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A dijet event with 
7.7 TeV invariant mass



CMS Objective in Flavour Physics
Understand the underlying QCD processes
- Measure the spectrum of standard quarkonia production, 

polarization, and heavy flavor productions.
- Look for new exotic quarkonia states and new heavy baryons.
Test the Standard Model with high precision measurements
- Measurement of decay rates, lifetime, and CP phases of B 

hadrons.
Look for new physics in the loop
- Rare decays:  

Bs,d→μμ, B→K*μμ, etc.
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If these particles cannot be observed 
in the direct searches, this is the place 

one shall still look for!



CMS TRACKER SYSTEM

A full-silicon tracker is equipped:
- 3 barrel layers of 100x150 µm pixels (66M in total). 
- 10 barrel layers of 180 µm strips (9.6M in total).
- Excellent track momentum resolution at low pT.
- Excellent vertex reconstruction and impact parameter resolution.
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Muon Reconstruction
CMS muon system: 
- 3 different devices installed, with a large coverage up to |η|<2.4.
- Good dimuon mass resolution  

~0.6-1.5% (depending on |y|).
Reconstruction algorithms:
- standalone muon:  

reconstructed in muon system only
- global muon:  

standalone muon ⇒ inner track
- tracker muon:  

inner track ⇒ muon system
Excellent muon identification
- Fake rate ≤0.1% for π,K; ≤0.05%for proton
- MVA-based ID for B→μμ analysis.
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Triggers

CMS trigger system: 
- Fast hardware trigger (L1)
- Software trigger with full tracking & vertex reconstruction (HLT).
- Specific triggers were developed for various analyses.
- Trigger requirements tightened with the increased luminosity.
- ~10% of CMS bandwidth is given to flavor physics.
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The flavor physics analyses  
rely on displaced/non-displaced 

quarkonium (J/ψ, ψ’ & Υ), B(s), and 
non-resonant dimuon triggers.

CMS dimuon triggers



FLAVOUR PHYSICS @  
FUTURE CMS

High luminosity × Large production cross section = 
ONE OF THE BIGGEST B HADRON DATA SETS ON EARTH

◼ A unique test bench for flavour physics predictions.
◼Measurements which require huge statistics will have a significant 

boost, such as CP phase in Bs→J/ψφ, Bs→φφ, angular in B→K*μμ.
◼Will allow to study (ultra) rare processes at a sensitivity level never 

attained, such as B→μμ, or lepton-flavor violating decays such as 
B→μτ, τ→μμμ.

◼ Utilizing additional tagging from top-pair or W events, new possibilities 
for precision measurements with b,c quarks or τ lepton are open.  
(e.g. PRL 110, 232002)

Bs,d→μ+μ–���������	
��
������������������  / τ→μμμ / Bs→φφ  
as���������	
��
������������������  the���������	
��
������������������  benchmark���������	
��
������������������  analyses���������	
��
������������������  today!
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THE CHALLENGE 
TOWARD HL-LHC

◼ Capability of operating at a very high pile-up of 140 interactions.
◼ The detector has to survive up to 3000 fb–1, and to year 2035.
◼ Need to preserve a similar performance even at 140 PU, 3000 fb–1 

as the current detector as in Run-I/Run-II.
◼Maintain current trigger acceptance for HL- LHC conditions, and 

preserve lowest possible trigger and analysis thresholds.

An event with 78 reconstructed vertices –– expected to exceed 
doubled pile-up events at the running condition of HL-LHC.
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Scope of CMS Upgrade
New tracker system:
- Feature 4 pixel barrel layers and 5 disks on the 

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

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

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

maintaining low thresholds at HL-LHC 
luminosities. 

