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- General Purpose Detectors

2

LHC GPD Detectors: ATLAS and CMS

ATLAS CMS
Axial Magnetic field 2 T 3.8 T

Track momentum resolution σ/pT2 [GeV]-1 ~0.05%pT + 0.015 ~0.015%pT + 0.005

Lifetime resolution ~100 fs ~70 fs
ID tracking |ηmax| 2.5 2.5

Muon System |ηmax| 2.7 2.4
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- CMS measurement of X(3872) production  
cross-section in the decay J/𝛹ππ 


- Under assumptions of: Unpolarised, JPC=1++



- Inclusive ratio R: (in corrected region)



- Intermediate ρ0 state favoured


- Prompt cross-section: NRQCD – reasonable in shape,  

– overestimation to data


- Average Non-prompt fraction 0.263±0.023(stat.)± 0.016(syst.)

3

X(3872) Production
JHEP04(2013)154 

10<pT<50 GeV
|y| < 1.2
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Figure 1: The J/yp+p� invariant-mass spectrum for 10 < pT < 50 GeV 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.

sponding 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/yp+p� decay is generated with an in-
termediate r0 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/yr0

decay, and the r0 decay to a pair of pions is generated with decay-angle distributions reflecting
their respective spins. A nonresonant X(3872) ! J/yp+p� decay is also considered using the
EVTGEN model for the y(2S) ! J/yp+p� 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 y(2S) res-
onances, 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/yp+p� branching fraction is obtained from the mea-
sured numbers of signal events for X(3872) and y(2S), NX(3872) and Ny(2S), correcting for the
efficiency (e) and acceptance (A) estimated from simulations, according to

R =
s(pp ! X(3872) + anything) · B(X(3872) ! J/yp+p�)

s(pp ! y(2S) + anything) · B(y(2S) ! J/yp+p�)
=

NX(3872) · Ay(2S) · ey(2S)

Ny(2S) · AX(3872) · eX(3872)
.

(1)

(6.56± 0.29 (stat.)± 0.65 (syst.))%

http://link.springer.com/article/10.1007%2FJHEP04%282013%29154
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- First seen at CDF: arXiv: 0903.2229v2 


- Identified through 5-track vertex fit, m(J/𝛹) constraint,



- 1008 < m(K+K-) < 1035 MeV, using KK  
combination with min. mass.



- Analysis performed in bins of rel. eff. corrected  
∆m = m(µµKK) - m(µµ); B± yields in 20MeV slices



- Observation (>5σ) of peaking structure at:


- M = 4148.0 ± 2.4 (stat.) ± 6.3 (syst.) MeV


- Γ = 28+15-11 (stat.) ± 19 (syst.) MeV 



- First structure consistent with X(4140) 


- and rel. Br = 0.1±~0.3, consistent with CDF 

and LHCb upper limits.


- Evidence of second structure at:



- M = 4313.8 ± 5.3 (stat.) ± 7.3 (syst.) MeV 


- Γ = 38+30-15 (stat.) ± 16 (syst.) MeV 



- Possible complications from 𝜑K resonances 


- Full amplitude analysis for J/𝛹KKK needs increased  

statistics and improved knowledge on φK+ or J/ψK+  
resonances, 4

Peaking Structures in Decays of B →J/𝛹φK
PLB 734(2014)261-281 3

corrected J/yf mass spectrum, as described below. With the exception of this cross-check, all
results are obtained with the less-restrictive criteria.
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Figure 1: The J/yfK+ mass distribution with the standard event selection (left) and the tighter
requirements (right). The solid curves show the result of fitting these distributions to a Gaus-
sian signal and a second-degree polynomial background while the dashed curves show the
background contribution.

Figure 2 shows the K+K� invariant-mass distribution for J/y K+ K� K+ candidates that have
an invariant mass within ±3s of the B+ mass. We define events in the range [�12, �6]s and
[6, 12]s of the B+ mass as sidebands. The f mass restriction has been removed and a side-
band subtraction has been performed in Fig. 2. We fit this distribution to a P-wave relativis-
tic Breit–Wigner (BW) function convolved with a Gaussian resolution function. The width of
the Gaussian is fixed to 1.3 MeV, obtained from MC simulation. The fit has a c2 probabil-
ity of 23% and returns a mass of 1019.4 ± 0.1 MeV and a width of 4.7 ± 0.4 MeV, consistent
with the f meson [27]. The good fit to only a f component in Fig. 2 indicates that after the
J/y and f mass requirements are made and the combinatorial background is subtracted, the
B+ ! µ+µ�K+K�K+ candidates are consistent with being solely J/yfK+, with negligible con-
tribution from J/yf0(980)K+ or nonresonant J/yK+K�K+.

As seen in Fig. 1, there are two main components to the J/yfK+ invariant-mass spectrum:
the B+ signal and a smooth background. Possible contributions from other B-hadron decays
are examined using MC simulations of inclusive B+, B0, and B0

s decays. Based on this study,
the mass-difference region (Dm > 1.568 GeV) is excluded from the analysis to avoid potential
background from B0

s ! y(2S)f ! J/yp+p�f decays, where one pion is assumed to be a kaon
and the other is not reconstructed.

To investigate the J/yf invariant-mass distribution, rather than fitting the distribution itself
with its large combinatorial background, the J/yfK+ candidates are divided into 20 MeV-wide
Dm intervals, and the J/yfK+ mass distributions for each interval are fit to extract the B+ signal
yield in that interval. We use a second-degree polynomial for the combinatorial background
and two Gaussians for the B+ signal. The fit is performed separately for each data set. The
mean values of the two Gaussians are fixed to the B+ mass [27], and the width values of the
Gaussians, as well as their relative ratio, are fixed to the values obtained from MC simulation
for each specific Dm interval in each data set. The results of all the fits are good descriptions of
the data distributions with an average c2 per degree of freedom (dof) close to 1. The resulting
Dm distribution for the combined data sets is shown in Fig. 3. Two peaking structures are
observed above the simulated phase-space (PS) continuum distribution shown by the dotted

± ±

http://arxiv.org/abs/0903.2229v2
http://www.sciencedirect.com/science/article/pii/S0370269314003657
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- Xb : Analogue of X(3872) expected in bottomonium sector


- Various theoretical models / approaches to explore sector



- 10,562 GeV (BB) ,  10,604 GeV (BB*) thresholds


- Alternative possibilities also allowed in ranges 10 – 11 GeV.



- CMS:   √s = 8 TeV, L = 20.7 fb-1 ; PLB 727 (2013) 57–76 



- ATLAS: √s = 8 TeV,  L = 16.2 fb-1  ;  PLB 740 (2015) 199–217 



- ATLAS and CMS performed search for Xb in the decays of ϒ(1S)ππ


- cf: X(3872) to J/𝛹ππ: Branching Ratio of 6.56% relative to 𝛹(2S) 

to J/𝛹ππ  

- ATLAS search also for ϒ(13DJ), ϒ(10860) and ϒ(11020)

5

Search for Exotic Bottomonium-like States

R =
�(pp ! Xb ! ⌥(1S)⇡+⇡�)

�(pp ! ⌥(2S) ! ⌥(1S)⇡+⇡�)
=

� · B
�2S · B2S

––

http://www.sciencedirect.com/science/article/pii/S0370269313008095
http://www.sciencedirect.com/science/article/pii/S0370269314008648
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- For efficiency determinations, MC is reweighted to CLEO di-pion mass distributions.


- Central results is presented under assumption of zero polarisation (isotropic). 



- Variations of spin-alignment envelope considered:


- CMS: systematic from fully  

transverse or longitudinal.


- ATLAS: reassessed for different  

spin-alignment hypotheses. 6

Sample Selection
- Selection optimised to maximise expected significance near ϒ(2S)



ATLAS CMS
pT(ϒ(1S)ππ)	
  >	
   5 13.5 GeV
|y(ϒ(1S)ππ)|	
  < 2.4 2.0
𝜒2(ϒ(1S)ππ)	
  < 20 P>10%

pT(µ)	
  >	
   4 2.5 GeV
|η(µ)|	
  < 2.3 2.1
pT(µµ)> – 13.5 GeV
|y(µµ)|	
  < – 2.0
𝜒2(µµ)	
  < 100 P>1%
pT(π)	
  >	
   400 400 MeV
|η(π)|	
  < 2.5 2.5

p(𝜒2(ππ))	
  > – 10%
∆R(π,	
  ϒ(1S))	
  < – 0.7

- All candidates passing selections retained in  
 analysis


- CMS:    ~2.3 candidates  per-event


- ATLAS: ~19.5 candidates per-event
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- ATLAS studied data according to:


- cos θ* vs pT(ϒ(1S)ππ)



- Retain all data,  

- maximise significance for weak signal 
at M = 10.561 GeV 

7

Sensitivities (I)

M = 10.561 GeV 

- θ* angle between  
di-pion momentum in 
parent rest-frame and 
parent lab-momentum

Background Significance
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Sensitivities (II)
Xb ! ⇡+⇡�⌥: results as a function of mass
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hypothesis test every 10MeV from 10–11GeV, excluding ⌥(2S , 3S)
fit range m± 8�

endcap

: ±72MeV at 10GeV; ±224MeV at 10.9GeV
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Fig. 7. The �+���(1S) invariant mass distributions for each of the analysis bins.
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- Data sample separated into 23 

regions:


- 2x Rapidity:



- Mass resolution varies with  
parent rapidity |y| due to 
detector effects



- 2x pT: 


- 2x cos θ*; 



- highest S/B at high-pT,  
large cos θ*, small |y|



- Simultaneous fits to all regions
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- Selected ϒ(1S)ππ distributions for the central and forward regions of 
the detectors (ATLAS shown for most sensitive pT and cos θ* bins).


- Clear ϒ(2S) and ϒ(3S)



- No obvious additional structures seen.

Xb ! ⇡+⇡�⌥: results as a function of mass
ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hypothesis test every 10MeV from 10–11GeV, excluding ⌥(2S , 3S)
fit range m± 8�

endcap

: ±72MeV at 10GeV; ±224MeV at 10.9GeV
simultaneous fit to the 8 (|y |, p

T

, cos ✓⇤) bins, for R = �B/(�B)
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Fig. 7. The �+���(1S) invariant mass distributions for each of the analysis bins.
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9

Mass Distributions

CMS Collaboration / Physics Letters B 727 (2013) 57–76 59

Fig. 1. The reconstructed invariant-mass distributions of the candidates in the barrel
(top) and endcap (bottom) regions. Peaks corresponding to Υ (2S) → Υ (1S)π+π−

and Υ (3S) → Υ (1S)π+π− decays are indicated with the arrows.

