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Introduction
• LHC: pp collisions @ 7-8 (Run I) & 13 TeV (Run II)  ⇒ large B 

hadron production. 
• D0/Tevatron shut down in 2012. B/QCD program still continues.  
• Precise measurements of B hadrons properties help to improve 

or constrain QCD models, and could provide signs of new 
physics or constrain BSM models. 

• CMS is able to provide several measurements of B hadrons 
properties that are competitive with results from other 
experiments, such as in: 
o B mesons and baryons: masses, lifetimes, BRs, polarizations, etc. 
o CP-Violation in B mesons. 
o B rare decays: branching ratios, angular parameters. 
o Decays to exotic hadrons.
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D0 and CMS detectors
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CMS B Physics program ⇿ Excellent µ ID + 
Track and vertex reconstruction

Tracking SystemTracking System: Silicon, Fiber Tracker,: Silicon, Fiber Tracker,
Solenoid, Central & ForwardSolenoid, Central & Forward Preshowers Preshowers

ShieldingShielding

Fiber Tracker/Fiber Tracker/Preshower Preshower VLPC Readout SystemVLPC Readout System

NN SS
Muon ToroidMuon Toroid

Muon Muon ScintillationScintillation
CountersCountersForward Mini-Forward Mini-

Drift TubesDrift Tubes

PDTsPDTs

PlatformPlatform

CCCC

ECEC ECEC
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B Physics Triggers (CMS/Run I)
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B Physics Triggers (CMS/Run II)
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CMS-DP-2015-055
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B Physics Triggers (CMS/Run II)
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CMS-DP-2015-055

B0
s ⇾ J/ψ φ (f0) 

Bc
+  ⇾ J/ψ nπ± 

Λb ⇾ J/ψ Λ(*) 

B ⇾ K(*) µ+ µ-

B0
(s) ⇾ µ+ µ-
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B0
s ⇾ J/ψ φ: ATLAS, CDF, CMS, D0. 

B0
s ⇾ J/ψKK: LHCb. 

B0
s ⇾ J/ψππ: LHCb. 

B0
s ⇾ J/ψ DsDs: LHCb. 

[http://www.slac.stanford.edu/xorg/hfag/osc/summer_2015/
HFAG_phis_inputs.pdf] 

CPV in  
B0

s ⇾ J/ψ φ
• CPV phase φs from interference btw direct and through mixing decays. 

• Non-standard particles in loops could change the SM prediction of φs.  
• 3+1 angular-time analysis to disentangle CP-odd/even contributions.
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B0
s ⇾ J/ψ f0(980)

• CMS: CPV analysis is simplified using B0
s ⇾ J/ψ f0(π+π-) wrt B0

s ⇾    
J/ψφ(K+K-) decays. It is also a pure CP-odd eigenstate.
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o Region around the f0(980) can be used to 

measure τ(B0
s)CP-odd and φs.
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ℬ(B0
s⇾ψf0(ππ))/ℬ(B0

s⇾ψφ(KK))
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Rf0/φ  ≈ 0.2 [Stone & Zhang, PRD 79, 074024 (2009)]. 

CMS, PLB 756  
(2016) 84–112

• Experiments measure R in diff. M(π+π-) ranges.

LHCb [PRD 86, 
052006 (2012)]*

CDF (PRD 84, 
052012 (2011)) 

D0 [PRD 85, 
011103(R) 
(2012)] 

LHCb [PLB 698 
(2011) 115–122]

*
The combinatorial background is primarily due to

random combinations of J=ψ ’s with additional tracks in
the event, and its mass distribution is described by an
exponential function

Mcombðmj; a0Þ ¼ ea0mj; ð5Þ

with a0 determined from the likelihood fit.
The physics cross-feed contamination is mainly pro-

duced by the combination of J=ψ mesons from b hadron
decays with other particles produced in the collision,
including from the same b hadron. Other b hadron decays
with final states such as B0 → J=ψKπ, B0 → J=ψππ and
B0
s → J=ψKK are reconstructed at mass below the signal of

the B0
s , either due to the lower mass of the B0 or the

incorrect mass assignment of the pion mass to a kaon track.
Simulations of these decays show that the cross-feed
contamination can be described by a single Gaussian
component

MxfðmjÞ ¼ Gðmj; μxf ; σxfÞ; ð6Þ

where μxf and σxf are the mean and the width of the
Gaussian, determined from the likelihood fit.
The final contribution arises from B$ → J=ψK$ decays

in which the kaon has been assigned a pion mass, and an
additional track accidentally forms a vertex with the
J=ψK$. The candidate mass is reconstructed in the region
of real B0

s events. If the higher pT nonmuon track in B0
s

candidates is assigned a kaon mass, a clear B$ signal
emerges. Events in this B$ mass peak, when interpreted as
J=ψππ, are used as a template [16] to determine the shape
of the mass distribution of the B$ → J=ψK$ contamina-
tion in the B0

s candidates.
The λ distribution for the signal is parametrized by an

exponential decay convoluted with a resolution function

TsigðλjjσλjÞ ¼
1

λB

Z
∞

0
Gðx; λj; σλjÞ exp

!
−x
λB

"
dx; ð7Þ

with λB ¼ cτ of the B0
s to be measured. The λ distribution

for the background components is parametrized by the sum
of two exponential decay functions modeling combinatorial
background TcombðλjÞ, an exponential decay for the cross-
feed contamination TxfðλjÞ, and an exponential decay
function that describes TBþðλjÞ for B$ contamination.
The distribution of the λ uncertainty EsigðσλjÞ is

described by a phenomenological model, using an expo-
nential with decay constant 1=ζ, convoluted with a
Gaussian with mean ϵ and width δ:

Esigðσλj ; ζ; ϵ; δÞ ¼
1

ζ
e−σλj =ζ ⊗ Gðσλj ; ϵ; δÞ; ð8Þ

where the parameters ζ, ϵ and width δ are determined from
the fit in the sample of events. The uncertainties in λ for the
background components are treated in the same manner.

The fit yields cτðB0
sÞ ¼ 504$ 42 μm and the numbers

of signal decays to be 494$ 85. Figure 1 shows the mass,
λ and λ uncertainty distributions for data with the fit
results superimposed. Figure 2 shows the Mðπþπ−Þ mass
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FIG. 1. Distributions of (a) invariant mass, (b) proper transverse
decay length, and (c) proper transverse decay length uncertainty
for B0

s candidates, with the fit results superimposed. Each of the
different background components is indicated in the figure. The
fit yields cτðB0

sÞ ¼ 504$ 42 μm.
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The combinatorial background is primarily due to
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the event, and its mass distribution is described by an
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with a0 determined from the likelihood fit.
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where the parameters ζ, ϵ and width δ are determined from
the fit in the sample of events. The uncertainties in λ for the
background components are treated in the same manner.
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of signal decays to be 494$ 85. Figure 1 shows the mass,
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FIG. 1. Distributions of (a) invariant mass, (b) proper transverse
decay length, and (c) proper transverse decay length uncertainty
for B0

s candidates, with the fit results superimposed. Each of the
different background components is indicated in the figure. The
fit yields cτðB0

sÞ ¼ 504$ 42 μm.
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• Next important 
property is Bs CP-
odd lifetime. 
• At DØ it was 

measured:

distribution for events with Mðμþμ−πþπ−Þ within one σ of
the B0

s mass. The Mðπþπ−Þ distribution is fit with a Flatté
function [17–19] and a polynomial background.
Table I summarizes the systematic uncertainties consid-

ered for this measurement. The contribution from possible
misalignment of the SMT detector has been previously
determined to be 5.4 μm [20]. The invariant mass window
used for the πþπ− distribution is varied from its nominal
value of 200 MeV=c2 to 160 and 240 MeV=c2 and the fit is
performed for each new mass window selection. This
results in a systematic uncertainty of 8 μm. We test the
modeling and fitting method used to estimate the lifetime
using data generated in pseudoexperiments with a range of
lifetimes from 300 to 800 μm. A bias arises due to
imperfect separation of signal and background. Since the
background has a shorter lifetime than the signal, the result
is a slight underestimate of the signal lifetime. The bias has
a value of −4.4 μm for an input lifetime of 500 μm and 500
signal events. We have corrected the lifetime for this bias
and a 100% uncertainty on the correction has been applied
to the result. We estimate the systematic uncertainty due to
the models for the λ and mass distributions by varying the
parametrizations of the different components: (i) the cross-
feed contamination is modeled by two Gaussian functions
instead of one, (ii) the exponential mass distribution for the
combinatorial background model is replaced by a first order

polynomial, (iii) the smoothing of the nonparametric
function that models the B$ contamination is varied, and
(iv) the exponential functions modeling the background λ
distributions are smeared with a Gaussian resolution similar
to the signal. To take into account correlations between the
effects of the different models, a fit that combines all
different model changes is performed. We quote the
difference between the result of this fit and the nominal
fit as the systematic uncertainty.
Several cross-checks of the lifetime measurement are

performed. The mass windows are varied, the reconstructed
B0
s mass is used instead of the world average [6] value, and

the data sample is split into different regions of pseudor-
apidity and of azimuthal angle. All results obtained with
these variations are consistent with the nominal measure-
ment. Using the B$ background sample extracted from the
data, we performed a fit for the lifetime of this component
of the background. The result is in good agreement with the
values obtained from the global fit. We have also fit the
lifetime of the cross-feed contamination from the simu-
lation and again good agreement with the global fit is
observed.
In order to estimate the effect of a small non-CP-odd

component in the analysis, we performed the fit with two
exponential decay components for the signal, with the
lifetime of one of them fixed to the world average of the
CP-even B0

s lifetime [6], and its fraction to be 0.01 as found
by the LHCb experiment [5]. The lifetime fit finds a
variation of 1 μm with respect to the nominal fit result.
In summary, the lifetime of the B0

s is measured to be

cτðB0
sÞ ¼ 508$ 42ðstatÞ $ 16ðsystÞ μm; ð9Þ

from which we determine

τðB0
sÞ ¼ 1.70$ 0.14ðstatÞ $ 0.05ðsystÞ ps; ð10Þ

in the decay channel B0
s → J=ψπþπ− with 880 ≤ Mπþπ− ≤

1080 MeV=c2. In the absence of CP violation in mixing,
this measurement can be translated into the width of the
heavy mass eigenstate of the B0

s :

ΓH ¼ 0.59$ 0.05ðstatÞ $ 0.02ðsystÞ ps−1: ð11Þ

This result is in good agreement with previous measure-
ments and provides an independent confirmation of the
longer lifetime for the CP-odd eigenstate of the B0

s=B̄0
s

system.

We thank the staffs at Fermilab and collaborating
institutions, and acknowledge support from the
Department of Energy and National Science Foundation
(U.S.); Alternative Energies and Atomic Energy
Commission and National Center for Scientific
Research/National Institute of Nuclear and Particle
Physics (France); Ministry of Education and Science of
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FIG. 2. Mðπþπ−Þ distribution for events with Mðμþμ−πþπ−Þ
within $1σ of the B0

s mass.

TABLE I. Summary of systematic uncertainties in the B0
s

lifetime measurement. The total uncertainty is determined by
combining individual uncertainties in quadrature.

Source Variation (μm)

Alignment 5.4
πþπ− invariant mass window 8.0
Fit bias 4.4
Distribution models 12.5
Total 16.4
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values obtained from the global fit. We have also fit the
lifetime of the cross-feed contamination from the simu-
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In order to estimate the effect of a small non-CP-odd

component in the analysis, we performed the fit with two
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lifetime of one of them fixed to the world average of the
CP-even B0

s lifetime [6], and its fraction to be 0.01 as found
by the LHCb experiment [5]. The lifetime fit finds a
variation of 1 μm with respect to the nominal fit result.
In summary, the lifetime of the B0

s is measured to be

cτðB0
sÞ ¼ 508$ 42ðstatÞ $ 16ðsystÞ μm; ð9Þ

from which we determine

τðB0
sÞ ¼ 1.70$ 0.14ðstatÞ $ 0.05ðsystÞ ps; ð10Þ

in the decay channel B0
s → J=ψπþπ− with 880 ≤ Mπþπ− ≤

1080 MeV=c2. In the absence of CP violation in mixing,
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Total 16.4

V. M. ABAZOV et al. PHYSICAL REVIEW D 94, 012001 (2016)

012001-6

D0, PRD 94, 012001 (2016)



B properties @ CMS -- Ivan Heredia

Bc
+ ⇾ J/ψ nπ±

• Unique lab to study HQ dynamics. 

• b and c quarks competing in decay. 

• Measurements in a kin. region 

complementary to LHCb.

11

CMS, JHEP 01  

(2015) 063

• LHCb, p
T 
> 4 GeV, 2.5 < |η| < 4.5, 

measures Rc/u = 0.68 ± 0.10 ± 0.03 ± 0.05 
[PRL 109 (2012) 232001]. Difference 
expected since p

T
(B

c

+
) < p

T
 (B

+
) in 

central region. 

• LHCb measures R
Bc 

= 2.41 ± 0.30 ±  0.33 
[PRL 108 (2012) 251802]. 

• Predictions of R
Bc

, assuming B
c
⇾J/ψW

+*
 

and W
+*
⇾ nπ

+
, btw = 1.5 – 2.3 [PRD 81 

(2010) 014005, PRD 81 (2010) 014015].

First  
confirmation
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B hadron lifetimes
• B-lifetimes determine importance of 

non-spectator contributions. 

• CMS about to publish precise 
measurements:

12

Λb

b

u

d

c c̄

s

u

d

Λ

J/ψ

• D0: 2nd. most precise 
τ(Bs) in flavor-specific 

Bs ⇾ Ds
-
 μ

+
ν X.

18 7 Summary

are generated with variations of the parameter values as sampled from a multivariate Gaus-399

sian p.d.f. constructed from the fit covariance matrix; the analysis is run N-times with the400

efficiency pdf parameters generated in the previous step and tB+
c

is computed; the distribution401

of the measured tB+
c

values is fitted with a Gaussian function, whose width is the systematic402

uncertainty associated to the finite size of the MC samples.403

Syst. error Percentage Abs. value (fs)
Fit model 1.1 6
Proper-time binning 1.3 5
MC finite size 0.2 1
Efficiency ratio model 0.4 2
Mis-alignment
Total uncertainty 1.8 10

Table 2: Systematic uncertainty contributions for the B+
c lifetime measurement.

