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<L) Discovery of Atmospheric Neutrinos

UNIVERSITY

JOHANIC\)J'ESBURG >
‘ @‘ s & South Africa
E.R.P. M.
DETECTION OF THE FIRST NEUTRINO IN NATURE
ON Case Institute of
23Rr> EEBRUARY 1965
IN Technology -

EAST RAND PROPRIETARY MINE University of the

THIS DISCOVERY TOOK PLACE IN A LABORATORY SITUATED Witwatersrand

TWO MILES BELOW THE SURFACE OF THE EARTH ON
76 LEVEL OF EAST RAND PROPRIETARY MINE, MANNED
BY A CROUP OF PHYSICISTS FROM THE CASE INSTITUTE OF TECHNOLOCY U.S | .
AND THI: UNIVERSITY OF THE WITWATERSRAND JOHANNESBURC. I:‘ Relnes et al‘ 1965

THE PROJECT WAS SPONSORED BY :-
UNITED STATES ATOMIC ENERCY COMMISSION o
E.R.P.M. AND RAND MINES CROUP Gold mine in

CASE INSTITUTE OF TECHNOLOGY Johannesburg,
UNIVERSITY OF THE WITWATERSRAND

TVL. & O.F.S. CHAMBER OF MINES South Africa

AND CONVERTED FROM PROPOSAL TO REALITY 8800 mwe
WITH THE HELP OF THE OFFICIAIS AND MEN
OF THE HERCULES SHAFI OF E.R.P.M.

6" DFECEMBIR 1967 Liquid scintillator

detectors

SCIENTHEIC TEAM + FREINES -1 P ESELLSCHEOP Af L CROVCH

AND LT JENBINS W R KROPP S5CLVRR B MEYER A A HRUSCHK ' B.Al SHOEFENEH
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<L) Discovery of Atmospheric Neutrinos
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Technology -
University of the
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Gold mine in
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Q“;\’j? Current Status of CPV Search - NOVA
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Slide from Liudmila Kolupaeva at Nu HoRIzons 2018

Ve + vy fit results

NOVA Preliminary NOVA Preliminary
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¥ Best Fit: dcp = 1.217, Upper Octant, Normal Hierarchy.
¥ Upper octant is prefered at 0.20.

¥ Exclude §cp = /2 region in the IH at > 3.

¥ Approaching [H rejection at 2o.

L. Kolupaeva NOvA results 21 February 2018
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Slide from Liudmila Kolupaeva at Nu HoRIzons 2018

Ve + vy fit results

. NOVA Preliminary
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¥ Best Fit: dcp = 1.217, Upper Octant, Normal Hierarchy.
¥ Upper octant is prefered at 0.20.

¥ Exclude §cp = /2 region in the IH at > 3.

¥ Approaching [H rejection at 20.

L. Kolupaeva NOvA results 21 February 2018
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Slide from Zoya Vallari at Nu HoRIzons 2018
,ng\ Oscillation Result : 0-p Measurement

T2K Runl-8 Preliminary
] | l T ] | T I T | ] ] I T 7T 1 L]

Flnal sysisnatic pendug
I | ] 1 |

. LI B ]
1. Introduction i =
30 T2K + Reactor ]
<k —Nomal 2 CL Intervals a
2. The T2K "5:_ — Inverted —:
Experiment N 7 ]
— 200 7 Z .
g EV A 7 =
3. Oscillation 15 7 /{/ c
Analyses Steps & l n 7 /: { &l
| 1012 A 7 =
Samples Iy 77 / ]
-V 7 7 5
SN 7 T9K Preli
oy ’_r! 7 . . —
1K A Z reliminary -
4. Oscillation 77 A =1
(] B | ":/If: | — 1 -;ﬁ/d% 1 l 1 1 L1 l 1 | T 1 1 1 11 1 l =
Results -3 -2 -1 0 | 2 3
dcp (rad)
5. Cross Section
.. —_ +0.604 _ L
Analyses Best-fit: 6.p = —1.833%2zg radians
-4 Charged 20 confidence interval:

Current Inclusive

el G Normal hierarchy [—2.98, —0.60]
Single T Inverted hierarchy [—1.53,—1.18]

6. Summary

T2K disfavors CP conserving values (0, w) by 20.