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

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

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

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

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

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

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

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

Material budget for  
Phase-I/Phase-II tracker

Phase-I pixel



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

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

- Gas Electron Multipliers with 2 
stations (GE1/1 and GE2/1) in each 
endcap; very forward ME-0  detector 
to provide coverage up to η = 3 or 
more.
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128 Chapter 4. Muon Systems

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

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

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

4.1.2 Upgrade of existing muon detectors

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

4.7. Performance of the Upgraded Muon System 159

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

4.7.2.2 Muon trigger performance at HL-LHC

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

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

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

Phase-II muon



Physics Target: B→μμ
Bs,d→μ+μ– decays are only proceed 
through FCNC processes and are  
highly suppressed in SM: 
Loop diagram + Suppressed SM + 
Theoretically clean =  
An excellent place to look for new 
physics.
Some of the new physics scenarios  
may boost the B→μμ decay rates  
by 10~20 times easily, for example:
- 2HDM: B ∝ tan4β & m(H+)
- MSSM: B ∝ tan6β

Bs/Bd ratio – a stringent test of  
minimal flavor violation 
hypothesis.
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Figure 2: Correlation between the branching ratios of Bs ! µ

+
µ

� and Bd ! µ

+
µ

�

in MFV, the SM4 and four SUSY flavour models. The gray area is ruled out experi-
mentally. The SM point is marked by a star.

3.2 Bs ! µ+µ� vs. Bd ! µ+µ�

The correlation between the decays Bs ! µ

+
µ

� and Bd ! µ

+
µ

� is an example of a
“vertical” correlation mentioned in section 2. Beyond the SM, their branching ratios
can be written as

BR(Bq ! µ

+
µ

�) / |S|2 �1� 4x2
µ

�
+ |P |2, (5)

S = C

bq
S � C

0bq
S , P = C

bq
P � C

0bq
P + 2xµ(C

bq
10 � C

0bq
10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution to C

bq
S from neutral Higgs exchange scales as tan �2,

where tan � is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tan�3.

Figure 2 shows the correlation between BR(Bs ! µ

+
µ

�) and BR(Bd ! µ

+
µ

�)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coe�cients, cf. eq. (3). The largest e↵ects are obtained in the SUSY flavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¶The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).

5

Ref: D. M. Straub, arXiv: 1012.3893

B(Bs→μ+μ–) = (3.65 ± 0.23)×10–9

B(Bd→μ+μ–) = (1.06 ± 0.09)×10–10

Ref: Bobeth et al, PRL 112, 101801 (2014)
An���������	
��
������������������  ob
vious���������	
��
������������������  

targe
t���������	
��
������������������  ���������	
��
������������������  

for���������	
��
������������������  H
L-LHC

!



Reference Analysis
Event classification is carried out by 
Boosted Decision Tree (BDT).
Branching fractions were extracted 
by unbined maximum likelihood 
fits in 12 categorized BDT bins.
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Reference Analysis
Events are triggered by dimuon events at L1, and with mass/
displaced vertex requirement at the HLT. 
MVA-based muon identification is introduced.
Normalized to the reference channel B+ → J/ψ(→μ+μ–) K+.
Updates on background decay model and physics parameters 
presented in the CMS+LHCb combination Nature are incorporated.
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B(Bs,d→μ+μ–) = NS

N(B±→J/ψK±) ×B(B±→J/ψK±) ×
A(B±) 
A(Bs)

εana(B±) 
εana(Bs)

εμ(B±) 
εμ(Bs)

εtrig(B±) 
εtrig(Bs)

fu

fs
Acceptance
Selection efficiency
muon identification
Trigger efficiency
B-hadronization composition (Bs only)

We do not introduce possible 
improvements on the analysis 

strategy itself.
An optimized analysis for  

B0→μμ will provide better results.

(LHCb JHEP 04 (2013) 001: 0.256±0.020)

Ref. Nature 522 (2015) 68

Then���������	
��
������������������  scale���������	
��
������������������  the���������	
��
������������������  analysis���������	
��
������������������  to���������	
��
������������������    
LHC���������	
��
������������������  Run-2���������	
��
������������������  and���������	
��
������������������  beyond!



Toward the Future: Analysis Assumptions
Pseudo experiments are used to estimate the expected CMS 
performance in two different scenarios:
- The Phase-1 scenario: corresponding to the expected performance 

of the CMS detector including LHC Run-II and Run-III, to an 
integrated luminosity of 300 fb–1 at 14 TeV.

