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Introduction to neutrino oscillation

Brief history on neutrino oscillations

@ In 1998, SK collaboration reported strong evidence for neutrino
oscillations in their atmospheric neutrino data.

@ In 2001, SNO provided compelling evidence for neutrino oscillation
from their solar neutrino data.

@ Solar neutrino experiments combined with KamLAND have
measured the solar neutrino parameters Am3; and 615.

@ Atmospheric neutrino experiments such as Super-Kamiokande
together with K2K and MINOS have determined the atmospheric
neutrino parameters |[Am3;| and 6a3.

@ Very recently reactor based neutrino experiments such as Daya Bay
and Reno have discovered 613.

Sabyasachi Chakraborty Non Standard Interaction in Neutrino Oscillation



Theory of neutrino oscillation

@ In the Shrodinger picture,

2O oo al0)) = Iva),
@ where,
) 0 0 0 100
Ho=op (U] O Am3, 0 Ur+A[ 0 0o
0 0 Ami 000

@ Standard matter interaction

A = 2V2EGEN,, (0)
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Theory of neutrino oscillation

e

@ Furthermore, the standard parametrisation of the U (PMNS) matrix

IS
1 0 0 C13 0 51367"6 C12 si» O
u = 0 C23 523 0 1 0 —S12  C12 0
0 —S3 (23 —5136"(S 0 C13 0 0 1
e 0 0
0 €7 0
0 0 1

@ s=sinf, c = cosf, § = CP violating dirac phase,

® p,0 = CP violating majorana phase.

B. Pontecorvo, Sov. Phys. JETP (1958)
Z. Maki, M.Nakagawa and S. Sakata (1962)
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Theory of neutrino oscillation

Probability of neutrino oscillation

@ The general oscillation probability

PVa‘”//i = |<Vﬁ|e_iHL|Va>|2

)

@ In terms of the PMNS matrices

Am2L
P(l/e/ — Vem) = 5Im — 4ZRQ (lj/,lj/jc U;';”Umj) Sin2 < 4E'J >
i>j

_ Am,?-L
- 2 (g o (557

i>j

@ 3-flavour oscillation probability in the limit Am3; — 0

AmZ, L
P(v, = ve) = sin? 03 sin® 2013 sin® <%)
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Introduction to non standard interaction

efeion ]

@ It is convenient to represent the impact of heavy fields at high
energies, by adding an infinite tower of non-renormalizable oparators
of d > 4.

oL=>  §Lo="
+—+..

eff __
LY = Lsy + A 2

@ Particularly the angle 613 can be mimicked by the NSI parameters in
a neutrino experiment.

@ But with the discovery of the angle 613, we would like to deduce the
bounds on these NSI parameters using both the superbeam
experiments and the reactor based experiments.
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Formalism of NSI

@ Energies much below the W boson mass, the charged current
interaction can be written with a 6-dimensional operators.

G _ -
£ = 211”0 = )] [Prp(1 = 25)F) + e

G -
L5 = 2L [5a7” (1 = 5) val [F1, (Cv + Cans) f] + h.c,
V2
@ With NSI the Lagrangian gets modified as,

G ! - - ’
Lusi = —= > eas"™ [7ar” (1 =78)Is] [Frp (1= 35) |

G _ _
+7F§ Y s 17ar” (L=8) ] [F, (L = 5) ] + hec.
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Non standard interaction in neutrino physics

Mathematical formulation for large 613 perturbation theory

@ Standard matter interaction A = ﬁ =0.06 ~ e.
31
A 2
@ a= AZ? ~0.03~¢€

31

@ For large 613 ~ 8.83°, sin 13 ~ /€.

@ Convenient to work in the tilde basis, 7/, = (Ul;)asv5.

