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Rare decays as sensitive probes for New Physics

b→ sℓℓ decays in the SM
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■ Rare decays heavily (loop-)suppressed in the SM

■ New heavy particles can significantly contribute and affect
decay rates, angular distributions, and rate asymmetries
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Rare B decays in effective field theory
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■ Model-independent description in effective field theory
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■ Rare B decays allow to probe

several operators O(NP)
i

■ ΛNP up to O(100TeV) reachable
[JHEP 11 (2014) 121]
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Observables in rare b→ sℓℓ decays and their cleanliness
Quarks bound in hadrons, e.g.
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Increasing precision of SM prediction

Branching fractions
affected by form-factors
and cc̄-loop

Angular observables
affected by cc̄-loop

Lepton Universality Tests
clean
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The LHCb experiment: Optimized for heavy flavour

Tracking: Velo, TT, IT+OT

PID: RICH1, RICH2, Muon

Calo: ECAL, HCALRun 1: 3 fb−1, Run 2: 6 fb−1

■ Large σbb̄: (284± 53)µb at 7TeV and (495± 52)µb at 13TeV [PLB 694 (2010) 209-216]
[JHEP 10 (2015) 172]

■ Excellent IP resolution ∼ 20µm to identify B decay vertices, ∆p/p = 0.5− 1%

■ Particle identification: ϵK→K ∼ 95%, ϵπ→K ∼ 5% and ϵµ→µ ∼ 97%, ϵπ→µ ∼ 1− 3%

■ Low trigger thresholds: pT(µ) > 1.8GeV, ET(e) > 3.0GeV
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The LHCb experiment: Optimized for heavy flavour

Tracking: Velo, TT, IT+OT

PID: RICH1, RICH2, Muon

Calo: ECAL, HCALRun 1: 3 fb−1, Run 2: 6 fb−1

Heavy flavour signature

PV

SVL ∼ 7mm
B0

IP

µ+

µ−
π−

K+

p p

■ Large σbb̄: (284± 53)µb at 7TeV and (495± 52)µb at 13TeV [PLB 694 (2010) 209-216]
[JHEP 10 (2015) 172]

■ Excellent IP resolution ∼ 20µm to identify B decay vertices, ∆p/p = 0.5− 1%

■ Particle identification: ϵK→K ∼ 95%, ϵπ→K ∼ 5% and ϵµ→µ ∼ 97%, ϵπ→µ ∼ 1− 3%

■ Low trigger thresholds: pT(µ) > 1.8GeV, ET(e) > 3.0GeV

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/1009.2731
https://arxiv.org/abs/1509.00771


Branching fractions of rare B decays 9 / 34

Rare decays
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Branching fraction of B0
s→ ϕµ+µ−
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tree-level
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■ Branching fraction of semileptonic b→ sµ+µ− decays can be affected by NP

■ Central: q2 = m(ℓ+ℓ−)2, different operators contribute depending on q2

■ At q2 = m2
J/ψ important tree-level b→ cc̄s normalisation mode B0

s→ J/ψϕ

■ SM predictions directly affected by significant form factor uncertainties

Low q2: LCSRs [PRD 71 (2005) 014029] [JHEP 08 (2016) 98]
[PRD 75 (2007) 054013] [JHEP 09 (2010) 089] High q2: Lattice [PRD 89 (2014) 094501]

[PRD 88 (2013) 054509]
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Branching fraction of B0
s→ ϕµ+µ−
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B0
s → ϕµ+µ− branching fraction
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SM LCSR
[JHEP 08 (2016) 098]
[EPJC 75 (2015) 8]
SM LCSR+Lattice
[PRL 112 (2014) 212003]
[PoS Lattice 2014 372]

■ Recent LHCb measurement using full Run 1+2 sample [PRL 127 (2021) 151801]

■ dB(B0
s→ ϕµ+µ−, 1.1 < q2 < 6GeV2/c4) = (2.88± 0.21)−8GeV2/c4

■ Tension with SM at 3.6σ (LCSR+Lattice) and 1.8σ (LCSR only)
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Low B also found for other b→ sµ+µ− decays
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LHCb B0→ K∗0µ+µ− [JHEP 11 (2016) 047]
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LHCb B0
s→ ϕµ+µ− [PRL 127 (2021) 151801]
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LHCb Λ0
b→ Λµ+µ− [JHEP 06 (2015) 115]

