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BLUF

[Bottom Line Up Front]

QCD is hard but necessary

Ü We need to test it
. . . which is now often called “determining backgrounds”

Charmonia spectroscopy is a good test-ground

Pentaquarks have appeared and disappeared in the past

To understand the data, a full angular fit is needed

We see two states in Λ0
b→ J/ψpK involving five quarks. Their

nature is yet unclear.
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Precision Measurements 1973

1983

Sensitive to “New” Physics effects off-shell

When was the Z discovered?

1973 from νN→ νN
1983 at SpS collider?

c quark needed to explain K 0
L→ µ+µ− (GIM)

Third family (b,t) to explain CP violation
(Kobayashi & Maskawa)

Generic New Physics Amplitude:

A = A0

(
CSM

M2
W

+
CNP

Λ2

)
Ü Sensitive to very high NP

scales Λ
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Precision Measurements 1973

1987

Sensitive to “New” Physics effects off-shell

When was the Z discovered?

1973 from νN→ νN
1983 at SpS collider?

c quark needed to explain K 0
L→ µ+µ− (GIM)

Third family (b,t) to explain CP violation
(Kobayashi & Maskawa)

4 Estimate masses

t quark from BB mixing
4 Much larger mass coverage than

√
s

4 Get phases of couplings

Half of new parameters
Needed for a full understanding

Look in lepton and flavour sectors

Ü CP asymmetry in the Universe
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Precision Measurements 1973

1987

Generic New Physics Amplitude:

A = A0

(
CSM

M2
W

+
CNP

Λ2

)
Check out my Scholarpedia article
on Rare Decays. [Scholarpedia 32643]

Where to look?

Need three ingredients:

1 Precise SM prediction

2 (desirable) Precise beyond-SM
predictions

3 Good experimental precision
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Are we already seeing New Physics?
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7 7

There’s a handful of intriguing 3–4σ anomalies
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QCD background Ü
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LHCbLHCb
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LHCb Physics ProgrammeLHCb Physics Programme

CKM and CP violation
with b and c hadrons

Rare decays of b hadrons
and c hadrons

Spectroscopy in pp
interactions and B decays

Electroweak and QCD
measurements in the
forward acceptance

Heavy quark production

Exotica searches
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LHCb Detector

VeLo

TT Dipole
Tracker

Forward detector (many b hadrons produced forward at LHC, (164.6±
2.3± 14.6) µb in acceptance at 13TeV [LHCb, LHCb-PAPER-2016-031, in preparation])

Warm dipole magnet. Polarity can be reversed

4 Good momentum and position resolution

Vertex detector gets 8mm to the beam

4 Excellent Particle ID
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LHCb Detector

RICH1

RICH2

Forward detector (many b hadrons produced forward at LHC, (164.6±
2.3± 14.6) µb in acceptance at 13TeV [LHCb, LHCb-PAPER-2016-031, in preparation])

Warm dipole magnet. Polarity can be reversed

4 Good momentum and position resolution, high efficiency

4 Excellent Particle ID
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Integrated luminosity

Year

In
te

gr
at

ed
 R

ec
or

de
d 

Lu
m

in
os

ity
 (

1/
fb

)

0

1

2

3

4

5

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2016

2010 2011 2012 2015 2016

2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.32 /fb

2012 (4.0 TeV): 2.08 /fb

2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb

LHCb levelled continuously.

Atlas & CMS fall
off exponentially.

[Lumi Plots]
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Quantum Chromodynamics
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Quarkonia spectroscopy

[Phys. Rev. Lett. 33 (1974) 1404]

The strongly interacting particles in the SM
are quarks and gluons.
The strongly interacting particles in Nature
are mesons and baryons.

Related to each other by long-distance
QCD, which is poorly understood

Ü Need QCD models, and those need
testing

Quarkonia spectroscopy is an area
where these tests can be performed
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Charmonium Levels
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Some disagreement

[IPCC AR5 Report]
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Bottomonium Predictions
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Bottomonium Levels
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Quarkonia spectroscopy

[Phys. Rev. Lett. 33 (1974) 1404]

The strongly interacting particles in the SM
are quarks and gluons.
The strongly interacting particles in Nature
are mesons and baryons.

Related to each other by long-distance
QCD, which is poorly understood

Ü Need QCD models, and those need
testing

Quarkonia spectroscopy is an area
where these tests can be performed

4 The picture seems very successful
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Observation of the X (3872) Resonance

[Belle, PRL 91, 262001 (2003), arXiv:hep-ex/0309032]
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Ü

Belle reported a clear peak in the
J/ψπ+π− mass spectrum above the
ψ(2S) in B+→ J/ψπ+π−K + decays
(36± 7 events)

MX = 3872.0± 0.6± 0.5 MeV/c2

Γ < 2.3 MeV

close to the D0D∗0 threshold
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Hidden charm states decaying to J/ψπ+π−
[E705, PRD 50 4258 (1994)]

J/ψπ+π− in 10 GeV/cπ±Li
interactions

Was the X(3872) seen in 1993
at FermiLab?
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Quarkonia spectroscopy

[Phys. Rev. Lett. 33 (1974) 1404]

The strongly interacting particles in the SM
are quarks and gluons.
The strongly interacting particles in Nature
are mesons and baryons.

Related to each other by long-distance
QCD, which is poorly understood

Ü Need QCD models, and those need
testing

Quarkonia spectroscopy is an area
where these tests can be performed

7 But then came the X (3872) with
isospin-violating decays

The first of a long series
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Exotica Timeline

[Lebed, Mitchell, Swanson, arXiv:1610.04528]

X(3872) observed at Belle

X(3872) confirmed at D0, CDF

X(3915) [as Y (3940)] observed at Belle

Y (4260) observed at BaBar

χc2(2P ) [as Z(3930)] observed at Belle

Y (4260) confirmed at CLEO-c

X(3940), Y (4008), Y (4660) observed at Belle

Y (4360) observed at BaBar

Y (4360) confirmed at Belle

X(3915) [as Y (3940)] confirmed at BaBar

X(3940) confirmed at Belle

Z±(4050), X(4160), Z±(4250), Z±(4430), X(4630)

observed at Belle

Y (4140) observed at CDF

X(3915), X(4350), Yb(10888) observed at Belle

χc2(2P ) [as Z(3930)] confirmed at BaBar

Y (4274) observed at CDF

X(3915) confirmed at BaBar

Zb(10610)± observed and confirmed at Belle

Zb(10650)± observed and confirmed at Belle

X(3823) [likely ψ2(1D)], Zb(10610)0 observed and confirmed at Belle

Zc(3900)±, Zc(4020)± observed at BESIII

Zc(3900)± confirmed at Belle

Zc(3900)0 observed at CLEO-c

Zc(4020)0 observed at BESIII

Y (4140) confirmed at D0, CMS

Y (4274) confirmed at CMS

Y (4660) confirmed at BaBar

Zc(4020)± confirmed at BESIII

Z±(4200) observed at Belle

Z±(4240) observed at LHCb

Z±(4430) confirmed at LHCb

X(3823) [likely ψ2(2D)], Zc(3900)0, Zc(4020)0 confirmed at BESIII

Zc(4055)± observed at Belle

Y (4230) observed at BESIII

P+
c (4380), P+

c (4450) observed at LHCb

Yb(10888) no longer observed at Belle

X(5568)± observed at D0

X(5568)± NOT observed at LHCb

Y (4140), Y (4274) confirmed at LHCb

X(4500), X(4700) observed at LHCb
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1

signal. To determine an upper limit on the total width, we
repeated the fits using a resolution-broadened Breit-
Wigner (BW) function to represent the signal. This fit
gives a BW width parameter that is consistent with zero:

! ! 1:4" 0:7 MeV. From this we infer a 90% confidence
level (C.L.) upper limit of ! < 2:3 MeV.

