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Standard Model is a working theory..
• Two examples:
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..but not the ultimate one
• What’s the origin of lepton and quark particle mass and mixing angle 

pattern?

• Why matter dominates ove anti-matter?

• What’s the origin of dark matter? 

• …….
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The role of indirect searches
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• Indirect searches allow to test higher NP energy scale, complementary to direct 
searches
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Clip form R. N. Cahn

https://www.slac.stanford.edu/econf/C060717/papers/T010.PDF


The long way to indirect 
searches @ at SuperB factory
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• Experiment @ first generation B factories: BaBar (USA) and Belle 
(JAPAN) 

• took data for about 10 years , collecting ~ 480 and 780 x 106 BB 
pairs, respectively

• Experiment goal: measurement of CP violation in B meson system

First generation B factories: where and why

Fantastic performances of the accelerators, well beyond design values, 
e.g. KEKB peak luminosity (WR!): 2. 1 x 1034cm-2s-1



Much more than just CPV in B system (I)
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The BelleII Physics Book,  PETP 2019, 123C01 (2019)  

https://arxiv.org/pdf/1808.10567


Much more than just CPV in B system (II)
• They did much more than just measuring CP violation
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• The great success of BaBar and Belle 
led to the BelleII experiment



From B factories to SuperB factories: KEKB ➟ SuperKEKB

• Aim to collect 50ab-1 (~50x Belle) by 2031 
reaching ~60 x 1034cm-2s-1 (~30x KEKB)

• Can do this without using brute-force! Nano-
beam scheme:

• 20x smaller 𝛽∗y

• 1.5x higher currents

• price to be paid: higher “machine 
background”
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2029 timescale



From Belle to BelleII
• Higher luminosity mean higher machine background: from Belle to BelleII detector to maintain or 

improve detector performances

• “Faster” and more rad hard sub-detectors
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• To realise nano-beam 
scheme:

1.  Lorentz boost factor 
reduced wrt Belle ➝ higher 
detector hermiticity, 
important for searches with 
missing particles; 

2.  smaller beam pipe ⟶ 
vertex detector closer to IP, 
better vertex resolution



Belle II/SuperKEKB @ work

• BelleII is taking data since 2019, data taking 
continued amid COVID-19 pandemic
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• Increasing 
peak 
luminosity: n 
spring 2021, 
exceeded 2.8 
x 1034 cm-2 s-1 

SuperKEKB world record press release

https://www.kek.jp/en/newsroom/2020/06/26/1400/?fbclid=IwAR1aIYhnt7FZE3nMaKmce21zkXBV9zpqhOOZwfroN11pEnq6rniaAne3l3M


Flavour anomalies in a nutshell
• Tension between experimental measurement and SM 

predictions in 

• b ➝ c l 𝜐

• b ➝ s ll 

• What can BelleII say on these and other 
related modes?
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b➝sll



large theory uncertainties

b➝sll observables

• Fully reconstructed final states, untagged analysis

• @ (super)B-factories, both charged and neutral K(∗) modes are reconstructed

• Key ingredients: Lepton identification, hadron mis-identification (in particular 𝜇-π)
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Clip from M.F. Sevilla@ APS2021

http://cds.cern.ch/record/2764840/files/document(2).pdf


Partial branching fractions from B factories

• Partial branching fractions measured by BaBar, Belle, and CDF

• latest Belle measurement, performed separately for electron and muons

• in agreement with SM expectations, large experimental errors, statistically limited
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signal
combinatorial bkgs
hadron mis-ID bkg

peaking bkg
total pdf 

• data
Kll

K∗ll

BaBar coll., PhysRevD.86.032012 (prior latest Belle measurement)

Mbc = 

Belle coll., JHEP03(2021) 105 (latest Belle 
measurement)

K+𝜇𝜇 K+ee

K0𝜇𝜇 K0ee

https://dev.arxiv.org/abs/1204.3933v2
https://arxiv.org/pdf/1908.01848.pdf


B➝K∗ll angular analysis from B factories
• Differential decay rate as a function of 3 angles:
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With a data 
transformation 

technique
the dimension of the 

free parameters can be 
reduced to 4

Belle coll., Phys.Rev.Lett. 118 (2017) 11, 111801

• 2.6 𝜎 discrepancy 
in muon channel 
for 
P5’ (uncertainty 
at the 50% level, 
dominated by 
statistics)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.111801


R(K(∗)): latest measurement from Belle
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Belle coll., Phys. Rev. Lett. 126, 161801 (2021)
Belle coll., JHEP03(2021) 105 

• In agreement with SM expectations within errors

• Measurement statistically limited

• Main systematics from lepton ID efficiency and knowledge of 
peaking background

https://arxiv.org/abs/1904.02440
https://arxiv.org/pdf/1908.01848.pdf


Toward BelleII measurements (I)
• BelleII performances, some examples: Hadron ID, Leptin ID, neutral  reconstruction

• good understanding of the detector

• performances comparable to Belle/BaBar in higher machine background 
environment