To evaluate a possible systematic uncertainty arising from the choice of the analytic function404

used to fit the ratio of the B+
c and B+efficiencies, two alternative analytic models have been405

used: a sigmoid distribution and the convolution of a step function with a Crystal Ball distri-406

bution. The usage of the Crystal Ball allows to cope with possible non-gaussian behavior of the407

turn on: a systematic uncertainty of 2 fs is evaluated.408

By adding in quadrature the various sources of uncertainty, summarized in Table 2, a total409

systematic uncertainty of 10 fs is obtained.410

The Bc lifetime is measured to be t(Bc) = 0.547± 0.025 (stat) ± 0.010 (syst) ps.411

7 Summary412

We have measured the lifetimes of B+, B0, B0
s and L0

b hadron reconstructed from the decays413

B+ ! J/yK+, B0 ! J/yK⇤0, B0 ! J/yK0
S, B0

s ! J/yp+p� and L0
b ! J/yL0. By using an414

integrated luminosity of 19.7 f b�1 collected by the CMS detector at 8 TeV, we find:415

ctB+ = 491.6 ± 0.8 (stat) ± 1.8 (syst) µm (8)
ctB0 = 453.8 ± 1.6 (stat) ± 2.1 (syst) µm (in J/yK⇤0) (9)
ctB0 = 455.4 ± 2.7 (stat) ± 2.6 (syst) µm (in J/yK0

S) (10)
ctB0

s
= 504.3 ± 10.3 (stat) ± 3.3 (syst) µm (in J/yp+p�) (11)

ctB0
s

= 443.6 ± 2.0 (stat) ± 2.2 (syst) µm (in J/yf) (12)
ctL0

b
= 442.1 ± 8.1 (stat) ± 2.5 (syst) µm (13)

(14)

Neglecting CP violation in mixing, the measured Bs lifetime can be translated into the width of416

the heavy B0
s mass eigenstate:417

GH = 0.594 ± 0.012 (stat) ± 0.003 (syst) ps�1 (15)

All results are in agreement with the averages values reported by the Particle Data Group [7]418

and some are at the precision of the world-average of these properties.419

References 19

We have also measured the B+
c lifetime in the B+

c ! J/yp+ and found:420

ctB+
c
= 163.9 ± 7.4(stat) ± 3.0 (syst) µm (16)

Our measurement confirms a B+
c lifetime value higher than that previously measured at the421

Tevatron [3–5]. It is in agreement, within the uncertainties, with the precise LHCb measurement422

[2] in the same decay channel. It differs from the LHCb central value of 1.24 s.423
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distribution for one of the five data periods for the signal
sample, along with the comparison with the fit model. The
corresponding χ2 per degree of freedom for each data-
taking period are 1.58,1.21,1.29,1.18, and 1.14.
The corresponding B0 lifetime measurement uses exactly

the same procedure for events in the D− mass peak,
including a calculation of dedicated K factors and back-
ground contributions from semileptonic decays.
The lifetime fitting procedure is tested using MC

pseudoexperiments, in which the generated B0
ðsÞ lifetime

is set to a range of different values, and the full fit is
performed on the simulated data. Good agreement is found
between the input and extracted lifetimes in all cases. As an
additional cross-check, the data are divided into pairs of
subsamples, and the fit is performed separately for both
samples. The divisions correspond to low and high
pTðB0

ðsÞÞ, central and forward pseudorapidity jηðB0
ðsÞÞj

regions, and B0
ðsÞ versus B̄0

ðsÞ decays. In all cases, the
measured lifetimes are consistent within uncertainties.
To evaluate systematic uncertainties on the measure-

ments of cτðB0
sÞ, cτðB0Þ, and the ratio τfsðB0

sÞ=τðB0Þ, we
consider the following possible sources: modeling of the
decay length resolution, combinatorial background evalu-
ation, K-factor determination, background contribution
from charm semileptonic decays, signal fraction, and
alignment of the detector. All other sources investigated
are found to be negligible. The effect of possible mis-
modeling of the decay length resolution is tested by
repeating the lifetime fit with alternative resolution models,
using a single Gaussian component. A systematic uncer-
tainty is assigned based on the shift in the measured
lifetime. We repeat the fit using different combinatorial
background samples using only the sideband data or only
the wrong-sign sample. The maximum deviation from the

central lifetime measurement is assigned as a systematic
uncertainty. To determine the effect of uncertainties on the
K factors for the signal events, the fractions of the different
components are varied within their uncertainties given in
Table I. We also recalculate the K factors using different
MC decay models [16], leading to a harder pT distribution
of the generatedB hadrons. The fraction of each component
from semileptonic decays is varied within its uncertainties,
and the shift in the measured lifetime is used to assign a
systematic uncertainty. The signal fraction parameter, fDsμ,
is fixed for each mass fit performed. We vary this parameter
within its statistical and systematic uncertainty, obtained
from fit variations to the background and signal model of
the mass PDFs, and assign the observed deviation as the
uncertainty arising from this source. Finally, to assess the
effect of possible detector misalignment, a single MC
sample is passed through two different reconstruction
algorithms, corresponding to the nominal detector align-
ment and an alternative model with tracking detector
elements shifted spatially within their uncertainties. The
observed change in the lifetime is taken as systematic
uncertainty due to alignment.
Table III lists the contributions to the systematic uncer-

tainty from all sources considered. The most significant
effect comes from the combinatorial background determi-
nation. Correlations in the systematic uncertainties for the
B0
s and B0 meson lifetimes are taken into account when

evaluating the effect on the lifetime ratio, where the K
factor determination dominates.
The measured flavor-specific lifetime of the B0

s meson
is cτfsðB0

sÞ ¼ 443.3$ 2.9ðstatÞ $ 6.3ðsystÞ μm, which is
consistent with the current world average of 439.2$
9.3 μm [3,6] and has a smaller total uncertainty of
6.9 μm. The uncertainty in this measurement is dominated
by systematic effects. The B0 lifetime in the semileptonic
decay B0 → D−μþνX is measured to be cτðB0Þ ¼ 459.8$
5.6ðstatÞ $ 6.4ðsystÞ μm, consistent with the world average
of cτðB0Þ ¼ 455.4$ 1.5 μm [3]. Using both lifetimes
obtained in the current analysis, their ratio is determined
to be τfsðB0

sÞ=τðB0Þ ¼ 0.964$ 0.013ðstatÞ $ 0.007ðsystÞ.
Both results are in reasonable agreement with theoretical
predictions from lattice QCD [1,2]; the flavor-specific
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FIG. 2. Top: PPDL distribution for D−
s μþ candidates in the

signal sample for one of the five data periods. The projections of
the lifetime fitting model, the background function, and the signal
function are superimposed. Bottom: fit residuals demonstrating
the agreement between the data and the fit model

TABLE III. Summary of systematic uncertainty contributions
to the B0

s and B0 lifetimes, and to the ratio R≡ τfsðB0
sÞ=τðB0Þ.

Uncertainty source ΔðcτB0
s
Þμm ΔðcτB0Þμm ΔR

Resolution 0.7 2.1 0.003
Combinatorial background 5.0 4.9 0.001
K factor 1.6 1.3 0.006
Semileptonic components 2.6 2.0 0.001
Signal fraction 1.0 1.8 0.002
Alignment of the detector 2.0 2.0 0.000

Total 6.3 6.4 0.007
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distribution for one of the five data periods for the signal
sample, along with the comparison with the fit model. The
corresponding χ2 per degree of freedom for each data-
taking period are 1.58,1.21,1.29,1.18, and 1.14.
The corresponding B0 lifetime measurement uses exactly

the same procedure for events in the D− mass peak,
including a calculation of dedicated K factors and back-
ground contributions from semileptonic decays.
The lifetime fitting procedure is tested using MC

pseudoexperiments, in which the generated B0
ðsÞ lifetime

is set to a range of different values, and the full fit is
performed on the simulated data. Good agreement is found
between the input and extracted lifetimes in all cases. As an
additional cross-check, the data are divided into pairs of
subsamples, and the fit is performed separately for both
samples. The divisions correspond to low and high
pTðB0

ðsÞÞ, central and forward pseudorapidity jηðB0
ðsÞÞj

regions, and B0
ðsÞ versus B̄0

ðsÞ decays. In all cases, the
measured lifetimes are consistent within uncertainties.
To evaluate systematic uncertainties on the measure-

ments of cτðB0
sÞ, cτðB0Þ, and the ratio τfsðB0

sÞ=τðB0Þ, we
consider the following possible sources: modeling of the
decay length resolution, combinatorial background evalu-
ation, K-factor determination, background contribution
from charm semileptonic decays, signal fraction, and
alignment of the detector. All other sources investigated
are found to be negligible. The effect of possible mis-
modeling of the decay length resolution is tested by
repeating the lifetime fit with alternative resolution models,
using a single Gaussian component. A systematic uncer-
tainty is assigned based on the shift in the measured
lifetime. We repeat the fit using different combinatorial
background samples using only the sideband data or only
the wrong-sign sample. The maximum deviation from the

central lifetime measurement is assigned as a systematic
uncertainty. To determine the effect of uncertainties on the
K factors for the signal events, the fractions of the different
components are varied within their uncertainties given in
Table I. We also recalculate the K factors using different
MC decay models [16], leading to a harder pT distribution
of the generatedB hadrons. The fraction of each component
from semileptonic decays is varied within its uncertainties,
and the shift in the measured lifetime is used to assign a
systematic uncertainty. The signal fraction parameter, fDsμ,
is fixed for each mass fit performed. We vary this parameter
within its statistical and systematic uncertainty, obtained
from fit variations to the background and signal model of
the mass PDFs, and assign the observed deviation as the
uncertainty arising from this source. Finally, to assess the
effect of possible detector misalignment, a single MC
sample is passed through two different reconstruction
algorithms, corresponding to the nominal detector align-
ment and an alternative model with tracking detector
elements shifted spatially within their uncertainties. The
observed change in the lifetime is taken as systematic
uncertainty due to alignment.
Table III lists the contributions to the systematic uncer-

tainty from all sources considered. The most significant
effect comes from the combinatorial background determi-
nation. Correlations in the systematic uncertainties for the
B0
s and B0 meson lifetimes are taken into account when

evaluating the effect on the lifetime ratio, where the K
factor determination dominates.
The measured flavor-specific lifetime of the B0

s meson
is cτfsðB0

sÞ ¼ 443.3$ 2.9ðstatÞ $ 6.3ðsystÞ μm, which is
consistent with the current world average of 439.2$
9.3 μm [3,6] and has a smaller total uncertainty of
6.9 μm. The uncertainty in this measurement is dominated
by systematic effects. The B0 lifetime in the semileptonic
decay B0 → D−μþνX is measured to be cτðB0Þ ¼ 459.8$
5.6ðstatÞ $ 6.4ðsystÞ μm, consistent with the world average
of cτðB0Þ ¼ 455.4$ 1.5 μm [3]. Using both lifetimes
obtained in the current analysis, their ratio is determined
to be τfsðB0

sÞ=τðB0Þ ¼ 0.964$ 0.013ðstatÞ $ 0.007ðsystÞ.
Both results are in reasonable agreement with theoretical
predictions from lattice QCD [1,2]; the flavor-specific
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FIG. 2. Top: PPDL distribution for D−
s μþ candidates in the

signal sample for one of the five data periods. The projections of
the lifetime fitting model, the background function, and the signal
function are superimposed. Bottom: fit residuals demonstrating
the agreement between the data and the fit model

TABLE III. Summary of systematic uncertainty contributions
to the B0

s and B0 lifetimes, and to the ratio R≡ τfsðB0
sÞ=τðB0Þ.

Uncertainty source ΔðcτB0
s
Þμm ΔðcτB0Þμm ΔR

Resolution 0.7 2.1 0.003
Combinatorial background 5.0 4.9 0.001
K factor 1.6 1.3 0.006
Semileptonic components 2.6 2.0 0.001
Signal fraction 1.0 1.8 0.002
Alignment of the detector 2.0 2.0 0.000

Total 6.3 6.4 0.007
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We present an updated measurement of the B0
s lifetime using the semileptonic decays B0

s → D−
s μþνX,

with D−
s → ϕπ− and ϕ → KþK− (and the charge conjugate process). This measurement uses the full

Tevatron Run II sample of proton-antiproton collisions at
ffiffiffi
s

p
¼ 1.96 TeV, comprising an integrated

luminosity of 10.4 fb−1. We find a flavor-specific lifetime τfsðB0
sÞ ¼ 1.479% 0.010ðstatÞ % 0.021ðsystÞ ps.

This technique is also used to determine the B0 lifetime using the analogous B0 → D−μþνX decay with
D− → ϕπ− and ϕ → KþK−, yielding τðB0Þ ¼ 1.534% 0.019ðstatÞ % 0.021ðsystÞ ps. Both measurements
are consistent with the current world averages, and the B0

s lifetime measurement is one of the most precise
to date. Taking advantage of the cancellation of systematic uncertainties, we determine the lifetime ratio
τfsðB0

sÞ=τðB0Þ ¼ 0.964% 0.013ðstatÞ % 0.007ðsystÞ.

DOI: 10.1103/PhysRevLett.114.062001 PACS numbers: 14.40.Nd, 13.20.He

The decays of hadrons containing a b quark are
dominated by the weak interaction of the b quark. In
first-order calculations, the decay widths of these hadrons
are independent of the flavor of the accompanying light
quark(s). Higher-order predictions break this symmetry,
with the spectator quarks having roles in the time evolution
of the B hadron decay [1,2]. The flavor dependence leads
to an expected lifetime hierarchy of τðBcÞ < τðΛbÞ <
τðB0

sÞ ≈ τðB0Þ < τðBþÞ, which has been observed exper-
imentally [3]. The ratios of the lifetimes of different b
hadrons are precisely predicted by heavy quark effective
theories and provide a way to experimentally study these
higher-order effects, and to test for possible new physics
beyond the standard model [4]. Existing measurements are
in excellent agreement with predictions [3] for the lifetime
ratio τðBþÞ=τðB0Þ, but until recently the experimental
precision has been insufficient to test the corresponding
theoretical prediction for τðB0

sÞ=τðB0Þ. In particular, pre-
dictions using inputs from unquenched lattice QCD cal-
culations give 0.996 < τðB0

sÞ=τðB0Þ < 1 [2]. More precise
measurements of both B0

s lifetime and the ratio to its lighter
counterparts are needed to test and refine the models.
A flavor-specific final state such as B0

s → D−
s μþν is one

where the charges of the decay products can be used to
know whether the meson was a B0

s or B̄0
s at the time of

decay. As a consequence of neutral B meson flavor
oscillations, the B0

s lifetime as measured in semileptonic
decays is actually a combination of the lifetimes of the

heavy and light mass eigenstates with an equal mixture of
these two states at time t ¼ 0. If the resulting superposition
of two exponential distributions is fitted with a single
exponential function, one obtains to second order [5]

τfsðB0
sÞ ¼

1

Γs

1þ ðΔΓs=2ΓsÞ2

1 − ðΔΓs=2ΓsÞ2
; ð1Þ

where Γs ¼ ðΓsL þ ΓsHÞ=2 is the average decay width of
the light and heavy states, and ΔΓs is the difference
ΓsL − ΓsH. This dependence makes the flavor-specific
lifetime an important parameter in global fits [6] used to
extract ΔΓs, and hence, to constrain possible CP violation
in the mixing and interference of B0

s mesons.
Previous measurements have been performed by the

CDF [7], D0 [8], and LHCb [9,10] Collaborations, with
additional earlier measurements from LEP [11]. During
Run II of the Tevatron collider from 2002–2011, the D0
detector [12] accumulated 10.4 fb−1 of pp̄ collisions at a
center-of-mass energy of 1.96 TeV. We present a precise
measurement of the B0

s lifetime that uses the flavor-specific
decay B0

s → D−
s μþνX, with D−

s → ϕπ− and ϕ → KþK−

[13], selected from this dataset. It is superseding our
previous measurement [8].
A detailed description of the D0 detector can be found

elsewhere [12]. The data for this analysis were collected
with a single muon trigger. Events are considered for
selection if they contain a muon candidate identified
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backward counterparts. Our measured ratio of the backward-to-forward production rate

at the average transverse momentum of 11.4 GeV, averaged over rapidity in the range

0.1 < y < 2.0, is R = 0.93 ± 0.11 (stat) ± 0.04 (syst). The forward-backward asymmetry is

A = 0.04± 0.06 (stat)± 0.02 (syst).
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(hadro-)production measurements.  
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show a trend of increasing asymmetry with increasing jyj
that could be interpreted as the effect of the longitudinal
momentum imparted to a Λ0

b or Λ̄0
b particle by the beam

remnant. Assuming a shift of Δpz ¼ 1.4 GeV in the
particle longitudinal momentum, as estimated by Rosner
[2], we have simulated the effect by adding 1.4 GeV
(−1.4 GeV) to the Λ0

b (Λ̄0
b) baryon pz in the generated

PYTHIA events. As shown in Fig. 2, our result is in a good
agreement with this prediction. We find our results in
disagreement with the large asymmetry predicted by
MC@NLO+HERWIG.
The results for the backward-to-forward ratio R for the

same rapidity intervals are given in Table I and shown in
Fig. 3, where we compare with the results for the ratio of
cross sections, σðΛ̄0

bÞ=σðΛ0
bÞ, for the six rapidity bins

reported by the CMS Collaboration [16]. All results are
presented as functions of the “rapidity loss”, defined as the
difference between the rapidity of the beam, yðbeamÞ ¼
7.64 (8.92) at the Tevatron (LHC), and the rapidity y of the
Λ0
b baryon. The D0 and CMS results are consistent within

large uncertainties. Together, they show a trend of R to fall
with increasing rapidity and decreasing rapidity loss. The

D0 result for the ratio R integrated over rapidity, taking
into account the rapidity dependent efficiency ϵ, is
R ¼ 0.92$ 0.12ðstatÞ $ 0.04ðsystÞ, to be compared with
the value of R ¼ 1.02$ 0.07ðstatÞ $ 0.09ðsystÞ reported
by the CMS Collaboration.
In order to verify that detector effects on R and A are not

significant, the analysis was repeated considering candi-
dates with y > 0 (or y < 0) only, and Λ0

b (or Λ̄0
b) only.

