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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 these data is that

neutrinos have distinct masses, and mix.
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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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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, etc may provide more information.

April 27, 2016 v World




André de Gouvéa Northwestern

Fork on the Road: Are Neutrinos Majorana or Dirac Fermions?
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Why Don’t We Know the Answer?

If neutrino masses were indeed zero, this is a nonquestion: there is no

distinction between a massless Dirac and Majorana fermion.

Processes that are proportional to the Majorana nature of the neutrino
vanish in the limit m, — 0. Since neutrinos masses are very small, the

probability for these to happen is very, very small: A «c m,/FE.

The “smoking gun” signature is the observation of LEPTON NUMBER
violation. This is easy to understand: Majorana neutrinos are their own
antiparticles and, therefore, cannot carry any quantum numbers —

including lepton number.
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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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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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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
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

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

(seesaw) _
! e |
-1 0 1 2 3 4 5 6 7 8 9 10 11 12
LOg(/\/TeV) AdG, Jenkins, 0708.1344 [hep-ph]
v World
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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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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 1T 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
- =0 Amg 4
- 8K b _
B L > |
0.0 __'& """""""""" W N — 7| We need to do this in
i § the lepton sector!
L ub _
| Vi
-0.5— o ~
-1.0— €k —
B % i ‘Y sol.w/cos 28 <0
— Moriond 09 : (excl. at CL > 0.95)
_1 5 i I | | I I | | I I | I I | L1 1 1 | I I | i
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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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 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”

April 27, 2016 v World
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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. \/

April 27, 2016 v World
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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.

April 27, 2016 v World
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Case Studies

I will briefly mention two case-studies: the fourth-neutrino hypothesis and

non-standard neutral-current neutrino-matter interactions. In general
e [ will mostly discuss, for concreteness, the DUNE setup;

e | don’t particularly care about how likely, nice, or contrived the scenarios
are. It is useful to consider them as well-defined ways in which the
three-flavor paradigm can be violated. They can be used as benchmarks for
comparing different efforts, or, perhaps, as proxies for other new
phenomena.

e [ will mostly be interested in three questions:

— How sensitive are next-generation long-baseline efforts?;

— How well they can measure the new-physics parameters, including new

sources of CP-invariance violation?;

— (Can they tell different new-physics models apart?

April 27, 2016 v World
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A Fourth Neutrino
(Berryman et al, arXiv:1507.03986)

If there are more neutrinos with a well-defined mass, it is easy to extend the

paradigm:

Vr = UTl UT2 U’7'3 U’r4 V3
2 Ui Uz Uzs Uz - V4

N U R R R B W

e New mass eigenstates easy: v4 with mass my4, vs with mass ms, etc.

e What are these new “flavor” (or weak) eigenstates 127 Here, the answer is
we don’t care. We only assume there are no new accessible interactions

assoclated to these states.

April 27, 2016 v World
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UeQ

UT 3
U7'4

When the new

= $12€13C14,
= e~ "M s13¢14,
e 251y,
= co4 (c12c23 — €M s12513823) — ("2 7M3) 519514504013,
= s23c13C24 — € (12737 M1) 513514504,
= e "3 59414,
= ¢34 (—c12823 — €M 512513¢23) — €12¢13024512514534
—e'3 (c12c23 — €M1 512513523 $24534,
= cigcazcga — M2 M) 513514534004 — €13 593524 834C13,

— 5§34C14C24.

mixing angles ¢14, ¢24, and ¢34 vanish, one encounters oscillations

among only three neutrinos, and we can map the remaining parameters {12, ¢13, ¢23,
m } — {012, 013, 623, dcp}.

Also

Ns =172 — N3,

is the only new CP-odd parameter to which oscillations among v and v, are sensitive.

v World
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[Berryman et al, arXiv:1507.03986]
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0.1 T
3 years vV+U
(7-54+ 0.24) x 107° eV?
/2 ,2, =243 x107% eV?
Am“ =10"%eV?
sm ¢y, = 0.315
by 5% sm 13 = 0.024
< " ” sm Pyy = 0.456
~ 0.05 =0 //;;) sin? 6,1 = 0.022
= — = 0.030
N NG ) w3
CINTR Y, n, = ~m/4
W\ >3 —7/2 — U,,> =0.301+ 0.015
095 0.05 01 “x —x/2 0 w2 =
sin® ¢y, T

[Berryman et al, arXiv:1507.03986]

FIG. 5: Expected sensitivity contours at 68.3% (blue), 95% (orange), and 99% (red) CL at DUNE with six years of data
collection (3y v + 3y v), a 34 kiloton detector, and a 1.2 MW beam given the existence of a fourth neutrino with parameters
from Case 2 in Table I. Results from solar neutrino experiments are included here as Gaussian priors for the values of

|Ue2|? = 0.301 £ 0.015 and Am?, = 7.54 £0.24 x 1075 eV? [22].
sin? d14 sin? h24 Amﬂ (eVZ) s sin? d12 sin? h13 sin? P23 Am%z (eVZ) Am%S (eVz) M
Case 1|| 0.023 | 0.030 0.93 —m /4| 0.315 | 0.0238 | 0.456 |7.54 x 107°|2.43 x 1073 |7/3
Case 2| 0.023 | 0.030 | 1.0 x 10~2 |—=/4|| 0.315 | 0.0238 | 0.456 |7.54 x 107> |2.43 x 10—3 |7 /3
Case 3|| 0.040 | 0.320 | 1.0 x 10~° |—=/4|| 0.321 | 0.0244 | 0.639 |7.54 x 107> |2.43 x 103 |7 /3

