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Introductory Remarks: Transversity
See Review Phys. Rep. 2002, Ratcliffe, Barone, Drago

e Transversity "0q" as combinations of helicity states

L/T >:L(|+> + |- >)

V2

Goldstein & Moravcsik, Ann. Phys. 1976 introduced reveal underlying simplicity spin-dependent
nucleon-nucleon scattering amps f, p.c. a(s,?)

e Connection with spin structure of nucleon revealed through the quark distribution
hi(z) = 6¢*(x) (1)

e First moment, tensor charge Jaffe & Ji, PRL:1991
1
| 6a*(@) ~ b)) o = 3¢
0

e LO anomalous dimensions Baldracchini et al Fortsch. Phys. 1981, Artru & Mekhfi, ZPC:1990
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TRANSVERSITY Understood Context Parton Model in IMF

e Instead of diagonalizing free Hamiltonian w/r to HELICITY
use L/T TRANSVERSITY eigenstates: Q-+, =3 (1 F 5 81)

* Projector )+, commutes with free-quark Hamiltonian and P1v¢ = 1,
is a good light cone operator

While g;(z) is obscure g;(z) = Re2(Pé;|b! (zP)br(xP)|Pés)
in transversity basis

1

X

ha(z) (Pé b (xP)by (xP) — bl (2P)br(xP)|Pé&.)

hi(x) is probability to find quark with spin polarized along transverse spin
direction minus oppositely polarized case

h,(x)
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Theoretically among other things

x Soffer’s inequality (Soffer, PRL:1995 ) & possible saturation/violation
(Goldstein Jaffe Ji, PRD:1995) places bounds on leading twist distributions

20q%(z, Q%)| < ¢*“(x, Q%) + A¢*(x, Q?)
* NLO analysis Martin & Vogelsang et al, PRD: 1998; indicates bound respected under evolution

e Decouples leading twist DIS:
Helicity of struck quark must flip to probe transversity chiral-odd

Hard scattering conserves chirality
=requ ire chiral-odd partner thus hadron helicity flip suppressed in DIS by m/Q

= and one or more hadrons
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Mining Transversity thru Hard Scattering

\),\/,
/?/z/\)-l--f + P _

* DY :Ralston and Soper NPB:1979 encountered double transverse spin asymmetry

Drell-Yan p, p, = 1717 X (2 in the initial state)
SIDIS i p;, = 1"k X (1 in the initial 1 in the final)

+

oy _ 2sin® 0 cos(d1 + ¢2) 50, eahi(a)h, («)
o 1+cos20 3 e2fe(x)f,(z)

* SIDIS:Jaffe and Ji PRL:1993 encountered at twist three level
Estimate, Gamberg, Hwang, Oganessyan PLB:2004

Al STlvI =y 5[ M x g7 () D1 (2) + My by (z) 22
P () Da(2)

Yy

ALT —
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SIDIS and Transversity at Leading Twist £, Dependence

® Collins NPB:1993, Kotzinian NPB:1995, Mulders, Tangermann PLB:1995

Transversity thru SSA in the fragmenting hadron’s momentum, oo
¢, angle between [k q] and [P}, q] ¢ g, angle of the target spin vector / /
[
P . 1(1 lf / /
(Bt sin( + bs))ur o ha(x)zH; M (2) 7
z
Beyond Colinearity >
Hadron helicity flip
due to quark orbital Cross section differential in transverse momentum.
ang. momentum. Quarks SSA not surpressed by inverse powers of the hard

have intrinsic transverse momentum.

o _ scale. Quarks in target, and fragmentation region
Helicity flip occurs from cons of J.

possess intrinsic transverse momentum p | , k|
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Origins/Mechanism: AAs and SSAs

e In parton model SSA and azimuthal asymmetries are zero leading order a e
However, intrinsic k7 dependence & higher order in oy PQCD generate azimuthal
asymmetries

