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•  How  much  &  how  produced  (hadrons/quarkonia,  jets)  	

•  Total  &  diff.  x-­‐‑sections,  asymmetries,  particle  correlations  	


ð dominant:  gluon-­‐‑gluon  fusion  via  SPS	

•  important  for  sensitivities  of  NP  searches	

•  huge  x-­‐‑sections  O(mb)  	

          produced  forward/backward	

	

ð SPS  +  sub-­‐‑dominant  (DPS,  CEP,  weak  prod.)	

•  probes  of  QCD  in  both  perturbative  	

          &  non-­‐‑perturbative  (!)  regimes	

•  test  production  &  fragmentation  models  	

          used  in  simulations	

	


Production  of  heavy  flavours  (b  &  c)	
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LHCb  design	


Single  Parton  Sca\ering  (SPS)  	

	

	

	

	

	

	

	

Double  Parton  Sca\ering  (DPS)	




Unique  input  from  LHCb	


•  LHCb:  forward  spectrometer  2<η<5	

          ð  complements  Atlas/CMS	

	


•  Probes  partons  with  low/high  	

          momentum  fraction  (Bjorken  x)  	

	


	


•  Gluon  PDF  at  x<10-­‐‑4  has  large  	

          uncertainties	
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Introduction

Detector LHCb, �MPA 30 (2015)
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• fully instrumented between 2 < ÷ < 5
• momentum resolution between 0.5% at 5 GeV to 1% at 200 GeV
• impact parameter resolution of 13≠ 20 µm for tracks
• secondary vertex precision of 0.01≠ 0.05(0.1≠ 0.3) mm in xy(z)
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Double  J/ψ  @  √s=13TeV	


•  Contribution  from  Double  Parton  Sca\ering	

•  J/ψ’s  independent  unless  partons  in  proton  correlated	

          ð overlap  of  partons:  σeff  ~O(10mb).  Universal?	

•  Prompt  J/ψ  (not  from  b)	


	

•  SPS  &  DPS  contribute.  DPS  disentangled  ðσeff:  9-­‐‑14  mb  (model  dep)	


arXiv:1612.07451	
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Figure 2: Comparisons between measurements and theoretical predictions for the di↵erential
cross-sections as a function of p

T

(J/ J/ ). The (black) points with error bars represent the
measurements.

distributions.
The measured di↵erential production cross-sections of J/ pairs as a function of several

kinematic variables are compared to the theoretical predictions. For each variable v, the
di↵erential production cross-section of J/ pairs is calculated as
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is
the corresponding bin width. The luminosity uncertainty and the uncertainty introduced
by B(J/ ! µ

+

µ

�) are common to all bins and are fully correlated. The tracking
e�ciency and muon PID e�ciency uncertainties are strongly correlated. In Figs. 2�8 of
the di↵erential cross-sections, only the statistical uncertainties are shown as the systematic
ones are negligibly small and almost 100% correlated.

The comparison between measurements and theoretical predictions is performed for
the following kinematical variables: transverse momentum and rapidity of the J/ pair,
transverse momentum and rapidity of each J/ meson, di↵erences in the azimuthal angle
and rapidity between the two J/ mesons (|��| and |�y|), the mass of the J/ pair and
the transverse momentum asymmetry, defined as
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The distributions for the whole p

T

(J/ J/ ) range are presented in Figs. 2, 3 and 4, for
p

T

(J/ J/ ) > 1GeV/c in Figs. 5 and 6, and for p
T

(J/ J/ ) > 3GeV/c in Figs. 7 and 8.
The DPS predictions are obtained using a large number of pseudoexperiments, where

two uncorrelated J/ mesons are produced according to the measured di↵erential distri-
butions d2

� (J/ ) /dp
T

dy [86] for single prompt J/ production, uniformly distributed
over the azimuthal angle �. For LOCO and NLO⇤CS00 models two values of Gaussian
smearing of the initial transverse momentum of gluon k

T

are used, namely hk
T

i = 0.5 and
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cross-sections as functions of (top left) |�y|, (top right) |��|, (bottom left) A

T

and (bottom
right) m(J/ J/ ). The (black) points with error bars represent the measurements.

where F

DPS

and F

SPS

are templates for the DPS and SPS models and �

DPS

and �
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are floating fit parameters representing the DPS and SPS contributions. The theory
normalisation is not used in the fits. The DPS fraction f
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is defined as
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Some distributions give little discrimination between SPS and DPS. The percentages of the
DPS component obtained from the fits for the most discriminating variables are presented
in Table 3. The fit results are presented in the Appendix. All the fits indicate a large
DPS contribution to the J/ pair production process. The inclusion of the CO component
in the fit does not have a large e↵ect on the determination of the DPS fraction f

DPS

,
and the fraction of the CO component determined in such a fit procedure is significantly
smaller than the CS contribution.
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•  J/ψ  from  direct  parton  sca\ering  (isolated)  	

          or  through  parton  showers  (in  jets)?	

•  b,c-­‐‑jet  tagging:  displaced  vertex  +  MVA  (ε~65%,  25%)  	

•  z(J/ψ)=pT(J/ψ)/pT(jet)  	

              J/ψ  in  c-­‐‑jets  (prompt)                                  J/ψ  in  b-­‐‑jets  	


•  Prompt  J/ψ  less  isolated  than  in  Pythia  generator  (used  in  LHCb)	

          ð J/ψ  from  parton  showers  	

•  Explains  lack  of  J/ψ  polarisation?  (Longstanding  puzzle)	
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J/ψ  in  jets  @  √s=13TeV	

arXiv:1701.05116	

submi\ed  to  PRL	
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Figure 4: Measured normalized z(J/ ) distributions for J/ mesons produced (left) promptly
and (right) in b-hadron decays, compared to predictions obtained from Pythia 8. The statistical
uncertainties are negligible.

0.001–0.014. The p
T

(jet) and z(J/ ) spectra used to generate the unfolding matrices,
along with the unfolding procedure itself, are also potential sources of uncertainty. These
are studied by simulating data samples similar to the experimental data, then unfolding
them using response matrices constructed from p

T

(jet) and z(J/ ) distributions that are
di↵erent from those used to generate the samples. Based on these studies, an uncertainty
of 0.01 is assigned to each z(J/ ) bin due to unfolding. Finally, the uncertainties due to
the fragmentation model and due to the K0 and ⇤ components of the jet are found to be
negligible. The total absolute systematic uncertainty in each z(J/ ) bin, which dominates
over the statistical one, is 0.010–0.015.

The measured normalized z(J/ ) distributions for J/ mesons produced promptly
and for those produced in b-hadron decays are shown in Fig. 4 (the numerical values are
provided in Ref. [48]). The b-hadron results are consistent with the Pythia 8 prediction,
where the uncertainty on the prediction is due to b-quark fragmentation [48, 51, 52] (other
potential sources of uncertainty are ignored). The prompt-J/ results do not agree
with the NRQCD-based direct-production prediction as implemented in Pythia 8, which
includes both color-octet and color-singlet mechanisms using long-distance matrix elements
determined empirically [48]. The dominant source of uncertainty on this prediction is
due to the underlying event; however, since no rigorous method exists for determing
this uncertainty, no uncertainty is assigned to the Pythia 8 prediction. Given that the
underlying event at LHCb is well described by Pythia 8 [53], the prompt-J/ results in
Fig. 4 cannot be reconciled with the direct-production prediction. Prompt J/ mesons
in data are observed to be much less isolated than predicted, which qualitatively agrees
with the alternative picture of quarkonium production presented in Ref. [28]. The lack
of isolation observed for prompt J/ production may be related to the long-standing
quarkonium polarization puzzle. If high-p

T

J/ mesons are predominantly produced
within parton showers, rather than directly in parton-parton scattering, then the observed
lack of both polarization and isolation could be explained [30].

In summary, the production of J/ mesons in jets is studied using pp-collision data
collected by LHCb at

p
s = 13TeV in the fiducial region: p

T

(jet) > 20GeV and 2.5 <
⌘(jet) < 4.0; 2.0 < ⌘(J/ ) < 4.5; and p

T

(µ) > 0.5GeV, p(µ) > 5GeV, and 2.0 < ⌘(µ) <
4.5. The fraction of the jet p

T

carried by the J/ meson is measured for J/ mesons
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b-­‐‑quark  production  @  √s=7&13TeV	


•  bb  x-­‐‑section:  pp→HbX  with  semileptonic  decays:	

          Hb→DµμX,  DsµμX,  ΛcµμX    ð  B,  Bs  and  Λb	

•  Others:  Bc~0.1%,  baryons  Ξb  ,  Ωb~25%  of  Λb	


•  Signal  from  M(charm)  and  IP(charm+µμ)	


	

•  Total  7TeV:  σbb=  72  ±  0.3  ±  6.8  µμb          13TeV:  σbb=  154  ±  1  ±  14  µμb	

	


•  Ratio  13/7:  2.14  ±  0.02  ±  0.13  (Prediction:  1.8  ±  0.2)	

•  bb  x-­‐‑section  extrapolated  to  full  η:  ~600  µμb  @13TeV	


PRL  118,  052002  (2017)	


results from real charm hadron decays that form a vertex with a charged track that is
misidentified as a muon and the other is from b decays into two charmed hadrons where one
decays either leptonically or semileptonically into a muon. In most cases the requirement
that the muon forms a vertex with the charmed hadron eliminates this background, but
some remains. The background from fake muons combined with a real charmed hadron,
and a real muon combined with a charm hadron from another b decay as estimated from
wrong-sign muon and hadron combinations is 0.7% at 7 TeV and 2.0% at 13 TeV. The
fake rates caused by b decays to two charmed hadrons where one decays semileptonically
have been evaluated from simulation and are about 2%, when averaged over all charmed
species.

The inclusive b-hadron cross-sections as functions of ⌘ are given in Fig. 2, along
with a theoretical prediction called FONLL [34]. These results are consistent with and
supersede our previous results at 7 TeV [4]. The ratio of cross-sections is predicted with
less uncertainty, and indeed most of the experimental uncertainties (discussed below) also
cancel, with the largest exception being the luminosity error. In Fig. 2 (c), we compare the
⌘-dependent cross-section ratio for 13 TeV divided by 7 TeV with the FONLL prediction.
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Figure 2: The di↵erential cross-section as a function of ⌘ for �(pp ! H
b

X), where H
b

is
a hadron that contains either a b or a b quark, but not both, at center-of-mass energies of
7 TeV (a) and 13 TeV (b). The ratio is shown in (c). The smaller error bars (black) show the
statistical uncertainties only, and the larger ones (blue) have the systematic uncertainties added
in quadrature. The solid line (red) gives the theoretical prediction, while the solid shaded band
gives the estimated uncertainty on the predictions at ±1 �, the cross-hatched at ±2 �, and the
dashes at ±3 �.
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Asymmetry  in  b  &  b  production  @  7,  8TeV	


•  Important  also  for  CP  violation  studies	


•  pp  collisions  ð more  b-­‐‑baryons  ð  more  anti-­‐‑B  to  compensate	


•  Measure  signal  asymmetry  for:    	

•  B+→J/ψK+,    B0→J/ψK*0,  Bs

0→Ds
-­‐‑π+	


•  M(B)  and  decay  time  for  B0
(s)  to  account  for  B-­‐‑oscillations  	


•  Asymmetry  significance  up  to  2.5σ	


LHCb-­‐‑PAPER-­‐‑2016-­‐‑062	

  New  	
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once integrated using appropriate weights for any reconstructed B+, B0, B0, ⇤0
b

decay383

in LHCb, can be used to determine e↵ective production asymmetries, as inputs for CP384

violation measurements with the LHCb data.385
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Figure 5: Dependence of AP(B+), for data collected in proton-proton collisions with centre-of-
mass of energies of (top) 7 and (bottom) 8 TeV, on (left) pT and (right) y. The results of fits
using a straight line with zero (solid line) or variable slope (dashed line) are also shown. The
fits take into account the correlations amongst the bins.
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Production  asymmetries  @  8TeV	


AP(B+)	
 AP(B+)	
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Spectroscopy  of  heavy  flavours	


•  QCD  is  generous…	

•  Conventional  hadrons                  Exotic  =  more  complex;  also  allowed	


	


•  Trends  in  spectroscopy  studies:  	

          more  excited  and  more  complex  hadrons	

•  Tests  of  potential  models,  la\ice  QCD	

•  Can  we  correctly  model  hadron  multiplets?  	

          masses,  widths,  transitions/decays	

•  Can  we  understand  exotics?  	
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•  Excited  Ds  mesons:  didn’t  fit  any  models	


	

	


	

•  Charmonium-­‐‑like  X,Y  states  at  ~4  GeV:	

            cc  or  4-­‐‑quarks?	

