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Physics at LHCb
LHCb is the LHC experiment dedicated to beauty and charm
hadrons.

Compare precision measurements with clean predictions to find
evidence for NP
Flavor sector:
- very rich sector of the SM with precise theoretical predictions
- loop processes are sensitive to energy scales well beyond those
of the accelerators, thanks to virtual contributions.

Wide physics program:
1 CKM and CP violation with b and c hadrons
2 Rare decays of b and c hadrons
3 Spectroscopy in pp interactions and B decays
4 Electroweak and QCD measurements in the forward region
5 Heavy quark production
6 Exotica searches, ...
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LHCb: super b and c factory at the LHC

LHC is a proton-proton collider:
runI:

√
s = 7 TeV (2011), 8 TeV (2012)

runII:
√

s = 13 TeV (2015−2018)

Large bb̄ production cross-section:
σ(pp → bb̄) = 286µb at 7 TeV [PLB 694 (2010) 209]

σ(pp → cc̄) 20 times larger!
All kinds of b-hadrons produced (B+, B0, B0

s , B+
c , b-baryons, ...)

b-hadrons produced mainly at low angle:
LHCb detector installed in the forward region
→unique pseudo-rapidity range
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The LHCb detector [JINST 3 (2008 S08005)]

Single-arm forward spectrometer:

Tracking system
IP resolution ∼ 15µm (at high pT )

δp/p ∼ 0.45%

RICH system
Very good K − π identification for

p ∼ 2− 100 GeV/c

Calorimeters
Energy measurement, identify π0,γ,e

+ trigger

Muon detector
muon identification + trigger

Integrated luminosity:
runI: 1 fb−1 (2011), 2 fb−1 (2012)
runII (ongoing): 0.3 fb−1 (2015−2018)
Instantaneous luminosity ∼ (1− 4)× 1032cm−2s−1

Trigger reduces the pp rate from 40 MHz→ 12.5 kHz in two steps:

1) hardware (e.g. muon trigger built at CPPM)
2) software
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After LHCb runI

Wide range of precise and outstanding physics results

Some tensions with the Standard Model

Nice and precise measurements not anticipated when designing
LHCb

6 / 27



Some key results at LHCb

|Vub| with Λ0
b → pµ−νµ

R(D∗) in B0 → D∗+τ−ντ
tension with SM 2.1σ

Lepton universality
with B+ → K +`+`−

tension with SM 2.6σ

Observation of exotic pentaquarks
P’5 in B0 → K ∗0µ+µ−

tension with SM 3.7σ
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Rare Decays: B0
s,d → µ+µ− (at CPPM)

Loop processes very suppressed in the SM.
Precise theoretical prediction [C. Bobeth et al, PRL 112, (2013) 101801]:
Sensitive to new physics
Combination with CMS data [Nature 552 (2015) 68]:
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Rare Decays: τ in the final state (at CPPM)

Pioneer work in progress

B → ττ and B → K ∗ττ :
Rare decay with B(B → ττ) ∼ 200× B(B → µµ) in the SM
Experimentally very challenging

B → τµ:
Lepton flavor violation
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Mixing induced CPV in B0
s (at CPPM)

Interference between B0
s decay to CP eigenstate either directly

or via B0
s –B0

s oscillation gives rise to a CP violating phase
φ

J/ψφ
s ≡ φs = ΦM − 2ΦD: golden mode: B0

s → J/ψφ

Small and precise SM prediction:
φs ' −2βs = −(0.0376 + 0.0007− 0.0008) rad
with βs = arg (−VtsVtb

∗/VcsVcb
∗)

Sensitive to NP in the mixing loop

Measured by fitting differential decay rates for B0
s and B0

s
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Mixing-induced CPV in B0
s [arXiv:1411.3104]

LHCb using only B0
s → J/ψK +K−:

φs = −0.058± 0.049± 0.006 rad

World average:
φs = −0.015± 0.035 rad
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68% CL contours
( )
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Analysis of B0
s → ηcφ decays

with the runI of LHCb
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B0
s → ηcφ: Motivations

Goal:
reduce the statistical uncertainty on φs

⇒ add a new decay mode

B(B0
s → J/ψ (µ+µ−) φ (KK )) ' 3.2× 10−5

B(B0
s → ηc (4h) φ (KK )) ' 2.3× 10−5 (estimate)

⇒ similar visible BR
study hadron modes: h = π or K
B(ηc → K +K−π+π−)/B(ηc(4h)) ∼ 53%
B(ηc → π+π−π+π−)/B(ηc(4h)) ∼ 40%
B(ηc → K +K−K +K−)/B(ηc(4h)) ∼ 7%

NS = Lint × σbb × fB0
s
× 2× B(B0

s → ηc(4h)φ(KK ))× εtot

First estimation of sensitivity on φs with a MC based study (2006):
σηcφ
φs
∼ 0.1σJ/ψφ

φs

First step: Discovery of B0
s → ηcφ and measurement of its

branching fraction with the runI of LHCb (3 fb−1)
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Branching fraction of B0
s → ηcφ

Bi
meas(B0

s → ηcφ) =
N i

B0
s→ηcφ

N i
B0

s→J/ψφ

×B(B0
s → J/ψφ)× B

i (J/ψ→4h)
Bi (ηc→4h)

×
εi

B0
s→J/ψφ

εi
B0

s→ηcφ

with i ∈ {2K 2π, 4π, 4K}

1) Inputs B(B0
s → J/ψφ), Bi (J/ψ → 4h) and Bi (ηc → 4h) taken from PDG

2) Efficiencies computed using exclusive ηc and J/ψ MC

We factorize the total efficiency as:
ε = εgeo.εreco.εsel.εPID

3)
N

B0
s→ηcφ

N
B0

s→J/ψφ
: extracted from unbinned maximum likelihood fit to data (see following)
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Selection of signal events

A) A pre-selection is performed in two steps to reduce the
combinatorial background:

1) loose cut-based selection
2) Boosted Decision Tree (BDT)

B) The final selection is optimized using another BDT together
particle identification (PID) cuts
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Pre-selection: cut-based

An LHCb event contains ∼100
nearly parallel tracks

Large part of combinatorial
background:

has low transverse momentum
(pT )
comes from primary vertex (PV)

Variable Cut

Hadrons from ηc
pT [ MeV/c ] > 250.0
IP/χ2 > 4.0
ProbNNk (Only for kaons) > 0.13
ProbNNpi (Only for pions) > 0.2
TRACK χ2/dof < 3.0
TRACK GhostProb < 0.4

