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Mapping the apex

Berwyn mountain, 
Wales
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We know that BSM physics with generic flavour couplings is ruled out to 105 TeV! 10

…teaching us the scale of BSM physics…
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Fig. 25: Present (lighter) and future Phase 2 (darker) constraints on the NP scale from the UTfit NP
analysis. The right panel shows constraints assuming NP is weakly coupled, has MFV structure of
couplings, and enters observables only at one loop, see text for details.

56

The apex of the CKM triangle remains one of the safest long-term paths to constraining generic NP models!11

…and giving motivation for the future!
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 12

The tree-level path to the apex
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The tree-level path to the apex

~10-7 (!) theory uncertainty on the interpretation of experimental 
observables in terms of the CKM angle 𝜸! (Zupan & Brod 1308.5663)

https://arxiv.org/abs/1308.5663


We are approaching the 5% uncertainty level on 𝜸 from direct measurements 14

It takes many ingredients to measure 𝜸
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Figure 5: Profile likelihood contours for the charm decay parameters, showing the breakdown of
sensitivity amongst di↵erent sub-combinations of modes. The contours indicate the 68.3% and
95.4% confidence region.

rD
⌥⇡±

B0 = 0.030+0.014
�0.012. This is in agreement with the theory-based prediction and provides

confidence that the assumption of SU(3) symmetry is valid within the current precision.
This change has a negligible impact on the determination of other parameters.

5 Conclusion

A simultaneous combination of LHCb measurements sensitive to the CKM angle � and
charm mixing parameters, along with auxiliary information from other experiments, is
performed for the first time. This includes seven new and updated inputs from B-meson
decays and eight inputs from D-meson decays. The result,

� = (65.4+3.8
�4.2)

� ,

provides the most precise measurement from a single experiment. The charm mixing
parameters are found to be

x = (0.400+0.052
�0.053)% ,

y = (0.630+0.033
�0.030)% ,

which are the most precise determinations to date. In particular, the uncertainty on y is
reduced by a factor of two by using the new procedure described in this paper.

12

JHEP 12 (2021) 141

https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-033.html
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The experimental road has been long

BaBar PRD 82 (2010) 072006

JHEP 04 (2021) 081

https://doi.org/10.1103/PhysRevD.82.072006
https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2020-036.html


The compendium of legacy Run 1+2 LHCb measurements is nearing completion 16

But the pieces are coming together now

15/26

Legacy LHCb Run 1+2 analysis of B→D(4H)K decays

16/26

Tim Evans @ ICHEP 2022

https://agenda.infn.it/event/28874/contributions/169355/attachments/93791/128123/ICHEP_2022_v2.pdf
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Permille level 𝜸 will require teamwork!
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B±→D(4h)K±:  

4h modes could eventually rival KSHH (!!) if 
strong phases would be measured better, but 
will be limited very quickly if they cannot!

https://arxiv.org/pdf/2103.05988.pdf
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B±→D(KShh)K±: 

Will eventually be limited at 1 degree level 
by current BESIII measurements, therefore 
vital that BESIII goes ahead and collects 10x 
the current 𝝍(3770) dataset!

B±→D(4h)K±:  

4h modes could eventually rival KSHH (!!) if 
strong phases would be measured better, but 
will be limited very quickly if they cannot!

https://arxiv.org/pdf/2103.05988.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.112002


Significantly improved mass resolution! Not competitive yet but promising for future. 19

Belle II is also showing its capabilities
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Joint analysis of B→D(KsHH)K decays with Belle + Belle II data 

https://link.springer.com/content/pdf/10.1007/JHEP02(2022)063.pdf
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Note: this inclusive-exclusive discrepancy is what we call a “puzzle”, not what we call an “anomaly”… 20

The quest for Vub & Vcb

Inclusive-exclusive tensions remain in Vcb, are reduced in Vub 

Tension in Vub is around 2-3 sigma depending on inputs 

Vcb remains at 3 sigma, further experimental input must be matched by theory/lattice progress



χ2/ndf=18.20/14

Untagged B→Dℓν: result
-Differential decay width is fitted to extract |Vcb| and form factors

-BGL parametrization (N=3) (Phys. Rev. D 56, 6895(1997)) with lattice QCD by                
FNAL/MILC (Phys. Rev. D 92, 034506 (2015)), HPQCD (Erratum: Phys.Rev.D 93, 119906 (2016))

stat.+sys.+theo.
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-Differential decay width is fitted to extract |Vub| and form factors
-BCL parametrization (Phys. Rev. D 79, 013008 (2009)) with lattice QCD calculation by
FNAL/MILC (Phys. Rev. D 92, 014024 (2015)), 

Untagged B0→πlν: result
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Excellent showcase of Belle II capabilities, precisions approaching B-factories in some places 21

Belle II enters the quest for Vub & Vcb
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Untagged B→Dl𝛎

Untagged B→𝛑l𝛎

-Challenge: large background from continuum and B decays
-B0→πℓν (ℓ=e,μ) and cc. are reconstructed for |Vub|
-continuum and B background rejection with

multivariate classifier (Boosted decision trees)

-Signal is extracted by fitting Mbc and ΔE distributions
- Mbc : Invariant B candidate mass where energy is replaced by half of collision energy
-ΔE: difference between expected and observed B energy

Untagged B0→πℓν: selection

q2(GeV)=
[0,4] [4,8] [8,12] [12,16] [16,20] [>20]

ΔE (GeV) 9

-Challenge: large background from continuum and B decays
-B0→D-ℓ+νℓ, B+→D0ℓ+νℓ and cc. (ℓ=e,μ) with D0→K-π+ or (D-→K+π-π-)
-K, π, ℓ: reconstructed by tracking and particle ID detectors
-D: reconstruct mass with K and π
-D* veto: reject B→D*ℓν candidates
-Event shape and energy cuts for background rejection

Untagged B→Dℓν: selection

-

cosθBY
B-→D0 e- νe B-→D0 μ- νμ B0 →D- e+ νe B0 →D- μ+ νμ

Signal yield 27485 29015 22824 24568

-Signal is extracted from angle between B and Dℓ (cosθBY)

Signal
D*ℓν 
True D
False D
Continuum
MC all. unc.
Data
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The up sector

Socotra island, 
Yemen



Measurements limited by control mode yields — must collect all charm at the LHC with real-time analysis! 23

Charm CPV: discovery to characterization
CPV in charm observed by LHCb in 
the difference of CP asymmetries for 
the 𝛑𝛑 and KK final states 

Now beginning to characterise the 
individual asymmetries with exquisite 
precision and systematics control!

