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Flavour physics at the LHC

• Huge b cross section, even huger (20×) 
charm cross section.


• All types of b hadrons, like  
B0=(b,d), B+=(b,u), Bs=(b,s), Bc=(b,c), 
Λb=(udb), … 
and c-hadrons like 
D0=(c,d), D+=(c,d), Ds=(c,s), Λc,=(cdu), …


• The world’s largest heavy flavour 
samples, and a dedicated flavour 
physics detector (LHCb). 


• Best place to do heavy flavour physics, 
today.
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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Heavy flavour physics at the LHC
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small & mighty
• LHCb: Dedicated flavour physics experiment at the LHC:


• Optimised geometry

• RICH particle ID (K/π separation)

• Most precise vertexing at LHC

• Dedicated heavy flavour trigger (incl B→hadrons)

• Best mass resolution at LHC (for heavy flavour). 


• ATLAS, CMS’ heavy flavour skills:

• good μ coverage, 

• efficient di-muon trigger,

• maximal luminosity. 

• Good at rare dimuon decays such as B(s)→μμ. 


• ALICE: Cleanly reconstructs heavy flavour decays, 
focussed on using this to study quark-gluon plasma.
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Decays with μμ like B→μμ or 
B→J/ψX, J/ψ→μμ  
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small & mighty
• LHCb: Dedicated flavour physics experiment at the LHC:


• Optimised geometry

• RICH particle ID (K/π separation)

• Most precise vertexing at LHC

• Dedicated heavy flavour trigger (incl B→hadrons)

• Best mass resolution at LHC (for heavy flavour). 


• ATLAS, CMS’ heavy flavour skills:

• good μ coverage, 

• efficient di-muon trigger,

• maximal luminosity. 

• Good at rare dimuon decays such as B(s)→μμ. 


• ALICE: Cleanly reconstructs heavy flavour decays, 
focussed on using this to study quark-gluon plasma.

Decays with μμ like B→μμ or 
B→J/ψX, J/ψ→μμ  

B, D, Λb,…→Anything 
(except decays with lots of neutrals, 

that’s for BELLE II) 
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Vertex Locator (VELO)
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Detector overview 
LHCb is an experiment under construction at point-8 on 
the LHC collider at CERN. It is conceived to take 
advantage of the large number of B-mesons (1012/year) 
produced in the 14TeV proton-proton interactions. 

The study of B-mesons depends on efficient resolution of 
displaced vertices. B-mesons produced at LHC fly several 
millimeters before decay. Precise vertexing is required to 
resolve a primary collision vertex and the secondary B-
decay vertex. 

~1 metre 

VELO vacuum tank is 
integrated into the LHC 
beam-pipe 

Closest active element 
approaches to within only 
8.2mm of the LHC beam 

Silicon sensors, front-end 
analogue electronics and 
associated cooling units 
are housed in a secondary 
vacuum contained by an 
aluminum RF-shield 

Each entire VELO-half is 
mobile. It is required to 
retract away from the 
beam-line by 3cm during 
beam-filling 

3cm retraction 
During beam-fill 
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VELO VErtex LOcator
� Performance

� Close to expectations
� Closing in 10 min to 10 um accuracy
� Alignment with primary vertices
� Hit residual as expected
� Impact parameter resolution 

~ 1/pT

25#$ 29#May#2010 FPCP,#Torino,#Italy#
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VELO VErtex LOcator
� Performance

� Close to expectations
� Closing in 10 min to 10 um accuracy
� Alignment with primary vertices
� Hit residual as expected
� Impact parameter resolution 

~ 1/pT

25#$ 29#May#2010 FPCP,#Torino,#Italy#

• VELO re-introduction

• Closing

• Beam monitoring

• Vertex resolution

• Luminosity measurement

Distribution of vertices overlaid on detector display. z-axis is scaled by 
1:100 compared to transverse dimensions to see the beam angle.

Beam 1 - Beam 2, Beam 1 - Gas, Beam 2 - Gas.
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Outline

10mm

Locates B-
meson 

decays to 
~10 μm
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Ring Imaging CHerenkov  
Detector (RICH)
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published in and on title page of: EPJ C 73:2431 (2013) 

http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2431-9#page-1
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D

0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D

0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D

⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(N

WSD

0
N

WSD

0)/(N
RSD

0
N

RSD

0), where
N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D

⇤+
/D

⇤� production asymmetries or di↵erences
in ⇡

s

+

/⇡

s

� detection e�ciency largely cancel.
Several sources of systematic e↵ects are considered that could bias the measured

WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+

⇡

�
⇡

+

⇡

�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, N

ID,i

, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D

0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �

ID,i

= N

ID,i

/N

RS,i

, where N

RS,i

is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D

0 ! K

+

⇡

�
K

0

S , K
0

S ! ⇡

+

⇡

� has the same final state as signal decays,
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D

0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D

0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D

⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
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N denotes the signal yield estimated from the fit for each of the four decay categories.
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misidentified have a very broad structure in m(K+
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�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, N

ID,i

, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D

0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �

ID,i

= N
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RS,i

, where N

RS,i

is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D

0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D

0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D

⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D

0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D

0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D

⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from
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misidentified have a very broad structure in m(K+
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further than 40MeV/c2 from the D
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, where N
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decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.
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LHCb event yields in the future (rough estimates)
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LHCb event yields in the future (rough estimates)
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LHCb beginning to think about 2nd upgrade
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• Indicative of potential only
• Assumptions made on relative trigger efficiencies have significant uncertainty

LHCb Statistics- Timeline

LHCb LHCb Upgrade I LHCb Upgrade II

Chris Parkes, Aix-les-Bains, October 2016

indicative only!

LHCb	luminosity	prospects	
LHC	era	 HL-LHC	era	

Run	1	
(2010-12)	

Run	2	
(2015-18)	

Run	3	
(2021-24)	

Run	4	
(2027-30)	

Run	5+	
(2031+)	

LHCb	 3	V−1	 8	V−1	 50	V−1	 *300	V−1	

4	

•  LHC	has	been	delivering	luminosity	at	an	incredibly	
high	pace	in	Run-2	

•  LHCb	upgrade	comes	already	acer	Run-2	
•  LHCb	is	starKng	to	consider	a	“phase-2”	upgrade	for	
Run	5	and	beyond	
–  The	target	is	to	raise	the	instantaneous	luminosity	by	a	
factor	10	in	order	to	integrate	300	V-1	in	a	few	years	of	
data	taking	

*	assumes	a	future	LHCb	upgrade	to	raise	the	instantaneous	luminosity	to	2x1034	cm−2s−1	
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LHC lumi projections
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BELLE II lumi projections
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M.V. Purohit, Aspen, Jan 2016 7

Beam commissioning starts in 

Jan 2016.

Installation of sub-detectors in 

Belle II will begin in earnest in 

spring 2016 and will be 

completed before the end of 

2016.

Commissioning with cosmic 

rays will continue to the end 

of 2017.

Belle II to roll into the beam 

line in the spring of 2017.

During 2016 and 2017:  

Commissioning of the 

detector (will help with beam 

commissioning as well).

Data taking in 2018 onwards.

Belle/KEKB recorded ~1000 fb-1 . 
Now change units on y-axis to ab-1

Assumes full operation 
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LHCb	luminosity	prospects	
LHC	era	 HL-LHC	era	

Run	1	
(2010-12)	

Run	2	
(2015-18)	

Run	3	
(2021-24)	

Run	4	
(2027-30)	

Run	5+	
(2031+)	

LHCb	 3	V−1	 8	V−1	 50	V−1	 *300	V−1	

4	

•  LHC	has	been	delivering	luminosity	at	an	incredibly	
high	pace	in	Run-2	

•  LHCb	upgrade	comes	already	acer	Run-2	
•  LHCb	is	starKng	to	consider	a	“phase-2”	upgrade	for	
Run	5	and	beyond	
–  The	target	is	to	raise	the	instantaneous	luminosity	by	a	
factor	10	in	order	to	integrate	300	V-1	in	a	few	years	of	
data	taking	

*	assumes	a	future	LHCb	upgrade	to	raise	the	instantaneous	luminosity	to	2x1034	cm−2s−1	
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Electroweak & radiative                penguins

• Probe FCNC. Their suppression is an 
“accidental symmetry” of the SM, no 
fundamental reason for suppression in 
NP.

14

This illustration is based on a single example diagram. There are several others 
in the SM— and quite possibly beyond —that contribute to these decays (and 
not all apply to all three decays in the same way as the Z, γ penguin does).
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Electroweak and radiative Penguins and Wilson 
Coefficients

15

Sensitivity to New Physics

⌘ Different decays probe different operators e.g:

Operator O
i

B

s(d) ! X

s(d)µ
+µ�

B

s(d) ! µ+µ�
B

s(d) ! X

s(d)�

O
7

⇠ m

b

(s̄
L

�µ⌫
b

R

)Fµ⌫ X X

O
9

⇠ (s̄
L

�µ
b

L

)(¯̀�µ`) X

O
10

⇠ (s̄
L

�µ
b

L

)(¯̀�
5

�µ`) X X

O
S ,P ⇠ (s̄b)

S ,P(¯̀̀ )
S ,P (X) X

⌘ In SM C

S ,P / m`mb

/m

2

W

⌘ In SM chirality flipped O
i

suppressed by m

s

/m

b

K.A. Petridis (UoB) b ! s`` LHCb Liverpool Seminar 8 / 36
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B(s)→μμ

16

• Helicity-suppressed 
FCNC - very rare in 
SM!


• SM prediction [1]*: 
BF(Bs→μ+μ–) =  
(3.66 ± 0.23) · 10–9                   

BF(Bd→μ+μ–) =  
(1.06 ± 0.09) · 10–10


• Large enhancements 
in many once popular 
SUSY models, ∝tan6β

Di-muon spectrum at CMS

[1] PRL 112, 101801 (2014)  
*) this BF refers to the time-integrated value, which differs from the one at t=0 due to the lifetime 
difference between the two Bs mass eigenstates. See Phys. Rev. D 86, 014027 (2012).

Bs→μ+μ– ? 

https://inspirehep.net/record/1263386?ln=en
http://inspirehep.net/record/1107732?ln=en
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Nature 522 (2015) 68-72
Combination of CMS & LHCb data

https://inspirehep.net/record/1328493?ln=en
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BR(B0
s ! µ+µ�) = 0.9+1.1

�0.8 ⇥ 10�9

BR(B0
d ! µ+µ�) < 4.2⇥ 10�10

Recent ATLAS result

EPJ C76 (2016) no.9, 513

Combination of CMS & LHCb data

https://inspirehep.net/record/1328493?ln=en
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B(s)→μμ prospects

18

B(s)—>µµ - projections
• Detailed study in CMS PAS FTR-14-015  for CMS 

• Assuming fs/fd uncertainty 5%, B(B+->J/psi K) 3%.

5

10 8 Conclusions
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Figure 3: Projections of the mass fits to 300 fb�1 (left) and 3000 fb�1 (right) of integrated lu-
minosity (L), respectively assuming the expected performances of Phase-I and Phase-II CMS
detectors.

Table 3: The estimated analysis sensitivity from pseudo-experiments for different integrated
luminosities. Columns in the table are, from left to right: the total integrated luminosity, the
number of reconstructed B0

s and B0, the total uncertainties on the B0
s ! µ+µ� and B0 ! µ+µ�

branching fractions, the B0 statistical significance, and uncertainty on the ratio between the
branching fractions. Results up to 300 fb�1 are for the Phase-I scenario, whereas the result for
3000 fb�1 is for the Phase-II.

Estimate of analysis sensitivity
L ( fb�1) N(B0

s ) N(B0) dB(B0
s ! µ+µ�) dB(B0 ! µ+µ�) B0 sign. dB(B0!µ+µ�)

B(B0
s!µ+µ�)

20 18.2 2.2 35% > 100% 0.0 � 1.5 s > 100%
100 159 19 14% 63% 0.6 � 2.5 s 66%
300 478 57 12% 41% 1.5 � 3.5 s 43%
300 (barrel) 346 42 13% 48% 1.2 � 3.3 s 50%
3000 (barrel) 2250 271 11% 18% 5.6 � 8.0 s 21%

a 50% uncertainty. In the Phase-II scenario, the B0 ! µ+µ� decay can be detected with a
5.6 � 8.0 s statistical significance, the branching fractions B(B0 ! µ+µ�) and B(B0

s ! µ+µ�)
can be measured with a precision of 18% and 11% respectively, and their ratio can be measured
with a 21% uncertainty. In particular, it is worth to note the dramatic improvement of the B0

reconstruction performance, mainly coming from the better resolution of the upgraded CMS
tracker.

8 Conclusions
The present note outlines the simulation study performed in order to assess the CMS potential
to produce B-physics results also after the high-luminosity upgrade of LHC. The study was
focused on B0[B0

s ] ! µ+µ� decays and estimated the performance of CMS starting from the
public Run-1 measurement of this channel, extrapolated using full Geant 4 simulation where
possible, or educated assumptions where the simulation was missing. These extrapolations
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Figure 1: Constraint on NP contributions to the real part of the Wilson coe�cient C7 from
exclusive and inclusive branching ratios as well as combined constraint from these
branching ratios.

Imaginary part of C7

As discussed in sec. 2.3.4, the only stringent constraint on the imaginary part of CNP
7 is expected

to come from ACP(B ! K⇤�). Using the experimental measurement in table 2, we find

Im CNP
7 (µb) 2 [�0.064, 0.094] ⇥
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Using our numerics and theory error estimates detailed in section 2.3.3, we find

Im �C7(µb) = �0.027 ± 0.016 for B0 ! K⇤� , (40)

where the central value is dominated by vertex corrections and spectator scattering (cf. table 1)
and the uncertainty by our estimate of neglected contributions, including the soft gluon correc-
tion to the charm loop. From (40) it is clear that an accidental cancellation in the imaginary
part of �C7, that would make ACP tiny even in the presence of NP in Im C7, is not entirely
excluded. We note that the estimate of the soft gluon contribution in (20), that we omitted,
would make the constraint even stronger. In any case, a better understanding of the hadronic
contributions is crucial to better constrain this Wilson coe�cient.

Constraints on C0
7

The virtues of the exclusive observables come to play in models predicting a NP contribution
to the “wrong-chirality” Wilson coe�cient C 0

7. In fig. 2, we show the constraints in the plane
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B(s)—>µµ - projections
• Detailed study in CMS PAS FTR-14-015  for CMS 

• Assuming fs/fd uncertainty 5%, B(B+->J/psi K) 3%.
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branching fractions, the B0 statistical significance, and uncertainty on the ratio between the
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3000 (barrel) 2250 271 11% 18% 5.6 � 8.0 s 21%

a 50% uncertainty. In the Phase-II scenario, the B0 ! µ+µ� decay can be detected with a
5.6 � 8.0 s statistical significance, the branching fractions B(B0 ! µ+µ�) and B(B0

s ! µ+µ�)
can be measured with a precision of 18% and 11% respectively, and their ratio can be measured
with a 21% uncertainty. In particular, it is worth to note the dramatic improvement of the B0

reconstruction performance, mainly coming from the better resolution of the upgraded CMS
tracker.
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7 is expected
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Using our numerics and theory error estimates detailed in section 2.3.3, we find

Im �C7(µb) = �0.027 ± 0.016 for B0 ! K⇤� , (40)

where the central value is dominated by vertex corrections and spectator scattering (cf. table 1)
and the uncertainty by our estimate of neglected contributions, including the soft gluon correc-
tion to the charm loop. From (40) it is clear that an accidental cancellation in the imaginary
part of �C7, that would make ACP tiny even in the presence of NP in Im C7, is not entirely
excluded. We note that the estimate of the soft gluon contribution in (20), that we omitted,
would make the constraint even stronger. In any case, a better understanding of the hadronic
contributions is crucial to better constrain this Wilson coe�cient.
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Table 3: The estimated analysis sensitivity from pseudo-experiments for different integrated
luminosities. Columns in the table are, from left to right: the total integrated luminosity, the
number of reconstructed B0

s and B0, the total uncertainties on the B0
s ! µ+µ� and B0 ! µ+µ�

branching fractions, the B0 statistical significance, and uncertainty on the ratio between the
branching fractions. Results up to 300 fb�1 are for the Phase-I scenario, whereas the result for
3000 fb�1 is for the Phase-II.

Estimate of analysis sensitivity
L ( fb�1) N(B0

s ) N(B0) dB(B0
s ! µ+µ�) dB(B0 ! µ+µ�) B0 sign. dB(B0!µ+µ�)

B(B0
s!µ+µ�)

20 18.2 2.2 35% > 100% 0.0 � 1.5 s > 100%
100 159 19 14% 63% 0.6 � 2.5 s 66%
300 478 57 12% 41% 1.5 � 3.5 s 43%
300 (barrel) 346 42 13% 48% 1.2 � 3.3 s 50%
3000 (barrel) 2250 271 11% 18% 5.6 � 8.0 s 21%

a 50% uncertainty. In the Phase-II scenario, the B0 ! µ+µ� decay can be detected with a
5.6 � 8.0 s statistical significance, the branching fractions B(B0 ! µ+µ�) and B(B0

s ! µ+µ�)
can be measured with a precision of 18% and 11% respectively, and their ratio can be measured
with a 21% uncertainty. In particular, it is worth to note the dramatic improvement of the B0

reconstruction performance, mainly coming from the better resolution of the upgraded CMS
tracker.
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to produce B-physics results also after the high-luminosity upgrade of LHC. The study was
focused on B0[B0

s ] ! µ+µ� decays and estimated the performance of CMS starting from the
public Run-1 measurement of this channel, extrapolated using full Geant 4 simulation where
possible, or educated assumptions where the simulation was missing. These extrapolations
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exclusive and inclusive branching ratios as well as combined constraint from these
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Imaginary part of C7

As discussed in sec. 2.3.4, the only stringent constraint on the imaginary part of CNP
7 is expected

to come from ACP(B ! K⇤�). Using the experimental measurement in table 2, we find

Im CNP
7 (µb) 2 [�0.064, 0.094] ⇥

 �0.027

Im �C7
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@ 95% C.L. (39)

Using our numerics and theory error estimates detailed in section 2.3.3, we find

Im �C7(µb) = �0.027 ± 0.016 for B0 ! K⇤� , (40)

where the central value is dominated by vertex corrections and spectator scattering (cf. table 1)
and the uncertainty by our estimate of neglected contributions, including the soft gluon correc-
tion to the charm loop. From (40) it is clear that an accidental cancellation in the imaginary
part of �C7, that would make ACP tiny even in the presence of NP in Im C7, is not entirely
excluded. We note that the estimate of the soft gluon contribution in (20), that we omitted,
would make the constraint even stronger. In any case, a better understanding of the hadronic
contributions is crucial to better constrain this Wilson coe�cient.
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7
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Table 3: Uncorrelated uncertainties of the two LHCb measurements of fs/fd [3, 5]. The particle
identification uncertainty present in both measurements is considered fully uncorrelated since the
semileptonic measurement was performed analyzing an integrated luminosity of 3 pb�1 acquired
in 2010, while the hadronic measurement was performed analyzing an integrated luminosity of
1 fb�1 acquired in 2011.

