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The LHC is entering into operation with an increased centre-of-mass energy of 13 TeV, and within
the next 3 years of operations (Run-II) the foreseen integrated luminosity delivered to CMS will be
about 100 fb−1. The B hadron production cross section is expected to nearly double at this energy,
thus potentially increasing by almost one order of magnitude the collected statistics relative to
the previous operation period. This will enable CMS to perform enhanced measurements in
the B-physics sector. A further increase in integrated luminosity is expected to occur in two
more steps after the second LHC long shutdown (LS) in 2018 and the third LS in 2021, thus
enabling to significantly improve the precision of several B-physics measurements, including
Bs(Bd)→ µ+µ−, and search for rarer decays. This proceeding reports on the prospects for B-
physics measurements with high statistics data at CMS.
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1. Introduction

Right before summer 2015, LHC started its new operation period with centre-of-mass energy
of 13 TeV. This is a new era of the physics searches at the energy frontier. The discovery potential
of new heavy particles has been improved dramatically, but such gain on the physics sensitivities
also applies to the field of B-physics. The B hadron production cross section is expected to nearly
doubled at this energy, combined with the foreseeable integrated luminosity delivered by the col-
lider, the high statistics of the B hadron samples collected by the CMS detector will have a strong
impact to the measurements in the B-physics sector.

It is a unique test bench for flavour physics predictions. Some B-physics measurements which
require huge statistics, such as the CP-phase in the Bs → J/ψφ decays, the forward-backward
asymmetries for B→ K∗µ+µ−, will be improved dramatically. In particular, the large data sample
will allow us to probe some ultra-rare processes at a sensitivity which has never been reached
before. It includes the decay of Bs,d→ µ+µ− and the lepton-flavor violating decays such as B→ µτ

and τ → µµµ . In this proceeding the measurement of Bs,d → µ+µ− decays is introduced as a
benchmark analysis. The results included in this document are obtained from Ref. [1].

The LHC is expecting to operate under the condition of 25 ns bunch spacing up to 2023 with
an instantaneous luminosities up to 2× 1034 cm−2s−1. The expected integrated luminosity is 300
fb−1. After this operation period there will be an upgrade of the LHC accelerator, which will allow
to level the instantaneous luminosity at 5×1034 cm−2s−1, with a potential peak value of 2×1035

cm−2s−1. Such a much higher instantaneous luminosity at the high-luminosity upgrade of Large
Hadron Collider (HL-LHC) will lead to an average of 140 proton-proton interactions per crossing.
The upgrade is foreseen to be deployed in 2024, and will require improvements on the detectors,
as well as backend electronics in order to operate under the new conditions. The HL-LHC machine
is expected to deliver around 250 fb−1 integrated luminosity per year, and up to 3000 fb−1 of data
after 10 years of operation.

The CMS experiment is designing an upgrade of the detector (denoted as the Phase-II up-
grade). The new design is based on top of the already scheduled Phase-I CMS upgrade, which is
expected to be deployed in 2019. Many of the sub-detectors will either be completely replaced
or significantly enhanced. The upgrade requirement is to overcome the challenging environment
at HL-LHC. The detector requires the capability of operating at a very high pile-up of 140 inter-
actions, and has to survive up to year 2035. A similar performance as the current detector as in
Run-I should be preserved. The lowest possible trigger and analysis thresholds should be kept as
well. There are two upgrades which are essential for B-physics analysis: the new tracker system
and the enhanced L1 (hardware) trigger. The new CMS Phase-II tracker features four pixel barrel
layers and five disks on the endcaps. The material budget in the central region has been reduced
by a factor of two. Combining with a smaller silicon sensors pitch, the momentum resolution will
be improved, and help to separate the Bd → µµ from Bs → µµ signals. The L1 trigger system
will adopt the new hardware track-trigger and will help to maintain low thresholds at HL-LHC
luminosities. Extended trigger capabilities for the muon system will improve the coverage in the
forward direction. A more detailed description of the CMS upgrade can be found in Ref. [2].
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2. Reference Analysis

The study presented in this document was based on the CMS analysis published in Ref. [3].
Several updates on background decay model and physics parameters presented in the CMS and
LHCb combination [4] are incorporated. The target Bs,d → µ+µ− decays only proceed through
flavour-changing neutral current (FCNC) processes and are highly suppressed in Standard Model
(SM). The predicted branching fractions [] are (3.65±0.23)×10−9 and (1.06±0.09)×10−10 for
Bs→ µ+µ− and Bd→ µ+µ− decays, respectively. However, these decays are an an excellent place
to look for the physics beyond the SM, given the new heavy particles may enter the loop diagrams
and then enlarge the decay rates by a couple orders of magnitude. Theoretical calculations for
these channels are particular robust and any deviations from the predicted branching fractions are
the smoking gun signal of new physics.

