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QOutline

 Fermilab Drell-Yan experiments

— Unpolarized program
» Flavor asymmetry of sea-quark distribution
e Boer-Mulders distribution

* Polarized Drell-Yan experiments

— RHIC polarized programs (Bland’s talk on Feb.10)
e Sivers distribution

— Other programs (possible extension of Fermilab
program)
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Drell-Yan experiments
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* Fixed target experiment (e.g. at Fermilab)

— forward detector acceptance chooses large x, and small x;
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Flavor asymmetry of sea-quark distribution

 Fermilab-E866/NuSea experiment
— Efeam = 800 GeV (from Tevatron)13
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Fermilab-E906/SeaQuest experiment
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Fermilab-E906/SeaQuest experiment

* Nucleon structure
— With hydrogen and deuterium targets

— Select anti-quark distributions in hadrons
* Flavor asymmetry of sea-quark distributions
e Boer-Mulders distribution

e Nuclear matter

— With nuclear targets

« Partonic energy loss
« EMC effect
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Flavor asymmetry of sea-quark distribution

 Fermilab-E906/SeaQuest experiment
— Epeom = 120 GeV (from Main Injector)
~x=0.1-0.45
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Flavor asymmetry of sea-quark distribution

u

. q
« Competition between e T
— perturbative QCD q
* gluon dissociation Oepiit (B) = Waptit (2) = Qe )
— non-perturbative contributions
 Meson cloud model
p) =1 —a—"0)|po) +a|Nm) +blAm) +...
e Chiral quark model :
3 3 1 - 9 u u,d
{qlq) = {1 - _a,] (q|q) + —a(q7r|(j7r> / ld(z) — u(z)] do = 24 ﬂ/ ﬁ/
0

2 2 3 I :’.f.r ﬂ?;":

u

® I nStanton mOdeI Fig. 17. Valence u quark splitting.

e 7t In the proton as an origin of anti-d quark

— pseudo-scaler meson should have orbital angular
momentum in the proton...

d U——i——u
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Flavor asymmetry of sea-quark distribution

e Liu's talk on Feb.6 d-u<0?

— In lattice calculation, connected sea component
should be d-bar — u-bar <0

— But, this comBonent doesn’t contribute to OAM...
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Drell-Yan decay angular distributions

* A general expression for Drell-Yan decay
angular distributions
3

[i)[d_@']z — 1+ﬁcosz49+,usin26’cos¢+zsinz6’0052¢
o )\ dQ 4r 2

— A=1, u=v=0 for non-zero p; in Collins-Soper frame

— A can differ from 1, but should satisfy 1-A=2v (Lam-
Tung relation)

— Reflect the spin-1/2 nature of quarks (analog of the
Callan-Gross relation in DIS)

— Insensitive to QCD corrections
* Violation of the Lam-Tung relation

— v#0 and v increases with p;

— Violation of the Lam-Tung relation suggests new
mechanisms with non-perturbative origin
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Drell-Yan decay angular distributions

» Boer-Mulders function h,*
— Small v is observed for p+d and p+p
— +W: [valence h,i(r)]®[valence h,(p)]
— p+d and p+p: [valence h;*+(p)]®[sea h;*(p)]

1

0.8
0.6
0.4
0.2
L.Y. Zhu et al.,
Phys. Rev. Lett. 99 (2007) 082301 .

Phys. Rev. Lett. 102 (2009) 182001
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EMC effect

e Discovered by the EMC collaboration from muon DIS
experiments in 1983

« Modification of the antiquark distributions in nuclei
relative to the nucleon

— Virtual meson exchange modifies the antiquark distributions of

the nuclei
— Present Drell-Yan data suggests no modification
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Parton energy loss

 Energy loss in cold nuclear matter
— Prior to annihilation
— No apparent shift in x, found so far

— Important to understand energy loss in hot nuclear
matter

— Models

 Galvin and Milana
R2 (1
e Brodsky and HoyerAz; = —?Aa

1
A.’El = —%1231143
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Fermilab-E906/SeaQuest experiment

e Status
— Present critical path is a repair of beam line vacuum
— EXxperiment is ready to run

— Run (> 2 months) before Fermilab maintenance break
a R T B B R B R R A e T
{5 5155555255 E65555855
fTs S22 Ess2¥ggSEss2 Y2 =Es

Beamline Repair .