            	

	


•  ‘Charged’  quarkonia  Z+  	

            must  be  4-­‐‑quark  states!  	

            Zc(4430)+:  [ccud]	

	


5

FIG. 1: (a) The distribution of K+K−π+ mass for all can-
didate events. Additional selection criteria, described in the
text, have been used to produce the lower histogram. (b) The
two-photon mass distribution from D+

s π0 candidate events.
D+

s and π0 signal and sideband regions are shaded. (c)
The D+

s π0 mass distribution for candidates in the D+
s sig-

nal (top histogram) and K+K−π+ sideband regions (shaded
histogram) of (a). (d) The D+

s γγ mass distribution for signal
D+

s candidates and a photon pair from the π0 signal region of
(b) (top histogram) and the sideband regions of (b) (shaded
histogram).

dates with the photon pairs from the π0 signal and side-
band regions of Fig. 1(b) (the sideband distribution is
again shaded). In this case, all photon pairs in the signal
region of Fig. 1(b) are used. In Figs. 1(c) and 1(d) the
2.32 GeV/c2 signal is absent from the sideband distribu-
tions indicating quite clearly that the peak is associated
with the D+

s π0 system. No other signal in the region up
to 2.7 GeV/c2 is evident in these plots, except for a small
D∗

s(2112)+ → D+
s π0 signal in Fig. 1(c).

In order to improve mass resolution, the nominal D+
s

mass [1] has been used to calculate the D+
s energy for the

distributions of Fig. 1(d), for the D+
s signal distribution

of Fig. 1(c), and for all subsequent mass distributions
involving D+

s candidates.
The D+

s π0 mass distribution for p∗(D+
s π0) >

3.5 GeV/c is shown in Fig. 2(a). Similar distributions
produced for p∗ values ranging from 2.5 to 4.5 GeV/c
show the same prominent peak at the same mass value.
The fit function drawn on Fig. 2(a) comprises a Gaussian
function describing the 2.32 GeV/c2 signal and a third-
order polynomial background distribution function. The
fit yields 1267 ± 53 candidates in the signal Gaussian
with mass (2316.8±0.4) MeV/c2 and standard deviation
(8.6± 0.4) MeV/c2 (statistical errors only). The system-
atic uncertainty in the mass is conservatively estimated

FIG. 2: The D+
s π0 mass distribution for (a) the decay D+

s →

K+K−π+ and (b) the decay D+
s → K+K−π+π0. The fits to

the mass distributions as described in the text are indicated
by the curves.

to be less than 3 MeV/c2. The broad peak in Fig. 2(a)
centered at 2.16 GeV/c2 is due to random D∗

s(2112)+γ
combinations where D∗

s(2112)+ → D+
s γ.

The signal, which we label D∗
sJ

(2317)+, is observed in
both the φπ+ and K∗0K+ decay modes of the D+

s . In
addition, a sample of D+

s → K+K−π+π0 decays is se-
lected by adding π0 candidates (refit to the K+K−π+

vertex) to each K+K−π+ candidate. The purity of this
D+

s sample is enhanced by requiring a π0 fit probabil-
ity of at least 10% and selecting the K∗±, K∗0, φ, or ρ+

mass regions for the relevant two-body subsystems. Each
resulting D+

s candidate is combined with a second π0 can-
didate with lab momentum greater than 300 MeV/c. A
clear D∗

sJ
(2317)+ signal is observed as shown in Fig. 2(b).

A Gaussian fit yields 273 ± 33 events with a mean of
(2317.6±1.3) MeV/c2 and width (8.8±1.1) MeV/c2 (sta-
tistical errors only). The mean and width are consistent
with the values obtained for the D+

s → K+K−π+ decay
mode. The mass distribution of the D+

s → K+K−π+π0

sample (not shown) peaks at (1967.4±0.2) MeV/c2 (sta-
tistical error only).

We use a Monte Carlo simulation to investigate the
possibility that the D∗

sJ
(2317)+ signal could be due to

reflection from other charmed states. This simulation
includes e+e− → cc̄ events and all known charm states
and decays. The generated events were processed by a
detailed detector simulation and subjected to the same
reconstruction and event-selection procedure as that used
for the data. No peak is found in the 2.32 GeV/c2

D+
s π0 signal region. In addition, no signal peak is pro-

duced when the K± and π± identities are deliberately

4

Interest in the spectrum of charmed mesons has been
heightened by the discovery by this collaboration [1] of
a narrow state, produced in e+e− → cc collisions at
the PEP-II collider, decaying to D+

s π0 [2], with mass
2317 MeV/c2, approximately 41 MeV/c2 below the DK
mass threshold. This state, the D∗

sJ (2317)+, has been
confirmed by CLEO [3] and Belle [4, 5]. Along with
the D∗

sJ (2317)+, we noted [1] the presence of a narrow
peak in the D+

s π0γ mass distribution near 2.46 GeV/c2.
Because this signal is near the kinematic overlap of the
D∗

sJ(2317)+γ and D∗
s(2112)+π0 systems, special atten-

tion is required to remove associated backgrounds and to
distinguish between the two possible decay modes. Such
an analysis is the subject of this paper.

This state near 2.46 GeV/c2 has been seen by CLEO [3]
and Belle [4] in the inclusive D+

s π0γ mass spectrum and
by Belle [5] in exclusively reconstructed B decays.

To investigate the D+
s π0γ spectrum, we study D+

s can-
didates from e+e− → cc (at a center-of-mass energy near
10.6 GeV) that decay to K−K+π+. Particle identifica-
tion is used to provide clean samples of charged K and
π candidates, which are combined using a geometric fit
to a common vertex. Backgrounds are suppressed by se-
lecting decays to K∗0K+ and φπ+. A description of this
sample and additional details can be found elsewhere [1].
Events with 1.954 < m(K−K+π+) < 1.981 GeV/c2 are
taken as D+

s candidates.

A candidate π0 is formed by constraining a pair of
photons each with energy greater than 100 MeV to em-
anate from the intersection of the D+

s trajectory with the
beam envelope, performing a one-constraint fit to the π0

mass, and requiring a fit probability greater than 5%. A
given event may yield several acceptable π0 candidates.
We retain only those candidates for which neither photon
belongs to another otherwise acceptable π0.

Each D+
s candidate is combined with all combinations

of accompanying π0 candidates with momentum greater
than 300 MeV/c and photon candidates of energy greater
than 100 MeV. To suppress background, photons that be-
long to any π0 candidate are excluded and we require the
momentum, p∗, of each D+

s π0γ combination in the e+e−

center-of-mass frame to be greater than 3.5 GeV/c. The
last requirement also removes any D+

s π0γ combination
from B decay.

The D+
s π0γ invariant mass distribution is shown

in Fig. 1a. A clear enhancement is observed near
2.46 GeV/c2. The background underneath this peak is
from several sources, which can be described in terms of

‡Also with IFIC, Instituto de F́ısica Corpuscular, CSIC-
Universidad de Valencia, Valencia, Spain
§Deceased

FIG. 1: (a) The mass distribution for all selected D+
s π0γ

combinations. The shaded region is from D+
s sidebands de-

fined by 1.912 < m(K−K+π+) < 1.933 GeV/c2 and 1.999 <
m(K−K+π+) < 2.020 GeV/c2. (b) The value of ∆mγ ver-
sus ∆mπ0 for all combinations. The horizontal lines delineate
three ranges in ∆mγ . (c) The ∆mπ0 mass distribution for the
middle range of ∆mγ (points) and for the average of the up-
per and lower ranges (shaded histogram). (d) The difference
between the two distributions shown in (c). The curve is the
fit described in the text.

mass differences defined as

∆mγ ≡ m(D+
s γ) − m(D+

s ) (1)

∆mπ0 ≡ m(D+
s γπ0) − m(D+

s γ) . (2)

A scatter plot of the data is shown in Fig. 1b. Particular
background patterns are visible: D∗

s(2112)+ → D+
s γ de-

cay combined with an unassociated π0, which appears as
a horizontal band, and D∗

sJ(2317)+ → D+
s π0 decay com-

bined with an unassociated γ, which appears as a band
that is almost vertical.

To demonstrate the existence of a signal above these
backgrounds, the upper histogram of Fig. 1c shows
D+

s π0γ combinations in the D∗
s(2112)+ signal region, and

the gray histogram, scaled to the area of the signal re-
gion, corresponds to the two D∗

s(2112)+ sidebands. We
conclude that a signal for a state decaying to D+

s π0γ ex-
ists over a background resulting from D∗

sJ(2317)+ and
an unassociated γ. This background peaks at a mass
slightly higher than that of the signal. A Gaussian fit
to the subtracted mass distribution (Fig. 1d) indicates a
narrow signal at ∆mπ0 = 346.2± 0.9 MeV/c2 (statistical
error only).

The state corresponding to this signal, which we label
DsJ(2458)+, may decay to D+

s π0γ through D∗
s(2112)+π0

Spectroscopy  Renaissance:  thanks  to  Belle  &  BaBar	
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D*s0(2317)	


PRL  90,  242001  (2003)	

PRD69,  031101  (2004)	

PRL  91,  262001  (2003)	

PRL100,  142001  (2008)	


m(J/ψπ+π-­‐‑)-­‐‑m(J/ψ)	


m(Dsπ0)	
 m(Ds*π0)-­‐‑m(Ds*)	


distribution from ∆E sidebands (|∆E ± 0.070| < 0.034 GeV). Here a strong enhancement
is evident near M(πψ′) ∼4.43 GeV.
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FIG. 2: The M(π+ψ′) distribution for events in the Mbc-∆E signal region and with the K∗ veto

applied. The shaded histogram show the scaled results from the ∆E sideband. The solid curves
show the results of the fit described in the text.

We perform a binned maximum-likelihood fit to the M(πψ′) invariant mass distribution
using a relativistic S-wave Breit-Wigner (BW) function to model the peak plus a smooth
phase-space-like function fcont(M), where fcont(M) = Ncontq∗(Q1/2 + A1Q3/2 + A2Q5/2).
Here q∗ is the momentum of the π+ in the πψ′ rest frame and Q = Mmax − M , where
Mmax = 4.78 GeV is the maximum M(πψ′) value possible for B → Kπψ′ decay. The
normalization Ncont and two shape parameters A1 and A2 are free parameters in the fit.
This form for fcont(M) is chosen because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. (Since the M(πψ′) distribution for the non-peaking B-
decay events and the ∆E sideband events have a similar shape, we represent them both
with a single function.)

