Transverse Spin Physics at STAR
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Historically transverse spin has been a source of much controversy. Before 1980 transverse single spin
asymmetries were such a challenge to the emerging QCD theory that they were systematically deemphasized
by many. STAR and RHIC have made Giant Steps toward clarifying the nature of the Puzzle that is
Transverse Spin.

This is what research is supposed to be!
The Citations tell the story.
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PQCD
Collinear Factorization

» Gives meaning to guark and gluon,

the confined internal degrees of Other Nuclear Effects
freedom (DOF) in QCD. ~Eaund Sz
* Absorption
. ] » Regge Scattering
* Provides concrete connections - Diffraction

between these internal DOF and Gl
experimental observables. IS QCD

(Jets, some hadrons, photons) Including

Undiscovered

» Gives an experimental connection Features!

to a description of nucleon and Collinear Factorized
non-perturbative bound state PQCD
(Nucleon parton densities) . Large Pt
* Provides a recipe for approximate
calculation of cross sections
for certain interactions in certain
kinematic regions.

- Has a well defined kinematic Strong Interactions
region where calculations are
most likely dependable.
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Generalized Factorization PQCD++
» Applies to a wider variety of experimental
measurements.

“Gilves sirnilar meaning to quark and gluon, Other Nuclear Effects
the confined internal degrees of e
freedom (DOF) in QCD. (same) * Regge Scattering

“#raction

Beyond Collinear

* Provides concrete connections
between these internal DOF and

experimental observables. Factorization
(Jets, some hadrons, photons) (same) » Generalized partons’ g
Jvered
- Gives an experimental connection  Parton.Transverse.., es:

to a description of nucleon and Motion
non-perturbative bound state

(Nucleon parton densities) . (same) * Intuitive extension of

Collinear Factorization.
* Provides a recipe for approximate
calculation of cross sections
for certain interactions in certain
kinematic regions??? (perhaps same)

Strong Interactions
* Has less clearly defined rules as to when
calculations are most likely dependable.
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Previous observation of Single Spin Transverse Asymmetry for Forward
Production of

m Meson by FNAL Exp 704 P+ p>M+X do' —do*
m- Meson They reported: 3 =
m % Meson P+ p>M+X OlGT-I—O’O'¢

n Meson

1) Nominally (perhaps not significantly) larger asymmetry for n than mr 9
2) Large Uncertainty in Eta A. Js=19.4GeV <pr> ~1GelV/c

10 FNAL E704 Collaboration/Nuclear Physics B 510 (1998) 3-11
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Prior to 1980, much of the QCD establishment believed that Transverse
Spin Asymmetries were a challenge to the broad applicability of QCD.

Then many PQCD proponents argued against the importance of these data.

In this note we have pointed out that the asym- EBERLY COLLEGE OF SCIENCE ‘ NEWS
metry off a polarized target, and the transverse
polarization of a produced quark in e e~ —gq, or
in gg - gq at large p,, or in leptoproduction,

About th
|c:mu¢tua| Collage [!Nhlnﬁa |

Collins, Soperand Ellis

should all lable perturbatively in QCD, sofScience News - Search Win Saku rai Prize
The resultjis zeroffor m_ =0 and is numerically
small if we Gﬂlﬂulﬂt&l m, /s corrections|for light John Collins Wins 2009 J. J. Sakural Prize for Theoretical Particle Physics
quarks. We discuss how to test the predictions.
At least fﬂr the cases when F is small, tests 17 October 2008 —John Colling, a Penn Siate distinguished professor of physics, has
! won the 2009 J. ). Sakural Prize for Theoretical Physics for his work in perturbative
ghould ba available soon in la.rga-p T prgduntiun QuaRtum chremogynamics. The prize is given annually 1o physicists to recognize and
EBNCOUrage thair Ntﬁlﬂl"ﬂll‘lﬂ achievemants in pﬂ"l{:lﬂ mmy Coling shares the awand
[where currently P(A)=25% for p,=2 GeV/c), wih Dave Soper. s professor ofphysicst the Urivarséy of Oregon.and Kekth Ells o
- . \ . physicist at Farmi MNational ACCalerator Laboratony
and e ¢~ reactions. While fragmentation effects
= " N . f rin in
could dilute polarizations, they cannot (by parity i:&"ﬁ’;ﬁ%?:i’ﬂfﬂfmﬁf:?ﬂ:&‘;’&f:ﬁ?%"cﬁi"mnf?;‘;‘;"m
. . . . wital role in formnulating and proving many of the mathematical resuls that undery GCD
considerations) induce polarization. Consequent- calculations. Without the 8K of thase results. It would nat be possible to Interpret
srrsirmandal Aska A icsd by mcdarm blaRsasnr asric s sccslsrainrg ff B ks
ly, observation of significant polarizations in the
_a.huve ri:aactiﬂ_ns would contradict either @CD or Past Recipients:
its applicability.