Source Semileptonic (%) Hadronic(%)
Statistical 3.0 1.7
SU(3) breaking and form factors - 8.8
Bin dependent uncertainty 1.0 -
Semileptonic decay model 3.0 -
Backgrounds 2.0 -
Tracking e�ciency 2.0 -
B(B0

s ! D0K+Xµ⌫̄µ)
+4.1
�1.1 -

B((B�/B0) ! D+

s KXµ⌫̄µ) 2.0 -
Detector acceptance

and reconstruction - 0.7
Hardware trigger e�ciency - 2.0
O✏ine selection - 1.1
Boosted decision tree cut - 1.0
Particle identification 1.5 1.5
Combinatorial background - 1.0
Signal shape (tails) - 0.6
Signal shape (core) - 1.0

Total +7.1
�5.9 ±9.6

Table 4: Correlated uncertainties of the two LHCb measurements of fs/fd [3, 5].

Source Uncertainty (%)
B(D� ! K+⇡�⇡�) 2.2
B(D�

s ! K+K�⇡�) 2.5
Lifetime ratio 0.9
Total 3.4

3 Conclusions

The LHCb measurements of the ratio of the B0

s to B0 production cross-sections obtained
using b-hadron semileptonic decays and hadronic decays B0

s ! D�
s ⇡

+ and B0! D�K+,
have been updated with the most recent measurements of B(D�

s ! K+K�⇡�) and the B
meson lifetimes. The combination of these measurements gives, for b hadrons produced
within the LHCb acceptance at 7 TeV pp collisions, fs/fd = 0.259± 0.015.
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B(s)→μμ prospects: lifetime difference

• Future datasets will give access to more 
observables than “just” BF


• Effective lifetime can distinguish scalar 
vs pseudoscalar/vector contributions.


• Need σ(τμμ)≈2.5% for 5σ separation 
between AΔΓ=±1 
LHCb upgrade (50/fb): σ(τμμ)≈5% 
LHCb upgrade2 (300/fb): σ(τμμ)≈2%

20

De Bruyn et al PRL109 (2012) 041801

Beauty Charm Strange

B0
(s) ! µ+µ�

Future data gives access to further observables, e.g.:

• E↵ective lifetime ⌧
µµ

(A��)

! Scalar and pseudo-scalar/-vector contribution
di↵erentiation

! �⌧/⌧̄ ⇡ 12%, need �(⌧
µµ

) < 2.5% to
distinguish between A�� = ±1 at 5�

! �(⌧
µµ

) ⇡ 5% for 50 fb�1, 2% for 300 fb�1

! Study with Run I and 2015 data ongoing

PRL 109, 041801 (2012)

• Time-dependent CP violation, S
µµ

! Assuming LHCb tagging e�ciency of 4%, �(S
µµ

) = 0.3 with 300 fb�1

B0
s mode expected to be systematics dominated

• fs/fd ratio ⇡ 5%

• B+ ! J/ K+ ⇡ 4% – to be improved by
Belle II (both BF and ⌥(4S) production asymetry)

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 5

All estimates are guesstimates!

https://inspirehep.net/record/1107733?ln=en
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B(s)→μμ prospects: time-dependent CPV, Sμμ

• Making several assumptions, 
including effective tagging 
efficiency εD2=4%


• … and extrapolating from SKK,


• … get: Sμμ≈0.3 at LHCb 
upgrade2, i.e. 300/fb.

21

All estimates are guesstimates!

10

• With 4% tagging power, corresponds 
to 100 perfectly tagged candidates 
for measuring the time dependent CP 
asymmetry, Sµµ.
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Figure 9: Overlay of the correlations for R versus Aµµ
�� (left) and Sµµ (right) for

the various specific models considered. The lepton couplings are varied in the ranges
|�µµ

S,P (H)| 2 [0.012, 0.024] and �µµ
A (Z 0) 2 [0.3, 0.7]. All particles are taken to have a

mass of 1 TeV.

In the LRS case, as expected, NP e↵ects are very small as scalar and pseudoscalar
contributions are absent and (64) applies. We then find for the muon couplings fixed as
in (74):

0.984  Aµµ
��  1.00, |Sµµ|  0.18. (76)

Finally we investigated whether the relation (73), representing Scenario E is still
consistent with all available constraints. This is not the case if we take the pseudoscalar
lepton coupling chosen in (74) and a mass for the pseudoscalar of 1 TeV. For the LHS and
RHS schemes a lepton coupling of �µµ̄

P (H) ⇡ ±i 0.06 is needed to satisfy the relation. If
a pseudoscalar does manage to make P vanish, then a scalar particle is needed to satisfy
the lower bound on R. Such a model, with both a pseudoscalar and scalar particle
present, is discussed in Section 4.3.

4.2.3 Comparison with Z0 Scenario

While the discussion presented above shows that the contributions of scalars and pseu-
doscalars can be distinguished through the observables considered, more spectacular
di↵erences occur when one includes the Z 0 scenario in this discussion. Indeed the cor-
relation between Sµµ and R in the left panel of Figure 5 has a very di↵erent structure
from the case of pseudoscalar or scalar exchanges shown in Figure 8.

In the right panel of Figure 9 an overlay of these regions is shown for LHS schemes,
with the lepton couplings varied as given in (75). Similarly, in the left panel of Figure 9
we show the correlation between Aµµ

�� and R, where strong contrasts between the allowed
regions also emerge. The di↵erence between the Z 0 and pseudoscalar exchange is striking
because, unlike for a scalar, both particles generate Scenario A.

The di↵erence between the A0-scenario and Z 0-scenario in question can be traced
back to the di↵erence between the phase of the NP correction to P̃ , which was defined
in (40). As the phase �23 in the quark coupling �bs

L from the analysis of Bs-mixing in

26

A Buras et al, JHEP 1307 (2013) 77

10

Bs—>µµ time dependent CP asymmetry
• Reminder: In 300fb-1 scenario, get 2.4K Bs—>µµ candidates

• Estimate of possible sensitivity found 
by comparing with measurement of 

AKK (JHEP 10 (2013) 183)

• With 14K candidates, get AKK 
uncertainty of 0.12 

• Could expect uncertainty on Sµµ 0.3 
with 300fb-1.

Many assumptions made here!

Buras et al JHEP 1307 (2013) 77

https://inspirehep.net/record/1223996?ln=en
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Beauty Charm Strange

B0
(s) ! µ+µ�µ+µ�

• Excess of events in the low-dimuon-mass range found by HyperCP for
⌃+ ! pµ+µ�

[PRL 94 (2005) 021801] (more on this later in the talk)

• Potentially pointing towards new resonance X [µµ], M(X ) ⇡ 214MeV/c2

LHCb-PAPER-2016-043

• BSM(B0
(s) ! µ+µ�µ+µ�) ⇠ O(10�11) (non-resonant) [PLB 556 (2003) 169]

• Sensitive to scalar (S) and pseudo-scalar (P) sgoldstinos:

BF up to O(10�4)/(10�7) for B0
s/B

0
[PRD 85, 077701 (2012)]

• Search for non-resonant B0
(s) ! µ+µ�µ+µ� with 3 fb�1

B(B0
s ! µ+µ�µ+µ�) < 2.5⇥ 10�9

B(B0 ! µ+µ�µ+µ�) < 6.9⇥ 10�9

Sensitivity of few 10�10 possible with 300 fb�1

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 7
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B→K*μ+μ–: Forward-backward asymmetry in 2013

23

K*
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Forward: θ < !/2

K*
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Backward: θ > !/2

K*

μ+

μ–

θ

Forward: θ < !/2

K*
μ+

μ–

θ

Backward: θ > !/2

• Forward-backward asymmetry as 
function of q2 = m2(μμ)

• Good agreement with SM. 


• First measurement of zero-crossing point: q02=4.9 ± 0.9 GeV2/c4

LHCb: JHEP 1308 (2013) 131
CMS: Physics Letters B 727 (2013) 77–100

Theory: Phys.Rev. D87 (2013) 034016

http://inspirehep.net/record/1229504?ln=en
http://inspirehep.net/record/1247976?ln=en
http://inspirehep.net/record/1206874?ln=en
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B→K*μ+μ–: Forward-backward asymmetry in 2013
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Fig. 7. Measurements versus q2 of F L (top), AFB (middle), and the branching fraction
(bottom) for B → K∗ℓ+ℓ− from CMS (this Letter), Belle [36], CDF [37,55], BaBar [56],
and LHCb [38]. The error bars give the total uncertainty. The vertical shaded regions
correspond to the J/ψ and ψ ′ resonances. The other shaded regions are the result
of rate-averaging the SM prediction across the q2 bins to allow direct comparison to
the data points. Reliable theoretical predictions between the J/ψ and ψ ′ resonances
(10.09 < q2 < 12.86 GeV2) are not available.

Table 3
Measurements from CMS (this Letter), LHCb [38], BaBar [56], CDF [37,55], and
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Observables with limited dependence on 
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Dyk (2010-11), Beciveric-Schneider (2012) 

N.D.: There are other observables which are combination of 
those presented here 

1 Introduction

Within the Standard Model the decay B

0
d

! K

⇤0µ+µ� occurs via loop diagrams that mediate the transition
b ! s`+`� and therefore has a small branching fraction of (1.06 ± 0.1) · 10�6 [1]. It is found [2] that
angular distributions of the 4-particle final state, as well as the decay amplitudes, are sensitive to physics
beyond the Standard Model, mainly as a result of the interference of new diagrams with the Standard
Model diagrams.

The decay B

0
d

! K

⇤0µ+µ� with K

⇤0 ! K

+⇡� is described by four kinematic variables, one is
the invariant mass q

2 of the di-muon system and the other three are angles describing the geometrical
configuration of the final state as shown in Figure 1: ✓

L

is the angle between the µ+ and the direction
opposite to the B

0
d

in the di-muon rest frame, ✓
K

is the angle between the K

+ and the direction opposite
to the B

0
d

in the K

⇤0 rest frame, and � is the angle between the plane defined by the two muons and the
plane defined by the kaon-pion system in the B

0
d

rest frame. In the case of the B

0
d

the angles ✓
L

and ✓
K

are defined with respect to the µ� and the K

�, respectively.
When the amount of data is insu�cient to study the 4-di↵erential decay rate, the di↵erential decay

rate is projected from the four kinematic variables into the 2-dimensional distributions d2�/dq

2dcos ✓
L

and d2�/dq

2dcos ✓
K

by integrating over the two other variables. These distributions are binned in intervals
of q

2, and the values of the K

⇤0 longitudinal polarisation fraction F

L

and of the lepton forward-backward
asymmetry A

FB

are extracted, averaged in the q

2 bins. This measurement was previously performed by
BaBar [3], Belle [4], CDF [5] and LHCb [6, 7]. In this work we present a measurement of A

FB

and F

L

in five out of the six q

2 bins listed in Table 3 and in the wider bin 1 < q

2 < 6 GeV2.

�

B0
d

µ+

µ�

K+

⇡�

✓L ✓K

Figure 1: Definition of the kinematic angles in the decay B

0
d

! K

⇤0µ+µ�.

2 Event Reconstruction and Signal Selection

2.1 The ATLAS Detector

The ATLAS experiment [8] at the LHC is a general purpose particle detector covering almost the full
solid angle around the pp collision point with layers of tracking detectors, calorimeters and muon track-
ing chambers. The measurement presented here is mainly based on the Inner Detector (ID) and the Muon
System (MS).

The ID consists of a silicon pixel detector, surrounded by a silicon strip detector (SCT) and a transi-
tion radiation tracker, embedded in a 2 T axial magnetic field. Charged particle trajectories are measured
for |⌘| < 2.51. Enclosing the calorimeter, the MS has a toroidal magnetic field and contains a combination
of monitored drift tubes and cathode strip chambers, capable of measuring muon trajectories in a range

1The pseudorapidity is ⌘ = �ln(tan(✓/2)), where ✓ is the polar angle measured from the beam line.The ATLAS coordinate
system is described in reference [8].
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FIG. 1. Performance of the neural networks for the classification of B0 ! K⇤(892)0`+`�. Signal MC (red line) and simulated
background processes from e+e� ! qq̄ (q = u, d, s, c, b) decays (blue filled) corresponding to two times the expected size in the
Belle dataset are shown.
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FIG. 2. Signal extraction for B ! K(⇤)`+`� on the total range of q2. Combinatorial (dashed blue), signal (red filled) and total
(solid) fit distributions are superimposed on the data points.

of the lepton pair q

2. The angle ✓` is defined as the
angle between the direction of `+ (`�) and the opposite
direction of B (B̄) in the rest frame of the dilepton
system. The angle ✓K is defined between the direction
of the kaon and the opposite direction of B (B̄) in
the K

⇤ rest frame. Finally, the angle � is determined
as the angle between the decay plane formed by the
`

+

`

� system and the K

⇤ decay plane. Definitions of
the angles follow Ref. [13]. The analysis is performed

in four bins of q2 with an additional zeroth bin in the
range 1.0 < q

2

< 6.0 GeV2

/c

4, which is considered to
be the cleanest regarding form-factor uncertainties [14].
The binning in q

2 is detailed in Table I together with
the measured signal and background yields. Uncovered
regions in the q

2 spectrum arise from vetoes against
backgrounds of the charmonium resonances J/ ! `

+

`

�

and  (2S) ! `

+

`

� and vetos against ⇡0 Dalitz decays
and photon conversion.
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B→K*μ+μ–, B→K*e+e–, P’5

• Might seem an abstract 
variable. It is chosen because 
it is less sensitive to (difficult 
to calculate) form factors.


• 3.4 σ global significance.


• Including related decays, 
evidence for New Physics at 
> 4σ.


• SM ruled out at 99.997% CL?
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LHCb [1, 17] are shown for comparison.
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b→sll Branching Fractions

BFs too low in b⇥ sµ+µ� decays?
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• Several b→sll branching fractions measured, show some tension 
with predictions, particular at low q2

B0→K*0µµ B0
s→fµµ L0

b→L0µµ 
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Figure 2: Di�erential branching fraction results for the B+⇤ K+µ+µ�, B0⇤ K0µ+µ� and
B+ ⇤ K⇥+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ⇤ Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+⇤ K⇥+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+⇤ K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0⇤ K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+⇤ K⇥+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

→ 3.3sdiscrepancy	

→ 2.6sdiscrepancy	
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Interpretation of B→K*μ+μ– et al.
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JHEP 1606 (2016) 092

>4σ deviation from SM
(or is it just 4σ from our ability to calculate QCD effects?)

Interpretations
⌘ Several attempts to interpret b ! sµ+µ� and b ! s� data

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

10 ) plane (left) and the Re(CNP
9 )-Re(C�

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 ⇠ 4�
! New vector Z 0, 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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Breakdown of factorization
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• Factorizable effects can be related to (full non-perturbative) 
charm vacuum polarization via a standard dispersion relation 
& extracted from BESII data on e+e! ! hadrons
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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)

K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 6 / 21

… many other interpretations:

https://inspirehep.net/record/1397858?ln=en
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Imaginary contributions to C9 and C10
⌘ We have measured complete set of CP asymmetric observables LHCb

[JHEP02(2016)104]

! Sensitive to imaginary NP contributions

Altmannshofer et al [EPJC(2013)73], LHCb [JHEP02(2016)104]
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Figure 9: Predictions for the CP asymmetries A7, A8 and A9 as function of the di-muon invari-
ant mass squared q2 in various scenarios that address the observed discrepancies in
B ! K�µ+µ�. The values for the Wilson coe�cients corresponding to each scenario
are indicated explicitly in the plots. SM predictions for the CP asymmetries are
negligibly small throughout the whole q2 range.
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Figure 10: The CP -asymmetric observables in bins of q2, determined from a moment analysis of
the data.
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⌘ With 300fb�1 collected by Run 5, LHCb could have ⇠500,000
B

0 ! K

⇤0µ+µ�

⇤ More than entire Run 1 B

0 ! J/ K⇤0 sample!
⌘ Uncertainties in plots shrink by ⇠ ⇥10 assumptions about systs

! Sensitive to NP contributions of order shown
K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 10 / 21
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Is it QCD?

30

Impact on C e↵

9

⌘ Dependence of observables on vector couplings enters through
C

e↵
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 +

�

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-
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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.
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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.
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Interpretations
⌘ Several attempts to interpret b ! sµ+µ� and b ! s� data

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

10 ) plane (left) and the Re(CNP
9 )-Re(C�

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 ⇠ 4�
! New vector Z 0, 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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⌘ 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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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 +
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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-
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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.
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nr are the vector and axial
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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-
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Interpretations
⌘ Several attempts to interpret b ! sµ+µ� and b ! s� data

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

10 ) plane (left) and the Re(CNP
9 )-Re(C�

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 ⇠ 4�
! New vector Z 0, 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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• No way for charm loop effects to give a 
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from interference penguin decay and J/y
– Measure phase of interference by fitting 

differential rate – results for B+→K+μ+μ− 
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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 +

�

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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∆
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phase = 0

/2πphase = 

πphase = 

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

cc̄

cc̄

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

⌘ At low q

2 main culprit is the J/ 

! Corrections to C

e↵
9 (�C9) all

the way down to q

2 = 0
! Effect strongly dependent on

relative phase with penguin

⌘ More data will help resolve
apparent q2 dependence of C9

K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 7 / 21

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

e↵
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 B

0 ! K

⇤0µ+µ�

! Requires fit to q

2 and angular
distribution to dissentangle
amplitude components

K.A. Petridis (UoB) Experimental prospects in rare decays HF Quo Vadis 2016 7 / 24
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Figure 5. Measured Λ0
b → Λµ+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.

q2 interval [GeV2/c4] dB(Λ0
b→ Λµ+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

Table 4. Measured differential branching fraction of Λ0
b → Λµ+µ−, where the uncertainties are

statistical, systematic and due to the uncertainty on the normalisation mode, Λ0
b → J/ψΛ, respec-

tively.

the precision of the branching fraction for the normalisation channel, while the uncertainty

on the relative branching fraction is dominated by the size of the data sample available.

