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Outline

❖  Brief summary of LHCb papers submitted since March.

❖  LS1 activities

❖Preparation for Run 2.

❖  Looking forward to Run 3.



The LHCb physics program has been expanding rapidly over the past few 
years and now includes vibrant activity in exotic spectroscopy, pA collisions, 
and many other areas that were not part of our original “road map”.

We have submitted 17 papers for publication since the previous LHCC 
meeting in March.   First I will summarize (some of) these recent results ...



Rare & CP-Violating Decays
Excellent laboratories to search for BSM by performing precision tests of the 
SM.  Many of these “indirect” searches are sensitive to mass scales higher 
than has been accessible to date in “direct” searches. 
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Several important measurements still to be updated to 3/fb so experimental 
picture will become shaper soon.  Hopefully theory picture does as well.

LHCb  |

LHCb-PAPER-2014-006

BSM?

The b→s penguin decays are sensitive to BSM contributions in the loop:
Table 2: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+! K⇤+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+! K⇤+µ+µ� 15.8 +3.2

�2.9

± 1.1 26.8± 3.6

example, the peak at high q2 is due to the  (4160) resonance, which is discussed in more
detail in Ref. [26].

The presence of an S-wave contribution to the K+⇡� and K0

S⇡
+ systems of B0 !

K⇤0µ+µ� and B+! K⇤+µ+µ� candidates, respectively, complicates the analysis of these
channels. This e↵ect is of the order of a few percent and can be neglected inB+! K⇤+µ+µ�

decays with the current statistical precision. The larger signal yield of B0! K⇤0µ+µ�,
however, merits a detailed analysis of the S-wave contribution and requires a dedicated
study. For this reason the branching fraction of B0! K⇤0µ+µ� decays is not reported.

By convention, branching fractions are extrapolated to the full q2 range ignoring the
presence of the narrow charmonium resonances. A q2 distribution based on Ref. [46] is
used for this. The correction factors to the branching fractions due to this extrapolation
are 1.39 and 1.50 for B! Kµ+µ� and B0! K⇤0µ+µ�, respectively. No uncertainty is
assigned to these corrections. Summing the q2 bins and applying the extrapolation, the
integrated branching fractions become

B(B+! K+µ+µ�) = (4.29± 0.07 (stat)± 0.21 (syst))⇥ 10�7,

B(B0! K0µ+µ�) = (3.27± 0.34 (stat)± 0.17 (syst))⇥ 10�7,

B(B+! K⇤+µ+µ�) = (9.24± 0.93 (stat)± 0.67 (syst))⇥ 10�7.

These measurements are more precise than the current world averages [25].
Table 2 compares the B+! K+µ+µ� and B0! K0µ+µ� branching fractions integrated

over the q2 region of 15�22GeV2/c4, and the B+! K⇤+µ+µ� branching fraction integrated
over the 15 � 19GeV2/c4 region to the lattice QCD predictions [1, 2, 44, 45]. While the
measurements are all individually consistent with their respective predictions, they all
have values below those.

8 Isospin asymmetry results

The assumption of no isospin asymmetry in the B! J/ K(⇤) modes makes the isospin
measurement equivalent to measuring the di↵erence in isospin asymmetry between B!
K(⇤)µ+µ� and B! J/ K(⇤) decays. Compared to using the values in Ref. [25] for the
branching fractions of the B! J/ K(⇤) modes, this approach shifts A

I

in each bin by

9

expect update soon

Rates @ large q2 lower than SM. Some authors 
explain this as a ~5 TeV Z’ ... but could also be 
unexpected QCD effect. updated to 3/fb
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Figure 3: Isospin asymmetries for (left) B! Kµ+µ� and (right) B! K⇤µ+µ� decays.
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Figure 4: Isospin asymmetry of B! Kµ+µ� obtained separately from the 2011 and 2012 data
sets.

approximately 4%. The isospin asymmetries are shown in Fig. 3 for B! Kµ+µ� and
B! K⇤µ+µ� and given in Tables 6 and 7 in the appendix. The asymmetric uncertainties
are obtained from the profile likelihood.

Since there is no knowledge on the shape of A
I

in models that extend the SM, apart
from large correlations expected between neighbouring bins, the A

I

= 0 hypothesis is
tested against the simplest alternative, that is a constant value di↵erent from zero. The
di↵erence in �2 between the two hypotheses is used as a test statistic and is compared
to the di↵erences in an ensemble of pseudo-experiments which are generated with zero
isospin asymmetry. Given the current statistical precision, the hypothesis of A

I

= 0 is a
good approximation to the SM which predicts A

I

to be O(1%) [3–5]. The p-value for the
B! Kµ+µ� isospin asymmetry under the A

I

= 0 hypothesis is 11%, corresponding to
a significance of 1.5�. The B! K⇤µ+µ� isospin asymmetry has a p-value of 80% with
respect to zero. Alternatively, a simple �2 test of the data with respect to a hypothesis of
zero isospin asymmetry has a p-value of 54% (4%) for the B! Kµ+µ� (B! K⇤µ+µ�)
isospin asymmetry.

Although the isospin asymmetry for B! Kµ+µ� decays is negative in all but one q2

10
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New isospin asymmetry results are consistent with the SM (they are also 
consistent with our previous results) as are angular observables in LHCb-
PAPER-2014-007 (K*μμ updated angular observables soon).

LHCb  |

LHCb-PAPER-2014-006

BSM?

The b→s penguin decays are sensitive to BSM contributions in the loop:
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Expect something very close to one in the SM (result about 2.5σ away).

LHCb  |

Lepton Universality

BSM?

The b→s penguin decays are sensitive to BSM contributions in the loop:
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CP violation in D0 decays tagged in semileptonic B decays:

LHCb results are the most precise to date and show no significant evidence of 
CP violation (consistent with SM expectations).

