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Collins Fragmentation Function

Fragmentation Functions (FFs) are dimensionless functions that describe the final state
particles in hard processes. For spinless hadrons production (5t or K) in e*e” interaction, the
process is described by two FFs:

G G P G
DY (2, P1s5q) = Di(z, Pr) + —Hy (2 Pu) sy - (kg X )
L )

Unpolarized FF

@ll is the polarized fragmentation function or Collins FF — it describes the fragmentati(h
of a transversely polarized quark into a spinless (or unpolarized) hadron #;
* Nucl.Phys. B396, 161 (1993);
 Chiral-odd function ==> it is the ideal partner to access chiral-odd parton distribution
functions in Semi Inclusive Deep Inelastic Scattering (SIDIS)

= The second term originates from a spin-orbit correlation in the fragmentation process —
\asymmetry in the angular distribution of final state particles (Collins effect) /
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ete” annihilation: Collins effect in di-hadron correlation
S

5 b, » correlation between two pions detected in opposite jet:

P, -,
@“\bk * o9 ’/1'@ e'e—=>qq—mmX (q=u, d, s) ==> oxcos(¢)H, (z)) ® H,(z,),
v 'S where z, ,=2E, /V's

leJr In e*e-—qq, spins direction unknown but Sy |1 85
1

Comparison with SIDIS experiment:

HADRON PRODECTION PEANE

» Unpolarized lepton beam (1) off transversely
polarized target (N)
- spin direction knows (S)

« IN—0 X ==> cxsin(¢p,+ ¢,) h,(xg) ® H(z,)
- Two chiral-odd functions

L-;ﬂ.-mh'sunem's PLANE - Flavor tagglng
- Collins effect gives rise to azimuthal Single Spin
Asymmetry
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ete” annihilation: Collins effect in di-hadron correlation
S

e+ In e*e—qq, spins direction unknown but Sy |1 85
0 0 » correlation between two pions detected in opposite jet:
2 Y/ 1 —
@Q\zg21 d; v Q; /@ ete—qQq—m,m,X (q=u, d, s) ==> oxcos($p)H,*(z,) ® H,(z,),
S t v S where z, ,=2E, /Vs
’ e * define favored (U—n*, d—) and disfavored (d—n*, u—m") FFs,
and consider the combination:
. e’ - e’
Unlike-sign pion pair = ) JU u u s TC u u 9N
¥t (fav x fav)+(dis x dls) favA  fav JU Mdis A& ~ 7T
/e_ / e
N e, - e, I
Like-sign pion pair = ) JU u U A4 Tt u » Uu =9

mr*s (favx dis)+(dis xfav) fav® dis JU Mdis A v ~ 7T
- /o )
TU el I

Charged pion pair = C (U+L): fav + dis .~ —
e (fav + dis)x(fav + dis) : ;U ,‘ U I I TO:
— U . fav+dis A

’ e j

(N
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Analysis Reference Rrame (RF)

¢,

Nucl. Phys. B 806, 23 (2009), PRD 78,032011 (2008)

RF12 or Thrust RF

0y, angle between the e*e” axis and the thrust axis;
04,1 azimuthal angles between p,, ,, and the scattering plane:

do(eTe™ — h1hs X)
deZl dZQ d¢1 d@g

+  sin?(0)cos(py + (5)-_))]]%'(1)'(1(:1)H]L'(l)'q(,:g)]

RFO or Second hadron momentum RF

0,: angle between the e*e” axis and P, ;
®,: azimuthal angle between the plane spanned by P,, and
the e*e” axis, and the direction of P, , perpendicular to P, ,:

do(ete™ — h1ho X) 302 -
deZleQd;(j; - @2%25 {A(y)F[D1 D]+

o 1 e - Hi-Hy
+  B(y)cos(2¢00)F |(2h - krh - pr — kr - pr) 2

All quantities in e*e- center of mass My Mo

A\
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Extraction of Collins FF from data

First observation of non-zero Collins effects from SIDIS e —.  — ¢
(HERMES and COMPASS Collaboration): h
HERMES: PRL 94, 012002 (2005) A; < h,(xz) ® Hi(2) — '?

COMPASS: NP B765, 31 (2007) b a — 5

B-Factories ete- — direct evidence of non-zero Collins FF
« BELLE: PRL 96, 232002(2006), PRD 78, 032011(2008)

» BaBar preliminary: arXiv:1201.4678 (procceding for Transversity-
2011 workshop)

A « HX(z,) ® H,*(z,) where z, ,=2E, Vs

GLOBAL ANALYSIS: SIDIS + e'e- (HERMES, COMPASS, BELLE) ==>

simultaneous determination of H,* and the transversity parton distribution function h,
[PRD 75, 054032 (2008)].

