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Rare decays as New Physics probes
• Rare  decays are sensitive New Physics (NP) probes since they are loop level and CKM 

suppressed.


• NP contributions could be of same size as the SM (e.g. enhancing/suppressing branching 
fractions, angular distributions). 


• In the Standard Model (SM) couplings of vector bosons to leptons are flavour universal (LFU):

b → sℓℓ

1

any deviation from LFU is a clear NP indication.→

SM NP example 
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Over the past decade a coherent set of tensions with SM predictions has emerged in  
transitions:

b → sℓℓ

A coherent pattern?
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• Branching fractions (e.g. , ).


• Optimised angular observables (e.g.  in  and ).

Bs → ϕμ+μ− B → K(*)μ+μ−

P′￼5 B0 → K*0μ+μ− B+ → K*+μ+μ−

q2 def= dilepton invariant mass squared

Λb → Λμμ
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• Branching fractions (e.g. , ).


• Optimised angular observables (e.g.  in  and ).

Bs → ϕμ+μ− B → K(*)μ+μ−

P′￼5 B0 → K*0μ+μ− B+ → K*+μ+μ−

A coherent pattern?
Over the past decade a coherent set of tensions with SM predictions has emerged in  
transitions:

b → sℓℓ
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q2 def= dilepton invariant mass squared

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
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The  observablesRH

3
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momentum transfer to the pair of leptonsq2 ≡

•  is defined as the ratio of branching fractions of a  meson (a  quark bound state) to a  
meson (an  quark bound state, e.g. ) to two leptons of different families.


• Since first and second family leptons are light, and SM distinguishes them only for their mass, the 
value of  is predicted to be very close to 1.

RHs
B b Hs

s K+, K*,0, K*,+

RHs

LFU measurements
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meson (an  quark bound state, e.g. ) to two leptons of different families.


• Since first and second family leptons are light, and SM distinguishes them only for their mass, the 
value of  is predicted to be very close to 1.

RHs
B b Hs

s K+, K*,0, K*,+

RHs

LFU measurements

QED

•  BF and angular observables known to suffer from 
potentially underestimated hadronic uncertainties.


• Define a set of theoretically clean observables:

B → K(*)ℓ+ℓ−
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The  observablesRH

3

•  BF and angular observables known to suffer from 
potentially underestimated hadronic uncertainties.


• Define a set of theoretically clean observables:

B → K(*)ℓ+ℓ−
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[Phys. Rev. D 108, 032002]

• [2021 ], [2017 ] claims of LFUV evaporated after a 
more thorough study of misID  background 
sources

RK RK*
h → e
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://www.nature.com/articles/s41567-021-01478-8
https://arxiv.org/abs/1705.05802
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 GeV/c

at  GeV/c


σp /p ∼ (0.1 − 0.6) %
5 − 100

The LHCb experiment @ LHC
• Forward arm spectrometer 

designed for heavy flavour 
physics.


• Instrumented in the forward 
region where  
is maximal. 


• Excellent vertexing and PID 
capabilities to identify 
displaced (few mm) 

hadron vertices and rare 
decays. 


• 100 thousand  pairs per 
second produced in LHCb 
acceptance.

σ(pp → bb̄X)

b−

bb̄

4








μ ID ∈ 97 % , (1 − 3) % π → μ
e ID ∈ 95 % , 5 % e → h

K ID ∈ 95 % , 5 % π → K

Tracking Particle Identification

VErtex 
LOcator







σxy
PV ∼ 15μm

σz
PV ∼ 80μm
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Light leptons at LHCb
• Since probability of bremsstrahlung 

emission electrons and 
muons interact differently with the 
detector, and exploit different 
subdetector systems

∝ E/m2 →

5
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Light leptons at LHCb
• Since probability of bremsstrahlung 

emission electrons and 
muons interact differently with the 
detector, and exploit different 
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• Muons traverse the detector 
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Light leptons at LHCb
• Since probability of bremsstrahlung 

emission electrons and 
muons interact differently with the 
detector, and exploit different 
subdetector systems


• Muons traverse the detector 
undisturbed


•  Electrons lose significant amount of 
energy to bremsstrahlung radiation:

∝ E/m2 →

5

Poorer mass resolution and reconstruction 
efficiency than muons.


Effect mitigated by bremsstrahlung 
recovery algorithm.
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The double ratio strategy
• Control electron-muon differences using double ratio between nonresonant  

and resonant .
B+ → K+ℓ+ℓ−

B+ → K+J/ψ(ℓ+ℓ−)

6

known to be LFU within 0.4% [PDG]

ū ū
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The double ratio strategy
• Control electron-muon differences using double ratio between nonresonant  and 

resonant .
B+ → K+ℓ+ℓ−

B+ → K+J/ψ(ℓ+ℓ−)
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B+ → K+J/ψ(1S)(ℓ+ℓ−)

B+ → K+ψ(2S)(ℓ+ℓ−)

B+ → K+ℓ+ℓ−

q2 = 4m2
ℓ

https://pdg.lbl.gov/2020/tables/rpp2020-tab-mesons-c-cbar.pdf
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Definition of Rϕπ

• Resonant  are ideal control 
channels in the low dilepton invariant mass region


• Allows to precisely verify  mis-ID rates 
estimation strategy


• Muon anomalous results still stand, important to 
check that we understand their detection efficiencies 
at low  as well 

D+
(s) → ϕ(ℓ+ℓ−)π+

h → e

q2

7
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 ratio of phase space factors ≃ 1.022
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where
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Analysis Strategy overview
• Using  of data collected in 2016, 2017 and 2018 measure:5.4 fb−1

8
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Blindedd1. Efficiency calculation:


• Ef. computed using simulated samples and corrected using control channels selected from the data 
(mother kinematics, trigger, PID).


