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Production Fraction Ratio (PFR)
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The Production fractions (𝐟𝐮, 𝐟𝐬, 𝐟𝐝)
• Probabilities for a b quark to hadronize into a B+, Bs, B0meson 

Production fraction ratio (PFR)

•  Necessary input for branching fraction measurements of Bs
0 channels

• ℬ Bs → μ+μ− =
𝐟𝐮

𝐟𝐬
∙

 Nsig

N(B±→J/ΨK±)
 ∙ ℬ B± → J/ΨK± ∙

ε B±

ε Bs

• Systematics are dominated by the uncertainty of 𝐟𝐬/𝐟𝐮 
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Previous PFR measurements
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Previous measurements in LHCb & CMS

• LHCb has measured PFRs in many different channels

‐ Measurements performed in the forward rapidity region(2 < y < 4.5)

• CMS only had the result which uses charmonium channels 

‐ This only can be a relative measurement as ℬ(Bs → J/Ψϕ) is dependent 
on the previous measurement of 𝐟𝐬/ 𝐟𝐝

➢ Measure PFRs in open-charm decays first time at CMS

• B± → π±ഥD0 K+π− , Bs
0 → π+Ds

− π−φ K+K− , B0 → π+D− K+π−π−

• Bs
0 → π+Ds

− branching fraction is theoretically well understood

PRD 104 (2021) 032005

PRL 131 (2023) 121901
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pT dependence of PFRs
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LHCb has continuously seen 𝐩𝐓 dependence of 𝐟𝐬/ 𝐟𝐝:

• fs/fd(pT, 13 TeV) = (0.263 ± 0.008) + ((-17.6 ± 2.1)× 10−4) ∙ pT

• With a significance of 6.0σ with respect to the constant hypothesis

Previous CMS study has also seen the 𝐩𝐓 dependence of 𝐟𝐬/ 𝐟𝒖 in low 𝒑𝑻

• The trend is consistent with LHCb measurement, but not linear

• Asymptotically constant at large pT (pT > 18 GeV)

No rapidity dependence is observed both in LHCb and CMS

➢ Test the dependency of PFRs on 𝐩𝐓 

PRL 124 (2020) 122002

PRL 131 (2023) 121901
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B parking dataset during Run 2
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CMS introduced a new trigger strategy, "data parking," for B physics studies

• Data parking stores full event content for later reconstruction

• Data parking dedicated to B physics first introduced in 2018

10 billions of unbiased B events collected during Run 2

• Purity ~ 75%

• Access to decay modes down to O(10−7) branching fraction

• L = 41.6 / fb 

Trigger strategy:

• B hadrons travel before decaying, producing displaced secondary vertices

• Triggers select one single displaced muon from one B hadron (tag side)

• The opposite B hadron (probe side) remains unbiased
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Analysis Strategy
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Channels

• Open-charm decays:

‐ B± → π±ഥD0 K+π− , Bs
0 → π+Ds

− π−φ K+K− , B0 → π+D− K+π−π−

‐ Using probe-side

• Charmonium decays:

‐ B± → J/Ψ 1S K±, Bs → J/Ψ 1S ϕ(→ KK), B0 → J/Ψ(1S)K∗(→ Kπ)

‐ Using both probe and tag side

What to measure:

1. The measurement of absolute PFRs, 𝐟𝐬/𝐟𝐮 and 𝐟𝐬/𝐟𝐝 using open-charm

‐ First at CMS

2. Dependency test of 𝐟𝐬/𝐟𝐮 and 𝐟𝐬/𝐟𝐝 using charmonium

‐ Through the relative PFR, 𝓡𝒔 and 𝓡𝒔
𝒅

3. Measurement of 𝐟𝐝/𝐟𝐮 using both channels

‐ Explicit measurement without assuming isospin invariance

4. Measurement of the normalization from Charmonium (𝓡𝐬 and 𝓡𝐬
𝐝) to 

hadronic open-charm (𝐟𝐬/𝐟𝐮, and 𝐟𝐬/𝐟𝐝)

‐ 𝐜𝐬𝐮 and 𝐜𝐬𝐝

‐ Global constant independent of 𝑝𝑇 dependence of PFRs

(a) Open-charm decays

(b) Charmonium decays
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Open-charm - Absolute PFR measurement
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Channels:
• B+ → π+ ഥD0 K+π−