A\
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Extraction of Collins FF from data

Collins FF Transversity PDF

B -~ T |\ Q=24 GeV* .1:_| oAl
- = 1 0e I'.I L= ﬂ'.ﬂ-ﬁ -

K \ 0.3
_ 3 '

a
- =

<1

_ﬁH I:Iuni‘{z" p_L:.

0 02 04 06 08 1 ' 02 04 08 08 1 0 02 04 06 08 1

p J_{Ge‘."] X k| (GeV)

Anselmino et al., Phys. Rev. D 75, 054032 (2006)
Nucl.Phys.Proc.Suppl. 191, 98 (2009)

Improvements from BaBar studies:
* Increase in the number of pion fractional energies intervals
* Collins asymmetry behavior vs. pion transverse momenta
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PEP-Il and the BaBar detector at SLAC
-

. Asymmetric ee” collider operating at the Y(4S) resonance (Vs=10.58 GeV )
* High Energy Ring (HER): 9.0 GeV e

» Low Energy Ring (LER): 3.1 GeV ¢*
* By=0.56

£ ~ 430 fb!: peak of the Y(4S) resonance
£ ~40 fb': 40 MeV below the Y(4S) resonance
> ~107 uds events

Electromagnetic Calorim
6580 CsI(T1) crystals e B, Drift CHamber

DIRC

144 bars of fused silica Silicon Vertex Tracker
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Event and track selection
B 000

EVENT SELECTION MC thrust distributions

— Number of charged tracks > 2 £ 6000 T uds (sianal RN
— Visible energy: E . > 7 GeV 2 5000 uds (signal)
—Selection of two-jet topology events requiring e - cc
thrust>0.8 [l BB
— Events in the t"t" region removed 00 @@ vt
2000
1000
E 1ag DATA: E,;, vs thrust 05055 06 065 07 1
13 thrust
= BhaBha and u* u-(y) events,
e f with y—e*e" conversion
2
= TRACK SELECTION
uds (signal)1 TT — u* and e* veto, and pion ID required
and region — Tracks in the detector acceptance region:
cc (bg) 0.41<8,,<2.54 rad

—> Pion fractional energies 0.15<z=2E,/Vs<0.9

1.0

thrust
— Opening angle (6 4., ) of the pions with respect to the thrust axis <45°
— Q,<3.5 GeV, where Q, 1s the transverse momentum of the virtual photon in the pions CMS

-l'. -t 5 229 2, o
d7s 0.8 0.85 0.9 0.95
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Raw Asymmetries

* Collins asymmetry N ()
- fit to the normalized azimuthal distribution: R, = -
- Unpolarized distribution <N _> 1s flat < No >
- Collins FF contained in the cosine moment b

=a+ b - cos(¢py) (@=12or 0)

oLl o L1 Illll ]

v [[MC i ~ [DATA P i

B Like 7 i & % 7

- ’ % - 1.05 = °°&o'.~‘-b°-%o _

1 05 » f 3%. Unlike B ’ B c;pof'... T ...q'}:o T

- - - ’ ] % -

- 9@'9 %% ] I a*  Collins ‘=« ]

T 4 * B T .-é"f effect % B

[ & \% ] _ - 355. ’

: : : ...5'00 Qf,".. . :

0.95_— f %M 0.95 e ..-(";;9‘5]mo &Qs;:‘-’. ¥y

'P‘A 4 il BaBar preliminary ¥

I | ] L L (1 N P B B B B 1

09 -3 -2 1 1 2 3 0.9 -3 -2 -1 0 1 2 3

¢ +0, ¢,+9,

MC: Like and Unlike reconstructed DATA: difference in the Like and Unlike
distributions are coincident distributions

 The MC generator (JETSET) does not include the Collins effects
- observed modulation in MC sample produced by detector acceptances

\ B
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Double ratio methods
B 00

==> Acceptances effects can be removed performing the ratio of Unlike/Like sign
pion pairs (or Unlike/Charged)
- small deviation from zero still present in MC sample ==> systematic errors

_lgl-l_l'"T“"l""\"'l"l"’I_ __lgl-l_l"'l""""l"" T T
%. - MC double ratio - gN - DATA double ratio -
o= | ] o= [
R~y 05| - R4 05| =
T ateadd iae o o L 1
0.95[- - 0951 n
BaBar preliminary
I S S S SR B 1 [ N B B S S
®3 2 1 o 1 2 3 Y3 2 1 o0 1 2 3
o+, b+,
MC: consistent with a flat distribution DATA: cosine modulation clearly visible
U U U : :
R, B N (¢a)/ < N (¢a) > P,: contains only the

