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Why three generations of particles? Why this particle mass hierarchy?Why is there no antimatter?
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Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation

2) The amount of CP violation in CKM

3) Measurements of CP violation with LHCb

4) B-decays and Flavour Anomalies

5) Outlook/conclusion

Nicola Neri CP violation in baryon decays - CERN 2016

CPV in b-hadrons 
‣ Same underlying short distance physics for b-baryons 

and B mesons but with different spin and QCD structure

5

⇤0
b ! p⇡� B0

d ! ⇡+⇡�

‣ Systematic study of CPV in b-baryons and in B mesons 
for a stringent test of CKM mechanism
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materia-antimateria!

a LHCb!
Introduction Physics Motivations 

Physics Motivation 

•  At LHC b-baryons are produced in unprecedented quantities ! opens 
a new !eld in "avour physics for precision measurements 
•  Mass, lifetimes and branching ratios measurements 
•  CP violation (CPV) 

•  CP violation (CPV) in b-baryons: 
•  CKM mechanism predicts sizeable  

 amount of CPV in b-baryons that  
 can be precisely measured 

•  Complementary means to test 
Standard Model with respect to 
B mesons 
 
 
 
 
 

•  Same underlying short distance physics as B mesons, with 
di#erent spin and QCD structure 

•  New CPV sources 
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3 Generations of fundamental particles – How do we know?
1) LEP: The heavy Z boson decays into 3 light neutrino types.
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1) LEP: The heavy Z boson decays into 3 light neutrino types.
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• No additional weakly interacting light fermion generations.
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3 Generations of fundamental particles – How do we know?

11. Status of Higgs boson physics 19

features present in the event. The categorization of events increases the sensitivity of the
overall analysis and allows a separation of different Higgs boson production processes.
Most categories are dominated by signal from one Higgs decay mode but contain an
admixture of various Higgs production processes. For example, a typical VBF selection
requires Higgs boson candidates to be accompanied by two energetic jets (≥ 30GeV) with
a large dijet mass (≥ 400GeV) and separated by a large pseudorapidity (∆ηjj ≥ 3.5).
While such a category is enriched in Higgs bosons produced via VBF, the contamination
from the gluon fusion production mechanism can be significant. Hence a measurement of
the signal rate in the VBF category does not imply a measurement of VBF production
cross-section. Simulations are used to determine the relative contributions of the various
Higgs production modes in a particular category.

III.1.1. H → γγ
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with
each event weighted by the ratio of signal-to-background in each event category,
observed by ATLAS [124] at Run 2. The residuals of the data with respect to the
fitted background are displayed in the lower panel. (Right) The m4! distribution
from CMS [125] Run 2 data.

In the H → γγ channel a search is performed for a narrow peak over a smoothly falling
background in the invariant mass distribution of two high pT photons. The background
in this channel is conspicuous and stems from prompt γγ processes for the irreducible
backgrounds, and the γ+jet and dijet processes for the reducible backgrounds where one
jet fragments typically into a leading π0. In order to optimize search sensitivity and also
to separate the various Higgs production modes, ATLAS and CMS experiments split
events into several mutually exclusive categories. Diphoton events containing a high pT

June 5, 2018 19:47

𝐻 → 𝛾γ

𝐻 → 4𝜇

2) LHC: Higgs production:
Loop diagram is proportional to the 
mass of the heaviest fermion.

10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

uncertainties in the theoretical calculations due to missing higher-order effects and

June 5, 2018 19:47

• Top is the heaviest fermion flavour.
Ø3 Flavour generations 

3

i = 1, 2, 3

5 / 51



Flavour Universality in the Standard Model
• Quark and lepton generations interact identically
• No difference between particles of different generation
• No matter – antimatter asymmetry (CP Violation) by construction

Strong:Electromagnetic:

Weak NC:

• Universality violation: masses à Higgs !
• Higgs coupling is not universal, and mixes generations
• Complex couplings: allows for CP Violation!
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Flavour Universality à Symmetry Breaking
• Weak charged current interaction:

𝑞!

𝑞"

𝐻
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• Higgs:

𝑢
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𝑖 = 1 𝑖 = 2 𝑖 = 3

Massive particles
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vev≠ 0

(𝑖 ↔ 𝑖)

(𝑖 ↔ 𝑖)(𝑖 ↔ 𝑗)
flavour mass

Flavour states:

Massless particles
redefines quark states in mass eigenstates:
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vev≠ 0

(𝑖 ↔ 𝑖)

| ⟩𝑑$ ≡ 𝑉%& ⟩|𝑑 + 𝑉%" ⟩|𝑠 + 𝑉%' ⟩|𝑏
| ⟩𝑠$ ≡ 𝑉(& ⟩|𝑑 + 𝑉(" ⟩|𝑠 + 𝑉(' ⟩|𝑏
| ⟩𝑏$ ≡ 𝑉)& ⟩|𝑑 + 𝑉)" ⟩|𝑠 + 𝑉)' ⟩|𝑏

| ⟩𝑢$ ≡ ⟩|𝑢
| ⟩𝑐$ ≡ ⟩|𝑐
| ⟩𝑡$ ≡ ⟩|𝑡

Mass states:

flavour mass
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𝑖 = 1 𝑖 = 2 𝑖 = 3
Flavour states:

• Higgs:

(𝑖 ↔ 𝑖)(𝑖 ↔ 𝑗)

redefines quark states in mass eigenstates:



𝑊(

Flavour Universality à Symmetry Breaking à Flavour Mixing
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vev≠ 0

• Higgs:

flavour mass
(𝑖 ↔ 𝑖)(𝑖 ↔ 𝑗)

redefines quark states in mass eigenstates:
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Flavour Universality à Symmetry Breaking à Flavour Mixing
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• Weak charged current interaction:
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Distinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40

• Weak interactions mixes the 
generations of mass eigenstates.

• Complex couplings 𝑉!" allow for CP 
violating phenomena.
• At least 3 generations required!

Massive particles
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vev≠ 0

(𝑖 ↔ 𝑖)(𝑖 ↔ 𝑗)
flavour mass

• Higgs: redefines quark states in mass eigenstates:



Flavour Structure: Interactions vs Higgs
• Forces are flavour universal
• Higgs interaction almost purely 3rd generation
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𝑚! = 0.5 𝑀𝑒𝑉 𝑚" = 0.5 𝑀𝑒𝑉 𝑚# = 1.8 𝐺𝑒𝑉

𝑚$ = 2.2 𝑀𝑒𝑉 𝑚% = 1.3 𝐺𝑒𝑉

𝑚& = 4.7 𝑀𝑒𝑉

𝑚' = 173 𝐺𝑒𝑉

𝑚( = 96 𝑀𝑒𝑉 𝑚) = 4.2 𝐺𝑒𝑉
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𝑚( = 96 𝑀𝑒𝑉 𝑚) = 4.2 𝐺𝑒𝑉

Flavour Puzzle: What is the origin of these Higgs couplings across generations?

Higgs coupling is large for 3rd generation, small for 2nd generation, tiny for 1st generation

Perhaps new particles/forces may show a similar deviation from flavour universality?

𝐻

𝑚' = 𝑌**
𝑞!)

𝑞!)
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Flavour Changing Quark Interactions
The Quark Flavors of the Standard Model
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Flavour Changing Quark Interactions – CP ViolationThe Quark Flavors of the Standard Model
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Complex coupling 
constants are the 
source of CP viol.

• 𝑉*+,: Cabibbo Kobayashi Maskawa matrix
• CP violation: particles and antiparticle processes 

have complex conjugated coupling constants

Flavour changing currents
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The CKM matrix 𝑉'() - 3 Generations

Lincoln Wolfenstein

𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

𝑉/01: 𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

𝟏 − -𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − -𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 CP violating parameter

• Wolfenstein parametrization: 𝑉?@A =
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The CKM matrix 𝑉'() - 3 Generations vs 2 Generations

𝑉!" 𝑉!#
𝑉%" 𝑉%#

𝑑 𝑠

𝑢

𝑐

𝑉?@A =

𝑉/01:

𝟏 − -𝟏 𝟐𝝀
𝟐 𝝀

−𝝀 𝟏 − -𝟏 𝟐𝝀
𝟐

è No CP violation!

𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

• Wolfenstein parametrization: 𝑉?@A =

𝑉/01:

𝟏 − -𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − -𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

è 1 CP violating parameter

• 3  generations is the minimal particle content to generate CP violation (In Standard Model).
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The CKM matrix and unitarity triangle
• The CKM is a unitary mixing matrix
• This implies: 𝑉?@A

B 𝑉?@A = 1
𝑉%&∗ 𝑉(&∗ 𝑉)&∗

𝑉%"∗ 𝑉("∗ 𝑉)"∗
𝑉%'∗ 𝑉('∗ 𝑉)'∗

𝑉%& 𝑉%" 𝑉%'
𝑉(& 𝑉(" 𝑉('
𝑉)& 𝑉)" 𝑉)'

=
1 0 0
0 1 0
0 0 1

• Orthonormality: 𝑉/1∗ 𝑉/$ + 𝑉01∗ 𝑉0$ + 𝑉#1∗ 𝑉#$ = 0

• Wolfenstein parametrization:

𝑉#$% =

1 −
1
2
𝜆& 𝜆 𝐴𝜆' 𝜌 − 𝑖 𝜂

−𝜆 1 −
1
2
𝜆& 𝐴𝜆&

𝐴𝜆' 1 − 𝜌 − 𝑖𝜂 −𝐴𝜆& 1

(0,0) (1,0)

(𝜌, 𝜂)

𝛾 𝛽

𝛼

𝛼 = 𝜋 − 𝛽 − 𝛾

Triangle in the complex plane:

𝑉%'∗ 𝑉%&
𝑉)'∗ 𝑉)&

𝑉('∗ 𝑉(&

𝐴𝜆* 𝜌 + 𝑖𝜂
𝐴𝜆* 1 − 𝜌 − 𝑖𝜂

𝐴𝜆+ ⋅ −𝜆+ + = 0
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+ + (0,0) (1,0)

(𝜌, 𝜂)

𝛾 𝛽

𝛼

𝛼 = 𝜋 − 𝛽 − 𝛾

Triangle in the complex plane:

𝑉%'∗ 𝑉%&
𝑉)'∗ 𝑉)&

𝑉('∗ 𝑉(&
𝐴𝜆+ ⋅ −𝜆

• Experiment: CKM in terms of angles/phases:
• The phases are observable in different quark 

transitions 
• The phases should be consistent with one 

single CP violating freedom à test the SM

= 0

𝐴𝜆* 𝜌 + 𝑖𝜂
𝐴𝜆* 1 − 𝜌 − 𝑖𝜂
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How large is CP violation?

• Large CP violation requires large mixing 
and large phases in the CKM matrix.
• Surface of unitarity triangle

• Jarlskog criterion (1987) for amount of CP violation:
det 𝑀%𝑀%

. , 𝑀&𝑀&
. = 2 𝑖 𝐽 𝑚)

/ −𝑚(
/ 𝑚(

/ −𝑚%
/ 𝑚%

/ −𝑚)
/

× 𝑚'
/ −𝑚"

/ 𝑚"
/ −𝑚&

/ 𝑚&
/ −𝑚'

/

Cecila Jarlskog

• To explain the absence of antimatter in the universe requires
a primordial baryon asymmetry of: KL!L"

≈ 10MNO

• Explanation requires existence of new massive particles.

From CKM: ⁄𝐴*0 𝑇(1/ ≈ 102/3 à Too small
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How to search for new massive particles?

Atlas
@LHC

CMS
@LHC

LHCb
@LHC

Belle II
@KEK

1. Direct searches: produce particles on-shell in collisions; ‘energy frontier’:

2. Indirect searches: using quantum fluctuations; ‘precision frontier’: 

+ g-2, EDM, …
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Note to students



Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation

2) The amount of CP violation in CKM

3) Measurements of CP violation with LHCb

4) B-decays and Flavour Anomalies

5) Outlook/conclusion

“Measurement of CP violation”
- Erwin  Agasi
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• CP asymmetries of !" → $$%#
and B5" → $#%$ are determined
– The time-dependent fit allows to 

remove effect from production 
asymmetry

– Detection asymmetry is studied from 
prompt ', → 7,8,8) and 
', → 7-+8, decays

15

In agreement with previous
determinations from LHCb,

BaBar, Belle and CDF

CP-violation in !(!)" → &$&'# decays
LHCb-PAPER-2020-029

LHCb Preliminary

Measurement CP Violation: e.g. B-meson decays

𝐾4

𝜋2

𝐴5
𝐵3

𝐴0

𝐾2

𝜋4
𝐵3

𝐴5

𝐴0

𝐴(:
“Tree” 

𝐴):
“Penguin”

Decay 𝐵, → 𝐾-𝜋. has two amplitudes 𝐴/ and 𝐴0 with 
a relative complex weak phase 𝜙 and strong phase 𝛿: 𝐵, → 𝐾-𝜋. 𝐵

,
→ 𝐾.𝜋-

𝐴 = 𝐴( + 𝐴)𝑒*+𝑒*, 𝐴̅ = 𝐴( + 𝐴)𝑒-*+𝑒*,

𝐴̅ + = 𝐴/ + + 𝐴0 + + 𝐴/𝐴0 𝑒.12𝑒13 + 𝑒12𝑒.13

𝐴 + = 𝐴/ + + 𝐴0 + + 𝐴/𝐴0 𝑒12𝑒13 + 𝑒.12𝑒.13

𝐴 − 𝐴̅ / = 4 𝐴5𝐴0 sin𝜙 sin 𝛿 ≠ 0

𝐵. → 𝐾/𝜋- : 𝐵
.
→ 𝐾-𝜋/ :

CP violation is a pure quantum interference effect

𝜙

CP violation !

