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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, with very tight ID

l Complementary to LHCb

ATLAS and CMS for HF studies

LHC detectors and coverages
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Quarkonium production

For both ATLAS and CMS experiments, dimuon decays
provide a particularly clean signature to trigger on in
order to reconstruct quarkonium states

[1]	PRL 114,	191802

7	TeV13	TeV

Sketch	by	Qipeng Hu

Non-prompt

Prompt



Dayong Wang

Recent results on selected topics
■ Hadron production and polarization
■ Spectroscopy and exotic states
■ B decay property and angular analyses
■ Disclaims

◆ Not exclusive of all due to time limitation
◆ No coverage of pA and AA results
◆ Selections due to personal bias, esp the speaker is from CMS
◆ More results from ATLAS and CMS can be found at:

● https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublic
Results

● https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResul
tsBPH
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Quarkonium production
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Production of J/Ψ, Ψ(2S) and Y(nS) for |y|<1.2 studied by CMS on 2.3-2.7 fb–1 of 13 TeV data 

4M. Galanti – Production, Spectroscopy, and Properties of Heavy Hadrons6
th
 LHCP - 8/6/2018

2arkonium production at central rapidity
CMS: PLB 780 (2018) 251

References for the 13/7 TeV ratios from 
PRL 114 (2015) 1918.02 and PLB 749 
(2015) 14

● Production of J//, /(2S) and Y(nS) for |y|<1.2 studied by CMS on 2.3-2.7 fb–1 of 13 TeV data

● Single- and double-di8erential cross sections times 
branching fractions measured

● Results in reasonable agreement with NRQCD 
predictions within uncertainties

● Confirms what seen for J// and /(2S) at 7 and 8 TeV by 
ATLAS (Eur. Phys. J. C (2016) 76)

● Ratios of /(2S)/J//, of Y(2S,3S)/Y(1S), and of 13/7 TeV 
cross sections also given

● Slight increase with pT observed for both ratios

ATLAS-CONF-2015-030

4M. Galanti – Production, Spectroscopy, and Properties of Heavy Hadrons6
th
 LHCP - 8/6/2018

2arkonium production at central rapidity
CMS: PLB 780 (2018) 251

References for the 13/7 TeV ratios from 
PRL 114 (2015) 1918.02 and PLB 749 
(2015) 14
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● Confirms what seen for J// and /(2S) at 7 and 8 TeV by 
ATLAS (Eur. Phys. J. C (2016) 76)

● Ratios of /(2S)/J//, of Y(2S,3S)/Y(1S), and of 13/7 TeV 
cross sections also given

● Slight increase with pT observed for both ratios

Results in reasonable agreement 
with NRQCD predictions

PLB 780 (2018) 251 

PLB 780 (2018) 251 
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Prompt J/ψ pair production
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ATLAS: Eur.Phys.J. C77 (2017) 76(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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CMS:JHEP09(2014)094

J/ψ pT > 8.5 GeV and rapidity |y| < 2.1 
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Y(1S) pair production@CMS
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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 

CMS: JHEP 05(2017) 013
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Measurement of Bc and B+ cross sections
■ The integrated production cross sections times branching fraction

■ Bc shape in agreement with BCVEGPY, normalization off by ~2.75 
■ B+ measurement consistent with PYTHIA, NLO, and FONLL predictions 

2018/6/22 全国粒子物理学术会议 7 9M. Galanti – Production, Spectroscopy, and Properties of Heavy Hadrons6
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● CMS measured the RMS and RS cross sections at 7 TeV, using 4.77 fb–1 of Run 1 pp data

● Mesons reconstructed through their RMS?J//TS and RS?J//US decays

● Inclusive VWRRs:

● BKLIJ=>ML: 40.. F 4.7 (stat) F 2.. (syst) pb [pT(BKL) > 10 GeV and |y|(BKL) < 1.5]

● BLIJ=>UL: 5.51 F 37 (stat) F 446 (syst) pb [pT(BL) > 10 GeV and |y|(BL) < 1.5]

● RM shape in agreement with RCVEGPY prediction, normalization o8 by a factor ~2.75

● RS measurement consistent with predictions from PYTHIA, NLO, and FONLL

IMore 
details in A. 
Di Florio’s 
parallel talk

CMS: CMS-PAS-BPH-13-002
NEW!      

