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Rare decays as a probe for New Physics

I Talk will focus on b→ s`+`− transitions
I Rare FCNC processes are only possible via loop

diagrams in SM
I Highly suppressed

I New, heavy particles in SM extensions can enter
the loop and modify observables
I e.g. enhance/suppress B, alter angular

distributions, new sources of CP violation

SM

b s

ℓ

ℓ

W−

t

γ,Z0

b s

ℓ ℓ

t

W− W+

ν

NP

b s

ℓ

ℓ

g̃

d̃i

H0

b s

ℓ ℓ

t

H− H+

ν

b s

ℓ

ℓ

Z′

2/19



Theoretical formalism

I Rare b-hadron decays are a multi-scale problem: mW � mb > ΛQCD
I Measurements intepreted in Operator Product Expansion framework

I All degrees of freedom above a given energy scale are integrated out
I Introduce set of Wilson coefficients, Ci, and local operators, Oi, encoding coupling

strength and Lorentz structure

Heff = −4GF√
2

VtbV∗ts
∑

i
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i )Oi

I b→ s`+`− transitions sensitive to C7, C9, C10
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Angular analysis of B0→ K∗0(→ K+π−)µ+µ− [JHEP 02 (2016) 104]

I Decay fully described by dimuon invariant mass squared, q2, and three angles
~Ω = (cos θ`, cos θK, φ)

1
d(Γ + Γ̄)/dq2

d3(Γ + Γ̄)

d~Ω
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P−wave

=

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` sin φ

+ S8 sin 2θK sin 2θ` sin φ+ S9 sin2 θK sin2 θ` sin 2φ
]

B0
µ+
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φ

I FL, AFB, Si combinations of K∗0 amplitudes which depend on the Wilson
coefficients and the form factors

I Pollution from K+π− in S-wave configuration also taken into account
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Angular analysis of B0→ K∗0(→ K+π−)µ+µ− [JHEP 02 (2016) 104]

I First full angular analysis of the decay
through a maximum likelihood fit to
the data

I Full Run I dataset
I Fit performed in

796 < m(K+π−) < 996 MeV/c2 region
I Simultaneous fit to m(K+π−) to

constrain S-wave fraction
I Projections shown for q2 bin

1.1 < q2 < 6.0 GeV2/c4
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B0→ K∗0µ+µ− fit results - FL, AFB, S5 [JHEP 02 (2016) 104]
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I Full set of CP-averaged and
CP-asymmetric angular terms and their
correlations

I General good agreement with the SM
prediction

I Some tension observed in S5
I SM [ABSZ]
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B0→ K∗0µ+µ− fit results - P′5 [JHEP 02 (2016) 104]
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I Also determine “less form factor
dependent” observables e.g.

P′5 =
S5√

FL(1− FL)

I Local tension with SM predictions (2.8σ
and 3.0σ)

I SM [DHMV]
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Angular moments analysis and zero crossing points [JHEP 02 (2016) 104]

I Observables also measured using
angular moments analysis

I Robust estimator even for small datasets
I Allows finer binning in q2

I Statistically less precise than result of
maximum likelihood fit
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I Determine zero crossing points by
parameterising the angular distribution
in terms of q2 dependent decay
amplitudes
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Amplitude fit

q2
0(S5) ∈ [2.49, 3.95] GeV2/c4 at 68% C.L.

q2
0(AFB) ∈ [3.40, 4.87] GeV2/c4 at 68% C.L.

q2
0(S4) < 2.65 GeV2/c4 at 68% C.L.
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Differential branching fraction of B0→ K∗0µ+µ− [arXiv:1606.04731]

I For 796 < m(K+π−) < 996 MeV/c2 the
K∗0 found predominately in P-wave

I Previous dB/dq2 measurement made
with 1/3 of Run I dataset

I S-wave fraction (FS) expected at level of
< 10%

Ô Treated as a systematic uncertainty
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I New dB/dq2 measurement using full Run I dataset explicitly accounting for
S-wave contribution

