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Goals/Outline

* implications/motivations/examples of:
* lepton mixing
* neutrino mass

* new physics in the neutrino sector




Neutrinos oscillate and leptons mix

+ we know that: 0 = Am?y1 = Am?s;
e = all three masses different, at least two are non-zero

* hierarchy mild and neutrino mass much much smaller
than all other masses

+ we know that: uPMNS = ul-l- uv = 1

» = charged lepton and neutrino mass matrices diagonalized
with different matrices; Nature distinguishes v, vy, v,

* mixing completely different from quark mixing




Low Energy Paradigm

At low energies, neutrino mass matrix m,:

1
L=—vim,v with m, = Udiag(m,ma, msz) UL

2
with PMNS matrix

70

C12 C13 512 €13 S13€
_ id )
U= —S512C23 — (C12 523 513 € C12 C23 — S12 523513 € 523 C13 P
%) o)
$12 §23 — C12 C23 S13 €° —C12 S23 — S12 C23 S13 €° C23 C13

changes number of parameters in SM":

Species Species
Quarks Quarks
Leptons Leptons
Charge

Higgs Higgs
strong CP strong CP



Low Energy Paradigm

# 3 Tasks:
* determine new parameters
* interpret/explain values of new parameter

* check for inconsistencies in standard picture



Determine Parameters
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Determine Parameters

| NUFIT 3.0 (2016) |
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Implications of Lepton Mixing

0.800 — 0.844 0.515 — 0.581 0.139 — 0.155
U| = | 0.229 — 0.516 0.438 — 0.699 0.614 — 0.790
0.249 — 0.528 0.462 — 0.715 0.595 — 0.776

0.9743479:09015  0.22506 + 0.00050 0.00357 + 0.00015
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Implications of Lepton Mixing
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Flavor Symmetries

* Nature seems to prefer large lepton mixing:

(VEWE o)
Urm = | - \/g \/g —\/2 generated by rather special mass matrix
Ve s Vs
/ A4 B b \ mixing angles
(my)rBMm = | - 2(A+B+D) 2(A+B-D) independent from
\ ' . %(A+B+D) / masses!!

« completely different from quark sector (GST-relation):

0
M = ! = tan 0o ~ Md
a b e




Flavor Symmetries

“ preferred solution: Discrete Non-Abelian Symmetries

Altarelli, Feruglio, 1002.0211

Group d Irr. Repr.’s Presentation

D3 ~ S 6 1, 1,2 A3=B?=(AB)?’=1

Dy 8 11,...14,2 A*=B?=(AB)?’=1

Dy 14 1, 1,2, 2,2 A"=B?=(AB)?=1

Ay 12 1,1,1". 3 A3=B?=(AB)3=1

As ~ PSLy(5) 60 1,3,3,4,5 A3=B?=(BA)® =1

T’ 24 | 1,1,17,2,2,2" 3 A3=(AB))*=R?*=1, B°=R

Sy 24 1,1,2,3,3 BM : A*=B%*=(AB)}=1
TB: A3=B*=(BA*? =1

A7)~ Zs X Z3 | 27 14,...19,3,3

PSLy(7) 168 1,3,3,6,7,8 A3=B?=(BA)"=(B7'A71BA)*=1

Ty~ Z7 X Zg 21 1,1,17.3,3 AT=B3=1, AB = BA*

/

Many possible groups, within each group many models...

= can distinguish only classes of models
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Flavor Symmetries

Lesson 1: put different generations in same irrep of group:

(),




Flavor Symmetries

Lesson 1: put different generations in same irrep of group:

Lesson 2: flavor group broken to different subgroups:

/ \:ha ed
le&s




Flavor Symmetries

Lesson 1: put different generations in same irrep of group:




Achievable and necessary precision

Ballet et al.. 1612.07275
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Interesting values can

have larger uncertainties
than less interesting ones...




