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Flavour physics has a track record… 
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This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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Precise flavour measurements 

  Historical record of indirect discoveries: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 W!eν UA1, UA2 1983 

c K0!µµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0!ππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Z! e+e- UA1 1983 

t B mixing ARGUS 1987 t! Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 H! 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 
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Precise flavour measurements 
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Precise flavour measurements 

  Depending on your model, sensitive to multi-TeV scales, eg: 

Flavour: new-physics scale?
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From Uli Haisch, 31 Aug 2016 
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µB→µµ is ratio BRexp/BRSM 



Precise flavour measurements 

  Depending on your model, sensitive to multi-TeV scales, eg: 

From Uli Haisch, 31 Aug 2016 
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hq parametrizes magnitude  
of NP in Bq mixing 



Recent highlights 

φs    

  RK    

  Exotic spectroscopy 

  ΔACP 
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φs 

  Largest systematic:  
–  Decay time bias 
–  Decay time efficiency 
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Figure 1: Distribution of the invariant mass of selected B0
s ! J/ K+K� decays. The signal

component is shown by the long-dashed red line, the background component by the dashed
green line and the total fit function by the solid blue line.
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Figure 2: Distribution of the (a) µ+µ� and (b) K+K� invariant mass from selected B0
s !

J/ K+K� decays. The background is subtracted using sWeights computed from the fit shown
in Fig. 1. The dashed blue lines in (b) define the boundaries of the six bins that are used in the
analysis.

decays, and a small fraction of a background due to candidates that have a decay time224

computed with respect to a wrong PV (wrong-PV component). The prompt component225

has zero decay time and is used to calibrate the detector decay-time resolution by studying226

the shape of the decay-time distribution around zero. This distribution is modelled by a227

delta function and a tail at positive decay times due to J/ mesons from b-hadron decays,228

described by two exponential functions. The sum of these components is convolved with229

a triple-Gaussian resolution function230

R(t) =
3X

i=1

fi
1p
2⇡�i

exp


�(t� µ)2

2�2

i

�
, (1)

where
P

i
fi = 1, µ is the common mean of the Gaussian functions and �i are the individual231

widths. The shape of the wrong-PV component is determined from a data control sample232
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Updated measurement of
time-dependent CP -violating

observables in B0
s ! J/ K+K�

decays

LHCb collaboration†

Abstract

The decay-time-dependent CP asymmetry in B0
s ! J/ K+K� decays is measured

using proton-proton collision data, corresponding to an integrated luminosity of
1.9 fb�1, collected with the LHCb detector at a centre-of-mass energy of 13TeV
in 2015 and 2016. Using a sample of approximately 117 000 B0

s ! J/ K+K�

decays, the CP -violating phase �s is measured, along with the di↵erence in decay
widths of the light and heavy mass eigenstates of the B0

s -B
0
s system, ��s, and

the di↵erence of the average B0
s and B0 meson decay widths, �s � �d. The values

obtained are �s = �0.080±0.041±0.006 rad, ��s = 0.077 ±0.008 ± 0.003 ps�1 and
�s � �d = �0.0041 ± 0.0024± 0.0015 ps�1, where the first uncertainty is statistical
and the second systematic. These are the most precise single measurements of
those quantities to date and are consistent with expectations assuming the Standard
Model and with a previous LHCb analysis of this decay using collision data at 7
and 8 TeV.

To be submitted to JHEP

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this paper.
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Figure 5: Decay-time e�ciency for the (a) 2015 unbiased, (b) 2015 biased, (c) 2016 unbiased and
(d) 2016 biased B0

s ! J/ � sample. The cubic spline function described in the text is shown
by the blue line. For comparison, the black points show the e�ciency when computed using
histograms for each of the input component e�ciencies.

are replaced with alternative B meson samples of known lifetime. First, a sample of324

approximately 1.6 milion B+ ! J/ (! µ+µ�)K+ candidates is reconstructed in the same325

data set of the B0

s
! J/ K+K� candidates and using similar selection requirements.326

The mass distribution of these candidates is shown in Fig. 4(b). This sample is used327

to measure the ratio of the B+ and B0 decay widths, �u/�d, with the same methods328

used for the measurement of �s/�d. A simulated sample of B+ decays is used in the329

calculation of the numerator of Eq. 4 and this sample is corrected such that the particle330

identification, event multiplicity and other kinematic and selection variables match those331

in data. The measured ratio of decay widths is �u/�d = 0.9276 ± 0.0022, where the332

uncertainty is only statistical. This is in agreement with the known value 0.9294± 0.0035.333

This validates the measurement of �s/�d with a precision of 0.4%. A similar test is done334

using the B0 ! J/ K⇤(892)0 decays both as the signal and the reference, to measure335

a null decay-width di↵erence. The sample is split into two independent sets according336

to di↵erent selection criteria, and one is used to evaluate the decay-time e�ciency with337

the procedure defined above, the other one is used as the signal sample. In all cases,338

the measured decay-width is found to be consistent with zero with a precision around339

0.003 ps�1.340
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Source |A0|2 |A?|2 �s [ rad ] |�| �? � �0 [ rad ] �k � �0 [ rad ] �s � �d [ ps�1 ] ��s [ ps�1 ] �ms [ ps�1 ]

Mass width parametrisation 0.0006 0.0005 - - 0.05 0.009 - 0.0002 0.001

Mass factorisation 0.0002 0.0004 0.004 0.0037 0.01 0.004 0.0007 0.0022 0.016

Multiple candidates 0.0006 0.0001 0.0011 0.0011 0.01 0.002 0.0003 0.0001 0.001

Fit bias 0.0001 0.0006 0.001 - 0.02 0.033 - 0.0003 0.001

CSP factors - 0.0001 0.001 0.0010 0.01 0.005 - 0.0001 0.002

Quadratic OS tagging - - - - - - - - -

Time res.: statistical - - - - - - - - -

Time res.: prompt - - - - - 0.001 - - 0.001

Time res.: mean o↵set - - 0.0032 0.0010 0.08 0.001 0.0002 0.0003 0.005

Time res.: Wrong PV - - - - - 0.001 - - 0.001

Ang. acc.: statistical 0.0003 0.0004 0.0011 0.0018 - 0.004 - - 0.001

Ang. acc.: correction 0.0020 0.0011 0.0022 0.0043 0.01 0.008 0.0001 0.0002 0.001

Ang. acc.: low-quality tracks 0.0002 0.0001 0.0005 0.0014 - 0.002 0.0002 0.0001 -

Ang. acc.: t & �t dependence 0.0008 0.0012 0.0012 0.0007 0.03 0.006 0.0002 0.0010 0.003

Dec.-time e↵.: statistical 0.0002 0.0003 - - - - 0.0012 0.0008 -

Dec.-time e↵.: ��s = 0 sim. 0.0001 0.0002 - - - - 0.0003 0.0005 -

Dec.-time e↵.: knot pos. - - - - - - - - -

Dec.-time e↵.: p.d.f. weighting - - - - - - 0.0001 0.0001 -

Dec.-time e↵.: kin. weighting - - - - - - 0.0002 - -

Length scale - - - - - - - - 0.004

Quadratic sum of syst. 0.0024 0.0019 0.0061 0.0064 0.10 0.037 0.0015 0.0026 0.018

22

10 Results679

The results of the maximum likelihood fit described in Sec. 8 are given in Table 4. The first680

uncertainty is statistical and the second is the systematic. The statistical uncertainties681

have been verified to be normally distributed by bootstrapping the data sample and682

by generating and fitting to large numbers of simulated psuedoexperiments using the683

nominal fit model. The background-subtracted data distribution with fit projections are684

shown in Fig. 11. No statistically significant systematic e↵ect on the results is observed685

when repeating the analysis on subsets of the data, splitting by magnet polarity, trigger686

conditions, year of data taking, number of primary vertices, bins of B0

s
pT, pseudorapidity687

and decay-time uncertainty. The measurements of �s, ��s and ��s

d
are the most precise to688

date and agree with the SM expectations [3,4,15,16], indicating no sign of CP violation in689

B0

s
! J/ K+K� decays. Relaxing the assumption that �r is the same for all polarisation690

states and repeating the fit shows no evidence for any polarisation dependence. The691

correlation matrix including systematics can be found in Table 5.692

Table 4: Parameter estimates for the nominal fit. The first uncertainty is statistical and the
second systematic.

Parameter Value
�s [ rad ] �0.080± 0.041± 0.006
|�| 1.006± 0.016± 0.006
�s � �d [ ps�1 ] �0.0041± 0.0024± 0.0015
��s [ ps�1 ] 0.0772± 0.0077± 0.0026
�ms [ ps�1 ] 17.705± 0.059± 0.018
|A?|2 0.2457± 0.0040± 0.0019
|A0|2 0.5186± 0.0029± 0.0024
�? � �0 2.64± 0.13± 0.10
�k � �0 3.061+0.084

�0.073
± 0.037

Table 5: The correlation matrix including the statistical and systematic correlations between
the parameters.

�s |�| �s � �d ��s �ms |A?|2 |A0|2 �? �k
�s 1.00 0.16 -0.05 0.02 0.01 -0.03 0.00 0.04 -0.01
|�| 1.00 0.06 -0.09 0.07 0.05 -0.02 0.09 0.02
�s � �d 1.00 -0.46 0.07 0.35 -0.24 0.04 0.05
��s 1.00 -0.06 -0.65 0.46 -0.10 -0.02
�ms 1.00 0.01 0.01 0.61 -0.00
|A?|2 1.00 -0.64 0.07 0.09
|A0|2 1.00 -0.03 -0.02
�? 1.00 0.24
�k 1.00
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RK 

  Largest systematic:  
–  Mass model 
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Figure 1: (Top) distributions of the opening angle between the two leptons, in the laboratory
frame, for the four modes in the double ratio used to determine RK . (Bottom) the single ratio
rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of the opening angle.

partially cancel in the double ratio. For each of the variables examined, no significant259

trend is observed. An example is shown in Fig. 1 and additional plots are given in the260

Supplemental Material [68]. Assuming the deviations that are observed indicate genuine261

mismodelling of the e�ciencies, rather than fluctuations, and taking into account the262

spectrum of the relevant variables in the nonresonant decay modes of interest, a total263

shift on RK is computed for each of the variables examined. In each case, the resulting264

variation is within the estimated systematic uncertainty on RK . The rJ/ ratio is also265

computed in two- and three-dimensional bins of the considered variables. Again, no trend266

is seen and the deviations observed are consistent with the systematic uncertainties on267

RK . An example plot is shown in the Supplemental Material [68]. Independent studies of268

the electron reconstruction e�ciency using control channels selected from the data also269

give consistent results.270

The results of the fits to the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown271

in Fig. 2. A total of 1943 ± 49 B
+
! K

+
µ
+
µ
� decays are observed. A study of the272

B
+
! K

+
µ
+
µ
� di↵erential branching fraction gives results that are consistent with pre-273

vious LHCb measurements [12] but, owing to the selection criteria optimised for the274

precision on RK , are less precise. The B
+
! K

+
µ
+
µ
� di↵erential branching fraction275

observed is consistent between the 7 and 8TeV data and the 13TeV data.276

The value of RK is measured to be277

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,
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Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dashed line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

where the first uncertainty is statistical and the second systematic. This is the most278

precise measurement to date and is consistent with the SM expectation at the level of279

2.5 standard deviations [21, 32, 35, 39, 41]. The likelihood profile as a function of RK is280

given in the Supplemental Material [68]. The value for RK obtained is consistent across281

the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data282

gives a value for RK compatible with the previous LHCb measurement [33] at the less than283

one standard deviation level. This consistency test takes into account the large correlation284

between the two data samples, which are not identical due to di↵erent reconstruction and285

selection procedures. The result from just the 7 and 8TeV data is also compatible with286

that from only the 13TeV data at the 1.9 standard deviation level.287

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant288

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of289

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.290

This gives291

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

,

where the first uncertainty is statistical and the second systematic. The dominant292

systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+ branching293

fraction [52]. This is the most precise measurement to date and is consistent with294

predictions based on the SM [41,75].295
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partially cancel in the double ratio. For each of the variables examined, no significant259

trend is observed. An example is shown in Fig. 1 and additional plots are given in the260

Supplemental Material [68]. Assuming the deviations that are observed indicate genuine261

mismodelling of the e�ciencies, rather than fluctuations, and taking into account the262

spectrum of the relevant variables in the nonresonant decay modes of interest, a total263

shift on RK is computed for each of the variables examined. In each case, the resulting264

variation is within the estimated systematic uncertainty on RK . The rJ/ ratio is also265

computed in two- and three-dimensional bins of the considered variables. Again, no trend266

is seen and the deviations observed are consistent with the systematic uncertainties on267

RK . An example plot is shown in the Supplemental Material [68]. Independent studies of268

the electron reconstruction e�ciency using control channels selected from the data also269

give consistent results.270

The results of the fits to the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown271

in Fig. 2. A total of 1943 ± 49 B
+
! K

+
µ
+
µ
� decays are observed. A study of the272

B
+
! K

+
µ
+
µ
� di↵erential branching fraction gives results that are consistent with pre-273

vious LHCb measurements [12] but, owing to the selection criteria optimised for the274

precision on RK , are less precise. The B
+
! K

+
µ
+
µ
� di↵erential branching fraction275

observed is consistent between the 7 and 8TeV data and the 13TeV data.276

The value of RK is measured to be277

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,
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2011-2016  

b! s`
+
`
� analyses and to suppress further the contribution from B

+
! �(! `

+
`
�)K+

42

decays. The results supersede those of Ref. [33].43

The analysis strategy is designed to reduce systematic uncertainties induced by the44

markedly di↵erent reconstruction of decays with muons in the final state compared to45

decays with electrons. These di↵erences arise due to the significant bremsstrahlung46

emission of the electrons and the di↵erent signatures exploited in the online trigger47

selection. Systematic uncertainties that would otherwise a↵ect the calculation of the48

e�ciencies of the B
+
! K

+
e
+
e
� and B

+
! K

+
µ
+
µ
� decay modes are suppressed by49

measuring RK as a double ratio of branching fractions,50

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

The measurement requires knowledge of the observed yield and the e�ciency to trigger,51

reconstruct and select each decay mode, but the integrated luminosity and B
+-meson52

production cross-section that would be needed to relate each branching fraction to the53

measured yield cancel. The use of this double ratio exploits the fact that J/ ! `
+
`
�

54

decays are observed to have lepton universal branching fractions at the 0.4% level [51, 52].55

