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Assumptions
• The beauty cross-section doubles at 14TeV c.f. run I. 

• Trigger/selection performance identical unless detailed 
studies say otherwise (e.g. CMS Bs—>µµ note). 

• CMS/ATLAS collect 3ab-1. 

• LHCb either 

• collects 50fb-1 up until run 4  

• collects 300fb-1 until run 5 (under consideration).
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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.
3

Sensitive to NP heavier than machine energy.
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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
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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.
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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%
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Crude extrapolations based on single event 
sensitivities in Phys. Rev. Lett. 111, 101805 (2013).

http://cds.cern.ch/record/2036007


Limiting systematics
• For the Bs mode, expect to be limited by systematic 

uncertainties. 

• Most likely limiting one is fs/fd.
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Figure 2: (Left) Measurements of fs/ fd versus B meson pT for CDF [7], LHCb [8] and ATLAS, where the ATLAS
data points are plotted at the average pT of the events in each bin. The error bars show statistical and systematic
errors added in quadrature. The LEP ratio, taken from Ref. [6], is plotted at an average pT value in Z decays. (Right)
Measurements of fs/ fd (black and blue points with error bars) from LEP [6], CDF [6], LHCb [8, 9] and ATLAS.
The total experimental error (thin black) is added linearly to the theory error (thick red). The green-shaded region
shows the HFAG average obtained using the blue points.
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Table 3: Uncorrelated uncertainties of the two LHCb measurements of fs/fd [3, 5]. The particle
identification uncertainty present in both measurements is considered fully uncorrelated since the
semileptonic measurement was performed analyzing an integrated luminosity of 3 pb�1 acquired
in 2010, while the hadronic measurement was performed analyzing an integrated luminosity of
1 fb�1 acquired in 2011.

Source Semileptonic (%) Hadronic(%)
Statistical 3.0 1.7
SU(3) breaking and form factors - 8.8
Bin dependent uncertainty 1.0 -
Semileptonic decay model 3.0 -
Backgrounds 2.0 -
Tracking e�ciency 2.0 -
B(B0

s ! D0K+Xµ⌫̄µ)
+4.1
�1.1 -

B((B�/B0) ! D+

s KXµ⌫̄µ) 2.0 -
Detector acceptance

and reconstruction - 0.7
Hardware trigger e�ciency - 2.0
O✏ine selection - 1.1
Boosted decision tree cut - 1.0
Particle identification 1.5 1.5
Combinatorial background - 1.0
Signal shape (tails) - 0.6
Signal shape (core) - 1.0

Total +7.1
�5.9 ±9.6

Table 4: Correlated uncertainties of the two LHCb measurements of fs/fd [3, 5].

Source Uncertainty (%)
B(D� ! K+⇡�⇡�) 2.2
B(D�

s ! K+K�⇡�) 2.5
Lifetime ratio 0.9
Total 3.4

3 Conclusions

The LHCb measurements of the ratio of the B0

s to B0 production cross-sections obtained
using b-hadron semileptonic decays and hadronic decays B0

s ! D�
s ⇡

+ and B0! D�K+,
have been updated with the most recent measurements of B(D�

s ! K+K�⇡�) and the B
meson lifetimes. The combination of these measurements gives, for b hadrons produced
within the LHCb acceptance at 7 TeV pp collisions, fs/fd = 0.259± 0.015.

3

• BES III can help push these charm branching fractions down.

Other uncertainties include SU(3) 
breaking (had) and SL branching 

fractions.

Correlated uncertainties between two 
LHCb methods (LHCb-

CONF-2013-011)

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



Other limiting systematics
• B(B+->J/ψK+) uncertainty currently 4%. 

• Ambiguities related to isospin asymmetry at Y(4S) need to be 
resolved (see M. Jung, arXiv:1510.03423), and should be by Belle 2. 

• Other systematics related to semileptonic backgrounds (e.g. B->πµν) 
should reduce with updated lattice calculations. 

