«Challenging the Standard Model of Particle
Physics and the CMS trigger with Flavour!»

xperiment at the LHC, CERN

ecorded: 2018-Jun-11 17:23:0107091:
Event/ LS: 317683 / 314645082/ 2:

PP CMS Experiment at the LHC, CERN
/ Data recorded: 2017-Oct-18 16:07:04.866439 GMT
Run / Event/ LS: 305237 / 1277785997 / 682

q >
(R CMs Expériment atthe LH ‘
Data : 2016+ 07:08:48164 .}
Fun/ et/ 15: 274260 / 379362289 / 186 \
£ ' /
(. /
1 7~ )
I J Y
- /
= r

31 March 2026 Luigi MARCHESE
SLAC FPD Seminar

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

» The Large Hadron Collider (LHC) is
already 16 years old!

" Energies never reached before
= Run 3(2022-2026) at 13.6 TeV
» The Compact Muon Solenoid: one of . 74

the four interaction points Pt

*" Multi-purpose detector with broad :
physics program

= Many precision physics results and
searches for new physics
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@ LHC: Unique data
)

CMS collected 137 fb'1in Run 2
280 fb 1 (until mid 2025)

~350 fb-1 expected
320 fb-1 delivered

280 fb-1ready
/ for analysis now

ity (fo™'

Run 3 more than twice as large as Run 2:
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@ New physics? Where?

» 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
M Broken by Higgs-lepton interactions
\il Violation possible only via neutrino mixing. Very Rare process:
B(ut > Wtv(v, » v,) » ety <1073 R

Y

Why should SM EW adhere to LFU? || (%)= "\W)(Z
LFU violation (LFUV) => beyond the SM (BSM)! \—— L \——

FERMIONS
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K ‘™ LFUV PUZZLE
b
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Hunting for LFUV |

Exotics

To
Where? Lepton Decays e
> From low-p; to high-p;... B-Physics Higgs
Huge phase-space!

Pr
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Hunting for LFUV Ii

How?
» Different approaches:
= Classic bump search
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Hunting for LFUV Il

How?
» Different approaches:
" [nfer the impact of
additional contributions
due to LFUV

30/03/2026 Luigi Marchese

» Additional LFUV Operators:

1
_ r@) § (6) H(6)

a

» Deviation of SM processes
looking at clear observables

SLAC FPD Seminar



Once upon a ratio ...

Semi-leptonic decays of B mesons as sensitive LFUV probes

B(H, - HytP)
B(H, > Hyt?)

» Decays to different leptons => test LFU between them
» Common uncertainties cancel out in ratio measurements
» Which decay should we test?
» Largeinterest for H. = b — c decay
" Tree-level process in the SM
= Precise theoretical calculation

RH.) =

A surprisingly result in 2012 ....
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Phys. Rev. Lett. 109 (2012) 101802

@ b — c: a west-coast Story Belle Il Preprint 2024-001

Phys. Rev. Lett. 134 (2025) 061801

> LFUV: taus vs muons: 3. 8o0-deviation from the SM!
~ b ————T7——
0 (*) — .+ é A 68% CL contours
L
B(B® > D) ptv,) o (T
= BaBar: 3o0-deviation SINEE D\ B

= Belle and Belle Il (Jan 2024)
= |HCb - (2018 and 2025)

» Same LFUV test - R(J /) 02
= 20-deviation by LHCb

! LHCb®

0.25

HFLAYV SM Prediction a
t R(D) = 0.296 = 0.004 Belle I
R(D*) = 0.254 = 0.005 R(D) =0.358 = 0.024,

R(D*)=0.281+0011_
p=-0.374
P(®) =27%

L L L

4 L-QCD FLAG24 (Nf=2+1 for R(D*))
R(D) = 0.2938  0.0054
[R(D*) =02582+ 00051
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Growing sensitivity puzzling the scientific community ...
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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

Theoretical motivation

» Several BSM models to explain it:
J Extended Higgs or Gauge sector or LeptoQuarks

Ve () Ve (ut)
> 25 Impact: » Flavour Anomaly Workshop
- :
@S P S >550 scientists at CERN

» Which machine after the LHC? LHC >

. e > “LFUV” in INSPIRE >1500
» Which physics program? Clear indication from LFUV!

contributions appear
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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

Ry central-¢?> = 0.94910%%8
Rg:  low-g® = 0.927*00%

Ry central-¢ = 1.02779977

N B(Hb — Hse+ e_) . ) Rk low-¢> =0.994790%

» Some excitement for a 3.10-

deviation for R(K*)) by LHCb: . t [
Nature Physics volume 18, pages 277—-282 (2022) ol " Date 2
» Updated result (Dec 2022): oL — s CTrememese

= Phys. Rev. D 108 (2023) 032002
=  Phys. Rev. Lett. 131 (2023) 051803

New Physics? RUEKLHHNE N4

Ry low-¢> Ry central-¢> R+ low-¢° Ry- central-¢*
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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

e Motivation: And now what?

