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Observation of Triple J/ψ Production
✦ Recent result [arXiv:2111.05370], accepted by Nature Phys. 
✦ Dominated by DPS (~80%)  

and TPS (~20%); SPS  
contribution is small

๏ First time TPS is directly accessed experimentally


✦ Observed 6 events in the J/ψ(μμ) mode, with the background of 
1.0+1.4-0.8 events

๏ Shape analysis results is a 6.8σ observation

๏ Measured cross section: 

σfid(pp → J/ψJ/ψJ/ψ + X) = 272+141
−104 (stat) ± 17 (syst) fb

2
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Figure 1: Leading-order diagrams for inclusive triple-J/y production in pp collisions via SPS
(upper), DPS (middle), and TPS (lower) processes. The leftmost diagrams show triple prompt-
J/y processes. The remaining diagrams show (left to right) final states with increasing contri-
butions of nonprompt J/y mesons from beauty hadron decays. The symbols s

ipjnp
NPS identify the

number (i and j) of prompt (p) and nonprompt (np) contributions to the cross section of each
diagram.

tor acceptance and efficiency. The analysis of the 6µ final state offers a very clean experimental
signature for inclusive triple-J/y production, comprising prompt and nonprompt components.

Experimental setup
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the h coverage provided by the barrel and endcap detectors. Muons are measured over
the range |h| < 2.4 in gas-ionization detectors, embedded in the steel flux-return yoke outside
the solenoid, made using three technologies: drift tubes, cathode strip chambers, and resistive
plate chambers. A more detailed description of the CMS detector can be found in Ref. [33].

Events of interest are selected using a two-tiered trigger system. The first trigger level, com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz with a fixed latency of about 4 µs [34]. The
second level (or high-level trigger, HLT) consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing, and reduces the event rate
to around 1 kHz before data storage [35]. The present analysis employs an HLT that requires
three muons, each having pT > 3.5 GeV for |h| < 1.2 (barrel) or pT > 2.5 GeV for 1.2 < |h| < 2.4
(endcap). In addition, the event must have at least one pair of oppositely charged muons
with invariant mass between 2.80 and 3.35 GeV that originate from a common vertex with a
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Cross section measurement
The signal yield is extracted with a three-dimensional unbinned extended maximum likelihood
fit of the mµ+µ� distributions of all J/y candidates in the event over the 2.9 < mµ+µ� < 3.3 GeV
range. The expected J/y mass peaks are modeled with a Gaussian function with mean fixed
to their nominal value (mJ/y = 3.097 GeV) [32] and the root-mean-square (RMS) width fixed to
the resolution derived from the MC simulation (sm ⇡ 30 MeV). Given the very low number
of events passing the selection, the mass mean and RMS width of the J/y mesons cannot be
left as free parameters in the fit. The dimuon background is described with an exponential
function [24, 42–45]. The fit has eight free parameters for the yields given by the combination
of each of the three J/y candidates as being either signal or background. The extracted signal
yield (red shaded areas in the mµ+µ� distributions of Fig. 2) corresponds to N

3J/y
sig = 5.0+2.6

�1.9

triple-J/y events, with 1.0+1.4
�0.8 background events. The statistical significance of the signal is

evaluated using various methods. From the likelihood ratio of two fits (background-only im-
posing N

3J/y
sig = 0, and the default signal-plus-background), with the standard asymptotic for-

mula [46] assuming that the conditions to apply Wilks’ theorem [47] are satisfied, a significance
of 6.7 standard deviations (std. dev.) is obtained. The significance derived assuming a Poisson
counting experiment yields 5.8 std. dev., and it is found to be above 5.5 std. dev. by using MC
pseudoexperiments.
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Figure 2: Invariant mass distributions for the three µ+µ� pairs, ordered (left to right) by de-
creasing pair pT, in the selected events. The data are represented by the points with the vertical
bars showing the (Poisson) statistical uncertainties. The solid (dotted) curve shows the overall
fit to the data (in the extended mass range), and the red shaded area the fitted signal yield.

To cross-check the size of the combinatorial background derived from the fit, two tests are car-
ried out. First, the fit is repeated over the extended dimuon mass range [2.5–3.3] GeV for the
two subleading J/y mesons (dotted curves in Fig. 2). This mass range corresponds to an asym-
metric window of about [�20sm,+7sm] around the J/y nominal mass that, as aforementioned,
covers lower dimuon masses where the background, if any, should be larger. The obtained
signal yield is fully consistent with the default result. A second test is performed whereby the
OS requirement is removed to allow also for same-sign dimuon combinations (µ±µ±) for the
two subleading pairs. After applying the rest of the selection criteria of the default analysis, no
triplet events containing same-sign muon pairs are observed.

In order to estimate the average prompt and nonprompt contributions in the triple-J/y events,
the proper decay-length of each J/y is calculated as L

J/y = (mJ/y /p
J/y
T ) L

J/y
xy , where L

J/y
xy = (~r ·

~pT
J/y)/|pJ/y

T | is the transverse distance between the J/y decay vertex and the PV (~r is the vector
from the PV to the J/y vertex). Prompt J/y mesons are defined as those having L

J/y < 60 µm.
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are extracted with the tag-and-probe method using correction factors from the large inclusive
J/y ! µ+µ� data samples used in Ref. [40]. Since they depend on the pT and h of the muons,
the corrections are propagated to the final cross section via two-dimensional maps, yielding
eid ereco = 0.78. The trigger efficiency is found to be etrig = 0.84 from a study of the MC
samples.

Table 2: Definition of the fiducial phase space for the triple-J/y cross section measurement.

For all muons pT > 3.5 GeV for |h| < 1.2
pT > 2.5 GeV for 1.2 < |h| < 2.4

For all J/y mesons pT > 6 GeV and |y| < 2.4
2.9 < mµ+µ� < 3.3 GeV

The impact on the extracted cross section of the choice of functions used to reproduce the
shapes of the signal and background dimuon invariant masses is studied. For the signal, the
Gaussian distribution is changed to a Crystal-Ball function [49] as well as to a Gaussian func-
tion with the RMS width left to vary in the fit. The background shape is changed from the
default exponential to first- and zeroth-order polynomials. The relative differences in the cross
sections obtained from the alternative modeling for signal and background are 0.8 and 3.4%,
respectively, and are assigned as corresponding systematic uncertainties. Uncertainties arising
from the muon reconstruction and identification efficiencies are derived by allowing the tag-
and-probe correction factors for each (pT, h) bin to vary within their precision, and checking
the effect on the extracted cross section. The maximal variation observed is ±1.0%. Varying
the relative composition of double- and single-J/y meson production in the MC event sample
used for the determination of the trigger efficiency leads to a 3.4% propagated uncertainty. Un-
certainties of 1.6% and 3.0% are added from the integrated luminosity measurement [50–52],
and from the simulated signal sample size, respectively. The uncertainty in the BJ/y!µ+µ� =

(5.961 ± 0.033)% value [32] propagates into a 1.7% uncertainty in the cross section. The total
systematic uncertainty of the measured cross section is 6.2%, obtained by adding all individual
sources in quadrature (Table 3). The measured cross section for triple-J/y production, within
the fiducial region defined in Table 2, is s(pp ! J/yJ/yJ/y X) = 272+141

�104 (stat) ± 17 (syst) fb.

Table 3: Relative contributions to the systematic uncertainty of the s(pp ! J/y J/y J/y X)
measurement. The last row gives the sum in quadrature of all components.

Source Relative uncertainty
J/y meson signal shape 0.8%
Dimuon continuum background shape 3.4%
Muon reconstruction and identification 1.0%
Trigger efficiency 3.4%
MC sample size 3.0%
Integrated luminosity 1.6%
Dimuon branching fraction 1.7%

Total 6.2%

Discussion
The total inclusive triple-J/y cross section is expected to correspond to the sum of the contri-
butions from the SPS, DPS, and TPS processes schematically shown in Fig. 1, each of which

Fiducial phase space:

http://arxiv.org/pdf/2111.05370
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Effective DPS Cross Section
✦ Definition of effective nPS cross section is given by:


✦ Using fiducial cross section and  as 
calculated in [arXiv:1612.05582] yields , 
in line with double-quarkonium measurements
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Table 4: Predictions for single-, double-, and triple-J/y production cross sections in SPS pro-
cesses, which pass the fiducial criteria listed in Table 2, derived from the HELAC-ONIA (HO)
and MADGRAPH5 aMC@NLO (MG5NLO) matrix element calculators, complemented with the
PYTHIA 8 (PY8) parton shower, as described in the text.

SPS single-J/y production SPS double-J/y production SPS triple-J/y production

HO(DATA) MG5NLO+PY8 HO(NLO*) HO(LO)+PY8 MG5NLO+PY8 HO(LO) HO(LO)+PY8 HO(LO)+PY8 MG5NLO+PY8

s
1p
SPS s

1np
SPS s

2p
SPS s

1p1np
SPS s

2np
SPS s

3p
SPS s

2p1np
SPS s

1p2np
SPS s

3np
SPS

570 ± 57 nb 600+130
�220 nb 40+80

�26 pb 24+35
�16 fb 430+95

�130 pb < 5 ab 5.2+9.6
�3.3 fb 14+17

�8 ab 12 ± 4 fb

collisions at 7 TeV [43, 55], including all feed-down contributions from decays of heavier char-250

monium resonances. For the double and triple prompt-J/y processes, the HELAC-ONIA calcu-251

lations include only the y(2S) feed-down because the cc decay contribution is only a few per-252

cent. All predictions for cross sections of nonprompt J/y meson production in beauty hadron253

decays (s1np
SPS , s

2np
SPS , s

3np
SPS ) have been obtained with MADGRAPH5 aMC@NLO (v.2.6.6) [56] matrix254

elements, scaled by a factor of 1.15 to account for next-to-next-to-leading-order bb cross section255

corrections [4], combined with the PYTHIA 8.244 generator for parton shower and decays (in-256

cluding all feed-down quarkonium contributions) [53]. Mixed prompt plus nonprompt cross257

sections (sXpYn
SPS ) are obtained from J/y + bb events generated with HELAC-ONIA at LO in258

the color-singlet model interfaced with PYTHIA 8.244 for the b-quarks fragmentation into non-259

prompt J/y mesons. The uncertainties include the (dominant) theoretical scale dependence and260

the (subdominant) PDF uncertainties of the CT14NLO set [57], except for the single prompt-J/y261

predictions that have a better precision because they are determined with an explicit fit of the262

NRQCD predictions to the LHC data [54] and have an associated 10% uncertainty of experi-263

mental origin. All these sources are treated as uncorrelated and the corresponding uncertainties264

are added in quadrature.265

Using Eqs. (4,5) with the SPS cross sections listed in Table 4, and assuming that the effective266

DPS and TPS cross sections are related by seff,TPS = (0.82 ± 0.11) seff,DPS [4] in a baseline ap-267

proach that ignores parton correlations, one can extract the value of the effective DPS cross268

section that yields the experimentally measured s
3J/y
tot value. Following such a procedure, the269

value seff,DPS = 2.7+1.4
�1.0 (exp)+1.5

�1.0 (theo) mb is derived, where the first uncertainty is due to the270

experimental s
3J/y
tot precision and the second is due to the propagation of all sources of theoret-271

ical uncertainties in the ingredients of Eqs. (3–5).272

The inclusive triple-J/y theoretical cross sections and yields for each individual process con-273

tributing to the total production are listed in Table 5. The expected contributions from SPS,274

DPS, and TPS processes to the total triple-J/y cross section amount to about 6, 74, and 20%,275

respectively. This confirms the conclusion of Ref. [28] that triple-J/y production is a golden276

channel to study DPS and TPS, with minimal SPS contamination. The largest contributors to277

the triple-J/y cross section are s
3np
DPS and s

1p2np
DPS accounting for ⇡33% each, s

2p1np
TPS and s

1p2np
TPS278

amounting to about 7% each, and s
3np
SPS representing about 4% of the total production. In terms279

of prompt and nonprompt contributions, the theoretical expectation for the production of three280

promptly produced J/y mesons is ⇡5% of the total yield, whereas the percentage expected for281

three nonprompt J/y mesons is ⇡45%. The remaining half of the triple-J/y events are expected282

to be due to the combination of J/y mesons produced promptly and from beauty hadron de-283

cays. This result is consistent, within the large statistical uncertainties of the present data set,284

with the combination of prompt and nonprompt J/y mesons derived from the decay length of285

each dimuon candidate.286
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Figure 3: Comparison of the seff,DPS parameter extracted here (upper red circle) to those de-
rived in midrapidity measurements of double-quarkonium and EW boson plus quarkonium
production [22, 24, 25, 65–68] (blue circles), as well as in final states with jets [19, 37, 59, 60],
g+ jets [61–64], W+jets [13, 14], and same-sign W bosons [18] (black squares and triangles).
The arrows indicate lower (or upper) limits at 95% (68%) confidence level. For the experimen-
tal results marked with a star, more recent theoretical reinterpretations based on more accurate
calculations of the corresponding SPS cross section are plotted. The original experimental re-
sults can be found in Ref. [23] (CMS), Ref. [26] (D0) and Refs. [58, 70] (ATLAS).