2. Signal yield extraction:


• Perform separate maximum likelihood fits for each year of data taking and trigger category and 
combine as a direct sum.


3. Systematic uncertainties:


• Evaluated by taking the standard deviation of  values when alternative strategies for yields 
extraction/efficiency calculation are employed.

Rd(s)
ϕπ



Efficiencies
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• Align the efficiencies correction strategy to [2021 ]RK

• Calibration of  kinematics


• Particle identification efficiency corrections


• Trigger corrections & fiducial cuts 


• Correction of imperfect resolution modelling

B+/D+
(s)

Corrections to simulated efficiencies

9

https://www.nature.com/articles/s41567-021-01478-8
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• Calibration of  kinematics 

Simulation is reweighed to match the mother kinematic  

     distributions observed in data


• Particle identification efficiency corrections


• Trigger corrections & fiducial cuts 


• Correction of imperfect resolution modelling

B+/D+
(s)

→

Kinematic corrections

10

• Align the efficiencies correction strategy to [2021 ]RK
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• Calibration of  kinematics


• Particle identification efficiency corrections  

Correct for mismodelled particle ID efficiencies           

using PIDCalib for ,  and , fit&count for 


• Trigger corrections & fiducial cuts


• Correction of imperfect resolution modelling

B+/D+
(s)

→

K π μ e

PID Calibration

11

• Align the efficiencies correction strategy to [2021 ]RK
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https://www.nature.com/articles/s41567-021-01478-8
https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z
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• Calibration of  kinematics


• Particle identification efficiency corrections


• Trigger corrections & fiducial cuts  

Imperfect modelling of L0 efficiency in simulation 

corrected using  data


• Correction of imperfect resolution modelling

B+/D+
(s)

→

B+ → K+J/ψ(ℓ+ℓ−)

Trigger corrections

12

Vertical dashed lines: fiducial cuts veto regions where 
corrections to efficiencies are not well under control

• Align the efficiencies correction strategy to [2021 ]RK
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• Calibration of  kinematics


• Particle identification efficiency corrections


• Trigger corrections & fiducial cuts 


• Correction of imperfect resolution modelling


Extract resolution parameters from 

 data and apply them to 

B+/D+
(s)

→

B+ → K+J/ψ(ℓ+ℓ−)

D+
s → π+ϕ(e+e−)

Correction to resolution

13

• Align the efficiencies correction strategy to [2021 ]RK
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Signal yield extraction
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Warping of the combinatorial background shape

14

• Tight cuts around the reconstructed  mass at 
trigger level induce a strongly varying efficiency as a 
function of the -constrained  mass


• Warps shape of all backgrounds  causes the 
combinatorial to have a bell shape instead of the usual 
falling exponential


D+

ϕ D+

→
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• Tight cuts around the reconstructed  mass at 
trigger level induce a strongly varying efficiency as a 
function of the -constrained  mass


• Warps shape of all backgrounds  causes the 
combinatorial to have a bell shape instead of the usual 
falling exponential


D+

ϕ D+

→

Warping of the combinatorial background shape

14

• Combinatorial modelled with a third order Chebychev 
polynomial  choice is validated against control 
samples


→

• Sample with inverted BDT requirement 


• Sample obtained from selecting final states 
with electrons of same charge

1600 1800 2000 2200 2400
m(ºee) [MeV]

0.000

0.001

0.002

0.003

0.004

0.005

C
an

di
da

te
s

(a
.u

.)

Data 5.4 fb°1, Low comb. BDT score,
Data 5.4 fb°1, Low comb. BDT score, ¡ constrained

1800 1900 2000 2100
]2c [MeV/)−e+e+π(φm

50

100

150

200

250

300

350

400)2 c
C

an
di

da
te

s /
 (7

.6
 M

eV
/

-1Same sign data 5.4 fb
Same sign fit

-1Inverted BDT data 5.4 fb
Inverted BDT fit

LHCb



D. Lancierini (Universität Zürich) 5th September 2023Joint SPS - APS Annual Meeting

Peaking background sources: D+ → K−π+π+
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• Doubly misidentified  were not expected 
to contaminate the signal region due to large  mass 
difference


• Individuated a sizeable contribution of this source due to 
incorrectly added bremsstrahlung radiation, bringing 
background events back in the mass window


• Has non-trivial  distribution and affects only  
channel due to charge of the final states and CKM 
suppression 


Vetoed this component

D+ → K−π+π+

e − K

m(e+e−) D+

→
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Peaking background sources:  D+ → π+π−π+
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• Doubly misidentified , sizeable 
irreducible background with non-trivial Dalitz 
distribution


• Important to properly take into account warping 
due to constraining the dilepton mass to the 
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• Doubly misidentified , sizeable 
irreducible background with non-trivial Dalitz 
distribution


• Important to properly take into account warping 
due to constraining the dilepton mass to the 


• Use PID inversion technique to extract doubly 
 misidentified component from data:


• Obtain sWeighted distribution in inverted 
selection PID region 


• Project into nominal selection PID region using 
transfer weights obtained from data
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Signal yield extraction

18

The signal yields are extracted separately in each year of data taking and trigger category
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• Deployed technique enables important cross check of data driven approach by comparing 
different mass fits in orthogonal regions of PID variables

PIDe > 3

• Clear separation in the nominal PID 
region adopting  mass hypothesisπ
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• Deployed technique enables important cross check of data driven approach by comparing 
different mass fits in orthogonal regions of PID variables

PIDe > 3

• Clear separation in the nominal PID 
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Summary of systematic uncertainties
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Table 2: Summary of systematic uncertainties a↵ecting the measurements Rd

�⇡
and Rs

�⇡
, ordered

by their relative size on Rs

�⇡
.