       
       

  

Measurement of BC and BD cross sections

(Rescaled by 2.75x)

c

New for LHCP2018 !
CMS-PAS-BPH-13-002

9M. Galanti – Production, Spectroscopy, and Properties of Heavy Hadrons6
th

 LHCP - 8/6/2018

● CMS measured the RMS and RS cross sections at 7 TeV, using 4.77 fb–1 of Run 1 pp data

● Mesons reconstructed through their RMS?J//TS and RS?J//US decays

● Inclusive VWRRs:

● BKLIJ=>ML: 40.. F 4.7 (stat) F 2.. (syst) pb [pT(BKL) > 10 GeV and |y|(BKL) < 1.5]

● BLIJ=>UL: 5.51 F 37 (stat) F 446 (syst) pb [pT(BL) > 10 GeV and |y|(BL) < 1.5]

● RM shape in agreement with RCVEGPY prediction, normalization o8 by a factor ~2.75

● RS measurement consistent with predictions from PYTHIA, NLO, and FONLL

IMore 
details in A. 
Di Florio’s 
parallel talk

CMS: CMS-PAS-BPH-13-002
NEW!      

       
       

  

Measurement of BC and BD cross sections

(Rescaled by 2.75x)

c



Dayong Wang

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 

7
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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.

7

ATLAS-CONF-2015-064

CMS: PLB 771 (2017) 435
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B hadron lifetime measurement
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Measurements of B hadron lifetimes

● R hadrons lifetimes measured
by CMS on 8 TeV pp data

● Decay modes used:

– R\?J//U*(892) and R\?J//U]

– ZJ\?J//Z\

– R]\?J//a(1020)\ and R]\?J//TST–

– RMS?J//TS

● Other observables found from the measured lifetimes:

● Lifetime of the RsL eigenstate c]L = 420.4 F 6.1 (stat + syst) _m (PDG: 423.6 c 1.8 @m) 

● H`a=`a = 0.034 F 0.023 (stat) F 0.024 (syst) (PDG: -0.002 c 0.010)

#$%J&'(

CMS: arXiv1710.08949
(accepted by EPJC)

Channel CMS result [_m] PDG [_m]

c]
BX

454.1 c 1.4 (stat) c 1.7 (syst) 455.7 c 1.2

c]
BYIJ=>MM

502.7 c 10.2 (stat) c 3.4 (syst) 482.4 c 3.0

c]
BYIJ=>b

443.9 c 2.0 (stat) c 1.5 (syst) 443.4 c 3.6

c]
VA

442.9 c 8.2 (stat) c 2.8 (syst) 440.7 c 3.0

c]
BK

162.3 c 7.8 (stat) c 4.2 (syst) c 0.1 (RS) 152.0 c 2.7 arXiv1710.08949
Accepted by EPJC
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Observation of a new Bs2
* decay
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● Using 19.6 fb–1 of 8 TeV data, CMS studied the 
excited R] states R]N(5830)\ and R]i*(5840)\
in the RSU– and in the R\U]\ decay modes

● First observation of the decay BYDeIBXUYX

● First evidence of the decay BYBIBeXUYX

● Several related observables measured
(? S. Polikarpov’s parallel talk)

● BYDe natural width (consistent with LHCb and CDF)

● First measurement of mass diference 
between BeX and BeL excited mesons

● Cross section times branching fraction ratios

BYDeIBXUYX
(6.3C7 \) BYBIBeXUYX

(3.6C3.9 \) 

BYDeIBeXUYX 

Consistent with 
LHCb

First 
measurement

CMS: CMS-PAS-BPH-16-003
NEW!      

       
       

  

Observation of a new BH?* decay

New for LHCP2018 !
CMS-PAS-BPH-16-003
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Observation of χb1,2(3P) mass split
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● IJ(3P) state first discovered by ATLAS (PRL
10. (2012) 1528001), seen also by D0 and LHCb

● Analyzing the full LHC Run 2 dataset (.0 fb–1)
CMS now observes for the first time the split
in the @AB(3P)C@AD(3P) doublet and measures
the masses of the two states

● IJ(3P) reconstructed in Y(3S)KL mode,
with L converting inside the CMS tracker

● Photon energy scale calibrated with
high-yield IMN?J//KL decays

● Results

MB = 108513.42F0.41(stat)F0.1.(syst) MeV
MD = 108524.02F0.57(stat)F0.1.(syst) MeV
HM = 10.60F0.64(stat)F0.17(syst) MeV

● Significantly constrains theoretical
predictions, which give mass splits in the
range [-2, 18] GeV

IMore details in A. Di Florio’s parallel talk

NEW!      
       

