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Current status of neutrino oscillations
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Three-neutrino oscillations

Neutrino mixing matrix
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Three-neutrino oscillations

A neutrino flavor state is a superposition of mass eigenstates
|Va Z k|Vk with <Va|VB> :5a57<yk|yj> :5kj

The massive neutrino states are eigenstates of the Hamiltonian

Hive) = Eilw), B = /5% +m?
The Schrodinger equation is then solved

0vi(t)) = Hlve(t)) = |va(t)) = e "7 |vg)
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Three-neutrino oscillations

Therefore the flavor state evolves as

va(t)) = D Usplvn(t) Z R 17

k
Re-substituting we obtain

Vo () Z akUpre ™ vg)

The transition amplitude Is then

Ala — B,1) = (vg|va(t)) = Z U, Ugpe  "Ert
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Three-neutrino oscillations

The transition probability is then

Pla— B,t) = UkpUpspUq;Us e FrmEo)!
k,J

We use the approximations

2
my

t =L
2F

Ek—E—|—

The final result is

_Am2j
Pl — B;E,L) = UxUpeUajUj €’ o L
k.

4 Christoph Ternes



Pictorial description

Va) = Z Usk|Vk) | Detector
k 5
Ay (1) = (Ualva(t)) = Y Uy Ui e85!
k

2 . R
Py (t) = |AVa—*Vﬁ (t)| — Z Uar Upr Uaj Ugj € (Br—FEj)t
k.j



Three-neutrino oscillations

Neutrino oscillation probability in vacuum is given by

Pog(E,L) =" UékUﬁkUajUEj

k,j
From the interplay of the mass splittings with energy and

distance we see that different types of experiments are sensitive
to different parameters

Parameter| Main contribution from Other contributions from
Am3, KamLAND SOL

|Am3, | LBL+ATM+REAC -

012 SOL KamLAND

t23 LBL+ATM ;

013 REAC (LBL4+ATM) and (SOL+KamLAND)
o LBL ATM

MO (LBL4+REAC) and ATM COSMO and Ovj3j3
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Three-neutrino oscillations

Parameter| Main contribution from Other contributions from
Am2, KamLAND SOL

|[Am?2, | LBL+ATM+REAC -

015 SOL KamLAND

t23 LBL+ATM _

013 REAC (LBL4+ATM) and (SOL+KamLAND)
o LBL ATM

MO (LBL4+REAC) and ATM COSMO and Ovj3p

Common sensitivities from different types of experiments

Combination of data sets can enhance sensitivities to oscillation
parameters

=> Perform a global fit to neutrino oscillation data!
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Three-neutrino oscillations
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Three-neutrino oscillations
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Three-neutrino oscillations
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Three-neutrino oscillations
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Three-neutrino oscillations
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Valencia - Global Fit, 2006.11237, JHEP 2021
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Solar sector

| v
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Better determination of mass splitting / mixing angle at
KamLAND / solar expriments
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Solar sector
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Remaining parameters

Am2,L
PREAC _ | _gin299,, sin2< e >

1

Nunokawa, Parke, Zukanovich Funchal, hep-ph/0503283 , PRD 2005
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Atmospheric octant
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Atmospheric octant
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Atmospheric octant
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Current global fit prefers second octant

New data from Super-K prefer first octant

Valencia - Global Fit, 2006.11237, JHEP 2021
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CP violation
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Tension in the measurement of the CP phase in current data
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CP violation

Tension remains when relaxing prior from reactor neutrinos

Valencia - Global Fit, 2006.11237, JHEP 2021
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CP violation
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CP violation
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The measurement of delta is now worse than it was before

Valencia - Global Fit (current), 2006.11237, JHEP 2021
Valencia - Global Fit 2018, 1708.01186, PLB 2018
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Neutrino mass ordering

Global fit has 2.50 preference for normal neutrino mass ordering
None of the experiments has a good sensitivity on its own

The 2.50 are due to a series of small or large tensions among
different data sets

The neutrino mass ordering Is a sensible issue
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Neutrino mass ordering

The tension between T2K and NOVA In the measurement of the

CP phase appears only for normal ordering
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Neutrino mass ordering

Although none of the experiments has a preference on its own,
the combined analysis of all LBL data prefers 10!

