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Semi-inclusive Deep Inelastic Scattering
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evaluation of the cross section contains
quark distribution and fragmentation functions

"4
N

o

O_ep—>eh, . Z DFP—>CI R o4 & FFq—>h
q

Ulrike Elschenbroich, Transverse Spin Physics at HERMES - p.2



Distribution Functions

Leading twist:

3 DFs survive the integration over transverse quark momenta

unpolarised DF

O

q(z,Q?)

well known

Helicity
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known
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Transversity
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Transversity dq

@ non-relativistic quarks =» transversity = helicity @ _ @

& chiral-odd = helicity flip
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Transversity dq

@ non-relativistic quarks =» transversity = helicity @ _ @

@ chiral-odd =» helicity flip

D N N7
/.\ /.\ JB

+ Ddgx) ==>Aqx

@ access of dq in combination with other chiral-odd object
-» y-odd fragmentation function Hi-(z) (Collins function) >/
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Sivers Function [~

@ describes correlation between intrinsic
transverse quark momentum pr and -
transverse nucleon spin

& chiral-even function

@ ndive T-odd: reverse everything except initial and final state
fi+ allowed due to final state interactions (FSI):
quark rescattering via a soft gluon

@ non-zero Sivers function requires non-vanishing quark

orbital angular momentum (contributing to nucleon spin) N
N
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Azimuthal Asymmetries

Measurement of cross section asymmetries depending on the azimuthal
angles ¢ and ¢g

1 NT(¢7 qu) B Nl(gba qu)
S1 N (e, ¢s) + N, ¢s)
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Azimuthal Asymmetries

Measurement of cross section asymmetries depending on the azimuthal
angles ¢ and ¢g

AUT (¢7 ¢S) —
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Azimuthal Asymmetries

Measurement of cross section asymmetries depending on the azimuthal
angles ¢ and ¢g

AUT (¢7 ¢S) —

Z|[...]: convolution integral over
initial (77) and final (k1)
quark fransverse momenta %é;;%
(’Q
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How to Disentangle . . .

.. distribution and fragmentation functions?

Assume a Gaussian distribution for 77 and k7 dependence:

Aut(o, ¢s) ~ ...sin(¢ + ¢s) Z 2. 5q(x) - Hy P z)

sin(6 — os) 22 TRRE RS

(1/2):
distribution / fragmentation function
%eg;;

Ulrike Elschenbroich, Transverse Spin Physics at HERMES - p.7



How to Disentangle . . .

...distribution and fragmentation functions?

Assume a Gaussian distribution for 77 and k7 dependence:

Aur(9,¢s) ~ ...sin(¢+ds) D eq - Sala) - Hi P (2)
q

+ .sin(d— gs) Y €2 fip /(@) Di(2)
q

J

asymmetry amplitudes A} ?7%s) gnd A¥P~9s)

\/

bin Ayt (¢, ¢s) in 8x8 bins, &
perform two dimensional fit
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The HERMES Experiment at HERA
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The HERMES Experiment at HERA

HERA positron beam 27.5 GeV
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The HERMES Experiment at HERA

HERA positron beam 27.5 GeV
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The HERMES Experiment at HERA

BRP

proton beam line

transversely polarised atomic Hydrogen (P) ~ 80 %

Target Chamber

ABS
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The HERMES Experiment at HERA

HERA posu’rr'on beam 27.5 GeV

o e since b
‘rr'ansver'sely polar'lsed atomic Hydrogen (P) ~ 80 % y 4
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The HERMES Experiment at HERA
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The HERMES Experiment at HERA

HERA positron beam 27.5 GeV HERMES spectrometer

g i \5 2 5 ; ‘J‘é\
A\, since 2002 N
‘rr'ansver'sely polar'lsed atomic Hydrogen (P) ~ 80 % y 4
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Results for the Asymmetry Amplitudes

