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Neutrino oscillations

3
Neutrinos oscillate: VoL = E Uai Vir
i—1

J\Aujv<la
y mass eigenstates

(87

U=UyPsU13 P_5Ui2
P (Vo = vg; L) = |A(ve — vs; L)|?
m2L
A Q ;L — UaiU*' ) —
(Vo = vp; L) ; mexp( Z2Eu>
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Neutrino oscillations
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Neutrino oscillations
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Neutrino oscillations

What is the mass hierarchy?
: |

What is the mass of the
lightest neutrino (mg)!?

o

I
Normal Inverted

Mass
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Lower energy scales - GUT, Planck and string scales

GUT - EDs felt by all forces, gauge and gravitational
Planck - EDs felt by gravitation only

Combining both, the string scale can be lowered
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Why LED?

Lower energy scales - GUT, Planck and string scales

GUT - EDs felt by all forces, gauge and gravitational
Planck - EDs felt by gravitation only

Combining both, the string scale can be lowered

Just for fun, let’s lower the Planck scale
mew = 1 TeV € —o> Mp; = 10'° GeV

Suppose O flat extra dimensions, each compactified on
a circle of radius a
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Why LED?

The gravitational potential in this theory is described as
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Why LED?

The gravitational potential in this theory is described as

mim mim
MOTa | rotl MOT2 6
r<a Pl(4+9) r>a Pl(4+9)

Fermilab Jul-07-201 | PAN Machado



Why LED?

The gravitational potential in this theory is described as

mi1msg m1mmsa
V(r) ~ «> V(r)~
MOT2 pétl MOT2  gép
r<a Pl(4+9) r>a Pl(4+9)
Hence, the relation between the effective 4D Planck
: 2 2468 B
scale and the true Planck scale is M5, ~ Mp) 4150

If we impose Mp;44+5) ~ mEw, then

1+ 2
a~10% Yem x (1TeV) 6

Mmepw
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Why LED?

The gravitational potential in this theory is described as

mims2 — mimsa
Vir) ~ - 2~
M o2 sadT
r<a Ok, but what about Pl(4+96)
i ?
Hence, the .\ neutrinos: -J Planck
, - 240 %)
scale and the true Fiancn ceuic o i p; ~ Pl(4+5)%

If we impose Mpj44+5) ~ mEw, then

1+ 2
a~10% Yem x (1TeV> 6
mgew
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Why neutrinos!?

small neutrino masses point to another high scale
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Why neutrinos!?

small neutrino masses point to another high scale

We can lower GUT and Planck scales. Can we generate
small V masses without introducing another high scale?
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Why neutrinos!?

small neutrino masses point to another high scale

We can lower GUT and Planck scales. Can we generate
small V masses without introducing another high scale?

For simplicity, assume that one of them is compactified

in a circle of radius a, much larger than the size of the
others (5D treatment)

Now, introduce 3 bulk fermion singlets
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Why neutrinos!?

Take a look at the 5D action with the bulk singlets
S = /d4azdy iU T 4040°

+ / d*x (iﬁ%'yué?“l/g + )\a[gHﬁL\If% (2,0) + h.c.)
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Why neutrinos!?

Take a look at the 5D action with the bulk singlets

/

S = /d4mdyi§aFA8A\I!a
R__— 5D Dirac matrices

+ / d*x (z’ﬁ‘[’f’yuc?“ug - AaﬁﬂﬁL\P% (2,0) + h.c.)

e VN

SM neutrinos has Higgs

5/2
M Pl(4+96)
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Why neutrinos!

Decompose the singlet in KK modes (Fourier modes)

NI (CE, y) wa(n) zny/a
i 2
Integrate in y and redefine the fields
a\n 1 a\n a\—n
% VL():%(L()_ L( ))
a(0 a(0 a(n 1 a(n a(—n)
p2©) _ () VR):E(¢R>+¢R )
n=1,...,00
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Why neutrinos!

L oass = Z mg I/Ll/g(o) + \/_Z D%V]’z(n)

a,B=e,u,T _ i

+ Z Z—ﬁz(n) (n)—i—h.c.

a=e,u, T n=1
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Why neutrinos?

hap <H> MPZ(4+6)/MPZ

L onass = Z mgﬂ E%Vg(o) V2 Z E%Vg(n)
n=1

a,ﬁ:ea.u'ﬂ- - -

+ Z i %ﬁz(n)ug(n)—l—h.c.

a=e,u, 7T n=1
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cmass -
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Why neutrinos?

hap (H) MPl(4+6)/MPl

vy Vg( )
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What now!

hap <H> MPZ(4+6)/MPZ

L onass = Z mgﬂ E%Vg(o) V2 Z E%Vg(n)
n=1

a,B=e,u,T - -

+ Z i %ﬁz(n)ug(n)—l—h.c.

a=e,u, 7T n=1

Diagonalize in flavor subspace v,; = E Uai ViL

aR — ai ViR

N N ¢
Vc(xR),aL — ZRaz’ V?J(R,ZLL L0 _ Z R..y©
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What now!?

