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LHCb and beauty production 

6	

A	luminous	(and	beau8ful)	world!	

Experiment	 ∫�	dt	[K−1]	 σbeauty	[µb]	 End	of	life	

BaBar	 530	(total)	 0.001	[e+e�	at	Υ(4S)]	 			2008	

Belle	 1040	(total)	 0.001		[e+e�	at	Υ(4S)]	 			2010	

CDF/D0	 12	(total)	 100	[pp	at	2	TeV]	 			2011	

ATLAS/CMS	 55	(so	far)	 250-500	[pp	at	7-13	TeV]	 >	2030	

LHCb*	 4.2	(so	far)	 250-500	[pp	at	7-13	TeV]	 >	2030	

*	Forward	detector	opImised	for	beauty	and	charm	physics	with		
			levelled	luminosity	to	limit	pileup	effects	

•  Several	experiments	at	different	
machines	contributed/contribuIng	
to	the	field	in	the	last	15	years	

>8.5 (so far)  

•  Proton collisions at 7-13TeV:  
huge heavy flavour production cross 
sections  
–  In LHCb acceptance: 75kHz bb  

and 1.5MHz cc 
–  ~1/10 events contains b or c signal 

Belle 2*            >0.25 (so far)    0.001        ~2025       
* 2018 run w/o vertex detector 

   2035  (?) 

   2035  (?) 
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LHCb’s physics in a nutshell 

•  Classic, broad range measurements  
–  CKM Physics, search for very rare (forbidden) decays 

•  Measurements in specific sectors, where anomalies are 
emerging in recent years 
–  b → s l+l-  transitions, specifically issues with  

lepton-flavour universality 
–  Issues with lepton-flavour universality in b → c transitions 
  

•  Spectroscopy: 
              better understand QCD in the low energy regime 
–  Many striking measurements with four- and five-quark states 
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Bs-Mixing and CP ciolation 

Johannes Albrecht 

i d
dt

Bs
0

Bs
0

!

"

#
#

$

%

&
&
= M +i Γ

2
!

"
#

$

%
&

Bs
0

Bs
0

!

"

#
#

$

%

&
&

flavour ≠ mass eigenstate:   Bs & Bs  ≠  BL & BH  

Observables:  

•  Δms  = mixing frequency 
•  ΔΓs  = decay width difference BL & BH 
•  φs    = CP-violating phase 

NP 
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Measurement of Bs mixing Bs-Mischung

'ms = 17.768r 0.023 r 0.006 ps-1

Bs o Bs

Bs o Bs

LHCb

Theorie (U.Nierste, 2012)
'ms = 17.3r 1.5 ps-1

Unbefriedigend: Hadronische Unsicherheiten limitieren absolute Vorhersage

New J. Phys. 15  (2013) 053021

16

Mixing frequency from Bs
 → Ds

- π+ :  
Δms = 17.768 ± 0.023stat ± 0.006syst ps-1 

 
Standard Model: Δms = 20.31±1.34 ps-1  

 
(2016: A. Lenz: arXiv:1603.07770)  
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•  Measure CP violating phase in 
Bs

 → J/ψ φ decays* 

•  Standard Model prediction: 
 
 

 
 
•  Measurements:  

 
 
 
 
consistent with SM! 

 
 
 
  

CP violating phase φs 

T. Blake

Mixing induced CP
• Look at tree level               decays 

to a common final state.  

➡ Studied using Bs→J/ѱ ! decays 
in the Bs system.  

• Probes CP violation from 
interference between decays with 
and without mixing (and NP 
contributions to the box diagram). 

•  Relative phase is 

13

Bq Bq

Vtb

V ⇤
tq

t

W W
t̄

q̄

q = s, db

b̄V ⇤
tq

Vtbb ! ccs

B0
s

B̄0
s

fCP

�dec

��dec

�mix

�s = �mix � 2�dec

 J/ψ φ  φs

Johannes Albrecht 

   φs = 0.010±0.039 
PRL 114(2015)041801       

* More precisely: Bs → ccs, in total 5 final states  

A. Lenz, arXiv:0705.3802 

φs = 0.04± 0.01
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CKM angle γ: B→ D K  and friends 

Table 1: List of the LHCb measurements used in the combination, where TD is time-dependent

and the method acronyms refer to the authors of Refs. [4–13].

B decay D decay Method Ref. Dataset
†

Status since last
combination [3]