Achievable and necessary precision
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New Physics in Oscillations

* Various good reasons to expect NI

* unitarity violation from new fermions

* NSIs from new physics: Gr € = g?/Mx* = € ~0.01 is TeV-scale
* new interactions (scalar, tensor, etc.)
* long-range forces

» Lorentz/CPT violation: effects « A/Mp, with A scale of mass
generation (seesaw!), in general growing with v-energy (IC!)

* light sterile neutrinos...

Werner Rode]'ohann ‘MPIK: V-Theorx ‘24‘ 07‘ 17:
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Kopp, Lindner, Ota, Sato, 0708.0152

New Physics in Oscillations
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Liao, Marfatia, Whisnant,
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New Physics in Oscillations

v—Ge,cons.
v—Ge,opti.
latest bound

DUNE

Lindner, WR, Xu, 1612.04150




Light Sterile Neutrinos

(Thursday parallel)

+ not expected / predicted before LSND...
+ would be bigger discovery than massive neutrinos
“ could be window to new world (new interactions, coupling to DM,...)

» would imply modification of cosmology analyses, possibly non-standard
cosmology (talks by Saviano, Elvin-Poole)

» experimentally, need

* to know flux precisely...
* to know cross section precisely...

* to see oscillatory pattern...

+ small scale experiments will tell (at least the ee-anomalies)
rner Rodejohan PIK V-Theor¥‘24m7‘17=



Origin of Neutrino Mass

* Most straightforward possibility: add Nz and obtain Dirac mass:
LD Np—>mp v Np
* Gauge invariance allows Majorana mass:
Mpr Nr NR
* in total Majorana mass for SM neutrinos:
my vic vy with my = mp? [Mgr = mp € with € = mp/Mg = msp/Mg

(I) (l) my 1Inverse
proportional to
scale of origin!

N

rner Rodejohan PIK V-Theorx ‘24‘ 97‘ 17:



Origin of Neutrino Mass

Most strai DREES mass

on of SM gauge
MD VL NR
Gauge invariance allows Majorana mass
Mg Nr NR
* 1in total Majorana mass for SM neutrinos:

my vic vy with my, = mp? /IMgr = mp € with ¢ = mp/Mpg = msp/Mpg

4) (b my 1Inverse
proportional to
scale of origin!

N




Origin of Neutrino Mass

- Most straightforw : mass
presenta’uon Of

X/

* 1in total Majorana mass for SM neutrinos:
I Vi Vi With m, = mD2 /MR =M1l é with € = mD/MR — mSM/MR

4) (P my INnverse
proportional to
scale of origin!

N




Origin of Neutrino Mass

X/

* 1in total Majorana mass for SM neutrinos:

: ' ion
My VIC V] Wit number yviolation} M

N“eW concept: leptont

my 1Inverse
proportional to
scale of origin!
\VL




Origin of Neutrino Mass

* Most straightforward possibility: add Nr and obtain Digs -
LCDNR% mDvLNR S\Jﬁ(ﬁ\e
* Gauge invariance allows Majorana PR
Nt &‘NY{
O
* in total Majorana masgs C{XOY\S qLrinos:

. o :
My VIt VI Wlid . '{{\"—e‘i VIR = mp € with € = mD/MR — mSM/MR
c

-

4) (b my INnverse
proportional to
scale of origin!

P\




Type I Seesaw my = mp* /Mp

actually, does neither fix m, nor mpnor Mg
needs to be tested or has phenomenology via ,seesaw portal”

Lepton-Higgs-Singlet Vertex: L. O Ng
g L Q) | o> Np(D>ig. (D] Nog s

Vacuum stability,
naturalness

v-Theory (24/07 /17

Leptogenesis Lepton Flavor Violation

Werner Rodejohann (MPIK) (plus indirect test with Ov3p)



Type I Seesaw my = mp* /Mp

20

sin?

