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Abstract8

A precision measurement of the mass-to-charge ratio difference between deuteron (d) and anti-9

deuteron (d) and 3He and 3He nuclei is performed with the ALICE detector at the LHC using sam-10

ples of nuclei and anti-nuclei produced in Pb-Pb collisions
√

sNN = 2.76 TeV. The squared mass-11

to-charge ratio of the (anti)deuteron and (anti)3He are determined via time-of-flight and rigidity12

measurements. The reported results ∆(m/z)dd/(m/z)d = (0.9± 0.5(stat.)± 1.4(syst.)) · 10−4 and13

∆(m/z)3He3He/(m/z)3He = (−1.2± 0.9(stat.)± 1.0(syst.)) · 10−3 considerably improve existing ex-14

perimental limits. These measurements represent a test of CPT invariance in light nuclei bounded by15

nuclear forces.16
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1 Physics motivation42

The CPT theorem [1] connects two fundamental symmetries of nature, the CPT and Lorentz symmetry.43

Following the result of the CPT theorem all the physical interactions have to respect the CPT symmetry,44

that is, they appear to be invariant under the simultaneous application of charge conjugation C, parity45

P and time reversal T trasformations. Theoretically its conservation is connected to the Lorentz invari-46

ance and the unitarity of the local quantum field theories constructed in a flat space-time [1]. A related47

theorem [2] states also that the breaking of the CPT symmetry implies Lorentz invariance violation. If48

some of the conditions which back-up the CPT theorem are not satisfied, the symmetry could be violated.49

For example, as strings are non-pointlike and have non local interactions this may lead, in the context50

of string theories, to violations of the CPT and Lorentz symmetries [3]. In addition, Lorentz invariance51

violation has also been proposed as a breakdown of quantum mechanics in gravity [4] or as a feature of52

particular approaches to quantum gravity [5]. A Standard Model Extension (SME) [6] has also been de-53

veloped, adding artificially possible CPT violating interactions to the standard conserving Lagrangian of54

the Standard Model. This approach allows to compute a percolation effect of CPT violation, if it exists,55

from the Planck scale to the scale of atomic and particle systems, and at the same time to define possible56

observables which can be sensitive to that.57

58

Considering the fact that P [7], CP [8] and T violation [9] have already be found, the CPT symmetry59

is the last one still evading our pursuit. The experimental tests are based on an important consequence60

of CPT symmetry, which implies that the mass, the lifetime and the absolute value of the charge and the61

magnetic moment of an antiparticle should be exactly the same as those of the corresponding particle.62

Therefore, in the case of CPT symmetry, as soon as a difference between matter and antimatter is ob-63

served, CPT violation is automatically confirmed.64

The most precise CPT tests for leptons and baryons are performed using Penning traps. These experi-65

ments have obtained a limit on the g-factor relative difference for electrons and positrons corresponding66

to |ge− − ge+ |/gav. < 2 · 10−12 [10]. The experimental tests with protons and antiprotons have obtained67

a bound on the mass difference of |mp−mp|/mp < 2 · 10−9, CL = 90% [10]. In addition to these, high68

precision laser spectroscopy of exotic pHe+ atoms has achieved impressive progress [11]. The same is69

true for the double Penning trap method, which paves a path to measure the magnetic moment of the70

proton and the antiproton with ppb precision [12].71

72

In the last decades antihydrogen (H) atoms have been intensively studied. The precision comparison73

of the 1S-2S and of ground state hyperfine transitions between hydrogen and its antimatter counterpart74

provide sensitive tests of CPT invariance also in QED systems [13, 14]. In 2011, the ALPHA collabora-75

tion succeeded in trapping H atoms for more than 1000 s [15] and in 2013 the ASACUSA-CUPS group76

reported on the successful synthesis of H in a so called cups trap [16].77

78

Another interesting opportunity is to test the CPT simmetry in complex particle and antiparticle sys-79

tems where nuclear forces are involved [17], like nuclei and antinuclei. In this case, a test of the CPT80

symmetry may be done by measuring their masses, which are determined by the mass of constituent81

(anti)protons, (anti)neutrons and by the binding energy. The limits on the mass difference between a82

nucleus and the corresponding antinucleus from previous measurements are [18, 19]:83

|md−md|
md

< 5%
|m3He−m3He|

m3He
< 5% (CL = 90%) (1)
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where md = 1.875612859(41) GeV/c2and m3He = 2.808391482(62) GeV/c2 [20]. They concern the84

limit on the mass difference between deuteron (d) and antideuteron (d) and 3He and 3He nuclei1.85

In this study deuteron, 3He nucleus and corresponding antinuclei are searched for in Pb–Pb collisions,86

where they are copiously produced. Their production can be successfully modelled by macroscopic ther-87

modynamics, which assumes energy equipartition, or by a microscopic coalescence process, which as-88

sumes uncorrelated probabilities for (anti)nucleons close in position and momentum to become bound [22].89

Our measurement is based on the excellent tracking and identification capabilities of the ALICE experi-90

ment. The main detectors employed in the analysis are the Inner Tracking System (ITS) for the determi-91

nation of the interaction vertex, the Time Projection Chamber (TPC) for tracking and the measurement92

of the specific energy loss of the particles, and the Time Of Flight (TOF) detector for the measurement93

of the particle velocity.94

The d−d and 3He−3He mass-to-charge ratio differences are measured and are compared with published95

results. In both cases a significant improvement, from one to two orders of magnitude, with respect to96

currently available limits on the mass difference of these nuclei and antinuclei is obtained. These re-97

sults could also represent an experimental benchmark for possible future theoretical models, such as the98

Standard Model Extension (SME) restricted to the sector of the strong interactions.99

1In 1971 a measurement of the binding energy of the antideuteron equal to εd = 2.4±0.6 MeV was extracted at the Ser-
pukhov accelerator, under some model dependent assumptions [21].
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2 Data sample and event selection100

The analysis has been performed on Pb–Pb events collected in 2011,
√

sNN = 2.76 TeV, that is the bulk101

of the statistics.102

103

Data:104

– The event sample is the full LHC11h period (AOD115). The following runs are used in analysis.105

This list is tagged as “all good runs” in the dedicated LEGO train web page [23]:106