The open histogram in Fig. 3(a) shows the !#!$

invariant mass distribution for events in a "5 MeV win-
dow around the X%3872& peak; the shaded histogram
shows the corresponding distribution for events in the
nonsignal "E-Mbc region, normalized to the signal
area. The !#!$ invariant masses tend to cluster near
the kinematic boundary, which is around the " mass; the
entries below the " are consistent with background. For
comparison, we show the !#!$ mass distribution for the
 0 events in Fig. 3(b), where the horizontal scale is shifted
and expanded to account for the different kinematically
allowed region. This distribution also peaks near the
upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions
for B# ! K#X%3872&, X%3872&! !#!$J= and B# !
K# 0,  0 ! !#!$J= to be

B!B# ! K#X%3872&"'B!X%3872&! !#!$J= "
B%B# ! K# 0& 'B% 0 ! !#!$J= & ! 0:063" 0:012%stat& " 0:007%syst&:

Here the systematic error is mainly due to the uncertain-
ties in the efficiency for the X%3872&! !#!$J= chan-
nel, which is estimated with MC simulations that use
different models for the decay [13].

The decay of the 3Dc2 charmonium state to #$c1 is an
allowed E1 transition with a partial width that is ex-
pected to be substantially larger than that for the
!#!$J= final state; e.g., the authors of Ref. [4] pre-
dict !%3Dc2 ! #$c1& > 5' !%3Dc2 ! !#!$J= &. We
searched for an X%3872& signal in the #$c1 decay chan-
nel, concentrating on the $c1 ! #J= final state.

We select events with the same J= ! ‘#‘$ and
charged kaon requirements plus two photons, each with
energy more than 40 MeV. We reject photons that form a
!0 when combined with any other photon in the event. We
require one of the #J= combinations to satisfy

398 MeV< %M#‘#‘$ $M‘#‘$&< 423 MeV (correspond-
ing to $15 MeV< %M#J= $M$c1

&< 10 MeV). In the
following we use M#$c1

( M##‘#‘$ $M#‘#‘$ #MPDG
$c1

,
where MPDG

$c1
is the PDG $c1 mass value [9].

The B! K#$c1, $c1 ! #J= decay processes have a
large combinatoric background from B! K$c1 decays
plus an uncorrelated # from the accompanying B meson.
This background produces a peaking at positive "E val-
ues that is well separated from zero and is removed by the
"E< 30 MeV requirement. Because of the complicated
"E background shape and its correlation with Mbc, we do
not include "E in the likelihood fit. Instead, we perform
an unbinned fit to the M#$c1

and Mbc distributions with
the same signal and background PDFs for Mbc and M#$c1

that are used for the !#!$J= fits. We fix the Gaussian
widths at their MC values, and the  0 and X%3872& masses
at the values found from the fits to the !#!$J= chan-
nels. The signal yields and background parameters are
allowed to float.

The signal-band projections of Mbc and M#$c1
for the

 0 region are shown in Figs. 4(a) and 4(b), respectively,
together with curves that show the results of the fit. The
fitted signal yield is 34:1" 6:9" 4:1 events, where the
first error is statistical and the second is a systematic error
determined by varying the Mbc and M#$c1

resolutions
over their allowed range of values. The number of ob-
served events is consistent with the expected yield of
26" 4 events based on the known B! K 0 and  0 !
#$c1 branching fractions [9] and the MC-determined
acceptance.

The results of the application of the same procedure
to the X%3872& mass region are shown in Figs. 4(c) and
4(d). Here, no signal is evident; the fitted signal yield is

0.40 0.50 0.60 0.70 0.80
0

2.5

5

E
ve

nt
s/

0.
00

8 
G

eV

0.31 0.41 0.51 0.61

M(π+π-) (GeV)

0

12.5

25

E
ve

nt
s/

0.
00

6 
G

eV

FIG. 3. M%!#!$& distribution for events in the
(a) M%!#!$J= & ! 3872 MeV signal region, and (b) the  0

region. The shaded histograms are sideband data normalized to
the signal-box area. Note the different horizontal scales.

 (GeV)bcM
5.2 5.22 5.24 5.26 5.28 5.3

E
ve

nt
s 

/ (
 0

.0
05

 G
eV

 )

0

5

10

15

20

25

30

35

40 a)

) (GeV)ππ ψM(J/
3.82 3.84 3.86 3.88 3.9 3.92

E
ve

nt
s 

/ (
 0

.0
05

 G
eV

 )

0

5

10

15

20

25

30

35 b)

E (GeV)∆
-0.1 -0.05 0 0.05 0.1 0.15 0.2

E
ve

nt
s 

/ (
 0

.0
15

 G
eV

 )

0

5

10

15

20

25 c)

FIG. 2 (color online). Signal-band projections of (a) Mbc,
(b) M!#!$J= , and (c) "E for the X%3872&! !#!$J= signal
region with the results of the unbinned fit superimposed.

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-4 262001-4

(a)

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
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sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.

PRL 95, 142001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005

142001-5

(c)

A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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signal. To determine an upper limit on the total width, we
repeated the fits using a resolution-broadened Breit-
Wigner (BW) function to represent the signal. This fit
gives a BW width parameter that is consistent with zero:

! ! 1:4" 0:7 MeV. From this we infer a 90% confidence
level (C.L.) upper limit of ! < 2:3 MeV.

The open histogram in Fig. 3(a) shows the !#!$

invariant mass distribution for events in a "5 MeV win-
dow around the X%3872& peak; the shaded histogram
shows the corresponding distribution for events in the
nonsignal "E-Mbc region, normalized to the signal
area. The !#!$ invariant masses tend to cluster near
the kinematic boundary, which is around the " mass; the
entries below the " are consistent with background. For
comparison, we show the !#!$ mass distribution for the
 0 events in Fig. 3(b), where the horizontal scale is shifted
and expanded to account for the different kinematically
allowed region. This distribution also peaks near the
upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions
for B# ! K#X%3872&, X%3872&! !#!$J= and B# !
K# 0,  0 ! !#!$J= to be

B!B# ! K#X%3872&"'B!X%3872&! !#!$J= "
B%B# ! K# 0& 'B% 0 ! !#!$J= & ! 0:063" 0:012%stat& " 0:007%syst&:

Here the systematic error is mainly due to the uncertain-
ties in the efficiency for the X%3872&! !#!$J= chan-
nel, which is estimated with MC simulations that use
different models for the decay [13].

The decay of the 3Dc2 charmonium state to #$c1 is an
allowed E1 transition with a partial width that is ex-
pected to be substantially larger than that for the
!#!$J= final state; e.g., the authors of Ref. [4] pre-
dict !%3Dc2 ! #$c1& > 5' !%3Dc2 ! !#!$J= &. We
searched for an X%3872& signal in the #$c1 decay chan-
nel, concentrating on the $c1 ! #J= final state.

We select events with the same J= ! ‘#‘$ and
charged kaon requirements plus two photons, each with
energy more than 40 MeV. We reject photons that form a
!0 when combined with any other photon in the event. We
require one of the #J= combinations to satisfy

398 MeV< %M#‘#‘$ $M‘#‘$&< 423 MeV (correspond-
ing to $15 MeV< %M#J= $M$c1

&< 10 MeV). In the
following we use M#$c1

( M##‘#‘$ $M#‘#‘$ #MPDG
$c1

,
where MPDG

$c1
is the PDG $c1 mass value [9].

The B! K#$c1, $c1 ! #J= decay processes have a
large combinatoric background from B! K$c1 decays
plus an uncorrelated # from the accompanying B meson.
This background produces a peaking at positive "E val-
ues that is well separated from zero and is removed by the
"E< 30 MeV requirement. Because of the complicated
"E background shape and its correlation with Mbc, we do
not include "E in the likelihood fit. Instead, we perform
an unbinned fit to the M#$c1

and Mbc distributions with
the same signal and background PDFs for Mbc and M#$c1

that are used for the !#!$J= fits. We fix the Gaussian
widths at their MC values, and the  0 and X%3872& masses
at the values found from the fits to the !#!$J= chan-
nels. The signal yields and background parameters are
allowed to float.

The signal-band projections of Mbc and M#$c1
for the

 0 region are shown in Figs. 4(a) and 4(b), respectively,
together with curves that show the results of the fit. The
fitted signal yield is 34:1" 6:9" 4:1 events, where the
first error is statistical and the second is a systematic error
determined by varying the Mbc and M#$c1

resolutions
over their allowed range of values. The number of ob-
served events is consistent with the expected yield of
26" 4 events based on the known B! K 0 and  0 !
#$c1 branching fractions [9] and the MC-determined
acceptance.