ground, through a three-dimensional unbinned extended maximum likelihood fit of the mea-311

sured dimuon invariant mass distributions. The statistical significance of the signal, including312

prompt as well as nonprompt (i.e., coming from beauty hadron decays) contributions, rela-313

tive to the background-only expectation, is above five standard deviations. The cross section314

for inclusive triple-J/y production, within the fiducial region defined in Table 2, is s(pp !315

J/yJ/yJ/y X) = 272+141
�104 (stat) ± 17 (syst) fb. This result is compared to the theoretical expec-316

tations for triple-J/y production via a sum of contributions from single- (SPS), double- (DPS),317

and triple- (TPS) parton scatterings. Under the simplest assumption of factorization of multi-318

ple hard-scattering probabilities in terms of SPS cross sections, the measured triple-J/y cross319

section is consistent with the production via DPS (⇡74%), TPS (⇡20%), and SPS (⇡6%) pro-320

cesses for a value of the effective DPS cross section parameter, closely related to the transverse321

distribution of partons in the proton, of seff,DPS = 2.7+1.4
�1.0 (exp)+1.5

�1.0 (theo) mb. Within its large322

uncertainty, this parameter is consistent with those extracted from double-quarkonium mea-323

surements, but significantly smaller than the seff,DPS values derived from DPS studies based on324

high-pT jets and/or electroweak bosons. This work presents a novel approach to study multi-325

ple hard-scatterings in pp collisions exploiting, for the first time, the simultaneous production326

of three heavy particles.327

Data availability328

Tabulated results are provided in the HEPData record for this analysis [71]. Release and preser-329

vation of data used by the CMS Collaboration as the basis for publications is guided by the CMS330

policy as stated in CMS data preservation, re-use and open access policy.331
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Data availability328
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Here, m is a combinatorial factor to avoid double counting, m = 1 (2) if y1 = y2 (y1 6= y2), and48

seff,DPS is an effective cross section that, in a purely geometric approach, can be determined from49

the pp transverse overlap [9]. A smaller value of seff,DPS, which is proportional to the average50

(squared) transverse separation of the partons participating in the two hard scatterings, implies51

larger DPS yields.52

For the proton form factors typically implemented in the PYTHIA 8 [11] and HERWIG++ [12]53

event generators commonly used in collider physics, values of seff,DPS ⇡ 20–30 mb are ex-54

pected. Such estimates are, however, about a factor of two larger than those experimentally55

derived via the ratio seff,DPS = (s
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DPS for processes involving pairs of56

high-pT jets and/or EW bosons, which are found to lie in the range seff,DPS ⇡ 10–20 mb [13–19].57

This discrepancy has been mostly explained as evidence of parton correlations in the collision58

not accounted for in the purely geometrical approaches [20]. In addition, significantly lower59

seff,DPS ⇡ 3–10 mb values have been extracted from measurements of quarkonium pair produc-60

tion (J/yJ/y [21–25], J/yU [26], and UU [8, 27]) that have been interpreted as due to the different61

dominant species (mostly gluons for quarkonia, and quarks for EW bosons) in the parton dis-62

tribution functions (PDFs) probed in the different scatterings [3], but can be also attributed in63

some cases to poorly controlled subtractions of SPS contributions [10].64

The study of TPS via triple-J/y production can help solve all the issues mentioned above. The65

equivalent of Eq. (1) for the production of three charmonium mesons in a TPS process reads66
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where m = 1, 3, or 6 (depending on whether all three, two, or none of the yi states are identical).67

In the absence of parton correlations, the effective cross section seff,TPS is closely related to its68

DPS counterpart via seff,TPS = k seff,DPS, with k of order unity. A value of k = 0.82 ± 0.11 has69

been derived in [4] for a variety of proton transverse parton profiles. A theoretical study of the70

production of three prompt-J/y mesons [28], based on the nonrelativistic quantum chromody-71

namics (NRQCD) approach at leading-order (LO) accuracy as implemented in the HELAC-72

ONIA code [29, 30], has demonstrated that the pure SPS contributions are negligible compared73

to those from DPS and TPS. Namely, the upper left diagram of Fig. 1 is irrelevant compared74

to the two other diagrams in the left column of the figure. The experimental measurement of75

pp ! J/y J/y J/y X is thus a golden channel for the study of TPS and, in addition, provides76

an alternative extraction of seff,DPS, thereby shedding new light on the underlying dynamics of77

hard NPS. The production of J/y states can also proceed nonpromptly through the decay of78

a beauty-quark (b) hadron. Notwithstanding a small branching fraction, Bb!J/y X ⇡ 1% [31],79

the cross section to produce bb pairs is large at the LHC, s(pp ! bb X) ⇡ 0.5 mb [4]. The80

contributions of such processes to inclusive triple-J/y production are schematically shown in81

Fig. 1 (diagrams to the right of the vertical dashed line).82

This Letter presents the first observation of the simultaneous production of three J/y mesons83

in pp collisions. The analysis is based on a data sample collected at
p

s = 13 TeV by the CMS84

experiment, corresponding to an integrated luminosity of 133 fb�1. The J/y mesons are recon-85

structed in their dimuon decay mode over a fiducial phase space in transverse momenta and86

(pseudo)rapidities (p
µ,J/y
T , |hµ |, and |yJ/y |) defined to maximize the signal purity and the detec-87
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Observation of Rare B0→ψ(2S)K0Sπ+π− and 

B0s→ψ(2S)K0S decays
✦ New CMS analysis based on 2017-2018 data, using the K0S → π+π- decay 

mode with a large displacement of the π+π- vertex, inspired by searches for 
exotic states in B meson decays [arXiv:2201.09131, EPJC 82 (2022) 499]


✦ No peaking structures in the 2- and 3-body ψ(2S)h1(h2) spectra observed

4

3

while the rest of the selection criteria are the same.

4 Observation of the B0
s ! y(2S)K0

S
decay

The measured y(2S)K0
S invariant mass distribution is presented in Fig. 1 (left). The B0 signal

(left peak) is described with a double Gaussian function with common mean, whose parame-
ters are free to vary in an unbinned maximum-likelihood fit. It is found in simulation that the
B0

s ! y(2S)K0
S signal (right peak) has the same shape as the B0 ! y(2S)K0

S signal, but it is
about 10% wider, because of the larger energy release in the decay. Therefore, the B0

s signal is
modelled with a double Gaussian function of the same shape as the B0 signal, with the reso-
lution parameters scaled by the ratio of the widths found in the simulation. The background
is modelled with an exponential function. The good quality of the fit is verified by calculating
the c2 between the binned distribution and the fit function, resulting in c2 = 83 for 91 degrees
of freedom.

The ratio of signal yields N(B0
s ! y(2S)K0

S)/N(B0 ! y(2S)K0
S) = (6.8 ± 1.4) ⇥ 10�3 is

extracted from the fit. Its uncertainty is calculated by taking into account the correlation be-
tween the uncertainties in B0

s and B0 yields, which are found to be 113 ± 23 and 16660 ± 140,
respectively, where the uncertainties are statistical only.

The statistical significance of the B0
s ! y(2S)K0

S signal is evaluated with the likelihood ratio
technique, comparing the background-only and signal-plus-background hypotheses, with the
standard asymptotic formula [46], assuming that the conditions to apply Wilks’ theorem [47]
are satisfied. For a significance estimation, the mass difference between the B0

s and B0 signals
is fixed to the known value of 83.78 MeV [13]. The obtained significance is 5.2 standard devi-
ations and varies in the range 5.1–5.4 standard deviations when accounting for the systematic
uncertainties due to the choice of the fit model, discussed in Section 7.

5 Observation of the B0 ! y(2S)K0

S
p+p� decay

As shown in Fig. 1 (right), the measured y(2S)K0
Sp+p� mass distribution presents a clear

B0 ! y(2S)K0
Sp+p� signal peak on top of a relatively small background. The B0 signal is

modelled with a double Gaussian function with common mean with all parameters free to
vary, and the combinatorial background is described by an exponential function.
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Figure 1: Measured invariant mass distributions of y(2S)K0
S (left) and y(2S)K0

Sp+p� (right)
candidates. The overlaid results from the fit are described in the text.

5.2σ
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pT > 20 GeV. This additional uncertainty is estimated to be 0.020, and the total uncertainty on
fs/ fd is obtained by summing it in quadrature with the uncertainty of 0.007 obtained above.
The resulting fragmentation fraction ratio used in the Rs measurement is fs/ fd = 0.208± 0.021,
with a relative uncertainty of 10%.

8 Measured branching fractions

The branching fraction ratio of the B0
s ! y(2S)K0

S decay relative to the B0 ! y(2S)K0
S one is

measured using Eq. (1) to be

Rs =
B(B0

s ! y(2S)K0
S)

B(B0 ! y(2S)K0
S)

= (3.33 ± 0.69 (stat) ± 0.11 (syst) ± 0.34 ( fs/ fd))⇥ 10�2,

where the last uncertainty is related to the used value fs/ fd = 0.208 ± 0.021. Since the knowl-
edge of fs/ fd at large pT can be updated with future measurements, allowing to improve the
Rs evaluation, we also provide the measurement of the product

Rs
fs

fd
=

fs

fd

B(B0
s ! y(2S)K0

S)

B(B0 ! y(2S)K0
S)

= (0.69 ± 0.14 (stat) ± 0.02 (syst))⇥ 10�2.

In addition, the transverse momentum distribution of the measured B candidates is presented
in Fig. 4 and in the HEPData record for this analysis [30].

The branching fraction ratio of the B0 ! y(2S)K0
Sp+p� decay with respect to the B0 !

y(2S)K0
S one is measured to be

Rp+p� =
B(B0 ! y(2S)K0

Sp+p�)

B(B0 ! y(2S)K0
S)

= 0.480 ± 0.013 (stat) ± 0.032 (syst).

This ratio is very close to the similar ratio measured with J/y instead of y(2S) [52].

Using the world average value B(B0 ! y(2S)K0
S) = (2.90 ± 0.25)⇥ 10�4 [13], the branching

fractions of the two newly observed decays are evaluated:

B(B0
s ! y(2S)K0

S) = (0.97 ± 0.20 (stat) ± 0.03 (syst) ± 0.22 ( fs/ fd)± 0.08 (B))⇥ 10�5,

B(B0 ! y(2S)K0
Sp+p�) = (13.9 ± 0.4 (stat) ± 0.9 (syst) ± 1.2 (B))⇥ 10�5,

where the last uncertainties are from the uncertainty in B(B0 ! y(2S)K0
S).

