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Introduction

• Rare heavy-flavor decays could 
indirectly reveal the existence of 
new particles in loops or constrain 
BSM theories, testing energy scales 
beyond 14 TeV (up to 100 TeV).
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• ATLAS and CMS rare decay 
searches are competitive or 
complementary to the searches 
by other experiments, such as 
LHCb or Belle (II).

• LHC: pp collisions @ 7-8 (Run I) &  
13 TeV (Run II) ⇒ large b and c  
hadron (and τ) production.
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HF trigger
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Dimuon invariant mass spectrum

CMS Collaboration Plots with 2018 data - 5

B0
(s) ⇾ µ+ µ-

B ⇾ J/ψ X 
J/ψ  ⇾ µ+µ-

B⇾Kµµ

CMS  
(≥ 2016):  

ATLAS and CMS High Level Triggers: oppositely charged muon 
pairs, fit to common vertex, in different invariant mass regions:

4. Data and MC samples 7

Figure 7: Left (right): the efficiency as a function of cut on generator-level muon momenta
(transverse momenta), in events with all three muons having |h| < 2.4. B meson source and D
meson source events are merged.

background, a multi-variate analysis is performed with a discriminant trained to distinguish118

signal events from background. To train the discriminant, for signal we rely on a simulated119

sample, while for background we use data events observed in the trimuon distribution side120

bands outside the region where the signal is expected to appear. Therefore, the analysis does121

not assume a priori knowledge of the nature of background. The three trimuon mass-resolution122

categories are divided into three sub-categories based on the expected per-event S/B ratio as123

predicted by the MVA discriminant, the best two of which are then retained for the further124

statistical analysis. Finally, the signal is searched by simultaneously analyzing the thus-formed125

six unbinned mass distributions.126

4 Data and MC samples127

4.1 Data128

This analysis is based on pp collision data at a center-of-mass energy of 13 TeV collected in129

2016 with the CMS detector at the CERN LHC. The data analyzed in this analysis corresponds130

to an integrated luminosity of 33 fb-1. The primary dataset is DoubleMuonLowMass, and data131

format is AOD. The collision data sets, run ranges, and integrated luminosity per data set, are132

given in Table 3.133

In this analysis, we use the following L1 triggers, which remained un-prescaled for nearly the134

entire 2016 data taking period:135

• L1 TripleMu0,136

• L1 DoubleMu 10 0 dEta Max1p8,137

• L1 DoubleMu0er1p6 dEta Max1p8 OS.138

The logic OR is used among these L1 paths. In later 2016, the instantaneous luminosity was139

growing higher (1.5e34) making the rates of these L1 paths non-affordable at the beginning of140

runs. Hence, at the beginning of runs they were prescaled and then un-prescaled later when141

the luminosity decayed to a certain level. To recover the losses, another three L1 paths were142
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Table 3: List of data samples included in the analysis. The DoubleMuonLowMass primary-
dataset is used. The data format is AOD.

Run era Dataset name Run range Integralged Luminosity (fb�1)
2016 B Run2016B-23Sep2016-v3 274954 - 275376 2.82
2016 C Run2016C-23Sep2016-v1 275657 - 276283 2.40
2016 D Run2016D-23Sep2016-v1 276315 - 276811 4.26
2016 E Run2016E-23Sep2016-v1 276831 - 277420 4.05
2016 F Run2016F-23Sep2016-v1 277772 - 278808 3.11
2016 G Run2016G-23Sep2016-v1 278820 - 280385 7.54
2016 H Run2016H-PromptReco-v* 280919 - 284044 8.75

The whole 2016 32.9

added as backup:143

• L1 TripleMu 5 0 0,144

• L1 DoubleMu 11 4145

• L1 DoubleMu0er1p4 dEta Max1p8 OS.146

Table 4: The backup L1 seeds when the primary ones were pre-scaled. In the seed names, the
prefix L1 is omitted, and ”DM” is an abbreviation of ”DoubleMuon”.

Primary seeds Backup seeds Int. luminosity when
primary seeds were prescaled

TripleMu0 TripleMu 5 0 0 negligible
DM0er1p6 dEta Max1p8 OS DM0er1p4 dEta Max1p8 OS 4.1

DM 10 0 dEta Max1p8 DM 11 4 6.7

As for High Level Trigger, we proposed a new 2 muon plus 1 track path, making use of the147

aforementioned L1 paths. The HLT requests 2 muons of pT > 3.0 GeV and one additional track148

of pT > 1.2 GeV; the invariant mass of the three should be in the range of [1.60, 2.02] GeV; the149

3 track vertex is displaced from the beamspot by 2 standard deviation. This new HLT path,150

HLT DoubleMu3 Trk Tau3mu started to be on-line taking data since the begining of June 2016.151

In addtional to the signal, this HLT path is supposed to work for the normalization channel152

Ds ! f(µµ)p as well.153

4.2 Simulation154

MC simulated samples used to model signal and normalization processes are listed in Table 5.155

These are official CMS production of conditions recommended to be used along with the data156

we analyze ( CMSSW 8 0 21; Global Tag: 80X mcRun2 asymptotic 2016 TrancheIV v6; PU sce-157

nario: ”Moriond17”). Signal samples include t from Ds, B+ and B0 decays, which account158

about 94% of total t production (see Table 2). The samples were generated using PYTHIA 8 [6]159

with a MinimumBias configuration, and the decay chains are performed by EVTGEN [14] pack-160

age. As for B+ and B0 production, a b-quark filter is applied on top of the MinimumBias con-161

figuration: an event is kept if there is a b-quark at the parton level, otherwise it is thrown away162

before hadronization. The decay chain is programmed using the EVTGEN as following - taking163

Ds ! t as an example - if a Ds meson is found after hadronization, it is forced to decay to a t,164

which is subsequently set to decay to 3µ. In case multiple Ds in one event, only one such decay165

2μ+t displaced vtx., M = 1.6 - 2.02 GeV
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Search for B(0)s ⇾ µ+µ-

• FCNC process. New physics 
in loops could modify Wilson 
coefficients of S/PS [V/A-V in 
B⇾Kμμ] operators.  

• SM predictions are reliable.

!4

CMS & LHCb: Nature 522, 68–72 (2015)
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Figure 10. Likelihood contours for the combination of the Run 1 and 2015–2016 Run 2 results
(shaded areas). The contours are obtained from the combined likelihoods of the two analyses, for
values of −2∆ ln (L) equal to 2.3, 6.2 and 11.8. The empty contours represent the result from
2015–2016 Run 2 data alone. The SM prediction with uncertainties is indicated.

relative to the maximum of the likelihood. The contours for the result from 2015–2016

Run 2 data are overlaid for comparison.

When applying the one-dimensional Neyman construction described in section 11 to

this combined likelihood, whose maximum is unconstrained and allowed to access the un-

physical (negative) region, the 68.3% confidence interval obtained for B(B0
s → µ+µ−) is

B(B0
s → µ+µ−) =

!
2.8+0.8

−0.7

"
× 10−9 .

The upper limit at 95% CL on B(B0 → µ+µ−) is determined with the same Neyman

procedure, yielding

B(B0 → µ+µ−) < 2.1 × 10−10 .

Using the predicted SM branching fractions from section 1, the analysis is expected to

yield on average a measurement of
!
3.6+0.9

−0.8

"
× 10−9 for B(B0

s → µ+µ−) and an upper

limit of 5.6 × 10−10 for B(B0 → µ+µ−).

The Run 1 and Run 2 results are found to be 1.2 standard deviations apart. Us-

ing both runs, the combined significance of the B0
s → µ+µ− signal is estimated to be 4.6

standard deviations, and the combined branching fraction measurements differ by 2.4 stan-

– 25 –
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ATLAS Run 1 + 2015-16 combined 
sensitivity is similar to the CMS+LHCb 
(2015) or the LHCb (2017) analyses.



B(0)s ⇾ µ+µ-: future

!5

Table 29: Projected ATLAS, CMS and LHCb uncertainty on B(B0

s ! µ+µ�
) and B(B0 ! µ+µ�

).The
HL-LHC scenario corresponds to an integrated luminosity of 300 fb�1 for LHCb and 3 ab�1 for ATLAS
and CMS. For each extrapolation the total (statistical+systematic) uncertainties are reported.

B(B0

s ! µ+µ�
) B(B0 ! µ+µ�

)

Experiment Scenario stat + syst % stat + syst %

LHCb 23 fb�1 8.2 33

LHCb 300 fb�1 4.4 9.4

CMS 300 fb�1 12 46

CMS 3 ab�1 7 16

ATLAS Run 2 22.7 135

ATLAS 3 ab�1 Conservative 15.1 51

ATLAS 3 ab�1 Intermediate 12.9 29

ATLAS 3 ab�1 High-yield 12.6 26

on B(B0

s ! µ+µ�
) of about 4.4%, which would imply an uncertainty on B(B0

s ! µ+µ�
) to be ap-

proximately 0.30 ⇥ 10
�9 with 23 fb�1 and 0.16 ⇥ 10

�9 with 300 fb�1. The LHCb reach on the ratio
of branching fractions B(B0 ! µ+µ�

)/B(B0

s ! µ+µ�
) is expected to remain limited by statistics and

decrease from 90% for the current measurement to ⇠ 34% with 23 fb�1 and ⇠ 10% with 300 fb�1.
The CMS projections are obtained by extrapolating the Run-2 analysis performances to the HL-

LHC scenario. Trigger efficiencies comparable to those of Run-2, with manageable rates, are expected
to be attained [1091] and are here assumed. The effect of the increased pileup on the signal selection
efficiency was also found to be manageable. The inner tracker of the CMS HL-LHC detector is estimated
to provide a 40-50% improvement relative to Run-2 on the dimuon mass resolution. This results in an
improved separation of the B0

s and B0 signals, lowering the signal cross-feed contamination that is
specially crucial for the B0 observation, and a reduction of the level of the semileptonic background in
the signal region (see Fig. 44). With the full Phase-2 integrated luminosity of 3000 fb1, CMS expects to
measure the B0

s ! µ+µ� branching fraction at the level of 7%. precision, and observe the B0 ! µ+µ�

decay with a significance in excess of 5�. Fig. 45 shows the invariant mass fit projections for the Bs,d !
µ+µ� analyses for an integrated luminosity of 3000 fb�1.

The ATLAS projections [1090] are extrapolated from the ATLAS Run 1 analysis [1092]. As-
sumptions include the training of a multivariate classifier capable of similar background rejection and
signal purities and an analysis selection with comparable pile-up immunity as Run 1. The study takes
into account the scaling of B production cross-section and integrated luminosity relative to Run 1, and
explores different triggering scenarios corresponding to different dimuon transverse momentum thresh-
olds, (pµ1

T
,pµ2

T
): (6 GeV, 6 GeV), (6 GeV, 10 GeV) and (10 GeV, 10 GeV). For each of these scenarios

the sensitivity is categorized on the basis of the signal statistics expected relative to the Run 1 analysis
(x15, x60 and x75 respectively, in 3 ab�1 of HL-LHC ATLAS data), yielding the projected 68.3%, 95.5%

and 99.7% likelihood contours in Fig. 46.
Fig. 47 compares the projected experimental sensitivities of ATLAS, CMS, and LHCb with the BR

predictions from a particular class of BSM models [1094]. All estimates use the quoted SM predictions

131
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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
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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

Figure 1: Reconstructed Bs ! µµ mass spectrum for muons with |⌘ | < 2.5. For reference, the Bd mass value [15]
is shown as a dotted line. HL-LHC and Run 2 are compared. The figure shows the mass resolution using only the
ID/ITk track parameter measurement, evaluated at the fitted B-vertex.

In order to determine the BR(Bd ! µµ) - BR(Bs ! µµ) confidence regions, the expected signal yield is
obtained through the following expression:

(projected signal statistics) = (Run 1 signal statistics) ⇥ (projected B cross-section)
(Run 1 B cross-section)

⇥ (projected Luminosity)
(Run 1 Luminosity) ⇥ (projected trigger e�ciency)

(Run 1 trigger e�ciency) .
(1)

Where the B production cross-section scale factor we use assumes, conservatively, that Run 1 data have
been all collected at a center of mass energy of 8 TeV.
Each of the ratios in equation 1 are quantified in sections 4 and 5.

2.1 Systematic uncertainties

The Run 1 analysis parametrizes two classes of systematic uncertainties: the ones coming from external
inputs (e.g. the fs/ fd ratio and the B+ ! J/ [! µµ]K± branching ratio) and those depending on internal
analysis e�ects (invariant mass fit shapes, e�ciencies, etc.). The latter category is parameterized as a
function of the signal yields where dependencies are found to be significant.

3

Rare decays @ ATLAS & CMS -- Ivan Heredia LHCP-2019

Available on the CERN CDS information server CMS PAS FTR-14-015

CMS Physics Analysis Summary

Contact: cms-future-conveners@cern.ch 2015/07/20

Study of B ! µ+µ� decays as a physics benchmark for the
CMS detector Phase-II upgrade

The CMS Collaboration

Abstract
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• The LHC and the ATLAS & CMS experiments are being upgraded 
to reach 14 TeV and to increase detection capabilities. Run III will 
start in 2021. The HL-LHC after 2025 could provide ~3 ab-1.



B0 ⇾ K*µ+µ- angular analysis
• Anomalies (≳3σ) have been reported by LHCb (and Belle) 

for the “optimized” observables Pj(‘), that minimize 
uncertainties from hadronic form factors:
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Figure 1. An illustration of the B0
d → K∗µ+µ− decay showing the angles θK , θL and φ defined

in the text. Angles are computed in the rest frame of the K∗, dimuon system and B0
d meson,

respectively.

The angular differential decay rate for B0
d → K∗µ+µ− is a function of q2, cos θK , cos θL

and φ, and can be written in several ways [16]. The form to express the differential decay

amplitude as a function of the angular parameters uses coefficients that may be represented

by the helicity or transversity amplitudes [17] and is written as2

1

dΓ/dq2
d4Γ

dcosθLdcosθKdφdq2
=

9

32π

!
3(1−FL)
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sin2 θK+FL cos
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+S8 sin2θK sin2θL sinφ+S9 sin
2 θK sin2 θL sin2φ

"
. (2.1)

Here FL is the fraction of longitudinally polarised K∗ mesons and the Si are angular

coefficients. These angular parameters are functions of the real and imaginary parts of the

transversity amplitudes of B0
d decays into K∗µ+µ−. The forward-backward asymmetry is

given by AFB = 3S6/4. The predictions for the S parameters depend on hadronic form

factors which have significant uncertainties at leading order. It is possible to reduce the

theoretical uncertainty in these predictions by transforming the Si using ratios constructed

to cancel form factor uncertainties at leading order. These ratios are given by refs. [17, 18] as

P1 =
2S3

1− FL
(2.2)

P2 =
2

3

AFB

1− FL
(2.3)

P3 = − S9

1− FL
(2.4)

P ′
j=4,5,6,8 =

Si=4,5,7,8#
FL(1− FL)

. (2.5)

2This equation neglects possible Kπ S-wave contributions. The effect of an S-wave contribution is

considered following the method used by LHCb in ref. [3].
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respectively. A consequence of using the folding schemes is that S6 (AFB) and S9 cannot

be extracted from the data. The values and uncertainties of FL and S3 obtained from the

four fits are consistent with each other and the results reported are those found to have

the smallest systematic uncertainty.

Three MC samples are used to study the signal reconstruction and acceptance. Two of

them follow the SM prediction for the decay angle distributions taken from ref. [29], with

separate samples generated for B0
d and B0

d decays. The third MC sample has FL = 1/3

and the angular distributions are generated uniformly in cos θK , cos θL and φ. The samples

are used to study the effect of potential mistagging and reconstruction differences between

particle and antiparticle decays and for determination of the acceptance. The acceptance

function is defined as the ratio of reconstructed and generated distributions of cos θK ,

cos θL, φ, i.e. it is compensating for the bias in the angular distributions resulting from

triggering, reconstruction and selection of events. It is described by sixth-order (second-

order) polynomial distributions for cos θK and cos θL (φ) and is assumed to factorise for each

angular distribution, i.e. using ε(cos θK , cos θL,φ) = ε(cos θK)ε(cos θL)ε(φ). A systematic

uncertainty is assessed in order to account for this assumption. The acceptance function

multiplies the angular distribution in the fit, i.e. the signal pdf is

Pkl = ε(cos θK)ε(cos θL)ε(φ)g(cos θK , cos θL,φ) ·G(mKπµµ),

where g(cos θK , cos θL,φ) is an angular differential decay rate resulting from one of the four

folding schemes applied to equation (2.1) and G(mKπµµ) is the signal mass distribution.

The MC sample generated with uniform cos θK , cos θL and φ distributions is used to

determine the nominal acceptance functions for each of the transformed variables defined

in equations (5.2)–(5.5). The other samples are used to estimate the related systematic

uncertainty. Among the angular variables the cos θL distribution is the most affected by

the acceptance. This is a result of the minimum transverse momentum requirements on

the muons in the trigger and the larger inefficiency to reconstruct low-momentum muons,

such that large values of | cos θL| are inaccessible at low q2. As q2 increases, the acceptance

effects become less severe. The cos θK distribution is affected by the ability to reconstruct

theKπ system, but that effect shows no significant variation with q2. There is no significant

acceptance effect for φ. Figure 2 shows the acceptance functions used for cos θK and cos θL
for two different q2 ranges for the nominal angular distribution given in equation (2.1).

5.2 Background modes

The fit to data includes a combinatorial background component that does not peak in the

mKπµµ distribution. It is assumed that the background pdf factorises into a product of one-

dimensional terms. The mass distribution of this component is described by an exponential

function and second-order Chebychev polynomials are used to model the cos θK , cos θL and

φ distributions. The values of the nuisance parameters describing these shapes are obtained

from fits to the data independently for each q2 bin.

Inclusive samples of bb → µ+µ−X and cc → µ+µ−X decays and eleven exclusive B0
d ,

B0
s , B

+ and Λb background samples are studied in order to identify contributions of interest
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Fig. 1. Illustration of the angular variables θℓ (left), θK (middle), and ϕ (right) for the decay B0 → K∗0(K+π− )µ+µ− .

wave decays. Including these components, the angular distribution 
of B0 → K∗0µ+µ− decays can be written as [25]:
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where FL denotes the longitudinal polarization fraction of the K∗0. 
This expression is an exact simplification of the full angular dis-
tribution, obtained by folding the ϕ and θℓ angles about zero and 
π/2, respectively. Specifically, if ϕ < 0, then ϕ → − ϕ , and the new 
ϕ domain is [0, π ]. If θℓ > π/2, then θℓ → π − θℓ , and the new 
θℓ domain is [0, π/2]. We use this simplified version of the ex-
pression because of difficulties in the fit convergence with the full 
angular distribution due to the limited size of the data sample. 
This simplification exploits the odd symmetry of the angular vari-
ables with respect to ϕ = 0 and θℓ = π/2 in such a manner that 
the cancellation around these angular values is exact. This cancel-
lation remains approximately valid even after accounting for the 
experimental acceptance because the efficiency is symmetric with 
respect to the folding angles.

For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to four variables: 
the K+π− µ+µ− invariant mass m and the three angular variables 
θℓ , θK, and ϕ . The unnormalized probability density function (pdf) 
in each q2 bin has the following form:

pdf(m, θK, θℓ,ϕ) =

Y C
S

(
SC (m) Sa(θK, θℓ,ϕ)ϵC (θK, θℓ,ϕ)

+ f M

1 − f M S M(m) Sa(− θK,− θℓ,ϕ)ϵM(θK, θℓ,ϕ)

)

+ Y B Bm(m) BθK(θK) Bθℓ(θℓ) Bϕ(ϕ),

(2)

where the three terms on the righthand side correspond to cor-
rectly tagged signal events, mistagged signal events, and back-
ground events. The parameters Y C

S and Y B are the yields of cor-
rectly tagged signal events and background events, respectively, 
and are determined in the fit. The parameter f M is the fraction 
of signal events that are mistagged and is determined from sim-
ulation. Its value ranges from 0.124 to 0.137 depending on the q2

bin.
The signal mass probability functions SC (m) and S M(m) are 

each the sum of two Gaussian functions, with a common mean 
for all four Gaussian functions, and describe the mass distribu-
tion for correctly tagged and mistagged signal events, respectively. 
In the fit, the mean, the four Gaussian function’s width parame-
ters, and the two fractions specifying the relative contribution of 
the two Gaussian functions in SC (m) and S M(m) are determined 
from simulation. The function Sa(θK, θℓ, ϕ) describes the signal in 
the three-dimensional (3D) space of the angular variables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθℓ (θℓ) Bϕ(ϕ)

is obtained from the B0 sideband data in m and describes the 
background in the space of (m, θK, θℓ, ϕ), where Bm(m) is an ex-
ponential function, BθK (θK) and Bθℓ (θℓ) are second- to fourth-order 
polynomials, depending on the q2 bin, and Bϕ(ϕ) is a first-order 
polynomial. The factorization assumption of the background pdf in 
Eq. (2) is validated by dividing the range of an angular variable into 
two at its center point and comparing the distributions of events 
from the two halves in the other angular variables.

The functions ϵC (θK, θℓ, ϕ) and ϵM(θK, θℓ, ϕ) are the efficiencies 
in the 3D space of | cos θK| ≤ 1, 0 ≤ cos θℓ ≤ 1, and 0 ≤ ϕ ≤ π for 
correctly tagged and mistagged signal events, respectively. The nu-
merator and denominator of the efficiency are separately described 
with a nonparametric technique, which is implemented with a ker-
nel density estimator [48,49]. The final efficiency distributions used 
in the fit are obtained from the ratio of 3D histograms derived 
from the sampling of the kernel density estimators. The histograms 
have 40 bins in each dimension. A consistency check of the pro-
cedure used to determine the efficiency is performed by dividing 
the simulated data sample into two independent subsets, and ex-
tracting the angular parameters from the first subset using the 
efficiency computed from the second subset. The efficiencies for 
both correctly tagged and mistagged events peak at cos θℓ ≈ 0, 
around which they are rather symmetric for q2 < 10 GeV2, and are 
approximately flat in ϕ . The efficiency for correctly tagged events 
becomes relatively flat in cos θℓ for larger values of q2, while it has 
a monotonic decrease for increasing cos θK values for q2 < 14 GeV2. 
For larger values of q2 a decrease in the efficiency is also seen near 
cos θK = − 1. The efficiency for mistagged events has a minimum at 
cos θℓ ≈ 0 for q2 > 10 GeV2, while it is maximal near cos θK = 0 for 
q2 < 10 GeV2. For large values of q2 a mild maximum also appears 
near cos θK = 1.
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cos θK = − 1. The efficiency for mistagged events has a minimum at 
cos θℓ ≈ 0 for q2 > 10 GeV2, while it is maximal near cos θK = 0 for 
q2 < 10 GeV2. For large values of q2 a mild maximum also appears 
near cos θK = 1.

Angular foldings allow 
fitting FL, S3 and one of the 
Si parameters at a time.
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Figure 1. An illustration of the B0
d → K∗µ+µ− decay showing the angles θK , θL and φ defined

in the text. Angles are computed in the rest frame of the K∗, dimuon system and B0
d meson,

respectively.