- The Phase-2 upgrade scenario: corresponding to the expected 
performance of the CMS detector after the full Phase-2 upgrades 
and to a luminosity of 3000 fb–1 at 14 TeV.

GEANT4-based simulated samples are used to estimated the 
performance of trigger, resolution, and pile-up effect at the phase-2 
running condition.
Muon efficiency and identification are assumed to be the same as 
Run-I. 
Standard Model branching fractions are assumed in the study.
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Toward the Future: L1 Trigger at Phase-2
Low-pT di-muon L1 trigger 
algorithm exploiting the triggering 
capabilities of the upgraded CMS 
tracker is studied with full 
simulation with the Phase-2 
scenario.
Invariant mass resolution for B→μμ 
at L1 is estimated to be ~70 MeV.
The rate of the L1 trigger is 
estimated from the minimum-bias 
simulation sample, and is equal to a 
few hundred Hz. This corresponds 
to a small fraction of the total 
available L1 bandwidth (~1 MHz).
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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

trigger���������	
��
������������������  at���������	
��
������������������  background���������	
��
������������������  level

Low-pT track-trigger-based 
algorithm as in Run-I is expected to 

be entirely feasible for Phase-2.



Toward the Future: Performance Inputs
The offline invariant mass resolution is 
estimated  from B→μμ simulated samples 
implementing the full detector simulation 
of the Phase-I and Phase-II scenarios.
The effects of the high pile-up have 
studied based on simulated samples as 
well. 

15

9

0 0.5 1

A.
U

.

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45
CMS Phase II Simulation

, PU=140-µ+µ→sB

, PU=0-µ+µ→sB

14 TeV

Isolation
0 0.2 0.4 0.6 0.8 1

R
at

io

0
0.5

1
1.5

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

A comparison of isolation 
variable in PU=0 and  
PU=140 environment.

Inputs Phase-1 Phase-2
Offline barrel mass resolution 42 MeV 28 MeV

Trigger & muon ID as Run-I as Run-I
Efficiency drop due to PU (sig./bkg.) as Run-I –35%/–30% 

Uncertainty: B+ normalization 5% 3%
Uncertainty: peaking background 20% 10%

Uncertainty: semi-leptonic B decays 25% 20%
Uncertainty: fs/fu 5% 5%

Inject���������	
��
������������������  into���������	
��
������������������  pseudo���������	
��
������������������    
experiments���������	
��
������������������  for���������	
��
������������������  the���������	
��
������������������  ���������	
��
������������������  
sensitivity���������	
��
������������������  estimations.



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

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

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

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

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

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

B(B0
s!µ+µ�)

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

a 50% uncertainty. In the Phase-II scenario, the B0 ! µ+µ� decay can be detected with 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

300 fb–1, barrel only 3000 fb–1 w/ improved tracker

toy���������	
��
������������������  data���������	
��
������������������  assumed���������	
��
������������������   
a���������	
��
������������������  strong���������	
��
������������������  BDT���������	
��
������������������  
requirement

L (fb–1) δB(Bs→μ+μ–) δB(Bd→μ+μ–) Bd sign. δ[B(Bd)/B(Bs)]

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

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

Ref.  
CMS PAS  
FTR-14-015



Search for LFV τ→3μ
τ→3μ: a lepton flavour violation process. 
Not found in the charged leptons yet, 
only in the neutrino sector.
In SM it only proceeds with penguin loop 
and neutrino oscillation. The branching 
fraction is beyond the experimental reach  
B < 10–40 (ref. EUJC 57, 13, 2008).
However with SM extensions, the decay 
can be enhanced by many orders of 
magnitudes and can be probed by the 
collider experiments. e.g.  
B ~ 10–8 (ref. JHEP 05, 013, 2007).
Best limits so far: Belle (B<2.1 × 10–8), 
LHCb(B<4.6 × 10–8)
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Signal Acceptance
Based on Pythia, the τ production can be as 
large as 1.8 × 1013 with 100 fb–1 in Run-II. 
However…
- 75% comes from D hadrons (mostly Ds), 

25% from B hadrons (including B→D+X→τ..)