LHCb  |

LHCb-PAPER-2014-013
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Figure 1: Invariant mass distributions for muon-tagged (a) D0! K�K+, (b) D0! ⇡�⇡+ and

(c) D0! K�⇡+ candidates and for prompt (d) D+! K�⇡+⇡+ and (e) D+! K
0
⇡+ candidates.

The results of the fits are overlaid.

rates of K0 and K
0
in the detector material. Due to material interactions, a pure K0

L state
can change back into a superposition of K0

L and K0
S states [20]. These regeneration and

CP -violating e↵ects are of the same order and same sign in LHCb. To estimate the total
K0 detection asymmetry, the mixing, CP violation and absorption in material need to be

7

�A
CP

= A
CP

(K�K+)�A
CP

(⇡�⇡+) = (+0.14± 0.16 (stat)± 0.08 (syst))% .

2011+2012 LHCb data

tagged D0 decays in the 3 fb�1 data set to be

�A
CP

= (+0.14± 0.16 (stat)± 0.08 (syst))% ,

A
CP

(K�K+) = (�0.06± 0.15 (stat)± 0.10 (syst))% ,

where the total correlation coe�cient, including statistical and systematic components, is
⇢ = 0.28. By combining the above results, the CP asymmetry in the D0! ⇡�⇡+ decay is
found to be

A
CP

(⇡�⇡+) = (�0.20± 0.19 (stat)± 0.10 (syst))% .

These results are obtained assuming that there is no CP violation inD0 mixing and no direct
CP violation in the Cabibbo-favoured D0 ! K�⇡+, D+ ! K�⇡+⇡+ and D+ ! K

0
⇡+

decay modes. The measurement of �A
CP

supersedes the previously reported result [10].
Our results show that there is no significant CP violation in the singly Cabibbo-suppressed
D0 ! K�K+, ⇡�⇡+ decays at the level of 10�3. These results constitute the most precise
measurements of time-integrated CP asymmetries A

CP

(K�K+) and A
CP

(⇡�⇡+) from a
single experiment to date.
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Summary of the World’s data:

LHCb  |

LHCb-PAPER-2014-013

CP violation in Semileptonic-tagged D! hh
[LHCb-PAPER-2014-013, submitted to JHEP, arXiv:1405.2797]
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Patrick Koppenburg Physics LHCC, 03/06/2014 [9/16]
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Precision measurement of the Bs mixing phase φs using Bs→J/Ѱππ

Obtain φs = 70±68±8 mrad which is the most precise for this decay mode, c.f. 
φs = 70±90±10 mrad from 1/fb of Bs→J/ѰKK (SM: -36.3±1.6 mrad).

LHCb  |

LHCb-PAPER-2014-019

2011+2012 data

A time-dependent amplitude 
analysis is used to determine φs
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Follow-up of CP-components in
B0
s ! J/ ⇡�⇡+ [Phys. Rev. D89 (2014) 092006,

arXiv:1402.6248] ‹ > 97% CP-odd

Tagged time-dependent angular
analysis

Use opposite and same-side taggers

Result: �s = 75± 67± 8 mrad
�s = 70± 68± 8 mrad and

|�| =
��� qp

Ā
A

��� = 0.89± 0.05± 0.01 if

CPV allowed

Consistent with SM
�s = 36.3± 1.6 mrad and
B0
s ! J/ KK : �s = 70± 90± 10

[Phys. Rev. D 87, 112010 (2013), arXiv:1304.2600]

Patrick Koppenburg Physics LHCC, 03/06/2014 [8/16]



Production Measurements
Useful for testing fragmentation, hadronization and for improving MC 
generators.  Production quantities often required as input for BSM searches.  
LHCb is now also studying cold nuclear matter effects in p-Pb.
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LHCb-PAPER-2013-067
Theoretical models fail to reproduce both the cross section and polarization of 
heavy quarkonium at hadron colliders.  

LHCb results (small polarization everywhere) do not agree with theory.

LHCb  |
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Figure 5: Polarisation parameter �
✓

of the prompt  (2S) meson in the helicity frame as a
function of p

T

, in the rapidity range 2.5 < y < 4. The predictions of NLO CSM [37] and three
NLO NRQCD models (1) [37], (2) [38] and (3) [39] are also shown. Uncertainties on data are the
sum in quadrature of the statistical and systematic uncertainties. The horizontal bars represent
the width of p

T

bins for the  (2S) meson.

in good agreement with each other, with di↵erences much smaller than the statistical
uncertainties. In the Collins-Soper frame, �

✓

takes small negative values especially in the
low-p

T

region and increases with p
T

. This trend is more significant for the extreme y
bins. In the helicity frame, the polarisation parameter �

✓

is consistent with zero, with no
significant dependence on p

T

or y of the  (2S) meson. The polarisation parameters �
✓�

and �
�

are consistent with zero in both the helicity and Collins-Soper frames, and their
absolute values are below 0.1 for most of the kinematic bins.

In Fig. 5, the measured values of �
✓

in the helicity frame as a function of p
T

of the
 (2S) meson, integrating over the rapidity range 2.5 < y < 4.0, are compared with the
predictions of the CSM [37] and NRQCD [37–39] models at NLO. Our results disfavour the
CSM calculations, in which the  (2S) meson is significantly longitudinally polarised. The
three NRQCD calculations in Refs. [37–39], which use di↵erent selections of experimental
data to determine the non-perturbative matrix elements, provide a good description of
our measurements in the low-p

T

region. However, the prediction of increasing polarisation
with p

T

in these models is not supported by the LHCb data.

9

2011 LHCb data: ψ(2S) polarization
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Study of kinematic dependence of beauty baryon production:

These are the most precise measurements to date of the PT and η 
dependence of b-baryon production.