/€810°G0/ 1 ‘uvilvzvqy

Phase Space (only DW)

Werner Rode]'ohann (MPIK) v-Theorz AL



Type I Seesaw my = mp* /Mp

simplest example, two degenerate RH neutrinos

free parameters: mass My and complex parameter z

200.... S 20 NH
15,00 -' T — |
A___._.---" ;:. ...................... N
100 W 10! el Ay
P e S HeSS
70 @ Naturalness . Tmssll AT
) ' ® Metastability K% — 196 GV e i NoOL/A\NAA T
‘g‘ S'OV ® LIV s“\ mh — 126 GCV ~ E 5 M\l\ BAU
R  m=1732GeV |
39 Loy =0.1184 |
2.0 k 2
L5 Allowed Region
1.0" e e R 4 5 6 7
100 10% 105 108 1010 100 1000 10 10 10 10
My (GeV) My (GeV)
Bambhaniya et al., 1611.03827



Pathways to Neutrino Mass

similar discussion for all thinkable and unthinkable mass mechanisms

sca |e

. ) quantum number
approach ingredient L my
of messenger
“SM"
RH v Np ~ (1,0) WNR®L hv h = o(10—12)
(Dirac mass)
“effective”’ new scale — 2
- hLC®® L bt A = 1014 Gev
(dim 5 operator) 4+ LNV
lld- t" HI t - I t .
irec iggs triple A ~ (3, —2) hLC¢AL + p®dA hvp A = %Mi
(type Il seesaw) + LNV H
“indirect 1” RH v N (1,0) WNR®L + NpMpNE (’“’)2 A= Lns
(type | seesaw) 4+ LNV R ’ R RTRTR M T RTR
“indirect 2" fermion triplet — — 2
indirec ermion triplets s ~ (3,0) hRE LP® + TrEMs X (’X/IL) A — %ME
(type 11l seesaw) + LNV by v

plus seesaw variants (linear, inverse, double, singular,...)
plus radiative mechanisms
plus higher dimensional operators

plus extra dimensional

plus plus plus

Werner Rode]'ohann SMPIKg v-Theorx 524‘ 07‘ 17:



Common Prediction: Lepton Number Violation
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Neutrino Mass Observables

Normal Inverted Normal Inverted
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v-Theory (24/07/17)



Neutrino Mass Observables

Normal lnverted Normal [nverted
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Neutrino Mass Observables

Normal Inverted Normal Inverted
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Neutrino Mass Observables

Normal lnverted Normal [nverted
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New Physics with 72y Experiments

“ Qv constrains many models and could provide most
fundamental discovery in the field!

+ cosmology limits sensitive to new physics (Ho, wpg, Nef,-..)

+ KATRIN etc. can do more:

* eV-scale steriles
* keV steriles if full spectrum is measured...

» exotic CC interactions (scalar, tensor, etc.) if full spectrum is
measured (TeV-scale physics!)

rner Rodejohan PIK V-Theorx ‘24‘ 97‘ 17:



New Physics in Double Beta Decay

Double Beta Decay is AL = 2, not neutrino mass!

Interpretations:

e B

Standard: Non-Standard:

d L ury, i g <
> > > dr, ur -< : >
|
Wi iy
W T Ve ' ur,
U Ni A X/g
) % X/9
2 e Nr'Y ur,
|
g ur,
|

S fia

o

S
= S
&

g vL
XO
- > z x/3 > ;—>— :
L w s
dL ur - > de '?'< > >
ur, dgr = ur,

Werner Rode]'ohann (MPIK) v-Theorz A0l



New Physics in Double Betggecay
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New Physics in Double Beta Decay

“ LNV predicted by many BSM theories (Left-Right Symmetry, RPV SUSY,
Gllls )

“ breaks connection between cosmology limits and Ov{3(3

* spoils usual arguments of mass ordering/neutrino character:

1+3, Normal, SN 1+3, Inverted, SI

I||I|| T T T T 11T
— 3 v (best-fit)

normail ’ 107 ' '

