EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

ALICE @

ALICE-PUBLIC-2015-002
13 July 2015

Precision measurement of the mass difference between light nuclei and
anti-nuclei with the ALICE experiment at the LHC

ALICE Collaboration]

Abstract

We report on a measurement of the difference A = A(m/|z|) between the mass-over-charge ra-
tio of deuteron (d) and anti-deuteron (d), and *He and >He nuclei, carried out with ALICE (A
Large Ion Collider Experiment) in Pb—Pb collisions at a centre-of-mass energy per nucleon pair
VSNN = 2.76 TeV. Our measurement yields A/t = [0.9 £0.5(stat.) & 1.4(syst.)] x 10~ and
Allspesis/ Mape = [—1.240.9(stat.) & 1.0(syst.)] x 102, Combining these results with existing mea-
surements of the masses of the (anti-) nucleons, the relative binding energy differences are extracted,
Agy3/€4 = —0.04 £ 0.05(stat.) = 0.12(syst.) and A&sy s/ Epe = 0.24 £ 0.16(stat.) 3= 0.18(syst. ).
These results test, to an unprecedented precision, the CPT invariance in the sector of light nuclei.

(© 2015 CERN for the benefit of the ALICE Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

*See Appendix for the list of collaboration members


http://creativecommons.org/licenses/by/4.0

2 ALICE Collaboration

1 Introduction

In ultra relativistic heavy-ion collisions a large amount of energy is deposited in a small volume, allowing
for the creation of the Quark Gluon Plasma [1]], a phase of matter in which quarks and gluons, normally
confined within hadrons, are liberated. After its production, the created system expands and cools down,
and the transition into a hadron gas occurs. In the final state of this process a large and similar amount
of light nuclei and anti-nuclei is observed [2]. Their yields have been measured at the Relativistic Heavy
Ion Collider (RHIC) by the STAR [3]] and PHENIX [4] experiments and at the Large Hadron Collider
(LHC) by the ALICE [5] experiment. To date, the heaviest anti-nucleus observed [2] is “He (anti-).
For lighter nuclei and anti-nuclei, which are more copiously produced, a detailed comparison of their
properties, such as mass and electric charge, is possible. This comparison represents an interesting test
of CPT symmetry [6} 7], which implies that all physics laws are the same under the simultaneous rever-
sal of charge(s) (charge conjugation C), reflection of spatial coordinates (parity transformation P) and
time inversion (T). Currently, the confirmation of CPT invariance is tested experimentally for elementary
fermions [8}, 9] and bosons [10], and for Quantum Electrodynamics (QED) [11}12]] and Quantum Chro-
modynamics (QCD) systems [13H17]] (a particular example for the latter being the measurements carried
out on neutral kaon decays [[18]]), with different levels of precision, spanning over several orders of mag-
nitude. The comparison of the mass and the electric charge of a matter particle with the corresponding
anti-matter particle, extended from (anti-)baryons to (anti-)nuclei, allows one to probe any difference in
the interactions between nucleons and anti-nucleons contributing to the (anti-)nuclei masses. This force
is a remnant of the underlying strong interaction among quarks and gluons that can be described by
effective theories [[19], but not yet directly derived from QCD.

In this note we report the measurements of the difference of the mass-over-charge ratio for deuteron (d)
and anti-deuteron (d), and for 3He and *He nuclei carried out with the ALICE detector in Pb—Pb col-
lisions at /sy = 2.76 TeV. These measurements are also used to extract the relative binding energy
differences between each nuclear species and its anti-matter counterpart. Section [2] describes the ex-
perimental apparatus, the data analysis and the systematic uncertainties. We present the results and the
comparison with the published measurements in Section [3] The summary and conclusions are reported
in Section