• improvements in algorithms and understanding of the detectors foreseen
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BELLE2-NOTE-PL-2020-027BELLE2-NOTE-PL-2019-019

BELLE2-NOTE-PL-2020-024

https://docs.belle2.org/record/2062/files/BELLE2-NOTE-PL-2020-027.pdf
https://docs.belle2.org/record/1898/files/BELLE2-NOTE-PL-2019-019.pdf
https://docs.belle2.org/record/2052/files/BELLE2-NOTE-PL-2020-024.pdf


Toward BelleII measurements (II)
• Rediscovery of B+➝K+l+l-, more on b➝sll to come in the next months

• Signal yield extracted from 2D fit to Mbc and 𝛥E, 2.7 𝜎 significance

• Nsig = 
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Belle II preliminary, BELLE2-NOTE-PL-2021-005

https://docs.belle2.org/record/2310/files/BELLE2-NOTE-PL-2021-005.pdf


BelleII perspectives 

• R(K(∗)): LHCb with full luminosity (~2035, 300fb-1) will have better 
precision in the low q2 wrt to full BelleII data sample, in the high q2 
BelleII precision et few % level

• P’5: will be studied in both e and 𝜇 channel at BelleII, few % level 
precision expected with full BelleII statistics

21The BelleII Physics Book,  PETP 2019, 123C01 (2019)  

https://arxiv.org/pdf/1808.10567


b➝cl𝜐



R(D(∗)): analysis strategy
• Measurable: 

• Search for final states involving neutrinos, two key elements

• One of the KEYS of measurement @ B-factories:

• beam energy completely transferred to BB pair:            
e+e- ➝𝛶 (4S) ➝ BB

• exploit (almost) full reconstruction of one of the B and 
look for signal or normalisation signature in the rest of 
the event

• can compute momentum associated to missing particles, 
e.g.  pmiss = pe+e- - pBtag - pD* - pπ
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R(D(∗)): latest Belle measurement
• Tag side reconstructed in semileptonic final state

• 𝜏 reconstructed in purely leptonic modes

• Signal extracted from 2D fit to BDT and EECL:

• EECL=neutral energy deposited in the 
calorimeter not associated to signal nor to tag 
side, key ingredient in analysis with missing 
energy
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Belle coll., Phys.Rev.Lett. 124 (2020)



R(D(∗)): toward Belle II measurement (I)
• Tag side reconstruction with Full Event 

Interpretation (FEI) (Keck et al., Comp. Soft. Big 
Sci. (2019) 3:6  )

• Multivariate tagging algorithm optimised 
for BelleII, successor of Belle Full 
Reconstruction (Feindt et al. Nucl.Instrum.Meth.A 654 

(2011) 432-440), can be applied to Belle data 

• hierarchical approach to reconstruct 
O(200) decay channels via O(104) decay 
chains
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P. Urquijo (BelleII), FPCP2020

BELLE2-NOTE-PL-2020-002

https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8
http://www.apple.com/uk
http://www.apple.com/uk
https://docs.belle2.org/record/1984/files/BELLE2-TALK-CONF-2020-027.pdf
https://docs.belle2.org/record/1897/files/BELLE2-NOTE-PL-2020-002.pdf


R(D(∗)): toward Belle II measurement (II)
• Rediscovery of normalisation channel using hadronic FEI
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Belle coll.,BELLE2-CONF-PH-2020-009

https://arxiv.org/pdf/2008.10299.pdf


R(D(∗)): perspectives at BelleII

• Pletora of 𝜏/l ratio measurements from LHCb and Belle

• On R(D(∗)), (sub)-% level precision can be reached

• @ Belle, one of the dominant systematics from D∗∗ 
background, can be studied in more detail with BelleII 
data
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Bernlochner et al, arXiv:2101.08326

https://arxiv.org/abs/2101.08326


Looking for other NP 
hints in B and 𝜏 decays 



NP models explaining LFU violation

• G. Isidori @ 
Beyond the 
anomalies II
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B→K(∗)𝜐𝜐: state of the art prior Moriond2021
• b➝s transition with neutral leptons in the final 

state

• SM predictions: 

• BaBar and Belle key ingredients: tag side 
reconstruction in hadronic and semi-leptonic 
modes, usage of event shape variables to 
reduce contributions from e+e-➝qq events and 
extra neutral energy deposited in the 
calorimeter
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T. Blake,, et al, Prog. Part.Nucl. Phys.92, 50 (2017)

UL @ 90% CL 
(10-5) Ref

B+➝K+𝜐𝜐 1.6
BaBar, HAD+SL TAG, 

429 fb-1

B+➝K∗+𝜐𝜐 4.0 Belle, HAD TAG, 711 
fb-1

B0➝K0𝜐𝜐 2.6 Belle, SL TAG, 711 fb-1

B0➝K∗0𝜐𝜐 1.8 Belle, SL TAG, 711 fb-1

Buras et al, JHEP 02 184 (2015) 

https://doi.org/10.1103/PhysRevD.87.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.111103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.091101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.091101