LHCb measurement 2020: arXiv:2012.05319 

CP Violation
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All CP violating phenomena result from
a quantum interference experiment



A deeper connection?
• Feynman: “In the end all quantum phenomena are 

manifestations of the double slit experiment.”

The B0
s system

⌘ Demonstration of QM amplitude interference
⇤ Different energies (masses), same path length

! measurement of �ms

⇤ c.f Double slit experiment: same energy, different path length
! measurement of electron wave-length

⇤ Most precise measurement from B0
s

! Ds⇡ gives
�ms = 17.768 ± 0.023 ± 0.006 ps�1 [New J. Phys 15(2013)053021]

Ulrik Egede3-6 June  2013 28/45

The B0
s
 system

● A demonstration of QM amplitude interference

● B0
s
 oscillation

● Different energies (mass)

● Same path length

● Gives measurement of mass 

difference

● Δm
s
= 17.768 ± 0.023 ± 0.006 ps−1

● Double slit experiment

● Different path length

● Same energy

● Gives direct measurement 

of electron wavelength

●

CP violation

Ulrik Egede3-6 June  2013 27/45

The B0
s
 system

● The B0
s
 can oscillate into its antiparticle

● The weak eigenstates are

 no longer      and 

● Two eigenstates with 

different mass and width

●

●

●

●

●

●

●

B
s

0→D
s

−π+

CP violation

Bs

0
Bs

0

K.A. Petridis (ICL) Introduction to heavy flavour Moriond QCD 2014 12 / 20

• A thought: assuming CPT symmetry: CP violation à T violation 
Quantum interference ßà arrow of time?
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The LHCb experiment: 𝐵-decay precision measurements
Strengths:  resolutions: vertex + momentum     ;  PID: electron, muon, gamma, pion, kaon   ;   Trigger: RTA

Reconstruction: muons, pions, kaons: excellent ,    electrons, photons: more difficult     ,   taus: challenging
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Meson mixing: does the experiment work?
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+π − D→ 0B
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+ρ − D→ 0B
+π −* D→ 0B

combined

𝐵3 → 𝐷2𝜋4
𝐵. − 𝐵. mixing

Phys.Lett.B719 (2013) 318 

LHCb Collaboration / Physics Letters B 719 (2013) 318–325 321

Fig. 2. Distribution of the decay time (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The blue dashed line shows the fit projection of the signal,
the dotted orange line corresponds to the combinatorial background with long lifetime and the dash dotted red line shows the combinatorial background with short lifetime
(only in the B0 → J/ψ K ∗0 mode). The black solid line corresponds to the projection of the combined PDF.

Fig. 3. Raw mixing asymmetry Amix (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The solid black line is the projection of the mixing asymmetry
of the combined PDF.

The resulting values for #md are 0.5178 ± 0.0061 ps−1 and
0.5096 ± 0.0114 ps−1 in the B0 → D−π+ and B0 → J/ψ K ∗0 de-
cay modes respectively. The fit yields 87 724 ± 321 signal decays
for B0 → D−π+ and 39 148±316 signal decays for B0 → J/ψ K ∗0.
The fit projections onto the decay time distributions are displayed
in Fig. 2 and the resulting asymmetries are shown in Fig. 3. No re-
sult for the B0 lifetime is quoted, since it is affected by possible
biases due to acceptance corrections. These acceptance effects do
not influence the measurement of #md .

7. Systematic uncertainties

As explained in Section 5, systematic effects due to the de-
cay time resolution are expected to be small. This is tested us-
ing samples of simulated events that are generated with de-
cay time distributions given by the result of the fit to data
and convolved with the average measured decay time resolu-
tion of 0.05 ps. The event samples are then fitted with the
PDF described in Section 6, with the decay time resolution pa-
rameter fixed either to zero or to σt = 0.10 ps. The maximum
observed bias on #md of 0.0002 ps−1 is assigned as system-
atic uncertainty. Systematic effects due to decay time acceptance
are estimated in a similar study, generating samples of simu-
lated events according to the nominal decay time acceptance
functions described in Section 5. These samples are then fitted
with the PDF described in Section 6, but neglecting the decay
time acceptance function in the fit. The average observed shift
of 0.0004 ps−1 (0.0001 ps−1) in B0 → D−π+ (B0 → J/ψ K ∗0)
decays is taken as systematic uncertainty. The influence of event-
by-event variation of the decay time resolution is found to be
negligible.

In order to estimate systematic effects due to the parametrisa-
tion of the decay time PDFs for signal and background, an alter-
native parametrisation is derived with a data-driven method, using
sWeights [32] from a fit to the mass distribution. The sWeighted de-
cay time distributions for the signal and background components
are then described by Gaussian kernel PDFs, which replace the ex-
ponential terms of the decay time PDF. This leads to a description
of the data which is independent of a model for the decay time
and its acceptance, that can be used to fit for #md . The result-
ing shifts of 0.0037 ps−1 (0.0022 ps−1) in the decay B0 → D−π+

(B0 → J/ψ K ∗0) are taken as the systematic uncertainty due to the
fit model.

Uncertainties in the geometric description of the detector lead
to uncertainties in the measurement of flight distances and the
momenta of final state particles. From alignment measurements on
the vertex detector, the relative uncertainty on the length scale is
known to be smaller than 0.1%. This uncertainty translates directly
into a relative systematic uncertainty on #md , yielding an absolute
uncertainty of 0.0005 ps−1.

From measurements of biases in the reconstructed J/ψ mass
in several run periods, the relative uncertainty on the uncalibrated
momentum scale is measured to be smaller than 0.15%. This un-
certainty, however, cancels to a large extent in the calculation of
the B0 decay time, as it affects both the reconstructed B0 mo-
mentum and its reconstructed mass, which is dominated by the
measured momenta of the final state particles. The remaining sys-
tematic uncertainty on the decay time is found to be an order of
magnitude smaller than that due to the length scale and is ne-
glected.

A summary of the systematic uncertainties can be found in Ta-
ble 1. The systematic uncertainty on the combined #md result is
calculated using a weighted average of the combined uncorrelated
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal). The vertical bars, typically visible only in regions with low numbers of candidates,
correspond to the statistical uncertainty on the number of observed candidates in each bin. The
horizontal bin width is indicated on the vertical axis legend.

fractions and relative e�ciencies, as determined from simulated samples, which are
weighted to account for di↵erences between data and simulation. The B0! D�

s ⇡
+ and

B0

s ! D⇤�
s ⇡+ background components are also obtained from simulated samples and

included in the mass fit. The combined B0 ! D�
s ⇡

+ and B0

s ! D⇤�
s ⇡+ yield is a free

parameter of the fit. The signal yield obtained from the invariant mass fit is 378 700± 700.
The decay-time parametrisation in Eq. 1 is modified to account for the following

detector e↵ects: a decay-time-dependent reconstruction e�ciency; a time-dependent
decay-time resolution; the imperfect knowledge of the initial flavour of the reconstructed
B0

s or B0

s meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry
in reconstruction of final state particles due to interactions in the detector material [31].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low
at small decay times and increases to a plateau after 2 ps. The decay-time-dependent
reconstruction e�ciency is modelled with cubic b-splines curves as described in Ref. [32].
The spline coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same real-time selection procedure as for the signal
sample. After real-time selection, additional requirements are applied to ensure a D�

s

signal peak with high background rejection but without any requirement on displacement
from the pp collision point. The multivariate classifier trained using the full signal decay
is not applied. The reconstructed decay time in this control sample is proportional to
the distance between the D�

s production vertex and an artificial B0

s decay vertex, formed
by combining the prompt D�

s meson with a ⇡+ track from the same pp collision. It is
therefore compatible with zero decay time up to bias and resolution e↵ects. A linear
relationship is observed between the decay-time resolution measured at zero decay time
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal). The vertical bars, typically visible only in regions with low numbers of candidates,
correspond to the statistical uncertainty on the number of observed candidates in each bin. The
horizontal bin width is indicated on the vertical axis legend.

fractions and relative e�ciencies, as determined from simulated samples, which are
weighted to account for di↵erences between data and simulation. The B0! D�

s ⇡
+ and

B0

s ! D⇤�
s ⇡+ background components are also obtained from simulated samples and

included in the mass fit. The combined B0 ! D�
s ⇡

+ and B0

s ! D⇤�
s ⇡+ yield is a free

parameter of the fit. The signal yield obtained from the invariant mass fit is 378 700± 700.
The decay-time parametrisation in Eq. 1 is modified to account for the following

detector e↵ects: a decay-time-dependent reconstruction e�ciency; a time-dependent
decay-time resolution; the imperfect knowledge of the initial flavour of the reconstructed
B0

s or B0

s meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry
in reconstruction of final state particles due to interactions in the detector material [31].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low
at small decay times and increases to a plateau after 2 ps. The decay-time-dependent
reconstruction e�ciency is modelled with cubic b-splines curves as described in Ref. [32].
The spline coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same real-time selection procedure as for the signal
sample. After real-time selection, additional requirements are applied to ensure a D�

s

signal peak with high background rejection but without any requirement on displacement
from the pp collision point. The multivariate classifier trained using the full signal decay
is not applied. The reconstructed decay time in this control sample is proportional to
the distance between the D�

s production vertex and an artificial B0

s decay vertex, formed
by combining the prompt D�

s meson with a ⇡+ track from the same pp collision. It is
therefore compatible with zero decay time up to bias and resolution e↵ects. A linear
relationship is observed between the decay-time resolution measured at zero decay time
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The vertical bars correspond to the statistical uncertainty on the number
of observed candidates in each bin. The horizontal bars represent the bin width. In the left plot,
the horizontal bin width is indicated on the vertical axis legend. The three components, unmixed,
mixed and untagged, are shown in blue, red and gray, respectively. The insert corresponds to a
zoom of the region delineated in grey. The fit described in the text is overlaid.

momentum scale of the detector, obtained by comparing the reconstructed masses of known
particles with the most accurate available values [37]; residual detector misalignment and
length scale uncertainties; and uncertainties due to the choice of mass and decay-time
fit models, determined using alternate parametrisations and pseudoexperiments. To
verify the robustness of the measurement to variations in �ms as a function of the decay
kinematics, the data sample is split into mutually disjoint subsamples, each having the
same statistical significance, in relevant kinematic quantities, such as the B0

s momentum,
and the �ms values obtained from each subsample are compared. The largest observed
variation is included as a systematic uncertainty. The total systematic uncertainty is
0.0032 ps�1, with the leading contribution due to residual detector misalignment and
detector length scale uncertainties.