Nu HoRIzons VIL, HRI, Allahabad Feb 23 2018
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Slide from Christophe Bronner at PANE 2018

Atmospheric neutrino results 18
20— —— W——————————— 20— — .
o i ] | 8, o,
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058%1 , \I\\I / o's?e/oll.l\/l..lm...._ '68:% s L
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cpP IA nﬁz I ’ IA m§1 I ev2 Sil'l2 923

T el 0D e
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< J cPV Search with Atmospheric Neutrinos
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+ Another (less expensive) way to search for CP violation and measure the CP
phase

+ Wider energy range and many baselines compared to accelerator
experiments

+ No significant degeneracy between CP and theta23
+ Available and well-understood technology
+ PINGU, ORCA —> Super-PINGU, Super-ORCA
+ Outline of this talk
+ Estimates of sensitivity (Assuming normal hierarchy, known osc. param.)
+ ldentify CP sensitive energy and zenith angle ranges
+ Current challenges and future improvements

+ Flux, cross-section, particle identification, oscillation parameters,
systematics

See next talk: Super ORCA by Jannik Hofestaedt
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Quasi-constant density approximations above 1-2
resonance and averaged over 1-3 oscillation
T ps Jo B
(P, #) = — |[—cosdsin” ¢5; + §sm5sm2¢21 ( ) =5 cos § sin” 57 — §smésm 205,
(P2,) = —%cos&sinz m (P2,) = -%cosésin2 o
CP asymmetry
Jo [ : 1 . : | Jy
(Pf#) - (pgﬂ) - 79 (1 — cosd)sin? @5} + 5 sin d sin 2¢5] (PJ#) — (P #) = ——(1 — cos d) sin® @5}
(Py,) — (P3,) = —% (1 — cosd) sin® @3} + %sinésin 20m | (Po,) —(Po,) = —(1 — cos §) sin” @3},

Jp = sin 2653 sin 2675 sin 2075 cos 075

Akhmedov, Dighe, Lipari and Smirnov 1999 - Am3,L 2VE % . 5
Akhmedov, Maltoni and Smirnov 2008 23 & iE, cos 2012 F Amgl + sin“ 20,2.
Akhmedov, S.R. and Smirnov 2013

S.R. and Smirnov 2015
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Systematic shift of probability with CP phase in ~0.3-2 GeV range,
below 1-3 resonances, over a wide zenith angle range - mantle

PREM

Core
Parametric

Mantle
MSW

S.R., Smirnov 2015
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L) CP Sensitive Energy Range
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Systematic shift of probability with CP phase in ~0.3-2 GeV range,
below 1-3 resonances, over a wide zenith angle range - mantle

PREM
Core
. Mantle
8,=0
8 p =712
8(.?:7:
8p=3112
No shift of
oscillation
..1.1.:..-1...|.;.|....l.l...|..'- X X . X X 1 phase
0.5 1 1.5 22 4 6 8 10
E, (GeV) E, (GeV)

S.R., Smirnov 2015
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Systematic shift of probability with CP phase in ~0.3-2 GeV range,
below 1-3 resonances, over a wide zenith angle range - mantle
...................................................................................................................... PREM
0.6 cosHZ =-1.0 L 6CP ~0
- 6CP=”/2
3047 —— =7
(¥ | 8 =30 COI‘e
0.2 ,“ pcr,'”““ .
Wl -
- 0 Mu SIIAAARA e
| A 06 cosf =-0.8
T o5 04 /
Q 0.2
|; 0 ‘ n“"u"!H‘H‘t0(‘01‘0‘11‘&1‘0\1{‘}1“}1“}.4‘&!"l‘;”»}}_AAL %"W - Mantle
0.6 cost =-0.4
o5 04 /
0.2
(I
R YNAAVAZSN

