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Topics for today

•The Ξcc++ discovery

•The ongoing X(5568) mystery

•Round-up of updates since La Thuile 2017
•Five new narrow Ωc0 → Ξc+ K− states
• Search for weakly decaying b-flavoured pentaquarks
•Excited Bc+ states
•Precise measurements of χc1 and χc2

•A promising first look at χb → 𝛶γ (𝛶 → μ+μ−)
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No hope of covering all LHC spectroscopy results, sorry!
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The Ξcc++ (ccu) discovery
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Ξcc++ : Quark model
•In the quark model, expect baryons with > 1 heavy quark.

•Several of them should decay weakly,  including:
• ccu = Ξcc++

• ccd = Ξcc+

• ccs = Ωcc++

• ccc = Ωccc++

•At stupidly naive 0th order,

•Real calculations typically 
give 3.5 < m(Ξcc) < 3.7 GeV,  
τ(Ξcc++) ~ few hundred fs,  
τ(Ξcc++)/τ(Ξcc+) ~ 3 to 4

4

m(p) = 938 MeV
m(Λc) = 2286 MeV
=> m(Ξcc) ~ 3.6 GeV
=> m(Ωccc) ~ 5.0 GeV

Ξcc isospin doublet}

See e.g. Kiselev & Likhoded [Phys. Usp. 45, 455 (2002)],  
Fleck & Richard [Prog. Theor. Phys. 82, 760 (1989)]. Full list of theory refs in backups.

https://arxiv.org/abs/hep-ph/0103169
http://dx.doi.org/10.1143/PTP.82.760


tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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fit has χ2/dof = 0.45, indicating that the background is
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tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/
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(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
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cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-
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tion. The confidence level for a fit with a Gaussian width
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observe is consistent with statistical fluctuations in this
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above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
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arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.
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Ξcc++ : History
•Longstanding experimental puzzle: observations of Ξcc+ (ccd) 

claimed by SELEX in 2002, 2005 but never reproduced by other 
experiments.

•Various oddities with SELEX result... but because production 
environment was unique (hyperon beam on fixed target), other 
results didn't formally rule it out.

•Relevant points for today:  
SELEX reported
•m(Ξcc+) = 3519 ± 2 MeV
•τ(Ξcc+) < 33 fs @ 90% CL

5
SELEX: PRL 89:112001 (2002)
SELEX: PLB B628:18-24 (2005)

SELEX

Ξcc+

https://arxiv.org/abs/hep-ex/0208014
https://arxiv.org/abs/hep-ex/0406033


Ξcc++ : Discovery

6LHCb: PRL 119, 112001 (2017)
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LHCb result, obtained with 2016 (Run 2) data:

Yield: 313 ± 13
Local significance > 12σ

http://arxiv.org/abs/1707.01621


Ξcc++ : Checks & tests
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2016 data 2012 data With lifetime cut

•Observation confirmed with 2012 sample (crosscheck).

•Lifetime significantly different from zero: observation persists 
when requiring (t / σt) > 5
•σt varies event by event, but typical resolution ~ 40-50fs

LHCb: PRL 119, 112001 (2017)

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2017-156
LHCb-PAPER-2017-018

12 September 2017

Observation of the doubly charmed
baryon ⌅++

cc

LHCb collaboration†

Abstract

A highly significant structure is observed in the ⇤+
c K

�⇡+⇡+ mass spectrum, where
the ⇤+

c baryon is reconstructed in the decay mode pK�⇡+. The structure is
consistent with originating from a weakly decaying particle, identified as the doubly
charmed baryon ⌅++

cc . The di↵erence between the masses of the ⌅++
cc and ⇤+

c states
is measured to be 1334.94± 0.72 (stat)± 0.27 (syst)MeV/c2, and the ⌅++

cc mass is
then determined to be 3621.40± 0.72 (stat)± 0.27 (syst)± 0.14 (⇤+

c )MeV/c2, where
the last uncertainty is due to the limited knowledge of the ⇤+

c mass. The state
is observed in a sample of proton-proton collision data collected by the LHCb
experiment at a center-of-mass energy of 13TeV, corresponding to an integrated
luminosity of 1.7 fb�1, and confirmed in an additional sample of data collected at
8TeV.

Published in Phys. Rev. Lett. 119 (2017) 112001

c� CERN on behalf of the LHCb collaboration, license CC-BY-4.0.

†Authors are listed at the end of this paper.
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Mass: m(Ξcc++) = 
Differs from SELEX Ξcc+ mass by 103±2 MeV => clearly not 
a conventional isodoublet.

http://arxiv.org/abs/1707.01621


Ξcc++ : What's next?
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•Ξcc++ lifetime measurement! Crucial to the interpretation.
•Will also give a clue about Ξcc+ lifetime.

•Ξcc++ production cross-section

•Confirmation at ATLAS & CMS? Belle-II?

•More Ξcc++ decay modes! Ratios of branching fractions.

•Constraints on spin, parity

•Ξcc+ search
•Tougher, due to shorter expected lifetime.
•LHCb failed to find Ξcc+ → Λc+ K− π+ with 0.65 fb−1 earlier... but now 

have better triggers, more modes, and much more data.

•Ξcc+ properties, production relative to Ξcc++, etc

•Ωcc+ search (tougher still)

•Excited states
•Lowest expected to decay electromagnetically -- tough for LHCb
•Add pions, kaon... see what's out there!

veil of ignorance
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The ongoing X(5568) mystery



X(5568) : The D0 observation

10

Feb 2016: D0 reported a narrow structure in 
the Bs0 π± spectrum (with Bs0 → J/𝜓 𝜙).  
Manifestly exotic bsqq resonance.

D0: PRL 117, 022003 (2016)

m = 5567.8± 2.9 (stat)+0.9
�1.9 (syst)MeV/c2

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

Yield: 133±31 events 
Significance: 6.1σ stat, or 5.1σ stat+sys (inc LEE)
Eff-cor yield ratio 𝜌(X/Bs0):
10 < pT (B

0
s ) < 15GeV/c : (9.1± 2.6± 1.6)%

15 < pT (B
0
s ) < 30GeV/c : (8.2± 1.9± 1.4)%

average : (8.6± 1.9± 1.4)%

But then...
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Add π±

Mass and width:
This is a lot! 

https://arxiv.org/abs/1602.07588


X(5568) : Not seen at LHCb

11LHCb: PRL 117, 152003 (2016)
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Add π±, try 
various pT 
cuts...

Upper limits set on (X/Bs) cor. yield ratio:

Table 1: Yields, N , of B0
s and X(5568) candidates obtained from the fits to the B0

s and B0
s⇡

±

candidate mass distributions, with statistical uncertainties only. The values reported for N(B0
s )

are those inside the B0
s signal window. The reported values for X(5568) are obtained from

fits with signal mass and width parameters fixed to those determined by the D0 collaboration.
Relative e�ciencies ✏rel(X) of the B0

s and X(5568) candidate selection criteria are also given.
The reported uncertainties on the relative e�ciencies are only statistical, due to the finite size of
the simulated samples.

B0

s ! D�
s ⇡

+ B0

s ! J/ � Sum
pT(B0

s ) > 5GeV 62.2± 0.3 43.6± 0.2 105.8± 0.4
N(B0

s )/10
3 pT(B0

s ) > 10GeV 28.4± 0.2 13.2± 0.1 41.6± 0.2
pT(B0

s ) > 15GeV 8.8± 0.1 3.7± 0.1 12.5± 0.1
pT(B0

s ) > 5GeV 3± 64 �33± 43 �30± 77
N(X) pT(B0

s ) > 10GeV 75± 52 12± 33 87± 62
pT(B0

s ) > 15GeV 14± 31 �10± 17 4± 35
pT(B0

s ) > 5GeV 0.127± 0.002 0.093± 0.001 —
✏rel(X) pT(B0

s ) > 10GeV 0.213± 0.003 0.206± 0.002 —
pT(B0

s ) > 15GeV 0.289± 0.005 0.290± 0.004 —

di↵erent 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
X(5568) state reported by the D0 collaboration, additional systematic uncertainties are
assigned from the changes in the results for ⇢LHCb

X when the mass and width parameters
are varied independently within ±1� 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 B+

c ! B0

s⇡
+ decays [20], with consistent results. In addition,

B0 ! D�⇡+ decays are used to create B0⇡+ combinations, and the results on the excited
B states of Ref. [5] are reproduced.

The values of ⇢LHCb

X 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 X(5568) 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

⇢LHCb

X (pT(B
0

s ) > 5GeV) = �0.003± 0.006± 0.002 ,

⇢LHCb

X (pT(B
0

s ) > 10GeV) = 0.010± 0.007± 0.005 ,

⇢LHCb

X (pT(B
0

s ) > 15GeV) = 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 ⇢LHCb

X 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 (CL). The upper limits at 90 (95)% CL are found to be

⇢LHCb

X (pT(B
0

s ) > 5GeV) < 0.011 (0.012) ,

⇢LHCb

X (pT(B
0

s ) > 10GeV) < 0.021 (0.024) ,

⇢LHCb

X (pT(B
0

s ) > 15GeV) < 0.018 (0.020) .

5... vs (8.6 ± 1.9 ± 1.4)% at D0 (but different environment)
And then...

at 90% (95%) CL

Bs0 → J/𝜓 𝜙

Bs0 → Ds− π+

Aug 2016: LHCb tries to confirm peak, finds 
nothing despite larger Bs0 sample, extra mode.

https://arxiv.org/abs/1608.00435


X(5568) : Nor at CMS

12CMS: arXiv:1712.06144 (submitted to PRL)
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17 Dec 2017: CMS tries to confirm 
peak, also finds nothing.

49k Bs0

Add π±, try 
various pT 
cuts...

5

developed in Ref. [18]. The limit takes into account the following sources of systematic un-
certainty: the uncertainty in the mass and the width of the BW measured by the D0 Collabora-
tion [1]; the uncertainty in N(B0

s); the pion tracking efficiency uncertainty of 3.9% [6]; the uncer-
tainty in erel due to the finite number of simulated events; the description of the background by
alternative approximation functions, including the shape obtained from simulation; and mod-
ifications of the signal function due to variations of the resolution function and the efficiency
with respect to M

D(B0
s p±) (both negligible). The measured upper limit is rX < 1.1% at 95% con-

fidence level (CL) for the baseline selection criteria (pT(B0
s) > 10 GeV) and rX < 1.0% at 95% CL

for the analysis requiring pT(B0
s) > 15 GeV. Using simulations of a spin-1 state decaying to

B⇤0
s p±, where B⇤0

s ! B0
s g and where the mass is shifted by mB⇤0

s
� mB0

s
, the upper limits were

verified to differ negligibly between either the spin-1 or spin-0 assumption.

Upper limits are also obtained for different values of mass and natural width (G) of a possible
B0

s p± resonance, as shown in Fig. 4. For these limits, no systematic uncertainties related to the
mass and width of the exotic state are assigned. On the other hand, an additional systematic
uncertainty in the relative efficiency of up to 6% is estimated for the extrapolation to high-mass
resonances from the low-mass simulation. The limits are obtained for values of G from 10 to
50 MeV in 10 MeV steps, while the mass takes values from mB0

s
+mp±+G up to 5.9 GeV�1.5G in

order to consider a possible exotic state with higher mass decaying to the B0
s p± final state [19,

20]. No significant excess is found throughout the region considered.
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Figure 4: The 95% CL upper limit (UL) on rX, Eq. (1), as a function of the mass of a possible
exotic state decaying into B0

s p± for five different values of the natural width of the state.

In summary, a search for the X(5568) state is performed by the CMS Collaboration using pp col-
lision data collected at

p
s = 8 TeV and corresponding to an integrated luminosity of 19.7 fb�1.

With about 50 000 B0
s signal candidates, no significant structure in the B0

s p± invariant mass
spectrum is found around the mass reported by the D0 Collaboration (nor for masses up to
5.9 GeV). The absence of a peak is supported by direct comparison with the events in the B0

s
sidebands, and by fits to the B0

s p± invariant mass distribution with a resonant component in-
cluded, using different kinematic selection requirements, as well as variants of the background
modeling, fit regions, and quality criteria.

