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The (Mass)? Spectrum

vV
Vg \/2
1
(Mass)? or
Vo

AM?,, =75x10°%eV2,  Am?;, =2.4x103eV?



The Interactions

The interactions of the neutrinos are assumed
to be those of the Standard Model (SM),
modified to incorporate leptonic mixing.



The neutrino couplingsto the W:

lo=g ly=1, /=

M< rae

o= eu,orr

But the neutrinos v, , . of definite flavor

are superpositions of the neutrinos of definite mass:

Vo> =X Ul

Neutrino of flavor l Neutrino of definite mass
a=6Hore Unitary leptonic mixing matrix



The neutrino couplingsto the Z:

Vi VB

Z Z
AJ; and A9,
Vi Vv,

Oscillation among v, v, and v,
does not change the Neutral Current event rate.



The Mixing Matrix U

oI

1 0 0] cz O 56| [ s
U=10 Cx3 sp|x| 0 1 0 x|-52 &
0 -Sp Ca) |-5€° 0 o3 | [0 O

o

] | H

du/2 o 0
Gj = COS 0; o d=2 g

0 0

—

Y
Does not affect

oscillation

0., = 34°, 0,5=39-51°, 6,5= 8-10° No more worry!
o would lead to P(v,— v;) = P(v,— v;). CP violation

Note the crucial role of s;3= SN0



The 3-v paradigm successfully
describes many experimental results,

but not all.



Are There
- MoreThan 3
Mass Elgenstates?

Are There
erile Neutrinos?




Serile Neutrino
One that does not couple
to the SM Wor Z boson




Oscillation

When the neutrino spectrum has effectively only 2 levels
A

A

(Mass)? Am?

A 4

Trave distance—\

2 1.27Am2(eV2) E[(((l;g)}

Energy—T

P(va %vﬁ?ﬁa) = sin? 20,p SIN

.

Parametersthat are< 1—

X
P(vy =vg) =1- sin?20,, sn?

1.27Am (ev 2) EL(((;(B)}
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The Hint From LSND

The LSND experiment at Los Alamos reported a
rapid v, — v, oscillation at L(km)/E(GeV) ~ 1.

L(km)

P(vy — ve) =sin?20 sin?|1.27Am?(ev?) =ev)| - 0.26%
T From u decay at rest; E~ 30 MeV
) -1lev2  Incontrast to lAmzsz = 24x107eV?
l ——> Am%,, = 7.5x 105 eV?

) At least 4 mass eigenstates
=P { from measured I'(Z — vv)} At least 1 sterile neutrino

12



The LSND-favored region

L I T ]Ill”l lllll 1 I IIIIHI I I IIIII[
10 = -
; KARMEN2 (90% CL) .
= :
g Bugey (90% CL)]
[ LSND (99% CL) q
L SND (90% CL) )
-1
10 F y
10—2 Lol Lol 4 il L
107" 167 1978 108 :

sin?29
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The Hint From MiniBooNE

In MiniBooNE, both L and E are ~ 17 times
larger than they were in LSND,
and L/E is comparable.

MiniBooNE has reported both
Vy —> Ve and V|, — Vg Tesults.

14



Events/MeV

Events/MeV

1.2

| M |

+ Neutrino

L + e Data (stat err.)
b, 3 ve fromu™
— v, from K*

l — V8 from K°
I =’ misid

CJA— Ny
0 dirt
[ other

+ Antineutrino

1.0 |

0.8 =

0.6

0.4

0.2

0.0

—— Constr. Syst. Error

MiniBooNE
1207.4809

Together,vand v

{ Show an excess of
1 240.3 + 62.9 events.

0.2 0.4 0.6 0.8 1.0 1.2 14 1.5 3.0

QE
E;” (GeV) "



Am? (eV?

10

10t

10%

UL 'llllI | llllllll

—— 68% CL B
—— 90% CL '\I/' 0
—95%CL O
N
——99%CL | s
| ) fes —— 30 CL

E . LSND 90% CL

LSND 99% CL

| llllllll

Illllll | Illlllll

| o o 155 1N

------ KARMEN2 90% CL -

A e ] i

e Il |

10° 1072 10

1

sin®20

Regions allowed by:

1. Bothv andv
MiniBooNE data
with E,,> 200 MeV

2. LSND
3. Karmen

Two-level mass
spectrum assumed
In all cases.