The angular differential decay rate for B0
d → K∗µ+µ− is a function of q2, cos θK , cos θL

and φ, and can be written in several ways [16]. The form to express the differential decay

amplitude as a function of the angular parameters uses coefficients that may be represented

by the helicity or transversity amplitudes [17] and is written as2

1

dΓ/dq2
d4Γ

dcosθLdcosθKdφdq2
=

9

32π

!
3(1−FL)

4
sin2 θK+FL cos

2 θK+
1−FL

4
sin2 θK cos2θL

−FL cos
2 θK cos2θL+S3 sin

2 θK sin2 θL cos2φ

+S4 sin2θK sin2θL cosφ+S5 sin2θK sinθL cosφ

+S6 sin
2 θK cosθL+S7 sin2θK sinθL sinφ

+S8 sin2θK sin2θL sinφ+S9 sin
2 θK sin2 θL sin2φ

"
. (2.1)

Here FL is the fraction of longitudinally polarised K∗ mesons and the Si are angular

coefficients. These angular parameters are functions of the real and imaginary parts of the

transversity amplitudes of B0
d decays into K∗µ+µ−. The forward-backward asymmetry is

given by AFB = 3S6/4. The predictions for the S parameters depend on hadronic form

factors which have significant uncertainties at leading order. It is possible to reduce the

theoretical uncertainty in these predictions by transforming the Si using ratios constructed

to cancel form factor uncertainties at leading order. These ratios are given by refs. [17, 18] as

P1 =
2S3

1− FL
(2.2)

P2 =
2

3

AFB

1− FL
(2.3)

P3 = − S9

1− FL
(2.4)

P ′
j=4,5,6,8 =

Si=4,5,7,8#
FL(1− FL)

. (2.5)

2This equation neglects possible Kπ S-wave contributions. The effect of an S-wave contribution is

considered following the method used by LHCb in ref. [3].
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μμ 

bin, where                                                                         and ε 
are angular efficiencies.
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The selection procedure results in an incorrect flavour tag (mistag) for some signal

events. The mistag probability of a B0
d (B

0
d) meson is denoted by ω (ω) and is determined

from MC simulated events to be 0.1088± 0.0005 (0.1086± 0.0005). The mistag probability

varies slightly with q2 such that the difference ω − ω remains consistent with zero. Hence

the average mistag rate ⟨ω⟩ in a given q2 bin is used to account for this effect. If a candidate

is mistagged, the values of cos θL, cos θK and φ change sign, while the latter two are also

slightly shaped by the swapped hadron track mass hypothesis. Sign changes in these angles

affect the overall sign of the terms multiplied by the coefficients S5, S6, S8 and S9 (similarly

for the corresponding P (′) parameters) in equation (2.1). The corollary is that mistagged

events result in a dilution factor of (1 − 2⟨ω⟩) for the affected coefficients.

The region q2 ∈ [0.98, 1.1]GeV2 is vetoed to remove any potential contamination from

the φ(1020) resonance. The remaining data with q2 ∈ [0.04, 6.0]GeV2 are analysed in

order to extract the signal parameters of interest. Two K∗cc control regions are defined for

B0
d decays into K∗J/ψ and K∗ψ(2S), respectively as q2 ∈ [8, 11] and [12, 15]GeV2. The

control samples are used to extract values for nuisance parameters describing the signal

probability density function (pdf) from data as discussed in section 5.3.

For q2 < 6GeV2 the selected data sample consists of 787 events and is composed of

signal B0
d → K∗µ+µ− decay events as well as background that is dominated by a combina-

torial component that does not peak in mKπµµ and does not exhibit a resonant structure in

q2. Other background contributions are considered when estimating systematic uncertain-

ties. Above 6GeV2 the background contribution increases significantly, including events

coming from B0
d → K∗J/ψ with a radiative J/ψ → µ+µ−γ decay. Scalar Kπ contributions

are neglected in the nominal fit and considered only when addressing systematic uncertain-

ties. The data are analysed in the q2 bins [0.04, 2.0], [2.0, 4.0] and [4.0, 6.0] GeV2, where

the bin width is chosen to provide a sample of signal events sufficient to perform an angular

analysis. The width is much larger than the q2 resolution obtained from MC simulated

signal events and observed in data for B0
d decays into K∗J/ψ and K∗ψ(2S). Additional

overlapping bins [0.04, 4.0], [1.1, 6.0] and [0.04, 6.0] GeV2 are analysed in order to facilitate

comparison with results of other experiments and with theoretical predictions.

5 Maximum-likelihood fit

Extended unbinned maximum-likelihood fits of the angular distributions of the signal decay

are performed on the data for each q2 bin. The discriminating variables used in the fit are

mKπµµ, the cosines of the helicity angles (cos θK and cos θL), and φ. The likelihood L for

a given q2 bin is

L =
e−n

N !

N!

k=1

"

l

nlPkl(mKπµµ, cos θK , cos θL,φ; #p, #θ), (5.1)

where N is the total number of events, the sum runs over signal and background compo-

nents, nl is the fitted yield for the lth component, n is the sum over nl, and Pkl is the pdf

evaluated for event k and component l. In the nominal fit, l iterates only over one signal
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respectively. A consequence of using the folding schemes is that S6 (AFB) and S9 cannot

be extracted from the data. The values and uncertainties of FL and S3 obtained from the

four fits are consistent with each other and the results reported are those found to have

the smallest systematic uncertainty.

Three MC samples are used to study the signal reconstruction and acceptance. Two of

them follow the SM prediction for the decay angle distributions taken from ref. [29], with

separate samples generated for B0
d and B0

d decays. The third MC sample has FL = 1/3

and the angular distributions are generated uniformly in cos θK , cos θL and φ. The samples

are used to study the effect of potential mistagging and reconstruction differences between

particle and antiparticle decays and for determination of the acceptance. The acceptance

function is defined as the ratio of reconstructed and generated distributions of cos θK ,

cos θL, φ, i.e. it is compensating for the bias in the angular distributions resulting from

triggering, reconstruction and selection of events. It is described by sixth-order (second-

order) polynomial distributions for cos θK and cos θL (φ) and is assumed to factorise for each

angular distribution, i.e. using ε(cos θK , cos θL,φ) = ε(cos θK)ε(cos θL)ε(φ). A systematic

uncertainty is assessed in order to account for this assumption. The acceptance function

multiplies the angular distribution in the fit, i.e. the signal pdf is

Pkl = ε(cos θK)ε(cos θL)ε(φ)g(cos θK , cos θL,φ) ·G(mKπµµ),

where g(cos θK , cos θL,φ) is an angular differential decay rate resulting from one of the four

folding schemes applied to equation (2.1) and G(mKπµµ) is the signal mass distribution.

The MC sample generated with uniform cos θK , cos θL and φ distributions is used to

determine the nominal acceptance functions for each of the transformed variables defined

in equations (5.2)–(5.5). The other samples are used to estimate the related systematic

uncertainty. Among the angular variables the cos θL distribution is the most affected by

the acceptance. This is a result of the minimum transverse momentum requirements on

the muons in the trigger and the larger inefficiency to reconstruct low-momentum muons,

such that large values of | cos θL| are inaccessible at low q2. As q2 increases, the acceptance

effects become less severe. The cos θK distribution is affected by the ability to reconstruct

theKπ system, but that effect shows no significant variation with q2. There is no significant

acceptance effect for φ. Figure 2 shows the acceptance functions used for cos θK and cos θL
for two different q2 ranges for the nominal angular distribution given in equation (2.1).

5.2 Background modes

The fit to data includes a combinatorial background component that does not peak in the

mKπµµ distribution. It is assumed that the background pdf factorises into a product of one-

dimensional terms. The mass distribution of this component is described by an exponential

function and second-order Chebychev polynomials are used to model the cos θK , cos θL and

φ distributions. The values of the nuisance parameters describing these shapes are obtained

from fits to the data independently for each q2 bin.

Inclusive samples of bb → µ+µ−X and cc → µ+µ−X decays and eleven exclusive B0
d ,

B0
s , B

+ and Λb background samples are studied in order to identify contributions of interest

– 8 –

for q2 = 0.04 - 2.0, and similar plots for other 
five q2 regions.
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Figure 10. The measured values of FL, S3, S4, S5, S7, S8 compared with predictions from the
theoretical calculations discussed in the text (section 8). Statistical and total uncertainties are
shown for the data, i.e. the inner mark indicates the statistical uncertainty and the total error bar
the total uncertainty.

8 Comparison with theoretical computations

The results of theoretical approaches of Ciuchini et al. (CFFMPSV) [31], Descotes-Genon

et al. (DHMV) [32], and Jäger and Camalich (JC) [33, 34] are shown in figure 10 for the S

parameters, and in figure 11 for the P (′) parameters, along with the results presented here.4

4This result uses the experimental convention of equations (2.2)–(2.5) following the LHCb Collaboration’s

notation in ref. [3]. In the DHMV calculation, a different convention is used as explained by equation (16)

in ref. [15].
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q2 [GeV2] nsignal nbackground

[0.04, 2.0] 128± 22 122± 22

[2.0, 4.0] 106± 23 113± 23

[4.0, 6.0] 114± 24 204± 26

[0.04, 4.0] 236± 31 233± 32

[1.1, 6.0] 275± 35 363± 36

[0.04, 6.0] 342± 39 445± 40

Table 1. The values of fitted signal, nsignal, and background, nbackground, yields obtained for
different bins in q2. The uncertainties indicated are statistical.
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Figure 4. The distributions of (top left) mKπµµ, (top right) φ, (bottom left) cos θK , and (bottom
right) cos θL obtained for q2 ∈ [0.04, 2.0]GeV2. The (blue) solid line is a projection of the total
pdf, the (red) dot-dashed line represents the background, and the (black) dashed line represents
the signal component. These plots are obtained from a fit using the S5 folding scheme.
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Figure 11. The measured values of P1, P ′
4, P ′

5, P ′
6, P ′

8 compared with predictions from the
theoretical calculations discussed in the text (section 8). Statistical and total uncertainties are
shown for the data, i.e. the inner mark indicates the statistical uncertainty and the total error bar
the total uncertainty.

QCD factorisation is used by DHMV and JC, where the latter focus on the impact

of long-distance corrections using a helicity amplitude approach. The CFFMPSV group

takes a different approach, using the QCD factorisation framework to perform compatibility

checks of the LHCb data with theoretical predictions. This approach also allows informa-

tion from a given experimentally measured parameter of interest to be excluded in order to

make a fit-based prediction of the expected value of that parameter from the rest of the data.
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of the range covered by the 
different SM predictions, and 
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• Similar approach in CMS to obtain P1 and P5’ (FL is fixed 
to previous CMS measurements where φ was integrated out):

SM agrees with CMS measurements. CMS also agrees 
with Belle, LHCb & ATLAS, though these lie 
systematically above in P5’ in the q2 = 4 - 8 GeV2 region.

The CMS Collaboration / Physics Letters B 781 (2018) 517–541 523

Table 2
The measured signal yields, which include both correctly tagged and mistagged events, the P1 and P ′

5 values, and the correlation coefficients, in bins of q2, for B0 →
K∗0µ+µ− decays. The first uncertainty is statistical and the second is systematic. The bin ranges are selected to allow comparison with previous measurements.

q2 (GeV2) Signal yield P1 P ′
5 Correlations

1.00–2.00 80 ± 12 +0.12 +0.46
− 0.47 ± 0.10 +0.10 +0.32

− 0.31 ± 0.07 − 0.0526

2.00–4.30 145 ± 16 − 0.69 +0.58
− 0.27 ± 0.23 − 0.57 +0.34

− 0.31 ± 0.18 − 0.0452

4.30–6.00 119 ± 14 +0.53 +0.24
− 0.33 ± 0.19 − 0.96 +0.22

− 0.21 ± 0.25 +0.4715

6.00–8.68 247 ± 21 − 0.47 +0.27
− 0.23 ± 0.15 − 0.64 +0.15

− 0.19 ± 0.13 +0.0761

10.09–12.86 354 ± 23 − 0.53 +0.20
− 0.14 ± 0.15 − 0.69 +0.11

− 0.14 ± 0.13 +0.6077

14.18–16.00 213 ± 17 − 0.33 +0.24
− 0.23 ± 0.20 − 0.66 +0.13

− 0.20 ± 0.18 +0.4188

16.00–19.00 239 ± 19 − 0.53 ± 0.19 ± 0.16 − 0.56 ± 0.12 ± 0.07 +0.4621

Fig. 3. CMS measurements of the (left) P1 and (right) P ′
5 angular parameters versus q2 for B0 → K∗0µ+µ− decays, in comparison to results from the LHCb [33] and Belle [34]

Collaborations. The statistical uncertainties are shown by the inner vertical bars, while the outer vertical bars give the total uncertainties. The horizontal bars show the bin 
widths. The vertical shaded regions correspond to the J/ψ and ψ ′ resonances. The hatched region shows the prediction from SM calculations described in the text, averaged 
over each q2 bin.

the four Gaussian terms to vary at a time. The maximum change 
in P1 and P ′

5 for either of the two control channels is taken as the 
systematic uncertainty for all q2 bins.

The q2 bin just below the J/ψ (ψ ′) control region, and the q2

bin just above, may be contaminated with B0 → J/ψK∗0 (B0 →
ψ ′K∗0) “feed-through” events that are not removed by the selec-
tion procedure. A special fit in these two bins is performed, in 
which an additional background term is added to the pdf. This 
background distribution is obtained from simulated B0 → J/ψK∗0

(B0 → ψ ′K∗0) events, with the background yield as a fitted param-
eter. The resulting changes in P1 and P ′

5 are used as estimates of 
the systematic uncertainty associated with this contribution.

To properly propagate the uncertainty associated with the val-
ues of FL, FS, and AS, taking into account possible correlations, 
10 pseudo-experiments per q2 bin are generated using the pdf pa-
rameters determined from the fit to data. The number of events 
in these pseudo-experiments is 100 times that of the data. The 
pseudo-experiments are then fit twice, once with the same pro-
cedure as for the data and once with P1, P ′

5, A5
S , FL, FS, and AS

allowed to vary. The average ratio ρ of the statistical uncertain-
ties in P1 and P ′

5 from the first fit to that in the second fit is 
used to compute this systematic uncertainty, which is proportional 
to the confidence interval determined from the Feldman–Cousins 
method through the coefficient 

√
ρ2 − 1. The stability of ρ as a 

function of the number of events of the pseudo-experiments is 
also verified. As cross-checks of our procedure concerning the fixed 
value of FL, we fit the two control regions either fixing FL or 
allowing it to vary, and find that the values of P1 and P ′

5 are 
essentially unaffected, obtaining the same value of FL as in our 
previous study [31]. Moreover, we refit all the q2 bins using only 
the P-wave contribution for the decay rate in Eq. (1) and leaving 

all three parameters, P1, P ′
5, and FL, free to vary. The differences 

in the measured values of P1 and P ′
5 are within the systematic 

uncertainty quoted for the FL, FS, and AS uncertainty propagation.
The effects of angular resolution on the reconstructed values of 

θK and θℓ are estimated by performing two fits on the same set of 
simulated events. One fit uses the true values of the angular vari-
ables and the other fit their reconstructed values. The difference in 
the fitted parameters between the two fits is taken as an estimate 
of the systematic uncertainty.

The systematic uncertainties are determined for each q2 bin, 
with the total systematic uncertainty obtained by adding the indi-
vidual contributions in quadrature.

As a note for future possible global fits of our P1 and P ′
5

data, the systematic uncertainties associated with the efficiency, 
Kπ mistagging, B0 mass distribution, and angular resolution can 
be assumed to be fully correlated bin-by-bin, while the remaining 
uncertainties can be assumed to be uncorrelated.

6. Results

The events are fit in seven q2 bins from 1 to 19 GeV2, yielding 
1397 signal and 1794 background events in total. As an example, 
distributions for two of these bins, along with the fit projections, 
are shown in Fig. 2. The fitted values of the signal yields, P1, 
and P ′

5 are given in Table 2 for the seven q2 bins. The results 
for P1 and P ′

5 are shown in Fig. 3, along with those from the 
LHCb [33] and Belle [34] experiments. The fitted values of A5

S vary 
from − 0.052 to +0.057.

A SM prediction, denoted SM-DHMV, is available for compari-
son with the measured angular parameters. The SM-DHMV result, 
derived from Refs. [18,25], updates the calculations from Ref. [52]
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Table 2
The measured signal yields, which include both correctly tagged and mistagged events, the P1 and P ′

5 values, and the correlation coefficients, in bins of q2, for B0 →
K∗0µ+µ− decays. The first uncertainty is statistical and the second is systematic. The bin ranges are selected to allow comparison with previous measurements.

q2 (GeV2) Signal yield P1 P ′
5 Correlations

1.00–2.00 80 ± 12 +0.12 +0.46
− 0.47 ± 0.10 +0.10 +0.32

− 0.31 ± 0.07 − 0.0526

2.00–4.30 145 ± 16 − 0.69 +0.58
− 0.27 ± 0.23 − 0.57 +0.34

− 0.31 ± 0.18 − 0.0452

4.30–6.00 119 ± 14 +0.53 +0.24
− 0.33 ± 0.19 − 0.96 +0.22

− 0.21 ± 0.25 +0.4715

6.00–8.68 247 ± 21 − 0.47 +0.27
− 0.23 ± 0.15 − 0.64 +0.15

− 0.19 ± 0.13 +0.0761

10.09–12.86 354 ± 23 − 0.53 +0.20
− 0.14 ± 0.15 − 0.69 +0.11

− 0.14 ± 0.13 +0.6077

14.18–16.00 213 ± 17 − 0.33 +0.24
− 0.23 ± 0.20 − 0.66 +0.13

− 0.20 ± 0.18 +0.4188

16.00–19.00 239 ± 19 − 0.53 ± 0.19 ± 0.16 − 0.56 ± 0.12 ± 0.07 +0.4621

Fig. 3. CMS measurements of the (left) P1 and (right) P ′
5 angular parameters versus q2 for B0 → K∗0µ+µ− decays, in comparison to results from the LHCb [33] and Belle [34]

Collaborations. The statistical uncertainties are shown by the inner vertical bars, while the outer vertical bars give the total uncertainties. The horizontal bars show the bin 
widths. The vertical shaded regions correspond to the J/ψ and ψ ′ resonances. The hatched region shows the prediction from SM calculations described in the text, averaged 
over each q2 bin.

the four Gaussian terms to vary at a time. The maximum change 
in P1 and P ′

5 for either of the two control channels is taken as the 
systematic uncertainty for all q2 bins.

The q2 bin just below the J/ψ (ψ ′) control region, and the q2

bin just above, may be contaminated with B0 → J/ψK∗0 (B0 →
ψ ′K∗0) “feed-through” events that are not removed by the selec-
tion procedure. A special fit in these two bins is performed, in 
which an additional background term is added to the pdf. This 
background distribution is obtained from simulated B0 → J/ψK∗0

(B0 → ψ ′K∗0) events, with the background yield as a fitted param-
eter. The resulting changes in P1 and P ′

5 are used as estimates of 
the systematic uncertainty associated with this contribution.

To properly propagate the uncertainty associated with the val-
ues of FL, FS, and AS, taking into account possible correlations, 
10 pseudo-experiments per q2 bin are generated using the pdf pa-
rameters determined from the fit to data. The number of events 
in these pseudo-experiments is 100 times that of the data. The 
pseudo-experiments are then fit twice, once with the same pro-
cedure as for the data and once with P1, P ′

5, A5
S , FL, FS, and AS

allowed to vary. The average ratio ρ of the statistical uncertain-
ties in P1 and P ′

5 from the first fit to that in the second fit is 
used to compute this systematic uncertainty, which is proportional 
to the confidence interval determined from the Feldman–Cousins 
method through the coefficient 

√
ρ2 − 1. The stability of ρ as a 

function of the number of events of the pseudo-experiments is 
also verified. As cross-checks of our procedure concerning the fixed 
value of FL, we fit the two control regions either fixing FL or 
allowing it to vary, and find that the values of P1 and P ′

5 are 
essentially unaffected, obtaining the same value of FL as in our 
previous study [31]. Moreover, we refit all the q2 bins using only 
the P-wave contribution for the decay rate in Eq. (1) and leaving 

all three parameters, P1, P ′
5, and FL, free to vary. The differences 

in the measured values of P1 and P ′
5 are within the systematic 

uncertainty quoted for the FL, FS, and AS uncertainty propagation.
The effects of angular resolution on the reconstructed values of 

θK and θℓ are estimated by performing two fits on the same set of 
simulated events. One fit uses the true values of the angular vari-
ables and the other fit their reconstructed values. The difference in 
the fitted parameters between the two fits is taken as an estimate 
of the systematic uncertainty.

The systematic uncertainties are determined for each q2 bin, 
with the total systematic uncertainty obtained by adding the indi-
vidual contributions in quadrature.

As a note for future possible global fits of our P1 and P ′
5

data, the systematic uncertainties associated with the efficiency, 
Kπ mistagging, B0 mass distribution, and angular resolution can 
be assumed to be fully correlated bin-by-bin, while the remaining 
uncertainties can be assumed to be uncorrelated.

6. Results

The events are fit in seven q2 bins from 1 to 19 GeV2, yielding 
1397 signal and 1794 background events in total. As an example, 
distributions for two of these bins, along with the fit projections, 
are shown in Fig. 2. The fitted values of the signal yields, P1, 
and P ′

5 are given in Table 2 for the seven q2 bins. The results 
for P1 and P ′

5 are shown in Fig. 3, along with those from the 
LHCb [33] and Belle [34] experiments. The fitted values of A5

S vary 
from − 0.052 to +0.057.

A SM prediction, denoted SM-DHMV, is available for compari-
son with the measured angular parameters. The SM-DHMV result, 
derived from Refs. [18,25], updates the calculations from Ref. [52]
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B+ ⇾ K+µ+µ-: CMS
• Decay rate is described by AFB(μμ) and the contribution, 

FH, of the S, PS and T amplitudes to the decay width, 
both expected to be negligibly small (~null test):

!10

compare the results to SM calculations with the best-
controlled theoretical uncertainty, and a full inclusive q2

range of 1.00–22.00 GeV2, excluding the control regions.
The analysis for these two ranges is performed with the
same procedure as for the other ranges.
The decay rate for the process Bþ → Kþμþμ− depends

on cos θl, where θl is the angle between the directions of
the μ− and Kþ in the dilepton rest frame. The differential
decay width Γl with respected to cos θl can be para-
metrized [1,8,9] in terms of the observables of interest AFB
and FH as:

1

Γl

dΓl

d cos θl
¼ 3

4
ð1− FHÞð1− cos2θlÞ þ

1

2
FH þ AFB cos θl:

ð1Þ

The requirement for the decay rate to remain positive over
all possible lepton angles constrains the parameter space
to the region 0 ≤ FH ≤ 3 and jAFBj ≤ minð1; FH=2Þ. The
angular observables AFB and FH are extracted from a
two-dimensional extended unbinned maximum-likelihood
fit to the angular distribution of the selected Bþ meson

candidates in each q2 range. The unnormalized probability
density function (pdf) used in the two-dimensional fit is

pdfðm; cos θlÞ ¼ YSSmðmÞSaðcos θlÞϵðcos θlÞ
þ YBBmðmÞBaðcos θlÞ; ð2Þ

where the two contributions on the right-hand side corre-
spond to the parametrization of the signal and background.
The parameters YS and YB are the yields of signal and
background events, respectively. The functions SmðmÞ and
Saðcos θlÞ describe the signal invariant mass and angular
distributions, while BmðmÞ and Baðcos θlÞ are similar
functions describing the background. The function
ϵðcos θlÞ is the signal efficiency as a function of cos θl.
The signal distribution SmðmÞ is modeled as the sum

of two Gaussian functions with a common mean, and
Saðcos θlÞ is given in Eq. (1). The background distribution
BmðmÞ is modeled as a single exponential function, while
Baðcos θlÞ is parametrized as the sum of a Gaussian
function and a third- or fourth-degree polynomial, depend-
ing on the particular q2 range.
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FIG. 2. The signal efficiency determined from simulated events as a function of cos θl for the different q2 ranges (points). The vertical
bars indicate the statistical uncertainty. The curves show the sixth-order polynomial fits to the points.
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θl angle btw μ- and K+ 
in the μμ rest frame.