107

170593, 170572, 170388, 170387, 170315, 170313, 170312, 170311, 170309, 170308, 170306,108

170270, 170269, 170268, 170230, 170228, 170207, 170204, 170203, 170193, 170163, 170159,109

170155, 170091, 170089, 170088, 170085, 170084, 170083, 170081, 170040, 170027, 169965,110

169923, 169859, 169858, 169855, 169846, 169838, 169837, 169835, 169591, 169590, 169588,111

169587, 169586, 169557, 169555, 169554, 169553, 169550, 169515, 169512, 169506, 169504,112

169498, 169475, 169420, 169419, 169418, 169417, 169415, 169411, 169238, 169167, 169160,113

169156, 169148, 169145, 169144, 169138, 169099, 169094, 169091, 169045, 169044, 169040,114

169035, 168992, 168988, 168826, 168777, 168514, 168512, 168511, 168467, 168464, 168458,115

168362, 168361, 168342, 168341, 168325, 168311, 168310, 168115, 168108, 168107, 168105,116

168076, 168069, 167988, 167987, 167920, 167915117

– The physics selection is done at the AOD level: it rejects all triggers which are not usefull for118

analysis (e.g. empty-empty, empty-bunch, etc.) [24, 25]. No other trigger has been required in119

order to doesn’t affect the statistics. Fig. 1 reports the centrality distribution of selected events in120

the B(−−) and in the B(++) magnetic field configuration.121

– |νz| < 10 cm, where νz is the distance between the reconstructed primary vertex and the nominal122

interaction point.123

– The analysis is performed on two classes of events corresponding to two opposite magnetic field124

configurations of the ALICE detector, B(−−) and B(++).125

In total about 67 ·106 events are selected: 38 ·106 in the B(−−) configuration and 29 ·106 in the B(++)126

configuration.127

128

Monte Carlo:129

– LHC13d15 (ESD2): Hijing enriched by the (anti)deuterons and (anti)3He nucleus.130

The event selection is the same as that applied in the data. In total about 20K events were selected.131

The analysis in the Monte Carlo simulation has been performed in order to extrapolate some rigidity132

corrections applied in the data (see Sec. 4.1).133

3 Track cuts134

Global tracks are used in the analysis. The following cuts are applied:135

1. Kinematic cuts: pseudorapidity |η | < 0.8 and transverse rigidity (p/z)T > 0.2 GeV/c. A further136

cut to rigitity p/z > 1.5 GeV/c for (anti)d and p/z > 1 GeV/c for (anti)3He are applied during the137

2This MC production is anchored to the 2010 data (LHC10h). The data filtering for this period is different than the 2011
data. Therefore, in order to apply the same track cuts between real data and Monte Carlo simulation, ESDs were used.
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Fig. 1: Centrality distribution of selected events in the analysis. Also |νz|< 10 cm is applied.

analysis of the collected output to reject the secondaries (for deuterons) and a very poor statistics138

for (anti)3He.139

2. Quality cuts: standard cuts (2011) with the Filter Bit 16 in AOD115 [25] with a further requirement140

on DCAxy (see also Sec. 3.2):141

– number of TPC crossed rows > 70142

– ratio between the number of crossed rows and the findable clusters in the TPC > 0.8143

– χ2 per ITS cluster < 36144

– χ2 per TPC cluster < 4145

– ITS and TPC refit146

– ITS cluster requirement: at least one cluster in the SPD147

– kink daughters rejected148

– |DCAxy|< 0.1 cm (with the Filter Bit 16 this cut is set to 2.4 cm) and |DCAz|< 3.2 cm149

3. 2σTPC cut on the measurement of dE/dx with respect to the expected value for a given specie (see150

Sec. 3.1).151

4. kTOFout and kTIME. The flag kTOFout is enabled when a TPC track matches the TOF hit. kTIME152

is enabled when the expected times are properly computed during the tracking procedure from the153

primary vertex to the TOF inner surface3.154

3Starting from 2011 period kTIME is full efficient while in previous periods it was switched on only for global tracks case.
However because of a bug kTIME cannot be trusted without the simultaneous request of a SPD cluster as done in this analysis.
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3.1 TPC selection155

Fig. 2 shows the TPC signal in terms of specific energy loss (dE/dx) superimposed to the expected values156

of the standard TPC response for the 2011 Pb–Pb collisions (lines), which are used in the analysis4. The157

PID signal is quite important for this analysis because even if the TOF is able to separate nuclei from158

hadrons in a very wide range of rigidity with a large separation power in Pb–Pb collisions, there is a159

residual background due to tracks which are misassociated with a TOF hit. Such background can be160

substantially reduced below 2 GeV/c for the deuteron case, or completelly removed in the helium-3 case161

at any rigidity applying a 2σTPC cut on the measurement of dE/dx with respect to the expected value for162

a given specie.163

Fig. 2: Specific energy loss of the tracks (dE/dx) in TPC versus rigidity p/z for the 2011 Pb–Pb full statistics with
the track cuts used in analysis (standard cuts with very loose DCA).

3.2 Rejection of secondaries164

To reduce secondary nuclei which are produced in the interaction with the detector material, a cut on the165

Distance of Closest Approach (DCA) at the primary vertex is applied.166

At low rigidity, up to p/z∼ 1.5 GeV/c, the DCAxy distribution of d is centered around the primary167

vertex with a width smaller than 1 mm (Fig. 3 left). On the other hand, the deuteron distribution receives168

two contributions: a central peak due to the primary deuterons and a nearly flat background due to169

secondary deuterons. A cut of |DCAxy|< 0.1 cm was applied in analysis: it removes the majority of170

the secondary deuterons and selects almost all anti-deuterons (99%). Fitting the the central peak and the171

background with two different gaussian distributions the fraction of secondary deuterons that remains172

after the DCAxy cut can be estimated (Fig. 4 left): it is about 30% at p/z = 1 GeV/c and it becomes173

negligible (less than 3%) above p/z > 1.5 GeV/c (Fig. 4 right).174

With similar consideration, also for 3He and 3He the same DCAxy cut is applied (see also Fig. 3 right).175