Upper limits on the relative production rates of the X(5568) and B0
s states, multiplied by the

unknown branching fraction of the X(5568)± ! B0
s p± decay, are computed to be:

rX < 1.1% at 95% CL for pT(B0
s) > 10 GeV and

rX < 1.0% at 95% CL for pT(B0
s) > 15 GeV.

... vs (8.6 ± 1.9 ± 1.4)% at D0, but again 
different production environment.

And just 10 days later...

Bs0 → J/𝜓 K+K−

https://arxiv.org/abs/1712.06144
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27 Dec 2017: CDF searches, finds 
nothing, sets UL.
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CDF: arXiv:1712.09620

3.6k Bs0

Add π±...

Limit on corrected yield ratio:
𝜌(X/Bs) < 6.7% at 95% CL
... vs (8.6 ± 1.9 ± 1.4)% at D0.  
NB same environment

And then just two days later...

Scaling D0 results to CDF...

Bs0 → J/𝜓 𝜙

https://arxiv.org/abs/1712.09620


X(5568) : D0 still sees it!

14

29 Dec 2017: D0 publishes 
second analysis with different 
decay mode: semileptonic  
Bs0 → Ds− μ+ X... 3.2σ signal!

D0: arXiv:1712.10176

5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9

50

100

150

200
(a)

]2)                        [GeV/c±π  S
0(Bm

2
N

 e
ve

nt
s 

/ 8
 M

eV
/c

  -1D0 Run II, 10.4 fb

Semileptonic Data
Fit
Background
Signal

12

TABLE V. Mean values and uncertainties for fitted number of events, mass and width as well as the RMS of the width
from Gaussian fits to corresponding distributions from 10,000 trials with the cone cut. A range of signals with 75, 100, 125,
150, 175 and 200 signal events, mass mx = 5568.3MeV/c2 and width �X = 21.9MeV/c2 have been simulated. Background
parametrization Eq. 1 is used.

Nin(sl) Nfit(sl) RMS(Nfit(sl)) mX MeV/c2 �X MeV/c2 RMS(�X) MeV/c2

75 80.4± 0.9 61 5577.9± 0.24 13.1 15.3

100 108.5± 0.7 58 5572.9± 0.17 15.8 15.6

125 133.3± 0.6 59 5570.4± 0.12 17.7 15.3

150 156.7± 0.6 58 5569.3± 0.08 19.3 14.6

175 181.0± 0.6 59 5568.9± 0.07 20.2 13.8

200 204.2± 0.6 61 5568.7± 0.05 20.8 12.9

TABLE VI. Fit results obtained in the semileptonic channel and in the hadronic channel (Ref. [15]). In the hadronic channel
with no cone cut the mass and width of the X±(5568) were set to the values found with the cone cut. LEE - Look Elsewhere
E↵ect.

Semileptonic Hadronic (from Ref. [15])

Cone cut No cone cut Cone cut No cone cut

Fitted mass, MeV/c2 5566.4+3.4
�2.8

+1.5
�0.6 5566.7+3.6

�3.4
+1.0
�1.0 5567.8± 2.9+0.9

�1.9 5567.8

Fitted width, MeV/c2 2.0+9.5
�2.0

+2.8
�2.0 6.0+9.5

�6.0
+1.9
�4.6 21.9± 6.4+5.0

�2.5 21.9

Fitted number of signal events 121+51
�34

+9
�28 139+51

�63
+11
�32 133± 31± 15 106± 23 (stat)

Local significance 4.3� 4.5� 6.6� 4.8�

Significance with systematics 3.2� 3.4� 5.6� -

Significance with LEE+systematics - - 5.1� 3.9�
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FIG. 10. Results of the toy MC tests of the fitting procedure
(black circles) used in the analysis of the semileptonic data
with the cone cut. The number of fitted signal events are
plotted vs fitted number of injected signal events. The dotted
line shows Nin = Nout.

VIII. PRODUCTION RATIO OF X±
(5568) TO

B0
s

To calculate the production ratio of the X±(5568)
to B0

s , the number of the B0
s -mesons needs to be es-

timated. The fitting of the K+K�⇡⌥ mass distribu-
tion is described in Section IV. The number of D⌥

s

mesons extracted from the fit and adjusted for the mass
range 1.91 < m(K+K�⇡⌥) < 2.03MeV/c2 is N(D⌥

s ) =
6648 ± 127 (see Fig. 2). The number of µ±D⌥

s events
in the signal sample that are the result of a random
combination of a promptly produced D⌥

s and a muon
in the event is estimated using events where the muon
and the D⌥

s -meson have the same sign. The same sign
data sample is analyzed using the same model as the
opposite sign data with the means and widths of the
Gaussians fixed to the values obtained from the oppo-
site sign data. The number of events in the same-sign
sample is N(D±

s ) = 426± 61. The mass distributions of
the K+K�⇡⌥ for opposite and same-sign data are shown
in Fig. 2.
The number of B0

s -meson decays in the semileptonic
data is estimated by subtracting the contribution of
the promptly produced µ±D⌥

s events from the overall
µ±D⌥

s sample. A study of the MC background simu-
lations shows that the purity of the resulting sample is
99.5+0.5

�1.0%. We find 6222± 141 B0
s events.

Combining these results and using the e�ciency for
the charged pion in the X(5568) decay (Sect. IV),
we obtain a production ratio for the semileptonic data

of
h
7.3+2.8

�2.4 (stat)
+0.6
�1.7 (syst)

i
%, for our fiducial selec-

tion (which includes the requirements pT (µ±D⌥
s ) >

10GeV/c2 and 4.5GeV/c2 < m(µ±D⌥
s ) < m(B0

s )).
This result is similar to the ratio measured in
the hadronic channel [8.6± 1.9 (stat)± 1.4 (syst)]% for
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FIG. 10. Results of the toy MC tests of the fitting procedure
(black circles) used in the analysis of the semileptonic data
with the cone cut. The number of fitted signal events are
plotted vs fitted number of injected signal events. The dotted
line shows Nin = Nout.

VIII. PRODUCTION RATIO OF X±
(5568) TO

B0
s

To calculate the production ratio of the X±(5568)
to B0

s , the number of the B0
s -mesons needs to be es-

timated. The fitting of the K+K�⇡⌥ mass distribu-
tion is described in Section IV. The number of D⌥

s

mesons extracted from the fit and adjusted for the mass
range 1.91 < m(K+K�⇡⌥) < 2.03MeV/c2 is N(D⌥

s ) =
6648 ± 127 (see Fig. 2). The number of µ±D⌥

s events
in the signal sample that are the result of a random
combination of a promptly produced D⌥

s and a muon
in the event is estimated using events where the muon
and the D⌥

s -meson have the same sign. The same sign
data sample is analyzed using the same model as the
opposite sign data with the means and widths of the
Gaussians fixed to the values obtained from the oppo-
site sign data. The number of events in the same-sign
sample is N(D±

s ) = 426± 61. The mass distributions of
the K+K�⇡⌥ for opposite and same-sign data are shown
in Fig. 2.
The number of B0

s -meson decays in the semileptonic
data is estimated by subtracting the contribution of
the promptly produced µ±D⌥

s events from the overall
µ±D⌥

s sample. A study of the MC background simu-
lations shows that the purity of the resulting sample is
99.5+0.5

�1.0%. We find 6222± 141 B0
s events.

Combining these results and using the e�ciency for
the charged pion in the X(5568) decay (Sect. IV),
we obtain a production ratio for the semileptonic data

of
h
7.3+2.8

�2.4 (stat)
+0.6
�1.7 (syst)

i
%, for our fiducial selec-

tion (which includes the requirements pT (µ±D⌥
s ) >

10GeV/c2 and 4.5GeV/c2 < m(µ±D⌥
s ) < m(B0

s )).
This result is similar to the ratio measured in
the hadronic channel [8.6± 1.9 (stat)± 1.4 (syst)]% for

𝜌(X/Bs) = 

But a few weeks afterwards...

X(5568)

https://arxiv.org/abs/1712.10176
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X(5568) : But ATLAS does not

15ATLAS: arXiv:1802.01840
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53k Bs0

Add π±, try 
various pT 
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0
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0
s ) > 15GeV/c

Limit on corrected yield ratio:

Wow.

Bs0 → J/𝜓 K+K−

https://arxiv.org/abs/1802.01840


The ongoing X(5568) mystery
•This remains a mystery.

•LHC samples have much larger Bs0 stats and disfavour D0 
result assuming conventional heavy quark production.

• ... but cannot rule it out absolutely due to different 
production environments.

•CDF has the same environment as D0 and does not confirm 
it... but lower stats => the UL does not fully rule it out.
•But perhaps by adding more decay modes, this might be resolved.

•LHCb was quicker off the mark (data model is better 
optimised for B physics) but ATLAS and CMS Run1 data 
samples had comparable statistics in the end.

•Bodes well for future spectroscopy studies at the big 
detectors!
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Round-up of other updates 
since La Thuile 2017

•Five new narrow Ωc0 → Ξc+ K− states
• Search for weakly decaying b-flavoured pentaquarks
•Excited Bc+ states
•Precise measurements of χc1 and χc2

•A promising first look at χb → 𝛶γ (𝛶 → μ+μ−)
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 Five new narrow Ωc0 → Ξc+ K− states
•Fit takes into account  

feed-down from  
Ωc0 → Ξc′+ K−,  
Ξc′+ → Ξc+ γ 
with missing photon

•Exotic interpretations 
possible for unusually 
narrow states (3050, 3119)  

•Broad structure ~ 3200 MeV

18
LHCb: PRL 118, 182001 (2017)
Belle: arXiv:1711.07927

Table 1: Results of the fit to m(⌅+
c K�) for the mass, width, yield and significance for each

resonance. The subscript “fd” indicates the feed-down contributions described in the text.
For each fitted parameter, the first uncertainty is statistical and the second systematic. The
asymmetric uncertainty on the ⌦c(X)0 arising from the ⌅+

c mass is given separately. Upper
limits are also given for the resonances ⌦c(3050)0 and ⌦c(3119)0 for which the width is not
significant.

Resonance Mass (MeV) � (MeV) Yield N�

⌦c(3000)0 3000.4± 0.2± 0.1+0.3
�0.5 4.5± 0.6± 0.3 1300± 100± 80 20.4

⌦c(3050)0 3050.2± 0.1± 0.1+0.3
�0.5 0.8± 0.2± 0.1 970± 60± 20 20.4

< 1.2MeV, 95% CL

⌦c(3066)0 3065.6± 0.1± 0.3+0.3
�0.5 3.5± 0.4± 0.2 1740± 100± 50 23.9

⌦c(3090)0 3090.2± 0.3± 0.5+0.3
�0.5 8.7± 1.0± 0.8 2000± 140± 130 21.1

⌦c(3119)0 3119.1± 0.3± 0.9+0.3
�0.5 1.1± 0.8± 0.4 480± 70± 30 10.4

< 2.6MeV, 95% CL

⌦c(3188)0 3188± 5 ± 13 60± 15± 11 1670± 450± 360

⌦c(3066)0fd 700± 40± 140

⌦c(3090)0fd 220± 60± 90

⌦c(3119)0fd 190± 70± 20

resonances, along with the yields for the feed-down contributions indicated with the
subscript “fd”. The statistical significance of each resonance is computed as N� =

p
��2,

where ��2 is the increase in �2 when the resonance is excluded in the fit. Very high
significances are obtained for all the narrow resonances observed in the mass spectrum.
The threshold enhancement below 2970MeV is fully explained by feed-down from the
⌦c(3066)0 resonance.

Several additional checks are performed to verify the presence of the signals and the
stability of the fitted parameters. The likelihood ratio requirements are varied, testing
both looser and tighter selections. As another test, the data are divided into subsamples
according to the data-taking conditions, and each subsample is analyzed and fitted
separately. The charge combinations ⌅�

c K
+ and ⌅+

c K
� are also studied separately. In

all cases the fitted resonance parameters are consistent among the subsamples and with
the results from the reference fit.

Systematic uncertainties on the ⌦0
c resonance parameters are evaluated as follows. The

fit bias is evaluated by generating and fitting an ensemble of 500 random mass spectra
that are generated according to the reference fit. For each parameter, the absolute value
of the di↵erence between the input value and the mean fitted value of the ensemble is
taken as the systematic uncertainty.