LHCb  |

LHCb-PAPER-2014-004
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with

a

0 = 0.387± 0.013 +0.028

�0.030

,

b

0 = 0.067± 0.005 +0.012

�0.009

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The dependences of f

⇤

0
b
/f

d

on the p

T

and ⌘ of the b hadron are shown in Fig. 4.
The absolute value for B(⇤0

b

! ⇤

+

c

⇡

�) is obtained by substituting the results for S and
B(B0 ! D

+

⇡

�) = (2.68± 0.13)⇥ 10�3 [9] into Eq. (2). The value for B(⇤+

c

! pK

�
⇡

+)
is also used in the determination of f

⇤

0
b
/f

d

using semileptonic decays and therefore cancels
in the final result. The branching fraction for ⇤0

b

! ⇤

+

c

⇡

� is measured to be

B(⇤0

b
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+

c

⇡
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⇣
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,

where the first uncertainty is statistical, the second is systematic, the third is from
the previous LHCb measurement of f

⇤

0
b
/f

d

, and the fourth is due to the knowledge of

B(B0 ! D

+

⇡

�). This value is in agreement with the current world average [9]. It
also agrees within 2.4 standard deviations with the recent LHCb measurement using
⇤

0

b

! ⇤

+

c

(! pK

0

S )⇡
� decays [28], taking into account the correlated uncertainty from the

semileptonic value for f
⇤

0
b
/f

d

(6.1%). Combining the two LHCb measurements, and using
a consistent value for the lifetime ratio of (⌧

B

+ + ⌧

B

0)/2⌧
⇤

0
b
= 1.071 ± 0.008, we obtain

B(⇤0

b
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+

c
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�) = (4.46± 0.36)⇥ 10�3, where the uncertainty is the combined statistical
and systematic uncertainty of both measurements.
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2011 LHCb data
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Study of cold nuclear matter effects in p-Pb collisions:

LHCb  |

LHCb-PAPER-2014-015

LHCb results agree with theory predictions.
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Figure 2: Nuclear modification factor, R
pPb

, compared to other measurements and theoretical
predictions. The black dots, red squares, and blue triangles indicate the LHCb measurements for
⌥ (1S) mesons, prompt J/ mesons, and J/ from b-hadron decays, respectively [19]. The inner
error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer ones
show the statistical and systematic uncertainties added in quadrature. The data are compared
with theoretical predictions for ⌥ and prompt J/ mesons from di↵erent models. The shaded
areas indicate the corresponding uncertainties of the theoretical calculations.

region. The forward-backward production ratio of the ⌥ (1S) is also measured. The results
are consistent with existing theoretical predictions. The production ratios of excited ⌥
mesons relative to the ground state ⌥ (1S) are measured. Due to the small integrated
luminosity of the available data sample, the measurements presented here have relatively
large uncertainties. More pPb data are needed for a precise quantitative investigation of
cold nuclear matter e↵ects in order to establish a reliable baseline for the interpretations of
related quark-gluon plasma signatures in nucleus-nucleus collisions and to o↵er information
to constrain the parameterisation of theoretical models.
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Figure 3: Forward-backward production ratio, RFB, as a function of absolute rapidity. The black
dots, red squares, and blue triangles indicate the LHCb measurements for ⌥ (1S) mesons, prompt
J/ mesons, and J/ from b-hadron decays, respectively [19]. The inner error bars (delimited
by the horizontal lines) show the statistical uncertainties; the outer ones show the statistical
and systematic uncertainties added in quadrature. The data are compared with theoretical
predictions for ⌥ and prompt J/ mesons from di↵erent models. The shaded areas indicate the
corresponding uncertainties of the theoretical calculations.

Acknowledgements

We thank F. Arleo, J. P. Lansberg and R. Vogt for providing us with the theoretical
predictions and for the stimulating and helpful discussions. We express our gratitude to our
colleagues in the CERN accelerator departments for the excellent performance of the LHC.
We thank the technical and administrative sta↵ at the LHCb institutes. We acknowledge
support from CERN and from the national agencies: CAPES, CNPq, FAPERJ and
FINEP (Brazil); NSFC (China); CNRS/IN2P3 and Region Auvergne (France); BMBF,
DFG, HGF and MPG (Germany); SFI (Ireland); INFN (Italy); FOM and NWO (The
Netherlands); SCSR (Poland); MEN/IFA (Romania); MinES, Rosatom, RFBR and NRC
“Kurchatov Institute” (Russia); MinECo, XuntaGal and GENCAT (Spain); SNSF and
SER (Switzerland); NASU (Ukraine); STFC and the Royal Society (United Kingdom);
NSF (USA). We also acknowledge the support received from EPLANET, Marie Curie
Actions and the ERC under FP7. The Tier1 computing centres are supported by IN2P3

9



Properties of Beauty Hadrons
Tests of non-perturbative QCD and QCD factorization.  Hadron masses and 
lifetimes are important inputs to QCD models, which in turn are important for 
BSM searches. 
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First observation of decays of beauty baryons into pairs of charm hadrons:

LHCb  |

LHCb-PAPER-2014-002
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with the fits described in the text overlaid.

Table 1: Relative systematic uncertainties on branching fraction measurements (%). The
production ratio �(B0

s

)/�(B0) is taken from Ref. [30]. Numbers in brackets in the last column
are for the B0

s

decay mode.