       
  

Observation of <=>,?(3P) mass split
CMS: arXiv1805.11192

CMS, to PRL
arXiv:1805.11192
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Search for 𝑋+(5568) → 𝐵s 𝜋+

■ D0: a tetraquark candidate 𝑋+ (5568) → 𝐵𝑠𝜋 + 
● Phys. Rev. Lett. 117, 022003 (2016): 5.1sigma 
● DØ Note 6488-CONF: semi-leptonic channel

■ LHCb/CDF reported non-confirmation results
■ ATLAS/CMS: thousands of 𝐵𝑠 → 𝐽/𝜓 𝜙 decays to search

■ Stringent limits are set:

Search for 

ICHEP 2016 13

• DZero reported the observation of a 
tetraquark candidate in 𝑋+(5568) → 𝐵𝑠𝜋+

• LHCb reported a non-confirmation result of 
these candidate.

• CMS has recollected several thousands of 
𝐵𝑠 → Τ𝐽 𝜓 𝜙 decays on what to look for.

8/4/2016

𝜌𝑋 ≡
𝜎(𝑝𝑝→𝑋 5558 +𝑎𝑛𝑦𝑡ℎ𝑖𝑛𝑔)×𝐵(𝑋(5558)→𝐵𝑠𝜋±)

𝜎(𝑝𝑝→𝐵𝑠+𝑎𝑛𝑦𝑡ℎ𝑖𝑛𝑔)
= 𝑁𝑋

𝑁𝐵𝑠

𝜀𝐵𝑠
𝜀𝑋

𝜌𝑋D0= 8.6 ± 1.9 𝑠𝑡𝑎𝑡 ± 1.4 (𝑠𝑦𝑠𝑡. ) %

𝜌𝑋 < 3.9% @95% 𝐶 . 𝐿 .

2018/6/22 全国粒子物理学术会议 12
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Searches for X(5568)
● X(5568) state observed by D0 in the R]T spectrum

● Large fraction lX of R] coming from X with respect to total R]: lX = (8.6 c 1.9 c 1.4)%

● Recently searched for by CDF (arXiv1712.096220), no evidence found

● ATLAS, CMS, and LHCb have all looked for the
X(5568) state in LHC data

● Complementary phase space

● No evidence found! Stringent limits to lX set:

● ATLAS: iX < 1.5% @ 95%CL

● CMS: iX < 1.1% @ 95%CL

● LHCb: iX < 1.2% @ 95%CL

ATLAS: PRL 120 (2018) 202007
CMS: PRL 120 (2018) 202005

LHCb: PRL 117 (2016) 152003

BYIJ=>b
PRL 117 (2016) 0228003
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Obersvation of excited Bc states
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■ Significance of the observed signal 
calculated with toy studies 
◆ 3.7 in 7TeV and 4.5 in 8TeV 
◆ Combined significance is 5.2 

■ Systematic dominated by fitting 
■ A new state observed at 
Q = 288.3±3.5(stat.)±4.1(syst.) MeV
■ Corresponds to a mass of
6842 ± 4(stat.) ± 5(syst.) MeV 
■ LHCb: 2 fb–1 of 8 TeV data, no 

evidence for any resonance
■ Ratio of Bc(2S) to Bc cross section in 

the range [0.02, 0.14] @95%CL

■ ATLAS observation to be confirmed

B
c

(2S) observation
Significance of the observed signal
calculated with toy studies

3.7� in 7 TeV and 4.5� in 8 TeV
Combined significance is 5.2�

Systematic dominated by the fit
procedure
A new state observed at
Q = 288.3±3.5(stat.)±4.1(syst.) MeV
(error-weighted mean of 7 and
8 TeV values)
Corresponds to a mass
6842 ± 4(stat.)± 5(syst.) MeV
Possible interpretation:
a single peak of
Bc(23

S) ! B

⇤
c

(1S)(B
c

(1S)�)⇡+⇡�

or in the unresolved pair with
Bc(21

S0) ! B

c

(1S)⇡+⇡�
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Maria Smizanska ATLAS recent HF spectroscopy and exotica results 8 / 20

PRL 113 (2014) 212004

JHEP (2018) 2018:138
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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)

