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Overview

results from rare decays searches in B-physics at ATLAS and 
CMS
• search for B(")$ →μ+μ- events at CMS and B"$ life-time 

measurement on Run2 data
• search for B(")$ →μ+μ- events at ATLAS on (partial) Run2 data
• angular analysis B0→ K0* μ+μ- at CMS on Run1 data
• angular analysis B0→ K0* μ+μ- at ATLAS on Run1 data
• search for the LFV decay τ+→μ+μ+μ- at CMS in (partial) Run2 data
• search for the LFV decay τ+→μ+μ+μ- at ATLAS on Run1 data
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The ATLAS and CMS detectors

• cylindric compact (15m x 21m) detector

• high granularity pixel + strip silicon tracker for excellent track, PV 
and SV measurements

• PbWO4 crystal ECAL and brass+plastic HCAL to achieve 
hermeticity and for jet+EG shower measurement

• 3.8T solenoid for pT measurement

• external muon chambers outside steel return yoke for a clean 
muon detection and pT measurement

• Two level trigger system (hardware + software)
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• cylindric detector (25m x 44m)

• high granularity pixel+strip detector + transition detector for electron identification

• 2T solenoid for pT measurement

• liquid Ar+metal ECAL and steel+plastic HCAL for jet+EG shower measurement

• and 3 toroidal 3.5T magnets for muon momentum measurement

• external muon chambers for muon detection and momentum measurement

• Two level trigger system (hardware + software)



𝐁(𝐬)
𝟎 →μ+μ-



𝐁(𝐬)
𝟎 →μ+μ-

the physics case

Luca Guzzi – INFN Milano-BicoccaStatus and perspectives of physics at high intensity
Rare decays at ATLAS and CMS 4

motivations

• B(")$ →μ+μ- strongly suppressed in the SM (FCNC
and helicity)

• connected to b→sl+l- transitions via the EFT 
operator O10 can help understand b→s
anomalies doi.org/10.1140/epjc/s10052-021-
09725-1

• probe SM through lifetime measurements

• clear final state                                            
experimental signature                                              
for both ATLAS and CMS

CMS
• pp @ 13 TeV Run2 data (2016-2018) 140 /fb

o updates the published result on 2016 data (30 
/fb)

• 12.5 sigma observation of the B"$→ μ+μ- , upper 
limit on the  B(B0→μ+μ-) and the life time 
measurement of B"$→μ+μ-

ATLAS

• pp @ 13 TeV Run2 data (2015 and 2016) 26.3 /fb 
and combination with Run1 (25 /fb) @ 7 and 8 TeV

• 4.6 sigma observation of the B"$→ μ+μ- and upper 
limit on B(B0→μ+μ-)

http://doi.org/10.1140/epjc/s10052-021-09725-1


CMS: 𝐁(𝐬)
𝟎 →μ+μ-

event selection

signal selection
• two opposite-sign muons with pT > 4 GeV and |η| 

< 1.4
• decay vertex of B meson→ kinematic re-fit of the 

muon tracks with additional SV constraint
• 16 categories: 4 years x 2 BDT bins x 2 detector 

|η| regions
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Data collection
• trigger selection: di-muon triggers with 

tight quality tracks and a valid 
secondary vertex (SV)

• similar selection for the control channels 
B→J/Ψ K+ and B→ J/Ψφ

Background contamination
• combinatorial from b%b events → MVA reduction
• partially reconstructed semi-leptonic b→hμν and b→hhΧ decays → MVA reduction
• charmless hadronic two-body decays B→hh → negligible after tight muon track selection

cds.cern.ch/record/2815334

cds.cern.ch/record/2815334


CMS: 𝐁(𝐬)
𝟎 →μ+μ-

MVA analysis

• exploit several weak discrimination 
variables with a BDT (XGBoost)
o features: pointing angles (2D and 3D)          
→ effective vs. all non-two-body 
backgrounds

o features: SV (quality and displacement)       
→ effective vs. combinatorial

o features: isolation (sum of pT surrounding the 
signal)                                                           
→ effective vs. semi-leptonic decays