Rare decays @ ATLAS & CMS -- Ivan Heredia LHCP-2019

The simulated signal sample is used to evaluate the
effects of any simulation mismodeling. The difference in
the fitted values of AFB and FH between a simulated sample
at the generator level without the detector simulation and
reconstruction steps, and the standard signal simulation
sample is assigned as the systematic uncertainty. The
specific parametrization of the function used to fit the
backgrounds can cause the results to change. To evaluate
the effect of fitting the background cos θl distribution, the
degrees of the polynomials used to describe the angular
shapes of the combinatorial background are decreased by
one. After fitting with the alternative background para-
metrization, the differences in the AFB and FH results are
taken as the systematic uncertainties from the background
parametrization model. The systematic uncertainties com-
ing from the experimental resolution in cos θl and q2 are
estimated by comparing the values of AFB and FH obtained
from the reconstructed MC events with those found using
the generated values of cos θl and q2 in the fit.
An estimate of the systematic uncertainty from the fitting

procedure is calculated using two different methods. In the
first method, we divide the large simulated signal sample
into multiple subsamples, each with a size similar to that of
the data. The difference between the average of the fitted
values of AFB and FH from the subsamples and the fitted
value from the full sample is taken as an estimate of the
systematic uncertainty from the modeling of the signal. In
the second method, we generate many pseudoexperiments
in which each of the mass and cos θl distributions are
obtained from combining a signal and background distri-
bution. The signal distribution is obtained by selecting
signal events from the simulated sample, with the number
of events determined by the fit to the data. The background
distribution is obtained from sampling a parent distribution
that comes from subtracting the fitted signal distributions
from the data. The mean value of the differences from
these pseudoexperiments and the measurements from the
reconstruction-level simulated signal sample is taken as an
estimate of the fitting uncertainty due to the presence of
background. The estimates from the two methods are then

added in quadrature to obtain the overall systematic
uncertainty from the fitting procedure.
In some q2 ranges there are visible structures in the

background cos θl distributions, as seen in Fig. 4. We have
investigated many possible contributions to these struc-
tures, and none of them has been identified. This uncer-
tainty is estimated using the “second” method from the
fitting procedure systematic uncertainty calculation, with
the cos θl distribution for the background obtained sepa-
rately from the lower- and higher-mass sideband regions,
5.10–5.21 and 5.35–5.60 GeV. The larger of the two
differences between these alternative fits and the nominal
fit is taken as the systematic uncertainty from fitting the
background cos θl distribution.

TABLE I. Absolute values of the uncertainty contributions in
the measurements of AFB and FH. For each item, the range
indicates the variation of the uncertainty in the signal q2 ranges.

Systematic uncertainty AFBð×10−2Þ FHð×10−2Þ
Finite size of MC samples 0.4–1.8 0.9–5.0
Efficiency description 0.1–1.5 0.1–7.8
Simulation mismodeling 0.1–2.8 0.1–1.4
Background parametrization model 0.1–1.0 0.1–5.1
Angular resolution 0.1–1.7 0.1–3.3
Dimuon mass resolution 0.1–1.0 0.1–1.5
Fitting procedure 0.1–3.2 0.4–25
Background distribution 0.1–7.2 0.1–29

Total systematic uncertainty 1.6–7.5 4.4–39
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FIG. 5. Results of the AFB (left) and FH (right) measurements in
ranges of q2. The statistical uncertainties are shown by the inner
vertical bars, while the outer vertical bars give the total un-
certainties. The horizontal bars show the q2 range widths. The
vertical shaded regions are 8.68–10.09 and 12.86 − 14.18 GeV2,
corresponding to the J=ψ- and ψð2SÞ-dominated control regions,
respectively. The horizontal lines in the right plot show the
DHMV SM theoretical predictions [32,33], whose uncertainties
are smaller than the line width.
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CMS results are 
consistent with 
previous measurements 
(BaBar/Belle/LHCb) 
and compatible with 
the SM predictions 
(including AFB(SM) ≈ 0).

PRD 98, 112011 (2018)
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Search for 𝜏 ⇾ 3µ
• CFLV decays, e.g. ℓ ⇾ 3ℓ′, possible 

due to ν oscillations, but very rare. 

• NP models can enhance CFLV decays 
to the current experimental sensitivity.  

• Best Br(𝜏 ⇾ 3μ) UL set by B-factories.  

• Large 𝜏 production in the LHC, 
σ(pp⇾𝜏+X)~ 2×1011 fb, allows for 𝜏 ⇾ 3μ 
search. Best LHC UL by LHCb [4]. 

• ATLAS Run 1 search used W ⇾ 𝜏ν [5]. 

• Similarly to [4], we present a search in 
CMS for 𝜏 ⇾ 3μ coming from B & D 
decays (main source of τ’s at the 
LHC), using 33 fb-1 @13 TeV (2016).

!11Rare decays @ ATLAS & CMS -- Ivan Heredia LHCP-2019

Theory / 
Experiment

Br(𝜏 ⇾ 3µ) /  
UL @ 90% CL Source

SM [1] ~ 10-55 ν osc.
BSM ≲ 10-9 Many
Belle [2] < 2.1 × 10-8 e+e- ⇾ 𝜏+𝜏-

BaBar [3] < 3.3 × 10-8 e+e- ⇾ 𝜏+𝜏-

LHCb [4] < 4.6 x 10-8 B & D dec.
ATLAS [5] < 3.8 x 10-7 W ⇾ 𝜏ν

[1] Hernández-Tomé et al.  EPJC (2019) 79:84.  [2] Belle, PLB 687 (2010) 139.  [3] BaBar, PRD 81 (2010) 111101.  [4] LHCb, JHEP 
02 (2015) 121.  [5] ATLAS, EPJC (2016) 76:232.
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1 Introduction25

There are no known symmetries that would strictly enforce the lepton-flavor conservation in26

the Nature and would forbid ` ! `0g, ` ! 3`0 and t ! 2µe / 2eµ decays. In fact, already in27

the Standard Model (SM), thanks to neutrino oscillations, such lepton-flavor violating (LFV)28

decays become technically possible as shown in Fig. 1 (left), but have very small branching29

fractions: e.g., B(t ! 3µ) ⇠ O(10�14) [1]. It is worthwhile noting that B(t ! µg) remains30

extremely suppressed and is estimated to be ⇠ O(10�40) [1]. Given the lack of a fundamental31

symmetry resulting in the lepton-flavor conservation, it is not surprising that various exten-32

sions of SM readily allow for LFV decays with sizeable branching fractions [2], often putting33

them in the range which can be probed with the present-day or near-future experiments. As34

an illustration, a Feynman diagram of one such BSM t ! 3µ decay is shown in Fig. 1 (right).35

At the LHC, t ! 3µ decay is probably the “cleanest” LFV decay channel. Moreover, the en-36

hancements predicted by BSMs may be larger for heavier-flavor leptons [3], which provides an37

additional motivation for t ! 3µ decay searches.38

Figure 1: (Left) Feynman diagrams for t ! 3µ in SM. (Right) An example of BSM-induced
tree-level t ! 3µ decay (SUSY with a R-parity violation).

The best experimental upper limit on branching fraction for t ! 3µ decays, set by the Belle39

experiment [4], is B(t ! 3µ) < 2.1 ⇥ 10�8 at 90% CL, with the similar result reported by40

BaBar [5] being 3.3 ⇥ 10�8. Both Belle and BaBar are decommissioned experiments operated41

at e+e� colliders. 1 Proton-proton collisions are a prolific source of t-lepton; the expected in-42

clusive production cross section is about 2 ⇥ 1011 fb [6]. At present, the limits on t ! 3µ43

decay reported by LHC experiments LHCb and ATLAS are 4.6 ⇥ 10�8 [7] and 3.8 ⇥ 10�7 [8],44

respectively.45

There were a few feasibility studies done in CMS in the past. The first study performed in46

2002 [9] (and hence relying on the very early CMS simulations) suggested that, with 30 fb�1
47

at 14 TeV, the W ! tn decay channel alone might allow CMS to reach sensitivity 3.8 ⇥ 10�8
48

at 95% CL. The corresponding sensitivities from analyses targeting Z ! tt and B ! t + X49

decays were projected to be 3.4 ⇥ 10�7 and 2.1 ⇥ 10�7, respectively. The role of D mesons as a50

prolific source of tau leptons was acknowledged, but D meson decays were not studied in the51

paper given the lack of an efficient trigger for very soft muons that would originate from such52

decays.53

More realistic (still very preliminary) studies of the expected CMS sensitivity with the Run 154

8 TeV dataset (20 fb�1) were reported in a series of two talks in fall 2012 [10, 11]. This study55

1 The upgraded Belle-II experiment will start collecting physics data soon at SuperKEKB.
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Selection, MC and resolution
• 3μ selection: L1+HLT (slide 4), pTμ > 2 GeV,|ημ|< 2.4, ΔRμμ < 0.8,     

|Δzμ| < 0.5 cm, Σμ qμ = ±1, m3μ = 1.75-1.8 GeV, φ(1020) veto. 

• MC samples: 𝜏 ⇾ 3μ either from Ds+❡ or B+/B0 (cover ~94%) using 
PYTHIA+EvtGen; and Ds ⇾ φ(μμ)π❡.

!12Rare decays @ ATLAS & CMS -- Ivan Heredia LHCP-2019
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and bounded by a cone of angular radius DR = 0.3 around the muon direction at the primary
vertex, where the angular distance between two particles i and j is DR(i, j) =

q
(hi � hj)2 + (fi � fj)2.

The sum is divided by muon transverse momentum p
µ
T.

7 Event selection and categorization
7.1 Event selection

Data events are required to pass the basic data quality monitoring criteria ensuring that they
were recorded when all detector subsystems were at the nominal operation conditions. Only
events obtained with the L1 and HLT triggers described in Section 5 are used (emulated trig-
gers are applied to the simulated samples as well).

In each event, we loop over all reconstructed global muons with pT > 2 GeV and |h| < 2.4 to
find muon triplet candidates satisfying the following criteria. For all muons pairs, we require
DR < 0.8 and |Dz| < 0.5cm. The sum of charges of three muons must be ±1. The trimuon
mass must be in the range 1.62–2.00 GeV. In this analysis, the range 1.75–1.80 GeV is consid-
ered a signal region, while the remainder is referred to as the 3µ sideband. The three muons
are required to match the three “legs” of the HLT path with the following matching criteria:
DR < 0.03 and |DpT|/pT < 0.1.

In very rare cases (< 1%) when more than one muon triplet is found, the one with the smallest
3µ vertex fit normalized c2 is retained.

Dimuon masses of opposite-sign muon pairs are then required to be 2s away from the f(1020)
meson peak, where s is the average mass resolution (approximately 11 MeV).

Table 3 shows the number of expected signal events assuming B(t ! 3µ) = 10�7, and back-
ground (data) events at each step of the event selection. The CMS muon fiducial volume is
defined as |h| < 2.4 and p > 2.5 GeV. The latter cut is set by the minimum momentum needed
for a muon to reach the first muon station.

Table 3: Number of expected signal events, assuming B(t ! 3µ) = 10�7, and the number of
observed events in data at each step of the event selection. Events are counted in the trimuon
mass range 1.62–2.00 GeV.

Signal Data
Ds ! tn B±/B0 ! t...
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(with three muons in fiducial volume) (6.6 ⇥ 103) (2.3 ⇥ 103)
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At least 3 global muons (pT > 2 GeV) 88 47 1.0 ⇥ 107

Trimuon candidate selection 64 29 1.0 ⇥ 105

To obtain an insight into the major source of background passing the described event selection
criteria, we simulate a large minimum-bias sample. A handful of events that pass all selection
criteria are mostly associated to B meson production with dimuon cascade decays of one of
the two B mesons. The third reconstructed muon in an event is typically associated with a
pion/kaon misidentified as a muon, half of the time via a decay in flight to a muon.
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4 Simulation
Table 1 shows the absolute and relative production rates of t leptons in pp collisions at a center-
of-mass energy of 13 TeV. The hadronic t production rates are obtained from minimum-bias
processes simulated using PYTHIA (version 8.1) [5], with the underlying event simulated with
the CUEP8M1 tune [11]. The contribution from direct baryon decays is small and ignored in
this analysis, and so is an O(10�4) contribution of t leptons produced in W/Z boson decays.
About 75% of t leptons at LHC come from D meson decays (predominantly, Ds ! tn), while
the remainder is associated with B decays. The challenge for using such hadronically-produced
t leptons is that they, and hence muons from t ! 3µ decays, have very low momenta and are
significantly boosted in the forward direction. The probability of all three muons from such
a t ! 3µ decay to be within the CMS muon detection fiducial acceptance (|h| < 2.4 and
p > 2.5 GeV, needed for a muon to penetrate the CMS calorimeters), is O(1%).

Table 1: The expected inclusive number of t leptons produced in D and B meson decays at LHC
(13 TeV) for an integrated luminosity of 33 fb�1. Numbers are from PYTHIA (without EVTGEN).
Charge conjugated states are implied. For comparison, the number of t leptons produced in W
and Z boson decays is 8 ⇥ 108.

Process Number of t leptons (33 fb�1)
pp ! c c̄ + ...

D ! tn 4.0 ⇥ 1012 (95% Ds, 5% D±)
pp ! bb + ...

B ! tn + ... 1.5 ⇥ 1012 (44% B±, 45% B0, 11% B0
s , 0% B±

c )
B ! D(tn) + ... 6.3 ⇥ 1011 (98% Ds, 2% D±)

We produce two signal simulation samples using minimum-bias process and filtering it for
events with Ds mesons, including those arising from B-decays, or for B±/B0. Tau lepton decays
to three muons are simulated according to the trimuon phase space, i.e., assuming a constant
decay matrix element. As discussed in Ref. [8], the search sensitivity does not critically depends
on this assumption. Another Ds sample with Ds ! fp ! µµp decays is produced and used
in conjunction with data to validate the Ds production rate.

Pileup minimum-bias events are added to the simulated signal events with a pp collision multi-
plicity distribution matching that observed in the data. The CMS detector response is simulated
using GEANT4 [12]; the subsequent trigger selections and event reconstruction are performed
with the same algorithms as those used with the data.

The analysis does not rely on the knowledge of the absolute cross sections for Ds and B meson
production. The signal event rate associated with hadronically produced t leptons is derived
from measurements of the Ds ! fp ! µµp production rate. For such a conversion, we use a
number of decay branching fractions. Table 2 lists these branching fractions together with their
uncertainties.

5 Data set used in the search
We use the data collected in 2016 with protons colliding at a center-of-mass energy of 13 TeV.
We use events selected by the following Level-1 triggers:

• trimuon with no additional requirements on muons;
• dimuon with at least one muon having pT > 10 GeV and the h separation between

muons |Dh| < 1.8;

W & Z decays        8 x 108   (𝜏 isolated and large MET)

(PYTHIA 13 TeV)

Low p𝜏

❡ from cc̅ and bb̅ inclusive production.



Selection, MC and resolution
• 3μ selection: L1+HLT (slide 4), pTμ > 2 GeV,|ημ|< 2.4, ΔRμμ < 0.8,     

|Δzμ| < 0.5 cm, Σμ qμ = ±1, m3μ = 1.75-1.8 GeV, φ(1020) veto. 

• MC samples: 𝜏 ⇾ 3μ either from Ds+❡ or B+/B0 (cover ~94%) using 
PYTHIA+EvtGen; and Ds ⇾ φ(μμ)π❡.
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Table 3 shows the number of expected signal events assuming B(t ! 3µ) = 10�7, and back-
ground (data) events at each step of the event selection. The CMS muon fiducial volume is
defined as |h| < 2.4 and p > 2.5 GeV. The latter cut is set by the minimum momentum needed
for a muon to reach the first muon station.
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To obtain an insight into the major source of background passing the described event selection
criteria, we simulate a large minimum-bias sample. A handful of events that pass all selection
criteria are mostly associated to B meson production with dimuon cascade decays of one of
the two B mesons. The third reconstructed muon in an event is typically associated with a
pion/kaon misidentified as a muon, half of the time via a decay in flight to a muon.
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We produce two signal simulation samples using minimum-bias process and filtering it for
events with Ds mesons, including those arising from B-decays, or for B±/B0. Tau lepton decays
to three muons are simulated according to the trimuon phase space, i.e., assuming a constant
decay matrix element. As discussed in Ref. [8], the search sensitivity does not critically depends
on this assumption. Another Ds sample with Ds ! fp ! µµp decays is produced and used
in conjunction with data to validate the Ds production rate.

Pileup minimum-bias events are added to the simulated signal events with a pp collision multi-
plicity distribution matching that observed in the data. The CMS detector response is simulated
using GEANT4 [12]; the subsequent trigger selections and event reconstruction are performed
with the same algorithms as those used with the data.

The analysis does not rely on the knowledge of the absolute cross sections for Ds and B meson
production. The signal event rate associated with hadronically produced t leptons is derived
from measurements of the Ds ! fp ! µµp production rate. For such a conversion, we use a
number of decay branching fractions. Table 2 lists these branching fractions together with their
uncertainties.

5 Data set used in the search
We use the data collected in 2016 with protons colliding at a center-of-mass energy of 13 TeV.
We use events selected by the following Level-1 triggers:

• trimuon with no additional requirements on muons;
• dimuon with at least one muon having pT > 10 GeV and the h separation between

muons |Dh| < 1.8;
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• Δm3μ varies with |ημ|: 

• 3 categories (A, B, C). 

• m3μ fitted with Gaussian 
+ Crystal Ball function.
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7.2 Categories based on the trimuon mass resolution

The trimuon mass measurement uncertainty varies substantially from one event to another
since the muon momentum reconstruction resolution depends strongly on the muon pseudo-
rapidity. Per-muon momentum uncertainties are extensively studied and calibrated in the con-
text of the H ! ZZ ! 4` analysis [16]. The distributions of the trimuon mass uncertainties of
simulated t ! 3µ events and 3µ sideband data events, passing all selection criteria, are shown
in Figure 1. Events with all three muons in the central region have the best mass resolution (the
cluster near dm/m ⇠ 0.005). The hump on the right comes from events where all three muons
are in the forward direction. To avoid mixing events with different trimuon mass resolutions,
we introduce three categories of events A, B, and C, separated by two boundaries in dm/m at
0.007 and 0.01, as shown in Figure 1. Figure 2 shows trimuon mass distributions for simulated
signal events from categories A, B and C. The overlaid fits show the signal models used in the
search.

Figure 1: Distributions of trimuon mass resolutions for simulated t ! 3µ events (solid line)
and 3µ sideband data events (dots), passing all selection criteria. The vertical lines at dm/m =
0.007 and 0.01 separate three event categories (A, B, and C) used in the analysis.

Figure 2: Trimuon mass distributions for simulated t ! 3µ events passing all selection criteria
and falling into category A (left), category B (center) or category C (right). The solid line is the
result of the fit with Crystal-Ball plus Gaussian function.
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Normalization and trigger 
corrections

• ~75% of MC events fires 2μ-L1 trigger; then: 

• Ds+⇾𝜏+(3μ)ν [Nsig(D)] normalized to 
Ds+⇾φ(μμ)π+ [N]:  

• B⇾𝜏(3μ)+X yield [Nsig(B)] normalized to N, 
using the Ds+ B-like fraction f (MC ≈ data): 

• Ds+⇾φπ+ yield data/MC comparison ⇒ MC 
correction due to 2μ-trigger performance. 

• ~25% of signal exclusively selected by 3μ-L1: 

• N3μ-L1/N2μ-L1 from m3μ sidebands = N3μ-L1/N2μ-L1 
in MC ⇒ MC correction due to 3μ-trigger.

!13
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Figure 6: The invariant mass distribution for two muons and a pion after applying signal-like
kinematic cuts on two muons and a pion, and after requiring that the two muons have opposite
signs and their invariant mass is consistent the f meson mass. The two peaks are associated
with Ds (1.97 GeV) and D+ (1.87 GeV) decays, and modelled with Crystal-Ball functions, while
the background is fitted with an exponential function.

tion for events from the Ds ! fp ! µµp peak (the background contribution is subtracted
using events from sidebands). The proper decay length is defined as L̃M/p, where L is the 3D
displacement of the trimuon vertex with respect to IP, while M and p are the trimuon system
mass and momentum, respectively. Events coming from B ! Ds + ... decays are expected to
have a longer tail in the proper decay length distribution with respect to directly-produced Ds
mesons. Using distribution templates obtained in simulation for both contributions, one can fit
the relative rates to data:

f =
s(pp ! B)B(B ! Ds + ...)

s(pp ! Ds)
. (5)

By combining Eqs. (4), (2), (5), the predicted contribution of direct B decays to the signal is

Nsig(B) = N f
B(B ! t + ...)

B(Ds ! fp ! µµp)B(B ! Ds + ...)
A3µ(B)

A2µp

e
3µ
reco

e
2µp
reco

e
2µ
trig,sig

e
2µ
trig(µµp)

B(t ! 3µ), (6)

where N and f are measured quantities. The measured value of f is 0.267 ± 0.015 in good
agreement with the simulated prediction of 0.240. The relative difference of 11%, consistent
with the uncertainty of the measurement, is treated as a systematic uncertainty.

The uncertainties in the branching fractions entering Eqs. (3) and (6) are listed in Table 2. Uncer-
tainties in the ratios of event selection acceptances are estimated by changing PDF sets in sim-
ulated events of the two processes. Although acceptances themselves were found to change
by as much as 7%, their ratio remained constant within O(1%), which is consistent with the
statistical uncertainty associated with the size of simulated samples. In the ratio e

3µ
reco/e

µµp
reco ,

the muon reconstruction efficiency inaccuracy does not cancel exactly since the numbers of

Ds+

D+

mµµπ

8. Simulation corrections and systematic uncertainties 11

Figure 7: Fit prompt and non-prompt Ds contributions to data. The histograms are from
Ds ! f(µµ)p MC. The filled histogram is the B ! Ds component, while the opened histogram
stacked on the other is the prompt Ds component. They fit to data (sideband subtracted) using
the proper decay length (LM/p).

muons in the numerator and denominator differ by one. We derive the data-to-simulation scale
factors for muon reconstruction efficiency in bins of muon pT and h using the tag-and-probe
method [17] applied to J/y ! µµ events. These additional scale factors are then applied to
signal events. The systematic uncertainty of the correction is estimated to be 1.5%. In addition,
the uncertainty on charged pion track reconstruction efficiency is estimated to be 2.3%.

The prediction for the signal associated with Ds (B±/B0) decays is then scaled up by 1.04 (1.14)
to account for a small contribution of D+ (Bs) (see Table 1). The uncertainties on the yields of
D+ and Bs are assigned to be 100%.

8.1.2 Yield of events triggered exclusively by trimuon triggers

Simulation predicts that 25% of all signal events are selected solely by the trimuon trigger,
or, equivalently, that the relative rate of events selected exclusively by trimuon and dimuon
triggers is expected to be 0.25/(1� 0.25) = 0.33. Using trimuon data in sidebands, we measure
the latter ratio for the data taken after the initial trigger operation issues were addressed, and
we find it to be 0.35, which gives a relative difference of 6% with respect to the expectation.
The data-to-simulation scale factor for the dimuon trigger, obtained using Ds ! fp ! µµp
events, is measured to be 0.95 for the same data-taking period. With these two measurements
in mind, we take the triple muon trigger scale factor at that time to be equal to unity with a
8% uncertainty chosen to cover the 5 and 6% discrepancies. The scale factor for the earlier
periods of data taking is obtained from the ratio of the rate of trimuon events triggered by the
trimuon trigger at those periods and the rate observed in the second half of the data-taking
period. Scale factors for the earlier parts of the 2016 runs inherit the 8% uncertainty. Since the
fraction of events triggered exclusively with the trimuon trigger is 25%, the 8% uncertainty on
their yield translates into a 2% uncertainty in the overall signal event rate.
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Figure 4: BDT score distributions for signal and background events passing all selection criteria
and falling into category A (left) or category C (right). All distributions are normalized to unity.
The vertical lines separate subcategories with different signal-to-background ratios. The two
subcategories on the right are used in the signal search.