• Very low momentum muons and 
hence very small acceptance

• Large QCD background: one or two 
genuine muons from b/c decay, 
randomly combined with fakes.

- 0.02% comes from W and Z decay
• Less challenging but insufficient 

number; but might be helpful in the 
future. 
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η of the most 
forward μ

p of the lowest 
momentum μ, w/ all 3 

μ with |η|<2.4

from B

from D

p> 2.5 GeV (not pT) 
is the starting 
point of the CMS 
tracker muon 
reconstruction.

All tau→3μ = 100%
All 3μ with |η|<2.4 ~ 40%

All 3μ with p>2.5 ~ 2%



Low Momentum Muon Reconstruction

19

Efficiency for all 3μ can be reconstructed offline: ~0.6%
- effect of energy loss before reaching muon stations
- multiple scattering of muons out of the detector acceptance

Tracker muon 
efficiency

efficiency to find a segment 
in any muon station

some room 
to recover!

Tracker muon reconstruction 
efficiency map

The average energy 
losses of muons 

(p = 5 GeV) before 
reaching muon stations



Background Level Study
Estimated with 2012 data, with some simple selections:
- 3 tracker muons reconstructed with basic standard quality cuts
- Sum of charges to be ±1
- MVA analysis with several kinematic variables and muon qualities. 

Extrapolate to 100 fb–1 at 13 TeV
- 12 signal events if B = 1 × 10–8.
- 210 background events (estimated from sideband).
- Expected upper limit ~ 3 × 10–8.
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Potential Improvements from Phase-II Detector

Signal acceptance extension by ME0
- If the muon detection is extended 

to η~3.0, the signal acceptance 
will gain by a factor of 2.9.

Low momentum muon 
reconstruction
- The offline tracker muon 

reconstruction is already efficient 
when muon p ≳ 3 GeV. 

- GEM detectors might help to get 
back lower momentum muons.
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128 Chapter 4. Muon Systems

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

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

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

4.1.2 Upgrade of existing muon detectors

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

η of the most 
forward μ

(p>2.5 GeV)



Potential Improvements from Phase-II Detector

GEM help in endcap muon trigger
- GE1/1 at the high η region, where 
τ→3μ signal mostly sits, may 
recover dramatically the L1 trigger 
efficiency for low momentum 
muons.

Track trigger
- Tracking at L1 pushes down 

momentum of μ@L1, and improves 
momentum resolution significantly.

- Studies are required to find out 
how much it could help τ→3μ 
search.
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Bs→φφ at Phase-II 
The Bs→φφ→4K decay:
- Processed by b → sss penguin transitions with a small decay branching 

fraction of ~1.91±0.31 × 10–5, sensitive to the physics beyond the SM. 
- Can be used to measure CP-violating phase though Bs mixing. 
- Decaying to two vector mesons: admixture of CP-even and CP-odd 

states, a time-dependent angular analysis is required.
- Large statistics is required to perform the full analysis; a typical target 

at HL-LHC!
The final state kaons are rather soft:
- Limited acceptance and efficiency. Improved phase-II tracking is 

required!
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Measuring CP violation in B0
s
→ φφ with LHCb

J. F. Libby on behalf of the LHCb Collaboration∗

University of Oxford

Sensitivity studies to the CP -violating parameters of the decay B0
s → φφ with the LHCb exper-

iment are presented. The decay proceeds via a b → sss̄ gluonic-penguin quark transition, which
is sensitive to contributions from beyond the Standard Model particles. A time-dependent angular
analysis of simulated data leads to an expected statistical uncertainty of 6◦ on any new physics
induced CP -violating phase for a sample corresponding to 2 fb−1 of integrated luminosity. The
expected precision on sin 2β from the related decay B0

→ φK0
S is also discussed.

I. INTRODUCTION

The amplitude for the decay B0
s → φφ is dominated

by gluonic-penguin quark transitions b → sss̄ (Fig. 1).
Gluonic-penguin processes are sensitive to beyond the
Standard Model particles that contribute within the loop.
The e+e− B-factories have measured sin 2β in nine B0

gluonic penguin decay modes, such as B0 → φK0
S and

B0 → η′K0
S [1]. All the measurements of sin 2β from

these modes have values below that measured in b →
cc̄s transitions, but no individual measurement shows a
significant deviation.

