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@ Cosmological obs are sensitive to the other combination of params....
—Talk by Saito-san
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New Physics (d=9) contributions in neutrinoless double beta decay (On2b)

o Neutrino mass searches as a frontier to new physics: dim=9 ops

d=9 ops — half-life time of On2b processes
“How sensitive On2b experiments to the d=9 ops?”

e What do the d=9 ops suggest to TeV scale physics?
d=9 ops — decompose them to the fundamental ints.

— list the TeV signatures of each completion

e Summary

“Complementarity between On2b and LHC (and ILC)”

“The list helps us to discriminate the models”
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Q: What 1s the high E (TeV) origin of these d=9 effective ops?
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@ Exhaustive bottom-up approach

OnZ2b experiments
6

(3

Dlscover'
(or constral

Tf/”jﬁ >10%° [yr]

Otree
d=9 A5 d 9 @AEW
NP

= Anp >0(1) [TeV] i
Decompose
Eff.d=9 o

pS V//
to tree diagrams S S/
@ ANP or

v vi\rgd vy

Topology #l Topology #lI



@ Exhaustive bottom-up approach N
On2b experiments Necessary M
i y Mediators'==———==g
6_ 6 HOW tO decompOSgL . S F S / Basis operators
2-i-a (Wzdr)(dr)(@D)(WEer) #11 (1,2)4172 3,2)156 (3,1)413  —3JrJRIR
(1.2)11/2 (3.2)45/6  (3,3)41/3
(wrdr)(dr)(@D)(Trer) #19 (1.2)41/2 3.2)456 (B.1)113  5Jr(JR)P (),
(@Rdp)(dr) (eD)(TEer)  #14  (L.2)4172 (B.2)456 (B 1)41s  —5Jitrin
(1,2) 119 (3, 2) 156 (33)“/3
DISCOVGI" (ﬁdL)(dR)(ﬁ)(uReR) #20 (1 2)4_1/2 (§ 2)—0—5/6 (g. 1)_|_1/3 %]L(jR)p(J)p
(O(I)' Cz%nStral 2-i-b (urdr)(er)(dr)(urer) #11 (1,2)11,2 (1,1)0 (3.1)41/3 _%JRJRjR
Ty >10% [yr] : (L2412 (L3)0 B3
tree List of high E completions@ ANP
Zi=9 = A @AEW 1 f
> Anp >O(1) [TeV] J / f
Decompose "or
V//
Eff. d=9 ops
to tree diagrams S g/
@ANP or

v vi\rgd vy

Topology #l Topology #lI



J’Ixijﬁé eEffective ops — High E completions

@ Exhaustive bottom-up approach

Necessary Medlators—>
HOW tO decompOSgL ) S F S / Basis operators
2-i-a (Wzdr)(dr)(@D)(WEer) #11 (1,2)4172 3,2)156 (3.1)413  —3JrJRIR
(1,2) 41172 (3,2)45/6  (3,3)41/3
(Trdr)(dr)(@D)(@reR) #19 (1,2)4172 (3.2)456 (B.1)113  5Jr(JR)P(5),
(@rdr)(dr)(eD)(@zer) #14 (1,2)41/2 (3.2)4s6 (3:1)413  —5JLJRriR
(1.2) 1172 (3.2)15/6  (3.3)11s3
(WrdL)(dr)(T)(@RER) #20 (1.2)1100 (3.2)156 (B.1)y1/3 5JL(Jr)"()p
2i-b (wrdr)(@r)(dr)(@er) #11 (1,2)412 (L1)o  (3,1)i1s  —3JrJRiR
. (1,2)4172 (1.3)o (§ 3)+1/3
List of high E completions @ ANP
@Agpw f f
Il ry / f
/!
O{///
ns S F S’ S S’
EANP or or
R AV Y