H. Minakata et al. (2009, 2011)
R. Adhikary, Sabyasachi Chakraborty, A. Dasgupta, S. Roy(2012).
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Non standard interaction in neutrino physics

Different orders of the Hamiltonian with respect to perturbation

parameter /€

@ Zeroth order Hamiltonian in the tilde basis

0 0O
5 Am%l 0 0
0 — 2F )
0 0 1

® Perturbative part (1/€) of the Hamiltonian in the tilde basis

0 0 spze 70
" Am2 13
A =—3t 0 0 0 |....
(V9 2E s13e® 0 0
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Incorporating NSI during propagation

@ The Hamiltonian consisting of the NSI parameters during
propagation is

m m m

2 Cee eeu €er

H Am312\ m m m
NSI= "5 ep  Cup Epr
er M e

eT Ut TT

@ In the tilde basis, this Hamiltonian becomes
Hysi = U§3HNSI Uns.
@ Perturbative Hamiltonian is now redefined in the form

F/l — /:/1 + 7'2/\/5/
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Non standard interaction in neutrino physics

Evaluating the S-matrix

@ Definition of the S matrix

L
S(L) = Texp l—i/o dx?—l(x)]

@ S matrix in the flavor basis is
S = UxsSUJ,

@ Since the S matrix changes the flavor of a neutrino state after
traversing a length L,

Va = Sapvp(0)

@ The oscillation probability of the neutrino, changing the flavor from
a — f3, considering standard matter interaction and NSI during
propagation is

. _ 2
P(vg—ail) = Sap|”.
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Non standard interaction in neutrino physics

Incorporating NSI at the source and detector

@ In presence of the NSI at the source and at the detector,

W) = |lva)+ Y. €slvs)
B=e,u,T

NZAE <<Va|+ > 6iﬁ<va|>
a=e,u,T

@ The total expression for the probability becomes,

Prsg = (W IS(L)wE)
= |[(1+e) e (1+€) ]pal,
@ At L=0,
PID, . = €0l + 1€l + 2l el cos(drle ~ ¢5.e)-

T. Ohlsson, H. Zhang (2009).
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Non standard interaction in neutrino oscillation

Bounds on the NSI parameters

@ NSI parameters at the source and detector are highly constrained
0(1073).

@ Bounds on the NSI parameters during propagation are not very
stringent.

42 033 3.0
lems] < | 033 0.068 0.33
30 033 21

@ Our aim is to bound these NSI parameters using the results from
T2K and Daya Bay,

Carla Biggio, Mattias Blennow, Enrique Fernandez-Martinez (2009)
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Non standard interaction in neutrino oscillation

@ Excluded regions are,
white at 90%
confidence level, and
grey-+white at 66%
confidence level, for
inverted hierarchy.
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Non standard interaction in neutrino oscillation

@ Excluded regions are,
white at 90%
confidence level, and
grey-+white at 66%
confidence level, for
normal hierarchy.

-3 -2 -1 0 1 2 3
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Non standard interaction in neutrino oscillation

Summary and Conclusion

@ Using large 13 we have presented P, ,,, perturbatively, upto
second order in e.

@ In the probability expression the NSI parameters |e
|ed,| are much more suppressed.

ol €], and

S

@ Most prominent terms in the expression of the probability are |e;.|,

l€fiel and ef |-
@ We were able to constrain the NSI parameters during propagation
using the recent results from the T2K and Daya Bay experiment.
@ Significant constraint on € and € were given from our work.

@ The knowledge of delta from future baseline experiments could
provide better understanding about the possible strength of NSI.
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Thank you

Sabyasachi Chakraborty Non Standard Interaction in Neutrino Oscillation



Back-up
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Introduction to neutrino oscillation

Solar neutrino oscillation

@ In 2001, SNO provided compelling evidence for neutrino
oscillation from their solar neutrino data.

@ SNO, SAGE, Kamiokande provided answer to the long
standing solar neutrino problem.

Sabyasachi Chakraborty Non Standard Interaction in Neutrino Oscillation



Introduction to neutrino oscillation

@ Solar neutrino experiments combined with KamLAND have
measured the solar neutrino parameters Am3, and 61,.

@ Atmospheric neutrino experiments such as Super-Kamiokande
together with K2K and MINOS have determined the atmospheric
neutrino parameters |[Amz; |2 and 3.