RL "~ NZL(¢,) < NL(¢) >

order radiative effects

\ I
y/ QCD-N’12 l. Garzia
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Asymmetry corrections and systematic effects
B

We study the Collins asymmetry in
* RF12 (thrust RF): 6x6 z, , bins and 4x4 p,; ,, bins
* RFO (second hadron RF): 6x6 z, , bins and 4 p,, bins (with p,, , ., defined in slide 6)

The asymmetry measurement is affected by a number of systematic effects
==> we correct the asymmetries and assign a systematic error independently for each z
and p, bin

The main contributions to systematic effects are:
 Asymmetry dilution due to the thrust axis approximation. The corrections in the RF12
frame range between:
= 1.3-2.3 as a function of z
= 1.3-3 as a function of p,
=> No correction needed in the RFO frame
The statistical error of the correction is taken as systematic errors
Asymmetries measured in the uds Monte Carlo
= We subtract the small asymmetry observed in the MC sample
= We vary the track selection criteria in order to evaluate the systematic error

a9  QCD-N'12 l. Garzia 12




Extraction of the uds asymmetry

A = (1 —Zﬂ-) Aq +ZP AL
E' \
/ True Asymmetry measured in the

Fraction of pion pairs due to the ith background data control sample

background process asymmetry
=> BB background: small Fggz =>A, =0
=> t't background: F_,___ 1s small at lower fractional energies, and A_ consistent with zero
=> Charm background contribution is about 30% on average
 Both fragmentation processes and weak decays can introduce azimuthal asymmetries ==> we used
a D**-enhanced control sample to estimate its effect on a bin-by-bin basis

Ameas — (1 — F, — Fg— F.)- Aq + F. - A"
A = fe- A+ (L= fo— fo) - Aa .

A significant source of systematic error can arise from the fraction F, estimated using MC samples.
— We assign the bin-by-bin discrepancies between MC and data as systematic uncertainties
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Collins asymmetry vs. z

PZ 82 /e
— P
7 o AP
RF12 frame RF0 frame
N 2,=0.15-0.2] 1 2=10.2-03) 1 2103041 | 221015021 | | 27102031 | | ,=103-04]
<, BaBar Preliminary 10 ] 1 BaBar Preliminary ¥
10'F ¥ ——F ——q  of 1 ——
s . b —— —r g e | —_— 1 :
i e 1 -t“:‘ﬁ_,_—,— - - <C ! —— —1 —_—— - ¥
- +—!— g e L . - — Fie o
- " * 0% * i ¥ P ¥ s T
10°F F 3 i ++_§_,-y-+ S E e
N z-l0405 | 2=105-07] | | 2=10709] | e 2,=[0.4-0.5] 2105071 | z=0709] |
< —— —— 10°F , T
107F N i . - ""++—9— o — e -
- - . ' : *-—!-"Y-—*- <C ; +++ e ol | +++++ |
e 4 * L -1 4 A -
gt 102F - ¥
102 + + 4 A _,_+ : !
BaBar Prellmmary 1 BaBar Prellmmary
02 04 06 08, 02 04 06 08, 02 04 06 08 , 02 04 06 08 02 04 06 08, 02 04 06 08
2 Z, 2 2 Z,
Systematic errors indicated by shaded bands

1) The asymmetry increases significantly with z (note log y-axis), as expected
(RF12: 1-39 %, RFO0: 0.5-15 %)

2) UC ( V) double ratio significantly smaller than UL ( A)
- different combination of H,'fV and H,19 ==> information about the magnitude and sign
(PRD 73, 094025 (2006))

) B
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RFO:BabBar/Belle asymmetries comparisons

