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<o lins Effect i K F i
Collins Effect in Quark Fragmentation

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

Sq T
o—= —
q K
k : quark momentum Collins Effect:
s : quark spin Fragmentation of a
q : .
B transversely polarized
P, : hadron momentum quark g into spin-less
P, : transverse hadron momentum hadron h carries an
—— /E azimuthal dependence:
h = *h -
q . oc (k X Py i)- 5,
=2E, / \/s: relative hadron momentum .
oc S1n @
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Q.D The Collins Effect in the Artru Fragmentation Model

BELLE -

A simple model to illustrate that
spin-orbital angular momentum
coupling can lead to left right
asymmetries in spin-dependent
fragmentation:

1+ UP
" picks up L=1 to
Compensate for the
pair S=1 and is emitted
to the right.

String breaks and
a dd-pair with spin
-1 is inserted.
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Motivation: Global Transversity Analysis

=
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BELLE

SIDIS experiments (HERMES and
COMPASS) measure 6q(x) together with
either Collins Fragmentation functionH [ (z)
or Interference Fragmentation function

—)

RHIC measures the same combinations
of quark Distribution (DF) and
Fragmentation Functions (FF) plus

unpolarized DF q(x) Universality appears to be proven

in LO by Collins and Metz:

(
W: (2004)252001 ]

T
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</ > KEKB: L>1.5x10%*cm=2?s™ I

BELLE
» Asymmetric collider
« 8GeV e +3.5GeV e
- v5=10.58GeV (Y(4S))
. e*e>Y4S)>B B
« Off-resonance: 10.52 GeV
- e*e>q q (u,d,s,c)
 Integrated Luminosity: >500 fb-"
. >45fb T=> off-resonance

1400 ————T——

I mmnu wmn T uwu I Ml lu :

WW LT IR I%WI;
|

nssalg [uru] awnayy ¢

Offtine+Online Luminosity (pb") (/day)

Integrated Luminosity (pb‘f)
Spec. Lum. [%] Luminosity [mh/sec]
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5/2/1999 12/10/2000 7R1/2002 2/29/2004 10972005

3/23/2005
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Belle Detector
i Aerogel Cherenkov cnt. -

SC solenoid N
.-"' .
3.5GeV et

'E:El Tl} 15X . . -:EE:ZE::E_::_,_ i — “.__:,- - . L
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TOF counter
8GeV ¢
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Lg ]
Sivix. det. -x;,-i:
3lyr.DSSD

1/ K, detection
14/15 lyr. RPC+Fe

Good tracking and particle identification!
— 9

E CERN, March 20t chiral-odd fragmentation functions at BELLE




=
<[Oo

BELLE

Collins fragmentation in e*e-:

Angles and Cross section cos(ftaIaliGEE

ete- CMS frame:

LI

Rl

h2

2-hadron inclusive trat 1fum dependent cross section:

do(e*e” — h,h,X)

dQdz dz dzqr = "'B(Y) Coy((”l + ¢, )Hll[l](zl )ﬁll[l](zz)
14z,
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D> Collins fragmentation in e*e-:

Angles and Cross section cos(2¢,) method
BELLE

ete- CMS frame:

*Independent of thrust-axis

«Convolution integral 1
over transverse momenta
involved

2-hadron inclusive transverse momentum dependent cross section:

dofe'e” — h1h2X>
..B 20)I| 2R -k.h-p, -k
e (v)cos(2,)1 ( Py - pr)—}
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BELLE

Applied cuts, binning

 Off-resonance data

— 60 MeV below Y(S)
resonance

— 29.1 fb!
 Track selection:
— pT >0.1GeV

— vertex cut:
dr<2cm, |dz|<4cm

* Acceptance cut

— -0.6 <cos6,<0.9
« Event selection:

— Ntrack > 3

— Thrust> 0.8

- Z,,2,>0.2

Hemisphere cut

(th ) ﬁ)ﬁ ) (Phl ) ﬁ)ﬁ <0

02 —

« Q;<3.5GeV
22 4
1.0
3 6 8 @
0.7
. 2 5 @ 8
RO E :
0.3

(0}1_ 2 g

OI 0.3 0.5 0.7 1.0
= Diagonal bins
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) Examples of fits to azimuthal asymmetries

BELLE

e

< < azp

1 1

0.8 | g

" X L o s

os LI, i | Cosine modulations

0z | - clearly visible

o b ' N T —— W TTPTTT ISP ITOP NI TEDNOTTTTY |

ST T 2e T T T (0+0)
Nzx(rj) _aDiD1+ cos(zjl)) fbDileI + cD1, D) _ potP1cos(2d)

No change in cosine moments when
including sine and higher harmonics
(even though double ratios will contain
them)

D, : spin averaged fragmentation function,

H,: Collins fragmentation function
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1D .
<t Raw asymmetries vs Q-

BELLE .

