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Examples of unexplained asymmetry data

Single Spin Asymmetry (SSA) SSA data [
ata

h, h, - HT X N "
112 SSAsz(H) do(HY)
do(HT) 4 do(HY)

hyHT = h, X

Single Spin Asymmetry in Drell-Yan ?

Azimuthal Asymmetry in Drell-Yan Drell-Yan
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Examples of

— 2 2
Dp — AT = (82)“ GeV
1 <pr<4 GeV/c
Ex.. Helleretal., P.R.L. 41 ('78) 607
but also other data for p-Be at higher s
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Adams et al. (STAR), P.R.L. 92 (‘04) 171801

(ppp= 1.0 1.1 1.3 1.5 1.8 21 24 GeVic

AN ~ 20%-40% as for s < (20)? GeV? experiments! 02y ga e

An(zp) zp =2(pr)L/V's




" A
Chiral oddness of SSA .
= HUH+I-)
helicity basis  |+) transverse basis = () - )
2

SSA ~ (1 o] 1) = (4[] 1) = (ol =)+ (=) helicity flip

QCD : massless coll. partons + collinear fact. th.
do = Y PDF(za,Q%) ® PDF(z, Q%) ® d6 ® PFF(zc, Q2)

several cor:}:tl;?butions to do 6 independent M ;\‘/u” ,
Ex: ek aw MIt=m MI7=M MI~=M;
Mt =M, ML =Ms MI*T= Mg
SSA = do(qT) _ dg(qi) interference of
qA q U da(qT) o do(qi) amplitudes

quark-quark elastic scattering & Im [A/[6(M1 + MB)* — Ms(Mo — M4)*]
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Collinear massless quark spinors A== 1 1+Ms

Uy = u)
2
q),’ M ~ ’ZTL)\fl_’U,)\ 1_2/\’75:1—&/\
— /
r ~ ay (1 —=XNv5) (1 —Ays) M uy
T
qr ~ 5)\/\11_5)\;'_%)\4—0(#;)
.f_::'['/

N

PQCD: helicity flip suppressed }:> SSA suppressed !
+ interfer. suppressed as loops
[ Kane et al., PR.L. 41 (78) 1689 ]

Moreover do = Y PDF(zq4,Q°) ® PDF (23, Q%) ® dé ® PFF(2c, Q2)

abc
| rotational
collinear - } < — SSA~0!
partons
distribution fragmentation invariance

NLO, higher twist, etc.. do not explain data ! Need intrinsic parton p, ?
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T A—-uTum X A=dW

-
m A I 1 i 1 i A A

+ S JENG" T ——— Y
il o i Ex.: Conway et al. (E615), P.R. D39 (‘89) 92
000 4.05<m,£8.55 GeVc? N fixed target with E_= 252 GeV
Rl Uil (see also
e LT L | NA10, Z. Phys. C31 ('86) 513 ; C37 ('88) 545
000 R with 140 < E,_ <286 GeV )
075 i i i i 1 i i " "
ol 2 AN 41 { pQCD: massless collinear partons
| 405<m,z8.55 Geve? | = no ¢ dependence
4 0.20<x4<1.00 P = 7\‘ ~ 1 u Vo~ O
—0.750m. ——r— 150 —r—" ™ il
' o (Gev/c) Lam-Tung sum rule (P.R. D21 (80)2712)
i TR ' ! 1-A=2v=0
v ]
A IO AR
] 4.05<m,8.55 Gevc? i | exp.=>A~1v~0.3
A s A sum rule violated !
0.00

150
pr (Gev/e)

1 do 3 1 v
= — 14+ )\ cos?6 sin? 0 cos ~ sin?0cos?2
10 4r A+ 3 + + ¢+2 ¢5+0(058)
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 observed large SSA in hadronic collisions with transverse polarization
= mix parton helicity (=chirality at twist 2) and require ampl. interference

 but QCD with collinear massless partons preserves helicity and
interference is suppressed by loop contributions

need chiral-odd nonperturbative mechanisms

* observed also large azimuthal asymmetries in unpolarized Drell-Yan

» QCD with collinear partons generates only radiative (=DGLAP) p; parton
distributions and small asymmetries

* need intrinsic (=non DGLAP) p; parton distribution

* interaction between transverse polarization and orbital motion of partons

U

need (naive) T-odd nonperturbative mechanisms
SSA =0 for p'p — nX for years
because of T reversal invariance!
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o
Brel-Van kinematics HyHSD St x

2

c.m. energy s = (P1+ P»)”

invariant mass Q2 = M2 = (1t +1)2 o, |k

kK, Kk
k?. 2

M?Z?,s — oo factorization

®

P,

,.1 b,

: 5 i
DIS regime j _ __ M2 _ 4 - theorem p | e,
— s — Collins, Soper, Sterman i
N.P. B250 (85) 199 @ J—
( + L i
Py~ (0,PF,00) z1 = p—]‘_l_,plT dominant contribution
M2 = 0o ¢ 1_ ar = pir +por | M #resonances

T momenta in xz plane /lepton plane

2N(P27070T) rop — _7p2T
\ P2
p Pr . it
--------------- . Collins-Soper frame // ¥, ‘w
[P.R. D16 (77) 2219] /

— o : L : Y q
do < ) Tr [®(z1; p17,51) ¥ ® P(22; Par, S2) 7] + ( b
S1
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parton-parton correlator ®

