
;

Overview of Rare B Decays

C. Langenbruch1 on behalf

of the LHCb collaboration
1RWTH Aachen

LHCb Implications workshop

CERN, October 20th 2022

cc-by-2.0, Christopher Michel



Introduction 2 / 38

An overview of Rare Decays
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[A. Battig: Lepton Flavour Violation] [This talk]

[M. Gomez, Rare Charm and Strange results]

[S. Schacht, K → µµ as probe for NP]

[M. Reboud, Progress on QCD corrections][G. Hiller, Decays of rare charmed baryons]
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†not to scale
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Overview of Rare B Decays

Exclusion limits for NP searches

Rare decays (∆F = 1)
HNP ∝ κ

Λ2
NP

Direct searches

CKM-like
flavour violation

generic
flavour violation

κ

ΛNP
Increase precision

Increase
√
s

NP searches with
Rare B Decays

B(b→ sµ+µ−)

Angular analyses
of b→ sµ+µ−

Lepton universality
in b → s`+`−

Radiative Decays

Conclusions
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Rare B decays as sensitive probes for New Physics

Rare decays in the SM
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Possible contributions from NP

Supersymmetry
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Possible contributions from NP

Leptoquarks

b µ−
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s

LQ

Possible contributions from NP

New heavy gauge bosons

b s

µ+

µ−

Z ′

� Rare decays are so called Flavour Changing Neutral Currents

� In the SM: Only allowed via quantum fluctuations (loop suppressed)

� New heavy particles can significantly contribute and
change rates, asymmetries, and angular distributions

C. Langenbruch (RWTH), Implications 2022 Rare B Decays
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Rare B decays in effective field theory
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Full theory
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Effective description

� Model-independent description in effective field theory

Heff = −4GF√
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∗
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∑
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Ci Oi

Wilson coefficient
(“effective coupling”)

Local operator

∆HNP =
κ

Λ2
NP

Oi

Flavour-violating coupling

NP scale

� Rare B decays allow to probe

several operators O(NP)
i

� ΛNP up to (100 TeV) reachable
[JHEP 11 (2014) 121]
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The complementarity of NP searches with rare decays
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1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.04) 0.108 0.34  137 fb 1

1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.004) 0.015 0.075  137 fb 1

1911.03947 (2j)Scalar Diquark 0.5 7.5  137 fb 1
1911.03947 (2j)Color Octect Scalar, k2

s = 1/2 0.5 3.7  137 fb 1
1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25  36 fb 1

2106.10509 (1j + 1 )W  resonance 1.5 8  137 fb 1
1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4  36 fb 1

1911.03947 (2j)String resonance 0.5 7.9  137 fb 1

CMS preliminary 16-140 fb 1 (13 TeV)
Overview of CMS EXO results

ICHEP 2022Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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2001.04521 (2 + 2j)Excited Lepton Contact Interaction 0.2 5.7  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6  77 fb 1

2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <36  140 fb 1
2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <24  140 fb 1
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1811.10151 (1 + 1j + pmiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6  77 fb 1

1908.01713 (h + pmiss
T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.1  36 fb 1

1908.01713 (h + pmiss
T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.6  36 fb 1

2112.11125 (2j + pmiss
T )Z′ mediator (dark QCD), mdark = 20 GeV, rinv = 0.3, dark = peak

dark 1.5 5.1  138 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54  16 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.3  36 fb 1

2107.13021 ( 1j + pmiss
T )pseudoscalar mediator (+j/V), gq = 1, gDM = 1, m = 1 GeV <0.47  101 fb 1

2107.13021 ( 1j + pmiss
T )scalar mediator (fermion portal), u = 1, m = 1 GeV <1.5  101 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29  36 fb 1

2103.02708 (2e, 2 )(axial)-vector mediator ( ), gq = 0.1, gDM = 1, g = 0.1, m > mmed/2 0.2 4.64  140 fb 1
2107.13021 ( 1j + pmiss

T )(axial-)vector mediator ( ), gq = 0.25, gDM = 1, m = 1 GeV <1.95  101 fb 1
1911.03947 (2j)(axial-)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.5 2.8  137 fb 1