@ Very recently reactor based neutrino experiments such as Daya Bay
and Reno have discovered 6;3.

@ The CP violating dirac phase dc¢p is still unknown.
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Introduction to neutrino oscillation

Oscillation parameters

@ Mass squared differences,

Am}y = (7.6 +0.20) x 10 %eV?, [Ams[? = (247%12) x 103eV?

3

@ Mixing angles,

sin? 2015 = 0.870475:%22  sin? 203 = 11997,

@ Recent reactor based experiments e.g. Reno and Daya-Bay, provide
compelling evidence for a large 613,

613 = 8.83°
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Types of neutrino experiments

Reactor neutrino experiments

e.g. Daya Bay and Double Chooz.

Superbeam experiments

e.g. T2K and NovA.
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Types of neutrino experiments

Reactor neutrino experiment

@ Nuclear power plant
emitting .

@ Baseline length ~ 1 Km.

@ Energy of the neutrino
beam is around a few

MeV.
@ Searches for the signal for " Doya Boy
,nearhaﬂ o}
non zero 6;3. %t 33.
@ e.g Daya bay, discovered .
013 at 5.20

F. P. An et al. (2012)
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Types of neutrino experiments

Superbeam experiment

i Kamioka
@ Muons are produced via
pion decay.
@ Baseline length is usually
Super-KAMIOKANDE
several hundred -{
kilometres. // ‘"’@L\“
. wrm/ W A JPARC
@ Energy of the neutrino A%/ Y R _
beam is a few GeV. T vos '
@ Apart from 613, ‘ ‘ 295 km

additional information is
provided for dcp and the
mass hierarchy.

@ e.g T2K experiment.

T2K Collaboration: K.Abe et al.(2011)
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Theory of neutrino oscillation

@ In the Shrodinger picture,

2O oo al0)) = Iva),
@ where,
) 0 0 0 100
Ho=op (U] O Am3, 0 Ur+A[ 0 0o
0 0 Ami 000

@ Standard matter interaction

A = 2V2EGEN,, (-21)

Sabyasachi Chakraborty Non Standard Interaction in Neutrino Oscillation



Theory of neutrino oscillation

e

@ Furthermore, the standard parametrisation of the U (PMNS) matrix

IS
1 0 0 C13 0 51367"6 C12 si» O
u = 0 C23 523 0 1 0 —S12  C12 0
0 —S3 (23 —5136"(S 0 C13 0 0 1
e 0 0
0 €7 0
0 0 1

@ s=sinf, c = cosf, § = CP violating dirac phase,

® p,0 = CP violating majorana phase.

B. Pontecorvo, Sov. Phys. JETP (1958)
Z. Maki, M.Nakagawa and S. Sakata (1962)
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Theory of neutrino oscillation

Probability of neutrino oscillation

@ The general oscillation probability

PVa‘”//i = |<Vﬁ|e_iHL|Va>|2

)

@ In terms of the PMNS matrices

Am2L
P(l/e/ — Vem) = 5Im — 4ZRQ (lj/,lj/jc U;';”Umj) Sin2 < 4E'J >
i>j

_ Am,?-L
- 2 (g o (557

i>j

@ 3-flavour oscillation probability in the limit Am3; — 0

AmZ, L
P(v, = ve) = sin? 03 sin® 2013 sin® <%)
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Introduction to non standard interaction

...,

@ It is convenient to represent the impact of heavy fields at high
energies, by adding an infinite tower of non-renormalizable oparators
of d > 4.

§L4=5  5La=e
+—+ -

o
LY = Lsm + A N

@ These non-renormalizable operators must be invariant under the
standard model gauge group.

@ In our work we are considering such operators of dimension six,
known as the non standard interaction operators.
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Wedeiren ]

@ NSI parameters can cloud the sesitivity of the oscillation parameters.

@ Particularly the angle 613 can be mimicked by the NSI parameters in
a neutrino experiment.

