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Abstract: Recently, several neutrino physics has witnessed an accumulation of anomalous results. In the first part of this talk, we will disct
tension that the MINOS experiments has seen between oscillations of neutrinos and anti-neutrinos. We will show that, phenomenological
tension can be explained if neutrinos are hypothesized to have new interactions mediated by higher-dimensional operators, but we will als
that problems arise when one attempts to embed these operators into renormalizable models. In the second part of the talk, we will addres
results hinting at the existence of sterile neutrinos. We will present results from a global fit to worldwide neutrino oscillation data, and will -
that one sterile neutrino is not enough to reconcile all data sets, and that 5-neutrino models, while being in much better agreement with the d
have some tension.
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o The MINOS experiment and its results—a hint for CPT violation?
@ The MINOS experiments and (some of) its resulis
@ Explanation attempis

© MiniBooNE and the reactor anti-neutrino anomaly—sterile neutrinos?
@ The reactor anti-neutrino anomaly
@ LSND and MiniBooNE
@ The Gallium anomaly
@ Global fit
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Hinchcliffe’s theorem

“ “When a title is in the form of a question,
the answer is always NO."

see. however:

IS HINCHLIFFE’'S RULE TRUE?-
Boris Peon

Abstract

Hinchiliffe has asserted that whenever the title of a paper
is a question with a ves/no answer. the answer is always no.
This paper demonstrates that Hinchl:ffe's assertion is false.
but only if it is true.
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The MINOS experlment

Beam:
® v, (7,) from decay in flight of == (77)

@ Intrinsic backgrounds: wrong-sign v,,. ve
from =, K, u decays
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MINOS v, 7, disappearance data
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Image credii: MINOS collaboration. hiipy/www-numi_inal.gov/
This resuli first presenied by P Vahle at Neuirino 2010, see siso arXiv 104.0344
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MINQS oscillation fit

o MINOS fit Comparison to our fit
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This resui first presenied by B Vahle at Newiring 2010, see also arXivi1104.0344
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@ Two-flavor fits: P(v, — v,) = 1 — sin® 26 sin®

@ Separate fits for neutrinos and anti-neutrinas dtﬁer at 98% confidence
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MINOS v,, 7, disappearance data
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MINQOS oscillation fit

@ MINOS fit Comparison to our fit
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@ Two-flavor fits: P(v, — 1) = 1 — sin® 26 sin® &fgt

@ Separate fits for neutrinos and anti-neutrinos differ at 98% confidence
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Explanation attempts

M Low statistics?
v, sample is about 20 times smaller than », sample.
= Effect might go away with more statistics

@ Systematic effect?
| can only speculate ...
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MINQOS oscillation fit

MINOS fit Comparison to our fit
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Non-standard matter effects in the y—r sector

® Amis = [(Am3yc08 2003 + (6. — €, )A)? + |AmB, Sin 2003 + 26, Al?]
sin® 26, = |AnB, sin 2605 — 26, A%/ Amf; .
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MINQOS oscillation fit
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@ Separate fits for neutrinos and anti-neutrinos differ at 98% confidence
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Explanation attempts

¥ @ Low statistics?
v, sample is about 20 times smaller than »,, sample.
— Effect might go away with more statistics

@ Systematic effect?
| can only speculate ...
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MINQS oscillation fit
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Explanation attempts

e

@ Low statistics?
7, sample is about 20 times smaller than », sample.
— Effect might go away with more statistics

@ Systematic effect?
| can only speculate ...
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CPT violation?

Why not just CP violation?
® 1, — v, Is a l-invariant process
@ By virtue of CPT. it must conserve CP.
@ Note: CP violation in interactions is a possibility—see later

Phenomenological parameterizations

@ Assume mixing mairices for  and 77 to be completely independent and
perform global fit
Barenboim Lykken arXv-0908.2953
@ Introduce Lorentz- and CPT-violating operators like A, v~

(with A,, a constant 4-vector)

Dighe Hay arXw-0802 0121
Diaz Kosielecky arXn-1012 5085
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Why not just CP violation?
® v, — v, Is a l-invariant process
@ By virtue of CPT. it must conserve CP.
@ Note: CP violation in interactions is a possibility—see later

Phenomenological parameterizations

@ Assume mixing mairices for » and 77 to be completely independent and
perform global fit
Barenboim L ykken arXiv-0908.2993
@ Infroduce Lorentz- and CPT-violating operators like A, v~

(with A,, a constant 4-vector)

Dighe Bay arXw-0802 0121
Diaz Kosielecky arXwn-1012.5985
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A model of spontaneous CPT violation

Mulsohyama Park arXiv-1009.1251

@ Ghost condensation ((dge) = 0) on a distant brane in 5D.
= preferred frame

@ Right-handed neutrinos propagating in the bulk couple to 9,0 and to 1.

