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Atmospheric neutrinos

p, He

+ +
=+,

3

i

I

| etiy oy B
R

e

E

oo

o (Mm% 5 Gev)

_ o 10" |-
T —> U TV ; _
H ¥ I —— This Work
| L x [ - HKKMSs N\
e +Ve+Vﬂ & | --- Bartol k'Y
------ Fluka
‘1d) L L l]lll]l L L LJJ]LJl L L |.‘
10" 10° 10’
E, (GeV)
4x103||||||||||||||||||| Smﬁz""l""l""l"" lllllIIIIIIIIIIIII
0.32 GeV 1.0 GeV 3.2 Gev
—
>
B D ~ e
e _G_P ' .
I ’ : =" t\i‘l. \h ’ £
I TR 2x10
4“02 ||||I| 3x191||||||||||||||||||| ||||||||||||||I||||
-1.0 -0.50 -1.0 -0.50 a 0.50 1.0 -1.0 -0.50 0 0.50 1.0

cosB

cosf



3 flavor oscillation
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Nishikawa Neutrino2012
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v, Vv appearance by T2K and MINOS sin?(26,,) ~ 0.1
anti-v, disappearance in reactor neutrino
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Remaining problems of neutrino physics

» CP violation (5.,) search
— accerlator neutrino (e.g. J-PARC to Hyper-K)

* Mass hierarchy (MH) Mass hierarchy
— Normal or Inverted Mg M, e —
. AmZZBI Ve VM V. m; e——
 To determine MH: M, E—

AmM?2,, $
ml I i | m3 I s |
Normal Inverted

— Reactor (medium baseline)
— Double-beta decay (e.g. KamLAND)

— Measurement using matter effect
« very long baseline experiment (~1000km)
e atmospheric neutrino



Sub-dominant effects in atm v

; 1 1.4
L oscillation ]
0.8 1 parameters: 13
- (1) AmZ,,=+2.1E-3
0.4 - sin20,;= 0.50 :
T E sin?0,,= 0.30
S 02 sin2e,;= 0.04 —1.1
g L 8.p=0°
o 0 11
° 02l (3)
0.2 oo
04
0.8
-0.6 a
0.8 [ a0 0.7
r-" -‘i_:l Ll I Iﬂ [ IIIIII_20.6
Ev (GeV)

Pares and Smirnov
‘P(Vey _1~  hep-ph/039312
LPO (Ve)

P(r-c,-1) (1
—F+S;5-C5-5IN 26,,(COS Sp - R, —SiN Op - 1)
+2-55(r-s2,-1) @ (2)

r : vu/ve flux ratio (~2 at low energy)

(1) driven by Am?_, =

sensitive to 6,; octant
(2) Interference -

sensitive to dqp
(3) 6,5 resonance -

sensitive to 0,3, 6,5, MH
6



v, 2 Ve €nhancement by matter effect

1.27Am33 5Ly,
E,

Py, = ve) = P(ve = vy) = sin? fog sin? 2013 m sing{

Amispy = Amgg\/ (cos 2013 — Acc/Am3,)? + sin? 013
sin® 2613

(cos 2013 — ACC/A-I?'J.%g)Q + sin? 263

Acce = 2V2GpN.E,

sin” O3 =

Resonance happens when :
P(v, = v,) for normal hierarchy, neutrino A\:c _ Am223 COS 2(913

@ is¢ only: Numu to Nue, Normal, Nu |

8 '8 0.6

= af s v, veenhanced in multi-GeV region
" _ 0.4

% 04

s> " In case of Inverted hierarchy:

% 07 02 Am2 —> -Am2

N s

L s, In case of anti neutrino :
Nu. Energy (GeV) Acc = - Ac 7
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anti-v, 2 anti-v,
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Super-Kamiokande

A T e ~
> 2SSOSR el e
gy gUb "

Aug-200

. AL
l:‘ W 3 ;‘F :
11146 ID PMTs 5182 ID PMTs 11129 ID PMTs Electronics
(40% coverage) (19% coverage) (40% coverage) Upgrade
1996 1997 1998 1999 2000 20;1 20% 2003 2004 2(?5 2006 2007 2(?8( 2009 2010 2011 2012
SK-I SK-II <SK-III SK-IV
(1646days) (828days) (636 days) (1097 days)

