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Why flavour physics?

• SM very successful theory able to explain physics up to the EW scale  

• Still incomplete theory 

• O(20%) NP effects to loop-level process still allowed

CKM unitarity tests
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• Testing CKM unitarity remains a vitally important method to search for new 
physics.

γ

α

α

dm∆ Kε
sm∆ & dm∆

SL
ubV

ν τubV

bΛubV

βsin 2
(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

α

βγ

ρ

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
e

xc
lu

d
e
d

 a
re

a
 h

a
s 

C
L 

>
 0

.9
5

Summer 18

CKM
f i t t e r

)σPull (

 

|
ud

|V   0.2

)
e3

B(K   1.3

)
e2

B(K   1.8

)
2μ

B(K   0.1

)K2τB(   2.2
not lattice
|

cd
|V   0.5

not lattice
|

cs
|V   0.0

)νlπ →B(D   0.1

)νKl→B(D   0.1

)ν τ→
s

B(D   1.6

)νμ→
s

B(D   0.5

)νμ→B(D   1.6
semilep
|

cb
|V   0.2

semilep
|

ub
|V   0.3

)ντ→B(B   1.1
dmΔ   1.7

smΔ   1.1
Kε   0.1

βcos 2   0.8

βsin 2   1.0

α   1.2

γ   1.1
s
φ   0.5

μμ→sB   1.0

0 0.5 1 1.5 2 2.5

Summer 18

CKM
f i t t e r

Fig. 4: Results for the CKMfitter global fit of the CKM parameters as of Summer 2018. See Ref. [37]
for more detail.

Detailed input values as well as predictions for various CKM-related parameters and observables
in the SM from the UTfit collaboration can be found in the Summer 2018 update page on the UTfit
website [67]. The CKM matrix is determined as
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while the Wolfenstein parameters are,

A = 0.826±, 0.012, � = 0.2255 ± 0.0005, ⇢̄ = 0.148 ± 0.013, ⌘̄ = 0.348 ± 0.010, (15)

in good agreement with the CKMfitter determination in (13).

2.4 Theoretical prospects
2.4.1 Lattice extrapolations
Advancement in the lattice QCD determination of hadronic matrix elements, used in the extraction of
CKM elements, need to go hand in hand with the improved experimental precision. The projections on
the expected errors for the most important hadronic matrix elements are discussed in detail in Sec. 11
with the main results collected in Table 41.

The accuracy of the projections below will also require an improvement in the understanding of
electromagnetic corrections, which for the moment are only partially addressed in theoretical predictions.
Further details on the inclusion of QED corrections in lattice predictions are discussed in Sec. 11.

2.4.2 Other theoretical issues
The determination of � has negligible theoretical errors. In contrast, extractions of � and �s from b ! cc̄s
transitions receive small theoretical uncertainty from penguin diagrams. For present data the penguin
contributions in b ! cc̄s are assumed to be negligible. However, they may compete with the statisti-
cal errors in the future. Techniques to estimate the penguin contributions from data on SU(3)-related
channels are described in Sec. 2.5.10. An independent, more theory-driven, cross-check of the SU(3)
approach was suggested in Ref. [45] – to use Operator Product Expansion to calculate the penguin-
to-tree ratio. It is important to note that the penguin contributions in various b ! cc̄s channels are
different, so that with increased precision of the measurements one cannot anymore average sin 2� from
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Why flavour physics?

• SM as a effective theory at low energy 

• New degrees of freedom expected above the EW scale  

• Precise measurement of precision process at low energy 

• SM predictions and inputs have to be under theoretical 
control

Leff = LSM +
X cn
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Main players

B-factories hadronic machines - LHCb

•bb x-section ~0.001µb 

•Cleaner environment, simpler 
trigger  

•Smaller production rate, 
mostly B0/B+ physics 

•bb x-section ~500µb 

•Larger production rate, all 
b-hadron species  

•Harsher environment, 
difficult trigger !4

Nucl.Instrum.Meth. A479 (2002) 117-232  
Nucl.Instrum.Meth.A479:1-116,2002 JINST 3 (2008) S08005 



B-physics Precision era

• New precision era in B 
physics 

• In the future CMS and 
ATLAS will produce a B-
factory (109 B’s) dataset 
every 20s

A new era of precision
• It’s a cliche, but we will be entering into a new era of precision.

!2

#b-hadrons 
 produced

106

109

1012

1015

• At ATLAS and CMS, 109 B-hadrons (B-factory dataset) will be produced every ~20 
seconds.
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HTime-dependent CP violation in !"# decays at LHCb
What do we measure?

�s ⌘ arg

✓
�VtsV ⇤
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VcsV ⇤
cb

◆
�s = �mix � 2�dec

The Standard Model (SM) fails to predict the matter-antimatter 
asymmetry observed in the universe. We can search for sources of 
CP violation, for example by measuring the CP violation phase,     .�s

�D = arg(VcsV
⇤
cb)
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Mixing

A time-dependent angular analysis is 
necessary to disentangle the  CP-even and 
CP-odd final states. For this we need:
• Good decay-time resolution (typically 

~45 fs at LHCb) to resolve fast flavour 
oscillations induced by !"# mixing.

• Angular acceptance from non-uniform 
selection efficiency due to detector 
acceptance and kinematic selections.

• Decay-time acceptance.
• Flavour tagging of the B meson at 

production. (~5%)
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!"# → %% !"# → &/(ℎ*ℎ+

• , → --̅- transition	
forbidden	at	tree	level.

• Measure	%"""̅"	 and	|1|.
• SM	predictions:	%"""̅"	in

context	of	QCD	factori-
sation close	to	zero	by	SM,	
with	errors	of	a	few	%.	[1,2]

• ℎ*ℎ+ is	either	8*8+
(around	m(%))	or	A*A+.

• , → -C̅C	transition.

• !"# → &/(	A*A+	final	state	
97.7%	CP-odd	[3].
Measure	ΓE − ΓGH and	%""II̅.

• !"# → &/(	8*8+	final	state	
CP-even/CP-odd	mix.
Measure		Γ" − ΓGH , ΔΓ" and	
%""II̅.

References

Helicity	angles

[1] arXiv:0810.0249
[2] Phys.Rev. D 80, 114026, 2009
[3] Phys. Rev. D 89, 092006
[4] http://ckmfitter.in2p3.fr/www/ 
results/plots_summer18/num/ckmEv
al_results_summer18.html
[5] www.slac.stanford.edu/xorg
/hflav/osc/PDG_2018/
[5] LHCb-PAPER-2019-019
(preliminary!)
[6] LHCb-PAPER-2019-013
(preliminary!)
[7] arXiv:1903.05530
[8] Physics Letters B 762, 2016, Pages
253-262
[9] PhysRevLett.113.211801
[10] JHEP08(2017)037
[11] PhysRevLett.114.041801
[12] Physics Letters B 736, 2014, 
Pages 186-195
[13] www.cppm.in2p3.fr/~oleroy/pro 
/hfag/Spring2019/v5/ (preliminary!)

s
B0

s

h+h�

s

J/ 
c

b
W+

c

s

s
B0

s

h+h�
s

J/ c

b u, c, t
c

W+

s

1

SM	prediction:	[4]

Fit	model

Emmy Gabriel (University of Edinburgh)
on behalf of the LHCb Collaboration

emmy.gabriel@cern.ch

FPCP May 6-10 2019
Victoria, Canada

Recent resultsThe LHCb Detector

RICH detectors:
p/K/π separation

Vertex 
Locator

Calorimeters

Muon
System

4 Tm Dipole 
Magnet

Tracking 
System

• Forward spectrometer (2 < N < 5) to capture 
roughly 24% of ,P, pairs produced.

• 40 MHz collisions (~12 MHz visible interactions)
• Two level trigger: L0 hardware (12-1 MHz)

HLT software (1-0.005 MHz)

[5] 

%""II̅ experimental	
status:	Summer	2018

!"# → %% (preliminary!)	[6]
Run	1	(3.2	fb-1)	+	2015/6	(1.9	fb-1)

!"# → &/(8*8+(preliminary!)	[7]
2015/6	(1.9	fb-1)

!"# → &/(A*A+ [8]
2015/6	(1.9	fb-1)

[14](preliminary!)

Combination [7-13]
• All results presented are in agreement 

with SM predictions.
• Experimental precision increased 

tremendously. LHCb producing the 
worlds most precise measurements of %".

• More results including data taken in 2017 
and 2018 at LHCb (~4[fb-1]) to follow.

�sc̄c SM
s = �36.9+1.0

�0.7 [mrad]
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CP violation in Bs-system
• Interference between the decay amplitudes 

and the mixing can give rise to a CP violating 
phase.  

• CP-asymmetry small in SM → particularly 
sensitive to new particles 

• time dependant angular analysis: 

• good time resolution  

• flavour tagging  

• decay time acceptance  

• Update with Bs0→J/ψKK and Bs0→J/ψππ 

B
0
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HTime-dependent CP violation in !"# decays at LHCb
What do we measure?

�s ⌘ arg

✓
�VtsV ⇤

tb

VcsV ⇤
cb

◆
�s = �mix � 2�dec

The Standard Model (SM) fails to predict the matter-antimatter 
asymmetry observed in the universe. We can search for sources of 
CP violation, for example by measuring the CP violation phase,     .�s
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Mixing

A time-dependent angular analysis is 
necessary to disentangle the  CP-even and 
CP-odd final states. For this we need:
• Good decay-time resolution (typically 

~45 fs at LHCb) to resolve fast flavour 
oscillations induced by !"# mixing.

• Angular acceptance from non-uniform 
selection efficiency due to detector 
acceptance and kinematic selections.

• Decay-time acceptance.
• Flavour tagging of the B meson at 

production. (~5%)
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!"# → %% !"# → &/(ℎ*ℎ+

• , → --̅- transition	
forbidden	at	tree	level.

• Measure	%"""̅"	 and	|1|.
• SM	predictions:	%"""̅"	in

context	of	QCD	factori-
sation close	to	zero	by	SM,	
with	errors	of	a	few	%.	[1,2]

• ℎ*ℎ+ is	either	8*8+
(around	m(%))	or	A*A+.

• , → -C̅C	transition.

• !"# → &/(	A*A+	final	state	
97.7%	CP-odd	[3].
Measure	ΓE − ΓGH and	%""II̅.

• !"# → &/(	8*8+	final	state	
CP-even/CP-odd	mix.
Measure		Γ" − ΓGH , ΔΓ" and	
%""II̅.
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RICH detectors:
p/K/π separation
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• Forward spectrometer (2 < N < 5) to capture 
roughly 24% of ,P, pairs produced.

• 40 MHz collisions (~12 MHz visible interactions)
• Two level trigger: L0 hardware (12-1 MHz)

HLT software (1-0.005 MHz)
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Combination [7-13]
• All results presented are in agreement 

with SM predictions.
• Experimental precision increased 

tremendously. LHCb producing the 
worlds most precise measurements of %".

• More results including data taken in 2017 
and 2018 at LHCb (~4[fb-1]) to follow.

�sc̄c SM
s = �36.9+1.0

�0.7 [mrad]

�sc̄c
s = �2�s

�SM
s = �36.86+0.96

�0.68 mrad
<latexit sha1_base64="1B5IyFNxdGLm21UUXehJqkia0dw="></latexit>
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Cibran Santamarina 

Rios’s talk
and Shohei Nishida’s 

talk



CP violation in Bs-system
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CP violation in Bs-system
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LHCb combined arXiv:1906.08356

�ccs
s = �0.041± 0.025 rad

<latexit sha1_base64="kvPcpAMGhrOUlXSICWQN1VzzYKM="></latexit>

��s = 0.0816± 0.0048 ps�1
<latexit sha1_base64="6uAqr0JVHVNcdWJORD8sEZ2ImJI="></latexit>

��s = 0.0764+0.0034
�0.0033 ps

�1
<latexit sha1_base64="VR42BxwTMCcWMnaLt0YAkx7giOY="></latexit>

�ccs
s = �0.055± 0.021 rad

<latexit sha1_base64="KalvZa9nIiTFIyke9BrjtK/uq10="></latexit>

HFLAV average

ATLAS-CONF-2019-009



φs from penguin

• In penguin-dominated decays 
Bs0→φφ, it gets very close to zero 
assuming SM → Null test of the SM. 

• Based on Run1+’15+’16 LHCb 
dataset. 

• flavour-tagged, time-dependent and 
angular analysis
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HTime-dependent CP violation in !"# decays at LHCb
What do we measure?