%‘Di;; = cos(ig) method * Q; describes transverse
Y e momentum of virtual photon in rtr
E’?‘[ﬂf 3 L CMS system

0.15 | e . g :

02 E Ny *Significant nonzero Asymmetries

02 . 4 visible in MC (w/o Collins)

P TR [ S TS (T TP N O T v || M

0 1 2 3 4 5 *Acceptance, radiative and

0i28 Q, momentum correlation effects
a 2 a ﬁ:msﬂllikesiﬁg’mirs . . . . . 0
£ 0.2 b cos(t«,) method . tke Sign'pafrs similar for like and unlike sign pairs
E015
E 3
EUBD; -. R "l

-0.05 £ " ., )

0.1 F e 4 —— o sin? 6 cos(2¢g) = T 5

-0‘15 :-'_', PN ST TN NN TN SN PO YO T N ST (RNLY G TR A 1.1 . dQ Q + QT

0 1 2 3 4 5
o P,
*uds MC (ntr) Unlike sign pairs .
*uds MC (nrt) Like sign pairs - . /{
>0,
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2 methods give very small
difference in the result

—Unf

(g | LEH™ H™+H HT) e H™ 1 e H)
l+cos’(@) Y™ D™ +D".D") T ™. D" +D" D7)
q
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</ > Testing the double ratios with MC

1

BELLE
0.2 ¢ .
2045 | costany method Asymmetries do cancel out for
& 0.1 MC
S 0.05 | | : e
Y T Y A + A Double ratios of nint/nn
E-D-Df 3 : | compatible with zero
0.1 F :
@-0.15 | Mixed events also show zero
-0.2 E_1 l | T | ;
" 5 x . - result |
5 0.15 combined z-bin Asymmetry reconstruction
E oy [ TS i works well for T MC
& 0.05 o | (weak decays)
& By Single hemisphere analysis
0.05 | yields zero
d 1 1 =»Double ratios are safe to use
0.15 ———r— e Lo
0 2 4 6 8
cuds MC (Tn—pairs) combined z-bin
«charm MC  (Ttn—pairs nT uds it charm Tt mixed kk mixed
(nre-pairs) constant  |0.26%+0.19% [-0.45%+0.33%]|0.06%+0.09% |0.01%:+0.16%
‘Data (n*n*/nr") reduced y’ 1.17 1.35 1.14 1.2

_ CERN, March 20t
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Small double ratios in low thrust data sample

I

) * thrust>0.8
A, gipd [ 9NAkd Eh0d thrust<0.8
0.02 a b oh g b R ] i |
. ; i A 4 *
- .
A -0.02 LS | | -
12 0.04 |- cos(p,+p,) method ; 4
-
0.02 4 L% bg §® Tt AR A
D =
_0.02 1 ] 1 1 1 | 1 | | |
0 1 2 3 4 5
Q,GeV/c

Low thrust contains

radiative effects

Collins effect vanishes

=> Strong experimental
Indication that double
ratio method works
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Results for et e 1wt t X for 29fb’

B——

A, cos(2);) method : : « Significant non-zero

0.2

asymmetries
Rising behavior vs. z

cos(¢,+¢,) double ratios
only marginally larger

First direct measurement
of the Collins function

Integrated results:

— cos(2¢,) method
(3.061£0.65+0.55)%

— cos(2¢,+¢,) method
(4.26+0.78+0.68)%

combined z-bin | OYystematic error

D2
‘m| CERN, March 20th

03 0.5 07 10 @
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&a»] Contributions to systematic errors

;—-‘

Other uncertainties:
» smearing (reweighted MC)
 PID (variation of PID cuts)
» charm contribution (corrected by
D" data sample)
Systematic errors - T content (evaluated in
e* e 21" 1 enhanced sample)
«Statistical correlations
*Thrust axis reconstruction
*Beam polarization tested
<€— \C double ratio

<€— Higher moments
<€— Double ratio method

0 2 4 6 8
combined z-bin
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An experimentalist’s interpretation:
fitting parameterizations of the Collins function(s)