* Georgi, Politzer, PRL:1978: pQCD first order a5 , (cos ¢)
% Cahn, PLB: 1978; PRD: 1989; Chay et al. PRD: 1991, Oganessyan et al., ZPC: 1998 {(COS 2¢)

e Need helicity flip to access transversity through SSA in PQCD
Kane et al PRL:1978 Goldstein, Dharmarathna et al PR:1991 consists of
Im(Ar x Axr), however goes like ozs%

e Brodsky, Hwang, and Schmidt pLB: 2002 FSI of gluon produces
necessary phase leading to nonzero SSAs at Leading Twist: k| & pQCD expansion in oy
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AAs & SSAs Understood via Color Gauge Invariance
—> Novel Transversity Properties of Quarks and Nucleons

Employ Factorized Description

. See new work of Ji, Ma, Yuan: 2004, Collins, Metz:

2004
dot N +h+X B MW&ZyL o
dedydzd?P,,  2Q4z "
Hadronic Tensor
W (q, P, P,) = /d2pTd2k'T52(PT +qr — k)

Tr[®(xp, pr)V ' Alzn, kr)Y'] + (¢ & —q, p < v),

where
®(p, P) Z/ i e?PlY(E, € )Q‘L | X) (X|G[0,00%(0)| P) |
, 2(2 )3 1 - [0,00] g-i‘:o
Ak, Pr) = [ —=—=¢" (0 |G+ __ W(&)Ix; Pr){x; Pn|1(0)Gyy _ 110} |e——g
4z(27)3 (£, —o0] [0, —o0]
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® Gauge Invariant Distribution and Fragmentation Functions
Ji, Yuan & Belitsky PLB: 2002, NPB 2003, Boer, Mulder, Pijlman NPB 2003 more to come ....

et "~\\f“ Bger o .\.Ph

i Ik q ki1 k1[>oi |k
a, 4 a\f\fbmég TaVa¥
NNy UL
Y T
= = s

e T-odd Distribution Functions: Transversity Properties of quarks in Hadrons
Boer, Mulder, PRD 1998

1 ocPkpon_
Az, kr) = ={Di(z, zky)h_ + Hi (2, zky)————L 4 ...},
4 M,
1 o’ pran e’ PTytnt phSg
CI)(LE, pT) — _{fl(wv pT) /h—i— + hf(xapT) 0 + flJ’__T(xva) iy
2 M M
+ .. } ,
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T-0dd Contributions to Asymmetries

e T—odd quark distribution functions, e.g. fim(x, k1), hi(z, k1), (Sivers PRD: 1990,
Anselmino & Murgia PLB: 1995 ...) may exist as leading or higher twist effects due to
initial /final state interactions or ...

e PRD: 1998 Boer and Mulders considered asymmetries, due to the presence of leading
twist T-odd distribution functions, fis, hi

k k2
doys f1®D1—|-an1®D1-Cosqb—l— Q—:gfl@Dl—i-hf@Hf - CoS 2¢
+ |Sr|-hi @ Hi -sin(¢ + ¢s) + |S7| - fi7 ® D1 - sin(¢ — és)

_|_
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Rescattering-Mechanism: T-Odd Contributions to Asymmetries

® Ji, Yuan & Belitsky PLB: 2002, NPB 2003 describe effect in terms of gauge invariant distribution
functions (Collins,Soper NPB: 1982)

= (PI%(£7,€1)6]. _1X)(XIG10. 0 (0)| P)] 4 _
[£,00] §T=0

o0

g[g,oo] = g[£T7OO:|g|:£_ o]’ where g[g_,oo] = Pexp(—ig -/é“— d§_A+)

Y

e Demonstrates that BHS calculated Sivers Function, fit-(x, k)
In Singular gauge, AT = 0, effect remains

‘SDIS

e Collins, PLB: 2002, modifies earlier claim of trivial Sivers Effect

fl_fLF(wv kJ-)'SDIS — _flJ’__F(wv kJ-)'DY
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Sivers Asymmetry in SIDIS

e Probes the probability that for a transversely polarized target, pions are produced
asymmetrically about the transverse spin vector:

|

f k)