50kt water Cherenkov detector (FV22.5kt)



Neutrino interactions in multi-GeV

Quasi-elastic
Resonance region

|

TOTAL + }

v +n—>l +p v +p—>1T+n

G.P. Zeller

R

Single-pion production

—

v+p->1+p+xrt v +Hn—>lT+n+a

2
oo

v +n-> 1 +p+2° v 4+polT4+n+n®

v+n—>l+n+72" v +po>lT+p+a

o(v,N —> uX)/E(GeV) (107 cm’GeV™")
g g
L B

v +N—=>1"+N"+m =« o5 -
v +p—>1"+N'+m x -
V+p—o>I1"+N'+m e

v +nN—>1"+N"+-m «

Difficult to distinguish |- and I* in Cherenkov detector
Try to probe v and anti-v from pions
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V,+n —>e + N'+pions (*Total charge for the N’ and pion system is +1)

V,+p—e + N'+pions (*Total charge for the N’ and pion system is +2)

where 7 +
T —H tV,

L. + v,+Vv, Decaye

;/e +p et +N‘+pi0ns (*Total charge for the N" and pion system is 0)

Ve +n —e" +N'+pi0ns (*Total charge for the N’ and pion system is -1)

m IS absorbed in water, no decay-electrons emitted

* CCv, has more delayed decay-e than CC anti-v,

« Tend to increase number of Cherenkov rings. 11




Kinematical tendency between CC v and anti-v

* As Feynman y distribution is larger for CCv, than CC anti-v,,
CCv,has small E’, hence:

| cCv. | CCantiv,

MER (Most Energetic Ring)

momentum fraction Smaller e
Number of identified
: More Less
Cherenkov rings
Transverse momentum Larger Smaller

12
Decay-electron More Less



Statistical v / anti-v separation

In case of single-ring : In case of multi-ring:
sample divided by N, discriminate using Likelihood method
E R\ — e [
Ve—l—n—)e++n@ pornAEE/Ha\dﬂ;
_ Y=g \_\<‘\
Anti i o
-l stl VolIKe
Vellk® =1 N CC anti-
" CCyv, CC v, v.
CCv,-bar
LI IRILE—DEIA i\ X
FrLrad)os# % b
BANEHE X I\
FRIZEEFH % 22
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Multi-GeV multi-ring v, and anti-v, separation likelihood

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

1.33-2.5 GeV

---------

(number of rings)

1_ T T T L

08F  25-50GeV 4 o8f 50-100GeV -
0.6 ey S .
0.4 1 o04f -
0.2:— — 0.2:— —

g O 6

1_ | T T T T T T T T T I ]
. >20GeV ]

! : CC v,
N 1 - CC anti-v,
0.4F -
0.2:— """" ] *area normalized

L o i — o




Multi-GeV multi-ring v, and anti-v, separation likelihood

¢

03 T T T T T

1.33-2.5 GeV

0.4 [ T T T T

10 — 20 GeV

‘ransverse momentum)

03 T T T T T

1l 25-500GeV

1| >20 GeV

0.4

- ... 5.0-10.0 GeV
0.3_

CC v,

CC anti-v,

*area normalized
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Multi-GeV multi-ring v, and anti-v, separation likelihood

1..|...
0s— 133-25GeV -
0.6 .
0.4:— ]
0.2 | .

0 5
Im
s 10-20GeV -
g ]
]|0

0.6~

0.4

08~ :

02 :

1 T T T T T

2.5—-5.0 GeV

0.8

0.6

0.4

0.2

10

(number of decay-electrons)

I

0.8 5.0-10.0 GeV -

0.6 :

0.4 =

02 i ]
0§ ke 5 i

CC v,
------ CC anti-v,

*area normalized
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Multi-GeV multi-ring v, and anti-v, enriched samples
* The Multi-GeV Multi-ring e-like (MME) v, and anti-v,, likelihood includes:
= Number of decay-electrons
= Number of identified Cherenkov rings

* Transverse momentum (divided by total momentum of rings)