S =57 =(0,0,57) o "B L :
p= (O,QEP-I_,pT) —= € — (5_,O,€T) ?[ (I) i J?
> S) = a' — P& (P S|p(E)U I 0)|P, S
@01 8) = [ o35 ¢ PP SIHE) Uo g w(O)IP,S)

gauge link

» decomposition of @(x,p,S) UPON (1, A», 45, vHvs, oH, cHvg) @ (pk, PH, SH)
* hermiticity P &l (z, pp, $)7° = &(z, pr, S)

« parity invariance +° & (z, By, 5) 7% = d(z, pr, S) a = (a®,—a)

 time-reversal ©  (ir? (2, By, 5)iv?)" = &(z,pr, 5)

project out only the leading-twist content of ®
= number density interpretation of parton distributions
how does @ look like?
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" A
correlator @ at leading twist including transverse momentum & polarization

®(z,pp, ST) = 1 {fl(%pT) P+

2P+
/d — h1(z, pr) iouw SPY s
Pr

oAl = %Tr [® A]

def. :

< number density of ' in p = (1.0.07)
T

following Trento Conventions

[ Bacchetta et al., P.R. D70 (04) 117504 |

1 : H o v
qu/pT 5 (cp ﬁ—/z] _|_ cbh‘f;w n_s ’75/2])
_ 1 .. Pxpp-Sp  Pxpp-s . (pr-Srpr-s p%
4 possible cases: qu/p' fql/p qu/p- fql'/p-
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" M

D) farp = gyt + Fgupt) + Gt jpr + i jp1) = £, p7)

=0

2) fq/pi

- fq/p._ — (qu/p' +fql/pi) - (qu/p. 1/p|) = /1;

Xk XKy

Cﬁ)_ . B + w ﬂj@ Sivers %

3) Fatp =

gp = (qu/pi == qu/p;) - (fqi/p' i/p 1) = —‘hl

@—@ Tiﬁ h,%x) }@_ Boer-Mulders

4) "Of gt it

by = é_é hip= Q Q transver3|tyq>( M

+

= (Fgr/pt = Fotpl) = gt ot — Fijpl) =h{ Sy s

. P xpp-Sy
M
4 gk,
L)
St
(,PxpT-s
M
A

P

- S .S 2
PT T PT _pT ST-S)
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transversity h, from Collins effect in SIDIS 2
B e
7_’((— / 0 k % Ph + St ‘*2“
ST
(Prr| sin(¢ + ¢s) (do" —do'))  Fgq €q2hi(x) H wial
<dJT + do‘l> Z(;(j 63 ff (:C) D(f (‘Z)

<5
combine SIDIS and e*e” — parametrization of h;, g
[ Efremov et al., P.R. D73 (06) 094025 E
Anselmino et al., hep-ph/0701006 ] | Prokudin talk |«

COMPASS: 2002-200)4

—a— positive leading pions

0.1 —e— negative leading pions

ACDII
[=]

‘+}**§*}i> _________ ______ 3-&-{}--*; ..... It ++‘++ﬁ“+‘l"{'+ ____________ { __________

of 1

—a— positive leading kaon
0% o negative leading kaors

S
oy
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m FHERMES PRELIMINARY 2002-2004

F lepton beam asymmetry ampliludes
:_nut corrected for acceptance and smearing

e pT S ertX
Airapetian et al. (HERMES)
[ P.R.L. 94 ('05) 012002 ]

I - }
0 IR .3 3 SPU N gt ++++ TR0 S S
< &* “} CERR *-hj& P u on SLiD
oz | T Magnon for COMPASS @ SPIN2006
10° KB:D" 0.2 0.4 26 08 0.5 pt EGer::]s Martlﬂ talk I|St 4
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Sivers funct. fﬂ-J‘ from Sivers effect in SIDIS “:% Cm ot F HERMES PRELIMINARY 2002-2004
o = + (1 = 012 - :_nn:\t corrected for acceptance and smearing
(Prsl sin=Js) (do! —dob)) Ty /i@ DY) T ok : -
(doT +dot) > aq €2 fi(z) Di(2) 2 sl + g - + *
S;# 0 — L, # 0 — asymmetric distribution of g bt + : + bt E 4t
in transverse plane oz + ;* z
[ Burkardt, Phys. Rev. D66(’02) 114005 ] i e s st S
parametrizations: Anselmino et al., P.R. D72 (05) 094007 % wssf e
L r r r
Vogelsang, Yuan, P.R. D72 (05) 054028 £ "™t = 3
Prokudin talk - _ Sl 1k ;— J
Collins etal., hep-ph/0510342 Jl H___ e i +--+.--.+----#:_.L+.- 1
< ::’el!;?:gﬁgsdrons positive hadrons 2002-2004 data -n02 | = -
ol Anselmino et. al | | COMPASS Y E_ E_ E_
U%ﬁggiéiﬂﬁ *ngigiﬁﬁ # = of édg‘jiﬁq‘ i ﬂ -D.Dﬁi'__.'ﬁ'r'..|!ﬁ:_i...|...ﬁ;—..u...u...u...u...m
01 na 0302 03 04 05 06 02 04 06 048 1
01 4 L X Z FhJ_[GE‘Jr]
) /
R IOVEOUPUON PRl T o epT S e 7T:|:X
-4
o4 ; i Airapetian et al. (HERMES)
0_...'E gié iiiﬁ}_'!ﬂiﬁﬁﬂﬂﬂ &ﬁ§§Qi#§{+ [ PRL 94 (’05) 012002 ]
} .
" negative hadrons u on GLID
02k L Z_" s L Magnon for COMPASS @ SPIN2006
. : P [evie Martin talk
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“universality” theorem for Sivers function

