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‘Standard’ Unitarity Triangle: sides
and angles
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In this talk will focus on 𝑅! ~ 𝑉!" / 𝑉#" and 𝜙$: 

• Semileptonic B decays with missing energy 𝐵 → 𝑋!(#)ℓ𝜈

• Hadronic B decays into charm 𝐵 → 𝐷𝐾

B → DK

Belle II physics reach projections summarized in the Belle II Physics Book 
(PTEP 2019 (2019) 12, 123C01, https://doi.org/10.1093/ptep/ptaa008)

‘Standard’ Unitarity Triangle: sides
and angles

For 𝜙2, 𝜙4 measurements 
see Fernando Abudinén’s

talk today

𝜙$ ≡ −𝑎𝑟𝑔
𝑉!"∗ 𝑉!<
𝑉#"∗ 𝑉#<

B → Xℓν

https://doi.org/10.1093/ptep/ptaa008
https://indico.cern.ch/event/838862/contributions/3850304/


Reconstruction of events with missing energy:
Full Event Interpretation (FEI)

4 • Reconstruct one B (Btag) and constrain the
4-momentum of the other (Bsig)

• The FEI uses a multivariate technique to
reconstruct the B-tag side (semileptonic or
hadronic) through O(103) decay modes in a
Y(4S) decay.

Belle algorithm: NIM A 654, 432-440 (2011)
Belle II FEI: Keck, T., Abudinén, F., Bernlochner, 
F.U. et al. Comput Softw Big Sci (2019) 3: 6. 
https://doi.org/10.1007/s41781-019-0021-8

Tag algorithm Efficiency
B±/B0 (%)

Belle algorithm 0.28/0.18

Belle II FEI 0.76/0.46

Performances on Belle MC with 
hadronic tag @10% purity

−
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𝑝" = 𝑝$?$@ − 𝑝&ABC − 𝑝&DEC

https://doi.org/10.1007/s41781-019-0021-8


FEI on Belle II data
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𝑀"# = ⁄𝑠 4 − 𝑝F∗ 4

• Tag side reconstructed in
hadronic modes

• Select a lepton and sum the remaining
particles’ kinematics on the signal side
• Check consistency with the well-
known B→ Xℓn
• Also used to calibrate FEI

Details in the talk by Slavomira Stefkova on Thursday

https://indico.cern.ch/event/838862/contributions/3851296/
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• Current precision is 2% on |Vcb|
and 5-6% on |Vub|

• Tension between inclusive and
exclusive determinations: ~3s for
|Vcb| and ~3.5s for |Vub|

• Xcln decays are a clear test of the
SM LFU: NP (charged Higgs in
2HDM models or Leptoquarks)
can affect the BR and |Vcb|

Semileptonic decays: B → Xℓn

arXiv:1909.12524

• Complementary to the R(D)/R(D*)
measurements which factor out the
|Vcb| and form factor uncertainties

Talk by Saurabh Sandilya on LFU tomorrow

https://arxiv.org/pdf/1909.12524v2.pdf
https://indico.cern.ch/event/838862/contributions/3609673/
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Semileptonic decays: B → Xuℓn (I)

Measurement of  |Vub| from inclusive and exclusive B decays

Exclusive: B0 → pℓn decay
• Exploit missing mass and extra energy in the calorimeter
• ℬ ~ fi|Vub|2. Form factors fi computed with LQCD*

signal background

Belle II Physics Book 𝑀IJKK
4 = 𝑝N(OP) − 𝑝FABC − 𝑝Q − 𝑝ℓ

4
* PRD 91, 
074510 (2015)
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Semileptonic decays: B → Xuℓn (II)

|Vub| 
uncert.

Belle II (5 ab-1) Belle II (50 ab-1)

Exclusive (1.2 ⊕1.7)% (0.9 ⊕ 0.9)%

Inclusive (2.3 ⊕ 2.5-4.5)% (1.7 ⊕ 2.5-4.5)%

Projected errors: (experiment ⊕ theory)
Belle II Physics Book

• Projection of  |Vub| uncertainies
from B0 → pℓn decay

• Takes advantage from 
improvements in LQCD

• Precision of  ~1% with full 
Belle II dataset



• Flagship decay for the
measurement of |Vcb|

• Inclusive tagging

• 𝐷∗ → 𝐷S𝜋K, 𝐷S → 𝐾𝜋

𝑩𝟎 → 𝑫∗𝒆𝝂

Untagged B0 → D∗ℓn (I)
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arXiv:2004.09066

𝑩𝟎 → 𝑫∗𝒆𝝂

lepton 
momentum

soft pion 
momentum

https://arxiv.org/pdf/2004.09066v2.pdf


Untagged B0 → D∗ℓn (II)
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• Angle between the B flight direction and
the direction of the (D*ℓ) system (Y):

• Fit to cosqBY distribution in data to
measure the branching ratio

𝑩𝟎 → 𝑫∗𝝁𝝂

𝑩𝟎 → 𝑫∗𝒆𝝂

|Vcb| 
uncert.

