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The decay B0 → K∗0µ+µ− in the SM
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� B0 → K∗0µ+µ− is a b→ s flavour changing neutral current (FCNC)

� Forbidden at tree level in the SM

� Allowed as quantum corrections at higher order → loop suppressed
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The decay B0 → K∗0µ+µ− in NP
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� New Physics amplitudes can appear at the same level as SM particles

� Potentially large modification of B and angular distributions

� New Particles do not have to be on shell → high masses acessible

C. Langenbruch (Warwick), NP in b→ s transitions B0 → K∗0µ+µ− at LHCb



Introduction 4 / 28

Description of FCNC processes in effective field theory

� Effective Hamiltonian for b→ s FCNC transition

Heff = −4GF√
2
VtbV

∗
ts

∑
i

(CiOi + C ′iO′i)

� Wilson coefficients Ci encode short-distance physics
and possible NP effects

� Oi local operators with different Lorentz structure

� O′i helicity flipped operators, ms/mb suppressed
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The LHC as heavy flavour factory

bb̄ polar angles

� bb̄ produced correlated predominantly in forward (backward) direction
→ single arm forward spectrometer (2 < η < 5)

� Large bb̄ production cross section
σbb̄ = (75.3± 14.1)µb [Phys.Lett. B694 (2010)] in acceptance

� ∼ 1× 1011 produced bb̄ pairs in 2011, excellent environment to study
B0 → K∗0µ+µ− and other rare decays
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The LHCb detector: Tracking

Tracking system
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B0 → K∗0µ+µ− signature

� Excellent Impact Parameter (IP) resolution (20µm)
→ Identify secondary vertices from heavy flavour decays

� Proper time resolution ∼ 40 fs
→ Good separation of primary and secondary vertices

� Excellent momentum (δp/p ∼ 0.4− 0.6%) and inv. mass resolution
→ Low combinatorial background
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The LHCb detector: Particle identification and Trigger

Muon system

RICH1

RICH2 K/π separation [arxiv:1211.6759]

� Excellent Muon identification εµ→µ ∼ 97% επ→µ ∼ 1-3%

� Good Kπ separation via RICH detectors εK→K ∼ 95% επ→K ∼ 5%
→ Reject peaking backgrounds

� High trigger efficiencies, low momentum thresholds
Muons: pT > 1.76 GeV at L0, pT > 1.0 GeV at HLT1
B → J/ψX: εTrigger ∼ 90%

C. Langenbruch (Warwick), NP in b→ s transitions B0 → K∗0µ+µ− at LHCb
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Data taken by LHCb

� Published results I will discuss today only use 1 fb−1 taken in 2011

� Full data sample of 3 fb−1 currently under study
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B0 → K∗0[→ K+π−]µ+µ− final state
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Decay fully described by three helicity angles θ`, θK ,Φ and q2

� q2: four momentum transfer squared, q2 = m(µ+µ−)2

� θ`: angle between the direction of µ+ (µ−)
and direction opposite B0 (B0) in µ+µ− rest frame

� θK : angle between the direction of K
and direction opposite B0 (B0) in Kπ rest frame

� Φ: angle between the µ+µ− plane
and the Kπ plane in the B0 (B0) system
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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 Jj

i from single-differential distributions in θ`, θK∗ or φ can be found in [10].
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Angular observables for B0 → K∗0µ+µ−

� Four-differential decay rate for B0 → K∗0µ+µ−

d4Γ(B0 → K∗0µ+µ−)

dq2 d cos θ` d cos θK dΦ
=

9

32π

[
Is1 sin2 θK + Ic1 cos2 θK

+ (Is2 sin2 θK + Ic2 cos2 θK) cos 2θ`

+ I3 sin2 θK sin2 θ` cos 2Φ + I4 sin 2θK sin 2θ` cos Φ

+ I5 sin 2θK sin θ` cos Φ

+ (Is6 sin2 θK + Ic6 cos2 θK) cos θ` + I7 sin 2θK sin θ` sin Φ

+ I8 sin 2θK sin 2θ` sin Φ + I9 sin2 θK sin2 θ` sin 2Φ
]

