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Spin Puzzle (

Quark helicity distribution
AS=Au+Ad +Au+Ad +As +As

Gluon spin distribution

AG

= 2 [AS

+AG|+|L + L

v

Orbital angular momenta

of quark and gluon

L+L,
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%M Deep Inelastic Scattering (DIS)

Inclusive
| (Only scattered lepton
lepton is measured)

Semi-inclusive
(Hadron coincidence

r}ytécjlle%? measurement with the
’ scattered lepton)
X : Quark momentum fraction M : Target mass
(Bjorken scaling parameter) Q : Virtual photon 4-momentum

Z : Fractional energy of produced v 1 Virtual photon energy

hadron

AAAAAAAA -
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' @é Polarized DIS (

m/vv\/\/wwm@- 67 (x)

Beam spin

(Polarized Quark Dis'rr'ibution\
L Ag; (x) = g, (x) - g7 (X)

virtual photon

n
i -(x
y A (x) Unpolarized Quark Distribution

Beam spin Target spin o (x) = qf+(X) + qf'(X)

AN )

Inclusive/Simi-inclusive Spin Asymmetry A,

/h 2\ O e/h e/h ~ —
(xQ )_Q: +G:>, :
O en O eh

g, ~ Aq :Polarized structure function

F.~ . Unpolarized structure function
N /
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%@'ﬁ:&z DIS with NC and CC (%)

NC CC
|
v/ Z +Wi
|
| =
y:_xz e Aq—|—Aq gIV-I_:(Aﬁ—I—Ad-I-AS)

gl =22, (&gl (Ag+ag) & =(AutAd+As)

NC process : Includes all quark flavors
CC process : Sensitive to sea-quarks

INMNUcRd4LuU | AINANA (TORYOU 1C€0CIT), £2UUa APIL. oU (W IN\NYULWU UlIlV.
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%M Deep Inelastic Scattering (DIS)

TInclusive

; (Only scattered lepton
lepton is measured)

Structure Function

Y F(x.Q°) : Unpolarized
2/(x.Q%) : Polarized
Parton Distribution
nucleon q(x,Q%) : Unpolarized
P(M,Q > :
( ) Aq(x,Q%) : Polarized
M : Target mass X : Quark momentum fraction
s (Bjorken scaling parameter)
Q : Virtual boson 4-momentum 5
v : Virtual boson energy X = Q
2Mv

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p.
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The HERMES experiment have been running since 1995
to investigatie the nucleon spin structure.

- 27.6 GeV longitudinally polarized electron
(positron) beam
polarization: up to ~ 60 %

- Polarized Internal Gas Target
longitudinally polarized atoms: H, D,3He
polarization: ~ 90%

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p.7



17 The HERMES Experiment (7%

HERMES @ KA = /\>TJ LY 0 DESY W%

HERA:
et :27.6 Ge
p :820 GeV

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 8
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' @é Polarized e+ Beam (%)

transverse

transverse

spin rotator spin rotator

HERMES

+ Self-polarization by emission of synchrotron
radiation

- Average beam polarization <p,> ~ 55 %

* Transverse Polarimeter

# Longitudinal Palarimeter
hn ) ! '{

\
/ \
L™ R

Polarization (%)
*
-

[ 6.5 7 7.5 ]
Time (h}
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17 HERMES Spectrometer (1)
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%M Internal Gas Target

gas njcion tager Open-ended storage cell
H vacuum chamber ’
spectrometer
_ I T : thin walled
iﬂ_a"x = beampipe\l
i > e-beam
- storage cell = o
- : ,/y e larmit cob I
- el window 0 F Jf‘ll
P ' o] S AN T
- 3 200 f—H =<y
- Hl oo L
fixed ccllimétm‘ purnps E 1000 | ]
: . A0 -0 -20 10 0 10 20 210 0
: T [
40 cm

*Atomic Beam Source (Stern-Gerlach separation)
‘Undiluted internal targets :
-H,D,*He longitudinally polarized atoms
*Polarized target polarized H/D (1996 ~ 1999) :
-P~90%, P  ~10" N/cm?
‘Unpolarized gases :
-H,D,3He N 8Kr..., 10 ~ 107 N/cm?

