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Abstract It is shown that the timing capabilities of the
LHCDb detector operated during the LHC Run 2 can be used
to identify light ion particles with momenta of a few GeV/c.
This is achieved by estimating the particle time of flight
through a newly developed technique. A dedicated recon-
struction procedure and a neural-network-based estimator of
the particle speed have been developed to enable deuteron
identification by suppressing the abundant background from
lighter particles. The performance of the identification proce-
dure is demonstrated in a sample of proton-helium collisions
at \/syn = 110 GeV, where the production of deuteron and
triton particles is observed. This novel approach opens the
way to study deuteron and antideuteron production for dif-
ferent collision systems at different energy scales, exploiting
the rich dataset collected by the LHCb experiment.

1 Introduction

The measurement of antimatter in cosmic rays is a sensi-
tive probe of physics beyond the Standard Model, as dark
matter annihilation or decay could contribute to the flux
of cosmic antiparticles [1]. The AMS-02 experiment [2]
has reported several antideuteron and antihelium candidates
whose origin is still unclear [3]. These particles could be
produced in collisions between cosmic rays and the inter-
stellar medium via coalescence of secondary antibaryons.
While measurements of the related production cross sections
have been performed at RHIC and LHC hadron colliders for
a nucleon-nucleon centre-of-mass energy ./sxy well above
100 GeV, very limited data exist for the energy scale relevant
to the AMS-02 observations, namely ,/sxn between 10 and
100 GeV.

The LHCb detector [4,5] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n < 5,
designed for the study of heavy-flavour particles in proton-
proton (pp) collisions. During the LHC Run 2, it was also
operated with pPb and PbPb collisions. Production studies
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in beam-beam collisions at the LHCb experiment can com-
plement those from the other LHC detectors, which mostly
cover central rapidity. Moreover, thanks to the SMOG gas
target [6], the LHCb experiment also collected a rich dataset
of fixed-target collisions of proton and lead beams on He, Ne
and Ar targets, at ,/sxy between 68 and 110 GeV [7].

The detector includes two ring-imaging Cherenkov
(RICH) detectors that are able to discriminate between dif-
ferent species of charged hadrons, while leptons, photons
and neutral hadrons are identified by a calorimeter sys-
tem and a muon system consisting of five stations. Though
light ion identification was not among the requirements of
the detector design, the AMS-02 observation motivated an
effort to identify light nuclei from the available detector
information. In particular, a recent study has demonstrated
that helium nuclei can be identified via their characteristic
energy loss in the tracking detectors [8]. This recent devel-
opment opens a promising avenue for light ion identifica-
tion at LHCb, despite not being part of the initial design
goals.

Active deuteron' identification in the RICH detectors is
possible only for momenta above 35 GeV/c and is limited by
the abundant pion background [9]. In this paper, the identifi-
cation of low-momentum deuteron particles through a time-
of-flight measurement is studied.

The LHCb Outer Tracker (OT) [10] consists of 12 double
layers of straw tubes, arranged in three stations placed down-
stream of the spectrometer’s magnet, at a distance between
7.9 mand 9.4 m from the nominal beam-beam collision point.
Its large area covers the outer region of the spectrometer’s
acceptance, corresponding to particles of lower rapidity and
momentum. For the LHC Run 2, the detector was precisely
recalibrated, reaching an average resolution on the drift time
of 2.4 ns per hit [11]. For an average number of 18 OT hits
per track, the resolution for the time-of-flight measurement
is therefore 0.57 ns, allowing, in principle, to distinguish

! The inclusion of charge-conjugated particles is implied in the follow-
ing, unless otherwise stated.
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the proton and deuteron hypotheses by more than 3 stan-
dard deviations for momenta below 4.6 GeV/c. The first muon
station (M1), located between the OT and the calorimeters,
detects charged particles with an efficiency above 98.5% and
provides an additional independent measurement of the par-
ticle time of flight with a resolution below 4 ns [12]. The
timing capabilities of the OT and of M1 detectors form the
basis of the technique presented in this paper.

The paper is organised as follows: a dedicated track recon-
struction procedure in the OT, needed to efficiently recon-
struct the deuteron candidates, is presented in Sect. 2. The
strategy used to determine the particle velocity and suppress
the background to deuteron identification is discussed in
Sect. 3. In Sect. 4, the achieved performance of the identifi-
cation procedure is presented on a sample of pHe collisions
collected at /syy =110 GeV. Finally, in Sect. 5 the conclu-
sions summarizing the performance and general applicability
of the proposed method are presented.