@ But with the discovery of the angle 813, we would like to deduce the
bounds on these NSI parameters using both the superbeam
experiments and the reactor based experiments.
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Introduction to non standard interaction

Formalism of NSI

@ Standard model charged current interaction

_ & |5 1- 5 +
Lcc = 7§ l:/a’y“ 5 Va WH + h.C.:|

@ Standard model neutral current interaction

g - 1—5 0
Lnc = o 4
Ne 2c050WV Ty Vel
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Formalism of NSI

@ Energies much below the W boson mass, the charged current
interaction can be written with a 6-dimensional operators.

G _ -
£ = 211”0 = )] [Prp(1 = 25)F) + e

G -
L5 = 2L [5a7” (1 = 5) val [F1, (Cv + Cans) f] + h.c,
V2
@ With NSI the Lagrangian gets modified as,

G ! - - ’
Lusi = —= > eas"™ [7ar” (1 =78)Is] [Frp (1= 35) |

G _ _
+7F§ Y s 17ar” (L=8) ] [F, (L = 5) ] + hec.
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Formalism of NSI

@ G

f.f —associated with charged current interaction = NSI at the
source and at the detector.
@ ¢ = can have any complex structure.

@ NCf = associated with the neutral current interaction = NSI
during propagation of the neutrino.

o NGf = is hermitian.

O e[ ~

My —2
~ 10
Misi

J. Kopp, M. Lindner, T. Ota and J. Sato (2008)
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Non standard interaction in neutrino physics

Mathematical formulation for large 613 perturbation theory

@ Standard matter interaction A = ﬁ =0.06 ~ e.
31
A 2
@ a= AZ? ~0.03~¢€

31

@ For large 613 ~ 8.83°, sin 13 ~ /€.

@ Convenient to work in the tilde basis, 7/, = (Ul;)asv5.

H. Minakata et al. (2009, 2011)
R. Adhikary, Sabyasachi Chakraborty, A. Dasgupta, S. Roy(2012).
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Non standard interaction in neutrino physics

Different orders of the Hamiltonian with respect to perturbation

parameter /€

@ Zeroth order Hamiltonian in the tilde basis

0 0O
5 Am%l 0 0
0 — 2F )
0 0 1

® Perturbative part (1/€) of the Hamiltonian in the tilde basis

0 0 spze 70
~ Am2 13
B 1 0 0 0
1(\/E) °F sl3ei5 0 0
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Non standard interaction in neutrino physics

@ Perturbative part (€) of the Hamiltonian in the tilde basis
. Amgl A + a5122 + 5123 ac122512 0
H1(€) = T QC12S512 QCyo 0
0 0 —s%

@ Perturbative part (¢2) of the Hamiltonian in the tilde basis,

v 3
Hl (62) =
2 1.2 —id
2 0 0 (asf, + 35%3) size™
—Sp 0 0 QcCipS12513€ "
2 1.2 19 19
(a512 + 5513) 5136’ ac12512513e’ 0
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Non standard interaction in neutrino physics

@ Perturbative part (¢2) of the Hamiltonian in the tilde basis,

2 2 1 2
Am2 512513 §C12S]_2513 O
r 2y _ 31 1 2
H1(€ ) = — §C12512513 0 0
2E 0 0 —s2,52
12°13
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Incorporating NSI during propagation

@ The Hamiltonian consisting of the NSI parameters during
propagation is

m m m

2 Cee eeu €er

H Am312\ m m m
NSI= "5 ep  Cup Epr
er M e

eT Ut TT

@ In the tilde basis, this Hamiltonian becomes
Hysi = U§3HNSI Uns.
@ Perturbative Hamiltonian is now redefined in the form

F/l — /:/1 + 7'2/\/5/
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Non standard interaction in neutrino physics

Evaluating the S-matrix

@ S matrix in the tilde basis is related to the S matrix in the flavor
basis

S(L) = UxsS(L) UL,

@ Definition of the S matrix
L
S(L) = Texp l—i/ dx?—l(x)]
0

@ To evaluate 5(L) perturbatively, we choose
Q(x) = "3 (x)
@ Where Q(x) follows the evolution equation

.d
/d—Q(x) = H1Q(x).

