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Beyond Three-Neutrino Mixing
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Sterile Neutrinos from Physics Beyond the SM

Neutrinos are special in the Standard Model: the only neutral fermions
In extensions of SM neutrinos can mix with non-SM fermions
~ 0
SM: L, = ("t b iopr = () Symmery (v/V2
EL <Z) Breaking 0
SM singlet L_LCB can couple to new singlet chiral fermion field fg related
to physics beyond the SM

Known examples: light vg from see-saw [Lindner @ NOW2012], SUSY
(axino, modulino, ...), extra dimensions (KK modes), mirror world
[Berezhiani @ NOW?2012], .. .

Dirac mass term ~ L_Lél;fR + Majorana mass term ~ fRCfR

fr is often called Right-Handed Neutrino: fgp — vg
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Sterile Neutrinos

Light anti-vg are called sterile neutrinos

VR— Vsl (left-handed)
Sterile means no standard model interactions
Active neutrinos (ve,,,v-) can oscillate into sterile neutrinos (vs)

Observables:
» Disappearance of active neutrinos (neutral current deficit)

» Indirect evidence through combined fit of data (current indication)

Short-baseline anomalies + 3v-mixing:

Am3, < |Am5| < |Amy| < ...
1 1%} V3 V4
Ve vy Vr Vs,

C. Giunti — Status of Sterile Neutrinos — 15 Sep 2012 — 4/32




> In this talk | consider sterile neutrinos with mass scale ~ 1€V in light of
short-baseline LSND, MiniBooNE, Reactor Anomaly, Gallium Anomaly.

» Other possibilities (not incompatible):

» Very light sterile neutrinos with mass scale < 1eV: important for solar
neutrino phenomenology
[Das, Pulido, Picariello, PRD 79 (2009) 073010]
[de Holanda, Smirnov, PRD 83 (2011) 113011]

» Heavy sterile neutrinos with mass scale > 1eV: could be Warm Dark
Matter
[Kusenko, Phys. Rept. 481 (2009) 1]
[Boyarsky, Ruchayskiy, Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191]
[Lindner @ NOW2012]
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Effective SBL Oscillation Probabilities in 34+1 Schemes

. . Am3 L .
Pro—svs = sin® 200 sin? <Tgl> sin® 2005 = 4|Ua4|2|U54|2

No CP Violation!
AmZ L

P—v, =1— sin® 20,4, sin’ < iE

> sin® 2000 = 4|Uaa|? (1 — |Uasl?)

Perturbation of 3v Mixing

|Ue4|2 <1, |Uu4|2 <1, |UT4|2 <1, |Us4|2 ~1

U U Ue )
sin? 2040 < 1
U Uan Up Us U
Un Un U
s 2
Ua Usp Ug 2 sin 219():04
|Ua4‘ >~ —

4
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Effective SBL Oscillation Probabilities in 34+2 Schemes

b = Amj;L/AE
1 = arg[Ues Uua Ues U,s]

Ry ) = 4|Ueal?|Uual? sin® gaz + 4|Ues|?|Uyis | sin® s

Vp—le

) . (+)
+ 8| U4 Uea Uys Ues| sin a1 sin ¢s1 cos(psa — 1)

Ry ) =1—4(1 = |Uaal® = |Uas|*)(|Uaal? sin® ¢a1 + | Uas|? sin® ¢s1)
Varva — 4\Ua4|2|Ua5\2sin2 (b54

[Sorel, Conrad, Shaevitz, PRD 70 (2004) 073004; Maltoni, Schwetz, PRD 76 (2007) 093005; Karagiorgi et al, PRD 80 (2009)
073001; Kopp, Maltoni, Schwetz, PRL 107 (2011) 091801; Giunti, Laveder, PRD 84 (2011) 073008; Donini et al,

arXiv:1205.5230; Conrad, Ignarra, Karagiorgi, Shaevitz, Spitz, arXiv:1207.4765] [lgnarra @ NOW2012]
» More parameters: 7 (vs 3 in 3+1)

» CP violation

> 3437 [Xing @ NOW2012]
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Beam Excess

LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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MiniBooNE Neutrinos

[PRL 98 (2007) 231801; PRL 102 (2009) 101802]

— Ve L~541m 200MeV < E < 3GeV

IT

e Data
[ Ve fromp
0 v, from K*
+ I v, from K°
I ™ misid
A= Ny
+ I dirt
[ other
Total Background

