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Polarized DIS and helicity distributions,
spin carried by quarks and gluons?

Transversity distributions, unknown

Spin dependent, k, unintegrated parton distributions:
fundamental spin-k_ correlations?

fa,s/p,S (x, ];l . Qz) <:> Transverse single spin asymmetries

= 2
Polarized fragmentation functions Dh,S/a,S (Za P Q )
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What do we know, and how,
about the proton structure?

Main source of information is DIS

2 '
do a E'_,

4 W,UV
dQdE' 2Mq* E
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parity conserving case (one photon exchange)

L (L1 s) = 20140 1 = g™ 11 )+ 2ime ™ (L= 1)

p

9.9, P.D,
W, (p,q,8)=| =&, +— )F( ,O°) + = F,(x,0%) +
\ pP-q
. - S7 p-qgS”=S-qp")
_lg,uvaﬁ q _gl('x Q )+ 2 g2('x9Q2)
pq (p-q)
measuring do one extracts information on Q2 ) p-q
the structure functions F,, F,, g, and g, = 2p-q Pu=Pu~ 7 9

F, ,related to q(x,Q?), g(x,Q?)  quark, gluon distributions
g, related to Aq(x,Q?), Ag(x,Q?) quark, gluon helicity distributions

g=9.+q9. Ag=q,—-q. g=g,tg Ag=g,—-g
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QCD parton model
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gl(x9Q2) _%Zeqz{ACq ®[Aq+Aq]+NLACg ®Ag}
q f

rd X
C®q ij%c(;,asqugz)

2
AC (x,a.) = AC (x) + @ ACP (x)+...  coefficient functions
T

2
o
P.(x,a,) = Pl.;) (x)+ M Pl.j(l) (x)+... splitting functions
27

d (Azj_aS(Qz) k., I, ®(AZ] QCD evolution
dinQ’ | Ag 2r \ P, P, Ag [Azzzmqwaﬂ
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de Florian, Navarro, Sassot
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FIGURE 2. Parton densities at 0> = 10 GeV?, and the uncertainty bands corresponding to Ay? = 1 and
Ay? =2%
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Research Plan for Spin Physics at RHIC
February 11, 2005

0

0.3

[E¥]

10~ 10 10 X | 10 10 10 X |

Figure 11: Left: results for Ag(x,Q? = 5GeV?) from recent NLO analyses [1, 2, 36] of polarized
DIS. The various bands indicate ranges in Ag that were deemed consistent with the scaling
violations in polarized DIS in these analyses. The rather large differences among these bands
partly result from differing theoretical assumptions in the extraction, for example, regarding the
shape of Ag(x) at the initial scale. Note that we show xAg as a function of log(x), in order

to display the contributions from various x-regions to the integral of Ag. Right: the “net gluon
polarization” Ag(x,Q2)/g(x,Q2) at Q2 = 5 GeV?, using Ag of [2] and its associated band,

and the unpolarized gluon distribution of [82].
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I ¢ 5 _
(Sq>:5J‘0A2(x,Q )dx = 0.1

1 longitudinal spin sum rule,
E = <Sq> T <Sg> T <Lq> T <Lg> not the whole story...

(AZ=3 (Aq+87) (5,0 = [ Ag(x.0") dx )

Direct measure of Ag needed
= large p; di-hadron production in SIDIS, ¥'g —>qq  F. Tessarotto

= high p; pions and jets at RHIC, gg¢ — g2¢, 92 — qg
= direct photon production at RHIC, g2 — q¥
= charm production at RHIC, gg — cc

Small and large x behaviours, flavour decompositions, .... R. De Vita
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large p; di-hadron production in SIDIS

© 0.6
O] C T —GS-A
< 0.4 GSB
- --GS-C
0.2
of : |
0 23_____ e COMPASS
- HERMES
04— g smMc
-0.6C i N A I i o
107 10"
Xg
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Transverse single spin asymmetries in elastic scattering