1+ 1 -9, e2fi(@)=Di(z)
(1+ (1 —y)?) >, e2fi(z)Di(z)

P
<|]C_,L|Sin(¢—¢s)>UT = |S7|

Y

* See HERMES Data, D. Hasch, G. Schnell SPIN04; COMPASS P. Pagano SPIN0O4,
see also STAR DATA
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Rescattering to Generate T-0dd Function h; In SIDIS

G.G.—ICHEP-proc., Amsterdam: 2002, hep-ph/0209085, PRD, 2003

e hi natural defintion from gauge invariant TMPDF(s)
e Apply “eikonal Feynman rules”, (Collins, Soper, NPB: 1982)

Pr 1 \

® hf(az, k1), represents, number density transversely polarized quarks in an unpolarized nucleons
nucleons-complementary to flLT(ac, k),

h1(x)
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Double T-odd cos2¢ Asymmetry

Transversity of quarks inside an unpolarized hadron, and cos2¢ asymmetries in

unpolarized semi-inclusive DIS
Gamberg, Goldstein, Oganessyan PRD 2003

For the HERMES kinematics
1 GeV2 < Q2 < 15 GeV2, 4.5 GeV < Ex < 13.5 GeV,
02<2<0702<y<08 <P >=0.25GeV?and < P, | >= 0.4 GeV

2 |PhJ_| 1 1
ABRL ooy S EPmf cos20de 81—y B, e by (@) Hy (=)
UuUu -
MM, J‘ P, do (T (=) 5, 2@ D)
903 5
A "
g 2008
8 8 |
S0 - %
= =
s Sow
X X
v v
001 | -
Oy 01 0z 03 04 0
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Estimates of T-odd Contributions to Azimuthal Asymmetries

*x The quark-nucleon-spectator model used in previous rescattering calculations assumes point-like
nucleon-quark-diquark vertex, leads to logarithmically divergent, asymmetries
Brodsky, Hwang, Schmidt, PLB: 2002;
Goldstein, L. Gamberg, ICHEP 2002;

g?erea (1 —z)(m +aM) M n A(k?)

hy (. k1) em*  4A(KE) K2 A(0)

AR = K 4ol — ) (~M2 422 4 22

e Asymmetry involves weighted function

2

k
hgl)i(ac) - /d2kL2ﬁ2hf(x,ki) diverges
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Gaussian Distribution in £

Log divergence addressed by approximating the transverse momentum dependence of
the quark-nucleon-vertex by a Gaussian distribution in k2,
Gamberg, Goldstein, Oganessyan, PRD 67 (2003)

(1P = (5

U(P,S) nucleon spinor, and quark propagator comes from untruncated quark line

616292 b2 (m + CBM)(]. — 33) 1 e_b(ki_/\(o)>

hi(z, k) =
! 2(27)4 72 A(k?) k2

T(0,6A(0) (0, bA(K?))|
I'(0, z) = incomplete gamma function:

e Check approach: lim < k9 >— oo Gaussian width goes to infinity, regain log
divergent result
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Rescattering Mechanism for T-Odd Collins Function

Gamberg, Goldstein,Oganessyan hep-ph/0307139, PRD68,2003, Bacchetta, Metz, Yang hep-ph/0307282, PLB 2004

e Gauge-link contribution to the Collins Function:

+ h.c

Figure depicts hf‘ * Hil‘ cos 2¢ asymmetry.

