Hadronization Studies in e*e- annihilation at Belle
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Easiest Process to study QCD




Field, Feynman (1977):
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QED Hard QCD Decay L
Scattering Fragmentation

XA

« Complementary to the study of nucleon structure (PDFs)
« Cannot be computed on the lattice
« Consequence of confinement
* Questions to be asked
» Macroscopic effect (distribution, polarization)of microscopic properties
(quantum numbers)?
« Effect of QCD vacuum the quark is traversing



Amsterdam notation for FFs with quark/hadron
polarization

z: fractional energy of the quark carried by the hadron
Py, 1t transverse momentum of the hadron: TMD FFs

Parton polarization - | Spin averaged longitudinal transverse
Hadron Polarization

v

spin averaged DMz, pr) G1(z,pr) H™ (2, p1)
longitudinal
Transverse (here A) DllTA/ Uz, pr) Hf/ ', pr)

» Theoretically many more, in particular with polarized
hadrons in the final state and transverse momentum
dependence




Proton Structure
extracted using QCD
factorization theorem

FFs contribute to
virtually all processes

Particular important
for transverse spin

structure QC fragmentatigpn
Proton Struct P % .......... . function,

d’c’ (ppT > 7r+X)
dx,dx,dz

ql (x19 qT) G( 2)><

6" (4.9, > 4,9
:k FF z, =
dxldxz e k.1 ( Phr ?":



Fragmentation Functions: Why should we bother?
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Where to Study?

» e*e” cleanest way
to access FFs G,
hadronic jet TN
. Q&
St

e q\.'Dé’ (2,0
Hadron
» B factories

close in energy to SIDIS (100 GeV? vs
2-3 GeV?)
Large integrated lumi!, high z reach




Where to Study?
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» e*e” cleanest way to access FFs

On-resonance:
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Belle, a typical e+e- Experiment of generation 2000

Aerogel Cherenkov
*Asym. e* (3.5 GeV) e (8 GeV) SC cnt.
collider: solenoid > n=1.0}5~1.030

Vs =10.58 GeV, ete-
2>Y(4S)->B anti-B

-Vs = 10.52 GeV, e+e->
qgbar (u,d,s,c) ‘continuum’
« ideal detector for high precision | TOF counte
measurements: ¢

- Azimuthally symmetric

acceptance, high res. Tracking,
PID: Kaon efficiency ~85%
Available data:

~1.8 *109 events at 10.58 GeV,

~220 *10° events at 10.52 GeV

Si vix. de \\, u/ Ky detection
DYy 4/15 lyr. RPC+Fe




relative events

Measuring Light Quark Fragmentation Function
on the Y(4S) Resonance
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0 10 03:' A 0000 e*e- Center-of-Mass Energy (GeV)
B B b *-A 000 A
9, a %o e small B contribution (<1%) in high thrust sample
0 bk ‘o * e >75% of X-section continuum under
0.5 0.8 (MM Y (4S) resonance
~| © 89 fbl=>» 792 fb1
Z pi-n
Thrust : Tzi—




Baseline measurement D(z) from e\
Cross-Section for identified Pions and Kaons ./

L ‘, quark h!

O-h(za Q27pT) X Zeg (Dﬁq(za Q2apT) =+ D{L,cj(za Q27pT))

q




o"(2,Q% pr) x Y e2 (D}, (2,Q% pr) + D} :(2,Q% pr))

q
PD
(i = T, Kj
do; 1 | - ) |
L = egsR/an(z)Szzl e:mpu(zm)Pijl Nj,raw(zm)
dz Ltot m

. o * Smearing Corrections
« Initial State Radiation

* Exclude events where CME/2
changes by more than 0.5%
» Large at low z, correct based on MC



o"(2,Q% pr) x Y e2 (D}, (2,Q% pr) + D} :(2,Q% pr))

q
PID ) SEE—
=, K)
— — R—— x/
—1 —1 T aw
dz Ltot m
» Correct for acceptance,
° 1T, 2y,

A . * Smearing Corrections
decay in flight, « Initial State Radiation

* Exclude events where CME/2

changes by more than 0.5%
» Large at low z, correct based on MC
< 10%



Cross sections

e;'oint (2) €15r/rsr(2) S ;3171 € mpu (2m) P z';l N»To(z.0)

dz_m

i n* (Statistical, Systematic Uncertainties)

L lllllll

¢1 K* (Statistical, Systematic Uncertainties)
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New DSS(E,H-P) Fit

! I T T T T T T T T T T T T
————————————————————————————————————————————————————————————————————————————————— et BELLE 1 do”™ F--
C C,.,, dz ]

» Fit includes pp, SIDIS data and BaBar e+e- ; _
* From DSS: 3 E
Precise data at high z s 3

Some info from scaling violations (Belle vs
experiments at My)

' | ' ! | | ! ! | |
H—r—+—+—+—1— +—1
E (data - theory)/theory

Some info on flavor due to charge weighting

* New NNLO calculations (only e+e-)
- Reduce theoretical uncertainty but
v only marginally smaller

K factors at 10% (down from 40% for
NLO/LO (at LEP energies only ~1%)

Still need high z resummation and target e
mass corrections = pss
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(1N, dn JdE

Perturbative QCD tests

8 re'e”

Time like splitting functions have
singularities < 0.1 (unlike space like
important for DIS)
MLLA - test for resummation
Observed shape consistent with QCD
calculations
Can be used to extract og
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Yes! - Collins fragmentation function

Microscopic property (spin) leave footprint in
macroscopic property (hadron azimuthal
distributions)




A simple model to illustrate that
spin-orbital angular momentum
coupling can lead to left right

asymmetries in spin-dependent

fragmentation:

u d d
7T ud_
: Tl L=

String breaks and™
a dd-pair with spin
-1 is inserted.

(favored)

T picks up L=1 to
compensate for the

pair S=1 and is emitted
to the right.



Tensor charge gt = f_ll dx h(x) dx h(x) can be computed
precisely on the lattice > Compare with first order QCD

Important for low energy BSM physics e.g. in neutron 3
decay (tensor coupling)

Cannot Measure in Inclusive Reactions

Naive picture: leptonic probe too ‘fast’ to be sensitive to transverse
polarization, need quark polarimeter:
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How to measure spin dependent FFs in
(unpolarized) ete™?