The data are consistent with the theoretical predictions in the high-q2 region but lie below

the predictions in the low-q2 region.
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q2 interval [GeV2/c4] AℓFB fL Ah
FB

0.1–2.0 0.37 + 0.37
− 0.48 ± 0.03 0.56 + 0.23

− 0.56 ± 0.08 − 0.12 + 0.31
− 0.28 ± 0.15

11.0–12.5 0.01 + 0.19
− 0.18 ± 0.06 0.40 + 0.37

− 0.36 ± 0.06 − 0.50 + 0.10
− 0.00 ± 0.04

15.0–16.0 − 0.10 + 0.18
− 0.16 ± 0.03 0.49 + 0.30

− 0.30 ± 0.05 − 0.19 + 0.14
− 0.16 ± 0.03

16.0–18.0 − 0.07 + 0.13
− 0.12 ± 0.04 0.68 + 0.15

− 0.21 ± 0.05 − 0.44 + 0.10
− 0.05 ± 0.03

18.0–20.0 0.01 + 0.15
− 0.14 ± 0.04 0.62 + 0.24

− 0.27 ± 0.04 − 0.13 + 0.09
− 0.12 ± 0.03

15.0–20.0 − 0.05 + 0.09
− 0.09 ± 0.03 0.61 + 0.11

− 0.14 ± 0.03 − 0.29 + 0.07
− 0.07 ± 0.03

Table 5. Measured values of leptonic and hadronic angular observables, where the first uncertainties
are statistical and the second systematic.
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Figure 8. Measured values of (left) the leptonic and (right) the hadronic forward-backward asym-
metries in bins of q2. Data points are only shown for q2 intervals where a statistically signifi-
cant signal yield is found, see text for details. The (red) triangle represents the values for the
15 < q2 < 20GeV2/c4 interval. Standard Model predictions are obtained from ref. [17].

uncertainties. These are in the ranges [0.003, 0.045] for AℓFB, [0.017, 0.053] for Ah
FB and

[0.014, 0.049] for fL, depending on q2.

11 Results of the angular analysis

The angular analysis is performed using the same q2 intervals as those used in the branching

fraction measurement. Results are reported for each q2 interval in which the statistical

significance of the signal is at least three standard deviations. This includes all of the q2

intervals above the J/ψ resonance and the lowest q2 bin.

The measured values of the leptonic and hadronic forward-backward asymmetries, AℓFB
and Ah

FB, and the fL observable are summarised in table 5, with the asymmetries shown

in figure 8. The statistical uncertainties are obtained using the likelihood-ratio ordering

method [49] where only one of the two observables at a time is treated as the parameter

of interest. In this analysis nuisance parameters were accounted for using the plug-in

method [50]. In figure 9 the statistical uncertainties on AℓFB and fL are also reported (for
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15 < q2 < 20GeV2/c4 interval. Standard Model predictions are obtained from ref. [17].
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FB and
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significance of the signal is at least three standard deviations. This includes all of the q2

intervals above the J/ψ resonance and the lowest q2 bin.

The measured values of the leptonic and hadronic forward-backward asymmetries, AℓFB
and Ah

FB, and the fL observable are summarised in table 5, with the asymmetries shown

in figure 8. The statistical uncertainties are obtained using the likelihood-ratio ordering

method [49] where only one of the two observables at a time is treated as the parameter

of interest. In this analysis nuisance parameters were accounted for using the plug-in
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FIG. 2. The 2D-marginalized posteriors for all pairs of Wilson coefficients in the ð9; 10; 90; 100Þ scenario. The SM point is marked with
a diamond shape, while the best-fit point from the full fit is marked with a black cross. The contours correspond to 68% (inner contours)
and 95% (outer contours) of probability for the respective 2D-marginalized posteriors.
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B->K*µµ projections
• Assuming trigger/selection efficiency the same as run 1. 

• Project number of B->K*µµ in 1<q2<6 GeV region.
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Table 2: The measured total yield from the simultaneous fit to the charge separated data, and
the inferred yields of B+! ⇡+µ+µ� and B� ! ⇡�µ+µ� decays.

N (B±! ⇡±µ+µ�) N (B+ ! ⇡+µ+µ�) N (B� ! ⇡�µ+µ�)

92.7 ± 11.5 51.7± 8.3 41.1± 7.9
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Figure 3: The fit to the invariant mass distribution of (left) selected B+! ⇡+µ+µ� candidates
and (right) selected B� ! ⇡�µ+µ� candidates, with the total model and separate components
as described in the legend.

decays to an exponential function with a Gaussian high-mass endpoint contributes 0.6%
uncertainty to the measured B+! ⇡+µ+µ� yield, and using an analogous shape for the
B0

s

! f0(⇡+⇡�)µ+µ� decays contributes 0.7%. The parameters of the models are fixed to
values obtained from a fit to the simulation. The systematic uncertainty of the model used
for the semileptonic backgrounds is evaluated by allowing the exponent in the model to
vary within the uncertainties produced by a fit to the simulation. This change contributes
0.3% uncertainty to the measured B+! ⇡+µ+µ� yield. There is a negligible contribution
from altering the model of the misidentified decays or combinatorial background, and from
changing the upper mass end-point of the fit range from 6000MeV/c2 to either 5500 or
7000MeV/c2.

5 Results

5.1 Di↵erential branching fraction

The di↵erential branching fraction of B+! ⇡+µ+µ� in a bin of width �q2 is calculated
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Table 1: The yields of B+! ⇡+µ+µ� decays in bins of dilepton invariant mass squared, with
statistical uncertainties.

q2 bin (GeV2/c4) B+! ⇡+µ+µ�

0.1 – 2.0 22.5 +
�

5.5
4.8

2.0 – 4.0 7.5 +
�

4.9
4.0

4.0 – 6.0 11.1 +
�

4.2
3.5

6.0 – 8.0 9.5 ± 3.9

11.0 – 12.5 10.5 ± 3.7

15.0 – 17.0 9.7 ± 3.3

17.0 – 19.0 6.2 ± 2.9

19.0 – 22.0 7.8 ± 3.4

22.0 – 25.0 2.3 +
�

2.1
1.5

0.0 – 25.0 93.6 ± 11.5

1.0 – 6.0 28.8 +
�

6.7
6.2

15.0 – 22.0 24.1 +
�

6.0
5.2

The choice of models used for the partially reconstructed backgrounds, the semileptonic
backgrounds, the misidentified K+µ+µ� background, and the combinatorial background
could all contribute as potential sources of systematic uncertainty. The dependence
of the fitted yields on these models is assessed by replacing the relevant component
with an alternative model, as follows, and evaluating the change in yield in simulation
studies and in the fits to data. The largest change in yield is assigned as the systematic
uncertainty. Changing the models for the B+! ⇢+(⇡+⇡0)µ+µ� and B0! ⇢0(⇡+⇡�)µ+µ�
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where AP is the B±-meson production asymmetry, and ADET is the detector asymmetry
for the pions and muons.

The production asymmetry of B+ and B� mesons at LHCb has been measured to
be (�0.6± 0.6)% using the B+! J/ (µ+µ�)K+ decay [33]. The momentum spectrum
di↵erences between the B+ ! J/ (µ+µ�)K+ and B+ ! ⇡+µ+µ� decays are found to
have a negligible impact on this asymmetry. The charge asymmetry of the LHCb detector
for ⇡+ and ⇡� has been measured in D⇤± decays [34] to be "

⇡

+/"
⇡

� = 0.9914 ± 0.0040
and "

⇡

+/"
⇡

� = 1.0045 ± 0.0034 for the two magnet polarities. These e�ciency ratios
give detector asymmetries of (�0.43 ± 0.20)% and (0.22 ± 0.17)% for the two magnet
polarities, where the di↵erences in the momentum spectrum are accounted for in bins of
momentum, transverse momentum and azimuthal angle. The relative tracking e�ciency of
di↵erently charged pions is consistent with unity when averaged over the the two magnet
polarities [34]. The pion identification asymmetry is derived using D0 ! K�⇡+ decays and
is calculated to be less than 0.087% when momentum spectrum di↵erences are accounted
for. Additional e↵ects from the production and detection asymmetries are negligible and
do not contribute to the final systematic uncertainty.

The raw CP asymmetry, ARAW, of the B±! ⇡±µ+µ� candidates is measured to be
�0.11± 0.12. The value of A

CP

for B±! ⇡±µ+µ� is calculated to be

A
CP

(B±! ⇡±µ+µ�) = �0.11± 0.12 (stat)± 0.01 (syst) ,

which is consistent with a recent SM prediction [6].

6 Summary

A measurement of the di↵erential branching fraction of the decay B+ ! ⇡+µ+µ� has
been presented, and is found to be consistent with SM predictions, and to have a possible
contribution from B+ ! ⇢0(!)⇡+ decays. The CP asymmetry of the decay has been
measured and is consistent with a recent SM prediction [6]. The values for the CKM
matrix elements |V

td

| and |V
ts

|, and the ratio |V
td

/V
ts

| have also been determined, and
are in agreement with previous measurements. These results constitute the most precise
measurements to date of a b ! d`+`� transition and supersede those of Ref. [13].
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|V
td

/V
ts

|, taking into account the data and this PDF, and the theory nuisance parameters
are free to vary. The data are treated as uncorrelated between the two q2 bins, but the
full correlation between the theory parameters is accounted for. The value of the CKM
matrix element ratio is determined to be

����
V
td

V
ts

���� = 0.24+0.05
�0.04 ,

where the uncertainty is the combination of the experimental (statistical and systematic),
and theoretical uncertainties. Both contributions are approximately equal, and neither
follows a Gaussian distribution. This is the most precise determination of |V

td

/V
ts

| in a
decay that includes both penguin and box diagrams.

Additionally, the values of |V
td

| and |V
ts

| can be calculated via

|V
td

|2 = B(B+! ⇡+µ+µ�)R
F
⇡

dq2
and (4)

|V
ts

|2 = B(B+! K+µ+µ�)R
F
K

dq2
, (5)

where EOS is used to compute the theoretical input. Combining the results from the high-
and low-q2 bins gives

|V
td

| = 7.2+0.9
�0.8 ⇥ 10�3 and

|V
ts

| = 3.2+0.4
�0.4 ⇥ 10�2 ,

where the uncertainties are due to both the branching fraction measurements and the
theory nuisance parameters. As the |V

td

/V
ts

| determination uses both the B+! ⇡+µ+µ�

and B+! K+µ+µ� branching fraction measurements, the theory nuisance parameters
take di↵erent values to those in the separate |V

td

| and |V
ts

| determinations, where only
one of the branching fractions is used. The ratio of |V

td

| and |V
ts

| is therefore not identical
to the measurement of |V

td

/V
ts

| given above. The uncertainty on |V
td

| has approximately
equal contributions from experimental and theoretical uncertainties, while the uncertainty
on |V

ts

| is dominated by the theoretical uncertainty.

5.3 CP asymmetry

The CP asymmetry of B±! ⇡±µ+µ�, as defined by Eq. 1, can be computed from the raw
yield asymmetry,

ARAW ⌘ N (B� ! ⇡�µ+µ�)�N (B+ ! ⇡+µ+µ�)

N (B� ! ⇡�µ+µ�) +N (B+ ! ⇡+µ+µ�)
, (6)

where N is the signal yield for the given decay-mode. This raw asymmetry is corrected for
the production asymmetry of the B± mesons and the detection asymmetry of the decay
products, under the approximation

A
CP

(B±! ⇡±µ+µ�) = ARAW �AP �ADET , (7)
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Table 2: The measured total yield from the simultaneous fit to the charge separated data, and
the inferred yields of B+! ⇡+µ+µ� and B� ! ⇡�µ+µ� decays.

N (B±! ⇡±µ+µ�) N (B+ ! ⇡+µ+µ�) N (B� ! ⇡�µ+µ�)

92.7 ± 11.5 51.7± 8.3 41.1± 7.9
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Figure 3: The fit to the invariant mass distribution of (left) selected B+! ⇡+µ+µ� candidates
and (right) selected B� ! ⇡�µ+µ� candidates, with the total model and separate components
as described in the legend.

decays to an exponential function with a Gaussian high-mass endpoint contributes 0.6%
uncertainty to the measured B+! ⇡+µ+µ� yield, and using an analogous shape for the
B0

s

! f0(⇡+⇡�)µ+µ� decays contributes 0.7%. The parameters of the models are fixed to
values obtained from a fit to the simulation. The systematic uncertainty of the model used
for the semileptonic backgrounds is evaluated by allowing the exponent in the model to
vary within the uncertainties produced by a fit to the simulation. This change contributes
0.3% uncertainty to the measured B+! ⇡+µ+µ� yield. There is a negligible contribution
from altering the model of the misidentified decays or combinatorial background, and from
changing the upper mass end-point of the fit range from 6000MeV/c2 to either 5500 or
7000MeV/c2.
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Table 1: The yields of B+! ⇡+µ+µ� decays in bins of dilepton invariant mass squared, with
statistical uncertainties.

q2 bin (GeV2/c4) B+! ⇡+µ+µ�

0.1 – 2.0 22.5 +
�

5.5
4.8

2.0 – 4.0 7.5 +
�

4.9
4.0

4.0 – 6.0 11.1 +
�

4.2
3.5

6.0 – 8.0 9.5 ± 3.9

11.0 – 12.5 10.5 ± 3.7

15.0 – 17.0 9.7 ± 3.3

17.0 – 19.0 6.2 ± 2.9

19.0 – 22.0 7.8 ± 3.4

22.0 – 25.0 2.3 +
�

2.1
1.5

0.0 – 25.0 93.6 ± 11.5

1.0 – 6.0 28.8 +
�

6.7
6.2

15.0 – 22.0 24.1 +
�

6.0
5.2

The choice of models used for the partially reconstructed backgrounds, the semileptonic
backgrounds, the misidentified K+µ+µ� background, and the combinatorial background
could all contribute as potential sources of systematic uncertainty. The dependence
of the fitted yields on these models is assessed by replacing the relevant component
with an alternative model, as follows, and evaluating the change in yield in simulation
studies and in the fits to data. The largest change in yield is assigned as the systematic
uncertainty. Changing the models for the B+! ⇢+(⇡+⇡0)µ+µ� and B0! ⇢0(⇡+⇡�)µ+µ�
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where AP is the B±-meson production asymmetry, and ADET is the detector asymmetry
for the pions and muons.

The production asymmetry of B+ and B� mesons at LHCb has been measured to
be (�0.6± 0.6)% using the B+! J/ (µ+µ�)K+ decay [33]. The momentum spectrum
di↵erences between the B+ ! J/ (µ+µ�)K+ and B+ ! ⇡+µ+µ� decays are found to
have a negligible impact on this asymmetry. The charge asymmetry of the LHCb detector
for ⇡+ and ⇡� has been measured in D⇤± decays [34] to be "

⇡

+/"
⇡

� = 0.9914 ± 0.0040
and "

⇡

+/"
⇡

� = 1.0045 ± 0.0034 for the two magnet polarities. These e�ciency ratios
give detector asymmetries of (�0.43 ± 0.20)% and (0.22 ± 0.17)% for the two magnet
polarities, where the di↵erences in the momentum spectrum are accounted for in bins of
momentum, transverse momentum and azimuthal angle. The relative tracking e�ciency of
di↵erently charged pions is consistent with unity when averaged over the the two magnet
polarities [34]. The pion identification asymmetry is derived using D0 ! K�⇡+ decays and
is calculated to be less than 0.087% when momentum spectrum di↵erences are accounted
for. Additional e↵ects from the production and detection asymmetries are negligible and
do not contribute to the final systematic uncertainty.

The raw CP asymmetry, ARAW, of the B±! ⇡±µ+µ� candidates is measured to be
�0.11± 0.12. The value of A

CP

for B±! ⇡±µ+µ� is calculated to be

A
CP

(B±! ⇡±µ+µ�) = �0.11± 0.12 (stat)± 0.01 (syst) ,

which is consistent with a recent SM prediction [6].

6 Summary

A measurement of the di↵erential branching fraction of the decay B+ ! ⇡+µ+µ� has
been presented, and is found to be consistent with SM predictions, and to have a possible
contribution from B+ ! ⇢0(!)⇡+ decays. The CP asymmetry of the decay has been
measured and is consistent with a recent SM prediction [6]. The values for the CKM
matrix elements |V

td

| and |V
ts

|, and the ratio |V
td

/V
ts

| have also been determined, and
are in agreement with previous measurements. These results constitute the most precise
measurements to date of a b ! d`+`� transition and supersede those of Ref. [13].
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|, taking into account the data and this PDF, and the theory nuisance parameters
are free to vary. The data are treated as uncorrelated between the two q2 bins, but the
full correlation between the theory parameters is accounted for. The value of the CKM
matrix element ratio is determined to be
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V
td

V
ts

���� = 0.24+0.05
�0.04 ,

where the uncertainty is the combination of the experimental (statistical and systematic),
and theoretical uncertainties. Both contributions are approximately equal, and neither
follows a Gaussian distribution. This is the most precise determination of |V

td

/V
ts

| in a
decay that includes both penguin and box diagrams.
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where EOS is used to compute the theoretical input. Combining the results from the high-
and low-q2 bins gives
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where the uncertainties are due to both the branching fraction measurements and the
theory nuisance parameters. As the |V
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| determination uses both the B+! ⇡+µ+µ�

and B+! K+µ+µ� branching fraction measurements, the theory nuisance parameters
take di↵erent values to those in the separate |V
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| and |V
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| determinations, where only
one of the branching fractions is used. The ratio of |V

td

| and |V
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| is therefore not identical
to the measurement of |V
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| given above. The uncertainty on |V
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| has approximately
equal contributions from experimental and theoretical uncertainties, while the uncertainty
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| is dominated by the theoretical uncertainty.