TABLE I: Input values of the parameters for the three scenarios considered for the four-neutrino hypothesis. Values of ¢12,
$13, and ¢23 are chosen to be consistent with the best-fit values of |Uez|?, |Ues|?, and |Ups|?, given choices of ¢14 and ¢24. Here,
ns = n2 — n3. Note that Am?, is explicitly assumed to be positive, i.e., m3 > mf
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Non-Standard Neutrino Interactions (INSI)

(AdG and Kelly, arXiv:1511.05562)

Effective Lagrangian:

LM = _ZﬂGF(Da’YpVﬁ) Z (Giéfmpr + EZ;];?R’Ypr) + h.c.,

f=e,u,d
For oscillations,
1 .
HZ] = dlag{O,Am%Q,AM%g} + ‘/1,]7
2F,
where
Vij = Ul VasUs;,
1 —|— Eee 6@/1, 66’7’
Vaﬁ = A Ez,u S Cut ?
*k >k
€or el”' €Err

A =V2Grne. €ap are linear combinations of the eég’R. Important: Propagation

effects only. We don’t include NSI effects in production or detection.
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There are new sources of CP-invariance violation! |easier to see T-invariance violation]

0.15

©
o
=)

Plv, — Vg )
o

0.03

0.00

=== P,orF,, NoNSI
=== P,=F,,, Real NST | |
= P, NSI

— P, NSI

N

\

4
E, [GeV]

[AAG and Kelly, arXiv:1511.05562]

FIG. 2: T-invariance violating effects of NSI at L = 1300 km for e, = O.Iei"/a, €er = O.Ie_i"/4, €. = 0.1 (all other
NSI parameters are set to zero). Here, the three-neutrino oscillation parameters are sin? 612 = 0.308, sin?613 = 0.0234,
sin? O3 = 0.437, Am?s = 7.54 x 107° eV2, Am?s = 2.47 x 1072 V2, and § = 0, i.e., no “standard” T-invariance violation.
The green curve corresponds to P., while the purple curve corresponds to P,.. If, instead, all non-zero NSI are real (€., = 0.1,
€er = 0.1, €, =0.1), P.,, = P,., the grey curve. The dashed line corresponds to the pure three-neutrino oscillation probabilities
assuming no 7T-invariance violation (all eag = 0, § = 0).
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- +0.60
€oe = 0'12~0.63

And -
P\ 32 years v —+v
Al N sin” 0,, =0.308
1o \ / sin” 0, =0.023
sin® 6, =0.437

le.,| < 0.04 Am?, =(7.54+ 0.24) x 107° eV?
- Am?Z, =2.47 x 10~* eV?
0.15 //'/ S=m/3
“Fow 7 A\\ 1/ U5l =0.301 + 0.015
.0 // eee:()
SN -
P |€m.| < 0.18 eep =(
\ 661.:0
0.75 f € =0
“So.50 \\\\// = N /’ -
= i
o2 X/ \\\\ \ )24
LNaw NEARN
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o2 N\ N N / [AAG and Kelly, arXiv:1511.05562]
A N N )
AT BN BN P
S ZAN RN nNEly"
ml//y /DN ™ D D
N € =—0.03"75
T c=amll= Gl \n
F o2 ——— =& T VAVIAI
3 ;/——- v
NE<% — = =1 \
=g 5 3 £ T = T % £ ¥ § E 8 s % E g2 8 S % 3 3 S
| ) = = s s s = = s = - s & & & & | ]
. €ee |€cul €] l€,|
April 27, 2016 v World
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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. ..

April 27, 2016 v World




André de Gouvéa Northwestern

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.

April 27, 2016 v World
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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.
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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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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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Anarchy vs. Order —  more precision required!

OOO_OS \\\\\\\\!“\\\\\\\\\\\\\\\\\\\\,ﬂ\\\\
®1_ \“ lll
L 0.045
/)]
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0.035
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0.025
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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\

April 27, 2016 v World




André de Gouvéa Northwestern

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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O, wonder!
How many goodly creatures are there here!
How beauteous mankind is! O brave new world,

That has such people in’t!