■ Data consistently below SM predictions (particularly at low q2)

■ Tensions at 1–3σ level, SM predictions exhibit sizeable had. uncertainties

■ Exciting recent developements on non-local corrections [JHEP 09 (2022) 133]

and new results from Lattice QCD [HPQCD, PRD 107 (2023) 1]

■ Work on updates with full data sample, clean observables like AI
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Low B also found for other b→ sµ+µ− decays
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Rare decays
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Angular analysis of B0 → K∗0[→ K+π−]µ+µ−
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s̄
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W+

Z0, γ
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K*
 K*

z
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Figure 1. Kinematic variables of

B̄0
d → K̄∗0(→ K−π+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle θ` between ` = `− and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle θK∗ between K− and B̄ in

the (K−π+) c.m. and iv) the angle φ

between the two decay planes spanned

by the 3-momenta of the (Kπ)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0
d → K̄∗0(→ K−π+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The differential decay rate, after summing over lepton spins, factorises into

8π

3

d4Γ

dq2 d cos θ` d cos θK∗ dφ
= Js1 sin2 θK∗ + Jc1 cos2 θK∗ + (Js2 sin2 θK∗ + Jc2 cos2 θK∗) cos 2θ`

+J3 sin2 θK∗ sin2 θ` cos 2φ+ J4 sin 2θK∗ sin 2θ` cosφ+ J5 sin 2θK∗ sin θ` cosφ

+(Js6 sin2 θK∗ + Jc6 cos2 θK∗) cos θ` + J7 sin 2θK∗ sin θ` sinφ

+J8 sin 2θK∗ sin 2θ` sinφ+ J9 sin2 θK∗ sin2 θ` sin 2φ, (1)

that is, into q2-dependent observables5 J ji (q2) and the dependence on the angles θ`, θK∗ and

φ. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` → 0: Js1 = 3Js2 ,

Jc1 = −Jc2 and Jc6 = 0.

The differential decay rate d4Γ̄ of the CP-conjugated decay B0
d → K0∗(→ K+π−) + ¯̀̀ is

obtained through the following replacements

J j1,2,3,4,7 → J̄ j1,2,3,4,7[δW → −δW ], J j5,6,8,9 → − J̄ j5,6,8,9[δW → −δW ], (2)

due to `↔ ¯̀⇒ θ` → θ` − π and φ→ −φ. The CP-violating (weak) phases δW are conjugated.

The angular distribution provides twice as many observables (J ji and J̄ ji ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ∼ cos δs sin δW (i = 7, 8, 9) are especially sensitive to weak BSM phases δW
[10, 14] contrary to T-even ones ∼ sin δs sin δW (i = 1, . . . , 6), since the CP-conserved (strong)

phase δs is often predicted to be small. Note, that in the SM CP-violating effects in b → s are

doubly-suppressed by the Cabibbo angle as Im[VubV
∗
us/(VtbV

∗
ts)] ≈ η̄λ ∼ 10−2.

4 The off-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jji from single-differential distributions in θ`, θK∗ or φ can be found in [10].

■ Decay fully described by three helicity angles Ω⃗ = (θℓ, θK , ϕ) and q
2 = m2

µµ

■
1

d(Γ + Γ̄)/dq2
d3(Γ + Γ̄)

dΩ⃗
=

9

32π

[
3
4 (1− FL) sin

2 θK + FL cos
2 θK + 1

4 (1− FL) sin
2 θK cos 2θℓ

− FL cos
2 θK cos 2θℓ + S3 sin

2 θK sin2 θℓ cos 2ϕ

+ S4 sin 2θK sin 2θℓ cosϕ+ S5 sin 2θK sin θℓ cosϕ

+ 4
3AFB sin2 θK cos θℓ + S7 sin 2θK sin θℓ sinϕ

+ S8 sin 2θK sin 2θℓ sinϕ+ S9 sin
2 θK sin2 θℓ sin 2ϕ

]
■ Angular observables FL, AFB, Si sensitive to NP contributions

■ Perform ratios of observables where form factors cancel at leading order
Example: P ′