5.3 CP asymmetry

The CP asymmetry of B±! ⇡±µ+µ�, as defined by Eq. 1, can be computed from the raw
yield asymmetry,

ARAW ⌘ N (B� ! ⇡�µ+µ�)�N (B+ ! ⇡+µ+µ�)

N (B� ! ⇡�µ+µ�) +N (B+ ! ⇡+µ+µ�)
, (6)

where N is the signal yield for the given decay-mode. This raw asymmetry is corrected for
the production asymmetry of the B± mesons and the detection asymmetry of the decay
products, under the approximation

A
CP

(B±! ⇡±µ+µ�) = ARAW �AP �ADET , (7)

11

|V
td

/V
ts

|, taking into account the data and this PDF, and the theory nuisance parameters
are free to vary. The data are treated as uncorrelated between the two q2 bins, but the
full correlation between the theory parameters is accounted for. The value of the CKM
matrix element ratio is determined to be

����
V
td

V
ts

���� = 0.24+0.05
�0.04 ,

where the uncertainty is the combination of the experimental (statistical and systematic),
and theoretical uncertainties. Both contributions are approximately equal, and neither
follows a Gaussian distribution. This is the most precise determination of |V

td

/V
ts

| in a
decay that includes both penguin and box diagrams.

Additionally, the values of |V
td

| and |V
ts

| can be calculated via

|V
td

|2 = B(B+! ⇡+µ+µ�)R
F
⇡

dq2
and (4)

|V
ts

|2 = B(B+! K+µ+µ�)R
F
K

dq2
, (5)

where EOS is used to compute the theoretical input. Combining the results from the high-
and low-q2 bins gives

|V
td

| = 7.2+0.9
�0.8 ⇥ 10�3 and

|V
ts

| = 3.2+0.4
�0.4 ⇥ 10�2 ,

where the uncertainties are due to both the branching fraction measurements and the
theory nuisance parameters. As the |V

td

/V
ts

| determination uses both the B+! ⇡+µ+µ�

and B+! K+µ+µ� branching fraction measurements, the theory nuisance parameters
take di↵erent values to those in the separate |V

td

| and |V
ts

| determinations, where only
one of the branching fractions is used. The ratio of |V

td

| and |V
ts

| is therefore not identical
to the measurement of |V

td

/V
ts

| given above. The uncertainty on |V
td

| has approximately
equal contributions from experimental and theoretical uncertainties, while the uncertainty
on |V

ts

| is dominated by the theoretical uncertainty.

5.3 CP asymmetry

The CP asymmetry of B±! ⇡±µ+µ�, as defined by Eq. 1, can be computed from the raw
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ARAW ⌘ N (B� ! ⇡�µ+µ�)�N (B+ ! ⇡+µ+µ�)

N (B� ! ⇡�µ+µ�) +N (B+ ! ⇡+µ+µ�)
, (6)

where N is the signal yield for the given decay-mode. This raw asymmetry is corrected for
the production asymmetry of the B± mesons and the detection asymmetry of the decay
products, under the approximation

A
CP

(B±! ⇡±µ+µ�) = ARAW �AP �ADET , (7)
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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. (9.17)–(9.19), 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 [183], while the plus symbols show the values inferred
from CKM unitarity [158]. The error bars on our results do not include the estimated charm-sea
uncertainties, which are too small to be visible.

where the errors are from the lattice mixing matrix elements, the measured �Mq, the re-
maining parametric inputs to Eq. (2.9), and the omission of charm sea quarks, respectively.
The uncertainty on |Vtd/Vts| is 2–3 times smaller than those on |Vtd| and |Vts| individually
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. (9.17)–(9.19).

Figure 16 compares our results for |Vtd|, |Vts|, and their ratio in Eqs. (9.17)–(9.19) 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
B

q

B̂
(1)
B

q

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�) [184, 185], and we calculated the
full set of B ! ⇡ and B ! K form factors in three-flavor lattice QCD [131, 186]. Using
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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 < 22.0GeV2/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 |V
td

/V
ts

| 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

|V
td

/V
ts

|2 = B(B+! ⇡+µ+µ�)

B(B+! K+µ+µ�)
⇥

R
F
K

dq2R
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
⇡,K

dq2 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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Table 1: Fit results for the angular observables FL, A
(2)
T , AIm

T and ARe
T . The second column

corresponds to the uncorrected values directly obtained from the fit while the third column gives
the final results after the correction for the (3.8±1.9)% of B0! K⇤0�

e

+
e

� contamination and for
the small fit biases due to the limited size of the data sample. The first uncertainty is statistical
and the second systematic.

Uncorrected values Corrected values
FL 0.15 ± 0.06 0.16 ± 0.06 ± 0.03

A(2)
T �0.22 ± 0.23 �0.23 ± 0.23 ± 0.05

AIm
T +0.14 ± 0.22 +0.14 ± 0.22 ± 0.05

ARe
T +0.09 ± 0.18 +0.10 ± 0.18 ± 0.05

]2c/ [MeV)−e+e−π+K(m
4800 5000 5200 5400

) 2 c
C

an
di

da
te

s 
/ (

30
 M

eV
/ 

0

5

10

15

20

25

30 Data
Model

−e+e0*K → 0B
−e+e)X0*K(→B 

Combinatorial

LHCb

lθ cos
-0.5 0 0.5

C
an

di
da

te
s 

/ (
0.

2)
 

0

10

20

30

40

50 LHCb

Kθ cos
-1 -0.5 0 0.5 1

C
an

di
da

te
s 

/ (
0.

2)
 

0

5

10

15

20

25

30

35

40 LHCb

 [rad]φ∼
0 1 2 3

 ra
d)

 
π

C
an

di
da

te
s 

/ (
0.

1 

0

5

10

15

20

25

30

35 LHCb

Figure 4: Distributions of the K+⇡�e+e� invariant mass, cos ✓
`

, cos ✓
K

and �̃ variables for the
B0! K⇤0e+e� decay mode and the three trigger categories grouped together. The dashed line
is the signal PDF, the light grey area corresponds to the combinatorial background, the dark
grey area is the PR background. The solid line is the total PDF.

The systematic uncertainties due to the modelling of the angular acceptance are
estimated by varying the shapes introducing functional dependences that would bias the
angular observables.

The uncertainties due to the description of the shape of the combinatorial background
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Particularly sensitive to photon polarisation, esp at low q2.

LHCb for 
q2∈[0.0004,1]GeV2
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FIG. 1. Performance of the neural networks for the classification of B0 ! K⇤(892)0`+`�. Signal MC (red line) and simulated
background processes from e+e� ! qq̄ (q = u, d, s, c, b) decays (blue filled) corresponding to two times the expected size in the
Belle dataset are shown.
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of the lepton pair q

2. The angle ✓` is defined as the
angle between the direction of `+ (`�) and the opposite
direction of B (B̄) in the rest frame of the dilepton
system. The angle ✓K is defined between the direction
of the kaon and the opposite direction of B (B̄) in
the K

⇤ rest frame. Finally, the angle � is determined
as the angle between the decay plane formed by the
`

+

`

� system and the K

⇤ decay plane. Definitions of
the angles follow Ref. [13]. The analysis is performed

in four bins of q2 with an additional zeroth bin in the
range 1.0 < q

2

< 6.0 GeV2

/c

4, which is considered to
be the cleanest regarding form-factor uncertainties [14].
The binning in q

2 is detailed in Table I together with
the measured signal and background yields. Uncovered
regions in the q

2 spectrum arise from vetoes against
backgrounds of the charmonium resonances J/ ! `

+

`

�

and  (2S) ! `

+

`

� and vetos against ⇡0 Dalitz decays
and photon conversion.
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Particularly sensitive to C7, esp Im(C7’)

B—>K*ee
• The decay B—>K*ee gives the most constraints on the 

imaginary (RH) part of the Wilson Coefficient, C7

16

• With 3fb-1, LHCb’s K*ee is already most constraining on RH plot. 
• Belle 2 will have 50 times more data - with 300fb-1, LHCb would have 

200 times more. 
• Going to 300fb-1 would significantly improve constraints if can keep 

electron reconstruction/trigger efficiency.
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Figure 2: Constraints on NP contributions to the Wilson coe�cients C7 and C 0
7. For the global

constraints, 1 and 2� contours are shown, while the individual constraints are shown
at 1� level.

of NP contributions to Re C7 vs. Re C 0
7 and Re C 0

7 vs. Im C 0
7. The contours correspond to

constant values of ��2 with respect to a best fit point, obtained by combining (correlated)
experimental and theoretical uncertainties7. In each of the plots, we have assumed NP to only
a↵ect the two quantities plotted (e.g., in the first plot, both coe�cients are assumed to be
real). In addition to the global 1 and 2� constraints, we also show the 1� constraints from
individual exclusive observables as well as from the combination of all branching ratios. These
plots highlight the complementarity of the exclusive observables: while the imaginary part of
C 0
7 is constrained by AIm

T , the real part is constrained by A�� and P1, while SK⇤� leads to a
constraint in the complex C 0

7 plane that is “rotated” by the B0 mixing phase 2�. The new
measurement of A�� shows a preference for non-zero Re C 0

7, but given its large uncertainties,
it is not in disagreement with the measurement of P1.

Since the experimental central value of A�� is at the border of the physical domain, we
provide best fit values and correlated errors on the real and imaginary parts of C 0

7 in a fit
without A�� and in a fit including it, obtained by approximating the likelihood in the vicinity
of the best fit point as a multivariate Gaussian. We find

✓
Re C 0NP

7 (µb)
Im C 0

7(µb)

◆
=

✓
0.019 ± 0.043
0.005 ± 0.034

◆
, ⇢ = 0.39 (without A��), (41)

✓
Re C 0NP

7 (µb)
Im C 0

7(µb)

◆
=

✓
0.052 ± 0.039
0.006 ± 0.042

◆
, ⇢ = 0.31 (with A��), (42)

where ⇢ are the correlation coe�cients.

4. Conclusions and outlook

The b ! s� transition belongs to the most important probes of NP in the flavour sector.
While the most stringent constraint on new contributions with left-handed photon helicity

7See [7] and the documentation of the FastFit class in flavio for details on the procedure.
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Table 1: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab−1 and 50 ab−1 of Belle II data. The
current results from Belle, or from BaBar where relevant (denoted with a †) are also given. Items marked with a ‡ are estimates based on similar
measurements. Errors given in % represent relative errors. Note that these extrapolations are frequently updated due to new input from the
B-factories.

Observables Belle Belle II
(2014) 5 ab−1 50 ab−1

UT angles sin 2β 0.667 ± 0.023 ± 0.012 [56] 0.012 0.008
α [◦] 85 ± 4 (Belle+BaBar) [24] 2 1
γ [◦] 68 ± 14 [13] 6 1.5

Gluonic penguins S (B → φK0) 0.90+0.09
−0.19 [19] 0.053 0.018

S (B → η′K0) 0.68 ± 0.07 ± 0.03 [57] 0.028 0.011
S (B → K0

S K0
S K0

S ) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B → K0π0) −0.05 ± 0.14 ± 0.05 [58] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10−3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10−3(1 ± 3.0%ex. ± 2.7%th.) [10] 1.8% 1.4%
|Vub| incl. 4.47 · 10−3(1 ± 6.0%ex. ± 2.5%th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10−3(1 ± 9.5%) [7] 4.4% 2.3%

Missing E decays B(B → τν) [10−6] 96(1 ± 27%) [26] 10% 5%
B(B → µν) [10−6] < 1.7 [59] 20% 7%
R(B → Dτν) 0.440(1 ± 16.5%) [29]† 5.2% 3.4%
R(B → D∗τν)† 0.332(1 ± 9.0%) [29]† 2.9% 2.1%
B(B → K∗+νν) [10−6] < 40 [31] < 15 20%
B(B → K+νν) [10−6] < 55 [31] < 21 30%

Rad. & EW penguins B(B → Xsγ) 3.45 · 10−4(1 ± 4.3% ± 11.6%) 7% 6%
ACP(B → Xs,dγ) [10−2] 2.2 ± 4.0 ± 0.8 [60] 1 0.5
S (B → K0

S π
0γ) −0.10 ± 0.31 ± 0.07[20] 0.11 0.035

S (B → ργ) −0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C7/C9 (B → Xsℓℓ) ∼20% [37] 10% 5%
B(Bs → γγ) [10−6] < 8.7 [40] 0.3 −
B(Bs → ττ) [10−3] − < 2 [42]‡ −

Charm Rare B(Ds → µν) 5.31 · 10−3(1 ± 5.3% ± 3.8%) [44] 2.9% 0.9%
B(Ds → τν) 5.70 · 10−3(1 ± 3.7% ± 5.4%) [44] 3.5% 3.6%
B(D0 → γγ) [10−6] < 1.5 [47] 30% 25%

Charm CP ACP(D0 → K+K−) [10−2] −0.32 ± 0.21 ± 0.09 [61] 0.11 0.06
ACP(D0 → π0π0) [10−2] −0.03 ± 0.64 ± 0.10 [62] 0.29 0.09
ACP(D0 → K0

S π
0) [10−2] −0.21 ± 0.16 ± 0.09 [62] 0.08 0.03

Charm Mixing x(D0 → K0
S π
+π−) [10−2] 0.56 ± 0.19 ± 0.07

0.13 [50] 0.14 0.11
y(D0 → K0

S π
+π−) [10−2] 0.30 ± 0.15 ± 0.05

0.08 [50] 0.08 0.05
|q/p|(D0 → K0

S π
+π−) 0.90 ± 0.16

0.15 ±
0.08
0.06 [50] 0.10 0.07

φ(D0 → K0
S π
+π−) [◦] −6 ± 11 ± 4

5 [50] 6 4
Tau τ→ µγ [10−9] < 45 [63] < 14.7 < 4.7

τ→ eγ [10−9] < 120 [63] < 39 < 12
τ→ µµµ [10−9] < 21.0 [64] < 3.0 < 0.3
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Table 1: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab−1 and 50 ab−1 of Belle II data. The
current results from Belle, or from BaBar where relevant (denoted with a †) are also given. Items marked with a ‡ are estimates based on similar
measurements. Errors given in % represent relative errors. Note that these extrapolations are frequently updated due to new input from the
B-factories.
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τ→ µµµ [10−9] < 21.0 [64] < 3.0 < 0.3

P. Urquijo / Nuclear and Particle Physics Proceedings 263–264 (2015) 15–23 23

Table 1: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab−1 and 50 ab−1 of Belle II data. The
current results from Belle, or from BaBar where relevant (denoted with a †) are also given. Items marked with a ‡ are estimates based on similar
measurements. Errors given in % represent relative errors. Note that these extrapolations are frequently updated due to new input from the
B-factories.

Observables Belle Belle II
(2014) 5 ab−1 50 ab−1

UT angles sin 2β 0.667 ± 0.023 ± 0.012 [56] 0.012 0.008
α [◦] 85 ± 4 (Belle+BaBar) [24] 2 1
γ [◦] 68 ± 14 [13] 6 1.5

Gluonic penguins S (B → φK0) 0.90+0.09
−0.19 [19] 0.053 0.018

S (B → η′K0) 0.68 ± 0.07 ± 0.03 [57] 0.028 0.011
S (B → K0

S K0
S K0

S ) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B → K0π0) −0.05 ± 0.14 ± 0.05 [58] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10−3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10−3(1 ± 3.0%ex. ± 2.7%th.) [10] 1.8% 1.4%
|Vub| incl. 4.47 · 10−3(1 ± 6.0%ex. ± 2.5%th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10−3(1 ± 9.5%) [7] 4.4% 2.3%

Missing E decays B(B → τν) [10−6] 96(1 ± 27%) [26] 10% 5%
B(B → µν) [10−6] < 1.7 [59] 20% 7%
R(B → Dτν) 0.440(1 ± 16.5%) [29]† 5.2% 3.4%
R(B → D∗τν)† 0.332(1 ± 9.0%) [29]† 2.9% 2.1%
B(B → K∗+νν) [10−6] < 40 [31] < 15 20%
B(B → K+νν) [10−6] < 55 [31] < 21 30%

Rad. & EW penguins B(B → Xsγ) 3.45 · 10−4(1 ± 4.3% ± 11.6%) 7% 6%
ACP(B → Xs,dγ) [10−2] 2.2 ± 4.0 ± 0.8 [60] 1 0.5
S (B → K0

S π
0γ) −0.10 ± 0.31 ± 0.07[20] 0.11 0.035

S (B → ργ) −0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C7/C9 (B → Xsℓℓ) ∼20% [37] 10% 5%
B(Bs → γγ) [10−6] < 8.7 [40] 0.3 −
B(Bs → ττ) [10−3] − < 2 [42]‡ −

Charm Rare B(Ds → µν) 5.31 · 10−3(1 ± 5.3% ± 3.8%) [44] 2.9% 0.9%
B(Ds → τν) 5.70 · 10−3(1 ± 3.7% ± 5.4%) [44] 3.5% 3.6%
B(D0 → γγ) [10−6] < 1.5 [47] 30% 25%

Charm CP ACP(D0 → K+K−) [10−2] −0.32 ± 0.21 ± 0.09 [61] 0.11 0.06
ACP(D0 → π0π0) [10−2] −0.03 ± 0.64 ± 0.10 [62] 0.29 0.09
ACP(D0 → K0

S π
0) [10−2] −0.21 ± 0.16 ± 0.09 [62] 0.08 0.03

Charm Mixing x(D0 → K0
S π
+π−) [10−2] 0.56 ± 0.19 ± 0.07

0.13 [50] 0.14 0.11
y(D0 → K0

S π
+π−) [10−2] 0.30 ± 0.15 ± 0.05

0.08 [50] 0.08 0.05
|q/p|(D0 → K0

S π
+π−) 0.90 ± 0.16

0.15 ±
0.08
0.06 [50] 0.10 0.07

φ(D0 → K0
S π
+π−) [◦] −6 ± 11 ± 4

5 [50] 6 4
Tau τ→ µγ [10−9] < 45 [63] < 14.7 < 4.7

τ→ eγ [10−9] < 120 [63] < 39 < 12
τ→ µµµ [10−9] < 21.0 [64] < 3.0 < 0.3

P. Urquijo / Nuclear and Particle Physics Proceedings 263–264 (2015) 15–23 23

Table 1: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab−1 and 50 ab−1 of Belle II data. The
current results from Belle, or from BaBar where relevant (denoted with a †) are also given. Items marked with a ‡ are estimates based on similar
measurements. Errors given in % represent relative errors. Note that these extrapolations are frequently updated due to new input from the
B-factories.