Serena Maccolini 7 July 2022Direct CPV in charm

• Direct CP violation asymmetries   and   are calculated from 
the combination of ACP with previous LHCb measurements, revealing 
the first evidence for direct CP violation in D0→π-π+ decays

ad
KK ad

ππ

Conclusions

 15
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• A measurement of ACP(D0→K-K+), 
using prompt decays collected during 
Run-2, has been presented 

• A precision of 6x10-4 has been 
obtained combining D+ and Ds+ decays 
to cancel nuisance asymmetries. 

• The measurement is the most accurate 
in the world and is still statistically 
dominated.

LHCb preliminary
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Serena Maccolini 7 July 2022Direct CPV in charm

Run 1+2 combination

•   is minimized to obtain the direct CP violation 
asymmetries   and  . 

• They are found to be: 
 
 
 
 
with   = 0.88 and report the first evidence for direct 
CP violation in D0→π-π+ decays at the level of 3.8 . 
U-spin breaking:   at the level of 2.7 .

χ2

ad
KK ad

ππ

ρ(ad
KK, ad

ππ)
σ

ad
KK + ad

ππ ≠ 0 σ
 20

13 Run 1 and Run 2 combination for a
d
⇡⇡

and a
d
KK

1053

The combination aims at determining the direct CP violation parameters, ad⇡⇡ and a
d
KK ,1054

as defined in Sec 1, from the time-integrated and time-dependent measurements of CP1055

violation in D
0 decays. The strategy to combine Run 1 and Run 2 measurements is to1056

build a joint multivariate Gaussian p.d.f, defined as1057

g

⇣�!
m,

�!
� ,

�!
�
2
⌘
=

1p
(2⇡)n |⌃|

exp

✓
�1

2

⇣�!
m �

�!
�

⌘T

⌃�1
⇣�!
m �

�!
�

⌘◆
, (85)

where �i correspond to the true values of the observables, mi and �i are their measurements1058

and related errors as reported in Table 58, and ⌃ is the covariance matrix of all the1059

measurements. In this combination, �Y is assumed to be universal, i.e. �YKK ⌘ �Y⇡⇡.1060

The true values of ACP (K�
K

+) and �ACP enter in the p.d.f. as function of the parameters1061

�Y , htihh, and ⌧D0 (named xi from here on), and of the direct CP violation asymmetries1062

a
d
KK and a

d
⇡⇡, namely1063

ACP (K�
K

+) = a
d
KK +

htiKK

⌧D0
·�Y, (86)

�ACP = a
d
KK +

htiKK

⌧D0
·�Y � a

d
⇡⇡ �

hti⇡⇡
⌧D0

·�Y. (87)

1064

The covariance matrix ⌃ contains contributions from the statistical and systematic1065

uncertainties as reported in the various analyses. The Run 1 and Run 2 statistical and1066

systematic errors are uncorrelated. In ⇡-tagged and µ-tagged Run 1 data sample, the1067

correlations between hti�ACP and htiACP (K�K+) are assumed to be the maximum possible.1068

In Run 2, the correlations between �ACP ⇡-tagged and ACP (K�
K

+) are determined to be1069

0.06 and 0.08 for D+ and D
+
s method, respectively. The correlation between hti�ACP and1070

htiACP (K�K+) are calculated to be 0.52 and 0.56 for D+ and D
+
s method, respectively, while1071

the correlation between the average times for the two methods is 0.74. The correlations1072

between �Y and the measurements of ACP (K�
K

+) and �ACP are found to be negligible,1073

as explained in Appendix F. The considered correlations are reported in Table 59 and1074

Table 60.1075

The log-likelihood function is built taking the logarithm of the joint p.d.f. without the1076

additive terms that do not depend on the parameters1077

logL(xi, a
d
KK , a

d
⇡⇡) = �1

2

⇣�!
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�!
� (xi, a

d
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d
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⌘T

⌃�1
⇣�!
m �
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� (xi, a

d
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d
⇡⇡)

⌘
. (88)

The maximum of the log-likelihood function is obtained by finding the values of the1078

parameters (x̂i,âdKK ,â
d
⇡⇡) that minimize the following function1079

�
2(xi, a

d
KK , a

d
⇡⇡) =

⇣�!
m �

�!
� (xi, a

d
KK , a

d
⇡⇡)

⌘T

⌃�1
⇣�!
m �

�!
� (xi, a

d
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d
⇡⇡)

⌘
. (89)

Those values are the least squares estimators of the unknown parameters. The combined1080

results are1081

a
d
KK = (7.7± 5.7) · 10�4

, (90)

a
d
⇡⇡ = (23.2± 6.1) · 10�4

, (91)
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Measurements limited by control mode yields — must collect all charm at the LHC with real-time analysis! 24

Charm CPV: discovery to characterization
Combination of the measurement of 
CP violation in the KK mode with the 
difference between KK and 𝛑𝛑 leads 
to the first single-mode evidence 
(3.8𝛔) of CPV in 𝛑𝛑 

Systematics controlled at the 10-4 

level — essential to scale to 10-5

Serena Maccolini 7 July 2022Direct CPV in charm

• They report the first evidence for direct CP violation in 
D0→π-π+ decays at the level of 3.8 . 

• U-spin breaking in CP asymmetries: 
  at the level of 2.7 .
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Figure 2: Central values and two-dimensional confidence regions in the (adK�K+ , ad⇡�⇡+) plane,
for the full LHCb combination and the one based on Run 1 data, corresponding to an integrated
luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.

In summary, this Letter reports a measurement of time-integrated CP asymmetry260

in D0 ! K�K+ decays. A combination with the previous LHCb measurements shows261

the first evidence of direct CP asymmetry in an individual charm decay. These results262

will help to clarify the theoretical understanding and establish whether the observed263

CP violation in neutral charm decay is consistent with the SM, or an indication of the264

existence of new dynamics in charm decays.265
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First evidence for direct CP violation
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LHCb preliminary

within the years of data taking, also distinguishing di↵erent magnet polarities. Also, a224

splitting in subsamples based on the trigger configuration is considered. The p-values225

under the hypothesis of no dependencies of ACP (K�K+) on the various variables are226

found to be uniformely distributed. Checks using more stringent PID requirements and227

di↵erent trigger selections are performed, and all variations of ACP (K�K+) are found to228

be compatible within statistical uncertainties.229

The resulting values for ACP (K�K+) for both calibration procedures are230

CD+ : ACP (K
�K+) = [13.6± 8.8 (stat)± 1.6 (syst)]⇥ 10�4, (7)

CD+
s
: ACP (K

�K+) = [ 2.8± 6.7 (stat)± 2.0 (syst)]⇥ 10�4.