9 Summary

The B0
s ! y(2S)K0

S and B0 ! y(2S)K0
Sp+p� decays are observed using proton-proton colli-

sion data collected by the CMS experiment at 13 TeV with an integrated luminosity of 103 fb�1.
Their branching fractions are measured with respect to the B0 ! y(2S)K0

S decay to be B(B0
s !

y(2S)K0
S)/B(B0 ! y(2S)K0

S) = (3.33 ± 0.69 (stat) ± 0.11 (syst) ± 0.34 ( fs/ fd)) ⇥ 10�2, and
B(B0 ! y(2S)K0

Sp+p�)/B(B0 ! y(2S)K0
S) = 0.480 ± 0.013 (stat) ± 0.032 (syst), where the

last uncertainty in the first ratio corresponds to the uncertainty in the ratio of production
cross sections of B0

s and B0 mesons. The 2- and 3-body invariant mass distributions of the
B0 ! y(2S)K0

Sp+p� decay products do not show significant exotic narrow structures in ad-
dition to the known light meson resonances. Further studies with more data will be needed
to investigate more precisely the internal dynamics of the B0 ! y(2S)K0

Sp+p� decay, and to
perform CP asymmetry measurements in the two observed decays in the future.
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Lepton Flavor Anomalies
✦ Recently, a number of lepton flavor 

anomalies have been observed in various 
semileptonic channels, largely driven by 
the LHCb experiment:


๏ ~3σ tension in R(D/D*), the ratio of  
𝓑(b → cτν)/𝓑(b → cƖν) [tree-level 
process]


๏ ~2σ tension in R(J/ψ), the ratio of  
𝓑(b → cτν)/𝓑(b → cƖν) [tree-level 
process]


๏ ~2σ deficit in various b → sμ+μ- 
transitions, compared to theory 
predictions, both in inclusive and 
differential measurements  
[loop-level process]


๏ ~3σ tension in R(K), R(K*), the ratio of  
𝓑(b → sμ+μ-)/𝓑(b → se+e-)  
[loop-level process]


✦ Arguably the strongest hints of new 
physics to date that survived a dozen of 
years of the LHC program
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decay modes, a total shift on RK is computed for each of the vari-
ables examined. The resulting variations are typically at the permille 
level and hence well within the estimated systematic uncertainty on 
RK. Similarly, computations of the rJ/ψ ratio in bins of two kinematic 
variables also do not show any trend and are consistent with the 
systematic uncertainties assigned on the RK measurement.

In addition to B+ → J/ψK+ decays, clear signals are observed from 
B+ → ψ(2S)K+ decays. The double ratio of branching fractions, Rψ(2S), 
defined by

R

ψ(2S)

= B (B+→ψ(2S)(→μ

+
μ

−)K+)
B (B+→J/ψ(→μ

+
μ

−)K+)
/

B (B+→ψ(2S)(→e

+
e

−)K+)
B (B+→J/ψ(→e

+
e

−)K+)
,

(3)

provides an independent validation of the double-ratio analysis 
procedure and further tests the control of the efficiencies. This 
double ratio is expected to be close to unity2 and is determined to 
be 0.997 ± 0.011, where the uncertainty includes both statistical 
and systematic effects, the former of which dominates. This can be 
interpreted as a world-leading test of lepton flavour universality in 
ψ(2S) → ℓ+ℓ− decays.

The fit projections for the m(K+ℓ+ℓ−) and mJ/Ψ(K+ℓ+ℓ−) distribu-
tions are shown in Fig. 2. The fit is of good quality, and the value of 
RK is measured to be

R

K

(1.1 < q

2

< 6.0GeV

2

c

−4) = 0.846

+0.042+0.013

−0.039−0.012

,

where the first uncertainty is statistical and the second systematic. 
Combining the uncertainties gives 

R

K

= 0.846

+ 0.044

− 0.041

. This is the 
most precise measurement to date and is consistent with the SM 
expectation, 1.00 ± 0.01 (refs. 3–7), at the level of 0.10% (3.1 standard 
deviations), giving evidence for the violation of lepton universality 
in these decays. The value of RK is found to be consistent in sub-
sets of the data divided on the basis of data-taking period, differ-
ent selection categories and magnet polarity (Methods). The profile 
likelihood is given in Methods. A comparison with previous mea-
surements is shown in Fig. 4.

The 3,850 ± 70 B+ → K+μ+μ− decay candidates that are observed 
are used to compute the B+ → K+μ+μ− branching fraction as a 
function of q2. The results are consistent between the different 
data-taking periods and with previous LHCb measurements37. 
The B+ → K+e+e− branching fraction is determined by combining 
the value of RK with the value of dB (B+

→ K

+
μ

+
μ

−)/dq2 in the 
region 1.1 < q2 < 6.0 GeV2 c−4 (ref. 37), taking into account correlated 
systematic uncertainties. This gives

dB (B+→K

+
e

+
e

−)
dq

2

(1.1 < q

2

< 6.0GeV

2

c

−4)

= (28.6 + 1.5

− 1.4

± 1.3)× 10

−9

c

4

GeV

−2

.

The 1.9% uncertainty on the B+ → J/ψK+ branching fraction2  
gives rise to the dominant systematic uncertainty. This is the most 
precise measurement of this quantity to date and, given the large 
(O(10%)) theoretical uncertainty on the predictions7,66, is consis-
tent with the SM.

A breaking of lepton universality would require an extension of 
the gauge structure of the SM that gives rise to the known funda-
mental forces. It would therefore constitute a significant evolution 
in our understanding and would challenge an inference based on 
a wealth of experimental data in other processes. Confirmation of 
any effect beyond the SM will clearly require independent evidence 
from a wide range of sources.

Measurements of other RH observables with the full LHCb data-
set will provide further information on the quark-level processes 
measured. In addition to affecting the decay rates, new physics can 
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Fig. 3 | Differential rJ/ψ measurement. The distributions of the B+ transverse momentum (pT, left) and the ratio rJ/ψ (right) relative to its average 
value < r

J/ψ

> as a function of pT. The pT spectrum of the B+!→!J/ψK+ decays is similar to that of the corresponding B+!→!K+ℓ+ℓ− decays such that the 
measurement of rJ/ψ tests the kinematic region relevant for the RK measurement. The lack of any dependence of the value of r

J/ψ

/ < r

J/ψ

> as a function  
of B+ pT demonstrates control of the efficiencies. Uncertainties on the data points are statistical only and represent one standard deviation.
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Fig. 4 | Comparison between RK measurements. In addition to the LHCb 
result, the measurements by the BaBar15 and Belle13 collaborations, which 
combine B+!→!K+ℓ+ℓ− and B0 → K

0

S

!+!− decays, are also shown. The 
vertical dashed line indicates the SM prediction. Uncertainties on the data 
points are the combination of statistical and systematic and represent one 
standard deviation.
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Lepton Flavor Anomalies
✦ Recently, a number of lepton flavor 

anomalies have been observed in various 
semileptonic channels, largely driven by 
the LHCb experiment:


๏ ~3σ tension in R(D/D*), the ratio of  
𝓑(b → cτν)/𝓑(b → cƖν) [tree-level 
process]


๏ ~2σ tension in R(J/ψ), the ratio of  
𝓑(b → cτν)/𝓑(b → cƖν) [tree-level 
process]


๏ ~2σ deficit in various b → sμ+μ- 
transitions, compared to theory 
predictions, both in inclusive and 
differential measurements  
[loop-level process]


๏ ~3σ tension in R(K), R(K*), the ratio of  
𝓑(b → sμ+μ-)/𝓑(b → se+e-)  
[loop-level process]


✦ Arguably the strongest hints of new 
physics to date that survived a dozen of 
years of the LHC program

5
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decay modes, a total shift on RK is computed for each of the vari-
ables examined. The resulting variations are typically at the permille 
level and hence well within the estimated systematic uncertainty on 
RK. Similarly, computations of the rJ/ψ ratio in bins of two kinematic 
variables also do not show any trend and are consistent with the 
systematic uncertainties assigned on the RK measurement.

In addition to B+ → J/ψK+ decays, clear signals are observed from 
B+ → ψ(2S)K+ decays. The double ratio of branching fractions, Rψ(2S), 
defined by

R

ψ(2S)

= B (B+→ψ(2S)(→μ

+
μ

−)K+)
B (B+→J/ψ(→μ

+
μ

−)K+)
/

B (B+→ψ(2S)(→e

+
e

−)K+)
B (B+→J/ψ(→e

+
e

−)K+)
,

(3)

provides an independent validation of the double-ratio analysis 
procedure and further tests the control of the efficiencies. This 
double ratio is expected to be close to unity2 and is determined to 
be 0.997 ± 0.011, where the uncertainty includes both statistical 
and systematic effects, the former of which dominates. This can be 
interpreted as a world-leading test of lepton flavour universality in 
ψ(2S) → ℓ+ℓ− decays.

The fit projections for the m(K+ℓ+ℓ−) and mJ/Ψ(K+ℓ+ℓ−) distribu-
tions are shown in Fig. 2. The fit is of good quality, and the value of 
RK is measured to be

R

K

(1.1 < q

2

< 6.0GeV

2

c

−4) = 0.846

+0.042+0.013

−0.039−0.012

,

where the first uncertainty is statistical and the second systematic. 
Combining the uncertainties gives 

R

K

= 0.846

+ 0.044

− 0.041

. This is the 
most precise measurement to date and is consistent with the SM 
expectation, 1.00 ± 0.01 (refs. 3–7), at the level of 0.10% (3.1 standard 
deviations), giving evidence for the violation of lepton universality 
in these decays. The value of RK is found to be consistent in sub-
sets of the data divided on the basis of data-taking period, differ-
ent selection categories and magnet polarity (Methods). The profile 
likelihood is given in Methods. A comparison with previous mea-
surements is shown in Fig. 4.

The 3,850 ± 70 B+ → K+μ+μ− decay candidates that are observed 
are used to compute the B+ → K+μ+μ− branching fraction as a 
function of q2. The results are consistent between the different 
data-taking periods and with previous LHCb measurements37. 
The B+ → K+e+e− branching fraction is determined by combining 
the value of RK with the value of dB (B+

→ K

+
μ

+
μ

−)/dq2 in the 
region 1.1 < q2 < 6.0 GeV2 c−4 (ref. 37), taking into account correlated 
systematic uncertainties. This gives

dB (B+→K

+
e

+
e

−)
dq

2

(1.1 < q

2

< 6.0GeV

2

c

−4)

= (28.6 + 1.5

− 1.4

± 1.3)× 10

−9

c

4

GeV

−2

.

The 1.9% uncertainty on the B+ → J/ψK+ branching fraction2  
gives rise to the dominant systematic uncertainty. This is the most 
precise measurement of this quantity to date and, given the large 
(O(10%)) theoretical uncertainty on the predictions7,66, is consis-
tent with the SM.

A breaking of lepton universality would require an extension of 
the gauge structure of the SM that gives rise to the known funda-
mental forces. It would therefore constitute a significant evolution 
in our understanding and would challenge an inference based on 
a wealth of experimental data in other processes. Confirmation of 
any effect beyond the SM will clearly require independent evidence 
from a wide range of sources.

Measurements of other RH observables with the full LHCb data-
set will provide further information on the quark-level processes 
measured. In addition to affecting the decay rates, new physics can 
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Fig. 3 | Differential rJ/ψ measurement. The distributions of the B+ transverse momentum (pT, left) and the ratio rJ/ψ (right) relative to its average 
value < r

J/ψ

> as a function of pT. The pT spectrum of the B+!→!J/ψK+ decays is similar to that of the corresponding B+!→!K+ℓ+ℓ− decays such that the 
measurement of rJ/ψ tests the kinematic region relevant for the RK measurement. The lack of any dependence of the value of r

J/ψ

/ < r

J/ψ

> as a function  
of B+ pT demonstrates control of the efficiencies. Uncertainties on the data points are statistical only and represent one standard deviation.
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Fig. 4 | Comparison between RK measurements. In addition to the LHCb 
result, the measurements by the BaBar15 and Belle13 collaborations, which 
combine B+!→!K+ℓ+ℓ− and B0 → K

0

S

!+!− decays, are also shown. The 
vertical dashed line indicates the SM prediction. Uncertainties on the data 
points are the combination of statistical and systematic and represent one 
standard deviation.
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CMS and Flavor Anomalies
✦ In CMS, a number of analyses probing these anomalies are 

ongoing

๏ While no new results are available as of yet, expect the first new 

results to become public this summer and the coming fall

✦ These analyses use both the 2018 parked data (1010 unbiased b 

hadron decays on tape) and standard dimuon triggers:

๏ R(K) - parked data

๏ R(D*) - parked data (leptonic τ decays)

๏ R(J/ψ) =  - non-parked data 

(both the muonic and hadronic τ decays)

๏ B/Bs(μμ) - non-parked data, full Run 2 analysis

๏ P5' and differential branching fractions in  decays - 

non-parked data, full Run 2 analysis

๏ Also have  and  angular analyses in 

progress using non-parked data, full Run 2 analyses

ℬ(B+
c → J/ψτ+ντ)/ℬ(B+

c → J/ψμ+νμ)

B0 → μ+μ−K0*

B± → μ+μ−K± B0
s → μ+μ−ϕ6
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CMS 2018 B Parking
✦ As the luminosity drops, turn on various single-muon  

|η|-restricted seeds, which allow to keep L1 rate 
constant and increase HLT rate toward the end of 
each fill

