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CMS Strengths for Heavy-Flavor Production Measurements

Excellent silicon tracker: Tracks and secondary 
vertices for displaced HF decays 

Muon reconstruction and triggering: clean muon 
signatures for quarkonia and semileptonic decays 

Central acceptance and large samples: 
Midrapidity reach complementary to LHCb 

Flexible triggers and B parking : Access to low-
ὴȟdisplaced, and dimuon final states
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Overview

CMS has an extensive heavy-flavor production & properties program
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Quarkonia· Open charm/beauty · Heavy-quark cross sections · Spectroscopy · Lifetimes · Exotic hadrons

Today only selected recent results:

Measurement differential  (1S), (2S), and (3S) production 

Observation of (1S)+ Z associated production

Measurement ofB meson production fraction ratios

♇(1S)+ Z



CMS-BPH-24-004
arXiv:2601.20023

Measurement of the ♇(1S), ♇(2S), and ♇(3S)differential cross sections in 
pp collisions at Ӓs= 13.6 TeV

џThe production of charmonium and bottomonium states provides
crucial insights for the understanding of hadron formation in the scope
of quantum chromodynamics, the theory of strong interactionsѠ
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Analysis Overview
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Analysis Goal:  Double differential  production measurement of Y(1S), Y(2S) 
and (3S) in transverse momentum and rapidity

Measurements of quarkonia production give insight into QCD fragmentation 
and are important inputs to global NRQCD fits.

Analysis Strategy:
Å2022 ί  ρσȢφ 4Å6 data from dimuon trigger,  ᴼ ‘‘
ÅCompute the ὴ and rapidity differential cross section times branching fraction

ꜞ ὲὛ O ‘‘
Ὠ„

Ὠώ Ὠὴ

ὔὴȟȿώȿ

fl ɝώ ɝὴ ‐ὴȟώ  ὃὴȟώ

Efficiency evaluated by Tag&Probe

Yield extracted by a fit to 
invariant mass spectrum

Acceptance 
evaluated with MC

20 GeV ὴ < 200GeV 
|y| < 0.6 and 0.6 < |y| < 1.2
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♇(nS) Cross Sections
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Measured cross sections include feed-down decays from 
heavier bottomonium states 

Extends the measured phase space ὴ 100 GeV

Measurement assumes unpolarized upsilons, but provides 
corrections for other assumptions

Two rapidity regions show similar cross section

The measurement is well described by NRQCD predictions

CMS-BPH-24-004



♇(nS) Cross Section Ratios
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Excited-to-ground state  ratios

Å (2S)/ (1S) and  (3S)/ (1S) incease with ὴ

ÅSimilar behavior in both rapidity intervals 

ÅOverall trend is reasonably described by NRQCD 

ÅRatios seem to approach a plateau above ὴ ḐυυGeV 

Comparison  with  previous  CMS measurements

ÅCross sections increase with center of mass engery

ÅNo significant rapidity dependence observed

CMS-BPH-24-004



CMS-BPH-23-007
arXiv:2602.02770

Observation of ♇(1S)+ Z associated production and measurement of the 
effective double -parton scattering cross section in proton -proton 
collisions at Ӓs= 13 TeV

џDespite extensive studies, the exact production mechanism of heavy
quarkonia in hadron collisions has yet to be fully understood в The
picture becomes even more complex for a quarkonium state produced
in association with an electroweak boson, where none of the theoretical
models can capture all aspects of the experimental resultsѠ
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Analysis Overview
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CMS-BPH-23-007

Analysis Goal: Search for  (nS)+ Zproduction and measurement of double 
parton scattering

SPS:one hard partonтparton interaction produces the final state.

DPS:two independent hard partonтparton interactions occur in the same 
protonтproton collision, together producing the observed final state.

