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ÁBottom quark hadronization fractions at 
hadron colliders
ÁMeasurements of hadronization fractions

ÁObservations from LHC-b

ÁRecent CMS measurements

o ὐȾ‪final states

o Hadronic final states

ÁExotic heavy flavor production
ÁObservation of X(6900)

ÁὐȾ‪ὐȾ‪mass spectrum at CMS

ÁResonance fits

ÁTriple ὐȾ‪production
ÁMeasurement of „ ȟ
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Outline
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ÁNumber of weakly decaying B hadrons reconstructed 

in an exclusive final state:

ὔ „ẗὃẗὪẗꜞ ὄ ᴼὢ ẗ‭

ÁMeasured branching fractions (eg, for ὄ ):

ꜞὄ ᴼὢ
ὔ
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ÁRatio of branching fractions (eg, ὄᴼ‘‘ ):

ꜞὄ ᴼ‘‘
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ὔ ᴼ
ẗ
Ὢ
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ÁNeed to know hadronization fractions for precision 

measurements at hadron colliders
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Bottom Quark Hadronization Fractions
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ÁAssumed to be independent of environment, ὴ ὄé
Ὢ Ὢ Ὢ Ὢ ρ

ÁMeasured at LEP ( ί ὓ ) and the Tevatron

ÁEnvironmental influence is potentially an important 
systematic effect
ÁCould limit precision ὄ branching fraction measurements
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Bottom Quark Hadronization Fractions
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Quantity Z decays Tevatron

ὄ or ὄ fraction Ὢ Ὢ πȢτπχπȢππχπȢσττπȢπςρ

ὄ fraction Ὢ πȢρπρπȢππψπȢρρυπȢπρσ

ὦ-baryon fraction Ὢ πȢπψυπȢπρρπȢρωψπȢπτφ

ὄȾὄ ratio ὪȾὪ πȢςτωπȢπςσπȢσστπȢπτπ
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ÁLHC-b observed significant ὴ ɤ dependence

ÁWeaker but significant dependence on ὴ ὄ
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Environmental Influence on Hadronization Fractions

M. Jones - Pheno2023 Symposium May 8-10, 2023

P
h
ys. R

e
v. D

 1
0

0
, 0

3
1

1
0

2
(R

)

Inclusive semi-leptonic 
decays:
Ὄ ᴼὌὢ‘ Ӷ’



Áὴὴcollisions at ί ρσ4Å6, φρȢφÆÂ collected in 2018

ÁDi-muon + track trigger:

Áὴ ‘ τ'Å6ȟ– ςȢυ, ά‘‘ within ςȢω σȢσ'Å6

Áὴ ὸὶὥὧὯρȢς'Å6, – ςȢτ

ÁDisplaced vertex requirement

ÁOffline reconstruction:

Áὄ ᴼὐȾ‪ὑ

Áὄ ᴼὐȾ‪ὑᶻ , ὑᶻ ᴼὑ “

Áὄ ᴼὐȾ‪‰, ‰ᴼὑ ὑ
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New CMS Measurement of █▼Ⱦ█◊
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Vertex fit quality cuts
ρς ὴ ὄ χπ'Å6

ώ ςȢτ



ÁDetermined from fit:
ÁShape of combinatorial background

ÁShape of ὄ ᴼὐȾ‪ὑ ὢcomponent

ÁConstrained from Monte Carlo:
ÁCabibbo suppressed decay fraction

ÁSwapped kaon/pion mass assignments
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New CMS Measurement of █▼Ⱦ█◊
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Example: ςπ ὴ ςσ'Å6



ÁIn principle,
Ὢ

Ὢ

ὔ

ὔ
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ꜞὄ ᴼ ϳὐ‪ὑ

ꜞὄᴼ ϳὐ‪‰ꜞ ‰ᴼὑ ὑ

ÁMost branching fractions are measured precisely

ÁBut ꜞὄᴼ ϳὐ‪‰ is dominated by an LHC-b analysis 

that measures the ὴ dependence of ὪȾὪ
ÁPhys. Rev. D 104, 032005 (August 2021)

ÁCMS chooses to report measurements of

ד
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New CMS Measurement of █▼Ⱦ█◊
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Áד πȢρρπςπȢππςχfor ὴ ρψ'Å6
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New CMS Measurement of █▼Ⱦ█◊
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ÁMatches LHC-b result 
at low ὴ

