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| ntroduction — motivation

® |The aim of future neutrino experiments is the precision mea-
surement of the oscillation parameters such as 613 and dcp

» Osc. probabilities will be measured with O(1-0.1)% or
higher accuracy.
o We have a good chance to observe not only the standard

oscillation phenomena but also the sub-leading effects
induced by non-standard interactions (NSIs).

Discovery Reach for Non-Standard Interactions in a Neutrino Factory — p. 4




| ntroduction — motivation

® | The aim of future neutrino experiments is the precision mea-
surement of the oscillation parameters such as 613 and dcp

» Osc. probabilities will be measured with O(1-0.1)% or
higher accuracy.
» We have a good chance to observe not only the standard

oscillation phenomena but also the sub-leading effects
induced by non-standard interactions (NSIs).

® | NSIs — Flavour violating interactions with neutrinos
such as vof — vgf, £, — vge De...

Discovery Reach for Non-Standard Interactions in a Neutrino Factory — p. 4



| ntroduction — motivation

® | The aim of future neutrino experiments is the precision mea-
surement of the oscillation parameters such as 613 and dcp

» Osc. probabilities will be measured with O(1-0.1)% or
higher accuracy.
» We have a good chance to observe not only the standard

oscillation phenomena but also the sub-leading effects
induced by non-standard interactions (NSIs).

® | NSIs — Flavour violating interactions with neutrinos
such as vof — vgf, £, — vge De...

o It can be written as eff. 4-Fermi int. as U, GFEZ?’@ Vg
— ::%\ >
_£NSI = 2\/iGpegZa(ﬂﬁ’}/pPLVa)(fprPL/Rf) f f

— We study the discovery reach of the NSIs in the osc. exp.
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® A long baseline exp. can be described diagrammatically as
A, N — = X){vule v A(ut — et
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® A long baseline exp. can be described diagrammatically as

o(vuN — p~X) X Py, X D(u" — i)

Oscillation
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® v oscl. = Flavour changing process

/- CC 0SC CC /-
o« —— Vo — Vg — 3

Oscillation

Ve > U
matter effect H




| Ntroduction — oscillation enhanced search for NSIs

® v oscl. = Flavour changing process

/- CC 0SC CC /-
o« —— Vo — Vg — 3

® The process with NSI is similar

/- CC NSI CC /-
o« —— Vo — Vg — 3

Oscillation NSI
e ? _ m _
matter effect o ,LL+ Ve  Green Uy 5
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| Ntroduction — oscillation enhanced search for NSIs

® v osci. = Flavour changing process

/- CC 0SC CC /-
o« —— Vo — Vg — 3

® The process with NSI is similar

/- CC NSI CC /-
o Vo — Vg — 3

— They interfere with each other.

Oscillation X NSI
Ve . V:u' Gpem
matter effect

- + v mooy -
> lu lu € )/‘\ - >E
U € d U
Vi
® | The signals of NSI appear in the osc. probability at O(eg),).

— This is quite different from the charged lepton LF'V process.
m |2
el -

e.g., Br(u — 3e) is proportional to |e
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® v osci. = Flavour changing process

/- CC 0SC CC /-
o« —— Vo — Vg — 3

® The process with NSI is similar

/- CC NSI CC /-
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” Oscillation . NSI
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® | The signals of NSI appear in the osc. probability at O(eg),).
— This is quite different from the charged lepton LF'V process.
m |2
el -

e.g., Br(u — 3e) is proportional to |e




® NSIs in matter can be described by extra potential terms
— We parametrize them as

® In general, each off-diagonal (flavour violating) element has a

complex phase.




Oscillation

e
matter effect 5




| Nntr oduction — Nsi in beam source

Oscillation No Osci

e NSI v > U
matter effect M ,LL+ # matter effect. |

® NSIs in beam source can be treated by a flavour mixture state

) = |ve) + €,
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| Nntr oduction — Nsi in beam source

Oscillation No Osci
+ Ve " P ~ 4+ N8Iy, Yu 2
2 matter effect . M ju matter effect . M
1% 4%
1
U _ d U
Vi

® NSIs in beam source can be treated by a flavour mixture state

|V(g3)> = |ve) + €5, V).

® The oscillation probability is calculated with the source state as

: 2 : : 2
Prumsy = [ule )| = [l E ) + € wale™ )

— Interferece between Osc. Amp. and NSI. Amp.
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Discovery reach for NSIs in
neutrino factory

Reference: P. Huber, M. Lindner, and W. Winter, Comput. Phys. Commun. 167 (2005) 195.



Discovery reach for NSIsin neutrino factory

® | Discovery reach for €], in neutrino factory

el
— how small |e},| can be found in the neutrino factory.

® We introduce a NSI as the complex parameter
o There is no reason to consider it is a real parameter.

o The discovery reach strongly depends on the phase.

