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Heavy Flavour = Precision search for NP

Historical record of indirect discoveries:

Particle Indirect Direct
ν β decay 1932 Reactor ν-CC Cowan, Reines 1956

W β decay 1932 Wàeν UA1, UA2 1983

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983

t B mixing ARGUS 1987 tà Wb D0, CDF 1995

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012

? What’s next ? ? ?
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Heavy Flavour = Precision search for NP

Depending on your model, sensitive to multi-TeV scales, eg:

From Uli Haisch, 31 Aug 2016

3

hq parametrizes magnitude 
of NP in Bq mixing



Heavy Flavour = Precision search for NP

Depending on your model, sensitive to multi-TeV scales, eg:

Flavour: new-physics scale?
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Flavour: new-physics scale?

From Uli Haisch, 31 Aug 2016
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µB→µµ is ratio BRexp/BRSM



Outline

Introduction
– Timeline HL-LHC: Detector improvements

Beauty: Rare Decays
– Very rare: B0 

(s)àµµ and fs/fd
– FCNC: B0àK*µµ
– Searches: Dark photons, Majorana neutrino’s

Beauty: CP violation
– CPV in Bs

0: φs, Afs : B0
sàJ/ψφ , B0

sàφφ , B0 
(s)àD(s)Xµν

– CKM angles: γ, β : BàDK , B0àJ/ψKS

Charm and Strange
– Charm mixing: D0*àD0(hh)π
– Strange rare decays: KS

0àµµ, KS
0àππee, Σ+àpµµ

(“Top is not a heavy flavour”)
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Preparatory workshop      
(31 Aug 2016)

https://indico.cern.ch/event/545639/timetable/
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For details on detector upgrades, see 
presentations from yesterday morning:

– Chris Parkes (LHCb)
– Brian Petersen (ATLAS)
– Meenakshi Narain (CMS)



Schedule
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

Run III Run IV Run V
LS2 LS3 LS4
LHCb 40 MHz 

UPGRADE
L = 2 x 1033 LHCb Consolidation L = 2 x 1033

50 fb-1
LHCb Ph II 
UPGRADE *

L = 2 x 1034

300 fb-1

ATLAS
Phase I Upgr

L = 2 x 1034
ATLAS 
Phase II UPGRADE

HL-LHC
L = 5 x 1034

ATLAS HL-LHC
L = 5 x 1034

CMS
Phase I Upgr

300 fb-1 CMS  
Phase II UPGRADE

CMS 3000 fb-1

Belle II 5 ab-1 L = 8 x 1035 50 ab-1
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LHC schedule: Frederick Bordry, Jun 2015



Schedule: LS2 – 2019/2020

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment
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LHCb Upgrade 
– Upgrade to 40 MHz readout
– New VELO: strips à pixel
– New SciFi tracker 

ATLAS Phase 1
– New small muon wheel
– Fast tracking trigger at level 1.5

CMS Phase 1
– Pixel tracker

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

Run III Run IV Run V
LS2 LS3 LS4
LHCb 40 MHz 

UPGRADE
L = 2 x 1033 LHCb Consolidation L = 2 x 1033

50 fb-1
LHCb Ph II 
UPGRADE *

L = 2 x 1034

300 fb-1

ATLAS
Phase I Upgr

L = 2 x 1034
ATLAS 
Phase II UPGRADE

HL-LHC
L = 5 x 1034

ATLAS HL-LHC
L = 5 x 1034

CMS
Phase I Upgr

300 fb-1 CMS  
Phase II UPGRADE

CMS 3000 fb-1

Belle II 5 ab-1 L = 8 x 1035 50 ab-1



Schedule: LS2 – 2019/2020

LHCb Upgrade 
– Upgrade to 40 MHz readout
– New VELO: strips à pixel
– New SciFi tracker 

ATLAS Phase 1
– New small muon wheel
– Fast tracking trigger at level 1.5

CMS Phase 1
– Pixel tracker
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2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

Run III Run IV Run V
LS2 LS3 LS4
LHCb 40 MHz 

UPGRADE
L = 2 x 1033 LHCb Consolidation L = 2 x 1033

50 fb-1
LHCb Ph II 
UPGRADE *

L = 2 x 1034

300 fb-1

ATLAS
Phase I Upgr

L = 2 x 1034
ATLAS 
Phase II UPGRADE

HL-LHC
L = 5 x 1034

ATLAS HL-LHC
L = 5 x 1034

CMS
Phase I Upgr

300 fb-1 CMS  
Phase II UPGRADE

CMS 3000 fb-1

Belle II 5 ab-1 L = 8 x 1035 50 ab-1
LHCb phase 1 upgrade DAQ 

Johannes Albrecht 31. August 2016 

•  Detector readout and trigger at 40 MHz + higher rate to storage will be 
the drivers to handle 5x luminosity and collect larger samples  

•  Based on new front-end electronics, large PC-based event-builder 
network, and large expansion of online CPU farm  

•  Real-time data calibration and reconstruction 
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The LHCb DAQ upgrade 

● Detector readout and trigger at 40 MHz + higher rate to storage
will be the drivers to handle 5x luminosity and collect larger samples

● Real-time data calibration and reconstruction [see L.Grillo talk]

● Based on new front-end electronics, large PC-based event-builder
network, and large expansion of online CPU farm

Increase

 ε(hadron)

L
max

= 2*1033

L
max

= 4*1032

19/30 



Schedule: LS3 – 2024/2026

LHCb consolidation possibilities include:
– Improve PID: time-of-flight TORCH
– Increase acceptance: Magnet tracking
– Enhance ECAL
– Supplement SciFi tracker with Si
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2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

Run III Run IV Run V
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LHCb 40 MHz 

UPGRADE
L = 2 x 1033 LHCb Consolidation L = 2 x 1033

50 fb-1
LHCb Ph II 
UPGRADE *

L = 2 x 1034

300 fb-1

ATLAS
Phase I Upgr

L = 2 x 1034
ATLAS 
Phase II UPGRADE

HL-LHC
L = 5 x 1034

ATLAS HL-LHC
L = 5 x 1034

CMS
Phase I Upgr

300 fb-1 CMS  
Phase II UPGRADE

CMS 3000 fb-1

Belle II 5 ab-1 L = 8 x 1035 50 ab-1

Phase 1b upgrade 

Johannes Albrecht 

A few ‘big’ projects proposed that could bring significant enhancements to our physics

All very exciting, but too early to assess how feasible they are, & their true benefits.
Focused work required over the coming few months in order to get an initial idea –
we must find a way to do this !  Then we can start to worry about the practicalities.

Phase-1b possibilities

4

TORCH – for PID, 
general timing, or in
hybrid CALO ?

Side chambers –
conceptually simple but in 
practice an interesting challenge.

Replace a significant
region of the ECAL
with a new technology.

Short and intense efforts to study feasibility and  
physics performance of these options 

But: resources limited due to running & phase 1 upgrade construction 

31. August 2016 26/30 

A few well targeted projects proposed that could bring significant enhancements to our physics 



Schedule: LS3 – 2024/2026

CMS Upgrade Phase 2
– New Si tracker
– Hardware track trigger at L1

• Low pt dimuon σM ~ 70 MeV
– Improved muon: RPC and GEM, η<3 
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UPGRADE
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50 fb-1
LHCb Ph II 
UPGRADE *

L = 2 x 1034

300 fb-1

ATLAS
Phase I Upgr

L = 2 x 1034
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ATLAS HL-LHC
L = 5 x 1034
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CMS 3000 fb-1
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Scope of CMS Upgrade
New tracker system:
- Feature 4 pixel barrel layers and 5 disks on the 

endcaps with half of  the material budget in the 
central region.

- Combined with a smaller silicon sensors pitch, 
the momentum resolution will be improved, and 
help to separate B0 and Bs signals.

Enhanced L1 trigger:
- Hardware track trigger at level-1 and 

maintaining low thresholds at HL-LHC 
luminosities. 

- Higher L1 trigger and software high-level trigger 
(HLT) accept rates [5-10 times to the phase-I].

- Extended trigger capabilities for the muon 
system with improved coverage in the forward 
direction.
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2.4. Performance estimates 57

Figure 2.21: Number of hits (left) and radiation length (right) versus h for the Phase-II Tracker
and the Phase-I Tracker. The radiation length distribution is shown for the tracking acceptance
of the Phase-I Tracker, and reflects only the material inside the tracking volume; the expected
contribution of the Phase-I pixel detector (hashed histogram) is provisionally used also for the
Phase-II Tracker.

Outer Tracker high-pT stubs). The tkLayout program provides summaries and statistics such
as total number of modules, active surface, number of channels, power consumption, total
weight, etc. The software also calculates the total radiation length and interaction length as a
function of pseudorapidity, and hence the expected fraction of interacting particles and photon
conversions.

