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e*e” is the cleanest process to access Fragmentation Functions

Parton Shower oo
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* FFs encode the non-perturbative link D
between perturbative QCD processes
and the observed final state particles

Resonance Decays

electro-weak O(0.”) Leading-Log QCD

» Determining final state polarization
needs self analyzing decay (A)

Parton polarization 9 Spin averaged longitudinal
Hadron Polarization v

spin averaged DMz, pr) Hy "z pr) : _’O J t g O

longitudinal Gl/q(z,pT) :{ﬁ—-O]—[a—» ] h/q(z pr) [3 O—-]—[ O-']

Transverse (here A) DLA/‘I( pr) .
ir \&PT) _ [0 — (5] HYYz,pp) = [ _’é]_[f_'é .

clftepp=(-—0) 4~ 0] gy o)~ ]



Fragmentation Functions appear almost always
when accessing partonic structure of the nucleon

 Proton Structure extracted using QCD factorization theorem
* FFs contribute to virtually all processes
 Particular important for transverse spin structure
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Role of b-factories
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*Asymmetric-energy e*e collider
« Vs ~10.6 GeV (Y(4S))

* By=0.65
* L~ 500 fb!

« Dominated by B factories
« Limited lever arm in +/s in particular at high z
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* Precision data includes charged single hadrons =, K, p, D,

baryons...

- Well described at NNLO (SIA) or NLO (SIDIS)
(e.g. DEHSS /MAPFF)

« BES lll with v/s < 4 GeV tests framework at low energies

| World Data (Sel.) for e*e” — n*+X Production |

Phys.Rev.Lett. 111 (2013) 062002 (Belle)

Phys.Rev. D88 (2013) 032011 (BaBar)
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(albeit low statistics)



The future is now: Next Generation B
factory SuperKEKB
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Beam currents only a
factor of two higher
than KEKB (~PEPII)

e Belle Il already delivered world record luminosity

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

* Belle Il aims to have significantly higher luminosity, current record: 4.7x1034*cm=2s71,

e Future P5 recommendation: FCC-ee or muon collider up to 10 TeV
. %0- dependence, dataset of 10s of ab™?

= no precision measurement outside the Z resonance
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« What Belle Il brings to the table for existing channels

— High statistics
—>complex final states
—>complementary to EIC

— Trigger = low multiplicities
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Single Hadron FFs from Belle & BaBar

n o\Single hadron cross sections: Transverse momentum dependent
Dl,q<za Q ) ete™ - hX asymmetries
PRL111 (2013) 062002 ete” > (W(L)X,

PRD101(2020) 092004
Phys.Rev.D 88 (2013)
032011 (BaBar)

h 2
Unpol SIDIS, pp:Z—Z Dl,q('z?kT?Q )

ete” -» (h(WHX
and scale dependence PRD 99 (2019) 112006

Polarizing A fragmentation
D%T(Z' kt' Qz)
X

PRL 122 (2019), 042001
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PRD101(2020) 092004

PRD96 (2017) 032005



http://inspirehep.net/record/1216515
http://arxiv.org/abs/2001.10194
http://arxiv.org/abs/arXiv:1509.00563
http://arxiv.org/abs/2001.10194
http://arxiv.org/abs/arXiv:1611.06648
http://inspirehep.net/record/1718551
http://inspirehep.net/record/1607562

Unpolarized single hadrons

» Update with better ISR correction _

 Correlated and uncorrelated uncertainties separated - improve
global unpolarized FF fits
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http://arxiv.org/abs/2001.10194

Polarized FFs from Belle

H V"2, Q%)

Azimuthal asymmetries:
e_+e‘ - (h(h)X,
o « D;D; + H,H, cos(¢; + ¢,)

PRL 96 (2006) 232002

PRD 78 (2008) 032011

PRD100 (2019) 9, 092008 (pr,t°, 1)
Phys.Rev.D 90 (2014) 5, 052003 (BaBar)
Phys.Rev.D 92 (2015) 11, 111101
(BaBar, kaon)