Fig. 2. The invariant-mass distributions of the candidates around the Υ (2S) reso-
nance for the barrel (top) and endcap (bottom) regions. The result from the fit is
shown as a solid curve; the Υ (2S) and background contributions from the fit are
shown separately as the dashed and dotted curves, respectively.

the barrel (endcap) region. The background distribution is mod-
eled separately for the low-mass (10.06–10.31 GeV) and high-mass
(10.40–10.99 GeV) regions with a third-degree polynomial, whose
coefficients are allowed to vary in the fit. The signal yields and
the coefficients of the polynomials are determined from unbinned

maximum-likelihood fits to the invariant-mass distributions for the
barrel and endcap regions.

For a given Xb mass point, the relationship between the Xb and
Υ (2S) yields is given by

Nobs
Xb

= R × Nobs
Υ (2S) × ϵXb

ϵΥ (2S)
, (1)

where Nobs
Xb

and Nobs
Υ (2S) are the observed Xb and Υ (2S) yields, re-

spectively, and ϵXb/ϵΥ (2S) is the ratio of overall efficiencies for Xb
and Υ (2S) events. This ratio uses the acceptance and the trigger
and reconstruction efficiencies estimated from simulated samples.
In the barrel region, the ratio of efficiencies increases from about
1 to 2 for a hypothetical Xb mass in the range 10.06–10.31 GeV,
mainly because of the increased acceptance for higher masses, and
remains around 2 in the range 10.40–10.99 GeV. In the endcap re-
gion, the ratio of efficiencies stays around 1 for all the Xb mass
values considered.

In tests of statistical significance, the p-value is the probabil-
ity of obtaining a signal strength as large as (or larger than) the
one that was actually observed, assuming that there is no signal.
A signal-like distribution will result in a low observed p-value. In
this analysis, the p-value is evaluated from simultaneous signal-
plus-background fits to the observed invariant-mass distributions
in the barrel and endcap regions. Significances of the Xb signal are
evaluated for each hypothetical Xb mass. Given no strong hint of
a signal in the present data, an upper limit on R , the ratio of the
production cross sections times branching fractions of the Xb and
Υ (2S), is calculated.

4.1. Systematic uncertainties

Several sources of systematic uncertainties are considered. The
major sources are from the modeling of the signal decay, which
includes the dipion invariant-mass distribution and the Xb mass
resolution, the signal polarization, and the background shape.

The dipion distributions in the simulated Υ (2S) and Xb sam-
ples are reweighted according to the Υ (2S) data from CLEO [28],
but the actual distribution of the Xb is unknown. This affects the
value of the efficiency ratio ϵXb/ϵΥ (2S) in Eq. (1). Several alterna-
tive models have been implemented, including a Υ (1S)ρ model,
a model using the dipion invariant-mass distribution measured
in X(3872) decay [8], and a three-body S-wave model. Since the
actual quantum numbers for the Xb state are not known, the dip-
ion invariant-mass distribution in the Xb → Υ (1S)ρ decay we use
(which is similar to the X(3872) → J/ψρ decay) in the system-
atic studies. The Xb → Υ (1S)ρ process is modeled with a uniform
two-body phase-space decay. The dipion mass distribution from
X(3872) decay is scaled according to the mass difference between
the Xb and the Υ (1S). A comparison between the alternative mod-
els and the default model using the Υ (2S) distribution leads to
differences in the ϵXb/ϵΥ (2S) efficiency ratio of up to 20% depend-
ing on the Xb mass, which is included as a systematic uncertainty.
The reconstruction efficiency as a function of Xb mass is modeled
with a simple analytical function. The systematic uncertainty in
this modeling is estimated by comparing two different functions
and is found to be negligible.

The Υ (2S) mass resolutions determined in data and simulation
are consistent with each other. The statistical uncertainty in the
Υ (2S) mass resolution from data of 2.9% (4.6%) in the barrel (end-
cap) region is larger than the difference between the measured and
simulated values. The statistical uncertainty is taken as the system-
atic uncertainty from this source. While a single Gaussian function
is used in the default modeling of the signal, a sum of two Gaus-
sians is used as an alternative model, and the differences between
the respective fits are taken as systematic uncertainties.

CMS Collaboration / Physics Letters B 727 (2013) 57–76 59

Fig. 1. The reconstructed invariant-mass distributions of the candidates in the barrel
(top) and endcap (bottom) regions. Peaks corresponding to Υ (2S) → Υ (1S)π+π−

and Υ (3S) → Υ (1S)π+π− decays are indicated with the arrows.

Fig. 2. The invariant-mass distributions of the candidates around the Υ (2S) reso-
nance for the barrel (top) and endcap (bottom) regions. The result from the fit is
shown as a solid curve; the Υ (2S) and background contributions from the fit are
shown separately as the dashed and dotted curves, respectively.

the barrel (endcap) region. The background distribution is mod-
eled separately for the low-mass (10.06–10.31 GeV) and high-mass
(10.40–10.99 GeV) regions with a third-degree polynomial, whose
coefficients are allowed to vary in the fit. The signal yields and
the coefficients of the polynomials are determined from unbinned

maximum-likelihood fits to the invariant-mass distributions for the
barrel and endcap regions.

For a given Xb mass point, the relationship between the Xb and
Υ (2S) yields is given by

Nobs
Xb

= R × Nobs
Υ (2S) × ϵXb

ϵΥ (2S)
, (1)

where Nobs
Xb

and Nobs
Υ (2S) are the observed Xb and Υ (2S) yields, re-

spectively, and ϵXb/ϵΥ (2S) is the ratio of overall efficiencies for Xb
and Υ (2S) events. This ratio uses the acceptance and the trigger
and reconstruction efficiencies estimated from simulated samples.
In the barrel region, the ratio of efficiencies increases from about
1 to 2 for a hypothetical Xb mass in the range 10.06–10.31 GeV,
mainly because of the increased acceptance for higher masses, and
remains around 2 in the range 10.40–10.99 GeV. In the endcap re-
gion, the ratio of efficiencies stays around 1 for all the Xb mass
values considered.

In tests of statistical significance, the p-value is the probabil-
ity of obtaining a signal strength as large as (or larger than) the
one that was actually observed, assuming that there is no signal.
A signal-like distribution will result in a low observed p-value. In
this analysis, the p-value is evaluated from simultaneous signal-
plus-background fits to the observed invariant-mass distributions
in the barrel and endcap regions. Significances of the Xb signal are
evaluated for each hypothetical Xb mass. Given no strong hint of
a signal in the present data, an upper limit on R , the ratio of the
production cross sections times branching fractions of the Xb and
Υ (2S), is calculated.

4.1. Systematic uncertainties

Several sources of systematic uncertainties are considered. The
major sources are from the modeling of the signal decay, which
includes the dipion invariant-mass distribution and the Xb mass
resolution, the signal polarization, and the background shape.

The dipion distributions in the simulated Υ (2S) and Xb sam-
ples are reweighted according to the Υ (2S) data from CLEO [28],
but the actual distribution of the Xb is unknown. This affects the
value of the efficiency ratio ϵXb/ϵΥ (2S) in Eq. (1). Several alterna-
tive models have been implemented, including a Υ (1S)ρ model,
a model using the dipion invariant-mass distribution measured
in X(3872) decay [8], and a three-body S-wave model. Since the
actual quantum numbers for the Xb state are not known, the dip-
ion invariant-mass distribution in the Xb → Υ (1S)ρ decay we use
(which is similar to the X(3872) → J/ψρ decay) in the system-
atic studies. The Xb → Υ (1S)ρ process is modeled with a uniform
two-body phase-space decay. The dipion mass distribution from
X(3872) decay is scaled according to the mass difference between
the Xb and the Υ (1S). A comparison between the alternative mod-
els and the default model using the Υ (2S) distribution leads to
differences in the ϵXb/ϵΥ (2S) efficiency ratio of up to 20% depend-
ing on the Xb mass, which is included as a systematic uncertainty.
The reconstruction efficiency as a function of Xb mass is modeled
with a simple analytical function. The systematic uncertainty in
this modeling is estimated by comparing two different functions
and is found to be negligible.

The Υ (2S) mass resolutions determined in data and simulation
are consistent with each other. The statistical uncertainty in the
Υ (2S) mass resolution from data of 2.9% (4.6%) in the barrel (end-
cap) region is larger than the difference between the measured and
simulated values. The statistical uncertainty is taken as the system-
atic uncertainty from this source. While a single Gaussian function
is used in the default modeling of the signal, a sum of two Gaus-
sians is used as an alternative model, and the differences between
the respective fits are taken as systematic uncertainties.
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- Efficiency x Acceptance corrections from MC


- Perform hypothesis test, 10 MeV  

intervals: ~10–11 GeV (veto Υ(2,3S))


- Signal shape parameters fixed to  

simulation;


- signal strength allow to float



- Normalised to Υ(2S) yields:


- validated on Υ(3S) :



- ATLAS: predicted: 11,400 ± 1,500


- ATLAS: fitted:      11,600 ± 1,300



- ATLAS: Fit is performed simultaneously to  
the 8 (2x2x2) |y|,pT,cosθ* bins
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Fig. 1. The reconstructed invariant-mass distributions of the candidates in the barrel
(top) and endcap (bottom) regions. Peaks corresponding to Υ (2S) → Υ (1S)π+π−

and Υ (3S) → Υ (1S)π+π− decays are indicated with the arrows.

Fig. 2. The invariant-mass distributions of the candidates around the Υ (2S) reso-
nance for the barrel (top) and endcap (bottom) regions. The result from the fit is
shown as a solid curve; the Υ (2S) and background contributions from the fit are
shown separately as the dashed and dotted curves, respectively.

the barrel (endcap) region. The background distribution is mod-
eled separately for the low-mass (10.06–10.31 GeV) and high-mass
(10.40–10.99 GeV) regions with a third-degree polynomial, whose
coefficients are allowed to vary in the fit. The signal yields and
the coefficients of the polynomials are determined from unbinned

maximum-likelihood fits to the invariant-mass distributions for the
barrel and endcap regions.