In the end of the day, we have to diagonalize the following
matrix in the KK space, which introduces mixing

((N+U2)€ & 2% .. N&

§i 1 0 ... 0
N —o0 . . . . .
& =vV2mia \ N¢; 0 0 ... N2
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What now!

In the end of the day, we have to diagonalize the foIIowihg
matrix in the KK space, which introduces mixing

[ (V2@ 6 2% N

3 1 0 ... 0
N —o0 . . . . .
& = vV2m; o JEAI /7 0 0 ... N?
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What now!

In the end of the day, we have to diagonalize the foIIowihg
matrix in the KK space, which introduces mixing

[ (V2@ 6 2% N

3 1 0 ... 0
N —o0 . . . . .
& = vV2m; o JEAI /7 0 0 ... N?

P(vq = vg; L) =|A(vg = vg; L)|?
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What now!

In the end of the day, we have to diagonalize the following
matrix in the KK space, which introduces mixing

/(N+1/2)§2 & 2 ... N&

0o ... 0

2MTM_ lim 25,,, O 4 ... 0

N —o00 . . . .
\ N& 0 0 .. N
(ON)x11-(ON) N

N * -

A(vg = vp; L > > UmUﬁkW W exp (—z YT )
?&9 1,7,k N=0 2L
9
%&?ﬁ A(vy = vg; L ZUMUB'& exp (—z 2E, )
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What now!

AM2L
A ( (0) — I/(O) L) S‘ y UOAZUBkW(ON)*W]ggN) exp ( o )
t,7,k N=0
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What now!
.AE.N)2L

A (1/((10) — l/éo); L) — S: S: UaingWi]QN)*W,ggN) exp (z Yors )
i,j,k N=0

Almost diagonal (kj):v, — s
Vo — VgX (induced by LED)
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What now!

00 )\(N)2L
A (1/((10) — l/éo); L) = S: S: UaingWi]QN)*W,ggN) exp (z ZJEa2 )
i,j,k N=0

Almost diagonal (kj):v, — s
Vo — VgX (induced by LED)

LED effect ~Z £2 |Uys|? at first order in &2

2 =2m?a*~01=>a~5eV ! =1um
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What now!

00 A(N)2L
A (1/((10) — uéo); L) = S: S: UaingWijON)*W,ggN) exp (z ZJEa2 )
i,5,k N=0

Almost diagonal (kj):v, — s
Vo — VgX (induced by LED)

LED effect ~Z £2 |Uys|? at first order in &2

2 =2m?a*~01=>a~5eV ! =1um
Ve — Ve
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What now!
./\gN)2L

A (1/((10) — uéo); L) - S: S: UaingWijON)*W,ggN) exp (z Yo )
i,j,k N=0

Almost diagonal (kj):v, — s
Vo — VgX (induced by LED)

LED effect ~Z £2 |Uys|? at first order in &2

2 =2m?a*~01=>a~5eV ! =1um

1/6—)1/6#1/#—)1/“

Fermilab Jul-07-201 | PAN Machado



Searchlng for LED
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10°0

1076

1077
a (m)

1078
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M, (Fundamental Scale of Gravity) [TeV]
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My (Fundamental Scale of Gravity) [TeV]

Excluding LED
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(5) NS heat

excluded

M, (Fundamental Scale of Gravity) [TeV]
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MD (Fundamental Scale of Gravity) [TeV]
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(5) NS heat

M, (Fundamental Scale of Gravity) |
=
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a (Size of the Extra Dimention) [m]
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Excluding LED
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Excluding LED
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Excluding LED
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Excluding LED
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Impact of LED
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Discussion

We derived submicrometer bounds on large extra dimension
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Discussion

We derived submicrometer bounds on large extra dimension

Although model dependent, ours bounds for d=2, Mp > 22

TeV, are stronger than LHC bounds (Mp > few TeV)
Francheschini et al 1101.4919
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Discussion

We derived submicrometer bounds on large extra dimension

Although model dependent, ours bounds for d=2, Mp > 22

TeV, are stronger than LHC bounds (Mp > few TeV)
Francheschini et al 1101.4919

T2K and NOvVA will not be able to significantly improve
these limits.
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Discussion

We derived submicrometer bounds on large extra dimension

Although model dependent, ours bounds for d=2, Mp > 22

TeV, are stronger than LHC bounds (Mp > few TeV)
Francheschini et al 1101.4919

T2K and NOvVA will not be able to significantly improve
these limits.

