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Sterile Neutrino Oscillation Formalism

3 active + n sterile neutrinos:
*light sterile neutrinos
* they don’t interact thru standard weak couplings

* they have very smglll actwg flavor.conten.t (Qe4, Uy o Uy Uy
—> can participate in neutrino oscillations
P(v, =V;)=0,, -4y Re{U,U,U, Uy }sin’ x,
2y IM{U, U, U, Uy }sin2x, x; =127Am;L/E
* For example, for 2 sterile neutrinos (3+2):
5 om . Oscillation: v, —=v —>vV,
\Y% ) ) ‘

4 o - B Py =4lU, PlU,, [ sin® x,, +4|U, |U,s | sin’ x;, +

A s BV 8|U s ”Uﬁ5 U4 ”U/M | Sinx,, sinxg, COS(xg, F @)

o v,

L T |

am® o OO v, Disappearance: v, —V_
P P, =v,) =1=4[(1= U, [ = U, (U, F sin® x, +| U,s [ sin’ xg) +

+ | Ua4 |2| UaS |2 Sin2 x54]
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Oscillation Analysis

Neutrino oscillations and disappearance due to sterile neutrinos can
be constrained by short-baseline experiments (sensitive to high Am?)

We are interested in:
constraining the oscillation parameters by a combined analysis of SBL data

studying the compatibility of null SBL results with LSND and MiniBooNE results in a 3 active

+ n sterile neutrino hypothesis

Lowest Am’ sin®0 constraint (90%CL)
Channel Experiment
P Reach (90%CL) | High Am’ | Optimal Am’
LSND 3x10-2 > 2.5x103 >1.2x103
. KARMEN 6x10-2 <1.7x103 <1.0x103
’ NOMAD 4x10"1 <1.4x103 < 1.0x10-3
MiniBooNE 2.5x10-2
Bugey 1x10-2 <1.4x10" < 1.3x10?
V.V, Chooz 7x10-4 < 1.0x10" < 5x107?
CCFR84 6x100 none < 2x10-1
Vi Vg CDHS 3x10-" none < 5.3x10"
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Oscillation Analysis

Using data from short baseline experiments:

« Start with v v, unoscillated signal predictions from:

Dataset: LSND, KARMEN, NOMAD, MB, CCFR, CDHS, CHOOZ, BUGEY (+ atm constraint)
# of bins: 5 9 30 8 18 15 14 60 (1)

\_ %
Y
appearance experiments
"
r.ml,

« Generate model parameters (importance sampling via Markov chain)

(Am*,U iU i ®cp) Model acceptance probability:
P(xi g xi+l) = min{l,exp[—(xlil _Xz'z) / T]}
* For each set of parameters, Xy =X +€
— get signal prediction after oscillation/disappearance for all experiments
considered

— compare signal prediction to experimental data and calculate >, goodness-of-fit
for each experiment considered, and combined x’, goodness-of-fit

— determine allowed regions by Gaussian approx.
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Oscillation Analysis

3+n model parameter assumptions:
Approximation: m; = m, = m; = (

- nindependent mass splittings: Am;, = m;,Am’, =m’,...
2n moduli of mixing parameters: U,, U, ...
n-1 Dirac CPV phases

0.1eV? < Am; < 100eV? (motivated by LSND signal)

U,+U; =05U,,+U;;=<0.5 (imposed by atm and solar data)

Atmospheric constraint: For example, for 3+2 oscillations:
upper limit: d, [ Ui“ +U55 2 indep. mass splittings: Am:UAm;
X (d,))/ 1dof 4 moduli: U UL LU LU |
[M. Maltoni, et al., hep-ph/0405172] 1CPVphase: =~ 7 <7

Pys = arg(U,ZsUesz 4U:4)

CP violation option: No CPV allowed for 3+1 models!

Fix ¢ =0, or allow to vary within (0,2m)
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Constraints from MiniBooNE

1
! 2v oscillation

2.5 { analysis threshcid + MiniBooNE data
— -} expected background
> 20p - BG + bestfit v v,
E 1 5: — v, background
g v - v background
§ 10
0.5

= data - expectad background

3000

Recent MiniBooNE result implies
that MiniBooNE is incompatible
with LSND within 2-neutrino
oscillation hypothesis.

[see talk by C. Polly]

Calls for more complicated
oscillation scenario

(e.g., 3+2, CPV, E)

in order to reconcile the
two results.

Interested in Qow-E excessOand
implications for 3+n = We consider
the full energy range data

(300 MeV < E <3000 MeV) in

our analysis.