4
d™¢ o—iP =i
i *(@prS) = [ Gz PE(P, S1(€) Up ¢ $(0)| P, S)

fh,/o:" ~.}3‘b~_ \
't A Lk/( 7—7 > o ¢ ‘—w
\%\f\{_ o / 5 PR TiT

J Tt g

’ ’ future pointing gauge link
P, a P,
o B - A K
B2 L/b/k/ P, - « 0
o it k3 E 2 ‘VTPL / _[ P
S— o N— past pomtlng gauge link
P i P,
gi """"f q; Collins
list < SIS I Bl N o O
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Drell-Yan cross section goer pr. Deo 0 (99) 014012
at ieadinq thSt Tangermann & Muider s, P.R. D51 ('95) 3357
do , 1-A # 2v is hadronic effect?
= do”® Sor| dA ”?
d1dzydCde, + |Sor| dAc Or as QCD vacuum pol.”
[Brandenburg et al.,
ldr 3 1 Z.P. C60 (93) 697]

S — — 9, 5
10 It 3 {H—,\cos 0 4+ 1 sin 8cos¢>-|— sin26 cos qb}-l—o(o:)

X Z e {(1 + cos® 0) F [fE fi] + sin® @ cos 2¢ F [A(plgp,pgr_p
q
+[S2r|(1 + cos® 0) sin(¢p — ¢g2) F [fl ‘- Por JF
— |Sor|sin® @ sin(¢ + pg2) F {fl : pl. . }

F [fl fl} = /dplepzT (P17 + P21 — ar) [f1 (z1,P17) f1(z2, Por) + 1 < 2] h

do=F|fLfa] {1+..}

qr
lar|
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[ Conway et al. (E615),

Monte-Carlo simulation PR. D39 (89) 92 for 1A
. Anassontzis et ai. (E537),
assume g; dependence — break convolution F )
W g a2 M) Fap ||+ 3 e o DS? 52117;for§ |
dew1d$2qu — s qr,r1—X2, xr1,I2 G\qr, r1,x2 VU, @, P§2

=1
‘\Noc do® event distribution TR

LLAQCD Corgectlons NLLA corrections (compensate in SSA?
— f; (x, log Q?) see Kawamura et al., hep-ph/0703079 NLL+LO
JPARC kin.: s=100 GeVZ2, Q=2 GeV, y=0)

c1 S = cos?0

Yy €5 F [CQ(PlTaPQT) hi " hy }

co So = ACOS2¢ — — sin 6 cos 2¢
UuU Zq 65.7: {flq fﬂ
2 [ 7lq,q
sin(¢o+¢ Z es F h-plTh; h’l _ .
c3 S3 = Ay (W+s) = ~|Sop| = [2 T ] sin 0sin(¢ + ¢og)
Zq €y F {fl fl}
inid— > €2 F |h-por fiL 117
ca 84 — A;m(cb qu) — |SQT| q q { 2T J1 /17 } (1 +C052 9) Sin(Qb o QSQS)

¥ 3 F | ]
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B wh =

Generate the asymmetry

I i WA W

select the SSA — ¢; S;i=2-4 and model/parametrize it
generate events in g, 9, 0, Xx,, X, at fixed ¢5, using A F ~ do®
sum upon g+, 6, X4 (and also ¢, for i=2) for some ¢

for each x, accumulate events with

< Fio (. 9s2)] >0 < U

Fio (9s2)] <0 < D

SSA (x,) = (U-D) / (U+D)

. for each case, repeat simulation independently for 5-10 times

build mean value and variance of SSA for each x,

. only statistic errors

Intern. Workshop on Structure &
Spectroscopy
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Monte Carlo kinematics and cuts . | _

r (anti-p ?) beam on (polarized) NH, _2(‘ ® —
E, = 50 - 200 GeV - T
s ~ 2 M E, =100 - 400 GeV? w2r L
_ avoid = = =
Q=M ra,nge explored: eSONANces 12 L .
S
~M, /M -

T in “valence” region: 0.1 <x,,<0.5

Moreover:
0.5-1<q; <3 GeV/c (loose 50% of data!)
60°<0 < 120° (only for sin20 distributions)

— Bianconi & Radici, P.R. D71 (05) 074014
target dilution factor: (05)

# (n-NH,) collision ~ 14/17 (n-N) + 3/17 (n-H") — only 20% of polarized
events!

Intern. Workshop on Structure &
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| | - ' . g
& [20cmyycareenc] | Iy Mpp> 3560/ I Hogan et al. (FNAL-E444)
g | { Phys. Rev. Lett. 42 (79) 948
S 5 { ool A
o / : ‘\ /‘
E ¢ O -0 B .\."."".'.
-cj A
0 ' : ‘
| 0 |-l 0 | -l 0 o |
Cos 6 Cos BF Cos 8 _
| in Parton Model
o 3scevet 9] [[ssceud angular distribution
o Pr>1,0 GeV/e Pr<10Gev/c ~ (1 + cos? 0)
S 5k 3 ¢ 4 from elementary QED process
:E“": +\+\.. ’./ \. ‘../ + - y + - p
% o’ ¢ -0..._..... ee — u u
0 L | L corresponds to
- c 09*' Il c 09* | response function Ry
R 05 to transverse y'
FIG. 3. Helicity angular distributions in three differ- does not work for J/y

ent mass intervals. The M>3.5 GeV/c? interval is also
shown divided in two p . intervals. The Collins-Soper
angle (9*) is defined in the text.
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SSA from the Sivers effect: param. #1

