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* The challenge:
— J/Psi production mechanisms in p+p

e J/Psi spin asymmetry:
— New understanding of QCD process
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» J/Psiis considered one of the simplest hadrons

— Charm and anti-charm “atom” @RHIC, LHC
— Non-relativistic movement of charm quarks, wave Gluon Fusion
functions

— Clean signature: di-lepton decay channel

* Produced through “hard” scattering in p+p
— pQCD applicable: NRQCD

do ~ f(x1)®f(x2)®6-xl+xz_>[05]+x ®H[CE]—>J/Psi

* An excellent test ground for our understanding of
QCD processes

2/10/2011 Ming Liu @ WWND2011 3



» Los Alamos
NATIONAL LABORATORY
EST.1943

* NRQCD @high pT:

(a) leading-order colour-singlet: g+ g — 06[359)] +g

I/

N
PH-<ENIX

J/Y Production in p+p Collisions

Fixed the relative contributions from Data (CDF)

Prog.Part.Nucl.Phys.47:141-201,2001

(d) colour-octet t-channel gluon exchange: g+ g — (:(:[15((,8), 3PJ(8>} +g

N2
+... ~ al —6—(222’”) v
t

(¢) colour-octet fragmentation: ¢+ g — cE[3S§8)] +yg
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" The First J/Psi Measurement @RHIC
NRQCD and J/{ Cross Section

PHENIX, PRL 92, 051802 (2004)

— unlike-sign — unlike-sign § 10 e U y - ¢'e
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Theoretical predictions of J/W production at RHIC are in good agreement
with the PHENIX data: COM process dominant
m PRD 68 (2003) 034003 G. Nayak, M. Liu, F. Cooper
m PRL93(2004) 171801 F. Cooper, M. Liu, G. Nayak
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KaChaIIenge to NRQCD: J/ap Polarization

do
dcosf *

« 1+ 0cos’ 0 *

o= +1: transversely polarized
-1: longitudinally polarized
o= 0: no polarization

+

w

6*
p W p

N
4

Thp

NRQCD failed badly on J/Psi polarization in pp
- HI connection: what happens in AA?
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(¢) colour-octet fragmentation: ¢+ g — (:E[3S§8)] +g
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J/Psi pT Distr. and NRQCD Fit

J/Psi pT distr. in CO and CS @LO NRQCD

— COM oS ~ i
S'SLy, P ~
— CSM T
6{351[1]] ~ i8
Pr

NLO corrections sizable
— change the pT shapes

— Higher order contributions unknown
— Hard to separate CO and CS contributions

from pT fit alone
Y. Ma et al., PRL 106, 042002 (2011)

M. Buternschoen et al. PRL 106, 022003,(2011)

do/dp(pp—>JAp+X) x B(Jhp—up) [nb/GeV]

Production mechanism —an open question

— Any other new observables?
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PLR 106, 022003,(2011)

i *  CDF data
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A Possible New Observable to
Study J/Psi Production Mechanisms

J/Psi Transverse Spin Asymmetry
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A Puzzle in Spin Physics

i i i A. Vossen’s talk on Mon.
Transverse Single Spin Asymmetries Ay ©

! ! Left Argonne ZGS, Ppeam = 12 GeV/c
AN = 9L~ f @ ...... 050 ! l T , |
1 1 |
O, +0, SRS | e EE
..... Right 0.25 |- ~ .
Theory Expectation: | @ 7T ®
L ]
Small asymmetries at high energies s @
(Kane, Pumplin, Repko, PRL 41, 1689-1692 (1978) ) < 0.00 |rereeee, S
m
AN X f A, ~ 0(10*) theory %
A) —0.25 |- ) ~
. L 2,
Experiments: | F \/E
ZGS, AGS, FERMILAB to RHIC —0.50 | . | .
ppT — 7+ X A,~0(10%) observed 00 0.2 0.4 0.6 08 10
X
F
s =5~ 500 GeV W.H. Dragoset et al., PRL36, 929 (1976)
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Transverse SSA’s : 92

0.50
0.25

z
<q 0.00
—0.25
—0.50

from low to high energies

s 60

7ZGS 12 GeV beam

00 02 04 06 08 1.0

XF
PRL36, 929 (1976)

Non-Perturbative cross section
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AGS 22 GeV beam
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PLB261, 201 (1991)
PLB264, 462 (1991)
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e 7" mesons
O Total energy

— Collins
-- Sivers
-— Initial state twist-3
— Final state twist-3

Ppp=101113 15 18 21 24 GeVic

1 1 1
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PRL (2004)

> Perturbative cross section
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Possible Mechanisms for large A, ...

