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Neutrino oscillations
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Neutrino oscillations
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Atmospheric v, in Super-Kamiokande

Not event by event but statistical

Threshold
~3.5GeV

Charge (pe)
® 26 .7
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1._..._..3-6'-.:%3" ._:_' Tae ' .; ."_'..- :.;'_ - = . 300_ DBG aﬁerﬁt

) SK-1~1V
Tau after fit )
@® Data +‘_‘+ 5326 days )
5t 200 ' ]
= % M+
Example of - LY
v, event (v,CC) - 100

Excess in up-going sample ]
338.1+72.7 events

Times (ne)

SK excludes no v appearance at4.60 g 05 0 0.5
CosO

From:Y. Nakano, ICNFP 2018
SK collaboration, PRD 2018



Three neutrino paradigm

* Measurement of non-zero @5 in reactor experiments =s==fi- three neutrino picture

Atm +LBL Sol+KL
C13 e °S3 | Gz
Coz Sp3
Sp3 €23 \ 6'6513 i3

Cip —cosOypetc., 8 CP-violating phase

7N

)

o Am2,, 012, 613 Solar + KamLND Norwwl —

e Am3,, 613 Reactor 3m - —

e] Am%l, 023, H13, dcp Atm + LBL J Sun
S 1

: Atmosphere
\ 4 Atmosphere

Interplay among ifferent sectors g ﬁnm
because of &, ; | I | 3




T'hree generation oscillation parameters

| NUFIT 5.2 (2022)

Normal Ordering (best fit)

Inverted Ordering (Ax? — 6.1)

bip +1a 30 rangoe blp +lo 30 rangce

sin” 82 0.30370-0:2 0.270 — 0.341 0.303700:3 0.270 — 0.341
O12/° 33.4170°%3 31.31 — 35.74 33.41F573 31.31 — 35.74
sin® a3 0.4517)01e 0.408 —» 0.603 0.5697005) 0.412 5 0.613
O23/° 42,2122 39.7 = 51.0 49.01759 39.9 — 51.5
sin® 63 0.02225' 0 0oose  0.02052 > 0.0239% | 0.02223_ ) 0005 0.02048 > 0.02416
62/° 8.58%5 1] 3.23 — 3.91 8.57T0 11 8.23 — 8.94
Scp/° 23238 144 — 350 276 52 194 — 344

Amg1 +0.21 . = 11+0.21 . :

ﬁ Iﬂ - \/7‘7 7.’1]_0 20 682 — 803 l.’11 —0.20 6.82 S 8.03
—9 o - . .
Am3,

< 10-3 eV?

N EAm—0.026
+2-50 [ —0.027

+2.427 = 42.590

—2.186140%5

—2.570 — —2.106




Neutrino oscillation (in vacuum)

states s l\j

Pog = bug — 4 " Re(Uz;Uj; UajUgi) sin® Ay

i<J

+ 2 Im(U3;U3;Uq;Ug)) sin 24

iI>J

.

v:U>U



Matter effect

The propagation is different in matter due to interactions
Injvacuum: In mmaiers
B Effective _ 7 .
Hamiltonean ':) Iml V= VeV

B Eigenstates

Courtsey: A. Yu. Smirnov

Mixing angle in matter is defined with respect to the
matter eigenstates.

Mixing angle and masses in matter are determined by
diagonalizing the effective Hamiltonian in matter




Two flavour case

The propagation equation

2 , —
Hp™ = ET+ Ly (m‘ 02) Ut + = (A O) Yeo = \/EGFne

2F

Due to charge current interaction of
U, with electrons

1

y » Uy === only neutral current interaction with electrons === same matter potential

No matter effect for two generations in the v, — v, channel to the leading order



MSW resonance

» |In matter, only .'s undergoes Charged current interaction — an

effective potential of vV2G 1 N,

Effective mixing angle 6p in matter

A m? sin 20
Am?2 cos 20—2/2GF n-E

tan 20y =

Am? cos20 = 2v/2Ggn. .E, Oy — /4

L. Wolfenstein, PRD 17, 1978 S.P. Mikhyev, A.Yu. Smirnov, SIJNP 42, 1985

Am? —|(Am’cos20—2+/2G n_L))* + Am’sin* 20"
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MSW Resonance

For antineutrinos the potential
changes sign

Resonance occurs forAm"" <0

Matter effect is sensitive to the
ordering of the mass states



Evidence of MSW eftect from solar data

Bounds on sy (Solar + CHOOZ + KamLAND)

a5
30 ) "\‘
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! \ 2004 data
- 1
25 N 1
: ‘.\2003
L ' standard
20 - A maller
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15 \.
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i zero=d ‘
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Fogli and Lisi, New Journal of Physics, 2004



