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Fig. 9.10 Electron-positron scattering in the neighborhood of the Z° pole.
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Fig. 5. Sum Kurie plot, where p and E are, respectively, the ß 

momentum and kinetic energy, F(Z, E) is the Coulomb factor 

and S(E) is the shape factor. 

and the flat residual background mainly caused by 
cosmic rays and environmental radioactivity. 

The final Kurie plot resulting from the sum of 
the 8 detectors is shown in Fig. 5. It corresponds to 
~6.2 x 10° !87Re-decays above the common en- 
ergy threshold of 700 eV. The spectrum was fit in 
the energy interval 0.9-4 keV (see Section 2) and 
the 1?/DOF of the fit is 0.905. The preliminary 
measured value for the end-point is 
2465.3 +0.5(stat.) + 1.6(syst.) eV. In the chosen 

fitting interval, the systematic error is determined 
by the uncertainties in the energy resolution, in the 
detector response function, and in the shape of 
the background below the f spectrum. By fitting 
the distribution of the time intervals between two 
successive B decays (see Section 2), we could 

precisely determine the '89Re half-life, which was 
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Fig. 6. Experimental BEFS superimposed to the theoretical 

prediction for AErwnm = 30 eV. 

found to be [43.2+0.2(stat.)+0.1(syst.)] x 10° 
years. Here the statistical error is due to the 
uncertainties in the measurement of the mass of 
the absorbers and the systematic error is due to the 
uncertainties in the pile-up discrimination. The 
values for the end-point energy and for the half-life 
are the most precise existing in the literature. The 
latter has considerable impact in geochronology. 

The squared electron antineutrino mass m1, is 
4112+207(stat.) +90(syst.) eV, where the sys- 
tematic error has the same origin as for the end- 
point energy quoted above. The 90% C.L. upper 
limit to the electron antineutrino mass is 15 eV. 

<This result is in agreement with the expected ~ 
sensitivity deduced from a Monte Carlo simulation 
of an experiment with the same statistical sig- 
nificance as our data set [5]. 

The fit residuals in the energy interval between 
470 eV (the common energy threshold for 7 of the 
8 detectors) and 1.3 keV show a clear evidence of 
an oscillatory modulation of the data due to the 
Beta Environmental Fine Structure (BEFS) in 
AgReO, (Fig. 6). This important effect was first 
observed for metallic rhenium [4]. A quantitative 
analysis in terms of AgReO, lattice structure is 
presently on the way. 

5. Conclusions 

The limit on m, reported in this paper, even if 
not yet competitive to the limit of about 2 eV
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wf p= me = 0,511; 

mn = 939.565; 

mp = 938.272; 

mpiplus = 139,570; 

mpinought = 134.977; 
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Exercises Wr 81 
4 

: it). Track the e+ density through annihilation assuming Net = ne). This 

ity holds during the BBN epoch because electromagnetic interactions (e.g., 

e= => y +7) are so strong. When does the density fall to 1% of the photon 

y density? If 7 =6x107%, at what temperature do you expect n.- to depart 
(0)7 

Me 

cise 3. Compute the rate for neutron-to-proton conversion, Anp. Show that it 

ial to Eq. (3.29). There are two processes which contribute to Anp: N+Ve 4 
<and n+e? 4 p+v,. Assume that all particles can be described by Boltzmann 

tics and neglect9 the mass of the electron:-With these approximations the two 
are identical = === ~~~ TR RE thew sie 
[se Eq. (3.8) to write down the rate for n+ 1% 4 p+e=. Perform the integrals 
neavy particle momenta, to get 

° 
a E F 1 | 

Anp = n) (ov) = T I: pr e-Pv/T ; ' 

Am? J (2m)°2p, 

«os 4 ) M (3.61) 
(2r)#2pe - Pu Pe | | 

"he amplitude squared is equal to |M|? =32G%(1 + 392 )m2p pb, where ga is 
xial-vector coupling of the nucleon. The present best measurement of ga is via 
eutron lifetime, 7, ='\oG?,(1 + 3g%,)m®/(27°), where the phase space integral 

Q/me 
ho = /  de(a4Q/m (a? 4 1)? = 1.636. (3.62) 

1 

r out the integrals in Eq. (3.61) to get the rate, Anp in terms of 7,,. Don9t forget 

1ltiply by 2 for the two different reactions. 

cise 4. Solve the rate equation (3.27) numerically to determine the neutron 
on as a function of temperature. Ignore decays. There are (at least) two ways 

cf this computation. The first is to treat it as a simple ordinary differential 

ion and solve numerically. The second is to proceed analytically and reduce 

roblem to an evaluation of a single numerical integral. This second method, 

1 Pll lead you through here, is based on a numerical coincidence noted by 

stein, Brown, and Feinberg (1988). 
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65. 25.xx. Antineutrino cross section. 