The background model uncertainty is estimated by exchanging it for the alternative
function B0(m) = (m�mth)↵e�+�m+�m2

, where mth is the threshold mass and ↵, �, � and
� are free parameters. The uncertainty associated with the choice of the Breit–Wigner
model is estimated by fitting the data with relativistic L = 1, 2 Breit–Wigner functions
with varying Blatt–Weisskopf factors [31], and is found to be negligible.

Resonances can interfere if they are close in mass and have the same spin-parity.

6

e.g. Montaña et al: arXiv:1709.08737
e.g. Debastiani et al: arXiv:1710.04231 2011, 2012, 2015.

Belle confirms 4/5 states.

http://arxiv.org/abs/1703.04639
https://arxiv.org/abs/1711.07927
https://arxiv.org/abs/1709.08737
https://arxiv.org/abs/1710.04231


Search for weakly decaying b-flavoured pentaquarks
•So far, observed pentaquarks contain charm and decay strongly.

•Skyrme: (bqqqq/bqqqq) may be tightly bound and decay weakly.

•LHCb search up to strong 
threshold in suitable  
final states:

19LHCb: arXiv:1712.08086, submitted to PRD

Skyrme, Proc. Roy. Soc. Lond. A260 (1961) 127

Table 1: Quark content of the b-flavored pentaquarks and their weak decay modes explored
here. We consider only the quark decay process b ! ccs. The lower and upper bounds of the
mass region searched are also given. (In this paper we use natural units where ~ = c = 1.)

Mode Quark content Decay mode Search window
I bduud P+

B0p ! J/ K+⇡�p 4668–6220 MeV
II buudd P�

⇤0
b⇡

� ! J/ K�⇡�p 4668–5760 MeV

III bduud P+
⇤0
b⇡

+ ! J/ K�⇡+p 4668–5760 MeV

IV bsuud P+
B0

sp
! J/ �p 5055–6305 MeV

decay modes.2 It is possible for these pentaquarks (PB) to decay either strongly or
weakly depending on their masses. The threshold mass for strong decay for P+

B0p would be

m(B0)+m(p), for P�
⇤0
b⇡

� m(⇤0
b)+m(⇡�), for P+

⇤0
b⇡

+ m(⇤0
b)+m(⇡+) and for P+

B0
sp

m(B0
s )+

m(p). Therefore, we define our signal search windows to be below these thresholds. Note
that a fifth state, the bsuud pentaquark (P+

B0
sp
) could also decay into J/ �p, and thus is

implicitly included in our searches. Should a signal be detected for mode IV, we would
need to examine noncharmonium modes to distinguish between the possibilities.

2 Detector description and data samples

The LHCb detector [8,9] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detec-
tor includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet. The tracking system
provides a measurement of momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200GeV. The minimum distance of a
track to a primary pp interaction vertex (PV), the impact parameter (IP), is measured with
a resolution of (15 + 29/pT)µm, where pT is the component of the momentum transverse
to the beam, in GeV. Di↵erent types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors (RICH). Photons, electrons and hadrons
are identified by a calorimeter system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by
a system composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software stage,
which applies a full event reconstruction. The subsequent software trigger is composed of

2Unless explicitly stated, mention of a particular mode implies the use of the charge-conjugated mode
as well.
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Figure 5: Reconstructed mass distributions after the BDT selection for the (a) J/ K+⇡�p, (b)
J/ K�⇡�p, (c) J/ K�⇡+p, and (d) J/ �p final states.

collaboration [18] to be

�(⇤0
b ,
p
s = 7TeV) · B(⇤0

b ! J/ K�p) = 6.12± 0.10± 0.25 nb,

�(⇤0
b ,
p
s = 8TeV) · B(⇤0

b ! J/ K�p) = 7.51± 0.08± 0.31 nb,
(2)

where the uncertainties are statistical and systematic, respectively. The systematic un-
certainties include those on the luminosity and detection e�ciencies that partially cancel,
lowering the e↵ective systematic uncertainty on the normalization. These measurements
are averaged, taking into account the di↵erent luminosities at the two energies, to produce
the overall normalization factor of NF = 7.03± 0.06± 0.17 nb.

Simulations have been generated at four di↵erent PB masses for each decay mode. The
total selection e�ciency varies from 0.45% to 1.4% depending on mass and decay mode.
The mass dependence of the e�ciencies is parametrized by a second-order polynomial, for
each decay mode, and incorporated into the upper limit calculation. The dominant source
of uncertainty on the e�ciency is systematic, and arises from the calibration applied to the
particle identification as calculated by the simulation. This absolute e�ciency uncertainty
varies from 0.02% to 0.17% depending on the decay mode. The statistical uncertainties
on the e�ciency are negligible. Note that we are taking the PB lifetime as 1.5 ps, and all

8

No signal => scan in 
steps and set upper 
limits relative to Λb0:

5 Results

After the selections were decided upon, the analysis was unblinded. A search is conducted
by scanning the PB invariant mass distributions in the four final states shown in Fig. 5.
The step size used in these scans is 4.0MeV, corresponding to about half the invariant
mass resolution. No signal is observed with the expected width of approximately 7.5 MeV.
The PB mass resolution seen in the simulated samples is 6.0 MeV for modes I, II, III,
and 5.2 MeV for mode IV which, as expected, is similar to the 7.5 MeV width seen in
data for the ⇤0

b baryon in the (J/ ! µ+µ�)K�p final state, when the two muons are
constrained to the J/ mass. In order to obtain conservative results, we set upper limits
based on the wider 7.5 MeV signal width.

At each PB scan mass value mPB , the signal region is a ±2�(mPB) window around
mPB , while the background is estimated by interpolating the yields in the sidebands
starting at 3�(mPB) from mPB and extending to 5�(mPB), both below and above mPB

following Ref. [21]. The statistical test at each mass is based on the profile likelihood
ratio of Poisson-process hypotheses with and without a signal contribution, where the
uncertainty on the background interpolation is modeled as purely Poisson (see Ref. [21]
for details). No significant excess of signal candidates is observed over the expected
background. The upper limits are set on the signal yields using the profile likelihood
technique, in which systematic uncertainties are handled by including additional Gaussian
terms in the likelihood.

In the absence of a significant signal, we set upper limits in each PB candidate mass
interval on the ratio

R =
�(pp ! PBX) · B(PB ! J/ X)

�(pp ! ⇤0
bX) · B(⇤0

b ! J/ K�p)
, (1)

where we use the ⇤0
b ! J/ K�p channel for normalization. The product of the production

cross section and branching fraction of this channel has been measured by the LHCb

Table 2: Decay modes that are vetoed for each pentaquark candidate mode and the specific
particle misidentification that causes the reflection.

Search mode Reflection Particle misidentification
P+
B0p ! J/ K+⇡�p B+ ! J/ K+⇡�⇡+ ⇡+ to p

B+ ! J/ ⇡+⇡�K+ ⇡+ to K+ and K+ to p
P�
⇤0
b⇡

� ! J/ K�⇡�p B� ! J/ K�⇡�⇡+ ⇡+ to p

B� ! J/ (�! K�K+)⇡� K+ to p
P+
⇤0
b⇡

+ ! J/ K�⇡+p B+ ! J/ (�! K�K+)⇡+ K+ to p

P+
B0

sp
! J/ �p B+ ! J/ �K+ K+ to p

7

I II

III
IV Upper limits typically  

R < few x 10−3 (see backup)

https://arxiv.org/abs/1712.08086
https://dx.doi.org/10.1098/rspa.1961.0018
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I. The fitted mass values are consistent with the world
average for the B±

c mass [10]. The signal yield per fb−1

of the B±
c is lower in 8 TeV data due to the harder pT

requirements. The stability of the B±
c yield was checked

through its normalization to B± → J/ψK± decays that
were reconstructed with similar requirements.
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FIG. 1: Invariant mass distributions of the reconstructed
B±

c
→ J/ψπ± candidates in 7 TeV data (top) and in 8 TeV

data (bottom). The data are represented by the points with
error bars (statistical only). The solid line is the projection
of the results of the unbinned maximum likelihood fit to all
candidates in the mass range 5620–6820 MeV. The dashed
line is the projection of the background component of the
same fit.

Data Signal events Peak mean [MeV] Peak width [MeV]

7 TeV 100±23 6282±8 49±12
8 TeV 227±25 6277±6 50±8

TABLE I: The results of the unbinned maximum likelihood
fits of the invariant mass distribution of the B±

c
candidates.

Systematic uncertainties are not included.

The reconstruction of the excited state candidates uses
the B±

c ground state candidates within ±3σ of the fitted

mass value of the corresponding dataset. These candi-
dates are combined as described below with two pion
candidate tracks associated with the corresponding pri-
mary vertex. The pT threshold of the pion candidates is
400 MeV. No additional selection requirement is applied
to the B±

c (2S) pion candidates. The three tracks from
the secondary vertex and the two tracks from the pri-
mary vertex are refitted simultaneously with the follow-
ing constraints given by the decay topology: the refitted
triplet of the B±

c tracks and the pair of PV pion tracks
must intersect in two separate B±

c and B±
c (2S) vertices.

The invariant mass of the refitted muon tracks is con-
strained to the J/ψ world average mass, and the com-
bined momentum of the refitted B±

c tracks must point to
the B±

c (2S) vertex. When multiple B±
c (2S) candidates

are found in the same event, the one with the best χ2

value returned by the fitter is kept as an excited state
candidate. Wrong-charge combinations (B±

c π
+π+ and

B±
c π

−π−) are kept separately for comparison with the
combinatorial background shape in the right-charge com-
binations (oppositely charged pion pairs).
Figure 2 shows the mass difference distribution

m(B±
c ππ) − m(B±

c ) − 2m(π) for the right-charge com-
binations B±

c π
+π− as well as the wrong-charge combi-

nations.
A structure is observed in the mass difference distri-

bution. In order to characterize it, an unbinned max-
imum likelihood fit to the right-charge combinations is
performed. The fit includes a third-order polynomial to
model the background and a Gaussian function for the
structure. The background shape resulting from the fit is
verified to be consistent with the wrong-charge combina-
tions (which are not used to constrain the model in the
right-charge fit) by fitting the same shape to them, with
the normalization as the only free parameter. Alternative
models for the signal and the background parameteriza-
tions are studied as sources of systematic uncertainty.
A Breit–Wigner contribution was tested in convolution
with the Gaussian function and was found to be negli-
gible, implying that the natural width of the structure
is small relative to the detector resolution. The result-
ing fit parameters (with statistical uncertainties only), as
well as the distributions of the wrong-charge (B±

c π
+π+,

B±
c π

−π−) combinations are shown in figure 2. The
wrong-charge combinations are normalized to the same
yield as the right-charge background.
The relative B±

c (2S)/B±
c yield ratio is verified to be

statistically consistent between the 7 TeV and 8 TeV
data.
The fit finds the peak at a mass difference (Q) value of

288.2± 5.1 MeV in the 7 TeV data and 288.4± 4.8 MeV
in the 8 TeV data. The fit yields 22 ± 6 signal events
in the 7 TeV data and 35 ± 13 events in the 8 TeV
data. The Gaussian width of the structure is found to be
18.2 ± 3.8 MeV in the 7 TeV data and 17.6 ± 4.0 MeV
in the 8 TeV data. All uncertainties mentioned in this

In 2014, ATLAS observes structure 
in (Bc+ π+ π−):

Bc+ → J/ψ π+ 

(327 ± 34)

4
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FIG. 2: The Q = m(B±
c
ππ)−m(B±

c
)− 2m(π±) distribution

for the right-charge combinations (points with error bars) and
for the same (wrong) pion charge combinations (shaded his-
togram) in 7 TeV data (top) and in 8 TeV data (bottom).
The wrong-charge combinations are normalized to the same
yield as the right-charge background. The solid line is the
projection of the results of the unbinned maximum likelihood
fit to all candidates in the range 0–700 MeV. The dashed line
is the projection of the background component of the same
fit.

paragraph do not include systematic uncertainties.