�s ⌘ arg

✓
�VtsV ⇤

tb

VcsV ⇤
cb

◆
�s = �mix � 2�dec

The Standard Model (SM) fails to predict the matter-antimatter 
asymmetry observed in the universe. We can search for sources of 
CP violation, for example by measuring the CP violation phase,     .�s

�D = arg(VcsV
⇤
cb)
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Decay

�M = 2arg(VtsV
⇤
tb)

s

B0
s

s

B
0
s

t, c, u

W

b

W

b t, c, u

s

B0
s

s

B
0
s

W�

t, c, u

b

b W+

t, c, u

1

Mixing

A time-dependent angular analysis is 
necessary to disentangle the  CP-even and 
CP-odd final states. For this we need:
• Good decay-time resolution (typically 

~45 fs at LHCb) to resolve fast flavour 
oscillations induced by !"# mixing.

• Angular acceptance from non-uniform 
selection efficiency due to detector 
acceptance and kinematic selections.

• Decay-time acceptance.
• Flavour tagging of the B meson at 

production. (~5%)
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!"# → %% !"# → &/(ℎ*ℎ+

• , → --̅- transition	
forbidden	at	tree	level.

• Measure	%"""̅"	 and	|1|.
• SM	predictions:	%"""̅"	in

context	of	QCD	factori-
sation close	to	zero	by	SM,	
with	errors	of	a	few	%.	[1,2]

• ℎ*ℎ+ is	either	8*8+
(around	m(%))	or	A*A+.

• , → -C̅C	transition.

• !"# → &/(	A*A+	final	state	
97.7%	CP-odd	[3].
Measure	ΓE − ΓGH and	%""II̅.

• !"# → &/(	8*8+	final	state	
CP-even/CP-odd	mix.
Measure		Γ" − ΓGH , ΔΓ" and	
%""II̅.
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SM	prediction:	[4]

Fit	model
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Recent resultsThe LHCb Detector

RICH detectors:
p/K/π separation

Vertex 
Locator

Calorimeters

Muon
System

4 Tm Dipole 
Magnet

Tracking 
System

• Forward spectrometer (2 < N < 5) to capture 
roughly 24% of ,P, pairs produced.

• 40 MHz collisions (~12 MHz visible interactions)
• Two level trigger: L0 hardware (12-1 MHz)

HLT software (1-0.005 MHz)

[5] 

%""II̅ experimental	
status:	Summer	2018

!"# → %% (preliminary!)	[6]
Run	1	(3.2	fb-1)	+	2015/6	(1.9	fb-1)

!"# → &/(8*8+(preliminary!)	[7]
2015/6	(1.9	fb-1)

!"# → &/(A*A+ [8]
2015/6	(1.9	fb-1)

[14](preliminary!)

Combination [7-13]
• All results presented are in agreement 

with SM predictions.
• Experimental precision increased 

tremendously. LHCb producing the 
worlds most precise measurements of %".

• More results including data taken in 2017 
and 2018 at LHCb (~4[fb-1]) to follow.

�sc̄c SM
s = �36.9+1.0

�0.7 [mrad]

�sc̄c
s = �2�s

�sss
s = �0.073± 0.115± 0.027 rad

<latexit sha1_base64="qFN3qtIiu3btgOc0Gnazb7VwSpw="></latexit>

|�| = 0.99± 0.05± 0.01
<latexit sha1_base64="ODZrT6M39kQiJT8VKvLgK1xYMVU="></latexit>
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Flavour anomalies

• Tree-level charged current 
process 

• Theoretically clean 
observables: R(D) & R(D*), 
R(J/ψ) 

• Large datasets 

• Λ~4TeV

• FCNC process suppressed in the SM 

• Several observables:  

• Smallness of B0s→µ+µ– decay 
rate 

• Smallness of all B→Hsμ+μ– rates 
[Hs=K,K*,φ (from Bs)]  

• P'5 anomaly [ B→K*μ+μ– 
angular distribution ]  

• LFU ratios (μ vs.e) in B→K*ℓ+ℓ– 
& B→Kℓ+ℓ– 

• Λ~40TeV

b ! s`+`�
<latexit sha1_base64="cbyQRKuKci5NcwVLUXpzi8q+PW8=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIgliSKuiy6MZlBfuAJpbJdNIOnUzCzEQooeCvuHGhiFu/w51/47TNQlsPDHM4517uvSdIOFPacb6twtLyyupacb20sbm1vWPv7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQxvJn7rkUrFYnGvRwn1I9wXLGQEayN17YMAeTpGCnmU84fT2XfWtctOxZkCLRI3J2XIUe/aX14vJmlEhSYcK9VxnUT7GZaaEU7HJS9VNMFkiPu0Y6jAEVV+Nl1/jI6N0kNhLM0TGk3V3x0ZjpQaRYGpjLAeqHlvIv7ndVIdXvkZE0mqqSCzQWHKkTl4kgXqMUmJ5iNDMJHM7IrIAEtMtEmsZEJw509eJM1qxT2vVO8uyrXrPI4iHMIRnIALl1CDW6hDAwhk8Ayv8GY9WS/Wu/UxKy1Yec8+/IH1+QM07JRb</latexit>

b ! c`⌫`
<latexit sha1_base64="R1FLjdyHf+DjQglE9uC0+y83oK4=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFcFWSKuiy6MZlBXuBJoTJdNIOnUzCzEQooeCruHGhiFufw51v46TNQlt/GPj4zznMOX+Ycqa043xbK6tr6xubla3q9s7u3r59cNhRSSYJbZOEJ7IXYkU5E7Stmea0l0qK45DTbji+LerdRyoVS8SDnqTUj/FQsIgRrI0V2Mch8nSCCPIo58gTWVBAYNecujMTWga3hBqUagX2lzdISBZToQnHSvVdJ9V+jqVmhNNp1csUTTEZ4yHtGxQ4psrPZ+tP0ZlxBihKpHlCo5n7eyLHsVKTODSdMdYjtVgrzP9q/UxH137ORJppKsj8oyjjyBxcZIEGTFKi+cQAJpKZXREZYYmJNolVTQju4snL0GnU3Yt64/6y1rwp46jACZzCObhwBU24gxa0gUAOz/AKb9aT9WK9Wx/z1hWrnDmCP7I+fwDuZJTV</latexit>
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LFU in charged transitions

R(D(⇤)) =
B(B ! D(⇤)⌧⌫⌧ )

B(B ! D(⇤)`⌫`)

Patrick Owen Bristol HEP Seminar

R(D*)
• Large rate of charged current decays allow for measurement 

in semi-tauonic decays.

9

1. Introduction 2/23

B! D⇤⌧⌫

b c

q q

⌫⌧

⌧
�

}D(⇤)B{
W

�
/H

�

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean - ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• New measurement B! D⇤⌧⌫ with ⌧ ! µ⌫⌫ published in PRL last year

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

• Form ratio of decays with different 
lepton generations. 

• Cancel QCD/expt uncertainties.

• R(D*) sensitive to any physics model favouring 3rd generation 
leptons (e.g. charged Higgs).

• Access to a large rate of charged current decays  

• Ratio of decays with different lepton generations 

• Theoretically clean due cancellation of form factor 
uncertainties 

• Cancellation of experimental uncertainties  

• Sensitive to any physics model favouring 3rd generation leptons 

!11



R(D) & R(D*)

• LHCb combination 2.1σ from SM 

• All the experiments see an excess of signal w.r.t. SM predictions 

• HFLAV average 3.8σ from SM 

• Very clean observables in the SM 

• Challenging analysis for LHCb,  
due to the missing neutrinos 

• Two LHCb measurements of R(D*) using  
different reconstruction of the τ decay 

‣ τ→μνν:  

‣ τ→3π(π0)νν:  

• Global tension of the R(D)-R(D*)  
combination with the SM prediction (3.8σ) 

‣ New measurement from Belle (not shown)  
indicates WA will move closer to the SM 

R(D(*)) ratios

!34ALPS 2019 P. Álvarez Cartelle (ICL)

0.2 0.3 0.4 0.5 0.6
R(D)

0.2

0.25

0.3

0.35

0.4

0.45

0.5

R
(D

*) BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)
Average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Summer 2018

) = 74%2χP(

σ4

σ2

HFLAV
Summer 2018

[ LHCb, PRL 115 (2015) 111803 ]

R(D⇤) = 0.336± 0.027± 0.030
<latexit sha1_base64="/aFSDcypSdeRhrn8w6KHQvYn9pI="></latexit>

R(D⇤) = 0.291± 0.019± 0.029
<latexit sha1_base64="zfypvUZlZUOx7U5L/GJefCs4iyQ="></latexit>

[ LHCb, PRL 120 (2018) 171802 ]
[ LHCb, PRD 97 (2018) 072013 ]

R(D(⇤)) =
B(B ! D(⇤)⌧⌫⌧ )
B(B ! D(⇤)µ⌫µ)

<latexit sha1_base64="9MtK65NAy3mLiHUNBQSdv5OqhI0="></latexit>
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R(D) & R(D*)
• At Moriond EW, new results 

were presented by Belle  

• Simultaneous R(D*)-R(D) 
analysis with SL-tagging  

• Using the full 𝛶(4S) data set 
with 772×106 BB̅ events 

arXiv:1904.08794 

R(D) = 0.307± 0.037± 0.016
<latexit sha1_base64="lnS0hHRwWIwP4Ic9S2knOWGNfGQ=">AAACEXicbZBNS8NAEIY39avWr6hHL4tFqJeStGK9CEU9eKxiP6AJZbPdtEs3m7C7EUroX/DiX/HiQRGv3rz5b9y0EbR1YNmHd2aYmdeLGJXKsr6M3NLyyupafr2wsbm1vWPu7rVkGAtMmjhkoeh4SBJGOWkqqhjpRIKgwGOk7Y0u03z7nghJQ36nxhFxAzTg1KcYKS31zJITIDXEiCW3k9LVMTyHVrlq1Zwo0GBVf8A+7ZlF/U 8DLoKdQRFk0eiZn04/xHFAuMIMSdm1rUi5CRKKYkYmBSeWJEJ4hAakq5GjgEg3mV40gUda6UM/FPpxBafq744EBVKOA09XpvvL+Vwq/pfrxso/cxPKo1gRjmeD/JhBFcLUHtingmDFxhoQFlTvCvEQCYSVNrGgTbDnT16EVqVsV8uVm5Ni/SKzIw8OwCEoARvUQB1cgwZoAgwewBN4Aa/Go/FsvBnvs9KckfXsgz9hfHwDLpCZaA==</latexit>

R(D⇤) = 0.283± 0.018± 0.014
<latexit sha1_base64="VBGXYmMNwA5kuJHEEkLyrZ2i40E=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARqouQtAW7EYq6cFnFXqCJZTKdtEMnF2YmQgl9Cze+ihsXirjVnW/jpA2irT8MfPznHM6c340YFdI0v7Tc0vLK6lp+vbCxubW9o+/utUQYc0yaOGQh77hIEEYD0pRUMtKJOEG+y0jbHV2k9fY94YKGwa0cR8Tx0SCgHsVIKqunG7aP5BAjltxMSpd3J8fwDJpGuVaBduQrMq3aD1VhoacXFU0FF8HKoAgyNXr6p90PceyTQGKGhOhaZiSdBHFJMSOTgh0LEiE8QgPSVRggnwgnmd41gUfK6UMv5OoFEk7d3xMJ8oUY+67qTK8Q87XU/K/WjaVXcxIaRLEkAZ4t8mIGZQjTkGCfcoIlGytAmFP1V4iHiCMsVZRpCNb8yYvQKhtWxShfV4v18yyOPDgAh6AELHAK6uAKNEATYPAAnsALeNUetWftTXuftea0bGYf/JH28Q3CNZqW</latexit>

• New average from HFLAV 3.1σ difference with SM

R(D⇤) = 0.298± 0.011± 0.007
<latexit sha1_base64="1Dim20BDaflcpfiriMykEP6dhuk=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARqouQVKF1IRR14bKKvUATy2Q6aYdOLsxMhBL6Fm58FTcuFHGrO9/GSRtBW38Y+PjPOZw5vxsxKqRpfmm5hcWl5ZX8amFtfWNzS9/eaYow5pg0cMhC3naRIIwGpCGpZKQdcYJ8l5GWO7xI6617wgUNg1s5iojjo35APYqRVFZXN2wfyQFGLLkZly7vjg7hGTSN8mkV2pGvyLSsHzIrsNDViymlgvNgZVAEmepd/dPuhTj2SSAxQ0J0LDOSToK4pJiRccGOBYkQHqI+6SgMkE+Ek0zuGsMD5fSgF3L1Agkn7u+JBPlCjHxXdaZXiNlaav5X68TSqzoJDaJYkgBPF3kxgzKEaUiwRznBko0UIMyp+ivEA8QRlirKNARr9uR5aJYN69goX58Ua+dZHHmwB/ZBCVigAmrgCtRBA2DwAJ7AC3jVHrVn7U17n7bmtGxmF/yR9vENw+2alw==</latexit>

