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In ultra relativistic heavy-ion collisions a large and similar amount of nuclei and anti-nuclei is
produced in the central pseudorapidity region allowing one to thoroughly investigate their proper-
ties. Mass and electric charge are expected to be the same in nuclei and anti-nuclei as long as the
CPT invariance holds for nuclear force, a remnant of the underlying strong interaction between
quarks and gluons. The measurements of the difference of mass-to-charge ratio between deuteron
and anti-deuteron, and >He and *He nuclei performed with the ALICE detector at the LHC are
reported. The measurements improve by one to two orders of magnitude analogous results previ-
ously obtained. The results can also be expressed in terms of binding energy differences, which
in the case of the (anti)-deuteron improves the constraints on CPT invariance inferred by existing
measurements by a factor two. For the (anti)-*He an invariance constraint has been determined

for the first time.
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1. Introduction

All physics laws are supposed to be the same after the application of a CPT transformation
i.e. a simultaneous reversal of charge(s) (charge conjugation C), reflection of spatial coordinates
(parity transformation P) and time inversion (T). The CPT invariance is theoretically guaranteed
within a description of the interactions in terms of a local quantum field theory constructed in a
flat space-time, based on the Lorentz invariance and on unitarity. If some of the conditions which
back-up the CPT invariance are not satisfied, the symmetry could be violated. It has been tested in
various sectors i.e. for elementary fermions [3] and bosons [4], and for Quantum Electrodynamics
(QED) [5] and Quantum Chromodynamics (QCD) systems [6]. Experiments are based on an im-
portant consequence of CPT symmetry, which implies that the mass, the lifetime and the absolute
value of the charge and the magnetic moment of an anti-particle should be exactly the same as those
of the corresponding particle. For baryons the charge-to-mass ratio of proton and anti-proton has
been recently compared with a very high accuracy [6] resulting in the most stringent test of the CPT
symmetry for systems bound by the strong force. The extension of such measurement 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 underly-
ing strong interaction among quarks and gluons and can be described by effective theories [7], but
cannot yet be directly derived from QCD. An efficient source of nuclei and anti-nuclei are the rela-
tivistic heavy-ion collisions at the Large Hadron Collider (LHC): a large amount of energy may be
deposited in a small volume, allowing for creation of the Quark-Gluon Plasma [8] (QGP), a phase
of matter in which the quark and gluon degrees of freedom normally confined within hadrons are
liberated. The created system expands and cools down after its production, and the transition into
a hadron gas occurs. In the final state of this process a large amount of light (anti-)nuclei is also
formed [9] by a coalescence process of two or more (anti-)nucleons at the last stage of the collision
and/or during the hadronization process at the chemical freeze-out of the QGP. To date, the heavi-
est anti-nucleus observed is “He [10]. For lighter nuclei and anti-nuclei, which are more copiously
produced, a detailed comparison of their properties is possible.

In this report a precision measurement of the mass-over-charge ratio between deuteron (d) and
anti-deuteron (d) and between *He and (anti-)*He nuclei carried out with the ALICE detector [11]
in Pb-Pb collisions at a centre-of-mass energy per nucleon pair of |/syny = 2.76 TeV is reported.

2. Data Analysis

The main detectors used in the analysis are the ITS (Inner Tracking System) for the deter-
mination of the interaction-vertex position and, coupled with the TPC (Time Projection Cham-
ber), for tracking. The TPC is also used for average specific energy loss measurements (dE/dx)
and the TOF (Time Of Flight detector) to measure the time taken by particles to reach the de-
tector (ftop). The combined ITS and TPC information is used to determine the track length (L)
and the rigidity (p/z), where p is the momentum and z the electric charge in units of the el-
ementary charge (e) of the charged particles in the solenoidal 0.5 T magnetic field of the AL-
ICE central barrel. Based on these measurements, the squared mass-over-charge ratio is extracted
Piop = (m/ z)%OF = (p/z)?[(ttor/L)* — 1/c?]. The related distribution is filled requiring also that
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the track (dE/dx) is compatible, within 26 (where o is the standard deviation), with the expected
value for each (anti-)particle type. In this way the background originated from tracks associated
to an incorrect TOF hit is strongly suppressed: down to 4% for deuterons at low rigidities (below
2 GeV/c) and down to 1% for *He nuclei. For each of the particle species, the mass-over-charge
ratio is extracted by fitting the ‘Ll,%OF distributions in narrow rigidity and pseudorapidity intervals,
using Gaussian function with an exponential tail that reflects the time signal distribution of the TOF
detector.

