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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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A Realistic, Reasonable, and Simple Paradigm:

Ve Uel U62 UeS 141
UV — U,ul UMQ UMS V9
Vr UT]_ Ue7'2 UTS V3

Definition of neutrino mass eigenstates (who are vy, vo, 137):

e m? < m3 Amis; < 0 — Inverted Mass Hierarchy
e m5 —mi < |m3 — miQ] Amis > 0 — Normal Mass Hierarchy
Ue 2 U 2 . o
tan? 015 = | Qig; tan? o3 = | “3|2; U,3 = sin fy3e %0

IUel |U7'3|

[For a detailed discussion see e.g. AdG, Jenkins, PRD78, 053003 (2008)]
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Three Flavor Mixing Hypothesis Fits All" Data Really Well.
NUFIT 2.0 (2014)

Normal Ordering (Ax? = 0.97) Inverted Ordering (best fit) Any Ordering
bfp £1o 30 range bfp £1o 30 range 30 range

sin? 612 0.30410°015 0.270 — 0.344 0.30410°015 0.270 — 0.344 0.270 — 0.344
f12/° 33.4810°78 31.29 — 35.91 33.4810 73 31.29 — 35.91 31.29 — 35.91
sin? 03 0.452710 05a 0.382 — 0.643 0.57910-022 0.389 — 0.644 0.385 — 0.644
023 /° 42.3132 38.2 — 53.3 49.5%55 38.6 — 53.3 38.3 — 53.3
sin? 0,3 0.021873-9910  0.0186 — 0.0250 | 0.021975:9%L  0.0188 — 0.0251 0.0188 — 0.0251
015/° 8.5019-20 7.85 — 9.10 8.51703) 7.87 — 9.11 7.87 — 9.11
Scp/° 306125 0 — 360 254103 0 — 360 0 — 360

Am%l +0.19 +0.19

Am3, +0.047 +2.325 — +2.599

4245770007 42317 — 4+2.607 | —2.4491007%  —2.590 — —2.307

103 eV?2 —2.590 — —2.307

[Gonzalez-Garcia, Maltoni, Schwetz, 1409.5439, http://www.nu-fit.org]

*Modulo a handful of 20 to 30 anomalies.
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Neutrino Masses: Only* “Palpable” Evidence
of Physics Beyond the Standard Model

The SM we all learned in school predicts that neutrinos are strictly
massless. Hence, massive neutrinos imply that the the SM is incomplete
and needs to be replaced /modified.

Furthermore, the SM has to be replaced by something qualitatively
different.

* There is only a handful of questions our model for fundamental physics cannot
explain (my personal list. Feel free to complain).

e What is the physics behind electroweak symmetry breaking? (Higgs v').
e What is the dark matter? (not in SM).
e Why is there more matter than antimatter in the Universe? (not in SM).

e Why does the Universe appear to be accelerating? Why does it appear that the
Universe underwent rapid acceleration in the past? (not in SM).
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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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DOES THE, HIGGS

GIVE MASS D
TO NEUTRINOS

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 © \Te
D N 7z 7L Ne e E U, \_'1 - Vi& U, «— Mixing matrix
ecay: — (Z+2)e"e : )
W W~

Nucl == Nuclear Process == Nucl’

Mee

Helicity Suppressed Amplitude oc =%

< (next-next)

Observable: me. = >, UZm;

Plus Help from Oscillations (Mass Hierarchy)

90% CL (1 dof)

1004 ... SOEEES. ...
1074 1073 1072 1071 1

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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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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To be determined from data: A and M.

The data can be summarized as follows: there is evidence for three
neutrinos, mostly “active” (linear combinations of v., v,, and v;). At
least two of them are massive and, if there are other neutrinos, they have

to be “sterile.”

This provides very little information concerning the magnitude of M;
(assume My ~ My ~ Ms3).

Theoretically, there is prejudice in favor of very large M: M > v. Popular
examples include M ~ Mgyt (GUT scale), or M ~ 1 TeV (EWSB scale).

Furthermore, A\ ~ 1 translates into M ~ 10'* GeV, while thermal
leptogenesis requires the lightest M; to be around 10'° GeV.

we can impose very, very few experimental constraints on M
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What We Know About M:

e M = 0: the six neutrinos “fuse” into three Dirac states. Neutrino mass
matrix given by fai = Aaiv.
The symmetry of £, is enhanced: U(1)p_r is an exact global symmetry of

the Lagrangian if all M; vanish. Small M; values are tHooft natural.

e M > u: the six neutrinos split up into three mostly active, light ones, and
three, mostly sterile, heavy ones. The light neutrino mass matrix is given
by mas = 32, HaiM; " pipi moc 1/A = A= M/u?].
This the seesaw mechanism. Neutrinos are Majorana fermions. Lepton
number is not a good symmetry of £,, even though L-violating effects are

hard to come by.

o M ~ u: six states have similar masses. Active—sterile mixing is very large.