7

Trigger strategy — L1

Tag B 
w/ displaced µ

Probe B

!5

2017

2018
Turn on different single muon 
h-restricted L1 seeds as the 
inst. luminosity decreases

S. Fiorendi

R. Manzoni

M. Verzetti

Trigger strategy — L1

Tag B 
w/ displaced µ

Probe B

!5

2017

2018
Turn on different single muon 
h-restricted L1 seeds as the 
inst. luminosity decreases

S. Fiorendi

R. Manzoni

M. Verzetti

Trigger strategy

Tag B 
w/ displaced µ

Probe B

!4

Probe B is unbiased,  
even better than LHCb  
that triggers on the decaying B  
they use for analysis

Trigger strategy — HLT

Tag B 
w/ displaced µ

Probe B

!6

Brief summary of data-taking

 5

Fill Range HLT Set

6659 - 6666 FirstRun

6672 - 6683 Set1

6688 - 6690 Set1(*)

6693 - 6761 Set1

6762 Set2 (*)

6763 - now Set2

 

Lumi col. 
[E34] FirstRun Set1 Set2

1.6 - - HLT_Mu12_IP6

1.4 - HLT_Mu9_IP6 HLT_Mu9_IP6

1.2 - HLT_Mu9_IP6 HLT_Mu9_IP5

1 HLT_Mu9_IP6 
HLT_Mu10p5_IP3p5 
HLT_Mu8p5_IP3p5

HLT_Mu9_IP6 HLT_Mu9_IP5

0.8 HLT_Mu8_IP3 HLT_Mu7_IP4

• Most of data taken so far with Set1 

• since Fill 6693, a slightly looser L1 seed was 
active at 1.2E34 

• Starting from HLT Menu v2.2, an optimized 
version of the trigger proposal (Set2) which 
improves by 15% the number of saved B is running 
online

(*) incorrect prescales of L1 seeds

Carefully tuned thresholds to 
maximise physics outcome: 
probe Bs in acceptance

Avg. rate: >2kHz

S. Fiorendi

R. Manzoni

M. Verzetti

04-10-2018|G.Karathanasis CMS Week | B Parking 9

L1 Seeds/HLT Paths development

S. Fiorendi, R. Manzoni, M. Verzetti

- Tuning/optimizing paths for 
maximum performance, during data-
taking
- As luminosity decreases, η-
restricted seeds keep the L1 rate 
constant
- HLT main paths: HLT_Mu9_IP6,5,4
- Trigger strategy optimized for high 
purity using MC

Lumi 
(E34)

L1 seed HLT rate purity #B

1.7 Mu12er1p5 Mu12_IP6 1585 0.92 10.5M

1.5 Mu10er1p5 Mu9_IP5 3656 0.80 21M

1.3 Mu8er1p5 Mu9_IP5 3350 0.80 20M

1.1 Mu8er1p5 Mu7_IP4 6153 0.59 33M

0.9 Mu7er1p5 Mu7_IP4 5524 0.59 29M

Current proposal

L1L1
HLT

Introduction – Trigger Studies – Electron Reconstruction – B reconstruction - Summary

<PU> = 20

~50/fb of data 
recorded

~13B events =  
~10B b hadrons
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R(K) General Strategy
✦ Low-pT electrons are very hard (spent three years 

optimizing the reconstruction and selection - a lot 
more challenging than we originally thought) - do not 
expect competitive precision in R(K) with the 2018 
parked data

๏ Rethinking trigger strategy for Run 3

๏ Focusing on high precision in the muon channel, which 

may shed light on whether muons are suppressed 
compared to the SM predictions, which LHCb data 
seem to indicate

8
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Bs(µµ) Status
✦ ATLAS, CMS, LHCb combination: ~2σ tension w.r.t. the SM prediction - 

similar to other b → sμμ decays

✦ New LHCb result based on full 9/fb data set reduces the tension to ~1σ

9

C
M

S 
PA

S 
BP

H
-2

0-
00

3

https://cds.cern.ch/record/2727216/files/BPH-20-003-pas.pdf
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Bs(µµ) Status
✦ ATLAS, CMS, LHCb combination: ~2σ tension w.r.t. the SM prediction - 

similar to other b → sμμ decays

✦ New LHCb result based on full 9/fb data set reduces the tension to ~1σ
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Figure 2: Two-dimensional profile likelihood of the branching fractions for the decays (top)
B0

s ! µ+µ� and B0! µ+µ�, (bottom left) B0! µ+µ� and B0
s ! µ+µ�� and (bottom right)

B0
s ! µ+µ� and B0

s ! µ+µ��. The B0
s ! µ+µ�� branching fraction is limited to the range

mµµ > 4.9GeV/c2. The measured central values of the branching fractions are indicated with
a blue dot. The profile likelihood contours for 68%, 95% and 99% CL regions of the result
are shown as blue contours, while in the top plot the brown contours indicate the previous
measurement [10] and the red cross shows the SM prediction.

form part of the B0
s
! µ+µ� candidate. These more restrictive trigger requirements are

imposed in order to improve the modelling of the decay-time dependence of the trigger
e�ciency in simulation.

In order to determine the B0
s
! µ+µ� e↵ective lifetime the data are divided into two

7
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.041801
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Figure 1: Measurements of fs/fd sensitive observables as a function of the B-meson transverse
momentum, pT, overlaid with the fit function. The scaling factors rAF and rE are defined in the
text; the variable R is defined in Eq. 4. The vertical axes are zero-suppressed. The uncertainties
on the data points are fully independent of each other; overall uncertainties for measurements in
multiple pT intervals are propagated via scaling parameters, as described in the text. The band
associated with the fit function shows the uncertainty on the post-fit function for each sample.

is performed to verify the significance of the dependence of the intercept on the energy;
the di↵erence in �2 corresponds to an F-test statistic of 13.2 and to a significance of
5.9 standard deviations (�). Similarly, but less significantly, requiring only the slope
parameters to be common among the energies increases the �2 by 22 for two fewer
parameters, corresponding to an F-test significance of 2.7 �.

Many of the input measurements also provide results as a function of pseudorapidity,
none of them reporting any dependence on ⌘. A combined fit as a function of ⌘ is also
performed here. No dependence on pseudorapidity is found and the fs/fd value is found
to be in agreement with the one obtained through the fit as a function of transverse
momentum.

4.2 B0
s ! J/ � and B0

s ! D�
s ⇡

+
branching fractions

An additional output from the fit is FR, the ratio of the relative B0
s ! J/ � (with

� ! K+K�) to B+ ! J/ K+ branching fractions, as in Eq. 4. The measurement of
the B0

s ! J/ � branching fraction reported here is time-integrated, and as such should
be compared with theoretical predictions that include a correction for the finite B0

s -B
0
s

width di↵erence [46]. In addition, the total e�ciency varies for di↵erent e↵ective lifetimes;
therefore, branching fraction measurements should be reported for a given e↵ective lifetime

8

On the Normalization
✦ At the moment, all three LHC collaborations use B+ → J/ψK+ as the 

normalization channel [LHCb also uses B0 → K+π-, assuming fu = fd, but 
the statistical weight in the combination is dominated by the former]


๏ This brings the fs/fu fragmentation function ratio as the necessary input to the 
branching fraction measurement


๏ The current LHCb best value is 0.254 ± 0.008 [assuming fu = fd]

๏ In the CMS case, we increase the  

uncertainty to  cover possible  
8 TeV/13 TeV and pT variations  
[the latter is reported at ~8σ by  
the LHCb at 13 TeV, but not seen  
by ATLAS or internally in CMS]


๏ As a result, in CMS we add a 0.015 =  
0.008 ⊕ 0.013 uncertainty and use:


✤ fs/fu = 0.252 ± 0.019

๏ This 6% uncertainty is one of the most  

dominant in the overall result, so it's  
important to reduce it

10

slope: (-17.6 ± 2.1)x10-4 pT/GeV

LHCb PRD 104 (2021) 032005

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.032005
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World Average fs/fd
✦ Given the tension between different measurements 

of FFR and the claimed pT dependence by LHCb, 
world average FFR are no longer being updated:

๏ From HFLAV arXiv:1909.12524


✦ PDG still provides the world average values:

11

where the strongly asymmetric uncertainty on f⌥ (5S)
B/

is due to the one-sided constraint from
the observed (bb)X decays. These results, together with their correlations, imply

f⌥ (5S)
s

/f⌥ (5S)
u,d

= 0.261+0.051
�0.043 . (27)

This is in fair agreement with BABAR results [29], obtained as a function of centre-of-mass
energy and as a by-product of another measurement, and which are not used in our average
due to insufficient information.

The production of B0
s

mesons at the ⌥ (5S) is observed to be dominated by the B⇤0
s
B

⇤0
s

channel, with �(e+e� ! B⇤0
s
B

⇤0
s
)/�(e+e� ! B(⇤)0

s B
(⇤)0
s

) = (87.0 ± 1.7)% [30] measured as
described in Ref. [31]. The proportions of the various production channels for non-strange B
mesons have also been measured [17].

4.1.3 b-hadron production fractions at high energy

At high energy, all species of weakly decaying b hadrons may be produced, either directly or in
strong and electromagnetic decays of excited b hadrons. Before 2010, it was assumed that the
fractions of different species in unbiased samples of high-pT b-hadron jets where independent
of whether they originated from Z0 decays, pp collisions at the Tevatron, or pp collisions at
the LHC. This hypothesis was plausible under the condition Q2

� ⇤2
QCD, namely, that the

square of the momentum transfer to the produced b quarks is large compared with the square
of the hadronization energy scale. This hypothesis is correct in the limit pT ! 1, in which
the production mechanism of a b hadron is completely described by the fragmentation of the b
quark. For finite pT , however, there are interference effects of the production mechanism of the
b quark and its hadronization. While formally suppressed by inverse powers of pT , these effects
may be sizable, especially when the fragmentation probabilities are small as e.g. in the case of
b baryons. In fact, the available data show that the fractions depend on the kinematics of the
produced b hadron. Both CDF and LHCb report a pT dependence of the fractions, with the
fraction of ⇤0

b
baryons observed at low pT being enhanced with respect to that seen at LEP at

higher pT.
We present here two sets of averages: one set includes only measurements performed at

LEP, and the second set includes only measurements performed by CDF at the Tevatron.3
While the first set is well defined and is basically related to branching fractions of inclusive Z0

decays, the other set is somewhat ill-defined, since it depends on the kinematic region covered
by the experiment and over which the measurements are integrated.

Contrary to what happens in the charm sector, where the fractions of D+ and D0 are
different, the relative production rate of B+ and B0 is not affected by the electromagnetic
decays of excited B⇤+ and B⇤0 states and strong decays of excited B⇤⇤+ and B⇤⇤0 states.
Decays of the type B⇤⇤0

s
! B(⇤)K also contribute to the B+ and B0 rates, but with the same

magnitude if mass effects can be neglected. We therefore assume equal production of B+ and
B0 mesons. We also neglect the production of weakly decaying states made of several heavy
quarks (such as B+

c
or doubly heavy baryons) which is much smaller. Hence, for the purpose

3The LHC production fractions results are still incomplete, lacking measurements of the production of
weakly-decaying baryons heavier than ⇤0

b . In Ref [1], we provided also a third set of averages including mea-
surements performed at LEP, Tevatron and LHC, but this was mostly for comparison with previous averages.
We have decided to discontinue these “world averages”, because they mix environments with different fractions.

278 75. B0–B
0 Mixing

Table 75.1: ‰ and b-hadron fractions (see text).

in Z decays [8] at Tevatron [8] at LHC [89–91]
‰ 0.1259 ± 0.0042 0.147 ± 0.011
fu = fd 0.408 ± 0.007 0.344 ± 0.021
fs 0.100 ± 0.008 0.115 ± 0.013
fbaryon 0.084 ± 0.011 0.198 ± 0.046
fs/fd 0.246 ± 0.023 0.333 ± 0.040 0.247 ± 0.009

Figure 75.3: 68% CL contours in the („cc̄s
s , ∆≈s) plane, showing all measurements from CDF [70],

DØ [71], ATLAS [72,73], CMS [74] and LHCb [28,29,75,76,93], with their preliminary average [8].
The very thin black rectangle represents the Standard Model predictions of „cc̄s

s [57] and ∆≈s [9].

semileptonic decays of »0

b , B0
s , B0

d and Bu [90]. ATLAS has measured fs/fd using B0
s æ J/Â„ and

B0
æ J/ÂKú0 decays [91]. Both CDF and LHCb observe that the ratio f»0

b
/(fu + fd) decreases

with the transverse momentum of the lepton+charm system, indicating that the b-hadron fractions
are not the same in di�erent environments. A combination of the available information from LEP
and Tevatron yields, under the constraints fu = fd, fu + fd + fs + fbaryon = 1 and Eq. (75.22), the
averages of the first two columns of Table 75.1, while the third column shows the average of LHC
measurements of fs/fu = fs/fd, which are all compatible. The B+

c fraction, neglected in the above
constraints, has been measured for the first time by LHCb to be (0.26 ± 0.06)% [92].