 Statistics Hungry, only possible at B-factories


http://inspirehep.net/record/687436

P, dependence of H; from Belle/BaBar/BESIII

* Trend consistent with BaBar

 Direct comparison difficult due to different correction schemes
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BaBar: K"K~ asymmetries > t'n
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Consistency between Neutral and charged
pions
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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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Phenomenology:
* Boglione, Simonelli JHEP 09 (2023) 006
Phys.Rev.D 99 (2019) 11, 112006 13 « Kang, Shao, Zhao JHEP 12 (2020) 127)



New measurements and fits to
n’, K¢, from BES Il

* New fit to SIA data incorporating higher twist shows good
agreement with BES Il data down to 2 GeV
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https://arxiv.org/abs/2404.11527

Vector meson plans

« Asymmetries of vector mesons can be large  «}
» Contributions to single hadron fragmentation® . "}

=> Study vector meson decay ;”1) ------------- + e Lidegr

* Ongoing: Decaying particle FFs = o )\ wa— F o
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Step beyond single hadrons:
Dihadron Fragmentation Functions

Additional Observable:

— — — - [N

R = Pl - PZ : th \ -

The relative momentum of the hadron pair is an additional degree of freedom: \ R
\

More degrees of freedom—>More information about correlations in final state . —

—See e.g. recent extraction of Twist3 e(x) (e-Print: 2203.14975 [hep-ph]) Pyq

the orientation of the two hadrons w.r.t. each other and the jet direction can be an indicator of the quark

transverse spin

Parton polarization 2> Spin averaged longitudinal
Hadron Polarization i

spin averaged DM4(z, M) Hih/q(z, prM, (Ph),0) ‘Di-hadron
o> (08 Collins’

longitudinal

Transverse Gi1(z,M,P,,0)= Hi%(z,M, (P.),0)=.

L ‘-.—*_
T-odd, chiral-even ¥ - ~  T-odd, chiral-odd
—jet handedness Colinear :-» - ¢.> -

QCD vaccum strucuture

16



Di-Hadron measurements at Belle

Transversity Extractions:
* Cocuzza et al Phys.Rev.D 109 (2024) 3, 034024
« Radici et al. PRL 120 (2018) 19, 192001
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* Relative momentum of hadrons can carry away angular momentum
* Relative and total angular momentum —2In principle endless tower of FFs

* Polarization dependent FFs: Interference of QCD amplitudes with different angular
momentum=>»Dependence on P;™(6)

=» Partial wave decomposition can extract differ1e/nt interference terms (difficult for Single H FFs)



Phys.Rev.Lett.%20120%20(2018)%2019,%20192001

Acceptance Impact on Partial

Wave composition

c.m.

« Consider dependence of FFs on decay angle 6

Higher order PWs lead to different moments in 6 and ¢
-> These are different FFs that are mixed by the acceptance
= dependent on experiment, different evolution

= up to 10% effect on transversity extraction
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http://inspirehep.net/record/1607562

Belle Il prospects

 Full partial wave decomposition = full description of two-
particle correlations in hadronization

—>unbinned unfolding

=>»Describe hadronization dynamics
=»Bridge between FFs and MCEGs

c.m.

 Currently Underway using Belle Il data: P, b

— Back-to-back di-hadron (in-jet and using Thrust axis)
— Near term plans:

* Gi sensitive measurement
« Kaons

19



Compare Partial Wave Decomposition
in MC and Data

. .
« Comparing to Polarized Lund model here (StringSpinner ==
3P, model, A. Kerbizi et al, Comput.Phys.Commun. 272 (2022)) [
OO OO
Twist-2 Ary Amplitudes
A
0.1 11,1) Gior| ¢ StringSpinner cm.
$ RG-A (pass2) )
Sa 0.0 -3-§a8iger _* : B
< F - B &
—0.1f
0.1 :—|2, 1) Girr :-|2,2) Girr | * See more MC tuning studies in QCD
; - .° whitepaper
fe 00 -—--g--iﬂ-i-}--i-----:-———-!-—-'—;—'-'—.———= _____ .| E.g. charge, flavor correlations (Phys.Rev.D
< | s¥s 105 (2022) 5, L051502)
[ )
~0.1} —
0.5 1.0 0.5 1.0 G Matousek



° and Kaon combinations (SIDIS@CLAS12)

Isospin behavior dependent on PW?