B+ ! DK+ D ! h+h� GLW [14] Run 1 & 2 Minor update

B+ ! DK+ D ! h+h� ADS [15] Run 1 As before

B+ ! DK+ D ! h+⇡�⇡+⇡� GLW/ADS [15] Run 1 As before

B+ ! DK+ D ! h+h�⇡0 GLW/ADS [16] Run 1 As before

B+ ! DK+ D ! K0
Sh

+h� GGSZ [17] Run 1 As before

B+ ! DK+ D ! K0
Sh

+h� GGSZ [18] Run 2 New

B+ ! DK+ D ! K0
SK

+⇡� GLS [19] Run 1 As before

B+ ! D⇤K+ D ! h+h� GLW [14] Run 1 & 2 Minor update

B+ ! DK⇤+ D ! h+h� GLW/ADS [20] Run 1 & 2 Updated results

B+ ! DK⇤+ D ! h+⇡�⇡+⇡� GLW/ADS [20] Run 1 & 2 New

B+ ! DK+⇡+⇡� D ! h+h� GLW/ADS [21] Run 1 As before

B0 ! DK⇤0 D ! K+⇡� ADS [22] Run 1 As before

B0! DK+⇡� D ! h+h� GLW-Dalitz [23] Run 1 As before

B0 ! DK⇤0 D ! K0
S⇡

+⇡� GGSZ [24] Run 1 As before

B0
s ! D⌥

s K
± D+

s ! h+h�⇡+ TD [25] Run 1 Updated results

B0! D⌥⇡± D+! K+⇡�⇡+ TD [26] Run 1 New

†
Run 1 corresponds to an integrated luminosity of 3 fb

�1
taken at centre-of-mass energies of 7 and

8TeV. Run 2 corresponds to an integrated luminosity of 2 fb
�1

taken at a centre-of-mass energy of

13TeV.

separately to the already published Run 1 equivalent [17] where the correlations43

between the results of this analysis and the previous analysis have been computed44

and are reported in Ref. [18]. This update is consequently used in conjunction with45

the previous result as input for this combination.46

• B+ ! DK⇤+
, D ! h+h�

. The combined GLW and ADS [6, 7] measurement47

using the B+ ! DK⇤+, D ! h+h� decays modes, where K⇤+ ! K0
S⇡

+, has been48

updated to the full Run 1 and Run 2 data samples [20] and replaces the preliminary49

results [27] used in the previous combination.50

• B+ ! DK⇤+
, D ! h+⇡�⇡+⇡�

. The GLW/ADS measurement using the51

B+ ! DK⇤+, D ! h+⇡�⇡+⇡� decay modes, where K⇤+ ! K0
S⇡

+ [20], is added to52

the combination for the first time. The analysis is based on the full Run 1 and Run53

2 data samples.54

2

CP violation in decay? B+àD0K+ and friends 
Many channels to study gamma 

LHCb-CONF-2018-002 
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6 Conclusion161

Observables measured by LHCb using decays that have sensitivity at tree-level to the162

CKM angle are combined to determine an improved constraint. Several updates and163

new inputs are used for the first time, as described in Sections 2 and 3. The combination164

gives a best fit value of = 74.0� and the confidence intervals165

2 [68.2, 79.0]� at 68.3% CL ,

2 [61.6, 83.7]� at 95.5% CL .

Taking the best fit value and the 68.3% CL interval, is found to be166

� = (74.0 +5.0
�5.8)

� ,

where the uncertainty includes statistical and systematic contributions. The result for167

is in agreement with the world averages = (73.2 +6.3
�7.0)

� [35], = (68.3± 7.5)� [36] and168

= (73.5+4.2
�5.1)

� [29], and the previous LHCb average, = (76.8+5.1
�5.7)

� [3]. This combination169

supersedes the previous measurement [3] as the most precise determination of from a170

single experiment to date.171

13
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CKM matrix @ 1st Thomas Fest 

Johannes Albrecht 

Bs & Bd:  
~20% room for new physics 

Precision measurements of CP violation in the B-System continues.. 

U. Nierste 

Compare tree (SM) to loops (NP?) 

Final test: compare “tree” with “loop” measurements: 

40 

Tree 
(phase and magnitude of Vub) 

Loop 
(phase and magnitude of box diagram) 

B0
s

B̄0
s

t

t

WW

b

s

s

b
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LHCb’s physics in a nutshell 

•  Classic, broad range measurements  
–  CKM Physics, search for very rare (forbidden) decays 

•  Measurements in specific sectors, where anomalies are 
emerging in recent years 
–  b → s l+l-  transitions, specifically issues with  

lepton-flavour universality 
–  Issues with lepton-flavour universality in b → c transitions 
  

•  Spectroscopy: 
              better understand QCD in the low energy regime 
–  Many striking measurements with four- and five-quark systems 
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Testing b → s l+l- transitions 

•  Purely leptonic 
–  “add nothing” 

•  Semileptonic 
–  add d quark as spectator 

à B0 → K*0 µ+µ-

–  add s quark as spectator 
à Bs

 →  φ µ+µ- 
–  add u quark as spectator 

à B+ →  Κ+ µ+µ- 

•  Ratios:  
–  Compare muons to electrons 

b → s µ+µ- base diagram 

32 
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b Λ0

W

t t

γ/Z0

b

ud

µ

µ

s

ud

B̄0
s

φ
W

t t

γ/Z0

b

s

µ

µ

s

32 

B− K−

W

t t

γ/Z0

b

u

µ

µ

s

u

W

t t

γ/Z0

µ

µ

K∗

s

d

B̄0

b

d

s

Johannes Albrecht 5. Oktober 2018 11/30 



Golden channel: Bs,d→ µ+µ- 

Theory prediction: Standard Model 

è Very sensitive to an extended  
scalar sector 
(e.g. extended Higgs sectors,  
SUSY, etc.) 

decay SM 
Bs→ µ+µ- 3.5±0.3  x 10-9 

B0→ µ+µ-  1.1±0.1  x 10-10 

SM: Buras, Isidori et al: EPJC72(2012) 2172 
Mixing effects: Fleischer et al, PRL109(2012)041801 

Left handed couplings 
à helicity suppressed 

e.g. SUSY 

Standard Model 

Discovery channel for New Phenomena 
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Capri 2012 MPA, CPV in charm and b-decays at LHCb 