S.R., Smirnov 2015
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“f% CP Sensitive Energy Range
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Systematic shift of probability with CP phase in ~0.3-2 GeV range,
below 1-3 resonances, over a wide zenith angle range - mantle
PREM
Core
cost =-0.8 Manﬂe
— 5CP=O
—— Op=72
—— Op=a
—— Op =372
No shift of
oscillation
cost =-0.4
et ettt ettt ettt bttt o phase

0 05 1 15 22 4 6 3 10

S.R., Smirnov 2015
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<L Huge Ice/Water Cherenkov Detectors
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IceCube  uson

PINGU

>
ANTARES
- Denser array
- Low energy
threshold Kz\)llglgeAT-
~1-3 GeV

[

PRECISION ICECUBE NEXT
GENERATION UPGRADE

Oscillation Research with
Cosmics in the Abyss
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PINGU and ORCA Proposals
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PINGU and ORCA Proposals
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Aartsen et al. 2017

7_
6 —
5 ]
4_
3 .
9| |

- v, CC
L s 7, CC
0 — —

10° 10t
True neutrino energv [GeV]

7_
2_ Preliminary ,--_@W
4
3 - N '
9.

L) v, CC
L [ — 7, CC
0 — —

10° 10!

| + 6 Mt Fiducial mass {
+ 1.5m DOM spacing |
'+ 26 PING |

Effective Volume [Mm?®]

-
o

O

Adrian-Martinez et al. 2016

KM3NeT Preliminary

@ Lol-9m

4 new

15 20 25
Neutrino Energy [GeV]

Y LV VYV vpLuLal 11ivuuico |'

Search for CP violation requires sizable
effective mass in the ~0.3-2 GeV range
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Figure: A. Karle
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<L) Reaching sub-GeV Energies
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Requires ~10x denser detector than PINGU/ORCA
Figure: A. Karle
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<L) Super-PINGU / Super-ORCA
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Preliminary sensitivity studies
+ Goals:
+ |dentification of the relevant CP signatures and uncertainties
+ Estimation of rough significance
+ Use some realistic detector characteristics:
+ Energy-dependence of the effective mass

+ Angular and energy resolutions, systematic uncertainties

8 L L A O B A
vi2,

o)

Parametrization

Pice Veff [MtOIl] (V,u)
N

(\®)

oVeg(E,) = 2.6[log(E,/GeV) + 1]132 Mt

s 10 15 20 25 30
E, [GeV]
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Formaggio and Zeller 2013 Ankowski et al. 2076 CC QE

1.6 T T IIIIIII T T T IIIII| T T 1T TTTT T T IIIIII| III
[ (a) 11 T2K off-axis ~+— ] 121 (b)
Total - - T2K on-axis —— 1 '

1.2 B .
314f e | 1 ' <
~ : 5 0.8 - e E T T P SR RS B o~ 5
a3 1 ; - 5
3 1 ~ i ! NOMAD —a— - S
e 't 04/ 4 MINERVA —+— 7
;0 8'_ | ¥ MiniBooNE —e— | GENIE+VT ==== 1
-~ F i /' | MiniB?oNE/l.Q o My = 1.2 GeV .
50.6}- 0.1 1 10 100 10 100
‘go 4 3 E, (GeV) E, (GeV)
o F
goz:—
>0 ppr Abe et al. 2016  single pion

]_.2 T 1 1 I I 1 1 T 1 I T T 1 1 I T 1 1 T ' 1 I T T I 1 T T 1

-- NEUT
— GENIE
-o- T2K data

lIllI

lllllll

o(E;) (x 10 % ¢m?2 / nucleon )
o
o
|||||||||||||||||||||l|

o\llllllllll

OO
[ ]

Iec
EV



<L)

UNIVERSITY

E, (GeV)

S. Razzaque - 22

Distinguishability of the CP phase

371/2
0.51

JOHANNESBURG =
) 5§=0 _ _ _
Distinguishability o N'i,j _Nij A metric to quickly estimate
parameter v /N0 effect of different CP values
1]
S — —
1 year of events v, + v, 1 year of events v, + v,
g ) A L R R B g
18] 5= 1 18} 5=
14{ 14}
12| -0 ~ 12f
B % C
10} O 10}
6/ 6f
E -1.80 r
4: 4:
25 ~2.68 25