“A Search for Electron Neutrino Appearance at the Am? ~ 1eV/?
Scale,” The MiniBooNE Collaboration [hep-ex/0704.1500].
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MiniBooNE Dataset

Allow both: vV, VY, (v, —v, oscillations)

and: v, =V, (! , disappearance)

Vv —v (Ve background disappearance)

Use a ratio method:

Compare: v, /v, ratio from MC prediction (first principles) after applying
v, =V, oscillation,y disappearance, v, disappearance
to: V /v, ‘ratio from data

MC prediction _ (VumiSlD)P(VM %V‘u) @P(‘/H %Ve) + (ﬂfull—osc.)P(VM %‘73) (veintrins. P(Ve %Ve)
v,'s with v, energy spectrum / (Vu ) ig (Vu _>VM)

_ o Ao
(full Vpave conversion; intrinsic v,'s ~0.5% of beam

takes into account different cross sections)
/yfull MiniBooNE error matrix (scaled to MC prediction)

[see talk by K. Mahn]
XBooNE E[(V /V )Data (V /V )MC osc] (V /V )Data (V /V )MC osc]

bins bins sterile sterile sterile
s g =8, ndfgoong = 1™ poong — 2N — 2psteriie — (pstertie_] )
» CPV case
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Preliminary Oscillation Results: 3+1

3+1 already excluded from previous studies (independent of MiniBooNE result)
[See, e.g.: M. Sorel, et al., hep-ph/0305255
and talk by T. Schwetz]

MiniBooNE v, —v, oscillation upper limits in 3+1 scenario:

1 1
(V‘umiS]D )M) + (Vefull—osc.)P(vu s Ve) + (ﬂfull—osc,)P(‘TM _>‘7€) + (Veintrins,)M

v, )PV, —V,)
1

107 _ 10° _
02 (7 — AU : 90% CL excluddd regions
sin"(20,,) =4U_U,, : 9
' Single-sided ragter scan, 2 dof
10 10
< | :
-~
a3 X
~5 B
g
i 1:—
10“ ||||||||I 1 llllll|j 1 llllluj -nl--lllll..u 10' llllIllllllllIIllllIlllllllllIllllIllllllllllllll
10* 10° 104 10" 1 0 05 1 15 2 25 3 35 4 45 5

sin“(2a_,) P —
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Preliminary Oscillation Results: 3+1

3+1 already excluded from previous studies (independent of MiniBooNE result)
[See, e.g.: M. Sorel, et al., hep-ph/0305255
and talk by T. Schwetz]

MiniBooNE v, —v, oscillation upper limits in 3+1 scenario:

("/umiS]D )P(VH - Vu) + (Vefull—osc.)P(Vu — Ve) + (,\Tefull—osc.)P(‘TH — ‘76) + (VeintrinS,)P(ve s Ve)
(Vu )P(VIJ — V“)

102 10°

E sin?(2 ) =4ULU, 90% CL excluded rggions
I ' I Single-sided raster scan, 2 dof
0fF 1k ——
T | :
oL i
ok =
10 el ﬂ,:l,a ol S B B S R M ¥
sin(2a ) 3 Emin
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Preliminary Oscillation Results: 3+1

3+1 already excluded from previous studies (independent of MiniBooNE result)
[See, e.g.: M. Sorel, et al., hep-ph/0305255]

MiniBooNE v, disappearance upper limits in 3+1 scenario:
0

1 0
("/‘umiS]D )M) + (Vefull—osc.)P VM = Ve) + (’\qull_osc')PM+ (VeintrinS,)P(ve — Ve)

V)P, ~—V,)

1
10°E : 10°E .
 sin” (20 )E4U24(1_U24) : 90% CL excludéd regions
L ee e e |
i i Single-sided rapter scan, 2 dof
10k - 10k
3 f g
o B
E = |
i 1E
.I{F. |||||||||||||||||||||||||||||||||||||||| 1_'}'1 ||||I||||II|||I||||I||||I||||I|||||||||||||||||||
A - T 0 05 1 15 2 25 3 35 4 45 5
sinf{ ) (i i
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Preliminary Oscillation Results: 3+1

3+1 already excluded from previous studies (independent of MiniBooNE result)
[See, e.g.: M. Sorel, et al., hep-ph/0305255]

MiniBooNE v, disappearance upper limits in 3+1 scenario:

0 0 1
(Vumz‘le )P(VM _>VM) + (Vefull—osc.)P Vu = Ve) + (’\qull_osc')PM+ (VeintrinS,)P Ve Ve)
(Vu )P(VM — V“ )

10" — 10°

E 220 a1 § o -
E sin“(20,,)=4V,,(1-U,,) g 90%|CL excluded regions
I [ Single-sided rgster scan, 2 dof
10 10
< F -
3 F :
o 4 B
E B B
e i '|:—
'I'[F |||||||||||||||||||||||||||||||||||||||| 1{F1””| |||||||||||||||||||| Ll [ FETRINTEY
(1] II1 i]-.E i]-:i ﬂ:i {IE :I-E {IT-’ {I-E {I-'E-L 1 0 Q5 1 'IE 2 25 3 15 4 45 §
:anln-'2-1 o -"B-:-n-tEw1
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Preliminary Oscillation Results: 3+2

For comparison, we show 2 analyses:

* MiniBooNE data with v, —v, oscillations only

* MiniBooNE data with v —v, oscillations and !, and v,
disappearance

In both cases we show results from fits with:

. Appearance only experiments
. All experiments combined

NuFact'07 Georgia Karagiorgi, Columbia U.
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Preliminary Oscillation Results: 3+2
Allowing Only v, —v, Oscillations in MiniBooNE Data

Appearance-only experiments:
CPC “F] -
_ 1o
1k

10—1 : | L1 nl 1l .
10 _‘\.m:1 (e\f‘z) 10 10
10°g
CPV : ,
10
¥ 3
a i
1E
90%CL
99%CL
10—1:1' vl Lo 1111||2
10 1 _\mii(evz) 10 10
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KARMEN, MB, LSND, NOMAD

10

10°F

10

1
i i

1 1 ]
10 Lol tr el 1

Ay?