For a given Xb mass point, the relationship between the Xb and
Υ (2S) yields is given by

Nobs
Xb

= R × Nobs
Υ (2S) × ϵXb

ϵΥ (2S)
, (1)

where Nobs
Xb

and Nobs
Υ (2S) are the observed Xb and Υ (2S) yields, re-

spectively, and ϵXb/ϵΥ (2S) is the ratio of overall efficiencies for Xb
and Υ (2S) events. This ratio uses the acceptance and the trigger
and reconstruction efficiencies estimated from simulated samples.
In the barrel region, the ratio of efficiencies increases from about
1 to 2 for a hypothetical Xb mass in the range 10.06–10.31 GeV,
mainly because of the increased acceptance for higher masses, and
remains around 2 in the range 10.40–10.99 GeV. In the endcap re-
gion, the ratio of efficiencies stays around 1 for all the Xb mass
values considered.

In tests of statistical significance, the p-value is the probabil-
ity of obtaining a signal strength as large as (or larger than) the
one that was actually observed, assuming that there is no signal.
A signal-like distribution will result in a low observed p-value. In
this analysis, the p-value is evaluated from simultaneous signal-
plus-background fits to the observed invariant-mass distributions
in the barrel and endcap regions. Significances of the Xb signal are
evaluated for each hypothetical Xb mass. Given no strong hint of
a signal in the present data, an upper limit on R , the ratio of the
production cross sections times branching fractions of the Xb and
Υ (2S), is calculated.

4.1. Systematic uncertainties

Several sources of systematic uncertainties are considered. The
major sources are from the modeling of the signal decay, which
includes the dipion invariant-mass distribution and the Xb mass
resolution, the signal polarization, and the background shape.

The dipion distributions in the simulated Υ (2S) and Xb sam-
ples are reweighted according to the Υ (2S) data from CLEO [28],
but the actual distribution of the Xb is unknown. This affects the
value of the efficiency ratio ϵXb/ϵΥ (2S) in Eq. (1). Several alterna-
tive models have been implemented, including a Υ (1S)ρ model,
a model using the dipion invariant-mass distribution measured
in X(3872) decay [8], and a three-body S-wave model. Since the
actual quantum numbers for the Xb state are not known, the dip-
ion invariant-mass distribution in the Xb → Υ (1S)ρ decay we use
(which is similar to the X(3872) → J/ψρ decay) in the system-
atic studies. The Xb → Υ (1S)ρ process is modeled with a uniform
two-body phase-space decay. The dipion mass distribution from
X(3872) decay is scaled according to the mass difference between
the Xb and the Υ (1S). A comparison between the alternative mod-
els and the default model using the Υ (2S) distribution leads to
differences in the ϵXb/ϵΥ (2S) efficiency ratio of up to 20% depend-
ing on the Xb mass, which is included as a systematic uncertainty.
The reconstruction efficiency as a function of Xb mass is modeled
with a simple analytical function. The systematic uncertainty in
this modeling is estimated by comparing two different functions
and is found to be negligible.

The Υ (2S) mass resolutions determined in data and simulation
are consistent with each other. The statistical uncertainty in the
Υ (2S) mass resolution from data of 2.9% (4.6%) in the barrel (end-
cap) region is larger than the difference between the measured and
simulated values. The statistical uncertainty is taken as the system-
atic uncertainty from this source. While a single Gaussian function
is used in the default modeling of the signal, a sum of two Gaus-
sians is used as an alternative model, and the differences between
the respective fits are taken as systematic uncertainties.
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- Local p-value significance (background-only hypothesis) and  
expected values for analogous X(3872) Branching ratio R, and weaker (3%) 
value (ATLAS).



- Expected significance for R = 6.56% exceeds 5σ across range.


- CMS - largest statistical significance of 0.8σ,  

including ‘look-elsewhere-effect’
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A recent CMS measurement [26] shows that Υ (2S) mesons are
produced with negligible polarization. The daughter Υ (1S) mesons
are expected to have a similar polarization [29]. However, the ex-
pected polarization of the Xb is unknown. Signal efficiencies eval-
uated using a simulated sample generated with unpolarized Xb are
compared with efficiencies for the extreme cases of full transverse
and full longitudinal polarizations in the helicity frame, assuming
that the polarization of the daughter Υ (1S) is the same as that of
the mother Xb. The largest efficiency difference of 25% is taken as
the systematic uncertainty from this source.

The fit model is composed of a background component, with
floating coefficients, and a signal model, with the signal strength
as a free parameter. The uncertainties in the coefficients from
the fits are included as a systematic uncertainty in the statistical
analysis. Furthermore, an alternative background parameterization,
determined from a background-only fit to the candidates recon-
structed with same-sign pions (Υ (1S)π+π+ and Υ (1S)π−π−) is
also considered. The difference between the default and alternative
background parameterizations is included as one of the systematic
uncertainties.

Other systematic uncertainties, such as the uncertainty caused
by the dependence of the efficiencies on the number of pp inter-
actions per event (with an average of ≈21 interactions), have been
considered and found to be negligible. Systematic uncertainties in
the acceptance and trigger efficiency largely cancel out in the ra-
tio R . As a check, the Υ (2S) yields, normalized to the integrated
luminosity, are found to be stable for the different data-taking pe-
riods.

4.2. Determination of p-values and upper limits

The local p-values are calculated using an asymptotic approach
[30] with the signal and background models described above and
combining the results of the fits to the barrel and endcap regions.
The systematic uncertainties mentioned above are implemented
as nuisance parameters in the fit, assuming log-normal or flat
priors. The expected discovery potential is estimated by inject-
ing various amounts of signal events into the fits and evaluating
the resulting p-values. The expected signal significance for the as-
sumption R = 6.56%, motivated by the ratio of production cross
sections times branching fractions for X(3872) and ψ(2S) reported
in Ref. [8], is larger than five standard deviations (σ ) across the
explored Xb mass range, as shown by the dashed curve in Fig. 3.
The observed p-values displayed in Fig. 3 by the solid line show
no indication of an Xb signal. The smallest local p-value is 0.004
at 10.46 GeV, corresponding to a statistical significance of 2.6σ ,
which is reduced to 0.8σ when taking into account the “look-
elsewhere effect” [31]. The expected and observed 95% confidence
level upper limits on R , derived using a modified frequentist ap-
proach (CLS ) [32,33], are shown in Fig. 4 as a function of the Xb
mass. The observed upper limits on R are in the range 0.9–5.4%
at 95% confidence level. The expected upper limits, which are de-
rived for a pure background hypothesis, are less stringent than
those obtained from the p-value calculations. This is because the
p-value calculations are only concerned with the probability of the
background fluctuating to a signal-like peak in the invariant-mass
distribution, while the upper limits on R also include the system-
atic uncertainties in the signal normalization from the signal decay
model and Xb polarization assumptions.

5. Summary

A search for an exotic bottomonium state in the decay chan-
nel Xb → Υ (1S)π+π− , followed by Υ (1S) → µ+µ− , in pp colli-
sions at

√
s = 8 TeV at the LHC has been presented. This analysis

Fig. 3. Observed (solid curve) and expected for R = 6.56% (dotted curve) local p-
values, as a function of the assumed Xb mass.

Fig. 4. Upper limits at the 95% confidence level on R , the production cross section
for the Xb times its branching fraction to Υ (1S)π+π− , relative to the Υ (2S), as
a function of the Xb mass. The solid curve shows the observed limits, while the
dashed curve represents the expected limits in the absence of a signal, with the
two shaded regions giving the ±1 and ±2 standard deviation uncertainties on the
expected limits. The measured value for the analogous X(3872) to ψ(2S) ratio of
6.56% is shown by the dotted line.

was performed using data collected by the CMS experiment, cor-
responding to an integrated luminosity of 20.7 fb−1. Candidates
were reconstructed from two identified muons and two addi-
tional charged tracks assumed to be pions. The search was con-
ducted in the kinematic region pT(Υ (1S)π+π−) > 13.5 GeV and
|y(Υ (1S)π+π−)| < 2.0. The Υ (2S) → Υ (1S)π+π− process was
used as a normalization channel, canceling many of the system-
atic uncertainties. Excluding the known Υ (2S) and Υ (3S) reso-
nances, no significant excess above the background was observed
for Xb masses between 10 and 11 GeV. The expected sensi-
tivity of the analysis was greater than five standard deviations
for the explored Xb mass range, if the relative signal strength
is comparable to the corresponding value for the X(3872) of
6.56%. The resulting 95% confidence level upper limit on the ra-
tio σ (pp → Xb → Υ (1S)π+π−)/σ (pp → Υ (2S) → Υ (1S)π+π−)
is in the range 0.9–5.4%, depending on the assumed Xb mass. These
are the first upper limits on the production of a possible Xb at a
hadron collider.

Acknowledgements

We congratulate our colleagues in the CERN accelerator depart-
ments for the excellent performance of the LHC and thank the
technical and administrative staffs at CERN and at other CMS in-
stitutes for their contributions to the success of the CMS effort.
In addition, we gratefully acknowledge the computing centres and

ATLAS Collaboration / Physics Letters B 740 (2015) 199–217 203

Fig. 3. The solid curve shows the observed local p-value for the background-only hy-
pothesis (left scale), and the corresponding significance, z, of a peak in π+π−Υ (1S)

(right scale), as a function of the mass of a hypothetical Xb parent state. Also 
shown are the expected values for the case of a signal with relative production 
rates (σB)/(σB)2S of 3% (red, long-dashed) and 6.56% (blue, dashed curve).

falling in each of the analysis bins. From Eq. (2), the upper limit on 
R is proportional to the inverse fitted Υ (2S) yield, N−1

2S , and the 
ratios A2S/A and ϵ2S/ϵ . For each source of systematic uncertainty, 
the impact on these factors is quantified to find the maximum shift 
across the mass range. These are then summed in quadrature and 
included in the fit as Gaussian-constrained nuisance parameters.