Fig.5 and Fig.6 report the DCAxy vs. DCAz measurements (for (anti)deuteron and (anti)3He respec-176

tively) in p/z < 1.5 GeV/c (where the TPC works for both species). As you can qualitatively see also a177

further cut on DCAz would reject an ulterior fraction of secondaries (about a factor 10 for deuterons has178

4Fig.2 shows that the TPC is able to separate only a modest number of anti-triton t produced. Therefore the preci-
sion of a measurement of t− t mass difference would be limited by the statistic. The current experimental limit on that is
|mt−mt|/mt < 2.3%, CL = 90% [26]. In addition, Fig.2 shows also a few candidate of anti-alpha particle α , for which a
measurement of the mass has never been performed.
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been estimated) and only ∼ 1% of antideuterons. Instead of repeat the analysis with also this require-179

ment5, its effect on the final measurements is included in the systematics.180

Fig. 3: DCAxy distribution of d, d (left) and 3He, 3He (right) in a low rigidity bin (see text in figures).

Fig. 4: Fit of the DCAxy distribution of deuterons with a sum of the two gaussian distributions (left) in order to
extract the fraction of secondary deuterons within the |DCAxy|< 0.1 cm cut (right).

4 Analysis technique181

The squared mass-to-charge ratio of the (anti)deuteron and (anti)3He are measured using the TOF detec-182

tor via the formula (expressed in natural units):183

(m/z)2 =
〈p/z〉2

β 2γ2 β =
L

tTOF
(2)

where 〈p/z〉 is the mean rigidity and β is the velocity of the tracks, computed from the track lenght L184

and the time of flight tTOF. The mean rigidity can be calculated from the measurement of the rigidity at185

the vertex interaction. The analysis has been performed in 16 bins of pseudorapidity of width ∆η = 0.1;186

for the 3He and 3He one pseudorapidity bin is used (−0.8 < η < 0.8) since the production rate is a factor187

1000 less than for d and d.188

5It has been arised in Analysis Note review.
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Fig. 5: DCAxy vs. DCAz of deuterons (left) and antideuterons (right) in p/z < 1.5 GeV/c.

Fig. 6: DCAxy vs. DCAz of 3He (left) and 3He (right) in p/z < 1.5 GeV/c.

4.1 Rigidity corrections189

As can be noted from (2) having a good accuracy on the measurement of rigidity is very important to190

estimate the mass-to-charge ratio of the particles. In this section the corrections needed to have a good191

estimate of this quantity for light nuclei are presented. It has to be noted, that the TOF measurement is192

based on an integrated time (from primary vertex to TOF inner surface) and it is therefore connected to193

the mean velocity rather than to the one at the primary vertex.194

– The tracks slow down during their propagation in the detector. Such an effect is usually re-absorbed195

by the tracking algorithm once the particle identity is known. However during 2009-2013 the196

reconstruction procedure was implemented only for some particle species: pions, kaons, protons,197

electrons. This means that for a nucleus or an antinucleus that was propagated under the pion198

hypotesis the energy loss is underestimated, implying an underestimate of its rigidity at the primary199

vertex. The ratio between true and reconstructed rigidity at the primary vertex6 is shown in Fig. 7200

6Note that (p/z)true/(p/z)reco = ptrue/preco (in the ratio the charge disappears).
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(Monte Carlo): it was parameterized (also as a function of the pseudorapidity) and used in the data201

(the same parameterization is used for particle and the corresponding anti-particle specie). After202

applying the Monte Carlo correction a residual difference remains, less than 1% at low rigidity203

((p/z)reco < 1 GeV/c), as shown in Fig. 8 (similar result is obtained for lighter species such as204

protons and kaons).205

– The mean rigidity for each particle species i can be calculated from 〈p/z〉i = (mi/z)ST Dβγ where206

β = L/tTOF and ST D means PDG (Particle Data Group [10]) for particles or COD (CODATA [20])207

for nuclei. In the Monte Carlo simulation the ratio between this quantity and the true rigidity at208

the primary vertex (〈p/z〉i/(p/z) = 〈p〉i/p) as a function of the p/mST D
i (the energy loss depends209

on this quantity) for (anti)particle (π , K, p) and (anti)nuclei (d, 3He) was obtained. Fig. 9 reports210

these quantities for the protons7, deuterons and 3He (for the anti-particles the ratios are the same211

within 0.1%): also a small dependence on the pseudorapidity, of the order of 1%, is observed (the212

tracks with large pseudorapidity traverse more material than those in the central pseudorapidity213

region). These relationships were parameterized, with an accuracy better than 0.3% and applied to214

the data. The same parameterization is used for particle and the corresponding anti-particle specie.215

Fig. 7: Ratio between true and reconstructed momentum at the primary vertex (ptrue/preco) versus p/zreco for
deuteron (left) and 3He (right) in three pseudorapidity bins (Monte Carlo).

7the errors are very large for p/mp = βγ > 2 because the protons are generated with a βγ distribution that decreases rapidly
from 1 to 10. Instead, the deuterons and 3He are generated nearly flat in βγ .
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Fig. 8: Ratio between true and reconstructed momentum at the primary vertex (ptrue/preco) versus p/zreco for
deuteron and anti-deuteron (left) and 3He and 3He (right) after applying the Monte Carlo correction in the inte-
grated pseudorapity region 0.0 < |η |< 0.8.

Fig. 9: Ratio between mean rigidity and the true rigidity at the primary vertex (〈p〉i/p) as a function of the p/mi

for protons, deuterons, 3He nuclei that are good matched at the TOF in three pseudorapidity bins (Monte Carlo).