12/ ndf =52.6/52
gof = prob(x’,ndf) = 45%

x>/ ndf =52.3/51
gof = prob(x’,ndf) = 42%
e =1.07n
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Preliminary Oscillation Results: 3+2
Allowing v, and v, Disappearance Also

Appearance-only experiments: KARMEN, MB, LSND, NOMAD
CPC

1||:FE : 11}*5 :
< F iy o 52/ ndf =50.1/48
¥ : gof = prob(sc’,ndf) = 39%
1F
4 1 l Lol 10" T P TR PR PP P
i g,nf“ {g.‘.'ﬂ} 10 1wt L 1 2 3 _ui 5 [ 7 8
3 10°g
| _:/"' A i x* I ndf = 48.8/47
> - gof = prob(x*,ndf) = 40%
i . . (Pf?t =1.12x
90%CL
- 99%CL i
-1" ol T T gl bl e s b L
1F i ._1.r-|E1 “ﬂa} {0 it L 1 Fi 3 .-1.-:2 5 [ 7 8
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Preliminary Oscillation Results: 3+2
Allowing Only v, —v, Oscillations in MiniBooNE Data

Combined analysis: all experiments

~ 90%CL
| 99%CL
15"“ _\miilt;\fz}”;lo | II1L'1

NuFact'07
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x>/ ndf =147.9/157
gof = prob(x’,ndf) = 69%

¥/ ndf =146.7/156
gof = prob(x’,ndf) = 69%

i =1.74n
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Combined analysis: all experiments

Preliminary Oscillation Results: 3+2

CPC
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Allowing v, and v, Disappearance Also

x>/ ndf =147.9/157
gof = prob(x’,ndf) = 69%

x>/ ndf =146.8/156
gof = prob(x’,ndf) = 69%
e =1.721
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General Remarks for 3+2

« There are allowed 3+2 regions

* Allowingv, and v, disappearance along with/ " ! oscillations to
describe MiniBooNE data does not seem to either favor or disfavor
combined fits, compared to only allowing v, —=v,

« There is no preference for CPC vs. CPV scheme

— Best fit models:
. CPC combined analysis: Am;, =0.91eV?,Am;, = 24eV?

U, =0.13,U,, =0.15
U, =0.07,U,, =0.16

+ CPV combined analysis: Am;, = 0.91eV?,Am;, = 24eV”
U,=0.12,U,,=0.14
Us=0.07U,=0.17
@, =1.721
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CP-Violation: Implications for MiniBooNE

Ayx?
N W - WD (=2} ~ [ee]
lllll

-
1 rrrryprrmrprrrrprereyt

g

&
e

NuFact'07

Allowed MiniBooNE oscillation probability
asymmetry within 3+2 oscillation scenario:

_ PBoone = PBoonE

/5 —
me pBooNE + pBooNE
(=) (=)
-) de[P(vM =V, )No(v)+P(V, =>V,)No(V)]
P Boone =

de[(Ji}o v)+ Vo )]
I MC predicted
| MiniBooNE v, —=v,
full-osc rates

Allowed region obtained using
constraints from null SBL
+ LSND experiments only

[G. K. et al., hep-ph/0609177].
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CP-Violation: Implications for MiniBooNE
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12 14 16 18 20

» MiniBooNE asymmetry predicted based on

3+2 best fit model

- PpooNE ~ pBooNE - -12%

12074

p BooNE + p BooNE

pBooNE = 008%
DPaoony = 0.10%
@, =172

for CPV combined
analysis:
i _____ i__/
o;_/ 5
o 1 2 l 4 7
sz
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Asymmetry significance ~ 10
assuming 6x10%° POT in

both neutrino and antineutrino
running mode

(data collected as of now:

. neutrino mode: 7.0x10%° POT

antineutrino mode: 2.4x1020 PQOT)
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Conclusions

« Both CPC and CPV 3+2 oscillation scenarios are allowed by a
combined analysis of SBL data, including LSND and MiniBooNE

* MiniBooNE provides strong limits on v —v_ oscillations and limits
onv, and v, disappearance within a 3+1 hypotheS|s

« MiniBooNE data: important in addressing the viability of sterile
neutrino models

« Leptonic CP-violation possibility opened up in the 3+2 sterile
neutrino hypothesis could have measurable effects at MiniBooNE

— A'longer running in anti-neutrino mode would allow more detailed
studies of CPV scenario and more confident determination of a possible
CPV phase
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