The Phase-II Tracker offers a significantly extended tracking acceptance compared to the Phase-
I Tracker, with slightly fewer hits per track over the common h range (see Fig. 2.21 left).

The inactive material inside the tracking volume is substantially reduced, as shown in the right
plot of Fig. 2.21, where the distribution of radiation length versus h for the Phase-I Tracker is
compared to that expected for the current model of the Phase-II Tracker.

For the current Tracker, the peak observed in the rapidity region 1.0 < h < 1.5 has two main
components: the printed circuit boards and the related electrical interconnections implement-
ing the control electronics, that are located at the end of the barrel regions, and the conductors
bringing the current to the FE electronics, that have a large cross section and are crossed five
times in that rapidity range due to the specific detector layout, with a shorter Inner Barrel com-
plemented by Inner Disks.

In the Phase-II Tracker there are no dedicated control electronics, since the control function-
alities are integrated with the readout in a single optical data link; the cross section of the
conductors for the Front-End powering is substantially reduced all the way to the individual
modules, thanks to implementation of DC/DC converters on the Service Hybrids; moreover,
all barrel layers have the same length. In the Phase-II Tracker the material of the modules is the
main contributor to the total material of the detector, and the gradual increase in the amount
of material up to h ⇡ 2.3 is mostly due to the inner layers of the TBPS, which are traversed at
low incident angles by high-rapidity tracks emerging from the LHC collisions: this motivates
the study of the tilted TBPS geometry, which could mitigate that effect.

Material budget for  
Phase-I/Phase-II tracker

Phase-I pixel



Schedule: LS3 – 2024/2026

ATLAS Upgrade Phase 2
– New Si tracker ITk
– Full granularity calorimeter
– Upgrade part of muon, fast trigger
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Schedule: LS4 – 2030/2031

* Thinking underway for LHCb detector upgrades for 2 x 1034 cm-2s-1

Considerations:
– VELO: radiation hardness
– Restructure MUON + RICH
– Fast timing required to cope with high pile-up
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Di-muon trigger for B

Crucial to trigger at low pT

Resolution improves S/B

Improvements by 2025
– LHCb

• 40 MHz software trigger
– ATLAS

• Fast tracking trigger
• New Inner Tracker

– CMS
• Muon p>3 GeV, η<3
• low pT track trigger for phase II

~3 fb-1

~3 fb-1

~3 fb-1

Scope of CMS Upgrade (cont.)
Forward muon system
- Improved Resistive Plate Chambers 

with 2 stations (RE3/1 and RE4/1) in 
each. 

- Gas Electron Multipliers with 2 
stations (GE1/1 and GE2/1) in each 
endcap; very forward ME-0  detector 
to provide coverage up to η = 3 or 
more.

9

128 Chapter 4. Muon Systems

Figure 4.1: A quadrant of the muon system, showing DT chambers (yellow), RPC (light blue),
and CSC (green). The locations of new forward muon detectors for Phase-II are contained
within the dashed box and indicated in red for GEM stations (ME0, GE1/1, and GE2/1) and
dark blue for improved RPC stations (RE3/1 and RE4/1).

that allow relocation of some DT electronics from the collision hall, and installation of improved
electronics in the innermost set of CSC chambers (ME1/1).

There are three types of muon upgrades proposed for Phase-II: (i) upgrades of existing muon
detectors and associated electronics that ensure their longevity and good performance, (ii) ad-
ditional muon detectors in the forward region 1.6 < |h| < 2.4 to increase redundancy and
enhance the trigger and reconstruction capabilities, and (iii) extension of muon coverage up to
|h| = 3 or more behind the new endcap calorimeter to take advantage of the pixel tracking cov-
erage extension. Overviews of each type of upgrade are presented below, while further details
are included in subsequent sections of this chapter.

4.1.2 Upgrade of existing muon detectors

The present muon system is expected to provide excellent performance throughout the HL-
LHC program. However, it is known that DT electronics will need replacement due to limited
radiation tolerance of some components; this replacement also gives the opportunity to in-
crease the trigger rate capability and performance, and improve maintainability. Additionally,
the 108 inner-ring CSC chambers ME2/1, ME3/1, and ME4/1 will need to have their front-end
cathode cards replaced, since the combination of increased occupancy plus larger L1 trigger
rates and latency in Phase-II will cause their analog pipelines to fill up and lead to unaccept-
able deadtime.

4.7. Performance of the Upgraded Muon System 159

Figure 4.19: L1 muon trigger rate at a luminosity of 2 ⇥ 1034cm�2s�1 as a function of pT thresh-
old. For the Phase-I system, 2 or more stubs, one of which is in the ME1/1 station are required.
With the addition of GE1/1, the bending angle between the two stations can be used and the
trigger rate is greatly reduced.

4.7.2.2 Muon trigger performance at HL-LHC

With the further increase in instantaneous luminosity in Phase-II, the addition of GE1/1 will
not be sufficient to maintain a high efficiency and low rate general purpose muon trigger. Apart
from the expected increase in the trigger rate from higher frequency of collisions, the degrada-
tion in stub reconstruction in stations 2, 3 and 4 will increase the fraction of muon candidates
with a low number of reconstructed stubs. The plots in Fig. 4.20 shows that at 140 PU, even
for a perfectly working existing system (red curves), the typical stub reconstruction efficiency
drops below 90% with significant dips due to the high-voltage spacers inside the CSCs. The re-
duction in the average number of reconstructed stubs on a track in turn increases the frequency
of muon pT mismeasurements, which inflates the trigger rate and flattens the rate curve. The
same figure shows that the installation of stations GE2/1 and RE3/1 (the RE4/1 case is very
similar to RE3/1) restores the local-reconstruction (stub) efficiency. Much like with GE1/1 and
ME1/1, pairing GE2/1 and ME2/1 allows an online measurement of the bending angle, which
can be used to improve the momentum resolution in the trigger. Overall, the deployment of
GE2/1, RE3/1 and RE4/1, and the availability of the bending angle measurements in the first
two stations provide adequate range of discriminating variables for designing and optimizing
an efficient trigger with low thresholds and low trigger rate for Phase-II.

Deployment of the tracking trigger in LS3 will allow an ultra-high purity and low-rate trigger
targeting prompt muons by matching standalone muon candidates with the Tracker tracks. The
excellent momentum resolution of the Tracker eliminates the flattening of trigger-rate curve
owing to mismeasured low-pT muons and yields a very sharp turn-on of the trigger efficiency.
Using tracking isolation, which is less sensitive to PU than calorimeter isolation, and combining
objects targeting exclusive final states allows very high purity and low trigger rates. The new
combined trigger objects, referred to as L1TkMu, use track-trigger tracks extrapolated to the
muon station planes and matched with L1 standalone muon candidates. A L1TkMu object re-

Can go to 
lower pT with 
the same rate 
with GE1/1.

Phase-II muon
14
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Outline

Introduction
– Timeline HL-LHC: Detector improvements

Beauty: Rare Decays
– Very rare: B0 

(s)àµµ and fs/fd
– FCNC: B0àK*µµ
– Searches: Dark photons, Majorana neutrino’s

Beauty: CP violation
– CPV in Bs

0: φs, Afs : B0
sàJ/ψφ , B0

sàφφ , B0 
(s)àD(s)Xµν

– CKM angles: γ, β : BàDK , B0àJ/ψKS

Charm and Strange
– Charm mixing: D0*àD0(hh)π
– Strange rare decays: KS

0àµµ, KS
0àππee, Σ+àpµµ

(“Top is not a heavy flavour”)
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B0 
(s)à µµ

Ø “Golden channel for SUSY”

Decay discovered in 2015
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CMS & LHCb, Nature 522, 68–72 (2015) 
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B0 
(s)à µµ

BR(B0 à µµ): a little high?
– First evidence at 3.0σ
– 2.3σ above SM prediction:

• RSM  = 0.030 ± 0.003
• Rexp = 0.140 +0.080

-0.060

ATLAS, EPJ C76 (2016) 513 LHCb & CMS, Nature 522, 68–72 (2015) 17



B0 
(s)à µµ :  projections

Statistics

Systematics
– ATLAS+CMS: improved mass resolution
– Limiting: fs/fd

Theoretical prediction BR(B0 (s)à µµ)
– CKM elements, B decay constants

• Accuracy expected to increase with 
improved lattice

• Future unc. might reach ~3% :

– Exp. uncertainty will probably not 
decrease to theoretical uncertainty

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

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

5

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

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

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

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

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

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

B(B0
s!µ+µ�)

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

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

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

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

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

s ] ! µ+µ� decays and estimated the performance of CMS starting from the
public Run-1 measurement of this channel, extrapolated using full Geant 4 simulation where
possible, or educated assumptions where the simulation was missing. These extrapolations

Mass resolution 28 MeV

With 3ab-1: σ(Bs) = 11%

Figure 1: Constraint on NP contributions to the real part of the Wilson coe�cient C7 from
exclusive and inclusive branching ratios as well as combined constraint from these
branching ratios.