The results of the application of the same procedure
to the X%3872& mass region are shown in Figs. 4(c) and
4(d). Here, no signal is evident; the fitted signal yield is

0.40 0.50 0.60 0.70 0.80
0

2.5

5

E
ve

nt
s/

0.
00

8 
G

eV

0.31 0.41 0.51 0.61

M(π+π-) (GeV)

0

12.5

25

E
ve

nt
s/

0.
00

6 
G

eV

FIG. 3. M%!#!$& distribution for events in the
(a) M%!#!$J= & ! 3872 MeV signal region, and (b) the  0

region. The shaded histograms are sideband data normalized to
the signal-box area. Note the different horizontal scales.

 (GeV)bcM
5.2 5.22 5.24 5.26 5.28 5.3

E
ve

nt
s 

/ (
 0

.0
05

 G
eV

 )

0

5

10

15

20

25

30

35

40 a)

) (GeV)ππ ψM(J/
3.82 3.84 3.86 3.88 3.9 3.92

E
ve

nt
s 

/ (
 0

.0
05

 G
eV

 )

0

5

10

15

20

25

30

35 b)

E (GeV)∆
-0.1 -0.05 0 0.05 0.1 0.15 0.2

E
ve

nt
s 

/ (
 0

.0
15

 G
eV

 )

0

5

10

15

20

25 c)

FIG. 2 (color online). Signal-band projections of (a) Mbc,
(b) M!#!$J= , and (c) "E for the X%3872&! !#!$J= signal
region with the results of the unbinned fit superimposed.

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-4 262001-4
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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data events passing all selection criteria except that on m2
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and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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First observations of X (3872) [Belle, PRL 91 262001 (2003)], Y (3940)
[Belle, PRL 94 182002 (2005)], Y (4260) [BABAR, PRL 95 142001

(2005)], Y (4360) [BABAR, PRL 98 212001 (2007)]

2003 Belle sees X (3872) by accident in
B+→ J/ψK +π+π− [Belle, PRL 91 262001 (2003)]

2005 Belle then searched for it in B+→ J/ψK +ω
but found the Y (3940) [Belle, PRL 94 182002 (2005)]

2005 BaBar searched for it in e+e−→ X (3872)
with ISR but did not find it. They found the
Y (4260) instead. [BABAR, PRL 95 142001 (2005)]

2006 BaBar then looked whether the Y (4260)
decayed to ψ(2S)π+π− with ISR. Instead they
found the Y (4360). [BABAR, PRL 98 212001 (2007)]
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Energy Levels: neutral charmonium states

[Lebed, Mitchell, Swanson, arXiv:1610.04528]
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Energy Levels: charged charmonium states

[Lebed, Mitchell, Swanson, arXiv:1610.04528]
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Energy Levels: Lattice calculations

[Liu et al., JHEP 07 (2012) 126, arXiv:1204.5425]
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Digression on Dalitz Plots
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Dalitz Plots

[LHCb, Phys. Rev. D93 (2016) 052018, arXiv:1509.06628]
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B0
s Unitarity Triangle
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∆Γs versus ϕs in Summer 2016

[HFAG]
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Amplitude analyses — some examples
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Amplitude analyses — some examples
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We are redoing some of the physics of
the sixties and seventies, but with a
well-defined and clean environment:

B decays.

In particular we are covering all
B→ ψ(nS)hh decays
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The Λ0
b baryon
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pT dependence of fΛ0
b
/fd

[LHCb, JHEP 08 (2014) 143, arXiv:1405.6842]
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Determine the pT and η
dependence of fΛ0

b
/fd using

Λ0
b→ Λ+

c π
− and B0→ D+π−

Very similar decays
Absolute scale normalised
using semileptonc decays [Phys.

Rev. D 85, 032008 (2012), arXiv:1111.2357]

Clear increase of Λ0
b at low pT

and large η

Ü Many more Λ0
b in LHCb than

central detectors

The LHC is a Λ0
b factory:

4:2:1 B0:Λ0
b:B0

s in LHCb accep-
tance
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Measurement of the Λ0
b/B

0 lifetime

[LHCb, Phys. Rev. Lett. 111 (2013) 102003, arXiv:1307.2476]
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First observation of the decay
Λ0
b→ J/ψpK− with 1 fb−1

Unexpected large yield,
interesting structure in pK
mass

Used to measure Λ0
b lifetime

Ü Result superseded by [LHCb,

Phys. Lett. B734 (2014) 122,

arXiv:1402.6242]

We did not show the
J/ψp mass distribution
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Observation of Λ0
b→ J/ψpπ−

[LHCb, JHEP 07 (2014) 103, arXiv:1406.0755]
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Look for Λ0
b→ J/ψpπ− and Λ0

b→ J/ψpK−

Ü 2102± 61 Λ0
b→ J/ψpπ− decays

B(Λ0
b→ J/ψpπ−)

B(Λ0
b→ J/ψpK−)

= 0.0824±0.0025±0.0042

4 Consistent with CKM and phase-space, and
with Λ0

b→ Λ+
c D− to Λ0

b→ Λ+
c D+

s [Phys. Rev.

Lett. 112, 202001 (2014), arXiv:1403.3606]

Measure CP asymmetry difference

∆ACP = ACP(Λ0
b→ J/ψpπ−)

− ACP(Λ0
b→ J/ψpK−)

= (+5.7± 2.3± 1.2)% (2.2σ),

using B0→ J/ψK ∗ to cancel detection
asymmetries.
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Observation of Λ0
b→ J/ψpπ−

[LHCb, JHEP 07 (2014) 103, arXiv:1406.0755]
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Ü
Rich resonant structure in pπ spectrum.

7 No obvious exotics.
Well, now we know where the Pc(4380)+

and Pc(4450)+ are [LHCb, Phys. Rev. Lett. 115 (2015)

072001, arXiv:1507.03414]

Investigate local CP asymmetries

Miranda method shows no sign of local
asymmetries
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The P+
c exotic baryon
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Gell-Mann

[Phys.Lett. 8 (1964) 214-215]
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First Pentaquark claims (1970–90)

K N cross-section data from 1970 [Bowen et

al., Phys.Rev. D2 (1970) 2599] re-analysed in 2003
[Gibbs, Phys.Rev.C70 045208 (2004)]

PDG1974

PDG1992
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The Θ(1540)+ Pentaquark

LEPS

SAPHIR

PDG2004

In 2003 a uudds was allegedly found
in data from LEPS [Nakano et al.,Phys. Rev.

Lett. 91, 012002], DIANA [Phys.Atom.Nucl.66:1715

(2003)], CLAS [Phys.Rev.Lett.91:252001 (2003)],
SAPHIR [Phys.Lett.B572:127 (2003)].
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The Θ(1540)+ Pentaquark

CLAS

PDG2006

In 2003 a uudds was allegedly found

In 2006 CLAS reported from a large-
yield dedicated run and failed to find
the particle [Phys.Rev.Lett.96:042001 (2006)]

Read On the conundrum of the pen-
taquark by Hicks [EPJH 37 1 (2012)]
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Lessons

1 Pentaquark is a loaded word with a long history

2 Bumps can come and go (also at 750 GeV/c2)

3 Pentaquarks have done so twice already

4 Breit-Wigner fits will (likely) return the wrong width
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The Decay Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

We knew there was something strange in Λ0
b→ J/ψpK− [JHEP 07 (2014) 103]

[PLB 734 (2014) 122] [PRL 111 (2013) 102003]

Ü Revisit this channel with a clean selection: 26000± 170 decays

Reflections from B0 and B0
s vetoed

Re-optimised boosted decision tree trained on simulated signal and
data background.
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The Decay Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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The Decay Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Λ(1520)

Clear difference with respect to phase-space
(uniform in Dalitz plane)

In mK−p it is due to excited Λ resonances

In mJ/ψp it is very puzzling
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Can it be Artefacts?

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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(b) background

Efficiencies? Can it be sculpted
by efficiencies?

Efficiencies vary smoothly by
a factor two over Dalitz
Modelled using phase-space
Simulation. Our detector
response is well validated in
many similar analyses.

Background? We look in the
sidebands and find nothing
peaking.

Peaking B0 and B0
s are

vetoed.
Reconstruction artefacts are
investigated.
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Λ0
b→ J/ψpK− Amp. Analysis with Λ∗

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Perform 6D amplitude
analysis in θΛ0

b
, θΛ∗ ,

θψ, φK , φµ, and mKp.

If it is not an artefact, it must be physics.