Events / MeV
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—Q—
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> no v, — Ve signal corresponding to LSND 7, — 7. signal (E > 475 MeV)
> low-energy anomaly
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MiniBooNE Antineutrinos - 2009-2010

[PRL 103 (2009) 111801; PRL 105 (2010) 181801]

Uy — Ve L~541m 200MeV < E < 3GeV

= 3 3
% 06 F ) ) CJv.&v, fromu*" -1
@ -] ¢ Fit Region v, &7, romK* .
& 417 [ » 3 v &7, romK® 1
@ B 1 ° misid :
04, 7 Ca—ny -
B dirt i
i ‘,_}_‘ 0 other |
- —— Constr. Syst. Error i

02 Lt Best Fit (E=475MeV)
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ESE (GeV)

» agreement with LSND 7, — 7, signal (E > 475 MeV)
» similar L/E but different L and E = oscillations
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MiniBooNE 7 - Neutrino 2012 - 6 June
> LI R B S R B R B B L B L L BN B B BN LB B B
2 e« Data (stat err) 1
§ +l- 1
P 12 [ vefromp _
€ 3 v, fromK*™ 1
g  — Vg from K° ]
w 1.0 3 = misid b
COA-Ny ]
1 dirt 1
0.8 [ other 7
Constr. Syst. Error
0.6 1
0.4 i
0.2 N
0.0 :
0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0
ESE (GeV)
1st half 2nd half
data mc excess data mc excess
200-475 119 100.5+¢14.3 18.5(1.3s) 138 100.0+14.1  38(2.7s)
475-1250 120 99.1+14.0  20.9 (1.5s) 101 103.1+14.4 -2.2 (-0.2s)

agreement with LSND signal is sadly vanishing
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Mini

BooNE v and 7 - arXiv:1207.4809
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» Fit of low-energy excess is marginal

> It requires Am3; < 0.4eV?

» Neutrino energy reconstruction problem?
[Martini, Ericson, Chanfray, arXiv:1202.4745]
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Vy — Ve

L =730km

ICARUS

[arXiv:1209.0122] [C.Rubbia @ NOW2012]
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Reactor Electron Antineutrino Anomaly

~ Reactor Rates —— Average Rate
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Gallium Anomaly

Gallium Radioactive Source Experiments

Tests of the solar neutrino detectors GALLEX (Crl1, Cr2) and SAGE (Cr, Ar)

Detection Process: Ve+ MGa— "Ge+ e~
Ve Sources: e~ +31Cr—= 51V 4y, e” +3Ar = 3Cl 4+ v,
71 GALLEX Crl

114 SAGE Cr
SR E ~ 0.7MeV
% 101 ]
g (L)caLLEx = 1.9m
T L (L)sage = 0.6 m

071 GALLEX Cr2 SAGE Ar Rg = 0.86 + 0.05

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
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Deficit could be due to overestimate of
o(ve+™1Ga— MGe+e)

Calculation: Bahcall, PRC 56 (1997) 3391
3/27 0.500 MeV

5/2~ 0.175 MeV

1/2-
71Ge

10.233 MeV

71Ga

0g.s. from T1/2 (71Ge) = 11.43 +0.03days  [Hampel, Remsberg, PRC 31 (1985) 666]

065.(*1Cr) = 55.3 x 107* cm? (1 + 0.004),

BGT BGT

51 51 175 500
o Cr)=o C 1 + 0. + .22

( I’) G.S.( I’) < 0 669 B oS 0 0 B G_S_)

Contribution of Excited States only 5%!
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BGTi75 BGTs00
BGTgs. BGTgs.

Krofcheck et al.

71 71
PRL 55 (1985) 1051 Ga(p,n)""Ge < 0.056  0.126 £0.023

Haxton

PLB 431 (1008) 110 el Model  01940.18

Frekers et al.

1. (30 371
PLB 706 (2011) 134 Ga(®He,”H)"*Ge 0.039 4+ 0.030 0.202 £+ 0.016

» Haxton: [Haxton, PLB 431 (1998) 110]

“a sophisticated shell model calculation is performed ... for the transition
to the first excited state in "*Ge. The calculation predicts destructive
interference between the (p, n) spin and spin-tensor matrix elements”

» Does Haxton argument apply also to (3He,3H) measurements?
» 2.70 discrepancy of BGTs00/BGTg.s. measurements!

