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High expectations from AG

Altarelli et al. NP B 496 (1997) - NLO pQCD analysis of inclusive DIS in AB scheme
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Motivation for RHIC Spin:

If gluons really carry the bulk of nucleon’s spin, why not use
polarized proton (known by then to be predominantly made of

gluons!)?

Technical know-how (Siberian Snakes, Spin Rotators, polarimetry ideas)
to do this at high energy evolved around the time (mid/late-1990s)

Why AX (quark + anti-quark’s spin) small? Are quark and anti-
quark spins anti-aligned? Polarized p+p at high energy,
through W+/- production could address this

A severe need for investigations of the surprising transverse
spin effects was naturally possible and needed with the
proposed polarized p+p collider...
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Complementary techniques
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Photons colorless: forced to
interact at NLO with gluons Why not use polarized
Can't distinguish between quarks and gluons
quarks and anti-quarks abundantly available in
either protons as probes ?
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The probes and techniques at RHIC
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RHIC as a Polarized Proton Collider

Absolute Polarimeter (H? jet) o pC Polarimeters
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PHOBOS

Siberian Snake\ o
¥

Spin Rotators

Spin flipper
(longitudinal polarization) \Sm‘h;Rotators pinTiPP
(longitudinal polarization)

5.9% Helical Partial Siberian Snake

Pol. H™ Source / « Internal Polarimeter

200 MeV Polarimeter "<«— pC Polarimeter
10- 25% Helical Partial Siberian Snake

Without Siberian snakes: vy, = Gy = 1.79 E/m — ~1000 depolarizing resonances
With Siberian snakes (local 180° spin rotators): Vsp = 72 = no first order resonances
Two partial Siberian snakes (11O and 27O spin rotators) in AGS
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Siberian shakes

» AGS Siberian Snakes: variable twist helical dipoles, 1.5 T
(RT)and 3 T (SC), 2.6 m long

» RHIC Siberian Snakes: 4 SC helical dipoles, 4 T, each 2.4 m
long and full 360° twist

Courtesy of A. Luccio ails=)\
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RHIC polarized collider: a success!

Polarized proton runs

500 T . ;
— 50 b : ?gg/(z;seste\:f 2013 P=52% Runs 4,5,6 & 9 with
5 // 100 GeV beams
3 400 / « AG, transverse spin
:g 350 / |
E 300 / Runs 9,11,12, 13 with
§ 250 // 250 GeV beamg
E // « AG, W-Physics
g 150 [oreRms - :()Tz/j:,:sg.,o See experimental and
T 100 7 / Fves S, theoretical talks in this
5 5o ,é% 2008 Poddy 00 P, session for details of various
E . P E e e=zIIT 003 P=34% results & their interpretations

0 2 4 6 8 10 12 14 16 18 20
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Polarization at 100 GeV

polarization for Run 6, 100x 100 GeV - final
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Atyplcal store at 100 GeV

Start of acceleration ramp
Start of coII|S|ons
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RHIC beam polarimetry

How do we know the proton beams are polarized?
Polarimetry had to be developed

How do we know that they are longitudinally polarized?

Stable direction of spins in the storage ring is vertical, spin
rotator magnets rotate them. How do we know they are
doing their job?
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RHIC polarimetry (I)

Measurement of degree of polarization

- Elastic p-p Coulomb Nuclear Interference (CNI) measures
absolute polarization employing a polarized Hydrogen-Jet
(as target)

- Elastic p-Carbon CNI polarimeter monitors the degree of
polarization with multiple measurements during fills

- Both together succeeded in getting an uncertainty in the
polarization measurement of +/- 4.7%
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Beam polarization measurement (1)

- Use single spin

Top view - asymmetry in elastic
R scattering of p-p and p-
y Carbon

- Coulomb Nuclear
Interference (CNI)
kinematics

Right on | '—NIT“NT ~ ,—NIT{NIJ
NN

For a known/understood scattering process, measure the single
spin asymmetry and calculate the beam polarization.

