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STANDARD MODEL

Lsm = Lqep+ewp + Ln
SU(3)e x SU(2)r x U(l)y — SU3)e x U(1)em
SM has achieved tremendous success in reproducing accelerator phenomena

discovering the origin and structure of EH is only at its begining
SM has failed facing the evidence of dark matter

® electroweak scale
Higgs potential

VH = )\(HTH — ?}/2)2

unnaturally small

v =246 GeV &~ 107" Mppanae  Mw,z.n(me) oc v
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STANDARD MODEL

® neutrino masses (oscillations) ® QCD theta parameter

Dirac neutrinos CP violation in QCD
d = dp+dgp
u = up+ur - — IV
e e L, =—vm,v Lo =0GE"G e
v = VL + VR
unnaturally small unnaturally small

b-spectrum endpoint, = _ electric dipole
¢ ' 0 <1010

—11
my, < 107770 gaph, cosmology moment of neutron
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weighing

NEUTRINOS
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NEUTRING OSCILLATIONS

flavor basis tells us how do neutrinos interact
mass basis tells us how do neutrinos propagate
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Oscillation probabilities for an initial electron neutrino
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NEUTRING OSCILLATIONS

m? m2
IAm?| = (2.5 £ 0.3) x 107 %eV? -,
Am?2 = (8.0 £0.3) x 10 "eV? i e—

atmospheric
~2x107%eV?

atmospheric
0.80.5 02 1 02 ml ~2x10-3eV2
Unns~ | 0.4 0.6 0.7 Vo~ | 02 1 oot = solar~7x10-e V2
my=—-
040.60.7 oo 001 1 :

0 0
Normal Inverted
® matter effects:
Z, w350
7 Param. E E —  expected number l.\1_'.hl:-J'. oscillations
. Akhmedov Q300 F 4 e nimie o o o
03 uu: 25[} :_
1 g I
02; 7 . E znﬂ :_
] Mikheyev E150F
- ~ Smirnov =4 3
017 =i \Wolfenstein 100 &
] S50F
ON....A....G....é...._lb..]z 3] TIPS I B
E (G=V) '1 'G.S {U'Sﬂfﬂ ﬂ.S 1
..i
what is the actual value of neutrino masses ? Jpward going — qoing
travel kength =1 3000km travel kength ~20km
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=ity {COUN rage, arbitrary units)

DIRAC NEUTRINOS

It is natural to complete the lepton right-handed doublet.

_ H+ . vy, R
ne()e=() 3

L, = —y,,E_LHVR + h.c.
D) —y,,DLHOyR + h.c.

770 (HY) =
I X 2
| HY > ! h | v
v+
T/L/,/l\\VR \/§ I/N
" KATRIN L, o —L(v+h)ovp+he
\/ﬁ( ) L¥YR
st D) —mVDLI/R + h.C. — _ﬂmyy
v = Vv +UVp

m, < 10~y

Upper limits of cca 0.2 eV comes from various
(non)observations
(beta-decay-spectrum endpoint, Onbb, cosmology).
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SEESAW MECHANISM

@ New physics beyond Standard Model enters effective lagrangian by
operators of dim>4 suppressed by its energy scale.

AN /I_IU
s} GV nC TT* r — \\ //
LD = Lo — “L (O H)(H L) + hie. + O(AT) v 3

The Weinberg operator is the only one of dim=5 allowed by gauge symmetries in SM.
It violates the lepton number.
It generates neutrino masses suppressed by the ratio v/A .

. (H°) (1)
G . v =vr+vy X X
Ve v v s \\ //
L, = _T(VLE)(\/_?VL) + h.c. = _mey v+ h.c. VL‘/O\<L
m,, ~ 01 eV G}/ ~ 1
. * v &~ 246 GeV
m, =~ G,/UK ~ A

e B A~ 10" GeV
—%ls )

@ Seesaw mechanism provides Majorana neutrinos which can be
made light naturally by large enough A.
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NEUTRINOLESS DOUBLE BETA DECAY

@ Majorana nature of neutrinos and lepton number violation allows
rare neutrinoless double beta decay (Onbb,ECEC).

