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why rare?

• Processes suppressed in the SM  ➡  NP effects more readily detectable

• Virtual particles in loops (FCNC)  ➡  High mass reach (up to O(100TeV))

• Model-independent New Physics searches

• LHC: high luminosity  ➡  high sensitivity for discovery ! 
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how rare?

�3

not-so-rare ➡ precision! 
Medium rare ⬅ EWK Penguins 

Very rare ⬅ FCNC/GIM+helicity 

Ultra rare ⬅ LFV

baryon  
number 
violation

lepton  
flavour 
violation

GIM 
suppressed 

e.g. t→c/u

EW 
penguins 

e.g. b→sll

helicity 
suppressed 

e.g. B→μμ

0 ~10-50 ~10-14 10-9 10-7

CKM  
suppressed 

e.g. b→u

10-5
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the standard model (of particle physics)
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Gauge sector  
(spin 1) 

Flavor sector  
Fermion (spin 1/2) 
dynamics & mass 

Higgs sector   
(spin 0) 

New Physics?

}
}
}

describes everything  
experimentally confirmed  
before 2012 
  
Yukawa coupling w/ scalar 
(new interaction type, 2018)  

Scalar self-interaction  
and with gauge bosons 

New hidden sector, new 
particles or interactions (?)

SM: a great triumph of 20th century science.

+ NP? }

the SM Lagrangian
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• bosons
‣ Gauge: W, Z 
‣ ɣ does not decay (afawk)
‣ Higgs

• quarks
‣ except for the top quark
‣ quarks bind into hadrons via strong force
‣ hadrons decay via strong and weak forces
‣ sensitive to NP via. rare decays (& mixing)
‣ light hadrons: rare kaon decays (NA62, KOTO, KLEVER) 

• leptons
‣ neutrinos: studied in dedicated experiments (SNO, Minos, 

Nova, MicroBoone, DayBay, T2K, SK, etc; DUNE, HK, SHIP…)

‣ charged leptons studied mostly in dedicated experiments, 
study rare or forbidden decays: MEG (μ+→e+γ), Mu2e (μ→e), 
Mu3e (μ→eee), τ→μμμ (LHC,Belle(II);SHiP,TauFV), 
anomalous magnetic dipole moment (g-2)
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LHC: 
- W,Z,H 
- t,b,d,s 
- τ
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N. Leonardo flavor physics

‣ 3 gauge couplings
‣ 2 Higgs parameters
‣ strong CPV parameter, θ
‣ 6 quark masses
‣ 3 quark mixing angles + 1 phase (CKM)
‣ 3 (+3) lepton masses
‣ (3 lepton mixing angles + 1 phase (PMNS))

( ) = with Dirac neutrino masses

} flavor 
parameters

−

Out of the19 parameters of the SM 
(excluding neutrino masses/mixing), 

14 arise from the flavor sector. 

«flavor» !?
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• the SM flavor sector arises from interplay of fermion-weak–gauge and fermion-Higgs couplings

The parameters of the SM 
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flavor changing  interactions
• flavour changing neutral currents, FCNC: 

absent (at tree level) in SM

• charged currents 

‣ Leptons: ~universal

‣ Lepton Flavor Universality Violation (LFV, LFUV) → NP

‣ Quarks: flavor mixing  
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c B0
s9µ+µ�

B0
s

Z0

b

s

µ+

µ�
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flavor & Higgs: Yukawa
• the direct coupling of Higgs to tau (2017), 

top and b (2018) have just been observed 
• this establishes the Yukawa interaction    

‣ a ‘new kind’ of interaction: only force that 
does not directly arise from gauge principle

• the Yukawa coupling is at the origin     
of the flavour structure of the SM
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W/Z/ɣ/g 

or an H

f

f/f’

f’’

f’’/f’’’

Higgs couplings just 
detected to the 3rd 
(heaviest) fermion 

generation  

Quark flavour mixing 
(CKM) studied to 

increasing precision

?
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outstanding questions in particle physics circa 2020
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(complementary!) paths to NP @LHC

