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Ingredients for particle in extra dimension

TR
_ _ M, —
SY = f d'z f dy VG [i\IfFAVA\D—Sgn(y)MDIIJ\IJ—TJIIHIJC]
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Ingredients for particle in extra dimension

/ Compactify on circle of radius R

TR
_ _ M, —
SY = ] dix ] dy~'G [i\IfFAVA\D—Sgn(y)MDlIJ\IJ——JKIHIJC]

2
—TR

Brane Bulk
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Ingredients for particle in extra dimension

/ Compactify on circle of radius R

TR
_ _ M, —
SY = ] d'a ] dy~'G [z‘\IfFAVA\If —sgn(y) MpPW — TJ\D\D]
—mTR
5D Kinetic
Term
Brane Bulk

=t [ =iy’
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Ingredients for particle in extra dimension

/ Compactify on circle of radius R

TR
_ _ M, —
SY = ] dix ] dy~'G [i\IfFAVA\P—Sgn(y)MD\D\IJ——J\IJ\IJC]

2
—7TR / \
5D Kinetic Dirac Mass

Majorana M
Term = ajorana Mass

Brane Bulk Term

=t [ =iy’
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Ingredients for particle in extra dimension

Solve for EOMs V(z,y) = (fﬁ;gz;) ’

For convenience, Mp = M; = 0

Z'O"U’a”qf}{ 85\11]_5 = ()
i6"0, Vg - 05W R =0
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Ingredients for particle in extra dimension

Solve for EOMs V(z,y) = (zzg 3) a

For convenience, Mp = M; = 0

Comparing to SM

z'a“@”lI!R+65\IJL=O ?;O"LL@M\IJR—TTL\DL:O
?:5"“’8#\1}3—85@3:0 i&”@H\PR—m\IfR:O
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Ingredients for particle in extra dimension

Solve for EOMs V(z,y) = (wR(:ﬂZy)) |

For convenience, Mp = M; = 0

Comparing to SM

ia“c'?ﬂlI!R+65\IJL=O ?;O"LL@M\IJR—TTL\DL:O
i&MaﬂqJR—85qu:0 i&”@H\PR—m\PR:O
5D Kinetic Term =4D Mass Term
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Ingredients for particle projected from extra dimension

]— ~
[:brane 2 LLYDHZDR + wRBwR + h.c.

Bulk fermions interaction
with active (brane)
neutrinos via Higgs

Mixing between KK modes
via Brane Majorana mass
term
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Ingredients for oscillation in presence of extra dimension

Oscillation Dictated by mass matrices

For Vanilla Case (Mp, = M; = B = 0):

('mD \/5??‘1-,0 \/im-D \/Em,o\
0 [L1 0O ... 0
Lo-vr| O 0 ty) ... 0 vp = —-vpMug
\ 0 0 0 ... (un }

—

KK mass = n/(Radius of extra dimension)
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Ingredients for oscillation in presence of extra dimension

Oscillation Dictated by mass matrices

For Vanilla Case (Mp, = M; = B = 0):

(mD \/5??‘1-,0 \/im-D \/EmD
0 (L1 0O ... 0
Lo>-vr| 0O 0 oy ... 0

\ 0 0 0 [N
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VR = —I/—LMI/R

‘y&?n) - E E Uﬂiv;fm ‘i}’-’:;m)

/ /]

KK rotation:
Flavour eigenstate Diagonalises

mass matrix

PMNS rotation:
Diagonalises m

Mass eigenstate

Porsa(t) = [{va,0(t)[Va,0(0)) 8
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Collecting the ingredients

lightest 1
Parameters: ng yH1 = Mp, M;, B
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Collecting the ingredients

li htest 1
Parameters: ng E

Mp,
Bulk Dirac
WIERS
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Collecting the ingredients

1 htest
Parameters: ng

Bulk Dirac
WIERS

Bulk Majorana
Mass
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Collecting the ingredients

1 htest
Parameters: ng

Bulk Dirac
WIERS

Bulk Majorana
Mass

Brane Majorana
\WENS
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Phenomenology of oscillation in presence of extra dimension

Dirac Bulk :
Normal Ordering Inverted Ordering
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Phenomenology of oscillation in presence of extra dimension

Majorana Bulk
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Conclusion: Higher Dimensions, Continued Dreams

* Neutrinos, an incredible probe to extra dimensional scenarios

Rich phenomenology, at current as well as future detectors
e Oscillation simply one observable, could extend to various other observables
* Ex. Presence of Lepton Number Violation, Neutrinoless Double Beta Decay

must motivate assumptions; very different bounds upon different assumptions
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Dirac brane
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Backup:

™m m
:frcot( }“)zﬂ1 A

2
M1 mip

cot (z), z€[0,7/2]:

F1
0<mn<§}

A‘m%g ~ 2.5x1073eV?