8/4/2016

2018/6/22 全国粒子物理学术会议 14

Phys. Rev. D 97(2018), 072010

Phys.Rev. D89 (2014).092009

P=0.00 ± 0.06(stat) ± 0.06(syst) 
α1=0.14 ± 0.14(stat) ± 0.10(syst)

LHCb:
0.05 ± 0.17(stat) ± 0.07(syst) 
ATLAS:
0.05 ± 0.16(stat) ± 0.06(syst) 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)

8/4/2016
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FCNC processes b➝sµ+µ− : 
golden indirect probes of NP

2018/6/22 全国粒子物理学术会议 •15

clean exp signature;
robust theory calc;
high sensitivity

“B anomalies”=> flood of NPmodels

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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Fig. 5. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− from 
CMS (combination of the 7 TeV [29] results and this analysis), Belle [26], CDF [27,
51], BaBar [52], and LHCb [28]. The CMS and LHCb results are from B0 → K∗0µ+µ−

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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𝑩𝟎 → 𝑲∗𝟎 𝝁5𝝁6	：	P1 and P5’ r𝐞𝐬𝐮𝐥𝐭𝐬	

• Fit in seven 𝑞> bins from 1 to 19 𝐺𝑒𝑉>, yielding 1397 signal and 1794 bkg evts

• CMS results are consistent with SM and previous measurements.
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𝑩𝟎 → 𝑲∗𝟎 𝝁5𝝁6 angular analysis from ATLAS
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ü Second release of the results
ü Based on 8TeV data, 20.3 fb-1

ü six different bins of q2 in the range 0.04 
to 6.0 GeV2

ü Much less yield: 348 signals, 439 bkg
ü Compatible with the results of the LHCb, 

CMS and Belle

Arxiv: 1805.04000 (submitted to JHEP)
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𝐁5 → 𝐊5𝝁5𝝁6	𝑨𝑭𝑩 and 𝑭𝑯 results

The measured 𝐴HI and 𝐹K	show good agreement with the SM predictions within 
the uncertainty. 
No clear indication of new physics beyond the SM could be drawn from present 
results. 
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𝝍(𝟐𝑺)

𝑱/𝝍

𝝍(𝟐𝑺)AFB FH

该分析由北大组提出并完成，担任联络人
参与人: 陈耿/王大勇
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陈耿 做 Approval报告

arxiv: 1806.00636, submitted to Phys. Rev. D
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Moriond2018 conferences
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Global fits: try to be model-indep
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“For the first time, the NP 
hypothesis is preferred over the SM 
by 5 σ in a general case when NP 
can enter SM-like operators and 
their chirally-flipped partners” [1]

“we confirm the presence of a sizeable 
discrepancy between data and SM 
predictions…The data can be 
consistently described by new physics 
in the form of a four-fermion contact 
interaction…[2]

b→sll interpretation 

•  Several groups have interpreted results by performing global fits to 
b→sll data e.g. [arXiv:1704.05340, EPJC(2017)77:377] 

•  Consistent picture, tensions solved simultaneously by a modified 
vector coupling (∆C9 != 0) at >3σ 7 

J
H
E
P
0
1
(
2
0
1
8
)
0
9
3

�����
�����
���
����
���

­� ­� ­� � � � �
­�

­�

­�

�

�

�

�

�� μ
��

�
��

μ
�
�

�����
�����
���
����
���

­� ­� ­� � � � �
­�

­�

­�

�

�

�

�

�� μ
��

�
��
μ

Figure 1. From left to right: allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C9′µ) and (CNP

9µ , CNP
9e ) planes

for the corresponding two-dimensional hypotheses, using all available data (fit “All”). We also show
the 3 σ regions for the data subsets corresponding to specific experiments. Constraints from b → sγ
observables, B(B → Xsµµ) and B(Bs → µµ) are included in each case (see text).

In figure 1 we show the corresponding constraints for the fit “All” under the three

hypotheses (CNP
9µ , CNP

10µ), (CNP
9µ , C9′µ) and (CNP

9µ , CNP
9e ), as well as the 3 σ regions according

to the results from individual experiments (for each region, we add the constraints from

b → sγ observables, B(B → Xsµµ) and the world average for B(Bs → µµ) [29]). As

expected, the LHCb results drive most of the effect, with a clear exclusion of the origin,

i.e., the SM point.

