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l Flexible triggers
l Large silicon tracker
l Strong magnetic field
l Broad acceptance
l Superb muon systems(CMS parameters,

ATLAS similar)
l Three different devices, coverage up to |η|<2.4
l Dimuon mass resolution  ~0.6-1.5% (depending on |y|).
l Fake rate ≤0.1% for pi,K; ≤0.05% for proton.
l MVA-based ID for B→ µ+µ− analysis.

l Complementary to LHCb

ATLAS and CMS for HF studies
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ATLAS/CMS: 13TeV HF performances
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Recent results on selected topics
■ Production Measurements

◆ High precision tests of QCD; understand of evolution of heavy 
quarks to mesons; reference for Heavy Ion measurements

■ Rare Decay Studies
◆ Decay mechanism; High precision tests of SM; Probe new 

physics beyond SM
■ Disclaims

◆ Not exclusive, due to time limitation
◆ Selections may have personal biases
◆ More results from ATLAS, CMS and LHCb can be found at:

● https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
● https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
● http://cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

◆ Contributions from Chinese colleagues are labeled as

2016/12/18 CLHCP2016 4
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Prompt ψ(nS) production cross section
■ Measurements as a function of pT in four bins of 

dimuon rapidity and integrated in rapidity (|y| < 1.2)
■ Prompt J/ψ and ψ(2S) cross sections up to pT~100 GeV

2016/12/18 CLHCP2016 5

PRL114 (2015) 191802

CMS-PKU
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Differential quarkonium cross section
measurements at 13TeV

Quarkonium cross section and non-prompt fraction , 13 TeV

Test factorization and NRQCD
Constraints for PDFs

CMS-PAS-BPH-15-005 ATLAS-CONF-2015-030

52016/12/18 CLHCP2016 6

CMS BPH-15-005

ATLAS-CONF-2015-030
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Υ(nS) production ratios vs multiplicity
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6 4 Results and discussion

4.2 Transverse momentum dependence

The same ratio analysis is performed in less N|h|<2.4
tracks bins but in various ranges in U pT, in-

cluding also the low luminosity samples that allows to reach pT = 0. The resulting trends are
shown in Fig. 4.
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Figure 4: Production ratios vs multiplicity for U(2S)/U(1S) in (a), U(3S)/U(1S) in (b),
U(3S)/U(2S) in (c) in different regions of pT. U states satisfy |y| < 1.2, while tracks are counted
for |h| < 2.4 and pT > 0.4 GeV. Error bars represent statistical uncertainties, while empty
squares show the systematic ones.

The decrease with increasing multiplicities is present and stronger for the lower momenta. The
behaviour at higher pT is flatter, in particular for the U(2S)/U(1S) ratio, where the c2�test
probability of an horizontal line is above 95% in the last bin. The suppression of the U(3S) state
is particularly striking at low pT, where the reduction reaches about 70% with respect to the
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Figure 4: Production ratios vs multiplicity for U(2S)/U(1S) in (a), U(3S)/U(1S) in (b),
U(3S)/U(2S) in (c) in different regions of pT. U states satisfy |y| < 1.2, while tracks are counted
for |h| < 2.4 and pT > 0.4 GeV. Error bars represent statistical uncertainties, while empty
squares show the systematic ones.

The decrease with increasing multiplicities is present and stronger for the lower momenta. The
behaviour at higher pT is flatter, in particular for the U(2S)/U(1S) ratio, where the c2�test
probability of an horizontal line is above 95% in the last bin. The suppression of the U(3S) state
is particularly striking at low pT, where the reduction reaches about 70% with respect to the
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U(1S) and about 50% over the U(2S). The same suppression at higher pT is reduced to 25% and
20% respectively.

4.3 Localized multiplicity dependence

To clarify the connection between the U(nS) production and the underlying event, a new type
of multiplicity is defined, based on the relative direction between the charged tracks produced
in the event and the U direction. The relative distance between the azimuth of each track and
of the U direction, Df, is divided in three zones, a forward one comprised of |Df| < 60�, a
transverse one for 60�  |Df| < 120�, and a backward one for 120�  |Df|  180�, as shown in
Fig. 5(a).
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Figure 5: In (a), the schematic view of the tracks kinematic regions in the azimuthal plane with
respect to the U(nS) direction. In (b), the production ratios for U(2S) and U(3S) over U(1S) as
a function of N|h|<2.4

tracks measured in the kinematic regions shown in (a). The U states satisfy
pT > 7 GeV and |y| < 1.2, while charged particles are counted for |htracks| < 2.4 and pT

tracks >
0.4 GeV. Error bars represent statistical uncertainties, while empty squares show the systematic
one.

On average, we see two more tracks in the forward (14.55 ± 0.05, including the two muons) and
backward (14.83 ± 0.05) directions, than in the transverse plane (11.90 ± 0.05). These values are
consistent when considering separately the U(1S), U(2S) and U(3S) mass regions.