I FS determined from fit to m(K+π−) and decay angle cos θK
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Measurement of FS in B0→ K∗0µ+µ− [arXiv:1606.04731]
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I FS determined in two regions:
m(K+π−) ∈ [644, 1200] MeV/c2 and
m(K+π−) ∈ [796, 996] MeV/c2

I Explicit modelling of m(K+π−) system
I P-wave: Relativistic BW
I S-wave: LASS
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Differential branching fraction of B0→ K∗0µ+µ− [arXiv:1606.04731]

I First exclusive measurement of dB(B0→ K∗(892)0µ+µ−)/dq2

dB[B0→ K∗(892)0µ+µ−]

dq2 =
Rε

(q2
max − q2

min)

(1− FS|1200
644 )nK∗0µ+µ−

(1− FJ/ψK∗0
S )nJ/ψK∗0

B(B0→ J/ψK∗(892)0)B(J/ψ → µ+µ−)

I Results compatible with SM predictions
I SM [arXiv:1503.05534]

I Also consistent with pattern of lower
branching fractions for b→ sµ+µ−
transitions than predicted by theory
I e.g. B(B+→ K+µ+µ−), B(B0

s→ φµ+µ−),
B(Λ0

b→ Λµ+µ−)
I Large theoretical uncertainties, correlated

across q2
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Intepretation
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Figure 1 – Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the Re(CNP
9 )-Re(C0

9) plane (right). The blue
contours correspond to the 1 and 2� best fit regions from the global fit. The green and red contours correspond
to the 1 and 2� regions if only branching ratio data or only data on B ! K⇤µ+µ� angular observables is taken
into account.

(including braching ratios and non-LHCb measurements) into sets with data below 2.3 GeV2,
between 2 and 4.3 GeV2, between 4 and 6 GeV2, and above 15 GeV2 (the slight overlap of the
bins, caused by changing binning conventions over time, is of no concern as correlations are
treated consistently). The resulting 1� regions are shown in fig. 2 (the fit for the region between
6 and 8 GeV2 is shown for completeness as well but only as a dashed box because we assume
non-perturbative charm e↵ects to be out of control in this region and thus do not include this
data in our global fit). We make some qualitative observations, noting that these will have to
be made more robust by a dedicated numerical analysis.

• The NP hypothesis requires a q2 independent shift in C9. At roughly 1�, this hypothesis
seems to be consistent with the data.

• If the tensions with the data were due to errors in the form factor determinations, naively
one should expect the deviations to dominate at one end of the kinematical range where
one method of form factor calculation (lattice at high q2 and LCSR at low q2) dominates.
Instead, if at all, the tensions seem to be more prominent at intermediate q2 values where
both complementary methods are near their domain of validity and in fact give consistent
predictions15.

• There does seem to be a systematic increase of the preferred range for C9 at q2 below
the J/ resonance, increasing as this resonance is approached. Qualitatively, this is the
behaviour expected from non-factorizable charm loop contributions. However, the central
value of this e↵ect would have to be significantly larger than expected on the basis of
existing estimates 20,21,22,23,24, as conjectured earlier 23.

Concerning the last point, it is important to note that a charm loop e↵ect does not have to
modify the H� and H0 helicity amplitudese in the same way (as a shift in C9 induced by NP
would). Repeating the above exercise and allowing a q2-dependent shift of C9 only in one of
these amplitudes, one finds that the resulting corrections would have to be huge and of the same
sign. It thus seems that, if the tensions are due to a charm loop e↵ect, this must contribute to
both the H� and H0 helicity amplitude with the same sign as a negative NP contribution to C9.

eThe modification of the H+ amplitude is expected to be suppressed 22,24.