Source
B(⇤0

b!⇤+
c D

�)

B(⇤0
b!⇤+

c D

�
s )

h
B(⇤0

b!⇤+
c D

�
s )

B(B0!D

+
D

�
s )

i�h B(⇤0
b!⇤+

c ⇡

�)

B(B0!D

+
⇡

�)

i
B(B0

s!D

+
D

�
s )

B(B0!D

+
D

�
s )

B(B0
(s)!⇤+

c ⇤�
c )

B(B0
(s)!D

+
D

�
s )

E�ciency 3.5 5.2 1.0 3.9 (5.0)
Fit model 3.0 2.6 3.0 �
B(D+

(s),⇤
+
c

) 5.2 � � 8.8

�(B0
s

)/�(B0) � � 5.8 �
Total 6.9 5.8 6.6 9.6 (10.1)

as a function of beauty-hadron pT. The ratio of branching-fraction ratios is obtained using
a fit with the shape of the pT dependence measured in B(⇤0

b

! ⇤+
c

⇡�)/B(B0 ! D+⇡�) [32]
and found to be

 B(⇤0
b

! ⇤+
c

D�
s

)

B(B0 ! D+D�
s

)

� �  B(⇤0
b

! ⇤+
c

⇡�)

B(B0 ! D+⇡�)

�
= 0.96± 0.02 (stat)± 0.06 (syst).

This result does not depend on the absolute ratio of production cross sections or on any
charm-hadron branching fractions. The systematic uncertainties on this result are listed
in Table 1. The uncertainty in the fit model is largely due to the sizable single-charm
contributions to these modes and due to contributions from the fits described in Ref. [32].
The ratio N(⇤0

b

! ⇤+
c

D�
s

)/N(B0 ! D+D�
s

) is observed to be consistent in data collected
at

p
s = 7 and 8TeV; thus, it is assumed that the production fractions of the ⇤0

b

and B0

are the same for all data analyzed and no systematic uncertainty is assigned. The ratio
of branching ratios is consistent with unity as expected assuming small nonfactorizable
e↵ects.

4

2011+2012 LHCb data: Λb→ΛcD(s)

Most precise measurement of any beauty baryon mass (also improves other b 
baryon masses measured relative to Λb).  Also measured several decay rate 
ratios useful for testing QCD factorization (results agree with factorization).
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Precision studies of the Ξb, Ξc and Ωb baryons:]2
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Figure 3: Distributions of the reconstructed invariant mass (top) and decay time (middle and
bottom) of the ⌅�

b

! J/ ⌅� (left) and ⌦�
b

! J/ ⌦� (right) candidates. The middle (bottom)
panels show the decay time distributions of the candidates in the signal (background) mass
regions. The signal mass region is defined as 5773–5825MeV/c2 for ⌅�

b

and 6028–6073MeV/c2

for ⌦�
b

candidates, as shown by the vertical dotted lines in the mass distributions, whereas the
background mass regions include all other candidates. The results of the fits are overlaid.
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Figure 3: Distributions of the reconstructed invariant mass (top) and decay time (middle and
bottom) of the ⌅�

b

! J/ ⌅� (left) and ⌦�
b

! J/ ⌦� (right) candidates. The middle (bottom)
panels show the decay time distributions of the candidates in the signal (background) mass
regions. The signal mass region is defined as 5773–5825MeV/c2 for ⌅�

b

and 6028–6073MeV/c2

for ⌦�
b

candidates, as shown by the vertical dotted lines in the mass distributions, whereas the
background mass regions include all other candidates. The results of the fits are overlaid.
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Exotic Spectroscopy
“Baryons can now be constructed from quarks using the combinations qqq, 
qqqqq, etc, while mesons are made out of qq, qqqq, etc.” --Gell Mann.  QCD 
phenomenology is still not well understood 50 years later.  

_ _ _ _ 
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LHCb-PAPER-2014-008
The ratio Γ(X→ψ(2S)Ɣ)/Γ(X→J/ψƔ) is a good probe of the internal structure of 
the exotic X(3872) particle.

LHCb result rules out the pure D*D molecule interpretation. Unlikely to be a 
tetraquark (where charged partners?), most likely cc + molecule/cusp.

2011+2012 LHCb data

M(X) = 3871.68±0.17 MeV
M(D*)+M(D)=3871.85±0.20 MeV.
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The Z(4430) state was first seen by Belle but not confirmed by BaBar.  It has 
manifestly exotic quark content ... but is it a particle?

4 - D a n g u l a r 
a n a l y s i s 
determines Z to 
have JP=1+.

M o d e l -
i n d e p e n d e n t 
Argand diagram 
s t r o n g l y 
supports 4-quark 
particle.

LHCb  |

LHCb-PAPER-2014-014
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LHCb-PAPER-2014-012

Use relative rates of B decays to study internal structure of light-quark states:

LHCb results rule out the simple tetraquark picture r=1/2 is expected.  

due to ⇢� ! interference. The fit fraction ratio is found to be

�(B
0 ! J/ !(782), ! ! ⇡

+

⇡

�)

�(B
0 ! J/ ⇢(770), ⇢! ⇡

+

⇡

�)
= (1.07+0.32+0.29

�0.22�0.22

)⇥ 10�2

,

where the uncertainties are statistical and systematic, respectively; wherever two uncer-
tainties are quoted in this paper, they will be of this form. The systematic uncertainties
will be discussed in detail in Sec. 6.2.

The 7R model fit gives the ratio of observed decays into ⇡+

⇡

� for f
0

(980)/f
0

(500) equal
to (0.6+0.7+3.3

�0.4�2.6

)⇥ 10�2. To determine the statistical uncertainty, the full error matrix and
parameter values from the fit are used to generate 500 data-size sample parameter sets.
For each set, the fit fractions are calculated. The distributions of the obtained fit fractions
are described by bifurcated Gaussian functions. The widths of the Gaussians are taken as
the statistical errors on the corresponding parameters. We will discuss the implications
of this measurement in Sec. 7.

In Fig. 13 we show the fit fractions of the di↵erent resonant components in the Best
Model. Table 8 lists the fit fractions and the transversity fractions of each contributing
resonance. For a P - or D-wave resonance, we report its total fit fraction by summing all
the three components.

