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*CMS BPH Mural and coffee mug: selection of event displays of 
recent BPH publications. Can you guess the processes? 

«Challenging the Standard Model of Particle 
Physics and the CMS trigger with Flavour!»
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ØThe Large Hadron Collider (LHC) is 
already 16 years old!
§ Energies never reached before
§ Run 3 (2022-2026) at 13.6 TeV 

Ø The Compact Muon Solenoid: one of 
the four interaction points
§ Multi-purpose detector with broad 

physics program 
§ Many precision physics results and 

searches for new physics

SLAC FPD Seminar



LHC: Unique data
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Run 3 more than twice as large as Run 2:
§ 2024+2025 alone larger than 2016-2023

CMS collected 137 fb-1 in Run 2
§ Up to 137 fb-1 for the results in this talk 280 fb-1(until mid 2025)

SLAC FPD Seminar
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Motivation
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Ø In the SM, charged leptons - electrons, muons and taus– must have identical  
electroweak (EW) behaviour: Lepton Flavour Universality (LFU)
§ NOT a formal symmetry, but experimentally confirmed

qBroken by Higgs-lepton interactions
qViolation possible only via neutrino mixing. Very Rare process:

ℬ(𝜇! → 𝑊!𝜈(𝜈" → 𝜈#) → 𝑒!𝛾 < 𝟏𝟎$𝟓𝟓

= =
LFU violation (LFUV) => beyond the SM (BSM)! 

New physics? Where?

Why should SM EW adhere to LFU?

SLAC FPD Seminar
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NA62
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Hunting for LFUV I

Where?
Ø From low-pT to high-pT … 

Huge phase-space!
pT

B-Physics Higgs

Top

Exotics

Lepton Decays

SLAC FPD Seminar
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Hunting for LFUV II

How?
ØDifferent approaches: 

§ Classic bump search

𝒎ℓℓ&

5𝝈!

SLAC FPD Seminar
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Hunting for LFUV III

𝓛 = 𝓛𝑺𝑴
(𝟒) +

𝟏
𝜦𝟐
'
𝒂

𝑪𝒂
(𝟔)𝑶𝒂

(𝟔) + …

Ø Additional LFUV Operators: 

Ø Deviation of SM processes 
looking at clear observables

How?
ØDifferent approaches: 

§ Infer the impact of 
additional contributions 
due to LFUV

SLAC FPD Seminar
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Once upon a ratio ... 

𝓡(𝑯𝒄) =
𝓑(𝑯𝒃 → 𝑯𝑿ℓℓ)
𝓑(𝑯𝒃 → 𝑯𝑿ℓℓ)

Ø Decays to different leptons => test LFU between them
Ø Common uncertainties cancel out in ratio measurements 
Ø Which decay should we test?
Ø Large interest for 𝑯𝒄 ⇒ 𝒃 → 𝒄 decay

§ Tree-level process in the SM
§ Precise theoretical calculation

New Physics?

𝒃 𝒄

𝝂ℓ

ℓ

A surprisingly result in 2012 ….

Semi-leptonic decays of B mesons as sensitive LFUV probes

SLAC FPD Seminar
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𝒃 → 𝒄: a west-coast story

𝓡(𝑫(∗)) =
𝓑(𝑩𝟎 → 𝑫 ∗ (𝝉)𝝂𝝉)
𝓑(𝑩𝟎 → 𝑫 ∗ (𝝁)𝝂𝝁)

Ø LFUV: taus vs muons:

§ BaBar: 3𝜎-deviation
§ Belle and Belle II (Jan 2024)
§ LHCb – ( 2018 and 2025)

Ø Same LFUV test - ℛ(𝐽/𝜓)
§ 2𝜎-deviation by LHCb

𝟑. 𝟖𝝈-deviation from the SM!

Growing sensitivity puzzling the scientific community …

Phys. Rev. Lett. 109 (2012) 101802
Belle II Preprint 2024-001
Phys. Rev. Lett. 134 (2025) 061801

SLAC FPD Seminar

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.101802
https://arxiv.org/pdf/2401.02840.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.101802
https://arxiv.org/abs/2401.02840
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061801
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Theoretical motivation
ØSeveral BSM models to explain it:

qExtended Higgs or Gauge sector or LeptoQuarks

SM ?

Ø Impact: 
Ø Which machine after the LHC? 
Ø Which physics program? Clear indication from LFUV!

