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Transverse Momentum Dependent (TMD)
Parton Distributions

e TMD PDFs link

e Intrinsic motion of partons
e Parton spin
e Spin of the nucleon

e Multi-Dimension structure

e Probes orbital motion of quarks

* A new phase of study, fast developing field
e Great advancement in theories (factorization, models, Lattice ...)

e Not systematically studied until recent years
« Semi-Inclusive DIS (SIDIS): HERMES, COMPASS, Jlab-6GeV, ...
« p-p(p_bar) process : FNAL, BNL, ...
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Leading-Twist TMD PDFs

Quark polarization

Unpolarized Longitudinally Transversely
(U) Polarized (L) Polarized (T)
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Leading-Twist TMD PDFs

Quark polarization

Unpolarized Longitudinally Transversely
(U) Polarized (L) Polarized (T)
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» Characteristics of Transversity =9 @
- h,; = g, for non-relativistic quarks - é _ &
~ No gluon Transversity in nucleon
~ Chiral-odd — difficult to access in inclusive DIS

- Soffer’s bound |h| <= (f+g,)/2

- Tensor Charge: _ 4 a
— Integration of Transversity over Xx.

- An important quantity of nucleon.
~ Calculable in LQCD N . N

(a)

Helicity
state
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Sivers Function

 Left-right asymmetric quark distribution in a transversely polarized
nucleon

* Related to the angular momentum of quarks L,

 Final state interactions (FSI) can lead to non-zero asymmetries
(Brodsky, Hwang, Schmidt, 2002)

* Imaginary part of interference
L,=0 % L =1 quark wave functions.

« Gauge invariance of QCD requires Sivers
function to flip sign between semi-inclusive
DIS and Drell-Yan:

1q
flT ‘SIDIS

current
quark jet

final state
interaction

spectator >
system

So

W 1
W flT

proton

D-Y
Stan Brodsky, SLAC
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e Leading twist TMD PDFs
e T-even, Chiral-even

* Dominated by real part of interference
between
L=0 (S) and L=1 (P) states
e Imaginary part -> Sivers effect
e No GPD correspondence
* agenuine sign of intrinsic transverse motion

e First TMDs In Pioneer Lattice

calculation
e arXiv:0908.1283 [hep-lat], arXiv:1011.1213 [hep-lat]
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e Access TMDs through SIDIS

 Detect one hadron from fragmentation of the struck quark in
coincidence with the scattered electron
 Flavor tagging possible through fragmentation function

- z=FE,/vatleast>0.2 (E.p)
(E, p)
s :
1 v i
/a-‘—r

e
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eparation of TMDs

Separate different effects through angular dependence
_NT-NY N
A 9 -",.,__—rll L g
Collins asymmetry:
C'?"ins oC <Sin(§0h + @, )>UT oC hl X HlJ—
Sivers asymmetry:

Sivers

Yo oc (sin(g, — @, ). o Ty ®D,
“Pretzelosity
P_Ir_etzelosity <Sin(3§0h . )> oC hl# X H 1L

Double spln asymmetry: i
A{OS% = OC<CO (Dh ¢S)>|_T L ng ®Dl I I
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E06-010 Experiment Setup

 Successful data taking 2008-09 N H e

¢ Monitor
e Polarized electron beam
e ~80% polarization
e Fast Flipping of helicity at 30Hz (for g,1)

|

|

e Charge asymmetry: H RSL |
controlled by online feed back at PPM level ;

@

|

|

|

BigBite
30°

e Polarized 3He target

2 /4
e BigBite at 30° as electron arm

« Dipole magnet, P, = 0.7 ~ 2.2 GeV/c b1 €

e MWDC/shower-preshow/scintillator 3He Target :

e HRS, at 16° as hadron arm
e QQDQ config, P,, = 2.35 GeV/c e
e Scintillator/drift chambers/Cherenkov/RICH/ lead glass

Beam Polarimetry
(Mgller + Compton)
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(increases angular coverage)

Angular Coverage

color coded for each target spin direction: up, down, left and right.
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HRS and BigBite Spectrometers

High Resolution Spectrometer
(hadron arm)

\ Detecto Detector Hut
- v aUeE

BigBite Detector Stack

l

Large Acceptance
BigBite Spectrometer
(electron arm)
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Particle Identification

Hadron Identification from HRS

10° Coincidence TOF spectrum

Coincidence Timing (ns)

Electron Identification from BigBite
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» Kaon and proton data can be separated by coincidence/TOF and the RICH
detector: both provide K/ ~ 46 separation

« Combined pion rejection 99.9%

2
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Polarized 3He Target

» Effectively a polarized neutron target

e Improved figure of merit s st
e Rb+K hybrid mixture cell % @ @ @ o é
e Narrow bandwidth lasers