The results of the fit, shown as smooth curves in Fig. 2, are tabulated in Table I. The
fit quality is χ2 = 80.2 for 94 degrees of freedom. The significance of the peak, determined
from the change in log likelihood when the signal and its associated degrees of freedom are
removed from the fit, is 6.5σ.

TABLE I: Results of the fit shown in Fig. 2.

Nsig Ncont BW Mass (GeV) Γ (GeV)

121 ± 30 766 ± 39 4.433 ± 0.004 0.045+0.018
−0.013

6

m(ψ’π+)	


  	

ψ’	


Zc(4430)+	


X(3872)	


Ds1(2460)  	




•  1st  spin-­‐‑3  charm  meson	


	


•  Zc(4430)+  exists  &  has  resonance  nature	


From  LHCb,  with  precision,  model  indep.  &  extras	


positive parity rules out the possibility that the Zð4430Þ−
state is a D̄#ð2007ÞD1ð2420Þ threshold effect as proposed
in Refs. [4,14].
In the amplitude fit, the Z−

1 is represented by a Breit-
Wigner amplitude, where the magnitude and phase vary
with m2

ψ 0π− according to an approximately circular trajec-
tory in the (ReAZ−

, ImAZ−
) plane (Argand diagram [38]),

where AZ−
is the m2

ψ 0π− dependent part of the Z
−
1 amplitude.

We perform an additional fit to the data, in which we
represent the Z−

1 amplitude as the combination of inde-
pendent complex amplitudes at six equidistant points in the
m2

ψ 0π− range covering the Z−
1 peak, 18.0–21.5 GeV2. Thus,

the K# and the Z−
1 components are no longer influenced

in the fit by the assumption of a Breit-Wigner amplitude for
the Z−

1 . The resulting Argand diagram, shown in Fig. 3, is
consistent with a rapid change of the Z−

1 phase when its
magnitude reaches the maximum, a behavior characteristic
of a resonance.
If a second Z− resonance is allowed in the amplitude

with JP ¼ 0− (Z−
0 ) the pχ2 of the fit improves to 26%.

The Z−
0 significance from the Δð−2 lnLÞ is 6σ including

the systematic variations. It peaks at a lower mass
4239% 18þ45

−10 MeV, and has a larger width 220%
47þ108

−74 MeV , with a much smaller fraction, fZ−
0
¼ ð1.6%

0.5þ1.9
−0.4Þ% ðfIZ−

0
¼ ð2.4% 1.1þ1.7

−0.2Þ%Þ than the Z−
1 . With the

defaultK# model, 0− is preferred over 1−, 2−, and 2þ by 8σ.
The preference over 1þ is only 1σ. However, the width
in the 1þ fit becomes implausibly large, 660% 150 MeV.
The Z−

0 has the same mass and width as one of the χc1π−

states reported previously [21], but a 0− state cannot decay
strongly to χc1π−. Figure 4 compares the m2

ψ 0π− projections

of the fits with both Z−
0 and Z−

1 , or the Z
−
1 component only.

The model-independent analysis has a large statistical
uncertainty in the Z−

0 region and shows no deviations of
the data from the reflections of the K# degrees of freedom
(Fig. 1). Argand diagram studies for the Z−

0 are incon-
clusive. Therefore, its characterization as a resonance will
need confirmation when larger samples become available.
In summary, an amplitude fit to a large sample of B0 →

ψ 0Kþπ− decays provides the first independent confirmation
of the existence of the Zð4430Þ− resonance and establishes
its spin parity to be 1þ, both with very high significance.
The positive parity rules out the interpretation in terms
of D̄#ð2007ÞD1ð2420Þ [4,14] or D̄#ð2007ÞD#

2ð2460Þ
threshold effects, leaving the four-quark bound state as
the only plausible explanation. The measured mass
4475% 7þ15

−25 MeV, width 172% 13þ37
−34 MeV, and ampli-

tude fraction ð5.9% 0.9þ1.5
−3.3Þ%, are consistent with, but

more precise than, the Belle results [28]. An analysis of the
data using the model-independent approach developed by
the BABAR collaboration [25] confirms the inconsistencies
in the Zð4430Þ− region between the data and Kþπ− states
with J ≤ 2. The D-wave contribution is found to be
insignificant in Zð4430Þ− decays, as expected for a true
state at such mass. The Argand diagram obtained for the
Zð4430Þ− amplitude is consistent with the resonant behav-
ior; among all observed candidates for charged four-quark
states, this is the first to have its resonant character confirmed
in this manner.

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and
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is the prediction from the Breit-Wigner formula with a resonance
mass (width) of 4475 (172) MeV and magnitude scaled to
intersect the bin with the largest magnitude centered at
ð4477 MeVÞ2. Units are arbitrary. The phase convention assumes
the helicity-zero K#ð892Þ amplitude to be real.
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

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

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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•  Pentaquarks!  LHCb  flagship	
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Photon, electron, and hadron candidates are identified
using a calorimeter system, which is followed by detectors
to identify muons [28].
The trigger [29] consists of a hardware stage, based

on information from the calorimeter and muon systems,
followed by a software stage. The software trigger requires
a two-, three-, or four-track secondary vertex which is
significantly displaced from all primary pp vertices (PVs)
and for which the scalar pT sum of the charged particles is
large. At least one particle should have pT > 1.7 GeV=c
and be inconsistent with coming from any of the PVs.
A multivariate algorithm [30] is used to identify secondary
vertices consistent with the decay of a b hadron.
In the simulation, pp collisions are generated using

PYTHIA [31] with a specific LHCb configuration [32].
Decays of hadrons are described by EVTGEN [33], in which
final-state radiation is generated using PHOTOS [34]. The
interaction of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit
[35] as described in Ref. [36].
Signal candidates are reconstructed in the final state

Ξ0
bπ

−
s , where Ξ0

b → Ξþ
c π− and Ξþ

c → pK−πþ. The first pion
is denoted π−s to distinguish it from the others. The Ξ0

b
decay mode is the same as that studied in [9], and the
selection used for this analysis is heavily inspired by it and
by other LHCb studies with baryons or low-momentum
pions in the final state (e.g., [37,38]). At each stage of the
decay chain, the particles are required to meet at a common
vertex with good fit quality. In the case of the Ξ0

bπ
−
s

candidate, this vertex is constrained to be consistent with
one of the PVs in the event. Track quality requirements
are applied, along with momentum and transverse momen-
tum requirements, to reduce combinatorial background.
Particle identification criteria are applied to the final-state
tracks to suppress background from misidentified particles.
To remove cross feed from other charm hadrons, Ξþ

c
candidates are rejected if they are consistent with
Dþ → KþK−πþ, Dþ

s → KþK−πþ, Dþ → πþK−πþ, or
D"þ → D0ðKþK−Þπþ decays. To reduce background
formed from tracks originating at the PV, the decay vertices
of Ξþ

c and Ξ0
b candidates are required to be significantly

displaced from all PVs.
The Ξþ

c candidates are required to have an invariant
mass within 20 MeV=c2 of the known mass [3], corre-
sponding to approximately %3σΞþ

c
where σΞþ

c
is the mass

resolution. Candidate Ξ0
b decays are required to satisfy

5765 < mcandðΞ0
bÞ −mcandðΞþ

c Þ þmΞþ
c
< 5825 MeV=c2,

where mcand and mΞþ
c
refer to the candidate and world-

average masses, corresponding to approximately %2σΞ0
b
.

In addition, the following kinematic requirements are
imposed: pTðΞþ

c Þ > 1 GeV=c, pTðΞ0
bÞ > 2 GeV=c,

pTðΞ0
bπ

−
s Þ > 2.5 GeV=c, and pTðπ−s Þ > 0.15 GeV=c.

Defining δm≡mcandðΞ0
bπ

−
s Þ −mcandðΞ0

bÞ −mπ− , the
region of consideration is δm < 45 MeV=c2. There are,

on average, 1.15 candidates retained in this region per
event. Such multiple candidates are due almost entirely
to cases where the same Ξ0

b candidate is combined with
different π−s candidates from the same PV. All Ξ0

bπ
−
s

candidates are kept.
ThemcandðΞ0

bÞ projection of the Ξ0
bπ

−
s candidates passing

the full selection apart from the mcandðΞ0
bÞ requirement, but

including the δm requirement, is shown in Fig. 1. Control
samples, notably wrong-sign combinations Ξ0

bπ
þ, are also

used to study backgrounds. The δm spectra for the signal
and the wrong-sign sample are shown in Fig. 2. Two peaks
are clearly visible, a narrow one at δm ≈ 3.7 MeV=c2 and a
broader one at δm ≈ 24 MeV=c2. No structure is observed
in the wrong-sign sample, nor in studies of the Ξ0

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

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

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

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [12]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:
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where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
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where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The

5

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

c

, irrespective of
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to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.
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we added one P
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with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Kp

and (b) m
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for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P
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(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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•  Pc(4380) Pc(4550):  	

  J=3/2,  5/2;  opposite  P-­‐‑parities	

	


•  Min.  quark  content  [ccuud]	

•  Tightly  bound  or  baryon+meson  molecule?	
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m(pK)	
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the P

c

(4450)+ state and b) the P

c

(4380)+ state, each divided into six m

J/ p

bins
of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (m

J/ p

increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 12

= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤

⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
P

c

(4380)+ has a mass of 4380± 8± 29 MeV and a width of 205± 18± 86 MeV, while the
heavier state P

c

(4450)+ has a mass of 4449.8± 1.7± 2.5 MeV and a width of 39± 5± 19
MeV. A model-independent representation of the P

c

(4450)+ contribution in the fit shows
a phase change in amplitude consistent with that of a resonance. The parities of the two
states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
The higher mass state has a fit fraction of (4.1± 0.5± 1.1)%, and the lower mass state of
(8.4± 0.7± 4.2)%, of the total ⇤0

b

! J/ K

�
p sample.
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Pentaquarks:  model  indep.  approach	


•  Did  we  model  pK  resonances  in  Λb→J/ψpK  well  enough?  	


