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CPT tests

CPT invariance tested in
several matter-antimatter HHH
. H-H15=25
systems: KO8 hass
p-p mass
p-p aim
neutral kaons p-f ST
e~-e* mass
electron/positron eeer chorge
M= magne
e+ MEE
proton/antiproton admass
3He->He mass
H/anti-H W 10 1000 100% 108 107 10

Relative precision
Several experiments at the Antiproton E. Widmann, arXiv:2111.04056 [hep-ex]

Decelerator and ELENA(Extra Low Energy
Antiproton) @CERN
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Current bounds

We can use data of various experiments to
calculate the neutrino and antineutrino

oscillation parameters: _Porsmerer |_ s convrtution_
LY

- Solar neutrino data:g;,, Am2,,6;5 oo
-Neutrino mode in LBLig,5, Am2,, 615 =
-KamLAND dGTGign, Amgl,ém mm;| [TBL)

— MO LBLHREAC]and [ATM]

013, Am§1

B3, AT31, 013 AW Amphercnaiioos REAG: Strsbaceina reaor xpotinants

No bounds on CP-phases since all values are

allowed

Current bounds

We use the same data (except atmospheric
neutrinos) as for the global fit to obtain

|Am2, — A3, | < 4.7 x107° eV?,

|Am3, — Am3;| <25x107* eV?, § -
|sin? 612 — sin? B12]< 0.14, H { \
[sin? 815 — sin? 15| < 0.029, - &/

sin? 03 — sin? Oa]< 0.19.
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T2K results, a hint ?

T2K studied neutrino and anti-neutrino
oscillations separated

sin® 633 = 0.51,
sin? 0y = 0.42,

Results are consistent with

CPT-conservation

AmZ, = 2.53 x 1073eV?
A2, = 2.55 x 107 3eV?
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DUNE about T2K

If these values turn out to be the true values, DUNE would
measure CPT-violation at more than 3o confidence level
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. In experiments and in fits normally you
assume CPT-conservation

. If CPT is not conserved this leads to
impostor (fake) solutions in the fits

To perform the standard fit you would
calculate ‘
Xiotal = X (1) +X°(7)

and then minimize this function

h(x,y) = f(x) + g(¥)
dxf(x) =0 dyg(y) =0

x=y
h(x) = f(x) + g(x)
0xf(x)=0xg(x)=0

Oxflx)=—0xg(x)




Obtaining impostor solutions

. This was done for  sin®(fs) = 0.5, sin®(fas) = 0.43

1 T Combined best
fit value is how

sin?(055™P) = 0.467

of H

<l
I

Real true values
s are disfavored at

combined

E close to 30 and
i Y ] more 50
. confidence levels

20f

This can also happen

_m/2 =_) 0
5-{0 and 6_{ﬂ/2

0

0

Sim

G.B., C. Ternes and M. Tortola, JHEP 07 (2020) 155
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©13 # 613 can account for different behavior in neutrino and

antineutrino channels

30 T T
NO — NOwA
r — T2k ]
25 — LBL
20k —— Global |
g 15

10
5

0.0 0.5 1.0 1.5 2.0
olm
Tension between NOVA, T2K and SK
atm. and &, = 1.08m
+ Disfavours:
6 =n/2 at 4.00
5=0at 3.00
& = 3n/2 with Ax2 =4.9

all values of & andg
remain allowed at ~ lo

The increasing precision in neutrino oscillation
measurements requires a thorough analysis of

the assumptions considered.
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Distinguishing CPT violation from NSNI

The muon neutrino survival probability in matter can be written as

. 5 (Am2L
Py, —v,)=1— sjéz%ys'mz (4;8 .
in

matter
Am;“',('n.\'Zf?,, = AmPcos20+¢e, A, Amé cos26; Am?cos20 — €A,
Am?sin20, = Am?sin20 + 26, A Am?sin26, = Am’sin26 — 2, A

4Am* = Am? + Am? + 2Am2 Am? cos(26, — 26,,)

m2 si m2 si 2
sin?(20) (Am; sin(20, ) + Am_ sin(20;))
Amd + Am + 2Am2ZAmZ cos(26, — 26,)

