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What you should remember from this
talk:

High precision measurement of Collins (etc), IFF:

— Precision comparable (at least..) to Compass Hermes (final at
SPIN)

— Phase space: high Q, x up to ~0.25 (mid), future: ~0.5 forward
— Added benefit of p+p: no u quark dominance, high scale,

» Measure transversity and gluonic counterparts, learn about
color entanglement effects

EM jet AN topology dependence and correlation
measurements

» mechanisms behind large forward spin asymmetries
Sign change measurements

Future precision measurement of transverse spin structure
in the valence region



Barrel Electro Magnetic Calorimeter (BEMC)

n = —log(tang) ¢ : azimuthal angle

Forward
Meson
Spectrometer
(FMS)
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STAR

Not shown:
| Trigger detectors
or polarimeters

* Central Region (-1<n<1)
* |dentified Pions, 1
* Jets
* Endcap (1<n<2)
* 11, 1, (some) jets
* FMS (2.5<n<4)
-+ 1, m, EM Jets

Momentum measuring subsystems
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Full azimuth spanned with nearly contiguous

\ electromagnetic calorimetry from -1<n<4
o9lp) => approaching full acceptance detector

PID (Barrel) with dE/dx, ToF pi/K separation up to 1.9 GeV
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Transversity from di-Hadron SSA in p+p

p*p c.m.s. = lab frame

P ,TDB : momenta of protons
;hl,;hz : momenta of hadrons
;C = ;hl + ;hZ

Re = (P - Pi)/2

@, : from scattering plane
to hadron plane
¢, : from polarization vector

S : proton spin orientation to scattering plane
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Unpolarized / Hard scattering

quark distribution Transversity cross section
Known from DIS to be extracted from pQCD
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measured in e+e at Belle-




Di-Hadron Correlations to access transversity

0.12 - - < :
£ & "[STAR Run 6 Preliminary\/s=200 GeV | () = 0.5 £ 15 904C'STAR Run 6 Preliminary \5=200 GeV
® 2 0.1 = ()= +0.5 < Cpl+p— n*m#X
< - pT+p—) X PP
0.08- 0.03 I
C X L
0.06[ N
0.04 !) 0.02-
0.02; 'l' [ T B l l'
(i]= 4' 0.01- l
-0.02 - <¥ rel. systematic uncertainty of 4.6% not shown | N T
s o
@ 10 A C . .
o g N C rel systematic uncertalnty of 4.6% not shown
Tt i Vg '0'4"02 0
03 04 05 06 0.7 08 09 1 1 12
M. ™ [GeV/c?] :
N .
06 : ‘ { :
[ e
L S
0.2 0 !

93 08 04 02 0 02 04 05 03

n,

T

Trigger bias/partonic variables estimated
From Pythia+GEANT simulations

. AUT X h1 : Hf%First significant signal of transversity in polarized proton collisions



Projections for di-hadron correlations at STAR from
2012, 2015 Data

= 0.02- - 0.02
< 0.01 5; —— 2.4 pb™ 58% pol (2006) < 0.01 5% —e— 2.4 pb' 58% pol (2006)
0.01% —=— 20 pb"60% pol (2012) | 0.0 15 —=— 20 pb160% pol (2012) |
0.005" 0.005 1 |
- - LAl i 1
-0.005} -0.005¢
-0.01" -0.01F
- - 2012
P 2012 oots 2012
C o Covo | | | I | | Lov v by o |
R T N R X I R e S G T R R T A R AL
p. [Ge
et Jan 11 19:00.37 2012 Mlnv [GeV] Wed Jan 11 19:28:32 2012 T
> 0.14
< @ p'ep s x'x4X, 2.4 pb” 58% pol (2006)
012 =05 ——#—— p'+p - X'x+X, 62 pb " 60% pol (2012+2015)
0.1 e p'4p - 1"2"+X, 62 pb”’ 60% pol (2012+2015)
0.08 ‘
" 2012+2015 |
0.04}— !11'
0.02| + +'
of {"t . ' t t
0021 ! L ! ! ! ! !
03 0.4 05 0.6 0.7 0.8 09 1 M1.1 é.z
- nv e
e Reduce Error Bars by facwur ui o v [GEV]
« Explore ni®x*/- channels: Access to flavor structure .