R(D) = 0.349± 0.027± 0.015
<latexit sha1_base64="mx88RXIAxuc7/BbUk7uTubbetP4=">AAACF3icbZDLSsNAFIYn9VbjLerSzWAR6iYkbaW6EIq6cFnFXqAJZTKdtkMnF2YmQgl9Cze+ihsXirjVnW/jpI2grT8MfPznHM6c34sYFdKyvrTc0vLK6lp+Xd/Y3NreMXb3miKMOSYNHLKQtz0kCKMBaUgqGWlHnCDfY6TljS7TeuuecEHD4E6OI+L6aBDQPsVIKqtrmI6P5BAjltxOilfH8BxaZrlyBp3IV2SVqj9kn0Ad6l2joHgquAh2BgWQqd41Pp1eiGOfBBIzJETHtiLpJohLihmZ6E4sSITwCA1IR2GAfCLcZHrXBB4ppwf7IVcvkHDq/p5IkC/E2PdUZ3qFmK+l5n+1Tiz7p25CgyiWJMCzRf2YQRnCNCTYo5xgycYKEOZU/RXiIeIISxVlGoI9f/IiNEumXTZLN5VC7SKLIw8OwCEoAhtUQQ1cgzpoAAwewBN4Aa/ao/asvWnvs9acls3sgz/SPr4BNrCaPA==</latexit>
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R(J/ψ)

• R(J/ψ) = 0.71±0.17(stat)±0.18(syst) 

• Compatible with SM at 2σ level 

• Systematics from limited sample simulations, 
but largest from uncertainty on form factors. 
Will improve with lattice calculations. 

R(J/ ) =
B(Bc ! J/ ⌧⌫⌧ )

B(Bc ! J/ µ⌫µ)
<latexit sha1_base64="DBZqhLPqr+V8mKKEYb4p4/KKdq8="></latexit>

PRL 120, 121801 (2018)  
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RD - Effective field theory
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<latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit><latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit><latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit><latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit>

• Similarly to the β-decay we can integrate out the heavy 
field of the SM

Full theory Effective description

A(i ! f) = hf |Heff | ii
<latexit sha1_base64="z0eHWulRiLOi+l3WQAB2bFg0RCk="></latexit>
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Effective Hamiltonian
• Model independent description in effective field theory

Heff = � 4GFp
2⇡

V ⇤
tsVtb

X

i

[CiOi + C 0
iO0

i] • Ci Wilson coefficients encoding 
info of the short distance physics  

• Oi four-fermion operators

O
(0)
7 /

�
s�µ⌫PR(L)b

�
Fµ⌫

<latexit sha1_base64="8yDVZHyJ5UUWl5kuqRi5jETuSJ4="></latexit>
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<latexit sha1_base64="W1BOL+BNyh0TokbhEjNFxxukPK8="></latexit>
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b ! s�
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b ! s``
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Effective Hamiltonian
• Model independent description in effective field theory

Heff = � 4GFp
2⇡

V ⇤
tsVtb

X

i

[CiOi + C 0
iO0

i]
• Ci Wilson coefficients 

encoding info of the short 
distance physics  

• Oi four-fermion operators

�HNF =
ci

⇤2
NF

Oi
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• NP can modify SM or introduce new operators

NP scale

Coupling can have all/
some/none of the 

suppression of the SM, 
e.g. MFV inherits SM CKM 

suppression
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The complementarity of NP searches with rare decays

Exclusion limits for NP searches

Rare decays (�F = 1)
HNP /

c
⇤2

NP

Direct searches

CKM-like
flavour violation

generic
flavour violation

c

⇤NP
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⌅ Direct searches limited by beam energy, ⇤NP <
p

s

⌅ Reach with rare decays up to ⇤NP ⇠ 100 TeV, depending on coupling

C. Langenbruch (RWTH), Teilchenkolloquium HD B anomalies
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Bs→µ+µ–

• FCNC pure leptonic decays B0s→ℓ+ℓ− are even rarer in the 
SM due to helicity suppression

W
γ/Z0
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W
ν
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+
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Bobeth et al.

[PRL 112 (2014) 101801]
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CKM

Mt

αs
non-param.

fBq

CKM
τHq

Mt

τHq
non-param.

error budgets

B 0s B 0

Foreword to this version16

This version of the analysis note is to be handed to the CMS and LHCb internal reviewers17

in order to continue the review process.18

Improvements with respect to previous version:19

- The free fits of the SSM
B0 and SSM

B0
s

and the associated 2D scan have been added.20

- Numerical results and likelihood scan of ratio of branching fractions of the two21

channels have been added.22

- Two new sections on cross-checks asked by the reviewers or other colleagues.23

1 Introduction24

Measurements of low-energy processes can provide indirect constraints on particles that25

are too heavy to be produced directly. This is particularly true for Flavour Changing26

Neutral Current (FCNC) processes which are highly suppressed in the Standard Model27

(SM) and can only occur through higher-order diagrams.28

The B
0
(s) ! µ

+
µ
� decays are among the most sensitive FCNC owing to their small29

theoretical uncertainty and clean experimental signature.30

A subtlety arises for the B0
s
decay, as discussed in detail in Ref. [1,2]: when comparing31

the experimental branching fraction to its theoretical expectation, the latter has to take32

into account the finite width di↵erence measured in the B
0
s
system.33

The most up to date SM predictions for the B
0
s
! µ

+
µ
� and B

0 ! µ
+
µ
� time-34

integrated branching fractions are calculated in Ref. [3] and include next-to-leading order35

electroweak corrections and next-to-next-to-leading order QCD corrections. In this work36

the mentioned predictions are used after being updated with the latest combined value37

for the top mass from LHC and Tevatron experiments [4], yielding:38

B(B0
s
! µ

+
µ
�) = (3.66± 0.23)⇥ 10�9 and (1)

B(B0 ! µ
+
µ
�) = (1.06± 0.09)⇥ 10�10

. (2)

While the mentioned reference do not quote a value for the ratio of the two branching39

fractions, this can be calculated easily as:40

R =
B(B0 ! µ

+
µ
�)

B(B0
s
! µ+µ�)

=
⌧Bd

1/�s

H

✓
fBd

fBs

◆2 ����
Vtd

Vts

����
2 MB

d

s

1�
4m2

µ

M
2
B
d

MBs

s

1�
4m2

µ

M
2
Bs

= 0.0295+0.0028
�0.0025 (3)

where ⌧Bd
and 1/�s

H
are the lifetimes of the B

0 and of the heavy mass eigenstate of the41

B
0
s
; MB0

s
and MB0 are the masses and fB0

s
and fB0 the meson decay constants of the B

0
s

42

and B
0 mesons respectively; Vtd and Vts the elements of the CKM matrix and mµ the mass43

of the muon. The input values for these quanteties are reported in Table 1 and they di↵er44

1

• SM prediction:

B / |VtbVtq|2
h
(1� 4m2

µ

M2
B
)|CS � C

0

S |2 + |(CP � C
0

P ) +
2mµ

MB
(C10 � C

0

10)|2
i
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B / const⇥
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Bs→µ+µ–
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Figure 9: Two-dimensional likelihood contours in the space of the B0
! µ+µ� and Bs ! µ+µ�

branching ratios from individual measurements (thin contours), the naive combi-
nation (thick solid contours), and the Gaussian approximation to it (thick dashed
contours), compared to the SM central values.

BR(Bs ! µ+µ�) = (2.65+0.46
�0.33) ⇥ 10�9 BR(B0

! µ+µ�) SM-like. (46)

We stress that the similarity of these two numbers is not trivial, as for individual measurements,
especially the CMS and ATLAS ones, the best-fit value for BR(B0

! µ+µ�) deviates strongly
from the SM prediction. Conversely, for B0

! µ+µ� we get

BR(B0
! µ+µ�) = (1.00+0.86

�0.57) ⇥ 10�10 BR(Bs ! µ+µ�) profiled, (47)

BR(B0
! µ+µ�) = (0.57+0.86

�0.36) ⇥ 10�10 BR(Bs ! µ+µ�) SM-like. (48)

The values for the Gaussian approximation only di↵er from these numbers in a negligible way.
Compared to the SM predictions8,

BR(Bs ! µ+µ�)SM = (3.67 ± 0.15) ⇥ 10�9, (49)

BR(B0
! µ+µ�)SM = (1.14 ± 0.12) ⇥ 10�10, (50)

we then find the following one-dimensional pulls9:

• if both branching ratios are SM-like, 2.3�10,

• if Bs ! µ+µ� is SM-like and B0
! µ+µ� profiled over, 2.3�,

• if B0
! µ+µ� is SM-like and Bs ! µ+µ� profiled over, 0.2�.

8For the SM values, we have used flavio v1.3 with default settings. The Bs ! µ+µ� branching ratio refers
to the time-integrated one. The decay constants are taken from the 2019 FLAG average with 2 + 1 + 1
flavours [110], Vcb = 0.04221(78) from inclusive decays, and Vub = 0.00373(14) from B ! ⇡`⌫.

9Here, the “one-dimensional pull” is �2 times the logarithm of the likelihood ratio at the SM vs. the ex-
perimental point, after the experimental uncertainties have been convolved with the covariance of the SM
uncertainties.

10Converting the likelihood ratio to a pull with two degrees of freedom, one obtains 1.8�; this is why the star
in Fig. 9 is inside the 2� contour.
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B(B0 ! µ+µ�) < 2.1⇥ 10�10 @95%CL
<latexit sha1_base64="ZKswC/EA6eESzkIL+eFZk5v/cPw="></latexit><latexit sha1_base64="ZKswC/EA6eESzkIL+eFZk5v/cPw="></latexit><latexit sha1_base64="ZKswC/EA6eESzkIL+eFZk5v/cPw="></latexit><latexit sha1_base64="ZKswC/EA6eESzkIL+eFZk5v/cPw="></latexit>

ATLAS

B(B0
s ! µ+µ�) = (2.8+1.1

�0.9)⇥ 10�9
<latexit sha1_base64="UpNU5gKSzX+AVrcmj7reT6rFpH0="></latexit><latexit sha1_base64="UpNU5gKSzX+AVrcmj7reT6rFpH0="></latexit><latexit sha1_base64="UpNU5gKSzX+AVrcmj7reT6rFpH0="></latexit><latexit sha1_base64="UpNU5gKSzX+AVrcmj7reT6rFpH0="></latexit>

B(B0 ! µ+µ�) = (4.4+2.2
�1.9)⇥ 10�10

<latexit sha1_base64="2XfvH5gJDYVCA8ZvayNwnZ0APO4="></latexit><latexit sha1_base64="2XfvH5gJDYVCA8ZvayNwnZ0APO4="></latexit><latexit sha1_base64="2XfvH5gJDYVCA8ZvayNwnZ0APO4="></latexit><latexit sha1_base64="2XfvH5gJDYVCA8ZvayNwnZ0APO4="></latexit>

CMS

B(B0
s ! µ+µ�) = (2.7+0.5

�0.4)⇥ 10�9
<latexit sha1_base64="v9qSwJb1nSOs57NaGd7gmtmi39s="></latexit><latexit sha1_base64="v9qSwJb1nSOs57NaGd7gmtmi39s="></latexit><latexit sha1_base64="v9qSwJb1nSOs57NaGd7gmtmi39s="></latexit><latexit sha1_base64="v9qSwJb1nSOs57NaGd7gmtmi39s="></latexit>

From naive combination of LHCb+ATLAS+CMS results BF(B0s→µ+µ–) ~ 2σ below SM 

key measurement to understand NP contribution to C10

B(B0
s ! µ+µ�) = (3.0 + 0.6(stat)+0.3�0.2(syst))⇥ 10�9
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Figure 9: Two-dimensional likelihood contours in the space of the B0
! µ+µ� and Bs ! µ+µ�

branching ratios from individual measurements (thin contours), the naive combi-
nation (thick solid contours), and the Gaussian approximation to it (thick dashed
contours), compared to the SM central values.