2103.02708 (2e, 2 )vector mediator ( ), gq = 0.1, gDM = 1, g = 0.01, m > 1 TeV 0.2 1.92  140 fb 1
1911.03761 ( 3j)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.35 0.7  18 fb 1
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1810.10092 (6j)RPV gluinos to 3 quarks <1.5  36 fb 1
1806.01058 (2j)RPV gluino to 4 quarks 0.1 1.41  38 fb 1

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52  36 fb 1
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2202.06075 ( + pmiss
T )split-UED, 2 TeV 0.4 2.8  137 fb 1
2201.02140 (2j)3-brane WED gKK( + g ggg), ggrav = 6, ggKK = 3, = 0.5, m( )/m(gKK) = 0.1 2 4.3  137 fb 1

1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7  36 fb 1
1803.08030 (2j)RS QBH (jj), nED = 1 <5.9  36 fb 1

1911.03947 (2j)RS GKK(qq, gg), k/MPl = 0.1 0.5 2.6  137 fb 1
1809.00327 (2 )RS GKK( ), k/MPl = 0.1 <4.1  36 fb 1

2103.02708 (2 )RS GKK( ), k/MPl = 0.1 <4.78  140 fb 1
2205.06709 ( )ADD QBH ( ), nED = 4 <5  137 fb 1

2205.06709 (e )ADD QBH (e ), nED = 4 <5.2  137 fb 1
2205.06709 (e )ADD QBH (e ), nED = 4 <5.6  137 fb 1

1803.08030 (2j)ADD QBH (jj), nED = 6 <8.2  36 fb 1
2107.13021 ( 1j + pmiss

T )ADD GKK emission, nED = 2 <10.8  101 fb 1
1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.1  36 fb 1

1803.08030 (2j)ADD (jj) HLZ, nED = 3 <12  36 fb 1
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1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9  36 fb 1
1911.03947 (2j)excited light quark (qg), = m *

q 0.5 6.3  137 fb 1
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2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Vector like taus,  Singlet 0.125 0.15  137 fb 1
2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Vector like taus,  Doublet 0.1 1.045  137 fb 1

2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Type-III seesaw heavy fermions, Flavor-democratic 0.1 0.98  137 fb 1
1806.10905 ( 1j + + e)MSM, |VeNV*

N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6  36 fb 1
1802.02965; 1806.10905 (3 ( , e); 1j + 2 ( , e))MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.43  36 fb 1
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CMS-PAS-EXO-19-016 (2 + b)scalar LQ (single prod.), coupling to 3rd gen. fermions, = 1, = 1 <0.75  137 fb 1
2107.13021 ( 1j + pmiss

T )scalar LQ (single prod.), coupling to 1st gen. fermions, = 0, = 1 1 1.6  101 fb 1
CMS-PAS-EXO-19-016 (2 + 2j)scalar LQ (pair prod.), coupling to 3rd gen. fermions, = 1 <1.26  137 fb 1
1808.05082 (2 + 2j; + 2j + pmiss

T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 0.5 <1.29  36 fb 1
1811.10151 (1 + 1j + pmiss

T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 0.8 1.5  77 fb 1
1808.05082 (2 + 2j)scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 <1.53  36 fb 1

1811.01197 (2e + 2j; e + 2j + pmiss
T )scalar LQ (pair prod.), coupling to 1st gen. fermions, = 0.5 <1.27  36 fb 1

1811.01197 (2e + 2j)scalar LQ (pair prod.), coupling to 1st gen. fermions, = 1 <1.44  36 fb 1
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1911.03947 (2j)Axigluon, Coloron, cot = 1 0.5 6.6  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5  36 fb 1

2112.03949 (2e + 2j)LRSM WR(eNR), MNR = 0.5MWR <4.7  36 fb 1
2112.03949 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <5  36 fb 1

1911.03947 (2j)SSM W′(qq) 0.5 3.6  137 fb 1
CMS-PAS-EXO-21-009 ( + pmiss

T )SSM W′( ) 0.6 4.8  137 fb 1
2202.06075 ( + pmiss

T )SSM W′( ) 0.4 5.7  137 fb 1
1909.04114 (2j)Leptophobic Z′ 0.05 0.45  78 fb 1

2205.06709 ( )LFV Z′, BR( ) = 10% 0.2 4.1  137 fb 1
2205.06709 (e )LFV Z′, BR(e ) = 10% 0.2 4.3  137 fb 1