The X(3872) → π+π− J/ψ dipion mass distribution favours 
high mass [6,9]; for a potential hidden-beauty counterpart this 
distribution is unknown. For ψ(2S) → π+π− J/ψ [42], and both 
Υ (2S) [39] and Υ (4S) → π+π−Υ (1S) [43,44], the dipion mass 
distributions are concentrated near the upper boundary; those for 
Y (4260) → π+π− J/ψ [45] and Υ (3S) → π+π−Υ (1S) [40] are 
double-humped. The results quoted here assume decay according 
to three-body phase space; Υ (2S)- and Υ (3S)-like distributions 
change the splitting functions by up to 35%, decrease the efficiency 
ratio by up to 17%, and produce modest changes in other parame-
ters.

The next largest contribution is due to the linear extrapolation 
of the acceptance between the Υ (2S) and Υ (3S) values. Alterna-
tive extrapolations between the Υ (1S) and Υ (2S), and between 
Υ (1S) and Υ (3S), are also tried; the greatest change in the accep-
tance ratio, 12%, is assigned as the uncertainty.

The parameters of the efficiency, the splitting functions, and the 
widths of the narrow signal components σb and σec as functions 
of mass, are varied by the uncertainties on their fitted values; al-
ternative functional forms are also tried. In each case, the largest 
deviation is assigned as the systematic uncertainty. The use of 
production weights (described in Section 4) relies on assumptions 
regarding rapidity dependence, and evolution from 

√
s = 7 TeV to 

8 TeV. Removing these weights produces a ∼1% change in effi-
ciency ratio (most of the differences cancel), but changes the val-
ues of the splitting functions by up to 8%.

Data versus simulation differences in the Υ (2S) width param-
eters in the barrel and endcap (1.9% and 4.2%, respectively) are 
incorporated as a source of uncertainty, as is the statistical uncer-
tainty on the averages used for signal shape parameters f and r
(0.5–1.4%). The background shape model is also altered, allow-
ing a third-order term comparable in size to typical values of 
the second-order terms. Finally, uncertainties on N2S and the bar-
rel/endcap scaling factor are assigned based on uncertainties from 
the Υ (2S) fits.

Fig. 4. Observed 95% CLS upper limits (solid line) on the relative production 
rate R = (σB)/(σB)2S of a hypothetical Xb parent state decaying isotropically to 
π+π−Υ (1S), as a function of mass. The median expectation (dashed) and the cor-
responding ±1σ and ±2σ bands (green and yellow respectively) are also shown. 
The bar on the right shows typical shifts under alternative Xb spin-alignment sce-
narios, relative to the isotropic (‘FLAT’) case shown with the solid point.

7.3. Upper limit calculation

Upper limits are evaluated at the 95% confidence level using 
the CLS method by implementing asymptotic formulae for the q̃µ

statistic [41]. The results (Fig. 4, solid line) range between R = 0.8%
and 4.0%. Median expected upper limits assuming background only 
(dashed line), and corresponding ±1σ and ±2σ bands are also 
shown. These limits include the effect of systematic uncertainties: 
their inclusion increased the observed limits by up to 13% and in-
flated the ±1σ band by 9.5–25%, depending on the Xb mass.

As a check, upper limits are recalculated with modified fitting 
ranges (m ± 7σec and m ± 9σec) and doubled bin widths in the 
π+π−Υ (1S) mass distributions: shifts are small compared to the 
±1σ bands. If an Υ (2S)-like mπ+π− distribution is assumed (cf.
CMS [25]), expected upper limits increase: the fractional change is 
+17% at 10.1 GeV, and ∼+5% for m > 10.4 GeV.

These results exclude Xb states with R = 6.56% for masses 
10.05–10.31 GeV and 10.40–11.00 GeV. The expected upper limits 
are more restrictive than those from CMS above m ∼ 10.1 GeV, and 
improve as a function of mass; the discrimination in (pT, cos θ∗), 
exploited by the binning method, becomes increasingly important 
as mass increases.

If an Xb state exists and lies within the range of masses to 
which this analysis is sensitive, its production cross section and/or 
its branching fraction must be lower, relative to the Υ (2S), than 
that of the X(3872) relative to the ψ(2S). There are arguments 
that the decay Xb → π+π−Υ (1S) should be suppressed, in the 
absence of the strong isospin-violating effects that are present for 
X(3872) → π+π− J/ψ [46,47]. In this case the Xb would have 
more prominent decays to π+π−χb1, π+π−π0Υ (1S), and other 
final states which are relatively difficult to reconstruct.

All results to this point assume that any hypothetical Xb pro-
duction is unpolarised. Angular distributions of the Υ (1S, 2S, 3S)
states in pp collisions are consistent with unpolarised produc-
tion [31], but the Xb spin-alignment is unknown and can have 
a strong impact on the efficiency ratio, acceptance ratio, and bin 
splitting fractions. Rather than including this as a systematic un-
certainty, upper limits are recalculated under longitudinal (‘LONG’) 
and three transverse (‘TRPP’, ‘TRP0’, ‘TRPM’) spin-alignment sce-
narios [48]. Shifts in the upper limits (either up or down) depend 
only weakly on mass; the shift is smaller at large masses. In Fig. 4
the effect of each hypothesis is represented by a single number, 
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- In absence of signal, upper limits on relative production rates are set:



- Upper limits on the production rate R (relative to the Υ(2S) rate):


- CMS:   0.9 – 5.4 % (m > 10.06 GeV) 


- ATLAS: 0.8 – 4.0% (m >10.1 GeV)



- at 95% CLs. (Υ(2S) and Υ(3S) mass regions excluded).


- Increased sensitivity with increasing mass for ATLAS data due  

to splitting up of data (most sensitive bin with falling background mass-shape)

60 CMS Collaboration / Physics Letters B 727 (2013) 57–76

A recent CMS measurement [26] shows that Υ (2S) mesons are
produced with negligible polarization. The daughter Υ (1S) mesons
are expected to have a similar polarization [29]. However, the ex-
pected polarization of the Xb is unknown. Signal efficiencies eval-
uated using a simulated sample generated with unpolarized Xb are
compared with efficiencies for the extreme cases of full transverse
and full longitudinal polarizations in the helicity frame, assuming
that the polarization of the daughter Υ (1S) is the same as that of
the mother Xb. The largest efficiency difference of 25% is taken as
the systematic uncertainty from this source.

The fit model is composed of a background component, with
floating coefficients, and a signal model, with the signal strength
as a free parameter. The uncertainties in the coefficients from
the fits are included as a systematic uncertainty in the statistical
analysis. Furthermore, an alternative background parameterization,
determined from a background-only fit to the candidates recon-
structed with same-sign pions (Υ (1S)π+π+ and Υ (1S)π−π−) is
also considered. The difference between the default and alternative
background parameterizations is included as one of the systematic
uncertainties.

Other systematic uncertainties, such as the uncertainty caused
by the dependence of the efficiencies on the number of pp inter-
actions per event (with an average of ≈21 interactions), have been
considered and found to be negligible. Systematic uncertainties in
the acceptance and trigger efficiency largely cancel out in the ra-
tio R . As a check, the Υ (2S) yields, normalized to the integrated
luminosity, are found to be stable for the different data-taking pe-
riods.

4.2. Determination of p-values and upper limits

The local p-values are calculated using an asymptotic approach
[30] with the signal and background models described above and
combining the results of the fits to the barrel and endcap regions.
The systematic uncertainties mentioned above are implemented
as nuisance parameters in the fit, assuming log-normal or flat
priors. The expected discovery potential is estimated by inject-
ing various amounts of signal events into the fits and evaluating
the resulting p-values. The expected signal significance for the as-
sumption R = 6.56%, motivated by the ratio of production cross
sections times branching fractions for X(3872) and ψ(2S) reported
in Ref. [8], is larger than five standard deviations (σ ) across the
explored Xb mass range, as shown by the dashed curve in Fig. 3.
The observed p-values displayed in Fig. 3 by the solid line show
no indication of an Xb signal. The smallest local p-value is 0.004
at 10.46 GeV, corresponding to a statistical significance of 2.6σ ,
which is reduced to 0.8σ when taking into account the “look-
elsewhere effect” [31]. The expected and observed 95% confidence
level upper limits on R , derived using a modified frequentist ap-
proach (CLS ) [32,33], are shown in Fig. 4 as a function of the Xb
mass. The observed upper limits on R are in the range 0.9–5.4%
at 95% confidence level. The expected upper limits, which are de-
rived for a pure background hypothesis, are less stringent than
those obtained from the p-value calculations. This is because the
p-value calculations are only concerned with the probability of the
background fluctuating to a signal-like peak in the invariant-mass
distribution, while the upper limits on R also include the system-
atic uncertainties in the signal normalization from the signal decay
model and Xb polarization assumptions.

5. Summary

A search for an exotic bottomonium state in the decay chan-
nel Xb → Υ (1S)π+π− , followed by Υ (1S) → µ+µ− , in pp colli-
sions at

√
s = 8 TeV at the LHC has been presented. This analysis

Fig. 3. Observed (solid curve) and expected for R = 6.56% (dotted curve) local p-
values, as a function of the assumed Xb mass.

Fig. 4. Upper limits at the 95% confidence level on R , the production cross section
for the Xb times its branching fraction to Υ (1S)π+π− , relative to the Υ (2S), as
a function of the Xb mass. The solid curve shows the observed limits, while the
dashed curve represents the expected limits in the absence of a signal, with the
two shaded regions giving the ±1 and ±2 standard deviation uncertainties on the
expected limits. The measured value for the analogous X(3872) to ψ(2S) ratio of
6.56% is shown by the dotted line.

was performed using data collected by the CMS experiment, cor-
responding to an integrated luminosity of 20.7 fb−1. Candidates
were reconstructed from two identified muons and two addi-
tional charged tracks assumed to be pions. The search was con-
ducted in the kinematic region pT(Υ (1S)π+π−) > 13.5 GeV and
|y(Υ (1S)π+π−)| < 2.0. The Υ (2S) → Υ (1S)π+π− process was
used as a normalization channel, canceling many of the system-
atic uncertainties. Excluding the known Υ (2S) and Υ (3S) reso-
nances, no significant excess above the background was observed
for Xb masses between 10 and 11 GeV. The expected sensi-
tivity of the analysis was greater than five standard deviations
for the explored Xb mass range, if the relative signal strength
is comparable to the corresponding value for the X(3872) of
6.56%. The resulting 95% confidence level upper limit on the ra-
tio σ (pp → Xb → Υ (1S)π+π−)/σ (pp → Υ (2S) → Υ (1S)π+π−)
is in the range 0.9–5.4%, depending on the assumed Xb mass. These
are the first upper limits on the production of a possible Xb at a
hadron collider.
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- Υ(2S) measured to have negligible  
polarisation,           


- expected that produced Υ(1S)  

similarly polarised.


