: .2, ,=5.52nb" £, . =9.26pb™
Yields

Reconstruction echiency

[ iy Wy

Trigger Efficiency
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Forward Y] IMESon Cross section

Yields
|

1 — 7Y reconstructed as pairs

of photon clusters in the MPC

J

M=

J

Invariant mass given by

4E1E2 sin g

Fit invariant mass distributions by

O(x) =laf(x; a, B)|+

N

————ex
\V2mo? v

-

1
2

(

T—
g

)]

Gamma distribution background  Gaussian signal

f(z;a,8) = o)

:L.a—leﬁxﬁa

[ Background also estimated using

Gaussian Process Regression

d  Systematic uncertainty from
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difference in yields between

Nor1MPC 1.00 <p <125
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Noh MPC 1.25<p_< 150
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Forward » meson cross section PH:-<ENIX
Corrections
Trigger Efficiency

(A  Minimum Bias

n
d  Datadriven using MPC triggered dataset €)% = Nupupe 0.92 + 0.04 (uniform in p.)

Etrig

. N]?[PC 12
D MPC4X4 trlgger Wg ’ : * South MPC single n Pythia+GEANT+Embedding
. . . y ; * North MPC single n Pythia+GEANT+Embedding
[ Find MPC4x4 ADC sum threshold by matching the single [ SunMPORUNS Gl s 045.<M, <05GoY)
| ¢ North MPC Run-09 Cluster Pairs (0.45 < M_ﬂ <0.65 Gev)
. . . . 0.8—
cluster efficiencies of data and full event simulations i ——
. . . 06— ——
d  Use ADC sum threshold on single y meson simulations to B o
. . 0.4; ——
find trigger efficiency vs. p.. . e
02—
n reco = N (=) % O(0an eain—rminp(ADC), Cpassrpgap(ADC)) . ﬁ +
64z4a(pT 79>_ reco (Teco Ok | Hfz""g‘_ﬁ‘u.h..muu\u | L
>N (pT ) . 3 35 4 75 5 55 65
R . Eﬁi . i 1 i ADCC/J' > ADC(Eth,esh) P, (GeVrc)
econstruction Efficiency %= 0 if ADCyy < ADC(ewen) 50
. . . . mo.w} f South Min Bias
[ Pythia + GEANT simulations of single ¥} mesons o il
: : . 1. 14— ¥ North MPC4x4A
[ Tteratively weighted to match the flat p. ., pseudorapidity e
distributions to data o1
0.08]— (iR
M s A
i il e,
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Forward Y] IMESon Cross section

a

First measurement of vy meson cross section at forward rapidity
at 500 GeV
Cross checks
d North and South MPC cross sections agree
d  Minimum bias and MPC4x4 triggered cross sections
agree in overlap region (3.5 < p. < 4.5 GeV/c)
Systematic uncertainties
d Uncorrelated: yield extraction, mixed event background
subtraction
[ Correlated: MPC energy scale, trigger efficiency,
reconstruction efficiency, cluster merging
Consistent with NLO pQCD using CT18 PDFs and AESSS

meson fragmentation functions
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10°
0 p+p— n+X({s=500GeV)
30< <38 ¢ PHENIX 2009 data
10 | Uncorrelated systematic
1 | Correlated systematic
107! " a CT18 NLO pQCD (W. Vogelsang)
102 e .. w=p/2
o —u=p,
10 SR n=2p_
—4 \
10 —\\//— N
QAL
o PHZSENIX
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9.3% global scale uncertainty not shown .
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Transverse Single Spin Asymmetries (A)

3
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In transversely polarized p+p collisions, the cross

TN
PH-<ENIX

section is modified by an azimuthal modulation LEFT
o = (d)y 1+ e(0)], €(6) = Py Ay con ' @
Transverse single spin asymmetries quantify this [
modulation as a left-right asymmetry in particle =
production RIGKELT
A dot —dot  do, — dog
N S— Y
dot +dot  dog + dogr
Many measurements have shown strikingly large A, < [Tmee-weer =) N £ < [ em mon (=)
(up to 40%) that can’t be described by leading twist : (? oy o
collinear factorization Er ' I o by & Z?f:,'xéf:oi"iffv'“‘”""{
i . ) [
To describe large A, one must go to sub-leading twist ~ of i } t o o of
. T
or introduce the transverse momentum dependent { ++ [ M
(TMD) formalism i) . ;ﬁ 03 izz(é:z:\‘,l * T 0.08- * %
! :L R ‘ forpud”
© BRAHMS, 1S = 200 GeV T T"
Lo o by oo by v o by oy 1oy Lo laeassl ess Llas Llia | I s e e lygsld
0 02 0.4 0.6 08 ] 02 0.4 0.6 08 0 0.2 04 0.6 0.8
Xg Xg Xg