2emA = Am?cos(20,) — Am? cos(20;)
4" A = Am?sin(26,) — Am?sin(20,)

prt v

6.B., C. Ternes and M. Tortola, Eur.Phys.J.C 79 (2019) 5, 390

Violations of Lorentz invariance

Lorentz violation

mzb 1 a af
(heff)ab =-- t= [(aL) Pa — (CL) ﬁpapﬁ]ab

2B " Egm
standard D violates both CPT and

Lorentz Lorentz invariance
covariant term
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Violations of Lorentz invariance

Lorentz violation

2
m 1
_ ab et af
(heff)ab - °F -+ E [(GL) Pa — (CL) p(ypﬁ] ab
standard D violates both CPT and
Lorentz Lorentz invariance

covariant term
As usual, the oscillation probability is governed £ the difference of the

eigenvalues of the effective hamiltonian.
.2 \
sin®(Agp L/2)

masz/E (C“B)ab LE
(a(r)ab L

P(v, —v,)=1-sin’(20)sin*(1 27Am’L | E)

(C“ﬁ)(zb LE

(aa)ab L




Neutrinos,

In and Beyond the Standard Model:

NEUTRINO MASS:
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Masses:

Normal Hierarchy Inverted Hierarchy
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States 1 and 2 are 1/, rich.

d P ? Requirements:
3H ‘ ‘\  — + Strong source
'\ ‘ + Excellent energy resolution
—_ Q + Small endpoint energy E,
\ + Long term stability
+ Low background rate
KATRIN Task:

Investigate Tritium endpoint_with sub-eV precision

KATRIN Aim:
Improve m_ sensitivity 10 x (2eV = 0.2eV)
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o 1.0 entire spectrum region close to 8 end point
§ 08
£ o8
©
P 06 [ o
g O ) m{ve)=0eV
o /s
< / OAf 3
=
& 04 / b only 2 x 1073 of all
-] / 02 F o7 decays in last 1 eV
0.2
7
0 1 | [l | "~ i -
2 6 10 14 18 3 -2 1 0
electron energy E [keV] E-EyleV)
Decay Rate:

|®He + e~ + Z|TPH)|? ~ pE(Ey — E)Y_;. |Uek|*/(Eo — E)2 — mj

if 's quasi-degenerate: my = ms = My

|®*He + e~ + »|T|*H)|* ~ pE(Eo — E)\/(Eo — E)? — m2

- KATRIN upper limit on
neutrino mass:

W@l m(v)<1.1eV(90% CL)

FC m(v)<0.8 eV (90% CL)
<0.9eV (95% CL)

: [ 90% C.L. (stat. + sys.) §
-6 90% C.L. (stat.) /

14

(1Y | TR PR PP T PR PR AP
L5732 21 0 1
mj g (eV?)

Losaalas

2

- 1000 days of measurements at
nominal pd (5 107 molecules cm2)
3 tritium campaigns (65 days each)
per calendar year

sensitivity m(v,) = 0.2 eV (90% CL)
0.35 eV (50)
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Zm., <0.13 eV (Planck 2018, TT,TE,EE+lowE+BAQ) z
Zm.,<0.11 eV (+lensing+Pantheon) =
1071 1
6x1072
— NO
=10 e
4x107? T ‘ T
10-° 10~% 1n-3 1n-2 10-1
my, General ?x'»'“ﬂj"‘\f[; applies .
«  Neutrinog only interact weakly (no non-

30

1 (‘I " t + Universe reached thermal ¢

standard interactiong)

rium before T
~ few MeV

Inverted Ord

Planck TT

Planck TTTEEE
Planck TTTEEE+lens+BAO, w Neff

Q
<
@
+
w
w
E
=
]
c
=5
o

& Planck TTTEEE+BAO+lensing
4 Planck TTTEEE, w Neff

H

-
o

44—+ ACT+Planck

SPT+BAO
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Credit: M. Gerbino

+ BAO + SNIa + Ho=73.45 +1.66 km/S/MPC  Riess et al, 4PJ18
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What is Fermion Mass 777

_ -~ lightcone
lightcone

A mass can be thought of as a L <+ R transition:
m 1,1_1,1,{);3 + h.c.

In the SM fermion masses originate in the interaction with the Higgs field:

Mo w

>i<
¢

A YL ® Yg + h.c. & mp = Aj v
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Fermion Masses:

electron  positron
Left Chiral er, eR SU(2)xU(1)
Right Chiral €R er U(1)

CPT: e, «— ér and ep — €1,

Mass couples L to R:

er, to ep AND also ér to €7, Dirac Mass terms.

