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SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1 m2 ~66M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels

B physics in ATLAS & CMS 
two general purpose experiments probing heavy flavor physics

Both ATLAS and CMS have a rich and competitive heavy flavour program 

Many results highly competitive with dedicated B-physics experiments  

• excellent detector performance, large data samples 

• novel dedicated data-taking approaches greatly expanded the original search/measurement program  

Complementary rapidity region wrt LHCb
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★ Rare decays  ★ CP and LFU violation  ★ Quarkonium production and spectroscopy

https://cds.cern.ch/record/2837191 https://cds.cern.ch/record/2665537

https://cds.cern.ch/record/2892672
https://cds.cern.ch/record/2837191
https://cds.cern.ch/record/2665537


outline
selected recent results from the two Collaborations
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Charmonia production studies

• Measurement of double-differential and total charm-production cross sections 

• Measurement of the production cross section of J/ψ and ψ(2S) mesons  

• Measurement of the polarizations of prompt and non-prompt J/ψ and ψ(2S) mesons

CMS-PAS-BPH-22-007

Eur. Phys. J. C 84(2024)169

CMS BPH-22-009

Search for New Physics

• Measurements of the Bs effective lifetime 

• Test of LFU via R(J/ψ) measurement 

• Full angular analysis of the B0 → K*µµ decay 

• Search for rare charm decays into two muons 

CMS BPH-22-001 
JHEP 09 (2023) 199

CMS PAS BPH-23-008

CMS BPH-22-012  
CMS PAS BPH-23-001

CMS PAS BPH-21-002

https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9
https://cds.cern.ch/record/2905307
https://cds.cern.ch/record/2901639
https://cds.cern.ch/record/2904880
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://cds.cern.ch/record/2904880
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-002/index.html


Charm(onia) production studies



 charm cross section | CMS
Measurement of double-differential and total charm-production  

cross sections at 7 TeV 

CMS dataset of pp collisions at 7 TeV (2010, 3.0 nb-1) with 
special low-pT tracking (down to < 100 MeV)
Measured through  decay 
chain reconstruction 
• lower momentum (slow) of  compared to  and  

allows to distinguish them 
• collinearity of  and  provides optimal resolution on 

, strongly suppression of the combinatorial 
background
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Charm production measurements provide an important test of 
QCD models

• charm mass scale close to ΛQCD transition region of perturbative 
and non-perturbative regimes 

• differential σ → NLO QCD predictions 

• total σ → NNLO QCD predictions

https://cds.cern.ch/record/2905307
https://cds.cern.ch/record/2905307
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Good agreement with ALICE/LHCb data
• first σ measurements @LHC for pT < 3.5 

GeV and 0.5 < |y| < 2.0 

and with Pythia/FONLL predictions
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 charm cross section | CMS



 charm cross section | CMS
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8. Summary 21

8 Summary
Double-differential cross sections for the production of prompt D⇤ mesons in pp collisions
at 7 TeV were measured in the kinematical range of transverse momentum pT > 1 GeV and
rapidity |y| < 2.5, from data with an effective luminosity of 3.0 nb�1, taken in 2010. These data
include events from zero-bias (beam crossing) and minimum-bias (minimal detector signal)
triggers, as well as ‘next-to-minimum-bias’ collisions obtained from pileup collisions in events
from other triggers, thereby using pileup as a physics resource. Access to the lowest transverse
momenta is facilitated by the special low-pT tracking applied to the 2010 data reconstruction.
All the input data sets used are also available in the form of CMS Open Data. Good agreement
with NLO+NLL (FONLL) QCD predictions still relying on charm-fragmentation universality
is observed for the D⇤ cross section, with the measurements preferring the upper edge of the
theory band. This confirms the trend also found in previous measurements in different regions
of phase space, e.g., the CMS single differential measurements at 13 and 5 TeV. The charm-
nonuniversality effects for D⇤ mesons (in contrast to charm baryons) can thus be concluded
to be smaller than the very large NLO-QCD scale uncertainties for perturbative higher-order
QCD corrections.

The measured double-differential cross sections are in agreement and competitive with the
ones obtained by ALICE in the rapidity range |y| < 0.5, and by LHCb in the rapidity range
2 < |y| < 2.5. The region 0.5 < |y| < 2.0 is covered double-differentially for the first time,
and was never measured at all at 7 TeV for pT < 3.5 GeV. From CMS measurements only, the
integrated fiducial cross section for D⇤± production with pT > 1 GeV and |y| < 2.5, excluding
the region pT < 2 GeV and |y| > 2, was determined to be sCMS = 1.28 ± 0.22 mb.

