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o Motivation
FFs for Measurements at RHIC and in SIDIS

o Collins Asymmetries in e*e-
LEP first work on Delphi data in the 90s:
Efremov, Smirnova, Tkatchev and
Bonivento, Matteuzzi, Kotzinian
KEKB and Belle: B-Factory and Experiment
Data Analysis and Results

o QCD analysis
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at similar scales and momentum
fractions z, all current frag. fcts.

(Kretzer, KKP, AKK) fail for
semi-incl. DIS ep — =, K= X
(multiplicities)

~

Is it possible to arrive at
a unified description of
e‘e . ep. and pp data in
terms of a wniversal set of
Q'agmenm'tiun functions? Y,

6 Feh 2007

/key question:

[data taken from A. !

Semimar at Radiatinm T.aharatory, RTKEN
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/s [GeV
~Durham reaction database: _I_I—I—I_N
durpdg.dur.ac.uk/hepdata
12 29 012 189
DESY TASSC TPC SLD DELPHI
CELLO, JADE, TASSO ALEPH, DELPHI,
SLAC L3, OPAL

HRS, MARK-TT, SLD, TPC  [dafaon pions) Kaons iUl NRtICOREHERITNEE

KEK

AMY, TOPAZ

CERN “limitations”:
CD

Al L] ™E
a -

l I
LCrim, Ll L

= overwhelming statistics on Z-resonance;
only TPC data are of some use to study

QCD scale evolution - the only handle on D

gluon

LEP/SLD data mainly constrain the
total singlet fragmentation D; to n'+m, etc.

no valence/sea or flavor separation N
06 Feb 2007 Seminar at Badiation Laboratery, RIKEN
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Input also for precision

measurements of quark  PACt on the Knowledge of FFs
' helicity distributions in

SIDIS’_'” particular at Belle: Charged h*-, , , protons
a possible future electron- B
polarized proton collider. FF
FF-_; T T T T T T T T —= 101
1
z 107 |- i g
>‘~’: : g i = - 00
€ e
5 102 [ I e
= <1% of data sample : N
>work in progress T e
107 Prog precision [-- 4 *
at high z! **_F»'
; 1 10-4 ...-. .oo'...;r
0.1 b Lo 00 01 02 03 04 05 06 07 0809 10
YA Eh Eh

zZ = z =
s /2 Js/2 /@
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ol =4 Motivation | Transversity Quark Distributions

=y from Collins- and Interference-Fragmentation

Collins- and IFF- asymmetries
HERMES results for Collins Asymmetries

A. Airapetian, et al., Phys.Rev.Lett.94:012002,2005 in SIDIS and pp are of the
_ form
=2 02 ot -
& ~ Transversity x CFF
Lo b1 :
Z ++++ _______________ 4 . S ~ Transversity x IFF
0.1 ; - - Collins- and IFF- asymmetries
0 ﬂ+ """"""""""" [ + In e+e- are of the form
01 F " + - -
~ CFF x CFF
0.2 - + —
I A N I SN SR NN AN R SRR R _
04 02 03 03 04 05 0.6 IFFXIFF

X Z

=>» global analysis

/@D
[ @
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> A Global Analysis:
/o Extract Transversity Distributions

Transversity
Tensor Charge

@
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ol =g Motivation Il
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Pending detailed studies it appears possible to measure

Lambda-FF for longitudinal spin = s(x) Q.H. Xu, et al. (pp)
J. Ellis, A. Kotzinian, D. Naumov,
M. Spaozhnikov (SIDIS)

Lambda-FF for transverse spin = transversity Q.H. Xu et al. (pp)
M. Anselmino (SIDIS)

Lambda-c-FF for longitudinal spin = AG , K. Sudoh (pp)
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Measurement of
Collins Asymmetries

Phys.Rev.Lett.96:232002,2006
and update at Spin 2006




- D> Why is the Collins Fragmentation
Function Interesting?