[arXiv:1503.06199]

Branching fractions, angular
observables, combined

I Several attempts to interpret LHCb data
by performing global fits

I Consistent picture, data favours
modified vector coupling (CNP

9 ) at
∼ [3, 4]σ

Possible intepretation
I NP physics scenario, e.g. new vector Z′ ,

leptoquarks, etc
I Problem with our understanding of

QCD, e.g. not properly estimating
contribution from charm loops
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New: B0→ K+π−µ+µ− in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

I Analyses of B0→ K+π−µ+µ− at LHCb have previously focused on the K∗(892)0

I Region of m(K+π−) ∼1430 MeV/c2 contains contributions from K∗1(1410)0,
K∗0(1430)0 and K∗2(1430)0

I Allows for a complementary measurement of b→ sµ+µ− transitions
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New: B0→ K+π−µ+µ− in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

F Measurements performed in the 1330 < m(K+π−) < 1530 MeV/c2 region at low q2

¶ Differential branching fraction as a function of q2

I 5 q2 bins: [0.1,0.98], [1.1,2.5], [2.5,4.0], [4.0,6.0], [6.0,8.0] GeV2/c4

I Normalised to B0→ J/ψK∗(892)0

· Angular analysis
I Single q2 bin: [1.1,6.0] GeV2/c4

I S-, P- and D-wave contributions considered for first time
I Requires new orthonormal basis of angular functions
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New: dB/dq2 in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

dB(B0→ K+π−µ+µ−)

dq2 =
1

(q2
max − q2

min)
fK∗(892)0 B(B0→ J/ψK∗(892)0)B(J/ψ→ µ+µ−)

× B(K∗(892)0→ K+π−)
NK+π−µ+µ−

(1− FJ/ψK∗0
S )NJ/ψK∗0

εJ/ψK∗0

εK+π−µ+µ−

I First dB/dq2 measurement of
B0→ K+π−µ+µ− in this region of
m(K+π−)

I B0→ J/ψK∗(892)0 yield measured in
796 < m(K+π−) < 996 MeV/c2

I fK∗(892)0 accounts for m(K+π−) window
I FJ/ψK∗0

S corrects for S-wave fraction
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New: Angular analysis in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

I CP-averaged differential decay rate of B0→ K+π−µ+µ− decays with the Kπ
system in a S-, P- or D-wave configuration is expanded in an orthonormal basis of
angular functions, fi(Ω), [PRD92(2015)033013]

dΓ

dq2dΩ
= C ×

{ 41∑
i=1

fi(Ω)Γi(q2)

}
with Γi(q2) = ΓL

i (q2) + ηL→R
i ΓR

i (q2)

I Orthonomal angular basis constructed from spherical harmonics Ym
` ≡ Ym

` (θ`, φ)
and reduced spherical harmonics Pm

` ≡
√

2πYm
` (θK, 0)

I Γi(q2) combinations of K∗0J amplitudes with Γ1(q2) corresponding to the total rate
I Define 40 normalised angular moments which forms set of observables

Γi(q2) =
Γi(q2)

Γ1(q2)
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New: Angular analysis in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

I Observables measured using an angular moments analysis
I Likelihood fit impossible due to complicated angular expression and limited statistics

I Distributions of the decays angles within ±50 MeV/c2 of the nominal B0 mass
I Blue: estimated signal distribution obtained from the angular moments model
I Red: projected background from upper mass sideband
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New: Angular analysis in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

I Specific moments point towards large
interference between S- and P-wave states

I Evidence for a supressed D-wave
contribution
I FD < 0.29 @ 95% C.L.
I Low w.r.t expectation from amplitude analysis

of B0→ J/ψKπ [PRD90(2014)112009]

I Access to full information, including
extraction of Wilson coefficients requires
form-factor predictions

F Only very preliminary predictions exist
H Hope measurement will stimulate futher

theory effort
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Summary

I Flavour observables in rare decays allow for NP searches and can place many
strong constraints on NP models

I Several interesting tensions observed in b→ s`+`− processes

I Still many interesting results are foreseen with LHCb Run I dataset
I Major effort to compare observables between b→ sµ+µ− and b→ se+e− e.g. φ, K∗0, Λ(∗)
I Understand the effect of cc resonances by measuring the interference of resonant and

penguin contributions in B+→ K+µ+µ−

I Run II data will boost precision even further!