The value of the B0

s–B
0

s oscillation frequency determined in this article:

�ms = 17.7683± 0.0051 (stat)± 0.0032 (syst) ps�1

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [9, 12]. Reference [9] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [12] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. Due
to aging of the detector and di↵erent alignment procedures used in Run 1 and Run 2,
the e↵ect of residual detector misalignment is larger in measurements using Run 2 data.
Given the precision of the measurement described in this paper, a detailed study of the
detector misalignment e↵ects is performed and the related uncertainty due to the decay
time bias has been reduced significantly compared to previous measurements using the
Run 2 data. The values of the fixed parameters ��s and �s used as inputs to the previous
analyses have evolved over time as additional measurements have been made. However as
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal). The vertical bars, typically visible only in regions with low numbers of candidates,
correspond to the statistical uncertainty on the number of observed candidates in each bin. The
horizontal bin width is indicated on the vertical axis legend.

fractions and relative e�ciencies, as determined from simulated samples, which are
weighted to account for di↵erences between data and simulation. The B0! D�

s ⇡
+ and

B0

s ! D⇤�
s ⇡+ background components are also obtained from simulated samples and

included in the mass fit. The combined B0 ! D�
s ⇡

+ and B0

s ! D⇤�
s ⇡+ yield is a free

parameter of the fit. The signal yield obtained from the invariant mass fit is 378 700± 700.
The decay-time parametrisation in Eq. 1 is modified to account for the following

detector e↵ects: a decay-time-dependent reconstruction e�ciency; a time-dependent
decay-time resolution; the imperfect knowledge of the initial flavour of the reconstructed
B0

s or B0

s meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry
in reconstruction of final state particles due to interactions in the detector material [31].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low
at small decay times and increases to a plateau after 2 ps. The decay-time-dependent
reconstruction e�ciency is modelled with cubic b-splines curves as described in Ref. [32].
The spline coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same real-time selection procedure as for the signal
sample. After real-time selection, additional requirements are applied to ensure a D�

s

signal peak with high background rejection but without any requirement on displacement
from the pp collision point. The multivariate classifier trained using the full signal decay
is not applied. The reconstructed decay time in this control sample is proportional to
the distance between the D�

s production vertex and an artificial B0

s decay vertex, formed
by combining the prompt D�

s meson with a ⇡+ track from the same pp collision. It is
therefore compatible with zero decay time up to bias and resolution e↵ects. A linear
relationship is observed between the decay-time resolution measured at zero decay time
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Fig. 2. Distribution of the decay time (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The blue dashed line shows the fit projection of the signal,
the dotted orange line corresponds to the combinatorial background with long lifetime and the dash dotted red line shows the combinatorial background with short lifetime
(only in the B0 → J/ψ K ∗0 mode). The black solid line corresponds to the projection of the combined PDF.

Fig. 3. Raw mixing asymmetry Amix (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The solid black line is the projection of the mixing asymmetry
of the combined PDF.

The resulting values for #md are 0.5178 ± 0.0061 ps−1 and
0.5096 ± 0.0114 ps−1 in the B0 → D−π+ and B0 → J/ψ K ∗0 de-
cay modes respectively. The fit yields 87 724 ± 321 signal decays
for B0 → D−π+ and 39 148±316 signal decays for B0 → J/ψ K ∗0.
The fit projections onto the decay time distributions are displayed
in Fig. 2 and the resulting asymmetries are shown in Fig. 3. No re-
sult for the B0 lifetime is quoted, since it is affected by possible
biases due to acceptance corrections. These acceptance effects do
not influence the measurement of #md .

7. Systematic uncertainties

As explained in Section 5, systematic effects due to the de-
cay time resolution are expected to be small. This is tested us-
ing samples of simulated events that are generated with de-
cay time distributions given by the result of the fit to data
and convolved with the average measured decay time resolu-
tion of 0.05 ps. The event samples are then fitted with the
PDF described in Section 6, with the decay time resolution pa-
rameter fixed either to zero or to σt = 0.10 ps. The maximum
observed bias on #md of 0.0002 ps−1 is assigned as system-
atic uncertainty. Systematic effects due to decay time acceptance
are estimated in a similar study, generating samples of simu-
lated events according to the nominal decay time acceptance
functions described in Section 5. These samples are then fitted
with the PDF described in Section 6, but neglecting the decay
time acceptance function in the fit. The average observed shift
of 0.0004 ps−1 (0.0001 ps−1) in B0 → D−π+ (B0 → J/ψ K ∗0)
decays is taken as systematic uncertainty. The influence of event-
by-event variation of the decay time resolution is found to be
negligible.

In order to estimate systematic effects due to the parametrisa-
tion of the decay time PDFs for signal and background, an alter-
native parametrisation is derived with a data-driven method, using
sWeights [32] from a fit to the mass distribution. The sWeighted de-
cay time distributions for the signal and background components
are then described by Gaussian kernel PDFs, which replace the ex-
ponential terms of the decay time PDF. This leads to a description
of the data which is independent of a model for the decay time
and its acceptance, that can be used to fit for #md . The result-
ing shifts of 0.0037 ps−1 (0.0022 ps−1) in the decay B0 → D−π+

(B0 → J/ψ K ∗0) are taken as the systematic uncertainty due to the
fit model.

Uncertainties in the geometric description of the detector lead
to uncertainties in the measurement of flight distances and the
momenta of final state particles. From alignment measurements on
the vertex detector, the relative uncertainty on the length scale is
known to be smaller than 0.1%. This uncertainty translates directly
into a relative systematic uncertainty on #md , yielding an absolute
uncertainty of 0.0005 ps−1.

From measurements of biases in the reconstructed J/ψ mass
in several run periods, the relative uncertainty on the uncalibrated
momentum scale is measured to be smaller than 0.15%. This un-
certainty, however, cancels to a large extent in the calculation of
the B0 decay time, as it affects both the reconstructed B0 mo-
mentum and its reconstructed mass, which is dominated by the
measured momenta of the final state particles. The remaining sys-
tematic uncertainty on the decay time is found to be an order of
magnitude smaller than that due to the length scale and is ne-
glected.

A summary of the systematic uncertainties can be found in Ta-
ble 1. The systematic uncertainty on the combined #md result is
calculated using a weighted average of the combined uncorrelated
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal). The vertical bars, typically visible only in regions with low numbers of candidates,
correspond to the statistical uncertainty on the number of observed candidates in each bin. The
horizontal bin width is indicated on the vertical axis legend.

fractions and relative e�ciencies, as determined from simulated samples, which are
weighted to account for di↵erences between data and simulation. The B0! D�

s ⇡
+ and

B0

s ! D⇤�
s ⇡+ background components are also obtained from simulated samples and

included in the mass fit. The combined B0 ! D�
s ⇡

+ and B0

s ! D⇤�
s ⇡+ yield is a free

parameter of the fit. The signal yield obtained from the invariant mass fit is 378 700± 700.
The decay-time parametrisation in Eq. 1 is modified to account for the following

detector e↵ects: a decay-time-dependent reconstruction e�ciency; a time-dependent
decay-time resolution; the imperfect knowledge of the initial flavour of the reconstructed
B0

s or B0

s meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry
in reconstruction of final state particles due to interactions in the detector material [31].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low
at small decay times and increases to a plateau after 2 ps. The decay-time-dependent
reconstruction e�ciency is modelled with cubic b-splines curves as described in Ref. [32].
The spline coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same real-time selection procedure as for the signal
sample. After real-time selection, additional requirements are applied to ensure a D�

s

signal peak with high background rejection but without any requirement on displacement
from the pp collision point. The multivariate classifier trained using the full signal decay
is not applied. The reconstructed decay time in this control sample is proportional to
the distance between the D�

s production vertex and an artificial B0

s decay vertex, formed
by combining the prompt D�

s meson with a ⇡+ track from the same pp collision. It is
therefore compatible with zero decay time up to bias and resolution e↵ects. A linear
relationship is observed between the decay-time resolution measured at zero decay time
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal). The vertical bars, typically visible only in regions with low numbers of candidates,
correspond to the statistical uncertainty on the number of observed candidates in each bin. The
horizontal bin width is indicated on the vertical axis legend.

fractions and relative e�ciencies, as determined from simulated samples, which are
weighted to account for di↵erences between data and simulation. The B0! D�

s ⇡
+ and

B0

s ! D⇤�
s ⇡+ background components are also obtained from simulated samples and

included in the mass fit. The combined B0 ! D�
s ⇡

+ and B0

s ! D⇤�
s ⇡+ yield is a free

parameter of the fit. The signal yield obtained from the invariant mass fit is 378 700± 700.
The decay-time parametrisation in Eq. 1 is modified to account for the following

detector e↵ects: a decay-time-dependent reconstruction e�ciency; a time-dependent
decay-time resolution; the imperfect knowledge of the initial flavour of the reconstructed
B0

s or B0

s meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry
in reconstruction of final state particles due to interactions in the detector material [31].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low
at small decay times and increases to a plateau after 2 ps. The decay-time-dependent
reconstruction e�ciency is modelled with cubic b-splines curves as described in Ref. [32].
The spline coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same real-time selection procedure as for the signal
sample. After real-time selection, additional requirements are applied to ensure a D�

s

signal peak with high background rejection but without any requirement on displacement
from the pp collision point. The multivariate classifier trained using the full signal decay
is not applied. The reconstructed decay time in this control sample is proportional to
the distance between the D�

s production vertex and an artificial B0

s decay vertex, formed
by combining the prompt D�

s meson with a ⇡+ track from the same pp collision. It is
therefore compatible with zero decay time up to bias and resolution e↵ects. A linear
relationship is observed between the decay-time resolution measured at zero decay time
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The vertical bars correspond to the statistical uncertainty on the number
of observed candidates in each bin. The horizontal bars represent the bin width. In the left plot,
the horizontal bin width is indicated on the vertical axis legend. The three components, unmixed,
mixed and untagged, are shown in blue, red and gray, respectively. The insert corresponds to a
zoom of the region delineated in grey. The fit described in the text is overlaid.

momentum scale of the detector, obtained by comparing the reconstructed masses of known
particles with the most accurate available values [37]; residual detector misalignment and
length scale uncertainties; and uncertainties due to the choice of mass and decay-time
fit models, determined using alternate parametrisations and pseudoexperiments. To
verify the robustness of the measurement to variations in �ms as a function of the decay
kinematics, the data sample is split into mutually disjoint subsamples, each having the
same statistical significance, in relevant kinematic quantities, such as the B0

s momentum,
and the �ms values obtained from each subsample are compared. The largest observed
variation is included as a systematic uncertainty. The total systematic uncertainty is
0.0032 ps�1, with the leading contribution due to residual detector misalignment and
detector length scale uncertainties.

The value of the B0

s–B
0

s oscillation frequency determined in this article:

�ms = 17.7683± 0.0051 (stat)± 0.0032 (syst) ps�1

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [9, 12]. Reference [9] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [12] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. Due
to aging of the detector and di↵erent alignment procedures used in Run 1 and Run 2,
the e↵ect of residual detector misalignment is larger in measurements using Run 2 data.
Given the precision of the measurement described in this paper, a detailed study of the
detector misalignment e↵ects is performed and the related uncertainty due to the decay
time bias has been reduced significantly compared to previous measurements using the
Run 2 data. The values of the fixed parameters ��s and �s used as inputs to the previous
analyses have evolved over time as additional measurements have been made. However as
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Figure 1: Invariant-mass distributions. Distributions of the (left) D�
s ⇡

+, and
(right) K+K�⇡± or ⇡+⇡�⇡± invariant mass for the selected candidates, m(D�

s ⇡
+) and

m(K+K�⇡±,⇡+⇡�⇡±), respectively. The mass fit described in the text is overlaid. The
di↵erent contributions are shown as coloured areas (for background) or by dashed lines (for
signal). The vertical bars, typically visible only in regions with low numbers of candidates,
correspond to the statistical uncertainty on the number of observed candidates in each bin. The
horizontal bin width is indicated on the vertical axis legend.

fractions and relative e�ciencies, as determined from simulated samples, which are
weighted to account for di↵erences between data and simulation. The B0! D�

s ⇡
+ and

B0

s ! D⇤�
s ⇡+ background components are also obtained from simulated samples and

included in the mass fit. The combined B0 ! D�
s ⇡

+ and B0

s ! D⇤�
s ⇡+ yield is a free

parameter of the fit. The signal yield obtained from the invariant mass fit is 378 700± 700.
The decay-time parametrisation in Eq. 1 is modified to account for the following

detector e↵ects: a decay-time-dependent reconstruction e�ciency; a time-dependent
decay-time resolution; the imperfect knowledge of the initial flavour of the reconstructed
B0

s or B0

s meson; the asymmetry in B0

s or B0

s production in pp collisions; and an asymmetry
in reconstruction of final state particles due to interactions in the detector material [31].

Due to the lifetime biasing e↵ect of the selections, the reconstruction e�ciency is low
at small decay times and increases to a plateau after 2 ps. The decay-time-dependent
reconstruction e�ciency is modelled with cubic b-splines curves as described in Ref. [32].
The spline coe�cients are allowed to vary in the fit to the observed decay-time distribution.

The decay-time resolution is measured using a data sample of D�
s mesons originating

from pp interactions without being required to come from an intermediate B0

s meson decay.
These ‘prompt’ candidates pass the same real-time selection procedure as for the signal
sample. After real-time selection, additional requirements are applied to ensure a D�

s

signal peak with high background rejection but without any requirement on displacement
from the pp collision point. The multivariate classifier trained using the full signal decay
is not applied. The reconstructed decay time in this control sample is proportional to
the distance between the D�

s production vertex and an artificial B0

s decay vertex, formed
by combining the prompt D�

s meson with a ⇡+ track from the same pp collision. It is
therefore compatible with zero decay time up to bias and resolution e↵ects. A linear
relationship is observed between the decay-time resolution measured at zero decay time
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𝐵0. − 𝐵0. mixing
Nature.Phys.18 (2022) 1𝐵"3 → 𝐷"2𝜋4

The Experiment works extremely well!

