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Long history of jet/hadronization studies
in eTe~ at DESY, SLAC, KEK, CERN

Gluon discovery at TASSO, mae L
PLUTO, MARK-J, JADE at DESY

Verification of LUND string model
of fragmentation looking at activity
between quarks and gluons

as determination...
Gluon vs quark jets...

Three jet event at TASSO



More recently: Interest in determining
TMD FFs from Hadrons in Jets

Kaufmann, Mukherjee,Vogelsang,
Phys.Rev. D92 (2015) no.5,054015



B-factories provide the necessary
statistics...

| World Data (Sel.) for e*e’ — n*+X Production |
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. . : Phys.Rev.Lett. 11 (2013) 062002 (Belle)
Dominated by B factories 5 zey bas 2013) 032011 (Baean

 Limited lever arm in +/s in
particular at high z /

[] as: 711 7"
55:121fb!
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* Precision data includes I P — ¥
charged single hadrons r, K, T %/ |
p, D, A, charmed baryons... |~ |

*Asymmetric-energy e‘e collider
« Vs~ 10.6 GeV (Y'(4S))

* By=0.65
L * L ~ 500 fb!




relative events

Lots of data off resonance, easy to remove
resonance background
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Use thrust as proxy to gqg axis

* No phase space for >2 jet events
 Transverse momentum measured with respect to thrust axis

EFlowNorm
Entries 58816
Mean 1.568
RMS 1.294

0.03

0.025[-

0.02] Thrust axis

Energy flow
T7>0.8

0.015},

nnnnn

QCMS

thrustaxis = n

0.5<T<l1

T~0.5




Transverse momentum distributions

* 0.85< Thrust T <0.9

— Transverse momenta mostly Gaussian
— Possible deviations for large P, tails, but also large uncertainties
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Transverse Momentum: Gaussian widths

« 0.85<T<0.9
— Fit Gauss to low P, data
— Mostly well described with possible exception at high z
— Deviation from Gauss at large Py,
— Clear increase in width with z for low values of z
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Gaussian Width as a functionofzand T

« General increase with z with turnover at larger
values of z for mesons

* Protons with smaller width and more linear rise with z

of [GeV3/c?

0.6:— Dni II“(i Dp/ﬁ 0.85 < T <0.90 :f 1j|z|n:0. <T< Elnzo.so T 5 Bn:0.85 T

E (_3’_ B DK:O.Q T n:0.95 T
0.5~ " 08
0.4; @T£%$_ 06:— [HI]

S = ﬂ l. II—_

C -+ “ 0.4{ III T —
02k Fchcht ol “ E*]E':'Eb EDEDEDIT‘?“
o.fdjm 02 %EED ... %ﬁg T

- = A HEE e T

01 ‘oﬁz‘ . ‘0.‘3‘ . ‘0.‘4‘ . ‘0.‘5‘ - ‘0.‘6‘ . ‘oﬁ7‘ ~ 08 . 1 0_'1‘ 0203 04 05 06 o7

General increase with z with turnover at larger
values of z for mesons

Clear decrease of widths with increase of T

Particles more and more collimated



New theoretical insights: Thrust and Jet
measurements are closely related

* Motivated by gaussian
pr spectrum as
expected from jet e - gt hemis phore
measurement

« M. Boglione, A.
Simonelli,
“Factorization of
ete” - HX cross
section, differential in

'S
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e — ovigina( righo+ L\cm:sf/\.efé /S D
« Z.Kang, D. Shao, F. < T Thea b e &  reps
Zhao, “QCD o J

resummation on single
hadron transverse
momentum distribution
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2007.14425 [hep-ph]

4=

‘H\ws 15 e/olu;va(zw\' )

“ \U : JM o

Drawing by Zhong-Bo Kang

11/23/20 10



025 <z, < 0.3

0.2 < 2, < 0.25
% 3

10°

— 7= (data)

[fb/GeV]

10
— 7 (data)
{— == (TMD)

do
djr

— 7% (TMD)

— 7~ (data)

1000
— == (TMD)

Z. Kang, D. Shao, F.

{— 7 (data) i
f— 7 (TMD)
T I S w1 Zhao, “QCD
P | resummation on single
hadron transverse