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 11
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t M Ring Imaging Cherenkov Detector ([

Cherencov angle(® ¢ ) vs Momentum (GeV/c)

O ¢ (rad)

1998 ~ 2000 data

Radiator
n=1.0014
- Aerogel Tiles n=1.0303

PMT
- 3/4inch 1934 PMTs
Momentum region

~ 2~15GeVic

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ.
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Simi-inclusive

g

nucle
P(M 0

~

Inclusive/Simi-inclusive Spin Asymmetry A,
(XQ ) —Q _e/n QO e/
O' e/h T O e/h

Beam spin

virtual photon |

Beam spin
P! Target spin

(
Polarized Quark Distribution
L Ag; (x) = g, (x) - g7 (x)

\

/
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Measured Spin Asymmetry A
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Data :
Proton target (1996 ~ 1997)

Particle Identification :
“Threshold Cherenkov Detector”
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A . . an R
Va4 Extracting Quark Polarization ()

Measured Spin Asymmetry for hadron h in Quark Parton
Model ( QPM )

do, —do, Ag(x)
Al(x)=—"2 “=) 1P!(x
/() do+do, 24P q(x)

Purity Matrix Method
Extract the quark polarizations Aqg/q(x)

A" (x) Pff‘(x) Pf:“(x) A q/ q(x)
A= 5 P = : - E Q — _:
A (x) PA(x) - P (X) A q/ qg,(x)
Measurefi Pur'i'ry Matrix Exfrac‘r.ed Quark
Asymmetries Fp : Polarizations
(Input) q - Correlation between Ag/q : polarization
hadron *h” and quark “g”. Aq : pol. Distribution

- (Output) 0. 18



Purity Matrix (
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A . . an R
Va4 Extracting Quark Polarization ()

Measured Spin Asymmetry for hadron h in Quark Parton
Model ( QPM )

do, —do, Ag(x)
Al(x)=—"2 “=) 1P!(x
/() do+do, 24P q(x)

Purity Matrix Method
Extract the quark polarizations Aqg/q(x)

A" (x) Pff‘(x) Pf:“(x) A q/ q(x)
A= 5 P = : - E Q — _:
A (x) PA(x) - P (X) A q/ qg,(x)
Measurefi Pur'i'ry Matrix Exfrac‘r.ed Quark
Asymmetries Fp : Polarizations
(Input) q - Correlation between Ag/q : polarization
hadron *h” and quark “g”. Aq : pol. Distribution

(Output) 0. 21



- x-Au P
02 | P e - -
ST Positive contribution to nucleon spin in
ol | the measured region.
0 x-Ad
" rrrrrrrrrr +"Mh'*_“"¥"‘“i"—*—' + | — Negative contribution.
8 |
01 Feag
S s P
oL} 4
01 Fxad Lo . — Sea quark contribution almost zero.
ot ] —
oLl { » HERMES prelim.
| el , (1996-2000)
0.1 é'x-ﬂs } | -
ol b by AZ~02-03
01k Q*= 2.5 GeV?
I Tl o 1 o
02 ~ 57 (AYX=Au+Ad+Au+Ad +As+As3)

X
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N
%&&f CCETEEEDHDL .

s HERMES EERTIIHtHIE e+ E— L L HHRBIEN &
F-oTHRBEFATDY A— I RBEZAE LT,

T DFEER.
- u-quark [XZFOmIBA R IZFELT
- d-quark [& " AT

-sea-quark [EEBLTLWEWN(BZERFLEWLWTEHT B L)

o YA—VAEVDBRFAEIADFEE
Sea-quark ZZRE LT-& LTH 20-30 % FEEIZLH
BTN,

o BMFAIzIL E1 unknown 7k TiEE | REELTLNS ...
ANFEHMY (THBIH ?
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Spin Puzzle (

Quark helicity distribution
AS=Au+Ad +Au+Ad +As +As

(AX~02-0.3)
Known

Gluon spin distribution

AG

now in measuring

= 2 [AS

+1AG

L

q

+ L

5

v

Orbital angular momenta

of quark and gluon

L+L,

Unknown ....

Hidekazu TANARA (TORYO Tecn), 2007 Apr. 3U @ RyOt0 Univ.
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Other Spin-related PDFs
) q f 1 T

KE Q,E Q‘I?)

He“C'TY Transversity Sivers function
distribution

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 25
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What's Transversity ? (i

Transversity 8q describes transverse quark polarization in the
transversely polarized nucleon.

Aq «@%E oq

ﬂ
-ﬁ (

quark polarization quark polarization
in the long. pol. In the trans. pol.
nucleon nucleon

Ag — 5q =2?