BR(Bs ! µ+µ�) = (2.65+0.46
�0.33) ⇥ 10�9 BR(B0

! µ+µ�) SM-like. (46)

We stress that the similarity of these two numbers is not trivial, as for individual measurements,
especially the CMS and ATLAS ones, the best-fit value for BR(B0

! µ+µ�) deviates strongly
from the SM prediction. Conversely, for B0

! µ+µ� we get

BR(B0
! µ+µ�) = (1.00+0.86

�0.57) ⇥ 10�10 BR(Bs ! µ+µ�) profiled, (47)

BR(B0
! µ+µ�) = (0.57+0.86

�0.36) ⇥ 10�10 BR(Bs ! µ+µ�) SM-like. (48)

The values for the Gaussian approximation only di↵er from these numbers in a negligible way.
Compared to the SM predictions8,

BR(Bs ! µ+µ�)SM = (3.67 ± 0.15) ⇥ 10�9, (49)

BR(B0
! µ+µ�)SM = (1.14 ± 0.12) ⇥ 10�10, (50)

we then find the following one-dimensional pulls9:

• if both branching ratios are SM-like, 2.3�10,

• if Bs ! µ+µ� is SM-like and B0
! µ+µ� profiled over, 2.3�,

• if B0
! µ+µ� is SM-like and Bs ! µ+µ� profiled over, 0.2�.

8For the SM values, we have used flavio v1.3 with default settings. The Bs ! µ+µ� branching ratio refers
to the time-integrated one. The decay constants are taken from the 2019 FLAG average with 2 + 1 + 1
flavours [110], Vcb = 0.04221(78) from inclusive decays, and Vub = 0.00373(14) from B ! ⇡`⌫.

9Here, the “one-dimensional pull” is �2 times the logarithm of the likelihood ratio at the SM vs. the ex-
perimental point, after the experimental uncertainties have been convolved with the covariance of the SM
uncertainties.

10Converting the likelihood ratio to a pull with two degrees of freedom, one obtains 1.8�; this is why the star
in Fig. 9 is inside the 2� contour.
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From naive combination of LHCb+ATLAS+CMS results BF(B0s→µ+µ–) ~ 2σ below SM 

key measurement to understand NP contribution to C10

B(B0
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new result (P. Mcbride’s talk) 

B(Bd ! µ+µ�) < 3.6⇥ 10�10 @95%CL
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Bs→µ+µ–

• In MSSM BF(B0s→µµ)∝ tan6β/mA4 

• Present status assume BF(B0s→µµ) = (3.00±0.55)x10–9. 
With full Run1+Run2 ∆BF/BF ~ 13% can be reached → 
Together with ATLAS and CMS ∆BF/BF ~7%, which is the 
expected uncertainty at the end of Run4 for LHCb only  

• Complementary to direct searches of ττ resonances 

• Effective lifetime useful to break the degeneracy 

10
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FIG. 3. Present (top) and future (bottom) constraints on the real parts of the Wilson coe�cients CS and
C 0

S
, assumed to satisfy the SMEFT relation (22), showing the 1 and 2� (�2 � ln L ⇡ 2.30 and 6.18) contours.

The NP scenario is the same as in Fig. 2.

in B ! K⇤µ+µ�, which vanishes in the absence of scalar operators. Obviously, the e↵ects still

allowed for a completely general variation of the real and imaginary parts of CS and C 0
S

satisfying

the SMEFT relations (22) are tiny in both cases, demonstrating that these observables cannot

compete with Bs ! µ+µ� now or in the future, as anticipated.

All the plots in this section can be reproduced with flavio v0.20.4 using the scripts provided

by us in a public repository [48].
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FIG. 5. Current constraints in the mA - tan � plane in the MSSM scenario discussed in the text. The dark
and light green shaded regions are allowed by the BR(Bs ! µ+µ�) measurements at the 1� and 2� level.
The black hatched region is excluded by direct searches for ⌧+⌧� resonances. Throughout the plot the light
Higgs mass is mh = 125 GeV.

The sensitivity of the current branching ratio measurements to MSSM parameter space is illus-

trated in Fig. 5. The dark and light green regions correspond to the regions where BR(Bs ! µ+µ�)

is compatible with the measurements at the 1� and 2� level. The white region is excluded by

BR(Bs ! µ+µ�) by more than 2�. We observe two distinct regions of parameter space. As ex-

pected, there is (i) a broad region for small tan � and large mA corresponding to a NP amplitude

A ⌧ 1, and (ii) a thin stripe for larger values of tan � where A ' 1 that also agrees well with the

measured branching ratio.

In the plots of Fig. 6 we show the mA - tan � plane in the two future scenarios discussed above.

While the size of the A ⌧ 1 region and the A ' 1 stripe is shrinking with more precise data,

the branching ratio measurement alone cannot exclude the A ' 1 scenario that corresponds to a

sizable new physics contribution. The sensitivity of future measurements of the mass-eigenstate

rate asymmetry A�� is also shown in the plots. The blue hatched regions correspond to A�� < �0.6

(left plot) and A�� < 0.4 (right plot). We can clearly see that that future measurements of A��

can cover unconstrained parameter space and fully probe the A ' 1 region.

Finally, we discuss the complementarity of the Bs ! µ+µ� observables and direct searches for

the heavy Higgs bosons. The main production modes of heavy neutral Higgs bosons H and A in

the MSSM are either gluon fusion or, at large tan �, production in association with b quarks. In

the parameter regions that we are mainly interested in, namely multi-TeV Higgs bosons and large

tan �, we find that the production in association with b quarks is by far dominant.

The corresponding production cross section can be easily obtained by rescaling known SM

results

�
bb̄

(H/A) =
t2
�

(1 + ✏bt�)2
⇥ �

bb̄
(H/A)SM , (29)
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FIG. 6. Expected sensitivities in the mA - tan � plane in the MSSM scenario discussed in the text. Left:
integrated luminosities of 50 fb�1 at LHCb and 300 fb�1 at CMS and ATLAS. Right: integrated luminosities
of 300 fb�1 at LHCb and 3000 fb�1 at CMS and ATLAS. The dark and light green shaded regions will be
allowed by the expected BR(Bs ! µ+µ�) sensitivity at the 1� and 2� level, assuming the SM rate. The
black hatched region could be excluded by direct searches for ⌧+⌧� resonances assuming no non-standard
signal. The blue hatched region can be covered by measurements of the mass-eigenstate rate asymmetry
A��. In both plots the light Higgs mass is mh = 125 GeV.

where �
bb̄

(H/A)SM is the production cross section of H/A with SM like couplings to b quarks, and

the ✏b parameter was already given above. The �
bb̄

(H/A)SM cross section depends only on the mass

of the neutral Higgs bosons and we compute it at NNLO using the public code bbh@nnlo [61].

Concerning the heavy Higgs decays, we note that multi-TeV Higgs bosons are su�ciently close

to the decoupling limit, such that we can neglect decays of the scalar H to massive gauge bosons

WW and ZZ and decays of the pseudoscalar into A ! Zh. We also neglect decays into two light

Higgs bosons H ! hh (which is tan � suppressed) and A ! hh (which is non-zero only in the

presence of CP violation). In our setup, all other SUSY particles are su�ciently heavy such that

“exotic” decays for example into neutralinos H ! �0�0, or staus H ! ⌧̃+⌧̃� are not kinematically

open. In this case, the main decay modes are H/A ! tt̄, bb̄, ⌧+⌧�. For low tan �, the decays to

tops dominate. For large tan � one has roughly 90% branching ratio to bb̄ and 10% branching ratio

to ⌧+⌧�. We approximate the total decay width as sum of the top, bottom and tau decay widths.

The relevant expressions are

�(H/A ! tt̄) =
1

t2
�

⇥ �(H/A ! tt̄)SM , (30)

�(H/A ! bb̄) =
t2
�

(1 + ✏bt�)2
⇥ �(H/A ! bb̄)SM , (31)

�(H/A ! ⌧+⌧�) =
t2
�

(1 + ✏⌧ t�)2
⇥ �(H/A ! ⌧+⌧�)SM . (32)

In the decay to tt̄, we do not include higher-order non-holomorphic corrections. Those become

• Precise prediction, limited by |Vcb|.


• Experimental uncertainties for Bs 
mode will be dominated by fs/fd.
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Typical example of FCNC decay very suppressed in the SM

GIM and helicity suppressed, purely leptonic final states allow 
clean theoretical prediction.

Good NP-discovery potential:
=> searched for for 30 years 
by 11 experiments including 
ATLAS, CMS and LHCb.

From the PDG, with the addition of latest 
results by CMS and LHCb

 [PRL 112 (2014) 101801]
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Fig. 47: B0

s ! µ+µ� and B0 ! µ+µ� branching ratios as computed using new sources of flavour-
changing neutral currents, as discussed in Ref. [1087]. The green points are the subset consistent with
other measurements. The black cross point is the SM prediction, while the coloured contours show the
expected 1-sigma HL-LHC sensitivites of ATLAS, CMS, and LHCb.

performed the first measurement of the B0

s ! µ+µ� effective lifetime using a dataset of 4.4 fb�1, result-
ing in ⌧ e↵

µµ = 2.04 ± 0.44 ± 0.05 ps [14] (Fig. 43, right). The relative uncertainty on ⌧ e↵

µµ is expected to
decrease to approximately 8% with 23 fb�1 and 2% with 300 fb�1, being statistically limited.

The CMS sensitivity for a measurement of the B0

s ! µ+µ� effective lifetime is estimated using an
ensemble of pseudo-experiments generated with parameters reflecting the projected Phase-2 conditions.
The signal lifetime distribution for each pseudo-experiment is obtained using the sPlot technique [1088]
to separate out the background, and then fitted with a model consisting of an exponential function,
convolved with a Gaussian function that describes the expected decay time resolution, and multiplied by
an efficiency function that accounts for reconstruction effects. The outcome of such a pseudo-experiment
is shown in Fig. 48. The effective lifetime is expected to be measured with a statistical precision of 3%
at 3000 fb�1.

While the current experimental uncertainty is larger than for ⌧
B

0
sH

�⌧
B

0
sL

, a 2�3% uncertainty on

⌧ e↵

µµ would allow to set stringent constraints on Aµµ

��
and in particular would allow to break the degeneracy

between any possible contribution from new scalar and pseudoscalar mediators.
Assuming a tagging power of about 3.7% [9], a dataset of 300 fb�1 allows LHCb to reconstruct

a pure sample of more than 100 flavour-tagged B0

s ! µ+µ� decays (effective yield) and measure their
time-dependent CP asymmetry. From the relation

�(B0

s (t) ! µ+µ�
) � �(B̄0

s ! µ+µ�
)

�(B0

s (t) ! µ+µ�
) + �(B̄0

s ! µ+µ�
)

=
Sµµ sin(�mst)

cosh(yst/⌧Bs
) + Aµµ

��
sinh(yst/⌧Bs

)
, (100)

where t is the signal proper time and �ms is the mass difference of the heavy and light B0

s mass eigen-
states, Sµµ can be measured with an uncertainty of about 0.2. The signal yield expected in a 23 fb�1

dataset, on the other hand, is too low to allow a meaningful constraint to be set on Sµµ. A nonzero value
for Sµµ would automatically indicate evidence of CP -violating phases beyond the SM.

Being sensitive to a wider set of effective operators (O7, O9 and O10) [1089], the B0

s ! µ+µ��
decay offers an interesting counterpart to B0

s ! µ+µ�. The theoretical branching fraction is expected to

133

N.B. the fs/fd uncert is more conservatively projected for ATLAS.

• Improvements to the mass 
resolution in CMS and ATLAS will 
help reduce correlation between B0 

and Bs0 modes.


• Plenty of points allowed by current 
measurements that can be probed.


B0
(s) ! µ+µ�
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Decay Rates

Measurements of b→sℓℓ decay rates systematically below the SM predictions, 2-3 σ 
depending on the final state
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Angular distributions

• Access to observables with reduced hadronic uncertainties  

• LHCb found a deviation from SM at the level of 3.4σ

B0 ! K ⇤0µ+µ�

⌘ Differential decay rate of B0 ! K⇤0µ+µ�:K⇤0µ+µ� signal can therefore be written as

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

=
9

32⇡

�
3
4(1 � FL) sin2 �K + FL cos2 �K (4)

+1
4(1 � FL) sin2 �K cos 2�l

�FL cos2 �K cos 2�l + S3 sin2 �K sin2 �l cos 2�

+S4 sin 2�K sin 2�l cos � + S5 sin 2�K sin �l cos �

+4
3AFB sin2 �K cos �l + S7 sin 2�K sin �l sin �

+S8 sin 2�K sin 2�l sin � + S9 sin2 �K sin2 �l sin 2�
�
.

Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from FL and S3 through S9. Examples of such “optimised” observables
include the transverse asymmetry A(2)

T [22], where A(2)
T = S3/(1 � FL), and the P 0 series of

observables [23], with, for example, P 0
4,5 = S4,5/

�
FL(1 � FL).

At LHCb, the K⇤0 is reconstructed through the decay K⇤0 ! K+⇡�. In addition to
the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state, the K+⇡� can also
be in an S-wave configuration. The addition of an S-wave component introduces two new
complex amplitudes, AL,R

S , and results in six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K+⇡� system in an S-wave configuration
modifies the angular distribution to

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
S+P

= (1 � FS)
1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

(5)

+
3

16⇡
FS sin2 �` + S-P interference

where FS denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables FL, AFB, and S3 through S9. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2 GeV2/c4 q2 bins and measurements are also made in wider 1.1 < q2 < 6.0 GeV2/c4

and 15.0 < q2 < 19.0 GeV2/c4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < � < 5, designed for the study of particles containing b- or c-quarks. The detector

3

⌘ Fit also for S-wave observables (not shown)
⌘ Si terms depend on short- and long-distance parameters

K.A. Petridis (UoB) IPPP September 2017 IPPP UK Flavour 6 / 19

The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V 0 (pseudoscalar to vector-vector)
� Vector K⇤(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P 0
4, P 0

5, P 0
6, P 0

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop
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Lepton flavour universality

• Extremely clean test: cancellation of hadronic form-factors uncertainties in 
predictions  

• RK,K* = 1±O(10–3)  (mℓ << mb) 

• RK,K* is close to unity in SM, with very small uncertainties 

• Possible deviation from QED corrections ~1% in the central q2

W�

t

�/Z0

b

q

µ+, e+

µ�, e�

s

q
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Decays involving b! s`
+
`
� transitions, where ` represents a lepton, are mediated by

flavour-changing neutral currents. Such decays are suppressed in the Standard Model (SM),
as they proceed only through amplitudes that involve electroweak loop diagrams. These
processes are sensitive to virtual contributions from new particles, which could have masses
that are inaccessible to direct searches for resonances, even at Large Hadron Collider
experiments.

Theoretical predictions for exclusive b! s`
+
`
� decays rely on the calculation of

hadronic e↵ects, and recent measurements have therefore focused on quantities where the
uncertainties from such e↵ects are reduced to some extent, such as angular observables
and ratios of branching fractions. The results of the angular analysis of the decay
B

0
! K

⇤0
µ
+
µ
� [1–9] and measurements of the branching fractions of several b! s`

+
`
�

decays [10–13] are in some tension with SM predictions [14–19]. However, the treatment
of the hadronic e↵ects in the theoretical predictions is still the subject of considerable
debate [20–30].

The electroweak couplings of all three charged leptons are identical in the SM and,
consequently, the decay properties (and the hadronic e↵ects) are expected to be the same
up to corrections related to the lepton mass, regardless of the lepton flavour (referred to
as lepton universality). The ratio of branching fractions for B! Hµ

+
µ
� and B! He

+
e
�

decays, where H is a hadron, can be predicted precisely in an appropriately chosen range
of the dilepton mass squared q

2
min < q

2
< q

2
max [31, 32]. This ratio is defined by

RH =

Z
q
2
max

q
2
min

d�[B! Hµ
+
µ
�]

dq2
dq2

Z
q
2
max

q
2
min

d�[B! He
+
e
�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. In the range 1.1 < q
2
< 6.0GeV2

/c
4,

such ratios are predicted to be unity with O(1%) precision [33]. The inclusion of charge-
conjugate processes is implied throughout this Letter.

The most precise measurements of RK in the region 1.0 < q
2
< 6.0GeV2

/c
4 and

RK⇤0 in the regions 0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4 have been

made by the LHCb collaboration and, depending on the theoretical prediction used,
are 2.6 [34], 2.1–2.3 and 2.4–2.5 standard deviations [35] below their respective SM
expectations [20, 21, 33, 36–43]. These tensions and those observed in the angular and
branching-fraction measurements can all be accommodated simultaneously in models with
an additional heavy neutral gauge boson [44–47] or with leptoquarks [48–52].

This Letter presents the most precise measurement of the ratio RK in the range
1.1 < q

2
< 6.0GeV2

/c
4. The analysis is performed using 5.0 fb�1 of proton-proton collision

data collected with the LHCb detector during three data-taking periods in which the
centre-of-mass energy of the collisions was 7, 8 and 13TeV. The data were taken in
the years 2011, 2012 and 2015–2016, respectively. Compared to the previous LHCb RK

measurement [34], the analysis benefits from a larger data sample (an additional 2.0 fb�1

collected in 2015–2016) and an improved reconstruction; moreover the lower limit of the
q
2 range is increased, in order to be compatible with other LHCb b! s`

+
`
� analyses

and to suppress further the contribution from B
+
! �(! `

+
`
�)K+ decays. The results

supersede those of Ref. [34].

1
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LFU with B→K*ℓℓ

• LHCb result in tension with the SM at ~2σ level 

• New results from Belle in agreement with SM and previous 
experimental results

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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LFU with B→Kℓℓ

• LHCb recently reanalysed Run1 data adding 2015-2016 dataset 

• New result still compatible with the SM expectation at 2.5σ

RK = 0.846+0.060
�0.054(stat)

+0.014
�0.016(syst)
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LFU with B→Kℓℓ
• New results from Belle with 711 fb-1 

• Both charged and neutral mode and 
RK measured as the weighted average 

• RK measured for [0.1 , 4.0],[4.0 , 
8.12], [1.0 , 6.0], > 14.18 and > 0.1 
q2 bins   

• Isospin asymmetry also measured 

• Deviation fount at ~2.5σ level in the 
first bin 

!28

RK , RK+ and RK 0 results from Belle [New]

RK+ , RK 0 and RK are measured for [0.1 , 4.0], [4.0 , 8.12], [1.0 , 6.0], > 14.18 and > 0.1 q2 bins.

RK is taken as weighted average of RK+ and RK 0 .
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The measurements are found to be consistent with SM prediction as well as LHCb result.
S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 14 / 17

AI results from Belle [New]

AI is measured for B æ Kµ+µ≠, B æ Ke+e≠ and B æ K¸+¸≠ for [0.1 , 4.0], [4.0 , 8.12],
[1.0 , 6.0], > 14.18 and > 0.1 q2 bins.

AI (B æ K¸+¸≠) as weighted average of AI (B æ Kµ+µ≠) and AI (B æ Ke+e≠).
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The isospin asymmetry is found for B æ Kµ+µ≠ at a level of ≥ 2.7‡ for the bin of
1 < q2 < 6 GeV2/c4 and this deviation is ≥ 2.5‡ for B æ K¸+¸+.

S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 16 / 17

Isospin Asymmetry (AI) in B æ K¸¸ decays

AI = (·B+ /·B0 ) ◊ B(B0
æ K

0¸¸) ≠ B(B+
æ K

+¸¸)
(·B+ /·B0 ) ◊ B(B0 æ K0¸¸) + B(B+ æ K+¸¸)

BaBar [arXiv:0807.4119] has reported 3.2 ‡ in B æ K¸¸ for low q2 bin using 384 million BB̄ pairs.

Belle [arXiv: 0904.0770] measurent with 657 million BB̄ pairs, show no significant deviation from
null value, ‡ = 1.75.

LHCb [arXiv: 1205.3422] show deviation in AI (B æ Kµµ) measured for 1 fb≠1 data sample, the
deviation below q2 < 4.3 GeV2/c4 and above q2 > 16 GeV2/c4 bin more significant. The
significance of the deviation from zero integrated across q2 is 4.4 ‡.

LHCb [arXiv: 1403.8044] again show AI (B æ Kµµ) with 3 fb≠1 data sample and found negative
asymmetry but the results are more consistent with SM expectation.

LHCb (1 fb
≠1) LHCb (3 fb

≠1)

S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 15 / 17

S. Choudhury for the 
Belle collaboration 
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Global fits

• Global fits of b→sll observables favour NP in C10 and C9 

• Consistency between RK(*) and other observables 
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C
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Figure 1: Two projections of the WET fit to b ! sµµ and R
K(⇤) in the plane of the Wilson

coe�cients Cbsµµ

9 and Cbsµµ

10 (left), and Cbsµµ

9 and C 0bsµµ
9 (right). Solid (dashed)

contours include (exclude) the Moriond-2019 results for RK and RK⇤ . Individual
constraints are shown at 1�, the result of the global fit is shown at 1 and 2�. As
RK only constrains a single combination of Wilson coe�cients in the right plot, its
1� contour corresponds to ��2 = 1. For the other sets of data, 1 and 2� contours
correspond respectively to ��2

⇡ 2.3 and 6.2.

In this case, they cannot lead to significant modifications in semi-leptonic b ! sµµ transitions
[65]. However, the preference of the combination discussed in appendix A for a suppressed
Bs ! µ+µ� branching ratio means that a destructive interference of these Wilson coe�cients
with the SM contribution to the leptonic decay can lead to a moderate improvement of the
likelihood.

3.1.2. Scenarios with a pair of Wilson coe�cients

Next, we consider the likelihood in the space of pairs of Wilson coe�cients. The results in
Table 1 suggest that NP in both Cbsµµ

9 and Cbsµµ

10 ought to give an excellent fit to the data.

The left plot of Fig. 1 shows the best fit regions in the Cbsµµ

9 - Cbsµµ

10 plane. The blue and
orange regions correspond to the 1� constraints from RK and RK⇤ , and b ! sµµ observables
(including Bs ! µ+µ�), respectively. The combined 1 and 2� region is shown in red. The
dotted contours indicate the situation without the Moriond-2019 results for RK and RK⇤ . The
best fit point Cbsµµ

9 ' �0.72 and Cbsµµ

10 ' 0.40 has a
p

��2 = 6.5, which, corrected for the
two degrees of freedom, corresponds to a pull of 6.2�. In this scenario a slight tension between
RK and RK⇤ remains, as it predicts RK ' RK⇤ while the data seems to indicate RK > RK⇤ .
In addition, there is also a slight tension between the RK & RK⇤ fit and the fit to b ! sµµ
observables, especially in the Cbsµµ

9 direction.

Overall, we find a similarly good fit of the data in a scenario with NP in Cbsµµ

9 and C 0bsµµ
9 .

The scenario is shown in the right plot of Fig. 1. The best fit values for the Wilson coe�cients

7
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Figure 2: Projections of the WET fit to b ! sµµ and R
K(⇤) onto the plane of a lepton flavor

universal contribution to Cuniv.
9 ⌘ Cbs``

9 , 8`, and a muon specific contribution to the
linear combination C9 = �C10 (see text for details). Solid (dashed) contours include
(exclude) the Moriond-2019 results for RK and RK⇤ .

are Cbsµµ

9 ' �1.04 and C 0bsµµ
9 ' 0.48. The

p
��2 = 6.3 corresponds to a pull of 6.0�.

Interestingly, in this scenario a non-zero C 0bsµµ
9 is preferred at the 2� level. The right-handed

quark current allows one to accommodate the current experimental results for the LFU ratios,
RK > RK⇤ . This scenario cannot address the tension in BR(Bs ! µ+µ�). It predicts
BR(Bs ! µ+µ�) = BR(Bs ! µ+µ�)SM.

Other two-coe�cient scenarios (including dipole coe�cients, scalar coe�cients, and electron
specific semileptonic coe�cients) are discussed in appendix C.

3.1.3. Universal vs. non-universal Wilson coe�cients

In view of the updated R
K(⇤) measurements, which are closer to the SM prediction than the

Run-1 results, our fit in Cbsµµ

9 and Cbsµµ

10 shows a tension between the RK & RK⇤ fit and

the fit to b ! sµµ observables, especially in the Cbsµµ

9 direction. Therefore, it is interesting
to investigate, whether lepton flavour universal new physics that mostly a↵ects b ! sµµ
observables but not RK and RK⇤ is preferred by the global analysis. In Fig. 2 we show the
likelihood in the space of a LFU contribution to C9 vs. a purely muonic contribution to the
linear combination C9 = �C10, i.e. we consider a two-parameter scenario where the total NP
Wilson coe�cients are given by

Cbsµµ

9 = �Cbsµµ

9 + Cuniv.
9 , (14)

Cbsee

9 = Cbs⌧⌧

9 = Cuniv.
9 , (15)

Cbsµµ

10 = ��Cbsµµ

9 , (16)

Cbsee

10 = Cbs⌧⌧

10 = 0 . (17)

8
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New physics?