The expected t ! 3µ signal event yield associated with Ds can be written as:

Nsig(D) = Ls(pp ! Ds) B(Ds ! tn) B(t ! 3µ) A3µ(D) e
3µ
recoe

2µ
trig(sig), (1)

while the number of Ds ! fp ! µµp events, to be measured experimentally, is:

N = Ls(pp ! Ds) B(Ds ! fp ! µµp) A2µp e
2µp
reco e

2µ
trig(µµp). (2)

In these two equations, L is the integrated luminosity, s(pp ! Ds) is the Ds production cross
section, B(Ds ! tn), B(t ! 3µ) and B(Ds ! fp ! µµp) are decay branching fractions,
A is the event selection acceptance, etrig and ereco are instrumental trigger and reconstruc-
tion efficiencies. Precision with which each of these terms is known varies. By measuring
the Ds ! fp ! µµp decay rate N, one can predict Nsig with significantly reduced systematic
uncertainties:

Nsig(D) = N
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Figure 6 shows the invariant mass distribution for two muons and a pion after requiring that
the two muons have opposite signs and their invariant mass is in the range 1.00–1.04 GeV, i.e.,
consistent the f meson mass. The peak on the right is associated with Ds ! fp decays, and
the number of events in the peak, N, can be easily extracted. To ascertain the Ds ! fp ! µµp
event yield correctly, tracks changes in the trigger/reconstruction performance for trimuon
events of interest, we checked the stability of the ratio of the number of Ds ! fp ! µµp
events to the number of trimuon events in the sideband in seven different run periods. We see
no evidence for variations beyond the 10% statistical uncertainties of the measurements, which
we take as a measure of uncertainties associated with the method.

Direct B ! t + ... decays are the second largest source of t leptons. Their contribution to the
signal can be written as follows:
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Figure 6 shows the invariant mass distribution for two muons and a pion after requiring that
the two muons have opposite signs and their invariant mass is in the range 1.00–1.04 GeV, i.e.,
consistent the f meson mass. The peak on the right is associated with Ds ! fp decays, and
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events of interest, we checked the stability of the ratio of the number of Ds ! fp ! µµp
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no evidence for variations beyond the 10% statistical uncertainties of the measurements, which
we take as a measure of uncertainties associated with the method.

Direct B ! t + ... decays are the second largest source of t leptons. Their contribution to the
signal can be written as follows:

A2
A1Not 

used

• Remaining bkg ~ [B(B̅)⇾ … ⇾ μμX] + [K/π misID as μ or K/π ⇾ μ ].

• Variables: 4 (χ23μ, L3μ-IP/σL3μ-IP, α3μ-IP, 
DCA3μ-t) + 6 (muon track quality). 

• 2 subcategories (1, 2) based on 
purity. 
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8. Simulation corrections and systematic uncertainties 9

Figure 5: Trimuon mass distributions in the six independent event categories used in the anal-
ysis: A1, A2; B1, B2; C1, C2. The six event categories are defined in the text. Data are shown
with points. The background-only fit and the expected signal for B(t ! 3µ) = 10�7 are shown
with lines.

Nsig(B) = Ls(pp ! B) B(B ! t + ...) B(t ! 3µ) A3µ(B) e
3µ
reco e

2µ
trig(sig). (4)

Using the very same events in the Ds ! fp ! µµp, we validate the rate of B meson production
with respect to the inclusive Ds production. Figure 7 shows the proper decay length distribu-

Fitted with an exponential function



Results
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8.1.3 Mass lineshape uncertainties

The uncertainties on trimuon mass scale and resolution are studied using Ds ! fp ! µµp.
The Ds mass fitted in data is found to be 0.07% smaller than that in simulated events. This is
applied as a correction to simulated t ! 3µ signal events, with an uncertainty 0.07%. Similarly,
Ds mass resolution in data is measured to be 1.02 with respect to that in simulation, which is ap-
plied as a correction to simulated signal events. The statistical uncertainty of this measurement,
2.5%, is assigned as the uncertainty of the corerction. These two uncertainties are accounted
for in the statistical analysis as uncertainties in the expected signal mass distribution shape.

8.1.4 Summary of the signal modeling uncertainties

The BDT selection efficiency differencies in data and simulation are studied with the Ds !

fp ! µµp process, and found to be no more than 5%.

Table 4 summarizes all sources of systematic uncertainties associated with the modeling of the
signal event yields and trimuon mass distribution shapes.

Table 4: Sources of systematic uncertainties affecting the signal modeling, and their impacts on
the expected signal event yield and trimuon mass distribution shape.

Source of uncertainty Yield Shape
Uncertainty on Ds normalization [ 10% ] 10%
Relative uncertainty in B(Ds ! tn) [ 4% ] 3%
Relative uncertainty in B(Ds ! fp ! µµp) [ 8% ] 8%
Relative uncertainty in B(B ! Ds + ...) [ 16% ] 5%
Relative uncertainty in B(B ! t + ...) [ 11% ] 3%
Uncertainty in f (B/D ratio) [ 11% ] 3%
Uncertainty on D+ as a source of t [ 100% ] 3%
Uncertainty on Bs as a source of t [ 100% ] 4%
Uncertainty in number of events triggered by trimuon trigger [ 8% ] 2%
Uncertainty in the ratio of acceptances Asig/A2µp [ 1% ] 1%
Muon reconstruction efficiency [ 1.5% ] 1.5%
Charged pion reconstruction efficiency [ 2.3% ] 2.3%
BDT cut efficiency [ 5% ] 5%
Mass scale uncertainty [ 0.07% ] – yes
Mass resolution uncertainty [ 2.5% ] – yes

8.2 Background uncertainties

The background model is obtained from the fit of the data in the trimuon mass distribution
sidebands. The procedure has both statistical and systematic uncertainties. The statistical un-
certainties on predicting the number of background events in the signal region are defined by
the number of observed events and vary from 3 to 15%, depending on the event subcategory.
The systematic uncertainty is associated with the choice of the functional form. In this analy-
sis, we use exponential (e�Am), and 2nd and 3rd-order polynomial functions. In the statistical
analysis described in the next section, these choices are treated as discrete values for a nuisance
parameter associated with background functional form uncertainty. The net effect on the pre-
dicted number of background events in the signal region does not exceed 1% among all event
subcategories.
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Figure 8: S/(S+B)-weighted trimuon mass distribution including events from all the categories
used in the analysis. Data are shown with points. The background-only fit and the expected
signal for B(t ! 3µ) = 10�7 are shown with lines.
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Br(𝜏 ⇾ 3µ) < 8.8 x 10-8   @ 90% CL 
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Search for t ! 3µ decays using t leptons produced in D
and B meson decays

The CMS Collaboration

Abstract

A search for charged lepton flavor violating decays t ! 3µ has been performed using
proton-proton collisions with a center-of-mass energy of 13 TeV. The analysis uses
the data set collected by the CMS detector in 2016, corresponding to an integrated
luminosity of 33 fb�1, and exploits t leptons produced in D and B meson decays. No
signal is observed, and an upper limit of 8.8 ⇥ 10�8 is set at the 90% confidence level
on the branching fraction of the t lepton to three muons.

A CMS analysis using W ⇾ 𝜏ν is in preparation.



Summary
• Study and search for rare decays are important probes to 

look for new physics.  

• So far, results are consistent with the SM (but interesting 
single experiment deviations remain; NP preferred when 
combining all flavor anomalies, including “non-LU”). 

• Some of the analyses presented here will be updated using 
the complete Run II data sample. New studies (LU, Br(𝜏 ⇾ 3μ) 
using W ⇾ 𝜏ν, etc.) are also in the pipeline. 

• ATLAS and CMS will continue exploring rare decays in the 
future with upgraded LHC and detectors.
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History of indirect vs. direct 
searches
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Rare decays
• The bulk of hadron decays proceed via tree diagrams

Rare decays involve loop diagrams:
• New Physics (i.e. beyond the SM) involves new particles, 

which could also participate in such loops via virtual 
quantum fluctuations → noticeable effects on decays, 
in particular since they are suppressed in the SM

• Such “indirect” 
discovery of new 
physics via precision 
measurements has  
a long and illustrious 
history

• Currently no clear signs of new physics from direct searches at the LHC, 
but there are a number of hints of non-SM behaviour in b-hadron decays
—the so-called Flavour Anomalies
Roger Forty Rare Decays and Flavour Anomalies 3

“Box”

“Penguin”

“Tree”

N. Tuning, ICHEP2018

R. Forty, Corfu Summer School (2018)



ATLAS & CMS detectors

!19

ATLAS and CMS heavy flavors programs  
⇿ Excellent µ ID + Track and vertex reconstruction

ATLAS

Rare decays @ ATLAS & CMS -- Ivan Heredia LHCP-2019



LHC roadmap
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LHC
Injectors

LHC
Injectors

LHC
Injectors

Q1 Q2 Q3 Q4 Q1Q2 Q3 Q4 Q1 Q2 Q3
2035

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q4Q2 Q3 Q4 Q1 Q2 Q3Q4

Q1 Q2 Q3 Q4

2029 2030 2031 2032 2033 2034

Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2
2022 2023 2024 2025 2026 2027 2028

Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2
2020 2021

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q3 Q4
2015 2016 2017 2018 2019

PHASE 1
Run 2

Run 3

Run 4

LS 2

LS 3

LS 4 LS 5

PHASE 2

LS 4 LS 5Run 5

LS2 starting in 2019 => 24 months + 3 months BC 
LS3 LHC: starting in 2024 => 30 months + 3 months BC

Injectors: in 2025 => 13 months + 3 months BC

Beam commissioning

Technical stop

Shutdown
PhysicsLHC roadmap: according to MTP 2016-2020 V1

Run 3 Run 4

Rare decays @ ATLAS & CMS -- Ivan Heredia LHCP-2019



ATLAS B(0)s ⇾ µ+µ- 

modeling and analysis
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Figure 1. (a) Dimuon invariant mass distribution for the partially reconstructed background (as
categorised in section 4), from simulation, before the final selection against continuum is applied but
after all other requirements. The different components are shown as stacked histograms, normalised
according to world-averaged measured branching fractions. The SM expectations for the B0

(s) →
µ+µ− signals are also shown for comparison. Continuum background is not included here. (b)
Invariant mass distribution of the B0

(s) → hh′ peaking background components after the complete
signal selection is applied. The B0

s → π+π− and B0 → K+K− contributions are negligible on this
scale. In both plots the vertical dashed lines indicate the blinded analysis region. Distributions are
normalised to the expected yield for the integrated luminosity of 26.3 fb−1.

remainder of this paper implicitly excludes categories (c) and (d) when referring to partially

reconstructed or b → µ+µ−X decays, since these categories are treated separately.

The bb̄ → µ+µ−X MC sample is used to investigate the background composition

after the analysis selection. All backgrounds in this sample have a dimuon invariant mass

distribution mainly below the mass range considered in this analysis, with a high-mass tail

extending through the signal region. The simulation does not contemplate sources other

than muons from bb̄ decays: cc̄ and prompt contributions are not included2. All possible

origins of two muons in the bb̄ decay tree are, however, analysed, after classification into the

mutually exclusive continuum and partially reconstructed categories described above. This

sample is used only to identify suitable functional models for the corresponding background

components, and as a benchmark for these models. No shape or normalisation constraints

are derived from this simulation. This makes the analysis largely insensitive to mismatches

between background simulation and data.

The semileptonic decays with final-state hadrons misidentified as muons consist mainly

of three-body charmless decays B0 → π−µ+ν, B0
s → K−µ+ν and Λb → pµ−ν in which

the tail of the invariant mass distribution extends into the signal region. Due to branching

fractions of the order of 10−6, this background is not large, and is further reduced by

2These sources are suppressed by the final analysis selections introduced in section 6. Potential residual

contributions are found to be consistent with the continuum background models used in the final fit (sec-

tion 10.1), where systematic uncertainties for background model inconsistencies between data and MC are

taken into account (section 10.3).
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Figure 6. Dimuon invariant mass distribution for the B0
s and B0 signals from simulation. The

results of the double-Gaussian fits are overlaid. The two distributions are normalised to the SM
prediction for the expected yield with an integrated luminosity of 26.3 fb−1.

The background in the signal fit is composed of the types of events described in sec-

tion 4: (a) the continuum background; (b) the background from partially reconstructed

b → µ+µ−X events, which is present mainly in the low mass sideband; (c) the peaking

background.

The non-peaking contributions have a common mass shape model, with parameters

constrained across the BDT bins in the fit as described below, and independent yields across

BDT bins and components. Systematic uncertainties arising from model assumptions will

be discussed in section 10.3, including effects due to the presence of B+
c → J/ψµ+ν and

semileptonic B0
(s)/Λ0

b → hµν decays.

Both in simulation and sideband data, the continuum background has a small linear

dependence on the dimuon invariant mass. In the simulation, the slope parameter has a

roughly linear dependence versus BDT interval; the mass sidebands in data confirm this

trend, albeit with large statistical uncertainty. This dependence is included in the fit model.

The small systematic uncertainties due to deviations from this assumption are discussed

below in section 10.3.

The b → µ+µ−X background has a dimuon invariant mass distribution that falls

monotonically with increasing dimuon mass. The mass dependence is derived from data in

the low mass sideband, and described with an exponential function with the same shape

in each BDT interval. The value of the shape parameter is extracted from the fit to data.

The invariant mass distribution of the peaking background is very similar to the B0

signal, as shown in figure 1(b). The description of this component is obtained from MC

simulation, which indicates that the shape and normalisation are the same for all BDT bins.

In the fit, this contribution is included with fixed mass shape and with a normalisation of

2.9± 2.0 events, as discussed in section 5. This contribution is equally distributed among

the three highest intervals of the BDT output.

The fitting procedure is tested with MC pseudo-experiments, as discussed in sec-

tion 10.3.
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Figure 2. BDT output distribution for the signal and background events after the preliminary se-
lection and before applying any reweighting to the BDT input variables: (a) simulation distributions
for B0

s → µ+µ− signal, continuum, partially reconstructed b → µ+µ−X events and Bc decays; (b)
dimuon sideband candidates (which also include prompt contributions, mainly at lower BDT values
and not simulated in the continuum MC sample), compared with the continuum MC sample and
the simulated signal. All distributions are normalised to unity in (a) and to data sidebands in (b).

BDTs are found to produce results that are statistically compatible, and are combined in

one single classifier in such a way that each BDT is applied only to the part of the data

sample not involved in the BDT training.

Figure 2 shows the distribution of the BDT output variable for simulated signal and

backgrounds, separately for continuum background and partially reconstructed events.

Also shown is the BDT distribution for dimuon candidates from the sidebands of the

invariant mass distribution in data. The BDT output was found to not have any sig-

nificant correlation with the dimuon invariant mass. The final selection requires a BDT

output value larger than 0.1439, corresponding to signal and continuum background effi-

ciencies of 72% and 0.3% respectively. The analysis uses all candidates after this selection;

however, accepted events with BDT values close to the selection threshold are effectively

only constraining the background models.4 For this reason, signal and reference channel

yields and efficiencies are measured relative to the signal reference selection discussed in

section 9, while the events in the final selection with lower BDT values are used to improve

the background modelling.

7 Data-simulation comparisons

Despite the lack of correlation between the BDT variable and the candidates invariant

mass, the change in relative contribution of different background components as a function

4The B0
(s) → µ+µ− signal fit was found to be insensitive to the signal for candidates with BDT out-

put value smaller than 0.2455 (corresponding to 54% and 0.03% efficiencies for signal and background

respectively).
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Variable Description

pBT Magnitude of the B candidate transverse momentum −→pTB .

χ2
PV,DV xy Compatibility of the separation

−→
∆x between production (i.e. associated PV) and

decay (DV) vertices in the transverse projection:
−→
∆xT·Σ −1

−→
∆xT

·−→∆xT, where Σ−→
∆xT

is

the covariance matrix.

∆Rflight Three-dimensional angular distance between −→p B and
−→
∆x:

!
α2D

2 + (∆η)2

|α2D| Absolute value of the angle in the transverse plane between −→pTB and
−→
∆xT.

Lxy Projection of
−→
∆xT along the direction of −→p B

T : (
−→
∆xT ·−→pTB)/|−→pTB |.

IP3D
B Three-dimensional impact parameter of the B candidate to the associated PV.

DOCAµµ Distance of closest approach (DOCA) of the two tracks forming the B candidate
(three-dimensional).

∆φµµ Azimuthal angle between the momenta of the two tracks forming the B candidate.

|d0|max-sig. Significance of the larger absolute value of the impact parameters to the PV of the
tracks forming the B candidate, in the transverse plane.

|d0|min-sig. Significance of the smaller absolute value of the impact parameters to the PV of
the tracks forming the B candidate, in the transverse plane.

Pmin
L The smaller of the projected values of the muon momenta along −→pTB .

I0.7 Isolation variable defined as ratio of |−→pTB | to the sum of |−→pTB | and the trans-
verse momenta of all additional tracks contained within a cone of size ∆R =!
(∆φ)2 + (∆η)2 = 0.7 around the B direction. Only tracks matched to the same

PV as the B candidate are included in the sum.

DOCAxtrk DOCA of the closest additional track to the decay vertex of the B candidate. Only
tracks matched to the same PV as the B candidate are considered.

N close
xtrk Number of additional tracks compatible with the decay vertex (DV) of the B

candidate with ln(χ2
xtrk,DV)< 1. Only tracks matched to the same PV as the B

candidate are considered.

χ2
µ,xPV Minimum χ2 for the compatibility of a muon in the B candidate with any PV

reconstructed in the event.

Table 1. Description of the 15 input variables used in a BDT classifier to discriminate between
signal and continuum background. When the BDT classifier is applied to B+ → J/ψK+ and
B0

s → J/ψ φ candidates, the variables related to the decay products of the B mesons refer only to
the muons from the decay of the J/ψ. Horizontal lines separate the classifications into groups (a),
(b) and (c) respectively, as described in the text. For category (c), additional tracks are required
to have pT > 500MeV.
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ATLAS B(0)s ⇾ µ+µ- fit results
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Figure 9. (a) Likelihood contours for the simultaneous fit to B(B0
s → µ+µ−) and B(B0 → µ+µ−),

for values of −2∆ ln (L) equal to 2.3, 6.2 and 11.8. The SM prediction with uncertainties is indicated.
(b) Neyman contours in the B(B0

s → µ+µ−)-B(B0 → µ+µ−) plane for 68.3%, 95.5% and 99.7%
coverage. At each −2∆ ln (L) or coverage value, the inner contours are statistical uncertainty only,
while the outer ones include statistical and systematic uncertainties. The construction of these
contours makes use of both the dimuon (26.3 fb−1) and the reference channel (15.1 fb−1) datasets.

The upper limit at 95% CL on B(B0 → µ+µ−), determined with the same Neyman

procedure, is

B(B0 → µ+µ−) < 4.3 × 10−10 .

Using the predicted SM branching fractions from section 1, the analysis is expected to

yield on average a measurement of
!
3.6+1.1

−1.0

"
× 10−9 for B(B0

s → µ+µ−) and an upper

limit at 95% CL of 7.1 × 10−10 for B(B0 → µ+µ−).

12 Combination with the run 1 result

The likelihood function from the current result is combined with the likelihood function

from the Run 1 result [15]. The only common parameters in the combination are the fitted

B(B0
(s) → µ+µ−) and the combination of external inputs Fext = B(B+ → J/ψK+) ×

B(J/ψ → µ+µ−)× (fu/fs) = (2.35±0.14)×10−4. Except for Fext, all nuisance parameters

are treated as uncorrelated between the two likelihoods, with both likelihoods including

their individual parameterisations of systematic uncertainty effects. A negligible change in

the results, corresponding to shifts in central values and uncertainties between 1% and 4%,

is found when all sources of systematic uncertainty are assumed to be fully correlated.

The maximum of the combined likelihood corresponds to

B(B0
s → µ+µ−) = (2.8± 0.7)× 10−9 ,

B(B0 → µ+µ−) = (−1.9± 1.6)× 10−10 .

Figure 10 shows the likelihood contours for the combined Run 1 and Run 2 result for

B(B0
s → µ+µ−) and B(B0 → µ+µ−), for values of −2∆ ln (L) equal to 2.3, 6.2 and 11.8,
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Source B0
s [%] B0 [%]

fs/fd 5.1 —

B+ yield 4.8 4.8

Rε 4.1 4.1

B(B+ → J/ψK+)× B(J/ψ → µ+µ−) 2.9 2.9

Fit systematic uncertainties 8.7 65

Stat. uncertainty (from likelihood est.) 27 150

Table 3. Breakdown of the expected systematic uncertainties in B(B0
(s) → µ+µ−). The measure-

ments are dominated by statistical uncertainty, followed by the systematic uncertainty from the
fit. The latter is dominated by contributions from the mass scale uncertainty and the parameter-
isation of the b → µ+µ−X background. The statistical uncertainties reported here are obtained
from the maximisation of the fit likelihood and are meant only as a reference for the relative scale
uncertainties.

The values of the branching fractions that maximise the profile likelihood are B(B0
s →

µ+µ−) = (3.2± 0.9) × 10−9 and B(B0 → µ+µ−) = (−1.3± 2.1) × 10−10, where the un-

certainties, both statistical and systematic combined, are estimated using a Gaussian ap-

proximation in the neighbourhood of the likelihood function maximum. Figure 9(a) shows

likelihood contours for the simultaneous fit to B(B0
s → µ+µ−) and B(B0 → µ+µ−), for

values of −2∆ ln (L) equal to 2.3, 6.2 and 11.8, relative to the maximum of the likelihood.

Table 3 gives a breakdown of the estimated contributions of systematic and statis-

tical uncertainties. The results are dominated by statistical uncertainties, with the most

prominent source of systematic uncertainty coming from fit uncertainties, where the largest

contributors are the mass scale and b → µ+µ−X background parameterisation.

Given the statistical regime of the analysis, the likelihood contours of figure 9(a) cannot

be immediately translated into contours with the conventional coverage of one, two and

three Gaussian standard deviations. Moreover, the contours extend into regions of negative

branching fractions, which are unphysical. In order to address these points, a Neyman

construction [36] is employed to obtain the 68.3%, 95.5% and 99.7% confidence intervals

in the B(B0
s → µ+µ−)-B(B0 → µ+µ−) plane. This construction yields the contours shown

in figure 9(b). The same construction is used to determine the 68.3% confidence interval

for B(B0
s → µ+µ−) with MC pseudo-experiments, and results in

B(B0
s → µ+µ−) =

!
3.21+0.96+0.49

−0.91−0.30

"
× 10−9 =

!
3.2+1.1

−1.0

"
× 10−9 .

Statistical and systematic uncertainties (shown separately in the first expression, and com-

bined in the last) are separated by repeating the likelihood fit after setting all systematic

uncertainties to zero. The fitted branching fractions (obtained from the unconstrained

likelihood maximum) are in all cases inputs to the Neyman construction, which, by design,

results in physically allowed values for the resulting branching fractions.
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Figure 8. Dimuon invariant mass distributions in the unblinded data, in the four intervals of BDT
output. Superimposed is the result of the maximum-likelihood fit. The total fit is shown as a con-
tinuous line, with the dashed lines corresponding to the observed signal component, the b → µµX
background, and the continuum background. The signal components are grouped in one single
curve, including both the B0

s → µ+µ− and the (negative) B0 → µ+µ− component. The curve rep-
resenting the peaking B0

(s) → hh′ background lies very close to the horizontal axis in all BDT bins.

The shifts in Ns or Nd are combined by considering separately the sums in quadrature

of the positive and negative shifts and taking the larger as the symmetric systematic un-

certainty. The total systematic uncertainty is found to increase with the assumed size of

the signal, with a dependence σNs
syst = 3+ 0.05Ns and σNd

syst = 2.9 + 0.05Ns + 0.05Nd. Most

of the shifts observed have opposite sign for Ns and Nd, resulting in a combined correlation

coefficient in the systematic uncertainties of ρsyst = −0.83.

The systematic uncertainties discussed in this section are included in the fit to the

µ+µ− candidates in data. The fit for the yield of B0
s and B0 events is modified by including

in the likelihood two smearing parameters for Ns and Nd that are constrained by a two-

dimensional Gaussian distribution parameterised by the values of σNs
syst, σ

Nd
syst and ρsyst.
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Source Contribution [%]

Statistical 0.8

Kinematic reweighting (DDW) 0.8

Muon trigger and reconstruction 1.0

BDT input variables 3.2

Kaon tracking efficiency 1.5

Pile-up reweighting 0.6

Table 2. Summary of the uncertainties in Rε.

