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SM works perfectly & Higgs seems to be there
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- mass range was shrinking...

... and is now rather precisely known
- no signs for anything else
=» just the SM?

- It’s a well defined QFT
- just like QED, QCD, ...
-> 18+1 parameters = experimental input
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-> tests by over-constraining (S,T,U, running o’s, ...)
=> per se no hierarchy problem! €-> embedding QFT self-consistency =
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Triviality and Vacuum Stability
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126 GeV is here!
> 4 )\.(Mpl)=0
- just SM???

Holthausen, ML, Lim
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126 GeV <my <174 GeV

SM does not exist w/o embedding
- U(1) copling , Higgs self-coupling

triviality

allowed

vacuum stavility

A

In(p)

= RGE arguments seem to work
= we need some embedding

- hierarchy problem?
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The SM works perfectly but it must be extended....

 Many theoretical reasons for BSM physics:
- Flavour problem ... €-> maybe insights via neutrinos
- Hierarchy problem

- only a problem once the SM is embedded... 2 GUTs, ...
- separation of two scalar scales: SM Higgs and some other scalar at A
- Planck scale physics = new concepts, spin 2, no new scalars?
=» no 2" scalar for direct embeddings at the Planck scale?
=» SM boundary conditions that point to A;,,.,. = vacuum stability line!

 Experimental facts:

- SM cannot explain Baryon Asymmetry of the Universe
- BUT: neutrino masses require SM extension = SM+=>»
- leptogenesis = one of the best BAU explanations

- Dark Matter

- some extra particle is required which is DM
- particles connected to the hierarchy problem, strong CP, ... = neutrinos

- Neutrino Masses and maybe evidences for sterile neutrinos
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New Physics: Neutrino Mass Terms

_ Field SUB)c | SUQ2)L | Uy
SM ~m¢LR = (2,1) Lo= ( Z ) 3 2 1/3
- new fields T 3 1 4/3
. T 3 1 -2/3
= Simplest possibility: —— /
. . L = v 1 2 -1
add 3 right handed neutrino fields - gTi ) : : :
r, 1701
Te 1 1 -2
VL 8N VR Y v
R R
: B | S— = (17 - ) 0 my\(v§
. - L R
X Majorana m, Mz )\v,
<p>=v Y.
like quarks and charged New ingredients: 6x6 block mass matrix
leptons =» Dirac mass terms 1) Majorana mass (explicit) block diagonalization
(including NMS mixing) 2) lepton number violation My, heavy = 3 light v’s

NEW ingredients, 9 parameters = SM+ and sea-saw
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Suggestive Seesaw Features

QFT: natural value of mass operators €=» scale of symmetry

my, ~ electro-weak scale
Mg, ~ L violation scale €?=» embedding (GUTs, ...)

atmospheric

atmospheric

? > EW scale

See-saw (type 1) | 1 | / 1
H\\A\Q/ m,~myMym,! m, =M,

! !

For my~ (Am?,, )%, m,~ leptons = M,~ 10" - 10'°GeV
=>v’s are Majorana particles , m, probes ~ GUT scale physics!
=> smallness of m, €=» high scale of I/, symmetries of my ,Mg

Numerical hints:

M. Lindner, MPIK First Results from the LHC, Bad Honnef, Dec. 9-12, 2012



The Neutrino Spectrum

The standard picture:

3 heavy sterile neutrinos typ. > 1013 GeV é

=» leptogenesis, role in GUTs, ...

Some mechanism which makes

1, 2, ... heavy states light?

=» light sterile neutrino(s)

=» tiny heavy-light mixing expected
0% < O(m,/m,)

3 light active neutrinos
=> this cold easily be Wrm

- more than 3 N, states, ...
- M may have special eigenvalues, ...
=» light sterile neutrinos ?!
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Evidences for Light Sterile Neutrinos

Particle Physics:

Reactor anomaly, LSND, MiniBooNE, MINOS, Gallex...

= New and better data / experiments are needed to clarify the situation
= maybe something exciting around the corner?

= would hint at eV scale and sizable percentage type mixings

CMB: Extra eV-ish neutrinos possible J. Hamann etal. , ...