oof-in(-(ph — ¢R) 1 — 0.20 Ay
o0s) + /-0 ¢ ] .Sln(2¢h _ 2¢R) 0.15 : f:
oozl Tt /T[ ! * 1t i * 0.10
0.01} L * 1
<R B F S AKX\ M N N M AN \\ M N 1 0.05
-0:01-#- t & ' . T[_/T[ ] % % } }_i. L ¢ ] 00037777y y N
-0.02f : : { . ] _oos| ¢ ;
—0.03} ¢ ; Al } : ~0.10 : :
-=0.04 i L ! 1 015
G Mat0u56k M;[GeVl | M; [GeV] —020— 53 01 06 i 08 +
ph,1(GeV/e)
N fk)Gi (zpy) _ Gi C Pecar
LU

fak)D(zpy) Dy

« Kaon > Pions for sp interference (not all PW terms)
— FF effect?
—nt/n® ordering dependent on PW
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Brand New Opportunities at Belle IlI:
Precision Jet Physics in e"e™ / 2

« Jet physics (will) play an important role at
the EIC and LHC

* Precision measurements in e*e™
annihilation will test current theoretical ol gt i

e+pl, 104275 GeV, 100 b1, 0.1 < y < 0.85

understanding (N3LL) = Toesera——

0.05 15 < pip < 20 GeV

» Lower energies like Belle in particular ) =0i5,(@) s G

sensitive to hadronization effects /\
« Example: Transverse Momentum
Imbalance < - TMD framework ow| RRD102.7(2020); 074015.

0.00 005 010 015 020 025 030 035

ar/pt
ete” — dijet, Belle II _
15 i F
5 - Bellell
] ) r / . .
) - /projections
_91; . ~ / (statonly)
; 2 compared to theory
[ ' V5 =1052 GeV, R=05, z>0.25 F
0.
0. 0.5 1. 1.5 2.
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
JHEP. 2019, 31 (2019). oG o
Gutierrez-Reyes, D., Scimemi, I., Waalewijn, W.J. et al. Transverse momentum dependent distributions in H — .
e*e- and semi-inclusive deep-inelastic scattering using jets. J. High Energ. Phys. 2019, 31 (2019). U SI ng R 1 - O’ E] et > 3 - 7 5 G eV’




Azimuthal Asymmetries in back-to-
back jets

* New suggestion: Measure Colllins- 0.6]-
like back-to-back azimuthal :
correlations for jets o 004

0.021-

o1

| i " " i I " - -

05 1.
qr(GeV)

=>»Sensitive to transversity 0

The time-reversal odd side of a jet
*Fund.Res. 3 (2023) 346-350, e-Print: 2104.03328 [hep-ph]

 Current Belle Il projections for
acceptance effects encouraging

e Charm contributions will be
important

» Analysis about to enter
Collaboration Review

23 S. Schneider


https://arxiv.org/abs/2104.03328

Belle Il Makes Precision A program possible!

. 5 xyl()(‘) .
— A (2>0.3) 0.21-

0.2 Inclusive A 18 x 275 GeV = 1V
B ¢ Prompt A [ swing 02% /g | = i
g = A from 2° (uds) = <00 =N
= - o R //—Q‘ =
o) - D I I

N (E 22 ) A ' 69 % —0.2 T
"= O= : A
C_U B o e 8% 50% 10% | 2 = 1<
o -Othm /2 00 i /%E( V
o Example, E N ] %
A feeddown at the EIC —0.1j EIC 1z
1 o | 1
Z 0.05F 1
e PRL122 (2019) 4, 042001 —~ r 1V
» Opportunities at Belle I: Z omf |3

. m . i
— Feed down correction for p; dependence and oo 12
associated production 3 TENE 1

» (currently only for z dependence, introduces ' o
large uncertainties) - Complementary Statistics to A

« AT — AT correlations > Entanglement studies program at the EIC
» Extension to tensor polarized FFs: e-Print:

2206.11742 [hep-ph] — Universality test
SR — A FFs to extract polarized
— Explore low py region (not shown here) with PDFs
higher statistics and better tracking resolution — Flavor separation
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Summary

FFs from ete~are crucial for the extraction of transversity and TMDs from SIDIS, pp data

Data from B-factories is crucial for high precision measurements

Continued effort is needed in precision era to provide input and complimentarity for JLab12/EIC
A recent White Paper lays out the QCD program for Belle |l