There are two dominant sources of systematic uncer-
tainty on the position of the peak. One comes from
the uncertainty on the mass of the B±

c ground state
candidate and is largely canceled in the mass differ-
ence distribution. The other involves systematic uncer-
tainties in the fit of the mass difference distribution it-
self. The uncertainty on the mass of the B±

c (2S) can-
didate is dominated by the fitting procedure and esti-
mated below to be about 3.6 MeV. The contribution
from the uncertainty on the pion momentum scale to
the B±

c mass is 1.2 MeV. The residual uncertainty from
the B±

c candidate mass in the mass difference distribu-
tion, δmB±

c (2S) = δmB±
c

× (mB±
c

)/mB±
c (2S), where the

δmB±
c

is the world average uncertainty on the B±
c mass

[10], is about 1.7 MeV. The systematic uncertainty on

the mass difference introduced by the fitting procedure
is estimated by:

• varying the background model. An exponential
threshold function (f(Q) ! Qae−bQ, where a and b
are free parameters) and second- and fourth-order
polynomials were considered as alternatives, result-
ing in a 3.4 MeV systematic uncertainty;

• varying the fit mass range from 0–700 MeV to 0–
1500 MeV, results in a 1.2 MeV contribution to the
systematic uncertainty;

• using different models for the signal. A single
Breit–Wigner function, a Breit–Wigner function
convolved with a Gaussian function, and a double
Gaussian function were considered. This results
in a negligible systematic uncertainty, compared to
the above two;

In each case the largest difference between any of the
variations mentioned and the default fit model is used as
the systematic uncertainty. The values are calculated as
the weighted mean of the 7 and 8 TeV mass values.
An additional systematic uncertainty of 2 MeV is ob-

tained from the study of the mass bias in the selection of
the candidate with the best χ2 of the vertex fit.
The various sources of systematic uncertainty are

treated as uncorrelated. The total averaged systematic
uncertainty propagated to the mass value of the new
structure is approximately 4.1 MeV.
The significance of the new structure is evaluated with

pseudo-experiments. A large number of background-only
mass difference distributions are generated. Parameters
of the generation are taken from the fit with their un-
certainties to account for systematic effects. The back-
ground shape is scaled to the observed number of events.
The mean mass value of the signal contribution is left
free to vary within the theoretically motivated range
(6835–6917 MeV) to evaluate the “look-elsewhere effect”
[19]. The significance is calculated as the fraction of the
pseudo-experiments in which the difference of the loga-
rithms of fit likelihoods ∆lnL with and without signal is
larger than in the data. In terms of standard deviations
the significance of the observation is 3.7σ in the 7 TeV
data and 4.5σ in the 8 TeV data. For the combined
7 TeV and 8 TeV dataset the total significance of the
observation is found to be 5.2σ. The local significance of
the observation, obtained by fixing the mean value of the
signal component, is 5.4σ.
In conclusion, the distribution of the mass difference

Q = m(B±
c π

+π−) − m(B±
c ) − 2m(π±) for events with

the B±
c meson reconstructed in its decay to J/ψπ± has

been investigated in pp collisions at the LHC using the
ATLAS detector. The analysis is based on an integrated
luminosity of 4.9 (19.2) fb−1 of pp collisions at a center-
of-mass energy of 7 (8) TeV. A new state is observed

add π+ π−

Bc+(2S) → Bc+ π+ π−
(57 ± 14): 5.2σ inc LEE
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Excited Bc+ states
•Expect two structures in Bc+ π+ π−:
•Bc(21S0)+ → Bc+ π+ π−
•Bc(23S1)+ → Bc*+ π+ π−, Bc*+ → Bc+ γ

•Higher production rate of Bc(23S1)+

•Bc(21S0)+ peak at its mass,  
predicted to be ~ [6830,6890] MeV

•Bc(23S1)+ peak offset from its true mass 
by missing photon; separation between the two peaks is 
 
and is predicted to be [0, 35] MeV

•So ATLAS may be seeing
• Just Bc(21S0)+

• Just Bc(23S1)+ with missing photon
•Mixture of Bc(21S0)+ and Bc(23S1)+

21

1 Introduction

The Bc meson family is unique in the Standard Model, as its states contain two di↵erent
heavy-flavour valence quarks. It has a rich spectroscopy, predicted by various models [1–14]
and lattice QCD [15]. The ground state of the Bc meson family, the B+

c meson, was first
observed by the CDF experiment [16, 17] at the Tevatron collider in 1998.1 Recently,
the ATLAS collaboration reported observation of an excited Bc state with a mass of
6842± 4 (stat)± 5 (syst)MeV/c2 [18]. Since the production cross-section of the Bc(23S1)+

state is predicted to be more than twice that of the Bc(21S0)+ state [8,13,19,20], the most
probable interpretation of the single peak is either a signal for Bc(23S1)+! B⇤+

c ⇡+⇡�,
followed by B⇤+

c ! B+
c � with a missing low-energy photon, or an unresolved pair of peaks

from the decays Bc(21S0)+! B+
c ⇡

+⇡� and Bc(23S1)+! B⇤+
c ⇡+⇡�.2 The Bc(21S0)+ and

Bc(23S1)+ states are denoted as Bc(2S)+ and B⇤
c (2S)

+ hereafter, and B(⇤)
c (2S)+ denotes

either state.
In the present paper, the Bc(2S)+ and B⇤

c (2S)
+ mesons are searched for using pp

collision data collected by the LHCb experiment at
p
s = 8TeV, corresponding to an

integrated luminosity of 2 fb�1. The Bc(2S)+ and B⇤
c (2S)

+ mesons are reconstructed
through the decays Bc(2S)+! B+

c ⇡
+⇡� and B⇤

c (2S)
+! B⇤+

c ⇡+⇡� with B⇤+
c ! B+

c �,

B+
c ! J/ ⇡+ and J/ ! µ+µ�. The branching fraction of the B(⇤)

c (2S)+ ! B(⇤)+
c ⇡+⇡�

decay, B(B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡�), is predicted to be between 39% and 59% [8, 13]. The
low-energy photon in the B⇤

c (2S)
+ decay chain is not reconstructed. The B⇤

c (2S)
+ state

still appears in the invariant mass M(B+
c ⇡

+⇡�) spectrum as a narrow mass peak [20, 21],
which is centered at M(Bc(2S)+)��M , where

�M ⌘
⇥
M(B⇤+

c )�M(B+
c )

⇤
�
⇥
M(B⇤

c (2S)
+)�M(Bc(2S)

+)
⇤
, (1)

and M(B+
c ) is the known mass of B+

c . According to theoretical predictions [1–11], the mass
of the Bc(2S)+ state, M(Bc(2S)+), is expected to be in the range [6830, 6890]MeV/c2,
and �M in the range [0, 35]MeV/c2, such that the peak position of the B⇤

c (2S)
+ state in

M(B+
c ⇡

+⇡�) is expected to be in the range [6795, 6890]MeV/c2.

2 Detector and simulation

The LHCb detector [22, 23] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector (TT) located upstream of a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw drift tubes placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
at 200GeV/c. The minimum distance of a track to a primary vertex (PV), the impact

1Sums over charge-conjugated modes are implied throughout this paper.
2The spectroscopic notation n2s+1LJ is used, where n is the radial quantum number, s the total spin

of the two valence quarks, L their relative angular momentum (S implies L = 0), and J the total angular
momentum of the system, i.e. spin of the excited state. B⇤+

c denotes the Bc(13S1)+ state.

1
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In 2017: LHCb doesn't confirm the observation 
with a larger Bc+ sample

Bc+ → J/ψ π+ (3325 ± 73)

Bins of MVA 
classifier output

m(Bc+ π+ π−)

• UL on yield ratio (resonance/Bc+) set as function  
of mass for different hypotheses, see backups.

• LHCb & ATLAS results in mild tension but not  
incompatible given uncertainties & different  
kinematics, efficiencies (low vs high pT).

• LHC experiments should be able to clear this up with Run2 data.
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Precise measurements of χc1 and χc2
•χc1 and χc2 states well known

•Recently, BESIII observed χc(0,1,2) → J/𝜓 e+ e−

•LHCb: first observation of χc(1,2) → J/𝜓 μ+ μ−
•Competitive with world-best measurements of mass, width.
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Figure 7.4: Mass distribution for J/ µ+µ� candidates after the tight selection. The total fit PDF
is shown in orange, the �c1 and �c2 signals are shown by the red solid lines and the combinatorial
background in blue. The double Gaussian resolution model is used.

propagated to the systematic uncertainty.197

Other uncertainties arise from the fit modeling. To minimize statistical e↵ects these198

are studied using a large toy sample of events generated using the default fit model. The199

following variations of the Breit Wigner function have been tested:200

• The orbital momentum of the relativistic Breit Wigner functions were independently201

varied �c1 and �c2 between 0 and 2. The maximal di↵erences are found to be 15 keV/c2202

and 24 keV/c2 for �c1 and �c2 states, respectively. Ignoring the counterintuitive203

assignment L=2 for �c1 and L = 0 for �c2 signal the maximum deviation for �m is204

25 keV/c2.205

• The e↵ective mass of µ+µ� system was varied between 2mµ and 2mµ + 150MeV/c.206

The maximal di↵erence is found to be 8 keV/c2, the same for �c1 and �c2 states.207
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Quantity LHCb Best previous

[MeV] measurement measurement
World average

m(�c1) 3510.71± 0.10 3510.72± 0.05 3510.66± 0.07
m(�c2) 3556.10± 0.13 3556.16± 0.12 3556.20± 0.09
�(�c2) 2.10± 0.20 1.92± 0.19 1.93± 0.11

Width of χc2

2011, 2012, 
2015, 2016.

E760: Nucl. Phys. B373, 35 (1992)
E835: Nucl. Phys. B717, 34 (2005)

BESIII: PRL 118, 221802 (2017)
LHCb: PRL 119, 221801 (2017)

[E760/E835]

http://dx.doi.org/10.1016/0550-3213(92)90448-K
https://arxiv.org/abs/hep-ex/0503022
https://arxiv.org/abs/1701.05404
https://arxiv.org/abs/1709.04247


χb → 𝛶γ (𝛶 → μ+μ−)
•Preliminary look at 2017 data by CMS.

•Reconstruct γ from converted photons

•Possibility to improve WA with full analysis (esp. for 3P states)

24CMS-DP-2017-029

ᶩb → ᶕ ᶍ (→ ᶞ+ᶞ-)
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Mass[ᶩb1(1P)] = 9.890 ± 0.001 (stat.) GeV, Mass[ᶩb2(1P)] = 9.910 ± 0.001 (stat.) GeV
Mass[ᶩb1(2P)] = 10.248 ± 0.001 (stat.) GeV, Mass[ᶩb2(2P)] = 10.260 ± 0.001 (stat.) GeV
Mass[ᶩb1(3P)] = 10.497 ± 0.001 (stat.) GeV, Mass[ᶩb2(3P)] = 10.507 ± 0.001 (stat.) GeV

Yellow peak is misreconstructed 
χbX(2P) → 𝛶(2S)γ, 𝛶(2S) → 𝛶(1S) π+π−

https://cds.cern.ch/record/2276459


Summary
•Lots and lots of spectroscopy work ongoing at LHC, in 

many areas

•Things we didn't have time to talk about include
•Pentaquark discovery
•Exotic tetraquark-like states
•Charmonia X family
•More singly heavy baryon resonances
•More bottomonia
• and surely more 

•Heavy flavour physics is 
LHCb's bread and butter--but  
important contributions from ATLAS & CMS too.