/o

BELLE

0 Very basic QCD process: Fundamental test
case for any approach to solve QCD at soft scales.

0 Tests of universality and factorization between
e+e-, DIS and p-p collisions

0 Symmetry properties
o Evolution is fundamental QCD prediction

o Connection between microscopic and
macroscopic observables:

=» Probe/analyzer for transverse quark spin
critical input for transverse proton spin program
at DESY, CERN, JLab and RHIC

/
E March 20t Precision Measurements of Quark Fragmentation Functions at Belle 12 \.)/



Collins Effect in Quark Fragmentation

J.C. Collins, Nucl. Phys. B396, 161(1993)

—

S _
9 T ha Py —— ¢
@ —= = —
q k Pu1
k : quark momentum Collins Effect:
5 . quark spin Fragmentation of a
k transversely polarized
Pi : hadron momentum quark q into spin-less
Dl : transverse hadron momentum hadron h carries an
azimuthal dependence:
zZ, = Eh /Eq (]; 3 3
| o< (kxp,, )5
=2F, / Js :relative hadron momentum . T
oc SIN @
|'/(._\
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>
&) General Form of Fragmentation Functions

BELLE

Number density for finding
hadron % from a transversely
polarized quark, g:

B lgxp X
D;IT (z,P,.) = qu’h (2) +H1Lq’h (Zaplfj_) ( M) ?
H_J - ~— _J ZMh

unpolarized FF  CollinsFF

E .
March 20t Precision Measurements of Quark Fragmentation Functions at Belle 14 \.)/



D

/o

1

Q)

Collins FF in e+e- : Need
Correlation between Hemispheres !

Quark spin direction unknown: measurement of
Collins function in one hemisphere 1s not possible
sin ¢ modulation will average out!

Correlation between two hemispheres with

sin ¢, Collins single spin asymmetries results in
cos(¢p,;+¢,) modulation of the observed di-hadron
yield.

Fraction of sample with correlated quark- and
anti-quark spin direction ~ sin’0 (assuming negligible
beam polarization)

(N

_ March 20t
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‘] Belleis Well Suited for FF Measurements:

BELLE

. G_g;)d detector performance (acceptance, momentum resolution,
o]
« Jet production from light quarks
—> off-resonance (60 MeV below resonance)
(~10% of all data)
* Intermediate Energy
- Sufficiently high scale (¥ ~ 770 Gel”)
- can apply pQCD

->Not too high energy (¥ << M) | J\ {\ |
-avoids complication from Z interference gt

Sensitivity = A%sqri(N) ~ x 25 (7100) compared to LEP_1eo 1e9 . ws |
Accie ! Aep ~ X2 (A scales as /In ¥) e'e Center-of-MassEnergy (GeV)
/fBeIIe dt/ §LLEP dt ~ x 46 (600)

o(e'e — hadrons)(nb)

Total number of hadronic events ~ 1.5 x 10°

(N
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Near-side Hemisphere:
h;, 1=1,N_ with z,

1°

ete- CMS frame:

Spin averaged cross section:
dO'(e+e_ — hh,X ) 30 , .
dQadz,dz, o 402D (@)D ()

(cm)

40) = (3-

y+y2)

. (1+ cos? ©)

<Ny, >=6.4

Far-side:

h, j=1.N; with z

E March 20t

Precision Measurements of Quark Fragmentation Functions at Belle
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Collins Fragmentation:

Angles and Cross Section cos(d,+¢d,) Method

ete- CMS frame:

2-hadron inclusive tra

do(e'e” — h,h,X)

dQdz,dz,d’q,

=.--B(y)cos(p, + ¢, H:" (z ) H " (z,)

0,

E March 20t
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Collins Fragmentation:
Angles and Cross Section cos(2¢,) Method

ete- CMS frame:

sIndependent of thrust-axis

«Convolution integral I
over transverse momenta
involved

[Boer,Jakob,Mulders:
NPB504(1997)345]

2-hadron inclusive transverse momentum dependent cross section:

dofe*e” — h;h,X)

dQdz,dz,d’q,

C H 'H;
= ~~B(y)6’0.$"(2(00)1 (2h'kTh' Pr — k- pT)MliNIl:|
RS

E March 20t
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] KEKB: L>1.6 x 103 cm=s1 Il

BELLE
- KEKB *Average Trigger rates:

— Asymmetric collider Y(4S)QBB 11.5Hz

— 8GeV e + 3.5GeV e* q a 28 Hz

—  V5=10.58GeV (Y(4S)) U + TT 16 Hz
e*e>Y(4S)>B B Bhabha 4.4 Hz

— Off-resonance: 10.52 GeV 2y 35 Hz
e*e>q q (u,d,s,c)

Superconducting

— Integrated Luminosity: > 600 fb-" P B e
> 60fb! => off-resonance | |

e el

‘Belle detector

E March 20t Precision Measurements of Quark Fragmentation Functions at Belle 20 @
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Integ. Lum. [/fb]

1 Lifetime [min] Pressure [Pa]t  delivered & logged

[0as/quf] Kyrsourtuny

[}

ay)