The CMS analysis of these decay channels has the following features incorporated. The events
were triggered with dimuon events at L1, and at the high-level software trigger (HLT) mass and
displaced vertex requirements were introduced. The muon identification was carried out with a
multi-variant analysis (a boosted decision tree, BDT) based tool, which combining several im-
portant information from the detectors. The normalization was determined from the reference
channel, B+→ J/ψK+. The B→ µ+µ− candidates were also classified with BDT, which includes
the kinematical information, vertexing quality, and the information about the nearby activities of
the candidates. The BDTs were trained for different detector regions and for different data taking
conditions. The branching fractions of Bs→ µ+µ− and Bd → µ+µ− decays were obtained from a
unbinned maximum likelihood fit to the invariant mass distributions of dimuons simultaneously to
the events in BDT categories.

3. Extrapolation for Run-II and Beyond

Pseudo experiments are used to estimate the expected CMS performance in two different sce-
narios. The “Phase-1 scenario" is corresponding to the expected performance of the CMS exper-
iment, including the data up to LHC Run-II and Run-III, and to an integrated luminosity of 300
fb−1 at 14 TeV. The “Phase-2 upgrade scenario" is defined for the CMS performance after the full
Phase-2 upgrades and to a total luminosity of 3000 fb−1 at 14 TeV. In order to provide a valid es-
timation, the standard GEANT4-based simulated samples were used to estimated the performance
of the trigger, detector resolutions, and the effects of pile-up at the phase-2 running condition. The
core performance for muons, including the reconstruction efficiency and the power of muon iden-
tification are assumed to be at the same level as the previous Run-I analysis. All of the estimations
were based on the branching fractions predictions based on the SM.

3.1 Inputs for the Pseudo Experiments

The low-pT dimuon L1 trigger algorithm is studied with full simulation based on the Phase-2
scenario. The capabilities of trigger with the upgraded CMS tracker has been exploited. Based
on the estimation with simulated samples, the resolution for B→ µ+µ− invariant mass at the L1
trigger is estimated to be around 70 MeV. The rate of the L1 trigger, which is totally driven by
the background processes, is estimated from the minimum-bias simulated sample. The obtained
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rate is up to a few hundred Hz, which is corresponding to a small fraction of the total available
bandwidth of the L1 triggers (around 1 MHz). Based on such an estimation, a low-pT track-trigger-
based algorithm with a performance very similar to the trigger condition in Run-I is expected to
be entirely feasible for the Phase-2 scenario. Figure 1 shows the simulated dimuon invariant mass
at the L1 trigger. The shaded histograms show the simulated B→ µ+µ− events, while the dashed
line indicate the expected background level, which determines the rate of trigger.

6 6 Full simulation studies
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Figure 1: The di-muon invariant mass distributions at Level 1 trigger for B0 ! µ+µ� (blue)
and B0

s ! µ+µ� (red) events for a total integrated luminosity of 3000 fb�1. The red dashed line
shows the expected background level.

above, but the L1 muon objects are reconstructed by using only the information coming from201

the muon detector, in order to simulate a scenario in which the Phase-II tracker has no L1202

trigger capabilities. This standalone L1 trigger requires at least one pair of opposite-charge L1203

muons in order to accept the event. Each muon must have pµ
T > 4 GeV, |hµ| < 1.4, and quality204

requirements equal to those used in the Run-2 L1 triggers for B physics. The pseudorapidities205

of the two muons must satisfy the relation |hµ,1 � hµ,2| < 1.8. In addition, the di-muon system206

must have pµµ
T > 6 GeV, |hµµ| < 2, and Mµµ > 0.3 GeV. No sensible invariant mass window207

can be defined due to the low momentum resolution of the L1 primitives, and in addition the208

missing vertex information does not allow any pile-up rejection based on the z separation of209

the two muons.210

When the standalone muon L1 trigger algorithm is applied to the simulated minimum-bias211

sample, a rate of about 300 KHz is estimated using Eq. 3, corresponding to about 30% of the212

total available bandwidth at L1. This is about two orders of magnitude bigger than what can213