BBN: Extra v’s possible: N, ~ 3.7 + 1
E. Aver, K. Olive, E. Skillman (2010), Y. Izotov, T. Thuan(2010)

Astrophysics: keV-ish sterile neutrinos could exp,ain pulsar Kicks

Kusenko, Segre, Mocioiu, Pascoli, Fuller et al., Biermann & Kusenko, Stasielak et
al., Loewenstein et al., Dodelson, Widrow, Dolgoyv, ...

My believe: Most likely not all of them are correct
=» but any one has far reaching consequences!
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New reactor fluxes and global reactor data: Mention et al.

10
Distance to Reactor (m)

0,; can reduce flux at L >1 km, but not at shorter baselines
Sterile neutrino with Am? ~ eV can nicely account for reduction
= 3+1 fits ; all evidences for eV scale = 3+2, ...

See e.g. T. Schwetz at NEUTRINO 2012

=» will be tested by new experiments (e.g. NUCIFER @ few meters)
[ Eiwamen P SRR Semnan Fen 2013 e



Rate only analysis Rate + Shape (Bugey 3) analysis
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Could Neutrinos be Dark Matter?

* Active neutrinos would be perfect Hot Dark Matter = ruled out:
- destroys small scale structures in cosmological evolution
- measured neutrino masses too small > maybe HDM component

* keV sterile neutrinos: Warm Dark Matter =» workes very well:

=> relativistic at decoupling

=>» non-relativistic at radiation to matter dominance transition

* OK for My ~ few keV with very tiny mixing

* reduced small scale structure =» smoother profile, less dwarf satellites
=» scenario where one sterile neutrino is keV-ish, the others heavy

=>» tiny active — sterile mixings O(m,/My)

Note: Right-handed neutrinos exist probably anyway — just make one light!

Asaka, Blanchet, Shaposhnikov, Asaka, Shaposhnikov; Kusenko, Segre, Mocioiu,
Pascoli, Fuller et al., Biermann & Kusenko, Stasielak et al., Loewenstein et al.,
Dodelson, Widrow, Dolgov, ... Bezrukov, Hettmannsperger, ML
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E. Akhmedov, A. Kartavtsev, ML, L. Michaels and J. Smirnov
arXiv 1302.1872

Let’s assume that TeV-scale sterile neutrinos exist.
- what are the limits?

- do they improve things or make them worse?

=» improvements of over-all fits!



Simplest Extension of the SM
- Add 3 right-handed neutrinos (Majorana fields) N; = N/

- This can solve experimentally required facts :
- small neutrino masses via type I see-saw
- baryon asymmetry of the Universe via leptogenesis
- ¢V-1sh sterile neutrinos (reactor anomaly)
- keV sterile neutrinos (dark matter)
- Explaining the sterile spectrum ...???
- Study eftects of sterile neutrinos with any mass =» TeV
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N=3 sterile Neutrinos

6x6 mixing matrix:

sterile neutrinos v, 5, = % %
spectrum ??? U = W V

(3 x 3) PMNS matrix %
1s not exactly unitary

- deviations

€a = Zi>4|Uaz"2

Global fits of active neutrino data €e — €, = 0.0022 £ 0.0025

usually assume 3x3 unitarity! €, — € = 0.0017 £ 0.0038

—> unconstraint fits ~ up to 4% B
changes Antusch et al. €c — €, = 0.0039 = 0.0040

aaaaa pheric
~3x107e V2

2
mlL
) solar~5x10-eV?
mL
? ?

active neutrinos v, 5 .

M. Lindner, MPIK SHEP Seminar, Feb. 8, 2013 15



Consequences of sterile Neutrinos

* Shifts in active neutrino parameters in global analyses
* L-violating admixture in light v¢s 2 0vf Beta Decay

@)
b /V - \\?//
Beta “ o l»—.—
particle ¢ \ 2
(electron) X X X [{(Mee) | > mUg|
S

ir——.—

e
V /z\\
o "’

Majorana v =» 0v2f decay

« Effective mass including all states:
[(mee)| |32, UZims — 32250 F(A, Mi)UZim|
F(A, m;) = (ma/mz’)2 f(A)

f(A) depends on the decaying 1sotope
today [(mee)| < 0.4 €V = will improve in next years!