FCC
LHC

Ø Flavour Anomaly Workshop
>550 scientists at CERN

Ø “LFUV” in iNSPIRE >1500 
contributions appear

𝝁C

SLAC FPD Seminar

https://link.springer.com/article/10.1007/BF01571294
https://link.springer.com/article/10.1140/epjc/s10052-018-5680-9
https://www.sciencedirect.com/science/article/abs/pii/037026938790637X
https://indico.cern.ch/event/1055780/timetable/
https://inspirehep.net/literature%3Fsort=mostrecent&size=25&page=1&q=lepton%2520flavor%2520violation%2520LHC
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𝒃 → 𝒔:  the elephant  in the room

𝓡(𝑯𝒔) =
𝓑(𝑯𝒃 → 𝑯𝒔𝝁)𝝁()
𝓑(𝑯𝒃 → 𝑯𝒔𝒆)𝒆()

Ø LFUV: muons vs electrons

ØSome excitement for a 3.1𝜎-
deviation for 𝓡(𝑲(∗)) by LHCb:                                                
Nature Physics volume 18, pages 277–282 (2022)

ØUpdated result (Dec 2022):
§ Phys. Rev. D 108 (2023) 032002
§ Phys. Rev. Lett. 131 (2023) 051803

New Physics? SM consistent!
SLAC FPD Seminar

https://www.nature.com/articles/s41567-021-01478-8
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
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Motivation: And now what?
ØBSM model: additional LFUV operators to SM

§ >120 operators studied

ℒ'($)*+ = ℒ'((= ℒ'(,-./-# + ℒ'(,01--2 ) +0
1

𝐶1𝑄1

Flavour symmetry
Flavour asymmetry 

New Physics: 
flavour asymmetryBSM only for 3rd generation

§ No place for LFUV 𝑏 → 𝑠𝜇𝜇
§ Cannot be limited to ℛ(𝐷(∗))

Third-generation?
J. High. Energ. Phys. 2024,49 (2024)

SLAC FPD Seminar

https://arxiv.org/pdf/2311.00020.pdf
https://link.springer.com/article/10.1007/JHEP03(2024)049


New Physics: 
flavour asymmetry

4 BaBar

3rd Generation?

4 Belle

1 Belle II 

4 LHCb

2012

𝒃 → 𝒄𝝉𝝂
> 3𝝈

Ø 13 measurements on the ℛ(𝐷(∗)) ratios 
§ 4 experiments 
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Theory Vs Experiments

2018

2024

SLAC FPD Seminar
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𝐩𝐩 → 𝝉𝝉
> 3𝝈

2018

1 CMS 

Ø 13 measurements on the ℛ(𝐷(∗)) ratios 
§ 4 experiments 

Ø Using ℛ(𝐷(∗)) results, BSM predicts 
observable at the current energies:
1. 𝑝𝑝 → 𝜏𝜏 excess (at 95-100 GeV, CMS)
§ Compatible with ATLAS extrapolation

Theory Vs Experiments

SLAC FPD Seminar
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Ø 13 measurements on the ℛ(𝐷(∗)) ratios 
§ 4 experiments 

Ø Using ℛ(𝐷(∗)) results, BSM predicts 
observable at the current energies:
1. 𝑝𝑝 → 𝜏𝜏 excess (at 95-100 GeV, CMS)
§ Compatible with ATLAS extrapolation
2. 𝐵! → 𝐾!𝜈𝜈̅ 3𝜎 deviation from SM

𝐩𝐩 → 𝝉𝝉
> 3𝝈

2018

1 CMS 

1 Belle II 

𝐁 → 𝑲𝝂𝝂
3𝝈

2024

Theory Vs Experiments
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Ø 13 measurements on the ℛ(𝐷(∗)) ratios 
§ 4 experiments 

Ø Using ℛ(𝐷(∗)) results, BSM predicts 
observable at the current energies:
1. 𝑝𝑝 → 𝜏𝜏 excess (at 95-100 GeV, CMS)
§ Compatible with ATLAS extrapolation
2. 𝐵! → 𝐾!𝜈𝜈̅ 3𝜎 deviation from SM
3. 𝐾! → 𝜋!𝜈𝜈̅ 2𝜎 deviation from SM

𝐩𝐩 → 𝝉𝝉
> 3𝝈

2018

1 CMS 

1 Belle II 

𝐁 → 𝑲𝝂𝝂
3𝝈

2024

1 NA62

𝐊 → 𝝅𝝂𝝂
2𝝈

Theory Vs Experiments

SLAC FPD Seminar
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Ø 13 measurements on the ℛ(𝐷(∗)) ratios 
§ 4 experiments 