@ Afier ghost-condensation, Loreniz-violating neutrino mass terms are
generated.
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Effective CPT violation: Neuirino matter effects

In the Standard Modeil:

Loz~ —2V2GE [é"-#PJ_I!e] [ﬁe YL e]
~ —2V2Ge[ev*Pre] [Fevu PLve)
In ordinary matter
(&+"e) = ne eve) ~ (V) =0
(ev?+°€e) ~ (FePe/Ee) =0 (e5+°e) ~ (Fe) =0
Potential felt by electron neutrinos in ordinary matier:
V = V2Ggn,

Sign changes for v, — 7,
= Effective CPT viclation due to CPT-asymmeiric background matter

In the SM, these effects are far too small to explain MINOS v, disappearance
data.since they are suppressed by #13, Am3, /AmZ, ——




Non-standard matter effects

Many previous works on NSI in MINOS, but mostly focussing on the
v, — Ve @appearance channel.

Friedland Lunardini

Two modes of searching for new neuirino interactions at MINOS
hep-ph/0606101

Kitazawa Sugiyama Yasuda
Will MINOS see new physics?
hep-ph/0606013

Blennow Ohlsson Skrotzki

Effecis on non-standard interactions in the MINOS experiment
hep-ph/0702059
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Effective CPT violation: Neuirino matter effecis
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Effective CPT violation: Neuirino matter effecis

In the Standard Model:

Z:Eﬁ [ —2\*"{.56;: [é‘ﬂ#PI_I!E] [ﬁef.“ P;_ 6‘]
~ —2V2Ge[ev* Pre| [Fevu Pive]

In ordinary matter

(&+%e) = n, eve) ~ (V) =0

é""-oﬁ 58) P <Eeﬁelf" Ee; — 0 ':f_ é’_"*SC-:‘} e aI"?En — O
Potential felt by eleciron neutrinos in ordinary matier:
V =V 2GF”E

Sign changes for v, — 7,
= Effective CPT viclation due to CPT-asymmeiric background matter

In the SM, these effects are far too small to explain MINOS »,, disappearance
data.since they are suppressed by #43, Ams, /Am3, coge e




Non-standard matter effects

Many previous works on NSI in MINOS, but mositly focussing on the
v, — Ve @appearance channel.

Friedland Lunardini

Two modes of searching for new neuirino interactions at MINOS
hep-ph/0606101

Kitazawa Sugiyama Yasuda
Will MINOS see new physics?
hep-ph/0606013

Blennow Ohlsson Skrotzki
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Non-standard matter effects

Consider a neutral current (NC) non-standard interaction (NSI) of the form

ENSI ~ —2 M"':EGFEL:} U* H f] [I_f,l T P,'_.'.{_:;] f=e. T,

leading to off-diagonal (flavor-violating) and/or non-universal maiter potential.
In the flavor basis,

1 +¢cce €eu Cor

V — ZGFnEI 'L;u '.:.'__'_;.i "‘T-I’_!T =
"-.-.u._ "T_k.,._ F——
= L '

The oscillation probability is

P( Vey — ,1[,-’.3) — ‘I,Ijle—fo v,

¥ /

}2. i 1

Fari- U - U V- -V
= Effective CPT violation
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Non-standard matter effects in the u—r sector

Amis

sin® 26.

Am3, sin 2653 + 2¢,,- A2/ Amy; .