The decay B0
s → φφ is predicted to have a CP -

violating phase less than 1◦ within the SM [2]. The
dependence on Vts in both the mixing and decay am-
plitudes leads to a cancellation of the B0

s -mixing phase.
Therefore, if any significant CP -violation is measured
in B0

s → φφ decays it is an unambiguous signature of
new physics. The decay is of a pseudoscalar meson to
two vector mesons, which leads to the final state being
a CP -even and CP -odd admixture. Therefore, a time-
dependent angular analysis is required to extract the CP -
violating parameters of the decay.

The paper is organized as follows. Section II contains a
brief description of the LHCb experiment. The predicted
event yields and background estimations are described
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FIG. 1: The main diagram contributing to the decay B0
s →

φφ.

∗Electronic address: j.libby1@physics.ox.ac.uk

in Section III. The CP sensitivity study is presented in
Section IV. The LHCb prospects with the related mode
B0 → φK0

S are discussed in Section V. The conclusions
are given in Section VI.

II. THE LHCb EXPERIMENT

The Large Hadron Collider (LHC) collides protons
at a centre-of-mass energy of 14 TeV. The LHC pro-
duces 1012 bb̄ quark pairs per nominal year of data-taking
(107 s) when operating at an instantaneous luminosity of
2×1032 cm−2s−1.1 The LHCb spectrometer [3, 4] instru-
ments one forward region about the pp collision point.
The forward geometry captures approximately one-third
of all B hadrons produced and increases the probability
of both B hadrons from the bb̄ pairs being within the
acceptance, which improves the efficiency of flavour tag-
ging.

A silicon vertex detector, with sensors perpendicular to
the beam axis, is situated close to the interaction region
in a secondary vacuum. The detector provides accurate
determination of primary and secondary vertices leading
to a proper-time resolutions of approximately 40 fs in
hadronic B-decays such as B0

s → φφ. Tracking stations
either side of a 1.2 T dipole magnet produce momentum
measurements with an accuracy of a few parts per mille.
There are two Ring-Imaging Čerenkov detectors, with 3
different radiators, that allow identification of K± from
π± over the momentum range 1 to 100 GeV/c.

In addition, the detector includes an electromagnetic
calorimeter, a hadron calorimeter and a muon detector.
These components are critical for identifying large trans-
verse momentum, pT , electrons, photons, hadrons and
muons from B-hadron decay in the initial hardware stage
(Level-0) of the LHCb trigger. The Level-0 trigger re-
duces the 40 MHz collision rate to 1 MHz. All data is
then transferred from the detector to a dedicated CPU
farm where the Higher Level Trigger (HLT) algorithms
are performed. Initially an association between the high

1 This luminosity optimises the number of single interactions per
bunch crossing.
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χ=ϕ1+ ϕ2

FIG. 3: A schematic of the definition of the transversity angles
θ1, θ2 and χ.
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proper-time, τ . The acceptance function fit to the simulated

data is ϵ(τ ) = 0.084τ
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be different between the three transversity amplitudes.
However, to simplify the analysis it has been assumed
to be equal. Significant fine-tuning of the phases would
be required for no effects to be observed if new physics
induced phases are present. The time-dependent terms
also depend on the strong phase differences δ||,0 between
A(t)⊥ and A(t)||,0, the relative magnitudes of the three
amplitudes and the mass (lifetime) differences between
the B0

s mass eigenstates, ∆ms (∆Γs).
Simulated data are generated to follow the differential

distribution given in Eqn. 1 with the value of φNP cho-
sen to be 0.2 rad. The strong phases are assumed to be
δ|| = 0 and δ0 = π; these values are motivated by näıve
factorization [12]. The magnitudes of the transversity
amplitudes are set to the values measured in the anal-
ogous channel for B0 decays B0 → K∗φ [13, 14]. The
value of ∆ms is taken to be 17 ps−1 [15] and ∆Γs/Γ is
set to be 0.15, compatible with current experimental con-
straints [16] and theoretical expectations [17]. The signal
sample size has a mean of 4000 events corresponding to
an integrated luminosity of 2 fb−1.