2 Experimental setup and data analysis

The measurements reported in this paper are based on the high-precision tracking and identification
capabilities of the ALICE experiment [20]] at the LHC. The main detectors used are the ITS [21] (Inner
Tracking System), the TPC [22]] (Time Projection Chamber), and the TOF [23]] (Time Of Flight detector).
All three detectors are located inside a solenoidal magnet that produces a magnetic field of 0.5 T directed
along the beamline. The ITS, installed around the vacuum beam pipe, has an inner and outer radii of
3.9 cm and 43 cm respectively. It consists of six cylindrical layers: innermost two Silicon Pixel Detectors
(SPD), two Silicon Drift Detectors (SDD) in the middle, and outermost two Silicon Strip Detectors
(SSD). The ITS is used for track reconstruction of charged particles and provides precise determination
of the interaction-vertex position, with resolution better than 20 ptm in central Pb—Pb collisions [21]]. The
TPC surrounds the ITS; it has an inner radius of 85 cm, an external radius of 247 cm and a length along
the beam direction close to 500 cm. The TPC has a 90 m? drift volume filled with Ne—CO, mixture and is
divided into two halves by a central membrane, constituting a high-voltage cathode. The TPC end-plates
are equipped with Multi-Wire proportional chambers (MWPC). It is the main charged-particle tracking
detector of ALICE and provides also the specific energy loss measurement (dE/dx) with a resolution
better than 7% in Pb—Pb collisions [20]. The TOF detector is a large-area array of Multigap Resistive
Plate Chambers (MRPC), positioned at 370-399 cm from the beam axis and covering the full azimuth
and the pseudorapidity range 1| < 0.9. It provides the measurement of the time of flight (fror) of
particles with a resolution of 80 ps in Pb—Pb collisions [20].
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The analysis is performed using the Pb—Pb data sample collected in 2011, which corresponds to the
largest fraction of heavy-ion collisions collected by ALICE so far, at \/syy = 2.76 TeV. During the
Pb—Pb 2011 run, in order to enrich the selection of central and semi-central collisionsﬂ and, at the same
time, to collect a sample of minimum-bias events for a reference, data were taken using several triggers in
parallel. The centrality triggers exploit the amplitude measured by the VO detectors [25]], two scintillator
arrays placed around the beam-pipe on either side of the interaction point, covering the pseudorapity
ranges —3.7 <M < —1.7 and 2.8 < N < 5.1. The minimum-bias trigger requires at least one hit in the
SPD and in both VO detectors. To maximize the number of light (anti-)nuclei available for the analysis,
all the physics triggers are accepted and only events tagged as beam—gas interactions [25]] are rejected.
An additional cut on the distance between the reconstructed primary vertex and the nominal interaction
point (10 cm) is used to further reduce the beam-induced background. The final sample consists of about
67 million events. In these events, tracks are selected applying following criteria: a track is required
to have at least two associated hits in the ITS (including at least one in the SPD) and at least 70 space
points (clusters) in the TPC out of a maximum of 159. The track-fit quality is assured requiring the
contribution per space point to be less than 4. To exclude the secondary nuclei produced in the detector
material, cuts on Distance of Closest Approach of a track to the reconstructed interaction vertex along
the beam direction (DCA,) and in the transverse plane (DCAyy) of 3.2 cm and 0.1 c¢m, respectively, are
used. A stronger cut on DCA,y than on DCA, was found more effective in reducing contamination from
secondaries as discussed below. All tracks that are not matched with a TOF hit are rejected.

Figure shows the TPC dE/dx as a function of rigidity (p/z, where p is the momentum and z the electric
charge in units of the elementary charge e) for reconstructed charged-particle tracks, together with the
parametrization of the Bethe-Block curves for various particle hypothesis. The main contribution to
the background is caused by tracks associated to an incorrect TOF hit. This background is reduced
by requiring the track dE/dx to be within two standard deviations from the expectation for a given
particle type. The dE/dx standard deviation is determined from the measured dE/dx distribution at
the corresponding rigidity. The TPC dE/dx selection strongly suppresses this background for rigidities
below p/|z| < 2.0 GeV/c for deuterons and protons (down to 4% and 2%, respectively), and for all
rigidities for *He (down to 1%).

At low rigidity a significant amount of the selected nuclei is created in secondary interactions in the
detector material and not in the Pb—Pb interactions. Figure @ shows the DCAyy distribution in selected
rigidity intervals. While the distribution of anti-nuclei is centred around the primary vertex position and
almost fully contained within [DCA,y| < 0.1 cm, the distribution for nuclei exhibits in addition a nearly
flat background due to secondary tracks. Restricting the analysis to the deuterons and *He nuclei with a
rigidity above 1.5 GeV/c and 1 GeV /¢, respectively, the contamination from secondary nuclei is reduced
to a level below 3%.