• Bs
0 → π+Ds

− π−φ(K+K−)

• B0 → π+D− K+π−π−

Key Equation:

•
fs

fd
=

ℬ(B0→π+D−) 

ℬ(Bs
0→π+Ds

−)

ℬ(D−→ K+π−π−) 

ℬ(Ds
−→ π−φ(K+K−))

Ncorr(Bs
0)

Ncorr(B0)

         =
ℬ(B0→K+D−) 

ℬ(Bs
0→π+Ds

−)

ℬ(B0→π+D−) 

ℬ(B0→K+D−)

ℬ(D−→K+π−π−) 

ℬ(Ds
−→ π−φ(K+K−))

Ncorr(Bs
0)

Ncorr(B0)
 

         = Ф𝐏𝐒
𝐕𝐮𝐬

𝐕𝐮𝐝

𝟐
𝐟𝐊

𝐟𝛑

𝟐 𝛕
𝐁𝟎

𝛕
𝐁𝐬

𝟎

𝟏

𝐍𝐚𝐍𝐅

𝓑(𝐁𝟎→𝛑+𝐃−) 

𝓑(𝐁𝟎→𝐊+𝐃−)

𝓑(𝐃−→𝐊+𝛑−𝛑−) 

𝓑(𝐃𝐬
−→ 𝛑−𝛗(𝐊+𝐊−))

𝐍𝐜𝐨𝐫𝐫(𝐁𝐬
𝟎)

𝐍𝐜𝐨𝐫𝐫(𝐁𝟎)

Prediction of 𝓑(𝐁𝟎 → 𝐊+𝐃−)/𝓑(𝐁𝐬
𝟎 → 𝛑+𝐃𝐬

−) with external theory inputs
1) ℬ(Bs

0 → π+Ds
−) also dominated by LHCb studies (and dependent on fs/ fd)

2) 𝓑(𝐁𝟎 → 𝐊+𝐃−) has a more theoretically clean prediction than 𝐁𝟎 → 𝛑+𝐃−, but Cabibbo-suppressed
3) N(𝐁𝟎 → 𝛑+𝐃−) used as a proxy to improve statistics

▪ ℬ(B0 → K+D−)/ ℬ(B0 → π+D−) = 0.0819 ± 0.0020, measured with a good precision

Inputs Description Value

ФPS 
The difference in phase 
space of two channels

1.003 [PDG]

|Vus|fK

|Vud|fπ

Product of CKM matrix 
and decay constant 
ratios

0.2768 [PRD 100 (2019) 034514]

τBs
0/τB0

Lifetime ratio between 
B0 and Bs

0 1.002 ± 0.003 [HFLAV]

1/N𝑎

The ratio of correction 
accounting for non-
factorizable effect

1.0048−0.0022
+0.0046

[EPJC 80 (2020) 347 and 951]

1/N𝐹
The ratio of form 
factors

1.002 ± 0.042
[EPJC 80 (2020) 347 and 951]
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Selection criteria
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Secondary vertex (𝐁+, 𝐁𝐬
𝟎, 𝐁𝟎) 

• cosα 2D > 0.999, Lxy significance > 7

• pT of track directly from B > 1.5 GeV
*    In Bs

0, background subtraction is performed in m(K+K−) to reject non-ϕ resonance

Tertiary vertex(TV) :
2-prong (D0 → K π)
3-prong (Ds → π ϕ(KK), D− → Kππ)

ഥB
B

D

μ−

TV

SVPV

Tracks
• pT > 1GeV, |η| < 2.4, |∆z(trk, trg μ)| < 0.5cm, DCA significance > 1 
• ∆R(trk, trg μ) > 0.4, probe side selection
• Each track is considered either K or π (mass assignment)

Tertiary vertex (𝐃𝟎, 𝐃𝐬, 𝐃−)
• Prob(TV) > 0.01, Lxy significance > 5

• Leading track pT > 1.5 GeV

• B+, B0 :
‐ |m(TV) - m(D)| < 20 MeV 

•  Bs
0: 
‐ |m(TV) - m(D)| < 15 MeV
‐ |m(K+K−) - m(ϕ)| < 10 MeV

B+

BDT is trained for the further optimization of 𝑺/ 𝑺 + 𝑩

• BDT threshold is chosen to maximize the 𝑆/ 𝑆 + 𝐵

Only the right sideband, dominated by combinatorial background is considered

• Dominant background in signal region 
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Signal Extraction
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Fit is done on the invariant mass distribution of B candidates, corrected by M(𝐃𝐜𝐚𝐧𝐝) - M(𝐃𝐭𝐫𝐮𝐞) to improve the resolution

