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Electroweak penguin decays as probes for New Physics

b→ s`` EWP in the SM
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� Electroweak penguin decays are flavour changing neutral currents,
in the SM forbidden at tree-level and only occur as loop-order processes

� New particles can significantly change B and angular observables

� LHCb ideally suited to perform precision measurements of b→ s`` decays
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EWP decays in effective field theory
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Effective description

� Rare b decays a multi-scale problem: ΛNP � mW � mb > ΛQCD

� Model-independent description in effective field theory

Heff = −4GF√
2
VtbV

∗
ts

e2

16π2

∑
i

Ci Oi

Wilson coefficient
(“effective coupling”)

Local operator

∆HNP =
κ

Λ2
NP

Oi

Flavour-violating coupling

NP scale

� Semileptonic b→ s`` decays

sensitive to several operators O(NP)
i

� ΛNP of (100 TeV) can be probed
[JHEP 11 (2014) 121]

Wilson coefficient Operator
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B0
s→ φµ+µ− branching fraction
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� Decay rates of b→ sµ+µ− processes sensitive to heavy BSM particles

� Central quantity q2 = m2
µµ, different Oi contribute depending on q2

� SM pred. relies on hadronic form factors from non-pert. calculations
� Low q2: Light cone sum rules [PRD 71 (2005) 014029] [JHEP 08 (2016) 98]

[PRD 75 (2007) 054013] [JHEP 09 (2010) 089] . . .

� High q2: Lattice calculations [PRD 89 (2014) 094501] [PoS (LATTICE2014) 372]
[PRD 88 (2013) 054509] . . .

� NEW measurement using full LHCb Run 1+2 data sample [arXiv:2105.14007]
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B0
s→ φµ+µ− branching fraction
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� Decay rates of b→ sµ+µ− processes sensitive to heavy BSM particles

� Central quantity q2 = m2
µµ, different Oi contribute depending on q2

� SM pred. relies on hadronic form factors from non-pert. calculations
� Low q2: Light cone sum rules [PRD 71 (2005) 014029] [JHEP 08 (2016) 98]

[PRD 75 (2007) 054013] [JHEP 09 (2010) 089] . . .

� High q2: Lattice calculations [PRD 89 (2014) 094501] [PoS (LATTICE2014) 372]
[PRD 88 (2013) 054509] . . .

� NEW measurement using full LHCb Run 1+2 data sample [arXiv:2105.14007]
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B0
s → φ[→ K+K−]µ+µ− at LHCb
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[arXiv:2105.14007]

NJ/ψφ = 282 k

Nφµµ = 2 006

� Narrow cut ±12 MeV/c2 around known φ mass

� BDT to suppress combinatorial background

� Signal clearly visible as vertical band after the full selection

� Veto q2 range [8, 11] ∪ [12.5, 15] GeV2/c4 containing tree level decays
B0
s→ J/ψφ and B0

s→ ψ(2S)φ (used for control and normalisation)

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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B0
s → φ[→ K+K−]µ+µ− branching fraction result
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8− 10× [arXiv:2105.14007]
SM LCSR
[JHEP 08 (2016) 098]
[EPJC 75 (2015) 8]
SM LCSR+Lattice
[PRL 112 (2014) 212003]
[PoS Lattice 2014 372]

� Measurement relative to normalisation mode B0
s→ J/ψφ

dB(B0
s→ φµ+µ−)

dq2
=

1

q2max. − q2min.

× Nφµµ

NJ/ψφ
× εφµµ
εJ/ψφ

× B(B0
s→ J/ψφ)× B(J/ψ→ µ+µ−)

�
εφµµ
εJ/ψφ

from (corrected) simulation, many effects cancel in ratio

� 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), EPS-HEP 2021 EWP decays at LHCb
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First observation of B0
s → f ′2(1525)[→ K+K−]µ+µ−
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 [arXiv:2105.14007]

� f ′2(1525) heavy spin 2 resonance with Γ ∼ 86 MeV/c2

� Fit to mB0
s

and mKK to separate from comb. and B0
s→ K+K−µ+µ− bkg.

� B(B0
s→ f ′2(1525)µ+µ−) = (1.57 ±0.19︸ ︷︷ ︸

stat

±0.06︸ ︷︷ ︸
syst

±0.06︸ ︷︷ ︸
q2 extr.

±0.08︸ ︷︷ ︸
norm

)× 10−7

� First observation with 9σ significance

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Angular analysis of B0 → K∗0[→ K+π−]µ+µ−
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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 ~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
]

� FL, AFB, Si combinations of K∗0 spin amplitudes

depending on Wilson coefficients C
(′)
7 , C

(′)
9 , C

(′)
10 and form factors

� 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

]
C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Angular analysis of B0→ K∗0µ+µ− using Run 1 + 2016
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� B0→ K∗0µ+µ− angular analysis using Run 1+2016 data [PRL 125 (2020) 011802]

� Determine observables in bins of q2 using max. likelihood fit of decay angles

� Simultaneously fit of mKπµµ and mKπ to constrain backgrounds (S-wave)

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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B0→ K∗0µ+µ− Results
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� Generally good agreement with SM,
mild tension in FL, AFB

� P ′5: local tension of 2.5σ and 2.9σ in
q2 bins [4.0, 6.0] and [6.0, 8.0] GeV2/c4

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

� Consistent with [PRL 118 (2017) 111801]

[PLB 781 (2018) 517] [JHEP 10 (2018) 047]

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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B0→ K∗0µ+µ− Results
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� Generally good agreement with SM,
mild tension in FL, AFB

� P ′5: local tension of 2.5σ and 2.9σ in
q2 bins [4.0, 6.0] and [6.0, 8.0] GeV2/c4

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

� Consistent with [PRL 118 (2017) 111801]

[PLB 781 (2018) 517] [JHEP 10 (2018) 047]

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Angular analysis of B+→ K∗+(→ K0
S
π+)µ+µ−
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� B+→ K∗+µ+µ− angular analysis using Run 1+2 data [PRL 126 (2021) 161802]

� First measurement of full set of CP -averaged angular obs.