Using Eq. (2) then requires the nonresonant B
+
! K

+
e
+
e
� detection e�ciency to be56

known only relative to the resonant B
+
! J/ (! e

+
e
�)K+ decay, rather than with57

respect to the B
+
! K

+
µ
+
µ
� decay. As the detector signatures of each resonant decay58

are similar to those of the corresponding nonresonant decay, systematic e↵ects are reduced59

and the precision on RK is dominated by the statistical uncertainty.60

After the application of selection criteria, which are discussed below, the four61

decay modes B
+
! J/ (! µ

+
µ
�)K+, B

+
! J/ (! e

+
e
�)K+, B

+
! K

+
µ
+
µ
� and62

B
+
! K

+
e
+
e
� are separated from background on a statistical basis, using fits to the63

m(K+
`
+
`
�) distributions. For the resonant decays, the mass mJ/ (K+

`
+
`
�) is computed64

by constraining the dilepton system to the known J/ mass. This improves the electron-65

mode mass resolution (full width at half maximum) from 140 to 24.5MeV/c2 and the66

muon-mode mass resolution from 30 to 17.5MeV/c2. The m(K+
`
+
`
�) fit ranges and67

the q
2 selection used for the di↵erent decay modes are shown in Table 1. The selection68

requirements applied to the resonant and nonresonant decays are otherwise identical. The69

ratios of e�ciencies required to form both the numerator and denominator of Eq. (2) are70

taken from simulation. The simulation is calibrated using data-derived control channels,71

including B
+
! J/ (! µ

+
µ
�)K+ and B

+
! J/ (! e

+
e
�)K+. Correlations arising from72

the use of these decay modes both for this calibration and in the determination of the73

double ratio of Eq. (2) are taken into account. A further feature of the analysis strategy74

is that the results were not inspected until all analysis procedures were finalised.75

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity76

range 2 < ⌘ < 5, described in detail in Refs. [53, 54]. The detector includes a silicon-strip77

vertex detector surrounding the proton-proton interaction region, tracking stations either78

side of a dipole magnet, ring-imaging Cherenkov (RICH) detectors, calorimeters and muon79

chambers. The simulation used in this analysis is produced using the software described80

in Refs. [55–60]. Final-state radiation is simulated using Photos++ 3.61 in the default81

configuration [58, 61], which is observed to agree with a full quantum electrodynamics82

calculation at the level of ⇡ 1% [32].83

Candidate events are first required to pass a hardware trigger that selects either a high84

transverse momentum (pT) muon; or an electron, hadron or photon with high transverse85

2
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interpretation of the Pc(4312)+ state (implies JP = 1/2−) would point to the importance192

of ρ-meson exchange, since a pion cannot be exchanged in this system [10].193

In summary, the nine-fold increase in the number of Λ0
b → J/ψ pK− decays recon-194

structed with the LHCb detector sheds more light onto the J/ψ p structures found in195

this final state. The previously reported Pc(4450)+ peak [1] is confirmed and resolved at196

5.4σ significance into two narrow states: the Pc(4440)+ and Pc(4457)+ exotic baryons. A197

narrow companion state, Pc(4312)+, is discovered with 7.3σ significance.198

The minimal quark content of these states is duucc̄. Since all three states are narrow199

and below the Σ+
c D

0 and Σ+
c D

∗0 ([duc][uc̄]) thresholds within plausible hadron-hadron200

binding energies, they provide the strongest experimental evidence to date for the ex-201
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From an analysis of Run 1 data, the LHCb collaboration reported significant J/ p1

exotic structures in ⇤0
b ! J/ pK� decays (inclusion of charge-conjugate processes is2

implied throughout), which were not compatible with reflections from the ⇤⇤ ! pK�
3

contributions that dominate this ⇤0
b decay channel [1]. The exotic character of these4

structures was demonstrated in a nearly model-independent way in Ref. [2], where it5

was shown that the J/ p structure near 4450MeV was too narrow to be accounted for6

by ⇤⇤ reflections. Ref. [2] reinforced the results from the earlier model-dependent six-7

dimensional amplitude analysis of invariant masses and decay angles describing the ⇤0
b8

decay in the same data [1], in which the Pc(4450)+ structure was determined to peak9

at 4449.8 ± 1.7 ± 2.5MeV and have a width of 39 ± 5 ± 19MeV and a fit fraction of10

(4.1± 0.5± 1.1)%. Even though not apparent from the mJ/ p distribution, the amplitude11

analysis also required a second broad J/ p state to obtain a good description of the12

data, which peaks at 4380 ± 8 ± 29MeV with a width of 205 ± 18 ± 86MeV and a fit13

fraction of (8.4 ± 0.7 ± 4.2)%. Various interpretations of these structures have been14

proposed, including tightly bound pentaquark states [3–9], baryon-meson molecular bound15

states [10–15], and peaking due to triangle-diagram processes [16–19].16

In this Letter, an analysis is presented of the combined data set collected by the LHCb17

collaboration in Run 1, with pp collision energies of 7 and 8TeV corresponding to a total18

integrated luminosity of 3 fb�1, and in Run 2 at 13TeV corresponding to 6 fb�1. The19

LHCb detector is a single-arm forward spectrometer covering the pseudorapidity range20

2 < ⌘ < 5, described in detail in Refs. [20, 21]. The data selection is described in Ref. [1].21

However, in this updated analysis, the hadron-identification information is included in22

the Boosted Decision Tree (BDT) discriminant, which increases the ⇤0
b signal e�ciency23

by almost a factor of two while leaving the background level (6.4%) almost unchanged.24

The resulting sample contains 246k ⇤0
b ! J/ pK� decays (see the Supplemental Material25

to this Letter), which is nine times more than in the Run 1 analyses [1, 2].26

When this combined data set is fit with the same amplitude model used in Ref. [1], the27

Pc(4450)+ and Pc(4380)+ parameters are consistent with the previous results. However,28

analysis of the much larger data sample reveals additional peaking structures in the29

J/ p mass spectrum, which are too small to have been significant before (see Fig. 130

left). A narrow peak is observed near 4312MeV with a width comparable to the mass31

resolution. The structure at 4450MeV is now resolved into two narrow peaks at 444032

and 4457MeV, which are more visible when the dominant ⇤⇤ ! pK� backgrounds, which33

peak at low pK� masses (mKp) as shown in Fig. 1 right and Fig. 2, are suppressed by34

requiring mKp > 1.9GeV (see Fig. 3). This mKp requirement maximizes the expected35

signal significance for P+
c states that decay isotropically.36

The amplitude analysis of this new data sample is computationally challenging. The37

mJ/ p mass resolution must now be taken into account, and the number of candidates to38

fit has greatly increased. There are also new challenges in the physics description, which39

must now reach sub-percent precision to be able to probe the newly observed narrow40

peaks. This is di�cult given the large number of ⇤⇤ excitations [22, 23], coupled-channel41

e↵ects [24], and the possible presence of one or more wide P+
c contributions, like the42

previously proposed Pc(4380)+ state. Fortunately, the newly observed peaks are so narrow43

that it is not necessary to construct an amplitude model to prove that these states are44

not artifacts of interfering ⇤⇤ resonances [2].45

Binned �2 fits are performed to the one-dimensional mJ/ p distribution in the range46

4.22 < mJ/ p < 4.57GeV to quantify the masses (M), widths (�), and relative production47
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Figure 1: Distribution of (left) mJ/ p and (right) mKp in ⇤0
b ! J/ pK candidates. The

prominent peak in mKp is due to the ⇤(1520) resonance.
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Figure 2: Dalitz plot of ⇤0
b ! J/ pK� candidates. The data consists of 6.4% non-⇤0

b backgrounds,
which are distributed smoothly over the phase-space. The vertical bands correspond to the
⇤⇤ resonances. The horizontal bands corresponds to the P+

c structures (4.3122 = 18.6GeV2,
4.4502 = 19.8GeV2).

rates (R) under the assumption that the P+
c states can be described by relativistic Breit–48

Wigner (BW) amplitudes. These mJ/ p fits alone cannot distinguish broad P+
c states from49

other contributions that vary slowly with mJ/ p. Therefore, verification of the Pc(4380)+50

state observed in the Ref. [1] awaits completion of the amplitude analysis.51

Many variations of the mJ/ p fits are performed to study the robustness of the P+
c52

results. The mJ/ p distribution is fit both with and without requiring mKp > 1.9GeV,53

2

Table 1: Summary of P+
c properties.

State M [MeV ] � [MeV ] (95% CL) R
Pc(4312)+ 4311.9± 0.7+6.8

�0.6 9.8± 2.7+ 3.7
� 4.5 (< 27) (0.30± 0.07+0.34

�0.09)%

Pc(4440)+ 4440.3± 1.3+4.1
�4.7 20.6± 4.9+ 8.7

�10.1 (< 49) (1.11± 0.33+0.22
�0.10)%

Pc(4457)+ 4457.3± 0.6+4.1
�1.7 6.4± 2.0+ 5.7

� 1.9 (< 20) (0.53± 0.16+0.15
�0.13)%

cos ✓Pc-weighted distribution are repeated using various coherent sums of two of the BW115

amplitudes. These fits each include a phase between interfering resonances as an extra116

free parameter. None of the interference e↵ects studied is found to be highly significant;117

however, they can lead to substantial shifts in the P+
c properties, which are included in118

the systematic uncertainties. For example, the Pc(4312)+ mass increases, while its width119

is rather stable, leading to a large positive systematic uncertainty on its mass of 6.8MeV.120

An example fit including interfrence is shown in Fig. 6.121

As in Ref. [1], the ⇤0
b candidates are kinematically constrained to the known J/ 122

and ⇤0
b masses [25], which substantially improves the mJ/ p resolution and determines123

the absolute mass scale with an accuracy of < 0.2MeV. The mass resolution is known124

with a 10% relative uncertainty. Varying this within its uncertainty changes the widths125

of the narrow states in the nominal fit by up to 0.5 MeV, 0.2 MeV, and 0.8 MeV for126

the Pc(4312)+, Pc(4440)+, and Pc(4457)+ states, respectively. The widths of each of the127

narrow P+
c states is consistent with the detector resolution. Therefore, upper limits are128

placed on their natural widths at the 95% confidence level (CL), which account for the129

uncertainty on the detector resolution and in the fit model.130

A number of additional fits are performed when evaluating the systematic uncertainties.131

The nominal fits assume S-wave production and decay. Including P-wave factors in the BW132

amplitudes has negligible e↵ect on the results. In addition to the nominal fits with three133

narrow peaks in the 4.22 < mJ/ p < 4.57GeV region, fits including only the Pc(4312)+134

are performed in the narrow 4.22–4.44GeV range. Fits are also performed using a data135

sample selected with an alternative approach, where no BDT is used resulting in about136

twice as much background.137

The total systematic uncertainties assigned on the mass and width of each narrow P+
c138

state are taken to be the largest deviations observed in any fit. This includes the fits to139

all three versions of the mJ/ p distribution, each configuration of the P+
c interference, all140

variations of the background model, and each of the additional fits just described. The141

masses and widths of the three narrow P+
c states, including all systematic uncertainties,142

are given in Table 1.143

To obtain estimates of the relative contributions of the P+
c states, the ⇤0

b candidates144

are weighted by the inverse of the reconstruction e�ciency, which is parameterized in145

all six dimensions of the ⇤0
b decay phase-space (Eq. (68) in the Supplemental Material146

to Ref. [26]). The e�ciency-weighted mJ/ p distribution, without the mKp > 1.9GeV147

requirement, is then fit to determine the relative contributions. This method makes148

the results independent of the unknown quantum numbers and helicity structure of149

the P+
c production and decay. Unfortunately, it also su↵ers large ⇤⇤ backgrounds and150

from magnification of the fluctuations in the low-e�ciency regions. In these fits, the151

P+
c terms are added incoherently, absorbing any interference e↵ects, which can be large152
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with four BW amplitudes and a linear
background. The broad P+

c state is added coherently to the Pc(4312)+ amplitude. In this fit
model, the magnitude of the Pc(4312)+ peak in the data is dominated by its interference with
the broad P+

c state.

(see, e.g., Fig. 6), into the BW amplitudes. Therefore, the R values reported for each153

P+
c state di↵er from the fit fractions typically reported in amplitude analyses, since154

R includes both the BW amplitude squared and all of its interference terms. The155

P+
c contributions are divided by the e�ciency-corrected and background-subtracted ⇤0

b156

yields. Similar fit variations are considered here as above, e.g., di↵erent background157

models, and selection criteria are all evaluated. The resulting systematic uncertainties on158

R ⌘ B(⇤0
b ! P+

c K�)B(P+
c ! J/ p)/B(⇤0

b ! J/ pK�) are large, as shown in Table 1.159

The narrow widths of the P+
c peaks make a compelling case for the bound-state160

character of the observed states. However, it has been pointed out by many authors [16–19]161

that peaking structures in this J/ p mass range can also be generated by triangle diagrams.162

The Pc(4312)+ and Pc(4440)+ peaks are unlikely to arise from triangle diagrams, due to a163

lack of any appropriate hadron-rescattering thresholds as discussed in more detail in the164

Supplemental Material. The Pc(4457)+ peaks at the ⇤+
c (2595)

+D0 threshold (JP = 1/2+165

in S-wave) [18], and the Ds1(2860)� is a suitable candidate to be exchanged in the166

corresponding triangle diagram. However, this triangle-diagram term does not describe167

the data nearly as well as the BW does (Fig. S4 in the Supplemental Material). This168

possibility deserves more scrutiny within the amplitude-analysis approach.169

In the bound-state interpretation, the properties of the Pc(4312)+ state are consistent170

with the molecular hypothesis, since this state is narrow and has a mass about 9MeV below171

the ⌃+
c D

0 threshold (JP = 1/2�). Such an interpretation would point to the importance172

of ⇢ meson exchange, since a pion cannot be exchanged in this system [10]. The Pc(4457)+173

state could be a bound system of ⌃+
c D

⇤0, with a weak ⇡3MeV binding energy. The174
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Figure 5: Fits to the (top row) inclusive, (middle row) mKp > 1.9GeV, and (bottom row) cos ✓Pc-
weighted mJ/ p distributions with three incoherently summed BW amplitudes representing the
narrow P+

c signals on top of a (left column) high-order polynomial function or (right column)
lower-order polynomial plus a broad P+

c state represented by a fourth BW amplitude.

that are consistent with those obtained from the amplitude analysis of Ref. [1]. Pseudo-106

experiments are again used to determine the ��2 distribution under the null hypothesis.107

The significance of the two-peak structure is 5.4� (6.2�) for the mKp > 1.9GeV (cos ✓Pc-108

weighted) samples. This significance is large enough to render the single peak interpretation109

of the 4450MeV region obsolete. Therefore, the results presented here for this structure110

supersede those previously presented in Ref. [1]. Verification of the broad Pc(4380)+ state111

proposed in Ref. [1] awaits completion of the amplitude analysis of this new data sample.112