Signal

Bkg – B → KD

Bkg – partially reconstructed

Bkg – combinatorial

B+ Bs
0 B0
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Charmonium – pT dependence
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Channels:
• B± → J/Ψ 1S K±

• Bs → J/Ψ 1S ϕ(→ KK)

• B0 → J/Ψ(1S)K∗(→ Kπ)

Measure the relative efficiency-corrected yield R to test the dependency of PFRs on 𝐩𝐓 :

• ℛ𝑠 =
𝑁

𝐵𝑠
0

𝑐𝑜𝑟𝑟

𝑁
𝐵±
𝑐𝑜𝑟𝑟

• ℛ𝑠
𝑑 =

𝑁
𝐵𝑠

0
𝑐𝑜𝑟𝑟

𝑁
𝐵0
𝑐𝑜𝑟𝑟

• fd/fu =
ℬ(B±→J/Ψ 1S K±) 

ℬ(B0→J/Ψ(1S)K∗(→Kπ))

𝑁
𝐵0
𝑐𝑜𝑟𝑟

𝑁
𝐵±
𝑐𝑜𝑟𝑟

𝓡𝐬, 𝓡𝐬
𝐝 cannot be directly connected to PFR as 𝓑(𝐁𝐬 → 𝐉/𝚿𝛟) contains 𝐟𝐬/𝐟𝐮

• Only can determine a trend in 𝐩𝐓 or rapidity

Conversion from 𝓡𝒔, 𝓡𝒔
𝒅 to 𝐟𝐬/𝐟𝐮, 𝐟𝐬/𝐟𝐝 is derived using hadronic open-charm channel yields
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Selection criteria
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Muons

• pT >

3.5 : |η| < 1.1

3.5 +
(1.5 −3.5)

(1.5−1.1)
∗ η − 1.1 ∶ 1.1 < η < 1.5

1.5 : 1.5 <|η| < 2.4ഥB
B

J/Ψ

μ−
SVPV

μ

μ

Tracks :

B± : K ,
Bs

0: ϕ → K+K−,
B0: K∗ → K+π−

Events 

• Classified as tag or probe depending on whether a muon from the B decay of interest fired the corresponding trigger

Secondary vertex (𝐁+ ,𝐁𝐬
𝟎 ,𝐁𝟎)

• Lxy significance > 4.0, Prob(SV) > 0.07, cosα 2D > 0.997

• J/Ψ mass constraint

Mass windows: 

• Bs
0 :

‐ |m(K+K−) − m(ϕ)| < 10 MeV

‐ |m(K+π−) − m(K∗(892))| > 50 MeV

• B0 :

‐ |m(K+π−) − m(K∗(892))| < 50 MeV

‐ |m(K+K−) − m(ϕ)| > 10 MeV

Tracks

• leading pT  >0.85 GeV, subleading pT  >0.6 GeV, |η| < 2.4. 

• For B± ,only the leading cut is applied

• For K∗ in B0 ,only the combination with the mass closest to the nominal K∗ mass
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Signal Extraction
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Signal (including π/K-swap in 𝑩𝟎)

Backgrounds: 

B+ Bs
0 B0
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Absolute PFR measurement 
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Determined using Hadronic open-charm decays

It shows little indication of either linear 𝐩𝐓 or 
|y| dependency of the PFR

• pT ∈ [8, 60] GeV and |y| ∈ [0.0, 2.25]

 is added to show that 𝐟𝐬/ 𝐟𝐮 and 𝐟𝐬/ 𝐟𝐝 are  
potentially affected by the 𝐩𝐓 dependence

• Previous CMS & LHCb studies

 