Observables Belle Belle II
(2014) 5 ab−1 50 ab−1

UT angles sin 2β 0.667 ± 0.023 ± 0.012 [56] 0.012 0.008
α [◦] 85 ± 4 (Belle+BaBar) [24] 2 1
γ [◦] 68 ± 14 [13] 6 1.5

Gluonic penguins S (B → φK0) 0.90+0.09
−0.19 [19] 0.053 0.018

S (B → η′K0) 0.68 ± 0.07 ± 0.03 [57] 0.028 0.011
S (B → K0

S K0
S K0

S ) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B → K0π0) −0.05 ± 0.14 ± 0.05 [58] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10−3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10−3(1 ± 3.0%ex. ± 2.7%th.) [10] 1.8% 1.4%
|Vub| incl. 4.47 · 10−3(1 ± 6.0%ex. ± 2.5%th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10−3(1 ± 9.5%) [7] 4.4% 2.3%

Missing E decays B(B → τν) [10−6] 96(1 ± 27%) [26] 10% 5%
B(B → µν) [10−6] < 1.7 [59] 20% 7%
R(B → Dτν) 0.440(1 ± 16.5%) [29]† 5.2% 3.4%
R(B → D∗τν)† 0.332(1 ± 9.0%) [29]† 2.9% 2.1%
B(B → K∗+νν) [10−6] < 40 [31] < 15 20%
B(B → K+νν) [10−6] < 55 [31] < 21 30%

Rad. & EW penguins B(B → Xsγ) 3.45 · 10−4(1 ± 4.3% ± 11.6%) 7% 6%
ACP(B → Xs,dγ) [10−2] 2.2 ± 4.0 ± 0.8 [60] 1 0.5
S (B → K0

S π
0γ) −0.10 ± 0.31 ± 0.07[20] 0.11 0.035

S (B → ργ) −0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C7/C9 (B → Xsℓℓ) ∼20% [37] 10% 5%
B(Bs → γγ) [10−6] < 8.7 [40] 0.3 −
B(Bs → ττ) [10−3] − < 2 [42]‡ −

Charm Rare B(Ds → µν) 5.31 · 10−3(1 ± 5.3% ± 3.8%) [44] 2.9% 0.9%
B(Ds → τν) 5.70 · 10−3(1 ± 3.7% ± 5.4%) [44] 3.5% 3.6%
B(D0 → γγ) [10−6] < 1.5 [47] 30% 25%

Charm CP ACP(D0 → K+K−) [10−2] −0.32 ± 0.21 ± 0.09 [61] 0.11 0.06
ACP(D0 → π0π0) [10−2] −0.03 ± 0.64 ± 0.10 [62] 0.29 0.09
ACP(D0 → K0

S π
0) [10−2] −0.21 ± 0.16 ± 0.09 [62] 0.08 0.03

Charm Mixing x(D0 → K0
S π
+π−) [10−2] 0.56 ± 0.19 ± 0.07

0.13 [50] 0.14 0.11
y(D0 → K0

S π
+π−) [10−2] 0.30 ± 0.15 ± 0.05

0.08 [50] 0.08 0.05
|q/p|(D0 → K0

S π
+π−) 0.90 ± 0.16

0.15 ±
0.08
0.06 [50] 0.10 0.07

φ(D0 → K0
S π
+π−) [◦] −6 ± 11 ± 4

5 [50] 6 4
Tau τ→ µγ [10−9] < 45 [63] < 14.7 < 4.7

τ→ eγ [10−9] < 120 [63] < 39 < 12
τ→ µµµ [10−9] < 21.0 [64] < 3.0 < 0.3

P. Urquijo / Nuclear and Particle Physics Proceedings 263–264 (2015) 15–23 23



Jonas Rademacker (Bristol)                                    Rare B decays                       MIAPP: Flavour Physics with High Luminosity Experiments, Oct 2016

Lepton Universality with loop decays

43

RK≡BR(B+→K+μμ)/BR(B+→K+ee) 
RKSM= 1.0003±1

• The ratio of b→sµµ and b→see branching fractions, RK, is a 

theoretically pristine quantity

23

BaBar PRD86 (2012) 032012 

Belle PRL 103 (2009) 171801

RK = B(B+→K+µµ) / B(B+→K+ee)

• Precisely predicted in SM,

RK = 1.00030 +0.00010
-0.00007

• LHCb measurement in 1.0<q2<6.0 GeV2 

RK =

→ 2.6s from SM prediction

•  Correct for bremsstrahlung using 
calorimeter photons (ET>75MeV) 

•  Migration of events into/out of 
the 1 < q2 < 6 GeV2 region  
corrected using MC 

•  Double ratio with resonant decay 
B+ ! J/#(e+e-) K+ measured 

•  In 3fb-1 LHCb determines 
 
 
(consistent with SM at 2.6") 

 

Johannes Albrecht 

Test of lepton universality 
Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q2 < 6GeV2/c4 window is
corrected using MC.

Take double ratio with
B+� J/⇥K+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)
+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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• Several theorists have pointed out this is consistent with DC9
ee=0, 

DC9
µµ=-1 (latter consistent with B0→K*0µµ)	– work on-going to add 

range of other measurements e.g. RK*, Rf,.. angular analysis K*0ee

Lepton universality with loop decays
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Model with new gauge sector with non-universal 
lepton charges.

44

Model CNPµ
9 (1�) CNPµ

9 (2�)
(1,2,3) – [�1.20,�0.61]

(3,1,2) [�0.63,�0.43] [�0.63,�0.17]

(3,2,1) [�1.20,�0.53] [�1.20,�0.20]

Table 1: Model-dependent bound on CNPµ
9

from the RK measurement. The constraint

from Bs mixing is taken into account.

Figure 1 – Model-dependent predictions for RK

as a function of g0/MZ0 . The recent mea-
surement of RK by the LHCb collaboration is
shown at 1� and 2�. Constraints from Bs

mixing are also shown at 95% CL.

sources of uncertainties cancel when integrating over identical phase-space regions. Additional
sensitivity to the dynamics of NP can be obtained via double-ratios 24, bRM ⌘ RM

RK
. Since

C 0`
9,10 = 0 in our models we have bRK⇤ = bRXs = bRK0(1430) = 1, providing an important test

of the flavour structure of our models. Our models also give clean predictions for the rare
decay modes B ! {K,K⇤, Xs}⌫⌫̄ 25: we obtain again a universal value for all ratios R⌫

M =
Br(B ! M ⌫̄⌫)/Br(B ! M ⌫̄⌫)|SM, O(10%) from unity for g0 ⇠ 0.1 and MZ0 ⇠ O(TeV), due to
cancellations in the sum over neutrinos.

If a Z 0 boson is discovered during the next runs of the LHC, ratios of its decays to di↵erent
leptons can be used to discriminate the models presented here 10.

Attributing the measurement of RK solely to NP already excludes some of our models, since
it requires sizable non-universal contributions with a specific sign. The flavour structure in each
of our models is fixed, so half of them cannot accommodate RK < 1. This is illustrated in Fig. 1,
where it is additionally seen that a large deviation from RK = 1, as indicated by the present
central value and 1� interval, can actually only be explained in two of the remaining models.
This strong impact shows the importance of further measurements of RM ratios.

In Fig. 2 we show the constraints from the RK measurement for the remaining models.
The allowed regions are consistent with the constraint from B0

s -meson mixing. LHC searches
for a Z 0 boson exclude values of MZ0 below 3-4 TeV, as discussed above; the corresponding
areas are shown in gray. We also show the theoretical perturbativity bounds obtained from the
requirement that the Landau pole for the U(1)0 gauge coupling appears beyond the see-saw or
the Grand Unification scales, i.e. ⇤LP > 1014 GeV and ⇤LP > 1016 GeV, respectively.

Regarding the angular analysis in B ! K⇤µ+µ�, we find that when translating the RK

measurement into a bound on CNPµ
9 in our models, see Table 1, the ranges are perfectly com-

patible with the values obtained from P 0
5, as also observed for other Z 0 models 26,27,28. This is

highly non-trivial given the strong correlations in our models and will allow for decisive tests
with additional data.

4 Conclusions

The class of family-non-universal Z 0 models presented in this article exhibits FCNCs at tree level
that are in accordance with available flavour constraints while still inducing potentially sizable
e↵ects in various processes, testable at existing and future colliders. This is achieved by gauging
the specific (BGL-)symmetry structure, introduced in Ref. 7 for the first time, which renders the

Martin Jung @ Moriond e/w 
2016, arXiv:1606.09191
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D92 (2015) no.1, 015007
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Not rare, but related: LU tests in trees
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4. Fit 7/35

Fit strategy
B! D⇤⌧⌫ B! D⇤µ⌫

• Can use B flight direction to measure transverse component of missing
momentum

• No way of measuring longitudinal component ! use approximation to
access rest frame kinematics

• Assume ��
z,visible = ��

z,total

• ⇠18% resolution on B momentum, long tail on high side

• Can then calculate rest frame quantities - m2
missing

, Eµ, q2
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PRL 113 (2014) 151601

R(D*)=0.336±0.027(stat)±0.030(syst)

PRL 115 (2015) no.11, 111803
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Figure 1: Distributions of m2

miss

(left) and E⇤
µ

(right) of the four q2 bins of the signal data,
overlaid with projections of the fit model with all normalization and shape parameters at their
best-fit values. Below each panel di↵erences between the data and fit are shown, normalized by
the Poisson uncertainty in the data. The bands give the 1� template uncertainties.
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R(D*) ≡ Γ(B+→D*τν) ⁄ Γ(B+→D*µν) = 0.252 ± 0.003 in SM

For R(D*) SM prediction see PRD85 (2012) 094025

At LHCb:
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Note: LHCb can do neutrals!

http://inspirehep.net/record/1303108?ln=en
https://inspirehep.net/record/1380182?ln=en
https://inspirehep.net/record/1093648?ln=en
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PRL 113 (2014) 151601

PRL 115 (2015) no.11, 111803

3.9 sigma (HFAG)

http://inspirehep.net/record/1303108?ln=en
https://inspirehep.net/record/1380182?ln=en
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3.9 sigma (HFAG)

R(D) R(D*)
BaBar 0.44±0.06±0.04 0.33±0.02±0.02

BELLE 0.38±0.6±0.03 0.30±0.03±0.01

LHCb 0.34±0.03±0.03

Aver 0.388±0.047 0.321±0.021

SM 0.300±0.008 0.252±0.005

BaBar: Phys.Rev.Lett. 109,101802 (2012) [arXiv:1205.5442 [hep-ex]] Phys.Rev.D 88, 072012 (2013) [arXiv:1303.0571] 
BELLE: Phys.Rev.D 92, 072014 (2015) [arXiv:1507.03233 [hep-ex]],  Preliminary at Moriond EW 2016 [arXiv:1603.06711 [hep-ex]] 
LHCb: Phys.Rev.Lett.115,111803 (2015) [arXiv:1506.08614 [hep-ex]] 
SM prediction: Phys.Rev.D 92, 054410 (2015) arXiv:1505.03925 [hep-lat], S.Fajfer, J.F.Kamenik, and I.Nisandzic, Phys.Rev.D85(2012) 094025 arXiv:1203.2654 [hep-ex]

preliminary
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B
τ+

τ–

π+
π+
π–

π+
π+

π– ντ

ντ–

Reconstruction method: A. Mordà, 
Alessandro; G. Mancinel (dir.) 

CERN-THESIS-2015-264

https://cds.cern.ch/record/2120795
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Figure 6: CLs as function of BR(B0
s ! ⌧+⌧�). Expected (observed) values are shown by a

dashed (plain) black line. The green (yellow) band covers the regions of 68% and 95% confidence
for the expected limit. The red horizontal line corresponds to the limit at 95% CL.
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BaBar

https://inspirehep.net/record/697070?ln=en
https://cds.cern.ch/record/2220757
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Figure 1: Fits to the invariant mass distributions of the B0 (top) and B0
s

(bottom) candidates.

For B0
s

! ��, Eq. 1 reduces to

P(t) / e��st
�
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t/2)�A� sinh (��
s

t/2)
 

(2)

when summing over initial B0
s

and B0
s

states. The B0
s

and B0
s

production rates are
assumed to be equal, given that their measured asymmetries [21] are found to have a
negligible e↵ect on the measurement of A�. For B0! K⇤0�, the decay-time-dependent
signal rate is a single exponential function, P(t) / e�t/⌧B0 . The physics parameters
⌧
B

0 , �
s

, and ��
s

are constrained to the averages from Ref. [3]: ⌧
B

0 = 1.520 ± 0.004 ps,
�
s

= 0.6643 ± 0.0020 ps�1, and ��
s

= 0.083 ± 0.006 ps�1. The correlation of �0.239
between the uncertainties on �

s

and ��
s

is taken into account.
To ensure that the simulation reproduces the decay-time resolution, additional control

samples of B0
s

! J/ � and B0! J/ K⇤0 decays are used. Selections mimicking those
of B0

s

! �� and B0 ! K⇤0�, treating the J/ meson as a photon, are applied. The
distributions of the di↵erence in position between the reconstructed J/ and � or K⇤0

vertices are measured in data and simulation and found to be in agreement. The decay-
time-dependent resolution functions are then determined from the simulation. The
decay-time resolution is small compared to the b-hadron lifetimes, and similar for B0

s

! ��
and B0! K⇤0�.
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Figure 1: Fits to the invariant mass distributions of the B0 (top) and B0
s

(bottom) candidates.
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assumed to be equal, given that their measured asymmetries [21] are found to have a
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signal rate is a single exponential function, P(t) / e�t/⌧B0 . The physics parameters
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! J/ � and B0! J/ K⇤0 decays are used. Selections mimicking those
of B0

s

! �� and B0 ! K⇤0�, treating the J/ meson as a photon, are applied. The
distributions of the di↵erence in position between the reconstructed J/ and � or K⇤0

vertices are measured in data and simulation and found to be in agreement. The decay-
time-dependent resolution functions are then determined from the simulation. The
decay-time resolution is small compared to the b-hadron lifetimes, and similar for B0

s
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and B0! K⇤0�.
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control mode signal mode

sensitive to 

Photon polarisation through B
s

! ��
⌘ Untagged measurement of the time dependent decay rate in Bs ! �� LHCb

[1609.02032]
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Figure 2: Background-subtracted decay-time distributions for B0 ! K�0� (top) and B0
s ! ��

(bottom) decays with the fit projections overlaid and normalized residuals shown below. For
display purposes, the PDF is shown as a histogram, integrated across each decay-time interval.

The decay-time-dependent e�ciency is parameterized as

�(t) = e��t [a (t � t0)]n

1 + [a (t � t0)]n
for t � t0, (3)

where the parameters a and n describe the curvature of the e�ciency function at low
decay times, t0 is the decay time below which the e�ciency function is zero, and �
describes the decrease of the e�ciency at high decay times. Large simulated samples of
B0

s ! �� or B0 ! K�0� decays are used to validate this parameterization. The signal
PDF is found to describe the reconstructed decay-time distribution of selected simulated
candidates over the full decay-time range. To assess whether the simulation reproduces
the decay-time-dependent e�ciency, the B0 ! K�0� data sample alone is used to fit �B0 ,
fixing the e�ciency parameters to those from the simulation. The fitted value of �B0 is
1.524 ± 0.013 ps, where the uncertainty is statistical only, in agreement with the world
average value [3]. In the simultaneous fit to the data, a and n are fixed to the values in

4

⌘ Requires good understanding of the
detection efficiency as a function
decay time ! Use B

0 ! K

⇤0�
data to constrain the efficiency

⌘ A

�� = �0.98+0.46
�0.52

+0.23
�0.20 within 2�
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Figure 2: Background-subtracted decay-time distributions for B0 ! K�0� (top) and B0
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(bottom) decays with the fit projections overlaid and normalized residuals shown below. For
display purposes, the PDF is shown as a histogram, integrated across each decay-time interval.
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more “spherical” topology from BB̄ . Topological vari-
ables such as thrust and sphericity are used for contin-
uum suppression. Additionally, Belle uses a set of mod-
ified Fox-Wolfram moments [4]. The variables are con-
sequently used to train a multivariate discriminant such
as a Boosted Decision Tree (BDT) or Neural Network
(NN) to achieve maximum discrimination.

3. B → Xsγ branching fraction

The B→ Xsγ branching fraction is theoretically well
understood, the branching fraction has been estimated
up to next-to-next leading order [5], resulting in B(B→
Xsγ) = (3.15±0.23)×10−4 for an energy Eγ > 1.6 GeV
in the B-meson rest frame. The current experimental
world average is B(B → Xsγ) = (3.55 ± 0.24 ± 0.09) ×
10−4, it is consistent with the SM estimation [6].

In the semi-inclusive approach (sum of exclusive final
states) as many exclusive final states as possible are re-
constructed in order to reduce the uncertainty from un-
measured modes. The B meson is reconstructed as the
combination of a photon with energy 1.8 GeV ≤ E∗γ ≤
3.4 GeV in the center of mass frame (CM), and one of
38 hadronic Xs final states. The Xs states consist of up
to three kaons (K+, K0

S ) with at most one K0
S , up to four

pions (π+, π0) with at most two π0 and at most one η
meson.

Peaking background arises from decays with similar
final state to the signal such as B→ D(∗)(Kππ)ρ+(π+π0),
when one of the photons from a π0 decay is highly ener-
getic. These processes occur much more frequently than
b→ sγ and are therefore vetoed. The veto proceeds by
reconstructing the D meson and rejecting events with a
hadronic mass MXs close to the nominal D mass. The
veto is applied for events with MXs > 2.0 GeV/c2.

Continuum background is suppressed using a NN
constructed with the modified Fox-Wolfram moments
and ∆E, defined as ∆E = E∗B − E∗beam with E∗B the
CM energy of the reconstructed B and E∗beam, the CM
energy of the beams. The selection requirement on
it maximizes the statistical significance in the region
2.2 GeV/c2 ≤ MXs ≤ 2.8 GeV/c2.