1 C — 3 v (best-fit)
---3v(20)
I 143 v (best-fit)
i 143 v (20)

MWR = 3.5 TeV

largest my = 0.5 TeV

107 o601 o001 o1 1075001 0001 001
lightest neutrino mass in eV my,. (€V)
Senjanovic et al., 1011.3522 Barry, WR, Zhang, 1105.3911



Expectations for hali-lifes

Ge, WR, Zuber, to appear, see also 1705.02996; 1705.01945, talk by Benato

NuFIT 3.0 (2016)
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eV="TeV

1

G for

IMee| ~ eV and A ~ TeV

Biswal, Dev, 1701.08751




Complementarity of LHC and Ov[3[3

l/JN(l/O)

. ‘ | -
_5_+_1_ W :Er_+_1_
d

* LHC needs Ms > M,

* LHC has low sensitivity for small My,

* include jet-fake rate, charge mis-ID,
QCD corrections in Ovf3f3, etc.

* => complementary

Ramsey-Musolf et al., 1508.044dd 1 o 1) o 1 1577.03945

E
|



Summary

“ Learned a lot already!
* Unknown parameters very important!

* New Physics may lurk in all experiments




Example I: Sum-rules

/ cos 0 sin 0 0 \
U, = — sin 9/\/§ COS 9/\/§ % and Uy, ~ CKM  King et al.; Frampton,
\ Sin9/\/§ cos@/ﬁ \/g / Petcov WK -
= sin® 05 ~ sin” 6 — |Ues| sin 26 cosd
1.0\ ”
8 HG
Z. 0.6
Girardi, Petcov, Titov, é N
1410.8056 =
02:-
0_01'.0\ Jﬂ U\

~0.5 0.0 05 1.0
cos O

B rneeyvee@ — can distinguish only classes of models



Example II: GP phase

S LT reflection symmetry: ve <= Ve and Mg s2 o

gives 0 =+tm/2 and O3 =1 /4

* can happen if mass matrices are invariant under real subgroups of O(3)
Ma; Grimus, Lavoura; Joshipura, Patel; He, WR, Xu

“ combine CP and flavor symmetry, typically gives d = +m/2, +m, 0

CP g
(implies consistency relation)
¢ Up(g)*¢*
/ — U * U—l (__J
¥—>g, p(g')d p(9)"U "¢ e

Grimus; Chen; Feruglio, Hagedorn, Ziegler; Holthausen, Schmidt, Lindner;
Ding, King, Stuart; Meroni, Petcov; Branco, King, Varzielas,...

~ Werner Rodejohann (MPIK) v-Theory (24/07/17)



Example IlI: Trimaximal

frequent outcome of realistic models: trimaximal mixing
Sim2B8p =15 (1-2 |Usl2)and 6=3m/2 gives O -7/ 4

(V2 # #)
U=| i # #
\ Vi # #

o 12
sin 623




Example IlI: Trimaximal

frequent outcome of realistic models: trimaximal mixing
Sim2B8p =15 (1-2 |Usl2)and 6=3m/2 gives O -7/ 4

(3 # #) -
U=| & # # | =&
Vi) .




New Physics with 72y Experiments
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New Physics with 72y Experiments
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New Physics with 72y Experiments

exotic charged currents and modified KATRIN

Loc = —Gf};"d {(1 + 8g) @Lyve) (@A) + e €0, v.)(a ! d)} + H.c.

i) R e
0.0071 " 1S
; ] ==
~0.0072F 1=

(~) : ~

(d_P) NP(Ea) E E \%
(~)y _ \9Ee) 056V -0.0073 | 1=
AB(eoz): T no NP _17 I i a
dr” 3 : 1o
(dEe) mg=0.5eV 0.0074} |
: 1 o
~0.0075 - 1S