Sqe2F |h-por fi
Sq €3 F [T 11

ca Sa _Asm(czb bg)

|

— _N (qu + Bq)QQ+ﬁg

q ;3(;
q

= [Sor]

Anselmino et al.
P.R. D72 (05) 094007; D72 (05) 099903E

1) f

:L.qu(]_ = (xapT)

-0.05 -

fi(@,pr) = — 5 e PT/PD f(x)

fit HERMES+COMPASS

SIDIS SSA data
<p;2>=0.25 (GeV/c)>

[

cq ~ \SzT\

0
d cos 6 dxq AS'”(¢ $s) _— Sin(¢ — ¢g) >
™~ sin(¢ — ¢5) <O

[ da.
}I results

Intern. Workshop on Structure &
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1

] 7] (1 4+ cos?9) sin(¢ — ¢ag)

0.1 ——

0.05

lRefl.[ZO]‘ ]
Ref.[23] ——-

0

00—

0.32+ 1.0+
No | 911 [Ne| 012
0.29+ 1.16+
% | 035 | % | 047
3 0.53+ 3 3.77+
u | 358 | Pd| 259
0.32+
2
Mo* | 0.25
20




The flavor-average approximation

85 u(w1) ugiy(z2) + 65 d(z1) dgiy(T2)

% = N : '
4 (ar) _85’&(171) u(zp) + 63 d(z1) d(z2) + €2 5(x1) S(T'?)_ +(1<2)
N ugiy(22) dg;,(x2)] _
R~ N(QT) Ny U(xg) + Ny d(mg) =4
4 M,
N(qr) = [Sor cﬁn+—cf1\::f§

neglect sea (anti)quarks + flavor average — n, statistical weight

/ | C4

consistent with 0.4:

HERMES analysis assume no strong o
. flavor dependence
of Sivers effect sk
of sea 3
0.25;—
0.22—
0.15;—
0.1;
Bianconi & Radici 0'05:/ L
hep_ph/0610317 % 005 01 015 02 025 03 035 2;4 54

4 Sivers Intern. Workshop on Structure &
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" A
+_ 1 4+ — 100K events (before dilut.) E_=100 GeV s=200 GeV?
T ? — S X 4<M<9 GeV 0.559g;<2.5GeVic
I o
14000 . - 100K _ nt 25K Sln(cb o ch?_-)) g
12000 | : !
10000 o = f |
3000 | s 1 Bianconi & Radici
6000 i ] P.R. D73 (06) 114002
sl F - : asymmetry A;in((b_(bS)
— f— ! 03 T .

S y Ty N = B O sy N I {EN YA S ==t [
0 010203040506070809 0 0.1020.30405060.70.809 0.2 !
o . |

param. # 1
Lq’ — Lq’
hir SIDIS Thr Drell—Y an
117 grprs = ~F17'
1T 1s1DIS 1T [Drell—Y an
B R T R T T TR T
N,=0.32 Ny=-1.0 ER R e

Intern. Workshop on Structure &
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Running time for Monte Carlo sample

Program — total ¢ for absorption of pions per nucleon producing
Drell-Yan event in the selected kinematics

luminosity L x ¢ = # of “good” Drell-Yan events per nucleon and per sec.

s (GeV?) | M (GeV) | o, (nb/N) | events/month
200 | 2274 | 05 52K
(no Jiy)
4-9 0.25 26K
30 1.5-2.5 0.8 20K
4-9 4 x 104 10
COMPASS | after cuts dilution | polarized
factor events
T beam 100K 0.2 20K

Intern. Workshop on Structure &

Spectroscopy

COMPASS &t beam
L=4 x 103! (cm-2s")
PRELIMINARY!
(see Denisov talk)

PANDA
L~10%" (cm~2s1)

~ 40 days of running!
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" A
SSA from the Sivers effect: param. #2

2 [ 7q ¢lq
sin(¢p—aoe) Zq €q F |h-por fl 11T ;
ca Sa = A, $/ = |So7]| [2 4 ] (1 + cos? ) sin(¢ — ¢as)
|‘| 2qeqF {fl fl]
L4 = Noz (1 — ) MQP%P‘T iz, pr) Bianconi & Radici
/11 g (02 + %Q ¥ P.R. D73 (06) 034018; D73 (06) 114002
1 2 /2
iz, pr) = e PT/PT) fi(2)
B T o (p2) ' x dependence | || pp' — noX \Ff_or\?_e[')sfg ?0%)?532628
- 2 SSA as
<p7°>=0.25 (GeVic) o Sivers effect Adler et al. (PHENIX),
T P.R.L. 95 (05) 202001

o

N, | 07 |Ny| -0.7
2p0qr \° 8Ny + Ny Po 2
ca = |Sop| q% +p% 5 x5 (1 —xo) GeVic
in(é— sin(¢ — >0
/qudcosadscl A?n(qﬁ ?s) . (¢ =¢5)
™~ sin(¢ —pg) <0

Intern. Workshop on Structure &
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— : _ _ )
T pT — ,u_l_,u X ]Ool\lf exeft”(bﬁfgre dllu’E;)E nE"\ J 00 GeV s=200 GeV
events 4<M< 9 Gev 0.05g:< 2.9 Gevic
16000 - ] T T ]
4000 I © 100K n 25K | Sin(¢ — qbsp) >0
12000 - 1 ] _
10000 - l
8000 I : Bianconi & Radici
o0 | B : _5 P.R. D73 (06) 114002
0 ’ - T * asymmetry A;ln(¢_¢8)
2000 - — 1 1 0-3""' T S
® "% |0.1Io.z|0<3|0.4'0<5|0.6'0.7E0.9_ 0 I0.1ku.zio‘s|0.4'0.5|0.6|0.710<sin,g_ 02
param. # 2

