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Transverse spin dependent FFs needed as
quark polarimeters

—

NI

* Relativistic Leptonic probe is ‘too fast’ to see

transverse spin

* To probe: knock out quark and use effect
generated by angular moment conservation




Collins effect in quark fragmentation
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=2 Eh/\E: relative hadron momentum

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

Collins Effect:
Fragmentation with of a
quark q with spin s,
into a spinless

hadron h carries an
azimuthal dependence:
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Interference FF in Quark Fragmentation

k : quark momentum
Sq :quark spin
R : momentum difference Py, — Pny
E’T transverse hadron momentum difference
Zpair = pair/Eq
HF : relative hadron pair momentum
- pair/\/g . . .
m : hadron pair invariant mass

Interference Fragmentation
Function:

Fragmentation of a
transversely polarized
quark g into two spin-less
hadron h1, h2 carries an
azimuthal dependence:
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Advantages of IFF over Collins route

* Single Hadron asymmetries vanish integrated over

_ , 0————
transverse momentum: model dependency in global fit . ¢ +;a+;a_pwrs- 1>§§£
. . . . 1 h pairs, x < 0.032
* Di-hadron effect survives after integration over k:
collinear factorization can be used 0
. 8
— No Sudakov suppression $
— Known evolution
. 0.1 i}
* Less background processes to consider (e.g. from gluon : ;
radiation, t-2> v, P

* SIDIS experiment show that the effect is large

In p+p:
No jet reconstruction necessatry,
better systematics: "Easier” measurement

Collider allows wide kinematic coverage!



Jet Handedness
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Handedness: (:c; x”kl_() lt = sind>0= LR Np — N,
+ - Q Jet handedness:m

Related to g,;, T-odd, not chiral-odd. Effects for sphaleron coupling, or factorized TMD (different)

(D. Boer, Pavia DiFF minworkshop 2011)
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Measuring spin dependent FFs
in ete” Annihilation into Quarks

electron

- __+
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42 l 0
guark-2
spin spin
z, , relative pion pair
momenta :
positron

Here for di-hadron
correlations:

A o Hf (2, m, )HE (2, m, ) cos(p, + ;)

Spin dependence in e’e’
guark fragmentation

will lead to (azimuthal)
asymmetries in

correlation measurements!

Experimental requirements:

= Small asymmetries =
very large data sample!

= Good particle ID to high
momenta.

= Hermetic detector

D
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Measurement of Fragmentation Functions @ Ly

eKEKB: L>2.11 x 103%*cm~2s1
eAsymmetric collider:

e8GeV e + 35 GeVe'

o/ s=10.58 GeV (-(4S))

ec’e " *(4S)-BB

eIntegrated Luminosity: > 1000 fbt
eContinuum production: 10.52 GeV
ee’e*(u,d, s, C)

¢>70 fb! => continuum
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QL Aerogel Cherenkov cnt.
 n=1.015~1.030

SC solenoid ﬁ 3
1. 5.]. : //__,\~ N

CsI(Tl) 16X, —[

T ra4king +dEldx
' _small cell + He/C2H6

i~

u/ K, detection

S "t!' det 14/15 lyr. RPC+Fe

3 lyr. DSSD

Large acceptance, good tracking and particle identification!



dE/dx (CDC)
TOF (only Barrel)

AdE/dAX ~5 %

AT~100ps (r=125cm )

Barrel ACC Y e n=1.010 ~ 1.028
Endcap ACC I n=1.030
( only flavor tagging )
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relative events

10 .

10

e*eDqQg, qEuds | =

Measuring Light Quark Fragmentation Functions
on the Y (4S) Resonance

o 00 -

0.8

p—
=
g
O
S 2of
T i
g |
< r 4s
T 1 + " ”
v : off
u |
‘E; |
10} { a
' 5
-
| + i..
!
5 1 j * 4 "
/J s 4
% tid ey L t + 4
Y(1S)  Y(2S) Y(3S) Y(4S)
944 946 10001002 1034 1037 1054 10.58 10.62

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

e small B contribution (<1%) in high thrust sample
e >75% of X-section continuum under

SO Y (4S) resonance

Thrust: T = -

2

~

p;-n
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e ~100 fb! =>» ~1000 fb!
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Collins fragmentation in e*e:

Angles and Cross section cos(¢,+¢,) method

ete- CMS frame:

2-hadron inclusive t

[D.Boer: PhD thesis(1998)]

m dependent cross section:

do(e'e” — h,h,X)
dQdz,dz,d’q;

= ... B(y)cos(p, + ¢, H:H(z )H;M(z,)

By) =y~ 2L i e /_
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Collins fragmentation in e*e:
Angles and Cross section cos(2¢,) method

ete- CMS frame:

*Independent of thrust-axis

«Convolution integral I

over transverse momenta
Involved

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

2-hadron inclusive tr rse momentum dependent cross section:

ta— Sl
do-(e e - h1h2x ) — ... B(@)COS(2¢0)||:(2F] . kTﬁ . pT - kT . pT )ﬂ}

M;M,

dQdz,dz,d g,

cm

B(®)=%sin2®
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Spin Projection in Barrel and Endcap
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Transverse Spin Dependent FFs: Cuts
and Binning

Full off-resonance and on-resonance data

(7-55): ~73 fb! + 588 fb?