• trained on data from the signal mass 
sidebands and MC signal samples
o validate on B+→J/Ψ K+ events
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MVA score distribution for data (black 
dots), MC (bars) and re-weighted MC 
(blue dots) for 2016a B+→J/ΨK+ events



CMS: 𝐁(𝐬)𝟎 →μ+μ-

signal fit
• 2D UML fit to the μμ mass x mass-resolution to extract the B→μμ signal yields. Two 

strategies for B!" normalization:
o B+→J/Ψ(→μ+μ-) K+ normalization → rely on the knowledge of fs / fu
o B!"→J/Ψ(→μ+μ-) φ(→K+K-) normalization → higher systematic (additional kaon)
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derived from 
LHCb 
measurement:
0.231  ± 0.008

• UML fit to the decay time to extract τ  (3D fit: decay time, its uncertainty and μμ 
mass)

doi.org/10.1103/PhysRe
vD.104.032005

http://doi.org/10.1103/PhysRevD.104.032005


CMS: 𝐁(𝐬)𝟎 →μ+μ-

results
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B(𝐁𝐬𝟎→μ+μ- ) = 3.83#$.&'($.&)(stat )#$.*&($.*+ 𝑠𝑦𝑠𝑡 #$.*&
($.*+(𝑓𝑠/𝑓𝑢) 

x 10-9 (from J/Ψ K+)

B(𝐁𝐬𝟎→μ+μ- ) = 3.95#$.&,($.&-(stat )#$...($.., 𝑠𝑦𝑠𝑡 #$.*-
($..*(𝐵𝐹)     

x 10-9 (from J/Ψφ)

B(B0 →μ+μ- ) < 1.5 x 10-10 @ 90% CL

B(B0→μ+μ- ) < 1.9 x 10-10 @ 95% CL

τ(𝐁𝐬𝟎) = 1.83#$..$($..&(stat )#$.$+($.$+ 𝑠𝑦𝑠𝑡 ps

• All UML fit results are compatible with the SM prediction 
within 1 sigma

• most precise measurement of B"$→μ+μ- branching fraction 
and lifetime to date



CMS: 𝐁(𝐬)
𝟎 →μ+μ-

perspectives

• CMS prediction for HL-LHC (Phase 2) starting in 2029
o 14 TeV pp collision → ~ same b production
o x5 collision rate (200 PU)  → no large impact from 200PU 

is expected
o 3 /ab of luminosity → x20 Run-2

• extrapolation via MC simulation (full Phase2 detector) + toys 
from Run-1 results 
o reasonable projection of most of the systematic 

uncertainties (x0.5)

• much better mass resolution following tracker upgrade
o less contamination from semi-leptonic fakes
o better B"$ - Β0 hypothesis separation

Ø Time resolution on lifetime: 0.05 ps
Ø observation of Β0→ μμ at more than 5 sigmas
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cds.cern.ch/record/2650545

https://hilumilhc.web.cern.ch/article/ls3-schedule-change
cds.cern.ch/record/2650545


ATLAS: 𝐁(𝐬)
𝟎 →μ+μ-

analysis overview
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event selection
• tight quality di-muon candidate selection with pT > 4 & 6 GeV, |η| < 2.5 with 

information from ID and MS
• good quality B vertex  (SV)
• loose collinearity requirement in the transverse plane
background contamination
• combinatorial (different h-quarks - dominant) → well described by inclusive MC and 

reduced by MVA
• partially reconstructed semi-leptonic B decays → reduced by MVA and tight muon 

quality requirement
• charmless hadronic two-body decays of B mesons → reduced by tight muon quality 

selection to 2.7±1.3 events

doi.org/10.1007/JHEP04(2019)098

https://doi.org/10.1007/JHEP04(2019)098


ATLAS: 𝐁(𝐬)
𝟎 →μ+μ-

MVA analysis

• MVA analysis to maximize the 
background rejection (TMVA)
o B meson and SV variables
omuon variables
o event variables (e.g. isolation)

