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Introduction SILAFAE 2018

Beyond Standard Model:

@e @ Standard Nuetrino Oscillation ~ Neutrino Decay
@ (vacuum and matter) (invisible and visible)

Majoron Model: There are two modes:
Pseudo-

Scalar scalar V; — U, + J

@;)U
>

ﬁint. — Qgﬁvivy} + 1 17,5’*}/5 Vj J or
V; —» Dj + J

If the neutrino resulting from decay is sterile we have invisible decay, but if
the resulting neutrino is active we have visible decay.
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Neutrino oscillation including effects of matter and decay
Hamiltonian:
2
| mi : T V2G N,
OF 5
ms — 103 0
Decay o , D idth
parameter — () E I‘z ecay widt
Decay parameteres are define in the mass basis.
@ Diagonalize H: EI—IH if — Hdiag
Where [:7@; combines the basis
of interaction and matter.
U - Interaction (flavor,a = e, i, 7)
ol Matter €P decay (where the effective Hamiltonian is diagonal, I:i, Q, 3)
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Neutrino oscillation including effects of matter and decay

Hamiltonian eigenvalues: ﬁ@,% —1ap = 2K (Hdiag)ﬂ

If Qg 7& 0 — 541, 542 are not necessarily zero, 543 as well.

Probability function: Invisible Decay Probability (ID)
Energy
Conservation
3 . ~ 9 ~ r—J%
. ~ 3\ 1 .m5L arL| ~ (s
P(—: ( (F) ()) ( (F)) . 1 . ‘ (S-,-Q(SEQ—E
dec | Vo' — V3 ; U B ey s by Usy s O 3)
_ Helicity
JZP‘”S(E“’ Es ,) Conservation
Visible Decay Probability (VD)
4o dp) Helicity:
Flux in the far detector: — 2 — [ p ( (r) (3)) * JE rs = (4, —
dEB / dec | Vo I/g dEa la' ( )
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Neutrino oscillation including effects of matter and decay

Visible Decay Probability:

3

o\~ 2 (¢ & e :
. _ S (00 L arl
PmS(Ea: Eﬁ) /df (U )Iaf exXp [ EQEU_‘] exXp [ _2 J__ \/dEgFU e )

I=1
[_Em:( f)]exp [_ ay (L «‘f)]Ué?

2E3 2Ej3
Where:
(s) - Before decay
S
\ R (7“) (7") (T)*
J £7(s) 2. U
> BJ p=e,u,T
—i(m3—id ) (2LE—5l> - After decay
YD DR
L p=e,,T

A. M. Gago, R. A. Gomes, A. L. G. Gomes, et al., JHEP 11, 022 (2017), 1705.03074
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Setting and parameters values
Long base-line experiments:

. (\ NEUTRINO
Baseline:
1300 km 012/° 33.56 dcp/° 90
Matter density: | i 12/ ' 2/
2.96 g/cm? 023 /° 41.6 A_m122 7 50
10—5eV
o Am3,
613/ 8.46 . 2524
JHEP 01 (2017) 087 [arXiv:1611.01514]
Baseline: PR
2650 km Flux x Cross Section: (s)
Matter density: s.CC dq’ﬁ
4.7 glem? (‘i’ X J)ﬁ — E G_’B, (Eﬁ)ﬁ
9 B
: Define
N ms ms3
Power: 1.47 MW (Main Injector) T3 = — =
Far Detector: (LArTPC), 40kt m1 Mlightest
POT: 1.1 x 102 then,
Mode: Forward Horn Current — FHC (v
Reverse Horn Current — RHC (v -Ifm; =0.07eV: x31 — 1
Time: 3.5 years in each mode (7 years in total)

-1f m;y — 0 eV: Tr31 — OO
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Impact on ($ x o) at DUNE and ANDES