Spectrometer
checkout

SeaQuest Run |

Fermilab Upgrade
Shutdown

SeaQuest Upgrade

(Tracking)
SeaQuest Run i _
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Polarized Drell-Yan experiment

 Many new inputs for remaining proton-spin
puzzle

e Single transverse-spin asymmetry
— Sivers function measurement
— Transversity
— Boer-Mulders function

* Double transverse-spin asymmetry
— Transversity (quark®antiquark for p+p collisions)

 Double helicity asymmtry
— Flavor asymmetry of sea-quark polarization

Februarv 15 2012 15



Polarized Drell-Yan experiment

e Polarized beam

e Polarized Fermilab Main Injector study completed:
arXiv:1110.3042

e Approx. $4M+
e Physics proposal to Fermilab in June 2012

Recycler Ring (above MI) / Poﬁzlz::iei?:rce
e

Polarimeters Switching
) Magnets

/ Snake
/ Fast Uncalibrated and CNI |
| Polarimeters with H, Jet Target /

[ /

Areas

Beamline CNI Polarimeter Fast Polarimeter

Spin Rotator — 16



Polarized Drell-Yan experiment

e Clean measurement of sign and shape of Sivers
distributions to compare DIS and Drell-Yan

e Luminosity
— L, =2 x10%® cm2s? (10% of available beam time: |, = 15 nA)

— 100 fb1 for 5 x 10> min: (= 2 yrs at 50% efficiency)
Sivers Asymmetry Fermilab 120 GeV

Prediction by Anselmino group

0.04

Monte Carlo Simuiation

LH, Target
80% Beam Polarization
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* Polarized target R&D
« KEK

— Rebuilding “Michigan” target @ North-CH/K5
 |rradiated-NH3
 5-T magnet & 1-K cryostat

— Vacuum & cryostat system made

* But damaged by the earthquake
— 213 MHz NMR to be tested (2011) =~
— Microwave 140GHz EIO to be purchased (2011-12)
— Sample test to be done (2012)

e Yamagata Univ.
— Material R&D
— Polyethylene fiber
o Large surface area

» Large cooling power
» Deformation performance

— To be tested with a new cryostat (2011-12)
» Cooling test underway
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Polarized Drell-Yan experiment

e Double helicity asymmetry
— A measurement
— Flavor asymmetry of sea-quark polarization

— High luminosity accumulation is very important

« 0.2¢
045 _ = Bhalerao, statistical model
- || X(AU—Ad) _—_ Cao & Signa, bag model
- = Cao & Signa, meson cloud
0.1 = Wakamatsu, CQSM SU(2)
o 05: — = Wakamatsu, CQSM SU(3)
: _QRMES, PRD71: 012003, 2
.___‘_‘_--_-__-_‘_‘—'—-— = -

-0.05

-0.1

-0.15
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Polarized Drell-Yan experiment

* Flavor asymmetry of sea-quark polarization

— SIDIS data from HERMES, and new COMPASS data
available

— W data from RHIC will be available in the near future

— Polarized Drell-Yan data will be able to cover higher-x

region

—[ @ COMPASS, preliminary J

- | @ HERMES, PRD71({2005) s} -

- |— DNS parameterization # I |

: 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1
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Polarized Drell-Yan experiment

e Options with SeaQuest apparatus after the unpolarized
experiment
— At RHIC with internal target (unpolarized)
— At J-PARC (unpolarized & polarized programs)

 Many other programs In the world
experiment | particles | energy | xlorxz | luminosity

COMPASS e pT 160 GeV x2=02-03 2 X 10%3 cm%st
Vs=17.4 GeV

COMPASS e pT 160 GeV X2~ 0.05 2 X 10% emZs!