The extraction of the signal proceeds as an unbinned
maximum-likelihood fit to the beam constrain mass
(Mbc ) variable. It is defined as: Mbc =

√
E∗2beam − p∗2B

with p∗B the CM momentum of the reconstructed B. Mbc
peaks around the nominal B mass for signal events. The
fit to Mbc in 19 MXs bins. Examples of the fit for
the regions 1.4 GeV/c2 ≤ MXs ≤ 1.5 GeV/c2 and
1.9 GeV/c2 ≤ MXs ≤ 2.0 GeV/c2 are shown in Fig. 1.

Belle preliminary

Belle preliminary

Figure 1: Result of the fit to Mbc in the bin 1.4 GeV/c2 ≤ MXs ≤
1.5 GeV/c2 (top plot) and 1.9 GeV/c2 ≤ MXs ≤ 2.0 GeV/c2 (bottom
plot) for the B → Xsγ analysis from Belle. The components are:
signal (solid red), crossfeed (dashed red), peaking background (solid
green), non-peaking BB̄ background (dashed green) and continuum
(dot-dashed cyan).

The measurement of the branching fraction is greatly
influenced by the determination of the selection effi-
ciency for each mode. The MC is calibrated to precisely
model the efficiency found in data, the calibration is per-
formed by tuning the Pythia parameters, which is used
to model the Xs fragmentation. The dominant system-
atic uncertainties come from the calibration of MC effi-
ciencies and the determination of the fit PDFs.

The measured branching fraction for MXs <
2.8 GeV/c2 and E∗γ > 1.8 GeV is B(B → Xsγ) =
(3.51±0.17±0.33)×10−4, where the first uncertainty is
statistical and the second systematic. This result can be
extrapolated to E∗γ > 1.6 GeV for a proper comparison
with the theoretical estimate, yielding B(B → Xsγ) =
(3.74 ± 0.18 ± 0.35) × 10−4. This result is in agreement
with the SM prediction and with previous experimental
results [6].

4. CP asymmetry in B → Xs+dγ

The SM predicts non-vanishing CP asymmetries
(ACP ) for the B → Xdγ and B → Xsγ decays [7].
However, when both decays are considered inclusively

L. Pesántez / Nuclear and Particle Physics Proceedings 273–275 (2016) 1354–1357 1355

M(Xs)∈[1.4,1.5]GeV

M(Xs)∈[1.9,2.0]GeV

more “spherical” topology from BB̄ . Topological vari-
ables such as thrust and sphericity are used for contin-
uum suppression. Additionally, Belle uses a set of mod-
ified Fox-Wolfram moments [4]. The variables are con-
sequently used to train a multivariate discriminant such
as a Boosted Decision Tree (BDT) or Neural Network
(NN) to achieve maximum discrimination.

3. B → Xsγ branching fraction

The B→ Xsγ branching fraction is theoretically well
understood, the branching fraction has been estimated
up to next-to-next leading order [5], resulting in B(B→
Xsγ) = (3.15±0.23)×10−4 for an energy Eγ > 1.6 GeV
in the B-meson rest frame. The current experimental
world average is B(B → Xsγ) = (3.55 ± 0.24 ± 0.09) ×
10−4, it is consistent with the SM estimation [6].

In the semi-inclusive approach (sum of exclusive final
states) as many exclusive final states as possible are re-
constructed in order to reduce the uncertainty from un-
measured modes. The B meson is reconstructed as the
combination of a photon with energy 1.8 GeV ≤ E∗γ ≤
3.4 GeV in the center of mass frame (CM), and one of
38 hadronic Xs final states. The Xs states consist of up
to three kaons (K+, K0

S ) with at most one K0
S , up to four

pions (π+, π0) with at most two π0 and at most one η
meson.

Peaking background arises from decays with similar
final state to the signal such as B→ D(∗)(Kππ)ρ+(π+π0),
when one of the photons from a π0 decay is highly ener-
getic. These processes occur much more frequently than
b→ sγ and are therefore vetoed. The veto proceeds by
reconstructing the D meson and rejecting events with a
hadronic mass MXs close to the nominal D mass. The
veto is applied for events with MXs > 2.0 GeV/c2.

Continuum background is suppressed using a NN
constructed with the modified Fox-Wolfram moments
and ∆E, defined as ∆E = E∗B − E∗beam with E∗B the
CM energy of the reconstructed B and E∗beam, the CM
energy of the beams. The selection requirement on
it maximizes the statistical significance in the region
2.2 GeV/c2 ≤ MXs ≤ 2.8 GeV/c2.

The extraction of the signal proceeds as an unbinned
maximum-likelihood fit to the beam constrain mass
(Mbc ) variable. It is defined as: Mbc =

√
E∗2beam − p∗2B

with p∗B the CM momentum of the reconstructed B. Mbc
peaks around the nominal B mass for signal events. The
fit to Mbc in 19 MXs bins. Examples of the fit for
the regions 1.4 GeV/c2 ≤ MXs ≤ 1.5 GeV/c2 and
1.9 GeV/c2 ≤ MXs ≤ 2.0 GeV/c2 are shown in Fig. 1.

Belle preliminary

Belle preliminary

Figure 1: Result of the fit to Mbc in the bin 1.4 GeV/c2 ≤ MXs ≤
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(dot-dashed cyan).

The measurement of the branching fraction is greatly
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to model the Xs fragmentation. The dominant system-
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Figure 1: Result of the fit to Mbc in the bin 1.4 GeV/c2 ≤ MXs ≤
1.5 GeV/c2 (top plot) and 1.9 GeV/c2 ≤ MXs ≤ 2.0 GeV/c2 (bottom
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(dot-dashed cyan).

The measurement of the branching fraction is greatly
influenced by the determination of the selection effi-
ciency for each mode. The MC is calibrated to precisely
model the efficiency found in data, the calibration is per-
formed by tuning the Pythia parameters, which is used
to model the Xs fragmentation. The dominant system-
atic uncertainties come from the calibration of MC effi-
ciencies and the determination of the fit PDFs.

The measured branching fraction for MXs <
2.8 GeV/c2 and E∗γ > 1.8 GeV is B(B → Xsγ) =
(3.51±0.17±0.33)×10−4, where the first uncertainty is
statistical and the second systematic. This result can be
extrapolated to E∗γ > 1.6 GeV for a proper comparison
with the theoretical estimate, yielding B(B → Xsγ) =
(3.74 ± 0.18 ± 0.35) × 10−4. This result is in agreement
with the SM prediction and with previous experimental
results [6].

4. CP asymmetry in B → Xs+dγ

The SM predicts non-vanishing CP asymmetries
(ACP ) for the B → Xdγ and B → Xsγ decays [7].
However, when both decays are considered inclusively

L. Pesántez / Nuclear and Particle Physics Proceedings 273–275 (2016) 1354–1357 1355

BELLE

for

prev WA (3.55±0.24±0.09)×10–4

theory* (3.15±0.23)×10–4

*)Nucl.Phys. B764 (2007) 62-82

http://inspirehep.net/record/1467780?ln=en
https://inspirehep.net/record/726779?ln=en
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LHCb signal yields
channel Run 1 Run 2 Run 3,4 (50fb�1)
B

0 ! K

⇤0(K+⇡�)µ+µ� 2,400 9,000 80,000
B

0 ! K

⇤+(K 0
S⇡

+)µ+µ� 160 600 5,500
B

0 ! K

0
Sµ+µ� 180 650 5,500

B

+ ! K

+µ+µ� 4,700 17,500 150,000
⇤b ! ⇤µ+µ� 370 1500 10,000
B

+ ! ⇡+µ+µ� 93 350 3,000
B

0
s ! µ+µ� 15 60 500

B

0 ! K

⇤0
e

+
e

� (low q

2) 150 550 5,000
Bs ! �� 4,000 15,000 150,000

Naively scaling with luminosity and linear scaling of �bb̄ with
p
s. Extrapolated yields rounded to the nearest 50/500

⌘ Our measurements of dB/dq2 obtained by normalising rare yield to that of
normalisation channel B ! J/ K⇤

⌘ For higher statistics decays, dominant uncertainty of integrated BF is the
knowledge of B(B ! J/ K⇤)
! More b ! s`` decays in Run 1 than B ! J/ K⇤ of B-factories!

⌘ Dominant systematic uncertainty on BFs: Knowledge equivalent J/ BF
! Belle2 could help here also resolving isospin asymmetries at ⌥(4S) M.Jung
[1510.03423]

⌘ With the LHCb upgrade even “tough” modes will be sufficiently populated
K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 4 / 21
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For some channels, yields at LHCb already larger than B-factory yields in 
normalisation mode B→JψK*. Limits precision in BF measurements, 

BELLE II could help, here. Also relevant for high precision area: isospin 
violations, see M. Jung at PLB753 (2016) 187-190.

https://inspirehep.net/record/1397628?ln=en
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Table 1: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab−1 and 50 ab−1 of Belle II data. The
current results from Belle, or from BaBar where relevant (denoted with a †) are also given. Items marked with a ‡ are estimates based on similar
measurements. Errors given in % represent relative errors. Note that these extrapolations are frequently updated due to new input from the
B-factories.

Observables Belle Belle II
(2014) 5 ab−1 50 ab−1

UT angles sin 2β 0.667 ± 0.023 ± 0.012 [56] 0.012 0.008
α [◦] 85 ± 4 (Belle+BaBar) [24] 2 1
γ [◦] 68 ± 14 [13] 6 1.5

Gluonic penguins S (B → φK0) 0.90+0.09
−0.19 [19] 0.053 0.018

S (B → η′K0) 0.68 ± 0.07 ± 0.03 [57] 0.028 0.011
S (B → K0

S K0
S K0

S ) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B → K0π0) −0.05 ± 0.14 ± 0.05 [58] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10−3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10−3(1 ± 3.0%ex. ± 2.7%th.) [10] 1.8% 1.4%
|Vub| incl. 4.47 · 10−3(1 ± 6.0%ex. ± 2.5%th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10−3(1 ± 9.5%) [7] 4.4% 2.3%

Missing E decays B(B → τν) [10−6] 96(1 ± 27%) [26] 10% 5%
B(B → µν) [10−6] < 1.7 [59] 20% 7%
R(B → Dτν) 0.440(1 ± 16.5%) [29]† 5.2% 3.4%
R(B → D∗τν)† 0.332(1 ± 9.0%) [29]† 2.9% 2.1%
B(B → K∗+νν) [10−6] < 40 [31] < 15 20%
B(B → K+νν) [10−6] < 55 [31] < 21 30%

Rad. & EW penguins B(B → Xsγ) 3.45 · 10−4(1 ± 4.3% ± 11.6%) 7% 6%
ACP(B → Xs,dγ) [10−2] 2.2 ± 4.0 ± 0.8 [60] 1 0.5
S (B → K0

S π
0γ) −0.10 ± 0.31 ± 0.07[20] 0.11 0.035

S (B → ργ) −0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C7/C9 (B → Xsℓℓ) ∼20% [37] 10% 5%
B(Bs → γγ) [10−6] < 8.7 [40] 0.3 −
B(Bs → ττ) [10−3] − < 2 [42]‡ −

Charm Rare B(Ds → µν) 5.31 · 10−3(1 ± 5.3% ± 3.8%) [44] 2.9% 0.9%
B(Ds → τν) 5.70 · 10−3(1 ± 3.7% ± 5.4%) [44] 3.5% 3.6%
B(D0 → γγ) [10−6] < 1.5 [47] 30% 25%

Charm CP ACP(D0 → K+K−) [10−2] −0.32 ± 0.21 ± 0.09 [61] 0.11 0.06
ACP(D0 → π0π0) [10−2] −0.03 ± 0.64 ± 0.10 [62] 0.29 0.09
ACP(D0 → K0

S π
0) [10−2] −0.21 ± 0.16 ± 0.09 [62] 0.08 0.03

Charm Mixing x(D0 → K0
S π
+π−) [10−2] 0.56 ± 0.19 ± 0.07

0.13 [50] 0.14 0.11
y(D0 → K0

S π
+π−) [10−2] 0.30 ± 0.15 ± 0.05

0.08 [50] 0.08 0.05
|q/p|(D0 → K0

S π
+π−) 0.90 ± 0.16

0.15 ±
0.08
0.06 [50] 0.10 0.07

φ(D0 → K0
S π
+π−) [◦] −6 ± 11 ± 4

5 [50] 6 4
Tau τ→ µγ [10−9] < 45 [63] < 14.7 < 4.7

τ→ eγ [10−9] < 120 [63] < 39 < 12
τ→ µµµ [10−9] < 21.0 [64] < 3.0 < 0.3

P. Urquijo / Nuclear and Particle Physics Proceedings 263–264 (2015) 15–23 23
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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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• Rare decays are powerful probes of BSM physics. 
Deviations from SM observed in multiple channels - 
individually maybe not that large, but all consistently 
pointing to BSM contributions to C9. Have we seen a 
flavour-changing, lepton universality violating Z’?


• High luminosity is key to answer this question. And the 
control of hadronic effects.


• LHCb has shown that precision flavour physics works at 
a hadron machine. LHCb, upgrade, and upgade2 will 
have unbeatable statistics in charged modes. Di-muon 
channels also accessible to ATLAS/CMS.


• BELLE II benefits from e+e– environment, and will 
especially shine in inclusive modes and modes with many 
neutrals, as well as absolute BF measurements.

!!
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Branching Ratio Measurements of Bs Decays

Kristof De Bruyn,1 Robert Fleischer,1, 2 Robert Knegjens,1 Patrick Koppenburg,1 Marcel Merk,1, 2 and Niels Tuning1

1Nikhef, Science Park 105, NL-1098 XG Amsterdam, The Netherlands
2Department of Physics and Astronomy, Vrije Universiteit Amsterdam, NL-1081 HV Amsterdam, The Netherlands

(Dated: July 30, 2012)

We have just entered an era of precision measurements for Bs-decay observables. A characteristic
feature of the Bs-meson system is B0

s–B̄
0

s mixing, which exhibits a sizable decay width di↵erence.
The latter feature leads to a subtle complication for the extraction of branching ratios of Bs decays
from untagged data samples, leading to systematic biases as large as O(10%) that depend on the
dynamics of the considered decay. We point out that this e↵ect can only be corrected for using
information from a time-dependent analysis and suggest the use of the e↵ective Bs decay lifetime,
which can already be extracted from the untagged data sample, for this purpose. We also address
several experimental issues that can play a role in the extraction of e↵ective lifetimes at a hadron
collider, and advocate the use of the Bs branching ratios, as presented in this note, for consistent
comparisons of theoretical calculations and experimental measurements in particle listings.

Keywords: Bs decays, branching ratios, e↵ective lifetimes

I. INTRODUCTION

Weak decays of Bs mesons encode valuable informa-
tion for the exploration of the Standard Model (SM). The
simplest observables are branching ratios, which give the
probability of the considered decay to occur. Measure-
ments of Bs branching ratios at hadron colliders, such as
Fermilab’s Tevatron and CERN’s Large Hadron Collider
(LHC), would require knowledge of the Bs production
cross-section, which presently makes absolute branch-
ing ratio measurements impossible. Hence experimental
control channels and the ratio of the fs/fu,d fragmenta-
tion functions, describing the probability that a b quark
hadronizes as a B̄q meson [1], are required for the conver-
sion of the observed number of decays into the branch-
ing ratio. At e+e� B factories operated at the ⌥(5S)
resonance, the total number of produced Bs mesons is
measured separately and subsequently also allows for the
extraction of the Bs branching ratio from the data [2].

A key feature of the Bs mesons is B0
s–B̄

0
s mixing,

which leads to quantum-mechanical, time-dependent os-
cillations between the B0

s and B̄0
s states. In contrast to

the Bd system, the Bs mesons exhibit a sizable di↵er-
ence between the decay widths of the light and heavy

mass eigenstates, �(s)
L and �(s)

H , respectively [3]. Cur-
rently the most precise measurement is extracted from
the B0

s ! J/ � channel by the LHCb collaboration [4]:

ys ⌘ ��s

2�s
⌘ �(s)

L � �(s)
H

2�s
= 0.088 ± 0.014; (1)

⌧�1
Bs

⌘ �s ⌘ ⇥
�(s)
L + �(s)

H

⇤
/2 = (0.6580 ± 0.0085) ps�1 is

the inverse of the Bs mean lifetime ⌧Bs .
In view of the sizable decay width di↵erence, Eq. (1),

special care has to be taken when dealing with the con-
cept of a branching ratio. We shall clarify this issue and
give an expression, allowing us to convert the experimen-
tally measured Bs branching ratio into the corresponding

“theoretical” branching ratio. The latter is not a↵ected
by B0

s–B̄
0
s mixing and encodes the information for the

comparison with branching ratios of B0
d decays, where

the relative decay width di↵erence at the 10�3 level [3]
can be neglected, or branching ratios of B+

u modes.
The di↵erence between these two branching ratio con-

cepts involves ys and is specific for the considered Bs

decay, thereby involving non-perturbative parameters.
However, measuring the e↵ective lifetime of the consid-
ered Bs decay, the e↵ect can be included in a clean way.
In experimental analyses, this subtle e↵ect has so far

been neglected or only been partially addressed; exam-
ples are the branching ratio measurements of the Bs !
K+K� [5], Bs ! J/ f0(980) [6], Bs ! J/ KS [7],
Bs ! D+

s D
�
s [8] and B0

s ! D�
s ⇡

+ [9] decays by the
LHCb, CDF, DØ and Belle collaborations.