Likelihood to separate v, and anti- v,(SK4)

N L N B

i e - - Before

i ’ . 56.1% 59.4% 53.1%

I | cc antl-ve 19.5% 17.9% 21.0%
0-21 1 Nctcov,  245% 22.7% 25.9%

- | e 341 161.9 168.1

L 4 events
0.1 -

07 il S | : L] ] I CC Ve
04702 002 04 _Co o T

L|kel|h00d """ CC VM‘I‘anti'Vu
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Electron enhancement in zenith angle plot

Sin204, =0. 025 Bcp=40°

1 1 1 1 I 1 I I I 1 I T 1 '2 I 1 I T
i s§3=0.4, inverted hierarchy] i 52 —0 4 mverted hlerarchv |
R s2,=0.5, inverted hierarchy| i 23—0 5, inverted hierarchy |
T ' _— s§3=0.6, inverted hierarchy)| 7 ------ : S§3=0'6' inverted hierarchy |

] 2 — .
------- : : -----oo- s2.=0.4, normal hierarchy “ooe S=0.4, normal hierarchy

- : ' H N 2 _ i .
------------ s2,=0.5, normal hierarchy 333_0'5' normal h!erarchy
A a» 1.1F N 85,=0.6, normal hierarchy | _]

5 .
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Expected hierarchy sensitivity
Assumed
AM2,, 2.66 x 10 V2 =
— sin?0,, =0.025 fixed
SNy 0> (sin226,, =0.1)
SCP 300 deg

Normal hierarchy

In case of NH :

1.5

4
XZ(IH)' XZ(NH) 35}
- 1.06 |
2.5
In case of IH : R
x*(NH)- x2(1H)
=0.90
0.5
0

Normal hierarch
Inverted hierarck

35

3_

25

2_

1.5

1_

05

%.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
. 2
sin 823

0 50 100 150 200 250 300 350

CPb

20



20 -
Fitting result assuming NH 18
16
*sin?0 5 fixed to be 0.025 (reactor) 14
12
ANy, Ami, =2.66%0 x107eV*(lo) |§ ™
- 8 9% C.L.
SIN<0,, 0.425 0.380 - 0.628 (90%CL) 6
SCP 300° All allowed at 90% C.L. 4 /90% C.L.
2 AN / 68%C.L.
~—— |
00.3 0.35 0.4 045 0.5 055 0.6 0.65 0.7
= 2
sin“d
¥2. . =556.7 | 477 dof 23
_ Free 0,5
S|n2913 0003 0 - 0.0655 Fixed reactor 913
20 [ 20 . 5.
18 18 4.5
16 *913free 16 4
14 14 3.5
12 12 3 90% C.L.
10 / Né]*i 10 Néf 25
8 99% C.L. ® 99% C.L. 1;
° " / T 68% C.L.
4 90% C.L. ¢ 90% C.L. =
2 _— 68%CL. > \/ 68% C.L s |
0 0°0.020.040.060.08 0.1 0.120.140.160.18 0.2 7273 4 5 6 7 8 9 10 "0 50 100 150 200 250 300 350

sin2913 Am 32 x10? CPo



Fitting result assuming IH s
16
*sin26,5fixed to be 0.025 (reactor) 14
12
AMZ;,  Am2, =2.66£017 x107 eV *(10) R 10
. 8 0
sin20,, 0.575 0.388 - 0.630 (90%CL) . 9% C.L.
oCP 260° All allowed at 90% C.L. ¢ 90% C.L.
2 N J 68% C.L.
\E‘_\\_\\J |
%.3 035 0.4 045 0.5 055 0.6 0.65 0.7
= 2
sin“o
¥2.. = 555.5 [ 477 dof 23
Free 0,5
sin20, 0.006 0 - 0.0944 Fixed reactor 0,5
20 | 20 .
81 +9 . free 18 as
16 16 .
N 14 3.5
12 12 3 90% C.L.
zf 10 %g 10 sz os
6 ’ ' 68% C.L
4 90% C.L. 4 k 90% C.L. T =y
2 - 68% C.L. 2\ / 68% C.L. 0.5
0(II 0.020.040.060.08 0.1 0.120.140.160.18 0.|2 0 é\u‘.’a 4 5 6 7 8 1t 00 50 100 150 200 250 300 3;',0
sin2913 Am? 32 x10° CPs
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Normal

Inverted

560 -

559
558
N 557
556
555

554

hierarchy: 2., =556.7 / 477 dof
hierarchy: 2., =555.5/477 dof

Cr2nin (NH) - Crznin (]H) — 12

(Sensitivity for mass hierarchy:

v?(IH)- x?(NH) = 1.06
v2(NH)- v2(IH) = 0.90)

Normal hierarchy
Inverted hierarchy

IH slightly favored ...