During the propagation through the detector material, the velocity of charged particles decreases, due to
the energy losses. Therefore, the TOF measurement determines the velocity averaged along the trajec-
tory, rather than that at the production vertex. However, the track reconstruction, exploiting the Kalman
filter [26], corrects for the energy losses and provides the track rigidity measurement at the interaction
vertex. Therefore, the reconstructed rigidity is adjusted to the mean one, by means of a correction cal-
culated via a Monte Carlo simulation based on GEANT3 package [27], where the energy losses are
accounted for. The size of these corrections for deuteron and *He is illustrated in Fig. [3, depicting the
ratio of the mean to initial rigidities as a function of the velocity By = p/mc at the interaction vertex,
where m denotes the particle mass. The corresponding parameterizations are obtained for (anti-)deuteron
and (anti-)*He. The same procedure is also applied for lighter (anti-)particles.

!'In heavy-ion collisions the centrality is a key parameter in the study of the properties of QCD matter because it is directly
related to the initial overlap region of the colliding nuclei. The centrality is usually defined [24] by the event multiplicity which
is strongly correlated to the the impact parameter of the two nuclei in the transverse plane to the beam direction.
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The combined ITS and TPC tracking information is used to determine the track length (L) extrapolated
up to the TOF detector. The squared mass-over-charge ratio is then calculated as

bor = n/2hor = (/27 | ()= | n

The choice of this variable is motivated by the fact that ,u,%OF is a linear function of the squared time of
flight, thus preserving the Gaussian distribution of the measured quantity. For each of the particle species,
the mass is extracted by fitting the mass-squared distributions in narrow p/|z| and n intervals, using
Gaussian function with an exponential tail that reflects the time signal distribution of the TOF detector.
Examples of the mass-squared distributions for (anti-)protons, (anti-)deuterons and (anti-)*He candidates
are reported in Fig. []in selected rigidity intervals.

Using mass differences, rather than masses themselves, allows to reduce the systematic uncertainties
related to tracking, spatial alignment (affecting the measurement of the track momentum and length)
and time calibration. Despite that, residual effects are still present, due to imperfections in the detector
alignment and the description of the magnetic field, which can lead to position-dependent systematic
uncertainties. According to Eq.|1|the u%OF is calculated using the measurements of three variables: the
time of flight (frop), the rigidity (p/z), and the track length (L). The systematic uncertainty due to the
uncertainty on ftop is practically eliminated in the mass difference. The dominant contribution to the
uncertainty of the mass difference is caused by uncertainty in p/z measurement and its influence on L
(the correlated part of the length measurement error) can reach up to 1%. However, these contributions
are practically mass independent, therefore they are to the large extent suppressed by rescaling the masses
obtained for (anti-)deuteron and (anti-)>He with the ratio of PDG-to-measured values of masses [28]] for

(anti-)proton (ug(%F), i.e.

e

TOF p(p

Ha(A) = Ha(A) X T TOF - ()
p(d)

where (A)A stays for (anti-)deuteron and (anti-)*He. The remaining mass-dependent part and the con-
tribution from uncertainty on the L measurement is expected to be symmetric for positive and negative
particles when inverting the magnetic field. To estimate the corresponding systematic effect on the mass-
over-charge ratio difference and keep this effect under control, both nuclei and anti-nuclei measurements
are performed with similar statistics for two opposite magnetic field configurations and then averaged
over the rigidity and rapidity interval. Their half difference is taken as the estimate of this systematic
uncertainty.

The uncertainty related to the mean rigidity estimation is conservatively evaluated by removing the cor-
rections shown in Fig. |3l While this contribution is significant for the (anti-)*He, it is found negligible,
relative to the statistical uncertainty, for the (anti-)deuteron. This can be explained considering that the
distortions of the rigidity distributions are more significant for heavier nuclei, due to their higher energy
losses. The systematic uncertainty due to the fit procedure of the squared mass-over-charge distributions
is evaluated by changing the range and the shape of the background function. TPC dE/dx cuts are var-
ied between one and four standard deviations to probe the sensitivity of the fit results on the residual
background. Finally, the tracking quality selection on the distance of closest approach of tracks to the
vertex is varied to evaluate the influence of secondary particles on the measurement: a significant effect
is found at low rigidity for the deuteron where a higher contamination from secondaries (close to 3%)
is present. The impact of all sources of systematic uncertainties is shown in Fig. [5] where the observed
maximal deviations are reported. These maximal deviations (A) are expressed as standard deviations
(A//12, assuming for them a flat probability distribution) and used as the systematic uncertainties that
are reported in Table
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Systematic uncertainty Auda/ﬁd AMHCSE,/;L He
(x107%) (x1072)

r/lz| 1.5 GeV/c 4.0 GeV/c 1.0 GeV/c 3.0 GeV/c

Tracking and alignment + 0.7 negligible

Mean rigidity correction negligible +0.7

Fit procedure +0.3 +1 + 05

TPC dE/dx selection +0.7 +04 +25

Secondaries +1 + 0.2 +0.1

Table 1: Main systematic uncertainties on Apt/u. See text for more details.

