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Introduction

� Run 1 of the LHC provided us with a rich set of results
→ Rise of the precision era for rare decays

� Selective set of plans and thoughts with Run 2 data and beyond
involving b → s(d)`+`− modes in light of current anomalies
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LHCb signal yields

channel 3fb−1 Run 2 Upgrade (50fb−1)
B0 → K∗0(K +π−)µ+µ− 2,400 9,000 80,000
B0 → K∗+(K 0

Sπ
+)µ+µ− 160 600 5,500

B0 → K 0
Sµ

+µ− 180 650 5,500
B+ → K +µ+µ− 4,700 17,500 150,000
Λb → Λµ+µ− 370 1500 10,000
B+ → π+µ+µ− 93 350 3,000
B0

s → µ+µ− 15 60 500
B0 → K∗0e+e− (low q2) 150 550 5,000
Bs → φγ 4,000∗ 15,000 150,000

Naively scaling with luminosity and linear scaling of σbb̄ with
√

s. Extrapolated yields rounded to the nearest 50/500
∗ unofficial estimate

� Our measurements of dB/dq2 obtained by normalising rare yield to that of
normalisation channel B → J/ψK∗

� For higher statistics decays, dominant uncertainty of integrated BF is the
knowledge of B(B → J/ψK∗)

→ More b → s`` decays in Run 1 than B → J/ψK∗ of B-factories!
� With the LHCb upgrade even “tough” modes will be sufficiently populated
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An intriguing set of results

1. Measurements of differential branching fractions of B → K (∗)µ+µ−,
Λb → Λµ+µ−, Bs → φµ+µ−

[JHEP06(2014)133], [JHEP07(2011)067], [1606.04731], [JHEP06(2015)115], [PLB725(2013)25]
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [47,48]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0 GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/ GeV2)

0.10 < q2 < 0.98 1.163+0.076
�0.084 ± 0.033 ± 0.079

1.1 < q2 < 2.5 0.373+0.036
�0.035 ± 0.011 ± 0.025

2.5 < q2 < 4.0 0.383+0.035
�0.038 ± 0.010 ± 0.026

4.0 < q2 < 6.0 0.410+0.031
�0.030 ± 0.011 ± 0.028

6.0 < q2 < 8.0 0.496+0.032
�0.032 ± 0.012 ± 0.034

11.0 < q2 < 12.5 0.558+0.036
�0.036 ± 0.014 ± 0.038

15.0 < q2 < 17.0 0.611+0.031
�0.042 ± 0.023 ± 0.042

17.0 < q2 < 19.0 0.385+0.029
�0.024 ± 0.018 ± 0.026

1.1 < q2 < 6.0 0.392+0.020
�0.019 ± 0.010 ± 0.027

15.0 < q2 < 19.0 0.488+0.021
�0.022 ± 0.008 ± 0.033
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Rare baryon decays

• We also now have precise 
measurements of the branching 
fraction of Λb→Λ!+!− decays. 

➡ Signal mainly at high q2.
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Poor agreement in shape between SM  
predictions and data (especially at low q2)? 
!
[SM from Detmold et al.  Phys. Rev. D87 (2013) 074502]
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An intriguing set of results

2. Tests of lepton universality between B+ → K +µ+µ− and B+ → K +e+e−

� Measure for 1 < q2 < 6GeV2/c4

RK = 0.745+0.090
−0.074 ± 0.036

� Consistent with SM at ∼ 2.6σ
� Consistent with decay rate

measurements if new physics does
not couple to electrons

T. Blake

RK result
• In the Run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the SM 
at 2.6!. 

• Take double ratio with  
B+→J/ѱK+  to cancel possible 
sources of systematic 
uncertainty. 

• Correct for migration of events 
in q2 due to Bremsstrahlung 
using MC (with PHOTOS).  

29
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LHCb  [PRL113 (2014) 151601 ]!
BaBar [PRD 86 (2012) 032012]!
Belle   [PRL 103 (2009) 171801]

RK = 0.745+0.090
�0.074

+0.036
�0.036

NB RK ≃ 0.8 is a prediction of one class of 
model explaining the B0→K*0"+"− 
angular observables, see L" - L# models  
W. Altmannshofer et al. [PRD 89 (2014) 095033]
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An intriguing set of results

3. Angular analyses of b → sµ+µ− and Bs → φµ+µ−
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FIG. 5. Result for the P 0 observables compared to SM predictions from various sources described in Section X. Results from
LHCb [1, 17] are shown for comparison.
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Interpretations
� Several attempts to interpret b → sµ+µ− and b → sγ data → Two views
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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.

Altmannshofer,Straub[1503.06199]

� Modified vector coupling C NP
9 6= 0

at ∼ 4σ
→ New vector Z ′, leptoquarks,
vector-like confinement...
Buttazzo et al [1604.03940], Bauer et al
[PRL116,141802(2016)], Crivellin et al
[PRL114,151801(2015)], Altmannshofer et al
[PRD89(2014)095033]...

Could the SM errors be wrong?  

•  Largest individual uncertainty on P5’ from cc-loop effects  

•  But in reality: 
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Note however 
that can’t just 
effect P5’- would 
see correlated 
effect in other 
observables 

� Potential problem with our
understanding of the contribution
from B → Xcc̄ (→ µµ)K Lyon,Zwicky
[1406.0566], Altmannshofer,Straub[1503.06199],
Ciuchini et al [1512.07157]...

→ Mimics vector-like new physics
effects (corrections to C9)
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How can experiment help
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Impact on C eff
9

C eff
9 = C9 + Y (q2)

→ Y (q2) summarises contributions from bsq̄q operators

P. Owen

Effects of    
• At low q2, main contribution is from the J/ψ. 