Source R
d

�⇡
R

s

�⇡

q
2 resolution 3.71% 3.74%
Event multiplicity 2.61% 2.68%
Simulation reweighting 2.72% 2.22%
Combinatorial background shape parametrisation 1.51% 1.04%
Statistical uncertainties of control samples 0.79% 0.57%
PID 0.24% 0.28%
Trigger 0.27% 0.26%
Tracking 0.16% 0.14%
Background from doubly misidentified electrons 1.10% 0.04%

by bootstrapping the relevant samples and re-computing the associated e�ciencies. The283

68% envelope of these repeated e�ciency determinations is assigned as the systematic284

uncertainty.285

Systematic uncertainties associated assumptions in the analysis are determined by286

variations of the result under alternative methods. The standard deviation of the these287

variations is assigned as a systematic uncertainty. For example, the nominal kinematic288

corrections originate solely from the muon channels and are applied coherently to both289

electron and muons channels. A systematic uncertainty based on the assumption that the290

corrections are independent of lepton flavour is determined by obtaining the corrections291

from the B
+ ! K

+(J/ ! e
+
e
�) channel instead. Mixed corrections are also applied,292

whereby the production corrections originate from the muon channels and the vertex293

quality and IP �
2 originate from the electron channels are also used. The impact of the294

trigger on the weights applied to correct the simulation is determined by varying the295

trigger path required for the samples used in those corrections.296

Although only weakly correlated between di↵erent decay channels and lepton flavours,297

the multiplicity of an event is mismodelled in the simulation. For example, there are around298

10% fewer tracks per event and around 30% fewer hits in the SPD reconstructed in the299

data compared to the simulation. A systematic correction associated to this mis-modelling300

is determined by a separate reweighting of three di↵erent event multiplicity proxies: the301

number of fully reconstructed tracks, the number of primary vertices reconstructed in the302

VELO and the number of hits reconstructed in the SPD.303

To determine a systematic uncertainty associated with this discrepancy, an alternative304

resolution smearing procedure is used, which depends on the number of hits reconstructed305

in the SPD. The sample is divided into three equally populated regions according to the306

number of SPD hits, and separate smearing parameters are obtained from each region.307

The nominal resolution smearing parameters are assumed to be independent of the308

momentum resolution. To account for the systematic uncertainty arising from this309

assumption, the simulated q
2 and B

+(D+
(s)) distributions are corrected by measuring the310

resolution in the normalisation channel data as a function of the electron pair momenta.311

Additional uncertainties arising from the limited precision of the resolution parameters312

are found to have a negligible e↵ect.313

10

• Systematic error due to trigger, PID 
and tracking are of per-mille order


• Fit model systematics due to 
assumptions in the backgrounds are 
at percent level


 Important confirmation of the PID 
inversion method to estimate  
misID at low 

→
π → e

q2

• Sources above the percent level are expected due to imperfect cancellation of mother meson 
kinematic corrections and relatively tight cuts around the  and  masses for the electron signal 
mode

D ϕ

• Evaluated by taking the standard deviation of  values when alternative strategies for yields 
extraction/efficiency calculation are employed.

Rd(s)
ϕπ



Results
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Differential Rd(s)
ϕπ

21

• As a cross check,  is performed in 
bins of variables relevant to the 
detector response


• In each bin different years are 
combined as a weighted average, 
interbin correlations are not taken into 
account


• No significant trend is observed


• Important cross check of brem recovery 
algorithm at low dilepton invariant mass  
using data
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Conclusions
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• First cross check of LFU at low  using  decays will be public soon


• Challenging measurement, however it shows understanding of the portability of the corrections 
derived at  to lower values:


• Once the peculiarities arising from a different decay mother and type of backgrounds are 
taken into account


• Offers unique opportunity to cross check tools and techniques used by the collaboration:


• Important check of reliability of  double misID contamination estimate with a control 
channel


• Stability of the result as a function of bremsstrahlung variables is  an important check of this 
tool at low dilepton invariant mass


• Cementifies our confidence in light leptons detection efficiencies at low dilepton invariant 
mass

q2 D+
(s) → ϕ(ℓ+ℓ−)π+

q2 ∼ m2(J/ψ)

π → e



Thank you!



Backup
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The selection chain
The selection is kept as aligned as possible between signal and control modes and consists of the 
following steps:


• Online selection:


• Set of L0, HLT1 and HLT2 trigger requirements 


• Offline selection:


• Exploits the existing stripping lines for signal and control modes, introduces a filter for 
simulated signal samples to reduce disk usage


• Fiducial cuts are applied offline to align data to the control samples and optimise eff. correction 
procedure


• and mass(es) window and MVA techniques reduce contributions from partially reconstructed, 
misidentified and combinatorial background sources 
q2
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Online selection: trigger requirements

• L0 and HLT1 lines are aligned between 
signal and control mode


• Exploit dedicated [HLT2 lines] that were 
introduced in Run2 for rare LFV charm 
searches.


• These HLT2 trigger lines each use similar 
selections, most importantly: 

[JHEP 06 (2021) 044]

Table 8: Trigger requirements. A track or D(B) candidate indicated in parentheses means that
a TOS requirement is applied on that candidate. The thresholds can be found in Tab. 12.