ÁNo significant 
dependence on rapidity

ÁBranching fractions for 
ὄ and ὄ are known 
precisely

ÁCompatible with unity
ϳὪ Ὢ ρȢπρυπȢπυρ



ÁThe ratio ὪȾὪcould be determined if branching fractions 

were known precisely

ÁReliable theoretical prediction for the ratio

ꜞὄ ᴼὈ “
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ͯ
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Phys. Rev. D 82, 034038 (2010)

ÁMotivates reconstructing these decays in ὴὴcollisions

ÁThe challenge is collecting these using a suitable trigger
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Alternative CMS Analysis of █▼Ⱦ█◊
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ÁSingle muon trigger:

ÁMinimum ὴ requirement

ÁMinimum signed impact parameter significance

ÁThresholds and pre-scales adjusted based on instantaneous 

luminosity to level the trigger rate

ÁHigh level trigger rate < 5 kHz

Á10 billion events saved to tape and reconstructed 

when computing resources become available

ÁOpposite side jets provide an unbiased sample of b-

decays

Á60-90% purity estimated by reconstructing ὄᴼὈᶻ‘ Ӷ’

ÁNow possible to reconstruct fully hadronic B decays
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B Parking at CMS
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ÁIn 2020, LHCb reported observation of X(6900) in the 
ϳὐ‪ὐȾ‪mass spectrum

ÁThe nature of the state remains unclear

ÁDescription of the line shape is challenging
ÁMultiple resonances near threshold?

ÁInterference?
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Exotic Heavy Flavor Decaying to ϳ╙ⱶ╙Ⱦⱶ
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ÁData sample:

ÁρσυÆÂ ςπρφςπρψȟ ί ρσ4Å6

ÁLevel 1 trigger:
ÁThree muon candidates 

ÁOpposite charge pair with ὴ υ'Å6ȟὴ σ'Å6, ά ω'Å6

ÁHigh Level Trigger:

Á–‘ ςȢυ

Á‘‘ pair from a common vertex with ςȢωυ ά σȢςυ'Å6

ÁOffline selection:
ÁFour muons with ὴ ς'Å6ȟ– ςȢτ

Áὴ ‘‘ σȢυ'Å6ȟςȢωυ ά σȢςυ'Å6

ÁMass constrained fit to a common vertex
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Reconstruction of ϳ╙ⱶ╙Ⱦⱶat CMS
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https://cds.cern.ch/record/2815336
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html


ÁObserves X(6900) resonance and other structures
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Reconstruction of ϳ╙ⱶ╙Ⱦⱶat CMS

M. Jones - Pheno2023 Symposium May 8-10, 2023



ÁBackground description:

ÁNon-resonant single/double parton scattering (PYTHIA)

o Dominates at low/high mass

ÁFeed down from other excited states (HELAC-ONIA, CASCADE)

ÁParametrized by empirical functions

o Threshold + polynomial + exponential

ÁSignal description:

ÁRelativistic Breit-Wigner convoluted with resolution function
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Description of Resonant ϳ╙ⱶ╙ȾⱶStructures
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BW1 BW2 BW3

ά -Å6 φυυςρπ ρς φωςχω υ χςψχρω υ

ɜ-Å6 ρςτςω στ ρςςςς ρω ωυτφ ςπ

ὔ τχτρρσ τωςχυ ρυφυφ

Significance φȢυ„ ωȢτ„ τȢρ„



ÁLHCb considered alternative signal models

ÁThreshold enhancement modeled by additional Breit-Wigner 

functions

ÁDip at 6700 MeV modeled by a Breit-Wigner and destructive 

interference with NRSPS background

ÁCMS observes generally poor fit quality
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Resonance Fit Models
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ÁCMS observes good description using interfering 

Breit-Wigner signal functions:

ὪὼḐ ὶὩ ὄὡ ὼ ὄὡ ὼ ὶὩ ὄὡ ὼ

17

Resonance Fit Models
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ÁBackground model:
ÁSingle Parton Scattering constrained byɝὙ πȢςυcontrol region

ÁNon-promptὐȾ‪background constrained by … or ὒ control regions

ÁFeed-down fromὐù‪‪(2Ὓ) decays

ÁSignal models:
ÁSig A: Three interfering Breit-Wigner functions

ÁSig B: Two Breit-Wigner functions, one interferes with SPS background
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Recent Results from ATLAS
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φȢψφπȢπσȢ
Ȣ 'Å6

φȢωρ πȢπρπȢπρ'Å6

https://arxiv.org/abs/2304.08962
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Triple ╙ȾⱶProduction at CMS

M. Jones - Pheno2023 Symposium May 8-10, 2023

BPH-21-004/ arXiv:2111.05370