•Look forward to more analyses with the big Run2 dataset!
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Backup stuff

•Too many references

•More on X(5568) cone cut

•Limits for weakly decaying b-flavoured PQ

•Limits for excited Bc states under different hypotheses

•More info on CMS 2017 plot

•SELEX Ξcc results

• ...
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LHCb references: manifest exotics
• LHCb-PAPER-2017-043 : arXiv:1712.08086 : A search for weakly decaying $b$-flavored pentaquarks

• LHCb-PAPER-2017-011 : arXiv:1704.07900 : Observation of the decays $\Lambda_b^0 \to \chi_{c1} p K^-$ and $
\Lambda_b^0 \to \chi_{c2} p K^-$

• LHCb-PAPER-2016-053 : arXiv:1701.05274 : Observation of the $\varXi^{-}_{b}\to J/\psi\varLambda K^{-}$ decay

• LHCb-PAPER-2016-029 : arXiv:1608.00435 : Search for structure in the $B_s^0\pi^\pm$ invariant mass spectrum

• LHCb-PAPER-2016-019 ; arXiv:1606.07898 : Amplitude analysis of $B^+\to J/\psi \phi K^+$ decays

• LHCb-PAPER-2016-018 ; arXiv:1606.07895 : Observation of $J/\psi\phi$ structures consistent with exotic states 
from amplitude analysis of $B^+\to J/\psi \phi K^+$ decays

• LHCb-PAPER-2016-015 : arXiv:1606.06999 : Evidence for exotic hadron contributions to $\Lambda_b^0 \to J/\psi p 
\pi^-$ decays

• LHCb-PAPER-2016-009 : arXiv:1604.05708 : Model-independent evidence for $J/\psi p$ contributions to $
\Lambda_b^0\to J/\psi p K^-$ decays

• LHCb-PAPER-2015-038 ; arXiv:1510.01951 : Model-independent confirmation of the $Z(4430)^-$ state

• LHCb-PAPER-2015-029 : arxiv:1507.03414 : Observation of $J/\psi p$ resonances consistent with pentaquark states 
in ${\Lambda_b^0\to J/\psi K^-p}$ decays

• LHCb-PAPER-2014-014 ; arXiv:1404.1903 : Observation of the resonant character of the $Z(4430)^-$ state

• LHCb-PAPER-2011-033 : arXiv:1202.5087 : Search for the $X(4140)$ state in $B^+\to J/\psi\phi K^+$ decays
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Blue: covered in main slides
Orange: Result new since La Thuile 2017 and not covered in main slides

https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2017-043.html
https://arxiv.org/abs/1712.08086
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-011.html
https://arxiv.org/abs/1704.07900
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-053.html
https://arxiv.org/abs/1701.05274
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-029.html
https://arxiv.org/abs/1608.00435
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-019.html
https://arxiv.org/abs/1606.07898
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-018.html
https://arxiv.org/abs/1606.07895
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-015.html
https://arxiv.org/abs/1606.06999
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-009.html
https://arxiv.org/abs/1604.05708
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-038.html
https://arxiv.org/abs/1510.01951
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-029.html
https://arxiv.org/abs/1507.03414
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-014.html
https://arxiv.org/abs/1404.1903
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2011-033.html
https://arxiv.org/abs/1202.5087


LHCb references: mesons
• LHCb-PAPER-2017-042 ;  arXiv:1712.04094 : Search for excited Bc+ states

• LHCb-PAPER-2017-036 : arXiv:1709.04247 : Precise measurement of the $\chi_{c1}$ and $\chi_{c2}$ resonance 
parameters with the decays $\chi_{c1,c2}\to J/\psi\mu^+\mu^-$

• LHCb-PAPER-2017-007 : arXiv:1706.07013 : Study of charmonium production in ${b}$-hadron decays and first 
evidence for the decay ${{{B}} ^0_{{s}}} \!\rightarrow \phi \phi \phi $

• LHCb-PAPER-2016-016 : arXiv:1607.06446 : Observation of $\eta_{c}(2S) \to p \bar p$ and search for $X(3872) \to 
p \bar p$ decays

• LHCb-PAPER-2015-015 : arXiv:1504.06339 : Quantum numbers of the $X(3872)$ state and orbital angular 
momentum in its $\rho^0 J/\psi$ decays

• LHCb-PAPER-2013-001 : arXiv:1302.6269 : Determination of the $X(3872)$ meson quantum numbers
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-042.html
https://arxiv.org/abs/1712.04094
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-036.html
https://arxiv.org/abs/1709.04247
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-007.html
https://arxiv.org/abs/1706.07013
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-016.html
https://arxiv.org/abs/1607.06446
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-015.html
https://arxiv.org/abs/1504.06339
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2013-001.html
https://arxiv.org/abs/1302.6269


LHCb references: baryons
• LHCB-PAPER-2017-023 ; arXiv:1708.05808 : Search for baryon-number-violating Ξb0 oscillations

• LHCb-PAPER-2017-016 ; arXiv:1709.01920 : Measurement of the shape of the Λb0 → Λc+ μ− νbarμ differential decay 
rate

• LHCB-PAPER-2017-018 ; arXiv:1707.01621 : Observation of the doubly charmed baryon Ξcc++

• LHCB-PAPER-2017-002 ; arXiv:1703.04639 : Observation of five new narrow Ωc0 states decaying to Ξc+ K−

• LHCB-PAPER-2016-061 ; arXiv:1701.07873 : Study of the D0 p amplitude in Λb0 → D0 p π− decays

• LHCB-PAPER-2016-010 ; arXiv:1604.03896 : Measurement of the properties of the Ξb*0 baryon

• LHCB-PAPER-2016-008 ; arXiv:1604.01412 : Measurement of the mass and lifetime of the Ωb− baryon

• LHCB-PAPER-2015-060 ; arXiv:1603.06961 : Observation of Λb0 → ψ(2S) p K− and Λb0 → J/ψ π+ π− p K− decays 
and a measurement of the Λb0 baryon mass

• LHCB-PAPER-2015-047 ; arXiv:1510.03829 : Evidence for the strangeness-changing weak decay Ξb− → Λb0 π−

• LHCB-PAPER-2014-061 ; arXiv:1411.4849 : Observation of two new Ξb− baryon resonances

• LHCB-PAPER-2014-048 ; arXiv:1409.8568 : Precision measurement of the mass and lifetime of the Ξb− baryon

• LHCB-PAPER-2014-021 ; arXiv:1405.7223 :  Precision measurement of the mass and lifetime of the Ξb0 baryon

• LHCb-PAPER-2014-010 ; arXiv:1405.1543 : Measurement of the Ξb− and Ωb− baryon lifetimes

• LHCB-PAPER-2014-003 ; arXiv:1402.6242 : Precision measurement of the ratio of the Λb0 to B0 lifetimes

• LHCB-PAPER-2014-002 ; arXiv:1403.3606 : Study of beauty hadron decays into pairs of charm hadrons

• LHCB-PAPER-2013-056 ; arXiv:1311.4823 : Studies of beauty baryon decays to D0 p h− and Λc+ h− final states

• LHCB-PAPER-2013-049 ;  arXiv:1310.2538 : Search for the doubly charmed baryon Ξcc+

• LHCB-PAPER-2012-048 ; arXiv:1302.1072 : Measurement of the Λb0, Ξb− and Ωb− baryon masses

• LHCB-PAPER-2012-012 ; arXiv:1205.3452 : Observation of excited Λb0 baryons

• LHCB-PAPER-2011-035 ; arXiv:1112.4896 : Measurement of b-hadron masses
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-023.html
http://arxiv.org/abs/1708.05808
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-016.html
https://arxiv.org/abs/1709.01920
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-018.html
http://arxiv.org/abs/1707.01621
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-002.html
http://arxiv.org/abs/1703.04639
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-061.html
http://arxiv.org/abs/1701.07873
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-010.html
http://arxiv.org/abs/1604.03896
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-008.html
http://arxiv.org/abs/1604.01412
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-060.html
http://arxiv.org/abs/1603.06961
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-047.html
http://arxiv.org/abs/1510.03829
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-061.html
http://arxiv.org/abs/1411.4849
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-048.html
http://arxiv.org/abs/1409.8568
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-021.html
http://arxiv.org/abs/1405.7223
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-010.html
https://arxiv.org/abs/1405.1543
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-003.html
https://arxiv.org/abs/1402.6242
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2014-002.html
https://arxiv.org/abs/1403.3606
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2013-056.html
http://arxiv.org/abs/1311.4823
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2013-049.html
http://arxiv.org/abs/1310.2538
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2012-048.html
http://arxiv.org/abs/1302.1072
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2012-012.html
http://arxiv.org/abs/1205.3452
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2011-035.html
http://arxiv.org/abs/1112.4896


ATLAS references
• BPHY-2017-02 : arXiv:1802.01840 : Search for a Structure in the B0sπ± Invariant Mass Spectrum with the ATLAS 

Experiment

• BPHY-2015-03 : arXiv:1610.09303 : Measurements of $\psi(2S)$ and $X(3872) \to J/\psi\pi^+\pi^-$ production in 
$pp$ collisions at $\sqrt{s} = 8$ TeV with the ATLAS detector

• BPHY-2013-07 : arXiv:1410.4409 : Search for the Xb and other hidden-beauty states using the π+π-ϒ(1S) channel 
at ATLAS

• BPHY-2012-04 : arXiv:1407.1032 : Observation of an Excited Bc± Meson State with the ATLAS Detector

• BPHY-2013-05 : arXiv:1404.7035 : Measurement of chi_c1 and chi_c2 production with sqrt(s) = 7 TeV pp collisions 
at ATLAS

• BPHY-2011-07 : arXiv:1112.5154 : Observation of a new chi_b state in radiative transitions to Upsilon(1S) and 
Upsilon(2S) at ATLAS

• ATLAS-CONF-2011-136 : Observation of the χc1(1P) and χc2(1P) charmonium states in √s = 7 TeV pp collisions at 
the ATLAS experiment

• See also: ATLAS B Physics and Light States publications
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2017-02/
https://arxiv.org/abs/1802.01840
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2015-03/
https://arxiv.org/abs/1610.09303
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2013-07/
https://arxiv.org/abs/1410.4409
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2012-04/
https://arxiv.org/abs/1407.1032
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2013-05/
https://arxiv.org/abs/1404.7035
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-07/
https://arxiv.org/abs/1112.5154
https://cds.cern.ch/record/1383839
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults


CMS references
• CMS-BPH-16-002 : arXiv:1712.06144 : Search for the X(5568) state decaying into $\mathrm{B}^{0}_{\mathrm{s}}

\pi^{\pm}$ in proton-proton collisions at $\sqrt{s} = $ 8 TeV

• CMS-BPH-13-008 : arXiv:1710.08949 : Measurement of b hadron lifetimes in pp collisions at $\sqrt{s} = $ 8 TeV

• CMS-BPH-12-001 : arXiv:1204.5955 : Observation of a New $\Xi_{b}$ Baryon

• CMS-BPH-11-026 : arXiv:1309.6920 : Observation of a peaking structure in the J/psi phi mass spectrum from B(+/-) 
to J/psi phi K(+/-) decays

• CMS-BPH-11-016 : arXiv:1309.0250 : Search for a new bottomonium state decaying to Upsilon(1S) pi+ pi- in pp 
collisions at sqrt(s) = 8 TeV

• CMS-BPH-11-011 : arXiv:1302.3968 : Measurement of the X(3872) production cross section via decays to J/psi pi pi 
in pp collisions at sqrt(s) = 7 TeV

• CMS-DP-2017-029 : Heavy Flavour distributions from CMS with 2017 data at $\sqrt{s} = 13$ TeV

• See also: CMS B Physics and Quarkonia Publications
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http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-16-002/
https://arxiv.org/abs/1712.06144
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-13-008/
https://arxiv.org/abs/1710.08949
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-12-001/index.html
https://arxiv.org/abs/1204.5955
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-11-026/index.html
https://arxiv.org/abs/1309.6920
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-11-016/index.html
https://arxiv.org/abs/1309.0250
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-11-011/index.html
https://arxiv.org/abs/1302.3968
https://cds.cern.ch/record/2276459
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/index.html


Other experimental references
• Belle : arXiv:1711.07927 : Observation of Excited Ωc Charmed Baryons in e+e− Collisions

• Belle : arXiv:1408.6457 : Observation of a new charged charmoniumlike state in B -> J/psi K pi decays

• CDF : arXiv:1712.09620 : A search for the exotic meson X(5568) with the Collider Detector at Fermilab

• CDF : arXiv:0903.2229 : Evidence for a Narrow Near-Threshold Structure in the J/ψφ Mass Spectrum in B+→J/
ψφK+ Decays

• D0 : arXiv:1712.10176 : Study of the X±(5568) state with semileptonic decays of the B0s meson

• D0 : arXiv:1602.07588 : Evidence for a B0sπ± State

• D0 : arXiv:1508.07846 : Inclusive production of the X(4140) state in ppbar collisions at D0