Lq’ _ Lq’
I SIDIS LR Drell—Yan

fi7] = —fi7|
1T |s1DI1S 1T | Drell—Y an

N,=0.7 Ny=-0.7 e i T e i T M
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Violation of Lam-Tung sum rule
YqeqF [CQ(PlTapzT) hy " hy ]

2 8o o €0 Sp = A = — sin? 0 cos 2¢
q rq
2 2q eg F [f 14 1]
no parametrizations of h,+ available, but: 0.3<x<0.7
Boer, P.R. D60 ('99) 014012 fit v(qy) from NA10 exp. [Guanziroli et al., Z.P. C37 (88) 545]
MCM 04
— A e
h: (-’L'apT) = C pI —{—MQ fl( ,PT) Oy ca |\/|C \,0_;::
OéT _ 2 . 0.25}
fi](maPT) - 41, anTff(ib’) 1Gev2| 1| 2.3 Gev =
2 2 '
¥ o o ola) Ty IMEGT
eo B gV ¢ 5 %) il
2 (qT -+ 4MC') |
2 0 ‘ ‘ ‘
[ daydcoso sy AZGE2 < 20 .
e = Sees Models Rpltsit
s 10% : MIT [Yuan, P.L. B575 (03) 45]
ol - T} 25pr=3 GeVic 1/N, [Pobylitsa, hep-ph/0301236]
i R e e | Diquark [Bacchetta et al., P.L.. B578 (04) 109
" L b T 1<p=2 GeV/c Lu & Ma, P.R. D70 (04) 094044]
sad SRR S o T r— PYTHIA simulation [Sissakian et al.,
P.R. D71 (05) 074014 E.P.J. C46 (06) 147]
0950, 03 04 0s 06 07 Intern. Workshop on Structure &
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" A
Diguark-model-driven fit of v

 one-gluon approx. of gauge link; in SIDIS, T-odd structure
from interference diagram

* propagator of diquark in Light-Cone (LC) gauge 5 /p
(only polarized states L to momentum; ———— -
consistent with LCwf of Brodsky [N.P. B593 (01) 311])/"' hP—p+1"‘qu—p oo

» esploration of several p-g-D form factors Conti. Bacchetta, Radici

» calculations of f,-+9and h,* 9 ; signs consistent with lattice in preparation
[Haegler (QCDSF/UKQCD), hep-ph/0612032]

Procedure:
- take f,(x,p7) from model at Q,? = 0.1 GeV?; calculate f,(x) = fde f,(X,p1)
« evolve f,(x) to Q?=16 GeV? [ q evolution (f;) Kumano, C.P.C. 94 (96) 185
q" evolution (h;, h;t) Kumano, C.P.C.111(98)150]

e fit result with N x~ (1-X)l3 0.2 0.4 ; 0.8 1
* change sign in h+ from SIDIS to Drell-Yan

- add factorized q; dependence fitted to v(g;) from  =°° Q?

NA10 data, i.e. c, of previous slide o

» “consistency” of generated asymmetries
hit®ht and ht®h,

-0.25

-1.25 Q02

-1.5

dlu
h1
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" A
p — ,u'l' p~ X 100Kevents (nodilut)  Eyern=100 GeV s=200 GeV?
4<M< 9 GeV  60°<0< 1200

COS2¢
Ago
015 ——
0.125 |
01 | :
. | I A NA10 fit
B 2< g1< 3 GeV/c
0.05
00251 | A Diquark
. 2< 9= 3 GeV/c
: | A Diquark
~0.025 | 1< g3 GeVic
_005 1 1 1 | L L L | s | | | L L L | s | | |
0.2 0.3 0.4 0.5 0.6 0.7
X2

< running time with anti-p beam?

see Denisov talk Intern. Workshop on Structure &
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" A
SSA from the Boer-Mulders effect

i S, e2F\h-pyphy ‘bl . .
o3 85.= AOHeS) - g, Ta T B P T o
Y €3 F | A
MoM
h/-. (:L’,I)T) = ¢ —iMQ f]_( pf)
T
- _ +a h,9, f,9 from Diquark model
he - CM_} ar p? h4 h1 1 q
1(@Pr) m Thi(@) with factorized
ar 2 q

f(@pr) = —e TP fi(x) evolved x dependence

and NA10-fitted g, dependence
or |co Mc

1Gev2 | 1| 2.3 Gev

404

N 2Mpar (hi(z)) | day dcos6day ASN(G+65)_~sin(o+ 85) > 0
c3 & —|Sor 2 5 sin(¢ + ¢g) <O
7+ 4ME (f1(z2)) =
(h1(x)) { VT
nput ———+ output SSA
P (fale)) /1-o see also
Bianconi & Radici PYTHIA simulation
P.R. D73 (06) 114002 [Sissakian et al.,

E.P.J. C46 (06) 147]
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'._
71'_pT — ,u+ u X B 4o
200K events (dilut. factor V) s=100 GeV? pp' — utu X

1.5< M< 2.5 GeV °< P9 <1200
sin(¢+¢S)Ge 007<9 0 200K events s=200 GeV24< M< 9 GeV
Ap o A 1<q;<3 A 2<qg;<3 GeVlc