Δ𝑚! = 17.768 ± 0.006 ps"#



Three types of observable CP violation

a) CP Violation “in mixing” :  1964 (CCFT)
• Prob(𝐾.→ 𝐾.) ≠ Prob (𝐾. → 𝐾.)

|ε|= (2.228 ± 0.011 ) x 10-3 (PDG)
• Also called: indirect CPV 

b) CP violation ”in decay”: 1999 (NA48 & KTeV): 
• Decay rates Γ 𝐾. → 𝜋/𝜋- ≠ Γ 𝐾. → 𝜋/𝜋-

Re(ε’/ε) = (1.65 ± 0.26) x 10-3  (PDG)
• Also called: direct CPV

c) “mixing induced” CP violation: 2001       
(Belle & Babar): 

sin 2β = 0.699 ± 0.017  (PDG)

36

A = a0(K!⇡⇡) + a2(K!⇡⇡)

Interfere decay amplitudes:

Interfere dispersive and absorptive:

𝐾O 𝐾O
�

i

2
�12

M12

𝐵

6𝐵

⁄𝐽 𝜓 𝐾.
Interfere direct and mixed:
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A Bormio induced analogy: Three types of Flavour Violation…
1. “In Mixing” 2. “Direct” 3. “Mixing induced”

(interference of 1. and 2.)

à Interference experiments lead to interesting effects!
(Constructive or destructive??)

(Mirtilli) (Nonino) (Braulio)
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Type-1:  CP violation in mixing: 𝐴*+ 𝐵, en 𝐴*+ 𝐵-

Mika Vesterinen

Simpler for asls

“Simply” need to measure:

N(B0
s )�N(B

0
s)

N(B0
s ) +N(B

0
s)

K+
K-

π+

μ-

Ds+

ν 

D+→KKπ

KKπ invariant mass (MeV)

200k Bs→Dsμ 
signal events in 

2011

36

Bs

Mika Vesterinen

Our signals

π+
K-

π+

μ-

D+
Bd

ν 
1. Bd →D+μνX

π+
K-

π+

μ-

D0Bd

ν 
2. Bd →D*+μνX

1.8 million

0.3 million
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𝒜QRST =
Γ(UdeVf) − Γ(UdfVe)
Γ(UdeVf) + Γ(UdfVe)

Produce equal amounts of 
𝐵" and 𝐵" . Decays:

𝐵0 → 𝐷0-𝜇/ ;   𝐵0 → 𝐷0/𝜇-

If 𝒜$BC" ≠ 0 , then:
Rates: 𝐵 → X𝐵 ≠ X𝐵 → 𝐵

𝐵.O 𝐵.O
�

i

2
�12

M12

• Interfere dispersive and absorptive:

𝐵&, → 𝐷-𝜇.

𝐵(, → 𝐷(-𝜇.
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LHCb: 

è CPV violation in 
mixing does not happen
in 𝐵$O and 𝐵.O mesons:
• 𝐵 → X𝐵 goes at same 

rate as X𝐵 → 𝐵
• Contrary to 𝜖 in kaons.

𝑩𝒅
𝟎 : PRL 114 (2015) 041601

𝑩𝒔𝟎 : PRL 117 (2016) 061803



Type-2: Direct CP violation: 𝐵 → 𝐷ℎ
• Interfere two decay amplitudes:  
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Figure 4: Profile likelihood contours of � vs rDK
B (left) and � vs �DK

B (right) for the GLW/ADS
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Figure 5: 1� CL plots, using the profile likelihood method, for combinations split by the initial

B meson flavour: (orange) B0
s initial states, (yellow) B0

initial states, (blue) B+
initial states

and (green) the full combination.

correlated. The results for the coverage of the best fit point is shown in Table 4.160
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LHCb combination:

𝛾 = 65.4+3.8−4.2
i

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆-𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆-𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃
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LHCb combination of CKM angle �
Analysis [JHEP 12 (2021) 141]

New feature: combination of results from the
beauty and charm sectors

Precision in � and �B is enables us to
constrain �K⇡

D a factor 2 better than world
average
Therefore, improvement in charm mixing
knowledge

External constraints
Mainly hadronic parameters and coherance
factors in multi-body B and D decays

Frequentist approach

B decay D decay Ref. Dataset Status since
Ref. [24]

B± ! Dh± D ! h+h� [27] Run 1&2 Updated
B± ! Dh± D ! h+⇡�⇡+⇡� [28] Run 1 As before
B± ! Dh± D ! h+h�⇡0 [29] Run 1 As before
B± ! Dh± D ! K0

Sh
+h� [26] Run 1&2 Updated

B± ! Dh± D ! K0
SK

±⇡⌥ [30] Run 1&2 Updated
B± ! D⇤h± D ! h+h� [27] Run 1&2 Updated
B± ! DK⇤± D ! h+h� [31] Run 1&2(*) As before
B± ! DK⇤± D ! h+⇡�⇡+⇡� [31] Run 1&2(*) As before
B± ! Dh±⇡+⇡� D ! h+h� [32] Run 1 As before
B0 ! DK⇤0 D ! h+h� [33] Run 1&2(*) Updated
B0 ! DK⇤0 D ! h+⇡�⇡+⇡� [33] Run 1&2(*) New
B0 ! DK⇤0 D ! K0

S⇡
+⇡� [34] Run 1 As before

B0 ! D⌥⇡± D+ ! K�⇡+⇡+ [35] Run 1 As before
B0

s ! D⌥
s K

± D+
s ! h+h�⇡+ [36] Run 1 As before

B0
s ! D⌥

s K
±⇡+⇡� D+

s ! h+h�⇡+ [37] Run 1&2 New
– D0 ! h+h� [38,39,40] Run 1&2 New
– D0 ! h+h� [41] Run 1 New
– D0 ! h+h� [42,43,44,45] Run 1&2 New
– D0 ! K+⇡� [46] Run 1 New
– D0 ! K+⇡� [47] Run 1&2(*) New
– D0 ! K±⇡⌥⇡+⇡� [48] Run 1 New
– D0 ! K0

S⇡
+⇡� [49,50] Run 1&2 New

– D0 ! K0
S⇡

+⇡� [51] Run 1 New
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Measuring � through B ! Dh decays

Measure � through interference between
favoured b ! c and suppressed b ! u
decay amplitudes
Typically using B± ! Dh± decays

D admixture D0 and D0 decaying to
same fD

Interference mixing and decay (TD
analyses):

B0 ! D⌥⇡±

B0
s ! D⌥

s K±

B0
s ! D⌥

s K±⇡+⇡�

Favoured
b�c

Suppressed
b�u
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• Measurement of gamma using many 𝐵 decays

JHEP 12 (2021) 141



Type-2: Direct CP violation: 𝐵 → 𝐷ℎ
• Interfere two decay amplitudes:  
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s initial states, (yellow) B0

initial states, (blue) B+
initial states

and (green) the full combination.

correlated. The results for the coverage of the best fit point is shown in Table 4.160
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LHCb combination of CKM angle �
Analysis [JHEP 12 (2021) 141]

New feature: combination of results from the
beauty and charm sectors

Precision in � and �B is enables us to
constrain �K⇡

D a factor 2 better than world
average
Therefore, improvement in charm mixing
knowledge

External constraints
Mainly hadronic parameters and coherance
factors in multi-body B and D decays

Frequentist approach
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• Measurement of gamma using many 𝐵 decays

Statistically in agreement.
Note spread in central values
between 𝑩𝒔𝟎 , 𝑩𝟎 , 𝑩-

JHEP 12 (2021) 141



Type-2: Direct CP violation Charm? 𝐷. → 𝐾𝐾 and 𝐷. → 𝜋𝜋

• 2019: Observation of CP violation 
difference in charm decays PRL 122.211803

+
𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆-𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆-𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

𝑎& 𝐷, → 𝜋𝜋 = 23.2 ± 6.1 × 10.6
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𝐷, 𝐷,

𝐾-, 𝜋-

𝐾., 𝜋. 𝐾., 𝜋.

𝐾-, 𝜋-

Δ 𝐴70 ≡ 𝐴70(𝐷, → 𝐾𝐾) − 𝐴70(𝐷, → 𝜋𝜋)

• 2022: Evidence of direct CP violation
in specific charm decay 

ICHEP 2022

𝐷J → 𝐾K𝐾L and 𝐷J → 𝜋K𝜋L

Δ 𝐴70 = −15.4 ± 2.9 × 10.6

𝐴𝐶𝑃 𝐷, → 𝐾𝐾 = 6.8 ± 5.4 ± 1.6 × 10.6

• Extract direct CP component using: 𝐴70 = 𝑎88& + '&&
#'(

Δ𝑌

PRD D 104 072010

𝑎& 𝐷, → 𝐾𝐾 = 7.7 ± 5.7 × 10.6

• Interfere two 𝐷Jdecay amplitudes:



Type-3: CP violation in interference of mixing and decay
• Decay-time dependent 

CP violation:

‣ B0
  → -/. ["+"−] KS

0 : (golden mode) 

‣ Fit results: 

‣ Main systematics: 
- S: Background Tagging Asymmetry  

     → expect to scale with more data  
- C: 2m

Measurement of + @ LHCb

Simon Akar !15CKM 18’ - sin2beta @ LHCb
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Close to precision of B-Factories and statistically limited

But	never	forget	your	first	love

9	

∫L	dt	=	3	r-1	

Phys.	Rev.	LeO.	115	(2015)	031601	

Phys.	Rev.	D79	(2009)	072009	
Phys.	Rev.	LeO.	108	(2012)	171802	

•  BaBar:	0.657	±	0.036	±	0.012	
•  Belle:	0.670	±	0.029	±	0.013	
•  LHCb:	0.731	±	0.035	±	0.020	

𝐴?t 𝑡 =
Γuv→w 𝑡 − Γv→w(𝑡)
Γuv→w 𝑡 + Γv→w(𝑡)

LHCb

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆2𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆2𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃
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First observation of 
CP violation in B factories
Belle: PRL 87,	091802
Babar:	PRL	87,	091801

Similar measurement LHC

𝑡 [ps] à

Δ𝑡 à0

𝐵 → 𝑓 (t)
𝐵 → 𝑓 (𝑡)

𝑏𝑑

𝑏 𝑑

𝐵,

𝑩𝟎

𝑩𝟎

⁄𝑱 𝝍 𝑲𝒔
Interfere direct and mixed

𝒆𝒊𝟐𝜷



Type-3: CP violation in interference of mixing and decay
• Decay-time dependent CP violation:

𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆2𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆2𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

𝐴%& 𝑡 =
Γ'((W)→* 𝑡 − Γ((W)→*(𝑡)
Γ((W)→* 𝑡 + Γ((W)→*(𝑡)

‣ B0
  → -/. [e+e−] KS

0  & B0
  → .(2S) ["+"−] KS

0 : 

‣ Combination + golden mode (B0
  → -/. ["+"−] KS

0 ) results 

Measurement of + @ LHCb

Simon Akar !18CKM 18’ - sin2beta @ LHCb

[JHEP 11 (2017) 170]
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S

Combination

LHCb

CL for the inner (outer) contour is 39% (87%)

S[cc̄]K0
S
= 0.760± 0.034

C[cc̄]K0
S
= �0.017± 0.029
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-/. [e+e−]& .(2S) ["+"−] modes provide additional ~15% 
on the overall LHCb precision

sin 2𝛽

𝑩𝟎

𝑩𝟎

⁄𝑱 𝝍 𝑲𝒔
𝒆𝒊𝟐𝜷
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• Angle 𝛽: 𝐵O → ⁄𝐽 𝜓𝐾{

• Angle 𝛽.:  𝐵.O → ⁄𝐽 𝜓𝜙

JHEP 11 (2017) 170

2𝛽( [rad]

JHEP 11 (2017) 170

Eur. Phys. J. C 79 (2019) 706 

𝑩𝒔𝟎

𝑩𝒔𝟎

⁄𝑱 𝝍𝝓
𝒆𝒊𝟐𝜷𝒔

𝑏𝑑

𝑏 𝑑

𝐵,
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Figure 6: Time-dependent asymmetries for (top) ⇡+⇡� and (bottom) K+K� candidates with
5.20 < m(⇡+⇡�) < 5.35GeV/c2 and 5.30 < m(K+K�) < 5.44GeV/c2, respectively: (left) using
the OS-tagging decision and (right) using either the SSc-tagging decision (for the ⇡+⇡� candi-
dates) or the SSK-tagging decision (for the K+K� candidates). The result of the simultaneous fit
is overlaid. The asymmetry for the K+K� candidates is folded into one mixing period 2⇡/�ms

and the parameter t0 = 0.2 ps corresponds to the minimum value of the decay-time used in the
fit.