To investigate the systematic uncertainties on P+
c properties due to interference, which113

can only be important for P+
c resonances with the same spin and parity, fits to the114
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Figure 5: Fits to the (top row) inclusive, (middle row) mKp > 1.9GeV, and (bottom row) cos θPc-
weighted mJ/ψp distributions with three incoherently summed BW amplitudes representing the
narrow P+

c signals on top of a (left column) high-order polynomial function or (right column)
lower-order polynomial plus a broad P+

c state represented by a fourth BW amplitude.

non-P+
c contributions. The background-model-dependent variations observed in the P+

c98

properties are included in the systematic uncertainties. The fits with and without the99

broad P+
c state both describe the data well. Therefore, these fits can neither confirm nor100

contradict the existence of the Pc(4380)+ state.101

To determine the significance of the Pc(4312)+ state, the change of the fit χ2 when102

adding this component is used as the test statistic, where the distribution under the103

null hypothesis is obtained from a large ensemble of pseudoexperiments. The p-value,104

expressed in Gaussian standard deviations, corresponds to 7.6σ (8.5σ) for the fits to the105

mKp > 1.9GeV (cos θPc-weighted) distribution, ignoring the look-elsewhere effect. To106
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6 Production mechanism222

The selection criteria used in this analysis significantly suppress a potential contribution223

from weak decays of long-lived beauty hadrons. To probe the residual contribution from224

b-hadron decays, the sample of DD pairs is split into two sub-samples according to225

the value of the tz variable [51]226

tz ⌘
zDD � zPV

pz
mDD ,

where zDD and zPV are the positions along the z-axis (the beam direction) of the recon-227

structed DD vertex and of the primary vertex, and pz is the measured DD momentum in228

the z direction. Promptly produced charmonia are characterised by a nearly symmetric229

and narrow distribution around tz = 0, whilst almost all DD pairs being produced in230

the weak decays of long-lived beauty hadrons have tz > 0. Comparison of the observed231

yields of the X(3842), �c2(3930) and  (3770) signals for tz < 0 and tz > 0 sub-samples232

shows no sizeable contributions from decays of b hadrons to the X(3842) and �c2(3930) sig-233

nals, while a contribution of ⇠ 35% to the observed yield of the  (3770)! DD decays is234

found.235

Reference [8] suggests the decay �c2(23P2)!  3(13D3)� as a possible production236

mechanism for the  3(13D3) state. The hypothesis is tested as follows. Identifying237

the �c2(3930) as �c2(23P2) and X(3842) as 3(13D3) and taking � (�c2(23P2)!  3(13D3)�)238

to be 100 keV [8], from the present measurement of the �c2(3930) state width and the ob-239

served yields of �c2(3930)! DD decays, at most 5% of the observed X(3842)! DD decays240

can originate from the decays of the �c2(3930) state. This suggests, assuming the  3(13D3)241

assignment is correct, that either � (�c2(23P2)!  3(13D3)�) is significantly larger than ex-242

pected or that a large fraction of the X(3842) signal is produced via a di↵erent production243

mechanism.244

7 Results and discussion245

Using the LHCb dataset collected between 2011 and 2018, near-threshold DD mass spectra246

are studied and a new narrow charmonium state, the X(3842), is observed in the decay247

modes X(3842)! D0D0 and X(3842)! D+D� with very high statistical significance.248

The mass and the natural width of this state are measured to be249

mX(3842) = 3842.71± 0.16± 0.12MeV/c2 ,

�X(3842) = 2.79± 0.51± 0.35MeV ,

where the first uncertainty is statistical and the second is systematic. The narrow natural250

width and measured value of the mass suggests the interpretation of the X(3842) state as251

the  3(13D3) charmonium state with JPC = 3��.252

In addition, prompt hadroproduction of the �c2(3930) state is observed for the first253

time, and the parameters of this state measured to be254

m�c2(3930) = 3921.90± 0.55± 0.19MeV/c2 ,

��c2(3930) = 36.64± 1.88± 0.85MeV .
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Table 4: Summary of systematic uncertainties for the measured masses (�m) and width (��)
of the X(3842), �c2(3930) and  (3770) states. Uncertainties for the mass (width) smaller than
10 keV/c2 (10 keV) are not shown.

Source
X(3842) �c2(3930)  (3770)

�m �� �n �� �m

[MeV/c2] [MeV] [MeV/c2] [MeV] [MeV/c2]

Signal model 0.02 0.02 0.01 0.15 0.62
Resolution 0.31 0.20
Background model 0.13 0.15 0.81 0.03
Momentum scale 0.07 — 0.05 —
D-meson masses 0.10 — 0.10 — 0.10

Sum in quadrature 0.12 0.35 0.19 0.85 0.63

charm hadrons such as B0! D+
s D

�, ⇤0
b! ⇤+

c D
�
s and ⇤0

b! ⇤+
c D

� [47], where the energy192

release is larger. Hence, to estimate the corresponding uncertainty the resolution scale is193

varied by 10% and the fit is repeated. Alternative resolution models, such as a symmetric194

double-sided Crystal Ball function [48, 49] and a symmetric variant of the Apollonios195

function [50] are used to estimate the uncertainty associated with this choice.196

The impact of the choice of the background model is estimated by changing197

the order of the polynomial functions from second to fourth order and, for fits in198

the 3.80 < mDD < 3.88GeV/c2 and mDD < 3.88GeV/c2 regions, by including an exponen-199

tial factor to the background model. For the fit in the 3.80 < mDD < 3.88GeV/c2 region,200

the contributions from the long tails of the wide  (3770) and �c2(3930) resonances are201

accounted for.202

The Particle Data Group (PDG) [39] reports various heavy or exotic charmonia203

candidates that decay to DD, D⇤D and D⇤D⇤ final states. Typically, these states are204

relatively broad and consequently they will only be visible as a distortion of the background205

shape. To study the impact of these charmonia states on the measurements made here,206

the decays Zc(3900)! D0D⇤�, X(4020)! D⇤D⇤, �c0(3860)! DD, and decays of  (4040),207

 (4160),  (4415) to DD, D⇤D and D⇤D⇤ final states [39] are simulated and individually208

added as fit components in turn. In these studies the information available from the direct209

and feed-down contributions to the modes considered here provides important constraints.210

Fits including decays of the �c0(3860),  (4040) or  (4160) states are found to modify211

the background component and cause a maximum of 0.15MeV/c2 bias on the mass and212

a maximum of 0.5MeV bias on the natural width of the �c2(3930) state. These are213

accounted for as uncertainties due to the background description. Contributions from214

other charmonium or charmonium-like states have no e↵ect in the determination of215

the parameters of the X(3842), �c2(3930) and  (3770) states.216

The dominant experimental uncertainty for the mass measurements is the knowledge217

of the momentum scale. This is minimised by the application of the D-mass constraints.218

The residual uncertainty from this source is evaluated by adjusting the momentum scale by219

a 3⇥ 10�4 uncertainty on the calibration procedure and repeating the mass fit. A further220

uncertainty of 0.1MeV/c2 arises from the knowledge of the D0 and D+ masses [39].221
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2123

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:124

the X(3842) component, described earlier, and a component for the �c2(3930) decay,125

modelled by the convolution of a relativistic D-wave Breit–Wigner function with a dou-126

ble-Gaussian resolution model. The background in this mass region is modelled by127

an exponential function multiplied by a second-order polynomial function. The total fit128

consists of the sum of the background, the X(3842) and �c2(3930) signals. A simultaneous129

extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is performed130

with the mass and natural width of the X(3842) state fixed to the results of the fit in131
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2123

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:124

the X(3842) component, described earlier, and a component for the �c2(3930) decay,125

modelled by the convolution of a relativistic D-wave Breit–Wigner function with a dou-126

ble-Gaussian resolution model. The background in this mass region is modelled by127

an exponential function multiplied by a second-order polynomial function. The total fit128

consists of the sum of the background, the X(3842) and �c2(3930) signals. A simultaneous129

extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is performed130

with the mass and natural width of the X(3842) state fixed to the results of the fit in131
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ΔACP 

  Largest systematic uncertainty 
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•  (Even here statistics dominated…) 
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Abstract

A search for charge-parity (CP ) violation in D0
! K�K+ and D0

! ⇡�⇡+ decays is
reported, using pp collision data corresponding to an integrated luminosity of 6 fb�1

collected at a center-of-mass energy of 13TeV with the LHCb detector. The flavor
of the charm meson is inferred from the charge of the pion in D⇤(2010)+! D0⇡+

decays or from the charge of the muon in B0, B�
! D0µ�⌫̄µX decays. The dif-

ference between the CP asymmetries in D0
! K�K+ and D0

! ⇡�⇡+ decays
is measured to be �ACP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4 for ⇡-tagged
and �ACP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4 for µ-tagged D0 mesons. Combining
these with previous LHCb results leads to

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes both statistical and systematic contributions. The
measured value di↵ers from zero by more than five standard deviations. This is the
first observation of CP violation in the decay of charm hadrons.

To be submitted to Phys. Rev. Lett.
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and D0
! ⇡�⇡+ decays is38

�ACP ⌘ ACP (K
�K+)� ACP (⇡

�⇡+)

⇡ �adirCP

 
1 +

hti

⌧(D0)
yCP

!
+

�hti

⌧(D0)
aindCP , (3)

where �adirCP ⌘ adirCP (K
�K+)� adirCP (⇡

�⇡+), hti is the arithmetic average between the mean39

decay times ht(K�K+)i and ht(⇡�⇡+)i, and �hti is their di↵erence.40

The D0 mesons considered in this analysis are either produced promptly at a pp41

collision point in the strong decay of D⇤(2010)+ mesons (hereafter referred to as D⇤+) to42

a D0⇡+ pair or displaced in semileptonic B0, B�
! D0µ�⌫̄µX decays, where X stands43

for potential additional particles.44

The flavor at production of D0 mesons from D⇤+ decays is determined from the charge45

of the accompanying pion (⇡-tagged), whereas that of D0 mesons from semileptonic B46

decays is obtained from the charge of the accompanying muon (µ-tagged). The raw47

asymmetries measured for ⇡-tagged and µ-tagged D0 decays are defined as48

A⇡�tagged
raw (f) ⌘

N (D⇤+
! D0(f)⇡+)�N

�
D⇤�

! D0(f)⇡��

N (D⇤+ ! D0(f)⇡+) +N
�
D⇤� ! D0(f)⇡�

� ,

Aµ�tagged
raw (f) ⌘

N(B0, B�
! D0(f)µ�⌫̄µX)�N(B0, B+

! D0(f)µ+⌫µX)

N(B0, B� ! D0(f)µ�⌫̄µX) +N(B0, B+ ! D0(f)µ+⌫µX)
,

(4)

where N is the measured signal yield for the given decay. These can be approximated as49

A⇡�tagged
raw (f) ⇡ ACP (f) + AD(⇡) + AP(D

⇤),

Aµ�tagged
raw (f) ⇡ ACP (f) + AD(µ) + AP(B),

(5)

where AD(⇡) and AD(µ) are detection asymmetries due to di↵erent reconstruction e�cien-50

cies between positive and negative tagging pions and muons, whereas AP(D⇤) and AP(B)51

are the production asymmetries of D⇤ and B mesons, arising from the hadronization of52

charm and beauty quarks in pp collisions [37]. Owing to the smallness of the involved53

terms, which are O(10�2) or less [37–40], the approximations in Eqs. (5) are valid up to54

corrections of O(10�6). The values of AD(⇡) and AP(D⇤), as well as those of AD(µ) and55

AP(B), are independent of the final state f in any given kinematic region, and thus cancel56

in the di↵erence, resulting in57

�ACP = Araw(K
�K+)� Araw(⇡

�⇡+). (6)

This simple relation between �ACP and the measurable raw asymmetries in K�K+ and58

⇡�⇡+ makes the determination of �ACP largely insensitive to systematic uncertainties.59

The LHCb detector [41,42] is a single-arm forward spectrometer designed for the study of60

particles containing b or c quarks. The detector elements that are particularly relevant to61

this analysis are: a silicon-strip vertex detector that allows for a precise measurement of62

the impact parameter (IP), i.e., the minimum distance of a charged-particle trajectory63

to a pp interaction point (primary vertex, PV); a tracking system exploiting a dipole64

magnet to measure the momentum of charged particles; two ring-imaging Cherenkov65

detectors able to discriminate between di↵erent species of charged hadrons; a calorimeter66

2

are: the fit quality of the D0 and the B decay vertices, the D0 flight distance, the D0
114

IP, the transverse momenta of the D0 decay products, the significance of the distance115

between the D0 and B decay vertices, m(D0µ) and mcorr. To suppress background from116

b-hadron decays to cc⇡±X (ccK±X), where the cc resonance decays to a pair of muons,117

D0 candidates are vetoed if the invariant mass of the µ⌥⇡± (µ⌥K±) pair, where the118

pion (kaon) is given the muon mass hypothesis, lies within a window of about ±50MeV/c2119

around the J/ or  (2S) nominal masses.120

The data sample includes events with multiple D⇤ and B candidates. The majority of121

these events contain the same reconstructed D0 meson combined with di↵erent tagging122

pion or muon candidates. When multiple candidates are present in the event, only one123

is randomly kept. The fractions of events with multiple candidates are about 10% and124

0.4% in the ⇡-tagged and µ-tagged samples, respectively. A small fraction of events, of125

the order of permille, belong to both the selected ⇡-tagged and µ-tagged samples.126

As the detection and production asymmetries are expected to depend on the kine-127

matics of the reconstructed particles, the cancellation in the di↵erence between the raw128

asymmetries in Eq. (6) may be incomplete if the kinematic distributions of reconstructed129

D⇤+ or B candidates and of the tagging pions or muons di↵er between the K�K+ and130

⇡�⇡+ decay modes. For this reason, a small correction to the K�K+ sample is applied by131

means of a weighting procedure. For the ⇡-tagged sample, candidate-by-candidate weights132

are calculated by taking the ratio between the three-dimensional background-subtracted133

distributions of transverse momentum, azimuthal angle and pseudorapidity of the D⇤+
134

meson in the K�K+ and ⇡�⇡+ modes. An analogous procedure is followed for the135

µ-tagged sample, where D0 distributions are used instead of those of the D⇤+ meson. It136

is then checked a posteriori that the distributions of the same variables for tagging pions137

and muons are also equalized by the weighting. The impact of the weighting procedure138

on the measurement corresponds to a small variation of �ACP , below 10�4 for both the139