Il offresonarce,

_—

r— P
22022004

Offline+Online Luminosity (pb'l) (/de
Wl oa reserance,

e
72172002

xxxxxx

Belle log total : 457234 pb™

Precision Measurements of Quark Fragmentation Functions at Belle
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Belle Detgctor

—— '::;"fi:; ??-H Aerogel Cherenkov cnt.
' n=1.015~1.030

3.5GeV ¢t

racking +dEldx

| @ cell + HelC,H,
8 : ; -.:n-_h '. i Y
S vLs Jot. RN U] u/ K, detection
3 tvr. DSOS 14/15 lyr. RPC+Fe

Good tracking and particle identification!
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Typical Hadronic Events at Belle

Zﬁi N
~1 thrust = i:pgle;_?i ~0.5
i I/(;\
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BELLE

Originally off_resonance
data, now also
on_resonance data (29.1 -
547 tb1)

Track selection:
— pT >0.1GeV
— vertex cut:

Applied Cuts, Binning

Hemisphere cut

(th'ﬁ)ﬁ'(Phl'ﬁ)ﬁ<O

Q; < 3.5 GeV
Pion PID selection

1

dr<2cm, |dz|<4cm z, )
 Acceptance cut "o
— -0.6<co0s6,<0.9 3| 6 8 9
« Event selection: o
— Ntrack > 3 . | ! :
— Thrust > 0.8 [ T !
. Z1’ ZZ>O-2 o3 0 1 2 3
02 -
02 03 0.5 0.7 10z,
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BELLE

Experimental Issues

Cos2¢ moments have two contributions:

— Collins
— Radiative effects

Beam Polarization

zero?

False asymmetries
from weak decays
False asymmetries
from misidentified
hemispheres
False asymmetries
from acceptance

Decaying particles

=>» Can be isolated either by subtraction or double ratio method

=» Cancels exactly in subtraction method, and in LO of double
ratios

=> cos(2¢) asymmetries for jets or yy

=» Study effect in T decays, constrain through D tagging

=>» Q;or polar angle cut

=» Cancels in double ratios, can be estimated in charge ratios,

fiducial cuts
=» lower z cut

1

_ March 20t Precision Measurements of Quark Fragmentation Functions at Belle 25
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Gluon Emission

dN q; : —
Cl’Qledequ o Z|:Q2 _iq]% Sln2 HCOS(2¢O)D1(ZI )DI (Z2 ):|

U\I /e+ Frame:
Zy Z4 Py =-D,

E March 20t
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Examples of Fits to Azimuthal Asymmetries

< 12
1 | 1
0.8 0.8 F
os B emns deee " k smen. gaces
I N(0)N, f
’ Cosine modulations
0.2 - . .
- clearly visible
0;312;6‘;;1T o].,,,,;,,,,“,..\“.m‘JHJ....H
2 < -3 -2 1 0 1
20, (0,+0,)
N aD1D1 + cos(2¢) (bH1H1 + ¢D1D1
(¢) = (_ ) = P2+ P1cos(2¢)
NO aDlDl
D, : spin averaged fragmentation function, No change in cosine moments when

H,: Collins fragmentation function

J

including sine and higher harmonics

(N

_ March 20t
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BELLE

2 methods give very small
difference in the result

B P — 1214 " —Unf v —Unf s L ]
e sin@) | X CEHH A HYH ) Y SH™H T HY H )
1+cos” () quz(DF‘”-BFav+DU”f D"y quz(DF‘”-BU"f +D" . D"

E March 20t Precision Measurements of Quark Fragmentation Functions at Belle 28 @




D Other Favored/Unfavored Combinations

/o

BELLE

—>charged pions or mV

Challenge: double ratios in PRL not very sensitive separate favored and
disfavored Collins function =» Examine other combinations:

* Unlike-sign pion pairs (U):
« Like-sign pion pairs (L):

o T pairs

(and easier to handle) (C):

(favored x favored + unfavored x unfavored) 2 E
(favored x unfavored + unfavored x favored)
UL

(favored + unfavored) x (favored + unfavored)

(favored + unfavored) x (favored + unfavored)
* A. Efremov et al. ([hep-ph/0603054]): charged nr pairs are similar,

ucC
=»Build new double ratios: Favored = u->n",d->n,Cc.
=>» Unlike-sign/ charged ntrt pairs Unfavored = d=>1Hu>1,cc.
(UC)
_ March 20t Precision Measurements of Quark Fragmentation Functions at Belle 29 \R)/
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0 10
g wtte
> + - —
: e*e>qq, qeuds | =
= -
» L ]
] ™ _‘:g--l. AL
s e A
107 L
) A
- _;*
1. _
= ,efe>cc
' alks
i¢:>‘:"C*em’0cwo__
o 0.40».M+ o,
3 + - o ¢.+ e ‘0‘_0. le]
10 B'B oo ¢.0
— s 20
0 p0 o%, * o
B B - A &
‘s %o
¢ Yo
. 4 2
@ o
10 B By ke |

Z p; ‘N
thrust = -

2

b;

1

05 055 06 065 07 075 0.8 085 09 095 1

Why is it Possible to Include Data on Resonance?