. . R . . . . . .
We evaluate the projection Alie™ 7l which results in the leading twist, contribution
to T'-odd pion fragmentation

12 02 2
N N7 f%g°1(1—-2) m Mg b kﬁ_—A’(O) / )19

2
where, A’(ki) = ki + %Mﬁ + “7 — %m?
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Unpolarized Structure Function

flz) = %3—2 (1-— x)-{<m+x%(>o2)—“0>— [zb ((m +zM)? - A(O)) . 1] MO (0, 26A(0)) )

* Normalization, fol u(xz) = 2
e Black curve- zu(x)
e Purple curve - zu(x) from GRV

e Pink curve azhf(u)

08l — xu() <k, >=0.36 GeV’ -
—  xu(x) GRV, u’=0.34 GeV*

—  xh, ()

06— —

xf(x)

0.2 —
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Pion Fragmentation Function

2t wl(l—Z) — A'(0)
Dl(z) — 4(27rq)q2 { A/(O)
B [26, (m2 _ A/(O)) . 1] eQb’A,(O)I‘(O, 2b/A/(O))},

which, multiplied by z at < kﬁ_ >= (0.5)2 GeV? and ;1 = m, estimates the distribution of Kretzer, PRD: 2000

051 o

04

03 1!

0.2 !

0.1

zD

1-kretz(Z)

- -  D,(2) p=05, <k’>=0.5
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Collins Asymmetry

e Convolution of two chiral-odd (both T-odd and T'-even) structures,
Jdbs [d* Py, L sin(¢+és) (daT—dai)

Ppi . _
g, sn@teshur = [ des [ d2Py, | (doT + dot)

_ 15y 20D B i)z )
T+ -9, 2fi(@)Di(z)

03 03
-] -]
A A
) )
< <
+ +
< <
N N
o2t £02

7y 7y

B B

2 2

= =

e e

ol o

v v

01 0.1
| | | | | | |
0 0.1 0.2 0.3 0.4 %.2 0.4 0.6
X Z
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Estimates for Sivers Asymmetry

Pl
Pl B Ik dzph_LT sin(¢ — ¢g) do
( v sin(¢ — ¢5))ur = f d?2Py, | do

(14 (1—y)? )Zq e2fii () 2D(2)

(14 (1 -y)*) X, e2f1(z)Di(z)

where As1n(¢ b¢s) <P]\:¢> <| ]\hi_| sin(é — ¢s))ur
,-0)0.2 /-?-?)0.2
< <
s | 5
15_15 i <015 -

o1l /—\ 01+

0.05 -
0.05 -

| L | L | L | L | L |
01 02 03 04 902 04 06

X z
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Combined cos 2¢ asymmetry

Effects that vanish as k% /Q“ important at small and moderate values of Q%=

(cos2¢); results from the ordinary kinematic twist-4 T-even and leading double

T-odd effects,
Gamberg, Goldstein, Oganessyan:DIS-2003-hep/ph-arXiv

$D 1 = i) (=) + 801 - ot V@) e)

(cos2¢)yy = 2 )

1+ (1—y )2+2Q2

(1 —1y)| fi(z)D1(2)

The z-dependences of the asymmetry The full and dashed curves

correspond to the asymmetry with and without /<:?L/Q2 term in the

denominator, respectively.

Red = T'-odd term.

0.025
Green = T'-even term

Blue = sum of them 0

Magenta = difference
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Unpolarized DRELL YAN cos2¢

lepton plane (cm) ﬁ + p % l,L_/,L+ + X
1d 3 1
;d; — T3 <1 + A cos’ 0 —|—,LLSiIl2OCOS¢—|— gsin290082¢> (2)

Angle refer to the lepton pair orientation in their rest frame relative to the boost
direction and the initial hadron’s plane.
® BoerPRD: 1999 cos 2¢ azimuthal asymmetry depends on the T-odd distribution hlL

My Mo
— _ 3
Y > 2 2 F i 1] B)

L i
23 eiF |:(2PJ_ ki —pi- lu)hl SaLF L (x’pT)]

Convolution integral F = [ d’p d’k 1 6%(p, + k| —q ) Ff% =, p ) F4(Z, k).
Higher twist comes in Collins SoperPRD: 1977