• D0 : arXiv:1309.6580 : Search for the X(4140) state in B+->J/psi phi K+ decays with the D0 detector
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https://arxiv.org/abs/1711.07927
https://arxiv.org/abs/1408.6457
https://arxiv.org/abs/1712.09620
https://arxiv.org/abs/0903.2229
https://arxiv.org/abs/1712.10176
https://arxiv.org/abs/1602.07588
https://arxiv.org/abs/1508.07846
https://arxiv.org/abs/1309.6580


Ξcc theory refs
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the ∆R < 0.3 cone cut and without the cone cut.

to zero. This empirical function gives a good description
of the combined backgrounds, as seen in Fig. 2.
The B0

sπ
± invariant mass spectrum is shown in

Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F [Eq. (2)] that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ,MX ,ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [13]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.
The fit function has the form

F = fsig Fsig(mBπ ,MX ,ΓX) + fbgr Fbgr(mBπ), (2)

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

for an S-wave two-body decay near threshold:

BW (mBπ) ∝
M2

XΓ(mBπ)

(M2
X −m2

Bπ)
2 +M2

XΓ2(mBπ)
. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional 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 pa-

rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
∆R < 0.3 cone cut and (b) without the cone cut.

that X(5568)→ B0
sπ

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

√

−2 ln(L0/Lmax),
where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance 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 be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK
±

mass threshold (5774 MeV/c2).
We also extract the signal from the m(B0

sπ
±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the ∆R < 0.3 cone cut and without the cone cut.

to zero. This empirical function gives a good description
of the combined backgrounds, as seen in Fig. 2.
The B0

sπ
± invariant mass spectrum is shown in

Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F [Eq. (2)] that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ,MX ,ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [13]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.
The fit function has the form

F = fsig Fsig(mBπ ,MX ,ΓX) + fbgr Fbgr(mBπ), (2)

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

for an S-wave two-body decay near threshold:

BW (mBπ) ∝
M2

XΓ(mBπ)

(M2
X −m2

Bπ)
2 +M2

XΓ2(mBπ)
. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional 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 pa-

rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
∆R < 0.3 cone cut and (b) without the cone cut.

that X(5568)→ B0
sπ

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

√

−2 ln(L0/Lmax),
where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance 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 be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK
±

mass threshold (5774 MeV/c2).
We also extract the signal from the m(B0

sπ
±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
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1.03GeV/c2. The charge of the third particle, assumed
to be a pion, has to be opposite to that of the muon.
This particle is required to have transverse momentum
0.5 < pT < 25GeV/c. The mass of the three particles
must satisfy 1.91 < m(K+K�⇡�) < 2.03MeV/c2. The
three tracks are combined to form a common D�

s decay
vertex using the algorithm described in Ref. [23]. The
D�

s vertex is required to be displaced from the pp̄ pri-
mary interaction vertex (PV) in the transverse plane with
a significance of at least three standard deviations. The
cosine of the angle between the D�

s momentum and the
vector from the PV to the D�

s decay vertex is required
to be greater than 0.9.

The trajectories of the muon and D�
s candidate are

required to be consistent with originating from a com-
mon vertex (assumed to be the B0

s semileptonic decay
vertex). The cosine of the angle between the combined
µ+D�

s transverse momentum, an approximation of the
B0

s direction, and the direction from the PV to the B0
s

decay vertex has to be greater than 0.95. The B0
s decay

vertex has to be displaced from the PV in the trans-
verse plane with a significance of at least four standard
deviations. The transverse momentum of the µ+D�

s sys-
tem is required to satisfy the condition pT > 10GeV/c
to suppress backgrounds. To minimize the e↵ect of the
neutrino in the final state the e↵ective mass is limited to
4.5GeV/c2 < m(µ+D�

s ) < m(B0
s ).

The impact parameters (IP) [24] with respect to the
PV of the four tracks from the B0

s decay are required to
satisfy the following criteria: the two-dimensional (2D)
IPs of the tracks of the muon and the pion from the D�

s
decay are required to be at least 50µm to reject tracks
emerging promptly from the PV (this requirement is not
applied to the tracks associated with the charged kaons
since the mass requirements provide satisfactory back-
ground suppression). The three-dimensional (3D) IPs of
all four tracks are required to be less than 2 cm to sup-
press combinations with tracks emerging from di↵erent
pp̄ vertices reconstructed in the same beam crossing.

The m(K+K�⇡±) distribution of the candidates
that pass these cuts (except 1.91 < m(K+K�⇡�) <
2.03MeV/c2) is shown in Fig. 2, where the invariant mass
distribution in data is compared to a fit using a function
which includes three terms: a second order polynomial
used to describe combinatorial background, a Gaussian
used to model the D� peak, and a double Gaussian with
similar, but di↵erent masses and widths used to model
the D�

s peak.
A track representing the pion in the B0

s⇡
± combination

is required to have transverse momentum 0.5 < pT <
25GeV/c (the upper limit is applied to reduce back-
ground). The pion and the B0

s candidate are combined
to form a vertex that is consistent with the PV. The
pion is required to be associated with the PV and have
a 2D IP of at most 200µm and a 3D IP that is less than
0.12 cm. Events with more than 20 B0

s⇡
± candidates

are rejected. To improve the resolution of the invariant
mass of the B0

s⇡
± system we define the invariant mass
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FIG. 2. The K+K�⇡± invariant mass distribution for the
µ±�⇡⌥ sample (right sign) with the solid curve representing
the fit. The lower mass peak is due to the decay D± ! �⇡±

and the second peak is due to the D±
s meson decay. The

blue histogram below the data points is the invariant mass
distribution for the same-sign sample, µ±�⇡± (color online).

as m(B0
s⇡

±) = m(µ+D�
s ⇡

±)�m(µ+D�
s )+m(B0

s ) where
m(B0

s ) = 5.3667GeV/c2 [25]. We study the mass distri-
bution in the range 5.506 < m(B0

s⇡
±) < 5.906GeV/c2.

When using the hadronic data from Ref. [15] in this pa-
per we use the same mass range as the semileptonic data
instead of the slightly shifted mass range used in the
original analysis (5.5 < m(B0

s⇡
±) < 5.9GeV/c2). The

semileptonic data are studied with and without a cone
cut which is used to suppress background, in which the
angle between the µ+D�

s system and ⇡± is required to
satisfy �R =

p
�⌘2 +��2 < 0.3. The resulting invari-

ant mass distributions for the semileptonic channel are
shown in Fig. 3.
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FIG. 3. The m(B0
s⇡

±) distribution for the semileptonic data
with (red upward triangles) and without (black downward
triangles) the cone cut (color online). Below 5.56GeV/c2 the
red and black points have the same values.
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FIG. 6. The comparison of the m(B0
s⇡

±) background only distributions a) without the cone cut and b) with the cone cut,
obtained using the weighted MC (histogram) and from the same sign data samples (points with error bars). The fluctuations
in the number of MC events with the cone cut are due to the weighting procedure and the size of the sample.
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FIG. 7. The background model produced according to the procedure described in the text is showm along with background
function (1) (a) with and (b) without the cone cut. The grey band shows the systematic uncertainties on the background model
(see Section VI D).

input masses em(B0
s⇡

±). Following the decay chain B0
s !

µ±D⌥
s X, and forming the invariant masses m(µ±D⌥

s ⇡
±)

and m(µ±D⌥
s ) are found. Then m(B0

s⇡
±) is calculated

and compared to the input mass em(B0
s⇡

±).
To evaluate how well the mass approximation works

to compensate for the missing neutrino, we model the
decay with a toy MC that simulates the virtual W in
B0

s ! D⌥
s +W ⇤ with an isotropic distribution of µ and ⌫

in the W boson rest frame. The resulting resolution of a
zero width resonance due to the presence of the neutrino
is modeled by a Gaussian. The width varies according to
m(B0

s⇡
±) as illustrated by the solid line in Fig. 8.

The mass resolution for the D0 detector of a state de-
caying into five reconstructed charged particles with a
similar kinematic range as in this study is measured using
the MC simulation and is given by a Gaussian function of
width 3.85MeV/c2. The m(B0

s⇡
±) resolution function is

obtained by convoluting the Gaussian tracking resolution
and the smearing resolution resulting from the missing
neutrino. The resulting combined resolution, the dashed

line in Fig. 8, can be approximated by

�SL =
⇥
3.85 + 60.93(m0.85

0 )
⇤
MeV/c2 (5)

where m0 has the same definition as in Eq. 1. These
studies show that the di↵erence between m(B0

s⇡
±) and

em(B0
s⇡

±) is less than 1MeV/c2 in the search region. This
is confirmed with the signal MC sample.

VI. SIGNAL FIT FUNCTION

The X±(5568) resonance is modeled by a relativistic
Breit-Wigner function convolved with a Gaussian detec-
tor resolution function given in Eq. 5, Fsig(m,mX ,�X),
where mX and �X are the mass and the width of the
resonance.
The fit function has the form

F = fsigFsig(m,mX ,�X) + fbgrFbgr(m), (6)
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FIG. 9. The m(B0
s⇡

±) distribution (a) with and (b) without the cone cut. The fitting function is superimposed (see text for
details).

TABLE II. Results for the fit to the semileptonic data sets (see Fig. 9).

Cone Cut No Cone Cut

Fitted mass, MeV/c2 5566.4+3.4
�2.8 (stat)

+1.5
�0.6 (syst) 5566.7+3.6

�3.4 (stat)
+1.0
�1.0 (syst)

Fitted width, MeV/c2 2.0+9.5
�2.0 (stat)

+2.8
�2.0 (syst) 6.0+9.5

�6.0 (stat)
+1.9
�4.6 (syst)

Fitted number of signal events 121+51
�34 (stat)

+9
�28 (syst) 139+51

�63 (stat)
+11
�32 (syst)

�2/ndf 34.9/(50� 4) 30.4/(50� 4)

p-value 2.1⇥ 10�5 7.7⇥ 10�6

Local significance 4.3� 4.5�

Significance including systematic uncertainties 3.2� 3.4�

B. Significance

Since we are seeking to confirm the result presented
in Ref. [15] we do not apply a correction for a look else-
where e↵ect. The systematic uncertainties are treated
as nuisance parameters to construct a prior predictive
model [25, 30] of our test statistic. When the system-
atic uncertainties are included, the significance of the
observed semileptonic signal with the cone cut is 3.2� (p-
value = 1.4⇥ 10�3). The significance of the semileptonic
signal without the cone is 3.4� (p-value = 6.4⇥ 10�4).

C. Closure Tests

We have tested the accuracy of the fitting procedure
using toy MC event samples constructed with input mass
and width of 5568.3 and 21.9MeV/c2 respectively, with
the number of input signal events varied in steps of 25
between 75 and 350. At each number of input signal
events, 10,000 pseudo-experiments were generated. The
signals are modeled with a relativistic Breit-Wigner func-
tion convolved with a Gaussian function representing the
appropriate detector resolution. The background distri-
bution is based on Eq. 1. For each trial the fitting pro-
cedure is performed to obtain the mass and width and

the number of semileptonic signal events. The results of
each set of trials is fitted with a Gaussian to determine
the mean and the uncertainty in the number of signal
events, the mass and the width (see Table V). The num-
ber of fitted signal events vs. the number of injected
signal events for the semileptonic samples are plotted in
Fig. 10.

For the ensembles with a number of input events sim-
ilar to that observed in data, there is a slight overesti-
mate of the yield and fitted mass, and the width is un-
derestimated. This width reduction is in agreement with
the results of the fits to data (Section VII), and indicate
that the semileptonic data are not sensitive to the width.
These e↵ects are accounted for in the calculation of the
significance.

D. Comparison with hadronic channel

The measured values of the mass, width, the num-
ber of signal events, and significance of the signal for
the semileptonic channel and the hadronic channel [15]
are given in Table VI. All X±(5568) parameters for the
semileptonic and hadronic channels are within uncertain-
ties.

https://arxiv.org/abs/1712.10176
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FIG. 11. The m(B0
s⇡

±) distribution for the hadronic (red squares) and semileptonic (black circles) data with the combined
fitting function superimposed (a) with and (b) without the cone cut. (see text for details, the resulting fit parameters are given
in Table VIII). The background parametrization function is taken from Eq. 1.