UNE
= = FHC RHC
( /I T T T T T T T T T T T T T T T T T T T T T T /I T T | T T T T | T T Iﬁ T T | T T T T | T T T I\
-
l[]'] l[],] §_ _§ InV
T - C . -
X - -
2100k 10V E Vis
L E F
Vn < < 3 E F
. | : i
dis \= | 1101
= W 3 ——Matter
. 3
S -2 4= T~ Vacuum
\ ] ;
T T T T T T T T -||||-||-||_:U31_>OO
o ]
=100k 4 100k .
= : . : 3 ]
Ve |©
app< 1‘ I i " | -1
— 10 1 4 110 2
5 : .
Y
\ l[}_! __I L i 1 i i L L 1 L L L L 1 L L 1 L 1 1 L L 1 1 L 1 L = l[}__ :I i i
1 2 3 1 5 G

bop = —90°, az = 4 x 10~ %eV3
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Impact on ($ x o) at DUNE and ANDES
FHC RHC

el L‘ i

SILAFAE 2018

= [NV

= Vs

—Matter

----- Vacuum

xr31 — OO

dcp = —90°, 03 = 8 x 10~ %eV4
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Impact on ($ x o) at DUNE and ANDES

Visible Decay
FHC RHC
A e N
/' LI IR D N N N I N I B N N N NN DN N O N N N B B N L B "\ /' LN N D I L N N N I B B L D I B B R "\
8 'I‘; :-gp873331 — 1
& |
< _1-3 10~ ;1077 im T3] — OO
Ve | = ]
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app| x
&
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Sensitivity and Parameter Fits at DUNE SILAFAE 2018

Chi-square definition

bins (Nz (9235 5CP; 053) _ N (Gtrue 5true l%ruue))2

(92% 5CP s, Gtrue 6true t;rma) _ Z
, true fgtrue true
N; (923 ,0Cp 5 O3 )

i
Sensitivity of a3, we make 623 = 055, dop = dcp and o = 0 eV~

Marginalization:

X (Gtrue 6EEE' as, Gtrue) 5true 0)|

J

: true
min 5{_—,]:,

and

X (Gtrue 6258 as. GtrueJ 6true 0)|

J

I'ﬂlIl gt-l" Lne
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Sensitivity and Parameter Fits at DUNE

Sensivity Plots
3.0 - - - - - - — 3.0
(Vu—ve) + (Vu>vy) Vu—Ve only
250 50 FHC 125 e
— 30 FHC @ RHC | | ™=
----- 30- FHC
— 50 FHC @ RHC | | "=
5ol - 50 RHC Lol Tl
N - 30 RHC L T
S
”FE L5 (L5 T
g -----------------------------
1.0 ftof T
0.5-\' 0.5}
0.0%, . . . . . . . 0.0t | . . . . . .
38 40 42 14 46 48 50 52 38 40 42 44 46 48 50 52

g%me [O] 9';21:';1_1e [o]
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Sensitivity and Parameter Fits at DUNE

Sensivity Plots
3.0F | |
(Vu—=ve) + (V> vy)
250 - 5o FHC
— 30 FHC @ RHC
----- 30 FHC
— Hho FHC @ RHC
90" Ho RHC
30 RHC
1.57
000 e
-180 -135 =90 -45 0 45 90 135 180

o1

SILAFAE 2018
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Sensivity Plots 35
PSEUDOSCALAR Oumve) + (v (FHE @ RHO)
30 20t

as = 3.8x 1070 eVZ: ¥

201 — a31 — 1 scalar
OL< — 31 — 1 pseudoscalar
50 3
157 — 31 = oo any coupling

a3 = 6.4 x 1076 eV?