The U(nS) ratios have been studied as a function of the multiplicities measured in the three
restricted azimuthal angles. The obtained values are shown in Fig. 5(b), where the decrease of
the ratios is similarly visible. In particular, the fact that the decrease is present in the transverse
region suggests its connection with the underlying event itself, over a dependence on the par-
ticle activity along the U(nS) direction, or on the unaccounted feed-down effect, which would
produce additional particles only in the forward region.

CMS BPH-14-009
Released Oct.2016
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Prompt J/ψ pair production
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ATLAS: arXiv:1612.02950(a) (b)

(c) (d)

Figure 1: Examples of Feynman diagrams of prompt–prompt J/ pair production in pp collisions for (a) leading-
order production, where the circles represent a cc̄ pair in a colour-octet state, (b) leading-order and (c) next-to-
leading-order production in which the circle represents the J/ meson produced in a colour-singlet state, and (d)
double parton scattering.

mesons is worse at forward rapidities, the cross-section is measured in two rapidity regions, |y(J/ 2)| <
1.05 and 1.05  |y(J/ 2)| < 2.1, to increase the sensitivity of the results.

A data-driven method is used to produce background-subtracted SPS-weighted and DPS-weighted distri-
butions of several kinematic variables. The measured distributions are compared with both the leading-
order (LO) DPS and NLO SPS predictions in the same fiducial volume. Finally, using the PP di-J/ 
cross-section, the fraction of DPS events, and the prompt J/ cross-section [34], the e↵ective cross-
section of DPS is measured and compared to previous measurements.

In data collected at
p

s = 7 TeV during 2011, the CMS experiment measured the cross-section of the
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Figure 1: Examples of Feynman diagrams of prompt–prompt J/ pair production in pp collisions for (a) leading-
order production, where the circles represent a cc̄ pair in a colour-octet state, (b) leading-order and (c) next-to-
leading-order production in which the circle represents the J/ meson produced in a colour-singlet state, and (d)
double parton scattering.

mesons is worse at forward rapidities, the cross-section is measured in two rapidity regions, |y(J/ 2)| <
1.05 and 1.05  |y(J/ 2)| < 2.1, to increase the sensitivity of the results.

A data-driven method is used to produce background-subtracted SPS-weighted and DPS-weighted distri-
butions of several kinematic variables. The measured distributions are compared with both the leading-
order (LO) DPS and NLO SPS predictions in the same fiducial volume. Finally, using the PP di-J/ 
cross-section, the fraction of DPS events, and the prompt J/ cross-section [34], the e↵ective cross-
section of DPS is measured and compared to previous measurements.

In data collected at
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s = 7 TeV during 2011, the CMS experiment measured the cross-section of the
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CMS:JHEP09(2014)094

J/ψ pT > 8.5 GeV and rapidity |y| < 2.1 
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LHCb 13TeV Results
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Differential	cross-sections	(cont.)

LHCb preliminary

LHCb preliminary

LHCb preliminary LHCb preliminary

����������	 �������� ��

DPS	contribution

LHCb preliminary

Ø DPS	contribution	 essential	for	the	region	 ΔÅ > 1.5
Ø Compatible	with	expectations	for	CIJJ = 14.5± 1.7V|.}~W.�	mb
Ø Much	smaller	CIJJ values	are	disfavoured

Ø Comparisons	with	:Ç !/#!/# > 1	GeV/g	or	3	GeV/g give	same	conclusions	

����������	 �������� ��

Differential	cross-sections

LHCb preliminary

LHCb preliminaryLHCb preliminary

LHCb preliminary

LHCB-THU

• ~279 pb-1, 2< 𝑦 < 4.5, pT < 10 GeV/𝑐
• DPS contribution essential for the region 

|Δ𝑦| > 1.5 
• Compatible with expectation 𝜎eff ~14.5 mb
• Much smaller 𝜎eff values are disfavoured

[LHCb-PAPER-2016-057]
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Y(1S) pair production@CMS
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arXiv:1610.07095
p Signal yield: 38+-7
p Significance > 5 σ, first observation
p The fiducial cross section with |y|<2.0:

p The effective cross section:consistent
with the range of values from the heavy-
quarkonium measurements 
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Quarkonium Polarization Measurement
■ CMS measurement of 7TeV data 

◆ λθ , λφ , λθφ and λ in three different reference frames (HX, CS, PX) 
for the J/ψ, ψ(2S), Υ(1S), Υ(2S) and Υ(3S) mesons 

◆ As function of transverse momenta pT , and dimuon rapidity |y| 

2016/12/18 CLHCP2016 11Ilse Krätschmer (HEPHY Vienna)4th December 2014
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CMS: Υ(nS) polarization vs multiplicity
■ The results do not show significant changes from low- to high-

multiplicity pp collisions, 
■ large uncertainties preclude definite statements in the Υ(2S)

and Υ(3S) cases.
■ Analyses to be performed in pPb and PbPb, to understand

quarkonium suppression patterns in nuclear collisions. 