Bd,s"µ+µ-  from LHCb and CMS 

!  Combined fit to full run 1 data set 
 
!                                                  6.2σ significance " first observation 

                                                            - compatible with SM at 1.2σ 

                                                                                                    3.0σ significance " first evidence 
                                                            - compatible with SM at 2.2σ 

!  Known from theory to better than 10% 
 
 
 
 
 
 
 
 
 
 

!  Strong constraints to possible NP models  
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B (Bs
0 → µ+µ− ) = 2.8−0.6

+0.7 ⋅10−9   

B (B0 → µ+µ− ) = 3.9−1.4
+1.6 ⋅10−10  

10.1038/nature14474 

LETTER OPEN
doi:10.1038/nature14474

Observation of the rare B0
sRm1m2 decay from the

combined analysis of CMS and LHCb data
The CMS and LHCb collaborations*

The standard model of particle physics describes the fundamental
particles and their interactions via the strong, electromagnetic and
weak forces. It provides precise predictions for measurable quanti-
ties that can be tested experimentally. The probabilities, or branch-
ing fractions, of the strange B meson (B0

s ) and the B0 meson decaying
into two oppositely charged muons (m1 and m2) are especially inter-
esting because of their sensitivity to theories that extend the standard
model. The standard model predicts that the B0

s ?m1m2 and
B0?m1m2 decays are very rare, with about four of the former occur-
ring for every billion B0

s mesons produced, and one of the latter
occurring for every ten billion B0 mesons1. A difference in the
observed branching fractions with respect to the predictions of the
standard model would provide a direction in which the standard
model should be extended. Before the Large Hadron Collider (LHC)
at CERN2 started operating, no evidence for either decay mode had
been found. Upper limits on the branching fractions were an order
of magnitude above the standard model predictions. The CMS
(Compact Muon Solenoid) and LHCb (Large Hadron Collider beauty)
collaborations have performed a joint analysis of the data from
proton–proton collisions that they collected in 2011 at a centre-of-
mass energy of seven teraelectronvolts and in 2012 at eight teraelec-
tronvolts. Here we report the first observation of the B0

s ? m1m2

decay, with a statistical significance exceeding six standard deviations,
and the best measurement so far of its branching fraction.
Furthermore, we obtained evidence for the B0?m1m2 decay with
a statistical significance of three standard deviations. Both mea-
surements are statistically compatible with standard model predic-
tions and allow stringent constraints to be placed on theories beyond
the standard model. The LHC experiments will resume taking data in
2015, recording proton–proton collisions at a centre-of-mass energy
of 13 teraelectronvolts, which will approximately double the produc-
tion rates of B0

s and B0 mesons and lead to further improvements in
the precision of these crucial tests of the standard model.

Experimental particle physicists have been testing the predictions of
the standard model of particle physics (SM) with increasing precision
since the 1970s. Theoretical developments have kept pace by improving
the accuracy of the SM predictions as the experimental results gained in
precision. In the course of the past few decades, the SM has passed
critical tests derived from experiment, but it does not address some
profound questions about the nature of the Universe. For example, the
existence of dark matter, which has been confirmed by cosmological
data3, is not accommodated by the SM. It also fails to explain the origin
of the asymmetry between matter and antimatter, which after the Big
Bang led to the survival of the tiny amount of matter currently present
in the Universe3,4. Many theories have been proposed to modify the SM
to provide solutions to these open questions.

The B0
s and B0 mesons are unstable particles that decay via the weak

interaction. The measurement of the branching fractions of the very
rare decays of these mesons into a dimuon (m1m2) final state is espe-
cially interesting.

At the elementary level, the weak force is composed of a ‘charged
current’ and a ‘neutral current’ mediated by the W6 and Z0 bosons,

respectively. An example of the charged current is the decay of the p 1

meson, which consists of an up (u) quark of electrical charge 12/3 of
the charge of the proton and a down (d) antiquark of charge 11/3. A
pictorial representation of this process, known as a Feynman diagram,
is shown in Fig. 1a. The u and d quarks are ‘first generation’ or lowest
mass quarks. Whenever a decay mode is specified in this Letter, the
charge conjugate mode is implied.

The B1 meson is similar to the p 1, except that the light d antiquark
is replaced by the heavy ‘third generation’ (highest mass quarks)
beauty (b) antiquark, which has a charge of 11/3 and a mass of
,5 GeV/c2 (about five times the mass of a proton). The decay
B1R m1n, represented in Fig. 1b, is allowed but highly suppressed
because of angular momentum considerations (helicity suppression)
and because it involves transitions between quarks of different genera-
tions (CKM suppression), specifically the third and first generations of
quarks. All b hadrons, including the B1, B0

s and B0 mesons, decay
predominantly via the transition of the b antiquark to a ‘second gen-
eration’ (intermediate mass quarks) charm (c) antiquark, which is less
CKM suppressed, into final states with charmed hadrons. Many
allowed decay modes, which typically involve charmed hadrons and
other particles, have angular momentum configurations that are not
helicity suppressed.