B
g 02— _ .
<€ ~ A BaBar BaBar Preliminary  : ]
0.15F = Belle : : ++ -
- = 1  BaBar (0.15<z<0.9)  Belle (0.2<z<1)
0.1 ; . E £L~470 fb! £~547 fb!
u : + i PRD 78, 032011 (2008)
0.05 : . i _
- . o n . = . .
- : v A # A : 71 In order to perform this comparison,
A : A A" A : p p
OfF: : s ..... |+l .......... s T T T i e ok — WE used 10 (—|—1) Symmetrlzed z-bin
v 0.06—————————— 11— Subdivisions, averaging the
:itc A BaBar BaBar Prefiminary ' 1 measured Belle and BaBar
004 M Belle 1 asymmetries which fell in the same
Uk : + {1 symmetric bins
0.02l- , e 1 A Ytand A Y€ : good agreement
T e . SEHE : 4 between the BaBar asymmetries
- . u . n . -
[ ioa, ae Mt ; &% : | and the Belle results.
0 _,+ ............................................ . ...................................... ......................... . ............ —_
—...l.i..l....l.. sl .l..:l..l. ..l....l..;.‘l.. .l..;l..l....-
HEEEEE R,
0.15-0.2 0.2-0.3 I 0.3-0.5 1 0.5-0.7 1 >0.7
T T T 1 > <1
0.15-0.2 10.2-03 | 0.3-05 |0.5-0.7 | >0.7 lo.3-05 | 0.5-0.7] >0.7 V0.5-07 | >0.7 1 >0.7 . 7
| | | | )

AN
{
[
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RF12:BabBar/Belle asymmetries comparisons,

p— o 0.5 y [N BN DL L B L B | LI L
5SS : i : 8
< 0.4 - A BaBar :  BaBar Preliminary : .
““E m Belle : : : .
03F : ] BaBar (0.15<z<0.9) Belle (0.2<z<1)
- Z £~470 fb1 L~547 fb1
0.2F i ' = PRD 78, 032011 (2008)
0.1 s a4 o= 4 AU large discrepancy in the last
- A - . Am . - .
. : A" : : 1 two binsofz
0 l(; Rl Tl sl el ek’ ot sl el sl el e s S e el e ke el S s el Bl sl e B S el el ke el e s Wl B sl el kel sl B sl el ok sl Wt e el ks et 28 s .bin_by_bin Correction factors (30%)
S —A'Ba];ar""'l""- » 2<0.9 to remove the contamination
< N :  BaBarPre tnaty 4 from puwy background and exclusive
- W Belle : -
0.1 , —|{ events
i b 1 A;,VC: BaBar asymmetry
0.05— i ' 1 systematically above the Belle
- A \ 4 . 1 results for all z.
E . . .
[, i A A e "ity e e * : t : Belle analysts are investigating the
: m : :
0 v :lill .......... . 11:1‘ - source of dlscrepan01es
| T |
HEEE R E
0.15-0.2 0.2-0.3 I 0.3-0.5 1 0.5-0.7 | >0.7
T T T T > 31
\ 0.15-0.2 10.2-0.3 | 0.3-0.5 |05-0.7 | >0.7 lo.3-0.5 | 0.5-0.7] >0.7 los-0.7 | >0.7 1 >0.7 . Z
p = = = = )
( , B
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Collins asymmetry vs. p, e,

- ANt
RF12 _ RF0
——r—— P =[025-0.5] ————— > 0.04r
{ = | < o . BaBar Preliminary
BaBar Ifrellzlminary | ’ 0-035_ - Ague
—+—_ - —— 0.02f S
| b ] s —_—
— | S 0.01[- e ——
! | | ’ ’ ' 1 O—='*'= _________________________________________________________
~02 04 06 0810 02 04 06 08 1 002 04 06 08 1
p,, (GeVic) p,, (GeVic) P, (GeV/c)
S (P, =0 Bl Systematic errors indicated by shaded bands
BaBar Freltminary 1 -+ Collins asymmetries vs. p, measured in
- F - shilati 2 2
005, A | + ot + | e anfnhllatl.on at Q2~110 (GeV/c)
e i 3 1 (time-like region)
R—— | | S N - T
- e —p— - $ e f_i » The asymmetries increase as a function o
N I | 1 pg the increase is expected to continue up
0 02 04 06 (%8 v/ )1 0 02 04 06 (%8 v/ )1 to a certain value of p,, and to decrease
cVv/C cV/C
Po Po there after

The combination of these measurements with those from SIDIS (space-like region) at lower Q2
(~2.4 (GeV/c)?) [PRD 75,054032 (2007), PRL 94, 012002 (2005), PLB 692, 240 (2010)] provides
information about the evolution of the fragmentation functions

A \ - ————
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Collins asymmetry vs. sin©0/(1+cos?<0)
B
RFI;: Ythrusrt pplzl'r angle chv