2016/12/18 CLHCP2016 12

Phys. Lett. B 761 (2016) 31



Dayong Wang

X(3872)
production
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Figure 1. The J/ ⇡+⇡� invariant-mass spectrum for 10 < pT < 50GeV and |y| < 1.2. The lines
represent the signal-plus-background fits (solid), the background-only (dashed), and the signal-only
(dotted) components. The inset shows an enlargement of the X(3872) mass region.

quantum numbers JPC = 1++, corresponding to those favoured for the X(3872) [5, 19].

Simulated events for prompt production are used as the baseline. Events with B-hadron

decays are simulated and used in the X(3872) nonprompt-fraction measurement. The

X(3872) ! J/ ⇡+⇡� decay is generated with an intermediate ⇢0 resonance, as suggested

by previous measurements [7, 20] and confirmed in this analysis (section 7). In evtgen a

two-body phase-space decay is used for the X(3872) ! J/ ⇢0 decay, and the ⇢0 decay to a

pair of pions is generated with decay-angle distributions reflecting their respective spins. A

nonresonant X(3872) ! J/ ⇡+⇡� decay is also considered using the evtgen model for the

 (2S) ! J/ ⇡+⇡� decay. The study of systematic uncertainties uses a version of pythia

that includes colour-octet contributions with NRQCD matrix elements, as determined from

CDF data [21, 22].

Large samples of simulated events are produced separately for the X(3872) and  (2S)

resonances, both for prompt production and nonprompt production in B-hadron decays.

The response of the detector is simulated in detail using Geant4 [23]. The simulated

samples are processed through the trigger emulation and event reconstruction of the CMS

experiment, without taking into account other pp collisions in the same bunch crossing

(pileup) since the analysis is not sensitive to it, as discussed in section 4.

4 Measurement of the cross section ratio

The ratio of the cross section times the J/ ⇡+⇡� branching fraction is obtained from the

measured numbers of signal events for X(3872) and  (2S), N
X(3872)

and N
 (2S)

, correcting

– 5 –
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10–13.5 0.211 ± 0.034 ± 0.035

13.5–15 0.081 ± 0.013 ± 0.010

15–18 0.0390± 0.0054± 0.0042

18–30 0.0068± 0.0009± 0.0009

Table 7. Prompt X(3872) di↵erential cross section times branching fraction B(X(3872) !
J/ ⇡+⇡�) as a function of transverse momentum of the J/ ⇡+⇡� system. The uncertainties shown
are statistical and systematic, respectively.
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Figure 6. Measured di↵erential cross section for prompt X(3872) production times branching
fraction B(X(3872) ! J/ ⇡+⇡�) as a function of pT. The inner error bars indicate the statistical
uncertainty and the outer error bars represent the total uncertainty. Predictions from a NRQCD
model [11] are shown by the solid line, with the dotted lines representing the uncertainty. The
data points are placed where the value of the theoretical prediction is equal to its mean value over
each bin, according to the prescription in [28].

di↵erential cross section for prompt X(3872) production in pp collisions at
p
s = 7TeV has

been made using the NRQCD factorization formalism, assuming the X(3872) is formed

from a cc pair with negligible relative momentum [11]. This calculation is normalized

using Tevatron measurements [9, 27] with the statistical uncertainty obtained from the

experimental input data. The predictions from ref. [11] were modified by the authors to

match the phase-space of the measurement presented in this paper. Comparisons of this

prediction with the data, in figure 6, demonstrates that, while the shape is reasonably

well described, the predicted cross section is much larger than observed in data.

The integrated prompt X(3872) cross section times branching fraction for the kinematic

region 10 < p
T

< 30GeV and |y| < 1.2 is also determined. In this kinematic region, the

ratio of cross section times branching fraction for X(3872) and  (2S) is R = 0.0682 ±

– 15 –
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Figure 8. Dipion invariant-mass spectrum for X(3872) ! J/ ⇡+⇡� decays corrected for accep-
tance and e�ciency. The distribution is normalized to unity by dividing by the total cross section
for 0.5 < m(⇡+⇡�) < 0.78GeV. The inner error bars indicate the statistical uncertainty and the
outer error bars represent the total uncertainty. The results are compared to results from evtgen
with (solid line) and without (dotted line) an intermediate ⇢0 decay.

obtained in the fit to the full sample, except for the last interval, 0.765–0.78GeV, where the

mean and width of the Gaussian are left free to accommodate possible distortions of the

signal shape near the upper kinematic limit. The background shape in m(⇡+⇡�) intervals

is di↵erent from the one for the entire m(⇡+⇡�) spectrum, and a third-order Chebyshev

polynomial is used to model it, with the parameters left free in the fit. The J/ ⇡+⇡�

invariant-mass spectra for two of the ⇡+⇡� invariant-mass intervals are shown in figure 7.