II. EXPERIMENT VERSUS THEORY

What complicates the concept of a Bs branching ratio
is the fact that the untagged decay rate is the sum of two
exponentials [10]:

h�(Bs(t) ! f)i ⌘ �(B0
s (t) ! f) + �(B̄0

s (t) ! f)

= Rf
He

��
(s)
H t +Rf

Le
��

(s)
L t, (2)

corresponding to two mass eigenstates with di↵erent life-
times. Using Eq. (1), we write

h�(Bs(t) ! f)i =
⇣
Rf

H +Rf
L

⌘
e��s t

⇥

cosh

✓
ys t

⌧Bs

◆
+ Af

�� sinh

✓
ys t

⌧Bs

◆�
, (3)

where

Af
�� ⌘ Rf

H � Rf
L

Rf
H +Rf

L

(4)
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We have just entered an era of precision measurements for Bs-decay observables. A characteristic
feature of the Bs-meson system is B0

s–B̄
0

s mixing, which exhibits a sizable decay width di↵erence.
The latter feature leads to a subtle complication for the extraction of branching ratios of Bs decays
from untagged data samples, leading to systematic biases as large as O(10%) that depend on the
dynamics of the considered decay. We point out that this e↵ect can only be corrected for using
information from a time-dependent analysis and suggest the use of the e↵ective Bs decay lifetime,
which can already be extracted from the untagged data sample, for this purpose. We also address
several experimental issues that can play a role in the extraction of e↵ective lifetimes at a hadron
collider, and advocate the use of the Bs branching ratios, as presented in this note, for consistent
comparisons of theoretical calculations and experimental measurements in particle listings.
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I. INTRODUCTION

Weak decays of Bs mesons encode valuable informa-
tion for the exploration of the Standard Model (SM). The
simplest observables are branching ratios, which give the
probability of the considered decay to occur. Measure-
ments of Bs branching ratios at hadron colliders, such as
Fermilab’s Tevatron and CERN’s Large Hadron Collider
(LHC), would require knowledge of the Bs production
cross-section, which presently makes absolute branch-
ing ratio measurements impossible. Hence experimental
control channels and the ratio of the fs/fu,d fragmenta-
tion functions, describing the probability that a b quark
hadronizes as a B̄q meson [1], are required for the conver-
sion of the observed number of decays into the branch-
ing ratio. At e+e� B factories operated at the ⌥(5S)
resonance, the total number of produced Bs mesons is
measured separately and subsequently also allows for the
extraction of the Bs branching ratio from the data [2].

A key feature of the Bs mesons is B0
s–B̄

0
s mixing,

which leads to quantum-mechanical, time-dependent os-
cillations between the B0

s and B̄0
s states. In contrast to

the Bd system, the Bs mesons exhibit a sizable di↵er-
ence between the decay widths of the light and heavy

mass eigenstates, �(s)
L and �(s)

H , respectively [3]. Cur-
rently the most precise measurement is extracted from
the B0

s ! J/ � channel by the LHCb collaboration [4]:

ys ⌘ ��s

2�s
⌘ �(s)

L � �(s)
H

2�s
= 0.088 ± 0.014; (1)

⌧�1
Bs

⌘ �s ⌘ ⇥
�(s)
L + �(s)

H

⇤
/2 = (0.6580 ± 0.0085) ps�1 is

the inverse of the Bs mean lifetime ⌧Bs .
In view of the sizable decay width di↵erence, Eq. (1),

special care has to be taken when dealing with the con-
cept of a branching ratio. We shall clarify this issue and
give an expression, allowing us to convert the experimen-
tally measured Bs branching ratio into the corresponding

“theoretical” branching ratio. The latter is not a↵ected
by B0

s–B̄
0
s mixing and encodes the information for the

comparison with branching ratios of B0
d decays, where

the relative decay width di↵erence at the 10�3 level [3]
can be neglected, or branching ratios of B+

u modes.
The di↵erence between these two branching ratio con-

cepts involves ys and is specific for the considered Bs

decay, thereby involving non-perturbative parameters.
However, measuring the e↵ective lifetime of the consid-
ered Bs decay, the e↵ect can be included in a clean way.
In experimental analyses, this subtle e↵ect has so far

been neglected or only been partially addressed; exam-
ples are the branching ratio measurements of the Bs !
K+K� [5], Bs ! J/ f0(980) [6], Bs ! J/ KS [7],
Bs ! D+

s D
�
s [8] and B0

s ! D�
s ⇡

+ [9] decays by the
LHCb, CDF, DØ and Belle collaborations.

II. EXPERIMENT VERSUS THEORY

What complicates the concept of a Bs branching ratio
is the fact that the untagged decay rate is the sum of two
exponentials [10]:

h�(Bs(t) ! f)i ⌘ �(B0
s (t) ! f) + �(B̄0

s (t) ! f)

= Rf
He

��
(s)
H t +Rf

Le
��

(s)
L t, (2)

corresponding to two mass eigenstates with di↵erent life-
times. Using Eq. (1), we write

h�(Bs(t) ! f)i =
⇣
Rf

H +Rf
L

⌘
e��s t

⇥

cosh

✓
ys t

⌧Bs

◆
+ Af

�� sinh

✓
ys t

⌧Bs

◆�
, (3)

where

Af
�� ⌘ Rf

H � Rf
L

Rf
H +Rf

L

(4)
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is a final-state dependent observable.
In experiment it is common practice to extract a

branching ratio from the total event yield, ignoring in-
formation on the particles’ lifetime. The “experimental”
branching ratio can thus be defined as follows [10]:

BR (Bs ! f)exp ⌘ 1

2

Z 1

0

h�(Bs(t) ! f)i dt (5)

=
1

2

"
Rf

H

�(s)
H

+
Rf

L

�(s)
L

#
=
⌧Bs

2

⇣
Rf

H +Rf
L

⌘"
1 + Af

�� ys
1 � y2s

#
.

Note that this quantity is the average of the branching
ratios for the heavy and light mass eigenstates.

On the other hand, what is generally calculated the-
oretically are CP-averaged decay rates in the flavor-
eigenstate basis, i.e.

h�(Bs(t) ! f)i��
t=0

= �(B0
s ! f) + �(B̄0

s ! f). (6)

This leads to the following definition of the “theoretical”
branching ratio:

BR (Bs ! f)theo ⌘ ⌧Bs

2
h�(B0

s (t) ! f)i
���
t=0

=
⌧Bs

2

⇣
Rf

H +Rf
L

⌘
. (7)

By considering t = 0, the e↵ect of B0
s–B̄

0
s mixing is

“switched o↵”. The advantage of this Bs branching
ratio definition, which has been used, for instance in
Refs. [11, 12], is that it allows a straightforward compar-
ison with branching ratios of B0

d or B+
u mesons by means

of the SU(3) flavor symmetry of strong interactions.
The experimentally measurable branching ratio,

Eq. (5), can be converted into the “theoretical” branch-
ing ratio defined by Eq. (7) through

BR (Bs ! f)theo =

"
1 � y2s

1 + Af
�� ys

#
BR (Bs ! f)exp .

(8)
In the case of ys = 0, the theoretical and experimental
branching ratio definitions are equal.

Inspection of Eq. (8) reveals that ys and Af
�� are re-

quired for the translation of the experimental branching
ratios into their theoretical counterparts. Ideally, the lat-
ter quantities should eventually be used in particle com-
pilations, in our opinion.

The decay width parameter ys is universal and has
already been measured, as summarized in Eq. (1). In
Fig. 1, we illustrate Eq. (8) for a variety of values of Af

��
and observe that di↵erences between BR (Bs ! f)theo
and BR (Bs ! f)exp as large as O(10%) may arise.

The simplest situation corresponds to flavor-specific
(FS) decays such as B0

s ! D�
s ⇡

+, where AFS
�� = 0 and

the correction factor is simply given by 1 � y2s .
However, if both the B0

s and the B̄0
s mesons can de-

cay into the final state f , the observable Af
�� is more

involved and depends, in general, on non-perturbative
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FIG. 1: Illustration of Eq. (8) for various values of Af
��

. We
also show the current LHCb measurement of ys [4].

hadronic parameters, CP-violating weak decay phases,
and the B0

s–B̄
0
s mixing phase �s. Assuming the SM struc-

ture for the decay amplitudes and using the SU(3) flavor
symmetry to determine the hadronic parameters from
relations to Bd decays, theoretical analyses of Af

�� were
performed for the final states J/ � [12], K+K� [13],
J/ f0(980) [14], J/ KS [15] and D+

s D
�
s [16].

III. USING LIFETIME INFORMATION

The simplest possibility for implementing Eq. (8) is to
use theoretical information about the Af

�� observables.
However, this input can be avoided once time information
of the untagged Bs decay data sample becomes available.
Then the e↵ective lifetime of the Bs ! f decay can be
determined, which is theoretically defined as the time
expectation value of the untagged rate [17]:

⌧f ⌘
R1
0

t h�(Bs(t) ! f)i dt
R1
0

h�(Bs(t) ! f)i dt

=
⌧Bs

1 � y2s

"
1 + 2Af

��ys + y2s
1 + Af

��ys

#
. (9)

The advantage of ⌧f is that it allows an e�cient extrac-

tion of the product of Af
�� and ys. Using the e↵ective

lifetime, Eq. (8) can be expressed as

BR (Bs ! f)theo =


2 � �

1 � y2s
� ⌧f
⌧Bs

�
BR (Bs ! f)exp .

(10)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
di↵erence ys enters at second order. The measurement of
e↵ective lifetimes is hence not only an interesting topic
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where the C� terms (15) cancel because of the ⌘� factor.
It would be most interesting to measure (19) since

a non-zero value immediately signaled CP-violating NP
phases. Unfortunately, this is challenging in view of the
tiny branching ratio and as tagging, distinguishing be-
tween initially present B0

s and B̄0
s mesons, and time in-

formation are required. An expression analogous to (19)
holds also for Bd ! µ+µ� decays.

In practice, the branching ratio

BR
�
Bs ! µ+µ��

exp
⌘ 1

2

Z 1

0

h�(Bs(t) ! µ+µ�)i dt
(20)

is the first measurement, where the “untagged” rate

h�(Bs(t) ! f)i ⌘ �(B0
s (t) ! f) + �(B̄0

s (t) ! f)

/ e�t/⌧Bs
⇥
cosh(yst/⌧Bs) + A�� sinh(yst/⌧Bs)

⇤
(21)

is introduced [5, 11]. The branching ratio (20) is ex-
tracted ignoring tagging and time information. As shown
in Ref. [5], due to the sizable width di↵erence, the ex-
perimental value (20) is related to the theoretical value
(calculated in the literature, see, e.g., Refs.[1, 6]) through

BR(Bs ! µ+µ�) =


1 � y2s

1 + A�� ys

�
BR(Bs ! µ+µ�)exp,

(22)
where

BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)SM
= |P |2 + |S|2. (23)

The ys terms in (22) were so far not taken into account
in the comparison between theory and experiment.

A�� depends sensitively on NP and is hence essentially
unknown. Using (14) and varying A�� 2 [�1,+1] gives

�BR(Bs ! µ+µ�)|ys = ±ysBR(Bs ! µ+µ�)exp, (24)

which has to be added to the experimental error of (20).
In the SM, we have ASM

�� = +1 and rescale (1) corre-
spondingly by a factor of 1/(1 � ys), which results in

BR(Bs ! µ+µ�)SM|ys = (3.5 ± 0.2) ⇥ 10�9, (25)

where we have used (14). This is the SM reference for the
comparison with the experimental branching ratio (20).

IV. THE EFFECTIVE Bs ! µ+µ� LIFETIME

With more data available, the decay time information
can be included in the analysis. As we pointed out in
Ref. [5], the e↵ective lifetime

⌧µ+µ� ⌘
R1
0

t h�(Bs(t) ! µ+µ�)i dt
R1
0

h�(Bs(t) ! µ+µ�)i dt
(26)

allows the extraction of

A�� ys =
(1 � y2s)⌧µ+µ� � (1 + y2s)⌧Bs

2⌧Bs � (1 � y2s)⌧µ+µ�
, (27)

yielding

BR (Bs ! µ+µ�)

BR (Bs ! µ+µ�)exp
= 2 �

�
1 � y2s

� ⌧µ+µ�

⌧Bs

. (28)

We emphasize that it is crucial to the above equations
that A�� in (17) indeed does not depend on the helicities
of the muons, i.e. A�� ⌘ A�

��.
E↵ective lifetimes are experimentally accessible

through the decay time distributions of the same sam-
ples of untagged events used for the branching fraction
measurements, as illustrated by recent measurements of
the B0

s ! J/ f0 and B0
s ! K+K� lifetimes [12] by

the CDF and LHCb collaborations: both attained a 7%
precision with approximately 500 events, while an even
larger sample of B0

s ! µ+µ� events can be collected
by the LHC experiments, assuming the Standard Model
value of the B0

s ! µ+µ� branching fraction. Although
a precise estimate is beyond the scope of this article, we
believe that the data samples that will be collected in the
planned high-luminosity upgrades of the CMS and LHCb
experiments [13] can lead to a precision of 5% or better.

V. CONSTRAINTS ON NEW PHYSICS

In order to explore constraints on NP, we introduce

R ⌘ BR(Bs ! µ+µ�)exp
BR(Bs ! µ+µ�)SM

=


1 + A��ys
1 � y2s

� �
|P |2 + |S|2

�

=


1 + ys cos 2'P

1 � y2s

�
|P |2 +


1 � ys cos 2'S

1 � y2s

�
|S|2, (29)

where we have used (17) and (22). Using (1) and the
upper bound [2] yield R < 1.4, neglecting the theoretical
uncertainty from (1). In the case of ys = 0, R fixes a
circle in the |P |–|S| plane. For non-zero ys values, R
gives ellipses dependent on the phases 'P,S . As these
phases are in general unknown, a value of R results in
a circular band. We obtain the upper bounds |P |, |S| p
(1 + ys)R. As R does not allow us to separate the S

and P contributions, there may still be a large amount
of NP present, even if the measured branching ratio is
close to the SM value.
The measurement of ⌧µ+µ� and the resulting observ-

able A�� allows us to resolve this situation, as

|S| = |P |
s

cos 2'P � A��

cos 2'S + A��
(30)

fixes a straight line through the origin in the |P |–|S|
plane. In Fig. 1, we show the current R constraints in
the |P |–|S| plane, and illustrate also those corresponding

2

O(P )S and O0
(P )S operators. Their Wilson coe�cients are

still largely unconstrained and leave ample space for NP.
The hadronic sector of the leptonic B̄0

s ! µ+µ� decay
can be expressed in terms of a single, non-perturbative
parameter, the Bs-meson decay constant fBs [1].

For the discussion of the observables in Section III,
we go to the rest frame of the decaying B̄0

s meson and
distinguish between the µ+

Lµ
�
L and µ+

Rµ
�
R helicity config-

urations, which we denote as µ+
� µ

�
� with � = L,R. In

this notation, µ+
Lµ

�
L and µ+

Rµ
�
R are related to each other

through a CP transformation:

|(µ+
Lµ

�
L )CPi ⌘ (CP)|µ+

Lµ
�
L i = ei�CP(µµ)|µ+

Rµ
�
Ri, (4)

where ei�CP(µµ) is convention-dependent. We then obtain

A(B̄0
s ! µ+

� µ
�
� ) = hµ�

� µ
+
� |He↵ |B̄0

s i = � GFp
2⇡

V ⇤
tsVtb↵

⇥ fBsMBsmµC
SM
10 ei�CP(µµ)(1�⌘�)/2 [⌘�P + S] , (5)

where MBs is the Bs mass, ⌘L = +1 and ⌘R = �1, and

P ⌘ C10 � C 0
10

CSM
10

+
M2

Bs

2mµ

✓
mb

mb +ms

◆✓
CP � C 0

P

CSM
10

◆
(6)

S ⌘
s

1 � 4
m2

µ

M2
Bs

M2
Bs

2mµ

✓
mb

mb +ms

◆✓
CS � C 0

S

CSM
10

◆
. (7)

The P ⌘ |P |ei'P and S ⌘ |S|ei'S carry, in general, non-
trivial CP-violating phases 'P and 'S . However, in the
SM, we simply have P = 1 and S = 0 (see also Ref. [6]).
The �CP(µµ) factor in (5) originates from using the op-
erator relation (CP)†(CP) = 1̂ and (4) in the leptonic
parts of the four-fermion operators.

III. THE Bs ! µ+µ� OBSERVABLES

For the observables discussed below we need the

A(B0
s ! µ+

� µ
�
� ) = hµ�

� µ
+
� |H†

e↵ |B0
s i (8)

amplitude. Inserting again (CP)†(CP) = 1̂ into the ma-
trix elements of the four-fermion operators and using
both (4) and (CP)|B0

s i = ei�CP(Bs)|B̄0
s i, we obtain

A(B0
s ! µ+

� µ
�
� ) = � GFp

2⇡
VtsV

⇤
tb↵fBsMBsmµC

SM
10

⇥ ei[�CP(Bs)+�CP(µµ)(1�⌘�)/2] [�⌘�P
⇤ + S⇤] , (9)

which should be compared with (5). We observe that

|A(B0
s ! µ+

L,Rµ
�
L,R)| = |A(B̄0

s ! µ+
R,Lµ

�
R,L)|. (10)

Following the formalism to describe B0
s–B̄

0
s mixing dis-

cussed in Ref. [7], we consider the observable

⇠� ⌘ �e�i�s


ei�CP(Bs)

A(B̄0
s ! µ+

� µ
�
� )

A(B0
s ! µ+

� µ
�
� )

�

= �

+⌘�P + S

�⌘�P ⇤ + S⇤

�
. (11)

Here we have taken into account that the B0
s–B̄

0
s mixing

phase �s ⌘ 2arg(V ⇤
tsVtb) is cancelled by the CKM factors

in (5) and (9), and that the convention-dependent phase
�CP(Bs) is cancelled through (9), whereas �CP(µµ) sim-
ply cancels in the amplitude ratio. We notice the relation

⇠L⇠
⇤
R = ⇠R⇠

⇤
L = 1. (12)

The observables ⇠� contain all the information for cal-
culating the time-dependent rate asymmetries [7]:

�(B0
s (t) ! µ+

� µ
�
� ) � �(B̄0

s (t) ! µ+
� µ

�
� )

�(B0
s (t) ! µ+

� µ
�
� ) + �(B̄0

s (t) ! µ+
� µ

�
� )

=
C� cos(�Mst) + S� sin(�Mst)

cosh(yst/⌧Bs) + A�
�� sinh(yst/⌧Bs)

. (13)

Here �Ms is the mass di↵erence of the heavy and light
Bs mass eigenstates, and

ys ⌘ ⌧Bs��s/2 = 0.088 ± 0.014, (14)

where ⌧Bs is the Bs mean lifetime; the numerical value
corresponds to the results of Ref. [4]. CP asymmetries
of this kind were considered for Bs,d ! `+`� decays (ne-
glecting ��s) in various NP scenarios in Refs. [8–10].
The observables entering (13) are given as follows:

C� ⌘ 1 � |⇠�|2
1 + |⇠�|2 = �⌘�


2|PS| cos('P � 'S)

|P |2 + |S|2
�

(15)

S� ⌘ 2 Im ⇠�
1 + |⇠�|2 =

|P |2 sin 2'P � |S|2 sin 2'S

|P |2 + |S|2 (16)

A�
�� ⌘ 2Re ⇠�

1 + |⇠�|2 =
|P |2 cos 2'P � |S|2 cos 2'S

|P |2 + |S|2 . (17)

It should be emphasized that due to (12) SCP ⌘ S� and
A�� ⌘ A�

�� do not depend on the helicity � of the muons
and are theoretically clean observables.
Since it is di�cult to measure the muon helicity, we

consider the rates

�(
(-)
B0

s (t) ! µ+µ�) ⌘
X

�=L,R

�(
(-)
B0

s (t) ! µ+
� µ

�
� ), (18)

and obtain then the CP-violating rate asymmetry

�(B0
s (t) ! µ+µ�) � �(B̄0

s (t) ! µ+µ�)

�(B0
s (t) ! µ+µ�) + �(B̄0

s (t) ! µ+µ�)

=
SCP sin(�Mst)

cosh(yst/⌧Bs) + A�� sinh(yst/⌧Bs)
, (19)
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Charm loop contribution?

