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Belle II , a flavour -factory ,
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∘ 2 B's and nothing else !
∘ 2 B mesons are created simultaneously

in a L=1 coherent state

a rich physics program...
∘ We plan to collect (at least) 50 ab−1 of e+e− collisions at (or close to)

the Υ(4S) resonance, so that we have:
− a (Super) B -factory (∼1.1 × 109 BB pairs per ab−1

)

− a (Super) charm factory (∼1.3 × 109 cc pairs per ab−1
)

− a (Super) τ  factory (∼0.9× 109
τ
+
τ
− pairs per ab−1

)

− exploit the clean e+ e−  environment to probe the existence of exotic
hadrons, dark photons /Higgs , light Dark Matter particles, ALPs, LLPs ...

2

(but also charmonium, X , Y , Z, pentaquarks , tetraquarks , bottomonium...)

(Belle∼ 1 ab−1
)

⇒ to reach 6×1035 cm−2 s−1

⇒ cumulate 50 ab−1 by ∼2035



  

Belle(II) , LHCb side by side
Belle (II) LHCb

atΥ(4S) : 2 B's (B0 or B+
) and

nothing else ⇒ clean events

e+e−→Υ(4S)→bb pp→bbX
production of B+ , B0 , Bs , Bc , Λb...
but also a lot of other particles in the event

sbb ∼ 1nb ⇒ 1 fb−1 produces 106 BB

sbb /stotal ∼ 1/4

sbb much higher than at the Υ(4S)

sbb /stotal much lower than at the Υ(4S)

⇒ lower trigger efficiencies

⇒ lower reconstruction efficiencies

b b production cross-section at LHCb ∼ 500,000 × BaBar /Belle !!

B mesons live relativey long

mean decay length βγc τ∼ 200 μm mean decay length β γc τ∼ 7 mm

(near ) future

[1999-2010 ] = 1 ab−1

[2019-... ] = ...
[run I: 2010-2012] = 3 fb−1

[run II: 2015-2018] = 6 fb−1

data taking period(s)

[Belle II from 2019] → 50 ab−1
[LHCb upgrade from 2022 ]
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(flavour tagging , B tagging, missing energy )

(displaced vertices)

higher luminosity

⇒ initial conditions are precisely known



Model candidates

Lot of those models predict also LFV
b→seμ , b→se τ ,...

Leptoquarks are color-triplet bosons that
carry both lepton and baryon numbers

Test of lepton universality using B+
→K(*)l+ l− decays

G.Isidori , FPCP 2020: correlations among b→s(d) l l ' within the U(2)- based EFT
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Missing energy analyses (so efficient ....)
B→K τ l

(3 fb−1
)

B→K ν ν

B→D(*)
τ ν
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Bsig→D(*)
τ ν

τ→e νν , μ ν ν ,
τ→π ν , ππ0

ν

Btag

hadronic tag
B→D(*)

π , D(* )
ρ ...

ϵ ∼ 0.5%

semileptonic tag
B→D(*)l ν X

Event reconstruction in B→D(*)
τ ν at B factories

Require no particle and no energy left
after removing Btag and visible particles of Bsig

main signal-background discriminator
mmiss

2
= (pee − ptag − pD(*)− pl)

2

(70 % of all τ decays)

D(*)
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Bsig→K τ μ

τ→e νν , μ νν ,
τ→πν , ππ0

ν

Btag

hadronic tag
B→D(*)

π , D(* )
ρ ...

ϵ ∼ 0.5%

semileptonic tag
B→D(*)l ν X

Event reconstruction in B→K τ μ at B factories

(70 % of all τ decays)

K
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neutrinos are all coming from the tau here !



The hadronic FEI algorithm reconstructs B in 36 different B decays.

But 12 B decays among them account for 
>90% of the efficiency, so let’s focus on them

Tagging efficiency in data 
(tag= BF x reco)

 is one of the limiting factors

In FEI, Belle II’s B-tagging algorithm: 
BDTs are trained on MC for some final 
states in a hierarchical structure 
starting from tracks and clusters.

[T.Keck et. al, Comput Softw Big Sci (2019) 3: 6]

Hadronic B-tagging at Belle/Belle II
' 'Full Event Interpretation '' package:
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⇒ any ML strategy will train on MC...
assuming it is reproducing properly data



B  tagging: Effectively 12 final states !⁺ tagging: Effectively 12 final states !