Visible energy >7GeV

PID: Purities in for pion pairs > 90%

Opposite hemisphere between pairs pions

All hadrons in barrel region: -0.6 < cos (0) <0.9

Thrust axis in central area: cosine of thrust axis around beam <0.75
Thrust > 0.8 to remove B-events =2 < 1% B events in sample

Z, .41 >0.2



Final Collins results

First direct measurement of the
Collins effect:

(PRL96: 232002)

Nonzero asymmetries

Consistent with BaBar
measurement (see talk by
David Muller)

Belle 547 fb! data set
(PRD78:032011)
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Use of double ratios to cancel gluon radiation effects
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First global analysis from Collins Hermes,
Compass d and Belle data

our result | I —
—
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* First results available, still open
guestions from evolution of Collins FF
and transverse momentum dependence



Projections for Kaon Collins

Using same PID
matrices as recent
K/m yield extraction
(see Martin
Leitgab’s talk)

Error bars
statistical,

Charm correction,
smearing
uncertainties not
yet included
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Interference Fragmentation —
thrust method

e*e™P (T'T);er1 (T 7)o X
Find pion pairs in opposite
hemispheres

Observe angles ¢,+¢, between the
event-plane (beam, jet-axis) and the
two two-pion planes.

Theoretical guidance by papers of
Boer,Jakob,Radici[PRD 67,(2003)] and
Artru,Collins[ZPhysC69(1996)]

Early work by Collins, Heppelmann,
Ladinsky [NPB420(1994)]

<

«Jaffe et al. [PRL 80,(1998)]
*Radici et al. [PRD 65,(2002)]

A o HE (2, mH{ (z,, m,) cos(p, + ¢,)
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Transverse Spin Dependent FFs: Cuts
and Binning

Full off-resonance and on-resonance data
(7-55): ~73 fb1 + 588 fb!

Visible energy >7GeV

PID: Purities in for di-pion pairs > 90%

Same Hemisphere cut within pair (t*nt~), opposite hemisphere
between pairs

All 4 hadrons in barrel region: -0.6 < cos (0) <0.9

Thrust axis in central area: cosine of thrust axis around beam <0.75
Thrust > 0.8 to remove B-events =2 < 1% B events in sample
Zhad1,had2>0-1

Z,= ZpaatZhad, ANd Z, binning

m_, and m__, binning

Here: Mixed binning



Zero tests: MC

Energy flow with opening cut of 0.8

%2 I ndf 25.52/9
Prob 0.002446
Enﬁiﬁwgﬂm mﬁo 00-22 g— po 0.0003519 + 0.0002305
RMS 1.294 0-012_
0.005- D
0; Jf‘ ----- --.C,D____‘___Q_‘—_‘ _____ onon '''''' ] '@;"D"P-Q--;Q”
-0.005% ‘% o0 . v AR S S A
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sin(acos(f,))?/(1+012)

* A small asymmetry seen due to acceptance effect

* Mostly appearing at boundary of acceptance
e Opening cut in CMS of 0.8 (~37 degrees) reduc

acceptance effect to the sub-per-mille level




Invariant Mass ©*/n” Pairs
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 Build normalized
vields:

N (¢ +4,)

(N)
* Fit with:

or

Amplitude a,, directly
measures ( IFF ) x ( -IFF )
(no double ratios)



0.04
o 0.02

4.02
.04
.06
4.08

441
.12
.14

.04
o 002

-0.02
-0.04
.06
.08

0.1
.12
.14

0.04
L]
o D02

-0.02
-0.04
~0.06
-0.08

<01
<012
<014

(z,x m,) Binning

= = ¥ = v
: 0.20 <z, < 0.27 : 0.27 <z, < 0.33 : 0.33 <z, < 0.40
é_ 1 1 1 1 1 é_ 1 1 1 1 1 1 é_ 1 1 1 1 1
;_ ¥ ¥ ¥ ;_ v ¥ L ;_ v ¥
- vy 3 vy T
: 0.40 <z, < 0.50 : 0.50 <z, < 0.60 :
= = - 0.60 <z, <0.70
- : : ' ' - == : : - [ S S S R N
5: F m, [GeVic"]
:' M _—T' ¥
3 ¥ 3 ¥
3 r ¥ LA -
v & | arXiv:1104.2425
= 070<z,<080 - 0.80 <z, <1.00 PRL 107, 072004(2011)
B - - P A ¥ N YR Y- R B
m, [GeVic?] m, [GeVic?]