The neutral B0
s meson is similar to the B1 except that the u quark is

replaced by a second generation strange (s) quark of charge 21/3. The
decay of the B0

s meson to two muons, shown in Fig. 1c, is forbidden at
the elementary level because the Z0 cannot couple directly to quarks of
different flavours, that is, there are no direct ‘flavour changing neutral
currents’. However, it is possible to respect this rule and still have this
decay occur through ‘higher order’ transitions such as those shown in
Fig. 1d and e. These are highly suppressed because each additional
interaction vertex reduces their probability of occurring significantly.
They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B0

s?mzm{ decay is expected to be very
small compared to the dominant b antiquark to c antiquark transitions.
The corresponding decay of the B0 meson, where a d quark replaces the
s quark, is even more CKM suppressed because it requires a jump
across two quark generations rather than just one.

The branching fractions, B, of these two decays, accounting for
higher-order electromagnetic and strong interaction effects, and using
lattice quantum chromodynamics to compute the B0

s and B0 meson
decay constants5–7, are reliably calculated1 in the SM. Their values are
B(B0

s?mzm{)SM~(3:66+0:23)|10{9 and B(B0?mzm{)SM~
(1:06+0:09)|10{10.

Many theories that seek to go beyond the standard model (BSM)
include new phenomena and particles8,9, such as in the diagrams
shown in Fig. 1f and g, that can considerably modify the SM branching
fractions. In particular, theories with additional Higgs bosons10,11 pre-
dict possible enhancements to the branching fractions. A significant
deviation of either of the two branching fraction measurements from
the SM predictions would give insight on how the SM should be
extended. Alternatively, a measurement compatible with the SM could
provide strong constraints on BSM theories.

6 8 | N A T U R E | V O L 5 2 2 | 4 J U N E 2 0 1 5

*Lists of participants and their affiliations appear in the online version of the paper.

G2015 Macmillan Publishers Limited. All rights reserved

First observation of Bs→ µ+µ- 

Compatibility with the SM predictions: 1.2 σ for BS and 2.2 σ for B0
 

BR(Bs
0→µ+µ− ) = ( 3.66 ± 0.23) x 10-9      

BR(B0→µ+µ− ) =  ( 1.06 ± 0.09) x 10-10    
Bobeth et al,   
PRL 112 (2014) 101801 

6.2σ observed 

3.0σ observed   

BR(B0
s) = (2.8+0.7 

– 0.60  ) x 10-9  (35% syst)   

BR(B0) = (3.9 +1.6
-1.4 ) x 10-10  (18% syst)  

Results:$

Theory predictions:$
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s→µ+µ-: LHCb and CMS results 

LHCb and CMS coll., Nature, 522 (2015) 68 
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B→ µ+µ- : News from run 2 data 

LHCb has recently published a first run 1 + run 2 analysis (3+1.4fb-1) 
updated analysis with improved background suppression 

No sign of 1st order New Physics effect! 
B→ µ+µ- becomes a precision test 

PRL118(2017)191801 
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Rare menu 

•  Purely leptonic 
–  “add nothing” 

•  Semileptonic 
–  add d quark as spectator 

à B0 → K*0 µ+µ-

–  add s quark as spectator 
à Bs

 →  φ µ+µ- 
–  add u quark as spectator 

à B+ →  Κ+ µ+µ- 

•  Ratios:  
–  Compare muons to electrons 

b → s µ+µ- base diagram 
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Puzzling deviations: B0 → K*0 µ+µ- 

•  2013, LHCb has observed a deviation in angular 
observables in B0 → K*0 µ+µ- decays 

 
•  Full Run 1 analysis confirms effect 

C. Linn (CERN) | EW penguin decays 
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Full Run1 analysis from LHCb ( 3 fb−1 ) :  
 
!  update of 1 fb-1 analysis,  
     first presented at Moriond 2015 
 
!  total signal yield: Nsig = 2398 ± 57 
 

FPCP 2015, Nagoya 12 

LHCb-CONF-2015-002 Angular analysis of B0 →  K*0  µµ   

!  first simultaneous determination of all eight CP-averaged observables in a 
single fit which allows to provide the full correlation matrix 

In 2013, the observation by LHCb of a tension with the SM in B →K*µµ angular 
observables has received considerable attention from theorists and it was shown 
that the tension could be softened by assuming the presence of new physics.  

Could be explained by a  negative NP 
contribution to the Wilson coefficient C9, 
namely C9=C9(SM)-1.5 

LHCb, Phys.Rev.Lett. 111 (2013) 191801 

Puzzling deviations: P’
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Form-factor “free” observables
• In QCD factorisation/SCET

there are only two form-factors

➡ One is associated with A0 
and the other A|| and A⊥. 

• Can then construct ratios of
observables which are
independent of form-factors,
e.g.

11

local tension with SM predictions  
(2.8 and 3.0!)

P 0
5 = S5/

p
FL(1� FL)

[L
H

C
b,

 J
H

EP
 0

2 
(2

01
6)

 1
04

]

• P’5 is one of a set of so-called form-factor free observables that can be
measured [S. Descotes-Genon et al. JHEP 1204 (2012) 104].
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• P’5 is one of a set of so-called form-factor free observables that can be
measured [S. Descotes-Genon et al. JHEP 1204 (2012) 104].

Belle still has a word to say 
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R
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Puzzling deviations: B0 → K*0 µ+µ- 

•  2013, LHCb has observed a deviation in angular 
observables in B0 → K*0 µ+µ- decays 

 
•  Full Run 1 analysis confirms effect 
 
Situation unclear…. If real, expect discrepancies in other b → s  decays .. 
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• P’5 is one of a set of so-called form-factor free observables that can be
measured [S. Descotes-Genon et al. JHEP 1204 (2012) 104].