0 50 100 150 200 250 300 350

CPo ”3



samples to provide large Ay? for MH

____Multi-GeV 1-ring anti-v.-like Multi-GeV 1-ring p-like
i (prefers NH) i (prefers IH)
- LT 300; freseeeenssd T :
- - S [ — jL
200 S - __rt:]___ """"""
N 4’7 e, 200__
e T o i ——
T SR i
100 e e
: 100—
AR R T S N SN B i
L
cos 0 cos 0
dat : :
+ - NH: sin?0,; = 0.425 (best fit)
Normal hierarchy IH: sin?6,; = 0.575 (best fit)
""""""" Inverted hierarchy
*SK1+2+3+4 data 24

lllllllllllll NO OSC



FUTURE POSSIBILITIES
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Hyper-Kamiokande

Total Volume 0.99 Megaton
InnerVolume  0.74 Mton
Fiducial Volume 0.56 Mton (0.056 Mton x 10 compartments)
Outer Volume 0.2 Megaton

Photo-sensors 99,000 20"® PMTs for Inner Det.

(20% photo-coverage)

25,000 8"® PMTs for Outer Det.



Expected Effects : electron-like samples

1.2
1.15
1.1

(=1

£1.05
=

0.95

o
©

.........

s2,=0.4, Inverted hlerarchy
§2,=0.6, Inverted hlerarchy
§2,=0.5, Inverted hlerarchy
------- s2,=0.4, normal hlerarchy
------- s2,=0.6, normal hlerarchy
s2.=0.5, normal hlerarchy

(b) Multi-GeV v _-like

[ ]
—h T T 1
1

1.2
1.15
1.1

(=)

£1.05
=

0.95

0.9

(b)Multi-GeV v -like

— CP5=40°
—— CP&=140°

CP 5 =220°
—— CP5=2320°

[T T[T T T T T

]
-k T T T 1
]
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Hyper-K sensitivity

0 - e sin’0,=04 sin’20,,=0.04 e 301
5 - m  sin’, =04 sin’20,,=0.08 < -
C A sin’0,, =04 sin’20  =0.16 B
0 :_ e sin’0, =05 sin’20  =0.04 25—
- m sin®0, =05 sin’20  =0.08 B
- A sin’0,=05 sin’20, =0.16 =
SE o sin®9,, =0.6 sin?20, =0.04 20
- m sin’9,=06 sin’20,,=008 -
0 5 2 9558, L
- A sin°0,,=0.6 sin“20,,=0.16 % B
5N 15~ 10yrs, MH
of" - sin2(6,5)=0.098 fixed
- 10— band : CP uncertainties
5 :_ 0‘0’::::0 :
0 :—3 o 00‘:’::;::;§§§§§§o :.: e B
- —— —_— 5_
5 -
R S lllllllIlllllIlllllllllllllllllllllll DI l | l : : , | l : : : | l : l I | l : : : | : :
0% 3 1 6 7 8 9 10 04 0.45 0.5 0.55 ?1.26
Hyper-K years Sin” 6,5

In 5 yrs, 3 sigma sensitivity for sin?(6,3)>0.5
In 10 yrs, 3 sigma sensitivity for sin%(6,5)>0.4
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ICAL at the India-based Neutrino Observatory (INO)

Resistive

¢ Resistive Plate Chambers (RPCs)

48
m
i
: 'd.‘ Plates
YLy
YL
L e 50 kton Iron tracking Detector
'}/ e 3 modules, 15 layers
;r1n4 ' e 56 mm thick iron plates

e Magnetized to 1.3 Tesla

o Can discriminate p+ vs p-
e No sensitivity to e*-

29



v, 2V, probability

E=7.5GeV, 613=10 degree
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Wuon efficiencies and
resolutions