Some recent efforts shown
— Updated single/di-hadron cross-sections
— pr dependence of Collins effect and D,
— Polarization dependent kaon FFs
— Polarizing A

Future directions
— Partial wave decomposition of di-hadron asymmetries/cross-sections
— Di-hadron asymmetries/cross-sections including 7°, Kaons
— Jets

Other interesting topics not discussed
— Collins effect for charm quarks and heavy quark fragmentation
— Studies of nonperturbative beyond QCD factorization theorems
— Entanglement studies
— Polarized Belle Il
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¥ /n from Belle

* Rise with z, ,, similar to charged pions

Y 006: T T T T T T T T T | T T T T
0.04 1F [ ]
0.02F l l | . —l i { 1
Js _
—0.02F z.=[0.30,0.50] Jc z,=[0.50,0.70] _ + _
-..|....1.1...|....1....1....1....|..-_..|....|.1...|....|....|....|....|.._ RT] _R7172 . 777T++?77T
ey O 0.4 .02 03 0.4 05 06 07 27 RL T ptrt +mom
; . Py [GeV]
0.05 N {, i I A7, with stat. uncertainties
i ] A}, systematic uncertainties
of i
I 2.=[0.70,1.00] ]
~0.05F | .

01 0.2 0.3 0.4 05 0.6 0.7
P, [GeV]
BaBar K¥K~, K pairs: Phys.Rev.D 92 (2015) 11, 111101

1 almost flat except large z
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Probe String Fragmentation in

charge, flavor correlations

_ x10° fe
N\ - - -— + [e—
T 400 | HH= 7 EIC ep@18x275 T (du) K (US)
L o  LEP e'e fs =91 GeV
e :,’ ' e ° Belle e'e” s = 10.52 GeV
1, AL N o, . S
P Q@ = O HH, or H;H,
el g HIHS or HIHS
200 AN \\\ b \\\\ \»
e 87 TN~
— Se T~~~
V2l N S o IS
‘\it;r:\ BT - Struck _
0 I d | valance
0 20 40 60 80 quark
t, (fm)
orm

* Belle |l mainly in non-perturbative regime

* M. Mouli Mondal @ CPHI2022
« See more MC tuning studies in QCD whitepaper

Phys.Rev.D 105 (2022) 5, L051502 ”s



Jet mass

* Proposal to polarize electron beam at SuperKEKB B
- Whitepaper: e-Print: 2205.12847 | >“( . <
K /
« Can access jet mass
” . . ” ete">»AX Q=10.58GeV, A.=07
« "QCD Higgs mechanism 61(2) = He(2) = Do(2)
0.04 1 === Gq(2) =H1(2) = = D,(2)

003 4 My €[0.4,0.6] GeV

cos¢
A7y, Q)
o o
8 o
4
Il
’
[
/
[
/
[
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I
[
\
\
\
\
\
\
\
\
\)

det el
ddz - —
1 -0.03 T T T T T
2o ) 15CGEA(2,Q) e e
a \
MA 1 mdyn
+2D()1S7] cos(@) 2| =687z, Q) + 0 HEVA(z, Q)
Q\z M

29 See also A. Accardi, A. Signori, Phys.Lett.B 798 (2019) 134993



Entanglement

« Handedness

0+ 2
RT; i ~1 +cos(¢12)7sm Q) |
RE, 1+ cos?() L Ave, )
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5(D{*" + Dfi*) @ (D{* + D{¥*) + 4Dz, @ D{is , ) t=10a ]
C10H " @ HE Y 2l I B } correlated. 7
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) 0 L5
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T i Ns
(\] -
= ,
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S 04k | | | | |
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O T 1T —1—1 .
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Florio et al, PRL 131, 021902 (2023)
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Access of FFs for light mesons in e*e-
(spin averaged case)

% hadronic jet
q
Hadron

1 do.e+e_—>h_¥ 1

Ttot dz PR

(2F{(2, Q%) + F2(2, Q7)) . >«/1v»

Qo

! 2
2P QY = 3 ei( D@0 + 2522 (1@ DYV + O © DI*) (2,2

 Cleanest process—>testbed for QCD calculations

* Limited access to flavor
— (Use different couplings to y* and Z°)
— (Use polarization (SLD) and parity violating coupling)