Table 9 shows the branching fractions of the resonant modes calculated by multiplying
the fit fraction listed in Table 8 with B(B0 ! J/ ⇡

+

⇡

�) = (3.97±0.09±0.11±0.16)⇥10�5,
obtained from our previous study [4], where the uncertainties are statistical, systematic,
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Figure 13: Fit projection of m(⇡+⇡�) showing the di↵erent resonant contributions in the Best
Model.
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4-D amplitude analysis projection:

measurements. The upper limit at 90% confidence level is determined when 10% of the
simulations exceed the limit value. We find

tan2

'

m

⌘ r

f

�

=
�
1.1+1.2+6.0

�0.7�0.7

�⇥ 10�2

< 0.098 at 90% C.L

which translates into a limit of

|'
m

| < 17� at 90% CL ,

where we neglect the e↵ect caused by the small systematic uncertainty on the ratio of
phase space factors.

If the scalar meson substructure is tetraquark, the wave functions are:

|f
0

(980)i =
1p
2

�|[su][s u]i+ |[sd][sd]i� (34)

|f
0

(500)i = |[ud][ud]i. (35)

The ratio r

f

�

was predicted to be 1/2 for pure tetraquark states in Ref. [2]. The measured
upper limit on r

f

�

of 0.098 at 90% CL deviates from the tetraquark prediction by 8 standard
deviations when the uncertainties are taken into account.

8 Conclusions

We have studied the resonance structure of B
0 ! J/ ⇡

+

⇡

� decays using a modified
amplitude analysis. The decay distributions are formed by a series of final states described
by individual ⇡+

⇡

� interfering decay amplitudes. The data are best described by adding
coherently the ⇢(770), f

2

(1270), f
0

(500), !(782), ⇢(1450) and ⇢(1700) resonances, with
the largest component being the ⇢(770). The final state is (56.0± 1.4)% CP -even, where
we have taken into account both the fit fractions and the interference terms of the di↵erent
components. (The uncertainty is statistical only.) Our understanding of the final state
composition allows future measurements of CP violation in these resonant final states.
These results supersede those obtained in Ref. [4].

There is no evidence for f
0

(980) resonance production. We limit the absolute value of
the mixing angle between the lightest two scalar states, the f

0

(500) and the f

0

(980), in
the qq model to be less than an absolute value of 17� at 90% confidence level. We find that
f

0

(980) production is much smaller than predicted for tetraquarks, which we rule out at
the 8 standard deviation level using the model of Ref. [2]. This result alleviates concerns

that if the f
0

(980) were a tetraquark state, then it could cause the decay B

0

s

! J/ f

0

(980)
to have a di↵erent mixing-dependent CP -violating phase than, for example, the J/ � final
state [34].
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LS1 Status

1"

!  Consolida+on"work"on"MUON"and"CALOs"in"progress."

!  RICH"2"A"side:"some"HPDs"replaced"

!  RMS"back"in"place"

!  Maintenance"of"mechanics"(detector"movement)"and""detector"alignment"

!  Prepara+on"for"Upgrade:"installa+on"of"op+cal"link"from"Detector"to"Surface"

!  Herschel"counter"installa+on"in"the"tunnel:"in"progress""
!  Dipole"magnet"tested"to"nominal"current"

LS1"program"progressing"well"and"LHCb"will"be"ready"for"startup"in"Jan"2015"

RICH2"HPD"–"side"A" Herschel"Cables"RB86" Op+cal"link"for"LHCb"upgrade"
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Run I Trigger
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“deferral”
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LHCb Trigger Group, JINST 8, P04022 [arXiv:1211.3055]
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30 MHz 1 MHz 12.5 kHz

Run II Trigger
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fail
partial reconstruction full reconstruction

pass

pass
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fail
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Online Calibration

28

VELO
+Tracker

CALORICH

LHCb  |

Huge effort towards getting “real time” calibration ready for 2015.

calibrate run-by-
run to determine 

index of 
refraction, etc.

align fill-by-fill but 
online update DB 

when exceed 
tolerance

continuously 
monitored/

updated directly  
by adjusting gain
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LHCb trigger works amazingly well, but the hardware stage is inefficient for 
many decays and only gets worse at higher luminosity.

Detector upgrade to allow triggerless readout and a full-software trigger.

LHCb  |

Run III Trigger

❖  Run at 5X Run 1 Lumi.

❖  σb,c ~ 2X higher @ 14 TeV.

interaction point.960

For each muon candidate, the transverse momentum is estimated from the coordinates961

of the hits in M2 and M3, and written in the raw event to be possibly used in the HLT.962

The pT calculation is done in the thin lens approximation of the dipole magnetic field,963

without further approximation on small angles.964

The processing time of this algorithm is on average 0.7ms of CPU time per event [9].965

It has been estimated in a similar way as the calorimeter algorithm processing time, from966

simulated events corresponding to a luminosity of 2⇥ 1033 cm�2s�1.967

4.4.3 Performances968

The performances of the algorithms described above, in selecting, at the LLT stage, decay969

channels representative of the LHCb physics program of the upgrade [1] are reported here.970

The LLT e�ciency for these channels and the minimum bias retention rates are estimated971

from full Monte-Carlo simulation generated in the upgrade conditions, without applying972

any GEC.973

The performances of the calorimeter algorithms are computed for the decay modes974

B0 ! K+⇡�, B0 ! D+(K⇡⇡)D�(K⇡⇡), B0
s ! �(KK)�(KK), D0 ! K0

S⇡
+⇡� and975

D0 ! K+K�, taking only the hadron candidates into account for the event selection, and976

similarly for the measurement of the minimum bias retention rate.977

Figure 4.5a shows the e�ciency that an event containing the signal decay is selected978

by the calorimeter algorithm, as a function of the value of the threshold placed on the979

ET of the hadron candidates. Figure 4.5b shows the same quantity as a function of the980

minimum bias retention rate.981
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Figure 4.5: LLT e�ciencies as a function (a) of the hadron ET threshold and (b) of the minimum
bias retention rate, considering only the selection based on hadron candidates.