At LHC energies,  (nS)+ Z production is expected to be dominated by DPS 

Analysis Strategy:
ÅFull run 2 data, 138ÆÂat ί ρσTeV 
ÅReconstruct  (nS)ᴼ‘‘and ὤᴼ‘‘
ÅExtract SPS and DPS rates from fit to MC templates
ÅUse ὤᴼτ‘as normalisation channel
ÅUse the DPS component to determine „



♇(nS) + Z Signal Extraction

Heavy Flavor Production & Properties at CMS Beauty 2026 10

CMS-BPH-23-007

Signal is extracted by a simultaneous fit to Z and Upsilon Dimuon mass:

ὔɭρὛ ὤ στȢφ ωȢπ

ὔɭςὛ ὤ  ςȢω φȢχ

ὔɭσὛ ὤ ρσȢω χȢς

Evaluating significance, by comparing Signal + background to background 
only hypothesis (Wilks theorem):

First observation ( 5.3͚ьШŸŉШüҼ♇(1S) production 

Z+Y(2S) and Z+ >(3S) are below evidence level (3 )͚
üFocus on Z+ (1S)  for further studies

Z 

♇



Single and Double Parton Scattering
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CMS-BPH-23-007

Using Splot from the dimuon mass fits to obtain 
signal distributions in ɝώand ɝ‰

Using MC templates for SPS and DPS production

Perform a simultaneous fit to ɝώand ɝ‰to 
extract SPS and DPS rates

╝╩ ♇
╢╟╢ Ȣ Ȣ

╝╩ ♇
╓╟╢ Ȣ Ȣ



Fiducial Cross Section Ratio

Heavy Flavor Production & Properties at CMS Beauty 2026 12

CMS-BPH-23-007

Use ὤᴼτ‘as normalisation channel to reduce systematic uncertainties

Signal extraction through fit to ά

╝╩O Ⱨ  

Calculate ratio of fiducial cross section times branching ratio:

╩ ♇ ╢

„ὴὴO ὤ  ρὛ  ɇ ꜞ  ρὛᴼ ‘‘ ɇ ꜞ ὤᴼ ‘‘

„ὴὴO ὤ ɇ ꜞ ὤᴼτ‘

                Ȣ Ȣ ▼◄╪◄Ȣ ▼◐▼◄ ɇ

             ╩ ♇ ╢
╓╟╢  Ȣ Ȣ ▼◄╪◄Ȣ ▼◐▼◄ɇ

Z 



Effective DPS Cross Section
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The effective double parton reference cross section „ , can be interpreted  as a 
measure of the geometric overlap of the spatial partonic distribution

It can be calculated using ד :

Ɑ▄██ ד
 ɇ
ꜞ  O ɇ ꜞ  O

ꜞ ᴼ
ɇ

  Ȣ Ȣ
Ȣmb    

In  agreement with previous measurements

First time evaluation of kinematic dependence of„ ȡ

ÅAll measured values are compatible with inclusive„

ÅConsistent with decrease with ὴ

ÅConsistent with constant in ὴ

Quarkonia

Harder 
objects

This Analysis



CMS-BPH-21-007
arXiv:2602.10270

Measurement of B meson production fraction ratios in proton -proton 
collisions at Ӓs= 13 TeV using open-charm and charmonium decays

џStudies of production fractions of various species of b hadrons have
been a topic of intense experimental and theoretical interest since the
CERNLEPera.Ѡ
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Analysis Overview

Analysis Goal: Measure production fraction ratios (PFR)  ὪȾὪ, ὪȾὪ and ὪȾὪ

b hadronization measurements ÉÎÔÏ ἌȟἌ andἌἻ (█◊ȟ█▀, █▼) are interesting:

ÅLimiting systematic for rare BR measurements

ÅPrecision studies of flavor physics

ÅTests of isospin symmetry (ὪȾὪ = 1?)