The following experimental effects are also simulated.

• The background is assumed to be at level 90%
of the signal with flat transversity angle and mass
distributions, and an exponential lifetime distribu-
tions.

• The tagging power, ϵ(1− 2ω), where ϵ is the tag-
ging efficiency and ω is the mistag rate, is assumed
to be 9% which has been found in simulation stud-
ies of other B0

s hadronic decays [18]. This is signif-
icantly better than that for B0 modes because the
kaon associated with the B0

s hadronisation is also
used.

• The proper-time acceptance measured from the
signal simulation sample is shown in Fig. 4. The
reduced acceptance for short lifetimes is the result
of trigger and selection requirements on the impact
parameters of the B daughters.

• The proper time and B0
s mass resolutions are

estimated to be 40 fs and 12 MeV/c2, respectively.
These resolutions are estimated from the signal
simulation sample used for the selection studies.

• The angular acceptance and resolution are as-
sumed to be flat and to have negligible effect, re-
spectively; this assumption is motivated by the
studies of related channel B0

s → Jψφ [19].
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FIG. 5: The distribution of fitted value of φNP for 500 simu-
lated B0

s → φφ experiments.

Five-hundred samples of signal and background events
are generated and a maximum likelihood fit is performed
on each one. The parameters φNP , δ||, δ0 and the mag-
nitude of the transversity amplitudes are extracted from
the fit; all other parameters are fixed. The distribution
of the fitted value of φNP for these 500 experiments is
shown in Fig 5. The average error on φNP is 0.1 rad
(5.7◦). The pull distribution of the true value subtracted
from the fitted value divided by the uncertainty is nor-
mal.

Sets of 500 experiments are produced varying the input
parameters assumed. The variation of the uncertainty
on φNP as a function of the B(B0

s → φφ), signal-to-
background ratio and ∆Γs/Γs is given in Table I. The
variation of the assumed B leads to the expected statisti-
cal scaling of the uncertainty. The uncertainty on φNP is
not degraded significantly until the background-to-signal

A���������	
��
������������������  tr
acki
ng-o
nly���������	
��
������������������  

anal
ysis
:���������	
��
������������������  

benc
hma
rk���������	
��
������������������  f
or���������	
��
������������������  

L1���������	
��
������������������  t
rack
s



Performance Check w/ MC
MC samples produced with CMS phase-II TP setup. Start 
with daughter kaons of pT>2 GeV.
Kaon distributions at the generator:
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Highest pT kaon 2nd highest pT kaon

3rd highest pT kaon Lowest pT kaon

pT���������	
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������������������  2���������	
��
������������������  GeV���������	
��
������������������  ���������	
��
������������������  
already���������	
��
������������������  applied

The low-pT kaon lies 
very close to the 

threshold and the 
associated track may 
not be reconstructed 
at Level 1 resulting in 

loss of the event .



Performance Check w/ MC
Reconstruction with all L1 tracks 
and look for Bs→4K candidates:
- Loop over all the possible 

combinations.
- Cut on track-pair dxy and  

dz, and the invariant mass of  
K+K– pair.
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Signal efficiency is 
affected by the loss of 
tracks at the threshold

M(K+K–)

M(K+K–K+K–)

minbias 
MC

offline
reco.

L1 track

L1 tracking efficiency vs. pT



Bs→φφ Estimate
Studies with full simulated MC samples with TP setup are 
carried out.
Different PU conditions (up to 200 PU) have been checked. 
L1 track trigger study finds the following performance 
numbers for several different working points:  
 
 
 
 

First offline analysis has been performed with good efficiency 
on the triggered sample. 
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Working point Efficiency Rate

Baseline 43% 29 kHz

Tight 38% 14 kHz

+Pixel tracking 32% 11 kHz

1) Still���������	
��
������������������  need���������	
��
������������������  to���������	
��
������������������  see���������	
��
������������������  what���������	
��
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������������������  below���������	
��
������������������  10kHz.