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Angular observables for B+→ K∗+(→ K0
S
π+)µ+µ−
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� Bkg from Kπ system in spin-0 config. determined in fit to mB and mKπ

� Angular observables determined using folding of decay angles

� Local tension with SM up to 3.0σ for P2 = 2
3
AFB

1−FL
in [6, 8] GeV2/c4

� Fit of Wilson coeff. Re(C9) reveals global tension corresponding to 3.1σ

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Angular analysis of B0
s→ φ(→ K+K−)µ+µ−

s
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s

s̄

B0
s φ
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t̄

W+

Z0, γ

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

� Final state K+K−µ+µ− not flavour specific → untagged decay rate
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+A5 sin 2θK sin θ` cosφ

+ 4
3A

CP
FB sin2 θK cos θ` + S7 sin 2θK sin θ` sinφ

+A8 sin 2θK sin 2θ` sinφ+A9 sin2 θK sin2 θ` sin 2φ
]

� Si CP averages, Ai CP asymmetries

� New angular analysis using 8.4 fb−1 LHCb data [arXiv:2107.13428]

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Updated angular analysis of B0
s→ φµ+µ−
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� Simultaneous fit in three angles and m(K+K−µ+µ−)

� Combinatorial background described by first order polynomials

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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CP asymmetries in B0
s→ φµ+µ−
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� CP asymmetries close to zero

� Consistent with SM prediction

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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CP symmetries in B0
s→ φµ+µ−
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� Overall good agreement of CP symmetries with SM predictions
� Some tension in FL: Global analysis shows 1.9σ tension
� P ′5 not accessible as analysis is untagged

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Consistency of b→ sµ+µ− angular analyses
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[PRL 125 (2020) 011802] [PRL 126 (2021) 161802] [arXiv:2107.13428]

B0→ K∗0µ+µ−

3.4σ

B+→ K∗+µ+µ−

3.1σ

B0
s→ φµ+µ−

1.9σ

� Use flavio [arXiv:1810.08132] to fit shift of vector coupling Re(C9) from
SM value using angular observables

� Consistent trends observed for ∆Re(C9) in
B0→ K∗0µ+µ−, B+→ K∗+µ+µ− and B0

s→ φµ+µ−

� Neg. shift of Re(C9) preferred over SM hypothesis at level of 2–3σ

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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Conclusions

� EW penguin decays an excellent laboratory to search for NP effects,
that can significantly affect branching fractions and angular obs.

� Branching fractions of b→ sµ+µ− decays
� New measurement of B(B0

s→ φµ+µ−) [arXiv:2105.14007]

3.6σ below SM prediction, consistent with other b→ sµ+µ− decays
� First observation of B0

s→ f ′2(1525)µ+µ− with 9σ [arXiv:2105.14007]

� Angular analyses of b→ sµ+µ− decays show consistent picture,
between 2–3σ tension with SM prediction

� New angular analysis of B0
s→ φµ+µ− [arXiv:2107.13428]

� Angular analysis of B+→ K∗+µ+µ− [PRL 126 (2021) 161802]

� Angular analysis of B0→ K∗0µ+µ− [PRL 125 (2020) 011802]

� Exciting time for EW penguins

� Extensive program to clarify
the anomalies at LHCb

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb

https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2003.04831
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LHCb: Optimally suited for rare B decays

Tracking: Velo, TT, IT+OT

PID: RICH1, RICH2, Muon

Calo: ECAL, HCALRun 1: 3 fb−1, 2015–2018: 6 fb−1

� Large σbb̄: (284 ± 53)µb at 7 TeV and (495 ± 52)µb at 13 TeV [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) > 1.8 GeV, ET(e) > 3.0 GeV

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb

https://arxiv.org/abs/1009.2731
https://arxiv.org/abs/1509.00771
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LHCb: Optimally suited for rare B decays

Tracking: Velo, TT, IT+OT

PID: RICH1, RICH2, Muon

Calo: ECAL, HCALRun 1: 3 fb−1, 2015–2018: 6 fb−1

Heavy flavour signature

PV

SVL ∼ 7mm
B0

IP

µ+

µ−
π−

K+

p p

� Large σbb̄: (284 ± 53)µb at 7 TeV and (495 ± 52)µb at 13 TeV [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) > 1.8 GeV, ET(e) > 3.0 GeV

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb

https://arxiv.org/abs/1009.2731
https://arxiv.org/abs/1509.00771
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Similar to the rates of many other b→ sµ+µ− decays!
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� Data consistently below SM predictions (particularly at low q2)

� Tensions at 1− 3σ level, sizeable hadronic theory uncertainties

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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