Ø Using ℛ(𝐷(∗)) results, BSM predicts 
observable at the current energies:
1. 𝑝𝑝 → 𝜏𝜏 excess (at 95-100 GeV, CMS)
§ Compatible with ATLAS extrapolation
2. 𝐵! → 𝐾!𝜈𝜈̅ 3𝜎 deviation from SM
3. 𝐾! → 𝜋!𝜈𝜈̅ 2𝜎 deviation from SM
4. 𝑒!𝑒$ → 𝑍𝑏𝑏 >2𝜎 excess at 98 GeV (LEP)

𝐩𝐩 → 𝝉𝝉
> 3𝝈

2018

1 CMS 

1 Belle II 

𝐁 → 𝑲𝝂𝝂
3𝝈

2024

1 NA62

𝐊 → 𝝅𝝂𝝂
2𝝈

1 LEP 

ee → 𝒁𝒃𝒃
> 2𝝈

Theory Vs Experiments

SLAC FPD Seminar
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Ø 17 measurements from 7 experiments
Ø Just a matter of time to collect data??

𝐩𝐩 → 𝝉𝝉
> 3𝝈

2018

1 CMS 

1 Belle II 

𝐁 → 𝑲𝝂𝝂
3𝝈

2024

1 NA62

𝐊 → 𝝅𝝂𝝂
2𝝈

1 LEP 

ee → 𝒁𝒃𝒃
> 2𝝈

Theory Vs Experiments

ℒ'($)*+ = ℒ'(,-./-# + ℒ'(,01--2 +$
1

𝐶1𝑄1

Flavour symmetry

Flavour asymmetry 

… and CMS?
SLAC FPD Seminar



Ø After 13 years, new results from BaBar [talk at VFSB_LPC workshop, Dec 2025] 

?

Ø Once the paper out, it will be included in the HFLAV average

𝒃 → 𝒄: a west-coast story + 13 years

Dec. 15-19, 2025
LHC Physics Center

Fermilab, Batavia, IL

Join us for a VFSB event in Chicago!

For more information, 
scan the QR code!

ORGANIZING COMMITTEE
Marina ARTUSO, SYRACUSE University
Marcella BONA, QMUL
Stefania GORI, UCSC
Gino ISIDORI , UZH 
Stefan MEINEL, ARIZONA University
Lesya SHCHUTSKA, EPFL
Luca SILVESTRINI, INFN Rome
Paris SPHICAS, CERN and ATHENS University
Guy WILKINSON, OXFORD University

LOCAL ORGANIZING COMMITTEE
Joel BUTLER, FERMILAB
Angelo DI CANTO, BNL (chair)
Andreas KRONFELD, FERMILAB
Ka Hei Martin KWOK, UNL
Luigi MARCHESE, ETHZ and FERMILAB (chair)
C. Eddie MCGRADY, NOTRE DAME University  

FERMILAB LPC EVENTS COMMITEE
Gabriele BENELLI, BROWN University 
Abhijit GANDRAKOTA, FERMILAB

FERMILAB LPC COORDINATORS
James HIRSCHAUER, FERMILAB 
Isobel OJALVO, PRINCETON University 

30/03/2026 21Luigi Marchese SLAC FPD Seminar

https://indico.fnal.gov/event/71119/contributions/325774/attachments/194109/269256/Hitlin_Fermilab_2512215_final.pdf
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Hunting for LFUV IV

Often you move from
Ø low-pT to high-pT
Ø one approach to another
… in a complementary mode!

pT

B-Physics Higgs

Top

Exotics

Lepton Decays

Connecting the research dots …

• ℛ(𝐷(∗))
• 𝑝𝑝 → 𝜏𝜏 excess

SLAC FPD Seminar
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ØIntroduction
ØMotivation

§ Experimental Motivation 
§ Theoretical Motivation

ØAnd CMS?
§ Smart ideas
§ Recent Results
§ Future prospects

ØTrigger strategy at CMS
ØConclusions 

CMS results

SLAC FPD Seminar
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ØFor 𝑏 → 𝑐 process, another interesting meson 

𝓡(𝑱/𝝍) =
𝓑(𝑩𝒄% → 𝑱/𝝍𝝉%𝝂𝝉)
𝓑(𝑩𝒄% → 𝑱/𝝍𝝁%𝝂𝝁)

Ø“Young” mesons (CDF, 1998):                        
Phys. Rev. Lett. 81, 2432

ØCannot be produced at Belle II
… unique opportunity for LHC

ØOnly 1 measurement (LHCb):                
𝟐𝝈 away from the SM              
Phys. Rev. Lett. 120, 121801 (2018)

1

Why Bc mesons? 