» Compact size: No cryogenic support needed S e

Oven \
230°C ‘7 o Rb
! A O 3He
a ﬂ @ e 3”
25 G Holding Field Rb K-3He
. 1 Target Chamber Beam_
S — o xchange
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Target Chamber Pol (%)

g

Performance of 3He Target
High luminosity: L(n) = 10%° cm~2 st

Record high steady ~ 60% polarization with 15 pA
peam with automatic spin flip every 20 minutes

E06-010 Target Polarization History

Average 3He pol. = 55%

= Horizontal Transverse Spin
- Vertical Spin

I{
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History of Figure of Merit of Polarized 3He Target

L Figure of Merit = (Target Polarization)” ~ Beam Current

E06-010
60% @ 15 pA,
A
SLAC Jefferson Lab
£99-117 E02-013
0% @ 12 pA 50% (@ 8 WA
A
E94-010 A A
35% @ 10 pA E97-110
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Year
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SSA check: HRS single-arm 3He SSA

(Witness channels on ®He, not corrected for target polarization and dilution)

e+ He A+ X

A=e, n"orp
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3He Target Single-Spin Asymmetry in SIDIS

*He' (e, e'h), h=p",p
Phys. Rev. Lett. 107 (2011) 072003

E ~ *He [ )
= 0.05F e’ - AT
S I + : ~87%
P I + ' } ‘L +
+ I I L
z | T $ [ To extract information on neutron,
& 005 - one would assume:
ettt i e T T T T , x
- mepTssess EXP | | Sshssmee *He  =0.865xn - 2 0.028>p
m L
S o.05+ -
< l + + 3He Collins SSA are not
Qﬂ 0l + r | i large (as expected).
=3 + + ¢
E R
®-0.05f - 3He Sivers SSA:
o L
[ T e e i Rttt ity : T +
TR Lo S s o s I R P I S C s e N nega.tlve Slgl} fOI' i
01 02 03 04 01 02 0.3 0.4 consistent with zero for
th xhj

After correction of N, dilution (dedicated reference cell data)

I I I i I- Blue band: model (fitting) uncertainties ‘! eff;?s on Lab

Red band: other systematic uncertainties



Results on Neutron

Phys. Rev. Lett. 107 (2011) 072003

£ | Meutron + i -
: | | i | I SR Collins
> O T —— asymmetries are not
£ + - e T large, except at x=0.34
& -0.5- ] L =om AXIAIDIGUArk

R P Sivers
g 0 agree with global fit, and
@ | light-cone quark model.
5 O Consistent with
MEP HERMES/COMPASS
e | p" (ud) favors negative
~ -0.4f

: Independent

demonstration of

negative d-quark

Blue band: model (fitting) uncertainties : .
Sivers function.

Red band: other systematic uncertainties

Radiative correction: bin migration + uncer. of asy.
Spin-dependent FSI estimated <1% (Glauber
rescattering + no correction)  Diffractive rho: 3-10%

,geffe:?son Lab



>He A; (DSA) Results

» First measurement with 3He target

o 30 Hz beam helicity flips

- Two independent analysis teams; cross checks
- Corrected for small component of long. target spin, S,

Data suggest non-zero SIDIS A+ w, +2.8c (sum all bins)

Phys Rev. Lett

108 (2012) 052001

cos(p -4 _)
3 h '8
HeALT

arXiv:1108.0489 [nucl-ex]
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App = Po—
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AL+

U3He

(73

Neutron A . Extraction

20p ApT {

P, = u 86+gg;6
0.009
—0.0287, 6o

e Corrected for proton dllutlon, fIO
e Predicted proton asymmetry contribution < 1.5% (11%), 0.6% (11°)

A'; o g ®D),, sensitive to d quark

e Dominated by L=0 (S) and L=1 (P) interference

Consist w/ model in signs, suggest larger asymmetry

Phys. Rev. Lett. 108 (2012) 052001

5. | L e A I s A 5 %
- Neutron O T T AT | |
o | T | f ¥
= . | S
-
= s o
§ i WW-Type [26]
< 0.2 L — WW-Type [26,27] |
E LCCQM [12, 16]
Qi ey LCQDM [21]
mmm -0.6-_ f_/’.‘//./// . s ermrrasrees s
III 0.2 0.3 0.2 0.3
X X
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Summary

First measurement of Collins and Sivers moments (A1) on *He

A results on neutron:
e Collins: n* are T asymmetries consistent with zero except at x ~ 0.34 for
7[+
e Sivers: m Is consistent with zero; however, n* favor negative values
First indication of a non-zero A 1. *He—m, +2.86 A (sum all
bins), which suggests non-zero g,

Preliminary Kaon* Sivers and Collins moments are also available
The neutron results combined with existing proton and deuteron
data will aid in constraining Transversity and Sivers PDFs using
global fits

JLab-12 GeV: Precision DSA and SSA measurements in SIDIS

will be one of the highlights as discussed in K. Allada’s
presentation in Future of DIS session (27" March @ 17:20).