NP searches at LHCb and their (Re)interpretation 15 / 23

Model-independent global fits to b ! s data
h
W. Altmannshofer et al.,
EPJC 75 (2015) 382

i

Angular observables

Branching fractions

Combined

b s

µ
�

µ
+

Z
0

Possible NP

b s

d̄ d̄

c̄c

�

`
+

`
�SM cc̄ loop

⌅ Combine rare decay observables in model-independent global fits
(In [EPJC 75 (2015) 382] 91 measurements: b ! s`

+
`
�
, b ! s�, B

0
s ! µ

+
µ
�
,. . . )

⌅ Tension (⇠ 3 � 4 �) can be reduced with �Re(C9) ⇠ �1

⌅ Possible interpretation of shift in C9

⌅ NP: Z
0 [Gauld et al. 13] [Buras et al. 13]

[Altmannshofer et al. 13] [Crivellin et al. 15] Leptoquarks
[Hiller et al. 14] [Biswas et al. 14]
[Buras et al. 14] [Gripaios et al. 14]

⌅ SM: hadronic charm loop contributions [Jäger et al.] [Lyon et al.] [Ciuchini et al.]

C. Langenbruch (RWTH), (Re)interpreting NP searches Data and likelihood release in LHCb

Z
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New vector Z', leptoquarks ...

cc̅ contribution can mimic vector-
like NP effect (corrections to C9)

Lyon,Zwicky [1406.0566]  
Altmannshofer Straub [1503.06199] 

Ciuchini et al [1512.07157] 
[PRD 89 (2014) 095033] [PRL 114 (2015) 

151801] [arxiv:1503.06077] [PRD 91 (2015) 
075006] [PRD 92 (2015)015007] [JHEP11 (2015) 
173] [PRD 93 (2016) 074003] [PLB766 (2017) 
77] [JHEP 03 (2017) 117] [arxiv:1704.06005] 

[arxiv:1705.03447] [arxiv:1705.00915]  

[PRL 116 (2016) 141802] [JHEP 06 (2015) 
072] [arxiv:1704.05835] [EPJC 76 (2016) 67] 
[PLB 755 (2016) 270] [PRD 90 (2014) 054014] 
[JHEP 05 (2015) 006] [JHEP 10 (2015)184]

[PRL115(2015)181801][PR641(2016)1][JHEP 11 
(2016) 035] [JHEP 12 (2016) 027] [arxiv:

1704.05849] . . .  
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Experimental constraints

Z
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b

s

b

s
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• Masses typically heavy mZ’ ~ O(TeV) 

• Strong constraint from Bs mixing     
g/mZ’ <0.01/2.5TeV 

Direct searches

!31

arxiv:1704.06188arxiv:1705.03465

95% sensitivity

99% sensitivity

2 4 6 8 10
0.5

1.0

1.5

2.0

2.5

3.0

mZ' [TeV]

g
�
�

14 TeV, 3ab-1, MDM Model

Bs Mixing

Trident

�Z'=0.1MZ'

� Z'
=0
.2
5M

Z'

A
lla
na

ch
,
C
or
b
et
t,
D
ol
an

,
Y
ou

,
20

18

Figure 8. Predicted sensitivity for the MDM model with the 14 TeV LHC with 3/ab integrated
luminosity in the MZ0–gµµ plane. Each point in the parameter plane fits the neutral current
B�anomalies since gbs has been chosen to satisfy Eq. 2.2 with x = 1.00. The solid lines show the
regions of 95% CL and 99% CL sensitivity being below each contour. We show only the MDM
model, since the HL-LHC does not have sensitivity to the allowed MUM parameter space. The
region ruled out by the Bs mixing constraint [57] is shown in red while the region derived from
Ref. [59] would be below the blue-dashed line. The grey dashed lines show the values of the relative
decay width �Z0/MZ0 .

described in § 3.1 is su�cient to achieve smoothly falling distributions across the relevant

range of parameter space.

The dominant background process is Drell-Yan (DY) production of di-muon pairs

via �⇤ and Z. While there are also contributions from di-boson production, top quarks,

and vector-boson plus jets, at large invariant masses these are completely dominated by

the Drell-Yan component, which makes up over 90% of the background events at the

LHC [63, 77]. Accordingly, we consider DY as the only background in our simulations.

The ATLAS di-lepton search [63] sets limits on generic Z 0s with relative decay widths

of up to 32%, by using a mass window of twice the resonance width. However, the corre-

sponding CMS search [77] only considers narrow resonances, whose widths are up to 10%

of their mass. The CMS di-jet search [78] provides limits on resonances up to 30% width,

while the ATLAS di-jet searches [79] stay within the narrow regime.

We find that the 14 TeV HL-LHC with 3ab�1 of luminosity does not have sensitivity to

the MUM model. This is due to the fact that it has small couplings, and requires a b-quark

in the initial state. On the other hand, in the MDM model the Z 0 couples to other flavours

of quark, so that the production cross-sections are substantially larger. In particular, we

find that the larger cross-sections for the MDM model are driven by bb ! Z 0
! µ+µ�

due to the enhanced gbb coupling. We show the reach for the MDM model in Fig 8. The

solid lines show the regions of 2� and 3� exclusion. The region ruled out by neutrino

trident production is shown in green, and in red the region ruled out by the Bs mixing

– 14 –
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Leptoquark

• Model addresses anomaly and 
explain C9µ = – C10µ 

• Clear advantages concerning 
constraints form non semi-
leptonic constraints (Bs mixing)  

• Limits from direct searches
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Simplified models and high-pT constraints

 G. Isidori –  Flavor Physics                                                    2019 CERN Academic Training 
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High-pT bounds from  (I) LQ pair production and (II) pp →  ττ 
for the U1 vector-LQ simplified-model addressing the LFU anomalies:

(I)

(II)

Direct searches
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Leptoquark
• Atlas experiment re-optimised/re-interpreted 

relevant HH or SUSY searches to produce LQ limits 

• Exclude mLQ< 800 GeV for LQu3 and LQd3 
independently of the branching ratio (assuming LQ 
couples only to the 3rd generation)
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Searches for LFV
• If LFUV confirmed several LFV NP signature expected in 

b→sτµ and b→sµe 

Bordone et al. 
JHEP10(2018)148 (2018)  

Crivellin, Mueller, 
Ota JHEP09(2017)040  
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Figure 7. Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(τ → µγ) and
B(B+ → K+τ+µ−) from the global fit. The black lines denote the 95% posterior probabilities
fixing ∆RK = −0.3 (solid) and ∆RK = −0.2 (dashed). The red bands show the 90% CL exclusion
limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior probabilities of
B(τ → 3µ) and B(Bs → τ+µ−) from the global fit.

in figure 7 (right). However, in this case the effect is diluted by the uncertainty on Z ′ mass

and couplings, which are not strongly constrained by other observables.

As a final comment, it is worth stressing that this low-energy fit does not pose stringent

constraints on the masses of the heavy vector bosons. The low-energy observables constrain

only the effective Fermi couplings in eq. (2.23), or ω1,3. Still, we can derive a well-defined

range for vector boson masses taking into account that gU ≫ gc: setting 2.5 ≤ gU ≤ 3.0,

the masses of Z ′, U , and G′ range between 2 and 3TeV.

6 Conclusions

The main idea behind the PS3 model is that the flavor universality of strong, weak, and

electromagnetic interactions observed at low energies is only a low-energy property: the

ultraviolet completion of the SM is a theory where gauge interactions are completely flavor

non-universal, with each fermion family being charged under its own gauge group. The

motivation for this hypothesis, and the explicit construction of the PS3 model presented

in ref. [1] is twofold: it explains the pattern of anomalies recently observed in B meson

decays and, at the same time, the well-known hierarchical structure of quark and lepton

mass matrices. These two phenomena turn out to be closely connected: they both follow

from the dynamical breaking of the flavor non-universal gauge structure holding at high

energies down to the SM.

On general grounds, low-energy observables put very stringent constraints on flavor

non-universal interactions mediated by TeV-scale bosons, as expected in the PS3 model.

In this paper we have presented a comprehensive analysis of such constrains, and the cor-

responding implications for future low-energy measurements. As far as the constraints are

– 24 –
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Figure 7. Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(τ → µγ) and
B(B+ → K+τ+µ−) from the global fit. The black lines denote the 95% posterior probabilities
fixing ∆RK = −0.3 (solid) and ∆RK = −0.2 (dashed). The red bands show the 90% CL exclusion
limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior probabilities of
B(τ → 3µ) and B(Bs → τ+µ−) from the global fit.

in figure 7 (right). However, in this case the effect is diluted by the uncertainty on Z ′ mass

and couplings, which are not strongly constrained by other observables.

As a final comment, it is worth stressing that this low-energy fit does not pose stringent

constraints on the masses of the heavy vector bosons. The low-energy observables constrain

only the effective Fermi couplings in eq. (2.23), or ω1,3. Still, we can derive a well-defined

range for vector boson masses taking into account that gU ≫ gc: setting 2.5 ≤ gU ≤ 3.0,

the masses of Z ′, U , and G′ range between 2 and 3TeV.

6 Conclusions

The main idea behind the PS3 model is that the flavor universality of strong, weak, and

electromagnetic interactions observed at low energies is only a low-energy property: the

ultraviolet completion of the SM is a theory where gauge interactions are completely flavor

non-universal, with each fermion family being charged under its own gauge group. The

motivation for this hypothesis, and the explicit construction of the PS3 model presented

in ref. [1] is twofold: it explains the pattern of anomalies recently observed in B meson

decays and, at the same time, the well-known hierarchical structure of quark and lepton

mass matrices. These two phenomena turn out to be closely connected: they both follow

from the dynamical breaking of the flavor non-universal gauge structure holding at high

energies down to the SM.

On general grounds, low-energy observables put very stringent constraints on flavor

non-universal interactions mediated by TeV-scale bosons, as expected in the PS3 model.

In this paper we have presented a comprehensive analysis of such constrains, and the cor-

responding implications for future low-energy measurements. As far as the constraints are
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B0(s) → τµ
• LHCb analysis with Run 1 data (3 fb-1)  

• Reconstruct B0(s) → τ±μ∓ candidates 
using the 3-prong τ decay 

Bordone et al. 
JHEP10(2018)148 (2018)  

arXiv:1905.06614
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Conclusions
• Intriguing pattern of anomalies in rare and semi-leptonic decays, measured, by 

LHCb, BaBar and Belle → still need larger statistics to disentangle BSM effects 

• More results will come from LHCb Run2 analyses for both anomalies.  

• Belle II and LHCb Upgrades will allow to further clarify the situation and if  
these anomalies are due to NP to disentangle between different scenarios  

• Flavour physics is and it will remain strategically important for the HEP community:  

• If flavour anomalies will be confirmed, the interest towards the physics results of 
LHCb, BelleII (and other experiments!) cannot be underestimated.  

• If flavour anomalies will disappear and no evidence of NP on-shell at LHC, 
flavour physics will remain a unique probe to test higher energy scales in a 
indirect way 

Marco Nardecchia
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Impact of dilepton vector 
coupling

!38

• Important to understand how much the long distance contribution from SM and interference 
with the short distance 

• Measurement of the phase difference between the short-distance and narrow resonances in 
B+→K+µ+µ–
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Figure 1: Reconstructed K+µ+µ� mass of the selected B+! K+µ+µ� candidates. The fit to
the data is described in the text.

the decay. The coe�cient C9 corresponds to the coupling strength of the vector current
operator, C10 to the axial-vector current operator and C7 to the electromagnetic dipole
operator. The operator definitions and the numerical values of the Wilson coe�cients
in the SM can be found in Ref. [41]. Right-handed Wilson coe�cients, conventionally
denoted C 0

i, are suppressed in the SM and are ignored in this analysis. The Wilson
coe�cients C9 and C10 are assumed to be real. This implicitly assumes that there is no
weak phase associated with the short-distance contribution. In general, CP -violating
e↵ects are expected to be small across the mµµ range with the exception of the region
around the ⇢ and ! resonances, which enter with di↵erent strong and weak phases [42].
The small size of the CP asymmetry between B� and B+ decays is confirmed in Ref. [43].
In the present analysis, there is no sensitivity to CP -violating e↵ects at low masses and
therefore the phases of the resonances are taken to be the same for B+ and B� decays
throughout.