Kane, Pumpkin and Repko PRL 411978  In sharp contrast, 2009 PSU News!!!

Transverse Spin is Starting to Get Respect
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Unpolarized Cross Sections agree with Colinear
Factorization PQCD
*fAR PRL 97, 252001

AR PRL 97, 152302

P T T T T T g p+p —=>+X vs=200 GeV
(a) 5 <
107 STAR = % 12 7° mesons
= p+p 2 jet + X = 3 @ 3.7<{n<4.15
5106:? \E=200 GeV = O e Y 34<n<aD
a F midpoint-cone - ;\ - AN
SwE o —04 = O B 3.05<7n<3.45
a ¢ 0.2<n<08 - 0
TIE = 310
5 E = ~—
E103:E E: l")o-
- - - )
102? —5— Combined MB E; } 1k
105" e Combined HT = "o - N,
= - F “~
15— NLOQCD (Vogelsang) = L _ <n>=3.3 ~ .
EI | ! | | | | ! | | | | 1 | | | | ! | | | | ! | |: 10 E_ \ \
1.85 Systematic Uncertainty = . ~
51.4 ;: s Theory Scale Uncerfainty (b):§ - NEPQEKDP(?;IC ™ .
2 10 Trrg - ' = - S <n>=3.8
8 06 L inchn i o e S * = 10—2 — — Kretzer FF
'U.;_ _; e v v e e e e e e b ™ ™
0'25_ i5 55 30 4G 55 = 25 30 35 40 45 50 55
p, [GeVic] E. (GeV)

« Jet Mid-rapidity (Left) and Pi0 Forward Rapidity (right)
» Cross section are consistent with NLO pQCD.
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AR Forward n° Single Spin Asymmetry

p+p—=>7m'+X vs=200 GeV

“%‘ ol n® mesons At \s=200GeV, n° cross-section measured by STAR FPD is
ol e Y Siencio consistent with the NLO pQCD calculation. Results at <n>=3.3
no B 3.050<n<3.45 and <n>=3_8.
L0
310 ¢
"a
L=
N
b E
E E<7?>=3-;\\ . alUT —dU\L - 1 \//VTS\L —\/ST/VJ/
— o N ﬁ =
0¥ . Pyt e T
© NLO pQCD cale. ™. do +do \//V S +\/5 N
T KKkPFF ~. <n>=38
10—27 - | Kretzer‘ FF | |
25 30 35 40 45 50 55
E, (GeV) An p+p = +X at vs=200 GeV
Phys. Rev. Lett. 97 (2006) 152302 0.15 4 Spint -

Spin

| Left Right .
‘ Ayvs. p_for x.> 0.4 GeV | : 9" __. Sivers (HERMES fit)
<z B + + 0.1 { _ twist—3
0.05 — + 0 025 0 0.25
i ‘ + { 3y mass (GeV,/c*) ,1
$ 0.05 /
~ + <n>=3.7 ! <n>=3.3

B
o~ % p+p — n%+X at Vs=200 GeV 0 }E ."E f‘m
: = Runs 3, 5, and 6 S A [\_ . ),
] ) Run 8 STAR Preliminary, <> = -4.1 #6‘5 0 0:5 *6.5 o 05 .
e e *‘ARWX:&-‘:OSOLZW&-"I [hep-ex] F7

3.5
Black points: arXiv:0801.2990v1 [hep-ex] pT (GeV/C) Phys.Rev.Lett.101 :2122001 ,2008. ]_1
From Spin2008 talk by J.Drachenberg ‘{jtei c Hﬂppﬂ 1antn