- Xb however is unknown.



- CMS assigns 25% systematic –


- MC Eff. differences between  

fully trans. and fully long.
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Limits under Spin-Alignment Variation

arXiv:1209.2922
- ATLAS presents upper limits for  

longitudinal and three  
transverse spin-alignment  
scenarios.  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- ϒ(13DJ) triplet fit attempted with additional signal shapes for the three masses: 
10,156, 10,164, and 10,170  MeV.


- No excess of events over background observed.



- Upper limit of relative cross-section: σ(ϒ(1 3DJ)) / σ(ϒ(2S)) < 0.55.


- (using Br(ϒ(1 DJ)->ϒ(1S)ππ = (6.6±1.6)×10−3)



- Broad resonances ϒ(10860) and ϒ(11020) searched for in grid of mass and width, 
(using world-average masses and uncertainties).


- largest significances of z=1.1 and 0.6  

found,


- No evidence 

for the production 
of ϒ(10860) of  
ϒ(11020).



- Plots shown with rates  
σ10860 = 10σ(2S)  
σ11020 = σ(2S)xB(2S)

14

Search for ϒ(1
 
DJ),ϒ(10860) and ϒ(11020)3
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- In the production and decays of Exotic mesons at ALTAS and CMS:


- CMS reports:



- Measurement of inclusive, and prompt differential cross-section of X(3872), and NPF.


- Measurement of peaking structure in B± →J/𝛹𝜑K±



- Mass consistent with previously observed X(4140).



- ATLAS and CMS present limits:


- search for Xb in the decays of ϒ(1S)ππ 



- No evidence of Narrow resonance that decays into ϒ(1S)ππ


- Upper limit on Production Ratio set (95% CL):



- 0.9–5.4% (CMS) and 0.8–4.0% (ATLAS) dependent on mass.


- Analogous value R=6.56% excluded.



- Limit calculations under spin-alignment scenarios computed


- No evidence for ϒ(13DJ), ϒ(10860) and ϒ(11020)



- Expected isospin suppression of ϒ(1S)π+π- limit yields (cf X(3872)), 


- Isospin allowed modes present greater challenges to GPD detectors  

 (low acceptance)


- Turn over all ‘stones’, revisit 𝜒b(3P) for possible mixing scenarios.
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Results from ATLAS and CMS

Experiment Luminosity [fb-1] Energy [TeV] Title

CMS 4.8 7 Measurement of the X(3872) production cross section  
 JHEP 04 (2013) 154, arXiv:1302.3968 

CMS 5.2 7
Observation of a peaking structure in the J/ψφ mass 
spectrum from  B± decays  arXiv:1309.6920  

CMS 20.7 8
Search for a new bottomonium state decaying to Υ(1S) π
+π- in pp collisions at  √s= 8 TeV  
PLB 727 (2013) 57, arXiv:1309.0250  

ATLAS 16.2 8
Search for the Xb and other hidden-beauty states in the π
+π- Υ(1S) channel at ATLAS 
PLB 740 (2015), pp. 199-217, arXiv:1410.4409

http://link.springer.com/article/10.1007%2FJHEP04%282013%29154
http://link.springer.com/article/10.1007%2FJHEP04%282013%29154
http://dx.doi.org/10.1016/j.physletb.2014.05.055
http://arxiv.org/abs/1309.6920
http://www.sciencedirect.com/science/article/pii/S0370269313008095
http://www.sciencedirect.com/science/article/pii/S0370269314008648
http://www.sciencedirect.com/science/article/pii/S0370269314008648
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- Predicted to sit below the B–D  
strong threshold between charmonium  
and bottomonium states.



- Dataset: 7 TeV (4.9 fb-1) + 8 TeV (19.2 fb-1).


- B±

c reconstructed in J/𝛹(µµ) π± decay mode


- di-muon system constrained to m(J/𝛹)PDG



- Selection criteria optimised (separately)  
on S/√(S+B) at each energy from MC.


- Main analysis selections:



- pT(µ2) > 6 , pT(µ1) > 4 GeV


- pT(π) > 400 MeV


- Pion d0 significance cuts


- pT(B±

c) > 15 (18) GeV at 7 (8) TeV



- B±
c  system then combined with two  

additional charged pions, :


- pT(π) > 400 MeV

18

Observations: Excited Bc Meson
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- Define the mass-difference:



- to reduce effects of detector  
resolution 



- Total significance 5.2𝜎  
(incl. ‘look-elsewhere effect’)


- 3.7𝜎 @ 7TeV, 4.5𝜎 @ 8TeV


- Established using ∆lnL through


- Pseudo-experiments



- New structure observed at mass:


- M(Bcππ) = 6,842 ± 4 (stat.) ± 5 (syst.) MeV



- Consistent with predictions of  
Bc±(2S) meson.
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Observations: Excited Bc
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- B-physics sensitive to correct  
choice of primary interaction  
vertex



- Detector data taking efficiency > 93%

20

Data-taking in 2011–2012
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- Level 1 - hardware O(75)KHz


- Level 2 and Event Filter



- Software-based


- Offline-like reconstruction  

software


- B-physics statistics typically low-pT


- Primary B-physics triggers:



- Two muon signals at L1


- confirmed at L2/EF with vertexing 

and invariant mass criteria applied


- Varying thresholds and prescaling  

applied to maximise signal rate


- For analyses presented here -  

typically µ4µ4 or µ6µ4 thresholds  
used: 
µ4µ4 (µ6µ4) un-prescaled for  
majority of 7 (8) TeV data-taking.
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Triggering for B-physics
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Differential Cross-section 𝛹(2S)  in J/𝛹ππ
JHEP09(2014)079
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CMS: X(3872) Cross-section and NPF

12 6 Determination of the prompt X(3872) production cross section

6 Determination of the prompt X(3872) production cross section

The cross section times branching fraction for prompt X(3872) production is determined from
the measurement of the cross section ratio and the nonprompt fraction, described above, com-
bined with a previous result of the prompt y(2S) cross section [12]. The latter measurement
was performed using the y(2S) ! µ+µ� decay mode and provides results as a function of
transverse momentum up to 30 GeV and for the rapidity range |y| < 1.2. The prompt X(3872)
cross section times branching fraction into J/yp+p� is given by

s
prompt
X(3872) · B(X(3872) ! J/yp+p�) =

1 � f B
X(3872)

1 � f B
y(2S)

· R ·
⇣

s
prompt
y(2S) · B(y(2S) ! µ+µ�)

⌘
· B(y(2S) ! J/yp+p�)

B(y(2S) ! µ+µ�)
,

where s
prompt
y(2S) · B(y(2S) ! µ+µ�) is the measured prompt y(2S) cross section times y(2S) !

µ+µ� branching fraction [12], R is the cross section ratio reported in Section 4 , and f B
X(3872) and

f B
y(2S) are the nonprompt fractions for X(3872) and y(2S), respectively. In the calculation, the

branching fraction B(y(2S) ! J/yp+p�) is taken from Ref. [14], and B(y(2S) ! µ+µ�) is
taken to be equal to the more precisely known B(y(2S) ! e+e�) [14].

The corresponding differential cross section for prompt X(3872) production times the branch-
ing fraction to J/yp+p� as a function of transverse momentum, in the rapidity region |y| < 1.2,
is listed in Table 7 and shown in Fig. 6. No cancellation of systematic uncertainties is assumed
in the combination. The main sources of systematic uncertainty are related to the measurement
of the ratio R and the background lifetime fit in the measurement of the prompt y(2S) cross
section [12]. A calculation of the predicted differential cross section for prompt X(3872) produc-
tion in pp collisions at

p
s = 7 TeV 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 Fig. 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 < pT < 30 GeV and |y| < 1.2 is also determined. In this kinematic region, the ratio of
cross section times branching fraction for X(3872) and y(2S) is R = 0.0682 ± 0.0032 (stat.) ±
0.0065 (syst.), and the nonprompt X(3872) fraction is 0.260 ± 0.024 (stat.) ± 0.016 (syst.). From

Table 7: Prompt X(3872) differential cross section times branching fraction B(X(3872) !
J/yp+p�) as a function of transverse momentum of the J/yp+p� system. The uncertainties
shown are statistical and systematic, respectively.

pT (GeV) ds
prompt
X(3872)/dpT · B(X(3872) ! J/yp+p�) (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
15–18 0.0390 ± 0.0054 ± 0.0042
18–30 0.0068 ± 0.0009 ± 0.0009

. JHEP02(2012)011, arXiv:hep-ex/1111.1557.  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Figure 4: Measured differential cross section for prompt J/y and y(2S) production (left and
right, respectively) as a function of pT for different rapidity bins. The error bars on the data
points include all the statistical and systematic contributions except luminosity and polariza-
tion. The measurements have been offset by the numerical values given in the legend for easier
viewing. The coloured (dark) bands indicate the theoretical predictions from NRQCD calcula-
tions. The lines are added only for illustrative purposes.
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Figure 5: Measured differential cross section for non-prompt J/y and y(2S) production (left
and right, respectively) as a function of pT for different rapidity bins. The error bars on the data
points include all the statistical and systematic contributions except luminosity. The measure-
ments have been offset by the numerical values given in the legend for easier viewing. The
coloured (dark) bands indicate the theoretical predictions from FONLL calculations. The lines
are added only for illustrative purposes.

