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Arkani-Hamed, Dimopoulos and Dvali,
Scientific American, August 2000
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Electroweak Planck
scale scale
€ ® ® >
246 GeV ~ 1.2 x 10'Y GeV
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Electroweak Planck
scale scale
€ ® ® >
246 GeV ~ 1.2 x 10'Y GeV

® gravity is strong!

Large disparity

Bonus: give a natural explanation for the smallness of
neutrino masses!
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Electroweak Planck
scale scale
€ ® ® >
246 GeV ~ 1.2 x 101°? GeV
ng!
neutrinos dre se hHe
—
Uu-e CcC® 1@
- O E = = . e . M. T . ------ |
: Solutior I T ‘.IA.Hl‘ I 1 o A 1 [ LI T O R A UL P | ..IIA,’ LI 3ns ions ! 1
------ m X H H B = = = = -I
‘ S < 3 > & >
< < < <

http://hitoshi.berkeley.edu/
Bonus: give a natural explanation for the smallness of

neutrino masses'!
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Formalism

| Right-handed neutrino states: iIfa *

| -
G
B
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GRAVITY

OUR 3-D UNIVERSE /////
\ _

EXTRA DIMENSIONS

Arkani-Hamed, Dimopoulos and Dvali,
Scientific American, August 2000
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Formalism

iRight—handed neutrino stats:qfa

’E
—— GRAVITY
~
- ';\ P

OUR 3-D UNIVERSE

GRAVITY

EXTRA DIMENSIONS

Arkani-Hamed, Dimopoulos and Dvali,
Scientific American, August 2000

D extra Dimensions with compactification radii
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Formalism

‘nght handed neutrlno statesﬂp

i -

\\éé / — GRAVITY

GRAVITY
OUR 3-D UNIVERSE /

Arkani-Hamed, Dimopoulos and Dvali,
Scientific American, August 2000

EXTRA DIMENSIONS

D extra Dimensions with compactification radii

(asymmetric space)

One large spatial scale with radius:}?E[)

(5-dimensional space)
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Formalism

S, = fda:"‘dyi\ffaFA@A\I!a—l—fdx4[iﬂaL7“8MVaL—|—/<;a5HDangR(:E,y =0)|+ h.c.
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Formalism

Extra Dimension
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Formalism

S, = fda;"‘dyilffaFA@A\I!a—l—fda:"‘[iﬂaLvﬂﬁuuaL—l—fﬁ;a oLVsr(z,y = 0)|+ h.c.

Higgs doublet
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Formalism

S, = fda:‘ldyi\ifaI’A@A\I!a—l—fdaz4[iﬂaL’y“(9MVaL @ VarVsr(z,y = 0)]+ h.c.

Yukawa coupling matrix
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Formalism

Right-handed neutrino field
decomposed in Yao = (YaL,Var)
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Formalism

S, = fda:"‘dyi\ffaFA@A\I!a—l—fdx4[iﬂaL7“8MVaL—|—/<;a5HDangR(:E,y =0)|+ h.c.
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Formalism

S, = fda:"‘dyi\ffaI’A@A\I!a—l—fd:z:4[7lﬂaL7“8uuaL—I—fssaﬁHDangR(aj,y =0)|+ h.c.

~_

kinetic term of W _ field
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Formalism

S, = fda:"‘dyi\ffaI’A@A\I!a—l—fda:4[iﬂaL7“(3‘MVaL—I—fszagHﬂangR(aj,y =0)|+ h.c.

\

kinetic term of active neutrinos
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Formalism

S, = fda:"‘dyi\ffaI’A@A\I!a—l—fda:4[iﬂaL7“(3‘MVaL—I—fszagHﬂangR(aj,y =0)|+ h.c.
\

Interaction between field \Ifa
and the active neutrinos
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Formalism

S, = fda:"‘dyi\ffaFA@A\I!a—l—fdx4[iﬂaL7“8MVaL—|—/<;a5HDangR(:E,y =0)|+ h.c.
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Formalism

S, = fda:"‘dyi\ffaFA@A\I!a—l—fdx4[iﬂaL7“8MVaL—|—/<;a5HDangR(:E,y =0)|+ h.c.