with a correlation corresponding to ⇢ = 0.06. The two results are in agreement within one231

standard deviation. Their combination is232

ACP (K
�K+) = [6.8± 5.4 (stat)± 1.6 (syst)]⇥ 10�4,

consistent with the previous LHCb results [20, 52]. Assuming that CP is conserved in233

mixing and in the interference between decay and mixing, the comparison of the result234

reported here with the current world average [54], gives a compatibility of 1.3 standard235

deviations.236

A combination of all the time-integrated CP asymmetries measured by LHCb to date237

is performed, under the hypothesis that the time-dependent CP violation term in Eq.2 is238

final-state independent, i.e. �YK�K+ = �Y⇡�⇡+ = �Y . The combination is performed239

including the previous LHCb measurements of ACP (K�K+) [20,52] and �ACP [13,47,52],240

statistically independent from the one reported in this Letter. To derive values of direct241

CP asymmetries, the current LHCb average of �Y [55], the world average of the D0
242

lifetime [46] and the values of reconstructed mean decay times for the D0 ! K�K+ and243

D0 ! ⇡�⇡+ decays in the various analysis are also used. The combination leads to244

adK�K+ = ( 7.7± 5.7)⇥ 10�4,

ad⇡�⇡+ = (23.2± 6.1)⇥ 10�4,

where the uncertainties include systematic and statistical contributions with a correlation245

coe�cient equal to ⇢ = 0.88. Figure 2 shows the central values and the confidence regions246

in the (adK�K+ , ad⇡�⇡+) plane for this combination and the one realized with measurements247

from the Run 1 data taking period (2010 – 2012) [20,47,52,56,57]. The two combinations248

are based on an integrated luminosity of 8.7 fb�1 and 3.0 fb�1, respectively.249

The significance of the deviation from zero of the direct CP asymmetries correspond250

to 1.4 and 3.8 standard deviations for D0 ! K�K+ and D0 ! ⇡�⇡+ decays, respectively.251

This is the first evidence for direct CP violation in the D0 ! ⇡�⇡+ decay. The value252

of the relation adK�K+ + ad⇡�⇡+ = (30.8 ± 11.4) ⇥ 10�4 corresponds to a departure from253

U -spin symmetry of 2.7 standard deviations.254

In summary, this Letter reports the measurement of time-integrated CP asymmetry255

in D0 ! K�K+ decays. A combination with the previous LHCb measurements shows256

the first evidence of direct CP asymmetry in an individual charm decay. These results257

will help to clarify the theoretical understanding and establish whether the observed258

CP violation in neutral charm decay is consistent with the SM, or an indication of the259

existence of new dynamics in charm decays.260
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Charm mixing well-established since more than a decade!

 25

Charm mixing and CPV



Charm mixing well-established since more than a decade! Experimental 
diversity & consistency key to long-term systematics control.  
Improved BESIII inputs again crucial to long-term sensitivity!
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Charm mixing and CPV
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Anomalous couplings

https://www.nowness.com/story/a-second-world-yugoslavia
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B0,Bs0→𝝁𝝁: the king penguin
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Why B(s)→μμ ?

Rare b→sũũ process in SM (10-9)

Sensitive to New Physics effects

Theoretically clean
non perturbative contributions are in B(s) 
decay constant

well known from Lattice QCD

Anomalies in rare B decays 
3.1σ LFU violation in R(K)

2-3σ discrepancies in branching fraction 
and angular observables

2

The ultimate experimental beauty hadron 
decay for probing BSM effects 

1. Highly suppressed in the SM 
2. Highly enhanceable elsewhere 
3. Experimentally accessible 
4. Theoretically pristine

𝝁𝝁
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Effective Lifetime

15

0.5 1 1.5 2 2.5 3
) [ps]−µ+µ → 0

s
(Bτ

SM Prediction
)0

s,H
(Bτ 0.010 ± 1.616

CMS
JHEP 04 (2020) 188  0.44− 

 +0.611.70

CMS+LHCb Combine
BPH-20-003  0.35− 

 +0.371.91

LHCb
PRL 128 (2022) 041801 0.29 ± 2.07

CMS
BPH-21-006  0.20− 

 +0.231.83

2/3 pieces of the LHC Run 1+2 legacy now in place. Excellent agreement with SM 
but a great deal of work ahead to observe B0→𝝁𝝁 and eventually also b→𝝁𝝁𝜸? 29

Status with new world-best CMS result
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Data Full PDF
−µ+µ → s

0B −µ+µ → 0B
Combinatorial bkg Semileptonic bkg
Peaking bkg

Signal Bs→μμ

Dominant Contributions

5

Combinatorial Background3-body and partial decays

Muons from the same  
B hadron

Muons originate from 
different B hadrons
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Bs→μμ BF Result
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1 2 3 4 5
]9−) [10−µ+µ → 0

s
(BΒ

SM Prediction
Beneke et al, JHEP 10 (2019) 232 0.14 ± 3.66

ATLAS
JHEP 04 (2019) 098  0.7− 

 +0.82.8

CMS
JHEP 04 (2020) 188 0.65− 

 +0.722.94

ATLAS+CMS+LHCb
BPH-20-003 0.35− 

 +0.372.69

LHCb
PRL 128 (2022) 041801 0.44− 

 +0.483.09

CMS
BPH-21-006 0.41− 

 +0.443.83

Alternative using Bs→J/ψϕ: 

CMS-PAS-BPH-21-006

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-006/index.html


𝐵 → 𝐾∗𝜏𝜏 - result

• Accompanying 𝐵0 is reconstructed using 
hadronic tagging method
• using 489 channels for the reconstruction 

(with Neural Network (NN) method)

• 𝐸𝐸𝐶𝐿𝑒𝑥𝑡𝑟𝑎 is the total energy of the neutral 
clusters detected in the ECL not 
associated with either B pairs
• 𝐸𝐸𝐶𝐿𝑒𝑥𝑡𝑟𝑎 = 0 for signal → 𝐸𝐸𝐶𝐿𝑒𝑥𝑡𝑟𝑎 < 0.2
• 𝑁𝑠𝑖𝑔 = −4.9 ± 6.0

• Upper limit: 
2.0 × 10−3 at the 90 % C.L.
• This is the first experimental limit
• No evidence for a signal is found

10

- Binned maximum-likelihood fit to the extra 
calorimeter energy, 𝐸𝐸𝐶𝐿𝑒𝑥𝑡𝑟𝑎 distribution. 