Topology #l Topology #lI



izrs

eEffective ops — High E completions

@ Exhaustive bottom-up approach

Necessary Mediators
HOW tO decomposgL . S F S / Basis operators
2-i-a (Wzdr)(dr)(@D)(WEer) #11 (1,2)4172 3,2)156 (3.1)413  —3JrJRIR
(1.2)1172 (3,2)45/6  (3.8)11/3
(@zdr)(dr)(eD)(@rer) #19 (1,2)1172 (3,2)4s6 (3, V1173 5Tr(JR)?(5)s
(@rde)(dr)(eD)(@Cer) #14 (1.2)41/2 3.2)4s6 (3.1)113  —5Ju/Rir
(1,2) 4172 (3.2)4576  (3.3)11/3
(WrdL)(dr)(T)(@RER) #20 (1.2)1100 (3.2)156 (B.1)y1/3 5JL(Jr)"()p
2i-b (uzdr)(@L)(dr)(@er) #11 (L.2)y12 (L1)o  (3.1)y13  —5JrJRIR
: (1.2)4172 (1.3)0  (3.8)41/3

List of high E completions @ ANP

ffective theories@A gy

Re-integ:ate out the Mediators

@Agpw
fr s / I
O‘r///
ns S F S’ S S’
AT I SRV
Topology #l Topology #lI



‘e T s eEffectzve ops — High E completions
@ Exhaustive bottom-up approach Re-integrate out the Mediators
Necessary Mediators ftective theor ielzs @Agw
HOW tO decomposgL . S F S/ Basis operators c%dzg Otree
2-i-a (@rdr)(dr)(@D)(@er) #11 (1.2)410 3.2)4s6 (3.1)113  —3JrJRiR A
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@ Exhaustive bottom-up approach Re-integrate out the Mediators
- q Necessary Mediators ftective theor ielzs @Agw
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@ An example,

Taking Topology #I
let us decompose d=9 op as

(ud)(e)(€)(ud)

| VAR CA v
A A

d Let us take vectors d



'\"ylﬁijc%’—' e Decompositions Well-known examples

@ An example,
Taking Topology #I

let us decompose d=9 op as Necessary mediators
— N (=) (= (— V(+1,1
(7)) (2) () v
(0,1)

where (U(1),,,, SU(3).)

em?




‘\"ﬁﬁi?{*ft e Decompositions Well-known examples

@ An example,
Taking Topology #I

let us decompose d=9 op as Necessary mediators
— (=) (=) ( V(+1,1) W
(ud)(e)(e)(ud) L
Vi(-1,1) W
$(0,1)  V
) ) u, where (U(1),.., SU(3).)

Rediscovery of the standard neutrino
mass contribution

All the outer fermions must be left-handed




‘\"ﬁﬁi?{*ft e Decompositions Well-known examples

@ An example,
Taking Topology #I

let us decompose d=9 op as Necessary mediators
7d) (e) () (7d V(+1,1) W
(7)) (2) () vy e

¢(071) vV NR

u Cr Cr U, where (U(1),,., SU(3).)
Rediscovery of the standard neutrino
mass contribution
All the outer fermions must be left-handed
W V W In Seesaw model,
Ngr

right-handed neutrinos (sterile neutrinos)
can also mediate this diagram.
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@ Another example,

Decomposition Necessary mediators
(ud)(e)(d)(ue) oD
() € ue , _
S'(+1/3,3)
(0,1)
U e d U where (U(1),., SU(3).)




-.\.J%E# e Decompositions Well-known examples

@ Another example,

Decomposition Necessary mediators

~ %

ad) (e (d) (e S(1,1) e
(ud)(e)(d)(ue) S(41/3.3) &

¥(0,1) X’

where (U(1),,,, SU(3).)
R-parity violating SUSY models
WR > )\/LQDC

Hirsch Klapdor-Kleingrothaus Kovalenko,
PLB378 (1996) 17, PRD54 (1996) 4207

SUSY (Rp-conserved) search at LHC

1* generation squarks and gluino
should be heavier than 1TeV
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@ Another example,

Decomposition Necessary mediators

~

= - S(—-1/3,3) d
() (d)(d) (7e) s

(0, 8) g

A\
L where (U(1)

SU(3).)
R-parity violating SUSY models
WR > )\/LQDC

Hirsch Klapdor-Kleingrothaus Kovalenko,
PLB378 (1996) 17, PRD54 (1996) 4207

em?’

