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Fermion Masses
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Dirac vs Majorana

» Origin of neutrino masses beyond the Standard Model
» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only a
fermions but with "™/,  ~ 10712 left-handed neutrino
couplings to Higgs — Lepton Number Violation
<H>-I=\ 7|_(H>
VL o'l
— \/ 7L>
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Neutrino Oscillations

» Neutrino interaction eigenstates different from mass eigenstates
> Neutrino flavour can change through

- normal hierarchy inverted hierarchy
propagation
Vl = Uaiva, Vl(t) — e_l(Elt_plx)vl(O) [ B —(1113)2 (m:):— A)—
Amz L/km (m]):ﬁ( mL
= P,_p = sin® 20 sin? | 1.27
@k < eV2 E/GeV)
(Am:)u"“ b
» Quantum effect on macroscopic | v, (B,
distances i
- Verified in vacuum and matter
) . . ) —— ()’
» Era of neutrino precision physics @md), ,
—a— ()" (m,)’m  —
o Current errors ~ 1-10%

» Experimental unknowns

> CP Violation? Sign of Am,3? Octant of 6,5? Sterile Neutrinos?
Non-standard Interactions?
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Experiments

» Solar

x10°

- Radiochemical: Homestake, Gallex, SAGE Eo,m v, spectrum at JUNO, L = 52.5 km.’
Only rate of v,, no energy o ] —Nooec. 3

> Cherenkov radiation: (Super-)Kamiokande, | £ 1-P,, osc.
SNO & 0.10 :
Real-time, energy and direction, all flavours — il
> Liquid scintillation: Borexino i PeeforiO
Low energy threshold ad | ;
> Reactor: KamLAND 0.04 | A < :
» Atmospheric (E, =~ GeV — TeV) 002 | A;,’IN‘_
- Super-Kamiokande 0.00 L - - r—— - \‘8 :
Originally background to proton decay L Am,? E, [MeV]

> Neutrino telescopes: ANTARES, IceCube u

Originally for high energy neutrinos

» Short-baseline Reactor

> CHOOZ, Palo Verde, Daya Bay, RENO, Double Chooz,
Future: JUNO, RENO-50

Measurement of 6,5

» Long-baseline Accelerator
o K2K, MINOS, T2K, NovA, Future: DUNE, T2H(H)K
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CP Violation
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.E 60' 3 Ocp (rad)
g’ L 3 Cao, Moriond18
> w
© 40 B
S Data (+16) i
= —— NH: Am2,=+2.44x10°eV?]
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0 T T 3n 21
2 2
CP Backhouse, Moriond18
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Neutrino Oscillations :

0,; and Mass Order

» Atmospheric Mixing Angle

> Compatible with
maximal mixing

o Symmetry origin? Backhouse, Moriond18

: NOVA Preliminary
> MaSS Orderl ng 1 1 1 1 1 1 1 I 1 T 1 1 I T T 1 1
ol : 32— Normal Hierarchy 90% C.L. _
Sllghtly Iarger tension N —— NOVA 8.85x10%° POT-equiv. i
for IH between T2K B ToK 2016 ]
and NovA < F e MINOS 2014 -
%J 2.8 — ]
o [ ]
T 26 —
S B i
= N N
< 24 -
Y| _
B Joint analysis
B | | | |
0.4 05 0.6 0.7
sin 923
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Neutrino Oscillations .

Solar Sector

» Solar neutrino mixing
> Impressive agreement
> but some tension

University College London
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Neutrino Oscillations
Global Fit
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NuFIT 3.2 (2018)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 4.14)

Any Ordering

bfp 1o 30 range bfp 1o 30 range 30 range

sin? 05 0.30710-013 0.272 — 0.346 0.30710013 0.272 — 0.346 0.272 — 0.346
012/° 33.627078 31.42 — 36.05 33.6270 7% 31.43 — 36.06 31.42 — 36.05
sin? fa3 0.53870-0%3 0.418 — 0.613 0.554 10023 0.435 — 0.616 0.418 — 0.613
023 /° 47.2750 40.3 — 51.5 4817775 41.3 = 51.7 40.3 = 51.5
sin? 013 0.0220670 5ooee  0.01981 — 0.02436 | 0.0222770 0000 0.02006 — 0.02452 | 0.01981 — 0.02436
013/° 8.541012 8.09 — 8.98 8.5870 14 8.14 — 9.01 8.09 — 8.98
dcp/° 2347357 144 — 374 278130 192 — 354 144 — 374

Am%l +0.21 . +0.21 * ;
o ovE 7401030 6.80 — 8.02 7.40703) 6.80 — 8.02 6.80 — 8.02

Ams3, +0.033 .= 40.032 , , +2.399 — 4+2.593
ToaogT | T2A9I0NE 42390 - 42503 | —2465T00T  —2.562— —2.360 | | oo T
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Future Prospects

Mass hierarchy sensitivity CPv sensitivity
12 -
| DUNE Sensitivity (Staged) B 5, = -2 . DUNE Sensitivity (Staged) B 5, = w2
12 [—Normal Ordering [ 100% of 5, values | Normal Ordering [ 50% of &, values
I sin’26,, = 0.085 +0.003 Nominal Analysis L sin26,, = 0.085 + 0.003 [ 75% of 5, values
[ sin0,, = 0.441: 0042 F ---ee 6, & 0,, unconstrained 10 }-sin‘0,, = 0.441 + 0.042 Nominal Analysis

L eseees B“ & Hn unconstrained
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Neutrino Oscillations .