TABLE VIII. Results for the combined fit to the hadronic and semileptonic data sets (see Fig. 11).

Cone Cut No Cone Cut

Fitted mass, MeV/c2 5566.9+3.2
�3.1 (stat)

+0.6
�1.2 (syst) 5565.8+4.2

�4.0 (stat)
+1.3
�2.0 (syst)

Fitted width, MeV/c2 18.6+7.9
�6.1 (stat)

+3.5
�3.8 (syst) 16.3+9.8

�7.6 (stat)
+4.2
�6.5 (syst)

Fitted number of hadronic signal events 131+37
�33 (stat)

+15
�14 (syst) 99+40

�34 (stat)
+18
�33 (syst)

Fitted number of semileptonic signal events 147+42
�37 (stat)

+17
�16 (syst) 111.7+46

�39 (stat)
+20
�38 (syst)

�2/ndf 94.7/(100� 6) 54.2/(50� 6)

p-value 2.2⇥ 10�14 1.9⇥ 10�8

Local significance 7.6� 5.6�

Significance with LEE 6.9� 5.0�

Significance with LEE+systematics 6.7� 4.7�

A. Systematic uncertainties

The systematic uncertainties of the combined fit are
given in Table X. The uncertainty on (i) the back-
ground shape descriptions is evaluated by using the al-
ternative paramaterizations of the background, Eqs. (2),
(3) and the smoothed MC histogram independently for
the semileptonic and the hadronic channels (16 di↵erent
fits) and finding the maximal deviations from the nomi-
nal fit.

The e↵ect of (ii) the MC weighting for the semileptonic
background is estimated by creating 1000 background
samples where the weights have been randomly varied
based on the uncertainties in the weighting procedure
and measuring the standard deviation and bias of the
measured values.

The (iii) MC component of the background for the
hadronic sample is made up of a mixture of two inde-
pendent MC samples with di↵erent production proper-
ties (see Ref. [15]) and the systematic uncertainties due

to this are found by varying the composition of this mix-
ture and measuring the standard deviation and bias of
the measured values. The (iv) size of the hadronic side-
bands is varied using the maximal deviations from the
nominal fit to estimate the systematic uncertainty.
The systematic uncertainty due to the (v) fraction of

MC and SS data in the semileptonic sample, (vi) the MC
and side band data in the case of the hadronic, is var-
ied independently between the two samples measuring
the standard deviation and bias of the measured values.
Since the background model for the semileptonic sam-
ple without the cone cut only uses the MC background
simulation this uncertainty (v) does not apply.
All of the uncertainties due to the modeling of the

background are assumed to be independent for the
hadronic and semileptonic data samples.
The remaining uncertainties are measured by finding

the maximal deviations from the nominal fit for (vii)
varying the energy scale in the semileptonic and hadronic
MC data samples by ±1MeV/c2 in both samples si-
multaneously; (viii) varying the nominal mass resolu-
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5 Results

After the selections were decided upon, the analysis was unblinded. A search is conducted
by scanning the PB invariant mass distributions in the four final states shown in Fig. 5.
The step size used in these scans is 4.0MeV, corresponding to about half the invariant
mass resolution. No signal is observed with the expected width of approximately 7.5 MeV.
The PB mass resolution seen in the simulated samples is 6.0 MeV for modes I, II, III,
and 5.2 MeV for mode IV which, as expected, is similar to the 7.5 MeV width seen in
data for the ⇤0

b baryon in the (J/ ! µ+µ�)K�p final state, when the two muons are
constrained to the J/ mass. In order to obtain conservative results, we set upper limits
based on the wider 7.5 MeV signal width.

At each PB scan mass value mPB , the signal region is a ±2�(mPB) window around
mPB , while the background is estimated by interpolating the yields in the sidebands
starting at 3�(mPB) from mPB and extending to 5�(mPB), both below and above mPB

following Ref. [21]. The statistical test at each mass is based on the profile likelihood
ratio of Poisson-process hypotheses with and without a signal contribution, where the
uncertainty on the background interpolation is modeled as purely Poisson (see Ref. [21]
for details). No significant excess of signal candidates is observed over the expected
background. The upper limits are set on the signal yields using the profile likelihood
technique, in which systematic uncertainties are handled by including additional Gaussian
terms in the likelihood.

In the absence of a significant signal, we set upper limits in each PB candidate mass
interval on the ratio

R =
�(pp ! PBX) · B(PB ! J/ X)

�(pp ! ⇤0
bX) · B(⇤0

b ! J/ K�p)
, (1)

where we use the ⇤0
b ! J/ K�p channel for normalization. The product of the production

cross section and branching fraction of this channel has been measured by the LHCb

Table 2: Decay modes that are vetoed for each pentaquark candidate mode and the specific
particle misidentification that causes the reflection.

Search mode Reflection Particle misidentification
P+
B0p ! J/ K+⇡�p B+ ! J/ K+⇡�⇡+ ⇡+ to p

B+ ! J/ ⇡+⇡�K+ ⇡+ to K+ and K+ to p
P�
⇤0
b⇡

� ! J/ K�⇡�p B� ! J/ K�⇡�⇡+ ⇡+ to p

B� ! J/ (�! K�K+)⇡� K+ to p
P+
⇤0
b⇡

+ ! J/ K�⇡+p B+ ! J/ (�! K�K+)⇡+ K+ to p

P+
B0

sp
! J/ �p B+ ! J/ �K+ K+ to p
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95% CL UL on R

⇡� candidate momenta projected in the plane transverse to the beam axis; the angles
between the B(⇤)

c (2S)+ momentum and the B+
c , ⇡

+, and ⇡� momenta in the B(⇤)
c (2S)+

centre-of-mass frame; the minimum cosine value of the angles between the momentum
of the B+

c meson or of one of the pions from B(⇤)
c (2S)+ and the momentum of the

muons or pion from the B+
c meson; and the vertex-fit �2 of the B(⇤)

c (2S)+ meson. In
simulation, these variables have similar distributions for the Bc(2S)+ ! B+

c ⇡
+⇡� and

B⇤
c (2S)

+ ! B⇤+
c (! B+

c �)⇡
+⇡� decays. Therefore, the combination of the simulated

candidates for the decays Bc(2S)+ ! B+
c ⇡

+⇡� and B⇤
c (2S)

+ ! B⇤+
c (! B+

c �)⇡
+⇡� is

used as signal for the MLP training, and the background sample consists of the can-
didates in the lower and upper sidebands of the M(B+

c ⇡
+⇡�) mass spectrum in data,

with M(B+
c ⇡

+⇡�) 2 [6555, 6785]MeV/c2 and [6900, 7500]MeV/c2, respectively. The MLP
response is transformed to make the signal candidates distributed evenly between zero
and unity, and the background candidates cluster near zero. Only the candidates with
transformed output values smaller than 0.02 are rejected, retaining 98% of the signal. The
remaining candidates are divided into four categories with the MLP response falling in
(0.02, 0.2), [0.2, 0.4), [0.4, 0.6) and [0.6, 1.0], respectively. The M(B+

c ⇡
+⇡�) distributions

in the expected signal region for the four MLP categories are shown in Fig. 2. The mass res-
olutions on M(B+

c ⇡
+⇡�) for the B(⇤)

c (2S)+ state, �w(B
(⇤)
c (2S)+), can be determined from

the simulated samples of the Bc(2S)+ ! B+
c ⇡

+⇡� and B⇤
c (2S)

+ ! B⇤+
c (! B+

c �)⇡
+⇡�

decays. The di↵erences between the mass resolutions in data and simulation are evaluated
with the control decay mode B+

c ! J/ ⇡+⇡�⇡+, which has the same final state as the
signal and a large yield, and are corrected by applying a scale factor. The obtained mass
resolutions are �w(Bc(2S)+) = 2.05± 0.05MeV/c2 and �w(B⇤

c (2S)
+) = 3.17± 0.03MeV/c2.

The M(B+
c ⇡

+⇡�) distributions are consistent with the background-only hypothesis, as
determined by the scan described below.

4 Upper limits

As no significant B(⇤)
c (2S)+ signal is found, upper limits are set, for each B(⇤)

c (2S)+ mass

hypothesis, on the ratio R of the B(⇤)
c (2S)+ production cross-section times the branching

fraction of B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡� to the production cross-section of the B+
c state.

The ratio R is determined for B(⇤)
c (2S)+ and B+

c candidates in the kinematic ranges
pT 2 [0, 20]GeV/c and rapidity y 2 [2.0, 4.5], and is expressed as

R =
�
B

(⇤)
c (2S)+

�B+
c

· B(B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡�)

=
N

B
(⇤)
c (2S)+

NB+
c

·
"B+

c

"
B

(⇤)
c (2S)+

,

(2)

where � is the production cross-section, N the yield, and " the e�ciency of reconstructing
and selecting the B+

c or B(⇤)
c (2S)+ candidates in the required pT and y regions. In the

case �M = 0, the reconstructed Bc(2S)+ and B⇤
c (2S)

+ states fully overlap, and the ratio
R corresponds to the sum of the R values of the Bc(2S)+ and B⇤

c (2S)
+ states. The upper

limits are calculated using the CLs method [36], in which the upper limit for each mass
hypothesis is obtained from the CLs value calculated as a function of the ratio R. The
test statistic is the ratio of the likelihoods of the signal-plus-background hypothesis and

4

Table 2: Summary of the systematic uncertainties entering the upper limit calculation for the
four MLP categories.

MLP category (0.02, 0.2) [0.2, 0.4) [0.4, 0.6) [0.6, 1.0]

NB+
c

1.0%
"B+

c
0.5%

NB 4.2% 9.0% 15.0% 6.9%

Bc(2S)+! B+
c ⇡

+⇡�

"Bc(2S)+ 4.6% 4.7% 4.9% 3.6%
E�ciency variation vs. M(Bc(2S)+) 0.6% 1.3% 1.8% 2.7%

B⇤
c (2S)

+! B⇤+
c ⇡+⇡�

"B⇤
c (2S)

+ 3.5% 3.3% 3.3% 2.7%
E�ciency variation vs. M(B⇤

c (2S)
+) 1.0% 1.8% 2.5% 4.3%

Table 3: Comparison of the R value between the LHCb upper limits at 95% CL and the ATLAS

measurement [18], where 0 < "7,8  1 are the relative e�ciencies of reconstructing the B(⇤)
c (2S)+

candidates with respect to the B+
c signals for the 7 and 8TeV data, respectively.

p
s = 7TeV

p
s = 8TeV

ATLAS (0.22± 0.08 (stat))/"7 (0.15± 0.06 (stat))/"8

LHCb – < [0.04, 0.09]

The LHCb and ATLAS results are compatible only in case of very large (unpublished)

relative e�ciency of reconstructing the B(⇤)
c (2S)+ candidates with respect to the B+

c

signals for the ATLAS measurement.