5 = S5√
FL(1−FL)

[
S. Descotes-Genon et al.,
JHEP, 05 (2013) 137
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Angular observable P ′
5 from B0→ K∗0µ+µ−
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[PRL 125 (2020) 011802]

■ In q2 bins [4.0, 6.0] and [6.0, 8.0]GeV2/c4 local tensions of 2.5σ and 2.9σ

■ [LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]

[CMS, PLB 781 (2018) 517] [ATLAS, JHEP 10 (2018) 047]

■ Update using the full LHCb Run 1+2 data sample ongoing
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https://arxiv.org/abs/1710.02846
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Angular observable P ′
5 from B0→ K∗0µ+µ−

0 5 10 15

]4c/2 [GeV2q
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)
ψ/
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)
ψ
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Belle
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SM

[PIPNP 120 (2021) 103885]

■ In q2 bins [4.0, 6.0] and [6.0, 8.0]GeV2/c4 local tensions of 2.5σ and 2.9σ

■ [LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]

[CMS, PLB 781 (2018) 517] [ATLAS, JHEP 10 (2018) 047]

■ Update using the full LHCb Run 1+2 data sample ongoing

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2107.04822
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1612.05014
https://arxiv.org/abs/1710.02846
https://arxiv.org/abs/1805.04000
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Consistency of b→ sµ+µ− angular analyses

−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0

∆Re(C9)

0

5

10

15

20

25

30

35

−
2∆

lo
gL

flavio v2.0.0

LHCb

Run 1

2016

Run 1 + 2016

−4 −3 −2 −1 0 1 2
∆Re(C9)

0

5

10

15

20

25

−
2∆

lo
gL

flavio v2.0.0LHCb 9 fb−1

B+ → K∗+µ+µ−

−4 −3 −2 −1 0 1 2

∆Re(C9)

0

2

4

6

8

10

12

14

16

18

−
2∆

lo
gL

flavio v2.2.0

LHCb

B0
s → φµ+µ− (FL, S3,4,7) 8.4fb−1

Preliminary

[PRL 125 (2020) 011802] [PRL 126 (2021) 161802] [JHEP 11 (2021) 043]

B0→ K∗0µ+µ−

3.3σ

B+→ K∗+µ+µ−

3.1σ

B0
s→ ϕµ+µ−

1.9σ

■ Use flavio [arXiv:1810.08132] to determine tension with SM hypothesis

■ Variation of vector coupling Re(C9) results in improved description of data

■ Consistent trend for B0→ K∗0µ+µ−
[PRL 125 (2020) 011802], B+→ K∗+µ+µ−

[PRL 126 (2021) 161802] and B0
s→ ϕµ+µ−

[JHEP 11 (2021) 043] angular observables

■ However, interpretation not clear due to significant hadronic uncertainties

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/1810.08132
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https://arxiv.org/abs/2012.13241
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Rare decays
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Lepton Flavour Universality tests in b→ sℓℓ decays

b s

µ−

µ+

t

W

q2 = m2
ℓℓ

b s

e−

e+

t

W

0.6− 0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1
SMR­LHCbR

σ2.1 *
K

R
4/c2<1.1 GeV2q0.045<

σ2.4 *
K

R
4/c2<6.0 GeV2q1.1<

σ3.1 KR
4/c2<6.0 GeV2q1.1<

σ1.5 0
SK

R
4c/2<6.0 GeV2q1.1<

σ1.4 *+K
R

4c/2<6.0 GeV2q0.045<

σ1 KpR
4c/2<6.0 GeV2q0.1<

Status before Dec. 2022 SM prediction

■ Lepton flavour universality central property of SM
■ Testable using ratios of branching fractions of rare b→ sℓ+ℓ− decays:

RK,K∗ =
B(B(+,0)→ K(+,∗0)µ+µ−)
B(B(+,0)→ K(+,∗0)e+e−)

■ Exactly unity in SM, differences only through lepton mass effects
■ QED corrections O(1%) [EPJC 76 (2016) 440]

■ Hadronic uncertainties (form-factors and cc̄-loop) cancel in the ratio
C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/1605.07633
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RK and RK∗ in different NP scenarios
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[arXiv:2212.09153][arXiv:2212.09153]