2205.06709 (e )LFV Z′, BR(e ) = 10% 0.2 5  137 fb 1
2103.02708 (2e, 2 )Superstring Z′ 0.2 4.6  140 fb 1

1905.10331 (1j, 1 )Z′(qq) 0.01 0.125  36 fb 1
1911.03947 (2j)SSM Z′(qq) 0.5 2.9  137 fb 1

2103.02708 (2e, 2 )SSM Z′( ) 0.2 5.15  140 fb 1
1912.04776 (2 )ZD, narrow resonance 0.11 0.2  137 fb 1

1912.04776 (2 )ZD, narrow resonance 0.0115 0.075  137 fb 10.1
T

eV

1
T

eV

10
T

eV

13
T

eV

Dark Matter

Extra Dimensions

Leptoquarks

Heavy Gauge Bosons

� Direct searches limited by beam energy, ΛNP <
√
s

� Reach with rare decays depends on coupling κ and measurement precision1:

ΛNP ∝
√
κ/σ(Ci) ∝ 4

√∫
Ldt

1Assuming clean SM prediction, no limiting exp. systematics
C. Langenbruch (RWTH), Implications 2022 Rare B Decays

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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The complementarity of NP searches with rare decays
Exclusion limits for NP searches

Rare decays (∆F = 1)
HNP ∝ κ

Λ2
NP

Direct searches

CKM-like
flavour violation

generic
flavour violation

κ

ΛNP
Increase precision

Increase
√
s

NP scenario κ

Tree generic 1

Tree MFV VtbVts

Loop generic 1
16π2

Loop MFV VtbVts
16π2

� Direct searches limited by beam energy, ΛNP <
√
s

� Reach with rare decays depends on coupling κ and measurement precision1:

ΛNP ∝
√
κ/σ(Ci) ∝ 4

√∫
Ldt

1Assuming clean SM prediction, no limiting exp. systematics
C. Langenbruch (RWTH), Implications 2022 Rare B Decays
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LHCb Upgrade schedule

We are here

� The Upgrade has arrived! Much improved detector, 40 MHz readout,
full software trigger, and much more, see [M. Fontana, LHCb Overview ]

� Will increase
∫
Ldt from 9 fb−1 (Run 1+2) to 50 fb−1 (Run 3+4)

� Upgrade II: 300 fb−1 (Run 5), summarised in FTDR [CERN-LHCC-2021-012],
Physics case [CERN-LHCC-2018-027], see also [arxiv:1812.07638]

� ΛNP reach increases by around 1.650 fb−1 and 2.5300 fb−1 wrt. Run 1+22

TDR
Framework

Technical Design Report

CERN/LHCC 2021-012

LHCb TDR 23

24 February 2022
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 2Naive private extrapolation using clean observables.
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http://
https://cds.cern.ch/record/2776420
http://cds.cern.ch/record/2636441
https://arxiv.org/abs/1812.07638
https://cds.cern.ch/record/2776420
http://cds.cern.ch/record/2636441
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Overview of Rare B Decays
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The very rare decay B0
s→ µ+µ−

SM diagram

b̄

s

µ+

µ−

B0
s W

Z0

t̄

t

Possible NP contribution

b̄

s

µ+

µ−

B0
s t̃

χ̃+

χ̃−
ν̃

� Loop-, helicity- and CKM suppressed

� Purely leptonic final state, theoretically and experimentally very clean

� Precise SM prediction3
[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)

3SM prediction without Vcb dependence available, in good agreement [APP B 53 (2021) 6]

C. Langenbruch (RWTH), Implications 2022 Rare B Decays

http://arxiv.org/abs/1311.0903
https://arxiv.org/abs/1908.07011
https://arxiv.org/abs/2109.11032
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Measurements of B0
(s)→ µ+µ−
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[PRL 128 (2022) 041801] [PRD 105 (2022) 012010]
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)−µ+µ→s
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9−10×)− µ+ µ

→0
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B
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LHCb
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1−9 fb

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 [CMS-PAS-BPH-21-006] 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 (RWTH), Implications 2022 Rare B Decays

https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://cds.cern.ch/record/2815334
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Measurements of B0
(s)→ µ+µ−
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[PRL 128 (2022) 041801] [PRD 105 (2022) 012010] [CMS-PAS-BPH-21-006]