©—
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RHIC polarimetry (I)

Determination and monitoring of spin vector direction in the
interaction region

- Employs (accidentally discovered in 2002) single
transverse spin asymmetry in “forward” neutron

production

- “Local Polarimeters”: at PHENIX, now at STAR as well
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PHENIX* Local Polarimeter iNowslso STAR

PHENIX Collision Point ~ 1800cm
[ A
o 4 * @ [ I10cm (+2mrad)
Blue beam Yellow beam

P, /P > 0.99 blue & yellow

«-Blue. -t Yellow

L4
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AG MEASUREMENTS
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PHENIX Detector at RHIC

- Design philosophy:
- High resolution limited acceptance
- High rate capability DAQ
- Excellent triggers for rare events

- Central arm

- Tracking: Drift chambers, pad
chambers, time expansion chamber

- Superb EM Calorimetry PbGl, PbSc
AdpxAn~0.01 x 0.01
n¥ to 2y resolved up to 25 GeV pT
4] - Particle Identification: RICH, TOF
- Forward Muon Arms:
- Muon tracker, muon identifiers
20 South | j D‘ i ,H 20 Notth_ - Global detectors:
i il - Beam beam collision (BBC) counter,
North |||

Zero Degree Calorimeters (ZDCs)

Online monitoring, calibration and
production

South Side View
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STAR Detector at RHIC

Triggering *-AR DeteCtO r

Lum. Monitor
Local Polarim.

 Design Philosophy:
Maximize acceptance

Barrel EM Calorimeter 2005 Beam-Beam  lower resolution
“1<n< 1 Counters  Sypsystems:
\ = - In {tan(6/2)] g 2Ini<s - f = 2p acceptance
Foriard in EM calorimetry
_ — — Barrel and EndCap
Contin 199N N =0 | ﬂ Total: -1 <h <2
— \ | =2 m = B * Time Projection
e - B TI‘ i ' Si'Iicon ‘ u ‘ B Chamber
7 M\ Vertex | Triggering [ * Separate Forward
Forward Pion J N/ | Trackerf) [ge— Endcap EM pion detector
Detector Calorimeter -
4.1<n< -3.3 I_W/ WKWWWWWW 1<n< 2 - Silicon vertex tracker
/ \ « Beam-Beam Counters

Time Projection

Chamber — Tracking
-2<n< 2

Solenoidal Magnetic Field
(5 kG) analyzes charged-
particle pr
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Calorimeter
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Measuring A, |
do,, -do,._ 1 N, —-RN_ L.,
ALL = = ) R =
da++ + d0+— | })1})2 | N++ - RN+— L+—

(N) Yield
(R) Relative Luminosity
(P) Polarization

Exquisite control over false asymmetrie§
due to ultra fast rotations of the

target and probe spin.

v" Bunch spin configuration alternates every 106 ns

v" Data for all bunch spin configurations are collected at the same time
=> Possibility for false asymmetries are greatly reduced
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Accessing AG in p+p Collisions at RHIC

From ep (&pp) || NLO pQCD

From ete-

(HERA mostly)

- If Af £ Aq, then we have this from pDIS
- S0 roughly, we have

AL = ayyAG* + byg AgAG + g AG°

where the coefficients a, b and ¢ depend on
final state observable and event kinematics

(TI ’ pT)

‘\\\‘ Stony Brook University
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Most impactful results: on AG
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Recent global analysis: DSSV

D. deFlorian et al., arXiv:1404.4293

N T I lllllll T I lllllll T T T TTTTT
A 2 2 ]
Wide
spread at : XAg
lowx i
x<0.05) i 01
of i
alternative S
fits 0 B=
consistent :
within i
90% of e .
C.L. 0.1 R incl 90% CL. variations |
- —e—e— DSSV* -
v i - - - DSSV i
_0-2 1 1 ||||||I 1 1 Illllll 1 |
107 107 0" x 1

[ dx Ag(x)

0.001

005

IIIIIIIIIIIIIIIIIIIIIIIIIII

NEW FIT
90% CL. region

- DY

4 DSSV

Dramatically makes the statement that, while we have made a huge impact,
We are improving AG contributions only in a limited x-region, allowing
large uncertainties to remain in the low-x unmeasured region!
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Experimentalists ask for systematic uncertainty:
Adding 2009 PHENIX Data,

Effect of RL Systematic Uncert.

e Added 2009 PHENIX m° A, to the DS5V08 analysis
o along with updates of some prelim data to final

e DSSVO08 global analysis did not include systematic uncertainties from

the experiments

e Effect of shifting only PHENIX m® A, up or down by its total systematic

uncertainty

o dominated by systematic uncertainty on relative luminosity

5, 350 -

< _ DSSV08+PHENIX 2009 A:L

x 3 —— Ne Systematic Uncert.

uZJ o PHENIX A’L‘:_ Values Shifted Up By Syst.
:nt_ 25 Foo PHENIX A’L‘:_ Values Shifted Down By Syst.