UHe Jefferéon Lab
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/ Experimental Extraction of g,

* Extractable from
Double Beam-Target Spin Asymmetry (DSA) in SIDIS with
transversely polarized target: A, ¢

Beam
Helisity Target Spin

e jd¢ (dG —d&)cos(@, — ¢)OC |
Elh Id¢kd0_ ng ®D
Mir Jefferdon Lab




* COMPASS
e Last Session, C. Schill

e Proton, Deuteron

* HERMES
e Last Session, L. Pappalardo

* Jlab Eo6-010
e This talk
e Pol. 3He Target (eff. pol. n)
e Fast beam helicity flips

i
.geff;?son Lab

Existing A, - Results

cos((ph- (ps)

-0.2

COMPASS
PI‘OtOIl arXiv:1012.0155 [hep-ex]

- --positive G,,,=0.52G_

-+ negative 0y, = 0.72G6__
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_____________ - :
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Eur. Phys. J. Special Topics 162, 89-96 (2008)



binl| 2
<Q?> ~ 2.0 GeV?
<W> ~ 2.8 GeV 2
<z> ~0.5 1

Q2>1GeV?

o | W>2.3GeVv

z=0.4~0.6
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Transversity Data

A )

CT T T

Two independent teams: Blue vs Rec

L L L L
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/ Hadron Particle Identification

Gas Cherenkov and lead glass: Aerogel Cherenkov:
separate hadrons from electrons separates pions and other hadrons
L aso00 20000
= 4000 Z 18000 Kaons and antiproton regions
= ss00 — Hadrons i

3000 3

14000
~ 12000
2500
- . 10000 : -
2000 electron peaL - pion peaL

1500 l e ‘
1000 T - U i el 4000 .

i

P T Y o~ -
500 v e, ’ e
" 17 -

A g T, #

2000

ol I I I B . = PO LT e ...._._
o 500 1000 1500 2000 2500 3000 OS50 400 600 600 1000 1200 1400 100 1800 2000

Gas Chrenkov ADC SUM

Aerogel Chrenkov detector ADC sum

Kaon and proton data can be cleaned up by coincidence/TOF and the
RICH detector: both provide K/x ~ 46 separation
Combined pion rejection 99.9%

UHe Jefferéon Lab



Particle Identification for Kaons
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etry

Target single-spin asymmetry from normalized yields, need to consider :
beam charge, target density, DAQ life time, detector efficiency etc.

A(éh ¢S) _ ]‘ Y¢ha¢s o nghaqu—l-w
| |ST| chh,,és + chhabeer

700 :
2845 target spin
Automatic target spin 500 “local pairs”
flip once every 20
: 500 Beam Charge + vs
minutes. Beam Charge -
Beam charges are well-balanced 4005
between the pairs 300F-
200
I N C
1"l

.geff;?son Lab % 05 1 15 2 25 3 35 4 45 5

C./C.



D iy of e

nalysis of Asymmetry

Two teams carried out independent analysis

* Red Team: Maximum Likelihood Method

e Blue Team: Local Pair-Angular Bin-Fit Method
e Do not share any code.

e Many cross checks on intermediate results.

UHe Jefferéon Lab



Two team independent asymmetry ana

Asym

Asyim
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—D.D2ED
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H

2 Blue Team Local Pair
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Many cross checks on
intermediate asymmetries.

Red team.
Blue team.

Blue team implemented
Red team’s method.
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Correction for N, Dilution

Araw = f ' P3He ' A?’He

Cross section ratios

Nawu. o determined through
f — “He”  He reference cell N, and
N3HeO3He -+ NN2 ON, 3He data.
’J"T+ T
X f No f No

0.137 | 0.911 = 0.011 0.925 £+ 0.009
0.189 | 0.908 = 0.011 | 0.905 = 0.011
0.249 | 0.909 = 0.010 | 0.898 = 0.012
0.336 | 0.915 = 0.009 0.916 == 0.010

UHe Jefferéon Lab




From 3He to Neutron

3
nge — Png? + Qppg?f
P, =0.86700¢ and P, = —0.0287500
Afie = Pa- (L= fy) - AT/ + Pofy - A5/

very small (< 0.003)

20'p Cross section ratios determined

f P o5 . through reference cell H, and 3He
data.

z 1—fr 1-f7

0.156 | 0.212 +0.032 (0.027)| 0.348 £ 0.032 (0.022)
0.206 | 0.144 4+ 0.031 (0.029)] 0.205 £ 0.037 (0.027)
0.265 | 0.171 £ 0.029 (0.028)] 0.287 £ 0.036 (0.024) III

0.349 | 0.107 £ 0.026 (0.030)] 0.220 £ 0.032 (0.026) Jeff;? on Lab




DSA Consistency Checks

MLE vs Local Spin Pair Methods

7+ DSA Modulation of Sin(d )Sin(¢, +,)

..H 'if
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SIMC: E06-010 Monte Carlo

Collins Asymmetry : 1*
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