•  Describe  Λ*→pK  with  minimal  assumption  	

•  m(Kp)  vs.  cosθΛ*  ð Angular  moments  <PL>  of  Λ*  helicity  angle	

            rank  L  ≤  2Jmax  where  Jmax  is  max  spin  of  Λ*;  depends  on  m(Kp)	

	

	

	

	

	

	


•  Data  inconsistent  with  only  Λ*’s  at  10σ	

          ð Pentaquarks  needed!	
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(ncandk is their total number), ϵi ¼ ϵðmKp
i; cos θΛ# i;Ωa

iÞ is
the efficiency correction, and wi is the background sub-
traction weight, which equals 1 for events in the signal
region and −βnsigcand=nsidecand for events in the sideband region.
Values of hPU

l ik are shown in Fig. 3.
Instead of using the two-dimensional (2D) distribution of

ðmKp; cos θΛ# Þ to evaluate the consistency of the data with
the H0 hypothesis, now expressed by the l ≤ lmaxðmKpÞ
requirement, it is more effective to use the mJ=ψp (mJ=ψK)
distribution, as any deviations fromH0 should appear in the

mass region of potential pentaquark (tetraquark) resonan-
ces. The projection of F ðmKp; cos θΛ# jH0Þ onto mJ=ψp

involves replacing cos θΛ# with mJ=ψp and integrating over
mKp. This integration is carried out numerically, by
generating large numbers of simulated events uniformly
distributed in mKp and cos θΛ# , calculating the correspond-
ing value of mJ=ψp, and then filling a histogram with
F ðmKp; cos θΛ# jH0Þ as a weight. In Fig. 4, F ðmJ=ψpjH0Þ is
compared to the directly obtained efficiency-corrected and
background-subtracted mJ=ψp distribution in the data.
To probe the compatibility of F ðmJ=ψpjH0Þ with the

data, a sensitive test can be constructed by making a
specific alternative hypothesis (H1). Following the method
discussed in Ref. [14], H1 is defined as l ≤ llarge, where
llarge is not dependent on mKp and large enough to
reproduce structures induced by J=ψp or J=ψK contribu-
tions. The significance of the lmaxðmKpÞ ≤ l ≤ llarge
Legendre moments is probed using the likelihood ratio
test,

Δð−2 lnLÞ ¼
Xnsigcandþnsidecand

i¼1

wi ln
F ðmJ=ψp

ijH0Þ=IH0

F ðmJ=ψp
ijH1Þ=IH1

;

with normalizations IH0;1
determined via Monte Carlo

integration. Note that the explicit event-by-event efficiency
factor cancels in the likelihood ratio, but enters the like-
lihood normalizations. In order for the test to have optimal
sensitivity, the value llarge should be set such that the
statistically significant features of the data are properly
described. Beyond that the power of the test deteriorates.
The limit llarge → ∞ would result in a perfect description of
the data, but a weak test since then the test statistic would
pick up the fluctuations in the data. For the same reason,
it is also important to choose llarge independently of the
actual data. Here, llarge ¼ 31 is taken, one unit larger
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generating large numbers of simulated events uniformly
distributed in mKp and cos θΛ# , calculating the correspond-
ing value of mJ=ψp, and then filling a histogram with
F ðmKp; cos θΛ# jH0Þ as a weight. In Fig. 4, F ðmJ=ψpjH0Þ is
compared to the directly obtained efficiency-corrected and
background-subtracted mJ=ψp distribution in the data.
To probe the compatibility of F ðmJ=ψpjH0Þ with the

data, a sensitive test can be constructed by making a
specific alternative hypothesis (H1). Following the method
discussed in Ref. [14], H1 is defined as l ≤ llarge, where
llarge is not dependent on mKp and large enough to
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pick up the fluctuations in the data. For the same reason,
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Λ*-­‐‑only  hypothesis  	


Λ*  only  	

Lmax=  31  ð  reflections  from  Pc  	


m(pK)	
 m(J/ψp)	




analysis by the Bonn-Gatchina group [22,23] and is used to
estimate systematic uncertainties.
The limited number of signal events and the large

number of free parameters in the amplitude fits prevent
an open-ended analysis of J=ψp and J=ψπ− contributions.
Therefore, the data are examined only for the presence of
the previously observed Pcð4380Þþ, Pcð4450Þþ states [5]
and the claimed Zcð4200Þ− resonance [16]. In the fits, the
mass and width of each exotic state are fixed to the reported
central values. The LS couplings describing Pþ

c → J=ψp
decays are also fixed to the values obtained from the
Cabibbo-favored channel. This leaves four free parameters
per Pþ

c state for the Λ0
b → Pþ

c π− couplings. The nominal
fits are performed for the most likely ð3=2−; 5=2þÞ JP

assignment to the Pcð4380Þþ, Pcð4450Þþ states [5]. All
couplings for the 1þ Zcð4200Þ− contribution are allowed to
vary (ten free parameters).
The fits show a significant improvement when exotic

contributions are included. When all three exotic

contributions are added to the EM N$-only model, the
Δð−2 lnLÞ value is 49.0, which corresponds to their
combined statistical significance of 3.9σ. Including the
systematic uncertainties discussed later lowers their sig-
nificance to 3.1σ. The systematic uncertainties are included
in subsequent significance figures. Because of the ambi-
guity between the Pcð4380Þþ, Pcð4450Þþ and Zcð4200Þ−
contributions, no single one of them makes a significant
difference to the model. Adding either state to a model
already containing the other two, or the two Pþ

c states
to a model already containing the Zcð4200Þ− contribution,
yields significances below 1.7σ [0.4σ for adding the
Zcð4200Þ− after the two Pþ

c states]. If the Zcð4200Þ−
contribution is assumed to be negligible, adding the two Pþ

c
states to a model without exotics yields a significance of
3.3σ. On the other hand, under the assumption that no Pþ

c
states are produced, adding the Zcð4200Þ− to a model
without exotics yields a significance of 3.2σ. The signifi-
cances are determined using Wilks’ theorem [24], the
applicability of which has been verified by simulation.
A satisfactory description of the data is already reached

with the RMN$ model if either the two Pþ
c , or the Z−

c , or all
three states, are included in the fit. The projections of the
full amplitude fit onto the invariant masses and the decay
angles reasonably well reproduce the data, as shown in
Figs. 2–5. The EM N$-only model does not give good
descriptions of the peaking structure in mJ=ψp observed for
mpπ > 1.8 GeV [Fig. 3(b)]. In fact, all contributions to
Δð−2 lnLÞ favoring the exotic components belong to this
mpπ region. The models with the Pþ

c states describe the
mJ=ψp peaking structure better than with the Zcð4200Þ−
alone (see Supplemental Material [25]).
The model with all three exotic resonances is used when

determining the fit fractions. The sources of systematic
uncertainty are listed in Table II. They include varying the
masses and widths of N$ resonances, varying the masses
and widths of the exotic states, considering N$ model
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Pentaquarks:  produced  elsewhere?	


•  Study  of  Λb→J/ψpπ-­‐‑        (before  Λb→J/ψpK-­‐‑    )	

•  More  complicated  dynamics:  N*→pπ    +    Pc

+→J/ψp  +    Zc
-­‐‑→J/ψπ-  	


•  Contribution  from  exotics  ~3σ  (with  systematics)	
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Observation in a new mode: genuine 
resonances and not kinematic effects

Pentaquark states in Λb0 → J/ψpπ-

29R. Coutinho (UZH) - Kruger 2016

[PRL 117 (2016) 082003]   
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analysis by the Bonn-Gatchina group [22,23] and is used to
estimate systematic uncertainties.
The limited number of signal events and the large

number of free parameters in the amplitude fits prevent
an open-ended analysis of J=ψp and J=ψπ− contributions.
Therefore, the data are examined only for the presence of
the previously observed Pcð4380Þþ, Pcð4450Þþ states [5]
and the claimed Zcð4200Þ− resonance [16]. In the fits, the
mass and width of each exotic state are fixed to the reported
central values. The LS couplings describing Pþ

c → J=ψp
decays are also fixed to the values obtained from the
Cabibbo-favored channel. This leaves four free parameters
per Pþ

c state for the Λ0
b → Pþ

c π− couplings. The nominal
fits are performed for the most likely ð3=2−; 5=2þÞ JP

assignment to the Pcð4380Þþ, Pcð4450Þþ states [5]. All
couplings for the 1þ Zcð4200Þ− contribution are allowed to
vary (ten free parameters).
The fits show a significant improvement when exotic

contributions are included. When all three exotic

contributions are added to the EM N$-only model, the
Δð−2 lnLÞ value is 49.0, which corresponds to their
combined statistical significance of 3.9σ. Including the
systematic uncertainties discussed later lowers their sig-
nificance to 3.1σ. The systematic uncertainties are included
in subsequent significance figures. Because of the ambi-
guity between the Pcð4380Þþ, Pcð4450Þþ and Zcð4200Þ−
contributions, no single one of them makes a significant
difference to the model. Adding either state to a model
already containing the other two, or the two Pþ

c states
to a model already containing the Zcð4200Þ− contribution,
yields significances below 1.7σ [0.4σ for adding the
Zcð4200Þ− after the two Pþ

c states]. If the Zcð4200Þ−
contribution is assumed to be negligible, adding the two Pþ

c
states to a model without exotics yields a significance of
3.3σ. On the other hand, under the assumption that no Pþ

c
states are produced, adding the Zcð4200Þ− to a model
without exotics yields a significance of 3.2σ. The signifi-
cances are determined using Wilks’ theorem [24], the
applicability of which has been verified by simulation.
A satisfactory description of the data is already reached

with the RMN$ model if either the two Pþ
c , or the Z−

c , or all
three states, are included in the fit. The projections of the
full amplitude fit onto the invariant masses and the decay
angles reasonably well reproduce the data, as shown in
Figs. 2–5. The EM N$-only model does not give good
descriptions of the peaking structure in mJ=ψp observed for
mpπ > 1.8 GeV [Fig. 3(b)]. In fact, all contributions to
Δð−2 lnLÞ favoring the exotic components belong to this
mpπ region. The models with the Pþ

c states describe the
mJ=ψp peaking structure better than with the Zcð4200Þ−
alone (see Supplemental Material [25]).
The model with all three exotic resonances is used when

determining the fit fractions. The sources of systematic
uncertainty are listed in Table II. They include varying the
masses and widths of N$ resonances, varying the masses
and widths of the exotic states, considering N$ model
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Pc(4380)	

Pc(4450)	

Zc(4200)	


for  large  m(πp)	


analysis by the Bonn-Gatchina group [22,23] and is used to
estimate systematic uncertainties.
The limited number of signal events and the large

number of free parameters in the amplitude fits prevent
an open-ended analysis of J=ψp and J=ψπ− contributions.
Therefore, the data are examined only for the presence of
the previously observed Pcð4380Þþ, Pcð4450Þþ states [5]
and the claimed Zcð4200Þ− resonance [16]. In the fits, the
mass and width of each exotic state are fixed to the reported
central values. The LS couplings describing Pþ

c → J=ψp
decays are also fixed to the values obtained from the
Cabibbo-favored channel. This leaves four free parameters
per Pþ

c state for the Λ0
b → Pþ

c π− couplings. The nominal
fits are performed for the most likely ð3=2−; 5=2þÞ JP

assignment to the Pcð4380Þþ, Pcð4450Þþ states [5]. All
couplings for the 1þ Zcð4200Þ− contribution are allowed to
vary (ten free parameters).
The fits show a significant improvement when exotic

contributions are included. When all three exotic

contributions are added to the EM N$-only model, the
Δð−2 lnLÞ value is 49.0, which corresponds to their
combined statistical significance of 3.9σ. Including the
systematic uncertainties discussed later lowers their sig-
nificance to 3.1σ. The systematic uncertainties are included
in subsequent significance figures. Because of the ambi-
guity between the Pcð4380Þþ, Pcð4450Þþ and Zcð4200Þ−
contributions, no single one of them makes a significant
difference to the model. Adding either state to a model
already containing the other two, or the two Pþ

c states
to a model already containing the Zcð4200Þ− contribution,
yields significances below 1.7σ [0.4σ for adding the
Zcð4200Þ− after the two Pþ

c states]. If the Zcð4200Þ−
contribution is assumed to be negligible, adding the two Pþ

c
states to a model without exotics yields a significance of
3.3σ. On the other hand, under the assumption that no Pþ

c
states are produced, adding the Zcð4200Þ− to a model
without exotics yields a significance of 3.2σ. The signifi-
cances are determined using Wilks’ theorem [24], the
applicability of which has been verified by simulation.
A satisfactory description of the data is already reached

with the RMN$ model if either the two Pþ
c , or the Z−

c , or all
three states, are included in the fit. The projections of the
full amplitude fit onto the invariant masses and the decay
angles reasonably well reproduce the data, as shown in
Figs. 2–5. The EM N$-only model does not give good
descriptions of the peaking structure in mJ=ψp observed for
mpπ > 1.8 GeV [Fig. 3(b)]. In fact, all contributions to
Δð−2 lnLÞ favoring the exotic components belong to this
mpπ region. The models with the Pþ

c states describe the
mJ=ψp peaking structure better than with the Zcð4200Þ−
alone (see Supplemental Material [25]).
The model with all three exotic resonances is used when

determining the fit fractions. The sources of systematic
uncertainty are listed in Table II. They include varying the
masses and widths of N$ resonances, varying the masses
and widths of the exotic states, considering N$ model
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m(πp)	


m(J/ψp)	


m(J/ψp)	




