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Flavour Physics

Study the properties of 
the three families of quarks and leptons

and their interactions

Played a crucial role in establishing the Standard Model
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Flavour Physics

Study the properties of 
the three families of quarks and leptons

and their interactions

@ LHC: “Flavour Physics” ≈ mostly heavy quarks
“Searches for BSM physics” ≈ mostly b quarks

“Indirect Searches for New Physics”

“Holy Grail” of Flavour Physics today:
Search for signatures of physics

Beyond the Standard Model

Played a crucial role in establishing the Standard Model
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Flavour Physics

Study the properties of 
the three families of quarks and leptons

and their interactions

Many interesting and important measurements of SM physics,
but no time to discuss these here … sorry !!!

“Indirect Searches for New Physics”

“Holy Grail” of Flavour Physics today:
Search for signatures of physics

Beyond the Standard Model

Played a crucial role in establishing the Standard Model
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Indirect Searches For BSM Physics

Most BSM physics models predict additional heavy particles 

→ Can cause additional amplitudes in processes with internal loops
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Indirect Searches For BSM Physics

Most BSM physics models predict additional heavy particles 

→ Can cause additional amplitudes in processes with internal loops

→ Can lead to sizeable modifications of observables

Rates, angular distributions, CP violating phases

BSM
?

BSM
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Indirect Searches For BSM Physics

BSM
?

BSM
?

Most BSM physics models predict additional heavy particles 

→ Can cause additional amplitudes in processes with internal loops

→ Can lead to sizeable modifications of observables

Rates, angular distributions, CP violating phases

Goal: uncover deviations from Standard Model expectations
by comparing precise measurements with precise predictions
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Indirect Searches For BSM Physics

Indirect searches can be sensitive to much higher mass scales
than direct searches for heavy particles

The pattern of observed deviations
can hint at the structure of the BSM physics at work
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https://indico.cern.ch/event/580860/contributions/2534178/attachments/1447735/2231033/10_Crivellin.pdf
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ATLAS
CMS

Upgrade

ATLAS / CMS
HL-LHC upgrades
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3 fb-1 8 fb-1 50 fb-1 LHCb

Upgrade

LHCb
upgrade

Phase-2 upgrade
~ 2030 ?
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3 fb-1 8 fb-1 50 fb-1 LHCb

Upgrade

LHCb
upgrade

Phase-2 upgrade
~ 2030 ?
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https://cds.cern.ch/record/2244311
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3 fb-1 8 fb-1 50 fb-1 LHCb

Upgrade

LHCb
upgrade

Phase-2 upgrade
~ 2030 ?

“After Upgrade” ≡ after LS2
(LHC Run 3 – 4)
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 e+e– → (4s) → B0B0 / B+B–

collect 50 ab-1 by 2025

(50 × BaBar+Belle)

Upgrade

Belle II at SuperKEKB

3 fb-1 8 fb-1 50 fb-1 LHCb

[arxiv:1011.0352]

http://inspirehep.net/record/875348
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 

So far good consistency

Current measurement precision allows for BSM contribution at 10-20 % level
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 

γ = arg (−V ud V ub
∗

V cd V cb
∗ ) γ (LHCb) = ( 72.2 −7.3

+6.8 )∘

[JHEP 12(2016)087]

So far good consistency

Current measurement precision allows for BSM contribution at 10-20 % level

Least well determined from direct measurements:

http://inspirehep.net/record/1496635
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 

“Clean” measurements of  from

Decay rates for tree decays
B± → D K± and B0 → D K*0

Time-dependent CP asymmetry in
B

s
0 → D

s
+ K–

LHCb
[JHEP 12(2016)087]

http://inspirehep.net/record/1496635
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 

LHCb
[JHEP 12(2016)087]

“Clean” measurements of  from

Decay rates for tree decays
B± → D K± and B0 → D K*0

Time-dependent CP asymmetry in
B

s
0 → D

s
+ K–

Small Branching Fractions:
Results limited

by statistical uncertainties

http://inspirehep.net/record/1496635
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 

LHCb expect

 ( ) < 1°

from 50 fb-1

Belle II expect ( ) ≈ 1.5° from 50 ab-1

(≈ 2025)

now

2018
≈ 2030

[LHCb-PUB-2014-040]
[Nucl.Part.Phys.Proc.263-264(2015)15]

http://inspirehep.net/record/1513241
http://inspirehep.net/record/1396424/
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CP violation in B
s

