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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

8

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

LHC schedule

( plot from Niels Tuning)

 LHCb expects to collect 300 fb-1 with Phase-II upgrade (3000 fb-1 foreseen 
for ATLAS and CMS)  
 Most of the predictions hereafter will assume only the foreseen accumulated 
statistics 
- some studies will take in account the expected gain from a full software trigger 
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 as much statistics as possible  
 - many RD are not systematically limited (and  
   won’t be with HL-LHC) 
 - many observables have very precise SM  
   predictions 

 Possible to reach SM predictions or NP    
region for many decays with 300 fb-1

 More opportunities in Run5 with an upgraded detector:  
- Improved electron reconstruction/selection 

  - More precise downstream track reconstruction

Rare B decays

• As they are rare, less likely to hit systematic and/or theoretical 
uncertainties. Excellent opportunities with the HL-LHC. 

• Many observables have very precise SM predictions.
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Sensitive to NP heavier than machine energy.
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What do we need for Very Rare Decays? 
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 Keep a full software trigger that cover the all p(T) spectrum, is 
fundamental for many analyses
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! …
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B(s)→mm : branching fraction

B(s)—>µµ
• Very rare decay: 
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Typical example of FCNC decay very suppressed in the SM

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

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

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

 [PRL 112 (2014) 101801]
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Figure 9: Contours in the plane B(B0s → µ+µ−),B(B0 → µ+µ−) for intervals of −2∆ ln(L) equal to 2.3, 6.2 and
11.8 relative to the absolute maximum of the likelihood, without imposing the constraint of non-negative branching
fractions. Also shown are the corresponding contours for the combined result of the CMS and LHCb experiments,
the SM prediction, and the maximum of the likelihood within the boundary of non-negative branching fractions,
with the error bars covering the 68.3% confidence range for B(B0s → µ+µ−).

13 Conclusions

A study of the rare decays of B0s and B0 mesons into oppositely charged muon pairs is presented, based
on 25 fb−1 of 7 TeV and 8 TeV proton–proton collision data collected by the ATLAS experiment in Run 1
of LHC.

For B0 an upper limit B(B0 → µ+µ−) < 4.2 × 10−10 is placed at the 95% confidence level, based on the
CLs method. The limit is compatible with the predictions based on the SM and with the combined result
of the CMS and LHCb experiments.

For B0s the result is B(B0s → µ+µ−) =
(

0.9+1.1−0.8
)

× 10−9, where the errors include both the statistical and
systematic uncertainties. An upper limit B(B0s → µ+µ−) < 3.0 × 10−9 at 95% CL is placed, lower than
the SM prediction, and in better agreement with the measurement of CMS and LHCb.

A p-value of 4.8% is found for the compatibility of the results with the SM prediction.

Acknowledgements
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ATLAS:  JHEP 06 (2016) 081, CMS+LHCb: Nature 522 (2015) 68

 Very rare decay, FCNC and helicity suppressed 
 Very sensitive to possible (pseudo)scalar new physics contributions  
 Precisely predicted in the SM

Very clean probe of Cμ10

4

Straub - Instant workshop  
on B meson anomalies 

https://indico.cern.ch/event/633880/contributions/2577368/attachments/1462438/2259284/straub-cern-2017.pdf
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• Very rare decay: 
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Typical example of FCNC decay very suppressed in the SM

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

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

From the PDG, with the addition of latest 
results by CMS and LHCb
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Very rare decay, FCNC and helicity suppressed 
 Very sensitive to possible (pseudo)scalar new physics contributions  
 Precisely predicted in the SM

of this decay in a single experiment. The branching fraction is measured to be
B(B0

s

! µ+µ�) =
�
3.0± 0.6+0.3

�0.2

�
⇥ 10�9, where the first uncertainty is statistical

data. The contamination from B0! µ+µ�, B! h+h0� and semileptonic decays above
5320MeV/c2 is small and not included in the fit. The e↵ect on the e↵ective lifetime from
the unequal production rate of B0

s

and B0

s

mesons [41] is negligible. A bias may also arise if

Aµ

+
µ

�

��

6= ±1, with the consequence that the underlying decay-time distribution is the sum
of two exponential distributions with the lifetimes of the light and heavy mass eigenstates.
In this case, as the selection e�ciency varies with the decay time, the returned value of
the lifetime from the fit is not exactly equal to the definition of the e↵ective lifetime even
if the decay-time acceptance function is correctly accounted for. This e↵ect has been
evaluated for the scenario where there are equal contributions from both eigenstates to the
decay. The result can also be biased if the background has a much longer mean lifetime
than B0

s

! µ+µ� decays; this is mitigated by an upper decay-time cut of 13.5 ps. Any
remaining bias is evaluated using the background decay-time distribution of the much
larger B0 ! K+⇡� data sample. All of these e↵ects are found to be small compared
to the statistical uncertainty and combine to give 0.05 ps, with the main contributions
arising from the fit accuracy and the decay-time acceptance (0.03 ps each). The mass
distribution of the selected B0

s

! µ+µ� candidates is shown in Fig. 2 (top). Figure 2
(bottom) shows the background-subtracted B0

s

! µ+µ� decay-time distribution with the
fit function superimposed. The fit results in ⌧(B0

s

! µ+µ�) = 2.04 ± 0.44 ± 0.05 ps,
where the first uncertainty is statistical and the second systematic. This measurement
is consistent with the Aµ

+
µ

�

��

= 1 (�1) hypothesis at the 1.0 (1.4) � level. Although the
current experimental uncertainty only allows a weak constraint to be set on the value of
the Aµ

+
µ

�

��

parameter in the physically allowed region, this result establishes the potential
of the e↵ective lifetime measurement in constraining New Physics scenarios with the
datasets that LHCb is expected to collect in the coming years [42].