the simultaneous method. The fits to the ⇡
+
⇡
� and K

+
K

� invariant-mass spectra are
shown in Figs. 7 and 8 along with the decay-time fits to the B

0

(s) mesons having their
flavours tagged.
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Figure 6: Time-dependent asymmetries for (top) ⇡+⇡� and (bottom) K+K� candidates with
5.20 < m(⇡+⇡�) < 5.35GeV/c2 and 5.30 < m(K+K�) < 5.44GeV/c2, respectively: (left) using
the OS-tagging decision and (right) using either the SSc-tagging decision (for the ⇡+⇡� candi-
dates) or the SSK-tagging decision (for the K+K� candidates). The result of the simultaneous fit
is overlaid. The asymmetry for the K+K� candidates is folded into one mixing period 2⇡/�ms

and the parameter t0 = 0.2 ps corresponds to the minimum value of the decay-time used in the
fit.

the simultaneous method. The fits to the ⇡
+
⇡
� and K

+
K

� invariant-mass spectra are
shown in Figs. 7 and 8 along with the decay-time fits to the B

0

(s) mesons having their
flavours tagged.
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Type-3: CP violation in interference of mixing and decay
𝑽𝒖𝒅 𝑽𝒖𝒔 𝑽𝒖𝒃 𝒆2𝒊𝜸
− 𝑽𝒄𝒅 𝑽𝒄𝒔 𝑽𝒄𝒃
𝑽𝒕𝒃 𝒆2𝒊𝜷 − 𝑽𝒕𝒔 𝒆𝒊𝜷𝒔 𝑽𝒕𝒃

Type equation here.
𝑩𝒔𝟎

𝑩𝒔𝟎
𝐾(𝐾M

𝑒X𝟐𝜸𝑒X𝟐𝜷𝒔
𝑩𝟎

𝑩𝟎
𝜋(𝜋M

𝑒X𝟐𝜷 𝑒X𝟐𝜸

• Decay-time dependent CP violation:
• more similar asymmetry measurements
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Type equation here.
𝑩𝒔𝟎

𝑩𝒔𝟎
𝐷.∓𝐾±

𝑒X𝜸𝑒X𝟐𝜷𝒔

(𝑡 − 𝑡')mod( ⁄2𝜋 Δ𝑚!) [ps]

(𝑡 − 𝑡')mod( ⁄2𝜋 Δ𝑚!) [ps]
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Update expected soon
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CKM triangle: bringing all together 28/51

(My) conclusion on CP observables

LHCb makes many CP violation 
measurements. The CKM triangle 
becomes a precision measurement.

Although some puzzles are open,
the CKM prescription sofar survives
confrontations with more and more  
precise data. 



Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation

2) The amount of CP violation in CKM

3) Measurements of CP violation with LHCb

4) B-decays and Flavour Anomalies

5) Outlook/conclusion

29/51



B decays and Flavour anomaliesDistinct Decay Pattern of the Quarks in the SM
in the Standard Model there are

no direct transitions
within up-type or down-type quarks

→ GIM mechanism
→ (Glashow, Iliopoulos, Maiani)

no flavor changing neutral currents
(FCNCs) at tree level

transitions among the generations
are mediated by theW± bosons
and their relative strength is

parametrized by the
Cabibbo-Kobayashi-Maskawa

(CKM) matrix

VCKM =





Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 11 / 40
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(FCNCs) at tree level
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• CKM: Flavour changing 
charged currents

• Neutral currents are possible 
via higher order processes:

Decay via 
“Penguin diagram”:
𝐵 → 𝐾∗𝜇4𝜇2

Let’s talk about penguins and boxes

Mick Mulder Non-universality in rare beauty decays? 3

• SM does not have 
Flavour changing 
neutral currents

Flavour Oscillation 
via “Box diagram”: 

𝐵" → 𝐵"

30/51



B decays and Flavour anomalies
a) 𝑏 → 𝑐 𝑙 𝜈 charged current:  ”Allowed” à large decay rates
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are mediated by theW± bosons
and their relative strength is
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Cabibbo-Kobayashi-Maskawa

(CKM) matrix
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
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(FCNCs) at tree level
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b) 𝑏 → 𝑠𝑙#𝑙+ neutral current: “Suppressed” à rare decays

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑐

𝜏/𝜇𝑏

⁄𝜈~ 𝜈�

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏

𝑠

⁄𝜇( 𝑒(

⁄𝜇M 𝑒M

𝑅� =
𝐵 → 𝐷𝜏𝜈
𝐵 → 𝐷𝜇𝜈

𝑅@ =
𝐵( → 𝐾(𝜇(𝜇M

𝐵( → 𝐾(𝑒(𝑒M

𝑅�∗ =
𝐵 → 𝐷∗𝜏𝜈
𝐵 → 𝐷∗𝜇𝜈

𝑅@∗ =
𝐵O → 𝐾∗O𝜇(𝜇M

𝐵O → 𝐾∗O𝑒(𝑒M

“Semileptonic decays”

“Rare decays”
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a) Semileptonics: 𝑅= and 𝑅=∗

𝑅�∗ =
𝐵𝑅(𝐵 → 𝐷∗𝜏𝜈)
𝐵𝑅(𝐵 → 𝐷∗𝜇𝜈)

𝑏 → 𝑐 𝑙 𝜈: 
allowed charged current 

1. Introduction 2/44

Where were we?

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

World Average
 0.014± 0.026 ±R(D) = 0.339 
 0.010± 0.010 ±R(D*) = 0.295 

 = -0.38ρ
) = 28%2χP(

HFLAV

2021

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
2021

• Longstanding 3.3.� hint of a deviation from lepton universality

• A long time since any updates....

SM

𝑅 𝐷∗ LHCb2015: 𝜏 → 𝜇 uv" 𝜈̅# ,  LHCb2018 : 𝜏 → 3𝜋 𝜈̅#

à New LHCb result replaces LHCb15…

2021

Potential large NP effect è Involves 2nd and 3rd generation leptons

Long standing    
~ 3σ deviation

SM:

NP:

B

D∗

W+b

c

ν

µ+/τ+

B

D∗

H+b

c

ν

µ+/τ+

B

D∗

LQ

b

c

ν

µ+/τ+
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LFU in Semileptonic B Decays

2
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തܤ଴ ՜ ିߤାכܦ ҧߥఓ
͞ŶŽƌŵĂůŝǌĂƚŝŽŶ͟

തܤ଴ ՜ ା߬ିכܦ ҧߥఛ
͞ƐŝŐŶĂů͟

PV

PV

଴ܦ

oTheoretically clean due to substantial cancellation of form factor 
uncertainty
� Helicity-suppressed amplitudes as well as the FFs in the low 
ଶݍ ŶŽƌŵĂůŝǌĂƚŝŽŶ�ƌĞŐŝŽŶ�ĚŽŶ͛ƚ�ĐĂŶĐĞů

�߬ି ՜ ିߤ ҧߥκߥఛ submode
� Direct normalization from identical (visible) final state
� Must disentangle from തܤ଴ ՜ ିߤାכܦ ҧߥఓ in fit

o ߬ି ՜ ିߨାߨିߨ ଴ߨ ఛߥ submode
� Clear signature at LHCb: higher signal purity, more kinematic 

constraints
� Reliant on external measurements to get back R(D*)

�Challenges: missing neutrinos
� �ŽŶ͛ƚ�ŬŶŽǁ�ĨƵůů�ŵŽŵĞŶƚƵŵ�-> unknown rest frame
� Large partially-reconstructed ܤ backgrounds
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10/19/2022 P.M. HAMILTON

LFU in Semileptonic B Decays

2

തܤ଴ܦ
ାכ

ିߤ

ାߨ
ିܭ

ାߨ

ߥ

തܤ଴ܦ
ାכ

߬ି

ାߨ
ିܭ

ାߨ

଴ܦ

തܤ଴ ՜ ିߤାכܦ ҧߥఓ
͞ŶŽƌŵĂůŝǌĂƚŝŽŶ͟

തܤ଴ ՜ ା߬ିכܦ ҧߥఛ
͞ƐŝŐŶĂů͟

PV

PV

଴ܦ

oTheoretically clean due to substantial cancellation of form factor 
uncertainty
� Helicity-suppressed amplitudes as well as the FFs in the low 
ଶݍ ŶŽƌŵĂůŝǌĂƚŝŽŶ�ƌĞŐŝŽŶ�ĚŽŶ͛ƚ�ĐĂŶĐĞů

�߬ି ՜ ିߤ ҧߥκߥఛ submode
� Direct normalization from identical (visible) final state
� Must disentangle from തܤ଴ ՜ ିߤାכܦ ҧߥఓ in fit

o ߬ି ՜ ିߨାߨିߨ ଴ߨ ఛߥ submode
� Clear signature at LHCb: higher signal purity, more kinematic 

constraints
� Reliant on external measurements to get back R(D*)

�Challenges: missing neutrinos
� �ŽŶ͛ƚ�ŬŶŽǁ�ĨƵůů�ŵŽŵĞŶƚƵŵ�-> unknown rest frame
� Large partially-reconstructed ܤ backgrounds

ߥ

ܴ ሻכሺܦ ؠ
ࣜሺ തܤ଴ ՜ ሻ߬ିכሺܦ ҧߥఛሻ
ࣜሺ തܤ଴ ՜ ିߤሻכሺܦ ҧߥఓሻ

10/19/2022 P.M. HAMILTON

3

4. Result 40/44

Internal fit uncertainties �R(D⇤)(⇥10�2) �R(D)(⇥10�2)

Statistical uncertainty 1.8 6.0
Simulated sample size 1.5 4.5
B! D⇤DX template shape 0.8 3.2
B0! D⇤+`�⌫ form-factors 0.7 2.1
B! D⇤⇤µ+⌫ form-factors 0.8 1.2
B(B! D⇤(Ds ! ⌧⌫)X ) 0.3 1.2
MisID template 0.1 0.8
B(B! D⇤⇤⌧+⌫) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1

Additional model uncertainty �R(D⇤)(⇥10�2) �R(D)(⇥10�2)

B! D(⇤)DX model uncertainty 0.6 0.7
B0
s ! D⇤⇤

s µ�⌫µ model uncertainty 0.6 2.4
Data/simulation corrections 0.4 0.75
Coulomb correction to R(D⇤+)/R(D⇤0) 0.2 0.3
misID template unfolding 0.7 1.2
Baryonic backgrounds 0.7 1.2

Normalization uncertainties �R(D⇤)(⇥10�2) �R(D)(⇥10�2)

Data/simulation corrections 0.4⇥R(D⇤) 0.6 ⇥R(D)
⌧� ! µ�⌫⌧⌫µ branching fraction 0.2 ⇥ R(D⇤) 0.2 ⇥ R(D)
Total uncertainty 3.0 8.9

Challenging reconstruction:
- missing neutrinos
- underlying event
- muonic tau only

è backgrounds!

First combined 𝑅] and 𝑅]∗ LHCb measurement. 

Update 𝑅=∗ and 𝑅= with 𝜏 → 𝜇𝜈H𝜈I

1. Introduction 9/44

Selection

• Select displaced [D0(! K+⇡�)µ+], add D⇤+ ! D0⇡+

• Veto D⇤+ ! D0⇡+ in [D0µ+] sample

• Trigger on the D0 - preserve acceptance for soft muons
• New: custom muon ID classifier, flatter in kinematic

acceptance (uBoost method)
• Reduced misidentified backgrounds

Event candidatee

Paper expected soon

0 5 10
)4 / c2 (GeVmiss

2m

 

10

20

30 310× LHCb
-µ0D

4/c2 [9.35, 12.6] GeV∈2q
 

1000 2000
 (MeV)*µE

 

10

20

30 310× 4/c2 [9.35, 12.6] GeV∈2q LHCb
-µ0D

 

0 5 10
)4 / c2 (GeVmiss

2m
0

1

2

3

 
310×

 
LHCb

-µ*+D
4/c2 [9.35, 12.6] GeV∈2q

 

1000 2000
 (MeV)*µE

0

1

2

3

 
310×

 4/c2 [9.35, 12.6] GeV∈2q LHCb
-µ*+D

 0 0

)4
 / 

c
2

C
an

di
da

te
s /

 (0
.3

 G
eV

C
an

di
da

te
s /

 (7
5 

M
eV

)

)-1Data (3 fb
νµ0 D→ B
νµ*0 D→ B
νµ*+ D→ B

Comb. + misID 
νµ** D→ B

 D X(*) D→ B
ντ D→ B

 ντ* D→ B
Stat. Unc.