Ü Can it be a conspiracy of
interfering Λ resonances?
See also [PRL 117 (2016) 082002].
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Λ0
b→ J/ψpK− Amp. Analysis with Λ∗

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Matrix Elements with only Λ∗ resonances:

MΛ∗
λ
Λ0
b
, λp ,∆λµ ≡

∑
n

∑
λΛ∗

∑
λψ

HΛ
0
b→Λ∗n ψ

λΛ∗ , λψ
D

1
2
λ
Λ0
b
, λΛ∗−λψ(0, θΛ0

b
, 0)∗

HΛ
∗
n→Kp
λp , 0

D
JΛ∗n
λΛ∗ , λp

(φK , θΛ∗ , 0)∗RΛ∗n (mKp) D 1
λψ ,∆λµ

(φµ, θψ, 0)∗,
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Λ0
b→ J/ψpK− Amp. Analysis with Λ∗

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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(b) background

Two different implementations of the
fitter, done by two groups on two
continents. They differ by the back-
ground treatment

cFit: Sideband data are used to
construct 6D model of
background shape.

sFit: Background is statistically
subtracted using sPlot weights
from mass fit [Le Diberder, Pivk, NIM A 555

356 (2005)].

It is common practice in LHCb to
have these two approaches.
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Λ0
b→ J/ψpK− Amp. Analysis with Λ∗

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

State JP M0 (MeV) Γ0 (MeV) Red. Ext.

Λ(1405) 1/2− 1405.1+1.3
−1.0 50.5± 2.0 3 4

Λ(1520) 3/2− 1519.5± 1.0 15.6± 1.0 5 6
Λ(1600) 1/2+ 1600 150 3 4
Λ(1670) 1/2− 1670 35 3 4
Λ(1690) 3/2− 1690 60 5 6
Λ(1800) 1/2− 1800 300 4 4
Λ(1810) 1/2+ 1810 150 3 4
Λ(1820) 5/2+ 1820 80 1 6
Λ(1830) 5/2− 1830 95 1 6
Λ(1890) 3/2+ 1890 100 3 6
Λ(2100) 7/2− 2100 200 1 6
Λ(2110) 5/2+ 2110 200 1 6
Λ(2350) 9/2+ 2350 150 6
Λ(2585) ? ≈2585 200 6

64 146

Last columns show number of parameters are left free. Masses and Width are fixed.
Red.: Reduced model (fast). Ext.: Allows for more helicity (LS) couplings.
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Λ0
b→ J/ψpK− Amp. Analysis with Λ∗

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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All known Λ∗ resonances get the pK−

mass right, but not the J/ψp mass.

We use the extended model in this fit

Ü Adding more Λ resonances does not
help [PRL 117 (2016) 082002]

Letting the width and masses float
does not help

Adding ∆I = 1
2 -suppressed Σ∗0

(I = 3
2 ) resonances does also

not help

When you have eliminated the
impossible, whatever remains, however

improbable, must be the truth

Extended Model — � data — • fit
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Adding a Pentaquark

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Matrix Elements with a Pentaquark:
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Adding a Pentaquark

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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There is an obvious peak at
mJ/ψp = 4.45 GeV/c2: Add one P+

c state

with free JP .

7 Unsatisfactory fit. JP = 5
2

+
.

Add another P+
c

4 Good fit
Pc(4380)+ Pc(4450)+

JP 3
2

− 5
2

+

Mass [MeV/c2] 4380± 8± 29 4449.8± 1.7± 2.5
Width [MeV] 205± 18± 86 39± 5± 19
Significance 9σ 12σ

The interference pattern confirms the
opposite parities:

At cos θP+
c
∼ −1, low mKp: negative

interference.
At cos θP+

c
∼ +1, high mKp: positive

interference.

Reduced Model — � data — • fit
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Adding two Pentaquarks

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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There is an obvious peak at
mJ/ψp = 4.45 GeV/c2: Add one P+

c state

with free JP .

7 Unsatisfactory fit. JP = 5
2

+
.

Add another P+
c

4 Good fit
Pc(4380)+ Pc(4450)+

JP 3
2

− 5
2

+

Mass [MeV/c2] 4380± 8± 29 4449.8± 1.7± 2.5
Width [MeV] 205± 18± 86 39± 5± 19
Significance 9σ 12σ

The interference pattern confirms the
opposite parities:

At cos θP+
c
∼ −1, low mKp: negative

interference.
At cos θP+

c
∼ +1, high mKp: positive

interference.

Reduced Model — � data — • fit
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Adding two Pentaquarks

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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mJ/ψp = 4.45 GeV/c2: Add one P+

c state
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7 Unsatisfactory fit. JP = 5
2

+
.

Add another P+
c

4 Good fit
Pc(4380)+ Pc(4450)+

JP 3
2

− 5
2

+

Mass [MeV/c2] 4380± 8± 29 4449.8± 1.7± 2.5
Width [MeV] 205± 18± 86 39± 5± 19
Significance 9σ 12σ

4 The angular distributions are well
reproduced

Also OK: ( 3
2

+
, 5

2

−
) or ( 5

2

+
, 3

2

−
)

Ü In any case opposite parities

Mininal quark content: ccuud

The interference pattern confirms the
opposite parities:

At cos θP+
c
∼ −1, low mKp: negative

interference.
At cos θP+

c
∼ +1, high mKp: positive

interference.

Reduced Model — � data — • fit
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Opposite Parities

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

E
ve

nt
s/

(2
0 

M
eV

)

0

200

400

(a) (b)

 [GeV]pψJ/m
4 4.5 5

E
ve

nt
s/

(2
0 

M
eV

)

0

200

400 
(c)

 [GeV]pψJ/m
4 4.5 5

(d)

LHCb

mKp < 1.55 1.55 < mKp < 1.7

1.7 < mKp < 2 2 < mKp

)
cPθcos(

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

C
or

re
ct

ed
 e

ve
nt

s/
(0

.1
)

0

100

200

300

400

500

LHCb
cCombined P

(4450)cP
(4380)cP

K

μ

Λ

−

Λ
Λψ *

Λ

−

−
*

lab

θΛ
cPPc

ψ p
pψ

b

φ   −π
φ   −π

φ −π
cP

b rest frame
ψ rest frame

Pc rest frame

frame

b

θPc

Pc

Pc
ψ
P

μ
μ

+μ

μ
+

θψ

c

−

The interference pattern confirms the
opposite parities:

At cos θP+
c
∼ −1, low mKp: negative

interference.
At cos θP+

c
∼ +1, high mKp: positive

interference.

Reduced Model — � data — • fit
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Better View

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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c fraction

Ü Should be visible in
other LHC experiments
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Are they Resonances?

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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The Argand diagram shows the typical phase motion of a resonance for
the Pc(4450)+. For the Pc(4380)+, one point is off by 2σ.

Ü
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Need for J/ψK resonances?

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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There’s no need to add
J/ψK + tetraquarks
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Systematic Uncertainties

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

Source M0 (MeV) Γ0 (MeV) Fit fractions (%)
low high low high low high Λ(1405) Λ(1520)

Extended vs. reduced 21 0.2 54 10 3.14 0.32 1.37 0.15
Λ∗ masses & widths 7 0.7 20 4 0.58 0.37 2.49 2.45
Proton ID 2 0.3 1 2 0.27 0.14 0.20 0.05
10 < pp < 100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Non-resonant 3 0.3 34 2 2.35 0.13 3.28 0.39
Separate sidebands 0 0 5 0 0.24 0.14 0.02 0.03
JP (3/2+, 5/2−) or (5/2+, 3/2−) 10 1.2 34 10 0.76 0.44
d = 1.5− 4.5 GeV−1 9 0.6 19 3 0.29 0.42 0.36 1.91

LPc

Λ0
b
Λ0
b → P+

c (low/high)K− 6 0.7 4 8 0.37 0.16

LPc P+
c (low/high)→ J/ψp 4 0.4 31 7 0.63 0.37

L
Λ∗n
Λ0
b
Λ0
b → J/ψΛ∗ 11 0.3 20 2 0.81 0.53 3.34 2.31

Efficiencies 1 0.4 4 0 0.13 0.02 0.26 0.23
Change Λ(1405) coupling 0 0 0 0 0 0 1.90 0