Flavour Symmetries

» Hints of large 6,5 and 6.p

> interesting for flavour
models...

o of which there are a lot

University College London
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o
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. . ‘ |
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. 2e
S1n 73

Prediction in example flavour model
(Srivastava et al. ‘14)

Impact of measurement

on flavour models (Girardi ‘14)
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Neutrino Oscillations
New Physics in v Physics

Sterile neutrinos
> Reactor anomaly? / low v, flux

v

v

Non-unitarity

> Generally expected (seesaw),
albeit small

Non-standard interactions
o Also COHERENT v-nucleus
scattering

> Can impact standard oscillations but
strong bounds from ch. lepton physics
(gauge invariance)

v

v

Long-range forces
Lorentz / CPT violation

>
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Kopp, NuForum18
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Absolute Neutrino Mass A

Cosmology

» Impact on large scale structures of the Universe
> Light sterile neutrinos = extra DOFs of radiation
> Sensitive to sum of neutrino masses

Negr < 3.4, Ym, < 0.15 — 0.25 eV
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2 .
E
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Absolute Neutrino Mass
Beta Decays

» Single beta decay

- — p e llowed B e
(4,2) > (AZ+1) +e +7, o el
> Tritium decay, KATRIN: m, = 0.2 eV g W " . |
o Probe of exotic interactions (Gonzalez-Alonso
et al. ‘today)

» Allowed double beta (2vBB) decay
(A,2) - (A, Z +2) + 2e~ + 27,

» Neutrinoless double beta (0vgp) decay
(A,2) > (A, Z+2) + 2e”
> Violation of lepton number
- Mediated by Majorana neutrinos
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Absolute Neutrino Mass -
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Ovpp
d VA > &
» Effective 0vBp Mass s i

2 q ~ 100 MeV Xm

— 2 .2 2 i 2 i
Mmgp = C12C13My, + 512€13My, € P12 —|—513mv3e P13

> HL

» Degenerate Regime

| b\ | |2 100
Imgp| = mv\[l — sin?(26,,)sin? (%) js %
] ~ 10_1 = | Inverse hierarchy
» Uncertainty from
unknown Majorana 107
phases 10_3 : o= _\7‘01‘111211
ﬁ hierarchy
10—4_ Lol Lol Lol Lol
1074 107 107 107! 10"
My, [eV]
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Absolute Neutrino Mass A
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ovpp =
f CESKA REPUS;I&%
» Effective 0vBp Mass (T
Coya i =
; ; A g =
Mpp = C15Ci3My, + SizCiamy, €12 +si3m,, e!?13 Qgg\kis-31;%Né;;/vé;%’;3,6ﬁ%¢§
» Degenerate Regime =
0008 | T T T T T T T T T T T T I T T
.o .o $12 I 1 |
Imgg| = m,, |1 —sin“(26;;)sin N "KamLAND-Zen upper limit
0 Ge_Phys. Rev. Lett. 117 (2016) 082503

» Uncertainty from = [ ]
unknown Majorana ;&"‘04f ]
phases ]

T T T

30,

(95% C.L)
I I I I | I |
0.20

| | | |

|
0.05 0.15

2 osm [eV]

Dell'Oro, Marcocci, Viel, Vissani,
Adv. High Energy Phys. (2016) 2162659
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AbSOIUte NeUtrinO MaSS UnivetyCoIIegeLondon
ovpp

CESKA REPUBLIKA
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L o
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Absolute Neutrino Mass
Ovpp and New Physics

dy — > u
» Plethora of New Physics scenarios W, o
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Absolute Neutrino Mass %
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OvppB and New Physics . .
» Examples in Left-Right Symmetry [ . -

d u e g V+A"77’L > "= T, > e
”ﬁ VA _ i,Vi;S}V+A o R
. V-A

€l —= sk m, > > "L
e & ey

3

% V+A

d d—> V”‘fﬁf > " EII//i_:ifl u Z UeiWe; tan (yy
- > ! 1079
. )
m, m
_ 2 RRz _ 2_p W ~
Ti/s = €xnpGrp| My €5 = Z Vel m? (A/10 TeV)3
i=1 Wr
1078
» 0vBp probes (A/1TeV)s

the TeV scale

» Neutrinos still
Majorana
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Neutrino Mass Models