Preliminary result

B to two taus

10

● Search for B and Bs to two taus
○ Much less suppressed in SM

● Performed with Run 1 dataset, published in 2017
○ 3 inverse femtobarn

● Normalised to B to D-Ds+
● Fit to neural net output, invariant mass not fully 

reconstructable due to neutrinos

● No excess observed 
● First direct limit on Bs mode, 

world’s best on the B mode

B→𝝉𝝉

 30

Beyond 𝝁𝝁: other leptonic b decays

B to four muons

8

● More suppressed than B to two muons
○ But more possibilities, including 

intermediate dimuon resonances
○ Sensitive to different models

● Experimentally clean, normalisation mode with 
same final state
○ J/psi and 

phi resonances

Phenomenologically complementary but in many 
cases far more experimentally challenging.

B→K*𝝉𝝉

Belle

B to two electrons

9

● SM prediction lower than B to two muons (helicity suppression)
● NP contributions up to 10^-8
● Analysis with Run 1 + Run 2 (up to 2016) data
● Analysis with electrons harder due to bremsstrahlung losses 
● World’s best limit, entering NP scenario region
Kookhyun Kang @ ICHEP 2022

Phys.Rev.Lett.118(2017):251802

Phys.Rev.Lett.124(2020):211802

JHEP 03 (2022) 109

https://agenda.infn.it/event/28874/contributions/169322/attachments/92886/129714/khkang_ichep2022_final.pdf
https://doi.org/10.1103/PhysRevLett.118.251802
https://doi.org/10.1103/PhysRevLett.124.211802
https://doi.org/10.1007/JHEP03(2022)109


D0 ! µ+µ�

Fit
• Signal yield extracted with a ML fit to m(D0) and �m = m(D⇤+) � m(D0)

• Fit simultaneous in three BDT intervals
• Constraints on the expected number of misID backgrounds decays
• Systematic uncertainties related to the normalisation, and the background shapes and yields,

are included in the fit as Gaussian constraints to the relevant parameters
• Dominant systematic uncertainty coming from the calibration of the hadronic trigger efficiency
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Preliminary

Most stringent limit on charm FCNC transitions to date with full legacy LHCb Run 1+2 dataset! 31

LHC, ultimate charm factory: D0→𝝁𝝁 

Extremely challenging due to overwhelming backgrounds e.g. D0→𝛑𝛑.  
Stringent validation of LHCb’s muon identification!

D0 ! µ+µ�

Fit
• Signal yield extracted with a ML fit to m(D0) and �m = m(D⇤+) � m(D0)

• Fit simultaneous in three BDT intervals
• Constraints on the expected number of misID backgrounds decays
• Systematic uncertainties related to the normalisation, and the background shapes and yields,

are included in the fit as Gaussian constraints to the relevant parameters
• Dominant systematic uncertainty coming from the calibration of the hadronic trigger efficiency

1800 1900 2000 2100
]2c [MeV/ )+µ−µ( m

0

10

20

30

40

50

60

 )2 c
C

an
di

da
te

s /
 ( 

6.
17

 M
eV

/ LHCb
 1−3 fb

 1.0≤ BDT ≤0.666 

Total
+µ −µ → 0D

Combinatorial
+π −π → 0D
+π −K → 0D

1800 1900 2000 2100
]2c [MeV/ )+µ−µ( m

0

50

100

150

200

250

 )2 c
C

an
di

da
te

s /
 ( 

6.
17

 M
eV

/ LHCb
 1−6 fb

 1.0≤ BDT ≤0.666 

Total
+µ −µ → 0D

Combinatorial
+π −π → 0D
+π −K → 0D

140 145 150
]2c [MeV/ mΔ

0

10

20

30

40

50 )2 c
C

an
di

da
te

s /
 ( 

0.
11

4 
M

eV
/ LHCb

 1−3 fb

 1.0≤ BDT ≤0.666 

Total
+µ −µ → 0D

Combinatorial
+π −π → 0D
+π −K → 0D

140 145 150
]2c [MeV/ mΔ

0

50

100

150

200

250

 )2 c
C

an
di

da
te

s /
 ( 

0.
11

4 
M

eV
/ LHCb

 1−6 fb

 1.0≤ BDT ≤0.666 

Total
+µ −µ → 0D

Combinatorial
+π −π → 0D
+π −K → 0D

M. Fontana (LPNHE) Rare charm decays @LHCb 07-07-2022 6 / 16

LHCb-PAPER-2022-029

Preliminary

D0 ! µ+µ�

Cross-check and results
• ⇡ ! µ PID efficiency obtained from simulation, cross-checked using control samples in data
• Agreement over the full range of the muon identification discriminant variable

0 0.2 0.4 0.6 0.8 1
ProbNNmu cut

0.2

0.4

0.6

0.8

1

Ef
fic

ie
nc

y

 simulation−π +π →0D

 data+π -π +π →s
+D

 data+π -π +π →+D

20

40

6080100120140160180200220

LHCb
-15.6 fb

0 0.2 0.4 0.6 0.8 1
ProbNNmu

0.8

0.9

1

1.1

1.2

• No significant signal observed (2.1 �)

• Upper limit put on the branching fraction

B(D0 ! µ+µ�) < 2.94 (3.25) ⇥ 10�9 @ 90 (95)% CL

• Improvement of more than a factor two with respect to the previous LHCb result

Most stringest limit of FCNC in the charm sector

M. Fontana (LPNHE) Rare charm decays @LHCb 07-07-2022 7 / 16

LHCb-PAPER-2022-029

Preliminary

Preliminary Preliminary

Marianna Fontana @ ICHEP 2022

https://agenda.infn.it/event/28874/contributions/169350/attachments/94155/128866/MFontana_ICHEP.pdf


Evidence of the decay and good agreement with the SM. A tremendous achievement for NA62! 
A future observation of K0→𝛑0𝛎𝛎 opens a fifth way to constrain the apex of the CKM Unitarity Triangle 32

s→𝛎𝛎d steps towards discovery
JHEP 06 (2021) 093

https://arxiv.org/abs/2103.15389
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Angular tests in b→s𝝁𝝁 decays
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Figure 7: Cartoon illustrating the dimuon mass squared, q2, dependence of the di↵erential decay rate of B ! K
⇤
`
+
`
� decays.

The di↵erent contributions to the decay rate are also illustrated. For B ! K`
+
`
� decays there is no photon pole enhancement

due to angular momentum conservation.

short lifetime – in contrast to the pseudoscalar mesons ⇡ and K, K⇤ and � are not stable under the strong
interactions. The finite lifetime is neglected in the lattice simulation and represents a source of systematic
uncertainty. Overcoming this limitation is in the focus of current e↵orts [196]. As for the B to pseudoscalar
transitions, combined fits of lattice and LCSR results valid in di↵erent kinematical regimes lead to increased
precision and less dependence on extrapolation models [131].