(with A = A = 2\/2Grn.E)
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Non-standard matter effects

Consider a neutral current (NC) non-standard interaction (NSI) of the form

i:NSI ~ —2 \,-":EGFrFLJ Lf" p’f] [I_f,l ‘*_.pP;_U;ﬂ f=e. Py T

leading to off-diagonal (flavor-violating) and/or non-universal matter potential.
In the flavor basis,

The oscillation probability is

0
P(va — vs) = |(wsle ™) [?. H= 1y Amz, R
An,

Farv- U —- U V- -V
= Effective CPT violation
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Non-standard matter effects in the y—r sector

sin” 26, = |AnB, sin 26,5 — 2¢,. A2/ Am}; .

AmZg = [(Am3,c08 2003 + (- — €, )A)* + |AmBy Sin 2603 + 2¢,,- A7

(with A = A = 2/2Grn.E)

-~ T T | T T =
29T MINOS ]
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= P
E = 15,
10F
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Non-standard matiter effects

Consider a neutral current (NC) non-standard interaction (NSI) of the form

Lnst ~ —2V2Gge! ;5[] [FayuPrLvs] F=em7,

leading to off-diagonal (flavor-violating) and/or non-universal matter potential.
In the flavor basis,

The oscillation probability is

—IiHE )

l.’

P(va — vg) = |(vgle T e

Fari- U U V- -V
= Effective CPT violation
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Non-standard matter effects in the y—r sector

A =

sSiN“ 20

(with A = A = 2/2Grn.E)

[(Am3, cos 26003 + (e — ¢,

1 )A)® + |AmE, sin 2005 + 26, A7

Am3, sin26s3 +— 26, A2/ Amy; .

Events / CieV
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Non-standard matter effects in the y—r sector (2)

A ) (e )

Eﬂ‘:;
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@ < = 0.1 required (almost as strong as SM

weak interactions)

@ Consistent with constraints on -, - from
CHARM (»,e — re) and NuleV (»,q — »q)
@ Consistent with constraints on - from I‘ﬁ_

@ Disfavored by atmospheric neutrinos
(These are 2-flavor limits. may not be robust)

@ Model-dependent constraints: See later

il edn

M
w

Al

10*

Similar anaiysis periormed by
Mann Cherdack Musial Kaflia
arXwi1006.5720

Note: We included only
the low-energy part of the

MINQOS spectrum.
As shown in 1103.4365

| the high-E part is important

and makes the fit worse.
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Non-standard matiter effects

Consider a neutral current (NC) non-standard interaction (NSI) of the form

Lnsp ~ —2 M:EGFELJ {f" ‘“f] [ﬁﬂ Y Pf_!ﬁj} e pu,T1,

leading to off-diagonal (flavor-violating) and/or non-universal matter potential.
In the flavor basis,

- ‘T i = Ceg ‘:-‘:—,:,.r_: Cer
V ==\ 2(3_.-’?”,-3 EEII_J =7 I '.':_:_{T .
for €ur ErT

The oscillation probability is

—Hr),

¥ )

1
ID(J.'-',;,L —3 .’.-*'_j) == ‘:’_;rjie ‘2_ =

Fori- U - U .V - -V
— Effective CPT violation
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Non-standard matter effects in the y—r sector (2)

oL e ] @ < =~ 0.1 required (almost as strong as SM
: ' weak interactions)
e @ Consistent with constraints on <, - from
s == CHARM (v,e — re) and NuleV (v,q — ~q)
S e Svwey
- s @ Consistent with constraints on -~ from [‘-Lﬂzf.
— e L F- 5 . y
svcr S @ Disfavored by atimospheric neutrinos
_ 3 (These are 2-flavor limits. may not be robust)
s = o |
I i 1 @ Model-dependent constraints: See later
360 360r
: i Similar analysis performed by
308+ 3001 Mann Cherdack Musial Kaika
C arXn-1006.5720
& ; 210f
—;—':*L 150 NH ;J Iﬁli Note: We included only
= | il the low-energy part of the
= 1ot = 1ok MINQOS spectrum.
; ; As shown in 1103.4365
sof soL i the high-E part is important
: . i and makes the fit worse.
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A new long-range force?