• Using simple B-W model, get large contributions all the way down 
to q2=0. 

• At high q2 get large (positive) contribution from heavy      resonances.

5

of the resonances that are subsequently anal-
ysed, resolution e↵ects are neglected. While
the  (2S) state is narrow, the large branching
fraction means that its non-Gaussian tail is
significant and hard to model. The  (2S) con-
tamination is reduced to a negligible level by
requiring mµ+µ� > 3770 MeV/c2. This dimuon
mass range is defined as the low recoil region
used in this analysis.

In order to estimate the amount of back-
ground present in the mµ+µ� spectrum, an un-
binned extended maximum likelihood fit is per-
formed to the K+µ+µ� mass distribution with-
out the B+ mass constraint. The signal shape
is taken from a mass fit to the B+!  (2S)K+

mode in data with the shape parameterised
as the sum of two Crystal Ball functions [17],
with common tail parameters, but di↵erent
widths. The Gaussian width of the two compo-
nents is increased by 5 % for the fit to the low
recoil region as determined from simulation.
The low recoil region contains 1830 candidates
in the signal mass window, with a signal to
background ratio of 7.8.

The dimuon mass distribution in the low
recoil region is shown in Fig. 1. Two peaks
are visible, one at the low edge corresponding
to the expected decay  (3770) ! µ+µ� and
a wide peak at a higher mass. In all fits, a
vector resonance component corresponding to
this decay is included. Several fits are made to
the distribution. The first introduces a vector
resonance with unknown parameters. Subse-
quent fits look at the compatibility of the data
with the hypothesis that the peaking structure
is due to known resonances.

The non-resonant part of the mass fits con-
tains a vector and axial vector component. Of
these, only the vector component will inter-
fere with the resonance. The probability den-
sity function (PDF) of the signal component
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Figure 1: Dimuon mass distribution of data with
fit results overlaid for the fit that includes con-
tributions from the non-resonant vector and ax-
ial vector components, and the  (3770),  (4040),
and  (4160) resonances. Interference terms are
included and the relative strong phases are left
free in the fit.

is given as

Psig / P (mµ+µ�) |A|2 f 2(m2
µ+µ�) , (1)

|A|2 = |AV
nr +

X

k

ei�kAk
r |2 + |AAV

nr |2 , (2)

where AV
nr and AAV

nr are the vector and axial
vector amplitudes of the non-resonant decay.
The shape of the non-resonant signal in mµ+µ�

is driven by phase space, P (mµ+µ�), and the
form factor, f(m2

µ+µ�). The parametrisation of
Ref. [18] is used to describe the dimuon mass
dependence of the form factor. This form fac-
tor parametrisation is consistent with recent
lattice calculations [19]. In the SM at low re-
coil, the ratio of the vector and axial vector
contributions to the non-resonant component is
expected to have negligible dependence on the
dimuon mass. The vector component accounts
for (45± 6) % of the di↵erential branching frac-
tion in the SM (see, for example, Ref. [20]).
This estimate of the vector component is as-
sumed in the fit.

The total vector amplitude is formed by sum-

3
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Phys. Rev. Lett. 111, 112003 (2013)

cc̄

cc̄

Phase = phase at pole + π/2
(Same convention as this ref)

� At low q2 main culprit is the J/ψ

→ Corrections to C eff
9 (∆C9) all

the way down to q2 = 0
→ Effect strongly dependent on
relative phase with penguin
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Measuring phase differences

� Measure relative phase between narrow resonances and penguin amplitudes
→ Model resonances as relativistic BWs multiplied by relative scale and
phase Lyon et al. [1406.0566], Hiller et al. [1606.00775]

→ Use this model to replace Y (q2) in C eff
9 = Y (q2) + C9

→ B → K form factors constrainted to LCSR+Lattice predictions
→ Fit for phases and C9 (and maybe C10)

� Fit dimuon spectrum in
B+ → K +µ+µ−

→ Expect precision of phase
∼ 0.1 rad (ambiguities over sign of
phase)[Owen Barcelona workshop 2016]

� Work also ongoing for phases
relative to each helicity amplitude
of B0 → K∗0µ+µ−

→ Requires fit to q2 and angular
distribution to dissentangle
amplitude components
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Can B → DD̄K help
� Measuring phase differences between charm and penguin relies on model

including only resonant charm contributions below the J/ψ

� Experimentally difficult to differentiate between non resonant charm
and penguin

� However, above ψ(3770) we know there should be a non-resonant DD̄
component
→ How large should the “virtual” DD̄ contribution be below the J/ψ?
→ Can we learn something from measuring the non-resonant component of
B → DD̄K?

What about inclusive B → Xµ+µ−

� Are non-factorisable corrections
under better control

� Would a measurement of dimuon
spectrum at low recoil help?
→ Ideas also within LHCb on how
to perform a fully inclusive
b → Xµ+µ−

B+ → K +µ+µ− [PRL111,112003(2013)]

25 of 34

Results of fit arXiv:1307.7595
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 (3770)

 (4040)

 (4160)

Constranied to BES

Unconstrained  (4160)

B[⇥10�9] 3.9 +0.7
�0.6 3.5 +0.9

�0.8

Mass [MeV] 4191 +9
�8 4190 ± 5

Width [MeV] 65 +22
�16 66 ± 12

Phase [rad] �1.7 ± 0.3 �1.8 ± 0.3

� Unconstrained resonance match
measurements of  (4160)

� Fit then allowed to float within
Gaussian uncertainties of BES
Phys. Lett. B660:315-319, 2008

� First observation of  (4160) ! µ+µ�

S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 Observation of resonance in B ! Kµµ
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How to avoid charm?
� What about if new physics manifests itself also in C10

� Ideal case as do not suffer from effects of charm
� Alternatively: B → Kνν̄

→ Does not suffer from charm effects
→ Belle2: Measure B(B → Kνν̄) at 30% precision (if at SM level)BelleII
[1002.5012]

� Measurements of b → sµ+µ− provide powerful constraints on C10
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Figure 8: For 4 favoured scenarios, we show the 3 � regions allowed by B ! Kµµ

observables only (dashed green), by B ! K⇤µµ observables only (long-dashed blue), by

Bs ! �µµ observables only (dot-dashed purple) and by considering all data (red, with

1,2,3 � contours). Same conventions for the constraints as in Fig. 7.