2 Deuteron reconstruction

In the standard track reconstruction procedure used in the
LHCb experiment (see Ref. [13] for a detailed description),
candidates for particles produced at the primary collision and
crossing the LHCb spectrometer are obtained through a pat-
tern recognition algorithm known as Forward Tracking [14].
The algorithm extrapolates track segments reconstructed in
the vertex detector and searches for detector hits in the other
tracking stations. Hits in the OT are obtained by combining
the known wire position of each OT straw tube with the mea-
sured drift time of the signals. The drift times are determined
after taking into account the particle time of flight accord-
ing to its trajectory from the nominal beam—beam collision
point to the hit position, assuming that the particle travels at
the speed of light c¢. For particles travelling at lower speed
(B = v/c < 1), the delay of the particle arrival at the OT
with respect to the ultrarelavistic hypothesis biases the recon-
structed drift times. It has been shown in Ref. [11] that the
average time residual of OT hits with respect to the fitted
track provides some discrimination power between protons
and pions. The overestimation of the drift time for particles
with § < 1 produces a bias to their reconstructed positions in
the OT. Moreover, in the standard reconstruction, late OT hits
are discarded if they are compatible with being produced by a
collision following the acquired one by 25 ns, given the nom-
inal 40 MHz collision rate. The quality of the reconstructed
tracks for such “slow” particles is therefore degraded, possi-
bly causing the track candidates to be rejected.

To evaluate this effect and benchmark an improved
deuteron reconstruction, three simulation samples are pro-
duced. In the first sample, single deuteron particles with
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Fig. 1 Track reconstruction efficiency etrack of the standard pattern
recognition algorithm as a function of the momentum p for different
hadron species in the QGSJET-based simulation sample

momentum between 1 and 15 GeV/c are simulated in the
detector. In the other samples, a more realistic simulation of
pHe collisions at \/syy =110 GeV is performed, requiring the
presence of a deuteron in the final state. Collisions are gener-
ated using two different models, QGSJETIIO4 [15] or PYTHIA
6.4 [16], providing different predictions for the baryon pro-
duction. Only the former includes baryon production through
fragmentation of the target He nucleus. Deuteron production
via coalescence of produced baryons is not included in either
model and is simulated through an additional custom algo-
rithm, similar to that described in Ref. [17]. The interaction of
the generated particles with the detector, and its response, are
implemented using the GEANT4 toolkit [18,19] as described
in Ref. [20].

The efficiency of the standard LHCb pattern recognition
algorithm for different hadron species in simulated events is
shown in Fig. 1. It is computed for particles in the detector
acceptance that produce enough detector hits to be possi-
bly reconstructed. The efficiency for deuterons is strongly
degraded for momenta below 3 GeV/c, namely in the most
promising kinematic region for deuteron identification via
time of flight.

A modified version of the pattern recognition algorithm,
named TofForward hereafter, is developed to recover the
slow deuteron candidates. All recorded OT hits are con-
sidered, including late signals that could be produced by
low-momentum deuterons. In an initial step, the Forward
Tracking algorithm is performed without using the drift-time
information, reconstructing the hit positions from the centre
of the straw tubes with an uncertainty equal to their radius.
This selects candidates that can be reconstructed indepen-
dently of the assumed particle speed and provides a first
estimation of the particle momentum. The drift-time infor-
mation is then added and the Forward Tracking is repeated
for different hypotheses on the particle velocity. Explored
values of f range from 1 to the value corresponding to a
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Fig. 2 Track reconstruction efficiency as a function of the momentum for (top left) pions, (top right) kaons, (bottom left) protons and (bottom
right) deuterons; the performance of (empty markers) the standard Forward Tracking algorithm and of (full markers) the TofForward algorithm is

compared

4He nucleus with momentum equal to the initial estimate,
in steps of 0.05. The latter value is chosen as a compromise
between the highest tracking efficiency and the minimum
computing time. The track candidate is obtained from a fit
minimising the x2 of the spatial residuals of the hits asso-
ciated with the track and the 8 value corresponding to the
minimum fit x? is assigned to the candidate. The quality
requirements on the candidates are simplified by omitting
the neural-network-based selection [21], which is used in
the standard procedure and optimised for high-momentum
particles.