- n - n —\n n
Cos =m0 (P 4 V2D Hioan ) + 3 ) e
n=1 n=1

3
ZMRMiML + c.h.
A=1
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Formalism
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Formalism

© @ \ .
ML RY=1\V: ",U: ",... —_— Pseudo mass eigenstates
(R) ( i Vi )L .
C m) 0 0 0 ...]
\@mf) 1/RED 0 0 ... Need to be
M. = D diagonalized!

<‘bliagonalizing in the form: SZ-TMJMiSiz

Eigenvalues:
)\En) — T (m,?RED)Q cot (7‘(’)\5%)> = n < )\gn) <n+1/2

1

D 2 (n))° D 2
1+ 72 (mz RED) -+ ()‘z ) /(m RED)

4
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Formalism

| More F
sterile
n%OO I — I \
|
n =3
n =2
n =1
n =10
221 7/:2 ZZS More
| active
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Oscillation Probability

87 . 27 2
TI
P o — UO,,;U*-G ) —
ot = Ul (<45 )
LED * 9
2
3 o0 N ()\En)) L
P(vy — vg) = UaiU3; (S;") exp | —i
2 2 il 2By i
A
m,; — R;D\ Uai — UaiS?’”’

)\5”) (mOv REDj B?Tb (m07 REDj
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Oscillation Probability

P(VQ%VB): Uai EZ(

'Two new free parameters: (

Look for LED evidence in NEUTRINO EXPERIMENTS'!
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Exclusion limits in the literature:

107 10~ 10° 10
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--- DUNE (Expected)
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10° 110°
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10" - 110"
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Normal Ordering
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Exclusion limits in the literature: v

al. Phys.Rev. D94
-2 -1 0 1
";lp 10 10 10101 (2016)

DUNE 95% C.L.

--- DUNE (Expected)
--- KATRIN (Expected)
veew |C-40

vmem |C=79

|:| Reactor/Gallium

... T2K/Daya Bay

e 3 years neutrino

beam plus 3 years

anti-neutrino beam;

10° 710°
3
Machado, P.A.N. et
10 ‘ {107"] al. Phys.Rev. D85
A/ . \.A o

f Reactor/Gallium

j{f/ anomalies
10;20_2 0 i P “1'010'2 e Preferred region at

95% C.L.

1/Rep [eV]

Normal Ordering
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https://inspirehep.net/author/profile/Machado%2C%20P.A.N.?recid=918318&ln=en

Esmaili, Arm
al. JCAP 1412 (2014) |

Exclusion limits in the literature:

|

1072 10~ 10° 10" ,
10 10 IceCube-40

/ e 359 days;

0.1 - 400 TeV.

--- DUNE (Expected)
--- KATRIN (Expected)
ceew |C-40

emem IC=79

[[] Reactor/Gallium

... T2K/Daya Bay

10° {10°
- 95% C.L.
@ ’ / , _
g .. SN T Rpp <4 x107° cm (20 C.L.)

10”" T =1°'1\

;- : IceCube-79
' ¢ 319 days;
;,"':."'/ ' 0.1 - 10 TeV.
102 N I | NN PPE
1072 107" 10° 1o1
1/Rep [eV]

Normal Ordering
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Exclusion limits in the literature:

Di Iura, A. et

i -1
10 10
10

--= DUNE (Expected)
--- KATRIN (Expected)
cmew 1C-40

wmem IC-79

. Reactor/Gallium

... T2K/Daya Bay

10°

my[eV]

10~

L J
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I
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1!
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-‘.

10°

'O
>
Re
1 ]

|

"[ al. J.Phys. G42 (2015)
95% C.L.

T2K/Daya Bay
e Daya Bay 217 days;

10’
10’

e T2K
28 events V, —7 Ve
120 events Vy — Vy

Rgp < 0.6 pm (20 C.L.)

-
. "o
"
-
-

iBasto-Gonzalez, Victor |
S. et al. Phys.Lett. |
B718 (2013)

90% C.L..

1072

1072 10"

10°

1/Rep [eV]

02 KATRIN

e 3 years;

Normal Ordering

e Tritium Beta Decay
SH— “He' +e + i
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Exclusion limits in the literature:

1072 10~ 10°
10
--= DUNE (Expected)
--- KATRIN (Expected)
cmem (C=40

cmem [C=79

. Reactor/Gallium

... T2K/Daya Bay

my[eV]

| al. J.Phys. G42 (2015)

N —

Di Iura, A. et

1072 107" 10°
1/Rep [eV]

Inverted Ordering

95% C.L.