At the same time there is slight preference for NO from
atmospheric experiments
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Neutrino mass ordering

When combining LBL with REAC, NO is again preferred at 1o
level, due to a better agreement in the measurement of the mass

splitting among accelerators and reactor for normal ordering
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Neutrino mass ordering

When combining LBL with REAC, NO is again preferred at 1o
level, due to a better agreement in the measurement of the mass
splitting among accelerators and reactor for normal ordering

20
i j' f' ‘l ‘1 — ATM
- .I'F fi 1\ "1, — LBL i
L1 ! L - | BL+REAC -
15+ / A\ .
! |

22 Christoph Ternes



Neutrino mass ordering
After combing everything we get 2.50
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Neutrino mass ordering
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Global fit
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Global fit

parameter best fit + 1o 20 range 30 range

Am2,[107°eV?] 7.507055 2.7% 7.12-7.93 6.94-8.14

[Am3, [[107%eV?] (NO) | 2.55%505 1 0, 2:49-2.60 2.47-2.63

| Am2,|[10~%eV?] (10) 2.457003 2.39-2.50 2.37-2.53

sin® 015/107! 3.18 +0.16 5.0%2.86-3.52 2.71-3.69

sin® fa3/10~1 (NO) 5.74 +0.14 5.41-5.99 4.34-6.10

sin? B3 /10~ (10) 5.78+010 2.5% 5 415 98 1.33-6.08
sin? 615/10~2 (NO) Q.QUUtE;HE;gB_ 102-069-2.337  2.000-2.405
sin? f,3/1072 (10) 2.225 10088777 086-2.356  2.018-2.424

§/m (NO) 1.08i2;}§ 1905 0-84-1.42 0.71-1.99

6/ (10) 1.58 0 1e 1.26-1.85 1.11-1.96

Valencia - Global Fit, 2006.11237, JHEP 2021
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Conclusions, part 1

Some of the neutrino oscillation parameters are well measured

Open issues are CP violation, atmospheric octant and neutrino
mass ordering

Due to the updated data there is an overall lower sensitivity to
the mass ordering, further worsened by the T2K/NOVA tension

The same tension worsens the determination of the CP phase
with respect to 2018

However, these parameters will be measured very well at future
facilities (the only problematic one might be the octant)
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BUT....

All results so far have been derived under the assumption of
standard neutrino oscillations

If new physics is present in the neutrino sector, the oscillation
picture might be altered

New degeneracies might spoil several of the measurements

More than three neutrinos: light or heavy steriles, large extra
dimensions

New Interactions: new interactions in production/detection,
new matter effects (NSI)

Decoherence effects due to different things
etc, etc, etc
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CPT violation

Experimental Test of Parity Conservation
in Beta Decay™

C. S. Wu, Columbia University, New YVork, New York DISCOVG ry Of P V|O|at|0n
£KD In weak interactions

E. AmMBLER, R. W. Haywarp, D. D. HoprEs, AND R. P. Hupson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T Discovery fOI’ CP
istenson, J. W, Cronin,} V. L, Fi L i § . -
J. H, Christenson, J. W, Cronin,* V, L, Fitch,* and R, Turlay Volatlon in kaon decayS

Princeton University, Princeton, New Jersey
{(Received 10 July 1964)

Is CPT violated as well?
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CPT violation



CPT violation

CPT from EFT:

Kostelecky and collaborators, many papers, in particular:
Kostelecky, Mewes, PRD 2004, hep-ph/0309025

CPT from non-locality:

Barenboim, Lykken, PLB 2002, hep-ph/0201080

CPT from decoherence

Papers by Mavromatos et al, Gago et al, Capolupo et al
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CPT violation
If CPT is not conserved: P(v, — vg) # P(Ug — U,)

We reanalyze the data from the global fit without the assumption of
CPT conservation

neutrinos oscillate with Am3,, Ama,, 012,013,023,
and antineutrinos with  Ams,, A3, 012, 013, 023,0

Most important data sets are T2K, NOVA, reactors and solar
experiments

To prove the CPT-theorem of QFT one needs:
Hermiticity of the Hamiltonian
Locality
Lorentz invariance

If CPT Is violated, one of the three ingredients above must be
violated, resulting in a gigantic impact on fundamental physics
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CPT violation

Assume that neutrinos oscillate with parameters
Amgl, Amgla 012,013, 023,0
while the antineutrinos oscillate with a new set of parameters

—2 —2 73 3 .. X
Amsy, A3y, 012,013,023, 0

Different parameters for neutrinos and antineutrino would indicate
a violation of CPT symmetry

31 Christoph Ternes



Current experiments



Current experiments

2.2
Am3, (1073 eV?]

Barenboim, Ternes, Tortola, 2005.05975, JHEP 2020
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Current experiments

