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recap from last time:

• Intro to heavy flavor (motivation, scope, state of the art)

• Production (cross section measurement)

• Spectroscopy (hidden and open flavor, exotic hadrons)

• Heavy ions (flavor probes of the QGP primordial medium)

• Lifetime (distinctive experimental signature: displaced decay vertex)

• Meson oscillations & flavour tagging (measurement of Bs mixing)

• CKM & Unitary matrix (constraining the unitary triangle)

• CP violation (mixing phase, CPV in b and c sectors)
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N. Leonardo flavor physics & rare decays

quantum mechanics (i)
• an unstable particle may be described 

by an effective hamiltonian

• through the non-relativistic 
Schrodinger equation

• the solution reproduces the law of 
radioactive decay

• t is the proper decay time, 
experimentally it is measured from 
the decay length L and momentum p   
(or their projections on the transverse plane)
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τ is the lifetime

Lorentz boost factor



lifetime



N. Leonardo flavor physics & rare decays

• allowing for a flavor-changing perturbation (ΔF) in the hamiltonian

• a pure flavor eigenstate at t=0 will evolve to an admixture
‣ non-diagonal elements in H ⇒ flavor eigenstates differ from mass eigenstates

• flavor eigenstates                                     with

• time evolution of flavor eigenstates (after finding H eigenvalues λΗ,L)

• probability for particle-antiparticle transition

‣                                    with                          and 

• neglecting CPV in mixing (i.e. p/q=1) and ΔΓ, the mixing probability is:

quantum mechanics (ii)
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N. Leonardo flavor physics & rare decays

quantum mechanics (iii)
• discrete symmetries

‣ Charge conjugation: particle→ antiparticle
‣ Parity: x→-x
‣ Time reversal: t →-t

• C and P are maximally violated in weak interactions
‣ no right handed neutrinos, no left-handed antineutrinos)

• CPT is conserved in any Lorentz invariant gauge field theory; thus, CP⇔T

• under CP, an operator O(x,t) transforms as 
• the effective Lagrangian (L=L†) has the structure

‣ CP violation thus requires a*≠a , i.e. a complex phase

• Yuakawa term
• Charged current term
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Exercise: verify that CP 
invariance applied to Yukawa 
and W currents would imply 
Yij=Yij

* and Vij=Vij
*  

using CP transformations 
recalled in tables below
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quantum mechanics (iv)
• consider neutral meson P0 decays to a final state f
• the time dependent decay rates may be expressed as

• with
‣ sin and sinh terms are associated to interference of decays with and without oscillation 

• CP violation classification
‣ CPV in decay 

‣ CPV in mixing

‣ CPV in interference between
decay with and without mixing 
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f

CPV in interference w/or w/o mixing

• defined by Im λf≠0

• available to modes in which both B 
and B decay to a same final state f   

• example: Bs→J/ψΦ
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ϕSM ~ -0.04 
NP can add large phases



 CMS highlights  —  nuno@cern.ch  —   

CPV: Bs mixing phase
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ẟɸs ↦ √εD2

CMS-PAS-FTR-18-041

from 
Tevatron 

to 
LHC

to 
HL-LHC

projected HL-LHC improvements 

in proper decay uncertainty 

and flavor tagging power
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CPV in decay: B→Kπ

• B factories: BABAR, BELLE (2004)
‣ Babar Collaboration Phys. Rev. Lett. 97, 171805 (2006)  

Belle Collaboration Phys. Rev. D87, 031103 (2013)

• Tevatron: CDF (2012)

• LHC: LHCb (2013)

‣ first observation (>5σ) of CPV in Bs
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LHCb observes for first time CP violation  
in charm decays, with 5.3σ significance

CPV: in K, B, … and D!

2019
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‣ searching for the decay products of 
NP particles produced in collision

‣ searching for effects of NP particles 
running in quantum loops (virtual)
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SMData
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Direct search for NP Indirect search for NP

mailto:nuno.leonardo@cern.ch


nuno@cern.ch, flavour anomalies & NP,

today’s menu:

• flavour vs new physics 

• precision (mixing & CPV)

• rare decays (B→μμ)

• flavour anomalies

‣ b→smumu (angular analysis, P5’)

‣ LFU b→sll (l=μ,e)

‣ LFU b→clν (l=μ,τ)

• global fits and favoured NP candidates 

• neutrinos @ LHC
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Indirect searches: fuelled by Quantum Mechanics

Quark Mixing & CP Lepton Flavour EDM Higgs-LFV

direct  
searches

top-FCNC EWK

Flavour observables provide access  
to NP energy scales well beyond √s !