Overall 29 2.5 86 19 4.21 1.05 5.82 3.89

sFit/cFit cross check 5 1.0 11 3 0.46 0.01 0.45 0.13

Uncertainties added in quadrature. “low”: Pc(4380)+, “high”: Pc(4450)+
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Results

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

State JP Mass [MeV/c2] Width [MeV] Fit Fraction [%]

Pc(4380)+ 3
2

−
4380± 8± 29 205± 18± 86 8.4± 0.7± 4.2

Pc(4450)+ 5
2

+
4449.8± 1.7± 2.5 39± 5± 19 4.1± 0.5± 1.1

Λ(1405) 15± 1± 6
Λ(1520) 19± 1± 4

These fit fractions are converted into branching fractions
[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]

B(Λ0
b→ P+

c (4380)K−)× B(P+
c → J/ψp) =

(
2.56± 0.22± 1.28 + 0.46

− 0.36

)
× 10−5

B(Λ0
b→ P+

c (4450)K−)× B(P+
c → J/ψp) =

(
1.25± 0.15± 0.33 + 0.22

− 0.18

)
× 10−5

∆(−2 lnL) Significance

0→ 1P+
c 14.72 12σ

1→ 2P+
c 11.62 9σ

0→ 2P+
c 18.72 15σ

The significances are determined using the extended model.
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Mass Plots

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Mass Plots

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Extended Λ∗ model with no P+
c . The error bars on the points

showing the fit results are due to simulation statistics.
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Mass Plots

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Reduced fit with one P+
c added (JP = 5/2+). The error bars on the

points showing the fit results are due to simulation statistics.
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Mass Plots

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Reduced fit with two P+
c added. The error bars on the points showing

the fit results are due to simulation statistics.
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Mass Plots

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Extended Λ∗ model with two P+
c added. The error bars on the points

showing the fit results are due to simulation statistics.
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#Pentaquark

The #pentaquark tag
is trending on twitter
since @LHCbPhysics
announced the paper.

The CERN press team
sent out a teaser the
night before.

CERN issued a press
release (same day as
Pluto fly-by)
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Model-Independent Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 117 (2016) 082002, arXiv:1604.05708]

Can the data be fully described by a
sum of pK− resonances?
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Model-Independent Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 117 (2016) 082002, arXiv:1604.05708]
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Known excitations of the Λ baryon.
The horizontal lines show the

allowed kinematic range.

Model-independent re-analysis:

4 Do not assume Λ and ∆
resonances from PDG

An infinite sum of resonances
of any (large) spin can
emulate any shape

Ü Allow maximum spin
depending on pK− mass

Following [BaBar PRD79 (2009)

112001, arXiv:0811.0564] and LHCb
[PRD 92 (2015) 112009]

Describe cos θΛ∗ with
Legendre polynomials

Test H0 hypothesis: only
pK− resonances
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Model-Independent Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 117 (2016) 082002, arXiv:1604.05708]
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Legendre moments of cos θΛ∗

Describing cos θΛ∗ with Legendre
polynomials

dN

d cos θΛ∗
=

lmax∑
l=0

〈
PU
l

〉
Pl(cos θΛ∗)

〈
PU
l

〉
=

+1∫
−1

d cos θΛ∗Pl(cos θΛ∗)
dN

d cos θΛ∗

pK− resonances can add
moments of rank up to 2Jmax

Narrow other resonances
would add moments of higher
rank
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Model-Independent Λ0
b→ J/ψpK−

[LHCb, Phys. Rev. Lett. 117 (2016) 082002, arXiv:1604.05708]
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4 mpK− is described correctly

7 mJ/ψp is not

Ü A contribution is missing
around 4.5 GeV/c2

> 9σ deviation

7 mJ/ψK− is also not described

Unclear if due to reflection
of P+

c or also tetraquarks

The data cannot be described by
pK− resonances alone
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Observation of Λ0
b→ J/ψpπ−

[LHCb, JHEP 07 (2014) 103, arXiv:1406.0755]
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Ü
Rich resonant structure in pπ spectrum.

7 No obvious exotics.
Well, now we know where the Pc(4380)+

and Pc(4450)+ are [LHCb, Phys. Rev. Lett. 115 (2015)

072001, arXiv:1507.03414]

Investigate local CP asymmetries

Miranda method shows no sign of local
asymmetries

Reminder
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Exotics in Λ0
b→ J/ψpπ−

[LHCb, Phys. Rev. Lett. 117 (2016) 082003, arXiv:1606.06999]
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(a) LHCb

State JP Mass (MeV) Width (MeV) RM EM

NR pπ 1/2− - - 4 4
N(1440) 1/2+ 1430 350 3 4
N(1520) 3/2− 1515 115 3 3
N(1535) 1/2− 1535 150 4 4
N(1650) 1/2− 1655 140 1 4
N(1675) 5/2− 1675 150 3 5
N(1680) 5/2+ 1685 130 - 3
N(1700) 3/2− 1700 150 - 3
N(1710) 1/2+ 1710 100 - 4
N(1720) 3/2+ 1720 250 3 5
N(1875) 3/2− 1875 250 - 3
N(1900) 3/2+ 1900 200 - 3
N(2190) 7/2− 2190 500 - 3
N(2300) 1/2+ 2300 340 - 3
N(2570) 5/2− 2570 250 - 3

Free parameters 40 106

Λ0
b → J/ψpπ− re-analysed after

2014 observation [JHEP 07 (2014) 103] with
full angular fit, as in [PRL 115 (2015) 072001].

Need to describe all N resonances (∆
negligible)
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Exotics in Λ0
b→ J/ψpπ−

[LHCb, Phys. Rev. Lett. 117 (2016) 082003, arXiv:1606.06999]
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mpπ > 1.8 GeV

mpπ > 1.8 GeV
Two fits:

Only N states

Add P+
c and

Zc(4200)−→
J/ψπ−
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Exotics in Λ0
b→ J/ψpπ−

[LHCb, Phys. Rev. Lett. 117 (2016) 082003, arXiv:1606.06999]

bΛθcos1− 0.5− 0 0.5 1

50

100

150

0
bΛθcos

2− 0 2

50

100

150

K
φ

*
N

θcos1− 0.5− 0 0.5 1

50

100

150

N*θcos

1− 0.5− 0 0.5 1

50

100

150 LHCb

Data

c+2PcRM N*+Z
(4450)cP
(4380)cP
(4200)cZ

1− 0.5− 0 0.5 1
0

50

100

150

ψJ/θcos

2− 0 2
0

50

100

150

µφ

θcos  [rad]φ

Y
ie

ld
s

The fit fractions are

Pc(4380) : 5.1± 1.5 +2.1
−1.6 %

Pc(4450) : 1.6 +0.8
−0.6

+0.6
−0.5 %

Zc(4200) : 7.7± 2.8 +3.4
−4.0 %

There is a 3.3σ significance
for the presence of exotic
states. The fit does not al-
low to say which.

No P+
c would require (17.2±

3.5)% Zc(4200), which is
much more than in B0 →
J/ψK +π− [Belle, PRD 90 (2014) 112009]
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What’s a pentaquark?
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What is a Pentaquark?

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

>200 papers citing the result, with many possible interpretations.
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Phenomenology of Pc(4380)+, Pc(4550)+

[T. J. Burns, arXiv:1509.02460]

Pc(4450)+ Pc(4380)+

χc1p ΣcD̄∗ Λ∗cD̄ J/ψN∗ Σ∗cD̄ J/ψN∗

J/ψN X X X X X X
ηcN × × X × × ×

J/ψ∆ × X × × X ×
ηc∆ × X × × X ×

ΛcD̄ X [×] [X] × [×] ×
ΛcD̄∗ X X [X] X X X
ΣcD̄ X [×] X × [×] ×
Σ∗cD̄ X X [×] X

J/ψNπ × X × X X X
ΛcD̄π × × × × X ×
ΛcD̄∗π × X × ×

Σ+
c D̄0π0 × X X ×
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Other P+
c channels
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40 (b) LHCb4 Λ0
b→ J/ψpπ−: Cabibbo-suppressed [PRL 117 (2016)

082003].

Hadronic: Λ0
b→ Λ+

c D0K− is hard as we need
to reconstruct both charmed hadrons

Ξb? The P+
c could also show up in Ξb decays

[LHCb-PAPER-2016-053]

Direct production: Background is high at
low pT. Maybe our friends around the ring
can do it at high pT?