O




Measuring transverse spin dependent di-Hadron Correlations
In unpolarized e*e” Annihilation into Quarks

electron

positron




Measuring transverse spin dependent di-Hadron Correlations
In unpolarized e*e” Annihilation into Quarks

electron

quark-2
spin

quark-1
spin




Measuring transverse spin dependent di-Hadron Correlations
In unpolarized e*e” Annihilation into Quarks

electron Spin correlation
will lead to azimuthal
asymmetries in hadron pair
correlation measurements!

Q1 Experimental requirements:
l » Small asymmetries =

very lar mple!

quark-1 ery large data sample
spin » Good particle ID to high
momenta.
2, , relative pion pair = Hermetic detector
momenta .
positron

o « Hi" (z1)Hi (z;) cos(¢p1 + ¢,) +C




¢1+¢2 method:

hadron azimuthal angles with
respect to the qq axis proxy

Thrust axis

There are two methods with two or one soft scale

sin? O, W ) B (2,)

cos(p1 + ¢2)

o NM12(1 aF

1 + cos2 O DQ"] (zl)D£°] (22)

N(g, +@,)

(N2

U/L
R12 —

D. Boer
¢o method: NucI.Phxs.B806:23,2002|

hadron 1 azimuthal angle with
respect to hadron 2

sin? 0 Hil‘(z )ﬁil'(z )]
) 7~ Mo(14 o g cos(260)F D)L ().
NQg,)
R(l)]/L 0
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0.15

0.1

0.05

A(l,ﬂ‘(zl v Z,)

Belle Data:
Phys.Rev. D78 (2008) 032011

Belle © Collins Results
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(global fit to Belle, Hermes?c
Jlab & COMPASS data)

02 04 06 08

z

s @0 = 2.4 GeV2
. 0.04— —_Q’=10GeV?
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“0.02-

0.6 0.8 1
zZ

0 0.2 0.4

Extraction of Collins FF

Kang, Prokudin, Sun, Yuan
Int.J.Mod.Phys.Conf.Ser. 37 (2015) 156002’




Extracted Transversity
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Di-Hadron Fragmentation
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First measurement of Interference Fragmentation Functior
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sing

5 oosE PR o 4 X * Ys=500 Gev Indeed: No Evolution,
0.06 - = Vs=200 Gev Gluons do not couple
- to transversity!
0.04 — # . .
- ; t Kinematic coverage
0.02— q *
- . ! . and tests of
°F ‘ universality
_0-02:_ 1 I 1 1 1 1 1 1 O'O6< X < 0'35
£ o.05F Still 3X (200 GeV) 15X
a" 0-04F (500 GeV) data on
0.03 ™ m | | -

0.025- ¢« & T ‘ tape/to be taken next
0.01; year 2> most precise
) determination of

transversity before
One p; bin for which p;/Vs similar SoLID

~XBj
See also Phys.Rev.Lett. 115 (2015) 242501



Comparison of pp results with Theory Predictions
based on SIDIS->Test of Universality

_________________________________________________________________________________

0.06 S o S — 0.08
[ run 2006 ]
0.04} f un 2012 €—— 0.06} { ]
i { ]
5 o - ~ 0.04f {
2 002 q * : s { i
0.00/ : ' { i {_L 0.02} i run 2006 -
T E l{i l{ i l run 2012 <+
] 0.00— 1
_002 4 L a At ) . ) ) ) . ) ) ) . ) ) ) . )
-1.0 -0.5 0.0 0.5 1.0 a 6 8 10
forward '7 backward Pr

M. Radici at Spin2016

» Theory prediction in this region driven by one
COMPASS datapoint outside the Soffer bound




Helicity Dependent FFs




‘ QCD Vacuum Transitions carry Chirality

The QCD Vacuum

Sphaleron /
Energy 4 withQ =-1

Difference in winding number:
Net chirality carried by
Instanton/Sphaleron

Ny= 3 2 1 0 1 2 3
Instanton with Q =1

— Vacuum states are characterized by “winding number”

— Transition amplitudes: Gluon configurations, carry net chirality
— e.g. quarks: net spin momentum alignment

— Similar mechanism to EW baryogenesis




QCD Vacuum Transitions carry Chirality QN

7N\
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Béﬁm

0

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

STAR, 62 GeV ]
. —e— same charge, AuAu |-

=y
ol

. —a— opp charge, AuAu |7
_‘_.. —=— same charge, CuCu |
1. | —=— oppcharge, CuCu |7

<°°5(¢a"'¢[,'2‘1’np»

o
AL e N e e

L e

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

70 60 50 40 30 20 10 O
% Most Central

S
o




Handedness Correlations

Thrust direction




Di-Hadron Asymmetries

» Di-hadron Cross Section from Boer,Jakob,Radici[PRD 67,(2003) 094003]:
Expansion of Fragmentation Matrix A: encoding possible correlations in
fragmentation (k: Py,+P}.,)

1 .
,3‘)N/dlc+A(k;Ph,R)
Des “=P /zkr
11 a ; 2 2 2 2 €pp 0"74"’21: ’l‘p R,
- 4—'7 1 {D](z?i?k'['f '1'$k'1‘ lj— _'G (/"é’k'l" 'l"k'l' R!) e A[lﬂj2 ! 1 a}s
y REn” y T kMY
Qe e k2 RE k- Ry) TN L oplag, e k2 R2 Ry Ry iU
THIGE ke B e !)ﬂh‘i‘ﬂ[z T H G &R B R ’)ﬂfl-i-ﬂfg
2 3 a? 9_9 1 v la Yoy ~Lla . =52
<COS(2(¢)R_¢)E))> = €. 2Q2 A A( ) \[l \[‘_ \-2 Gl (/‘T‘"[h)Gl (/;,J\ h) .




