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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.

v, — V; and v, — V> — atmospheric and accelerator experiments;
Ve — V,, r — solar experiments;

Ve — Uother — reactor experiments;

Vy, — Vother and Uy, — Uother— atmospheric and accelerator expts;

v, — Ve — accelerator experiments.

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

neutrinos have distinct masses, and mix.
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Given the known “ingredients” of the SM — Q, u°, d, L, e (x3) + H — and the
known rules — SU(3) x SU(2) x U(1) gauge symmetry — we can predict that the

neutrino masses are exactly zero.

Neutrino masses require new ingredients or new rules. We are still trying to

figure out what these new ingredients are.

On the plus side, we probably know what they could be. ..
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In Summary: Neutrino Masses are the Only* “Palpable”
Evidence of Physics Beyond the Standard Model

* There is only a handful of questions our model for fundamental physics cannot

explain (my personal list. Feel free to complain).

May 26,

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

Why does the Universe appear to be accelerating? Why does it appear that the

Universe underwent rapid acceleration in the past [inflation]? (not in SM).

2020 v Pheno
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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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Fork on the Road: Are Neutrinos Majorana or Dirac Fermions?

Best (Only?) Bet: Neutrinoless Double-Beta Decay.
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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 L,sm D S0V 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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The Seesaw Lagrangian

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

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

3
L, =Loa — Ai L HN' =)

i=1
where N* (i = 1,2, 3, for concreteness) are SM gauge singlet fermions.

L, 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.

May 26, 2020 v Pheno




André de Gouvéa Northwestern

To be determined from data: )\ 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

May 26, 2020 v Pheno
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Constraining the Seesaw Lagrangian

[AdG, Huang, Jenkins, arXiv:0906.1611]
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Tree-Level Realization of the Weinberg Operator

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”).

May 26, 2020 v Pheno




André de Gouvéa Northwestern

Higher Order Neutrino Masses from AL = 2 Physics —
Other Paths

Imagine that there is new physics that breaks lepton number by 2 units at

some energy scale A, but that it does not, in general, lead to neutrino

masses at the tree level.

We know that neutrinos will get a mass at some order in perturbation

theory — which order is model dependent!

For example:

May 26,

SUSY with trilinear R-parity violation — neutrino masses at one-loop;
Zee models — neutrino masses at one-loop;

Babu and Ma — neutrino masses at two loops;

Chen et al, 0706.1964 — neutrino masses at two loops;

Angel et al, 1308.0463 — neutrino masses at two loops;

etc.

2020 v Pheno
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One Approach Aimed at Phenomenology
e Only consider AL = 2 operators;

e Operators made up of only standard model fermions and the Higgs
doublet (no gauge bosons);

e Electroweak symmetry breaking characterized as prescribed in SM;

e Effective operator couplings assumed to be “flavor indifferent”, unless
otherwise noted;

e Operators “turned on” one at a time, assumed to be leading order
(tree-level) contribution of new lepton number violating physics.

e We can use the effective operator to estimate the coefficient of all
other lepton-number violating lower-dimensional effective operators
(loop effects, computed with a hard cutoff).

Results presented are order of magnitude estimates, not precise
quantitative results. ): Does this really make sense? A: Sometimes...

May 26, 2020 v Pheno
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) Operato A [TeV R .
O | Operator | A [TeV] perarer [TeV] Oz, (LQ)(LQ)ucuc |2x10°77 Owis | (LL)d°uufuf | 0.2 -2

Os |(LH)(LH)(QH)d |6 x 10*~° e — B
O:|(LH)(LH)|6 x 1010-11 Ot | (LL)@QJueu® 10.3-06 Ow | (LQ)Edew | 01-1

Os |(LH)(LH)(QH)u®|2 x 10°77 Ows | (LQ)(LL)we |2 x 1043 B
O | (LQ)d°ucecus 4-40
O, | (LL)(LH)e |4 x 1087

c -2 — 4
Or (LH)(QH)(QH)E 4 x 101 014(, (LL)(QQ)u;-dC 1023
O, e‘e“u“udede 10°°

O3, |(LL)(QH)d®|2 x 1045

Oy | (LL)(LL)ee® |3 x 10272

Ou1, | (LQ)(LQ)ucd® |6 x 10°°

Os, | (LQ)(LH)d®|1 x 107-# D B * Ignore Lorentz, SU(3).
Ow | (LL)(LQ)e%d" |6 x 10 Ow | (LL)(LL)dw® | 10*~° structure

« SU(2), contractions

Os, |(LQ)(LH)u |4 x 10°) oy, | (LL)QQ)dd | 3-30 | |04 | (rjeaew | 02—2 denoted with parentheses
S * /A indicates range in which
Ouy |(LL)(QH)ue| 27 On,| (LQ)(LQ)dd® |2x10°* O | (LL)dddw® | 0.2—2 ellEts &
m, €[0.05 eV, 0.5 eV]
Os | (LH)ecucd® |6 x 1023 hep-ph/0106054; K.S. Babu & C.N. Leung

arXiv:0708.1344; A. de Gouvéa & J. Jenkins
arXiv:1212.6111; P.W. Angel, et al.

arXiv:1404.4057; A. de Gouvéa, at al.
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LNV from Effective Operators

What do these operators do? Consider 01446 =0 )(20)ulc dic.