SUSY (Rp-conserved) search at LHC

1* generation squarks and gluino
should be heavier than 1TeV
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Saitama University

e Decompositions

List of high E completions

Long Mediator {LU/{1)em. SU{3).) . . o
L DLecompoation  DonseT S oor 1"r 2l e 1": Modale /Bofe (Commenta POSSlble decomposttlons
11 (ad}{e)(E)(id) (a) (+1,1) (0,1) (—1,1) Mass mechan., RPV [58-60],
LR-symmetric models [39], S nu M and
Mass mechanism with vg [61] Seesaw o
TeV scale secsaw, e.z., [62, 63 Necessary mediators
s o D 1 T 1 41
l-ii-a  (ad)(@)(d)(E€) (+1,1) (+5/3.3) (+2,1) ( )
(+1.8) (+5/3.3) (+2,1) on y OpO Ogy
1-i-b (@) (d)(i@)(E€) (+1,1) (+4/3.3) (+2,1)
(+1,8) (+4/3.3) (+2,1) eq oqe o
T e (TD ARy Ty @ 4 possibilities for each decom.
(1.8 (4438 (13T
Tib (ud)e)d)ue) (D) (+1.1)  (0.1)  (+1/3.8) RPV |58 60|, LQ) |65,66) S-F-S. V-F-V. S-F-V
(+1.8)  (0.8) (4 1,-*%;. RPV ’ ’ ’
Zn-a  (ud){u){E)dE) (+1,1) (+2/3,3) (+2/3,3) I
(+1,8)  (+5/3.8) (+2/3.8) and V-F-$
2ii-b  (ad)(e)(@)(de)  (b) (+1,1) (0,1)  (+2/3,8) RPV [58-60], LQ [65,66] . . .
(+18) (0.8  (+2/3.3 @ Mediators are specified with
Ziii-a (de)(m)(d)(aE) (¢) (-2/3.F) (0.1) (+1/3.F) RPV [58-60]
(-2/3.3)  (0.8) (+1/3.F) RPV [58-60] ( )
2iiih  (de)(d)(w)(ae) (-2/3.F) (—-1/3.8) (+1/3.7) Ui 1) EM Charge
(-2/3.F) (-1/3.8) (+1/3.73)
31 (aa)(e}e)dd) (+4/3,3) [+1/3,3) [—3,-’3.§j only with ¥, and Tr'; SU(S) COIOUf Chafge
(+4/3, g ) (+1/3.8) (—2/3,8)
34 (ui)(d)(d){EE) (+4/3.8) (+5/3,3) (+2,1) only with ¥, 5
(459 (5Y (21 @ Here, we do not specify the
i (dd)(m)iu)iee) (+2/3.3) (+4/3.3) (+2,1) only with ¥ : °4 .
(1238) (1435 (12.1) ’ chiralities of outer fermions
441 (dE)(w)(u)(dE) () (—2/3.3) (0.1) (+2/3,3) RPV [58-60|
(-2/3.3)  (0.B)  (+2/3.3) RPV [58-60] (SU ( 2 ) [ and U, ( 1 )Y)
dii-a  (@i)(d)(€){de) (+4/3,3) (+5/3.3) (+2/3,3) only with V, . . .
(+4/3.6) (+5/3.8) (+2/3,8) see Sec. 4 (this work) — Decom of chirality-specified ops
Liih - (u)(e)(d)(de) (+4/3.3) (+1/ (+2/3,3) only with 1, Bonnet Hirsch O Winter

S ue)d)d)ue) o) (133 (01 8] RPV 58 60]
(—1/3.8)  (0.8)  (+1/3.F) RPV [58-60] RP\6 9

i (uE)(d)(e)dd) (—1/3.8) (+1/3.3) (-2/3.3) only with v, Long Range.
(—1/3,3) (+1/3.8) (-2/3.6) .. )

