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Fig. 4.1. Schematic thermal history of the Universe showing some of the major
episodes envisaged in the standard model. GUTs is short for grand unification
theories and MWB is short for (the last scattering of) the microwave background
radiation. The Universe is dominated by radiation and relativistic particles up to
a time a little before that of MWB and by matter (including non-baryonic matter)

thereafter, with dark energy eventually taking

OVer.



Table 4.1. Brief thermal history of the Universe

Time kT, T, gx

Un- 10745 10" GeV Planck era; quantum grav.
certain 1073 s 101> GeV GUTs, Infl., Primord. fluct.
physics 1077 100 GeV ~ 100 Electroweak trans.

10~%s 150 MeV 20 Q-H trans.; meson decay
Physics Weak interaction decoupl.;
fairly 1s IMeV 100K 43/4 e annihilation;
well T, <Ty
known 100 01Mev  10°K 336 BBNS (D, He, “He, 'Li)

Matter domination

Un- 4 x 10° yr 02eV  3000K (Re)comb.; MWB last scat.
certain 108yr 4 x1072eV 50K Re-ionization;
details Structure formation

1019yr 2 x 107%eV 3K Present
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Fig. 4.2. Evolution of light-element abundances with temperature, for nio =
3.16. The dashed curves give the nuclear statistical equilibrium abundances for
4He, 3He, 3H(t) and 2p(d) respectively; the dotted curve for 2D allows for the
diminishing number of free neutrons. After Smith, Kawano and Malaney (1993).
Courtesy Michael Smith.
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FIG. I1. A summary of neutron lifetime measurements. Solid

circles are beam experiments, open squares are bottle experiments,
and diamonds are magnetic trap experiments. The inset shows the
eight experiments included in our global averages. See Table I for
references.

method, span a range of 881-937 s and are in poor agreement
relative to their quoted uncertainties. They comprise the first
“neutron lifetime problem.” This troubling disagreement
motivated concerted programs at neutron sources around
the world to produce more measurements using novel tech-
niques such as the bottle method and magnetic traps. The fruit
of this substantial effort can be seen in Fig. 11 as the cluster of
10 precision results in the period of 1986-1993. These are all
in good agreement and they confirmed the lowest of the three
disagreeing numbers (Bondarenko et al., 1978). Thus, the
problem seemed to be- solved. Subsequent experiments
through 2004 gave additional confirmation. The 2004
Review of Particle Properties (Eidelman ez al., 2004) used
a weighted mean of the seven most recent measurements to
date with quoted errors less than 10 s to obtain a recom-
mended world average for the neutron lifetime of 7, =
885.7 = 0.8 s, with a chi squared of 3.5 for 6 degrees of
freedom, a very comfortable agreement.

In 2004, Serebrov and collaborators from PNPI announced
the result of the Gravitrap II experiment: 7, = 878.5 =
0.76 s, in serious conflict with the existing world average.
Not unexpectedly, this result was treated with some skepti-
cism at first, but since then it has been widely discussed and is
now taken seriously by scientists in this field. The PNPI group
is very experienced and the experiment was done carefully.
Because the new cryogenic oil coating gave a much smaller
probability for inelastic scattering at the wall, the measured
neutron storage times were much longer, and the extrapola-
tion time to the neutron lifetime much shorter than previous
bottle experiments. It is often claimed, as a general argument,
that experiments with smaller extrapolations from their mea-
surements to the physics result tend to be more reliable. As a
guiding principle that is no doubt true, but of course it does
not prove the validity of a particular experiment. We are now
faced with a second neutron lifetime problem. The new
result from the magnetic bottle experiment (Ezhov, 2009)
adds support to the lower number. The Particle Data Group

Rev. Mod. Phys., Vol. 83, No. 4, October-December 2011

TABLE I. A summary of neutron lifetime measurements. When
applicable, statistical and systematic errors have been added in
quadrature. Asterisks indicate the 8 experiments included in our
global averages.

Neutron

Reference lifetime (s) Uncertainty (s)

Beam Experiments
Robson, 1951 1110 220
Spivak et al., 1956 1040 130
D’Angelo, 1959 1100 160
Sosnovsky et al., 1959 1013 26
Christensen et al., 1972 918 14
Last et al., 1988 876 21
Spivak, 1988* 891 9
Kossakowski er al., 1989 878 30
Byrne et al., 1996%* 889.2 4.8
Nico er al., 2005% 886.3 34 &

Bottle Experiments
Kosvintsev et al., 1980 875 95
Kosvintsev, Morozov, 0903 13
and Terckhov, 1986
Morozov, 1989 893 20
Mampe et al., 1989* 887.6 3.0
Alfimenkov et al., 1992 888.4 73
Mampe et al., 1993* 882.6 2.7
Arzumanov et al., 2000 885.4 0.98
Serebrov er al., 2005% 878.5 0.76
Pichlmaier er al., 2010% 880.7 1.8

Magnetic Trap Experiments
Paul et al., 1989% 877 10
Ezhov et al., 2009 878.2 1.9

evaluated average, nor to expand the uncertainty in the usual
prescription. Instead, they maintained their 2004 recom-
mended value, noting (Nakamura, 2010) the following:

The most recent result, that of Serebrov et al.
(2005, 2008), is so far from other results that it
makes no sense to include it in the average. It is up
to workers in this field to resolve this issue. Until
this major disagreement is understood, our present
average of 885.7 = 0.8 s must be suspect.

In a recent and significant development, Arzumanov et al.
stated that they reanalyzed the experiment and found two
important new corrections: (1) a previous correction for the
geometry dependence of the thermal neutron detector effi-
ciencies had the wrong sign, and (2) an ultracold neutron
heating effect that had not been previously accounted for. The
combination of these is expected to lower their neutron life-
time result significantly (Bondarenko, 2011), bringing it
much closer to the Gravitrap II number. We note, however,
that this will not completely solve the problem. If we take the
set of experiments used for the Particle Data Group 2004
average and omit the Arzumanov et al. (2000) number, the
average becomes 886.4 £ 1.4 s, still 5 standard deviations

—chose not to include these new results in their most recent —above the Gravitrap Il result. The consensus in the field is that
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FIG. 7. The sensitivity of the light element predictions to the number of neutrino species, similar
to Figure 1. Here, abundances shown by blue, green, and red bands correspond to calculated

abundances assuming N, = 2,3 and 4 respectively.

purely from matching the BBN calculations with the observed abundances of helium and
deuterium. In this case, the fact that the peak of the likelihood function is at N, = 2.85
can be traced directly to the fact that the central helium abundance is Y, = 0.2449. Given
the sensitivity of Y, to NV, found in Eq. 13, the drop in N, from the Standard Model value
of 3.0, compensates for a helium abundance below the Standard Model prediction closer
to 0.247. Nevertheless, the uncertainty again places the Standard Model within 1 o of the
distribution peak. The remaining cases displayed (in green) correspond to combining the
CMB data with BBN. There are 4 green curves in the left panel and these have been isolated
in the right panel for better clarity. As one can see, once one combines the BBN relation

between helium and the baryon density, the actual abundance determinations have only a
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