(":]‘ 0.05 | | N N N | ' N N Ll |
< 0 045 4 A12,UL BaBar Preliminary _E
e v Apue .{:}:&4—"‘: :
0.03)- "y =
- _*-‘zl l ] sin® 6, ; HlL (zl)I—_IIL(Zg)
002:'— + T:+-'-+ ¥ : oper —: A120C 1 -+ COS2 ch COS(Q)] + QQ) Dl(zl)Dl (22)
- TS S o ]
0.011 e + +++ ' - ==> Intercept consistent with zero,
0: - - .4 as expected (consistent with Belle
i Bt St B e R —
0 02 0.4 0.6 0.8 1 results)
sin’0,, /(1+cos’0,,)
0.04 RF0: second-hadron polar angle 0, P2\ % >
<€ E “ AO UL BaBar Preliminary E : S
0.03 e AO,UC + + E 2 ) .
- _=+._. +.. e 1 A sin” 0 Y H (21)1:11 (22)
0.021 T*_ _£-++'};+ﬂ— B 0> 1 + cos? 0, cos(200).7 D1(21)D1(22)
E + | + + , _ 1 ==>The linear fit gives a non-zero
0'01:_ +‘F++++ 4'-._;_#' j— 4 constant parameter — the second
. | 1 hadron momentum provides a worse
00_012014_016018i— estimation of the qq direction
\ ' ' ' siri282/(1 1o 08262) (consistent with Belle results)
AN, -
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Conclusions
B e

We have measured Collins asymmetries for pion pairs in light quark (uds) jets

from e*e-—>qq in two reference frames [ Ap A, ]

as a function of: = ;* fractional energy z [ 2,2, 2,,2,]
=> = transverse momentum p, [ p,y» Py, Pso |
=> quark polar angle [ 6 0, |

< A, and A, increase with increasing z,, z,

* consistent with theoretical expectations

* general agreement with Belle results (PRD 78, 032011 (2008)), with some
discrepancies in the RF12

* effect is stronger for leading particles

< A, (A increases with p,;, p,, (P,) for p, between 0 to 1 GeV/c

e first measurement in e*e” annihilation at Q>~110 (GeV/c)?
* important for understanding the evolution of the fragmentation function

<A,, is linear in sin’0,,/(1+cos%0,,,), with zero intercept
< A, is linear in sin’0,/(1+cos’0,), but intercept = 0

y/ QCD-N’12 l. Garzia
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PereEectives and Plans

 PRD draft under review of the Collaboration

This study i1s the first step of a program of measuring polarized fragmentation
function in e*e” annihilation at BaBar:

- study of the Collin asymmetries for the kaon system

- study of interference fragmentation function

Stay Tuned
Thanks for your attention

A \ B
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D *-enhanced control sample
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Asymmetry dilution
B

Th t/ 1 : i — . i :
rus qq openlng ang ¢ | The experimental method assumes the thrust axis as qq direction: this

w2 18000F T =
L;" 16000:— thrust _ - 1s only a rough approximation
Ll 14000} 8 _vdd | RF12: large smearing since the azimuthal angles ¢, and ¢, are
12000 - . . .. . .
10000L- 1 calculated with respect to the thrust axis; additional dilution due to

8000

\IT‘II

very energetic tracks close to the thrust axis.

6000} | RFO: the azimuthal angle ¢, is calculated with respect to the second
4000 -] . .
2000 1 hadron momenta — small smearing due to PID and tracking

0T 0203 04 05 o¢ o7 os resolution.

6thrust-qq

RF12
120( pt1=[0.-0.25] (GeVic) ]-.——-——-——-—-— _{pll=[0.25'0.5] (GeVic) """

—We study the influence of the detector effects by

. . . . . . 63100." ................................... O e ..
correcting a posteriori the generated angular distribution: 5l O Auu ]
weights defined as wVVO=1xa*cos(9,,,, ) are applied B it T
to every selected pion pairs. g = % o ][ o ;

Om - 3
RF0 2 "02 04 06 n O(l'éewc)] 0 02 04 06 . [)(écV/c)l
o 120— T T T T 120 eVie ¢ /(,
RF12: correction performed for - [p1=050751 GV | _1"“ OB GV |
. < i o O Oy 1 R 100pesssesssrssssnsnscsunssnsnsansnsnsanand [FEarensensnannasnanananaocseananananan

each blnS OfZ and pt: ? 100 g D . %‘ o i 3
(1.3-2.3) as a function of z, and E o 13 - 0 = 0 - v "
. 2 o 5 60 1 F 1
(1.3-3) as a function of p,. L é . - :
. L = A i 401 1 F E
RFO0:no correction needed. o e | | | - :
0 02 04 06 08 1 202 04 06 08 10 02 04 06 08 1

pt  (GeVic) pt_ (GeV/c) pt, (GeV/c)



