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Neutrino oscillations
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Parameter | Main contribution Other contributions

012 | _SOL_ ] KamLAND
- REAC [ATMMLBL hnd|SOL+KamLAND|
- |ATMHLBL | .
dcp

Am3, SOL

|am3,| | [LBLHATMHREAQ :
MO REAC]and [ATM .

SOL: Solar LBL: Long baseline accelerator experiments

ATM: Amtopsheric neutrinos

REAC: Short-baseline reactor experiments

https://globalfit.astroparticles.es/
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65 70 75 80 8523
Am3; [107 eV?)

parameter | best fit + 1o 20 range 30 range

Am3,[1075¢V?) 7:500:22 7.12-7.93 6.94-8.14

o7 O O | Am3, |[10-%eV?] (NO) | 2557002 2.49-2.60 2.47-2.63
[Am3,|[103eV?] (10) 2.45+002 2.39-2.50 2.37-2.53

sin? f15/10~1 318+0.16  2.86-3.52 2.71-3.69

sin® f53/1071 (NO) 574014 541-5.99 4.34-6.10

sin? fa3/1071 (10) 5.7820:10 5.41-5.98 4.33-6.08

270005 él?r 1520 sin®6,5/1072 (NO) 220040063 2.069-2.337  2.000-2.405
sin®013/10~2 (10) 2.22510060  2.086-2.356  2.018-2.424

5/ (NO) 1087013 0.84-1.42 0.71-1.99

§/7 (10) 1.585018 1.26-1.85 1.11-1.96

Relative 10 uncertainty

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]
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Anomalies

Beam Excess
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MiniBooNE

MiniBooNE was built to check the LSND results with a different

baseline, but similar L/E

MiniBooNE has no near det ¢
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MicroBooNE

—— 3+1 MiniBooNE Fit
— 3+1C Fit

MicroBooNE was built to check the MiniBooNE
results!

Looking for signals using several final state
channels

The collaboration did not perform an oscillation 1075
analysis TR

. . . 1072
A combined analysis shows that MicroBooNE can 102 102 10 10¢
not exclude the region of parameter space

preferred by MiniBooNE 2201.01724

Am? [V

The Gallium Anomaly

Tests of the solar neutrino detectors GALLEX (Cr1, Cr2) and SAGE (Cr, Ar)

V. Sources: e +°1Cr =V 4+ 1, e +3Ar = 3Cl+ .
Detection Process: Ve + MGa — "MGe+ e
= Deficit could be due to overestimate of
] 71 71 -
- o(ve +"Ga— "Ge+e)
i H 10 I
Bahcall: [Bahcall, PRC 56 (1997) 3301, hep-ph/9710491]

o(°1Cr) = 58.1 x 10 0 cm? (1i8;8§g)1 — [Rga = 0.86+0.05

| [ 1] [SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
- -

Haxton: [Hata, Haxton, PLB 353 (1905) 422, nucl-th/9503017; Haxton, PLB 431 (1998) 110, nucl-th/9804011]

0.00
— | Rea =0.76"g g5

o(°1Cr) = 63.9 x 10 % ecm? (1 + 0.106)

1o

[SAGE, PRC 59 (1999) 2246, hep-ph,/9803418]
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The Gallium anomaly

BEST coll., 2109.11482
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The Gallium anomaly is now at more than 5c significance

The Known Unknowns

* Next generation Long-Baseline experiments (such as

DUNE) can address three of these questions:
= Are neutrinos Dirac or Majorana ?
* Isthere aconnection to the GUT scale? . _____ .
= Are there light sterile neutrino states ? —— Breaks 3-flavor |
* No clear theoretical guidance on mass scale, M, ... Lp_a_ra_dLgT_ et
=  What is the neutrino mass hierarchy ?

* Animportant question in flavor physics, e.g. CKM vs. PNMS

H= L EE N
..- vs. 1 | or l..
N EEN He N
CKM PMNSNH PMNS IH

= |s CP violated in the leptonic sector ?
* Are vs key to understanding the matter-antimatter asymmetry?
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In principle, it is straightforward
* CPV ) different oscillation rates for Vs and Vs

— - . | I
P(vy — ve) = P(vy — Ve) 24512S13C%3523C23 SING e VOCUUM 05C, |

_ Am3, L _(Am3, L . (Am3,
. 37 | x sin
X kin x sin| —— "

4E

* Requires {612, 013, 63} # {0, 7}
= now know that this is true, 6;3 =~ 9°
= but, despite hints, don’t yet know “much” about ¢

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

3

Neutrino Oscillations in Matter

* Accounting for this potential term, gives a Hamiltonian that is
not diagonal in the basis of the mass eigenstates
[vi) LD E, 0 0
H| vy | = i) [=] 0& O
|V3> |V3> 0 0 E3

* Complicates the simple picture !!!
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Experimental Strategy
EITHER:
* Keep L small (~200 km): so that matter effects are insignificant
= First oscillation maximum:
Am2 L
- ~g = E, <1GeV
= Want high flux at oscillation maximum

E> Off-axis beam: narrow range of neutrino energies

OR:
* Make L large (>1000 km): measure the matter effects (i.e. MH)
= First oscillation maximum:
Am2 L x
31
~= -
"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

2N2G 6,7, P NPy Pn )

normalizing the operator with the Fermi constant
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We are left “only” with neutral current NSNI

272G, 6,77 Py NP f)
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CPT violation
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| m(Ko) —m(Ky) |

<1018
Mg —av

4
Myg_aqv = 10° eV

(m(Kp) — m(ﬁ) Y(m(Kp) + m(m) <2 1078 mg_gp°

m2(K) —m(K5)] ~ 2 ev?

