Neutrino oscillations
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Neutrino masses and mixing

flavor eigenstates # mass eigenstates
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= If you're familiar with the CKM mixing in the quark sector, then it's fairly easy to understand this.

= Otherwise, here is the explanation:

v is typically produced/detected via, e.g. v+[--- | = [~ |+ Lor [ | v+l+[ ]

The accompanying charged lepton (¢) is experimentally much easier to be identified.

— Hence we label the corresponding v by vy, which is a flavor eigenstate.

However, flavors eigenstates are not mass eigenstates, but linear combinations of them.

The linear (unitary) transformations between them is known as the PMNS matrix

Production/detection: use (v., v,, v;); Propagation: use (v1, va, v3).



Neutrino masses and mixing: relevant parameters and current measurements
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where S13 = sin 013, C13 = COS 013, S12 = sin 012 00

Relevant to v-osc: 4 parameters in Uppmns and 2 parameters in masses
| |
Y
i | ' Am2. = m2 — m2
i (013, 012, 023, Ocp)! my; = my —my

2 _ 2 2
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Current measurements (not up-to-date on purpose):
013 ~ 8.5°, 015 ~ 34°, 053 ~ 45 £+ 6°; dcp = unknown;
Am3, = 7.4 x 107° V2, Am3, ~ +2.5 x 1073 &V2.
b sign not determined yet
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where V, = v/2Gpn. is the MSW effective potential.
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Borexino, Nature 562 (7728) (2018)]
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= |t's misleading to say “v-osc can be derived from QM, without QFT"

— | would say “v-osc can be derived even without QM”
= Smart students always want to rederive v-osc from QFT

— My suggestion: good exercise! But don't be too much on it.
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Neutrino oscillation in matter

A very well-known effect in the field of neutrino physics:

The matter effect, aka, the MSW effect

When v propagates in matter, v-osc is modified by matter.

Sounds obvious?
You may whisper: “... of course! Every particle propagating
in a medium is affected by the medium.”

When | was an undergraduate, | thought it was trivial too.



The MSW effect

v can fly through the Sun/Earth so easily

_10—41._ 2 3
onL =10""cm” x 5g/cm®/my, x 6400km > | Only 107111 Why matter matters?
=107 Answer: coherency

only 1/10'! neutrinos are stopped by scattering

\.
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The concept of “coherent forward scattering” \

= scattering with individual particles
= scattering with all particles simultaneously

All particles, together, form an effective potential -------"
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The MSW effect is important in
solar/atmospheric/accelerator
neutrino oscillations

An outline of next few slides:
= For accelerator neutrinos
— Freund’s formula
= For solar neutrinos

— Simple analytic formula for students
— Adiabatic approximation
— Earth matter effect (D/N asymmetry)

If you solve Eq. (1) by brute force, then you can ignore them all!

L ... which | strongly discourage
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= Originally derived by M. Freund |[Phys.Rev.D 64 (2001) 053003]

= Very accurate in practical use

obtained by series expansion in «

The author expected it to be invalid at E, < 0.3GeV
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VII. CONCLUSIONS

The purpose of this work was to find approximate analytic
expressions for the neutrino mixing parameters and oscilla-
tion probabilities in the presence of matter. It was stated that

being interested in approximate solutions it is difficult to
\ exact describe both the solar and the atmospheric resonance at the
% same time. Therefore, this work is restricted to energies
sl \\ a—expans] @bOVe the solar resonance according to
N
N
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Take-home message:

For accelerator neutrino oscillations (GeV -+ Earth
matter density), Freund's formula suffices.

= ... unexpectedly accurate below 0.3 GeV

— 50% error +50% error + ...= %1 error

= |ater studies reveal that there are hidden but guaranteed cancellations
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9 ) effective mixing angles
(s13)” ~ s15 (1 + 2f13),
2 170
By = 2e13Ve By If matter density — 0 (12,13 — 0),
Ami, cos 2074 — cos 26019; sTh — s13
2VOE,

b= gea”

= simple and fast, of practical use
— especially for those students addicted to coding:-)

= sufficient accuracy

— for current precision of measurement

= straightforward to see how P.. varies with 615, 613, ...
15



vacuum limit (812 — 0):

P = cly + 51, = 5/9

strong matter effect limit (812 — 00):

16



vacuum limit (812 — 0):
Pee ® iy + 815 % 5/9
strong matter effect limit (312 — 00):

1
~ 2.~
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The result is easy to understand:

= When v, is produced, it consists of cjov1 + s1ov5. Each mass eigenstate
propagates to the Earth independently. Due to the long distance they lose
coherence. At production, the probability of v, being v (1) is ¢35 (s25); at
detection, the probability of v; (1) being detected as v, is also c3, (s%5).

Hence the survival probability of v, at detection is given by (c25)% + (s2,)2.

2

= When v, is produced at the center with a high electron number density, it is
almost pure V3" due to the strong matter effect (673 ~ 90°). As the density
slowly decreases to zero, the evolution of all mass eigenstates is adiabatic,
which means v3* will eventually come out to the surface as v5. Since the
probability of v, being detected as v, is s2,, the survival probability in the

high-E,, limit is simply s25.
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non-adiabatic

adiabatic
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Pee = 32, UG P |Ueil?

H= ﬁUmdiag (m3, Mm%, m3) U™

How good is it?

§P~ 2L <1077

More generally, smirnov et al [hep-ph/0404042]
4Am2, E2 sin 20 av,
N = My Ly, S 2012 - d_: <1
(Amgl sin? 2015 + (Am3, cos 2015 — 2E,,Ve)2)
2
most fragile at resonance: Viesonance = AE, Ve

Amj, sin? 2015 dr

still good enough: 1 GeV — vy~ 0.1 19
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