In Hadronic tagging, we essentially reconstruct (12 decays) B ➝ D(*) (nπ⁺) (mππ⁺) (mπ) (mπ0) final states:

More π  More complex, but “high” Branching Fraction ⇒ More complex, but “high” Branching Fraction 
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B  tagging: Traditional calibration sample⁺ tagging: Effectively 12 final states !

BDTs are trained on MC
 ⇒ More complex, but “high” Branching Fraction The performance has to be calibrated with data.

But, if MC is not optimal, the BDT selection will not 
be optimal.

This cannot be easily studied with semi-leptonic B 
because there are no peaking structures.

Traditionally, this calibration is done with semi-
leptonic B on the signal side because it has large 
branching fraction.
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D̅0, *D̅ 0, **D̅ 0

ϒ(4S)S)
e
⁻

e
⁺) (mπ

Bsig

Btag

π

Ideal control sample to study B-tagging

We can look for D0, D*0 and even D**0 in the 
recoil mass of a fully reconstructed B and a π±

Official Belle MC

Within a narrow region around the peak, we 
know that one B decays to D π⁰π + and we can 
study the other B (decaying hadronically)

~16k events in a 3σ window around each peak in data.σ window around each peak in data.

Need to calibrate the algorithm, but more importantly, need to 
improve MC for training.

First idea , use B→ J/ ψK:

clean , allow first estimation ( large MC /data differences)
⇒ but too limited stat ( ∼ 400 evts after B- tagging)
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Improving MC model: An example

Let’s take one final state for example: B+ ➝ D̅0 π⁺) (mπ π⁺) (mπ π⁻.
It can be produced through many intermediate states:

The π⁺) (mπ π⁺) (mπ π⁻  could be directly 
generated, could come through ρ⁰ππ⁺) (mπ or 
through an intermediate a1 ⁺) (mπ resonance.
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Improving MC model: An example

Let’s take one final state for example: B+ ➝ D̅0 π⁺) (mπ π⁺) (mπ π⁻.
It can be produced through many intermediate states:

In 1992, CLEO experiment measured these 
3 values but with ~75% uncertainty!

(0.51 ± 0.41)%
(0.42 ± 0.3σ window around each peak in data.0)%
(0.14 ± 0.11)%

[Phys.Rev.D 45 (1992) 21-3σ window around each peak in data.5]
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Improving MC model: An example

Let’s take one final state for example: B+ ➝ D̅0 π⁺) (mπ π⁺) (mπ π⁻.
It can be produced through many intermediate states:

In 2011 (~20 years later), LHCb looked at 
this final state, but did not provide 
individual measurements.

So we are still suck with a 30 year old 
CLEO measurement in PDG.
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Improving MC model: An example

Let’s take one final state for example: B+ ➝ D̅0 π⁺) (mπ π⁺) (mπ π⁻.
It can be produced through many intermediate states:

But looking at this plot, it looks like 
most contribution comes through a1 ⁺) (mπ 
resonance (mass 1400 MeV/c2). 
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Improving MC model: An example

Let’s take one final state for example: B+ ➝ D̅0 π⁺) (mπ π⁺) (mπ π⁻.
It can be produced through many intermediate states:

Can be compared with data at Belle,
if we reconstruct one B as B+ → D̅⁰π π⁺) (mπ and 
other B as B- ➝ D0 π⁺) (mπ π⁺) (mπ π-

D0 π⁺ tagging: Effectively 12 final states !

D̅0

ϒ(4S)S)
e⁻ e⁺) (mπ

Bsig

Btag

π⁺ tagging: Effectively 12 final states !

π⁺ tagging: Effectively 12 final states !
π⁺ tagging: Effectively 12 final states !
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Improving MC model: An example

Let’s take one final state for example: B+ ➝ D̅0 π⁺) (mπ π⁺) (mπ π⁻.
It can be produced through many intermediate states:

Comparing with data clearly shows that a1 

⁺) (mπ component is underestimated, and the 
ρ⁰ππ⁺) (mπ and direct π⁺) (mπ π⁺) (mπ π⁻ components are 
overestimated.
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Similarly, for other final states

BELLE2-NOTE-PH-2022-002
B⁺) (mπ → D̅⁰π π⁺) (mπ π⁺) (mπ π⁻ π⁰π

B⁺) (mπ → D̅⁰π π⁺) (mπ π⁺) (mπ π⁻ π0

D̅*⁰π π⁺) (mπ π⁺) (mπ π⁻

blue means 
generated by 
PYTHIA
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https://docs.belle2.org/record/2828


Model for B → D(*,**) nπ mπ  decays⁰ decays

Y = D, D*, D**

X = π, ρ, a1, ωπ, ρππ, ηπ
Happens through 2 channels,
one with spectator quarks (call Y) and 
one from the W (call X).