• model signal from MC, background 
from data mass side-bands

• control channels used for BDT 
validation and systematic estimation
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ATLAS: 𝐁(𝐬)
𝟎 →μ+μ-

results

• UML fit to the μμ invariant mass distribution
o normalize signal to B+→J/Ψ K+ rate
o sim. fit to four bins of BDT score of increasing signal 

purity
• results are compatible with the SM
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B(B/$→μ+μ- ) = 3.21#$.-*($.-'(stat)#$.&$($.+- 𝑠𝑦𝑠𝑡 x 10-9

B(B0→μ+μ- ) < 4.3 x 10-10 @ 95% CL

• Combination with Run1 results (25 /fb pp @ 7 
and 8 TeV)

B(B/$→μ+μ- ) = 2.8#$.,($.) x 10-9

B(B0→μ+μ- ) < 2.1 x 10-10 @ 95% CL



B0→K0*μ+μ-



B0→K0*μ+μ-

the physics case

• FCNC strongly suppressed in the 
SM
• angular analysis
• study the deviation from the SM of 

the angular parameters describing 
the decay
oP5’ most interesting following 

2–3 sigmas deviation from SM 
observed by LHCb in the 
4<q2<6 and 6<q2<8 GeV2 bins 
in Run1
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CMS
• pp @ 8 TeV Run1 data 20.5 /fb
• P5’ distributions compatible with the SM

ATLAS
• pp @ 8 TeV Run1 data 20.3 /fb

• P5’ distributions compatible with the SM within 2.7 
sigmas

doi.org/10.1016/j.physletb.2018.04.030

https://doi.org/10.1016/j.physletb.2018.04.030


CMS: B0→K0*μ+μ-

• q2 binned
• trigger di-muon events with displaced vertex
• build signal candidates by requiring two 

muons and two tracks (K* candidate) from the 
same vertex
o resolve PID ambiguity by selecting the Kπ

hypothesis closest to the K* mass (misid: 12-14%)

• background mainly from combinatorial
o negligible contamination from peaking B and Λb

decays and b→cX decays

• UML fit to the B0 mass x angular distributions 
to extract the POIs (P1 and P5’)
o B→JPsi/Ψ’ K* for fit validation and systematic 

assesment
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• both the angular parameters are compatible 
with the SM



ATLAS: B0→K0*μ+μ-

• q2 binned analysis below q2=6 GeV2

• select events by di-muon triggers

• build signal candidates by requiring two muons and 
two tracks (K* candidate) from the same vertex
o resolve PID ambiguity by selecting the Kπ

hypothesis closest to the K* mass (misid: 11%)

• background dominated by combinatorial below 6 
GeV2

o address non-smooth structures and S-wave 
contributions as systematic uncertainties

• UML fit to the B0 mass x angular distributions to 
extract the POIs
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• all angular parameters are 
compatible with SM

• P5’ deviates 2.7 sigmas from the 
SM in the 4<q2<6 GeV2 bin for the 
DHMV model

doi.org/10.1007/JHEP10(2018)047

http://doi.org/10.1007/JHEP10(2018)047


precision of the p5’ measurement at 
the HL-LHC
ATLAS
• MC study to address the precision reached by ATLAS at 

the HL-LHC (3 /ab)

• analysis strategy same as Run1
o reduce signal and background model systematics  

by 1/sqrt(L)
o neglect mis-tag systematic uncertainty (MC-driven)
o scale S-wave uncertainty by a factor 5
o reduce calibration systematics by a factor 4

• precision increase x9, x8, x5 (depending on the trigger 
scenario)
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CMS
• MC study to address the precision reached by ATLAS at 

the HL-LHC (3 /ab)

