21.

NST Part Il Experimental and Theoretical Physics Michaelmas 2011

Prof Mark Thomson
Particle Physics Major Option
EXAMPLESSHEET 3

NEUTRINO OSCILLATIONS

In the CHOOZ experiment, a neutrino detector was postamdistancé. ~ 1km from a nuclear
reactor emitting neutrinos (actually antineutrinos) ofameenergyll =~ 3MeV. The number of
neutrino interactions observed was consistent with thebaimaxpected assuming no neutrino oscil-
lations, giving the resulP (v, — v,) = 1.01 £ 0.04.

a) Show that neutrino oscillations associated with thea3ahass-squared differen¢Am?,| ~
7 x 10~°eV? can be neglected for the CHOOZ experiment, and that

P(ve — ve) = 1 — sin® 20,5 sin* Ayg

where

b) In the limit |[Am3,| > (F/L), explain why a given measuremeiit, of the survival probability
P(v. — v,) determines the neutrino mixing to ba* 26,5 = 2(1 — P).

c) In the limit |Am2,] < (E/L), show that a given measuremeft, of the survival probability
P(v. — v,) determines the neutrino mixing to b? 26,5  1/(Am2;)?, with constant of propor-
tionality (1 — P)(4E/L)>.

d) The null result from the CHOOZ experime®(v, — 7,) = 1.01 +0.04, can be used to exclude a
region of the(sin® 20,3, Am2,) parameter space. This is conventionally presented asgi@rahich
can be excluded at “90% Confidence Level”, which for the CHOOZAsneement encompasses all
values of(sin? 26,3, Am2,) which would give a survival probability’(v, — v,) < 0.92 (which is
about twice the rms precision of the measurement below unity< 1 — 2 x 0.04). In the plot
overleaf, published by CHOOZ, the curves correspond appratgly to the contouP = 0.92 and
the excluded region lies above and to the right of the curf/Ese two similar curves correspond to
slightly different statistical approaches to the analgsithe data.]

Use the results derived above to justify approximately tregpe and position of the exclusion contour
in the regions close to the intercepts with the upper hotedoand right-hand vertical axes. Give a
gualitative explanation of the shape of the remainder ottreour.

Evaluate the survival probability?(v. — v.) for some representative points lying on either side of
the contour, specifically fofsin? 26,5, Am2,) = (0.5,5 x 10~*eV?) and(0.5,5 x 1073 eV?).
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e) Experiments studying atmospheric neutrino oscillatiomicate a mass-squared splitting in the
range|Am2,| ~ 2 — 3 x 1073 eV?. What constraint can now be placed on the afgl®



22. a) It was shown in the lectures (see Equation (14) of Hain#l®) that a general expression for the
probability that an initial,, oscillates into a,, is

P(ve = v,) =2 Re (UalUpUzUpy [e7 7500 — 1])

pi~ej
i<j

Show that

pi~ej pi~ ej
i<j i<j

P(ve — v,) = =4 " Re(UaUp,UUyg) sin® Ayj + 2 " Im(UeiUp Uz Uy) sin 24

where

A (m7 —m3)L _ Am; L
“ 4F T 4E

b) Use the unitarity of the PMNS matrix to show that

(U U, Uz3Us) = —Im(UeU}5 U3 Uys) = —Im(Uay U, U Uyn) = —J, say.

c) Hence show that

ui - ej #J

P(ve —v,) = —42 Re(U,U*U*U ;) sin Ajj + 8J sin Aqgsin Aqz sin Agg

1<j

[You may wish to use the trigonometric identity

. . ) . A, B A+B
smA—i—smB—sm(A—i—B):481115511155111 5 -]
d) The standard parameterisation of the PMNS matrix is
U U U C12C13 ' 512C13 ' s13e” "
U,u UMQ Uui’» = | —S12€23 — 0128235136“5 C12C23 — 5128238136“s $23C13
i i
U Un Us 512823 — C12€23813€"°  —C12823 — S12C23513€""  C23C13

wherec;; = cos6,; ands;; = sin6,;. Show that, in this parameterisation,
1 . : : :
J = 3 €08 013 sin 26015 sin 26,3 sin 2643 sin §

and find the maximum possible value|di given the present experimental knowledge of the mixing
angles,,, 623 and 3.

e) The conversion probabilities for antineutrinos are wigd by replacind’/ by U*. Show that
P(ve — v,) — P(Ve = 7,) = 16J sin Ay sin Az sin Agg .

f) It is proposed to build a “neutrino factory” to search foridence of CP violation in neutrino
oscillations; P(v. — v,) # P(v. — 7,). A neutrino factory would produce an intense beam of
neutrinos with typical energy0 GeV. Roughly how far away should a neutrino detector be posgtion
to optimise the chances of observing CP violation, and hogelan effect might be expected ?
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CPVIOLATION AND THE CKM MATRIX

a) Draw Feynman diagrams for the dec&ys— n+7~ andK® — «* 7, and for the decayK® —
707% andK° — 7070,

b) Draw Feynman diagrams for the decdys — 7 e* v, andK’ — nte~7,, and explain why the
decayK’ — m—eTr, andK® — 7 e~ 7, cannot occur.

c) How does the decay rate for each of the above decays depeahd €abibbo anglé: ?