1 2 5L/~
hy (z,kip)hy (Z,p7) _ =
2 Za 63‘7: [(21)_1_ k1 —py - kJ_) L §1ﬁ2 L + T4(.’,C, z, kT, Pr; [flfl])]

v > a.a €2F[f111] “

16" INTERNATIONAL SPIN PHYSICS SYMPOSIUM ICTP, Trieste 13 Oct 2004 23




e Gamberg, Goldstein higher twist... In prep

e s=50GeV?z=02-1.0¢g=25—5.0GeV, s=500GeV? z=0.2—1.0 and g = 4.0 — 8.6 GeV

0.4 T I I T I I
I ~
A S
03
I g P
1
/I ’
v 02 I_. ‘\
. i A\'\\\
1! Y
- 1/ . N
I- 9. N
1! \‘3:\\
// ~ON
0.1+ z \g\\'\
s \'\\_
v o
o / *’t'::
7
Oié | | | | | |
0 1 2 3 4
ar
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% SIDIS:Jaffe and Ji PRL:1993 encountered at twist three level Estimate of this effect, Gamberg, Hwang,
Oganessyan PLB:2004

AelSTIVT =y &| M gr(2)Di(2) + My, h(a) 22|

Apr =
M fi1(z)D1(z)
05 ¢ 05 ¢
<'f_0|.45 f <f3.45 f
04 - 04 - -
0.35 - 0.35 -
03 - 03 |
025 - 025 |
02 - 02
015 - e R 0.5 |
o1 /-7 i 01 -
005 [/ 0.05 f\
05 i 02 03 o405 08 %2 03 o4 08 08 THTE 8 1
X Z
Ay for T production function of = and z at 27.5 GeV energy. The dashed and dot-dashed curves correspond contributions of the two terms

of above respectively, and the full curve is the sum. The thin curve corresponds to 6 GeV and the thick curve to 12 GeV energies respectively.
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* Bean Asymmetry Estimate of this effect, Gamberg, Hwang, Oganessyan PLB:2004

4 L(
. L 1) 1(1)
(|Philsing)y = Aer/1-— 5 MM [:13 e(x)zH V(z) + hitW(2) B(2)],
0.014 | 0.014 |
< <
0.012 | 0.012 |
0.01 - 0.01 |
0.008 - RN 0.008 |
: // \\ :
L /7 N L
0.006 - l N\ 0.006
r 7/
L ’ A L
L ’ \\
0.004 - [’ 0.004 |
¥ l
0.002 - 0.002 |
0 'w/.\’.\-..\j.T.—\.—\'T'\_'\—T—\"\'T’T'T'\‘?-r—\'-r--v-w-q-v ..... 4 \
01 02 03 04 05 06 %2 03 04 05 06 0708705 1

A, for T production as a function of x and z at 27.5 GeV energy. The dashed and dot-dashed curves correspond to contribution of the first

and second terms of above equation respectively, and the full curve is the sum of the two
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Also F. Yuan, PLB: 2004. Metz and Schleigel, hep-ph/0403182, Bacchetta et al hep-ph/0405154.

16" INTERNATIONAL SPIN PHYSICS SYMPOSIUM ICTP, Trieste 13 Oct 2004



SUMMARY

The angular correlations in semi-inclusive DIS are considered from the stanpoint of “rescattering”
mechanism which generate T-odd, intrinsic transverse momentum, &k, dependent distribution and
fragmentation functions at leading twist

We have evaluated these functions by modeling the quark, spectator hadron verticies in a quark-
diquark-hadron framework

We have evaluated azimuthal and SSA with Gaussian “regularization” in (k)

Analyzed the leading twist contribution to the cos 2¢ azimuthal asymmetries . We considered the
impact that novel T-odd distribution and fragmentation functions have on transversity of quarks
within unpolarized nucleon

We consider the implications that these T-odd distribution and fragmentation functions have in
Sivers and Collins asymmetries

Azimuthal asymmetries and SSA measured at HERMES and COMPASS and in future JLAB may
reveal the extent to which these leading twist T-odd effects are generating the data

These experiments may point to the essential role played by quark transverse momentum and
T'—odd quark distributions and effects of higher twist
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