Heock Hodejohann arXn1007.2655
D=oudia=i | cc Marcano arXiv-i 102.5352

@ Averylight L, — L. or B— L. — 2L, gauge boson Z’
(mz <10~ eV ~ 1 au.™)

@ Very weak couplings (o < 1029

@ Mixing with the SM Z

B T ) Tt U

£, _ifrf n E.D.TL
® v, . - feel potential generated by the Sun (contribution from the Earth is
~ 3 times smaller)

@ Since the Sun contains no anti-matter. and since » and 7 have opposite
L,—L,and B— L. — 2L, charges), this leads to effective CPT violation.

@upfsenomenologically equivalentto <, ., <-. page 41/96



A CP-violating charged current interaction?

@ Remeber: v, — v, is CP-invariant
@ Bui: =( source) —777 — u( detector) does not have o be.
@ [wo possibilities
» Madified v, flux at far detector, but not at near detector.
v~ contamination in the NuMI beam?

= Ruled out by NOMAD.
» A new interaction of the form

=N — X — .

e.g.
Lxst O —2V2Grel, Vg [077d] [7v,Pu-] + hec.

@ If the new interaction is vecior-like, it will not coniribute to = — ur—. which
is constrained by NOMAD.
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Non-standard matter effects in the y—r sector (2)
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@ < = 0.1 required (almost as strong as SM

Al ideproes)

weak interactions)

Consistent with constraints on .- from
CHARM (v,e — re) and NuleV (v,q — ~q)
Consistent with constraints on - from l‘-ﬁ.

Disfavored by aimospheric neuirinos
(These are 2-flavor limits. may not be robust)

Model-dependent constraints: See later

10t

Simuiar analysis periormed by
Mann Cherdack Musial Kaflka
arxXn-1006.5720

Note: We included only
the low-enerqy part of the

MINQOS spectrum.
As shown in 1103.4365

| the high-E part is important

and makes the fit worse.
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A CP-violating charged current interaction?

@ Remeber: v, — », is CP-invariant

@ Bui: =( source) —77? — u( detector) does not have to be.
@ [wo possibilities
» Madified v, flux at far detector, but not at near detector.
v~ contamination in the NuMI| beam?

= Ruled out by NOMAD.
» A new interaction of the form

vr+N—X+p.
e
Lxst D —2V2Gre2, Vg [0 d] [i~, Prv-] + h.c.

@ If the new interaction is vecior-like, it will not coniribute to = — ur-. which
is constrained by NOMAD.
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Non-standard matter effects in the y—r sector (2)
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@ < 2 0.1 required (almost as strong as SM
weak interactions)

@ Consistent with consirainis on <, - from
CHARM (v,e — re) and NuleV (v,q — vq)
@ Consisient with constraints on «-- from l‘-ﬁ.

@ Disfavored by aimospheric neutrinos
(These are 2-flavor limits. may not be robust)

@ Model-dependent constraints: See later

360
Similar analysis performed by
300 Mann Cherdzck Musial Kafka
B arAw—i 006.5720
= -i-ﬂ;
= isof Note: We included only
= > the low-energy part of the
< 1of MINOS spectrum.
F : As shown in 1103.4365
s0E 1 the high-E& part is important
F ! and makes the it worse.
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A CP-violating charged current interaction?

@ Remeber: v, — v, is CP-invariant
@ Bui: =( source) —77? — u( detector) does not have to be.
@ [wo possibilities
» Madified v, flux at far detector, but not at near detector.
v~ contamination in the NuMI beam?

= Ruled out by NOMAD.
» A new interaction of the form

et N X i,

e.g.
Lxst O —2V2Grel, Vi [077d] [7, Pv-] + hec.

@ If the new interaction is vecior-like, it will not coniribute to = — u-—. which
is constrained by NOMAD.
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A CP-violating charged current interaction? (2)

| MINOS T

—— 0 psciiisnions

— CC NSIDest i

¥ G0E = IS 0/15 1
yof - T NSI best 55 g

Yoo dof =12 6/14

— e Sigmdand besi 5T

Hvents / GeV
Evenis [ GeVY

Enerey (GeV
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A CP-violating charged current interaction? (3)

@ « > 0.1 required (almost as
strong as SM weak interactions)

@ Consistent with
model-independent constraint
from - — 1 — hadrons

360,

| (degrees)

ol
il

Argle

A
|
=

(Model-independent = consider
only log-divergent part)

@ Hard to embed in a
renormalizable model
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Non-standard interactions from heavy new physics