� Ii(q
2) combinations of K∗0 spin amplitudes sensitive to C

(′)
7 , C

(′)
9 , C

(′)
10

� CP-averages Si = (Ii + Īi)/
d(Γ+Γ̄)

dq2 , CP-asymmetries Ai = (Ii − Īi)/d(Γ+Γ̄)
dq2

� For m` = 0: 8 CP averages Si, 8 CP-asymmetries Ai

� Simultaneous fit of 8 observables not possible with the 2011 data set
→ Angular folding Φ→ Φ + π for Φ < 0 cancels terms ∝ sin Φ, cos Φ

C. Langenbruch (Warwick), NP in b→ s transitions B0 → K∗0µ+µ− at LHCb
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Ii(q
2) depend on K∗0 spin amplitudes AL,R

0 , AL,R
‖ , AL,R

⊥

Is1 =
(2 + β2

µ)

4
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+
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K∗0 spin amplitudes AL,R
0 , AL,R

‖ , AL,R
⊥

A
L(R)
⊥ = N

√
2λ

{[
(Ceff

9 + C′eff
9 )∓ (Ceff

10 + C′eff
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] V(q2)

mB +mK∗
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{[
(Ceff
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9 )∓ (Ceff

10 −C′eff
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][
(m2

B −m2
K∗ − q2)(mB +mK∗)A1(q2)− λ A2(q2)

mB +mK∗

]
+ 2mb(C

eff
7 −C′eff

7 )
[
(m2

B + 3mK∗ − q2)T2(q2)− λ

m2
B −m2

K∗
T3(q2)

]}
� Wilson coefficients C

(′)eff
7,9,10

� Seven form factors (FF) V (q2), A0,1,2(q2), T1,2,3(q2)
encode hadronic effects and require non-perturbative calculation

� Low q2 ≤ 6 GeV2

→ ξ⊥,‖ (soft form factors)

� Large q2 ≥ 14 GeV2

→ f⊥,‖,0 (helicity form factors)
� Theory uncertainties:

� FF from non-perturbative calculations
� Λ/mb corrections (“subleading corrections”)
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Analysis strategy
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Resonant decays

� Veto of B0 → J/ψK∗0 and B0 → ψ(2S)K∗0 (valuable control channels!)

� Suppression of peaking backgrounds with PID
Rejection of combinatorial background with BDT

1 Determine the differential branching fraction in q2 bins

2 Determine angular observables in multidimensional likelihood fit
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B0 → K∗0µ+µ− signal yield (2011)
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� Fit of Nsig in q2 bins

� Use B0 → J/ψK∗0 as normalisation channel

� SM prediction [C. Bobeth et al. JHEP 07 (2011) 067]

� Data somewhat low but large theory uncertainties due to FF
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B0 → K∗0µ+µ− differential decay rate
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[JHEP 08 (2013) 131]

� Fit of Nsig in q2 bins

� Use B0 → J/ψK∗0 as normalisation channel

� SM prediction [C. Bobeth et al. JHEP 07 (2011) 067]

� Data somewhat low but large theory uncertainties due to FF
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B0 → K∗0µ+µ− angular observables I
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� Results [JHEP 08 (2013) 131] in good agreement with
SM prediction [C. Bobeth et al. JHEP 07 (2011) 067]
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B0 → K∗0µ+µ− angular observables II

� Use different angular foldings for remaining four angular observables

� Use less form factor dependent parameterization P ′4,5,6,8 =
S4,5,7,8√
FL(1−FL)

� 3.7σ deviation from SM prediction [JHEP 05 (2013) 137] in P ′5
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Interpretations of the P ′5 discrepancy

Possible interpretations

1 Statistical fluctuation
Probability in 1/24 bins
(Look-elsewhere effect): 0.5%

2 New Physics
What type of NP could generate
deviation?

� Best fit with ∆CNP
9 ∼ −1.5

� Possible candidate: Z ′ O(1 TeV)
� See also:

[Altmannshofer et al. EPJC 73 (2013) 2646]
[Beaujean et al. arXiv:1310.2478]
[Hurth et al. arXiv:1312.5267]

3 Theory uncertainties
Λ/mb corrections?
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[PRL 111, 191801 (2013)]
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Interpretations of the P ′5 discrepancy

Possible interpretations

1 Statistical fluctuation
Probability in 1/24 bins
(Look-elsewhere effect): 0.5%

2 New Physics
What type of NP could generate
deviation?

� Best fit with ∆CNP
9 ∼ −1.5

� Possible candidate: Z ′ O(1 TeV)
� See also:

[Altmannshofer et al. EPJC 73 (2013) 2646]
[Beaujean et al. arXiv:1310.2478]
[Hurth et al. arXiv:1312.5267]

3 Theory uncertainties
Λ/mb corrections?
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Interpretations of the P ′5 discrepancy

Possible interpretations

1 Statistical fluctuation
Probability in 1/24 bins
(Look-elsewhere effect): 0.5%

2 New Physics
What type of NP could generate
deviation?

� Best fit with ∆CNP
9 ∼ −1.5

� Possible candidate: Z ′ O(1 TeV)
� See also:

[Altmannshofer et al. EPJC 73 (2013) 2646]
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3 Theory uncertainties
Λ/mb corrections?
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Tasks for LHCb

� Analysis of B0 → K∗0µ+µ− using the complete
3 fb−1 data sample

� Analysis of complementary b→ s`` penguin decays
→ see Kostas’ talk tomorrow
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Angular analysis using 3 fb−1 of data

� 2011 1 fb−1 data sample: Nsig ≈ 900

� 2011+2012 3 fb−1 data sample: Naive estimate1 ∼ factor 3 larger

3 fb−1 Plans

1 Determine angular observables without angular folding
Allows to give correlation matrix

2 Switch from Belle q2 binning
Ideally finer binning

3 S-wave was treated as systematic uncertainty

� Dedicated analysis in wider mKπ mass window
� Include component in angular analysis

4 q2 unbinned analysis methods
� Fit of q2 dependent helicity amplitudes
� Direct fit of Wilson coefficients

1Disregarding several improvements in selection
C. Langenbruch (Warwick), NP in b→ s transitions B0 → K∗0µ+µ− at LHCb
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The Kπ S-Wave contribution

� Can have sizeable contribution with Kπ system in spin 0 configuration

� Systematic in previous analysis, Can significantly bias observables for
larger statistics [T. Blake et al.]

� Angular distribution [J. Matias], [D. Becirevic et al.]

1

Γfull

d3Γfull

d cos θ`d cos θKdφ
=

1

ΓK∗0

d3ΓK∗0

d cos θ`d cos θKdφ
(1− FS)

+
3

16π

[
FS sin2 θ` +AS1 sin2 θ` cos θK

+AS2 sin 2θ` sin θK cosφ+AS3 sin θ` sin θK cosφ

+AS4 sin θ` sin θK sinφ+AS5 sin 2θ` sin θK sinφ

]
� 6 additional observables, challenging

� Separate analysis to determine dB(B0 → K∗0µ+µ−)/dq2 and the
S-wave fraction using fit to mKπµµ,mKπ and cos θK
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Fit for helicity amplitudes

� Parametrise q2 dependence of amplitudes with ansatz
AL,R‖,⊥,0(q2) ∼ α+ βq2 + γ/q2

� Fit amplitudes in the 1 < q2 < 6 GeV2 region

� From amplitudes can build any observable and correlations
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� Continuous q2 shape increases sensitivity to new physics
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Direct fit for Wilson coefficients

� Use the four differential decay rate d4Γ
dcosθ`dcosθKdφdq2

as PDF
� Full theory calculation implemented in [EOS] and [SuperIso]
� Use all available information as input: ~Ω, q2, decay flavour
� Perform ub ML fit for C(′)

i and nuisance parameters (FFs etc.)
� Better sensitivity to underlying physics than observables
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� Using expected signal

yield in 2012

� Red: Fit of angular
observables

� Black: Direct fit of
Wilson coefficients

C. Langenbruch (Warwick), NP in b→ s transitions B0 → K∗0µ+µ− at LHCb

http://project.het.physik.tu-dortmund.de/eos/
http://superiso.in2p3.fr/


Future prospects for B0 → K∗0µ+µ− 27 / 28

Prospects for B0 → K∗0µ+µ− in 2018 and beyond

� LHCb is expected to collect an additional 5 fb−1 in 2015-2017

� Afterwards LHCb upgrade [CERN-LHCC-2012-007]
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Conclusions

� B0 → K∗0µ+µ− an ideal environment to search for
NP effects in b→ s FCNCs

� Many observables in good agreement with the SM
� Interesting deviations in

� 3.7σ local deviation in P ′5
� dB(B0 → K∗0µ+µ−)/dq2 lower than predictions

� Analysis of the full 3 fb−1 data sample on the way

� Run II and LHCb upgrade will improve
LHCb’s sensitivity even further
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