This scenario is (generically) ruled out by active neutrino data
(atmospheric, solar, KamLAND, K2K, etc).

e M < u: neutrinos are quasi-Dirac fermions. Active—sterile mixing is

maximal, but new oscillation lengths are very long (cf. 1 A.U.).
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( Why are Neutrino Masses Small in the M # 0 Case?
If u < M, below the mass scale M,
LHLH
£5 — T

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

In the case of the seesaw,

ANp7

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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High-Energy Seesaw: Brief Comments
e This is everyone’s favorite scenario.

o Uppel“ bOU.Ild fOI‘ M (e.g. Maltoni, Niczyporuk, Willenbrock, hep-ph/0006358).

M < 7.6 x 10*° GeV x (M> .

my

o Hiel‘aI‘Chy prOblem hlnt (e.g., Vissani, Casas et al, hep-ph/0410298; Farina et al, ; 1303.7244;

AdG et al, 1402.2658).

M < 107 GeV.

e Leptogenesis! “Vanilla” leptogenesis requires, very roughly, smallest

M > 10° GeV.

e Stability of the Higgs potential (c.c.. Elias Mirs et al, 1112.3022):
M < 10" GeV.

e Physics “too” heavy! No observable consequence other than leptogenesis.

Will we ever convince ourselves that this is correct? (Buckiey et al, hep-ph/0606088)
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Low-Energy Seesaw [adc PrD72,033005)]
The other end of the M spectrum (M < 100 GeV). What do we get?

e Neutrino masses are small because the Yukawa couplings are very small
Ac[107% 1071

e No standard thermal leptogenesis — right-handed neutrinos way too light?
[For a possible alternative see Canetti, Shaposhnikov, arXiv: 1006.0133 and

reference therein.]
e No obvious connection with other energy scales (EWSB, GUTs, etc);

e Right-handed neutrinos are propagating degrees of freedom. They look like
sterile neutrinos = sterile neutrinos associated with the fact that the active

neutrinos have mass;
e sterile—active mixing can be predicted — hypothesis is falsifiable!

e Small values of M are natural (in the ‘tHooft sense). In fact, theoretically,

no value of M should be discriminated against!
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Constraining the Seesaw Lagrangian

S HEETING
£10 — i
o N n
10 e
i S R
0 =
B (s Eynermentaliv E
NS A Hrell I
1010 ive o
10 . here)
2
o - T | | N
S RN i e e i s i e R R A Y AU Y O R O
10

0, 8. 6 _ -4 2 4 6 g8 10 12
10 10 10 10 1 10 10 10 10 10 10
M, (eV)

[AdG, Huang, Jenkins, arXiv:0906.1611]
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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

December 21, 2015

4

of “direct” reach if not weakly-coupled (‘7)-

(seesaw) _
!

5 6 7 8 9 10 11 12
LOg(/\/TeV) AdG, Jenkins, 0708.1344 [hep-ph]
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vSM — Another Path (Dirac Neutrinos)

Why are neutrino Yukawa couplings so small? Maybe they are forbiden by some

hidden symmetry under which the right-handed neutrino fields transform. ..
Losm D )\ai(LO‘H)Ni%

after EWSB and “new symmetry” breaking ((®) = vpew) we get

VUnew

A

e Neutrino masses are small if A >> vnew, v

m, = \v

e vSM effective theory — not valid for energies above at most A.
e What is this new symmetry (“hidden sector”)? Is it gauged?
e What is vpew ! Is it related to the weak scale?

e What is this good for?

e Answers, of course, are hidden-sector related. In, for example, rdc, Hernande:
arXiv:1507.00916 by introducing a chiral, gauged U(1),, we predict relations

between neutrino masses, dark matter, and right handed neutrinos.
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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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E.g. Charged-Lepton Flavor Violation

In the old SM, the rate for charged lepton flavor violating processes is trivial to

predict. It vanishes because individual lepton-flavor number is conserved:

e N,(in) = Ny(out), for a« = e, pu, 7.
But individual lepton-flavor number are NOT conserved— v oscillations!

Hence, in the ¥SM (the old Standard Model plus operators that lead to neutrino
masses) u — e is allowed (along with all other charged lepton flavor violating

processes).