ηc
DOCA χ2 < 20.0
Σ pT (K +, K−, π+, π− ) [ MeV/c ] > 2500.0
Σ IP/χ2 (K +, K−, π+, π− ) > 30.0
IP/χ2 > 2.0
|m4h - 3000.0| [ MeV/c2 ] < 200.0
vertex χ2/dof < 9.0

Kaons of φ
pT > 500.0
IP/χ2 > 4.0
PIDK > 0.0

φ
pT [ MeV/c ] > 800.0
DOCA χ2 < 30.0
IP/χ2 > 2.0
|mKK - mφ| [ MeV/c2 ] < 30.0

vertex χ2 < 9.0

B0
s

|m4hKK - m
B0

s
| [ MeV/c2 ] < 500.0

DIRA > 0.99
vertex χ2/dof < 25.0
DLS > 0.0
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Pre-selection: BDT

BDT trained with:
Signal: MC events
Background: Real Data Upper Side Band
→ invariant mass of 6 hadrons in [5800, 6000] MeV

List of variables used:
pT of all particles (but B0

s )
IP/χ2 of all particles
B0

s decay time and vertex fit quality
Pointing

BDT response > 0 is used
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Offline selection: BDT

BDT trained with:
Signal: MC TRUE events
Background: real data Upper Side Band: m(6h) > 5600 MeV

List of variables used:
vertex χ2, IP/χ2, TRACK χ2, pseudo-rapidity, time of flight, pT

BDT training result:
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Optimization of the offline selection

Procedure of optimization:
FoM = S√

S+B
, where

S ≡ Number of B0
s → 4hφ

candidates fitted (Gaussian)
B ≡ Number of combinatorial
background fitted (Exponential)

 caseπBDT response 2012 4
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

F
ig

ur
e 

of
 m

er
it

2

3

4

5

6

1) Cut on BDT split by data taking periods and decay modes

2) Different PID cut applied according to the final state
B0

s → ηcφ with
φ→ KK and
ηc → KKππ,
ηc → ππππ,
ηc → KKKK
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Branching fraction of B0
s → ηcφ (reminder)

Bi
meas(B0

s → ηcφ) =
N i

B0
s→ηcφ

N i
B0

s→J/ψφ

×B(B0
s → J/ψφ)× B

i (J/ψ→4h)
Bi (ηc→4h)

×
εi

B0
s→J/ψφ

εi
B0

s→ηcφ

with i ∈ {2K 2π, 4π, 4K}
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Fiting procedure

The fit is performed in two steps:

1) 2D fit (m4hK +K− ×mK +K− ):

to disentangle event category:
B0 → 4hφ, B0 → 4hKK ,
B0

s → 4hφ, B0
s → 4hKK ,

bkg→ 4hφ and bkg→ 4hKK

2) 1D fit (m4h) with optimal backgroung substraction procedure:

to disentangle ηc , J/ψ and NR components
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B0
s → ηc(4h)φ(K +K−): Mass fit model

Mass 4hK +K−:
→ B0

s : Hypathia1 with µ and σ free and all other parameters fixed (MC)
→ B0: Hypathia with µ free and all other parameters equal to B0

s

→ Combinatorial background: Exponential with coefficient free

Mass 4h
→ ηc : Voigtian: µ free, Breit-Wigner line shape width fixed to 32.2 MeV

and σ of the convoluted Gaussian free
→ J/ψ : Hypathia with µ and σ free, all other parameters fixed (MC)
→ "Physical background", NR m(4h): Exponential with coefficient free

Mass K +K−

→ φ: Relativistic Breit-Wigner, with mass dependent width,
convoluted with Gaussian: µ free, Relativistic Breit-Wigner line
shape width fixed to 4.26 MeV and radius fixed to 3.0 (MC), σ of the
convoluted Gaussian free

→ S-wave (NR K +K−): Exponential with coefficient free

1Modified Gaussian with asymetric tails
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Mass fit model: MC
Mass 4hK +K−: B0

s
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2D fit (m4hK +K− ×mK +K−): Result

Mass 4hK +K−

]2M(4hKK) [MeV/c
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Events are properly described:
B0 → 4hφ and B0 → 4hKK full and dashed green lines,
respectively
B0

s → 4hφ and B0
s → 4hKK full and dashed red lines, respectively

bkg→ 4hφ and bkg→ 4hKK full and dashed black lines,
respectively

The fit yields 1355±50 B0
s → 4hφ events
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1D fit (m4h): Result

B0
s → 4hφ substract background are applied on the invariant mass 4h

Mass 4h

]2M(4h) [MeV/c
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Nfit
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s→ηcφ

Nfit
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s→J/ψφ

= 1.02±0.13

First observation of B0
s → ηcφ!
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Preliminary branching fraction of B0
s → ηcφ

Bmeas(B0
s → ηcφ) =

NB0
s→ηcφ

NB0
s→J/ψφ

× B(B0
s → J/ψφ)× B(J/ψ→4h)

B(ηc→4h) ×
εB0

s→J/ψφ

εB0
s→ηcφ

1) B(B0
s → J/ψφ)× B(J/ψ→4h)

B(ηc→4h)
= (3.3 ± 0.5)×10−4

2)
ε

B0
s→J/ψφ

ε
B0

s→ηcφ
= 1.01 ± 0.01

3)
N

B0
s→ηcφ

N
B0

s→J/ψφ
= 1.02±0.13

Preliminary (LHCb)
Bprelim

meas (B0
s → ηcφ) = (3.31± 0.43(stat)±0.50(B)±0.05(syst))× 10−4
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Conclusions and prospects

Conclusions:
First observation of B0

s → ηcφ
Using 4h: Bprelim

meas (B0
s → ηcφ) = (3.3± 0.7)× 10−4

Analysis prospects:
Complete systematics study
Publish the BR

Thesis prospects:
Start φs with runII
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Backup
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CKM matrix and Unitary Triangle

The source of CPV in quark sector

 d
s
b

′ =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 d
s
b

phys

VCKM is unitary and can be parameterized
with 4 parameters A, λ, ρ and η:

VCKM =


1 − λ2

2 λ Aλ3(ρ − iη)

−λ 1 − λ2
2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

 + O(λ4)

Can’t explain baryonic asymmetry in the universe
→ should be additional mechanism beyond SM
Measure the CKM parameters to find inconsistencies in UT
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The LHCb Trigger in 2011–2012 (runI)

L0 hardware trigger:
Find lepton, hadron with high pT

Reduce the rate from 40 MHz to
1 MHz

HLT1 software trigger:
Finds vertices in VELO
Tracks with high IP and pT

HLT2 software trigger:
Reconstruct all tracks in event
Select inclusive/exclusive b-hadrons
Output rate = 5 kHz
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The LHCb Trigger in 2015–2018 (runII)

L0 hardware trigger:
Find lepton, hadron with high pT

Reduce the rate from 40 MHz to
1 MHz

HLT1 software trigger:
Finds vertices in VELO
Tracks with high IP and pT

Alignement and calibration
performed online!