The almost full phase-space coverage for charm production of this measurement, when taken
in conjunction with the published measurements by LHCb, allows an extrapolation to the total
cross section for charm-pair production at 7 TeV using a data-constrained effective theory, with
relatively small theoretical extrapolation uncertainty. This is important, e.g., for the comparison
to available NNLO-QCD predictions, which do not depend on fragmentation for this quantity.
The related extrapolation factor of only 1.4 is the smallest ever achieved for a total charm-pair
cross-section measurement at the LHC.

Following Ref. [21] this is done accounting for the latest experimental results on charm-frag-
mentation nonuniversality, including full coverage of the related uncertainties. It is the first
such result at 7 TeV, therefore superseding all previous 7 TeV total charm-pair cross-section
determinations. In particular, the data-constrained effective theory (ddFONLL) used for the
extrapolation is also able to successfully describe charm-baryon production (as measured else-
where) with the same parameters, within uncertainties. The cross section obtained,

scc ,tot = 9.39+0.74
�0.74(data)+0.77

�0.73(ddFONLL)+0.83
�1.07( f

pp)mb (3)

is larger than previous extractions obtained with the (meanwhile experimentally invalidated)
charm-fragmentation-universality assumption. This cross section can now be directly com-
pared to available unconstrained NNLO-QCD predictions without any reservation. It has con-
siderably smaller uncertainties than the theory, even at NNLO, and is consistent with it, al-
though being located around the upper edge of the NNLO-theory band. It can thus be used to
constrain QCD parameters.

Measurement of the fiducial cross section 
extrapolated to the full phase space 

• using new phenomenological approach 
accounting for non-universality of charm 
fragmentation in the extrapolation  

• as expected, increase in the measured cross 
section compared to previous results based on 
charm-fragmentation-universality assumption 

 
Combined with measurement from LHCb @7TeV to 
cover the whole y phase space 

• largest phase space for charm production ever 
explored at LHC → smallest extrapolation factor, 
minimal impact of theoretical uncertainties

Considerably smaller uncertainties 
than NNLO theory

Consistent with the upper edge of the 
NNLO-theory band

https://arxiv.org/abs/2311.07523


J/ψ & ψ(2S) xsec | ATLAS
Measurement of the production cross section of J/ψ and ψ(2S) 

mesons in pp collisions at 13 TeV with the ATLAS detector
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Significant extension of the kinematic range of quarkonium 
production measurements (up to 360 GeV for the J/ψ)

Two different triggers collecting data through 2015-2018  
• dimuon trigger: low pT (2.6 fb-1) 
• single muon trigger: high pT (140 fb-1) 

Prompt and non-prompt contributions measured 

2D unbinned maximum-likelihood fit to dimuon invariant mass mμμ and 
pseudo-proper decay time τ in 34 pT x 3 y bins 
• fine granularity at low pT to reduce possible modelling biases 
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Eur. Phys. J. C 
84(2024)169

https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9
https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9


J/ψ & ψ(2S) xsec | ATLAS

Comparison to various 
theoretical predictions for 
prompt and non-prompt 
productions 

no model able to describe 
the data over the whole pT 
range, with general 
overestimation at high pT  

precious input to theorists 
for model tuning, 
especially at high pT
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Fig. 1 The dominating colour-octet SDCs for the direct production of
3S1 quarkonia in NLO NRQCD, as functions of pT/M : 1S[8]

0 (green),
3S[8]

1 (red), and several 3S[8]
1 + κ 3P[8]

J combinations (magenta). The
band represents the κ = 1.8–1.85 range, which matches very well the
shape of the (arbitrarily normalized) 1S[8]

0 SDC

3P[8]
J octets, all of the same order, v4 (the 3S[1]

1 singlet term
being negligible because of its small SDC). Throughout this
paper we use the next-to-leading order (NLO) calculations of
Refs. [17,18] for the SDCs as functions of pT, in pp collisions
at

√
s = 7 TeV and mid rapidity.

Figure 1 shows that the shape of the 1S[8]
0 SDC is indistin-

guishable from a linear combination of the two other terms,
3S[8]

1 +κ 3P[8]
J , with κ between 1.8 and 1.85. While in princi-

ple one would expect to fit experimental data with a superpo-
sition of three independent terms, leading to a definite deter-
mination of the three corresponding LDMEs, it turns out that
the presently-available NLO SDCs are not independent kine-
matic templates and even very precise measurements of pT-
differential cross sections will only be able to determine, in
the best case, two parameters (as already noted in Ref. [15]).
In other words, the NLO description of the pT dependence
of quarkonium production has three theory parameters, but
only two degrees of freedom. This observation suggests the
existence of a spurious element of complexity in the assumed
base of subprocesses.