CPT tests

SME coefficient (GeV)
107 1072 107 1075 10" 10- 1072
I 1 - 4 4 +

CPT invariance tested in
several matter-antimatter

H-H15-25

SYSTemS: K%K mass
p-p mass I S —
p-P g/m | S S
neutral kaons - I B
e~-e* mass : . s S ——|
e -e* charge ! | B

electron/positron

proton/antiproton 0. mass
*He-He mass : i
H/GHTI—H 10-27 10'—13 10'—19 10'—15 ]_0'—11 10'—-7 10'-3

Relative precision

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

Decelerator and ELENA(Extra Low Energy
Antiproton) @CERN

10
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Current bounds

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

OSCI”CITIOH par!amefers: Parameter | Main contribution | Other contributions
, = : '
- Solar neutrino data: 12, Amgla 013 fa [LBL hnd [SOL+ KamLAND
Oy -
-Neutrino mode in LBL:6,3, AmZ,, 615
_ . A CumLAN
- KamLAND data: 012, Amgl, 013 lamz,| | [CECjaTMl{REA] | -
_ 5 Mo | LBl REACand [xTM]|
013, ATg,
5237 Amgl ) 513 }s\'(r)hl;l iﬂ?«;psher\c neutrinos ;Eé:éosnr?ol:g:ir;i:: f:fc;ztr? ;:::re\:l?:lr;m
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
|Am3, — Am3,| <4.7x107° eV? :
|Am3, — Am3,| <25x107%eV?, %, - e
|Si112 019 —Sil’l2 912|< 0.14, §5 ‘N§5
s =,
| sin 03 — sin? O153]< 0.029, <, g
‘ Sin2 023 - Sin2 323 I < 0 ].9 3 SOLAR (2030) 3 DUNE + HK
%‘ZO 0.25 .30 0'3,5 0.40 045 (2)20 0.25 0.30 0.35 0.40 0.45
sin?63; (sin?6,2) ’ " sinty (sin%d1z) }
G.B., C. Ternes and M. Tortola, 2005.05975, JHEP2020
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T2K results, a hint ?

. T2K studied neutrino and anti-neutrino
oscillations separated

sin® g3 = 0.51, Am3, = 2.53 x 107 %eV?
sin® a3 = 0.42,  ATas, = 2.55 x 1073V

TaK uns 1.3

: yme 1.49 .1._\f'pr>-.
H H E n 10 fmode 164 % 107 FOT
Results are consistent with L Tan e ——
3788 Har-jenr Amomphen: 2 E O mnmn S
. - 236 ¢ 107 POT 9 annaecad beam i 3 g
. CPT-conservation S | et rors companchan OO 3 T
n A e
2 E 2 E
£ g ] i
'TE 25 Y E
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T 24 E
T 13 3
w v BestFE
* . T Bt 2"0 L L T T T L L
\ \ g
T R T 3 035 04 045 03 055 08 085 07

sirf{0h or i (20) st (3in 05}

. 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
X?otal = X2 (V) + XQ(v)

and then minimize this function

12
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h(x,y) = f(x) + g(¥)
drf(x) =0 ayg(y) =0

X =Yy
h(x) = f(x) + g(x)
0y f(x)=0,g(x)=0

0xf(x)=—0xg(x)

Obtaining impostor solutions

. This was done for  sin?(623) = 0.5, sin?(fa3) = 0.43

— —_— Combined best fit
: value is now

sin®(053™P) = 0.467

< |

e ] Real true values
s are disfavored at
o corbined ] close to 30 and

\ . 3 more 5o
J ] confidence levels

0 1

04 0.45 05 0.5
3

sin"@,,
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This can also happen

combined

combined v

N b b b by gy
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G.B., C. Ternes and M. Tortola, THEP 07 (2020) 155

©13 2 B13 can account for different behavior in neutrino

and antineutrino channels
30— e :

NO — NovA

25 —= |

207 — Glnbali
o all values of & and &
15

10 remain allowed at ~ 1o

5

0.0 0.5 1.0 1.5 2.0
o/n

Tension between NOvVA, T2K and SK

atm. and &,; = 1.08n

- Disfavours:

6 =m/2 at 4.00

&§=0at 3.00

& = 3n/2 with Ax2 =4.9
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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

. . (Am2L
P(v, — 1) = 1 — sin®26,sin’ ( Zln
in matter
AmZcos2 AAmM* = Amf + Am,‘; E QAmEAmg cos(20, — 20;) —e A,
Am?sin2 — 2, A.

2 o 5 . 2
sjni’(gg) — (Am; sin(26,) + Am_ sin(26;))
Amd + Amd + 2Am2Am2 cos(26, — 20,)

2em A = Am?2cos(26,) — Am? cos(26,)
4em A = AmZsin(26,) — Am2sin(26,)

uT

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

15
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Violations of Lorentz invariance

Lorentz violation

(heﬁ)ab - + = [(G’L)apa - (CL)aﬁpapﬁ] ab’

28 Eg
standard Lorentz D violates both CPT and

covariant term Lorentz invariance

Conclusions: Neutrino physics will continue delivering results
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