3 Results

The mass-over-charge ratio differences between nuclei and anti-nuclei for deuteron and *He are evaluated
as a function of the rigidity of the tracks, and shown in Fig. [6] together with the final result and the one
and two standard deviation uncertainty bands. It is computed as weighted average of the measurements
obtained in each rigidity interval. Their statistical and uncorrelated systematic uncertainties are used
as the weights. The final systematic uncertainty is then the sum in quadrature of the correlated and
uncorrelated systematic uncertainties. The measured mass-over-charge ratio differences are

Apgg = [1.740.9(stat.) £ 2.6(syst.)] x 107* GeV/c?, A3)
Al = [—1.7 4 1.2(stat.) & 1.4(syst.)] x 1072 GeV/c?, (4)
corresponding to
A _

% — [0.940.5(stat.) + 1.4(syst.)] x 104, )

d

A I
% — [~ 1.240.9(stat.) £ 1.0(syst.)] x 1073, ©)

3He

where g and Usy, are the values recommended by CODATA [29]]. The mass-over-charge differences are
compatible with zero within the estimated uncertainties, in agreement with CPT invariance expectations.
These results (Fig. /| left) represent the highest precision direct measurements of mass differences in
the sector of nuclei and they improve by one to two orders of magnitude analogous results originally
obtained more than 40 years ago [30H32]]. At 90% confidence level the results correspond to

A _
Maal 540104 (CL=90%), 7)
Hd
A _
[Atwenel 5110 (oL = 90%). )
Usge

The result for the (anti-)deuteron is reported in Fig.|8|(in red), which summarizes the best CPT invariance
tests obtained to date for particles, nuclei and atoms [9, [10, [12H14], 28], 33]]. These measurements can be
used to constrain, for different interactions, the parameters of effective field theories with explicit CPT
violating terms to the Standard Model Lagrangian, such as the Standard Model Extension [34] (SME).

Given that z3 = -z4 and z3g; = 23y, as for the proton and anti-proton [13, [14], the mass-over-charge
differences in Eq. [3] and Eq. 4] and the measurement of the mass differences between proton and anti-
proton [13, [14] and between neutron and anti-neutron [[15} [16] are used to derive the relative binding
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energy differences between the two studied particle species. We obtain

A -
% — —0.0440.05 (stat.) +0.12 (syst.), ©)
A N
% =0.2440.16 (stat.) +0.18 (syst.), (10)
3He

where &4 = Zm,, + (A —Z)my, — my, being my, and my, the proton and the neutron mass values recom-
mended by PDG [28]] and my4 the mass value of the nucleus with atomic number Z and mass num-
ber A, recommended by CODATA [29]]. The binding energy is more explicitly connected with pos-
sible violations of the CPT symmetry in the (anti-)nucleon interaction than the one connected to the
(anti-)nucleon masses, the latter being constrained with a precision of 7 x 10~'° for the proton/anti-
proton system [13| [14]. The results improve (Fig. [/} right) by a factor two the constraints on CPT
invariance inferred by existing measurements [35, [36] in the (anti-)deuteron system. The binding energy
difference is determined for the first time in the case of (anti-)*He, with a relative precision comparable
to the one obtained in the (anti-)deuteron system.

4 Conclusions

The production of (anti-)nuclei in relativistic heavy-ion collisions at the LHC represents a unique oppor-
tunity to test the CPT invariance of nucleon—nucleon interaction using light nuclei. We have measured
the mass-over-charge ratio differences for deuteron and *He, improving by one to two orders of magni-
tude previous results obtained more than 40 years ago [30-32]]. Our results are also expressed in terms of
binding energy differences. The value obtained for the (anti-)deuteron improves by a factor two the con-
straints on CPT invariance inferred by existing measurements [35} [36]], while in the case of (anti-)*He it
has been determined for the first time, with a relative precision comparable to the one obtained in the
(anti-)deuteron system. Remarkably, these improvements are reached in an experiment not specifically
dedicated to test the CPT invariance in nuclear systems.