5 Analysis of the (anti)nuclei TOF signal216

The measurement of the mass-to-charge ratios are obtained by fitting the TOF squared mass-to-charge217

ratio distribution, which is calculated as in (2), for all the tracks that have passed all the cuts mentioned218

before. To fit the signal, a function g(m2) is used, which is a gaussian distribution up to τiσi from the219

mean value, where the index i represents a particle or antiparticle species:220

g(m2) ∝


exp
[
− (m2−m2

i )
2

2σ2
i

]
m2 < m2

i + τiσi

exp
[
−
(
m2−m2

i −
τi
2 σi
)

τi
σi

]
m2 > m2

i + τiσi

where m2 stands for (m/z)2. The parameter in the exponential component of the function are defined in221

order to guarantee that the function is continuos and differentiable as done also in other analysis [27].222
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For the (d)d and (p)p an exponential function is used to fit the background (for p and p also the signal223

of the kaons is included). Fig. 10 shows the TOF squared mass-to-charge ratio distribution of (3He)3He,224

(d)d and (p)p in a rigidity bin and the parameters extracted by the fit (see Appendix A for other rigidity225

bins).226

Fig. 10: TOF squared mass-to-charge ratio distribution of (3He)3He (top), (d)d (middle), (p)p (bottom) in a
rigidity bin.

5.1 Mass-to-charge ratios extracted by the fit227

d−d: Fig. 11 shows (on top) the mass-to-charge ratios extracted by the fit as a function of the rigidity at228

the primary vertex, in the two magnetic field configurations and in the pseudorapidity bin 0.7 < η < 0.8.229

The lower limit in the rigidity range of the measurement (x axis) is required to reject the most part of230

secondary deuterons. At rigidity p/z > 4.0 GeV/c the signal is very small and doesn’t give a significant231

contribution to the final measurement.232

The mass-to-charge ratio difference ∆(m/z)TOF
dd

/(m/z)COD
d superimposed to ∆(m/z)TOF

pp /(m/z)PDG
p is233

shown on bottom. The same measurements are reported in Fig. 12 for the specular pseudorapidity bin234
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−0.8 < η <−0.7 (see Appendix B for all η bins). As can be seen from the bottom plots of Fig. 12 a235

systematic effect occurs: it is very similar in the d− d and in the p− p mass-to-charge ratio difference236

in each rigidity bin, it shows a certain rigidity dependence and it depends also on the magnetic field237

configuration.238

This is true in all pseudorapidity bins: see e.g. Fig. 13 (left) where the comparison between the d−d and239

the p−p mass-to-charge ratio difference in one of the rigidity bin 1.9 < p/z < 2.0 GeV/c is reported.240

In order to give an indication of the mean value of the systematic effect, Fig. 13 (right) reports the d−d241

mass-to-charge ratio difference as a function of pseudorapidity, in the two magnetic field configuration,242

in which each point is the weighted mean of the measurements obtained in each rigidity bin. As can be243

seen, this systematic effect is close to 1% in B(−−) and close to 2% in B(++) for all negative pseudora-244

pidity bins and decreases from the positive central pseudorapidity (0.0 < η < 0.1) to large pseudorapity245

bins (0.0 < η < 0.1) where it is minor than 0.1%.246

247

248

3He− 3He: Fig. 14 on top reports the mass-to-charge ratios extracted by the fit as a function of the249

rigidity at the primary vertex in the range 1.0 < p/z < 3.0 GeV/c, in the two magnetic field config-250

urations: for rigidity higher than 3 GeV/c the statistics is very small and doesn’t give a significant251

contribution to the measurement. Fig .14 on bottom reports the ∆(m/z)TOF
3He3He

/(m/z)COD
3He superimposed252

to ∆(m/z)TOF
pp /(m/z)PDG

p . The systematic effect discussed before appears also in the measurement of253

the 3He− 3He mass-to-charge ratio difference although the statistical errors are large, higher than 0.1%.254

Looking to Fig .14 on bottom, a mean difference close to 0.2% in the B(−−) and close to 0.5% in the255

B(++) configuration is observed.256

Fig. 11: Measurement of the mass-to-charge ratios of d and d extracted by the TOF signal (on top). Measurement
of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d superimposed to ∆(m/z)TOF
pp /(m/z)PDG

p (on bottom).
The results are reported in both magnetic field configurations and in the positive pseudorapidity bin 0.7 < η < 0.8.

p−p: in Fig. 15 the mass-to-charge ratios extracted by the fit in the two magnetic field configurations,257

in the pseudorapidity bin 0.7 < η < 0.8 and −0.8 < η <−0.7 are reported (see Appendix B for all258

η bins). It has been already said that the measurement of the p− p mass-to-charge ratio difference259
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Fig. 12: Measurement of the mass-to-charge ratios of d and d extracted by the TOF signal (on top). Measure-
ment of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d superimposed to ∆(m/z)TOF
pp /(m/z)PDG

p (on
bottom). The results are reported in both magnetic field configurations and in the negative pseudorapidity bin
−0.8 < η <−0.7.

Fig. 13: Measurement of the mass-to-charge ratio difference ∆(m/z)TOF
dd

/(m/z)COD
d and ∆mTOF

pp /mCOD
p in one

of the rigidity bin 1.9 < p/z < 2.0 GeV/c as a function of pseudorapidity and in the two magnetic field con-
figurations (left). Measurement of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d as a function of
pseudorapidity estimated as the weighted mean of the measurements obtained in the rigidity bins in the range
1.5 < p/z < 4.0 GeV/c (right).

(∆(m/z)TOF
pp /(m/z)PDG

p ) in each rigidity, pseudorapidity bin and in each magnetic field configuration is260

the same that recorded for the nucleus-antinucleus mass-to-charge ratio differences.261
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Fig. 14: Measurement of the mass-to-charge ratios of 3He and 3He extracted by the TOF signal (on top). Mea-
surement of the mass-to-charge ratio difference ∆(m/z)TOF

3He3He
/(m/z)COD

3He superimposed to ∆(m/z)TOF
pp /(m/z)PDG

p
(on bottom). The results are reported in both magnetic field configurations.

Fig. 15: Measurement of the mass-to-charge ratios of p and p extracted by the TOF signal in the pseudorapidity
bin 0.7 < η < 0.8 and −0.8 < η <−0.7 (see Appendix B for all η bins).
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Fig.16 show the width of the TOF squared mass-to-charge ratio distributions extracted by the fit. The262

differences between particles and anti-particles are compatible within the statistical uncertainties, as263

expected as long as they are reconstructed with the same resolution.264

Fig. 16: Width of the TOF squared mass-to-charge ratio distributions for protons (left), deuterons (center) and 3He
(right). Particles and anti-particles are shown with a fill black points and red open square respectively.