• analysis strategy same as Run1
o reduce fit-related systematics  by 1/sqrt(L)
o reduce most of uncertainties (signal shape, 

efficiency shape, mis-tag, detector-related) by a 
factor 2

• precision increase up to  x15 better → also explore 
possibilities of finer binning

cds.cern.ch/record/2651298cds.cern.ch/record/2654519

cds.cern.ch/record/2651298
cds.cern.ch/record/2654519


τ+→μ+μ+μ-



CMS: τ+→μ+μ+μ-

• CMS targets τ leptons produced via D/B mesons and via 
W bosons

• analysis on 2016 pp data @ 13 TeV (30 /fb)
• select three-muon events and reduce the background 

contamination via BDT
• observed (expected) UL from three-muon invariant mass 

distribution
o BHF(τ→3μ) < 9.2 (10.0) x 10-8 @ 90% CL
o BW(τ→3μ) < 20.0 (13.0) x 10-8 @ 90% CL
o B(τ→3μ) < 8.0 (6.9) x 10-8 @ 90% CL
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• τ→3μ excellent candidate for new physics searches
oLFV process, strongly suppressed in the SM (~10-55), but predicted at the level of 10-8 – 10-10 by 
some BSM models 
oclear final state signature
ofairly abundant in pp collisions ( per /fb)

doi.org/10.1007/JHEP01%282021%29163

Bordone et al., 10.1007/JHEP10(2018)148

https://doi.org/10.1007/JHEP01%282021%29163
10.1007/JHEP10(2018)148


ATLAS: τ+→μ+μ+μ-

• 2012 pp collisions @ 8 TeV (20.3 /fb)
• target τ leptons produced via W 

boson 
• select three-muon events and 

reduce background contamination 
via BDT
• look for excess of events in the 

signal region → no events found
• observed (expected) upper limit to 

the τ→3μ branching fraction
oB(τ→3μ) < 3.76 (3.94) x 10-7@ 90% CL
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doi.org/10.1140/epjc/s10052-016-4041-9

https://doi.org/10.1140/epjc/s10052-016-4041-9


τ→3μ at the HL-LHC

ATLAS
• target detector, luminosity and cross section improvements foreseen at HL-LHC
• consider three W scenarios

o conservative → scale by luminosity → 13.5 x 10-9 @ 90% CL
o intermediate → consider also trigger improvement (x2.2) → 6.2 x 10-9 @ 90% CL
o best → consider also mass resolution improvement (x1.25) → 5.4 x 10-9 @ 90% CL

• add HF channel with three different background scenarios
o x10 W background → 6.4 x 10-9 @ 90% CL
o x3 W background → 2.3 x 10-9 @ 90% CL
o same as W → 1.0 x 10-9 @ 90% CL

CMS
• luminosity-scaled projections based on the HF results place CMS sensitivity at 3.7 x 10-9 @ 

90% CL
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arXiv:1812.07638

cds.cern.ch/record/2647956

http://arxiv.org/abs/1812.07638
cds.cern.ch/record/2647956


Summary



Summary of the talk

CMS
• B(#)% →μ+μ- at CMS on pp collisions @ 13 TeV (140 /fb)

o B(B#%→μ+μ- ) = 3.83&%.()*%.(+(stat)&%.,(*%.,- syst &%.,(
*%.,-(fs/fu) 

x 10-9 (*)

o B(B0 →μ+μ- ) < 1.5 (1.9) x 10-10 @ 90% (95%) CL

o τ(B#%) = 1.83&%..%*%..((stat)&%.%-*%.%- syst ps (*)

• B0 → K0* μ+μ- at CMS on pp collisions @ 8 TeV  (20.5 
/fb)
o angular analysis: all angular parameters compatible 

with SM, no deviation observed in the P5’ 
parameter

• τ+→μ+μ+μ- (W and D/B channels) at CMS on pp 
collisions @ 13 TeV (30 /fb)
o B(τ→3μ) < 8.0 x 10-8 @ 90% CL
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ATLAS