e 500 GeV from 2011 + 2012 200 GeV to come for SPIN



Jet Reconstruction in STAR

Data jets
STAR Di-jet event at detector-

\ level
%
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e.g. Anti-k; algorithm (2011 results)

T JHEP 0804 063 (2008)

Detector

Particle
AL

Use PYTHIA + GEANT to quantify detector
response
* Trigger Bias
* Reconstruction smearing/bias (unfolding)
e Reconstruction of partonic variables,
parton matching
* Underlying event/pileup effects
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STAR

Terms in Numerator of TMD
SSA for qq scattering
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Based on work by F.Yuan (Phys.Rev.Lett.100:032003) and D’Alesio et al. (Phys.Rev. D83, 034021)

Naively: Collins asymmetries, Asin®S-¢hlc h, ® H,

Collins Asymmetry A= 2 <sin(¢s— ¢h)> VS. Z
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Naively: Collins asymmetries, Asin(0S¢hloc h, ® H,

Collins Asymmetry A= 2 <sin(¢s— ¢h)> VS. Z

0.1f
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- A 7 Asymmetry

<sm(<|>s - ¢h)>

Unknown “Color Entanglement” Effects
(AKA Factorization Breaking)

Terms in Numerator ot IN
SSA for qq scattering
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Collins Asymmetry at 500 GeV

Increased gluonic subprocesses at Vs
= 500 GeV lead to expectation of

small Collins asymmetry until larger z
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STAR Jet A, Asn®S) related to f,*
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“Collins Like”: Asin(95-20hloc h L8 @ H,
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Model predictions shown for “maximized” effect, saturated to positivity bound
Until now, Collins-like asymmetries completely unconstrained
—> Sensitive to linearly polarized gluons



Viechanism behind AN: Forward eEM Jet
topology and correlatlons

FMS Pb Glass EM Calorimeter
A pseudo-rapidity 2.7<n<4.0
" Unpolarized  Small cells: Outer cells:
Proton 3.81x3.81 ¢cm 5.81 x 5.81 cm

[

Transversely
Polarized
Proton

Forward Meson Spectrometer (FMS)
-- Pb glass EM calorimeter covering 2.5< n <4.0
-- Detect 7%,n, direct photons and jet-like events in the kinematic region where transverse

spin asymmetries are known to be large.
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TSSA for forward EM Jets

< | e wdets(x.>0) STAR Preliminary -
" o a%Jets (x_<0) p+p' @ Vs = 500GeV
0.04" = EM-Jets (x >0)  Pr . >20GeVic

Je
-~ 0 EM-Jets (x_<0) 28<<4.0
+ ] n’-Jets —
_+_ ] 2y-EM-Jets with
0.02- I - m,, <0.3

_+_ ++ ZW <0.8

EM-Jets —
with no. photons >2

EM-Jet Energy (GeV)

<> Isolated n%s have large asymmetries consistent with previous observation
<> Asymmetries for jettier events are much smaller
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n’-Jets (x.>0)
e n’-Jets (x_ <0)

0.04; =

L O EM-Jets (x_ < 0)

EM-Jets (x_>0)

. 2-photon-Jets-m_ >0

.3 (xF >0) + ]
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n%-Jets — 2y-EM-Jets with
mW<Q3
ZW <0.8

2y-EM-Jets (n + continuum) - with
m,, > 0.3

EM-Jets — with
no. photons >2

<> Isolated n%s have large asymmetries consistent with previous observation
<~ Asymmetries for jettier events are much smaller
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A\ with midrapidity activities

FMS

/\ | N

_ N 9,2.0

central EMJets forward EMJets

Midrapidity EM Jets
Jet algorithm : anti-k;, R=0.7
pEMIet> 2.0 GeV/c, -1.0<nEMet<2.0
Inputs for central EMJets : towers from BEMC and EEMC
Leading central EM-Jets : Jet with highest p;

e Case-l :having no central jet
e Case-ll : having a central jet

18



A\ for with and without a central EM-Jet

EM-Jet Energy = 40-60 60-80 80-100 GeV
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<> An EM-jet in the central rapidity region reduces the asymmetries
for the forward isolated m°