HLT2 software trigger:
Reconstruct all tracks in event
Select inclusive/exclusive b-hadrons
Output rate = 12.5 kHz
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Efficiency computation: total efficiency

ε = εgeo.εreco.εsel.εPID

(εB0
s→Xφ)geo is given after MC generation

(
εB0

s→J/ψφ

εB0
s→ηcφ

)geo = 1.008 ± 0.005

(εB0
s→Xφ)reco = N (MC events reconstructed truth matched)

N (MC events generated in the LHCb acceptance)

(
εB0

s→J/ψφ

εB0
s→ηcφ

)reco = 0.9757 ± 0.0018

(εB0
s→Xφ)sel =N (MC events reconstructed and selected truth matched)

N (MC events reconstructed truth matched)

(
εB0

s→J/ψφ

εB0
s→ηcφ

)sel = 1.030 ± 0.009

(εB0
s→Xφ)PID =N (MC events reconstructed, selected truth matched and PID)

N (MC events reconstructed and selected truth matched)

(
εB0

s→J/ψφ

εB0
s→ηcφ

)PID = 1.000 ± 0.007

(
εB0

s→J/ψφ

εB0
s→ηcφ

)tot = 1.01 ± 0.01
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B → µ+µ− combined analysis of CMS and LHCb

[CMS and LHCb, arXiv:1411.4413, submitted to Nature]
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a

b

c

B(B0
s → µ+µ−) = 2.8+0.7

−0.6 × 10−9 (6.2σ), first observation!

B(B0 → µ+µ−) = 3.9+1.6
−1.4×10−10 (3.2σ) evidence for B0 → µ+µ−

B(B0→µ+µ−)

B(B0
s→µ+µ−)

= 0.14+0.08
−0.06 (2.3σ of SM)
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B → µ+µ− consequences

[Mahmoudi et al, arXiv1401.2145] Modified from [D. Straub, Nuovo Cim. C035N1 (2012) 249]

UNOFFICIAL

Black line corresponds to the direct limit by ATLAS 20.3 fb−1 68% CL LHCb+CMS 2014 constraint in blue

Strong constraints on many NP models, in particular those with large
tanβ
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Test of lepton universality with B+ → K +`+`− [PRL,113, 151601 (2014)]

Search for NP in the above loops (q2 = m2
``)

RK ≡
B(B+ → K +µ+µ−)

B(B+ → K +e+e−)
= 1±O(10−3) in the SM

RK (LHCb, 1 < q2 < 6 GeV2/c4) = 0.745+0.090
−0.074 ± 0.036 (2.6σ from

SM)
To be watched out with more statistics
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B0 → K ∗µ+µ− [JHEP 08 (2013) 131, PRL 111 (2013) 191801]

Same motivations as B− → K−`+`−

(same SM loops, but with a vector in the final state)
Complicated angular analysis with many observables:

1

dΓ/dq2

d4Γ

d cos θ` d cos θK dφ dq2
=

9

32π

[
3

4
(1 − FL) sin2

θK + FL cos2
θK +

1

4
(1 − FL) sin2

θK cos 2θ`

− FL cos2
θK cos 2θ` + S3 sin2

θK sin2
θ` cos 2φ

+ S4 sin 2θK sin 2θ` cosφ + S5 sin 2θK sin θ` cosφ

+ S6 sin2
θK cos θ` + S7 sin 2θK sin θ` sinφ

+ S8 sin 2θK sin 2θ` sinφ + S9 sin2
θK sin2

θ` sin 2φ
]

Can parameterize the angular coeff to be largely free of form factor
uncertainties [S. Descotes-Genon et al, arXiv:1303.5794]

e.g. P′5 = S5√
FL(1−FL)

where FL is the fraction of longitudinal polarization,

S5 is the coefficient of sin 2θK sin θ` cosφ in the decay rate.
36 / 27



B0 → K ∗`+`− [JHEP 08 (2013) 131, PRL 111 (2013) 191801]

Mainly compatible with the SM expect one angular variable
Local 3.7σ discrepancy with SM prediction in 3rd bin of P ′5
Look-elsewhere-effect-corrected SM p-value of this analysis is
0.5%
Theoretical work ongoing to better understand this bin.
NP contribution to EW penguin Wilson coeff C9?
LHCb update with full Run 1 data expected soon

37 / 27



Mixing induced CPV in B0
s

Interference between B0
s decay to J/ψφ either directly or via

B0
s –B0

s oscillation gives rise to a CP violating phase
φ

J/ψφ
s ≡ φs = ΦM − 2ΦD

In SM, φs ' −2βs = −(0.0363± 0.0013) rad, βs = arg (−VtsVtb
∗/VcsVcb

∗)

Neglecting sub-leading diagrams, the same phase is expected in
B0

s → D+
s D−s and B0

s → J/ψππ

Measured by fitting differential decay rates for B0
s and B0

s :

d4Γ(B0
s→ J/ψφ)

dt d cos θµ dϕh d cos θK
= f (φs,∆Γs, Γs,∆ms,M(B0

s ), |A⊥|, |A‖|, |AS |, δ⊥, δ‖, ...)

38 / 27



Mixing-induced CPV in B0
s → J/ψh+h− [arXiv:1411.3104]

Unbinned maximum likelihood fit (time, mass, angles, initial flavour)
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φs = −0.058± 0.049± 0.006 rad,

Γs ≡ (ΓL + ΓH)/2 = 0.6603± 0.0027± 0.0015 ps−1

∆Γs ≡ ΓL − ΓH = 0.0805± 0.0091± 0.0032 ps−1

Combined with B0
s → J/ψπ+π−: φs = −0.010± 0.039
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CPV in B0 and B0
s mixing

Semileptonic asymmetry Aq
SL =

Γ(B̄q→Bq→f )−Γ(Bq→B̄q→f̄ )

Γ(B̄q→Bq→f )+Γ(Bq→B̄q→f̄ )
very small in the

SM
D measures the di-muon asymmetry, Ab

SL, mixture of semileptonic
asymmetries in B0

s (Asls) and B0 (Asld). ∼ 3σ from SM [D0, PRD 89 (2014) 012002]

Same approach delicate at pp collider due to production asymmetries.
LHCb measures individually:
Asls = (−0.06± 0.50± 0.36)%, 1 fb−1, [LHCb, PLB 728 (2014) 607]
Asld = (−0.02± 0.19± 0.30)%, 3 fb−1, [arXiv:1409.8586]