Di-hadron Cross Section from Boer,Jakob,Radici

» A: Fragmentation Matrix, encoding possible correlations in
fragmentation Helicity dependent correlation of

o k:P. +P Intrinsic transverse momentum with
ot he Di-hadron plane->Test of TMD framework

from Boer,Jakob,Radici 2003) 094003]

1
322

/dk+A(k;Ph,R)

k™ =P /zkr

Eu}/po’ ’)# ’lli kg Rg
MM

11 .22 2 lar o 12 1
= DI E R R ey Ry) i G 6 R R Ry Ry) %
4 4
0 R 1Y

Myt My

+Hl<ia(2-§'k;;‘ 3"k"'.RT)

2 30 2*7° B(y) <a
Q% (M + M)(My + Mas) 1(R)

(2, M}) T




Robust vs. final state radiation

De-correlate axis between hemispheres

We use anti-kT algorithm implemented in fastjet

Cone radius R=1.0

Min energy per jet 2.75 GeV-> suppress weak decays

Only allow events with 2 jets passing energy cut (dijet events)

Only particles that form the jet are used in the asymmetry calculation
Thrust cut of 0.8< T< 0.95

Beam axis




Asymmetries for Cos(2(dpr,-dr.)) (G,-) small

=~ 0.012 =~ 0.012
& £
' 0.008— '« 0.008—
g S
S 0.004- & 0.004
8 8
<t ' et
1] ©
=-0.004 —-0.004
. . Belle Prelimin
-0.008- Belle Preliminary -0.008 clle re ary
0.012636.4705 0.6 0.7 0.8 0.9 1 1.1 -0.012 a5 05 0.6 07 08

M [GeV/c?] 2

» No evidence of local p-odd effects yet
» Next step: partial wave analyis




Large A transverse polarization in unploarized pp

Qi PRL36, 1113 (1976); PRL41, 607 (1978) o
collision ptp oA+ X
Caused by polarizing FF D5 (z,p%)? é

_10 -
Polarizing FF is chiral-even, has been proposed as ¢
a test of universality. PRL105,202001 (2010) c
-=-=20
OPAL experiment at LEP has been looking at S
transverse A polarization, no significant signal was ©
O-30
o
observed. o pnys. s. c2, 40 (1998) o s experiment
(Vs = 62)
—40F}
ORef. 12 (v = 27)
Fermilab,
0. 0.2 0.4 0.6 0.8 s
X¢
ISR data

(Phys.Lett. B185 (1987) 209)
Xp = pp/ Maxpy~poXy — X2~ forwardX1



Lambda polarization allows to study spin-orbit
correlation of quarks inside Baryon - counterpart of the
Sivers parton distribution function (kr dependence of
quark distributions in transversely polarized proton)

A non-vanishing D5 could help to shed light on the spin
structure of the A, especially about the quark orbital
angular momentum, a missing part of the spin puzzle of
the nucleon.

Produce Lambda with certain pr

Check Transverse Polarization depending on pr and
flavor

Analogue of the Sivers effect in the Similar Universality t
checks (T-odd but not chiral odd) allows to fix sign :
I
v

Pt

q




Events / ( 0.0002 )

14000

Sideband subtraction will be applied

12000}

10000}
8000/

6000
4000
2000

0

§ .~_Jujfjfiflua reﬁgi(ii:l~.-” E

1.105 1.11 1.115 1.12 1.125 1.13

M, (GeV/c?)

Signal process A » pr~(A> prt).

Clear A peak.

Detect light hadron (K*, 7% ) in the
opposite hemisphere—> enhance or
suppress different flavors fragmenting

in A(A).

thrust axis

jet2

/
Lambda
flavor tag

A(uds); mt(ud); K* (us)

fav

u dIS Y14



Reference frames

Thrust Frame Hadron Frame

A+ X thrust frame
variables ZA 5 Pt
A+ h+ X thrust frame hadron frame

1 dN variables ZA, Zhs Pt ZAs Zhs Dt

N deosd =1+ aPcosfd




htheta_sb_total_Itype0

240;‘05 hcostheta_total_ltypeQ 220::103 .‘ : :

2005 180E- e : o 3

180F 160E 8l o.9F

oL 4oF . : 0.4<z <0.5

a) o b) c) d)

60F  Fmmmmmmmmmmmmmmmmmmmmmen Y 60 [ 3 xZ / ndf 119/ 99

©- | signal region | T e L P2 P S o ST
ol - ¢ sideband subtraction : . normalized | | .| MC-efficiency-corrected
1 08 UETHT0ZT0702704708708 1 e e ————————————————————— 0_1 208 -0.6 Lomrume — o= g omd8 1 A H

cos0 cosO COSG‘ cos(0)

* Cos#@ distribution in A signal region a) is corrected by
sideband subtraction—> bg)

» Normalized by itself, as shown in ¢). 0.of

» The shape c) is divided by the corresponding shape from MC, 0.7k =t @)
so that we obtain the efficiency-corrected curve d). OSF  xi/nar  83.02/09

* Or ¢) shape of A events is divided by that from anti-A events 0-42— 0.8;20.' Z::ZZ :;:360 ol
if we assume efficiency is independent on charge, that is e), o e L O
this is called data ratios. . dataratio |

__________________________

» We fit d) and e) to get the polarization of interest.



Fit to the cos@ distributions with 1 +
pPocoso .

The polarization of interest: p,/a.

In the data ratio, polarization is obtained
via po/(ay — a-).

In data ratios, the slope on the cosf
distributions are about two times larger
than that in MC-corrected ratios, the (a, —
a_) is also about times larger than a, (a_).

Results from MC-corrected ratio and data
ratio are consistent with each other.

Nonzero polarization, magnitude rises to
about ~5% with z, = 2E,/+/s.

ation

Polariz

-0.02
-0.04
-0.06
-0.08

o
-

cos(0)

Fit plots for

A -(A) data ratio.

0.08525 binning [0,2,
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Polarization Polarization

Polarization

0.1

0.08 »Belle Preliminary 3 3 E A + x
0.06

0.0l 0.2<2,<0.3 : 0.3<z,<0.4 0.4<z,<0.5 | 0.5<z,<0.9 + Four z bins and five P: bins are used:

0.02F

P e B e = e A z5=[0.2,0.3,0.4,0.5,0.9];
ool ] :—f~+++J[_ p.=[0.0,0.3,0.5,0.8,1.0,1.6] GeV

o s s~ s o5+ s * INonzero polarization was observed.

0.0a{®e1e Protminary | . . X Interesting shape as a function of (z,, p;).
0.06F F 4 b
o0s) OFF0S | O35=04 | O4sm=0S 1 %=5=%% |+ The polarization rise with higher p; in the
oo *’"’1}*:“‘*4*““ """ S S lowest z, and highest z, bin. But the
oo , e e dependence reverses around 1 GeV in the
‘(13.81> 0f5 l1 1.15- ‘ 0.15 EI ’ 1.15- ’ 0{5 ‘ fl ’ 1}5- ‘ 0{5 fl l 1f5 intermediate ZA bins.
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823?30-2<Z.\m<°-3. 0.3<z, <0.4 | 0.4<z <05 | 0.5<z -<0.9 and A _(/_\) data ratio.