According to the present NLO knowledge of the SDCs, the
polarization is a better discriminating observable. Figure 2
compares the calculated dilepton-decay polar anisotropy
parameter, λϑ , as a function of pT/M , for the 1S[8]

0 , 3S[8]
1 , and

3S[8]
1 + κ 3P[8]

J terms. Contrary to the case of the production
yields, no value of κ exists for which λϑ (

3S[8]
1 + κ3P[8]

J ) ≈
λϑ (

1S[8]
0 ) as a function of pT/M , and a momentum-

dependent polarization measurement should be able to dis-
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Fig. 2 The polarization parameter λϑ for the different components of
3S1 quarkonium production in NLO NRQCD, as functions of pT/M :
1S[8]

0 (green), 3S[8]
1 (red), and several 3S[8]

1 + κ 3P[8]
J combinations

(magenta). The band represents the κ = 1.8–1.85 range, as in Fig. 1

entangle the three components. However, for pT/M ! 10,
the 3S[8]

1 + κ 3P[8]
J combination with κ in the 1.8–1.85 range

becomes unpolarized, just as the 1S[8]
0 term. Therefore, at

high pT, the polarization measurements are also unable to
resolve more than two degrees of freedom in the space of
the contributing LDMEs, at least for quarkonia produced at
mid-rapidity in high-energy pp collisions.

It is worth noting that for κ ! 1.85 the 3S[8]
1 + κ 3P[8]

J
combination assumes unphysical behaviours, represented in
Figs. 1 and 2 by the dotted lines: the pT/M distribution shows
seemingly anomalous changes of curvature at high pT/M
while the polarization parameter starts decreasing towards
unphysical asymptotic values (λϑ < −1). Intriguingly, the
“degeneracy condition” κ = 1.8–1.85 happens just before
the border of the physical domain of positivity.

We will now see what the experimental measurements can
add to the picture. Figures 3 and 4 show the mid-rapidity LHC
measurements of cross sections and polarizations of different
charmonium and bottomonium states.

As already mentioned, no significant differences are
observed in the pT/M dependences of yields and polar-
izations for the different states, despite their varying feed-
down contributions (ranging between 0 and 40%) from heav-
ier quarkonia. This universal behaviour has been discussed
in detail in Ref. [24], where it is shown that the χc feed-
down contributions do not alter significantly, within the cur-
rent experimental precision, the kinematic patterns of the
directly-produced J/ψ mesons. It is, therefore, reasonable
to compare the inclusive data (including feed-down) to the

123

J/ψ & ψ(2S) polarization | CMS
Measurement of the polarizations of prompt and non-prompt J/ψ  

and ψ(2S) mesons produced in pp collisions at 13 TeV

Polar anisotropy λθ measured vs pT for J/ψ and ψ(2S) mesons

• based on the analysis of the dimuon decay angular distributions 
in the helicity frame 

• data sample from 2017-2018 (103.3 fb-1) 

• prompt and non-prompt polarizations measured separately 

Eur. Phys. J. C (2019) 79: 457 

10

Quarkonium polarization measurements provide 
information on details of the hadronization models

• directly reflects the mixture of S, L, J configurations and 
polarizations of the contributing pre-resonance states 

• precise polarization measurement over pT sensitive to 
relative contributions of the differently polarized colour 
octet terms

CMS BPH-22-009 
subm. to PLB

https://epjc.epj.org/articles/epjc/abs/2019/06/10052_2019_Article_6968/10052_2019_Article_6968.html
https://cds.cern.ch/record/2901639
https://cds.cern.ch/record/2901639


Non-prompt J/ψ and ψ(2S) measurements are compatible 
and both plateauing at λθ ≈ −0.2 for pT > 30 GeV 

• agree with predictions (JHEP10(2022)010) based on the 
hypothesis of ψ predominantly produced by two-body 
B decays through colour-singlet processes
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J/ψ & ψ(2S) polarization | CMS

Prompt polarization shows no evidence of strong 
transverse polarizations, even at large pT values 

• interpreted in NRQCD: no evidence of  and  
dominance over unpolarized  octet at large pT 

