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Massive neutrinos — Dirac versus Majorana

Dirac mass term

The simplest way to describe a massive neutrino is to add a ¥ to the SM
and to write a Dirac mass term, as for the other fermions:
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The massive neutrino vp is a Dirac fermion (2 independent chiralities)
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not invariant under SU(2);, x U(1)y but can be generated from a Yukawa
coupling to the SM Higgs doublet (which has weak isospin 1/2)
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caveat ;: possible to write a Majorana mass term for vp = end up with two
Majorana neutrinos rather than one Dirac neutrino (see later)



Majorana mass term

(C’Y,Cfc_l = V)

Vp = C’UZLF ~ CP conjugate of v, (DL = Vz*yo)

Preliminary remark: can form a RH spinor from v,

C = charge conjugation matrix; enters the charge conjugate of a Dirac spinor
V(x) — Y°(x) = CyY’(x) describes the corresponding antifermion

=> the existence of a LH neutrino (v, ) implies the existence of a RH
antineutrino (Cv; = v% ~ UR)

Now, with vz, and v, can write a (Majorana) mass term :
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The massive neutrino vy; = v, + v, satisfies the Majorana condition

VM = Vy; — Majorana fermion
C
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M my
A Majorana mass term violates lepton number (signature of a Majorana
neutrino). It cannot be generated from a coupling to the SM Higgs doublet,

which has aT = |/2 = neutrino masses require an extension of the SM




Dirac versus Majorana neutrino

A Dirac neutrino is different from its antiparticle ( v # 1)

=> describes 4 degrees of freedom: v1, v|, v1, vl [orvg, vy, VR, VL]

Described by a 4-component spinor vp = (VL ) , with independent LH and
RH components VR

A Majorana neutrino satisfies the condition v = v¢ = Cv!

=> describes only 2 degrees of freedom: v, vT J[or vy, Ur]

. : v
Can be described by a 4-component spinor v, = (VL ) , but the LH and
R
RH components are not independent, as vy, = 1§, = v = 1% = C}

The Majorana condition is inconsistent with any conserved additive quantum
number: if 1p possesses a conserved quantum number q,

¢ N e’qu ¢ s ¢C N 6—2'9(] ¢c
Thus only neutrinos (not quarks, charged leptons) can be Majorana fermions

For the same reason, one cannot rephase a Majorana neutrino
=> 2 additional physical phases in the PMNS matrix wrt the Dirac case



How to distinguish Majorana from Dirac neutrinos!?

Dirac and Majorana neutrinos have the same gauge interactions, since weak
interactions only involve V1, and its antiparticle r ~ vy (VR , if it exists,
is an SM gauge singlet and does not interact at all)

For the same reason, oscillations probabilities are the same for Dirac and
Majorana neutrinos (production and detection are weak interaction
processes: only v, and Ui can be produced and detected) (*)

The only practical difference between Dirac and Majorana neutrinos lies in
their mass term, which violates lepton number by 2 units in the Majorana case

— the Majorana nature of neutrinos can be established in AL = 2 processes
such as neutrinoless double beta decay

(*) note: P(v, — vg) # P(vy, — ) corresponds to CP violation, not C violation,
and is possible both for Dirac and Majorana neutrinos, precisely because

Vo = VRa = CP conjugate of v, = v,



Mechanisms of neutrino mass generation

Simplest possibility: add a RH neutrino to the SM

In addition to the Dirac mass term —mp v, N + h.c., must write a
Majorana mass term for the RH neutrino, which is allowed by all (non-
accidental) symmetries of the SM (or justify its absence):
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[only lepton number, if imposed, can forbid this term]

Mass eigenstates : write the mass terms in a matrix form and diagonalize
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Defining va;; = v, +v5; (such that vasi = V), ), one can see that the
mass eigenstates are 2 Majorana neutrinos with masses m1 and m2:
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{i D T > Minkowski - Gell-Mann, Ramond, Slansky
Seesaw Ilmlt * M > MW ~ Mp Yanagida - Mohapatra, Senjanovic

( Nr = gauge singlet = M unconstrained by electroweak symmetry breaking)
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— the light Majorana neutrino is essentially the SM neutrino

— natural explanation of the smallness of neutrino masses

New physics interpretation : M = scale of the new physics responsible for
lepton number violation — can a priori lie anywhere between ~ 10!° GeV
(a larger M would give m, < /|Am3,| ~ 0.05eV,unless yp > 1)

and the weak scale (low-scale seesaw mechanism), or even below




3-generation (type |) seesaw mechanism (i =1,2,3; aa = ¢, i, 7)
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Natural realization of the seesaw mechanism in Grand Unified Theories
(GUTs) based on the SO(10) gauge group