X
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Non standard interaction in neutrino physics

@ And H; is written in the form

H; = e"":"’xl:lle”"‘:"’x.

@ Perturbative solution of Q(x) can be written as

Qx) = (=i / dx’ Hy (x (=1) /dle / dx" Hy(x")

+ (—i)3/0 dx’Hl(x')/O o' Hy (5! )/O o Hy (") + O(€4).

@ After the deduction of Q(x) we write the S matrix as
5(x) = e~ HoxQ(x).
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Non standard interaction in neutrino physics

@ S matrix in the flavor basis is
S = UxsSUJ,
@ Since the S matrix changes the flavor of a neutrino state after
traversing a length L,
Vo = Sapvs(0)
@ The oscillation probability of the neutrino, changing the flavor from
a — f3, considering standard matter interaction and NSI during
propagation is

P(vp—ai L) = [Sasl*.
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Non standard interaction in neutrino physics

Incorporating NSI at the source and detector

@ In presence of the NSI at the source and at the detector, the
neutrino states become a superposition of pure orthonormal flavor

States,
lve) = | Iva) + Z €aplvs) |
B=e,u,T
vl - <<ug|+ 5 egw)
a=e,u,T

@ Due to the non unitary of the neutrino states, they follow the
following properties,

Yool AL Y Wil #1,

a=e,u,T B=e,pu,T
(Valvh) # dup, (VaIVE) # Sup.

Ohlsson.H._Zhang (2000).
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Non standard interaction in neutrino physics

Expression for the probability of oscillation

@ By taking into account all these effects, the expression for the
probability becomes,

Posws = RIS
= [A+e)T ™ (1+€) ]pal,
@ The total oscillation probability would have the form

P(vo —vg) = PS)B) + ng + PS}3/2) + ng
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Non standard interaction in neutrino physics

Specific choices of the NSI during propagation

@ Upto this point we have not mentioned about the order of
magnitude of the NSI parameters during propagation.

@ We will consider two different regimes of the NSI parameters during
propagation. e.g. €™ ~ /e and €™ ~ e.
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Large NSI parameters during propagation, €™ ~ /e

~ Am?3
3/2 31
H1(€ / ) = —TSB
2 1.2 —id
0 0 (auspy + 5513).e
0 0 acypsppe”!
(aslzz + %5123)e’5 aciasppe’d 0
m m m
2 €ee eeu €er
—l—Am31/A4UJr ern €M em U>s
2E AV | S | U
EeT EIJ,T 67'7'

@ We obtain the oscillation probability for the v, — v, channel.
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Non standard interaction in neutrino oscillation

Salient features about the probability expression

@ Assuming €%,¢9,e™ =0

Ami L
v 2 2 2 3
Pujgl;’: = 52x13523 5N [ 4E1 ] .
o At L =0,
ND d d d
Po e = lefel” + 1€l + 2lefiellegel cos(dfie ~ ¢fie).

This term is coined as the near detector effect.
@ The probability expression contains terms proportional to sin ¢

2
combined with sin (A;"EL).

@ Similarly the expression contains terms proportional to cos ¢

2 2
combined with sin (Am31L) .

AE
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Non standard interaction in neutrino physics

Salient features about the probability expression

@ The NSI terms which play crucial role in v, — v, oscillations are

s s s d d d
e,uea 6;},;},7 6#7—' and Cees eyev €re-

@ In the expression for the probability |e;, [, [€},.| and |ed, | are coupled
with a factor of sin® 613.

® [}l |eze|, and |e9,| are coupled with a term sin 6;3.
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Non standard interaction in neutrino oscillation

Small NSI parameters during propagation,e™ ~ €

2 2 1 2
. Am2 S12513 . 2€12512513 0
Hi(e?) = — Lo | Leppsips? 0 0
1€ ) = °F 512512573
0 0 —s2,52
12513
m m m
2 €ee €e €er
+ Am?’lf4UJr emn emu emn U
2F 23 e o uT 23
m m m

667' Mt TT

@ Again by following the same procedure, we obtain the v, — v,
oscillation probability for €™ ~ €.