0.02F F L E
oo t’%}[—‘“ o] PN » Error bars are statistical uncertainties

. s __{_______ .
ool ' Frowns e and shaded areas show the systematic
ey DU VNN SN S uncertainties.
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Results 1n thrust frame
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Results in hadron frame

Polarization
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zp[0.2,03] A+ nt +X

02 03 04 05 06 07 08 09

1

0.8

0.6

0.4

0.2

z

Zal0.2,031 A+ = + X

T+

u

02 03 04 05 06 07 08 09

s

z4[0.5,0.9] A+ ¥ + X

1

u

0.8

= An attempt to look at the flavor
tag effect of the light hadron,

0.6
0.4

u

0.2

02 03 04 05 06 07 08

based on MC. (Pythia6.2)

= The fractions of various quark
flavors going to the A’s
hemisphere are shown in
0o different [z, z,] region.

= MC indicates that the tag of the

y
Zp,[0.5,09] A+ 1~ + X

L

quark flavors is more effective

0.8 C

0.6

0.4

0.2

02 03 04 05 06 07 08

at low z, and high z,;,. It
explains why at low z, and
high z;, polarizationin A + h™*
and A + h~ have opposite sign.

0.9
s



z,[02,03] A+ K*+X
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gd |
0.8 — §S
-C
0.6 u ‘g
!'g ]
0.4 i
0.2

0
02 03 04 05 06 07 08 09

2.+
K
2,[02,03] A+ K~ +X
1 =u
gd
0.8 iS
<
-u
0.6 lg
£S
0.4 iC
0.2 u
00.2 03 04 05 06 07 08 0

Zy+

2,[0.5,0.9

0
02 03 04 05 06 07 08 0S8

Z +
0.5,09] A+ K™ +X

Zp

0
02 03 04 05 06 07 08 09

Zy+




Non-A back rounds are excluded out in the
sideband subtraction.

X* decays to A strongly, is included in the signal.

Feed-down from 2°(22.5%), A.(20%) decays
need to be understood.

The x°%-enhanced (2 - A + ¥) (Br~100%). and
A.-enhanced(A, - A + 1)(Br~1.07%) data
sets are selected and studied.

The measured polarization can be expressed as:

o7y ey

pmea. — <1 . ZEE? Plr‘uﬁ + ZEFIE .

—— i

F; is the fraction of feed-down component i,
estimated from MC. P; is polarization of
component 1.

Polarization of A from 2° decays is found has
opposite sign with that of inclusive A.

R. Gatto, Phys. Rev.
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E E udsc 38%
F BN >°22.5%
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~0.15F
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AEEE X from I° decays s

Polarization
o
o O
[6)] oy

~0.05E
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~0.15F

_OA%:..\I\ A T PP NI I IR RPN I
.1 02 03 04 05 06 0.7 08 09 1
Z —
ARK

109, 610 (1958); Phys Lett.B303,350(1993)



D
KEKB/Belle>SuperKEKB, [<dfa»)

Belle I

» Aim: super-high luminosity ~103%cm=2s" (~40x KEK/Belle)

. \})grades of Accelerator (Nano-beams + Higher Currents) and Detector
(Vix,PID, higher rates, modern DAQ)

» Significant US contribution

Belle Il

http://belle2.kek.jp

Start of comissioning in 2016




‘ Belle IT Detector (in comparison with Belle)
1 | 2 | 3 | 4 | 5 | 8 | 7 * | 8 | 9 | 10 | 1 | 12
A soeview| |
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G F % SVD: 4 DSSD lyrs > 2 DEPFET lyrs + 4 DSSD lyrs
— CDC: small cell, long lever arm

Belle  acc.+1oF - TOP+A-RICH

- ECL: waveform sampling (+pure Csl for end-caps)
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Precision study of local strong parity violation to
probe the QCD vacuum

Hadronization studies in transverse momentum-spin
correlations (A)/Fragmentation function

Precision studies of fragmentation functions needed
for JLab12 program
Precision

Charm suppresion
Kaon ID



Status of Belle IT Installation

Sector Test of KLM
(B Kunkler from IU)

s e e e
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Current SuperKEKB/Belle IT Schedule
 CY2014 | CYz015 | CY2016 | CYz017 |  CY2018 |

missio
ning
Detect

Super KEKB
Construction

VTX
Instal
lation




Hadronization Studies in e+e- provide a
complimentary access to non-perturbative QCD

Exciting new results with respect to polarized and
polarizing FFs

kr dependent FFs on the horizon

Belle II will provide ample new opportunities






MC validation & Smearing correction

e Ofpmmeee : A T
'% gtgz MC E -e-rec. (output) 5 :i MC : : Srec.
R * gon. (zoro input) S sk U S S S o
R S A oo 8 .‘i¥'.'i P, L
T oo 2 | * L .
f,ﬁﬁ: A+X T T N YT
042 "%63 04 05 086 07 08 09 . pHGev) pHGeV) pHGev) PHGEY)
“ | ] f,o
« Zero polarization is observed in MC, as & .5 - - 11 ' S S .
° 3 3 3 3 6 5 s 76 i3 36
expected.
» Smearing effects caused by the A+ X -
detector acceptance and resolution are § e LY _ e
estimated using weighted-MC with © o |
. . . - LI o Ui 1
nonzero polarization input. S . 5 SRR
o] ! L ? %
+ In thrust frame correction factors are %
PSP SYRY FPEY PP FYTY FURY PR Y 0 Y T FERE FRU EYRY SYRY FUTY Y FUT FTE YU FERY FYRE FPY FUTH PO FYPU TR FOv1 SYPU PvRt puva povu by

2 04

1.0-1.3 depending on the [z,p.].

» No Correction needed for hadron
frame

CUpwAGe) | paAGe) | pARIGEY) | p(AR)GeV)




dE/dx (CDC)

TOF (only Barrel)

Barrel ACC

Endcap ACC

PID Corrections from Data: Significant improvements

M| n = 1.010 ~ 1.028
S " 1030

compared to previous experiments

AdE/AX ~5 %
AT~100ps (r=125cm)

( only flavor tagging )
| |

| [

T T T Ll

2 3 4

ToF forward geometry acceptance limit

8 15— ‘ //
§ 035 — fill matrix of PID probabilities for each single

= bin from real data calibration- need large

04— o .