Figure 1: Distributions of (left) m2
miss and (right) E⇤

µ of highest q2 bin (above 9.35GeV2/c4) of
the (bottom) D⇤+µ� and (top) D0µ� signal data, overlaid with projections of the fit model.

bins), and q
2 ([�0.4, 12.6]GeV2

/c
4, 4 bins) for reconstructed D

0
µ
� and D

⇤+
µ
� candidates187

in data are fit using a binned extended maximum-likelihood method with three-dimensional188

templates representing the signal and normalization channels and the background sources.189

The model parameters extracted from the data include the yields of each contributing190

process: signals, normalizations, B ! D
⇤⇤
`
�
⌫` (with a Gaussian-constrained fraction191

of B! D
⇤⇤
⌧
�
⌫⌧ ), B ! D

⇤⇤
heavyµ

�
⌫µ, B0

s ! D
⇤⇤
s µ

�
⌫µ, B ! D

⇤+
Hc(! µ

�
⌫µX

0)X (with192

a Gaussian-constrained fraction of B ! D
(⇤)
D

�
s (! ⌧

�
⌫⌧ )X), misID background, and193

combinatorial backgrounds. The form-factor parameters for signal, normalization, and194

D
⇤⇤
(s) backgrounds are allowed to vary in the fit, as is the level of momentum smearing195

applied to the misID component to account for decay in flight. The same fit model is196

applied to all selected regions with appropriately-selected templates, with form-factor197

parameters and shape correction parameters shared between regions, and yield parameters198

allowed to vary independently by region. Statistical uncertainties in the templates are199

folded into the likelihood via the Beeston-Barlow ‘lite’ prescription [29].200

Two approaches are used to incorporate the information from the control regions.201

For the result presented here, all eight regions are fit simultaneously to extract R(D)202

and R(D⇤) including all correlations. In the alternative fit, built using the RooFit [30]203

and HistFactory [31] frameworks, the six control regions are fit simultaneously first to204

obtain corrections to the most signal-like backgrounds in signal-depleted regions. The205

two signal samples are then fit with shapes fixed (or likelihood-constrained in the case of206

the B! D
⇤⇤
µ
�
⌫µ and B

0
s! D

⇤⇤
s µ

�
⌫µ form-factor parameters) according to the result of207

the control fit. The two fitters have been extensively cross-validated and give consistent208

results within an expected statistical spread determined using common pseudodatasets.209

As the two results are compatible, only the results of the former fit are presented in this210

Letter.211

The results of the fit to the isolated (signal) samples are shown in Fig. 1. The ratios of212

branching fractions are determined to be R(D) = 0.441± 0.060, R(D⇤) = 0.281± 0.018,213

with correlation ⇢ = �0.49, where the statistical uncertainties are evaluated with all214

nuisance parameters related to template shape uncertainties fixed to their respective215

5

0 5 10
)4 / c2 (GeVmiss

2m

 

10

20

30 310× LHCb
-µ0D

4/c2 [9.35, 12.6] GeV∈2q
 

1000 2000
 (MeV)*µE

 

10

20

30 310× 4/c2 [9.35, 12.6] GeV∈2q LHCb
-µ0D

 

0 5 10
)4 / c2 (GeVmiss

2m
0

1

2

3

 
310×

 
LHCb

-µ*+D
4/c2 [9.35, 12.6] GeV∈2q

 

1000 2000
 (MeV)*µE

0

1

2

3

 
310×

 4/c2 [9.35, 12.6] GeV∈2q LHCb
-µ*+D

 0 0

)4
 / 

c
2

C
an

di
da

te
s /

 (0
.3

 G
eV

C
an

di
da

te
s /

 (7
5 

M
eV

)

)-1Data (3 fb
νµ0 D→ B
νµ*0 D→ B
νµ*+ D→ B

Comb. + misID 
νµ** D→ B

 D X(*) D→ B
ντ D→ B

 ντ* D→ B
Stat. Unc.

Figure 1: Distributions of (left) m2
miss and (right) E⇤

µ of highest q2 bin (above 9.35GeV2/c4) of
the (bottom) D⇤+µ� and (top) D0µ� signal data, overlaid with projections of the fit model.

bins), and q
2 ([�0.4, 12.6]GeV2

/c
4, 4 bins) for reconstructed D

0
µ
� and D

⇤+
µ
� candidates187

in data are fit using a binned extended maximum-likelihood method with three-dimensional188

templates representing the signal and normalization channels and the background sources.189

The model parameters extracted from the data include the yields of each contributing190

process: signals, normalizations, B ! D
⇤⇤
`
�
⌫` (with a Gaussian-constrained fraction191

of B! D
⇤⇤
⌧
�
⌫⌧ ), B ! D

⇤⇤
heavyµ

�
⌫µ, B0

s ! D
⇤⇤
s µ

�
⌫µ, B ! D

⇤+
Hc(! µ

�
⌫µX

0)X (with192

a Gaussian-constrained fraction of B ! D
(⇤)
D

�
s (! ⌧

�
⌫⌧ )X), misID background, and193

combinatorial backgrounds. The form-factor parameters for signal, normalization, and194

D
⇤⇤
(s) backgrounds are allowed to vary in the fit, as is the level of momentum smearing195

applied to the misID component to account for decay in flight. The same fit model is196

applied to all selected regions with appropriately-selected templates, with form-factor197

parameters and shape correction parameters shared between regions, and yield parameters198

allowed to vary independently by region. Statistical uncertainties in the templates are199

folded into the likelihood via the Beeston-Barlow ‘lite’ prescription [29].200

Two approaches are used to incorporate the information from the control regions.201

For the result presented here, all eight regions are fit simultaneously to extract R(D)202

and R(D⇤) including all correlations. In the alternative fit, built using the RooFit [30]203

and HistFactory [31] frameworks, the six control regions are fit simultaneously first to204

obtain corrections to the most signal-like backgrounds in signal-depleted regions. The205

two signal samples are then fit with shapes fixed (or likelihood-constrained in the case of206

the B! D
⇤⇤
µ
�
⌫µ and B

0
s! D

⇤⇤
s µ

�
⌫µ form-factor parameters) according to the result of207

the control fit. The two fitters have been extensively cross-validated and give consistent208

results within an expected statistical spread determined using common pseudodatasets.209

As the two results are compatible, only the results of the former fit are presented in this210

Letter.211

The results of the fit to the isolated (signal) samples are shown in Fig. 1. The ratios of212

branching fractions are determined to be R(D) = 0.441± 0.060, R(D⇤) = 0.281± 0.018,213

with correlation ⇢ = �0.49, where the statistical uncertainties are evaluated with all214

nuisance parameters related to template shape uncertainties fixed to their respective215

5

- Select displaced 𝐷, → 𝐾-𝜋. 𝜇-
- Add or veto 𝐷∗- → 𝐷,𝜋-
- Trigger on 𝐷,, add 𝜇. Template fits:

Extensive systematic checks:
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𝑅=∗ and 𝑅=: LHCb 2022 Result 

2022 Result:

4. Result 42/44

Result

R(D)
0.2 0.25 0.3 0.35 0.4 0.45 0.5

R(
D*

)

0.25

0.3

0.35

0.4

Standard Model LHCb 3-prong
BaBar 2012 HFLAv 2021
Belle 2015 (had tag) LHCb Muonic (Previous)
Belle 2019 (sl tag) This work (stat only)
Belle 2017 (1-prong) This work (stat+sys)

  

• R(D⇤) =0.281± 0.018± 0.024
• R(D)=0.441± 0.060± 0.066
• ⇢ = �0.43
• 1.9� agreement with SM

𝑅 𝐷∗ = 0.281 ± 0.018 ± 0.024
𝑅 𝐷3 = 0.441 ± 0.060 ± 0.066

𝜌 = −0.43
1.9𝜎 agreement with SM

Paper expected soon

CERN seminar 19-10-2022

Run-1 hadronic taus and Run-2 data analysis ongoing èmuch more to come.
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𝑅=∗ and 𝑅=: LHCb 2022 Result - Update of HFLAV
4. Result 43/44

Result

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

Average
 0.012± 0.025 ±R(D) = 0.358 

 0.008± 0.010 ±R(D*) = 0.285 
 = -0.29ρ

) = 32%2χP(

HFLAV

Prelim. 2022

σ3

LHCb22

LHCb18

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2022

• New preliminary average: slightly lower R(D⇤), slightly higher
R(D), reduced correlation

• 3.3� ! 3.2� agreement with SM
• Excellent overall agreement between measurements

1. Introduction 2/44

Where were we?

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

World Average
 0.014± 0.026 ±R(D) = 0.339 
 0.010± 0.010 ±R(D*) = 0.295 

 = -0.38ρ
) = 28%2χP(

HFLAV

2021

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
2021

• Longstanding 3.3.� hint of a deviation from lepton universality

• A long time since any updates....

SM

20222021

New average: slightly lower 𝑅 𝐷∗ , slightly higher 𝑅 𝐷 , reduced correlation.
agreement/tension with the SM: 3.3𝜎 à 3.2𝜎
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Renato Quagliani LHC Seminar, CERN 4

…. : with PseudoScalar  in final state, Hs K0
s , K+

— : with Vector  in final state, Hs K*0, K*+, ϕ, . . .

charmonium 
resonances

Why  decays?b → sℓ+ℓ−Introduction

q2 = m2(ℓ+ℓ−)

tree b → ccs

𝐾𝜇𝜇 𝐾∗𝜇𝜇

Renato Quagliani LHC Seminar, CERN 4

…. : with PseudoScalar  in final state, Hs K0
s , K+

— : with Vector  in final state, Hs K*0, K*+, ϕ, . . .

charmonium 
resonances

Why  decays?b → sℓ+ℓ−Introduction

q2 = m2(ℓ+ℓ−)

tree b → ccs

Effective Hamiltonian:

b) Rare decays: 𝑏 → 𝑠 𝑙J𝑙K transition: suppressed neutral current

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏

𝑠

𝜇(

𝜇M

𝑑
𝑑

𝐵

𝐾

i. Differential (𝑞,)decay rates:
• 𝐵( → 𝐾(𝜇(𝜇M , 𝐵O → 𝐾O𝜇(𝜇M , 
𝐵( → 𝐾∗ (𝜇(𝜇M , 𝐵O → 𝐾∗O 𝜇(𝜇M , 
𝐵. → 𝜙𝜇(𝜇M , Λ1 → Λ𝜇(𝜇M
• Relatively large theory uncertainties

ii. Angular observables (eg P5’)
• 𝐵 → 𝐾∗ 𝜇4𝜇2, 𝐵4 → 𝐾∗4 𝜇4𝜇2
• Less theory uncertainty (charm loop)

iii. ⁄𝜇 𝑒 Universality ratios 𝑅-, 𝑅-∗, …
• Theoretically robust

36/51
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B+ ! K+µ+µ� B0 ! K0µ+µ� B+ ! K⇤+µ+µ�

B0 ! K⇤0µ+µ� ⇤b ! ⇤µ+µ�

92
accounted for with scaling factors determined from
simulation.
Negligible contributions from physical background,

including B0
s → KþK−μþμ− decays with the KþK− system

in an S-wave configuration, are not considered in the fit and
a systematic uncertainty is assigned. Integrated over the
full q2 range, signal yields, Nϕμþμ− , of 458" 12, 484" 13,
and 1064" 28 are found from the simultaneous fit
to the different datasets. Figure 1 (right) shows the
mðKþK−μþμ−Þ distribution of the full data sample, inte-
grated over q2 and overlaid with the fit projections. Figures
for the different data-taking periods are available as
Supplemental Material [31].
The relative branching fraction measurement is affected

by systematic uncertainties on the fit model and the
efficiency ratio, where the latter is determined using SM
simulation. A summary of the systematic uncertainties is
provided in the Supplemental Material [31]. The dominant
systematic uncertainty on the absolute branching fraction
[Eq. (1)] originates from the model used to simulate B0

s →
ϕμþμ− events (0.04 − 0.10 × 10−8 GeV−2 c4). The model
depends on ΔΓs, the decay width difference in the B0

s

system [32], and the specific form factors used. The effect
of the model choice on the relative efficiency is assessed by
varying ΔΓs by 20%, corresponding to the difference in
ΔΓs between the default value [33] and that of Ref. [26],
and by comparing the form factors in Ref. [34] with the
older calculations in Ref. [35]. The observed differences are
taken as a systematic uncertainty. Other leading sources of
systematic uncertainty arise from the limited size of the
simulation sample (0.02 − 0.07 × 10−8 GeV−2 c4) and the
omission of small background contributions from the fit
model (0.01 − 0.04 × 10−8 GeV−2 c4).
The resulting relative and total branching fractions are

given in Table I. In addition, the differential branching
fraction is shown in Fig. 2, overlaid with SM predictions.
These predictions are based on form factor calculations

using light cone sum rules (LCSRs) [34,36] at low q2 and
lattice QCD (LQCD) [37,38] at high q2, which are
implemented in the FLAVIO software package [39]. In the
q2 region between 1.1 and 6.0 GeV2=c4, the measured
branching fraction of ð2.88" 0.22Þ × 10−8 GeV−2 c4,
lies 3.6σ below a precise SM prediction of
ð5.37" 0.66Þ × 10−8 GeV−2 c4, which uses both LCSR
and LQCD calculations. A less precise SM prediction of
ð4.77" 1.01Þ × 10−8 GeV−2 c4 based on LCSRs alone lies
1.8σ above the measurement. To determine the total
branching fraction, the branching fractions of the individual
q2 intervals are summed and corrected for the vetoed q2

regions using ϵq2veto ¼ ð65.47" 0.27Þ%. This efficiency is
determined using SM simulation, and its uncertainty
originates from the comparison of form factors from
Refs. [34,35]. The resulting branching fractions are
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FIG. 2. Differential branching fraction dBðB0
s → ϕμþμ−Þ=dq2,

overlaid with SM predictions using light cone sum rules
[34,36,39] at low q2 and lattice calculations [37,38] at high
q2. The results from the LHCb 3 fb−1 analysis [1,30] are shown
with gray markers.