Beyond the form-factors, the next most significant uncertainties are hadronic uncertainties associated
to non-factorisable corrections. These are illustrated in Fig. 6. Diagrams (a) and (b) represent the leading
order short-distance contributions from the operators Q7...10 that factorise “naively” into a hadronic and
leptonic current. The size of the non-factorisable e↵ects and the theoretical methods required to compute
them vary strongly with q2 (see Fig. 7 for a cartoon of the q2 dependence of the di↵erential branching ratio
and the relevant hadronic e↵ects).

At intermediate q2, around the masses of the J/ and  (2S), the charm loop in diagram (c) goes on
shell, the decays turn into non-leptonic decays, e.g. B ! KJ/ (! `+`�), and quark-hadron duality breaks
down [197]. These regions are typically vetoed in the experimental analyses.

At low q2, the relevant non-factorisable e↵ects include weak annihilation as in diagram (f) and hard
spectator scattering as in diagram (g). They have been calculated for b ! s and b ! d transitions involving
vector mesons in QCD factorisation to NLO in QCD [135, 136] as well as in soft-collinear e↵ective theory [198]
and shown to be negligible in B ! K`+`� decays [199, 200]. Weak annihilation and spectator scattering
involving Q8 have been computed also in LCSR [139, 140]. Diagram (c) corresponds to the contribution
of four-quark operators that is usually written as a contribution to the “e↵ective” Wilson coe�cient Ce↵

9
.

Perturbative QCD corrections to the matrix elements of Q1,2 as in diagram (d) are numerically sizeable and
are known from the inclusive decay as discussed above. The main challenge in exclusive b ! s decays at
low q2 is represented by soft gluon corrections to the charm loop shown in diagram (e). These have been
estimated in LCSR [138, 201] but remain a significant source of uncertainty.

27

Rich laboratory for SM tests: the angular structure of these decays leads 
to many phenomenologically complementary observables 
A clear pattern of deviations from the SM has been observed in the last 
years, however there is ongoing debate over its cause (e.g. charm loops)

B0→K*0𝝁𝝁

Phys. Rev. Lett. 125 (2020) 011802
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https://doi.org/10.1103/PhysRevLett.125.011802
https://arxiv.org/abs/1606.00916
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Recent experimental progress
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B+→K*+𝝁𝝁

B0s→𝛗𝝁𝝁

B+→K*+𝝁𝝁
B+→K*+𝝁𝝁

Impressive progress towards the legacy Run 1+2 
results across LHC collaborations, and eagerly 
awaiting Belle 2!
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http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-15-009/index.html
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1007/JHEP11(2021)043
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Lepton universality tests in b→sll decays
Theoretically pristine observables! 

Even the percent level “theory” uncertainties we 
quote are driven by modelling of radiative effects in 
electron reconstruction rather than any QCD effects. 

Experimentally challenging because of electron 
reconstruction and resolution. 

b→s𝝉𝝉 even more so due to missing energy 

Effective LHCb legacy Run 1+2 statistical sensitivity to 
e-𝝁 lepton universality in branching ratios is ~2-3%
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LU tests in LHCb, challengesG>*# .2i2+iQ`
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Nevertheless they are possible
arXiv 2103.11769

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
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LHCb is focused on completing a combined analysis of RK & RK* with the Run 1+2 legacy dataset 
This work has led to a deeper understanding of systematics which will be reflected in the final result 

While RK+RK* gives bulk of sensitivity, tests in B0,±→𝛗ll, K𝛑𝛑ll, and K𝛑ll at high K𝛑 mass also progressing. 38

Exp status of b→see/b→s𝝁𝝁 LU tests

Precision dominated by LHCb, Belle 2 will be able to independently verify with ~10ab-1.  
Will be interesting to see the eventual impact of the parked CMS dataset.

Credit for script: Sebastian Schmitt



Signal from maximum likelihood fit in bins of pT(!+) and BDT output 

- Branching fraction BF("+→!+##)̅ =  

- Corresponding upper limit @ 90% CL BF("+→!+##)̅  

Signal strength comparable with the SM at 1% and with background 

only hypothesis at 1.3% 

Inclusive method offers 20%—350% sensitivity improvement over 
previous approaches

(1.9+1.6
−1.5) × 10−5

< 4.1 × 10−5

10

PRL 127, 181802

Search for  (II)B+ → K+νν̄
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Complementary progress from Belle IIPreparing for  (II)R(K(*))
Belle II measurement of !→#/$% decays with 189 fb-1 

Not an EW penguin process but a control channel for !→%&+&- 

=> Validate '% measurement, lepton identification 

• Reconstruct !+→%+#/$ and !0→%0S#/$ decays (#/$→(+(-, )+)-) 

• Signal yield extracted from the fit of  and  Mbc ΔE

8

NEW!

Lepton identification systematic uncertainty improved wrt Belle

RK(J/ψ) = ℬ(B → KJ/ψ( → μ+μ−))
ℬ(B → KJ/ψ( → e+e−))

Preparing for  (II)R(K(*))
Belle II measurement of !→#/$% decays with 189 fb-1 

Not an EW penguin process but a control channel for !→%&+&- 

=> Validate '% measurement, lepton identification 

• Reconstruct !+→%+#/$ and !0→%0S#/$ decays (#/$→(+(-, )+)-) 

• Signal yield extracted from the fit of  and  Mbc ΔE

8

NEW!

Lepton identification systematic uncertainty improved wrt Belle

RK(J/ψ) = ℬ(B → KJ/ψ( → μ+μ−))
ℬ(B → KJ/ψ( → e+e−))

Eldar Ganiev @ ICHEP 2022

PRL 127, 181802

https://agenda.infn.it/event/28874/contributions/169346/attachments/94601/129574/EW+Rad@ICHEP22_v5.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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Tests with radiative decays

• Integrate results for various  thresholds 

• Largest systematic effects due to simulation mismodelings  
and bkg normalization data-simulation discrepancy. 

• BaBar hadron tag result for  > 1.9 GeV (210 fb-1):  
(3.66 ± 0.85 ± 0.60)×10-4 [PRD77.051103] 

• SM prediction for  > 1.6 GeV: (3.40 ± 0.17)×10-4 [JHEP06(2020)175]

EB
γ

EB
γ

EB
γ

Inclusive BF( ) (III)B → Xsγ

14

NEW!

Competitive with the BaBar hadronic tag measurement

ICHEP22, M. Vieites Díaz,  EPFL

Measurement of the photon polarisation in  decays Λ0
b → Λγ

10

[Phys. Rev. D105 (2022) L051104]

• Sensitivity to CP-violation: self-tagged decay, allows to split the sample 
depending to the charge of the final state hadrons 

CP

 at 90% (95%) CLα−
γ > 0.56 (0.44) α+

γ = − 0.56+0.36
−0.33 (stat.)+0.16

−0.09 (syst.)