The X(3872) dipion invariant-mass distribution is extracted from the signal yields

obtained from the fits to the data in each interval, after correction for detector acceptance

and e�ciencies, as estimated from the simulation. The resulting dipion invariant-mass

spectrum, normalized to the total cross section in the interval 0.5 < m(⇡+⇡�) < 0.78GeV,

is presented in figure 8. The data are compared to X(3872) signal simulations with and

without an intermediate ⇢0 in the J/ ⇡+⇡� decay (generation details are described in

section 3). The assumption of an intermediate ⇢0 decay gives better agreement with the

data, confirming previous measurements [7, 20].

Detailed studies are performed to determine the systematic uncertainties. Scenarios

with and without an intermediate ⇢0 provide acceptance and e�ciency corrections that

are very similar. The impact on the acceptance correction from uncertainties in the

X(3872) transverse-momentum spectrum is found by varying the simulated p
T

spectra

and generated p
T

distribution to match the data. Variations of the corrected yields by

4–6% are observed and considered as a systematic uncertainty.

The fits to the invariant-mass distributions are done with both free and fixed X(3872)

mass and width. In addition, for modelling of the background in the higher dipion invariant-

– 17 –

CMS: JHEP04 (2013) 154

CMS-IHEP

ATLAS:arXiv:1610.09303
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B+ production at 13 TeV

Beauty meson production: B+→J/ψK+, 13 TeV

Reasonable agreement with FONLL and with PYTHIA

ATLAS-CONF-2015-064

CMS-PAS-BPH-15-004 
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trigger prescaling in data. To estimate the e�ect of possible errors in the reweighting due to
the statistical limits on the data sample and the di�erence in trigger modelling between data
and MC samples, an unweighted MC sample is used to generate an alternative B± ! J/ ⇡±

mass distribution. The di�erence of 0.04 MeV in the fitted B± mass between the default fit
and the fit using the unweighted MC sample is used to establish a conservative estimate of the
systematic uncertainty due to the MC reweighting procedure.

A summary of the systematic uncertantiess is given in Table 3. Taking the considered sources of
the systematics as independent, the total systematic uncertainty due to the fit model is estimated as
0.25 MeV.

Source Systematic Error [MeV]
y-Dependence 0.11
Signal Mass Model 0.09
Background Mass Model 0.17
Mass Fit Window 0.14
B± ! J/ ⇡± Background:

Fraction 0.02
Line Shape 0.04
MC Reweighting 0.04

Total 0.25

Table 3: Systematic errors and the total systematic error of the fitted B± mass due to the fit model.

6 Conclusion

The B± mass is determined in the B± ! J/ (µ+µ�)K± decay using 3.2 fb�1 of integrated luminosity
collected by the ATLAS detector from 13 TeV pp collisions at the LHC. We extracted a B± mass of
5279.31 ± 0.11 (stat.) MeV. The systematic uncertainty related to the signal fit model and background
parametererisation is evaluated to be 0.25 MeV. Systematic uncertainties due to momentum scale and
vertexing are currently not included. The measured B± mass is in good agreement with the world
average value and with the B± mass measured by LHCb, which validates the momentum calibration of the
ATLAS Inner Detector tracking with 2015 data. The B± mass values, extracted in 16 rapidity intervals,
demonstrate the uniformity of the B± reconstruction with rapidity over the entire rapidity coverage of the
Inner Detector.
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Foreword to this version15

This version of the analysis note is to be handed to the CMS and LHCb internal reviewers16

in order to continue the review process.17

Improvements with respect to previous version:18

- The free fits of the S

SM

B0

and S

SM

B0

s
and the associated 2D scan have been added.19

- Numerical results and likelihood scan of ratio of branching fractions of the two20

channels have been added.21

- Two new sections on cross-checks asked by the reviewers or other colleagues.22

1 Introduction23

Measurements of low-energy processes can provide indirect constraints on particles that24

are too heavy to be produced directly. This is particularly true for Flavour Changing25

Neutral Current (FCNC) processes which are highly suppressed in the Standard Model26