— Use back-to-back correlations for different flavor
combinations

 Limited access to gluon FF
— From evolution

— From three jet events (but theory treatment not clear)
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Belle Il can signficcantly improve our
knowledge of heavy flavor fragmentation

PRL.95, 142003 (2005)(Babar)
PRD73, 032002 (2006) (Belle)

* Single hag[i_ron ?iﬁej{egtigl PRD75, 012003 (2007)(Babar)
cross sections for =
= ? S0 PRL 99, 062001 (2007)(B
Q, A, 2, B, Q(etc) vs Xp 79, 062001 /(Babar)
aval Iable — g D'— Kr* E D' = Kr'r* E D.— ®r X5

 Heavier particles generally Lo

s e SN -,

(=0}
(=)
T T T T T T T

plotted vs normalized Sk !z,g A 3
momentum © 60 P, | ; . i Sy!
1 1 40; Y ;_ Y OF
* Unlike light hadrons 2of A S d ”h{"f 4
charmed hadrons contain T P S e s

IS
o

large fraction of charm
uark momentum
peaked at larger x,,

 Belle analysis of vector
mesons p,w,K* and D

BR x do/d x_ [pb]

= NN WW A

0o oo

%M‘?

<«

ﬁ
ol

lllllll

mesons underway _ Do X0 O Q% X400
* Belle |l prospects: _ g j j |
Multidimensional extraction, s _Hi | 3 {
pr dependence g T .
- 5!;.;35& " . L K t s

[ IR NP | PR NI P L " FE PR B ]
(b 02 04 06 08 , 02 04 06 08 , 02 04 06 08 ,
P P p
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* Found consistent with di-quark model

PRD 97, 072005 (2018)




Factorized QCD: Hadronization described by Fragmentation Functions

Field, Feynman (1977): Fragmentation functions encode the information on how partons produced in hard-
scattering processes are turned into an observed colorless hadronic bound final-state [PRD 15 (1977) 2590]

SOy
5.5 Lé,éj—/—/—: n Detector

_ EIectroWeal:( ) CD Decays

<

I

* Complementary to the study of nucleon structure (PDFs)

* Cannot be computed on the lattice

* Questions to be asked
» Macroscopic effect (distribution, polarization)of microscopic properties (quantum numbers)?
» Effect of QCD vacuum the quark is traversing
 Study of the formation of hadrons =2e.g. Phys.Rev. D97 (2018) no.7, 072005
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MC tuning studies

* Event Shapes
« Jet rates vs resolution, hemisphere,
» Event rates relative to event plane (and z, p;), including baryons

 Multiplicities of resonance production (p, w, K*,p, A, %, E, Q)
— Ratios between pseudo-scalar and vector mesons (also important
for cosmic events)

« Charge/strangeness/baryon number compensation along event
axis
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Polarized Hyperon Production

 Large A transverse polarization in
UnpOIarized pp CO||iSi0n PRL36, 1113 (1976); PRL41, 607 (1978)
» Caused by polarizing FF Di:(z,p%)?

 Polarizing FF is chiral-even, has been
proposed
as a test of universality.

* FF counterpart of the Sivers function.

* OPAL experiment at LEP has studied
transverse A
polarization, no significant signal was
Observed _ Eur. Phys. J. C2, 49 (1998)

* First Observation at Belle !
=» Extraction of PFF (Cagliari, UCLA)

PRL105,202001 (2010)
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What is the Belle Il program?

« What Belle Il brings to the table for existing channels
— High statistics
->complex final states
—>complementary to EIC
— Trigger - low multiplicities

 * .
- Highlights of the Hadronization program at Belle\fW to the Belle Il program

— Jets — | Gains from new trigger
— Non factorizable hadronizati bservables

. New to the Belle
—g-2 related measurements program
— a, related measurements
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Asymmetries sensitive to G
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* Not true for all interference terms (not shown)
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Global fits of Dihadron FFs
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https://arxiv.org/abs/2306.12998
Phys.Rev.Lett.%20120%20(2018)%2019,%20192001

Polarized Hyperon Production

 Large A transverse polarization in
UnpOIarized pp CO||iSi0n PRL36, 1113 (1976); PRL41, 607 (1978)
» Caused by polarizing FF Di:(z,p%)?

 Polarizing FF is chiral-even, has been
proposed
as a test of universality.

* FF counterpart of the Sivers function.