Mass couples L to R:

P2_M2? P.S=0 and S*=-1

_(tw) PHMS) (%) P-MS

u(p,5) g 3 7wl

right massless left massless

Massive Particle
at Rest

A coupling of
ey, to ér OR ep to €7, would be (Majorana) mass term
but this violates conservation of electric charge!

7/19/2023
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Seesaw / Dirac Neutrinos / Light Sterile Neutrinos

Ne 7 Anti-Nu
Left Chiral vy =3 Ur
) ¢ Dirac Masses
Right Chiral wvg =4 vy
Majorana
Masses

Coupling of

e v to vp AND Ui to 7y, are the Dirac masses.

e v, to 7p forbidden by weak isospin.

e vp to 71, allowed and coefficient is unprotected. (— M)

vy, to g vr to Vg

~
kY

0 mfj
mp M,
VR to F , u\;;‘to s
Two Majorana neutrinos Seesaw:

. ‘ . y Yanagida, Gell-man-
Wlth Masses /”1_';—)/;\[ a nd A\[ Ramond-STansky

e Coupling of vy to iy, allowed and coefficient is unprotected. (— M)

Also applies to sterile neutrinos.

Light Sterile Neutrinos and/or Dirac Neutrinos Unexpected!!!

7/19/2023
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The consequences of this alternative are profound:

e Physics beyond the SM at a scale M'!

e Majorana fermions carry no conserved charge: L is violated !
vy = e“vp

does not leave the Majorana mass term invariant.

— Most welcome for baryogenesis: a mechanism to understand the
matter-antimatter asymmetry in the Universe emerges naturally

— Most welcome by string theory: it is difficult to get global U (1)
charges conserved

Leptogenesis

Baryon Asymmetry is created by a Lepton Asymmetry
produced by the decays of super heavy Majorana Neutrinos.

I(N=IT¢ ) —T(N—=l"¢T)
D(N—lto— )+ T(N—l—p™T)

(N — I£4F) depends on the Majorana Phases in the MNS mixing matrix.

BﬂLTtU = %(B - L) + %(B\‘t‘ L) = %(B - L)-z'.n-z'. = _%Liﬂf

X

0

7/19/2023
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Final asymmetry:

CP—asym eff. factor

Yg =102 R

_ D(N = ®l) — T(N — &)
TTTN S @)+ T(N > @)

+ efficiency factor which depends on the non-equilibrium dynamics.

A relation between the baryon number of the Universe and the neutrino
flavour parameters!

Types of see-saw mechanism

Type I see-saw mechanism  Type II see-saw mechanism

Uy Uy
Uy Uy X %
X b3 HS\\ /// Hg
HO \ HY ¥
1 I I
V 0 .| Heavy
; R, i & triplet
I
. Vi Y, Vi
Meavs
I 1T V2
~ - II - c ~ u
m; = —m MMy m; v, =Y, m
A
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Naturalness may be over rated ..

Does this look natural ?2?

How Can We Demonstrate That v, = v,?

We assume neutrino 1nicractions are correctly described bj the
SM. Then the mteractions conserve L (v — /1~ ; v — ().

An Idea that Does Not Work
[and 1llustrates why most 1deas do not work]

Produce a v, via—

Spin .
X P Pion Rest Frame
V. < o > Lt

Give the neutrino a Boost:

. (Lab) > B, (w Rest Frame)

'\l
— &
> i . Lab. Frame

mt >

7/19/2023
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The SM weak interaction causes —

wr
v, —=
Target Recoil
at rest ceot
v; = V; means that v,(h) = v;(h).
helicity
fvi—— =%, —2y,

, = -
our Vi ———  will make u* too.

Minor Technical Difficulties

p.(Lab) > B (7 Rest Frame)

= E_(Lab) . E, ( Rest Frame)

m, m,

=S E, (Lab) > 10* TeV if m, ~ 1eV

Fraction of all m—decay that get helicity flipped

2
- ~ 107 ifm, ~ 1eV
E, ( Rest Frame)

m

Q
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For Majorana Neutrinos

+
Ly A
4 > R S
W / AY) - ‘\’r zﬁz‘g:

Not Observed A”OWGCI

m? e
BUT Suppressed by =% ~ 10 201

> How we can find out ?