» BSM model: additional LFUV operators to SM
= >120 operators studied

Lsy—grr = Lsm(= 'CSM,gauge' +

LSM,H 1ggs

}

Flavour symmetry l

Flavour asymmetry

" No place for LFUV b = suu

= Cannot be limited to R(D ™))

30/03/2026

) +

Z C;Q;

}

New Physics:

Luigi Marchese

flavour asymmetry

‘ ? Third-generation

J. High. Energ. Phys. 2024.49 (2024)
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https://arxiv.org/pdf/2311.00020.pdf
https://link.springer.com/article/10.1007/JHEP03(2024)049

®
0 Theory Vs Experiments

> 13 measurements on the R(D™) ratios
= 4 experiments 1 Belle I

4 LHCDb

4 Belle

4 BaBar
New Physics:

flavour asymmetry
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®
0 Theory Vs Experiments

> 13 measurements on the R(D™) ratios
= 4 experiments 1 Belle I

> Using R(D™) results, BSM predicts 4 LHCb
observable at the current energies:

1. pp — 77T excess (at 95-100 GeV, CMS)
: : : 4 Belle
= Compatible with ATLAS extrapolation

4 BaBar

30/03/2026 Luigi Marchese SLAC FPD Seminar 16




®
0 Theory Vs Experiments

> 13 measurements on the R(D™) ratios 1 Belle I
= 4 experiments 1 Belle I

> Using R(D™) results, BSM predicts 4 LHCb 1 CMS
observable at the current energies: @

1. pp — 77T excess (at 95-100 GeV, CMS)
: : : 4 Belle
= Compatible with ATLAS extrapolation

2. BT - K*vv 30 deviation from SM
4 BaBar
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®
0 Theory Vs Experiments
1 NA62
> 13 measurements on the R(D™) ratios 1 Belle I
= 4 experiments 1 Belle I @
> Using R(D™) results, BSM predicts 4 LHCb 1 CMS
observable at the current energies: @
1. pp — 1T excess (at 95-100 GeV, CMS)
= Compatible with ATLAS extrapolation 4Belle

2. Bt - K*tvv 30 deviation from SM
3. Kt - wTvv 20 deviation from SM 4 BaBar
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1 NA62

®
0 Theory Vs Experiments

> 13 measurements on the R(D™) ratios 1 Belle Il
= 4 experiments 1 Belle I

> Using R(D™) results, BSM predicts

observable at the current energies:
1. pp — 77T excess (at 95-100 GeV, CMS)

= Compatible with ATLAS extrapolation

2. Bt - K*vv 30 deviation from SM

3. Kt > vV 20 deviation from SM 4 BaBar
4.e e~ — Zbb >20 excess at 98 GeV (LEP)

4 Belle

30/03/2026 Luigi Marchese SLAC FPD Seminar 19



®
0 Theory Vs Experiments
1 NAG62
» 17 measurements from 7 experiments 1 Belle Il
» Just a matter of time to collect data? 1 Belle Il @

4 LHCb @ 1 CMS
+ LSM,Higgs + Z CiQi
[

4 Belle

Lsy—-gFT =‘£SM,gauge

l

Flavour symmetry

4 BaBar

\4
Flavour asymmetry

... and CMS?
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Dec. 15-19, 2025 -

» Once the paper out, it will be included in the HFLAV average
*A 0.4 L] I | L L} L] I L ] L] I L] ] 1 ] I L L] L] |
) 68% CL contours _
~ - Belle® BABAR12 ]

035 —
03 —
- LHCB® | =
0.25 | /z
C + HrLAV sM Prediction i
02  RD5-0234+0.005 —
~ JL-QCDFLAG24 (NF=2+1 for RD*)) 7
B R(D) = 0.2938 + 0.0054 -
B ' IR(D*RZO.%582J_:0'005l1 1 1 L L | 1 1 1 1 | L L 1 ]
0.2 0.3 0.4 0.5

R(D)
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This average
does not include

the BABAR 25
preliminary result

?
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LHC Physics Center
Fermilab, Batavia, IL
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https://indico.fnal.gov/event/71119/contributions/325774/attachments/194109/269256/Hitlin_Fermilab_2512215_final.pdf

Hunting for LFUV IV

Often you move from

» low-p; to high-p;

» one approach to another

... in @ complementary mode!

30/03/2026 Luigi Marchese
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Connecting the research dots ...
Exotics

[[o] ]
Lepton Decays |

Higgs

Pr

¢ R(D™)
°* pPp — TT excess
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OUTLINE
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»And CMS?

= Smart ideas
= Recent Results
= Future prospects
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> Trigger strategy at CMS
» Conclusions
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O Why B, mesons?
» For b — ¢ process, another interesting meson
B(B: - ] /Yt7v,)
R —
U = BB = T mv,)

» “Young” mesons (CDF, 1998):

Phys. Rev. Lett. 81, 2432
» Cannot be produced at Belle |

1 ... unique opportunity for LHC
» Only 1 measurement (LHCb):

20 away from the SM
Phys. Rev. Lett. 120, 121801 (2018)
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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

ﬂ How B_. mesons at CMS?

» For b — c process, another interesting meson

B(B: - J/Yt'vy) B(B: = p v, vovy)

.‘R(]/lp)lep — B(Bz._ —>]/ll)l,l+v”) —

B(B{ - ptp ptv,)

» “Young” mesons (CDF, 1998):

Phys. Rev. Lett. 81, 2432
» Cannot be produced at Belle |

1 ... unique opportunity for LHC
» Only 1 measurement (LHCb):

20 away from the SM
Phys. Rev. Lett. 120, 121801 (2018)

»Clear t"— p v, v, and J /¢ -
ptu~ decays, only pand v
= CMS excellent at muon ID and
2 reconstruction
" CMS 41 acceptance to get rid of
additional tracks around B, vertex

Key for precision measurements!

30/03/2026 Luigi Marchese
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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

Q How B_ mesons at CMS?

