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Neutral Current- Processes including  transition are sensitive to 
New Physics (NP) contribution


‣ Suppressed in the SM (they can happen only via 
loop or boxes): small BR ∼10-7 - 10-6


‣ New physics mediators can enter in the loops and 
modify the amplitudes

b → sℓℓ

New Physics

Z’

s

b

Electroweak penguin decays

b

s

W t
Z

- SM gauge interactions have the same amplitude for 
all the families: Lepton Flavour Universality (LFU)
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Neutral Current

b
s

- Rare  decays can be described by an effective theory:b

Electroweak penguin decays

Local Operators

- NP can introduce new operators or modify the WCs depending 
on its structure: Ci = CSM

i + CNP
i

Heff ∝
4GF

2
VtbV*ts ∑ CiOi b

s

W t
Z

O9,O10

C9,C10

Effective coupling 
Wilson Coefficients (WC)

Prog.Part.Nucl.Phys.02(2017)50

q2 = m2(ℓ+ℓ−)

https://arxiv.org/abs/1606.00916
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- Large variety of observables available:


‣ Relative rates of  and , of the formb → sμ+μ− b → se+e−

3

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)
SM

EPJ C76 (2016) 8 440

❖ are clean: QCD uncertainties cancels out in the ratio

❖ are predicted by the SM with very high precision

Electroweak penguin decays

Sebastian’s talk
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‣ Angular distributions of the final state particles:

❖ Reduced form factor uncertainties


❖ May be polluted by “charm loop” effects, hard to predict

- Large variety of observables available:


‣ Relative rates of  and , of the formb → sμ+μ− b → se+e−

3

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)
SM

EPJ C76 (2016) 8 440

❖ are clean: QCD uncertainties cancels out in the ratio

❖ are predicted by the SM with very high precision

Electroweak penguin decays

Sebastian’s talk

cb sc
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‣ Angular distributions of the final state particles:

❖ Reduced form factor uncertainties


❖ May be polluted by “charm loop” effects, hard to predict

‣ Branching fractions:

❖  very clean SM predictions 

❖  Suffer the most from theory uncertainties

B0
s → μ+μ− ∼ 𝒪(4%)

B → K*μ+μ−, Bs → ϕμ+μ− . .

- Large variety of observables available:


‣ Relative rates of  and , of the formb → sμ+μ− b → se+e−

3

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)
SM

EPJ C76 (2016) 8 440

❖ are clean: QCD uncertainties cancels out in the ratio

❖ are predicted by the SM with very high precision

Electroweak penguin decays

Sebastian’s talk

Maarten’s talk
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 decays @LHCbb
- LHCb forward detector: 27% of  

hadrons produced from  collision 
inside acceptance ( )


- Good trigger on displaced tracks 
especially for di-muons channel 
(  efficiency)


- Good PID performances from RICH 
1,2 , CALO and Muon Stations

‣ Electron ID  for  

‣ Kaon ID  for  

‣ Muon ID  for  


- Excellent tracking performances 
(  efficiency)

‣ Δ p / p = 0.5(1.0)% at low(high) 

momentum

‣ Impact parameter resolution: (15 +29/

pT[GeV] ) μm

b
pp

B+, B0, Bs, Bc, Λb . . .

∼ 90 %

∼ 90 % ∼ 5 % h → e
∼ 95 % ∼ 5 % π → K
∼ 97 % ∼ 1 − 3 % π → μ

∼ 96 %

Velo

Magnets

RICH1

RICH2

TT

T1
T2

T3
HCAL

ECAL
M1

M2
M3

M4M5

JINST 10 P02007 airXiv:2008.11556

LHCb detector in Runs 1-2 (2010-2018)

J/ψ → μμ
2011

http://iopscience.iop.org/1748-0221/10/02/P02007
https://arxiv.org/abs/2008.11556
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See Sebastian’s talk

- Near future:


‣ Update of  and combined  analysis with the full dataset


‣ Ratio measurements with many more decay channels: 
RpK RK − RK*

Rϕ, RKππ . . .

PRL 128 (2022) 191802Run1+2 9fb-1

1.5σ, 1.6σ

Nat.Phys.18, 277-282 (2022)Run1+2 9fb-1

3.1σ

JHEP 05 (2020) 040Run1 + 2016 4.7fb-1

1σ

LFU ratio status

- Relative rates are measured as double ratios: RX =
BF(B → Xμ+μ−)

BF(B → XJ/ψ( → μ+μ−))
⋅

BF(B → XJ/ψ( → e+e−))
BF(B → Xe+e−)

X = K, K*, Λb . . .

18 review of b-anomalies

In conclusion, the ratios RX are very clean observables both form
the theoretical and the experimental point of view, and can give an
unquestionable hints of New Physics.