® We turn off all NSIs other than the NSI which we study

® Modified GLoBES software is used. “
- pbydhel by

® The following values are adopted as the true |y

value of the standard oscillation parameters

sin” 208 = 0.83, sin® 260" = 0.01, sin® 26055 = 1.0,
(Am3,)"® = 8.2 x 107° [eVZ], (Am3,)"™® =2.5x 1077 [eV?].
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Discovery reach for |(eg},)""¢| is determined by®

bin

X m1n2|N )\true (eu)true) . ( ’ e,u | /Vu

where \ € {(912, 013, 023, 0cp, Am%l, Am%l, acc}.

If x* > x3,, the effect induced by the NSI with the value of
|(e7},)'"¢| will be discovered at the 3o level.

® | Undetermined parameters o0¢p® and arg|(eg;,)""™"]
— We scan the value of x* on the §&pe-arg[(el),)"™" ] plane

for the fixed [(ef},)"™"°|.

% In the numerical calculation, we use the X2 function for the Poisson distribution.




Discovery reach for e

11
el

INn neutrino factory

#® In the case |(eg),

X

lec),| is too small

l

y? cannot exceed 3o on

the whole parameter
plane. (Under the sea)

!
The deviation from the
standard oscillation is not
significant

l

No chance to discover!
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Discovery reach for € in neutrino factory

9

9

In the case [(e7},)""¢| = 6 x 1074,

le¢;,| becomes larger

l

In some regions y? exceeds 30 3©

(Islands appear)
l

The deviation from the
standard oscillation is

arg[(€X,)"] [Degrees]
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Discovery reach for € in neutrino factory

9

9
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Discovery reach for € in neutrino factory

® In the case |(},)"™| = 2 x 1077,

® ||ef),| becomes larger

l B0 |(eg)"™€|=0.0

) sin”2614°=0.01
In some regions y? exceeds 30 3©

(Islands appear)

g 250
i ;
The deviation from the -
standard oscillation is %
S
®

significant at 3o

l

We have a chance to discover

NSI efftect depending on the| o s0 10 150 200 250 300 350
oL [Degrees|

phases
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Discovery reach for € in neutrino factory

® In the case |(€7)"9¢| =4 x 1073,

ef

® ||ef),| becomes larger

l

In some regions y? exceeds 30 3©

(Islands appear)
l

The deviation tfrom the
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Discovery reach for € in neutrino factory

® In the case |(},)"™ | = 5 x 1077,

® | |e,| is large enough

l 30 |(egy,)"™|=0.005
i 2 nptrue
2 300 i sn 2013 =001
Y~ exceeds 30 on the dof 2
whole parameter plane g %0 )
Th ] r 54 —— -3
(The seald sappears) B o
S 5 150
The deviation from the A
(@]
standard oscillation is ® 100
significant at 3o 50 |
| N

We can observe the NSI effect| o 5 10 150 200 250 300 350

) oL [Degrees]
with any values of phases.
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® Summary plot for the discovery reach of e,

(eg, )" discovery reach (307) for NuFact—I

10—5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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10—4 , ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
I
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10—2 , ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
NSI effect will be discovered
~ GLOBES

107 b independent on the phases




Discovery reach for NSIsin neutrino factory

® Summary plot for the discovery reach of e,

(eg, )" discovery reach (307) for NuFact—I

10—5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
7 Marginalizeall A
 sr*2y*=001 | Hard to discover the NSI with any
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4 ’ /
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Discovery reach for NSIsin neutrino factory

m

® Summary plot for the discovery reach of e,

(eg, )" discovery reach (307) for NuFact—I

10—5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Marginalizeall A
Fix all A
| sysemaics | Discovery reach strongly depends
-4 -
10 on the phases, 6¢ip°- arg[(ey;,) ™)

sin265€=0.01

M-fit (marginalization) and sys- GLOBES

tematic do not give a large effect
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® Summary plot for the discovery reach of e,

(eg, )" discovery reach (307) for NuFact—I

10—5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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-4 -
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® Similar plot for the discovery reach of e,

(€5, )" discovery reach (307) for NuFact—I
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#® Similar plot for the discovery reach of .-

. (eM )" discovery reach (3c) for NuFact—II
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Marginalizeall A

Fix al A

(e )]

} sn“26i€=0.1  sin“26{$¢=0.01  sin®2¢{%¢=0.001
2 GLOBES




#® Similar plot for the discovery reach of .-

(eM )" discovery reach (3c) for NuFact—II
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® For Ni5Is in matter effect, e.g., €,
( 0 acc
2E(Hs0)ap = Uai Am2, Uls + 0 :
Am%l 0
Hop = Hso + Hnst, 0 acclemn | argleg),]
2F(HNst)ap = acc!€$|e_iarg[eg}*] 0
\ 0




® For NSIs in matter effect, e.g., €

m

efL”
( 0
2E(Hs0)ap = Uai Am3, i
Awn%l
Hn,g = Hso + Hnsi,  § _
0 accﬂeeu\e
ZE(HNSI)QB = acc‘ergﬁ‘e—iarg[e'g’z]
\

static int ComputeMixingMatrix ()

{
ﬁékO][O] += msw;

// two extra-parameters: //
// abs(epsilon) = nsparams[0], arg(epsilon)=nsparams[1] //

md [0] [1] += msw * nsparams[0] * exp(complex<FLOAT>(0,1) * nsparams[1]);
md[1] [0] += msw * nsparams[0] * exp(complex<FLOAT>(0,-1) * nsparams[1]);




® For NSIs at the source and detection, e.g., eeu,

® The initial source state is a mixture of the flavour state
V) =[ve) + [v)es,..