» For b — ¢ process, another interesting meson

B(B: - J/Yt'vy) BB o pp winmwv,)

RUJ/Y)haa =

B(Bf - J/putv,)

» Simultaneous fit with the
leptonic channel

0.1% overlap expected

" One signal strength for the
numerator in both channels

" Larger dataset (2016-2018)
" Orthogonal samples, less than

3 =  Extraction of one denominator

30/03/2026

Luigi Marchese

B(B; —» ptpu ptv,)

hadrons

3-prong
decay mode
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LEP

o' Backgrounds

» Muon Fakes

* J/Y + misidentified muons (pions or kaons)

»> B_background

v * Feedowns: excited c¢ — |/
= Other Bf - J/YH!X decays

> Similar final states

Similar reconstruction and > H, background
‘ Simultaneous fit = H, - J/Y + udecays
Due to neutrinos, COLLINEAR > Combinatorial Dimuon + ”+
, APPROXIMATION to recglnstruct = Unrelated muons, which reconstruct the
key kinematics: pp_ = mffs pgllf J/¥ invariant mass
3U
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LEP

2’ Backgrounds

» Separation Signal Vs Background
(Muon Fakes)
= [solation (ISO) of the third muon

30% : Muon Fakes

Data driven

2% : B, background mc based

10% : H, background mc based

* Numbers are based on the analysis inclusive category 1 % . Com b . Dim uon + ﬂ+ Data driven

30/03/2026 Luigi Marchese SLAC FPD Seminar 28



aassbessss

o

= JAnalysis Strategy |

» Binned maximum likelihood fit to
q* and L,/ a1, distributions

» Free floating parameters:
B. and H, normalizations

» Parameter-Of-Interest (POI) :
RU/Y)

> Blind strategy: POl scaled by
unknown random number

m(3u) > 6.3 GeV

HM

m(3u) < 6.3 GeV

LM

30/03/2026 Luigi Marchese

Control H;, sample

normalisation

Control B, sample

Si | Regi
normalisation R s
Q%? <45 02> 55
LQ2 HQ2

SLAC FPD Seminar




Analysis Strategy |

» Binned maximum likelihood fit to 7 Regions ISO

2 o =" """ 1| 7Regions !I1SO
and L,/ o, distributions .

1 e/ Lxy HM T e, IP3D;, bins

» Free floating parameters: B, and H,, —

8 E* fhissseeeneeeeens g
normalizations SR O
» Parameter-Of-Interest (POI) : R(J /) i e e | L o et
> Blind strategy: POl scaled by unknown | R

> 2500

random number LM

» 14 categories to optimize S/B and
control background contributions

IP3D,;, bins
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Discriminants
CMS Preliminary

59.7 fb' (13 TeV)

other B.—(Cc)u*v Be—J/W HL')(M .

observed

) H, mesons
H, baryons comb. dimuon + p* . fakes

stat. + syst. unc.

. . l Ll . . Ll l Ll L Ll Ll l L L L L I L Ll Ll Ll

| [N Bi—JMu'y

B -w@Su'y

- 4
5 10
~
)
—
GC, ¢
> 10°

10?

10
% 1.1f

1E

B 0.9}
_Q .
O 55 6

-1
CM S Prellmmary 59.7 fb” (13 TeV)
T T
Bi—Jwu'y B Bi~wiesu'y
other Bi—@c)u v [ Bi—urw H(h1...) H, mesons
H, baryons comb. dimuon + u* . fakes
¢ observed stat. + syst. unc.

events / bin

* Projections after the analysis strategy

30/03/2026

7548 8.

]/IIJT Vy

Luigi Marchese

5

a? (GeV?)

9 95 10

-+ Muon Fakes

B. background
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HAD

» Background suppression
BDT discrimination based on key
variables: T flight length, particles
multiplicity, isolation, ID requirements

CMS 59.8 fb™' (13TeV)

(/)] ! | | ' ! ! | !
S 107 :E ¢ Data é_
01106 [ H, — Jrp X b
105 B D B g J/w Th ?—
. [ ]B:—Jnp D S
10°E |:| B: — others EE

10°
4 Backgrounds ol
» H, background: dominant d1_51§ :
- Hb _)]/l/)-l_XdecayS @ 1;........... _000,% epe. % 0y oT T  Ll1.
> B_backgrounds: B} - J/yD!)"X g N "y
) Cost——— 4

= Leading BY - J/yD{*
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F‘ Analysis Strategy

> 3 -prong T decays likely to occur
through an intermediate resonance
> ay (- p (> mtr )ty
= Two possible p° combinations (p4,05)
depending on the triplet pions selected
" Pions ordered in p;

» Simultaneous fit to the unrolled (p4,0-,)
mass distributions in SR and SB

2D wmp 1D

m(py)

Events / bin
o —
0 o N

Illllllllllll]l]lllll]

o
o))

0.4

>m(pl) Unrolled m(p1) vs m(p;)

HAD

X
—_
o
1 @
10
1=
w»

59.8 b (13TeV)
e

S
¢ Data
[ ] Data-driven J/y X bkg
[ 1B, = Jhyp 1:h
[ 18" —JnyD*
[ ]B; — others

II:JIIIIIIIIIlIIIllIIlIlI

S1.2F | i
~ 1 e
2 I | |
O 0.8 . : : | | : . | : | : . [
0 5 10 15
Unrolled m(p1) VS. m(pz) bin
>
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Results