» Anyhow, new "*Ga(®He, *H)"'Ge data support Gallium Anomaly!
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SUN&KamLAND + ;3 bound on |Ug|?

[Giunti, YF Li, PRD 80 (2009) 113007; Palazzo, PRD 83 (2011) 113013,
Palazzo, PRD 85 (2012) 077301] [Palazzo @ NOW2012]

3+1 with simplifying assumptions: U,4 = U;4 = 0, no CP violation
Uer = croc13c1a Uep = s1pcizcis Uez = s13¢14 Ues = s14
Usi = —cipcizsia Usp = —sipcizsie Uss = —s13514 Usa = c1g
- 2 2\ p2v

Pye—sve =~ (1 - 2513) (1 - 2514) P,

PVe—n’s = 5]?4 (1 + PE:—H/;)

V = cf3¢fy Ve — o357, ine
= (|Ue1|? 4 |Ue2*) Ve — (|Us1|? + [Us2|?) Vine
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Ve and

v. Disappearance

107 5 g
5 r 51
- -
g 10 ol
10 |3 F Q ii
= =
Q r o1
2 -
& = Y o . =4
> z :> > T
3, : ¢ CE =
158 — a
~F o — ~ ~F @
E ° = 1 & 1L <
= § \ ) : ( §:
N <y F A
10t 95% C.L. 3 [ GAL+REA+V,C+SUN
— Gallium ] L —— 68.27% C.L. (10)
—— Reactors ] Vg —— 90.00% C.L.
— veC ] L C —— 95.45% C.L. (20)
— Sun , ~— 99.00% C.L.
—— Combined —— 99.73% C.L. (30)
1072 Lol n n Lo 10—1 Lol
107 10" 1 107? 107" 1
) L2
Sin“29ee Sin“29,

Ve +12C = 2Ngs + €~
KARMEN + LSND

[Conrad, Shaevitz, PRD 85 (2012) 013017]

[Giunti, Laveder, PLB 706 (2011) 200]
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(Q-T)-K(MN/(Q-T)

Testable Implications: 5 Decay
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Testable Implications:

(88)0, Decay

T T T T
[Giunti, Laveder, YF Li, QY Liu, HW Long, Sep 2012]
_ 2
99.73% mgg = |Zk Uek mk‘
+ EXO
99% 4) . 2
. = |Ueal?\/ D,
\ 95.45%
4 o caveat:
possible cancellation
. 3u—IH
7 \ it
0 ‘”” 10,2 o [Rodejohann @ NOW2012]
i o

C. Giunti — Status of Sterile Neutrinos — 15 Sep 2012 — 22/32



v

v

v

Global 341 Fit: Disappearance Constraints

ve disappearance experiments:

sin? 20ee = 4|Ues|? (1 — |Uea|*) = 4|Ues|?

v, disappearance experiments:

sin? 20, = 4|Upal? (1 — |Upal?) = 4|U,a)?

v, — Ve €Xperiments:

1
sin? 20, = 4|Uea|?| U4 =~ 2 sin? 20¢e sin? 20,,,,

Upper bounds on sin? 20 and sin? 29,,, = strong limit on sin? 20
[Okada, Yasuda, Int. J. Mod. Phys. A12 (1997) 3669-3694]
[Bilenky, Giunti, Grimus, Eur. Phys. J. C1 (1998) 247]
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ve and 7, Disappearance
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New Reactor 7. Fluxes
[Mueller et al., PRC 83 (2011) 054615]
[Mention et al., PRD 83 (2011) 073006]
[Huber, PRC 84 (2011) 024617]

KARMEN + LSND

Ve + 12C N 12Ng.s. 1 e
[Conrad, Shaevitz, PRD 85 (2012) 013017]
[Giunti, Laveder, PLB 706 (2011) 200]

SUN&KamLAND + ;3
[Giunti, YF Li, PRD 80 (2009) 113007]
[Palazzo, PRD 83 (2011) 113013]
[Palazzo, PRD 85 (2012) 077301]
[Giunti, Laveder, Li, Liu, Long, Sep 2012]
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v, and v, Disappearance

[Giunti, Laveder, YF Li, QY Liu, HW Long, Sep 2012]

99% C.L.