⇡-tagged and µ-tagged samples.140

The raw asymmetries for each decay mode are free parameters determined by means of141

simultaneous least-square fits to the binned mass distributions of D⇤+ and D⇤� candidates142

for the ⇡-tagged sample, or D0 and D0 candidates for the µ-tagged sample. In particular,143

in the analysis of the ⇡-tagged sample the fits are performed to the m(D0⇡+) and144

m(D0⇡�) distributions, similarly to the analysis of Ref. [27]. The signal mass model,145

which is obtained from simulation, consists of the sum of three Gaussian functions and146

a Johnson SU function [47], whose parameters are free to be adjusted by the fit to the147

data. The combinatorial background is described by an empirical function of the form148

[m(D0⇡+)�m(D0)�m(⇡+)]↵e�m(D0⇡+), where ↵ and � are two free parameters. In the149

analysis of the µ-tagged sample, the fits are performed to the m(D0) distributions. The150

signal is described by the sum of two Gaussian functions convolved with a power-law151

function that accounts for final-state photon radiation e↵ects, whereas the combinatorial152

background is described by an exponential function. A small contribution fromD0
! K�⇡+

153

decays with a misidentified kaon or pion is also visible, which is modelled as the tail154

of a Gaussian function. Fits to the m(D0⇡+), m(K�K+) and m(⇡�⇡+) distributions155

are displayed in Fig. 1. The ⇡-tagged (µ-tagged) signal yields are approximately 44156

(9) million D0
! K�K+ decays and 14 (3) million D0

! ⇡�⇡+ decays. In the case of157

⇡-tagged decays, the fits to the m(D0⇡+) distributions do not distinguish between signal158

and background that produces peaks in m(D0⇡+), which can arise from D⇤+ decays where159

the correct tagging pion is found but the D0 meson is misreconstructed. The e↵ect on160
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Figure 1: Mass distributions of selected (top) ⇡-tagged and (bottom) µ-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

�ACP of residual peaking backgrounds, suppressed by selection requirements to less than161

1% of the number of signal candidates, is evaluated as a systematic uncertainty.162

Studies of systematic uncertainties on �ACP are carried out independently for the163

⇡-tagged and µ-tagged samples. Several sources a↵ecting the measurement are considered.164

In the case of ⇡-tagged decays, the dominant systematic uncertainty is related to the165

knowledge of the signal and background mass models. It is evaluated by generating166

pseudoexperiments according to the baseline fit model, then fitting to those data alternative167

models. A value of 0.6⇥10�4 is assigned as a systematic uncertainty, corresponding to the168

largest variation observed using the alternative functions. A similar study is performed169

with the µ-tagged sample and a value of 2⇥ 10�4 is found.170

In the case of µ-tagged decays, the main systematic uncertainty is due to the possibility171

that the D0 flavor is not tagged correctly by the muon charge because of misreconstruction.172

The probability of wrongly assigning the D0 flavor (mistag) is studied with a large sample173

5

Table 1: Systematic uncertainties on �ACP for ⇡- and µ-tagged decays. The total uncertainties
are obtained as the sums in quadrature of the individual contributions.

Source ⇡-tagged [10�4] µ-tagged [10�4]
Fit model 0.6 2
Mistag – 4
Weighting 0.2 1
Secondary decays 0.3 –
B0 fraction – 1
B reco. e�ciency – 2
Peaking background 0.5 –
Total 0.9 5

is obtained, and this represents a valid check of the cancellation of the pion detection221

asymmetry between the two decay modes.222

In summary, the di↵erence of time-integrated CP asymmetries between D0
! K�K+

223

and D0
!⇡�⇡+ decays is measured using 13TeV pp collision data collected with the224

LHCb detector and corresponding to an integrated luminosity of 6 fb�1. The results are225

�A⇡�tagged
CP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4,

�Aµ�tagged
CP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4.

Both measurements are in good agreement with world averages [50] and previous LHCb226

results [31, 32].227

The interpretation of �ACP in terms of direct and indirect CP violation requires228

knowledge of the reconstructed mean decay times for D0
! K�K+ and D0

! ⇡�⇡+
229

decays, as shown in Eq. (3). The relevant values are �hti /⌧(D0)⇡�tagged = 0.135 ±230

0.002, �hti /⌧(D0)µ�tagged = �0.003 ± 0.001, hti/⌧(D0)⇡�tagged = 1.74 ± 0.10 and231

hti/⌧ (D0)µ�tagged = 1.21± 0.01, where the uncertainties include statistical and systematic232

contributions, and the world average of the D0 lifetime is used [51].233

By combining previous LHCb measurements [31, 32] with these results, the following234

value of �ACP is obtained235

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance236

of the deviation from zero corresponds to 5.3 standard deviations. This is the first237

observation of CP violation in the decay of charm hadrons. The corresponding values238

� hti /⌧(D0) = 0.115± 0.002 and hti/⌧(D0) = 1.71± 0.10 are also obtained.239

By using in addition the LHCb averages yCP = (5.7± 1.5)⇥ 10�3 [52,53] and A� =240

(�2.8 ± 2.8) ⇥ 10�4
' �aindCP [54, 55], from Eq. (3) it is possible to derive �adirCP =241

(�15.6± 2.9)⇥ 10�4, which shows that, as expected, �ACP is primarily sensitive to direct242

CP violation. The overall improvement in precision brought by the present analysis to the243

knowledge of �adirCP is apparent when comparing with the value obtained from previous244

measurements, �adirCP = (�13.4± 7.0)⇥ 10�4 [50].245
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Lessons learned from LHCb 

Lots of “lessons” learned on wide span of flavour physics 
 

  CP violation 
  Leptons 
  Charm 
  Exotica 

 
Ø  No obvious experimental shortcoming emerging,  

 which prevents further improvements 
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On the menu 

  Introduction: Precision measurements 

  Recent highlights 

  Where do we come from? 

  What brought us here? 
–  Lumi levelling 

–  Trigger  

–  Magnet flips 

–  Data driven 
•  Tracking 

•  PID 

•  Control channels 

  Lessons learned from LHCb 
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Where do we come from 

  Some history 
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Where do we come from 

  LHC-B Letter-of-Intent 1995 
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(top not yet discovered…) 



Where do we come from 

  Letter-of-Intent 1995 
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Where do we come from 

Letter-of-Intent 1995: 

  Annual event yield estimates: 
–  N(B0

s! J/ψφ)   = 246k 
–  N(B0

s! µ+µ-)    = 30 
–  N(B0! K*µ+µ-) = 17k 
–  Assuming L=1.5 x 1032 cm-2s-1 

  Achieved: 
–  3x larger instantaneous luminosity 
–  2x lower event yields 
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Where do we come from 

  Technical Proposal 1998 
–  Event yields closer… 
–  Assuming L=2 x 1032 cm-2s-1 

22 
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Figure 6.3: Charged multiplicity distributions in the LHCb acceptance (1.8 < η < 4.9) for (a) minimum-
bias collisions and (b) collisions producing b-hadrons, as predicted by PYTHIA 6.2 with MSEL=1 (hard
collisions) and different settings for multiple parton-parton interactions. The plain histograms are ob-
tained with the nominal LHCb settings, the dashed histograms with modified LHCb settings where pmin

T
of Eq. (6.2) is lowered by three times its uncertainty, and the dotted histograms with a recent tuning
from CDF [79]. Decay products of K0

S mesons and Λ baryons are not counted.

events than in minimum-bias events. With the
nominal LHCb settings for PYTHIA (i.e. Model 3
tuned as explained above) these averages are 33.9
and 21.3 respectively; they increase by 26% and
19% respectively if the value of pmin

T from Eq. (6.2)
is lowered by three times its uncertainty.

The CDF collaboration has recently pub-
lished [75] their tuning of PYTHIA 5.7 which re-
produces best the soft and hard interactions they
observe in pp collisions at

√
s = 630 and 1800 GeV;

it involves Model 4 for multiple parton-parton in-
teractions, a variant of Model 3 with a double-
Gaussian parametrization of the matter distribu-
tions of the colliding hadrons. Using an updated
version of this tuning [79], valid for PYTHIA 6.2
and claimed to reproduce minimum-bias data and
the “underlying event” in hard scattering processes
at the two Tevatron energies, the average multiplic-
ities predicted in LHCb would be approximately
20% lower than those obtained with the nominal
LHCb settings (see Fig. 6.3).

6.1.2 Bunch-crossing description

The two proton beams of 7000 GeV each are as-
sumed to have a horizontal (vertical) crossing half-
angle of 285 µrad (0 µrad), with an angular spread
corresponding to an emittance of 0.503 m and a β∗

of 10 m. The luminous region is assumed to be a

Gaussian ellipsoid with σz = 5 cm and σx = σy =
70 µm, truncated at ±4σ in all dimensions.

Several inelastic proton-proton collisions may
occur in the same bunch crossing. This “pile-up”
phenomenon is simulated assuming that the num-
ber of inelastic pp interactions in one bunch cross-
ing follows a Poisson distribution with a mean given
by Lσinel/ν, where L is the instantaneous luminos-
ity, σinel is the inelastic cross section taken to be
80 mb, and ν = 29.49 MHz is the average non-
empty bunch crossing frequency at the LHCb in-
teraction point. The luminosity L is assumed to
decrease exponentially with a 10-hour lifetime in
the course of 7-hour fills, with an average value of
2 × 1032 cm− 2s− 1 (implying a maximum value of
∼ 2.8 × 1032 cm− 2s− 1 at start of fill). In practice,
only “visible” collisions contribute to the pile-up;
we define such collisions as the ones producing at
least two charged particles reconstructible as long
tracks in the detector (according to the definition
of Sect. 7.3), corresponding to (79.1±0.2)% of σinel.
Pile-up characteristics, averaged over a fill and con-
sidered for visible collisions only, are given in Ta-
ble 6.1 for minimum-bias and bb events.

6.2 Detector simulation

Generated particles are tracked through the detec-
tor material and surrounding environment using



What brought us here?     Lumi levelling 

  Trade-of between  
–  High L:  statistics 
–  Low L:  clean events 

•  + higher data rate! Network is limited by (rate x multiplicity) 
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What brought us here?     Lumi levelling 

  Trade-of between  
–  High L:  statistics 
–  Low L:  clean events 

  Operate continuously at constant optimal L ! 
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R. JacobssonLHCb Week – Summary Session, 2 December 2010

� Luminosity leveling applied several times during 2010
• First time on July 17 and July 18
• In the steps between trigger configurations
• Followed bunch behaviour with VELO/BLS and no sign of problems

� Two beam stability tests done
• 152 bunches x 1E11 @ 150ns up to more than 1 sigma
• 100 bunches x 0.9E11 @ 50ns up to 6sigma
• Tests with several 100 bunches and high intensity not done

17

X (IP Î t=0)

Last but most important consequence:
Luminosity leveling is crucial to run LHCb at optimum luminosity 2011

Richard Jacobsson, Dec 2010 



What brought us here?     Lumi levelling 

  Trade-of between  
–  High L:  statistics 
–  Low L:  clean events 

  Operate continuously at constant optimal L ! 
–  Displace beams at start of fill, then move closer when protons disappear 
–  In 2018 also employed by ATLAS/CMS  
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R. JacobssonLHCb Week – Summary Session, 2 December 2010

� Luminosity leveling applied several times during 2010
• First time on July 17 and July 18
• In the steps between trigger configurations
• Followed bunch behaviour with VELO/BLS and no sign of problems

� Two beam stability tests done
• 152 bunches x 1E11 @ 150ns up to more than 1 sigma
• 100 bunches x 0.9E11 @ 50ns up to 6sigma
• Tests with several 100 bunches and high intensity not done

17

X (IP Î t=0)

Last but most important consequence:
Luminosity leveling is crucial to run LHCb at optimum luminosity 2011

Richard Jacobsson, Dec 2010 

Constant lumi over 15hr fill Constant pileup during year 



Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
EW Penguins
RK (1 < q2 < 6 GeV2c4) 0.1 [274] 0.025 0.036 0.007 –
RK⇤ (1 < q2 < 6 GeV2c4) 0.1 [275] 0.031 0.032 0.008 –
R�, RpK , R⇡ – 0.08, 0.06, 0.18 – 0.02, 0.02, 0.05 –

CKM tests
�, with B0

s ! D+
s K� (+17

�22
)� [136] 4� – 1� –

�, all modes (+5.0
�5.8)

� [167] 1.5� 1.5� 0.35� –
sin 2�, with B0 ! J/ K0

S
0.04 [609] 0.011 0.005 0.003 –

�s, with B0
s ! J/ � 49 mrad [44] 14 mrad – 4 mrad 22 mrad [610]

�s, with B0
s ! D+

s D�
s 170 mrad [49] 35 mrad – 9 mrad –

�ss̄s
s , with B0

s ! �� 154 mrad [94] 39 mrad – 11 mrad Under study [611]
as

sl
33 ⇥ 10�4 [211] 10 ⇥ 10�4 – 3 ⇥ 10�4 –

|Vub|/|Vcb| 6% [201] 3% 1% 1% –

B0
s ,B

0!µ+µ�

B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) 90% [264] 34% – 10% 21% [612]

⌧B0
s!µ+µ� 22% [264] 8% – 2% –

Sµµ – – – 0.2 –

b ! c`�⌫̄l LUV studies
R(D⇤) 0.026 [215,217] 0.0072 0.005 0.002 –
R(J/ ) 0.24 [220] 0.071 – 0.02 –

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10�4 [613] 1.7 ⇥ 10�4 5.4 ⇥ 10�4 3.0 ⇥ 10�5 –
A� (⇡ x sin�) 2.8 ⇥ 10�4 [240] 4.3 ⇥ 10�5 3.5 ⇥ 10�4 1.0 ⇥ 10�5 –
x sin� from D0 ! K+⇡� 13 ⇥ 10�4 [228] 3.2 ⇥ 10�4 4.6 ⇥ 10�4 8.0 ⇥ 10�5 –
x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10�5 (K0

S
⇡⇡) 1.2 ⇥ 10�4 (K3⇡) 8.0 ⇥ 10�6 –

112

What brought us here?   Low sys or low stats? 
  Main physics results dominated by statistical uncertainty (run-1) : 
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σ(stat)/σ(sys) Largest source of systematic 

2.5 Mass shape & trigger eff 

2.2 MC correction & residual bkgd 

3 Δms, time res, tagging, det asymmetry 

- 

8 Decay time: bias and efficiency 

8 Angular efficiency 

8 Decay time resolution 

5 Acceptance (angular and time) 

1.3 Track reco asymmetry 

0.5 External BR(Λc) 

6 fd/fs 

9 Decay time acceptance 

1 MC sample size 

1 F(Bc!J/ψ) form factor 

2.7 Mass model 

2.8 Contribution from sec b!D*X decays 

2 Contribution from sec b!D*X decays 

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 20 70 150 900
RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the

78



Event sample size, aka statistics 

  Sample size ~ trigger eff x luminosity 

  Increasing luminosity implies tighter trigger selection… 

–  Marginal gain… 

–  Trigger yield is flat: 

 
 

 

Ø  Solution: improve the trigger 
27 

1.4. CONSEQUENCES FOR THE UPGRADE STRATEGY 7

Figure 1.5: The trigger yield for different decays of B mesons. Each point is normalised to the trigger
yield expected in nominal conditions at a luminosity of 2 × 1032 cm−2s−1.

rate requires a substantial change in the LHCb read-out architecture.
The present first level trigger (L0) is implemented in hardware [13]. Trigger selections are

made at the 40 MHz beam crossing rate using either the Calorimeters or the Muon System.
Criteria are based on the deposit of several GeV of transverse energy, ET, by charged hadrons,
muons, electrons or photons. While this provides high efficiencies on dimuon events, it typically
removes half of the fully hadronic signal decays. In these hadronic decays the ET threshold
required to reduce the rate of triggered events to an acceptable level is already a substantial
fraction of the B meson mass. Any further increase in the rate requires an increase of this
threshold, which then removes a substantial fraction of signal decays. As shown in Fig. 1.5,
the trigger yield therefore saturates for hadronic channels with increasing luminosity. While
it was shown above that LHCb would be able to run at L = 1033 cm−2s−1, the decrease
in L0-efficiencies, and especially the L0-hadron efficiency, would result in an almost constant
signal yield, independent of luminosity, for L > 2–3 × 1032 cm−2s−1. Unless the efficiency can
be improved by removing the L0 1 MHz limitation and introducing information that is more
discriminating than ET earlier in the trigger, the experiment cannot profit from increasing the
luminosity.