Imaginary part of C7

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

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

Im CNP
7 (µb) 2 [�0.064, 0.094] ⇥

 �0.027

Im �C7

�
@ 95% C.L. (39)

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

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

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

Constraints on C0
7

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

7. In fig. 2, we show the constraints in the plane

12
σ(Bd) = 18%

Rs/d = 21%

Yield comparison

N(Bd)

N(Bs)

CMS LHCb (50fb-1) LHCb (300fb-1)

2250

271 40

400 2400

240

Crude extrapolations based on single event 
sensitivities in Phys. Rev. Lett. 111, 101805 (2013).

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

• Assuming fs/fd uncertainty 5%, B(B+->J/psi K) 3%.
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Figure 3: Projections of the mass fits to 300 fb�1 (left) and 3000 fb�1 (right) of integrated lu-
minosity (L), respectively assuming the expected performances of Phase-I and Phase-II CMS
detectors.

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

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

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

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

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

B(B0
s!µ+µ�)

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

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

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

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

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

s ] ! µ+µ� decays and estimated the performance of CMS starting from the
public Run-1 measurement of this channel, extrapolated using full Geant 4 simulation where
possible, or educated assumptions where the simulation was missing. These extrapolations

Mass resolution 28 MeV

With 3ab-1: σ(Bs) = 11%

Figure 1: Constraint on NP contributions to the real part of the Wilson coe�cient C7 from
exclusive and inclusive branching ratios as well as combined constraint from these
branching ratios.

Imaginary part of C7

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

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

Im CNP
7 (µb) 2 [�0.064, 0.094] ⇥

 �0.027

Im �C7

�
@ 95% C.L. (39)

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

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

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

Constraints on C0
7

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

7. In fig. 2, we show the constraints in the plane

12
σ(Bd) = 18%

Rs/d = 21%

Yield comparison
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Crude extrapolations based on single event 
sensitivities in Phys. Rev. Lett. 111, 101805 (2013).
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Dominant systematic uncertainty for BR(Bs0à µµ)
Relies on theoretical knowledge of ratio of BRs:

– Semileptonic:   Г(Bs
0 à µX) = Г(B à µX) 

– Hadronic:

– BàJ/ψX: 

B0 
(s)à µµ : dominant systematic : fs/fd

Liu, Wang, Xie,  PRD89 (2014) 094010

Fleischer, Serra, NT, PRD82 (2010) 034038
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• The ratio Rω/ρ between the branching ratios of Bd → J/ψω and Bd → J/ψρ0 decays can be given as,

Rth.
ω/ρ ≡

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
≈ 0.85+0.01

−0.03(ωB)
+0.00
−0.04(fM )+0.00

−0.02(ai)
+0.00
−0.04(mc)[0.85

+0.01
−0.07] , (66)

where most theoretical errors have been cancelled out in the ratio. This prediction is in good consistency with
the LHCb measurement [49] within errors,

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
= 0.89+0.20

−0.23 . (67)

Theoretically, both decay modes embrace the same transition at the quark level, which means the involved QCD
behavior is similar. The differences between their CP-averaged branching ratios come from their different decay
constants and masses.

• The ratio of BRs of Bs → J/ψK̄∗0 and Bd → J/ψK∗0 decays is predicted as

Rth.
s/d ≡

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
≈ 0.0333+0.0011

−0.0007(ωB)
+0.0001
−0.0004(fM )+0.0021

−0.0021(ai)
+0.0001
−0.0002(mc)[0.0333

+0.0024
−0.0022] , (68)

which agrees well with that shown in Ref. [48]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.0343+0.006

−0.006 , (69)

and also with the CDF results [53]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.062± 0.028 , (70)

where the BR(Bs → J/ψK∗0) measured by CDF Collaboration is [8.3± 3.8]× 10−5 [53].

• The ratio of the branching ratios of two Bs decay channels can be predicted as,

Rth.
K∗/φ ≡

BR(Bs → J/ψK̄∗0)

BR(Bs → J/ψφ)
≈ 0.040+0.001

−0.000(ωB)
+0.001
−0.000(fM )+0.001

−0.001(ai)
+0.001
−0.000(mc)[0.040

+0.002
−0.001] , (71)

which is also in good agreement with the entry derived from the available data [39, 48],

BR(Bs → J/ψK̄∗0)

BR(Bs → J/ψφ)
≈ 0.040+0.0133

−0.0119 . (72)

• In those two b̄ → s̄ transition modes, the theoretical ratio of BR(Bd → J/ψK∗0) to BR(Bs → J/ψφ) is

Rth.
d/s ≡

BR(Bd → J/ψK∗0)

BR(Bs → J/ψφ)
≈ 1.21+0.03

−0.04(ωB)
+0.00
−0.02(fM )+0.02

−0.02(ai)
+0.01
−0.03(mc)[1.21

+0.04
−0.06] ,

Rth.′
s/d ≡

BR(Bs → J/ψφ)

BR(Bd → J/ψK∗0)
≈ 0.83+0.03

−0.02(ωB)
+0.01
−0.00(fM )+0.01

−0.02(ai)
+0.01
−0.02(mc)[0.83

+0.03
−0.03]. (73)

which is consistent well with the existing data [39],

BR(Bd → J/ψK∗0)

BR(Bs → J/ψφ)
≈ 1.22+0.32

−0.27 . (74)
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• The ratio Rω/ρ between the branching ratios of Bd → J/ψω and Bd → J/ψρ0 decays can be given as,

Rth.
ω/ρ ≡

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
≈ 0.85+0.01

−0.03(ωB)
+0.00
−0.04(fM )+0.00

−0.02(ai)
+0.00
−0.04(mc)[0.85

+0.01
−0.07] , (66)

where most theoretical errors have been cancelled out in the ratio. This prediction is in good consistency with
the LHCb measurement [49] within errors,

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
= 0.89+0.20

−0.23 . (67)

Theoretically, both decay modes embrace the same transition at the quark level, which means the involved QCD
behavior is similar. The differences between their CP-averaged branching ratios come from their different decay
constants and masses.

• The ratio of BRs of Bs → J/ψK̄∗0 and Bd → J/ψK∗0 decays is predicted as

Rth.
s/d ≡

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
≈ 0.0333+0.0011

−0.0007(ωB)
+0.0001
−0.0004(fM )+0.0021

−0.0021(ai)
+0.0001
−0.0002(mc)[0.0333

+0.0024
−0.0022] , (68)

which agrees well with that shown in Ref. [48]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.0343+0.006

−0.006 , (69)

and also with the CDF results [53]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.062± 0.028 , (70)

where the BR(Bs → J/ψK∗0) measured by CDF Collaboration is [8.3± 3.8]× 10−5 [53].

• The ratio of the branching ratios of two Bs decay channels can be predicted as,

Rth.
K∗/φ ≡

BR(Bs → J/ψK̄∗0)
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≈ 0.040+0.001

−0.000(ωB)
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which is also in good agreement with the entry derived from the available data [39, 48],
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−0.0119 . (72)

• In those two b̄ → s̄ transition modes, the theoretical ratio of BR(Bd → J/ψK∗0) to BR(Bs → J/ψφ) is
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which is consistent well with the existing data [39],
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≈ 1.22+0.32

−0.27 . (74)
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Dominant systematic uncertainty for BR(Bs0à µµ)
Measurements:

B0 
(s)à µµ :  dominant systematic : fs/fd

Normalization Dependence

LHCb Semileptonic
Phys. Rev. D 85 (2012) 032008

BàDh
Phys. Rev. Lett. 107 (2011)  211801
LHCb-CONF-2013-011

BàDh
JHEP 04 (2013) 001 

CDF Semileptonic
Phys. Rev. D 77, 072003 (2008).

BàJ/ψX
Public Note 10795 

ATLAS BàJ/ψX BàJ/ψX
Phys.Rev.Lett. 115 (2015) 262001 

Possible improvements:
– B(s)àD(s) form factors: Lattice
– BsàDs form factors:     LHCb
– BR(BàDXµν): BelleII
– BR(D(s)): BESIII
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for scenarios with scalar or non-scalar NP contributions.

to (30). In Fig. 2, we illustrate the situation in the ob-
servable space of the R–A�� plane. It will be interesting
to complement these model-independent considerations
with a scan of popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to Bs(d) ! ⌧+⌧�

decays where the polarizations of the ⌧ leptons can be

inferred from their decay products [10]. This would allow
an analysis of (13), where non-vanishing C� observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently
out of reach from the experimental point of view.