Belle II (5 ab-1) Belle II (50 ab-1)

Exclusive 1.8% 1.4%

consistent with the SM within 1s



𝜙* angle

• f3 is accessible at tree level: theoretically very clean, df3/f3 ~ 10-7 *

• Measured via the interference between 𝐵U → 𝐷S𝐾Uand 𝐵U → V𝐷S𝐾U

suppressed

favored |Vub|

|Vcb|

𝐴K!XXY.

𝐴[\]^Y. = 𝑟F𝑒J(`aUbc)

dB strong CP conserving phase

* J. Brod, J. Zupan, JHEP 01 (2014) 05111



𝜙* angle

• f3 is accessible at tree level: theoretically very clean, df3/f3 ~ 10-7 *

• Measured via the interference between 𝐵U → 𝐷S𝐾Uand 𝐵U → V𝐷S𝐾U

𝐴K!XXY.

𝐴[\]^Y.
= 𝑟F𝑒J(`aUbc)

dB strong CP conserving phase

Uncertainty on f3
from 3-body D0 decay

Three approaches depending on D0 decay
channels:
• CP eigenstates: 𝐾)𝐾*, 𝜋)𝜋*, etc.
• Doubly Cabibbo suppr.: 𝐾)𝜋*
• Multi-body (Dalitz analysis): 𝐾,𝜋)𝜋* ,

𝐾,𝜋)𝜋*𝜋-. Improving precision: model
independent approach and strong phase
measurements from BESIII.

suppressed

favored |Vub|

|Vcb|

* J. Brod, J. Zupan, JHEP 01 (2014) 05112

Belle II Physics Book



13

Rediscovery of B → DK at Belle II

• Exploits multivariate techniques to suppress
continuum background and good particle
identification performances

• Observation of the golden 3-body decay as well

D0 → Kp
→ Kpp0

→ K3p

B-meson decays

A. Soffer, Taipei 2019 29

BELLE2-NOTE-PL-2019-026

• !" → $%&%'"
(See additional B decays in talks by A. Gaz and A. Ishikawa)

Δ) ≡ )+∗ − ./2 123 ≡ '
4 − 5+

∗ 6

Ultimate Belle II precision on f3 <1.6°(combining all the approaches)

137±13 
signal events
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Summary

• Within the next years Belle II will be able to address the inclusive/exclusive
|Vcb|/|Vub| tension by measuring semileptonic B decays with missing energy.

• The use of advanced tagging techniques, i.e. FEI, together with untagged analyses
will allow to reach a precision of ~1% on |Vub| and ~1.5% on |Vcb|.

• Belle II will also deliver a high precision measurement of the f3 angle, exploiting
the Dalitz analysis of multi-body D0 decays in the B→ DK process.

Belle II: 50 ab-1

LHCb: 23 fb-1

UT in a decade
SM scenario

Assumptions:



Thanks !

Summary talk on Belle II status and prospects 
by Phillip Urquijo on Friday

https://indico.cern.ch/event/838862/contributions/3711411/


Backup
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- FEI Calibration (17)
- B -> pilnu decay (18)
- B -> D*ln (19)
- Leptonic B decays (20-23)
- RD/RD* (24) 
- B -> sll (25)
- Semileptonic projections (26)
- f3 angle (27)
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FEI Calibration
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FEI validated on Belle data

Thomas Keck’s Master thesis, DOI: http://dx.doi.org/10.5445/IR/1000078149 17

http://dx.doi.org/10.5445/IR/1000078149
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Semileptonic decay: B0 → pln

LQCD: current is the world avergage by FLAG group
- 5 yr w/o EM: We assume a factor of  2 reduction of  the lattice QCD uncertainty in the next five
years and that the uncertainty of  the EM correction is negligible (e.g. for processes insensitive to the 
EM correction).
- 5 yr w/ EM: The lattice QCD uncertainty is reduced by a factor of  2, but we add in quadrature 1% 
uncertainty from the EM correction.
- 10 yr w/o EM: We assume a factor of  5 reduction of  the lattice QCD uncertainty in the next ten
years. It is also assumed that the EM correction will be under control and its uncertainty is negligible.
- 10 yr w/ EM: We assume lattice QCD uncertainties reduced by a factor of  5, but add in quadrature 
1% uncertainty from the EM correction. 18
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Untagged B → D∗ln



• Helicity suppressed decays

• Sensitive to NP contributions, e.g. type III 
Higgs doublet model [PhysRevD.86.054014]

• Clean theoretically, hard experimentally:  
only B → tn has been measured 

Leptonic B decays
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continuum bkg

BB bkg

signal

(evidence at ~4.6 σ level)

Belle PRD 92, 051102 (2015), SL tag

Belle combination
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http://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.054014


Belle II full simulation study
• Hadronic tag with FEI
• 1-prong t decays (µnn, enn, pn, rn)
• Dedicated study on machine background impact
• ML fit to extra energy EECL