Compatible with both SM and D

)0(BSLA
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) s0
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HFAG
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= 12χΔ
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40 / 27



Fit 3D (mass 4h, mass 6h, mass 2h) 2K2pi
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Fit 3D (mass 4h, mass 6h, mass 2h) 2K2pi
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All modes yield 2K2pi

Nfit

Nfit
B0→ηcKK 0 ± 18

Nfit
B0→ηcφ

17± 7

Nfit
B0→J/ψKK 9± 5

Nfit
B0→J/ψφ 0± 2

Nfit
B0→NRKK 0± 5

Nfit
B0→NRφ 7± 15

Nfit
B0

s→ηcKK 16± 16

Nfit
B0

s→ηcφ
141± 24

Nfit
B0

s→J/ψKK 20± 12

Nfit
B0

s→J/ψφ 238± 22

Nfit
B0

s→NRKK 109± 26

Nfit
B0

s→NRφ 296± 38

Nfit
4hKK 338± 29

Nfit
4hφ 674± 41
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Fit 3D (mass 4h, mass 6h, mass 2h) 4pi
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Fit 3D (mass 4h, mass 6h, mass 2h) 4pi
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All modes yield 4pi

Nfit

Nfit
B0→ηcKK 0 ± 2

Nfit
B0→ηcφ

0± 4

Nfit
B0→J/ψKK 4± 7

Nfit
B0→J/ψφ 5± 9

Nfit
B0→NRKK 62± 18

Nfit
B0→NRφ 83± 24

Nfit
B0

s→ηcKK 16± 15

Nfit
B0

s→ηcφ
199± 26

Nfit
B0

s→J/ψKK 0± 17

Nfit
B0

s→J/ψφ 98± 20

Nfit
B0

s→NRKK 79± 23

Nfit
B0

s→NRφ 253± 40

Nfit
4hKK 298± 31

Nfit
4hφ 380± 39
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Fit 3D (mass 4h, mass 6h, mass 2h) 4K
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Fit 3D (mass 4h, mass 6h, mass 2h) 4K
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All modes yield 4K

Nfit

Nfit
B0→ηcKK 0 ± 0

Nfit
B0→ηcφ

0± 0

Nfit
B0→J/ψKK 0± 0

Nfit
B0→J/ψφ 1± 1

Nfit
B0→NRKK 0± 1

Nfit
B0→NRφ 5± 2

Nfit
B0

s→ηcKK 5± 1

Nfit
B0

s→ηcφ
35± 4

Nfit
B0

s→J/ψKK 0± 0

Nfit
B0

s→J/ψφ 32± 4

Nfit
B0

s→NRKK 0± 422

Nfit
B0

s→NRφ 53± 6

Nfit
4hKK 16± 3

Nfit
4hφ 42± 5
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Used data samples

Real Data
Momentum scale calibration applied
Full stat of run1

2011: 0.98 fb−1

2012: 1.99 fb−1

Stripping 21(r1)
Stream: BHADRON.MDST
Stripping Line: StrippingBs2EtacPhiBDTLine see 29/01/2015 talk

MC Sim08g Pythia8:
DecFile: Bs_Jpsiphi,hhhh=DecProdCut.dec
6 065 927 events

B0
s → J/ψ (KKππ)φ(KK )

B0
s → J/ψ (ππππ)φ(KK )

B0
s → J/ψ (KKKK )φ(KK )

DecFile: Bs_etacphi,hhhh=update2015,DecProdCut.dec
6 123 927 events

B0
s → ηc(KKππ)φ(KK )

B0
s → ηc(ππππ)φ(KK )

B0
s → ηc(KKKK )φ(KK )
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Trigger lines

6 hadrons in the final state

L0HadronDecision_TOS || L0Physics_TIS
&&

Hlt1TrackAllL0Decision_TOS
&&

Hlt2Topo(2,3,4)BodyBBDTDecision_TOS || Hlt2IncPhiDecision_TOS
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Branching fraction of B0
s → ηcφ

Bi
meas(B0

s → ηcφ) =
N i

B0
s→ηcφ

N i
B0

s→J/ψφ

×B(B0
s → J/ψφ)× B

i (J/ψ→4h)
Bi (ηc→4h)

×
εi

B0
s→J/ψφ

εi
B0

s→ηcφ

with i ∈ {2K 2π, 4π, 4K}

1) Inputs B(B0
s → J/ψφ), Bi (J/ψ → 4h) and Bi (ηc → 4h) taken from PDG

(see backup 69)

2) Efficiencies computed using exclusive ηc and J/ψ MC (see following)

We factorize the total efficiency as:
ε = εgeo.εreco.εsel.εPID

with sel = (trigger + stripping + offline selection and BDT)

3)
N

B0
s→ηcφ

N
B0

s→J/ψφ
: extracted from unbinned maximum likelihood fit to data (see following)
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Efficiency computation: geometric

Table is given after MC generation

Efficiency (%): geometric
Years B0

s → ηcφ B0
s → J/ψφ Ratio

MC2011 0.1601± 0.0005 0.1610± 0.0005 1.006± 0.005
MC2012 0.1616± 0.0006 0.1631± 0.0006 1.009± 0.005
Total 0.1609± 0.0005 0.1620± 0.0005 1.008± 0.005

(
εB0

s→J/ψφ

εB0
s→ηcφ

)geo = 1.008 ± 0.005
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Efficiency computation: selection

(εB0
s→Xφ)sel =N (MC events reconstructed and selected truth matched)

N (MC events reconstructed truth matched)

→ selected means: trigger + stripping + offline selection and BDT

Efficiency (%): selection
Mode B0

s → ηcφ B0
s → J/ψφ Ratio

Mag Down Mag Up Mag Down Mag Up
2011 KKpipi mode 3.38± 0.08 3.19± 0.07 3.34± 0.08 3.33± 0.08 1.016± 0.023
2012 KKpipi mode 6.2± 0.07 6.13± 0.08 6.55± 0.08 6.23± 0.08 1.036± 0.013
2011 pipipipi mode 5.45± 0.13 5.38± 0.12 5.61± 0.14 5.6± 0.14 1.034± 0.025
2012 pipipipi mode 4.94± 0.09 5.1± 0.09 5± 0.1 5.34± 0.1 1.03± 0.019
2011 KKKK mode 5.22± 0.29 4.64± 0.28 4.65± 0.25 4.55± 0.24 0.931± 0.05
2012 KKKK mode 6± 0.23 5.6± 0.22 6.19± 0.21 5.83± 0.2 1.04± 0.04
Total 5.21± 0.04 5.12± 0.04 5.35± 0.04 5.3± 0.04 1.03± 0.009

