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v Flavor Oscillations

Neutrino oscillation experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on

the neutrino energy E, and the baseline L. The evidence is overwhelming.
e v, — vy and v, — Uy — atmospheric and accelerator experiments;
® V. — I, r — solar experiments;
® U, — Uother — reactor experiments;
® U, — Vother ad U, — Uother— atmospheric and accelerator expts;

e v, — U, — accelerator experiments.

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinct masses, and mix.
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What is the New Standard Model? [vSM]

The short answer is — WE DONT KNOW. Not enough available info!

0

Equivalently, there are several completely different ways of addressing
neutrino masses. The key issue is to understand what else the vSM
candidates can do. |are they falsifiable?, are they “simple”?, do they
address other outstanding problems in physics?, etc]

We need more experimental input.
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Neutrino Masses, EWSB, and a New Mass Scale of Nature

The LHC has revealed that the minimum SM prescription for electroweak
symmetry breaking — the one Higgs double model — is at least approximately

correct. What does that have to do with neutrinos?
The tiny neutrino masses point to three different possibilities.
1. Neutrinos talk to the Higgs boson very, very weakly (Dirac neutrinos);

2. Neutrinos talk to a different Higgs boson — there is a new source of

electroweak symmetry breaking! (Majorana neutrinos);

3. Neutrino masses are small because there is another source of mass out
there — a new energy scale indirectly responsible for the tiny neutrino

masses, a la the seesaw mechanism (Majorana neutrinos).

Searches for OvG3 help tell (1) from (2) and (3), the LHC, charged-lepton flavor

violation, et al may provide more information.
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Fork on the Road: Are Neutrinos Majorana or Dirac Fermions?
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Search for the Violation of Lepton Number (or B — L)
SM vertex

Best Bet: search for / \
Neutrinoless Double-Beta © \ 1€
D N 7z 7L Ne e 2 U, \_'1 - Vi& U, «— Mixing matrix
ecay: — (Z+2)e"e j é\ ] é\
W W~

Nucl == Nuclear Process == Nucl’

1071
i Mee

Helicity Suppressed Amplitude oc =%

10_2 §<_(next—neXt) Observa’ble mee = Z’L Ue27/m7’

| Mee | INEV

WANTED: NUCLEAR MATRIX ELEMENTS

1078 :

90% CL (1 dof)

10'416_4 e Any other competitive probes? Model Dependent
lightest neutrino massin eV
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We Will Still Need More Help ...
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v'SM — One Path

SM as an effective field theory — non-renormalizable operators
Lysm D —yij% +0(5z) + He.

There is only one dimension five operator [Weinberg, 1979]. If A > 1 TeV, it
leads to only one observable consequence...
after EWSB Losm D S0 my; = yij%.
e Neutrino masses are small: A > v —m, < my (f =e, u,u,d, etc)
e Neutrinos are Majorana fermions — Lepton number is violated!

e vSM effective theory — not valid for energies above at most A.

e What is A? First naive guess is that A is the Planck scale — does not work.
Data require A ~ 10'* GeV (related to GUT scale?) [note y™a* = 1]

What else is this “good for”? Depends on the ultraviolet completion!
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This is Just Ithe Tip of the Model-Iceberg!

45 1 1 1 1 1 1 1 1 1 1 1 1 1 1
a0k Bl Dim5 |
“Directly Accessible” = Dim 7
Dim 9
35F _
B Dim 11
30f _
251
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of “direct” reach if not weakly-coupled (‘7)-

(seesaw) _
! . e
4 5 6 7 8 9 10 11 12
LOg(/\/TeV) AdG, Jenkins, 0708.1344 [hep-ph]
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vSM — Another Path

If lepton number (or B — L) is a fundamental symmetry of Nature, the

neutrinos are Dirac fermions.

L, =Loq — )\aiLaHNi + H.c.,

where N; (i = 1, 2,3, for concreteness) are SM gauge singlet fermions. In
this case, the ¥SM global symmetry structure is enhanced. For example,
U(1)p_y is an exactly conserved, global symmetry. This is new!

Downside: The neutrino Yukawa couplings A are tiny, less than 10712,
What is wrong with that? We don’t like tiny numbers, but Nature seems

to not care very much about what we like. ..

More to the point, the failure here is that it turns out that the neutrino
masses are not, trivially, qualitatively different. This seems to be a

“missed opportunity.”
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There are lots of ideas that lead to very small Dirac neutrino masses.

Maybe right-handed neutrinos exist, but neutrino Yukawa couplings are
forbidden — hence neutrino masses are tiny.

One possibility is that the N fields are charged under some new symmetry
(gauged or global) that is spontaneously broken.

