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I UNIVERSITAT AR )
wirzeurG Motivation and Outline

Which scales are relevant for neutrino physics?

B Light neutrino masses < eV

B Default mechanism: (type |) seesaw — new physics at ~ GUT scale

B Recently discussed: Neutrino mass generation at TeV scale
(radiative mass generation, inverse seesaw, higher-dimensional operators)

B Systematic study of neutrino mass generation
by higher-dimensional effective operators

B New physics at the TeV scale and
phenomenological implications at the LHC

® Embedding in SUSY GUT model
and consequences for phenomenology
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wUrzBURG From new physics close to the GUT scale. ..

B The usual type | seesaw introduces new physics close to the GUT scale.

B At low energies the new physics effects can be described by the Weinberg
operator Oy = (Lcit?H) (Hir?L) of d = 5.

. 2
B Generates neutrino mass mS" o -, with A = mp

Not testable in experiments!
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WURZBURG - - - down to the TeV scale

In theories with additional scalars (THDM, MSSM, NMSSM, ...)
— Operators with d > 5 can have significant contribution to neutrino mass

d=5 d=6 d=17

H Hy

H, Hy H,

R\

A (Hu)? w2 (Hu)(S) 75 (Hu)? (Hu) (Ha)

B Theories with discrete symmetries — operator can be forbidden at d =5
B Qperator with d > 5 as leading contribution to neutrino mass
B New physics scale can be at lower energy
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UNIVERSHAT Possible Effective Operators in the NMSSM

1
Wamssm = Yot QHu + vad  QHd + yeeLHy + ASH,Hy + 5553

Op.# Effective interaction Charge Same as

d=5 1 [LH,H, 29 + 2qn,
d=6 2 LLH,H,S 291 + qH, — qHy
d=17 3 LLH,H,H4H, 2qr + 3qH, + qHy

4 LLH,H,SS 2qL — 2qu,
d=38 5 [LH,H,H.H,S 290 + 2qn, #1

6 LLH,H,SSS 2q; + 2qH, #1
d=9 7 LLH,H,HeH.HaHy  2q1 + 4qH, + 2qn,

8 LLH,H,HsH,SS 2q1 + qH, — QHy #2

9 LLH,H,SSSS 2qL + qH, — qHy #2

Characteristics

B Condition for discrete charges of fields from neutrality of superpotential
B Rules out some operators as leading contribution to neutrino mass

B Several possible fundamental theories can lead to the same effective operator

MBK, Ota, Porod, Winter (2011); PRD 84, 115023

(c.f. Bonnet, Hernandez, Ota, Winter (2009); JHEP 0910, 076 for a study in the THDM)
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I wUrzBURG A d =7 Example

Superpotential

New fields:
SM singlets N, N’, SU(2), doublets &, &’

Neutral fermion mass matrix:
n® = (v, N, N, €°,¢°)

N N’ 5 5/ N’ N 0 YNV,_, 0 0 0
) ! Ynvu 0 my 0 0
H“‘ KHH M, = 0 my 0 K1Vgd K2Vy
rl \ 0 0 K1Vy 0 mg
! \ 0 0 Ko Vy mg 0
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wUrRzBURG Integrating out the heavy fields

mg > my my > mg

v N\
Inverse see-saw
ny = (v, N, N’) nf = (v,€°,¢°)

0 YN Vu 0 0 R1vy FRovy
M, = | Yy 0 my M," = | &1 vy 0 mg s
( 0 mpy " ) (fig Vu o mg 0 )

with i = vuvg (2k1K2)/me. where &1 /5 = K12 YZ/my.

pY e

my, = vivy Y2 Sikg
N

Masses at TeV scale for couplings ©(10~3)
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Production of the new particles
B Rare production of A and A due to small Yukawa couplings

B SU(2), doublets can be produced in Drell-Yan processes (o ~ 10? fb)

Characteristic Signals

B Displaced vertices due to small mixing
between heavy and light neutrinos

B | epton number violating processes

O LNC cross-section for pp — W£¢ of O(102) fb

LNV processes suppressed due to pseudo-Dirac
pairs (< O(107°) fb)

O For pp — W{EWZ LNV processes larger than
naively expected (O(1072) fb)

MBK, Ota, Porod, Winter (2011); PRD 84, 115023
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B Additional particles modify running of the gauge couplings

B Spoils unification
® Add complete SU(5) multiplets to avoid this
O Singlets: N, N/, (S)

O 5-plets:
1
dg dJ;C dy
1’
- ! . % %
Swu=| d5 Sg=| & se=| o
e < Je
Ve —< N &0
L L ¢ "
Hy H;’
Hy Hy
Hg = H3 Hs = Hs
HF HT
HE i
H HY

O matter 10-plet

MBK, Meloni, Porod, Winter (2013); JHEP; arXiv:1301.4221
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Interactions of d’

’ .
dlc B Colored components of mediator 5-plets
déc B Behave like heavy d-quarks
éc B RGE running leads to mass shift between quarks and
g/* lepton doublet
_5’0 ® Decay of d’ protected by symmetry that forbids d =5
L operator

Cosmological constraints:

® From Big Bang Nucleosynthesis: Heavy nuclei
— altering BBN processes — affecting observed abundances of light elements
e.g. locco et. al. (2009); Phys.Rept. 472

B Search for heavy hadrons in water excludes stable heavy d-like quarks
Nardi, Roulet (1990); Phys. Lett. B 245, 105

B ¢’ decay via the symmetry breaking operator 5¢ Hz10
d — Hu
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If charged under a discrete symmetry,

Multiplet || 5w Hs Hs N N 5. 5. 10
Zycharge | 1 1 1 1 2 0 0 1

the superpotential reduces to

w = y3 NE:)M Hs +y1l, N, 55 Hg +y2/ N, .E),gl Hs + me .E)g/ 55 —+ mNNIN
Ya 5m 10 Hs + y, 1010 Hs — puHs Hs .