B+→K+𝜐𝜐 measurement @ BelleII (I)
• NOVEL INCLUSIVE APPROACH:

• signal kaon = highest pt track

• associate all other tracks and clusters to rest of the 
event

• use multivariate approach based on kinematics, 
event shape and vertexing variables to suppress 
background 

• extract signal from binned simultaneous ML fit to 
on-resonance + off- resonance data
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BelleII coll., arXiv:2104.12624 
(submitted to journal)

https://arxiv.org/abs/2104.12624


B+→K+𝜐𝜐 measurement @ BelleII (II)

• Leading systematics: background 
normalisation uncertainty can be 
also reduced with increasing 
statistics 

• Room for improvement in K+ 
channel 

• Application of inclusive method to 
other channels under study
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BelleII coll., arXiv:2104.12624 
(submitted to journal)

https://arxiv.org/abs/2104.12624


B→K(∗)𝜐𝜐 @ Belle II perspectives
• Extrapolation done on tagged analysis only

• To be updated with most recent simulations and adding inclusive analysis 

33

Constraint on Wilson 
coefficients  due to NP 

contributions 
normalised to SM one

The BelleII Physics Book,  PETP 2019, 123C01 (2019)  

Cornella et al,  arXiv:2103.16558 

https://arxiv.org/pdf/1808.10567
https://arxiv.org/abs/2103.16558


B→K(∗)𝜏𝜏/𝜏l
• b→s𝜏𝜏/𝜏l can be enhanced in NP models explains B-anomalies

• LFV decay prohibited in the SM, expectation for s𝜏𝜏 final 
state: 

• Usually searched for with HAD or SL tagging method

• State of the art and Belle II projections (K∗ modes also feasible)

34 The BelleII Physics Book,  PETP 2019, 123C01 (2019)  

Cornella et al,  arXiv:2103.16558 

https://arxiv.org/pdf/1808.10567
https://arxiv.org/abs/2103.16558


B→K(∗)𝜏𝜏/𝜏l
• New idea to measure B(B+ → K+𝜏l) : 

semi-inclusive tagging 

• Exploit high BF of B− → D0X: 79±4% 

• Reconstruct tag D0 and signal’s K and 
l, and τ 

• D0X provides the tag-side 

• Fit  
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• Work in progress, can be also 
applied to other missing 
energy modes.



LFUV in tau decays
• LFU can be tested also in 𝜏 system
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@ BelleII:

• syst due to PID correction is 
partially statistical in origin

• trigger studies ongoing

• preliminary sensitivity studies 
indicate a higher efficiency can 
be obtained wrt BaBar

• Work hard to improve 
systematics and add tagging 
modes to have a competitive 
measurement with stat < BaBar



LFV in 𝜏 decays (I)
• 𝜏 system is also ideal to search for LFV processes where NP 

can enter at tree or loop level

• Many modes to be studied

• Fully reconstructed final states, extract signal using 2 main 
variables: M𝜏 and 𝛥E = E𝜏 - Ebeam  (primed quantities: 
rotation to reduce correlation among the two variables)
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• 3𝜇 final state, 
almost 
background free

• irreducible 
background in 𝜇𝛾

The BelleII Physics Book,  PETP 2019, 123C01 (2019)  M. Martini (BelleII), Bormio 2019

https://arxiv.org/pdf/1808.10567
https://docs.belle2.org/record/1872/files/BELLE2-TALK-CONF-2020-014.pdf


LFV in 𝜏 decays (II)
• Search for 𝜏➝l𝛼, 𝛼 being an invisible particle

• Signal manifests as a peak in the τ momentum 
in pseudo-rest frame:

• τ boost not known, approximate it using 3-
prong momentum (ARGUS method) or 
thrust direction

•  𝜏➝e𝜐𝜐 irreducible background.
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BELLE2-NOTE-PL-2020-018Argus coll., Z.Phys. 

C68 (1995) 25-2

https://docs.belle2.org/record/2043?ln=en


Overview of BelleII potential in LFV in 𝜏 decays
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The BelleII Physics Book,  PETP 2019, 123C01 (2019)  

https://arxiv.org/pdf/1808.10567


Summary and conclusions
• LFU anomalies growing since 2012: exciting times to 

explore flavour physics as playground for beyond 
standard model searches

• Belle II has started taking data in 2019 and foresees to 
collect 50ab-1 by 2031

• Accelerators and detector are performing well, 
improvements foreseen in reconstruction 
performances thanks to what we are learning while 
the experiment is running

• Will play a major role in the flavour sector with 
strong interplay with LHCb
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P. Urquijo (BelleII), FPCP2020

https://docs.belle2.org/record/1984/files/BELLE2-TALK-CONF-2020-027.pdf


Summary and conclusions
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Hopefully we’re starting connecting the dots



Summary and conclusions
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Hopefully we’re starting connecting the dots

.. and to do it properly, we should look all directions!



extra slides





Indirect searches: ATLAS
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic

• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-009/fig_01.png

• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-020/fig_23.png
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-009/fig_01.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-020/fig_23.png


R(K)
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