~ » First CMS result for the tau-anomaly
» First result compatible with the SM (<10)
» CMS can compete on LFUV with LHCb

b - ct

*/'\ 0 .4 T | T T T T | T T T T | T T T

a A 68% CL contours ]
N
R K CKM2025 Belle® “ ]
035 LHCm ]
03 C Belle" < \ . /(,/ ]
- ~. 4
B LHCb’ Cb“>
025 /wué >L/f .
- b Belle I :
02 R(D¥) = 0.254 = 0.005 R(D) =0.358 + 0.024,,,,, —
™ 4 1L-QCDFLAG24 (Nf=2+1 for RD*) R(D ‘0) ;72-281 0011, -
B R(D) =0.2938 = 0.0054 P —2’ . -1
- [RD*) =02582 = 0.0051 | P(x®) =27% i
0.2 03 04 05

R(D)

LHCb, Run1, 7,
Phys. Rev. Lett.
120 (2018) 121801

CMS, 2018, 1,
CMS-PAS-BPH-22-012

CMS, Run2, Ts,

CMS
Combination

Phys. Rev. D 111 (2025) L0O51102
CERN-CMS-PAS BPH23-001

CMS Preliminary
——

31/03/2026
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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

wiif Future Prospects: How

» CMS first B-anomaly result
= CMS can doit!
» Can we do better?
 Improve the sensitivity for R(J /)

v" More data than Run 2 data
v Dedicated trigger strategy

30/03/2026 Luigi Marchese SLAC FPD Seminar




wiif Future Prospects: How

» CMS first B-anomaly result
= CMS can do it!
> Can we do better?

J Improve the sensitivity for R(J /) Only at LHC!

1 Additional mesons and ratios

_ B(HpzHcr'v
0 - 0 R0
BY = R(D"V

30/03/2026 Luigi Marchese SLAC FPD Seminar



i Future Prospects: D

» Theoretically, same motivation as for D*~, D™ mesons

» Coherent picture for expected deviations in the b — ¢ quark-transition
to be explained with the same new physics

» What deviation?

_10-15% - Vector (R(D*)and R(J/Y))
———+

" 20-45% - Scalar (R(D)and R(Dy))

First measurement of R(Dy)
=> scalar contribution
... Where less is known!