001 NS O s

001 |4
002 |
~0.03

~0.04 |

-0.05

» running time with ]
anti-p beam? 0.1 0.2 0.3 04 0.5 0.6 0.7
see Denisov talk
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P + = B
parton-parton correlator A BT T
_ A
k =~ (ljhvoakT) = C - (OaC+7CT) { J
: 7 th
A(z kr) —Z / on )4 e OIUL, (W (O|Phy X) (Pr, X[(0) Upg,06)0)
gauge link gauge link

» decomposition of A(z,k;) upon (I, 7, vs, ¥ys, o, ov5) ® (k*, P})

« hermiticity VO AT(2, k) A = Az, kp)
« parity invariance VO Az, k) ° = Az, ky) a = (a¥, —a)
correlator A at leading twist including transverse momentum & no polarization
1
Az k) = — <D

number density of hin g nt = (0,1,07)

— [’Y;;ﬂ+/2] [W,w/n s'Vs5/2] J_kXPhT S
s = (a0 ) L (o e

2 combinations: Dy, .1 Dp, 00

Intern. Workshop on Structure &
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— - B,

_ . lqkxPpp-s k ’_//'/ /q)
2) Dyyqt = Dpyqr = Hy " 2z M, 7?
Hj= (i — O) _ (f — O) Collins effect

in SIDIS
epl s e X

o | . chiral odd
YaValV VAVAW]
p| + Tl

mm(qﬁ + ¢g) (do! — dot)) N Yanes 2 iile) B2 () need knowledge
~" (do! 4+ dol) > q €2 fi(z) Di(2) of ke~ - P,1/z

Intern. Workshop on Structure &
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but also in
I I V
P'P—=TA

§ e 1’ mesons
o O Total energy
S 04r
" — Collins
0<Z --- Sivers _
o | --— Initial state twist-3 _ /
£ - — Final state twist-3 )
€02
7
74
<
=
<
0.0
-0.2
nt O
F
DF which has not yet been pr'Oven! Adams et al. (STAR),

P1- ucpcllu N T

P.R.L. 92 (‘04) 171801

do ~ 1/P,; in pQCD with collinear approx. (q helicity flip and ampl. interference
suppressed) — more complicated elementary mechanism :

Qiu-Sterman (twist-3) effect ? T A&t @ D
[ Qiu & Sterman, PR.L. 67 (91) 2264 99 ® f1 ® Ok @ D1
P.R.D74 (06) 114013 ] look for simpler situations!
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P
K — /-
SN A%
Collins effect asymmetric azimuthal orientation of plane
/' dkp ...k xPpp-sh... 50 with collinear system of two hadrons produced,
. . eg.,inepl e (mmn,)X ppl—(mmX...

E, E, P, . P.=P +P

B survives |dk h 1772 .

e . ]
| fh . + 21— 22 2R
k]k ' .“k kN( 7O’kT):>€_(Oa§ ) (= - = Ph_

d4 _
A(z ¢ kp, R) = z | o (2n 5 RO oy ¥ ()| Py B; X) (P, R; X[P(0) Ug o) |O)

» decomposition of A(z,C,,kT, yupon (I, v, s, AHs, oH, oM ys) ® </.€M, PH R“)
with hermiticity and parity invariance

O O
/dkT A(Z,C,kT,M}%,ﬁbR) Z;{Dl_l_zjl\thql( A—Q) - (:_-Q) } 7+

= & —
[ twist 2 — Bianconi et al., P.R.D62 (00) 034008 Dy (D
twist 3 — Bacchetta & Radici,

P.R.D 69 (04) 074026 ] Intern. Workshop on Structure &
Spectroscopy 34




first suggestion [Konishi et al., P.L.B78 (78) 243 ]
SSAin e pt— €’ (hsh,) X

[ Collins et al., N.P.B420 (94) 565
Jaffe et al., PR.L. 80 (98) 1166
Radici et al., P.R.D65 (02) 074031 ]

at leading twist

sin(o R ~+o g ) 2 1

do
AUT h (mayaZ:Mh) = L

sin(¢p + ¢5) doyy
 By)/y? = |B| Tqe2 (W(@)/2) HY (2, MP)
A(y)/y? 4 My, 3, €2 (fi(z)/z) D1,4(z, M7)

Hf from e*e” — (h,h,) (h," h,’) X (BELLE) | Grosse-Perdekamp talk ?

checked universality in SIDIS and e+e- at twist 2

[ Boer et al., P.R.D67 (03) 094003 ] or models !
evolution equations with %Dil_)hlh?(zl, 2, M?,Q?)
explicit M, dependence din@ X
just as simple as PDF O‘S(Q )/ pi—hih (z_l 2 M2,0 ) Pi(u)
[ Ceccopieri, Radici, Bacchetta, 21-|-zz u? u U
in preparation ] Intern. Workshop on Structure &
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Hfl unknown from BELLE

(Boer, Jakob, Radici,
P.R. D67 (2003) 094003

also Artru, Collins,
Z. Phys. C69 ('96) 277)

e
hz lepton frame Kq} /
f

leading twist Jab frame
602 , - HP 8P
do = o7 #°% .. + cos(oy + 8, — 200 BWIRy IRyl F | |+ )

“Artru-Collins” azimuthal asymmetry

5 (5) a7 same as in SIDIS
A, 2rer (i) Hy (R) universality verified

zf Df Df at leading twist !