- statistics /~ N\
“E Ple->e) P(p->e) P(x->e) P(K->e) P(p->e)
i Ple->w Pu->w Pla->p) P(K->up) P(p->p)

-0.2:_ BN [P]l.] Plab, c0s0lab) | P(e->m P(p->m  P(a->a) P(K->7) P(p->7)
45—

04 Ple>K) P(usK Pla>K) PK->K) P(p->K)

-0.6=

085 \ Q)(e-fp) P(p->p)  P(x->p) P(K->p) p(p->i))
71E| 1 b1V | I 1 | 111 1 | L1 11

scatter plot: e, y, 7, K and p tracks from 4e+05 [GeVIc? ToF backward geometry acceptance limit =

events % o

e.g. D¥ —— DO° 5
\ \ + ]
+ U 3
ﬂ Slow faSt 0.: 61‘4§ 0.1'“ * 0.1‘4& lﬂlJ‘CB ‘0“‘5 6.1'5& 0.1'54‘ lo P (GeVie))

mp. - my, [GeV/cA2]



What we can learn by studying Hadronization

» Hadronization is the process by which colored
objects (quarks/gluons) form hadrons in the final
state

Cannot be calculated from first &)rinciples in QCD from the
lattice > Measurements needed!

» Hadronization is tied to confinement = Crucial
property of QCD which we are still trying to
understand

Provide data to extract fragmentation functions
parametrizing Hadronization for use in factorized
expression

Study the formation and dynamics of short lived particles

Study QCD in a process complementary to looking at
nucleon structure

Study non-perturbative QCD effects
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DIS
DF e FF

space-like
virtual photon

electron-
electron
collisions

FF ® FF

l+

time-like h,
virtual photon



0.6

0.5

0.3<2,<0.4

x2/ndf  90.5/99
0.0001088 + 0.0009765

1-0.80.60.40.2 0 0.20.40.60.8 1

Cos(0)

s s Vi i
AN U A LRI )

C.8f 0.4<2,<0.5

¥ /ndf  141.4/99

I 0.04p2504 + 0.0012895

_______________________________________

o A+X

» Change the reference vector 7 to be in the A
production plane. But still normal to p, .

.—_gl

0.3<z?<0.4

¥?/ndf  59.79/99

°F -0.0007558 + 0.0011260

|||||||||

05425.80.60.40.2 0 0.20.40.60.8 1

cos(0)

1 ! ‘ !l ’ .:l "
1 1" ]
o9f
osF 0.4<1_\<0.5
0.7fF
“2/ndf 121.2/99
O06F  _puc1s14 +0.001478
.........

0530.80.60.40.2 0 0.20.40.60.8 1

cos(0)

0.08F
0065 ~mT T mmmmmmmmm s
0.04F
0.02F

v ayvents

Polarization

Y Py . Y Py

YE T
-0.02]

-0.04-

-0.06

-0.08

.0.1E I I I I I L L 1
01 02 03 04 05 06 07 08 09 1
Zx

« Combine a proton in one event and pion in the
other event to form a false A.

_________________________________________________________

1.02) 1.04)
1W Wi ‘ 1.02) It
@
0.98f o 1 !

0.96 0.98F |
0.94F 0.96F
0.92F 0.3<z,<0.4 g-gg' 0.4<z,<0.5
0.9¢ 0 ck
088 | 0.4% .
ossk  x2/ndt  1317/99 08 windf 119/99
084F  pm 00738 + 0.00085 0.84F  p00.02371+ 0.00112
0.82F 0.82F
O 8 1 1 1 1 1 1 1 1 1 O 8 1 1 1 1 1 1 1 1 1
28370.80.60.40.2 0 0.20.40.60.8 1 8420.80.60.40.2 0 0.20.40.60.8 1
cos(0) cos(6)

» The second order term was added in
the fit function 1 + pycosf + p, cos?6

Besides, uncertainties from
smearing correction factors and
sideband subtractions are
included in systematics errors.

Uncertainties of decay
parameters are assigned as
systematic errors.



QCD 1s hard...

* QCD has glue-glue interaction and strong
coupling
Binding energy/constituent mass ~102 in proton,
10%in hydrogen atom

» =»Much more difficult to compute







.. but signficant progress in first order
calculations from the lattice

* QCD has glue-glue interaction and strong
coupling
Binding energy/constituent mass ~102 in proton,
10%in hydrogen atom

Much more difficult to compute

» Advances in Computational QCD (lattlce)
Need experimental input
Cannot compute hadronization




“Polarization data has often been the graveyard of ﬁ
fashionable theories. If theorists had their way they 77 /
might well ban such measurements altogether out of HiAk
self-protection - J. D. Bjorken, Proc. Adv. Research
Workshop on QCD Hadronic Processes,St. Croix,

Virgin Islands (1987).”

“Experiments with spin have killed more theories than g
any other single physical parameter” - Elliot Leader,
Spin in Particle Physics, Cambridge U. Press (2001)

Mesons qq

Quark Electric  Mass

Symbol || Name || -cone charge GeV/c?

Example: Role of spin in the
particle masses of mesons:




Probes to Study Polarized Proton Structure

2 —
03/2 ~ Zz €, 4q;




Probes to Study Polarized Proton Structure

2 —
03/2 ~ Zz €, 4q;




f19 (x)

=
©

g O - £

Parton Distribution Functions
The three leading order, collinear PDFs

unpolarized PDF
quark with momentum x=pgya/Pproton iN
a nucleon

well known — unpolarized DIS

helicity PDF

quark with spin parallel to the nucleon

spin in a longitudinally polarized nucleon
known — polarized DIS

transversity PDF

quark with spin parallel to the nucleon spin in
a transversely polarized nucleon

Helicity — transversity: measurement of the
nonzero angular momentum components in
the protons wavefunction

Chiral odd, poorly known
Cannot be measured inclusively
=»Need for Quark Polarimeter!