VI. CONCLUSIONS

The recently established width di↵erence ��s implies
that the theoretical B0

s ! µ+µ� branching ratio in (1)
has to be rescaled by 1/(1� ys) for the comparison with
the experimental branching ratio, giving the SM refer-
ence value of (3.5± 0.2)⇥ 10�9. The possibility of NP in
the decay introduces an additional relative uncertainty
of ±9% originating from A�� 2 [�1,+1].
The e↵ective Bs ! µ+µ� lifetime ⌧µ+µ� o↵ers a new

observable. On the one hand, it allows us to take into
account the Bs width di↵erence in the comparison be-
tween theory and experiments. On the other hand, it
also provides a new, theoretically clean probe of NP. In
particular, ⌧µ+µ� may reveal large NP e↵ects, especially
those related to (pseudo-)scalar `+`� densities of four-
fermion operators originating from the physics beyond
the SM, even in the case that the B0

s ! µ+µ� branching
ratio is close to the SM prediction.
The determination of ⌧µ+µ� appears feasible with the

large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experi-
ments and should be further investigated, as this mea-
surement would open a new era for the exploration of
Bs ! µ+µ� at the LHC, which may eventually allow
the resolution of NP contributions to one of the rarest
weak decay processes that Nature has to o↵er.
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where the C� terms (15) cancel because of the ⌘� factor.
It would be most interesting to measure (19) since

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

s and B̄0
s mesons, and time in-

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

In practice, the branching ratio

BR
�
Bs ! µ+µ��

exp
⌘ 1

2

Z 1

0

h�(Bs(t) ! µ+µ�)i dt
(20)

is the first measurement, where the “untagged” rate

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

s (t) ! f)

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

⇤
(21)

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

BR(Bs ! µ+µ�) =


1 � y2s

1 + A�� ys

�
BR(Bs ! µ+µ�)exp,

(22)
where

BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)SM
= |P |2 + |S|2. (23)

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

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

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

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

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

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

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

IV. THE EFFECTIVE Bs ! µ+µ� LIFETIME

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

⌧µ+µ� ⌘
R1
0

t h�(Bs(t) ! µ+µ�)i dt
R1
0

h�(Bs(t) ! µ+µ�)i dt
(26)

allows the extraction of

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

2⌧Bs � (1 � y2s)⌧µ+µ�
, (27)

yielding

BR (Bs ! µ+µ�)

BR (Bs ! µ+µ�)exp
= 2 �

�
1 � y2s

� ⌧µ+µ�

⌧Bs

. (28)

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

��.
E↵ective lifetimes are experimentally accessible

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

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

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

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

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

V. CONSTRAINTS ON NEW PHYSICS

In order to explore constraints on NP, we introduce

R ⌘ BR(Bs ! µ+µ�)exp
BR(Bs ! µ+µ�)SM

=


1 + A��ys
1 � y2s

� �
|P |2 + |S|2

�

=


1 + ys cos 2'P

1 � y2s

�
|P |2 +


1 � ys cos 2'S

1 � y2s

�
|S|2, (29)

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

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

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

|S| = |P |
s

cos 2'P � A��

cos 2'S + A��
(30)

fixes a straight line through the origin in the |P |–|S|
plane. In Fig. 1, we show the current R constraints in
the |P |–|S| plane, and illustrate also those corresponding
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is a final-state dependent observable.
In experiment it is common practice to extract a

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

BR (Bs ! f)exp ⌘ 1

2

Z 1

0

h�(Bs(t) ! f)i dt (5)

=
1

2

"
Rf

H

�(s)
H

+
Rf

L

�(s)
L

#
=
⌧Bs

2

⇣
Rf

H +Rf
L

⌘"
1 + Af

�� ys
1 � y2s

#
.

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

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

h�(Bs(t) ! f)i��
t=0

= �(B0
s ! f) + �(B̄0

s ! f). (6)

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

BR (Bs ! f)theo ⌘ ⌧Bs

2
h�(B0

s (t) ! f)i
���
t=0

=
⌧Bs

2

⇣
Rf

H +Rf
L

⌘
. (7)

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

0
s mixing is

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

d or B+
u mesons by means

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

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

BR (Bs ! f)theo =

"
1 � y2s

1 + Af
�� ys

#
BR (Bs ! f)exp .

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

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

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

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

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

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

s ! D�
s ⇡

+, where AFS
�� = 0 and

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

s and the B̄0
s mesons can de-

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

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

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

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

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

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

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

s D
�
s [16].

III. USING LIFETIME INFORMATION

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

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

⌧f ⌘
R1
0

t h�(Bs(t) ! f)i dt
R1
0

h�(Bs(t) ! f)i dt

=
⌧Bs

1 � y2s

"
1 + 2Af

��ys + y2s
1 + Af

��ys

#
. (9)

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

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

lifetime, Eq. (8) can be expressed as

BR (Bs ! f)theo =


2 � �

1 � y2s
� ⌧f
⌧Bs

�
BR (Bs ! f)exp .

(10)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
di↵erence ys enters at second order. The measurement of
e↵ective lifetimes is hence not only an interesting topic

→ ΔΓs / 2Γs

→
 B

Rth
/ B

Rex
p



bà sll (i.e. B0 àK*µµ and friends)

Ø FCNC: EW penguin

Curious tensions:

– Lepton flavour universality
– Decay rates
– Angular distributions, P5’

LHCb, PRL113 (2014) 151601 

2.6 σ

B—>K*µµ
• Moving to a semi-leptonic decay, more freedom - now 

sensitive to vector and electromagnetic operators. 

• Well-documented discrepancy in the vector coupling, C9.

11

In the �

2 fit, the correlations between the di↵erent observables are taken into account.
The floating parameters are Re(C9) and a number of nuisance parameters associated with
the form factors, CKM elements and possible sub-leading corrections to the amplitudes.
The sub-leading corrections to the amplitudes are expected to be suppressed by the size of
the b-quark mass relative to the typical energy scale of QCD. The nuisance parameters are
treated according to the prescription of Ref. [11] and are included in the fit with Gaussian
constraints. In the �

2 minimisation procedure, the value of each observable (as derived
from a particular choice of the theory parameters) is compared to the measured value.
Depending on the sign of the di↵erence between these values, either the lower or upper
(asymmetric) uncertainty on the measurement is used to compute the �

2.
The minimum �

2 corresponds to a value of Re(C9) shifted by �Re(C9) = �1.04± 0.25
from the SM central value of Re(C9) = 4.27 [11] (see Fig. 14). From the di↵erence in �

2

between the SM point and this best-fit point, the significance of this shift corresponds to
3.4 standard deviations. As discussed in the literature [9–12,14–21], a shift in C9 could be
caused by a contribution from a new vector particle or could result from an unexpectedly
large hadronic e↵ect.

If a fit is instead performed to the CP -averaged observables from the moment analysis
in the same q

2 ranges, then �Re(C9) = �0.68 ± 0.35 is obtained. As expected, the
uncertainty on �Re(C9) is larger than that from the likelihood fit. Taking into account the
correlations between the two methods, the values of �Re(C9) are statistically compatible.

)9C(Re
3 3.5 4 4.5

2
χ

∆
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15

LHCb
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Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11]. The best fit point is found to be at
�Re(C9) = �1.04± 0.25.
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• Experimental uncertainties expected to be dominated by statistics 
for many years - most limiting systematics come from theory side.

JHEP 02 (2016) 104 JHEP 02 (2016) 104

3.4 σ

LHCb, JHEP 1602 (2016) 104 LHCb, JHEP 1509 (2015) 179 
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Interpretation of global fits

7

Optimist’s view point Pessimist’s view point

Vector-like contribution could 
come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

More work needed from experiment/theory to disentangle the two
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B0à K*µµ : Projections

Statistics for B0àK*µµ :

Understand theory:
– Measure q2 dependence

• To disentangle charm loop effects!
– Factorisable power corrections
– Form factors

B->K*µµ projections
• Assuming trigger/selection efficiency the same as run 1. 

• Project number of B->K*µµ in 1<q2<6 GeV region.

12

Run 1 Run 1-3(4) Run 1-5

LHCb

CMS

600 20,000 120,000*

300 10,000 100,000
JHEP 02 (2016) 104

• Looking forward to run 1 results from ATLAS

Phys. Lett. B 753 (2016) 424

* Assuming LHCb gets 300fb-1.