=3
o < o

S

P
SM double weak process
4 body decay: continuos

spectrum for the e
energy sum

7/19/2023
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> How we can find out ?

S

P P
n
e 2 e
v v
v Y
e V& e
n n
P P
SM double weak process Only allowed for Majorana v

4 body decay: continuos
spectrum for the e
energy sum

2 body decay: e energy
sum is a delta

v; is emitted (RH + O(m./E) LH )

p
" é Amp[v; contribution] ~ m;

_4 e
V v

V. e
&

Amp[OvBp] «

effective mass
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g 2 2 % 2
= ' myclacly + mystacise™ + masy

Neutrinoless double beta decay

Most sensitive (terrestrial)
probe of the absolute
neutrino mass

Unique way of proving
Majorana nature of v

If Majorana v is the only
mechanism, ===>

3
<m>g=|Y mUZ

i=1

2i(y-4) |
3 i

D i/ vi
2
1

Nud =o={ Nudear Proces o= Nt

1.000

=)
=]
)

effective mass <> (eV)

0.001

Effective neutrino mass in Ov P decay

LMA solution, crosshatched region with errors

0.010

Degenerate

\

dividing point mgg ~ 10meV

%Signal below ~ 10 meV would imply
Majorana and Normal Hierarchy!

mBB:I xm Uei2 I

v, I — o

) e

“

2 Am? é Am?,
g M

v, -

—— N —

Normal mass hierarchy Inverted mass hierarchy

0.001 0.010

0.100 1.000
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Date of paper

1934

positron @

neutron

proton
@ Antimatter

@ Quarks

Leptons

Baryons

o
@ Mesons
o
o

Bosons

NEUTRINOS AGE WELL
20 July 1956, Volume 124, Number 3212 SCIENCE

Detection of the Free

Neutrino: a Confirmation

2023

C. L. Cowan, Jr,, F. Reines, F. B. Harri

antiproton
A9 baryon
i upsion
i 9 ae® @i composte
e 2 baryon PARTICLES
kaon @ o
@ hence  (hence ¢
cquark) bottom -
19 [ Jd
Quds bl ] quark
s
pal *! @guen winaz
particle)

bosons Higgs
‘boson
T T T T T T

T T T
1890 1900 1910

T
1920

T T T T
1930 1940 1950 1960 1970

H. W. Kruse, A. D. McGuire

© work was done (3). This work
ns the results obtained at Hanford
» verifics the neutrino. hypothesis

Pauli (#) and incorporated
tive theory of beta decay by

jerm of Eq. | was made using a

both triads. The deteetor was completely
enclosed by a paraffin and lead shicld
and was locaied in an underground room
of the reactor building which provides
excellent shielding from both the reactor
neutrons and gamma rays and from
commic rays.

The signals from a bank of preampli-
fiers connected 1o the seintillation tanks
were transmitted via coaxial lines o an
clectronic amlyzing sysiem in a trailer
van parked outside the reactor building,
Two independent sets of equipment were

fiers fed the signals to pulse-height selec-
tion gates and coincidence circuits. When

nals from their respectivescintillation

1980 1990 2000 2010 2020
ul AS ST
Delectron wn® @ % D (m) \f“ ol 9 @y
" SUMMARY |
15} 1 1t ]
”><
%10 1L 1t ]
50 1L 1L ]
5
2 03 04 03 04 05 06 07 0016 0020 0024  0.028g
sin26,, sin%6,3 sin26,3 ‘
20; T T T
/
15+ 1t 1
”><
100 1 ]
50 1L b
65 7.0 _ 75 80 8523 24 25 26 2700 05 10 15 2.0
Am3, [107° eV?] 1am3,| [1073 eV?] o/n
sin? y3/10~1 (10) < 75010 5.41-5.98 433-6.08
sin? 613/10~2 (NO) 270070000 2.060-2.337 2.000-2.405
sin® f13/1072 (10) 225¢ Gog 2.086-2.356 2018-2.424
Sop/m (NO) 1.085043 0.84-1.42 071-1.99
d¢p/(10) e 1.26-1.85 1.11-1.96
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