;—-‘

~ 0.8 ¢
£ 06 ¢ » Take unpolarized

0.4 F i : .
3 o2 ﬁ:::mm::H:H:HHHHIHIHHHIHHHHI parameterizations
— D0 ¢ e (Kretzel’ at
Q -02 F
T -0.4 - n—Hﬁﬂ-l_H-H TH Q2=2.5Gev2)

-0.6 nn-cos(2¢) method N

08F .. ... . .U [« Assume

02 03 04 05 06 07 08 09 HiLﬁfaU_azb (1 - 2)°

® ok (PDF-like behavior)
I 0.4 - “_H °
S 0.2 Bt i iAssfume L
£ 0 L A unJjav JAV =
S .02 | I T Hi /13 =0
T gg 3 R—— W  Little sensitivity to to
Pl T favored/disfavored
02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 C0||ins ratio
—comnlné:
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‘& Favored/Disfavored contribution - Sensitivity

sELLE .

—Unf

Slnz(e) quZ(H Fav.ﬁFaV_F HUnf .ﬁunf) quZ(H Fav H + HUnf .ﬁFaV)
= 1+ cosz(H) ZeZ(DFaV . [—)Fav + DUnf . BUnf) ZeZ(DFaV . [—)Unf + DUnf . [—)Fav)
- q q _

Take simple parameterization to V4
test sensitivity on favored to
disfavored Ratio

1,fav __ fav
H7 = bzDy
H f‘ unf C - sz?fnf

: chiplot
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‘& ] Other Favored/Unfavored Combinations ->n°

BELLE

Problem: current double ratios not very sensitive to favored to disfavored
Collins function ratio = Examine other combinations:

* Unlike-sign pion pairs:

(favored x favored
« Like-sign pion pairs:

(favored x unfavored
« m*n? pairs

(favored + unfavored)

easier to handle):
(favored + unfavored)

« P.Schweitzer([hep-ph/0603054]): charged nrt pairs are similar (and are

+unfavored x unfavored)

+unfavored x favored)

X (favored + unfavored)

x (favored + unfavored)

=» Build new double ratios

u—->nt,d-=>mn,cc.

d—=>rt,u—>m",cc.

Favored

Unfavored

‘="T _ CERN, March 20t

chiral-odd fragmentation functions at BELLE
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Why is it possible to include on_resonance data?

Different Thrust distributions

——

-. cete> q q

(qin uds) MC

- Y(4S) >B* B MC
* Y(4S) >B® B° MC

D a1 -fi <ENE WSS iy,
05 0.6 0.7 0.8 0.9 1
thrust

O = N W & O O

F S - L_'__I_J.:‘:-L--‘...J S el =

0.2 04 06 0.8 1

~ CERN, March 20t

r4
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‘W] Interference Fragmentation — thrust methoh

BELLE
© e'e P (M), (TTY), X
« Stay in the mass region around p-mass O~
 Find pion pairs in opposite hemispheres
» Observe angles ¢.+¢,
between the event-plane (beam, jet-axis)
and the two two-pion planes.
« Transverse momentum is integrated \(
(universal function, evolution easy
—> directly applicable to semi-inclusive DIS
and pp)

» Theoretical guidance by papers of
Boer,Jakob,Radici and Artru,Collins

A o< Hf(Zp m1)ﬁ14(zzam2)cvf(¢1 + ¢2)
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‘& ] Interference Fragmentation — * g * M

BELLE

« Similar to previous method
* Observe angles ¢, ¢,

between the event-plane (beam,
two-pion-axis) and the two two-pion
planes.

« Theoretical guidance by
Boer,Jakob,Radici

A o< Hf(zp m, )ﬁf (Zza mz)COf((DlR + ¢2R)
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‘<& a» ) Different model predictions for IFF

BELLE

Lett. 80 (1998)] : inv.

change at p—mass

on actual magnitudes

RHIC-Spin

1

—_:a
-Jaffe at al. [Phys. Rev. &
mass behavior out of nr- é’n.4 .
phaseshift analysis=sign & M
-originally no predictions i
-Tang included some for 2 |
o 0. o7 [ [ Eln]l:GELI::

_ CERN, March 20t
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‘<& a» ) Different model predictions for IFF

BELLE

* Radici et al. [Phys.
Rev. D65 (2002)] : A (M) HERMES — SIDIS (mr)
Spectator model in the |*® 4
s-p channel =no sign |07 PRELIMINARY h. from
change observed 006 T T A1
(updated model has  |oos spectator
Breit-Wigner like . /\ model
asymmetry) i | \ -
: , 11, N4=04
v | from
oort 1 N 1 GRVOS &
g e —= | GRSV9%
40‘010‘:2 ---------------- ;
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BELLE