A%%(¢+¢S) N 5q(az)-H1L(1/2)(z) A%rrjlj(qﬁ—qﬁs) N #1/2)(33)_131(2)
NP - L5015 F -
/20 0.2 T :;a’ 01 L T B +
0T - < 0.05 |- .
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N0 e N 005 bl et
0 $ﬁ+ --------------------- —*+ 01 F w .
: ] 0.05 |- - b
ot ¢t 0 [hh b - + ______ IR - -
-02 ] + ] -0'05 B I | | B | | | |
" 04 02 03 0304 0506 0.1 02 03 03 04 05 06
overall scale uncertainty 8%
gl
Wa\%
[Phys. Rev. Lett. 94 (2005) 012002] /
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Results for the Asymmetry Amplitudes

sin 1(1/2
AT () 1P (2)

5 02[ - § @ positive for 7T, negative for =~
< o1k ) expectations: du>0, §d <0
< b4 + A .
% 0 + .......................... E S } .............
AR S ST TN @ unexpected large absolute
0 *'"’"‘. """"""""""" [ value for 7~
014" e -y o +
oo T | @ contribution to pion sample
Soisfan ux : . from exclusively produced
8§ 015, 3 . vector mesons (PYTHIA)
“2-0.05 - |?. LI I 1|l|||
> 01 02 03 03 04 05 06
X z %62?

[Phys. Rev. Lett. 94 (2005) 012002]
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Results for the Asymmetry Amplitudes

Agr” ™) ~ [P (@) Di(2)
@ 7 asymmetry consistent L5015 P, -
with zero < 000; ] i |
- TS S LI S
@ significantly positive for =+ ™ .0.05 .. SRR ST TAT T
- first hint of ndive T-odd DF sl -
from DIS YT —— + ______ - B +
0.05 | | . |
@ contribution to pion sample Soa5 ant mm : .
from exclusively produced Eomslr . . g I
= SR S IS SN S I I B B
vector mesons (PYTHIA) = 01 02 03 0.3 04 0.5 0.6
X z %@2
N\
[Phys. Rev. Lett. 94 (2005) 012002] /
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Transversely Polarised Target

Theory: polarisation w.r.t. the virtual photon = Ai}%(’ﬁit%)

Experiment: polarisation w.r.t. the lepton beam = Af}f}(ffi%)

SJ_ = € COS 8,7*

S|| = esin b« cos ¢

p—
g

6:1/\/1—Sin2gbssin29,y* ~
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Transversely Polarised Target

Theory: polarisation w.r.t. the virtual photon = Ai}%(’ﬁit%)

Experiment: polarisation w.r.t. the lepton beam = Af}f}(ffi%)

S| = €cost

S|| = esin b« cos ¢

-> <SH> =0

= A%%(’ﬁiws ) ~ cos HV*A%I%(,?inS)

sin(¢pxes) ., 4sin(ptes)
AUT,'y* ’ NAUT,Z ’ Y%
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Transversely Polarised Target

BUT: If Ay~ contains sin ¢ modulation

=> cosogsing = % [Sin(gb + ¢g) + sin(¢p — ¢S)}
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Transversely Polarised Target

in(p— in(p— 1 . i
A%T(flb ¢s) — COS 97* A%T(fi* ¢s) + §sm (9,)/* A?}rﬁfy*
: ;S_Y)J_
cos 0~ ~ 1
sinf.« =4...15%
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0
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[M. Diehl, S. Sapeta, in preparation] //
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Transversely Polarised Target

sin sin 1 . in
Agr it~ AT = Csinde A

UT,~y* ~ UT,l
sin(¢—¢s) . gsin(¢—¢s) L. sin ¢
AUT,'y* ~ AUT,Z — 5511197* AUL,Z
o APE?%) extraction possiblel

necessary for full data set
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[M. Diehl, S. Sapeta, in preparation] //
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Longitudinally Polarised Target

sin ¢
AUL,W*

=¥ no probabilistic
intferpretation

Measurement with longitudinally polarised Hydrogen available!