C
PV



SM

SUSY Z’ LQ



Rare Decays
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a path to new physics
• the effects of NP can be searched for and 

revealed indirectly through the virtual 
exchange of NP particles

‣ general quantum effects in flavor loops

‣ eg: SUSY particles can contribute in addition 
to SM;  Z’, LQ, could affect effective couplings

• if NP hides behind SM interactions

‣ either NP mass scale is very LARGE

‣ or NP couplings mimic Yukawa couplings 
(minimal flavor violation scenario, MFV)

• in all cases study of flavor observables 
expected to enlighten or constrain 
theory
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note: flavor-sector constraints at the 
LHC comparable (or stronger) than 

direct search limits, e.g. for large 
regions of the parameter space of 
minimal supersymmetry models
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 rare NP probes
• search for virtual contributions of new heavy particles in loops
• most interesting processes are those highly suppressed in SM

‣ flavor-changing neutral current (FCNC), forbidden at tree level in SM
‣ lepton flavor violation (LFV)
‣ CKM suppressed
‣ helicity suppressed
‣ dominance of short distance effects, SM uncertainties under control

• experimental probes with precise theory prediction
‣ uncertainty typically dominated by QCD; e.g. prefer leptonic to hadronic 

final states
• processes that may be modified (enhanced or suppressed) by 

orders of magnitude by NP
‣ SUSY, 2HDM, LHT, Z’, RS models ....

21
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mixing decay

B μμ

(1st ) Tevatron’s Run2 
flagship discovery

(2nd) LHC’s Run1 
flagship discovery

Nature 522 (2015) 68PRL 97 (2006) 242003, NL thesis
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B→μμ
• in the Standard Model Bd/s→μμ decays 

are highly suppressed

‣ helicity suppressed, by factor of (mμ/mB)2

‣ in the limit of massless muons, the process 
would be forbidden by spin conservation

‣ FCNC, forbidden at tree level, in SM, can 
only proceed through higher-order loop 
diagrams

‣ Cabibbo suppressed |Vts(td)|2 

• Possible new particles in the loops!

‣ may enhance or suppress the decay rates
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a 3 decade long search 

26

searching for an ultra-rare decay: B➝μμ
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flagship LHC discovery
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(CMS+LHCb)

mailto:nuno.leonardo@cern.ch


Bs→μμ 
the ‘golden’ rare decay
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searching for an ultra-rare decay: B➝μμ

29

1. online selection (trigger)
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searching for an ultra-rare decay: B➝μμ
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analysis procedure and event selection 
developed without inspecting the data 
in region where signal is expected

“box opening” only later, 
at final analysis stages 

signal 
region 
blinded

1. online selection (trigger) 

2. blind the data (avoid bias)
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searching for an ultra-rare decay: B➝μμ
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1. online selection (trigger) 

2. blind the data (avoid bias) 

3. multivariate selection
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searching for an ultra-rare decay: B➝μμ
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Fit the data accounting for the various 
signal and background components

Signal 1:  
Bs→μμ

Signal 2:  
B0→μμ

semileptonic bkg
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1. online selection (trigger) 

2. blind the data (avoid bias) 

3. multivariate selection 

4. fit the data (likelihood)
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searching for an ultra-rare decay: B➝μμ
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is the observed excess a genuine signal,  
or just a fluctuation of  the background? 

Bs→μμ B0→μμ

1. online selection (trigger) 

2. blind the data (avoid bias) 

3. multivariate selection 

4. fit the data (likelihood) 

5. statistical significance 
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searching for an ultra-rare decay: B➝μμ
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Bs→μμ B0→μμ

1. online selection (trigger) 

2. blind the data (avoid bias) 

3. multivariate selection 

4. fit the data (likelihood) 

5. statistical significance  

6. extract measurement
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searching for an ultra-rare decay: B➝μμ
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Bs→μμ B0→μμ

the SM...       and Beyond

1. online selection (trigger) 

2. blind the data (avoid bias) 

3. multivariate selection 

4. fit the data (likelihood) 

5. statistical significance  

6. extract measurement 

7. Compare to theory
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nuno@cern.ch | Rare decays                   

Bs→μμ  |  efective lifetime

37

• Effective lifetime: complementary NP probe 

‣ in SM, only heavy eigenstate decays to μμ (not in NP!)