We can now move to the fit “LFUV” in figure 2, where we consider the same hypothe-

ses favoured by global analyses. It is interesting to notice that this restricted subset of

observables excludes the SM point with a high significance, and it favours regions similar

to the fit “All” dominated by different b → sµµ-related observables (B → K∗µµ opti-

mised angular observables as well as low- and large-recoil branching ratios for B → Kµµ,

B → K∗µµ and Bs → φµµ). This is also shown in tables 2 and 3, where the scenarios

with the highest pulls are confirmed with significances between 3 and 4 σ, but get harder

to distinguish on the basis of their significance. Scenarios like CNP
9µ = −C9′µ that would fail

to explain RK are not disfavoured due to their good compatibility with RK∗ data. Inter-

estingly, the inclusion of the RK∗ measurement now disfavours solutions with right-handed

currents only, as proposed in refs. [5, 6]. Such a scenario was valid considering only RK

(excluding the other b → sµ+µ− data), but is now disfavoured by the measurement of

RK∗ . This was solved later on in [39], by modifying the model via a scalar leptoquark with

hypercharge Y = 7/6.

Finally, we have performed a six-dimensional fit allowing for NP contributions in

C7(′),9(′)µ,10(′)µ. The SM pull has shifted from 3.6σ in the fit of ref. [2] to 5.0 σ if one

considers the fit “All” described above. The 1 and 2 σ CL intervals are given in table 4,

with the pattern:

CNP
7 ! 0, CNP

9µ < 0, CNP
10µ > 0, C7′ ! 0, C9′µ > 0, C10′µ ! 0 (4.1)

where C9µ is compatible with the SM beyond 3 σ, C10µ, C7′ at 2 σ and all the other

coefficients at 1 σ.

– 8 –
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and Bs → µ+µ− in refs. [35–37]. For the B → K⋆ form factors at large recoil we use

the calculation in ref. [9], which has more conservative uncertainties than the ones in

ref. [38], obtained with a different method. For Bs → φ the corresponding calculation is

not available, and therefore we use ref. [38]. This leads to smaller hadronic uncertainties

quoted for Bs → φℓℓ and Rφ, but we stress that this is only due to the choice of input.

We follow the same statistical method as in ref. [2]. We perform a frequentist analysis

with all known theory and experimental correlations taken into account through the co-

variance matrix when building the χ2 function, which is minimised to find best-fit points,

pulls, p-values and confidence-level intervals. Depending on the dimensionality of the hy-

pothesis, the minimisation is performed either using a simple scan or the Markov-Chain

Monte Carlo Metropolis-Hastings algorithm.

4 Results

4.1 Fit results

In tables 2 and 3, we give the fit results for several one- or two-dimensional hypothesis for

NP contributions to the various operators, with two different datasets: either we include all

available data from muon and electron channels presented in the previous section (column

“All”, 175 measurements), or we include only LFUV observables, i.e., RK and RK∗ from

LHCb and Qi (i = 4, 5) from Belle (column “LFUV”, 17 measurements). In both cases,

we include also the b → sγ observables, as well as B(B → Xsµµ) and B(Bs → µµ). The

SM point yields a χ2 corresponding to a p-value of 11.3% for the fit “All” and 4.4% for the

fit “LFUV”.

We start by discussing NP hypotheses for the fit “All”. The measurement of RK∗

increases further the significance of already prominent hypotheses in previous studies,

namely, the first three hypotheses (CNP
9µ , CNP

9µ = −CNP
10µ and CNP

9µ = −C9′µ) already iden-

tified in refs. [1, 2]. The SM pull exceeds 5 σ in each case: the hypotheses can hardly be

distinguished on this criterion, and as discussed in ref. [20], the Qi observables will be very

powerful tools to lift this quasi-degeneracy.

Besides providing the results for one- and two-dimensional hypotheses with SM pulls

above 5σ, we discuss four illustrative examples of NP hypotheses with specific chiral struc-

tures, leading to correlated shifts in Wilson coefficients. These hypotheses are:

1. (CNP
9µ = −C9′µ, CNP

10µ = C10′µ),

2. (CNP
9µ = −C9′µ, CNP

10µ = −C10′µ),

3. (CNP
9µ = −CNP

10µ, C9′µ = C10′µ),

4. (CNP
9µ = −CNP

10µ, C9′µ = −C10′µ).