Within statistical uncertainties, all results are consistent
with each other and with the measurements listed in Table I.
Furthermore, as shown in Fig. 2, we find a negligible
forward-backward asymmetry in the four intervals of
rapidity in a sample of background candidates obtained
from the Λ0

b mass sidebands (region above and below the
Λ0
b signal region defined in Fig. 1) with no Lxy requirement.
In summary, we have presented a measurement of the

forward-backward asymmetry in the production of Λ0
b and

Λ̄0
b baryons as a function of rapidity jyj. Together with

related results from the LHC, the data show a tendency of
forward particles that share valence quarks with beam
remnants, to be emitted at larger values of rapidity,
corresponding to smaller rapidity loss, than their backward
counterparts. The measured ratio of the backward-to-
forward production rate at the mean transverse momentum
of hpTi ¼ 9.9 GeV, averaged over rapidity in the range
0.1 < jyj < 2.0, is R ¼ 0.92$ 0.12ðstatÞ $ 0.04ðsystÞ.
The measured forward-backward asymmetry is A ¼
0.04$ 0.07ðstatÞ $ 0.02ðsystÞ.

We would like to thank W. K. Lai and A. K. Leibovich
for providing predictions of the heavy quark recombination
model for the D0 kinematic range, and J. L. Rosner for
useful discussions. We thank the staffs at Fermilab and
collaborating institutions and acknowledge support from

TABLE II. Systematic uncertainties (in %) on the measurement
of the backward-to-forward ratio R.

Source Uncertainty (%)

Signal shape 2
Background shape 2
Detection efficiency 3
Total syst. uncertainty 4
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relative production fractions of Λb and Λ̄b. Finally, the
LHCb Collaboration [25] has studied Λb and Λ̄b polari-
zation with 1 fb−1.

III. PRODUCTION MECHANISMS

A. Mechanisms without asymmetry

The subprocesses qq̄ → bb̄ and gg → bb̄, followed by
fragmentation of a b quark into Λb or a b̄ quark into Λ̄b, do
not lead to an asymmetry between baryon and antibaryon
production. One might expect these processes to dominate
in production of heavy baryons with small jyj and large pT .
Some additional processes are contributing to Λb produc-
tion at small pT ; its cross section falls off more rapidly with
increasing pT than the cross sections for B-flavored
mesons [11].

B. Quasidiffractive excitation

In Fig. 2 we illustrate a mechanism which may be
expected to contribute to forward heavy baryon production
and will favor production of Λb by protons and Λ̄b by
antiprotons. The figure suggests that a forward Λb often
will be accompanied by a forward Bþ or the decay products
of an excited Bþ. This mechanism has some features in
common with the intrinsic heavy quark model [8,9], in the
sense that a heavy forward baryon is more likely to contain
a b quark rather than a b̄.

C. Interaction with spectator quark

The final-state interaction of the heavy quark with the
proton remnants [6,7] was noted in the case of tt̄ production

in Ref. [12]. (See also [26].) This mechanism is illustrated
in Fig. 3. The effect of this process on the apparent
asymmetry in tt̄ production at the Tevatron was seen to
be too small to account for the asymmetry claimed initially
by both collider collaborations, but in a recent report by D0
the asymmetry no longer conflicts with the standard
model [22].
We retrace the argument presented in Ref. [12] for the

“drag” exerted by a QCD string on a heavy quark
produced through the process illustrated in Fig. 3. We
first calculate in the frame where the longitudinal
momentum of the heavy quark is zero. A result expressed
in terms of rapidity then is invariant under boosts along
the z axis.
A QCD string breaks when it reaches a length of about

1.5 fm [27]. If its end attached to the remnant travels with
respect to the other end at the speed of light, it acts for a
time

t ¼ 1.5 × 10−15 m
3 × 108ðm=sÞ

¼ 5 × 10−24 s: ð1Þ

FIG. 2. Quasidiffractive production of Λb along the direction of
a proton beam. The circles denote vertices for exchange of a
pomeron, denoted by the dashed line.

FIG. 3. Interaction of final-state heavy quark with spectator
system, as proposed in Ref. [12]. The pairs of dashed lines denote
QCD strings connecting the final-state heavy quarks to the
spectator systems.

FIG. 1. Ratio of Λ̄b and Λb cross sections reported by the
CMS Collaboration [11] as a function of rapidity. Only statistical
errors are shown; systematic errors for the points are %0.09;
%0.09;%0.13;%0.12;%0.15;%0.16, respectively. The dashed
line denotes a ratio of 1.
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014023-2

1.5 fm

CMS Collaboration / Physics Letters B 714 (2012) 136–157 141

Table 2
Uncorrected signal yield ratio nΛb

sig /nΛb
sig , efficiency ratio ϵ(Λb)/ϵ(Λb), and efficiency-corrected ratio σ (Λb)/σ (Λb), compared to the powheg [34,35] and pythia [28] predic-

tions for the corrected ratio. The uncertainties in the corrected ratio are statistical and systematic, respectively. The uncertainties on the uncorrected yield ratio are statistical
only and on the efficiency ratio are systematic only.

pΛb
T ( GeV) Uncorrected

nΛb
sig /nΛb

sig

ϵ(Λb)/ϵ(Λb) Data
σ (Λb)/σ (Λb)

powheg
σ (Λb)/σ (Λb)

pythia
σ (Λb)/σ (Λb)

10–13 0.96 ± 0.14 0.84 ± 0.09 1.14 ± 0.17 ± 0.12 0.98+0.02
−0.01 0.99

13–15 0.76 ± 0.11 0.79 ± 0.09 0.96 ± 0.14 ± 0.10 0.98+0.02
−0.01 0.98

15–18 0.89 ± 0.13 0.90 ± 0.09 0.98 ± 0.14 ± 0.09 1.01+0.01
−0.05 0.99

18–22 0.73 ± 0.12 0.95 ± 0.08 0.77 ± 0.12 ± 0.07 0.97+0.05
−0.02 0.99

22–28 1.26 ± 0.24 0.94 ± 0.10 1.33 ± 0.26 ± 0.14 0.99+0.02
−0.03 0.99

28–50 0.99 ± 0.25 0.72 ± 0.08 1.37 ± 0.35 ± 0.14 0.96+0.06
−0.04 0.97

|yΛb | Uncorrected

nΛb
sig /nΛb

sig

ϵ(Λb)/ϵ(Λb) Data
σ (Λb)/σ (Λb)

powheg
σ (Λb)/σ (Λb)

pythia
σ (Λb)/σ (Λb)

0.0–0.3 0.71 ± 0.10 0.79 ± 0.08 0.89 ± 0.13 ± 0.09 0.98+0.02
−0.01 0.99

0.3–0.6 0.92 ± 0.13 0.90 ± 0.08 1.02 ± 0.14 ± 0.09 1.01+0.01
−0.05 0.98

0.6–0.9 1.16 ± 0.18 0.88 ± 0.09 1.32 ± 0.21 ± 0.13 0.97+0.05
−0.02 0.97

0.9–1.2 0.99 ± 0.17 0.85 ± 0.09 1.16 ± 0.20 ± 0.12 0.98+0.03
−0.02 1.00

1.2–1.5 0.92 ± 0.17 0.82 ± 0.11 1.11 ± 0.20 ± 0.15 0.99+0.02
−0.01 1.00

1.5–2.0 0.66 ± 0.16 0.99 ± 0.11 0.67 ± 0.16 ± 0.08 0.98+0.03
−0.02 0.98

Fig. 4. Measured σ (Λb)/σ (Λb) (points) versus pΛb
T (top) and |yΛb | (bottom), com-

pared to the theoretical predictions from pythia (red dashed line) and powheg
(blue solid line). The inner error bars correspond to the statistical uncertainties,
and the outer error bars represent the uncorrelated systematic uncertainties added
in quadrature to the statistical uncertainties. The dashed blue lines show the uncer-
tainties of the powheg predictions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this Letter.)

• Background shape uncertainty (1–2%): evaluated from the vari-
ation when using a second-order polynomial, exponential, or
third-order polynomial fit in the restricted range 5.4–6.0 GeV.

• Final-state radiation (0–1%): evaluated by removing it from
the simulation and taking half of the difference in the re-
sults.

The uncertainties on the efficiencies arise from the following
sources:

• Pion/proton/Λ reconstruction efficiency uncertainty (8%): eval-
uated by varying the simulated detector material [44], align-
ment, and beamspot position, and by varying the reconstruc-
tion cuts, by using different event simulations, and comparing
the measured Λ lifetime [33], which is sensitive to the effi-
ciency correction, to the world-average value [24].

• Tag-and-probe statistical uncertainties (4–6%): evaluated by
propagating statistical uncertainties from the data-driven de-
termination of the single-muon efficiencies.

• Tag-and-probe systematic uncertainties (1–7%): evaluated as
the difference between the true efficiency in simulation and
the efficiency calculated with the tag-and-probe procedure ap-
plied to simulated events.

• Statistical precision of the simulated event samples (3–4%):
calculated for the dimuon acceptance and reconstruction ef-
ficiencies.

• Simulation modeling of the Λb kinematic distributions (0–
5%): evaluated as half of the difference due to the kinematic
reweighting.

• geant4 p cross section (1–4%): evaluated by considering an
alternative cross section model in geant4 (CHIPS) [30] for p
cross sections for interacting with material in the detector [45]
and taking the difference in the efficiency as a systematic un-
certainty.

• Unknown Λb polarization (1–4%): evaluated by generating
samples of events with the Λb spin fully aligned or anti-
aligned with the normal to the plane defined by the Λb mo-
mentum and the pp beam direction in the laboratory frame
and taking the average difference in the efficiency when com-
pared to the nominal analysis, which is performed with unpo-
larized simulated events.

• Pileup (0–4%): evaluated by varying the number of pileup in-
teractions in simulated events by the uncertainty of the mea-
sured pileup interaction distribution.

CMS, PLB 714, 
136 (2012)

D0, PRD 91, 
072008 (2015)

y(Tevatron) = 7.64
y(LHC) = 8.92

337 show a trend of increasing asymmetry with increasing jyj
338 that could be interpreted as the effect of the longitudinal
339 momentum imparted to a Λ0

b or Λ̄0
b particle by the beam

340 remnant. Assuming a shift of Δpz ¼ 1.4 GeV in the
341 particle longitudinal momentum, as estimated by Rosner
342 [2], we have simulated the effect by adding 1.4 GeV
343 (−1.4 GeV) to the Λ0

b (Λ̄0
b) baryon pz in the generated

344 PYTHIA events. As shown in Fig. 2, our result is in a good
345 agreement with this prediction. We find our results in
346 disagreement with the large asymmetry predicted by
347 MC@NLO+HERWIG.
348 The results for the backward-to-forward ratio R for the
349 same rapidity intervals are given in Table I and shown in
350 Fig. 3, where we compare with the results for the ratio of
351 cross sections, σðΛ̄0

bÞ=σðΛ0
bÞ, for the six rapidity bins

352 reported by the CMS Collaboration [16]. All results are
353 presented as functions of the “rapidity loss”, defined as the
354 difference between the rapidity of the beam, yðbeamÞ ¼
355 7.64 (8.92) at the Tevatron (LHC), and the rapidity y of the
356 Λ0

b baryon. The D0 and CMS results are consistent within
357 large uncertainties. Together, they show a trend of R to fall
358 with increasing rapidity and decreasing rapidity loss. The

359D0 result for the ratio R integrated over rapidity, taking
360into account the rapidity dependent efficiency ϵ, is
361R ¼ 0.92$ 0.12ðstatÞ $ 0.04ðsystÞ, to be compared with
362the value of R ¼ 1.02$ 0.07ðstatÞ $ 0.09ðsystÞ reported
363by the CMS Collaboration.
364In order to verify that detector effects on R and A are not
365significant, the analysis was repeated considering candi-
366dates with y > 0 (or y < 0) only, and Λ0

b (or Λ̄0
b) only.

367Within statistical uncertainties, all results are consistent
368with each other and with the measurements listed in Table I.
369Furthermore, as shown in Fig. 2, we find a negligible
370forward-backward asymmetry in the four intervals of
371rapidity in a sample of background candidates obtained
372from the Λ0

b mass sidebands (region above and below the
373Λ0

b signal region defined in Fig. 1) with no Lxy requirement.
374In summary, we have presented a measurement of the
375forward-backward asymmetry in the production of Λ0

b and
376Λ̄0

b baryons as a function of rapidity jyj. Together with
377related results from the LHC, the data show a tendency of
378forward particles that share valence quarks with beam
379remnants, to be emitted at larger values of rapidity,
380corresponding to smaller rapidity loss, than their backward
381counterparts. The measured ratio of the backward-to-
382forward production rate at the mean transverse momentum
383of hpTi ¼ 9.9 GeV, averaged over rapidity in the range
3840.1 < jyj < 2.0, is R ¼ 0.92$ 0.12ðstatÞ $ 0.04ðsystÞ.
385The measured forward-backward asymmetry is A ¼
3860.04$ 0.07ðstatÞ $ 0.02ðsystÞ.

387We would like to thank W. K. Lai and A. K. Leibovich
388for providing predictions of the heavy quark recombination
389model for the D0 kinematic range, and J. L. Rosner for
390useful discussions. We thank the staffs at Fermilab and
391collaborating institutions and acknowledge support from

TABLE II. Systematic uncertainties (in %) on the measurement
of the backward-to-forward ratio R.