𝐟𝐬/𝐟𝐮 = 𝟎. 𝟐𝟐𝟖 ± 𝟎. 𝟎𝟎𝟖 ± 𝟎. 𝟎𝟏𝟕

𝐟𝐬/𝐟𝐮 = 𝟎. 𝟐𝟑𝟔 ± 𝟎. 𝟎𝟎𝟗 ± 𝟎. 𝟎𝟏𝟖 𝐟𝐬/𝐟𝐝 = 𝟎. 𝟐𝟑𝟔 ± 𝟎. 𝟎𝟎𝟗 ± 𝟎. 𝟎𝟏𝟔

𝐟𝐬/𝐟𝐝 = 𝟎. 𝟐𝟐𝟔 ± 𝟎. 𝟎𝟎𝟗 ± 𝟎. 𝟎𝟏𝟓
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Relative PFR measurement: ℛ𝑠, ℛ𝑠
𝑑
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Determined using Charmonium decays

Results from tag and probe-side events are consistent

• No rapidity dependence observed

 indicates that 𝓡𝐬and 𝓡𝐬
𝐝 are potentially affected 

by the 𝐩𝐓 dependence

• This does not impact the determination of the trend

‐ 𝐩𝐓 and rapidity independent within the 
kinematic region of this study
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Relative PFR measurement: ℛ𝑠 comparison

8/26/2025 Lepton-Photon 2025 15

Comparison with previous measurements

• There is overlap in data between this and previous CMS study

• High 𝐩𝐓 (𝐩𝐓 > 18 GeV)

‐ All results are consistent

‐ Re-confirm the asymptotical flatness in pT > 18 GeV

• Low 𝐩𝐓 (𝐩𝐓 < 18 GeV)

‐ vs Previous CMS: 2.1 σ deviation (upper bound)

o From 12 to 18 GeV

‐ vs LHCb:  less than 2 σ 

‐ Not exclude non-linear 𝐩𝐓 dependence of PFR
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fd/fu measurement
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𝐟𝐝 and 𝐟𝐮 are generally assumed to be equal

• Good assumption in case of  𝐞+𝐞− collisions (isospin singlet)

• not necessarily apply in case of hadron colliders (isospin triplet)

• 𝑟+0 =
ℬ(𝑌 4𝑠 →B+B−)

ℬ(𝑌 4𝑠 →B0B0)
= 1.057 ± 0.023 [PRD 110 (2024) 914997]

Explicitly measure the 𝐟𝐝/𝐟𝐮 at hadron colliders

• Need to cancel out all the assumptions on isospin variance in external inputs 

• B+ → π+ ഥD0 K+π− , B0 → π+D− K+π−π− , B± → J/Ψ 1S K±

‐ 𝑟+0 = 1.058 ± 0.024

• B0 → J/Ψ(1S)K∗(→ Kπ)

‐ 𝑟+0 = 1

The 𝐟𝐝/𝐟𝐮 measurement

• fd/fu (hadronic) = 0.967 ± 0.014 (stat) ± 0.063 (syst)

• fd/fu (charmonium, tag) = 0.984 ± 0.005 (stat) ± 0.055 (syst)

• fd/fu (charmonium, probe) = 0.973 ± 0.007 (stat) ± 0.058 (syst)
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fd/fu measurement
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Combined fit on hadronic open-charm and charmonium

• Correlations within each analysis

‐ Branching fractions

‐ BDT efficiency

• Correlation between two analysis

‐ Tracking efficiency

‐ 𝑟+0 = 1.057 ± 0.023

• 𝐟𝐝/𝐟𝐮 = 0.975 ± 0.046

The 𝐟𝐝/𝐟𝐮 value is consistent with unity within a 4.6% precision

• Supporting isospin invariance in B meson production at hadron 
colliders

• Previous CMS: 𝐟𝐝/𝐟𝐮 = 0.998 ± 0.063
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Conversion of ℛ to PFR
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Connection from 𝐁 → 𝐉/𝚿 to 𝐁 → 𝐃 is determined with a precision comparable with PDG

• pT dependence effect is canceled out in the double ratio, csd and csu

It gives the conversion factor from 𝓡 to 𝒇𝒔/𝒇𝒅
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Conversion of ℛ to PFR
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The relative PFR measurement in charmonium channels is 
converted into the absolute PFR 

The LHCb trend and all CMS measurements are consistent in low 𝐩𝐓

• The 𝐩𝐓 dependence at low 𝐩𝐓 still holds

‐ fs/fd at LHCb : 0.2539 ± 0.0079 (13 TeV)

o pT ∈ 1.5, 40  GeV

• The pT dependence flatten out in high 𝐩𝐓 (pT > 18 GeV)