Electron mode Muon mode
Signal mode

L0 L0Electron(e) & ET (e) > threshold L0Muon(µ) & pT (µ) > 0.8 GeV
L0Hadron(⇡) & ET (⇡) > 3.5 GeV & p

L0
T

(µ) � threshold
L0Electron k L0Hadron k

L0Muon k L0Photon (TIS)
HLT1 Hlt1TrackMVA(D) Hlt1TrackMVA(D)
HLT2 Hlt2RareCharmD2PiEEOSDecision(D) Hlt2RareCharmD2PiMuMuOSDecision(D)

Control mode
L0 L0Electron(e) & ET (e) > threshold L0Muon(µ) & pT (µ) > 0.8 GeV

L0Hadron(K) & ET (K) > 3.5 GeV & p
L0
T

(µ) � threshold
L0Electron k L0Hadron k

L0Muon k L0Photon (TIS)
HLT1 Hlt1TrackMVA(B) Hlt1TrackMVA(B)
HLT2 Hlt2Topo[2,3]BodyBBDT(B) Hlt2Topo[2,3]BodyBBDT(B)

Hlt2TopoMu[2,3]BodyBBDT(B)

candidates with the three highest values of p
L0
T

are saved, with no matching to the two432

o✏ine muon candidates. In the case of L0Electron or L0Hadron, only a unique trigger433

candidate with the highest E
L0
T

value is saved in the samples used for this analysis, with434

no matching to the o✏ine electron or kaon candidate.435

Table 9: Conversion constants to transform ADC counts measured by the calorimeters (for ET (e)
and ET (K)) or the muon system (for pT (µ)), into MeV. These can be converted to the fiducial
trigger thresholds used in the analysis by comparing with Tab. 10, Tab. 11 and Tab. 12.

Run 1 Run 2
muon system 40 50
calorimeters 20 24

The L0Muon trigger line, defining the µTOS trigger category, requires the p
L0
T

of a436

muon candidate to be above a certain threshold. Similarly, the L0Electron and L0Hadron437

lines require E
L0
T

of the electron or hadron candidate to be above a certain threshold.438

These thresholds are fixed in the simulation, whereas they vary in the data. The trigger439

configuration is saved and indexed by a “trigger configuration key” (TCK). All the TCK’s440

that have been used in this analysis are reported in Tab. 10 (2016), and Tab. 11 (2017441

27

• ALLSAMEBPV


• ADAMASS(D+) < 200 MeV

https://gitlab.cern.ch/lhcb/Hlt/-/blob/2018-patches/Hlt/Hlt2Lines/python/Hlt2Lines/RareCharm/Stages.py
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202011.00217
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Offline selection: stripping selection
5.2 Stripping selection254

For 2016, 2017, and 2018 datasets, stripping versions 28, 29r2 and 34 are used, respectively.255

The stripping line D2XMuMuSS PiOSLine is used for the muon signal mode, while256

D2XMuMuSS Pi EE OSLine for the electron signal mode. As far as the normalisation257

mode is concerned,the stripping line B2XMuMuLine is used for the muon control mode,258

and Bu2LLKeeLine2 is used for the electron control mode. These lines make similar259

requirements: selected tracks must satisfy loose quality and particle identification criteria260

and have a three track combination that has a well-defined vertex; this vertex must be261

significantly displaced from any primary vertex. The stripping requirements applied to262

the signal channels are summarised in Tab. 1 while the ones applied to the control mode263

are summarised in Tab. 2.264

Table 1: List of stripping requirements for the two stripping selection lines that are used to select
the electron and muon signal modes for Run 2 data. The particle or particle combination on
which the requirement is applied is indicated in the first column. The requirements in blue are
tightened by the o✏ine selection.

D2XMuMuSS Pi EE OSLine D2XMuMuSS PiOSLine

D(s)

DOCAmax ( mm) < 0.15 < 0.15
cos(DIRA) > 0.9999 > 0.9999

�
2
IP < 25 < 25

�
2
DV/ndof < 5 < 5
m ( GeV) > 1.763 > 1.763

|m � mPDG(D+)| ( MeV) < 200 < 200
`` m ( MeV) > 250 > 250

`

pT ( MeV) > 300 > 300
p ( MeV) > 2000 > 2000
isMuon — true

all tracks
�

2
TrackFit < 5 < 5

�
2
IP > 5 > 5

⇡
pT ( MeV) > 300 > 300
p ( MeV) > 2000 > 2000

5.3 Filtered simulation production265

In order to improve the purity of the simulated data samples stored on the bookkeeping,266

filtering scripts were adopted at production step. The selection requirements applied by267

the filtering scripts closely follows the cuts from the corresponding stripping lines with268

an exception for the 2016 simulated dataset, where a bug e↵ectively caused the filtered269

electrons to satisfy the condition DIRA(�) > 0.9999 when combined to a � meson. The270

15

Table 2: List of stripping requirements for the two stripping selection lines that are used to select
the electron and muon control modes for Run 2 data. The particle or particle combination on
which the requirement is applied is indicated in the first column. The requirements in blue are
tightened by the o✏ine selection.

Bu2LLKeeLine2 B2XMuMuLine

B

�
2
to PV

> 100 > 121
cos(DIRA) > 0.995 > 0.9999

�
2
IP < 25 < 16

�
2
DV/ndof < 9 < 8
m ( GeV) > 3.78 > 4.9

< 6.78 < 7.0

``
�

2
DV$PV > 16 > 9

�
2
DV/ndof < 9 < 12

`

�
2
IP > 9 > 9

pT ( MeV) > 300 —
PIDe,µ > 0 > �3

isMuon — true

all tracks
probghost — < 0.5
�

2
TrackFit < 3 —

K
�

2
IP > 9 > 6

pT ( MeV) > 400 —
event nSPDHits < 600 < 600

filtering script requirements were loosened to increase the signal filtering e�ciency in 2017271

and 2018. The filtering requirements adopted in 2016 are summarised in Tab. 3, while the272

corresponding filters for 2017 and 2018 are summarised in Tab. 4. For all years the cuts273

are matched between the simulated samples and the data tuples.274

16

• Stripping requirements are similar between signal and control modes, requiring a three track 
combination with a well-defined vertex significantly displaced from any PV


• Particle identification criteria are loosened in simulation, while transverse momenta are tightened by 
fiducial cuts
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Offline selection: fiducial cuts and mass windows

• Signal and control modes are aligned to control 
data samples using fiducial cuts in order to 
optimise the efficiency correction procedure


• Signal is selected by requiring the dilepton 
invariant mass and the  constrained  
masses to lie within windows to maximise the 
signal yield


• Doubly misidentified backgrounds from 
 decays in the electron mode 

are rejected by dedicated vetoes

ϕ/J/ψ D/B

D+ → K−π+π+

Table 6: O✏ine selection cuts applied to the control electron modes (left) and control muon
modes (right).