• prompt polarization varies significantly vs pT

3S[8]
1

3P[8]
J

1S[8]
0

Significant constraints to phenomenological 
analyses, so far mostly focused on pT-differential  

cross sections

https://link.springer.com/article/10.1007/JHEP10(2022)010


Searches for NP in the 
flavour sector



Bs effective lifetime | intro

13

In the  −  system, light and heavy mass eigenstates have sizable difference between their decay widths:     
ΔΓ = 0.082 0.007 ps−1 

Effective lifetime  is defined as

B0
s B̄0

s

τeff

τeff =
τBs

1 − y2
⋅

1 + 2yAΔΓ + y2

1 + yAΔΓ
=

∫ t[Γ(Bs) + Γ(B̄s)]dt
∫ Γ(Bs) + Γ(B̄s)dt

Sensitive to BSM physics, e.g. new particles entering the mixing or changing the amount of CP violation  

• complementary to the branching fraction measurements

 is exactly CP-odd  B0
s → μμ

τSM
μμ = (1.624 ± 0.009) ps ≡ τB0

s,H

 is quasi CP-odd  B0
s → J/ψK0

S

τSM
J/ψK0

S
= (1.62 ± 0.02) ps ≃ τB0

s,H



Bs→µµ effective lifetime | ATLAS
Measurement of the Bs0 → μμ effective lifetime with the ATLAS detector
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ATLAS measurement on Run2 data (2015-2016, 26.3 fb-1)

• Signal proper decay-time distribution from data obtained via sPlot 

• Lifetime value extracted by a fit using simulated signal templates  
• χ2 scan performed for several lifetime hypotheses

τObs
μμ = 0.99+0.42

−0.07(stat) ± 0.17(syst) ps consistent with  
SM prediction

JHEP 09 
(2023) 199

https://link.springer.com/article/10.1007/JHEP09(2023)199
https://link.springer.com/article/10.1007/JHEP09(2023)199


Bs→J/ψKS effective lifetime | CMS
Measurement of the B0 → J/ψK0S effective lifetime from pp collisions at 13 TeV

15

CMS analysis of 2016-2018 dataset (140 fb-1) 

• using KS→ππ decays  

• 2D unbinnned maximum likelihood fit to m(J/ψKS) and proper decay time t 

• Fit pdf comprises the efficiency parametrisation, obtained from studies on simulation

1 2 3 4 5 6 7 8 9 10
 [ps]tDecay time 

10

210

310

410

Ev
en

ts
 / 

0.
2 

ps

CMS  (13 TeV)-1140 fb
  Data
  Fit

0
S

 Kψ J/→ 0  B
0
S

 Kψ J/→ 0
s  B

  Background

 

7

by generating 400 alternative efficiency functions, produced by varying the fitted parameters of
the default efficiency function by their uncertainties. Each of these functions is then used in the
fit to data. The standard deviation of the resulting effective lifetime measurements from these
fits is 0.006 ps, which is used as an estimate of the systematic uncertainty from this source.

Another source of uncertainty comes from the choice of the function used to parametrize the
efficiency as a function of the decay time. To estimate this effect, two other analytical functions
(variations of Eq. (5)) are used for efficiency modeling and each is used in the data fit. The
largest deviation in the measured value of the effective lifetime from the fit to data using these
two functions with respect to the value obtained using the default efficiency function is 0.002 ps,
which is taken as the uncertainty from this source.

The choice of pdfs for the modeling of the signal and background invariant mass distributions
is another source of systematic uncertainty. To estimate the effect, alternative functions are
used to fit the data. Two alternative signal functions for the invariant mass, the Johnson SU

function [50] and the Student’s t-distribution [51], are chosen since they provide a good fit
to the simulated signal events. The alternative background function for the invariant mass
is a Bernstein polynomial. All combinations of nominal and alternative functions are tried,
with the largest variation from the nominal fit of 0.022 ps taken as the systematic uncertainty.
Similarly, the pdf for the decay time distribution of the background is changed to the sum of
three exponential functions and the resulting variation in the result is 0.014 ps.

The B0
s MC scale factor that allows the widths of the three Gaussian functions to vary with equal

proportion in the fit is considered as a source of uncertainty. The scale factor is changed by its
uncertainty (from the fit to the B0

s ! J/yK0
S MC events) and the variation in the B0

s effective
lifetime is 0.004 ps.

An alternative 2D UML fit is performed in which the ratio of the B0
s to B0 signal yields is

constrained to be the same for all three data-taking years rather than being independent for
each year. The change in the final result of 0.006 ps is taken as the corresponding systematic
uncertainty.

The systematic uncertainty from the BDT is negligible; varying the BDT threshold by ±5% re-
sulted in consistent lifetime measurements. The invariant mass range used in the fit is changed
from the default of 5.17–5.57 to 5.1–5.6 GeV, with no effect on the result.