Non-realtivestic limit; Ag — 6g =0
Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ.




\ . .
%' What's Sivers Function ? |
'mes

I
Other quark distribution is "Sivers func’rion"flT :
The Sivers function describes unpolarized quark in the transversely
polarized nucleon.

(L — < o — 1
q<x) o) &Qo) flT(x)
quark momentum quark momentum

distribution distribution
in unpol. nucleon in trans. pol. nucleon

S .
Pt fir(x)
(1-@ ~ The Sivers function is related to

v ~——  quark orbital angular momentum.

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ.
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lepton
Y
Semi-inclusive
nucleon (Hadron councndgnﬁe )
P(M 0) measurement with the
’ scattered lepton)
X : Quark momentum fraction M : Target mass
(Bjorken scaling parameter) Q : Virtual photon 4-momentum

Z : Fractional energy of produced v 1 Virtual photon energy

hadron

AAAAAAAA -

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 28
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Transversely Polarized DIS ()

Lepton Scatt.
Plane

Hadron Prod.
Plane

bs: Angle between S and L.P.

¢ : Angle between L.P. and H.P.

. .@ w )

Phad

- Two Azimuthal angles N

_]E, k' : Lepton momentum
: Virtual photon momentum

phad : Hadron momentum

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. oU @ AYOLO UTIV. p.
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$ M Single Target-Spin Asymmetry (SSA) ()
?

M do’ . _do'—do’

Unpolarized  Transversely T do'+dot
polarized

R ! + . T production
M do do cross-section

A= [ACOIllna n(p+b.) + [ASzvenj n (p—d.)

4 Y [
Collins asymmetry

Collms Slvers
< Qq(x) /(2 -D

Transversity Sivers function

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 30
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t &g Contents of the SSA (11,

--------------------------------

(Collins Asymmetry)

: Collms
= < @a(x) (2

e -

: Transversity

: (Polarized PDF)

&

: Collins FF

: (Polarized FF)

A J

h .----------------’

--------------------------------

(Sivers Asymmetry)

S ivers
< () Dyl

Sivers function
(Unpolarized PDF)

l

Orbital angular
L momenta )

4y Em Em BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN B Em Em W

---------------------------------
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1. Collins Asymmetry

f

Ayt =

Collins
A

.

~\

sin (p+¢pg) + A

V.

or - sin (p—dps)

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 32



%@é Collins Asymmetry |

AUT AgoTllins S]Il <¢+¢S> 4+ Aég;ers Sln ((b_(l)g)

e

Collins asymmetry A

A 5g(x) H(2

e,
%,

\ A J

Transversity _ 4~ ‘HJ_ Collins FF

(Polarized PDF) O ¢ 1 (Polarized FF)

hl describes transverse quark Hf describes fragmentation
polarization in the transversely of pol. quark into unpol hadron.
polarized nucleon. i

o0 )
Provides information about Collins effects generates single-
relativistic nature of the nucleon. spin azimuthal asymmetry.

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 33



,ﬂ » i i gﬁm oy \
to4c  Measured Collins Asymmetries |

' Ax*  HERMES [ PRELIMINARY
0.5 - npa:j?':ﬂm:t‘::ei?éshn;?;ngandacmphnueﬂm Co!lins J_
E : . 8% scale uncertalnty + A m 5 q ( X) H (Z)
IR W W . 1
B T+ i
05 [ e Averaged Asymmetries ||
0.5 "Mz - N "Collins” angle (0.023<x<04, 02<z<0.7)
. I i
s 0 B | SES e Colli +
s L, ‘4 b (ASS () > 0
%5 = L
0.5 _j'—|—'| —ope b b Lol e e Collins -
u :.TED DMaxlmump“sl_hleeﬂectafexclushrevechrmmns <AUT <7T )> < O
_ 0 '
.
% 5 Collins 0
) 05 [ * : <AUT <7T )> ~ 0
_||ill||||I||||I||ﬁuuluuluu

01 02 03 03 04 05 06 0.7
X Z snyu Tech), 2004 Apr. 30 @ Kyoto Univ. D. 34



%@'@z Interpretation of Collins Results

Collins asymmetries have well-known
two unknown components. unpol. quantities

|—¢ v
A Collins _ Zq eqzz (5 qq(XD(HiL (Z)

. > el a(x) D(z)