75.6 CP -violation studies
Evidence for CP violation in B0

q –B
0

q mixing has been searched for, both with flavor-specific and
inclusive B0

q decays, in samples where the initial flavor state is tagged, usually with a lepton from

1st December, 2021

Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

https://academic.oup.com/ptep/article/2020/8/083C01/5891211
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Normalization (cont'd)
✦ One possibility is to use the Bs →J/ψɸ decay, for normalization, which 

should eliminate the need for the fs/fu ratio

✦ Currently, the world average [PDG] is based on two results:


๏ Belle, Y(5S) → BsBs, B(Bs →J/ψɸ) = 1.25 ± 0.24

๏ LHCb, 7 TeV: B(Bs →J/ψɸ) = 1.050 ± 0.105


✤ Unfortunately, the LHCb result uses B+ → J/psi K+ as the normalization channel, 
so this measurement is ~100% correlated with their fs/fu measurement - not an 
independent result


✤ N.B. ATLAS uses a theory prediction on B(Bs →J/ψɸ)/B(B →J/ψK*) = 0.83 +- 
0.03 [Liu, Wang, Xie, PRD 89 (2014) 024010] for their fs/fd ratio - but it's not 
reliable


✦ Can CMS use some other Bs decay mode to normalize?

๏ Not really as none of them have been measured to a precision better than 

10%, and most are affected by the same normalization channel issue

✦ Really need a Belle II Y(5S) measurement to make a breakthrough in 

precision

๏ Why don't they run on the Y(5S) first??? 😃

12
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FFR in CMS
✦ Several analyses are ongoing, with the results expected 

this summer:

๏ FFR with charmonium Bs → J/ψφ, B0 →J/ψK* (non-parked 

data; shape measurement - testing claimed pT dependence)

๏ FFR with fully hadronic charm decays Bs → Ds-π+/K+, B0 → 

D-K+ via D-π+ (parked data)

๏ FFR with charmonium Bs → J/ψφ, B0 →J/ψK* (parked data)


✦ However, one has to use theoretical input to calculate the 
FFR in hadronic charm decays (the present measurement 
of B(Bs → Ds-π+) is dominated by LHCb and uses fs/fd as 
an input): B(Bs → Ds-π+) = (2.99 ± 0.24)x10-3


✦ Belle measurement has a 20% uncertainty: B(Bs → Ds-π+) 
= (3.6 ± 0.5 ± 0.5)x10-313
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Theoretical Calculations
✦ The LHCb extraction is based on the QCD factorization 

framework [Fleischer, Serra, Tuning PRD 83 (2011) 014017]:

๏ Cabibbo-suppressed D-K+ channel is cleaner than the D-π+ 

channel, due to the lack of an extra non-factorizable diagram

14
J
H
E
P
0
4
(
2
0
1
3
)
0
0
1

relative decay rates can be used to determine the ratio of fragmentation fractions for B0
s

and B0 mesons through

fs
fd

=
B(B0! D�K+)

B(B0
s ! D�

s ⇡+)

✏DK

✏Ds⇡

NDs⇡

NDK

= �PS

����
Vus

Vud

����
2✓fK

f⇡

◆2 ⌧B0

⌧B0
s

1

NaNF

B(D� ! K+⇡�⇡�)

B(D�
s ! K+K�⇡�)

✏DK

✏Ds⇡

NDs⇡

NDK
, (1.1)

where N corresponds to a signal yield, ✏ corresponds to a total e�ciency, ⌧B0
s
/⌧B0 =

0.984 ± 0.011 [7] corresponds to the ratio of lifetimes and B(D� ! K+⇡�⇡�) = (9.14 ±
0.20)% [8] and B(D�

s ! K+K�⇡�) = (5.50 ± 0.27)% [9] correspond to the D�
(s) meson

branching fractions. The factor Na = 1.00± 0.02 accounts for the ratio of non-factorizable

corrections [10], NF = 1.092 ± 0.093 for the ratio of B0
(s) ! D�

(s) form factors [11], and

�PS = 0.971 for the di↵erence in phase space due to the mass di↵erences of the initial and

final state particles. The numerical values used for the CKM matrix elements are |Vus| =
0.2252, |Vud| = 0.97425, and for the decay constants are f⇡ = 130.41MeV, fK = 156.1MeV,

with negligible uncertainties, below 1% [2]. The measurement is not statistically limited by

the size of the B0! D�K+ sample , and therefore the theoretically less clean B0! D�⇡+

decays, where exchange diagrams contribute to the total amplitude, do not contribute to

the knowledge of fs/fd .

The ratio of fragmentation fractions can depend on the centre-of-mass energy, as well

as on the kinematics of the B0
(s) meson, as was studied previously at LHCb with partially

reconstructed B decays [4]. The dependence of the ratio of fragmentation fractions on

the transverse momentum pT and pseudorapidity ⌘ of the B0
(s) meson is determined using

fully reconstructed B0! D�⇡+ and B0
s ! D�

s ⇡
+ decays. Since it is only the dependence

that is of interest here, the more abundant B0 ! D�⇡+ decay is used rather than the

B0! D�K+ decay. The B0! D�K+ and B0! D�⇡+ decays are also used to determine

their ratio of branching fractions, which can be used to quantify non-factorizable e↵ects in

such heavy-to-light decays [10].

The paper is organised as follows: the detector is described in section 2, followed

by the event selection and the relative selection e�ciencies in section 3. The fit to the

mass distributions and the determination of the signal yields are discussed in section 4.

The systematic uncertainties are presented in section 5, and the final results are given in

section 6.

2 Detector and software

The LHCb detector [12] is a single-arm forward spectrometer covering the pseudorapidity

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector

includes a high precision tracking system consisting of a silicon-strip vertex detector sur-

rounding the pp interaction region, a large-area silicon-strip detector located upstream of

a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip

detectors and straw drift tubes placed downstream. Data are taken with both magnet

polarities. The combined tracking system has momentum resolution �p/p that varies from

– 2 –

Table 2: External inputs used in the hadronic and semileptonic analyses updated with respect
to previous publications. The value of NE is updated using Ref. [7]. The values of CKM matrix
elements ratio |Vus|/|Vud| and of the meson decay constants’ ratio fK/f⇡ are the same as in
Ref. [9].

Input Value Reference

B(D0! K+⇡�) (3.999± 0.045)% [6]
B(D�! K+⇡�⇡�) (9.38± 0.16)% [7]
B(D�

s ! K�K+⇡�) (5.47± 0.10)% [6,39]

⌧B0
s
/⌧B0 1.006± 0.004 [6]

(⌧B+ + ⌧B0)/2⌧B0
s

1.032± 0.005 [6]
(1� ⇠s) 1.010± 0.005 [34]

Na 1.000± 0.020 [36]
NF 1.000± 0.042 [19, 40]
NE 0.966± 0.062 [7, 36]

|Vus|fK/|Vud|f⇡ 0.2767 [9]

of this decay mode is very powerful for studying the
p
s and pT dependence of the

fragmentation fraction ratio. The measurement in Ref. [16] includes a full amplitude
analysis of the B0

s ! J/ K+K� decay in order to separate the components in the K+K�

spectrum. The largest resonant contributions are from the f0(980), the �, and the f 0(1525)
mesons. In the mass region close to the � resonance, in addition to the f0(980) meson,
there is also a non-resonant S-wave component. The total S-wave fraction is in general not
negligible [16] and varies as a function of the K+K� invariant mass. When considering
a small window around the � resonance mass, the S-wave contribution is significantly
reduced. The B0

s ! J/ � measurement from Ref. [10], required a tight mass window
of ±10MeV around the � mass; therefore, the contribution of the S-wave component is
suppressed to (1.0± 0.2)%. This contribution is subtracted from the final value of the
branching fraction reported in this paper.

To determine fs/fd, the semileptonic and hadronic measurements rely on external
inputs from theory and experiment; most prominently, the D�, D0 and D�

s meson
branching fractions to the considered decay modes, the B+, B0 and B0

s meson lifetimes,
and the theory predictions for the Na, NF , and NE parameters. In this combined analysis,
all of the external inputs have been updated to their currently best known values, as
shown in Table 2. For B(D�

s ! K�K+⇡�), a recent result from BESIII [39] is included
and the weighted average of all current measurements is taken. For NE, the prediction
from Ref. [36] is used, which is based on the ratio of branching fractions of the decays
B0 ! D⇤�K+ and B0 ! D⇤�⇡+ and is updated using their current world averages [7].
The measurements and their uncertainties are thus rescaled to take into account the
updated external inputs. The variation of the B-meson lifetimes could a↵ect the estimates
of the e�ciencies used to determine fs/fd; it has been checked that this e↵ect is negligible
compared to the systematic uncertainties associated with each measurement.

5
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Theoretical Calculations
✦ The LHCb extraction is based on the QCD factorization 

framework [Fleischer, Serra, Tuning PRD 83 (2011) 014017]:

๏ Cabibbo-suppressed D-K+ channel is cleaner than the D-π+ 

channel, due to the lack of an extra non-factorizable diagram
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relative decay rates can be used to determine the ratio of fragmentation fractions for B0
s

and B0 mesons through

fs
fd

=
B(B0! D�K+)

B(B0
s ! D�

s ⇡+)

✏DK

✏Ds⇡

NDs⇡

NDK
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Vud
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NaNF

B(D� ! K+⇡�⇡�)

B(D�
s ! K+K�⇡�)

✏DK

✏Ds⇡

NDs⇡

NDK
, (1.1)

where N corresponds to a signal yield, ✏ corresponds to a total e�ciency, ⌧B0
s
/⌧B0 =

0.984 ± 0.011 [7] corresponds to the ratio of lifetimes and B(D� ! K+⇡�⇡�) = (9.14 ±
0.20)% [8] and B(D�

s ! K+K�⇡�) = (5.50 ± 0.27)% [9] correspond to the D�
(s) meson

branching fractions. The factor Na = 1.00± 0.02 accounts for the ratio of non-factorizable

corrections [10], NF = 1.092 ± 0.093 for the ratio of B0
(s) ! D�

(s) form factors [11], and

�PS = 0.971 for the di↵erence in phase space due to the mass di↵erences of the initial and

final state particles. The numerical values used for the CKM matrix elements are |Vus| =
0.2252, |Vud| = 0.97425, and for the decay constants are f⇡ = 130.41MeV, fK = 156.1MeV,

with negligible uncertainties, below 1% [2]. The measurement is not statistically limited by

the size of the B0! D�K+ sample , and therefore the theoretically less clean B0! D�⇡+

decays, where exchange diagrams contribute to the total amplitude, do not contribute to

the knowledge of fs/fd .

The ratio of fragmentation fractions can depend on the centre-of-mass energy, as well

as on the kinematics of the B0
(s) meson, as was studied previously at LHCb with partially

reconstructed B decays [4]. The dependence of the ratio of fragmentation fractions on

the transverse momentum pT and pseudorapidity ⌘ of the B0
(s) meson is determined using

fully reconstructed B0! D�⇡+ and B0
s ! D�

s ⇡
+ decays. Since it is only the dependence

that is of interest here, the more abundant B0 ! D�⇡+ decay is used rather than the

B0! D�K+ decay. The B0! D�K+ and B0! D�⇡+ decays are also used to determine

their ratio of branching fractions, which can be used to quantify non-factorizable e↵ects in

such heavy-to-light decays [10].

The paper is organised as follows: the detector is described in section 2, followed

by the event selection and the relative selection e�ciencies in section 3. The fit to the

mass distributions and the determination of the signal yields are discussed in section 4.

The systematic uncertainties are presented in section 5, and the final results are given in

section 6.