As previously noted, the control channel B0 ! J/yK0
S has the same topology and very similar

kinematics to those of the signal channel, and is therefore used in defining the analysis strategy
and to perform various checks. The difference of 0.004 ps between the B0 meson lifetime ex-
tracted in this analysis, 1.521± 0.007 (stat) ps, and the world-average value 1.517± 0.004 ps [32]
is used to assess any unaccounted systematic uncertainties.

All the sources of systematic uncertainty and their estimated values are listed in Table 1. The
individual values are added in quadrature to obtain the total systematic uncertainty.

7 Results
The 2D UML fit to the complete data set determines the yields of the B0

s signal and B0 control
channel to be 727 ± 35 and 68 460 ± 270, respectively, where the uncertainties are statistical
only. The B0

s ! J/yK0
S effective lifetime is measured to be:

t(B0
s ! J/yK0

S) = 1.59 ± 0.07 (stat) ± 0.03 (syst) ps. (6)

consistent with the SM prediction

most precise 
measurement to date

CMS BPH-22-001 
subm. to JHEP

https://cds.cern.ch/record/2904880
https://cds.cern.ch/record/2904880


Measurement of R(J/ψ) | CMS
Test of lepton flavor universality in semileptonic Bc meson decays in pp 

collisions at 13 TeV

Lepton flavor universality in electroweak interactions is an accidental symmetry of the SM

LFU violation predicted by several BSM models: 

• can be tested in Z and W decays, as well as in the b hadron sector 

Tree level decay, complements other measurements of R(Hc)  

Since Bc mesons cannot be produced at the existing B factories, R(J/ψ) has not been extensively explored 

Only one available measurement, from LHCb    R(J/ψ) = 0.71 ± 0.17(stat) ± 0.18(syst) (2σ from SM)

1

In the standard model (SM), the three lepton families have the same couplings for electroweak
interactions, an accidental symmetry known as lepton flavor universality (LFU). Differences in
decay rates between processes that differ solely by lepton flavor thus originate only from the
different lepton masses.

Several beyond the SM (BSM) models that contain additional particles and nontrivial flavor
interactions, such as an extended Higgs sector [1, 2], leptoquarks [3], or an extended gauge
sector [4], predict LFU violation. To date, no direct evidence for the existence of BSM particles
has been found, and constraints are set on these models, e.g., in Refs. [5–7]. However, even if
they are too heavy to be produced at existing colliders, BSM particles could still contribute via
virtual interactions and alter the decay rates predicted by the SM.

Lepton flavor universality has been confirmed in leptonic Z and W boson decays down to
the per-mille level [8–12] and, in recent years, has been extensively tested in semileptonic b
hadron (Hb) decays through the measurement of ratios of branching fractions. In particular, the
BaBar [13], Belle [14, 15], and LHCb [16–18] Collaborations investigated the R(D⇤) = B(B0 !
D⇤�t+nt )/B(B0 ! D⇤�µ+nµ) ratio, observing a combined value of R(D⇤) = 0.295 ± 0.014,
3.2 standard deviations above the SM expected value of 0.254± 0.005 [19]. In this Letter, charge
conjugate states are implied.

Further measurements of semitauonic decays originating in other Hb decays provide comple-
mentary sensitivity to nonuniversal lepton couplings. In this Letter, we present the measure-
ment of the ratio

R(J/y) =
B(B+

c ! J/y t+nt )

B(B+
c ! J/y µ+nµ)

.

A recent calculation predicts a value of R(J/y) = 0.2582 ± 0.0038 [20], which is consistent
with earlier estimates [21–23]. Since B+

c mesons cannot be produced at the existing B factories,
this ratio has not been extensively explored. The only measurement to date, by the LHCb
Collaboration [24], reports a two standard deviation excess over the SM prediction. The present
measurement, which is also provided in a HEPData record [25], uses a sample of proton-proton
collision data collected at a center-of-mass energy of 13 TeV by the CMS experiment in 2018,
corresponding to an integrated luminosity of 59.7 fb�1 [26].

The CMS apparatus [27] is a multipurpose, nearly hermetic detector, designed to trigger on [28,
29] and identify electrons, muons, photons, and (charged and neutral) hadrons [30–32]. A
global “particle-flow” algorithm [33] aims to reconstruct all individual particles in an event,
combining information provided by the all-silicon inner tracker and by the crystal electro-
magnetic and brass-scintillator hadron calorimeters, operating inside a 3.8 T superconducting
solenoid, with data from the gas-ionization muon detectors embedded in the flux-return yoke
outside the solenoid. The reconstructed particles are used to build t leptons, jets, and missing
transverse momentum, defined as the negative vector sum of the transverse momenta of all the
reconstructed candidates in an event [34–37].