Collinear Factorization

Cross Section~ (Probability to select required parton A (x,) from proton 1)
x (Probability to select required parton B ( x,) from proton 2)
3 X (Probability that partons A+B => C + X)
/;(Xl) ~ (1 o Xl) x (Probablity that parton C Fragments into observed final state)

X —1
LX) ~ ) 1 For Forward Production of Pi/Eta ..
0 1 1
JT — _ X 72'0
Dpan‘on Z_>1(1 Z) O—(X) C _[ az fl (XN %j O-pan‘on Dpan‘on(z)
- a(2)~(1-2)
) o(X)oc (1— x, )’ + Orden(1- x,)°]
5 —
5
dopp x f1 ® fo® o, ® Db o(X) oc (1-X¢)
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Forward Pi0 Cross Sections Scale Like seen in ISR.

At Large X (ie. Xi>0.4) , the Pi®fragment carries most of the of the jet momentum (<z> > 75%).

p+p —> m+X vs=200 GeV

% Fit= C (1x™" &,‘;\ o n° mesons
s 810 - ® 3.7<np<4.15
2 | N ¥ 3.4<n<4.0
| "0 B 3.05<n<3.45
' | [0}
05 0.6 07 :"'
{1-1';-} CL
013 \_3
O N _B T F
dp3 i B ~
B .
ld l<p>=3.3 "~
/V ~ 5 10_1_ \\
: ~
B~6 F NLO pQCD cale. ™+
- — KKPFF - <n>=38
- .
STAR Published Result is similar g2~ ~ freteerfF " N
to ISR analysis 25 30 35 40 45 50 55
J. Singh, et al Nucl. Phys. E, (GeV)

B140 (1978) 189. 9
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Observation of Eta Signal

Di-Photon Invariant Mass Spectra in 3 Energy Bins

40 GeV = Eyy = 50 GeV 50 GeV = Eyy = 60 GeV 60 GeV = Eyy = 70 GeV

« 3.5<Rapidity<3.8 100 |

o 2 S | S R A

* 3 columns for 3

| b
energy bins R ;

N R

1y

b

2 rows Log/Linear uf-

|

S 0 ) SN o R S SO

0 Mass Cut ""[-

BaR0E1-1 - : ] :
! 1000 fF-eeee LAh BE - ASRELE-LRLLRLTELEL

085 Gel/ < M, <.185GeV sonof-- |-+

Eta Mass Cut T

..........................

* |

O L N

A8 GeV <M, <.62 GeV 10s0}--

PENNSTATE

Steve Hep E b




An(Xe) in 1 and Eta Mass Regions

X
M+X
Pt p=> Js =200 GelV/

S
7 _
arr 1. Nphoton =2

Yellow Beam Single Spin Asymmetry 2. Center Cut (n and ¢)

SR T D R B 3. Pi0 or Eta mass cuts
' ; ' ' ' | : : 4. Average Yellow Beam
Polarization = 56%

S5< X, <.75

(Ay), =0.361£0.064
(A,) =0.078+0.018

For .55< X, <.75, the
asymmetry in the n mass
region is greater than 5 sigma
RN R above zero, and about 4 sigma

30 .35 .40 .45 50 55 .60 .65 .70 .75  above the asymmetry in the n°
XE mass region. ”
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Uncorrected Energy Distributions from Run 6 East

If the FPD for pidand eta @ Y ~3.65 Sqrt [s]=200 GeV
Invariant Cross

Section is
proportional to

Z=I(E1-E2)/(E1+E2)I<.4 07 GeV < Mgg <.20 GeV
0.4 GeV < Mgg <0.7 GeV

n .
(1 T XF) . : : : : - EPi
— g g g : : Entries 418646
m L : : : Mean 38.9
Pr 108 e B RmS 1o o043
= n . -
~ :E':nnstant 19.29 + 0.06
Then near E=50, - Slope -0.2325 + 0.0013
with a little 10° T s R N I, M S Er— Eeta 13524
= Mean 41.26
calculus, we can B o el
show that: - 5 .| #*/ndf 33.23 /28
T L e o—— PRI . T . N - Constant 17.19 £ 0.14
0’/\/ _((mm)jf S : : : : Slope 0.2235+ 0.0027
oc g \0GeV - | |
dQ 10 R L L e S o
—(n+ m)(o.oz Gel/™! ) E -
=€ N I o L m
E| | . | | | | . | | | | . | | | | . | | | | . | | | ||_[|-|I|_”-| | |
/f n+m= 1 1 30 40 50 60 70 80 90
d/V (O G l/_l)E E=E1+E2 GeV
—(0.22 Ge

oC
aQ =(100 GeV) (X¢) .
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Alternatives to Factorized PQCD Lead to
Very Different Cross Sections

* Preliminary look at invariant cross section
are likely consistent with conventional

(1)
o,

* In contrast, analysis of low p; Regge type processes lead to to a
different form for the dependence of the cross section on (1-Xg)

as Feynman xg approach unity.