" CMS: measurement at 3-9%
A \ost precise single-experiment

30/03/2026 Luigi Marchese SLAC FPD Seminar 37



~~~Next-generation machines?

¢
Goals for Future Circular Collider

5 1)um
> Best FCC-ee tracker for LF (5: 1 p

> Better than 3-9%?

> Better than 1%? (20; 3) um

A

;-
CMOS-Monolithic-Active-Pixel Sensor

Q HOW? Longitudinal-Transverse

(L; T) resolution of SV, TV SV and TV (L; T) [um]
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THE CMS TRIGGER
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&

The CMS Trigger

.
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STANDARD STREAM

1

» Core of CMS Physics Program
» Stable over years
>
>
>

CMS Trigger Strategy

About 2.5 kHz*
About 1.5 MB/evt
Processed in Real Time (within 48 hours)

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

Core of CMS Physics Program

Stable over years

About 2.5 kHz*

About 1.5 MB/evt

Processed in Real Time (within 48 hours)

1
>
>
>
>
>
2 PARKING STREAM
>
>
>
>
>

Q CMS Trigger Strategy

Specific CMS Physics Program

Variable over years

About 3 kHz*

About 1.5 MB/evt

Stored on tape and reconstructed when
resources available . So far prompt Reco!

c Prompt reconstruction

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

Core of CMS Physics Program

Stable over years

About 2.5 kHz*

About 1.5 MB/evt

Processed in Real Time (within 48 hours)

1
>
>
>
>
>
2 PARKING STREAM
>
>
>
>
>

Q CMS Trigger Strategy

Specific CMS Physics Program

Variable over years

About 3 kHz*

About 1.5 MB/evt

Stored on tape and reconstructed when
resources available . So far prompt Reco!

A, 40

0 Data storage

Reduced Data Format g

3 (HLT) SCOUTING STREAM

Extend CMS Physics Program on high-rate searches
About 25 kHz*

Event size: Standard stream/100

HLT Reco Objects stored in analysis-friendly format

YV VYV VY

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

I’ Trigger strategies over the years axiv:2403.16134

CMS Preliminary

10 50
- @ HLT standard --A--  Standard+parking
HLT parking -3 Scouting N
8 40 <
£ Z
=, =
. ................ .
(T . —
— e
=
Q
O
& 4 2 20 3
) )
= ol
< “.. ............... 9 (E
2 S 10 ©
@ oenneeen ] ".." <
g
0 I 0

2012 2017 2018 2022 2023
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http://arxiv:2403

Parking strategies over the years

»Introduced in 2012 mostly to limit trigger impact on multijet analyses
= all-jet+MET, SUSY searches, VBF Trigger, Higgs ...

» Reintroduced opportunistically in 2018
= Aimed at Lepton Flavour Universality anomalies
= Set of displaced-muon L1 triggers

» Established as part of standard CMS operations in 2022

" More sophisticated Parking campaign evolving year after year
= New machine configurations with £;,.; = 2.1x103* cm™%s~1
Total HLT Parking budget of =~ 3 kHz in 2023
. Pushing the L1 rate beyond the limit of 100 kHz ... 110 kHz!
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ﬁ B-Parking

»Can we maximize the CMS potential and sensitivity for R(H)?
= Study of the quark transition b — cfv
" Trigger logic for displaced muons b(— ¢) —» uX
= Before 2018 CMS could not perform low-p; displaced-single-muon measurements

> Trigger goal: accumulation of large sample of bb pairs
" Tag side: search for displaced muon with p;in 7-12 GeV
» About 1/3 of B-meson decays into a single muon

" Probe side: unbiassed set of B-mesons with minimal kinematic bias Probe-side
= Rare decays O(10~7) can become accessible to CMS
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n B-Parking: Physics potential
Npp = tLucRPpp ~ 0(1017)

= t; yc: LHC Operational running time of 6x10°s for 6 months (140 days)
= R :trigger rate of about 2 kHz throughout the LHC fill
* P,5: purity of data stream of about 80%

»>Tag side ideal for R(D*), R(J /)
* 0(10*) of B » D*"t*v,and 0(10°) of B - D* u*v,

»Probe side ideal for R(K(*))
* Np+_gtete- = Nppfp+BA =~ 0(103) of Bt - Ktete™
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ﬁ B-Parking: HOW?

Without B-Parking With B-Parking
2017 (13 TeV) 2018 (13 TeV) .
N 140 T U i 1™ & N 140f . L1t 15
= o gger ; 3 T - rigger . >
X N CMS Pileup —70 i_’ X L CMS Pileup —70 i_’
@ 120:_ - Config. change :60 o @ 120:_ - Config. change :60 Q.
© C - : : : —] © N —]
: 100 : : - ] : 100 - ]
[} - : : ﬁ —50 (<5} —50
@) . : : : . @)] : -
80N ' : : ] o 80 A .
=4 u\\,\ ; : 140 S \\\\\ \'\40
o 8op. - ; ; ds0 O OF 30
40 e~ 0 obg 4 20
20 " - o 20 2 3 5 6 10
~ o : : : : ' : * -
0 BEE PP | X M | I N E ! - | ! ! ~0 O ~0
01:00 04:00 07:00 10:00 13:00 05 00 07 OO 09 OO 11 00 13 00 15 00
Time [UTC] Time [UTC]
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wil B-Parking: HOW?

Lt Pileup Llupr HLTupr HLTu PeakLl Peak HLT Purity
(1034 ecm 257 1] (GeV] (GeV] P, rate [kHz] rate [kHz] [%]
2.0 54.0 — — — — — —

1.7 459 12 12 6 20 1.5 92+5

1.5 42.8 10 9 6 30 2.8 87 4

1.3 35.1 9 5 32 3.0 86 +4

1.1 29.7 8 8 5 43 3.7 83+t4

0.9 24.3 7 4 53 5.4 59+3
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CMS BPH: GROWING RESOURCES