® As ¢ ~ ¢, therefore in the v, — v. oscillation channel NSI during
propagation terms are very much suppressed.
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Non standard interaction in neutrino oscillation

Bounds on the NSI parameters

@ NSI parameters at the source and detector are highly constrained
0(1073).

@ Bounds on the NSI parameters during propagation are not very
stringent.

42 033 3.0
lems] < | 033 0.068 0.33
30 033 21

@ Our aim is to bound these NSI parameters using the results from
T2K and Daya Bay,

Carla Biggio, Mattias Blennow, Enrique Fernandez-Martinez (2009)
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Non standard interaction in neutrino oscillation

Numerical analysis

@ We have solved the evolution equation

IhC—SIBa ZHBn noy

@ After including the source and detector effects of NSI

1

Aﬁa = W[(

1+eDHT S (14 €¢) 0.
@ The oscillation probability
Pufl—n/g = |A6a|2~
@ To reduce the number of NSI parameters,
€ap = GZZ-
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Non standard interaction in neutrino oscillation

Algorithm of the numerical analysis

@ Our goal is to tune with
the experimental results
of T2K and Daya Bay.

@ T2K v, appearance plot

v

Am3,>0

Best fit 1o T2K data
68% CL

_— 0% CL

RN R RN SR

T2K
1.43x10% pot.

Am3, <0

M W N N

0.3

sin“20,,

.
0.4

1
05

=]
o
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Non standard interaction in neutrino oscillation

Numerical analysis

@ We have used the T2K obtained range of probability of oscillation
using the constraints on ¢ — sin® 2013.

@ We have fixed the value of 13 = 8.8° discovered by the Daya Bay
experiment.

@ After that we have found out the variations of 613 — ¢.

® We have considered one NSI parameter at a time to deduce these
variations.
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Non standard interaction in neutrino oscillation

A

n

@ Excluded regions are,
white at 90% “
confidence level, and
grey-+white at 66%
confidence level, for
inverted hierarchy.
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Non standard interaction in neutrino oscillation

@ Excluded regions are,
white at 90%
confidence level, and
grey-+white at 66%
confidence level, for
normal hierarchy.
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Non standard interaction in neutrino oscillation

@ Excluded regions are,
white at 90%
confidence level, and
grey-+white at 66%
confidence level, for
inverted hierarchy.
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Non standard interaction in neutrino oscillation

@ Excluded regions are,
white at 90%
confidence level, and
grey-+white at 66%
confidence level, for
normal hierarchy.

-3 -2 -1 0 1 2 3
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Non standard interaction in neutrino oscillation

T

@ Excluded regions are,
white at 90% “
confidence level, and
grey-+white at 66%
confidence level, for .
inverted hierarchy. .

20

-20 -10 0 10

€rr
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Non standard interaction in neutrino oscillation
Variations of €, — ¢
’ ! U |

@ Excluded regions are,

white at 90% “
confidence level, and
grey-+white at 66% -

confidence level, for
normal hierarchy.

-n
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Non standard interaction in neutrino oscillation

Summary and Conclusion

@ Using large 13 we have presented P, ,,, perturbatively, upto
second order in e.

@ In the probability expression the NSI parameters |e
|ed,| are much more suppressed.

ol €], and

S

@ Most prominent terms in the expression of the probability are |e;.|,

l€fiel and ef |-
@ We were able to constrain the NSI parameters during propagation
using the recent results from the T2K and Daya Bay experiment.
@ Significant constraint on € and € were given from our work.

@ The knowledge of delta from future baseline experiments could
provide better understanding about the possible strength of NSI.
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BACK-UP SLIDE

@ Accelerate unstable ions
and circulate them in a
storage ring.
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@ Unstable ions would

decay and produce highly

boosted v, beam. Rafle
. i
@ Baseline is several

hundred kilometres.

@ Apart from 6;3,
additional information is
provided for dcp and the
mass hierarchy.

@ e.g Memphys experiment. @ Lombardi : e
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