Phenomenologically complementary tests with b→s penguins which probe a 
different set of operators to the leptonic modes. 
Rich complementarity between LHCb’s statistical power & unique reach for baryon 
decays and Belle II’s clean environment & unique reach for inclusive decays.

Phys.Rev.D105(2022):L051104
Eldar Ganiev @ ICHEP 2022

https://doi.org/10.1103/PhysRevD.105.L051104
https://agenda.infn.it/event/28874/contributions/169346/attachments/94601/129574/EW+Rad@ICHEP22_v5.pdf
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LU tests in b→c𝝉𝛎/b→c(𝝁,e)𝛎 decays



b→cl𝛎 LU: we need more observables

42

Bobeth et al

HL-LHC Yellow Report

Muon 
Tau

Angular b→sll and b→cl𝛎 lepton universality tests are slowly starting, despite the difficulties. Post-hoc analysis of 
Belle data by theory colleagues provides a strong motivation to publish our data in more detail! 

https://arxiv.org/abs/2104.02094
https://arxiv.org/abs/1812.07638v2
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LU tests in b→ce𝛎/b→c𝝁𝛎 decays

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 19

• 3 ⋅ 2 model templates: “continuum”, “background”, "ℓ8
• 9 and : templates are fitted simultaneously in 10 ;ℓ∗ bins each 

in a binned likelihood fit

• Continuum (offresonant data) and background (incorrect 
charge sideband) yields constrained, "ℓ8 yields float freely

• Systematic uncertainties are included as nuisance parameters 
(one per bin and template), including:

Ø MC statistics 

Ø Lepton efficiency & fake rate                                                                           
corrections

SIGNAL EXTRACTION
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July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 19

! .>/@
Hℓ∗I<.KLMN = >. ?aa ± ?. ?>?OPQP ± ?. ?H?OROP

!(#!/#) EXTRACTION

18

• Most precise BF based LFU test with semileptonic ^ decays to date!

• In agreement with Standard Model value of 1.006 ± 0.001within 1.2d
• Compatible within 0.6d with exclusive Belle measurement:                
! ">/@∗ = 1.01 ± 0.01FABA ± 0.03FSFA

Source of uncertainty Lepton ID "!ℓ8 BFs "!ℓ8 FFs Statistical Total

Rel. unc. of !("(/)) 1.8% 0.1% 0.2% 1.0% 2.2%
(from Asimov fits)

Phys. Rev. D 100, 052007 (2019) 

NEW FOR
ICHEP    

K. Vos, M. Rahimi, in progress

Also see 8! LFU shape test: 
Phys. Rev. D 104, 112011 (2021)

Almost fully inclusive test of electron-muon 
lepton universality in b→cl𝛎 transitions 

Paves the way for the first such inclusive test 
of tau-muon and tau-electron universality 

Powerful demonstration of complementary 
capabilities of Belle II in semileptonic decays

Henrik Junkerkalefeld @ ICHEP 2022

https://agenda.infn.it/event/28874/contributions/169348/attachments/94338/129062/HJ_LFU_results_at_Belle_II.pdf
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Direct LFV/LNV/BNV searches

LFV/LNV go naturally together with LUV — most models which explain 
the LUV anomalies predict LFV/LNV effects, often near current reach!

CMS

MODIFIED 
V.V. Gligorov



�� → �∗��±�∓: CLs method

10

[LHCb-PAPER-2022-021, in prep.]

First search on �� → �∗��±�∓:

�±�± �±�∓

lhcb prelim. lhcb prelim.

New results:

 Many new or improved limits are being set in last years: probing 10-5 to 10-9 in beauty decays (worse limits when 
𝝉 leptons are involved in the decay), 10-6 to 10-8 in charm decays, 10-10 to 10-11 in strange decays 45

LFV/LNV/BNV searches in b,c,s decays �� → �∗��±�∓& ��� → ��±�∓: CLs method

6

[LHCb-PAPER-2022-008, in prep.]

Charge split for 
K*0 mode:

LHCb prelim. LHCb prelim.

LHCb prelim. LHCb prelim.

 �� → ��− & ��
� → ��− : CLs method

14

[LHCb-PAPER-2022-022, in prep.]

First search on �(�)
� → ��−:

lhcb prelim. lhcb prelim.

New results:

 SEARCH!" → τℓ
10

ℬ(B → τμ) < 1.5 × 10−5

ℬ(B → τe) < 1.6 × 10−5

 with  

(Smooth) Background mainly  from  

Peaking background due to  in  channel 

 as control sample. Reconstruct π+ instead of 
leptons. High efficiency because of high b.r. .  
Used to determine correction factors for data fit (LFV case) 

Unbinned extended ML fit to  distribution

!'()ℓ *+,-- ∈ [/ . 0, 1 . 1] 234/c2

5 → 67*/8ℓν

!" → 9(*)−π+ τμ

!" → 9(*)−π+

*+,--

2022.07.09 - GDM -SEARCH FOR BNV AND LFV DECAYS AT BELLE

                                            •Data 
SG+BG Fit 
BG 
SG ( ) b.r. 10−4

B0 → Dπ

Best limit

PRD 104, L091105 (2021)

                                            

!" →9(*)−π+

!" →τμ

[1] → [PRL 93, 241802 (2004)]  

[2] → [PRD 77, 091104(R) (2008)]  

[3] → [PRL 123, 211801 (2019)] 

[1]

[2]

[3]

Conclusions 

07.07.2022 V. Duk - ICHEP 2022, LFV/LNV decays @ NA62 15

NA62 LFV/LNV prospects

• Data taking ongoing (2022-2025)

Decay mode Previous UL on BR 
(90% CL)

NA62 UL on BR 
(90% CL)

improvement

K+→ π− μ+ μ+ 8.6 x 10-11 4.2 x 10-11 Factor of 2
(partial dataset)

K+→ π− e+ e+ 6.4 x 10-10 5.3 x 10-11 Factor of 12

K+→ π− μ+ e+ 5.0 x 10-10 4.2 x 10-11 Factor of 12

K+→ π+ μ− e+ 5.2 x 10-10 6.6 x 10-11 Factor of 8

π0→ μ− e+ 3.4 x 10-9 3.2 x 10-10 Factor of 13

K+→π− π0 e+ e+ - 8.5 x 10-10 First search

K+→μ− ν e+ e+ 2.1 x 10-8 8.1 x 10-11 Factor of 250

• LFV/LNV searches at NA62: limits improved for several decay modes
Conclusions 

07.07.2022 V. Duk - ICHEP 2022, LFV/LNV decays @ NA62 15

NA62 LFV/LNV prospects

• Data taking ongoing (2022-2025)

Decay mode Previous UL on BR 
(90% CL)