* OPAL experiment at LEP has studied
transverse A
polarization, no significant signal was
Observed _ Eur. Phys. J. C2, 49 (1998)

* First Observation at Belle !
=» Extraction of PFF (Cagliari, UCLA)

PRL105,202001 (2010)
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Belle Il Makes Precision A program possible!

0.2 =09
Inclusive A 18 X 275 GeV

] Prompt% [ sting 402%

m A from X" (uds) by

(b

M=

W= 3% '6.9%
: p
56 %

th 0.7 %
. : 7.5 %
Beam Remnant 6%
9.0 % 7.0 %
W oves

Polarization

Example,
A feeddown at the EIC

PRL122 (2019) 4, 042001

» Opportunities at Belle II:

— Feed down correction for p; dependence and
associated production

o sx100
0.2
/g | -
200 :
< [ —
& //—Q‘
oot
L A A R
~ 0.0f —————
5 (T —
= L ]
ol
T EIC
P ; t f——
0.05(F
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—0.05[H
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CoNT< 1 <71
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- NT< 1 <. NT

P IR T TN S SN N RN
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» (currently only for z dependence, introduces * Complementary Statistics to A
large uncertainties) program at the EIC

« AT — AT correlations > Entanglement studies

» Extension to tensor polarized FFs: e-Print:
2206.11742 [hep-ph]

. PDFs

— Universality test
— A FFs to extract polarized

— Explore low p; region (not shown here) with — Flavor separation

higher statistics and better tracking ré$olution —



What is the Belle Il QCD program?

« What Belle Il brings to the table for existing channels

— High statistics
->complex final states
—>complementary to EIC

— Trigger - low multiplicities

 Highlights of the Hadronization program at Belle Il

—Jets  , New to the Belle Il progra
— Non factorizable hadronization observables |
—g-2 related measurements — Gains from new trigger

— a, related measurements
———————— | NewtotheBellell

program
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Belle Il can signficcantly improve our
knowledge of heavy flavor fragmentation

PRL.95, 142003 (2005)(Babar)
PRD73, 032002 (2006) (Belle)

- Single hadron differential PRD75, 012003 (2007)(Babar)
goss sectionsfor A L=, PRL 99, 062001 (2007)(Babar)
s L X0 C> =0 C
available P =140k N D' Kn'n* | D;— &r X5
 Heavier particles generally 21200 fﬂi’% 5:12:{;3,9'&%, ] i@%
plotted vs normalized Sk !z,g Fooy | 3
momentum % e0F 7 | ; . i Sy!
. . 40F Y |F v F
* Unlike light hadrons 2of A S d ”h{"f 4
charmed hadrons contain TN T TN

large fraction of charm
uark momentum
peaked at larger x,,

 Belle analysis of vector
mesons p,w,K* and D

BR x do/d x_ [pb]
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lllllll

mesons underway _ Do X0 O Q% X400
* Belle |l prospects: _ g j j |
Multidimensional extraction, s _Hi 3 {
pr dependence g T .
5!;;*53# " . - . X ik
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Facilities
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Concentrate on B2



World Data on e*e-

° Dominated by B | World Data (Sel.) for e*e” — n*+X Production
factories P B ———

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

* Precision data
includes charged
single hadrons r,
K, p, D,

A, charmed
baryons... .

i

meme;

generator.net|

Phys.Rev.Lett. 111 (2013) 062002 (Belle)
Phys.Rev. D88 (2013) 032011 (BaBar)
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The future is now: Next Generation B
factory SuperKEKB

[fb] Int. Lumi (Delivered)
5000 —r—
—‘,-\ 10 36 [ - Int. Lumi (Delivered)
o SuperKEKB 2 2021c 2022ab LS1
£ 10% o] 4000 | = Target Target
z o 510fb-
= 034 -
z 10 = / 480fb-
£ 33 3000 200 B
Eu D
E 10 32 < 2000 21/10/1 21/11/30 22/1/30  22/4/1  22/6/1  22/8/1
R
31
107 X’/ ) ; 5
SPEAR” o ’ | 1000
1030 e LooTg s : Base
108 L | ‘J‘/
< 1 I [ L 1 s 0
197 1980 1990 2000 2010 2020

Year 20/4/1 21/4/1 22/4/1 23/4/1 24/4/1 25/4/1 26/4/1

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

Belle Il already delivered world record luminosity

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

Belle Il aims to have significantly higher luminosity, current record: 4.7x103*cm=2s1,

Future P5 recommendation: FCC-ee or muon collider up to 10 TeV
. %a- dependence, dataset of 10s of ab™!