@

8553 s 05 00 04 o15l o7
0.05.02)
GDSSVOS
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What about the anti-quark polarization?

llllll Ll Ll llll'll 1 | S po BN N Ll Ll lllllll Al Al lI'lUlI Ll LA T T llll]ll T T Illl[ll
- - -

o004 [ XAU 1 xAd AL xAs ]

002 | 1r 1 g

- -~ DNS  —— DSSV Ay’=1 !

004 — = 2 2 2
[ . GRSV DSSV Ayin?=29F IF Q" =10GeV g

i llllll 1 1 Illllll 1 11 llll: i JC L L R

02 100
- DIS probe (y*) doesn'’t distinguish g from gbar
- Has to take measure semi-inclusive (i, K production)

- Uncertainties in fragmentation functions

- High energy p-p collisions enable probing q,gbar through
W+~ production —> Plan at RHIC
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Pr|nC|pIe Lim
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Questions in Hadron Physics: RHIC Spin

- Limited x-range

- Need to widen it...

- Higher and lower Center of Mass
Operation

- PHENIX measured at 62 GeV CM

1072 10~

- Overlapping x for p; bins

- Need more exclusive

measurements (Luminosity)
- y-Jet (PHENIX VTX upgrade)
- Jet-det (STAR ready)

‘\\\‘ Stony Brook University
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7/04/2014 Transverse Spin

Anti-Quark Polarization measurement via
W production and decay

- Large parity violating effect

— anticipated
—% ot —o~
u\W+ AL_0++0— 7 0
- Measurement complimentary to
S SIDIS, but devoid of fragmentation
UnPOI. ——] : :
function makes it cleaner!

\/E = 900 GeV - NLO analyses about now available
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Some insight in to what goes on....

=> g—
N W
d
%
o u(zq)d(zs) + d(z1) u(xo)
'\:f 4/6'
1 2 1 e 2
u(z1) d(z2) d(z1) (z)
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@ W production @ RHIC

Proton helicity ="+" Proton helicity ="—"

b
)Proton helicity ="+" Proton helicity ="—"
d|(x1) v
u(xz) l+
G\ B

‘\\\‘ Stony Brook University N CZ-_}_ ($1)u($2) + di (ajl)u(xQ) d(iE1) .



ldentify a W event:

W decays in to a charged lepton and a neutrino
Spin and momentum correlations important
240 GeV charged lepton + 40 GeV neutrino
- ldentification of charged lepton?
Isolated charged lepton identification (e or w)

If electron final state is measured: (central arms of PHENIX, every where
in STAR), with electromagnetic calorimetry

If muon final state, tracking and MulD system is needed:
< MulD : large amount of material followed by tracking
- Every thing else will stop in the material, except muons

- Background subtraction challenging in both cases since all mesons
and unstable hadrons typically have decays resulting finally in

electrons or/and muons

Q\\\i Stony Brook University
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Transverse Spin

—V\/_
2008~ PHSCENIX

ZDC South
-

IN|||1“UI

ZDC North
-
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Transverse Spin

First Observation of W’s at RHIC

EXxciting few years |ahead. .. STAR

0E | pHpoWHX—o e +X STAR

o B i<t | PRI, 106, 062002 (2011)
40 £ ---- Backg. est.

305_ - Wsignal
20 F
10 E
0
I U T I N R S R
705- M pHp oW+ X—oet+X

60 £
50 f
40 £
30 F

20 £ |
10
0

10 20 30 40 50 60 | 70
E% (GeV)

Counts
Software threshold

Positron |7.|< 1

Counts

FIG. 3 (color online). E4 for W* (bottom panel) and W~ (top
panel) events showing the candidate events as solid line histo-
grams, the full background estimates as dashed line| histograms,
and the signal distributions as shaded histograms.
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Calibration of probes.... W cross section

~ 10 "¢

‘é - — CHE (NLO - MRST2002) W*

> - --=- CHE (NLO - MRST2002) W" _

é de Florian, WV _— ..