Direct 

‣ searching for the decay products of 
potentially produced NP particles

Indirect

‣ searching for NP particles running 
in quantum loops (virtual)

Rare decays!
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Rare Decays  
of SM particles, towards NP

beauty 
charm 

strangeness 
top 
W,Z 

Higgs 
leptons 

SUSY  
Z’,W’ 

leptoquarks 
unexpected  

?



nuno@cern.ch | Rare decays                   

rare beauty  |   B→μμ

• decays highly suppressed in SM

‣ FCNC- but also helicity-suppressed (mμ/mB)2

• theoretically clean ➡ precise SM prediction

• high sensitivity to NP

‣ large class of NP scenarios predicted large 
enhancements in decay rates 

• experimentally clean

‣ searched for at various colliders 
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(~6-8%)
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Bs→μμ: a (3-decade) long search
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  a milestone discovery of the 
LHC physics program 
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B→μμ  |  Run1 discovery
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B→μμ  |  Run2 updates

�15

RunI + Run2 (partial)

• LHCb 
• added first 13TeV data
• RunI+Run2 (3+1.4 fb-1) yields 

first single-experiment 
Bs→μμ  >5σ observation

BF(Bs→μμ) =(3.0±0.7)x10-9    (7.8σ)

BF(B0→μμ) < 0.34x10-9  (95%CL) (1.6σ)

• ATLAS
• RunI+Run2 (25+26.3fb-1) data

BF(Bs→μμ) =(2.8±0.8)x10-9  (4.6σ)  

BF(B0→μμ) < 0.21x10-9  (95%CL)

• CMS
• recent results with 

2011+2012+2016 data: 
BF(Bs→μμ) =(2.9±0.7)x10-9    (5.6σ)

BF(B0→μμ) < 0.36x10-10  @95%CL

Results all of 3 experiments agree between 
themselves, and with the SM, within 1-2σ
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B→µµ | comparison to theory expectation 

SM

NP

➠

➠

the (‘natural’) SUSY parameter space became much constrained

agreement with SM within current level of precision 
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mixing decay

B μμ

(1st ) Tevatron’s Run2 
flagship discovery

(2nd) LHC’s Run1 
flagship discovery

Nature 522 (2015) 68

PRL 97 (2006) 242003, NL thesis

“fast and rare” “doubly sensitive to NP”
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Bs→μμ  |  efective lifetime
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• 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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b→sμμ  |  B0→K*0μμ 
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• B→Xμμ decays offer complementary 
NP-sensitive observables
‣ 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 decay
‣ recent measurements also by Belle, 

ATLAS, CMS, with reduced precision

• revise SM precision?  
[HL-LHC projections]

• projections
‣ upcoming data will allow to 

independently clarify deviation 
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angular analysis

�20

• fitting the data

‣ signal likelihood:

⬅ Correctly tagged


⬅ Mistagged (K↔π )


⬅ Background 

�20
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b→sμμ  |  Λb→Λμμ 
• complementary to B0→K*μμ in baryon sector
• Λb→Λμμ decay observed by CDF, and 

further explored by LHCb, ATLAS, CMS
• spin 1/2 ➡ 5 angles needed to describe 

system ➡ richer angular distribution  

• large number of parameters  ➡  exploit 
method of moments (instead of likelihood fit)

• analysis update with 5fb-1 (2011-2016)
• results compatible with SM

‣ larger discrepancy in K6 (2.6σ)
‣ parameters K11-34 ~ 0 ➡ no polarization, also 

consistent with CMS+LHCb previous results
�21
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rare radiative  |   b→sɣ 
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observation: 5.6σ
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• FCNC decays
‣ theo: added NP sensitivity via photon polarization 
‣ exp: reduced mass resolution, decay vertex

• Λb→Λɣ
‣ SM BF ~ (6-100)x10-7,, large form factor uncert.
‣ previous best limit by CDF: BF<1.9×10 -3 (90% CL)

‣ LHCb: 1.7 fb-1 (2016); normalisation: B0→K*0ɣ
                  B(Λb→ Λγ) = (7.1 ± 1.5 ± 0.6 ± 0.7) × 10-6