5.2 Systematic effect correction procedure265

In this section the technique used to reabsorb the systematic effect introduced before is discussed (see266

Sec. 5.1). It occur if the mass-to-charge ratio of a nucleus and an anti-nucleus is recalculated as:267

(m/z)A ≡
(m/z)TOF

A
(m/z)TOF

p
· (m/z)PDG

p (m/z)A ≡
(m/z)TOF

A

(m/z)TOF
p
· (m/z)PDG

p A = 3He, d A = 3He, d

(3)

It will be shown also that the dependence of measurements of the mass-to-charge ratio differences from268

the magnetic field configuration is significative reduced and that from the pseudorapity and the rigidity269

disappear (see below).270

The systematic effect could be due to some defects of the tracking procedure and/or to an uncertainty on271

the description of the magnetic field. In any case, whatever the sources of this annoying effect are, it will272

correspond to an error on the rigidity δ (p/z)/(p/z) or/and on the track lenght δL/L. Let consider the273

error on the rigidity; the related uncertainty on the mass-to-charge ratio is:274

δ (m/z)TOF

(m/z)TOF =
δ (p/z)
(p/z)

(4)

where the error on the rigidity could be due also to the uncertainty on the description on the magnetic field275

and to the determination of the curvature of the track R (p/z = B ·R, in the x-y plane). Therefore, in first276

approximation, in three dimensions is expected that, at the same rigidity and pseudorapidity (neglecting277

the energy loss mechanism), the measurement of the rigidity of two different particles such a nucleus278

and a proton will be afflicted by similar error, indipently by their mass-to-charge ratios. Therefore in the279
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ratio of their mass-to-charge ratios it is reduced at the second order:280

(m/z)A ≡
(m/z)TOF

A
(m/z)TOF

p
· (m/z)p = (m/z)true

A

[
1+
(

δ p/z
p/z

)2
]

(5)

where δ (p/z)/(p/z)� 1 is used. In this way, the difference becames:281

(m/z)A− (m/z)A =
[
(m/z)true

A − (m/z)true
A

][
1+
(

δ p/z
p/z

)2
]

(6)

Now, let consider the error on the measurement of the track lenght δL/L that could be due to some defects282

of the tracking procedure and in the detector alignment. The related uncertainty on the mass-to-charge283

ratio is:284

δ (m/z)TOF

(m/z)TOF = γ
2 δL

L
(7)

Since the uncertainty δL/L� 1, the ratio between a nucleus and the proton mass-to-charge ratio can be285

writen as:286

(m/z)A ≡
(m/z)TOF

A
(m/z)TOF

p
· (m/z)p = (m/z)true

A

[
1+

δL
L
(p/z)2

(
(m/z)2

A− (m/z)2
p

(m/z)2
A(m/z)2

p

)]
(8)

Therefore8:287

[(m/z)A− (m/z)A]−
[
(m/z)true

A − (m/z)true
A

]
∝

[
δL
L
− δL

L

]
(9)

where δL/L stays for the positive particles and δL/L stays for negative particles. Reverting the magnetic288

field configuration, as the charged particles inverted their role from the point of view of the tracking,289

δL/L↔ δL/L. Therefore in order to evaluate the uncertainty on the mass-to-charge ratio difference290

with the technique defined from (3) the results in two magnetic field configuration will be compared (see291

below).292

293

In the following sub-sections the measurements of the mass-to-charge ratios recalculated as in (3) and294

the mass-to-charge ratios differences are reported.295

296

d−d: Fig. 17 on top shows the d and d mass-to-charge ratios obtained from (3) in the two pseudorapidity297

bins 0.7 < η < 0.8 and −0.8 < η <−0.7 (see Appendix C for all η bins). The d− d mass-to-charge298

ratio differences are reported on the second row of Fig. 17. As can be seen the redefinitions (3) have the299

effect to mostly remove the main systematic on the measurement in both magnetic field configurations.300

All this in all η bins. On third row of Fig. 17 the weighted means of the two sample of data B(−−) and301

B(++) are reported for all pseudorapidity bins (positive and negative). The final measurement (∆m/zdd)302

8The uncertainty δL/L is the same for a nucleus specie and the proton at the same rigidity p/z and at the same pseudorapity.
Indeed, neglecting the energy loss mechanism and approximating the TOF as a barrel, the curvature R of the two particles that
are moving in the x-y plane of ALICE is the same at the same rigidity (R = p/zB); therefore also their track leghts are the same.
In three dimensions the tracjectory of the particles is a cylindrical helix, therefore this is still true at the same psudorapidity.
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is shown in Fig. 17 on bottom (with only statistical errors), obtained taking the weighted mean of the303

measurements extracted in each η bin.304

3He− 3He: Fig. 18 on top left reports the measurement of the mass-to-charge ratios obtained as in305

(3). As can be seen the systematic effect is mostly absorbed in both magnetic field configurations.306

The differences between 3He and 3He are reported in Fig. 18 on top right. In order to extract the final307

measurement (∆m/z3He3He), with only the statistical errors, the weighted mean of the two results obtained308

in each magnetic field configuration is taken (Fig. 18 on bottom).309

Fig. 17: Measurement of the d and d mass-to-charge ratios obtained as in (3) in the two pseudorapidity bins
0.7 < η < 0.8 and −0.8 < η <−0.7 (on top). On second row, their differences in each magnetic field configura-
tion. The weighted mean of the two previous measurements for all pseudorapidity bins (on third row). The final
measurement as the weighted mean of all results obtained in each pseudorapidity bins (on bottom).
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Fig. 18: Measurement of the 3He and 3He mass-to-charge ratios obtained as in (3) (on top left). Their differences
on top right for each magnetic field configuration (on top right). The weighted mean of the two measurements (on
bottom).
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6 Systematic uncertainties310

Systematic uncertainties may arise from the particular choice of the cuts used to select the 3He, d, p (and311

antiparticles) signal such as the 2σTPC and vertex cuts, from the fit procedure used to extract the mass-312

to-charge ratios of 3He, d, p (and antiparticles) and from the parameterization of the mean rigidity. In313

addition a systematic error could be due to the tracking when the magnetic field configuration is inverted314