Analysis Strategy:

ÅRun 2 data with single and displaced muon trigger

ÅMeasurekinematic dependence (ὴȟώ) of PFR in two channel

ÁRelative production fraction ratios from charmonium, (Tag & Probe)

ÁMeasure production fraction ratio in open charm (probe side)
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Ⱨ
dca

D

D

╙Ⱦⱶ



InvariantMass Fit
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║ ᴼ ╙Ⱦⱶ ╚ ᴼⱧⱧ╚ ║ ᴼ ╙Ⱦⱶ ╚ᶻ ᴼⱧⱧ╚  Ⱬ ║▼ᴼ╙Ⱦⱶꜚ ᴼⱧⱧ╚  ╚Charmonium:

Å Tag and probe side

Å Use ╙Ⱦⱶ O ⱧⱧ

║ ᴼ ╓Ⱬ ᴼ╚ ⱫⱫ ║ ᴼ ╓ Ⱬ ᴼ╚ ⱫⱫⱫ ║▼ᴼ ╓▼Ⱬ ᴼ╚ ╚ ⱫⱫ
Open charm:

Å Probe side

Å B from D + tracks



Relative PFR Measurement from Charmonium
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No reliable conversion to ὪȾὪ ÁÎÄ ὪȾὪ for 
charmonium decays

Measure the relative efficiency-corrected yield:

ד
ὔ

ὔ
ד 

ὔ

ὔ

Consistent with previously measured dependence  
of transverse momentum at low ὴ

Consistent with no B meson kinematic 
dependence at ὴ > 18 GeV



█▼Ⱦ█◊ ἩἶἬ █▼Ⱦ█▀ from Open Charm
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Open charm allows  ὪȾὪÁÎÄὪȾὪmeasurements 
with external input

Consistent with no B meson kinematic dependence at 
ὴ > 18 GeV

Results for ▬╣  18 GeV:

█▼Ⱦ█▀ Ȣ  Ȣ ▼◄╪◄Ȣ  ▼◐▼◄

█▼Ⱦ█◊ Ȣ  Ȣ ▼◄╪◄Ȣ  ▼◐▼◄

Compatible with high ὴ LEP measurement: 

ὪȾὪ =0.249 ± 0.023



█▀Ⱦ█◊ from Open Charm and Charmonium
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CMS-BPH-21-007

ὪȾὪcan be measured in both channels
Å Ratio is a test of isospin invariance ὪȾὪ  ͯ ρ 

Results are consistent between the three measurements

Combined result:

█▀Ⱦ█◊ ӀΜЮΦΡΣШ Ȣ

Compatible with previous CMS measurement and SM expectation



Summary

Measurement of the ̝ы1S),̝ы2S), and̝ы3S)differential cross sections

ÅInsight into QCD 

ÅCross check for NRQCD calculations

Observation of ̝ы1S)+ Z associated production

Å[ŔƖƚƣШŸĤƚĲƖƻċƣŔŸŰШŸŉШ̝ы1S)+ Z  

ÅFirst evaluation of kinematic dependence of „

Measurement of B meson production fraction ratios

ÅFirst measurement of production fraction ratios in CMS

ÅCompatible with isospin invariance
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Backup



CMS-BPH-22-001
JHEP 10 (2024) 247

Measurement of the ἌἻᴼἔȾ ἕἻeffective lifetime from proton -proton 
collisions at Ӓs= 13 TeV

џMeasurements using b hadron decays have dramatically improved our
knowledge of the standard model flavor sector. An important aspect of B
meson studies is determining whether the SM correctly describes the
violation of charge-parity symmetryobservedin nature.Ѡ
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Analysis Strategy

Heavy Flavor Production & Properties at CMS Beauty 2026 23

Analysis Goal:  Measure the║▼ᴼ╙Ⱦⱶ╚▼effective lifetime  

ὄ mesons are produced as flavor eigenstates but propagate as heavy and light 
mass eigenstates with different lifetimes.

The observed decay-time distribution is evaluated by one fitted value: the 
effective lifetime .