0 –
 
B

s
0 mixing

CP violation from interference of
box diagrams with different CKM phases

probability B
s

0 → B
s

0 ≠ probability B
s

0 → B
s

0
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CP violation in B
s

0 –
 
B

s
0 mixing

asl
s ≡

Γ(Bs
0 → Ds

− μ+ X )− Γ(Bs
0 → Ds

+ μ− X )

Γ(Bs
0 → Ds

− μ+ X ) + Γ(Bs
0 → Ds

+ μ− X )

Sensitive to possible BSM physics contributions in mixing

Predicted to be very small in the Standard Model

Can be measured in rate asymmetry for semi-leptonic decays

asl
s (SM) = (1.9 ± 0.3) × 10−5

[arXiv:1205.1444]
A. Lenz

CP violation from interference of
box diagrams with different CKM phases

probability B
s

0 → B
s

0 ≠ probability B
s

0 → B
s

0

https://inspirehep.net/record/1113760
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CP violation in B
s

0 –
 
B

s
0 mixing

LHCb Run 1:

[PRL 117(2016)061803]

asl
s (LHCb) = ( 390 ± 260± 200 ) ×10−5

Systematics dominated by
statistics in control samples

CP violation from interference of
box diagrams with different CKM phases

probability B
s

0 → B
s

0 ≠ probability B
s

0 → B
s

0

http://inspirehep.net/record/1466441
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CP violation in B
s

0 –
 
B

s
0 mixing

now

2018

≈ 2030

[LHCb-PUB-2014-040]

LHCb expect

 ( a
sl

s) ≈ 50 ×10-5

from 50 fb-1

CP violation from interference of
box diagrams with different CKM phases

probability B
s

0 → B
s

0 ≠ probability B
s

0 → B
s

0

http://inspirehep.net/record/1513241
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CP violation in B
s

0 –
 
B

s
0 mixing

LHCb expect

 ( a
sl

s) ≈ 50 ×10-5

from 50 fb-1

CP violation from interference of
box diagrams with different CKM phases

probability B
s

0 → B
s

0 ≠ probability B
s

0 → B
s

0
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CP violation through interference
between mixing and decay amplitudes 

CP violating phase

CP violation in B
s

0 → J/ 

ϕs = ϕM − 2ϕD

Bs
0

Bs
0

J /ψϕ

ϕM

−ϕD

ϕD
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CP violation through interference
between mixing and decay amplitudes 

CP violating phase

CP violation in B
s

0 → J/ 

ϕs = ϕM − 2ϕD

ϕs(SM) = − 38± 1 mrad [CKMfitter]

Predicted to be very small in the Standard Model:

B
s
0 – B

s
0 mixing phase 

M
 very small (as discussed above)

Decay amplitude dominated by a single tree diagram → 
D
 very small

Sensitive to possible contributions from BSM physics in B
s

0 – B
s

0 mixing

Bs
0

Bs
0

J /ψϕ

ϕM

−ϕD

ϕD
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CP violation through interference
between mixing and decay amplitudes 

CP violating phase

CP violation in B
s

0 → J/ 

ϕs = ϕM − 2ϕD

Bs
0

Bs
0

J /ψϕ

ϕM

−ϕD

ϕD

Run-1 measurements from
ATLAS, CMS and LHCb

ϕs(LHCb) =− 10± 39 mrad

[PRL 114(2015)041801]

Limited by statistical uncertainty

[HFAG]

[JHEP 08(2016)147]
ATLAS

[PLB 757(2016)97]
CMS

http://inspirehep.net/record/1327481
http://www.slac.stanford.edu/xorg/hfag/osc/summer_2016/BETAS/hfag_Summer2016_DGsphis_zoom_final_ICHEP.png
http://inspirehep.net/record/1415119
http://inspirehep.net/record/1385111
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CP violation through interference
between mixing and decay amplitudes 

CP violating phase

CP violation in B
s

0 → J/ 

ϕs = ϕM − 2ϕD

Bs
0

Bs
0

J /ψϕ

ϕM

−ϕD

ϕD

now

2018

≈ 2030

[LHCb-PUB-2014-040]

LHCb expect

( 
s

) < 10 mrad

from 50 fb-1

http://inspirehep.net/record/1513241
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CP violation through interference
between mixing and decay amplitudes 

CP violating phase

CP violation in B
s

0 → J/ 

ϕs = ϕM − 2ϕD

Bs
0

Bs
0

J /ψϕ

ϕM

−ϕD

ϕD

LHCb expect

( 
s

) < 10 mrad

from 50 fb-1
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B
s

0 → + –

Flavour-changing neutral current + helicity suppressed

BF
SM

 (B
s
0 → + –) = (3.60 ± 0.18) × 10-9

[PRL 112(2014)101801]

Bobeth et al.