The analysis reconstructs both the B+
c ! J/y t+nt and B+

c ! J/y µ+nµ signals in the
J/y ! µ+µ� and t+ ! µ+nµ nt decay chains, thus resulting in the identical visible prod-
ucts (µ+µ�)µ+ for both processes, where the muon not originating from the J/y meson decay
is referred to as the “third” muon. The signal final states only differ by the number of neutri-
nos. Several background contributions are considered: processes where the J/y meson and the
third muon come from either the same or different b hadrons (including a B+

c meson, excluding
the signal modes), events where a hadron is misidentified as the third muon, and three-muon
events with two unrelated opposite-charge muons with invariant mass mµµ close to that of the

SM expectation = 0.2582 ± 0.0038

16

CMS searches, based on Run2 data, targeting both leptonic and 3-prong hadronic τ decays  

• common denominator 

• smaller dataset for leptonic channel due to trigger requirements (59.7 fb-1 vs 138 fb-1)

PRL 120, 121801

PRL 125, 222003

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
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final state signature: 3µ + neutrinos 

main bkg: muon fakes 
                 combinatorial J/ψ + µ 
                 other Bc decays 

# neutrinos & kinematic differences to disentangle    
numerator from denominator 

final state signature: 2µ + 3 tracks + neutrinos 

main bkg: combinatorial J/ψ + X  
                 Bc → J/ψ Ds(*)   
                 other Bc decays 

resonant structure of τ decay products to 
discriminate fakes

R(J/ψ) = 1.04+0.50
−0.44

Compatible with SM prediction (0.3σ)  
and with LHCb results (1.3σ) 17

Measurement of R(J/ψ) | CMS
leptonic channel hadronic channel

Compatible with SM prediction

CMS PAS 
BPH-23-001CMS 

 BPH-22-012 

R(J/ψ) = 0.17+0.18
−0.17(stat)+0.21

−0.22(syst)+0.19
−0.18(theo)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-012/index.html
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µτCMS, 2018, 
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120 (2018) 121801

CMS Preliminary

SM

full combination of the two channels

consistent with the SM prediction within 1σ standard deviation

R(J/ψ) = 0.49 ± 0.25(stat) ± 0.09(syst)
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Measurement of R(J/ψ) | CMS



FCNC process proceeding at loop level in the SM (BR ~10-7) 

• sensitive to virtual NP particles entering the loop and modifying 
BR and/or angular distribution 

 
Effective approach used to describe the b→ sll decay 

• NP could modify the Wilson Coefficients, or enable new operators 

 
Different dimuon mass (q) ranges sensitive to  
different operators → measurements as a function of q2 

• NP contribution to C9 expected to be constant vs q2 

Tensions with predictions based on the SM observed by LHCb 

B0→K*µµ angular analysis | CMS
Angular analysis of the B0→K*(892)0μ+μ− decay at 13 TeV 

19

Flavour anomalies and related measurements | Branching fractions of rare b ! sµ
+
µ
� decays 18 / 68
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Fig. 1. Sketch showing the definition of the angular observables θl (left), θK (middle), and φ (right) for the decay B0 → K∗0(K+π−)µ+µ− .

(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 (

B0) in the K∗0
(
K∗0) rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 (
B0) in the 

dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:

1
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= 9
16
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1 − cos2 θl

)

+ (1 − FS)
[

2FL cos2 θK

(
1 − cos2 θl

)

+ 1
2

(1 − FL)
(

1 − cos2 θK

)(
1 + cos2 θl

)

+ 4
3

AFB

(
1 − cos2 θK

)
cos θl

]}
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:

PDF(m, θK, θl) = Y C
S

[
SC (m) Sa(θK, θl)ϵ

C (θK, θl)

+ f M

1 − f M S M(m) Sa(−θK,−θl)ϵ
M(θK, θl)

]

+ Y B Bm(m) BθK(θK) Bθl (θl), (2)

where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
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stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
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rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
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Decay rate described as a function of ,   

 
The  are combinations of  amplitudes which can be expressed using  
the set of angular observables    JHEP 01 (2013) 048 

•  have reduced form factor uncertainties 

• related to the Wilson Coefficients    

Observables extracted from 4D unbinned fit to the  
mass and angular distributions in bins of q2