» Define favored (ex. u—m+) and disfavored (ex. u—T-) FF
Hfav — [{th—n'r+ _ Hd - — HdiS — Hlll—>7T _ Hil'—wr+ —_

1

» 1+, 11- and m0 asymmetries;
AT (46u +8d)H'™ +(5d +45u)H™
(4u+d)D'+(4a+d)D™

(46u+6d)H™+(5d +4 65a)H'™
(d+4ua) D"+ (4u+d) D™

A" =

AT =

. = 35
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Interpretation of Collins Results

A"_:4I§f—|—5r

AT 4 D+ r

A" (4+68r)(1+ H)

~

Solution space populated according
to statistical error

+

~

A” (4 + r)(1 + D)

Likelihood distribution in
solution space of

Hdis
Hfav
od+4d6u

H

T su+t (1/4)ed

Well-known objects

D

D d+41u

p Ty (1/4)d

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ.

p. 36



%M Interpretation of Collins Results

A" 4 H+ 67 AT (4+6r)(1+ H)
AT 4D+ A" (4+ 7)1+ D)
- Chiral Quark Soliton Model (CQSM) HY / H ™ solution at CQSM value
[1] or = - 0.93 (Q°=2.5 GeV?)
2+ . S 700 _ | I E| I
g 1
I -
o OT e ) _
©
T i
_2_ d

O 1

5r

[1] M. Wakamatsu et al., Phys. Rev. D60, 034020
[2] X. Artru, hep-ph/9310323

Collins FF has opposite sign for favored and disfavored

(neglecting VM contamination)
Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 37
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2. Sivers Asymmetry

( )

Collins

AUT — AUT Sin ((l)_l_qu) + Af]i;ers Sin ((l)_qu)

\. J

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 38



%M Sivers Asymmetry

AU-I- Ag(;llins S]Il ((l)+(l)5) + ASZ’]i;ers S]Il ((l)_(l)s)

~

~

Sivers asymmetry Unpol. FF

Si gro— A

L Sivers function )

/

The Sivers function describes unpolarized quark in the
transversely polarized nucleon.

flLT(x>

Non-zero Sivers function
requires quark orbital angular
momentum.

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 39



%M Measured Sivers Asymmetries

ASinie-os)
uTt

EA:ltJ' HERMES | PRELIMINARY

not corrected 1o smsalngandacceptanoeeﬂec‘.ts

P, /M_ weighted

ASInie-os)
uTt

: 8% scale unceartainty Slvers
B < fli(x) Dy(2
7 S S S S S 4+ _____
T o N M Averaged Asymmetries
3 b3 - "Sivers” angle (0.023<x<04, 02<z<0.7)
: mT- T

: i Sivers +
f!_lll___q|____+ _______ + _____ ‘* _____ ¥ + _____ <AUT <7T )>>0

30 away from zero.

ASInie-os)
uT

B Sl e ewm— o
] (A5 () ~ 0

+ * _ + <ASlvers( ")) ~ 0

01 02 03 03 04 05 06 0.7
X Z ,nyu Fech), 2004 Apr. 30 @ Kyoto Univ. p. 40



%M Interpretation Sivers Results

¥
pSivers Zq ej (flLT(XX D(Z))<— — Only one unknown

well-known

- quq q(x) D(Z)}f_unpol. objects

Combine m+ and - asymmetries
C,A" " +C, A" = f "+ (1/4) f
CsAn++C4A7T_:f1LTd +4 f1lTﬁ

Experimental results indicate;
1 |
Sir(u) + Zf1T<d) >0

L 1 /-
Sirld)+ 4 f . (u) <0
- Non-zero Sivers function.
- Sivers function of u-quark has positive sign.

- Quark angular momentum could contribute
to the nucleon spin. 0. 41
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Conclusion

» Single-spin asymmetry have been measured using
27.6 GeV positron beam and transversely polarized
hydrogen target at the HERMES experiment.

» Collins asymmetry;
<Ag;llins<ﬂ_+)> ~ 0
<Ag;llin8(_n_—>> < O

- Favored and disfavored Collis FF have opposite sign.

° Sivers asymmetry;
(A (7)) >0

- First observation of non-zero Sivers effect.
- Sivers function for u-quark is positive.

» More data are coming soon (about factor 4 by end of 2004).

Hidekazu TANAKA (Tokyo Tech), 2004 Apr. 30 @ Kyoto Univ. p. 42