- SM quarks and leptons fit in a single | 6-dimensional representation of
SO(10), which also contains a right-handed neutrino:

162 — (Qiaug7d§7LiaegaNic) (Z — 17273)

- the scale of RH neutrino masses is associated with the breaking of the B-L
symmetry, which is a generator of SO(10), and is typically broken at or a few
orders of magnitude below the GUT scale Mcur

M; +— Mp_; <— SO(10)gauge symmetry breaking

(# arbitrary scale, even if model dependent) 60

. . 0
- natural values of the Dirac Yukawa coupling |

YD = ﬂmp/v (i.,e. yp ~ 1) give o
m,, =m%/M ~0.05¢V for M ~10'5 GeV, |
near the unification scale in supersymmetric
extensions of the SM, Mgyt ~ 2 x 10'° GeV |
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Right-handed neutrinos imply a deep (even if minimal) modification of the SM

- without RHNIs, gauge invariance and renormalizability imply that B and L are
global symmetries of the SM, only broken by quantum effects (anomalies)

- with RHNs, this is no longer true:a AL = 2 Majorana mass term is allowed
both by gauge invariance and renormalizability

Dirac neutrinos remain a viable possibility, but lepton number has to be
imposed: no longer automatic

Theoretical prejudices against Dirac neutrinos:

- must impose lepton number

- need very small Yukawa couplings: m, = v, (H) (H) =174 GeV
m, <leV =— y, 10712 (ye < 107°)

Y Y Y

[this makes the SM flavour puzzle, i.e. the unexplained hierarchy of fermion masses /
Yukawa couplings even stronger, but it might be explained by a theory of flavour]



Theoretical prejudices for Majorana neutrinos:

- lepton number violated in many extensions of the SM

- any mechanism generating neutrino masses without RHNs gives Majorana
neutrinos

- natural in SO(10) Grand Unified Theories (GUTs), left-right symmetric
theories (based on the gauge group SU(3)¢c x SU(2)L x SU(2)g x U(1)p_r
or larger), supersymmetry without R-parity

- possible explanation of the small neutrino masses (seesaw mechanism...)

- open the possibility of generating the baryon asymmetry of the Universe via
leptogenesis (B-L violation and CP violation are necessary ingredients of
baryogenesis)

While Majorana neutrinos are theoretically compelling, only experiment
(neutrinoless double beta decay, or possibly some other AL = 2 leptonic
process) will tell whether neutrinos are Dirac or Majorana particles



Alternative mechanisms of neutrino (Majorana) mass generation :

- other versions of the seesaw mechanism with heavy SU(2) triplets (scalar
[type Il seesaw] or fermionic [type Ill seesaw]). Can be realized at high or low
energy (with possibly new states accessible at colliders in the latter case)

- radiative models: neutrino masses generated at the one-loop (Zee model,
supersymmetry with trilinear R-parity violation), two loop level (Babu-Zee
model) or more.These are typically low-scale models, which can be tested at
colliders and predict flavour-violating processes involving charged leptons

- more exotic: supersymmetric models with R-parity violation (in which
lepton number is violated), extra spatial dimensions (*)...

(*) the minimal model with a flat extra dimensions, /7, on the SM brane and Vg in
the bulk, predicted a mixing of 1/, with an infinite tower of sterile neutrinos, ans has
been excluded by Super-Kamiokande and SNO



Type |l seesaw mechanism: heavy scalar triplet exchange

1

The Majorana mass term LM% = —Zm, v{ Cvy, + h.c. has AT; =1

=> can be generated from a coupling to a Higgs triplet:  [Gelimini, Roncadelli]

A, AT \/§A++
=L V2A0 AT

violation of lepton number in the scalar potential: 5 HTZ'JQATLH + h.c.

—% af LgCiO2ALL3 + h.c.

need small vev va and/or small Yukawa coupling f,3 1 )
« :

Natural limit: heavy Higgs triplet = ™, suppressed by /L/Mi \/

. : . l
N type Il seesaw mechanism Magg,Wetterlch - La.zamdes, Shafi, Wetterich | A
Mohapatra, Senjanovic - Schechter, Valle *

9 7 R

(M))ap = fap %v no need for small wor fas  H 7 H
A

also possibility of decoupling triplet mass / lepton number breaking scale :
low-scale lepton number breaking (<< GeV) possible

More economical in parameters than type I: M, 3 < fo3



Type Il seesaw can be realized in SO(10) GUTs, using the SU(2),, triplets
present in the 54- and |126-dimensional Higgs representations