(A, Z) — (A, Z+2)+e +e”

kinematically allowed only for few nuclei

£ oo | 2vPp 0vBp
A=76 €004 |
) ooz |
As 0.010 —
G_e - B’ 0008 |
Bh Se 0.006 ;_
— 0004 £

=32 33 34 0.002

p B levns ber bovn b b 15 Lo Ll
250 500 750 1000 1250 1500 1750 2000
energy [keV]

48Ca, 76Ge, 82Se, %7r,10Mo, 116Cd, 128Te, 130Te, 150Nd, 238U
2nbb: Ty ~ (10" — 10%*)y
Onbb: T, > 10*°y

ATLAS-CZ-SK 2016, Zilina 2.6.2016



NEUTRINOLESS DOUBLE BETA DECAY

2
-1 |mg 2
Ov _ BA 4 |4 g0v Ov
(T7,) = gh |M |G
, m,
(mps| = |elaciz€ ™ my + 855Ciae M2 my + s1ams|

‘ HEIDELBERG-MOSCOW

GERDA-II / EXO-200
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NEUTRINOLESS DOUBLE BETA DECAY

@ The predicted values of half-lifes have big uncertainties mainly
from nuclear matrix elements.

Phase space factors - status 2013
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searching for

AXION(S)
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ANOMALOUS GLOBAL SYMMETRIES

® QCD in the chiral limit m, — 0

1 u
‘CQCD = lemq _ ZGI;:VGQ,MV 4=4qrt+qr = ( [:i)}nf

@ global symmetries
Gclass. = U(’n,f)L X U(nf)R unant. = SU(TLf)L X SU(nf)R X U(l)B

L R e
ql — el€a T, qL + elfa TGQR A qf — ela/dq

| L
@ axial symmetry is anomalous 0" =0

a3 = .
Gclass./unant. - U(]-)A (— a,u,JM — EGQLVGG,,UV +2m(jl’}/5q

¢ =€ g

@ global symmetries are spontaneously broken by chiral codensate

. R . L
(01 g |0) = (0| Grgr +h.c.[0) — (0]gre™ "= taqp + h.c.|0)
unant. — SU(nf)V X U(l)B ch =y =ep
é np=2: ot 2%, m.=0
770> My 7 0
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VACUUM OF GAUGE THEORY

@ usually vacuum is empty of fields
P =0
@ gauge fields have however redundant degrees of freedom,
which can make nontrivial vacuum field configuration

1
A, = _QHVQT_LI gauge transformation of A =0
9 classes of vacuum confi i -
gurations r—00  2rin.
(pure gauge fields) Q, r € ? ‘n>
o}
\9) = Z e_ing \n) gauge invariant vacuum
n=0

. L. due to the growth of QCD
@ ‘t Hooft - tunelling transition between two vacua  strengthat large distances

i , Alv # 0] ~ Aly = 0]
00 = S (Catntvin)-) = [ Al
v n paths

'\ what should be the action to
incorporate such transitions?

Q3 o~

9 Set = S + 9/ G”yGa,uu + ﬁeﬁ o 'C + 9 GMUGCLHV
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STRONG CP PROBLEM IN QCD

® CP violation has two sources in QCD

] GMDGGLMU QLiMijQRj + h.c.

vacuum structure quark mass matrix

@ quark mass matrix should be diagonalized by: ¢r — Urgr _ ot
part of which is axial symmetry U(1) 4 a1 = Uraqr =>» mq=U; MU

® due to anomaly, proper axial transformation is not that with 9,J% = = G“”Gau,yd—ef o, K"

but rather that with 8,,J ” ot (I + KH) =0
which has time-independent eventhough gauge dependent charge QA

@ the proper axial transformation changes vacuum (0
e 0) =10+ o)

eiaQA ag

3 G”VGG‘W mqq diagonal masses and 6 o1 a
T

61575/4 Y5
0— m(c]q + 19(]5 q) electric dipole moment of neutron

A <2x10"1 é dp ~ %6’_ ~5x10"%ecm  experiment: d®P < 107" ecm
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PECCEI-QUINN SOLUTION