Event quality
nSPDHits < 450

probghost(K, e) < 0.3
Cascade vetoes

m(K+
e

�) > 1885 MeV
m

track
e!⇡

(K+
e

�) /2 m(D0) ± 40 MeV
Fiducial cuts

pT(e) > 0.5 GeV
p(e) > 3 GeV

hasRich(K, e) = true
hasCalo(e) = true
|xECAL(e)| > 363.6 mm

or |yECAL(e)| > 282.6 mm
PID cuts

probNNK(K) > 0.2
PIDe(K) < 0
PIDe(e) > 3

Event quality
nSPDHits < 450

probghost(K, µ) < 0.3
Fiducial cuts

inMuonAcc(µ) = true
hasRich(K, µ) = true

pT(µ) > 0.8 GeV
PID cuts

probNNK(K) > 0.2
PIDµ(µ) > �3

isMuon(µ) = true

Table 7: Signal and control samples and their corresponding q
2 and mass ranges. These are the

only o✏ine requirements that are di↵erent between the signal mode and the control mode.

ee mode µµ mode
signal mode 0.76 < q

2
< 1.23 GeV2 0.98 < q

2
< 1.10 GeV2

1.75 < m
�

DTF(⇡+
e
+
e

�) < 2.13 GeV 1.81 < m
�

DTF(⇡+
µ

+
µ

�) < 2.04 GeV

5.5 Types of backgrounds a↵ecting the D
+
(s) ! ⇡

+
�(`+

`
�) mode310

5.5.1 Peaking backgrounds with single mis-identified tracks311

Peaking backgrounds in which one of the tracks in the final state has been misidentified are312

D(s) ! �(! ``)K+
!⇡+ decays, where K

+
!⇡+ indicates that the kaon is incorrectly identified313

as a pion. Such decays are strongly CKM suppressed, therefore they are not expected to314

contribute sizeably.315

5.5.2 Peaking backgrounds with doubly mis-identified tracks316

A possible source of peaking mis-identified background stems from decays317

D(s) ! ⇡
+
⌘

0
(! ⇢

0(⇡+
!`+

⇡
�
!`�)�) where the notation ⇡

+
!`+

indicates that the ⇡
+ is in-318
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Table 5: O✏ine selection cuts applied to the signal electron modes (left) and signal muon modes
(right).

Event quality
nSPDHits < 450

probghost(⇡, e) < 0.3
Clone veto

cos(⇡+
e
+) < 0.99999

Double mis-ID vetoes
m

track
(e+!K+,e�!⇡�)(⇡ee) /2 m(D+) ± 20 MeV

Fiducial cuts
pT(e) > 0.5 GeV
p(e) > 3 GeV

hasRich(⇡, e) = true
hasCalo(e) = true
|xECAL(e)| > 363 mm

or |yECAL(e)| > 282 mm
PID cuts

probNN
⇡
(⇡) > 0.2

PIDe(⇡) < 0
PIDe(e) > 3

Event quality
nSPDHits < 450

Clone veto
cos(⇡+

µ
+) < 0.99999

probghost(⇡, µ) < 0.3
Fiducial cuts

hasRich(⇡, µ) = true
pT(µ) > 0.8 GeV
PID cuts

probNN
⇡
(⇡) > 0.2

PIDµ(µ) > �3
isMuon(µ) = true

To extract the yields, a fit is performed to the constrained masses m
�

DTF(⇡+
`
+
`
�)293

and m
J/ 

DTF(K+
`
+
`
�), for the signal and control modes respectively. These constrained294

masses are computed constraining m(``) to the nominal � or J/ masses. As can be seen295

from Fig. 6, where the comparison between the �-constrained (solid) and unconstrained296

(dashed) reconstructed m(⇡+
`
+
`
�) is shown, the e↵ect of this constraint has di↵erent297

implications when considering electrons or muons in signal final state. Thanks to the good298

mass resolution of the muonic channel, the di↵erence between considering the constrained299

or the unconstrained mass variable is subdominant with respect to the improvement in300

the resolution for the electrons. In fact, the e↵ect of constraining the electrons to the �301

mass is twofold: on one hand the resolution improves considerably (as can be seen on the302

top left plot of Fig. 6), on the other hand, due to the tight D
+ mass cuts in the stripping303

line, the combinatorial background shape gets sculpted, resulting in a wide bump, rather304

than a decreasing exponential, as shown in the bottom left plot of Fig. 6.305

Unlike the J/ meson, the � has a non-negligible natural width of 4.249 ± 0.013 MeV.306

This means that after constraining the � mass the resolution gets worse for the muons. For307

the electrons, the resolution is much poorer than the natural width and so the resolution308

substantially improves.309
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Offline selection: multivariate classification

• A 10-fold MVA classifier based on 
GradientBoost is trained to distinguish signal 
simulation from sidebands


• Training variables are:

Table 15: Total yields (all folds summed) used for training and testing in all trigger categories

control mode
µµ mode ee mode

signal comb. signal comb.
2016 653318 20637 227973 21358
2017 515279 21645 595573 20189
2018 504488 29270 548504 24894

signal mode
µµ mode ee mode

signal comb. signal comb.
2016 45097 5257 13682 7037
2017 214344 24164 76627 50310
2018 290607 30116 78932 58041

Thirteen discrimination variables are used in the classifier; they are listed in Tab. 16.550

The discrimination with respect to the combinatorial background relies on the transverse551

momenta of all the particles, the quality of the vertex fitting and the significance of the552

displacement of the tracks from the primary vertex. It has been checked that adding extra553

kinematic variables to those shown in Tab. 16, such as the momenta of all the particles,554

the flight distance of the B
+(D+) or the �

2 of the decay tree fitter do not improve the555

discrimination power. Variables related to the PID are not included in the training, as556

their distributions are badly modelled in the simulation, and re-sampling the electron PID557

from the data is not envisaged as the statistics of the electron PID calibration sample is558

low, see Section 6.5.559

Table 16: List of variables used by the BDT classifier.