This lifetime is sensitive to ὃ and constrains penguin contributions

Analysis Strategy:
ÅRun 2 data, ρτπÆÂat ί ρσTeV 
ÅReconstruct ὐȾ‪ᴼ‘‘and ὑ ᴼ““
ÅExtract the effective lifetime from a fit to mass and decay time

Tree-level diagram:

Penguin diagram:

CMS-BPH-22-001



Effective Lifetime Fit and Result
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Fit strategy :

ÅSimultaneous fit of ὄ ᴼὐȾ‪ὑ and ὄ ᴼὐȾ‪ὑ

Å2D unbinned fit to invariant mass and proper decay time

Åὄ ᴼὐȾ‪ὑ  used as high-yield control channel 

Result :

† ὄ ᴼὐȾ‪ὑ ρȢυω πȢπχÓÔÁÔπȢπσÓÙÓÔЮÐÓ

The most precise measurement to date and consistent with the 

SM expectation of ρȢφς πȢπςps.

CMS-BPH-22-001



Lifetime Definition
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CMS-BPH-22-001

The ὄ ᴼὐȾ‪ὑ effective lifetime is defined as

The ὄ ᴼὐȾ‪ὑ effective lifetime can also be expressed as:

Ⱳ║▼: Mean ὄ lifetime ◐▼ȡNormalised decay-
width difference

═Ў◔ȡ-ass eigenstate rate asymmetry



Efficiency Determination
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Signal Extraction
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Lifetime Systematics
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B* Systematic Uncertainties
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B* Systematic Uncertainties
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B* Systematic Uncertainties
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Open Charm PFRS Definitions
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Probe Side Signal Extraction
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█▼Ⱦ█◊ ἩἶἬ █▼Ⱦ█▀
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Inputs to Open-Charm PFR
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Open Charm Systematics
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Charmonium Systematics
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Y(1S) Systematic Uncertainties
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Upsilon PolarisationScaling Factors
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CMS-BPH-24-011
Phys. Rev. Lett. 136 (2026) 031902

First exclusive reconstruction of the ║ᶻȟ║ᶻ and ║▼ᶻ mesons and precise 
measurement of their masses

џWhile the ground states of beauty mesons ὄȟὄ and ὄhave been
extensively studied, the corresponding excited vector mesons ὄᶻȟὄᶻ

andὄᶻ are much less exploredѠ
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Analysis Strategy
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Analysis Goal: First full reconstruction of Ἄz ȟἌz andἌἻᶻ

Å║ᶻ ᴼ ║♬ ᴼ ⱶ╚ ♬ O  Ⱨ Ⱨ╚ ♬

Å║z ᴼ ║♬   O  ⱶ╚z ♬ ᴼ Ⱨ Ⱨ╚ Ⱬ♬
Å║▼

ᶻ ᴼ ║▼♬   O  ⱶꜚ♬ ᴼ Ⱨ Ⱨ╚ ╚ ♬

Challenge:  very soft photon  ,with Ὁ ḐτπшυπMeV in ὄᶻ rest frame.

Analysis Strategy:
ÅRun 2 data with dimuon trigger
ÅCombine dimuon into J/ⱶ
Å(Combine two tracks to ꜚ / ╚ᶻ )
ÅAdd one (two tracks) and dimuon to reconstruct ground state B meson
ÅReconstruct photon from conversions to ▄▄ pairs in the beam pipe and 

tracker material
ÅCombine photon and ground state  B meson to reconstruct vector B-meson



Invariant Mass Fit
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║z ᴼ║ ♬ O ⱶ╚ ♬ ║ᶻ ᴼ║♬ O ⱶ╚ᶻ♬ ║▼
ᶻ ᴼ║▼♬ O ⱶꜚ ♬

Simultaneous fit to the άὄ‎ άὄspectra in the ὄ‎ ,ὄ‎ ,and ὄ‎ channels

CMS-BPH-24-011



Results
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║z -B mass splittings : determined by the fit,
are compatible with previous world
averages and improve the precision by
about one order of magnitude.

B vector meson masses: determined by
the measured difference and the world
averageof the groundstates

Differences and ratios of differences :
utilize cancelation of uncertainties.
Reported for the first time .

Mass differences between vector meson
states : obtained with world average of
groundstate mass.

CMS-BPH-24-011



Muon Selections
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