1 

… recently ATLAS and CMS joined 
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Other b → s µ+µ- decays 

•  Decay modes with same 
effective Feynman  diagram 
accessible 
à different spectator quarks  

•  Test for same new effects 
à expect suppressed  
    branching fractions  
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Branching fractions of b → s µ+µ- 

•  Analysis of large class of b → s,d µ+µ- decays 
–  Several tensions seen, but individual significance is moderate 
–  Tendency to undershoot prediction of differential x-sections 

à intriguing hint or TH issue in prediction?   
à We need cleaner tests …  
 Johannes Albrecht 5. Oktober 2018 21/30 



Lepton universality 

•  In the SM, leptons couple universally to W± and Z0 

à test this in ratios of semileptonic decays 

•  Ratios differ from unity only by phase space 
à hadronic uncertainties cancel in the ratio 

electrons / muons [b → s ] tau / muons  [b → c ] 
 
 
 
 

Capri 2012 MPA, CPV in charm and b-decays at LHCb 

R(D*)=Β(B0"D*+τ-ντ)/Β(B0"D*+µ-ντ) 
with τ-"µ-νµντ  

13 

!  Ratio  R(D*) sensitive to NP coupled 
dominantly to 3rd generation, e.g. a 
charged Higgs 

!  Theoretically clean 

 
– BaBar: R(D) and R(D*) combined "           

3.4 σ tension (final data set) 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

RD* =
BR(B0 →D*+ τ −ν )
BR(B0 →D*+ µ−ν )

u,d
b

u,d
s
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LFU: electron vs. muon (Rk) 

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

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

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

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  
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(SM JHEP12(2007)040: Rk=1.0, consistent at 2.6σ) 

 

LHCb measures with 3fb-1 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

= 0.745 +0.090
−0.074

(stat)± 0.036(syst)

PRL 113 (2014) 151601 
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic

13

.. and RK*: Mass distributions 

•  Great efforts to check efficiencies from 
data with   B0 → J/ψ K*0  

•  Similar cross check with ψ(2S) 
•  Attention paid to partially reconstructed 

region & potential J/ψ leakage 
•  Measurement performed in two 

regions of q2 = m(µ+µ-)  
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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•  Reconstructed event yields 

•  Measurement intension with SM 
–  Low-q2 / mid-q2 : 2.4σ / 2.2σ

 
 
 
 
 

.. and RK*: Measurement 
JHEP 08 (2017) 055 

Albrecht Part B Heisenberg

attempting to reconstruct B0
s ! ⌧+⌧� [11] but the trigger conditions were not optimal during Run 1 and

2, yielding therefore only in relatively weak limits of B(B0
s ! ⌧+⌧�) < 7⇥ 10�3. I will therefore develop

an e�cient trigger selection, optimising the full software trigger of LHCb’s upgrade for this decay mode
and then perform this analysis on the upcoming data.

As several proposed NP scenarios predict enhanced couplings to tau leptons, this decay mode is par-
ticularly interesting. Also experimentally, several tensions with the SM prediction in processes involving
tau leptons were found [31–34]. My expertise in searches for rare processes combined with many

years of experience in advanced machine learning and reconstruction algorithms optimally

prepare me for these challenging analyses.

The obvious extension of the FCNC B ! `+`0� modes is to include the search for lepton flavour
violation by allowing di↵erent flavours of leptons. If the analyses of B ! e+e� and B ! ⌧+⌧� are
performed, the extension to B ! e+µ�, B ! ⌧+e� and B ! ⌧+µ� can be performed using the identical
tools and techniques. It has been pointed out recently [35] that the existing hints for lepton flavour
non-universality would induce also lepton flavour violation, specifically in the modes that are accessible
here. The sensitivities of the LFV modes for the full dataset analysed in this proposal are expected to
be the most sensitive measurements of these decay modes by some orders of magnitude. If the existing
hints for lepton non-universality turn out to be true, one would expect to see the first hints of lepton
flavour violation in these measurements.

The set of tests for lepton flavour violation proposed here is complemented with searches for lepton
flavour violating beauty decays. The most interesting channel is the decay B+ ! K+e+µ�, an analysis
under the lead of my group that is close to entering collaboration wide review. The current sensitivity to
this in the SM forbidden decay will be improved by more than one order of magnitude by our analysis. We
are furthermore investigating the potential to extend the searches for lepton flavour violation at LHCb
to channels like �! e+µ�, J/ ! e+µ�, ⌥ ! e+µ� and B0

s ! �e+µ�.
The analyses proposed here cover the complete range of purely leptonic beauty decays B ! `+`0�

and extend the search for lepton flavour violation significantly. My leading role in the physics analysis
and organisation of the experiment and the expertise of my group in rare decay analyses and electron
reconstruction ideally qualifies us for these analyses.

