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ATMOSPHERIC NEUTRINOS
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ATMOSPHERIC NEUTRINO FLUXES

- = 0 deg nadir angle
| ——45 deg nadir angle

| . | g
‘—FD ‘—FD
s P

| |
F E

| |
> =

(4D] (<))
O @

N S

KA KA

, /D,
— [\9] W ~ 9, (@) 3 oo O
o \1 T T T T T

5 10 15 5 10
E,(GeV) E,(GeV)

[\
)

i’ he flux ratio starts at 2, but then quickly rises

s 1 he rate of this rise 1s more for vertical bins
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At B~7 Gel] the flux ratio for center-crossing bin 1s close to 5
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ATMOSPHERIC NEUTRINO
EXPERIMENTS
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The announcement of the discovery
neutrino at Kolar Gold Field of neutrino oscillation at Neutrino 98

in 1965 by T. Kajita
Stde courtesy N.K. Mondal
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NEUTRINO OSCILLATIONS

Two neutrino approximation

Neutrino Oscillations in Two Generations 1.0-

» Flavor Eigenstates # Mass Eigenstates 0.8
v, = cos o +sinf v3
v, (t) = cos 6 e "2y 4 sinfe B3 g ;
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= =
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> No dependence on the sign of Am?
> No dependence on the octant of theta23 f ,

2 No possibility of any CP violation
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NEUTRINO OSCILLATIONS

Three Flavor Oscillations in Vacuum

# Flavor Eigenstates # Mass Eigenstates
® Vo) = 3 Uailvi)
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NEUTRINO OSCILLATIONS

Three Flavor Oscillations in Vacuum

# Flavor Eigenstates # Mass Eigenstates
® Vo) = 3 Uailvi)

C12C13 $12C13 s13e” "

- 5 5
U = | —s12c23 — c12523513€"° c12C23 — S125923513€"°  S923C13
5 5
S12823 — €12€23513€"° —cC12523 — S12€23513€"’ €23C13

R sin? Am%l}
Pﬁ’Y(L) - 557 _42 Re (Uﬂ’tUwUﬁjU%?) AE

CP dependent
j>1 /
sin Am?;

2 Z I'm (Uﬁi U;’é UEJ’ UWJ') 2F S \sign of Am?

)>1 dependent
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NEUTRINO OSCILLATIONS

Three Flavor Oscillations in Vacuum

# Flavor Eigenstates # Mass Eigenstates
®|va) = ) Uailvi)

C12C13 $12C13 s13e” "

- 5 5
U = | —s12c23 — c12523513€"° c12C23 — S125923513€"°  S923C13
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S12823 — €12€23513€"° —cC12523 — S12€23513€"’ €23C13

. sin? Am,?jL
Psy (L) = 95, —4)  Re (UgUsUj,Usy;) 7

e Tm—————— CP dependent
1 Octant of th23 dependence 1 /- /

in both terms 3 * sin Am ij
)>1 dependent
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NEUTRINO SCATTERING IN MATTER

o v, e,p,n
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NEUTRINO OSCILLATIONS

Three Flavor Oscillations in Matter

# Flavor Eigenstates 4 Mass Eigenstates
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NEUTRINO OSCILLATIONS

Three Flavor Oscillations in Matter

#» Mass squared difference in matter changes to:
(Am3)™ = \/(Amgl cos 2013 — A)2 + (Am3, sin 26;3)?

Mixing angle in matter changes to:
Am%l
(Amgy )™

Both of these depend on the sign of Am%,

sin 29{% = sin 2913

Effect is opposite for neutrinos and

When A = AmZ, cos 2013

sin 26075 = 1

Matter Enhanced (MSW) Resonance
Wolfenstein 1978, Mikheyev and Smirnov 1985-6
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ATMOSPHERIC NEUTRINO
OSCILLATIONS

Atm neutrinos cover a wide energy band (100 MeV to 100 -1eV)