Source Uncertainty (%)

Signal shape 2
Background shape 2
Detection efficiency 3
Total syst. uncertainty 4

|y|
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F2:1 FIG. 2 (color online). Measured forward-backward asymmetry
F2:2 A versus rapidity jyj compared to predictions of the Heavy Quark
F2:3 Recombination model [15] and a simulated effect of the longi-
F2:4 tudinal momentum shift due to beam drag (see Ref. [2] and text).
F2:5 The background asymmetry is obtained from J=ψΛ candidates in
F2:6 the Λ0

b mass sidebands (uncertainties are small compared to the
F2:7 symbol size). Measurements are placed at the centers of the
F2:8 rapidity intervals defined in Table I.
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B baryons (II)
• In CMS we measured the Lb polarization 

and decay parameters of Λb ⇾J/ψ Λ.

14

1

1 Introduction1

Predictions based on heavy-quark effective theory (HQET) [1, 2] indicate that for Lb baryons2

a large fraction of the transverse b-quark polarization should be retained after hadronization.3

Measurements of Lb polarization have been performed at LEP [3–5] in baryons produced by4

e�e+ ! Z0 ! bb̄. The Standard Model predicts that the b-quarks from Z0 boson decays have5

large longitudinal polarization which is expected to be maintained by the resultant baryon [6].6

The reported polarizations lie on the range (�0.79, +0.01). Measurements at hadron collider7

cannot compare directly to that at LEP due to the different production mechanisms, however8

recently the LHCb Collaboration reported a measurement of the transverse polarization of the9

Lb performing a fit to the angular distribution of the decay Lb ! J/yL0 [7]. In this report,10

we present a measurement of the Lb transverse polarization using events in which the decay11

Lb ! J/yL0, J/y ! µ+µ�, L0 ! pp�, is reconstructed with the CMS detector. Lb baryons12

can be produced in decays of heavier b baryons and cannot be distinguished from Lb produced13

directly in pp collisions. Therefore this measurement refers to Lb baryons produced via both14

mechanisms. The data used in this analysis correspond to collisions delivered by the LHC15

during 2011 and 2012 (Run I).16

2 Angular distribution17

The decay Lb ! J/yL0 is illustrated in Fig. 1. In pp collisions, the production polarization of18

the Lb is defined as the mean value of the Lb spin along the unit vector n̂ =
(~pbeam⇥~pLb)
|~pbeam⇥~pLb |

, where19

~pbeam is in the direction of the counterclockwise beam direction according to the CMS coor-20

dinates convention [8]. The decay is described by 4 complex helicity amplitudes Tl1l2 , with21

l1 = ± and l2 = ±, 0 referring to the helicities ±1/2 and ±1, 0 of the L0 and J/y particles,22

respectively. The angular distribution is a function of five decay angles Q = (qL, qp, qµ, jp, jµ)23

and has the form [9]:24

dG
dW5

(Q, T , P, aL) =
1

(4p)3

19

Â
0

hi(T )ci(P, aL) fi(Q); (1)

Here fi are trigonometric functions, hi are bilinear combination of the helicity amplitudes T25

and ci stands for P, aL, PaL or 1, where P is the polarization and aL is the parity violating26

asymmetry parameter for the decay L0 ! pp�. The angle qL is the polar angle of the L0
27

momentum with respect to n̂ in the Lb rest frame; qp and fp are the polar and azimuthal angles28

of the proton in the rest frame of L0, defined by ẑ1 = ~pL/ | ~pL | and ŷ1 = (n̂ ⇥ ~pL) / | n̂ ⇥~pL |;29

and angles qµ and fµ are the polar and azimuthal angles of the positively-charged muon in the30

J/y rest frame, determined by ẑ2 = ~pJ/y/ | ~pJ/y | and ŷ2 =
�
n̂ ⇥ ~pJ/y

�
/ | n̂ ⇥ ~pJ/y |.31

Assuming a uniform detector acceptance over the azimuthal angles fp and fµ, the angular32

distribution can be simplified by integration over these two angles:33

dG
dW3

(qL, qp, qµ) =
Z p

�p

Z p

�p

dG
dW5

�
qL, qp, qµ, fp, fµ

�
dfpdfµ

⇠
8

Â
i=1

hi
�
| T++ |2, | T+0 |2, | T�0 |2, | T�� |2

�
ci (P, aL) fi

�
qL, qp, qµ

�
.

(2)

2 2 Angular distribution
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Figure 1: Definition of the angles used to describe the Lb ! J/y(! µ+µ�)L0(! pp�) decay.

Table 1: Functions describing the angular distribution of the decay Lb ! J/yL0, J/y ! µ+µ�,
L0 ! pp�.

i hi ci fi
1 1 1 1
2 a2 aL cos qp
3 �a1 P cos qL
4 � (1 + 2g0) /3 aLP cos qL cos qp
5 g0/2 1

�
3 cos2 qµ � 1

�
/2

6 (3a1 � a2) /4 aL cos qp
�
3 cos2 qµ � 1

�
/2

7 (a1 � 3a2) /4 P cos qL
�
3 cos2 qµ � 1

�
/2

8 (g0 � 4) /6 aLP cos qL cos qp
�
3 cos2 qµ � 1

�
/2

The eight terms describing this angular distribution are listed in Table 1. The hi factors are34

written in terms of the three angular decay parameters proposed by Kramer and Simma [10],35

a1 ⌘ | T++ |2 � | T+0 |2 + | T�0 |2 � | T�� |2,

a2 ⌘ | T++ |2 + | T+0 |2 � | T�0 |2 � | T�� |2,

g0 ⌘ | T++ |2 �2 | T+0 |2 �2 | T�0 |2 + | T�� |2,

(3)

where a1 is the parity-violating asymmetry parameter for the decay Lb ! J/yL0, a2 represents36

the longitudinal polarization of the daughter baryon L0, and g0 is a measure of the longitudi-37

nal/transverse composition of the J/y [11].38

From the normalization condition,39
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nal/transverse composition of the J/y [11].38

From the normalization condition,39
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Figure 7: Distributions of m(J/yL̄), cos qp, cos qL, cos qµ (from left to right) for L̄b candidates
in 2011 and 2012 datasets in m(J/yL̄) 2 [5.56, 5.68], with fit results superimposed. The signal
(background) component is shown in red (gray).

As a test, we repeat the angular analysis using the parametrizations proposed by LHCb [7] and175

ATLAS [20]. The angular distribution describing the Lb ! J/yL0 decay, in terms of the three176

angular parameters are shown in Eqs. 11 (LHCb) and 12 (ATLAS).177

ab ⌘ | T+0 |2 � | T�0 |2 + | T�� |2 � | T++ |2,
r0 ⌘ | T+0 |2 + | T�0 |2,
r1 ⌘ | T+0 |2 � | T�0 |2

(11)

ab ⌘ | T+0 |2 � | T�0 |2 + | T�� |2 � | T++ |2,

k+ ⌘ | T+0 |2
| T+0 |2 + | T�� |2 ,

k� ⌘ | T++ |2
| T�0 |2 + | T++ |2

(12)

Note that ab = �a1. We get new values of the angular parameters, for instance using LHCb
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Table 3: Summary of systematic uncertainties.
Uncertainty source P ⇥ 10�2 a1 ⇥ 10�2 a2 ⇥ 10�2 g0 ⇥ 10�2

Angular efficiency 0.8 0.7 2.0 0.3
Azimuthal efficiency 0.1 1.0 0.3 0.1

Fit bias 0.1 1.0 0.1 0.01
Angular Resolution 1.0 0.1 2.6 0.8

Background mass model 0.1 0.4 0.4 0.5
Background angular model 0.4 1.0 0.4 2.0

Signal mass model 0.01 0.3 1.0 1.0
Asymmetry parameter aL. 0.01 1.0 2.0 0.4

Reweight procedure 0.01 1.1 0.4 2.0
Reconstruction bias 0.8 5.9 1.4 2.8

Total(quadratic sum) 1.6 6.3 4.3 4.2

P = 0.00 ± 0.06(stat) ± 0.02(syst),
a1 = 0.12 ± 0.13(stat) ± 0.06(syst),
a2 = �0.93 ± 0.04(stat) ± 0.04(syst),
g0 = �0.46 ± 0.07(stat) ± 0.04(syst),

corresponding to the helicity amplitudes242

|T�0|2 = 0.51 ± 0.03(stat) ± 0.02(syst),

|T+0|2 = �0.02 ± 0.03(stat) ± 0.02(syst),

|T��|2 = 0.46 ± 0.02(stat) ± 0.02(syst),

|T++|2 = 0.05 ± 0.04(stat) ± 0.02(syst).

Our result of the Lb polarization is compatible with predictions from perturbative QCD calcu-243

lations [21] for a polarization of ⇠ 10% at 2s, but it disfavors the 20% expectation reported in244

Ref. [22]. Also, as expected [11], our data analysis indicates a maximum longitudinal L0 polar-245

ization a2, or, equivalently, strongly suppressed transitions into the lL = 1/2 helicity states of246

the L baryon (T+0 and T++).247
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Asymmetry parameter aL. 0.01 1.0 2.0 0.4

Reweight procedure 0.01 1.1 0.4 2.0
Reconstruction bias 0.8 5.9 1.4 2.8

Total(quadratic sum) 1.6 6.3 4.3 4.2

P = 0.00 ± 0.06(stat) ± 0.02(syst),
a1 = 0.12 ± 0.13(stat) ± 0.06(syst),
a2 = �0.93 ± 0.04(stat) ± 0.04(syst),
g0 = �0.46 ± 0.07(stat) ± 0.04(syst),

corresponding to the helicity amplitudes242

|T�0|2 = 0.51 ± 0.03(stat) ± 0.02(syst),

|T+0|2 = �0.02 ± 0.03(stat) ± 0.02(syst),

|T��|2 = 0.46 ± 0.02(stat) ± 0.02(syst),

|T++|2 = 0.05 ± 0.04(stat) ± 0.02(syst).

Our result of the Lb polarization is compatible with predictions from perturbative QCD calcu-243

lations [21] for a polarization of ⇠ 10% at 2s, but it disfavors the 20% expectation reported in244

Ref. [22]. Also, as expected [11], our data analysis indicates a maximum longitudinal L0 polar-245

ization a2, or, equivalently, strongly suppressed transitions into the lL = 1/2 helicity states of246

the L baryon (T+0 and T++).247
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Rare B decays as 
new physics probes
• Rare decays: FCNC decays forbidden @LO. 

NP (in penguins/boxes) could modify Wilson 
coefficients. 

• Complementary info: S/P-S (B0
s⇾μ

+μ-) vs. V/A-V 

(B⇾K(*)μ+μ-) interactions.  

• Reliable BR predictions within the SM for 

ℬ(B0
s⇾μ

+μ-).

15

B0
s : 6.2σ 

B0 :  3.0σ

The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
15 (updated results and plots available at http://www.slac.stanford.
edu/xorg/hfag/)) to be R:B(B0?mzm{)SM=B(B0

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

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

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

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

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

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

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

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

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

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

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

sive to emit a substantial fraction of their energy by electromagnetic

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

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

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

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

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

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

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

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

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

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

s and B0

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

sive to emit a substantial fraction of their energy by electromagnetic

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

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

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

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

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

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

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

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

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

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

s and B0

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

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

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

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

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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B0 ⇾ K*µ+µ-

• Search for deviations of BR, FL (frac. of K* 
longitudinal. Pol.) and AFB (μ

+μ- F-B asym.) from 
SM in bins of q2 = m2

μμ.

17

• CMS consistent with other exps. and 
with predictions of LCSR and Lattice. 
Ongoing efforts to measure P5’.
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THE XYZ STATES

• More than 20 cc-like and bb-like 
states that do not fit the qq̅ picture 
discovered in B-fact., Tev., & LHC. 

• Most happen to be near a 2-meson 
threshold. 

• Most important: Z(4430)± → ψ(2S)π± 
by Belle (2008), confirmed by LHCb 
(2014) to be a proper BW resonance 
by Argand diagram.
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Figure 18.3.12. Invariant mass distributions from (top)
 (2S)⇡± (Choi, 2008), and (bottom) �c1⇡

± (Mizuk, 2008), su-
perimposed with fit result showing the charged resonances. In
both figures, events with M(K⇡) in the region of the K⇤(890)
and K⇤(1410) peaks are removed. The solid red histogram in
the lower figure shows the results of the fit that includes coher-
ent Z1 and Z2 amplitudes; the dashed blue curve is the result
of the fit using K⇡ amplitudes only.

the  (2S)⇡+ channel near 4430MeV/c2. Although both
statistical and systematic uncertainties on the Z(4430)+
resonance parameters increased, the significance of the ob-
served resonance signal remained the same; for the default
Dalitz distribution model it was found to be 6.4�; the fit-
ted mass and width of the Z(4430)+ !  (2S)⇡+ from the
Dalitz analysis are MZ(4430)+ = (4443+15

�12
+19
�13) MeV/c2 and

�Z(4430)+ = (109+86
�43

+74
�56) MeV/c2.

While we were preparing this book, LHCb performed
a four-dimensional fit of the decay amplitude (Aaij et al.,
2014b). The Z(4430)+ is confirmed with a significance of
13.9 � at least; the fitted mass and width are MZ(4430)+ =
(4475±7+15

�25) MeV/c2 and �Z(4430)+ = (172±13+37
�34) MeV/c2,

consistent with Belle measurements. Moreover, an analy-
sis of the Argand diagram confirms the resonant character
of the Z(4430)+.

18.3.6.2 States decaying to �c1⇡+

In a Dalitz-plot analysis of three-body B ! �c1⇡+K de-
cays, Belle was unable to get an acceptable fit using only
resonances in the K⇡ channel (Mizuk, 2008). The inclu-
sion of a single �c1⇡+ resonance improved the fit sub-
stantially, but still did not reproduce the observed fea-
tures very accurately. Belle finally settled on a fit that in-
cluded two resonances in the �c1⇡ channel: the Z1(4050)+
and Z2(4250)+. The �c1⇡+ invariant-mass distribution for
events in the Dalitz-plot region between the K⇤(980) and
K⇤(1410) bands is shown as data points with the pro-
jected final fit shown as a red histogram in the lower
panel of Fig. 18.3.12. The fitted masses and widths of the
two �c1⇡+ resonances are MZ+

1
= (4051± 14+20

�41) MeV/c2,
MZ+

2
= (4248+44+180

�29�35 ) MeV/c2, �Z+
1

= (82+21+47
�17�22) MeV/c2

and �Z+
2

= (177+54+316
�39�61 ) MeV/c2, respectively.

BABAR investigated B ! �c1⇡+K decays using an
analysis that carefully studied the e↵ects of interference
between resonances in the K⇡ system (Lees, 2012w). They
report adequate fits to the data using interfering reso-
nances only in the K⇡ channel. They set 95% C.L. upper
limits on the product branching fractions to the Z+

1 and
Z+

2 states by studying the e↵ects of adding incoherent
resonant amplitudes for these two states to their fitting
model:

B(B ! Z+
1 K�)⇥ B(Z+

1 ! �c1⇡
+) < 1.8⇥ 10�5,

B(B ! Z+
2 K�)⇥ B(Z+

2 ! �c1⇡
+) < 4.0⇥ 10�5.

