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Belle II @ SuperKEKB

New facility to search for physics beyond the SM by studying B, D and t decays and
the major player for precise studies of fragmentation

Tsukuba, Japan

Super KEKB — major upgrade of the KEKB B-factory at KEK

Belle II detector — upgraded Belle detector
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Belle II @ SuperKEKB

New facility to search for physics beyond the SM by studying B, D and t decays and

the major player for precise studies of fragmentation
Tsukuba, Japan

Super KEKB — major upgrade of the KEKB B-factory at KEK

SuperKEKB:

= smaller interaction point - 50 ab"
i =Y

= increased currents
= collisions at Y(nS)
= E(et) =4 GeV, E(e") =7 GeV

First collisions in 2016

Belle II detector — upgraded Belle detector
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Belle II @ SuperKEKB

New facility to search for physics beyond the SM by studying B, D and t decays and
the major player for precise studies of fragmentation

Tsukuba, Japan

Super KEKB — major upgrade of the KEKB B-factory at KEK
SuperKEKB:

=» smaller interaction point : ‘ 50 ab-!
= increased currents ‘ |
= collisions at Y (nS)

= E(et) =4 GeV, E(e-) =7 GeV

First collisions in 2016

Belle II detector — upgraded Belle detector
Rolled in in April 2017
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The fragmentation functions

Field, Feynman (1977): Fragmentation functions describe the process of hadronization

= non-perturbative but universal objects of QCD

- DZ (z)1s the probability that the parton g fragments into a hadron & carrying a fraction z of the parton’s
momentum

= proton-proton scatterin = lepton-hadron scatterin = e¢te~ annihilation
p p g p g
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The fragmentation functions

Field, Feynman (1977): Fragmentation functions describe the process of hadronization

= non-perturbative but universal objects of QCD

- DZ (z)1s the probability that the parton g fragments into a hadron & carrying a fraction z of the parton’s
momentum

= proton-proton scatterin = lepton-hadron scatterin = e¢te~ annihilation
p p g p g

Measurements of fragmentation functions in lepton-hadron, proton-proton scattering and e*e-
annihilation are complementary

o +e- +e= sqd
= e*e~ annihilation: (ae ¢ ThX Z o ¢ TR (DZ‘ + D{’;D

= direct probe in clean environment g

= stringent constraints on the combinations DZ’ + Dg’
= insensitive to quark-antiquark separation

= far less sensitive to DZ
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Measurements from ete- annihilation
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Extraction of fragmentation functions

= global fit

~— THIS FIT i
with 68 and 90% C.L. bands

- - - DSS

= o00d agreement with data
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Extraction of fragmentation functions

1 ] Surprises come with new data
1 — Nucl Phys B 883 (2014) 615 -

= global fit
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New global fits including the ALICE data

= the main constraints on FFs come from ete- data — de Florian et al, 2017 -
= gluon-to-hadron fragmentation functions
largely unconstrained 07 ]

=» gluon FFs constraints from pp data
= data from RHIC at small values of pr <5 GeV 0.6

=* inclusion of new data from LHC is mandatory
= do¥/do™ from Alice 0.5
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= substantial differences between new and old fits
= reduced gluon-to-pion fragmentation functions

= larger gluon-to-kaon fragmentation functions
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The Lund string model

=» The fragmentation process has yet to be understood from first principles
=» Commonly used phenomenological models of hadronisaion:

= String model

Fully Formed
Hadron

= Cluster model
=* Independent model

-.Ol

= All models have a probabilistic nature — probabilistic rules are given for the production of new
flavours, and for the sharing of energy and momentum between the products

= String fragmentation model was proposed by X. Artru and G. Mennessier as early a@
= Later was developed by [.und group
= And still is widely in use in Monte Carlo generators

= PYTHIA

= Lepto

= ... 1s the basic part of many computer simulations which are necessary to obtain accurate predictions
for production of hadrons
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The basic picture

= Asymptotic freedom: at short distances the force between the quark-antiquark pair
becomes increasingly QED-like

QED: €+

=» At long distances, gluon self-interaction makes field lines attract each other
=* gluon interactions described by flux tubes — strings

T — =Y

= Approximately constant energy density in the string

F(r) = const = k = 1 GeV/fm

= Confinement: linear potential at long distances — needs an infinite energy to drag the

quarks apart
V(r)~ kr

Ami Rostomyan 9 Excited QCD 2017, Sintra, Portugal



String fragmentation

Stretch enough and the strings break apart!
e
(X
\—J
2

"
J— — 2 —
= String break by tunnelling: GD x exp( W?T) = exp( Zp T exp( o D

2
K

** common Gaussian pr spectrum
= suppression of heavy-quark production = u:d:s:c=1:1:03:10-11
= diquark ~ antiquark = simple model for baryon production