Pomery, Egede, Owen, Petrides, Blake

B→K∗μ+μ-: future SM errors 

For P5 in [4, 6] GeV2 bin:

�0.82+0.01
�0.01

+0.02
�0.02

+0.03
�0.06

+0.06
�0.06

+0.07
�0.08

′

Dominant uncertainty of O(10%) due to long-distance cc contribution 
cannot be calculated from first principles at present.  Achieving % level 
precision in B→K∗μ+μ- & related modes would require breakthrough 

in our understanding of non-perturbative QCD.  Maybe experiment can 
help by measuring long-distance cc effects

-

-

[see Patrick’s talk & Petridis, Rare B Decays: Theory and Experiment 2016]
24
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bà sll : Projections

Statistics for B0àK*µµ :

Understand theory for B0àK*µµ :
– Measure q2 dependence

• To disentangle charm loop effects!
– Factorisable power corrections
– Form factors

Many more observables!
– Lepton-flavour universality, RK*

– Lepton-flavour violation searches
– BR’s
– AFB(S6), A9, ...
– B0 àK*ee
– …

B->K*µµ projections
• Assuming trigger/selection efficiency the same as run 1. 

• Project number of B->K*µµ in 1<q2<6 GeV region.
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• Looking forward to run 1 results from ATLAS

Phys. Lett. B 753 (2016) 424

* Assuming LHCb gets 300fb-1.

Pomery, Egede, Owen, Petrides, Blake

B→K∗μ+μ-: future SM errors 

For P5 in [4, 6] GeV2 bin:

�0.82+0.01
�0.01

+0.02
�0.02

+0.03
�0.06

+0.06
�0.06

+0.07
�0.08
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Dominant uncertainty of O(10%) due to long-distance cc contribution 
cannot be calculated from first principles at present.  Achieving % level 
precision in B→K∗μ+μ- & related modes would require breakthrough 

in our understanding of non-perturbative QCD.  Maybe experiment can 
help by measuring long-distance cc effects

-

-

[see Patrick’s talk & Petridis, Rare B Decays: Theory and Experiment 2016]
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Lepton flavour universality: R(D) & R(D*)

Surprises possible in tree-level decays?
There is more than “roadmap” channels with loops
Bà D*lν

– Measure ratio τ/µ :

– SM: R(D*)=0.252±0.003

– R(D) and R(D*) combined: 4.0σ

26

Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B+ ! K+e+e� and B+ ! K+µ+µ� decays [1] have been seen,
but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B0 ! D⇤+⌧�⌫

⌧

[2]. The use of charge-conjugate modes is implied throughout this
Letter.

Semitauonic B meson decays have been observed by the BaBar and Belle col-
laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D⇤+⌧�⌫

⌧

)/B(B0 ! D⇤+µ�⌫
µ

) and
R(D) ⌘ B(B0 ! D+⌧�⌫

⌧

)/B(B0 ! D+µ�⌫
µ

), which show deviations of 2.7� and 2.0�,
respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D⇤+⌧�⌫

⌧

decay
with ⌧� ! µ�⌫

µ

⌫
⌧

(the signal channel) and the B0 ! D⇤+µ�⌫
µ

decay (the normalization
channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B0 decay
candidates containing a muon candidate and a D⇤+ candidate reconstructed through the
decay chain D⇤+ ! D0(! K�⇡+)⇡+. The selected sample contains contributions from
the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] 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 includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%

1
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Next:
– R(J/ψ) from Bc

– R(Λc) from Λb

– µ/e ratio
– …



Searches 
Dark photons, Majorana, light scalars

Light scalars
– Aàµµ

Majorana neutrino’s
– B+à π-µ+µ+

Dark photons
– D*0àD0γ, Aàµµ

Dark photon searches.
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.
To obtain a signal event count, we integrate over an

invariant-mass range of |m
µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

P. Ilten et al from Phys. Rev. Lett. 116, 251803 (2016) propose 
an inclusive bump hunt in the dimuon spectrum in LHCb.

Important feature is 
ability to trigger on 

soft dimuons.

Expect limits to get better by factor 5 with 300fb-1 for 
LHCb and a factor 3 for ATLAS/CMS with 3ab-1.

Mis-ID a key 
background.

Majorana neutrinos
• Majorana neutrinos can be produced in rare B 

decays, such as 
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B+ ! ⇡�µ+µ+

4

letter a search for lepton number violating decays of the
type B+! h�µ+µ+, where h� represents a K� or a ⇡�,
is presented. The inclusion of charge conjugated modes
is implied throughout. A search for any lepton number
violating process that mediates the B+ ! h�µ+µ+ de-
cay is made. A specific search for B+! h�µ+µ+ decays
mediated by an on-shell Majorana neutrino (Fig. 1) is
also performed. Such decays would give rise to a nar-
row peak in the invariant mass spectrum of the hadron
and one of the muons [3], m

⌫

= m
hµ

, if the mass of the
neutrino is betweenm

K(⇡)+m
µ

andm
B

�m
µ

. The previ-
ous best experimental limit on the B+! K�(⇡�)µ+µ+

branching fraction is 1.8(1.2) ⇥ 10�6 at 90% confidence
level (CL) [4].

The search for B+! h�µ+µ+ is carried out with data
from the LHCb experiment at the Large Hadron Collider
at CERN. The data corresponds to 36 pb�1 of integrated
luminosity of proton-proton collisions at

p
s = 7TeV

collected in 2010. The LHCb detector is a single-arm
spectrometer designed to study b-hadron decays with an
acceptance for charged tracks with pseudorapidity be-
tween 2 and 5. Primary proton-proton vertices (PVs),
and secondary B vertices are identified in a silicon strip
vertex detector. Tracks from charged particles are re-
constructed by the vertex detector and a set of tracking
stations. The curvature of the tracks in a dipole magnetic
field allows momenta to be determined with a precision
of �p/p = 0.35–0.5%. Two Ring Imaging CHerenkov
(RICH) detectors allow kaons to be separated from pi-
ons/muons over a momentum range 2 < p < 100GeV/c.
Muons with momentum above 3GeV/c are identified on
the basis of the number of hits left in detectors inter-
leaved with an iron muon filter. Further details about
the LHCb detector can be found in Ref. [5].

The search for B+ ! h�µ+µ+ decays is based on
the selection of B+ ! h±µ+µ⌥ candidates. The B+ !
J/ K+ decay with J/ ! µ+µ� is included in the same
selection. It is subsequently used as a normalisation
mode when setting a limit on the branching fraction of
the B+! h�µ+µ+ decays. The selection is designed to
minimise and control the di↵erence between decays with
same- and opposite-sign muons and thus cancel most of

u

b̄
µ+

µ+

s (d)

ū
⌫MW+

W�

B+

K� (⇡�)

⇥
⇥

FIG. 1. s-channel diagram for B+ ! K�µ+µ+

(B+! ⇡�µ+µ+) where the decay is mediated by an on-shell
Majorana neutrino.

the systematic uncertainty from the normalisation. The
only di↵erences in e�ciency between the signal and nor-
malisation channels are due to the decay kinematics and
the presence of a same-sign muon pair, rather than an
opposite-sign pair, in the final state.
In the trigger, the B+ ! h±µ+µ⌥ candidates are re-

quired to pass the initial hardware trigger based on the
pT of one of the muons. In the subsequent software trig-
ger, one of the muons is required to have a large impact
parameter (IP) with respect to all the PVs in the event
and to pass requirements on the quality of the track fit
and the compatibility of the candidate with the muon
hypothesis. Finally, the muon candidate combined with
another track is required to form a vertex displaced from
the PVs.
Further event selection is applied o✏ine on fully recon-

structed B decay candidates. The selection is designed
to reduce combinatorial backgrounds, where not all the
selected tracks come from the same decay vertex; and
peaking backgrounds, where a single decay is selected
but with some of the particle types misidentified. The
combinatorial background is smoothly distributed in the
reconstructed B-candidate mass and the level of back-
ground is assessed from the sidebands around the signal
window. Peaking backgrounds fromB decays to hadronic
final states, final states with a J/ and semileptonic final
states are also considered.
Proxies are used in the optimisation of the selection for

both the signal and the background to avoid a selection
bias. The B+! J/ K+ decay is used as a proxy for the
signal. The background proxy comprises opposite-sign
B+! h+µ+µ� candidates with an invariant mass in the
upper mass sideband and with muon pairs incompatible
with a J/ or a  (2S) hypothesis. The bias introduced
by using B+ ! J/ K+ for both optimisation and as
a normalisation mode is insignificant due to the large
number of candidates.
The combinatorial background is reduced by requiring

that the decay products of the B have pT > 800MeV/c.
Tracks are selected which are incompatible with origi-
nating from a PV based on the �2 of the tracks’ impact
parameters (�2

IP > 45). The direction of the candidate
B+ momentum is required to be within 8mrad of the
reconstructed B+ line of flight. The B+ vertex is also
required to be of good quality (�2 < 12 for three degrees
of freedom) and significantly displaced from the PV (�2

of vertex separation larger than 144).
The selection uses a range of particle identifica-

tion (PID) criteria, based on information from the RICH
and muon detectors, to ensure the hadron and the muons
are correctly identified. For example, DLL

K⇡

is the dif-
ference in log-likelihoods between the K and ⇡ hypothe-
ses. For theB+! K�µ+µ+ final state, DLL

K⇡

> 1 is re-
quired to select kaon candidates. For the B+! ⇡�µ+µ+

final state the selection criterion is mirrored to select
pions with DLL

K⇡

< �1. The B+ ! K�µ+µ+ and

Federico Redi - Imperial College London

• A number of new results on searches for 
low mass in heavy flavour hadron decay. 