» Throughout the years, CMS BPH has evolved significantly ... new resources
2012 Standard > 2022-2026 BParking:

Trigger y DoubleMuon, DoubleElectron
¥*
b .- °
ot ' SingleMuon
6 CMS \s=8TeV, L=5x10"cm%s"! L‘ﬂ 20 18 B Pa rkl ng g ’
w 10 F TT] . T T T T T T 1T ] o
L Single 1 GHT rate | L. SingleMuon o
% ! Inl < 2.1 100 | [kHz] lllustrative purpose only!
— B : | Endcap1.0s<|n[=2.1| | TaV
100 Barrel || < 1.05 E = - e
‘_y‘ » 1 B ;‘ Prescale change
10% | ? p
g . S, \
| = N Y
k T : g N TN
4 : : : : . S
sl S SN b
107 ST .
- T Sny E displaced-p
T 10
: P
il 1 1 I 12 (‘)S(XS A (‘)710(; = ‘0910(; - ;110(‘] - ;3‘0(; = ;510(; 0 2.0E34 1.7E34 1.3E34 0.9E34 0.6E34
10 10 . ; : ;
L1 candidate p_threshold [GeV] Time [UTC]

Run 1 Run 2 Run 3
I N R R
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CMS BPH: GROWING RESOURCES

» Throughout the years, CMS BPH has evolved S|gn|f|cantly ... more spectra

trigger paths
£10'— 2011 Run, L=11 6" [ 5y, my
2 EE CMS \5=7TeV —
g 10" B — 'y
) Y
£ 10* 3 i 'ow p_ double muon
o hlghp double muon
®
10 z
10° =
10-—=
g
10—!—_

| 0% L= T
1 10 10*
dimuon mass [GeV]

Dimuon spectrum: collection
of exclusive triggers

Runl

Candidates / GeV

Dimuon spectrum from
2018 BParking

5310 (13 TeV)

I
-(12 12 6) .(10 9 6) J
CMS v M(10,9,5 M(9,9,6)
3 | W©95 MO85)
| (8,9, 6) (8,9,5)
I | w(2s) ®85 @74 |
’ | Y(15) (7.8,3) L1 HL'I§7, 7!-’!L¢) E
N (L% PILT, 1P
g 1 |
1

Candidates / 5 MeV

321 (136 TeV) , .
T T 4

Dimuon and Dielectron

Incluswe Iow mass dlmuon tngger E
Bl Displaced low mass dimuon trigger

Y(nS) trigger

5 6 7 8

spectrum from 2022 23 Parking

Candidates / 0.01 GeV

3.9 b (136 TeV)

|

5‘_CMS .(11065 (105, 65)
10°E B (9.0,6.0 MES5,55)
: (80,50 (7.5 5.0)
10t b w(2s) (7.0,5.0) 17(6.5,4.5)
5 (6.0,40)  (55,4.0)
E (E:‘, E?LT)
10° E
10? 3
g
ul
10
g
0 2 4 6 8 10
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CMS BPH: GROWING PAG

» Throughout the years, CMS BPH has evolved significantly ... more people

< 100 BPH > 200 BPH
aficionados aficionados




{.) How R(K) at CMS?

» CMS focuses on the ratio:
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O« How R(K) at CMS?

» CMS focuses on the ratio:

R(K) = Theoretical clear: SM value of 1.00 £+ 0.01

B B(BT > K 'utu) / B(BT > K e'e™)
- B(B* = J/P(> ut u)K) B(BY - J /(- eTe)KY

4 Backgrounds

Combinatorial and misidentified electrons
Partially reconstructed B+ — K*0¢¢
Resonant leakage: final-state photons
Suppression using BDT and dedicated

low-p; electron reconstruction and ID
30/03/2026 Luigi Marchese SLAC FPD Seminar 55

> Introduction of B* - J/YK™ channel

= Numerator and denominator measured
to be consistent with 1% precision
= Cancellation of systematic uncertainties

YV VYV V




Wil Results

>

First CMS result on the muon anomaly
First result based on the data collected
with the CMS BParking trigger

Result compatible with the SM (<10)

= Precision limited by small statistics of the
electron channel

" Leading systematic uncertainties from
background description and trigger
turnon

New measurement with more

statistics (Run 3 + Run 2) ongoing
= Aiming for the LHCb precision

b - stf
|
0.74%%4 ' BaBar
-0.32 ¢ ' g2 €[0.1, 8.12] GeV?
|
|
|
1 '03+0.28 | Be"e
o2 ! 2 €[1.0, 6.0] GeV*
|
|
0.745+0.097 | LHCb 3 fb-1
-0.082 : g2 €[1.0, 6.0] GeV?
|
|
0.84610-962 | LHCb 5 fb™
~0.056 : g2 €[1.1, 6.0] GeV?
|
|
0.949%0-947 | LHCb 9 fb
~0.046 ""] g2 €[1.1, 6.0] GeV?
| .
0.78+0:46 : CMS (this work)
-023 ® : g2 €[1.1, 6.0] GeV?
1 | I | | | | I | | | | I I I SN NN N N R | | 1
0.5 1 1.5 2
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OUTLINE

> Introduction

» Motivation

" Experimental Motivation
= Theoretical Motivation

»And CMS?

= Smart ideas
= Recent Results

Conclusions
= Future prospects

> Trigger strategy at CMS
» Conclusions
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CONCLUSIONS

»LFUV interesting research area to look for new physics
»Some experimental indications puzzling the scientific community

»CMS recently released a result based on B.mesons
" First CMS result for the b — ¢ quark transition
= Result agrees with the SM, but still compatible with some BSM models

» A 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 — sff quark transition

... STAY TUNED!
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HF Physics in the USA
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BACK-UP
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Ratio strategy for LFUV

al

dq? —(B = D*v) = ’7aués1ésq| b7 F(97),

2 [ F( 2
R(D*) = 1 {
%‘u U ;t
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Rare Decays: b — s{{ deviations

1
/,
1
— 7/9(15)
_;-\ T T T T G 1
< W e B |
| - -
Z 12 ‘ SM (LCSR+Lattice) ¥(25)
S PRL 127, 151801svacsk) F
& SM (Lattice) %
) —~
; " , Ty v(2S) 3 1\ Cé/) N 01(6)
s EEEE e a e
T —_— - above open charm
2 e B threshold
oy TR P P '
% 0() 5 10 15 A I A I ° »
g [GeV?/c?] ngu a r na ySIS 4 [m ()2 )

—>q

Branching Fraction  parametrization with g2 and 3 angles