2 primary rules:
- D  X: D*  X : D**  X  ~= 1 : 1 : 1⁰π ⁰π ⁰π

(based on observation from D π  : D* π  : D** π  and D ρ  : D* ρ )⁻ ⁻ ⁻ ⁻ ⁻
- Y π  : Y ρ  : Y a⁻ ⁻ 1  ~= 1 : 2.5 : 2.5⁻

(based on predictions and confirmed with τ → h ν decays)

Additional information:
- 3π π0 is hard to model without some sort of ρ’ resonance

- For ωπ we fix from measurements.
- For ρππ and ηπ, we let PYTHIA generate it.

- Decays of D** particles is synchronized with Belle II
- The fraction of 4 different D** is fixed based on observations.

We want to modify the DECAY table 
to latest PDG/paper interpretations 
and this model to see the impact.

Essentially validation, we do not 
want to fine-tune (except set 0 there 
is no signal*).

*See backup
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https://stash.desy.de/users/vsagar/repos/dec_update/compare/diff?targetBranch=refs%2Ftags%2Fofficial&sourceBranch=refs%2Fheads%2Fmaster


Pulls of calibration factors

Another way to visualize the improvement in the calibration factors:

    Overall calibration factor

(82.6 ± 0.9)%

↓
(104.2 ± 1.2)%

improving description of hadronic B decays ⇒ improve B−tagging efficiency
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Decay description is improved !
The improvement is not limited to calibration factors, but more importantly in the 
invariant masses (of intermediate particles), which are used as training variables in FEI

3π± case:

3π± π  case:⁰π

21
improving description of hadronic B decays ⇒ improve B−tagging efficiency



Retraining FEI: Validation

Nothing changes in the FEI modes where we did 
not change anything.

There is a significant background reduction in 
FEI modes where MC model is improved.

Once we have a new model for how the B ➝ D(*) (nπ⁺) (mππ⁺) (mπ) (mπ0)  decays, we can train BDTs again 
with it and see performance: 
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Retraining FEI: Effective cuts

The new training is learning the a1+ cut 
from the MC we give it!

Can we apply this cut manually instead?
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Why is B-decay modeling so hard ?

We already saw that we (and PDG) uses a 30-year-old measurement with ~75% 
uncertainty for one of the largest hadronic B-decays..

But on top of that, we don’t know how B decays ~40% of the time ! 
We ask PYTHIA to (poorly) generate them.
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lot of hadronic B decays to understand /measure
⇒ new contributions to B-tagging ??
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More with recoil mass and Hadronic B-tagging at Belle /Belle II



EAP 2019
Lint = 6.4 fb−1

EAP 2020
Lint = 74 fb−1

EAP 2022
Lint = 430 fb−1

EAP 2021
Lint = 213 fb−1

Belle II run I (2019 - 2022)

ICHEP 2022 results

5 × 1034
/cm2

/s
∼ 1 BaBar / year
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Summary
∘ Belle (II) is a unique environment to study modes with missing energy

B→K ν ν , K τ τ , K τ l , τ τ , τ l , D(*)
τ ν , τ ν , μ ν ...

∘ Improvements of B- tagging requires a much better understanding of
B hadronic decays (⇒ measurements)

∘ along with other venues : Semi - leptonic B- tagging , inclusive B- tagging...

Belle II calendar

∘ the stat of a B- factory by summer of 2022. .. (Run 1 , > 400 fb−1
)

∘ PXD2 installation during LS1 (until end of 2023)
∘ Run 2: until ∼ 7 ab−1

∘ ∼ 2027 : upgrade QCS/VXD (LS2)
∘ Run 3: until 50 ab−1 by 2035
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Backup





run 1 (→ juin 2022): luminosite integre ∼0.43 ab−1 , 4−5×1034
/cm2

/s
PXD complet (2 couches) a installe durant LS1 (2022-2023)

(+beampipe + TOP PMTs)

run 2 (→ 2027): luminosite integre 5- 10 ab−1 , 2×1035
/cm2

/s

→ SuperKEKB with polarized beams ,  White Paper (arXiv : 2205.12847)