3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(
0.66+0.11

�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,
0.69+0.11

�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,
(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits

[52]
in B0 ! K⇤0`+`�

[24, 26, 46]

Run1 3fb-1 JHEP 08 (2017) 055

 
2.1σ, 2.4σ

+ fir
st o

bservation of 

electro
n modes

https://agenda.infn.it/event/28874/contributions/169362/
https://doi.org/10.48550/arXiv.2110.09501
https://doi.org/10.1038/s41567-021-01478-8
https://arxiv.org/pdf/1912.08139.pdf
https://arxiv.org/abs/1705.05802
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- The angular distributions of the  decay is 
described by 


- The coefficients , ,  are related to WCs


- New basis of  operator to reduce form factors uncertainties: 
e.g. 

B0 → K*μ+μ−

Ω = (θℓ, θK, ϕ)

FL AFB Si

P′￼i
P′￼5 = S5/ FL(1 − FL)

6

K+

π−

K∗0 θK

µ+

µ−

B0

θ!

(a) θK and θ# definitions for the B0 decay

µ−

µ+

K+

π−

B0

K∗0
φ

K+ π−

n̂Kπ

!p̂Kπ

µ−

µ+

n̂µ+µ−

(b) φ definition for the B0 decay

π+

K−

K∗0

µ−

µ+

B0

φ

K− π+

n̂Kπ

! p̂Kπ

µ−

µ+

n̂µ−µ+

(c) φ definition for the B0 decay

φ

Angular distributions: K*μ+μ−

PRL 125 (2020) 011802

- Observables are extracted from a multidimensional fits in the angles, , m(Kπ) m(Kπμμ)

3.3σ
q2 = m2(ℓ+ℓ−)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.011802
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- Recent angular analysis of  showed 
tension in the SM consistent with that found in 

B+ → K*+μ+μ−

B0 → K*0μ+μ−

- Near future:


‣ Update of  with the full  dataset


‣ Angular analysis with electrons: , 



‣ Direct fits to WCs via amplitude analysis 

B0 → K*μ+μ− 9 fb−1

B0 → K*e+e−

B+ → K+e+e−

PRL 126 (2021) 1618023.1σ

- Angular observables are also studied for 


‣ Not all observable accessible (flavour symmetric 
final state)


‣ Results found to be compatible with SM predictions

B0
s → ϕμ+μ−

JHEP 11 (2021) 022

Angular distributions: K*+μ+μ−, ϕμ+μ−

https://arxiv.org/pdf/2012.13241.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)043
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Differential branching fractions

8

-   BF are measured to be consistently lower than the SM prediction


‣ Large hadronic form factors uncertainties (20-30%)

b → sμμ

JHEP 04 (2017) 142

JHEP 06 (2014) 133

JHEP 06 (2015) 115

https://link.springer.com/article/10.1007/JHEP04(2017)142
https://link.springer.com/article/10.1007/JHEP06(2014)133
https://link.springer.com/article/10.1007/JHEP06(2015)115
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Differential branching fractions: B0
s → ϕμ+μ−

9

PRL 127 (2021) 151801

- Recent update of differential 


‣ Relative to 


‣ Main systematics

❖ Model of the simulation sample (depending on  

and form factors)

❖ Normalisation 


‣ In ,  below the SM

BF(B0
s → ϕ( → KK)μ+μ−)

B0
s → J/ψϕ

ΔΓs

BF
1.1 < q2 < 6. GeV 3.6σ

- First observation of
  ( )


- Consistent with SM

B0
s → f′￼2(1525)μ+μ− 9σ

BF(B0
s → f′￼2(1525)μ+μ−) = (1.57 ± 0.19 ± 0.06 ± 0.06 ± 0.08) × 10−7

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151801
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B0
s,d → μ+μ−(γ) See Maarten’s talk

First limit

- Helicity suppressed, very rare decays


- Precise SM predictions







- Sensitive to axial-vector coupling 

BF(B0
s → μ+μ−) SM= (3.66 ± 0.14) × 10−9

BF(B0 → μ+μ−) SM= (1.03 ± 0.05) × 10−10

C10

PRL 128 (2021) 041801

Consistent with the SM at 1.5σ

-  lifetime is sensitive to NPB0
s

10

https://agenda.infn.it/event/28874/contributions/169330/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.041801
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Searches: B0
(s) → μ+μ−μ+μ−