The tracking efficiency obtained with the TofForward
algorithm is compared to the standard reconstruction in
Fig. 2. A significant improvement is achieved for deuterons
(protons) with momenta below 4 GeV/c (2 GeVic). The
momentum resolution, being dominated at low momentum
by multiple scattering, is found to be comparable between
the two algorithms, see Fig. 3. To verify that the looser selec-
tion is not affecting the quality of the reconstructed track
sample, the rate of so-called ghost tracks, namely candidates
built combining hits from different particles, as a function
of the event multiplicity, measured as the number of recon-
structed tracks (nTracks) in the event, is also compared in
Fig. 3. No significant difference is observed between the two
algorithms.

3 Measurement of the particle speed

In the LHCD track reconstruction procedure, the track can-
didates obtained from the pattern recognition algorithm are
refitted using an algorithm based on a Kalman filter [22] to
achieve a refined determination of the particle kinematics
by taking into account multiple scattering and energy loss
effects.

This algorithm is extended to be able to estimate 3, using
the simulated sample of standalone deuterons as a test-
bench. A given § value is tested by running the Kalman
filter after correcting the OT reconstructed drift times for the
expected particle time of flight along its reconstructed trajec-
tory, assuming that the particle is produced at the position of
closest approach to the nominal beam line. The 8 estimation
is obtained by minimising the track x 2 of the Kalman filter
plus the normalised residual of the time measurement in the
first muon station M1,

B 2
w} , (M

Xg(ﬁ) = Xéalman(ﬁ) + [ oM1

where 7y is the observed time in M1 and fu exp its expected
value for a given B hypothesis; op; = 4 ns is the M1 time
resolution.
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Fig. 3 (Left) Momentum resolution as a function of the momentum for
deuterons in the QGSJET-based simulation sample for (empty markers)
the standard Forward Tracking algorithm and (full markers) the TofFor-
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Fig. 4 Performance of the B determination on the simulated sample of single deuteron tracks: (left) estimated uncertainty a(/§) as a function of

momentum; (right) normalised residuals for low-momentum particles

Track fits with different values of 8 are performed with
a fixed number of detector hits, starting from those asso-
ciated to the track by the TofForward algorithm. The drift-
time information is always used, even when the reconstructed
value is apparently above its physically allowed maximum
value of 35 ns. These two prescriptions are needed to obtain a
well-behaved 8 dependence of X,%’ with a profile that approx-
imates a parabola in the region surrounding the minimum. To
speed up the algorithm, the minimum of xé is found with a
gradient descent algorithm, starting from 8 = 1 and a nega-
tive step of 0.01. The sampled g values are limited between
1.1 and the value corresponding to a mass of 4 GeV/c? for the
measured particle momentum. The values around the min-
imum are fitted with a second-order polynomial to obtain
the estimated value ,3 and its uncertainty a(,é). To reduce
biases from hits that are incorrectly assigned to the track, the
B determination is updated if some hits in the track fit for
B = B exhibit a residual larger than three standard devia-
tions. The procedure is repeated up to four times, removing
up to two outlier hits on every iteration.

@ Springer

Figure 4 shows the performance for simulated single
deuterons: a(/é) is typically below 0.02 for p < 3 GeVic
(B < 0.73 ) and the bias on the 8 determination, defined
as the difference between the estimated value ,é and the true
value Bie, is well below its average uncertainty. Results
for the B measurements on different hadron species in the
PYTHIA-based simulation are shown in Fig. 5.

While the simulated collision samples are enriched with
deuterons, the antideuteron/antiproton production ratio for
p < 5 GeV/c in fixed-target collisions at the LHCb exper-
iment is expected to be between 10~* and 1073 [23]. The
isolation of a deuteron sample requires more discriminating
power against lighter hadrons than the one achievable with
the /§ estimator alone. This is illustrated in Fig. 6, showing
the distribution of the estimated particle mass from the time-
of-flight and momentum measurements
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Fig. 5 Difference with respect to 1 of ;é multiplied by the particle
charge, as a function of the reconstructed momentum for four hadron
species in the PYTHIA-based simulated sample: (top left) pions, (top
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Fig. 6 (Left) Residual of the B estimation normalised by its estimated
uncertainty for simulated positively charged particles with momentum
below 4 GeV/c. (Right) Distribution of the corresponding estimated

for the expected deuteron signal and for lighter particles. A
significant background to deuteron identification is expected
from cases where § is underestimated by an amount far
beyond its estimated uncertainty.

right) kaons, (bottom left) protons and (bottom right) deuterons. The
overlaid curves show the expected relations
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mass Mo, separately for deuterons and lighter particles, assuming
that a deuteron is produced approximately one out of every 10* colli-
sions