Regge Cross Section OC (1 — X/_-)2

L.L.FrankFurt and M.I. Strikman, Vol. 94B2 Physics Letters, 28 July 1980.
and Private Communication.
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P, Dependence in Calculations of A

*Sivers Effect/ Collins Effsct Higher Twist Effects:
*introduce transverse spin dependent Qiu and Sterman
pin dep Kouvaris et. al. Phys.Rev.D74:114013,2006.

offsets in transverse momentum ....

A\ Fall as 1/P; as required by definition of higher twist.

*independent of the hard scattering
(definition of factorization).

P= Ptk All of these models
“+” depending on the sign of proton Iead to

transverse spin direction. Using our

(STAR) measured cross section form: A N ~OC 1/PT
0.150 T | T T T T | T T T T | T
0 1 J 1 Ay C Higher Twist
oC P k 6 dO- oC P /( 6 o.12gf "x\\xp=0.55 Phys.Rev.D74:114013,2006. —
(77 —#7) (/7 +47) : .. ky shift effect on measured

2ross section.

2 OA8r75 = -
A” = T T~ + 0| — oo e
do' + do P P =T Getl

g T T
OOOC o1 i I| I Al A1 1 I 1 I | I L I in Ll I I |I i |J|| Ll P I ]
R s s weey
s s 4 i
¥t (Gevl) Il



For Fixed X, the asymmetry A, does not fall with P, as predicted by models.

Ay p+p —> n+X at vs=200 GeV
- NLO PQCD does describe 0.08 - Sy . Shera (£704 11
the size and shape of this 0.04r . R
forward pp cross section. 00
0.08+-
* Model calculations (Sivers, 0.041
Collins or twist-3) can explain 00 1

0.12
0.1

the X dependence of A,

. . 0.06
 Flat or increasing dependence 0,02 Lt T

4 1 2 3 4
of AN on PT pr, GeV/c
U. D’Alesio, F. Murgia, Phys. Rev. D 70, 074009 (2004).
J. Qiu, G. Sterman, Phys. Rev. D 59, 014004 (1998).

Theory Score Card For Factorized QCD Picture for Pi & Eta Transverse A,

v Cross Section v Dependence of v'o Ratio ¥ Pt Dependence
for Pi0 agrees cross section on X Eta/Pi0 of Pi0O Ay .
with PQCD and Pt may be similar nominal _ _
(Normalization for Pi0 and Eta atlarge =~ 40% - 50% !A'\‘anf/'Stent with
and Shape) X as expected. Yet to be N Pr.
determined.
Can a large difference in asymmetry between Pi0's and Eta’s 15
*%R be understood in either Collins or Slvers Model? Steve Hﬂppehnﬂml




Ky
Sivers Model ﬁ%\

Difference Between pi0 and eta Ay? \p —

» A fast quark in the polarized proton (probably a u quark) has inm
transverse motion relative to the incident proton direction. The
sign of this transverse momentum is connected to the proton
transverse spin.

* The jet, (apparently a u quark) has a transverse direction that is
biased relative to the nominal transverse momentum.

* The jet fragments with large z to produce a meson that is moving
in the direction of the jet, with nearly p; of the jet.

* Dependence of initial state p upon proton spin leads to Sivers A,.
« Shape of cross section similar for pi0 and eta.

« This situation should be the same whether the jet fragments into a

pi0 or an eta. 5

R Steve Heppelmann




Collins Model

A\ vanishes as Z approaches 1 P
« Consider large eta Ay (perhaps of order unity) P —
X~0.75 , Z~ .9 and p;~3.9 GeV/c. S, Ky
* Any associated jet fragments will carry limited transverse momentum, X
5
» If the cross section is given by (I- X6F )
pr

« The Maximal asymmetry from fragmentation Py — Pr _|_(1_|_ 5/n(¢))ﬁ
2

¢ = fragmentation azimuthal angle from spin direction

* Leads to an extreme limit for A, from fragmentation,

AN<6—/(T~3(1—Z)~.3

%

This is the most extreme case including

- 100% transverse parton polarization
- the maximum possible Collins Fragmentation function.