Type | and Il can be simultaneously present in SO(10) models or in left-right
symmetric theories with SU(2), and SU(2)p triplets:
2

1, U
M, = fLUL_Yleyg UL:/LUQ/MX
fr, Jr (vL,vR) = SU(2); and SU(2)R triplet couplings (vevs)

Often an underlying left-right symmetry ensures fr, = fr = f



Type lll seesaw mechanism: heavy fermion triplet exchange

The Majorana mass term L3 = —1m, v{ Cvr, + h.c. can also be
generated from a coupling to a fermion Higgs triplet:
_ . 0 \/§ Y+
by 2 7%

Natural limit: heavy Higgs triplet = m,, suppressed by 1/Msy

— type lll seesaw mechanism Foot, Lew, He, Joshi - Ma
\ // Z Z
ER s YOé YB

] Ml/ aff — :
/‘_‘_\ ( ) 3 ME v
L L

With a single >, M, has rank one => a single massive neutrino

=> at least two fermion triplets needed

Can be realized in SU(5) GUTs with a fermion in the adjoint representation

24r 3 (1,3)0 ® (1,1)0 B0 2455y Ba = (La,dS), 5y = (H,T)

— type |+l seesaw mechanism



Radiative neutrino mass models

Zee model (I-loop)

Adding to the SM a second Higgs doublet ® and a charged SU(2) singlet 4™
leads to the following leptonic Yukawa couplings + scalar trilinear coupling

L7006 > =Y hLoHepg — YosLa®eps — fapLtC " io*Ls — pH'ic?®*h* + h.c.

where fzo = —fas and both H and ® acquire a vev

o H/®
=> charged lepton masses depend on both Y ; :
and Y., , and neutrino masses arise at |-loop 4
- : : Bt .-=-~. ®/H
The testable signatures of this mechanism are R x
exotic scalars and flavour-violating charged I — : P S
lepton decays suchas u—= ey L | e
A
H/®

Note: the original Zee model had YfB =0
and was predicting an inverted mass ordering with a near-maximal
solar mixing angle, which is excluded by the data



Supersymmetry with trilinear R-parity breaking (l-loop)

Neutrino masses arise from quark-squark and lepton-slepton loops

é”?/,,. "‘w\?m[, le ,"“ "'\(?mL
Vil 5w N ViL Vil " N /\;mk“‘ ViL
AN SeLr dir, dip
Zee-Babu model (2-loop) eTTTT
W N
introduce 2 charged SU(2) singlet scalars, Uk
1 1 \
h™ and k™, with couplings to leptons: - L
Va ﬁa fb Vg

fozﬁ L20i02L5h+ + h;56£a0635k++ + h.c.

Lepton number is violated by scalar couplings: phTh™k™— + h.c.

8
Neutrino mass matrix: (M, ). ~ (167r;)é2m2 JaryMe, hysMes fop
h

In addition to new exotic scalars, this mechanism predicts flavour-violating
processes involving charged leptons, such as u — ey



Sterile neutrinos

Only 3 light neutrinos (m, < M7 /2) couple to the Z boson :
N, = I'pvisible /(7 5 vp)gm = 2.9840 + 0.0082 [LEP]

Still additional light neutrino species without electroweak interactions may
exist. These “sterile neutrinos” would interact only through their mixing
with the “active neutrinos” v, v, V; and affect their oscillations.

(eV-scale) sterile neutrinos have been invoked to explain experimental
anomalies that cannot be accounted for within 3-flavour oscillations

Sterile neutrinos are present in models where the SM neutrino masses arise
from their coupling to RH neutrinos with a Majorana mass. In the seesaw
limit, the sterile neutrinos are very heavy and mix very weakly with the SM
neutrinos. But in general, their masses may lie anywhere between the eV
and the Grand Unification scale. Generic prediction : the lighter the sterile

neutrinos, the stronger their mixing with active neutrinos

m% mp

: : my
my,~——, mg~M, sin~—— = sinf ~
M M

mes



Active-sterile neutrino mixing

Standard case (3 flavours)

/ 3x3 lepton mixing matrix (PMNS)

3
Vo = E Uai Vi
1=1

3 flavour eigenstates / \ 3 mass eigenstates with masses mi
(a=e,u,T) (1=1,2,3)

Add a sterile neutrino :

4
Vs flavour eigenstate
Voo — § Uaiyi (OCZQ,IU,T,S)
i=1

V4 mass eigenstate (14)
lepton mixing matrix U = 4x4 unitary matrix

Only v,, v, Vr couple to electroweak gauge boson, but all four mass
eigenstates are produced in a weak process like beta decay

W/ €

(if kinematically accessible,
as assumed in the following)