Sivers mechanism: Correlation Collins mechanism: Transversity
between nucleon spin and parton k; (quark polarization) * spin-dependent

fragmentation

Phys Rev D41 (1990) 83; 43 (1991) 261
Nucl Phys B396 (1993) 161

SP SP

Orbital Angular Momentum?

* Quark’s Sivers and Collins functions well measured from polarized DIS
e Gluon’s Sivers poorly known; no Collins effect due to zero tranversity
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ml—leavy Flavor TSSA and Gluon’s Sivers Function

* Heavy flavor production dominated by gluon
gluon fusion at RHIC energy

Pythia 6.1 simulation (LO) @200GeV _
Gluon Fusion

cc: gg—=>cc 95%

_ _ o = - b
bb: gg—bb 85% - - o
A g O
. -}
* Gluon has zero transversity g >
o "y e,
— Minimize Collins’ effects
he
e Sensitive to the poorly known gluon Sivers
functions I/
— corresponding to the twist-3 tri-gluon correlation ha g
functions in the collinear approach 2
. . . . . g
* Sensitive to J/{ production mechanisms if B s 0701195 7.1

gluon’s Sivers function is non-zero
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A new Theoretical Development about J/Psi TSSA

J/U TSSA is sensitive to the production mechanisms

Assuming a non-zero gluon sivers function, In pp scattering, TSSA vanishes
if the pair are produced in a color-octet model but survives in the color-
singlet model

Feng Yuan, Phys. Rev D78, 014024(2008)
d

One color-singlet diagram

— no cancellation, asymmetry Two color-octet diagrams

generated by the initial state — cancellation between initial and final
interaction state interactions, no asymmetry

Let’s measure it!
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RHIC Polarized Proton Collider

EST.1943

Absolute Polarimeter (H jet) RHIC pC Polarimeters

€N
Bo5 BRAHMS & PP2PP

~

Siberian Snakes

PHOBOS

1

(@) Siberian Snakes

|Spin Flipper | @

2, .. =

Spin Rotators

Partial Snake \

Helical Partial .
| Polarized Source | Strong Snake \ Snake Energy- up to 500GeV
—
7 Pol: 70%
LINAC A
/BOOS;ER' AGS

200 MeV Polarimeter | =

| Rf Dipole |/ I \

|AGS Internal Polarimeter

AGS pC Polarimeter
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2008

TOF-W]|

PHENIX Detectors

PHENIX Detector e"'

PC3
Central ~
Magnet TEC

—weL

J 9T

\

“|“|| |

ZDC South
-

=Wwe60l

¥ 9¢

ZDC North
-

MulD

Side View

eCentral Arm |n]| <0.35

» Drift Chamber (DC)
» PbGl and PbSc

TN
PH-<ENIX

» Ring Imaging Cherenkov Detector (RICH)

» Pad Chambers (PC)
» Time Expansion Chamber (TEC)

*Global Detectors (Luminosity,Trigger)

» BBC
» ZDC

eMuon Arms 1.2<|n|<2.4

> Muon tracker (MuTr)
» Muon ldentifier (MulD)

1 o'-0o! 1 N'-R-N'
A, =

18.5m= 60 ft PBeam O’T+O“L =PBeam N1+R'Nl
Ll
i
Year Vs [GeV] Recorded L Pol [%] FOM (P2L)
2006 (Run 6) 200 2.7 pb’ 51 700 nb-"
2008 (Run 8) 200 5.2 pb’ 46 1100 nb!
2/10/2011
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~ Transverse p + p Runs in 2006 and 2008

2006 Y| X 2008 V! X
- Tﬁ 4
/'S ‘
Pl oz |z
South North Sc_>uth N_orth
. " Blue " Blue
Yellow" Yellow®

Define Left: ﬁj/w .(S;Xﬁ) >0 Right: ]3]/1/; .(SXP) <0

Beam Polarization: 2006: 0.53 £ 0.02 (syst.) (clockwise — Blue)

Le? o 0.52 +£0.02 (syst.) (counterclockwise — Yellow)
N 2008: 0.48 + 0.02 (syst.) (clockwise)
Right 0.41 + 0.02 (syst.) (counterclockwise)
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| Asymmetry Measurements

1 !