(
εB0

s→J/ψφ

εB0
s→ηcφ

)sel = 1.030 ± 0.009
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Efficiency computation: PID

(εB0
s→Xφ)PID =N (MC events reconstructed, selected truth matched and PID)

N (MC events reconstructed and selected truth matched)

used PIDCalib package:
1) We created calibration sample for K and π with PID cut

(value optimize after the BDT selection, see backup)
2) We run the calibration over the reference
3) We recalculate the statistical uncertainties taking into account the

size of the reference

Efficiency (%): PID
Mode B0

s → ηcφ B0
s → J/ψφ Ratio

Mag Down Mag Up Mag Down Mag Up
2011 KKpipi mode 86.31± 0.17 86.61± 0.17 86.63± 0.17 86.26± 0.19 0.9998± 0.0020
2012 KKpipi mode 86.66± 0.10 85.52± 0.11 86.47± 0.10 85.58± 0.11 0.9992± 0.0012
2011 pipipipi mode 81.12± 0.18 80.78± 0.19 81.12± 0.21 81.11± 0.20 1.0021± 0.0024
2012 pipipipi mode 81.54± 0.15 80.60± 0.15 81.38± 0.17 80.52± 0.16 0.9986± 0.0019
2011 KKKK mode 91.1± 0.5 91.7± 0.4 91.6± 0.4 91.5± 0.4 1.002± 0.005
2012 KKKK mode 91.10± 0.30 90.63± 0.35 91.68± 0.25 90.25± 0.30 1.0011± 0.0033
Total 84.90± 0.07 84.24± 0.07 85.16± 0.07 84.47± 0.07 1.000± 0.007

(
εB0

s→J/ψφ

εB0
s→ηcφ

)PID = 1.000 ± 0.007
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Definition of true MC candidate in our Tuples

Signal (B0
s →ηc φ), BKGCAT:

B0
s = 0||B0

s = 10
ηc = 0||ηc = 10
φ = 0

Control channel (B0
s →J/ψ φ), BKGCAT:

B0
s = 0||B0

s = 10
φ = 0
Without Stripping Line: J/ψ = 0||J/ψ = 10
With Stripping Line: J/ψ = 20

The intermediate resonance from J/ψ or ηc are not in the decay
descriptor
The Stripping Line needs the decay descriptor written with ηc

BKGCAT=0: true NR signal
BKGCAT=10: all intermediate states of the decay descriptor are not correctly reconstructed
BKGCAT=20: the true MC particle defined in the decay descriptor is not a signal decay
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Fit 3D with negative yield
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Fit 3D result: shape parameters with negative yield
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B0
s model fit (CB or hypatia)

]2M(2h) [MeV/c
5280 5300 5320 5340 5360 5380 5400 5420 5440 5460

)
2

C
an

di
da

te
s 

/ (
2.

0 
M

eV
/c

0

200

400

600

800

1000

1200

1400

1600

]2M(6h) [MeV/c
5280 5300 5320 5340 5360 5380 5400 5420 5440 5460

)
2

C
an

di
da

te
s 

/ (
2.

0 
M

eV
/c

1

10

210

310

P
ul

l

-4
-2
0
2
4

]2M(2h) [MeV/c
5280 5300 5320 5340 5360 5380 5400 5420 5440 5460

)
2

C
an

di
da

te
s 

/ (
2.

0 
M

eV
/c

0

200

400

600

800

1000

1200

1400

1600

]2M(6h) [MeV/c
5280 5300 5320 5340 5360 5380 5400 5420 5440 5460

)
2

C
an

di
da

te
s 

/ (
2.

0 
M

eV
/c

1

10

210

310

P
ul

l

-4
-2
0
2
4

59 / 27



J/ψ model fit (CB or hypatia)
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ηc model fit (Voigtian or hypatia)
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φ model fit (BW convoluted with Gaussian or CB)
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φ model fit (hypatia)
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Mass fit models tested B0
s → ηc(4h)φ(K +K−)

Mass 6h:
→ B0

s : CB with µ and σ free and all other parameters fixed (MC)
→ B0: CB with µ free and all other parameters equal to B0

s

→ Combinatorial background: Exponentials with coefficient free

Mass 4h
→ ηc : Voigtian: µ free, Breit-Wigner line shape width fixed to

32.2 MeV and σ of the convoluted Gaussian free
→ J/ψ : CB with µ and σ free, all other parameters fixed (MC)
→ "Physical background", NR m(4h): Exponentials with coefficient

free

Mass K +K−

→ φ: BW convoluted with CB: µ free, Breit-Wigner line shape width
fixed to 4.27 MeV and σ of the convoluted CB free and all other
parameters fixed (MC)

→ S-waves: Exponentials with coefficient free
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MC model fit CB and voigtian(B0
s , φ, ηc and J/ψ )
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Fit 3D with tested model (mass 4h, mass 6h, mass 2h)
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Nfit

Nfit
ηc 339±36

Nfit
J/ψ 320±26

Nfit
ηc

Nfit
J/ψ

1.06±0.14

Bprelim
meas (B0

s → ηcφ) = (3.53± 0.48(stat)±0.54(B∗)±0.04(syst eff))× 10−4
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Selection efficiency without Hlt2IncPhiDecision_TOS

(εB0
s→Xφ)sel =N (MC events reconstructed and selected truth matched)

N (MC events reconstructed truth matched)

Efficiency (%): selection
Trigger Line B0

s → ηcφ B0
s → J/ψφ Ratio

Mag Down Mag Up Mag Down Mag Up
2011 KKpipi mode 3.22±0.07 3.05±0.07 3.21±0.07 3.19±0.07 1.02±0.024
2012 KKpipi mode 5.9±0.07 5.8±0.07 6.21±0.08 5.88±0.07 1.033±0.013
2011 pipipipi mode 5.23±0.12 5.19±0.12 5.35±0.13 5.4±0.13 1.031±0.025
2012 pipipipi mode 4.77±0.09 4.93±0.09 4.85±0.09 5.16±0.1 1.032±0.019
2011 KKKK mode 4.88±0.28 4.27±0.26 4.43±0.24 4.35±0.24 0.958±0.05
2012 KKKK mode 5.63±0.22 5.13±0.21 5.77±0.2 5.34±0.19 1.03±0.04
Total 4.97±0.04 4.88±0.04 5.1±0.04 5.03±0.04 1.03±0.009

Table: Selection efficiency to each modes

(
εB0

s→J/ψφ

εB0
s→ηcφ

)tot
sel = 1.028 ± 0.009

about 5% of signal lost
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Estimation of B(B0
s → ηc(4h)φ(KK ))