• (CNP
9 = CNP

10 , CNP
90 = CNP

100 ), disfavoured by the data on Bs ! µµ, which prefer a SM

value for C10, leading to a tension with the value of CNP
9 needed for B ! K⇤µµ

• (CNP
9 = �CNP

10 , CNP
90 = �CNP

100 ) and (CNP
9 = CNP

90 , CNP
10 = CNP

100 ) which could be interesting

candidates but get lower pulls (2.0 and 3.9 � respectively).

We see therefore that Z 0 scenarios could alleviate part of the discrepancies observed in

b ! sµµ data, but with only one or two Wilson coe�cients receiving NP contributions,

31

� b → sµ+µ− gives 25% precision in
C10 [DHMV 1510.04329], [Quim priv. comm.]

→ most power from B → K∗µ+µ−
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New physics in axial-vector couplings cont’d

� Angular analysis measurements statistically limited dataset)
� Experimental uncertainty larger than theory uncertainty on angular

observables
� With Run 2 sample quadruple statistics

[JHEP02(2016)104]

]4c/2 [GeV2q
0 5 10 15
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LHCb

SM from ABSZ

� Larger datasets also help unbinned methods
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B0
s,d → µ+µ−

� LHCb, CMS and ATLAS performed measurements in Run 1
� Constrains on (pseudo) scalar and axial-vector couplings

Left: CMS+LHCb [Nature 522, 68, 2015], Right:ATLAS [1604.04263]

Bd,s→µ+µ-	from	CMS	and	LHCb	
•  CMS	and	LHCb	have	now	
performed	a	combined	fit	to	
their	full	Run	1	data	sets	

•  Significance	of	Bs→µµ	6.2σ:	
first	observaFon!	
–  CompaLbility	with	the	SM	at	
1.2σ	

•  Excess	of	events	at	the	3σ	
level	observed	for	the	
B0→µµ	hypothesis	with	
respect	to	background-only	
–  CompaLble	with	SM	at	2.2σ	

16	

Introduction
Latest results

Latest results from LHCb + CMS
combination (Nature 522, 68, 2015):
B(B0

s ! µ+µ�) = (2.8+0.7
�0.6) ⇥ 10�9,

B(B0 ! µ+µ�) = (3.9+1.6
�1.4) ⇥ 10�10

6.2(3.0)� significance for
B0

s ! µ+µ�(B0 ! µ+µ�)

Result from ATLAS, shown at
Moriond (arXiv:1604.04263):
B(B0

s ! µ+µ�) = (0.9+1.1
�0.8) ⇥ 10�9,

< 3.0⇥ 10�9 at 95% CL,

B(B0 ! µ+µ�) < 4.2⇥ 10�10 at 95% CL

Slight tension between ATLAS,
LHCb+CMS, and SM (⇠ 2 � 3�)

Mick Mulder on behalf of the B0
(s) ! µ+µ� analysis group B0

(s) ! µ+µ�: status, plan for updates with Run II data 3

� Major effort to improve analysis techniques for Run 2
� e.g LHCb: improve PID, isolations, mass descriptions of residual

exclusive backgrounds
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B0
s,d → µ+µ− 2020 and beyond
� Two phases: Run 3 (2020-2023), Run 4 (2025-2029) (...)
� Crucial for detectors to maintain performance at higher inst. luminosities
→ Improved vertexing detectors (addition of pixel layer CMS, closer to beam
LHCb)
→ Improved tracking (granularity, radiation hardness, reduce material)

� Full tracking upgrade of CMS scheduled for 2nd phase
→ Improved trigger (track based triggers at L1 CMS/ATLAS, 40MHz
readout LHCb)

  

Rare B Decays @ CMS – Franco Simonetto, INFN& Universita' di Padova 13

B->mm : expectations

● 3000 fb-1  : statistic is not an issue
● Use just barrel events, resolution is enough to separate Bd /Bs/B->hh'
● Br (Bd) > 5 s

� CMS : N(Bs) = 2000,
N(Bd ) = 250 @3ab−1

� less tracking material →
improved mass resolution
(×1.6 barrel muons)

� LHCb: Major effort to define plan
beyond 50fb−1 of LHCb [info],
B(Bs→µ+µ−)
B(Bd→µ+µ−) ∼ 10% possible with
≥ 300fb−1

K.A. Petridis (UoB) Experimental prospects in rare decays HF Quo Vadis 2016 12 / 24

https://indico.cern.ch/event/481359/overview


B0
s → µ+µ− Effective lifetime
� With the LHCb upgrade expect to measure effective lifetime (τµµ) of

Bs → µ+µ− at ∼ 5% precision.
� Can extract A∆Γ

� Need 300fb−1 to fully exploit

Γ(Bs + Bs)(t) ∝ e−Γs t

[
cosh

(
∆Γs

2
t

)
− A∆Γ sinh

(
∆Γs

2
t

)]

� A∆Γ sensitive to new physics even if
B(Bs → µ+µ−) compatible with SM

De Bruyn et al [PRL109,041801(2012)]

In Fig. 2, we illustrate the situation in the observable space
of the R-A!" plane. It will be interesting to complement
these model-independent considerations with a scan of
popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to BsðdÞ ! !þ!$

decays where the polarizations of the ! leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing C" observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently out
of reach from the experimental point of view.