Matter Eftect : Three tlavours

The propagation equation in matter for three flavours

[0 0 0 (A 0 0)

H=—[U]|0 Am23, 0 [U'+]0 0 0
\0 0 Am2) \0 0 0

A,, = 0 Approximation a — s,; Approximation
As A21 o A3l a — A21/A3l ~ 0.03
Validity: L/E < < 1/A,; sin 63 ~ 0.15

Series expansion in terms of a, 5,3
Resonance in the 1-3 sector

Better for away from

Better for resonance energies, .
resonance, lower baselines

higher baselines
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Matter resonance

m Am?2, sin 26,
tan2913 — - IAm?2, | cos265
Am3,cos2013+22G pn E E,. — —atm
31C0S5 V13 V2G pne 2V2GoN.

(Am3))™ = \/ (Am3; cos 20,3 — A)* + (Am3; sin 2032

» For Amfl > () resonance in neutrinos L (km) Pavglg/cc) Ers (GeV)
= ) T—— 1000 3.00 9.9
» For Am; <0 resonance in antineutrinos 2000 392 0.4
5000 3.5 87
Hierarchy sensitivity 11:’:% j'}'{j :)g
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Is matter effect maximum at resonance ?

® P = s5%,sin% 203" sin? [AT L /E]

V“—>Ve

» Matter effect is observed near £ ~ FE,.s, wWhere the amplitude is
large, but we also require large phase.

pm_ iIs maximum when simultaneously
n e

sin?(26013)™ =
sin Affj = 1 = sin((2p + 1)7/2)
® This gives the maximum matter effect condition for L:

pLjmaT — (2p + 1)7 x 5.18 x 103
He tan 2013

km gm/cc

14



Maximum matter effect

Fig: EmudE""d as a funcion of baseline ( Poe)
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® Forsin? 26,3 = 0.1, p=0, the maximum matter effect comes at L ~

10,000 km
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R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Umashanakar PRD 2005



Maximum matter effectin P, _,
u i

P =1 — cos® 0]}sin” 2923 sin® [1.27(A3, + A + AY)L/2E]
—sin® O]3sin® 20,5 sin” [1.27(A3; + A — A}))L/2E]

—sin® 0,5sin” 26?3sm (1.27Ar3nlL/E)

Condition for maximum matter effect o
in B,, is .
— Epeak Eres
Am L

= 06}
o 1.27 31— peak =pTm P |
This gives quA |
[P Peak ~ pr % 104 x cos 26013 km
for p=1, L ~ 7000 km ol

00t

Fall in P,m in matter

16



Difterent behaviour at 9700 km
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Fall at peak but rise at dip
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Matter effectin P, _,,

b H
i\
[ P = cos” @%sin 26gg sin” [1.27(Ag; ~ A + AY)L/2E]
+ sin®#5sin® 205; sin® [1.27(As + A — A))L/2E]
—  cos” B3Py,

Maximum matter effect when

Vv
Eios > Epeak

b e
=i
’

E (GeV) o1 [pL] 52 ~ (2p + 1) 7 5.18 x 107 (cos 2613) Km gm/cc.
For p = 1 and sin? 26,5 = 0.1
APur = Pur =P L = 9700 km
AP, =~ cos® [sin26;3(2p + l)g _ 1 =

18



Matter effectin P,,_,,.
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The vacuum mass eigenstate v, Is
largely ve, v3 IS largely v, & v and
v5 has no v, component.

. Matter effect (increasing A) causes

ve INn V7" 10 decrease & v, v, 10
Increase. At A = A,.; they are
50%. Similarly, v, in v§* increases
to 50%.

At resonance, all matter-dependent

' mass eigenstates vi", vy* & v3"

have significant v, & v
components.

P(v, — v;) depends on all 3 mass-
squared differences.



Matter effectin P,

—

-
—

-

08k .
06k (a) 9700 Km ® No matter effect in two flavor
04f- v, — v, oscillation since both

Interact via neutral current

At 9700 km significant matter
effectin P,,

°

S0% rise in P,., 20% rise in P,,
Pu" =1 _Ppg _PF#

W E = =N B T A )

/0% matter induced fall in P,
Genuine three flavour effect

o oo o @

R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. UmaShanakar , PRL, 2005

Baselines covered by atmospheric neutrinos

20
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Hierarchy sensitvity
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What happens in presence of non-standard
interactions ?