• Bs→ɸɣ 
‣ LHCb updated analysis (Run1 3fb-1) of time 

dependence rate adding flavor tagging 
‣ first measurements of the CP-violating and 

mixing-induced observables (Sɸɣ, Cɸɣ,AΔɸɣ)
‣ results consistent with SM expectation   

mailto:nuno@cern.ch
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b→dμμ  |   Bs→K*0μμ
• b→dll transitions even more 

suppressed than b→sll
‣ |Vtd/Vts| ∼ 0.2  ➡ BF~10-8

• B0→μμ : search ongoing

• B+→π+μμ : observed Run1 (LHCb)

         BF = (1.8 ± 0.24 ± 0.05) × 10−8 

• Λb→pπμμ : observed Run1 (LHCb)

        BF = (6.9 ± 1.9 ± 1.1+1.3-1.0) × 10−8 

• Bs→K*0μμ: evidence Run2 (LHCb)
‣ 4.6fb-1; normalisation: B0→J/ψK*0  
‣ first evidence (3.4σ), measured BF 

agrees with SM prediction (1803.05876)
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B(Bs→K*0μμ) = (2.9±1.9± 0.2± 0.3)x10-8

(SM: 3-4 x 10-8)

evidence:  
3.4σ
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1701.08705
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b→ull  |   B→μμμν

�24

• CKM-suppressed decay
‣ BF ∝ |Vub|2

‣ NP sensitivity from helicity suppression 

• current related best limits (by Belle)
‣ B(B+→μν)<1.1x10-6 , B(B+→μνɣ)<3.0x10-6 (90%CL)

‣ at LHC prefer >1 charged particles 

• exploit corrected mass variable

• LHCb with 4.7 fb-1 (Run1 + 2016)

• normalisation mode: B+→J/ψK+

• no signal observed ➡ best world limit
‣ B(B+ → μ+μ-μ+νμ) < 1.6 × 10-8  (95% CL)

‣ tension with a recent theory calculation (1.3 x 10-7)
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• FCNC in up-type quark sector
‣ c→uμμ transition O(10-9) in SM

• SM amplitude dominated by long-distance contributions 
➡ q2 regions 

• D0→hhμμ
‣ observed with 2fb-1 Run1: rarest charm decay observed 
‣ B(D→KKμμ) = 1.54±0.33 x10-4, B(D→ππμμ)=9.6±1.2 x10-4

‣ angular & CP asymmetries measured with 5fb-1 (2011-16)

• Λc→pμμ
‣ no significant excess in non-resonant region:
‣ BF(Λc→pμμ) < 9.6 x 10-8 @95%CL (~100 x BaBar) 

‣ observation in the ⍴/⍵ region: B(Λc→pμμ)⍴/⍵ = 9.4±3.9 x10-4

rare charm  |   c→uμμ

�25
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rare charm  |  D → llhh/ll/ɣɣ    
[observation]

[improved UL] [improved UL][improved UL]
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rare strangeness  |   s→dμμ
• FCNC, O(10-12) in the SM, but BF dominated by long distance contributions

• experimental challenge: low pT of final state particles

�27
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Ks→μμ
• updated analysis 3fb-1; normalization:  Ks→ππ  

‣ BF(Ks→μμ) < 0.8 x 10-9 @90%CL

‣ x11 improvement wrt previous LHCb result 

Σ+→pμμ
• SM prediction BF ~(1.6-9)x10-8

• 3fb-1 (Run1); normalization:  Σ+→pπ0 
• LHCb found 1st evidence at 4.1σ

‣ BF(Σ+→pμμ) = (2.2 +1.8-1.3)x10-8 

‣ no structure in dimuon mass
‣ HyperCP excess (➡NP) at mμμ~214 MeV not confirmed

mailto:nuno@cern.ch
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Ultra rare decays (SM BF~10-11)

K+→π+νν
SM:
Exp:  

K0→π0νν
SM:
Exp:  <

Theoretically clean
   Hadronic matrix elements under control
   Precise measurement of Kl3 form factor
   K+→π0e+ν  by NA48  