Atmospheric neutrinos cover long distances in matter

For Amgl = 2.5 x 107%eV? andp = 4 gm/cc, Ey,es = 7.5 GeV

MUONS i

lim Py (L, E)=1-P, (L E)—P;,(L,E)— P, (L E) a*o4

Am3, — 0

0.2 |

(A4 Am3;) — (Am§1)m
SE

(A+ Am3;) + (Amgl)m
SE

PjM(L, F) sin? #72sin? 2693 sin

PiM(L, F) cos? O72sin? 26093 sin”

PSM(L, FE) sin? 207%sin? a3 sin 4E1) L

A W A A s S S b B T —_ ‘ E(GeV)  S.C., Roy, 2005
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ATMOSPHERIC MUON NEUTRINO
OSCILLATIONS
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sic Matter effects fluctuate rapidly with I and cosO i

i Good I and cos8enin, resolution helps
s Lffect opposite for nu and anti-nu ---- charge discrumination helps

s Larger detector and hence larger statistics helps
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ATMOSPHERIC MUON NEUTRINO
OSCILLATIONS

lim P,(L,E)=1-Py,(L,E)-P;,(L,E)- P, (L E)

Amz, — 0

» (A+Am)) — (Am3)" Contribution from the

RE
2 o muon nu flux
2 (A+ Amg,) + (Amg,)

SE
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41F
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Am3)™L Contribution from the
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i 4E e nu flux

® , (detector) = @2(13”“ + (@Y /@2)}?6“): <1>g(1 = P;M - P/fu = Cine HQf —qpl! i@ﬂ)Peu)

12 i/
Larth matter effects in the two terms partially cancel each other
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ATMOSPHERIC ELECTRON NEUTRINO
OSCILLATIONS

2=l — gl 207 e [1-27(Am§1)mL/E] Contribution from the
St e nu flux

» (Am2)™L Contribution from the
Am2, — 0 AE muon nu flux

lim P (L, F) = sin® fa3 sin” 2607% sin
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Number of Events

CURRENT STATUS

Super-Kamiokande Data
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WHAT WE HAVE LEARNED

Preliminary
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e Lixperiments are mutually consistent

. Wendell, Talk at Neutrino 2014
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WHAT WE HAVE LEARNED

- 99%

- 95%
- 90%

68%

; NP vl . T
0.001 0.002 0.003 0.004

2
|AmZ, |, |Ami; | MeV

Fit (517 dof)

Am,_, (x107)
SK (NH) 559.8 0.025 3.84 0.57 2.6
SK (IH) 560.7 0.025 3.84 0.57 2.5

\9/

i Statistically imsignificant....can they be regarded as hints?

R. Wendell, Talk at Neutrino 2014
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WHAT WE STILL HAVE TO LEARN

@& The neutrino mass ordering (MH)...

& CP violation in the lepton sector...
& Octant of the mixing angle 0; ...

& Beyond 3-flavor oscillation physics..
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 The neutrino mass ordering (MID...

& CP violation in the lepton sector...
& Octant of the mixing angle 0; ...
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WHAT WE STILL HAVE TO LEARN

CP violation in the lepton sector...

Octant of the mixing angle 0; ...

Beyond 3-flavor oscillation physics..

normal hierarchy inverted hierarchy
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NEUTRINO MASS HIERARCHY

P, (NH)-P_(IH) - 2r : ; : : P, (NH)-P (IH)
Oscillated v,, only disapp channel : P Oscillated v, events

= Oscillated p- only disapp channel Cee- oy /E,=0.1, 0,=1 0°
Oscillated u- events

: St ; ; _ PN}
Smeared pi- events o, /E,=0.15 B ik : : : : Gn/Ev—o'l’ 04=20
Smeared - events OE"/EM=0.02 - = GEV/EV=0.2, 09=100

0
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S.C.,Ghosh, 1306.1423

& Smearing due to the v-n cross-section
& Smearing due to presence of both v, and v. in the atm flux
& Smearing due to finite detector resolution
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FUTURE ATMOSPHERIC NEUTRINO
EXPERIMENTS

Megaton-class Water Cerenkov Detectors
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NEUTRINO MASS HIERARCHY
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FUTURE ATMOSPHERIC NEUTRINO
EXPERIMENTS