5iih  (u€)(E)()(dd) (C133) (-4/33) l—g,-:g.g; only with V! Decompgsr[l()n which can
(—Ll/a.a) [—4/a,4d) (—5/3,b)

For Top #II = Bonnet Hirsch O Winter

contain neutrino propagation
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e Decompositions

List of high E completions

Possible decompositions

and
Necessary mediators

(only Topology #I)

@ 4 possibilities for each decom.
S-F-S, V-F-V, S-F-V,
and V-F-§

Long Mediator {L7{1)em, SU3):)
¥ Decomposition | HangeT 5 or V), i 8 or V, Models/Refs. /Comments
1- (ad){€){€)(d) (a) (+1,1) (0,1) (—1,1) Mass mechan., RPV [58-60],
LR-symmetric models [39],
Mass mechanism with »g [61],
TeV scale seesaw, e.g., |62,63]
(+1,8) (0, 8) (—1,8) [64]
1-ti-a [ (ad){d){d){EE) (+1,1) (+5/3,3) (+2,1)
(+1,8) (+5/3,3) (+2,1)
1-ii-b | (a@d)(d)(i@)(E€) (+1,1) (+4/3.3) (+2,1)
(+1,8) (+4/3.3) (+2,1)
2i-a | (ud)(d)(€){ue) (+1,1) (+4/3.3) (+1/3.3)
(+1,8) (+4/3.7) (+1/3.9)
2i-b | (ud)E)(d)(uE) (b) (+1,1) (0.1) (+1/3,3) RPV [58-60|, LQ [65,66)
(+1,8) (0,8) (+1/3,9)
2-ii-a | (Gd){i@)(E)(dE) (+1,1) (+5/3,3) (+2/3.3)
(+1,8) (+5/3,3) (+2/3,3)
2-i-b | (ad){(E)(@)ide) (b) (+1,1) (0.1) [+2/3,3) RPV [58-60|, LQ [65,66)
(+1.8) (0. 8) (+2/3,3)
2-iii-a | (dE)(@)(d)(@E) () (—-2/3,3) (0.1) (+1/3,3) RPV [53-60|
(-2/3.%) (0.8) (+1/3.F) RPV [58-60]
2iii-h | (de)(d)(u)(2e) (—-2/3.3) (-1/3.8) (+1/3.8)
(-2/3,3) (-1/3,8) (+1/3.3)
31 | (aa)(e)e)(dd) (+4/3.3) (+1/3.3) (—2/3.3) only with V, and Ve
(+4/3,6) [+1/3,8) (—2/3,8)
31 ) (ui)(d)(d){eE) (+4/3.3) (+5/3.8) (+2,1) only with ¥,
(+4/3,6) (+5/3.8) (+2,1)
il f (dd)(@)(m)(ee) (+2/3.8) (+4/3.3) (+2,1) only with ¥},
(+2/3.8) (+4/3.°) (+2.1)
44 (de)(m)(w)ide) () (—2/3.3) (0.1) (+2/3,3) RPV [58-60|
(—-2/3,3) (0.8 (+2/3,3) RPV [b8-60|
d-fi-a | (@i)(d)(€){de) (+4/3.3) (+5/3.3) (+2/3,8) only with ¥,
(+4/3,6) (+5/3.8) (+2/3,8) see Sec. 4 (this work)
4-ii-b | (ma)(e)id)(de) (+4/3.3) (+1/3.3) (+2/3,3) only with ¥,
(+4/3.6) (+1/3.6) (+2/3.3)
G- (ue)(d)id){us) () (—1/3.3) (0.1) (+1/3.3) RPV [5860]
(—1/3,3) (0. 8) (+1/3,7) RPV [58-60|
S-fi-a | (we)(@)(e)(dd) (-1/3,3) (+1/3.3) (-2/3.3) only with V]
(—1/3.3) (+1/3.6) (-2/3.6)
S-ii-b | (@) m)(dd) (—1/3,8) (—4/3.3) (-2/3,3) only with Tr;{
|:— I_,ug 3) I;_—'il.-'.H. 3_.] (—2/3,86)

