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CP and T violation in neutrino oscillations

Leptonic CP violation will manifest itself in a difference of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

Ams, L . Am35,L . Am3 L

where

Jog = Im(Uar Uty Uiy Ugp) = +J

with +(—) for (anti-)cyclic permutation of the indices e, u, 7.

J: leptonic analogue to the Jarlskog-invariant in the quark sector Jarlskog, 1985
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CP and T violation in neutrino oscillations
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CP and T violation in neutrino oscillations

Jmax
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Determination of o-p from the global 3-flavour fit

NuFit 5.0 (2020) www.nu-fit.org Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792

® some indications from the interplay of long-baseline accelerator, reactor,
and atmospheric neutrino experiments

e entangled with the unknown neutrino mass ordering and 6,4
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Mass ordering and CP phase: LBL accelerator & reactor data
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® 12K and NOVA better compatible for IO — LBL combination best fit for 1O

e LBL/reactor complementarity in | Am321 | determination — combination prefers NO

CP

® CP phase best fit at 0=195° (shifted towards 180°) — CP conservation allowed at 0.60

® for |O: best fit close to 0=270°, CP conservation disfavoured at 30
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Including atmospheric neutrinos: global fit results

eNuFit 5.0 updated with SK |-V analysis {010 (/o SKeatm
presented @ Neutrino’20 ——===- NO. IO (with SK-atm) LNUFIT 5.0 (SK-upd)
15 II'I I 1 1 | |\\| I I\l \\ I 1 1 1 | I I 1 | I‘_

oCP conservation @ 0.60 (no SK) | | B
— 20 (w SK) best fit: 0qp ~ 230°

® x%(10) = x*No) = 2.7 (no SK)
7.1 (w SK)2.70

| [ |
L1 1 1 1 1 1 1 1 11 L1 1 1 1 1 | |

0 90 180 270 360

CP cons. @ > 30, best fit: 0qp ~ 290° 3o

erestricting to inverted ordering: 0
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The leptonic unitarity triangle

inverted ordering normal ordering
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,oearch for CP violation®: main goal of future experiments

* Fermilab — Homestake (1300 km): O o o
DUNE (USA) . 25% FHC: 75% RHC ~ — — 0% FHC: 100% RHC
s T T T T 1
= DUNE coll., 2109.01304 -
e J-PARC — HyperKamiokande (295 km): -

T2HK (Japan)

® possible extension: 2nd detector @ Korea:
T2KK (1100 km)

® ESS (Sweden) (540 km)

Th. Schwetz - Portoroz21




10

Comments on search for CP violation

the CP asymmetry
P(yﬂ - U,) — P(Dﬂ - U,)

IS not directly observable:

® fluxes & cross sections are different for neutrinos and antineutrinos
® matter effect induces environmental CP asymmetry
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Comments on search for T violation

In vacuum CPT holds:
Py, -»v)-Pv,-v,)=Pr,—v,)—-Pl,—>1r,)

T corresponds to exchange of initial and final flavour

® matter effect breaks CPT but does NOT induce environmental T asymmetry

for a matter profile symmetric between source and detector
[e.g., Akhmedov, Huber, Lindner, Ohlsson, 01]

® BUT exchanging initial and final flavour not feasible in practice
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Comments on search for CP violation

The ,,standard approach® is highly model dependent:

assumes:
® minimal three-flavour scenario

® standard neutrino production and detection
® standard matter effect

perform combined accelerator/reactor fit + energy spectrum

e determine allowed range for O-p

e CPV & excluding values of 0 and 7z for ocp
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Comments on search for CP violation

The ,,standard approach® is highly model dependent:

® no ,direct test” of CP violation possible

® |In the presence of new physics, there are additional sources of CPV
e.g.: sterile neutrinos, non-unitarity, non-standard neutrino interactions,...
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Comments on search for CP violation

The ,,standard approach® is highly model dependent:

® no ,direct test” of CP violation possible

® |In the presence of new physics, there are additional sources of CPV
e.g.: sterile neutrinos, non-unitarity, non-standard neutrino interactions,...