Further LHCb talks @ SUSY2016
Gerco Onderwater, “Tests of Lepton Flavour Universality and searches for Lepton
Flavor Violation at LHCb”, tomorrow
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The LHCb experiment
I LHCb is the dedicated heavy flavour physics experiment at the LHC
I Its primary goal is to look for indirect evidence of new physics in CP violation

and rare decays of b- and c-hadrons
I Requirements:

1. Excellent tracking
I momentum resolution(∆p/p ∼ 0.4%− 0.6%)
I impact parameter resolution (σIP ∼ 20 µm)
I primary vertex resolution (13 µm in x and y and 71 µm in z)

2. Excellent decay time resolution (στ ∼ 45 fs)
3. Excellent particle identification
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Vertex Locator

Tracking system (TT,IT,OT) Rich detectors

Magnet

Calorimeters

Muon system
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First observation of B0
s→ µ+µ− LHCb+CMS [Nature 522 (2015)]
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SM prediction

B(B0
s→ µ+µ−) = (3.65±0.23)×10−9

B(B0→ µ+µ−) = (1.06±0.09)×10−10

C. Bobeth et al., PRL 112, 101801 (2014)

LHCb +CMS

B(B0
s→ µ+µ−) = (2.8+0.7

−0.6)× 10−9

Significance of 6.2σ and compatible with SM at 1.2σ

B(B0
s→ µ+µ−) = (3.9+1.6

−1.4)× 10−10

Significance of 3.0σ and compatible with SM at 2.2σ
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Differential branching fractions - volume I

I Large LHCb datasets allows for precise measurements of the dB/dq2 of
b→ sµ+µ− processes

I Results hint towards lower rates than predicted by theory
I Theory uncertainty are correlated across q2
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Differential branching fractions - volume II
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I Similar experiment/theory disagreement seen in other channels
I dB

dq2 [B0
s→ φµ+µ−] is 3.3σ from SM prediction in 1.1 < q2 < 6.0 GeV2/c4

I All branching fraction measurements potentially point to new physics in C9
I e.g. new vector Z′
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New: Angular analysis in the K∗0,2(1430)0 region [LHCb-PAPER-2016-025]

I The transversity-basis moments of the first 10 (of 41) orthonormal angular
functions outlined in [PRD92(2015)033013]
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3
5 Re(HL

‖D
L∗
‖ + HL

⊥DL∗
⊥ )

]
”

3 P0
2Y0

0

√
5

7 (|DL
‖|2 + |DL

⊥|2) - 1√
5 (|HL

‖ |2 + |HL
⊥|2) + 2√

5 |H
L
0 |2 + 10

7
√

5 |D
L
0 |2 + 2 Re(SLDL∗

0 ) ”

4 P0
3Y0

0
6√
35

[
−Re(HL

‖D
L∗
‖ + HL

⊥DL∗
⊥ ) +

√
3Re(HL

0 DL∗
0 )
]

”

5 P0
4Y0

0
2
7

[
−2(|DL

‖|2 + |DL
⊥|2) + 3|DL

0 |2
]

”

6 P0
0Y0

2
1

2
√

5

[
(|DL
‖|2 + |DL

⊥|2) + (|HL
‖ |2 + |HL

⊥|2)− 2|SL|2 − 2|DL
0 |2 − 2|HL

0 |2
]

”

7 P0
1Y0

2

[√
3

5 Re(HL
‖D

L∗
‖ + HL

⊥DL∗
⊥ )− 2√

5 Re(SLHL∗
0 )− 4

5 Re(HL
0 DL∗

0 )
]

”

8 P0
2Y0

2

[
1
14(|DL

‖|2 + |DL
⊥|2)− 2

7 |DL
0 |2 − 1

10(|HL
‖ |2 + |HL

⊥|2)− 2
5 |HL

0 |2 − 2√
5Re(SLDL∗

0 )
]

”

9 P0
3Y0

2 − 3
5
√

7

[
Re(HL

‖D
L∗
‖ + HL

⊥DL∗
⊥ ) + 2

√
3 Re(HL

0 DL∗
0 )
]

”

10 P0
4Y0

2 − 2
7
√

5

[
|DL
‖|2 + |DL

⊥|2 + 3|DL
0 |2
]

”

I The S-, P- and D-wave transversity amplitudes are denoted as S{L,R}, H{L,R}{0,‖,⊥} and
D{L,R}{0,‖,⊥}, respectively.
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