• Mis-ID background should be always controlled with data, but need to 
keep good h->µ rejection in HL-LHC era.
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Theoretical uncertainty
• Theo uncertainty dominated by CKM matrix elements and B decay 

constants. 

• Both expected to decrease with lattice improvements.

8

4

fBq CKM τ q
H Mt αs other non-

!

param. param.

Bsℓ 4.0% 4.3% 1.3% 1.6% 0.1% < 0.1% 1.5% 6.4%

Bdℓ 4.5% 6.9% 0.5% 1.6% 0.1% < 0.1% 1.5% 8.5%

TABLE II: Relative uncertainties from various sources in Bsℓ

and Bdℓ. In the last column they are added in quadrature.

the same lines. We find

Bse × 1014 = (8.54± 0.13)RtαRs = 8.54± 0.55,

Bsτ × 107 = (7.73± 0.12)RtαRs = 7.73± 0.49,

Bde × 1015 = (2.48± 0.04)RtαRd = 2.48± 0.21,

Bdµ × 1010 = (1.06± 0.02)RtαRd = 1.06± 0.09,

Bdτ × 108 = (2.22± 0.04)RtαRd = 2.22± 0.19, (7)

with

Rd =

!
fBd

[MeV]

190.5

"2 ! |V ⋆
tbVtd|

0.0088

"2 τavd [ps]

1.519
.

A summary of the error budgets for Bsℓ and Bdℓ is pre-
sented in Table II. It is clear that the main parametric
uncertainties come from fBq

and the CKM angles.
To get rid of such uncertainties, one may take advan-

tage [27] of their cancellation in ratios like

κqℓ ≡
Bqℓ Γq

H ∆M−1
Bq

(GFMWmℓ)2βqℓ

SM

≃
3 |CA(µb)|2

π3 CLL(µb)BBq
(µb)

, (8)

where ∆MBq
is the mass difference in the BqB̄q system,

and CLL enters through the ∆B = 2 term in Lweak,
namely − 1

4N V ⋆
tbVtq CLL(b̄γαPLq)(b̄γαPLq). The bag pa-

rameters BBq
are defined by the QCD matrix elements

⟨B̄q|(b̄γαPLq)(b̄γαPLq)|Bq⟩ =
2
3f

2
Bq

BBq
M2

Bq
.

Following FLAG [14], we take B̂Bs
= 1.33(6) and

B̂Bd
= 1.27(10) [28]. For the Wilson coefficient CLL,

including the NLO QCD [29] and NLO EW [30] correc-
tions, we find ĈLL ≡ CLL(µb)BBq

(µb)/B̂Bq
= 1.27 R1.51

t

for α(5)
s (MZ) = 0.1184 and µb = 5GeV. The r.h.s. of

Eq. (8) gives then κsℓ = 0.0126(7) and κdℓ = 0.0132(12).
It follows that the overall theory uncertainties in κqℓ and
Bqℓ are quite similar at present. The l.h.s. of Eq. (8) to-
gether with Eq. (1) give κexp

sµ = 0.0104(25) and κexp
dµ =

0.047(20), which is consistent with the SM predictions.
To conclude, we have presented updated SM predic-

tions for all the Bqℓ branching ratios. Thanks to our new
results on the NLO EW [6] and NNLO QCD [7] matching
corrections, a significant reduction of the non-parametric
uncertainties has been achieved. Such uncertainties are
now estimated at the level of around 1.5% of the branch-
ing ratios, compared to around 8% prior to our calcula-
tions. As far as the parametric ones are concerned, their
reduction will depend on progress in the lattice deter-
minations of fBq

and BBq
in the cases of Bqℓ and κqℓ,

respectively. For Bqℓ, the CKM uncertainties are now
equally important, with |Vcb| being one of the main lim-
iting factors in the precise determination of Bsℓ.
The increased theory accuracy is essential in interpret-

ing the experimental findings in terms of the SM or new
physics. This will be particularly important after the
LHCb upgrade (see e.g. Ref. [31]), when the experimen-
tal accuracy in Bsµ is expected to reach the same level
as the current theoretical one. Even if no deviation from
the SM is found, the role of Bq → ℓ+ℓ− in constraining
new physics will become significantly stronger.
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1i and hOs
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uncertainties largely cancel in their ratio. We obtain