Aim: Relate NSI operators to renormalizable model

@ SU(2) invariant operators for neutrino NSl are usually accompanied by
charged lepton NSI. which are heavily constrained.
(Exception: NC [, [[ff] couplings)

see e g. Aniusch Baumann Femandez Martinez arXne-0807.1003
Gavela Hernandez Ots Winter arXiv:0809.3451

@ One way out: Dimension 8 operators, e.g. [ES,~?L,][[°~,E?]

| 4




A CP-violating charged current interaction? (3)

@ « > 0.1 required (almost as
strong as SM weak interactions)

@ Consistent with
model-independent constraint
from - — 1 — hadrons

(Model-independent = consider
only log-divergent part)

@ Hard to embed in a
renormalizable model
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A CP-violating charged current interaction?

@ Remeber: v, — v, is CP-invariant

@ Bui: =( source) —777 — u( detector) does not have to be.
@ [wo possibilities
» Madified v, flux at far detector, but not at near detector.
v~ contamination in the NuMI| beam?

= Ruled out by NOMAD.
» A new inieraction of the form

vt N X g,

=15 o
Lxst O —2V2Grel, Vi [07°d] [77,Pv-] + hc.

@ If the new interaction is vecior-like, it will not coniribute to = — ur—. which
is constrained by NOMAD.
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A CP-violating charged current interaction? (2)

| MINOS =
e Ny pscziiznions i

3551 best 56

— O NS Dest BT
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e e Standard best 5
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Hvents / GeV

Eneroy (GeV
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A CP-violating charged current interaction?

@ Remeber: v, — v, is CP-invariant
@ Bui: =( source) —777 — u( detector) does not have to be.
@ [wo possibilities
» Modified v, flux at far detector, but not at near detector.
v~ contamination in the NuMI beam?

= Ruled out by NOMAD.
» A new interaction of the form

vy +N— X+ p.
e.g.
Lust O —2V2Gre2, Vg [t d] [77, Prv-] + h.c.

@ If the new interaction is vecior-like, it will not coniribute to = — ur—-. which
is constrained by NOMAD.
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A CP-violating charged current interaction? (2)

Hvents / GeV

T vmos 0
—— 0 psoiiizTions
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. 35T ST Dest T
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A CP-violating charged current interaction? (3)

@ « 2 0.1 required (almost as
strong as SM weak interactions)

@ Consistent with
model-independent constraint
from - — i +— hadrons

| (degrees)

f
i

Arg(e

(Model-independent = consider
only log-divergent part)

@ Hard to embed in a
renormalizable model
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Non-standard interactions from heavy new physics

Aim: Relate NSI operators to renormalizable model

@ SU(2) invariant operators for neutrino NSI are usually accompanied by
charged lepton NSI, which are heavily constrained.
(Exception: NC [~ [[ff] couplings)

s=o 2 g. Anfusch Baumann Fermnandez-Martinez arXw0807.1003
Gawvela Hernandez Ota Winter arXiv:0809.3451

@ One way out: Dimension 8 operators, e.g. [ES,~+*L,][L?~,E°’]

| 4

Pirsa: 11050065._

Requires new mediaiors
Requires cancellation between couplings to avoid large dim-6 effect® ™



Non-standard interactions from light new physics

@ Many constraints on NSI come from high-energy (= O(GeV)) processes.

@ On the other hand, assume new mediator(s) with very small masses m

and with extremely weak coupling g
Neison Waish arXv-:G71 1 _1363; Engeihardi Neison Walsh arXn-i1002 4450

» high-energy cross sections/rates suppressed by g*
» Coherent forward scattering (g° = 0) only suppressed by
(g° sin® B,/ €*) (Mg, / m*) compared to SM weak interactions

» ...can be relatively large .
10~ 107! 1

@ Light new physics also motivated 102 =33 e 1072
by Dark Matter 106> 5 . I
(Sommerfeld enhancement) 10~ 8 10-*

@ ...and can potentially explain 103 10-3
DAMA, CoGeNT, CRESST signals ;5 L ¥ ey
Bospelov 1103.3261. Hamik JK Machado. in progress (ASK ME]) 10_7 L i 10_7

1075 &N 2l e
107 1077

e ; - |
107~ 10 1
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Non-standard interactions from light new physics

@ Many constraints on NSI come from high-energy (= O(GeV)) processes.