- Helicity suppressed 
BF(B0

s → μ+μ−μ+μ−) SM= (0.9 − 1.0) × 10−10

BF(B0 → μ+μ−μ+μ−) SM= (0.4 − 4.0) × 10−12

@95% CL

5000 5500 6000
]2c) [MeV/−µ+µ−µ+µ(m

0
1
2
3
4
5
6)2 c

C
an

di
da

te
s /

 (5
0 

M
eV

/ LHCb
1−9 fb
 BDT < 1.00≤0.60 

Data
Total

−µ+µ−µ+µ →s
0B

Combinatorial

- Strategy:


‣ Six Signal modes: non resonant, BSM scalar 
resonance ( ), resonant 


‣  as normalisation channel


‣ Negligible background from misID


‣ Main systematic from simulation model (no 
theoretical description of the decay’s dynamic)


‣ No signal observed, most stringent limits up to date!

ma = 1 GeV b → c

B → J/ψ( → μμ)ϕ( → μμ)

See Maarten’s talk
JHEP 03 (2022) 109

https://agenda.infn.it/event/28874/contributions/169330/
https://link.springer.com/article/10.1007/JHEP03(2022)109
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Searches: B0 → ϕμ+μ− JHEP 05 (2022) 67

- , sensitive to new mediators


- Strategy:


‣ Measure the ratio 


‣  employed for BDT training and mass modelling


‣ No signal observed

BF ∼ 𝒪(10−11)

R = BF(B0 → ϕμμ)/BF(B0
s → ϕμμ)

B0
s → J/ψϕ

Bs → ϕμμ

B0 → ϕμμ

Bs → J/ψϕ

B0 → J/ψKK

Comb

Part-reco

Λb → J/ψ pK

Comb

Part-recoΛb → pKμμ

B0 → K*( → Kπ)μμ

B0
s → Ds( → ϕμν)μν

First limit

https://link.springer.com/article/10.1007/JHEP05(2022)067
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Conclusion & outlook

13

- Electroweak penguin decays are ideal probes for New Physics


- LHCb intensively studied these processes over the years


‣ Several measurements to be updated with the full dataset


- Run3 is starting!


‣ ∼3 times Run1+2 dataset collected in 3 years


‣ LHCb detector undergoing staged upgrades


❖ Replaced vertex, tracking detectors: Better vertex resolution


❖ Removed hardware trigger: Better efficiency

Reduce background from 
charged and neutral tracks 

 Electron modes more 
accessible

Reduce statistical + 
data-driven models 

uncertainties
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Thank you



ICHEP 2022Sara Celani

Backup
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The flavour puzzle

3 identical replica (  ) of the same 
family differing only in mass

Gauge interactions have the same 
amplitude for all the families: Lepton 
Flavour Universality (LFU)

Flavour is conserved: stringent limits on 
Lepton Flavour Violating (LFV) decays

i = 1,2,3

ℒgauge = ∑
a

−1
4g2

a
(Fμν)2 +

3

∑
i=1

ψ̄iiDψi

- Why 3 generations?


- What is the origin of their different 
mass?

ℒSM = ℒgauge(ψi, Aa) + ℒHiggs(ψi, Aa, H)

ψ = QL, ur, dr, LL, er

QL = (uL

dL) LL = (νL
eL)

Flavour structure

I In the SM, misalignment between:
– Yukawa couplings
– Weak force

VCKM =

0

@
1 � �2/2 � A�3(⇢ � i⌘)

�� 1 � �2/2 A�2

A�3(1 � ⇢ � i⌘) �A�2 1

1

A + O(�4)

(1.4)
generate a flavour structure.

– VCKM hierarchical and nearly diagonal
– 3rd generation especially isolated

=) tree-level b decays suppressed, long b lifetime

I b-baryon decays sensitive to effects from new virtual particles
I access to much larger mass range w.r.t. direct searches

tcu

d s b

3 / 25

ℒHiggs = ℒH + ℒYukawa
Only Yukawa interaction distinguishes the families

Quark 
sector:

Only one mass matrix at time can 
be diagonalised (for gauge 
flavour invariance) 

V_CKM appears in charged-
current gauge interaction 
(mixing u and d) 

- What is the origin of the hierarchy in quark-mixing?
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LHCb upgrade - Phase I
- New Vertex Detector


- Pixel silicon detector


- Trigger-less readout

- Software HLT on GPU


- New tracking stations:

- Scintillating Fibers (SciFi) 

and Silicon micro-strips 
(UT)


- RICH: New PMTs + new 
electronics


- Calorimeters

- PMT gain reduced by a 

factor 5, FEE redeveloped


- Muon system

- FEE redeveloped
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LFU ratios: Electron vs Muon

Vertex

Tracking
Magnet

Magn
et

ECAL

E1

E2

Tracking

eE0

‣ Most electrons emit 
bremsstrahlung photons


‣ Electrons has worse  
resolution


‣ Electrons has lower trigger, 
PID and tracking efficiencies

p

- Relative rates are measured as double ratios

RX =
𝒩B→Xμ+μ−

𝒩B→X(J/ψ→μ+μ−)
⋅

𝒩B→X(J/ψ→e+e−)

𝒩B→Xe+e−
⋅

ϵB→X(J/ψ→μ+μ−)

ϵB→Xμ+μ−
⋅

ϵB→Xe+e−

ϵB→X(J/ψ→e+e−)

𝒩B→Kee ∼ 1640

𝒩B→Kμμ ∼ 3850
X = K, K*, Λb . . .