The most effective way of achieving such a trigger upgrade is to supply the full event
information, including whether tracks originate from the displaced vertex that is characteristic
of heavy flavour decays, at each level of the trigger. This requires reading out the whole
detector at 40 MHz and then analysing each event in a trigger system implemented in software.
A detector upgraded in this way would allow the yield of hadronic B decays to be increased by
up to a factor of seven for the same LHC machine run-time.

In order to supply displaced vertex information at the first level of the trigger, a tracking

Letter of Intent for the LHCb Upgrade, CERN-LHCC-2011-001 

No gain in yield 



What brought us here? Trigger 

  Low level trigger:  Knowledge of efficiency 

 
  High level trigger:  Stability 
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Sample size per trigger setting 

Table 1: Thresholds and rates of L0Calo.

Candidate Condition Rate (kHz)

hadron ET > 3.5GeV and # SPD hits < 600 400
electron ET > 2.5GeV and # SPD hits < 600 120
photon ET > 2.5GeV and # SPD hits < 600 60

3 Determination of efficiency

3.1 L0 Hadron efficiency

The L0 hadron efficiency is computed using a sample of well identified p± and K
± from D

0 !
K
�p+ and D

0 ! K
+p� decays [2] and p/p from L ! pp+ and L ! pp� decays [3] and

triggered independently of any L0Calo candidates. The trigger efficiency is obtained computing

ehadron =
N(TIS and TOS)

N(TIS)
, (2)

where N(TIS and TOS) is the number of tracks independent of the trigger (TIS ,"Trigger In-
dependent of Signal") which pass the L0 hadron trigger condition (TOS, "Trigger On Signal")
and N(TIS) is the total number of tracks independent of the trigger (TIS). A charged track (p±,
K
± or p/p) is classified as TOS if the 3⇥ 3 cell cluster built around the HCAL cell hit by the

projection of the track measured by the LHCb tracking system shares at least one cell in the
HCAL with a 2⇥2 cluster of a L0Calo hadron candidate with a ET above the trigger threshold.
A candidate is classified as TIS if the event was triggered by the L0 Muon system (Single or
Di-Muon trigger conditions), in order not to bias the efficiency computation. In order to remove
the small remaining bias coming from punch through muons produced in the HCAL, the track
is also required not to be matched to any of the muon candidates responsible of the L0 Muon
trigger. In addition, the SPD hit multiplicity is required in all cases to be lower than 600, and
only charged tracks whose trajectory is in the HCAL acceptance are considered.

3.2 L0 Electron efficiency

The L0 Electron trigger efficiency is obtained using e
± from the decay of the J/y present in

the B
0 ! J/yK

⇤0 (and B
0 ! J/yK

⇤0) decay [4]. In order to have a low enough background
level, one of the e

± candidate is positively identified as an electron using combined RICH and
Calorimeter information (the "tag" track) while the other track (the "probe" track) has only a
very loose Particle IDentifcation (PID) requirement. The PID requirements usually used for
analysis are tighter than the one applied to the probe track. In order not to bias the L0 electron
efficiency determination the events should be triggered by the L0 hadron line. The selection
cuts for B

0 ! J/yK
⇤0 are given in Table 2.
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Figure 2: Efficiency of the L0 hadron trigger as a function of the track pT in the Inner part of the HCAL
(left) and in the Outer part (right). The blue curve is the efficiency for p+, the red curve for K

+ and the
green curve for p.

4 Results

The hadron trigger efficiencies are measured as a function of the transverse momentum, pT of
the charged track, separately for candidates in the Inner and Outer parts of the HCAL. Figures 2
show the L0 hadron trigger efficiencies obtained with the 2011 LHCb runs, for p±, K

± and
p/p.

The electron trigger efficiency is obtained as a function of the e
± transverse momentum

measured by the tracking system, without distinction between the ECAL zones. It is shown in
Fig. 3.
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What brought us here?      Magnet flips 

  Many precision measurements rely on asymmetries 
–  Charge asymmetries 
–  Angular asymmetries 
–  Differences of asymmetries 

  D0 could do Afs, CDF not 
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What brought us here?      Magnet flips 

  Many precision measurements rely on asymmetries 
–  Charge asymmetries 
–  Angular asymmetries 
–  Differences of asymmetries 

  D0 could do Afs, CDF not 

  Detector asymmetries cancel by flipping the magnet polarity 
–  Carefully matched the two data sets 
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Recorded 
Lumi (pb-1) 

UP 1110 

DOWN 1070 

Total 2180 



to form muon pairs with invariant-mass consistent with the J/ mass, and are then
filtered further on the basis of the quality of the fit of the decay vertex, to form the final
sample. To extend the pT range of the muons in the calibration samples to lower values,
where the background from low momentum pions is di�cult to reduce, the J/ candidates
can be combined with charged kaons to form B+ ! J/ K+ candidates1, adding further
kinematic constraints related to the B decay to the final filtering.

Proton calibration samples are obtained from two di↵erent decay modes: ⇤0! p⇡�

and ⇤+
c ! pK�⇡+. Since the visible ⇤0 production cross section in LHCb is very high,

the yield collected at the trigger level exceeds the needs in terms of statistical precision on
the particle identification. This would pose severe challenges for data storage. Therefore,
a large fraction of these signal candidates is discarded by running the selection only on a
randomly selected fraction of the events. In order to improve the kinematic coverage of
the sample, the fraction of discarded events is defined di↵erently in four bins of the proton
transverse momentum (pT), resulting in a higher retention rate in the less-populated
high-pT region. The sample of ⇤+

c decays is included to extend the pT coverage of the ⇤0

samples.
An abundant calibration sample for pions is provided by the decay K0

S ! ⇡+⇡�,
but the spectrum of the probe particles is much softer than what is typical for hadrons
produced in heavy hadron decays. Charm hadron decays allow the kinematic range to be
extended to higher transverse momenta, but the lower purity of the samples, due to the
smaller production cross-section, requires additional care in the selection and background
subtraction strategies.The decay D⇤+! D0⇡+ with D0! K�⇡+ represents the primary
source of ⇡± and K± calibration samples. The soft pion produced in the strong decay
of the D⇤+ hadron allows to tag the flavour of the D0 and therefore to distinguish the
kaon and the pion produced in its decay without PID requirements on either of the two
probe particles. Applying a requirement on the energy release in the D⇤ decay, which
is expected to be small, enables the rejection of combinatorial background due to the
erroneous combination of D0 hadrons and pions produced in unrelated processes. Finally,
the D+

s ! �⇡+ decay with �! K+K� is a further source of kaons. This sample allows the

1Charged-conjugated candidates are implicitly considered here and throughout the paper.

Table 2: Overview of decay modes that are used to select calibration samples. The high
momentum samples are primarily selected, while the low momentum samples are included to
maximise the kinematic coverage as much as possible.

Species Low momentum High momentum

e± B+! J/ K+ with J/ ! e+e�

µ± B+! J/ K+ with J/ ! µ+µ� J/ ! µ+µ�

⇡± K0
S ! ⇡+⇡� D⇤+! D0⇡+ with D0! K�⇡+

K± D+
s ! �⇡+ with �! K+K� D⇤+! D0⇡+ with D0! K�⇡+

p, p ⇤0! p⇡� ⇤0! p⇡� ; ⇤+
c ! pK�⇡+

5

What brought us here?  Data driven  
  L0 calorimeter efficiency 

–  Using D0àK-π+, B0! J/ψ(ee)K*  
 

  

  Tracking efficiency 
–  Tag-and-probe with J/ψ!µ+µ- 

 
  Particle identification 

–  Dedicated control samples 
 
 
 
  Control channels for analyses: 

–  B0! J/ψK* for B0
s! J/ψφ 

–  B0! J/ψK+ for B0! K+e+e- 

–  B0! D-π+   for B0
s! Ds

-π+ 
–  B0

s! Ds
-π+ for B0

s! DsK 
–  … 31 
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Table 3: Track reconstruction e�ciencies in % for the individual running periods using the
long method for positive and negative muons and di↵erent magnetic field polarities (statistical
uncertainties only).

Magnet up Magnet down
Data Positive Negative Positive Negative
2010 94.1± 1.3 96.0± 1.3 99.3+0.7

�1.8 98.4+1.6
�1.7

2011 97.0± 0.3 97.3± 0.3 97.2± 0.3 97.4± 0.3
2012 96.2± 0.2 96.2± 0.2 96.2± 0.2 96.3± 0.2

7 E�ciency dependencies

Using the momentum spectrum of the J/ decay products obtained with the VELO
method from data as a benchmark, the average track reconstruction e�ciency for long
tracks is measured to be (95.4± 0.7)% for 2010 data, (97.78± 0.07)% for 2011 data and
(96.99 ± 0.05)% for 2012 data. All results confirm the good performance of the LHCb
tracking system. The uncertainties on these numbers are statistical only; they are binomial
errors with additional terms to account for the statistical uncertainty on the number of
background events. Systematic uncertainties are discussed in Sect. 8. The di↵erence in the
e�ciencies between the three years is a consequence of changes in the track reconstruction
and the higher centre-of-mass energy, leading to a higher track multiplicity and hence lower
reconstruction e�ciency for the 2012 running period. Dependencies on the polarity of the
dipole magnet, the charge of the muons, and kinematic properties as well as the agreement
with the simulation are investigated in further detail in the following subsections.

7.1 Comparison of magnetic field polarities

The track reconstruction e�ciencies determined from the long method are split up into
positively and negatively charged muons and into the two di↵erent magnetic field polarities
(named up and down). The results are summarised in Table 3. They show compatible
numbers for magnetic field up and down and for positive and negative muons.

For data from 2011 and 2012 there is no di↵erence between positive and negative
muons or between the di↵erent magnet polarities. In 2010 data, a 2.3 � di↵erence between
the di↵erent magnet polarities is observed for positive muons. No unambiguous source of
the di↵erence is found.

7.2 Dependencies of track reconstruction e�ciency

The e�ciency to reconstruct long tracks mainly depends on the particle kinematics and the
number of charged particles in an event. As a parametrisation p, ⌘ and Ntrack are chosen, as
the track reconstruction e�ciency shows the largest dependence on these three observables.
The simulated events are weighted according to the Ntrack distribution observed in data.

10
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Figure 2: Efficiency of the L0 hadron trigger as a function of the track pT in the Inner part of the HCAL
(left) and in the Outer part (right). The blue curve is the efficiency for p+, the red curve for K

+ and the
green curve for p.

4 Results

The hadron trigger efficiencies are measured as a function of the transverse momentum, pT of
the charged track, separately for candidates in the Inner and Outer parts of the HCAL. Figures 2
show the L0 hadron trigger efficiencies obtained with the 2011 LHCb runs, for p±, K

± and
p/p.

The electron trigger efficiency is obtained as a function of the e
± transverse momentum

measured by the tracking system, without distinction between the ECAL zones. It is shown in
Fig. 3.
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Lessons from operations 

32 

Fill 
7309 

  Luminosity monitoring 
–  Dependent on single detector:  

•  failure requires timely understanding 
Ø  Implement more robust monitoring 

 
  Luminosity measurement 

–  Gas injection system extremely valuable 
•  ATLAS/CMS relied on LHCb for LHC satellite protons 

Ø  Keep (and improve) gas injection system 

  Monitoring 
–  Occasionally detector problems or bugs could have been caught faster 
Ø  More precise monitoring of all trigger rates 

  Real time alignment 
–  Events are parked at 100 kHz 
–  Selection to 5 kHz after event calibration 
Ø  1-to-1 correspondence to offline 



Lessons from/for analysis 

  B! J/ψX    
–  Time acceptance 

  B! Ke+e- 
–  Bremstrahlung correction    

  Time-dependent B0
s analysis  

–  Flavour tagging:   
•  Incl tagging?  
•  OT time? PID coverage (pT, eta)? 

  Open Charm    
–  magnet polarity 
–  Crossing angle 

  Electro-weak, jets     
–  HCAL PMT gain 

  Heavy-ion:     
–  Simultaneous operation of pp and pPb 
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Lessons from/for analysis: Decay time acc 

  B! J/ψX    
–  Time acceptance 

–  Long living B mesons 
•  Decay off-axis 
•  Pattern recognition 

less efficient 
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Figure 3: VELO-track reconstruction e�ciency for kaon tracks reconstructed using the (a) online
and (b) o✏ine algorithms as a function of the kaon ⇢, as defined in Eq. (3). The red solid lines
show the result of an unbinned maximum likelihood fit using the parameterisation in Eq. (4) to
the background subtracted data (black points).

decay time distribution. These are caused by the VELO-track reconstruction e�ciency,
"VELO, and the combination of the trigger e�ciency, "trigger, and o✏ine selection e�ciency,
"selection|trigger. This section will describe these e↵ects and the techniques that are used to
evaluate the e�ciencies from data control samples.