Rai
A

where ® (spontaneously) breaks the new symmetry at some energy scale

Ai LXHN" — = (L*H)(N'®),

ve. Hence, \ = rvg /A. How do we test this?
E.g., AdG and D. Hernandez, arXiv:1507.00916

Gauged chiral new symmetry for the right-handed neutrinos, no Majorana
masses allowed, plus a heavy messenger sector. Predictions: new stable massive
states (mass around vg) which look like (i) dark matter, (ii) (Dirac) sterile

neutrinos are required. Furthermore, there is a new heavy Z’-like gauge boson.

= Natural Conections to Dark Matter, Sterile Neutrinos, Dark Photons!
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Piecing the Neutrino Mass Puzzle

Understanding the origin of neutrino masses and exploring the new physics in the

lepton sector will require unique theoretical and experimental efforts, including ...
e understanding the fate of lepton-number. Neutrinoless double beta decay!

e a comprehensive long baseline neutrino program, towards precision oscillation

physics.
e other probes of neutrino properties, including neutrino scattering.

e precision studies of charged-lepton properties (g — 2, edm), and searches for rare

processes (u — e-conversion the best bet at the moment).

e collider experiments. The LHC and beyond may end up revealing the new physics

behind small neutrino masses.

e cosmic surveys. Neutrino properties affect, in a significant way, the history of the
universe. Will we learn about neutrinos from cosmology, or about cosmology from

neutrinos?

e searches for baryon-number violating processes.
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HOWEVER...

We have only ever objectively “seen” neutrino masses in long-baseline

oscillation experiments. It is the clearest way forward!

Does this mean we will reveal the origin of neutrino masses with

oscillation experiments? We don’t know, and we won’t know until we try!
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A Realistic, Reasonable, and Simple Paradigm:

Ve Uel UeQ UeS 14!
Vr U’Tl Ue7'2 UTS V3

Definition of neutrino mass eigenstates (who are vy, vo, 1/37):

e mi < mj Amis < 0 — Inverted Mass Hierarchy
e m5 —m? < |m3—mj3,| Am?; > 0 — Normal Mass Hierarch
5 1 3 1.2 mis > ormal Mass Hierarchy

20, — |Uea|”. 2. — 1Uusl”. _ —i6

tan 912 — IUel{Q, tan 923 — |Uﬁ3|2’ Ueg = S1n (9136 '
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Understanding Neutrino Oscillations: Are We There Yet?

AT
R — (M) (m,)? (013 # 0!)
‘ am?),
(my)* x e Is CP-invariance violated in neutrino
oscillations? (§ # 0, 77?)
A m v, e Is 3 mostly v, or ;7 (023 > 7/4,
(BM et o 923<7T/4, or Q23:7T/4?)
v, 5
(AM) g,
v e What is the neutrino mass hierarchy?
\ 2
E (my) = All of the above can “only” be
sol
(my)°* (M) e — addressed with current/future neutrino
normal hierarchy inverted hierarchy oscillation experiments
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Understanding Neutrino Oscillations: Are We There Yet? [NO !]

AT
R — (M) (m,)? (013 # 0!)
‘ am?),
(my)* x e Is CP-invariance violated in neutrino
oscillations? (§ #£ 0,77) [‘yes’ hint]
) v e Is v3 mostly v, or ;7 [f23 # 7/4 hint]
(AM) 4
= (O)
v e What is the neutrino mass hierarchy?
' (Am3i; > 0?)  [NH weak hint]
\ 2
E (my) = All of the above can “only” be
sol
(my)°* (M) e — addressed with current/future neutrino
normal hierarchy inverted hierarchy oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)
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What we ultimately want to achieve:
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: Yo ]
1.0 — . @ —
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L €y [« _
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[ @ : |
B |Vub| .
-0.5— a 4
[ : ] HOW?
1.0 € —
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What we ultimately want to achieve:

We need to do this in

the lepton sector!

PRECISION NEUTRINO EXPERIMENTS
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Ve Uei Uex Ues V1
Vr U’rl U7'2 U’7'3 V3

What we have really measured (very roughly):
e T'wo mass-squared differences, at several percent level — many probes;
o |Ueca|? — solar data;
o |U,2|? + |Ur2|* — solar data;
o |Uc2|?|Uc1]? — KamLAND;
o |U,s|?(1 —|Uus|?) — atmospheric data, K2K, MINOS;
o |Uecs|?(1 — |Ues|?) — Double Chooz, Daya Bay, RENO:;

o |Uess|?|U,3|? (upper bound — evidence) — MINOS, T2K.

We still have a ways to go!
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The Short Baseline Anomalies

Different data sets, sensitive to L/FE values small enough that the known
oscillation frequencies do not have “time” to operate, point to unexpected

neutrino behavior. These include
e 1, — v, appearance — LSND, MiniBooNE;
® U, — Usther disappearance — radioactive sources;

® U, — Usther disappearance — reactor experiments.