14 8 Results

 (GeV/c)
T

p
6 7 8 910 20 30 40 50

dy
 (n

b/
(G

eV
/c

))
T

/d
p

ψ
J/
σ2

 d×
B 

-210

-110

1

10

210

310

 (GeV/c)
T

p
6 7 8 910 20 30 40 50

dy
 (n

b/
(G

eV
/c

))
T

/d
p

ψ
J/
σ2

 d×
B 

-210

-110

1

10

210

310
-1 = 7 TeV  L = 37 pbsCMS  

Luminosity and polarization
uncertainties not shown

, corrected for acceptance-µ +µ →ψprompt J/

625)×0.0 < |y| < 0.9 (
125)×0.9 < |y| < 1.2 (
25)×1.2 < |y| < 1.6 (
5)×1.6 < |y| < 2.1 (
1)×2.1 < |y| < 2.4 (

prompt NLO NRQCD

 (GeV/c)
T

p
6 7 8 9 10 20 30

dy
 (n

b/
(G

eV
/c

))
T

/d
p

(2
S)

ψ
σ2

 d×
B 

-310

-210

-110

1

10

 (GeV/c)
T

p
6 7 8 9 10 20 30

dy
 (n

b/
(G

eV
/c

))
T

/d
p

(2
S)

ψ
σ2

 d×
B 

-310

-210

-110

1

10 -1 = 7 TeV  L = 37 pbsCMS  

Luminosity and polarization
uncertainties not shown

, corrected for acceptance-µ +µ →(2S)ψprompt 

25)×0.0 < |y| < 1.2 (
5)×1.2 < |y| < 1.6 (
1)×1.6 < |y| < 2.4 (

prompt NLO NRQCD
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are added only for illustrative purposes.
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Figure 6: Measured differential cross section for prompt J/y (left) and y(2S) (right) production
as a function of pT for the different rapidity bins. The error bars on data points include all the
statistical and systematic contributions except luminosity. The measurements have been offset
by the numerical values given in the legend for easier viewing. The results are not corrected
for the muon acceptance.
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Figure 5: Measured X(3872) nonprompt fraction, uncorrected for acceptance, as a function of
pT. The inner error bars indicate the statistical uncertainty and the outer error bars represent
the total uncertainty. The data points are placed at the centre of each pT bin.

Table 6: The X(3872) nonprompt fractions, not corrected for acceptance, as a function of the
transverse momentum, together with their statistical and systematic uncertainties, respectively.

Dataset pT (GeV) X(3872) nonprompt fraction
2011a 10–13.5 0.272 ± 0.057 ± 0.016
2011a+b 13.5–15 0.182 ± 0.052 ± 0.013
2011a+b 15–18 0.246 ± 0.043 ± 0.015
2011a+b 18–30 0.297 ± 0.042 ± 0.021
2011a+b 30–50 0.301 ± 0.097 ± 0.030
2011a+b 10–50 0.263 ± 0.023 ± 0.016

instead of the one closest to the four-track vertex along the beam direction. This variation
changes the measured nonprompt fraction by 1%. The systematic uncertainties related to sig-
nal extraction, determined by changing the background functions, are 2–3%. The difference
between the reconstruction efficiency for prompt and nonprompt production, 8% for the high-
est transverse momentum bin and 3–4% elsewhere, is taken as the systematic uncertainty. The
uncertainty from the simulation of the pseudo-proper-decay-length resolution is estimated by
comparing the `xy distribution from a simulated y(2S) sample with that from data. The change
in the nonprompt fraction when relying on the `xy resolution from data is 4%. Finally, the sys-
tematic uncertainty from the description of pileup events is evaluated from the dependence of
the result on the number of primary vertices in the event and estimated to be 2%. From these
estimates a total systematic uncertainty of 6–10% is obtained.

The final results are listed in Table 6 and shown in Fig. 5 as a function of pT. The X(3872)
nonprompt fraction reveals no significant dependence on transverse momentum and the inte-
grated value is significantly smaller than that for the y(2S) [12]. The results are obtained under
the assumption that effects related to the X(3872) polarization cancel in the nonprompt fraction
measurement, and therefore no systematic uncertainty is assigned for polarization effects.
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Figure 6: Measured differential cross section for prompt X(3872) production times branching
fraction B(X(3872) ! J/yp+p�) 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].

these results, the measured integrated cross section for prompt X(3872) production times branch-
ing fraction is:

sprompt(pp ! X(3872)+ anything) · B(X(3872) ! J/yp+p�) = 1.06± 0.11 (stat.)± 0.15 (syst.) nb.

This result assumes that the X(3872) and y(2S) states are unpolarized. The NRQCD prediction
for the prompt X(3872) cross section times branching fraction in the kinematic region of this
analysis is 4.01 ± 0.88 nb [11], significantly above the measured value.

7 Measurement of the p+p�
invariant-mass distribution

The decay properties of the X(3872) are further investigated with a measurement of the p+p�

invariant-mass distribution from X(3872) decays to J/yp+p�. Here, the same event selection as
described in Section 3 is applied. The event sample 2011a is used, with a transverse momentum
threshold of 7 GeV for the muon pair, within the kinematic range 10 < pT < 50 GeV and |y| <
1.25 for the J/yp+p�. In this sample, the X(3872) yield with the p+p� invariant mass larger
than 0.5 GeV is determined from a fit to the J/yp+p� invariant-mass spectrum to be 6302 ±
346, where the uncertainty is statistical only. The m(p+p�) > 0.5 GeV criterion is imposed to
remove events with low efficiency owing to the requirement on the Q value of the decay.

To extract the dipion invariant-mass spectrum from X(3872) decays, the event sample is di-
vided into twelve intervals of dipion invariant mass in the range 0.5 < m(p+p�) < 0.78 GeV.
In each interval, a maximum-likelihood fit to the J/yp+p� invariant-mass distribution is per-
formed, where the signal is modelled with a single Gaussian. The position and width of the
X(3872) signal are fixed to the values obtained in the fit to the full sample, except for the last
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Table 2: Summary of the relative systematic uncertainties for Rfiducial and R. The variation over
the pT bins is given. The systematic sources common to both Rfiducial and R are reported at the
top, followed by those affecting only Rfiducial and only R.

Source Relative uncertainty (%)
Common to Rfiducial and R
Fit functions 1–2
e(µ+µ�) < 1
e(p+p�) 1–5
Efficiency statistical precision 1–3
Specific to Rfiducial
X(3872) pT spectrum 2–5
y(2S) pT spectrum 1–4
Total systematic uncertainty in Rfiducial 4–8
Specific to R
X(3872) pT spectrum 1–11
y(2S) pT spectrum 1–4
m(p+p�) spectrum 1–2
Acceptance statistical precision 1–3
Total systematic uncertainty in R 5–13

because of different dipion reconstruction efficiencies. The more precisely measured
value B(y(2S) ! e+e�) [14] is used, instead of that for y(2S) ! µ+µ�, assuming
lepton universality. Comparison of the simulation with the data reveals differences
in dipion efficiency of 5% for pT < 15 GeV and 1% at higher transverse momentum.

• Efficiency statistical precision. The efficiency uncertainties introduced by the statistical
limitations of the simulated samples is less than 1% in general, rising to 3% for 30 <
pT < 50 GeV.

• X(3872) pT spectrum. The dependence of the measurement on the transverse mo-
mentum spectrum of the X(3872) is estimated by repeating the analysis with a sim-
ulation including colour-octet contributions [21, 22]. Simulations with and without
colour-octet contributions lead to large variations of the pT spectra that are still com-
patible with the data. The differences between these two cases, 2–5% on Rfiducial and
5–6% on R, are taken as the systematic uncertainty. Variations of similar size are ob-
tained when reweighting the simulated X(3872) pT spectrum to match the data. The
uncertainty in the pT spectrum extracted from the data is also considered as a source
of systematic uncertainty, which is added in quadrature. The uncertainty in Rfiducial
is found to be 2–5% . The rapidly changing acceptance as a function of transverse
momentum makes the R measurement very sensitive to the pT spectrum, in particu-
lar for low transverse momentum and for the pT-integrated result. The uncertainty
in R is 11% in the first pT bin and 1–7% elsewhere.

• y(2S) pT spectrum. For the y(2S), the simulated pT spectrum is reweighted to match
the distribution observed in data, and the efficiency and acceptance corrections are
recalculated. The change in the cross section ratios, both for Rfiducial and R, is about
4% in the lowest transverse momentum bin and 1–3% elsewhere.

• m(p+p�) spectrum. The dipion invariant-mass spectrum of the X(3872) ! J/yp+p�

decay is extracted from the data, as described in Section 7, and compared with the
expectations from the simulated samples. The dependence of the efficiency correc-
tions on the dipion invariant mass is weak, and the systematic uncertainty in Rfiducial
is negligible. The dependence of R on the assumed invariant-mass spectrum of the
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Figure 2: The J/yp+p� invariant-mass distribution in the X(3872) region for two bins of trans-
verse momentum, 10–13.5 GeV (left) and 18–30 GeV (right). The lines represent the signal-plus-
background fits (solid) and the background-only components (dashed). The c2/ndf of the fit
is also reported.
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,Nbin
fine

Â
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Ni, (3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/y) · Ai(p+p�), ei =
ei(J/y) · ei(p+p�) are the acceptance and efficiency in each fine bin, and Nbin

fine is the number
of fine bins contained in each pT interval. This procedure accounts for the large variation in
acceptance and efficiency over the wide pT bins, relying on the pT spectrum from the data. The
number of signal events in each fine bin is determined using a sideband-subtraction technique.
The ratios of the acceptances and efficiencies, listed in Table 1, are different from unity because
of small differences in the X(3872) and y(2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to determine
the systematic uncertainties. These are listed in Table 2 and described in the following.

• Fit functions. The systematic uncertainty in the signal extraction from the invariant-
mass spectrum is determined by variation of the fit parametrization independently
for the X(3872) and y(2S). Using a third-order Chebyshev polynomials for the back-
grounds or the sum of a Gaussian and a Crystal Ball [24] function for the signal,
variations of 1–2% are found. Fixing the X(3872) and y(2S) mass difference to the
PDG value [14] in the fit changes the result by less than 1%.

• Muon-pair efficiency. Systematic uncertainties in muon efficiencies largely cancel in
the cross section ratio measurement. Single-muon efficiencies are determined from
J/y events using a tag-and-probe technique on both the data and simulation [12].
The systematic uncertainty in the cross section ratio from this source is less than 1%.