= Motion of quark and antiquark pairs with adjacent pairs forming hadrons

=» generate quark-antiquark pair
=» Gaussian transverse momentum
=» select the hadron state (L=0,S=0or 1)

= determine the longitudinal momentum
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Ami Rostomyan

Continuum spectrum

Understanding the hadronization and the continuum spectrum

= contribute to all processes with hadrons in the final state

= particularly important for studying the spin structure of nucleons

= a tool to study the QCD vacuum structure

= background in NP searches
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Belle — Belle 1I: Monte Carlo generators
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Belle — Belle 1I: Monte Carlo generators

Belle

EvtGen
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Belle — Belle 1I: Monte Carlo generators
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Belle

EvtGen

Belle Il

EvtGen
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Belle II Monte Carlo generators

KKMC
q QED FSR
PYTHIA
PHOTOS
QEDISR  qcp FsK
_|_
€ = large effect of ISR

= three options to generate the FSR

= tiny effect of ISR/FSR interference

e A & = maximum 10-20% effect of FSR at
LL// low momenta

QED FSR A S = source of systematic uncertainty
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Belle II Monte Carlo generators
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QED FSR

= large effect of ISR
= three options to generate the FSR
= tiny effect of ISR/FSR interference

= maximum 10-20% effect of FSR at
low momenta

= source of systematic uncertainty
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Belle MC % Belle2 MC

Pythia 8 is a clean new start, to provide a successor to Pythia 6.

= in general PYTHIA 8 is different from PYTHIA 6
= not possible to "port" a PYTHIA 6 tune to PYTHIA 8
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Belle MC % Belle2 MC

Pythia 8 is a clean new start, to provide a successor to Pythia 6.
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Towards PYTHIAS tuning

Unfolding of Large systematics

Belle Detector use Belle data
effects

Bellell MC 5 = off-resonance data: qq events
elle Data
generators (q=u, d, s, c)

\\ Belle Detector // use Belle IT MC generators

Time consuming | Simulation
(Geant)
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Towards PYTHIAS tuning

\ / .
Uhfoldin Large systematics
Belle\Détector use Belle data
effegis
= off-resonance data: qq events
Bellell MC / '\ Selle Data qq
generators (q=u, d, s, c)

\\ Belle Detector // use Belle IT MC generators

Time consuming | Simulation
(Geant)

Ami Rostomyan 15 Excited QCD 2017, Sintra, Portugal



Towards PYTHIAS tuning

—

Bellell MC
generators

Time consuming

N\, y4

Unifoldingof
Belle ector
effepls

Large systematics

\\ use Belle data

N

= off-resonance data: qq events
Belle Data
(q=u,d,s,c)

Belle Detector
Simulation
(Geant)

// use Belle IT MC generators

Ami Rostomyan

= a tuning tool for Monte Carlo event generators
= automated tuning approach
= tune itself is very fast
= professor supplies the parameter grid
= generate Monte Carlo for a given set of parameter values
= calculate observables
= build interpolations
= parametrise the MC in parameter space with a polynomial
= tune polynomial to data

= determination of minimum in parameters space
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Parameter sensitivity

PYTHIAS fragmentation — ~100 parameters — can’t tune all

, — R p; ri +m; o
res; = ri — R pi with ]3@ — L r; — number of events in ith bin in the reference sample
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(2 (2
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The parameter list

** Lund symmetric fragmentation functions

= 1 D
V4

= parameters modifying s-quark, diquark and c-quark fragmentation
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The parameter list

** Lund symmetric fragmentation functions

Fe) =1 (1 affmsmatnd -Gzt
<

= parameters modifying s-quark, diquark and c-quark fragmentation

= the total width in the fragmentation process

< p%ﬂ >hadron= 2OtringPT : sigma

= parameters to describe the non-Gaussian tail in transverse momentum distribution
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The parameter list

** Lund symmetric fragmentation functions
=L 1 offnaintand Gt
z
= parameters modifying s-quark, diquark and c-quark fragmentation

= the total width in the fragmentation process

< p%ﬂ >hadron= 2OtringPT : sigma

= parameters to describe the non-Gaussian tail in transverse momentum distribution

= flavour sector: control the relative rates
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The parameter list

** Lund symmetric fragmentation functions
=L 1 offnaintand Gt
z
= parameters modifying s-quark, diquark and c-quark fragmentation

= the total width in the fragmentation process

< p%ﬂ >hadron= 2OtringPT : sigma

= parameters to describe the non-Gaussian tail in transverse momentum distribution

= flavour sector: control the relative rates

= particles = observables
A A A A S A 2, pr, M2p
K Ko Ko+ K0 multiplicities
Zlnﬁ / thrust, R>
DO, Dy*
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The parameter list