B+ → J/ψK+ are reweighted with the ratio of the B+ → J/ψK+ event distributions in

sideband-subtracted data and the MC simulation. The isolation variable I0.7 is computed

using charged-particle tracks only, and differences between B+ and B0
s are expected and

were observed in previous studies [26]. Hence for this variable the reweighting procedure for

the B0
s → µ+µ− MC sample is based on B0

s → J/ψ φ data. For all discriminating variables

except I0.7, the value of the efficiency ratio is modified by less than 2% by the reweighting

procedure and each variation is taken as an independent contribution to the systematic

uncertainty in the efficiency ratio. For I0.7 the reweighting procedure changes the efficiency

ratio by about 6%. Because of the significant mis-modelling, the MC samples obtained after

reweighting on the distribution of I0.7 are taken as a reference, thus correcting the central

value of the efficiency ratio. The 1% uncertainty in the I0.7 correction is added to the sum

in quadrature of the uncertainties assigned to the other discriminating variables. The total

uncertainty in the modelling of the discriminating variables is the dominant contribution

to the systematic uncertainty in Rε.

A fourth source of systematic uncertainty arises from differences between the B0
s →

µ+µ− and the B+ → J/ψK+ channel related to the reconstruction efficiency of the kaon

track and of the B+ decay vertex. These uncertainties are mainly due to inaccuracy in

the modelling of passive material in the ID. The corresponding systematic uncertainty is

estimated by varying the detector model in simulations, which results in changes between

0.4% and 1.5% depending on the η range considered. The largest value is used in the full

eta range.

Finally, the uncertainty associated with reweighting the simulated events as a function

of the pile-up multiplicity distribution contributes 0.6%.

Table 2 summarises these systematic uncertainties.

The efficiency ratio enters in eq. (1.1) with the Dref term defined in section 1, multiplied

by the number of observed B± candidates. The total uncertainty in Dref is ±6.3%.

A correction to the efficiency ratio for B0
s → µ+µ− is needed because of the width

difference ∆Γs between the B0
s eigenstates. According to the SM, the decay B0

s → µ+µ−

proceeds mainly through the heavy state Bs,H [1, 16], which has width Γs,H = Γs−∆Γs/2,

which is 6.6% smaller than the average Γs [29]. The variation in the value of the B0
s →

µ+µ− mean lifetime was tested with simulation and found to change the B0
s efficiency, and
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Some systematic uncertainties are included by design in the fit. For example, the effect

of the limited MC sample size is included by performing a simultaneous fit to data and MC

samples. Scaling factors determined in the fit to data account for the differences in mass

scale and resolution between data and simulation. Additional systematic uncertainties are

evaluated by varying the default fit model described above. They take into account the

kinematic differences between data and the MC samples used in the fit, differences in effi-

ciency between B+ and B− decays and uncertainties in the relative fractions and shapes of

PRD and in the shape of the various fit components. The stability of this large sample fit is

verified by repeating the fit with different initial parameter values. In each case, the change

relative to the default fit is recorded, symmetrised and used as an estimate of the systematic

uncertainty. The main contributions to the systematic uncertainty come from the func-

tional models of the background components, the composition of the PRD and the signal

charge asymmetry. The total systematic uncertainty in the B+ yield amounts to 4.8%.

9 Evaluation of the B+ → J/ψK+ to B0
(s) → µ+µ− efficiency ratio

The ratio of efficiencies Rε = ε(B+ → J/ψK+)/ε(B0
(s) → µ+µ−) enters the Dref term

defined in section 1: Dref = NJ/ψK+/Rε. Both channels are measured in the fiducial ac-

ceptance for the B meson, defined as pBT > 8.0 GeV and |ηB| < 2.5. Correspondingly,

ε(B+ → J/ψK+) and ε(B0
(s) → µ+µ−) are measured within the B meson fiducial accep-

tance and include additional final state particles acceptance as well as trigger, reconstruc-

tion and selection efficiencies. The final state particles acceptance is defined by the selection

placed on the particles in the final state: |ηµ| < 2.5 and pµT > 6.0 (4.0) GeV for the leading

(trailing) muon pT, pKT > 1.0 GeV and |ηK | < 2.5 for kaons. The signal reference BDT

selection, defined as BDT > 0.2455, has an efficiency of about 54% (51%) in the signal (ref-

erence) channel. The overall efficiency ratio Rε is 0.1176± 0.0009 (stat.)± 0.0047 (syst.),

with uncertainties determined as described below.

The ratio Rε is computed using the mean lifetime of B0
s [29, 34] in the MC generator.

The same efficiency ratios apply to the B0
s → µ+µ− and B0 → µ+µ− decays, within the

MC statistical uncertainty of 0.8%. The statistical uncertainties in the efficiency ratios

come from the finite number of events available for the simulated samples. The systematic

uncertainty affecting Rε comes from five sources.

The first contribution is due to the uncertainties in the data-driven weights introduced

in section 2, and amounts to 0.8%. This term is assessed by creating alternative datasets

using correction factors that are randomly sampled in accord with their nominal values

and uncertainties. The RMS value of the distribution of Rε obtained from these datasets

is taken as the systematic uncertainty.

A second contribution of 1.0% is related to the muon trigger and reconstruction effi-

ciencies. The effect of the uncertainties in the data-driven efficiencies is evaluated using

random sampling, as above.

A 3.2% systematic uncertainty contribution arises from the differences between data

and simulation observed in the modelling of the discriminating variables used in the BDT

classifier (table 1). For each of the 15 variables, the MC samples for B0
(s) → µ+µ− and
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Standard Model [2–6] and in extensions such as Minimal Flavour Violation [7, 8], Two-

Higgs-Doublet Models [6], and others [9, 10]. The CMS and LHCb collaborations reported

the observation of B0
s → µ+µ− [11, 12] and evidence of B0 → µ+µ− with combined values

B(B0
s → µ+µ−) =

!
2.8+0.7

−0.6

"
×10−9 and B(B0 → µ+µ−) =

!
3.9+1.6

−1.4

"
×10−10 [13]. The LHCb

Collaboration updated its Run 1 result with part of the data collected in Run 2, measuring

B(B0
s → µ+µ−) =

!
3.0± 0.6+0.3

−0.2

"
× 10−9 (where the first uncertainty is statistical and

the second systematic) and determining B(B0 → µ+µ−) < 3.4 × 10−10 at 95% confidence

level (CL) [14]. ATLAS has measured, with the Run 1 dataset [15], B(B0
s → µ+µ−) =!

0.9+1.1
−0.8

"
× 10−9, while setting an upper limit on B0 → µ+µ− of 4.2× 10−10 at 95% CL.

This paper reports the result of a search for B0
s → µ+µ− and B0 → µ+µ− decays

performed using pp collision data corresponding to an effective integrated luminosity of

26.3 fb−1, collected at 13TeV centre-of-mass energy during the first two years of the LHC

Run 2 data-taking period using the ATLAS detector. The analysis strategy follows the

approach employed in the previous ATLAS measurement [15], but uses data collected with

one rather than three separate sets of trigger thresholds, applies standard ATLAS muon

selection criteria (section 3) rather than a dedicated muon multivariate discriminant, and

employs an improved statistical treatment of the result (section 10).

The notation used throughout the paper refers to the combination of processes and

their charge-conjugates, unless otherwise specified. The B0
s → µ+µ− and B0 → µ+µ−

branching fractions are measured relative to the reference decay mode B+ → J/ψ(→
µ+µ−)K+ which is abundant and has a well-measured branching fraction B(B+ →
J/ψK+) × B(J/ψ → µ+µ−). The B0 → µ+µ− (B0

s → µ+µ−) branching fraction can

be extracted as:

B(B0
(s)→µ+µ−) =

Nd(s)

εµ+µ−
×
#
B(B+ → J/ψK+)× B(J/ψ → µ+µ−)

$ εJ/ψK+

NJ/ψK+
× fu

fd(s)

= Nd(s)
B(B+ → J/ψK+)× B(J/ψ → µ+µ−)

Dref
× fu

fd(s)
, (1.1)

where Nd (Ns) is the B0 → µ+µ− (B0
s → µ+µ−) signal yield, NJ/ψK+ is the B+ → J/ψK+

reference channel yield, εµ+µ− and εJ/ψK+ are the corresponding values of acceptance times

efficiency (measured in fiducial regions defined in section 9), and fu/fd (fu/fs) is the ratio

of the hadronisation probabilities of a b-quark into B+ and B0 (B0
s ). In the quantity

Dref = NJ/ψK+ × (εµ+µ−/εJ/ψK+), the ε ratio takes into account relative differences in

efficiencies, integrated luminosities and the trigger selections used for the signal and the

reference modes. Signal and reference channel events are selected with similar dimuon

triggers. One half of the reference channel sample is used to determine the normalisation

and the other half is used to tune the kinematic distributions of simulated events.

The event selection uses variables related to the B candidate decay time, thus introduc-

ing a dependence of the efficiency on the signal lifetime. The relation between the measured

branching fraction and the corresponding value at production is established assuming the

decay time distribution predicted in the SM, where the decay occurs mainly through the

heavy eigenstate B0
(s),H of the B0

(s)-B
0
(s) system. Some models of new physics [16, 17] pre-

dict modifications to the decay time distribution of B0
s → µ+µ− and a comparison with
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reference channel yield, εµ+µ− and εJ/ψK+ are the corresponding values of acceptance times

efficiency (measured in fiducial regions defined in section 9), and fu/fd (fu/fs) is the ratio

of the hadronisation probabilities of a b-quark into B+ and B0 (B0
s ). In the quantity

Dref = NJ/ψK+ × (εµ+µ−/εJ/ψK+), the ε ratio takes into account relative differences in

efficiencies, integrated luminosities and the trigger selections used for the signal and the

reference modes. Signal and reference channel events are selected with similar dimuon

triggers. One half of the reference channel sample is used to determine the normalisation

and the other half is used to tune the kinematic distributions of simulated events.

The event selection uses variables related to the B candidate decay time, thus introduc-

ing a dependence of the efficiency on the signal lifetime. The relation between the measured

branching fraction and the corresponding value at production is established assuming the

decay time distribution predicted in the SM, where the decay occurs mainly through the
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Some systematic uncertainties are included by design in the fit. For example, the effect

of the limited MC sample size is included by performing a simultaneous fit to data and MC

samples. Scaling factors determined in the fit to data account for the differences in mass

scale and resolution between data and simulation. Additional systematic uncertainties are

evaluated by varying the default fit model described above. They take into account the

kinematic differences between data and the MC samples used in the fit, differences in effi-

ciency between B+ and B− decays and uncertainties in the relative fractions and shapes of

PRD and in the shape of the various fit components. The stability of this large sample fit is

verified by repeating the fit with different initial parameter values. In each case, the change

relative to the default fit is recorded, symmetrised and used as an estimate of the systematic

uncertainty. The main contributions to the systematic uncertainty come from the func-

tional models of the background components, the composition of the PRD and the signal

charge asymmetry. The total systematic uncertainty in the B+ yield amounts to 4.8%.

9 Evaluation of the B+ → J/ψK+ to B0
(s) → µ+µ− efficiency ratio

The ratio of efficiencies Rε = ε(B+ → J/ψK+)/ε(B0
(s) → µ+µ−) enters the Dref term

defined in section 1: Dref = NJ/ψK+/Rε. Both channels are measured in the fiducial ac-

ceptance for the B meson, defined as pBT > 8.0 GeV and |ηB| < 2.5. Correspondingly,

ε(B+ → J/ψK+) and ε(B0
(s) → µ+µ−) are measured within the B meson fiducial accep-

tance and include additional final state particles acceptance as well as trigger, reconstruc-

tion and selection efficiencies. The final state particles acceptance is defined by the selection

placed on the particles in the final state: |ηµ| < 2.5 and pµT > 6.0 (4.0) GeV for the leading

(trailing) muon pT, pKT > 1.0 GeV and |ηK | < 2.5 for kaons. The signal reference BDT

selection, defined as BDT > 0.2455, has an efficiency of about 54% (51%) in the signal (ref-

erence) channel. The overall efficiency ratio Rε is 0.1176± 0.0009 (stat.)± 0.0047 (syst.),

with uncertainties determined as described below.

The ratio Rε is computed using the mean lifetime of B0
s [29, 34] in the MC generator.

The same efficiency ratios apply to the B0
s → µ+µ− and B0 → µ+µ− decays, within the

MC statistical uncertainty of 0.8%. The statistical uncertainties in the efficiency ratios

come from the finite number of events available for the simulated samples. The systematic

uncertainty affecting Rε comes from five sources.

The first contribution is due to the uncertainties in the data-driven weights introduced

in section 2, and amounts to 0.8%. This term is assessed by creating alternative datasets

using correction factors that are randomly sampled in accord with their nominal values

and uncertainties. The RMS value of the distribution of Rε obtained from these datasets

is taken as the systematic uncertainty.

A second contribution of 1.0% is related to the muon trigger and reconstruction effi-

ciencies. The effect of the uncertainties in the data-driven efficiencies is evaluated using

random sampling, as above.

A 3.2% systematic uncertainty contribution arises from the differences between data

and simulation observed in the modelling of the discriminating variables used in the BDT

classifier (table 1). For each of the 15 variables, the MC samples for B0
(s) → µ+µ− and
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B→μμ  |  Run2 updates

�7

RunI + Run2 (partial)
• LHCb 

• added first 13TeV data
• RunI + 2016 yields first 

single-experiment Bs→μμ 
observation

BF(Bs→μμ) =(3.0±0.7)x10-9    (7.8σ)

BF(B0→μμ) < 0.34x10-9  (95%CL) (1.6σ)

• ATLAS
• RunI+2015+2016 data

BF(Bs→μμ) =(2.8±0.8)x10-9  (4.6σ)  

BF(B0→μμ) < 0.21x10-9  (95%CL)

• CMS
• results with Run2 data being 

finalised; from Run1 only: 
BF(Bs→μμ) =(3.0±1.0)x10-9    (4.3σ)

BF(B0→μμ) < 1.1x10-9  @95%CL (2.0σ)

Results all of 3 experiments agree between 
themselves, and with the SM, within ~1σ
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and one background component. The p̂ are parameters of interest (FL, Si) and θ̂ are nui-

sance parameters. The remainder of this section discusses the signal model (section 5.1),

treatment of background (section 5.2), use of K∗cc decay control samples (section 5.3),

fitting procedure and validation (section 5.4).

5.1 Signal model

The signal mass distribution is modelled by a Gaussian distribution with the width given

by the per-event uncertainty in the Kπµµ mass, σ(mKπµµ), as estimated from the track

fit, multiplied by a unit-less scale factor ξ, i.e. the width given by ξ · σ(mKπµµ). The mean

values of the B0
d candidate mass (m0) and ξ of the signal Gaussian pdf are determined from

fits to data in the control regions as described in section 5.3. The simultaneous extraction

of all coefficients using the full angular distribution of equation (2.1) requires a certain

minimum signal yield and signal purity to avoid a pathological fit behaviour. A significant

fraction of fits to ensembles of simulated pseudo-experiments do not converge using the

full distribution. This is mitigated using trigonometric transformations to fold certain

angular distributions and thereby simplify equation (2.1) such that only three parameters

are extracted in one fit: FL, S3 and one of the other S parameters. For these folding schemes

the angular parameters of interest, denoted by p̂ in equation (5.1), are (FL, S3, Si) where

i = 4, 5, 7, 8. These translate into (FL, P1, P ′
j), where j = 4, 5, 6, 8, using equation (2.5).

Following ref. [3], the transformations listed below are used:

FL, S3, S4, P
′
4 :

⎧
⎪⎪⎨

⎪⎪⎩

φ→ −φ for φ < 0

φ→ π − φ for θL > π
2

θL → π − θL for θL > π
2 ,

(5.2)

FL, S3, S5, P
′
5 :

{
φ→ −φ for φ < 0

θL → π − θL for θL > π
2 ,

(5.3)

FL, S3, S7, P
′
6 :

⎧
⎪⎪⎨

⎪⎪⎩

φ→ π − φ for φ > π
2

φ→ −π − φ for φ < −π
2

θL → π − θL for θL > π
2 ,

(5.4)

FL, S3, S8, P
′
8 :

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

φ→ π − φ for φ > π
2

φ→ −π − φ for φ < −π
2

θL → π − θL for θL > π
2

θK → π − θK for θL > π
2 .

(5.5)

On applying transformation (5.2), (5.3), (5.4), and (5.5), the angular variable ranges

become

cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [0,π],

cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [0,π],

cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [−π/2,π/2],
cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [−π/2,π/2],
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sance parameters. The remainder of this section discusses the signal model (section 5.1),
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angular distributions and thereby simplify equation (2.1) such that only three parameters

are extracted in one fit: FL, S3 and one of the other S parameters. For these folding schemes

the angular parameters of interest, denoted by p̂ in equation (5.1), are (FL, S3, Si) where

i = 4, 5, 7, 8. These translate into (FL, P1, P ′
j), where j = 4, 5, 6, 8, using equation (2.5).

Following ref. [3], the transformations listed below are used:
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4 :

⎧
⎪⎪⎨

⎪⎪⎩
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θL → π − θL for θL > π
2 ,

(5.2)
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5 :
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φ→ −φ for φ < 0
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2 ,

(5.3)

FL, S3, S7, P
′
6 :

⎧
⎪⎪⎨

⎪⎪⎩
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φ→ −π − φ for φ < −π
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2 ,

(5.4)

FL, S3, S8, P
′
8 :

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

φ→ π − φ for φ > π
2

φ→ −π − φ for φ < −π
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θL → π − θL for θL > π
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2 .

(5.5)

On applying transformation (5.2), (5.3), (5.4), and (5.5), the angular variable ranges

become

cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [0,π],
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cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [−π/2,π/2],
cos θL ∈ [0, 1], cos θK ∈ [−1, 1] and φ ∈ [−π/2,π/2],
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q2 [GeV2] nsignal nbackground

[0.04, 2.0] 128± 22 122± 22

[2.0, 4.0] 106± 23 113± 23

[4.0, 6.0] 114± 24 204± 26

[0.04, 4.0] 236± 31 233± 32

[1.1, 6.0] 275± 35 363± 36

[0.04, 6.0] 342± 39 445± 40

Table 1. The values of fitted signal, nsignal, and background, nbackground, yields obtained for
different bins in q2. The uncertainties indicated are statistical.
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Figure 4. The distributions of (top left) mKπµµ, (top right) φ, (bottom left) cos θK , and (bottom
right) cos θL obtained for q2 ∈ [0.04, 2.0]GeV2. The (blue) solid line is a projection of the total
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the signal component. These plots are obtained from a fit using the S5 folding scheme.
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q2 [GeV2] FL S3 S4 S5 S7 S8

[0.04,2.0] 0.44±0.08±0.07 −0.02±0.09±0.02 0.15±0.20±0.10 0.33±0.13±0.08 −0.09±0.10±0.02 −0.14±0.24±0.09

[2.0,4.0] 0.64±0.11±0.05 −0.15±0.10±0.07 −0.37±0.15±0.10 −0.16±0.15±0.06 0.15±0.14±0.09 0.52±0.20±0.19

[4.0,6.0] 0.42±0.13±0.12 0.00±0.12±0.07 0.32±0.16±0.09 0.13±0.18±0.09 0.03±0.13±0.07 −0.12±0.21±0.05

[0.04,4.0] 0.52±0.07±0.06 −0.05±0.06±0.04 −0.15±0.12±0.09 0.16±0.10±0.05 0.01±0.08±0.05 0.19±0.16±0.12

[1.1,6.0] 0.56±0.07±0.06 −0.04±0.07±0.03 0.03±0.11±0.07 0.00±0.10±0.04 0.02±0.08±0.06 0.11±0.14±0.10

[0.04,6.0] 0.50±0.06±0.04 −0.04±0.06±0.03 0.03±0.10±0.07 0.14±0.09±0.03 0.02±0.07±0.05 0.07±0.13±0.09

Table 2. The values of FL, and S3, S4, S5, S7 and S8 parameters obtained for different bins in q2.
The uncertainties indicated are statistical and systematic, respectively.

q2 [GeV2] P1 P ′
4 P ′

5 P ′
6 P ′

8

[0.04,2.0] −0.05±0.30±0.08 0.31±0.40±0.20 0.67±0.26±0.16 −0.18±0.21±0.04 −0.29±0.48±0.18

[2.0,4.0] −0.78±0.51±0.34 −0.76±0.31±0.21 −0.33±0.31±0.13 0.31±0.28±0.19 1.07±0.41±0.39

[4.0,6.0] 0.14±0.43±0.26 0.64±0.33±0.18 0.26±0.35±0.18 0.06±0.27±0.13 −0.24±0.42±0.09

[0.04,4.0] −0.22±0.26±0.16 −0.30±0.24±0.17 0.32±0.21±0.11 0.01±0.17±0.10 0.38±0.33±0.24

[1.1,6.0] −0.17±0.31±0.13 0.05±0.22±0.14 0.01±0.21±0.08 0.03±0.17±0.12 0.23±0.28±0.20

[0.04,6.0] −0.15±0.23±0.10 0.05±0.20±0.14 0.27±0.19±0.06 0.03±0.15±0.10 0.14±0.27±0.17

Table 3. The values of P1, P
′
4, P

′
5, P

′
6 and P ′

8 parameters obtained for different bins in q2. The
uncertainties indicated are statistical and systematic, respectively.

7 Systematic uncertainties

Systematic uncertainties in the parameter values obtained from the angular analysis come

from several sources. The methods for determining these uncertainties are based either

on a comparison of nominal and modified fit results, or on observed fit biases in modified

pseudo-experiments. The systematic uncertainties are symmetrised. The most significant

ones are described in the following, in decreasing order of importance.

• A systematic uncertainty is assigned for the combinatorial Kπ (fake K∗) background

peaking at cos θK values around 1.0 obtained by comparing results of the nominal fit

to that where data above cos θK = 0.9 are excluded from the fit.

• A systematic uncertainty is derived to account for background arising from partially

reconstructed B → D0/D+/D+
s X decays, that manifest in an accumulation of events

at | cos θL| values around 0.7. Two-track or three-track combinations are formed from

the signal candidate tracks, and are reconstructed assuming the pion or kaon mass

hypothesis. A veto is then applied for events in which a track combination has a mass

in a window of 30MeV around the D0, D+ or D+
s meson mass. Similarly, a veto is

implemented to reject B+ → K+µ+µ− and B+ → π+µ+µ− events that pass the event

selection. Here B+ candidates are reconstructed from one of the hadrons from the K∗

candidate and the muons in the signal candidate. Signal candidates that have a three-

track mass within 50MeV of the B+ mass are excluded from the fit. A few percent

of signal events are removed when applying these vetoes, with a corresponding effect

on the acceptance distributions. The fit results obtained from the data samples with
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from several sources. The methods for determining these uncertainties are based either

on a comparison of nominal and modified fit results, or on observed fit biases in modified

pseudo-experiments. The systematic uncertainties are symmetrised. The most significant

ones are described in the following, in decreasing order of importance.

• A systematic uncertainty is assigned for the combinatorial Kπ (fake K∗) background

peaking at cos θK values around 1.0 obtained by comparing results of the nominal fit

to that where data above cos θK = 0.9 are excluded from the fit.

• A systematic uncertainty is derived to account for background arising from partially

reconstructed B → D0/D+/D+
s X decays, that manifest in an accumulation of events

at | cos θL| values around 0.7. Two-track or three-track combinations are formed from

the signal candidate tracks, and are reconstructed assuming the pion or kaon mass

hypothesis. A veto is then applied for events in which a track combination has a mass

in a window of 30MeV around the D0, D+ or D+
s meson mass. Similarly, a veto is

implemented to reject B+ → K+µ+µ− and B+ → π+µ+µ− events that pass the event

selection. Here B+ candidates are reconstructed from one of the hadrons from the K∗

candidate and the muons in the signal candidate. Signal candidates that have a three-

track mass within 50MeV of the B+ mass are excluded from the fit. A few percent

of signal events are removed when applying these vetoes, with a corresponding effect
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Figure 2. The acceptance functions for (left) cos θK and (right) cos θL for (solid) q2 ∈
[0.04, 2.0]GeV2 and (dashed) q2 ∈ [4.0, 6.0]GeV2, that shape the angular decay rate of equa-
tion (2.1).

to be included in the fit model, or to be considered when estimating systematic uncertain-

ties. The relevant exclusive modes found to be of interest are discussed below. Events with

Bc decays are suppressed by excluding the q2 range containing the J/ψ and ψ(2S), and by

charm meson vetoes discussed in section 7. The exclusive background decays considered

for the signal mode are Λb → Λ(1520)µ+µ−, Λb → pK−µ+µ−, B+ → K(∗)+µ+µ− and

B0
s → φµ+µ−. These background contributions are accounted for as systematic uncertain-

ties estimated as described in section 7.