Isospin partners: There may be other similar
particles with different light quark content, or
open strangeness.

ss partner: And what about P+
s → φp? [Lebed,

arXiv:1510.06648] or a pD+
s resonance [Karliner, Lipkin, PLB

575 249 (2003)]
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Still Time?

Yes

Just a bit

No
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Evidence for a new B0
s π
± state

[D0, arXiv:1602.07588]
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-1  D0 Run II, 10.4 fb

D0 see a peak in the B0
s π

+ mass distribution, in 10.4 fb−1 of pp collisions at√
s = 1.96 TeV

Use B0
s → J/ψφ Ü cannot distinguish B0

s and B0
s

m = 5567± 2.9 + 0.9
− 1.9 MeV/c2 and Γ = 21.9± 6.4 + 5.0

− 2.5 MeV

4 Checked reflections from kaons and pions

(8.6± 1.9± 1.4)% B0
s come from that state Ü Huge!

The minimum quark content is bsdu or bsdu, a 4-flavour tetraquark
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Evidence for a new B0
s π
± state

[D0, arXiv:1602.07588]
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Small peak-like structure in
data

Local significance 4.8σ,
global 3.9σ.
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Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]
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LHCb looked using 46 000
B0
s → J/ψφ and 66 000 B0

s →
D−s π

+ decays in 3 fb−1 at 7–
8 TeV

4 20 times more than D0

4 D−s π
+ is

flavour-specific, so we
could investigate the
quark content of the
X (5568)
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Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]
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4 Check with B0 → D−π+

that we get the B0
s π

+ struc-
tures right. [LHCb-CONF-2016-004]

[JHEP 04 (2015) 024] (pT range is dif-
ferent)
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Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]
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Use 112 000 B0
s mesons and combine

with π±

4 20 times more B0
s than D0

Loose PID cuts on π±

Take all combinations

Not too big PV (90% efficient)

7 No signal seen

Patrick Koppenburg Pentaquarks at LHCb 14/12/2016 — RAL Particle Physics Seminar [43 / 47]

http://arxiv.org/abs/1608.00435
http://www.ppd.stfc.ac.uk/ppd/23335.aspx


Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]
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D0 reports the fraction of B0
s from

X to be ρD0
X = (8.6± 1.9± 1.4)%

If this value was universal, this is the
signal we would expect.
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Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]
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D0 reports the fraction of B0
s from

X to be ρD0
X = (8.6± 1.9± 1.4)%

We do not see anything, so we set
limits.

We also check there is no
signal in selected rapidity bins.

For the D0 state we measure (stat (dominating) and syst combined):

ρLHCb
X (pT > 5GeV/c) < 1.1 (1.2)% at 90 (95)% CL

ρLHCb
X (pT > 10GeV/c) < 2.1 (2.4)% at 90 (95)% CL

ρLHCb
X (pT > 15GeV/c) < 1.8 (2.0)% at 90 (95)% CL
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Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]

 (MeV)m(X)
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000

XLH
C

b
ρ

0

0.01

0.02

0.03

0.04

0.05  = 10 MeVΓ90% CL UL ; 

 = 20 MeVΓ90% CL UL ; 

 = 30 MeVΓ90% CL UL ; 

 = 40 MeVΓ90% CL UL ; 

 = 50 MeVΓ90% CL UL ; 

) > 5 GeVs
0B(

T
pLHCb  

 (MeV)m(X)
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000

XLH
C

b
ρ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
 = 10 MeVΓ90% CL UL ; 

 = 20 MeVΓ90% CL UL ; 

 = 30 MeVΓ90% CL UL ; 

 = 40 MeVΓ90% CL UL ; 

 = 50 MeVΓ90% CL UL ; 

) > 15 GeVs
0B(

T
pLHCb  

As no signal is seen
anywhere, we set limtis
as function of mass and
width.
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Search for resonances in B0
s π
±

[LHCb, Phys. Rev. Lett. 117 (2016) 152003, arXiv:1608.00435]
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T
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For the D0 state we measure (stat (dominating) and syst combined):

ρLHCb
X (pT > 5GeV/c) < 1.1 (1.2)% at 90 (95)% CL

ρLHCb
X (pT > 10GeV/c) < 2.1 (2.4)% at 90 (95)% CL

ρLHCb
X (pT > 15GeV/c) < 1.8 (2.0)% at 90 (95)% CL

As no signal is seen
anywhere, we set limtis
as function of mass and
width.
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Still Time?

Yes

No
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Amplitude analysis of B+→ J/ψφK+

Exp. NB Mass [MeV ] Width [MeV ] σ Frac. [%]

CDF [PRL] 58 4143.0±2.9±1.2 11.7 + 8.3
− 5.0±3.7 3.8

Belle [PROC] 325 4143 .0 fixed 11 .7 fixed 1 .9

CDF [arxiv] 115 4143 .4+2 .9
−3 .0±0 .6 15 .3+10 .4

− 6 .1±2 .5 5 .0 15±4±2

LHCb [PRD] 346 4143.4 fixed 15.3 fixed 1.4 < 7

CMS [PLB] 2480 4148.0±2.4±6.3 28 +15
−11 ± 19 5.0 10±3

D0 [PRL] 215 4159.0±4.3±6.6 19.9±12.6 +1.0
−8.0 3.1 21±8±4

BaBar [PRD] 189 4143.4 fixed 15.3 fixed 1.6 < 13

D0 [PRL] – 4152.5±1.7 +6.2
−5.4 16.3±5.6±11.4 4.7–5.7 –

Average 4143.4±1.9 15.7±6.3

[CDF unpublished, arXiv:1101.6058]
[D0, Phys. Rev. D 89 (2014) 012004,

arXiv:1309.6580]

[CMS, Phys. Lett. B 734 (2014)

261, arXiv:1309.6920]
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Amplitude analysis of B+→ J/ψφK+

[LHCb, submitted to Phys. Rev. Lett., arXiv:1606.07895] [LHCb, submitted to PRD, arXiv:1606.07898]

]2 [GeV2
 Kφm

2.5 3 3.5 4 4.5 5

]2
 [

G
eV

2
φ

ψ
J/

m
17

18

19

20

21

22

23

0

2

4

6

8

10

12

14

16

LHCb

]2 [GeVKφ
2m

2.5 3 3.5 4 4.5

]2
 [

G
eV

φ
ψ

J/2
m

17

18

19

20

21

22

0

0.2

0.4

0.6

0.8

1

1.2LHCb
simulation

]2 [GeVKφ
2m

2.5 3 3.5 4 4.5

]2
 [

G
eV

φ
ψ

J/2
m

17

18

19

20

21

22

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
LHCb

 [MeV]KφψJ/m
5250 5300 5350

C
an

di
da

te
s/

(1
 M

eV
)

0

50

100

150

200

250

300

350

400

LHCb

Full amplitude analysis of
3 fb−1 data.

4290± 150 signal B+

Well-understood
background and
efficiency

Patrick Koppenburg Pentaquarks at LHCb 14/12/2016 — RAL Particle Physics Seminar [46 / 47]

http://arxiv.org/abs/1606.07895
http://arxiv.org/abs/1606.07898
http://www.ppd.stfc.ac.uk/ppd/23335.aspx


Amplitude analysis of B+→ J/ψφK+

[LHCb, submitted to Phys. Rev. Lett., arXiv:1606.07895] [LHCb, submitted to PRD, arXiv:1606.07898]
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Full amplitude analysis of
3 fb−1 data.

4290± 150 signal B+

Well-understood
background and
efficiency

Fit with only K resonances decaying
to φK +

Binned χ2 = 145/69, p < 10−7.
Not good.
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Amplitude analysis of B+→ J/ψφK+

[LHCb, submitted to Phys. Rev. Lett., arXiv:1606.07895] [LHCb, submitted to PRD, arXiv:1606.07898]
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When including J/ψφ reso-
nances the fit is good : χ2 =
71.5/68 Ü p = 22%.

X(4140), X(4274),
X(4500), X(4700) above
5σ
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Amplitude analysis of B+→ J/ψφK+

[LHCb, submitted to Phys. Rev. Lett., arXiv:1606.07895] [LHCb, submitted to PRD, arXiv:1606.07898]
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When including J/ψφ reso-
nances the fit is good : χ2 =
71.5/68 Ü p = 22%.

