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Require additional neutrinos with masses at eV scale

Vsl VS?
Vr  v,: Sterile States (no weak interactions)
14
1]

Ve e Can feel gravity

V1 2 V3 V4 Vs

m? m} m3 m? m:  logm?| ° Can affect oscillations through mixing

Amgor,  Amijy Amgpy, » Well postulated in see-saw models
SI/-miXiIlg Courtesy C. Giunti

Introduce vy in the SM: |Dirac mass mpVgrv. + Majorana mass mmrgrr

6 massive Majorana neutrinos : (Vep, Vups Vo) T (Vers Vurs Vir)

Light anti-vy = Light left-handed v, vg— vy
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B Radioactive v/, Source experiments
(L/E ~1m/1 MeV)

B Reactor 7, experiments
(L/E ~5m/5MeV)

Bl Accelerator produced v experiments
(L/E ~ 1km/1 GeV)

B Atmospheric Neutrinos in IceCube
(L/E ~ 1000 km/1 TeV)
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» Rate only: Bugey-4 (at 15 m), ROVNO, Gosgen, Krasnoyarsk, ILL
» Chooz and Palo Verde at L= 1 km

B . disappearance search

» KARMEN & LSND v_- carbon cross section estimates
» GALLEX & SAGE radioactive source calibration experiments

B Appearance searches (v, — Ve, Uy — Ve)
» LSND, MiniBooNE, KARMEN, NOMAD

Bl ., disappearance limits

» CCFR, CDHS, MiniBooNE, Atmospheric neutrinos
» Neutral current measurement of MINOS
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L/E, (meters/MeV) sin”20
Saw an excess of 87.9 £ 22.4 £+ 6.0 events
ratyfe 11y 0 L= AT B 377 .
ents 1 a beam of v, Am? ~0.1-10 eV?, small mixing
PRD 64, 112007 (2001) Large (sin?20, Am?) degeneracy
HARP @ CERN can test LSND v, background estimate
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15 } Analysis region [ dirt
[0 other . . .
E = Total Background Aim to establish/refute the LSND claim:
Similar L/E as LSND
05 I
6.5 x 102° POT in neutrino mode
0.2 0.4 0.6 0.8 1 1.2 14 15 3.
PRL 98, 231801 (2007), PRL 102, 1101802 (2009) EJF (GeV)
E > 475 MeV

» Data matches quite well with background prediction

» Ruled out simple 2v oscillations as LSND explanation at 90% C.L.

E <475 MeV
» Excess of e/y-like events: 128.8 + 20.4 + 38.3 (36)
» Shape not consistent with simple 2v oscillations
» Magnitude consistent with LSND

Low-Energy
Anomaly!

Who ordered
this?
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M. Shaevitz, LowNu2011, Seol, Korea

Excess events: 38.6 + 18.5 (200-475 MeV), 16.3 £ 19.4 (475-1250 MeV)

E > 475 MeV (200 MeV)
Excess consistent with a LSND-like 2v oscillation over background only (null)
hypothesis at 91.1% C.L. (97.6% C.L.) [hard to interpret as pure oscillation]
E <475 MeV
Excess of e*/y-like events: 38.6 = 18.5 [v & v results were looking more similar]

S. K. Agarwalla, XX DAE-BRNS HEP Symposium, Visva-Bharati, Santiniketan, India, 15" January, 2013 6/ 28



— T : = S — T T = = @ 1T T T ]
g - 'E - Data {stat err.) ]
— | o, froem |
% 12 BT — vo'l‘rmn}:g:_ -
1 1.6 + =3 =° misid =
: — A ¢ g
S dirt -
5.8 B ) other —_
— Constr. Syst. Error .
2.6 ]
0.4 | -
-
2.2
2.0 .
0.2 0n.4g 0.6 | 3¢ 53 1.2 1.2 1.3 3.
ESE (GeVv)
2XCLeSsS EXCeSS
200-475 116 1060.5+143 18.5{1.3s) 138 100.0+14.1 38{2.7s}
475-1250 120 99.1+14.00 2C.9{1.5si 101 103.1+144 -2.2(-0.258)

Agreement with LSND is no more there!
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Fit of low-energy excess is marginal and it requires a mass splitting of Am?2, < 0.4eV?