• first measurements by LHCb & CMS
‣ current precision (22%) still insufficient

• HL-LHC projections (by LIP): 
• Bs: τμμ(2-3%), B0: observation 

AΔΓ = +1     in SM
      𝜖[-1,+1] in NP
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NP constraints
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➠ Measurement results in strong constraints to the parameter space of 
certain classes of NP models; some specific examples:

A. Akeroyd et al, JHEP 1112 (2011) 088D. Straub et al, arXiv:1012.3893

Constraints on CMSSM,  in the case 
of a  SM-like Bs→μμ

Constraints on MSSM (incl. models with 
abelian/non-abelian flavor symmetries),  
4th generation, RS, and MFV models

JHEP 0903 (2009) 108,  JHEP 1009 (2010) 106 
JHEP 06 (2008) 068 , Nucl.Phys.B831 (2010) 26

http://arxiv.org/abs/1012.3893
http://arxiv.org/abs/1012.3893


Anomalies!



Taken together, the flavor anomalies 
are most significant deviation from SM, 

and the strongest indication of NP in 
current collider data !





Flavor anomalies

taken from: NL’s conference summary talk at BEACH’18, final slide 



March’2021 
@CERN



LIP seminar 
tomorrow

https://indico.lip.pt/event/901/

https://indico.cern.ch/event/976688/

two-in-one (full Run2):  
B→μμ & B→Kμμ

https://indico.lip.pt/event/901/
https://indico.cern.ch/event/976688/
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the ‘flavour anomalies’

45

ll lν
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b→sll  |  B → K(*) ll

46

quark level

hadron level

complementary!
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b→sll anomalies
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b→sμμ  |  decay rates (BF)
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measurements tend to appear below theory, at low q2

SM predictions affected by large hadronic uncertainties 
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angular analysis

49

• fitting the data

‣ signal likelihood:

⬅ Correctly tagged


⬅ Mistagged (K↔π )


⬅ Background 

49
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b→sμμ  |  angular  analysis (P5’)

50

• B→Xμμ decays offer NP-sensitive 
observables, complementary to B→μμ
‣ accessible through angular analyses
‣ studied at Belle, BaBar, CDF, LHC

• deviation from theory found by LHCb
‣ in the angular observable P’5  in the 

B0→K*μμ (and B+→K*μμ) decay
‣ recent measurements also by Belle, 

ATLAS, CMS, with reduced precision

• sensitive to SM precision  
[HL-LHC projections]

• projections
‣ upcoming data will allow to 

independently clarify deviation 
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EFT
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LSM-EFT = LSM  
+ ΣiCiOi 

1930 1970 2020 future

a more fundamental 

theory with new 


degrees of freedom 

Standard ModelFermi model

SM field new heavy field

SM field

+

2012

UV theory

a predecessor 

of EWK theory we’re here!

SM-EFT

simple and elegant theory 

describing almost all 


microscopic phenomena

LSM = Lgauge + Lhiggs

energy scale mH mtmZ,W ΛNP

……

GF
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b→sll | Effective Field Theory
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b→sll | Effective Field Theory
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O9 O’9 O7
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b→sll | processes & observables
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q2 dependence

56
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Perspectives on Flavour & BSM       

b→sμμ  |  global fits 

57

SM - Effective Field Theory

⎧ ⎧⧼

LSM-EFT  = LSM + ΣiCiOi 
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b→sμμ | global fit

58

Standard Model Effective Field Theory  
(SMEFT) 

https://flav-io.github.io/ 

https://github.com/wilson-eft/wilson 

https://github.com/smelli/smelli

1D

2D

mailto:nuno@cern.ch
https://flav-io.github.io/
https://github.com/wilson-eft/wilson
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b→sμμ | global fit
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LFU
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LFU
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Lepton Flavour Universality

61
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b→sll  |  LFU  (e vs μ)

62

mailto:nuno@cern.ch


Flavour Anomalies    —     nuno@cern.ch   —   

b→sll  |  LFU  (e vs μ)

63

muons electrons
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b→sll  |  LFU  (e vs μ)
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b→sll  | global fit
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b→clν  |  LFU  (τ vs e/μ)

66

𝛕
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what is the scale of NP?

67
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anomalies: NP explanations? 