** Lund symmetric fragmentation functions
=L 1 offnaintand Gt
z
= parameters modifying s-quark, diquark and c-quark fragmentation

= the total width in the fragmentation process

< p%w >hadron= 2OtringPT : sigma

= parameters to describe the non-Gaussian tail in transverse momentum distribution

6
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The parameter list

** Lund symmetric fragmentation functions
=L 1 offnaintand Gt
z
= parameters modifying s-quark, diquark and c-quark fragmentation

= the total width in the fragmentation process

< p%ﬂ >hadron= 2OtringPT : sigma

= parameters to describe the non-Gaussian tail in transverse momentum distribution

= flavour sector: control the relative rates g 4 £33 3525 ¢
&2 zees s 58 88 5%
§ § 8 3 2 £ 5 58 848 g ¢ )
etaSup .. " ] " ] .
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— + K- o e e, enhancedFraction O
P multiplicities _
, enhancedWidth [ . . . -0.2
77, 77 s V probStoUD . ® o o
. thI'LISt, R2 aExtraSQuark
A, p aExtraDiquark ® e o8
mesonUDvector . . . 0.8
DO, DO>I< mesonSvector

-1

Ami Rostomyan 17 Excited QCD 2017, Sintra, Portugal



Testing the tuning procedure

= Simultaneous tuning of all 14 parameters
= requires 1362 Monte Carlo samples — ~ 40 TB

= Testing the procedure on Monte Carlo “true” kinematics and “true” PID

Ratio
&

<)
IIIIIIIII IIIIII\II

-

=4
o
2]

=
io

P, [Ge\?fc]
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Testing the tuning procedure

= Simultaneous tuning of all 14 parameters
= requires 1362 Monte Carlo samples — ~ 40 TB

= Testing the procedure on Monte Carlo “true” kinematics and “true” PID
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process

= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production

Ami Rostomyan 19
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process
= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations
= consider di-hadron production
1. fragmentation into one spin-0 hadron

ky x Pri) s
DﬁqT(zﬂth_) - D?,q(zaphJ_) + HlJ:q(ZaphJ_)( 4 ZMh ) 4
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process

= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production

1. fragmentation into one spin-0 hadron

ky x Pri) s
quT(Z,phL)ID?,q(Z,phL)‘FHlL,q(ZaPhL)( 4 th) 4

sin? 6 Hi(21)Hi-(22)
14— _
gt 1 + cos? 6 cos(g1+ ¢2) D1(z1)D1(22)
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process
= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production
1. fragmentation into one spin-0 hadroP
(kg X Pni) sq
zM, h

D (z,pn1) = D (2, pn1) + Hiy(2, 1)

Y 1 h.p,
/’
o— —
q k
— Eur. Phys. J. A (2016) 52: 152 —
Ne O T T T T T T T T T
& 04F | BaBar § : + =
0.3 |2 Belle ' ' = sin? 0 Hit (1) Hi (22)
= i w4 o1+ ————cos(¢1 + =
(())ig i : ; + : 1+ cos2 60 (1 +¢2) D1(z1)D1(22)
N * . : —
= *n B oum m : : 3
0 * *j*' ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R —=
<5 g g + 3 tension between Belle and BaBar results
0.1F . i3 = thrust axis corrections
0.05] . N { - = background corrections
C N *u L 7
b ite te e Fiwe 4 13 = 2<09 for BaBar, z<1 for Belle
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process

= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production

1. fragmentation into one spin-0 hadron

kg XPpi) s
Dlll,qT(ZyphL):D?,q(zaphL)‘l'HlL,q(z’phL)( : th) :
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process

= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production

1. fragmentation into one spin-0 hadron

k, X f)hJ_ S D, =
D}ll,qT(Z7phJ_) = D?,q(zaph_L) + HlJ:q(z7phJ_)( 1 ZMh ) 1

2. fragmentation into one spin-1/2 hadron

w-® - ®

|
@?@@—’g@—’?@
o

(?Q;*@
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process
= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production

.. . 2.1 tation int in-1/2 had
1. fragmentation into one spin-0 hadron ragmentation mto one spm adron

k Xf)hJ_ S D, =@
D?,qr(zyphl)ZD?,q(Z,ph¢)+Hiq(Zyph¢)( ! i ) 5 é é
h G = B @_’ Gir = -
eq
® — _ H =<<5 -
q k
DlLTzé B CC?
3. fragmentation into two hadrons
TNONE
2h 1 (2h !
Dg):o—»g Gl():f—bz-f—bg
=@~ - @~ HQIQ - (%

nt = dg -y
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Belle II perspectives: fragmentation functions