Different Thrust Distributions

N
o

o)

=

0

5 2}

3

s

T 15}

© 10} |
~

5— 4 m
o : ¢ M
. JLYas)  res)  x@s) Y(4S)

9.44 9.46 10.0010.02 10.34 10.37 10.54 10.58 10.62

e'e Center-of-Mass Energy (GeV)

. *>75% of X-section continuum under
Y (4S) resonance
«29 b1 =» 547 b
*many systematic errors reduce with more
statistics

« Charm-tagged Data sample also increases

thrust

‘;"T _ March 20t
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W] | 66ved Systematic Errors (UC)

BELLE

 Tau contributions

« MC double ratios

» Charged ratios ('t /mmt~)

« Higher order terms

* Double ratio-subtraction method

Reweighting asymmetries:
—>underestimation of cos(¢,+9,)
asymmetries >rescaled by 1.21
Correlation studies:

—>statistical errrors rescaled by 1.02 (UL)
and 0.55 (UC)

Beam polarization studies

—>consistent with zero

absolute errors

absolute errors

0.009
D.008
0.007
D.006
0.005
0.004
0.003
D.002
D.001

0

-D.0D1

0.009

D.008
0.007
D.006
0.005
0.004
0.003
D.002
0.001

0

-D0.001 °

A, (cos(2¢,)) moments

1 2 3 4 5 -] 7 8 e
combined z-bin

A4, (cos(d, +¢,)) moments

|
|

1 2 3 4 5 6 7 8 9
combined z-bin

Q

‘;"T _ March 20t Precision Measurements of Quark Fragmentation Functions at Belle 31 '\R)/



D> Collins Asymmetries I:

vA - =2 hinn
GRG L4, Ly DITIT

/o

BELLE

Nno
J

A, (cos(2¢,)) moments

A4, (cos(d, +¢,)) moments

e o
0.25 - 0203 =~ 03<z<05 <0.25 - 02703 ~  03<z<05
! - PRELIMINAR 0.2 I - PRELIMINAR
0.15 - Y 0.15 e Y
5 1 o - 0.1 + 5
0.05 |- N . 0.05 |- 1 P | = . .
ofwt.. b .8 fa & 6 o ofs b = = (% w = =
-0.05 - | I C . | -0.05 - | | A |
7 &
<p.25 - 0.5<2,<0.7 ~ 07<z<1 <0.25 - o0s5<z<07 T 07<z<1
0.2 0.2 L
0.15 - } 0.15 |- - i
0.1 | booF 0.1 ; v
_ l . il [ a 4
0.05 . A . , - 0.05 -, . ¥
A B = B - u = B - . ‘= a s
IR 5, PR L. PPy A —— 1 [ N R — fePE sasnsessssassssasasssssansnnsasas
-0.05 - it g L [ | [ L iy o -0.05 - P g L M L iy '
02 0.4 0.6 0.8 0.2 0.4 0.6 0.8 02 0.4 0.6 0.8 0.2 0.4 0.6 0.8
L £ 4 Zy
« 547 fb' charm corrected data sample,
UL and UC double ratios B
h . . . . II .
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Collins Asymmetries |l:
sin? 6/(1+cos? 0) Binning (UL)

0.06
< cos(24,) method Nonzero quark
0.04 - PRELIMINARY 3 polarization ~ sin? 0
0.02 - + + +F A ++‘N- ‘H' . Unpolarized de-
N . s ki S nominor ~ T+cos? 6
[ T————— Clear linear behavior
-0.02 - J _l—+l seen when using either
qﬂ“-”s e thrustz or 2" hadron as
0.04 |- thrustz ++ n polar angle
002 | ©: # = t % Better agreement for
: 2 & } ' thrust axis (~approximate
o T T T——. F ...t ...... + .................................. q uark axis)
] l | ] 1
0 0.2 0.4 0.6

0,8 ‘L

sin“6/(1+cos”6

S

D

E March 20t
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Collins Asymmetries llI:
Q; Binning (UL)