■ Example NP models assuming NP only in muons

■ Some ability to disentangle different scenarios with RK and RK∗

■ Simultaneous RK and RK∗ determination with 9 fb−1 Run 1+2 data
■ low–q2: q2 ∈ [0.1, 1.0]GeV2/c4

■ central–q2: q2 ∈ [1.1, 6.0]GeV2/c4

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2212.09153
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Analysis strategy: Double ratio (Example: RK)
■ Analysis strategy: Double ratio of rare modes B+→ K+ℓ+ℓ− with

resonant decays B+→ K+J/ψ (→ ℓ+ℓ−):

RK =
B(B+→ K+ µ+µ− )

B(B+→ K+ e+e− )
×

r−1
J/ψ

=1 [PRD 88 (2013) 3]︷ ︸︸ ︷
B(B+→ K+J/ψ (→ e+e− ))

B(B+→ K+J/ψ (→ µ+µ− ))

■ Electron and Muon reconstruction
very different at LHCb

■ Efficiencies from corrected simulation

■ Double ratio cancels most experimental
systematic effects in efficiency ratios

rare dominated

tree-level
b→ cc̄s

■ Important cross-checks: rJ/ψ =
B(B+→K+J/ψ (→ µ+µ− ))

B(B+→K+J/ψ (→ e+e− ))
and

Rψ(2S) =
B(B+→K+ψ(2S)(→µ+µ−))
B(B+→K+ψ(2S)(→e+e−))

× B(B+→K+J/ψ (→e+e−))
B(B+→K+J/ψ (→µ+µ−))

■ Both rJ/ψ and Rψ(2S) compatible with unity at better than 2σ ✓
C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/1307.1189
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Experimental challenges for electron modes at LHCb
5200 5400 5600 5800

m(K+µ+µ−) [MeV/c2]

0

200

400

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK low-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800
m(K+π−µ+µ−) [MeV/c2]

0

200

400

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK∗ low-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800
m(K+µ+µ−) [MeV/c2]

0

500

1000

1500

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK central-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800
m(K+π−µ+µ−) [MeV/c2]

0

200

400

600

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK∗ central-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800 6000
m(K+µ+µ−) [MeV/c2]

0

1

2

C
ou

nt
s

/
(3

2.
26

M
eV

/c
2 )

×106

LHCb
9 fb-1

RK J/ψ-control
Data
Total
Signal
Combinatorial
Partially Reconstructed

B0
s → K

∗0
J/ψ

B+ → π+J/ψ

5200 5400 5600 5800 6000
m(K+π−µ+µ−) [MeV/c2]

0

2

4

6
C

ou
nt

s
/

(3
2.

26
M

eV
/c

2 )

×105

LHCb
9 fb-1

RK∗ J/ψ-control
Data
Total
Signal
Combinatorial
Partially Reconstructed
Λ0
b → pK−J/ψ

B0
s → φJ/ψ

B0
s → K

∗0
J/ψ

K − π swap

5000 5500 6000
m(K+e+e−) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B+ → K+η′(→ e+e−γ)

5000 5500 6000
m(K+π−e+e−) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK∗ low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed

5000 5500 6000
m(K+e+e−) [MeV/c2]

0

100

200

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B+ → K+J/ψ(→ e+e−)

5000 5500 6000
m(K+π−e+e−) [MeV/c2]

0

50

100

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK∗ central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B0 → K∗0J/ψ(→ e+e−)

5000 5500 6000
m(K+e+e−) [MeV/c2]

0.0

0.5

1.0

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

×105

LHCb
9 fb-1

RK J/ψ-control
Data
Total
Signal
Combinatorial
Partially Reconstructed

B0
s → K

∗0
J/ψ

B+ → π+J/ψ

5000 5500 6000
m(K+π−e+e−) [MeV/c2]

0

2

4

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

×104

LHCb
9 fb-1

RK∗ J/ψ-control
Data
Total
Signal
Combinatorial
Partially Reconstructed
Λ0
b → pK−J/ψ