B The term puH,Hy explicitly breaks the discrete symmetry
(Otherwise every operator of the type LLH,H,(H.Hq4)"
has same charge as Weinberg operator)

® s-problem of the MSSM (& has to be set to 100 GeV to few TeV by hand)

B Same issue with TeV mediator masses

Possible Alternative:
Use the NMSSM where 1 and the mediator masses are generated by VEV of an
additional scalar field S.
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B Superpotential constrains charges in a way that we always will have a d =5
contribution.

® We introduce an additional scalar S’ and obtain the superpotential

W = ys NSy Hs+ yi, N'5¢ He + y5 N'5¢r Hs + Ae S’ Ber 5¢ + AnS' N'N
+ Yo 51 10 Hs + v, 1010 Hs + AsSHeHs + £S° + N5S'HeHs + 1'S” .

® The term A5 breaks the discrete symmetry.
B Symmetry breaking term yj N’ 5y Hs — d = 5 contribution to m,

B m?=5 < m¢~" — symmetry breaking couplings < 1078
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B Experimental observation of 613 # 0
B Models with tri-bimaximal mixing in trouble

® |n our model: Breaking of discrete symmetry — corrections to TBM mixing

d=7 d=5
m,=m, +m,

va

= Mg + ) (a(y3) " +y5(3)")

Possible structure of the coupling:

o
\
- o
-

5

m3

’
3 X

s
5

ma2

S
N

s

© Oy

Sl
3
3
S
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# Operator Mediators SU(5) multiplets
1 (Hun— L) (Hyir L)(Hdu—zH ) 1%, 1}@ 1E 1,1,1
2 (H,_,17' 7‘L )(Hum' L)(Hdl‘f‘ THU) 30 IS 0 .35 24,24, (1),(1),24
3 (HuiT?FLE)(HyiT? L)(Hdm' Hy) 35, 35 ls 24,241
4 (—ieabc)(Hul‘r T‘ZLC)(H iT TbL)(HleZT Hy) 3;’?, 32, 38 24,24, 24
5 (Lir27L) (HgiT? Hy ) (HyiT? 7Hy) 3%,.3,. 1§ 15,15,1
6 (*IEabc)(LclT TaL)(Hle ThHy )(HUITZT Hy) 3+1, 3i1, 33 15,15,24
7 (Him2Le)(LiT2 #Hy ) (HuiT27Hy) 18,15, 3%, 34,35, 1,1,15,15,15
8 (—ie)(H,ir?r2L%)(Lir2 TP Hy)(HuiT? T Hy) 3%, 33, 3R, 3t 3, 24,24,15,15, 15
9 (Huir?Le) (i3 Hy)(L)(HgiT?Hy) 1R, 15 2R 12 251/2, 13 1,1,5,5,1
10 (Huir?FLO)(im27H,, ) (L) (HgiT? Hy) 3K, 35, 2’51 228518 24,2455, 1
11 (HuiT?L€)(im? Hy)(FL) (HgiT?7Hy) 1§, 16,27, 5,255, 38 1,1,55,24
12 (Hyir272L0)(im2 72 H,) (v P L) (Hgir? 7P H,) 3%, 30 251/2 251/2, 33 24,2455, 24
13 (Huir?Lo)(L)(i? Hy)(HgiT? Hy) 18,15, 2,501 1,1,5,1
14 (Huir?FLE)(FL) (T2 Hy ) (HgiT? Hy) 3k, 35, 25,00 13 24,24,51
15 (Hyim2LE)(L)(im27Hy)(HgiT?7Hy) 15,1625, ,. 35 1,1,5,24
16 (Hyim? L) (72L)(im2 P Hy) (HgiT2 7P Hy) 38,3k 2 51/ 30 24,24,5,24
17 (HuiT?LE)(Hy)(iT2Hy)(HyiT?L) 1%, 10,271/2, 71/2 1,1,5,5
18 (Huir? FLE)(7Hg)(iT2 Hy)(HuiT?L) 3K, 352 1/2 Lz 1715 24,24,55 (1), (1)
19 (Huit?LE)(Hg)(it?7Hy)(HyiT?7L) 15, 1§, 271/2, 71/2, 3K, 3k (1),(1),5,5,24,24
20 (Hyim277LE) (12 Hg) (iT? TP Hy) (HuiT? L) 3R, 35,2R L2t 24,24,5,5
21 (Leir2r2 L) (Hyir?72) (P Hy) (HyirT? 7P H,) 35,25, 3% 15,5,15
22 (Leim2 72 L) (HgirT?72)(rP Hy) (HuiT? 7P Hy) 331 2735 3 15, 40, 15
133/ 14 (Lc 2N s 2N N 200 25 as 1S 16 E 1
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B Possible to use effective operators with d > 5 to generate
neutrino masses

B New physics at TeV scale, phenomenological implications at
LHC

B Full SU(5) multiplets necessary to not spoil unification

B Additional d-quarks — consider cosmological constraints,
decay via symmetry breaking operator

B NMSSM realization with broken symmetry

14/ 14