. B
m They generate neutrino masses: s
u UJ,
Vg Vg
dr, R
m They generate various LNV phenomena:
ih
dL\ lle\
i
dR/ U,R/
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How Do We Do More (or At Least Better)?
Questions:

e Are these results reliable? Which ones? How reliable?

We assume, for example, that we can “turn on” one effective operator
at a time. We also assume that the LNV physics, when integrated at
tree-level, leads to effective operators of a certain mass dimension but

not lower dimensional ones.

e How about constraints from lepton-number-conserving processes?

The idea is that we can do a good job when it comes to low-energy,
LNV observables (neutrino masses, Ov3/3). This EFT approach as
“nothing to say” about lepton-number conserving phenomena.

Approach: try out some UV completions. Concentrate on O.

[AAG et al, arXiv:1907.02541]

May 26, 2020 v Pheno
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[AAG et al, arXiv:1907.02541]

L Jas YaYs (ytybU)Z

Mol T (1672)
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[AAG et al, arXiv:1907.02541]

0P = CELGucucde de

New particles in red. Easy to figure out their quantum numbers given what we know
about e, d°, u°. Given what we know about L, (), we can also figure out what quantum
numbers we don’t want in order to prevent other dimension-nine operators at the

tree-level.

May 26, 2020 v Pheno
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Table 1: All new particles required for all different tree-level realizations of the all-

singlets dimension-nine operator (’)?5 .The fermions v, {, and x come with a partner

(¥€, €€, and x€ respectively), not listed. We don’t consider fields that couple only to the

antisymmetric combination of same-flavor quarks.

New particles (SU(B)C, SU(2)L)U(1)Y Spin

D = ( (1,1)_9 scalar
Y = (u€uc) (6,1)4/3 scalar
A = (dede (6,1)_o/3 scalar
C = (u¢ (1,1)1, (8,1)1 vector
Y = ( (3, 1)ay3 fermion
¢ = (3,1)_5/3 fermion
x = (I°ufu®) (6,1)_1/3 fermion
N = (I¢d°u®) (1,1)0, (8,1)0 fermion

May 26, 2020

v Pheno




André de Gouvéa Northwestern

X° //c
C

>
b)

(4

e
P
u®
U

FIG. 8: Feynman diagrams (box-diagrams) contributing to the CLFV process u~ — e~ -conversion, in Model yAX.
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FIG. 9: Tree-level Feynman diagram that mediates n — 7 oscillations in Model yAX.

[AAG et al, arXiv:1907.02541]
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BN (0Y EEE Ay 2 AD YA

can be switched off via // —— Muze (Expected) 2_103

L, — L. symmetry

pt—eteTetuyt —sety pum —e” Mu—Mu n—mn LEP

(models with new vector bosons not included)

[AdG et al, arXiv:1907.02541]

May 26, 2020 v Pheno



André de Gouvéa Northwestern

Dirac Neutrinos — Enhanced Symmetry!(Symmetries?)

Back to

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

3
L, =Loa — AaiL*HN" =
1=1

where N; (¢ = 1,2, 3, for concreteness) are SM gauge singlet fermions.

May 26, 2020 v Pheno




André de Gouvéa Northwestern

Dirac Neutrinos — Enhanced Symmetry!(Symmetries?)

If all M; = 0, 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 vSM 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 \ 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. ..

May 26, 2020 v Pheno
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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!

May 26, 2020 v Pheno
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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 ...

e understanding the fate of lepton-number. Neutrinoless double-beta decay. What
else?

e A comprehensive long baseline neutrino program. (On-going T2K, NOvA, etc.
DUNE and HyperK next steps towards the ultimate “superbeam” experiment.)

e Different baselines and detector technologies a must for both over-constraining the
system and looking for new phenomena.

e Probes of neutrino properties, including neutrino scattering experiments. And
what are the neutrino masses anyway? Kinematical probes.

e Precision measurements of charged-lepton properties (g — 2, edm) and searches for
rare processes (i — 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 Neutrino properties affect, in a significant way, the history of the universe
(Cosmology). Will we learn about neutrinos from cosmology, or about cosmology
from neutrinos?

May 26, 2020 v Pheno
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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!

May 26, 2020 v Pheno
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New Neutrino Oscillation Experiments: Missing Oscillation Parameters

o Whatisthev—ecomponent—otia?
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)

May 26, 2020 v Pheno
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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 |Ue2|?|Uc1]? — KamLAND;
o |U,s3|?(1 —|Uus|?) — atmospheric data, K2K, MINOS;
o |Uecs|?(1 — |Ues|?) — Double Chooz, Daya Bay, RENO:;

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

We still have a ways to go!