N.B. production of collinear pairs — reduced background ?
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M
i ‘ Before HERMES & COMPASS data

(Jaffe, Jin, Tang, P.R.L. 80 (98) 1166)
wap ~ 5@1(2) sin (50 Sin d1 sin(cSo = 51)

* s-p interference from n-n elastic scattering
phase shifts only; sign change from Re[p]

(Radici, Je'_ " go7
0.06

0.05
spectat 3 oo

interfere = - 0.03
T 0.02

0.1
0

filsin E

-0.01 ;_E-E% scale U“GHIETF '

< gjmee

P. van der Nat

DIS2005 0.6

— — — = /A e 4~ ~ 4

ralin

HER MEIE PRELIMINARY
I

09F
0.8E
0.7 F

Ll

|
&

] ~
. F 1050
304
i Zf
L ﬁﬂrﬂl.:!} 0.3

AETETRRTETARTETAINRTIINIRR IRTT:

l]EI-l]-fIl]E[PEU?DHIDQ 1 1112

M__ [GeV]

0.7 0.720.74 076 0.78 0.8 0.820.84
M, (GeV)
Trento conventions — x (— 8/m)
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"
upgraded spectator model | 1Py, Po, X) ~ |(nT77) 1, §)
[ Bacchetta & Radici, P.R.D74 (06) 114007 ]

1. background = q — ' X; no resonance — real s-wave channel

2.9q—-p X, > X, )
Xi=X,=X3=X,=X

3.4 = WXy =TT Xq ©  p-wave channel = coherent sum |2.+3.+4]
4.9 - w X, — 17 (0 X,)
T g Warning: w — [(T7 1), 24 ] 4
4
:> max number of (T1*117) pairs in s-p interference ~ Zm [ p-wave channel ]
2 Fn2
parameters s-wave fs e_k /NS ot -
4 g
. . \
Swave o BW(MZ, mp, Tp) + fuo BW(ME, muy, Tw) : 5 O
2 —k2 /N2
+.fw3 dpﬂ-o BW(ME’,?Ta My, rw) € p Ei
q/c
_ Ba/x Vs,
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fit PYTHIA distributions of pair invariant mass and z

20000 |
15000 }
10000} |

5000 |

0.4

as = 2.598 + 0.051 GeV?2
Bs = —0.751 + 0.008
vs = —0.193 £+ 0.004

ap=T7.069 £0.11 GeV?
Bp = —0.038 £+ 0.003
vp = —0.085 + 0.004

fs =1197.24+ 2.0 GeVv~1
fp=93.49+1.58
fo = 0.635+0.026
fus = 450.83 £ 7.02

2.+3.+4. p-wave

[ Bacchetta & Radici, P.R.D74 (06) 114007 ]

0.8 1 1.2 |
M, 25000
20000 |
15000 |
10000 |
5000 | - -
fg = 2.972+0.04Gev O H : : : ; : =
Mg = 2. ' 02 03 04 06 06 07 0.8
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|
models for transversity Strat
Soffer, Stratmann, Vogelsang

P.R. D65 (02) 114024

— oirat
K.ar Korotkov, Nowak, Oganessian
Schud  E.P.J.C18(01)639

— Wak

— Strat| schweitzer et al.
K.or P.R. D64 (01) 034013
schw] Wwak

ot Wﬂk Wakamatsu
P.L. B509 (01) 59

Fu/ 47/ 4 from GRVEB-LO
@ Q2 =25 Ge\?

1985 4y By) /y? | B HP (2, M2)  [Emerdua(hY — b + b — hY)/z

Tmin

1082 dy A(w) /42 4 My DT (5, M2) [Emas du d(f2 4 fE 4 [T+ ) /e

Lmin
Ein = Max [0.023,Q2/y(s — M)| ez =min|0.4,1 = (W2, - M2 Jy(s = M) = 56.2GeV?

Intern. Workshop on Structure &
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]
‘spin asymmetry ‘ 0.

HERMES

6.6% scale

PRELIMINARY uncertainty

0.07
0.06
0.05
0.04
: D 03
< 0.02
0.01

‘:-in (P Helsin®

0E-

0.01F . |
E X Fl-ﬁ?u |E|-.‘::|alll;=| :Jlrr::u?ﬁ?rﬁ}:- 1

< 8jmE

0.6 &

HERMES PRELIMINARY

+

09 F
0.8E
07

& 3
| L B
N 104
4 0.3

l.-.-'z‘-\.-

= f'ﬁlrlg"‘-
el Lo L b

0.50

1]304051]51]?1]3[]9 1 1 112
M__ [GeV]

0.25
0.2
0.15
0.1
0.05 |

0.08
0.06
0.04
0.02

Mh

023<x<0.4 ; 0.1<y<0.85 Asm(w +og)
Q2>1 GeV? s=56.2 GeV/?

w — (Tr*1r7) 179

 Reducticn= 24%

h fg;_? dz ...
" 5 _).-|-|-+-|-|-'

Reducticn= 40% -

sin(o ptog )
Uur

I'.I# I]E

0.8 1 \Y/

015 015

Intern. Workshop on Structure &
Spectroscopy

»
»

1.23
[bin dMp, 2Mj, ]g.g dz...

(bin[Mp]) =
fbln th QMh f828 dZ
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i
53

<

« 0.2
4" | 2002-2003 data

0.1

0= preliminary

-0.2 ! '

g'.-'lrlm’luii 23, EFIIE_T)

|
0 02 04 06 08

Joosten — DIS2005

0.2

| 2002-2003 data

0.1

°;'hf“ oy

1 12 14

M, [GeVic ]

01 preliminary
March 23, 2003)
0253 04 0.6 0.8 i
z — strat
0.1 Kor
0 Schw
— Wak
-0.1

0.2 03 04 05 0.6 0.7 0.B

z

spin asymmetry @ COMPASS \ deuteron 0.1<y<0.9 Q%>1 GeV? s=604 GeV?