Exquisite sensitivity to NP
   Up to very high mass scales ~2000 TeV
   Discriminate among different NP scenarios

rare strangeness  |  s → d ν ν   



• NA62 first results
‣ Physics Run ongoing (2016-2018)
‣ Demonstrated decay-in-flight technique 

• First results, from 2016 Run
‣ One signal event observed, in 1011 collected 

• Expect O(20) events from 2017+2018 data

• KOTO: 
‣ Physics Run ongoing 2018-2021
‣ Future: reach O(100) SM events

• KLEVER
‣ New proposal for the SPS
‣ First data expected by 2026

�29

K+:

K0

rare strangeness  |  K → π ν ν   
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rare top  |   t→u/c

�30

• FCNC/GIM in top sector lead 
to very rare processes 
‣ BF~10-14

• rates enhanced in NP models
‣ MSSM (10-7), 2HDM (10-6), RS(10-5)

• current limits ~10-4 

1803.09923
CMS-TOP-17-017
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rare bosons  |   W,Z

�31

• probe exclusive W decay
‣ small multiplicity decay  
‣ SM expectation ~10-8-10-6

‣ inclusive production (not ttbar)
‣ explore τ trigger + reco

‣ 95%CL limit: B(W→3π) <1.01x10-6

‣ ➡ @HL-LHC: could allow precision MW

19
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.11
20

1

• no exclusive hadronic decays of W and Z bosons observed yet

W→3π Z→ψll

1410.7475

majority W,Z hadronic decays 

into ~30-particle final state 

• found a new Z decay
‣ clean final state: ψμμ + ψee
‣ SM expectation ~(6.7-7.7)x10-7

‣ normalization: Z→μμμμ
‣ obtained first observation
‣ measured: B(Z→ψll) ~ 8x10-7 

observation (5.7σ)
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rare bosons |  Higgs

�32

H→Υγ: < 4.9x10-4 @95%CL H→Υγ: < 7.6x10-4 @95%CL 
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1705.04582|1807.06325

H→μμ: < 5.7x10-4 @95%CL 
H→ΥΥ: < 1.4x10-3 @95%CL 

H→Zγ: < 1 x 10-2 @95%CL 
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H couplings to light fermions? rare!

�33

Higgs couplings:

- H to W,Z,t,b,τ: done
- H to ɣ: no mass ↠ no coupling 
- H to μ: clean signature; expect Run2(+Run3)
- H to c: challenging, in reach @HL-LHC
- H to u,d,s,e: almost hopeless @LHC but NP!

μμɣ

 arXiv:

e,μ
,u,d

,s,c

rare!

LHC’2017

LHC’2012
LHC’2018

LHC’2018

LHC’2020?
?

• H→qq
‣ overwhelming QCD 

background 

• H→Qɣ
‣ clean but rare
‣ H→Υ/ψ/ɸ/⍴+ɣ

Currently @CMS
μ(H→cc) < 70  |  μ(H→J/ψɣ) < 220
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forbidden  rare  |   LFV, LNV, BNV
• charged Lepton Flavour Violation practically forbidden in SM

‣ allowed by neutrino oscillations, but with BF far smaller than 
experimentally conceivable

‣ BF in SM <10-40,  eg: 10: B(τ→μμμ)~B(Z→eμ, eτ)~10-54 , B(Z→μτ)~ 10-60 

• potentially sizeable BF enhancements from NP models
‣ BF in NP up to 10-9-10-4,   eg: Z’(10-8), LQ(10-5), Pati-Salam (10-4)  

• models addressing LFU anomalies usually imply LFV/LNV/BNV 
• a variety of searches is performed … 

�34
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ATLAS-CONF-2018-044t→ll’qZ→ll’ 1804.09568

 

H→ll’ATLAS-CONF-2019-013 1712.07173

LNV/BNV τ decays

D0→Kπ misID

D→μe 1512.00322

1304.4518 1812.04225

B→K*μe 1807.03267

searches for
LFV, LNV, BNV

in decays of
τ,D,B,Z,H,t

Belle

LFV τ decays

mailto:nuno@cern.ch
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forbidden  rare  |   B→ll’