-  satisfies lepton universality at 0.4% precision (PDG)


- Reduced systematics due to leptons reconstruction 
differences:

J/ψ → ℓℓ

Nat.Phys.18, 277-282 (2022)

See Sebastian’s talk

https://doi.org/10.1038/s41567-021-01478-8
https://agenda.infn.it/event/28874/contributions/169362/


ICHEP 2022Sara Celani

- Extensive use of  and  
to check that efficiencies are under control

B → Xs(J/ψ → ℓ+ℓ−) B → Xs(ψ(2S) → ℓ+ℓ−)

Cross-checks:  and rJ/ψ Rψ(2S)

‣ Check: = 1

+ absence of trends on any 
kinematics variables

[0.4% precision (PDG)]

‣ Check: Rψ(2S) =
ℬ(B → X(ψ(2S) → μμ))
ℬ(B → X(J/ψ → μμ))

⋅
ℬ(B → X(J/ψ → ee))

ℬ(B → X(ψ(2S) → ee))

Validation of the double ratio procedure (effective cancelation of syst uncertainties)

= 1
arXiv:2103.11769

Calibrating the efficiencies 

•  Resonant and nonresonant decays are separated in q2 
→ However, good overlap between these decays in the 
variables relevant to the detector response  

•  Calibration makes extensive use of B+→ K+J/ψ(l+l−) and 
B+→ K+ψ(2S)(l+l−) 

17 

[∼ 1% precision (PDG)]

SM

SM

B → Kee
B → KJ/ψ( → ee)

https://arxiv.org/abs/2103.11769
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 angular distributionsB → K*μ+μ−B  -> K mumu

A. Mauri (UZH) 27

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS

Study the full angular distribution (θl, θK,φ) of the 4 final state particles.



Described by eight independent observables:

























Observables (AFB, FL and Sj) are function of the Wilson coefficients.



A cleaner set of observables, where hadronic form factor uncertainties 
cancels at the leading order, can be defined (JHEP 1305(2013)137), ex:

	

10
Francesco Polci – CKM 2016	

K+

π−

K∗0 θK

µ+

µ−

B0

θ!

(a) θK and θ# definitions for the B0 decay

µ−

µ+

K+

π−

B0

K∗0
φ

K+ π−

n̂Kπ

!p̂Kπ

µ−

µ+

n̂µ+µ−

(b) φ definition for the B0 decay

π+

K−

K∗0

µ−

µ+

B0

φ

K− π+

n̂Kπ

! p̂Kπ

µ−

µ+

n̂µ−µ+

(c) φ definition for the B0 decay

φ
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B0
s,d → μ+μ−(γ)

- Helicity suppressed, very rare decays 


- Precise SM predictions 


- Sensitive to axial-vector coupling 


- Strategy:


‣ Two opposite charged tracks from a displaced vertex


‣ BDT vs combinatorial, stringent PID vs  misID


‣ Yields normalised to  and 

BF ∼ 𝒪(10−9,10−10)
∼ 𝒪(4%)

C10

μ ↔ K, π
B0 → K+π− B+ → J/ψK+

First limit

PRL 128 (2021) 041801See Maarten’s talk

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.041801
https://agenda.infn.it/event/28874/contributions/169330/
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 Effective LifetimeB0
s → μ+μ−

- The  lifetime is sensitive to NP


‣  for the SM 


❖  only from heavy mass eigenstate

❖ Access to the CP structure of the interaction

B0
s

Aμμ
ΔΓs

= 1

B0
s → μμ

Consistent with the SM at 1.5σ

- Strategy:


‣ Dataset split into two BDT bins


‣ Fit to background-subtracted  distribution via 
the  technique  

τμμ
sPlot

PRL 128 (2021) 041801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.041801
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 Effective LifetimeB0
s → μ+μ−

- Oscillations between flavour eigenstates 


- Two mass eigenstates 


- For SM  only from heavy eigenstates


-  sensitive to scalar or pseudo scalar NP 
contribution:  WCs

B0
s , B̄0

s

BH, BL

B0
s → μ+μ−

Aμμ
ΔΓs

C(′￼)
10, C(′￼)

S , C(′￼)
P

SM= 1