Conclusions.—The recently established width differ-
ence !"s implies that the theoretical B0

s ! #þ#$ branch-
ing ratio in (1) has to be rescaled by 1=ð1$ ysÞ for the
comparison with the experimental branching ratio, giving
the SM reference value of ð3:5% 0:2Þ & 10$9. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of %9% originating from A!" 2 ½$1;þ1(.

The effective Bs ! #þ#$ lifetime !#þ#$ offers a new
observable. On the one hand, it allows us to take into
account the Bs width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, !#þ#$

may reveal large NP effects, especially those related to
(pseudo-)scalar ‘þ‘$ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B0

s ! #þ#$ branching ratio is close to the
SM prediction.

The determination of !#þ#$ appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of Bs ! #þ#$

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
This work is supported by the Netherlands Organisation

for Scientific Research (NWO) and the Foundation for
Fundamental Research on Matter (FOM).
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the effective Bs!#þ#$ lifetime yielding the A!" observable.
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� With 15,000 Bs → φµ+µ− candidates expected with the LHCb upgrade,
new observables become available in a tagged time-dependent analysis
Descotes-Genon,Virto[JHEP 04 (2015) 045].
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What about baryonic decays

� For example: Run 1: 370 Λb → Λ(→ pπ)µ+µ− events

[PLB725(2013)25]

the predictions in the low-q2 region.

Table 4: Measured di↵erential branching fraction of ⇤0
b ! ⇤µ+µ�, where the uncertainties

are statistical, systematic and due to the uncertainty on the normalisation mode, ⇤0
b ! J/ ⇤,

respectively.

q2 interval [ GeV2/c4 ] dB(⇤0
b ! ⇤µ+µ�)/dq2 · 10�7[( GeV2/c4)�1]

0.1 – 2.0 0.36 + 0.12
� 0.11

+ 0.02
� 0.02 ± 0.07

2.0 – 4.0 0.11 + 0.12
� 0.09

+ 0.01
� 0.01 ± 0.02

4.0 – 6.0 0.02 + 0.09
� 0.00

+ 0.01
� 0.01 ± 0.01

6.0 – 8.0 0.25 + 0.12
� 0.11

+ 0.01
� 0.01 ± 0.05

11.0 – 12.5 0.75 + 0.15
� 0.14

+ 0.03
� 0.05 ± 0.15

15.0 – 16.0 1.12 + 0.19
� 0.18

+ 0.05
� 0.05 ± 0.23

16.0 – 18.0 1.22 + 0.14
� 0.14

+ 0.03
� 0.06 ± 0.25

18.0 – 20.0 1.24 + 0.14
� 0.14

+ 0.06
� 0.05 ± 0.26

1.1 – 6.0 0.09 + 0.06
� 0.05

+ 0.01
� 0.01 ± 0.02

15.0 – 20.0 1.20 + 0.09
� 0.09

+ 0.02
� 0.04 ± 0.25

]4c/2 [GeV2q
0 5 10 15 20

]
-1 )4 c/2

(G
eV

-7
 [1

0
2 q

) /
 d

µ 
µ 

Λ 
→ b

Λ(Bd 0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

LHCb

SM prediction

Data

Figure 5: Measured ⇤0
b ! ⇤µ+µ� branching fraction as a function of q2 with the predictions of

the SM [15] superimposed. The inner error bars on data points represent the total uncertainty
on the relative branching fraction (statistical and systematic); the outer error bar also includes
the uncertainties from the branching fraction of the normalisation mode.
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Figure 8: Measured values of (left) the leptonic and (right) the hadronic forward-backward
asymmetries in bins of q2. Data points are only shown for q2 intervals where a statistically
significant signal yield is found, see text for details. The (red) triangle represents the values for
the 15 < q2 < 20 GeV2/c4 interval. Standard Model predictions are obtained from Ref. [17].
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Figure 9: Two-dimensional 68% CL region (black) as a function of A`
FB and fL. The shaded

area represents the region where the PDF is positive over the complete cos ✓` range. The best fit
point is given by the (blue) star.

interval 15 < q2 < 20 GeV2/c4) as a two-dimensional 68 % confidence level (CL) region,
where the likelihood-ratio ordering method is applied by varying both observables and
therefore taking correlations into account. Confidence regions for the other q2 intervals
are shown in Fig. 10, see Appendix.

18

]4c/2 [GeV2q
0 5 10 15 20

l FB
A

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

LHCb SM prediction

Data

]4c/2 [GeV2q
0 5 10 15 20

h FB
A

-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

LHCb SM prediction

Data

Figure 8: Measured values of (left) the leptonic and (right) the hadronic forward-backward
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significant signal yield is found, see text for details. The (red) triangle represents the values for
the 15 < q2 < 20 GeV2/c4 interval. Standard Model predictions are obtained from Ref. [17].
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Figure 9: Two-dimensional 68% CL region (black) as a function of A`
FB and fL. The shaded

area represents the region where the PDF is positive over the complete cos ✓` range. The best fit
point is given by the (blue) star.

interval 15 < q2 < 20 GeV2/c4) as a two-dimensional 68 % confidence level (CL) region,
where the likelihood-ratio ordering method is applied by varying both observables and
therefore taking correlations into account. Confidence regions for the other q2 intervals
are shown in Fig. 10, see Appendix.
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� Additional observables eg Ap
FB giving access to different combinations of