In the CPLEAR experiment at CERN, neutral kaons are pratucéow energy proton-antiproton
collisions via the channejsp — K7~ K° andpp — K~ 7"K°. The strangeness of the initi&l or
K is tagged by the charge of the accompanylifigor K, and thek® or K° is subsequently detected
via decays into the semileptonic final states ", andnr e 7..

a) Draw Feynman diagrams for the reactigis— KT7~K° andpp — K~77K, and explain why
the reactionpp — K7~ K° andpp — K~7+K° cannot occur.

b) Show that, for a system which is initially in a puk¢’ state, the decay ratds, and R_ to the
semileptonic final states e* v, andr e 7, depend on the proper decay timas

Ry =T(K)_,— 7 etw) = Nyt [e “Tst 4 =Tt 4 9= (TsHIL)E/2 (g Amt]
R_=T(K]_y— 77e Vo) & Npept [1 — 4Ree] [e75" + 71 — 2e~ IsHLIY/2 ¢og Amt]

wherel's = 1/75,'f, = 1/7,, Am = my,—mg, €is the CP violation parameter, and.,, is an overall
normalisation constant. Show that the corresponding ssgwas for a system which is initially in a
pureK' state are

Ry =T(K{_y — 7 e"ve) & Npeys [1 + 4Ree] [e75" + 71 — 2~ (IsHILIH2 g Amt]

1
1
R_= F(K? 0 — tte U, = Nm,% [e_rst + e Tet 4 9= (FsHTL)H/2 (g Amt] )

c¢) The figure overleaf shows a measurement from the CPLEARrienpst of the asymmetry
_(Ry+R)— (R +R)
AT (R, +R_)+ Ry + R_)

as a function of the proper decay time= ¢ (plotted in units of theKs lifetime 7 = 0.9 x 1071°s).
Show thatA,, is given by

2 cos (Amt) e—(Ts+T'L)t/2
e~ Tst 4 g—Trt
and obtain an estimate of the mass differefce.

AAm -

d) Show that the time-reversal asymmetry
F(ngo — K% —T(K}, — KO)
DKy — K) + D(Ki_, — K°)
is independent of the decay timand that

Ar =~ 4Re(e) = 4|¢| cos ¢ .

ATE




25. a) Draw the Feynman (box) diagrams responsiblé&for K°, D —
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D’, BY—BY andB? — B mixing.
[The K°, D, BY andBY mesons have quark contets, ¢, db andsb, respectively.]

b) The mass differenc&m between the mass eigenstates resulting from mixing in akeoteson
systems is proportional to the magnitude of the matrix elgrderived from the box diagramam «

| Mg;). ForK® — K° mixing, for example, the box diagrams involving virtual gksof flavour q and
g, with massesn, andm,, lead to the prediction

G% 2 * *
AmK ~ ﬁfl{ mK }‘/;]d‘/:]S‘/(-]’d‘/:]’S

mqmq/

where fx is a constant and thg; are CKM matrix elements. Show that the dominant contribution
to AmK comes from the box diagram containing two virtual charm gsarEstimateA mK and
compare with experiment. [Takg = 100 MeV.]

c) Show that the dominant contributionsi® — D’ andB° — B® mixing come from the box diagrams

containing two virtual strange quarks and two virtual to@ds, respectively. Obtain estimates of
Amp andAmg. [Take fx = fp = fg]. Explain whyD° -D’ mixing has not been (and is unlikely to

be) observed. [Hint: converhmy, to a time and compare with the measuf@tlifetime of 0.41 ps.]
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NUMERICAL ANSWERS
d)P(v. — v.) = 0.98 and 0.63; e}in? 03 < 0.058

d)|J|max = 0.053; f) about5000 km,

AP|max = 0.04

b)AmK ~ 2 x 1072 MeV,
c) Amp ~ 10712 MeV, Amp, ~ 107 MeV, Amp, ~ 1078 MeV