SLAC FPD Seminar

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.2432
https://www.google.com/url%3Fsa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwi03d6p_YmDAxV5GzQIHXHEAG0QFnoECA0QAQ&url=https%253A%252F%252Flink.aps.org%252Fdoi%252F10.1103%252FPhysRevLett.120.121801&usg=AOvVaw0W2bRhnGgSEOzD7xoVVvMf&opi=89978449


30/03/2026 25Luigi Marchese

How Bc mesons at CMS? 

=
𝓑(𝑩𝒄% → 𝝁%𝝁(𝝁%𝝂𝝁𝝂𝝉𝝂𝝉)
𝓑(𝑩𝒄% → 𝝁%𝝁(𝝁%𝝂𝝁)

ØClear 𝝉+→ 𝝁+𝝂𝝁B𝝂𝝉 and 𝐉/𝝍 →
𝝁+𝝁. decays, only 𝜇 and 𝜈
§ CMS excellent at muon ID and 

reconstruction
§ CMS 4𝜋 acceptance to get rid of 

additional tracks around 𝐵" vertex
Key for precision measurements!

2

ØFor 𝑏 → 𝑐 process, another interesting meson 

Ø“Young” mesons (CDF, 1998):                        
Phys. Rev. Lett. 81, 2432

ØCannot be produced at Belle II
… unique opportunity for LHC

ØOnly 1 measurement (LHCb):                
𝟐𝝈 away from the SM              
Phys. Rev. Lett. 120, 121801 (2018)

1

𝓡(𝑱/𝝍)𝒍𝒆𝒑 =
𝓑(𝑩𝒄% → 𝑱/𝝍𝝉%𝝂𝝉)
𝓑(𝑩𝒄% → 𝑱/𝝍𝝁%𝝂𝝁)

LEP

SLAC FPD Seminar

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.2432
https://www.google.com/url%3Fsa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwi03d6p_YmDAxV5GzQIHXHEAG0QFnoECA0QAQ&url=https%253A%252F%252Flink.aps.org%252Fdoi%252F10.1103%252FPhysRevLett.120.121801&usg=AOvVaw0W2bRhnGgSEOzD7xoVVvMf&opi=89978449
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How Bc mesons at CMS? 

𝓡(𝑱/𝝍)𝒉𝒂𝒅 =
𝓑(𝑩𝒄% → 𝑱/𝝍𝝉%𝝂𝝉)
𝓑(𝑩𝒄% → 𝑱/𝝍𝝁%𝝂𝝁)

=
𝓑(𝑩𝒄% → 𝝁%𝝁(𝝅%𝝅(𝝅%𝝂𝝉)
𝓑(𝑩𝒄% → 𝝁%𝝁(𝝁%𝝂𝝁)

ØFor 𝑏 → 𝑐 process, another interesting meson 

3-prong 
decay mode

ØSimultaneous fit with the 
leptonic channel
§ Extraction of one denominator
§ One signal strength for the 

numerator in both channels 
§ Larger dataset (2016-2018)
§ Orthogonal samples, less than 

0.1% overlap expected 

3

HAD

SLAC FPD Seminar
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𝓡(𝑱/𝝍) =

Ø Muon Fakes
§ 𝑱/𝝍 + misidentified muons (pions or kaons)

Ø Bc background 
§ Feedowns: excited 𝑐 ̅𝑐 → 𝐽/𝜓
§ Other 𝐵!" → 𝐽/𝜓𝐻!"𝑋 decays

Ø Hb background 
§ 𝐻# → 𝐽/𝜓 + 𝜇 decays

ØCombinatorial Dimuon + 𝝁+
§ Unrelated muons, which reconstruct the 
𝐽/𝜓 invariant mass 

ØSimilar final states
Similar reconstruction and 
Simultaneous fit 

Due to neutrinos, COLLINEAR 
APPROXIMATION to reconstruct 
key kinematics:  𝑝#$ =

$%$
$&'
()* + 𝑝%&'()

Signals Backgrounds
LEP

SLAC FPD Seminar
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54%* :
𝑱/𝝍𝝁%𝝂𝝁

3% :
𝑱/𝝍𝝉%𝝂𝝁

30% : Muon Fakes
Data driven

2% : Bc background MC based

10% : Hb background MC based

1% : Comb. Dimuon + 𝝁+ Data driven

Ø Separation Signal Vs Background 
(Muon Fakes)
§ Isolation (ISO) of the third muon

* Numbers are based on the analysis inclusive category

Ø Separation between signals
§ lepton mass difference
§ neutrino contribution
ü 𝒒𝟐 = (𝒑𝑩𝒄# − 𝒑𝑱/𝝍)

𝟐

ü
89:;
<$%&'