2 Detector and software

The LHCb detector [12] is a single-arm forward spectrometer covering the pseudorapidity

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector

includes a high precision tracking system consisting of a silicon-strip vertex detector sur-

rounding the pp interaction region, a large-area silicon-strip detector located upstream of

a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip

detectors and straw drift tubes placed downstream. Data are taken with both magnet

polarities. The combined tracking system has momentum resolution �p/p that varies from

– 2 –

Table 2: External inputs used in the hadronic and semileptonic analyses updated with respect
to previous publications. The value of NE is updated using Ref. [7]. The values of CKM matrix
elements ratio |Vus|/|Vud| and of the meson decay constants’ ratio fK/f⇡ are the same as in
Ref. [9].

Input Value Reference

B(D0! K+⇡�) (3.999± 0.045)% [6]
B(D�! K+⇡�⇡�) (9.38± 0.16)% [7]
B(D�

s ! K�K+⇡�) (5.47± 0.10)% [6,39]

⌧B0
s
/⌧B0 1.006± 0.004 [6]

(⌧B+ + ⌧B0)/2⌧B0
s

1.032± 0.005 [6]
(1� ⇠s) 1.010± 0.005 [34]

Na 1.000± 0.020 [36]
NF 1.000± 0.042 [19, 40]
NE 0.966± 0.062 [7, 36]

|Vus|fK/|Vud|f⇡ 0.2767 [9]

of this decay mode is very powerful for studying the
p
s and pT dependence of the

fragmentation fraction ratio. The measurement in Ref. [16] includes a full amplitude
analysis of the B0

s ! J/ K+K� decay in order to separate the components in the K+K�

spectrum. The largest resonant contributions are from the f0(980), the �, and the f 0(1525)
mesons. In the mass region close to the � resonance, in addition to the f0(980) meson,
there is also a non-resonant S-wave component. The total S-wave fraction is in general not
negligible [16] and varies as a function of the K+K� invariant mass. When considering
a small window around the � resonance mass, the S-wave contribution is significantly
reduced. The B0

s ! J/ � measurement from Ref. [10], required a tight mass window
of ±10MeV around the � mass; therefore, the contribution of the S-wave component is
suppressed to (1.0± 0.2)%. This contribution is subtracted from the final value of the
branching fraction reported in this paper.

To determine fs/fd, the semileptonic and hadronic measurements rely on external
inputs from theory and experiment; most prominently, the D�, D0 and D�

s meson
branching fractions to the considered decay modes, the B+, B0 and B0

s meson lifetimes,
and the theory predictions for the Na, NF , and NE parameters. In this combined analysis,
all of the external inputs have been updated to their currently best known values, as
shown in Table 2. For B(D�

s ! K�K+⇡�), a recent result from BESIII [39] is included
and the weighted average of all current measurements is taken. For NE, the prediction
from Ref. [36] is used, which is based on the ratio of branching fractions of the decays
B0 ! D⇤�K+ and B0 ! D⇤�⇡+ and is updated using their current world averages [7].
The measurements and their uncertainties are thus rescaled to take into account the
updated external inputs. The variation of the B-meson lifetimes could a↵ect the estimates
of the e�ciencies used to determine fs/fd; it has been checked that this e↵ect is negligible
compared to the systematic uncertainties associated with each measurement.
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Table 1 Numerical inputs and results for the QCDF expressions for
the branching fractions at leading power. We compare the results of
Ref. [2] with our results. The predictions for the B̄0

s branching frac-

tions are not time-integrated, and therefore differ from the measured
branching fractions by a factor of (1 − y2

s ) [20]

Quantity Unit This work Ref. [2] (2016)

F B̄→D
0 (M2

K ) – 0.672 ± 0.011 0.670 ± 0.031

F
B̄0
s →Ds

0 (M2
π ) – 0.673 ± 0.011 0.700 ± 0.100

AB̄→D∗
0 (M2

K ) – 0.708 ± 0.038 0.654 ± 0.068

A
B̄0
s →D∗

s
0 (M2

π ) – 0.689 ± 0.064 0.520 ± 0.060
∣∣a1(D+

s π−)
∣∣ – 1.0727+0.0125

−0.0140 1.073+0.012
−0.014∣∣a1(D+K−)

∣∣ – 1.0702+0.0101
−0.0128 1.070+0.010

−0.013∣∣a1(D∗+
s π−)

∣∣ – 1.0713+0.0128
−0.0137 1.071+0.013

−0.014∣∣a1(D∗+K−)
∣∣ – 1.0687+0.0103

−0.0125 1.069+0.010
−0.013

|Vcb| 10−3 41.1 ± 0.5 39.5 ± 0.8

|Vud | fπ MeV 127.13 ± 0.13 126.8 ± 1.4

|Vus | fK MeV 35.09 ± 0.06 35.06 ± 0.15

τBd ps 1.519 ± 0.004 1.520 ± 0.004

τBs ps 1.510 ± 0.004 1.505 ± 0.004

B(B̄0 → D+K−) 10−3 0.326 ± 0.015 0.301+0.032
−0.031

B(B̄0 → D∗+K−) 10−3 0.327+0.039
−0.034 0.259+0.039

−0.037

B(B̄0
s → D+

s π−) 10−3 4.42 ± 0.21 4.39+1.36
−1.19

B(B̄0
s → D∗+

s π−) 10−3 4.30+0.9
−0.8 2.24+0.56

−0.50

a method independent from the one investigated here.
We make the dependence on the Ds branching fraction
explicit also in this case, since it is an important uncer-
tainty and correlated with the other measurements in the
fit. The dependence on B(D− → K+π−π−) is not as
easily included and its contribution to the uncertainty not
as large as for the Ds case.

The fit results for these two scenarios are collected in Table 2
under “our fits (w/o QCDF)”. Both fits describe the avail-
able data perfectly, meaning there are no obvious incon-
sistencies among the measurements. We observe significant
shifts compared to the PDG fit results for B̄0 → D+K−

and B̄0 → D+π− modes, but overall our results are well
compatible with the PDG fit. More importantly, we obtain
the full correlation matrix for these branching fractions,
which allows to calculate their ratios with reduced uncer-
tainties. Our improvements significantly sharpen the pat-
tern that was apparent already in Refs. [2,4]: the ratios of
branching fractions are well reproduced, the largest differ-
ence between measurement and prediction is 1.3σ forRV/P

s .
On the other hand, what was a tendency to overestimate the
individual branching fractions in the past, is now a clear dis-
crepancy: naively we observe a 4σ difference between pre-
diction and measurement in B̄0

s → D+
s π−, over 5σ differ-

ence in B̄0 → D+K−, about 2σ in B̄0
s → D∗+

s π− and
3σ in B̄0 → D∗+K−. A fit to the same data as above, but

expressing all branching fractions by their QCDF expres-
sions without allowing for corrections results in χ2

min = 38.7
for 9 degrees of freedom. We see the following possibilities
to resolve this discrepancy:

1. One obvious option is the presence of large non-factorizable
contributions of O(15−20%) at amplitude level in each
of the modes. This was already discussed in Ref. [2],
where the discrepancy has a smaller statistical signif-
icance. When taking our new estimates in Eqs. (12)–
(14), which allow already for an enhancement by a fac-
tor of 10 in the hadronic matrix elements, at face value,
this scenario is clearly and significantly disfavoured at
the 4.4σ level. We emphasize that we do not only see
no enhancement in our calculation of next-to-leading
power contributions, but instead a systematic suppres-
sion by C1/a1 ∼ −1/3, which renders our result par-
ticularly small. Therefore even the generic expectation of
%QCD/mb ∼ 10% seems already on the high side. We
pursue this scenario nevertheless, which still allows us to
extract fs/ fd , albeit with increased uncertainties.

2. We entertain also the possibility that this is an experi-
mental issue. For that it is interesting to note that the
fit to the QCDF predictions becomes excellent as soon
as the measurements of the absolute branching fractions
B̄0 → D(∗)+π− are excluded from the fit. Both val-
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Using non-Cabibbo-Suppressed Channel

✦ In CMS, due to the lack of particle ID, Cabibbo-
suppressed channel is difficult

๏ Use non-Cabibbo-suppressed B0 → D-π+ instead and 

normalize to the theoretically clean channel via the ratio of 
the branching fractions: B(B0 → D-K+)/B(B0 → D-π+)


๏ This ratio is known to a rather fine 3.3% precision [PDG]: 
(8.22 ± 0.11 ± 0.25)%


๏ This is better than the precision on the non-factorizable 
diagram contribution NE = 0.966 ± 0.062


✦ Using parked data we can also 
measure B(Bs → J/ψφ)/ 
B(Bs→ Dsπ) and normalize the 
charmonium channel to the same  
(clean?) theoretical value!

15
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Bs(µµ) Prospective
✦ 3x more Run 2 data is yet to be analyzed - expect a 

significant improvement! - coming very soon!

✦ For the B(μμ) discovery, need HL-LHC; will also be able 

to probe the lifetime with sufficient enough precision to 
resolve the two Bs states
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3. Results 9
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Figure 5: Invariant mass distributions with the fit projection overlayed, corresponding to an
integrated luminosity of 3000 fb�1. The left plot shows the central barrel region, |h f | < 0.7 and
the right plot is for 0.7 < |h f | < 1.4.
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Figure 6: The binned maximum likelihood fit to the background-subtracted decay time distri-
bution for the Phase-2 scenario. The effective lifetime from the fit is 1.61 ±0.05 ps.

We provide the sensitivities of the measurement for the B
0
s ! µ+µ� effective lifetime and the

branching fractions of the rare decays of B
0
s and B

0 mesons to dimuons in Table 3. In the table,
the total relative uncertainties on the branching fractions of the B

0
s ! µ+µ� and B

0 ! µ+µ�

include both systematics and statistical uncertainties, while the absolute uncertainty on the B
0
s

effective lifetime is the statistical only. Based on the Run-2 analysis, it can be noted that the total
uncertainty on the B

0
s effective lifetime is currently dominated by the statistical uncertainty.

We have also repeated the pseudo-experiments without any systematics included. The results
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Figure 6: The binned maximum likelihood fit to the background-subtracted decay time distri-
bution for the Phase-2 scenario. The effective lifetime from the fit is 1.61 ±0.05 ps.

We provide the sensitivities of the measurement for the B
0
s ! µ+µ� effective lifetime and the

branching fractions of the rare decays of B
0
s and B

0 mesons to dimuons in Table 3. In the table,
the total relative uncertainties on the branching fractions of the B

0
s ! µ+µ� and B

0 ! µ+µ�

include both systematics and statistical uncertainties, while the absolute uncertainty on the B
0
s

effective lifetime is the statistical only. Based on the Run-2 analysis, it can be noted that the total
uncertainty on the B

0
s effective lifetime is currently dominated by the statistical uncertainty.

We have also repeated the pseudo-experiments without any systematics included. The results

10

show that the sensitivities of the B
0 branching ratios and of the range of the significance of B

0

observation do not change significantly. Therefore, it can be concluded that they are dominated
by the statistics of the total uncertainties. On the contrary, the sensitivity of the B

0
s branching

ratio reduces significantly that it is mostly driven by the systematic (⇠75%) uncertainties.

As an additional test to investigate the effect of the improved mass resolutions on the final
results, we have performed the pseudo-experiments assuming the Run-2 mass resolutions. The
studies show that there is a ⇠20% improvement in the sensitivity of the B

0 branching fraction
and the significance of its observation has a ⇠25% gain due to the upgraded Phase-2 CMS
tracker system.

Table 3: Estimated analysis sensitivity for different integrated luminosities. Columns in the
table, from left to right: the total integrated luminosity, the median expected number of recon-
structed B

0
s and B

0 mesons, the total uncertainties on the B
0
s ! µ+µ� and B

0 ! µ+µ� branch-
ing fractions, the range of the significance of B

0 observation (the range indicates the ±1s of the
distribution of significance) and the statistical uncertainty on the B

0
s ! µ+µ� effective lifetime.

L (fb�1) N(Bs) N(B
0) dB(Bs ! µµ) dB(B

0 ! µµ) s(B
0 ! µµ) d[t(Bs)](stat-only)

300 205 21 12% 46% 1.4 � 3.5s 0.15 ps
3000 2048 215 7% 16% 6.3 � 8.3s 0.05 ps

4 Conclusions
The inner tracker of the Phase-2 detector provides an order of 40-50% improvement on the
mass resolutions over the Run-2 case that will allow precise measurements of the B

0
s ! µ+µ�

and B
0 ! µ+µ� rare decays. The semileptonic background contribution into the signal regions

will be reduced substantially and the improved separation of the B
0
s and B

0 yields will lower
the signal cross feed contamination, which is crucial for the B

0 observation. With an integrated
luminosity of 3000 fb�1, CMS will have the capability to measure the B

0
s ! µ+µ� effective

lifetime with an error of about 0.05 ps and to observe the B
0 ! µ+µ� decay with more than 5

standard deviation significance.
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P'5: Experimental Situation
✦ Experimental situation: all over the place


๏ The results are consistent among the experiments; inconsistency with the theory 
is an open question (both experimentally and theoretically!)