(s)

#® The oscillation probability for v¢”/ — vg is calculated to be

Poz—vy = |(vple ™) ‘ = |Sse + € Spnl’
2
([See  Sep Ser 1 ’
=3 | Sue  Sun Sur | | leuleiEE) 1 S
\Sre Srp S 1)),

where S3, is the standard oscillation amplitudes, i.e.,

Spa = (wale T |ua).



® For NSIs at the source and detection, e.g., €

el
2
([ (See  Sen  Ser 1 ‘
PI/(‘i—H/IB == { S,u,e S,u,u, S'u,'r |€gu,|el arg[eeﬂ] 1 >
L Sre Sru Srr 1 ) 8a




® For NSIs at the source and detection, e.g., egu,

2
( )
See Se,u Se’r 1
Pys vy =3 | Sue  Spp Spr | | le2, et 8leen]l 1 >
L STe S’T,u, STT 1 ) Ba

extern "C" void glb_probability_matrix(FLOAT prob[3][3], int panti, double pen)
{

for (int i=0; i<3; i++){
for (int j=0; j<3; j++){
amp[i] [j] = complex<FLOAT>(0,0);
+
+
for (int i=0; i<3; i++){
amp[i] [i]=complex<FLOAT>(1,0);

}
amp[1] [0]= nsparams[0] * exp(complex<FLOAT>(0,1) * nsparams[1]);

for (int i=0; i<psteps; i++)
MultiplyAmplitudeMatrix(amp,panti,length[i],pen,densityl[il);




Sumimary




® We have studied the discovery reach for the NSIs in a neutrino
tactory.

® The undetermined parameters 0gp® and arg[e"™¢] are scanned.

For e;},, when sin? 26%51¢ = 0.01

s With [el] > 5x 107,
we have a chance to discover the effect at the 3o level,
depending on the phases.

o If el > 5 x 1073,
it can be found in the v factory regardless of the phases.

® Current bound from p — 3e is 5 x 10~% at the 90% CL.
— Comparable, depending on the phases
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® The discovery reach for e;; and e, has also studied.
s |e2,| ~ 010737, [egr| ~ O(107H72).

® The effective four-Fermi NSIs with € ~ O(107%) may mean the
TeV scale physics, 1.e.,

m
Uy, GFEﬁOé V3 % 92 Yy V3
— = - g
f [ Z
fo92Ys f

s If g, 1s the same as gz, egba = mZZ/m2Z,.

£ NSIs are not good signals for MSSM
— They are strongly supressed

— NSIs may be the signals for something else than MSSM
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Discussion: NSIs in models

References : T. O and J. Sato, Phys. Rev. D71 (2005) 096004.
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NSIsin models

® We dealt with NSIs as effective 4-Fermi interactions so far.

® Current experimental bounds coming from the LFV process

19,74 2

el (f=e) 5x107* (90% CL)
€™ (f=e) 2.9 (90% CL)

Comparable with discovery reach in v fact.
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NSIsin models

® We dealt with NSIs as effective 4-Fermi interactions so far.

® Current experirgental bounds coming from the LFV process
W
el (f=e€) 5x107* (90% CL)

e (f=e) 2.9 (90% CL)

eT

Comparable with discovery reach in v fact.

® These eff. int.s can be interpreted as extra weak interactions

m
Uy GFeﬂo: 7z v, gZ/Y,/' Vs
— = — g
7 o /k_\

fo92Yr f
® It g, are the same as those of weak interaction, € = m?, /m%,
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NSIsin modas — mssm with v

#® In the MSSM, NSIs and {3 — £,y are provided by similar
one-loop diagrams with slepton mixings — they are correlated.

) ot
XO X
‘. 7. ZB 05 Vo ﬁoio—iﬁ fé V3
> — - —
(mi)ﬁa

® Large slepton mixings are expected to be induced by the RGE
effect associated with the neutrino Yukawa couplings.

°

€e) 18 strongly suppressed, at least \/ Br(pu — ey) = O(107°)

How about ec7, €7

°
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NSIsin modas — mssm with v

and box diagrams ...
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NSIsin modas — mssm with v

® Correlation between the
NSI coupling €7 and

107 LFV process 7 — .

® With some different Y, s, we
scan the mo-Mj /o space with
107°
: ap = 0, tan 8 = 3, 10, and
p > 0.

m -
L 18

constrained at O(1079)
by the current bound of

) T — LY.
;f“" ﬁ A, . .
10-2 100% 10 10° 108 10~7 @ It 1s smaller than the naive

= ® The parameter €

BR(7 — ) estimation because of can-
cellation among diagrams.
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