(impact parameter)

ü
=()
<*()

(transverse decay length)

Signals Backgrounds
LEP

SLAC FPD Seminar
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Analysis Strategy I

Ø Binned maximum likelihood fit to 
𝑞< and 𝐿/0/ 𝜎$*+ distributions
Ø Free floating parameters:                         

𝐵" and 𝐻, normalizations 
Ø Parameter-Of-Interest (POI) : 

𝓡(𝑱/𝝍)
Ø Blind strategy: POI scaled by 

unknown random number 

LEP

SLAC FPD Seminar
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7 Regions ISO
7 Regions !ISO 

Analysis Strategy II

Ø Binned maximum likelihood fit to 
𝑞< and 𝐿/0/ 𝜎$*+ distributions
Ø Free floating parameters: 𝐵> and 𝐻?

normalizations 
Ø Parameter-Of-Interest (POI) : 𝓡(𝑱/𝝍)
Ø Blind strategy: POI scaled by unknown 

random number 
Ø 14 categories to optimize S/B and 

control background contributions

LEP

SLAC FPD Seminar
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𝑱/𝝍𝝁%𝝂𝝁
Muon Fakes

Bc background

Hb background

Comb. Dimuon + 𝝁+𝑱/𝝍𝝉%𝝂𝝁

Discriminants

* Projections after the analysis strategy

LEP

SLAC FPD Seminar
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𝓡(𝑱/𝝍) =

Ø Hb background: dominant 
§ 𝐻# → 𝐽/𝜓 + 𝑋 decays

Ø Bc backgrounds: 𝑩𝒄! → 𝑱/𝝍𝑫(𝒔)
∗ !X 

§ Leading 𝐵!" → 𝐽/𝜓𝐷+
∗ "

Signals
HADØBackground suppression

BDT discrimination based on key 
variables: 𝜏 flight length, particles 
multiplicity, isolation, ID requirements 

Backgrounds
SRSB

SLAC FPD Seminar
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Analysis Strategy 
Ø 3-prong 𝜏 decays likely to occur 

through an intermediate resonance 
𝜏+ → 𝑎>(→ 𝝆𝟎(→ 𝝅+𝝅.)𝜋+𝜈@)
§ Two possible 𝜌1 combinations (𝝆𝟏,𝝆𝟐) 

depending on the triplet pions selected
§ Pions ordered in pT

Ø Simultaneous fit to the unrolled (𝝆𝟏,𝝆𝟐) 
mass distributions in SR and SB

HAD

𝒎(𝝆𝟏)

𝒎
(𝝆

𝟐)

2D
Unrolled 𝒎(𝝆𝟏) vs 𝒎(𝝆𝒔)

1D
SLAC FPD Seminar



31/03/2026 34Luigi Marchese

Results
Ø First CMS result for the tau-anomaly
Ø First result compatible with the SM (<1𝜎)
Ø CMS can compete on LFUV with LHCb

𝒃 → 𝒄𝝉

Phys. Rev. D 111 (2025) L051102
CERN-CMS-PAS BPH23-001

SLAC FPD Seminar

https://www.google.com/search%3Fclient=safari&rls=en&q=Phys.+Rev.+D+111+(2025)+L051102&ie=UTF-8&oe=UTF-8
https://cds.cern.ch/record/2908224/files/BPH-23-001-pas.pdf
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Ø CMS first B-anomaly result
§ CMS can do it! 

Ø Can we do better? 
q Improve the sensitivity for ℛ(𝐽/𝜓)

ü More data than Run 2 data
ü Dedicated trigger strategy

Future Prospects: How

SLAC FPD Seminar
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Ø CMS first B-anomaly result
§ CMS can do it! 

Ø Can we do better? 
q Improve the sensitivity for ℛ(𝐽/𝜓)
q Additional mesons and ratios

ü 𝓡(𝑿) = 𝓑(𝑯𝒃→𝑯𝒄𝝉0𝝂𝝉)
𝓑(𝑯𝒃→𝑯𝒄𝝁0𝝂𝝁)

Future Prospects: How

𝑩𝒔 ⇒ 𝓡(𝑫𝒔)
𝑩𝟎 ⇒ 𝓡(𝑫(∗))

Only at LHC!

SLAC FPD Seminar
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Future Prospects: 𝑫𝒔
ØTheoretically, same motivation as for 𝐷∗., 𝐷. mesons
ØCoherent picture for expected deviations in the 𝒃 → 𝒄 quark-transition 

to be explained with the same new physics 
ØWhat deviation? 

