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Hierarchy Problem

Electroweak 
scale

Planck  
scale

246 GeV ⇠ 1.2⇥ 1019 GeV

•gravity is strong!

Large disparity

Solution: graviton can propagate freely in the extra dimensions!

Bonus: give a natural explanation for the smallness of  
neutrino masses!

http://hitoshi.berkeley.edu/  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Formalism
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Formalism

Right-handed neutrino states:               ↵ (↵ = e, µ, ⌧)

D extra Dimensions with compactification radii        Rj (j = 1, 2, ...D)

(asymmetric space)

One large spatial scale with radius:      (5-dimensional space)   RED

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

Action of interaction between the active neutrinos and     field is  ↵

S↵ =
R
dx4dyi ̄↵�A@A ↵+

R
dx4[i⌫̄↵L�µ@µ⌫↵L+↵�H ⌫̄↵L �R(x, y = 0)]+ h.c.
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Kaluza-Klein (KK)  
modes
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Formalism

NiL(R) =
⇣
⌫(0)i , ⌫(1)i , . . .

⌘T

L(R)
Pseudo mass eigenstates

Mi =

2

6664

mD
i 0 0 0 . . .p

2mD
i 1/RED 0 0 . . .p

2mD
i 0 2/RED 0 . . .

...
...

...
...

. . .

3

7775
Need to be  

diagonalized!

Diagonalizing in the form:         :S†
iM

†
i MiSi
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�(n)
i � ⇡
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mD

i RED

�2
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⇡�(n)
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⌘
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Eigenvalues:
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S0n
i

�2
=

2

1 + ⇡2
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+
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/
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Formalism

...
...

...

i = 1 i = 2 i = 3

n = 0

n = 1

n = 2

n = 3

n ! 1

More  
active

More  
sterile
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⌫iL =
3X

i=1

U↵i

1X

n=0

S0n
i ⌫0(n)iL (↵ = e, µ, ⌧)

⌫↵L
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P (⌫↵ ! ⌫�) =

�����

3X

i=1

U↵iU
⇤
�i exp

✓
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m2
iL

2E⌫

◆�����

2

P (⌫↵ ! ⌫�) =

�������

3X

i=1

1X
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⇤
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i
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exp
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B@�i

⇣
�(n)
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2E⌫R2
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�������

2
LED
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�(n)
i
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i (m0, RED)�(n)

i (m0, RED)

Affects Neutrino Oscillation!

Oscillation Probability
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Oscillation Probability
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P (⌫↵ ! ⌫�) =

�������
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S0n
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�(n)
i

⌘2
L

2E⌫R2
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U↵i ! U↵iS

0n
i

S0n
i (m0, RED)�(n)
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Two new free parameters:   (mD
1 (mD

3 ), RED)

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

Normal Ordering

DUNE 95% C.L. 

Reactor/Gallium 
anomalies

• Preferred region at 
95% C.L.

Berryman, Jeffrey M. et 
al. Phys.Rev. D94 

(2016)

Machado, P.A.N. et 
al. Phys.Rev. D85 

(2012)

•3 years neutrino 
beam plus 3 years 
anti-neutrino beam; 

https://inspirehep.net/author/profile/Berryman%2C%20Jeffrey%20M.?recid=1425549&ln=en
https://inspirehep.net/author/profile/Machado%2C%20P.A.N.?recid=918318&ln=en
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Exclusion limits in the literature:

Normal Ordering

IceCube-40 

IceCube-79

• 359 days; 

• 0.1 − 400 TeV.

• 319 days; 

• 0.1 − 10 TeV.

Esmaili, Arman et 
al. JCAP 1412 (2014)

95% C.L.
RED  4⇥ 10�5 cm (2� C.L.)
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Exclusion limits in the literature:

Normal Ordering

T2K/Daya Bay 

KATRIN 
• 3 years; 
• Tritium Beta Decay

• Daya Bay 217 days;

Di Iura, A. et 
al. J.Phys. G42 (2015)

95% C.L.

90% C.L.

Basto-Gonzalez, Victor 
S. et al. Phys.Lett. 

B718 (2013)

⌫̄e ! ⌫̄e

• T2K 
 28 events  
 120 events ⌫µ ! ⌫µ

⌫µ ! ⌫e

3H ! 3He+ + e� + ⌫̄e

RED  0.6 µm (2� C.L.)
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Exclusion limits in the literature:

Inverted Ordering

T2K/Daya Bay 

KATRIN

• Daya Bay 217 days;

Di Iura, A. et 
al. J.Phys. G42 (2015)

95% C.L.

90% C.L.

Basto-Gonzalez, Victor 
S. et al. Phys.Lett. 

B718 (2013)

⌫̄e ! ⌫̄e

• T2K 
 28 events  
 120 events ⌫µ ! ⌫µ

⌫µ ! ⌫e

RED  0.17 µm (2� C.L.)

RED  2.3⇥ 10�7 m (90% C.L.)
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Exclusion limits in the literature:

Inverted Ordering
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Short-Baseline Neutrino Program
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•Energy Range: 0.2 - 3 GeV; 
•2 Channels:          (Muon Neutrino Disappearance) 
                      (Electron Neutrino Appearance) 
•SBND (LAr1-ND): 2020  
•MicroBooNE: 2015    
•ICARUS-T600: 2019        

3 Liquid Argon (LAr) Detectors:

⌫µ ! ⌫µ
⌫µ ! ⌫e

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

L

E⌫
= 1.2

km

GeV
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GLoBES +

arXiv:1503.01520

Results:
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Flux; 
Cross Sections; 
Energy Reconstruction; 
Efficiencies.
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Results:

90% C.L.

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

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

G. Peres

RED < 1.25 eV�1 (90% C.L.)



Discrimination power between LED scenario and the 3+1 scenario
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3+1 fit to the LED scenario
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(2� � 3�)

��2 = �2
3+1 � �2

LED ⇡ 8
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3+1 fit to the LED scenario
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(2� � 3�)

��2 = �2
3+1 � �2

LED ⇡ 8
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Conclusions
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 LED can be very well explored in Neutrino Experiments;

SBN 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        < 0.1 eV;

In 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+1 framework and the LED ones.

mD
1
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Thank you!

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



24

Backup
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LED fit to the 3+1 scenario
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Sensitivity to a non-zero LED oscillation effect on SBN
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IHNH
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3+1 scenario at SBN: sensitivity
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3+1 scenario at SBN: accuracy of the measurement
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Other bounds on LED parameters
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Davoudiasl, H. et al. Phys.Rev. D65 (2002)

https://inspirehep.net/author/profile/Davoudiasl%2C%20H.?recid=581751&ln=en
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32

3+1 model at the SBN
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GLoBES

General Long Baseline Experiment Simulator
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