TABLE I. Differential dBðB0
s → ϕμþμ−Þ=dq2 branching fraction, both relative to the normalization mode and absolute, in intervals of

q2. The uncertainties are, in order, statistical, systematic, and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval (GeV2=c4) dBðB0
s → ϕμþμ−Þ=BðB0

s → J=ψϕÞdq2 (10−5 GeV−2 c4) dBðB0
s → ϕμþμ−Þ=dq2 (10−8 GeV−2 c4)

0.1 − 0.98 7.61" 0.52" 0.12 7.74" 0.53" 0.12" 0.37
1.1 − 2.5 3.09" 0.29" 0.07 3.15" 0.29" 0.07" 0.15
2.5 − 4.0 2.30" 0.25" 0.05 2.34" 0.26" 0.05" 0.11
4.0 − 6.0 3.05" 0.24" 0.06 3.11" 0.24" 0.06" 0.15
6.0 − 8.0 3.10" 0.23" 0.06 3.15" 0.24" 0.06" 0.15
11.0 − 12.5 4.69" 0.30" 0.07 4.78" 0.30" 0.08" 0.23
15.0 − 17.0 5.15" 0.28" 0.10 5.25" 0.29" 0.10" 0.25
17.0 − 19.0 4.12" 0.29" 0.12 4.19" 0.29" 0.12" 0.20
1.1 − 6.0 2.83" 0.15" 0.05 2.88" 0.15" 0.05" 0.14
15.0 − 19.0 4.55" 0.20" 0.11 4.63" 0.20" 0.11" 0.22
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030

12

𝐵' → 𝐾∗'𝜇)𝜇"

b) i. Differential decay rates of Rare Decays: 𝑏 → 𝑠 𝜇J𝜇K 37/51



b) i. Differential decay rates of Rare Decays: 𝑏 → 𝑠 𝜇J𝜇K
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accounted for with scaling factors determined from
simulation.
Negligible contributions from physical background,

including B0
s → KþK−μþμ− decays with the KþK− system

in an S-wave configuration, are not considered in the fit and
a systematic uncertainty is assigned. Integrated over the
full q2 range, signal yields, Nϕμþμ− , of 458" 12, 484" 13,
and 1064" 28 are found from the simultaneous fit
to the different datasets. Figure 1 (right) shows the
mðKþK−μþμ−Þ distribution of the full data sample, inte-
grated over q2 and overlaid with the fit projections. Figures
for the different data-taking periods are available as
Supplemental Material [31].
The relative branching fraction measurement is affected

by systematic uncertainties on the fit model and the
efficiency ratio, where the latter is determined using SM
simulation. A summary of the systematic uncertainties is
provided in the Supplemental Material [31]. The dominant
systematic uncertainty on the absolute branching fraction
[Eq. (1)] originates from the model used to simulate B0

s →
ϕμþμ− events (0.04 − 0.10 × 10−8 GeV−2 c4). The model
depends on ΔΓs, the decay width difference in the B0

s

system [32], and the specific form factors used. The effect
of the model choice on the relative efficiency is assessed by
varying ΔΓs by 20%, corresponding to the difference in
ΔΓs between the default value [33] and that of Ref. [26],
and by comparing the form factors in Ref. [34] with the
older calculations in Ref. [35]. The observed differences are
taken as a systematic uncertainty. Other leading sources of
systematic uncertainty arise from the limited size of the
simulation sample (0.02 − 0.07 × 10−8 GeV−2 c4) and the
omission of small background contributions from the fit
model (0.01 − 0.04 × 10−8 GeV−2 c4).
The resulting relative and total branching fractions are

given in Table I. In addition, the differential branching
fraction is shown in Fig. 2, overlaid with SM predictions.
These predictions are based on form factor calculations

using light cone sum rules (LCSRs) [34,36] at low q2 and
lattice QCD (LQCD) [37,38] at high q2, which are
implemented in the FLAVIO software package [39]. In the
q2 region between 1.1 and 6.0 GeV2=c4, the measured
branching fraction of ð2.88" 0.22Þ × 10−8 GeV−2 c4,
lies 3.6σ below a precise SM prediction of
ð5.37" 0.66Þ × 10−8 GeV−2 c4, which uses both LCSR
and LQCD calculations. A less precise SM prediction of
ð4.77" 1.01Þ × 10−8 GeV−2 c4 based on LCSRs alone lies
1.8σ above the measurement. To determine the total
branching fraction, the branching fractions of the individual
q2 intervals are summed and corrected for the vetoed q2

regions using ϵq2veto ¼ ð65.47" 0.27Þ%. This efficiency is
determined using SM simulation, and its uncertainty
originates from the comparison of form factors from
Refs. [34,35]. The resulting branching fractions are
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FIG. 2. Differential branching fraction dBðB0
s → ϕμþμ−Þ=dq2,

overlaid with SM predictions using light cone sum rules
[34,36,39] at low q2 and lattice calculations [37,38] at high
q2. The results from the LHCb 3 fb−1 analysis [1,30] are shown
with gray markers.

TABLE I. Differential dBðB0
s → ϕμþμ−Þ=dq2 branching fraction, both relative to the normalization mode and absolute, in intervals of

q2. The uncertainties are, in order, statistical, systematic, and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval (GeV2=c4) dBðB0
s → ϕμþμ−Þ=BðB0

s → J=ψϕÞdq2 (10−5 GeV−2 c4) dBðB0
s → ϕμþμ−Þ=dq2 (10−8 GeV−2 c4)

0.1 − 0.98 7.61" 0.52" 0.12 7.74" 0.53" 0.12" 0.37
1.1 − 2.5 3.09" 0.29" 0.07 3.15" 0.29" 0.07" 0.15
2.5 − 4.0 2.30" 0.25" 0.05 2.34" 0.26" 0.05" 0.11
4.0 − 6.0 3.05" 0.24" 0.06 3.11" 0.24" 0.06" 0.15
6.0 − 8.0 3.10" 0.23" 0.06 3.15" 0.24" 0.06" 0.15
11.0 − 12.5 4.69" 0.30" 0.07 4.78" 0.30" 0.08" 0.23
15.0 − 17.0 5.15" 0.28" 0.10 5.25" 0.29" 0.10" 0.25
17.0 − 19.0 4.12" 0.29" 0.12 4.19" 0.29" 0.12" 0.20
1.1 − 6.0 2.83" 0.15" 0.05 2.88" 0.15" 0.05" 0.14
15.0 − 19.0 4.55" 0.20" 0.11 4.63" 0.20" 0.11" 0.22
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030

12

𝐵' → 𝐾∗'𝜇)𝜇"

• Branching fractions related to 𝑏 → 𝑠 𝜇4𝜇2transition consistently lower than predicted.

• Anomaly or common issue with form factors? Theory uncertainty ~ 20 – 30%
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�.✓
d�

dq2
+

d�̄

dq2

◆
, Aj =

�
Ij � Īj
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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The measurements: P5’ 
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•  More deviations in flavor-changing neutral current? 
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7
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𝑑
𝑑

𝐵
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i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �
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2398 ± 57 events, excluding the charmonia.
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b)  iii. Universality: 𝑅( and 𝑅(∗ 41/51

𝑅@ =
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𝐵𝑅(𝐵( → 𝐾(𝑒(𝑒M)

𝑅@∗ =
𝐵𝑅(𝐵O → 𝐾∗𝜇(𝜇M)
𝐵𝑅(𝐵O → 𝐾∗𝑒(𝑒M)
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Challenges in LFU tests: electrons and energy lossesAnalysis: strategy
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has the B+ → K+μ+μ− yield and RK as fit parameters and the reso-
nant decay mode yields incorporated as Gaussian-constraint terms. 
The resonant yields are determined from separate fits to the mass,  
mJ/Ψ(K+ℓ+ℓ−), formed by kinematically constraining the dilepton 
system to the known J/ψ mass2 and thereby improving the mass 
resolution.

Simulated events are used to derive the two ratios of efficiencies 
needed to form RK using equation (2). Control channels are used to 
calibrate the simulation to correct for the imperfect modelling of 
the B+ production kinematics and various aspects of the detector 
response. The overall effect of these corrections on the measured 
value of RK is a relative shift of (+3 ± 1)%. When compared with the 
20% shift that these corrections induce in the measurement of rJ/ψ, 
this demonstrates the robustness of the double-ratio method in sup-
pressing systematic biases that affect the resonant and non-resonant 
decay modes similarly.

The systematic uncertainty (Methods) from the choice of signal 
and background mass-shape models in the fits is estimated by fitting 
pseudo-experiments with alternative models that still describe the 
data well. The effect on RK is at the 1% level. A comparable uncer-
tainty arises from the limited size of the calibration samples, with 
negligible contributions from the calibration of the B+ production 
kinematics and modelling of the selection and particle-identification 
efficiencies. Systematic uncertainties that affect the ratios of efficien-
cies influence the measured value of RK and are taken into account 
using constraints on the efficiency values. Correlations between dif-
ferent categories of selected events and data-taking periods are taken 
into account in these constraints. The combined statistical and sys-
tematic uncertainty is then determined by scanning the profile likeli-
hood, and the statistical contribution to the uncertainty is isolated 
by repeating the scan with the efficiencies fixed to their fitted values.

The determination of the rJ/ψ ratio requires control of the rela-
tive selection efficiencies for the resonant electron and muon modes 
and does not therefore benefit from the cancellation of systematic 
effects in the double ratio used to measure RK. Given the scale of 
the corrections required, comparison of rJ/ψ with unity is a stringent 
cross-check of the experimental procedure. In addition, if the simu-
lation is correctly calibrated, the measured rJ/ψ value will not depend 
on any variable. The rJ/ψ ratio is therefore also computed as a func-
tion of different kinematic variables. Even though the non-resonant 
and resonant samples are mutually exclusive as a function of q2, 
there is significant overlap between them in the quantities on which 
the efficiency depends, such as the laboratory-frame momenta of 
the final-state particles or the opening angle between the two lep-
tons. This is because a given set of values for the final-state particles’ 
momenta and angles in the B+ rest frame will result in a distribution 
of such values when transformed to the laboratory frame.

The value of rJ/ψ is measured to be 0.981 ± 0.020. This uncertainty 
includes both statistical and systematic effects, where the latter dom-
inate. The consistency of this ratio with unity demonstrates control 
of the efficiencies well in excess of that needed for the determina-
tion of RK. In the measurement of the rJ/ψ ratio, the systematic uncer-
tainty is dominated by the imperfect modelling of the B+ production 
kinematics and the modelling of selection requirements, which have 
a negligible impact on the RK measurement. No significant trend is 
observed in the differential determination of rJ/ψ as a function of 
any considered variable. An example distribution, with rJ/ψ deter-
mined as a function of B+ momentum component transverse to the 
beam direction, pT, is shown in Fig. 3. Assuming that the observed 
rJ/ψ variation in such distributions reflects genuine mis-modelling of 
the efficiencies, rather than statistical fluctuations, and taking into 
account the spectrum of the relevant variables in the non-resonant 
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has the B+ → K+μ+μ− yield and RK as fit parameters and the reso-
nant decay mode yields incorporated as Gaussian-constraint terms. 
The resonant yields are determined from separate fits to the mass,  
mJ/Ψ(K+ℓ+ℓ−), formed by kinematically constraining the dilepton 
system to the known J/ψ mass2 and thereby improving the mass 
resolution.