Current Status of Distribution
Functions

-------------------- fi= e
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Current Status of Distribution
Functions

fi=o |g1=emewes

Unpolarized Longitudinally Polarized
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Current Status of Distribution

Functions
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Current Status of Distribution

Functions —
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Comparison between 0.2 and 0.5 TeV: Consistent
and no Sign of Evolution

T -
p+pon +1 +X . V;=SOOGGV
STAR preliminary

= {s=200 Gev




Measurements of Fragmentation
Functions in e+e- at Bell

____________________________ e

* KEK-B: asymmetric e* (3.5 GeV) e (8 GeV) collider:
-Vs = 10.58 GeV, e*e>Y(4S)>B B
-V's = 10.52 GeV, e+e-> qqgbar (u,d,s,c) ‘continuum’
» ideal detector for high precision measurements:
- tracking acceptance 0 [17 °;150°]: Azimuthally symmetric
- particle identification (PID): dE/dx, Cherenkov, ToF,
EMcal, MulD
« Available data:
~1.8 *109 events at 10.58 GeV,
~220 *10° events at 10.52 GeV BELLE Detector

3 1. Silicon Vertex Detector
2.C I Drift Chamb

3. Aerogel Cherankov Counter

4. Time of Flight Counter

5. Csl Calorimeter

6. KLM Datector

7. Superconducting Solenoid

8. Super ducting Final
Focussing System




Measurements of Fragmentation
Functions in e+e- at Belle

_____________________________________________________________________________________________________________ e

* KEK-B: asymmetric e* (3.5 GeV) e (8 GeV) collider:
-Vs = 10.58 GeV, e*e>Y(4S)>B B
-V's = 10.52 GeV, e+e-> qqgbar (u,d,s,c) ‘continuum’
» ideal detector for high precision measurements:
- tracking acceptance 0 [17 °;150°]: Azimuthally symmetric
- particle identification (PID): dE/dx, Cherenkov, ToF,
EMcal, MulD
« Available data:
~1.8 *109 events at 10.58 GeV,
~220 *10° events at 10.52 GeV BELLE Detector

o BHE dtector

3 1. Silicon Vertex Detector
2.C I Drift Chamb

3. Aerogel Cherankov Counter

4. Time of Flight Countar

5. Csl Calorimeter

6. KLM Datector

7. Superconducting Solenoid

8. Super ducting Final
Focussing System




Where to Study?
_________________________________________________________________________________

2o

» e*e” cleanest way to access FFs % 109
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» B factories
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‘Measurements of Fragmentation Functions in e+e-
at Belle

*Asym. e* (3.5/3.1GeV) e (8/9 Belle Detector
GeV) collider: A

Vs = 10.58 GeV, ete ,_I ‘x..\_ A_erogelChggeOnkov et
2>Y(4S)—~>B anti-B SC solenoid 1 ﬂ \)ﬁ - ’J n=1.015~1.

Vs = 10.52 GeV, e+e-> 15T~
qgbar (u,d,s,c) ‘continuum’ [
» ideal detector for high precision N
measurements:

- Azimuthally symmetric

acceptance, high res. Tracking,

PID

Available data: R
~1.8 *109 events at 10.58 GeV, i g
~220 *10° events at 10.52 GeV

J

3.5GeV ¢*

Csl(TI) 16X,

TOF counter

N Tragking + dd
- small cell + He/C,H;

\‘k ) \'V ' >
A

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

[! \ x _l\..ﬁ \
Si vix. det. -\\3

3lyr. DSSD




e Initial State Radiation

» Exclude events where CME/2 PID
changes by more than 0.5% P
» Large at low z, correct based on MC =, K )

dz — Ltot Ejoz'nt(z) EISR/FSR( )Szzm zmpu(Zm)})q;j N7 (Zm)

» Correct for acceptance,
° 1T, 2y,
* decay in flight,

=

<10%

* Smearing Corrections



statistics

Ple->7e)
PCe->w
[P]IJ Dlab, c0sOlab) = pe->m

P(e->K)
@( e->p)

III'I‘II‘III I|I I| IIIIII TT |II |I ‘II ll‘

I|:,'~";r|IIIIIIIIIII|lIII|IIII\
1 2 3 4 5 6

ToF forward geometry acceptance limit

£ fill matrix of PID probabilities for each single
bin from real data calibration- need large

Pu->o
P(u->w
P(u->m
P(p->K)
P(u->p)

E | L L L L I L
4 0142 0144 0146 0148 015 0152 0.154

.10 L
GeVI "
scatter plot: e, u, &1, K and p tracks from 4e+05 °[ ovie ToF backward geometry acceptance limit
events
_ ;-; ’Wi
e.g. D* — > Do — £
T gow T fast -

mp. - My, [GeV/ier2]

P(x->e)
P(x->7)
P(x->7)
P(x->K)
P(x->p)

P(K->%e)
P(K->p)
P(K->7)
P(K->K)
D(K->P)

O Misidentification n>K up to 15%, K>n up to 20%

N

P(p->e)
P(p->1)
DP(p->7)
P(p->K)
p(p->f1)




Cross sections

e;'oint (2) €15r/rsr(2) S ;3171 € mpu (2m) P z';l N»To(z.0)

dz_m

i n* (Statistical, Systematic Uncertainties)

L lllllll

¢1 K* (Statistical, Systematic Uncertainties)

-

133
-
- -
....
¥

& P
A
.....
>~
T

—
| Illlllli L lllllll

—
o
w
1 lllllll
. »
- . v
»
: - .
. . 5
. - b
. . e
. : .4
- ! 3
- - X
: : o
. . ¥
: \
. : by
: »
. . »
»
- N
0
: 0
: L
: %
: 3
A
: 1B
. Y
- b
: »
. U
: A
t
. L .
- ..<y.m..v......v..-m..v....l ' hwsrrrrnnnnnnny
. ) .
. B .
B Yy .
. ry .
. *y .
. "
s by -
. ™ -
. by .
S - -
: & -
My -
o :
)
by .
-
Lo .
A
4
T .
. . 4 <
N 48 y . .
- <
-7 - : .
L
- . : :

L IIIIIIE

o
N
o
w
o
=
o
L8]
(=)
(o]
o
~
o
<
o
o
-




resummation
* From DSS:

weighting

New DSS(E,H-P) F

» Good agreement, however, there
seems to be a trend away from the
fit for the Belle data at high z

» Babar low z data needs

Precise data at high z

Some info from scaling violations
(Belle vs experiments at M)

Some info on flavor due to charge

1t

| ! | R
t —t—

—t+—t —
(data - theory)/theory

10 '3? with 68 and 90% C L. bands _|

E =

F - - - - Dss NE

v

04 EHH T —

0") (data - theory)/theory ! + E

2 E. _ =

o :\:..:.—~— bbbb bbb

0.2 :§§
04 ERN

......................