(low mass) Vs=17.4 GeV

PAX pT + pbar collider x1=0.1-0.9 2 X 10¥% ecm %t
Vs=14 GeV

PANDA pbar+pT  15GeVv x2=02-04 2 X 102 cms?

(low mass) Ys=5.5 GeV

J-PARC pT+p 50 GeV x1=0.5-09  10% cm2sl
Vs=10 GeV

NICA pT+p collider x1=0.1-0.8 1030 cm st
Vs =20 GeV

RHIC PHENIX pT+p collider x1=0.05-0.1 2 x 10¥cmt

Muon Vs =500 GeV

RHIC Internal pT+p 250 GeV x1=0.2-0.5 2 %X 103 cm2st

Target phase-1 Vs=22 GeV

RHIC Internal pT+p 250 GeV x1=0.2-0.5 3 %x10*%cm3st?

EFebruarv 15 2012 Target phase-2 \s =22 GeV
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RHIC experiments: AnDY

« Bland’s talk on Feb.10
hee Goal of A DY Project

Measure the analyzing power for forward Drell-Yan production fto test
the predicted change in sign from semi-inclusive deep inelastic
scaftering to DY associated with the Sivers function

AnDY/RUNT S

Preshowrs +F blomerter

Be Steal/magnet
Seintilator  PosHeal PeGloss

GEANT model of proposed A,DY apparatus (run-13)



RHIC experiments: sPHENIX upgrade

e Spin physics highlights with forward upgrade

— Transverse spin program
e Jet
e Drell-Yan process

— Longitudinal
* AG via jets, y-jet (correlation measurement)
— Polarized Helium-3 and RHIC energy upgrade

e Cold nuclear matter
* Low-x gluon saturation
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RHIC experiments: sPHENIX upgrade

n=1 2m

80em

] = 40em
e w S| 10cm
=1l FIVTX

7— Tracker

PreShower

Solenoid

GEM-Tracker

> i €
proton proton
> ik € :
proton Helium-3
> 3k €
gold deuteron
> i €
electron proton
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RHIC experiments: sPHENIX upgrade

e Drell-Yan S/N w.r.t. QCD backgrounds
— Drell-Yan signal 4-10 GeV/c?

— Energy cut E1,E2 > 2 GeV

— Forward rapidities
« Effectively no background left

. . . . — 10-1
o Statistically limited % zE"’ . QCD jets,n> 1
é 10 = ':*-. - QCD jets,n>2
E 107 E .- + QCDjets,n>3
Eq . - > Drell Yan,n > 1
= 105 - . ", Drell Yan,n > 2
= . L e, o Drell Yan,n>3
10° + *
+ _\tl foc __4_1'+ ++ T| I 1
107 s 2 Moo, I 1
-TpD‘D {}O- Loy, ..{ -:'t-’h:':-:_‘q':\'_}-:. .
0% 0y, S0 OP00000,
10'9 000000 00000{}-0-0 00,
""‘04%
107 00
%
101 | | Ll | IR
2 4 6 8 10 12 14
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RHIC experiments: STAR upgrade

STAR moving forward: instrumentation upgrade

proton

nucleus

_ ~ 2016
~ 6 additional GEM
disks
Tracking: 2.5 <n <4
/ FHC
W powder HCal
‘ Preshower
RICH 1/2” Pb radiator
Baryon/meson Shower “max”
separation

*  Forward instrumentation optimized for p+A and transverse spin physics

» Charged-particle tracking

» &/h and y/T1° discrimination

= Baryon/meson separation

*=  The upgrade can be utilized for forward (hadronic side) in etp, etA

Februarv 15 2012
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RHIC experiments: STAR upgrade

STAR Upgrades and physics:

Nucleon spin and Cold nuclear matter

s near term mid-decade long term
Y (11-13) (14-16) (17-19)
Colliding system ptp p+p, p+He p+p.ptA
| FGTFHC.DAQIOK, HFT.MTD,Trigger, Forward
P&l Trigger RP phase I Detectors, Trigger
W AL
Nucleon spin et afnd di-jet AII_L. W AL wn}:h polarized Adinpinpik
structure intra-jet correlation, He
A Du/Drr
s .be)rond Forward An with 3He | Drell-Yan, Forward-
collinear Forward An
sz {Flavor separation) Forward corr.
factorization
. : exotic exotic
Exotic particles
mesons,baryons mesons,baryons
Properties of initial Charm corr. Drell-
states Yan J/¥. F-Feorr. ,A
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RHIC upgrades: Helium-3

 Polarized Helium-3 acceleration -
Polarized He-3 in RHIC

@ Resent workshop to review status and R&D needs for polarized He-3 acceleration
@ Polarized He-3 from new EBIS: test soon possibly starting with unpolarized He-3
@ Polarimetry:
¢ Relative: He3-C CNI polarimeter:
¢ Absolute: He3-He3 CNI polarimeter using polarized He-3 jet
@ Depolarizing resonances are stronger: no depolarization expected with six snakes in RHIC
@ Physics from polarized p-He3? High luminosity may be possible (see below)

- He3-C Polanimeter

— g

ey PHENIX
-~ %
7 } i —— |

Spin Rotators /’_,,,
(longimudinal polarization)

Spimn Rotators (long. pol)
Pol. He-3 Source (EBIS)

15 % Helical Partial

Pol. H™ Source — {3 ¥ Siberian Snake

T 4+— He3-C Polanmeter
20-50% Helical Partial Siberian Snake
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RHIC upgrades: Helium-3

e Aschenauer’s talk on Feb.6
A W: Future Possibilities

1 Can we increase p-beam energy?
¢ 325 GeV: factor 2 in oy
¢ access to lower x for Ag(x)

1 Increased beam-energy and polarized He-3 beam - full flavor separation

Wt 10 GeV)
)‘LL (P> 20 GeV)

L DSV
DESV Ay'=1

GRSV (atd)
= GRSY (val) DESV ay'=1

[T v
os b Al mr=20Gew) Ap p> 20GeV)

"
L)
o
o
10
@
o
(=N
5

=
<

GREV (std)

-—« GRSV (valy

------ - DNS (KRE)

— — — DNS (KEF)

L L ' A B
1 2 2 1 a

A Y. He3-p @ 432 GeV

AU

U DESV with Adid—1 as x—1

e

INT-Workshop, Orbital Angular Momentum in QCD, 2012




RHIC upgrades: Luminosity

High luminosity
— Coherent electron cooling

20
Coherent electron Cooling for RHIC

@ RHIC: overlap length ~ 10 cm, g, (95%) ~ 1 mpm . f* ~ 10 cm [
~ x10 luminosity increase

@ Together with eLens beam-beam compensation 5 x10°*? cm™ ! might be
possible for 500 GeV pp (~ 25 mteractions per crossing)

@ LHC demonstrated 30 mteractions per crossing is OK. planning for 200!
o Effect of long range beam-beam?
@ Possible layout in RHIC IP of CeC driven by a single linac:

Kicker for Kicker for Blue
— GeMw— FEL for Yellow
G -—
T —
—
Modulator for FEL for Blue Modulator for Yellow
Blue Beam dump 1 Beam dump 2

—
—_— —

-
7 ERL dual-way electron linac N

Cun 2 2 Standard eRHIC modules Cun 1 vV Litvinenko
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COMPASS experiment
e COMPASS-II polarized Drell-Yan

w) COMPASS II: Drell-Yan

} - Pol. NH3
—>
-

-

i

NN

NH3 palarize 4 mrget stalniess sheel
AUming cone piLg r
Insicie salenold alumina - %
o
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190 GeV/c pion beam