⇠ = 1.206(18)(6), (9.3)

where again the first error is from the quadrature sum of the statistical and systematic
uncertainties (the column labeled “Total” in Table XI) except for the charm-sea error, which
is listed separately as a second error. Our result in Eq. (9.3) is consistent with the previous
Fermilab/MILC result [15], ⇠ = 1.268(63), but about three times more precise due to the
substantially increased data set and the inclusion of wrong-spin operators in the chiral-
continuum extrapolation. Figure 15, right, compares our result with other unquenched
lattice-QCD calculations.

We also present matrix-element combinations that enter the Standard-Model expression
for the width di↵erence ��q. Following Ref. [61], we compute the 1/mb-suppressed quantity
hR0i, which is a linear combination of the matrix elements hOq

1,2,3i. The expression for hR0i is
given in Eq. (2.12), where the NLO perturbative coe�cients evaluated at the renormalization
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ever reach theoretical.
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Bs—>µµ effective lifetime
• The branching fraction cannot differentiate between scalar (S) and 

pseudo-scalar (vector) (P) contributions  

• Fortunately, can probe these as the P amplitude results in a 20% longer 
lifetime than the S amplitude. 
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��. Also shown is the current measurement of R.

present in the CKM matrix, while still allowing for additional, higher-dimensional, op-
erators [46]. MFV therefore falls into Scenario D, with the added restriction that also
�NP
s is zero. Thus in models with MFV, as seen in (51), the time-dependent untagged

observable Aµµ
�� together with the branching ratio observable R are su�cient to disen-

tangle the scalar contribution S from P . A measurement of Sµµ 6= 0 would falsify MFV.
Typical examples in this class are MSSM with MFV and 2HDM with MFV.

An exception are models with MFV and flavour-blind phases, like the 2HDM with
such phases, also known as 2HDMMFV [47]. In this case model specific details are nec-
essary in order for the time-dependent observables to distinguish between the operators
and phases.

3.6 Scenario E: P = 0

In this scenario C
(0)
P , C 0

10 or �C10 destructively interfere with CSM
10 to drive P to zero.

Then non-zero values of the Bs ! µ+µ� observables will be driven purely by the opera-
tors O(0)

S .
This scenario is similar to Scenario A, in that there is no rate asymmetry between

the individual helicity decay modes. Thus the time-dependent observables are not inde-
pendent:

Aµµ
�� = � cos(2'S � �NP

s ), Sµµ = � sin(2'S � �NP
s ). (52)

The key di↵erence, however, is that now only a scalar and not a gauge boson or pseu-
doscalar is at work. Moreover, in the absence of new CP-violating phases Aµµ

�� = �1,
which di↵ers by sign from the Standard Model value and the analogous case in Sce-
nario A as seen in (42). This is also a limiting case of Scenario D. The branching ratio
observable is given by

R = |S|2

1 � ys cos(2'S � �NP

s )

1 + ys

�
. (53)

16

A lifetime 5% uncertainty is estimated with 50fb-1 for LHCb, essential to have 
300fb-1 to get down to 2%.

K. De Bruyn et al, Phys. Rev. Lett. 109, 041801 (2012) K. De Bruyn et al, Phys. Rev. D 86, 014027 (2012)
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• With 4% tagging power, corresponds 
to 100 perfectly tagged candidates 
for measuring the time dependent CP 
asymmetry, Sµµ.

0.5 1.0 1.5 2.0
R̄ ⌘ BR(Bs ! µ+µ�)/BRSM(Bs ! µ+µ�)

�1.0

�0.5

0.0

0.5

1.0

A
µ
µ

�
�

SM

H0 (LHS)

A0 (LHS)

Z � (LHS)

H0 + A0 (MFV)

R̄ = 0.90+0.42
�0.34

0.5 1.0 1.5 2.0
R̄ ⌘ BR(Bs ! µ+µ�)/BRSM(Bs ! µ+µ�)

�1.0

�0.5

0.0

0.5

1.0

S µ
µ

SM

H0 (LHS)

A0 (LHS)

Z � (LHS)

H0 + A0 (MFV)

R̄ = 0.90+0.42
�0.34

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

10

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!