4.1 VELO-track reconstruction e�ciency

The largest variation of the e�ciency with the decay time is introduced by the track
reconstruction in the VELO. The track finding procedure in the VELO assumes that
tracks originate approximately from the interaction region [33,45]. In the case of long-lived
b-hadron candidates this assumption is not well justified, leading to a loss of reconstruction
e�ciency for charged particle tracks from the b-hadron decay.

The distance of closest approach of the track to the z-axis is defined as

⇢ ⌘ |(d� v) · (p⇥ ẑ)|
|p⇥ ẑ| , (3)

where p is the momentum of the final-state track from a b-hadron candidate decaying at
point d, ẑ is a unit vector along the z-axis and v is the origin of the VELO coordinate system.
During data taking the position of the LHCb VELO is monitored as a function of time and
is centred around the LHC beam line. Using a control sample of B+! J/ K

+ candidates
where the K

+ is reconstructed as a downstream track, the VELO-track reconstruction
e�ciency, "VELO(⇢), is computed as the fraction of these tracks that are also reconstructed
as long tracks. From samples of simulated b-hadron decays, it is observed that "VELO(⇢)
can be empirically parameterised by

"VELO(⇢) = a(1 + c⇢
2), (4)
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Lessons from/for analysis: Decay time acc 

  B! J/ψX    
–  Time acceptance 

–  Long living B mesons 
•  Decay off-axis 
•  Pattern recognition 

less efficient 
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During data taking the position of the LHCb VELO is monitored as a function of time and
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+ candidates
where the K
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Figure 4: Schematic layout of the upgraded VELO.

based on hybrid pixel sensors. A new radiation hard ASIC, dubbed VeloPix, capable of
coping with the data rates, is under development. The module cooling design must be
upgraded in order to protect the tip of the silicon from thermal runaway e↵ects after
significant irradiation, and to cope with the high speed pixel ASIC power dissipation.
For this reason the upgrade cooling is integrated within the module, in contrast to the
currently installed detector. The cooling is provided by evaporative CO2 circulating within
miniature channels etched into thin silicon substrates which form the backbone of the
modules. The upgraded VELO reuses large parts of the current mechanical infrastructure,
in particular the vacuum tank, and elements of the very successful mixed phase CO2

cooling system.
The conceptual layout of the detector within the LHCb coordinate system is shown

in Fig. 4. It is very similar to the current VELO layout, however the z positions of the
modules have been changed in order to reach similar acceptance given the smaller module
size and smaller distance from the beam line to the first measured point. The detailed
optimisation procedure is described in Sect. 3.1.3. The positions of the modules in the
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Lessons from/for analysis: Bremstrahlung 

  B! Ke+e- 
–  Bremstrahlung correction    
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Lessons from/for analysis: Flavour tagging 

  Tagging: from fragmentation à low momentum  
  Outer Tracker time resolution: ~0.6 ns / track 

–  Time-of-flight difference proton vs pion at z=8m: ~1 ns 

–  Use of timing has the future 
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for the selection of such rare decays.
Identifying kaons from the accompanying b

hadron decay in the event also provides a valu-
able flavour tag, and ensures that all events
accepted by the LHCb trigger are potentially
useful in the CP violation measurements. The
flavour tag is achieved by identifying kaons
from the b → c → s cascade decay, where the
charge of the kaon depends on the charge of
the initial b quark.

Finally, the particle-identification system
can complement the calorimeters and muon
system in the identification of electrons and
muons. For high mass particles it can provide
an improved momentum determination.

The particle identification should cover the
full angular acceptance of the LHCb spectrom-
eter, from 10 mrad to 300 mrad in the hor-
izontal (x, z) projection and to 250 mrad in
the vertical (y, z) projection. The upper limit
in momentum required for π–K separation is
determined by tracks from two-body B-decay
channels, as shown in Fig. 4 (a); 90% have
p < 150GeV/c. The identification of tagging
kaons and tracks from high multiplicity decays
determines the requirement for the lower mo-
mentum limit. As shown in Fig. 4 (b), identi-
fication down to 1GeV/c is desirable.

1.2 RICH system overview

The only feasible technique that can cover the
required momentum range is the detection of
ring images of Cherenkov light produced by
the passage of charged particles through vari-
ous radiators. To cover the full range, three
radiators are required, with different refrac-
tive indices. Silica aerogel, with n = 1.03,
is suitable for the lowest momentum tracks,
whilst the intermediate region is well matched
to gaseous C4F10. For the highest momentum
tracks, gaseous CF4 is used.

There is a strong correlation between the
polar angle and momentum of tracks, as seen
in Fig. 5: at wide angles, the momentum spec-
trum is softer. The RICH system is there-
fore divided into two detectors. An upstream
detector (RICH1) contains both the aerogel
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Figure 4: Momentum distributions for (a) the
highest momentum pion from B0

d → π+π− decays,
(b) tagging kaons.

and C4F10 radiators, covering the full outer
acceptance of LHCb. To minimize the re-
quired photodetector area it is sited close to
the interaction region, and upstream of the
spectrometer dipole to catch particles that will
be swept out of the acceptance by the mag-
net. A downstream detector (RICH2) has a
CF4 radiator, to analyse the high-momentum
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Figure 5: Polar angle θ versus momentum, for
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d → π+π− events. The
regions of interest for RICH1 and RICH2 are in-
dicated by the dashed lines.
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has indeed discriminating power, however it was also found that it is largely correlated
with other ghost-reducing parameters, such as the �2 of the track fit, and thus adds little
value.

8.2 Time-of-flight for pions and protons

The velocity of particles created in pp collision can mostly be approximated by the speed
of light. However, heavy, low momentum particles have a lower velocity, which can lead to
a significant later arrival time. For protons, this is about 0.5 ns at 5GeV/c at the centre of
the OT - about 8.5m from the interaction point - as shown in figure 17. This is similar to
the expected track time resolution.

The distribution of track times of pions and protons with momenta below 7 GeV/c in
LHCb simulation is shown in figure 18(a). In data, a sample of D⇤ tagged D0 ! K+⇡�

decays is used as a source of unbiased identified pions. This sample is regularly used to
calibrate the LHCb particle identification response, since pions can be identified using
only their charge. In a similar fashion, events with a semileptonic ⇤0

b decay are used as
a control sample of protons, albeit that the initial selection discards a large fraction of
low-momentum protons. The track time distribution in data is shown for both pions
and protons in figure 18(b). In both simulation and data the di↵erence in the track
time distributions between low momentum pions and protons is clearly visible. The
discriminating power of the track time to distinguish protons from pions is shown in
figure 19. The performance in data and simulation are found to be in good agreement.
As an example, for a proton identification e�ciency around 75%, half of the pions are
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Figure 17: The di↵erence in time-of-flight between protons and pions as a function of their
momentum.
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Lessons from/for analysis: Flavour tagging 

  Tagging: from fragmentation à low momentum  
  Improve coverage for low momenta 

 
  No extra detectors in run-3 yet 

Ø  Could use tracks with single hit in T stations 
-  Also useful for high-multiplicity decays 

§  D*+!D0π+ 

§  D0!Kπππ 
§  B!DD 
§  … 

 

 

for the selection of such rare decays.
Identifying kaons from the accompanying b

hadron decay in the event also provides a valu-
able flavour tag, and ensures that all events
accepted by the LHCb trigger are potentially
useful in the CP violation measurements. The
flavour tag is achieved by identifying kaons
from the b → c → s cascade decay, where the
charge of the kaon depends on the charge of
the initial b quark.

Finally, the particle-identification system
can complement the calorimeters and muon
system in the identification of electrons and
muons. For high mass particles it can provide
an improved momentum determination.

The particle identification should cover the
full angular acceptance of the LHCb spectrom-
eter, from 10 mrad to 300 mrad in the hor-
izontal (x, z) projection and to 250 mrad in
the vertical (y, z) projection. The upper limit
in momentum required for π–K separation is
determined by tracks from two-body B-decay
channels, as shown in Fig. 4 (a); 90% have
p < 150GeV/c. The identification of tagging
kaons and tracks from high multiplicity decays
determines the requirement for the lower mo-
mentum limit. As shown in Fig. 4 (b), identi-
fication down to 1GeV/c is desirable.

1.2 RICH system overview

The only feasible technique that can cover the
required momentum range is the detection of
ring images of Cherenkov light produced by
the passage of charged particles through vari-
ous radiators. To cover the full range, three
radiators are required, with different refrac-
tive indices. Silica aerogel, with n = 1.03,
is suitable for the lowest momentum tracks,
whilst the intermediate region is well matched
to gaseous C4F10. For the highest momentum
tracks, gaseous CF4 is used.

There is a strong correlation between the
polar angle and momentum of tracks, as seen
in Fig. 5: at wide angles, the momentum spec-
trum is softer. The RICH system is there-
fore divided into two detectors. An upstream
detector (RICH1) contains both the aerogel
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and C4F10 radiators, covering the full outer
acceptance of LHCb. To minimize the re-
quired photodetector area it is sited close to
the interaction region, and upstream of the
spectrometer dipole to catch particles that will
be swept out of the acceptance by the mag-
net. A downstream detector (RICH2) has a
CF4 radiator, to analyse the high-momentum
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Figure 1: Tracking detectors and track types reconstructed by the track finding algorithms at
LHCb.

upstream trackers; T tracks, which have hits in the T stations; downstream tracks, which
have hits in TT and the T stations; and long tracks, which have hits in the VELO and
the T stations. The latter tracks can additionally have hits in TT.

If a particle is reconstructed more than once, as di↵erent track types, only the track
best suited for analysis purposes is kept. Hereby, long tracks are preferred over any other
track type, upstream tracks are preferred over VELO tracks, and downstream tracks are
preferred over T tracks. The number of unique tracks in an event, Ntrack, is used in this
study as a measure for the event multiplicity; it is strongly correlated with the number of
hits in the tracking detectors. The number of tracks is chosen over the number of hits in a
tracker to give a balanced measure of the upstream and the downstream occupancy.

The reconstruction of long tracks starts with a search for VELO tracks [16] [17]. VELO
tracks are reconstructed exploiting the fact that tracks form straight lines due to the
absence of a magnetic field in the VELO. Two algorithms promote these VELO tracks
to long tracks. The first algorithm, called forward tracking [18], combines VELO tracks
with hits in the three T stations. For a given VELO track and a single hit in one of the T
stations the momentum is fixed, enabling the algorithm to project hits in the T stations
along the trajectory. Hits which form clusters in the projection are used to define the final
long track. In the second algorithm, called track matching [19] [20], long tracks are made
combining VELO tracks with T tracks, which are found by a standalone track finding
algorithm [21].

If hits compatible with the long track trajectory are found in TT, they are added to
the track to improve the momentum resolution and as discrimination against fake tracks.
This procedure is identical for the forward tracking and the track matching.

Most analyses use long tracks because they provide the best momentum and spatial
resolution among all track types. Unless otherwise stated, track reconstruction at LHCb
refers to the reconstruction of long tracks. In a typical signal triggered event in 2011 or
2012, around 60 long tracks are reconstructed. Other track types, such as downstream

3
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Lessons from/for analysis: Flavour tagging 

  Inclusive tagging 
–  use all (non-signal) tracks from event 
–  let machine guess which tracks are tagging & how charge is connected to flavour 
–  estimate probability  

•  decisionTrain uses oblivious tree 
•  adaptive versions of stochastic gradient descent 
•  Tagging with attention (by assigning weights in a softmax-like manner)  
•  logistic regression and isotonic regression  
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Instead of conclusion
simplistic assumptions + probability theory can give huge boost

let machine learning solve the whole problem is a nice idea
most appropriate models for particular task aren't necessarily fashionable
large amount of data helps to fight with dominating noise,  

but it is not the only way

Thanks to LHCb tagging WG and Thomas Bayes :)
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D.Derkach, T.Likhomanenko, A.Rogozhnikov,  
IML workshop, March 2017  
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Figure 10: Detection asymmetry for the weighted, fast-simulation samples, with Adet(K�⇡+) +
A(K0) as extracted from 2016 data superimposed. The red error bars include a 10% uncertainty
from the material map.

B0
! D�µ+⌫µ events, generated in

p
s = 8TeV and

p
s = 13TeV proton-proton collisions.

A selection which is representative for the analysis is applied to these events, including
particle-identification requirements on the final-state hadrons. These requirements are
aligned with the calibration samples. For simplicity, only the calibration samples recorded
in 2012 (for

p
s = 7TeV) and 2016 (for

p
s = 13TeV) with the magnet down polarity are

considered. The weighting strategies for both data sets are kept identical.
The resulting uncertainties are shown in Tab. 3, for both years. The results for 2012

are comparable to those found in the adsl analysis. While the recorded luminosity for 2016
is lower than for 2012, the statistical uncertainty for Adet(K�⇡+) improves from 0.15%
to 0.10%. Part of this improvement is attributed to the higher production rate of D+

mesons [3]. However, the increase in statistical precision is higher than what is expected
from the production rate, and is also due to the improved event selection.

The uncertainty of adsl increases with approximately twice the uncertainty of
Adet(K�⇡+). Using this approximation, the expected contribution due to Adet(K�⇡+)
to the statistical uncertainty of adsl determined on 6 fb�1 of Run-2 data is O (0.08%). A
challenge resides in the control of all systematics, which will require even more precise
tests than those presented in Sect. 6.

9.1 Instrumental asymmetry for K�K+
-pairs

With the use of Adet(K�⇡+), it is also possible to determine the detection asymmetry
of K�K+-pairs. This is achieved by calculating the di↵erence between Adet(K�⇡+) as
evaluated for two di↵erent target kaons, but with the same target pion. The di↵erence
of the resulting two values of Adet(K�⇡+) result in Adet(K�K+), as the calibration pion

14

Lessons from/for analysis: Charm 

  Huge statistics 
–  Asymmetry of kaon interaction rate 

 
  Magnet polarity 

–  Take equal samples 
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Measurement of the instrumental

asymmetry for K�⇡+
-pairs at

LHCb in Run 2

A. Davis1, L. Dufour2, F. Ferrari3, S. Stahl2, J. van Tilburg4, M. Vesterinen5

1Center for High Energy Physics, Tsinghua University, Beijing, China
2European Organization for Nuclear Research (CERN), Geneva, Switzerland

3INFN and Università di Bologna, Bologna, Italy
4Nikhef National Institute for Subatomic Physics, Amsterdam, The Netherlands

5Department of Physics, University of Warwick, Coventry, United Kingdom

Abstract
The instrumental asymmetry between K�⇡+ and K+⇡�-pairs at the LHCb detector
is evaluated using data collected in proton-proton collisions at the LHC at a centre-
of-mass energy of 13TeV in 2015 and 2016. To measure this asymmetry, Cabibbo-
favoured D+

! K0⇡+ and D+
! K�⇡+⇡+ decays are used. The e�ciency of

recording these decay modes has increased with the start of Run-2 data taking.
With these improvements the phase-space-integrated K�⇡+ asymmetry is measured
with below-permille statistical precision:

Adet(K�⇡+) = (�0.89± 0.15 (stat)± 0.06 (syst))% in 2015,

Adet(K�⇡+) = (�1.03± 0.06 (stat)± 0.06 (syst))% in 2016.