Puzzling  X→J/ψϕ  	


•  No  evidence  seen  by  Belle/Babar	

15 JolantaBrodzicka@LaThuile2017 

The X(4140) chronology

32
R. Coutinho (UZH) - Kruger 2016
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c)

𝑋(𝟒𝟏𝟒𝟎) and 𝑿(𝟒𝟐𝟕𝟒) at CDF
¾ CDF observed a narrow 𝑱/𝝍𝝓

structure in 𝑩ା → 𝑱/𝝍𝝓𝑲ା decays 
[Initial publication on 𝟐. 𝟕 𝐟𝐛ି𝟏 PRL102(2009)242002]

• 𝑴 = 𝟒𝟏𝟒𝟑. 𝟒 ± 𝟑. 𝟎 ± 𝟎. 𝟔 𝐌𝐞𝐕
• 𝚪 = 𝟏𝟓. 𝟑ି 𝟔.𝟏

ା𝟏𝟎.𝟒 ± 𝟐. 𝟓 𝐌𝐞𝐕
• Necessarily exotic since it is narrow 

and above the 𝐷𝒔ഥ𝐷𝒔 threshold
• [𝒄𝒔ത𝒄ത𝒔] tetraquark ? 
• Hint of a second structure: 𝑿(𝟒𝟐𝟕𝟒)

¾Not confirmed by B-factories and 
LHCb with 𝟎. 𝟑𝟕 𝐟𝐛ି𝟏 data

¾ Confirmed by D0 and CMS, both 
with narrow width
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CDF extrapolations

a width of 32.3 MeV [2] does not a↵ect the X(4140) yield. Reflections of K� reso-
nances [23, 24] and possible broad J/ � resonances can also contribute near and under
the narrow X(4140) resonance. To explore the sensitivity of our results to the assumed
background shape, we also fit the data in the 1020 � 1400 MeV range with a quadratic
function multiplied by the e�ciency-corrected three-body phase-space factor (Fbkg

2

) to
impose the kinematic threshold. The preferred value of the X(4140) yield is 0.6 events
with a positive error of 7.1 events. This fit is shown in Fig. 3(b).
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Figure 3: Distribution of the mass di↵erence M(J/ �) � M(J/ ) for the B+ ! J/ �K+ in
the B+ (±2.5�) and � (±15 MeV) mass windows. Fit of X(4140) signal on top of a smooth
background is superimposed (solid red line). The dashed blue (dotted blue) line on top illustrates
the expected X(4140) (X(4274)) signal yield from the CDF measurement [2]. The top and
bottom plots di↵er by the background function (dashed black line) used in the fit: (a) an

e�ciency-corrected three-body phase-space (Fbkg

1

); (b) a quadratic function multiplied by the

e�ciency-corrected three-body phase-space factor (Fbkg

2

). The fit ranges are 1030–1400 and
1020–1400 MeV, respectively.

A similar fit was performed to simulated B

+ ! X(4140)K+ data to estimate
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FIG. 6: (color online) Invariant mass distributions of B+ →
J/ψφK+ candidates in two selected intervals of M(J/ψφ).
Superimposed are the fits of a Gaussian signal (solid blue
lines) with a second-order Chebyshev polynomial background
(dashed red lines), with the signal and background shape pa-
rameters constrained to the results of the fit in Fig. 1, and
allowing for the signal yield to vary.

onant component, ∆χ2 = 14.7 for 3 degrees of free-
dom, is 3.1 standard deviations. The fitted mass of
this state is 4159.0 ± 4.3 (stat) MeV and the width is
19.9 ± 12.6 (stat) MeV. We identify this structure with
X(4140) and we find that the quasi-two body decay
B+ → X(4140)K+ constitutes (21 ± 8 (stat))% of the
B+ → J/ψφK+ decay rate. The data also support the
presence of a structure around 4300 MeV, however they
do not allow a stable fit with an unconstrained width.
When a second resonance is allowed by setting the nat-
ural width to 30 MeV, consistent with the CDF data,
the fit as shown in Fig. 7(c) returns 47± 20 events at an
invariant mass of 4328.5± 12.0 MeV.

The X(4140) mass and width measurements and the
relative branching fraction are subject to systematic un-
certainties associated with the precision of the B+ mass
measurement, with the J/ψφmass resolution in the vicin-
ity of X(4140), and with the variation of the reconstruc-
tion efficiency with M(J/ψφ). To estimate these uncer-
tainties, we perform alternative fits applying more re-
strictive event selection criteria, using a different bin size,
and fitting the net mass distribution of J/ψφ pairs com-
ing from B+ decay obtained by subtracting the prop-
erly normalized background from the sideband region.
In addition, we consider the following variations of the
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FIG. 7: (color online) The B+ → J/ψφK+ signal yield per
30 MeV resulting from fits in 17 M(J/ψφ) bins defined in
the text, corrected for acceptance. Note that the second and
third bins have widths of 15 MeV, and the points are nor-
malized to the counts per 30 MeV as the rest of the bins.
(a) Fit allowing for no J/ψφ resonance and assuming a three-
body phase-space (PHSP) [1]; (b) allowing for a Breit-Wigner
X(4140) signal with an unconstrained mass and width and
with a resolution of 4 MeV; (c) allowing for two Breit-Wigner
resonances where the natural width of the second is set to
30 MeV. The resonance contributions, the three-body phase-
space contribution, and the total fit are also shown.

B+ mass fits in M(J/ψφ) intervals: We vary the B+

mean mass by its uncertainty of ±3 MeV, vary the B+

mass resolution by its uncertainty of ±1 MeV, vary back-
ground parameters within their uncertainties and use a
third-order Chebyshev polynomial in the fit to the back-
ground.

In the nominal fits of the signal yield as a func-
tion of M(J/ψφ), we use the J/ψφ mass resolution
of 4 MeV as obtained in simulations. For decay pro-

D0, PRD 89, 012004 (2014)

X(4140)[3�]

X(4140): some disagreements over the years from 

hadron colliders 

No evidence seen for Belle [PRL 104:112004 (2010)]    

or Babar [PRD 91, 012003 (2015)] 

Evidence seen in Belle for X (4350) in γ γ → J/ψ φ 

CDF        arXiv:  1101.6058	

LHCb  PRD  85,  091103  (2012)	

CMS      PLB  734,  261  (2014)	
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c)

𝑋(𝟒𝟏𝟒𝟎) and 𝑿(𝟒𝟐𝟕𝟒) at CDF
¾ CDF observed a narrow 𝑱/𝝍𝝓

structure in 𝑩ା → 𝑱/𝝍𝝓𝑲ା decays 
[Initial publication on 𝟐. 𝟕 𝐟𝐛ି𝟏 PRL102(2009)242002]

• 𝑴 = 𝟒𝟏𝟒𝟑. 𝟒 ± 𝟑. 𝟎 ± 𝟎. 𝟔 𝐌𝐞𝐕
• 𝚪 = 𝟏𝟓. 𝟑ି 𝟔.𝟏

ା𝟏𝟎.𝟒 ± 𝟐. 𝟓 𝐌𝐞𝐕
• Necessarily exotic since it is narrow 

and above the 𝐷𝒔ഥ𝐷𝒔 threshold
• [𝒄𝒔ത𝒄ത𝒔] tetraquark ? 
• Hint of a second structure: 𝑿(𝟒𝟐𝟕𝟒)

¾Not confirmed by B-factories and 
LHCb with 𝟎. 𝟑𝟕 𝐟𝐛ି𝟏 data

¾ Confirmed by D0 and CMS, both 
with narrow width
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CDF extrapolations

a width of 32.3 MeV [2] does not a↵ect the X(4140) yield. Reflections of K� reso-
nances [23, 24] and possible broad J/ � resonances can also contribute near and under
the narrow X(4140) resonance. To explore the sensitivity of our results to the assumed
background shape, we also fit the data in the 1020 � 1400 MeV range with a quadratic
function multiplied by the e�ciency-corrected three-body phase-space factor (Fbkg

2

) to
impose the kinematic threshold. The preferred value of the X(4140) yield is 0.6 events
with a positive error of 7.1 events. This fit is shown in Fig. 3(b).
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Figure 3: Distribution of the mass di↵erence M(J/ �) � M(J/ ) for the B+ ! J/ �K+ in
the B+ (±2.5�) and � (±15 MeV) mass windows. Fit of X(4140) signal on top of a smooth
background is superimposed (solid red line). The dashed blue (dotted blue) line on top illustrates
the expected X(4140) (X(4274)) signal yield from the CDF measurement [2]. The top and
bottom plots di↵er by the background function (dashed black line) used in the fit: (a) an

e�ciency-corrected three-body phase-space (Fbkg

1

); (b) a quadratic function multiplied by the

e�ciency-corrected three-body phase-space factor (Fbkg

2

). The fit ranges are 1030–1400 and
1020–1400 MeV, respectively.

A similar fit was performed to simulated B

+ ! X(4140)K+ data to estimate

5

m [GeV]∆
1.1 1.2 1.3 1.4 1.5

) 
/ 2

0 
M

eV
+

N
(B

0

50

100

150

200

250

300
-1 = 7 TeV, L=5.2 fbsCMS,

Data

Three-body PS (global fit)

)+, Kφ,ψEvent-mixing (J/
 )+ Kφ,ψEvent-mixing (J/

Global fit

1D fit

 uncertainty bandσ1±

X(4140)[5�]

(wider)

CMS, PLB 734, 261 (2014)

) (GeV)-K+K M(J/
4.2 4.3 4.4 4.5

) /
 3

0 
M

eV
+

N
(B

0

20

40

60
Data
Full Fit
X(4140)
X(4330)
PHSP

-1DØ Run II, 10.4 fb (c)

7

5.2 5.3 5.4

Ev
en

ts
 /1

2 
M

eV

0

5

10

-1DØ Run II, 10.4 fb
) < 4.17 GeV-K+Kψ4.155 < M(J/

) (GeV)+K-K+KψM(J/
5.2 5.3 5.4

Ev
en

ts
 /1

2 
M

eV

0

10

20
) < 4.23 GeV-K+Kψ4.2 < M(J/

Data
Full Fit
Signal
Bkg

FIG. 6: (color online) Invariant mass distributions of B+ →
J/ψφK+ candidates in two selected intervals of M(J/ψφ).
Superimposed are the fits of a Gaussian signal (solid blue
lines) with a second-order Chebyshev polynomial background
(dashed red lines), with the signal and background shape pa-
rameters constrained to the results of the fit in Fig. 1, and
allowing for the signal yield to vary.

onant component, ∆χ2 = 14.7 for 3 degrees of free-
dom, is 3.1 standard deviations. The fitted mass of
this state is 4159.0 ± 4.3 (stat) MeV and the width is
19.9 ± 12.6 (stat) MeV. We identify this structure with
X(4140) and we find that the quasi-two body decay
B+ → X(4140)K+ constitutes (21 ± 8 (stat))% of the
B+ → J/ψφK+ decay rate. The data also support the
presence of a structure around 4300 MeV, however they
do not allow a stable fit with an unconstrained width.
When a second resonance is allowed by setting the nat-
ural width to 30 MeV, consistent with the CDF data,
the fit as shown in Fig. 7(c) returns 47± 20 events at an
invariant mass of 4328.5± 12.0 MeV.