I

N PHENIX and STAR

103 . &

Data consistent with

ATLAS PRELIMINARY W*

O ATLAS PRELININARY W Standard model prediction:
O CMS PRELIMINARY W* Of p_p cross section
B CMS PRELIMINARY W
102?
- A PHENIX W*
A PHENIXW

* STAR PRELIMINARY W*
* STAR PRELIMINARY W

| l:l 1 1 ‘ L 1 | L l 1 L L 1 ‘ L L 1 1 l L 1 1 1 l 1 1 1 1 | 1 L 1 1 | 1 !
1000 2000 3000 4000 5000 6000 7000
Vs (GeV)
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Recent results from RHIC: W—> e*- u*"

" N Bandara for PHENIX arXiv:1404.6880 STAR
SV ] Al b
[ Runl2:p+patys=310GeV W—n P >16GeV W—e P30 GeV L p+p - W_ — e +V
05F 8] AL (2012) W A7 (2009-2012) - s=510 GeV 25 < ES < 50 GeV SR—
i — DNS mun ] T
00f
0.5
10t e
Rel lumi
o syst
T e e e e e (R [ v - S
< [ W= Ty e
0.5F - =
i |_ -0.5- ww T T e
i - i+ [+ STAR Data CL=68%
001 = L — - DSSV08 RHICBOS "
L --- -.-..DSSV08 CHE NLO
- TN ] L ---es .. LSS10 CHE NLO
0.5¢ PH%E NIX 7 DSSV08 L0 Ay*/x2= 2% error
L prel Iminary I 3.4% beam pol scale uncertainty not shown
: : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
L -2 -1 0 1 2
0, lepton n
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Transverse Spin Physics at
RHIC
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Transverse Spin

Transverse spin introduction

A N; — Npg
N p—
Nr + Ngr
m
A N —q 8 IS Kane, Pumplin, Repko 1978
PT

- Since people starved to measure effects at high p; to interpret
them in pQCD frameworks, this was “neglected” as it was

expected to be small..... However....

- Pion production in single transverse spin collisions showed us
something different....
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Transverse Spin

Pion asymmetries: at most CM energies!

ZGS/ANL

Vs=4.9 GeV

[ PRL 36, 929 (1976)

- et
L OTU

-
PRTT PRI RTTTIITTTA PRI PARTIPPTT FAATY FTRTI ATTTY

02 04 06 08 1
Xg

Ay p+p —> 74X at V=200 GeV
0.15H Spint -
Spin 4 |
Lt ROt T Giers (HERMES fi)
0.1 i { | twist—3
o0 o T/ |

0.05

vy mass (GeV/c?)

<n>=37 <n>=3.3

‘{"i"’? --------------------- SN Y SRR/
: | | | | |

-0.5 0 0.5 -=0.5 0

RHIC
Vs=62.4 GeV
60 [ PRL 101, 042001 (2008)
40 | BRAHMS
20 °o?
0 Q; ...........
20} e
-40 © ({)
<60 Losstusdisbisliididinlindili,

02 04 06 08 1
Xg

perturbative regimes as well

Suspect soft QCD effects at low scales, but they seem to remain relevant

to

‘\\\‘ Stony Brook University

Abhay Deshpande



Lecture 5: RHIC Spin Part II: Anti-Quark Polarization &

7/04/2014

Transverse Spin

Other unexpected discoveries...

| Neutron asymmetry x; distribution with neutron trigger & MinBias

- Large very forward neutron < o PHENIX prefiminary _Seainscroror20%
asymmetry found at RHIC.

PH ENIX Statistical error is correlated
due to unfolding.