. 4
Ve = Zizl Uez' Vi



New oscillation parameters :  Am7,, Amj,, Am3,
014, O24, O34 (or Uea, Upa, Ura)

Consider short baseline oscillations with Amil > Am§1

Am?, L Am2, L Am3, L Am3, L
e a1 = (SEE) et (Sp) e ()

— approximate Am3; = Am3, =0, Amj; = Ami, = Ami; = Amipy,
Amid))

Pyve = 1= 4(|Uar]* + Us2l” + [Uas|*) [Uas|” sin® ( 4E

Am3, L
= 1 — sin®26,,, sin® ( M1 )

4F
where sin? 2000 = 4(1 — ’Ua4’2)‘Ua4‘2

Am3, L
1FE

Pl/a—W/;; ~ — 4 Re [(UalUgl + Ua2U52 + Ua3U53) U24U54} Sin2 (

Am2, L
= sin2 20,5 sin2< T )

41K

where sin? 2005 = 4\Ua4U[34|2



Experimental status of oscillation anomalies

Short-baseline v, (7, ) disappearance experiments

The reactor antineutrino anomaly (RAA) [201 1]

New computation of the reactor 7, spectra [Th. Mueller et al., 201 | - P.Huber, 201 1]
=> increase of the flux by about 3.5%

=> deficit of antineutrinos in SBL reactor experiments

Mean observed to predicted rate 0.943 * 0.023 [G. Mention et al.,arXiv:1 101.2755]
(significance of 2.6 O)
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The Gallium anomaly

Calibration of the Gallex and SAGE experiments with radioactive sources
=> observed 30 deficit of v, with respect to predictions (R = 0.84 + 0.05)

The reactor and gallium anomalies suggest oscillations into a sterile neutrino

with Am2, > 1eV?and sin® 26, ~ 0.1 [sin® 20.. = 4(1 — |Ues|*)|Ueal?]
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Recent results on the reactor antineutrino anomaly

Kopeikin et al. (arXiv:2103.01684): new computation of the reactor v,
spectra using recent measurements at the Kurchatov Institute (KI). Find a
smaller #>°U antineutrino flux than Mueller and Huber, in agreement with the
dependence of the antineutrino flux on the fuel composition (proportion of
23577, 2387, 239Pu, 24 Pu) observed by the Daya Bay and RENO experiments,
and confirmed by PROSPECT and STEREO.

B —5— Bugey-3 —+— Daya Bay - ILL —>— Palo Verde —#— Rovno91
—o— Bugey-4 —<— Double Chooz —#— Krasnoyarsk —&— RENO —=— SRP
- —— Chooz —— (Gosgen —%—  Nucifer —%— Rovno88 STEREO .

!

— T

1.20
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T
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1.00

Giunti et al.,
arXiv:2110.06820

0.90
T

] n

0.80
T

average ratio of observed _ .
i to predicted rates KI'=Y-<1Y_0.021 2

- -

0.70

10 102 10°
L [m]

=> the significance of the RAA decreases to 1.1 o [similar conclusion with an
independent flux computation by Estienne et al. (2019) using a different method]



Searches for short-baseline I, disappearance

NEOS, DANSS, STEREO and PROSPECT exclude a significant portion of the
reactor antineutrino anomaly parameter space

[PROSPECT Collaboration, arXiv:2006.1 1210] [STEREO Collaboration, arXiv:1912.06582]
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=> the reactor antineutrino anomaly is disfavored by SBL reactor experiments
and no longer supported by reactor antineutrino flux computations



Update on the gallium anomaly

Recently confirmed by the BEST experiment (arXiv:2109.11482), with

anincreased statistical significance of 40
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Short-baseline appearance experiments [V (7. )appearance in a v, (7, ) beam]

LSND (1993-1998) [ 7, beam, L ~ 35 m]

Excess of v, events over background at 3.8 ¢
interpreted by LSND as 7, — v, oscillations

Not observed by KARMEN U

MiniBooNE (2002-2017) [v,, and v, L = 541 m]

Designed to test the LSND anomaly with
a different L but a similar L/E

01

2002-2012 :inconclusive/contradictory results

Full 2002-2019 data : excess of v (7. ) CC events
both in the v and  modes (4.8 ¢ in total), mainly

in the low-energy region, consistent with LSND

L=

[LSND allowed region in the (sin® 26, Am?)

plane (2-neutrino fit) - hep-ex/0203021]
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2002-2019 MiniBooNE results
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FIG. 20: MiniBooNE allowed regions for combined neutrino mode (18.75 x 10?** POT) and an-
tineutrino mode (11.27 x 102 POT) data sets for events with 200 < ES¥ < 3000 MeV within