17
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Comparison between n production and m° production?

« Gluons or n has Isospin 1=0. i(uu+ 07— 53)
- u quark has Isospin 1=1/2 NE)
« w0 has Isospin I=1. [ = 0 1
n'=—=(ull+0d +255)
J6
» But we expect both mesons to come ) B
from fragmentation of quark jets. / =3 { ' = ﬁ(uﬂ— ad )

*Assume 77,17' mixing angle: 6, ~—19.5°

» For Sivers Effect: Asymmetry is in the jet and should not depend on
the details of fragmentation.

» For Collins Effect: Asymmetry reflects fragmentation of the quark jet into
a leading n or % meson. Differences in fragmentation could relate to:

» Mass differences?

* Isospin differences?

* Role of Strangeness?

 But Collins Effect Should be suppressed when Z-1

18
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With FMS, STAR has Expanded
Rapidity Coverage -1<Y<4.2

STAR Forward Meson Spectrometer
25<Y<4.0

Ay p+p—> 7°+X at vs=200 GeV

| ® run3,5,6 (0.4 < x;)
4 run8 FPDeast (0.4 < x;) STAR Preliminary
0.1 ® run8 FMS (0.4 < % < 0.8} STAR Preliminary

0.05

I
—
-
—m
—a—
-
—.
—e—

_0.05 1 1 | 1 1 1 P T 1 P I T T T T N 1 M|

0 1 2 3 4 5
Pr, GEV/C
arXiv:0901.2763 +
A.Ogawa @CIPANPO9
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Run 8 forward =° + hadron correlation measurements
*"AR pp — n° (FMS) + ht (TPC) + X pp — 70 (FMS) + ° (FMS) + X
01 - & 0.006F '
7STAR PRELIMINARY é; | br. > 2.5 GeV/c
3 2’5 0.005f 1.5 < pys < py. GeV/c
§T00 | 5=07840+0.086 33 n>=312
=i . - <me>=3.03
o 2 % 5.0.004
5 8 : 3%
(& g o s a
..6 o) ¥, ) o0
o8 i .. 0.002}
S 2 0.025 e _
c - *, L
= ., . 0001 + 0=0.57+0.025
| I P BT I TS A AT S IS A
0 0 25 5 0 -1 Q 1 2 3 4 A
ﬂ':l: -GLPE g

FMS-TPC and FMS-FMS back-to-back correlations enable
di-hadron / di-jet Sivers effect measurements

FMS-FMS near-side correlations sensitive to Collins effect &
transversity

FMS-TPC: key step toward future transverse spin y + jet study 20
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In Progress: Mid Rapidity Measurement of Collins
Fragmentation Ay

For blue beam polarized:

Leading 7~ distribution L
3_ +N Hadron
*sin(®s- Bn) — - | #sin@s-dn)+| S Jet
2 Tsm(CDs CDh) TSln(CDS Pn) — |
1— o | 0
s Q.. - ' | z
5] —S g +S N Beam axis
A . .
: SN A L *For proton spin 11 N axis,
2, AT ' ds=90°
- "sin(Ps - On) . smw((i)S CDh) - :
C tsin(@q- Q) & | tsin(@s- n) - TFor proton spin Toi N axis,
332 4 o0 1 2 3 v ®s=-90
T p (GeV)
—N see F. Yuan, Phys Rev Lett 100, 032003(2008)

(Lis 3rd axis; L=S x N)
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Expected Asymmetry Statistical

Errors (Run 6 Transverse Data)
BLUE BEAM
POLARIZED

| Collins Asymmetry vs. z: 7" | | Collins Asymmetry vs. z: 1*
0.2 0.2
0.153— 0.153—
o.nsf— [ o.nsf— ‘
..: I I I T ..: T b I I
= 1 - . 1 l = i g E |
-0.05 -0.05
-0.1 f— 01
= -0.15 E—
................................................. Sonnlonnolonoollnooollonsnllonnolonsollosenlonnolonos
% 02
| Collins Asymmetry vs. z: 1’ [ Collins Asymmetry vs. z: 1"
0.2
0-153— 0.153—
o.nsf— X u.usf—
3: I 1 1 T a: T 1 1 .|-
= i : j = i ' I
-u.1f— 01