For Top #II = Bonnet Hirsch O Winter

@ Mediators are specified with
U(1) EM charge
SU(3) colour charge

@ Here, we do not specify the
chiralities of outer fermions
SU(2),and U(1)y)

— Decom of chirality-specified ops

Bonnet Hirsch O Winter
JHEP1303 (2013) 055

@ Long Range’

Decomposition which can
contain neutrino propagation




L et e Decompositions List of high E completions

Long Mediator (LU7{1)em, SU(3).) . . .
#  Decomposition Range?] S or V, ¥ §' or V} | Models/Refs. /Comments POSSlble decomPOSltlonS
1-i (wd){E)(€)(md) (a) (+1.1) (0,1) (—1,1) | Mass mechan., RPV |38-60],
LR-symmetric models [39], and
Mass mechanism with vg [61], o
Te scale secsaw, e.z., 62, 63) Necessary mediators
(+1,8)  (0.8)  (-1.8) | [64]
l-ii-a  (ud)(u@)(d)(€) (+1,1)  (+5/3.8) (+2,1) ( )
L Game o only Topology #I
1iih  (ud)(d)(a)(e8) (+1,1) (4 -1;"3.3] (+2,1)
(+1,8) (+4/3,3) (+2,1) eq eqe
T @) LD ARy AT @ 4 possibilities for each decom.
(+1.8)  (+4/3.F) (+1/3.73)
2ib  (ad)E)d)(aE) (b)) | (+L1)  (0.1) (+1/3.3)] RPV [58-60], LQ [65,66] S-F-S. V-F-V.S-F-V
(+1,8) (0, 8) +1/3.9) ? ? ’
2i-a  (ud){u)(e)dE) (+1.1} (+5/3.3) (+2/3.3) L
(+1.8)  (+5/3.8) (+2/2.8) and V-F-S
2i-b  (ud)(E)(u){dE) ih) (+1

(+1.8) (08 (233 @ Mediators are specified with

Liii-a (de)(m)(d)(ze) (¢) |i(-2/3F) (0.1) +1/3,3)] RPV [58-60]

(-2/3.3)  (0.8) }ggj RPV [58-60] U( ]) EM Charge

(
(
(
(
(
( )
1) 0,1)  (+2/3.3)] rRPV [58-60], LQ [65,66)
(
(
(
(
(
(

2iii-b  (de)(d)(n)(aE) (-2/3.3) (—1/3.9)
|:—2_,-'.3.§;| L—II,",H_EJ t ],.'rE,E;I
31 (au)(e)(e)(dd) (t4/3.3) (11/3.3) (—2/3.3)] only with V, and V; SU ( 3 ) Colour Charge
(+4/3, g ) (+1/3.6) (—2/3.6)
3 (ma)id)(d)(EE) (+4/3,3) (+5/3,3) (+2,1) | only with ¥}, b
Ure s e @ Here, we do not specify the
S (dd)(@)ii)(EE) (+2/3,8) (+4/3,8) (+2,1) | only with V, b 4l :
(G238 (14T  (121) ‘ chiralities of outer fermions
11 (de)(w)(u)ide) (¢) [(-2/3.F) (0.1) (+2/3.3)| RPV [58-60]
(-2/3.3)  (0.8)  (+2/3,8)] RPV [58-60] (SU ( 2 )L and Ui ( 1 )Y)
Adi-a  (aa)(d)(E)(de) (+4/3.F) (+5/3.8) (+2/3.3)] only with V, o o
(+4/3,8) (+5/3.8) (+2/3.3)] see Sec. 4 (this work) — Decom of chirality-specified ops
Lich - (uu)(e)(d)(de) :I@EJ I[: }Egj t?,g o] only e Ve Bonnet Hirsch O Winter
L3, e +3/3, 3)
51 meddimE) 0 | =138 (0.1 (7130 RPV 5500 JHEP1303 (2013) 055
(—-1/3.8)  (0.8) (+1/3.3)] RPV [58-60]
Giia  (€)(@)(E)(dd) (-1/3.8) (+1/3.3) (-2/3.3)| only with V! Q Long Rcmge ?
(—1/3.3) (+1/3.6) (-2/3.8) o, .
Siih  (a€)(2)(H)(dd) (-1/3.3) (—4/3.8) (~2/3.3)| only with v Decomposr[lon which can
(—1/3,3) (—4/3.3) (-2/3.6) . . .
—_— contain neutrino propagation