23



(m,x z,) Binning
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Comparison to theory predictions
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Red line: theory prediction + uncertainties
Blue points: data

* Mass dependence : Magnitude at low masses comparable, high masses
significantly larger (some contribution possibly from charm )
« Z dependence : Rising behavior steeper
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Subprocess contributions (MC)

8x8 m, m, binning

1 - _
B B 5 TBTDEO
0.8 L~ charm . Ode
: b4 8 | ett }H}H{. H#H{ e
O.G%HI'H} ILEr IO I LA it

1 I I

AL T I .

s
-t gl Mg g g

02__ 0.25 0.40 0.50 0.62 Of@{ O{Q& 1.10 1.50 }

L <m, < <m,< <m, < <m, < <m, < <m,< <m, < <m, <
— 0.40 0.50 0.62 0.77 0.90 1.10 1.50 2.00

0 10 20 30 40 50 60
bin number

relative process contributions

tau contribution (only significant at high z)
charged B(<5%, mostly at higher mass)

charm( 20-60%, mostly at lower z)
uds (main contribution)



Subprocess contributions (MC)

9x9 z, z, binning

relative process contributions

S T T T ST e
bin number

tau contribution (only significant at high z)
charged B(<5%, mostly at higher mass)

charm( 20-60%, mostly at lower z)
uds (main contribution)
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Measurement at Belle leads to first point
by point extraction of Transversity

COMPASS 2010 proton data
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See Marco Radici’s talk



Handedness

Thrust direction

© o

— sind>0 = LR N, — N
| ki |l k_ | Jet handedness: — L
> Nr + Ny,

Handedness:

Ngp + Npg — Npp — N,
'Ngp + Npg + Ngg + Ny,

Expect negative correlation for local p-odd effect
Zero If factorized TMD picture holds 2



First Look at Handedness Correlation

e Test of TMD
picture (C=0)
* Sphaleron

interaction would
lead to C<0

[ =

f Zero test
-O.ZT

Mixed Events

0 Ll

02 0.4 06 08 e
Should be zero. Effect probably

due to insufficient separation of
hemispheres

Work in Progress....



hz lepton frame

2 ~2T2 "J_H - 2 T f(— =
>um €2 2770 G (2, M}) Gy (Z, M)

(L

D oug €aZ? z2 D¢z 1[‘“[)ll‘,._l_[?1

(cos2(op — i)

r_’f,
From:

D. Boer,
DiFF Miniworkshop,
Pavia,2011

* Measurements of G, will test TMD framework

* Together with handedness correlations will give insights into mechanisms behind
transverse spin effects



KEKB/Belle—>SuperKEKB, SO upgrade (2010-2015)

Belle IT

Aim: super-high luminosity ~103®cm=s (~40x KEK/Belle)

Upﬁrades of Accelerator (Microbeams + Higher Currents) and Detector (Vtx,PID,
higher rates, modern DAQ)

Significant US contribution

New beam pipe
& bellows

Belle Il

New IR
Crab cavities

More RF sources

More RF cavities

Energy exchange
C-band

. 3 .

d
<

Positron source

http://belle2.kek.jp
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D

The Belle Il Detector - =

RPC u & K| counter:
Csl(T1) EM calorimeter:* =~ espge_.__. /4m . scintillator + Si-PM
waveform sampling =" _ b end-caps
electronics, : .
pure Csl

for end-caps

4 layers DSSD —
2 layers PXD
(DEPFET) +

4 layers DSSD

. Eilm

~of-Flight, Aerogel
renkov Counter —!
e 1 ime-of-Propagat'ion
Wcounter (barrel),

¥ proximity focusing Aerogel

RICH (forward) :

Central Drift Chamber:
smaller cell size,
long lever arm

Belle Il Technical Design Report: arXiv:1011.0352




Highlights (for FF measurements)
Of Belle I

e Kaon efficiency > 95% over
relevant kinematics, fake
rate < 5%

* Vertex resolution improved
by order of magnitude

* Obviously more statistics

0 05 1 15 2 25 3 35 4 45 5
momentum (GeV)



Conclusion and Outlook

* Belle measurements played a crucial role in the
first extractions of transversity from single and di-
hadron asymmetries

* Current plans include
— PiO/eta Collins FF
— VM Collins FF
— |IFF with ©t*-/7% in final state
— Handedness and G, correlations

* Belle Il will add better vertexing and PID
capabilities (and much more statistics)
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