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Latest NuFit paper

www.nu-fit.org

The fate of hints: updated global analysis of three-flavor neutrino oscillations
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Historical overview of neutrino oscillations (1)

® In 1955, [Gell Mann & Pais, Phys. Rev. 97 1337] proposed K9-K© oscillations;
however they assume C was a fundamental symmetry.
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® |n 1955, proposed KO%-K?0 oscillations;
however they assume C was a fundamental symmetry.

® At the time, parity violation was not discovered. After
, it was assumed CP was a fundamental symmetry.

® Contradicted by the Fitch-Cronin experiment observing Kaon decay

® In analogy to KC-oscillations, Pontecorvo suggests neutrinos can oscillate.
. He cites Davis
with experimentally demonstrating anti-neutrinos exist, thereby allowing
v < 7 in analogy to K°-K®. NOTE: these are not flavour oscillations.
® Davis went on to build the Homestake experiment
: first to observe v, deficit from Sun [Phys. Rev. Lett. 20 1205
(1968)] (2002 Nobel) and confirmed by Super-K
(2015 Nobel).

® (Super-K was originally trying to observe proton decay from GUT: neutrinos
were just a background! Maybe XenonlT suffers the same fate??).
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Historical overview of neutrino oscillations (2)

® Flavour oscillations from neutrino mass difference considered by [vaki,
Nakagawa and Sakata, Prog. Theor. Phys. 28 870 (1962)] (2008 Nobel)
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® Flavour oscillations from neutrino mass difference considered by
(2008 Nobel).

® (CP-violation is currently being searched for by neutrino-beam experiments
T2K & NOvA (combined evidence addressed in this talk), as well as the
mass-ordering (the sign of Am3;).

® Observations of solar neutrinos precisely determine 15, Am3,. Reactor
experiments confirm them (we discuss the resolved tension of solar data nd
KamLAND) and determine 613 (Double CHOOZ). Atmospheric oscillations
determined by |[Am?;| and 623 and confirmed and precisely determined by
accelerator experiments (T2K, NOvVA currently).

® QOther phenomena not discussed: oscillations in matter (MSW resonance,
adiabatic conversion), supernova neutrinos, secret interactions, cosmology
& dark matter etc.

® We've come a long way!
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CP-violation in neutrino sector? (Press coverage)

i Supér-Kamiokande Neutrino Obsérvatory, located more than 3,000 féet below Mount 1keno near the city of Hida., Japan

Figure: NY Times Article on T2K Nature paper
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® Expected/desired.

° Best-fit §cp = 1.197 with
CP-conservation §cp =  allowed at Ax? = 1.8 ~ 1.340.

° (Just before NU2020) best-fit dcp = 1.207 with
CP-conservation §cp = 7 allowed at Ax? = 2.1 ~ 1.450.

o (Just before NU2020) best-fit §cp = 1.287 with

CP-conservation dcp = 7 allowed at ~ 1.60.
® However even from NuFit 4.0, “The combination of those effects . .. leads

to a disfavouring of sindcp ~ —1 from NOVA, somewhat in contradiction

with the T2K preferred region.”
-
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CP-violation in neutrino sector? (After NU2020)
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CP-violation in neutrino sector? (After NU2020)
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[arxiv:1811.05487])) Best-fit
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CP-conservation
dcp = 7 allowed at
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best-fit 6cp = 1.087
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T2K Run 1-10 Preliminary
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T2K vs NOvVA

® T2K indicates near-maximal

CP-violation (T2K collab. best-fit

(Scp = 1337T)

® NOvVA closer to CP-conservation,
crucially on the other side of 7
(NOVA collab. best-fit
dcp = 0.827.) [Remember that
sindcp in the oscillation formula
flips sign under 7 translation.]

® However NOVA is much more

sensitive to mass-ordering. In 10,

the effect of near-maximal
CP-violation cancels with 10.
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However NOVA is much more
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Low statistic

® Many bins have zero or one event.
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Low statistic

® Many bins have zero or one event.

® Number of events in CC1lm went down from 15 in run 9 to 14 in run 10.
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® Many bins have zero or one event.
® Number of events in CC1lm went down from 15 in run 9 to 14 in run 10.

® Aside: cross-section very complicated. Difficult to interpolate between QE
and A-resonance. Multi-nucleon effects and final-state interactions.
Nuclear models (Fermi gas, random phase approx.)

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary
£ - £ £ s
< : 94 events | v-mode e-ring < ‘16 events t {4 event jv-mode
g 2 s g T e-ring and
L%‘ 0 L%’ 4 u°>_|’ o e from
8 3 F pion decay

o

Jo LT el L \ .
08 10 T2 be 05 06 07 08

B Y R T | L
02 e o5 A R S ]
€ _rec (GeV] E_rec'[GeV]

Figure: Courtesy T2K NU2020

10/18



Low statistic

Many bins have zero or one event.