: Y

S

N : :e//Pf X
p./ -
-p

T 2

o —O = (- = : _
ANZ 3 0 OCS'(pXPT)OCSIIle M++;++_(D1
o +0 M —d
——;++ 2
Example: pp — pp M+_;+_ =,
5 independent helicity amplitudes M—+;+— =,
A, o Im|®, (D, + D, + D, —D,)"]| M., =
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AN #+ () needs helicity flip + relative phase

—~ N (= ko
Im E X E E
Z =) & T

QED and QCD interactions conserve helicity, up to corrections O(mq | E)

m
=2 4, « Eqas at quark level

but large SSA observed at hadron level!
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IN" iz X

“Sivers moment”
do' —do”
do' +do*

‘%ur S

Ay =

2(sin(@ - D)) = A "
jdcb d0 (do' —do*)sin(®@ - D)

[do dog(do" +do)
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Transverse A polarization in unpolarized p-Be scattering at Fermilab
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8

“The largest spin effect ever seen by any human”, S. Brodsky, Como 2005

\
ppP—=>pp e

Collisions Between Spinnigg Protons (AL I, Krisch)
Scientific Américan. 255, 42-530 (August, 1987,

FATIO OF SPAE-PARMLLEL TOY

| SEINSANTFARSLLEL CROSE SECTIONS

RATIO OF LEFT- TO RIGHT-SCATTERED PROTONS

A

0 2 4 6 ‘
ENERGY-TRANSFER VARIABLE pT

FHERCY.TRAKNGFER VARIALLE PT
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Transverse single spin asymmetries in SIDIS

/N

/

Ay oS- pxP )ocP sin(®_—-d,)

need k. dependent quark distribution in pT = Sjvers mechanism
or p. dependent fragmentation of polarized quark == Collins mechanism
(talk by G. Schnell)
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Brodsky, Hwang, Schmidt model for Sivers function

+ diquark — od diquark
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£ k) =1, 0k )+

q/p

1 A
EAqu/pT (x,k,)S-(pxk,)
| | - Sivers asymmetry in SIDIS
ASin(#h—0s) — L b1 = Pr—2z ki + O(Ki2/Q?)
o v . L detite -
zd{@h@skl}&" forpr(z, k1) sin(e — ¢g) 107 J"’h D;"(zj P, )sin(¢p — og)
q ot
o doti—te
2%%61(9}1 k| fo(r, kL) 10 th_DQ(E,PL)
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. § M.A, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia, A. Prokudin

*‘I r S hep-ph/0501196 (PRD 71, 074006) and hep-ph/0507181
TI.":'
g” 0.1 - -
& | I I
mq_: u
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. 0.1 not corrected for acceptance | and smearing
5 - .
RN
D
<
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R = e
£ \"'ﬁ
n D
< — — —
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z, Xp P; (GeVi/c)
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Collins mechanism for SSA

Asymmetry in the fragmentation of a

T ¢ “S
transversely polarized quark /p\/ AN

(Fundamental QCD property? D. Sivers) pq
Jq’ Dh/qT(ZﬂpJ_):Dh/q(ZﬂpJ_) +
AVAVAVAVAV. & . 1 = A .
%q EANDh/qT(Z’pl)Sq'(pqxpi)
initial q spin is transferred to y

final ', which fragments

—

Sy +(Byx p,) o sin(@, + )
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neglecting intrinsic motion in partonic distributions:

T J

Ah = dO' _ dO' — ffa/)&/@

N .
dO'T + daL fS/!j/

> [e )=/ AD, (z,p))
> (e £,,,®0+1-y 1D, (z.p)

Collins function

sin(®, +dy)

ijD do [da —do* |sin(®, + D)
jdcp d® [do' +do]

Asm(CDh +CI)S)

First extraction of Collins functions from HERMES data:
W. Vogelsang and F. Yuan (assuming Soffer-saturated h,)
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fit to HERMES data on A7
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Extraction of Collins functions from HERMES + BELLE data

o cos(2i,) method
0.2
0.1
n L
I T T T N RN TR AN NN T TR TN N I R T N
0 2 4 6 8 Thrust axis
combined z-bin
I:I.‘- cos(h,+i,) method ! ! !
0.2 | i | P, depends on
i | i (1) (1)
01 |- 4, | + 5 AyDV(z)AyD ' (z,)
4 i i i
S G L D(z,) D(z,)
| | || e T A )
0 2 4 6 8 correlation, event by event, between
combined z-bin  the spin of g and g, that is between
L L I I 1 1 L I 1 thetwo azimuthal distributions of
0.z 0.3 0.s 0.7 10,2 0.5 0.7 1.5 0.7 1.7 1.0 . . . .
| | | ., pionsinside the jets
0.z 0.3 0.s o7 1.0
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Fits to HERMES Collins data, preliminary results