be considered as acceptable for a specialized L1 trigger. Due to the low resolution, the use of214

additional mass cuts to achieve a significant reduction of the trigger rate would imply a severe215

degradation of the signal efficiency. The conclusion of this test is therefore that a standalone216

muon L1 trigger algorithm is not expected to be adequate for the needs of the B ! µ+µ�
217

measurement in the Phase-II scenario.218

6.3 Invariant mass resolution219

The offline invariant mass resolution is found from signal MC samples implementing the full220

detector simulation of the Phase-I and Phase-II scenarios. Two separate Phase-I scenarios were221

studied: a “new” detector with no radiation damage, and an “old” detector which has received222

a damage equal to 1000 fb�1 of integrated luminosity. All the resolutions do not show signifi-223

cant changes between the two aging conditions of the Phase-I detector, thus only the one with224

Figure 1: The simulated dimuon invariant mass at the L1 trigger level. The shaded histograms are the
simulated Bs → µ+µ− and Bd → µ+µ− events, while the dashed line indicate the expected background
level.

Given the trigger at Phase-2 is totally within the capability, the performance at off-line recon-
struction is more relevant for this study. The offline dimuon invariant mass resolution is estimated
from B→ µµ simulated samples. In these samples the detector simulations of the Phase-I and
Phase-II scenarios were implemented. The simulated samples are also used to study the effects of
high pile-up running condition. Figure 2 shows the isolation variable used in the B→ µµ analysis
with a comparison of zero and 140 pile-up environments. At the condition of high pile-up it is
unavoidable to produce some visible difference in the isolation variable, especially for the last bin
at the right edge. This observed difference, together with other possible effects, are included in
the sensitivity estimations. The following parameters are considered in the generation of pseudo
experiments. The offline dimuon invariant mass resolutions are set to 42 MeV and 28 MeV for
the Phase-1 and Phase-2 scenarios, respectively. The trigger and the performance of muon iden-
tification are assume to be the same as the Run-I analysis. At the Phase-1 scenario, the effect of
PU should be similar to Run-I, while a reduction on the efficiency (30% on the signal, 35% on the
background) is expected for Phase-2 scenario. The uncertainty on the B+ normalization channel is
estimated to be 5% for Phase-1, and 3% for Phase-2. Some minimal improvement is also assumed
for the uncertainties on the peaking background (which was originated from B→ Kπ , KK, and
ππ decays mostly) and on the semileptonic B decays. The uncertainties for these two background
sources are set to 20% and 25%, respectively, for the Phase-1 scenario, while the reduced uncertain-
ties 10% and 20%, are assumed for the Phase-2 condition. Another key input, the understanding
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of hadronization faction ratio, fs/ fu, is assumed to be the same at a 5% level though out the whole
running period, although it is likely to be improved in the near future. 9
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Figure 2: Normalized isolation variable distributions for the B0
s signal for the two pile-up sce-

narios described in Section 6.4. The blue distribution represents the case with no pile-up while
the red one is for average pile-up of 140 interactions per bunch crossing. In the bottom, the
ratio between the PU=0 and the PU=140 distributions is also shown.

Phase-I scenario is given also for muons in the barrel only (|hµ| < 1.4) in order to allow for a289

better comparison with the Phase-II point.290

The estimation of the analysis performance is done using pseudo-experiments, generated with291

a Monte-Carlo technique starting from the baseline Run-1 PDFs for the signals and back-292

grounds, modified with the assumptions and simulation results summarized in Sections 5 and293

6. In all cases, the production cross sections and branching fractions predicted by the Standard294

Model are assumed for B0 and B0
s .295

Figure 3 shows the Monte-Carlo projections of the B0 and B0
s analysis results for the Phase-I and296

Phase-II scenarios. The left plot corresponds to barrel events and a total integrated luminosity297

of 300 fb�1, while the right plot corresponds to barrel events and a total integrated luminosity298

of 3000 fb�1. These figures show qualitatively that while in the Phase-I scenario the B0 peak is299

covered by the long resolution tail of the B0
s resonance, in the Phase-II scenario the two peaks300

can be resolved due to the improved invariant mass resolution.301

The quantitative estimate of the analysis performance, extracted from the pseudo-experiments,302

is shown in Table 3. The table shows, for all the values of the integrated luminosity considered,303

the number of reconstructed B0
s and B0, the total uncertainties on the B0

s ! µ+µ� and B0 !304

µ+µ� branching fractions, the sensitivity for detecting the B0 signal, and the uncertainty on the305