Multi-megaton Ice/Water Detectors

lceCube Lab
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NEUTRINO MASS HIERARCHY

sin®0,, = 0.4 sin?20 . =0.04
sin%0,_. = 0.4 sin?29,, =0.08
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FUTURE ATMOSPHERIC NEUTRINO
EXPERIMENTS

Large Magnetized Iron Detectors

=2 Good E and 0 resoln

i 99% charge-id

%4 good statistics
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NEUTRINO MASS HIERARCHY

sin®0,, = 0.4 sin?20 . =0.04
sin0,, = 0.4 sin®20, . =0.08
sin0,, = 0.4 sin’20, . =0.16
sin0,, = 0.5 sin’20 . =0.04
sin0,, = 0.5 sin?20_ . =0.08
sin0,, = 0.5 sin®20, . =0.16
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sin’0,, = 0.6 sin’20, . =0.08
sin0,, = 0.6 sin?20 . =0.16

HK LOL 1109.3262
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2. (o sensitwity in about 10 yrs
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NEUTRINO MASS HIERARCHY

sin®0,, = 0.4 sin?20 . =0.04
sin0,, = 0.4 sin®20, . =0.08
sin0,, = 0.4 sin’20, . =0.16
sin0,, = 0.5 sin’20 . =0.04
sin0,, = 0.5 sin?20_ . =0.08
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Normal mass hierarchy
'HK fiducial mass: 560 kTon
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NEUTRINO MASS HIERARCHY

P, (NH)-P_(IH) - 2r : ; : : P, (NH)-P (IH)
Oscillated v,, only disapp channel : P Oscillated v, events

= Oscillated p- only disapp channel Cee- oy /E,=0.1, 0,=1 0°
Oscillated u- events

: St ; ; _ PN}
Smeared pi- events o, /E,=0.15 B ik : : : : Gn/Ev—o'l’ 04=20
Smeared - events OE"/EM=0.02 - = GEV/EV=0.2, 09=100

0
oy /E,=0.2, 5,=20

X(NH)-X(TH)

oo v b b bvvv o v v v b v by g IIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII

2 3 1 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Energy[GeV] Energy[GeV]

S.C.,Ghosh, 1306.1423

& Smearing due to the v-n cross-section
& Smearing due to presence of both v, and v. in the atm flux
& Smearing due to finite detector resolution
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EUTRINO MASS HIERARCHY

P, (NH)-P_(TH) - 2F ; ] : : —— P, (NH)-P (H)
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NEUTRINO MASS HIERARCHY
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Sensitwity can increase if the muon
energy resolution can be improved
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1 1

40% 1mprovement compared to only muon analysis P[NGU a Rib Oml% SmiTﬂOU, 1303.0758
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Include nelasticity y, increase sensitiity by 20-50%
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NEUTRINO MASS HIERARCHY

N BB B R R L R LR R R
Adapted from Blennow et al, 1311.1822
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MH: SYNERGY WITH OTHER EXPTS

Synergy between PINGU and JUNO
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MH: SYNERGY WITH OTHER EXPTS

Combined sensitivity of INO with T2K and NOvA
) R —

25[—1 T ICALonly (E, cos BF,E;NJ

20F ICAL + T2K (5+0) + NOvA (3+3)

15F

Preliminary
True NH

o
ICAL Exposure (50 kt x years)

Devy, T hakore, Agarwalla, Dighe, in preparation
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FUTURE ATMOSPHERIC NEUTRINO
EXPERIMENTS

Large Liquid Argon Detectors

Cryogenics - cold box, buffer storage

Cryostat septum Very good I and 8 resoln

LAr filtration system

e vs mu discrinunation

< low E threshold

Detector Module
2 high x 3 wide x 18
216 APAs, 224 CP/ | Table 4. Detector parameters used for the analysis of atmospheric neutrin

0.45 for v

0.30 for v

Energy Resolution (AE) 1/(0.01)2 + (0.15)2/(yE, ) + (0.03)2
3.2° for v,

2.8° for v,

Detector efficiency (€) 85%

L o | (ETL E‘

Rapidity (y)