• Majorana neutrino and dark bosons are 
most recent results, LHCb plays a key 
role in the game. 

• World’s best limits on several branching 
fractions, possibility to set world’s best 
limits on fourth generation coupling in 
phase space above charm threshold. 

• B factories continue to exploit their 
dataset and will come back with 
BELLEII, until then it is up to the LHC. 

• New results from LHCb are to be 
expected both with new and old data.

LHCb

BELLE

JHEP 0905 (2009) 030 including LHCb and BELLE

Conclusions

15

LHCb result (see Phys. Rev. Lett. 
112, 131802) based on 3fb-1. 

Limit dependent on model assumptions (see arXiv:1607.04258). 

Could drastically improve limit with 300fb-1, and a more inclusive approach 
similar to what is proposed for the dark photon.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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Dark Photons

✏2
⌘

↵
0 ↵

mA0 [GeV]

If dark forces exist, the dark photons should kinetically mix with our photon. 
Dedicated worldwide effort to devise ways to search for dark photons.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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Outline

Introduction
– Timeline HL-LHC: Detector improvements

Beauty: Rare Decays
– Very rare: B0 

(s)àµµ and fs/fd
– FCNC: B0àK*µµ
– Searches: Dark photons, Majorana neutrino’s

Beauty: CP violation
– CPV in Bs

0: φs, Afs : B0
sàJ/ψφ , B0

sàφφ , B0 
(s)àD(s)Xµν

– CKM angles: γ, β : BàDK , B0àJ/ψKS

Charm and Strange
– Charm mixing: D0*àD0(hh)π
– Strange rare decays: KS

0àµµ, KS
0àππee, Σ+àpµµ

(“Top is not a heavy flavour”)
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CP violation in Bs
0

Ø Heavy new particles can affect box and penguin:

B0
s

B̄0
s

t

t

WW

b

s

s

b

B0
s

φ

J/ψ

s

b

s

s

c

c

B0
s

φ

Jψ

s

b

s

s

c

c

+ +

mixing             +           decay            +   penguin-”pollution”
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CP violation in Bs
0

Heavy new particles can affect box and penguin

Impressive precision:

2012

2016

30

𝜙"##" = −0.030 ± 0.033	rad
𝜙"./ = −0.037623.333453.3336 rad



CP violation in Bs
0: Projections for φs

Theoretical prediction for φs
– very accurate
– penguin contributions under control (<0.5o)

• 10x larger uncertainty than arg(Vts)
• but scales with increased statistics

Experimental improvements:
– New vertex detectors at ATLAS and CMS à better decay time resolution
– Statistical uncertainty at end Upgrade:

• LHCb: 0.009 rad 
• ATLAS: 0.022 rad 

Should this turn out not to be a mere fluctuation of the data, which seems unlikely, the
e↵ect cannot be explained by penguin e↵ects alone.

We have also explored a polarisation-dependent analysis of the penguin e↵ects in
B0

s ! J/ � using the same strategy as for the above fit. The resulting confidence level
contours are shown in Fig. 12. They are compatible with the polarisation-independent
results in Eq. (82), but the current uncertainties are too large to draw further conclusions.
This analysis should be seen as an illustration and motivation for experimentalists to
perform more precise polarisation-dependent measurements, which are the method of
choice in the long run.

Neglecting exchange and penguin annihilation topologies (see Fig. 2), the SU(3)
flavour symmetry allows us to convert the hadronic parameters of the B0

d ! J/ ⇢0

decay into their B0
s ! J/ � counterparts [10]:

a0
fe

i✓0f = afe
i✓f , A0

f = Af , (83)

allowing us to convert the penguin parameters in Eq. (82) into the hadronic phase shift
of the B0

s ! J/ � decay. Parametrising possible SU(3)-breaking e↵ects as in Eq. (54)
with ⇠ = 1.00 ± 0.20 and � = (0 ± 20)�, we obtain

�� �s =
⇥
0.08+0.56

�0.72 (stat)+0.15
�0.13 (SU(3))

⇤�
, (84)

which is statistics limited, even when assuming larger SU(3)-breaking uncertainties.
The power of mixing-induced CP violation in B0

d ! J/ ⇢0 for this determination is
remarkable [20]. It should be compared with the current value of �e↵

s in Eq. (67), which
is a↵ected by significantly larger experimental uncertainties.

The contours in Fig. 12 do not rely on information from decay rates and are theoreti-
cally clean. As in the discussion of the B0

s ! J/ K0
S benchmark scenario in Section 3.5,

we may use the penguin parameters extracted from the CP asymmetries of B0
d ! J/ ⇢0

to determine the ratio of CP-conserving strong amplitudes, in analogy to Eq. (57). The
only conceptual di↵erence is that polarisation-dependent studies should be performed
in the B0

d ! J/ ⇢0 and B0
s ! J/ � systems. Following these lines, we obtain the

amplitude ratios
����
A0

0(Bs ! J/ �)

A0(Bd ! J/ ⇢0)

���� = 1.06 ± 0.07 (stat) ± 0.04 (a0, ✓0) (85)

�����
A0

||(Bs ! J/ �)

Ak(Bd ! J/ ⇢0)

����� = 1.08 ± 0.08 (stat) ± 0.05 (ak, ✓k) (86)

����
A0

?(Bs ! J/ �)

A?(Bd ! J/ ⇢0)

���� = 1.24 ± 0.15 (stat) ± 0.06 (a?, ✓?) , (87)

which are still consistent with the limit of no SU(3)-breaking corrections. These results
can be compared with QCD calculations, such as the recent results obtained in Ref. [16]
within the perturbative QCD (PQCD) approach. Within naive factorisation, the LCSR

21

(0.5o = 0.0087 rad)

Table 6: Average estimated decay-time resolutions.

year �t,est

2011 0.0350
2012 0.0349

The inverse transform is given by227

�1 =�

s
f

1� f
�00 + �0,

�2 =

s
1� f

f
�00 + �0. (7)

Using this parameterisation we fit for �0 and �00 in each bin. The results are shown as228

the points with error bars in Fig. 4, from which it is clear that there is a trend in each229

�i(�t) that can be approximated by either a linear relationship (blue line) or a quadratic230

relationship (yellow line). This means we in principle write each �(�t) as231

�(�t) = a �t + b �2
t . (8)

However, for operational reasons, this quadratic relation is expressed in the equivalent232

form233

�0(�t) = (r0o↵set + r0slope(�t � �t))�t,

�00(�t) = (r00o↵set + r00slope(�t � �t))�t, (9)

where the parameter �t is the mean estimated decay-time error for the sample under234

consideration and has been introduced to further reduce correlations between the o↵set235

and slope parameters, and the values for each year of data taking are given in Table 6.236

Using this parameterisation, a single fit is performed to all of the prompt data to237

determine the free parameters of the model. The projections of the fits are shown in238

Fig. 2 and the calibrated parameterisations are shown as the coloured lines in Fig. 4.239

Both parameterisations describe the dependence of �0 and �00 on �t well. Table 7 reports240

the computed �2/ndof between the parameterisations and the binned results in Fig. 4.241

The quadratic model is chosen for the final fit for the physics parameters (�s etc). The242

numerical results for the calibrated parameters for each year are reported in Table 8. The243

quadratic model has the added benefit that the line is constrained to go through the origin244

such that �i(0) = 0.245

The corresponding dilutions, defined as246

D = exp
�
��m2

s �(�t)
2 / 2

�
, (10)

of the 2011 and 2012 samples after calibration are 0.7222± 0.0015 and 0.7052± 0.0015,247

respectively. The correspondingly e↵ective overall average resolutions are 45 fs and 47 fs,248

respectively.249

14

Resolution dampens CPV sensitivity with dilution D: 

31

De Bruyn & Fleischer, JHEP 03 (2015) 145
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CP violation and penguins: Bs
0à φφ

Ø FCNC gluonic penguin: sensitive to NP

Present situation:

Statistically limited in HL-LHC era
– LHCb: Expected stat. unc. (300 fb-1): 0.007 rad 
– CMS: expect L1 rate of 29kHz at 42% efficiency 

(<PU>=140)

CP violation in B"
0
   → !!: 

‣ Interesting mode (gluonic penguin 
loops) b → ss̅s transition 

‣ SM prediction !s(b → sss̅) < 0.02 rad 
‣ Latest measurement with 3 fb-1 by LHCb: 

- Consistant with SM with a precision 
similar to that of !s(b → ccs̅)  

- Statistically limited in HL-LHC era: 

@ 300 fb-1: $(!s
ccs̅) ~ 7 mrad 

Well below theoretical uncertainties! 