In summary, a search for the rare decays B0

s

! µ+µ� and B0 ! µ+µ� is performed
in pp collision data corresponding to a total integrated luminosity of 4.4 fb�1. The
B0

s

! µ+µ� signal is seen with a significance of 7.8 standard deviations and provides the
first observation of this decay from a single experiment. The time-integrated B0

s

! µ+µ�

branching fraction is measured to be
�
3.0± 0.6+0.3

�0.2

�
⇥10�9, the most precise measurement

of this quantity to date. In addition, the first measurement of the B0

s

! µ+µ� e↵ective
lifetime, ⌧ (B0

s

! µ+µ�) = 2.04±0.44±0.05 ps, is presented. No evidence for a B0 ! µ+µ�

signal is found, and the upper limit B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 95% confidence level
is set. The results are in agreement with the SM predictions and tighten the existing
constraints on possible New Physics contributions to these decays.
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New results: 
@ 95% CL

first observation by 
a single experiment 

7.8 s 

(Phys. Rev. Lett. 118, 191801 (2017)) 5
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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%.
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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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branching fractions, the B0 statistical significance, and uncertainty on the ratio between the
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and the uncertainty by our estimate of neglected contributions, including the soft gluon correc-
tion to the charm loop. From (40) it is clear that an accidental cancellation in the imaginary
part of �C7, that would make ACP tiny even in the presence of NP in Im C7, is not entirely
excluded. We note that the estimate of the soft gluon contribution in (20), that we omitted,
would make the constraint even stronger. In any case, a better understanding of the hadronic
contributions is crucial to better constrain this Wilson coe�cient.

Constraints on C0
7

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

7. In fig. 2, we show the constraints in the plane
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Yield comparison
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400 2400
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Crude extrapolations based on single event 
sensitivities in Phys. Rev. Lett. 111, 101805 (2013).
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LHCb (LHCb-PUB-2014-040)
CMS (CMS-PAS-FTR-14-015)

B(s)→mm - projections 

(CMS-PAS-FTR-14-015)

(CMS-TDR-14-015)

mass resolution 
28 MeV

Uncertainty on BF(Bs→μμ) ~ 0.27 x 10-9 

@ 300 fb-1  

 Ratio of BF is also a powerful test of 
MFV 

 Predictions: 
- Dr/r ~ [23, 27]% (50 fb-1) 
- Dr/r ~ [11, 13]% (300 fb-1)
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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)

BR(B̄0
s ! D+

s ⇡�)
BR(B̄0

d ! D+K�)
⇠ ⌧Bs

⌧Bd

����
Vud

Vus

����
2

⇥
✓

f⇡

fK

◆2
"

F (s)
0 (m2

⇡)

F (d)
0 (m2

K)

#2 ����
a1(Ds⇡)
a1(DdK)

����
2

. (1)

BR(B̄0
s ! D+

s ⇡�)
BR(B̄0

d ! D+K�)
=

�(Ds⇡)
�(DK)

⌧Bs

⌧Bd

����
Vud

Vus

����
2 ✓

f⇡

fK

◆2
"

F (s)
0 (m2

⇡)

F (d)
0 (m2

K)

#2 ����
a1(Ds⇡)
a1(DdK)

����
2

= 14.2± 1.3(FF)

"
F (s)

0 (m2
⇡)

F (d)
0 (m2

K)

#
= 1.046± 0.044(stat)± 0.015(sys) (2)

1
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 Dominant source of systematic, fs/fd  
- current uncertainty ~5.8%  
  (LHCb-CONF-2013-011)  

 BR(B+->J/cK+): ~3%  
  - ambiguities related to isospin asymmetry  at Y(4S)  
  - will improve with Belle 2 measurement  

 Semileptonic background  
 - updated lattice calculations needed  
 - inputs from LHCb measurements are fundamental 
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‣ Untagged time integrated branching fraction                        
predictions: 
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updated with the latest top mass measurement 
(Tevatron+LHC combination)
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Improvements with respect to previous version:19

- The free fits of the S

SM

B0

and S

SM

B0

s
and the associated 2D scan have been added.20

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

channels have been added.22

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

1 Introduction24

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

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

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

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

The B0

(s) ! µ+µ� decays are among the most sensitive FCNC owing to their small29

theoretical uncertainty and clean experimental signature.30

A subtlety arises for the B0

s decay, as discussed in detail in Ref. [1,2]: when comparing31

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

into account the finite width di↵erence measured in the B0

s system.33

The most up to date SM predictions for the B0

s ! µ+µ� and B0

! µ+µ� time-34

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

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

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

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

B(B0

s ! µ+µ�) = (3.66± 0.23)⇥ 10�9 and (1)

B(B0

! µ+µ�) = (1.06± 0.09)⇥ 10�10 . (2)

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

fractions, this can be calculated easily as:40

R =
B(B0

! µ+µ�)

B(B0

s ! µ+µ�)
=

⌧Bd

1/�s
H

✓
fBd

fBs

◆
2

����
Vtd

Vts

����
2 MBd

s

1�
4m2

µ

M2

Bd

MBs

s

1�
4m2

µ

M2

Bs

= 0.0295+0.0028
�0.0025 (3)

where ⌧Bd
and 1/�s

H are the lifetimes of the B0 and of the heavy mass eigenstate of the41

B0

s ; MB0

s
and MB0 are the masses and fB0

s
and fB0 the meson decay constants of the B0

s42

and B0 mesons respectively; Vtd and Vts the elements of the CKM matrix and mµ the mass43

of the muon. The input values for these quanteties are reported in Table 1 and they di↵er44
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Bobeth et al. 
[PRL 112 (2014) 101801]

[hep-ex/1403.4427]

αs

CKM

Mt

αs
non-param.

fBq

CKM
τHq

Mt

τHq
non-param.

error budgets

‣ Ratio of branching fractions of two modes powerful to discriminate 
among models beyond the SM. Precisely predicted in SM: 
!

!

➡ stringent test of Minimal Flavour Violation hypothesis 

B 0s B 0

 Theoretical uncertainty dominated by:  
 - CKM matrix element (experimental inputs 
needed) 
 - B decays constant (improvement expected 
from lattice calculations )  

 Exp. uncertainty will reach theoretical 
uncertainty C. Bobeth et al 

 Phys. Rev. Lett. 112, 101801

Phys. Rev. Lett. 115, 262001 (2015)



In Fig. 2, we illustrate the situation in the observable 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 BsðdÞ ! !þ!$

decays where the polarizations of the ! leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing 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.