0—5

mp EFT Interpretation

~ =~ BSM best fit = 0 T T
ST BSM benchmark | . LHCb Run | 4 2016 :
|> SM prediction P SM from DHMV :
Q EBH LHCb 2014 I 0.5 . Effective couplings in b— s/T/~ transitions
O, 6 B Babar 2012 : - . L
b Balle 201 : + - Wilson coefficient  Operator
3 elle 201¢ . <
3 . €
? . I " | o , : ~-penguin C’7I) ?mb(EUWPR(L)b)F‘“’
s : | 2
) [ ] e
8 ! ' ] ew. penguin C, Nz 57, P ryb) (A" i
S == .5 " * ' + H 9 93( wPr(r)b) (A" 1)
~ v _+_ K 0 e L
[ HEH, - 1 Cis  —(3vuPrr)b) (B y51t)
S L= == | I ' B Te2
E)’ ] }}1—‘ | A | (,) e _ _
0 5 0 15 scalar Cy mmb(sPR(L)b) (fupe)
T T T T g |GeV 1) ) eg
2 1 6 8 pseudoscalar Cp mmb(EPR(L)b) (Bysp)
T

é[GeVz]
Years of b — s£7 results in possible disagreement with SM!
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Bright Future, Part Il

» Recent projections for key HFP
Input to the EPPSU (May 2025)
Prospects don’t include

CMS upgrades for HL-LHC,
conservative estimates

* The Track Trigger + tracker

coverage will be key for fully

>

Experiment ATLAS CMS LHCb Belle I1
Assumed data sample 20.3-99.7fb~" | 116-140fb~* 2-9fbh! 364-1075 fb~*
CKM angles
8 - +1 0.57° [15] 1.2° [16]
a — — — 6.6° [17]
v — — 2.8° [18] 13° [17)
&, [mrad] 42 [19] 23 [20] 20 [21] -
CP violation in loop-dominated decays
S(B® = ' K?) — — — 0.087 [17]
¢,(BY = ¢¢) [mrad] - o 69 [22] -
¢,(B? — K**K*) [mrad| - - 130 [23] -
CP violation in B?s)—ﬁt(”) mixing
o, [1074] _ — 33 [24] —
ad [10-4] — — 36 [25] 40 [26]
CP violation in the charm sector
AAcp [1079] — — 29 [27] 630 [16]
Acp(DH0 — 7+07%) [1077] — 900 [28], — 870, 750
Ap(KK,nr) [1079 — +2 11 [29] -
Az(D° — K2x*7~) [10-9) — — 18 [30] 140 [31)

Semileptonic B decays
| ‘/ub |
[Ves|
R(D), R(D")

6% [32]

14% (35], 6% [36]

6.3% [33]
1.7% [34]
12%, 7% [17)

Leptonic B decays

VeV EOSC-NIXIE

h d . f | PV B((B;’ — ;mr)) [[10—“]] RibE [3[7] ] 0.45 [1[38]] 0.48 {39} -
B(B® — ptp~) [10-1° <2.1* [37 < 1.5 38 0.79 39 —
a ro n IC I na States (C )I Teit(B® = pt ) [ps) +042 140 0.23 [38) 0.29 [39)] —
. S(B) = p*pu~) — — — —
T — 3u, HF cross sections ... B(B* 70, - - - 4% 17
B(B* — u*v,) — — — 41% (17]
Flavour-changing neutral current b — sff decays
> Some measurements are PYB® - K*utp-) 10791 | 39041 | 100 [42] 111 [43] -
. . ‘. B(B+° — K+*%up) — — — 57%, 110% [17]
. B(B+° — K+*07+7-) [107] — — — < 10, < 18 [44]
m ISSI n g (ﬁ 4 C PV etc * ) * + In ta ble Flavour-changing neutral current b — s+ decays )
c. o o . B(B = X,v; E.,’> 1.6 GeV) — — — (16 — 18)% [17]
» Sensitivity leaders in more HF S(B° - Kn) - | +1 e
S(B? = ¢v) — — 0.32 [46] -
AP(B° - K*e*e; very low ¢%) — — 0.10 [47] 0.76 (48]
measurements of relevance o, (49 - A%) — — 02649 |  —
Lepton flavour violation in 7 decays
B(r+ — pty) [1078] — — — < 7.5 [16]

B(r* — ptutps) 1078 < 37.6 [50]
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< 4.6 [52] < 1.8 [53]
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HF and LFUV at CMS

Event displays/collisions by Marta Tornago (CMS)
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wiis Future Prospects: Why D?

R(Ds) T B(BS N D;,u+vﬂ)
» Experimentally, great potential:
= Spin properties D; = ¢(— KTK ™)~ lead to useful helicity
variables to separate signal from background
= /(D)= 07, JP(¢p) = 17 and J¥ () = 07, the distribution of
cos 9y, must follow a cos? 9y, for signal and uniform
distribution for the combinatorial background
" |mportant for a precision measurement
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il Future Prospects: Why D ?

CMS anate work 6 4o’ 13 TeV
T T ] T T I

o.zslr” Bs— D; [:]B Dp DH D++ R

Bs— D v Comb. Bkg.

Events

02— —]

0.15— —]

0.1

0.05— ’_,_I_' —
_l Il L [ L I 1 | T‘ﬁ_'_ﬁl l L L l 1 1 1 l 1 1 1 I L 1 l_

-1 -08 -06 -04 -02 O 02 04 06 08 1
cos(p)

Feasibility study with Master Thesis | supervised! Successful!
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whil CMS Trigger for B-physics

» Exploit the luminosity drop during the fill
= Noimpact on CMS main program
= | £ = relax HLT thresholds to reach B-physics phase space

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

"- | Fill 7108 HLT rate —— Physics Streams — — Prescale change .
| \ ‘ I| —— Data Parking Run change l
| e N N I I !
| L[] Lol L1 ] g |
‘ ‘ l o n, | \ l \ [ L% .
1 | | S H | \ bb | . [ | N, tag-side )
3 “ \ | 40001{ : : ‘}ngge‘ I - f (semi-leptonic decay of b(b) — uX)
© { | n tote ' '
: | ‘1 | | l 300(':1 | ‘ N\ ~.‘..
. s | ! : -
\ | ' .
g’o ] \ | H | \N\ 4 | 'y
\ 2000H | b | {3 - . .
? ||| | ‘ MNormal pﬁysms trigger signal-side
- ] ' 1000%; = 4, SR R | a (contains b(b) — anything)
' g . . . . . 1 (' - -
| L] e b 1 L 5
| — 0325 0534 07:44 0953 1203 1412  16:21
L —— ' 2018-08-31 03:25:32 to 2018-08-31 16:21:53 UTC Time
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ighted )
FAKES ESTI MATE B Region frizpvl\iit::ts frIS?BreR:;inte A Region

CMS Preliminry 59.7 alrea dy IMS Preliminary 59.7 fb (13TeV) CMS Preliminary 59.7 fb (13 TeV)
c T T T B e - c il T