These are Flavor Changing Neutral Current processes, observed in the quark
sector (b — sv, K° < K°, etc).

Unfortunately, we do not know the vSM expectation for charged lepton flavor

violating processes — we don’t know the vrSM Lagrangian !
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One contribution known to be there: active neutrino loops (same as quark sector).

In the case of charged leptons, the GIM suppression is very efficient. ..

e.g: Br(p—ev) =350 |03 UpiUei Am;- <107

[Uqi are the elements of the leptonic mixing matrix,

Ami; =mi —m3, i = 2,3 are the neutrino mass-squared differences]

o Y
- o~ ~
W=, Tr‘\r‘\.
\

/
_._' I |_._

U Vi ek €

December 21, 2015

v Flavor



André de Gouvéa Northwestern

e.g.: SeeSaw Mechanism [minus “Theoretical Prejudice”]

E 9 T— My ]

—I = -

o' ¢ :

D - i

o _ .
-10

=10 3 E

o ]

10 ¢ E

125 L—e convin “®Ti ]

10 E_ ___________________________________________________________________ _E

10 -13[ H— €y i

14 ]

10 E

15[ I

10 ¢ E

10 -16 I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |

20 40 60 80 100 120 140 160 180 200  .,xiv:0706.1732 [hep-ph]
m, (GeV)
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What Will Happen in the Near Future (my Optimistic Impression)
e MEG: pn — ey at 10712,
e g — 2 measurement a factor of 3—4 more precise.
o Mu2e and COMET: i — e-conversion at 10~ '°.
e PSI: ;1 — eee at 10717,
e SuperB: Rare 7 processes at 107 1°.
o Next-generation Mu2e: j — e-conversion at 10~ '® (or precision studies).

e Muon Beams/ Storage Rings: y — e-conversion at 107°? Revisit rare

muon decays (u — ey, u — eee) with new idea?
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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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New Neutrino Oscillation Experiments: Missing Oscillation Parameters

e
P —— (ma)2 (m2)2 (913 7é ()!)
(am?),
2
(m,) e Is CP-invariance violated in neutrino
oscillations? (§ # 0, 77?)
(m?) i e Is v3 mostly v, or v, 7 (623 > 7/4,
am m v (923<7T/4, or Q23:7T/4?)
H (am?),,
m e What is the neutrino mass hierarchy?
2
:l: (amd) (m2) = All of the above can “only” be
sol
(my)° (M) m — addressed with new 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:

1.5 T T 1 | [T T 1 | T T s | T T 1 | T T 1 | T T 1
: excluded area has CL > 0.95 | % :
: Yo ]
1.0 — . A —
| 5 2 Amy & Amg
B sin 23 3
0.5 I~ § u
- S Amy
- 8K b _
N /s > _
= 0.0 I W B — 7] We need to do this in
i ' § the lepton sector!
L ub _
| Vil
~0.5— o —
1.0 € —
— % i ‘Y sol.w/cos2p<0
— Moriond 09 : (excl. at CL > 0.95)
_1 .5 B I I | | I I | | I | | I I | | I A | | I I i
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p
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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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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,;) — d # 0, 7;
e Nontrivial “Strong” Phases: A3, 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. \/
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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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Long-Baseline Experiments, Present and Future (Not Exhaustive!)

e [INOW]| T2K (Japan), NOvA (USA) — v, — v, appearance, v,
disappearance — precision measurements of “atmospheric parameters”
(Amis,sin® f23). Pursue mass hierarchy via matter effects. Nontrivial tests

of paradigm. First step towards CP-invariance violation.

e [~2020] JUNO (China) — 7. disappearance — precision measurements of
“solar parameters” (Amji,,sin® 012). Pursue the mass hierarchy via

precision oscillations..

o [~2020] PINGU (South Pole) — atmospheric neutrinos — pursue mass

hierarchy via matter effects.

o [~2025] HyperK (Japan), DUNE (USA) — Second (real opportunity for
discovery!) step towards CP-invariance violation. More nontrivial tests of
the paradigm. Ultimate “super-beam” experiments.

e [>20307] Neutrino Factories (?7) — Ultimate neutrino oscillation experiment.
Test paradigm, precision measurements, solidify CP-violation discovery or
improve sensitivity significantly.
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What We Know We Don’t Know: How Light is the Lightest Neutrino?

s — (M)

(am?),,..