Conclusions.—The recently established width differ-
ence !"s implies that the theoretical B0

s ! #þ#$ branch-
ing ratio in (1) has to be rescaled by 1=ð1$ ysÞ for the
comparison with the experimental branching ratio, giving
the SM reference value of ð3:5% 0:2Þ & 10$9. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of %9% originating from A!" 2 ½$1;þ1(.

The effective Bs ! #þ#$ lifetime !#þ#$ offers a new
observable. On the one hand, it allows us to take into
account the Bs width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, !#þ#$

may reveal large NP effects, especially those related to
(pseudo-)scalar ‘þ‘$ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B0

s ! #þ#$ branching ratio is close to the
SM prediction.

The determination of !#þ#$ appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of Bs ! #þ#$

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
This work is supported by the Netherlands Organisation

for Scientific Research (NWO) and the Foundation for
Fundamental Research on Matter (FOM).

[1] A. J. Buras, Proc. Sci. BEAUTY 2011, 008 (2011).
[2] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 108,

231801 (2012); S. Chatrchyan et al. (CMS Collaboration),
J. High Energy Phys. (2012) 04, 033; T. Aaltonen et al.
(CDF Collaboration), Phys. Rev. Lett. 107, 191801
(2011); V.M. Abazov et al. (D0 Collaboration), Phys.
Lett. B 693, 539 (2010); G. Aad et al. (ATLAS
Collaboration), Phys. Lett. B 713, 387 (2012).

[3] A. Lenz and U. Nierste, arXiv:1102.4274.
[4] R. Aaij et al. (LHCb Coll.), LHCb-CONF-2012-002.
[5] K. De Bruyn, R. Fleischer, R. Knegjens, P. Koppenburg,

M. Merk, and N. Tuning, arXiv:1204.1735 [Phys. Rev. D
(to be published)].

[6] W. Altmannshofer, P. Paradisi, and D.M. Straub, J. High
Energy Phys. (2012) 04, 008.

[7] R. Fleischer, Phys. Rep. 370, 537 (2002).
[8] C.-S. Huang and W. Liao, Phys. Lett. B 525, 107 (2002).
[9] A. Dedes and A. Pilaftsis, Phys. Rev. D 67, 015012

(2003).
[10] P. H. Chankowski, J. Kalinowski, Z. Was, and M. Worek,

Nucl. Phys. B713, 555 (2005).
[11] I. Dunietz, R. Fleischer, and U. Nierste, Phys. Rev. D 63,

114015 (2001).
[12] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 84,

052012 (2011); R. Aaij et al. (LHCb Collaboration), Phys.
Lett. B 707, 349 (2012).

[13] CMS Collaboration, CERN-LHCC-2011-006; LHCb
Collaboration, CERN-LHCC-2012-007.

FIG. 2 (color online). Illustration of allowed regions in
the R-A!" plane for scenarios with scalar or nonscalar NP
contributions.

FIG. 1 (color online). Current constraints in the jPj-jSj plane
and illustration of those following from a future measurement of
the effective Bs!#þ#$ lifetime yielding the A!" observable.
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Effective lifetime fit

LHCb

  

Bs→mm - lifetime

� �

and the second systematic. The first measurement of the
tive lifetime, ⌧(B0

s

! µ+µ�) = 2.04± 0.44± 0.05 ps, is reported. No significant
+ �

 Effective lifetime: complementary probe of new physics   
 In the SM, only the heavy mass eigenstate decays to μ+μ- 
- ADG =+1 
- τμμ = 1.610 ± 0.012 ps 
 Assuming extreme NP scenario of τμμ = τL ,for a 5 σ observation the precision 
needed is 0.038 ps 
 LHCb measurement:

8(Phys. Rev. Lett. 118, 191801 (2017)) (PRL 109, 041801 (2012))
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FIG. 2. Present and future constraints on the real part of the Wilson coe�cient CS , assumed to satisfy the
SMEFT relation. The vertical axis corresponds to the likelihood (containing experimental and theoretical
uncertainties), rescaled to equal maximum likelihood. The scenarios labeled “Run 4” (dashed lines) corre-
spond to eq. (15a), “Run 5” (solid lines) to eq. (15b). The “NP” scenario (thin lines) predicts the same
branching ratio as in the SM (thick lines), but opposite A��. The shaded ranges correspond to 1� (highest
likelihood regions containing 68.3% of the integrated likelihood).

with a real A. The Bs ! µ+µ� branching ratio, BR(Bs ! µ+µ�), and the mass-eigenstate rate

asymmetry, A�� can therefore be written as

BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)SM

= (1 � A)2 + A2 � ys
1 + ys

2A2 , (23)

A�� =
(1 � A)2 � A2

(1 � A)2 + A2
. (24)

There are two regions of parameter space that correspond to a SM-like branching ratio. The first

one corresponds to a small new physics contribution A ⌧ 1 and has A�� ' ASM
�� = 1. The second

region corresponds to a NP contribution that is comparable to the SM amplitude A ' 1. This

second region of parameter space predicts A�� ' �1. While measurements of the branching ratio

alone cannot distinguish the two regions, a measurement of A�� can.

We demonstrate this by performing the following fits of this Wilson coe�cient:

• A fit to the present branching ratio measurement,

• A fit to a future measurement with the projected uncertainties in (15a) and (16) assuming

the experimental central values for the branching ratio and A�� to equal the SM central

values (“SM scenario” with A ⌧ 1),

• A similar “future” fit assuming the measured branching ratio to coincide with the SM ex-

pectation, but the central value of A�� to be �1 (“NP scenario” with A ⇡ 1),

Bs→mm - lifetime predictions (arXiv:1702.05498)

Bs→mm - what else? 