Wilson coefficients
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What about baryonic decays cont’d

vDyk, Meinel [1603.02974],[LHCb implications 2015]
(toy model low recoil)

Physik Institut

New Types of Constraints
moch fit of C9(90) given hypothetical measurements, while keeping

C10(100) = C10(100) ' (�4, 0) fixed

-4 -2 0 2 4

-4

-2

0

2

4

C9

C
9'

black square: SM point

– existing constraints
⇢±

1 blue banded constraints
⇢2 golden banded constraint

– new constraints
⇢�3 green banded constraints
⇢4 red hyperbolic constraint

04.11.2015 ⇤
b

! ⇤(! p⇡�)`+`� Page 8

FL (common with B → Kµ+µ−)
A`FB (common with B → Kµ+µ−)

A`pFB (unique to Λb → Λµ+µ− [not
measured yet])
Ap

FB (unique to Λb → Λµ+µ−)

� With O(103) candidates after Run 2, full angular analysis of Λb → Λµ+µ−

can access more observables
� Ongoing work on Λb → Λ∗(→ pK )µ+µ− BF measurement, CP asymmetry

measurements etc
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Radiative decays
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Photon polarisation

� Photon in b → sγ transitions is almost purely left-handed in the SM
� Multiple approaches to provide a precision measurements of the photon

polarisation
� Sensitive to combinations of C7/C

′
7

→ Measurement of time-dependent CP asymmetry in B → KSπ
0γ

BaBar [PRD78(2008)071102], Belle [PRD74(2006)111104]

→ Measurement of polarisation parameter in B → Kππγ
Gronau et al. [PRL88(2002)051802], LHCb [PRL112,161801(2014)]

→ Angular analysis of B0 → K∗0e+e− at low q2 (contribution from C9,10
are small) Becirevic et al. [JHEP08(2012)090], Camalich, Jaeger [PRD93,014028], LHCb
[JHEP04(2015)064]
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Constraints on C
(′)
7

� Angular B0 → K∗0ee measurements currently provide best constraints to C
′
7

Left: ACP (t) KSπ
0γ, Middle: K∗ee angular Run 1, Right: K∗ee angular Run 2 projections

Fig. 4.29: Constraints from older b ! s� measurements on possible NP in C0
7 are

shown on the C
0(NP)
7 complex plane. The orange (yellow) bound represents the 1� (2�)

constraint. On the left is the constraint from B(B! Xs�) [52] while on the right is the
one from the time-dependent CP asymmetry in B0! K⇤0(! K0

S⇡
0)� [62, 63].

Fig. 4.30: Constraints from the angular analysis of B0 ! K⇤0e+e� on possible NP in

C0
7 are shown on the C

0(NP)
7 complex plane. Orange (yellow) bound represents the 1�

(2�) constraint. On the left is the constraint from A
(2)
T and in the center the one from

AIm
T . On the right is the combination of the two, i.e. all the information coming from

the angular analysis of B0! K⇤0e+e� only.
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0)� [62, 63].

Fig. 4.30: Constraints from the angular analysis of B0 ! K⇤0e+e� on possible NP in

C0
7 are shown on the C

0(NP)
7 complex plane. Orange (yellow) bound represents the 1�

(2�) constraint. On the left is the constraint from A
(2)
T and in the center the one from

AIm
T . On the right is the combination of the two, i.e. all the information coming from

the angular analysis of B0! K⇤0e+e� only.
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B0→K*0e-e+

• Prospects for Run2:

(Marie-Helene Schune)

→ Statistics of Run1 x (1 + ~ 4)  (with same
performance):
Run1 + Run2 ~ 750 B→ K*e-e+ events

Improvements:
→ Overconstrain the B kinematics and brem. emission
f Cut even lower than 1 GeV in q2 reducing futher the
combinatorial and partially reconstructed backgrounds, 
and being more sensitivity to the photon polarization.  

→ Add other observables: P’4 P’5 P’6 and P’8

→ The photon polarization could be measured to about 5 to 7 % !

projections

A. Oyanguren 20

(C NP
7 = 0) Borsato thesis [CERN-THESIS-2015-219]

� Expected constraints from K∗ee after Run 2
� Also measure full set of observables

� Note ACP (t)KSπ
0γ precision improves by ∼ ×7 with BelleII
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Photon polarisation through Bs → φγ
� LHCb has ∼ 4000 Bs → φγ events in Run 1
→ Enables untagged measurement of the time dependent decay rate

Γ(Bs + Bs)(t) ∝ e−Γs t

[
cosh

(
∆Γs

2
t

)
− A∆Γ sinh

(
∆Γs

2
t

)]

A∆Γ ∼ |A(Bs→φγL)|
|A(Bs→φγR )|cosφs

A∆Γ(SM) = 0.047± 0.025± 0.015αs Muheim et al. [PLB664(08)174]

→ Requires good understanding of the detection efficiency as a function
decay time
→ Use B0 → K∗0γ data to constrain the efficiency

� Result expected soon using Run 1 data
� With Run 2 data 20,000 Bs → φγ

� Expected stat. precision on A∆Γ ∼ 0.13 (for SM like A∆Γ) (syst. unc.
similar to stat. unc.)A. Oyanguren [Barcelona Workshop 2016]

� With flavour tagging → ∼ 1000 candidates, measure additional
observables (a la B0 → KSπ

0γ)
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Lepton Non-Universality and Flavour Violation
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LNU and LFV with rare B-decays