(SM) and can only occur through higher-order diagrams.27

The B0

(s) ! µ+µ� decays are among the most sensitive FCNC owing to their small28

theoretical uncertainty and clean experimental signature.29

A subtlety arises for the B0

s decay, as discussed in detail in Ref. [1,2]: when comparing30

the experimental branching fraction to its theoretical expectation, the latter has to take31

into account the finite width di↵erence measured in the B0

s system.32

The most up to date SM predictions for the B0

s ! µ+µ� and B0

! µ+µ� time-33

integrated branching fractions are calculated in Ref [3] and include next-to-leading order34

electroweak corrections and next-to-next-to-leading order QCD corrections. In this work35

the mentioned predictions are used after being updated with the latest combined value36

for the top mass from LHC and Tevatron experiments [4], yielding:37

B(B0

s ! µ+µ�) = (3.66± 0.23)⇥ 10�9 and (1)

B(B0

! µ+µ�) = (1.06± 0.09)⇥ 10�10 . (2)

While the mentioned reference do not quote a value for the ratio of the two branching38

fractions, this can be calculated easily from the input numbers used for the same predic-39

tions with the addition of the ratio of |Vtd/Vts| = 0.211± 0.001± 0.006 [5]. The following40

prediction is thus obtained:41

R =
B(B0

! µ+µ�)

B(B0

s ! µ+µ�)
= 0.0287± 0.0026 . (3)

It is worth to note that the ratio has a theoretical uncertainty which is smaller than the42

single branching fractions due to the cancellation of most of the factors.43
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In addition to the combinatorial background, specific b-hadron
decays, such as B0 R p2m1n where the neutrino cannot be detected
and the charged pion is misidentified as a muon, or B0 R p0m1m2,
where the neutral pion in the decay is not reconstructed, can mimic the
dimuon decay of the B0

(s) mesons. The invariant mass of the recon-
structed dimuon candidate for these processes (semi-leptonic back-
ground) is usually smaller than the mass of the B0

s or B0 meson because
the neutrino or another particle is not detected. There is also a back-
ground component from hadronic two-body B0

(s) decays (peaking
background) as B0 R K1 p2, when both hadrons from the decay are
misidentified as muons. These misidentified decays can produce peaks
in the dimuon invariant-mass spectrum near the expected signal,
especially for the B0 R m1m2 decay. Particle identification algorithms
are used to minimize the probability that pions and kaons are mis-
identified as muons, and thus suppress these background sources.
Excellent mass resolution is mandatory for distinguishing between
B0 and B0

s mesons with a mass difference of about 87 MeV/c2 and
for separating them from backgrounds. The mass resolution for
B0

s?mzm{ decays in CMS ranges from 32 to 75 MeV/c2, depending
on the direction of the muons relative to the beam axis, while LHCb
achieves a uniform mass resolution of about 25 MeV/c2.

The CMS and LHCb data are combined by fitting a common value for
each branching fraction to the data from both experiments. The branch-
ing fractions are determined from the observed numbers, efficiency-
corrected, of B0

(s) mesons that decay into two muons and the total
numbers of B0

(s) mesons produced. Both experiments derive the latter
from the number of observed B1 R J/y K1 decays, whose branching
fraction has been precisely measured elsewhere14. Assuming equal rates
for B1 and B0 production, this gives the normalization for B0 R m1m2.
To derive the number of B0

s mesons from this B1 decay mode, the ratio
of b quarks that form (hadronize into) B1 mesons to those that form B0

s
mesons is also needed. Measurements of this ratio27,28, for which there is
additional discussion in Methods, and of the branching fraction
B(B1 R J/y K1) are used to normalize both sets of data and are con-
strained within Gaussian uncertainties in the fit. The use of these two
results by both CMS and LHCb is the only significant source of correla-
tion between their individual branching fraction measurements. The
combined fit takes advantage of the larger data sample to increase the
precision while properly accounting for the correlation.

In the simultaneous fit to both the CMS and LHCb data, the branch-
ing fractions of the two signal channels are common parameters of
interest and are free to vary. Other parameters in the fit are considered
as nuisance parameters. Those for which additional knowledge is
available are constrained to be near their estimated values by using
Gaussian penalties with their estimated uncertainties while the others
are free to float in the fit. The ratio of the hadronization probability
into B1 and B0

s mesons and the branching fraction of the normaliza-
tion channel B1 R J/y K1 are common, constrained parameters.
Candidate decays are categorized according to whether they were
detected in CMS or LHCb and to the value of the relevant BDT dis-
criminant. In the case of CMS, they are further categorized according
to the data-taking period, and, because of the large variation in mass
resolution with angle, whether the muons are both produced at large
angles relative to the proton beams (central-region) or at least one
muon is emitted at small angle relative to the beams (forward-region).
An unbinned extended maximum likelihood fit to the dimuon invari-
ant-mass distribution, in a region of about 6500 MeV/c2 around the
B0

s mass, is performed simultaneously in all categories (12 categories
from CMS and eight from LHCb). Likelihood contours in the plane of
the parameters of interest, B(B0 R m1m2) versus B(B0

s?mzm{), are
obtained by constructing the test statistic 22DlnL from the difference
in log-likelihood (lnL) values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branch-
ing fractions, a one-dimensional profile likelihood scan is likewise
obtained by fixing only the single parameter of interest and allowing
the other to vary during the fits. Additional fits are performed where
the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B0