T2K/Daya Bay
e Daya Bay 217 days;
Ve — Wz

e T2K
28 events V, —7 Ve
120 events Vy — Vy

RED § 0.17 1T (2(7 CL)

fBasto-Gonzalez, Vic&or;
S. et al. Phys.Lett. |
B718 (2013)

90% C.L.
KATRIN

Rep <2.3x 107" m (90% C.L.)
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Exclusion limits in the literature:

-2 -1 0 1 5 — 2 — 21
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S v LED 00
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1072
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Inverted Ordering
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Short-Baseline Neutrino Program
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Short-Baseline Neutrino Program
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Short-Baseline Neutrino Program
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G. V. Stenico

15

NuFact 2018 - LED at the SBN



Short-Baseline Neutrino Program
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Short-Baseline Neutrino Program

3 Liquid Argon (LAr) Detectors:

Detector |Distance from BNB Target LAr Total Mass|LAr Active Mass

LArl-ND 110 m 220 t 112 t
MicroBooNE 470 m 170t 89 t
ICARUS-T600 600 m | 760 t 476 t

eEnergy Range: 0.2 - 3 GeV;

2 Channels: vy, — v, (Muon Neutrino Disappearance)
vV, — Ve (Electron Neutrino Appearance)

eSBND (LArl-ND): 2020

eMicroBooNE: 2015

e TCARUS-T600: 2019

SBN motivation: search to date for sterile neutrinos at
the eV mass-scale through both appearance and
disappearance oscillation channels.
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Oscillation Probability

10110-2 10~ 10°

v, v,)<0.90

mm P(v, > v,) <1073

107"

ve App. Channel, Normal Ordering

P(V, > v,) )
P(v, - v,)20.90 P(v, = ve) <10
P(v,-v,)20.95 P(v, = vg) <107
P(v,->v,)20.98 P(v, > v,) <108
10° {10° 10° 110°
3 3
= 107" 11071< 107 107"
g ; g :
1072 {101 1072 11072
10-3 2 L, . . 12 0-3| 10-3 A o 0-3
1072 10" 10° 101 1072 10" 10° 1o1
1/Rep [eV] 1/Rep [eV]
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Results:

A Proposal for a Three Detector
Short-Baseline Neutrino Oscillation Program
in the Fermilab Booster Neutrino Beam

i
|
'

GLo

g Flux;

.|.
arxXiv:1503.01520v1

@ Cross Sections;

@ Energy Reconstruction; arXiv:1503.01520
g Efficiencies.

Detector Active Mass Distance from BNB target POT
Larl-ND 112 t 110 m 6.6 x 10V
MicroBooNE 89 t 470 m 1.32 x 10%
ICARUS-T600 476 t 600 m 6.6 x 10%
Electron Neutrino Appearance Channel Muon Neutrino Disappearance Channel
Energy Bin Size (GeV) Energy Range (GeV)  Energy Bin Size (GeV) Energy Range (GeV)
0.15 0.2-1.10 0.10 0.2-0.4
0.20 1.10-1.50 0.05 0.4-1.0
0.25 1.50-2.00 0.25 1.0-1.5
1.00 2.00-3.00 0.50 1.5-3.0
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Results:

G. V. Stenico, '
V. Forero and O. L.

Rep < 1.25 eV~ (90% C.L.)

G. Peres
90% C.L.
10° 10!
10" 10110

—— SBN (Expected) —— SBN (Expected)

--- DUNE (Expected) --- DUNE (Expected)

--- KATRIN (Expected) --- KATRIN (Expected)

.. 1C-40 ... 1C-40

e IC-79 e IC-79

. Reactor/Gallium . Reactor/Gallium

... T2K/Daya Bay -- - T2K/Daya Bay

110° 10°
3 3
g g
110" 107"
. -2 10-2 e .' - 0
101° 102 10! 10° 10!
1/Rep [eV]
NH IH
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uDiscrimination power between LED scenario and the 3+1

——— — —

Non-null result in SBN
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— S e

uDiscrimination power between LED scenario an

: ' LED More
Non-null result in SBN =9 sterile
)
? n — o0 %
n=3
n =2
n=1
T, = 0 More
1 =1 1= 2 1=3 active
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uDiscrimination power between LED scenario and the 3+1 scenario