) =Pl DU I N DU I I I U P ] T IR I DU U P SR I U W S
% 61 02 03 04 05 06 07 08 08 1 - 01 02 03 04 05 06 07 08 09 1
z z



PENNSTATE
*ZR First Look at Eta Mass Region in FMS Detec ﬁ

2 photon Mass Distributions in four Pseudo-Rapidity Y Regions
(Preliminary Energy Calibration)

Event Selection Uncorrected Mass Distributions

el 25001 3.0<Y<3.2 - 3.2<Y<3.4
2 Photons within cone :
E ool H T 8000 ’._‘
£ ool 7000F- ot
2 2 2 - f
\/( yP/mtons - yEta) + (¢Photons B ¢Eta) <.85 - 1s00] 1 P Saoe- - J\IJ "\1
N = 111Hfr 111 5000F o IR A
- o N 200f
Pt >2 GeVic 'E 1000} h, 40001 - R’x\
Z<.7 3 | 3000F T
500 2000F-
tan(¢)  007GeV <m, <03GeV  [Enes srzree 1000}~
0.5¢ Meanx  -3.691 ol ot . PP e = SR obd o Lo A P S
E Lo R S R Y ¥ R T N R Y S Y S m—
E YT . Two Photon Mass (GeV) Two Photon Mass (GeV)
0.4 RMS x  0.06792
F RMSy 0.07458
0.3t i
E 10000 F r
0.2F . 3.4<Y<3.6 20001 3.6<Y<3.8
E £ ok 18001
0'15_ I_% 1600
O S 6000 1400F°
E- 4 1200
-0.1:. g 1000(
0.2 Z 4000 800
E L = 600
_0.35_ BRI 43 2000k ot
-0.4F =k 200
- <ﬂm> 3691 PRPIN i i PP P T PR B o L5t i el 1
050l % 6z 04 08 08 1 1z %%z 04 06 08 1 1z
3 1 4 3 9 3 8 3 7 3 6 3 5 3 4 3 3 3 27 Two Photon Mass (GeV) Two Photon Mass (GeV)

Cemparison to FPD Center Cut (~1/3 of Run 8 Transverse Data Set) ,,
R Steve Heppelmann



Possible Future Star Transverse
Single Spin Measurements

Energy Sivers: Detectors
\/g. Transverse pp Collins | Sivers SIDIS Luminosity
Measurement sign
change
prep>a’+ X v v FMS
pr+pon+ X v 4 FMS
pT +p—> jet+ X v v FMS+EMC +(HCAL?)
200 ,0T+ por’+x’+ X 4 4 . FMS+EMC
GeV o'+ p— jet+ jet+ X v v RO FMS+EMC +(HCAL?)
pr+posy+ X v v FMS
pT +Ppo>A+ X v v FMS+HCAL
p+por+ X v v East FPD
<00 ( pT f D2+ X) — +Shower Max
GeV pT +Ppo>A+X v v FMS+HCAL
P+ pon+ X 7 7 FMS
pT +po>6+6 +X v v STAR with FMS
O ps W X v v 250pb™  "STAR with FMS
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Conclusion About STAR Transverse SSA
Measurements

* Forward and Central Rapidity Cross Sections consistent with
PQCD with collinear factorization. This encourages theoretical
models expanding on the essential PQCD framework.

| “ * In contrast to expectations, forward single spin asymmetries
LI measured by STAR for Pi°® mesons at fixed Feynman X

do not seem to fall with p; in the range 1GeV/c< p;<5 GeV/c.

T B 3 B 5
Y

_________ « Atlarge Xg, the Eta asymmetry may be much larger that the Pi°
< asymmetry, which is again surprising.

“Collins” |+ STAR will make significant measurements in the near future of
“Sivers” transverse Single Spin Asymmetries, with EMCal coverage over
“Beyond” a very wide range of rapidity (-1<Y<4) and these measurements
will significantly enhance our understanding about the role of
Collins, Sivers or “other” model variations of the PQCD.
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