10000 . % (data)
— ot (TMD)
04 06 08 10 |
e — e

500!
' — t (TMD)
04 06 08 10 0 02
. momentum
distribution with the

— 7t (data)

| I
0.0 02
045 <z, < 0.5

thrust axis”,
2007.14425 [hep-ph]

=
=
)
RS
500 -
[ — % (data) — 7 (data) | — #* (data)
— 7% (TMD) — 7% (TMD) — 7t (TMD)
100 ! |
04 0.6 08 10 0 02 04 06 08 10 0 02 04 06 08 10
_j-p[Gt‘\'] /'T[G(‘\

050 02
jrlGeV]



do
dPp dzdT

o
dPpdzdT

o
dPrdzdT

do
dPyp dzdT
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M. Boglione, A. Simonelli,
“Factorization of eTe™ —
HX cross section,
differential in z;, Pr and
thrust, in the 2-jet limit”,
2011.07366 [hep-ph]



Polarization

Polarization
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Polarized FFs from Correlation
Measurements inete™

* Access spin dependence and p; dependence (convolution or in
jet) without PDF complication

* Madg, possible by B-factory luminosities

J. Collins, Nucl. Phys. B396,

(1993) 161 R
D(};‘(:?Phl) - D?q<:P§l> +H1J_(?(;7P3J_)Wq

§q h,p, ‘ﬂ
1 »/p' N
q

IE P

quark-2
spin

2, , relative pion pair
momenta

Cross-section ete™ — (hyhy)(hy hy ) + X
« Dit D + Hji Hjcos(¢p, + ¢3) F
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Collins Effect vs (z1,z2): comparisons

EPJA, 52, 1-15 (2016)

Unl!ke/leeS|gn :;E_\‘ 0.4F | » BaBar : : + - - Symmetric (z1,z2) bins are used
Unlike/Charged - | = Belle : : ; -|  for the comparisons: results
Ratios to cancel 0.3 , " falling in the same large (z1,22)
acceptance effects 0.21 B » |  interval are averaged taking into
Unlike: 0.1E x : wm . -l  account statistical and
fav*fav+dis*dis E oy A A *m ol oam Aw M : -|  systematic uncertainties
Like: O b e [t =1« Ao very good agreement
mis S 20.15F o ' ' , ' ' , ' ' T between BaBar and Belle data;
< 5 : : : ; + | larger asymmetry for BESIII in
0.1 ] the last bin (z1,2>0.5)
- * 4 - Au: some tensions between
- : - BaBar and Belle,
O.OSE >y . w *m i * . T R - 7z<0.9 for BaBar, z<1 for
ob-. * i e w % 7T i i Belle
0 1 2 3 -4 5 6 7 8 9 10 (z 1% )
1’"2’bin

*First non-zero independent measurement of the Collins effect for pion pairs in e*e- annihilation by Belle Collaboration @ s ~ 10.6 GeV (PRL
111,062002(2008), PRD 88,032011(2013)) leads to first extraction of transversity (Phys.Rev. D75 (2007) 054032 ) from SIDIS and e+e-

* Confirmed by BaBar @ Vs ~ 10.6 GeV (PRD 90,052003 (2014); PRD 92,111101(R)(2015) for KK and Krt)

« Measured at BESIII @ Vs = 3.65 GeV (PRL 116,42001(2016))
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New Pt dependence from Belle

* Trend consistent with BaBar

 Direct comparison difficult due to different correction schemes
(thrust vs gg —axis)
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Kaon, %, 1, m°%-charged averaged also availa1b6le (see backup)




Di-Hadron Fragmentation

* No Double Ratio!

