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STAR Experiment reports observation of the antimatter helium-4  
nucleus 
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The STAR Experiment (http://www.star. 
bnl.gov) – a collaboration of 53 institu-
tions from 12 countries: Brazil, China, 
Croatia, the Czech Republic, France, 
Germany, India, Korea, the Netherlands, 
Poland, Russia and United States of 
America – has reported in the journal 
Nature1, the observation of the antimatter 
helium-4 nucleus, also known as anti-α. 
The antimatter helium-4 nucleus, 18 of 
which were observed in STAR, is the 
heaviest antimatter discovered to date 
and has provided a benchmark for its 
possible observation in cosmic radiation. 
The matter counterpart (helium-4 nucleus) 
identified a century ago by Rutherford is 
known to be present in cosmic radiation 
at 10% level. 
 The first idea of antimatter was pro-
posed in a Nature article by Arthur 
Schuster titled ‘Potential Matter – A 
Holiday Dream’ in 1898 (ref. 2). This 
touched upon concepts later realized to 
be related to matter – antimatter symme-
try and validity of charge conjugation, 
parity and time reversal (CPT) theorem. 
Each of these has now developed into 
advanced fields of research. It was only 
in the years 1927–1928, an equation by 
Paul Dirac predicted a new duality and 
underlined what Schuster had suggested 
in 1898. Dirac, through his relativistic 
equation of motion for the electron3, was 
able to predict the positron (antimatter 
partner of the electron) indicating that 
negative protons must also exist and 
went on to speculate the existence of  
antimatter stars. Subsequently, Carl 
Anderson discovered positron in 1932 
(ref. 4), and 1955 and 1956 saw the dis-
covery of antiprotons5 and antineutrons6 
respectively. During these periods it was 
believed that application of CPT on mat-
ter would lead to antimatter theoretically. 
The experimental evidence of parity vio-
lation in weak interaction came in 1957, 
followed by the evidence of CP violation 
in the decay of the long-lived CP-odd 
neutral kaon into a CP-even final state 
placing doubts on antimatter being the 
mirror image of matter and its existence. 
Search was then extended to look for 
antinucleus and in 1965 antideuteron was 
discovered at CERN7 and BNL8. In 1995, 

antihydrogen atom was created in the 
LEAR experiment at CERN by slowing 
the antiprotons and attaching positrons9. 
This could lead to a test of CPT theorem 
in the near future. On the other hand, the 
realization of the equivalence of matter 
and energy by Einstein led to the fact 
that when matter and antimatter meet 
they annihilate into energy. This fact was 
used in the Big Bang picture of the uni-
verse to conclude that the energy was  
realized into matter and antimatter for-
mation in equal abundance. It led to one 
of the unsolved problems in science – 
where did antimatter of the universe go? 
Dedicated search for antimatter nucleus 
(like anti-α) in space as a reminiscent of 
the antimatter of the universe is the main 
physics motivation of the Alpha Mag-
netic Spectrometer (called as AMS-02) 
experiment10 launched in May 2011 and 
mounted at the International Space Sta-
tion. 
 About a billion collisions between 
gold nuclei using the Relativistic Heavy 
Ion Collider (RHIC) Facility in Brook-
haven National Laboratory, USA, at  
centre of mass energies of 200 and 
62.4 GeV, were searched in the antimat-
ter nucleus analysis reported by STAR1. 
The technique was first used to measure 
the ionization energy loss of charged par-
ticles produced in the collisions using a 
detector (called the Time Projection 

Chamber (TPC))11 having gas as sensi-
tive medium and placed inside a mag-
netic field. The average energy loss 
(〈dE/dx〉) of these charged particles pro-
duced in the gas is proportional to the 
mass of the charged particle and inver-
sely proportional to the square of its  
velocity – the theoretical calculation of 
which was formulated by Bethe and 
Bloch12. The charge and the momentum 
of the particle are measured using a 
strong magnetic field of 0.5 Tesla. The 
〈dE/dx〉 versus momentum per unit 
charge can be used for identifying the 
charged particles produced depending on 
their mass and momentum (Figure 1). 
The theoretical expectations as formu-
lated by Bethe and Bloch are also shown 
in Figure 1 as solid lines for different 
charged particles. The excellent agree-
ment for lower mass particles provides a 
sound baseline for the claims of discov-
ery for the heavier nuclei. One can  
observe four candidates of antimatter  
helium-4 nucleus (Figure 1 a) and several 
candidates of helium-4 nucleus (Figure 
1 b) clearly separated from helium-3 nu-
clei at lower momenta. The lack of sensi-
tivity in dE/dx measurements to identify 
the charged particles as momentum be-
comes comparable or larger than mass of 
the particle and does not allow resolving 
the remaining antimatter helium-4 nuclei 
from antihelium-3 nuclei. The experi-

 
Figure 1. 〈dE/dx〉 versus momentum/charge (p/Z) for negatively charged particles (a) 
and positively charged particles (b). The black curves show the expected values for each 
species according to Bethe–Bloch calculations. 
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ment then uses another detector with 
overlapping coverage as TPC operating 
on the basis of time-of-flight (TOF) of 
the charged particle for identification. 
The average time taken for a charged 
particle to travel a fixed distance is pro-
portional to mass of the particle and  
inversely proportional to its momentum. 
With timing resolution of 95 pico sec-
onds the STAR TOF detector13 in con-
junction with the TPC allowed to 
observe 18 candidates of antimatter  
helium-4 nucleus. This can be seen from 
the mass versus counts plot as measured 
by TOF (Figure 2). A detailed systematic 
estimate of the probability of misidenti-
fication of antimatter helium-4 nuclei is 
of the order of 10–11 and the probability 
of the contribution of background counts 
to the 18 antimatter helium-4 nuclei is 
only 1.4 (ref. 1). 
 STAR experiment went on to measure 
the production cross section of these an-
timatter nuclei and found that the pro-
duction rate decreases by a factor 1600 

with addition of each antinucleon. This 
then indicates that the production rate of 
the next antimatter nucleus (lithium-6) 
will be down by a factor 2.6 × 106 com-
pared to the antimatter helium-4 nucleus, 
thereby making it beyond the reach of 
current accelerator technology. Hence, 
barring one the dramatic discoveries by 
AMS-02 or a new breakthrough in accel-
erator technology the STAR experiment 
observation of antimatter helium-4 nuclei 
will remain the heaviest stable antimatter 
observed for the foreseeable future. Sub-
sequent to this discovery, ALICE at 
CERN carrying out a similar experiment 
with lead ion collisions at a factor 10 
higher centre of mass energy, has also 
reported the observation of anti-α candi-
dates, thereby confirming their produc-
tion in nuclear interactions. 
 The observation of anti-α or even 
heavier anti-nuclei in space would indi-
cate the existence of a large amount of 
antimatter in universe – the main motiva-
tion of Alpha Magnetic Spectrometer 

space detector. STAR Experiment has 
shown that anti-α exists. It has measured 
the rate of production of anti-α in nu-
clear interactions thereby giving a point 
of reference for possible future observa-
tions in cosmic radiation. The existence 
of anti-α in space would address one of 
the major unsolved problems in physics 
that is understanding precisely how and 
why there is a predominance of matter 
over antimatter in the universe. 
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Figure 2. The mass of nuclei and antinuclei measured using the STAR Time-of-Flight 
detector. A clear and separated antimatter helium-4 nuclei is observed from the helium-
3 nuclei. The mass of the antimatter helium-4 nuclei is consistent with that from the mat-
ter helium-4 nuclei. 
 