From 1207.4809
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The Hint From Reactors

The prediction for the un-oscillated v, flux from reactors,
which has (E) ~ 3 MeV, has increased by about 3%.

(Mugller et al., Huber)

Measurements of the v, flux at (10 — 100)m from reactor
cores now show a~ 6% disappearance.

(Mention et al.)
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Oscillation with only 3v

and sin’26,; = 0.06

7||||] T T T 1T T~ \T/ T
I ; % - EI_ i__ —
— ﬁ o g 7.7 81 8§ 8 n
= A T S T N I
— : 223 20 £ 838 S8 ¢ . P05 -
SEEEII gl ] v -
; 1] f B e
:_ j r .- I . =
= f T ‘—J_ s gl =
[ ; N B ]
- . aias _
—— | | comm—
5888
— - b Wb W
e . 22828 A ]
_111_+| 1 1 L 117 — : 1 il -
10"

Distance to Re;gtor (m) /
Oscillation with 4

\ 10°

14

and one Am? >> 1 eV?2
Disappearance at L(m)/E(MeV) 21 suggests oscillation

with Am? 21 eV2, like LSND and MiniBooNE.
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The Hint From °1Cr and 3’Ar Sources

These radioactive sources were used
to test gallium solar v, detectors.

Measured event rate

=0.86 = 0.05
Expected event rate

(Giunti, Laveder)

Rapid disappearance of v, flux
due to oscillation with a large Am?2??

19



The Limits On ‘v, Disappearance
Assuming CPT invariance,
P(Va %\_/ld) — P(Va %Vﬂ)

Therefore, | will not distinguish between
neutrino and antineutrino disappearance.

The most recent and most stringent limit on
v, disappearance comes from ajoint analys's

of SciBooNE and MiniBooNE data.

SciBooNE

20



1072

| N N SRR

Regions
excluded

] at 90% CL
: by nov,
[ disappear ance

Two-level
Mass spectrum
assumed

| NN S P | lllll

| H 1 A | 1 1 R T I O

102 10 1
sin’(26)
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The Mass Spectrum
and the Connection

etween Appearance
d Disappearance




The Spectra That Are Tried

3+1
No CP

Ve
Vi Vs
V
4 v,
Vi23 Vi23
3+2 3+3
P Possible

Short-Baseline experiments have an L/E too small
to see the splitting between v, v,, and v,.

23



The Mixing Matrix When
There Are Extra Neutrinos

|1’ s bigger.

With 3 + N neutrino mass elgenstates, therecan be 3 + N
lepton flavors, N of them sterile. For example, for N = 3:

(Ve \ /Uel UeQ UeB Ue4 Ue."i Ueﬁ \ /Vl \

vy Uul U#Q ng Uu4 Up:’i Uuﬁ /9
Vr — U'rl U7'2 U’J"3 U‘r4 U.'5 U7'6 V3
Vg, U311 U312 U313 Usl4 Us;b’ U316 V4
Vs, Us,i Usy2 Uspz Usya Usys Usgs Vs

\ Vg, / \ U331 U332 U333 U334 US35 U336 } \ Vg )

24



The Disappearance —
Appearance Connection

Assuming only the CPT-invariance constraint —
P(\_/a — \_//3) — P(Vﬁ — Va) ;
we must have —

P(Ve — V) 2 P(Vu — ve) |

\ . J \ .

I L Reported as 0.0026 by LSND
Perhaps 0.06 from reactors

Clearly, it would be interesting to have
non-reactor probes of %, disappearance.

25



Assuming a3 + 1 spectrum —
= 2 2 ;2| o L
P(vy = ve) = AU ua| el sin 1.278mg =

L

P(vy = vy) = 4\UH4\2(1- ‘UM‘ZJ sin

L

P(ve = ve) = 4\ue4\2(1— \Ue4\2) sin 1.27Am4211E}

(The same expressions hold for antineutrinos. No.€P.)

For small ‘U u 4\2 and [Ues|*, experiments that average
over the short-wavelength oscillations should find —

PV — Ve P(Ve — V) = 2P(v,, — Ve

26



For a3 + 2 spectrum, the oscillation
probabilities are more complicated.