/
g T R Drs
® ~ .
q » R

h2h1

o « Hf - Hf
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First measurement of Interference Fragmentation Function
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Extraction of ¢p; — d, Asymmetries

+ Phys.Rev.D 67 (2003) 094003:
cos(2(¢; — ¢,)) asymmetries are
proportional to G{ - G{

* Fixed thrust axis correlates
hemispheres leading to false
asymmetries
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Jet Reconstruction at Belle

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 3.75 GeV—-> suppress weak t
decays

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

Only particles that form the jet are used in the
asymmetry calculation

20




Asymmetries for Cos(2(dr1-0ro)) (G41) small

e Turned out that
the asymmetry is ©
projected to be = 0

Beam axis

Thrust

Belle Preliminary
0.012

= ~ 0.012
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The future is now: Next Generation B
factory SuperkeB
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SuperKEKB,
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Cut view of Belle Il Detector

K. and muon detector:

Resistive Plate Counter (barrel outer layers)
. Scintillator + WLSF + MPPC (end-caps, inner 2 barrel

layers)

]

Csl(Tl), waveform sam
Pure Csl for end-caps

electron
Berylliuem beam

pipe
engt%')%"&é%ctor:
2 layers DEPFET +

DSSD

y

positron (4GeV)

= /" Readout (TRG, DAQ):
Central Drift Ch i/ ax. 30kHz L1 trigger ~100% efficient for
He(50%):C2Hs(50%), Small cells, A % hadronic events.

lever arm, fast electronics IMB(PXD)+100kB(others) per event

i

1 [ = over 30GB/sec to record
Evd:ﬂine computing:

Distributed over the world via GRID
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2019: First Collisions in Phase 3, the Physics Run

o A S L B L A L AL B | 15
‘;) 300 Belle Il 2019 Preliminary # =
) E . [\ 3
= 250:__[Ldt:2,62fb1 i E
S 200F i =
P E N, =1608+54 Foy E
8 s ¢ ) ’+ 3
3 100f ;o =
© E G E
. R S
o O:t ‘.’ 1.4..‘..’.‘4 et .\.'" L ._.."“*"

295 3 3.05 31 315 32
- ; . . . . .
a

2.:35 3 3.;)5 3‘,1 3,l1 5 3t2
M(e*e) (GeV/c?)

Clear signals for B=>J/y X in ~1/2 of Phase 3 data.



Summary

(Super) B-factories great place to study jets

Focus so far on in-jet fragmentation using thrust axis
—Unpolarized, pr dependence
— AT in jet
— Collins/IFF

First dijet measurement extracting A¢°3(2(¢1~¢2))

Future: dedicated program on jets at Belle |l
—E.g. measuring dijet correlations e'e” = dijet, Belle I

Vs =10.52 GeV, R=0.5, z>0.25

0. 0.5 1 1.5 9.

s JHEP 18 (3019) 031



SuperKEKB/Belle Il Luminosity Profile

Belle/KEKB recorded ~1000 fb'1. Now have to
change units on the y-axis to ab
LU S S I B

x103%"

co
||||

Beam currents only a
factor of two higher
than KEKB (~PEPII)

[[.9e] 7 "3uI

“nano-beams” are the
key; vertical beam size
is 50nm at the IP

Peak Luminosity [cm™2s
B
I
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Invitation to participate in the
Snowmass Whitepaper

Snowmass 2021 Letter of Interest:
QCD and Hadronization Studies at Belle 11

on behalf of the U.S. Belle II Collaboration

Corresponding Author:
Anselm Vossen (Duke University), anselm.vossen@duke.edu

Thematic Area(s):

B (EF05) QCD and strong interactions: Precision QCD
B (EF06) QCD and strong interactions: Hadronic structure and forward QCD
B (RF03) Fundamental Physics in Small Experiments

1 Hadron and Jet Fragmentation Studies at Belle II as input
for the EIC
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Use thrust as proxy to gqg axis

* No phase space for >2 jet events
 Transverse momentum measured with respect to thrust axis

400
k] data res —data cont ot K x 4 p/B x 10

2 350 [Jeect  [eess
[eeul  [dtau

300E mB's mBE

250 Mcharm  [uds

200

150
100

50

thrustaxis = n

0.5<T<l1

T~0.5

] w8  Energy flow
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RF12 or Thrust RF

by __All quantities in e*e- c.m.