Consider a process in which a massless electron antineutrino with energy E, is absorbed 

by a stationary nucleus X, converting it into a nucleus Y and a positron: D¿X 4 e*Y. 

The positron goes off at an angle 4 with respect to the incident antineutrino. Assume that 

E, is low enough that the kinetic energy of Y is negligible. This means that the lab frame 

and the CM frame are basically the same, so you can calculate everything in the CM frame 

and completely ignore the kinetic energies of the X and Y (but not their momenta). 

(a) Let Q = mx 4 my 4 me, where mx and my are the masses of the nuclei. You may 

assume that Q < 0, for otherwise the X would be unstable to B+ decay (X => Yetv.). 
Compute the minimum energy E, required for ZX 4 e*Y to occur, in terms of ©. 

(b) Assume that E, is above the threshold calculated in part (a). Compute the energy E. 
and momentum p, of the final-state positron in terms of E,, me, and Q. 

(c) Draw the Feynman diagram for this process and write the amplitude A, making the 

same assumptions we did in class for the spin and nuclear stuff. Express A solely in terms 

of Gr, mx, Me, E,, Q, and the nuclear matrix element M. 

(d) Starting from the general 2 + 2 formula that we derived in class, write down (da/dQ) em, 
the differential cross-section for this process in the CM frame, expressing your final answer 

solely in terms of Gr, mx, Me, E,, Q, and the nuclear matrix element M. 

(e) Simplify your answer by assuming that E,, m. and Q are all much less than mx. 

(f) Now assume that M is independent of 9 to compute the cross section o for this process. 

(g) Finally, specialize your result to the process ip 4 etn. You may assume that M 

takes on the same value that we found in class for neutron decay n 4 pe= D., to which this 

process is closely related. Numerically evaluate o for an incident antineutrino of energy 

E, = 2.5 MeV, expressing your result in fm? and also in barns.
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66. 23.09. 19.08. Since 2005. Mean free path of antineutrinos in matter. As you calculated 

in the previous problem, neutrinos (or antineutrinos) have a very small absorption cross 

section in matter, of the order of 1071 barns for incident neutrino energies of a few MeV. 

(a) Show that in general the rate of depletion of neutrino flux as it passes through an 

absorbing material is given by dF/dx = 4uF where y is a constant, and compute y in 

terms of the cross section o and the number density of targets n. 

(b) Show that the flux diminishes as F(x) = Foexp(-ux), where Fo is the flux as the 
beam enters the material and x is the distance into the material. 

(c) Calculate £, the mean free path of the neutrino, i.e., the average distance it travels 

before being absorbed. 

(d) Assuming o = 1071 barns and n = 10% targets per cubic meter, numerically evaluate 

the mean free path, expressing your result in light-years.
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Fig. 6. 4 Schematic diagram of the experiment by Reines and Cowan (1959), 

interactions of free antineutrinos from a reactor. 
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67. 

yu 

23.08. 19.08. Since 2015. Cowan-Reines antineutrino detection experiment. 

In the first direct neutrino detection experiment in 1956, a beam of antineutrinos from a 

nuclear reactor, with average energy of about 2.5 MeV, traversed a tank of water. 

(a) Show that the antineutrinos are sufficiently energetic to be absorbed by the hydrogen 

nuclei in water. 

(b) Show that the antineutrinos are not sufficiently energetic to be absorbed by the oxygen 

nuclei. 

(c) The cross-section for antineutrino absorption by a proton at the relevant energy scale is 

about 1.1 x 1071 barns. The beam flux through the tank is F = 1.2 x 1017 antineutrinos 

per second per meter squared. The lateral dimensions of the tank of water are 18 in SO 

432 m, and the height of each of the two water-filled sections is 7.6 cm. (A schematic 

of the experiment can be found on Canvas.) If the efficiency of detecting each event is 

¬ = 0.025, compute the number of events expected to be detected in one day.
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