� 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 [CMS-PAS-BPH-21-006] 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 (RWTH), Implications 2022 Rare B Decays

https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://cds.cern.ch/record/2815334
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://cds.cern.ch/record/2815334
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Search for B0
(s) → µ+µ−µ+µ−

� B(B0
(s)→ µ+µ−µ+µ−)

SM∼ 10−12(10−10)
very rare in SM

� Many SM extensions with significant rates,
e.g. MSSM [Phys. Rev. D 85, 077701] , axions
[PRL 119 (2017) 031802] [JHEP 03 (2019) 008] [EPJC 79 (2019) 5]

� Using full Run 1–2 data set (9 fb−1)

� Search for non-resonant B0
(s)→ µ+µ−µ+µ−,

scalar-mediated B0
(s)→ aa with ma = 1 GeV,

and B0
(s)→ J/ψ (µ+µ−)µ+µ−

� Resulting limits at 95% CL:

B(B0
s→ µ+µ−µ+µ−) < 8.6× 10−10

B(B0→ µ+µ−µ+µ−) < 1.8× 10−10

B(B0
s→ a(µ+µ−)a(µ+µ−)) < 5.8× 10−10

B(B0→ a(µ+µ−)a(µ+µ−)) < 2.3× 10−10

B(B0
s→ J/ψ (µ+µ−)µ+µ−) < 2.6× 10−9

B(B0→ J/ψ (µ+µ−)µ+µ−) < 1.0× 10−9
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Figure 1: Feynman diagram for the resonant B0
s → J/ψ(µ+µ−)φ(µ+µ−) decay.
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Search for B0
(s) → µ+µ−µ+µ−

� B(B0
(s)→ µ+µ−µ+µ−)

SM∼ 10−12(10−10)
very rare in SM

� Many SM extensions with significant rates,
e.g. MSSM [Phys. Rev. D 85, 077701] , axions
[PRL 119 (2017) 031802] [JHEP 03 (2019) 008] [EPJC 79 (2019) 5]

� Using full Run 1–2 data set (9 fb−1)

� Search for non-resonant B0
(s)→ µ+µ−µ+µ−,

scalar-mediated B0
(s)→ aa with ma = 1 GeV,

and B0
(s)→ J/ψ (µ+µ−)µ+µ−

� Resulting limits at 95% CL:

B(B0
s→ µ+µ−µ+µ−) < 8.6× 10−10

B(B0→ µ+µ−µ+µ−) < 1.8× 10−10

B(B0
s→ a(µ+µ−)a(µ+µ−)) < 5.8× 10−10

B(B0→ a(µ+µ−)a(µ+µ−)) < 2.3× 10−10

B(B0
s→ J/ψ (µ+µ−)µ+µ−) < 2.6× 10−9

B(B0→ J/ψ (µ+µ−)µ+µ−) < 1.0× 10−9
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Semileptonic b→ sµ+µ− decays: B(B0
s→ φµ+µ−)
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� B of semileptonic b→ sµ+µ− decays can also be affected by NP

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

� SM predictions less clean than for leptonic decays,
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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Semileptonic b→ sµ+µ− decays: B(B0
s→ φµ+µ−)
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� B of semileptonic b→ sµ+µ− decays can also be affected by NP

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

� SM predictions less clean than for leptonic decays,
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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B0
s → φµ+µ− branching fraction
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8− 10× [PRL 127 (2021) 151801]
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 < 6 GeV2/c4) = (2.88± 0.21)−8 GeV2/c4

� Tension with SM at 3.6σ (LCSR+Lattice) and 1.8σ (LCSR only)

C. Langenbruch (RWTH), Implications 2022 Rare B Decays

http://arxiv.org/abs/2105.14007
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/1411.3161
https://arxiv.org/abs/1310.3887
https://arxiv.org/abs/1501.00367
http://arxiv.org/abs/2105.14007


Rare b→ sµ+µ− branching fractions 18 / 38

Low B also found for other b→ sµ+µ− decays
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s→ φµ+µ− [PRL 127 (2021) 151801]
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CMS B0→ K∗0µ+µ− [PLB 753 (2016) 424]
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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, arXiv:2207.13371]

� 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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� 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, arXiv:2207.13371]

� Work on updates with full data sample, clean observables like AI
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Overview of Rare B Decays
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Angular analysis of B0 → K∗0[→ K+π−]µ+µ−

d
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s̄

B0 K∗0
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t̄

W+

Z0, γ

B

K*
 K*

z

K

+
+

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 Jj

i from single-differential distributions in θ`, θK∗ or φ can be found in [10].