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

∆

0

5

10

15

LHCb

SM

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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SM from DHMV
LHCb Run 1 analysis
Belle arXiv:1604.04042

• 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



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.



B—>K*µµ and charmonium
• Interference with charmonium resonances (dominated by B->J/

psiK*) has impact on SM predictions.

13

• With more q2 bins (more data), 
can differentiate between charm 
and NP. 

• Can also measure phase of 
charmonium contribution directly. 

• Constraints on C10 not affected by 
this. 

• We need K*mm to break 
degeneracy in Bs—>µµ

What can we say with current information cont’d
Naively...

⌘ Putting all the theory and experimental information together
⌘ Setting Wilson coefficients to SM and varying FFs within uncertainties
⌘ Ignoring detector resolution effects

⌘ cc̄ could explain part
of the effect

⌘ Uncertainties of
experimental inputs do
not change picture

⌘ Potential information
in peak positions (need
resolution effect)

Pomery, Blake, Egede, Owen, KP
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5 10 15

' 5P
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1−
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1.5  = 0pφδ

π = pφδ

/2π = pφδ

' JHEP02(2016)045P

' DHMV145P

FF BSZ15 68% (0) 

)πFF BSZ15 68% (

/2)πFF BSZ15 68% (

! Worth perform fit to data to extract relative mag’s and phases
K.A. Petridis (UoB) b ! s`` at LHCb Barcelona b ! s`` 10 / 15

Preliminary

plot from K. Petridis’ talk [here].

B(Bs—>µµ) 𝛼 (C10-C10’)2

https://indico.cern.ch/event/466933/contributions/1974107/attachments/1259378/1860456/BarcelonaWorkshop2016_KAPetridis.pdf


Form factors
• Improvements to form factors are essential for 

reducing theoretical uncertainties to experimental 
ones in HL-LHC era. 

• Here we can profit from advances in the lattice 
community.

14

Coupled ⇡⇡, KK̄ scattering in P wave and the ⇢ resonance
from latticeQCD

D. Wilson, R. Briceno, J. Dudek, R. Edwards, C. Thomas, arXiv:1507.02599
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• Here ππ scattering shows 
potential for B—>Kπ form 
factors - could be available 
by HL-LHC timescale.

Phys. Rev. D 92, 094502 (2015)



Other observables
• Easy to forget that there many B->K*µµ observables which are very 

theoretically clean.

15
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Fig. 9 Predictions for the CP asymmetries A7, A8 and A9 as func-
tion of the di-muon invariant mass squared q2 in various scenarios that
address the observed discrepancies in B → K∗µ+µ−. The values for

the Wilson coefficients corresponding to each scenario are indicated
explicitly in the plots. SM predictions for the CP asymmetries are neg-
ligibly small throughout the whole q2 range

additional restrictions on new sources of CP violation, most
of the discussed NP contributions to the Wilson coefficients
are expected to be complex. Under the generic assumption
that the imaginary parts are of the same order as the real
parts, we can derive generic expectations for the CP asym-
metries A7, A8 and A9, in the considered scenarios that ad-
dress the tensions in the data.8

8We explicitly checked that in all cases discussed below and shown in
Fig. 9, the presence of imaginary parts does not worsen the agreement
with the data significantly.