Using mass differences, rather than masses themselves, allows to reduce the systematic uncer-
tainties related to tracking, spatial alignment (affecting the measurement of the track rigidity 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. In particular, the dominant
contribution to the uncertainty of the mass difference is caused by uncertainty in the rigidity mea-
surement which can reach up to 1%. Since this contribution is mass independent, it is to a large
extent suppressed by rescaling the masses obtained for (anti-)deuteron and (anti-)*He with the ra-
tio between the (anti-)proton masses recommended by PDG [12] (,ug(Dﬁ?) and the ones measured
in the analysis presented here (upT(%F), ie. Haa) = ﬂ/{?,f) x (u}f’g? / ug(gf). Conversely, systematic
effects connected to the track-length measurement are mass dependent and cannot be completely
accounted for using the above correction. However, they are expected to be symmetric for posi-
tive and negative particles when inverting the magnetic field. Any residual asymmetry is therefore
indicative of remaining systematic uncertainties related to the detector conditions. In order to es-
timate them and keep these effects under control, both nuclei and anti-nuclei measurements are
performed for two opposite magnetic field configurations and then averaged. Their half difference
is taken as the estimate of this systematic uncertainty. It results in ~ 0.7 x 10~* for deuterons and
anti-deuterons while it is found negligible, relative to the statistical uncertainty, for *He and anti-
3He. Other sources of systematic uncertainties are evaluated by varying energy loss corrections
applied to the reconstructed momentum, the range and the shape of the background function as-
sumed in the fit of the p?qp distributions and the track selection criteria; more details can be found
in [13].

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. The final result 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

Augg = [1.7£0.9(stat.) +2.6(syst.)] x 107+ GeV/c?, (3.1)
Al = [—1.7 4 1.2(stat.) £ 1.4(syst.)] x 1072 GeV/c?, (3.2)
corresponding to
Augg _ —4
o [0.9+0.5(stat.) £ 1.4(syst.)] x 107, (3.3)
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A -
% = [~1.2£0.9(stat.) £ 1.0(syst.)] x 1072, 34
3He

where g and Ly, are the values recommended by CODATA [14]. The mass-over-charge differ-
ences are compatible with zero within the estimated uncertainties, in agreement with CPT con-
servation. These results (Fig. 1, 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 [15, 16, 17]. The result for the (anti-)deuteron
is reported in Fig. 2 (in red), which summarizes the best CPT invariance tests obtained to date for
particles, nuclei and atoms [3, 4, 5, 12, 18, 19]. 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 [20].
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Figure 1: The ALICE measurements for d-d and *He-*He mass-over-charge ratio differences compared
with CPT invariance expectation (dotted lines) and existing mass measurements MAS65 [15], DOR65 [16]
and ANT71 [17] (left panel). The inset shows the ALICE results on a finer A(m/z)/(m/z) scale. The right
panel shows our determination of the binding energy differences compared with direct measurements from
DENT71 [22] and KES99 [23]. Error bars represent the sum in quadrature of the statistical and systematic
uncertainties (standard deviations).

Given that z3 = —zq and z3p; = —23 as for the proton and anti-proton [18], the mass-over-
charge ratio differences in Eq. 3.1 and Eq. 3.2 and the measurement of the mass differences be-
tween proton and anti-proton [18] and between neutron and anti-neutron [21] are used to derive the
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relative binding energy difference between each nucleus and the corresponding anti-nucleus:

A -
% — 0.0440.05 (stat.) £0.12 (syst.), (3.5)
d
A _
% —0.2440.16 (stat.) £ 0.18 (syst.), (3.6)
3He

where &4 = Zm,, + (A —Z)my — my, being my, and m, the proton and the neutron mass values
recommended by PDG [12] and my4 the mass value of the nucleus with atomic number Z and mass
number A, recommended by CODATA [14]. The binding energy is more explicitly connected with
possible violations of the CPT symmetry in the (anti-)nucleon interaction from the one connected
to the (anti-)nucleon masses, the latter being constrained with a precision of 7 x 1079 for the
proton/anti-proton system [18]. The results improve (Fig. 1, right) by a factor two the constraints
on CPT invariance inferred by existing measurements [22, 23] 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.
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Figure 2: 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 [3]), mass difference between
top and anti-top (PDG average [12]), W+ — W~ (CDF90 [4]), #* — n~ (AYERS71 [19]), K° e (PDG
average [12]), proton and anti-proton (HORI11 [18]), our result on deuteron and anti-deuteron (in red) and
the charge of anti-hydrogen (AMOLE14 [5]).
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