(the TOF alignment has been performed in the B(−−)).315

316

For the evaluation of the systematic error on the 3He−3He mass-to-charge ratio difference (∆m/z3He3He),317

the final measurement (Fig. 18 on bottom) is compared with the result obtained varying one cut at a time.318

In the difference the statistal errors (σ∆) are calculated according to σ∆ =
√
|σ2

1 −σ2
2 | where σ1 and σ2319

are the statistical errors e.g. in the cut 1 and in the cut 2.320

For the d−d mass-to-charge ratio difference (∆m/zdd), the evaluation of the systematic uncertainties has321

been obtained studying the distribution of the differences of all the measurements (for each rigidity and322

pseudorapidity bin) got e.g. in the cut 1 and in the cut 2 (see below).323

For each systematic uncertainty a scan of various cuts around the one chosen in the analysis has been324

performed, looking at the maximum deviation.325

Tab. 1 reports each systematic uncertainty of the 3He− 3He and d−d mass-to-charge ratio difference as326

maximum and as the root mean square deviation from the final result (assuming a uniform distribution of327

the results in various experimental conditions and procedures, the root mean square deviation can be es-328

timated as the maximum deviation divided by
√

3). For comparison the statistical error on the 3He− 3He329

mass-to-charge ratio difference is close to 1 MeV and on the d− d mass-to-charge ratio difference is330

close to 0.09 MeV.331

332

source
max. deviation r.m.s. deviation

3He− 3He d−d 3He− 3He d−d
TPC selection 1−6 MeV 0.25 MeV 0.6−3.5 MeV 0.14 MeV

secondary nuclei 0.3 MeV 0.05−0.3 MeV 0.2 MeV 0.03−0.2 MeV
fit procedure on TOF signal 0.1 MeV 0.1−0.3 MeV 0.07 MeV 0.06−0.18 MeV

parameterizations of mean rigidity 1.8 MeV negl. 1 MeV negl.
magnetic field configuration negl. 0.23 MeV negl. 0.13 MeV

Table 1: Summary of the main systematic uncertainties of the ∆m/z3He3He and ∆m/zdd. See text for a brief
discussion of them.

6.1 TPC track selection333

In order to evaluate the uncertainty due to the TPC track selection, the analysis has been performed also334

applying a 1σTPC, 3σTPC and 4σTPC cut, simultaneously on all (anti)particles and (anti)nuclei species. In335

Fig. 19 the difference between the ∆m/z3He3He obtained applying a 1σTPC cut and a 2σTPC cut is reported336

(this is the case where the maximum deviation is observed). Performing a fit with a pol1 function a337

maximum deviation between 1 MeV and 6 MeV is estimated (this is almost all due to the variation of338

the σTPC cut on the 3He and 3He).339

For the d− d, Fig. 20 shows the distribution of the difference of the ∆m/zdd applying a 4σTPC and a340

2σTPC cut, in each rigidity and pseudorapidity bin. As can be seen a maximum difference of 0.25 MeV341

is estimated performing a fit with a gaussian distribution over all points.342
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Fig. 19: Differences between ∆m/z3He3He obtained using a 1σTPC and a 2σTPC cut.

Fig. 20: Distribution of the differences of all measurement ∆m/zdd obtained applying a 4σTPC and a 2σTPC cut.

Fig. 21: Differences between ∆m/z3He3He obtained applying a |DCAxy|< 0.5 cm and a |DCAxy|< 0.1 cm cut.



20 ALICE Analysis Note 2012

Fig. 22: Distribution of the differences of all measurement ∆m/zdd obtained applying a |DCAxy|< 0.04 cm and a
|DCAxy|< 0.1 cm cut. The fit is performed over all points.

6.2 Secondary nuclei343

The DCAxy cut is varyied (simultaneously on all (anti)particles and (anti)nuclei species) in order to344

evaluate the effect of the residual fraction of secondary nuclei on the measurement of the mass-to-charge345

ratio difference. In the ∆m/z3He3He this corresponds to a maximum deviation of 0.3 MeV (it is obtained346

comparing the result for the two cuts |DCAxy|< 0.5 cm and |DCAxy|< 0.1 cm as in Fig. 21). For347

d− d mass-to-charge ratio difference, the rigidity bins less than p/z < 1.5 GeV/c have been excluded348

from the analysis in order to remove the majority of secondary deuterons (see Sec. 3.2). A very small349

deviation due to the residual fraction at higher rigidity p/z > 1.5 GeV/c of 0.05 MeV has been observed350

(it is obtained comparing the result for the two cuts |DCAxy|< 0.04 cm and |DCAxy|< 0.1 cm as in351

Fig. 22).352

Varying also the DCAz cut from 3.2 cm to 0.1 cm (the same value chosen for the xy-component) a353

systematic r.m.s deviation of 0.2 MeV in the rigidity range below 2 GeV/c is observed in d−d mass-to-354

charge ratio difference. In the ∆m/z3He3He the effect of this variation is negligible within the statistical355

errors.356

6.3 Fit procedure357

In order to evaluate the uncertainty due to the fit procedure on the TOF squared mass-to-charge ratio dis-358

tribution, various tests have been performed (changing the function used to parameterize the background,359

the binning of the hystograms, the range of the fit, etc.).360

For d−d: a maximum deviation close of 0.12 MeV has been estimated fitting only the central peak of the361

(anti)deuteron distribution (within 2σTOF), that is excluding the background (Fig. 23 left). The same for362

the (anti)protons: a maximum deviation of 0.1 MeV at p/z< 2 GeV/c and of 0.3 MeV at p/z> 3 GeV/c363

has been estimated (Fig. 23 right).364

For 3He− 3He: the uncertainty due to the fit procedure on the (anti)3He TOF squared mass-to-charge365

ratio distribution is negligible within the statistical error. A systematic error of 0.07 MeV arises from the366

fit of the (anti)proton signal (Fig. 24).367

6.4 Mean rigidity parameterizations368

As said in the Sec. 4.1 the same parametization of the mean rigidity has been applied for a nucleus369

and corresponding anti-nucleus. A residual difference could arise from a partial modification of the370

rigidity distributions. Very conservately this has been evaluated not applying them, simultaneously on371

all (anti)particles and (anti)nuclei species. As shown in Fig. 25 the mean difference between ∆m/z3He3He372
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Fig. 23: Distribution of the differences of all measurement ∆m/zdd obtained fitting only the central peak of the
(anti)deuteron distribution (within 2σTOF) and in the standard way in analysis (left). Differences between ∆m/zdd
obtained fitting only the central peak of the (anti)proton distribution (within 2σTOF) and in the standard way in
analysis (right).