-10 -08 -06 -04 —02

cos 0,

-10 -08 -06 -04 -02 0

cos 0,
S.R., Smirnov 2015

-2.98
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<L) CP-asymmetric Domains
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Determined by the solar, atmospheric and interference magic lines

V00 Probability is roughly
— Cm independent of CP
atmospheric {3 | along the magic lines
15+ |
SOI?:% ¢72wia¢g§7¢gi
21

proportional to the

interferen i I
/ € eT: - oscillation phases for
¢31 * corresponding mass-

splitting-square

E, (GeV)
S
\/

i ~ Using average
density profile

10 -08 -06 -04 -02 00
cos 6,
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Presence of both v, and v, fluxes reduces CP asymmetry - Flavor suppression

Presence of both ¥ and p fluxes reduces CP asymmetry - Charge suppression

1 year of events v, + v,

[a—y
(@)

N A~ O ©

-10 08 -06 -04 -02 0

cos 6,

o = 1t/4
0.58

-0.29

E, (GeV)

1 year of events v, + v,

[E—
)

Ny A~ N

S.R., Smirnov 2015

ZO:HIH II:
18} 1 ) | 6=
] m0.70

-0.35

7T/2

- 040

-0.80

-1.30

-1.70

-2.08
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<} Distinguishability in Electron Channels

E, (GeV)
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Electron ( /o) channel gives sharper distinguishability

No flavor suppression: contribution from P,. only, P,. is independent of CP

1 year of events Ve + Vg 1 year of events Ve + Vg

18} 1 6=3n2

E, (GeV)

S.R., Smirnov 2015
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Substantial reduction of CP distinguishability - merging of small regions
Systematic broadening of negative CP asymmetric region
Large zenith angle range of same sign distinguishability at low energies

1 year of events v, + 1, 1 year of events v, + 1,
18; o=r1 185 6=3m/2
0.066 i 0.030
14/ 0 14
- B --0.180
12} < 12
i o i
10} 0500 £ 10} —0.370
: Y
8f : ~0.550
6 ~1.000 6
4 4! -0.740
2 ~1.463 ? ~0.921
1.0 /ﬂ 10 -08 -06 -04 -02 0 /q
cos 6,

S.R., Smirnov 2015
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Substantial reduction of CP distinguishability - merging of small regions
Systematic broadening of negative CP asymmetric region

Large zenith angle range of same sign distinguishability at low energies

1 year of events Ve + g 1 year of events Ve + U,
18 18/ | 6=3m2
r N § 0.93
16+ 16 -

145 14} : 0.75
%: 12E %\ 125 I 0.56
G qf T

8: 8; -0.19

6 6

K I -0
4t 4L

2t 2 H-o.w

1.0 -08 -06 -04 -02 0 /«qn 1.0 -08 -06 -04 -02 O /«q

cos 6, cos 6,

S.R., Smirnov 2015
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qij? Correlated systematic uncertainties
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Flux times cross-section normalization: 10% (o)
Flux tilt factor (spectral index): 0.1 (o)
Muon to electron neutrino flux ratio: 5% (o,)

Vary parameters from standard values and calculate Similar to method
event distributions in the energy-angle (ij) bins of pull in chi"2

E n
N3(6.6) = 0 (5 gy ) [LH+BO3+ cosl NG, 1=en

pull variables: &, = (o, 8,7m,2;)  standard values: &' = (1,0,0,1)

Sgot(é-k) _ S‘ S‘ Z]l 5 ‘sk . ( — O7§If:t)]2 4 Z (gk — ?)2.