2027 : collider upgrade (QCS+RF) → installation upgraded detector
run 3 (→ > 2030) : 50 ab−1

2×1035
/cm2

/s !
(∫L∼5-10 ab−1

)

LS1

LS25×1034
/cm2

/s !
(∫L=0.43 ab−1

)

10 BaBar

1 BaBar

100 BaBar

Calendrier de Belle II
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prise de donnees de mars 2019 a juin 2022
→ malgre des conditions difficiles depuis mars 2020 (Covid, guerre en Ukraine , cout de l 'energie...)

luminosity : 4.7×1034
/cm2

/s ! > 2fb−1 per day !
Juin, 2022

record de KEKB/Belle
2×1034

/cm2
/s currents >1 A

record de PEPII /BaBar
1×1034

/cm2
/s currents >2 A

Belle II run I (2019 - 2022)

βy
*
= 1mm , ILER /HER = 1.4 /1.2 A

squeezing further β y
*
(→ 0.6mm)

doubling (or more) the currents
⇒ L > 1035

/cm2
/s after LS132



SuperKEKB, the first new collider in particle physics since the LHC in 2008
(electron-positron (e+ e−)  rather than proton-proton (p-p))

Phase 1
Background , Optics commissioning

Feb - June 2016
Brand new 3 km positron ring

Phase 2: Pilot run
Superconducting Final Focus

add positron damping ring
First Collisions (0.5 fb−1

)

April 27 - July 17, 2018

Phase 3: Physics run
Since April , 2019

Nano-beams and more beam current to increase luminosity

⇒ to reach∼6×1035 cm−2 s−1

⇒ cumulate 50 ab−1 by ∼2035

Squeeze strongly at IP



Belle II detector

KL and muon detector
Resistive Plate Counter (barrel)
Scintillator + WLSF + MPPC

(endcaps)

Particle Identification
Time-Of-Propagation

counter (barrel)
Prox . focusing Aerogel RICH

EM Calorimeter : CsI(Tl)
waveform sampling

Central Drift Chamber
He (50 %) :C2 H6 (50 %)

small cells , long level arm ,
fast electronics

Vertex Detector
1/2 layers DEPFET

+
4 layers DSSD

Installation of Vertex Detector (Fall 2018)

on - going DAQ upgrade
( installed in 2021 -2023)

PCIe40 board , capable of reading via
high speed optical links and to write

to computer at rate of 100 Gb/ s:
limited number of boards (20) enough

to read entire Belle II detector

considering now VTX upgrade (2027 or later)

Main challenge : Preserve detector performances while luminosity (so beam background) increases
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LS1 work for SuperKEKB

2×1035
/cm2

/s !
(∫L∼5-10 ab−1

)

LS1

LS25×1034
/cm2

/s !
(∫L=0.43 ab−1

)

10 BaBar

1 BaBar

100 BaBar

first long shutdown :
∘ accelerator : Linac upgrade + main ring improvements
∘ Belle II detector : PXD2 and few PMTs /boards replacements (TOP /CDC)

+ beam background shielding
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Linac + BT upgrade items during LS1:
∘ electron two-bunch injection suffered from vertical orbit shift and emittance growth of the 2nd bunch
→ Linac fast kicker to solve the orbit shift
∘ Installation of 8 pulsed quads at J-arc matching section
∘ Installation of 4 pulsed quads at e+/e- compatible optics region

Fast beam loss abort is a serious problem (BCS quench and collimator damages)
cause not fully understood (improve simulation and prepare additional monitors)



LS1 work for Belle II
PXD2

(+new beampipe)

TOP

⇒ news about PXD2
all ladders for L1 and L2 ready
half−shelves mounted
need to understand glue issues with 2 ladders
→ expect no significant impact on schedule

⇒ reprise prevue pour fin 202337

and also CDC: HV resistor replacement ,
FE repair ..



Physique en une page

et l ' ensemble des donnees pretes (et le MC !) pour l ' analyse des 430 fb−1 pour 2023

programme de physique avec 0.5 ab−1 deja pertinent ( Belle peut encore publier 30 articles /an
et rester competitif face a LHCb dans de nombreux secteurs (TCPV , τ et energie manquante))

⇒ detecteur entierement fonctionnel
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Physics at Belle IIB→ J/ ψK0 b→sqq

Vub

Vcb

sin2β=0.72±0.06±0.02w /190 fb−1 only !