The performances of the muon algorithm are evaluated using the B0 ! K⇤µµ decay982

mode. The e�ciency of the LLT muon selection is defined as the fraction of events for983

which at least one of the signal muon has a pT above a given threshold. It is presented as984
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hardware trigger efficiency for hadronic 
decays in upgrade conditions

LHCb Upgrade:
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fail
full reconstruction

pass

pass

fail
full reconstruction

LHCb  |

Triggerless readout & full software trigger:



Mike Williams 31

Run III Online
“Natural” evolution of the current LHCb online system:

Most cost-effective solution is to move everything to surface.

LHCb  |

control and timing information use bi-directional links. On all ECS/TFC and the majority166

of the DAQ links the GBT protocol [3] will be used.167

An important aspect of the system is that the same generic hardware will be used to168

implement the data acquisition, fast control and slow control elements outside the detector,169

namely the PCIe40 board, described in detail in the Sect. 3.3. The di↵erent functionalities170

will be selected by firmware.171

The event-builder connects the readout-boards to the filter-farm nodes, where the172

HLT will be running. The cost of the event-builder is minimised by using cost-e↵ective173

data-centre technology in the network and ensuring short distances between components.174

Data-centre technologies in the network require the use of PCs as end-points. The most175

compact system on the other hand is achieved by concentrating all DAQ and TFC and176

most ECS hardware in the data-centre on the surface. This in turn requires to operate177

the detector Versatile Links over a relatively long distance and is discussed extensively in178

the Sect. 3.2.179

The overall readout architecture is illustrated in Fig. 3.1. The role of the ECS is largely

Detector'front*end'electronics'

Eventbuilder'network'

Eventbuilder'PCs''(so8ware''LLT)'

Even=ilter'Farm'
~'80'subfarms'

U
X8

5B
'

Po
in
t'8

'su
rf
ac
e'

subfarm'
switch'

TFC'500'

6'x'100'Gbit/s'

subfarm'
switch'

Online'
storage'

Clock'&
'fast'com

m
ands'

8800'
VersaQle'Link''

throRle'from'
PCIe40'

Clock'&'fast'
commands'

6'x'100'Gbit/s'

Figure 3.1: The architecture of the upgraded LHCb readout-system. All elements shown in the
diagram are connected to and controlled by the ECS.

180

unchanged with respect to the original system [10]. Partitioning facilitates debugging181

8
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Run III Trigger

Inclusive b-hadron trigger efficiencies for the upgrade:

Full software trigger also allows non-lifetime-biasing, exclusive beauty and 
charm, inclusive di-muon, EW, ... flexibility!

LHCb  |
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Figure 4.10: E�ciency on o✏ine-filtered signal events vs TOPO output rate for a subset of the
decays studied. The red dotted line shows the Run 1 trigger e�ciency, while the dot-dashed
green line shows twice the Run 1 e�ciency for hadronic final states. The vertical dotted lines
show the three output-rate scenarios considered in this study.

by going to an output rate of 50 kHz. The benefits of moving to a fully software trigger1190

are clearly displayed in these results.1191

4.6.3 Lifetime unbiased hadronic triggers1192

The availability of all high-pT tracks, irrespective of their displacement from PVs, at the1193

first trigger stage makes it possible to select hadronic decay modes in a lifetime unbiased1194

manner. This will be the first time that such triggers can be deployed at full input rate1195

at a hadron collider. In this context, lifetime unbiased means that there are no selection1196

criteria on quantities which are correlated with the signal particle’s decay-time, apart from1197

an explicit lower cuto↵ on the decay-time itself. Thus, what is unbiased is the shape of1198

the decay-time distribution. A downscaled sample of events at small decay-times will be1199

kept in order to study decay-time resolution in a data-driven manner. The benefits of this1200

approach are that one removes any need to control decay-time resolution or acceptance1201

functions which reduces the systematic uncertainties of a lifetime-based measurement.1202

Implementation1203

A complete description of the implementation is given in Ref. [38]. The challenges of this1204

approach are to control the time taken to form all possible track combinations and the1205

output rate. Of these the timing is the more critical issue, since it a↵ects the general1206

feasibility of the method, while the output rate needs to be tuned for each decay mode1207
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Figure 4.10: E�ciency on o✏ine-filtered signal events vs TOPO output rate for a subset of the
decays studied. The red dotted line shows the Run 1 trigger e�ciency, while the dot-dashed
green line shows twice the Run 1 e�ciency for hadronic final states. The vertical dotted lines
show the three output-rate scenarios considered in this study.

by going to an output rate of 50 kHz. The benefits of moving to a fully software trigger1190

are clearly displayed in these results.1191

4.6.3 Lifetime unbiased hadronic triggers1192

The availability of all high-pT tracks, irrespective of their displacement from PVs, at the1193

first trigger stage makes it possible to select hadronic decay modes in a lifetime unbiased1194

manner. This will be the first time that such triggers can be deployed at full input rate1195

at a hadron collider. In this context, lifetime unbiased means that there are no selection1196

criteria on quantities which are correlated with the signal particle’s decay-time, apart from1197

an explicit lower cuto↵ on the decay-time itself. Thus, what is unbiased is the shape of1198

the decay-time distribution. A downscaled sample of events at small decay-times will be1199

kept in order to study decay-time resolution in a data-driven manner. The benefits of this1200

approach are that one removes any need to control decay-time resolution or acceptance1201

functions which reduces the systematic uncertainties of a lifetime-based measurement.1202