>, 2T [ o, 52 HiS (2, k2)
> € q(x) - Di(z)
. Aq(x, p2) - GL(z, k2)

2
qeq

2_q € 4(x) - Di(2)

o b (@, p2) - HY(z, k2)

>3 q(z) - Di(2)
+. . fi (2, 53) - Di(2, k2)
e2 g(x) - DY(z
> g€z q(z) - Di(2) %éé\g
‘V\
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Longitudinally Polarised Target

ARG = cos e ABRO . —sind.. Apa Pt _ging . AGROTOS)

S = sin B«

SII = cos 0.«

0
R
W

o
%Q'/‘
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Subleading Twist Component

Combine measurements with

transversely polarised Hydrogen:  A35'9*%%) and A5 %)

longitudinally polarised Hydrogen:  Af;¢

S AT = cosf AT +sind,. (AT 4+ ATHT))

v v %A/r
i g 2aM |1 S RS
Y Y Q \ 1 i 43352]2\42 //V
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Results of A

sin ¢

UL,~~
2 : sin(¢p—¢g) sin(¢p+dg)
% TC+ = -Zsinew(<sin(¢+¢s)>UT.+ B —sin 97* (AUT,Z °+ AUT,Z 5 )
& I (sin(¢-0g)yr) :
~ 005 ﬁ # - + ° U+T A A
0 UL,~v*
7'-.. ””””””””” L T =
* m
0.05 - HERMES || preliminary ® systematic uncertainty
Lo Ly [ ol e

& ) i _ less than 0.003
% T -4 Asingly, sin ¢ o
8 o05 ‘ - ® 2(sing),, corr. for VM ® AUL,fy* =2 ..5%

I I —. sin ¢

i f % | o AUL,’y* ~ O

o gnn t | B RN ' of 4ind
: M* % ¢ % measurement of Ay
: dominated by A7} .
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Extraction of the Distribution Functions

S OFY(z) -FF?(z) @ measure A5"(®£9s) in many (x, ) bins
q =» large statistics necessary

@ information about fragmentation functions

Y
'Z/l\

S
S

Ulrike Elschenbroich, Transverse Spin Physics at HERMES - p.15



Extraction of the Distribution Functions

S OFY(z) -FF?(z) @ measure A5"(®£9s) in many (x, ) bins
q =» large statistics necessary

@ information about fragmentation functions

J_ N . e
> fir (z) - Di(2) @ D7 "(z) for some hadrons h sufficiently known
q
, LoD
10 ¢ :NLO DV~
Q’ = 2.5 GeV?

10 3
2|
10 3
Y%
. 1 o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 ; \((,QJ
//V
y 4
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Extraction of the Distribution Functions

S OFY(z) -FF?(z) @ measure A5"(®£9s) in many (x, ) bins
q =» large statistics necessary

@ information about fragmentation functions

s (z) D @ D7 "(z) for some hadrons h sufficiently known
: =¥ Sivers function extraction possible
universality violated?

basic expectation of QCD:
sign opposite in Drell-Yan
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Extraction of the Distribution Functions

S OFY(z) -FF?(z) @ measure A5"(®£9s) in many (x, ) bins
q =» large statistics necessary

@ information about fragmentation functions

s (z) D @ D7 "(z) for some hadrons h sufficiently known
: =¥ Sivers function extraction possible
universality violated?
basic expectation of QCD:
sign opposite in Drell-Yan
S 6q(x) - Hy(2) @ H; 7 "(2): results of different asymmetries
) from other experiments,
for example e*e™ annihilation: BABAR, BELLE
will make Transversity extraction possible
Y PSP b g
OGN

i{/
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Extraction of the Distribution Functions

Eq: DF“(z) - FF*(z)

Eq) fif () - Di(z)

> dq(x) - Hi"(2)

DF‘(x)

@ measure A5(®£9s) in many (x, ) bins
=¥ large statistics necessary

@ information about fragmentation functions

@ D7 "(z) for some hadrons h sufficiently known
=¥ Sivers function extraction possible
universality violated?
basic expectation of QCD:
sign opposite in Drell-Yan
@ H; 7 "(2): results of different asymmetries
from other experiments,
for example e*e™ annihilation: BABAR, BELLE
will make Transversity extraction possible By é

o . . e
combination of Asin(¢£¢s) of various hadrons
=» quark flavour decomposition i,//
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Two Pion Production in Semi-inclusive DIS

Detection of two final state pions:

1 ~
AUL,'y* ~ .. SiH¢RJ_é (hL-Hf+Aq-G<> + ...

AUT,fy* ~ ...sin(¢r1 + ¢s) (Sqf‘]fI + ...