� Decay fully described by three helicity angles ~Ω = (θ`, θK , φ) and q2 = m2
µµ

�
1

d(Γ + Γ̄)/dq2

d3(Γ + Γ̄)

d~Ω
=

9

32π

[
3
4 (1− FL) sin2 θK + FL cos2 θK + 1

4 (1− FL) sin2 θK cos 2θ`

− FL cos2 θK cos 2θ` + S3 sin2 θK sin2 θ` cos 2φ

+ S4 sin 2θK sin 2θ` cosφ+ S5 sin 2θK sin θ` cosφ

+ 4
3AFB sin2 θK cos θ` + S7 sin 2θK sin θ` sinφ

+ S8 sin 2θK sin 2θ` sinφ+ S9 sin2 θK sin2 θ` 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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SM from DHMV

[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

� Global B0→ K∗0µ+µ− analysis finds deviation corresponding to 3.3σ

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

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

� Update using full LHCb data sample coming soon,
New q2-unbinned analysis approaches ongoing
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Angular observable P ′5 from B0→ K∗0µ+µ−
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[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

� Global B0→ K∗0µ+µ− analysis finds deviation corresponding to 3.3σ

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

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

� Update using full LHCb data sample coming soon,
New q2-unbinned analysis approaches ongoing
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Angular observable P ′5 from B+→ K∗+(→ K0
S
π+)µ+µ−
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[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]
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Consistency of b→ sµ+µ− angular analyses
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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−

3.4σ

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, significant hadronic theory uncertainties, charm-loop effect?
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Overview of Rare B Decays
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Lepton universality in rare decays

b̄ s̄

B+ K+

u u

µ−

µ+

t̄
W

q2 = m2
``

b̄ s̄

B+ K+

u u

e−

e+

t̄
W

� Lepton flavour universality central property of SM
� Testable using ratios of branching fractions of rare b→ s`+`− decays:

RK = B(B+→K+µ+µ−)
B(B+→K+e+e−)

� Precisely predicted to be unity in SM,
differences only through lepton mass effects

� QED corrections O(1 %) [EPJC 76 (2016) 440]

� Hadronic uncertainties (form factors etc.) cancel in the ratio
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Experimental challenges in b→ s`+`− reconstruction
B+ → K+µ+µ− B+ → K+e+e−

ψ(2S)K+

J/ψK+

ψ(2S)K+

J/ψK+

radiative tails radiative tails

part. reco part. reco

[P
R

L
122

(2019)
191801]

Experimental Challenges for electrons

1 Low trigger efficiencies:
pT thresholds 3 GeV for e± vs. 1.8 GeV for µ±

2 Electrons strongly emit Bremsstrahlung traversing material
Brem-γ recovery has limited efficiency and degrades mass resolution

3 Backgrounds e.g. from partially reconstructed or misidentified decays
C. Langenbruch (RWTH), Implications 2022 Rare B Decays
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Analysis strategy: Double ratio

� Analysis strategy: Double ratio of the rare modes B→ K(∗)`+`− with
resonant decays B→ K(∗)J/ψ (→ `+`−):

RK(∗) =
B(B→ K(∗)µ+µ−)

B(B→ K(∗)J/ψ (µ+µ−))

/ B(B→ K(∗)e+e−)

B(B→ K(∗)J/ψ (e+e−))

=
NK(∗)µ+µ−

NK(∗)J/ψ (µ+µ−)
×
εK(∗)J/ψ (µ+µ−)

εK(∗)µ+µ−

×
NK(∗)J/ψ (e+e−)

NK(∗)e+e−
× εK(∗)e+e−

εK(∗)J/ψ (e+e−)

� Double ratio cancels most experimental
systematic effects in ε ratios

� Important cross-checks:

rJ/ψ =
B(B→ K(∗)J/ψ (µ+µ−))

B(B→ K(∗)J/ψ (e+e−))
= 1

Rψ(2S) =
B(B→ K(∗)ψ(2S)(µ+µ−))

B(B→ K(∗)J/ψ (µ+µ−))

/B(B→ K(∗)ψ(2S)(e+e−))