The X(4140) mass and width measurements and the
relative branching fraction are subject to systematic un-
certainties associated with the precision of the B+ mass
measurement, with the J/ψφmass resolution in the vicin-
ity of X(4140), and with the variation of the reconstruc-
tion efficiency with M(J/ψφ). To estimate these uncer-
tainties, we perform alternative fits applying more re-
strictive event selection criteria, using a different bin size,
and fitting the net mass distribution of J/ψφ pairs com-
ing from B+ decay obtained by subtracting the prop-
erly normalized background from the sideband region.
In addition, we consider the following variations of the
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FIG. 7: (color online) The B+ → J/ψφK+ signal yield per
30 MeV resulting from fits in 17 M(J/ψφ) bins defined in
the text, corrected for acceptance. Note that the second and
third bins have widths of 15 MeV, and the points are nor-
malized to the counts per 30 MeV as the rest of the bins.
(a) Fit allowing for no J/ψφ resonance and assuming a three-
body phase-space (PHSP) [1]; (b) allowing for a Breit-Wigner
X(4140) signal with an unconstrained mass and width and
with a resolution of 4 MeV; (c) allowing for two Breit-Wigner
resonances where the natural width of the second is set to
30 MeV. The resonance contributions, the three-body phase-
space contribution, and the total fit are also shown.

B+ mass fits in M(J/ψφ) intervals: We vary the B+

mean mass by its uncertainty of ±3 MeV, vary the B+

mass resolution by its uncertainty of ±1 MeV, vary back-
ground parameters within their uncertainties and use a
third-order Chebyshev polynomial in the fit to the back-
ground.

In the nominal fits of the signal yield as a func-
tion of M(J/ψφ), we use the J/ψφ mass resolution
of 4 MeV as obtained in simulations. For decay pro-

D0, PRD 89, 012004 (2014)

X(4140)[3�]

X(4140): some disagreements over the years from 

hadron colliders 

No evidence seen for Belle [PRL 104:112004 (2010)]    

or Babar [PRD 91, 012003 (2015)] 

Evidence seen in Belle for X (4350) in γ γ → J/ψ φ 
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c)

𝑋(𝟒𝟏𝟒𝟎) and 𝑿(𝟒𝟐𝟕𝟒) at CDF
¾ CDF observed a narrow 𝑱/𝝍𝝓

structure in 𝑩ା → 𝑱/𝝍𝝓𝑲ା decays 
[Initial publication on 𝟐. 𝟕 𝐟𝐛ି𝟏 PRL102(2009)242002]

• 𝑴 = 𝟒𝟏𝟒𝟑. 𝟒 ± 𝟑. 𝟎 ± 𝟎. 𝟔 𝐌𝐞𝐕
• 𝚪 = 𝟏𝟓. 𝟑ି 𝟔.𝟏

ା𝟏𝟎.𝟒 ± 𝟐. 𝟓 𝐌𝐞𝐕
• Necessarily exotic since it is narrow 

and above the 𝐷𝒔ഥ𝐷𝒔 threshold
• [𝒄𝒔ത𝒄ത𝒔] tetraquark ? 
• Hint of a second structure: 𝑿(𝟒𝟐𝟕𝟒)

¾Not confirmed by B-factories and 
LHCb with 𝟎. 𝟑𝟕 𝐟𝐛ି𝟏 data

¾ Confirmed by D0 and CMS, both 
with narrow width
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CDF extrapolations

a width of 32.3 MeV [2] does not a↵ect the X(4140) yield. Reflections of K� reso-
nances [23, 24] and possible broad J/ � resonances can also contribute near and under
the narrow X(4140) resonance. To explore the sensitivity of our results to the assumed
background shape, we also fit the data in the 1020 � 1400 MeV range with a quadratic
function multiplied by the e�ciency-corrected three-body phase-space factor (Fbkg

2

) to
impose the kinematic threshold. The preferred value of the X(4140) yield is 0.6 events
with a positive error of 7.1 events. This fit is shown in Fig. 3(b).
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Figure 3: Distribution of the mass di↵erence M(J/ �) � M(J/ ) for the B+ ! J/ �K+ in
the B+ (±2.5�) and � (±15 MeV) mass windows. Fit of X(4140) signal on top of a smooth
background is superimposed (solid red line). The dashed blue (dotted blue) line on top illustrates
the expected X(4140) (X(4274)) signal yield from the CDF measurement [2]. The top and
bottom plots di↵er by the background function (dashed black line) used in the fit: (a) an

e�ciency-corrected three-body phase-space (Fbkg

1

); (b) a quadratic function multiplied by the

e�ciency-corrected three-body phase-space factor (Fbkg

2

). The fit ranges are 1030–1400 and
1020–1400 MeV, respectively.

A similar fit was performed to simulated B

+ ! X(4140)K+ data to estimate
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FIG. 6: (color online) Invariant mass distributions of B+ →
J/ψφK+ candidates in two selected intervals of M(J/ψφ).
Superimposed are the fits of a Gaussian signal (solid blue
lines) with a second-order Chebyshev polynomial background
(dashed red lines), with the signal and background shape pa-
rameters constrained to the results of the fit in Fig. 1, and
allowing for the signal yield to vary.

onant component, ∆χ2 = 14.7 for 3 degrees of free-
dom, is 3.1 standard deviations. The fitted mass of
this state is 4159.0 ± 4.3 (stat) MeV and the width is
19.9 ± 12.6 (stat) MeV. We identify this structure with
X(4140) and we find that the quasi-two body decay
B+ → X(4140)K+ constitutes (21 ± 8 (stat))% of the
B+ → J/ψφK+ decay rate. The data also support the
presence of a structure around 4300 MeV, however they
do not allow a stable fit with an unconstrained width.
When a second resonance is allowed by setting the nat-
ural width to 30 MeV, consistent with the CDF data,
the fit as shown in Fig. 7(c) returns 47± 20 events at an
invariant mass of 4328.5± 12.0 MeV.

The X(4140) mass and width measurements and the
relative branching fraction are subject to systematic un-
certainties associated with the precision of the B+ mass
measurement, with the J/ψφmass resolution in the vicin-
ity of X(4140), and with the variation of the reconstruc-
tion efficiency with M(J/ψφ). To estimate these uncer-
tainties, we perform alternative fits applying more re-
strictive event selection criteria, using a different bin size,
and fitting the net mass distribution of J/ψφ pairs com-
ing from B+ decay obtained by subtracting the prop-
erly normalized background from the sideband region.
In addition, we consider the following variations of the
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FIG. 7: (color online) The B+ → J/ψφK+ signal yield per
30 MeV resulting from fits in 17 M(J/ψφ) bins defined in
the text, corrected for acceptance. Note that the second and
third bins have widths of 15 MeV, and the points are nor-
malized to the counts per 30 MeV as the rest of the bins.
(a) Fit allowing for no J/ψφ resonance and assuming a three-
body phase-space (PHSP) [1]; (b) allowing for a Breit-Wigner
X(4140) signal with an unconstrained mass and width and
with a resolution of 4 MeV; (c) allowing for two Breit-Wigner
resonances where the natural width of the second is set to
30 MeV. The resonance contributions, the three-body phase-
space contribution, and the total fit are also shown.

B+ mass fits in M(J/ψφ) intervals: We vary the B+

mean mass by its uncertainty of ±3 MeV, vary the B+

mass resolution by its uncertainty of ±1 MeV, vary back-
ground parameters within their uncertainties and use a
third-order Chebyshev polynomial in the fit to the back-
ground.

In the nominal fits of the signal yield as a func-
tion of M(J/ψφ), we use the J/ψφ mass resolution
of 4 MeV as obtained in simulations. For decay pro-
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𝑋(𝟒𝟏𝟒𝟎) and 𝑿(𝟒𝟐𝟕𝟒) at CDF
¾ CDF observed a narrow 𝑱/𝝍𝝓

structure in 𝑩ା → 𝑱/𝝍𝝓𝑲ା decays 
[Initial publication on 𝟐. 𝟕 𝐟𝐛ି𝟏 PRL102(2009)242002]

• 𝑴 = 𝟒𝟏𝟒𝟑. 𝟒 ± 𝟑. 𝟎 ± 𝟎. 𝟔 𝐌𝐞𝐕
• 𝚪 = 𝟏𝟓. 𝟑ି 𝟔.𝟏

ା𝟏𝟎.𝟒 ± 𝟐. 𝟓 𝐌𝐞𝐕
• Necessarily exotic since it is narrow 

and above the 𝐷𝒔ഥ𝐷𝒔 threshold
• [𝒄𝒔ത𝒄ത𝒔] tetraquark ? 
• Hint of a second structure: 𝑿(𝟒𝟐𝟕𝟒)

¾Not confirmed by B-factories and 
LHCb with 𝟎. 𝟑𝟕 𝐟𝐛ି𝟏 data

¾ Confirmed by D0 and CMS, both 
with narrow width
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CDF extrapolations

a width of 32.3 MeV [2] does not a↵ect the X(4140) yield. Reflections of K� reso-
nances [23, 24] and possible broad J/ � resonances can also contribute near and under
the narrow X(4140) resonance. To explore the sensitivity of our results to the assumed
background shape, we also fit the data in the 1020 � 1400 MeV range with a quadratic
function multiplied by the e�ciency-corrected three-body phase-space factor (Fbkg

2

) to
impose the kinematic threshold. The preferred value of the X(4140) yield is 0.6 events
with a positive error of 7.1 events. This fit is shown in Fig. 3(b).
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Figure 3: Distribution of the mass di↵erence M(J/ �) � M(J/ ) for the B+ ! J/ �K+ in
the B+ (±2.5�) and � (±15 MeV) mass windows. Fit of X(4140) signal on top of a smooth
background is superimposed (solid red line). The dashed blue (dotted blue) line on top illustrates
the expected X(4140) (X(4274)) signal yield from the CDF measurement [2]. The top and
bottom plots di↵er by the background function (dashed black line) used in the fit: (a) an

e�ciency-corrected three-body phase-space (Fbkg

1

); (b) a quadratic function multiplied by the

e�ciency-corrected three-body phase-space factor (Fbkg

2

). The fit ranges are 1030–1400 and
1020–1400 MeV, respectively.

A similar fit was performed to simulated B

+ ! X(4140)K+ data to estimate

5

m [GeV]∆
1.1 1.2 1.3 1.4 1.5

) 
/ 2

0 
M

eV
+

N
(B

0

50

100

150

200

250

300
-1 = 7 TeV, L=5.2 fbsCMS,

Data

Three-body PS (global fit)

)+, Kφ,ψEvent-mixing (J/
 )+ Kφ,ψEvent-mixing (J/

Global fit

1D fit

 uncertainty bandσ1±

X(4140)[5�]

(wider)

CMS, PLB 734, 261 (2014)

) (GeV)-K+K M(J/
4.2 4.3 4.4 4.5

) /
 3

0 
M

eV
+

N
(B

0

20

40

60
Data
Full Fit
X(4140)
X(4330)
PHSP

-1DØ Run II, 10.4 fb (c)

7

5.2 5.3 5.4

Ev
en

ts
 /1

2 
M

eV

0

5

10

-1DØ Run II, 10.4 fb
) < 4.17 GeV-K+Kψ4.155 < M(J/

) (GeV)+K-K+KψM(J/
5.2 5.3 5.4

Ev
en

ts
 /1

2 
M

eV

0

10

20
) < 4.23 GeV-K+Kψ4.2 < M(J/

Data
Full Fit
Signal
Bkg

FIG. 6: (color online) Invariant mass distributions of B+ →
J/ψφK+ candidates in two selected intervals of M(J/ψφ).
Superimposed are the fits of a Gaussian signal (solid blue
lines) with a second-order Chebyshev polynomial background
(dashed red lines), with the signal and background shape pa-
rameters constrained to the results of the fit in Fig. 1, and
allowing for the signal yield to vary.

onant component, ∆χ2 = 14.7 for 3 degrees of free-
dom, is 3.1 standard deviations. The fitted mass of
this state is 4159.0 ± 4.3 (stat) MeV and the width is
19.9 ± 12.6 (stat) MeV. We identify this structure with
X(4140) and we find that the quasi-two body decay
B+ → X(4140)K+ constitutes (21 ± 8 (stat))% of the
B+ → J/ψφK+ decay rate. The data also support the
presence of a structure around 4300 MeV, however they
do not allow a stable fit with an unconstrained width.
When a second resonance is allowed by setting the nat-
ural width to 30 MeV, consistent with the CDF data,
the fit as shown in Fig. 7(c) returns 47± 20 events at an
invariant mass of 4328.5± 12.0 MeV.

