Lepton Beam
Spin Physics at Existing Facilities

N see other
N.C.R. Makins m talks for
University of lllinois at Urbana-Champaign proton-beam
stories!

Outline

e Spin at the Heart of Matter:
the restless world within the atom

e Single-spin asymmetries:
a key to the spin kingdom

e Inside the proton:
quark spin & orbital motion

e A coherent picture:
Are we there yet?

N.C.R. Makins, Spin Physics Symposium, U Michigan, Nov 14, 2009



The Strange Nature of Matter

Fields and points in empty space ... S
N /) electron
2 - proton
| Q\_, | (neutron) g
> quark
nucleus
~101% m
atom~10"1%m ~ 4105 m

... and at every level, there is motion:

pointlike particles, forever spinning and orbiting ...



Orbital Shells
of definite L

electrons

/
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hucleus

heutron

in nuclel
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. and within the proton? ...




Parton Distribution Functions

Look inside the proton with high energy beams ...
= a rich substructure is revealed!

3 constituent quarks
of mass = 350 MeV

many bare quarks of
tiny mass = 5 MeV, and
gluons account for

sea quarks : virtual X fraction of proton
quark-antiquark pairs momentum carried by
that fluctuate in and out struck quark

of the vacuum

q (x) parton distribution func"

gluons : the color (number density for quark flavor q)

fields of the strong force
xf

0.2 B

> 40% of the momentum,

~all of the mass ...
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‘ The Puzzle of Proton Spin I

The proton:
spin 1/2

The quarks’
spins account for
only 20%

Where is the
other 80% ?

{



Whence comes the proton spin?

q(x) = q'(x) +g*(x) Aq(x) = q' (x) — ¢*(x)
‘(o e a e e

N 1 1
only three possibilities ¢> 5= EAZ—I—AG—I—LQ—I—Lg
@ Quark polarization
AY = / dx (Au(x) 4 Ad(x) + As(x) + Au(x) + Ad(x) + As(x)) = 20% only

© Gluon polarization In friendly, non-relativistic bound states like

AG = /dx Ag(x) ? atoms & nuclei (& constituent quark model),

© Orbital I ¢ particles are in eigenstates of L = shells
rbital angular momentum

L.=Ls+ L ? Not so for bound, relativistic Dirac particles ...
Noble “/” is not a good quantum number
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Single—-SPin Asgmmetries



Single-Spin Asymmetries in Elastic pp Scattering

Analyzing Power An
left-right asymmetry
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The Spin-Orbit Interaction

Let V(r) = target’s potential field,
particles on left / right sides in target rest frame.
head for stronger / weaker B

Lorentz boost to beam frame:

L2 —» Voo p rdV
_— —U- B =—vyv—xFEF=—— -,
v poB c2>< mczxrdr
Using ?xﬁth and
X 1 1@

_ U=—-5u-B ~—-5-B
B Field of

moving™ target // = spin-orbit interaction
L=rXxp of beam ¢ JV
cons

particles U._, = 3.7
> @ ) r dr

Note: The origin of the underlying

Spin S // Magnetic Moment potential V(r) doesn’t matter
of beam polarized

= the result follows from relativity
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Spin-Orbit Interaction for the short-range Nuclear Force

With p(r) = target density, _ o |
AV d nuclear spin-orbit interaction
Ug_og~—75" [ ~ d_p 51 active at target surfaces
r r

~ (U + lU eikr - U 3 eik(l’—Re) + U 3 eik(F+R9)
SSA AN in pr — pp l|"SC21'[ ( | 2) S—O0 S—0
— sin(8) term in xsec = (U + iUy +2iU,_,sinkOR)e™”
do

= | Weeat|? ~ UZ + U2 4+4U? _sin® kOR
d.Q \|I 1 2 S—O

+4U, U, SinkOR

e [nterference, between an imaginary,
spin-independent term U2 in volume
potential and a spin-dependent

— spin-orbit term Us.o

e Surfaces where target density has a
POLARIZED @ gradient — target with structure
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m Krisch, Crabb, Lin, Ragmonc], Roser,

M Wong, et UMich—ﬁl, PRL 65 (1990) %241

While many theoretical models have been suggestecl to
exl:)lain the large spin effects found in strong interactions,
models based on Perturbative QCD implg that the analgzing
power should be zero at high energy and Iarge P2

Our new l'ligh~l:>r€ci5ion data make it difficult to assume that
this clisagreement between theorg and exPeriment will
clisapl:)ear because the nonzero Ay s a statistical fluctuation.

Perhaps one shoulcl NOW trg to gain some new theoretical

unclerstancling of strong interactions that is consistent with

this and other Iarge and unexpected spin effects.