2
g;. o
\ l=e,u 1J 17, k

Minimize with respect to the pull variables
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Estimated Sensitivity to CP

All correlated (4) and 2.5% additional uncorrelated uncertainties

Super PINGU 1 yr, E;=0.5 GeV

All correlated

Assumed true CP =0

+ Systematics dominate

+ Comparable sensitivity for muon and
electron neutrino channels

+

Flavor misidentification at 20% level can
reduce the sensitivity by a factor ~ 2-3

4 year sensitivity - Super-PINGU/ORCA

| Stot(m/2) = (3—8)
Sf,"t(w) = (6 — 14)

\Sf,"t (31/2) = (3 — 8))

Lower values are for 20% misidentification
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+ The effect of CP phase dominates below 1-3 resonance - A systematic

shift of probabilities in the ~0.3-2.0 GeV range and in wide zenith angle
range (mantle region)

+ CP measurement requires lowering threshold to < 0.5-1 GeV range
+ Averaging over fast 1-3 oscillation does not wash out signal

+ Integration over zenith angle does not decrease CP sensitivity

+ Water/ice Cherenkov detectors with few Mt volume and sub-GeV
threshold can measure CP with competitive significance

+ Crude, first estimates with Super-PINGU/ORCA
+ Many improvements are expected to enhance sensitivity
“ Atmospheric flux uncertainties - Direct measurement may improve

<+ Cross section uncertainties at < 3 GeV - Recent new activity in
measurement

<+ Event reconstruction, flavor identification - Expect improvements with
dedicated simulations
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Estimated Sensitivity to CP

All correlated (4) and 2.5% additional uncorrelated uncertainties

Super PINGU 1 yr, Ey=0.5 GeV

Super PINGU 1 yr, E4=0.5 GeV

Super PINGU 1 yr, E=0.5 GeV

[~ total
10F —y,

L _Vu

All correlated

2——m————

True CP =0

- — total

— v,

:—Vu

All correlated (b) 1

True CP = pi

20

True CP = 3pi/2
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TABLE 1. Results of the global 3» oscillation analysis, in terms of best-fit values and allowed
1, 2 and 3o ranges for the 37 mass-mixing parameters. We remind that Am? is defined herein as
m3 — (m7 + m3)/2, with +Am? for NH and —Am? for IH.

Parameter Best fit | o range 20 range 3o range
dm>/107> eV? (NH or IH) 7.54 7.32-7.80 7.15-8.00 6.99-8.18
sin’f,,/10"" (NH or IH) 3.07 2.91-325 2.75-342 2.59-3.59
Am?/1073 eV2 (NH) 2.43 2.33-249 2.27-2.55 2.19-2.62
Am?> /1073 eV? (IH) 2.42 2.31-249 2.26-2.53 2.17-2.61
sin’f,5/107% (NH) 2.41 2.16-2.66 1.93-2.90 1.69-3.13
sin?f,5/1072 (IH) 2.44 2.19-2.67 1.94-2.91 1.71-3.15
sinZf,3/107! (NH) 3.86 3.65-4.10 3.48-4.48 3.31-6.37
sin#,3/107 " (IH) 3.92 3.70-431 353484 ®543-6.41  3.35-6.63
8/ (NH) 1.08 0.77-1.36 e T
8/ (IH) 1.09 0.83-1.47

G.L.Fogli, E.Lisi, A.Marrone, D.Montanino, A.Palazzo, et al. "Global analysis of neutrino
masses, mixings and phases : entering the era of leptonic CP violation searches."
Phys.Rev. D86, 013012 (2012) [arXiv:1205.5254]
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Equal probability contours in the energy-zenith angle plane PREM

p ) Pr.'p (.'0.42 ‘P"T ;'.0.61

L

MSW 1-3 Parametric
resonance pick resonances

-1 =0.75 —0. —0.25 0 -1 =075 =05 =025 0 -1 =0.75 =05 =025 0
Cos @, Cos @, Cos 8,

PIM J"'O-dl Pﬂ” .P”r JII 0’97

sensitivity to
mass-ordering'i
muon channel

-1 =075 =05 =025 0 -1 =075 =05 =025 O -1 =075 =05 =025 0O
Cos @, Cos @, Cos @

-
-«

Akhmedov, S.R., Smirnov 2013
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PINGU Letter of Intention, arXiv:1401.2046
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<L J Energy, angular resolutions
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Model 2-D energy and angular resolutions with Gaussian functions of varying width