{ - COSs m !
a4k @ldmethod — BRELIMINARY
0.04 - | H +
0.02 | “4“441‘. -L }_
) R R T ol ot it e
-0.02 - .
- | | . | |
< 0.06 -  cos(¢,+,) method + + |
0.04 | | 1
0.02 + {4"”1 L L. 2 a
+ . buah ‘r " *
O T SR St TR S SRS
-0.02 - |
1 1 - 1 1

0 1
Thrust>0.8

Reduced asymmetries Iin
low thrust sample

At low thrust significant
B contribution

(for t<0.8 ~20 % B
fort>0.8 <1 % B)

A, thrust axis
dependent

High Q; (>3.5 GeV)
asymmetries from beam
related BG

UC plots similar

Thrust<0.8 (not corrected for heavy

D

March 20t

E quark contributions)
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BELLE

« Significant non-zero
asymmetries

* Rising behavior vs. z

« UL/C asymmetries about 40-
50% of UL/L asymmetries

* First direct measurements of
the Collins function

« UL/L data published

<

A1‘2

Final Charm Corrected Results for
e*e~> nrn X (29fb-! of Continuum Data)

Phys.Rev.Lett.96:232002,2006

cos(2),) method  : Fing| results
0.2 - iPreIiminary resultgé
0.1 : ! l 3 ’
YL ETETLLRIL
0 _h.u‘" ...... e, T 3!.%4

0.1 | | |
Lid
0 - |
Integrated results: ! 1 . | -
0 2 4 b 8
Ao(UL/L) (3.06 £ 0.57 £ 0.55)% 2,2, -bin-id
Ap(UL/L) o T T W N T N N R
Ao(UL/C) (127 + 049 + )% 0.2 03 05 07 103 05 07 105 07 107 10
z I I I —
AlZ(UL/C) (1'75 +0.59 % )% 2 0.2 0s 05 07 10
o I/(:\
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BELLE

Preliminary Charm Corrected Results for
ete> nrw X (547 fb)

« Significance largely < cos(2)) method . ;
increased e § -
; £ .
« Behavior unchanged 01 - : ;
« Reduced systematics % i L Lia gl
_ 0 |--.-.... oD 4 '."‘ ..... TR, 5 A el Nt
* Precise measurements of the | | f =t
Collins function & conlde ) metliod
0.2 -
b
0.1 &g
0 4. W ‘."_ ..... L ; ...... .
Integrated results: ' 1 | | !
0 2 4 5] 8
Ao(UL/L) (2.67 £ 0.10 £ 0.26)% 2,2, binvid
Az2(UL/L) (3.55+£0.08 £0.15)%| Lo ]
Ao(UL/C) (111 + 011 i )% 0.2 03 05 07 103 05 07 105 07 10.7 10
z I I I |
A1,(UL/C) (1.46 £ 0.09 + )%| * - -~ ” T—
o I/(:\
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</ Collins Asymmetry - Collins FF

BELLE

QCD analysis:

(1) Efremov, Goeke, Schweitzer (Phys.Rev.D73:094025,2006):
consistency between Belle, HERMES and COMPASS
asymmetries.

(II) Anselmino, Boglione, D’Alesio, Kotzinian, Murgia,
Prokudin and Tuerk (hep-ph/0701006 ) extract transversity
distributions and the Collins FF (see tomorrow).

(II) UIUC fit to Belle data (work in progress):

HIw () — gfewwv. .. pfaviy
H s (z) = a®is . o . pdis (z)
E |"/(:\
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BELLE

Kretzer FFs (also KKP)

D/ () = - (D5 +D;t+ Dy +Df )

| = =] =

Dtﬁs {U} (D:;-l_ + Dg—'_ T ‘D:!I;_ T DE—_)

Experimental double ratio:
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g2 A Fits of the Belle Collins
Asymmetries A, with|Ldt = 29 fb-1
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Fits of the Belle Collins
Asymmetries A, with | Ldt = 29 fb-!
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Results for the Collins FF
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Summary:

Summary and Outlook

Outlook:

Observation of large azimuthal
asymmetries in light quark frag-
mentation. Updated statistics:

[Ldt =29 fb-' > 547 fo!

Double ratios reliably cancel
contributions from detector
acceptance and gluon radiation.

Fundamental interesting +
important input for the transverse
spin physics programs at RHIC,
HERMES, COMPASS and JLab

(Much) more spin dependent
FFs:

- interference fragmentation
- Collins FF for VMs
- Lambdas

Precision measurement of spin

averaged fragmentation func-
tions as input to RHIC program
to extract the gluon polarization
through A, measurements in in-
clusive hadLron production
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