Nice idea! There might be some problem in Neutrino energy reconstruction

Martini, Ericson, Chanfray, arXiv:1202.4745

S. K. Agarwalla, XX DAE-BRNS HEP Symposium, Visva-Bharati, Santiniketan, India, 15" January, 2013 8/ 28



e TaTTn 1 LA

— 68% CL

= w .
- < —90%CL .
i § —95%CL i
. £ —99%CL
- oy =S — o .
S KARMEN2 90% CL
10 F Cum B Lsnp 90% ci [T LsND 99% cL [
: -~ .‘.;. S ::::/:1-/?_7%)1/ :
—— i 1 N ':~4,O CF#; ::‘~:/?.000/ 7
> | ' "‘4?:20/9096 )" Energy range: 10 to 30 GeV
Q 1
~ 1F Excludéjd.gt 90% CL
= - —> Excluded at 999¢ CL 3 E
<] 5 ICARUS ‘."'-....: 3x1073 < n <9x1073eV?
10" 2 observed electron
- neutrino events!
i 3.7 background electron
neutrino events!
10'2 lIIIlII 1 | IIllIII 1 VIIIIII 1 L1 111
107 102 10" 1
sin?(20)
arXiv:1209.0122

9/28

S. K. Agarwalla, XX DAE-BRNS HEP Symposium, Visva-Bharati, Santiniketan, India, 15" January, 2013



skl

| Kasoprscil
Goesgen-Ill

TR nodel (sinf26,, 50,065 ¢

il
BN
|
-
|
W0eyd,

...........

b
[
T e S

 (sinR0,Am)E(0.12i1eV?) P i LD

ooGEEE...Ao Re0sz0em
L il i A T A A I | '

e
|

10’ 10°
Distance to Reactor (m)

- : : : :
° _’u.......-l\-.-.--.:....-.....'.
|l :

Recent reanalysis of reactor fluxes shows ~ 3.5% upward shift in flux

Mention et al., arXiv:1101.2755 [hep-ex]

Mueller et al., arXiv:1101.2663, confirmed by P. Huber, arXiv:1106.0687

Overall reduction in predicted flux compared to existing data can be
interpreted as v, disappearance with Am? ~ 1eV? and L= 10— 100 m

Does source and detector size wash out oscillations?
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o) (LycaLLEx = 1.9 m (L)sage = 0.6 m

Q .

8 1+ - detectors using intense radioactive

S oss O ¢ - v, fluxes from 3'Cr & 3’Ar

; 0.9 [ -

D  osst . y SICr : 747 KeV (82%)

=S ‘ ‘ I ] 3Ar: 811 KeV (90%)

8 0.75}- E

= al LRl Detection process:

ada ] gy ggay | dataa a4 acamfaggaigy gl e j 71 71 —

085 GaLLEX: GALLEX2 SAGE-Cr SAGE-Ar Ve + Ga — "Ge te

Measurements consistently lower than expectation

Suggests possible v, disappearance at 2.7c due to active — sterile oscillation
Giunti and Laveder, arXiv:1006.3244

How well do we know the efficiencies of the radiochemical detection processes?
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Conrad & Shaevitz, arXiv:1106.5552 ; Giunti & Laveder, arXiv:1111.1069

< Strong limit on v, disappearance from CDHS & CCFR experiments
CDHS: PLB 134 (1984) 281 ; CCFR: PRD 59 (1999) 031101

< New SciBooNE/MiniBooNE v, disappearance limit even stronger than earlier
K.B.M. Mahn et al., arXiv:1106.5685

< Less stringent limits for \7“ disappearance from MiniBooNE
A.A. Aguilar-Arevalo et al., PRL 103, 061802 (2009)

<> No hint of steriles in atmospheric & solar v data in the required parameter range
Maltoni & Schwetz, arXiv:0705.0107

<~ MINOS near and far detector NC data set limits on v, disappearance

P. Adamson et al., PRL 107, 011802 (2011) ; Giunti & Laveder, arXiv: 1109.4033

< KARMEN limits v, appearance, NOMAD limits v, appearance

KARMEN: PRD 65, 112002 (2002) ; NOMAD: PLB 570, 19 (2003)
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68%, 95%, 99% C.L.
3+Ng Scheme

0.6 -
3

~ 0.4 -
3

0.2 -

0.0 L /o
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N,

Hamann et al., arXiv:1006.5276

Precision cosmology & BBN
mildly favor extra radiation
in the universe beyond photons
and ordinary neutrinos:

Supporting the existence of
low mass sterile neutrinos

CMB & LSS in ACDM model: Ng=1.3+0.9 with m;<0.66 eV @ 95% C.L.

CMB+LSS+BBN: N; = 0.857 022

(95% C.L.)

