
PHYS4702 Atomic, Nuclear, & Particle Physics Fall 2015 HW #12

Due to the Grader by 5pm on Tuesday 8 Dec 2015

(1) Derive the formula for “two-neutrino disappearance” oscillations, namely
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where ⌫a is a flavor eigenstate, ✓ is the mixing angle between flavor and mass eigenstates,
�m2 ⌘ m2
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is the di↵erence between the squares of mass eigenvalues in eV/c2, and L/E
is in m/MeV or km/GeV. Here H is the Hamiltonian for a free (relativistic) particle and all
neutrino states have definite momentum p � m

1,2c. The mixing between ⌫a and ⌫b is
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Use the following data to estimate ✓ and �m2 for ⌫̄e disappearance:

systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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where Δji ≡ 1.267Δm2

jiðeV2Þ½Lð mÞ=EðMeVÞ%, and Δm2
ji

is the difference between the mass-squares of the mass
eigenstates νj and νi. To estimate the values of Δm2

31 and
Δm2

32 from the measured value of Δm2
ee, See Supplemental

Material at http://link.aps.org/supplemental/10.1103/
PhysRevLett.115.111802.
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FIG. 4 (color online). Regions in the jΔm2
eej − sin22θ13 plane

allowed at the 68.3%, 95.5%, and 99.7% confidence levels by the
near-far comparison of ν̄e rate and energy spectra. The best
estimates were sin2 2θ13 ¼ 0.084' 0.005 and jΔm2

eej ¼ ð2.42'
0.11Þ × 10−3 eV2 (black point). The adjoining panels show the
dependence of Δχ2 on sin2 2θ13 (top) and jΔm2

eej (right). The
jΔm2

eej allowed region (shaded band, 68.3% C.L.) was consistent
with measurements of jΔm2

32j using muon disappearance by the
MINOS [10] and T2K [11] experiments, converted to jΔm2

eej
assuming the normal (solid) and inverted (dashed) mass
hierarchy.
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FIG. 5 (color online). Electron antineutrino survival probability
versus effective propagation distance Leff divided by the average
antineutrino energy hEνi. The data points represent the ratios of
the observed antineutrino spectra to the expectation assuming no
oscillation. The solid line represents the expectation using the
best estimates of sin2 2θ13 and jΔm2

eej. The error bars are
statistical only. hEνi was calculated for each bin using the
estimated detector response, and Leff was obtained by equating
the actual flux to an effective antineutrino flux using a single
baseline.
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The reference is F.P. An, et al., PRL 115(2015)111802 if you’d like to check your answer.

(2) The following pairs of mesons are the lowest mass 0� & 1� partners of a u/d quark
paired with u/d, s, c, and b quarks:

⇡ & ⇢ K & K? D & D? B & B?

In the quark model, these are ground state “spin flip” pairs of the u/d quark with the other
quark, and the mass di↵erences are due to the “color hyperfine” interaction, modeled after
the hyperfine interaction in hydrogen, that is
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Identify the ground state “quarkonium” vector meson corresponding to each of these pairs.
Using constituent quark masses derived from the quarkonium vector mesons, show that there
is (more or less) one constant k that explains all four mass splittings. Compare to the result
in hydrogen, and explain why it is so much larger.

(3) Find online at pdg.lbl.gov a comparison of measurements of decay modes of the Higgs
boson to predictions from the theory. What does this say about the Standard Model? Would
you call this “good news” or “bad news” for particle physics?