B
+
/D

+
(s) pT, log �

2
IP, �

2
DV, DIRA, �

2
DV$PV

ll pT, log �
2
IP

K
+
/⇡

+
pT, log �

2
IP

l min,max(pT), min,max(log �
2
IP)

Three di↵erent training algorithms are tested: adaptive boosting, machine learning560

perceptron and likelihood. For all trigger categories and for the electron and muon mode,561

adaptive boosting o↵ers a better performance and is therefore the algorithm chosen in562

this analysis. The ROC curves illustrating the performance of the di↵erent BDT folds563

are shown in Fig. 11 and Fig. 12. For both signal and control channels, the area under564

the ROC curve is smaller for the muon mode than for its electron equivalent, which can565

35

• Optimised using  for all modes 
except the electron signal mode where the 
Punzi FOM is used with significance of  

S/ B

5σ
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BDT_G0 ROC AUC score 0.849977

MLP_0 ROC AUC score 0.861296

D+
(s) → ϕ(e+e−)π+

D+
(s) → ϕ(μ+μ−)π+

cos θℓ (signal mode only) 
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Offline selection: fiducial cuts and mass windows

Table 6: O✏ine selection cuts applied to the control electron modes (left) and control muon
modes (right).

Event quality
nSPDHits < 450

probghost(K, e) < 0.3
Cascade vetoes

m(K+
e

�) > 1885 MeV
m

track
e!⇡

(K+
e

�) /2 m(D0) ± 40 MeV
Fiducial cuts

pT(e) > 0.5 GeV
p(e) > 3 GeV

hasRich(K, e) = true
hasCalo(e) = true
|xECAL(e)| > 363.6 mm

or |yECAL(e)| > 282.6 mm
PID cuts

probNNK(K) > 0.2
PIDe(K) < 0
PIDe(e) > 3

Event quality
nSPDHits < 450

probghost(K, µ) < 0.3
Fiducial cuts

inMuonAcc(µ) = true
hasRich(K, µ) = true

pT(µ) > 0.8 GeV
PID cuts

probNNK(K) > 0.2
PIDµ(µ) > �3

isMuon(µ) = true

Table 7: Signal and control samples and their corresponding q
2 and mass ranges. These are the

only o✏ine requirements that are di↵erent between the signal mode and the control mode.

ee mode µµ mode
signal mode 0.76 < q

2
< 1.23 GeV2 0.98 < q

2
< 1.10 GeV2

1.75 < m
�

DTF(⇡+
e
+
e

�) < 2.13 GeV 1.81 < m
�

DTF(⇡+
µ

+
µ

�) < 2.04 GeV

5.5 Types of backgrounds a↵ecting the D
+
(s) ! ⇡

+
�(`+

`
�) mode310

5.5.1 Peaking backgrounds with single mis-identified tracks311

Peaking backgrounds in which one of the tracks in the final state has been misidentified are312

D(s) ! �(! ``)K+
!⇡+ decays, where K

+
!⇡+ indicates that the kaon is incorrectly identified313

as a pion. Such decays are strongly CKM suppressed, therefore they are not expected to314

contribute sizeably.315

5.5.2 Peaking backgrounds with doubly mis-identified tracks316

A possible source of peaking mis-identified background stems from decays317

D(s) ! ⇡
+
⌘

0
(! ⇢

0(⇡+
!`+

⇡
�
!`�)�) where the notation ⇡

+
!`+

indicates that the ⇡
+ is in-318
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Table 6: O✏ine selection cuts applied to the control electron modes (left) and control muon
modes (right).

Event quality
nSPDHits < 450

probghost(K, e) < 0.3
Cascade vetoes

m(K+
e

�) > 1885 MeV
m

track
e!⇡

(K+
e

�) /2 m(D0) ± 40 MeV
Fiducial cuts

pT(e) > 0.5 GeV
p(e) > 3 GeV

hasRich(K, e) = true
hasCalo(e) = true
|xECAL(e)| > 363.6 mm

or |yECAL(e)| > 282.6 mm
PID cuts

probNNK(K) > 0.2
PIDe(K) < 0
PIDe(e) > 3

Event quality
nSPDHits < 450

probghost(K, µ) < 0.3
Fiducial cuts

inMuonAcc(µ) = true
hasRich(K, µ) = true

pT(µ) > 0.8 GeV
PID cuts

probNNK(K) > 0.2
PIDµ(µ) > �3

isMuon(µ) = true

Table 7: Signal and control samples and their corresponding q
2 and mass ranges. These are the

only o✏ine requirements that are di↵erent between the signal mode and the control mode.

ee mode µµ mode
control mode 6.00 < q

2
< 12.96 GeV2 8.68 < q

2
< 10.09 GeV2

5.08 < m
J/ 

DTF(K+
e
+
e

�) < 5.68 GeV 5.18 < m
J/ 

DTF(K+
µ

+
µ

�) < 5.60 GeV

5.5 Types of backgrounds a↵ecting the D
+
(s) ! ⇡

+
�(`+

`
�) mode310

5.5.1 Peaking backgrounds with single mis-identified tracks311

Peaking backgrounds in which one of the tracks in the final state has been misidentified are312