B0
s → φJ/ψ

B0
s → K

∗0
J/ψ

K − π swap

B+ → K+µ+µ−
B+ → K+e+e−

radiative tail

[arXiv:2212.09152] [arXiv:2212.09153]

Experimental Challenges for electron modes:

1 Low e trigger efficiencies due to higher thresholds compared to muons

2 Electrons strongly emit Bremsstrahlung traversing material

3 Contribution from several background sources, bkg. modeling critical

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Experimental challenge: 1. Electron trigger

■ Trigger signatures for muon and electron modes very different

■ pL0 trigger
T (µ) > 1.5–1.8GeV

EL0 trigger
T (e) > 2.5–3.0GeV

■ Combine exclusive trigger categories to improve ϵ for electron modes:

1 Trigger on rest of event (independent of signal)
2 Trigger on e/µ from signal

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Experimental challenge: 2. Bremsstrahlung

■ Correct electron momentum by adding matching photons (ET > 75MeV/c2)
reconstructed in the ECAL

■ Bremsstrahlung recovery ∼ 50% efficient, well simulated

■ Bremsstrahlung reconstruction impacts momentum resolution
→ higher background pollution and more sensitive to bkg. modeling

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Experimental challenge: 3. Background suppression
[arXiv:2212.09153] [arXiv:2212.09153]

■ Combinatorial: multivariate classifier using
kinematic quantities and vertex quality information

■ Partially reconstructed: multivariate classifier in electron mode and
corrected mass exploiting PV/SV reconstruction

■ Misidentification: Lepton and hadron particle identification

■ Residual backgrounds from misidentification explicitly modeled with
data-driven approach [see talk by R.-D. Moise] [backup]

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09153
https://indico.cern.ch/event/1230772/contributions/5391766/
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Muon mode fits
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■ Muon mode is very clean!

■ Muon branching fraction compatible with published results
[JHEP 06 (2014) 133] [JHEP 11 (2016) 047]

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Electron mode fits
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[arXiv:2212.09152] [arXiv:2212.09153]

■ Brems. tails from J/ψ entering rare modes constrained in sim. fit

■ Partially reconstructed bgk. from K∗0e+e− constrained in K+e+e−

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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RK and RK∗ results
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[arXiv:2212.09152] [arXiv:2212.09153]

■ Most precise test of LFU in b→ sℓ+ℓ− transitions

■ Supersedes previous results

■ Compatible with the SM at 0.2σ using simple χ2 test

■ Statistical uncertainty dominates

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
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Difference to previous RK measurement

[arXiv:2212.09152] [arXiv:2212.09153]
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[Nature Phys. 18 (2022) 277]

RK = 0.846+0.042
−0.039

+0.013
−0.012

[Nature Phys. 18 (2022) 277]

RK = 0.949+0.042
−0.041

+0.022
−0.022

[arXiv:2212.09152] [arXiv:2212.09153]

→

■ Different selection allows for statistical scatter of ±0.033

■ Shift of ∼ 0.1 due to pollution by misidentified backgrounds not
appropriately accounted for in [Nature Phys. 18 (2022) 277]

■ Tighter particle identification cuts: Shift of +0.064
■ Explicit inclusion of residual misid. backgrounds: Shift of +0.038

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
http://arxiv.org/abs/2103.11769
http://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
http://arxiv.org/abs/2103.11769
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Rare decays

Rare decays and
NP searches

The LHCb detector

Branching fractions
of rare B decays

Angular analyses
of rare B decays

Lepton universality

Prospects and
Conclusions

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Disentangling hadronic contributions from potential NP

b s

d̄ d̄

c̄c

γ

ℓ+

ℓ−SM charm-loop
[arXiv:2304.07330]

■ Disentangling hadr. contributions requires work from theory and experiment

■ Progress on theory side:
■ Form-factors are systematically improved on the lattice [PRD 107 (2023) 1]

■ Recent more precise estimation of charm-loop effect [JHEP 09 (2022) 133]

■ Exploit q2-dependence: ■ charm-loop rises towards cc̄-resonances
■ NP q2-independent

■ q2-unbinned approaches to better exloit data [JHEP 11 (2017) 176]

Different cc̄-loop parameterisations pursued [EPJC 78 (2018) 453]
[EPJC 80 (2020) 12]