[arXiv:1702.05498]

Altmannshofer et al.

http://inspirehep.net/record/1263386
http://inspirehep.net/record/1514260
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B
s

0 → + –

Flavour-changing neutral current + helicity suppressed

BF
SM

 (B
s
0 → + –) = (3.60 ± 0.18) × 10-9

Large deviations possible in some BSM models
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B
s

0 → + –

Measurements so far in agreement with SM predictions

Flavour-changing neutral current + helicity suppressed

BF
SM

 (B
s
0 → + –) = (3.60 ± 0.18) × 10-9

Large deviations possible in some BSM models

[EPJ C76(2016)513]

[arxiv:1703.05747]

[Nature 522(2015)68]

CMS+LHCb, Run 1

ATLAS

LHCb, Run 1+2

plot from Altmannshofer et al.

[arXiv:1702.05498]

All limited by statistical uncertainties

http://inspirehep.net/record/1446983
http://inspirehep.net/record/1517782
http://inspirehep.net/record/1328493
http://inspirehep.net/record/1514260
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B
s

0 → + –

Flavour-changing neutral current + helicity suppressed

BF
SM

 (B
s
0 → + –) = (3.60 ± 0.18) × 10-9

Large deviations possible in some BSM models

MSSM U
1
 Leptoquark

→ Constraints on BSM models, e.g.

Altmannshofer et al.
[arXiv:1702.05498]

http://inspirehep.net/record/1514260
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B
s

0 → + –

Flavour-changing neutral current + helicity suppressed

BF
SM

 (B
s
0 → + –) = (3.60 ± 0.18) × 10-9

Large deviations possible in some BSM models

LHCb expect

 (BF) / BF = 5 %

from 50 fb-1

CMS expect

(BF) / BF = 12 %

from 300 fb-1

[LHCb-PUB-2014-040]

[CMS-PAS-FTR-13-022]

MSSM U
1
 Leptoquark

→ Constraints on BSM models, e.g.

Altmannshofer et al.
[arXiv:1702.05498]

http://inspirehep.net/record/1513241
http://inspirehep.net/record/1260891
http://inspirehep.net/record/1514260
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B0 → + –

Even stronger suppression due to V
td
 < V

ts

BF
SM

 (B0 → + –) = (1.06 ± 0.09) × 10-10

[PRL 112(2014)101801]

Bobeth et al.

http://inspirehep.net/record/1263386
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B0 → + –

Even stronger suppression due to V
td
 < V

ts

BF
SM

 (B0 → + –) = (1.06 ± 0.09) × 10-10

Not observed yet

Goal for upgrade: measure the ratio of the Branching Fractions
(theory uncertainty ≈ 5 %)

CMS expect

σ ( BF (B0→ μ+μ− )
BF (Bs

0→ μ +μ−) )≈ 40%

from 50 fb-1

[LHCb-PUB-2014-040]

[CMS-PAS-FTR-13-022]

LHCb expect

σ ( BF (B0→ μ+μ− )
BF (Bs

0→ μ +μ−) )≈ 47%

from 300 fb-1

(21 % from 3000 fb-1)

http://inspirehep.net/record/1513241
http://inspirehep.net/record/1260891
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –

[JHEP 02(2016)104]
LHCb Run 1

Eight independent
angular observables

LHCb find deviation
in the central q2 region
for the observable P

5
'

Local significance ≈ 3.6 
from LHCb Run 1

http://inspirehep.net/record/1409497
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –

[JHEP 02(2016)104]
LHCb Run 1

[CMS-PAS-BPH-15-008]
CMS Run 1

[ATLAS-CONF-2017-023]
ATLAS Run 1

[PRL 118(2017)111801]
Belle

ATLAS, CMS, Belle follow up,
but uncertainties larger than in LHCb

http://inspirehep.net/record/1409497
http://inspirehep.net/record/1518992
http://inspirehep.net/record/1589906
http://inspirehep.net/record/1504055
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –

[JHEP 02(2016)104]
LHCb Run 1

[CMS-PAS-BPH-15-008]
CMS Run 1

[ATLAS-CONF-2017-023]
ATLAS Run 1

[PRL 118(2017)111801]
Belle

ATLAS, CMS, Belle follow up,
but uncertainties larger than in LHCb

LHCb expect to reduce uncertainties
by ≈ factor 2 by the end of Run 2

http://inspirehep.net/record/1409497
http://inspirehep.net/record/1518992
http://inspirehep.net/record/1589906
http://inspirehep.net/record/1504055
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –

[JHEP 02(2016)104]
LHCb Run 1

[CMS-PAS-BPH-15-008]
CMS Run 1

[ATLAS-CONF-2017-023]
ATLAS Run 1

[PRL 118(2017)111801]
Belle

ATLAS, CMS, Belle follow up,
but uncertainties larger than in LHCb

LHCb expect to reduce uncertainties
by ≈ factor 2 by the end of Run 2

We should be able to know then,
whether this is just

another statistical fluctuation

http://inspirehep.net/record/1409497
http://inspirehep.net/record/1518992
http://inspirehep.net/record/1589906
http://inspirehep.net/record/1504055
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –

If the deviation is “real”:
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B0 → K*0 + –

Flavour-Changing Neutral Current Decay

Angular distributions of final-state particles
sensitive to possible contributions

from BSM physics
→ K+ –

If the deviation is “real”:

With 50 fb-1, LHCb should be able to
perform unbinned amplitude fits

over the full q2 range
and distinguish between the two

hypotheses

[N.Serra, priv.comm.]
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R
K
, R

K*

e++

– e–

Testing Lepton Flavour Universality:

R ≡ Γ(b → s μ+μ− )
Γ (b → s e+e−)

expected to be very close to unity

(after phase-space correction)
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R
K
, R

K*

e++

– e–

expected to be very close to unity

[PRL 113(2014)151601]
LHCb Run 1

[PRD 86(2012)032012]
BaBar

[PRL 103(2009)171801]
Belle

RK ≡ Γ(B+→K +μ +μ−)
Γ (B+→K +e+e−)

LHCb find 2.6  tension

in central q2 bin for

Testing Lepton Flavour Universality:

R ≡ Γ(b → s μ+μ− )
Γ (b → s e+e−)

http://inspirehep.net/record/1303108
http://inspirehep.net/record/1111233
http://inspirehep.net/record/817326
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R
K
, R

K*

e++

– e–

expected to be very close to unity

[arXiv:1705.05802]
LHCb Run 1

[PRD 86(2012)032012]
BaBar

[PRL 103(2009)171801]
Belle

R
K ∗≡

Γ(B0→K∗0μ+μ− )
Γ(B0→K∗0 e+e−)

LHCb find 2.2-2.5  tension

in low and central q2 bins for

Testing Lepton Flavour Universality:

R ≡ Γ(b → s μ+μ− )
Γ (b → s e+e−)

http://inspirehep.net/record/1599846
http://inspirehep.net/record/1111233
http://inspirehep.net/record/817326
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R(D*) etc.

Another test of Lepton Flavour Universality:

R (D (∗)) ≡ Γ(B → D(∗) τ + ν τ)
Γ (B → D(∗)μ+ νμ )
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R(D*) etc.

Another test of Lepton Flavour Universality:

BaBar and Belle find
both R(D*) and R(D)
larger than predicted

LHCb also find
2.1  tension for R(D*),

using  →  
 

[PRL 115(2015)111803]
LHCb Run 1

[PRL 109(2012)101802]
BaBar

[PRD 92(2015)072014]
[PRD 94(2016)072007]
[arxiv:1612.00529]

BelleR(D*), R(D) combined:

3.9   tension

R (D (∗)) ≡ Γ(B → D(∗) τ + ν τ)
Γ (B → D(∗)μ+ νμ )

http://inspirehep.net/record/1380182
http://inspirehep.net/record/1115826
http://inspirehep.net/record/1382593
http://inspirehep.net/record/1478188
http://inspirehep.net/record/1501479
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R(D*) etc.

Another test of Lepton Flavour Universality:

With upgrade statistics,
might become sensitive
to angular distributions

Other LHCb analyses underway, e.g.