‣ CMS (ATLAS?) will also enter into 
the game, adding sensitivity

CP violating phases in B  decays

Simon Akar 13CPV prospects @ HL-LHC - 31 August 2016

[Phys. Rev. D90, 052011 (2014)]

Bd → !K*

'b → !pK

Combinatorial

Bs → !!

32

Efficiency and rate

Figure 10. Efficiency and rate for different baseline selections and for 
different Pileup setups. Error is statistical only and binomial. 12

B
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Figure 5. Invariant mass distribution of all the φ-pairs with |d
z
|(φ

i
,φ

j
) < 1cm, 

d
xy

(φ
i
,φ

j
) < 1cm, 0.2 < dR(φ

i
,φ

j
) < 1, dR(K+, K-) < 0.12. Plots are normalized to unit 

area. 7
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CP violation in B0 decays: sin2β

Ø Crucial parameter to test CKM paradigm

Statistically limited
Penguins uncertainty on sin2β ~0.005

33

Upgrade
(2021-2029)



CP violation in B decays: γ

Ø Angle γ least known parameter
LHCb dominates world average

– σ(γ) ~ 7o

No theoretical limitations
No systematic limitations

– Precision ≪ 1o in reach
Result to be compared with:

– UT fit
– γ measurement from penguin decays
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Figure 1: 1� CL curves for the DK-only combination obtained with the Plugin method.
The central values (solid vertical lines) and 1� uncertainties (dashed vertical lines) are
labelled. The 1� and 2� levels are indicated by the horizontal dotted lines.

from the DK-only combination.358

5.3 Coverage of the frequentist method359

The coverage of the Plugin method is tested by generating pseudoexperiments and360

evaluating the fraction for which the p-value is less than that calculated for the data. In361

general, the coverage depends on the point in parameter space. The tests are done at362
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Outline

Introduction
– Timeline HL-LHC: Detector improvements

Beauty: Rare Decays
– Very rare: B0 

(s)àµµ and fs/fd
– FCNC: B0àK*µµ
– Searches: Dark photons, Majorana neutrino’s

Beauty: CP violation
– CPV in Bs

0: φs, Afs : B0
sàJ/ψφ , B0

sàφφ , B0 
(s)àD(s)Xµν

– CKM angles: γ, β : BàDK , B0àJ/ψKS

Charm and Strange
– Charm mixing: D0*àD0(hh)π
– Strange rare decays: KS

0àµµ, KS
0àππee, Σ+àpµµ

(“Top is not a heavy flavour”)

35



Charm

Ø Probing the up-quark sector

Enormous data set
– 109 D-decays in Run-I

Prospects:
– CPV in mixing (yCP,q/p) in D*àD0(Kπ)π
– ACP in D0àKK/ππ, D0àKShh
Ø When is this theoretically limited?

Warning:
These are 1G D decays, 
not a TF1(“gauss”) …

36

Signal: 630 M

Signal: 404 MRun σ(x) 
(10-3)

σ(y) 
(10-3)

σ(|q/p|)
(10-3)

σ(Φ) 
(mrad)

I 1.22 0.53 59 89

II 0.92 0.37 44 70

LH
C

b
U
pg

ra
de III 0.42 0.15 20 33

HL-LHC IV 0.25 0.09 12 20

LHCb-CONF-2016-005mixing: 𝑥 = 89
:

, y = 8:
<:

18 13. CP violation in the quark sector

Within the Standard Model, the CP -violating effects are predicted to be small, since
the mixing and the relevant decays are described, to an excellent approximation, by the
physics of the first two generations only. The expectation is that the Standard Model
size of CP violation in D decays is O(10−3) or less, but theoretical work is ongoing
to understand whether QCD effects can significantly enhance it. At present, the most
sensitive searches involve the D0 → K+K−, D0 → π+π− and D0 → K±π∓ modes.

The neutral D mesons decay via a singly-Cabibbo-suppressed transition to the CP
eigenstates K+K− and π+π−. These decays are dominated by Standard-Model tree
diagrams. Thus, we can write, for f = K+K− or π+π−,

Af = AT
f e

+iφT
f

[

1 + rf ei(δf +φf )
]

,

Āf = AT
f e

−iφT
f

[

1 + rf ei(δf−φf )
]

, (13.73)

where AT
f e

±iφT
f is the Standard Model tree-level contribution, φT

f and φf are weak, CP
violating phases, δf is a strong phase difference, and rf is the ratio between a subleading

(rf ≪ 1) contribution with a weak phase different from φT
f and the Standard Model

tree-level contribution. Neglecting rf , λf is universal, and we can define an observable
phase φD via

λf ≡ −|q/p|eiφD . (13.74)

(In the limit of CP conservation, choosing φD = 0 is equivalent to defining the mass

eigenstates by their CP eigenvalue: |D∓⟩ = p|D0⟩ ± q|D0⟩, with D− (D+) being the
CP -odd (CP -even) state; that is, the state that does not (does) decay into K+K−.)

We define the time integrated CP asymmetry for a final CP eigenstate f as follows:

af ≡
∫ ∞
0 Γ(D0

phys(t) → f)dt −
∫ ∞
0 Γ(D0

phys(t) → f)dt
∫ ∞
0 Γ(D0

phys(t) → f)dt +
∫ ∞
0 Γ(D0

phys(t) → f)dt
. (13.75)

(This expression corresponds to the D meson being tagged at production, hence the
integration goes from 0 to +∞; measurements are also possible with ψ(3770) → D0D0, in
which case the integration goes from −∞ to +∞ giving slightly different results; see the
discussion in Section 13.1.3.) We take x, y, rf ≪ 1 and expand to leading order in these
parameters. We can then separate the contribution to af into three parts [55],

af = ad
f + am

f + ai
f , (13.76)

with the following underlying mechanisms:

February 8, 2016 19:55

CPV:



Strange

New field within LHCb
Dedicated triggers
Rich program: 

– KS
0à µµ

• BR < 5.8 x 10-9 @ 90% CL
• Software trigger, 23 fb-1: 2 x 10-10 

– KS
0à π0µµ

• Hardware trigger bottleneck à upgrade!
– KS

0à µµµµ
• No experimental constraint to date

– KS
0à π+π-ee

• 5σ observation possible in Run-II
– K+à π+π-π+ 

• 106 events observed in Run-I
• software trigger in upgrade: 2x 1010 /fb-1

– Σ+à pµµ
• Check HyperCP (E871) events

37



Strange

F. Dettori (CERN)

Results
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• Excess of events w.r.t. background with a significance of 4.0�

• Fitted signal yield: 12.9+5.1
�4.2

• No excess of events in the TIS sub-sample

• Upper limit with CLS method: B(⌃+ ! pµ+µ�) < 6.3⇥ 10�8 at 95% CL

Evidence for the rare decay ⌃+ ! pµ

+
µ

� at LHCb 15/09/2016 - KAON2016 17/20
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LHCb-CONF-2016-013

LHCb-CONF-2016-012

New field within LHCb
Dedicated triggers
Rich program: 

– KS
0à µµ

• BR < 5.8 x 10-9 @ 90% CL
• Software trigger, 23 fb-1: 2 x 10-10

– KS
0à π0µµ

• Hardware trigger bottleneck à upgrade!
– KS

0à µµµµ
• No experimental constraint to date

– KS
0à π+π-ee

• 5σ observation possible in Run-II
– K+à π+π-π+ 

• 106 events observed in Run-I
• software trigger in upgrade: 2x 1010 /fb-1

– Σ+à pµµ
• Check HyperCP (E871) events

38

Fit procedure

• A simultaneous Maximum Likelihood Fit to all the BDT bins and categories was performed.

• Fit performed in the region m
µ

+
µ

� 2 [470, 600]MeV/c2.