• Consistent with fs/fd at LEP : 0.249 ± 0.023

HFLAV: EPJC 81 (2021) 226
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Summary
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Absolute normalization of B Production fraction ratio is first measured in CMS

• From probe-side events of 2018 B parking data sample (41.6 fb−1)

The test of 𝐩𝐓 dependency of the PFRs is performed

• Re-confirmed that there is no global linear 𝐩𝐓 trend of PFR

‐ Flat over pT >  18 GeV

• No statistically significant dependence on B meson kinematics 

‐ Consistent with LHCb trend and the previous CMS measurement in low pT

‐ Non-linear 𝐩𝐓 dependence of PFR still holds

The 𝐟𝐝/𝐟𝐮 measurement is performed in proton-proton collisions

• The fd/fu value is consistent with unity within a 4.6% precision

The conversion factor from the efficiency-corrected yield ratio 𝓡 to PFR is derived for the first time

• Variables independent of 𝐩𝐓-dependence of PFRs

CMS-PAS-BPH-21-007
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Back up
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B Physics at CMS
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Compact Muon Solenoid (CMS) is one of general-purpose detector at LHC

• Not originally designed for flavor physics in mind

• But can be competitive in several measurements 

     due to…

➢ Excellent solid angle coverage

➢ State-of-the-art all-silicon tracker

‐ Provides high-precision vertex reconstruction

➢ Strong magnetic field (3.8 T)

‐ Enables precise momentum measurements

➢ Redundant detector systems

‐ Ensures reliable muon identification



Data parking at CMS
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CMS introduced a new trigger strategy, "data parking," for B physics studies
• The main computational bottleneck occurs after HLT during data processing
• Decision time at different trigger levels:

‐ L1: ~ 3.2 µs

‐ HLT: ~ 300 ms

‐ Prompt reconstruction: ~ O(1s)

• Data parking stores full event content after for later reconstruction

Parking Stream:
• ~ 3 KHz
• Full event content
• Reconstruct later

Standard Stream:
• ~ 1 KHz
• Full event content
• O(1s) processing time



B parking triggers at CMS in Run 2
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Bottom quarks are always produced in pair (𝒃ഥ𝒃)

• Most originate from flavor creation (gg → 𝑏 ത𝑏) and back-to-back

B hadrons travel before decaying, producing displaced secondary vertices

• Triggers select one single displaced muon from one B hadron (tag side)

• The opposite B hadron (probe side) remains unbiased

PoS LHCP2019, 210 (2019)



Data
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B parking dataset :

• Run 2 pre-UL MINIAOD samples are used

• /ParkingBPHxx/Run2018yy-05May2019-v1/MINIAOD

• xx=1-6, yy=A,B,C,D

• Combination of all 4 Single displaced muon triggers

‐ These triggers are “nested”, with successively lower thresholds towards end of runs

Trigger Lumi column (𝟏𝟎𝟑𝟒𝒄𝒎−𝟐𝒔−𝟏) Integrated Luminosity (𝐟𝐛−𝟏)

HLT_Mu12_IP6 0.9 34.7

HLT_Mu9_IP6 1.3 33.6

HLT_Mu9_IP5 1.5 20.9

HLT_Mu7_IP4 1.7 6.94



Hadronic Open-charm: MC samples
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MC samples:

• Single muon filter: pT(μ) > 5 GeV, η  < 2.5 

• 3 central MC samples per channel:

1) Require B hadron decay (B → πD) with the muon filter

2) Require B hadron decay (B → πD) without the muon filter (filter efficiency)

3) Require B hadron decay (B → KD) with the muon filter (background)



Hadronic Open-charm:  PFR measurement 
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https://arxiv.org/abs/2007.10338

The unprecedented size of B parking data sample gives us a 
room to measure the PFR in rare decay channels

• Br(𝐵+ → π+ ഥ𝐷0 K+π− ) = 1.85 × 10−4 

• Br 𝐵𝑠
0 → π+𝐷𝑠

− K+K−π− = 1.62 × 10−4

• Br 𝐵0 → K+𝐷− K+π−π− = 1.74 × 10−5

• Assuming the selection efficiency of 1-2%, we can have 𝐵0

→ K+𝐷− events of O(1000)

Why 𝐵0 → K+𝐷−, not 𝐵0 → π+𝐷−?