Rich program to study the fragmentation process
= release the integration over the transverse-momentum of hadrons
= extend to different quark or hadron polarisations

= consider di-hadron production

. . 2.1 tation int in-1/2 had
1. fragmentation into one spin-0 hadron ragmentation mto one spm adron

k Xf)hJ_ S D, =@
D?,qr(zyphl)ZD?,q(Z’phL)JFHiq(Z,phL)( ! Wi ) 5 é é
28R G, = B @_’ G = B
EqT
® — _ H =<<5 -
q k
DlLTzé B CC?
3. fragmentation into two hadrons
TNONE
2h 1 (2h !
Dg):o—»: Gl():v—»g_f—»:
o=@~ - @~ HQIQ - (%

B0 e - 4> g -4 g

Next generation high precision measurements from Belle 11

= systematic uncertainty under control = an immense amount of data
=¥ better vertex reconstruction = provide multi-dimensional results (small bin sizes)
= more pI’CCiSC hadron identification = better constraints on FFs
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Belle II perspectives: QCD vacuum structure

Hadronisation depends on the QCD-vacuum structure!

e +e” =" = g7 — (hh2) + (hiho) + X

Quark fragmentation in:

> perturbative QCD vacuum

= spin-dynamics of hadronisation
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Belle II perspectives: QCD vacuum structure

Hadronisation depends on the QCD-vacuum structure!

e +e” =" = g7 — (hh2) + (hiho) + X

Quark fragmentation in:

> perturbative QCD vacuum > @-vacuum > non-perturbative QCD vacuum
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- Spin_dynamics of hadronisation = local CP violation = factorisation breaking
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Outlook

= Long way ahead before the fragmentation functions will be as precise as the PDFs

“* The spin-dependent and transverse momentum unintegrated fragmentation functions even less
constraint

= Belle II will be a major player in the near future

** The framework for generating the continuum spectrum is ready and validated
“* The strategy for tuning of PYTHIAS has been settled

** Tuning using the Belle off-resonance data is in progress

=* As soon as the Belle II data is available, tune using the Belle II data

= systematics dominated: both from experimental and phenomenological part
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KEKB — SuperKEKB

Lorentz factor beam current beam-beam parameter

\y geometrlcal reduction factors
L= x ]_ _X / crossing angle, hourglass effect)

vertlcal beta functlon at IP
classical electron radlus

beam size ratio at
IP 1-2% (flat beam)

KEKB Super-KEKB

E (GeV) B*y (mm) B*x (cm) ® I (A) L (cm2s)
LER/HER | LERMER | LER/HER | (mrad) | LER/MHER
KEKB 3.5/8.0 5.9/59 | 120/120 11 16/1.2 | 2.1x10%
SuperKEKB 4.0/70 € 0.27/0.30 ) 3.2/25 415 | 3.6/2.6Q] 80 x10% >
factor 40

factor 20 factor 2-3 Iactor 49
Belle Il | 80th PRC Open Session 24



Belle II Schedule

 Phase 1 (2016, complete):

2
_ Acce|erator § ........................................
commissioning £ —
— No detector g - /S
 Phase 2 (start of 2018): gg .........................................................................
— Partial detector x1033 F || | 1= total BaBar+Belle Luminosity
> 0 :
— BaCkground StUdieS § 8 SuperKEKB Goal
E 6.. ................................................................. e nssesnasean
— First physics E .-;; A A
x 4 SRR N S
° Phase 3 (end Of 2018) g& z : . . KEKB Performance
2016 2018 2020 2022 2024

— Full detector

— Belle Il run
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Methodology

e" +e” =" = qq — (hihg) + (hihe) + X

sl
> “left” pairs: > “right” pairs: ’
- Q<0 = Q>0 P~
e el
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The experimental observables for disentangling the hadronization mechanisms :

> jet handedness jet handedness correlation
i Nr(@>0) — N (2 <0) o (210) — {€4) ()
Np(2>0) + N. (22 <0) VD) — (Q1)2/(Q3) — (Q2)?
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The experimental observables for disentangling the hadronization mechanisms :

> jet handedness jet handedness correlation

Ng(2 > 0) — N.(Q < 0) o (Q1Q2) — (Q1)(Q2)
Ng(Q2 > 0) + Np(Q2 < 0) VAQT) — ()2/(Q3) — (Q2)?

H =
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Baryon production

Meson production =~ same colour everywhere.
Fluctuations with other colour — no net force.

[ @ @ @
q q q q
ie.r+g=0>

Baryon production as if diquark
when only one break
iInside “wrong-colour” region:

@ @ @ @ @ @
q g a 9 9 q
Popcorn when several breaks:
® @ ® © ® © @ @

d g gqda gq « q
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