Leptonic B decays: B → tn
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Extra energy in the calorimeter

EECL resolution 
robust against 
beam background

Observation at ~3 ab-1

Main systematic uncertainties: 
background EExtra PDF, branching 
fractions of  the peaking backgrounds, 
tagging efficiency, and K0

L veto efficiency



• Two body decay: 𝑝d∗ = ⁄𝑚F 2 in B 
rest frame

• Tagging → better 𝑝d∗ resolution but 
small statistics

• Untagged measurement (2020):
• 2.8s precision on the BR 
• 20% uncertainty on |Vub|

Leptonic B decays: 
B → µn

22

Belle PRD 101, 032007 (2020), untagged

Belle PRD 91, 052016 (2015), had tag 

Unc. on |Vub| Belle II @5ab-1 Belle II @50 ab-1

B → tn 5% 1.5 - 2 %

B → µn 10% 5%



Leptonic B decays
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R(D)/R(D*)
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World average Belle II projection

Main systematics: D** modelling, soft pions, yield of fake D*
candidates. Studies of B→ D**ln and B→ D**tn planned



B → sll : R(K*)

9 Radiative and Electroweak Penguin B Decays

Table 64: The Belle II sensitivities for the inclusive B ! Xs`+`� observables corresponding

to an invariant mass cut of MXs
< 2.0 GeV. The given sensitivities are relative or absolute

uncertainties depending on the quantity under consideration.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

Br(B ! Xs`+`�) ([1.0, 3.5] GeV2) 29% 13% 6.6%

Br(B ! Xs`+`�) ([3.5, 6.0] GeV2) 24% 11% 6.4%

Br(B ! Xs`+`�) (> 14.4 GeV2) 23% 10% 4.7%

ACP(B ! Xs`+`�) ([1.0, 3.5] GeV2) 26% 9.7 % 3.1 %

ACP(B ! Xs`+`�) ([3.5, 6.0] GeV2) 21% 7.9 % 2.6 %

ACP(B ! Xs`+`�) (> 14.4 GeV2) 21% 8.1 % 2.6 %

AFB(B ! Xs`+`�) ([1.0, 3.5] GeV2) 26% 9.7% 3.1%

AFB(B ! Xs`+`�) ([3.5, 6.0] GeV2) 21% 7.9% 2.6%

AFB(B ! Xs`+`�) (> 14.4 GeV2) 19% 7.3% 2.4%

�CP(AFB) ([1.0, 3.5] GeV2) 52% 19% 6.1%

�CP(AFB) ([3.5, 6.0] GeV2) 42% 16% 5.2%

�CP(AFB) (> 14.4 GeV2) 38% 15% 4.8%

while K⇤-Xs transition uncertainty could be as large as 2% (as small as 1%) due to the

larger (smaller) fraction of K⇤. With 50 ab�1 of data we expect total uncertainties of 6.6%,

6.4% and 4.7% for the partial branching ratios in the low1, low2 and high region as defined

above.

Belle II measurements of the forward-backward asymmetry AFB in B ! Xs`+`� are

expected to provide the most stringent limits on the Wilson coe�cients C9 and C10. Since

large parts of the theoretical and experimental systematic uncertainties cancel out in AFB

the corresponding measurements will be statistically limited. The expected uncertainties on

AFB in the low1, low2 and high region are 3.1%, 2.6% and 2.4%, respectively, assuming

the SM.

A helicity decomposition of B ! Xs`+`� provides the three observables Hi defined

in (252). While HA and the combination HT + HL have been measured
�
cf. (253)

�
inde-

pendent measurements of HT and HL have not been performed by BaBar and Belle, but

will be possible at Belle II. As for the measurements of the branching ratios, the experi-

mental determinations of the coe�cients Hi will not be systematically limited until 10 ab�1

have been collected. Considering normalised observables might help to reduce the systematic

uncertainties.

Measurement of the CP asymmetries in B ! Xs`+`� can be used to search for new source

of CP violation. Not only the rate asymmetry, but also the CP asymmetry of angular

distributions, such as forward-backward CP asymmetry (ACP
FB) are useful [586]. Since the

denominator of the ACP
FB can be zero if AFB for B̄ and B are zero or have opposite sign,

we consider the di↵erence of the AFB between B̄ and B mesons defined as �CP(AFB) =

AB̄
FB � AB

FB. Since most of systematic uncertainties calcel out by taking the ratio, dominant

uncertainty is statistical.

Tests of lepton flavour universality can also be performed by measuring RXs
. The Belle II

detector has certainly a good resolution to the e+e� mode and the RXs
measurement is

237/688
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𝑹𝑲
∗ =

𝕭(𝑩 → 𝑲 ∗ 𝝁j𝝁U)
𝕭(𝑩 → 𝑲 ∗ 𝒆j𝒆U)



Projections
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𝜙* angle

Combination of  measurementsDalitz plot of  𝐾P𝜋j𝜋U