(18.3.13)

For comparison, the non-zero values from Belle for the
same quantities are

B(B ! Z+
1 K�)⇥ B(Z+

1 ! �c1⇡
+) = (3.0+1.2+3.7

�0.8�1.6)⇥ 10�5,

B(B ! Z+
2 K�)⇥ B(Z+

2 ! �c1⇡
+) = (4.0+2.3+19.7

�0.9�0.5 )⇥ 10�5.
(18.3.14)

Part of the discrepancy between the two experiments may
be due to the fact that in the Belle analysis, the Z+

1 , Z+
2

and K⇡ amplitudes are all coherent and mutually inter-
fere, while in the BABAR analysis the Z+

1 and Z+
2 terms are

added incoherently and do not interfere with the K⇡ am-
plitudes. In the Belle results shown in Fig. 18.3.12 (lower),
significant constructive and destructive interference be-
tween the Z+

1 and Z+
2 amplitudes with the K⇡ terms is

evident (see the dips and peaks of the solid red curve, rel-
ative to the dashed blue curve showing the K⇡ amplitude
fit result).
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Figure 18.1.1. Energy levels of bottomonium (upper plot)
and charmonium (lower plot) as known at the end of the B
Factory era. “Established” states are those predicted in the
theory and whose measured properties are in agreement with
predictions. “New states” are unpredicted and/or their mea-
sured properties are di�cult to accommodate in the theory. In
the last column we list states with unknown quantum numbers,
and the charged quarkonium-like resonances.

Spin, P or C are often determined from the selection rules
both of the production and the decay mechanism. When
this is not the case, or if they cannot unambiguously fix `
and s, a quarkonium state assignment can be tried rely-
ing on theoretical predictions for the mass, width, decay
channels, or production mechanisms.

From its non-relativistic nature some specific features
of the quarkonium spectrum can be derived. The sepa-
ration between levels of di↵erent n and same l typically

scales like mv2; the spin separation between pseudoscalar
mesons n 1S0(0�+) and vector mesons n 3S1(1��), called
hyperfine splitting, scales like mv4; the spin separation
between states within the same ` 6= 0 and S multiplets
(e.g. the splittings in the 1 3Pj multiplet �c(1P ) in char-
monium), called fine splitting, scales like mv4; and the hy-
perfine separation between the spin-singlet state 1P1 and
the spin-averaged triplet state h3Pji, which again scales
like mv4.

The fact that all splittings are much smaller than the
masses implies that all the dynamical scales of the bound
state, such as the kinetic energy or the momentum of
the heavy quarks, are small compared to the quark mass.
Therefore, the heavy quarkonia are to a good approxima-
tion non-relativistic systems. For further discussion of the
various energy scales relevant for quarkonium system, see
Section 18.1.3.

Another important feature of the spectrum is the
presence of an “open flavor threshold” (open charm, or
open bottom), where a quarkonium state can undergo
strong decay to a pair of mesons carrying the correspond-
ing quark flavor. States above threshold are considerably
wider than states below. Excited states below threshold
decay either by strong interactions or electromagnetically
into lower-lying states; the ground states finally decay by
an annihilation process of the heavy quark-antiquark pair.
This annihilation is controlled by powers of the strong cou-
pling constant evaluated at the quark mass, which gives a
large suppression factor, resulting in a small width.

18.1.2 Potential models

To make quantitative predictions of masses and for the
the full and partial widths of charmonium states, one has
to resort to theory. For many years a phenomenological
approach, based on both non-relativistic and relativistic
potential model, has been used. Non-relativistic potential
models are justified by the fact that the bottom and, to
a lesser extent, the charm masses are large in comparison
to ⇤QCD, the typical hadronic scale. Hence a quantum
mechanical description of the system based on two heavy
quarks interacting through a suitable potential appears
reasonable. In this approach, the quarks are located in
a potential V (r) and the charmonium wave function can
be found as a solution of the stationary non-relativistic
Schrödinger equation. The potential is usually chosen such
that at short distances it coincides with the QCD one-
gluon exchange Coulomb potential � 4

3↵S/r, and at long
distances it incorporates confinement by for example in-
cluding a linearly rising term. Since relativistic e↵ects ap-
pear to be sizable for some states, di↵erent models in-
corporate relativistic kinematics appropriately matched
to their confinement features. Di↵erent models of quark
confinement may result in di↵erent classes of relativis-
tic corrections. For states close to and beyond the two
heavy-light meson threshold, potential models have to be
complemented with extra degrees of freedom in order to
account for possible mixing e↵ects. Hybrid states which
are expected from QCD are also incorporated by hand.

charmonium

Strong evidence for 
qq̅-like states made of 
4 valence quarks.

Detector 
effects

Z(4430)
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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
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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.

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, combined with a previous result of the prompt  (2S) cross section [12]. The latter

measurement was performed using the  (2S) ! µ+µ� decay mode and provides results as

a function of transverse momentum up to 30GeV and for the rapidity range |y| < 1.2. The

prompt X(3872) cross section times branching fraction into J/ ⇡+⇡� is given by

�prompt

X(3872)

· B(X(3872) ! J/ ⇡+⇡�) =

1�fB

X(3872)

1�fB

 (2S)

·R ·
⇣
�prompt

 (2S)

· B( (2S) ! µ+µ�)
⌘
· B( (2S) ! J/ ⇡+⇡�)

B( (2S) ! µ+µ�)
,

where �prompt

 (2S)

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

 (2S) ! µ+µ� branching fraction [12], R is the cross section ratio reported in section 4 ,

and fB

X(3872)

and fB

 (2S)

are the nonprompt fractions for X(3872) and  (2S), respectively.

In the calculation, the branching fraction B( (2S) ! J/ ⇡+⇡�) is taken from ref. [14], and

B( (2S) ! µ+µ�) is taken to be equal to the more precisely known B( (2S) ! e+e�) [14].

The corresponding di↵erential cross section for prompt X(3872) production times the

branching fraction to J/ ⇡+⇡� as a function of transverse momentum, in the rapidity

region |y| < 1.2, is listed in table 7 and shown in figure 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  (2S) cross section [12]. A calculation of the predicted
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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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Results (√s = 7 TeV)                                                                                     JHEP 04 (2013) 154

Unpolarized JPC = 1++ state assumed.
Fraction of X(3872) coming from b hadrons (NP) is 0.263 ± 0.023  ± 0.016.
No pT dependence of NP (or P) fraction.
NRQCD predictions (assuming cc)̅ for P fraction is evidently off.
R  = 0.0656 ± 0.0029 ± 0.0065, where
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Dataset p
T

(GeV) N
X(3872)

N
 (2S)

✏ (2S)

✏X(3872)

A (2S)·✏ (2S)

AX(3872)·✏X(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

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

for the e�ciency (✏) and acceptance (A) estimated from simulations, according to

R =
�(pp ! X(3872) + anything) · B(X(3872) ! J/ ⇡+⇡�)

�(pp !  (2S) + anything) · B( (2S) ! J/ ⇡+⇡�)
=

N
X(3872)

·A
 (2S)

· ✏
 (2S)

N
 (2S)

·A
X(3872)

· ✏
X(3872)

.

(4.1)

The acceptance corrections account for the kinematic reach of the dimuon trigger and

the angular 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

e↵ect of these assumptions, the measurement is also presented as a “fiducial” cross section

ratio, defined as

R
fiducial

=
N

X(3872)

· ✏
 (2S)

N
 (2S)

· ✏
X(3872)

, (4.2)

within a phase-space window with the following kinematic requirements on the muons,

dimuons, and pions: muons with p
T

(µ) > 4GeV for |⌘(µ)| < 1.2 and p
T

(µ) > 3.3GeV

for 1.2 < |⌘(µ)| < 2.4; p
T

(µ+µ�) > 7GeV and |y(µ+µ�)| < 1.25 for the dimuons; each

pion with transverse momentum greater than 600MeV and a distance with respect to the

dimuon �R < 0.55.

The signal yields are determined from unbinned maximum-likelihood fits to the

invariant-mass spectra of the J/ ⇡+⇡� system, separately for the X(3872) and  (2S),

in the mass windows 3.75–4GeV and 3.6–3.8GeV, respectively, and in five bins of p
T

with

edges: 10, 13.5, 15, 18, 30, and 50GeV. Following the evolution of the trigger thresholds

with time, the first bin in transverse momentum, 10–13.5GeV, includes only data from the

period 2011a, while for p
T

bins above 13.5GeV, the full dataset (2011a+2011b) is used.

The inclusive signal yield for p
T

between 10 and 50GeV is determined by combining the

first p
T

bin from 2011a, weighted to account for luminosity and trigger di↵erences, with

the remaining bins from the full dataset.

In the fits, the  (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 background 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
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mass bins, a convolution of an exponential and an error functions is used, with a turn-on

value constrained to be close to the kinematic limit for each m(⇡+⇡�) bin. These variations

yield maximal variations of the yields by 10–20%, and constitute the dominant systematic

uncertainty in the measurement of the dipion invariant-mass distribution.

8 Summary

The X(3872) production cross section has been measured in pp collision at
p
s = 7TeV,

with data collected by the CMS experiment, corresponding to an integrated luminosity

of 4.8 fb�1. The measurement makes use of the decays of the X(3872) and  (2S) states

into J/ ⇡+⇡�, with subsequent decay of the J/ into two muons. The ratio of the

inclusive cross section times branching fraction of the X(3872) and  (2S) in the kinematic

region 10 < p
T

< 50GeV and |y| < 1.2 is R = 0.0656 ± 0.0029 (stat.) ± 0.0065 (syst.).

When restricted to the measured phase-space of the muon and pion pairs, the ratio

is R
fiducial

= 0.0694 ± 0.0029 (stat.) ± 0.0036 (syst.). These ratios show no significant

dependence on the transverse momentum of the J/ ⇡+⇡� system. The results have

been obtained with the assumption that the X(3872) has quantum numbers JPC = 1++

and that both the X(3872) and the  (2S) are unpolarized. Variations of the results

for di↵erent polarization assumptions have also been reported. The fraction of X(3872)

originating from B-hadron decays is 0.263 ± 0.023 (stat.) ± 0.016 (syst.), again assuming

the X(3872) is unpolarized. No significant dependence on transverse momentum is

found. From these measurements, the cross section for prompt X(3872) production

times branching fraction into J/ ⇡+⇡� has been extracted, using a previous CMS

measurement of the cross section for prompt  (2S) production. A value of �prompt(pp !
X(3872) + anything) · B(X(3872) ! J/ ⇡+⇡�) = 1.06 ± 0.11 (stat.) ± 0.15 (syst.) nb is

found for the kinematic range 10 < p
T

< 30GeV and |y| < 1.2. This result is also made

under the assumption that the X(3872) and  (2S) states are unpolarized. The NRQCD

predictions for prompt X(3872) production at the LHC significantly exceed the measured

value, while the p
T

dependence is reasonably well described. The measured dipion mass

spectrum for X(3872) ! J/ ⇡+⇡� clearly favours the presence of an intermediate ⇢0 state.
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NEW EXOTIC STATE X(5568)
X(5568)→B0sπ±

arXiv:1602.07588, submitted to PRL
Mass resolution: 

Strong decay!
The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal
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PRL 117, 022003 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

022003-5

The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal
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FIG. 2. The combined background for the mðB0
sπ%Þ distribu-

tion described in the text and the fit to that distribution with the
ΔR < 0.3 cone cut and without the cone cut.
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FIG. 3. ThemðB0
sπ%Þ distribution together with the background

distribution and the fit results (a) after applying the ΔR < 0.3
cone cut and (b) without the cone cut.
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ΔR < 0.3

The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal
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FIG. 2. The combined background for the mðB0
sπ%Þ distribu-

tion described in the text and the fit to that distribution with the
ΔR < 0.3 cone cut and without the cone cut.
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FIG. 3. ThemðB0
sπ%Þ distribution together with the background

distribution and the fit results (a) after applying the ΔR < 0.3
cone cut and (b) without the cone cut.
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6.6σ local 
5.1σ global+syst

The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal
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FIG. 2. The combined background for the mðB0
sπ%Þ distribu-

tion described in the text and the fit to that distribution with the
ΔR < 0.3 cone cut and without the cone cut.
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FIG. 3. ThemðB0
sπ%Þ distribution together with the background

distribution and the fit results (a) after applying the ΔR < 0.3
cone cut and (b) without the cone cut.

PRL 117, 022003 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

022003-5

New Bsπ± state
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The two background components have a very similar shape. It is parametrized as

(c0 + c2 · m
2 + c3 · m

3 + c4 · m
4) × exp(c5 + c6 · m + c7 · m

2).

The same parametrization (with different values) works for background with and

without ∆R cut. The cut efficiency is 100% up to m = 5.57 GeV, then it drops.

It is taken into account in the signal model.
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Take into account 
mass efficiency due 

to ΔR cut

The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal
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FIG. 2. The combined background for the mðB0
sπ%Þ distribu-

tion described in the text and the fit to that distribution with the
ΔR < 0.3 cone cut and without the cone cut.
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FIG. 3. ThemðB0
sπ%Þ distribution together with the background

distribution and the fit results (a) after applying the ΔR < 0.3
cone cut and (b) without the cone cut.
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The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal
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FIG. 2. The combined background for the mðB0
sπ%Þ distribu-

tion described in the text and the fit to that distribution with the
ΔR < 0.3 cone cut and without the cone cut.
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FIG. 3. ThemðB0
sπ%Þ distribution together with the background

distribution and the fit results (a) after applying the ΔR < 0.3
cone cut and (b) without the cone cut.
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No ΔR

4.8σ local 
3.9σ global+syst

The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ
ðM2

X −m2
BπÞ2 þM2

XΓ2ðmBπÞ
: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the
B0
sπ% system at the invariant mass equal to mBπ and MX,

respectively.
In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and
ΓX are allowed to vary. The fit yields the mass and width of
MX ¼ 5567.8% 2.9 MeV=c2, ΓX ¼ 21.9% 6.4 MeV=c2,
and the number of signal events of N ¼ 133% 31. As
the measured width is significantly larger than the exper-
imental mass resolution, we infer that Xð5568Þ → B0

sπ%

is a strong decay. The statistical significance of the signal
is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero. The obtained local statistical signifi-
cance is 6.6σ for the given mass and width values. With the
look-elsewhere effect [14] taken into account, the global
statistical significance is 6.1σ. The search window is taken
as the interval between the B0

sπ% threshold (5506 MeV=c2)
and the B0

dK
% mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ%Þ distribution

without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default
values. We see a tendency for data to exceed background
for mðB0

sπ%Þ > MX [13]. We perform a fit in the restricted
range mðB0

sπ%Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106% 23, with a
corresponding local statistical significance of 4.8σ. The
difference in yields with and without the cone cut is not
fully explained by statistical fluctuations. In a subsidiary
study we used empirical functions [15] for the background
fitted to the sidebands in data below the Xð5568Þ region
and above the signal region up to 5.9 GeV=c2 and found
signal yields that are greater than those with the default
background function and comparable to or greater than that
found in the cone cut analysis. These results confirm that
using a background function that agrees with data for
masses above 5.7 GeV=c2 can increase the fitted signal

5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9
0

100

200

300

400

500

600

700

]2[GeV/c±π S
0 (B      )m

N
 e

ve
nt

s 
/ 8

 M
eV

Background model w/o cone cut

Background model with cone cut

Fits to background function

FIG. 2. The combined background for the mðB0
sπ%Þ distribu-

tion described in the text and the fit to that distribution with the
ΔR < 0.3 cone cut and without the cone cut.

0

10

20

30

40

50

60

70

80

90

2
N

 e
ve

nt
s 

/ 8
 M

eV
/c

-1  D0 Run II, 10.4 fb

DATA
Fit with background shape fixed

Background

Signal

(a)

5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9

-10

-5

0

5

10

15

]2[GeV/c±π S
0 (B      )m

]2[GeV/c±π S (B      )m

R
es

id
ua

ls
 (

D
at

a-
F

it)

0

20

40

60

80

100

120

2
N

 e
ve

nt
s 

/ 8
 M

eV
/c

-1  D0 Run II, 10.4 fb

DATA

Fit with background shape fixed

Background

Signal

(b)

5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9
-25
-20
-15
-10
-5
0
5

10
15
20

R
es

id
ua

ls
 (

D
at

a-
F

it)

FIG. 3. ThemðB0
sπ%Þ distribution together with the background

distribution and the fit results (a) after applying the ΔR < 0.3
cone cut and (b) without the cone cut.