Nuclear Matrix Elements

= G L How good are the models?
LA [ NREDF A . : 3 :
o oy 2 Example isobaric triplets -
& E QRPA Jy X ] = 4
— 6 - QRPATu = within QRPA g
E [QRPA CH+Ts  + 4 ] N
v S IBM-2 W & In g
N E C SM Mi st ]
_§ °>§ 4 ComstMasTk @ e 100T¢ 1 %
: 3 :— v _. —: log ft(EC) = 4.40 + 0.24 H\
§ = :_ A A _: 1006 log ft(B~) = 4.60 + 0.01 §
NS} - [ | ] Os =
2 I o 7 £ = (7.m 100Ru 'g
~ 2 o : % =
%2) 0 | [0 [ P | T3
= 48 76 82 96 100 116124130136 150 N
L] A A=100, Zy=42 A=116, Zy=48 ’ES
1.0 1.0 our e
og ft; &
- =
= Need as much experimental [ S S

input (e.g. charge exchange) [E® s,
0.4 " \ 0.4
o2 02 04 06 08 10 12 - 02 04 06 08 10 12
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Nuclear Matrix Elements

O 1bc (Argonne) ;
O 1bc (CD-Bonn) 3

<

QUENCHING??

Ov o
T% X gy

fact in 3 and 2v(3[3

“ also in OvBB??

less quenching
than in 2vff

&
o 1.4
Lo Sl e e e P e L e B e e R
e [ O from experlmental 712 (ISM)
S 1.2} O gliay=1.26947"12
O m/A from experimental 7;, (IBM-2 CA/SSD)
% 1.0} @0l 0690
™~ [
« % 0.8t
~ :n 3
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-‘Q E
L [
(= 0.4t
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e I
a0
= [
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i Mass number
e
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(20-30% effect)

* muon capture?

SM vs. QRPA

truncation of model-space?

g=10"vs. 10’ MeV?
higher multipolarities?

two-body currents?

han

i



()CD Corrections

d% <d d
(@)

(b)
- naive size (as/4m) In (Mw /100 MeV)? = 10%, true for standard

diagram

» creates in non (V-A) ® (V-A) short-range mechanisms color

non-singlets, Fierzing to singlets gives different operators with
vastly different NMEs

* => can give etfect exceeding NME uncertainty...

Mahajan, PRL 112; Gonzalez, Kovalenko, Hirsch, PRD 93;

Peng, Ramsey-Musolf, Winslow, PRD 93
Werner Rodejohann (MPIK) Shanghai (28 /06/17)



T'eV-scale LNV and Baryogenesis

« Example TeV-scale Wr: leads to washout in early
Universe via E€R ER <> WR WR and €Rr WR = WR €R,
processes stay long in equilibrium (Frere, Hambye,
Vertongen, Bhupal Dev, Mohapatra; Sarkar et al.)

* more model-independent (Deppisch, Harz, Hirsch):

wash-out:

loggy WL a0 > 6.9 4 0 g (% _ 1) + logy S

would need electroweak, resonant, ARS, post-sphaleron baryogenesis

- Werner Rodejohann (MPIK) ‘Shanghai (28/06/17)



Flavor Symmetries

# Can rule out models by:
» neutrino mass sum-rules, e.g. m; + m; e'*= m; e'¥
» correlations between angles and phases
e LFV if within SUSY or if broken at low scale
* minimality
* robustness

* compatibility with larger frameworks (LR symmetry, Pati-Salam,
St ocld) )

rner Rodejohan PIK V-Theorx ‘24‘ 97‘ 17:



Flavor Symmetries

Normal

Inverted
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sin 623
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0.45
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Flavor Symmetries

I

X best-fit
.. 10-

—-30
-« TM

1
— ™,
C = TM
-_— TM3
* T'M

r=u=U'

H HM
x QLC,

QLC,
-+ QLC,

0.26

0.28
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0.32
. 2e
Sin 1
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Seesaw Variants

extend (v7, Ngr) to (vf, Ng, S)