1 — e _

=—— — e —— E— e

. ~ LED More
Non-null result in SBN =— sterile
? | nooo X
4  |3+1 model | Uy Up Ua Ul
i 3 Uy
A Usqr = | , )
2 9 ‘ ‘ L"Y-‘
AmS, rite ~ 1 €V*© Vv ) . . .
= H Uss Usp Ug U
m v,

] v SB approximation:
S

Am2, P(v, = v,) =1 —sin?(20,,) sin?(1.27Am?, L/ E)

2
| BMyolar

P(v, — v.) = sin*(26,,.) sin®*(1.27Am2,L/E)
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u3+1ffit to the LED scenario

— = e

-3 -2 -1 0
10 10 10
10120: ——rrrrrr ..:102 5 > 5
| — 68.3%C.L. ] AX X3+1 XLED ~ S
95 % C.L. Q\OQ
— 99%C.L "" Q‘Q (20'—30')
10"} i R {10’
" |e B.F.(0.1,0.501) : N ’
& &
&
; &
> ‘
2, )
~_ 10° ! {10°
<t
£
< .
107'¢ e {107
Xemin~ = 7.989
Tr. Val. 1/Rgp = 0.398 eV, m, = 0.05 eV
10-2 P 2 2 212 L 0-2
1073 1072 10" 101
sin®26,,
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”é+1ffit to the LED scenario

-3 1 0-2 1 0-1 100
16'20: — 3102 . 5 5

| — 68.3%C.L. ' Ax® = X341 — XLED ~ 8
- S

—_ % C.L. O
_ 95 % C.L p P«’\

v, Disappearance ve. Appearance
--------- — True hypothesis
------- ) LED (mo,1/Rg LED (mqg, 1/Rg
Test model ————— (mo. 1/ Rep) (mo, 1/Rep)

341 (sin® 26, or sin®26,., Am?,)

True: (0.05 eV, 0.398 eV)
BF Test Val.: (0.1, 0.5 eV?)
Ax'z ~ 8

True: (0.05 eV, 0.398 eV)

Ax* ~ 78

341 (sin® 20, or sin? 29,10,15111?;1)

True: (0.316 eV, 1 eV)

sz ~ 104

True: (0.316 eV, 1 eV)

sz ~ H38

Xmin2 =7.989

Tr. Val. 1/Rgp = 0.398 eV, m, = 0.05 eV

0-2

10-2 \ s g
107 107

107 10°

sin®26,,
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Conclusions

— = ——

|

3 LED can be very well explored in Neutrino Experiments;

ASBN is sensitive to the oscillations predicted in the LED model and have
the potential to constrain the LED parameter space better than any other

oscillation experiment, for mf <0.l eV;

XIn case SBN observes a departure from the three active neutrino
framework, it also has the power of discriminate between sterile
oscillations predicted in the 3+ framework and the LED ones.
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hiﬁleit to the 3+1 scenario

100 - 10” 10° 10"

— 68.3%C.L.
— 95%C.L.
10°F | — 99%cCL. -110°
e B.F.(0.22,0.017) '
- 1
—= 10° 110°
g :
&
6\?
T
S
107 & {1072
Xn'in2 = 6.939 Q .
Tr. Val.:
Sin® 26, = 0.1
Amy4® = 0.501 eV?
10-3 PP S \ L s aa 0-3
1072 107" 10° 101
1/Rep [eV]
B e

NuFact 2018 - LED at the SBN 25 G. V. Stenico



—_— = — e s . -

hSensitivity to a non-zero LED oscillation ef%ect on SBN
| _ . ) _ - , —

, 0110'2 107" 10° 10' . 0110'2 10~" 10° 10’

— 68.3 % C.L. — 68.3 % C.L.

- 95 % C.L. — 95 % C.L.

— 99 % C.L. — 99 % C.L.

e Tr.Val (0.398, 0.05) e Tr.Val (0.398, 0.05)

3 3
= 107" {107 < 107 {107’
S s S
l’ Q
6’?
el
S
1072 11072 1072 Q\)g {1072
Normal Ordering Inverted Ordering
10—3 L 1 1 [ T T 1 il 1 1 PR T TN T O 1 0—3 10-3 1 i3l 31 a1 1 1 A A 1 112 0—3
1072 1071 10° 101 1072 1071 10° 101
1/Rgp [eV] 1/Rep [eV]
NH IH