� Mild tension in RK = B(B+→K +µ+µ−)
B(B+→K +e+e−) consistent with b → sµ+µ− anomalies

if new physics couples only to muons and not electrons
� Rich program to measure RK∗ , Rφ, RΛ∗ , Rangular

� Coupled with 4σ tension in R(D∗), R(D) plane
→ Strong hints of lepton non universality in both tree-level and loop-level
transitions
→ Can generate lepton flavour violating effects Glashow et al.[PRL114,091801(2015)]

� Current limit B(B → Kµτ) < 4.8× 10−5@90% CL Babar [PRD86,012004(2012)]

� Models predict particular enhancements in B → Kµτ final states
→ B(B+ → Kµτ) ∼ 10−8 − 10−6Hiller et al. [1503.01084], Glashow et al.
[PRL114,091801(2015)], Feruglio et al.[1606.00524]

� Ongoing work within LHCb, ≤ O(10−6) achievable with Run 2 data
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LNU and LFV with rare B-decays cont’d

� These models also can predict enhacments to b → sττ amplitudes
→ up to ×5B(SM) Greljo et al. [JHEP1507(2015)142]

e.g B(B → Kττ) ∼ O(10−6)

� Latest limit by BaBar BaBar [1605.09637]

→ B(B+ → K +τ+τ−) < 2.25× 10−3@90% CL
� Ongoing work for LHCb (B(B0 → K∗0(→ K +π−)τ+τ−)

� K∗0 → K +π− gives B0 decay vertex

� Also ongoing for LHCb Bs → τ+τ−

� Both τs decay in flight→ cannot reconstruct Bs vertex
� Use 3-prong τ decays to help reconstruct (approximate) decay topology
� Sensitive to B(Bs → τ+τ−) ∼ O(10−3)...
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Related measurements
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B0 → K ∗0µ+µ− near kinematic endpoint

What else could we do?
� Observables near kinematic endpoint Hiller, Zwicky [JHEP03(2014)042] and Sinha et al

[1603.04355]

� Fit angles and q2

accounting for variation of
phasespace with mKπ

� Resonances at high q2 will
make this fit difficult, could
also try finely binned
measurements.

3

AFB = A
(1)
FB�

1/2 + A
(2)
FB�

3/2 + A
(3)
FB�

5/2 (27)

A5 = A
(1)
5 �

1/2 + A
(2)
5 �

3/2 + A
(3)
5 �

5/2, (28)

where for each observable O, O(n) is the coe�cient of the
nth term in the expansion.

The relation in Eq. (24) between form factors is ex-
pected to be satisfied in the large q2 region. Eq. (24) is
naturally satisfied if it is valid at each order in the Taylor
expansion of the form factors:

q2
eG�

F�
= q2

max

eG(1)
� + � (eG(2)

� �
eG(1)
�

q2
max

) + O(�2)

F (1)
� + �F (2)

� + O(�2)
(29)

We require only that the relation be valid up to or-
der �. In order for Eq. (29) to have a constant value
in the neighborhood of q2

max up to O(�), we must have

F (2)
� = c F (1)

� and (q2
max

eG(2)
� � eG(1)

� ) = c q2
max

eG(1)
� where

c is any constant. As discussed earlier, P2 =
p

2P1 at

q2
max, hence, we must have P

(1)
2 =

p
2P

(1)
1 , where P

(1)
1,2

are the coe�cients of the leading O(
p
�) term in the ex-

pansion. However, the above argument implies that at

the next order, we must also have P
(2)
2 =

p
2P

(2)
1 , since

F (2)
� = c F (1)

� . This provides the needed input that to-

gether with Eq. (22) determines P
(1)
1 purely in terms of

observables.
The expressions for R� in the limit q2 ! q2

max are

R?(q2
max) =

8A
(1)
FB(�2A

(2)
5 + A

(2)
FB) + 9(3F

(1)
L + F

(1)
? )F

(1)
?

8 (2A
(2)
5 � A

(2)
FB)

q
3
2F

(1)
? � A

(1) 2
FB

=
!2 � !1

!2

p
!1 � 1

, (30)

Rk(q
2
max) =

3(3F
(1)
L + F

(1)
? )

q
3
2F

(1)
? � A

(1) 2
FB

�8A
(2)
5 + 4A

(1)
FB + 3A

(1)
FB(3F

(1)
L + F

(1)
? )

=

p
!1 � 1

!2 � 1
= R0(q

2
max) (31)

where

!1 =
3

2

F
(1)
?

A
(1) 2
FB

and !2 =
4 (2A

(2)
5 � A

(2)
FB)

3 A
(1)
FB(3F

(1)
L + F

(1)
? )

. (32)

In the absence of RH currents or other NP that
treats the “?” amplitude di↵erently one would expect
R?(q2

max) = Rk(q2
max) = R0(q

2
max). In this limit we

must have R? = Rk = R0 > 0 as can be seen from
Eq. (16). Since very large contributions from RH cur-
rents are not possible, as they would have been seen else-
where, R�(q2

max) > 0 still holds and restricts ⇠ and ⇠0

to reasonably small values. In order that the R� have
real positive solutions we must have 1  !1  !2 from
Eqs. (30) and (31).

O(1)(10�2) O(2)(10�3) O(3)(10�4)

FL �2.07 ± 1.29 10.24 ± 1.82 �4.77 ± 1.30

F? 5.85 ± 1.64 �7.59 ± 2.29 2.84 ± 1.64

AFB �35.26 ± 2.13 40.53 ± 3.38 �11.54 ± 2.33

A5 �19.58 ± 2.25 16.10 ± 3.67 �3.08 ± 2.52

TABLE I. Best fit and 1� errors of the coe�cients of observ-
ables (in Eqs. (25)– (28)) obtained by fitting recent LHCb’s
14- bin measurements [14] as a function of q2 for the entire
region.
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FIG. 1. An analytic fit to 14-bin LHCb data using a Taylor
expansion at q2

max for the observables FL, F?, AFB and A5 are
shown as the blue curves. The ±1� error bands are indicated
by the light blue shaded regions. The points with the blue and
red error bars are LHCb 14-bin and 8-bin measurements [14],
respectively. The fit near q2

max is good, which is the relevant
region for this analysis.