MiniBooNE + LSND excesses :
6.1 o significance

Oscillation interpretation requires a
4th massive neutrino in the eV range

Am?2, > 0.1eV?,

sin® 26, ~ (1073 — 1072)

However, this interpretation is
essentially excluded by v,,(7,,)
disappearance data :

* MINOS/MINOS+ (long-baseline
oscillation experiment)

* |ceCube (neutrino telescope

a two-neutrino oscillation model. The shaded areas show the 90% and 99% C.L. LSND 7, — 7.

allowed regions. The black point shows the MiniBooNE best fit point. Also shown are 90% C.L.

limits from the KARMEN [26] and OPERA [27] experiments.

located under the Antarctic ice:
atmospheric neutrino data)



MINOS/MINOS+ : long-baseline oscillation experiment (Lnear = 1.04 km,

Lfar= 735 km). Has analyzed both charged current data (v, /7, disappearance)
and neutral current data, which is sensitive to the total flux of active
neutrinos, hence to v, — v, oscillations

lceCube : a sterile neutrino in the eV range would affect the survival
probability of atmospheric v, passing through the Earth (MSWV resonance)
= sensitivity to Am7; and sin? 20,,,,

99% CL —=xsr i |
2dof H|LL :
100} “ strong conflict between appearance
| e O data (LSND + MiniBooNE, allowed
< / yelluve regions in red) and disappearance
= 107 oT—— | data (exclusion curves from CDHS,
MINOS+ .
disappearance data, )
_]__ _ . i
015~ disapp DC+SK [M. Dentler et al., arXiV:1803.10661]




Origin of the conflict between appearance (LSND + MiniBooNE) and
disappearance experiments (reactors, accelerators, lceCube...)

Am3, L
AF

Reactors : Py 5 ~1— sin? 26, sin” (

require relatively small sin® 20, = 4 (1 — |Ues|?)|Uea|? =~ 4 |Ucs|?
(|Uesa]? ~ 1 excluded by SNO)

MINOS, IceCube...:  v,(7,) disappearance not observed

require relatively small sin®20,, = 4(1 — |U4|*)|Uual® ~ 4|U,.4|?

(|U,.4|* =~ 1 excluded by SK and LBL experiments)

Appearance experiments (LSND + MiniBooNE) :
Am3, L
1K

Py, 5, = sin? 20 ¢ sin? <

require relatively large sin? 20, = 4 |U€4UM4|2 ~ = gin” 26, sin® 20,,,,

|



Quantifying the tension between appearance and disappearance data

(M. Dentler et al., arXiV:1803.10661)
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— sterile neutrino interpretation of LSND and MiniBooNE data
excluded at the 4.7 o level

This tension persists for 2 sterile neutrinos [M. Maltoni at Neutrino 2018]



Cosmological constraints on sterile neutrinos

Cosmological measurements constrain the number of stable, relativistic
degrees of freedom (other than photons) in the early Universe :

N = 2-99J—r8§§ (95 %, TT,TE,EE+lowE+lensing [Planck 2018]

+BAO).
A given species contributes to Neff proportionally to its contribution to the
relativistic energy density (normalization : Neff = | for a neutrino)

The Standard Model value, due to neutrinos, is N.g = 3.044
[not exactly 3, since neutrino decoupling is not fully completed when e+ and e- annihilate]

In the presence of a sterile neutrino, the cosmological constraint becomes :

Neg < 3.29, P TT.TE,EE+lowE
} 93 %, Planck TLTEEE+owE o 4 96161

et <0.65 eV, [ tlensing+BAO,

y, sterile

A sterile neutrino with the mixing angles suggested by oscillation anomalies
would be fully thermalized and contribute as AN.g = 1

— strongly disfavored by standard cosmology [at 6 according to Planck]

Ways out : non-standard cosmological model, sterile neutrino interactions
that would prevent thermalization... however no compelling proposal so far




Conclusions on sterile neutrinos

- Ve disappearance: the reactor antineutrino anomaly is fading away, but the
gallium anomaly is reinforced by the BEST results, which are in tension with
solar neutrino and reactor data

- v, appearance (LSND, MiniBooNE) is in strong conflict with disappearance
experiments. Might be due to an unidentified background process or to some
new physics other than oscillations

- will be tested by the short baseline neutrino program at Fermilab (SBN)

- eV-scale sterile neutrino with significant mixing with active neutrinos are
disfavored by cosmology

- heavier sterile neutrinos (keV, MeV, GeV, TeV and above) are a less
constrained possibility and may play a role in the origin of SM neutrino
masses, dark matter and the baryon asymmetry of the Universe