Ω = (cos θK, cos θl, ϕ) q2 = m2(μμ)
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B0→K*µµ angular analysis | CMS
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First full angular analysis from CMS, based on Run2 dataset (140 fb-1)

• in bins of q2 ranging from 1.1 to 16 GeV2
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-002/index.html
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https://link.springer.com/article/10.1007/JHEP09(2022)133
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B0→K*µµ angular analysis | CMS

Among the most precise measurements, in agreement with LHCb

https://link.springer.com/article/10.1007/JHEP09(2022)133


Search for D0→µµ | CMS

CMS search based on Run3 data (2022-2023, 64.5 fb-1)  

• collected by inclusive dimuon triggers 

•  from  decays: small combinatorial  
bkgs and optimal resolution on  

•  as normalisation channel

D0 D*+(2010) → D0π+

m(D*+) − m(D0)

D0 → π+π−

D0→µµ is a very rare FCNC process, SM prediction for BR ~ 3 x 10-13 
• loop contributions in charm decays are mediated by light quarks  

• substantial long-distance contributions, challenging to predict analytically  
→ large uncertainties on the SM prediction 

However, any (small) enhancement from NP should be easy seen 
• various NP models predict contributions at tree level 

Current most sensitive measurement from LHCb 
• upper limit for B(D0 → μ+μ−) at 3.5 × 10−9 @95% CL

23

Search for rare charm decays into two muons 

Why 𝐷0 → 𝜇𝜇 ? 

• Seach for 𝐷0 → 𝜇𝜇 and measure its branching fraction  

• The decay proceeds under FCNC, highly suppressed in SM, 
sensitive in New Physics

• SM Prediction: BF(𝐷0 → 𝜇𝜇) > ~3 × 10−13 (Long distance)

• Rare charm decays mediated by “c → u” transition, which is less 
studied, comparing to “b → s”

3

• It is an unexplored area.
• Not discovered yet
• Most stringent experimental search 

BF < 3.5 × 10−9 @95 CL (from LHCb), 
4 orders of magnitude to SM

• From the preliminary projection, 
we could do better.

CMS PAS 
BPH-23-008

CMS-EXO-23-007

https://cds.cern.ch/record/2904880
https://cds.cern.ch/record/2904880
https://cds.cern.ch/record/2892672
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Figure 4: The profile likelihood scan as a function of D0 ! µ+µ� decay branching fraction.

10 Summary
The measurement of the branching fraction (B) of the D0 ! µ+µ� decay, based on a data set of
proton-proton collisions at

p
s = 13.6 TeV collected by the CMS experiment corresponding to

an integrated luminosity of 64.5 fb�1, has been presented. The branching fraction is measured
using the cascade decay D⇤+ ! D0p+, D0 ! µ+µ� with the D0 ! p+p� decay mode as the
normalization channel, considering both prompt and non-prompt D0 meson production.

No significant excess above the background expectation was observed and an upper limit on
the branching fraction has been set to be:

B(D0 ! µ+µ�) < 2.6 ⇥ 10�9 at 95% CL. (9)

The obtained value of D0 ! µ+µ� branching fraction is found to be B(D0 ! µ+µ�) =
(1.0 ± 0.9)⇥ 10�9.

The measurement is the most sensitive to date, representing a 35% improvement over the cur-
rent best measurement [23]. This measurement provides the most stringent limit on flavor-
changing neutral currents in the charm sector, setting additional constraints on new physics
models that modify the decay branching fraction of D0 ! µ+µ�.

The analysis is the first measurement at CMS using the newly developed low-mass double
muon parking trigger [24]. It also marks the first publication on the D0 ! µ+µ� branching
fraction measurement at CMS, made possible by the enriched dimuon events collected by this
innovative trigger.

References
[1] CMS Collaboration, “Angular analysis of the decay B0 ! K⇤0µ+µ� from pp collisions atp

s = 8 TeV”, Physics Letters B 753 (2016) 424,
doi:10.1016/j.physletb.2015.12.020, arXiv:1507.08126.

[2] CMS Collaboration, “Measurement of angular parameters from the decay
B0 ! K⇤0µ+µ� in proton-proton collisions at

p
s = 8 TeV”, Physics Letters B 781 (2018)

517, doi:10.1016/j.physletb.2018.04.030, arXiv:1710.02846.