Vector resonances, which produce dimuon pairs via a virtual photon, mimic a contri-
bution to C9. These long-distance hadronic contributions to the B+! K+µ+µ� decay are
taken into account by introducing an e↵ective Wilson coe�cient in place of C9 in Eq. 1,

Ce↵
9 = C9 + Y (q2), (2)

where the term Y (q2) describes the sum of resonant and continuum hadronic states
appearing in the dimuon mass spectrum. In this analysis Y (q2) is replaced by the sum of
vector meson resonances j such that

Ce↵
9 = C9 +

X

j

⌘je
i�jAres

j (q2), (3)

where ⌘j is the magnitude of the resonance amplitude and �j its phase relative to C9.
These phase di↵erences are one of the main results of this paper. The q2 dependence of
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Figure 1: Reconstructed K+µ+µ� mass of the selected B+! K+µ+µ� candidates. The fit to
the data is described in the text.

the decay. The coe�cient C9 corresponds to the coupling strength of the vector current
operator, C10 to the axial-vector current operator and C7 to the electromagnetic dipole
operator. The operator definitions and the numerical values of the Wilson coe�cients
in the SM can be found in Ref. [41]. Right-handed Wilson coe�cients, conventionally
denoted C 0

i, are suppressed in the SM and are ignored in this analysis. The Wilson
coe�cients C9 and C10 are assumed to be real. This implicitly assumes that there is no
weak phase associated with the short-distance contribution. In general, CP -violating
e↵ects are expected to be small across the mµµ range with the exception of the region
around the ⇢ and ! resonances, which enter with di↵erent strong and weak phases [42].
The small size of the CP asymmetry between B� and B+ decays is confirmed in Ref. [43].
In the present analysis, there is no sensitivity to CP -violating e↵ects at low masses and
therefore the phases of the resonances are taken to be the same for B+ and B� decays
throughout.

Vector resonances, which produce dimuon pairs via a virtual photon, mimic a contri-
bution to C9. These long-distance hadronic contributions to the B+! K+µ+µ� decay are
taken into account by introducing an e↵ective Wilson coe�cient in place of C9 in Eq. 1,

Ce↵
9 = C9 + Y (q2), (2)

where the term Y (q2) describes the sum of resonant and continuum hadronic states
appearing in the dimuon mass spectrum. In this analysis Y (q2) is replaced by the sum of
vector meson resonances j such that

Ce↵
9 = C9 +

X

j

⌘je
i�jAres

j (q2), (3)

where ⌘j is the magnitude of the resonance amplitude and �j its phase relative to C9.
These phase di↵erences are one of the main results of this paper. The q2 dependence of
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• Dependence of the observables enters 
through C9  

• Y(q2) summarises contributions from 
bsqq̅ operators 

• Main culprit is the large cc̅ component 
such as the J/psi

[Eur. Phys.J. C(2017)77:161] 



Measuring phase 
differences

• Fit to full di-muon mass 
distribution including: 

• Resonances: ρ, ω, ϕ, J/ψ, ψ(2S) 

• Broad charmonium states: 
ψ(3770), ψ(4040), ψ(4160), 
ψ(4415) 

• Four-fold ambiguity in J/ψ and 
ψ(2S) phases signs: 

• compatible with π/2 → minimal 
interference with non resonant 

• Dedicated analysis needed for 
B0→K*0µ+µ–

!39

[Eur. Phys.J. C(2017)77:161] 



Fit to Wilson coefficients

• Non resonant sensitive to C9 
and C10 

• Deviation of 3.0σ from SM 

• Low B+→K+µ+µ– BR not 
explain by resonance 
interferences 

• Its measurement in 
agreement with previous 
measurement

!40

Table 2: Parameters describing the e�ciency to trigger, reconstruct and select simulated
B+! K+µ+µ� decays as a function of mµµ.

"0 "1 "2 "3 "4 "5 "6
Value 0.9262 0.1279 �0.0532 �0.1857 �0.1269 �0.0205 �0.0229

Uncertainty 0.0036 0.0080 0.0116 0.0131 0.0155 0.0138 0.0148

Correlation "0 "1 "2 "3 "4 "5 "6
"0 1.000 �0.340 0.605 �0.208 0.432 �0.132 0.298
"1 1.000 �0.345 0.635 �0.207 0.411 �0.094
"2 1.000 �0.352 0.684 �0.224 0.455
"3 1.000 �0.344 0.608 �0.154
"4 1.000 �0.344 0.619
"5 1.000 �0.259
"6 1.000

from B+! ⇡+µ+µ� decays, where the pion is mistakenly identified as a kaon, is taken
from simulated events.

6 Results

The dimuon mass distributions and the projections of the fit to the data are shown in
Fig. 3. Four solutions are obtained with almost equal likelihood values, which correspond
to ambiguities in the signs of the J/ and  (2S) phases. The values of the phases and
branching fractions of the vector meson resonances are listed in Table 3. The posterior
values for the f+ form factor are reported in Table 4. A �2 test between the data and the
model, with the binning scheme used in Fig. 3, results in a �2 of 110 with 78 degrees of
freedom. The largest disagreements between the data and the model are localised in the
mµµ region close to the J/ pole mass and around 1.8GeV/c2. The latter is discussed in
Sec. 7.

The branching fraction of the short-distance component of the B+! K+µ+µ� decay
can be calculated by integrating Eq. 1 after setting the amplitudes of the resonances to
zero. This gives

B(B+! K+µ+µ�) = (4.37± 0.15 (stat)± 0.23 (syst))⇥ 10�7 ,

where the statistical uncertainty includes the uncertainty on the form-factor predictions.
The systematic uncertainty on the branching fraction is discussed in Sec. 7. This mea-
surement is compatible with the branching fraction reported in Ref. [22]. The two results
are based on the same data and therefore should not be used together in global fits. The
branching fraction reported in Ref. [22] is based on a binned measurement in q2 regions
away from the narrow resonances (�, J/ and  (2S)) and then extrapolated to the full
q2 range. The contribution from the broad resonances was thus included in that result.

A two-dimensional likelihood profile of C9 and C10 is also obtained as shown in Fig. 4.
The intervals correspond to �2 probabilities assuming two degrees of freedom. Only the
quadrant with C9 and C10 values around the SM prediction is shown. The other quadrants

9

[Eur. Phys.J. C(2017)77:161] 



LFU R(D(*))

• Prospects for several 
modes in the coming 
years 

• systematics wall at 0.5% 

!41

J. Phys. G: Nucl. Part. Phys. 46 (2019) 023001 



LFU R(X)
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Figure 5.3: The projected absolute uncertainties on R(D⇤) and R(J/ ) (see Sect. 5.3.2) from
the current sensitivities (at 3 fb�1) to 23 fb�1, 50 fb�1, and 300 fb�1.

modelling and the limited size of simulated samples. A major e↵ort is already underway to
commission fast simulation tools. The background modelling is driven by a strategy of dedicated
control samples in the data, and so this uncertainty will continue to improve with larger data
samples. From Run 3 onward it is assumed that, taking advantage of the full software HLT,
the hadronic analysis can normalise directly to the B0 ! D⇤�µ+⌫µ decay, thus eliminating
the uncertainty from external measurements of B(B0 ! D⇤�⇡+⇡�⇡+). It is assumed that all
other sources of systematic uncertainty will scale as

p
L. With these assumptions, an absolute

uncertainty on R(D⇤) of 0.003 will be achievable for the muonic and hadronic modes with the
300 fb�1 Upgrade II dataset.

On the timescale of Upgrade II, interest will shift toward new observables beyond the
branching fraction ratio [218]. The kinematics of the B! D⇤⌧⌫ decays is fully described by the
dilepton mass, and three angles which are denoted �, ✓L and ✓D. LHCb is capable of resolving
these three angles, as can be seen in Fig. 5.4. However, the broad resolutions demand very large
samples to extract the underlying physics. The decay distributions within this kinematic space
are governed by the underlying spin structure, and precise measurements of these distributions
will allow the di↵erent helicity amplitudes to be disentangled. This can be used both to constrain
the spin structure of any potential new physics contribution, and to measure the hadronic
parameters governing the B! D⇤⌧⌫ decay, serving as an essential baseline for SM and non-SM
studies. The helicity-suppressed amplitude which presently dominates the theoretical uncertainty
on R(D(⇤)) is too strongly suppressed in the B! D(⇤)µ⌫ decays to be measurable, however this
can be accessed in the B! D(⇤)⌧⌫ decay directly. If any potential new physics contributions are
assumed not to contribute via the helicity-suppressed amplitude then the combined measurements
of B! D(⇤)µ⌫ and B! D(⇤)⌧⌫ decays will allow for a fully data-driven prediction for R(D(⇤))
under the assumption of lepton universality, eliminating the need for any theory input relating to
hadronic form factors. However, these measurements have yet to be demonstrated with existing
data. This exciting programme of di↵erential measurements needs to be developed on Run 1
and 2 data before any statement is made about the precise sensitivity, but it o↵ers unparalleled
potential to fully characterise both the SM and non-SM contributions to the b ! c⌧⌫ transition.
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Figure 7.5: Projected sensitivity for the RK , RK⇤ and R� measurements in di↵erent NP scenarios
with the Upgrade II data set. The existing Run 1 measurements of RK and RK⇤ are shown for
comparison.

SM, all deviating from predictions at the level of 2.1–2.6 standard deviations. Assuming the
current detector performance, approximately 46 000 B+ ! K+e+e� and 20 000 B0 ! K⇤0e+e�

candidates are expected in the range 1.1 < q2 < 6.0GeV2/c4 in the Upgrade II data set. The
ultimate precision on RK and RK⇤ will be better than 1%. The importance of the Upgrade II
data set in distinguishing between di↵erent NP scenarios is highlighted in Fig. 7.5. With this
data set all four NP scenarios could be distinguished at more than 5� significance.

The Upgrade II data set will also enable the measurement of other RX ratios e.g. R�, RpK

and the ratios in CKM suppressed decays. For example, with 300 fb�1, it will be possible to
determine R⇡ = B(B+ ! ⇡+µ+µ�)/B(B+ ! ⇡+e+e�) with a few percent statistical precision.
A summary of the expected performance for a number of di↵erent RX ratios is indicated in
Table 7.2.

In addition to improvements in the RX measurements, the enlarged Upgrade II data set will
give access to new observables. For example, the data will allow precise comparisons of the angular
distribution of dielectron and dimuon final-states. Di↵erences between angular observables in
B! Xµ+µ� and B! Xe+e� decays are theoretically pristine [349, 350] and are sensitive to
di↵erent combinations of Wilson coe�cients compared to the RX measurements. Figure 7.6 shows
that an upgraded LHCb detector will enable such decays to be used to discriminate between
di↵erent NP models, for example separating between Scenarios I and II [351]. Excellent NP
sensitivity can be achieved irrespective of the assumptions made about the hadronic contributions
to the decays.

In the present LHCb detector, electron modes have an approximately factor five lower
e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose a
significant fraction of their energy through bremsstrahlung in the detector. This loss impacts
on the ability to reconstruct, trigger and select the electron modes. The precision with which
observables can be extracted therefore depends primarily on the electron modes and not the
muon modes. In order for RX measurements to benefit from the large Upgrade II data samples,
it will be necessary to reduce systematic uncertainties to the percent level. These uncertainties
can be controlled by taking a double ratio between RX and the decays B! J/ X, where the

77

Table 7.1: Benchmark NP scenarios. The first scenario is inspired by the present discrepancies
in the rare decays, including the angular distributions of the decay B0 ! K⇤0µ+µ� and the
measurements of the branching fraction ratios RK and RK⇤ . The second scenario is inspired by
the possibility of explaining the rare decays discrepancies and those measured in the observables
R(D(⇤)). The third and fourth scenarios assume a small right-handed chirality coupling. The
Wilson coe�cients (Ci) are discussed in Sec. 7.3.2

scenario CNP

9
CNP

10
C 0

9
C 0

10

I �1.4 0 0 0
II �0.7 0.7 0 0
III 0 0 0.3 0.3
IV 0 0 0.3 �0.3

7.3 Flavour-changing b ! s`+`� and b ! d`+`� transitions

7.3.1 Introduction

Recent LHCb measurements of rare semileptonic decays show discrepancies with respect to SM
predictions. None of these deviations is by itself significant enough to be considered as evidence
for NP but global fits [310–312] show that they can be interpreted in a consistent picture, with
an O(1) NP contribution to the vector (and potentially axial-vector) coupling strength of the
decays. Regardless of whether these discrepancies are confirmed with additional data, the fact
that O(1) NP contributions are still allowed demonstrates the importance of making precise
measurements of b ! s`+`� and b ! d`+`� processes. The NP contribution can be associated
with new particles at mass scales well above the LHC energy reach, e.g. by a multi- TeV-scale Z 0

boson or a leptoquark. A precise determination of the e↵ective couplings, through measurements
of di↵erent b ! s`+`� and b ! d`+`� processes, is therefore critical to understand or constrain
the structure of any NP model.