✦ In CMS, working on the 13 TeV analysis with significantly higher statistics

๏ Will attempt to have finer bins and including the ones between J/ψ and ψ(2S)
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P'5: HL-LHC Projections
✦ Run 3 and HL-LHC projections


๏ Up to x15 improvement w/ 3 ab-1 compared to the  
8 TeV CMS result [PLB 781 (2018) 517]


๏ Should be possible to resolve the situation 
experimentally already in Run 3

18

6. Conclusions 5

The increased amount of collected data foreseen for Phase-2 offers us the opportunity to per-
form the angular analysis in narrower q

2 bins, in order to measure the P0
5 shape as a function of

q
2 with finer granularity. The q

2 region below the J/y mass (squared), which is more sensitive to
possible new physics effects, is considered. Each Run I q

2 bin is split into smaller and equal-size
bins trying to achieve a statistical uncertainty of the order of the total systematic uncertainty in
the same bin with the additional constraint of having a bin width at least 5 times larger than
the dimuon mass resolution sr. If both conditions cannot be satisfied, then only the looser re-
quirement on the 5sr bin width is imposed. The dimuon mass resolution is obtained from the
MC simulation as a function of q

2. With respect to the Phase-2 systematic uncertainties with
wider bins, the systematic uncertainties that were scaled the same as the statistical uncertain-
ties are adjusted to account for less data in each bin while the other systematic uncertainties are
unchanged. The resulting binning is given in Table 2, along with the projected statistical and
systematic uncertainties. The lower two pads of Fig. 3 show the projected statistical and total
uncertainties.

0 2 4 6 8 10 12 14 16 18 20
]2 [GeV2q

1−

0.5−

0

0.5   5P' CMS PLB 781 (2018) 517

with Stat. uncert. only

with YR18 syst. uncert.

-µ+µ*0 K→0B

CMS Phase-2 Simulation Preliminary  (14 TeV)1−300 fb

Figure 2: Projected statistical (hatched regions) and total (open boxes) uncertainties on the P0
5

parameter versus q
2 in the Phase-2 scenario with an integrated luminosity of 300 fb�1. The

CMS Run I measurement of P0
5 is shown by circles with inner vertical bars representing the

statistical uncertainties and outer vertical bars representing the total uncertainties. The vertical
shaded regions correspond to the J/y and y0 resonances.

6 Conclusions

The large amount of data expected from the HL-LHC will allow CMS to investigate rare B
physics decay channels and, in particular, precisely measure the P0

5 parameter shape in the
B0 ! K⇤0µ+µ� mode through an angular analysis. With the large data set of 3000 fb�1, cor-
responding to around 700K fully reconstructed B0 ! K⇤0µ+µ� events, the P0

5 uncertainties in
the q

2 bins are estimated to improve by up to a factor of 15 compared to the CMS measurement
from 20 fb�1 of 8 TeV data. We also studied the possibility to perform the analysis of the an-
gular observables in narrower q

2 bins, as a better determination of the P0
5 parameter shape will

allow significant tests for both beyond Standard Model physics and between different Stan-
dard Model calculations. The future sensitivity of the P0

5 angular variable has been presented,
however it is worth mentioning that, with the foreseen HL-LHC high statistics, CMS will have
the capability to perform a full angular analysis of the B0 ! K⇤0µ+µ� decay mode.

6
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Figure 3: Projected statistical (hatched regions) and total (open boxes) uncertainties on the P0
5

parameter versus q
2 in the Phase-2 scenario with an integrated luminosity of 3000 fb�1. The

CMS Run I measurement of P0
5 is shown by circles with inner vertical bars representing the

statistical uncertainties and outer vertical bars representing the total uncertainties. The vertical
shaded regions correspond to the J/y and y0 resonances. The two lower pads represent the
statistical (upper pad) and total (lower pad) uncertainties with the finer q

2 binning.
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B+ → K+*µµ Angular Analysis
✦ Recent result on a challenging charged B angular analysis, with 

the K+* reconstruction via the K0Sπ+ decay w/ 8 TeV 2012 data

๏ Good agreement with the SM predictions in muon AFB and K* FL

19

3

�UHVW�IUDPH

�UHVW�IUDPH

Figure 1: Definition of the angular observables qK (left), q` (middle), and f (right) for the decay
B+ ! K⇤+µ+µ�.

occurs through two effects: finite detector resolution resulting in a reconstructed dimuon mass
different than the true value, and decays of the two charmonium states in which a low-energy
photon is emitted in addition to the two muons. Two additional requirements are used to re-
move these contributions. First, candidates that satisfy either mJ/y � 5sq < q < mJ/y + 3sq

or |q � my(2S) | < 3sq are removed, where mJ/y and my(2S) are the world-average J/y and
y(2S) masses [27], respectively, and sq is the calculated uncertainty in q for each candidate.
The second requirement specifically targets the radiative background by using the fact that
the missing low-energy photon will shift q and m from their nominal values by a similar
amount. Thus, these events are suppressed by requiring |(m � mB+)� (q � mJ/y)| > 0.09 GeV
and |(m � mB+)� (q � my(2S) )| > 0.03 GeV. When the B+ ! K⇤+J/y decay mode is used as a
control sample, the requirements in this paragraph are not applied.

The Monte Carlo (MC) samples corresponding to the signal and control channels are simulated
using PYTHIA 6.426 [28], with the unstable particle decays modeled by EVTGEN [29]. The par-
ticles are then propagated through a detailed model of the CMS detector with GEANT4 [30].
The reconstruction and selection of the MC generated events follow the same algorithms as
for the collision data. The number and spatial distribution of additional pp collision vertices
in the same or nearby beam crossings in the data are simulated by weighting the MC samples
to match the distributions found in data. The signal MC samples are used to estimate the ef-
ficiency, which includes the detector acceptance, the trigger efficiency, and the efficiency for
reconstructing and selecting the signal candidates.

4 Angular analysis
The measurement of AFB and FL is performed in three q

2 regions: 1 < q
2 < 8.68 GeV2, 10.09 <

q
2 < 12.86 GeV2, and 14.18 < q

2 < 19 GeV2. The angular distribution of the signal process,
B+ ! K⇤+µ+µ�, depends on three variables as shown in Fig. 1: qK (the angle in the K⇤+

meson rest frame between the momentum of the K0
S meson and the negative of the B+ meson

momentum), q` (the angle in the dimuon rest frame between the momentum of the positively
charged muon and the negative of the B+ meson momentum), and f (the angle in the B+

meson rest frame between the plane containing the two muons and the plane containing the
K0

S and p+ mesons). Since the extracted angular observables AFB and FL do not depend on f,
this angle is integrated out. While the K0

Sp+ invariant mass is required to be consistent with
coming from a K⇤+ resonance decay, there can still be S-wave K0

Sp+ contributions [19, 31–33].
This is parameterized by two terms: the S-wave fraction, FS, and the interference amplitude,
AS, between S- and P-wave decays. The parameters AFB, FL, FS, and AS are functions of q

2.

8

Table 2: The YS, AFB, and FL values from the fit for each q
2 range. The first uncertainty is

statistical and the second is systematic.

q
2 (GeV2) YS AFB FL

1 – 8.68 22.1 ± 8.1 �0.14+0.32
�0.35 ± 0.17 0.60+0.31

�0.25 ± 0.13
10.09 – 12.86 25.9 ± 6.3 0.09+0.16

�0.11 ± 0.04 0.88+0.10
�0.13 ± 0.05

14.18 – 19 45.1 ± 8.0 0.33+0.11
�0.07 ± 0.05 0.55+0.13

�0.10 ± 0.06
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Figure 4: The cos qK (upper row) and cos q` (lower row) distributions for each q
2 range is shown

for data in the invariant mass region 5.18 < m < 5.38 GeV, along with the fit projections for the
same region. The vertical bars on the data points indicate the statistical uncertainty. The filled
areas, dashed lines, and solid lines represent the signal, background, and total contributions,
respectively.
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Figure 5: The measured values of AFB (left) and FL (right) versus q
2 for B+ ! K⇤+µ+µ� de-

cays are shown with filled squares, centered on the q
2 bin. The statistical (total) uncertainty

is shown by inner (outer) vertical bars. The vertical shaded regions correspond to the regions
dominated by B+ ! K⇤+J/y and B+ ! K⇤+y(2S) decays. The SM predictions and associated
uncertainties are shown by the filled circles and vertical bars, with the points slightly offset
from the center of the q

2 bin for clarity.
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nuisance parameters that are used in the pseudo-experiments for constructing the acceptance
intervals for that test value of the parameter of interest. The correlation coefficients between
the two angular observables returned by MINUIT [35] are found to be 0.1 or less, depending on
the q

2 bin. Tests with pseudo-experiments are used to verify that the statistical uncertainties
have a coverage exceeding 68.3% in all cases.

The results of the unbinned maximum likelihood fit are overlaid on the data in projections
of m (upper plots), cos qK (middle plots), and cos q` (lower plots) for each q

2 region in Fig. 3.
The fitted values of YS, AFB, and FL, along with their associated uncertainties, are given in
Table 2 for each of the q

2 bins. In order to more clearly observe the signal features, the data
and fit results are shown versus the two angular variables in the invariant mass signal region
5.18 < m < 5.38 GeV in Fig. 4. The fitted values of AFB and FL are shown as a function of
q

2 in Fig. 5, along with a SM prediction. This prediction combines quantum chromodynamic
factorization and soft collinear effective theory at large recoil with heavy-quark effective theory
and lattice gauge theory at small recoil to separate hard physics (around the b quark mass)
from soft physics (around LQCD) [20, 36–38]. While theoretical predictions are unavailable
for the region between the J/y and y(2S) meson masses (10.09 < q

2 < 12.86 GeV2), the SM
prediction agrees with the experimental results for the other q

2 bins, indicating no evidence of
contributions from physics beyond the SM.
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Figure 3: The K0
Sp+µ+µ� invariant mass (upper row), cos qK (middle row), and cos q` (lower

row) distributions for each q
2 range is shown for data, along with the fit projections. The

vertical bars on the data points indicate the statistical uncertainty. The filled areas, dashed
lines, and solid lines represent the signal, background, and total contributions, respectively.
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Table 2: The YS, AFB, and FL values from the fit for each q
2 range. The first uncertainty is

statistical and the second is systematic.

q
2 (GeV2) YS AFB FL

1 – 8.68 22.1 ± 8.1 �0.14+0.32
�0.35 ± 0.17 0.60+0.31

�0.25 ± 0.13
10.09 – 12.86 25.9 ± 6.3 0.09+0.16

�0.11 ± 0.04 0.88+0.10
�0.13 ± 0.05

14.18 – 19 45.1 ± 8.0 0.33+0.11
�0.07 ± 0.05 0.55+0.13

�0.10 ± 0.06
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Figure 4: The cos qK (upper row) and cos q` (lower row) distributions for each q
2 range is shown

for data in the invariant mass region 5.18 < m < 5.38 GeV, along with the fit projections for the
same region. The vertical bars on the data points indicate the statistical uncertainty. The filled
areas, dashed lines, and solid lines represent the signal, background, and total contributions,
respectively.
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2 for B+ ! K⇤+µ+µ� de-

cays are shown with filled squares, centered on the q
2 bin. The statistical (total) uncertainty

is shown by inner (outer) vertical bars. The vertical shaded regions correspond to the regions
dominated by B+ ! K⇤+J/y and B+ ! K⇤+y(2S) decays. The SM predictions and associated
uncertainties are shown by the filled circles and vertical bars, with the points slightly offset
from the center of the q

2 bin for clarity.
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Figure 4: The cos qK (upper row) and cos q` (lower row) distributions for each q
2 range is shown

for data in the invariant mass region 5.18 < m < 5.38 GeV, along with the fit projections for the
same region. The vertical bars on the data points indicate the statistical uncertainty. The filled
areas, dashed lines, and solid lines represent the signal, background, and total contributions,
respectively.
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uncertainties are shown by the filled circles and vertical bars, with the points slightly offset
from the center of the q

2 bin for clarity.
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Search for Dimuon Asymmetry
✦ Uncontested D0 result [PRD 82 (2010) 032001]

✦ Probes charge asymmetry in semileptonic B meson decays:


✦ The measured value is 3.2σ from zero:


✦ This is a very hard measurement to make; D0 has used the fact that 
both the solenoid and the toroid polarities were periodically switched

๏ While CMS always has the opposite solenoid  

and toroid fields, they have never been  
switched to an opposite polarity (this can be  
potentially done but would require some  
investment in the solenoid control circuit)


๏ On the other hand, the systematics due to the  
Lorentz angle in the CMS silicon tracker is  
much smaller than for the D0 drift chamber20

18

from:

cb =
w1b − w2b

w1 + w2 + w3 + w4 + w5 + w6
= 0.070± 0.006.