= no precision measurement outside the Z resonance



KLong and muon detector:

Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM’s (end-caps , inner 2
barrel layers)

EM Calorimeter:
Csl(Tl), waveform sampling \\{

\\\.\\\\.‘

\

article Identification
( )P detector system (barrel)

electrons (7 GeV) i~

= g\ e ox. focusing Aerogel RICH (fwd)

p
Beryllium beam pipe
2cm diameter

. 7/
>
Vertex Detector /
2 layers DEPFET + 4 layet's DSS

-

positrons (4 GeV)

Central Drift Chamber \
He(50%):C2Hs(50%), small cells, long leve
arm, fast electronics (Core element)
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Total integrated Weekly luminosity [fb™1]

Short and long term goals

Belle Il Online luminosity
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Pion fragmentation

* Light quarks symmetric

* Dominated by favored

fragmentation especially at high

Z

* Gluon substantial but falling off

faster than quarks

11/2/2023

DSS15: deFlorian et.al., Phys.Rev. D91 (2015) 014035
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http://arxiv.org/abs/arXiv:1410.6027

Kaon fragmentation

» Strange quarks are dominating kaon fragmentation
 Also dominated by favored u quark fragmentation at high-z

At lower z penalty for producing ssS pair in fragmentation (u+U <
S+3)

« Charm fragmentation comparable (what about weak decays?)
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https://arxiv.org/abs/1702.06353

From “your errors are too conservative” to
“your errors are too precise” .\ w

“Eee = yZ s n'X

One group: “However we do not consider it because of a poor control of the _ , 0_
degree of correlation of systematic uncertainties”
L X

E 1k

* Initial single hadron cross section .

=]
do/dz

1/c doldz

o

measurement in very fine z binning, i e il oo ¥ sumomiea
thus large bin-to-bin migration. O e ey o)
Unfolding performed but assigned very I e I
conservative uncertainties = global § £ o
fit's 42 generally too low for our data - = %o o os
set
* Recent update ('20) with more realistic R S
binning, much better understanding of oF
all systematic uncertainty sources,
correlated and uncorrelated ,
uncertainties provided separately o ¢ v
* However, fitters would prefer: B S b M i
« all systematics separately (will be done in E
the future), £ 5oe

* all systematics symmetric (INCORRECT!)
xFitter: Phys.Rev.D 104 (2021) 056019

11/2/2023 Ralf Seidl: Fragmentation 53


https://arxiv.org/abs/2105.11306

Basics
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Global fits of Dihadron FFs
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* Global fits taking SIDIS data, RHIC
data, Belle data (polarized and
unpolarized) into account
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Cocuzza et al. https://arxiv.org/abs/2306.12998

Also Radici et al. PRL 120 (2018) 19, 192001

0.04

(Phr) = 6 GeV

AR

0.5 0 1.5 My, [GeV]

] Ai’ﬁf /s =500 GeV (R < 0.7)

{ STAR >0
1 STAR p <0
= JAMDIFF (w/ LQCD)

55


https://arxiv.org/abs/2306.12998
Phys.Rev.Lett.%20120%20(2018)%2019,%20192001

IFF, partial wave



Kaons
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Outlook

« Kharzeev paper?

» Opportunities paper
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Transverse momentum

» Add transverse momentum to Collins asyMitiegaes25s
dependence

 Currently only 1 or 2-dimensional extractions available (q;, z4x z,,
Pt1X Pe2,Z1XPt1)
* Increasing asymmetries with both z and pt, but pt reach limited

 Multidimensional extractions needed

= 0.04F T T
. i e ey . e ‘Ao_u_ ]
< DOG:_ I A% with stat. uncertainties _::_ _: 0‘0’; v ‘A&OUC i .—:
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Ralf Seidl: Fragmentation oy


http://inspirehep.net/record/1752523
http://arxiv.org/abs/arXiv:1309.5278

Quark transversity via Collins: Kaons

 Addition of kao Collmq fragmentatlon strongly needed

for fl qmg&mMng e %) ogjoguark transversity

- Large amount-of:patentially. participating FFs well described by
light and “heavy fa \d disfavored FFs