This background is studied in simulation by selecting
those hadrons among pions, kaons, and protons whose
MTOF value is compatible with the deuteron mass within
400 MeV/c2, called fake deuterons in the following. Several
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observables related to the quality of the track fit and S deter-
mination are considered in order to identify fake deuterons
and improve the § estimation. Observables that are found
to provide significant discrimination between fake and real
deuterons of equal momentum include the uncertainty o (,3),
shown in Fig. 7a, the number of OT hits, the quality of the
reconstructed track (track x 2, average and spread of residu-
als in the OT as in Fig. 7b, variation of the track x> and of
the number of outliers between the track fits with 8 = 1 and
B = /§), the maximum difference in Xé among four hadron
hypotheses (7, K, p, d) in Fig. 7c, and the distribution of the
reconstructed drift radius rq in the OT straw tubes, namely
the distance from the straw tube wire corresponding to the
reconstructed drift time. The rgq observable is particularly
important since for light hadrons with underestimated g, the

@ Springer

reconstructed drift times are underestimated, while a flat dis-
tribution of the drift radius between 0 and its maximum value
of 2.5 mm is expected for properly reconstructed tracks. This
is exploited by computing four observables from the OT hits
associated to each track candidate: the average and r.m.s.
spread of drift radii in Fig. 7d, the fraction of r4 values lower
than 0.2 mm in the distribution of Fig. 7e and the result of
a Kolmogorov—Smirnov test [24] of the rq4 values against a
uniform distribution between 0 and 2.5 mm in Fig. 7f.

A total of 13 variables, including the particle momentum,
are fed into an artificial neural network (ANN), trained on
simulated collisions to predict the residual A = B — Brues
where Biye 1s the true value from simulation. To avoid that
any requirement on the network output could bias the particle
identification by producing fake peaks in the MTOF distribu-
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tion, no input is provided about the particle type and its true
or measured speed. The goal is to obtain an assessment of the
accuracy of the 8 estimation from observables related to the
quality of the fit without prior knowledge of the estimated
value.

The network, implemented using KERAS [25] with TEN-
SORFLOW [26] backend, consists of two tanh-activated hid-
den layers with 32 neurons each and is trained on 60% of the
simulated collision sample. The performance of the resulting
predictor ABann is illustrated in Fig. 8 in the remaining 40%
of simulated collisions. The results show that the predictor
identifies most of the cases where g is badly underestimated,
so that fake deuterons can be suppressed by requiring a small
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4 Performance

The performance obtained in simulation is verified on a sam-
ple of pHe collisions at /s\y =110 GeV, collected in 2016
with loose online selection requirements. The sample con-
sists of about 700 million events, corresponding to an inte-
grated luminosity of 0.5 nb~! [27].

The B determination procedure is first verified on identi-
fied pion and proton tracks from K g —ntr~ and A>pr~
decays, for which the identity of the particles can be deter-
mined from the decay kinematics [28]. Candidates are
selected based on their incompatibility with originating from
the primary collision vertex, the reconstructed mass of the
decaying resonance, and the quality of the reconstructed
decay vertex. The purity of these calibration samples exceeds
98%. The same exercise is performed on the simulated sam-
ple and the distributions of the observables used in this study
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Fig. 9 Impact of the use of the ASaNN predictor on the accuracy of the B determination for different hadron species in simulated collisions, for

tracks with momentum lower than 5 GeV/c
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Fig. 10 Distributions of the 13 observables, described in Sec. 3, used
as input to the ABaNN predictor network. Data and simulation are com-
pared for candidate pion tracks from K g decays with momentum below

are shown in Fig. 10 to be in a good overall agreement with
data. The largest difference that can be noticed is a larger
average value of a(ﬁ) in data. Comparing the ,3 estimation
with the expected 8 from the measured momentum and the
known mass of the identified pion or proton, a negative bias is
seen, of order 0.01 and larger than the one observed in simu-
lation. Both effects, the differences in B and a(ﬁ ) values, are
compatible with a residual miscalibration of the OT response
of @(0.1) ns. The bias on f is corrected by parametrising it
with an empirical function of p and ﬁ tuned on the calibration
sample.