107

0.1 05 1 5 10
as (107%V?)
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Parameter Fits Plots ad™® =4 x 107" eV? | gp = 90°
1507 150}
1007 1001 :;
50( 50( “
OE 0 0
Lo
-50, = FD | =507
= D
=100} SO 50- 1 —=100¢
= S0 30
~1500 — 30 | =150
..... 50- S AT
38 40 42 44 46 48 50 52 38 40 42 44 46 48 50 52

023[°] 0oz = 42.8° 0oz = 47.2° 623[°]
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Parameter Fits Plots ™ =4 x 107" eV? | dop = —90°
150 1150
100 I 100}
50; |50
“S
-50¢ 1 =907
~100r+ 1 =100
—150+ 1 =150
33 40 38 40 42 44 46 48 50 52

0oz = 47.2° Ba3[°]
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Conclusions
> The study of ® X ¢ show:

DUNE - Ve app{lnvisible Decay

Invisible Decay
| Ve PP {Visible Decay

Yy diss

ANDES

» We found the sensitivity of DUNE depends on Miightest in the following scenarios:
al? < 2.8 x 1070 eV?

r31 — 1
. al?) < 2.0 x 1076 eV?

31 — 00 {ozés’p) <3.2x107% eV?

> The fit of 653 and - p, assuming SO, with data generated for FD, it is found that
the allowed regions will change towards larger values of 653, and toward
conservation CP-values of o p .
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iThank you!
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Rules used in the Event Simulation
Rules for I/, appearence

SILAFAE 201

v, appearance, FHC Flux

v, appearance, RHC Flux

Slgnal CC: (I/p_ — Ve)ID + (I/p_ — Vﬁ}{;D (L’# — Vf:)ID + (17#_ — I/ﬁ)l,rD
-|-(L_f“_ — Ve )V D —I-(I/p_ — Ve)VD
CC: (Zy = Ve)rp + (Vy = Ve)vp (7 = Ve)ip + (Vy = Ve)vp
—I—(L_f#_ — Ve }1 D —I—(I/#_ — ffﬁ}l,f D
CC: (Ve = Ve)ID (Ve = Ve)ID
CC: (f‘_je — L_"e)ID (L_je — "‘_je}fD
CC: (vy = vu)ip + (Vy = V)V (vy = vu)ip + (Vy = vu)vp
Background CC: | (W = W)ip + (W = Vu)vp (7 = Vp)ip + (W = Vu)vp
CC: (If#- — ro);D + (v, — ro)pD (L_fJu — L_fT);D + (r:f#_ — V7 )VD ~ Missing
CC:| (¥ —vr)ip+ (VW — Vr)vp (7 = Vr)ip+ (Vy — P7)vD indentification
NC: (I/’#_ — L’Q}ID + (I/#_ — I/a}{ D (I/’# — I/a)jjj + (17#_ — I/a}{,fjj
NC: (i';“, — I}u}jp + (I/’u_ — L_’u}{ D (ia'“ — iau)ID + (i';# — Vu}‘[’D
Rules for UV, disappearence
v, disappearance, FHC Flux || 7, disappearance, RHC Flux
Signal CC:| (vp—=vu)ip+(vy—vu)vp (vy = vu)ip+ (P, = vu)vp
CC: (Zy = Vu)ip + (Vy = Vu)vp (7y = v)ip+ (VU — Vy)vp
CC: (vy = ve)ip + (v = v7)vb (vy = ve)ip + (U = vr)vb
: N s s i i, - Missin
Backgrmmd CC (Vp. VT)ID + (i’/‘lM I/T}{ D (i’/p_ VT}ID -+ (Ii# V’r)l D indentiﬁcagtion
NC: | (vy = va)ip + vy — Va)vp (vy = Va)ip + (Vy = va)vD
NC: | (7y = Va)ip+ (V) = Va)vD (Vy = Va)ip + (Vy — Va)vD
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Events

Number of events of flavor 3 in the energy bin 2, with helicity s and going through
interaction int = {C'C, NC'}, is obtained from:
3

Ni(;z})giﬂt _ / dES K%ﬂt (ES) U_Eﬁiﬂt (ES) dEﬁ

,int : : . .
where (72 o (Eﬁ) is the cross section for the interaction 1nt , and

EiTmax

Kt () = / Ay €5 (Eyin) R™ (Eoin — Es)
EiTmin

Detector efficiency: eiﬁm (Fpin)

Resolution function: Rt (Evin — Ep)
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