Previous best limit improved by 35%
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Search for D0→µµ | CMS

Branching fraction 
extracted using a 2D UML 
fit on the invariant mass of 
D0 candidates (mµµ) and 
Δm = m(D*-D0)

main uncertainties related to 
normalisation channel 

no excess over the 
background is seen

  @95% CL



Summary

Many recent results from both ATLAS and CMS experiments, covering a 
wide range of flavour-physics topics 

only a few selected publications were shown in this talk, many more available at  
ATLAS physics results page 
CMS physics results page 

Competitive results 
often improve current available best measurements 

Additional datasets collected with innovative techniques are still  
to be explored and exploited

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/index.html
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A novel phenomenological approach to total charm cross section measurements at the LHC Yewon Yang
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Figure 1: ⇤+
2/⇡0 measurements from ALICE (left) and CMS (middle), with figures adapted from [5] and

[6], respectively. As a reference, the fragmentation fraction of 4+4� data [8] was added as the purple band.
These measurements were used to derive ?) -dependent ⇡0 and ⇤+

2 production fractions for ?? collisions
(right).
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Figure 2: Charm fragmentation fractions are compared between ?? (ALICE) and 4
+
4
� (LEP and B-factory)

collisions in the left figure. The 4
+
4
� fragmentation fractions of ⇡0, ⇡+, ⇡+

B , ⇤+
2 are extracted directly from

[8]. The summed fraction of ⌅0
2, ⌅+

2 and ⌦0
2 (⌅2 + ⌦2) which are not explicitly measured yet from 4

+
4
�/4?

collisions, is derived assuming the sum of all the weakly decaying ground state fractions to be unity. From
this, the meson-to-meson and baryon-to-baryon fragmentation fraction ratios are computed and compared in
the right figure.

2. ?) -dependent charm hadron production fractions

Based on these observations, we make some simplifying assumptions consistent with experi-
mental measurements within their uncertainties1, which are then applied to the extrapolation for ??
data. The first assumption is that the meson-to-meson and baryon-to-baryon ratios do not strongly
depend on either collision system (see Fig.2) or kinematic range [10]. And the second assumption is
that the meson-to-baryon ratio, while ?) -dependent (see Fig.1), is not strongly H-dependent, which
will be indirectly confirmed from the data later in Fig.4.

We introduce a ?) -dependent hadron production fraction 5̃ (?) ) for ?? collisions, which is

1The corresponding uncertainties will all be included in the evaluation of the systematics.

3

arxiv 2311.07523

fragmentation non universality

https://arxiv.org/abs/2311.07523
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production plane y
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zCS

b1 b2
Q collision

centre
of mass

frame

b1 b2
quarkonium

rest
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Figure 3: Illustration of three di↵erent definitions of the polarization axis z (CS:
Collins-Soper, GJ: Gottfried-Jackson, HX: helicity) with respect to the directions of
motion of the colliding beams (b1, b2) and of the quarkonium (Q).

two colliding beams (Gottfried-Jackson frame [21], GJ), the opposite of the direction
of motion of the interaction point (i.e. the flight direction of the quarkonium itself
in the center-of-mass of the colliding beams: helicity frame, HX) and the bisector
of the angle between one beam and the opposite of the other beam (Collins-Soper
frame [22], CS). The motivation of this latter definition is that, in hadronic collisions,
it coincides with the direction of the relative motion of the colliding partons, when
their transverse momenta are neglected (the validity and limits of this approximation
are discussed in detail in Section 7). For our considerations, we will take the HX
and CS frames as two extreme (physically relevant) cases, given that the GJ polar
axis represents an intermediate situation. We note that these two frames di↵er by a
rotation of 90� around the y axis when the quarkonium is produced at high pT and
negligible longitudinal momentum (pT � |pL|). All definitions become coincident in
the limit of zero quarkonium pT. In this limit, moreover, for symmetry reasons any
azimuthal dependence of the decay distribution is physically forbidden.

We conclude this section by defining the somewhat misleading nomenclature which
is commonly used (and adopted, for convenience, also in this paper) for the polar-
ization of vector mesons. These particles share the quantum numbers of the photon
and are therefore said, by analogy with the photon, to be “transversely” polarized
when they have spin projection Jz = ±1. The counterintuitive adjective originally
refers to the fact that the electromagnetic field carried by the photon oscillates in
the transverse plane with respect to the photon momentum, while the photon spin is
aligned along the momentum. “Longitudinal” polarization means Jz = 0. By further
extension, the same terms are also used to describe the “spin alignment” of vector
quarkonia not only with respect to their own momenta (HX frame), but also with
respect to any other chosen reference direction (such as the GJ or CS axes).

8

from Eur. Phys. J. C 69, 657–673 (2010)

https://link.springer.com/article/10.1140/epjc/s10052-010-1420-5
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D0→µµ search | extra
Normalisation channel
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