NA62 UL on BR 
(90% CL)

improvement

K+→ π− μ+ μ+ 8.6 x 10-11 4.2 x 10-11 Factor of 2
(partial dataset)

K+→ π− e+ e+ 6.4 x 10-10 5.3 x 10-11 Factor of 12

K+→ π− μ+ e+ 5.0 x 10-10 4.2 x 10-11 Factor of 12

K+→ π+ μ− e+ 5.2 x 10-10 6.6 x 10-11 Factor of 8

π0→ μ− e+ 3.4 x 10-9 3.2 x 10-10 Factor of 13

K+→π− π0 e+ e+ - 8.5 x 10-10 First search

K+→μ− ν e+ e+ 2.1 x 10-8 8.1 x 10-11 Factor of 250

• LFV/LNV searches at NA62: limits improved for several decay modesLingzhu Bian @ ICHEP 2022 Viacheslav Duk @ ICHEP 2022

Tengjiao Wang @ ICHEP 2022

https://agenda.infn.it/event/28874/contributions/169357/attachments/94552/129476/ichep-lbian.pdf
https://agenda.infn.it/event/28874/contributions/169333/attachments/93979/129005/duk_ichep2022_v3.pdf
https://agenda.infn.it/event/28874/contributions/171428/attachments/93699/128720/ICHEP_BLNV%20violation%20searches%20at%20BESIII.pdf
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Towards 
the 2030s



Taken from Archilli & Altmannshofer (2206.11331) 47

Exploring the next decades of flavour

Run 1

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2051...2032 2033 2034 2035 2039

LS1 Run2 LS2 Run3 LS3

2028 2029 2030 2031 2038 2040

CEPC

FCC-ee

Run4 LS4 Run5

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)

SuperKEKB

7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

LHCb

ATLAS/CMS
9 fb–1

190 fb–1

35 fb–1

450 fb–1

300 fb–1

3000 fb–1
GPD

LS1 LS2

Belle II 400 fb–1 7 ab–1 50 ab–1

BEPCII

BESIII
3 fb–1 @ √s = 3.773 GeV 
3 fb–1 @ √s = 4.178 GeV 
3 fb–1 @ √s = 4.64 GeV

20 fb–1 @ √s = 3.773 GeV 
6 fb–1 @ √s = 4.178 GeV 
5 fb–1 @ √s = 4.64 GeV

STCF

1 ab–1 @ √s = 3.773 GeV 
…

Upgrade I Upgrade Ib Upgrade II

Figure 1: Timelines of the main experiments performing precision measurements on rare b and c processes. The integrated
luminosities already collected and expected are taken from Refs. [50–52]. FCC-ee is placed in the same row of the LHC
timeline since this project can limit the lifetime of the LHC datataking. CEPC collider expected timeline is taken from
Ref. [53]. BESIII experiment timeline and future tau-charm factory timelines relevant for the charm physics program are
taken from Ref. [54] and Ref. [55] respectively.

9

Numbers are indicative, for official projections 
from collaborations see next slides.

https://arxiv.org/abs/2206.11331


Belle II reaches 50 ab-1 at around the same time as LHCb’s second upgrade is scheduled to start datataking 48
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CKM metrology: today
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Fig. 21: Constraints on the unitarity triangle from the CKMfitter global analysis: global fit (top), tree
only (center), loop only (bottom), for Phase 1 (left) and Phase 2 (right).
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Fig. 22: Constraints on the unitarity triangle for the Bs meson from the CKMfitter global analysis for
Phase 1 (left) and Phase 2 (right).
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CKM metrology: LHCb U2 + Belle II

A permille understanding of the Unitarity triangle apex is 
fundamental and worth the next decades of our lives to achieve!
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Fig. 21: Constraints on the unitarity triangle from the CKMfitter global analysis: global fit (top), tree
only (center), loop only (bottom), for Phase 1 (left) and Phase 2 (right).
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Fig. 22: Constraints on the unitarity triangle for the Bs meson from the CKMfitter global analysis for
Phase 1 (left) and Phase 2 (right).
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Fig. 47: B0

s ! µ+µ� and B0 ! µ+µ� branching ratios as computed using new sources of flavour-
changing neutral currents, as discussed in Ref. [1094]. The green points are the subset consistent with
other measurements. The black cross point is the SM prediction, while the coloured contours show the
expected 1-sigma HL-LHC sensitivites of ATLAS, CMS, and LHCb.

where ys = ⌧Bs
��s/2, and ��s = �

B
0
sL

� �
B

0
sH

. In the SM, Aµµ

��
= 1, with only the heavy mass

eigenstate decaying to µ+µ�. In BSM scenarios it can take any value between �1 and 1. LHCb has
performed the first measurement of the B0

s ! µ+µ� effective lifetime using a dataset of 4.4 fb�1, result-
ing in ⌧ e↵

µµ = 2.04 ± 0.44 ± 0.05 ps [15] (Fig. 43, right). The relative uncertainty on ⌧ e↵

µµ is expected to
decrease to approximately 8% with 23 fb�1 and 2% with 300 fb�1, being statistically limited.

The CMS sensitivity for a measurement of the B0

s ! µ+µ� effective lifetime is estimated using an
ensemble of pseudo-experiments generated with parameters reflecting the projected Phase-2 conditions.
The signal lifetime distribution for each pseudo-experiment is obtained using the sPlot technique [1095]
to separate out the background, and then fitted with a model consisting of an exponential function,
convolved with a Gaussian function that describes the expected decay time resolution, and multiplied by
an efficiency function that accounts for reconstruction effects. The outcome of such a pseudo-experiment
is shown in Fig. 48. The effective lifetime is expected to be measured with a statistical precision of 3%
at 3000 fb�1.

While the current experimental uncertainty is larger than for ⌧
B

0
sH

�⌧
B

0
sL

, a 2�3% uncertainty on

⌧ e↵

µµ would allow to set stringent constraints on Aµµ

��
and in particular would allow to break the degeneracy

between any possible contribution from new scalar and pseudoscalar mediators.
Assuming a tagging power of about 3.7% [10], a dataset of 300 fb�1 allows LHCb to reconstruct

a pure sample of more than 100 flavour-tagged B0

s ! µ+µ� decays (effective yield) and measure their
time-dependent CP asymmetry. From the relation

�(B0

s (t) ! µ+µ�
) � �(B̄0

s ! µ+µ�
)

�(B0

s (t) ! µ+µ�
) + �(B̄0

s ! µ+µ�
)

=
Sµµ sin(�mst)

cosh(yst/⌧Bs
) + Aµµ

��
sinh(yst/⌧Bs

)
, (100)

where t is the signal proper time and �ms is the mass difference of the heavy and light B0

s mass eigen-
states, Sµµ can be measured with an uncertainty of about 0.2. The signal yield expected in a 23 fb�1

dataset, on the other hand, is too low to allow a meaningful constraint to be set on Sµµ. A nonzero value
for Sµµ would automatically indicate evidence of CP -violating phases beyond the SM.