@ On the other hand, assume new mediator(s) with very small masses m

and with extremely weak coupling g
Neison Walsh arXnv-0711 1363; Engelhardt Nelson Walsh arXn-i002 4457

» high-energy cross sections/rates suppressed by g*
» Coherent forward Ecartering (g° = 0) only suppressed by
gz sin® 6,/ €%) (Mg, / m*) compared to SM weak interactions

» _..canbe rr==|¢;1uw;‘1yr large )
= 1[}_ l

2 Light new physics also motivated 10 e P 102
by Dark Matter 10° == GS) 1073
(Sommerfeld enhancement) 101 104

@ ...and can potentially explain 1073 10°3
DAMA, CoGeNT, CRESST signals ~ * ;4 . s
Bospedov 1103.3261. Harmik JK Machado. in progress (ASK MEY) 10_7 L . 10_7

1078 AN -1078
1077 - 1077

10> 107! 1
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Qutline

© MiniBooNE and the reactor anti-neutrino anomaly—sterile neutrinos?
@ The reactor anti-neutrino anomaly
@ LSND and MiniBooNE
@ The Gallium anomaly
@ Global fit
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The reactor anti-neutrino anomaly

@ Recent reevaluation of expected reactor 77, flux is ~ 3.5% higher than
previous prediCtion uusser et ai anv:1101.2663 vs. Schreckenbach 1985

@ Method: Use measured 3-spectra from 238U, 2°U, 2*'Pu fission at ILL
and convert to 7, spectrum

@ Problem: Requires knowledge of Q-values for all contributing decays.

Old method scirecientach 1085 New method wuetiererai asiv-1101.2663

30 effeciive branches Uses nuclear daiabases (90% of 7, flux)
5 effeciive branches (remaining 10%)
Error propagation, correlation matrix

Off-equilibrium corrections
(short irradiation time at ILL — not all F-branches
in equilibrium

@ Cross check:
» Simulate “true” e~ spectra using set of few well-known 3F-branches
(— D= spectrum known)
» Reconstruct 7. spectrum using old method: Result is 3% oo low

Page 60/96



The reactor anti-neutrino anomaly (2)

@ Have shori-baseline reactor experimenis observed a deficit?
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Global fit to reactor anti-neuirino data

Pirsa: 11050065

10"
S
o
s 10
<
=]
10

II]]I||| 1 [ S

90%. 99% CL (2 dof)

I !I]I]Il

curves: old fluxes

colors: new fluxes —

& i

10~

)

Page 62/96



The reactor anti-neutrino anomaly (2)

@ Have shori-baseline reactor experimenis observed a deficit?
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Global fit to reactor anti-neuirino data

i i EE FER | 1 [} 1 1 1 TSR

B 90% . 995 CL (2 def) I

10' = =

ﬁ.} j
53

-'"|_\_': l{:}u :_ _:.

< B :

, curves: old fluxes
10 & colors: new fluxes —
- | R A A I| L1 : 1 o 3 g ||:
10~ 10 10
sin 28
=

Pirsa: 11050065 Page 64/96



The reactor anti-neutrino anomaly (2)

@ Have shori-baseline reacior experimenis observed a deficit?
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Global fit to reactor anti-neuirino daia
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The reactor anti-neutrino anomaly (2)

@ Have shori-baseline reactor experimentis observed a deficit?
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Global fit to reactor anti-neuirino data

Pirsa: 11050065
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LSND, KARMEN, MiniBooNE
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» i’z appearance in 7, beam from
stopped pion source

@ MiniBooNE:

» i’e @appearance in accelerated 77, beam

» No ». appearance in interesting energy
region — CP violation?
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SBL appearance vs. disappearance experiments

@ Short baseline: Standard oscillations ineffective (Am? too small)
@ Add exira (sterile) neutrino
@ Fit shows: Simple 2-flavor scheme does not work well (no CP viclation)

1 Y | | i | 1 | | 1 FT0 X |
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S e
s 10F b ISND-MBV 7
< E H 90. 99% CL
-~ disappearance .
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