Number of events in CClm went down from 15 in run 9 to 14 in run 10.

® Aside: cross-section very complicated. Difficult to interpolate between QE
and A-resonance. Multi-nucleon effects and final-state interactions.
Nuclear models (Fermi gas, random phase approx.)

® Near-detector allows these effects to be second-order.
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Low statistic

® Many bins have zero or one event.
® Number of events in CC1lm went down from 15 in run 9 to 14 in run 10.

® Aside: cross-section very complicated. Difficult to interpolate between QE
and A-resonance. Multi-nucleon effects and final-state interactions.
Nuclear models (Fermi gas, random phase approx.)

® Near-detector allows these effects to be second-order.

® Technical aside: 015, 613, Am%l fixed in analysis of accelerator data.

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary
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So

you're telling me 10 fixes everything?

Hold your horses! Global analysis tells a different story.

Whilst appearance channel directly sensitive to dcp and mass ordering,

P[Ni'o] ~ 45555 (1 + [+2]A) F Csindep(1 + [£A])

N

Am3 L E.V
C= :7:_21/1 sin 2015 sin 2613 sin 2053 A Am%,

for small s13, Ay and A near oscillation maximum.

Very precise measurement of disappearance channels of LBL and MBL is

e Ly 2 2
sensitive to mass ordering via [Amy, | — |AmZ,|.

Possible due to large number of events directly from source. (ldea of

appearance experiment is to have intense flavour-pure source and measure

contamination from oscillation.)
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Disappearance channel

® Medium baseline reactor experiments L ~ 1000 m (Daya Bay, Double
CHOOZ, RENO) sensitive to Am?2, ~ Am?

atm.

L
P(We > De)=1— sin 263 sin? (1.27 . AmgeE)

(2)

2 _ 2 2 2
Ami, = Am3; — s5Am5;.
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® Medium baseline reactor experiments L ~ 1000 m (Daya Bay, Double
CHOOZ, RENO) sensitive to Am?2, ~ Am?,,

L
P(7e — 7e) &~ 1 — sin® 2013 sin’ (1.27 CAm? )

eeE (2)
Am?, = Am3, — s3,Am3,.
* Long baseline (T2K, NOvA) sensitive to Am?,, &~ Am3,,, where
Amfm = Am3, + (cos dcpsiata sin 2010 — c3)Am3;. (3)
e Effective mass-squared difference agrees up to first-order in Am3,with full

probability.

® Since Am?

2m. > Am2 |, first term determines sign. Thus,

sol.’

NO,IO .
(|Am§e\ — |Am,2W )[ ] = [i]Amgl(cos%lz — COS(SCP513t23 sin 2912).

(4)

Conclusion: reactors can be important for determining mass ordering.
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What about reactors?

® NU2020 updates: Double-Chooz & RENO.

NuFIT 5.0 (2020) NuFIT 5.0 (2020)
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lsee SK NU2020 presentation
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® NU2020 updates: Double-Chooz & RENO.

® Ax?(I0) = 2.7 much less than 6.2 in NuFit 4.1.
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What about reactors?

® NU2020 updates: Double-Chooz & RENO.
® Ax?(I0) = 2.7 much less than 6.2 in NuFit 4.1.

® Reactors favour NO (we include Daya-Bay, RENO and DoubleChooz).
Possible tension with accelerator data? [Next slide]
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What about reactors?

® NU2020 updates: Double-Chooz & RENO.

® Ax?(I0) = 2.7 much less than 6.2 in NuFit 4.1.

® Reactors favour NO (we include Daya-Bay, RENO and DoubleChooz).
Possible tension with accelerator data? [Next slide]

® Technical aside: SK observations of atmospheric neutrinos not included.
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® NU2020 updates: Double-Chooz & RENO.

Ax?(10) = 2.7 much less than 6.2 in NuFit 4.1.

® Reactors favour NO (we include Daya-Bay, RENO and DoubleChooz).
Possible tension with accelerator data? [Next slide]

® Technical aside: SK observations of atmospheric neutrinos not included.

® Previous SK atm. obs. disfavoured 10. Latest NU2020 update reduces this
[sic] “from 81.9-96.1% CLg to 71.4-90.3% CL,"*.
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What about reactors?

® NU2020 updates: Double-Chooz & RENO.

Ax?(10) = 2.7 much less than 6.2 in NuFit 4.1.

Reactors favour NO (we include Daya-Bay, RENO and DoubleChooz).
Possible tension with accelerator data? [Next slide]

Technical aside: SK observations of atmospheric neutrinos not included.

® Previous SK atm. obs. disfavoured 10. Latest NU2020 update reduces this

[sic] “from 81.9-96.1% CLg to 71.4-90.3% CL,"*.
New data not yet released. Using 2018 data, 10 disfavoured at
Ax? =7.1 < 10.4 (NuFit 4.1), but will decrease with 2020 SK-atm. data.