R(D*) using  →    

R(D), R(D
s

(*)), R(J/), R(
c
)

R (D (∗)) ≡ Γ(B → D(∗) τ + ν τ)
Γ (B → D(∗)μ+ νμ )
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Summary

Measurement uncertainties limited by statistics
and much larger than those on theory

→ Expect significant improvements from upgrades 

Some intriguing deviations in observables testing
Lepton Flavour Universality

Again, measurements limited by statistical uncertainties
Upgrade statistics will help to show,
whether these are fluke coincidences

or part of a consistent pattern 

Holy Grail of Flavour Physics
=

“Indirect” Searches for BSM Physics 

“Classic” benchmark observables
so far in agreement with SM predictions
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Summary

Measurement uncertainties limited by statistics
and much larger than those on theory

→ Expect significant improvements from upgrades 

Some intriguing deviations in observables testing
Lepton Flavour Universality

Again, measurements limited by statistical uncertainties
Upgrade statistics will help to show,
whether these are fluke coincidences

or part of a consistent pattern 

Holy Grail of Flavour Physics
=

“Indirect” Searches for BSM Physics 

“Classic” benchmark observables
so far in agreement with SM predictions

These Indirect Searches need to be complemented
by Direct Searches at the “Energy Frontier”

( e.g. Z' → +– )

Close interaction between Experimentalists
and Theorists is mandatory

to derive consistent interpretation of data,
to develop new observables
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Summary

What if, by the end of Run 2, … 

… BSM signal is found in “direct searches”

→ Precision measurements 
to characterize the flavour structure of the BSM physics

… BSM signal is found in “indirect searches”

→ Follow-up measurements

… no clear signal for BSM physics found anywhere

→ Continue to push highest mass scales with
precision flavour measurements



  

Backup
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Prospects @ LHCb



LHCP 2017 – Flavour Reach After Upgrade (56/52) O. Steinkamp18 May 2017

Prospects LFU@LHCb
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Belle 2

Phase 1 (completed)
● Circulate beams

(no collisions)

Phase 2 (2017-2018)
● First collisions
● Physics without

vertex detector

Phase 3 (2018-2025)
● Physics with

full detector
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“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

CKM angle 

Bs
0

Bs
0

Ds
+ K −

ϕM ∝ e i γ

“Clean” measurements of   through

Decay rates for tree decays
B± → D K± and B0 → D K*0

Time-dependent CP asymmetry in
B

s
0 → D

s
+ K–

D0 K−

B− [f ]D K −

D0 K−

∝ r B ei (δB− γ )
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Systematics a
sl

s

[PRL 117(2016)061803]

asl
s = ( 3.9 ± 2.6 ± 2.0 ) ×10−3

LHCb Run 1

http://inspirehep.net/record/1466441
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Systematics 
s

ϕs =− 0.010 ± 0.039 rad

LHCb Run 1
[PRL 114(2015)041801]

http://inspirehep.net/record/1327481
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Penguin Pollution in J/ 

cb

s

Bs
0

J /ψ

ϕs
s

c

V cb

V cs
∗

V usV ub
∗ s

s s

b
Bs

0

c

c

u ,c ,t
J /ψ

ϕ

● penguin decay amplitude suppressed by smallness of CKM matrix element

(  = sin 
C
 ≈ 0.23 )

● but effects from hadronic form factors not easy to estimate

● derive constraints on possible penguin pollution from B
s

0→ J/ψ K*0 and 

B0→ J/ψ 0, where penguin and tree amplitudes have similar magnitude

 

 

cb

s

Bs
0

J /ψ

K∗0d
s

c

V cb

V cd
∗

V tdV tb
∗

d

s s

b
Bs

0

c

c
J /ψ

K∗0

u ,c ,t

● for B0→ J/ψ  0, assume that effects from SU(3)-breaking can be neglected

|V cb V cs
∗ |∝ λ2 |V ub

∗ V us|∝ λ4

|V cb V cd
∗ |∝ λ3 |V tbV td

∗ |∝ λ3
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Penguin Pollution in J/ 

● derive constraints on fraction a
i
 and strong 

phase 
i
 of penguin contributions

● translate into constraints on phase shift on 
s

 

[PLB 742(2015)038]

 

 