1+ (2002-2004)

0.1

A

sin(pr + ¢g)

HERMES PRELIMINARY

hot corrected for acceptance
and smearing

+
< sl 7 (2002-2004) :
£
25
< —— e W

-0.1 —

0.2 0.4 0.6
Zy

CIININ £UV0 OpIll Uugpeliuelive-uiculy

0.1 0.2 03
Xp

OLCpLCIIVEl £01U, IVIIIVUYS, JlITCLC

27



Fits to BELLE Collins data, preliminary results
M.A, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia, A. Prokudin, in preparation

0.2 cos((,+0,) method

0.2<2z,<0.3 0.3<2z,<0.5 0.5<2z,<0.7

A
&
0 |
| | | | | | | | | | |
0 0.2 0.4 0.6 0.8 ’ 0.2 04 0.6 0.8 ’ 0.2 0.4 0.6 0.8 1
24 z, z,
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spin-k correlations — Trento conventions

/‘&pfs > A//E'I‘Dipfsq

P Pq
Sivers function Collins function
fq/pT (xﬂkj_) — fq/p(xﬂkj_) + Dh/qT (Zaﬁj_) — Dh/q(zapj_) +
1 - oA 1 =
EAqu/pT ('x’kl) S (pka_) EANDh/qT (ZﬁpJ_) Sq (pq XpJ_)
Amsterdam group notations
2k N )4 1
N 1 _ 1
A fq/pT :_7Jfqu A Dh/qT —2ZMh qu
lapis =~
IT | sipis IT \p_y
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spin-k. correlations

//q' i&pfsq

Boer-Mulders function

~ 1
qu/p(xakJ_) zafq/p(xﬁkj_)-l_

1

SN k) S, (hxky)

Pq

polarizing f.f.

. 1
DAT/q(ZapJ_) = EDh/q(ZapJ_) T

1 S a oo
EANDAT/q(Z,pL) Sy (p,xpy)

Amsterdam group notations

k
Af = —ﬁhﬁq
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N 2 1
A DAT/q — WDITq
A

September 23rd, Milos, Greece 30



SSAin pr —

T X

dO"T‘ — d’O-L = ﬁNfafp’r & fbjp & d& & D;ch “Sivers effect”
+ h1a @ fop ®AAG S ﬂNDTr,-“c*r “Collins effect”

E704 data, E = 200 GeV

.Iﬁ-Nl: m EJ':::

0.4

_,D_E-...|...|...|...|...- -0.6
1] 0.2 0.4 0.6 0.8 1

fit to Ay with Sivers
effects alone
U. D’Alesio, F. Murgia

0.6 —
|:.¢:- )
02 |
0 ' iy

0.2 |

[ pr=15 GeVic
I .KFFP.-L.EE.BB.S. |

0 0.2 3.4I | IIZII.EI | IEI.EI - i
F
maximized value of A
with Collins effects alone
M.A, M. Boglione, U. D’Alesio,
E. Leader, F. Murgia
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Parton distributions

q,Aq and h, (or &q,A,q) are fundamental leading-twist

quark distributions

q =4, +q_  quark distribution — well known

Aq=q, —q_ quark helicity distribution — known

all equally
important

A.qg = — transversity distribution — unknown
49 =49 — 4,

g=g +g  dluondistribution ~ known

Ag = 8. —&_ gluon helicity distribution — poorly known

Agq relatedto gy ysq m) chiral-even
A,q relatedto o y.q m) chiral-odd
2|Aq|<g+Agq positivity bound

EINN 2005 Spin dependence-theory September 23rd, Milos, Greece
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] _ (%0
-+ -+ -+ + = Agq(x,0°)