/ 0 m:Il; qu;s\
M: mp MR mgs

\ mps mps Ms )

name entries m,

mp, mrs < Mg . 2 (1016 Cev 2 M
double 5 (72 &v) ( o ) (o éev) &V

2
- 2 [ Tev M
INVerse MS < mp < MRS (10727158\/) (m—RS) (ﬁ) eV
. mp mps 1013 GeV
linear Mmprs > Mp ~ Mg (102 GeV) (102 GeV) ( MRS ) eV

rner Rodejohan PIK V-Theorx ‘24‘ 97‘ 17:



Cosmological Mass Limits
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~ Werner Rodejohann (MPIK)
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Flavor Symmetries

* Less predictive but less complicated: Abelian flavor
symmetry eo. 1, -1, it ( o0

o o O
N——

* anomaly free

 massesaand +b, O3 =m/4, B13=0 .
* has Z’with couplings to pand 7: (g - 2)y  eofrrg g o
[ O?:%CAM(QS%) ----- f
CCFR (95%) —— |
Bt e dectem amn it ge | BaBar (90%) - = -
- M0 102 10™ o 10° 102 10°
Z' Mass [GeV]

* can be extended to quark sector to explain anomalies in B — K*
up and BR(B — Kuu)/BR(B — Kee) [Crivellin, Ambrosio, Heeck,
1501.00993] (making predictions for h —ut, LFV, etc.)

Werner Rodejohann (MPIK) v-Theorz A0l



Seesaw Mechanism

“ suppresses neutrino mass for each generation
(my, = mg and myp ~ m; vs. My, < m, and m,, << m;)

 little hierarchy in m,, strong quark-like hierarchy in mp

Masses of Particles

Dirac masses = up quarks; TBM from My
E I
le+24 ,
€avy neutrinos

m

= stronger les21 :
le+18F =

. . le+15F =
hierarchy in Mr? | _ ...t .
le+09 F =

1e+06 F

1000

0.001F

Werner Rode]'ohann ‘MPIK: V-Theorx ‘24‘ 07‘ 17:




Why look for Lepton Number Violation?

“ L and B accidentally conserved in SM

> L=Lom+1/ALs+1/A> Lg+..,with L£5=Lp L — myvicvs
“ Baryogenesis: B is violated

» B, L often connected in GUTs

* GUTs have seesaw and Majoranas

(B and L non-perturbatively violated by 3 units in SM...)

Lepton Number as important as Baryon Number




Neutrino Mass Observables

Method  Observable current near

model-indep.; final;
clean weakest

YllE 2 23eV . 03eN 01 el2

best; model-dep.;

> M; B5eV. | 01eV | 0.05eV? NELIEL o femt

fundamental, model-dep.;

Yutm |02V (0eV 00Teve L e




Neutrinos oscillate and Leptons mix

11 ey 1
- 3 - u r 2

T T 1 I | T T 1 T |IIII|IIII| I
| —4— MINOS, MINOS+ Far Detector Data
- —— Prediction, Am®=2.37x10 eV?

.2 1.51 Uncertainty _

10.71 x10°° POT v -mode MINOS -

[ 3.36 x10%° POT v,-mode MINOS
4 1.68x10% POTv,-mode MINOS+

MINOS+ PRELIMINARY

L=
““L =—3-vbest-fit oscillation —+—Data- BG- GeoV,

Ratio to No Oscillations
—
I
f—
1+
- ——
—
+

[ == 2-v best-fit oscillation

TI]IIllIIIIIIlIIlIIllIlIIIIIIIIlIIlII||II||IllI

o e L1l . i IR RN R R R S R RN FRA N
Ly/E, (km/MeV) Reconstructed v, Energy (GeV)

L/E (km/GeV) L/E (km/GeV)
observed with various sources and techniques
=> quantum mechanical interference
on macroscopic distances

Am?jL
Pop =645 —4 ) Re(UzUpUa;Uy,) sin® e

i>j

[ AmZL
+2) Im(U},UpUa;U,) sin = |

i>]

Werner Rodejohann (MPIK) (pIU_S matter effeCtS) Theory Overview (23/02/17)



Neutrinos oscillate and leptons mix
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Werner Rodejohann (MPIK) Theory Overview (23/02/17)



Double Beta Decay:
Connections to Oscillaton Experiments

Mg = U.UUI BV 1+3, Normal, SN 143, Inverted, SI
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Flavor Symmetries

# if O3 = 41.6": model predicting this value or perturbed model with
45.0°-3.47?

* far away from 45° could be related (11, /m3)” similar to GST

« BUT: the closer 8,3 to 45’ the more likely that some symmetry /
structure behind it...