» Effective operator for Majorana neutrino mass

> Only dimension-5 operator beyond SM <i> <£I_>
N\ 7/
1 hl] — 1 _ S /
L2 EALNV (Li ) (HT | Lj) E} 2 (mV)ijvicvj L C L

» Seesaw Mechanism

Seesaw | Seesaw Il Seesaw llI
(H) (H) (H) (H) (H) (H)
+ + = * K +
\ /7 \ /7 \ V4
~.Singlet,” o7 \Triglet,’

vV v T T —

L Y Y L :Triplet L Yv YV L
> - «—
> GUT scale? L ys3 L

Leptogenesis? Naturalness?

Frank Deppisch | Status of Neutrino Physics | 26/3/2018




o

University College London

Neutrino Mass Models

» Effective operator for Majorana neutrino mass
> Only dimension-5 operator beyond SM

1 hij — T 1 _
Lo (i H)(H" - L) —= = (my)i7 v, ——

(H) (H)

t~

» Radiative Generation via Loops
- Alternative to Seesaw, e.g. Babu-Zee model (zee 85, Babu ‘88)

r,},_‘,-/";/\( -~ "IK < L~ @'.’,,:\(
o e yl \ 5 rS e
4 ) ( Vi~ —

g - PR
' ,/L‘ Neutrino masses f\ k
N suppressed at 2-loop L N e
500X,
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Heavy Sterile Neutrinos
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» Correct light neutrino masses for TeV scale heavy neutrinos

> Seesaw Mechanism with TeV scale heavy neutrinos
- Standard Seesaw with small Yukawa couplings
» Charged LFV remains small

o “Bent” Seesaw mechanisms
- Decouple Apny from

heavy neutrino mass

VIR =y, ~ 1076, /My /TeV

- Example
0 Y,(H) O
M = Y, (H) 2 M
0 M U

- Potentially large CLFV

* In the limit u - 0,
no LNV but
charged LFV

ny,y [GeV]

1014

10'%§
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108
10°
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10°
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1072

107*
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1073

10-10

Y, (H) = 102 GeV o
M = 10° GeV

M R R B B R R R R B R R R L R R L L R R R R |
pA

Quasi-Dirac
Majorana Neutrinos

FETTT ERETTT IR I | L
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pGeV]
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Heavy Sterile Neutrinos

» Constraints on
coupling to
leptons |Vjy|

» Neutrinoless
Double Beta Decay

» Peak Searches in
Meson Decays

» Beam Dump
Experiments

» LNV Meson Decays
» Z Decays
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Electroweak Precision Tests
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Lepton Flavour Violation

» CLFV in the Seesaw Mechanism

> Light neutrino exchange
- Negligible due to small neutrino masses

2
3a Am?;

Br(u - ey) = 307 Z UpiUe mzll ~ 107
- w

l

> Heavy neutrino exchange

- Sizable for TeV scale heavy neutrinos and
large LR mixing VIR ~ 1072

2
my,

2
my. -
Br(u — ey) ~ 4 x 10~3 z VERVERG (—N> VA v, R¥
i

101 (1= )

U VLR
Uy = ((VLR)T UR>

Frank Deppisch | Status of Neutrino Physics | 26/3/2018




Baryon Asymmetry :
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CP Violation H
» Classic Example: High-Scale Leptogenesis —
L

- Generation via heavy neutrino decays
> Competition with LNV washout processes

Lr—-H
> Conversion to baryon asymmetry %
- EW sphaleron processes at T ~ 100 GeV H

* Observed asymmetry
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Baryon Asymmetry :
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Lepton Number Violation
» What if we observe lepton
number violating processes
' ? - FFD, Harz, Hirsch, Huang, Pas, 3
€.g. in Ovpp: 1014F Ii Phys.Raer\f. Dérzsizmgfgngssjg
» Interactions “wash out” I .
lepton (+ baryon with ro1zp F fmre
sphalerons) asymmetry £ current
. . . 10L 3
- gives information at what 107
temperatures operators > i 0v58 LFV
are in equilibrium o 10% ]
- corresponds to highly ~ 1] Brin2en)  pus e
effective washout Ty, /H > 1 10° l A
> can falsify high-scale 10‘5 !
baryogenesis scenarios ?LHCreachH [I
102;—EWscale “
05 07 09 Oll Ouey Orfy O,ueqq
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Conclusion

» Neutrinos much lighter than other fermions
» Lepton Mixing and Possible CP Violation
» Deeper Origin of Neutrino Masses

» v Physics = New Physics

» Strong Synergy with the rest
> Charged Lepton Physics
> Collider Searches
> Higgs Physics
- Cosmology
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