H — UHat would we see? _

Simply modeled the shapes of these predictions in an equidistant
Mass1 x Mass2 binning

E CERN, March 20t chiral-odd fragmentation functions at BELLE



/  Plane

* Planes
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Summary and outlook

Summary:

Outlook:

Double ratios:
double ratios from data
most systematic errors cancel

Analysis procedure passes all null
tests

Main systematic uncertainties
understood

=>» Significant nonzero asymmetry
with double ratios are observed

Naive LO analysis shows
significant Collins effect

Data can be used for more
sophisticated analysis

Paper (hep-ex/0507063) is
submitted

On resonance 210 x statistics

Include n° and all charged nir
pairs into analysis:

-=» Better distinction between
favored and disfavored
Collins function

Interference fragmentation
function analysis started

- First look promising
Include Vector Mesons into
analysis:

=>» Possibility to test string
fragmentation models used
to describe Collins effect

Timelike DVCS at Belle?

1

_ CERN, March 20t

chiral-odd fragmentation functions at BELLE

— (9



E CERN, March 20t chiral-odd fragmentation functions at BELLE 28 @




Outline

Motivation

— Study transverse spin effects in
fragmentation

— Global transversity analysis
— Feasibility = LEP analysis
[hep-ph/9901216]
The BELLE detector
Collins analysis

— Angular definitions and cross sections

— Double Ratios to eliminate
radiative/momentum correlation effects

— An experimentalist’s interpretation
Summary

_ CERN, March 20t

chiral-odd fragmentation functions at BELLE
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M 1L =400 fg o iERK

Offline+Online Luminosity (pb™) (/day) 200506713

Il on reserance, I off resonance, energy scan

I LI

A, M

AR AR, ARG

SRS

Beam Current [A]

§
g
o
3
&
g
=
‘g
3
2
=
B
Q
+
2
S

L [Bd] aInssalg [urwi] awnayry 1

oll data, OR reSGROACE, off resonance, EeRergy scan

ity [nb/sec]
[a3/] wir] “Boqup

pasio] % paraAlPp

Integrated Luminosity fpb")

1]
57211999 12/10/2000 7212062 . : 1092005
Belle log total : 457234 pb™ Date

EELLE [EVEL ki




Typical hadronic events at Belle

Z‘pi ‘1
thrust = ————

Z ‘pi

CERN, March 20t chiral-odd fragmentation functions at BELLE 31




Belle is well suited for FF measurements:

——

Good detector performance (acceptance, momentum resolution, pid)
« Jet production from light quarks
- off-resonance (60 MeV below resonance)
(~10% of all data)
* Intermediate Energy

-> Sufficiently high scale (¥ ~ 770 GelA?)
- can apply pQCD
—>Not too high energy (¥ << M)

-avoids additional complication from Z interference |, ﬁ M
« Sensitivity = A%sqr{(N) ~ x19 (60) compared to LEP
Asie | Aep ~ X2 (Ascales as In @9 e T e

9.44 946 10001002 1034 1037 10.54 10.58 10.62

LBeIIe / LLEP ~ X23 (230) e*e Center-of-Mass Energy (GeV)

N
Cd

N
(=]
T

o(e'e — hadrons)(nb)

=
O
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Near-side Hemisphere:
h., i=1,N, with z,

19

<N, >=6.4

e+

. . Jet axis: Thrust
Spin averaged cross section:

Far-side:
hj , J=1,N; with z

do(e’e > hhX) 3a? N
iodzdz O NY);eaDl(Zl)Dl(é)

Aly) = (% —y+ yzj(in)%(l + cos? @)

E CERN, March 20t chiral-odd fragmentation functions at BELLE




& B\\hat is the transverse momentum Q- of
the virtual photon?