Tp = 2p,/\/s
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https://arxiv.org/abs/1602.03922

Beyond leading twist collinear factorization

O  Transverse momentum dependent (TMD) distributions
(A Nonperturbative transverse momentum dependence in the
leading twist PDFs or FFs
d  TMD PDFs describe the spin-momentum correlations
of the initial state proton and a constituent parton
d  TMD FFs describe the spin-momentum correlations of
the final state hadron and the fragmenting parton
a Twist-3 collinear factorization
[ Interference between the leading twist process and a
process with an additional gluon connecting the hard
scattering to a nonperturbative region

AN x Z ¢a/A($1,$2,SL) ® ¢p/p(z") ® 6 ® Deyo(2)

a,b,c Sivers like

+ Y 6g0/a(@, 51) ®|8) 75 (21, 75)|® 0" ® Desyo(2)
a,b,c

+ Y 0gaa(@,51) ® ¢yy5(a') @ 0 @D o (21, 22)
a,b,c Collins like
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Unpolarized

Spin-spin correlations

Spin-momentum
correlations

Se(p1*p2)

P, Sy

'—Y__
PH~ENIX
TMD PDFs

Worm-gear
| (Kotzinian-Mulders)

o
L ade 0Tielicity

® -6 6]
hyp= - Transversity @:3
fir = 6 - ? Sivers

h&
L _ I8

h, =° - o Boer-Mulders
Pretzelosity
N Worm -gear | a 6
h1L=°—> & hyp =

Twist-3 ETQS (qgq) function

P, St

B Z =

=$(lll

81T

PRD. 74 114013 (2006)
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Forward ) meson Ay PH:- <ENIX

Q@  p'+p— h+Xatforward rapidity accesses high x. region where large nonzero asymmetries have been measured
[d  Single scale process dominated by valence quark interactions -> probe of twist-3 ETQS qgq correlator
[ Recent phenomenological work suggests that A, for inclusive pions is dominated by Collins-like twist-3
fragmentation term [PRD 89, 111501(R) (2014)]
[  Comparing to forward ° A, can highlight potential contribution from strange quarks

. . 0
d  Previous measurements hint that 7 AN could be larger than 7 AN

STAR 2012
PHENIX 2008 - STAR p' +p— %1+ X at \/s = 200 GeV
(a) o ] .
0.2— PHENIX o -t fﬁ,‘:],:l;‘;‘pofffgev) - 06 o ° no center cut, <n>=3.7 PRL 101 (2008)

* 1’ ((n)=3.3, {s=200GeV)
Y 1° (N)=3.7, (5=200GeV)

E704 [ ©° (1.0<n<4.6, {5=19.4GeV)

STAR

n® center cut, <n>=3.68 I

LA ENL  B

1 0.4 ] n  center cut, <n>=3.68
< 0.1} % (% * i F .
i 1 [ ]
I z+% ¥ ? + ] 021 % 4
L le) * E L ! !
0.0f---=--- >3 T2 o LN USRS —— = - o #0 & ¥ & °t
B ] O© o0 = - *
M » ‘ : ] . I : : I l : ‘ I I ) :
0.2 04 0.6 0.8 L | | | | |
UNIVERSITY OF F L L Ll -] I I R - | -
MICHIGAN PRD. 90 072008 (2014) Ge DA e 08 6 14

DIS2024 XF PRD. 86051101(R) (2012)
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Forward n meson A PH-<ENIX
Raw asymmetries Square root method

A COS ¢ 1 6 ( ¢) 04<x<-03 | 0011024001071 0.3<x.<04 o0 002145 001073

0.1 0.1

2 U,—_‘%;F’_—;_‘—g‘—_‘!#-‘-"_

-0.1

d Square root method (geometric mean between left and right side of detector) =

BTRE TR A T 08

175 0.2 o I ndf 2385/5

_ NIN% - \/NENT, * ownn | Foscx<os B ol
qurt(¢) - Tl Tt s DTM
VNINE + /NEN

d  Relative luminosity method
NI — RN}

€po - T F ~
pol (@) NZ n RN,% L SIS i

¢ =-7 ¢ - 0 A S R R - S R ) B A Sy S - S—

L ok -0.7<x.<-06 " 0007522+ 0.01719 ok 0.6 <x.<0.7 5 0.04022 + 001655
NR 3 of. +—r+++ 3 : u'_ﬁ
-0 -0.1
R R X R NP LA N 1 B K R I (L)