The dependence of Adet(K�⇡+) on the kaon momentum is evaluated, along with its
sensitivity to the LHCb magnet configuration. Finally, the results are compared with
the expected asymmetry determined from the known di↵erences in cross sections
of kaons with the detector material. This measurement forms the most precise
data-driven determination of the charge bias in the detection of particles at LHCb.

c� 2018 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
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s = 8TeV and
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s = 13TeV proton-proton collisions.

A selection which is representative for the analysis is applied to these events, including
particle-identification requirements on the final-state hadrons. These requirements are
aligned with the calibration samples. For simplicity, only the calibration samples recorded
in 2012 (for
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s = 7TeV) and 2016 (for

p
s = 13TeV) with the magnet down polarity are

considered. The weighting strategies for both data sets are kept identical.
The resulting uncertainties are shown in Tab. 3, for both years. The results for 2012

are comparable to those found in the adsl analysis. While the recorded luminosity for 2016
is lower than for 2012, the statistical uncertainty for Adet(K�⇡+) improves from 0.15%
to 0.10%. Part of this improvement is attributed to the higher production rate of D+

mesons [3]. However, the increase in statistical precision is higher than what is expected
from the production rate, and is also due to the improved event selection.

The uncertainty of adsl increases with approximately twice the uncertainty of
Adet(K�⇡+). Using this approximation, the expected contribution due to Adet(K�⇡+)
to the statistical uncertainty of adsl determined on 6 fb�1 of Run-2 data is O (0.08%). A
challenge resides in the control of all systematics, which will require even more precise
tests than those presented in Sect. 6.

9.1 Instrumental asymmetry for K�K+
-pairs

With the use of Adet(K�⇡+), it is also possible to determine the detection asymmetry
of K�K+-pairs. This is achieved by calculating the di↵erence between Adet(K�⇡+) as
evaluated for two di↵erent target kaons, but with the same target pion. The di↵erence
of the resulting two values of Adet(K�⇡+) result in Adet(K�K+), as the calibration pion

14

Lessons from/for analysis: Charm 

  Huge statistics 
–  Asymmetry of kaon interaction rate 

 

  Crossing angle 
–  “Internal” crossing angle flips with magnet polarity  

•  causes an asymmetry when averaging over magnet 
polarities 

–  Ideal scenario: change of external crossing angle 
to compensates internal crossing angle  

•  identical total angle for both polarities  
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is evaluated using data collected in proton-proton collisions at the LHC at a centre-
of-mass energy of 13TeV in 2015 and 2016. To measure this asymmetry, Cabibbo-
favoured D+

! K0⇡+ and D+
! K�⇡+⇡+ decays are used. The e�ciency of

recording these decay modes has increased with the start of Run-2 data taking.
With these improvements the phase-space-integrated K�⇡+ asymmetry is measured
with below-permille statistical precision:

Adet(K�⇡+) = (�0.89± 0.15 (stat)± 0.06 (syst))% in 2015,

Adet(K�⇡+) = (�1.03± 0.06 (stat)± 0.06 (syst))% in 2016.

The dependence of Adet(K�⇡+) on the kaon momentum is evaluated, along with its
sensitivity to the LHCb magnet configuration. Finally, the results are compared with
the expected asymmetry determined from the known di↵erences in cross sections
of kaons with the detector material. This measurement forms the most precise
data-driven determination of the charge bias in the detection of particles at LHCb.
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3.7 Beam-crossing angle

The (horizontal) beam-crossing angle introduces a (left-right) phase-space asymmetry for
both charges, similar to the beam spot o↵set. The e↵ect is relatively small for high pT

particles, but in particular those with high pseudorapidity can be largely a↵ected by small
initial asymmetries. The beam-crossing angle is often considered a potential source for an
asymmetric acceptance, but its quantitative e↵ect was never investigated.

The beams of LHCb are exposed to both an external and internal crossing angle. The
external crossing angle is often independent of the LHCb magnet polarity and kept fixed
for each run period, but this is reconsidered for 2018 data taking. This crossing angle is
only applied in x–z-plane, except in 2012, where a vertical external crossing angle was
applied. Due to influence of the LHCb dipole magnet on the proton beams, an additional
internal crossing angle in the x–z-plane is applied. The internal crossing angle has a sign
dependent on the magnet polarity, but a fixed magnitude. This magnitude is inversely
proportional to the beam energy, as the shift in px by the Lorentz force is constant for all
beam energies. The total crossing angle is the sum of the external and internal crossing
angles and does not need to have the same magnitude for both magnet polarities. In
2012 there was no external crossing angle in x, so the horizontal crossing angles were
✓x = (�)0.236mrad for magnet up (down). An overview of the crossing angles at LHCb
for proton-proton data taking over the years is shown in Table 1.

Year ✓
internal
x [µrad] ✓

external
x [µrad] ✓

external
y [µrad]

2011 270 �250 0
2012 236 0 100
2015 145 �250 0
2016 145 �250 0

Table 1: Crossing angles over the years for magnet up conditions. For magnet down, the internal
crossing angle is negative, but has the same magnitude. The change in the internal crossing
angle is related to the change in beam energy over the years.

The crossing angle configuration for 2016 is simulated and its e↵ects are studied using
D

+
! K

�
⇡
+
⇡
+ and D

+
! K

�
µ
+
µ
+ decays. Unlike the other acceptance asymmetry

studies discussed so far, the input spectrum for the charm particles is generated by
Pythia, and the particle-gun mode from Gauss was not used. As the final state is
not a CP eigenstate, potential e↵ects from (angle-dependent) production asymmetries
have to be removed explicitly. This is done by the introduction of an additional step in
the simulation, in which the charge of the D

+ and its daughters are randomised before
simulation by Geant4. Many particles generated by Pythia and EvtGen are not
relevant to this study. All particles and vertices which are not related to the signal decay
mode are therefore removed from the event before the time-demanding simulation in
Geant4.

The horizontal beam-crossing angle results in a boost of the generated particles in the
x direction, which breaks the left-right phase space symmetry. The e↵ective boost for a
horizontal crossing angle of �395mrad, as in Run 2 magnet down, is of the order 50MeV/c
for a promptly generated ⇢

0(770), but is lower for final-state particles in secondary
decays. The simulated D

+ often originates from higher (charm) resonances instead of

24

3.8 Overview of acceptance asymmetries

The asymmetry projected in bins of momentum and pseudorapidity for muons and pions
after the removal of the e↵ects discussed related to the detector acceptance is shown in
Fig. 22. This result indicates that, after the consideration of the e↵ects in this note, no
net residual detection asymmetry is present in simulation.

The LHCb detector is most e�cient for particles with moderate pseudorapidity. For
measurements which integrate over pseudorapidity, it is therefore particularly important
to calibrate for the e↵ects in the region 3.0  ⌘  4.0. In this note it has been shown that
this region is dominated by the combined e↵ect of the inner tracker support structure (”IT
cables”) and the outer tracker module arrangement. The latter is also very sensitive to the
alignment of the outer tracker modules. The simulation of the defects in the inner tracker
show that possible, currently not simulated, outer tracker defects are likely to contribute
to the asymmetry in this pseudorapidity range as well. A study on the impact of realistic
outer tracker conditions on the detection e�ciency and -asymmetry is encouraged.

For measurements parametrised by the pseudorapidity, e.g. production processes, the
measurement becomes sensitive to the beam and VELO alignment after ⌘ � 4.0. A shift in
the beam spot in x has a strong e↵ect on hadrons interacting with the RICH1 beam pipe.
The VELO alignment determines the overlap between the left- and right sensors, which is
crucial for the angular acceptance at high pseudorapidity. In particular the alignment
of the last few VELO sensors are important, while these are also harder to constrain in
practice. The beam-crossing angle is shown to leave an imprint on the magnet-averaged
results and therefore is particularly important to correct.

Aside from the e↵ects discussed in this note, also the asymmetry due to the simulated
(slightly asymmetric) magnetic field has been investigated by replacing the extrapolation
through the field map with a parametric, symmetric approximation. For the fast simulation
sample considered in this study, the results showed only negligible (< 0.05%) impact in
comparison to the other e↵ects discussed. Table 2 summarises all e↵ects discussed in this
note related to the detector acceptance.

Source Particles O[%] ⌘ p[ GeV/c]
Cross-sections ⇡

+
, K

+
, p 0, 1, 3 All All

IT cables Hadrons, e 0.2 3.0� 4.0  20
OT geometry All 0.2 3.0� 4.0 � 40
Beam spot All, small for muons 0.2 4.0� 5.1  40
Velo geometry All 0.3 4.0� 5.1 All
Beam crossing angle All 0.5 3.5� 5.1 � 20
Inner tracker defects All 0.1 4.0� 5.1 � 10

Table 2: Summary of all discussed sources of detection asymmetry, its dominant regions and
order of magnitude.
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Lessons from/for analysis: Jets, Heavy Ions 

Jets 
  B decay products:  lower energy scale 
  Jets:    higher energy scale 

  Increase calorimeter dynamic range? 
–  More noise, worse Bremstrahlung recovery… 

42 

Heavy Ions 

Supplementary material for LHCb-PAPER-2016-021
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Figure 6: The invariant mass distribution of the selected dimuon (top) and dielectron (bottom)
candidates. For the dielectron invariant mass distribution the expected signal from simulation is
shown in yellow, and the background contribution is shown in red. The signal contribution is
normalised to the background-subtracted data. Since the dimuon final state is over 99% pure,
no such comparison is shown.
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Lessons from/for analysis: Jets, Heavy Ions 

Jets 

43 

Heavy Ions 
  Rich programme: 

–  Pb-Pb collider 
–  P-Pb collider 
–  p fixed target 
–  Pb fixed target 

•  He, Ne, Ar targets 

Ø  Simultaneous operation 
(non-)colliding bunches 

E (Z TeV) √sNN 

pp Pb-p Pb-Pb 
√s=2E √s=2E√r √s=2Er 

1.38 2.76 2013 

2.51 5.02 2015 
2017 

3.5 7 2011 4.40 2.76 2010 
LHCb off 

4 8 2012 5.02 2013 
2016 3.15 

6.37 8.00 5.02 2015 
2018 

6.5 13 2015- 
2018 8.16 2016 5.13 



Lesson learned…: Errata 
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Title Erratum Mistake Effect 

Measurement of CKM angle gamma in BàDK JHEP 1810 (2018) 107 Figure: label Minor 

Measurement of CP observables in BàDK* JHEP 1805 (2018) 067  Wrong systematics No consequence 

Measurement of the J/ψ pair production at 13 TeV JHEP 1710 (2017) 068  Track eff: double metal layer Severe 

Measurement of the b-quark production at 13 TeV PRL 119 (2017) 169901  Track eff: double metal layer Severe 

Measurement of charm mixing and CP violation PRD96 (2017) 099907  Swapped systematics Minor 

Measurement of S-wave fraction and B0àK*µµ JHEP 1704 (2017) 142  Eff: fast sim, and mKπ range ~10% 

Constraints on UT angle gamma from BàDKπ PRD94 (2016) 079902  Figure: contours Minor 

First observation of the rare BàDKπ decay PRD93 (2016) 119902 Value 10-4 instead of 10-6 Typo 

Measurements of prompt charm production at 13 TeV JHEP 1705 (2017) 074 Track eff: double metal layer Severe 

Measurement of forward J/ψ production at 13 TeV JHEP 1705 (2017) 063  Track eff: double metal layer Severe 

Measurement of the ratio of BR RD*  PRL 115 (2015) 159901 Incorrect asterisk Typo 

Differential BR and angular analysis of ΛbàΛµµ JHEP 1809 (2018) 145 Sign mistake for Λbbar Severe 

First observation and amplitude analysis of BàDKπ PRD93 (2016) 119901  Value 10-4 instead of 10-6 Typo 

Observation of CP violation in BàDK decays PLB713 (2012) 351  Publisher: twice same fig Typo 

Measurements of BR of BàDπππ and ΛbàΛcπππ PRD85 (2012) 039904 Typo on “%” and charges Typo 

  15 errata 
–  4 errata: VELO simulation mistake 
–  2 errata: bugs 
–  9 errata: minor 

  Only small fraction of all papers! But need to stay vigilant 
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Lessons learned from LHCb 

  Progress of last two decades! 

45 

0.46 

0.47 

0.48 

0.49 

0.5 

0.51 

0.52 

2000 2005 2010 2015 2020 

Δmd [ps-1] 

0.6 

0.65 

0.7 

0.75 

0.8 

0.85 

0.9 

0.95 

2000 2005 2010 2015 2020 

sin2β 

Δmd sin2β 



Lessons learned from LHCb 

  Progress of last two decade! 
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Lessons learned from LHCb 

  Precision physics is possible at forward hadronic experiment 

47 

]2c [MeV/)−e+e+m(K
5000 5500 6000

)2 c
C

an
di

da
te

s /
 (2

4 
M

eV
/

0

20

40

60

80

100 Data
Total fit

 = 1KRTotal 
−e+e+ K→+B

Part. Reco.
+)K−e+(eψ J/→+B

Combinatorial

LHCb

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

50

100

150

200

250

300

350

Data
Total fit

 = 1KRTotal 
−µ+µ+ K→+B

Combinatorial

LHCb

]2c [MeV/)−e+e+(KψJ/m
5200 5400 5600

)2 c
C

an
di

da
te

s /
 (1

2 
M

eV
/

0
10
20
30
40
50
60
70
80
90

100
310×

Data
Total fit

+)K−e+(eψ J/→+B
Part. Reco.