| — CDHsw (1984): v,
| — ATM:v, +v,
Il —— MINOS (2011): v,

Ll S
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sinzzﬂHu

v

ATM constraint on |U,4/?
[Maltoni, Schwetz, PRD 76 (2007) 093005]

MINOS constraint on |U,.4/|?
[Giunti, Laveder, PRD 84 (2011) 093006)]

To be included:

MiniBooNE /SciBooNE limit
on SBL 7, disappearance
[arXiv:1208.0322]

To be included:
AMANDA/Ice Cube limit on
SBL v, and 7,, disappearance
[Esmaili, Halzen, Peres, arXiv:1206.6903]

[Halzen @ NOW2012]
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- » 2012 MiniBooNE data
S | > GoF = 9.3%
1 ;%
5 > PGoF = 0.002%
“ » missing new ICARUS
K constraint (added later)
107"

107 107 10?
sin’29e,

> 3+1 & 3+2: Appearance-Disappearance tension

» Tension reduced in 3+1-+NSI [Ahmedov, Schwetz, JHEP 10 (2010) 115]

> H H [Barger, Marfatia, Whisnant, PLB 576 (2003) 303]
No tension in 3+1+CPTV [Giunti, Laveder, PRD 82 (2010) 093016, PRD 83 (2011) 053006]
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3+2

342 is preferred to 3+1 only if there is CP-violating difference of
v, — Ve and U, — Ve transitions

2010 MiniBooNE antineutrino data indicated neutrino-antineutrino
difference

in 2010 it was reasonable and useful to consider 3+2

neutrino-antineutrino difference almost disappeared with 2012
MiniBooNE antineutrino data

in 2012 3+2 is reduced to 3+1 by Okkam razor shaving
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341 Global Fit without ICARUS
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341 Global Fit with ICARUS
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Cosmology

Ns = number of thermalized sterile neutrinos (not necessarily integer)
[Melchiorri, Tamborra, Saviano @ NOW2012]

CMB and LSS in ACDM:  Ns=13+£09 ms<0.66eV (95% C.L.)

[Hamann, Hannestad, Raffelt, Tamborra, Wong, PRL 105 (2010) 181301]

Ny=161+092  ms<0.70eV (95% C.L)

[Giusarma, Corsi, Archidiacono, de Putter, Melchiorri, Mena, Pandolfi, PRD 83 (2011) 115023]

Ns =0.22 +0.59 [Cyburt, Fields, Olive, Skillman, AP 23 (2005) 313]
BBN NS = 064i_8gg [Izotov, Thuan, ApJL 710 (2010) L67]
Ns S 1 at 95% C.L. [Mangano, Serpico, PLB 701 (2011) 296]

CMB+LSS+BBN: N, =0.857032 (95% C.L.)

[Hamann, Hannestad, Raffelt, Wong, JCAP 1109 (2011) 034]

Standard ACDM: 341 allowed, 3+2 disfavored
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Combined Oscillation and Cosmology Fit

[Archidiacono, Fornengo, Giunti, Melchiorri, arXiv:1207.6515]

10,
8
(\lg NQ
> 3 6
> )
N (\I;‘ """"""""""""""""""
z s ¢
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~ QT
Eocco-cccoo /o222 21
81
» Mass Hierarchy: my > ms, my, m; -

» Cosmology: ms < 0.73eV? (95% Bayesian CL)

> Oscillation + Cosmology: 0.85 < my < 1.18eV? (95% Bayesian CL)
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Conclusions

» Short-baseline neutrino oscillation anomalies = sterile neutrinos

» Short-Baseline 7, — 7, Signal is not feeling well:

» MiniBooNE 2012 antineutrino data are similar to neutrino data (LSND
signal diminished and low-energy anomaly appeared)

» Probably there is no CP violation = no need of 3+2
» The decrease of MiniBooNE-LSND agreement is discouraging
> Better experiments are needed to clarify situation [C.Rubbia @ NOW2012]

» Short-Baseline v, and 7, Disappearance is in good health:
» Reactor 7, anomaly is alive and exciting
» Gallium v, anomaly strengthened by new cross-section measurements

» Many promising projects to test short-baseline v, and 7, disappearance in a
few years with reactors, radioactive sources and accelerators [lanni, Link,
Gaffiot @ NOW2012]

» Independent tests through effects of my in [5-decay and (33)o,-decay
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Gallium v, Dis
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