Simulated events are used to derive the two ratios of efficiencies 
needed to form RK using equation (2). Control channels are used to 
calibrate the simulation to correct for the imperfect modelling of 
the B+ production kinematics and various aspects of the detector 
response. The overall effect of these corrections on the measured 
value of RK is a relative shift of (+3 ± 1)%. When compared with the 
20% shift that these corrections induce in the measurement of rJ/ψ, 
this demonstrates the robustness of the double-ratio method in sup-
pressing systematic biases that affect the resonant and non-resonant 
decay modes similarly.

The systematic uncertainty (Methods) from the choice of signal 
and background mass-shape models in the fits is estimated by fitting 
pseudo-experiments with alternative models that still describe the 
data well. The effect on RK is at the 1% level. A comparable uncer-
tainty arises from the limited size of the calibration samples, with 
negligible contributions from the calibration of the B+ production 
kinematics and modelling of the selection and particle-identification 
efficiencies. Systematic uncertainties that affect the ratios of efficien-
cies influence the measured value of RK and are taken into account 
using constraints on the efficiency values. Correlations between dif-
ferent categories of selected events and data-taking periods are taken 
into account in these constraints. The combined statistical and sys-
tematic uncertainty is then determined by scanning the profile likeli-
hood, and the statistical contribution to the uncertainty is isolated 
by repeating the scan with the efficiencies fixed to their fitted values.

The determination of the rJ/ψ ratio requires control of the rela-
tive selection efficiencies for the resonant electron and muon modes 
and does not therefore benefit from the cancellation of systematic 
effects in the double ratio used to measure RK. Given the scale of 
the corrections required, comparison of rJ/ψ with unity is a stringent 
cross-check of the experimental procedure. In addition, if the simu-
lation is correctly calibrated, the measured rJ/ψ value will not depend 
on any variable. The rJ/ψ ratio is therefore also computed as a func-
tion of different kinematic variables. Even though the non-resonant 
and resonant samples are mutually exclusive as a function of q2, 
there is significant overlap between them in the quantities on which 
the efficiency depends, such as the laboratory-frame momenta of 
the final-state particles or the opening angle between the two lep-
tons. This is because a given set of values for the final-state particles’ 
momenta and angles in the B+ rest frame will result in a distribution 
of such values when transformed to the laboratory frame.

The value of rJ/ψ is measured to be 0.981 ± 0.020. This uncertainty 
includes both statistical and systematic effects, where the latter dom-
inate. The consistency of this ratio with unity demonstrates control 
of the efficiencies well in excess of that needed for the determina-
tion of RK. In the measurement of the rJ/ψ ratio, the systematic uncer-
tainty is dominated by the imperfect modelling of the B+ production 
kinematics and the modelling of selection requirements, which have 
a negligible impact on the RK measurement. No significant trend is 
observed in the differential determination of rJ/ψ as a function of 
any considered variable. An example distribution, with rJ/ψ deter-
mined as a function of B+ momentum component transverse to the 
beam direction, pT, is shown in Fig. 3. Assuming that the observed 
rJ/ψ variation in such distributions reflects genuine mis-modelling of 
the efficiencies, rather than statistical fluctuations, and taking into 
account the spectrum of the relevant variables in the non-resonant 
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decay modes, a total shift on RK is computed for each of the vari-
ables examined. The resulting variations are typically at the permille 
level and hence well within the estimated systematic uncertainty on 
RK. Similarly, computations of the rJ/ψ ratio in bins of two kinematic 
variables also do not show any trend and are consistent with the 
systematic uncertainties assigned on the RK measurement.

In addition to B+ → J/ψK+ decays, clear signals are observed from 
B+ → ψ(2S)K+ decays. The double ratio of branching fractions, Rψ(2S), 
defined by

R

ψ(2S)

= B (B+→ψ(2S)(→μ

+
μ

−)K+)
B (B+→J/ψ(→μ

+
μ

−)K+)
/

B (B+→ψ(2S)(→e

+
e

−)K+)
B (B+→J/ψ(→e

+
e

−)K+)
,

(3)

provides an independent validation of the double-ratio analysis 
procedure and further tests the control of the efficiencies. This 
double ratio is expected to be close to unity2 and is determined to 
be 0.997 ± 0.011, where the uncertainty includes both statistical 
and systematic effects, the former of which dominates. This can be 
interpreted as a world-leading test of lepton flavour universality in 
ψ(2S) → ℓ+ℓ− decays.

The fit projections for the m(K+ℓ+ℓ−) and mJ/Ψ(K+ℓ+ℓ−) distribu-
tions are shown in Fig. 2. The fit is of good quality, and the value of 
RK is measured to be

R

K

(1.1 < q

2

< 6.0GeV

2

c

−4) = 0.846

+0.042+0.013

−0.039−0.012

,

where the first uncertainty is statistical and the second systematic. 
Combining the uncertainties gives 

R

K

= 0.846

+ 0.044

− 0.041

. This is the 
most precise measurement to date and is consistent with the SM 
expectation, 1.00 ± 0.01 (refs. 3–7), at the level of 0.10% (3.1 standard 
deviations), giving evidence for the violation of lepton universality 
in these decays. The value of RK is found to be consistent in sub-
sets of the data divided on the basis of data-taking period, differ-
ent selection categories and magnet polarity (Methods). The profile 
likelihood is given in Methods. A comparison with previous mea-
surements is shown in Fig. 4.

The 3,850 ± 70 B+ → K+μ+μ− decay candidates that are observed 
are used to compute the B+ → K+μ+μ− branching fraction as a 
function of q2. The results are consistent between the different 
data-taking periods and with previous LHCb measurements37. 
The B+ → K+e+e− branching fraction is determined by combining 
the value of RK with the value of dB (B+

→ K

+
μ

+
μ

−)/dq2 in the 
region 1.1 < q2 < 6.0 GeV2 c−4 (ref. 37), taking into account correlated 
systematic uncertainties. This gives

dB (B+→K

+
e

+
e

−)
dq

2

(1.1 < q

2

< 6.0GeV

2

c

−4)

= (28.6 + 1.5

− 1.4

± 1.3)× 10

−9

c

4

GeV

−2

.

The 1.9% uncertainty on the B+ → J/ψK+ branching fraction2  
gives rise to the dominant systematic uncertainty. This is the most 
precise measurement of this quantity to date and, given the large 
(O(10%)) theoretical uncertainty on the predictions7,66, is consis-
tent with the SM.

A breaking of lepton universality would require an extension of 
the gauge structure of the SM that gives rise to the known funda-
mental forces. It would therefore constitute a significant evolution 
in our understanding and would challenge an inference based on 
a wealth of experimental data in other processes. Confirmation of 
any effect beyond the SM will clearly require independent evidence 
from a wide range of sources.

Measurements of other RH observables with the full LHCb data-
set will provide further information on the quark-level processes 
measured. In addition to affecting the decay rates, new physics can 
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✦  ratio extremely well predicted in SM 

‣ Cancellation of hadronic uncertainties at  

‣  QED correction 

‣ Statistically limited
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Lepton Flavour Universality (LFU) tests in b → sℓ+ℓ−

Renato Quagliani LHC Seminar, CERN 8

[Eur.Phys.J.C 76 (2016) 8]

(*)Illustration purposes

✦ Coherent pattern of tension to SM in 
LFU test with  transition:b → sℓ+ℓ−

✦ Any departure from unity is a clear 
sign of New Physics

[JHEP,2020,40 (2020)]

[JHEP08(2017)055]

[PRL 128 (2022) 191802]

[PRL 128 (2022) 191802]

[Nat. Phys. 18, 277-282 (2022)]
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Analysis: fit-setup Mass fit to rare mode muons: simultaneous fit RK,K*0
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low-q2 central-q2 resonant-J/ψ
Eg.: 𝐵( → 𝐾(𝑙(𝑙M

central 𝑞� bin 

Dec 2022: Simultaneous 𝑅@∗ and 𝑅@
• New inclusive data-driven mis-ID treatment 

for 𝜋 → 𝑒 and K→ 𝑒 (affects electron mode) 
• Invert PID electron to pions and kaons

• Low      𝑞& ∈ 0.0, 1.1 ⁄GeV& cG
• Central 𝑞& ∈ 1.1, 6.0 ⁄GeV& cG
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Mass fit to rare mode electrons: simultaneous fit RK,K*0
Analysis: fit-setup

low-q2 central-q2 resonant-J/ψ

𝐵/ → 𝐾/𝜇/𝜇-

𝐵/ → 𝐾/𝑒/𝑒-

𝜇 −mode: 
consistent with before

e − mode: 
mis-ID background found

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 
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b)  iii. Universality: 𝑅( and 𝑅(∗ : What changed: electrons
• 𝑅@ March 2022:  𝑚 𝐾(𝑒(𝑒MSignal fit

[Nature Physics 18 (2022) 277]

(1)

Patrick Koppenburg Simultaneous RK and RKú 20/12/2022 — Stafoverleg [14 / 19]Signal fit

[arXiv:2212.09153]

(2)

Patrick Koppenburg Simultaneous RK and RKú 20/12/2022 — Stafoverleg [15 / 19]

• 𝑅� Dec 2022: 𝑚 𝐾(𝑒(𝑒M

Mis-ID rate from 𝐷∗2 → 𝐾𝜋 𝜋 :  electron mode reduced −0.1
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Figure 2: The fitted invariant mass distributions of the rare (top) B+
and (bottom) B0

candidates

in (left) the low-q2 and (right) central-q2 regions. The plotted components are identified in the

legend. OLD PLOT FOR NOW BUT YOU GET THE IDEA, WILL BE SINGLE-
COLUMN 1:1 ratio SO 170 words

and uncertainties.247

The invariant mass distributions of the rare electron candidates resulting from the248

final fit to the four lepton universality observables are shown in Figure 2. The measured249

values of the observables of interest are250

low-q2
(
RK = 0.994 +0.090

�0.082 (stat)
+0.027
�0.029 (syst),

RK⇤ = 0.927 +0.093
�0.087 (stat)

+0.034
�0.033 (syst)

central-q2
(
RK = 0.949 +0.042

�0.041 (stat)
+0.023
�0.023 (syst),

RK⇤ = 1.027 +0.072
�0.068 (stat)

+0.027
�0.027 (syst).

All four measurements are in agreement with predictions of the SM. []251

Systematic uncertainties associated with e�ciencies are evaluated by varying the252

assumptions made when calibrating the simulated samples. The biggest uncertainty of253

this type is the stability of the rKJ/ and rK
⇤

J/ ratios as a function of di↵erent kinematic and254

geometric variables associated with these decays. The overall systematic uncertainties for255

e�ciencies are below 1% in all cases except RK⇤ low-q2 where they are 2%. Systematic256

uncertainties associated with the modeling of rare decay form factors are evaluated using257

simulation and found to be negligible for B+ decays and around 1% for B0 decays.258

Systematic uncertainties associated with the modeling of the invariant mass distributions259

are dominated by the data-driven modeling of misidentified backgrounds, and are 2–2.5%260

7

Analysis: results

✦ Most precise and accurate LFU 
test in  transition 
 

✦ Compatible with SM with a 
simple  test on 4 measurement 
at 0.2 

b → sℓℓ

χ2

σ
𝑅+ and 𝑅+∗ consistent with 1
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Anomaly situation
• Excitement about muons
• Branching ratios low à theory uncertainty?
• Angular observables deviate à cc-bar loop?
• Universality ratio à electrons changed

Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

𝑏

𝑠

𝜇(

𝜇M

Let’s talk about penguins and boxes

Mick Mulder Non-universality in rare beauty decays? 3

Suppressed
penguin

Depressed 
penguin≠

• Overall anomaly statues
• Muons did not change
• Ball partly back to theory community
• More to come on taus

Me: March 2022 Me: Dec 2022
[PRD 86 (2012) 032012], [PRL 103 (2009) 171801], [PRL 107 (2011) 201802], 
[JHEP 06 (2014) 133], [arXiv:2212.09153], [Parrot, Bouchard, Davies]
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Flavour Puzzles and the LHCb Experiment

1) Three generations and the origin of CP violation

2) The amount of CP violation in CKM

3) Measurements of CP violation with LHCb

4) B-decays and Flavour Anomalies

5) Outlook/conclusion
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LHCb

[B]

LHCb

(2)

Patrick Koppenburg LHC startup and news 20/12/2022 — Stafoverleg [8 / 19]

LHCb in Run-3 is a largely new detector

• New trackers
• Real Time Analysis
• Physics: pp & PbPb
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Conclusions

• Flavour puzzle: 
• Origin of generation structure and matter anti-matter 

asymmetry is still unknown. 

• The CKM paradigm for CP violation still stands
• Experimental tests getting more and more precise

• B-decays are a sensitive tool for searches for BSM 
quantum fluctuations
• Semileptonics with taus are intruiging: more to come
• Rare decays show deviations from theory for muons; but 

electron/muon universality ratio is consistent with unity.

• Looking forward to more results, in particular run-3
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