 ~ 5% uncertainty estimated with  
      50fb-1 

 can get down to 2% with 300 fb-1

Fit for CS = -CP 
(SMEFT scenario)

 Time dependent CP violation 
 Expected σ(Sμμ) = 0.3  
 (assuming 4% tagging eff)
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• With 4% tagging power, corresponds 
to 100 perfectly tagged candidates 
for measuring the time dependent CP 
asymmetry, Sµµ.
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Figure 9: Overlay of the correlations for R versus Aµµ
�� (left) and Sµµ (right) for

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

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

mass of 1 TeV.

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

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

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

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

4.2.3 Comparison with Z0 Scenario

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

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

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

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

L from the analysis of Bs-mixing in

26

A Buras et al, JHEP 1307 (2013) 77
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Bs—>µµ time dependent CP asymmetry
• Reminder: In 300fb-1 scenario, get 2.4K Bs—>µµ candidates

• Estimate of possible sensitivity found 
by comparing with measurement of 

AKK (JHEP 10 (2013) 183)

• With 14K candidates, get AKK 
uncertainty of 0.12 

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

Many assumptions made here!

(A Buras et al, JHEP 1307 (2013) 77 )9



Lepton flavour violation

 Measurements involving b->sll 
decays showed deviations from the 
SM and hints of LU violation  

 Several models explains LNU 
involving multi-TeV new physics 
particle   

 LNU implies LFV if leptons are not 
mass eigenstate  

 Experimentally reachable BF are 
predicted

Theo Exp

B+->K+m±t∓ 0.89x10-6 <4.8x10-5

B+->K+e±t∓ 3.84x10-10 <3.0x10-5

B+->K+e±m∓ 0.52x10-9 <9.1x10-8

Bs->m±t∓ 1.06x10-6 -

Bs->e±t∓ 4.57x10-10 -

Bs->e±m∓ 1.73x10-12 <1.1x10-8

Guadagnoli and Lane   
Physics Letters B 751 (2015) 54–5810

https://arxiv.org/pdf/1507.01412.pdf


 B(s)->τμ 

 B+->K+eμ:  
  - limit ~O(10-8 ) expected with Run1 data 
  - one order of magnitude (at least) improvement expected for Run5: 
     sensitive to the NP region!  
  - no expected systematic limitations  

 B(s)->eμ: 

1fb-1
(Phys. Rev. Lett. 111 (2013) 141801)

3fb-1  

 (exp)
300fb-1

(exp)

Bs->e±m∓ < 1.4x10-8 @ 90% CL ~3.8x10-9 ~3x10-10

B->e±m∓ < 3.7x10-9 @ 90% CL ~1.2x10-9 ~1x10-10

Lepton flavour violation: ongoing analyses

 - same constraint to theoretical models as B+->K+eμ  
 - less background contamination 
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account systematic uncertainties + issues with coverage) 

POI
0 2 4 6 8 10

9−10×

CL
s

0

0.2

0.4

0.6

0.8

1

Expected 

LHCb

Expected 

POI
0 0.5 1 1.5 2

9−10×

CL
s

0

0.2

0.4

0.6

0.8

1

Expected 

LHCb

Expected 

Bs Bd

Expected Asymp. limit @95% 
CL

Freq. limit @95%
BF(Bs->eµ)x109 3.8 3.9
BF(Bd->eµ)x1010 1.2 1.2

CLs with pseudo experiments
CLs limit with pseudo-experiments (0.5k toys x 15 points), previous 
limit evaluated using the Asymptotic formula (doesn’t take into 
account systematic uncertainties + issues with coverage) 

POI
0 2 4 6 8 10

9−10×

CL
s

0

0.2

0.4

0.6

0.8

1

Expected 

LHCb

Expected 

POI
0 0.5 1 1.5 2

9−10×

CL
s

0

0.2

0.4

0.6

0.8

1

Expected 

LHCb

Expected 

Bs Bd

Expected Asymp. limit @95% 
CL

Freq. limit @95%
BF(Bs->eµ)x109 3.8 3.9
BF(Bd->eµ)x1010 1.2 1.2

Run1 Expected limit
Preliminary

Bs

Run1 
Expected limit

Preliminary
Bd

http://dx.doi.org/10.1103/PhysRevLett.111.141801


B(⌧� ! µ+µ�µ�) < 4.6⇥ 10�8 @ 90%CL

Current limit : Extrapolation @ 300 fb-1:
B(⌧� ! µ+µ�µ�) < 3⇥ 10�9

 not systematically limited 
 similar to prospects for Belle2 @ 50 ab-1 

- confirmation from LHCb fundamental if any sign of NP

]-8 10×) [−µ+µ−µ→−τ(B
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s
C

L

0
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LHCb

Figure 5: Distribution of CL
s

values as a function of the assumed branching fraction for
⌧� ! µ�µ+µ�, under the hypothesis to observe background events only. The dashed line
indicates the expected limit and the solid line the observed one. The light (yellow) and dark
(green) bands cover the regions of 68% and 95% confidence for the expected limit.
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Lepton flavour violation: more prospects

 Many other LFV searches foreseen: 
 -  B→K*eμ/τ,     - B→Φeμ  
 - B+→K+eτ         - … 12

 (JHEP 02 (2015) 121)

- Several BSM theories predict an BF enhancement   
(seesaw models..) 
- EFT based on a U(2)n flavor symmetry: 
  - explains anomalies in b->sll decays  
  - BR (τ → 3μ:)~ 10-9

 τ− → μ+μ−μ−:

http://link.springer.com/article/10.1007%2FJHEP02%282015%29121


B(s)→ee
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Figure 1: Illustration of the B0
s ! `+`� (left panel) and B0

d ! `+`� (right panel) branch-
ing ratios: current experimental status, SM predictions and the possible enhancement
within the general flavour-universal NP scenario discussed in the text.

the experimentally established B0
s ! µ+µ� mode.