BaBar
Belle

« Thrust axis to estimate the qq direction
* (p1 2 defined using thrust-beam plane

Normalized cross-section: ete~ — (hyhy)(hy hy ) + X
x 1+ + Hi - Hicos(¢p; + ¢)

RFO or Second hadron momentum RF

__All quantities in e*e- c.m.
_— \\

BaBar
Belle
BESIII

* Use one track in a pair
* Very clean experimentally (no thrust axis)

Normalized cross-section: e*e~ — (hyhy)(hy hy ) + X

« 1+ + Hi * Hicos(2¢q)



Di-hadron asymmetries

» Conceptually similar measurement as Collins wi
* Normalized cross section:

e*e” - (hihy)(hy hy ) + X
GiGicos(2(pr1 — Pr2))
« See talks by Aram and Marco
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Flrst measurement of Interference Fragmentation
Function
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Long history of et+e- colliders: First
generation for FF measurements
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b Fui ’ )
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. Generator
- KEK Experimental Areas at SLAC ©)
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e ~50x SLC
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Where to Study?

» e'e cleanest way to access FFs
e- a ‘
,Y*

* B factories

—Large integrated lumi!, high z reach
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Observable§6in A
Restframe

thrust axis

hadron

A production plane Py

thrust -
A(uds); F(ud); Kt (us)

» Self-analyzing decay leads to polarization dependent distribution
1 dN
N dcosf

* where « is the decay parameter: a,=0.642 + 0.013 for A and
a_==0.71 + 0.08 for A (PDG).

= 14+ aPcosf

@ fav t ‘
a: dis P

=

* The p; is measured as the transverse momentum of A relative to
the thrust axis
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Thrust

- —>at Belle energies 2 jet events, connection to di-jet events
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Seminal measurements, Collins IFF
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Jet vs Thrust vs gq axis

« Non-negligible resolution effects

« In terms of k; multiply by ~z*0.5vs, e.g. for typical RMS 0f 0.1
rad RMS ~100 MeV RMS for p; (Similar as BaBar)

Entries 399137
Mean 0.003573
RMS 0.4931

20

ries 39!

E - n  -0.0:

.1_13:_ 0
E.w:—
® F
E.14j
e r
b.12f

01f
0.08]-
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0.04f

0.02f-

1 2 3
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JetAngle

a5
A\Mean 2542

RMS 0.1202

3000
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»
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N

*1G. 12. The angle between two jets in 4m Monte Carlo simulation.

42



Deviation of first jet axis from qgbar axis Deviation of second jet axis from qgbar axis
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FIG. 14. The angle between jet and initial ¢g-pair axes. The left plot shows the deviation for the jet
with the higher momentum in the pair and the right one with the lower momentum. The deviation
for the lower momentum jet is larger, since less energy of the parent quark is reconstructed in the

jet. In the analysis the order is randomly assigned.
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Hadron yields undergo a series of corrections
» Particle (mis) identification [e.g. not every identified pion was a pion]
« Smearing unfolding [e.g. measured and true momentum might differ]
« Non gg-processes [e.g. two photon processes, Y - BB...)
» “4m”-correction [selection criteria and limited acceptance]
« QED radiation [initial-state radiation (ISR)]

Collins asymmetries also corrected for false asymmetries
and axis (mis)recontruction
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Example: single hadron inclusive cross-sections

» Largest effect for mesons from acceptance and ISR
corrections

« Larger PID correction for protons than for mesons
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Consistency between Neutral and charged

pions

o RYF sin?(6)
T = =% ~ 1 S _
R12 R{’Q + COb(¢12) 1+ COS2(9)

{ B(H"™ + Hy ™) @ (Hi 7™ + Hy ™) + 4l 0 @ Hi 5

5(D{* + D{*) ® (D{*" + D{*) + AD{is_, @ Dfis_, )

o 1+ i
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1,s—m

=AY% — AV (Isospin)
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Collins effect for kaon/pion pairs

Simultaneous measurement of KK, K1t and 111t Collins asymmetries from BaBar data
PRD 92,111101(R)(2015) %B
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- Rising of the asymmetry as a function of z:
- more pronounced for U/L
- AUYL KK asymmetry slightly higher than pion asymmetry for high z
- KK asymmetry consistent with zero at lower z
- 7w asymmetries consistent with previous measurements (PRD90, 052003)
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« Analysis performed differentially in bins of z, Py, Thrust
(18%x20X%6)
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