PRL 117, 022003 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

022003-5

Possible higher-mass         states
  and/or                     , miss  
        (..and yes, we see  
                  at 6.27 GeV)

      

Evidence for a B0
sπ! State

V.M. Abazov,31 B. Abbott,67 B. S. Acharya,25 M. Adams,46 T. Adams,44 J. P. Agnew,41 G. D. Alexeev,31 G. Alkhazov,35

A. Alton,56,a A. Askew,44 S. Atkins,54 K. Augsten,7 V. Aushev,38 Y. Aushev,38 C. Avila,5 F. Badaud,10 L. Bagby,45

B. Baldin,45 D. V. Bandurin,74 S. Banerjee,25 E. Barberis,55 P. Baringer,53 J. F. Bartlett,45 U. Bassler,15 V. Bazterra,46

A. Bean,53 M. Begalli,2 L. Bellantoni,45 S. B. Beri,23 G. Bernardi,14 R. Bernhard,19 I. Bertram,39 M. Besançon,15

R. Beuselinck,40 P. C. Bhat,45 S. Bhatia,58 V. Bhatnagar,23 G. Blazey,47 S. Blessing,44 K. Bloom,59 A. Boehnlein,45

D. Boline,64 E. E. Boos,33 G. Borissov,39 M. Borysova,38,l A. Brandt,71 O. Brandt,20 M. Brochmann,75 R. Brock,57

A. Bross,45 D. Brown,14 X. B. Bu,45 M. Buehler,45 V. Buescher,21 V. Bunichev,33 S. Burdin,39,b C. P. Buszello,37

E. Camacho-Pérez,28 B. C. K. Casey,45 H. Castilla-Valdez,28 S. Caughron,57 S. Chakrabarti,64 K. M. Chan,51 A. Chandra,73

E. Chapon,15 G. Chen,53 S. W. Cho,27 S. Choi,27 B. Choudhary,24 S. Cihangir,45,* D. Claes,59 J. Clutter,53 M. Cooke,45,k

W. E. Cooper,45 M. Corcoran,73 F. Couderc,15 M.-C. Cousinou,12 J. Cuth,21 D. Cutts,70 A. Das,72 G. Davies,40

S. J. de Jong,29,30 E. De La Cruz-Burelo,28 F. Déliot,15 R. Demina,63 D. Denisov,45 S. P. Denisov,34 S. Desai,45 C. Deterre,41,c

K. DeVaughan,59 H. T. Diehl,45 M. Diesburg,45 P. F. Ding,41 A. Dominguez,59 A. Drutskoy,32,p A. Dubey,24 L. V. Dudko,33

A. Duperrin,12 S. Dutt,23 M. Eads,47 D. Edmunds,57 J. Ellison,43 V. D. Elvira,45 Y. Enari,14 H. Evans,49 A. Evdokimov,46

V. N. Evdokimov,34 A. Fauré,15 L. Feng,47 T. Ferbel,63 F. Fiedler,21 F. Filthaut,29,30 W. Fisher,57 H. E. Fisk,45 M. Fortner,47

H. Fox,39 J. Franc,7 S. Fuess,45 P. H. Garbincius,45 A. Garcia-Bellido,63 J. A. García-González,28 V. Gavrilov,32 W. Geng,12,57

C. E. Gerber,46 Y. Gershtein,60 G. Ginther,45 O. Gogota,38 G. Golovanov,31 P. D. Grannis,64 S. Greder,16 H. Greenlee,45

G. Grenier,17 Ph. Gris,10 J.-F. Grivaz,13 A. Grohsjean,15,c S. Grünendahl,45 M.W. Grünewald,26 T. Guillemin,13

G. Gutierrez,45 P. Gutierrez,67 J. Haley,68 L. Han,4 K. Harder,41 A. Harel,63 J. M. Hauptman,52 J. Hays,40 T. Head,41

T. Hebbeker,18 D. Hedin,47 H. Hegab,68 A. P. Heinson,43 U. Heintz,70 C. Hensel,1 I. Heredia-De La Cruz,28,d K. Herner,45

G. Hesketh,41,f M. D. Hildreth,51 R. Hirosky,74 T. Hoang,44 J. D. Hobbs,64 B. Hoeneisen,9 J. Hogan,73 M. Hohlfeld,21

J. L. Holzbauer,58 I. Howley,71 Z. Hubacek,7,15 V. Hynek,7 I. Iashvili,62 Y. Ilchenko,72 R. Illingworth,45 A. S. Ito,45

S. Jabeen,45,m M. Jaffré,13 A. Jayasinghe,67 M. S. Jeong,27 R. Jesik,40 P. Jiang,4,* K. Johns,42 E. Johnson,57 M. Johnson,45

A. Jonckheere,45 P. Jonsson,40 J. Joshi,43 A.W. Jung,45,o A. Juste,36 E. Kajfasz,12 D. Karmanov,33 I. Katsanos,59 M. Kaur,23

R. Kehoe,72 S. Kermiche,12 N. Khalatyan,45 A. Khanov,68 A. Kharchilava,62 Y. N. Kharzheev,31 I. Kiselevich,32

J. M. Kohli,23 A. V. Kozelov,34 J. Kraus,58 A. Kumar,62 A. Kupco,8 T. Kurča,17 V. A. Kuzmin,33 S. Lammers,49 P. Lebrun,17

H. S. Lee,27 S. W. Lee,52 W.M. Lee,45 X. Lei,42 J. Lellouch,14 D. Li,14 H. Li,74 L. Li,43 Q. Z. Li,45 J. K. Lim,27 D. Lincoln,45

J. Linnemann,57 V. V. Lipaev,34,* R. Lipton,45 H. Liu,72 Y. Liu,4 A. Lobodenko,35 M. Lokajicek,8 R. Lopes de Sa,45

R. Luna-Garcia,28,g A. L. Lyon,45 A. K. A. Maciel,1 R. Madar,19 R. Magaña-Villalba,28 S. Malik,59 V. L. Malyshev,31

J. Mansour,20 J. Martínez-Ortega,28 R. McCarthy,64 C. L. McGivern,41 M.M. Meijer,29,30 A. Melnitchouk,45 D. Menezes,47

P. G. Mercadante,3 M. Merkin,33 A. Meyer,18 J. Meyer,20,i F. Miconi,16 N. K. Mondal,25 M. Mulhearn,74 E. Nagy,12

M. Narain,70 R. Nayyar,42 H. A. Neal,56 J. P. Negret,5 P. Neustroev,35 H. T. Nguyen,74 T. Nunnemann,22 J. Orduna,70

N. Osman,12 A. Pal,71 N. Parashar,50 V. Parihar,70 S. K. Park,27 R. Partridge,70,e N. Parua,49 A. Patwa,65,j B. Penning,40

M. Perfilov,33 Y. Peters,41 K. Petridis,41 G. Petrillo,63 P. Pétroff,13 M.-A. Pleier,65 V. M. Podstavkov,45 A. V. Popov,34

M. Prewitt,73 D. Price,41 N. Prokopenko,34 J. Qian,56 A. Quadt,20 B. Quinn,58 P. N. Ratoff,39 I. Razumov,34 I. Ripp-Baudot,16

F. Rizatdinova,68 M. Rominsky,45 A. Ross,39 C. Royon,8 P. Rubinov,45 R. Ruchti,51 G. Sajot,11 A. Sánchez-Hernández,28

M. P. Sanders,22 A. S. Santos,1,h G. Savage,45 M. Savitskyi,38 L. Sawyer,54 T. Scanlon,40 R. D. Schamberger,64

Y. Scheglov,35 H. Schellman,69,48 M. Schott,21 C. Schwanenberger,41 R. Schwienhorst,57 J. Sekaric,53 H. Severini,67

E. Shabalina,20 V. Shary,15 S. Shaw,41 A. A. Shchukin,34 V. Simak,7 P. Skubic,67 P. Slattery,63 G. R. Snow,59 J. Snow,66

S. Snyder,65 S. Söldner-Rembold,41 L. Sonnenschein,18 K. Soustruznik,6 J. Stark,11 N. Stefaniuk,38 D. A. Stoyanova,34

M. Strauss,67 L. Suter,41 P. Svoisky,74 M. Titov,15 V. V. Tokmenin,31 Y.-T. Tsai,63 D. Tsybychev,64 B. Tuchming,15 C. Tully,61

L. Uvarov,35 S. Uvarov,35 S. Uzunyan,47 R. Van Kooten,49 W.M. van Leeuwen,29 N. Varelas,46 E. W. Varnes,42

I. A. Vasilyev,34 A. Y. Verkheev,31 L. S. Vertogradov,31 M. Verzocchi,45 M. Vesterinen,41 D. Vilanova,15 P. Vokac,7

H. D. Wahl,44 M. H. L. S. Wang,45 J. Warchol,51 G. Watts,75 M. Wayne,51 J. Weichert,21 L. Welty-Rieger,48

M. R. J. Williams,49,n G.W. Wilson,53 M. Wobisch,54 D. R. Wood,55 T. R. Wyatt,41 Y. Xie,45 R. Yamada,45 S. Yang,4

T. Yasuda,45 Y. A. Yatsunenko,31 W. Ye,64 Z. Ye,45 H. Yin,45 K. Yip,65 S. W. Youn,45 J. M. Yu,56 J. Zennamo,62 T. G. Zhao,41

B. Zhou,56 J. Zhu,56 M. Zielinski,63 D. Zieminska,49 and L. Zivkovic14

(D0 Collaboration)

PRL 117, 022003 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

0031-9007=16=117(2)=022003(8) 022003-1 © 2016 American Physical Society



WHAT IS IT?

X(5568) PRODUCTION RATE

22

Production rate (for comparisons to others): normalize to 

Of all produced B0s, about 9% comes from X decaying to B0s π±. Really?! 
A strange charged beauty.

Unique: only XYZ state of four different quarks, mass determination
   dominated by one heavy quark 

Color 

   dominated by one heavy quark 

Tetraquark?

   dominated by one heavy quark 

Loosely Bound
Hadronic Molecule?

Color 
   Singlets If 

then 
could be analog of

replace

If 

then 
could be analog of

replace

miss!

New Bsπ± state

3. Summary of what we know about X(5568)

It is produced in pp collisions

m = 5567.8 ± 2.9 (stat)+0.9
−1.9 (syst) MeV

(m = 5567 + 48 MeV if it is X → B∗
sπ

±)

Γ = 21.9 ± 6.4 (stat)
+5.0
−2.5 (syst) MeV

ρ = σ(X(5568)±)BF (X → B0
sπ

±)/σ(B0
s ) = (8.6 ± 1.9 ± 1.4)%

The significance is 5.1σ including systematic uncertainties and the ”look-elsewhere effect”

It undergoes a strong decay to

X → B0
sπ

± JP = 0+ or X → B∗
sπ

± JP = 1+

Daria Zieminska, IU, for D0 Collaboration FNAL Seminar February 25, 2016 27
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TIE-BREAKER

SEARCH OF X(5568) AT CMS

• Analysis strategy closer to DØ approach: 
• B0

s → J/ψ φ: ~10x more events. 
• Same kinematic region (rapidity & 

pT ). 
• Better peak(s) resolution (~3x).

23

9

B0
s mass distribution with J/ψmass constraint

5582±100
σ=31.6±0.6 MeV

Fit: Double Gaussian function
with common mean + exp

Unbinned extended maximum-likelihood

D0 LHCb CMS
5.6K

pTBs>10GeV

112K (pTBs>5GeV) 51K
(pTBs>10GeV)44K (pTBs>10GeV)

Bs
0 yield 

51398±283

B0
s signal window ±2σeff

B0
s sidebands          [-10σeff , -4σeff] U [+4σeff , +10σeff]

Multiplicity is negligible: ~1% in the whole region and <0.1% in the signal region

3.2 Reconstruction of the B0
s p±

candidates 3

An extended unbinned maximum-likelihood fit to the J/yK+K� invariant mass distribution re-87

sults in a yield of 51398 ± 283 signal candidates, where the signal and the background compo-88

nents are modeled by a double-Gaussian and an exponential function, respectively, as shown in89

Fig. 1. This yield can be compared to the D∆ B0
s yield of about 5,600 events [1]. Signal and side-90

bands mass regions are delimited using the resolution se f f =
⇥
(1 � f )s2

1 + f s2
2
⇤1/2 ' 14 MeV91

where s1 (s2) and (1 � f ) ( f ) are the fitted standard deviation and fraction of the first (second)92

B0
s signal Gaussian. Then, the B0

s signal region is defined as |M(J/yK+K�) � m f it
B0

s
| < 2se f f93

and the B0
s sidebands are defined as 4se f f < |M(J/yK+K�) � m f it

B0
s
| < 10se f f , where m f it

B0
s

is94

the common fitted mean value of the double-Gaussian function. This signal region includes95

48204 B0
s signal events (93.8%), while the background yield is reduced to 8622 events (16% of96

the background in the whole region).97
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Figure 1: Invariant mass distribution of the B0
s candidates showing the data (black points with

error bars), the total fit function (continuous thick red line), the signal functions (thin green
curves), and the combinatorial background contribution (dashed blue line). The outermost
vertical (blue) lines define the left and right B0

s sidebands, while the innermost vertical (green)
lines delimit the signal region.