Fig. 24: Differences between ∆m/z3He3He obtained fitting only the central peak of the (anti)proton distribution
(within 2σTOF) and in the standard way in analysis.

obtained calculating the mass-to-charge ratio using the rigidity at the primary vertex and the mean rigidity373

is 1 MeV and thus it has been taken as the systematic error. For the d−d mass-to-charge ratio difference374

this contribution is negligible within the statistical error.375

6.5 Magnetic field configuration376

A difference between the ∆m/zdd obtained in B(++) and B(−−) configuration is observed and reported377

in Fig. 26 on left (in this case, the proper estimate of the statistical errors in the difference is the squared378

sum of the those obtained in each independent sample of data). The maximum deviation from the average379

is 0.23 MeV, that is estimated taking the half of this difference. In the 3He− 3He mass-to-charge ratio380

difference this contribution is zero within the statistical fluctuation (Fig. 26 on right).381
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Fig. 25: Differences between ∆m/z3He3He obtained calculating the mass-to-charge ratio with the rigidity at the
primary vertex and with the mean rigidity.

Fig. 26: Difference of the ∆m/zdd obtained in the B(++) and B(−−) magnetic field configuration (left). The
same for ∆m/z3He3He (right).

6.6 Summary382

If the meaning of the statistical and systematic error have to be the same, as systematic uncertainties the383

root mean square deviations, previously estimated, have to be taken. Fig. 27 shows the parameterizations384

of each systematic error as a function of rigidity of d− d mass-to-charge ratio difference (left) and385

3He− 3He mass-to-charge ratio difference (right) extrapolated as discussed and used for computing the386

final results.387

In addition, in Fig. 28 the distribution of the mass-to-charge ratio difference measurements obtained using388

various procedures or cuts mentioned before is reported (∆m/zdd on top and ∆m/z3He3He on bottom).389

They are also compared with the systematic uncertainty of the final result. Looking to the plots you can390

see that it is well estimated.391
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Fig. 27: Mean value of each systematic error as a function of rigidity of d−d mass-to-charge ratio difference (left)
and 3He− 3He mass-to-charge ratio difference (right).

Fig. 28: Distribution of the mass-to-charge ratio difference measurements obtained using various procedures or
cuts mentioned in the text (∆m/zdd on top and ∆m/z3He3He on bottom). The final results (colored points) are
reported with their statistical and systematic error (vertical line and open box respectively).
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7 Results392

d−d: the final result is reported in Fig. 29 (on top). The statistical and uncorrelated systematic errors393

are shown separately by vertical line and open box, respectively. Both are used to extract the final394

result (superimposed to the plot). To estimate the final systematic error also the correlated uncertainties,395

represented by the fill gray box, are included910. The mass-to-charge ratio difference is compatible396

with zero within the estimated uncertainty, in agreement with the CPT invariance. In terms of deuteron397

mass-to-charge ratio (md = 1.875612859(41) GeV/c2 [20]), the result correspond to:398

(m/z)d− (m/z)d

(m/z)COD
d

= (0.9±0.5 (stat.)±1.4 (syst.)) ·10−4 (13)

that is the mass-to-charge ratio of d and d is experimentally found to be the same within 2 ·10−4:399

|(m/z)d− (m/z)d|
(m/z)COD

d
< 2.4 ·10−4 (CL = 90%) (14)

about 2 order of magnitude better than the previous experimental limit [18] and could represent the best400

CPT test for a complex particles system bound by the nuclear forces (see also Fig. 30).401

Our result is also competive compared with the measurement of the anti-deuteron binding energy (see402

below).403

3He− 3He: The final result (Fig. 29 on bottom) has been calculated as performed for d− d mass-to-404

charge ratio difference measurement. It is compatible with zero within the estimated error. In terms of405

3He nucleus mass-to-charge ratio (m3He = 2.808391482(62) GeV/c2 [20]):406

(m/z)3He− (m/z)3He

(m/z)COD
3He

= (−1.2±0.9 (stat.)±1.0 (syst.)) ·10−3 (15)

that corresponds to a bound on the mass-to-charge ratio difference equal to 2 ·10−3:407

|(m/z)3He− (m/z)3He|
(m/z)COD

3He

< 2.1 ·10−3 (CL = 90%) (16)

about one order of magnitude better than the previous experimental limit [19] (see also Fig. 30).408

9The weight mean x of a series of N measurements of the form xi±σ stat
i ±σ

unc. syst
i ±σ corr. syst (where σ stat

i , σ
unc. syst
i and

σ corr. syst are the statistical, the uncorrelated and the correlated systematic error, respectively; i = 1, ...,N) and its statistical
(σ stat) and systematic uncertainty (σ syst) can be calculated as [28]:

x =
∑

N
i=1 wixi

∑
N
i=1 wi

σ
stat =

√
∑

N
i=1 w2

i σ
stat,2
i

∑
N
i=1 wi

σ
syst =

√
(σunc. syst)2 +(σ corr. syst)2 (10)

where:

σ
unc. syst =

∑
N
i=1 wiσ

unc. syst
i

∑
N
i=1 wi

(11)

If the minimization of the squared sum of statistical and systematic errors is required, the weights (wi) are defined as (σunc. syst
i

are the uncorrelated systematic errors):

wi =
1

(σ stat
i )2 +(σ

unc. syst
i )2

(12)

10In Appendix C is reported as the final statistical and systematic errors vary with the rigidity range used to compute them.
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Fig. 29: d−d and 3He− 3He mass-to-charge ratio difference measurements. In the plots also the final mean values
(black line), the statistical and systematic errors are reported.