— Strat
Kor

Schw

— Wak

0.2 : : :
- 0.004<x<0.4
0
-0.1
0.4 06 08 1 1.2
0.2
0.1 0.03<x<0.4
0 F=—=
-0.1
0.4 06 08 1 1.2

nuern. wWorkshop on Structure &

Spectroscopy
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0.04
0.02
0

-0.02
-0.04

0.04
0.02

0
—-0.02
—-0.04
—0.06
—0.08

0.04
0.02

-0.02
-0.04
—0.06
—-0.08

0.2 0.2 04 05 08 0.7 0.8

spin asymmetry @ COMPASS | proton 0.1<y<0.9 Q*>1 GeV? =301 GeV?

0.004<x<0.4

0.4 06 08 1

0.03<x<0.4

0.4 08 0B 1 1.2
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........ P,
A+B1) = (C, C))c + X .
R Jl‘?C !! Seler-1o
Pc=P.,+P, || jet axis P.t=0 Chxe —~ | PG o8 plane
but H
PR
P., hard scale 5
analysis at leading twist ' S8 B
o(1/]Pc.)
Pp
(1) (1) = -~ _
ab'"’ —c'l)d Pa = Xa ﬁA cos (PpxPg) (PpxSp)
Fo )F(,b 75 o8 PpxPg| [PpxSp|
—_ Z . ~
Pe = e ! cospp. = LexPa) PoxRe)
- ¢ Pox P Po xR
s = (Pa+Pp)? 5 = atpp)® = zamys PoxPal [Po xRl
= (Pp—-P2 t = (pc— pa)’ = Tay N.B. ¢g, around Pg defined as ¢g5
— (Pn— Pp)2 fg ds. around P defined as ¢gc
! ¢ i = (pe—pp)° = U Osc = dsp
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n
‘n(pj ptM) — (mtr) X \

drgedzydzedzy

< 21Pe| X [dos, |

dne d|P | | dMg d‘bRCdCbs ab,c,d’

4r2:2

sé6(s+t+u)

¢ V7 3 T
X Da(Ta, Sy) Py(@p, Sp) — =4 Aclze, M2, 5,) 8(2q — 1)

dt
IR |
= dUUU + |SBT| M Sln(@%g qb['g(_,) dUUT
C
|:dO-UU do! — do! dUUII
SSA =
f do! + do! h,
1 — doyr 1
® dO'UU ®
Oab—scd @ dAGC 11, 14 ®
&)
o
Py ! 99 —qq qq — d'q i i T T
97 —q3 97 — 4'7 M9 —a949 99 — 949
93 — 99 99 — qg 97" — q¢'7 q7' — q'q
99 — 99 99 — qq 9q! — q'g
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"
n(p) p — (T M) (T 1)p X

do dredzydzedzg

=2 /dqﬁ d¢ f
dncd|PCL|dM§d¢>ROand|Pm|dM§d¢R a%d SA°7Sp 42

R
X 56(5+t+u) Pa(za,S,) Pp(xp, Sp) adt 28 Ao(ze, C’quC) Aylz g,quD)

Rel [Rp| [RZ| IR
MC MD

— _,4 + COS(@R(.‘ g ) B —l— —M COS(')(__',J o ?{.:)h.f__. )C

Prp

- . TS 99— q'q" q7—q'q" 97— g'g!
self-consistent extraction o 97 — 'q" q7 — ¢177 g — 14l
D1, H?ihl 99 = q'q"
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or extracted self consistently also from p-p collisions (Bacchetta, M.R. 2004 )

ppl = (am) X | SSA ~ do'—dot < (SpxRr)s Y. ff@hl @ Ac@ HYC
abc
NG = de(abl = cld) — da(abl — c*d)
pp — (am)c (M) X | SSA ~ dol — dot

X RTO'RTD Z f%@f%@ﬁﬁ'@f]fc@f]?d
abed
NG = do(ab— ctd") — dé(ab — c'dY)
—do(ab — ctd") + d6(ab — ctdb)

—) contains also
SSA ~ do! —do?

« [Rrc-Rrp)?>— RrexRrp)?] Y fA®f©A60GI®IGI
abcd
s : qg— g9 gg— gqg" NG = d&(ab— g'g") — do(ab— gTgh)
) —d5(ab — g*g") + d5(ab — gtg")
5G9 same as Hfi for gluons available for spin %2 hadron
o ) otherwise chiral-odd &g for spin > 1

=0l =0
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" A
Conclusions: perspectives for (L polarized) hadronic
collisions at COMPASS

1. Drell-Yan

* large asymmetries expected because of leading-twist TMD f,+, h,*, and
chiral-odd transversity h, (see Haegler talk)

- target dilution factor (NH,") and exp. constraints (NA10, E615,..) reduce size of
asymmetry, but

 outcome of MC simulation: good statistics in short running time (preliminary &
optimistic — see Denisov talk) allows to disentangle bulk features of most
important effects: violation of Lam-Tung sum rule, sign change of f,--- and h+
in SIDIS < Drell-Yan, .., alternative source of info on h, ?

2. Semi-inclusive production of low p; pion pairs

 induced asymmetry already measured in SIDIS

 hadronic collisions: possibility of self-consistent extraction of all unknowns
(Dihadron fragmentation functions) — alternative source of info on h,

- requires q' in the “target fragmentation region” — check acceptance
(see Denisov talk)
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