The X(4140) mass and width measurements and the
relative branching fraction are subject to systematic un-
certainties associated with the precision of the B+ mass
measurement, with the J/ψφmass resolution in the vicin-
ity of X(4140), and with the variation of the reconstruc-
tion efficiency with M(J/ψφ). To estimate these uncer-
tainties, we perform alternative fits applying more re-
strictive event selection criteria, using a different bin size,
and fitting the net mass distribution of J/ψφ pairs com-
ing from B+ decay obtained by subtracting the prop-
erly normalized background from the sideband region.
In addition, we consider the following variations of the
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FIG. 7: (color online) The B+ → J/ψφK+ signal yield per
30 MeV resulting from fits in 17 M(J/ψφ) bins defined in
the text, corrected for acceptance. Note that the second and
third bins have widths of 15 MeV, and the points are nor-
malized to the counts per 30 MeV as the rest of the bins.
(a) Fit allowing for no J/ψφ resonance and assuming a three-
body phase-space (PHSP) [1]; (b) allowing for a Breit-Wigner
X(4140) signal with an unconstrained mass and width and
with a resolution of 4 MeV; (c) allowing for two Breit-Wigner
resonances where the natural width of the second is set to
30 MeV. The resonance contributions, the three-body phase-
space contribution, and the total fit are also shown.

B+ mass fits in M(J/ψφ) intervals: We vary the B+

mean mass by its uncertainty of ±3 MeV, vary the B+

mass resolution by its uncertainty of ±1 MeV, vary back-
ground parameters within their uncertainties and use a
third-order Chebyshev polynomial in the fit to the back-
ground.

In the nominal fits of the signal yield as a func-
tion of M(J/ψφ), we use the J/ψφ mass resolution
of 4 MeV as obtained in simulations. For decay pro-

D0, PRD 89, 012004 (2014)

X(4140)[3�]

X(4140): some disagreements over the years from 

hadron colliders 

No evidence seen for Belle [PRL 104:112004 (2010)]    

or Babar [PRD 91, 012003 (2015)] 

Evidence seen in Belle for X (4350) in γ γ → J/ψ φ 

CDF	

LHCb	




X→J/ψϕ  Family	


•  Bs→J/ψϕK,  6-­‐‑dim  amplitude  analysis	

•  K*→ϕK  only:  don’t  describe  data	

	

	


	

	

•  Four  X→J/ψϕ  needed;  broader  than  seen  by  CDF/CMS	


	

•  No  single  model  can  acommodate  them  all	


PRL  118,  022003  (2017)  	

PRD  95,  012002  (2017)	
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element sums coherently over all possible K⇤ resonances: |M|2 =
P

��µ=±1

���
P

j

MK

⇤
j

��µ

���
2

.

Detailed definitions of R(m
�K

|M0
j,�0

j) and of H��µ(⌦|{Aj}) are given in Ref. [30]. The
free parameters are determined from the data by minimizing the unbinned six-dimensional
(6D) negative log-likelihood (�lnL), where the probability density function (PDF) is
proportional to (1��) |M|2, multiplied by the detection e�ciency, plus a background term.
The signal PDF is normalized by summing over B+ ! J/ �K+ events generated [35, 36]
uniformly in decay phase space, followed by detector simulation [37] and data selection.
This procedure accounts for the 6D e�ciency in the reconstruction of the signal decays [30].
We use B+ mass sidebands to obtain a 6D parameterization of the background PDF [30].
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Figure 1: Distribution of m
J/ �

for the data and the fit results with a model containing only
K⇤+ ! �K+ contributions.

Past experiments on K⇤ states decaying to �K [38–40] had limited precision, gave
somewhat inconsistent results, and provided evidence for only a few of the states expected
from the quark model in the 1513–2182MeV range probed in our data. We have used
the predictions of the relativistic potential model by Godfrey–Isgur [41] (horizontal black
lines in Fig. 2) as a guide to the quantum numbers of the K⇤+ states to be included
in the amplitude model. The masses and widths of all states are left free; thus our fits
do not depend on details of the predictions, nor on previous measurements. We also
include a constant nonresonant amplitude with JP = 1+, since such �K+ contributions
can be produced, and can decay, in S-wave. Allowing the magnitude of the nonresonant
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Figure 3: Distributions of (top left) �K+, (top right) J/ K+ and (bottom) J/ � invariant
masses for the B+ ! J/ �K+ candidates (black data points) compared with the results of the
default amplitude fit containing eight K⇤+ ! �K+ and five X ! J/ � contributions. The total
fit is given by the red points with error bars. Individual fit components are also shown.
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Figure 3: Distributions of (top left) �K+, (top right) J/ K+ and (bottom) J/ � invariant
masses for the B+ ! J/ �K+ candidates (black data points) compared with the results of the
default amplitude fit containing eight K⇤+ ! �K+ and five X ! J/ � contributions. The total
fit is given by the red points with error bars. Individual fit components are also shown.
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Table 1:

State Signif JPC

M [MeV] � [MeV]

X(4140) 8.4� 1

++
4160 ± 4

+5
�3 83 ± 21

+21
�14

X(4274) 5.8� 1

++
4273 ± 8

+17
�4 56 ± 11

+8
�11

X(4500) 6.1� 0

++
4506 ± 11

+12
�15 92 ± 21

+21
�20

X(4700) 5.6� 0

++
4704 ± 10

+14
�24 120 ± 31

+42
�33

M = 4380 ± 8 ± 29 MeV (1)

� = 205 ± 18 ± 86 MeV (2)

M = 4450 ± 2 ± 2 MeV (3)

� = 39 ± 5 ± 19 MeV (4)

A
P
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b
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b

)

�(H
b

) + �(H
b

)

(5)

A
P

(B+
) = (�0.7 ± 0.1 ± 0.3)% (6)

A
P

(B0
) = (�1.4 ± 0.5 ± 0.1)% (7)

A
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0
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(y0 cos �⌥ x0
sin �) (12)

0.75 < |q/p| < 1.24 @68% CL (13)

A
CP

(K
S

K
S

) = (�0.02 ± 1.53 ± 0.17)% (14)

A
CP

(K+K�
) = (0.14 ± 0.15 ± 0.10)% (15)

A
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(⇡+⇡�
) = A

CP
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= (0.24 ± 0.15 ± 0.11)% (16)
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•  All  won’t  fit  cc  spectrum	

•  Ds*Ds*  molecules	

            or  tetraquarks?	


m(J/ψϕ)	
 m(J/ψϕ)	




Summary	


Production	

•  Many  news  in  strong  production  of  b&c	

•  Understand  more  J/ψ  production	

•  Also  weak  production  (W  +  QQ  jets)  and  tt  prodcution	

          PLB  767  (2017)  110-­‐‑120	

•  Heavy  flavours  in  nuclear  collisions  	


Spectroscopy  	

•  Exploring  &  x-­‐‑checking  pentaquarks	

•  More  cc-­‐‑like  states:  four  X→J/ψϕ	

•  Also  ‘conventional’  spectroscopy	

          excited  Λc→D0p  arXiv:1701.07873;  D**→Dπ  arXiv:1608.01289	

•  Missing:  Ξcc,  Ξbc  ,  …	

•  Ready  for  surprises	
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Backups	
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Pentaquarks:  model  indep.  approach	
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than the value used in the model-independent analysis of
B̄0 → ψð2SÞπþK− [14], as baryons have half-integer spins.
The result for F ðmJ=ψpjH1Þ is shown in Fig. 4, where it is
seen that llarge ¼ 31 is sufficient. To make F ðmJ=ψpjH0;1Þ
continuous, quadratic splines are used to interpolate
between nearby mJ=ψp bins.
The numerical representations ofH0 and ofH1 contain a

large number of parameters, requiring extensive statistical
simulations to determine the distribution of the test variable
for the H0 hypothesis: F t½Δð−2 lnLÞjH0&. A large number
of pseudoexperiments are generated with nsigcand and nsidecand
equal to those obtained in the data. The signal events,
contributing a fraction ð1 − βÞ to the signal region sample,
are generated according to the F ðmKp; cos θΛ' jH0Þ func-
tion with parameters determined from the data. They are
then shaped according to the ϵðmKp; cos θΛ' ;ΩaÞ function,
with the Ωa angles generated uniformly in phase space.
The latter is an approximation, whose possible impact is
discussed later. Background events in sideband and signal
regions are generated according to the 6D background
parametrization previously developed in the amplitude
analysis of the same data (Ref. [3] supplement). The
pseudoexperiments are subject to the same analysis pro-
cedure as the data. The distribution of values of Δð−2 lnLÞ
over more than 10 000 pseudoexperiments determines the
form of F t½Δð−2 lnLÞjH0&, which can then be used to
convert the Δð−2 lnLÞ value obtained from data into a
corresponding p value. A small p value indicates non-Λ'

contributions in the data. A large p value means that the
data are consistent with the Λ'-only hypothesis, but does
not rule out other contributions.
Before applying this method to the data, it is useful to

study its sensitivity with the help of amplitude models.
Pseudoexperiments are generated according to the 6D
amplitude model containing only Λ' resonances (the
reduced model in Table 1 of Ref. [3]), along with efficiency
effects. The distribution of Δð−2 lnLÞ values is close to
that expected from F t½Δð−2 lnLÞjH0& (black open and red
falling hatched histograms in Fig. 5), thus verifying the 2D
model-independent procedure on one example of the Λ'

model. They also indicate that the nonuniformities in
ϵðΩaÞ are small enough not to significantly bias the
F t½Δð−2 lnLÞjH0& distribution when approximating the
Ωa probability density via a uniform distribution. To test
the sensitivity of the method to an exotic Pþ

c → J=ψp
resonance, the amplitude model described in Ref. [3] is
used, but with the Pcð4450Þþ contribution removed.
Generating many pseudoexperiments from this amplitude
model produces a distribution of Δð−2 lnLÞ, which is
almost indistinguishable from the F t½Δð−2 lnLÞjH0& dis-
tribution (blue dotted and red falling hatched histograms in
Fig. 5), thus predicting that for such a broad Pcð4380Þþ
resonance (Γ0 ¼ 205 MeV), the false H0 hypothesis is
expected to be accepted (type II error), because the
Pcð4380Þþ contribution inevitably feeds into the numerical

representation of H0. Simulations are then repeated while
reducing the Pcð4380Þþ width by subsequent factors
of 2, showing a dramatic increase in the power of the
test (histograms peaking at 60 and 300). Figure 5 also
shows the Δð−2 lnLÞ distribution obtained with the
narrow Pcð4450Þþ state restored in the amplitude model
and Pcð4380Þþ at its nominal 205 MeV width (black
rising hatched histogram). The separation from
F t½Δð−2 lnLÞjH0& is smaller than that of the simulation
with a Pcð4380Þþ of comparable width (51 MeV) due to
the smaller Pcð4450Þþ fit fraction. Nevertheless, the
separation from F t½Δð−2 lnLÞjH0& is clear; thus, if this
amplitude model is a good representation of the data,
the H0 hypothesis is expected to essentially always be
rejected.
The value of the Δð−2 lnLÞ test variable obtained from

the data is significantly above the F t½Δð−2 lnLÞjH0&
distribution (see the inset of Fig. 5). To estimate a p value
the simulated F t½Δð−2 lnLÞjH0& distribution is fitted
with a bifurcated Gaussian function (asymmetric widths);
the significance of the H0 rejection is 10.1σ standard
deviations.
To test the sensitivity of the result to possible biases

from the background subtraction, either the left or the right
sideband is exclusively used, and the weakest obtained
rejection of H0 is 9.8σ. As a further check, the sideband
subtraction is performed with the sPlot technique [18],
in which the wi weights are obtained from the fit to the
mJ=ψpK distribution for candidates in the entire fit range.
This increases the significance of theH0 rejection to 10.4σ.
Loosening the cut on the boosted decision tree variable
discussed in Ref. [3] increases the signal efficiency by 14%,
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Gaussian fit function (solid line) and the value obtained for the
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    based  on  ampl.  models	