● 18'000 B0→ J/ψ + – and 1'800 B
s

0→ J/ψ K*0

signal candidates from 3 fb-1

● time-dependent angular analyses to extract 
polarisation fractions and CP asymmetries in 
each polarization state

Ai
CP = −

2ai sinθ i sin γ

1−2a i cosθ i cos γ + a i
2 ( i ∈ { 0,∥ ,⊥ } )

[JHEP 11(2015)082]

http://dx.doi.org/10.1016/j.physletb.2015.01.008
http://dx.doi.org/10.1007/JHEP11(2015)082
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Similar to B
s

0 → J/ ,

but decay amplitude dominated by
penguin diagram

 

Sensitive to possible BSM contributions in decay

CP violation in B
s

0 →  

Bs
0

Bs
0 ϕϕ

ϕM

−ϕD

ϕD



LHCP 2017 – Flavour Reach After Upgrade (64/52) O. Steinkamp18 May 2017

Similar to B
s

0 → J/ ,

but decay amplitude dominated by
penguin diagram

 

Sensitive to possible BSM contributions in decay

CP violation in B
s

0 →  

Bs
0

Bs
0 ϕϕ

ϕM

−ϕD

ϕD

LHCb Run-1  measurement:

ϕs
ϕϕ(LHCb) =− 0.17 ± 0.15 ± 0.03 rad

[PRD 90(2014)052011]

http://inspirehep.net/record/1305288
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Similar to B
s

0 → J/ ,

but decay amplitude dominated by
penguin diagram

 

Sensitive to possible BSM contributions in decay

CP violation in B
s

0 →  

Bs
0

Bs
0 ϕϕ

ϕM

−ϕD

ϕD

LHCb expect

( 
s

) ≈ 0.02 rad

from 50 fb-1

now

2018

≈ 2030

[LHCb-PUB-2014-040]

http://inspirehep.net/record/1513241
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Systematics BF (B
s

0 → –)

BF (Bs
0→μ+μ−) = ( 3.0 ± 0.6 −0.2

+ 0.3 ) × 10−9

[arXiv:1703.05747]
LHCb Run 1+2

Measure BF relative to

B+ → J/  (+ –) K+   and   B0 → K+ –

BF (Bs
0→μ +μ−) = BF (ref ) ×

N (Bs
0→μ+μ−)

N (ref )
×

f ref

f s

× ϵ (ref )
ϵ (Bs

0→μ+ μ−)

Systematic uncertainty dominated by
relative uncertainty of  ≈ 5.8 % on f

s
 / f

(u,d)

[LHCb-CONF-2013-011]

http://inspirehep.net/record/1517782
http://inspirehep.net/record/1258307
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B
s

0 → + –

Upgrade statistics will also give access to additional observables, e.g.

AΔ Γ ≡
Γ(Bs

H→μ+μ− ) − Γ(Bs
L→μ+μ−)

Γ (Bs
H→μ+μ−) + Γ(Bs

L→μ +μ−)

AΔ Γ
SM = 1

Standard-Model: 
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B
s

0 → + –

Upgrade statistics will also give access to additional observables, e.g.

AΔ Γ ≡
Γ(Bs

H→μ+μ− ) − Γ(Bs
L→μ+μ−)

Γ (Bs
H→μ+μ−) + Γ(Bs

L→μ +μ−)

Extract A from measurements of the “effective lifetime”

τeff ≡
∫ t × ⟨ d Γ

dt
(Bs

0 → μ +μ−)⟩ dt

∫ ⟨ d Γ
dt
(Bs

0 → μ +μ−)⟩ dt

AΔ Γ
SM = 1

Standard-Model: 

⇒ AΔ Γ =
(1−y s

2) τ eff −(1+y s
2) τBs

0

y s (2 τBs
0 −(1−y s

2 ) τeff)

with τBs
0 ≡ 1

Γs
and y s ≡

ΔΓs

2Γs

[PRL 109(2012)041801]
De Bruyn et al.

http://inspirehep.net/record/1107733
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B
s

0 → – effective lifetime

[arxiv:1703.05747]
LHCb Run1+2

τeff = 2.04 ± 0.44 ± 0.05 ps

Compatible with A
 = 1 at 1 , with  A

 = -1 at 1.4 

First proof-of-principle measurement by LHCb

http://inspirehep.net/record/1517782
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[arxiv:1703.05747]

[Nature 522(2015)68]