However, if the extra neutrino mass eigenstates are
mostly sterile, experiments that average over the
short-wavel ength oscillations should find —

P(vy — 7,)P(7e = T) 2 2P(v, — 7)

(Conrad, B.K., Kopp)
(Maltoni, Schwetz)

For a3 + 3 spectrum, the oscillation
probabilities are more complicated still.....

27



The upshot —

If P(v, —%) ~ 1%, itisreasonablet

Ve,




The Hint From Cosmology

Big Bang Nucleosysthesis (BBN) and CMB
anisotropies count the effective number
of relativistic degrees of freedom, N, at early times.

Light sterile neutrinos mixed with the active ones
as reguired by the terrestrial anomalies
would very likely have thermalized in the early universe.

Then N grows by 1 for each sterile species.

The evidence suggests that perhaps N > 3.

29



Ny From BBN

Model Data Nef Ref.
n+Nef news+Yp+D/H 3.8(°07  [10]

ncme+Yp+D/H < (4.05)  [11]
(

Y,+D/H «

\

3.85 +£0.26 [13]
3.82+0.35 [13]
3.43:+0.21 [13]

M+Nest, (ANesr = Neg — 3.046 > 0) nemp+D/H

ncms+Yp
Y,+D/H

3.8+£0.6 [12]

3.90704F [12]

3.9 Sola[12]
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Ny From CMB

Model Data Nest Ref.
Nefr W-5+BAO+SN+Hj 413105022 [26)
W-5+LRG+H, 4165 ) 126]
W-5+CMB+BAO+XLF+ fyas+Ho 3.479¢ [29]
W-5+LRG+maxBCG+H, 37T el 126)
W-7+BAO+H) 4.34* 248 (18]
W-7+LRG+H, 428078 (18]
W-7+ACT 53+13  [23)
W-7+ACT+BAO+Ho 456 +0.75  [23]
W-7+SPT 385+£0.62 [24)
W-7+SPT+BAO+Hy 385042 [24]
W-7+ACT+SPT+LRG+H| 4087070 [30]
W-7+ACT+SPT+BAO+H) 3.80+041 [31]
Ne+fy W-7+CMB+BAO+H 440150 [32)
W-7+CMB+LRG+Hj AR B2
Ner +€ W-7+BAO+H|, 461096 [31]
W-7+ACT+SPT+BAO+H) 403 £045 [32]
Neg+Qu+fr W-T+ACT+SPT+BAO+H) 400 +043 [31]
Neg+frtw  W-7+CMB+BAO+H, 3.68 5  [32]
W-7+CMB+LRG+Hj 4870500 [32)
Ner+Q+f, 4w W-7+CMB+BAO+SN+Hj 400 e B3
W-7+CMB+LRG+SN+Hy 43 [33]

More precise
Information will
come from the
Planck satellite.

31



>m(v)) Inthe Early Universe

L arge Scale Structure in the universe and the CMB
suggest that —

>m(v) <(0.17-1.0) eV
| Seljak, Slosar, I\/ICDonaId)
Hannestad; Pastor

Possible tension with terrestrial experimentsif An¥ > 1 eV2.

However, in cosmology, there are parameter degeneracies.
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Global Fits To
Short-Basaline
errestrial Data



The Bottom Line

(Conrad, Ignarra, Karagiorgi, Shaevitz, Spitz)
(Maltoni; Talk at Galileo Galilel Institute)

A 3+ 1 spectrum does not provide
a good fit to all the data.

Assuming 3 + 1, the appear ance and
disappear ance data call for very different
values of Am?,,, asdo thev and v data.



A 3+ 2 spectrum can violate CP, sothev vs. v
tension isreduced, but the appearance
and disappear ance data still call for
very different mass splittings.

A 3 + 3 spectrum contains one more
mass splitting, and improvesthefit,
but thereisstill tension
between appear ance and disappear ance data.

(Perhapsthe MiniBooNE low-energy
appear ance excess is not dueto oscillation.)
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- S0, Are There
Sterile Neutrinos?



Many people, including myself,
feel personally that —

Individually or taken together,

the hints are certainly not convincing.