© new symmetry U(1)pq with the same anomaly 0, Jpq GG

if Wigner-Weyl realization == at least one massless quark
e i#0ra |g) = |0)
but it must be broken in SM == Nambu-Goldstone realization
NG boson = Winberg-Wilczek axion (1978)

A2
My ~ QfCD , f scale of symmetry breaking
effective lagrangian for the axion
~Ox = d,a
£§1EI - ‘CSI"-'i 83 GEPGGQV - d ﬂd'u& —|' f G#VG.:;LV + J':l;:;.:.n [? :'1."1’.]
Lo ¥ 1 l r J
axial anomaly Peccei-Quinn anomaly

the axion has periodic potential which is minimized by

Ot = 0 + %(a(r)} =
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ANOMALIES IN STANDARD MODEL

© all the gauge symmetry currents are anomaly free 9,j5*, . =0
nice consistency check o

@ lepton and baryon number symmetries are anomalous!

i o 93 :
Oully = B3V ¥ =32 Wina Wi

i o 95 .
(%J{f — 3WYMVY’LW - 3@WMV¢LW£V

@ but their combination...
8uJ§—L = () =3 symmetry which might be gauged in SM
(L-R models, GUT)
5#J§+L # (0 == symmetry which might be gauged in SM (L-R models, GUT)
. . AB+L)=2Nyv  A(B+ L)pmin =6
m AB+L)=2 process pt — etx? is still forbidden in SM)

AlV](B+L)viol. ~ 1075%

. / in the early Universe due to thermal effects

AlV)(B+L)viol. ~ 1
N basis of baryogenesis via leptogenesis
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INVISIBLE AXION AS DARK MAT TER

@ axion from singlet Higgs
KSVZ axion: singlet couples to new heavy quark only
DFSZ axion: singlet couples to Higgs doublet(s) only
LMN axion=majoron: singlet couples to neutrinos only

@ cold dark matter does not need to consist of heavy particles >keV

@ sub-eV particles work as well if
non-thermal (cold) production
non-fermionic particles

® axion window

to avoid axion emission by stars that would fe (109 1012)GeV

heat them up and accelerate their evolution

—6 1n—3
to avoid overclosing of the universe mg € (107°,1077)eV
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consequences of

PHENOMENOLOGICAL
EXTENSION OF STANDARD
MODEL




LAGRANGIAN WITH OPERATORS UP TO pim=5

@ Weinberg operator originates in a new physics

H H

N\ /
N\ 7/
N\ 7

eL/‘/O\\ t
P T

H\ / H S~ - H N H 7/
~ T v U
/V_\ 2 /?\
R
Ly 153 EL/\‘\EL ] /r keV sterile
L .
neutrinos are
type | seesaw type Il type lli DM candidates
1

Ls = Lsmy + I/Ri@I/R—F§(VRMRI/IC%—I—h.C.)‘I'yy(ELf{VR—Fh.C.)

+  GuyHTH(Dpv%) + G Y (Dpot v,
only two additional dim=5 operators

H

N 1 B
h H \Y

no other new N -

. - A~ ~€

fields are necessary: HZ 77 N NH HZ 7 N N\
A 7P 1/ PR
I

VR ¢, vr Vi f; VR VR b, v Vr {; VR

renormalizes Mp magnetic moment of neutrino
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MAGNETIC MOMENT OF NEUTRINO

@ for Majorana neutrinos

VL

VR VR vr,

® the prediction (without exotics)is p, ~ 107%up

connection with neutrino mass

distinguishing between Dirac
and Majorana nature of neutrinos

probe of new physics
CMB radiation distortions

)
A”
2m, ug

nm,, ~

changes in a color-magnitude diagram of globular clusters

neutrino spin-flavor precession in magnetic field

v decay , Cherenkoy radiation

7 decay (plasma)

Scattering

Spin precession

@ directly, it can be observed in elastic scattering of neutrinos on electrons

p, <107 g .