B0 → + –

Even stronger suppression due to V
td
 < V

ts

BF
SM

 (B0 → + –) = (1.06 ± 0.09) × 10-10

3.0  significance

from LHCb+CMS Run 1

1.9  significance

from LHCb Run 1+2

Not observed yet

http://inspirehep.net/record/1517782
http://inspirehep.net/record/1328493
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q2 Regions

“low”
< 1 GeV2/c4

“central”
1–8 GeV2/c4

“high”
> 14 GeV2/c4
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Systematics P
5
'

[JHEP 02(2016)104]
LHCb Run 1

P5 ' (1.1 < q2 < 6 GeV2 /c4) =− 0.049 −0.108
+ 0.107 ± 0.014 rad

http://inspirehep.net/record/1409497
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b → s + – Branching Fractions

LHCb measure differential Branching Fractions as function of q2:
consistently lower than predicted in the central q2 region?

[JHEP 06(2014)133]
LHCb Run 1

B+ → K+ + –

LHCb Run 1
[JHEP 04(2017)142]

B0 → K*0 + –

[JHEP 09(2015)179]

B
s

0 →   + –

LHCb Run 1

[JHEP 06(2015)115]


b

 →  + –

LHCb Run 1

http://inspirehep.net/record/1287928
http://inspirehep.net/record/1469448
http://inspirehep.net/record/1380188
http://inspirehep.net/record/1355377
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b → s + – Branching Fractions

LHCb measure differential Branching Fractions as function of q2:
consistently lower than predicted in the central q2 region?

[JHEP 06(2014)133]
LHCb Run 1

B+ → K+ + –

LHCb Run 1
[JHEP 04(2017)142]

B0 → K*0 + –

[JHEP 09(2015)179]

B
s

0 →   + –

LHCb Run 1

[JHEP 06(2015)115]


b

 →  + –

LHCb Run 1

Significant theory uncertainties from hadronic form factors

http://inspirehep.net/record/1287928
http://inspirehep.net/record/1469448
http://inspirehep.net/record/1380188
http://inspirehep.net/record/1355377
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Systematics R
K

RK (1 < q 2 < 6GeV2/c4) = 0.745 −0.074
+ 0.090 ± 0.036

[PRL 113(2014)151601]
LHCb Run 1

http://inspirehep.net/record/1303108
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Systematics R
K*

%

LHCb Run 1

R
K ∗ (1.1 < q2 < 6GeV2/c4) = 0.685 −0.07

+ 0.11 ± 0.05

R
K ∗ (0.045 < q 2 < 1.1GeV2/c4) = 0.660 −0.07

+ 0.11 ± 0.03

[arXiv:1705.05802]

http://inspirehep.net/record/1599846
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R(D*) etc.

Another test of Lepton Flavour Universality:

R (D (∗)) ≡ Γ(B →D(∗)τ+ ν τ)
Γ (B →D(∗)μ + νμ)

Tree decays with BF of about a percent

But  reconstruction

challenging at hadron colliders



LHCP 2017 – Flavour Reach After Upgrade (78/52) O. Steinkamp18 May 2017

Systematics R (D*)

R (D∗) = 0.336 ± 0.027 ± 0.030

[PRL 115(2015)111803]
LHCb Run 1

http://inspirehep.net/record/1380182
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B0 → K*0 ℓ+ ℓ–

[JHEP 02(2016)104]
LHCb Run 1

[PRL 118(2017)111801]
Belle

http://inspirehep.net/record/1409497
http://inspirehep.net/record/1504055
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V
ub

 and V
cb

Long standing discrepancies
between exclusive and inclusive

determinations of V
ub

 and V
cb

Inclusive analyses assume LFU to estimate

 backgrounds from BF (b → X
u,c

  
 )

Taking central values from R(D) and R(D*) measurements:

BF (b → X
u,c

  
 ) ≈ 20 % larger than expected from LFU
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Global Fits

[arxiv:1703.09189]
Altmannshofer et al.

[NPP Proc. 285-286(2017)39-44]
Mahmoudi et al.

[JHEP 06(2016)092]
Descotes-Genon et al.

Taking into account up to 90 observables from different experiments,
including B → μμ and b → s ℓ ℓ transitions

SM ≡ (0,0)

SM ≡ (0,0)

SM ≡ (0,0)

http://inspirehep.net/record/1519430
http://inspirehep.net/record/1498323
http://inspirehep.net/record/1397858
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