X(4140), X(4274),
X(4500), X(4700) above
5σ
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LHCb have a rich programme in exotic spectroscopy

Pentaquarks were not part of it . . . until recently
Ü We see two states consistent with being ccuud

pentaquarks in Λ0
b → J/ψpK− decays

To understand the data, a full angular fit is needed

This morning we reported two new ccss tetraquark
states

D0 claim a bsud state
7 We do not

LHCb had a very good start in Run 2
Ü We are commissioning the trigger and processing of the

future
4 First J/ψ , cc and bb cross-sections

Much more to come
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Backup
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P+
c photoproduction

[Wang et al., Phys. Rev. D 92, 034022 (2015)]

s-channel production via γp→ P+
c → J/ψp and comparison with

existing data. Assumes B(P+
c → J/ψp) = 5%. Could be done at

JLAB.
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Formalism

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

Patrick Koppenburg Pentaquarks at LHCb 14/12/2016 — RAL Particle Physics Seminar [50 / 47]

http://arxiv.org/abs/1507.03414
http://www.ppd.stfc.ac.uk/ppd/23335.aspx


Formalism

[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Comparison with CMS

[LHCb, submitted to Phys. Rev. Lett., arXiv:1606.07895] [CMS, Phys. Lett. B 734 (2014) 261]
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Observation of the Ξ−b → J/ψΛK− decay

[LHCb, LHCb-PAPER-2016-053, in preparation]

Placeholder
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X (3872) status in 2011

[Babar, Phys.Rev. D82 (2010) 011101, arXiv:1005.5190] [Belle, Phys. Rev. D84 052004, arXiv:1107.0163]
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With their full dataset, Belle confirm
that the decay X (3872)→ J/ψπ+π−

proceeds via a ρ0 resonance

Ü Isospin 1
Favour JP = 1+ over 2−

[Belle, Phys. Rev. D84 052004, arXiv:1107.0163]

BaBar find evidence of
X (3872)→ J/ψπ+π−π0 consistent
with a ω contribution below
threshold.

Ü Isospin 0
Favour JP = 2− over 1+

[Babar, Phys.Rev. D82 (2010) 011101, arXiv:1005.5190]

Ü The X (3872) has isospin-violating
decays and its quantum numbers are
unclear
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X (3872) quantum numbers

[LHCb, Phys. Rev. Lett. 110 (2013) 222001, arXiv:1302.6269]
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Five-dimensional angular analysis of
B+→ X (3872)K + with
X (3872)→ J/ψπ+π− using 2011 data

Ü 313± 26 decays in 38 000
B+→ J/ψπ+π−K + candidates

4 Unambiguous assignment JPC = 1++

at 8σ. This rules out the ηc2 (11D2)
hypothesis.
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X (3872) QN with X (3872)→ ρ0J/ψ

[LHCb, Phys. Rev. D92 (2015) 011102(R), arXiv:1504.06339]

The X (3872) state was observed
by Belle [PRL 91 (2013) 26001] in
B→ XK and X→ π+π−J/ψ .
Its nature is unknown.

CDF determined the quantum
numbers to be JPC = 1++ or
2−+

[PRL 98 (2007) 132002]

LHCb determined JPC = 1++

[PRL 110 (2013) 222001] (1 fb−1)

Ü One of the PDG highlights of
the 2014 edition

7 Both assumed the decay to be
dominated by the lowest angular
momentum Lmin.
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X (3872) QN with X (3872)→ ρ0J/ψ

[LHCb, Phys. Rev. D92 (2015) 011102(R), arXiv:1504.06339]

Parity-allowed LS couplings in
X→ ρ0J/ψ

The X (3872) state was observed
by Belle [PRL 91 (2013) 26001]

CDF determined the quantum
numbers to be JPC = 1++ or
2−+

[PRL 98 (2007) 132002]

LHCb determined JPC = 1++

[PRL 110 (2013) 222001] (1 fb−1)

Ü One of the PDG highlights of
the 2014 edition

7 Both assumed the decay to be
dominated by the lowest angular
momentum Lmin.

Here we present a re-analysis
using 3 fb−1 without this
assumption.
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X (3872) QN with X (3872)→ ρ0J/ψ

[LHCb, Phys. Rev. D92 (2015) 011102(R), arXiv:1504.06339]
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Here we present a re-analysis
using 3 fb−1 without this
assumption.

Use 1011± 38 B+→ X K +,
X→ ρ0J/ψ decays

The phase space is limited
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X (3872) QN with X (3872)→ ρ0J/ψ

[LHCb, Phys. Rev. D92 (2015) 011102(R), arXiv:1504.06339]
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This fits!

Here we present a re-analysis
using 3 fb−1 without this
assumption.

Use 1011± 38 B+→ X K +,
X→ ρ0J/ψ decays

The phase space is limited

Use helicity formalism to fit
5-dimensional angular
distributions

Only JPC = 1++ fits and the
fraction of D-wave is found to
be less than 4%

Ü Compatible with tetraquark, molecule or χc1(23P1) hypotheses (pos-
sibly mixed). It excludes any other charmonium state.
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Evidence for X (3872)→ ψ(2S)γ

[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]

The nature of the X (3872) is
not clear. The ratio Rψγ of
decay widths to ψ(2S)γ and
J/ψγ is expected to be very
different for a cc state or a
pure DD∗ molecule

BaBar and Belle results were
not conclusive
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Evidence for X (3872)→ ψ(2S)γ

[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]
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The nature of the X (3872) is
not clear. The ratio Rψγ of
decay widths to ψ(2S)γ and
J/ψγ is expected to be very
different for a cc state or a
pure DD∗ molecule

We reconstruct B+ →J/ψγK +

and fit for the X
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Evidence for X (3872)→ ψ(2S)γ

[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]
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The nature of the X (3872) is
not clear. The ratio Rψγ of
decay widths to ψ(2S)γ and
J/ψγ is expected to be very
different for a cc state or a
pure DD∗ molecule

We reconstruct B+ →J/ψγK +

and fit for the X

Same for B+ →ψ(2S)γK +:
4.4σ evidence
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Evidence for X (3872)→ ψ(2S)γ

[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]

The nature of the X (3872) is
not clear. The ratio Rψγ of
decay widths to ψ(2S)γ and
J/ψγ is expected to be very
different for a cc state or a
pure DD∗ molecule

We reconstruct B+ →J/ψγK +

and fit for the X

The ratio is measured to be

B(X (3872)→ ψ(2S)γ)

B(X (3872)→ J/ψγ)
= 2.46±0.64±0.29

This disfavours the DD∗ molecule at 4.4σ

We know more
and more about

the X(3872), but
still not what it is
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. D92 (2015) 112009, arXiv:1510.01951]

Among all tetraquark candidates the
Z (4430)− is special. Being charged it
cannot be a cc state

Belle first claimed it in
B0→ ψ(2S)K +π− and have evidence
for its JP to be 1+

[Phys.Rev. D88 (2013) 074026,

arXiv:1306.4894]

Using a moments analysis, Babar
claim they do not need a new
resonance in their data [Phys.Rev. D79 (2009)

112001, arXiv:0811.0564]

Model-independent approach that
assumes only K +π− resonances
contribute to the decay and only
depends on the maximum orbital
momentum of the K +π− system.

Using 3 fb−1 LHCb redo the moments
analysis à la Babar, and clearly need
something more to describe ψ(2S)π−
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. D92 (2015) 112009, arXiv:1510.01951]
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Among all tetraquark candidates the
Z (4430)− is special. Being charged it
cannot be a cc state

Belle first claimed it in
B0→ ψ(2S)K +π− and have evidence
for its JP to be 1+

[Phys.Rev. D88 (2013) 074026,

arXiv:1306.4894]

Using a moments analysis, Babar
claim they do not need a new
resonance in their data [Phys.Rev. D79 (2009)

112001, arXiv:0811.0564]

Using 3 fb−1 LHCb redo the moments
analysis à la Babar, and clearly need
something more to describe ψ(2S)π−
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. D92 (2015) 112009, arXiv:1510.01951]
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Among all tetraquark candidates the
Z (4430)− is special. Being charged it
cannot be a cc state

Belle first claimed it in
B0→ ψ(2S)K +π− and have evidence
for its JP to be 1+

[Phys.Rev. D88 (2013) 074026,

arXiv:1306.4894]

Using a moments analysis, Babar
claim they do not need a new
resonance in their data [Phys.Rev. D79 (2009)

112001, arXiv:0811.0564]

Using 3 fb−1 LHCb redo the moments
analysis à la Babar, and clearly need
something more to describe ψ(2S)π−,
but not ψ(2S)K +
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903]
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Unbinned amplitude analysis
with K ∗0 (800), K ∗0 (1430),
K ∗(892), K ∗(1410),
K ∗(1680), K ∗2 (1430),
K ∗3 (1780) and a Z−.