ATLAS-CZ-SK 2016, Zilina
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Meti/ Mg
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107°
10—10
10—11

N IIIIIII
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107 1R Globular Clusters

10—13
10—15 | IHIHII | I\IIHIl | \II\III| | l“IJI
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RESONANT ENHANCEMENT OF ONBB

@ Onbb decay is driven by exchange of virtual neutrino changing as

€ €

Ve < Vg
Wan—" > w

such neutrino-antineutrino conversion may be driven not only by Majorana mass
but also by magnetic moment

#g Gozdz, Kaminski
LT
< L

Ve — Uy — D T ) without time changing external magnetic
field these two channels cancel due to

Ve N Vs, — Ije Ve Vo Ve M B _u
o =T U gu ex ae

© rotating magnetic field B, w lifts the degeneracy in H and avoids the cancelation

_( H,+w/2 B . (v
H—( By H,,—w/Q) 1nthebas1s(17)

@ it provides effective majorana mass which has resonant dependence on w

11 11073 cev Ty

resonance at

—1
(TO/V)) _ GOVIAIOV|QIBX|2
B=1T, w=10"Hz

mizs = Bx

l"/u', = ‘\V‘
"8Y. |
do \;““w":/
. . w . — (108%ev)
-40 -30 -20 -1.0 0 1.0 2.0 3.0 dt
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LAGRANGIAN WITH OPERATORS UP TO pim=5

® Peccei-Quinn solution of the strong CP problem has introduced axion

/

L5 = Lsv + =(0a) — =m2a® + 2299 4G1v G, .
2 2 f
4+ Jon aF" F,, + ... and other dim=5 operators

f
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PHOTON-AXION CONVERSION

® the axion-photon interaction B

Jaryy
—aE-B
;e TS

causes the axion-photon mixing in external magnetic field
2 2 Q) Bw/f Ay | _
(Ld —I—@z—l—{Bw/f _mz a =0

C‘A”> +S|CL>

zZ
A|>T

conversion probability

Maiani,Zavattini,Petronzio 1 1 o 2 gL
Kayser P _Zﬁa\/—(gawBﬂL) ( Sm?)

vacuum magnetic birefringence .
in analogy with neutrino oscillations

photon-axion conversion in magnetic Am2. [,
fields (terrestrial, intergalactic) P = sin? 20, - sin®( AE )
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SHINING LIGHT THROUGH WALL

(a) Photon

Bo Wall Bﬂ Detector Sikivie
7y
| I ST — T ] Tanner
Bibber
Magnet Magnet
«— L — — L —>»
Photon

Detectors
(b)

Matched Fabry-Perots

] f

lv) = C|A||) + s|a) ") = ¢'|Ay) + 5|a)
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AXION SEARCH STATUS

Raffelt
LSW (ALPS-I)

_8 OSQAR IV(2014)

Solar v

Helioscopes (CAST)

HB

-10 T‘clcxcnpc»
SN y—burst ‘

WD cooling hint

axion CDM
ADMX-HF
ADMX

Intermediate string scale

Dish
Antenna

Log Coupling [GeV™']
Haloscopes

-16

—18-|'|'|'|l'I'I'I'I'I'III'I'I'I'I'I
-12 -10 -8 -6 -4 -2 0 2 4 6

Log Mass [eV]
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CONCLUSIONS

® we presented a humble review of a wast topics (neutrinos and axions)
@ we tried to track some of common features of both

@® we have selected several observational techniques requiring extreme
magnetic field

@ some of the most urgent problems of current particle physics may be
solved without TeV scale new physics (neutrino properties, dark matter)

@ suitable discovery tools are then low-intensity-frontier experiments and
cosmology observations

@ even non-observation of new particles at LHC is great piece of
information
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MORE AXIONS

@® imagine a Higgs doublet for every type of fermion H,, H,,H., H,

U(l)B X U(l)L X U(1)35 X U(l)L5

Majorana
M, M, Mg, My,

— " U(l)B

g Jh = 3y —3W .
y = Av,.¥
oIl = 3Y —3W 872
— 92 e
0,06 = LY +3W +4G WS el
g =111
Oudl. = 9V +3W G = 355CGuiG]
© Weinberg-Wilczek axion Ma me” ~(107% —10"") eV
F
82\ ? _ax?
® Anselm-Uraltsev arion my =~ My (—2) e o ~ 1073 My
g
@ Chikashige-Mohapatra-Peccei majoron my <0
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