• The O1,2 operator has a component that could 
mimic a new physics effect in C9 through cc loop

Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

! Since O9 ∝ ℓ̄γμℓ, hλ could mimic a
new phyiscs effect in C9

! can be parametrised as
complex-valued (CP-even)
functions of q2: h+,−,0(q2) for the
3 helicity amplitudes

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)
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[arXiv:1510.04239]
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q2 dependence of ΔCλ
9

Global Fit
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Boxes are 
the 1s errors

• Effect can be parameterised as function of three helicity amplitudes h+-0

• Absorb effect of these amplitudes into a helicity dependent shift in C9,
C9

SM + DC9
+-0(q2) cf.     C9

SM + DC9
NP (  != DC9

NP(q2)  )
• Look for q2 and helicity dependence of apparent shift in C9
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Charm loop contribution?
• Bayesian fit assuming polynomial form for h+-0 [arXiv:1512.07157]

• Assumes small DC9
x for small q2 – true in SM, but not for NP

20

Introduction Anomalies LFU violation Outlook Flavour: Outlook

q2 dependence of ΔCλ
9

Ciuchini et al. 1512.07157

! Bayesian fit assuming a polynomial form for hλ
! roughly: g̃1 ∝ ΔC−

9 , g̃3 ∝ ΔC0
9
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Introduction Anomalies LFU violation Outlook Flavour: Outlook

q2 dependence of ΔCλ
9

Ciuchini et al. 1512.07157

! Bayesian fit assuming a polynomial form for hλ
! roughly: g̃1 ∝ ΔC−

9 , g̃3 ∝ ΔC0
9

! assuming small ΔCλ
9 for small q2 (expected for SM, but not NP!)
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.
.

.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.

.
.
.

.

.
.
.

.
25

~DC9
- ~DC9

0



Jonas Rademacker (Bristol)                                    Rare B decays                       MIAPP: Flavour Physics with High Luminosity Experiments, Oct 2016

VELO

64

Vertex resolution (vs 
number of tracks)

• The VELO gives LHCb the best 
vertex resolution at the LHC.


• This is crucial for our trigger, that 
selects B decays based on their 
characteristic detached vertices. 
LHCb is the only experiment at 
the LHC whose B trigger can 
efficiently select fully hadronic B 
decays. 


• Also important time-dependent 
measurements (see later).

N
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LHCb preliminary

 = 8 TeVs

x{
y{
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LHCb
• ca 100,000 b-bbar pairs per second at 14 

TeV. Produce all types of B-hadrons (Bd, 
Bs, B±, Bc, Λb,...). Even more c-cbar pairs 
for charm physics.


• Special geometry to capture as many of 
them as possible.


• Vertex detector INSIDE the beampipe for 
extra precision


• Ring Imaging Cherenkov detector (RICH) 
that provides particle identification.


• Trigger on displaced vertices - captures 
all types of B decays.

65

at the LHC

The dedicated B-
physics detector at
the LHC
• Detector op-

timised for B
physics.

• Detector geome-
try for maximum
B-coverage.

• Special skill:
Particle identifi-
cation (RICH)

8
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B→K*μ+μ–

66

The decay Bd ! K⇤µµ

Decay rare (Branching ratio: O(10�6)) in standard model, e.g.:

Bd K*
d

b su, c, t

W+

Z,

Bd K*
d

b s

u, c, t

W+

Z,

Bd K*
d

b su, c, t

W W

but sensitive to new physics inside loops, e.g.:

P. Koppenburg

b → ℓℓs decays
• Suppressed by αEM

BR(b → ℓℓs) = (4.5 ± 1.0) · 10−6

BR(B → ℓℓK) = (0.5 ± 0.1) ·10−6

• Sensitive to
• SuSy,
• graviton exchanges,
• extra dimensions
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ũi ũj

H

χ̃
−

i

ℓ+

ℓ−Chargino loop

b s

d̃i d̃j

H

χ̃
0
i

ℓ+

ℓ−Neutralino loop

b s

χ̃
−

i χ̃
−

i

H

ũi
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Hugh Skottowe Rare Bd ! K⇤µµ decays at LHCb (2/4/8) (3/10)

FCNC, rare in the SM (BR ~10–6)

sensitive to New Physics in loops, e.g.
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The LHCb upgrade

68

Lomonosov 2013 – CPV & Rare Decays @ LHCb (39/40) O. Steinkamp27.08.2013

LHCb Upgrade

● 2013: technology choices, preparation of sub-system TDRs

● 2014: funding, procurements

● 2015-2019: construction and installation

VELO: 
replace 

completely - 
and upgrade 
from Si strips 

to pixels

RICHes: New 
photodectors, new 

R/O, optimised 
RICH 1 geometry

Scintillating 
Fibre 

Tracker

Replace all electronics

• Higher luminosity ⟹ higher 
precision ⟹ better NP reach.


• Trigger is at the heart of the 
upgrade. Current trigger would 
“choke”, the signal yields would 
not increase in line with luminosity.


• For upgrade, read out the entire 
detector at bunch-crossing rate of 
40MHz, fully customisable s/w 
trigger, with full event information.


• Doubles the trigger efficiency for 
hadronic modes. Most flexible/
customisable trigger at the LHC.



Jonas Rademacker (Bristol)                                                           LHCb                                                Bristol Visit to CERN, 7 June 2016

1.9 < η < 4.9  or!
 15 < θ < 300 mrad!

~1 cm!

B!

The LHCb Detector

69
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(not really rare, but I feel belongs here, anyway)

70

Lepton universality with tree decays

• At LHCb reconstruct the tauonic
decay through t→µnn, final state 
has three neutrinos!

• Confirms effect seen in RD,RD* at 
BaBar/Belle, including latest Belle 
hadronic result from ICHEP 
combined significance now 4s

24

• An anomalous effect is seen in the ratio of tree-level branching 
fractions

RD*=B(B0→D*+tn)/B(B0→D*+µn)

• LHCb measurement of (RD,RD*) in preparation. Also working on 
hadronic t decay. Will also perform measurements with other b-
hadrons e.g. Bs, Bc and Λb
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Interpretation of B→K*μ+μ– et al.

71

JHEP 1606 (2016) 092

>4σ deviation from SM
(or is it just 4σ from our ability to calculate QCD effects?)

https://inspirehep.net/record/1397858?ln=en
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LHC lumi projections

72

LHCb	luminosity	prospects	
LHC	era	 HL-LHC	era	

Run	1	
(2010-12)	

Run	2	
(2015-18)	

Run	3	
(2021-24)	

Run	4	
(2027-30)	

Run	5+	
(2031+)	

LHCb	 3	V−1	 8	V−1	 50	V−1	 *300	V−1	

4	

•  LHC	has	been	delivering	luminosity	at	an	incredibly	
high	pace	in	Run-2	

•  LHCb	upgrade	comes	already	acer	Run-2	
•  LHCb	is	starKng	to	consider	a	“phase-2”	upgrade	for	
Run	5	and	beyond	
–  The	target	is	to	raise	the	instantaneous	luminosity	by	a	
factor	10	in	order	to	integrate	300	V-1	in	a	few	years	of	
data	taking	

*	assumes	a	future	LHCb	upgrade	to	raise	the	instantaneous	luminosity	to	2x1034	cm−2s−1	

M.V. Purohit, Aspen, Jan 2016 7

Beam commissioning starts in 

Jan 2016.

Installation of sub-detectors in 

Belle II will begin in earnest in 

spring 2016 and will be 

completed before the end of 

2016.

Commissioning with cosmic 

rays will continue to the end 

of 2017.

Belle II to roll into the beam 

line in the spring of 2017.

During 2016 and 2017:  

Commissioning of the 

detector (will help with beam 

commissioning as well).

Data taking in 2018 onwards.

Belle/KEKB recorded ~1000 fb-1 . 
Now change units on y-axis to ab-1

Assumes full operation 
funding profile.

Assumes adequate 
staffing of SuperKEKB

Vertex detectors inserted
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Beauty Charm Strange

Prospects of other rare charm decays

Projection of branching fractions assuming, short-distance

• same e�ciency and signal-to-background ratio
• an upgrade trigger e�ciency ⇠ 2 times better
• �cc(14TeV) ⇡ 2�cc(7TeV)

Mode 8 fb�1 50 fb�1 300 fb�1

D0 ! µ+µ� fewer 10�9 few 10�10 fewer 10�10

D0 ! e+µ� few 10�9 fewer 10�9 few 10�10

D+ ! ⇡+µ+µ� fewer 10�8 few 10�9 fewer 10�9

D+
s ! K+µ+µ� fewer 10�7 few 10�8 fewer 10�8

D0 ! hhµ+µ� fewer 10�7 few 10�8 fewer 10�8

• Getting close to the SM predictions in some modes
• Other modes foreseen, e.g. D0 ! e+e�, ⇤c ! p``, D0 ! h(h0)``, ` = e, µ
• Also observables such as

! aCP , upgrade uncertainties O(1� 10%)

! forward-backward asymetry

! ...

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 11
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Beauty Charm Strange

Latest results from rare D0 decays

LHCb PLB 754 (2016) 167

• Large LFV expected in numerous NP models
(SUSY, Extra Dimension, Little Higgs)

• Previous result Belle [PRD 81, 091102(R) (2010)]

B(D0 ! e±µ⌥) < 2.6⇥ 10�7 at 90% CL

• LHCb with 3 fb�1,
B(D0 ! e±µ⌥) < 1.3⇥ 10�8 at 90% CL

— D0 ! e±µ⌥

— D0 ! ⇡+⇡� misID

LHCb PLB 757 (2016) 558-567

• LHCb analysis of B(D0 ! K�⇡+µ+µ�) with 2 fb�1 in ⇢ � ! region

! Used as a normalisation channel for four-body decays

• First observation
B(D0 ! K�⇡+µ+µ�) = (4.17± 0.12(stat)± 0.40(syst))⇥ 10�6

Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 10
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Lepton (non?) Universality - R(D*) and RK

75

PRL 113 (2014) 151601

PRL 115 (2015) no.11, 111803

For R(D*) SM prediction see PRD85 (2012) 094025

3.9 sigma (HFAG)

M.V. Purohit, Aspen, Jan 2016 17

The Belle, BaBar collaborations studied B 

semileptonic decays and found evidence for 

LFV [B3-1, B3-2] in the ratios 

R(D
( )�

) ∫ BF(B
+
 Æ D

(
*

)tn) / BF(B
+
 Æ D

(
*

)ln). 

Since then, measurements are available 

also from Belle and LHCb:

As is clear from the table, Belle II will 

improve the uncertainty considerably on 

these measurements, making for a 

meaningful comparison with the SM and 

firmly establishing (or not) an excess. 

It is important to measure differential rates to 

establish the nature of deviations from the 

SM.[TH-3]

BF(B
+
 Æ D(*)tn)

The combined R(D) and R(D*) result exceeds the SM predictions 

at 3.9s level, with a p-value of 1.1 x 10
-4
. The R(D) and R(D*) 

correlation of -0.29 is shown.

http://inspirehep.net/record/1303108?ln=en
https://inspirehep.net/record/1380182?ln=en
https://inspirehep.net/record/1093648?ln=en
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B+ ! ⇡+µ+µ� differential branching fraction
⌘ 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]

LHCb [JHEP10(2015)034] FNAL/MILC[1602.03560], FNAL/MILC[PRD93,034005(2016)]

)4c/2 (GeV2q
0 10 20

)4 c
-2

 G
eV

-9
 (1

0
2 q

dB
/d

0

0.5

1

1.5

2

2.5
LHCb APR13 HKR15 FNAL/MILC15

LHCb

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�)
⇥

�
FKdq2

�
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

�
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

|Vtd |  × 10
3

|Vts |  × 10
3

7 8 9 35 39 43

∆Mq:

this work

PDG

B→K(π)µ
+
µ

−

CKM unitarity:

full

tree

   

   |Vtd  / Vts |  

0.18 0.19 0.20 0.21 0.22 0.23      

FIG. 16. (left) Recent determinations |Vtd| and |Vts|, and (right) their ratio. The filled circles
and vertical bands show our new results in Eqs. (9.17)–(9.19), 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 [183], while the plus symbols show the values inferred
from CKM unitarity [158]. The error bars on our results do not include the estimated charm-sea
uncertainties, which are too small to be visible.

where the errors are from the lattice mixing matrix elements, the measured �Mq, the re-
maining parametric inputs to Eq. (2.9), and the omission of charm sea quarks, respectively.
The uncertainty on |Vtd/Vts| is 2–3 times smaller than those on |Vtd| and |Vts| individually
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. (9.17)–(9.19).

Figure 16 compares our results for |Vtd|, |Vts|, and their ratio in Eqs. (9.17)–(9.19) 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�) [184, 185], and we calculated the
full set of B ! ⇡ and B ! K form factors in three-flavor lattice QCD [131, 186]. Using

54

K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 19 / 21
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B→φμ+μ–:

• 3.4 σ local significance. 
(But don’t forget the look-elsewhere effect)

77

JHEP 1509 (2015) 179
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B→φμ+μ–:

• 3.4 σ local significance. 
(But don’t forget the look-elsewhere effect)

77

JHEP 1509 (2015) 179

!!
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B(s)→μμ prospects

78

Beauty Charm Strange

B0
(s) ! µ+µ�

LHCb prospects for B decays calculated assuming

• same e�ciency and signal-to-background ratio
• �bb(14TeV) ⇡ 2�bb(7TeV)

• LHCb upgrade collects 50 fb�1 and 300 fb�1 at LHC-HL
• CMS collects 3 ab�1

• Systematics: 5% fs/fd , 3% B+ ! J/ K+ (normalisation channel)

�
⇣
B(B0

s ! µ+µ�)
⌘
�

 
B(B0s!µ

+
µ

�)

B(B0!µ

+
µ

�)

!

LHCb Run I 1⇥ 10�9 80% [Nature 522 (2015) 68]

LHCb 8 fb�1 0.49⇥ 10�9 39%

LHCb 50 fb�1 0.25⇥ 10�9 16%

LHCb 300 fb�1 0.19⇥ 10�9 8%

CMS 3 ab�1 (barrel) 10.3⇥ 10�9 21% [CMS-PAS-FTR-14-015]

Theory 0.3⇥ 10�9 5% [PRL 112, 101801 (2014)]

1Actually 11%, shown as absolute value assuming current BF result.
Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 4

Beauty Charm Strange

B0
(s) ! µ+µ�

LHCb prospects for B decays calculated assuming

• same e�ciency and signal-to-background ratio
• �bb(14TeV) ⇡ 2�bb(7TeV)

• LHCb upgrade collects 50 fb�1 and 300 fb�1 at LHC-HL
• CMS collects 3 ab�1

• Systematics: 5% fs/fd , 3% B+ ! J/ K+ (normalisation channel)

�
⇣
B(B0

s ! µ+µ�)
⌘
�

 
B(B0s!µ

+
µ

�)

B(B0!µ

+
µ

�)

!

LHCb Run I 1⇥ 10�9 80% [Nature 522 (2015) 68]

LHCb 8 fb�1 0.49⇥ 10�9 39%

LHCb 50 fb�1 0.25⇥ 10�9 16%

LHCb 300 fb�1 0.19⇥ 10�9 8%

CMS 3 ab�1 (barrel) 10.3⇥ 10�9 21% [CMS-PAS-FTR-14-015]

Theory 0.3⇥ 10�9 5% [PRL 112, 101801 (2014)]

1Actually 11%, shown as absolute value assuming current BF result.
Veronika Chobanova Results and prospects of very rare decays at LHCb LHCb implications workshop 4
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Table 1: Fit results for the angular observables FL, A
(2)
T , AIm

T and ARe
T . The second column

corresponds to the uncorrected values directly obtained from the fit while the third column gives
the final results after the correction for the (3.8±1.9)% of B0! K⇤0�

e

+
e

� contamination and for
the small fit biases due to the limited size of the data sample. The first uncertainty is statistical
and the second systematic.

Uncorrected values Corrected values
FL 0.15 ± 0.06 0.16 ± 0.06 ± 0.03

A(2)
T �0.22 ± 0.23 �0.23 ± 0.23 ± 0.05

AIm
T +0.14 ± 0.22 +0.14 ± 0.22 ± 0.05

ARe
T +0.09 ± 0.18 +0.10 ± 0.18 ± 0.05
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Figure 4: Distributions of the K+⇡�e+e� invariant mass, cos ✓
`

, cos ✓
K

and �̃ variables for the
B0! K⇤0e+e� decay mode and the three trigger categories grouped together. The dashed line
is the signal PDF, the light grey area corresponds to the combinatorial background, the dark
grey area is the PR background. The solid line is the total PDF.

The systematic uncertainties due to the modelling of the angular acceptance are
estimated by varying the shapes introducing functional dependences that would bias the
angular observables.

The uncertainties due to the description of the shape of the combinatorial background

12

Particularly sensitive to photon 
polarisation, esp at low q2.

LHCb for q2∈[0.0004,1]GeV2