• The previous result has been taken into account introducing a constraint on the branching
fraction.

Contributions

• Right side of the K0
S

! ⇡+⇡� double
misID ) Power law

• Combinatorial background )
Exponential

• Signal peak ) Hypatia function⇤

⇤[NIM A, 764, 150 (2014)]
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Miguel Ramos Pernas (KAON 2016) Search for K0
S ! µ+µ� at LHCb September 14, 2016 11 / 14



New field within LHCb
Dedicated triggers
Rich program: 

– KS
0à µµ

• BR < 5.8 x 10-9 @ 90% CL
• Software trigger, 23 fb-1: 2 x 10-10

– KS
0à π0µµ

• Hardware trigger bottleneck à upgrade!
– KS

0à µµµµ
• No experimental constraint to date

– KS
0à π+π-ee

• 5σ observation possible in Run-II
– K+à π+π-π+ 

• 106 events observed in Run-I
• software trigger in upgrade: 2x 1010 /fb-1

– Σ+à pµµ
• Check HyperCP (E871) events
• LHCb: 

– Fit at m=214.3 MeV: 1.6±1.9 evts

Strange
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An evidence for                        was found by the HyperCP 
experiment with 3 events in absence of background
Branching fraction measured as                                   
compatible with SM.

The interest lies in the fact that the 3 observed signal events 
have the same dimuon mass:  pointing 
towards a decay through 

[PRL  94 021801 (2005)][PRD 72 (2005) 074003]

LHCb's take on this 
will be presented at 
Kaon2016 with 
sensitivity similar to 
that of HyperCP.

F. Dettori (CERN)

Results: analysis of the dimuon mass

• Consider candidates within 2� from the ⌃ mass in the full selection

• Scan dimuon invariant mass for possible peaks

• Fit with gaussian of known mass and resolution

• No significant peak found

• Most significant at 213.7 MeV (but not significant)

• Fit at mX0 = 214.3 MeV yields 1.6± 1.9 events corresponding to a fraction
0.078± 0.092 of the total seen signal
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mX0 = 214.3 MeV
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HyperCP Coll.

𝛴5 → 𝑝𝑋3 → 𝜇5𝜇2



Experiment vs Theory

For very long, flavour observables will stay statistically limited!Sensitivity prospects 

•  Many observables with large New Physics sensitivity even 
after Run 4 still statistically limited 

•  More data would clearly help… 

Johannes Albrecht 

Particle Physics Seminar Bern (62/64) O. Steinkamp13.05.2015

Physics
● with 50 fb-1, approach theory uncertainties in key observables, e.g.:

[M.H.Schune at “Heavy Flavour in the HL-LHC Era”, Aix les Bains, 2013]

● also: reinforce LHCb as a general purpose forward detector for

● electroweak boson production, lepton flavour violation, exotic searches, …

31. August 2016 

LH
C

b-P
U

B
-2014-040 

14/30 

Flavour precision observables

Theoretical errors in some observables at % level or below. If measured 
with a comparable precision one could learn a lot about exotic tree-level 

effects, penguin pollution, lepton-flavour universality violating couplings, etc.  

[Bordone et al., 1605.07633]O(1%)�RK , �RK� , . . .

[Fajfer et al., 1203.2654]O(1%)�RD�

[Brod & Zupan, 1308.5663]�� O(10�7)

�� O(1%) [Ciuchini et al., hep-ph/0507290]
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Conclusions

Precision measurements to scrutinize the Standard Model
Precision measurements only way to reach very high mass scales
Precision measurements are not yet precise enough

CKM fit in 2013
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

[Charles et al., 1309.2293]

CKM fit in 10 years
[Charles et al., 1309.2293]

Stage II: 

- 50 fb-1 of LHCb data

- 50 ab-1 of Belle II data

- δfBq = O(1%),          
δVub= O(2%)

Lattice QCD improvements crucial to obtain such tight constraints  
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,
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41



Backup slides

42



The	need	for	more	precision
# “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

# “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)

ICHEP	2016	-- I.	Shipsey
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General framework : physics topics 
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General framework : physics topics 
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𝐵3 → 𝐽/𝜓𝐾.
𝐵 → 𝐷𝐾
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CP violation in B mixing

Ø New particles in the box diagram?

Present results do not exclude D0 yet
LHCb: with 300 fb-1 expect precision ~10-4

– Charged track asymmetry challenging

B0
s

B̄0
s

t

t

WW

b

s

s

b

Semileptonic asymmetries 
Semileptonic	asymmetries	
•  We	have	measured	asl(B

0)	with	3	b-1	
–  Phys.	Rev.	LeO.	114	(2015)	041601	

•  and	asl(Bs)	with	1	b-1	
–  Phys.	LeO.	B728	(2014)	607	

•  The	measurements	agree	with	the	
SM,	but	do	not	exclude	the	D0	same-
sign	dimuon	result	yet	

14	
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0.15%	

0.20%	

0.25%	

0.30%	

2015	 2020	 2024	 2030	 2035	

Asl(Bs)	

σ
(A

sl
)	

inputs	from	LHCb-PUB-2014-040	

Run	1	 Run	2	 Run	3	 Run	4	 Run	5	

Without	any	other	

upgrade	but	Phase-1	

•  Update	of	asl(Bs)	to	
3	b-1	behind	the	corner	

•  With	300	b-1	in	
Phase-2,	the	naive	
expectaLon	is	to	reach	
a	precision	of	about	1	
part	in	104	

2018	

31. August 2016 Johannes Albrecht 10/30 

Phys. Rev. Lett. 117 (2016) 
061803 
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Figure 3: Overview of the most precise measurements of ad
sl

and as
sl

. The horizontal and vertical
bands indicate the naive averages of pure as

sl

and ad
sl

measurements [20,28–32]. The yellow ellipse
represents the D0 dimuon measurement with ��

d

/�
d

set to its SM expectation value [5]. The
error bands and contours correspond to 68% confidence level.

the signal yields [7]. A more stringent selection resulted in a cleaner signal sample, but
with roughly 30% fewer signal candidates in the �⇡ region. As a cross check, the approach
of the previous analysis is repeated on the full 3.0 fb�1 data sample and the result is
compatible within one standard deviation.

The twelve values of as
sl

for each Dalitz region, polarity and data-taking period are
consistent with each other. The combined result, taking into account all correlations, is

as
sl

= (0.39± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and
calibration samples, and the second systematic. There is a small correlation coe�cient of
+0.13 between this measurement and the LHCb measurement of ad

sl

[20]. The correlation
mainly originates from the muon detection asymmetry and from the e↵ect of ad

sl

, due to B0

background, on the measurement of as
sl

. Figure 3 displays an overview of the most precise
measurements of ad

sl

and as
sl

[5, 20, 28–32]. The simple averages of pure a
sl

measurements,
including the present as

sl

result and accounting for the small correlation from LHCb, are
found to be ad

sl

= (0.02± 0.20)% and as
sl

= (0.17± 0.30)% with a correlation of +0.07. In
combination, these two averages are marginally compatible with the D0 dimuon result
(p = 0.5%) shown in Fig. 3. In summary, the determination of as

sl

presented in this letter
is the most precise to date. It shows no evidence for new physics e↵ects and will serve to
restrict models beyond the SM.

7

LHCb: Phys. Rev. Lett. 117 (2016) 061803 

Phys. Rev. Lett. 117 (2016) 061803 
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LHCb = more than flavour
pdfs, jets, heavy-ion, EW, exotic states…
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Figure 2: (top left) Two-dimensional SV-tag BDT distribution and (top right) fit for events in
the subsample with p

T

(µ)/p
T

(j
µ

) > 0.9, projected onto the (bottom left) BDT(bc|udsg) and
(bottom right) BDT(b|c) axes. Combined data for

p
s = 7 and 8 TeV for both muon charges are

shown.

against other jet types. The SV track multiplicity identifies b jets well, since b-hadron
decays typically produce many displaced tracks. In Fig. 4, the distributions of M

cor

and
SV track multiplicity for a subsample of SV-tagged events with BDT(bc|udsg) > 0.2 (see
Fig. 2) are fitted simultaneously. The templates used in these fits are obtained from data

7

Impact of existing LHCb results on PDFs
Many LHCb 7 TeV results on electroweak boson production now
included in PDF fits.
Large impact on pre-LHC PDF knowledge.

Shown here NNPDF down quark PDF and uncertainties (normalised
so central value pre-LHC is unity):

I Green: PDF fit using HERA data
I Blue: PDF fit using HERA data and 7 TeV LHCb data

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 10 / 52

Asymmetries in Z boson decays

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 47 / 52

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

state, and when that was not su�cient we included a second state. The
two P

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Projected sensitivities
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