We provide simple approximate expressions for the T-
odd CP asymmetries at low q2
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address the observed discrepancies in B → K∗µ+µ−. The values for

the Wilson coefficients corresponding to each scenario are indicated
explicitly in the plots. SM predictions for the CP asymmetries are neg-
ligibly small throughout the whole q2 range

additional restrictions on new sources of CP violation, most
of the discussed NP contributions to the Wilson coefficients
are expected to be complex. Under the generic assumption
that the imaginary parts are of the same order as the real
parts, we can derive generic expectations for the CP asym-
metries A7, A8 and A9, in the considered scenarios that ad-
dress the tensions in the data.8

8We explicitly checked that in all cases discussed below and shown in
Fig. 9, the presence of imaginary parts does not worsen the agreement
with the data significantly.
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Figure 7: The CP -asymmetric observables in bins of q2, determined from a maximum likelihood
fit to the data.
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e.g. A9, which is 
negligibly small in SM. Reduce uncertainties by 

factor 15 with 300fb-1 and 
you would start to see 

effects seen in top plots.



B—>K*ee
• The decay B—>K*ee gives the most constraints on the 

imaginary (RH) part of the Wilson Coefficient, C7

16

• With 3fb-1, LHCb’s K*ee is already most constraining on RH plot. 
• Belle 2 will have 50 times more data - with 300fb-1, LHCb would have 

200 times more. 
• Going to 300fb-1 would significantly improve constraints if can keep 

electron reconstruction/trigger efficiency.
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Figure 2: Constraints on NP contributions to the Wilson coe�cients C7 and C 0
7. For the global

constraints, 1 and 2� contours are shown, while the individual constraints are shown
at 1� level.

of NP contributions to Re C7 vs. Re C 0
7 and Re C 0

7 vs. Im C 0
7. The contours correspond to

constant values of ��2 with respect to a best fit point, obtained by combining (correlated)
experimental and theoretical uncertainties7. In each of the plots, we have assumed NP to only
a↵ect the two quantities plotted (e.g., in the first plot, both coe�cients are assumed to be
real). In addition to the global 1 and 2� constraints, we also show the 1� constraints from
individual exclusive observables as well as from the combination of all branching ratios. These
plots highlight the complementarity of the exclusive observables: while the imaginary part of
C 0
7 is constrained by AIm

T , the real part is constrained by A�� and P1, while SK⇤� leads to a
constraint in the complex C 0

7 plane that is “rotated” by the B0 mixing phase 2�. The new
measurement of A�� shows a preference for non-zero Re C 0

7, but given its large uncertainties,
it is not in disagreement with the measurement of P1.

Since the experimental central value of A�� is at the border of the physical domain, we
provide best fit values and correlated errors on the real and imaginary parts of C 0

7 in a fit
without A�� and in a fit including it, obtained by approximating the likelihood in the vicinity
of the best fit point as a multivariate Gaussian. We find

✓
Re C 0NP

7 (µb)
Im C 0

7(µb)

◆
=

✓
0.019 ± 0.043
0.005 ± 0.034

◆
, ⇢ = 0.39 (without A��), (41)

✓
Re C 0NP

7 (µb)
Im C 0

7(µb)

◆
=

✓
0.052 ± 0.039
0.006 ± 0.042

◆
, ⇢ = 0.31 (with A��), (42)

where ⇢ are the correlation coe�cients.

4. Conclusions and outlook

The b ! s� transition belongs to the most important probes of NP in the flavour sector.
While the most stringent constraint on new contributions with left-handed photon helicity

7See [7] and the documentation of the FastFit class in flavio for details on the procedure.
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A. Paul, D Straub, 
arXiv:1608.02556



LFU tests

R(X) stat uncertainties (my own 
projections based on muon BF 
uncertainties)

17

5. Lepton flavour universality 9/10

Future prospects

Plans also to measure RK⇤0 and R�.

Assume ratio of stat error of RK is same as for muonic branching
fractions.

Naively estimate fractional uncertainty with 3 fb�1 assuming Rh is
same for K ⇤0 and � modes.

Decay Run 1 Run 2 50 fb�1 300 fb�1

B+! K+µ+µ� 11% 5% 2% 1%
B0! K ⇤0µ+µ� 18% 8% 3% 1%
B0
s ! �µ+µ� 36% 15% 8% 3%

Expected central values if assume RK ⇠ 0.75 is from Cµ
9 or Ce

S ,P?