The (binned) χ2

probability is
2× 10−6 without
the Z , 14% with it.

We measure
m = 4475± 7 + 15

− 25 MeV/c2 and

Γ = 172± 13 + 37
− 34 MeV/c2.

The spin is confirmed to be 1+

with overwhelming significance
and the Argand plot shows the
typical pattern for a resonance

Adding a second Z with
JP = 0− the χ2 probability
improves to 26%.
m = 4239± 18 + 45

− 15 MeV/c2

and
Γ = 220± 47 + 108

− 74 MeV/c2.
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903]
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Unbinned amplitude analysis

We measure
m = 4475± 7 + 15

− 25 MeV/c2 and

Γ = 172± 13 + 37
− 34 MeV/c2.

The spin is confirmed to be 1+

with overwhelming significance
and the Argand plot shows the
typical pattern for a resonance

Adding a second Z with
JP = 0− the χ2 probability
improves to 26%.
m = 4239± 18 + 45

− 15 MeV/c2

and
Γ = 220± 47 + 108

− 74 MeV/c2.
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903]
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Unbinned amplitude analysis

We measure
m = 4475± 7 + 15

− 25 MeV/c2 and

Γ = 172± 13 + 37
− 34 MeV/c2.

The spin is confirmed to be 1+

with overwhelming significance
and the Argand plot shows the
typical pattern for a resonance

Ü Bin the data in mass of
J/ψπ− and let the real and
imaginary part of the Z float
in the fit.

Adding a second Z with
JP = 0− the χ2 probability
improves to 26%.
m = 4239± 18 + 45

− 15 MeV/c2

and
Γ = 220± 47 + 108

− 74 MeV/c2.
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903]
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Unbinned amplitude analysis

We measure
m = 4475± 7 + 15

− 25 MeV/c2 and

Γ = 172± 13 + 37
− 34 MeV/c2.

The spin is confirmed to be 1+

with overwhelming significance
and the Argand plot shows the
typical pattern for a resonance

Adding a second Z with
JP = 0− the χ2 probability
improves to 26%.
m = 4239± 18 + 45

− 15 MeV/c2

and
Γ = 220± 47 + 108

− 74 MeV/c2.
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Resonant character of the Z (4430)−
[LHCb, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903]
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Unbinned amplitude analysis

We measure
m = 4475± 7 + 15

− 25 MeV/c2 and

Γ = 172± 13 + 37
− 34 MeV/c2.

The spin is confirmed to be 1+

with overwhelming significance
and the Argand plot shows the
typical pattern for a resonance

Adding a second Z with
JP = 0− the χ2 probability
improves to 26%.
m = 4239± 18 + 45

− 15 MeV/c2

and
Γ = 220± 47 + 108

− 74 MeV/c2.
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]

]2c) [MeV/−pKψM(J/
5500 5550 5600 5650 5700

2 c
C

an
di

da
te

s 
pe

r 
5 

M
eV

/

1−10

1

10

210

310

8 TeV
LHCb

−pKψJ/→0
bΛ

Doubly misID bkg.
Comb. bkg.

]2c) [MeV/
*0

KψM(J/
5100 5200 5300 5400

2 c
C

an
di

da
te

s 
pe

r 
5 

M
eV

/

1

10

210

310

410

8 TeV
LHCb

*0
KψJ/→

0
B

*0
KψJ/→

0
sB

Part. bkg.
Comb. bkg.

Study of Λ0
b and B0 production

in forward acceptance using
Λ0
b→ J/ψpK− and

B0→ J/ψK ∗0

Double differential cross-sections
are determined

Differential versus pT and y
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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Study of Λ0
b and B0 production

in forward acceptance using
Λ0
b→ J/ψpK− and

B0→ J/ψK ∗0

Double differential cross-sections
are determined

Differential versus pT and y
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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Study of Λ0
b and B0 production

in forward acceptance

Double differential cross-sections
are determined

Differential versus pT and y

σ(Λ0
b, 7)B(Λ0

b) = 6.12± 0.10± 0.25nb

σ(Λ0
b, 8)B(Λ0

b) = 7.51± 0.08± 0.31nb

σ(B0, 7)B(B0) = 55.6± 0.3± 2.1nb

σ(B0, 8)B(B0) = 66.2± 0.3± 2.3nb
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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Study of Λ0
b and B0 production

in forward acceptance

Double differential cross-sections
are determined

Differential versus pT and y

Ratios of 7 to 8 TeV increase
versus pT

σ(8 TeV)

σ(7 TeV)
=

{
1.23± 0.02± 0.04 for Λ0

b

1.19± 0.01± 0.02 for B0
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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Study of Λ0
b and B0 production

in forward acceptance

Double differential cross-sections
are determined

Differential versus pT and y

Ratios of 7 to 8 TeV increase
versus pT, but decrease versus y

σ(8 TeV)

σ(7 TeV)
=

{
1.23± 0.02± 0.04 for Λ0

b

1.19± 0.01± 0.02 for B0
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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Study of Λ0
b and B0 production

in forward acceptance

Double differential cross-sections
are determined

Differential versus pT and y

Ratios of 7 to 8 TeV increase
versus pT, but decrease versus y

Ratios of Λ0
b to B0

Λ0
b production asymmetries
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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Study of Λ0
b and B0 production

in forward acceptance

Double differential cross-sections
are determined

Differential versus pT and y

Ratios of 7 to 8 TeV increase
versus pT, but decrease versus y

Ratios of Λ0
b to B0

Λ0
b production asymmetries

ap+d(y) =− (0.001± 0.007)

+ (0.058± 0.014)(y − 3.1)
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Λ0
b production at the LHC

[LHCb, Chin. Phys. C 40 (2016) 011001, arXiv:1509.00292]
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The ratio of Λ0
b to B0 is

R(pT) =
fΛ0

b

fd
(pT)

B(Λ0
b)

B(B0)

We measured fΛ0
b
/fd(pT) using semileptonic decays and Λ0

b→ Λ+
c π [PRD

85 (2012) 032008] [JHEP 08 (2014) 143]. We determine the ratio of BFs and thus

B(Λ0
b→ J/ψpK−) =

(
3.04± 0.04± 0.06± 0.33(B) + 0.43

− 0.27(
fΛ0

b

fd
)

)
× 10−4

from which we get [JHEP 07 (2014) 103]

B(Λ0
b→ J/ψpπ−) =

(
2.51± 0.04± 0.08± 0.13 + 0.45

− 0.35

)
× 10−5

and [PRL 115 (2015) 072001]

B(Λ0
b→ P+

c (4380)K−)B(P+
c → J/ψp) =

(
2.56± 0.22± 1.28 + 0.46

− 0.36

)
× 10−5

B(Λ0
b→ P+

c (4450)K−)B(P+
c → J/ψp) =

(
1.25± 0.15± 0.33 + 0.22

− 0.18

)
× 10−5

Ü LHCb can do absolute Λ0
b BF and ACP measurements!
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LHCb Trigger in Run 2

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

5 kHz (0.3 GB/s) to storage

Defer 20% to disk

LHCb 2012 Trigger Diagram

Ü

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
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LHCb Trigger in Run 2

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger DiagramNew in 2015: Introducing the
TURBO stream

5 kHz of 12 kHz go to
TURBO:

Only trigger information is
saved: tracks and vertices that
caused the event to trigger

Ü No raw event — no offline
reconstruction

4 Smaller events, faster analysis

Used for high yield exclusive
trigger lines : J/ψ , D0, D+ . . .

Patrick Koppenburg Pentaquarks at LHCb 14/12/2016 — RAL Particle Physics Seminar [60 / 47]

http://www.ppd.stfc.ac.uk/ppd/23335.aspx

	Conclusion
	Appendix