Lepton flavour universality: Search for new vector particles

The second analysis focus of this proposal is the test of lepton flavour universality (LFU) which probes
the SM prediction that weak couplings to all lepton flavours are equal. My group has published the
most precise test for lepton flavour universality in loop decays in the ratio of branching fractions of
B+ ! K+µ+µ� to B+ ! K+e+e� [13]. This measurement has received significant attention from the
community as it is theoretically very clean and di↵ers from the SM prediction. It is with 600 citations
at the time of writing of this proposal the highest cited physics paper from the LHCb collaboration.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2
SMR-LHCbR

(low q2 ) K
R *

K
R

K
R

SM prediction

(middle q2 ) 

(middle q2 ) 

*

Figure 2: (left) Summary of LHCb’s measurements of lepton flavour universality. Each of the individual
three measurements deviates from the prediction by 2-3�. (right) Prospects of future measurements of
R

K
(⇤) in LHCB and Belle 2 [15]. The ellipses correspond to run 1, 2 and 4 in the case of LHCb and to

initial and final sensitivity for Belle 2.
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RK* : Analysis 

Event yields: 

53 
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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Figure 6: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.

B
0! K

⇤0
`
+
`
�

B
0! K

⇤0
J/ (! `

+
`
�)

low-q2 central-q2

µ
+
µ
� 285 + 18

� 18 353 + 21
� 21 274416 + 602

� 654

e
+
e
� (L0E) 55 + 9

� 8 67 + 10
� 10 43468 + 222

� 221

e
+
e
� (L0H) 13 + 5

� 5 19 + 6
� 5 3388 + 62

� 61

e
+
e
� (L0I) 21 + 5

� 4 25 + 7
� 6 11505 + 115

� 114

8 E ciencies

The e ciency for selecting each decay mode is defined as the product of the e ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.

B
0! K

⇤0
`
+
`
�
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0! K

⇤0
J/ (! `

+
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�)

low-q2 central-q2

µ
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� 285 + 18

� 18 353 + 21
� 21 274416 + 602

� 654

e
+
e
� (L0E) 55 + 9
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8 E ciencies

The e ciency for selecting each decay mode is defined as the product of the e ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.
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8 E ciencies

The e ciency for selecting each decay mode is defined as the product of the e ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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attempting to reconstruct B0
s ! ⌧+⌧� [11] but the trigger conditions were not optimal during Run 1 and

2, yielding therefore only in relatively weak limits of B(B0
s ! ⌧+⌧�) < 7⇥ 10�3. I will therefore develop

an e�cient trigger selection, optimising the full software trigger of LHCb’s upgrade for this decay mode
and then perform this analysis on the upcoming data.

As several proposed NP scenarios predict enhanced couplings to tau leptons, this decay mode is par-
ticularly interesting. Also experimentally, several tensions with the SM prediction in processes involving
tau leptons were found [31–34]. My expertise in searches for rare processes combined with many

years of experience in advanced machine learning and reconstruction algorithms optimally

prepare me for these challenging analyses.

The obvious extension of the FCNC B ! `+`0� modes is to include the search for lepton flavour
violation by allowing di↵erent flavours of leptons. If the analyses of B ! e+e� and B ! ⌧+⌧� are
performed, the extension to B ! e+µ�, B ! ⌧+e� and B ! ⌧+µ� can be performed using the identical
tools and techniques. It has been pointed out recently [35] that the existing hints for lepton flavour
non-universality would induce also lepton flavour violation, specifically in the modes that are accessible
here. The sensitivities of the LFV modes for the full dataset analysed in this proposal are expected to
be the most sensitive measurements of these decay modes by some orders of magnitude. If the existing
hints for lepton non-universality turn out to be true, one would expect to see the first hints of lepton
flavour violation in these measurements.

The set of tests for lepton flavour violation proposed here is complemented with searches for lepton
flavour violating beauty decays. The most interesting channel is the decay B+ ! K+e+µ�, an analysis
under the lead of my group that is close to entering collaboration wide review. The current sensitivity to
this in the SM forbidden decay will be improved by more than one order of magnitude by our analysis. We
are furthermore investigating the potential to extend the searches for lepton flavour violation at LHCb
to channels like �! e+µ�, J/ ! e+µ�, ⌥ ! e+µ� and B0

s ! �e+µ�.
The analyses proposed here cover the complete range of purely leptonic beauty decays B ! `+`0�

and extend the search for lepton flavour violation significantly. My leading role in the physics analysis
and organisation of the experiment and the expertise of my group in rare decay analyses and electron
reconstruction ideally qualifies us for these analyses.

Lepton flavour universality: Search for new vector particles

The second analysis focus of this proposal is the test of lepton flavour universality (LFU) which probes
the SM prediction that weak couplings to all lepton flavours are equal. My group has published the
most precise test for lepton flavour universality in loop decays in the ratio of branching fractions of
B+ ! K+µ+µ� to B+ ! K+e+e� [13]. This measurement has received significant attention from the
community as it is theoretically very clean and di↵ers from the SM prediction. It is with 600 citations
at the time of writing of this proposal the highest cited physics paper from the LHCb collaboration.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2
SMR-LHCbR

(low q2 ) K
R *

K
R

K
R

SM prediction

(middle q2 ) 

(middle q2 ) 

*

Figure 2: (left) Summary of LHCb’s measurements of lepton flavour universality. Each of the individual
three measurements deviates from the prediction by 2-3�. (right) Prospects of future measurements of
R

K
(⇤) in LHCB and Belle 2 [15]. The ellipses correspond to run 1, 2 and 4 in the case of LHCb and to

initial and final sensitivity for Belle 2.
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•  Reconstructed event yields 

•  Measurement intension with SM 
–  Low-q2 / mid-q2 : 2.4σ / 2.2σ

 
•  Interpretation? 