High q2 region is di�cult due to the tail of the  (2S): under study.

Angular analysis of B0 ! K+e+e� and B0 ! K ⇤0e+e� for
q2 > 1GeV/c2?

Events from above 6 GeV/c2 will contaminate measurement.

Implications workshop 4 Patrick Owen Resonances and LFU in B+ ! K+`` decays

LFU tests also very sensitive to NP.

• Will be mostly systematics limited by 50fb-1. 
• If RK discrepancy holds up, will want to test with b—>d transitions. 

• Will need lots of data for this.

•

•
•
•
• B+→ J/ψK+

• 3fb−1

RK = 0.745+0.090−0.074(stat.)
+0.036
−0.036(syst.)

• 2.6σ
•

•

Marcin Chrząszcz
/



LFV searches

18

Signals for B->Kll’ implied if we see non-LFU. 

  

D. Guadagnoli, LFV in B decays

  
More quantitative LFV predictions

LFV predictions in one of the two scenarios of [DG, Lane]

B+ → K+ µ τ∓ B+ → K+ e τ∓ B+ → K+ e µ∓

1.14 × 10–8 3.84 × 10–10 0.52 × 10–9

< 4.8 × 10–5 < 3.0 × 10–5 < 9.1 × 10–8

B
s
 → µ τ∓ B

s
 → e τ∓ B

s
 → e µ∓

1.37 × 10–8 4.57 × 10–10 1.73 × 10–12

— — < 1.1 × 10–8Exp:

Exp:

All predictions are phase-space corrected.

Taken from D. Guadagnoli’s [talk], based on  
Phys. Rev. Lett. 114, 091801 (2015)

• No public expt numbers available yet, but with 50 (300) fb-1 
could expect to reach interesting regions. 

https://indico.in2p3.fr/event/11781/session/3/contribution/7/material/slides/0.pdf


Summary
• Many rare B decay observables will be interesting even 

with a factor 10 smaller uncertainties. 

• HL-LHC period will significantly improve key 
observables such as. 

• Bs->µµ BF, lifetime and CP observable, Bd/Bs ratio. 

• Observables in K*µµ/ee. 

• Deeper probes in LFV decays. 

• Extend reach in phase-space for exotics.
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Direct searches
• B decays excellent places to probe dark sector. 

• Large top mass enhances coupling to models which mix with 
the Higgs boson.

20
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Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

have either focused on a limited mass range [22], or have been obtained from more general
searches for long-lived particles [23].

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [24, 25].
The detector includes a high-precision charged-particle tracking system for measuring mo-
menta [26,27]; two ring-imaging Cherenkov detectors for distinguishing charged hadrons [28];
a calorimeter system for identifying photons, electrons, and hadrons; and a system for
identifying muons [29]. The trigger consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage, which applies a
full event reconstruction [30]. The selection of B0 ! K⇤0� candidates in the software
trigger requires the presence of a vertex identified by a multivariate algorithm [31] as
being consistent with the decay of a b hadron. Alternatively, candidates may be selected
based on the presence of a displaced dimuon vertex, or the presence of a muon with large
transverse momentum (pT) and large impact parameter (IP), defined as the minimum
track distance with respect to any pp-interaction vertex (PV). Only tracks with segments
reconstructed in the first charged-particle detector, which surrounds the interaction region
and is about 1m in length [26], can satisfy these trigger requirements; therefore, the �
boson is required to decay well within this detector. In the simulation, pp collisions are
generated following Refs. [32–35], and the interactions of the outgoing particles with the
detector are modelled as in Refs. [36, 37].