With Animesh Chatterjee and Supriya Pan ....., ongoing



Non-standard interactions

Non-Standard NC interaction
Va+ Tt = vg+t

Standard-NC interaction

Vg + f— Vo + f L = —ij(-f(,;jﬁa":“l/d?'}uf

_ N f
€ap = Zf:e.u.d N. €ap

H =

[Udiag(o, Ami, . Am3)UT + V For earth’s matter
N,~ N, = 3N,
~ o€ u d
Eap R Eqpt 3 €55+ 3 €4,

L
2E

 — ——

V' = matter potential in presence of NSI,

iq IOer
1 + €ee €epe'?®* €€ Pe:
- c g
V=A| €eue'% €pp €ure'Or
- -ioor - -'O T -
€erC €Eur€ ! €rr

Here, A= 2v/2Gg N.E and ¢,5e'%? = {Z;_‘ffi%f



Ettect of €

HT
1 0 OEra Current bound ;
o A 1o 0 €00 ~0.07 < ¢,, < 0.04
2F Colomaetal. JHEP 2023
O _l¢ @ O
0 € e ;
I 0

1 A |

2F
0 eme_“bﬂf 0

Main channels aftected are P, , P,



P,, v, mpresence of NSI

Pl = cos®Osin® 20,3 sin® [1.27(Az; + A + AY})L/2E]
+ sin® 0fysin? 20y sin? [1.27(Agy + A — AR)L/2E]  Imabsenceof NSI, OMSD

2 m
— c0os” Oy3P ),

PN — _ 5in?2 20M sin? OM cos? 9M sinz[ 1'27A§/11L]
ut 13 23 23 E In presence of NSI, OMSD
1.27A4 ], 1.27AM ],
+sin” 2053 { cos* 05 sin’[ 27 + sin? 0 sin?[ 2T
Ae, c0s20(5s1n 20,5 : T
in 0 % ol = Lt Resonance 1n absence of NSI
A% — §in20m =1 = sin20M = |

EY' — EY = AT, + Ae,,, cos ¢, cos 20} sin 20,
EY — EY = A — Ae,, cos ¢, (1 + sin® 0]})sin 20,,

EY —EY =A% + Ae,, cos @, sin 20,5(1 + cos” O)
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Matter ettect due to NSI
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Large effects in higher energies and baselines




Probabilities at 9700 km

1 T T T

—

——— . 1
L=9700 km ]

— NH, SI
p - NH, g,.=-0.05
— NH, 8;17’0.05, 0‘8
0.6
1
=
0.4
0.2 — NH, SM
= NH, g,,=-0.05
- NH, 8’1=0-051
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Larger differences between SI, NSI at higher energies
NSI probabilities higher or lower than the standard probability depending on the sign of €,

There are energoies where +e¢,.. —e€,, oive same probabili
H H



Probability level analysis

Marginalized over
5CP’ 923’ ¢MT(O’7T)
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Higher sensitivity at larger baselines and energies

Sensitivities seen in the P,, channel
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Bound on €, using muon events

M

400 kt-yr, NH, LArTPC

-0.04 -0.02 0 0.02 0.04
Sm

Using atmospheric muon events for a
liquid argon detector

True neutrino energy upto 20 GeV



Impact of including the v, channel

U . L] . 2
¢ Detection efficiency 50% V; Detection efficiency 100%
25 ™ T 25
—— v, and v, detection
—— v detection
20 + —— v, detection 20 1
4\ N 0] 154 " o
& =)
10 4 10 4
5 5 — vuand v, detection
(e N - —— v, detection B\ S/ 2
N Y A A | — Vydetection N 44
O 1 I 1 1 1 1 1 0 1 1 I 1 1 1
-100 -075 -050 -025 000 025 050 075 1.00 -1.00 -075 -050 -025 000 025 050 075 100
Eyr x10? Eyr x10~?

Atmospheric neutrinos in DUNE 400 kt years, E > 15-200 GeV

Improvement in the bound by one order of magnitude by including higher energy events
The effectof the v, channel depends onthe detection efficiency

Bakhti, Rajaee, Shin, PRD, 2022



Simulation of atmospheric v, events

I I I 1 I
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Talk by Adam Aurisano
Talk by Barbara Yaggey Alvarez



NSI and beam v, events
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Summary

In two generation no matter effect in ¥, — V; channel

In three generation appreciable matter effect around 9700 km
Genuine three generation effect

Contribution to hierarchy sensitivity from v, events ?
Considered NSI driven by €,

Enhanced sensitivity due to v_ events



Future plans

Introduce other relevant NSI parameters
Event level analysis of the p_events for atmospheric neutrinos

Other new physics through v_channel and matter effect in
atmospheric neutrinos

Ultimate wish list — exploring combined sensitivity of beam and
atmospheric U_events to explore possible synergies
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\mpossible is temporary.
\mpossible is nothing.
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