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ved/No Oscillations

Obser
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2012}n'(major discoverMparticle physics

e A SM-like Higgs boson (ATLAS, CMS)
The key to EWSB and a possible window to

Weighted Events

\1 * 8,5~ 10° (T2K, MINOS, Daya Bay, RENO)
%-—- about as large as it could have been |

The door to CP Violation in the leptonic sector




Neutrino oscillations
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Three-neutrino oscillations

Neutrino mixing matrix
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Parameter Main contribution Other contributions
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SOL: Solar LBL: Long baseline accelerator experiments

ATM: Amtopsheric neutrinos REAC: Short-baseline reactor experiments
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a connection to BSM physics

* |s there a connection to the GUT scale?
= |f both Dirac and Majorana mass terms are pre

D ~ Ny to getto right range of small neutrino masses:

M ~ 10" = 10'° GeV



The Known Unknowns

* Next generation Long-Baseline experiments (such as
DUNE) can address three of these questions:

Are neutrinos Dirac or Majorana ?

Is there a connection to the GUT scale?

. . . |
= Are there light sterile neutrino states ? ——»
No clear theoretical guidance on mass scale, M,

What is the neutrino mass hierarchy ?
An important question in flavor physics, e.g. CKM vs. PNMS
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Is CP violated in the leptonic sector ?

Are vs key to understanding the matter-antimatter asymmetry?
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Breaks 3-flavor !



In principle, it is straightforward
* CPV ) different oscillation rates for 'Vs and Vs

P(VM — Ve) — P(VH — Ve) 245123136'%3 §23C23 SIN O — vacuumosc. i

C(Amy Ly (AmR L in Am? L
X S1n AF X S11 AF 1E
* Requires {012, 013, 63} # {0, n}

= now know that this is true, 63 ~ 9°
= but, despite hints, don’t yet know “much” about 0

* So “just” measure P(vy, — Ve) — P(vy, — Ve) ?
* Not quite, there is a complication...



Neutrino Oscillations in Matter

* Accounting for this potential term, gives a Hamiltonian that is
not diagonal in the basis of the mass eigenstates
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Experimental Strategy

EITHER:
* Keep L small (~¥200 km): so that matter effects are insignificant

= First oscillation maximum:
Am> L
31
~— E,. <1 V
"5 = E, Ge

= Want high flux at oscillation maximum
|::> Off-axis beam: narrow range of neutrino energies

OR:

* Make L large (>1000 km): measure the matter effects (i.e. MH)

= First oscillation maximum:
Am?. L T
31
A — >
5 = E,>2GeV

* Unfold CPV from Matter Effects through E dependence
I::> On-axis beam: wide range of neutrino energies




Non standard neutrino interactions

They can be described by effective four-fermion
operators of the form

Z\EGFgaﬂ (VﬂyﬂPLla X]_?/,,PL,Rf')

normalizing the operator with the Fermi constant

My
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NSNI



We are left “only” with neutral current NSNI
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P(v,—Vv,)=1-sin’(26)sin®(1.27Am L/ E)

Vv, spectrum
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Monte Carlo

6 8 10
Visible energy (GeV)

et modifies the dissapearence
probability near the first oscillation
minimum, especially the depth of the
minimum

Sin2(2 623)

Eput changes the disspearence

probability at large energies
shifts the position of the
minimum in energy

Am?



CPT violation
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CPT tests

CPT invariance tested in
several matter-antimatter
systems:

heutral kaons

electron/positron

proton/antiproton
H/anti-H

Several experiments at the Antiproton

10—??

SME coefficient (GeV)
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Relative precision

E. Widmann, arXiv:2111.04056 [hep-ex]

Decelerator and ELENA(Extra Low Energy

Antiproton) @CERN



Current bounds

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

oscillation parameters:

- Solar neutrino data: g, Am2,,6:5
~Neutrino mode in LBL 6,5, AmZ,, 613
- KamLAND data: 6,5, A2, 015

n —2
813, Am31

_ -
023, ATz, 013

No bounds on CP-phases since all values are

allowed

ATM: Amtopsheric neutrinos

Parameter Main contribution Other contributions
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SOL: Solar LBL: Long baseline accelerator experiments

REAC: Short-baseline reactor experiments



Current bounds

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

|IAm3, — Am2,| < 4.7 x107° eV?,
|[Am32, — Amz,| <2.5x107* eV?,
sin? 015 — sin? f15|< 0.14,

sin? 013 — sin? 0,3|< 0.029,

sin? fy3 — sin? f3|< 0.19.

G.B., C. Ternes and M. Tortola, 2005.05975, JHEP2020




T2K results, a hint ?

. T2K studied neutrino and anti-neutrino
oscillations separated

sin @3 = 0.51, Am2, = 2.53 x 1073eV?
sin 03 = 0.42, Az, = 2.55 x 107 3eV?
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DUNE about T2K

We find, that if these values turn out to be the true
values, DUNE would measure CPT-violation at more
than 30 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
Xtotal = X" (V) + x°(7)

and then minimize this function



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

x =y
h(x) = f(x) + g(x)
O0xf(x)=0xg(x)=0

Oxf(x)=—0xg(X)



Obtaining impostor solutions

. This was done for  sin*(f23) = 0.5, sin®(f23) = 0.43

s ' 1 ' | ‘ | ' Comblned beST f'T
: value is now

sin?(059™P) = 0.467
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This can also happen
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G.B., C. Ternes and M. Tortola, JHEP 07 (2020) 155



©13 2 O13 can account for different behavior in neutrino

and antineutrino channels
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The increasing precision in neutrino oscillation
measurements requires a thorough analysis of
the assumptions considered.




Distinguishing CPT violation from NSNI

The muon neutrino survival probability in matter can be written as
P(v, — v,) = 1 — sin“20,sin” (

Am

in matter
Am?cos2 AAM* = Am’ + Am; + 2Am2Am? cos(26, — 20,) — &4,
Am?sin2 — 2, A.
in?(29) — _(Amisin(26,) + Amj sin(20,))"
1 Amd + Amd + 2Am2Am2 cos(20, — 20;)
2" A = f_\.mg cos(20,) — &mf; cos(26;)
452144 — &mg sin(26, ) — &mg sin(26;)

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




Violations of Lorentz invariance

Lorentz violation 9
m? 1

(Peft)ab = a> [(aL)apa - (CL)aﬁpa'pﬁ] ab

2 K
standard Lorentz ) C violates both CPT and

covariant term Lorentz invariance




Conclusions: Neutrino physics will continue delivering results

Te"( CAUTIO N
- Observable Universe supernova a-high-engrgy

25 EGZK horizen 5;?:-.;5-; MO "R CPC
E 2NN Mpc

20 L ... ' ' .vuff:MMA 7 kpc
-4 km

15 _ IIU;\O\ s '!”I:\ /G DUW— ZAP - pc
wf Sl 4’ -
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Extraordinary claims requires extraordinary evideree™

CPT invariance check should come BEFORE any CP violation claim....
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