(s)
SM:B(B0

(s)?mzm{)=

B(B0
(s)?mzm{)SM, or the ratioR of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended
Data Fig. 1. To represent the result of the fit in a single dimuon
invariant-mass spectrum, the mass distributions of all categories,
weighted according to values of S/(S 1 B), where S is the expected
number of B0

s signals and B is the number of background events under
the B0

s peak in that category, are added together and shown in Fig. 2.
The result of the simultaneous fit is overlaid. An alternative repres-
entation of the fit to the dimuon invariant-mass distribution for the six
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(6.2𝜎 significance)

(3.0𝜎 significance)

categories with the highest S/(S 1 B) value for CMS and LHCb, as well
as displays of events with high probability to be genuine signal decays,
are shown in Extended Data Figs 2–4.

The combined fit leads to the measurements B(B0
s?mzm{)~

(2:8z0:7
{0:6) |10{9 and B(B0?mzm{)~(3:9z1:6

{1:4)|10{10, where the
uncertainties include both statistical and systematic sources, the latter
contributing 35% and 18% of the total uncertainty for the B0

s and B0

signals, respectively. Using Wilks’ theorem29, the statistical signifi-
cance in unit of standard deviations, s, is computed to be 6.2 for the
B0

s?mzm{ decay mode and 3.2 for the B0 R m1m2 mode. For each
signal the null hypothesis that is used to compute the significance
includes all background components predicted by the SM as well as
the other signal, whose branching fraction is allowed to vary freely. The
median expected significances assuming the SM branching fractions
are 7.4s and 0.8s for the B0

s and B0 modes, respectively. Likelihood
contours forB(B0 R m1m2) versusB(B0

s?mzm{) are shown in Fig. 3.
One-dimensional likelihood scans for both decay modes are displayed
in the same figure. In addition to the likelihood scan, the statistical
significance and confidence intervals for the B0 branching fraction are
determined using simulated experiments. This determination yields a
significance of 3.0s for a B0 signal with respect to the same null hypo-
thesis described above. Following the Feldman–Cousins30 procedure,

61s and 62s confidence intervals for B(B0 R m1m2) of [2.5, 5.6] 3
10210 and [1.4, 7.4] 3 10210 are obtained, respectively (see Extended
Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM
predictions yieldsSB0

s
SM~0:76z0:20

{0:18 andSB0

SM~3:7z1:6
{1:4. Associated like-

lihood contours and one-dimensional likelihood scans are shown in
Extended Data Fig. 6. The measurements are compatible with the SM
branching fractions of the B0

s?mzm{ and B0 R m1m2 decays at the
1.2s and 2.2s level, respectively, when computed from the one-
dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06, which is compatible with the SM at the
2.3s level. The one-dimensional likelihood scan for this parameter is
shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advant-
age of their full statistical power, establishes conclusively the existence
of the B0

s?mzm{ decay and provides an improved measurement of its
branching fraction. This concludes a search that started more than
three decades ago (see Extended Data Fig. 7), and initiates a phase of
precision measurements of the properties of this decay. It also pro-
duces three standard deviation evidence for the B0 R m1m2 decay. The
measured branching fractions of both decays are compatible with SM
predictions. This is the first time that the CMS and LHCb collabora-
tions have performed a combined analysis of sets of their data in order
to obtain a statistically significant observation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
15 (updated results and plots available at http://www.slac.stanford.
edu/xorg/hfag/)) to be R:B(B0?mzm{)SM=B(B0

s?mzm{)SM~
0:0295z0:0028

{0:0025. Notably, BSM theories with the property of minimal
flavour violation16 predict the same value as the SM for this ratio.

The first evidence for the decay B0
s?mzm{ was presented by the

LHCb collaboration in 201217. Both CMS and LHCb later published
results from all data collected in proton–proton collisions at centre-of-
mass energies of 7 TeV in 2011 and 8 TeV in 2012. The measurements
had comparable precision and were in good agreement18,19, although
neither of the individual results had sufficient precision to constitute
the first definitive observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed

simultaneously to exploit fully the statistical power of the data and
to account for the main correlations between them. The data corre-
spond to total integrated luminosities of 25 fb21 and 3 fb21 for the
CMS and LHCb experiments, respectively, equivalent to a total of
approximately 1012 B0

s and B0 mesons produced in the two experi-
ments together. Assuming the branching fractions given by the SM
and accounting for the detection efficiencies, the predicted numbers of
decays to be observed in the two experiments together are about 100
for B0

s?mzm{and 10 for B0 R m1m2.
The CMS20 and LHCb21 detectors are designed to measure SM phe-