In order to explore this topic, which is in general very complex, and to illustrate
possible NP e↵ects, we consider a framework where the Wilson coe�cients of the relevant
four-fermion operators are flavour universal, i.e. do neither depend on the flavour of the
decaying B0

s or B0
d mesons nor on the final-state leptons. We find that the corresponding

NP e↵ects are strongly suppressed in B0
s ! ⌧+⌧� in this scenario. However, as the

helicity suppression is lifted by new (pseudo)-scalar contributions, we may get a huge
enhancement of the branching ratio of B0

s ! e+e� in this scenario, while still having
the branching ratio of B0

s ! µ+µ� within the current experimental range. In particular,
the branching ratio of B0

s ! e+e� may be enhanced to about 5 times the B0
s ! µ+µ�

branching ratio, which is a factor of 20 below the CDF limit from 2009. Consequently,
it would be most interesting to have a dedicated search for B0

s ! e+e� and B0
d ! e+e�,

fully exploiting the physics potential of the LHC, where these decays will be interesting
for ATLAS, CMS and LHCb, and the future Belle II experiment at KEK. In view of the
theoretical cleanliness of these decays and the possible spectacular enhancement with
respect to the SM, we may get an unambiguous signal for New Physics.

In Fig. 2, we have illustrated our NP analysis. The measured branching ratio of the
B0

s ! µ+µ� channel allows us to constrain the corresponding short-distance functions,
which are then converted into their counterparts for the B0

s,d ! ⌧+⌧� and B0
s,d ! e+e�

channels, having very di↵erent implications. The flowchart in Fig. 2 serves as a guideline
for the following discussion.

The outline of this paper is as follows: we discuss the theoretical framework for our
studies in Section 2. In Section 3, we have a closer look at the state-of-the-art picture
following from the experimental results for the B0

s,d ! µ+µ� decays, while turning to
the B0

s,d ! ⌧+⌧� and B0
s,d ! e+e� modes in Sections 4 and 5, respectively. Finally, we

summarize our conclusions in Section 6.
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In order to explore this topic, which is in general very complex, and to illustrate
possible NP e↵ects, we consider a framework where the Wilson coe�cients of the relevant
four-fermion operators are flavour universal, i.e. do neither depend on the flavour of the
decaying B0

s or B0
d mesons nor on the final-state leptons. We find that the corresponding

NP e↵ects are strongly suppressed in B0
s ! ⌧+⌧� in this scenario. However, as the

helicity suppression is lifted by new (pseudo)-scalar contributions, we may get a huge
enhancement of the branching ratio of B0

s ! e+e� in this scenario, while still having
the branching ratio of B0

s ! µ+µ� within the current experimental range. In particular,
the branching ratio of B0

s ! e+e� may be enhanced to about 5 times the B0
s ! µ+µ�

branching ratio, which is a factor of 20 below the CDF limit from 2009. Consequently,
it would be most interesting to have a dedicated search for B0

s ! e+e� and B0
d ! e+e�,

fully exploiting the physics potential of the LHC, where these decays will be interesting
for ATLAS, CMS and LHCb, and the future Belle II experiment at KEK. In view of the
theoretical cleanliness of these decays and the possible spectacular enhancement with
respect to the SM, we may get an unambiguous signal for New Physics.

In Fig. 2, we have illustrated our NP analysis. The measured branching ratio of the
B0

s ! µ+µ� channel allows us to constrain the corresponding short-distance functions,
which are then converted into their counterparts for the B0

s,d ! ⌧+⌧� and B0
s,d ! e+e�

channels, having very di↵erent implications. The flowchart in Fig. 2 serves as a guideline
for the following discussion.

The outline of this paper is as follows: we discuss the theoretical framework for our
studies in Section 2. In Section 3, we have a closer look at the state-of-the-art picture
following from the experimental results for the B0

s,d ! µ+µ� decays, while turning to
the B0

s,d ! ⌧+⌧� and B0
s,d ! e+e� modes in Sections 4 and 5, respectively. Finally, we

summarize our conclusions in Section 6.
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Moreover, let’s keep in mind that:  

 εee/εμμ ~ 1/5 (from B->K*J/c) 

better calorimeter performance can increase 
further the sensitivity  

No L0 bottleneck will be certainly beneficial (arXiv:1703.10160 - Fleischer et al.) 

Same considerations as for the Bs->μμ, in terms 
of SM predictions and NP  

 B(s)->ee is an excellent probe. NP can lift the 
helicity suppression  

BR(B(s)->ee)  may be enhanced 

 Search for Bs->ee ongoing in LHCb:  
- Expected limit Run1: [4-11]*10-9 

- Expected limit Run5: [3-9]*10-10

13



B(s)→tt

14

B(B0
s ! ⌧+⌧�) < 6.8⇥ 10�3 at 95% CL

B(B0 ! ⌧+⌧�) < 2.1⇥ 10�3 at 95% CL

(arXiv:1703.02508)
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B
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⌧
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LS1 LS2 LS3 LS4Run 1 Run 2 Run 3 Run 4 Run 5

SM

 MFV models which accomodate LFU anomalies predict enhancement of 
BR(B(s)->tt) 

 SM predictions:

- First (Bs) and world best (B0)  limits  
- Still very far from SM 
- Tracking stations inside the magnet  
   could improve the sensitivity 

B(B0 ! ⌧+⌧�)SM = (2.22± 0.19)⇥ 10�8

B(B0
s ! ⌧+⌧�)SM = (7.73± 0.49)⇥ 10�7

 Run1 analysis:



Majorana neutrinos

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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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.

�

✏

A

0

e

�

F
ig

u
re

2
.1

:
T

h
e

in
te

ra
ct

io
n

th
ro

u
gh

th
e

ex
ch

an
ge

by
a

m
ix

ed
�

�
A

0
p
ro

p
ag

at
or

b
et

w
ee

n
th

e
S
M

p
ar

ti
cl

es
an

d
p
ar

ti
cl

es
�

ch
ar

ge
d

u
n
d
er

n
ew

U
(1

)0
gr

ou
p
.

In
th

e
li
m

it
of

m
A

0
!

0
th

e
ap

p
ar

en
t

el
ec

tr
om

ag
en

ti
c

ch
ar

ge
of

�
is

e✏
.

m
ix

in
g

✏
ca

n
b
e

ge
n
er

at
ed

at
tw

o
or

h
ig

h
er

lo
op

or
d
er

,
so

th
at

on
e

ca
n

en
te

rt
ai

n
a

w
id

e
ra

n
ge

of
m

ix
in

g
an

gl
es

.