10-15% - Vector (𝓡 𝐃∗ 𝒂𝒏𝒅𝓡(𝑱/𝝍)) 

20-45% - Scalar (𝓡 𝑫 𝒂𝒏𝒅𝓡(𝑫𝒔)) 

First measurement of ℛ(𝑫𝒔)
=> scalar contribution

... where less is known! 

CMS: measurement at 3-9% 
Most precise single-experiment 

SLAC FPD Seminar



Goals for Future Circular Collider
Ø Best FCC-ee tracker for LFUV

Ø Better than 3-9%?
Ø Better than 1%?

CMOS-Monolithic-Active-Pixel Sensor

𝑩𝒔PV SV

𝑫𝒔
𝑲 𝑲

𝝅TV

TV

𝝉

𝝂𝝉𝝂𝝉𝝂𝝁

𝝁

Longitudinal-Transverse 
(L; T) resolution of SV, TV

1 (5; 1) 𝝁𝒎

(20; 3) 𝝁𝒎2
(30; 8) 𝝁𝒎3

HOW?
SV and TV (L; T) [𝝁𝒎]

𝝈𝓡/𝓡 (%)

𝟎. 𝟐

𝟏𝟎

Next-generation machines?FCC
LHC 𝝁C
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THE CMS TRIGGER
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The CMS Trigger

SLAC FPD SeminarLuigi Marchese
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Full Event

STANDARD STREAM
Ø Core of CMS Physics Program 
Ø Stable over years
Ø About 2.5 kHz*
Ø About 1.5 MB/evt
Ø Processed in Real Time (within 48 hours)

1CMS Trigger Strategy

Luigi Marchese

*The Luminosity Reference is 2E34 (Run 3 at 13.6 TeV)

SLAC FPD Seminar
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Full Event

STANDARD STREAM
Ø Core of CMS Physics Program 
Ø Stable over years
Ø About 2.5 kHz*
Ø About 1.5 MB/evt
Ø Processed in Real Time (within 48 hours)

1

PARKING STREAM
Ø Specific CMS Physics Program
Ø Variable over years 
Ø About 3 kHz*
Ø About 1.5 MB/evt
Ø Stored on tape and reconstructed  when 

resources available . So far prompt Reco!

2

Prompt reconstruction

CMS Trigger Strategy

Luigi Marchese

*The Luminosity Reference is 2E34 (Run 3 at 13.6 TeV)

SLAC FPD Seminar
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Full Event

STANDARD STREAM
Ø Core of CMS Physics Program 
Ø Stable over years
Ø About 2.5 kHz*
Ø About 1.5 MB/evt
Ø Processed in Real Time (within 48 hours)

1

PARKING STREAM
Ø Specific CMS Physics Program
Ø Variable over years 
Ø About 3 kHz*
Ø About 1.5 MB/evt
Ø Stored on tape and reconstructed  when 

resources available . So far prompt Reco!

2

(HLT) SCOUTING STREAM 
Ø Extend CMS Physics Program on high-rate searches
Ø About 25 kHz*
Ø Event size: Standard stream/100
Ø HLT Reco Objects stored in analysis-friendly format 

3
Reduced Data Format 

*The Luminosity Reference is 2E34 (Run 3 at 13.6 TeV)

Data storage

CMS Trigger Strategy

Luigi Marchese SLAC FPD Seminar
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Trigger strategies over the years

Luigi Marchese

arXiv:2403.16134

SLAC FPD Seminar

http://arxiv:2403
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ØIntroduced in 2012 mostly to limit trigger impact on multijet analyses  
§ all-jet+MET, SUSY searches, VBF Trigger, Higgs …

ØReintroduced opportunistically in 2018
§ Aimed at Lepton Flavour Universality anomalies 
§ Set of displaced-muon L1 triggers 

ØEstablished as part of standard CMS operations in 2022
§ More sophisticated Parking campaign evolving year after year 
§ New machine configurations with ℒ(4)5 ≈ 2.1×10%6 𝑐𝑚78𝑠79
§ Total HLT Parking budget of ≈ 3 kHz in 2023
§ Pushing the L1 rate beyond the limit of 100 kHz … 110 kHz!

Parking strategies over the years

Luigi Marchese SLAC FPD Seminar
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B-Parking
ØCan we maximize the CMS potential and sensitivity for 𝓡(𝑯𝑪)?