–  Typical approach: global analysis of all observables & fit to Wilson coefficients 
–  Intriguing: a coherent picture seems to emerge 

some analyses: large significances (e.g. arXiv:1704.05340 > 5σ) which has 
lead to excited discussions of Z’s, leptoquarks etc 

–  Experimentalists view: Hypotheses non fingo 
Excitement premature: we need significant individual measurements  

.. and RK*: Measurement 
JHEP 08 (2017) 055 

LFU measurements summary 

Johannes Albrecht 

RK* : Analysis 

Event yields: 
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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Figure 6: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.

B
0! K

⇤0
`
+
`
�

B
0! K

⇤0
J/ (! `

+
`
�)

low-q2 central-q2

µ
+
µ
� 285 + 18

� 18 353 + 21
� 21 274416 + 602

� 654

e
+
e
� (L0E) 55 + 9

� 8 67 + 10
� 10 43468 + 222

� 221

e
+
e
� (L0H) 13 + 5

� 5 19 + 6
� 5 3388 + 62

� 61

e
+
e
� (L0I) 21 + 5

� 4 25 + 7
� 6 11505 + 115

� 114

8 E ciencies

The e ciency for selecting each decay mode is defined as the product of the e ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),

which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q

2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q

2 as
expected: the fraction of L0E decreases when decreasing in q

2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q

2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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Figure 6: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.
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8 E ciencies

The e ciency for selecting each decay mode is defined as the product of the e ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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central-q2 bins and (bottom) B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 2: Yields obtained from the mass fits to the muon and electron (in the three trigger
categories) channels. The uncertainties are statistical only.
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The e ciency for selecting each decay mode is defined as the product of the e ciencies
of the geometrical acceptance of the detector, the complete reconstruction of all tracks,
the trigger requirements and the full set of kinematic, PID and background rejection
requirements. All e ciencies are determined using simulation that is tuned to data, as
described in section 4, and account for bin migration in q

2 due to resolution, FSR and
bremsstrahlung in the detector. The net bin migration amounts to about 1% and 5% in
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•  Surprises possible in tree-level analyses 
•  B0 → D(*) l ν   Measures ratio τ- / µ- 

–  Multiple experiments: Belle, Babar, LHCb 
–  Multiple D-modes: D, D* 
–  Multiple tau final states: µ-ν, 1-prong, 3 prong  

•  Challenging Analyses 
–  Missing neutrino, complex backgrounds (e.g. B → D** µ )

Lepton flavour universality in b → c  

RD* =
BR(B0 →D*+ τ −ν )
BR(B0 →D*+ µ−ν )

Johannes Albrecht 5. Oktober 2018 27/30 



Lepton flavour universality in b → c  

Measurements from BaBar, Belle, LHCb show anomalies 

➡ R(D) from FLAG working group [EPJC 77 (2017) 112]. 
➡ R(D*) from S. Fajfer et al. [PRD 85 (2012) 094025]. Combination yields 3.8σ tension … 

      .. need more data for conclusion  

62 

Surprises possible in tree-level decays 

Bà D(*)lν 
– R(D) and R(D*) combined: 4.0 σ
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More LFNU 

SM, 4.0σ 

B
W+b ν

µ+/τ+
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Johannes Albrecht 

R(D) from FLAG working group [EPJC 77 (2017) 112]. 
R(D*) from S. Fajfer et al. [PRD 85 (2012) 094025]. 
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LFU in Bc decays 

•  Test the same effective Feynman diagram  
in Bc decays:  

•  3D templated binned ML fit to  
m2

miss, τµ, and Z=(Eµ, q2) 
•  Shapes derived from control  

samples or simulation  
validated on data 

Johannes Albrecht 

RJ /ψ =
BR(Bc

+ → J /ψ τ +ν )
BR(Bc

+ → J /ψ µ+ν )
R(J/ψ)SM = 0.25 – 0.28  PLB452(1999)129, arXiv:0211021, 

PRD73(2006)054024, PRD74(2006)074008 

Compatible with the SM at ~2σ 

RJ /ψ = 0.71±0.17(stat)±0.18(syst)

PRL120 (2018) 121801 
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Summary 

•  No summary needed 

•  Instead, Thorsten borrowed  
me his magic looking glass 
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One slide from the Thomas Fest 2028 

Johannes Albrecht 

Flavour anomalies (b → s and LFU) 
very significantly measured by the 

LHCb, CMS and Belle2 experiments  

All CKM angles tested below  
1 degree. Lots of room for  

new effects to be uncovered 

2028 2028 

arxiv:1709.10308 

4. Oktober 2028 



Future b → c   

Johannes Albrecht 

2028 
arxiv:1709.10308 
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Expected sensitivity: LFU in b → s  

•  Global fit to b → s  data:  
Current data well consistent  
with C9 – 25% 

•  If current tensions persist, they 
will will be established with >5σ  
by LHCb (Run 2), 
and then also by Belle2 

C
entral values shifted for illustration 

arxiv:1709.10308 

H = Ci
SM +Ci

NP( )Oi∑ i

Effective Hamiltonian: 

Strategies for indirect NP search 
!  Improve measurement precision of CKM elements 

— Compare measurements of same quantity,  
which may or may not be sensitive to NP 

— Extract all CKM angles and sides in many different ways 
•  any inconsistency will be a sign of New Physics 

!  Measure FCNC transitions, where New Physics is more likely to emerge, 
and compare to predictions 
— e.g. OPE expansion for b!s transitions: 

— New Physics may 
•  modify Ci

(’) short-distance Wilson coefficients  
•  add new long-distance operators Oi

(’) 

  

! 