« Allows mclugggg]] of HE RMES and COMPASS kaon asymmetries
(+eventually ETC) i -

» Also: pion Callin$ at
evolution

)cale(BESIII) consistent with TMD

02 04 06 08 02 04 06 08

BESIII:PRL 116 (2016) 042001

11/2/2023 .
Ralf Seidl: Fragmentation 60


http://arxiv.org/abs/arXiv:1507.06824
http://arxiv.org/abs/arXiv:1506.05864
http://arxiv.org/abs/arXiv:1512.02252

Ongoing: Decaying particle FFs

 Study the explicit differential

cross sections for VMs, D
mesons as a function of Xp

* Mostly mass distributions and ~ ; «—
fits well-behaved, except for p— . =

o (interference) and more

exotic resonances
* Also of interest for ultra high- =

energetic cosmic ray air shower =&

research (muon problem)

11/2/2023

* Example from MC at Belle
energies (for 4w acceptance):
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Important resource for EIC, RHIC and HI physics

Ralf Seidl: Fragmentation
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Entanglement
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Florio et al, PRL 131, 021902 (2023)
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Better: di-hadrons

3
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Phys.Rev.Lett. 126 (2021) 152501
014027

R|sinf [ M
—T
Q

sinogr _
Fru o
* First extraction of e(x)
* Further constrains from F,; and F;;

- First signal for Gi-

0.5

Phys.Rev.D 106 (2022) 1,

0.06
0.04
0.02
0.00

¢h—9R, )

— Interesting resonance structure consistent z = -0

with models
(e.g. Luo, Sun, Xie, Phys.Rev.D 101 (2020) 5, 054020)
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Compare Partial Wave Decomposition
in MC and Data

. .
« Comparing to Polarized Lund model here (StringSpinner =0
3P, model, A. Kerbizi et al, Comput.Phys.Commun. 272 (2022)) -
@-@-6
Twist-2 Ary Amplitudes
P
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—0.1} —
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Near-exclusive n*m, t*n? production

x \We can constrain/better understand the contribution of p°, p*

decays on our single hadron asymmetries by looking at near
exclusive (My < 1.1 GeV) channels

* Strong yet similar
asymmetries observed (both
productions came from
struck u quark)

—>See talk by K. Joo

0.2}

0.1
S
= o0f
2
IS
2 —01
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—0.3

@

- @

7770 sive p* '_é_' —— i
TTHIT 'sive p ’—é—' i
- ] ]

2 | o o o o N o o "
0.7 ~ 0.8/ 0.9
7z

* Different mechanism for neutral p° at high z
(low [t|) & GPDs, gluon contributions
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arbitrary units

Dihadron Production ep-em*n®(X)

Total % Nearest-neighbor GBDT model to reduce y background
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Slide by G. Matousek
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Kaons
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e R KK
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« Kaon > Pions
— Assuming u —quark dominance 2> FF effect?
— Twist3 FF relevant?

— Or e(x) for strange quarks

67



Asymmetries sensitive to G
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Lambda Program at CLAS12

- Constituent Quark Model (CQM)
O Predicts s quark carries 100% of the A hyperon spin

- “Do polarized u-quarks from current fragmentation transfer
their longitudinal spin to the lambda?” — Test spin structure

Longitudinal Spin Transfey alon
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Part of planned extensive Lambda program8&ith larger statistics: Transverse, polarizing...
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Summary and Outlook

- JLAB12 provides several orders of magnitude higher luminosity than
any other lepton scattering facility!

* High precision data in the valence region
— Proton, deuteron, helium targets
— Beam spin, longitudinal/transverse target polarizations
— Multidimensional measurements
— Analyses beyond leading twist/CFR regime

 First results from BSAs and longitudinal spin asymmetries
— Precision data to extract TMDs
— New target-current correlations
— Intriguing flavor dependencies

— Insights into spin-orbit correlations in hadronization using partial wave
decomposition

* Future at CLAS12 and SoLID
— Full program with data with longitudinal target(s)
— Transverse target
— Modulations of the unpolarized cross-section

« EIC Complementarity
— Phase space

— Depolarization factors
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