A search is conducted, following Ref. [38], by scanning the m(µ+µ�) distribution for an
excess of � signal candidates over the expected background. In order to avoid experimenter
bias, all aspects of the search are fixed without examining those B0! K⇤0� candidates
which have an invariant mass consistent with the known B0 mass [39]. The step sizes
in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is the dimuon mass resolution. Signal
candidates satisfy |m(µ+µ�) � m(�)| < 2�[m(µ+µ�)], while the background is estimated
by interpolating the yields in the sidebands starting at 3�[m(µ+µ�)] from m(�). With
m(K+⇡�µ+µ�) constrained [40] to the known B0 mass, �[m(µ+µ�)] is less than 8MeV
over the entire m(µ+µ�) range, and is as small as 2MeV below 220MeV. The statistical
test at each m(�) is based on the profile likelihood ratio of Poisson-process hypotheses with

2
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [51]. The regions excluded by the theory [51] and by
the CHARM experiment [52] are also shown.

Figure 5 also shows exclusion regions for the inflaton model of Ref. [51], which only
considers m(�) < 1GeV. The branching fraction into hadrons is taken directly from
Ref. [51] and, as in the axion model, is highly uncertain but this does not greatly a↵ect
the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�) ⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.
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• Search in the dimuon mass distribution of B—>K*µµ decays with 3fb-1 
ruled out large parameter space for several hidden sector models.



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
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mµµ

⇡ 3⇡
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m
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�
mµµ
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↵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
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µ+
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ū
⌫MW+
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⇥
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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
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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.



B(s)—>µµ - LHCb projections
• Using the single event sensitivities in Phys. Rev. Lett. 111, 101805 

(2013). 

• Expected 40 Bs signal and 4 B0 with 3fb-1. 

• Assuming 30% of signal has good B/S (similar to CMS projections). 

• Get 400 Bs signal and 40 B0 with 50fb-1 in this B/S region. 

• If LHCb collects 300fb-1, expect 2.4K Bs and 240 B0. 

• Will vastly improve MFV ratio uncertainty in 300fb-1 scenario.



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.
24

Indirect - sensitive to NP  
heavier than machine energy.

Direct -  sensitive to  
very weak couplings. 
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Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

have either focused on a limited mass range [22], or have been obtained from more general
searches for long-lived particles [23].

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [24, 25].
The detector includes a high-precision charged-particle tracking system for measuring mo-
menta [26,27]; two ring-imaging Cherenkov detectors for distinguishing charged hadrons [28];
a calorimeter system for identifying photons, electrons, and hadrons; and a system for
identifying muons [29]. The trigger consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage, which applies a
full event reconstruction [30]. The selection of B0 ! K⇤0� candidates in the software
trigger requires the presence of a vertex identified by a multivariate algorithm [31] as
being consistent with the decay of a b hadron. Alternatively, candidates may be selected
based on the presence of a displaced dimuon vertex, or the presence of a muon with large
transverse momentum (pT) and large impact parameter (IP), defined as the minimum
track distance with respect to any pp-interaction vertex (PV). Only tracks with segments
reconstructed in the first charged-particle detector, which surrounds the interaction region
and is about 1m in length [26], can satisfy these trigger requirements; therefore, the �
boson is required to decay well within this detector. In the simulation, pp collisions are
generated following Refs. [32–35], and the interactions of the outgoing particles with the
detector are modelled as in Refs. [36, 37].

A search is conducted, following Ref. [38], by scanning the m(µ+µ�) distribution for an
excess of � signal candidates over the expected background. In order to avoid experimenter
bias, all aspects of the search are fixed without examining those B0! K⇤0� candidates
which have an invariant mass consistent with the known B0 mass [39]. The step sizes
in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is the dimuon mass resolution. Signal
candidates satisfy |m(µ+µ�) � m(�)| < 2�[m(µ+µ�)], while the background is estimated
by interpolating the yields in the sidebands starting at 3�[m(µ+µ�)] from m(�). With
m(K+⇡�µ+µ�) constrained [40] to the known B0 mass, �[m(µ+µ�)] is less than 8MeV
over the entire m(µ+µ�) range, and is as small as 2MeV below 220MeV. The statistical
test at each m(�) is based on the profile likelihood ratio of Poisson-process hypotheses with
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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
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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
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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
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(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
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> 1 is re-
quired to select kaon candidates. For the B+! ⇡�µ+µ+

final state the selection criterion is mirrored to select
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