Heff = "
4GF

2
VtbVts

* [
i
# Ci(µ)Oi(µ)

left -handed part
! " # $ # + $ C i(µ) $ O i(µ)

right -handed part
suppressed in SM

! " # $ # ]

! 

i =1,2 Tree
i = 3" 6,8 Gluon penguin
i = 7 Photon penguin
i = 9,10 Electroweak penguin
i = S Higgs (scalar) penguin
i = P Pseudoscalar penguin

Precision CKM metrology, 
including NP-free 

determinations of CKM 
angle " 

Single B decay 
measurements with 

NP discovery 
potential 

4!!

Johannes Albrecht 5. Oktober 2018 33/30 



Complementarity to LHCb

Belle II

• Clean experimental
environment.

• Holistic interpretation of events
with missing energy (⌫).

• Decays with multiple photons.

• Inclusive decays (B ! Xs,d�).

• Long-lived particles (KS and
KL).

LHCb

• Large cross section.

• Decays to all charged particle
final states.

• Fast mixing.

B2TiP Report (in progress)

Table 3: Expected errors on several selected flavour observables with an integrated lumi-

nosity 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.

Observables Expected th. ac-
curacy

Expected exp. un-
certainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 Belle II/LHCb
S(Bs ! J/��) *** 0.01 LHCb
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CPV
S(B ! �K0) *** 0.02 Belle II
S(B ! ��K0) *** 0.01 Belle II
�e�

s (Bs ! ��) [rad] ** 0.1 LHCb
�e�

s (Bs ! K⇤0K̄⇤0) [rad] ** 0.1 LHCb
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! �⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D�⌫) *** 3% Belle II
R(B ! D⇤�⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
2�e�

s (Bs ! ��) *** 0.05 LHCb
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
q2

0AFB(B ! K⇤µµ) ** 0.05 LHCb/Belle II
B(Bs ! ��) [10�3] *** < 2 Belle II
B(Bs ! µµ) *** 10% LHCb/Belle II
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! �⌫) *** 2% Belle II
�ACP (D0 ! K+K�) [10�4] ** 0.1 LHCb
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle Ii
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
� ! µ� [10�9] *** < 5 Belle II
� ! e� [10�9] *** < 10 Belle II
� ! µµµ [10�9] *** < 0.3 Belle II/LHCb
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Complementarity LHCb – Belle 2 
•  Time dependent Bs physics 

–  CPV in Bs
 → J/ψ φ, Bs

 → φφ  

•  Bs
 →µ+µ-

•  CKM angle γ
•  CPV in Bd 
•  B → Xs l+l- (exclusive) à LFU 
•  B → Xs γ (exclusive) 
•  Charm physics 
•  Semileptonic B decays 
•  B → D τ- ν, B → D* τ- ν
•  Dark matter  
•  τ – physics: LFV 
•  B → τ- ν, B → µ- ν 
•  B → K* νν, B → νν 
•  B → Xs l+l- (inclusive) 
•  B → Xs γ (inclusive) 

Important 
overlap: 
sporty 

competition! 

“inclusive & 
neutrals ” 

“Bs &  
charged 
tracks” 

Complementarity to LHCb

Belle II

• Clean experimental
environment.

• Holistic interpretation of events
with missing energy (⌫).

• Decays with multiple photons.

• Inclusive decays (B ! Xs,d�).

• Long-lived particles (KS and
KL).

LHCb

• Large cross section.

• Decays to all charged particle
final states.

• Fast mixing.

B2TiP Report (in progress)

Table 3: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 5 ab
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and 50 ab
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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.

Observables Expected th. ac-
curacy

Expected exp. un-
certainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 Belle II/LHCb
S(Bs ! J/��) *** 0.01 LHCb
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CPV
S(B ! �K0) *** 0.02 Belle II
S(B ! ��K0) *** 0.01 Belle II
�e�

s (Bs ! ��) [rad] ** 0.1 LHCb
�e�

s (Bs ! K⇤0K̄⇤0) [rad] ** 0.1 LHCb
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! �⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D�⌫) *** 3% Belle II
R(B ! D⇤�⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
2�e�

s (Bs ! ��) *** 0.05 LHCb
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
q2

0AFB(B ! K⇤µµ) ** 0.05 LHCb/Belle II
B(Bs ! ��) [10�3] *** < 2 Belle II
B(Bs ! µµ) *** 10% LHCb/Belle II
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! �⌫) *** 2% Belle II
�ACP (D0 ! K+K�) [10�4] ** 0.1 LHCb
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle Ii
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
� ! µ� [10�9] *** < 5 Belle II
� ! e� [10�9] *** < 10 Belle II
� ! µµµ [10�9] *** < 0.3 Belle II/LHCb

4

P. Goldenzweig Belle II & correlation w/HL-LHC 31.10.2017 4 / 36

Johannes Albrecht 5. Oktober 2018 34/30 