Hamann et al., arXiv:1108.4136

! New CMB data from Planck spacecraft will shed more light on this issue !
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Appearance

SBL

2
Pue = sin? 20.pp sin? % sin? 20 ,pp = 4] Ues|?| Uu4|2
Disappearance

. o Amil
Poo = 1 — sin? 204 sin® 421 sin 204is = 4\Ua4]2(1 — |Ua4|2)

Constrain U, (U ,) from v, (v ) disappearance experiments which put bound
on appearance amplitude |U , U |
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No Osc. GoF = 0.021%
341 GoF = 9.9%
PGoF = 0.01%

Carlo Giunti, NOW2012

No Osc. GoF = 0.87%
3+1 GoF = 32%
PGoF = 0.7%

Appearance & disappearance data are marginally compatible!
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Appearance

Amy oo P.. = AUu|Uu4|?sin? 24y + 4|U.s|?|U,5|? sin® 25,
+  8|UeaUuaUesUys| sin z41 sin zs1 cos(zsa — 0)
Ye Yu ¥ 8 = arg(U24UuaUesU}y) is the CP-phase
A —— Disappearance
S | |Pee = 140~ [Uaal® = [Uas*) (Vs * sin® 241 + |Uas|* sin® zs1)
|0 p—— AU P|Uns[2sin? 25

CPV (6): Can accommodate the possible mismatch between neutrino & anti-neutrino data!

Constrain [U| & [U, ;| (i=4,5) from disappearance experiments which put bound
on appearance amplitude (U ; U |
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® 2010 MiniBooNE anti-neutrino data indicated
neutrino-anti-neutrino difference

® Then 1t was reasonable and useful to consider 3+2

® Neutrino-Anti-neutrino difference almost vanished
with new 2012 MiniBooNE anti-neutrino data

O, Also, there are severe constraints from cosmology for two
extra sterile neutrinos, specially in ACDM model
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I Nothing 1s conclusive !!

» Need new high precision short baseline experiments to perform
appearance and disappearance searches at high significance
involving both neutrinos and anti-neutrinos

» There is a diverse set of SBL experiments, spanning a wide range
in L and E, have been proposed to validate/refute the 3+N models
and to resolve the present anomalies at high significance
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36.8 excess events, 41.6 background
5.7c stat. significance for E <475MeV

© 3 [HT2Y TA0AE
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36.8 excess events, 78.9 background
4.10 stat. significance for E <475 MeV
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Gain statistics rapidly, already have far detector data

10e20 Ear + 1e20 Near POT 6.5e20 Far + 1e20 Near POT
Ogo’: 1 «gO’E:
S| -
10p 10
1 3 1 3
lO"E— 10-‘?
LOI arXiv:0910.2698
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v - Detector

1/ I? flux rate modulated by Prob,, = sin”28-sin’ (AmzL / E)

= Decay-at-rest beam from proton beam dump
Neutrino Sources | * Small core reactor source
= Very high activity radioactive source

= Observe the L/E dependence of the event rates within a long v detector
= Background distribution is either independent of L or goes like 1/L2

= Powerful verification of the short baseline oscillation/new physics
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Decay-at-Rest \ Cyclotron (~800 MeV KE proton)
gives isofropic :
neutrino source

E AL AU A BB D A

Ve i Provides an equal, high-intensity, isotropic, DAR v, v, and 7,
beam with tiny 7, contamination (4 x 104
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m~ & daughter ;i captured before DIF, minimizing 7, Neutrino energy [Mev]
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Agarwalla and Huber, arXiv: 1007.3228

Agarwalla, Conrad and Shaevitz, arXiv: 1105.4984
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Rate + Shape
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Several

L/E bins
cancel
systematic
uncertainties
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= Cover ‘Reactor Anomaly’ at 3¢

with 100 to 1000 kW in 1 year

Agarwalla, Conrad and Shaevitz, arXiv: 1105.4984

25/28




= Place 25 tons LS near detector at 18 m
=  Place 500 tons LS far detector at 60 m

Confiderec Lovel Currcalor ¥, — 5, Oscillalons (1 yoer)
10—
)
L
‘to’r
_ L R T 3
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2 |0"}._. 28 1
= . . 5 CL
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TIs ’
ame, nsec OscSNS proposal, hep-ph/0501013

Short duty-factor, beam pulse 695 ns
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pT oy +ve+et

3.8 GeV Muons

s e

| 1som [ 2000 m L Muons are easier to detect than positrons
Flux uncertainties are less in vVSTORM

« Simplest implementation of the NF concept
— 60 GeV protons on solid target (100 kW) 10° F arXiv:1205.6338
— Horn capture and & transfer : Stored u '
— Decay ring - 10°°POT
%
e 10° F
&
* Performance assumptions < ,
— 10%* 60 GeV/c POT L
* Yields = 2X1013/ useful v N e A
Lol s aaaual s aaaual s aaaual
* =2000 m baseline 107 107 107 107

s’ (24, )

* 1.3 kT Minos-like detector ArXiv: 1205.6338
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#  Global fit of world neutrino and anti-neutrino data in 3+1 scheme
show considerable tension between various experiments

¢  Need new powerful experiments to have a conclusive > 5c results

#6 Establishing the existence of sterile neutrinos would open a powerful
window on new physics beyond the Standard Model

For More Discussions on Steriles : Take a look at !
http://cnp.phys.vt.edu/white paper/whitepaper.pdf

Thank You'!
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