Single-spin asymmetries in p'p & nX Analyzing Power

‘

T _ AJT
1 left right

— T T
Poeam Nigg right

T O AN

~ Huge single-spin asymmetry
@® 1 for forward meson production

A
\99 FNAL E704 | Ay p+p —> n’+X at vs=200 GeV
o T+ _
0.15 Spin t
0.4 I @ mo % } 7 | | spin4 : STAR Run 6
4 - $ Left izl - __. Sivers (HERMES fit)
0.2 F z 2 - 0.1 } _ twist—3
3 o U L . .
A Oblm = :i_._.”_? ______ ST J 0" 025 0 025
N x | 7y mass (GeV,/c*) ;
02 F * B i 009 <n>=3.7 <n>=3.3
' 4
i ] | -
04 | ] D_{IH-E R
200 GeV p! beam . | i
S | —
08 o BT = T
0 02 04 06 08 1 B =l S
XE

Observable Sbeam * (Pbeam X Pr) odd under naive Time-Reversal
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SSA'’s at high-energies

STAR Run 6 T-odd observables
Ay p+p—>n"+X at vs=200 Gev SSA observables ~ J - (pi X p2)
Sl s i = odd under naive time-reversal
- O S __. Sivers (HERMES fit)
il { _ tuist=3 Since QCD amplitudes are T-even, must arise
L2 lﬂL Ay | from interference between spin-flip and
[ yrmass (6ev/e) B | non-flip amplitudes with different phases
0091 n>=37 : <n>=3.3 FI"
. 3 ! an’t come from perturbative subprocess xsec:
D-{Iﬁ - o
| _ ® ¢ helicity flip suppressed by m,/+/s
i — —

o5 0T Tos o5 oo 05y ® need a,-suppressed loop-diagram to
generate necessary phase

At hard (enough) scales, SSA’s must
arise from soft physics: T-odd distribution /
fragmentation functions
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SSA'’s at high-energies

STAR Run 6 T-odd observables
Ay p+p—>n"+X at vs=200 Gev SSA observables ~ J - (pi X p2)
Sl s i = odd under naive time-reversal
Left Right

- __. Sivers (HERMES fit)

_ twist=3 Smce QCD amplitudes are T-even, must arise
s between spin-flip and
ifferent phases

0 025 0 0.5
¥y mass (GeV/c :l

PO ep>=37 Must be a spin-orbit structure
: either in the fragmentation process Ubprocess xsec:
J or within the proton itself
&i"‘? 2 by my/+/s
- Eb g' |-\. 48 |- A - .
05 0 05 =05 0  05. as-suppressed loop-diagram to

generate necessary phase

At hard (enough) scales, SSA’s must
arise from soft physics: T-odd distribution /
fragmentation functions

N.C.R. Makins, Spin Physics Symposium, U Michigan, Nov 14, 2009



E704 Mechanism #1: The “Collins Effect”

Need an ordinary distribution function ... transversity f f
4y 9x) Ag(x) hi(x)

... with a new, T-odd “Collins” fragmentation function [‘IlL (Z, pT)

E704 effect:
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E704 Mechanism #2: The “Sivers Effect” E

A1
.. with a new, T-odd “Sivers” distribution function  f 1T(x> kT)

Need the ordinary fragmentation function D (Z)

Phenomenological model of Meng, Boros, Liang:

Forward i+ produced from orbiting valence-u quark by
recombination at front surface of beam protons

quark orbital motion! E704 effect: ‘

b -

§
.

/

fir(x,kr) ® Di(z)
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Electro-Production of Hadrons with Tranvserse Targets

Measure dependence of hadron production on two azimuthal angles

Electron beam defines 68/60[0
scattering plane | U, &
- Target spin S/

transverse to beam

Azimuthal angles measured
around ¢ vector ...

with respect to
scattering plane

(l)S = target spin orientation (l)h = hadron direction
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Electroproduction of Pions with Transverse Target

SIDIS xsec with transverse target polarization
has two similar terms:

relative 1€ |n|t|al quark spin

® (¢} + k) =7+ (¢} —ob
hadron relative t€ final quark spin
. x ( e-e plane)
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Results 1Crom |epton beams:

Collins, Sivers, and friends




The Collins

Fragmcntation Function




2 <Sin(¢+¢3)>ﬁT

2 (sin(o+0g)0T

2 <Sin(¢+¢3)>ﬁT

o
—

0.05

0.05

-0.05

-0.1

*\r S

Collins Moments for pions from H I

-u -HERMES PRELIMINARY 2002-2005
| lepton beam asymmetry, Collins amplitudes
- 8.1% scale uncertainty
_ l _ T
I ¥l
S vl - ¥ l
[y L, ! LN .
B RN BN Magnificent agreement at very
o T e T T D T T Dbl different scales!
L
Q(=3 —a— h' preliminary COMPASS 2007 —a— h preliminary COMPASS 2007
_l+ _________ N + __________ f P4 0.1}_+ n* HERMES 2002-2005 | —*— = HERMES 2002-2oosy r
HAR A 1
: I___ — 0~ —— ‘ - - -3 ? ’t “ ‘
111 | 1111 | 1111 | ILIIIlIII 111 111 11 8 ' . “ T ‘
(A T I - C e
—* ------------------ e e e - - k3
¥ Y | | |
-t oo -0.1- -
| A
- f - T . sl wul R R
| 102 10" 10 10"
f x
_'Tlll|||||||||||.L|||I|||I|||I|:T
01 02 0302 03 04 05 06 02 04 06 08 1

X

/4

Phl [GeW.C.R.