L(R) _
N | | i
Orr) T Orr

If both beams are polarized ag(R) = O'LT(TR) + GQJR),G&R) G,f(TR) + G,f(iR)

A L(R) _l(f(gb)) (NH +R1NH)_(R2NH +R3NH)
N P (N" +RN"™)+(R,N'" + RN')

" " "
PR AN
LH LH LH
® Final asymmetry
—~ RN/} N} -RN}
(/(@), Ng + RN} (/(9)), N} +RN}
4P 0A; P 0
! R
0. A,
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J/Y Measurements in the Muon and Central Arms

In Muon Arm

AN'"C': oppositely-charged muon pairs in the
invariant mass range +2o around J/{ mass.

ANBG: oppositely-charged muon pairs in the
invariant mass range 1.8 (2.0 run8) <m <2.5
along with charged pairs of the same sign in
invariant mass range 1.8 (2.0 run8) <m < 3.6

In Central Arm

BG subtraction: 2*sqrt{N,,..N..}
Remaining continuum background
Is small, not enough statistics

Assuming: A B6=0
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J Ay VS Xg

PHENIX PRD 82,112008 (2010)

0.2¢ 0.2
C ptp - Jy+X at\'s =200 GeV C ptp o Jy+X at\s = 200 GeV
0.15— o 15—
C <p,>=1.6GeV/c (side points) & 2006 013 C <pT>=1.6GeVIc (side points) #2006 + 2008
0.1 <pT>=1.SGeV/c (middle point) & 2008 0 1:_ ‘F’T>=1-5G°"’° (middle point) ¥ 2006
- [ Sys. Emr. C 1 Sys. Err.
0.05 0.05—
‘; _0: [ _0: +
-0.05 :_ H _0.05:_ H
0.1 o +
D15 015
-0.6:IIIIIIIII|IIII|I|II|II|I||III 0:|III|IIII|III||IIII|IIII|IIII
oL AL b 0.05 0.1 0.15 Y w1 -00s 0 005 01 OIS

Xp

Asymmetries were obtained as a function of J/Psi Feynman-x,
with a value of -0.086 + 0.026 (stat.) + 0.003 (sys.) in the forward region.

- Suggests possible non-zero tri-gluon correlation functions (gluon Sivers
functions) in transversely polarized protons.

- Possible significant Color Singlet channel contribution?

- More theoretical and experimental investigations are needed!

2$10/2011
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Results: Ay vs p;

0.3 —

= p+p o JIy+X at\s = 200 GeV
““E p,(GeV): [0.0, 1.4], [1.4, 6.0]
= [1Sys. Err.
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Future Prospects

PHENIX Forward Silicon VTX Upgrades: by 2011

* Precision Charm/Beauty Measurements
 B—=JAyp, Drell-Yan, y’

Drell-Yan
prompt

Silicon planes

40 cm South Side View North

/"‘"«.' ' h/
" \Distarice of Closest Approach
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" Charm SSA to Probe Gluon Sivers Distribution

D meson Single-Spin Asymmetry:

e Production dominated by gluon-gluon fusion

¢ Sensitive to gluon Sivers distribution

e PHENIX-2006 data ruled out the max. gluon Sivers

e Much improved results expected with VTX detectors

0.3 — T T T T T T
| 5% scale uncertainty not shown A M_ i
l4<iml<tdo 4
0.2 1<p,<5GeVic - =80 -
L Anselmino et al. /

PRD 70, 074025 (2004) 7
O 1_pT=l.5GeV/c 7 -

_O 1 | | ® PHENIX Run6 y Preliminary
¢ —— Max Quark Contribution
| | —- Max Gluon Contribution

B FVTX projection (8 pb'l P=56%)
L 1 L L

04 02 0 02 o4

XF

1L' =¢ Oor ¢t
h a 2]
-4
’. -~
- 9

s A, (c) = A (T)

Kang, Qiu, Yuan, Vogelsang, Phys. Rev. D 78,114013(2008)
1 o 1 ' 1

- DO meson
0.2F |— D ”meson
0—0 +
DD —-»p+X
(FVTX proj. for 8 pb P =56%)

01 p.=2GeV

<or
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Summary and Outlook

* First measurements of TSSA in J/Psi production in p+p
collisions at RHIC

— In the forward direction, 3.30 effect observed
A, = -0.086 + 0.026 (stat.) = 0.003 (sys.)
— Possible none-zero Gluon Sivers (or Twist-3 funcs)
— Suggesting possible significant Color Singlet contribution at RHIC

 Much improved results expected in near future

— Future high luminosity runs
— FVTX upgrade:

e Psi’, DY asymmetry possible
* Open charm to constrain gluon’s Sivers (or Twist-3)functions

e Active theoretical work ongoing for better understanding of
J/psi production mechanisms.
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10
10