[JHEP 10 (2019) 236]
[JHEP 09 (2022) 133]

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2304.07330
https://arxiv.org/abs/2207.13371
https://arxiv.org/abs/2206.03797
https://arxiv.org/abs/1708.04474
https://arxiv.org/abs/1709.03921
https://arxiv.org/abs/2001.04470
https://arxiv.org/abs/1805.06378
https://arxiv.org/abs/2206.03797
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Summary and conclusions

■ SM describes large majority of results with excellent precision,
but some tensions appeared in the sector of rare decays

■ Status of these flavour anomalies

■ Branching fractions of b→ sµ+µ− decays ∼ 1–3σ
■ Angular observables of b→ sµ+µ− decays ∼ 2–3σ
■ Lepton universality in RK,K∗ ��3σ → 0.2σ

■ Tensions in b→ sµ+µ− B and angular observables not theoretically clean,
Progress requires synergistic work between experiment and theory!

■ LHC Run 3 just started, will allow for unprecedented reach with flavour
observables with brand new LHCb detector

■ Belle 2 will provide important additional
and complementary information

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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NP contributions and reach with indirect searches
■ NP can contribute to different operators Oi depending on its type

Heff = − 4GF√
2
VtbV

∗
ts

e2

16π2︸ ︷︷ ︸
∼ 1/(35TeV)2

∑
i

CiOi ∆HNP =
κ

Λ2
NP

Oi

⇒ ΛNP ∼ 35TeV
√
κ/∆Ci

Flavour-viol. coupling

NP scale

■ NP reach not limited by
√
s, complementary with direct searches

Exclusion limits for NP searches

Rare decays (∆F = 1)

Direct searches

CKM
suppressed

generic
coupling

κ

ΛNP
NP Scenario Coupling κ

Tree-level generic 1

Tree-level CKM suppressed VtbVts

Loop-level generic 1
16π2

Loop-level CKM suppressed VtbVts

16π2

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Prospects in Run 3 and the Upgrade II

Prospects from [arXiv:1808.08865]

B0→ K∗0µ+µ− angular analysis∫
Ldt 3 fb−1 23 fb−1 300 fb−1

σstat(Si) ≤ 0.058 ≤ 0.016 ≤ 0.004
σ(C′

10) 0.31 0.15 0.06

Λtree generic
NP [ TeV] 50 75 115

■ Run 3 just started, will more than double
∫
Ldt from

9 fb−1 (Run 1+2) to around 23 fb−1

■ Upgrade 2 will increase
∫
Ldt to 300 fb−1

Framework TDR [CERN-LHCC-2021-012],
Physics case [CERN-LHCC-2018-027],
CERN Yellow report [arxiv:1812.07638]

■ NP reach in Upgrade II increases by
more than factor 2 wrt. Run 1+2

■ ΛNP reach beyond 100TeV through precision
C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/1808.08865
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Angular observable P ′
5 from B+→ K∗+(→ K0

S
π+)µ+µ−

q2 [ GeV2/c4]
0 5 10 15

P
′ 5

-1.5

-1

-0.5

0

0.5

1

1.5

J/
ψ

ψ
(2
S
)

Data 9 fb−1

SM from DHMV

SM from ASZB

LHCb

1

[PRL 126 (2021) 161802]

■ Recent LHCb measurement using Run 1+2 data [PRL 126 (2021) 161802]

■ Global tension corresponding to 3.1σ, consistent with B0→ K∗0µ+µ−

■ Angular analysis (FL+AFB) also by CMS [JHEP 04 (2021) 124]

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Crosschecks rJ/ψ and Rψ(2S)

0.95 1.00 1.05 1.10 1.15 1.20

rKJ/ψ

0.95

1.00

1.05

1.10

1.15

1.20

rK
∗

J
/ψ

LHCb
9 fb-1 best fit

68% C.L.
95% C.L.
99% C.L.

0.96 0.98 1.00 1.02 1.04

RK
ψ(2S)

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

R
K
∗

ψ
(2
S

)

LHCb
9 fb-1 best fit

68% C.L.
95% C.L.
99% C.L.