£ 1 i
— 4 R
8“ f,‘(/\t—/‘ ey i
- Cossass (e [l 4 Cossass
A Cossams ] |- Cosmass
-3
o ' )
o | harge-1D eff
1 L [
................. i....i_. S 4 “....{i.. li_‘
F.eem P, loeV)
- Con i3S
4} Cossass
- Con B

‘Energy resolution
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Mass hierarchy sensitivity with ICAL-INO

o — " Normal Hierarch af T "' Inverted Hievarchy
zl | "L M arginalized over A m g & 0 B . .
|- N 18, =0 1 I'Ill:f.'lg‘ riors with m'ec:::f Er - = i .’Hf:rgm-_zh.mri' ::H'.'Er.d '."?m &
- e Pres - B | oo e on | with priors with projected ’
e s - B | it 008
er --""Hf 1| o _,_,--""rr
PJI_‘_.E}“'F' - E 1l _'_,_,.-E"‘-Ff )
- 2 Fnl — ~
= ae = _,.-f"f Y - R I
S e e e ‘?‘_I -_..: wr [ -:--- .-..-...ﬁ:.'..'.'..-.-.-..-..!.E-.:
_ i . o e _
B e —— - af - ’f&.; = ]
2 ING - Gollabu, 2012} .. i et INQ Collah, 2012 ) .. _ ]
2 INO Preliminary - 2 INOQ Prelimina :
a L l !l I I.ID I ll'! l IEI l ]Iﬂ I ]IE I 2 d ; I é I::l I lll I |II'-|- I ]Iﬂ I ]IE I a0

For sin2(6,5)=0.5, sin2(26,5)=0.1:

In 5 yrs (250kt-yr), 2 sigma sensitivity for MH
In 10 yrs (500kt-yr), 2.7 sigma sensitivity for MH
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lceCube + DeepCore

IC22 (2007)

IC40 (2008)

IC79 (2009) . mi.

Digital Opitical
Module (DOM)

O Higher phototube densities lower

the energy threshold of the
detector

O Less densely instrumented volume
can be used as a veto

New
PINGU-
|

A\ . | Strings

/ Existing
DeepCore
Strings

PINGU-II

~100 MeV

|

>

IceCube DeepCore PINGU

PMT density

Energy Threshold

~100GeV  ~10GeV ~1GeV
“Oscillation

sensitivity



E. Kh. Akhmedov, S. Razzaque, A.Y. Smirnov.
Expected events for E, vs cos6 : arxiv: 1205.7071

N [PINGU 1 yr]

IH NH

20f™ s  Hierarchy asymmetry: S__:[Nij —Ni ]

165 ! ,Ni'.\IH

143 :

121 Smearing due to event reconstruction:

99

. op = AE, c, =B (mIO/EV)”2

55

3 W = NS [PINGU 1 yr] Smeared

-10  -08 -06 -04 —02 0

cos 8, 18 r

Asymmetry ~_~ _
OE - NY)/VYH)2 [PINGU 1 yr] 14+
20p T 320 N
18] 1 Hass E 12:
165 +1.92 = 10

: 1 fi+1.28 S

145 1 | lo6s 8r
S 12 : . _
€ 1of | o 6l
< gl 1 Bl-064 I
o 1 B-128 4:
4 | B2 Smearing 7|

o 1 W-256 -

-3.20 -10

-10 -08 -06 -04 -02 0
cos 0,




Could increase
significance by
improvement of
reconstruction for
neutrino energy and
direction

Total significance
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------- no syst.
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Summary

« Mass hierarchy will be measured by atmospheric
neutrinos due to non-zero 6,5 and matter effect in the
Earth

— vu—>ve resonance happens for either v or anti-v depending
on MH

« Super-K has ~1 sigma sensitivity by statistical v and
anti-v separation > Need more statistics !

 MH determination is promising in future experiments
using Mega-ton detector
— Hyper-K
— INO
— lceCube/DeepCore/PINGU
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