iy > 0.1eV
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Backup:

Yz already in use; no notion of chirality

Abuse Notation B Ur(z,y)
V()= (wﬂ(%y)) |

15 Yr(z,y) 0
P = 1];' — a =
bl ’ - ( 0 ) YR pa(any)
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Ingredients for particle in extra dimension

o0

Z Vrn(2)én(y), Yr(z,y)=

Vr(x,y) = wﬁn(m)xn(y)

3\
3~
T'MS
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Backup:

Case1:Mp =M, =0  &(¥) =0, &uo(y) =V2sin(iy), Xo¥) =1, Xws0(y) = V2 cos(uiny)

. N
[ Ay Tirs o, == 3" o [Prntonn + Pratin]
n=1
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Backup:

Matter effects

MM’
2F

d
ZE D) =UT (Ho + Vi) U |7) ( +Z/(TVmZ/() RE (1\/[1\/IJr + QEV) )

1
2F
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Resonance

Backup:

J[J = Upx T €EMp = ?’l*ﬂl + Mnp

1

mi:ﬂ;D (C]f:l:\/4+€£2)~imp+

P(vy —>vy) =
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m
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Dirac brane

Dirac Bulk

Majorana Bulk

Majorana Brane
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0 [ 0
0 0 f42

orMpR \'/?
XO(WR) = (egﬂijR _ 1)

Bulk
(0 mp mp mp
mp JMJ 0
mp 0 Mjy+
mp 0 0
mp 0 0
\mp 0 0
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(X(]'m,D X1mp X2mp ...

0
0

Mp #0
N ) >
KK mass =\/(g) + M}

Weaker constraints at Mp < 0

M; +0
KK mass =EiMJ
R
Resonance at M; = E,MJ =
2 2R
mp mp
0 0
0 0
0 0
A{J‘F/JJN O
0 AJJ—/LN)

KK mass = n/R
Extensively studied

B+#0

n
KK mass =E

mitghtest ~ (.5 (B — \/BZ + 4m12)>

Majorana

Brane
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Phenomenology of oscillation in presence of extra dimension

Dirac Bulk

Mixing

v
A Mp positive, 1 > 1 M, negative
Mp positive

(\/2nRMp, e BMp  MpR > 1,
Xo(TR) ~ {1, MpR ~0,

V =10, Mp =1 .. )
N i IR \\/27R|Mp|, MpR <« 1.

p1 = 0.1, Mp =0.1
H1 = ]_‘ ﬂ-er = -3

1074 0.001 0.010 0.100
m )

Eigenvalues of mass matrix
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Phenomenology of oscillation in presence of extra dimension

Case 4: Majorana Brane

VY u =10, B=1

A =1 B=10
=01, B=0.3
=02, B=1.00
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Phenomenology of oscillation in presence of extra dimension

Case 3: Majorana Bulk

VYVu =10, My=1
A M1 = 1, 17\[,] =10
pwr = 0.1, M;=20.3
pur = 0.2, My;=1.001
® =2, Mj=4
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Phenomenology of oscillation in presence of extra dimension

Case 3: Majorana Bulk

T
X = (VL w%,(} wi1 ¢5,1 wiz wS,Q wa wS,N)

(0 xomp Xamp Ximp ... XnMmp XNMD )
Xomp M; 0 0 0 0
. wmp 0 My+p, O ... 0 0 e
—£3§XMX‘37 =l xxmp O 0 Mjy—pq ... 0 0 : XEE
)ENmD 0 0 0 M,]+ﬂN 0
\Xnvmp 0 0 0 0 My -y )
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Phenomenology of oscillation in presence of extra dimension

Case 4: Majorana Brane

-L > L—LYDE (Z wR,an)
n=0

~L>-XMX¢
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Msz X

1 -
3 > %, Big; +he.

ij=0

(0 X0 X1 X1
Xo BXxg  Bxoxa  Bxoxa
X1 Bxoxi BXi+p1 BXg

X1 Bxox1  BXi BXi-p1--

XN BXoXn BXiXn  BXiXnN -

\X N BXoXn BXiXy BXiXn -

BX(J%N ﬁXo)zN
BXiXN  BX1XN
BXiXN  BX1XN

BXA + PN BX%

BXx  BXx — PN
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Phenomenology of oscillation in presence of extra dimension

Majorana Brane

2
lightest 1 ‘ ) B>mp 1N
m,e "~ —(B—\/BZ+4m£D) N ——2

2 b
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Phenomenology of oscillation in presence of extra dimension

0.8635

0.7675

0.6716

0.38

0.2878

0.1919

0.0959

0.0000
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Phenomenology of oscillation in presence of extra dimension
10

0.8635
0.7675
e 0.6716

0.5756 O

0.1919

0.0960

0.0000
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