W. Shakespeare, “The Tempest,” Act V, Scene 1
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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;

P(v,—7V,) or P(v,—V,)

rrrrrrrrrrrr

0.015} °

0.010}

0.005}

0.000}

15

IL/E, (meters/MeV)




Bugey 40 m

[Statistical Errors Only]




Bugey 40 m

8

\smc.omaAn_xw

&

N/

S

g0

N

0

|5 Z00HD | 50 o NS STV AU
| .....Lopenorea b
S S -
ST S
S S
S Y R A
e RS S S —— 0
| z-ysmhouseny | ISR IO SO SOV SV U
e . “ .
ImﬂmW_.Q%Q.mmw.m._v__\... ._... .l, ...._..m\ ......m. .am. :. .
: :%@8_” y m _ S -
| eAebng i e __ SR N
b0y | ! o
yseAousen : J _ w W
Cowos i | 1
: big-Abbog | = .1 __
[ R 1 A T N B
w - v =] @« Rfd ~
- s 5

10°

Distance to Reactor (m)

10’

20

15

10

v World

MeV

E,

April 27, 2016



André de Gouvéa Northwestern

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!

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

® U, . — Uy appearance.
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Baryogenesis via Leptogenesis

One of the most basic questions we are allowed to ask (with any real hope
of getting an answer) is whether the observed baryon asymmetry of the
Universe can be obtained from a baryon—antibaryon symmetric initial

condition plus well understood dynamics. |Baryogenesis|

This isn’t just for aesthetic reasons. If the early Universe undergoes a
period of inflation, baryogenesis is required, as inflation would wipe out

any pre-existing baryon asymmetry.

It turns out that massive neutrinos can help solve this puzzle!
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In the old SM, (electroweak) baryogenesis does not work — not enough
CP-invariance violation, Higgs boson too light.

Neutrinos help by providing all the necessary ingredients for successful
baryogenesis via leptogenesis.

e Violation of lepton number, which later on is transformed into baryon
number by nonperturbative, finite temperature electroweak effects (in

one version of the vSM, lepton number is broken at a high energy
scale M).

e Violation of C-invariance and CP-invariance (weak interactions, plus
new CP-odd phases).

e Deviation from thermal equilibrium (depending on the strength of the

relevant interactions).
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E.g. — thermal, seesaw leptogenesis,
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[Fukugita, Yanagidal]

e L-violating processes

e y = CP-violation

e deviation from thermal eq.
constrains combinations of

My and y.

e need to yield correct m,

not trivial!

[G. Giudice et al, hep-ph/0310123]
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. o
E.g. — thermal, seesaw leptogenesis, || L D —y;o L'"HN® — MTNNaNﬁ + H.c.
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008 01 012 014 0.16 008 01 012 014 0.16
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[G. Giudice et al, hep-ph/0310123]

It did not have to work — but it does

MSSM picture does not quite work — gravitino problem

(there are ways around it, of course...)
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Relationship to Low Energy Observables?

In general ...no. This is very easy to understand. The baryon asymmetry
depends on the (high energy) physics responsible for lepton-number
violation. Neutrino masses are a (small) consequence of this physics,
albeit the only observable one at the low-energy experiments we can
perform nowadays.

see-saw: vy, M have more physical parameters than m, = y*M ]Qly.

There could be a relationship, but it requires that we know more about
the high energy Lagrangian (model depent). The day will come when we
have enough evidence to refute leptogenesis (or strongly suspect that it is
correct) - but more information of the kind I mentioned earlier is really
necessary (charged-lepton flavor violation, collider data on EWSB,

lepton-number violation, etc).
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Making Predictions, for an inverted mass hierarchy, my = 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 #-emitting source would be sensitive
to sin” 20,, > 0.04;

e v, disappearance with an associated effective mixing angle
sin? 29,,, > 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, < v, transitions with an associated effective mixing angle
sin? Vv, > 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 m4 = 1 eV if the neutrino mass hierarchy

i1s inverted.
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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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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 ’
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“Atmospheric Oscillations” in the Electron Sector: Daya Bay, RENO, Double Chooz

o Am2 5 MeV L
phase= 0.64 <2.5><10—3 ev2) ( E ) (1 km)
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Z 105 5
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B 0 .
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B 2
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Where We Are

(?) [This is Not a Proper Comparison Yet!]
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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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\ VertEd Hierarch
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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E.g., CPV in 3+1 Scenarios. vSTORM+-, v, — v, at the “optimal” baseline. ..

m0.19 T T T T T T T T T T T T
D I

[AdG, Kelly, Kobach, arXiv:1412.1479]
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0.8 ] Solar Neutrinos
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0.6} l NSI 1  We are not done yet!
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pp - All solar l transition

0.4}  TBe pe _'
| v experiments . 'O P | o probe for new physics:
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l o probe of the solar interior!
0.2 i « 99
' o -y _ solar abundance problem
1071 10° 10! (see e.g. 1104.1639)
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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]

ABorexingpaper [19]. , World
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Constraining the Decay of Neutrinos — Solar Edition

20 I I T I

i [Berryman, AdG, Herndndez, arXiv:1411.0308]

y 1 Model-independently,

A

\

|- ‘ 7 .

\\ we know little about
i . |
\ ) o L

15+ \ ] the neutrino lifetime.

vSM: 7 > 1037 years.

Here, d; = m;/7;

d, [1071 eV?]
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Neutrino Mixing Anarchy: Alive and Kicking!
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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]
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André de Gouvéa

Northwestern

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