* in larger frameworks (LR Symmetry, Pati-Salam, SU(5), SO(10),...):

* model building becomes more difficult:
Myp = 10y + 126y + 120y versus Mp = 10g - 3 126y + ¢ 1204

* mixing angles become less , extreme” [Hagedorn, Lindner, Mohapatra; Bajc,
Smirnov]

Werner Rode]'ohann ‘MPIK: V-Theorx ‘24‘ 07‘ 17:



CP Phase

“ in general, leptogenesis independent of O, a, 3

« if = 230.7": model predicting this value or perturbed model with
270.0--39.3°2

« BUT: the closer 0 to  or 3 /2 the more likely that some
symmetry / structure behind it...

* combine CP and flavor symmetry [Holthausen et al., Hagedorn et al., King et

al. 1

-7 reflection symmetry v, <= v,*  [Ma; Grimus, Lavoura; Joshipura, Patel;
WR, Xu]

* certain mixing sum-rules [King et al., Frampton, Petcov, WR;...]

rner Rodejohan PIK V-Theorx ‘24‘ 97‘ 17:



Mass Ordering

e 1
0.1
— i ms3 0.1 : s
£ ' = .
m g
e : g 001 |
8 = :
; | g
s 0.001 |
m; L
Am312 0 = Am312 <0
0.0001 e e i e e
0.0001 e e e cipeta
bl L 0.0 4! ! 0.0001 0.001 0.01 0.1 1
ey m [eV]

mild hierarchy in normal ordering;: strong tuning in inverted ordering:

1713/ == (Amzatm/ Arnzsol)l/2 = mZ/ m=1+1% Amzsol/ Aleatm

plus almost

€ € € :
democratic

structure of
mass matrix

V-Theorx 524‘ 07‘ 17:

(mV)NH ~ €
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p—
p—t
p—t

Werner Rode]' ohann ‘MPIK:



Perturbations

< Various sources:

* VEV misalignment, NLO terms: follow model structure, hard
to predict size

e RG effects large

* Frequent feature: d(012), 0(0) > d(O13), O(O23):

NH H / QD
Example RG enhancement: ;

5(612) 1 Am3 /Am2, | /o3 /Am2,
(running of phases and 612 5(01s) \/ A2 /A X // .
can be evaded by - .
cancellations) 0(023) 1 1 / mg/ Amy
5(5) \/Amg> JAME | A A2 | md/Amd
é(a, B) \/Am%/Am?A Ami JAmE, | m§/Ams

Werner Rode]' ohann SMPIKg




Perturbations

< Various sources:

* VEV misalignment, NLO terms: follow 1
to predict size

e RG effects

& Frequent feature: 0(012), O(&

Example RG enhanceme

(running of phases and 61>
can be evaded by
cancellations)

~ Werner Rodejohann (MPIK)



Perturbations
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Werner Rodejohann (MPIK) smallest mass/eV V )



Perturbations
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New Physics in Oscillations

sics can mess up oscillation experiments:
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New Physics in Oscillations

Next generation coherent scattering experiment (Talk by Hakenmiiller):

SM+(£5=0.18)
SM+(£,=0.12)

SM+(é7=0.20)
5 MeV bump

N /N,
o

11111111111111111111

recoil energy T/keV

Lindner, WR, Xu, 1612.04150

Z 27 [qI‘“(CC(ﬂ) + Eiq)z"f)q]
a=S,P,V,A,T

Sl




New Physics in Oscillations

Exotic New Physics enhanced by long distance/high energy:
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