- Center of Mass & p+

dependence studied 0

0.05

llllllll

systematic error band

;
|

. L) : charged
. = rti neutron
- Not understood how it arises: -« AW g +
a challenge to theorist IR bt
04— 0.03x.<p;<0.22x. (GeV/c)
PPN AR EPRPTE EPRPEPES EPRPRTIN SPEPUS ERTE SPUPE APRTET P
1 -08 -06 -04 -02 -0 02 04 06 038 1
Xg
["Ayvs.p_for inclusive neutron trigger Yy [ Axvs.p_for neutron with charged particles trigger e R
< b Scaling uncertainties, 9.6, 11 and 22% | —s— \s = 200 GeV < 1B Scaling uncertainties, 11 and 22%
- for 62, 200 and 500 GeV, not included _ 2 for 200 and 500 GeV, not included |+ |5 - 500 GeV
- °4<x +\s=5006eV - °4<x
0.05- A< —— 0.05F A ———
- PH ENIX oF PH ENIX
oF -~ o preliminary - preliminary
-0.05 = }/%.:_! " -0.05 = L%\
- i . eutron - *''s . Neutron
0.4 { * _._‘_..01—.“::. 0.4 [ I __‘.éé—.‘f:
- — o L} —
015 1 015 . Charged partitles
N - n3.0<n<39
02F Estimated |:>'T variation (2 RMS) in each bin 02F Estimlated P, valriatlon (2 RIMS) in eacfll bin ]
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Sivers effect: due to transverse motion of quarks
in the nucleon: initial state effect

Phys Rev D41 (1990) 83; Phys Rev D43 (1991) 261

SSASwe'rs X Sl ( P1 X k )
X A '5_;1@ ﬁq:xﬁl‘l'lqu

A Z
y — x 1s longitudinal
Topview (G P1 momentum
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77| Quark transverse momentum in
k transversely polarized proton.
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What does “Sivers effect” probe?

Top view, Breit frame Quarks orbital motion adds/
subtracts longitudinal momentum
X . for negative/positive § .

Red shift y PRD66 (2002) 114005

Hard probe Parton Distribution

XPq (Parton, 7¥) Functions rapidly fall in
_ longitudinal momentum
k:'L Blue shift fraction x.

el -~ Final State Interaction between
Pq

outgoing quark and target spectator.

hep-ph/
0703176
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Collins (Heppelmann) effect: Asymmetry in the
fragmentation hadrons

Nucl Phys B396 (1993) 161,
Nucl Phys B420 (1994) 565
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Polarization of struck quark which fragments to hadrons.
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Measurements in Semi-Inclusive DIS

COMPASS 2007 proton data

| ® COMPASS k" x>0.032 prelimipary
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oo} éé o0
Wit Lttt |
P 1

o COMPASS 1 250,032 prelmiry ' -

| © HERMESw PRL 103 (?109) ‘

@?%@“}éq){j %Q % i :Tk# ?{ 1 éfféé ﬁ i } i)%
: ' *
AN o sin(¢ — ¢5)

-0.11- - -

BT I R Sy B

X z p; (GeV/c)

Sivers effect

Y H(Q?) / d2k, / Pk [S- (P fc’l,l)] S (1, k1) D (2, k1,2) 62 (@1 — Kiy — Kup2)
f

Phenomenology: Goeke et al, Anselmino et al, Bacchetta et al, Vogelsang et al.
‘\\\‘ Stony Brook University Abhay Deshpande




Although not expected, at any observable level, 400+ times
the expected values of asymmetries have been routinely seen
experimentally: both in ep and pp systems.

Much work is now under progress to systematically study and
understand them.

- Transverse motion/momentum of partons or

- Asymmetry in fragmentation process (final state) or
- Both .... May be responsible.

If it is the transvers momentum of quarks... then it may

have direct connection to orbital motion of partons, and
hence connected to the total angular momentum
contributing to the nucleon spin!

- Much more on this in lectures by others...
Q\\\‘ Stony Brook University



Emergent picture of the nucleon:

RHIC has definitively shown that in x > 0.05, the GLUON's spin
contribution to nucleon is small. Future facility should aim to
make precise measurements at lower x.

RHIC seems to shown that quark anti-quark polarized PDFs are
broadly consistent with expectations from SIDIS (not in violent
disagreement!), early concerns about not knowing the
fragmentation functions, possible higher twist and other
complications of SIDIS: not a big concern.

Transverse spin in RHIC is quite possibly the best laboratory to
test our understanding of QCD: Needing data and their
understanding from e-p, e-e and theory to test if they can predict
or explain the p-p: Jury is out on this, as it is an on-going effort
with current and future forward physics/detector upgrade plans.

\
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