None are entirely convincing, either individually or combined. However,

there may be something very very interesting going on here. ..
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What is (Going on Here?

e Are these “anomalies” related?

e Is this neutrino oscillations, other new physics, or something else?

e Are these related to the origin of neutrino masses and lepton mixing?
e How do clear this up definitively?”

Need new clever experiments, of the short-baseline type (and we are

working on it)!

Observable wish list:
e v, disappearance (and antineutrino);
e v, disappearance (and antineutrino);
® U, < U, appearance;

® U, . — Uy appearance.

September 25, 2017 rOverview




André de Gouvéa Northwestern

If the oscillation interpretation of the short-baseline anomalies turns out
to be correct ...

o We WOU.ld haVe fOUIld new paI‘tICIe(S)””” [cannot overemphasize this!]

e Lots of Questions! What is it? Who ordered that? Is it related to the
origin of neutrino masses? Is it related to dark matter?

e Lots of Work to do! Discovery, beyond reasonable doubt, will be
followed by a panacea of new oscillation experiments. If, for example,
there were one extra neutrino state the 4 x 4 mixing matrix would
require three more mixing angles and three more CP-odd phases.
Incredibly challenging. For example, two of the three CP-odd

parameters, to zeroth order, can only be “seen” in tau-appearance.
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CP-invariance Violation in Neutrino Oscillations

The most promising approach to studying CP-violation in the leptonic

sector seems to be to compare P(v, — v,.) versus P(v, — U.).

The amplitude for v, — v, transitions can be written as

A,ue - (:QUMQ (BiAm — 1) + :3U,u3 (eiAlg — 1)

Am?. L .
where Aq; = g%" 1= 2,3.

The amplitude for the CP-conjugate process can be written as

Aje = QQUZZ (eml2 — 1) + UegU;}, (emlg — 1) .

I assume the unitarity of U, Ue1U};; = —Ue2U}jo — UesU i3]
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In general, |A|? # |A|? (CP-invariance violated) as long as:

e Nontrivial “Weak” Phases: arg(U};U,;) — 6 # 0, ;

e Nontrivial “Strong” Phases: Ao, A13 — L # 0;

e Because of Unitarity, we need all |U,;| # 0 — three generations.

All of these can be satisfied, with a little luck: we needed |U.3| # 0. \/

In practice this is quite hard. One amplitude is much larger than the
other (|U.s| turned out to be too large). ..

Bottom line: we need to measure the oscillation probabilities at the

percent level.
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The SM with massive Majorana neutrinos accommodates five irreducible

CP-invariance violating phases.

e One is the phase in the CKM phase. We have measured it, it is large,
and we don’t understand its value. At all.

e One is Ogcp term (0GG). We don’t know its value but it is only
constrained to be very small. We don’t know why (there are some

good ideas, however).

e Three are in the neutrino sector. One can be measured via neutrino

oscillations. 50% increase on the amount of information.

We don’t know much about CP-invariance violation. Is it really fair to
presume that CP-invariance is generically violated in the neutrino sector
solely based on the fact that it is violated in the quark sector? Why?
Cautionary tale: “Mixing angles are small”
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More New v Physics? What Could We Run Into?

e New neutrino states. In this case, the 3 X 3 mixing matrix would not

be unitary.

e New short-range neutrino interactions. These lead to, for example,
new matter effects. If we don’t take these into account, there is no
reason for the three flavor paradigm to “close.”

e New, unexpected neutrino properties. Do they have nonzero magnetic
moments? Do they decay? The answer is ‘yes’ to both, but nature

might deviate dramatically from vSM expectations.

e Weird stuff. CPT-violation. Decoherence effects (aka “violations of

Quantum Mechanics.”)
o ctc.

Pragmatic Questions: If there is New v Physics, how do we tell? Can we
tell different scenarios apart?
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How Do We Learn More — Different Experiments!

— Different L and E, same L/E (e.g. HyperK versus DUNE);
— Different matter potentials (e.g. atmosphere versus accelerator);

— Different oscillation modes (appearance versus disappearance, e’s, u’s and 7’s).

0.10 I
=== DUNE No NSI
0.08L ===  Hyper—K No NSI :‘.‘
= DUNE NSI Case 1 : .
- = Hyper—K NSI Case 1 7AY
~ 0.06 -, - HER Y
= :',- “ “ ',' ) “:“ :
20— "\\ —
0.02 s : ‘-‘ ;' \ [AdG and Kelly, arXiv:1511.05562]
0.00 L -
0 1000 2000 3000
L/E, [km/GeV]

FIG. 9: Oscillation probabilities for three-neutrino (dashed) and NSI (solid) hypotheses as a function of L/E,, the baseline
length divided by neutrino energy, for the DUNE (purple) and HyperK (green) experiments. Here, § = 0 and the three-neutrino
parameters used are consistent with Ref. [47].