• 𝐵0 → K+𝐷− : Double-Cabibbo-suppressed

• 𝐵0 → π+𝐷− : Single-Cabibbo-suppressed

• However, because both ҧ𝑑 and 𝑑 in the final state of 𝐵0 → π+𝐷− 
decay, there’s a subleading annihilation diagram contributing to 
large uncertainties due to its endpoint divergence 
[https://arxiv.org/abs/2007.10338]

• 𝐵0 → K+𝐷−  has more theoretically clean prediction

ത𝑏
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(a) Leading Cabibbo suppressed diagram of 𝐵0 → K+𝐷−/ 
𝐵0 → π+𝐷− decays

(b) Subleading annihilation diagram of 𝐵0 → π+𝐷− 
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Hadronic Open-charm:  External inputs 
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MVA performance
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BDT is trained for the further optimization of 𝑺/ 𝑺 + 𝑩

• MC samples are weighted by the yields extracted after the 
pre-selection

Only the right sideband, dominated by combinatorial 
background is considered 

BDT threshold is chosen to maximize the 𝐒/ 𝐒 + 𝑩

B+ Bs
0 B0



Non-𝜑 resonant background subtraction in 𝐵𝑠
0 
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𝑩𝒔
𝟎 → π+𝑫𝒔

− π−𝛗(K+K−)  reconstruction

• Background from 𝑩𝟎 → π+𝑫− K+π−π−  is rejected by the 
narrow 𝜑 mass window (10 MeV)

Non-𝛗 resonant background from 𝐃𝐬 decay (𝓢-wave) in the mass 
window need to be subtracted

• Well investigated in the BABAR’s Dalitz analysis [PRD 83 052001]

• 𝒮-wave/(𝒮-wave + 𝒫-wave) in 1019.456 ± 10 MeV of m(K+K−)

‐ 5.58 ± 1.03 % in this analysis

‐ 5.6 ± 0.9 % in BaBar’s Dalitz analysis 

𝓢-wave contribution subtracted using sPlot technique

Fitted m(K+K−) distribution in data

𝒫-wave parameterization 𝒮-wave parameterization

PRD 83 052001



Hadronic Open-charm: B0 contribution in Bs
0
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Efficiency determination
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The efficiencies for three channels are determined 
with single μ filter MC sample

• Single μ filter which requires a pT(μ) > 6 GeV to 
guarantee a trigger muon

• Filter efficiencies are not included in final results as 
these are canceled out in the PFR

MC samples are reweighted to Data 
• To match pT and rapidity distribution

• The weights 𝐰𝐛𝐢𝐧 =
𝐃𝐚𝐭𝐚𝐛𝐢𝐧

𝐌𝐂𝐛𝐢𝐧
 extracted from each channel 

are parameterized and assigned to each event

Trigger efficiency is canceled out in the efficiency ratio 

• Probe side is minimally biased by trigger effect

• Confirmed that trigger SF in data and MC are consistent 
in each HLT path

𝐁+ Data vs MC in 𝐩𝐓 𝐁+ Data vs MC in |y|

32

Total efficiency in 𝐩𝐓 Total efficiency in |y|



Hadronic Open-charm : Filter Efficiency
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Hadronic Open-charm: MC reweighting
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• MC samples are reweighted to bkg subtracted Data 

• 𝑤𝑏𝑖𝑛 =
Databin

MCbin

• 10 bins in pT and 7 bins in |y|

• The uncertainties in pT or |y| bins are assigned as the difference in the efficiency between each channel before and after 
reweighting in |y| or pT, respectively

B+ Bs
0 B0

(a) MC vs bkg subt. Data 
in pT

(b) MC vs bkg subt. Data 
in |y|

(a) MC vs bkg subt. Data 
in pT

(b) MC vs bkg subt. Data 
in |y|

(a) MC vs bkg subt. Data 
in pT

(b) MC vs bkg subt. Data 
in |y|



Hadronic Open-charm: Weights parameterization

8/26/2025 Lepton-Photon 2025 35

W = 0.1940 + 0.0520*[pT] – 0.0005*[pT]^2

• W = 1.1201 -0.1325*[|y|] – 0.02612*[|y|]^2

B+ Bs
0 B0

B+ Bs
0 B0



Trigger Efficiency
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Trigger efficiency is different between data and MC

• In MC, the lowest threshold trigger (HLT_Mu7_IP4) is always 
turned on

• In Data, trigger thresholds are gradually decreased toward the end 
of each fill