Two distinct background contributions not considered above are observed in the cos θK
and cos θL distributions. They are not accounted for in the nominal fit to data, and are

treated as systematic effects. A peak is found in the cos θK distribution near 1.0 and

appears to have contributions from at least two distinct sources. One of these arises from

misreconstructed B+ decays, such as B+ → K+µµ and B+ → π+µµ. These decays

can be reconstructed as signal if another track is combined with the hadron to form a

K∗ candidate in such a way that the event passes the reconstruction and selection. The

second contribution comes from combinations of two charged tracks that pass the selection

and are reconstructed as a K∗ candidate. These fake K∗ candidates accumulate around

cos θK of 1.0 and are observed in the Kπ mass sidebands away from the K∗ meson. They

are distinct from the structure of expected S-, P - and D-wave Kπ decays resulting from

a signal B0
d → Kπµµ transition. The origin of this source of background is not fully

understood. The observed excess may arise from a statistical fluctuation, an unknown

background process, or a combination of both. Systematic uncertainties are assigned to

evaluate the effect of these two background contributions, as described in section 7.

Another peak is found in the cos θL distribution near values of ±0.7. It is associated

with partially reconstructed B decays into final states with a charm meson. This is studied

using Monte Carlo simulated events for the decays D0 → K−π+, D+ → K−π+π+ and

D+
s → K+K−π+. Events with a B meson decaying via an intermediate charm meson

D0, D+ or D+
s are found to pass the selection and are reconstructed in such a way that
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Table 2
The measured signal yields, which include both correctly tagged and mistagged events, the P1 and P ′

5 values, and the correlation coefficients, in bins of q2, for B0 →
K∗0µ+µ− decays. The first uncertainty is statistical and the second is systematic. The bin ranges are selected to allow comparison with previous measurements.

q2 (GeV2) Signal yield P1 P ′
5 Correlations

1.00–2.00 80 ± 12 +0.12 +0.46
− 0.47 ± 0.10 +0.10 +0.32

− 0.31 ± 0.07 − 0.0526

2.00–4.30 145 ± 16 − 0.69 +0.58
− 0.27 ± 0.23 − 0.57 +0.34

− 0.31 ± 0.18 − 0.0452

4.30–6.00 119 ± 14 +0.53 +0.24
− 0.33 ± 0.19 − 0.96 +0.22

− 0.21 ± 0.25 +0.4715

6.00–8.68 247 ± 21 − 0.47 +0.27
− 0.23 ± 0.15 − 0.64 +0.15

− 0.19 ± 0.13 +0.0761

10.09–12.86 354 ± 23 − 0.53 +0.20
− 0.14 ± 0.15 − 0.69 +0.11

− 0.14 ± 0.13 +0.6077

14.18–16.00 213 ± 17 − 0.33 +0.24
− 0.23 ± 0.20 − 0.66 +0.13

− 0.20 ± 0.18 +0.4188

16.00–19.00 239 ± 19 − 0.53 ± 0.19 ± 0.16 − 0.56 ± 0.12 ± 0.07 +0.4621

Fig. 3. CMS measurements of the (left) P1 and (right) P ′
5 angular parameters versus q2 for B0 → K∗0µ+µ− decays, in comparison to results from the LHCb [33] and Belle [34]

Collaborations. The statistical uncertainties are shown by the inner vertical bars, while the outer vertical bars give the total uncertainties. The horizontal bars show the bin 
widths. The vertical shaded regions correspond to the J/ψ and ψ ′ resonances. The hatched region shows the prediction from SM calculations described in the text, averaged 
over each q2 bin.

the four Gaussian terms to vary at a time. The maximum change 
in P1 and P ′

5 for either of the two control channels is taken as the 
systematic uncertainty for all q2 bins.

The q2 bin just below the J/ψ (ψ ′) control region, and the q2

bin just above, may be contaminated with B0 → J/ψK∗0 (B0 →
ψ ′K∗0) “feed-through” events that are not removed by the selec-
tion procedure. A special fit in these two bins is performed, in 
which an additional background term is added to the pdf. This 
background distribution is obtained from simulated B0 → J/ψK∗0

(B0 → ψ ′K∗0) events, with the background yield as a fitted param-
eter. The resulting changes in P1 and P ′

5 are used as estimates of 
the systematic uncertainty associated with this contribution.

To properly propagate the uncertainty associated with the val-
ues of FL, FS, and AS, taking into account possible correlations, 
10 pseudo-experiments per q2 bin are generated using the pdf pa-
rameters determined from the fit to data. The number of events 
in these pseudo-experiments is 100 times that of the data. The 
pseudo-experiments are then fit twice, once with the same pro-
cedure as for the data and once with P1, P ′

5, A5
S , FL, FS, and AS

allowed to vary. The average ratio ρ of the statistical uncertain-
ties in P1 and P ′

5 from the first fit to that in the second fit is 
used to compute this systematic uncertainty, which is proportional 
to the confidence interval determined from the Feldman–Cousins 
method through the coefficient 

√
ρ2 − 1. The stability of ρ as a 

function of the number of events of the pseudo-experiments is 
also verified. As cross-checks of our procedure concerning the fixed 
value of FL, we fit the two control regions either fixing FL or 
allowing it to vary, and find that the values of P1 and P ′

5 are 
essentially unaffected, obtaining the same value of FL as in our 
previous study [31]. Moreover, we refit all the q2 bins using only 
the P-wave contribution for the decay rate in Eq. (1) and leaving 

all three parameters, P1, P ′
5, and FL, free to vary. The differences 

in the measured values of P1 and P ′
5 are within the systematic 

uncertainty quoted for the FL, FS, and AS uncertainty propagation.
The effects of angular resolution on the reconstructed values of 

θK and θℓ are estimated by performing two fits on the same set of 
simulated events. One fit uses the true values of the angular vari-
ables and the other fit their reconstructed values. The difference in 
the fitted parameters between the two fits is taken as an estimate 
of the systematic uncertainty.

The systematic uncertainties are determined for each q2 bin, 
with the total systematic uncertainty obtained by adding the indi-
vidual contributions in quadrature.

As a note for future possible global fits of our P1 and P ′
5

data, the systematic uncertainties associated with the efficiency, 
Kπ mistagging, B0 mass distribution, and angular resolution can 
be assumed to be fully correlated bin-by-bin, while the remaining 
uncertainties can be assumed to be uncorrelated.

6. Results

The events are fit in seven q2 bins from 1 to 19 GeV2, yielding 
1397 signal and 1794 background events in total. As an example, 
distributions for two of these bins, along with the fit projections, 
are shown in Fig. 2. The fitted values of the signal yields, P1, 
and P ′

5 are given in Table 2 for the seven q2 bins. The results 
for P1 and P ′

5 are shown in Fig. 3, along with those from the 
LHCb [33] and Belle [34] experiments. The fitted values of A5

S vary 
from − 0.052 to +0.057.

A SM prediction, denoted SM-DHMV, is available for compari-
son with the measured angular parameters. The SM-DHMV result, 
derived from Refs. [18,25], updates the calculations from Ref. [52]
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The fit is performed in two steps. The initial fit does not include 
a signal component and uses the sideband data in m to obtain the 
Bm(m), BθK(θK), Bθℓ (θℓ), and Bϕ(ϕ) distributions. The distributions 
obtained in this step are then fixed for the second step, which is 
a fit to the data over the full mass range. The fitted parameters in 
the second step are the angular parameters P1, P ′

5, and A5
S , and 

the yields Y C
S and Y B . To avoid difficulties in the convergence of 

the fit related to the limited number of events, the angular param-
eters FL, FS, and AS are fixed to previous measurements [31].

The expression describing the angular distribution of B0 →
K∗0µ+µ− decays, Eq. (1), and also its more general form in 
Ref. [25], can become negative for certain values of the angular 
parameters. In particular, the pdf in Eq. (2) is only guaranteed to 
be positive for a particular subset of the P1, P ′

5, and A5
S parameter 

space. The presence of such a boundary greatly complicates the 
numerical maximization process of the likelihood by minuit [50]
and especially the error determination by minos [50], in partic-
ular near the boundary between physical and unphysical regions. 
Therefore, the second fit step is performed by discretizing the P1, 
P ′

5 two-dimensional space and by maximizing the likelihood as a 
function of the nuisance parameters Y C

S , Y B , and A5
S at fixed values 

of P1 and P ′
5. Finally, the distribution of the likelihood values is fit 

with a bivariate Gaussian distribution. The position of the maxi-
mum of this distribution inside the physical region provides the 
measurements of P1 and P ′

5.
The interference terms AS and A5

S must vanish if either of 
the two interfering components vanish. These constraints are im-
plemented by requiring |AS| <

√
12FS(1 − FS)FL f and |A5

S | <√
3FS(1 − FS)(1 − FL)(1 + P1) f , where f is a ratio related to the 

S- and P-wave line shapes, calculated to be 0.89 near the K∗0 me-
son mass [25]. The constraint on AS is naturally satisfied since FS, 
FL, and AS are taken from previous measurements [31].

To ensure correct coverage for the uncertainties, the Feldman–
Cousins method [51] is used with nuisance parameters. Two main 
sets of pseudo-experimental samples are generated. The first (sec-
ond) set, used to compute the coverage for P1 (P ′

5), is generated 
by assigning values to the other parameters as obtained by profil-
ing the bivariate Gaussian distribution description of the likelihood 
determined from data at fixed P1 (P ′

5) values. When fitting the 
pseudo-experimental samples, the same fit procedure as applied 
to the data is used.

The fit formalism and results are validated through fits to 
pseudo-experimental samples, MC simulation samples, and control 
channels. Additional details, including the size of the systematic 
uncertainties assigned on the basis of these fits, are described in 
Section 5.

5. Systematic uncertainties

The systematic uncertainty studies are described below and 
summarized in Table 1 in the same order.

The adequacy of the fit function and the procedure to deter-
mine the parameters of interest are validated in three ways. First, 
a large, statistically precise MC signal sample with approximately 
400 times the number of events as the data is used to verify that 
the fitting procedure produces results consistent with the input 
values to the simulation. The difference between the input and 
output values in this check is assigned as a simulation mismod-
eling systematic uncertainty. It is also verified that fitting a sample 
with only either correctly tagged or mistagged events yields the 
correct results. Second, 200 subsamples are extracted randomly 
from the large MC signal sample and combined with background 
events obtained from the pdf in Eq. (2) to mimic independent data 
sets of similar size to the data. These are used to estimate a fit 

Table 1
Systematic uncertainties in P1 and P ′

5. For each source, the range indicates the 
variation over the bins in q2.

Source P1(×10− 3) P ′
5(×10− 3)

Simulation mismodeling 1–33 10–23
Fit bias 5–78 10–120
Finite size of simulated samples 29–73 31–110
Efficiency 17–100 5–65
Kπ mistagging 8–110 6–66
Background distribution 12–70 10–51
Mass distribution 12 19
Feed-through background 4–12 3–24
FL, FS, AS uncertainty propagation 0–210 0–210
Angular resolution 2–68 0.1–12

Total 100–230 70–250

bias by comparing the average values of the results obtained by 
fitting the 200 samples to the results obtained using the full MC 
signal sample. Much of the observed bias is a consequence of the 
fitted parameters lying close to the boundaries of the physical re-
gion. Third, 200 pseudo-experiments, each with the same number 
of events as the data sample, are generated in each q2 bin using 
the pdf in Eq. (2), with parameters obtained from the fit to the 
data. Fits to these 200 samples do not reveal any additional sys-
tematic uncertainty.

Because the efficiency functions are estimated from a finite 
number of simulated events, there is a corresponding statistical 
uncertainty in the efficiency. Alternatives to the default efficiency 
function are obtained by generating 100 new distributions for the 
numerator and the denominator of the efficiency ratio based on 
the default kernel density estimators as pdfs, and rederiving new 
kernel density estimators for each trial. The effect of these differ-
ent efficiency functions on the final result is used to estimate the 
systematic uncertainty.

The efficiency determination is checked by comparing efficien-
cy-corrected results obtained from the control channels with the 
corresponding world-average values. The B0 → J/ψK∗0 control 
sample contains 165 000 events, compared with 11 000 events for 
the B0 → ψ ′K∗0 sample. Because of its greater statistical preci-
sion, we rely on the B0 → J/ψK∗0 sample to perform the check 
of the efficiency determination for the angular variables. We do 
this by measuring the longitudinal polarization fraction FL in the 
B0 → J/ψK∗0 decays. We find FL = 0.537 ± 0.002 (stat), compared 
with the world-average value 0.571 ± 0.007 (stat + syst) [40]. 
The difference of 0.034 is propagated to P1 and P ′

5 by tak-
ing the root-mean-square (RMS) of the respective distributions 
resulting from refitting the data 200 times, varying FL within 
a Gaussian distribution with a standard deviation of 0.034. As 
a cross-check that the overall efficiency is not affected by a 
q2-dependent offset, we measure the ratio of branching frac-
tions B(B0 → ψ ′K∗0)/B(B0 → J/ψK∗0) = 0.480 ± 0.008 (stat) ±
0.055 (Rµµ

ψ ), by means of efficiency-corrected yields including 
both correctly and wrongly tagged events (the same central value 
is obtained also separately for the two subsets of events), where 
Rµµ

ψ refers to the ratio B(J/ψ → µ+µ− )/B(ψ ′ → µ+µ− ) of 
branching fractions. This is compared to the world-average value 
0.484 ± 0.018 (stat) ± 0.011 (syst) ± 0.012 (Ree

ψ ) [40], where Ree
ψ

refers to the corresponding ratio of branching fractions to e+e− . 
The two results are seen to agree within the uncertainties.

To evaluate the uncertainty in the mistag fraction f M , we allow 
this fraction to vary in a fit to the events in the B0 → J/ψK∗0 con-
trol sample. We find f M = (14.5 ± 0.5)%, compared to the result 
from simulation (13.7 ± 0.1)%. The difference of 0.8 is propagated 
to P1 and P ′

5 by determining the RMS of the respective distribu-
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Fig. 2. Invariant mass and angular distributions of K+π−µ+µ− events for (upper two rows) 2 < q2 < 4 .3 GeV2 and (lower two rows) 4 .3 < q2 < 6 GeV2. The projection of 
the results from the total fit, as well as for correctly tagged signal events, mistagged signal events, and background events, are also shown. The vertical bars indicate the 
statistical uncertainties.

tions obtained from refitting the data 10 times, varying f M within 
a Gaussian distribution with a standard deviation of 0.8.

The systematic uncertainty associated with the functions used 
to model the angular distribution of the background is obtained 
from the statistical uncertainty in the background shape, as these 
shapes are fixed in the final fit. This uncertainty is determined 
by fitting the data 200 times, varying the background parameters 
within their Gaussian uncertainties, and taking the RMS of the an-
gular parameter values as the systematic uncertainty. Moreover, 
for the q2 bin reported in Fig. 2, upper two rows, which shows 
an excess around cos θℓ ≈ 0.7 that is also present in the sideband 
distribution (not shown in the figure), we refit the data using dif-

ferent descriptions of the background as a function of cos θℓ . The 
differences in the measurement of P1 and P ′

5 are within the sys-
tematic uncertainty quoted for the background distribution.

The low-mass sideband might contain partially reconstructed 
multibody B0 decays. We test this possibility by refitting the data 
with a restricted range for the low-mass sideband, i.e., starting 
from ≈ 5.1 instead of ≈ 5 GeV. No significant differences are seen 
in the measurement of P1 and P ′

5, and therefore no systematic un-
certainty is assigned.

To evaluate the systematic uncertainty associated with the sig-
nal mass pdfs SC (m) and S M(m), we fit the B0 → J/ψK∗0 and 
B0 → ψ ′K∗0 control samples allowing two of the width values in 

MKπµµ
q2 = 2-4.3

φcosθK

cosθL
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b→sμμ  |  B0→K*0μμ 

�10

• B→Xμμ decays offer complementary 
NP-sensitive observables
‣ accessible through angular analyses

• in the B0→K*μμ decay, deviation 
from theory found by LHCb in 
angular observable P’5 

• measurements also by ATLAS, 
CMS, Belle, with reduced precision

• revise SM precision?  
[HL-LHC projections]

• projections
‣ upcoming data will allow to 

independently clarify deviation 
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b o sℓℓ
• b-hadron mass is reconstructed from final hadron decays (e.g. K*0o K‒π+)

and two energetic leptons
• Background events suppressed by requiring displaced vertices

• The decay width is expressed in terms of q2 = invariant mass2 of dileptons
• Tree level decays involving J/ψ and ψ(2S) resonances used as control samples 

and the q2 regions removed from the analyses of b o sℓℓ decays

Roger Forty Rare Decays and Flavour Anomalies 19

J/ψ

ψ(2S)

B0
JHEP02(2016)104
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Algueró et al

1903.09578

NP
9,µ ∼ −0.95

NP
10,µ ∼ 0.20

(5.7 σ pull)

Aebischer et al
1903.10434

NP
9,µ ∼ −0.72

NP
10,µ ∼ 0.40

(6.2 σ pull)

A. Pich Flavour Anomalies 13

Global 2D Fits: NP
9,µ ∼ −0.2 SM

9,µ

H → ℓℓ
eff = −

4
√
2

∗ α

4π

!
+h.c.

9 = (¯ γµ )(ℓ̄γµℓ) , ′
9 = (¯ γµ )(ℓ̄γµℓ)

10 = (¯ γµ )(ℓ̄γµγ5ℓ) , ′
10 = (¯ γµ )(ℓ̄γµγ5ℓ)

�����
�����
�	�
�
��
���

-� -� -� � � � �
-�

-�

-�

�

�

�

�

�����
�����
�	�
�
��
���

-� -� -� � � � �
-�

-�

-�

�

�

�

�

�����
�����
�	�
�
��
���

��
�

-� -� -� � � � �
-�

-�

-�

�

�

�

�

����

� � � � � � �
�

�

�

�

�

�

�

����

� � � � � � �
�

�

�

�

�

�

�

����

��
�

� � � � � � �
�

�

�

�

�

�

�

−1.5 −1.0 −0.5 0.0 0.5

Cbsµµ
9

−0.5

0.0

0.5

1.0

1.5

C
bs
µ
µ

1
0

flavioflavioflavio
RK & RK∗ 1σ

b→ sµµ 1σ

global 1σ, 2σ

−3.0 −2.5 −2.0 −1.5 −1.0 −0.5 0.0

Cbsµµ
9

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
′b
sµ

µ
9

flavio
RK∗ 1σ

RK & RK∗ 1σ

RK ∆χ2 = 1

b→ sµµ 1σ

global 1σ, 2σ

−1.5 −1.0 −0.5 0.0 0.5

Cuniv.
9

−1.2

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

∆
C

bs
µ
µ

9
=
−
C

bs
µ
µ

1
0

flavioflavio

RK & RK∗ 3σ

b→ sµµ 1σ

global 1σ, 2σ

Algueró et al
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B+ ⇾ K+µ+µ-: CMS fits and syst.
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compare the results to SM calculations with the best-
controlled theoretical uncertainty, and a full inclusive q2

range of 1.00–22.00 GeV2, excluding the control regions.
The analysis for these two ranges is performed with the
same procedure as for the other ranges.
The decay rate for the process Bþ → Kþμþμ− depends

on cos θl, where θl is the angle between the directions of
the μ− and Kþ in the dilepton rest frame. The differential
decay width Γl with respected to cos θl can be para-
metrized [1,8,9] in terms of the observables of interest AFB
and FH as:

1

Γl

dΓl

d cos θl
¼ 3

4
ð1− FHÞð1− cos2θlÞ þ

1

2
FH þ AFB cos θl:

ð1Þ

The requirement for the decay rate to remain positive over
all possible lepton angles constrains the parameter space
to the region 0 ≤ FH ≤ 3 and jAFBj ≤ minð1; FH=2Þ. The
angular observables AFB and FH are extracted from a
two-dimensional extended unbinned maximum-likelihood
fit to the angular distribution of the selected Bþ meson

candidates in each q2 range. The unnormalized probability
density function (pdf) used in the two-dimensional fit is

pdfðm; cos θlÞ ¼ YSSmðmÞSaðcos θlÞϵðcos θlÞ
þ YBBmðmÞBaðcos θlÞ; ð2Þ

where the two contributions on the right-hand side corre-
spond to the parametrization of the signal and background.
The parameters YS and YB are the yields of signal and
background events, respectively. The functions SmðmÞ and
Saðcos θlÞ describe the signal invariant mass and angular
distributions, while BmðmÞ and Baðcos θlÞ are similar
functions describing the background. The function
ϵðcos θlÞ is the signal efficiency as a function of cos θl.
The signal distribution SmðmÞ is modeled as the sum

of two Gaussian functions with a common mean, and
Saðcos θlÞ is given in Eq. (1). The background distribution
BmðmÞ is modeled as a single exponential function, while
Baðcos θlÞ is parametrized as the sum of a Gaussian
function and a third- or fourth-degree polynomial, depend-
ing on the particular q2 range.

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 2 GeV2q1 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 4.3 GeV2q2 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 8.68 GeV2q4.3 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 12.86 GeV2q10.3 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 16 GeV2q14.18 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 18 GeV2q16 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 22 GeV2q18 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 6 GeV2q1 < 

lθcos
1− 0.5− 0 0.5 1

E
ff

ic
ie

nc
y 

(%
) 

0

0.1

0.2

0.3
CMS Simulation

2 < 22 GeV2q1 < 

FIG. 2. The signal efficiency determined from simulated events as a function of cos θl for the different q2 ranges (points). The vertical
bars indicate the statistical uncertainty. The curves show the sixth-order polynomial fits to the points.
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Many of the parameters in the final fit are set to a given
value with a Gaussian constraint that reflects the input
uncertainty of the value. For the SmðmÞ function, the mean
is constrained to the world-average Bþ mass [29] and the
widths and relative fraction of the two Gaussians are
constrained to the values found from fitting simulated
events. The parameters of the Baðcos θlÞ function are
obtained by fitting the events in the Bþ meson invariant
mass sideband regions of 5.10–5.21 and 5.35–5.46 GeV.
The free parameters of the fit are YS, YB, AFB, and FH, as
well as the exponential decay parameter of BmðmÞ.
The signal efficiency ϵðcos θlÞ is factorized into an

acceptance ϵacc times a reconstruction efficiency ϵreco,
which are both functions of cos θl. The acceptance is
obtained from generated events, before the particle propa-
gation with GEANT4, and is calculated as the fraction of
MC simulated signal events passing the muon requirement
of pT > 3.5 GeV and jηj < 2.2 relative to all generated
events. It varies from 2 to 4% depending on q2. The

reconstruction efficiency is obtained from the ratio of the
number of reconstructed MC events passing the final event
selection to the number of events passing the single-muon
selection at the generator level. It varies from 4 to 7%
depending on q2. The signal efficiency ϵðcos θlÞ is para-
metrized and fit with a sixth-order polynomial, as shown
in Fig. 2 for the nine different signal q2 ranges used in this
analysis.
The angular distributions of data and simulation from the

two control channels are compared and the good agreement
between them provides a validation of the efficiency
description. We also check that the ratio of the branching
fractions of the two control channels is consistent with the
world-average value [29] within their uncertainties. The
MC simulation samples are used to validate the fitting
procedure in each q2 range. The results of fitting the signal
MC sample at the generator level and the standard signal
simulation are consistent with each other. The large MC
signal sample is divided into 20 subsamples and fits of
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FIG. 3. Projections of the Kþ μþ μ− invariant mass distributions for each q2 range from the two-dimensional fit of data. The solid lines
show the total fit, the shaded area the signal contribution, and the dashed-dotted lines the background. The vertical bars on the points
represent the statistical uncertainty in the data.
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these subsamples reveal no additional bias. In addition, we
generate 200 pseudoexperiments of 100 times the size of
data, using the pdf in Eq. (2), with parameters from fitting
the data. The differences between the fitted values from
these samples and the input parameters from data follow
Gaussian distributions with the means consistent with zero
and the widths smaller than the variations among the signal
MC subsample fits in the same q2 range.
The final fit is performed over the full Bþ meson

invariant mass range and results in 2286" 73 signal events
with q2 from 1 to 22 GeV2. Figures 3 and 4 show the
Kþμþμ− invariant mass and the cos θl projections, respec-
tively, for each q2 range from the two-dimensional fit to
the data.

V. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty in the mea-
sured values of AFB and FH are considered, as summarized
in Table I. Varying the parameter values of SmðmÞ used to

fit the signal invariant mass distribution within their
uncertainties results in a negligible change in the measured
values of AFB and FH.
The finite size of the simulated event samples can affect

the accuracy of the efficiency determination. To estimate the
uncertainty, 200 alternative efficiency functions are created
by varying the parameters of the signal efficiency function
ϵðcos θlÞ within their uncertainties. These alternative effi-
ciencies are independently used to fit the data. The standard
deviations of the resulting AFB and FH fit values are taken as
their systematic uncertainties from this source. The system-
atic uncertainty due to the efficiency description is estimated
by changing the modeling of ϵðcos θlÞ. The fit to ϵðcos θlÞ
is modified from a sixth-order polynomial to the product
of a Gaussian function and a sixth-order polynomial, where
the Gaussian function parameters are the fit results from
ϵacc, and the sixth-order polynomial parameters are the fit
results from ϵreco. The differences in the results of AFB and
FH are used as the systematic uncertainties.
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FIG. 4. Projections of the cos θl distributions for each q2 range from the two-dimensional fit of data. The solid lines show the total fit,
the shaded area the signal contribution, and the dashed-dotted lines the background. The vertical bars on the points represent the
statistical uncertainty in the data.
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The simulated signal sample is used to evaluate the
effects of any simulation mismodeling. The difference in
the fitted values of AFB and FH between a simulated sample
at the generator level without the detector simulation and
reconstruction steps, and the standard signal simulation
sample is assigned as the systematic uncertainty. The
specific parametrization of the function used to fit the
backgrounds can cause the results to change. To evaluate
the effect of fitting the background cos θl distribution, the
degrees of the polynomials used to describe the angular
shapes of the combinatorial background are decreased by
one. After fitting with the alternative background para-
metrization, the differences in the AFB and FH results are
taken as the systematic uncertainties from the background
parametrization model. The systematic uncertainties com-
ing from the experimental resolution in cos θl and q2 are
estimated by comparing the values of AFB and FH obtained
from the reconstructed MC events with those found using
the generated values of cos θl and q2 in the fit.
An estimate of the systematic uncertainty from the fitting

procedure is calculated using two different methods. In the
first method, we divide the large simulated signal sample
into multiple subsamples, each with a size similar to that of
the data. The difference between the average of the fitted
values of AFB and FH from the subsamples and the fitted
value from the full sample is taken as an estimate of the
systematic uncertainty from the modeling of the signal. In
the second method, we generate many pseudoexperiments
in which each of the mass and cos θl distributions are
obtained from combining a signal and background distri-
bution. The signal distribution is obtained by selecting
signal events from the simulated sample, with the number
of events determined by the fit to the data. The background
distribution is obtained from sampling a parent distribution
that comes from subtracting the fitted signal distributions
from the data. The mean value of the differences from
these pseudoexperiments and the measurements from the
reconstruction-level simulated signal sample is taken as an
estimate of the fitting uncertainty due to the presence of
background. The estimates from the two methods are then

added in quadrature to obtain the overall systematic
uncertainty from the fitting procedure.
In some q2 ranges there are visible structures in the

background cos θl distributions, as seen in Fig. 4. We have
investigated many possible contributions to these struc-
tures, and none of them has been identified. This uncer-
tainty is estimated using the “second” method from the
fitting procedure systematic uncertainty calculation, with
the cos θl distribution for the background obtained sepa-
rately from the lower- and higher-mass sideband regions,
5.10–5.21 and 5.35–5.60 GeV. The larger of the two
differences between these alternative fits and the nominal
fit is taken as the systematic uncertainty from fitting the
background cos θl distribution.

TABLE I. Absolute values of the uncertainty contributions in
the measurements of AFB and FH. For each item, the range
indicates the variation of the uncertainty in the signal q2 ranges.

Systematic uncertainty AFBð×10−2Þ FHð×10−2Þ
Finite size of MC samples 0.4–1.8 0.9–5.0
Efficiency description 0.1–1.5 0.1–7.8
Simulation mismodeling 0.1–2.8 0.1–1.4
Background parametrization model 0.1–1.0 0.1–5.1
Angular resolution 0.1–1.7 0.1–3.3
Dimuon mass resolution 0.1–1.0 0.1–1.5
Fitting procedure 0.1–3.2 0.4–25
Background distribution 0.1–7.2 0.1–29

Total systematic uncertainty 1.6–7.5 4.4–39
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FIG. 5. Results of the AFB (left) and FH (right) measurements in
ranges of q2. The statistical uncertainties are shown by the inner
vertical bars, while the outer vertical bars give the total un-
certainties. The horizontal bars show the q2 range widths. The
vertical shaded regions are 8.68–10.09 and 12.86 − 14.18 GeV2,
corresponding to the J=ψ- and ψð2SÞ-dominated control regions,
respectively. The horizontal lines in the right plot show the
DHMV SM theoretical predictions [32,33], whose uncertainties
are smaller than the line width.
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The systematic uncertainties are estimated for each q2

range independently. As the systematic uncertainty sources
are considered to be independent, they are added in
quadrature to obtain the total systematic uncertainties, as
shown in the last row of Table I.

VI. RESULTS

To evaluate the statistical uncertainties, the 68.3% con-
fidence level intervals on AFB and FH are estimated using
the profiled Feldman-Cousins technique [31]. When esti-
mating the uncertainty in AFB and FH, the other variable
is treated as a nuisance parameter and profiled. A large
number of pseudoexperiments are generated with the
maximum-likelihood estimate of the nuisance parameter.
The correlation between the two variables is ignored by
setting the confidence interval after using this profiling
method. The systematic and statistical uncertainties are
added in quadrature to obtain the total uncertainty.
The measured values of AFB and FH for each q2 range are

shown in Fig. 5. The numerical results are summarized in
Table II, including the two special q2 ranges. The measured
values of AFB are consistent with the SM expectation of
no asymmetry. Table II also includes three SM predictions
for FH with different input parameters and different
handling of higher-order corrections, one of which is also
shown in Fig. 5. There is generally good agreement
between the predictions and our results, as well as between
our results and previous measurements [15–19].

VII. SUMMARY

An angular analysis of the decay Bþ → Kþμþμ− has
been performed using a data sample of proton-proton
collisions corresponding to an integrated luminosity of

20.5 fb−1 recorded with the CMS detector at
ffiffiffi
s

p
¼ 8 TeV.

The forward-backward asymmetry AFB of the muon system
and the contribution FH of the pseudoscalar, scalar, and
tensor amplitudes to the decay width are measured as a
function of the dimuon mass squared. The results are
consistent with previous measurements, and are also
compatible with three different standard model predictions.
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TABLE II. Results of the fit for each q2 range, together with several SM predictions. The inclusive q2 ¼ 1.00–22.00 GeV2 range in
the bottom line does not include events from the J=ψ and ψð2SÞ resonance regions. The signal yield YS is given, along with its statistical
uncertainty. The measured values of AFB and FH are presented, where the first uncertainties are statistical and the second are systematic.
The fifth column is a theoretical prediction by C. Bobeth et al. [1,3] using the EOS package [34] with the form factors from
Refs. [2,35,36]. The sixth column is the calculation from S. Descotes-Genon et al. (DHMV) based on Refs. [32,33]. The last column is
the prediction using the FLAVIO package [37] with the form factors from Ref. [38]. Only the central values of the theoretical predictions
are shown, since their uncertainties are insignificant compared to those in the measurements.

q2 (GeV2) YS AFB FH FH (EOS) FH (DHMV) FH (FLAVIO)

1.00–2.00 169 % 22 0.08 þ0.22
−0.19 % 0.05 0.21 þ0.29

−0.21 % 0.39 0.047 0.046 0.045
2.00–4.30 331 % 32 −0.04 þ0.12

−0.12 % 0.07 0.85 þ0.34
−0.31 % 0.14 0.024 0.023 0.022

4.30–8.68 785 % 42 0.00 þ0.04
−0.04 % 0.02 0.01 þ0.02

−0.01 % 0.04 & & & 0.012 0.011
10.09–12.86 365 % 29 0.00 þ0.05

−0.05 % 0.05 0.01 þ0.02
−0.01 % 0.06 & & & & & & & & &

14.18–16.00 215 % 19 0.01 þ0.06
−0.05 % 0.02 0.03 þ0.03

−0.03 % 0.07 0.007 0.007 0.006
16.00–18.00 262 % 21 0.04 þ0.05

−0.04 % 0.03 0.07 þ0.06
−0.07 % 0.07 0.007 0.007 0.006

18.00–22.00 226 % 20 0.05 þ0.05
−0.04 % 0.02 0.10 þ0.06

−0.10 % 0.09 0.008 0.009 0.008
1.00–6.00 778 % 47 −0.14 þ0.07

−0.06 % 0.03 0.38 þ0.17
−0.21 % 0.09 0.025 0.025 0.020

1.00–22.00 2286 % 73 0.00 þ0.02
−0.02 % 0.03 0.01 þ0.01

−0.01 % 0.06 & & & & & & & & &
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B+ & B0  BaBar (2006)

Belle (2009)

to the photon pole. The results, as well as the SM curves,
are shown in Fig. 1. To illustrate how non-SM physics
might manifest itself, we superimpose curves on the FL

and AFB plots corresponding to the case ofC7 with reversed

sign (C7 ¼ "CSM
7 ). The measured values do not reject this

possibility.
The total branching fractions, extrapolated from the

partial branching fractions, are measured to be [17]

0

0.2

0.4

0.6

0.8

1

1.2

dB
F

/d
q2  (

10
-7

/ G
eV

2 /c
2 )

q2(GeV2/c2)

dB
F

/d
q2  (

10
-7

/ G
eV

2 /c
2 )

0

0.1

0.2

0.3

0.4

0.5

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

0

0.5

1

0

0.5

1

F
L

A
F

B

q2(GeV2/c2)

A
I

-1

0

1

0 2 4 6 8 10 12 14 16 18 20

(a) (c)

(d)

(b)

(e)

FIG. 1 (color online). Differential branching fractions for the (a) K#‘þ ‘" and (b) K‘þ ‘" modes as a function of q2. The two shaded
regions are veto windows to reject J=c ðc 0ÞX events. The solid curves show the SM theoretical predictions with the minimum and
maximum allowed form factors [16]. (c) and (d) show the fit results for FL and AFB in K#‘þ ‘" as a function of q2, together with the
solid (dotted) curve representing the SM (C7 ¼ "CSM

7 ) prediction [16]. (e) is the AI asymmetry as a function of q2 for the K#‘þ ‘"

(filled circles) and K‘þ ‘" (open circles) modes.

TABLE I. Fit results in each of six q2 bins and an additional bin from 1 to 6 GeV2=c2 for which recent theory predictions are
available [15]. The first uncertainties are statistical and the second are systematic.

q2 (GeV2=c2) Ns Bð10"7Þ FL AFB AI

B ! K#‘þ ‘"

0.00–2.00 27:4þ 7:4
"6:6 1:46þ 0:40

"0:35 ' 0:11 0:29þ 0:21
"0:18 ' 0:02 0:47þ 0:26

"0:32 ' 0:03 "0:67þ 0:18
"0:16 ' 0:05

2.00–4.30 16:8þ 6:1
"5:3 0:86þ 0:31

"0:27 ' 0:07 0:71þ 0:24
"0:24 ' 0:05 0:11þ 0:31

"0:36 ' 0:07 1:45þ 1:04
"1:15 ' 0:10

4.30–8.68 27:9þ 9:5
"8:5 1:37þ 0:47

"0:42 ' 0:39 0:64þ 0:23
"0:24 ' 0:07 0:45þ 0:15

"0:21 ' 0:15 "0:34þ 0:29
"0:27 ' 0:14

10.09–12.86 54:0þ 10:5
"9:6 2:24þ 0:44

"0:40 ' 0:19 0:17þ 0:17
"0:15 ' 0:03 0:43þ 0:18

"0:20 ' 0:03 0:00þ 0:20
"0:21 ' 0:09

14.18–16.00 36:2þ 9:9
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to the photon pole. The results, as well as the SM curves,
are shown in Fig. 1. To illustrate how non-SM physics
might manifest itself, we superimpose curves on the FL

and AFB plots corresponding to the case ofC7 with reversed

sign (C7 ¼ "CSM
7 ). The measured values do not reject this

possibility.
The total branching fractions, extrapolated from the

partial branching fractions, are measured to be [17]
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FIG. 1 (color online). Differential branching fractions for the (a) K#‘þ ‘" and (b) K‘þ ‘" modes as a function of q2. The two shaded
regions are veto windows to reject J=c ðc 0ÞX events. The solid curves show the SM theoretical predictions with the minimum and
maximum allowed form factors [16]. (c) and (d) show the fit results for FL and AFB in K#‘þ ‘" as a function of q2, together with the
solid (dotted) curve representing the SM (C7 ¼ "CSM

7 ) prediction [16]. (e) is the AI asymmetry as a function of q2 for the K#‘þ ‘"

(filled circles) and K‘þ ‘" (open circles) modes.

TABLE I. Fit results in each of six q2 bins and an additional bin from 1 to 6 GeV2=c2 for which recent theory predictions are
available [15]. The first uncertainties are statistical and the second are systematic.

q2 (GeV2=c2) Ns Bð10"7Þ FL AFB AI

B ! K#‘þ ‘"

0.00–2.00 27:4þ 7:4
"6:6 1:46þ 0:40

"0:35 ' 0:11 0:29þ 0:21
"0:18 ' 0:02 0:47þ 0:26

"0:32 ' 0:03 "0:67þ 0:18
"0:16 ' 0:05

2.00–4.30 16:8þ 6:1
"5:3 0:86þ 0:31

"0:27 ' 0:07 0:71þ 0:24
"0:24 ' 0:05 0:11þ 0:31

"0:36 ' 0:07 1:45þ 1:04
"1:15 ' 0:10

4.30–8.68 27:9þ 9:5
"8:5 1:37þ 0:47

"0:42 ' 0:39 0:64þ 0:23
"0:24 ' 0:07 0:45þ 0:15

"0:21 ' 0:15 "0:34þ 0:29
"0:27 ' 0:14

10.09–12.86 54:0þ 10:5
"9:6 2:24þ 0:44

"0:40 ' 0:19 0:17þ 0:17
"0:15 ' 0:03 0:43þ 0:18

"0:20 ' 0:03 0:00þ 0:20
"0:21 ' 0:09

14.18–16.00 36:2þ 9:9
"8:8 1:05þ 0:29

"0:26 ' 0:08 "0:15þ 0:27
"0:23 ' 0:07 0:70þ 0:16

"0:22 ' 0:10 0:16þ 0:30
"0:35 ' 0:09

>16:00 84:4þ 11:0
"9:9 2:04þ 0:27

"0:24 ' 0:16 0:12þ 0:15
"0:13 ' 0:02 0:66þ 0:11

"0:16 ' 0:04 "0:02þ 0:20
"0:21 ' 0:09

1.00–6.00 29:42þ 8:9
"8:0 1:49þ 0:45

"0:40 ' 0:12 0:67þ 0:23
"0:23 ' 0:05 0:26þ 0:27

"0:30 ' 0:07 0:33þ 0:37
"0:43 ' 0:08

B ! K‘þ ‘"

0.00–2.00 27:0þ 6:0
"5:4 0:81þ 0:18

"0:16 ' 0:05 ( ( ( 0:06þ 0:32
"0:35 ' 0:02 "0:33þ 0:33

"0:25 ' 0:08

2.00–4.30 17:6þ 5:5
"4:8 0:46þ 0:14

"0:12 ' 0:03 ( ( ( "0:43þ 0:38
"0:40 ' 0:09 "0:47þ 0:50

"0:38 ' 0:07

4.30–8.68 39:1þ 7:5
"6:9 1:00þ 0:19

"0:18 ' 0:06 ( ( ( "0:20þ 0:12
"0:14 ' 0:03 "0:19þ 0:25

"0:21 ' 0:08

10.09–12.86 22:0þ 6:2
"5:5 0:55þ 0:16

"0:14 ' 0:03 ( ( ( "0:21þ 0:17
"0:15 ' 0:06 "0:29þ 0:37

"0:29 ' 0:08

14.18–16.00 15:6þ 4:9
"4:3 0:38þ 0:19

"0:12 ' 0:02 ( ( ( 0:04þ 0:32
"0:26 ' 0:05 "0:40þ 0:61

"0:69 ' 0:07

>16:00 40:3þ 8:2
"7:5 0:98þ 0:20

"0:18 ' 0:06 ( ( ( 0:02þ 0:11
"0:08 ' 0:02 0:11þ 0:24

"0:21 ' 0:08

1.00–6.00 52:0þ 8:7
"8:0 1:36þ 0:23

"0:21 ' 0:08 ( ( ( "0:04þ 0:13
"0:16 ' 0:05 "0:41þ 0:25

"0:20 ' 0:07
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proceeding through an intermediate K! resonance. The
normalization and mean !E of this component are free
parameters in the fit. Examination of these events shows
that the addition of a charged or neutral pion results in a
B! K!‘"‘# or B! K!‘"‘# signal candidate. Using
simulated signal decays, we find the effect of these events
on the B! K‘"‘# signal yield is negligible.

We further perform a set of combined fits with the
sample partitioned into final states containing muons and
electrons, and into charged and neutral final states, mod-
ifying the constraints as appropriate. The results from all
such fits are summarized in Table III.

If the pole region is removed by requiring q2 >
0:1 GeV2=c4, the constrained ratio between B!
K!"""# and B! K!e"e# in the combined fit is modi-
fied from 0.75 to 1. Repeating the combined fit with this
modification, we obtain

B$B! K!‘"‘#%$q2>0:1 GeV2=c4%

& $0:73"0:20
#0:18 ' 0:11% ( 10#6:

The results of the combined fits in the various subsamples
with the pole region removed are shown in Table III. We
observe good agreement in the branching fraction obtained
in all of the subsamples, both with and without the pole
region included. The measured total rates are consistent
with the range of standard model rates predicted in
Ref. [4]. The B! K‘"‘# rate is significantly lower than
the range given by Ref. [12].

From the separate fits to the muon and electron channels
integrated over all q2, we obtain the ratios

RK & 1:06' 0:48' 0:08;

RK! & 0:91' 0:45' 0:06;

consistent with the SM predictions of 1.00 and 0.75, re-
spectively. If instead the pole region is excluded from the
B! K!‘"‘# channels, we find

RK!;$q2>0:1 GeV2=c4% & 1:40' 0:78' 0:10;

where this ratio is expected to be 1 in the SM.

B. CP asymmetry

From the fit to the combined modes integrated over all
q2, we find the direct CP asymmetries

ACP$B" ! K"‘"‘#% & #0:07' 0:22' 0:02;

ACP$B! K!‘"‘#% & "0:03' 0:23' 0:03;

where the first error is statistical and the second systematic.
The measured values in both channels are consistent with
the SM expectation of a negligible direct CP asymmetry.

C. Partial branching fractions

The partial branching fractions obtained from the fits to
mES, !E, andmK! in two bins ofq2 are shown in Table IV.
The results are generally consistent with theq2 dependence
predicted in recent standard model based form factor cal-
culations (Fig. 8).

D. K! polarization

The fit projections for the cos#K distribution in bins of
q2 are shown in Fig. 12 of Appendix A. The resulting
values for the fraction of longitudinal polarization FL are

TABLE IV. Results from fits to the combined K$!%‘"‘# decay modes in bins of q2. The
columns from left to right are: fitted q2 range, partial branching fraction, longitudinal K!

polarization FL, and the lepton forward-backward asymmetry AFB. The first and second
uncertainties are statistical and systematic, respectively. In B! K‘"‘#, AFB is measured in
the charged B decay modes only. The constraints for each combined fit are described in the text.
The partial branching fractions are defined such that they include the estimated rate within the
vetoed J= and  $2S% resonance regions where appropriate.

B! K!‘"‘#

q2 (GeV2=c4) B (10#6) FL AFB

0:1# 8:41 0:27"0:12
#0:10 ' 0:05 0:77"0:63

#0:30 ' 0:07 >0:19 (95%CL)

>10:24 0:37"0:13
#0:11 ' 0:05 0:51"0:22

#0:25 ' 0:08 0:72"0:28
#0:26 ' 0:08

>0:1 0:73"0:20
#0:18 ' 0:11 0:63"0:18

#0:19 ' 0:05 >0:55 (95%CL)

B! K‘"‘#

q2 (GeV2=c4) B (10#6) FS AFB

0:1# 8:41 0:10"0:04
#0:04 ' 0:01 0 #0:49"0:51

#0:99 ' 0:18

>10:24 0:22"0:05
#0:05 ' 0:02 0 0:26"0:23

#0:24 ' 0:03

>0:1 0:34"0:07
#0:07 ' 0:02 0:81"0:58

#0:61 ' 0:46 0:15"0:21
#0:23 ' 0:08
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AFB ¼ 0:29þ0:20
#0:23ðstatÞ & 0:07ðsystÞ, consistent with the SM

prediction of ASM
FB ¼ 0:022 & 0:028 [5] and the Belle

result of ABelle
FB ¼ 0:26þ0:27

#0:30ðstatÞ & 0:07ðsystÞ [8]. The po-
larization in the same q2 range, FL ¼ 0:69þ0:19

#0:21ðstatÞ &
0:08ðsystÞ, is also consistent with the corresponding SM
prediction, FSM

L ¼ 0:73þ0:02
#0:03 [5] and the Belle result of

FBelle
L ¼ 0:67 & 0:23ðstatÞ & 0:05ðsystÞ [8].
Tables I and II and Figs. 3(c) and 3(d) show the results of

the first measurement of Að2Þ
T and Aim. These results explore

new regions of BSM parameter space providing, in combi-
nation with other observables, initial discriminating infor-
mation between different classes of BSM models.