We fit the latest LHCb measurements [14] of the ob-
servables FL, F?, AFB and A5 as functions of q2 using
a Taylor expansion at q2

max. The fits were performed by
minimizing the �2 function, which compares the bin inte-
grated values of q2 functions of the observables with their
measured experimental values for all 14 bins. We use the
14 bin data set based on the method of moments [15] from
LHCb rather than the 8 bin data set as it enables better
constraints near q2

max. The best fit values for each coe�-
cient of the observables FL, F?, AFB and A5 (Eqs. (25)–
(28)) are given in Table I. The errors in each coe�cient
are evaluated using a covariance matrix technique. In
addition to considering the endpoint constraints given in
Eq. (23) we have also imposed the constraints on observ-
ables at q2 = 4m2

` ⌘ q2
min, which were derived in Ref. [7].

The symmetry of the angular distribution implies that
all asymmetries i.e A4, A5, AFB, A7, A8 and A9 must
vanish in this limit and due to the absence of a preferred
direction, all three helicity fractions are equally probable,
i.e. FL = F? = Fk = 1

3 .

In Fig. 1 the results of the fits for the observables FL,
F?, AFB and A5, respectively, are compared with the

K.A. Petridis (UoB) Experimental prospects in rare decays HF Quo Vadis 2016 21 / 24



b → dµ+µ− measurements
� Run 2 and Upgrade will give access to precision measurements in

b → dµ+µ− decays (including modes with π0s)
� Very relevant if tensions persist → test MFV nature of new physics
� Latest lattice results enable further precision tests of CKM paradigm

Buras,Blanke[1602.04020], FNAL/MILC[1602.03560]

� Current measurement from penguin decays of |Vtd/Vts | = 0.201± 0.020
FNAL/MILC[PRD93,034005(2016]

� Run 2 → experimental uncertainty halved, more modes available

[JHEP10(2015)034] FNAL/MILC[1602.03560], FNAL/MILC[PRD93,034005(2016]
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Figure 4: The di↵erential branching fraction of B+! ⇡+µ+µ� in bins of dilepton invariant mass
squared, q2, compared to SM predictions taken from Refs. [1] (APR13), [6] (HKR15) and from
lattice QCD calculations [7] (FNAL/MILC15).

and in the region 15.0 < q2 < 22.0 GeV2/c4 is

B(B+! ⇡+µ+µ�)

B(B+! K+µ+µ�)
= 0.037 ± 0.008 (stat) ± 0.001 (syst) .

These results are the most precise measurements of these quantities to date.

5.2 CKM matrix elements

The ratio of CKM matrix elements |Vtd/Vts| can be calculated from the ratio of branching
fractions, B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�), and is given in terms of measured
quantities

|Vtd/Vts|2 =
B(B+! ⇡+µ+µ�)

B(B+! K+µ+µ�)
⇥

R
FKdq2

R
F⇡dq2

(3)

where F⇡(K) is the combination of form factor, Wilson coe�cients and phase space factor for
the B+ ! ⇡(K) decay. The values of

R
F⇡,Kdq2 are calculated using the EOS package [29],

with B+ ! ⇡+ form factors taken from Refs. [30,31] and B+ ! K+ form factors taken from
Ref. [32]. The EOS package is a framework for calculating observables, with uncertainties,
in semileptonic b-quark decays for both SM and new physics parameters. In order to
take into account the correlations between the theory inputs for the matrix element ratio
calculation, the EOS package is used to produce a PDF as a function of the B+! ⇡+µ+µ�

9
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FIG. 16. (left) Recent determinations |Vtd| and |Vts|, and (right) their ratio. The filled circles

and vertical bands show our new results in Eqs. (9.16)–(9.18), while the open circles show the

previous values from Bq-mixing [102]. The squares show the determinations from semileptonic

B ! ⇡µ+µ� and B ! Kµ+µ� decays [182], while the plus symbols show the values inferred

from CKM unitarity [155]. The error bars on our results do not include the estimated charm-sea

uncertainties, which are too small to be visible.

because the hadronic uncertainties are suppressed in the ratio. The theoretical uncertainties
from the Bq-mixing matrix elements are still, however, the dominant sources of error in all
three results in Eqs. (9.16)–(9.18).

Figure 16 compares our results for |Vtd|, |Vts|, and their ratio in Eqs. (9.16)–(9.18) with
other determinations. Our results are consistent with the values from Bq-meson mixing in the
PDG review [102], which are obtained using approximately the same experimental inputs,

and lattice-QCD calculations of the f 2
Bq

B̂
(1)
Bq

and ⇠ from Refs. [13] and [15], respectively.

Our errors on |Vtd|, |Vts| are about two times smaller, however, and on |Vtd/Vts| they are
more than three times smaller, due to the reduced theoretical errors on the hadronic matrix
elements.