Trigger efficiencies should be canceled out in the efficiency ratio 
(PFR)

Confirmed that trigger efficiencies in data and MC are consistent

• For each HLT path

• Under the condition that HLT_Mu7_IP4 is on (as representative)



Trigger Efficiency: MC vs Data
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R ൗData
MC

=
ϵData(HLT)

ϵMC(HLT)
=

൘
NB,Data(HLT_MuX_IPY & HLT_Mu7_IP4 & L1T)

NB,Data(HLT_Mu7_IP4 & L1T)

൘
NB,MC(HLT_MuX_IPY & HLT_Mu7_IP4 & L1T)

NB,MC(HLT_Mu7_IP4 & L1T)
• NB,Data is obtained by taking yields from fits. 

• To compare Data with MC, lumisections which all 4 HLT paths are turned-on is considered (Run2018D)
B+ Bs B0



Source of Systematic Uncertainties
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tracking POG

There are two categories of systematic uncertainties: 
correlated/uncorrelated bin-to-bin 

1. Source of uncertainties correlated bin-to-bin (global 
uncertainties):
• Uncertainty from external inputs (N𝑎, N𝐹, τB0 , τBs

0 , and 
branching fractions)

• Tracking efficiency:

‐ 2.1% per track estimated by tracking POG

‐ Treated to be correlated bin-to-bin

• BDT efficiency
‐ Checked that it is independent of pT or |y|

• In Bs
0, uncertainty from Non-𝝋 resonant background subtraction 

2. Source of uncertainties uncorrelated bin-to-bin:
• Statistical uncertainties of the Monte Carlo samples 

• Uncertainty from the fit model shapes

• Uncertainty associated to MC reweighting process

https://cds.cern.ch/record/2810814


Hadronic Open-charm: BDT Efficiency
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As we have different BDTs for different channels, we cannot assume that the data/MC disagreement is canceled out in 
the final results. 

• The difference of BDT efficiencies between data to MC is compared in all three channels. 

The differences are considered as an uncertainty from each trained BDTs for the corresponding channel.

•  The uncertainties which is not canceled in PFR is assigned as the systematic uncertainty associated with the BDT procedure.



Hadronic Open-charm: BDT cut efficiency
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The one of the goals of this analysis is to check pT dependence of PFRs
• Variables used for BDT training can be correlated with B meson’s pT or |y|

• Then can bias a trend of PFR in pT or |y| after BDT threshold

BDT cut efficiency = N(BDT + pre-selection)/N(pre-selection)

➢ Different BDT cut efficiency bin-to-bin(combinatorial bkg more pronounced in low pT), but its impact on the efficiency ratio(or 
PFR) is constant



Hadronic Open-charm: J/Psi contribution in 𝜋+𝜋− tracks
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In B+ channel, we collect the opposite signs of 𝜋 

• charged hadron tracks can be misidentified as 
muon pair from J/Psi

m(𝜋+𝜋−) distribution with muon mass assigned to both 
tracks instead of pion mass is presented

• No J/Psi contribution seen ~ 3 GeV



Charmonium: MC samples
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MC samples:
• Muon filter: requires 3 truth-level muon, at least one with pT > 5 GeV 

• Probe filter: requires the presence of a third “bachelor” muon not from J/Ψ. pT > 5 GeV, |η| < 2.5
• 3 central MC samples per channel:

1) Require B hadron decay according to the decay chain of interest

2) Require B hadron decay wit the muon filter

3) Require B hadron decay with the probe filter



Charmonium: Validity of approach ‘mass closest to K*’
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• The invariant mass distribution of B0 is presented 
under conditions where signals are not expected to 
exist (purely combinatorial). 

• There is no artificially created peak in the 
distribution. Therefore, it appears that the approach 
of selecting the K* candidate "closest to the K* 
mass" is valid, with little risk of creating any artificial 
peaks around the signals.