§ Study of the quark transition 𝑏 → 𝑐ℓ𝜈
§ Trigger logic for displaced muons 𝒃(→ 𝑐) → 𝝁𝑋
§ Before 2018 CMS could not perform low-pT displaced-single-muon measurements

ØTrigger goal: accumulation of large sample of 𝑏?𝑏 pairs
§ Tag side: search for displaced muon with pT in 7-12 GeV
Ø About 1/3 of B-meson decays into a single muon
§ Probe side: unbiassed set of B-mesons with minimal kinematic bias
§ Rare decays 𝓞(𝟏𝟎$𝟕) can become accessible to CMS

𝝁
Tag-side

Probe-side

Luigi Marchese SLAC FPD Seminar
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B-Parking: Physics potential 

𝑵𝒃A𝒃 = 𝒕𝑳𝑯𝑪𝓡𝑷𝒃A𝒃 ≈ 𝓞(𝟏𝟎𝟏𝟎)

§ 𝒕𝑳𝑯𝑪: LHC Operational running time of 6×10L𝑠 for 6 months (140 days)
§ 𝓡 : trigger rate of about 2 kHz throughout the LHC fill
§ 𝑷𝒃N𝒃: purity of data stream of about 80%

ØTag side ideal for 𝓡 𝑫∗ , 𝓡 𝑱/𝝍
§ 𝓞(𝟏𝟎𝟒) of 𝑩𝟎 → 𝑫∗$𝝉!𝝂𝝉 and 𝓞(𝟏𝟎𝟔) of 𝑩𝟎 → 𝑫∗$𝝁!𝝂𝝁

ØProbe side ideal for 𝓡 𝑲(∗)
§ 𝑵𝑩#→𝑲#𝒆#𝒆+ ≈ 𝑵𝒃N𝒃𝒇𝑩#ℬ𝓐 ≈ 𝓞(𝟏𝟎𝟑) of 𝑩! → 𝑲!𝒆!𝒆$

Luigi Marchese SLAC FPD Seminar
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B-Parking: HOW?
Without B-Parking With B-Parking

12 3 4  5   6 

Luigi Marchese SLAC FPD Seminar
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B-Parking: HOW?

Luigi Marchese SLAC FPD Seminar
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CMS BPH: GROWING RESOURCES

2018 BParking 
SingleMuon

Run 1

2022-2026 BParking: 
DoubleMuon, DoubleElectron

SingleMuon, 

Run 2 Run 3

Ø Throughout the years, CMS BPH has evolved significantly  … new resources

2012 Standard 
Trigger

SLAC FPD Seminar
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Run 1 Run 2 Run 3

Dimuon spectrum: collection 
of exclusive triggers

Dimuon spectrum from 
2018 BParking

Dimuon and Dielectron
spectrum from 2022-23 Parking

Ø Throughout the years, CMS BPH has evolved significantly  … more spectra

CMS BPH: GROWING RESOURCES 

SLAC FPD Seminar
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CMS BPH: GROWING PAG 

Run 1 Run 2 Run 3

Ø Throughout the years, CMS BPH has evolved significantly  … more people

< 100 BPH 
aficionados

> 200 BPH 
aficionados

SLAC FPD Seminar
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How ℛ(𝑲) at CMS? 
ØCMS focuses on the ratio:  

𝓡(𝑲) =
𝓑(𝑩% → 𝑲%𝝁%𝝁()
𝓑(𝑩% → 𝑲%𝒆%𝒆()

Theoretical clear: SM value of 𝟏 ± 𝟎. 𝟎𝟏

BParking

SLAC FPD Seminar
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How ℛ(𝑲) at CMS? 

=
𝓑(𝑩% → 𝑲%𝝁%𝝁()

𝓑(𝑩% → 𝑱/𝝍(→ 𝝁% 𝝁()𝑲%)
/

𝓑(𝑩% → 𝑲%𝒆%𝒆()
𝓑(𝑩% → 𝑱/𝝍(→ 𝒆%𝒆()𝑲%

𝓡(𝑲) =
𝓑(𝑩% → 𝑲%𝝁%𝝁()
𝓑(𝑩% → 𝑲%𝒆%𝒆()

ØCMS focuses on the ratio:  

Theoretical clear: SM value of 𝟏. 𝟎𝟎 ± 𝟎. 𝟎𝟏

Signals
Ø Introduction of 𝑩: → 𝑱/𝝍𝑲: channel

§ Numerator and denominator measured 
to be consistent with 1% precision

§ Cancellation of systematic uncertainties

Ø Combinatorial and misidentified electrons
Ø Partially reconstructed 𝐵V/! → 𝐾∗Vℓℓ
Ø Resonant leakage: final-state photons
Ø Suppression using BDT and dedicated 

low-pT electron reconstruction and ID

Backgrounds

BParking

SLAC FPD Seminar
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Results

Ø First CMS result on the muon anomaly 
Ø First result based on the data collected

with the CMS BParking trigger
Ø Result compatible with the SM (<1𝝈)