nomena with high precision and search for possible deviations. The two
collaborations use different and complementary strategies. In addition to
performing a broad range of precision tests of the SM and studying the
newly-discovered Higgs boson22,23, CMS is designed to search for and
study new particles with masses from about 100 GeV/c2 to a few TeV/c2.
Since many of these new particles would be able to decay into b quarks
and many of the SM measurements also involve b quarks, the detection of
b-hadron decays was a key element in the design of CMS. The LHCb
collaboration has optimized its detector to study matter–antimatter
asymmetries and rare decays of particles containing b quarks, aiming
to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0

s (denoted hereafter by B0
(s)) mesons decaying into two

muons.
Muons do not have strong nuclear interactions and are too mas-

sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
muons.

The experiments follow similar data analysis strategies. Decays
compatible with B0

(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
B0

(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0

(s)
mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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Figure 1 | Feynman diagrams related to the B0
s Rm1m2 decay. a, p1 meson

decay through the charged-current process; b, B1 meson decay through the
charged-current process; c, a B0

s decay through the direct flavour changing
neutral current process, which is forbidden in the SM, as indicated by a large red

‘X’; d, e, higher-order flavour changing neutral current processes for the
B0

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
15 (updated results and plots available at http://www.slac.stanford.
edu/xorg/hfag/)) to be R:B(B0?mzm{)SM=B(B0

s?mzm{)SM~
0:0295z0:0028

{0:0025. Notably, BSM theories with the property of minimal
flavour violation16 predict the same value as the SM for this ratio.

The first evidence for the decay B0
s?mzm{ was presented by the

LHCb collaboration in 201217. Both CMS and LHCb later published
results from all data collected in proton–proton collisions at centre-of-
mass energies of 7 TeV in 2011 and 8 TeV in 2012. The measurements
had comparable precision and were in good agreement18,19, although
neither of the individual results had sufficient precision to constitute
the first definitive observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed

simultaneously to exploit fully the statistical power of the data and
to account for the main correlations between them. The data corre-
spond to total integrated luminosities of 25 fb21 and 3 fb21 for the
CMS and LHCb experiments, respectively, equivalent to a total of
approximately 1012 B0

s and B0 mesons produced in the two experi-
ments together. Assuming the branching fractions given by the SM
and accounting for the detection efficiencies, the predicted numbers of
decays to be observed in the two experiments together are about 100
for B0

s?mzm{and 10 for B0 R m1m2.
The CMS20 and LHCb21 detectors are designed to measure SM phe-

nomena with high precision and search for possible deviations. The two
collaborations use different and complementary strategies. In addition to
performing a broad range of precision tests of the SM and studying the
newly-discovered Higgs boson22,23, CMS is designed to search for and
study new particles with masses from about 100 GeV/c2 to a few TeV/c2.
Since many of these new particles would be able to decay into b quarks
and many of the SM measurements also involve b quarks, the detection of
b-hadron decays was a key element in the design of CMS. The LHCb
collaboration has optimized its detector to study matter–antimatter
asymmetries and rare decays of particles containing b quarks, aiming
to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0

s (denoted hereafter by B0
(s)) mesons decaying into two

muons.
Muons do not have strong nuclear interactions and are too mas-

sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
muons.

The experiments follow similar data analysis strategies. Decays
compatible with B0

(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
B0

(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0

(s)
mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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Also consistent with prediction
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ATLAS new results

ICHEP 2016, Chicago, 06-08-2016              Iskander Ibragimov, University of Siegen

Summary of LHC Run 1 Results

16

[ATLAS: arXiv: 1604.04263 [hep-ex]]
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BR(B0 → µ+µ-) < 4.2 x10-10 (at 95% CL)
CMS & LHCb contours from 
[Nature 522 (2015) 68-72]

BR(B0s → µ+µ-) = (0.9+1.1-0.8)x10-9

compatibility of 
simultaneous fit with 
SM prediction:
p-value = 0.048 (2.0 σ)
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ATLAS:Eur. Phys. J. C (2016) 76: 513
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History: 30 years of search

ATLAS2016

Eur. Phys. J. C 
(2016) 76: 513
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B → µ+µ-: a 30-year-old story

6

[CMS+LHCb, Nature 522 (2015) 68]

ATLAS 2016 result
[arXiv:1604.04263]
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B ➝ K(*)μ+ μ− Decay Parameters

2016/12/18 CLHCP2016 21

Complete description: 11 variables! Simplified description:
FL :Fraction of longitudinal polarization of the K* 
AFB:Forward-backward asymmetry of the dilepton system
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Comparison of results 7/8TeV