Missing a baseline analysis with real data, 
more work required to produce a sensible extrapolation.
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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,d→μ+μ− processes at future LHC and HL-
LHC runs. The physics performance for the LFV τ→3μ and 
Bs→φφ decays has been examined as well.

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 Standard Model.
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Next topic: what the 40 MHz track 
trigger bring us (Fabrizio)
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The Physics: TOP FCNC
Flavour-changing neutral current (FCNC) transitions are forbidden 
at tree level by the GIM mechanism in the Standard Model (SM).
However FCNC transitions are still possible  
in the SM in the higher orders via loop  
induced processes, but they are highly  
suppressed in the top decays.
Some extensions of the SM could enlarge  
the FCNC decay rates by including new particles  
(e.g. SUSY, Technic color, etc.).
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Model BF(t→Zq, γq)
SM ~10–12

SUSY ~10–6

2HDM ~10–7

Seeing TOP FCNC =
Discovery of New Physics!



Toward the Future: TOP FCNC t→qZ
Large sets of MC samples (generated with Madgraph, simulated with 
DELPHES) are used in the extrapolation. 
The analysis selection is based on the existing CMS 8 TeV search.
The systematic uncertainty is expected to be improved from 23%  
(8 TeV 20 fb–1) down to 7% (300 fb–1 and beyond), based on a better 
study of b-tagging performance and jet energy scale.
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Figure 2: Reconstrued mZj (left) and mWb (right) distributions of the simulated signal and back-
ground events for an integrated luminosity of 3000 fb�1. The open histogram is the expected
signal assuming B(t ! Zq) is equal to 0.1%. Stacked solid histograms represent the dominant
backgrounds. The statistical uncertainties of these simulated background events are shown as
shadowed area. The last bins of the two plots contain the overflow events. The dotted vertical
lines show the boundaries of the required top mass window.

Table 4: Summary of the systematic uncertainties for the background estimation in percent.

Uncertainty (%) 19.5 fb�1 @ 8 TeV 300 fb�1 @ 14 TeV 3000 fb�1 @ 14 TeV
Jet energy scale 13.5 3.5 3.4
ET/ resolution 3.2 3.2 3.2
MC Statistics 5.3 1.4 1.3
s(tqZ)/ s(Vtt) 3.1 1.0 0.8
b-tagging 17.7 4.5 4.2
Total 23 7 7

After applying all the criteria and adding all four channels, 268 ± 88 events are expected from
SM background processes for an integrated luminosity of 3000 fb�1 collected at 14 TeV. Assum-
ing no signal contribution in data, an upper limit can be set on potential signal contribution.
A 95% CL upper limit on the branching fraction of t ! Zq is determined using the modified
frequentist approach (CLs method [17, 18]). A summary of the predicted limit is presented in
Table 5.

Based on the DELPHES simulated samples, the expected 95% CL upper limit on the branching
fraction B(t ! Zq) can reach 0.010% with an integrated luminosity of 3000 fb�1. The one-sigma
range of the expected limit is 0.007–0.014%, while the two-sigma range of the expected limit is
0.005–0.020%. In the case of B(t ! Zq) greater than 0.03%, an evidence with a 3s significance
can be seen with an integrated luminosity of 300 fb�1. For B(t ! Zq) greater than 0.02%, one
can expect an observation with a 5s significance with an integrated luminosity of 3000 fb�1.

A projection for a search of flavor changing neutral currents in top-quark decays in tt events
produced in proton-proton collisions at

p
s = 14 TeV is presented. Scenarios for integrated

L (fb–1) 20  'b–1    
@  8  TeV

300  'b–1    
@  14  TeV

3000  'b–1    
@  14  TeV

Expected Bkg. 3.2 26.8 268
Bkg. 

uncertainty
23% 7% 7%

Signal (B=0.1%) 6.4 57.8 578
Expected Limit <0.10% <0.027% <0.010%

The sensitivity can be further 
improved with optimized analysis.

Ref. CMS PAS FTR-13-016

HL-HLC  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