In the forthcoming years the increase in luminosity and centre-of-mass energy at the LHC will allow one
to improve the sensitivity of these measurements, and possibly to extend the study to (anti-)*He. Indeed,
the statistics is expected to be about three times larger in the coming data-taking period (Run-II) and up
to three orders of magnitude larger in the following one (Run-III), scheduled for 2020. The increase in
statistical precision will allow for better TPC dE/dx calibration. The detector alignment will be sub-
stantially refined and an improvement in the tracking performance is expected from the completion of
the azimuthal coverage of the transition radiation detector of the experiment. Also, the remaining uncer-
tainty on the secondary nuclei contamination should significantly decrease, thanks to the installation of
an upgraded ITS [37] for the Run-III period.
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Fig. 1: Specific energy loss of the tracks (dE/dx) in the TPC versus rigidity for negative and positive particles.
Lines represent the parameterization of the Bethe-Bloch formula for various particle species (the red lines corre-
spond to (anti-)deuteron and (anti-)*He nucleus). Most of the nuclei at low rigidity are produced from the material
“knock out”: to reject them, the information of the distance of closest approach of the tracks to the reconstructed
primary vertex is used (see text).
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Fig. 3: Ratio between the mean rigidity (p/z) and the rigidity at the primary vertex (p/z)v as a function of initial
BY = pux/mc for deuteron (red filled points) and *He (green open points) obtained in the Monte Carlo with the
detector simulation. The coloured lines indicate the corresponding parameterizations.
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Fig. 4: Examples of squared mass-over-charge ratio distributions for protons (left), deuterons (centre) and
3He (right) in selected rigidity intervals. Particle and anti-particle spectra are in the top and bottom panels, re-
spectively. The fit function (red curve) also includes an exponential term to describe the background. In the
rigidity intervals shown here the background corresponds to about 2% for (anti-)protons, and to about 4% for
(anti-)deuterons, while it is 0.7% for He and *He.
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Fig. 5: Distribution of the mass-over-charge ratio difference measurements of d—d (top) and >He—*He (bottom)
obtained in the positive and negative magnetic field configurations (black open points labelled as B(++) and
B(--), respectively), by removing the mean rigidity corrections, by varying the fit strategy for (anti-)nuclei and
(anti-)protons, the particle selection in the TPC and the requirement on the DCA in the transverse plane and
along the beam direction (DCAyy and DCA,, respectively). These are compared to the final result (red and green
squares), shown with its statistical uncertainty (vertical bar) and its systematic uncertainty expressed as standard
deviation (open box).
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Fig. 6: d—d (top) and *He—>He (bottom) mass-over-charge ratio difference measurements as a function of the
particle rigidity. Vertical bars and open boxes show the statistical and the uncorrelated systematic uncertainties,
respectively. Both are taken into account to calculate the combined result in the full rigidity range, together with
the correlated systematic uncertainty, which is shown as a box with diagonal hatches. Also shown are the 10 and
20 bands around the central value, where ¢ is the sum in quadrature of the statistical and systematic uncertainties.
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Fig. 7: The ALICE measurements for d—d and *He—*He mass-over-charge ratio differences compared to CPT
invariance expectation (dotted lines) and existing mass measurements MAS65 [30], DOR65 [31] and ANT71 [32]]
(left panel). The inset shows the ALICE results on a finer A(m/|z|)/(m/|z]) scale. The right panel shows our deter-
mination of the binding energy differences compared with direct measurements from DEN71 [35] and KES99 [36].
Error bars represent the sum in quadrature of the statistical and systematic uncertainties.
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Fig. 8: Experimental limits for CPT invariance (CL = 90%) for particles, nuclei and atoms. From left to right:
measurement of g-factor for the electron and positron (DYCKS87 [9]]), mass difference between top and anti-top
(PDG average [28])), W — W~ (CDF90 [10]), =+ — z~ (AYRES71 [33]), K° - (PDG average [28]), pro-
ton and anti-proton (HORI11 [13||14]), deuteron and anti-deuteron (our result) and the charge of anti-hydrogen
(AMOLE14 [12]).
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