5 B —"— ———— S ——
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3_ _
<1 |
2j -

If CPT Is not conserved a
measurement of CP
violation is currently not
possible

The different event spectra
could be explained with
different reactor mixing
angles

Barenboim, Ternes, Tortola, 2005.05975, JHEP 2020
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Current experiments
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Improve the situation

Barenboim, Ternes, Tortola, 2005.05975, JHEP 2020
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Current experiments
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The same data allows [Amdy — Ay | <47 107° eV,

us to bound CPT- [Am3y — A, | < 2.5x 107" eV?,
violating neutrino sin” 615 — sin” f12]< 0.14,

oscillation parameters i 013 o 013]< 0.029,
sin” 03 — sin” f93]< 0.19.

Barenboim, Ternes, Tortola, 2005.05975, JHEP 2020
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Future perspectives at DUNE

Sanford Underground
Research Facility

Fermilab
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-
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How will this improve with DUNE?

Future perspectives at DUNE

Poor sensitivity to CP phases and reactor angles

Barenboim, Ternes, Tortola, 1712.01714, PLB 2018

Valencia - 2017 Global Fit,
1708.01186, PLB 2018
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Future perspectives at DUNE
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Barenboim, Ternes, Tortola, 1712.01714, PLB 2018
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Future perspectives at DUNE
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Future perspectives at DUNE
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Future perspectives at DUNE

25
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AY

10 =

low

For the atmospheric
angle we obtain
Increasing sensitivity for
maximal mixing

For the other values
Instead it increases and
then decreases again

This Is due to
degenerate solutions
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Obtaining impostor solutions




Obtaining impostor solutions

Assume SiIl2 (923 = 0.5, SiIl2 523 = 0.43

35

30

The combined best
fit value 1s now

sin? 653™P = 0.467

The real true values
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20 .
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combined 1 more than 50
; confidence levels
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51112{9!23
Barenboim, Ternes, Toértola, 1712.01714, PLB 2018
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Obtaining impostor solutions
This can also happen for other parameters

25 I | | l I | ] ﬂ :1 1 | I I ] I | :
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Barenboim, Ternes, Tértola, 1712.01714, PLB 2018
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Observing CPT violation



Observing CPT violation

What if the values obtained in T2K and NOVA turn out to be true?

3.0 e — e e : 2.75 ]
2.8:— . 27 _:
: oL )
2.6 ] P o265 -
I 'E ]
2.4 1 " E 26 ]
i LBL, v El i
22f LBL, v B 5 55 ]
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2076304 05 06 07 25 |
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Barenboim, Ternes, Tortola, Barenboim, Ternes, Tortola
2005.05975, JHEP 2020 1712.01714, PLB 2018

43 Christoph Ternes



Observing CPT violation

If the different

1 different best fit

4 values obtained for
neutrino and

1 antineutrino

1 oscillations turned out
to be true, DUNE

1 could observe CPT

. 02 os Violation at very high
A(Am? ) [10” eV Asin’®, significance

Barenboim, Ternes, Tortola, 1712.01714, PLB 2018
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Observing CPT violation

CPT violation effects can be mimicked by nonstandard

Interactions
_ 0 0 f €up Epr
i = 2F {U (O Am2> U'+ Acc (em* em

uT TT

Oscillation probability

. Amn?
P,, = 1—sin® 20sin’
i S111 S111 <4E>

Matter parameters given by
Am? cos 20, = Am?® cos20 + €™ A
Am? sin 260, = Am? sin 20 + 26, A

Amz cos 205 = Am?® cos 20 — €™ A

AmZsin 205 = Am? sin 20 — 2¢];. A
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Ay

Observing CPT violation

i TR I R I 2 L LA 1 Need to be careful to
YE El 1 disentangle CPT
3 1 F 3 violation and neutrino
25 ER 1 non standard
SE 3 F 7 interactions, since
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SE El3 1 effects
{-){1_2I | I-!‘I]!.lI - 0 - I!‘IJI.|1 - I{;.2 -0._9I l-{]l',ﬁl l-ﬂ[.3| | {l) | Iﬂ.l31 I{).lﬁl I{;.‘Q

ELT: £

Barenboim, Ternes, Tortola, 1804.05842, EPJC 2019
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Conclusions, part 2

Determination of neutrino oscillation parameters worsens when
CPT Is not conserved

DUNE will improve the current bounds on CPT violation in the
neutrino sector

mpostor solutions can arise in the determination of oscillation
parameters when combining channels

DUNE might distinguish CPT violation from NSI
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