Single polarized

1-p Drell-Yan

- § . ' [
L )
=
-

s = 357 GeV?
p.=190 GeVl/e

UIJ 01 0.2 03 04 05 06 07 08 08 1
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COMPASS experiment

e COMPASS-II polarized Drell-Yan
w: The results from 2009 beam test

Reconstructed vertex - distnbution

3170270 oo
10° M=3,002:0.008 GeV 7o M>2.5GeV
i =0.227+0.004 GeV .
Eﬂﬂ:—
10 sz—
liﬂﬂ;—
10 ] smi—
; 200
1= 100
I T o oy 85250 00 0 00 B8 0
— 3 days of data taking
| JExpected| Found | —8-10fﬁ_!{9.555pl||
3600+600[3170£70 — 2 cells of CH, of 40-20-40 cm

DY M>4 GeV ] 110122 | 84110 — temporary absorber

— simple trigger
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COMPASS experiment
COMPASS-II polarized Drell-Yan

@ Projections for azimuthal asymmetries

Febrl,

projections with

2 years of data

G- 10° wspill (0.6 s)
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p.=190 GeV/c
4<M,, <9 GeV/c

AsyInmetry

Dhinnon mass (GeV /et

2 < M, <25

Jie region

4= M, <0

4 Afn e (.0K120 00013 0.0045
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J-PARC proposal/Lol

 P0O4: measurement of high-mass dimuon
production at the 50-GeV proton synchrotron

— spokespersons: Jen-Chieh Peng (UIUC) and Shinya
Sawadas (KEK)

— “deferred”

o P12-Lol: study of parton distribution function of
mesons via Drell-Yan process at J-PARC at
high-p beamline
— spokesperson: Seonho Choi (Seoul National

University)

o P24: polarized proton acceleration at J-PARC

— contact persons: Yuji Goto (RIKEN) and Hikaru Sato
(KEK)

— “no decision”

Februarv 15 2012
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J-PARC P04 proposal

e Flavor asymmetry of
sea-quark distribution

e Unpolarized Drell-Yan
— Higher-x coverage |
— 102 protons per spill (3s) -
— 50-cm long LH2/LD2
targets

— 60-day runs for each
targets

— Assuming 50% efficiency

Februarv 15 2012 35



Polarized proton acceleration at J-PARC

50 GeV PS

I— Phase 1 _ _
— Phase 2 3GeVPS [pCCNI Polarimeterf XPerimental Areg
(25Hz) ? ¢
R&D for Nuclear 1 3 G(\EV PS 9\
Transmutation Experimental Area |
Pol. H™ Source| Linac xtracted Bean‘I
Stuperconducting) ﬂ Polarimeter
l ) 7
_ 7 |rf Dipole
Linac T b0 GeV PS
(Normal Conducting)
180/400 MeV Polarimeter| Nedtrinos t 30% Pghrtial
SuperKamidkande alicA Siherian Snake

|Po|. H" Sourcel
(7
S

200 MeV
Polarimeter

C BoosTER )
o Froisg]

D WarimPartial

Helical Siberian Snake

% M —

AGS pC Polarimeters

Cold Pe!irtiall_.x§ -
Helical'Siberian Snake
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Summary

 Fermilab SeaQuest experiment
— Flavor asymmetry of sea-quark distribution
» Spatial distribution of sea-quarks in the nucleon <> OAM
— Boer-Mulders distribution
— Nuclear matter

e Polarized Drell-Yan experiments
— Sivers distribution
« AnDY/COMPASS/...
— RHIC polarized programs
» Detector/accelerator upgrades

— possible future extension of SeaQuest experiment
» Polarized beam/target at Fermilab
 RHIC/J-PARC

— Flavor asymmetry of sea-quark polarization
« High luminosity accumulation is very important

Februarv 15 2012
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