7.1 On other comparison: binding energy409

From these results and existing measurement of ∆mpp and ∆mnn, assuming no charge modification when410

building a bounded state, also the difference of the binding energy of a nucleus A and the corresponding411

antinucleus (∆εAA) can be extracted in a model indipendent way:412

∆εAA = Z ∆mpp +(A−Z) ∆mnn−∆mAA (17)

where Z and A are the atomic and mass number, respectively; the neutron-antineutron mass difference is413

∆mnn = 0.085±0.051(stat.)±0.029(syst.) MeV [10, 29] (the ∆mpp is negligible).414

d−d: in terms of the binding energy of the deuteron (εd = 2.22456614(41) MeV [30]), the our estimate415

has a precision of 11%:416

εd− εd
εd

=−0.04±0.05 (stat.)±0.12 (syst.) ⇒
εd− εd

εd
=−0.03±0.13 (this work, [10]) (18)
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Fig. 30: Measurement of the nucleus A and anti-nucleus A mass-to-charge ratio difference (where A = 3He, d).
The red points are those obtained in this analysis. In the small boxes also the comparison with the previous
experimental limits is shown: they have been calculated from the measurements of the antinuclei mass-to-charge
ratios (see references in the plot) and from the nuclei mass-to-charge ratios reported in [10].

It can be compared to the same quantity obtained from the measurement of the binding energy of an-417

tideuteron (εd = 2.4±0.6 MeV [21]) extracted at the Serpukhov accellerator. It corresponds to a preci-418

sion close to 27%, about 3 times less accurated than our result:419

εd− εd
εd

=−0.08±0.27 [21], [30] (19)

3He− 3He: In the same way also a first measurement of the difference of the binding energy of 3He and420

3He can be extracted with a precicision of 24%:421

ε3He− ε3He
ε3He

= 0.24±0.16 (stat.)±0.18 (syst.) (20)

422

⇒
ε3He− ε3He

ε3He
= 0.24±0.24 (this work, [10]) (21)

where the binding energy of the 3He is ε3He = mp +mn−m3He = 7.71789(10) MeV [10, 20].423
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8 Plots for the paper424

See:425

– paper: https://aliceinfo.cern.ch/ArtSubmission/node/468426

– public note: https://aliceinfo.cern.ch/Notes/node/381427
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9 Appendix A467

This section reportes the TOF mass-to-squared distribution of (anti-)3He,(anti-)deuteron and (anti-)proton468

in B(−−) magnetic field configuration (for the last two particle species in a selected pseudorapidity in-469

terval 0.7 < η < 0.8).470

Fig. 31: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 32: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 33: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 34: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 35: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 36: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 37: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 38: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 39: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 40: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 41: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 42: TOF squared mass-to-charge ratio distribution of (d)d (top) and (p)p (bottom) in B(−−) and in selected
rigidity bins.
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Fig. 43: TOF squared mass-to-charge ratio distribution of 3He (right) and 3He (left) in B(−−) magnetic field
configuration.
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10 Appendix B471

As indicated in Sec. 5.1, here is reported the measurement of the mass-to-charge ratios m/zTOF of472

deuterons and anti-deuterons, protons and anti-protons extracted by the fit on the TOF squared mass-473

to-charge ratio distribution. This for all pseudorapity bins and in both magnetic field configurations.474

Also the mass-to-charge ratio differences ∆(m/z)TOF
dd

/(m/z)COD
d superimposed to ∆(m/z)TOF

pp /(m/z)PDG
p475

is shown.476

Fig. 44: Measurement of the mass-to-charge ratios of d and d extracted by the TOF signal (on top). The same for
p and p (in the middle). Measurement of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d superimposed
to ∆(m/z)TOF

pp /(m/z)PDG
p (on bottom). The results are reported in both magnetic field configurations and in the

positive pseudorapidity bins in the range 0.0 < η < 0.4.
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Fig. 45: Measurement of the mass-to-charge ratios of d and d extracted by the TOF signal (on top). The same for
p and p (in the middle). Measurement of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d superimposed
to ∆(m/z)TOF

pp /(m/z)PDG
p (on bottom). The results are reported in both magnetic field configurations and in the

positive pseudorapidity bins in the range 0.4 < η < 0.8.



44 ALICE Analysis Note 2012

Fig. 46: Measurement of the mass-to-charge ratios of d and d extracted by the TOF signal (on top). The same for
p and p (in the middle). Measurement of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d superimposed
to ∆(m/z)TOF

pp /(m/z)PDG
p (on bottom). The results are reported in both magnetic field configurations and in the

negative pseudorapidity bins in the range −0.4 < η < 0.0.
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Fig. 47: Measurement of the mass-to-charge ratios of d and d extracted by the TOF signal (on top). The same for
p and p (in the middle). Measurement of the mass-to-charge ratio difference ∆(m/z)TOF

dd
/(m/z)COD

d superimposed
to ∆(m/z)TOF

pp /(m/z)PDG
p (on bottom). The results are reported in both magnetic field configurations and in the

negative pseudorapidity bins in the range −0.8 < η <−0.4.
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11 Appendix C477

This section reports the mass-to-charge ratio of deuteron and anti-deuteron obtained as in (3) (see478

Sec. 5.2) in both magnetic field configurations and in positive pseudorapidity and in the negative pseu-479

dorapidity bins (Fig. 48 and Fig. 49).480

Fig. 48: Measurement of the d and d mass-to-charge ratios obtained as in (3) in the positive pseudorapidity bins
and in both magnetic field configuration.
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Fig. 49: Measurement of the d and d mass-to-charge ratios obtained as in (3) in the negative pseudorapidity bins
and in both magnetic field configuration.
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12 Appendix D481

Fig. 50 shown how the final statistical, systematic and total error (taken as the squared sum of the first482

two) vary as a function of the upper limit on the rigidity range of Fig. 29. The mimimum of the total483

error is at p/z = 2.7 GeV/c for (anti)deuterons and at p/z = 2.5 GeV/c for (anti)3He. However setting484

these upper limits the total error decrease only by 0.6% and 1.2%, respectively, respect than to take the485

full range. Therefore the whole data set is kept without reject rigidity bins.486

Fig. 50: Statistical, systematic and total error (taken as the squared sum of the first two) on the final mass-to-charge
ratio difference of d and d (left) and 3He and 3He (right) as a function of the upper limit in the rigidity range of
Fig. 29.
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