[ (m2)2

(am?)_,

e (1) )2
ANt V4

normal hierarchy

2 (m2)2_
(Amz)sol

(ml)z_

H (Am®) 4

() e e—
AN

S
inverted hierarchy

2 _
mlightest =7

l

m2 =0

December 21, 2015

So far, we’ve only been able to measure

neutrino mass-squared differences.

The lightest neutrino mass is only poorly

constrained: mﬁghtest < 1eV?

qualitatively different scenarios allowed:
® mIQightest o 07

2 2 .
® Miightest K AMI2.13;

2 2
® Miightest > AMi2 13-

Need information outside of neutrino oscillations:

— cosmology, (#-decay, Ov33
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Big Bang Neutrinos are Warm Dark Matter

- PlanckTT!HowP +lesnlng-;»BAOD,,
PlanckTT +lowP +lesning +BAO ;;
PlanckTT +lowP +lesning +BAO ,,;
PlanckTT,TE ,EE+IowP+BAO
PlanckTT,TE EE+IowP+BAO,,,

PIanckTT+Iow|P+IesnIng+BAOD,[,
PlanckTT +HowP+lesning+BAO,;,;
PlanckTT +lowP+lesning+BAO,
PlanckTT,TE EE+IlowP+BAO;
PlanckTT,TE,EE+lowP+BAO y;

e Constrained by the Large Scale

Structure of the Universe.

PlanckTT,TE,EE+lowP+BAO,, PlanckTT,TE,EE+lowP+BAO,,;

Constraints depend on

e Data set analysed;

e “Bias” on other parameters;
\\QQ\\s
| ] Qé;"":- ol e ...
0.00 0.03 0.06 0.09 0.12 0.0 0.1 0.2 0.3 0.4
mu,min[ev] Emu[ev]
Bounds can be evaded with
FIG. 1: The likelihood distributions of my ymin and ) m, for the NH, IH and DH of neutrinos

. o non-standard cosmology. Will we
in the v ACDM models from two data combinations of Planck TT,TE,EE+lowP+BAO and Planck

TT+10WP+1€HS1Hg+BAO. respectively. 1earn about neutrinos from

[Huang et al. arXiv:1512.05899]
cosmology or about cosmology

from neutrinos?
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\ VertEd Hierar A
yond

——————————— Future Cosmology - |+ -~ -~ -

1073 107 107
mlightest (e‘/)

Figure 7. Current constraints and forecast sensitivity of cosmology to the sum of neutrino masses. In
the case of an “inverted hierarchy,” with an example case marked as a diamond in the upper curve, future
combined cosmological constraints would have a very high-significance detection, with 1-0 error shown as a
blue band. In the case of a normal neutrino mass hierarchy with an example case marked as diamond on
the lower curve, future cosmology would still detect the lowest Y  m, at greater than 3-c.

[K. Abazajian et al. arXiv:1309.5386]
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Understanding Fermion Mixing
One of the puzzling phenomena uncovered by the neutrino data is the
fact that Neutrino Mixing is Strange. What does this mean?

It means that lepton mixing is very different from quark mixing:

0.80.5 0.2 1 02w
Vuns ~ 04 06 07 Verkm ~ | 0.2 1 0.01
0.40.60.7 o 001 1

(VM NS)e3l < 0.2]

WHY?

They certainly look VERY different, but which one would you label

as “strange”?
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11— 3 o)
. |E5%55d  anarchy %
10 = |E=— texture zero v
i SO(3)
E I o S S ..... .
O gl A Dy Y,
= L L-L-L L
o € Ko L
=T SRND 7
w—_ [ SO(10) lopsided fff’ff N A s
E 6 | |E===E SO(10) symmetrie/asym 1 =
2 5 R
= [ 7
= o
Z L= 77777, e
2 79T o
W7 R
1 L N_J/’a’/’-f-f! | — &&M
| m"""“j;';’j';’j'i ,J’_:f /’_, & ,f';
,:;f’ e .l* ;
le-05 0.0001 0.001 0.01
2 [Albright and Chen, hep-ph/0608137]
sin 913

“Left-Over” Predictions: 0, mass-hierarchy, cos 26053
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Anarchy vs. Order —  more precision required!

OOO_OS \\\\\\\\!“\\\\\\\\\\\\\\\\\\\\,ﬂ\\\\
®1_ \“ lll
L 0.045
/)]
0.04
0.035
0.03
0.025
0.02
0.015
0.01

0.005

O I I ‘ I B | ‘ I N ‘ I ‘ | \T\‘ﬁ\ | ‘ I N ‘ I S I ‘ I N | ‘ [

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
sin“0,,

Ol"del“: Sin2 913 = CC082 29237 C c [08, 12] [AdG, Murayama, 1204.1249]

— \H\‘HH‘HH‘HH‘HH‘\H\‘HH‘HH‘HH‘H\
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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, — U, appearance — LSND, MiniBooNE;

® U, — Usher disappearance — radioactive sources;

® U, — Uyher 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.