‘B BeJiwt'y B; » Wy Be-»J¥'y Bi—»JWy'v B ~¥(2S)u’v_7] ‘S - BisJMWry " Y
S 40 - L] - - 3 5 3500 -
~ other B} (Ec)u*v [l Bl ~urw )-{:_,"(M...) other B!+ (Ec)u*v [l Bl—~Jw P-(_ (h1..) H,mesons 7] ~ E other B]
,.g H, baryons comb. dimuon + u* . com pUted H, baryons comb. dimuon + u* - fakes ] g 3000 - H, baryor U se the fa kes
¢ observed stat. unc. ¢ observed stat. unc. - C ¢ observed
o i H - © r
S as00 in !ID region ] 2 2s00F- shape found in B
E 200F Fakes = data-MC soooE-

3 1000 -
3 500 = |
o I ok 3 < ik 4
51':1¢¢¢::_v---;¢¢1‘ 31'11%¢¢4¢¢¢;¢¢¢¢¢1 51‘}'§T,"v“-.=“+-
ID D o09F = % B ooflin . o B osf . %
o e o
e 05 0 05 i 5 S) 05 0 05 1 15 1S 05 0 05 15
log L, o, Iog1 L,/ o, Iog ny/ o,

iIso fakerate

1 ID C 4.{_- D Fakes(SR) = fr;,, - Data(B) — fr;,, - MC(B)
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SYSTEMATIC UNCERTAINTIES

Contribution Unc. type AR(J/p)-10"°
Theory S 19
fakes stat.

non closure S (bin-by-bin) 13
fakes N 8
fakes S 7
finite MC size S (bin-by-bin) 9
IP3D/o1p3p,

Lry/oLIy COIT. S 9
muon ID, iso, trigger N 6
H,, sample N 0.8
B bkg. BRs N 0.6
J/vv comb. norm. N 0.1
Other N < 0.1
Total systematic uncertainty 28
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Theoretical picture

The first complete, non-redundant basis for the SMEFT at d = 6 has been presented
in [20]: it consists of 59 independent gauge-invariant structures, which reduce to 53 if
we exclude CP-odd terms. This relatively small number of terms gives rise to a large
proliferation of independent operators (1350 in the CP-conserving limit) once flavor indices
are incorporated. Flavor symmetries therefore play a key role in both restricting and
organizing this otherwise large basis [18, 21|. As anticipated, in this work we focus on
U (2)°-invariant operators.

The U(2)° = U(2), x U(2)y X U(2)g X U(2); x U(2). symmetry is a global symmetry
acting on each of the five SM fermion species with independent gauge quantum numbers
(q,u,d,?,e). Within each of these species, the two lightest generations transform as a
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Theoretical picture

G. Isidori — The BSM potential of rare kaon decays

» Flavor non-universal interactions

mflavor mEW @ collider

TeV
10 Key message:
NP coupled mainly to the third generation as
low as 1-2 TeV is perfectly compatible with
. present data !
6

Unique role of K — mvv
in probing this term

Kaons @ CERN — Sept. 2023

Bounds on SMEFT coeff.
in the U(2)° limit

Allwicher, Cornella,
GI, Stefanek, fo appear.

1
€loob = > dipoles

167
eg = 0.16 light quarks

er, = 0.40 light leptons
eg = 0.31 Higgs fields
€mis = 0.1  down-align.
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Theoretical picture

G. Isidori — The BSM potential of rare kaon decays

» Effective-theory approach

Kaons @ CERN — Sept. 2023

qa.’ I
Cx |Vts||th| Cx |Vts| Cx |Vcb| C C ><|Vub||vtd|

s vi | b vi | b b Ve

e S N N N

dy VL | s VL CL/ \VIT, bL/ \TL dL/ \uL

B(K'— n*w) | B(B* — K'w) R[D®)] o(pp — 1) o(v*N — N'1)
Now [NAG62]: Now [Belle-II]: Now [HFLAV]: | Now [ATLAS]: | Now:

A>1.7TeV A>13TeV A>0.6 TeV A>12TeV —
8B=5% [HIKE]: | 50ab” [Belle-II]: | 50ab™! [Belle-I1]: | 3ab" [HL-LHC]: | 86=5% [future ?]:
{A>47TeV 3| A>3.6TeV A>12TeV | A>1.7TeV -
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LF UV at FCC_ee (I D EA) https://indico.cern.ch/event/1202105/contributions/5396842/
attachments/2661513/4610846/Talk FCC London.pdf
@ PV : 3D normal law including
Beam Spot Constraints.

@ SV & TV — ellipsoidal (decaying
particle direction as reference) :

e longitudinal,

K s
e transverse. p T
: : : [/
@ Several working points examined - add
. . L .
(Longitudinal-Transverse PV g SV ; v
configuration denoted as L-T in 8 =
the following) : R
e 5pum to 20 pm longitudinal, ! ‘\‘"
o 1pm to 8 ym transverse. i m

@ 20-3 (L-T) smearing used as
reference in the following.

@ Experimental vertexing efficiency is
conservatively taken as 80% for the
time being'. )
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https://indico.cern.ch/event/1202105/contributions/5396842/attachments/2661513/4610846/Talk_FCC_London.pdf

https://indico. .ch/ t/1202105/contributions/5396842/
LFUV at FCC-ee (IDEA) atachments/261513/2610846 Tl e London.par

Precision of BF measurement as function of the resolution

074 ® SVand TV longitudinal smearing : 20 pm .
* IDEA
0.6 .
0.5
* i e
~ :
= 0.4 * §
@) o
Evidence (30)
_________-___-_-_-____-_i_-____-_-;__-__-? ——————————————————
0.3
(ﬂw'l'\f’;liiull 50)
0.2 ===-=--=---- e s B
L]
0.11 . . . , .
0 2 4 IDEA 6 8

SV and TV transverse smearing in gm

Emulation of the vertex resolution performances in order to look for the
feasibility of the search of B® — K*°71 at FCC-ee :

@ we can't make that mode with the state-of-the-art vertex™ detector,

@ we are not that far neither.

31/03/2026 Luigi Marchese SLAC FPD Seminar


https://indico.cern.ch/event/1202105/contributions/5396842/attachments/2661513/4610846/Talk_FCC_London.pdf