0.15! 0,
0.10+ 20,
| 10 GeV pd:
0.05 1.0,
7 05
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Nt 3 GeV
>
O)
S
(- 8 1‘0 Ey (GeV) cos 6,
LL]
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115 210 E, (GeV) " cos 0,
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L) Energy and angular resolutions

Reconstruction in Super-PINGU is expected to be better than PINGU

Number photons collected from an event ~ density of DOM

or for a fixed volume < Npowm
Statistical error « 1/v/Npowm

Width of the Gaussian reconstruction functions scales as

o9 x 1/v/Npowm og X 1/v/Npom

Deep Core and PINGU NENGY/NES, = 2400/530 = 4.5

Darren Grant in

PINGU PINGU DC
~ (). o o ~ (0.0
[og®” = 0.5 /OE NEUTRINO 2014

(median errors) 09 E

PINGU and Super-PINGU Npwper—PINGU /NEINGU _ 3

Super— PINGU
& THNCY /)

T9/E
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Substantial reduction of CP distinguishability - merging of small regions
Systematic broadening of negative CP asymmetric region
Large zenith angle range of same sign distinguishability at low energies

1 year of events v, + 1, 1 year of events v, + 1,
20f : 201 T T
185 6 = rui4 18} 6 = nii2
] : 0.035 : —0.036
16} ; 16}
14} ; 14} ,
i ] -0 :
%: 125 | % 12: - _0.160
S 10; | 000 O 1o
O : S f ~0.320
8} : ~0.100 8t
; : : ~0.480
6 i -0.150 6;
4t : 0200 4; -0.640
2 : o ous 2} -0.803
-1.0 f -1.0 f
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Substantial reduction of CP distinguishability - merging of small regions
Systematic broadening of negative CP asymmetric region
Large zenith angle range of same sign distinguishability

1 year of events Ve + g 1 year of events Ve + U,
i 6=ﬂl4 18;
0.31 :
0.24 165
0.16 145
< 121
-0.08 E :
o 210
w 8:
_0.06 6/
4+
-0.12 21

cos 6,

0 =711/2

0.95

0.76

0.57

-0.38

-0.19

g
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Dependence on theta_{23}
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‘tj‘ Dependence on theta_{23}

e .
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Dependence on theta_{23}

Super PINGU 1 yr, E;y=0.5 GeV

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

v All correlated
e
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Super PINGU 1 yr, E;=0.5 GeV

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Ve All correlated
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<} sensitivity to CP - Super-PINGU/ORCA
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Super PINGU 1 yr, B, =1.5GeV, v, + vy,
10—

| —— wi/o smearing . —

| — w/ smearing J Qﬂﬁ‘ V,LL _l_ V,LL Channel - 1yr
8r — w/ smearing + 2.5% systematics T '
| —— w/ smearing + 5% systematics

Threshold - 0.5 GeV, 1.5 GeV

S

Total distinguishability
(~ sensitivity)

%.0 o 10151 o ‘1f0‘ o l1t5l o I2.0 %.0 'I .015. l. 11'.01 - I1.15I - 12.0 (N(S . N5:O)2
olrt o/rt S L § : ’Lj ’1,]
Super PINGU 1 yr, E, =0.5GeV, ve + Ve Super PINGU 1 yr, B =1.5GeV, ve + Ve g N(S:O —|— (fN(SZO)Z
I A B B B R AL S A | I _ 1] (¥ 1)
°r 1% : f = uncorrelated

systematics (~2.5-5%)

{w Ve + Uy channel - 1yr

Threshold - 0.5 GeV, 1.5 GeV

S.R., Smirnov 2015
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Sensitivity to CP - PINGU

PINGU 1 yr, B = 1.5 GeV, v, + V,,

PINGU 1 yr, B = 3.0 GeV, v, + V,,

b+ 44—+ +
: | —— w/o smearing
L . —— w/ smearing
- - = W/ smearing + 2.5% systematics
3r 3 — w/ smearing + 5% systematics
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At the same 1.5 GeV threshold

PINGU is a factor ~2-5 times
less sensitive than Super-PINGU

channel - 1yr

Ve + Vg

Threshold - 1.5 GeV, 3 GeV
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Effects of removing individual systematics
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