5 Summary

In summary, a search for the Bc(2S)+ and B⇤
c (2S)

+ states is performed at LHCb with a
data sample of pp collisions, corresponding to an integrated luminosity of 2 fb�1, recorded
at a centre-of-mass energy of 8 TeV. No significant signal is found. Upper limits on
the Bc(2S)+ and B⇤

c (2S)
+ production cross-sections times the branching fraction of

B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡� relative to the B+
c cross-section, are given as a function of the

Bc(2S)+ and B⇤
c (2S)

+ masses.
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1 Introduction

The Bc meson family is unique in the Standard Model, as its states contain two di↵erent
heavy-flavour valence quarks. It has a rich spectroscopy, predicted by various models [1–14]
and lattice QCD [15]. The ground state of the Bc meson family, the B+

c meson, was first
observed by the CDF experiment [16, 17] at the Tevatron collider in 1998.1 Recently,
the ATLAS collaboration reported observation of an excited Bc state with a mass of
6842± 4 (stat)± 5 (syst)MeV/c2 [18]. Since the production cross-section of the Bc(23S1)+

state is predicted to be more than twice that of the Bc(21S0)+ state [8,13,19,20], the most
probable interpretation of the single peak is either a signal for Bc(23S1)+! B⇤+

c ⇡+⇡�,
followed by B⇤+

c ! B+
c � with a missing low-energy photon, or an unresolved pair of peaks

from the decays Bc(21S0)+! B+
c ⇡

+⇡� and Bc(23S1)+! B⇤+
c ⇡+⇡�.2 The Bc(21S0)+ and

Bc(23S1)+ states are denoted as Bc(2S)+ and B⇤
c (2S)

+ hereafter, and B(⇤)
c (2S)+ denotes

either state.
In the present paper, the Bc(2S)+ and B⇤

c (2S)
+ mesons are searched for using pp

collision data collected by the LHCb experiment at
p
s = 8TeV, corresponding to an

integrated luminosity of 2 fb�1. The Bc(2S)+ and B⇤
c (2S)

+ mesons are reconstructed
through the decays Bc(2S)+! B+

c ⇡
+⇡� and B⇤

c (2S)
+! B⇤+

c ⇡+⇡� with B⇤+
c ! B+

c �,

B+
c ! J/ ⇡+ and J/ ! µ+µ�. The branching fraction of the B(⇤)

c (2S)+ ! B(⇤)+
c ⇡+⇡�

decay, B(B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡�), is predicted to be between 39% and 59% [8, 13]. The
low-energy photon in the B⇤

c (2S)
+ decay chain is not reconstructed. The B⇤

c (2S)
+ state

still appears in the invariant mass M(B+
c ⇡

+⇡�) spectrum as a narrow mass peak [20, 21],
which is centered at M(Bc(2S)+)��M , where

�M ⌘
⇥
M(B⇤+

c )�M(B+
c )

⇤
�
⇥
M(B⇤

c (2S)
+)�M(Bc(2S)

+)
⇤
, (1)

and M(B+
c ) is the known mass of B+

c . According to theoretical predictions [1–11], the mass
of the Bc(2S)+ state, M(Bc(2S)+), is expected to be in the range [6830, 6890]MeV/c2,
and �M in the range [0, 35]MeV/c2, such that the peak position of the B⇤

c (2S)
+ state in

M(B+
c ⇡

+⇡�) is expected to be in the range [6795, 6890]MeV/c2.

2 Detector and simulation

The LHCb detector [22, 23] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector (TT) located upstream of a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw drift tubes placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
at 200GeV/c. The minimum distance of a track to a primary vertex (PV), the impact

1Sums over charge-conjugated modes are implied throughout this paper.
2The spectroscopic notation n2s+1LJ is used, where n is the radial quantum number, s the total spin

of the two valence quarks, L their relative angular momentum (S implies L = 0), and J the total angular
momentum of the system, i.e. spin of the excited state. B⇤+

c denotes the Bc(13S1)+ state.

1

R is ratio of excited vs ground-state Bc+ yields, corrected for effic:

https://arxiv.org/abs/1712.04094


χb → 𝛶γ (𝛶 → μ+μ−)
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ᶩb → ᶕ ᶍ (→ ᶞ+ᶞ-)

● Trigger conditions: opposite-sign muon pair with invariant mass in range 8.5-11.5 
GeV, pT > 12 GeV, single muons |ᶙ| < 1.5 and vertex-fit probability > 0.5%

● The ᶍ has pT > 12 GeV

● The ᶕ is a converted photon

● The distance between the ᶍ and the ᶕ vertices along the beam direction is < 1 mm

● The ᶍ ᶕ system has a vertex-fit probability > 1%

● Fit method: unbinned extended maximum likelihood

○ Signal: double side Crystal Ball for each peak with common n, ᶓ
■ m(ᶩb2) - m(ᶩb1) fixed to previous CMS results

■ first peak corresponds to the misreconstructed decay ᶩb(2P) → ᶕ ᶍ(2S) (→ ᶍ(1S)ᶢ+ᶢ-)

○ Background: exponential times power law 36

https://cds.cern.ch/record/2276459


χb → 𝛶γ (𝛶 → μ+μ−)

41CMS-DP-2017-029

ᶩb → ᶕ ᶍ (→ ᶞ+ᶞ-)

37

Mass[ᶩb1(1P)] = 9.890 ± 0.001 (stat.) GeV, Mass[ᶩb2(1P)] = 9.910 ± 0.001 (stat.) GeV
Mass[ᶩb1(2P)] = 10.248 ± 0.001 (stat.) GeV, Mass[ᶩb2(2P)] = 10.260 ± 0.001 (stat.) GeV
Mass[ᶩb1(3P)] = 10.497 ± 0.001 (stat.) GeV, Mass[ᶩb2(3P)] = 10.507 ± 0.001 (stat.) GeV

https://cds.cern.ch/record/2276459
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This agrees beautifully with the measurement of 3519 ± 2 MeV/c2from the
original double charm baryon report. We present these data as confirmation of
the double charm state at 3520 MeV/c2 in a new decay mode Ξ+

cc → pD+K−.
The weighted average mass is 3518.7 ± 1.7 MeV/c2. The mass distributions
for the two channels are shown in Fig. 4.
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Fig. 4. Gaussian fits for Ξ+
cc → Λ+

c K−π+ and Ξ+
cc → pD+K− (shaded data) on

same plot

We have used the simulation to study the relative acceptance for the two de-
cay channels Ξ+

cc → pD+K− and Ξ+
cc → Λ+

c K−π+ in order to quote a relative
branching ratio. The overall acceptance, including the single charm selection
and the proton ID requirements in the Ξ+

cc → pD+K− mode, is very similar.
SELEX measures the relative branching ratio Γ(Ξ+

cc → pD+K−)/Γ(Ξ+
cc → Λ+

c K−π+)
= 0.36±0.21. The systematic error due to acceptances is well understood from
single charm studies and is negligible compared to the statistical error.

In Ref. [1] we noted that all observed ccd events were produced by the baryon
beams. None came from pions. In this sample, 1 event out of the 7 in the peak
region seen in Fig. 2 is a pion beam event, and 1 of the 19 sideband events
comes from the pion beam sample. This sample is consistent with the view
that double charm baryons are produced dominantly by the baryon beams
in SELEX. In another comparison, we had noted that the Ξ+

cc → Λ+
c K−π+

decays had an exceptionally short reduced proper time distribution, indicating
a Ξ+

cc decay lifetime 5-10 times shorter than the Λ+
c lifetime. That feature is

confirmed by the Ξ+
cc → pD+K− channel. As we noted in Ref. [1], our lifetime

resolution is excellent but we cannot exclude 0 lifetime (strong decay) for these
events. The width of this peak is completely consistent with simulation of a

9

SELEX

PRL 89:112001 (2002) and PLB 628:18 (2005)

• In 2002 and 2004, SELEX published results on a weakly-
decaying Ξcc+ at 3518 MeV/c2

•Ξcc+ → Λc+ K− π+: 15.9 events over background of 6.1 ± 0.5 => 6.3σ
•Ξcc+ → p D+ K−: 5.62 events over background of 1.38 ± 0.13 => 4.8σ
• ... and also unpublished results on 4 other claimed Ξcc states

• These observations were not been confirmed.
•Searches by BABAR, Belle, FOCUS, LHCb-(0.65/fb)
•SELEX used O(1600) Λc+, FOCUS O(20k), BaBar+Belle O(1M)

A Reprise

Selex has observed 4 narrow, high-mass peaks in the mass range
expected for Double Charm Baryons
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(unpublished)

See also: hep-ex/0212029

http://arxiv.org/abs/hep-ex/0208014
http://arxiv.org/abs/hep-ex/0406033
http://www-selex.fnal.gov/documentation/fnal.pdf
http://arxiv.org/abs/hep-ex/0212029
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Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq 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 Ja↵e 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 pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B0
!  0K�⇡+ decays [7–9], implying 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 ⇤0
b ! J/ K�p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
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 ⇤⇤

! 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), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b ! J/ ⇤⇤ and (b) ⇤0

b ! P+
c K� decay.
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Figure 2: Invariant mass of (a) K�p and (b) J/ p combinations from ⇤0
b ! J/ K�p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.

1

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective 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 ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

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 (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). 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 Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Table 1: The ⇤⇤ resonances used in the di↵erent fits. Parameters are taken from the PDG [12].
We take 5/2� for the JP of the ⇤(2585). 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

= (1, 0) for ⇤(1520). A zero entry means the state is excluded

from the fit.

State JP M0 (MeV) �0 (MeV) # Reduced # Extended

⇤(1405) 1/2� 1405.1+1.3
�1.0 50.5± 2.0 3 4

⇤(1520) 3/2� 1519.5± 1.0 15.6± 1.0 5 6
⇤(1600) 1/2+ 1600 150 3 4
⇤(1670) 1/2� 1670 35 3 4
⇤(1690) 3/2� 1690 60 5 6
⇤(1800) 1/2� 1800 300 4 4
⇤(1810) 1/2+ 1810 150 3 4
⇤(1820) 5/2+ 1820 80 1 6
⇤(1830) 5/2� 1830 95 1 6
⇤(1890) 3/2+ 1890 100 3 6
⇤(2100) 7/2� 2100 200 1 6
⇤(2110) 5/2+ 2110 200 1 6
⇤(2350) 9/2+ 2350 150 0 6
⇤(2585) ? ⇡2585 200 0 6
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Figure 6: Results for (a) mKp and (b) mJ/ p for the extended ⇤⇤ model fit without P+
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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Figure 4: Invariant mass spectrum of J/ K�p combinations, with the total fit, signal and
background components shown as solid (blue), solid (red) and dashed lines, respectively.

⇤0
b decay phase space. Backgrounds from ⌅b 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 (±2 �) of the
J/ K�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 ⇤0

b signal
shape is parameterized by a double-sided Hypatia function [24], where the signal radiative
tail parameters are fixed to values obtained from simulation. For subsequent analysis we
constrain the J/ K�p four-vectors to give the ⇤0

b invariant mass and the ⇤0
b momentum

vector to be aligned with the measured direction from the primary to the ⇤0
b vertices [25].

In Fig. 5 we show the “Dalitz” plot [26] using the K�p and J/ p invariant masses-
squared as independent variables. A distinct vertical band is observed in the K�p invariant
mass distribution near 2.3 GeV2 corresponding to the ⇤(1520) resonance. There is also a
distinct horizontal band near 19.5 GeV2. As we see structures in both K�p and J/ p 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/ K� invariant mass.

We consider the two interfering processes shown in Fig. 1, which produce two distinct
decay sequences: ⇤0

b ! J/ ⇤⇤, ⇤⇤
! K�p and ⇤0

b ! P+
c K�, P+

c ! J/ p, with J/ !

µ+µ� in both cases. We use the helicity formalism [27] in which each sequential decay
A ! B C contributes to the amplitude a term

H
A!BC
�B ,�C

D JA
�A,�B��C

(�B, ✓A, 0)
⇤RA(mBC) = H

A!BC
�B ,�C

ei�A �B d JA
�A,�B��C

(✓A)RA(mBC), (1)

where � is the quantum number related to the projection of the spin of the particle onto
its momentum vector (helicity) and H

A!BC
�B ,�C

are complex helicity-coupling amplitudes

4
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•Combined significance (vs no Pc) ~ 15σ
•Pc(4380)+: m=4380±8±29 MeV, Γ=205±18±86 MeV, ~9σ
•Pc(4450)+: m=4449.8±1.7±2.5 MeV, Γ=39±5±19 MeV, ~12σ
•Preferred JP: 3/2− and 5/2+ for lower and heavier
•Also compatible with reversed parity: 3/2+ and 5/2− 44
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the Pc(4450)+ state and b) the Pc(4380)+ state, each divided into six mJ/ p bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (mJ/ p increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 12

= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
Pc(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state Pc(4450)+ has a mass of 4449.8± 1.7± 2.5 MeV and a width of 39± 5± 19
MeV. A model-independent representation of the Pc(4450)+ 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 (4.1± 0.5± 1.1)%, and the lower mass state of
(8.4± 0.7± 4.2)%, of the total ⇤0

b ! J/ K�p sample.
We express our gratitude to our colleagues in the CERN accelerator departments for

the excellent performance of the LHC. We thank the technical and administrative sta↵
at the LHCb institutes. We acknowledge support from CERN and from the national
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
(France); BMBF, DFG, HGF and MPG (Germany); INFN (Italy); FOM and NWO (The
Netherlands); MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FANO
(Russia); MinECo (Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United

15