Makins, Spin Physics Symposium, U Michigan, Nov 14, 2009




Understanding the Collins Effect t‘ W
&mes

The Collins function exists! = spin-orbit correlations in m formation

Is the Artru mechanism responsible?
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Sivers Moments for pions from H | Data
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like fi5. must arise from 2

Interference ... but a distribution function 1 i q q
is just a forward scattering amplitude, <>
P P P

how can it contain an interference?

Brodsky, Hwang, & Schmidt 2002

B FE SL R
A T torf ; and produce
pﬂ | - |p can mltehr ere Bt % |p a T-odd effect!
—( — Wi - __ (alsoneed L, # 0)
It looks like higher-twist ... but no , these are soft gluons %, \ B

=*“gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are
final (or initial) state interactions ... and may be
process dependent ! == new universality issues e.g. Drell-Yan

p
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sin ((l)h = q)s)

uT

sin ((l)h - (ps)

uT

Global Fit to Sivers

Asymmetries
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E. Boglione,

Transversity2008

Anselmino et al,
arXiv:0805.2677
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orbital L0
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Phenomenology: Sivers Mechanism Many models

predict Ly >0 ...
@ M. Burkardt: Chromodynamic lensing

Electromagnetic coupling ~ (J() + J3) stronger for oncoming quarks

We observe (sin(¢}, — d4))Fr >0

‘ \ (and opposite for ")

: I ;o
FSI kick . for ¢ =0, ¢, = /2 preferred
® Model agrees!

@ Jet Shadowing

Parton energy loss considerations suggest
guenching of jets from

+
T
“near” surface of target /
! AR

= quarks from “far” surface should dominate

Opposite sign to data ... / -
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(@ Hydrogen

1 (@ Deuterium

HERMES Preliminary
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K " ¢ 5 I AR ¢ e
L | ' :

0.4 0.6
P, [GeV]

deuterium = hydrogen values — indicate Boer-Mulders functions of
same sign for u and d quarks (both negative & similar magnitudes)
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A Coherent Picture?

® Transversity: 711,>0 hiqa<0 A A

— same as g1, and g1,¢ in NR limit ‘ *
e Sivers: firtu<0  firta>0

— relat” to anomalous magnetic moment* A A

‘flTJ',q -~ Kq where Ky~ +1.67 Kd~ —2.03
values achieve k" = X, e, K, with u,d only \.y (./

e Boer-Mulders: should follow that A+, and 11tg<0 ?

— relat” to tensor magnetic moment*

— possible analogue to Sokolov-Ternov?

T
TML[I)tsta(:zeall f f I .‘)&)
Independent * * 1S tfv"‘"

* Burkardt PRD72 (2005) 094020;
=1 - 7 Barone et al PRD78 (1008) 045022;
. b— . l p— O !
Ly P> +O.’.5‘ R.<.v.”é ..9”,>UP... . nysics Symposium, U Michigan, Nov 14, 2009
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Transverse spin on the lattice Hagler et al,
PRL98 (2007)

Compute quark densities in impact-parameter space via GPD formalism

nucleon coming out of page ...
spatial shifts — infer Lq direction via chromodynamic lensing

06f . 9
L,>0 o Sivers : L, // Sy
-
0.2} 6 _
e Di- e
-0.2 3 =
04l [ | f Expected
06l UP O up @ 0 picture from
06 1 op S relativistic
down
La<O o.4./ng&*. / \ 25 quark models
2} It | B2
* E o : |15 €
S S
-0.2} \_/\/ 1 >|
-04} i 1 0.5
06k .| [ down @ 0
-06-04-02 0 02 04 06-06-04-02 0 02 04 06
Px[fm] by [fm]
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0.6

©
~

Angular Momentum
.
[\S)

e
o

... and longitudinal spin on the lattice ...

Thomas,
PRL101 (2008)

— no disconnected graphs, evolution applied via Ji, Hoodbhoy

\ AG(Qo*=0.4) =0
I Ju
K g 04
\ I—d i 0.2
[ \ooooommommmmmmmmmmmmmmoooosssooosooooe Ef
— - — — — — Lu - 0.0
D 1 Jyg
D
qual‘k 0*(GeV?) |attlce, eXpt
model scale scale

\ Lg |
e
- _ L.

- 1 S

ocev? lattice,
expt T

— lattice shows Ly <0 and Lqg >0 in longitudinal case at expt’al scales!

Evolution might explain disagreement with quark models,
but not with lattice calculations of transverse spin.

Are disconnected graphs — sea quarks —the reason for apparent

Lu & Lq sign change from longitudinal to transverse ?
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With spin
around, there’s
never a dull
moment ©

Congratulations,
Prof. Krisch, and
Thank You!

the Spin Kids
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