B(B0
s → ηc(4h)φ(KK )) = B(B0

s → ηcφ)× B(ηc → 4h)× B(φ→ KK )

' 2.3× 10−5

B(B0
s → ηcφ):
d = s hypothesis

→ B(B0
s→ηcφ)

B(B0
s→J/ψφ)

= B(Bd→ηcK 0)

B(Bd→J/ψK 0)

ηc → K +K−π+π− ∼ 53%

B(ηc → K +K−π+π−) NR
B(ηc → K ∗0 K−π+)
B(ηc → K ∗0 K

∗
0 )

B(ηc → f2(1270)f ′2(1525))
B(ηc → f2(1270)f2(1270))

ηc → π+π−π+π− ∼ 40%

B(ηc → π+π−π+π−) NR
B(ηc → ρ0ρ0)
B(ηc → f2(1270)f2(1270))

ηc → K +K−K +K− ∼ 7%

B(ηc → K +K−K +K−) NR
B(ηc → φK +K−)
B(ηc → φφ)
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Decay modes (1/8)

Mode B from PDG
ρ0 → π+π− ( 1.00± 0.00)
ω → π+π− ( 1.53± 0.13)×10−2

K ∗0 → K +π− ( 0.67± 0.00)
φ→ K +K− (48.9 ± 0.5 )×10−2

f2(1270)→ ππ ( 8.48± 0.24)×10−1

f2(1270)→ π+π− ( 5.65± 0.16)×10−1

f2(1270)→ K K ( 4.6 ± 0.4 )×10−2

f2(1270)→ K +K− ( 3.07± 0.27)×10−2

a2(1320)→ K K ( 4.9 ± 0.8 )×10−2

a2(1320)→ K +K− ( 3.3 ± 0.5 )×10−2

K1(1400)→ Kρ ( 0.30± 0.30)×10−1

K1(1400)± → K±ρ0 ( 0.20± 0.20)×10−1

K ∗2 (1430)→ Kπ ( 3.3 ± 0.8 )×10−1

f ′2(1525)→ K K ( 8.87± 0.22)×10−1

f ′2(1525)→ K +K− ( 5.91± 0.15)×10−1

f ′2(1525)→ ππ ( 0.82± 0.15)×10−2

f ′2(1525)→ π+π− ( 0.55± 0.10)×10−2
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Decay modes (2/8)

Mode B from PDG
ηc → K +K−K +K− (NR) ( 1.47± 0.31)×10−3

ηc → φK +K− ( 0.29± 0.14)×10−2

ηc → φ(K +K−)K +K− ( 1.4 ± 0.7 )×10−3

ηc → φφ ( 1.76± 0.20)×10−3

ηc → φ(K +K−)φ(K +K−) ( 4.2 ± 0.5 )×10−4

ηc → f2(1270)f2(1270) ( 0.98± 0.25)×10−2

ηc → f2(1270)(K +K−)f2(1270)(K +K−) ( 0.92± 0.26)×10−5

ηc → (K +K−K +K−) ( 3.3 ± 0.8 )×10−3
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Decay modes (3/8)

Mode B from PDG
J/ψ → K +K−K +K− (NR) ( 7.6 ± 0.9 )×10−4

J/ψ → φK K ( 1.83± 0.24)×10−3

J/ψ → φ(K +K−)K +K− ( 6.0 ± 0.8 )×10−4

J/ψ → φf2(1270) ( 0.72± 0.13)×10−3

J/ψ → φ(K +K−)f2(1270)(K +K−) ( 1.08± 0.22)×10−5

J/ψ → φf ′2(1270) ( 0.8 ± 0.4 )×10−3

J/ψ → φ(K +K−)f ′2(1270)(K +K−) ( 0.23± 0.12)×10−3

J/ψ → (K +K−K +K−) ( 1.60± 0.17)×10−3
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Decay modes (4/8)

Mode B from PDG
ηc → K +K−π+π− (NR) ( 0.69± 0.11)×10−2

ηc → K ∗0 K−π+ ( 2.0 ± 0.7 )×10−2

ηc → K ∗0 (K +π−)K−π+ ( 1.3 ± 0.5 )×10−2

ηc → K ∗K
∗

( 0.70± 0.13)×10−2

ηc → K ∗0 K
∗
0 ( 2.3 ± 0.4 )×10−3

ηc → K ∗0 (K +π−)K
∗
0(K−π+) ( 1.04± 0.19)×10−3

ηc → f2(1270)f ′2(1525) ( 0.97± 0.32)×10−2

ηc → f2(1270)(π+π−)f ′2(1525)(K +K−) ( 0.32± 0.11)×10−2

ηc → f2(1270)(K +K−)f ′2(1525)(π+π−) ( 1.6 ± 0.6 )×10−6

ηc → f2(1270)f2(1270) ( 0.98± 0.25)×10−2

ηc → f2(1270)(π+π−)f2(1270)(K +K−) ( 1.7 ± 0.5 )×10−4

ηc → f2(1270)(K +K−)f2(1270)(π+π−) ( 1.7 ± 0.5 )×10−4

ηc → (K +K−π+π−) ( 2.5 ± 0.5 )×10−2
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Decay modes (5/8)

Mode B from PDG
J/ψ → K +K−π+π− (NR) ( 6.6 ± 0.5 )×10−3

J/ψ → K ∗0 K
∗
0 ( 2.3 ± 0.7 )×10−4

J/ψ → K ∗0 (K +π−)K
∗
0(K−π+) ( 1.02± 0.31)×10−4

J/ψ → a2(1320)ρ0 ( 3.6 ± 0.7 )×10−3

J/ψ → a2(1320)(K +K−)ρ0(π+π−) ( 1.19± 0.31)×10−4

J/ψ → K ∗0 K
∗
2(1430) ( 6.0 ± 0.6 )×10−3

J/ψ → K ∗0 (K +π−)K
∗
2(1430)(K−π+) ( 1.33± 0.14)×10−3

J/ψ → K1(1400)±K∓ ( 0.38± 0.14)×10−2

J/ψ → K1(1400)±(K±ρ0(π+π−))K∓ ( 0.4 ± 0.4 )×10−4

J/ψ → φf2(1270) ( 0.72± 0.13)×10−3

J/ψ → φ(K +K−)f2(1270)(π+π−) ( 2.0 ± 0.4 )×10−4

J/ψ → φπ+π− ( 9.4 ± 0.9 )×10−4

J/ψ → φ(K +K−)π+π− ( 4.6 ± 0.4 )×10−4

J/ψ → (K +K−π+π−) ( 8.9 ± 0.5 )×10−3
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Decay modes (6/8)