3.2 Reconstruction of the B0
sp±

candidates98

The resonance-like X(5568) is supposed to be produced at the PV and to strongly decay into99

B0
s p±, thus its production point and its decay vertex virtually coincide. Therefore, in this100

analysis, the pion candidate is required to be a track used in the PV fit. It is also required101

to have pT(p±) > 0.5 GeV and to satisfy standard high quality track requirements. The102

invariant mass of a B0
s p± candidate is defined as MD(B0

s p±) = DM + mPDG
B0

s
, where DM =103

M(J/yK+K�p±)� M(J/yK+K�) and mPDG
B0

s
is the W.A. B0

s mass [10]. This definition improves104

the invariant mass resolution. In this analysis, we explore a MD(B0
s p±) region between 5.5 and105

5.9 GeV, similar to the D∆ analysis.106

4 Investigation of B0
sp±

invariant mass distribution107

The MD(B0
s p±) distributions obtained from events in the B0

s signal and sidebands regions are108

compared after normalization in Fig. 2. No significant differences are observed between these109

two distributions. In other words, the MD(B0
s p±) distribution using mainly real B0

s candidates110
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Figure 6: (a) MD(B0
s p±) distribution of events in the B0

s signal region (black points with error
bars) with fit results superimposed (blue line). (b) The pull distribution for (a). The (red)
vertical band indicates the region MX ± GX around the mass of the claimed X(5568) state.

performed by removing the events, where more than one candidate passes the selection, see175

Appendix J.176

In Appendix E, fits are repeated imposing different dxy(p±)/sdxy(p±) requirements. All re-177

sults are consistent with a negligible X(5568) signal, and therefore negative search result. The178

same cross-check is performed for the requirement on the B0
s p± vertex probability, Pvtx, see179

Appendix K.180

The results are summarized in Tables 3 and 4, showing no significant signal yields.181

An upper limit is estimated using the formalism developed by the CMS and ATLAS Collab-182

orations in the context of the LHC Higgs Combination Group [8]. The asymptotic modified183

frequentist method CLs [9, 10] is used as a test statistic, allowing a quick estimate of the ob-184

served and expected limits, which is fairly accurate when the event yields are not too small185

and the systematical uncertainties do not play a major role in the result. The estimation re-186

quires the set of MD(B0
s p±) measurements, the expected background yield, which is the same187

as the observed event yield, and the approximation function. The approximation function is188

the baseline fit function (x � x0)a ⇥ Pol3(x) plus a Breit-Wigner function, and no systematic189

uncertainties are considered. The upper limit on the event yield is 133 at 95% confidence level190

(CL). Several variations of the procedure are tested:191

• Use the profile likelihood method;192

• Introduce the systematic uncertainty due to the knowledge of the X(5568) signal193

shape parameters: systematic uncertainties of the mass and width are set to the194

statistical uncertainties of the D∆ measurement;195

The corresponding upper limits obtained at 95% CL are 141 and 135. The other variations196

correspond to the changes of the fit presented in Table 4 together with the obtained upper197

limits. As soon as we do not make an exhaustive estimate of the systematic uncertainties, we198

quote the most conservative limit NX < 198 at 95% CL. More technical details about the usage199

of the tool can be found in Appendix L.200
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Figure 5: (a) J/yK+K� invariant mass distribution of events for which the K+K� invariant
mass window is removed and pT(B0

s) > 25 GeV/c, pT(p±) > 1 GeV/c, pT(K±) > 1 GeV/c
(black points with error bars). The B0 ! J/yK+p� decay contaminates the signal and the right
sideband regions. (b) MD(B0

s p±) distribution with the requirement on M(K+K�) removed and
pT(B0

s) > 25 GeV/c, pT(p±) > 1 GeV/c, pT(K±) > 1 GeV/c for the B0
s signal (black points with

error bars), B0
s left sideband (red band, made of stars) and B0

s right sideband (blue dotted band)
regions. All distributions are equally normalized from the mass threshold up to 5.74 GeV/c2.
Contributions from B(⇤)

1,2
+ ! B(⇤)0p+ decays (and the charge-conjugate ones) are clearly seen

around MD(B0
s p±) ⇠ 5.77 GeV/c2 and higher masses, as expected, coming only from the B0

s
signal and right sideband regions.

reconstructed as B0p±).151

The B0
s p± invariant mass spectrum is modeled by a smooth “background” function of the form152

(x � x0)a ⇥ Poln(x), where x = MD(B0
s p±) = DM + mPDG

B0
s

, x0 = mPDG
B0

s
+ mPDG

p± , Poln(x)153

represents a polynomial function of degree n (the nominal fit uses n = 3), and mPDG
p± is the154

W.A. p± mass [7]. A possible X(5568) “signal” contribution is modeled by a S-wave Breit-155

Wigner (BW) function, with mass and width parameters fixed to the mean values obtained by156

the D∆ Collaboration. The mass resolution is less than 3 MeV in the region of interest and, in157

this preliminary analysis, it is neglected. An unbinned extended maximum-likelihood fit to the158

MD(B0
s p±) distribution is performed, where the polynomial coefficients are free in the fit, as159

well as the exponent a and the signal and background yields. The result of this fit, presented160

in Fig. 6, returns an X(5568) yield of �175 ± 134 events and shows no deviation from the161

background function.162

The fit is repeated excluding the X(5568) region, namely, [mX � 2.5GX, mX + 2.5GX], where mX163

and GX are the mean values of mass and width reported by the D∆ collaboration, respectively.164

In this fit, the signal contribution is removed and only the background parameters (a and 3165

parameters of the polynomial) are allowed to float. Then, a fit in the complete mass region166

(5.5� 5.9 GeV/c2) is performed with the signal component included and the background shape167

fixed to the previous fit. This results in a signal yield of 24 ± 94, consistent with a negligible168

signal hypothesis. The procedure is repeated, excluding the [mX � 2.0GX, mX + 2.0GX] region,169

and the obtained X(5568) signal yield is �235 ± 93. These fits are presented in Appendix C.170

Fits obtained by varying the pT requirements of the B0
s p±, B0

s and p± candidates are shown171

in Appendix D. Alternative background models and mass regions are tested in Appendix F.172

Also, the B0
s p± multiplicity is removed by choosing the candidate with the largest Pvxt(B0

s p±)173

and the fit is repeated in this subsample, as described in Appendix A. Another cross-check is174

(attenuated threshold)

Fit to:

NX = -175 ± 134 
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• Use (x � x0)a+bx ⇥ Pol1(x) as the background function;179

• Use different mass regions: [5.5, 5.7]GeV or [5.5, 5.8]GeV;180

• Fix the background function to the fit result of the distribution with removed [mX �181

2.5GX, mX + 2.5GX] or [mX � 2GX, mX + 2GX] mass regions;182

• Introduce the systematic uncertainty due to the knowledge of the X(5568) signal183

shape parameters: systematic uncertainties of the mass and width are set to the184

statistical uncertainties of the D∆ measurement.185

The most conservative upper limit obtained within these variations is 198 at 95% CL.186

5 Summary187

A search for the X(5568) state was performed by the CMS collaboration using 19.7 fb�1 of pp188

collision data, collected at
p

s = 8 TeV. Using a sample of about 48,000 B0
s signal candidates,189

the B0
s p± invariant mass spectrum is investigated. No significant structure is found around the190

mass claimed by the D∆ Collaboration. The reconstruction procedure of the X(5568) ! B0
s p±

191

candidates is verified using the decay channels B(⇤)
1,2

+ ! B(⇤)0p+, which share a similar decay192

topology with X(5568) ! B0
s p± and are prominent in data. The absence of a peak is supported193

by the direct comparison with the events in the B0
s sidebands, and by fits to the B0

s p± invariant194

mass distribution with an X(5568) component included, using different kinematic selection195

requirements as well as variants of the background modeling, fit regions, and quality criteria.196

In every case the obtained yield of X(5568) is consistent with zero. An estimation of the upper197

limit on an X(5568) signal event yield was carried out, resulting in at most 198 at 95% CL.198

The evaluation of an upper limit on rX, which is the relative production rate of X(5568) with
respect to B0

s multiplied by the unknown branching fraction of the X(5568)± ! B0
s p± decay, is

carried out using the formula

rX ⌘ s(pp ! X(5568) + anything)⇥ B(X(5568) ! B0
s p±)

s(pp ! B0
s + anything)

=
NX(5568)

NB0
s

eB0
s

eX(5568)
, (1)

where NB0
s

(NX(5568)) and eB0
s

(eX(5568)) are the yield and reconstruction efficiency of the decay199

B0
s ! J/yf (X(5568) ! B0

s p±), respectively. The most conservative estimation of the effi-200

ciency ratio, determined from preliminary simulations, leads to an upper limit of rX < 3.9% at201

95% CL, which can be compared against the D∆ measurement of (8.6 ± 1.9 ± 1.4)% [1].202
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= 10% (underestimated; real ~30-40%)

simulation sample, uncertainties associated with ϵrelðXÞ
arise due to the precision with which the companion pion
reconstruction and particle identification efficiencies are
known [18,19]. The uncertainties from different sources are
combined in quadrature and give a total that is much
smaller than the statistical uncertainty. To obtain results that
can be compared to those for the claimed Xð5568Þ state
reported by the D0 Collaboration, additional systematic
uncertainties are assigned from the changes in the results
for ρLHCbX when the mass and width parameters are varied
independently within #1σ ranges from their central values.
These are the dominant sources of systematic uncertainty.
To cross-check the results, candidates are selected

with criteria similar to those used in the observation of
Bc

þ → B0
sπþ decays [20], with consistent results. In

addition, B0 → D−πþ decays are used to create B0πþ

combinations, and the results on the excited B states of
Ref. [5] are reproduced.
The values of ρLHCbX for the two B0

s decay modes are
consistent and are therefore combined in a weighted
average. In the average, systematic uncertainties are taken
to be uncorrelated between the two B0

s decay modes. An
exception is made when obtaining results corresponding to
the claimed Xð5568Þ state, where the uncertainty due to the
limited precision of the reported mass and width values [3]
is treated as correlated between the two modes. These
results are

ρLHCbX ½pTðB0
sÞ > 5 GeV& ¼ −0.003# 0.006# 0.002;

ρLHCbX ½pTðB0
sÞ > 10 GeV& ¼ 0.010# 0.007# 0.005;

ρLHCbX ½pTðB0
sÞ > 15 GeV& ¼ 0.000# 0.010# 0.006;

where the first uncertainty is statistical and the second is
systematic. Since the signal is not significant, upper limits
on ρLHCbX are obtained by integration of the likelihood in the
positive region to find the value that contains the fraction of
the integral corresponding to the required confidence level
(C.L.). The upper limits at 90 (95)% C.L. are found to be

ρLHCbX ½pTðB0
sÞ > 5 GeV& < 0.011 ð0.012Þ;

ρLHCbX ½pTðB0
sÞ > 10 GeV& < 0.021 ð0.024Þ;

ρLHCbX ½pTðB0
sÞ > 15 GeV& < 0.018 ð0.020Þ:

No significant signal for a B0
sπ# resonance is seen at any

value of mass and width in the range considered. To obtain
limits on ρLHCbX for different values of these parameters, fits
are performed for widths (Γ) of 10 to 50 MeV in 10 MeV
steps. For each width, the mass is scanned in steps of Γ=2,
starting one unit of width above the kinematic threshold
and ending approximately one and a half units of width
below 6000 MeV. The upper edge of the range is chosen
because an exotic state with higher mass would be expected
to give a clearer signature in the B0K# final state [21]. The

results are obtained in the same way as described above,
and converted into upper limits that are shown in Fig. 3.
The upper limits are weaker when a broader width is
assumed, due to the larger amount of background under the
putative peak. The limits also become weaker when there is
an excess of events in the signal region, although all such
excesses are consistent with being statistical fluctuations.
The method used to set the upper limits smooths out any
negative fluctuations.
In summary, a search for the claimed Xð5568Þ state has

been carried out using a data sample corresponding to
3 fb−1 of pp collision data at

ffiffiffi
s

p
¼ 7 and 8 TeV recorded

by LHCb. No significant excess is found and thus the
existence of the Xð5568Þ state is not confirmed. Upper
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FIG. 3. Upper limits (ULs) at 90% confidence level (C.L.) as
functions of the mass and width of a purported exotic state X
decaying to B0

sπ# with minimum pTðB0
sÞ of (top) 5 GeV, (middle)

10 GeV, and (bottom) 15 GeV. The same limits also apply to a
possible exotic meson decaying through the chain B(0

s π#, B(0
s →

B0
sγ where the photon is excluded from the reconstructed decays.

In the latter case the nominal mass difference mðB(0
s Þ −mðB0

sÞ ¼
48.6þ1.8

−1.6 MeV [14] has to be added to the values on the x axis to
get the mass of the exotic meson under investigation.
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simulation sample, uncertainties associated with ϵrelðXÞ
arise due to the precision with which the companion pion
reconstruction and particle identification efficiencies are
known [18,19]. The uncertainties from different sources are
combined in quadrature and give a total that is much
smaller than the statistical uncertainty. To obtain results that
can be compared to those for the claimed Xð5568Þ state
reported by the D0 Collaboration, additional systematic
uncertainties are assigned from the changes in the results
for ρLHCbX when the mass and width parameters are varied
independently within #1σ ranges from their central values.
These are the dominant sources of systematic uncertainty.
To cross-check the results, candidates are selected

with criteria similar to those used in the observation of
Bc

þ → B0
sπþ decays [20], with consistent results. In

addition, B0 → D−πþ decays are used to create B0πþ

combinations, and the results on the excited B states of
Ref. [5] are reproduced.
The values of ρLHCbX for the two B0

s decay modes are
consistent and are therefore combined in a weighted
average. In the average, systematic uncertainties are taken
to be uncorrelated between the two B0

s decay modes. An
exception is made when obtaining results corresponding to
the claimed Xð5568Þ state, where the uncertainty due to the
limited precision of the reported mass and width values [3]
is treated as correlated between the two modes. These
results are

ρLHCbX ½pTðB0
sÞ > 5 GeV& ¼ −0.003# 0.006# 0.002;

ρLHCbX ½pTðB0
sÞ > 10 GeV& ¼ 0.010# 0.007# 0.005;

ρLHCbX ½pTðB0
sÞ > 15 GeV& ¼ 0.000# 0.010# 0.006;

where the first uncertainty is statistical and the second is
systematic. Since the signal is not significant, upper limits
on ρLHCbX are obtained by integration of the likelihood in the
positive region to find the value that contains the fraction of
the integral corresponding to the required confidence level
(C.L.). The upper limits at 90 (95)% C.L. are found to be

ρLHCbX ½pTðB0
sÞ > 5 GeV& < 0.011 ð0.012Þ;

ρLHCbX ½pTðB0
sÞ > 10 GeV& < 0.021 ð0.024Þ;

ρLHCbX ½pTðB0
sÞ > 15 GeV& < 0.018 ð0.020Þ:

No significant signal for a B0
sπ# resonance is seen at any

value of mass and width in the range considered. To obtain
limits on ρLHCbX for different values of these parameters, fits
are performed for widths (Γ) of 10 to 50 MeV in 10 MeV
steps. For each width, the mass is scanned in steps of Γ=2,
starting one unit of width above the kinematic threshold
and ending approximately one and a half units of width
below 6000 MeV. The upper edge of the range is chosen
because an exotic state with higher mass would be expected
to give a clearer signature in the B0K# final state [21]. The

results are obtained in the same way as described above,
and converted into upper limits that are shown in Fig. 3.
The upper limits are weaker when a broader width is
assumed, due to the larger amount of background under the
putative peak. The limits also become weaker when there is
an excess of events in the signal region, although all such
excesses are consistent with being statistical fluctuations.
The method used to set the upper limits smooths out any
negative fluctuations.
In summary, a search for the claimed Xð5568Þ state has

been carried out using a data sample corresponding to
3 fb−1 of pp collision data at

ffiffiffi
s

p
¼ 7 and 8 TeV recorded

by LHCb. No significant excess is found and thus the
existence of the Xð5568Þ state is not confirmed. Upper
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FIG. 3. Upper limits (ULs) at 90% confidence level (C.L.) as
functions of the mass and width of a purported exotic state X
decaying to B0

sπ# with minimum pTðB0
sÞ of (top) 5 GeV, (middle)

10 GeV, and (bottom) 15 GeV. The same limits also apply to a
possible exotic meson decaying through the chain B(0

s π#, B(0
s →

B0
sγ where the photon is excluded from the reconstructed decays.

In the latter case the nominal mass difference mðB(0
s Þ −mðB0

sÞ ¼
48.6þ1.8

−1.6 MeV [14] has to be added to the values on the x axis to
get the mass of the exotic meson under investigation.
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New Bsπ± state

The ratio ρ of X(5568) to B0
s
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10 < pT (B0
s ) < 15 GeV 15 < pT (B0

s ) < 30 GeV

Parameter 10 < pT (B0
s) < 15 GeV/c2 15 < pT (B0

s) < 30 GeV/c2

N (X(5568)) 58.6 ± 16.7 67.5 ± 21.8

M (X(5568)) 5566.3 ± 3.3 5568.9 ± 4.4

Γ (B+
s (5568)) 18.4 ± 7.0 21.7 ± 8.4

N (B0
s ) 2463 ± 63 1961 ± 56

ϵ(π±) (26.1 ± 3.2)% (42.1 ± 6.5)%

ρ(X(5568)/B0
s) (9.1 ± 2.6 ± 1.6)% (8.2 ± 2.7 ± 1.6)%

Averaging over 10 < pT (B0
s ) < 30 GeV ρ = (8.6 ± 1.9 ± 1.4)%.