  

' ' τ center ' '
∘ B-factory is also a τ -factory !
∘ lepton flavour violating decays of the τ as NP probe

⇒ LFV accidental symmetry of SM, many NP
models can naturally break this symmetry

10−9
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∘ Search of τ → pμμ (τ → p l+ l '−) decays with Belle [with D.Sahoo (TIFR )]
⇒ results summarized in PRD 102 (2020) 111101

τ Anomalous Magnetic Moment

Enhanced sensitivity to new physics: (mτ /mμ)
2
= 283

S.Eidelman , M.Passera

aμ
exp
− aμ

th
∼ 4s

∘ difficult to measure , aτ
exp
= (−0.018 ±0.017), DELPHI, EPJC 35 (2004) 159

(A.Martens, F .Zomer)



cLFV : beyond the Standard Model
τ LFV searches at Belle II will be extremely clean with very little background (if any ),
thanks to pair production and double-tag analysis technique.

Most improvement in coming decade is expected from Belle II , which can reach
1×10−9

[arXiv :1011.0352] and will do even better if can achieve∼ zero bckgd

In contrast , hadron collider experiments must contend
with larger combinatorial and specific backgrounds

[Belle , PLB 687:139−143,2010]

τ−→e−e+e− τ
−
→μ

−
μ
+
μ
− how to improve further ?

...considering τ→μ /eh+h−

in function of one prong
tag categories
...for τ→3muons ,
improve μ - ID at low mom
(ECL info)

⇒ 2×10−8 at 90%CL

[LHCb, JHEP02 (2015)121]

⇒ 5×10−8 at 90%CL



Nice complementarity

[CPPM ]

[ IJCLab]



  

[Belle II , arXiv :1808.10567 ]

[BaBar , arXiv :1204.2852]
strategy used: B fully reconstructed (had tag), τ+→l+ νl ντ , (nπ

0
)π ν , with n≥0

using momenta of K , l and B, can fully determine the τ four -momentum
unique system: no other neutrino than the ones from one tau (≠ B→τ ν , D(*)

τ ν ...)

B(B+
→K+

τ
−
μ
+
) < 4.5× 10−5 at 90%CL , B(B+

→K+
τ
+
μ
−
) < 2.8× 10−5 at 90%CL

(also results for B→K+
τ
±e∓ , B→π+ τ±μ∓ , B→π+ τ±e∓ modes)

⇒ can we do better ? combining hadronic tag with an more inclusive tag...
⇒ can do K*

τe , K*
τ μ with similar sensitivity ...

43

LFV B→K τ l (l = e, μ) decays



LFV B→K τ l (l = e, μ) decays
focus on K (K+ or KS

0
), τ → e ν ν , μ ν ν , π ν , ρν [Belle & Belle II]

dominant BG is B+
→D( *)0

μ ν (e.g. (K πX)Dμ ν in τ→πν case)

44



    Overall calibration factor

(82.6 ± 0.9)%

↓
(104.2 ± 1.2)%

Improving MC model  B  tagging⇒ B⁺ tagging ⁺ tagging: Effectively 12 final states !

Implementing all the 
identified issues improves the 
Data-MC agreement!

45



Alternative FEI algorithm

46

D̅0 π+

Alternatively, using FEI 
particle list of D̅0,
we want to reconstruct B+ particle 
list manually

in orders of D̅0 (m π+) (nπ⁺) (mπ π0):

Reconstructing in this order,
going to the next step only if it fails, ⇒ More complex, but “high” Branching Fraction  Simpler best canπ⁺) (mπdidate selectionπ⁺) (mπ
using the constraints of intermediate resonances when possible ⇒ More complex, but “high” Branching Fraction  Higher purity

D̅*0 π+ D̅0 ρ+ D̅0 π+ π0

D̅**0 π+ D̅*- π+π+ D̅0 a1
+ D̅0π+π+π-D̅0 ρ0 π+

. . . 

. . . 

(m, nπ⁺) (mπ) = (1, 0)

(m, nπ⁺) (mπ) = (1, 1)

(m, nπ⁺) (mπ) = (3, 0)

Let’s call this algorithm “ FREE ”









B+
→K+

ν ν



B+
→K+

ν ν measurement at Belle II [arXiv:2104.12624 ]
accepted by PRL



B+
→K+

ν ν measurement at Belle II [arXiv:2104.12624 ]
accepted by PRL
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