Angular Resolution (A#)

100 129 "
Wauson Mare Wae
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MH: SYNERGY WITH OTHER EXPTS

Solid curves : with ND Broken curves : w/o ND

Atmospheric only

Beam only

Atm & Beam

Atm + NOvA + T2K + LBNE

Tt Tt e
0 0.5 1-1 )
Scp / T Scp / T

Barger et al, 1405.1054

Figure 1. Sensitivity to the mass hierarchy as a function of true dcp for a true normal hierarchy
(NH) and a true inverted hierarchy (IH) with an 350 kt-yr exposure at the unmagnetized far detector
configured with and without a near detector (ND). A run-time of 5 years each (3 x 10?! protons
on target) with a v and 7 beam is assumed. The combined sensitivity with NOvA (15 kt TASD, 3
yrs. v + 3 yrs. 7) and T2K (22.5 kt water cerenkov, 5 yrs. v) data is also shown.
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ATMOSPHERIC NEUTRINO
OSCILLATIONS

lim Pu(L,E)=1-P,(L,E)-P;,(L,E)—P.,(L,E)

Am2, — 0

2 (A+ Amg;) — (Am§1>mL

Py, (L, E) = sin®6]3sin® 263 sin

P:,(L,E)

3 . - R
P (L, E) = e octant sensitily

S.C., Roy, 2005
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ATMOSPHERIC MUON NEUTRINO
OSCILLATIONS

lim P,(L,E)=1-Py,(L,E)-P;,(L,E)- P, (L E)

Amz, — 0

» (A+Am)) — (Am3)" Contribution from the

RE
2 o muon nu flux
2 (A+ Amg,) + (Amg,)

SE

P;M(L, F) sin® §7%sin® 2093 sin

Piu(L’ F) cos® §7%sin? 2093 sin L

2 (Amgﬁm
41F

P}, (L,E) sin? 2607%sin? 63 sin L

Am3)™L Contribution from the

lim P,(L, E) = sin® fy3 sin’ 207 sin”
i 4E e nu flux

® , (detector) = @2(13”“ + (@Y /@2)}?6“): <1>g(1 = P;M - P/fu = Cine HQf —qpl! i@ﬂ)Peu)

12 i/
Larth matter effects in the two terms partially cancel each other

\¢
o0
78
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. 10 GeV

-1‘ ‘-048‘ ‘ ‘—0.6‘ ‘ ‘-0.4‘ ‘ ‘-042‘ ‘ ‘0
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Varying sin’thss in the range [0.56-0.67]
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OCTANT OF THETAZ23

NORMAL HIERARCHY
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Mald sensitioity expected from Pingu+T2K+NOvA can find
INO over T2K and NOvA the octant at 5s19 for sin°thos=0.4

Synergy Synergy
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ROLE IN CPV DISCOVERY

" T2K+NOVA ——
T2K+NOVA+ICAL(15%,15°)

T2K+NOVA+ICAL(10%,10°) =+++==+: 1 The T2K+NOvA data suffer from

True NH, 6,5 = 39°

s % ] the MH uncertainty

Adding the atm nu data helps in
1 lfting this degeneracy

1 Adding the INO data can improve
the C.P coverage by up to 50%0

| |

-180 -120 -60 0 60 120 180
SCP(True) Ghosh,Ghosal, Goswami, Raut (2013)
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ROLE IN CP DISCOVERY

PINGU 1yr,NH, E; = 10GeV, v, +V, PINGU 1y, NH, Ej, =30 GeV, v, + ¥,

T ™ T T T T

- w/o smearing

o w/ smearing

- w/ smeanng + 5% syst.
+ w/ smeaning + 10% syst.

PINGU 1yr, NH, Ey, =30GeV,v, + ¥,

w/o smearing
w/ smeanng

~ w/ smeanng + 5% syst.
w/ smeanng + 10% syst.