(53)
The computation of the coefficient Cb is more compli-

cated. One of the selections for the like-sign dimuon sam-
ple requires that the invariant mass of the two muons be
greater than 2.8 GeV. This requirement suppresses the
contribution from processes in which both muons arise
from the decay of the same quark. The probability that
the initial b quark produces a µ− is

Pb ∝ w1a + w2b + 0.5(w3 + w4 + w5), (54)

where we apply the coefficient 0.5 because processes T3,
T4, and T5 produce an equal number of positive and neg-
ative muons. The probability that the accompanying b̄
quark also produces a µ− is

Pb̄ ∝ w1b + w2a + 0.5(w3 + w4 + w5). (55)

The total probability of observing like-sign dimuon events
from decays of heavy quarks is

Ptot ∝ PbPb̄. (56)

The probability of processes contributing to the charge
asymmetry of dimuon events is

Pas ∝ w1b[w1a + 0.5(w3 + w4 + w5)]−
w2b[w2a + 0.5(w3 + w4 + w5)]. (57)

The coefficient Cb is obtained from the ratio

Cb = Pas/Ptot = 0.486± 0.032. (58)

This relation assumes that the processes producing the
two muons are independent and is verified by calculating
the coefficient Cb in simulated like-sign dimuon events.
We exclude the process T6 with cc̄ pair production, since
the mixing probability of D0 meson is small and these
events do not contribute significantly to the like-sign
dimuon sample. We count the number of direct-direct
b-quark decays, Ndd, of direct-sequential decays, Nds,
of sequential-sequential decays, Nss, of direct-random
events, Ndr (“random” includes processes T3, T4, and
T5), of sequential-random decays, Nsr, to obtain

Cb =
Ndd −Nss + χ0(Ndr −Nsr)

Nls
= 0.448±0.071, (59)

where Nls is the total number of like-sign dimuon events.
This result agrees well with the value in Eq. (58). The
uncertainty of this method is larger because of the small
statistics of simulated like-sign dimuon events.

XIV. ASYMMETRY Ab
sl

The uncorrected asymmetries a and A are obtained by
counting the number of events of each charge in the inclu-
sive muon and the like-sign dimuon samples, respectively.

TABLE XII: Sources of uncertainty on Ab
sl in Eqs. (62), (63),

and (65). The first eight rows contain statistical uncertainties,
the next three rows contain systematic uncertainties.

Source δσ(Ab
sl)(62) δσ(Ab

sl)(63) δσ(Ab
sl)(65)

A or a (stat) 0.00066 0.00159 0.00179
fK or FK (stat) 0.00222 0.00123 0.00140

P (π → µ)/P (K → µ) 0.00234 0.00038 0.00010
P (p → µ)/P (K → µ) 0.00301 0.00044 0.00011

AK 0.00410 0.00076 0.00061
Aπ 0.00699 0.00086 0.00035
Ap 0.00478 0.00054 0.00001

δ or ∆ 0.00405 0.00105 0.00077
fK or FK (syst) 0.02137 0.00300 0.00128

π, K, p multiplicity 0.00098 0.00025 0.00018
cb or Cb 0.00080 0.00046 0.00068

Total statistical 0.01118 0.00266 0.00251
Total systematic 0.02140 0.00305 0.00146

Total 0.02415 0.00405 0.00290

In total, there are 1.495×109 muons in the inclusive muon
sample, and 3.731 × 106 events in the like-sign dimuon
sample. We obtain

a = +0.00955± 0.00003, (60)

A = +0.00564± 0.00053. (61)

The results obtained in Secs. V–XIII are used to cal-
culate the asymmetries aS and AS from these values,
which are then used to evaluate the charge asymmetry
for semileptonic B meson decays.
The asymmetry Ab

sl, extracted from the asymmetry a
of the inclusive muon sample using Eqs. (9) and (50), is

Ab
sl = +0.0094± 0.0112 (stat)± 0.0214 (syst). (62)

The contributions to the uncertainty on this value are
given in Table XII. Figure 14(a) shows a compari-
son of the asymmetry a and the background asymmetry
abkg = fSδ + fKaK + fπaπ + fpap, as a function of the
muon pT . There is excellent agreement between these two
quantities, with the χ2/d.o.f. for their difference being
2.4/5. Figure 14(b) shows the value of fSaS = a− abkg,
which is consistent with zero. The values a and abkg are
given in Table XIII. This result agrees with expectations,
since the value of the asymmetry a should be determined
mainly by the background, and the contribution from
Ab

sl should be strongly suppressed by the small factor of
cb = 0.070± 0.006.
The consistency of Ab

sl with zero in Eq. (62) and the
good description of the charge asymmetry a for different
values of the muon pT shown in Fig. 14 constitute an
important tests of the validity of the background model
and of the analysis method discussed in this article.
The second measurement of the asymmetry Ab

sl, ob-
tained from the uncorrected asymmetry A of the like-sign
dimuon sample using Eqs. (12) and (51), is

Ab
sl = −0.00736± 0.00266 (stat)± 0.00305 (syst). (63)

4

energy
√
s = 1.96 TeV, is in a unique position to study

possible effects of CP violation, in particular through the
study of charge asymmetries in generic final states, given
that the initial state is CP -symmetric. The high center-
of-mass energy provides access to mass states beyond the
reach of the B-factories. The periodic reversal of the D0
solenoid and toroid polarities results in a cancellation
at the first order of most detector-related asymmetries.
In this paper we present a measurement of the like-sign
dimuon charge asymmetry A, defined as

A ≡
N++ −N−−

N++ +N−−
, (1)

where N++ andN−− represent, respectively, the number
of events in which the two muons of highest transverse
momentum satisfying the kinematic selections have the
same positive or negative charge. After removing the con-
tributions from backgrounds and from residual detector
effects, we observe a net asymmetry that is significantly
different from zero.
We interpret this result assuming that the only source

of this asymmetry is the mixing of neutral B mesons that
decay semileptonically, and obtain a measurement of the
asymmetry Ab

sl defined as

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

, (2)

where N++
b and N−−

b represent the number of events
containing two b hadrons decaying semileptonically and
producing two positive or two negative muons, respec-
tively. As shown in Appendix A each neutral B0

q meson
(q = d, s) contributes a term to this asymmetry given by:

aqsl =
∆Γq

∆Mq
tanφq , (3)

where φq is the CP -violating phase, and ∆Mq and ∆Γq

are the mass and width differences between the eigen-
states of the mass matrices of the neutral B0

q mesons.
The SM predicts the values φs = 0.0042 ± 0.0014 and
φd = −0.096+0.026

−0.038 [1]. These values set the scale for
the expected asymmetries in the semileptonic decays of
B0

q mesons that are negligible compared to the present
experimental sensitivity [1]. In the standard model Ab

sl

is

Ab
sl(SM) = (−2.3+0.5

−0.6)× 10−4, (4)

where the uncertainty is mainly due to experimental mea-
surement of the fraction of B0

q mesons produced in pp̄
collisions at the Tevatron, and of the parameters control-
ling the mixing of neutral B mesons. The B0

d semilep-
tonic charge asymmetry, which constrains the phase φd,
has been measured at e+e− colliders [2], and the most
precise results reported by the BaBar and Belle Collab-
orations, given in Refs. [4, 5], are in agreement with the
SM prediction. Extensions of the SM could produce ad-
ditional contributions to the Feynman box diagrams re-
sponsible for B0

q mixing and other corrections that can

provide larger values of φq [6–9]. Measurements of Ab
sl

or φq that differ significantly from the SM expectations
would indicate the presence of new physics.
The asymmetry Ab

sl is also equal to the charge asym-
metry absl of semileptonic decays of b hadrons to muons
of “wrong charge” (i.e. a muon charge opposite to the
charge of the original b quark) induced through B0

q B̄
0
q

oscillations [10]:

absl ≡
Γ(B̄ → µ+X)− Γ(B → µ−X)

Γ(B̄ → µ+X) + Γ(B → µ−X)
= Ab

sl. (5)

We extract Ab
sl from two observables. The first is the

like-sign dimuon charge asymmetry A of Eq. (1), and the
second observable is the inclusive muon charge asymme-
try a defined as

a ≡
n+ − n−

n+ + n−
, (6)

where n+ and n− correspond to the number of detected
positive and negative muons, respectively.
At the Fermilab Tevatron collider, b quarks are pro-

duced mainly in bb̄ pairs. The signal for the asymme-
try A is composed of like-sign dimuon events, with one
muon arising from direct semileptonic b-hadron decay
b → µ−X [11], and the other muon resulting from B0

q B̄
0
q

oscillation, followed by the direct semileptonic B̄0
q me-

son decay B0
q → B̄0

q → µ−X . Consequently the second
muon has the “wrong sign” due to B0

q B̄
0
q mixing. For

the asymmetry a, the signal comes from mixing, followed
by the semileptonic decay B0

q → B̄0
q → µ−X . The main

backgrounds for these measurements arise from events
with at least one muon from kaon or pion decay, or from
the sequential decay of b quarks b → c → µ+X . For the
asymmetry a, there is an additional background from di-
rect production of c-quarks followed by their semileptonic
decays.
The data used in this analysis were recorded with the

D0 detector [12–14] at the Fermilab Tevatron proton-
antiproton collider between April 2002 and June 2009
and correspond to an integrated luminosity of 6.1 ±
0.4 fb−1. The result presented in this Article supersedes
our previous measurement [15] based on the initial data
set corresponding to 1 fb−1 of integrated luminosity. In
addition to the larger data set, the main difference be-
tween these two analyses is that almost all quantities in
the present measurement are obtained directly from data,
with minimal input from simulation. To avoid any bias,
the central value of the asymmetry was extracted from
the full data set only after all other aspects of the analysis
and all systematic uncertainties had been finalized.
The outline of the paper is as follows. In Sec. II, we

present the strategy of the measurement. The detec-
tor and data selections are discussed in Sec. III, and in
Sec. IV we describe the Monte Carlo simulations used
in this analysis. Sections V-XIII provide further details.
Section XIV presents the results, Sec. XV describes con-
sistency checks, Sec. XVI compares the obtained result
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FIG. 16: The observed and expected like-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) Ab

sl = 0.0 and (b) Ab
sl = −0.00957.
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FIG. 17: (Color online) Comparison of Ab
sl in data with the

standard model prediction for ad
sl and as

sl. Also shown are
the existing measurements of ad

sl [23] and as
sl [24]. The error

bands represent the ±1 standard deviation uncertainties on
each individual measurement.

FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for ∆Γs and φs values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s → J/ψφ measurement [25].
Also shown is the standard model (SM) prediction for φs and
∆Γs.
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FIG. 19: (Color online) Probability contours in the (φs,∆Γs)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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Can CMS Test This?
✦ Not with the standard triggers, as most of the low-

mass dimuon triggers required opposite-sign muons

✦ Could potentially do this with the parked data 

sample, using the trigger side, which guarantees at 
least one muon per event


✦ Systematics may be hard to control, but given the 
enormous size of the data set, many sources could 
be studied in situ


✦ Hard, but not impossible measurement!
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Conclusions
✦ CMS has succeeded in a bold and aggressive program of 

putting ~1010 b hadron decays on tape in 2018

๏ Unprecedented data set, with very huge potential


✦ Allows to do a number of B physics measurements, 
thought not to be possible before in CMS:

๏ R(K)

๏ R(D*)

๏ FFR

๏ ...


✦ New CMS results on flavor anomalies, including the first 
results on B parking dataset, will come this summer and fall


✦ Rethinking trigger strategy for Run 3 in order to get more 
data for R(K/K*/φ) analyses22