• B(#)% →μ+μ- at ATLAS on pp collisions @ 13 TeV (26.3 /fb)

o B(B#%→μ+μ- ) = 2.8&%./*%.+ x 10-9

o B(B0→μ+μ- ) < 2.1 x 10-10 @ 95% CL

• B0 → K0* μ+μ- at ATLAS on pp collisions @ 8 TeV  (20.3 

/fb)
o angular analysis: all angular parameters 

compatible with SM, 2.7 sigma deviation observed 
in the P5’ parameter

• τ+→μ+μ+μ- (W channel) at CMS on pp collisions @ 8 TeV 

(20 /fb)

o B(τ→3μ) < 3.47 x 10-7 @ 90% CL

(*) most precise up to date



Backup



CMS: 𝐁(𝐬)
𝟎 →μ+μ-

systematic uncertainties
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• trigger: data-MC comparison of control channels
• pileup: by means of reweighing
• vertex: the control channel triggers require a tighter 

selection. Evaluated the difference of the two selections.
• MVA: difference between data and MC efficiencies 

evaluated after an MVA reweight of the control channel
• tracking: comparing D0→Kπ and D0→ Kπππ ratio with 

world average
• B→J/ΨK shape: evaluating different shapes
• fit bias: with pseudo-experiments
• fs/fu: from external measurement
• lifetime fit bias: correlation of the BDT to the life-time. 

Measured by comparing the B→J/ΨK fit to the SM 
prediction after the BDT cut

• decay time distribution mismodeling: the lifetime 
distribution of simulated signal events is corrected using 
scale factors from B→J/ΨK events taken after BDT>.9 over 
BDT>.99. The fit difference introduced by data- or MC-
derived corrections is taken as uncertainty.

• efficiency modelling: evaluated using different efficiency 
functions

• lifetime fit bias: measured with pseudo-experiments with 
different lifetimes



ATLAS: 𝐁(𝐬)
𝟎 →μ+μ-

systematic uncertainties
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• fs/fd: external measurement
• B+ yield: the control channel triggers require a tighter 

selection. Evaluated the difference of the two selections.
• Rε: ratio of the control channel and signal efficiencies. 
• branching fractions: comparing D0→Kπ and D0→ Kπππ

ratio with world average. This number is taken from MC 
simulations and includes different contributions:
o kinematic reweighting: pT and |η| gen. level 

correction (comparing to the efficiency with larger b-
quark gen. cuts) + data/MC corrections from the B→
J/ΨK control channel

o muon trigger and reconstruction: from data-driven 
studies with tag-and-probe oon J/Ψ→μμ events

o BDT features: from differences introduced by 
data/MC weights from the B→ J/ΨK control channel

o kaon tracking: estimated varying the detector 
simulation (passive material)

o pileup: by means of reweighting
• fit systematic uncertainty: evaluating different shapes



ATLAS: 𝐁(𝐬)
𝟎 →μ+μ-

projection to phase 2
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http://cds.cern.ch/record/2317211

• extrapolate b production cross section to 14 TeV (x1.7)
• extrapolate collected statistics
• consider gain from trigger upgrade

http://cds.cern.ch/record/2317211


CMS: B0→K0*μ+μ-

systematic uncertainties
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• simulation mismodeling: fit a simulated signal sample with 400x data and see 
the fit difference wrt to the input

• fit bias: use 200 simulated signal samples + simulated data (~data size) to 
estimate the fit bias

• finite size of simulated samples: due to the finite size of the MC used to derive 
the efficiency shape. Generate 100 numerator and denominator shapes from the 
original ones and refit them to estimate the difference due to the statistical 
uncertainty.