Razzaque,Smirnov, 1406.1407
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NON-STANDARD NEUTRINO
INTERACTIONS

If there exist effective operators of the form

Last = —2v2Gpell (T Prug) (fruPef’)

then they will modify neutrino evolution inside matter

A 1
H = Yo \Udiag(mi, m3, m3)U" + diag(A,0,0) + Ae™]
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NON-STANDARD NEUTRINO
INTERACTIONS

core-crossing trajectory
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NON-STANDARD NEUTRINO
INTERACTIONS

core-crossing trajectory
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NON-STANDARD NEUTRINO
INTERACTIONS

core-crossing trajectory

N
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—SM
——¢ =0.033
ut

—ce_ =0.147
TT

——¢ =0.033,¢ =0.147
ut TT

W —

0 2 10 60 30
E (GeV)
90% C.L. bound from IceCube:

leprl< 6x10—3 and |8uu—8‘li‘l:|<3><10_2 Esmaili, Smirnos, 1304.1042
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NON-STANDARD NEUTRINO
INTERACTIONS

AP = P> — P2 in the nadir angle - neutrino energy plane

) ; ; ; : : ‘ \ \ 1 : , . : : ; ‘ ‘ 1
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1 NS effects large for neutrinos crossing the earth core
Am2L

1 VST effects large at E~25 GeV' Euman~ | vl 1 G - 21 3

2nm

¢ Cutdriwen NSI effects bring a big difference at E~100 GelV
1 he effect can be large ...
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NON-STANDARD NEUTRINO
INTERACTIONS

1
exact, €, = 0.033,e,, = 0.147 | ] ) IH, €,;=0.033,e,- = 0.147 - 0.8

0.6
- 104
- 102

- 0

r 1-02

1 —0.6
1 -0.8
-1

Qualitatie as well as quantitative changes when hierarchy s flipped

o @
S.C., Ohlsson,1410.0410

When the sign of the NSI parameters are flipped as well, we almost

Mociot oht, 1410.61
get back the same feature ocioin, Whight, 1410.6193
Chatterjee, Mehta, Choudhury, Gandhi, 1410.6193
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NON-STANDARD NEUTRINO
INTERACTIONS
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NON-STANDARD NEUTRINO
INTERACTIONS

w/0 marg, w/o syst (NH)
\ = = -w marg, w/o syst (NH)
— w marg, w syst (NH)

w marg, w syst (IH)

3 years

90% C.L. bound expected from PINGU:

—0.0043 (—0.0048) < €,, < 0.0047 (0.0046) ,
—0.03 (—0.016) < &, < 0.017 (0.032)

NH (IH)
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w/0 marg, w/o syst (NH)
- = -w marg, w/o syst (NH)
| —w marg, w syst (NH)
w marg, w syst (IH)

0 . 0.05
€rr S.C., Ohlsson, 1410.0410

90% C.L. bound from Super-kamiokande:

leur| < 0.033 and |e;, —e,,| < 0.147
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NON-STANDARD NEUTRINO
INTERACTIONS

Normal Hierarchy

01 S.C., O/zlsson,I 1410.0410
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CONCLUSIONS

1 he furst unambiguous signal of neutrino mass and mixing came from
observation of atmospheric neutrinos at Super-Kamiokande

T he atmospheric neutrino oscillation parameters now well established.
Farst hants for MLH, octant of theta23 and deltacp are emerging

Wath thetal 5 measured ‘large’ in the reactor experiments, atmospheric nu
expts have a good chance at MH determination.

One could measure the octant of theta23 - synergy with LBL expts

High neutrino energies open the possibility of further probing NSI and other

new physics at atmospheric neutrino experiments.
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CONCLUSIONS

1 he furst unambiguous signal of neutrino mass and mixing came from
observation of atmospheric neutrinos at Super-Kamiokande

T he atmospheric neutrino oscillation parameters now well established.
Farst hants for MLH, octant of theta23 and deltacp are emerging

Wath thetal 5 measured ‘large’ in the reactor experiments, atmospheric nu
expts have a good chance at MH determination.

One could measure the octant of theta23 - synergy with LBL expts

High neutrino energies open the possibility of further probing NSI and other
new physics at atmospheric neutrino experiments. Thank You!
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