• B(s)→τμ
‣ tau reconstructed as τ→πππν
‣ dataset: 3fb-1

‣ normalisation: B→D-(→Kππ)π 
‣ limited separation of B0 and Bs ➡ limits derived 

assuming contributions from each at a time
‣ BF(B0→τμ) < 1.4 x 10-5 (@95%CL)

‣ BF(Bs→τμ) < 4.2 x 10-5 (@95%CL)

• B(s)→eμ
‣ dataset: 3fb-1

‣ normalisation: B→Kπ, J/ψK 
‣ BF(B0→eμ) < 1.3 x 10-8  (@95%CL)

‣ BF(Bs→eμ) < 6.3 x 10-8  (@95%CL)
�36
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rare lepton  |   τ→μμμ

�37
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• clean final state, searched for at various colliders

• most stringent limit by B factories
‣ BF < 2.1 x 10−8 @90% CL

• LHCb
‣ 3fb-1; normalisation Ds→ɸπ; source; B,D→τ
‣ BF < 4.6 x 10−8 @90% CL

• ATLAS
‣ 20fb-1 (Run1); normalisation W→τν; source: W→τ
‣ BF < 3.8 x 10−7 @90% CL

• CMS
‣ 33fb-1 (Run2); normalisation Ds→ɸπ; source: B,D→τ
‣ BF < 8.8 x 10−8 @90% CL

• prospects 
‣ HL-LHC: O(10−9)  | Belle II: O(10−10)
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Lepton Flavor Universality 
& Flavour Anomalies

b→sll 
c→slν

Z’,W’ 
leptoquarks 

?

SMData



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

and the strongest indication of NP in 
current collider data !

LHC data (so far) show no definite signal of NP … but there’s an elephant in the room !  
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http://www.lip.pt/outreach/lipnews/pdfs/issue15_pt.pdf
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the ‘flavour anomalies’
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ll lν
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b→sll | Effective Field Theory

�42

O9 O’9 O7
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b→sll | processes & observables
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b→sμμ  |  global fits 

�44

Effective Field Theory

⬅ Now               HL-LHC ➡

⎧ ⎧⧼
⧼
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complemented by lepton  
flavour universality tests !
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b→sμμ | global fit

�45
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Lepton Flavour Universality

�46
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b→sll  |  LFU  (e vs μ)
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b→sll | global fit

�48
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b→sll | updates

�49

mailto:nuno@cern.ch


Flavour Anomalies    —     nuno@cern.ch   —   

b→clν  |  LFU  (τ vs e/μ)

�50

b → c 𝛕ν/μν 
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what is the scale of NP?

�51
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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:

�52

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

mailto:nuno@cern.ch


Flavour Anomalies        —        nuno@cern.ch   —   

search for leptoquarks  |  LQ→τb

�53

‣ 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
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search for Z’  |  Z→4μ

�54

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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bonus: parked Run2 data
• bulk of B physics at CMS/ATLAS 

based on (di)muons in final state
• main challenge:  the trigger!
• CMS has now collected during 2018 

a special B sample
‣ trigger on opposite-side B
‣ 12B triggered events on tape

•  the data is “parked”
‣ with delayed processing
‣ 1/10 already processed to 

development  
• may allow to investigate LFUV

‣ object (τ,e) reconstruction 
challenging at low pT in a GPD

‣ flavor anomalies from low-pT front 
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summary 
• rare decays provide a very sensitive place to look for NP

‣ clean experimental and theoretical probes, precise predictions
‣ allow to reach sensitivity to higher mass scales than direct searches    

• flavour anomalies 
‣ our best hint for NP in current collider data overall

• results so far
‣ place stringent constraints on NP models
‣ tantalising, statistically significant anomalies observed 

• NP may be established at LHC in a multi-messenger-like fashion
‣ as the current flavour anomalies nicely illustrate   

• most interesting times ahead for rare decay searches
‣ rare decays will benefit enormously from high luminosity phase HL-LHC 

‣ plus dedicated experiments:  BelleII + KOTO + KLEVER + SHiP + … 
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      (LHC: 6% data recorded)
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