Can we search for fundamental CP violation
IN @ more model-independent way?
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Model-independent test of T violation A. Segarra, TS, 2106.16099

® fundamental T-viol equivalent to CP-viol. assuming CPT conservation

® assume evolution equation

® position independent Hamiltonian (approx. constant matter density)
— matter effect does not introduce environmental T violation

® allow for arbitrary (non-standard) matter effect

® allow for arbitrary (non-unitary) mixing between flavour and energy eigenstates
(even different for production and detection):

‘I/ > _ ZNprod det
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Model-independent test of T violation A Segarra, TS, 2106.16099

® general parameterisation of the transition probabilities:

3 2
}1“¥:: § :Cae—tkl)

—Z c&|* + QZRe (ci'c;™) cos(wijL)  — 2ZIm cics™) sin(w;; L)

1< 1<

(Ndet) *NPI‘Od
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Model-independent test of T violation A Segarra, TS, 2106.16099

® general parameterisation of the transition probabilities:

P, = cre Mk
e Z v T_even T_Odd

2 Z Im(cf'c5™) sin(w;; L)

t ]

c%|* + 2 Z Re(ci c?™) cos(w;; L

d . . .
c = (Nd‘?t) * NP complex phases in ¢/* lead to T violation
more sources for TV due to new physics
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Model-independent test of T violation A Segarra, TS, 2106.16099

e if data cannot be fitted with an even function of L, fundamental T violation
can be established

P, (L, E;0) = Z ‘4 QZC cj cos(wijL) (c$* real)

() 1<

® measure P/w and PW as a function of L (at the same E )

: . A€ H
e iry to fit 8 parameters: ¢ , , Cl 530 W21 W3

® works already for 3 LBL experiments + near detectors!
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Model-independent test of T violation A Segarra, TS, 2106.16099

e if data cannot be fitted with an even function of L, fundamental T violation
can be established

P (L, E;0) = E 4+ QZC cj cos(wi; L) (c$* real)

7 1<

e measure £, and I’ as a function of L (at the same L)) —

. _ e u .
o try to fit 8 parameters: ¢y , 5, €|, 5, W51, @3 (Unknown functions of E )

® works already for 3 LBL experiments + near detectors!
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| E = (0.75 + 10%) GeV.
1.00]

Does it work in real life?
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Does it work in real life?
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® T2HK + T2KK + ESS works also

® DUNE + NOvVA + Potvino-ORCA
under investigation

® inverted ordering very similar

® Ocp ~ 270" can be tested with
antineutrino data

A. Segarra, TS, 2106.16099
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Summary

® standard ,search for CP violation® is highly model-dependent:
parametric fit for O-p within the Standard Model

® propose a model-independent test for T violation

e search for L-odd terms in the oscillation probability

o need to measure P(v, — v,,) at different L but at the same energy

e potentially works with 3 long-baseline experiments
need overlap in energy and good energy resolution

e motivation for more than one experiment:
DUNE & T2HK & in particular for the T2KK detector in Korea
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Mass ordering and CP phase: LBL accelerator & reactor data

NUFIT 5.0 (2020)
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® this effect will be very power full in the future [Blennow, TS, 2013], by combining reactor data
from JUNO with atmospheric data from lceCube [1911.06745] or KM3NET/ORCA [2108.06293]
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Model-independent test of T violation A Segarra, TS, 2106.16099

NO 10

Table I. Fit to data with the Am3, prior 021 = 0.1 in Eq. (6) 10l [\ C— A - £10% ] |

assuming normal mass ordering and a true 6 = 90°. Results
with 3 baselines use either DUNE + T2HK + ESSvSB data
(3L ESS), or DUNE + T2HK + T2HKK data (3L HKK);
the column 4L shows the results with all four baselines. The
values outside (inside) the brackets show the min(x?) without
(with) smearing the data with a 10% energy resolution.

E (GeV) 3L (ESS) 3L (HKK) 4L

— 3L_HKK -- +10%
— 3L_ESS -- +10% | |

(0.85 GeV)
o

2
min
(@))

(0.75 GeV) + x
AN

0.65 0.07 [0.03] 0.04 [0.27] 0.83 [0.47 -

0.75  0.04 [0.04] 7.04 [3.82] 7.40 [3.84 "

0.85  0.54 [0.53] 2.10 [1.97] 2.92 [2.05 ; X T

0.95 _ 0.21 -O 77- _ 0 60 120 180 240 300 3600 60 120 180
: : : : : true 6 [°] true 6 [°]

Total 0.65 [0.60] 9.39 [6.83] 11.15 [6.36]
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