NUFIT 5.0 (2020)
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dataset

for large datasets is y2-distributed with n degrees of freedom

n= Z Ndataset — Nglobal - (6)
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Quantifying consistency between accel. and react.

Parameter-goodness-of-fit test statistic

X%G = Xélobal min. Z Xﬁataset min. (5)
dataset
for large datasets is y2-distributed with n degrees of freedom
n= Z Ndataset — Nglobal - (6)
dataset
Sensitive to tension between experiments but not within.
data sets NO 10
X3c/n  p-value #o | x3c/n  p-value #o
T2K vs. NOVA (63 free) 6.7/4 0.15 14 | 3.6/4 0.46 0.7
T2K vs. React. 0.3/2 0.87 0.2 | 25/2 0.29 1.1
NOvVA vs. React. 3.0/2 0.23 12| 6.2/2 0.045 2.0
T2K vs. NOVA vs. React. | 8.4/6 0.21 1.3 | 8.9/6 0.18 1.3
T2K vs. NOVA (63 fixed) | 6.5/3 0.088 1.7 | 2.8/3 0.42 0.8
T2K vs. NOVA vs. React. | 7.8/4 0.008 1.7 | 7.2/4 0.13 15
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Quantifying consistency between accel. and react.

Parameter-goodness-of-fit test statistic

X%G = Xélobal min. Z Xﬁataset min. (5)
dataset
for large datasets is y2-distributed with n degrees of freedom
n= Z Ndataset — Nglobal - (6)
dataset
Sensitive to tension between experiments but not within.
No significant tension found.
data sets NO 10
X3c/n  p-value #o | x3c/n  p-value #o
T2K vs. NOVA (63 free) 6.7/4 0.15 14 | 3.6/4 0.46 0.7
T2K vs. React. 0.3/2 0.87 0.2 | 25/2 0.29 1.1
NOVA vs. React. 3.0/2 0.23 12| 6.2/2 0.045 2.0
T2K vs. NOVA vs. React. | 8.4/6 0.21 1.3 | 8.9/6 0.18 1.3
T2K vs. NOVA (63 fixed) | 6.5/3 0.088 1.7 | 2.8/3 0.42 0.8
T2K vs. NOVA vs. React. | 7.8/4 0.098 17| 7.2/4 0.13 1.5
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Solar sector (1)

® Solar deficit present at energies
> 2MeV.

15/18



Solar sector (1)

® Solar deficit present at energies
> 2MeV.

® Solution: large mixing angle
induced by matter effects (MSW
resonance)

15/18



Solar sector (1)

® Solar deficit present at energies
> 2 MeV.

® Solution: large mixing angle
induced by matter effects (MSW
resonance)

® KamLAND (reactor experiment
with detector at Kamioka next to
SuperK) was in slight tension with
solar data. [20 at NuFit 4.1]

15/18



Solar sector (1)

® Solar deficit present at energies
> 2 MeV.

® Solution: large mixing angle
induced by matter effects (MSW
resonance)

® KamLAND (reactor experiment
with detector at Kamioka next to
SuperK) was in slight tension with
solar data. [20 at NuFit 4.1]

® SK4 resolves tension due to
up-turn at lower energies (better
reconstruction) and a lower
day/night asymmetry
(—3.6% — —2.1%).

15/18



Solar sector (1)

® Solar deficit present at energies
> 2 MeV.

® Solution: large mixing angle
induced by matter effects (MSW
resonance) [Wolfenstein, Phys. Rev. D 17
9 (1977); Mikheev & Smirnov, Sov. J. Nucl

N N
-3 ©
8B solar neutrino flux [x10° /cm?/secl

N
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TREE (AT [ AL L L] VLA

) 13 (108 SV 2970 daym 2401940
Phys 42 913 (;1905)] 0.35/— | == supor 2020 [B] Enoroy-88 opoc. Sys. 1 s

® KamLAND (reactor experiment ""fn“":'::_";‘:mm“m%::’“’:‘I’::‘: 1
with detector at Kamioka next to I
SuperK) was in Sllght tension Wlth Recoil electron kinetic enerav [MeV1
solar data. [20 at NuFit 4.1] Figure: Courtesy SK collab. NU2020

® SK4 resolves tension due to
up-turn at lower energies (better
reconstruction) and a lower
day/night asymmetry
(—3.6% — —2.1%).
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Solar sector (1)

| NUFIT 2.0 (2014) |
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Solar sector (2)

| NuFIT 5.0 (2020)
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Summary

30 relative
precision
01> : 14%,
013 : 9.0%,
O3 1 27%,

Am3; : 16%,
|Am3,| : 6.7%,
dcp - 100%

Latest update from NU2020 resolves tension in solar
sector

No evidence for CP-violation in NO in global fit
Mild evidence in 10

Due to opposite tendencies in T2K and NOVA present
in NuFit 4.1

Opposite tendencies can be resolved in 10
Probably due to low statistics

No significant tension

Still. . . curious. ..