A, for correlated central jets and no central jet cases

EM-Jet Energy 40-60 60-80 80-100 GeV
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<> Asymmetries for the forward isolated n° are low when there is a correlated away-side jet.
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The famous sign change of the Sivers fct.

critical test for our understanding of TMD’s and TMD factorization
Twist-3 formalism predicts the same

DIS: pp:

QCD: gg-scattering qgbar-anhilation
attractive FSI repulsive ISI

*

~

Sivers, = - (Sivers, or Sivers,, or Sivers,)

A, (direct photon) measures the sign change through Twist-3

will also be A (DY) and A (W*/,Z°) test of TMD evolution

ﬁ All three observables can be attacked in
one 500 GeV Run by STAR

21



STAR: AW

Analysis Strategy to fully reconstruct Ws: | PYTHIA tuning |
- W candidate selection via high p, lepton

Data set 2011 transverse 500 GeV data set (25 pb-!)

PY. TUNE A kt=1 ckin(3)=0.5

T
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—> correction through MC (Pythia)
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A.(W*- Z0) Results from 2011
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New Theory predictions

Z. Kang et al. arXiv:1401.5078v1

01 - - _ Q% =2.4 GeV?
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S I \E [ sea quarks unconstrained
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Z. Kang A (W*-,2°) accounting for sea quark uncertainties

using positivity bound as limit
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New Theory predictions

Z. Kang et al. arXiv:1401.5078v1
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syst.(%)

Ay (W*/-,29) from Run 2016

2016: possible recorded lumi as big as 900 pb
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Ay(W*-,Z0):

will be able to constrain sea quark Sivers

and

make a statement on the sign change

O Ay(y) up to x; of 0.6

Q A, (DY) simulations still ongoing

0.4% STAR projection
0.3}
0.2}
0.1
0
0.1
0.2
-0.3§ z° JrL(*e!)—gQ pb’’
04 ......... z°-Jr L{del.) = 400 pb"
o 5 10 15 20 25
Pz
<ZO_4§ STAR projection
0.3
0.2-
0.1
o
-0.1F
0.2
-0.3f z° Jf L(del.) = 900 pb"
04 ........ z°- JI' L(del.) = 400 pb™
05 o 05
yZ



STAR: Upgrade Plan

- HFT: Charm - QCD phase AA: HFT: B, A¢
- Di-lepton structure Jet, y-jet
sQGP properties = - Critical Point

PA: CNM, p-spin

p
a3 a0t s e 207 a0 e AEAEIEA
HF-I, (e,p) 7
‘ BESII

-

202! 2026

HFT/MTD HF-II, pTA

e-Cooling, iTPC

HFT’, Tracking, EM/HCAL (West side)

Preshower for FMS EHlGAL S Ssde)

—
physics upgrade

eSTAR

Forward Upgrade
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2015-2015:
Direct y with the FMS Preshower and evaluation of DY

STAR Beam Use Request calls for transverse p+p/A @200GeV (2015) and p+p @510GeV
Direct y measurement:
3 layer preshower in front of the FMS,
- distinguish photons, electrons/positrons
and charged hadrons.
2>J/W¥
—>for p+p @510GeV in runl6 currently evaluating the most cost
Effective approach in forward calorimeter and possible tracking option

to do DY measurement STAR FMS-PreShower:

_L Statistical uncertainties for direct photons J_
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Forward ECAL/HCAL (FCS) ~2020
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Kinematics covered by Forward
Upgrade in p+p (from simulation)
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Significant Forward TSSAs Expected

* Torino Parametrization for Sivers/Collins

<5 B p' +p— jetat {s = 500 GeV < = p' + p — jet + ° at {s = 500 GeV
0.01 002~
0: = 07,,
0.01— - 2.8<n_ <37
- 28<n <37 -0.02— . jets+nt
: | | 1 | 1 i | | | | | | .l jet+n-l
0 2 4 & & 10 12 01 02 03 04 05 06 07 08 09 1
Py ot [GeVic] . . z
Collins Asymmetries
Forward Jet
(sensitive to Sivers effect)
<5 - p’+ p - n*+x at Vs = 500 GeV
04— .
- : IFF Detector smearing effect
02— '
: ' * Detector Level
. 28<n <37 = Particle Level
0

L L PEETERTERIN RS S R I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
m,... [GeV/c?]