Implementation1203

A complete description of the implementation is given in Ref. [38]. The challenges of this1204

approach are to control the time taken to form all possible track combinations and the1205

output rate. Of these the timing is the more critical issue, since it a↵ects the general1206

feasibility of the method, while the output rate needs to be tuned for each decay mode1207
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LHCb-PAPER-2014-007FBA
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Figure 4: Two-dimensional confidence regions for AFB and FH for the decay B+! K+µ+µ�

in the q2 ranges (a) 1.1 < q2 < 6.0GeV2/c4 and (b) 15.0 < q2 < 22.0GeV2/c4. The confidence
intervals are determined using the Feldman-Cousins technique. The shaded (triangular) region
illustrates the range of AFB and FH over which the signal angular distribution remains positive
in all regions of phase-space.
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Figure 5: Dimuon forward-backward asymmetry, AFB, and the parameter FH for the decay
B+! K+µ+µ� as a function of the dimuon invariant mass squared, q2. The inner horizontal
bars indicate the one-dimensional 68% confidence intervals. The outer vertical bars include
contributions from systematic uncertainties (described in the text). The confidence intervals for
FH are overlaid with the SM theory prediction (narrow band). Data are not presented for the
regions around the J/ and  (2S) resonances.

discussed in Ref. [27]. Form-factor calculations are taken from Ref. [28]
Two classes of systematic uncertainty are considered for AFB and FH: detector-related

uncertainties that might a↵ect the angular acceptance, and uncertainties related to the
angular distribution of the background.

The samples of simulated events used to determine the detector acceptance are corrected
to match the performance observed in data by degrading the impact parameter resolution

9

B→Kμμ angular analysis results are consistent with the SM.  These 
measurements place strong constraints on BSM (pseudo)scalar and tensor 
amplitudes (the latter were previously poorly constrained).

The b→s penguin decays are sensitive to BSM contributions in the loop:

2011+2012 LHCb data
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LHCb most precise polarization amplitude, strong phase difference and CP 
violation measurements.  Results consistent with SM expectations. 

LHCb  |

LHCb-PAPER-2014-0051 Introduction

The decay B0! �K⇤0‡ has a branching fraction of (9.8± 0.6)⇥ 10�6 [1]. In the Standard
Model it proceeds mainly via the gluonic penguin diagram shown in Fig. 1. Studies of
observables related to CP violation in this decay probe contributions from physics beyond
the Standard Model in the penguin loop [2–4]. The decay was first observed by the CLEO
collaboration [5]. Subsequently, branching fraction measurements and angular analyses
have been reported by the BaBar and Belle collaborations [6–11].

�

K⇤0

B0

b̄

d

s

s̄

s̄

d

W+

t̄

Figure 1: Leading Feynman diagram for the B0! �K⇤0 decay.

The decay involves a spin-0 B-meson decaying into two spin-1 vector mesons (B ! V V ).
Due to angular momentum conservation there are only three independent configurations
of the final-state spin vectors, a longitudinal component where in the B0 rest frame both
resonances are polarized in their direction of motion, and two transverse components with
collinear and orthogonal polarizations. Angular analyses have shown that the longitudinal
and transverse components in this decay have roughly equal amplitudes. Similar results
are seen in other B ! V V penguin transitions [12–15]. This is in contrast to tree-level
decays such as B0 ! ⇢+⇢�, where the V � A nature of the weak interaction causes the
longitudinal component to dominate. The di↵erent behaviour of tree and penguin decays
has attracted much theoretical attention, with several explanations proposed such as
large contributions from penguin annihilation e↵ects [16] or final-state interactions [17].
More recent calculations based on QCD factorization [18, 19] are consistent with the data,
although with significant uncertainties.

In this paper, measurements of the polarization amplitudes, phases, CP asymmetries
and triple-product asymmetries are presented. In the Standard Model the CP and triple-
product asymmetries are expected to be small and were found to be consistent with zero
by previous experiments [6–10]. The studies reported here are performed using pp collision
data, corresponding to an integrated luminosity of 1.0 fb�1, collected at a centre-of-mass
energy of

p
s = 7 TeV with the LHCb detector.

‡In this paper K⇤0 is defined as K⇤(892)0 unless otherwise stated.
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Figure 3: Invariant mass distribution for selected K+K�K+⇡� candidates. A fit to the model
described in the text is superimposed (red solid line). The signal contribution is shown as the
blue dotted line. The contribution from combinatorial background is shown in green (dotted

line). A contribution from B
0
s

! �K⇤0 (purple dot-dashed line) decays is visible around the
known B0

s

meson mass.

applied on the pT of the pion from the K⇤0 meson decay. In contrast, the acceptance is
relatively uniform as a function of the decay angles ✓2 and �, and the invariant mass of
the K+K� system.

The detector acceptance is modelled using a four-dimensional function that depends
on the three decay angles and the K+⇡� invariant mass. The shape of this function is
obtained from simulated data. As the quantities relating to the pT of the decay products
are used in the first-level hardware based trigger, the acceptance is di↵erent for candidates
that have a TIS or TOS decision at the hardware trigger stage [26]. Consequently, the
trigger acceptance is calculated and corrected separately for the two categories. The 17%
of candidates that fall in the overlap between the two categories are treated as TOS, and
the remaining TIS candidates are labelled ‘not TOS’. The projections of the acceptance are
shown in Fig. 4. In the subsequent analysis the data set is divided into the two categories
and a simultaneous fit is performed.

7 Angular analysis results

Figure 5 shows the data distribution for the intermediate resonance masses and helicity
angles with the projections of the best fit overlaid. The goodness of fit is estimated using

9

2011 LHCb data: B0→φK*

BSM?

5-D angular analysis performed

The b→s penguin decays are sensitive to BSM contributions in the loop:
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Decays of the type B(s)→J/ψKShh(‘) (h=π,K) can be used to test isospin 
symmetry in exotic spectroscopy.

LHCb results contain 2 first observations, along with several other “most 
precise” results.  No evidence for any exotic hadrons (need more stats).  