BELLE

* In the lepton CMS frame P

Lepton-CMS

e=-e* and the virtual photon is
only time-like:
gi=(et+p*™)=(Q,0,0,0)

« Radiative (=significant BG)
effects are theoretically best

described in the hadron CMS
frame where

Pp1+Ppp=0
eq}i’:(q’o,q’)
* Inclusive Cross section for = =
radiative events (acc. to D.Boer): i h2
2
aiv QF ar

o & sin® 6 cos(2¢p)

Q?+ Q7
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D> . .
</ Experimental issues

BELLE

Cos2¢ moments have two contributions:

— Collins =» Can be isolated either by subtraction or double ratio method
— Radiative effects  =»Cancels exactly in subtraction method, and in LO of double
ratios

« Beam Polarization

zero? 9003(2¢Lab) asymmetries for jets or yy
« False asymmetries
from weak decays =>» Study effect in T decays, constrain through D tagging

 False asymmetries
from misidentified

hemispheres =>» Q; or polar angle cut
« False asymmetries
from acceptance =» Cancels in double ratios, can be estimated in charge ratios,
fiducial cuts
* Decaying particles =>»lower z cut

‘="T _ CERN, March 20t chiral-odd fragmentation functions at BELLE 35 @



>
‘&) Double Ratio vs Subtraction Method:

)]

6 0.02 — Preliminary
$.0175 - Systematic errors
Q

R-S<0.002

=>» The difference was
assigned as a systematic
error.

0 2 4 6 8
combined z-bin
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</ > Systematics: charm contribution?

BELLE

EE————
— 4 & cos(2y,) method
«  Weak (parity violating) decays could S 34 "
also create asymmetries Z 3 . . \
(seenin Tt T>mRV v, S i i .
overall T dilution 5%) § PR
« Especially low dilution in combined E _ combined z-bin
z-bins with large pion asymmetry S SE Shikea
- Double ratios from charm MC e % . N
compatible to zero £ 5 ¢ .
=>» Charm decays cannot explain large g sE, e s g S
double ratios seen in the data © 0 2 4 6 8
=> Charm enhanced D* Data sample combined z-bin
used to calculate and correct the =z 0012 TJ— . uds.chrm.t:ros.f-m-
charm contribution to the double 5ol | |
ratios (see hep-ex/0507063 for 30-03 e I " .3 ‘
details) %005 | }
S5 |
R (") N WERW-EEE B
0 2 4 6 8

; combined z- {
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D> Different charge combinations
=» additional information

BELLE
* Unlike sign pairs contain Favored = u->r",d->m,CcC.
either only favored or.only Unfavored = d>m u>mce.
unfavored fragmentation
f“”.Ct'O”T( 2 dquark and |N(g) _ aDiDy + cos(29) (bHyHy +cDiDy)
antiquark side: Ny aD,D;
D_,F ?(zl)f_)f”(zg) _I_Ui:n,fn ( )D;mffw{:zg}
N bH1H;
- Like sign pairs contain one % = 1+ cos(2¢) ( Dl =+ C/G)
0 1D1

favored and one unfavored
fragmentation function
each:

D]*(21)Dy"™*" (22) + DY™*"(21) D] (22)
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/O Example: Left-Right Asymmetry in Pion Rates
_—

BELLE

Collins , _ N, - Ng

= Z0!
Effect T N, + Ng

N, : pions to the left

7T >
Sq p/T r)ﬂ 1 @Sq

- q

> .
%‘1 P

Ng : pions to the right
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/DO General Fragmentation Functions

Number density for finding
a spin-less hadron h from a
transversely polarized quark, Q:

_ Rxp . S
D;]T(Za P..)=D"(2)+H;*"(z pﬁl)( zI\DIL) :
N ) o P "

Y Y

unpolarized FF  Collins FF
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BELLE

momentum Q-

g. gg j onpzﬂmthnd
E 0:2 i_ ;ud;_:harm
g 0.1 F
0 E
2 01f "”"ﬁ&%
02 [ fﬁ?
03 F ob% 1
0.4 B ] : 1 g
0 2 4
Q,
=2 =
E._ g‘g ;- cos()+i) method
S 02 |
E 01K ¥& oo, -,
7 0F L 1YY VOO
< 041 F e
0.2
0.3 F
04 E_ P VI, |
0 2 4
Q,

*DATA (nm) fiducial cut
*DATA (KK) fiducial cut
*UDS-MC fiducial cut
*CHARM-MC fiducial cut

&8 Raw asymmetries vs transverse photon

_-4

:: co3(24,) method ‘
"ﬁ h.&
3 b
] bﬁ&’ﬁﬁg
- &
E. | 1 ﬁ
(] 2 4
Q,
: con(},+ds) method
ém Eﬂpp,p
f: Bie s,
| b2 e
i. o
£ i L ]
0 2 4
Q

*Already MC
contains large
asymmetries

*Strong dependence
against transverse
photon Momentum
Q

*Expected to be due
to radiative effects

Difference of DATA
and MC is signal

=>not so easy to
determine

7 Y

E CERN, March 20t

chiral-odd fragmentation functions at BELLE
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