ratio of the two branching fractions.306

A comparison of the two last rows of Table 3, i.e. the Phase-I scenario at 300 fb�1 in the barrel307

and the Phase-II scenario at 3000 fb�1, allows to appreciate the improvements to the analysis308

performance coming from the improved detector and from the much higher collected yields. In309

the Phase-I scenario, the sensitivity for detecting the B0 ! µ+µ� decay is expected to be in the310

range 1.2 � 3.3 s, the branching fractions B(B0 ! µ+µ�) and B(B0
s ! µ+µ�) can be measured311

with a precision of 48% and 13% respectively, and their ratio B(B0!µ+µ�)
B(B0

s!µ+µ�)
can be measured with312

Figure 2: A comparison of the isolation variable in the condition of zero pile-up events, and with the high
pile-up (in average 140 interactions) environment.

4. Results and Summary

Based on the models used in the previous summer publication, together with the performance
numbers described above, many pseudo experiments have been generated and the expected sensi-
tivities are determined by the maximum likelihood fits to the pseudo experiments data. In order
to keep the robustness of the estimation, instead of the default fitting construction in the summer
2013 paper which was implemented for 12 BDT categories, the fits in this sensitivity estimation are
carried out with a simplified method with only four BDT categories and with a tighter threshold on
the output BDT values. This alternative fitting method was treated as a cross check in the former
analysis. The expected dimuon invariant mass distributions for the Phase-1 and Phase-2 scenarios
are shown in Fig. 3. The data points are obtained from the pseudo experiments. A comparison
between the mass distributions for these two scenarios shows a dramatic improvement of the mass
resolution of the newly designed Phase-2 tracker. The estimated performance numbers are summa-
rized in Tab 1. According to the estimation, even if the Bd→ µ+µ− branching fraction is as low as
the SM prediction, it can be measured eventually with the high statistics data from the HL-LHC.

In summary, the large data from LHC run-II and future operations will provide an excellent
probe for the flavor physics. As a benchmark study, we estimate the CMS potential to trigger and
reconstruct the Bs→ µ+µ− and Bd→ µ+µ− processes at future LHC and HL-LHC runs. With the
upgraded CMS detector, it will be possible to trigger and reconstruct the signal events even with
the high pile-up running conditions at HL-LHC. The upcoming large data set will leads to high
precision measurements and provide stringent tests of the SM.
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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. d

B(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 a313

5.6 � 8.0 s statistical significance, the branching fractions B(B0 ! µ+µ�) and B(B0
s ! µ+µ�)314

can be measured with a precision of 18% and 11% respectively, and their ratio can be measured315

with a 21% uncertainty. In particular, it is worth to note the dramatic improvement of the B0
316

reconstruction performance, mainly coming from the better resolution of the upgraded CMS317

tracker.318

8 Conclusions319

The present note outlines the simulation study performed in order to assess the CMS potential320

to produce B-physics results also after the high-luminosity upgrade of LHC. The study was321

focused on B0[B0
s ] ! µ+µ� decays and estimated the performance of CMS starting from the322

public Run-1 measurement of this channel, extrapolated using full Geant 4 simulation where323

possible, or educated assumptions where the simulation was missing. These extrapolations324

Figure 3: The dimuon invariant mass distributions from the pseudo experiments for the Phase-1 scenario
(left) and the Phase-2 scenario (right). The cross points are showing the pseudo data generated by the random
number generators with the expected resolution and detector performance. The shaded distributions show
the contributions for Bs→ µ+µ− and Bd → µ+µ−.

Table 1: The expected uncertainties on the Bs→ µ+µ− branching fraction (δB(Bs)) and on the Bd→ µ+µ−

branching fraction (δB(Bd)), the significance of Bd → µ+µ− decays (Σ(Bd)), and the uncertainties on the
ratio of Bd and Bs branching fractions (δ [B(Bd)/B(Bs)]) at the given integrated luminosity (L ). The Phase-
1 and the Phase-2 scenarios are assumed in the estimations. The ranges in Σ(Bd) indicates the resulting Σ(Bd)

distributions from the pseudo experiments.

L [fb−1] δB(Bs) δB(Bd) Σ(Bd) δ [B(Bd)/B(Bs)]

100 14% 63% 0.6–2.5σ 66%
300 12% 41% 1.5–3.5σ 43%

300 (barrel only) 13% 48% 1.2–3.3σ 50%
3000 (barrel only) 11% 18% 5.6–8.0σ 21%
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