May 26, 2020 v Pheno
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What Could We Run Into?

since my # 0 and leptons mix ...

May 26, 2020 v Pheno
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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.”)

e ctc.

May 26, 2020 v Pheno
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Different Oscillation Parameters for Neutrinos and

Antineutrinos?
[AdG, Kelly, arXiv: 1709.06090]

e How much do we know, independently, about neutrino and

antineutrino oscillations?

e What happens if the parameters disagree?

May 26, 2020 v Pheno
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7T/2 - [AAG and Kelly, arXiv:1709.06090]
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Physics with Beam v.’s at the DUNE Far Detector Site

[AdG, Kelly, Pasquini, Stenico, arXiv:1904.07265]
v, sample: why?
e Model independent checks.
— Establishing the existence of v, in the beam;
— Is it consistent with the oscillation interpretation v, — v, 7
— Measuring the oscillation parameters.

— Comparison to OPERA, atmospheric samples.

e (Cross-section measurements.

— Comparison to OPERA, atmospheric samples.

e Testing the 3-neutrinos paradigm.
— Independent measurement of the oscillation parameters.
— More concretely: “unitarity triangle”-like test.

— Is there anything the v, sample brings to the table given the v,, v, and

neutral current samples? [model-dependent]

May 26, 2020 v Pheno
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0.5 < sin®(20,,) < 1

May 26, 2020 v Pheno




André de Gouvéa

Northwestern

Testing the Three-Massive-Neutrinos Paradigm

v, Appearance channel

v, Appearance channel
I

vy, Dlsappearlance channel

2.8 | | | | I 2.60,
------ lo CL — 35yr.v+ 35yr. v |

5 6L — 30 CL 3yr.v+3yr. v+ 1 yr. HE
2.4
2.21 8

1 sin; 015 = 0.310 (fixed) ﬁm?l = 7»39 2>< 107° eyzy(f;l)?efd) . fixced)|

: sin® 013 = 0.02240 (free mg; = +2.525 x 1072 eV~ (free, ordering fixed
2.0 | | | | 0 DUNE 7 yr datla COHeCtlon jiﬁ? 9;; = 9.582 (frg)(le) 5C'Pd; —2.496 raﬁl = 217° (free) 9 l
0.040 0.045 0.050 0.055 0.060 0.0650.00 0.25 0.50 0.75 1.00 0.96 0.98 1.00
sin® (20,,¢) sin (20,,7) sin (26,,,,)

Sin2 29Me = 4|UM3|2|U€3’27

Unitarity Test: |Ues|® + |Uus|? + |Urs|?
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sin® 20,,; = 4|U,3|*|U~3|?

+0.05

— 1—0.06

1—|—0.13
—0.17

(

lone sigmal]

sin® 20,,,, = 4|U,JJ3|2(1 — |U33|)

[three sigmal)
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v, Appearance
Ve Appearance

v, Disappearance

DUNE 7 yr. data collection

3.5 yr. Neutrino Mode, 3.5 yr. Antineutrino Mode
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Summary

At the end of the 20th Century, the venerable Standard Model sprung a
leak: neutrinos are not massless!

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.

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.

4. We need more data — from everywhere — and the data are on their way.

Stay tuned!

May 26, 2020 v Pheno




André de Gouvéa




André de Gouvéa Northwestern

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., 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)

May 26, 2020 v Pheno
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Low-Energy Seesaw: Brief Comments [AAG PRD72,033005)]

The other end of the M spectrum (M < 100 GeV). What do we get?

May 26,

Neutrino masses are small because the Yukawa couplings are very small
A€ [107% 1071

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

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

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;
sterile—active mixing can be predicted — hypothesis is falsifiable!

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

no value of M should be discriminated against!

2020 v Pheno
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Weak Scale Seesaw, and Accidentally Light Neutrino Masses

MAX I(H—VN)/I' (H—bb)

May 26, 2020

[AdG arXiv:0706.1732 [hep-ph]]
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What does the seesaw Lagrangian predict
for the LHC?

Nothing much, unless. ..
e My ~1—100 GeV,

e Yukawa couplings larger than naive
expectations.

< H — vN as likely as H — bb!
(NOTE: N — £q’q or £¢'v (prompt)

“Weird” Higgs decay signature! )
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(a)

LNV

Operator

2N

May 26, 2020 v Pheno




André de (lanixraa
12

11
10

Number of Models

“Left-Over” Predictions: 0, mass-hierarchy, cos 26053

May 26, 2020
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[Albright and Chen, hep-ph/0608137]

v Pheno




André de Gouvéa Northwestern

Neutrino Mixing Anarchy: Alive and Kicking!

[Hall, Murayama, Weiner hep-ph/9911341]
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Anarchy vs. Order —  more precision required!
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