H and G<:
two pion
fragmentation
functions

0
R
W

o
QQ;\
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Two Pion Production in Semi-inclusive DIS

Detection of two final state pions:

H and G<:
two pion
fragmentation
functions

»
R
W
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Interference Fragmentation Function ;%

Partial wave expansion:
Hi'(2,c080, M7, ) = H{"* (2, M7) + cos © H{ P (2, M7,)

Tt
Integration over ©

=> H."PP(z, M2 ) drops out

X
§

N
S
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Interference Fragmentation Function ;%

Partial wave expansion:

sing,sind,sin(3,-9,)

02l

04 -

H(2,c080, M7 ) = H{"*P(2, Mz,) + cos © Hy™P (2, M7,)

= =
o

=

H
— T

N
— T

o
—

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0,95 1
M__ [GeV]

Tt
Integration over ©

B => H."PP(z, M2 ) drops out

H%P (2, M2_) = sin &g sin 0y sin(dy — 61 ) H T ()
= P(M?,) - Hi"*V (2)

da . S- ,
50 . s-wave }phase shifts
1 p'WClve %Qéé

/

-

~

Y

=

[Jaffe, Jin, Tang; Phys. Rev. Lett. 80 (1998) 1166] /
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Results for Longitudinally Polarised Deuterium

w1

SingﬁRJ_ ~ SingﬁRJ_ . SinquJ_
[ B
& 006 ed »e'h*hX
%5 . HERMES PRELIMINARY
< 0.04 |- |

@ first measurement of

@ hadrons assumed to be pions

: @ small asymmetries
0.04 [ . .
[ x>0.023 | <x> = 0.074 |
-0.06 |~ sys. unc. = 0.007 <z>=0.48 %A/
\\\\‘\\\\‘\\\\‘\\\\‘\\\:\‘\\\\‘\\\\‘\\\\‘\\\\ ?{Jé‘(&:&
0.3 0.4 05 06 07 08 09 1 1.1 1.2 ‘
M, [GeV] /&V
7

sin¢gppr
AUL,Z
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Results for Longitudinally Polarised Deuterium

SingﬁRJ_ ~ SingﬁRJ_ . SinﬁbRJ_
AgLy = & Ay, +sint Ayt

~ 1 ,
~ B GROE)  ((he og) POME)

@
& 006| ed »enhX
£ 1 . HERMES PRELIMINARY . . in .
"’<:’O.04 } { ‘ ﬁT A%LﬁRJ— WlTh C1 - P(Mzﬂ.) + C9
0.02
| L, o = 004040036
: co = -0.001+0.004
0.02 |-
-0.04 |- . - . . 0
e 0.023 ? 0074 | @ hint of a sign change at p” mass
-0.06 - sy‘(s. u‘nc.=‘0.0(‘)7 | ‘ ‘<z>‘=0.4‘8 7 %@2
N T T L A A \‘(

T’QJ
0304 0506070809 1 1112
M__ [GeV]
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Summary and

@ First measurement of transverse target spin asymmetries in DIS.
@ First evidence for non-zero Sivers function.

@ Subleading twist ferms dominate measurement with longitudinally
polarised target.

@ Two pion semi-inclusive DIS can also probe transversity.
No & suppression with fransversely polarised target.

0
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Summary and

x 10 °F

3000 -

S events

2000

1500

1000

Number of pol. DI

500

2500 -

2002/03
2003
2004
2005

100 150 200 250 300
Day of Running

Number of DIS events:

2002+2003+ = 5.2002
2005: HERMES continues
data taking

Sivers function extraction
possible =» work in progress.

AT t95); gtatistics of
H" data ~ 60 % D~ data

X
§

\\ =X
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Backup Transparencies




Exclusive Vector Meson Background

@ exclusive vector meson background of Ayt ,-:
same contribution to Ayr; and Ayr; = cancellation

@ no background asymmetry A} . due to vector meson production
or decay distribution =¥ only dilution

1

corr __ extracted
UL 7 1 — VM fraction” Vb

S - + - -

.;0.15 E—ATE T 3 .A

© 015 —

Eoo5F T g y 2 4

= NI TN T e e T T

= 01 02 03 03 04 05 06 % dfs
X Z {

back
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