[arXiv:2212.09152] [arXiv:2212.09153][arXiv:2212.09152] [arXiv:2212.09153]

■ Both rJ/ψ and Rψ(2S) compatible with unity at better than 2σ

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays

https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
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Residual backgrounds from misidentification

[arXiv:2212.09152] [arXiv:2212.09153]

■ Misidentified backgrounds can be isolated by inverting particle ID cuts:
Examples are (left) B+→ K+π+π− and (right) B+→ K+K+K−

■ Similar backgrounds for K∗0e+e−, however Dalitz structure not well known

■ Backgrounds from single misidentification less well known, complex shape

■ Developed new inclusive data-driven treatment of misidentified residual
backgrounds

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Residual backgrounds from misidentification
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[arXiv:2212.09152] [arXiv:2212.09153]

■ Invert electron PID selection to obtain control region

■ Use control samples from data to weight control region events
according to their misidentification probability we = ϵpass PID/ϵfail PID

■ Resulting distribution and expected background yield used in nominal
rare electron mode fit

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Systematic uncertainties

[arXiv:2212.09152] [arXiv:2212.09153]

■ Dominant systematic: Modeling of residual misidentified bgks.

■ Measurement statistically limited

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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RK,K∗ specific background vetos
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RK,K∗ efficiency corrected ratios
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RK,K∗ PID dependence
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The very rare decay B0
s→ µ+µ−

SM diagram
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■ Loop-, helicity- and CKM suppressed

■ Purely leptonic final state, theoretically and experimentally very clean

■ Precise SM prediction1 [PRL 112 (2014) 101801] [JHEP 10 (2019) 232]

B(B0
s→ µ+µ−) = (3.66± 0.14)× 10−9

B(B0→ µ+µ−) = (1.03± 0.05)× 10−10

■ Very sensitive to new scalar sector (e.g. extended Higgs sector, SUSY)

1SM prediction without Vcb dependence available, in good agreement [APP B 53 (2021) 6]

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Measurements of B0
(s)→ µ+µ−
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contours correspond to 68%, 95%, 99% CL regions

■ Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(B0
s→ µ+µ−) = (3.09+0.46

−0.43
+0.15
−0.11)× 10−9

B(B0→ µ+µ−) = (1.2+0.8
−0.7 ± 0.1)× 10−10 (B < 2.6× 10−10 @ 95%CL)

in good agreement with SM

■ New precise CMS measurement [arXiv:2212.10311] moves average further to SM

B(B0
s→ µ+µ−) = (3.83+0.38

−0.36(stat)
+0.19
−0.16(syst)

+0.14
−0.13(fs/fu))× 10−9

B(B0→ µ+µ−) = (0.37+0.75
−0.67

+0.08
−0.09)× 10−10 (B < 1.9× 10−10 @ 95%CL)

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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Measurements of B0
(s)→ µ+µ−
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■ Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(B0
s→ µ+µ−) = (3.09+0.46

−0.43
+0.15
−0.11)× 10−9

B(B0→ µ+µ−) = (1.2+0.8
−0.7 ± 0.1)× 10−10 (B < 2.6× 10−10 @ 95%CL)

in good agreement with SM

■ New precise CMS measurement [arXiv:2212.10311] moves average further to SM

B(B0
s→ µ+µ−) = (3.83+0.38

−0.36(stat)
+0.19
−0.16(syst)

+0.14
−0.13(fs/fu))× 10−9

B(B0→ µ+µ−) = (0.37+0.75
−0.67

+0.08
−0.09)× 10−10 (B < 1.9× 10−10 @ 95%CL)
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Interpretation in global fits
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■ b→ sℓ+ℓ− data can be interpreted using global fits of Wilson coefficients

■ Assuming NP only in muon-sector (Re(Cbsµµ9 ) and Re(Cbsµµ10 )) reveals
tension between b→ sµ+µ− angular and B measurements and RK,K∗

■ Can be resolved in presence of LFU NP which does not affect RK,K∗

■ Data prefers negative Cuniv.
9 , tension depends on hadronic uncertainties
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tension between b→ sµ+µ− angular and B measurements and RK,K∗

■ Can be resolved in presence of LFU NP which does not affect RK,K∗

■ Data prefers negative Cuniv.
9 , tension depends on hadronic uncertainties
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