3 25 2 415 -1 05

0.2 % Trdl 06175
Prob 0.9575
0.5<x.<06 0,04312 4 0.009053

T 865875 T 3675
E Prob 0.1235 E Prob 0.6743
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Forward ) meson Ay PH-<ENIX
Background correction

d  Backgrounds underneath the eta meson peak are corrected by

k bk

AR —r AN

Ay = ———
1—r

d  Background fraction r is determined by fits to the invariant mass distributions and the background asymmetries

are the weighted mean of the asymmetries in the low mass and high mass sidebands

e North pt0. " Norih pti
T . T H Ers =T H Eros ST
£ s w25 g T ST L - o osi2s 2 wean asres
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Gioat < 0000 i azser < o000
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. o . T 5 ot 2 . N —
i e i T T i Er i Eries i
- 06581 = e 07097 =Y = an -5 an
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15/33 F Z / nlt 3785/33 T W o [ nat 425333
Siorzis s 3 0554 o
51200 2007 £00
54+ 00 %+ 0000 so0f- o
0zabi 50000 oo o <0000
01407 00000 G242 o000 a0 E
35238 7o re )
05924 +0.0007 aoof— 06051+ 0.0013 2000 = b
200! E 004357 % 0080
wf 1o soof-
N s
T T - . J o = = y
mass (GeV/c?) mass (GeV/c?) mass (GeV/c?) mass (GeV/c?)
e - R . o o1t . o 55
R s § e e £ s T
e ] = Mean 0.6947 z Mean 0.7321
wf 07 <% <08 E. 4.00<p, <450 GeVic avs 02282 F 450<p, <500 Gevic RS 0330
0= T el 334/33 00— T o« / naf 2261/33
E oE b oz
. 1853£00 o
o aof- v 2 r000 P
5 022343 00000
o swof- 5 0708 + 0000
N, e
°E wf- I 05524 200020
E b ogials 000173
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Forward ) meson Ay PH:-<ENIX

d  Large asymmetries up to 40% at high X,

1 Asymmetries consistent with zero at negative X

(A  Increasein AN from low to intermediate P and flattening out at high P

Z. 0.8
< [ <

0.6~ p’+p = N+ X (s = 200 GeV) 06~ p'+p — M+ X (Vs =200 GeV)
B <n>=3.49 C <> =349

0.4— ¢ PHENIX 2012 0.4~ PHENIX 2012
- - ¢ x>02

02 * oo~ T2 t %
- k3 S T . TR SO SR | I

00— -| -1 i'h ———————————————————— * ————————————— —00r % 1 +
- (b)) (GeViey= 226 2.80 326 3.72 429 -
~ ~ ‘(x )‘ =040 0.45 0.50 0.54 0.58 0.62
- 02— ""F

0.2 ’v B V——
B Al = N2
. PH-<ENIX 04 PH-<ENIX
041 preliminary - preliminary
B 3.4% polarization scale uncertainty not shown ~ o L i
N -0.6 — 3.4% polarization scale uncertainty not shown
—0. X .4 '2 .2 '4 § 3 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 J 1 1 1 1 | ! 1 1 1 | 1 i
0.8 0.6 -0 -0 0 0 0 0.6 0X8 > 25 3 35 1 a5 5
F P, (GeV/c)
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Forward ) meson Ay PH:-<ENIX

Z
@ Agreement between 2008 and 2012 PHENIX data within < [
istical and . oo 0.6~ p’+p = N+ X (Vs =200 GeV)
statistical an systematlc uncertainties - 4 PHENIX 2012 (<n> = 3.49)
[d  This additional statistically independent measurement should 04~ @ PHENIX 2008 (<> = 3.50)
improve the existing statistical uncertainties of the overall 5 #
PHENTX n A_by ~y2 ] *
7] N Y 0.0—-t- —!—E#—-* ----------- *—-*-?--* --------
B 2012: (pT) (GeV/c) = 2.26 2.80 3.26 3.72 4.29
: 2008: (pT) (GeV/c)= 1.35 2.34 2.68 3.04 3.41
0.8 0.8 -0.2— TN
zU.or Fas B Al
.- r p'+p — N+ X (s =200 GeV) e r p'+p — M+ X (Vs =200 GeV) N PH///\VENIX
06 xe<-02 o6 xe>02 —04]— preliminary
[ 4 PHENIX 2012 (<> =3.49) [ 4 PHENIX 2012 (<1> =3.49) - 4% polanizaton scale nceriainly not shown | | |
04~ 4§ PHENIX 2008 (<n> = 3.50) 04 g PHENIX 2008 (<n> = 3.50) 08 06 04 o2 0 o2 Toa Toe T os
- C =
0.2 » 0.2 - ‘ K
[ i B é q !
—00_—-———?—— -4--3--F--f-- 1 R et L D
: 2012: [{(x )| =0.40 045 0.50 0.54 0.58 0.62 : 2012: [{x )| =0.40 045 0.50 0.54 0.58 0.62
—0.2[5008: (x:) —042 044 046 048 051 —0.2[~2008: (x:) =042 044 046 048 051
8 PH -ENIX “oaf
r preliminary ;
M - 3.4% polarization scale uncertainty not shown —-0.6— 3.4% polarization scale uncertainty not shown
T N FE T BT P S i M N PR B N PN S
15 2 25 3 35 4 45 5 15 2 25 3 35 4 45 5
UNIVERSITY OF p.. (GeV/c) p.. (GeV/c)
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d  Twist-3 calculations predict decrease in AN of inclusive light hadrons at high X; + high o