2.
If

b
ot

h
gr

ou
p
s

ar
e

u
nb

ro
ke

n
,
m

V
!

0,
th

e
st

at
es

�
ar

e
“m

il
li
ch

ar
ge

d
p
ar

ti
cl

es
”

w
it

h
el

ec
tr

ic
ch

ar
ge

q �
=

e✏
.

F
or

m
V

6=
0,

at
|q2

|<
m

2 V
,

th
e

p
ar

ti
cl

es
�

ca
n

b
e

th
ou

gh
t

of
as

n
eu

tr
al

p
ar

ti
cl

es
w

it
h

a
n
on

-v
an

is
h
in

g
el

ec
tr

ic
ch

ar
ge

ra
d
iu

s,
r2 �

'
6✏

m
�

2
V

.
T

h
e

d
ia

gr
am

d
es

cr
ib

in
g

th
e

b
as

ic
in

te
ra

ct
io

n
b
et

w
ee

n
th

e
tw

o
se

ct
or

s
is

sh
ow

n
in

F
ig

.
2.

1.

3.
If

th
er

e
ar

e
n
o

st
at

es
ch

ar
ge

d
u
n
d
er

U
(1

)0
(o

r
th

ey
ar

e
ve

ry
h
ea

vy
),

an
d

m
V

is
ta

ke
n

to
b
e

ze
ro

,
th

en
th

e
tw

o
se

ct
or

s
d
ec

ou
p
le

ev
en

at
n
on

-z
er

o
✏.

T
h
is

le
ad

s
to

th
e

su
p
p
re

ss
io

n
of

al
l

in
te

ra
ct

io
n
s
fo

r
a

d
ar

k
p
h
ot

on
in

si
d
e

a
m

ed
iu

m
.

If
m

V
b
ec

om
es

sm
al

le
r
th

an
th

e
ch

ar
ac

te
ri

st
ic

p
la

sm
a

fr
eq

u
en

cy
al

l
p
ro

ce
ss

es
w

it
h

em
is

si
on

or
ab

so
rp

ti
on

of
d
ar

k
p
h
ot

on
s

d
ec

ou
p
le

as
⇠

m
2 V

[4
2]

.

4.
T

h
e

n
ew

ve
ct

or
b
os

on
in

te
ra

ct
in

g
w

it
h

th
e

S
M

vi
a

th
e

el
ec

tr
om

ag
n
et

ic
cu

rr
en

t
co

n
se

rv
es

se
ve

ra
l
ap

p
ro

xi
m

at
e

sy
m

m
et

ri
es

of
th

e
S
M

,
in

cl
u
d
in

g
p
ar

it
y,

fl
av

ou
r,

an
d

C
P

.
M

or
eo

ve
r,

A
0

d
oe

s
n
ot

co
u
p
le

d
ir

ec
tl

y
to

n
eu

tr
in

os
.

A
s

a
co

n
se

qu
en

ce
of

th
es

e
tw

o
fe

at
u
re

s,
th

e
in

te
ra

ct
io

n
st

re
n
gt

h
d
u
e

to
th

e
ex

ch
an

ge
of

A
0
ca

n
b
e

ta
ke

n
to

b
e

st
ro

n
ge

r
th

an
th

at
of

w
ea

k
in

te
ra

ct
io

n
s,

(e
✏)

2
/m

2 A
0;

(e
✏g

0 )
/m

2 A
0

�
G

F
.

T
h
is

p
ro

p
er

ty
p
ro

ve
s

ve
ry

u
se

fu
l

in
co

n
st

ru
ct

in
g

li
gh

t
d
ar

k
m

at
te

r
m

od
el

s
w

it
h

th
e

u
se

of
ve

ct
or

p
or

ta
l.

A
lt

h
ou

gh
th

is
m

od
el

w
as

kn
ow

n
to

th
eo

ri
st

s
an

d
w

el
l-
st

u
d
ie

d
ov

er
th

e
ye

ar
s
(e
.g
.

R
ef

s.
[4

3,
44

])
,

th
er

e
h
as

b
ee

n
a

re
vi

va
l
of

sc
en

ar
io

s
in

vo
lv

in
g

a
ki

n
et

ic
al

ly
-m

ix
ed

A
0
d
u
ri

n
g

th
e

la
st

d
ec

ad
e.

M
u
ch

of
th

is
ac

ti
vi

ty
h
as

b
ee

n
in

re
sp

on
se

to
va

ri
ou

s
as

tr
op

hy
si

ca
l

an
om

al
ie

s
w

h
ic

h
ca

n
b
e

in
te

rp
re

te
d

as
a

si
gn

of
d
ar

k
m

at
te

r
in

te
ra

ct
in

g
w

it
h

th
e

S
M

th
ro

u
gh

a
ki

n
et

ic
al

ly
m

ix
in

g
ve

ct
or

.
R

en
ew

ed
in

te
re

st
in

d
ar

k
p
h
ot

on
s

h
as

tr
ig

ge
re

d
n
ew

an
al

ys
es

of
p
as

t
or

ex
is

ti
n
g

ex
p
er

im
en

ts
[4

5–
54

],
an

d
ge

n
er

at
ed

p
ro

p
os

al
s

fo
r

n
ew

d
ed

ic
at

ed
ex

p
er

im
en

ts
,

w
h
ic

h
ar

e
cu

rr
en

tl
y

at
va

ri
ou

s
st

ag
es

of
im

-
p
le

m
en

ta
ti

on
[5

5–
58

].
In

th
is

ch
ap

te
r,

w
e

w
il
l

d
em

on
st

ra
te

th
at

th
e

S
H

iP
p
ro

p
os

al
is

ca
p
ab

le
of

p
ro

b
in

g
n
ew

d
om

ai
n
s

of
th

e
p
ar

am
et

er
sp

ac
e

fo
r

th
is

m
od

el
,
w

it
h

an
d

w
it

h
ou

t
li
gh

t
d
ar

k
m

at
te

r.