Mode B from PDG
ηc → π+π−π+π− (NR) ( 0.97± 0.12)×10−2

ηc → ρρ ( 1.8 ± 0.5 )×10−2

ηc → ρ0ρ0 ( 0.60± 0.17)×10−2

ηc → ρ0(π+π−)ρ0(π+π−) ( 0.60± 0.17)×10−2

ηc → f2(1270)f2(1270) ( 0.98± 0.25)×10−2

ηc → f2(1270)(π+π−)f2(1270)(π+π−) ( 3.1 ± 0.8 )×10−3

ηc → (π+π−π+π−) ( 1.88± 0.22)×10−2
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Decay modes (7/8)

Mode B from PDG
J/ψ → π+π−π+π− (NR) ( 3.57± 0.30)×10−3

J/ψ → ωπ+π− ( 8.6 ± 0.7 )×10−3

J/ψ → ω(π+π−)π+π− ( 1.32± 0.15)×10−4

J/ψ → (π+π−π+π−) ( 3.70± 0.30)×10−3
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Decay modes (8/8)

Mode B from PDG
ηc → (4h) ( 4.7 ± 0.6 )×10−2

J/ψ → (4h) (14.1 ± 0.6 )×10−3

B0
s → J/ψφ (10.7 ± 0.9 )×10−4

ηc → φφ 16
ηc → 2K 2π 10 21
ηc → K∗0 K

∗
0 9 18 11

ηc → 4π 12 25 16 14
ηc → f2(1270)f2(1270) 3 6 4 3 5

ηc → 4K ηc → φφ ηc → 2K 2π ηc → K∗0 K
∗
0 ηc → 4π

Correlation matrix of ηc → 4h
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Expected contribution in "NR"

ηc → KKππ
B0

s → DsDs

where Ds → φπ or Ds → KKπ
B0

s → φ 4h
B0

s → φφφ

ηc → ππππ

B0
s → Dsπππ

...
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Offline BDT
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Offline selection BDT

BDT trained with:
Signal: MC TRUE events
Background: real data Upper Side Band: m(6h) > 5600 MeV

List of variables used:
ENDVERTEX, IPCHI2, TRACKCHI2, DIRA, FD, PT

BDT traning result:

2012 2K2π case
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Variables ranked by the BDT (2012 2K2π case)

Rank Variable Importance
1 B0

s :ENDVERTEX(χ2/ndof) 1.061×10−1

2 Log_Max_IPCHI2 1.037×10−1

3 Log_Min_PT 9.899×10−2

4 ηc :ENDVERTEX(χ2/ndof) 9.657×10−2

5 Max_TRACK_CHI2 9.643×10−2

6 φ:Log_PT 9.521×10−2

7 B0
s :Log_PT 9.229×10−2

8 φ:ENDVERTEX(χ2/ndof) 8.527×10−2

9 B0
s :FD_OWNPV 6.474×10−2

10 ηc :FD_ORIVX 6.190×10−2

11 B0
s :DIRA_OWNPV 4.976×10−2

12 ηc :IPCHI2_OWNPV 4.899×10−2

Max and Min is applied
to hadrons (K , π)
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Offline selection BDT

2011 2K2π case
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Offline selection BDT

2012 4π case
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Offline selection BDT

2011 4π case
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Correlation matrix of BDT’s variables

2012 2K2π case
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Correlation matrix of BDT’s variables

2011 2K2π case
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Correlation matrix of BDT’s variables

2012 4π case
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Correlation matrix of BDT’s variables

2011 4π case
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Background rejection for different method
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BDT and PID output optimization

The optimization is only to remove maximum of combinatorial
background

Procedure of optimization:
FoM = S√

S+B
, where

S ≡ Number of B0
s → 4hφ event

fitted (Gaussian)
B ≡ Number of combinatorial
background fitted (Exponential)

 caseπBDT response 2012 4
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

F
ig

ur
e 

of
 m

er
it

2

3

4

5

6

1) BDT: Optimization of the FoM done separately for the year and the decay
mode

2) ProbNN cut done with 2012 4π case:
K from φ: ProbNNk > 0.1 ; ProbNNpi < 0.7
π from ηc : ProbNNk < 0.6 ; ProbNNpi > 0.225
K from ηc : ProbNNk > 0.13 (Stripping line cut)
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Stripping 21
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Stripping 21, cut-based preselection (1/2)

Efficiency of individual cut with MC:
MC2012 Sim08e Signal decay B0

s → ηc (KKππ) φ (KK )

Variable Cut Efficiency (%)
K + of ηc

PT [ MeV ] > 250.0 97.76 ± 0.07
IPCHI2_OWNPV > 4.0 88.09 ± 0.15
ProbNNk > 0.13 93.93 ± 0.11
TRACK_CHI2NDOF < 3.0 100 ± 0.00

K− of ηc
PT [ MeV ] > 250.0 97.79 ± 0.07
IPCHI2_OWNPV > 4.0 88.31 ± 0.15
ProbNNk > 0.13 93.91 ± 0.11
TRACK_CHI2NDOF < 3.0 100 ± 0.00

π+ of ηc
PT [ MeV ] > 250.0 94.34 ± 0.11
IPCHI2_OWNPV > 4.0 88.61 ± 0.15
ProbNNpi > 0.2 97.90 ± 0.07
TRACK_CHI2NDOF < 3.0 100 ± 0.00

π− of ηc
PT [ MeV ] > 250.0 94.40 ± 0.11
IPCHI2_OWNPV > 4.0 88.97 ± 0.15
ProbNNpi > 0.2 97.97 ± 0.07
TRACK_CHI2NDOF < 3.0 100 ± 0.00

ηc
ΣPT (K +, K−, π+, π− ) [ MeV ] > 2500.0 96.79 ± 0.08
Σ IPCHI2_OWNPV (K +, K−, π+, π− ) > 30.0 93.03 ± 0.12
IPCHI2_OWNPV > 2.0 94.32 ± 0.11
MM [ MeV ] < 3071.0 96.13 ± 0.09
MM [ MeV ] > 2891.0 96.35 ± 0.09
ENDVERTEX_CHI2/NDOF < 9.0 99.70 ± 0.03
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Stripping 21, cut-based preselection (2/2)

MC2012 Sim08e Signal decay B0
s → ηc (KKππ) φ (KK )