The CKM matrix elements |Vtd| and |Vts| can be obtained independently from rare
semileptonic B-meson decays because the Standard-Model rates for B(B ! ⇡(K)µ+µ�)
are proportional to the same combination |V ⇤

td(s)Vtb|. Until recently, these determinations
were not competitive with those from Bq-meson mixing due to both large experimental and
theoretical uncertainties. In the past year, however, the LHCb collaboration published new
measurements of B(B ! ⇡µ+µ�) and B(B ! Kµ+µ�) [183, 184], and we calculated the
full set of B ! ⇡ and B ! K form factors in three-flavor lattice QCD [131, 185]. Using

53
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Isospin asymmetry
� Excitement of AI in B → Kµ+µ−, diminished with the Run 1 measurement
→ p-value to AI = 0 hypothesis: 11% (test based on constant distribution
of AI with q2) for B → Kµ+µ−

Left: [JHEP06(2014)133], Right: BaBar [PRD93,052015(2016)]
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Figure 3: Isospin asymmetries for (left) B! Kµ+µ� and (right) B! K⇤µ+µ� decays.

8 Isospin asymmetry results

The assumption of no isospin asymmetry in the B! J/ K(⇤) modes makes the isospin
measurement equivalent to measuring the di↵erence in isospin asymmetry between B!
K(⇤)µ+µ� and B ! J/ K(⇤) decays. Compared to using the values in Ref. [25] for the
branching fractions of the B ! J/ K(⇤) modes, this approach shifts AI in each bin by
approximately 4%. The isospin asymmetries are shown in Fig. 3 for B ! Kµ+µ� and
B! K⇤µ+µ� and given in Tables 7 and 8 in the appendix. The asymmetric uncertainties
are obtained from the profile likelihood.

Since there is no knowledge on the shape of AI in models that extend the SM, apart
from large correlations expected between neighbouring bins, the AI = 0 hypothesis is
tested against the simplest alternative, that is a constant value di↵erent from zero. The
di↵erence in �2 between the two hypotheses is used as a test statistic and is compared
to the di↵erences in an ensemble of pseudo-experiments which are generated with zero
isospin asymmetry. Given the current statistical precision, the hypothesis of AI = 0 is a
good approximation to the SM which predicts AI to be O(1%) [3–5]. The p-value for the
B! Kµ+µ� isospin asymmetry under the AI = 0 hypothesis is 11%, corresponding to
a significance of 1.5�. The B! K⇤µ+µ� isospin asymmetry has a p-value of 80% with
respect to zero. Alternatively, a simple �2 test of the data with respect to a hypothesis of
zero isospin asymmetry has a p-value of 54% (4%) for the B! Kµ+µ� (B! K⇤µ+µ�)
isospin asymmetry.

Although the isospin asymmetry for B! Kµ+µ� decays is negative in all but one q2

bin, results are more consistent with the SM compared to the previous measurement in
Ref. [9], which quoted a 4.4� significance to di↵er from zero, using a test statistic that
explicitly tested for AI to be negative in all bins. The lower significance quoted here is
due to four e↵ects: the change of the test statistic in the calculation of the significance
itself, which reduces the previous discrepancy to 3.5�; the assumption that the isospin
asymmetry of B ! J/ K(⇤) is zero which reduces the significance further to 3.2�; a
re-analysis of the 2011 data with the updated reconstruction and event selection that

10

� Even so, AI in B → Kµ+µ− still seems negative
� Hint of tension in FL between B0 → K∗0µ+µ− and B+ → K∗+µ+µ−

� Worth revisiting particularly in light of other anomalies (?)
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Summary

� Run 1 of the LHC introduced precision era in rare B-decay
measurements

� Many measurements and plans under way:

→ Clarify the impact of cc̄ and other resonances in B0 → K ∗0µ+µ−

observables
→ Fully exploit sensitivity of b → s`` to C

(′)
10

→ Baryonic decays provide additional powerful constraints
→ Suite of photon polarisation measurements to constrain new
physics in C

(′)
7

→ Understand LNU hints in RK both by searching in related modes as
well as looking for LFV
→ Towards Run 2 and beyond + Belle2
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Backup
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How are we doing?

channel Lint (fb−1) Publication
dB/dq2 B → K∗+µ+µ− 3 [JHEP06(2014)133]
dB/dq2 B → K 0µ+µ− 3 [JHEP06(2014)133]
dB/dq2 B → K +µ+µ− 3 [JHEP06(2014)133]
dB/dq2 B0 → K∗0µ+µ− 3 [1606.04731]
dB/dq2 B0

s → φµ+µ− 3 [JHEP09(2015)179]
B(B+ → φKµ+µ−) 3 [JHEP10(2014)064]
dB/dq2 B+ → K +π−π+µ+µ− 3 [JHEP10(2014)064]
dB/dq2 Λb → Λµ+µ− 3 [JHEP06(2015)115]
dB/dq2 B+ → π+µ+µ− 3 [JHEP10(2015)034]
B(Bs,d → µ+µ−) 3 [Nature522(2015)68]
B(B0 → π+π−µ+µ−) 3 [PLB743(2015)]
B(B0 → K∗0e+e−) 3 [JHEP05(2013)159]
B(B+ → K +e+e−) 3 [PRL113(2014)151601]
AI B → K (∗)µ+µ− 3 [JHEP06(2014)133]
ACP B+ → K +µ+µ− 3 [JHEP09(2014)177]
ACP B0 → K∗0µ+µ− 3 [JHEP09(2014)177]
ACP B+ → π+µ+µ− 3 [JHEP10(2015)034]
Angular B+ → K +µ+µ− 3 [JHEP05(2014)082]
Angular B0 → K 0µ+µ− 3 [JHEP05(2014)082]
Angular B0 → K∗0µ+µ− 3 [JHEP02(2016)104]
Angular B0

s → φµ+µ− 3 [JHEP09(2015)179]
Angular Λb → Λµ+µ− 3 [JHEP06(2015)115]
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