Sideband subtraction will be applied

14006,

CC\D] 12000E
Data sets: ~792 fh' at or near Vs ~10.58 GeV 8 o

8 aoooé

; 6000|

T 4000 Slgn].a reglo

()

> 2000

: _,_____.L L_.___.__

0 1.105 . 1.115 1.12 1.125 1.13
Moz (GeV/c?)
r flavor tag
Thrust>0.8 to select back-to-back event topology ACuds); m+(ud): K+ (us)
and suppress B decays to less than 1%.
Signal process A —» pn~(A - p ™). Clear A peak. S n*
By considering light hadron (K*,7* ) in the e o ds -
opposite hemisphere, we can emphasize or Lamtda
suppress one kind of flavor which contributesto =~ Zy [P T|}
A(A). >, [PEMS
PRL105,202001

(2010)



Measuring transverse spin dependent di-Hadron Correlations
In unpolarized e*e” Annihilation into Quarks

electron Interference effect in e’e’
quark fragmentation
will lead to azimuthal
asymmetries in di-hadron
correlation measurements!

2 ()|
) l , Experimental requirements:
2 dz
= Small asymmetries =
quark-2 very large data sample!
spin ylarg pie
» Good particle ID to high
momenta.
z, , relative pion pair
momenta . = Hermetic detector
positron

A o H{ (z,, m, )H{ (z,,m, )cos (¢, + ,)
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First measurement of Interference
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Fragmentation Function
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COMPASS 2004 Setup

- 4 AN MuonWall
"""""""""""""""""""""""" (ﬁﬁ} two stages spectrometer e
Large Angle '
d4 Spectrometer (SM1),
(I)S_d)R Small Angle

SpeciiRBsiESHM?
Z
E/HCAL, A
2002-2004: 6LiD (Deuteron)
— dilution factor f = 0.38 polarization PT =50%
n
1 . S >2005 NH3 (proton)
o —0O . 3 target cells with opposite polarization,90%
B (¢S — ¢R) = AUT SlIl(¢S — ¢R) polarization, 16% dilution
O +0
©F - _C()MPASS2()10W0ton data . h|gh energy beam
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Measurement at Belle leads to first point by
point extraction of Transversity
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See also: Courtoy: Phys. Rev. Lett.

107:012001,2011
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X region covered: by STAR

M. Radici at

Emerging Spin and Tra
in pp and p+A Collisions

RIKEN BNL Research Center Workshoj
February 8-10, 2016 at Brookhaven Nat ional Laboratol
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Good Agreement in Backwards Region

7>0, Vs =200 GeV

run 2006
run 2012




Mismatch at low pT and high n

forward backward




STAR data preters “more reasonable”
transversity

V's =200 GeV 1 as(Mz) = 0.139 flexible

\ X
S X h (x)+x h$(x) :




isovector tensor charge
gt = du — dd
Q? = 4 GeV?
D S Fo]

Gockeler et al (2005)%
Bhattacharya et al (2013
Aoki et al (20107

Green at al (2012)

lattice

Gupta et al (2014%
Bali et al (2015)
Q2 . O 8 { Anselmino et al (2013 l—.—|
— Anselmino et al (2013 |'—.—'|
Radici et al (2015 f—eo—
Q2 — ‘[ O Kang et al (2015)§7 }—.—‘l .

0 0.5 1 1.5

|
=gy

g
Still a lot to do to get experimental precision to lattice/model
predictions

STAR data will provide higher precision and Q2 leverage
JLAB12 will give high precision at high x

Belle II will provide comparable precision for fragmentation function
measurements



Precision measurements of the proton’s spin

structure important step to ab-initio solutions to
QCD

Combining p-p scattering, SIDIS and e+e- data
allows to extract protons transversity

Bel
had

e and Belle II data will provide further inside into
ronization, confinement and the structure of the

QC

D vacuum






Improve Charm Discrimination with SVD&PXD

| Impact parameter resolution d0 |

2

BN\
4

\
\._._Belle

N

Resolution [um]

N\
N

.

%%

1 1.5 2 2.5 3
pB*sin(6)*? [GeV/c]

pPsin(0):z [GeV/c]



Compare with ~85% efficiency for Belle

|Kaon efficiency, 1-bar] | Pion fake rate, 1-bar |
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Add more stuff from Marco here...




Belle I1

» Ueberleitung? Need for charm discrimination etc

0 10 20 30 40 50 60
bin number

0 B + s =

5 i o g",ﬁ"
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Transversity from di-Hadron SSA

ptp c.m.s. = lab frame
T T

P, Pz :momenta of protons .

TS P ¢, : from scattering plane
P, Pr2 : momenta of hadrons

uou to hadron plane

Pc =Pu+Pn

¢, : from polarization vector

u T

Rc =(Pwn—Pn)/2 i
u to scattering plane
S : proton spin orientation

R{_“ . . , t‘f;?aﬂf;?_‘.‘b a dﬂé’a T —eta S e o
doyr = 2[Pc] ﬂch:d % Spr| sin (ds; — {PHch T /1 h () ;,’f Hyy(Ze, M)
Unpolarized Hard scattering || [FF + Di-hadron FF
quark distribution Transversity cross section measured in e+e at Belle-
Known from DIS to be extracted from pQCD

102










‘z&%& &x&
d (A o)
Ze [dgdgd’k h(xik )= Hy (7 p)sin(dy + ¢+ 4))sin(gs +4,)
ACollins _
d(Aoc
X [dsdph a0k . D3

o o .-

9"\,% I'O/?p

Q) &
k- transverse quark momentum in nucleon Anselmino, Boglione, D’Alesio,

Kotzinian, Murgia, Prokudin, Turk

p-- transverse hadron momentum in fragmentation Phys. Rev, D75:054032,2007

The transverse momentum dependencies are still unknown
Need pr dependent FFs from Belle to extract transversity and test TMD framework



Unpolarized Fragmentation Functions

» Precise knowledge of upol. FFs necessary for virtually all
SIDIS measurements

Lack of data at high z, lower CMS

i n" (Statistical, Systematic Uncertainty)

-
e
S

\\ QK- (Statistical, Systematic Uncertainty)
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Submitted to PRL
arXiv:1301.6183