December 21, 2015 v Flavor




André de Gouvéa Northwestern

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

e We would have found new particle(s)!!'I!!  (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.

December 21, 2015 v Flavor




André de Gouvéa Northwestern

For example, if the new neutrino states are the “right-handed neutrinos”
from the standard seesaw, independent from the short-baseline anomalies

(for an inverted mass hierarchy, ms =1 eV(< ms)) ...

[AdG, Huang, 1110.6122]

e 1. disappearance with an associated effective mixing angle sin® 2. > 0.02.
An interesting new proposal to closely expose the Daya Bay detectors to a

strong (B-emitting source would be sensitive to sin® 20.. > 0.04;

e v, disappearance with an associated effective mixing angle sin® 249,, > 0.07,

very close to the most recent MINOS lower bound;

e v, <« U transitions with an associated effective mixing angle
sin® ¥, > 0.0004;

e v, < U, transitions with an associated effective mixing angle
sin” Y. > 0.001. A v, — v, appearance search sensitive to probabilities
larger than 0.1% for a mass-squared difference of 1 eV? would definitively

rule out my4 = 1 eV if the neutrino mass hierarchy is inverted.
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In Conclusion

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.

2. neutrino masses are very small — we don’t know why, but we think it

means something important.

3. neutrino mixing is “weird” — we don’t know why, but we think it means

something important.
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4.

5.

we need a minimal ¥SM Lagrangian. In order to decide which one is
“correct” we need to uncover the faith of baryon number minus
lepton number (030 is the best [only?] bet).

We need more experimental input These will come from a rich, diverse
experimental program which relies heavily on the existence of underground
facilities capable of hosting large detectors (double-beta decay,
precision neutrino oscillations, supernova neutrinos, nucleon

decay). Also “required”

e Powerful neutrino beam:;

e Precision studies of charged-lepton lepton properties and processes;

e High energy collider experiments (the LHC will do for now);
There is plenty of room for surprises, as neutrinos are potentially very
deep probes of all sorts of physical phenomena. Remember that neutrino

oscillations are “quantum interference devices” — potentially very sensitive

to whatever else may be out there (e.g., A ~ 10 GeV).
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Not all is well(?): 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, — Uyher disappearance — radioactive sources;

® U, — Uyher 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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- MiniBooNE & LSND

0.020; -

T 0.015} °

3 I
= L
= 0010}

S .

° |
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= 0.000f
A |

—0.005L . . . L :
8.0 0.5 1.0 1.5 2.0 2.5
Courtesy of G. Mills]
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Weak Scale Seesaw, and Accidentally Light Neutrino Masses

[AdG arXiv:0706.1732 [hep-ph]]

=~ 1.4
:?: - What does the seesaw Lagrangian predict
z | for the LHC?
S0l M, =120 GeV
z 7
Tt Nothing much, unless. ..
T L
g 1r e My ~1—100 GeV,
= e Yukawa couplings larger than naive
08 expectations.
06k < H — vN as likely as H — bb!
(NOTE: N — £q’q or £¢'v (prompt)
041 “Weird” Higgs decay signature! )
02|
0 I P I T !
20 40

m, (GeV)
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And that is not alll Neutrinos are unique probes of several different

physics phenomena from vastly different scales, including. ..
e Dark Matter;
e Weak Interactions;
e Nucleons;
e Nuclei;
e the FEarth;
e the Sun;
e Supernova explosions;
e The Origin of Ultra-High Energy Cosmic Rays;

e The Universe.
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(?) [This is Not a Proper Comparison Yet!]

NUFIT 2.0 (2014)

But it 1s a start. ..

btz, 1409.5439, http://www.nu-fit.org]
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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
' o -y _ solar abundance problem
1071 10° 10! (see e.g. 1104.1639)
E,(MeV)

‘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

dr [1077 eV?]

[Berryman, AdG, Herndndez, arXiv:1411.0308]
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d; [10713 eV?]

Model-independently,
we know little about
the neutrino lifetime

(cosmology excepted!)

vSM: 7 > 1037 years.

Here, d; = m;/7;

o m; 10_13
71—7(16\/. 4 )ms
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Neutrino Mixing Anarchy: Alive and Kicking!
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