Variable Cut Efficiency (%)
K + of φ

PT > 500.0 92.36 ± 0.13
IPCHI2_OWNPV > 4.0 91.35 ± 0.13
PIDK > 0.0 96.68 ± 0.08

K− of φ
PT > 500.0 92.20 ± 0.13
IPCHI2_OWNPV > 4.0 91.34 ± 0.13
PIDK > 0.0 96.73 ± 0.08

φ
PT [ MeV ] > 800.0 95.53 ± 0.10
DOCACHI2 < 30.0 99.96 ± 0.01
IPCHI2_OWNPV > 2.0 95.09 ± 0.10
MM [ MeV ] < 1049.455 96.48 ± 0.09
MM [ MeV ] > 989.455 100 ± 0.00
ENDVERTEX_CHI2 < 9.0 95.81 ± 0.09

B0
s

MM [ MeV ] < 5866.77 100 ± 0.00
MM [ MeV ] > 4866.77 100 ± 0.00
DIRA_OWNPV > 0.99 98.13 ± 0.06
ENDVERTEX_CHI2/NDOF < 25.0 100 ± 0.00

B0
s → ηcφ 37.07 ± 0.23
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Stripping 21, final selection with BDT

BDT trained with:
Signal: MC 2012 TRUEID events
Background: real data 2012 Down BHADRONCOMPLEEVENT.DST
→Upper Side Band: invariante mass of 6 hadrons in [5800;6000] MeV

List of variables used:
PT of all particles except of B0

s
IPCHI2 of all particles
Decay time of B0

s , and vertex fit as returned by the DTF with PV constraint
Direction angle (DIRA)

BDT works better than BDTG→ BDT efficiency: 95.54% (BDT response > 0)
εtot = 37.07% × 95.54% = 35.41%
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Variables ranked by the BDT (Stripping 21)
Rank Variable Importance
1 B_DIRA_OWNPV 8.549×10−2

2 sqrt(B_IPCHI2_OWNPV) 8.206×10−2

3 log(Etac_PT) 7.773×10−2

4 log(Phi_PT) 6.085×10−2

5 B_LOKI_FDS 5.679×10−2

6 Etac_ENDVERTEX_CHI2 5.429×10−2

7 EtacSumIPCHI2 4.604×10−2

8 log(Km_Etac_PT) 4.441×10−2

9 sqrt(Phi_IPCHI2_OWNPV) 4.369×10−2

10 log(Kp_Phi_PT) 4.343×10−2

11 Phi_ENDVERTEX_CHI2 4.256×10−2

12 log(Pim_Etac_PT) 4.208×10−2

13 log(Kp_Etac_PT) 4.150×10−2

14 log(Km_Phi_PT) 4.060×10−2

15 log(Pip_Etac_PT) 3.722×10−2

16 sqrt(Pip_Etac_IPCHI2_OWNPV) 3.354×10−2

17 sqrt(Pim_Etac_IPCHI2_OWNPV) 3.332×10−2

18 sqrt(Kp_Phi_IPCHI2_OWNPV) 3.070×10−2

19 sqrt(Etac_IPCHI2_OWNPV) 2.942×10−2

20 sqrt(Km_Phi_IPCHI2_OWNPV) 2.634×10−2

21 sqrt(Kp_Etac_IPCHI2_OWNPV) 2.541×10−2

22 sqrt(Km_Etac_IPCHI2_OWNPV) 1.419×10−2

23 B_PVFit_chi2 8.331×10−3
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Distributions of the variables included in the BDT
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mnh histogram

MC Sim08e with Stripping 21 line and final selection:
B0

s → ηc(4h)φ(KK ) (blue)

Real data Stripping 21(r1) BHADRON.MDST
StrippingBs2EtacPhiBDTLine and final selection (red)
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC

h_data
Entries  1932
Mean     3419
RMS     660.3

]2M(4h)[MeV/c
2000 2500 3000 3500 4000 4500 5000

N
or

m
al

iz
e

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

h_data
Entries  1932
Mean     3419
RMS     660.3

4pi_part0_part1_part4_part5
h_MC

Entries  10404
Mean     2440
RMS       489

]2M(3h)[MeV/c
500 1000 1500 2000 2500 3000

N
or

m
al

iz
e

0

0.01

0.02

0.03

0.04

0.05

0.06

h_MC
Entries  10404
Mean     2440
RMS       489

4pi_part0_part1_part5

h_data
Entries  1932
Mean     1143
RMS     548.4

]2M(2h)[MeV/c
500 1000 1500 2000 2500

N
or

m
al

iz
e

0

0.01

0.02

0.03

0.04

0.05

0.06

h_data
Entries  1932
Mean     1143
RMS     548.4

4pi_part0_part2
h_data

Entries  1932
Mean     2070
RMS     508.3

]2M(3h)[MeV/c
500 1000 1500 2000 2500 3000

N
or

m
al

iz
e

0

0.02

0.04

0.06

0.08

h_data
Entries  1932
Mean     2070
RMS     508.3

4pi_part0_part2_part3

114 / 27



mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC

h_data
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC

h_data
Entries  2451
Mean     3618
RMS     371.6

]2M(4h)[MeV/c
2000 2500 3000 3500 4000 4500 5000

N
or

m
al

iz
e

0

0.02

0.04

0.06

0.08

0.1

h_data
Entries  2451
Mean     3618
RMS     371.6

2K2pi_part0_part1_part2_part4
h_data

Entries  2451
Mean     4625
RMS     405.8

]2M(5h)[MeV/c
3000 3500 4000 4500 5000 5500

N
or

m
al

iz
e

0

0.02

0.04

0.06

0.08

h_data
Entries  2451
Mean     4625
RMS     405.8

2K2pi_part0_part1_part2_part4_part5

h_data
Entries  2451
Mean     3603
RMS     391.9

]2M(4h)[MeV/c
2000 2500 3000 3500 4000 4500 5000

N
or

m
al

iz
e

0

0.02

0.04

0.06

0.08

0.1

h_data
Entries  2451
Mean     3603
RMS     391.9

2K2pi_part0_part1_part2_part5
h_data

Entries  2451
Mean     2313
RMS     358.1

]2M(3h)[MeV/c
500 1000 1500 2000 2500 3000

N
or

m
al

iz
e

0

0.02

0.04

0.06

0.08

0.1

h_data
Entries  2451
Mean     2313
RMS     358.1

2K2pi_part0_part1_part3

126 / 27



mnh: Data versus MC
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mnh: Data versus MC

h_MC
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mnh: Data versus MC
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mnh: Data versus MC

h_data
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mnh: Data versus MC

h_data
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mnh: Data versus MC

h_data
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mnh: Data versus MC
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mnh: Data versus MC
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mnh: Data versus MC

h_data
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mnh: Data versus MC

h_MC
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mnh: Data versus MC
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mnh: Data versus MC
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Fit result
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Fit 3D result: shape parameters
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2D Fit result: shape parameters
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sFit result: shape parameters
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