10

do/dp(pp—=JAp+X) x B(Jhp—ee) [nb/GeV]
o
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10 B

Vs = 200 GeV

NRQCD @NLO

PHENIX data

s CS, NLO
CS+CO, LO
—— CS+CO, NLO

do/dp(pp—>J/p+X) x B(JAp—uu) [nb/GeV]

* CMS data

PRYTST

----- CS+CO, LO
——— CS+CO, NLO

| PSS BT AL B
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"Theoretical Models of TSSA (I)

1. Transverse momentum dependent (TMD) function approach

, - ?
30'T(lz)pT —>T A) d’6 (9:9; = q:q) ¥

(]1 (‘1 k,r) G(x,) FF ,(z Phr)

dx,dx,d= dx,dx,
‘ IIIIIIIIIIIIIIIIIIIIIIIIIII
small spin . i
) ) ) ragmen ation
Assuming TMD factorization.... Lpile s function

-- Quark transversity distributions and Collins spin dependant fragmentation function

1 7.2
Ay < oq(x)-H, (2,,k7)
-- Sivers quark-distribution
Correlation between proton-spin and quark transverse momentum

Ay x qu(xaki)'D:(Z)

TMD factorization is not valid for process involving more than two hadrons.
T.Rogers, P Mulders, PRD81, 094006(2010)

2/10/2011 Ming Liu @ WWND2011 26 2



A N
< Los Alamos PH-<ENIX

AAAAAAAAAAAAAAAAAA

Theoretical Models of TSSA (Il)

2. Collinear factorization approach

J> represent integrated spin dependence of the

k. is integrated partons transverse motion

Twist-3 factorization works at Q >>A\q,

do(St) x H(Q,lr) @ f3(z1,72) @ fol2')

-- Twist-3 quark-gluon correlation fu”ctionTF\A

— Two independent tri-gluon correlation functions TS/, T ("

T F,T(f are related to the ki integrated moment of the corresponding
quark/gluon Sivers function

1) =[5 KL )

2/10/2011 Ming Liu @WWND2011 27
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TMDs and Collinear Twist-3 Functions

For DY process, when Q~q;>>Ayp, TMDs can be calculated in pQCD and
expressed in terms of twist-3 functions.

—avy M? dx ) 72 (2
firlos(zp, kL) = ‘ / Ap + CpTp(z, )5(1 — &) (111 524 - 1)]

T
_ e G 1+§ | Cas ,
Ao =aN, OO, Ty e, Ty e )

Ji, Qiu, Vogelsang and Yuan

>

do/dq, PRL 97, 082002 (2006)

q,~Q coll. fact

@ In the overlap region both

approaches give the same physics

' 4y <<Q Case study: Drell-yan
i . ‘ ' Pq.[.

AQ('I)

&
w
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Effective Luminosity: Track/Event Selection
Run6: S: 1.63pbt, N: 1.75pb!,

Run8: S: 4.30pb, N: 4.33pb!

Fill-by-fill analysis

Rapidity range: 1.2 < |y| < 2.2
Event vertex cut: < 35cm
J/U Py range : 0-6 GeV/c

Asymmetry measured fill by fill
Fix mass range to extract the number of

/W (20)

2/10/2011

Muon Track p, cut: 1.4 < |p,|< 20

Aincl —I"ABG NBG Nincl _Nsignal

A = —= :
N 1—7 Nzncl chl
SA - (04" Y + 17 - (04°9) + ((51”)2(/1]5(;)2 +( or %
N — (Aincl _rABG)Z l_r
N N
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Effective Luminosity
Run6: 1.36pb!

Rapidity range:

In

240F
220
200F
180
160F
s t40f

N/d.

> 120
N

100

80

60

40F

20

BG subtraction:

Remaining continuum background
Is small, not enough statistics

|<0.35

- .

Fe- +
byt

_+_

E ot et t 34

94 26 238

3 32

34 36 38
M,, (GeV/c)

2V

Assuming: A,2¢=0
2/10/2011

N\
. PH:“ENIX
J/W¥ —e'e

Too small statistics in central arm to calculate
asymmetry for each store.

n (. l n
AN=lEfi Nl' R;'Nz’ =lEANi
n “~ ])l Nz‘T +RiNiJ/ n & A

3 /N = RA) (NS (RN

Ay =—=
<P>2(N,-T +(R)N})

A, =
ZPz'(NiT +RiNi\L)

It require: R, =<R>, f, = <f>, P, = <P>for all i

Stabilize relative luminosities method:

Several bunches of colliding protons are removed from the
analysis so that the relative luminosity within each store is
brought as close to unity as possible.
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