This study also makes a good cross-check.

Daria Zieminska, IU, for D0 Collaboration FNAL Seminar February 25, 2016 19
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Figure 9: Distribution of Q value, shifted to display the B0
s⇡

+ invariant mass (both B0
s modes

combined), for candidates with minimum B0
s pT of 10GeV/c, with a signal component superim-

posed that corresponds to ⇢LHCb
X = 8.6%. The shape and yield of the combinatorial background

component is obtained from the fit with the signal yield fixed to zero, shown in Fig. 3 (right).
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fit function for the cases (a) erel = 0.3 and (b) erel = 0.1.
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Figure 22: The MD(B0
s p±) distribution fits with added fixed X(5568) contribution on top of the

fit function for the cases (a) erel = 0.3 and (b) erel = 0.1.

εrel =  
0.3

εrel = 
0.1

its response, are implemented using the GEANT4 toolkit
[12] as described in Ref. [13].
Candidate B0

s mesons are reconstructed through the
decays B0

s→D−
s πþ with D−

s →KþK−π−, and B0
s → J=ψϕ

with J=ψ → μþμ− and ϕ → KþK−. Particle identification,
track quality, and impact parameter requirements are
imposed on all final-state particles. Both B0

s and inter-
mediate particle (D−

s and J=ψ) candidates are required
to have good vertex quality and to have invariant mass
close to the known values [14]. Specific backgrounds due
to other b-hadron decays are removed with appropriate
vetoes. A requirement is imposed on the multiplicity of
tracks originating from the PV associated with the B0

s
candidate; this requirement is about 90% efficient on the B0

s
signal and significantly reduces background due to random
B0
sπ" combinations. To further reduce background, the pT

of the B0
s candidate, pTðB0

sÞ, is required to be greater than
5 GeV. Results are also obtained with this requirement
increased to 10 or 15 GeV, to be more sensitive to scenarios
in which the X state is predominantly produced from hard

processes. The definition of the fiducial acceptance is
completed with the requirements pTðB0

sÞ < 50 GeV and
2.0 < y < 4.5, where y is the rapidity of the B0

s candidate.
The signals in the two B0

s decay modes are shown in
Fig. 1. To estimate the B0

s yields, the data are fitted with
functions that include a signal component, described by
a double Gaussian function with a shared mean, and a
combinatorial background component, described by a
polynomial function. Backgrounds from B0

s → D∓
s K"

decays in the D−
s πþ sample and from Λ0

b → J=ψpK−

decays in the J=ψϕ sample, where a final-state hadron
is misidentified, are modeled using empirical shapes
derived from simulated samples. An additional component,
modeled with a Gaussian function, is included to account
for possible B0 → J=ψKþK− decays [15] in the J=ψϕ
sample. The results of these fits are reported in Table I. The
signal-to-background ratio in the B0

s signal windows is
about 10 for the D−

s πþ sample and above 50 for the J=ψϕ
sample.
The B0

s candidates are combined with each track origi-
nating from the associated PV that gives a good quality
B0
sπ" vertex and that has pT > 500 MeV. A loose pion

identification requirement is imposed in order to suppress
possible backgrounds involving misidentified particles. In
case multiple candidates are obtained in the same event, all
are retained. Mass and vertex constraints are imposed [16]
in the calculation of the B0

sπ" invariant mass.
In order to obtain quantitative results on the contribu-

tions from resonant structures in the data, the B0
sπ" mass

distributions are fitted with a function containing compo-
nents for the signal and background. The signal shape is an
S-wave Breit–Wigner function multiplied by a function that
accounts for the variation of the efficiency with B0

sπ" mass.
The efficiency function, determined from simulation,
plateaus at high B0

sπ" mass and falls near the threshold
to a value that depends on pTðB0

sÞ. The resolution is better
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FIG. 1. Selected candidates for (left) B0
s → D−

s πþ and (right)
B0
s → J=ψϕ decays, with pTðB0

sÞ > 5 GeV, where the B0
s signal

window requirements of jmðD−
s πþÞ − 5367 MeVj < 30 MeV

and jmðJ=ψϕÞ − 5367 MeVj < 13 MeV are indicated by dotted
lines. Results of the fits described in the text are superimposed
with the total fit result shown as a red line, the signal component
as an unfilled area, the combinatorial background component
as a dark blue area, and additional background contributions as a
light green area.

TABLE I. Yields, N, of B0
s and Xð5568Þ candidates obtained from the fits to the B0

s and B0
sπ" candidate mass distributions, with

statistical uncertainties only. The values reported for NðB0
sÞ are those inside the B0

s signal window. The reported values for Xð5568Þ are
obtained from fits with signal mass and width parameters fixed to those determined by the D0 Collaboration. Relative efficiencies ϵrelðXÞ
of the B0

s and Xð5568Þ candidate selection criteria are also given. The reported uncertainties on the relative efficiencies are only
statistical, due to the finite size of the simulated samples.

B0
s → D−

s πþ B0
s → J=ψϕ Sum

NðB0
sÞ=103 pTðB0

sÞ > 5 GeV 62.2" 0.3 43.6" 0.2 105.8" 0.4
pTðB0

sÞ > 10 GeV 28.4" 0.2 13.2" 0.1 41.6" 0.2
pTðB0

sÞ > 15 GeV 8.8" 0.1 3.7" 0.1 12.5" 0.1

NðXÞ pTðB0
sÞ > 5 GeV 3" 64 −33" 43 −30" 77

pTðB0
sÞ > 10 GeV 75" 52 12" 33 87" 62

pTðB0
sÞ > 15 GeV 14" 31 −10" 17 4" 35

ϵrelðXÞ pTðB0
sÞ > 5 GeV 0.127" 0.002 0.093" 0.001 …

pTðB0
sÞ > 10 GeV 0.213" 0.003 0.206" 0.002 …

pTðB0
sÞ > 15 GeV 0.289" 0.005 0.290" 0.004 …

PRL 117, 152003 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

7 OCTOBER 2016

152003-2



PENTAQUARKS AT LHCb

26

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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Observation of J=ψp Resonances Consistent with Pentaquark States
in Λ0

b → J=ψK−p Decays

R. Aaij et al.*
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Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.

*Full author list given at end of the article.
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Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.
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Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.
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and pT > 250 MeV for hadrons. Each hadron must have an
impact parameter χ2 with respect to the primary pp
interaction vertex larger than 9, and must be positively
identified in the particle identification system. The K−p
system must form a vertex with χ2 < 16, as must the two
muons from the J=ψ decay. Requirements on the Λ0

b
candidate include a vertex χ2 < 50 for 5 degrees of free-
dom, and a flight distance of greater than 1.5 mm. The
vector from the primary vertex to the Λ0

b vertex must align
with the Λ0

b momentum so that the cosine of the angle
between them is larger than 0.999. Candidate μþμ−

combinations are constrained to the J=ψ mass for sub-
sequent use in event selection.
The BDTG technique involves a “training” procedure

using sideband data background and simulated signal
samples. (The variables used are listed in the
Supplemental Material [20].) We use 2 × 106 Λ0

b →
J=ψK−p events with J=ψ → μþμ− that are generated
uniformly in phase space in the LHCb acceptance, using
PYTHIA [21] with a special LHCb parameter tune [22], and
the LHCb detector simulation based on GEANT4 [23],
described in Ref. [24]. The product of the reconstruction
and trigger efficiencies within the LHCb geometric accep-
tance is about 10%. In addition, specific backgrounds from
B̄0
s and B̄0 decays are vetoed. This is accomplished by

removing combinations that when interpreted as J=ψKþK−

fall within"30 MeV of the B̄0
s mass or when interpreted as

J=ψK−πþ fall within "30 MeV of the B̄0 mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detection
efficiencies across the Λ0

b decay phase space. Backgrounds
from Ξb decays cannot contribute significantly to our
sample. We choose a relatively tight cut on the BDTG
output variable that leaves 26 007" 166 signal candidates
containing 5.4% background within "15 MeV ("2σ) of
the J=ψK−p mass peak, as determined by the unbinned
extended likelihood fit shown in Fig. 4. The combinatorial
background is modeled with an exponential function and
the Λ0

b signal shape is parametrized by a double-sided
Hypatia function [25], where the signal radiative tail
parameters are fixed to values obtained from simulation.
For subsequent analysis we constrain the J=ψK−p four-
vectors to give theΛ0

b invariant mass and the Λ0
b momentum

vector to be aligned with the measured direction from the
primary to the Λ0

b vertices [26].
In Fig. 5 we show the “Dalitz” plot [27] using the K−p

and J=ψp invariant masses-squared as independent vari-
ables. A distinct vertical band is observed in the K−p
invariant mass distribution near 2.3 GeV2 corresponding to
the Λð1520Þ resonance. There is also a distinct horizontal
band near 19.5 GeV2. As we see structures in both K−p
and J=ψp mass distributions we perform a full amplitude
analysis, using the available angular variables in addition
to the mass distributions, in order to determine the

resonances present. No structure is seen in the J=ψK−

invariant mass.
We consider the two interfering processes shown in

Fig. 1, which produce two distinct decay sequences:
Λ0
b → J=ψΛ%, Λ% → K−p and Λ0

b → Pþ
c K−, Pþ

c → J=ψp,
with J=ψ → μþμ− in both cases. We use the helicity
formalism [28] in which each sequential decay A → BC
contributes to the amplitude a term

HA→BC
λB;λC

DJA
λA;λB−λCðϕB; θA; 0Þ%RAðmBCÞ

¼ HA→BC
λB;λC

eiλAϕBdJAλA;λB−λCðθAÞRAðmBCÞ; ð1Þ

where λ is the quantum number related to the projection of
the spin of the particle onto its momentum vector (helicity)
and HA→BC

λB;λC
are complex helicity-coupling amplitudes

describing the decay dynamics. Here, θA and ϕB are the
polar and azimuthal angles of B in the rest frame of A (θA is
known as the “helicity angle” of A). The three arguments of
Wigner’s D matrix are Euler angles describing the rotation
of the initial coordinate system with the z axis along the
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Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.
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Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are
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results are due to simulation statistics.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LS couplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ1.3
−1.0 50.5& 2.0 3 4

Λð1520Þ 3=2− 1519.5& 1.0 15.6& 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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FIG. 6 (color online). Results for (a)mKp and (b)mJ=ψp for the extended Λ! model fit without Pþ
c states. The data are shown as (black)

squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics.
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146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LS couplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.
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Λð1405Þ 1=2− 1405.1þ1.3
−1.0 50.5& 2.0 3 4

Λð1520Þ 3=2− 1519.5& 1.0 15.6& 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics.
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146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LS couplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ1.3
−1.0 50.5& 2.0 3 4

Λð1520Þ 3=2− 1519.5& 1.0 15.6& 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
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Adding 2 resonances:  
Pc(4450)+ → J/ψ p 
Pc(4380)+ → J/ψ p

mass state is at 4457.1! 0.3 MeV resulting from a
Λcð2595ÞþD̄0 combination, which is somewhat higher
than the peak mass value and would produce a structure
with quantum numbers JP ¼ 1=2þ which are disfavored by
our data. There is no threshold close to the lower mass state.
In conclusion, we have presented a full amplitude fit to

the Λ0
b → J=ψK−p decay. We observe significant Λ&

production recoiling against the J=ψ with the lowest mass
contributions, the Λð1405Þ and Λð1520Þ states having fit
fractions of ð15! 1! 6Þ% and ð19! 1! 4Þ%, respec-
tively. The data cannot be satisfactorily described without
including two Breit-Wigner shaped resonances in the J=ψp
invariant mass distribution. The significances of the lower
mass and higher mass states are 9 and 12 standard
deviations, respectively. These structures cannot be
accounted for by reflections from J=ψΛ& resonances or
other known sources. Interpreted as resonant states they
must have minimal quark content of cc̄uud, and would
therefore be called charmonium-pentaquark states. The
lighter state Pcð4380Þþ has a mass of 4380!8!29MeV
and a width of 205! 18! 86 MeV, while the heavier state
Pcð4450Þþ has a mass of 4449.8! 1.7! 2.5 MeV and a
width of 39! 5! 19 MeV. A model-independent repre-
sentation of the Pcð4450Þþ contribution in the fit shows a
phase change in amplitude consistent with that of a
resonance. The parities of the two states are opposite with
the preferred spins being 3=2 for one state and 5=2 for
the other. The higher mass state has a fit fraction
of ð4.1! 0.5! 1.1Þ%, and the lower mass state of
ð8.4! 0.7! 4.2Þ%, of the total Λ0

b → J=ψK−p sample.
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pentaquarks?  

Observation of J=ψp Resonances Consistent with Pentaquark States
in Λ0

b → J=ψK−p Decays
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Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.

*Full author list given at end of the article.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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mass state is at 4457.1! 0.3 MeV resulting from a
Λcð2595ÞþD̄0 combination, which is somewhat higher
than the peak mass value and would produce a structure
with quantum numbers JP ¼ 1=2þ which are disfavored by
our data. There is no threshold close to the lower mass state.
In conclusion, we have presented a full amplitude fit to

the Λ0
b → J=ψK−p decay. We observe significant Λ&

production recoiling against the J=ψ with the lowest mass
contributions, the Λð1405Þ and Λð1520Þ states having fit
fractions of ð15! 1! 6Þ% and ð19! 1! 4Þ%, respec-
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9σ

12σ

Best fit:  
JP(4380) = 3/2- & JP(4450) = 5/2+   

Next best fit (-2 Δlnℒ ≈ 1): JP(4380) 
= 3/2+ & JP(4450) = 5/2-  



FITTING CODE

• Signal model was ported to 
RooFit. 

• Programming optimized for 
fast evaluation and 
negligible precision loss. 

• RooFit generates pseudo-
experiments. 

• RooFit performs 5D 
integration numerically (or 
can use “advertised” 
integrals). 

• Fitting tests ongoing in 
CPUs and CUDA Cores.

28

Fitting code
- Signal model was ported 

to RooFit.
- Programming optimized 

for fast evaluation and 
negligible precision loss.

- RooFit generates 
pseudo-experiments.

- RooFit performs 5D 
integration numerically 
(or can use “advertised” 
integrals).

- Fitting tests ongoing.
18Pseudo-experiments



USING ROOFIT

ANGULAR PROJECTIONS
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Angular projections using RooFit
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Now (~37 fb-1)!
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B properties @ CMS -- Ivan Heredia

Summary
• The CMS experiment has produced several competitive results 

related to production, branching ratios, CPV, lifetimes, 
polarizations, and other properties of B hadrons. 

• CMS will continue studying the B0
s system to search for 

anomalous CPV using decays to J/ψK+K- and J/ψπ+π- with 13 
TeV data. 

• The Bc, B-baryon, quarkonium and exotic hadrons program will 

also continue and benefit from the additional data in Run II. 

• The observation of B0 ⇾ μ+μ- is one of the main long term goals 
of CMS. Detector upgrades will improve its sensitivity. 

• Similarly, b ⇾ s μ+μ- analyses are now within the core of the CMS 
B physics program. Special trigger paths have been 
incorporated for their detailed study with 13 TeV data.
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