LHCb  |

LHCb-PAPER-2014-016
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Figure 5: Invariant mass distributions of (left) long and (right) downstream B0
(s) æ J/Â K0

S K±fiû

candidates, with data-based selection, shown with (top) linear and (bottom) logarithmic y-axis
scales, with fit projections overlaid. The solid line shows the total fit result, while the dashed
and dotted lines show the B0 and B0

s

signal components, respectively, the long-dashed line shows
the feed-across contribution and the dot-dashed line shows the combinatorial background.

6 Phase-space distributions of signal decays
Clear signals are seen for B0 æ J/Â K0

S fi+fi≠, B0
s

æ J/Â K0
S K±fiû and B0 æ J/Â K0

S K+K≠

decays. The significance of each of the signals is discussed in Sec. 8. The distributions
of the two- and three-body invariant mass combinations of the signal decay products
are examined using the sPlot technique [55] with the B candidate invariant mass as the
discriminating variable.

None of the channels show significant structures in any invariant mass combinations
involving the J/Â meson. In B0 æ J/Â K0

S fi+fi≠ decays the Â(2S) contribution is vetoed
and therefore does not appear in m(J/Â fi+fi≠); there is also a small but not significant
excess around the X(3872) mass. In the same channel, excesses from Kú(892) and fl(770)
mesons are seen in m(K0

S fi±) and m(fi+fi≠) respectively, and there is an enhancement from
the K1(1400) state in m(K0

S fi+fi≠), as shown in Figs. 7 and 8. In B0
s

æ J/Â K0
S K±fiû decays

(Figs. 9 and 10), excesses from Kú(892) resonances are seen in m(K0
S fi±) and m(K±fiû),

but no significant narrow structures are seen in m(K0
S K±fiû). In B0 æ J/Â K0

S K+K≠
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Figure 6: Invariant mass distributions of (left) long and (right) downstream B0
(s) æ J/Â K0

S K+K≠

candidates, with data-based selection, shown with (top) linear and (bottom) logarithmic y-axis
scales, with fit projections overlaid. The solid line shows the total fit result, while the dashed
and dotted lines show the B0 and B0

s

signal components, respectively, and the dot-dashed line
shows the combinatorial background.

decays (Figs. 11 and 12), the „(1020) state is seen in m(K+K≠), but no other narrow
structures are evident in any combination.

7 Systematic uncertainties
Systematic uncertainties arise from possible inaccuracies in the determination of the yields,
and imprecision of the knowledge of the e�ciencies and fragmentation fractions that
enter Eq. (1) and Eq. (2). These contributions are summarised in Tables 3 and 4 for
measurements with the simulation-based and data-based selection, respectively. Total
systematic uncertainties are obtained by addition in quadrature.

The systematic uncertainties on the yields are estimated by (i) varying all fixed fit
parameters within their uncertainties; (ii) replacing the double Crystal Ball shape that
describes the signal with a double Gaussian function; (iii) scaling the relative width of
the B0

s

and B0 peaks according to the available phase-space for the decays; (iv) replacing
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The Bc is the only known bc meson.  Much still to learn about it.

LHCb results agree with expectations assuming factorization.
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Figure 3: Mass distribution for selected B+

c

! J/ ⇡+ candidates. The result of a fit using
the model described in the text (red solid line) is shown together with the background component
(blue dashed line).

energy of 7TeV and 8TeV are found to be similar and a luminosity-weighted average is
used, with the corresponding systematic uncertainty discussed below.

Many sources of systematic uncertainty cancel in the ratio, in particular those related
to the muon and J/ reconstruction and identification. Those that do not cancel are
discussed below and summarized in Table 2.

A systematic uncertainty arises from the imperfect knowledge of the shape of the signal
and background in the J/ 3⇡+2⇡� and J/ ⇡+ mass distributions. The dependence of
the signal yields on the fit model is studied by varying the signal and background parame-
terizations. This is assessed by using Crystal Ball [34] and double-sided Crystal Ball [35]
functions for the parameterization of the B+

c

signals. The background parametrization
is performed using both exponential and polynomial functions. The maximum observed
change of 6.6% in the ratio of B+

c

! J/ 3⇡+2⇡� and B+

c

! J/ ⇡+ yields is assigned as
a systematic uncertainty.

To assess the systematic uncertainty related to the B+

c

! J/ 3⇡+2⇡� decay model used
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Figure 1: Mass distribution for selected B+

c

! J/ 3⇡+2⇡� candidates. The result of a fit using
the model described in the text (red solid line) is shown together with the background component
(blue dashed line).

Table 1: Signal parameters of the unbinned extended maximum likelihood fit to
the J/ 3⇡+2⇡� mass distribution. Uncertainties are statistical only.

Parameter Value
m

B

+
c

[MeV/c2] 6273± 3
�
B

+
c

[MeV/c2] 11.4± 3.4
N

B

+
c !J/ 3⇡+2⇡� 32± 8

which describes the data well. The consistency between data and the model prediction
is estimated using a �2-test and gives a p-value of 14%. The corresponding p-value for
the phase space decay model is 4%.

The mass distribution of the selected B+

c

! J/ ⇡+ candidates is shown in Fig. 3,
together with the result of an extended unbinned maximum likelihood fit. The B+

c

signal

4

to be
B (B+

c

! J/ 3⇡+2⇡�)

B (B+

c

! J/ ⇡+)
= 1.74± 0.44± 0.24,

where the first uncertainty is statistical and the second is systematic. The result is in
agreement with theoretical predictions [13] of 0.95 and 1.1 using the form factors from
Refs. [14] and [15], respectively. This result is also consistent with analogous measurements
in B0 and B+ meson decays [9]

B (B0! D⇤�3⇡+2⇡�)

B (B0! D⇤�⇡+)
= 1.70± 0.34,

B
�
B+! D̄⇤03⇡+2⇡��

B
�
B+! D̄⇤0⇡+

� = 1.10± 0.24,

as expected from factorization.
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