133

Can independently measure multiple key observables — vital that HL-LHC GPD triggers give full impact 51

Complementarity with HL-LHC GPDs

Fig. 16: Projected 68% confidence-level contour in the ��s vs 's plane for the ATLAS, CMS (still
preliminary) and LHCb sensitivity at the HL-LHC compared with the current experimental limit. For
clarity of the representation each projection is centered on a random value generated with its uncertainty
assuming the SM value as truth. The combined contour is obtained following the HFLAV approach for
averages for the PDG 2018 review [138].
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Fig. 17: Signal-yield asymmetry as a function of the B0
(s) decay time, (NB

0
(s)
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0
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)/(NB
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). Here,

NB
0
(s)

(NB
0
(s)

) is the number of (left) B0
s ! J/ � or (right) B0 ! J/ K0

S decays with a B0
(s) (B0

(s)) flavour

tag. The data points are obtained from simulation with the expected sample size at 300 fb�1, and assuming the
current performance of the LHCb experiment. The solid curves represent the expected asymmetries for �cc̄s

s =

�36.4 mrad [63] and sin�cc̄s
d = 0.731 [139]), the values used in the simulation. The height of the oscillation is

diluted from sin�cc̄s
d(s) due to mistagging, decay time resolution, and, for B0

s ! J/ �, the mixture of CP -even and
CP -odd components in the final state.

the nuclear cross-sections in material between K0 and K0 states. Therefore, some irreducible systematic
uncertainties are unavoidable. It is notable that the leading sources of systematic uncertainty are different
for Belle II and LHCb, so that having measurements from both experiments will be important. As for
the �cc̄s

s case, continued good flavour tagging performance and improved understanding of subleading
contributions to the decay amplitudes will be required.

The decay B0 ! D0⇡+⇡�, and related decays involving excited charm mesons, offer a purely
tree-level measurement of �d = 2�. BaBar and Belle have performed measurements using B0 ! D(⇤)h0

with both D decays to CP eigenstates [147] and to the three-body K0

S⇡
+⇡� final state [148,149], where
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A huge thank you to the organisers for the invitation! 52

Diversity is the strength of flavour
Flavour physics has a vibrant present and a future worth our efforts! 

Underpinned by a rich phenomenology and the complementarity of 
flavour experiments and facilities. 

In addition to the flavour factories (LHCb and Belle II) and the LHC’s 
general purpose detectors, dedicated experiments and facilities like 
BESIII, NA62, KOTO, will be crucial in mapping the fundamental 
properties of how quarks mix and combine for the next generations! 

FCC-ee may carry the torch into the second half of this century, with 
complementary insights into the flavourful nature of fundamental 
particles from the Z pole.
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The quest for Vub & Vcb 16

FIG. 8. The expectation of lepton flavor universality of the moments are tested for the first to fourth q2 moments: in the ratio
of electron to muon moments many of the associated systematic uncertainties cancel and all reported moments are compatible
with the expectation of lepton flavor universality (bottom top). Note that the individual electron and muon moments are
highly correlated. Furthermore, the generator-level and measured moments for all threshold selections on q2 are compared as
a ratio (bottom middle) and difference (bottom lower) for both electrons and muons.

Belle Preprint 2021-018
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FIG. 3. The measured di↵erential B ! Xu `+ ⌫` branching fractions are shown: the lepton energy in the B rest frame (EB
` ),

the four-momentum-transfer squared of the B to the Xu system (q2 = (pB � pX)2), the invariant hadronic mass and mass
squared of the Xu system (MX , M2

X), and the light-cone momenta of the hadronic Xu system (P± = (EX ⌥ |pX |)). The hybrid
MC prediction and two inclusive calculations are also shown and scaled to �B = 1.59⇥ 10�3.

parameters listed in Table I. All predictions are scaled to
match the B ! Xu `+ ⌫` partial branching fraction (�B)
with EB

` > 1GeV of �B = 1.59 ⇥ 10�3 from Ref. [1].
The uncertainty band of the hybrid prediction includes
variations on the composition, form factors, and the in-
clusive modeling, whose central value is based on the
DFN prediction but includes the di↵erence to BLNP as
an additional uncertainty. The agreement between the
measured and predicted distributions is fair overall, with
di↵erences occurring for the fully inclusive predictions in

the resonance region of, e.g., low MX , and near the end-
point of q2 and EB

` . There the hybrid MC describes the
B ! Xu `+ ⌫` process more adequatly due to the explicit
inclusion of resonant contributions. The largest discrep-
ancy is observed in EB

` , but the data points ranging of
EB

` 2 [1 � 1.8]GeV exhibit strong correlations and are
only weakly correlated or anti-correlated with the other
bins of the spectrum.

In conclusion, this Letter presents the first measure-
ments of di↵erential branching fractions of inclusive

Belle Preprint 2021-015

Measurements by Belle shed light on Vub & Vcb 

Inclusive-exclusive tensions remain in Vcb, are reduced in Vub 
Tension in Vub from 2-3 sigma depending on inputs 
Vcb remains at 3 sigma, further experimental input must be 
matched by progress in theory/lattice calculations 

Discrepancy in Vub/Vcb from B→K𝝁𝛎 at low/high q2 needs to be 
understood better, implication for calculation of form-factors
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Time-dependent analyses of Bs decays

Important to resolve the ongoing tension in measurements of the Bs 
lifetime and width difference of the light and heavy eigenstates! 
Must improve all measurements: not only 𝛗s but also individual lifetimes. 
Cross-experiment work on common experimental assumptions seems vital.

Measure *% in !"! → #/%+(,,) decay [arXiv:2206.03088] 

Wenhua Hu ( PKU )

Measured results
p More precise than results in +)' → )̂( )̂! and +)' → 0(0! analyses
p Consistent with previous HFLAV 2021 result and SM prediction
p All results are compatible

Mode _3 [ps]
Run 1+2 1.452 ± 0.014 ± 0.011

+)' → )̂( )̂! 1.379 ± 0.026 ± 0.017

+)' → 0(0! 1.407 ± 0.016 ± 0.007

HFLAV2021 1.426 ± 0.008

SM 1.422 ± 0.013

PRL. 112 (2014) 111802

PLB 736 (2014) 446

07/07/2022           14Beauty to charmonium decays at LHCb experiment

SM

LHCb-PAPER-2022-010 (Submitted to EPJC)

https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2022-010.html