2
.1

.2
A

n
o
m

a
ly

-f
re

e
g
a
u
g
e

g
ro

u
p
s

(B
�

L
,

L
µ

�
L

⌧
et

c)

T
h
e

ki
n
et

ic
al

ly
-m

ix
ed

p
or

ta
l
d
es

cr
ib

ed
ab

ov
e

re
p
re

se
nt

s
th

e
si

m
p
le

st
w

ay
to

co
u
p
le

a
n
ew

ve
ct

or
p
ar

ti
cl

e
to

th
e

S
M

,
w

it
h
ou

t
ch

ar
gi

n
g

an
y

of
th

e
S
M

fi
el

d
s

u
n
d
er

th
e

n
ew

ga
u
ge

gr
ou

p
.

T
h
er

e
is

al
so

an
in

te
re

st
in

g
al

te
rn

at
iv

e
ro

u
te

in
w

h
ic

h
ce

rt
ai

n
co

m
b
in

at
io

n
s

of
th

e
S
M

fi
el

d
s

ar
e

ch
ar

ge
d

u
n
d
er

th
e

n
ew

U
(1

)0
.

T
h
e

m
os

t
p
ro

m
in

en
t

ex
am

p
le

of
th

is
ty

p
e

is
V

(B
�

L
) ,

w
h
ic

h
,
p
ro

vi
d
ed

th
e

S
M

is
su

p
p
le

m
en

te
d

w
it

h
th

re
e

ri
gh

t-
h
an

d
ed

n
eu

tr
in

os
,

is
an

om
al

y
fr

ee
.

W
h
il
e

th
e

m
u
lt

it
u
d
e

of
sc

al
es

fo
r

th
e

m
as

s

–
13

–

A’Ɣ ϵ

CMS
LHCb

perturbativity

BaBar dimuon

BaBar ditau

6 8 10 12 14
0.1

0.5
1

5
10

50

mA [GeV]

ta
n
β

A

µ+

µ�

A�

�

f

f

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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Federico Redi - Imperial College London

Review of results

• BELLE            Phys.Rev. D87 (2013) 
071102 

• Performs direct search for N → l
±
π
∓
 using 

B→lXN with X = D
(∗)

, light meson or nothing 

and l = e,μ 

• Set upper limits on both |Ve4|
2
, and |Vμ4|

2
.

9

• BaBar          Phys.Rev. D89 (2014) 011102 

• Performs direct search  
B

+
 → X

−
l
+
l′+ with l,l’=e,μ. 

• Limits on the ρ
−
, π

−
 and K

−
 modes are an 

order of magnitude improvement on 
previous results.

B+ ! X� l+ l0+ at BABAR

BABAR results

‹ Use a Bayesian approach to set
90% CL upper limits

‹ Statistical uncertainties are
dominant

‹ Limits in the range
(1.5 � 26)⇥ 10�7

‹ Limits on the ⇢�, ⇡� and K

�

modes are an order of magnitude
improvement on previous results

Channel BUL(⇥10�7)

B

+ ! K

⇤�
e

+
e

+ 4.0
B

+ ! K

⇤�
e

+µ+ 3.0
B

+ ! K

⇤�µ+µ+ 5.9
B

+ ! ⇢�e+e+ 1.7
B

+ ! ⇢�e+µ+ 4.7
B

+ ! ⇢�µ+µ+ 4.2
B

+ ! D

�
e

+
e

+ 26
B

+ ! D

�
e

+µ+ 21
B

+ ! D

�µ+µ+ 17
B

+ ! K

�
e

+µ+ 1.6
B

+ ! ⇡�
e

+µ+ 1.5

Jon Harrison (UoM) Heavy Majorana ⌫’s ⌧ 2014, 17.09.14 13 / 17

LHCb

BELLE Exclusive search@ LHCb:  
 B±→π∓μ±μ± channel (3fb-1) 
- Measurement competitive in the 
region above the charm mass

 Massive sterile neutrinos can potentially 
exist at any mass scale 
 Would explain the tiny neutrino mass 
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…but we might do even better: 
Improve (downstream) reconstruction will certainly be beneficial 
Some ideas already proposed (chambers inside magnet?)

Federico Redi - Imperial College London

Analysis strategy

• Typically Majorana neutrinos do not require lepton number conservation therefore can produce a same sign dimuon pair. 

• Majorana neutrinos typically live for a long time, for our sensitivity the relevant lifetime is of  
O(10) ps. 

• What we have is PV, a muon that flies and a vertex we can reconstruct, plus the same-sign signature. 

• Previously in LHCb we have looked exclusively for Majorana neutrinos both from B and from D. But never tried an 
inclusive approach. 

• This approach should naively be stronger by a factor of O(1000) wrt exclusive approach depending on the mass of 
the neutrino: the Xb → l νl X  branching fraction is of O(10%) compared e.g. to B → π l νl branching fraction which is 
of O(1e-4) (no helicity suppression).

5

b u/c

W−
N

µ− µ−

π+
W−Inclusive search, ongoing with Run1 

data: O(10) improvement expected 
over Belle limit 

Majorana neutrinos: what next?

Dedicated trigger in Run2 + mN > 1.5 GeV + lifetime > 10ps: 
background free analysis 

We can get an O(1000) improvement with 300 fb-1

16



Strange decays
 LHCb is a strange factory: cross-section ~ 105 μb @ 13 TeV  

 Growing interest in strange decays @ LHCb  

 Analyses/studies with Run1 data:

- Search for Ks->mm:  
  BF(Ks->mm) < 0.8x10-9 @ 90% CL 
  (preliminary)  Best upper limit!  
 
- Search for S->pmm: 
  No excess observed in the mm mass spectrum 
  (CONF-2016-013 - paper coming soon)  
 
-  Prospects for Ks->ppee (LHCb-PUB-2016-016) 
-  Prospects for Ks->p0mm (LHCb-PUB-2016-017) 
 
- K+ mass measurement : paper expected soon!