• could existing NP scenarios account for the anomalies?
‣ while still respecting strict constraints imposed by other measurements!

• current best candidates:

68

b→sll
quark transitions

in the SM ➠

1) New gauge bosons 
• Z’, associated to a new symmetry 

2) Leptoquark 
• exotic particle with both lepton and 

baryon numbers, fractional charge
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search for LQ→τb

69

‣ LQLQ→𝛕𝛕bb

‣ LQ→𝛕b

• dedicated search motivated by B anomalies
• single LQ production in ττb final state
• 3 different categories: τh + τh/τe/τμ 
• simultaneous fit to ST distributions 

λ=(0.95±0.25)  
    x (mLQ/TeV) 

preferred region  
by B anomalies

JHEP 07 (2018) 115

CMS-PAS-FTR-18-028 

arXiv:1811.00806

‣ HL-LHC 
Projections

mailto:nuno@cern.ch
http://dx.doi.org/10.1007/JHEP07(2018)115
http://arxiv.org/abs/1811.00806
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search for Z’ in Z→4μ (Lμ-Lτ)

70

PRD 89 (2014) 
095033

arXiv:1808.03684

Bs mixing

• first dedicated gauged Lμ-Lτ U(1)’ search at LHC
• Z’ radiated off lepton (produced ow, e.g. from Z)
• extremely clean signature: 4 muon final state

‣ excellent mass resolution, high reco+trigger 
efficiency, almost background free 

• no excess detected ➡ strict exclusion limits 
‣ exclude Z’ coupling strength to μ: 0.004–0.3
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Flavour Anomalies
LFUV b→sll

LFUV b→clν

Clarification being actively pursued  
experimentally by LHCb,CMS,ATLAS and BelleII 

+ theory calculations and model building 

HL-LHC

b→sμμ
e vs μ

τ vs μ

71
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bonus: parked Run2 data (CMS)
• bulk of B physics at CMS/ATLAS based 

on (di)muons in final state
• main challenge:  the trigger!
• CMS has collected special data in 2018

• trigger on opposite-side b
•  triggered 12B unbiased B’s on tape

72
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B’s from parked data (CMS)

73

B0→J/ψ(ee)K*

B+→J/ψ(ee)K+

mailto:nuno@cern.ch


Flavour Anomalies    —     nuno@cern.ch   —   

flavor anomalies | a summary 
• flavour physics provides one of the best avenues for detecting NP 

‣ rare decays will benefit enormously from high luminosity at LHC 

• a coherent pattern of deviations has emerged from the data

‣ individually, each deviation is not statistically significant yet

‣ taken together, the set of deviations is significant  

• anomalies to be clarified

‣ more data (2017, 2018), more experiments (now LHC, soon also Belle2)

‣ new dedicated analyses from the low and high pT fronts 

• possibly, NP will be revealed at the LHC

‣ through a combined detailed analysis of multiple observables, in a multi-
messenger fashion (flavour anomalies provide such an illustration!)

74
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SM

NP

LH
C

 D
at

a

[G.Stong]

multi-variate analysis
 a.k.a. multi-messenger … a.k.a. machine learning 
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neutrinos @ LHC !

+ FIPs, LLP, LDM



https://home.cern/fr/news/news/experiments/cern-approves-new-lhc-experiment
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Neutrinos @ LHC !

The 9th LHC experiment just approved! 
Getting ready to take data at start of Run3! 

SND@LHC

SND@LHC Physics goals 
Detect collider neutrinos for first time  

Energy range so far unexplored (350GeV-10TeV)

Measure HF production in so-far unexplored region

   (not covered by any other LHC experiment)

LFU tests

Search for FIPs and Light Dark Matter







FIPs!
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Feebly Interacting Particles

SHiP

Explore the exotic & unconventional 
New trigger strategies

New experimental signatures 

New dedicated detectors

At LHC and beyond 

LHC 
FCC
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a flavourful summary

• flavour is at the core of the SM, facilitates precision tests 

• flavour provides portal to BSM, sensitivity well beyond √s 

• flavour anomalies (LHC and elsewhere) currently hottest topic

• flavour observable and global fits hinting to possible NP ↔ μ  

• flavour measurements actively evolving (last weeks: LFU, MU g-2)

• flavour at the LHC is now reaching also the neutrino sector

• flavour has bright future, at LHC, HL-LHC, Belle||, FNAL, etc
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any question, interest, contact me: nuno@cern.ch
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