In the rest of this section, a number of benchmark NP scenarios are considered (see Table 7.1).
Scenarios I and II are inspired by the current discrepancies. The first scenario is that which
best explains the present rare semileptonic decay data. The second scenario best explains
the rare semileptonic measurements if a purely left-handed coupling to quarks and leptons is
required for NP. This requirement is theoretically well motivated and arises in models designed
to simultaneously explain the discrepancies seen in both tree-level semitauonic and loop-level
semileptonic decays. The third and fourth scenarios assume that the current discrepancies are
not confirmed but there is instead a small contribution from right-handed currents that would
not be visible with the current level of experimental precision. These scenarios will serve to
illustrate the power of the large Upgrade II data set to distinguish between di↵erent NP models.
This power relies critically on the ability to exploit multiple related decay channels.

7.3.2 Theoretical framework

Flavour-changing neutral-current decays involving b ! s`+`� and b ! d`+`� transitions are
suppressed by the GIM mechanism in the SM and are therefore promising places to search for
e↵ects of NP. New particles that arise in extensions of the SM can contribute to the amplitude
of these decays with a similar strength to the SM processes. Feynman diagrams for SM and
possible NP extensions are shown in Fig. 7.2.
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Figure 7.3: Experimental sensitivity to the P 0
5

angular observable in the SM, Scenarios I and
II for (left) the Runs 1–3 and (right) the Upgrade II data sets. The sensitivity is computed
assuming that the charm-loop contribution is determined from the data.
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The major challenge for B! V `+`� decays is to disentangle NP e↵ects from SM contributions.
With a large data set it will be possible to probe the SM contributions, under the premise
that a genuine NP contribution is expected to have no q2 dependence, while e.g. a charm
loop contribution is expected to grow approaching the pole of the charmonia resonances. A
measurement using Breit-Wigner functions to parametrise the resonances, and their interference
with the short-distance contributions to the decay, is proposed in Ref. [338]. A similar technique
has already been applied to the Run 1 data for the B+ ! K+µ+µ� decay [339]. An alternative
approach using additional phenomenological inputs has also been proposed [340]. A precise
knowledge of the charm loop contribution and a parametric determination of the form factors,
will come from a combination of phenomenological and experimental methods and will allow C9

and C10 to be determined with great precision in b ! sµ+µ� transitions.
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The major challenge for B! V `+`� decays is to disentangle NP e↵ects from SM contributions.
With a large data set it will be possible to probe the SM contributions, under the premise
that a genuine NP contribution is expected to have no q2 dependence, while e.g. a charm
loop contribution is expected to grow approaching the pole of the charmonia resonances. A
measurement using Breit-Wigner functions to parametrise the resonances, and their interference
with the short-distance contributions to the decay, is proposed in Ref. [338]. A similar technique
has already been applied to the Run 1 data for the B+ ! K+µ+µ� decay [339]. An alternative
approach using additional phenomenological inputs has also been proposed [340]. A precise
knowledge of the charm loop contribution and a parametric determination of the form factors,
will come from a combination of phenomenological and experimental methods and will allow C9

and C10 to be determined with great precision in b ! sµ+µ� transitions.
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φs
Comparison of φs sensitivity from different decay modes
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Fig. 20: Comparison of �s statistical sensitivity at LHCb from different decay modes.

Table 7: Statistical sensitivity on �ss̄s

s and �dd̄s

s at LHCb.

Decay mode
�(stat.) [rad]

3 fb�1 23 fb�1 50 fb�1 300 fb�1

B0

s ! �� 0.154 0.039 0.026 0.011

B0

s ! (K+⇡�
)(K�⇡+

) (inclusive) 0.129 0.033 0.022 0.009

B0

s ! K⇤
(892)

0K⇤
(892)

0 � 0.127 0.086 0.035

the treatment of the acceptance, is mostly driven by the limited size of the simulation samples — due
to the large phase space investigated in this analysis, very large simulation samples are required. In
order to produce significantly larger samples it will be necessary to exploit rapid simulation production
mechanisms, since increases in available CPU power are not expected to keep pace with the size of the
data samples. Another important systematic uncertainty due to the modelling of the K⇡ resonant and
non-resonant components can be reduced by incorporating results of state-of-the-art studies of the K⇡
system, but some component of this may be irreducible. Other systematic uncertainties are mainly based
on control samples. Therefore it is expected that the limiting systematic uncertainty will be not larger
than �(syst.) ⇠ 0.03 rad.

The measured and extrapolated statistical sensitivities for �dd̄s

s are given in Table 7, both for the
average over the B0

s ! (K+⇡�
)(K�⇡+

) system and for the exclusive B0

s ! K⇤
(892)

0K⇤
(892)

0

decay. The sensitivities for B0

s ! (K+⇡�
)(K�⇡+

) are also included in Fig. 20. In the current
analysis, the same weak phase is assumed for all contributions, but as the precision increases it will
be possible to determine �dd̄s

s separately for each, including possible polarisation dependence in the
B0

s ! K⇤
(892)

0K⇤
(892)

0 decay. The systematic uncertainty related to modelling of components is
expected to be smaller when focusing on the K⇤

(892) resonance, since its lineshape is well known.
Moreover, by making similar studies with the B0 ! (K+⇡�

)(K�⇡+
) mode, it will be possible to ob-

tain all necessary inputs for the U-spin analysis of each component separately, leading to good control of
the theoretical uncertainty on the prediction for �dd̄s

s .
Finally, LHCb can also make measurements of �duu

s using a decay-time-dependent flavour-tagged
Dalitz-plot analysis of B0

s ! K0

S⇡+⇡� decays [170]. Preliminary sensitivity studies indicate that the pre-
cision achievable on �duu

s with the full Run 1 + Run 2 dataset is approximately 0.4 rad. Extrapolation to

48

 39Katya Govorkova

Future

Moriond EW 2019                                                                  21 March 2019

 Comparison of φs sensitivity from different decay modes
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Bs mixing

• Mixing frequency from Bs → Ds- π+ :  

• ︎∆ms = 17.768 ︎±0.023stat±0.006syst ps–1  

• Standard Model: Δms = 20.31±1.34 ps-1  

• (2016: A. Lenz: arXiv:1603.07770) 
!45

New J. Phys. 15 (2013) 053021



CKM angle γ
• The only CP violating 

parameter that can be 
measured from tree-
level decays 

• Measured using B→Dh 
decays 

• Exploit interference 
between amplitudes 
b→c (favoured) and 
b→u (suppressed) 
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Measuring the CKM angle γ

!8ALPS 2019 P. Álvarez Cartelle (ICL)

• Can be measured using exclusively tree-level decays (SM benchmark)  

• Measured using  B→Dh (h= K, K*, π, ππ) 

‣ Interference between b→c (favoured) and b→u (suppressed) transitions 

• Can be obtained via time-dependent or time-integrated methods (GLW, ADS…) 

➡ the best precision is obtained by combining measurements from many decay modes 

where r is the ratio of magnitudes  
and δ the strong phase difference

� = arg
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⇤
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more details in 

Shohei Nishida’s talk



CKM angle γ
• Combined several measurement from tree-level decays

New γ combination from LHCb

!9ALPS 2019 P. Álvarez Cartelle (ICL)

• Combined many tree level determinations of γ 

‣ New and updated measurement using Run 2 data  

• Using a frequentist treatment

• In agreement with WA (CKMfitter, UTfit, HFLAV) 

• Supersedes the previous LHCb average
Most precise determination of γ 


from a single experiment

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

� =
�
74.0+5.0

�5.8

��
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LHCb combination• most precise measurement from sigle 
experiment 

• in agreement with world averages
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γ angle projections

In ~ 2030 σLHCb-U1 ~ σBelle-II = 1.5° 
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LHCb - recorded luminosity
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Angular distributions
B0 ! K ⇤0µ+µ�

⌘ Differential decay rate of B0 ! K⇤0µ+µ�:K⇤0µ+µ� signal can therefore be written as

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

=
9

32⇡

�
3
4(1 � FL) sin2 �K + FL cos2 �K (4)

+1
4(1 � FL) sin2 �K cos 2�l

�FL cos2 �K cos 2�l + S3 sin2 �K sin2 �l cos 2�

+S4 sin 2�K sin 2�l cos � + S5 sin 2�K sin �l cos �

+4
3AFB sin2 �K cos �l + S7 sin 2�K sin �l sin �

+S8 sin 2�K sin 2�l sin � + S9 sin2 �K sin2 �l sin 2�
�
.

Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from FL and S3 through S9. Examples of such “optimised” observables
include the transverse asymmetry A(2)

T [22], where A(2)
T = S3/(1 � FL), and the P 0 series of

observables [23], with, for example, P 0
4,5 = S4,5/

�
FL(1 � FL).

At LHCb, the K⇤0 is reconstructed through the decay K⇤0 ! K+⇡�. In addition to
the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state, the K+⇡� can also
be in an S-wave configuration. The addition of an S-wave component introduces two new
complex amplitudes, AL,R

S , and results in six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K+⇡� system in an S-wave configuration
modifies the angular distribution to

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
S+P

= (1 � FS)
1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

(5)

+
3

16⇡
FS sin2 �` + S-P interference

where FS denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables FL, AFB, and S3 through S9. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2 GeV2/c4 q2 bins and measurements are also made in wider 1.1 < q2 < 6.0 GeV2/c4

and 15.0 < q2 < 19.0 GeV2/c4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < � < 5, designed for the study of particles containing b- or c-quarks. The detector

3

⌘ Fit also for S-wave observables (not shown)
⌘ Si terms depend on short- and long-distance parameters

K.A. Petridis (UoB) IPPP September 2017 IPPP UK Flavour 6 / 19

The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V 0 (pseudoscalar to vector-vector)
� Vector K⇤(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P 0
4, P 0

5, P 0
6, P 0

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop

October 21, 2014 1 / 4

Angular analysis of B0

d ! K⇤`+`� decays

• b ! s transition with vector in the final state

• Final state described by q2 = m2
µµ and three angles ⌦ = (✓`, ✓K ,�)

• FL, AFB , Si sensitive to C(0)
7 C(0)

9 C(0)
10

d

b̄

d

s̄

B0 K⇤0

`�

`+

t̄

W+

Z0, �

1

d(�+ �̄)/dq2
d3(�+ �̄)

d~⌦
=

9
32⇡

⇥
3
4 (1� FL) sin

2 ✓K + FL cos2 ✓K + 1
4 (1� FL) sin

2 ✓K cos 2✓`

� FL cos2 ✓K cos 2✓` + S3 sin
2 ✓K sin2 ✓` cos 2�

+ S4 sin 2✓K sin 2✓` cos�+ S5 sin 2✓K sin ✓` cos�

+ 4
3AFB sin2 ✓K cos ✓` + S7 sin 2✓K sin ✓` sin�

+ S8 sin 2✓K sin 2✓` sin�+ S9 sin
2 ✓K sin2 ✓` sin 2�

⇤

F. Dettori Rare decays at LHCb: from beauty to strange Univ. Liverpool 15/11/2017 13/41

P′�
5 =

S5

FL(1 − FL)
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LHCb upgrade
• LS2 (2019-20):  

• Change subdetector electronics to 40 
MHz readout 

• All trigger decision software 

• Start data taking in 2021  

• Upgrade detector qualified to accumulate 
50fb-1 

!51

• In order to exploit the full potential of the LHC, it is natural to have a further 
major LHCb upgrade during LS4  

• The Upgrade II will allow to increase data sample from 50fb-1 to 300fb-1 



LHCb upgrade
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Bs→µµ
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Combinatorial
−h'+ h→ (s)

0B

µν+µ)−(K−π → (s)
0B

−µ+µ0(+)π → 0(+)B

µν
−µ p→ b

0Λ

µν
+µψ J/→ +

cB

LHCb
BDT > 0.5• Improved analysis using 3fb–1 of 

Run1 data + 1.4fb–1 of Run2 

• Main source of systematics: 

• B0s→µ+µ–: knowledge of fs/fd 

• B0→µ+µ–: exclusive backgrounds

B(B0
s ! µ+µ�) = (3.0 + 0.6(stat)+0.3�0.2(syst))⇥ 10�9
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7.8σ

1.6σ
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Impact on NP
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