B(B→ K(∗)J/ψ (e+e−))
= 1
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RK [Nature Phys. 18 (2022) 277]

� Decay B+→ K+`+`−

� q2 ∈ [1.1, 6.0] GeV2/c4

� Run 1 and Run 2 data set (9 fb−1)

� Result:

RK = 0.846+0.042
−0.039(stat)+0.013

−0.012(syst)

� Tension of 3.1σ with SM

� Crosschecks:
rJ/ψ = 0.981± 0.020 (stat⊕ syst)

Rψ(2S) = 0.997± 0.011 (stat⊕ syst)

]2c [MeV/)−e+e+m(K
5000 5500 6000

)2 c
C

an
di

da
te

s 
/ (

24
 M

eV
/

0
20
40
60
80

100
120
140
160
180
200
220
240

-1Data 9 fb
Total fit

−e+e+ K→+B
+)K−e+(eψ J/→+B

Part. Reco.
Combinatorial

LHCb

N(B+→ K+e+e−) = 1640± 70

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s 
/ (

7 
M

eV
/

0

100

200

300

400

500

600
-1Data 9 fb

Total fit
−µ+µ+ K→+B

Combinatorial

LHCb

N(B+→ K+µ+µ−) = 3 850± 70

[N
atu

re
P

h
ys.

18
(2022)

277]
[N

atu
re

P
h

ys.
18

(2022)
277]

C. Langenbruch (RWTH), Implications 2022 Rare B Decays

https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2103.11769


Lepton Flavour Universality in rare decays 31 / 38

RK0
S

[PRL 128 (2022) 191802]

� Decay B0→ K0
S `

+`−

� q2 ∈ [1.1, 6.0] GeV2/c4

� Run 1 and 2016–2018 data (9 fb−1)

� Result:

RK0
S

= 0.66+0.20
−0.15(stat)+0.02

−0.04(syst)

� Agreement with SM at 1.5σ

� Crosschecks:

r−1J/ψ = 0.977± 0.008(stat)± 0.027(syst)

R−1ψ(2S) = 1.014± 0.030(stat)± 0.020(syst)
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RK∗+ [PRL 128 (2022) 191802]

� Decay B+→ K∗+(→ K0
Sπ

+)`+`−

� q2 ∈ [0.045, 6.0] GeV2/c4

� Run 1 and 2016–2018 data (9 fb−1)

� Result:

RK∗+ = 0.70+0.18
−0.13(stat)+0.03

−0.04(syst)

� Agreement with SM at 1.4σ

� Crosschecks:

r−1J/ψ = 0.965± 0.011(stat)± 0.032(syst)

R−1ψ(2S) = 1.017± 0.045(stat)± 0.023(syst)
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Overview and upcoming LFU tests

� Work ongoing with high priority on
unified analysis of RK and RK∗

� Will provide final Run 1 and 2 results

� Efforts lead to deeper understanding
of the LFU measurements

� This will be reflected in the results

� In addition, measurements of RpK ,
Rφ, RKππ and more ongoing

� We appreciate your patience until
results become available
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Overview of Rare B Decays
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Measurement of photon polarisation in Λ0
b→ Λγ

� b→ sγ photon predominantly left-handed in SM
(right-handed contributions ∝ m2

s/m
2
b)

� Angular distribution given by
dΓ

d cos θp
∝ 1− αγαΛ cos θp

with αγ photon-polarisation, αΛ = 0.754± 0.004
the Λ asymmetry [Nature Phys 15 (2019) 631], θp](~pΛ

p ,−~pΛ
Λ0

b
)

� Using 6 fb−1 of Run 2 data

� Results using Feldman-Cousins

αγ = 0.82+0.17
−0.26(stat)+0.04

−0.13(syst)

α−γ > 0.56 at 90% CL

α+
γ = −0.56+0.36

−0.33(stat)+0.16
−0.09(syst)

� Consistent with SM predictions and CP-asymmetry

� Constraints on C
(′)
7 using Flavio,

Resolving two-folded ambiguity
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Conclusions

� Rare B decays an excellent laboratory to search for NP effects

� SM describes large majority of results with excellent precision

� But: A few tensions appeared in Rare Decays:
� Low B of b→ sµ+µ− decays
� b→ sµ+µ− angular observables
� LFU tests in Rare Decays