Preliminary

17

https://cds.cern.ch/record/2224468
http://cds.cern.ch/record/2193358?ln=en
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Strange decays - limitations

0 1000 2000 3000

5−10

4−10

3−10

2−10

1−10
µ µ →B 
µ µ → 0K
µ µ →D 
µ µ p → Σ

12	

Upgrade	Trigger	

HLT1:	Par6al	event	
reconstruc6on	

Detector	alignment	
and	calibra6on	

HLT2:	Full	event	
reconstruc6on	

1-2	MHz	

~20-100	kHz	

Hi
gh
	L
ev
el
	T
rig

ge
r	(
HL

T)
	

Store	2-5	GB/s	

LHCb	Upgrade	
(Run	3-4)	

30	MHz	

LHCb	Upgrades	Overview 		Mark	Williams														INSTR	Conference,		3rd	March	2017,	Novosibirsk	

Inelas2c	
event	rate	

LHCB-TDR-016	

Run	1	

2×	Run	1	

Upgrade	

Clear	performance	gains:	
All	upgrade	rate	scenarios	(blue	ver2cal	
lines)	give	significant	efficiency	gains	
compared	to	Run	1	

 Very different signature compared to b-physics:  
   - Lower (transverse) momentum 

     - Larger lifetime
behave as background!

 L0, main bottleneck (Run2 efficiency cannot be 
larger than 20%)  

 Fully-software trigger in Upgrade will strongly 
benefit the strange physics program:  
- trigger efficiency O(100%) is possible for Kaon 
decays (limited by bandwidth and CPU)  

 Low pT particles reconstructions is essential

pT (MeV)18
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Strange decays - some prospects

 Run5, assuming a total trigger efficiency of 50%:  
 - Sensitive to BF (Ks->μμ)~1x10-11  
-  Close to the SM prediction, region sensitive to NP

 KL->π0μμ can be very sensitive to NP (ED models - 
JHEP 09(2010) 017):  
 - large theoretical uncertainty in the SM BF  
 - precision measurement of the KS->π0μμ BF will help 
to reduce KL BF theoretical uncertainty  

 KS->π0μμ : also sensitivity to C9, measurement of q2 
dependence 

19

L [fb-1]

BF
 (K

s→
μμ

)

SM

Region sensitive to NP

EffTrig*L [fb-1]



Strange decays - more possibilities 
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Charged Kaons decay?

Use the enormous production of 
Kaon at LHCb will allow to study 
not only short-lived Kaons.

In run I, we observe 1M
                        triggered as TIS.

 Assuming a fully software 
trigger, that translates into
                   reconstructed 
         decay  per fb-1 in the 
upgrade.

Preliminary

in 3 fb-1
TIS only

This is when one restricts to  
K+ decaying early enough to 
have the three pions leaving 
hits in the VELO.

decay volume 

with BF O(10-7) are accessible.

Preliminary
TIS only
3fb-1

1M events

…but we can do much more

With the upgrade detector, why not using kaons from φ? 

 2x1013 φ->K+K-  per year expected 

Kinetic constraints and access to decays with neutrinos possible

 Given the enormous production of Kaon  
 at LHCb not only short-lived Kaons can  
 be studied 

 2x1010 reconstructed K+ decay per fb-1 in  
the  upgrade are expected (with full software trigger)  

 K+ -> π+ll decays with BF O(10-7) are accessible. 



Rare charm

Introduction

Charm Rare Decays

Wide variety of physics, ranging from forbidden to not-so-rare decays

[PRD 66 (2002) 014009]

Short distance contributions to e↵ective c ! u transitions are tiny,
branching fractions dominated by long distance contributions
SM predictions (for non-resonant decays) are normally BF < 10�9, not yet
there but will get very close after the LHCb upgrade

Andrea Contu (CERN) Rare charm decays 3-10 Aug 2016 4 / 15

 Dominated by long distance contributions  

 Possible to access short distance contribution away from resonances in 
some channels (D->Xu l+ l-)  

 SM predictions typically <10-9 for non resonant decays  

NP could enhance BF up to O(10-6)  
(Burdman et al. PHYSICAL REVIEW D 66, 014009 ︎2002︎)
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 Most precise results from LHCb analyses (No competitors for fully 
charged final states) 
 Several analysis ongoing:  
- D0→ μμ (update Run1)  
- D+(s)→hll, D0→hhll (Run1+Run2)  
- Λc → pll (Run1+Run2)

22



BF(Short 
Distance)

D0->hh’μ+μ- 10-9 -10-8

D0->μ+μ- 10-11 -10-10

D+->h’μ+μ- 10-10 -10-9

Ds+->h’μ+μ- 10-9 -10-8

L->pμ+μ- 10-9 -10-8

D0->e+μ- 10-10 -10-9

Rare charm - what can we expect?

 We can reach sensitivities comparable with the SM prediction for the SD 
contributions 
 More observable accessible AFB, ACP 
 Combine constraints for all charm rare decays

23

Asymmetry 
uncertainty

Yields  
(LD+SD)

D0->K+K-μ+μ- 1.6% 9K

D0->K+ π-μ+μ- 5% 1.8K

D0->K- π+μ+μ- 0.12% 600K

D0->π-π+μ+μ- 0.4% 90K

D+->π+μ+μ- 0.08% 1800K

Predictions @ 300fb-1:



Summary
 Phase-II upgrade will open the door to many new possibilities 
in VRD: 
  - we will accumulate enough statistics to reach the SM predictions  
  - we will be sensitive to possible NP effects in several channels  

 Many analyses won’t be systematically limited 

 Better results can be achieved with an upgraded detector:  
- software trigger can be extremely beneficial for electrons and for  
  strange physics program  
- upgraded ECAL can give better performance in electron    
  reconstruction  

 
24



BACKUP





Run1 Run2 Upgrade 
(300fb-1)

D0->hh’μ+μ- few 10-7 fewer 10-7 10-9 -10-8

D0->μ+μ- few 10-9 fewer 10-9 10-11 -10-10

D+->h’μ+μ- few 10-8 fewer 10-8 10-10 -10-9

Ds+->h’μ+μ- few 10-7 fewer 10-7 10-9 -10-8

L->pμ+μ- few 10-7 fewer 10-7 10-9 -10-8

D0->e+μ- few 10-8 fewer 10-8 10-10 -10-9