§ Precision limited by small statistics of the
electron channel 

§ Leading systematic uncertainties from 
background description and trigger 
turnon

Ø New measurement with more
statistics (Run 3 + Run 2) ongoing
§ Aiming for the LHCb precision

𝒃 → 𝒔ℓℓ

BParking

SLAC FPD Seminar



OUTLINE
ØIntroduction
ØMotivation

§ Experimental Motivation 
§ Theoretical Motivation

ØAnd CMS?
§ Smart ideas
§ Recent Results
§ Future prospects

ØTrigger strategy at CMS
ØConclusions 
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Conclusions

Luigi Marchese SLAC FPD Seminar



CONCLUSIONS
ØLFUV interesting research area to look for new physics

ØSome experimental indications puzzling the scientific community

ØCMS recently released a result based on Bc mesons 
§ First CMS result for the 𝒃 → 𝒄 quark transition
§Result agrees with the SM, but still compatible with some BSM models

ØA diversified trigger strategy has been and will be vital to expand the 
CMS physics potential for this and other precision measurements
§ First CMS result for the 𝒃 → 𝒔ℓℓ quark transition

31/03/2026 58

... STAY TUNED!
Luigi Marchese SLAC FPD Seminar
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HF Physics in the USA
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BACK-UP
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Ratio strategy for LFUV
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Years of 𝒃 → 𝒔ℓℓ results in possible disagreement with SM!

PRL 127, 151801

Rare Decays: 𝒃 → 𝒔ℓℓ deviations

Branching Fraction
Angular Analysis

Parametrization with 𝒒𝟐 and 3 angles
EFT Interpretation

SLAC FPD Seminar

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151801


Ø Recent projections for key HFP  
Input to the EPPSU (May 2025)

Ø Prospects don’t include             
CMS upgrades for HL-LHC, 
conservative estimates
§ The Track Trigger + tracker 

coverage will be key for fully 
hadronic final states (CPV), 
𝜏 → 3𝜇, HF cross sections  …

Ø Some measurements are 
missing (𝛽, CPV etc.):

Ø Sensitivity leaders in more HF 
measurements of relevance 
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Bright Future, Part II
arXiv:2503.24346

+1

+2

+1

+1

“+” in table

SLAC FPD Seminar

https://arxiv.org/pdf/2503.24346
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HF Physics in the USA
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HF and LFUV at CMS
EVEN IN THE OUTREACH PART

Event displays/collisions by Marta Tornago (CMS) 
62SLAC FPD Seminar
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Future Prospects: Why 𝑫𝒔?

ℛ(𝑫𝒔) =
ℬ(𝐵4 → 𝑫𝒔(𝜏%𝜈5)
ℬ(𝐵4 → 𝑫𝒔(𝜇%𝜈6)

ØExperimentally, great potential: 
§ Spin properties 𝐷4( → 𝜙(→ 𝐾%𝐾()𝜋( lead to useful helicity 

variables to separate signal from background
§ 𝐽7 𝐷4 = 0( ,  𝐽7 𝜙 = 1( and 𝐽7 𝜋 = 0( , the distribution of 
cos 𝜗89:; must follow a 𝑐𝑜𝑠; 𝜗89:; for signal and uniform 
distribution for the combinatorial background 

§ Important for a precision measurement

SLAC FPD Seminar
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Future Prospects: Why 𝑫𝒔?

Feasibility study with Master Thesis I supervised! Successful! 
SLAC FPD Seminar
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CMS Trigger for B-physics
Ø Exploit the luminosity drop during the fill

§ No impact on CMS main program 
§ ↓ ℒ ⇒ relax HLT thresholds to reach B-physics phase space

Ø Trigger tag logic 𝑏 → 𝜇𝑋 => unbiased 10 billion 𝑏𝑏 events
Ø To be designed in Run 3 and potentially HL-LHC

SLAC FPD Seminar
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FAKES ESTIMATE
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SYSTEMATIC UNCERTAINTIES
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Theoretical picture Theoretical picture 
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https://arxiv.org/pdf/2311.00020.pdf

Theoretical picture 
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Theoretical picture 
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LFUV at FCC-ee (IDEA) https://indico.cern.ch/event/1202105/contributions/5396842/
attachments/2661513/4610846/Talk_FCC_London.pdf

SLAC FPD Seminar
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LFUV at FCC-ee (IDEA) https://indico.cern.ch/event/1202105/contributions/5396842/
attachments/2661513/4610846/Talk_FCC_London.pdf
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