Handedness Correlations

 Handedness Correlations expected to be zero in

factorized approach

« Non-zero asymmetries predicted in factorized approach
for azimuthal asymmetries sensitive to G+,
» Several suggestions how interactions with QCD vacuum

can lead to non-zero asymmetries

« SLD: Upper bound from 9ok hadronic Z events: 7%

Thrust direction

koxk_) -t
Handedness:( +Xk-) >0 = LR
| ki Il k_ |

Jet
—_— Nr — N
handedness: ———*%
Np + N;

Npp + Npp — Npp — N1
"Ngp, + Npg + Ngg + Ny,

0.08
C 0.06
0.04
0.02

-0.02
-0.04

-0.06F- Correlatio

-0.08

0.1

MC

#

Lht

from MC zero

MC/mixed|events

ﬂ ++

++

HH

as expected
0.2 04

0.6

0.8

-
T-Pol




Belle IT Detector at SuperKEKB (L x 40)

______________________

______________________

Barrel PID instrumental ~ K.and muon ior‘
. - Resistive Plate Counter (barrel outer layers)
for fragmentation

‘ - Scintillator + WLSF + MPPC (end-caps, inner 2 barrel layers)
function measurements

/'EM Calorimeter: Ny T Vot . o
| CsI(T]), waveform sampling | /. Particle Identification
" |(barrel) | RN - Time-of-Propagation counter (barrel)

- |Pure CsI + waveform sampling

~s
~
~<
~ ~
S~ ~
~
~
~<
~
~
~
~~
~~
~<
~
~
~

_______________________________________________________

' Vertex Detector -
. 2 layers DEPFET + 4 layers DSSD ‘

e RPC test
stand at IU
to test

_______________________________________________________

electronics:
E. Zarndt, S.
Arnold



Belle IT Status
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Analysis:
: existing dataset
Extraction of Di-hadron FF from Belle with n-K final states

Di-hadron correlations at Belle to test TMD framework and probe
local parity violating effects

L, Current Student Hairong Li: n°/n unpolarized and Collins FF
ey dataset:
Explore charm rejection for n*/n IFF
.!effegon Lab
Transverse spin physics at SoLID, di-hadron correlations at CLAS

Instrumentation:
.!effe?son Lab

Participation in detector upgrades (experience with GEM detector and
building RPCs ),

Investigating Transversely polarized target option at CLAS

D
<o .
Readout electronics. Currently PI on ~$90k grant, MoU for ~$700k
dependent on US-Congress



Long Term Outlook

- Fragmentation Extraction at e
o Transverse spin dependent FFs with Kaons in final state

o prdependent FFs
o Reduce systematic effects by removing charm

» EIC?




Breakthrough Measurements of Proton Structure underway: How does QCD
work inside the Nucleon?

Di-hadron Correlations best way to access transversity in p+p, SIDIS
Needed to describe spin structure of the proton, derive tensor charge
Corresponding Fragmentation Functions measured at Belle

 C Jefferdon Lab

Belle I

Outlook

CLAS, SoLID @JLab: Transversity measurements on helium3, proton, high x, pr dependence,
wide kinematic range

Di-hadron correlations of n-K to access higher twist distribution functions

TMD x-sections

Belle II: Continuation of FF measurements with improved Kaon ID and vertex reconstruction
Test TMD framework

Probe QCD vacuum polarization

Precision measurements at Belle (IT) crucial for success of Jlab program



electron
<10"%cm

proton
(neutron)

nucleus
~10""%cm

atom~102cm




» Ab-initio contact to the tensor charge
» Transverse momentum is integrated

Collinear factorization

No assumption about k; in evolution
evolution known, collinear scheme can be used

Universal function: directly applicable to semi-
inclusive DIS and pp

No ambiguity due to Sudakov suppression
SIDIS experiment show that the effect is large
Interest in transverse spin physics in the theoreti

community is growing rapidly 20

150

In p+p: 100
* No jet reconstruction necessary, 50
better systematics: “Easier” measurement 0

0.1

[
) - 'k puirs, x > 0.032
o

W'R pairs, x < 0.032

0.1 i }

102 10 1

Sivers “ Collins

il

«  No u-quark dominance 10901993 1994 -1997 1998-2001 2002-2005 2006 - 2011



COMPASS 2004 Setup
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Measurement at Belle leads to first point by
point extraction of Transversity
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Motivation for Studying Spin Proton Structure &

» QCD successtul in describing high energy
reactions, Asymptotic freedom, Nobel 2004

» BUT No consistent description of hadronic

sector
—~>No consistent description of fundamental bound state
of the theory
QCD binding energy : most of the visible mass in the
universe

Spin is fundamental Quantum Number: What role does
it play? Use transverse spin as precision probe.




Motivation for Studying Spin Proton Structure &

* QCD successful in describing high energy
reactions

» BUT No consistent description of hadronic sector

—>No consistent description of fundamental bound state of m%;%m
the theory : proton :

QCD binding energy : most of the visible energy in the
universe

Spin is fundamental Quantum Number: What role does it
play? Use transverse spin as precision probe

» Compare to QED:
Bound state: QED: atom

Stringent tests of QED from study of spin structure of
hydrogen

Lamb shift (Nobel prize 1955)
—> Atomic physics, QCD?
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Nucleon Structure

(semi) Inclusive polarized deep
inelastic scattering (DIS)

(E.’p/’

F time sigma times FF

Describes probability to find a quark
In the nucleon with a specific polarization state

Hard x section
x,P, %

Hard Scattering
= /=9 Process

%P,
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Transversity:

Why is - so hard to measure?

» Naive picture: leptonic probe too ‘fast’ to be sensitive to
transverse polarization




. . |
Collins Fragmentation H, = @ 7 @ fragmentation of transversely
polarized quarks into

u d d = =+ (favored) unpolarized hadrons
T L=

Orbital momentum generated in
string breaking and pair creation
produces left-right asymmetry from
transversely polarized quark
fragmentation (Artru-93)

« /R SSA generated in
fragmentation

«Unfavored SSA with opposite sign
No effect in target fragmenation

K. Brubywel - T]NA.F « 2005




§ g;: zeroth moment of transversity I =g,

1
§ A state-of-the art calculation (PNDME) gr = ]_1dx 6q(x)
& Extrapolate to the physical limit

gT(a mn, L) =C + sz,, + C3a + C4e —MgyL
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First extrapolation to the physical limit
of a nucleon matrix element!