What about MINOS in NOvVA era (MINOS+)!...
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Excluding LED
10° - e —— 1+

: MINOS v,»v, -
NOVA era: 10%! pot

107! = — 1
[ Prelimina Iy
c \ | year
p
1072 3
N ormal hierarchy -
- 99%,90% C.L. :
L Inverted hierarchy -
— 99%, 90% C.L. ;
10—3_l | . ‘ 1T 1T 111 | | i ‘=~""—
1078 107 107
a (m)

Fermilab Jul-07-201 | PAN Machado



Excludlng LED

10° :_ ~

NHNOvaanll
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An interpretation for
the reactor and gallium
anomalies

Mueller et al, PRC83 2011

Mention et al, PRD83 2011

SAGE, PRC59 1999

SAGE, PRC73 2006

PANM, Nunokawa, Pereira dos Santos, Zukanovich Funchal in
preparation...
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What are the anomahes’

the gallium anomaly

Sources:
e~ + °1Cr = 'V 4+,

SICr (27.7 days)

427 keV v (9.0%)
432 keV v (0.9%)

747 keV v (81.6%)
752 keV v (8.5%)

320 keV vy

51V

e~ 4+ °TAr — °"Cl + v,

37Ar (35.04 days)

813 keV v (9.8%)

811 keV v (90.2%)
37Cl (stable)

Fermilab Jul-07-201 |

Detection:

Ve + tGa— Ge+e”

3/2- 500
5/2-
175
1/2- 0
71Ge (1143 d)”
QEC =229 keV
3/2- V
71Ga (stable)

PAN Machado



What are the anomahes’

the gallium anomaly

GALLEX Crl

1.1 | SAGE Cr

0.9 4

0.8

0.7 . J

GALLEX Cr2 SAGE Ar

p(measured)/ p(predicted)

Fermilab Jul-07-201 | PAN Machado



What are the anomalies?

The Reactor Antineutrino Anomaly

G. Mention,! M. Fechner,! Th. Lasscrrc,‘-z'lj Th. A. Mueller,® D. Lhuillier,® M. Cribier,!:? and A. Letournecau®

'CEA, Irfu, SPP, Centre de Saclay, F-91191 Gif-sur-Yvette, France
* Astroparticule et Cosmologie APC, 10 rue Alice Domon et Léonie Duquet, 75205 Paris cedexr 13, France
“CEA, Irfu, SPhN, Centre de Saclay, F-91191 Gif-sur-Yvette, France
(Dated: March 24, 2011)

Recently, new reactor antineutrino spectra have been provided for ***U, ***Pu, **'Pu, and ***U,
increasing the mean flux by about 3 percent. To a good approximation, this reevaluation applies
to all reactor neutrino experiments. The synthesis of published experiments at reactor-detector
distances < 100 m leads to a ratio of observed event rate to predicted rate of 0.976£0.024. With our
new flux evaluation, this ratio shifts to 0.943+0.023, leading to a deviation from unity at 98.6% C.L. 2 2 0‘
which we call the reactor antineutrino anomaly. The compatibility of our results with the existence of = °
a fourth non-standard neutrino state driving neutrino oscillations at short distances is discussed. The
combined analysis of reactor data, gallium solar neutrino calibration experiments, and MiniBooNE-
v data disfavors the no-oscillation hypothesis at 99.8% C.L. The oscillation parameters are such that > 3 O-
|Amg..| > 1.5 eV® (95%) and sin®(20.ew) = 0.14 £ 0.08 (95%). Constraints on the #:3 neutrino
mixing angle are revised.

1101.2755

\%

ar

Correlation between experiments
MiniBooNE data do not contribute significantly
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What are the anomalies?
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arXiv:1101.12°755
PAN Machado
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What are the anomalies?
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Could these anomalies be due to LED effects?
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Interpreting the anomalies

Survival Probabilities with LED effect averaged over energy spectrum (reactor) or detection positions (Ga)
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Interpreting the anomalies

Survival Probabilities with LED effect averaged over energy spectrum (reactor) or detection positions (Ga)
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Conclusions

We studied an interesting extra dimensions model and
derived bounds on the largest ED from Vv experiments
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Conclusions

We studied an interesting extra dimensions model and
derived bounds on the largest ED from Vv experiments

We shown that future reactor experiments can improve

the current limits, but NOvVA and T2K will not contribute
significantly

On the other hand, MINOS+ seems promising

Finally, LED is a possible interpretation for the gallium and
reactor antineutrino anomalies
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Solar neutrinos

If 1/a >> \/ AmZ then the effect of LED is basically to
induce vacuum like oscillations from active to sterile

This would simply reduce the overall survival probability

In order to introduce a strong distortion of the solar
spectra, the size of the ED should be ~ (60-100) pm
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