• efficiency: fit the control channels to extrapolate fixed parameters (FL) and cross 
check with PDG

• Kπ mistagging: fit the mistag rate on the control channel B→J/ΨK* and take the 
diffference wrt the simulation as systematics

• background shape: fit the data 200 times varying the shape of the background 
distributions within their error (fixed in these test fits) and evaluating the POIs
distribution RMS

• signal mass shape: fit the control channels letting their width vary alternately 
and see the effect on the POIs

• background feed-through: see the difference in the POIs after counting for an 
additional systematic uncertainty describing the feed-through from B→J/Ψ / Ψ’ 
K* events

• FL, FS, AS uncertainties propagation: fit pseudo-experiments allowing these
parameters to change and compare the POIs values with the nominal procedure

• angular resolution: fit a siulated sample using generated or reconstructed
values of the angular parameters and see the difference



CMS: B0→K0*μ+μ-

fit strategy
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• simplify the angular pdf by considering symmetries in 
the φ=0 and θl=π/2 angles
o reduce the POIs that can be extracted to P1 and 

P5’
• UML fit to the mass and angular distributions

o signal mass shape: double-gaussian different for 
correct- and wrong-tagged events, with paramters
obtained from simulated samples

o angular pdf for background: polynomials
(factorizing)

o mass pdf for background: exponential
o angular efficiencies: obtained from kernel-density

estimators, different for correct- and wrong-tagged
events

• Fit run in two steps:
1. fit the sidebands and fix the background shapes
2. fit the full distribution and obtain the POIs



CMS: B0→K0*μ+μ-

results
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ATLAS: B0→K0*μ+μ-

systematic uncertainties
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• fake K* background: peaking structure observed at cos(θK)=1 (possible D* mis-reconstructed decays), evaluated fitting the cos(θK) 
range excluding the region around 1

• partially reconstructed B→D decays: manifesting around cos(θK)=0.7, evaluated removing these events from the fit
• combinatorial background pdf shape: evaluated fitting with Chebychev polynomials
• factorization of the acceptance function (cos(θK), cos(θL), Φ): evaluated fitting simulated samples with the shape used for the same 

sample
• angular pdf model: compare the nominal pdf with the one obtained fitting events in a reduced fit range 5.2-5.7 GeV (to exclude 

partially reconstructed B decays)
• ID alignment and mag. field knowledge: from tracks pT and η uncertainties
• fit bias: evaluated on simulated toy fits
• B0 pT spectrum: reweight the MC with data-driven scale factors and state the change in the fitted POIs a a systematic uncertainty
• S-wave: non resontant Kπ contribution evaluated from simulated toys (5% magnitude from LHCb studies)
• nuisances: m, ε, sig. and bkg yields, combinatorial shape, signal acceptance are fixed in the second stage of the fit. The impact of this 

strategy is investigated varying them alternatively within their uncertainty.
• fake K* background: count for peaking Kπμμ events by putting 

them into combinatorial-only simulated toys. Included MC 
samples are:
o Λb→Λμμ, Λb→pKμμ, B+→K(*)+μμ, B0

s→φμμ
• mistag: uncertainty on the mistag comes from the statistical 

uncertainty of the simulated sample used to compute it. Data-
MC differences are negligible. 



ATLAS: B0→K0*μ+μ-

fit strategy
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• simplify the angular pdf by considering symmetries in 
the φ=0 and θl=π/2 angles
o reduce the POIs that can be extracted depending

on the adopted folding
• UML fit to the mass and angular distributions

o signal mass shape: gaussian with width set to the 
per-event mass resolution

o mass pdf for background: exponential
o angular pdf for background: polynomials

(factorizing)
o angular efficiencies: polynomials obtained from 

simulated events
• Fit run in two steps:

1. fit the mass distribution and fix the mass 
signaland background shapes

2. fit the full distribution and obtain the POIs



ATLAS: B0→K0*μ+μ-

results
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CMS: τ+→μ+μ+μ-

systematic uncertainties

W channel
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HF channel



ATLAS: τ+→μ+μ+μ-

systematic uncertainties
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• uncertainty on the number of background events 19%
• signal efficiency: 13.1%
• trigger efficiency: 11%
• MC modelling: 4%
• jet and MET calibration: 2.1%
• signal normalization: 3.9%