• Pion-pair efficiency. The systematic uncertainty in the efficiency for the reconstruction
of the pion pair is determined by comparison of the measured and simulated event
yields from y(2S) ! J/yp+p� and y(2S) ! µ+µ� decays. After corrections for
the branching fractions [14] and differences in the acceptance and efficiency for the
muon pair, the ratio of event yields in the two decay channels differs from unity

Weight correction

5

The acceptance corrections account for the kinematic reach of the dimuon trigger and the an-
gular acceptance of the CMS detector. These corrections depend on assumptions about the
angular distribution of the final-state muon and pion pairs. To minimize the effect of these
assumptions, the measurement is also presented as a “fiducial” cross section ratio, defined as

Rfiducial =
NX(3872) · ey(2S)

Ny(2S) · eX(3872)
, (2)

within a phase-space window with the following kinematic requirements on the muons, dimuons,
and pions: muons with pT(µ) > 4 GeV for |h(µ)| < 1.2 and pT(µ) > 3.3 GeV for 1.2 < |h(µ)| <
2.4; pT(µ+µ�) > 7 GeV and |y(µ+µ�)| < 1.25 for the dimuons; each pion with transverse
momentum greater than 600 MeV and a distance with respect to the dimuon DR < 0.55.

The signal yields are determined from unbinned maximum-likelihood fits to the invariant-mass
spectra of the J/yp+p� system, separately for the X(3872) and y(2S), in the mass windows
3.75–4 GeV and 3.6–3.8 GeV, respectively, and in five bins of pT with edges: 10, 13.5, 15, 18,
30, and 50 GeV. Following the evolution of the trigger thresholds with time, the first bin in
transverse momentum, 10–13.5 GeV, includes only data from the period 2011a, while for pT
bins above 13.5 GeV, the full dataset (2011a+2011b) is used. The inclusive signal yield for pT
between 10 and 50 GeV is determined by combining the first pT bin from 2011a, weighted to
account for luminosity and trigger differences, with the remaining bins from the full dataset.

In the fits, the y(2S) resonance shape is parametrized using two Gaussian functions with a
common mean, while a single Gaussian is used for the X(3872) signal. The nonresonant back-
ground is fitted with a second-order Chebyshev polynomial. The free parameters in the fit are
the signal and background yields, the mass and widths of the Gaussian functions, the frac-
tion of signal associated with each Gaussian, and two background-shape parameters. Figure 2
shows examples of fitted mass distributions for a low- and a high-transverse-momentum bin.
The measured numbers of X(3872) and y(2S) signal events are listed in Table 1.

The acceptances and efficiencies of the X(3872) and y(2S) final states are factorized into four
components, each of which is determined individually from the simulation: the acceptance
A(J/y) and efficiency e(J/y) for the trigger and detection of the J/y, and the acceptance A(p+p�)
and efficiency e(p+p�) for the pion pair, including the J/yp+p� vertex probability require-
ment. The acceptances are the same for the 2011a and 2011b datasets for the pT bins in common
(pT > 13.5 GeV). The efficiency is calculated for the 2011a dataset in each bin since the changes
in efficiency related to the trigger evolution during data taking do not affect the efficiency ratio.
The average value of A · e in each pT bin is determined using fine-grained bins in transverse
momentum as

Table 1: Measured numbers of signal events, NX(3872) and Ny(2S), and the ratios of the X(3872)
and y(2S) efficiencies (e) and acceptances (A) as a function of the J/yp+p� pT. For the first
transverse momentum bin only the data from period 2011a are included. All uncertainties are
statistical only.

Dataset pT (GeV) NX(3872) Ny(2S)
ey(2S)

eX(3872)

Ay(2S) ·ey(2S)
AX(3872) ·eX(3872)

2011a 10–13.5 1850 ± 200 25 450 ± 330 1.055 ± 0.011 0.999 ± 0.025
2011a+b 13.5–15 1700 ± 170 24 130 ± 440 1.032 ± 0.014 0.951 ± 0.025
2011a+b 15–18 2770 ± 210 39 450 ± 470 1.031 ± 0.011 0.979 ± 0.020
2011a+b 18–30 3360 ± 230 56 920 ± 510 1.035 ± 0.011 1.019 ± 0.018
2011a+b 30–50 860 ± 140 12 130 ± 230 1.052 ± 0.037 1.103 ± 0.056
2011a+b 10–50 11 910 ± 490 178 540 ± 850 1.040 ± 0.006 0.984 ± 0.017
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Figure 1: The J/yp+p� invariant-mass spectrum for 10 < pT < 50 GeV 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.

sponding 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/yp+p� decay is generated with an in-
termediate r0 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/yr0

decay, and the r0 decay to a pair of pions is generated with decay-angle distributions reflecting
their respective spins. A nonresonant X(3872) ! J/yp+p� decay is also considered using the
EVTGEN model for the y(2S) ! J/yp+p� 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 y(2S) res-
onances, 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/yp+p� branching fraction is obtained from the mea-
sured numbers of signal events for X(3872) and y(2S), NX(3872) and Ny(2S), correcting for the
efficiency (e) and acceptance (A) estimated from simulations, according to

R =
s(pp ! X(3872) + anything) · B(X(3872) ! J/yp+p�)

s(pp ! y(2S) + anything) · B(y(2S) ! J/yp+p�)
=

NX(3872) · Ay(2S) · ey(2S)

Ny(2S) · AX(3872) · eX(3872)
.

(1)
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Figure 3: Ratios of the X(3872) and y(2S) cross sections times branching fractions, without
(Rfiducial, left) and with (R, right) acceptance corrections for the muon and pion pairs, as a
function of pT. The inner error bars indicate the statistical uncertainty and the outer error bars
represent the total uncertainty. The data points are placed at the centre of each pT bin.

Table 4: Relative variations, in percent, of the integrated cross section ratio R for different
X(3872) and y(2S) polarization hypotheses: transversely (longitudinally) polarized J/y are
denoted as CST (CSL) in the Collins–Soper frame and HXT (HXL) in the helicity frame. Unpo-
larized scenarios (labelled unpol) are also included.

Polarization Relative Polarization Relative
X(3872) y(2S) shifts (%) X(3872) y(2S) shifts (%)
CST CSL �28 CST unpol �8
CSL CST +31 CSL unpol +22
HXT HXL +86 HXT unpol +28
HXL HXT �49 HXL unpol �31
CST CST �1 unpol CST +8
CSL CSL �5 unpol CSL �22
HXT HXT �6 unpol HXT �27
HXL HXL �1 unpol HXL +25

The “pseudo-proper” decay length `xy is defined in the plane transverse to the beam direc-
tion as the distance between the vertex formed by the four tracks of the J/yp+p� system and
the closest reconstructed primary vertex along the beam direction, corrected by the transverse
Lorentz boost of the J/yp+p� candidate. An event sample enriched in X(3872) candidates
from B decays is selected by requiring that `xy be larger than 100 µm. This selection retains
about 80% of the nonprompt X(3872) candidates, while the contribution from prompt X(3872)
is smaller than 0.1%, as determined from simulation. The simulated `xy distribution is veri-
fied using the corresponding distribution from the y(2S) data sample. The nonprompt fraction
is then obtained from the ratio between the signal yields in this B-hadron-enriched sample
and the signal yields in the inclusive sample, after correction for the efficiencies of the decay-
length-selection criteria, as determined from simulations of prompt and nonprompt X(3872)
states. The signal yields are extracted from fits to the J/yp+p� invariant-mass spectrum, as
described in Section 4. In the fits to the B-hadron-enriched sample, the fit parameters for the
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Figure 3: Ratios of the X(3872) and y(2S) cross sections times branching fractions, without
(Rfiducial, left) and with (R, right) acceptance corrections for the muon and pion pairs, as a
function of pT. The inner error bars indicate the statistical uncertainty and the outer error bars
represent the total uncertainty. The data points are placed at the centre of each pT bin.

Table 4: Relative variations, in percent, of the integrated cross section ratio R for different
X(3872) and y(2S) polarization hypotheses: transversely (longitudinally) polarized J/y are
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about 80% of the nonprompt X(3872) candidates, while the contribution from prompt X(3872)
is smaller than 0.1%, as determined from simulation. The simulated `xy distribution is veri-
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is then obtained from the ratio between the signal yields in this B-hadron-enriched sample
and the signal yields in the inclusive sample, after correction for the efficiencies of the decay-
length-selection criteria, as determined from simulations of prompt and nonprompt X(3872)
states. The signal yields are extracted from fits to the J/yp+p� invariant-mass spectrum, as
described in Section 4. In the fits to the B-hadron-enriched sample, the fit parameters for the
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the same event, but the J/y candidate from a different event. The uncertainties due to selection
requirements are studied in the MC sample. The overall systematic uncertainties in the mea-
surement of the masses and widths of the two structures are found by adding in quadrature
the individual combinations summarized in Table 1.

Table 1: Systematic uncertainties in the measured masses and widths of the two peaking struc-
tures from the sources listed and the total uncertainties.

m1 (MeV) G1 (MeV) m2 (MeV) G2 (MeV)
B+ background PDF 0.8 7.4 2.6 9.9
B+ signal PDF 0.2 3.6 2.7 0.2
Relative efficiency 4.8 6.0 0.9 10.0
Dm binning 3.7 1.5 2.7 0.2
Dm structure PDF 0.8 9.3 0.6 4.9
Dm mass resolution 0.8 6.4 0.6 4.6
Dm background shape 0.2 7.0 0.3 0.2
Selection requirements 0.8 7.8 5.5 1.8
Total 6.3 19 7.3 16

4 Summary

In summary, a peaking structure in the J/yf mass spectrum from B+ ! J/yfK+ decays has
been observed in pp collisions at

p
s = 7 TeV by the CMS Collaboration at the LHC. Assuming

an S-wave relativistic BW lineshape for this structure above a three-body PS shape for the non-
resonant background, a statistical significance of greater than 5 standard deviations is found.
Adding the J/y mass [27] to the extracted Dm values, the mass and width are measured to be
m1 = 4148.0± 2.4 (stat.)± 6.3 (syst.) MeV and G1 = 28+15

�11 (stat.)± 19 (syst.) MeV. The measured
mass and width are consistent with the Y(4140) values reported by CDF experiment. The rel-
ative branching fraction of this peaking structure with respect to the total number of B+ !
J/yfK+ events is estimated to be about 0.10, with a statistical uncertainty of about 30%. This is
consistent with both the value measured by CDF of 15% ± 5% and the upper limit reported by
LHCb (0.07). In addition, evidence for a second peaking structure is found in the same mass
spectrum, with measured mass and width values of m2 = 4313.8 ± 5.3 (stat.) ± 7.3 (syst.) MeV
and G2 = 38+30

�15 (stat.) ± 16 (syst.) MeV. Because of possible reflections from two-body decays,
the statistical significance of the second structure cannot be reliably determined. The two
structures are well above the threshold of open charm (DD) decays and have relatively nar-
row widths. Conventional charmonium mesons with these masses would be expected to have
larger widths and to decay predominantly into open charm pairs with small branching frac-
tions into J/yf. Angular analyses of the B+ ! J/yfK+ decays would help elucidate the nature
of these structures.
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mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully ac-
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detector provided by the following funding agencies: BMWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,
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Figure 2: The B+ sideband-subtracted K+K� invariant-mass distribution for J/yK+K�K+ can-
didates within ±3s of the nominal B+ mass. The solid curve is the result of the fit described in
the text. The dashed line shows the zero-candidate baseline.

line.