M. Lindner, MPIK SHEP Seminar, Feb. 8, 2013



 Additional interactions of W and Z:

-%nt I‘Z?’,-;fl Ea—e,p,, VZUT Y PLUO‘J Vj

2c'wa

N \/§3w

—> L-violating processes

3+n
i=1 VzUza'YuPLea + h.C. :

a=e,n,T

e.g. production of heavy
neutrino at LHC as
intermediate state

-> after upgrade to 14TeV
with 100 fb-! expected limit

| Z,;1U§,; m; | ~ 6.5-1073 TeV~! sensitivity to 800 GeV
sterile neutrinos!



* L-violating decays;
e.g.: > ey

P(p—ey) 3o
I'(p— evv) 327

—2ZU mg( 3/MI%V)

" 1-a)da
0@) = | Gy 20— a)2 - a) +a(l + )]

BR(p — ey) =

13, |

> | 6, =231 UL Ui [g (m3/MF,) - 5/3]

MEG bound: BR(p" — ety) <2.4-107"2



* Non-unitarity in neutrino oscillations
- zero distance effec in addtion to oscillations

0ap (1 — 2€4) + €n€p
(1—€a)(1 —€p)

- not easy to detect €-> normalization
- note that this cannot explain the reactor anomaly!

Pag(L =0) =

M. Lindner, MPIK SHEP Seminar, Feb. 8, 2013
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* Electro-weak precision observables
- tree level mixing and loop effects (S,T,U)
-> may explain some “deviations’
- fix SM definition - predict other observables

EWPO Theory (Standard Model) |[Experiment
[lept (MeV)|84.005 = 0.015 83.984 + 0.086
Cinv/Tiept  [5.9721 = 0.0002 5.942 + 0.016
sin® Ow 0.23150 = 0.0001 0.2324 £+ 0.0012
gr 0.3040 = 0.0002 0.3026 + 0.0012
gz 0.0300 = 0.0002 0.0303 £+ 0.0010
Mw (GeV) |80.359 = 0.011 80.385 £+ 0.015

e Z-width very precisely known ~ 20 too low
* NuTeV anomaly
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e Sterile neutrinos lead to modifcations

-> may explain some “deviations’

1—‘inv/ [Finv]SM — %Za(l — ea)z

CC and NC scatering €-> mixing

USC — 04 SM(]' o Ga)
agc = UE%M(l — fa)2

definition of G ;:
G, =G (1—€,)(1 —e)
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Corrections due to
heavy sterile v’s:

- Both tree level (¢’s)
and loop (S,T,U)
effects

- U is tiny
- identical

or almost identical
parameter combinations

—> cancellations

- some observables
don’t change

- some do €~ data

M. Lindner, MPIK

Flept
[Flept] SM

Pinv / Flept

=1+ 0.6 (ec + €, +0.0145T)

—0.0021 5,

[Finv/rlept] SM

sin? glept

=1—0.67(ec + €, +€r)

+0.0021 S — 0.0015 7,

[Sin2 Hiﬁpt]

SM
+ 0.0016 S,
2
IL_ _1404le —059¢,
[gL]SM
—0.0090 S + 0.00227T",
9%
=1—14¢€.—2.4¢
[9%2]SM g

+0.031.S — 0.0067 T,

My
[Mw]gm

=1+4+0.11¢.+0.11¢,

—0.0036 .S + 0.0056 T'+ 0.0042 U
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 Details...

1
2 M %

Stot = SN + Ssm = —

X [Z?,-;-:l Zaﬂ UIaUajU;ﬁUﬂi AQ(M%, m%: m2)
3

+ Zz?& Za,@ U;raUaj U;rﬁUﬁj m;m; ABy (M.2Z, m;? ; m2-)

+ ZamiBO(O? mfx’ mi) + EaQ(Mg? mc2x’

-2 Zam?xBO(M%’ mc2)n chx)] 3

Q(¢*,m3,m3) = (D — 2)Baa(q*, m3, m3)
+ ¢*[Bi(q*,m}, m3) + Ba1(q®, m3, m3)]