September 25, 2017

vrOverview



André de Gouvéa Northwestern

Summary

The venerable Standard Model sprung a leak in the end of the last

century: neutrinos are not massless! [and we are still trying to patch it. .. ]

1.

We still know very little about the new physics uncovered by neutrino
oscillations. In particular, the new physics (broadly defined) can live almost

anywhere between sub-eV scales and the GUT scale.

Neutrino masses are very small — we don’t know why, but we think it

means something important.

Neutrino mixing is “weird” — we don’t know why, but we think it

means something important.
What is going on with the short-baseline anomalies?

There is plenty of room for surprises, as neutrinos are very deep probes
of all sorts of physical phenomena. Neutrino oscillations are “quantum
interference devices,” potentially sensitive to whatever else might be out

there (keep in mind, neutrino masses might be physics at A ~ 10'* GeV).
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Big Bang Neutrinos are Warm Dark Matter

Planck Collaboration: Cosmological parameters

| | | | | |
4.8 I Planck+WP+highL ] , 0.136
Planck+W P+highL+BAO 'q? ) 0128
/o
40 = 7 -1 0.120
/-
7 4 o2 P
7 N
N -1 0.104
9 M 0.006
24 E . =T o0 [ ooss
! | ! | T i)
0.0 0.2 0.4 0.6 0.8 1.0 . . 18 2.4
Zml’ [eV] I/ sterlle [eV]

Fig. 28. Left: 2D joint posterior distribution between Neg and ), m, (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the chf—m‘;ﬂ;te A Plane, colour-coded by Q.h?, in models with one massive

sterile neutrino family, with effective mass m‘;ﬁstenle, and the three active neutrinos as in the base ACDM model. The physical mass

of the sterile neutrino in the thermal scenario, m®™ is constant along the grey dashed lines, with the indicated mass in eV. The

stenle ’
physical mass in the Dodelson-Widrow scenario, mP™. . is constant along the dotted lines (with the value indicated on the adjacent

dashed lines).

stenle ’

September 25, 2017 rOverview



André de Gouvéa

Northwestern

Where We Are

(?) [This is Not a Proper Comparison Yet!]

NUFIT 2.0 (2014)
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0.8 ] Solar Neutrinos
0.7} ]
. . _
0.6} l NSI 1  We are not done yet!
S —t— ¢ |
Qf 0.5; S Te-=T Std. MSW 4 e see “vaccum-matter”
pp - All solar l transition

0.4}  TBe pe _'
| v experiments . 'O P | o probe for new physics:
03l OTCXILO [ NSI, pseudo-Dirac, ...
l o probe of the solar interior!
0.2 i « 99
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‘CNO neutrinos may provide

information on planet formation!’
FIG. 1: Recent SNO solar neutrino data [ 18] on P(v, — Vv, ) (blue line

with 1 o band). The LMA MSW solution (dashed black curve with
gray 1 o band) appears divergent around a few MeV, whereas for
NSI with €, = 0.4 (thick magenta), the electron neutrino probability

appears to fit the data better. The data points come from the recent
[Friedland, Shoemaker 1207.6642]
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Constraining the Decay of Neutrinos — Solar Edition

20 | |
- [Berryman, AdG, Herndndez, arXiv:1411.0308] 1
i | Model-independently,
l we know little about
15 7 the neutrino lifetime.
1 vSM: 7 > 1037 years.
— |
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Example: the Seesaw Mechanism

A simple®, renormalizable Lagrangian that allows for neutrino masses is

M, . .
5 N'N' + Hee.

3
£V — £old — )\aiLaHNi — Z
i=1
where N; (i = 1,2, 3, for concreteness) are SM gauge singlet fermions. £,
is the most general, renormalizable Lagrangian consistent with the SM
gauge group and particle content, plus the addition of the N; fields.

After electroweak symmetry breaking, £, describes, besides all other SM

degrees of freedom, six Majorana fermions: six neutrinos.

20nly requires the introduction of three fermionic degrees of freedom, no new inter-

actions or symmetries.
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Accommodating Small Neutrino Masses

If u = Xv < M, below the mass scale M,

 LHLH
===

Neutrino masses are small if A > (H). Data require A ~ 10'* GeV.

Ls

In the case of the seesaw,

AN?’

so neutrino masses are small if either

e they are generated by physics at a very high energy scale M > v
(high-energy seesaw); or

e they arise out of a very weak coupling between the SM and a new, hidden

sector (low-energy seesaw); or

e cancellations among different contributions render neutrino masses

accidentally small (“fine-tuning”).
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Constraining the Seesaw Lagrangian

S HEETING
£10 — i
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[AdG, Huang, Jenkins, arXiv:0906.1611]
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