+π)−e+(eψ J/→+B
Combinatorial

LHCb

]2c [MeV/)−µ+µ+(KψJ/m
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (4

 M
eV

/

0
20
40
60
80

100
120
140
160
180
200
220

310×

Data
Total fit

+)K−µ+µ(ψ J/→+B
+π)−µ+µ(ψ J/→+B

Combinatorial

LHCb

Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dashed line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

where the first uncertainty is statistical and the second systematic. This is the most278

precise measurement to date and is consistent with the SM expectation at the level of279

2.5 standard deviations [21, 32, 35, 39, 41]. The likelihood profile as a function of RK is280

given in the Supplemental Material [68]. The value for RK obtained is consistent across281

the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data282

gives a value for RK compatible with the previous LHCb measurement [33] at the less than283

one standard deviation level. This consistency test takes into account the large correlation284

between the two data samples, which are not identical due to di↵erent reconstruction and285

selection procedures. The result from just the 7 and 8TeV data is also compatible with286

that from only the 13TeV data at the 1.9 standard deviation level.287

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant288

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of289

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.290

This gives291

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

,

where the first uncertainty is statistical and the second systematic. The dominant292

systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+ branching293

fraction [52]. This is the most precise measurement to date and is consistent with294

predictions based on the SM [41,75].295
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Figure 1: Distribution of the invariant mass of selected B0
s ! J/ K+K� decays. The signal

component is shown by the long-dashed red line, the background component by the dashed
green line and the total fit function by the solid blue line.
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Figure 2: Distribution of the (a) µ+µ� and (b) K+K� invariant mass from selected B0
s !

J/ K+K� decays. The background is subtracted using sWeights computed from the fit shown
in Fig. 1. The dashed blue lines in (b) define the boundaries of the six bins that are used in the
analysis.

decays, and a small fraction of a background due to candidates that have a decay time224

computed with respect to a wrong PV (wrong-PV component). The prompt component225

has zero decay time and is used to calibrate the detector decay-time resolution by studying226

the shape of the decay-time distribution around zero. This distribution is modelled by a227

delta function and a tail at positive decay times due to J/ mesons from b-hadron decays,228

described by two exponential functions. The sum of these components is convolved with229

a triple-Gaussian resolution function230

R(t) =
3X

i=1

fi
1p
2⇡�i

exp


�(t� µ)2

2�2

i

�
, (1)

where
P

i
fi = 1, µ is the common mean of the Gaussian functions and �i are the individual231

widths. The shape of the wrong-PV component is determined from a data control sample232
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Figure 1: Mass distributions of selected (top) ⇡-tagged and (bottom) µ-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

�ACP of residual peaking backgrounds, suppressed by selection requirements to less than161

1% of the number of signal candidates, is evaluated as a systematic uncertainty.162

Studies of systematic uncertainties on �ACP are carried out independently for the163

⇡-tagged and µ-tagged samples. Several sources a↵ecting the measurement are considered.164

In the case of ⇡-tagged decays, the dominant systematic uncertainty is related to the165

knowledge of the signal and background mass models. It is evaluated by generating166

pseudoexperiments according to the baseline fit model, then fitting to those data alternative167

models. A value of 0.6⇥10�4 is assigned as a systematic uncertainty, corresponding to the168

largest variation observed using the alternative functions. A similar study is performed169

with the µ-tagged sample and a value of 2⇥ 10�4 is found.170

In the case of µ-tagged decays, the main systematic uncertainty is due to the possibility171

that the D0 flavor is not tagged correctly by the muon charge because of misreconstruction.172

The probability of wrongly assigning the D0 flavor (mistag) is studied with a large sample173

5

B+!J/ψ(ee)K+ Bs
0!J/ψ(µµ)φ D+*!D0(K+K-)π+ 



Thank you 
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Lessons learned from LHCb  
about making precise flavour measurements 
Operations: 
  All:   Trigger stability, monitoring 

Elec:   L0 ECAL constants 
  HCAL:   mu 

Elec:   Bremstrahlung correction July 2016 
Vtx:   Bunch lengthening 

  All:   Real time alignment (Muon Null alignment Aug 2018) 
  All:   More bugs: TISTOS, ALLSAMEBPV 2018, FT SSp Sspi 

Lumi:   SMOG 
 
MC: 
  VELO:   double metal layer, x-sec (erratum) 

Muon:    2011 acceptance (?) 
  SL:   MC stats 

Analysis: 
  B2OC:   L0 had eff 
  RD:   ang analysis K*mumu (erratum) 
  B2CC:   Time acceptance, beta factor (VeloPIX) 

Flavour tagging:  OT time? Incl tagging? PID coverage PIDCALIB pT eta? 
  Charm/SL:  magnet polarity, DeltaACP, see Laurent! 
  QEE:   HCAL PMT gain 
  IFT:   Simultaneous operation of pp and pPb 
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The	need	for	more	precision
# “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

# “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)

ICHEP	2016	-- I.	Shipsey



Playing field: heavy flavour 

Sketch adopted from Marie-Hélène  
Schune ECFA2013, 1 Oct 2013 52 

General framework : physics topics 

3 

small subset of topics  
not all topics have been studied in every experiment 
Belle II-only topics not mentioned  

FCNC in top 
decays  

Bd,s⟶µ+µ- 

ϕs from 
Bs⟶J/ψΦ 

ϕs from 
Bs⟶ΦΦ 

Bd⟶K*0 µ+µ-  CKM angle γ 

AΓ(D
0→KK) and 

AΓ(D
0→ππ)  

ATLAS/
CMS 

LHCb 

Belle II 

BESIII,  
 

NA62, KOTO 

ATLAS/CMS 
Bs
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LHCb = more than flavour 
                         pdfs, jets, heavy-ion, EW, exotic states… 

0
10
20
30
40
50
60
70
80
90

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1
LHCb data

0
10
20
30
40
50
60
70
80
90

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1
LHCb fit

)udsg|bcBDT(
-1 -0.5 0 0.5 1

C
an
di
da
te
s/
0.
1

0

200

400

600
LHCb

Data
b
c
udsg

)c|bBDT(
-1 -0.5 0 0.5 1

C
an
di
da
te
s/
0.
1

0

200

400

600
LHCb

Data
b
c
udsg

-3

-2

-1

0

1

2

3

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1

LHCb pulls

Figure 2: (top left) Two-dimensional SV-tag BDT distribution and (top right) fit for events in
the subsample with pT(µ)/pT(jµ) > 0.9, projected onto the (bottom left) BDT(bc|udsg) and
(bottom right) BDT(b|c) axes. Combined data for

p
s = 7 and 8 TeV for both muon charges are

shown.

against other jet types. The SV track multiplicity identifies b jets well, since b-hadron
decays typically produce many displaced tracks. In Fig. 4, the distributions of Mcor and
SV track multiplicity for a subsample of SV-tagged events with BDT(bc|udsg) > 0.2 (see
Fig. 2) are fitted simultaneously. The templates used in these fits are obtained from data

7

Impact of existing LHCb results on PDFs

Many LHCb 7 TeV results on electroweak boson production now
included in PDF fits.
Large impact on pre-LHC PDF knowledge.

Shown here NNPDF down quark PDF and uncertainties (normalised
so central value pre-LHC is unity):

I Green: PDF fit using HERA data
I Blue: PDF fit using HERA data and 7 TeV LHCb data

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 10 / 52

Asymmetries in Z boson decays

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 47 / 52

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

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

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

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

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.

2

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

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

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

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

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.

2

Discovery of  

pentaquark P(4450) 

Impressive sin2θw 

Resolve b and c jets 

Improve proton pdf’s 
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Searches  
Dark photons, Majorana, light scalars 

  Light scalars 
–  Aàµµ 

Majorana neutrino’s 
–  B+! π-µ+µ+  

  Dark photons 
–  D*0!D0γ, A!µµ  

Dark photon searches.
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2

Z) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤
! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0!Xµ+µ�

d�pp!X�⇤!Xµ+µ�
= ✏4

m4

µµ

(m2
µµ �m2

A0)2 + �2

A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ�mA0 | ⌧ mA0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM

⇡ ✏4
⇡

8

m2

A0

�A0�mµµ

⇡
3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter
than mA0/2. This expression already accounts for the

A0
! µ+µ� branching-fraction suppression when Rµ is

large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �A0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as BM (which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID

: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

P. Ilten et al from Phys. Rev. Lett. 116, 251803 (2016) propose 
an inclusive bump hunt in the dimuon spectrum in LHCb.

Important feature is 
ability to trigger on 

soft dimuons.

Expect limits to get better by factor 5 with 300fb-1 for 
LHCb and a factor 3 for ATLAS/CMS with 3ab-1.

Mis-ID a key 
background.

Majorana neutrinos
• Majorana neutrinos can be produced in rare B 

decays, such as 
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B+ ! ⇡�µ+µ+

4

letter a search for lepton number violating decays of the
type B+! h�µ+µ+, where h� represents a K� or a ⇡�,
is presented. The inclusion of charge conjugated modes
is implied throughout. A search for any lepton number
violating process that mediates the B+ ! h�µ+µ+ de-
cay is made. A specific search for B+! h�µ+µ+ decays
mediated by an on-shell Majorana neutrino (Fig. 1) is
also performed. Such decays would give rise to a nar-
row peak in the invariant mass spectrum of the hadron
and one of the muons [3], m⌫ = mhµ, if the mass of the
neutrino is betweenmK(⇡)+mµ andmB�mµ. The previ-
ous best experimental limit on the B+! K�(⇡�)µ+µ+

branching fraction is 1.8(1.2) ⇥ 10�6 at 90% confidence
level (CL) [4].

The search for B+! h�µ+µ+ is carried out with data
from the LHCb experiment at the Large Hadron Collider
at CERN. The data corresponds to 36 pb�1 of integrated
luminosity of proton-proton collisions at

p
s = 7TeV

collected in 2010. The LHCb detector is a single-arm
spectrometer designed to study b-hadron decays with an
acceptance for charged tracks with pseudorapidity be-
tween 2 and 5. Primary proton-proton vertices (PVs),
and secondary B vertices are identified in a silicon strip
vertex detector. Tracks from charged particles are re-
constructed by the vertex detector and a set of tracking
stations. The curvature of the tracks in a dipole magnetic
field allows momenta to be determined with a precision
of �p/p = 0.35–0.5%. Two Ring Imaging CHerenkov
(RICH) detectors allow kaons to be separated from pi-
ons/muons over a momentum range 2 < p < 100GeV/c.
Muons with momentum above 3GeV/c are identified on
the basis of the number of hits left in detectors inter-
leaved with an iron muon filter. Further details about
the LHCb detector can be found in Ref. [5].

The search for B+ ! h�µ+µ+ decays is based on
the selection of B+ ! h±µ+µ⌥ candidates. The B+ !
J/ K+ decay with J/ ! µ+µ� is included in the same
selection. It is subsequently used as a normalisation
mode when setting a limit on the branching fraction of
the B+! h�µ+µ+ decays. The selection is designed to
minimise and control the di↵erence between decays with
same- and opposite-sign muons and thus cancel most of

u

b̄
µ+

µ+

s (d)

ū
⌫MW+

W�

B+

K� (⇡�)

⇥
⇥

FIG. 1. s-channel diagram for B+ ! K�µ+µ+

(B+! ⇡�µ+µ+) where the decay is mediated by an on-shell
Majorana neutrino.

the systematic uncertainty from the normalisation. The
only di↵erences in e�ciency between the signal and nor-
malisation channels are due to the decay kinematics and
the presence of a same-sign muon pair, rather than an
opposite-sign pair, in the final state.
In the trigger, the B+ ! h±µ+µ⌥ candidates are re-

quired to pass the initial hardware trigger based on the
pT of one of the muons. In the subsequent software trig-
ger, one of the muons is required to have a large impact
parameter (IP) with respect to all the PVs in the event
and to pass requirements on the quality of the track fit
and the compatibility of the candidate with the muon
hypothesis. Finally, the muon candidate combined with
another track is required to form a vertex displaced from
the PVs.
Further event selection is applied o✏ine on fully recon-

structed B decay candidates. The selection is designed
to reduce combinatorial backgrounds, where not all the
selected tracks come from the same decay vertex; and
peaking backgrounds, where a single decay is selected
but with some of the particle types misidentified. The
combinatorial background is smoothly distributed in the
reconstructed B-candidate mass and the level of back-
ground is assessed from the sidebands around the signal
window. Peaking backgrounds fromB decays to hadronic
final states, final states with a J/ and semileptonic final
states are also considered.
Proxies are used in the optimisation of the selection for

both the signal and the background to avoid a selection
bias. The B+! J/ K+ decay is used as a proxy for the
signal. The background proxy comprises opposite-sign
B+! h+µ+µ� candidates with an invariant mass in the
upper mass sideband and with muon pairs incompatible
with a J/ or a  (2S) hypothesis. The bias introduced
by using B+ ! J/ K+ for both optimisation and as
a normalisation mode is insignificant due to the large
number of candidates.
The combinatorial background is reduced by requiring

that the decay products of the B have pT > 800MeV/c.
Tracks are selected which are incompatible with origi-
nating from a PV based on the �2 of the tracks’ impact
parameters (�2

IP > 45). The direction of the candidate
B+ momentum is required to be within 8mrad of the
reconstructed B+ line of flight. The B+ vertex is also
required to be of good quality (�2 < 12 for three degrees
of freedom) and significantly displaced from the PV (�2

of vertex separation larger than 144).
The selection uses a range of particle identifica-

tion (PID) criteria, based on information from the RICH
and muon detectors, to ensure the hadron and the muons
are correctly identified. For example, DLLK⇡ is the dif-
ference in log-likelihoods between the K and ⇡ hypothe-
ses. For theB+! K�µ+µ+ final state, DLLK⇡ > 1 is re-
quired to select kaon candidates. For the B+! ⇡�µ+µ+

final state the selection criterion is mirrored to select
pions with DLLK⇡ < �1. The B+ ! K�µ+µ+ and

Federico Redi - Imperial College London

• A number of new results on searches for 
low mass in heavy flavour hadron decay. 

• Majorana neutrino and dark bosons are 
most recent results, LHCb plays a key 
role in the game. 

• World’s best limits on several branching 
fractions, possibility to set world’s best 
limits on fourth generation coupling in 
phase space above charm threshold. 

• B factories continue to exploit their 
dataset and will come back with 
BELLEII, until then it is up to the LHC. 

• New results from LHCb are to be 
expected both with new and old data.

LHCb

BELLE

JHEP 0905 (2009) 030 including LHCb and BELLE

Conclusions

15

LHCb result (see Phys. Rev. Lett. 
112, 131802) based on 3fb-1. 

Limit dependent on model assumptions (see arXiv:1607.04258). 

Could drastically improve limit with 300fb-1, and a more inclusive approach 
similar to what is proposed for the dark photon.
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Dark Photons
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↵
0 ↵

mA0 [GeV]

If dark forces exist, the dark photons should kinetically mix with our photon. 
Dedicated worldwide effort to devise ways to search for dark photons.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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