Results obtained from both data sets are consistent. We have checked that events with multiple
B+ candidates do not artificially enhance the two structures. The total number of B+ signal
events in the Dm intervals below 1.568 GeV is 2320 ± 110 (stat.), which is consistent with the
total number of B+ candidates estimated from the mass spectrum in Fig. 1.

A full study of the J/yf resonant pattern in the B+ ! µ+µ�K+K�K+ decay via an amplitude
analysis of the five-body decay would require a data sample at least an order of magnitude
larger than is currently available, as well as more precise information on possible fK+ or J/yK+

resonances that may contribute to this decay. Instead, the Dm distribution is studied, since it
is related to the projection of the two-dimensional (2D) J/yfK+ Dalitz plot onto the m2(J/yf)
axis.

Before fitting the Dm distribution, it must be corrected for the relative detection and reconstruc-
tion efficiencies of the candidate events. Since no branching fractions are being determined,
only the relative efficiency over the Dalitz plot is required. If a possible fK+ or J/yK+ reso-
nance did exist, the density of events would depend on the quantum numbers of the resonance
and on the interference of the two structures with the possible resonance. Ignoring these possi-
ble interference effects, the MC simulation is used to determine the efficiency over the m2(fK+)
vs. m2(J/yf) Dalitz plot, assuming a PS distribution for the three-body decay B+ ! J/yfK+.
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Figure 4: The yield of B+ ! J/yK+K�K+ candidates in the data as a function of the K+K�K+

invariant mass. The error bars represent the statistical uncertainties. The solid curve is the
prediction from the PS simulation.
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m(fK+) < 1.68 GeV or m(fK+) > 1.88 GeV (left), or 1.68 < m(fK+) < 1.88 GeV (right). The
solid curve is the prediction from the PS simulation.

14 A Supplemental Material

A Supplemental Material

Figure 6 shows the continuation of the Dm spectrum for Dm > 1.568 GeV, including the contri-
bution from non-B candidates, after subtracting the expected B0

s contribution from simulation
for candidate events with J/yfK+ invariant mass within ±1.5s (s = 9.3 MeV) of the B nominal
mass. Figure 7 shows the extension of the Dm spectrum in Fig. 3 in the paper, excluding non-B
background, to the full phase space. The absence of strong activity in the high-Dm region rein-
forces our conclusion that the near-threshold narrow structure is not due to a reflection of other
resonances.
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Figure 6: The Dm spectrum, including non-B candidates after subtracting the expected B0
s

contribution from simulation for candidate events with J/yfK+ invariant mass within ±1.5s
(s = 9.3 MeV) of the B nominal mass. The dashed vertical line indicates the boundary of the re-
gion eliminated from the analysis (the region to the right of the dashed line). The data points in
the region to the left of the dashed line are from events used in the analysis and are represented
by filled circles with error bars. The open circles in the region to the right of the dashed line
are the result of subtracting the expected B0

s background from simulation, and their uncertain-
ties are correlated. The solid curve is the prediction for a three-body phase-space distribution,
normalized to the total number of events in the left region, after subtracting the yields from
the two low-mass peaking structures. The extrapolation of the phase-space prediction into the
right-hand region is shown by the dashed curve.
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- Efficiency ratio from MC,


- MC dipion mass distributions  

reweighted according to CLEO data



- Signal shape parameters fixed to  
simulation;


- signal strength allow to float



- Fits performed at each mass-hypothesis  
point. 



- Assumption of zero polarisation is  
treated in systematics.
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Fig. 1. The reconstructed invariant-mass distributions of the candidates in the barrel
(top) and endcap (bottom) regions. Peaks corresponding to Υ (2S) → Υ (1S)π+π−

and Υ (3S) → Υ (1S)π+π− decays are indicated with the arrows.

Fig. 2. The invariant-mass distributions of the candidates around the Υ (2S) reso-
nance for the barrel (top) and endcap (bottom) regions. The result from the fit is
shown as a solid curve; the Υ (2S) and background contributions from the fit are
shown separately as the dashed and dotted curves, respectively.

the barrel (endcap) region. The background distribution is mod-
eled separately for the low-mass (10.06–10.31 GeV) and high-mass
(10.40–10.99 GeV) regions with a third-degree polynomial, whose
coefficients are allowed to vary in the fit. The signal yields and
the coefficients of the polynomials are determined from unbinned

maximum-likelihood fits to the invariant-mass distributions for the
barrel and endcap regions.

For a given Xb mass point, the relationship between the Xb and
Υ (2S) yields is given by

Nobs
Xb

= R × Nobs
Υ (2S) × ϵXb

ϵΥ (2S)
, (1)

where Nobs
Xb

and Nobs
Υ (2S) are the observed Xb and Υ (2S) yields, re-

spectively, and ϵXb/ϵΥ (2S) is the ratio of overall efficiencies for Xb
and Υ (2S) events. This ratio uses the acceptance and the trigger
and reconstruction efficiencies estimated from simulated samples.
In the barrel region, the ratio of efficiencies increases from about
1 to 2 for a hypothetical Xb mass in the range 10.06–10.31 GeV,
mainly because of the increased acceptance for higher masses, and
remains around 2 in the range 10.40–10.99 GeV. In the endcap re-
gion, the ratio of efficiencies stays around 1 for all the Xb mass
values considered.

In tests of statistical significance, the p-value is the probabil-
ity of obtaining a signal strength as large as (or larger than) the
one that was actually observed, assuming that there is no signal.
A signal-like distribution will result in a low observed p-value. In
this analysis, the p-value is evaluated from simultaneous signal-
plus-background fits to the observed invariant-mass distributions
in the barrel and endcap regions. Significances of the Xb signal are
evaluated for each hypothetical Xb mass. Given no strong hint of
a signal in the present data, an upper limit on R , the ratio of the
production cross sections times branching fractions of the Xb and
Υ (2S), is calculated.

4.1. Systematic uncertainties

Several sources of systematic uncertainties are considered. The
major sources are from the modeling of the signal decay, which
includes the dipion invariant-mass distribution and the Xb mass
resolution, the signal polarization, and the background shape.

The dipion distributions in the simulated Υ (2S) and Xb sam-
ples are reweighted according to the Υ (2S) data from CLEO [28],
but the actual distribution of the Xb is unknown. This affects the
value of the efficiency ratio ϵXb/ϵΥ (2S) in Eq. (1). Several alterna-
tive models have been implemented, including a Υ (1S)ρ model,
a model using the dipion invariant-mass distribution measured
in X(3872) decay [8], and a three-body S-wave model. Since the
actual quantum numbers for the Xb state are not known, the dip-
ion invariant-mass distribution in the Xb → Υ (1S)ρ decay we use
(which is similar to the X(3872) → J/ψρ decay) in the system-
atic studies. The Xb → Υ (1S)ρ process is modeled with a uniform
two-body phase-space decay. The dipion mass distribution from
X(3872) decay is scaled according to the mass difference between
the Xb and the Υ (1S). A comparison between the alternative mod-
els and the default model using the Υ (2S) distribution leads to
differences in the ϵXb/ϵΥ (2S) efficiency ratio of up to 20% depend-
ing on the Xb mass, which is included as a systematic uncertainty.
The reconstruction efficiency as a function of Xb mass is modeled
with a simple analytical function. The systematic uncertainty in
this modeling is estimated by comparing two different functions
and is found to be negligible.

The Υ (2S) mass resolutions determined in data and simulation
are consistent with each other. The statistical uncertainty in the
Υ (2S) mass resolution from data of 2.9% (4.6%) in the barrel (end-
cap) region is larger than the difference between the measured and
simulated values. The statistical uncertainty is taken as the system-
atic uncertainty from this source. While a single Gaussian function
is used in the default modeling of the signal, a sum of two Gaus-
sians is used as an alternative model, and the differences between
the respective fits are taken as systematic uncertainties.
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mainly because of the increased acceptance for higher masses, and
remains around 2 in the range 10.40–10.99 GeV. In the endcap re-
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R =
�(pp ! Xb ! ⌥(1S)⇡+⇡�)

�(pp ! ⌥(2S) ! ⌥(1S)⇡+⇡�)
=

� · B
�2S · B2S



- Extracted yields normalised to fitted ϒ(2S)



- Validated on ϒ(3S)


- predicted: 11,400 ± 1,500


- fitted:      11,600 ± 1,300



- Perform hypothesis test, 10 MeV  
intervals: 10–11 GeV (veto Υ(2,3S))



- Mass window for each fit: m±8𝜎:


-  𝜎: 72MeV@ 10 GeV – 224MeV  

@10.9 GeV


- Fit is performed simultaneously to  

the 8 (2x2x2) |y|,pT,cosθ* bins
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M(µµ) Υ distributions
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- First published observation of a new ‘particle’ by LHC,  
reported by media.



- 𝜒b;  J
++ 

triplet states of bound b b-bar pairs of   
 Bottomonium system:


- Studies of QCD close to the strong  

decay threshold



- Observation of a new state through 
radiative transitions to Υ(1S), Υ(2S)


- Υ(nS) → µµ



- Photons reconstructed as:


- Unconverted photons (Calorimetry)


- Converted photons (ID)



- Mass consistent with predictions  
of 𝜒b(3P) multiplet:


- 10.530 ± 0.005 (stat.) ± 0.009 (syst.) GeV. 



- Possible scenarios for mixing of 𝜒b(3P) with  
exotic Xb states – interesting further studies.  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Observations: 𝜒b(3P)
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