� Most measurements are largely statistically limited,
extensive program ongoing to clarify these anomalies

� Several updates with full Run 1 and 2 data sample in preparation

� LHC Run 3 has started, will allow for
unprecedented NP reach with flavour

� Belle 2 will allow an independent
clarification of anomalies

� Also looking forward to further heavy
flavour measurements from ATLAS/CMS

C. Langenbruch (RWTH), Implications 2022 Rare B Decays
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Interpretation of b→ s`+`− anomalies: Global fits
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LFUV Data

[arXiv:2104.08921] Only lepton universality tests [arXiv:2104.08921]

coeff. best fit 1σ pull

CNP
9µ −0.87 [−1.11,−0.65] 4.4σ

CNP
9µ = −CNP

10µ −0.39 [−0.48,−0.31] 5.0σ

CNP
9µ = −C′9µ −1.60 [−2.10,−0.98] 3.2σ

(CNP
9µ , CNP

10µ) (−0.16,+0.55) − 4.7σ

(CNP
9µ , C′9µ) (−1.82,+1.09) − 4.5σ

(CNP
9µ , C′10µ) (−1.88,−0.59) − 5.0σ

many other global fits: [EPJC 81 (2021) 952] [PLB 824 (2022) 136838]

� Interpretation in effective field theory via global fit of effective couplings

� Using only clean LFU tests result in 3–4σ significance

� Anomalies in LFU tests, B and angular obs. form coherent picture

� Combining all data results in > 5σ significance,
however hadronic uncertainties of B and angular obs. under discussion
[PRD 93 (2016) 014028][arXiv:1406.0566][JHEP 06 (2016) 116][EPJC 77 (2017) 10][JHEP 02 (2021) 088]
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Interpretation of b→ s`+`− anomalies: Global fits
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[arXiv:2104.08921] All b→ s`` data [arXiv:2104.08921]

coeff. best fit 1σ pull

CNP
9µ −1.01 [−1.15,−0.87] 7.0σ

CNP
9µ = −CNP

10µ −0.45 [−0.52,−0.37] 6.5σ

CNP
9µ = −C′9µ −0.92 [−1.07,−0.75] 5.7σ

(CNP
9µ , CNP

10µ) (−0.92,+0.17) − 6.8σ

(CNP
9µ , C′9µ) (−1.12,+0.36) − 6.9σ

(CNP
9µ , C′10µ) (−1.15,−0.26) − 7.1σ

many other global fits: [EPJC 81 (2021) 952] [PLB 824 (2022) 136838]

� Interpretation in effective field theory via global fit of effective couplings

� Using only clean LFU tests result in 3–4σ significance

� Anomalies in LFU tests, B and angular obs. form coherent picture

� Combining all data results in > 5σ significance,
however hadronic uncertainties of B and angular obs. under discussion
[PRD 93 (2016) 014028][arXiv:1406.0566][JHEP 06 (2016) 116][EPJC 77 (2017) 10][JHEP 02 (2021) 088]
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Outlook

LHCb Upgrade

LHCb Upgrade II

Integrated luminosity [ fb−1]
LHCb ATLAS/CMS

Run 1 3 25
Run 2 9 +140
Run 3 23 +300
Run 4 50 +300/year
Run 5(+) 300 +300/year

� Rare decays largely statistically dominated → requires more data

� Updates on anomalies with the full Run 1+2 data ongoing

� Run 3 has started with upgraded LHCb detector [Upgrade TDR]

� Belle II will deliver important complementary results

� Unprecedented precision in the HL-LHC era following LS3 [Yellow Report 7 (2019) 867]

� LHCb Upgrade II installation during LS4 [arXiv:1808.08865] [Upgrade II TDR]

→ expected integrated lumi. of 300 fb−1
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Outlook

LHCb Upgrade

LHCb Upgrade II

Integrated luminosity [ fb−1]
LHCb ATLAS/CMS

Run 1 3 25
Run 2 9 +140
Run 3 23 +300
Run 4 50 +300/year
Run 5(+) 300 +300/year

� Rare decays largely statistically dominated → requires more data

� Updates on anomalies with the full Run 1+2 data ongoing

� Run 3 has started with upgraded LHCb detector [Upgrade TDR]

� Belle II will deliver important complementary results

� Unprecedented precision in the HL-LHC era following LS3 [Yellow Report 7 (2019) 867]