Efficiency determination
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The efficiencies for the three channels are determined 

• Tag: μ filter requires 3 truth-level muon, at least one with pT > 5 
GeV 

• Probe: μ filter requires the presence of a third “bachelor” muon 
not from 𝐉/𝚿 

‐ pT > 5 GeV, |η| < 2.5

• Filter efficiencies are not included in total efficiency

‐ These are canceled out in the PFR

MC samples are reweighted  

• Tag side: FONLL vs PYTHIA comparison

• Probe side: MC vs Data from hadronic open-charm

Muon Trigger Scale factor is applied 

• Only on tag-side events

‐ Probe-side is minimally biased by triggers

• Computed on the unique set of triggers of this analysis

Comparison of PYTHIA versus FONLL in pT, |y| 



Charmonium: Probe Filter Efficiency
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Charmonium: Tag Filter Efficiency

8/26/2025 Lepton-Photon 2025 46



Source of Systematic Uncertainties
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tracking POG

1. Source of uncertainties correlated bin-to-bin: 

• Tracking efficiency

‐ 2.1% per track estimated by tracking POG

• The uncertainty of branching fractions for fd/fu

‐ 5.1% for the branching fraction ratio 

2. Source of uncertainties uncorrelated bin-to-bin:

• Statistical uncertainties of MC samples

• Uncertainty from the fit model

‐ Estimated by changing shapes of fit models to alternative shapes

• Uncertainty associated to MC reweighting process

‐ Tag: FONLL vs PYTHIA

‐ Probe: MC vs Data

• Uncertainty associated to Trigger SF

‐ varying SF up and down by its uncertainty

https://cds.cern.ch/record/2810814


Absolute PFR measurement: high pT 
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HFLAV: EPJC 81 (2021) 226

LHCb: PRD 104 (2021) 032005

PLB 842 (2023) 137955

Previous CMS study showed that PFRs are 
asymptotically flat at high 𝐩𝐓

• pT > 18 GeV

• PRL 131 (2023) 121901

The absolute normalization of PFRs
• 𝐟𝐬/𝐟𝐝 at LEP : 𝟎. 𝟐𝟒𝟗 ± 𝟎. 𝟎𝟐𝟑

‐ HFLAV: EPJC 81 (2021) 226

‐ approximate pT of 40 GeV in Z decays

• 𝐟𝐬/𝐟𝐝 at LHCb : 0.2539 ± 0.0079 (13 TeV)
‐ LHCb: PRD 104 (2021) 032005

‐ pT ∈ 1.5, 40  GeV

• The recent BMM measurement in CMS
‐ PLB 842 (2023) 137955

‐ 𝐟𝐬/𝐟𝐮
𝐞𝐟𝐟

= 𝟎. 𝟐𝟑𝟏 ± 𝟎. 𝟎𝟎𝟖

‐ pT weighted average of LHCb measurement in 
their phase space

𝐟𝐬/𝐟𝐮 = 𝟎. 𝟐𝟐𝟕 ± 𝟎. 𝟎𝟏𝟏 ± 𝟎. 𝟎𝟏𝟕

𝐟𝐬/𝐟𝐮 = 𝟎. 𝟐𝟐𝟐 ± 𝟎. 𝟎𝟏𝟏 ± 𝟎. 𝟎𝟏𝟔 𝐟𝐬/𝐟𝐝 = 𝟎. 𝟐𝟐𝟓 ± 𝟎. 𝟎𝟏𝟏 ± 𝟎. 𝟎𝟏𝟒

𝐟𝐬/𝐟𝐝 = 𝟎. 𝟐𝟐𝟒 ± 𝟎. 𝟎𝟏𝟏 ± 𝟎. 𝟎𝟏𝟒

https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032005
https://doi.org/10.48550/arXiv.2212.10311


fB0/fB+  vs fഥB0/fB−  measurement
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𝐟𝐁𝟎/𝐟𝐁+  vs 𝐟ഥ𝐁𝟎/𝐟𝐁−

• Combined fB0/fB+  = 0.97 ± 0.05 

• Combined fഥB0/fB−  = 0.98 ± 0.05 

• fB0/fB+  and fഥB0/fB− are consistent with each other within a 3% precision

‐ Considering correlated systematic uncertainty

‐ Supporting CP symmetry in 𝐁+ and 𝐁𝟎 production



Conversion of ℛ to PFR
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Combined results of charmonium and hadronic open-charm analysis on probe-side

• pT ∈ [8.0, 50.0) GeV and |y| ∈ [0, 2.25)

The measured 𝐁𝐬 and 𝐁𝟎 branching fraction ratios improve on the PDG precision

𝐁± ratio is as good as the world average

 

(PDG: 0.218 ± 0.008)

(PDG: 0.362 ± 0.032)

(PDG: 0.506 ± 0.026)
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