2016/12/18 CLHCP2016 •22

CMS Collaboration / Physics Letters B 753 (2016) 424–448 431

Fig. 4. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− . The 
statistical uncertainty is shown by the inner vertical bars, while the outer vertical 
bars give the total uncertainty. The horizontal bars show the bin widths. The vertical 
shaded regions correspond to the J/ψ and ψ ′ resonances. The other shaded regions 
show the two SM predictions after rate averaging across the q2 bins to provide a 
direct comparison to the data. Controlled theoretical predictions are not available 
near the J/ψ and ψ ′ resonances.
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decays. The remaining experiments add the corresponding B+ decay, and the BaBar 
and Belle experiments also include the dielectron mode. The vertical bars give the 
total uncertainty. The horizontal bars show the bin widths. The horizontal positions 
of the data points are staggered to improve legibility. The vertical shaded regions 
correspond to the J/ψ and ψ ′ resonances.
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Helicity study of Λ𝑏 → 𝐽/ 𝜓 Λ

Helicity study of decays

ICHEP 2016 16

• Study performed by ATLAS with dataset at 7 TeV
• Requires an angular study 
• Assume zero polarization.
• Assume CP conservation.

𝛼𝑏 = 0.30 ± 0.16 𝑠𝑡𝑎𝑡 ± 0.06 (𝑠𝑦𝑠𝑡)
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Helicity study of decays

ICHEP 2016 178/4/2016

• Study performed by CMS with datasets at 7 TeV and 8 TeV
• Requires an angular study 
• Assume CP conservation.

𝑃 = 0.00 ± 0.06 𝑠𝑡𝑎𝑡 ± 0.02 𝑠𝑦𝑠𝑡
𝛼𝑏 = −0.12 ± 0.13 𝑠𝑡𝑎𝑡 ± 0.06 𝑠𝑦𝑠𝑡 .

Helicity study of decays

ICHEP 2016 178/4/2016

• Study performed by CMS with datasets at 7 TeV and 8 TeV
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• Assume CP conservation.

𝑃 = 0.00 ± 0.06 𝑠𝑡𝑎𝑡 ± 0.02 𝑠𝑦𝑠𝑡
𝛼𝑏 = −0.12 ± 0.13 𝑠𝑡𝑎𝑡 ± 0.06 𝑠𝑦𝑠𝑡 .
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CMS BPH-15-002
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Summary
■ Many results on HF productions and rare 

decays from LHC experiments
◆ also see Jibo’s talk 

■ Results of 13TeV are emerging
◆ Excellent performance
◆ More to come from
Run-II data

■ Chinese groups are 
actively contributing 
will continue in future
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谢谢! Thank you!
Extra meterials…
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Recent results from ATLAS/CMS:
a partial list

■ Quarkonium xs@13 TeV(CMS) and non-prompt fraction (CMS & ATLAS) 
■ b quark fragmentation fs/fd(ATLAS) 
■ Dependence of Υ(nS) prod ratios on charged particle multiplicity@7  TeV(CMS)
■ B+ cross section and mass (CMS & ATLAS) 13TeV
■ Υ(nS) polarization vs particle multiplicity(CMS)
■ Associated production of J/ψ and Z (ATLAS &CMS)
■ Study of 𝐵+ → 𝐽/𝜓 𝐷s

∗+ (ATLAS) 
■ Observation of 𝐵+→ 𝜓(2𝑆)𝜙𝐾+ (CMS) 
■ Observation and BF of Λ𝑏→ 𝜓(2𝑆) Λ (ATLAS) 
■ Observation of Υ(1S) pair production（CMS）
■ Helicity study of Λ𝑏→ 𝐽/ 𝜓 Λ decays (ATLAS & CMS) 
■ Search for 𝑋+(5568) → 𝐵s 𝜋+ (CMS) 
■ CP violation phase in 𝐵→ 𝐽/𝜓 𝜙 (ATLAS & CMS) 
■ B0

s ->J/ψ f0(980) (CMS) 
■ ∆Γd/Γd of the𝐵0 − 𝐵0bar system (ATLAS) 
■ Search of Bs➝µ+µ− and B0➝µ+µ−(ATLAS & CMS)
■ Angular analysis of B ➝K(*)µ+ µ− (CMS)
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Double Jpsi production@LHCb 13TeV
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2×!/#	@	13	TeV
ØUsing	~279	pbVW data	at	 t = 13	TeV

ØFiducial	region:	2 < Åá/à < 4.5,	:Ç
á/à < 10	GeV/g

ØCut-based	selection

ØEfficiency	estimated	using	simulation	&	data

ØSignal	yield	obtained	 from	simultaneous	 fit	to	the	efficiency-corrected	2D	

ã mW~mWV ,ã m|~m|V distribution	

ØC !/#!/# = 13.5 ± 0.9 stat ± 0.8 syst 	nb

LHCb preliminary LHCb preliminary

New!

[LHCb-PAPER-2016-057]	

LHCB-THU