� LHCb Upgrade II installation during LS4 [arXiv:1808.08865] [Upgrade II TDR]

→ expected integrated lumi. of 300 fb−1

Future prospects [arXiv:1808.08865] [PTEP 12 (2019) 123C01]

observable LHCb 2025 Belle II LHCb Upgrade II
R(D∗) 0.0072 0.005 0.002
R(J/ψ ) 0.071 - 0.02
B(B0→ µ+µ−)/B(B0

s→ µ+µ−) 34% - 10%
RK(1 < q2 < 6 GeV2/c4) 0.025 0.036 0.007
RK∗(1 < q2 < 6 GeV2/c4) 0.031 0.032 0.008
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Crosschecks rJ/ψ and Rψ(2S)
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� rJ/ψ = B(B+→K+J/ψ (→µ+µ−))
B(B+→K+J/ψ (→e+e−)) = 1 important crosscheck for eff.

� rJ/ψ single ratio, difference in e/µ reconstruction do not cancel

� Integrated rJ/ψ = 0.981± 0.020, flat and independent of kinematics

� Also checked double ratio

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

/
B+→K+ψ(2S)(→e+e−))
B+→K+J/ψ (→e+e−)) = 0.997± 0.011
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B+→ K+`` yields
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N(B+→ K+e+e−) = 1640± 70 N(B+→ K+J/ψ (→ e+e−)) = (773.3± 0.9) k
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N(B+→ K+µ+µ−) = 3 850± 70 N(B+→ K+J/ψ (→ µ+µ−)) = (2 288.5± 1.5) k
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RK Results
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[Nature Phys. 18 (2022) 277]
LHCb 9 fb−1 [Nature Phys. 18 (2022) 277]

LHCb 5 fb−1 [PRL 122 (2019) 191801]
Belle [PRL 103 (2009) 171801]
BaBar [PRD 86 (2012) 032012]

� LHCb determines RK in central q2 region [1.1, 6.0] GeV2:
RK(1.1 < q2 < 6.0 GeV2) = 0.846+0.042

−0.039
+0.013
−0.012

� Tension with SM prediction at 3.1σ
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RK∗ Results
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Belle 2019

[JHEP 08 (2017) 055]

Babar [PRD 86 (2012) 032012]
Belle [PRL 103 (2009) 171801]
Belle 2019 [PRL 126 (2021) 161801]

� Related LU ratio RK∗ = B(B0→K∗0µ+µ−)
B(B0→K∗0e+e−) also shows tension with SM

RK∗(0.045 < q2 < 1.1 GeV2) = 0.66+0.11
−0.07 ± 0.03 2.1-2.3σ low q2

RK∗(1.1 < q2 < 6.0 GeV2) = 0.69+0.11
−0.07 ± 0.05 2.4-2.5σ central q2

� Compatible with Babar [PRD 86 (2012) 032012] and Belle [PRL 103 (2009) 171801]
[PRL 126 (2021) 161801]

� Update with full Run 1+2 data sample currently ongoing
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Lepton universality tests RK0
S

and RK∗+
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LHCb

[arX
iv:2110.09501]

� LHCb measurement of RK0
S

and RK∗+ with Run 1+2 data [arXiv:2110.09501]

� Reconstructed via K0
S → π+π− and K∗+ → K0

S (→ π+π−)π+

� First obs. of B0→ K0
S e

+e− (5.3σ) and B+→ K∗+(→ K0
Sπ

+)e+e− (6.0σ)
C. Langenbruch (RWTH), Implications 2022 Rare B Decays

https://arxiv.org/abs/2110.09501
https://arxiv.org/abs/2110.09501


Backup 49 / 38

Lepton universality tests RK0
S

and RK∗+
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� New result by LHCb [arXiv:2110.09501]

RK0
S
(1.1 < q2 < 6.0 GeV2/c4) = 0.66+0.20

−0.15(stat)+0.02
−0.04(syst)

RK∗+(0.045 < q2 < 6.0 GeV2/c4) = 0.70+0.18
−0.13(stat)+0.03

−0.04(syst)

� Consistent with SM at 1.5σ and 1.4σ, lower than SM prediction

� Good agreement with Belle results [PRL 126 (2021) 161801] [JHEP 03 (2021) 105]
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