Hypothesis 1 has the highest SM pull, in agreement with our previous global analy-

sis [2]. Taking CNP
10µ = −C10′µ (i.e., Hypothesis 2) reduces the significance from 5.7σ to

5.0σ, similarly to Hypotheses 3 and 4 taking CNP
9µ = −CNP

10µ (irrespectively of the relative

sign taken to constrain C9′µ = ±C10′µ). From a model-independent point of view, Hypoth-

esis 1 is particularly interesting to yield a low value for RK∗ (especially if a contribution

– 6 –
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Summary
■ ATLAS and CMS are producing high

quality HF physics results
◆ Hadron production and polarization
◆ Spectroscopy and exotic states
◆ B decay property and angular analyses

■ Many new HF results are released
◆ Excellent commissioning and performance
◆ More to come from Run-II data

■ Chinese groups are actively contributing
◆ Welcome to join
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ATLAS/CMS: 13TeV HF performances
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𝑩𝟎 → 𝑲∗𝟎 𝝁5𝝁6 Decay description
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Decay Rate

Mauro Dinardo, Universita` degli Studi di Milano Bicocca and INFN

1 Introduction1

The B0 ! K⇤0µ+µ� decay,1 where K⇤0 ! K+⇡�, is a b ! s flavour changing neutral2

current process that is mediated by electroweak box and penguin type diagrams in the3

Standard Model (SM). The angular distribution of the K+⇡�µ+µ� system o↵ers particular4

sensitivity to contributions from new particles in extensions to the SM. The di↵erential5

branching fraction of the decay also provides information on the contribution from those6

new particles but typically su↵ers from larger theoretical uncertainties due to hadronic7

form factors.8

The angular distribution of the decay can be described by three angles (✓
`

, ✓
K

and9

�) and by the invariant mass squared of the dimuon system (q2). The B0! K⇤0µ+µ�
10

decay is self-tagging through the charge of the kaon and so there is some freedom in the11

choice of the angular basis that is used to describe the decay. In this paper, the angle12

✓
`

is defined as the angle between the direction of the µ+ (µ�) in the dimuon rest frame13

and the direction of the dimuon in the B0 (B0) rest frame. The angle ✓
K

is defined as14

the angle between the direction of the kaon in the K⇤0 (K⇤0) rest frame and the direction15

of the K⇤0 (K⇤0) in the B0 (B0) rest frame. The angle � is the angle between the plane16

containing the µ+ and µ� and the plane containing the kaon and pion from the K⇤0. A17

detailed description of the angular basis is given in Appendix A. In this basis, the angular18

definition for the B0 decay is a CP transformation of that for the B0 decay.19

Using the notation of Ref. [1], and assuming equal numbers of B0 and B0 decays, the20

di↵erential decay rate corresponds to21

1

d�/dq2
d4�

dq2 d cos ✓
`

d cos ✓
K

d�
=

9

32⇡

h
Ss

1

sin2 ✓
K

+ Sc

1

cos2 ✓
K

+

Ss

2

sin2 ✓
K

cos 2✓
`

+ Sc

2

cos2 ✓
K

cos 2✓
`

+

S
3

sin2 ✓
K

sin2 ✓
`

cos 2�+ S
4

sin 2✓
K

sin 2✓
`

cos� +

S
5

sin 2✓
K

sin ✓
`

cos�+ S
6

sin2 ✓
K

cos ✓
`

+

S
7

sin 2✓
K

sin ✓
`

sin�+ S
8

sin 2✓
K

sin 2✓
`

sin� +

S
9

sin2 ✓
K

sin2 ✓
`

sin 2�
i
,

(1)

22

where the S
i

terms are CP averages between B0 and B0 of bilinear combinations of K⇤0
23

decay amplitudes that vary with q2. The terms S
7

, S
8

and S
9

are suppressed by the small24

size of the strong phase di↵erence between the amplitudes involved and are expected to25

be close to zero across the full q2 range not only in the SM but also in most extensions.26

To reveal the e↵ect of new particles, it is better to look instead at the corresponding CP27

asymmetries A
7

, A
8

and A
9

, between B0 and B0, which are not suppressed by the size of28

1Charge conjugation is implied throughout this paper unless stated otherwise.

1

Complete description of the decay rate:
11 variables !

Complex fitting for precision measurement
With complex physics constraints
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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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P
0
4
(
2
0
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3
)
1
5
4

p
T

(GeV) d�prompt

X(3872)

/dp
T

· B(X(3872) ! J/ ⇡+⇡�) (nb/GeV)

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 ±
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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-
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