@ Springer

fraction of OT hits with 7;<0.2 mm

Kolmogorov test output

6 GeV/c. For six variables, notably 0(3), an empirical correction is
applied to the simulated observables to improve the agreement with
data

Two ABann predictor networks are retrained making use
of the calibration data. The first is directly trained on the cali-
bration tracks, using 80% of the sample. The second network
is trained on the simulated collisions after correcting for the
observed differences in the distribution of U(B) and other
five input variables, as shown in Fig. 10. The o (B) value is
scaled by a factor (1 + sz), where k = (.22 is obtained
from the calibration pion sample and the 8 dependence from
a miscalibration effect is assumed. For the other variables,
the correction consists of adding a Gaussian-smeared value
to reproduce the average and r.m.s. spread of the distribution
observed in the calibration data.
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Fig. 11 Performance of the Apann predictor on the calibra-
tion sample, for momenta lower than 5 GeV/c. The plot shows
the difference between the S estimation and the expected value

B = p/,/[p* + (Mc)?], obtained from the measured momentum and

the known mass M of the identified pion or proton. The comparison is
performed on the 20% of calibration data not used for the training

Figure 11 presents a comparison of the performance of

the two networks on the 20% of the calibration data that
was not used during training. Though the data-driven pre-
dictor has slightly better performance, the network trained
on simulation identifies correctly most of the fake deuterons
in the calibration sample and is preferred in the following to
avoid any overtraining in data. Moreover, its training includes
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Fig. 12 Estimated particle mass from the time of flight for recon-
structed tracks of positively charged particles in the pHe collision sam-
ple, for different momentum intervals. Mtor ANN is obtained by replac-
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deuterons, which are the main goal of this study and for which
no data calibration sample is available.

The B determination is finally performed on the whole
sample of reconstructed low-momentum  tracks
(p < 6 GeV/c) with loose preselection requirements (at least
6 OThitsand o (,3) < 0.1). Figure 12 shows the reconstructed
mass values in different momentum intervals for positively
charged particles, using the B or Bann estimators and with or
without an additional requirement on the ABanN predictor.
A clear deuteron signal is visible for p < 2.5 GeV/c, and
an excess of tracks in the region of the triton mass is also
observed. These ion candidates are expected to be mostly
produced by the fragmentation of the helium target and are
clearly visible only in the sample with reconstructed tracks
of positively charged particles.

As expected from the studies on simulation, the neural-
network-based predictor ,3ANN provides better discrimina-
tion among particle species than B , and the deuteron identi-
fication is further improved by the ABanN requirement. The
distribution of ,é ANN as a function of momentum for tracks of
positively charged particles with |ABanN| < 0.03 is shown
in Fig. 13.

A few He ion candidates are also identified in the pHe
sample, thanks to their ionisation losses in the Si-based track-
ing detectors [8]. The OT timing response for particles with
atomic number Z = 2 (or larger) is biased toward shorter drift

- " LHCb
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ing /§ with Bann in Eq. 2. The vertical lines correspond to the known
mass of pions, kaons, protons, deuterons and tritons
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Fig. 13 Estimated speed versus momentum for reconstructed tracks of
positively charged particles in the pHe collision sample, using the Sann
estimator and requiring |ABann| < 0.03. The overlaid curves show
the expected relations for different hadron species. Proton, deuteron
and triton production can be seen. The momentum-dependent cutoff
at low g corresponds to the maximum mass hypothesis allowed in the
algorithm

times, due to their higher ionisation with respect to Z = 1
particles. In the explored low-momentum region, the biased
reconstructed speed roughly corresponds to that expected for
protons. Therefore, the time-of-flight technique is not suit-
able by itself to discriminate low-momentum He nuclei from
lighter particles, though it could provide some discrimina-
tion between *He and *He candidates. For He nuclei with
momentum larger than 10 GeV/c, the measured time of flight
in the OT is apparently shorter than that expected for 8 = 1,
a feature that is already exploited in the He identification tool
described in Ref. [8].

5 Conclusions

In this paper, a newly developed identification tool for light
ions is presented, exploiting the available timing informa-
tion of the LHCb detector operated in the LHC Run 2 to
distinguish low-momentum deuterons from lighter hadrons
by their time of flight. The tool performance is demonstrated
by showing its capability to identify a signal for deuteron and
triton production in pHe collisions at /syy =110 GeV.

The benchmark sample has been chosen as it reproduces
collisions of cosmic rays on the interstellar medium at the
energy scale corresponding to the capabilities of the AMS-
02 spectrometer. Though this time-of-flight technique in the
LHCb detector can be exploited only in a limited kine-
matic region, it opens the way to unique and much awaited
measurements of light antinuclei production at this energy
scale, constraining the expected flux of secondary cosmic
antideuterons.
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