But —

They areinteresting enough
to call for further,
hopefully definitive,
Investigation.
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Fermilab Short Baseline Neutrino
Focus Group

Steve Brice (FNAL)

Koichiro Nishikawa (KEK)

Bonnie Fleming (Yale) Stephen Parke (FNAL)

Steve Geer" (FNAL)

Chris Polly (FNAL)

Andre de Gouvea (NW) Andre Rubbia (Zurich)
Debbie Harris (FNAL) Bob Tschirhart” (FNAL)
Patrick Huber (Virginia Tech) Richard Van de Water (LANL)

Boris Kayser? (FNA
Geoff Mills (LANL)

1)
2)
3)
4)
S)

L) Sam Zeller” (FNAL)
Bob Zwaska® (FNAL)

Chair

Tensions Group Facilitator

Options Group Facilitator

Cross-Section and Fluxes Group Facilitator
Facilities Group Facilitator
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In June, 2012, this group cameto the same conclusion.

The group’ s recommendations included —

A new experiment to search for v ,—v, and/or v,—v,
transitions.The experiment should be capable of both
excluding sterile neutrinos over the entire allowed
LSND/MiniBooNE parameter space with a significance
of at least 50, and of discovering sterile neutrinos if

they exist within this region of parameter space, also
with a significance of at least 50.
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|deas For Future
Experiments



I would just like to illustrate
diversity of ideas being prof




Channels and Processes To Explore
Via Complementary Experiments

Flavor Transition CPT Conjugate
Ve =V Vu —> Ve
Ve = V4 vy = Ve
Ve — Vg Ve — Vg
Vu=—""Vu Vu = Vu

v, appearance channels could also be interesting.

Both charged-current and neutral-current
event rates are interesting.
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How much of thiscan vSTORM
do on Itsown?




Coherent Neutral-Current Scattering

Ve
Nucleus 7
Mdﬁ
Nucleus
VO{

This process has the same rate for any
Incoming active neutrino, v,, v, or v,.

But the Z does not couple to vy e -

If V_qive = Vaerile» the COherent scattering

event rate will oscillate with it.



| deas—
Electron-capture monoenergetic v, source

Kinetic energy of nuclear recoil ~ Few x 10 eV.

Use bolometric cryogenic detectors.

(Formaggio, Figueroa-Feliciano, Anderson)

Cyclotron pion & muon decay-at-rest neutrino source
Two sources — one detector
Kinetic energy of nuclear recoil ~ keV.

Detection via DM-inspired detectors.
(Anderson et al.)

Caveat: If Am? >> 1 eV?, the oscillation may be too fast to see.
45



Position Dependence
Within One Detector

[
sSourc

cyclotron
0 1 il For E~ 30 MeV v, from
. decay at rest, and An? ~ 1 eV2,
: , the oscillation maximum
L Isat ~ 40 m.
100m E é |
N L ook for oscillatory behavior.

A
POLLL XX

YR
xxxxxxx

i B (Agarwalla, Conrad, Shaevitz)
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Am? (ev?)

|

v, From SLi Decay

Use a cyclotron to make the 8Li, a v, emitter.

Use a kton-scale scintillator detector
to detect the v via v, p — e*n.

100

10 -

0.1 -

95% CL

S

IsoDAR

b

(.

—

“~. Reactor/
l DAR
SAGE/GALLEX |

—

0.01
0.001

0.01

Sengitivity to v,
disappearance
In a5-year run

(Bungau et al.)
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Two LAr Detectors In the FNAL Booster Beam

o~ 10°F |
- © MicroBooNE+LAr1
L ~  200m+700m
& “  10.0E20 POT
< stat. and 5% sys.
. E>200 MeV fit
10
1E
107F
" [LSND 90% CL
- [JLSND 99% CL
10-2 | llllll 1 1 11l
10 10° 102 107

sin®20,,,

Sengitivity to
Vi —Ve

From the LArl LOI
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A Very Low Energy Neutrino Factory
Neutrino Beam (VSTORM)

E,~4GeV
Muon Decay
Ring If store ut,
- can study—
+ + —
\ u —e +Ve +VH
= , followed by —
o ,
—@0
LSND reported Vu —Ve. P(ve %Vu) CI§T P(‘_’y %\_/e)
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10** POT -
v—mode -
Stored ™

99% MBvU/LSNDv

107 107 107 107t
sin” (26,,)

(Brosset al.)
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A Resource —

Light Sterile Neutrinos: A W

-




Conclusion

There isintriguing physics
for vSTORM to explore.