] _ (0
1 1 o ATQ(X9Q2)

in helicity basis 4§ = %(I+>ii|—>)

i I
2y | | decouples from DIS
= hy(x,0%) = T —  (no quark helicity flip)
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h, must couple to another chiral-odd function. For example:
D-Y, pp — I'I-X, and SIDIS, | p — | 11 X, processes

— e h, x h,

o T J. Ralston and D.Soper, 1979
S - J. Cortes, B. Pire, J. Ralston,

+ _ 1992

N+ T o )f’ h, x Collins

+‘ ‘— function
—= . J. Collins, 1993

EINN 2005 Spin dependence-theory September 23rd, Milos, Greece 34



No gluon contribution to h,
—» simple Q2 evolution

20_ 1 ||||||| 1 1 ||||||| 1 | ||||||_
| i A/lg =2
_"‘ _
Y _
15 = . +1 E E—‘I
[ ] | |
\
i \ Au(Q®) . - —
10 — \f/hl“(qa) — AL =1
R /“/ Au(Qo’)=h;"(Qc") -
5 b
1 s ‘ . Q2 = 25 GeV?
y Q,2 = 0.23 GeV?
| | i V. Barone, T. Calarco, A. Drago

102 10—1 100
X
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h, in Drell-Yan
processes

Elementary LO interaction:

d’c  4za® 1
dM’dx, 9M’s x, +x,

> e lq,(x) 7, (x,)+q,(x) q,(x,)]

Xp=X—X, X X,=M>/s=rt xF:ZqL/\/;

3 planes: plane L polarization vectors,

p-y* plane, I'I- y* plane —=> plenty of spin effects
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h, from p'p I X atGsl

. Zq eq2 [hlq (x, )hlq (x,)+ hlq (x, )hlq (x, )] . h, (x)h, (x,)

A = arp 2 — — T
TS e gt + 3007 ()] wa(xz)

large x,,X,

GSl energies: s =30-210 GeV® M >2 GeV’

q
=]
-

| collider - {ixed target
§=200 =45

one measures h, in the
quark valence region: A;;
Is estimated to be large,
between 0.2 and 0.4

PAX proposal: hep-ex/0505054

s = 210 GeVZis best energy
1 (talk by P. Reimer at workshop)
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Energy for Drell-Yan processes

VA i
105 ' "safe region": M =2M,
‘°4; ' M?;
r ; ) T>2———
107k E S

Counts/0.1 GeV/c?

Fermilab E866 QCD corrections might be very

0oL 800 GeVlic large at smaller values of M:
) O I I S P WU P yes, for cross-sections, not for A;;
- R G S oyt o S SR o
Mass (GV/c?) K-factor almost spin-independent

H. Shimizu, G. Sterman, W. Vogelsang and H. Yokoya, hep-ph/0503270

V. Barone et al., in preparation
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Alternative accesses to transversity

Inclusive A production and measure of A polarization
P, oc h(x)®A,.D(z) (transverse fragmentation function)

Two pion production' Ipl > T X
(interference
dG — d(f oC ]’H(X) X 5q, (Z pl) fragmentation function)
Vector meson production: | pT — p X
b (generalized fragmentation
Pro(V) e h(x)® Dy (z,p,) function)
Inclusive hadronic production: p pT — 1 X

dGT — dO'¢ oC h1 (x) X ANDﬂ/f (Z, pl) (problematic)

Single Spin Asymmetry in D-Y processes

dO'T — d()'¢ oC hl(x) 2y ]’11L (Z, pL) (Boer-Mulders function)
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The spin story goes on .......

Polarization data has often been the
graveyard of fashionable theories.

If theorists had their way, they might
just ban such measurements altogether
out of self-protection.

Spin is one of the most fundamental concepts in physics,
deeply rooted in Poincare invariance and hence in the
structure of space-time itself. All elementary particles we
know today carry spin, among them the particles that are
subject to the strong interactions, the spin-1/2 quarks

and the spin-1 gluons. Spin, therefore, plays a central role
also in our theory of the strong interactions, Quantum
Chromodynamics (QCD), and to understand spin
phenomena in QCD will help to understand QCD itself.
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