In the Bþ ! Kþ!þ!# fit for AFB [23], we assume no
scalar term [14] and set FL ¼ 1 in Eq. (1). The results are

the most precise from a single experiment and are consis-
tent with the SM predictions [Fig. 2(b) and Table III].
The sources of systematic uncertainty include the esti-

mation of detector acceptance, signal fraction estimation
and shape modeling of events in the signal window, feed-
down background from other B decays, trigger efficiency
and bias modeling, incorrect K-" assignment in the K'0 !
Kþ"# decay, and fitting bias. The largest contributions to
AFB, FL, and Aim are from uncertainties on the signal

TABLE III. Summary of Bþ ! Kþ!þ!# fit results.

q2 (GeV2=c2) N ðKþ!þ!#Þ AFB

½0:00; 2:00Þ 18:6 & 5:6 0:13þ0:42
#0:43 & 0:07

½2:00; 4:30Þ 40:3 & 6:7 0:32þ0:15
#0:16 & 0:05

½4:30; 8:68Þ 68:5 & 10:5 0:01þ0:13
#0:10 & 0:01

½10:09; 12:86Þ 43:5 & 7:1 #0:03þ0:11
#0:10 & 0:04

½14:18; 16:00Þ 35:9 & 5:7 #0:05þ0:09
#0:11 & 0:03

½16:00; 23:00Þ 28:9 & 6:3 0:09þ0:17
#0:13 & 0:03

½0:00; 4:30Þ 57:8 & 8:8 0:31þ0:16
#0:16 & 0:04

½1:00; 6:00Þ 74:5 & 9:6 0:13þ0:09
#0:09 & 0:02

TABLE II. Summary of combined B ! K'!þ!# fit results. N ðK'0!þ!#Þ is taken from Table I.

q2 (GeV2=c2) N ðK'þ!þ!#Þ FL AFB Að2Þ
T Aim

½0:00; 2:00Þ 2:5 & 1:6 0:30þ0:16
#0:16 & 0:02 #0:35þ0:26

#0:23 & 0:10 #1:0þ0:7
#0:6 & 0:4 0:21þ0:30

#0:31 & 0:10

½2:00; 4:30Þ 1:3 & 1:8 0:37þ0:25
#0:24 & 0:10 0:29þ0:32

#0:35 & 0:15 1:3þ2:4
#1:2 & 0:9 #0:72þ0:46

#0:36 & 0:21

½4:30; 8:68Þ 3:9 & 3:5 0:68þ0:15
#0:17 & 0:09 0:01þ0:20

#0:20 & 0:09 3:4þ1:9
#2:1 & 3:6 0:11þ0:31

#0:32 & 0:09

½10:09; 12:86Þ 6:0 & 2:8 0:47þ0:14
#0:14 & 0:03 0:38þ0:16

#0:19 & 0:09 #1:8þ0:9
#0:8 & 0:8 0:32þ0:25

#0:26 & 0:06

½14:18; 16:00Þ 1:6 & 1:8 0:29þ0:14
#0:13 & 0:05 0:44þ0:18

#0:21 & 0:10 0:2 & 0:8 & 0:2 0:19þ0:24
#0:26 & 0:04

½16:00; 19:30Þ 4:1 & 2:3 0:20þ0:19
#0:17 & 0:05 0:65þ0:17

#0:18 & 0:16 #0:7 & 0:8 & 0:3 #0:20þ0:33
#0:33 & 0:09

½0:00; 4:30Þ 3:8 & 2:4 0:33þ0:14
#0:13 & 0:03 #0:08þ0:21

#0:20 & 0:05 #0:3 & 0:6 & 0:1 #0:10þ0:27
#0:26 & 0:10

½1:00; 6:00Þ 5:0 & 3:0 0:69þ0:19
#0:21 & 0:08 0:29þ0:20

#0:23 & 0:07 1:7 & 2:2 & 2:5 0:09þ0:34
#0:35 & 0:18
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FIG. 2 (color online). Measurements of forward-backward
asymmetry AFB in the decay (a) B0 ! K'0!þ!# and
(b) Bþ ! Kþ!þ!# as a function of dimuon mass squared q2.
Points are the fit results from the data. The solid curves are the
SM expectation [24]. The dotted curve is the C7 ¼ #CSM
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expectation suggested by some BSM models. Hatched regions
are excluded resonant (charmonium) decay regions.

TABLE I. Summary of B0 ! K'0!þ!# fit results. The first (second) uncertainty is statistical (systematic).

q2 (GeV2=c2) N ðK'0!þ!#Þ FL AFB Að2Þ
T Aim

½0:00; 2:00Þ 30:7 & 4:7 0:31þ0:17
#0:16 & 0:02 #0:37þ0:27

#0:32 & 0:11 #0:8 & 0:7 & 0:3 0:37þ0:31
#0:33 & 0:08

½2:00; 4:30Þ 14:2 & 4:2 0:35þ0:26
#0:24 & 0:03 0:30þ0:32

#0:36 & 0:17 1:4þ2:0
#1:1 & 1:2 #0:80þ0:48

#0:29 & 0:13

½4:30; 8:68Þ 31:3 & 7:4 0:60þ0:17
#0:18 & 0:05 #0:08þ0:22

#0:21 & 0:03 1:8þ1:6
#1:7 & 1:5 0:03þ0:34

#0:34 & 0:06

½10:09; 12:86Þ 38:4 & 7:6 0:40þ0:16
#0:16 & 0:02 0:42þ0:17

#0:21 & 0:10 #1:0þ0:9
#0:8 & 0:5 0:47þ0:26

#0:28 & 0:09

½14:18; 16:00Þ 31:6 & 4:7 0:32þ0:14
#0:14 & 0:03 0:40þ0:18

#0:21 & 0:07 0:4 & 0:8 & 0:2 0:15þ0:25
#0:26 & 0:01

½16:00; 19:30Þ 20:7 & 4:8 0:16þ0:22
#0:18 & 0:06 0:66þ0:18

#0:26 & 0:19 #0:9 & 0:8 & 0:4 #0:30þ0:36
#0:35 & 0:14

½0:00; 4:30Þ 44:2 & 6:5 0:33þ0:14
#0:14 & 0:02 #0:08þ0:21

#0:20 & 0:05 #0:2 & 0:6 & 0:1 #0:02þ0:28
#0:28 & 0:01

½1:00; 6:00Þ 23:8 & 6:5 0:60þ0:21
#0:23 & 0:09 0:36þ0:46

#0:28 & 0:11 1:6þ1:8
#1:9 & 2:2 #0:02þ0:40

#0:40 & 0:03
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Figure 3. Dimuon forward-backward asymmetry, AFB, and the parameter FH for B+
! K+µ+µ�

as a function of the dimuon invariant mass squared, q2. The SM theory prediction (see text) for
FH is given as the continuous cyan (light) band and the rate-average of this prediction across the
q2 bin is indicated by the purple (dark) region. No SM prediction is included for the regions close
to the narrow cc resonances.

Performing the angular analysis over the full 0.05 < q2 < 22GeV2/c4 range, after

removing the J/ and  (2S) resonance regions, gives AFB = �0.01 +0.03
�0.02

+0.01
�0.01 and FH =

0.02+0.07
�0.02

+0.01
�0.01. A naive average of the measurements in the seven q2 bins yields a slightly

larger value of FH, a result of the boundary condition (|AFB|  FH/2) and the requirement

that FH remain positive in the fits to the individual q2 bins.

6 Systematic uncertainties

For the di↵erential branching fraction measurement, the largest source of systematic un-

certainty comes from an uncertainty of ⇠ 4% on the B+
! K+J/ and J/ ! µ+µ�

branching fractions [30]. The systematic uncertainties are largely correlated between the

q2 bins. The uncertainties coming from the corrections used to calibrate the performance

of the simulation to match that of the data are at the level of 1�2%. The uncertainties on

these corrections are limited by the size of the D⇤+
! D0(! K�⇡+)⇡+ and J/ ! µ+µ�

control samples that are used to estimate the particle identification and tracking perfor-

mance in the data. The signal and background mass models are also explored as a source

of possible systematic uncertainty. In the fit to the K+µ+µ� invariant mass it is assumed

that the signal line-shape is the same as that of the B+
! K+J/ decay. In the simu-

lation, small di↵erences are seen in the B+ mass resolution due to the di↵erent daughter

kinematics between low and high q2. A 4% variation of the mass resolution is considered

as a source of uncertainty and the e↵ect on the result found to be negligible.

For the extraction of AFB and FH, the largest sources of uncertainty are associated

with the event weights that are used to correct for the detector acceptance. The event

weights are estimated from the simulation in 0.5GeV2/c4 wide q2 bins (driven by the size

of the simulated event sample). At low q2, the acceptance variation can be large (at

extreme values of cos ✓`) over the q2 bin size. The order of the uncertainty associated

– 7 –
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Figure 5. Dimuon forward-backward asymmetry, AFB, and the parameter FH for the decay B+→
K+µ+µ− as a function of the dimuon invariant mass squared, q2. The inner horizontal bars indicate
the one-dimensional 68% confidence intervals. The outer vertical bars include contributions from
systematic uncertainties (described in the text). The confidence intervals for FH are overlaid with
the SM theory prediction (narrow band). Data are not presented for the regions around the J/ψ
and ψ(2S) resonances.
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Figure 6. Results for the parameter FH for the decay B0→ K0
Sµ

+µ− as a function of the dimuon
invariant mass squared, q2. The inner horizontal bars indicate the one-dimensional 68% confidence
intervals. The outer vertical bars include contributions from systematic uncertainties (described
in the text). The confidence intervals are overlaid with the SM theory prediction (narrow band).
Data are not presented for the regions around the J/ψ and ψ(2S) resonances.

the acceptance as a function of cos θl is determined separately for simulated events in the

lower and upper half of the q2 bin, and the average acceptance correction for the bin is

re-computed varying the relative contributions from the lower and upper half by 20%. This

level of variation covers any observed difference between the differential decay rate as a

function of q2 in data and in simulation and introduces an uncertainty at the level of 0.01

on AFB and FH.

In order to investigate the background modelling, the multivariate selection require-

ments are relaxed. With the increased level of background in the upper mass sideband, an

alternative background model of a fourth-order polynomial is derived. Pseudoexperiments

are then generated that explore the differences between the AFB or FH values obtained with

– 10 –

LHCb (2014, 3 fb-1)
The simulated signal sample is used to evaluate the

effects of any simulation mismodeling. The difference in
the fitted values of AFB and FH between a simulated sample
at the generator level without the detector simulation and
reconstruction steps, and the standard signal simulation
sample is assigned as the systematic uncertainty. The
specific parametrization of the function used to fit the
backgrounds can cause the results to change. To evaluate
the effect of fitting the background cos θl distribution, the
degrees of the polynomials used to describe the angular
shapes of the combinatorial background are decreased by
one. After fitting with the alternative background para-
metrization, the differences in the AFB and FH results are
taken as the systematic uncertainties from the background
parametrization model. The systematic uncertainties com-
ing from the experimental resolution in cos θl and q2 are
estimated by comparing the values of AFB and FH obtained
from the reconstructed MC events with those found using
the generated values of cos θl and q2 in the fit.
An estimate of the systematic uncertainty from the fitting

procedure is calculated using two different methods. In the
first method, we divide the large simulated signal sample
into multiple subsamples, each with a size similar to that of
the data. The difference between the average of the fitted
values of AFB and FH from the subsamples and the fitted
value from the full sample is taken as an estimate of the
systematic uncertainty from the modeling of the signal. In
the second method, we generate many pseudoexperiments
in which each of the mass and cos θl distributions are
obtained from combining a signal and background distri-
bution. The signal distribution is obtained by selecting
signal events from the simulated sample, with the number
of events determined by the fit to the data. The background
distribution is obtained from sampling a parent distribution
that comes from subtracting the fitted signal distributions
from the data. The mean value of the differences from
these pseudoexperiments and the measurements from the
reconstruction-level simulated signal sample is taken as an
estimate of the fitting uncertainty due to the presence of
background. The estimates from the two methods are then

added in quadrature to obtain the overall systematic
uncertainty from the fitting procedure.
In some q2 ranges there are visible structures in the

background cos θl distributions, as seen in Fig. 4. We have
investigated many possible contributions to these struc-
tures, and none of them has been identified. This uncer-
tainty is estimated using the “second” method from the
fitting procedure systematic uncertainty calculation, with
the cos θl distribution for the background obtained sepa-
rately from the lower- and higher-mass sideband regions,
5.10–5.21 and 5.35–5.60 GeV. The larger of the two
differences between these alternative fits and the nominal
fit is taken as the systematic uncertainty from fitting the
background cos θl distribution.

TABLE I. Absolute values of the uncertainty contributions in
the measurements of AFB and FH. For each item, the range
indicates the variation of the uncertainty in the signal q2 ranges.

Systematic uncertainty AFBð×10−2Þ FHð×10−2Þ
Finite size of MC samples 0.4–1.8 0.9–5.0
Efficiency description 0.1–1.5 0.1–7.8
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FIG. 5. Results of the AFB (left) and FH (right) measurements in
ranges of q2. The statistical uncertainties are shown by the inner
vertical bars, while the outer vertical bars give the total un-
certainties. The horizontal bars show the q2 range widths. The
vertical shaded regions are 8.68–10.09 and 12.86 − 14.18 GeV2,
corresponding to the J=ψ- and ψð2SÞ-dominated control regions,
respectively. The horizontal lines in the right plot show the
DHMV SM theoretical predictions [32,33], whose uncertainties
are smaller than the line width.
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The simulated signal sample is used to evaluate the
effects of any simulation mismodeling. The difference in
the fitted values of AFB and FH between a simulated sample
at the generator level without the detector simulation and
reconstruction steps, and the standard signal simulation
sample is assigned as the systematic uncertainty. The
specific parametrization of the function used to fit the
backgrounds can cause the results to change. To evaluate
the effect of fitting the background cos θl distribution, the
degrees of the polynomials used to describe the angular
shapes of the combinatorial background are decreased by
one. After fitting with the alternative background para-
metrization, the differences in the AFB and FH results are
taken as the systematic uncertainties from the background
parametrization model. The systematic uncertainties com-
ing from the experimental resolution in cos θl and q2 are
estimated by comparing the values of AFB and FH obtained
from the reconstructed MC events with those found using
the generated values of cos θl and q2 in the fit.
An estimate of the systematic uncertainty from the fitting

procedure is calculated using two different methods. In the
first method, we divide the large simulated signal sample
into multiple subsamples, each with a size similar to that of
the data. The difference between the average of the fitted
values of AFB and FH from the subsamples and the fitted
value from the full sample is taken as an estimate of the
systematic uncertainty from the modeling of the signal. In
the second method, we generate many pseudoexperiments
in which each of the mass and cos θl distributions are
obtained from combining a signal and background distri-
bution. The signal distribution is obtained by selecting
signal events from the simulated sample, with the number
of events determined by the fit to the data. The background
distribution is obtained from sampling a parent distribution
that comes from subtracting the fitted signal distributions
from the data. The mean value of the differences from
these pseudoexperiments and the measurements from the
reconstruction-level simulated signal sample is taken as an
estimate of the fitting uncertainty due to the presence of
background. The estimates from the two methods are then

added in quadrature to obtain the overall systematic
uncertainty from the fitting procedure.
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background cos θl distributions, as seen in Fig. 4. We have
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the cos θl distribution for the background obtained sepa-
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fit is taken as the systematic uncertainty from fitting the
background cos θl distribution.
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6. Reconstruction 3

Table 2: D and B meson decay branching fractions (and their uncertainties) used in this analysis.

Process Branching ratio Reference
Ds ! tn 5.48 ± 0.23% PDG [13]

B+ ! t + n + D0(⇤) 2.7 ± 0.3% PDG [13]
Other B+ ! t + X decays 0.7% PYTHIA [5]

B0 ! t + n + D+(⇤) 2.7 ± 0.3% PDG [13]
Other B0 ! t + X decays 0.7% PYTHIA [5]

B+ ! Ds + X 9.0 ± 1.5% PDG [13]
B0 ! Ds + X 10.3 ± 2.1% PDG [13]
Ds ! f(µµ)p 1.3(±0.1)⇥ 10�5 PDG [13]

• opposite-sign dimuon with both muons in |h| < 1.6 range and having |Dh| < 1.8
(no pT requirements).

Toward the end of 2016, the instantaneous luminosity was systematically surpassing 1.5 ⇥

1034cm�2s�1 and the triggers listed above could not be sustained at the initial portions of runs
when their rates were too high. For these short periods, similar triggers with more stringent
requirements on muons are used.

At the High Level Trigger (HLT), events selected by the Level-1 triggers listed above are re-
quired to have two reconstructed muons and one track satisfying the following requirements:
pT > 3.0 GeV for the muons, pT > 1.2 GeV for the track, invariant mass of the muons and
track in the range 1.60–2.02 GeV, and displacement of the dimuon+track common vertex from
the beam spot by at least two times the uncertainty in the measurement of the displacement
standard deviation. This HLT path went online at the beginning of June 2016.

The total integrated luminosity used in the analysis is 33 fb�1. The average pileup in this data
set is 27 pp collisions per bunch crossing.

6 Reconstruction
The event reconstruction is based on the particle-flow (PF) algorithm [14], which exploits infor-
mation from all the CMS subdetectors to identify and reconstruct individual particle candidates
in the event. The PF candidates are classified as muons, electrons, photons, charged and neutral
hadrons. They are then used to build higher-level observables.

In each event, multiple collision vertex candidates are reconstructed using all charged tracks.
The momentum and vertex position of the 3µ candidate, the selection of which is described
in the following text, are used to choose a primary vertex based on the distance of the closest
approach along the beamline.

Muons are reconstructed by combining information from the silicon tracker and the muon sys-
tem [15]. In this analysis, we consider so-called “global” muons that are built from a track in the
inner tracker and a standalone muon track found in the muon system alone. The reconstruc-
tion algorithm also applies minimal requirements on the track in both the muon system and the
tracker system, and takes into account the compatibility of energy deposits in the calorimeters
with those expected from a muon.

We find that muons expected to come from the signal tend to be more isolated from other
charged tracks in an event in comparison to those associated with background. We use the
track-based muon isolation variable defined as I = Â pT/p

µ
T. The sum of transverse momenta

pT runs over all charged particle tracks originating from the primary vertex, having pT > 1 GeV,
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Figure 3: Signal and background distributions for the four observables with the best discrim-
inating power used for the BDT training: (top-left) normalized c2 of the trimuon vertex fit;
(top-right) pointing angle a; (bottom-left) significance of the trimuon vertex 3D displacement;
(bottom-right) track kink parameter. All distributions are normalized to unity.

in the next section.

8 Simulation corrections and systematic uncertainties
8.1 Signal simulation corrections and systematic uncertainties

The simulated signal samples are validated and corrected using data. The multimuon triggers
suffered from a few operation issues in the early part of the 2016 data-taking period, which
hindered their efficiency with respect to the performance nominally expected and emulated
in simulation. Using data-driven methods described in this section allows us to take this into
account and correct the expected signal event yields accordingly.

8.1.1 Yield of events triggered by dimuon triggers

First, we consider signal events that are expected to be triggered by dimuon triggers, about 75%
of all signal events according to simulation. We start from the dominant source of t leptons,
Ds ! tn. As noted in Ref. [8], the yield of signal events of this type can be cleanly predicted
by measuring the rate of Ds ! fp ! µµp events that we select with the exact same dimuon
triggers and the same event selection criteria (with the pion treated as if it were a third muon).

8

Figure 4: BDT score distributions for signal and background events passing all selection criteria
and falling into category A (left) or category C (right). All distributions are normalized to unity.
The vertical lines separate subcategories with different signal-to-background ratios. The two
subcategories on the right are used in the signal search.

The expected t ! 3µ signal event yield associated with Ds can be written as:

Nsig(D) = Ls(pp ! Ds) B(Ds ! tn) B(t ! 3µ) A3µ(D) e
3µ
recoe

2µ
trig(sig), (1)

while the number of Ds ! fp ! µµp events, to be measured experimentally, is:

N = Ls(pp ! Ds) B(Ds ! fp ! µµp) A2µp e
2µp
reco e

2µ
trig(µµp). (2)

In these two equations, L is the integrated luminosity, s(pp ! Ds) is the Ds production cross
section, B(Ds ! tn), B(t ! 3µ) and B(Ds ! fp ! µµp) are decay branching fractions,
A is the event selection acceptance, etrig and ereco are instrumental trigger and reconstruc-
tion efficiencies. Precision with which each of these terms is known varies. By measuring
the Ds ! fp ! µµp decay rate N, one can predict Nsig with significantly reduced systematic
uncertainties:

Nsig(D) = N
B(Ds ! tn)

B(Ds ! fp ! µµp)

A3µ(D)

A2µp

e
3µ
reco

e
2µp
reco

e
2µ
trig,sig

e
2µ
trig(µµp)

B(t ! 3µ). (3)

Figure 6 shows the invariant mass distribution for two muons and a pion after requiring that
the two muons have opposite signs and their invariant mass is in the range 1.00–1.04 GeV, i.e.,
consistent the f meson mass. The peak on the right is associated with Ds ! fp decays, and
the number of events in the peak, N, can be easily extracted. To ascertain the Ds ! fp ! µµp
event yield correctly, tracks changes in the trigger/reconstruction performance for trimuon
events of interest, we checked the stability of the ratio of the number of Ds ! fp ! µµp
events to the number of trimuon events in the sideband in seven different run periods. We see
no evidence for variations beyond the 10% statistical uncertainties of the measurements, which
we take as a measure of uncertainties associated with the method.

Direct B ! t + ... decays are the second largest source of t leptons. Their contribution to the
signal can be written as follows:
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9 Results
The expected signal and data yields in the region 1.62–2.00 GeV are shown in Fig. 5 and given
in Table 5. No significant event excess is observed in the signal region. Upper limits on the
branching fraction B(t ! 3µ) are set using the modified frequentist CLs criterion [18, 19].
The chosen test statistic q, used to determine how signal- or background-like the data are, is
based on a profile likelihood ratio. Systematic uncertainties are incorporated in the analysis
via nuisance parameters and are treated according to the frequentist paradigm. The profile
likelihood ratio is defined as:

qµ = �2 ln
L(obs | µ · s + b, q̂µ)

L(obs | µ̂ · s + b, q̂)
, (7)

where s stands for the signal that would be expected for B(t ! 3µ) = 1; µ is a signal strength
modifier, i.e., the parameter of interest in the search; b stands for backgrounds; and q are nui-
sance parameters describing systematic uncertainties (q̂µ maximizes the likelihood in the nu-
merator for a given µ, while µ̂ and q̂ define the point at which the likelihood reaches its global
maximum). A log-normal probability density function is assumed for the nuisance parameters
affecting the signal yields.

Table 5: Signal and data yields for the six event categories in the mass range 1.62–2.00 GeV. The
signal yields are shown for B(t ! 3µ) = 10�7. The data yields inside parentheses are in the
mass ranges of 1.78 GeV ± 2s, where s is the mass resolution (12 MeV, 19 MeV, and 25 MeV for
the category A, B, and C respectively).

Signal Data
sub-category 1 sub-category 2 sub-category 1 sub-category 2

Category A 6.3 10.3 360(44) 2502(319)
Category B 3.9 18.5 110(27) 2229(449)
Category C 9.4 9.6 389(107) 1549(400)

The observed combined upper limit at 90% CL is 8.8 ⇥ 10�8, while the expected limit is 9.9 ⇥

10�8. At 95% CL, the observed upper limit is 1.1 ⇥ 10�7, while the expected limit is 1.2 ⇥

10�7. The plot shown in Figure 8 combines all six mass distributions, with all events and
predictions from each contributing distribution i scaled by factors proportional to Si/(Si + Bi)
ratios, assessed using the expected signal (S) and background (B) event rates at the trimuon
mass equal to the t lepton mass. The obtained distribution is scaled so that the total signal
event yield in the plot equals to the sum of the actual expected signal yields in all six categories.
The plot gives an overall qualitative representation of the analysis power to observe a signal
over background.

10 Summary
The first search for the charged lepton flavor violating decay t ! 3µ using the CMS detector
has been presented. The analysis uses 33 fb�1 of proton-proton collisions collected at a center-
of-mass energy of 13 TeV by the CMS detector in 2016. It exploits t leptons produced in D
and B meson decays, which is the main source of t leptons at the LHC. No excess above the
expected background is observed. An upper limit of 8.8 ⇥ 10�8 is set on the branching fraction
B(t ! 3µ) at 90% confidence level. The corresponding upper limit at 95% confidence level is
1.1 ⇥ 10�7.
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rare lepton  |   τ→μμμ (LFV)
• clean final state, searched for at various colliders

• most stringent limit by Belle
‣ BF < 2.1 x 10−8 @90% CL

• LHCb
‣ 3fb-1; normalisation Ds→ɸπ; source; B,D→τ
‣ BF < 4.6 x 10−8 @90% CL

• ATLAS
‣ 20fb-1 (Run1); normalisation W→τν; source: W→τ
‣ BF < 3.8 x 10−7 @90% CL

• CMS
‣ 33fb-1 (Run2); normalisation Ds→ɸπ; source: B,D→τ
‣ BF < 8.8 x 10−8 @90% CL
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