D(s) ! �(! ``)K+
!⇡+ decays, where K

+
!⇡+ indicates that the kaon is incorrectly identified313

as a pion. Such decays are strongly CKM suppressed, therefore they are not expected to314

contribute sizeably.315

5.5.2 Peaking backgrounds with doubly mis-identified tracks316

A possible source of peaking mis-identified background stems from decays317

D(s) ! ⇡
+
⌘

0
(! ⇢

0(⇡+
!`+

⇡
�
!`�)�) where the notation ⇡

+
!`+

indicates that the ⇡
+ is in-318

21

• Fiducial, mass ranges and substituted mass cuts applied to the control mode
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Efficiencies calculation
εtot = εgeom(⋅εfilter) ⋅ εrec,strip ⋅ εpresel ⋅ εPID ⋅ εtrig ⋅ εBDT

• Ghost computation:


• Signal events which are misclassified as ghosts are taken into account


• PID efficiencies:


• Use PIDCalib to extract , ,  efficiencies


•  PID efficiencies obtained by fit and count procedure on  calibration data


• Correction for electron PID factorisation bias


• Calibration of  kinematics:


• Use  and  selected data correct for remaining discrepancies between data and MC


•  smearing:


• Use parameters from a fit to  to better match  resolution observed in data


• Electron tracking efficiency corrections:


• Use the available WG tables to correct for inaccuracy of simulated track reconstruction


μ K π

e B+ → J/ψ(e+e−)K+

B/D

B+ → J/ψ(ℓ+ℓ−)K+ D+
(s) → ϕ(ℓ+ℓ−)π+

q2

m(J/ψ) q2
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Corrections to Particle ID efficiencies

• Correct for mismodelled particle 
identification efficiencies using 
data:

• ,  and  (left): 
using efficiency histograms 
from PIDCalib


•  (right): 
Dedicated calibration of ePID 
with fit&count method in bins of 

K π μ

e

(p(e±), η(e±), hasBrem)
410 510 ) [MeV]πp(
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Fit to the data samples used as a source of  (left) and (right) PID eff calibrationπ± e±

[EPJ T&I 
(2019) 6:1]

B+ → K+J/ψ(e+e−)

ProbNNπ(π) > 0.2
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• sWeights

• fit&count

• fit&count, alt. binning

PID efficiencies for  (left) and (right) as a function of their momentaπ± e±

https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z
https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z
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Trigger corrections

• Simulated trigger efficiencies are 
calibrated using sWeighted 

 data using a 
tag&probe approach


• 


• 


• 


• 


• TIS tags are used to compute nominal 
weights, other tags are used for 
systematic 

B+ → J/ψ(ℓ+ℓ−)K+

μTOS : pT(μ)

eTOS : ET(e)

hTOS! : ET(K)

TIS! : max(pT(e+), pT(e−))
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• Nominal approach uses sWeighted  data


• Weights from  tags or electron modes are used 

as systematics
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μTIS!

Kinematic corrections

• Use , and   

to correct for  kinematics mismodeling in MC


• Simulation is reweighed to match the data 
distributions

B+ → K+J/ψ(μ+μ−) D+
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D+ → π+ϕ(μ+μ−)
• no weight

•  nominal

•  alternative

μTOS
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• no weight

•  from 

•  from 

μTOS ϕ
eTIS J/ψ

•  from 

•  from 

•  

μTIS J/ψ
eTOS J/ψ
μTOS nominal × VTXχ2ee

• Weights derived separately for 

 data


• Variance of alternative weights 

reduced by adopting  

reweighting histograms due to 
low statistics of signal electrons

D/Ds

J/ψ
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• Simulated resolution is better than the one observed 
in data 


• Extract smearing parameters from 

 
B+ → K+J/ψ(e+e−)
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Smeared m(ee)

Simulated m(ee)

μdata = μMC + Δμ, σdata = sσ ⋅ σMC
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Di-electron mass smearing
Simulated m(ee)• Simulated resolution is better than the one observed 

in data 


• Extract smearing parameters from 

 
B+ → K+J/ψ(e+e−)

μdata = μMC + Δμ, σdata = sσ ⋅ σMC

• And correct simulated signal mode resolution 
according to:

msmeared = mtrue + sσ(m − mtrue) + Δμ + (1 − sσ)(μMC − m(ϕ))

smeared m(ee)
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Warping of the combinatorial background shape
• The Standard Model (SM) of particle physics represents our best understanding of nature at 

the tiniest scales.


• It contains the building blocks of matter and the glue that tells us how they interact.

• Strategic choice: use -constrained  
mass for the signal mode yield 
extraction to improve resolution


• However, we know what they say about 
free lunches…
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Figure 6: E↵ect on data of constraining the mass of the di-lepton pair to the � mass when
reconstructing the D

+ mass. On the top left (right) plot muon data (simulation) samples are
shown in blue, while on the bottom left (right) plot electron data (simulation) samples are
represented. The solid (dashed) lines represent the D mass variable with (without) the � mass
constraint. The plots involving electrons in the final state are divided by bremsstrahlung category.
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Peaking background sources

• Partially reconstructed and semileptonic 
backgrounds of the kind:


Several sources of peaking backgrounds affecting the signal channels are considered:
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D → ϕ(ℓℓ)ρ(π+π0)
D → ϕ(ℓℓ)ℓ→π ν

• Are checked with full simulation and reduced 
to a negligible level by the mass cuts 


-constrained  mass,  ϕ D+ μ -constrained  mass,  ϕ D+ e

 mass,  D+ μ  mass,  D+ e
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• It is checked using phase space only 
simulation (RapidSim + PHOTOS) that 
background sources of the kind:


are reduced to percent level from acceptance,  
 mass window and lepton  cuts
D p, pT

Several sources of peaking backgrounds affecting the signal channels are considered:

D+ → ϕ(ℓℓ)η′￼(eeγ)π+
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Signal yield extraction: electrons

• Fit model for electron signal mode consists 
of:


The signal yield is extracted separately in each year of data taking and trigger category
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Combinatorial
π 3→ +D
π 3→ s

+D

LHCb

• Signal mode is parametrised as a sum 
of double crystal balls, one for each 
bremsstrahlung category with 
parameters obtained from simulation 


• Chebychev coefficients of combinatorial 
model are free to float in the nominal fit


• Doubly misidentified 
background shape and yield are 
obtained from inverted PID sample

D+ → π+π−π+

LHCb Unofficial
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Signal yield extraction: muons
The signal yield is extracted separately in each year of data taking and trigger category

• Fit model for muon signal mode 
consists of:


• Signal mode is parametrised as a 
double crystal ball with parameters 
obtained from simulation 


• Combinatorial model as falling 
exponential


• Doubly misidentified 
background is negligible from PID and 
mass window cuts


D+ → π+π−π+
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Systematics
• Statistic of MC and calibration samples


• Evaluated using bootstrapping method


• PID corrections


• Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe 
electron


• Corrections to B/D kinematics:


• Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive 
the kinematic corrections


• Occupancy systematics


• Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)


•  smearing:


• Uncertainties on the smearing parameters


• Fit model systematics


• Variations on the model used to parametrise combinatorial events and misidentified 
backgrounds in the electron mode

q2

Finite Size of the MC sample

Statistical uncertainty related to the finite size of the normalization

channels and the calibration histograms is assessed using a

bootstrapping method

• Each data or simulated event is given a weight that is distributed

according to a Poisson distribution of µ = 1

• All the calibration histograms are re-extracted, all e�ciencies are

recomputed and all the fits to the control modes are re-performed

using these weights.

• Procedure repeated 100 times to assess systematic error.
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Systematics
• Statistic of MC and calibration samples


• Evaluated using bootstrapping method


• PID corrections


• Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe 
electron


• Corrections to B/D kinematics:


• Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive 
the kinematic corrections


• Occupancy systematics


• Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)


•  smearing:


• Uncertainties on the smearing parameters


• Fit model systematics


• Variations on the model used to parametrise combinatorial events and misidentified 
backgrounds in the electron mode

q2

PID Calibration systematics

Three main sources of systematic uncertainty related to the

PID histograms are considered:

3 Choice of the binning scheme:

• µ, K and ⇡ PID calibration histograms are rebinned in 4
alternative binning scheme and e�ciencies are recomputed

• e PID tables 1 alternative binning scheme is adopted for
syst evaluation

3 Trigger bias: "is recomputed requiring that the probe e

is TIS wrt any trigger line

7 Harder cut on �2

IP
(e) when moving calibration data to

TURCAL lines ! needs to be corrected and syst

accounted for
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• Statistic of MC and calibration samples


• Evaluated using bootstrapping method


• PID corrections


• Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe 
electron


• Corrections to B/D kinematics:


• Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive 
the kinematic corrections


• Occupancy systematics


• Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)


•  smearing:


• Uncertainties on the smearing parameters


• Fit model systematics


• Variations on the model used to parametrise combinatorial events and misidentified 
backgrounds in the electron mode

q2
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• Statistic of MC and calibration samples


• Evaluated using bootstrapping method


• PID corrections


• Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe 
electron


• Corrections to B/D kinematics:


• Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive 
the kinematic corrections


• Occupancy systematics


• Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)


•  smearing:


• Uncertainties on the smearing parameters


• Fit model systematics


• Variations on the model used to parametrise combinatorial events and misidentified 
backgrounds in the electron mode
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• Statistic of MC and calibration samples


• Evaluated using bootstrapping method


• PID corrections


• Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe 
electron


• Corrections to B/D kinematics:


• Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive 
the kinematic corrections


• Occupancy systematics


• Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)


•  smearing:


• Uncertainties on the smearing parameters, smearing parameters momentum dependent


• Fit model systematics


• Variations on the model used to parametrise combinatorial events and misidentified 
backgrounds in the electron mode

q2

Systematics
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Systematics
• Statistic of MC and calibration samples


• Evaluated using bootstrapping method


• PID corrections


• Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe 
electron


• Corrections to B/D kinematics:


• Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive 
the kinematic corrections


• Occupancy systematics


• Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)


•  smearing:


• Uncertainties on the smearing parameters


• Fit model systematics


• Variations on the model used to parametrise combinatorial events and misidentified 
backgrounds in the electron mode

q2
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Combinatorial background systematic
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LHCb• Parametrise the combinatorial shape as a  
third-order Chebyshev polynomial, validated 
against:


• Sample with inverted BDT requirement 


• Sample obtained from selecting final 
states with electrons of same charge


• Extending the number of terms in the 
polynomial to 4
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Combination method

• Even though measurement is not affected by 
D’Agostini bias, it is still systematically dominated


• Using the BLUE method to combine values in 
different categories yields a biased average


• This is because sizeable off diagonal matrix 
elements appear in the systematics covariance 
matrix
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Combination method
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•  is obtained as weighted average between 
the different categories


• Obtain systematic errors by averaging the 
combinations instead of BLUE method

Rd(s)
ϕπ

• Even though measurement is not affected by 
D’Agostini bias, it is still systematically dominated


• Using the BLUE method to combine values in 
different categories yields a biased average


• This is because sizeable off diagonal matrix 
elements appear in the systematics covariance 
matrix
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Combination
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• Even though measurement is not affected by 
D’Agostini bias, it is still systematically dominated


• Using the BLUE method to combine values in 
different categories yields a biased average


• This is because sizeable off diagonal matrix 
elements appear in the systematics covariance 
matrix


• Example of combination of two values of the 
same measurement using BLUE method