Conclusion

After exciting longitudinal results, STAR is fulfilling
transverse spin promise of RHIC!

High precision correlation measurements to extract
transversity

Added p+p capabilities:
— Probing color entanglement effects
— Origin of largest transverse spin effect seen to date

Need more theory effort, e.g. IFF predictions, dihadron x-
section

2015+: Direct photons, pA
~2020: Forward jet physics and DY with upgrade
Look out for new STAR results at SPIN!
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Transverse PHYSICS through jets

STAR: Jets reconstructed
with Anti-k, algorithm

Data jets MC jets
. Jet direction -
Z
S > TR (| ¥ RS
+ <
% €3 Asymmetry moments sensitive to various
~Na . .
L U contributions
o) (analogous moments sensitive to gluon scattering)
Ay — Transverse single-spin asymmetry (also written
Ay)
E ‘ PJyeT
H
>-4 F. Yuan, PRL 100, 032003 (2008)
[~ D’Alesio et al., PRD 83, 034021 (2011)
Terms in Numerator of TMD English Names Modulate
SSA for qq scattering
N i . . 1 )
A fa.r‘lﬂ . be‘,B . D‘T/‘q Sivers » PDF « FF s1n(¢SA )
]11‘7 . A‘\' fb1,«"B . DTC Transversity ® Boer-Mulders o FF sin( g, )
M /ll“T(‘T ® A‘Vfb”B ® D_TI,-G Pretzelocity * Boer-Mulders ¢ FF*  sin @s, )

Use PYTHIA + GEANT to quantify detector response I fop * ADq Transversity*PDF +Collins sin(s, - @,

O Trigger Bias (bias for specific processes)

O Reconstruction smearing/bias (unfolding)

0 Reconstruction of partonic variables, parton matching fye Pretzelocity*PDFsCollins ; ‘
' 1 * [ *AD_, sin( @

O Underlying event/pileup effects = . f b-"BY 7/al _ ' . (7, + -

Afc{,.-"at e A fbr,-'B . ADT SiverseBoer-MulderseCollins sm(cpSA + @,

N N -
Afa,"d'r *A fb“B * AD,T.‘,-M Sivers ® Boer-Mulders e Collins Sm(qosA -Q,



Collins Asymmetry A =2 <sin(<ph - ¢s)> VS. Z

Collins Asymmetry A =2 <sin(<ph - ¢s)> VS. |T

0.1F

2<sin(o, - 0> _

s
o
[

L L

| = n*Asymmetry
[ ——
- A 7w Asymmetry
systematic uncertainties [
y effects to <1% of total uncertainty excluded

systematic uncertainties

STAR Preliminary

n— data horizontally offset for clarity

RHIC 2006 /s =200 GeV

pTp o jet(n’) + X; jet p,>10 GeV

&
o

10" . 1
i (GeV)
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ZDC

VP-D ‘ ! VP il
P |- s
7 ZDC
]
< v
BEMC+EEMC towers : to find FMS photons : to find
central electromagnetic jets forward electromagnetic

jets

FMS photon reconstruction :

towers > clusters > photon
shower shape fitting
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P, [GeVic]
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EM-Jet Energy = 40-60 GeV 60-80 GeV 80-100 GeV
- 11 STAR Preliminary T | | "~ 18| < 1l-photon events, which
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e o] 7 ¢ AR 3 i analysis, are similar to 2-
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1 1 ® [ ]
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(9. .84835. 8 ¢ 87 8% 8 e .. __-$ RSN ]
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A, for the central jet : near and away

EM-Jet Energy = 40-60 60-80 80-100 GeV

<EZ O1|_ 2.8I<nEMIJethINﬂ:4_@'Sm Pth%ar;:@ rWIa jet
1.0 <yfMsteental 5 o T ! :
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:_A Al A i%;é i +‘i % +§’ Near and away side
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i 1 o
0.05} 18
L =)

Ot aka abhra Al e

<> Uncorrelated central EM-Jet is separated out
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STAR Transverse Asymmetries from Jet Production
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- Increased sensitivity to gluonic subprocesses
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