By, B1, B21 and Bag

are the he usual loop functions

M. Lindner, MPIK

1
~ Sms2 M2,
8ms2 M2,

X (X0 0s UlaUas Ul Ui Q(0,m7, m3)

+ Eszl Zaﬂ UIaUajU;:rﬁUﬂjmiijO (0, nga m?)
— 23 Y, UL, Uai Q(0,m?, m3)

+ 3 amaBo(0,md,m3)] (3

«

Tiot =Tn +Tsm =

J

J

ey

(20)

1

2m M2

X [ Y 0s Ul Uas Ul U AQ(MZ,m, m3)

+ 30121 0 Ul Uas Ul Ugjmim; ABy (M7, m?, m?)
+>°,maBo(0,m5,ms) — 3,Q(Mz,ms, m3)

— 23 ,mdBo(Mz,m2,md)
—2(Mz/Mw)*Y Ul Ui AQ(MF,, m?,m2)] . (21)

Utot = Un +Usm =
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Results of global Fits to all Data

 Assume Lagrangian including see-saw type I
< -> parameter relations

 All data: LFV, LHC, EWPO and active neutrinos
and consider 3 tyical mass spectra

sin? 615 = 0.30 + 0.013 , NH IH QD

sin? g = 0413957, mi(eV)| ~0  |485-107%|~0.1

sin® 63 = 0.023 & 0.0023, m2 (eV)|8.660 - 1073 (4.93 - 107 2|~ 0.1
_ +66

ocp =300 13, m3 (V)| 4.97-1072| ~0 [~0.1

e Quality of fit:

2 B (O; — O sm)?
XEWPO = Z (507:)2 (5Oz',SM)2
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NH, %2 for 4 d.o.1.
fit to all EWPOs

- overall y2/dof goes
from ~ 2 to ~1
for e+ ¢, ~107

1.5-10—3

10—3

€e+€”,

- sterile v’s improve fit 5-107*

x? (color coded)




NH, the lightest heavy
neutrino mass as function
of Y2and g+ ¢, +¢,

for 4dof

M. Lindner, MPIK

m; (TeV, color coded)

0 2:10—3 4-10~3
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NH, e t+¢g, +¢e asa
function of the lightest

heavy neutrino mass
for 4dof

M. Lindner, MPIK

€e + €4 + €+ (color coded)

m; (TeV)
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x2 (color coded)

1l p Y Y T T r..._l 7.5
IH, ' : :

T
=
5
e,
5 7
double beta decay =
and u-> ey limits ?
for 4dof 3 °
2 01k {H 65
= 0.1 :
= '
=
9
6
T
S
o
m0.01 . . Ll 55
0.1 1
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Agreement with data=0 + 1,2,3 o ; assumed scenario: NH
SM best fit 2 blue bars
best fit with steril n’s = green points
M, = 20.3 TeV, M, = 14.1 TeV, M, = 21.0 TeV,
£, =2.1-107,¢,=3.0-10° and ¢, =4.5-107
-3 -2 -1 0 1 2 3
Flept : s o
Finv / Pleptg : o g 1

sin Oy, s =

....................................................................................................................




Explaining keV-ish Sterile Neutrinos

Possible scenario: See-saw + a reason why 1 sterile v is light

m, } heavy sterile neutrinos typ. > 1013 GeV

=> extra dimensional physics = ‘split see-saw’
Kusenko, Takahashi, Yanagida,

",

<_____________________________

=» flavour symmetries explaining active neutrino
masses + charged leptons + quarks
-> consequences for heavy mass matrix

2 L-L,-L, DM<&- flavour problem
ML, Merle, Niro ; Merle, Niro,
Barry, Rodejohann, Zhang

one light sterile neutrino ~ keV = DM

\F light active neutrinos < eV
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Conclusions

Different indications / motivations for sterile neutrinos
= what about masses O(TeV)?

Interesting cancellations between tree and loop effects of heavy
sterile neutrinos

Heavy sterile neutrinos improve global fits to all data and reduces
tensions: deviation of Z-width, NuTeV, global

Mass range from a few hundred GeV to 100 TeV
O(10-%) mixings
Natural theoretical explanation of the spectrum required

-> eV and keV states might also be explained
- interesting possibilities / combinations
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