3 Determination of signal yields106

The numbers of J/ and D

0 signal candidates are obtained from unbinned maximum107

likelihood fits to their mass distributions. At
p

sNN = 110.4 GeV, J/ and D

0 mesons108

coming from decays of b-hadrons contribute to less than 1% of the total yields. These109

contributions are therefore neglected and all J/ and D

0 signal candidates are assumed to110

be prompt.111

The mass fit function is the sum of a Crystal Ball function [21] describing the signal112

and an exponential function describing the background. Figure 2 shows the mass distri-113

butions obtained after all selections applied on the entire data set, with the fit functions114

superimposed.115
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Figure 2: Left: J/ ! µ

�
µ

+ and right: D

0 ! K

�
⇡

+ mass distributions with the fit functions
superimposed. Black points are the data, red line the signal, dashed blue line the background
and blue the sum of background and signal.

For di↵erential studies, the number of signal candidates is extracted as a function of116

their transverse momentum pT and rapidity y. The following binning scheme has been117

used:118

• y : [2, 3], [3, 3.5], [3.5, 4], [4, 4.6],119

• pT: [0, 600], [600, 1200], [1200, 1800], [1800, 8000] MeV/c.120

The results of the individual fits are shown in Fig. 4 for the di↵erent pT bins of the analysis121

and in Fig. 3 for the y bins.122

4 Systematic uncertainties123

The yields extracted from the mass fit are corrected for event trigger and selection124

e�ciencies, primary vertex reconstruction e�ciencies and particle reconstruction, selection125

and identification e�ciencies. They are also corrected for the geometrical acceptance of126
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The J/ and D

0 yields were also computed as a function of their x-Bjorken, x2 and172

x-Feynman, xF. They confirm that a fixed-target program operated with LHCb is a unique173

opportunity to thoroughly measure heavy flavour production in the large x-Bjorken regime174

0.03  x2  0.5 (corresponding to the anti-shadowing region of the gluon nuclear PDF)175

and in the negative x-Feynman region where no data have been taken in the past.176

10

J/ψ  and  D  from  pAr  @  √sNN=110GeV	


20 JolantaBrodzicka@LaThuile2017 

LHCb-­‐‑CONF-­‐‑2017-­‐‑001	


•  First  results  from  LHCb  in  fixed-­‐‑target  mode  	

•  Proton  collisions  on  gas  injected  into  a  beam  pipe	

	

•  Signals                    J/ψ                                                                                D0	

	

	

	

	

•  σ(J/ψ)/σ(D0)	

                                        	

                                                                                                              	

                                                                                                    pT  [MeV]                                                                                                y	

	

•  Way  to  probe  QQ  production  in  high  density/temp  QCD	


~20  hours  	

data  taking!	


m(µμµμ)	
 m(Kπ)	




Disentangling  DPS  and  SPS	


•  Example  of  templated  fits  for  (best?)  SPS  model	

•  σeff  [mb]	
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Figure 3: Comparisons between measurements and theoretical predictions for the di↵erential
cross-sections as functions of (top left) p

T

(J/ ), (top right) y(J/ J/ ) and (bottom) y(J/ ).
The (black) points with error bars represent the measurements.

2GeV/c. The p

T

(J/ J/ ) distribution, shown in Fig. 2, demonstrates the large depen-
dence of the shape on the choice of the hk

T

i parameter. The distributions of the variables
p

T

(J/ J/ ), |��| and A
T

, predicted by the LOCS model, are trivial, p
T

(J/ J/ ) ⇠ 0,
|��| ⇠ ⇡ and A

T

⇠ 0, and omitted from the plots. A similar trivial pattern is expected
for the LOCO model, but due to the k

T

-smearing, the actual shape of the distribu-
tions strongly depends on the choice of the hk

T

i parameter. The NLO⇤CS00 model also
demonstrates a large dependence on the hk

T

i parameter for |��| /⇡ distribution.
Neither the DPS model with the given value of the �

e↵

parameter, nor any of
the SPS models can describe simultaneously the measured cross-section and the dif-
ferential shapes. However, the sum of the DPS and SPS contributions can adequately
describe both the measured production cross-sections and the di↵erential distributions.
To discriminate between the SPS and DPS contributions, the di↵erential distribution for
each variable v is fitted with the simple two-component model

d�

dv
= �

DPS

F

DPS

(v) + �

SPS

F

SPS

(v), (8)
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Table 3: Percentages of the DPS component, f
DPS

, determined with the simple two-component
fit to di↵erent distributions for di↵erent SPS models.

Variable LO⇤CS LO k

T

NLO⇤CS0 NLO⇤CS00

hk
T

i = 2GeV/c hk
T

i = 0.5GeV/c

no p

T

(J/ J/ ) cut

p

T

(J/ J/ ) — 78± 12 — 88± 38 81± 8
y(J/ J/ ) 83± 37 — — 93± 37 85± 30
m(J/ J/ ) 77± 9 78± 8 — 79± 10 79± 10
|�y| 57± 22 60± 20 — 62± 19 61± 19

p

T

(J/ J/ ) > 1GeV/c

y(J/ J/ ) — — 91± 36 89± 34 84± 29
m(J/ J/ ) — 80± 9 77± 10 89± 11 89± 11
|�y| — 55± 20 58± 20 59± 19 58± 19

p

T

(J/ J/ ) > 3GeV/c

y(J/ J/ ) — — 92± 43 82± 36 80± 32
m(J/ J/ ) — 83± 12 85± 12 89± 13 89± 13
|�y| — 41± 25 52± 22 52± 22 52± 22

Table 4: Summary of the �
e↵

values (in mb) from DPS fits for di↵erent SPS models.
The uncertainty is statistical only, originating from the statistical uncertainty in �

DPS

(and
d� (J/ J/ )/dv). The common systematic uncertainty of 12%, accounting for the systematic
uncertainty of � (J/ J/ ) and the total uncertainty for �(J/ ), is not shown.

Variable LO k

T

NLO⇤CS00

hk
T

i = 2GeV/c hk
T

i = 0.5GeV/c

p

T

(J/ J/ ) 11.3± 1.6 10.1± 4.4 11.0± 1.3
y(J/ J/ ) — 9.2± 3.9 10.0± 3.9
m(J/ J/ ) 11.4± 1.2 11.3± 1.5 11.3± 1.5
|�y| 14.4± 4.9 14.0± 4.4 14.2± 4.7
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open  charm  @  13TeV	


•  charm  promptly  produced  in  pp,  1<pT<8GeV	

•  exclusive  decays  of  D0,  D+,  Ds  and  D*+	


•  extrapolation  to  inclusive  charm	


JHEP  03  (2016)  159	

JHEP  09  (2016)  013  	
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�(pp ! D0X) = 2460 ± 3 ± 130 µb
�(pp ! D+X) = 1000 ± 3 ± 110 µb
�(pp ! D+

s

X) = 460 ± 13 ± 100 µb
�(pp ! D⇤+X) = 880 ± 5 ± 140 µb

Table 3: Prompt charm production cross-sections in the kinematic ranges given. The computation
of the extrapolation factors is described in the text. The first uncertainty on the cross-section is
statistical, and the second is systematic and includes the contribution from the extrapolation
factor. No extrapolation factor is given for D+

(s)

as a measurement is available in every bin of the
integrated phase space.

Extrapolation factor Cross-section (µb)

D0 0 < p
T

< 8 GeV/c 2 < y < 4.5 1.0004 ± 0.0009 3370 ± 4 ± 200
D+ 0 < p

T

< 8 GeV/c 2 < y < 4.5 - 1290 ± 8 ± 190

D0 1 < p
T

< 8 GeV/c 2 < y < 4.5 1.0005 ± 0.0009 2460 ± 3 ± 130
D+ 1 < p

T

< 8 GeV/c 2 < y < 4.5 - 1000 ± 3 ± 110
D+

s

1 < p
T

< 8 GeV/c 2 < y < 4.5 - 460 ± 13 ± 100
D⇤+ 1 < p

T

< 8 GeV/c 2 < y < 4.5 1.0004 ± 0.0023 880 ± 5 ± 140

Table 4: Ratios of integrated cross-section-times-branching-fraction measurements in the kine-
matic range 1 < p

T

< 8 GeV/c and 2 < y < 4.5. The first uncertainty on the ratio is statistical
and the second is systematic. The notation �(D ! f) is shorthand for �(D) ⇥ B(D ! f).

Quantity Measurement

�(D+ ! K�⇡+⇡+)/�(D0 ! K�⇡+) 0.959+0.003

�0.003

+0.060

�0.055

�(D+

s

! [K�K+]
�

⇡+)/�(D0 ! K�⇡+) 0.107+0.003

�0.003

+0.008

�0.010

�(D⇤+ ! [K�⇡+]
D

0⇡+)/�(D0 ! K�⇡+) 0.244+0.001

�0.001

+0.027

�0.026

�(D+

s

! [K�K+]
�

⇡+)/�(D+ ! K�⇡+⇡+) 0.112+0.004

�0.004

+0.006

�0.009

�(D⇤+ ! [K�⇡+]
D

0⇡+)/�(D+ ! K�⇡+⇡+) 0.254+0.001

�0.001

+0.016

�0.017

�(D+

s

! [K�K+]
�

⇡+)/�(D⇤+ ! [K�⇡+]
D

0⇡+) 0.444+0.013

�0.013

+0.042

�0.052

The combination of the D0 and D+ measurements, based on the Blue method [43],
gives

�(pp ! ccX)
pT < 8 GeV/c, 2.0<y< 4.5

= 2940 ± 3 ± 180 ± 160 µb,

where the uncertainties are due to statistical, systematic and fragmentation fraction
uncertainties, respectively. A comparison with predictions is given in Fig. 9. The same
figure also shows a comparison of �(pp ! ccX) for 1 < p

T

< 8 GeV/c based on the
measurements of all four mesons. Ratios of the integrated cross-section-time-branching-
fraction measurements are given in Table 4.
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