A PRD 83, 114024 (2011) An
A PRD89,111501(R) (2014) i
d A potential hint of this decrease can be seen when separating the v AN vs. p. into F, \\
intermediate x; (0.2 < x; < 0.6) and high x (0.6 < x < 0.8) regions Pr
L, 10 TMD region
< E T+p o N+X(Vs= e : 3
osE 3o (s =2006e0) Twist-3 region
E PHENIX 2012
e MIRFILDEY
0.4

o
'I”'T"'|”'|

—

-

-
jor = E -

I

|

i

i

i

|

]

|

i

i

i

i

(1] pelatlatetalls shsals s e bbbt b
C e
-0.2—
n Al
: PH-<ENIX
—04f- preliminary
~ 3.4% polarization scale uncertainty not shown
_06_..I\...\..\\I.\\.I\..\\..\.Iy\..l\.
: 2 2:5 3 3:5 4 4.5 S
UNIVERSITY OF p. (GeVic)
T
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TN
Summary PH:“ENIX

(A The forward » meson cross section and transverse single spin asymmetry measurements
probe the unpolarized and polarized structure of the proton

(A The recent measurement of the PHENIX Run 9 forward v} meson cross section can be used
in a future improved global fit to the yy meson fragmentation functions

' The PHENIX Run 12 forward 1 meson A should reduce the existing PHENIX # meson

AN statistical uncertainty by a factor of ~V2
A Explore the differences between the 1 and ° AN

[ Access to twist-3 correlators

UNIVERSITY OF
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Systematics for forward » meson cross section PH:-<ENIX

[ MPC energy scale o B
s F
(A Yield fits to invariant mass distributions OOF ettt —escale —yields
o = .
d Mixed event background subtraction Gosp. ek Treco g
[
d  Reconstruction efficiency GEANT - e
[ Trigger efficiencies 04~ .
. . - e ° * o *
4 Cluster merging at high p.. 03f e
02 ¢ " e e /
E “ B2 r’\/ VAR
0.1 M V4
- o
0: I 1 1 1 1 I 1 1 1 I 1 I | I
1 3 3 4 5

UNIVERSITY OF
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Systematics for forward y meson A PH:-<ENIX

A Square root vs. relative luminosity method

1 Background fraction fits to invariant mass distributions

[ Bunch shuffling

= 02 = 02
e T e T
3] | L L
% |  etot —method = |  etot —method
> &
< 0.15[=  —bkg —shuffle < 015/~ —bkg —shuffle
L . L
L . L
0.1— 0.1
0.05— 0.05—
L o L
0= e b b b Ly O, |, 77 P
-1 0 0.2 0.4 0.6 0.8 1 2 3 ; 5
UNIVERSITY OF Xp P; (GeV/e)
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Polarimetry at RHIC PH-<ENIX

D pC pOIarimeterS . Si detectors l o
1 : : / Recoil Carbon
(A Proton-carbon elastic scattering in the Coulomb-nuclear e
. . { : /
interference region | Beam ] — /. Beam
[ Sizable A in process with large cross section and weak Vs !
dependence C filament
@ Beam polarization measurements several times per fill Beam’s-eye view of detectors Side View
1 1+ 1 NIMA 499 (2003) 392-414
g' — 0
pp=—2"2
Ay ol + ot

| Absolute H-jet polarimeter 2012 RHIC Polarization

Polarized hydrogen gas jet target
d  Requires data taking across multiple fills due to limited

Polarization
o
O

54
©

I\I‘II!I‘II!I‘II\I‘IIII‘I\II‘I\IIlI\IIlI\II‘I\I!

= ) ” iy
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PHZENIX
Dominant partonic processes at PHENIX :

' Reaction | Dom. partonic process | probes | LO Feynman diagram |

pp—om+X 99 — 99 Ag }”“i

a9 — qg } f
pp — jet(s) + X 43 — 99 Ag )

49— qg
p =y+ X a9 — vq Ag
pp— 7 +jet+ X a9 — g Ag >_<
=+ X aq — vy Aq,Aq

—I

o — DX,BX Gg — cc, bb Ag ; :
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7] meson Cross sections
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