NuFact 2018 - LED at the SBN 26 G. V. Stenico



— ———— ————

'3+1 scenario at SBN: sensitivity

: 0120-“ 1073 1072 107" 10;’02 10120-3 1072 107" 101"02
; v, Appearance Channel : F v, Disappearance Channel :
: \00
)
10"} 10’ 10’ 110’
> >
L -
~_ 10° 10° [ |~_ 10° 110°
< 3 - < 5 o
£ £
< <
107'¢ {107 107'¢ 107"
L | — SBN Collab. 90% C.L. ] L | — SBN Collab. 90% C.L. :
— Qur Result 90% C.L. — Our Result 90% C.L.
10-2 s 2 5 s s aaen s 2 2 s aaen s 2 2 2 aaaa: T T 0-2 10-2 L T 5 2 s 3 2 . T 0-2
1074 1073 1072 107" 101 1073 1072 107" 103
Sin%26,, Sin%26,,
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'3+1 scenario at SBN:

— S =

accuracy of

the measurement

-4 -3 -2 -1 0 -3 -2 -1 0
10 10 10 10 10 10 10
10120: A ...:102 101"’0: s ..:102
‘," — 68.3 % C.L. [ |— 68.3%C.L. -
. 95 % C.L. (-SQQ 95 % C.L. (-b\oo
’ & 4 &
— 99 %C.L. <& —99%CLL <&
10"} R {10’ 10'} - ’ R {10’
- e Trval (0.01,1) N ] F le Trval (0.02, 1) : 8 :
I g g
% %
) ! o)

2, 2, \
~_ 10% {10° | |~_ 10°F — = {10°
< s < 3 .
£ N £ .
< q

1071} e 107 | 1071} e {10”"

10-2 sasaa MR T iis 0-2 10-2 iaas MR iaa 0-2

1074 1073 1072 107" 161 1073 1072 107" 161
Sin%26,, sin®26,,
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Other bounds on LED parameters

[

—— = ————

Experimental Bounds

Experiment Hierarchical Inverted Degenerate
(cm, eV) (cm, eV) (cm, eV)
CHOOZ (9.9 x 107%,0.02) (3.3 x107°,0.60) (1.8 x 10°°,10.9)
BUGEY none (4.3 x107°,0.46) (2.4 x 10°°8.3)
CDHS none none (5 x 107°,4)

Atmospheric (8.2 x 107°,0.24) (6.2 x 107°,0.32) (4.8 x 107%,4.1)
Solar (1.0 x 107°,0.02) (8.9x107°,0.22) (4.9x10°°4.1)

Table 1: Upper bounds on R (cm) at 90% c.l. and the corresponding lower bounds

on 1/R (eV) from various measurements.
Davoudiasl, H. et al. Phys.Rev. D65 (2002)
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Neutrino Oscillation

Massa dos Neutrinos e Mistura de Sabores
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Neutrino Oscillation

Massa dos Neutrinos e Mistura de Sabores
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Neutrino Oscillation

Massa dos Neutrinos e Mistura de Sabores
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Neutrino Oscillation

http://pdg.1lbl.gov/2017/reviews/rpp20l6-rev-neutrino-mixing.pdf

Table 14.4: Sensitivity of different oscillation experiments.

Source Type of v E[MeV] Llkm] min(Am?)[eV?]

Reactor Ve ~ 1 1 ~ 1073
Reactor Ve ~ 1 100
Accelerator nm ~ 103 1
Accelerator Vyy Uy ~ 103 1000
Atmospheric v’s v, e,Vpe  ~ 103 104
~1 1.5x108

1 (a=e,u, 7 and i=1,2,3) = 41 B
OT1Y Am?2.
iJ

2 2

m4 — my

_E Yy i

P(Va — VB) — _ U;iUBiUOéjUEj EXP | ? R X
1,]
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|3+1 model-
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A. Aguilar-Arevalo et al., Phys. Rev. D 64, 112007 (2001) [hep-ex/0104049]
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A. Aguilar-Arevalo et al., Phys. Rev. D 64, 112007 (2001) [hep-ex/0104049]
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| A. Aguilar-Arevalo et al., Phys. Rev. D 64, 112007 (2001) [hep-ex/0104049]
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'3+1 model at the SBN
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'3+1 model at the SBl\T
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\3+1 model at the SBN
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GLOBES

General Long Baseline Experiment Simulator
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Preliminary Results

' There is no equivalence between LED and “3+1” model |
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