For Top #II = Bonnet Hirsch O Winter
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Long Mediator {L7{1)em, SU3):)
¥ Decomposition | RangeT§ 5 or V), i 8 or V, Models/Refs. /Comments
1- (ad){€){€)(d) (a) (+1,1) (0,1) (—1,1) Mass mechan., RPV [58-60],
LR-symmetric models [39],
Mass mechanism with »g [61],
TeV scale seesaw, e.g., |62,63]
(+1,8) (0. 8) (—1,8) [64]
l-ii-a  (ad){d){d){EE) (+1,1) (+5/3,3) (+2,1)
(+1,8) (+5/3,3) (+2,1)
1-i-b (@) (d)(i@)(E€) (+1,1) (+4/3.3) (+2,1)
|+ I.B_I |,_1 dl.-'.H.-EJ {4 lel
2i-a  (ud)(d)(){uE) (+1,1) (+4/3.3) (+1/3.3)
(+1,8)  fuinid (+1/3.7)
2ib (ud)E)(d)(uE) (b) (+1,1) (0.1) (+1/3,3) RPV [58-60|, LQ [65,66)
(+1,8) (0,8) (+1/3,3)
2ii-a  (Gd){@)(E)(dE) (+1,1) (+5/3,3) (+2/3.3)
(+1,8) [l (+2/3,3)
2ai-b (ad){E)(@)ide) (b) (+1,1) (0.1) [+2/3,3) RPV [58-60|, LQ [65,66)
(+1,8) (1] K] (+2/3.3)
2-iii-a (dE)(@)(d)(@E) () (—-2/3,3) (0.1) (+1/3,3) RPV [53-60|
(—2/3.3) A:)] (+1/3.F) RPV [58-60|
2iii-h (de)(d)(u)(2E) (—-2/3.3) (-1/3.8) (+1/3.8)
(-2/3,3) (-1/3,8) (+1/3.3)
RE] (i) (€} (&) dd) (+4/3,3) [+1/3,3) [—E,-’S_ﬁj only with ¥,
(+4/3,6) [+1/3,8) (—2/3,8)
34 (ui)(d)(d){EE) (+4/3.3) (+5/3.8) (+2,1) only with ¥,
(+4/3,6) (+5/3.8) (+2,1)
it (dd)(@)(m) (ee) (+2/3.8) (+4/3.3) (+2,1) only with ¥},
(+2/3.8) (i3l (+2,1)
44 (de)(m)(w)ide) () (—2/3.3) (0.1) (+2/3,3) RPV [58-60|
(—2/3,3) A=) (+2/3,3) RPV [b8-60|
dii-a  (@i)(d)(€){de) (+4/3.3) (+5/3.3) (+2/3,8) only with ¥,
(+4/3,6) (+5/3,8) (+2/3,3) see Sec. 4 (this work)
d-ii-b  (ua)(E)(d)(de) (+4/3.3) (+1/3.3) (+2/3,8) only with ¥,
(+4/3,6) |[elbiel (+2/3,8)
G- (e d)(d){ue) () (—1/3.3) (0.1} (+1/3.3) RPV [5860]
(—1/3.3) (0.8) (+1/3,7) RPV [58-60|
S-fi-a  (uE)(@)(E)(dd) (-1/3,3) (+1/3.3) (-2/3.3) only with V]
(—1/3.3) (+1/3.6) (-2/3.6)
A-i-b (mE)(E)(m)(dd) (—1/3,8) (—4/3.3) (-2/3,3) only with Tr;{
(—1/3,3) (—4/3.3) (-2/3.8)

For Top #II = Bonnet Hirsch O Winter

Possible decompositions

and
Necessary mediators

(only Topology #I)

@ 4 possibilities for each decom.
S-F-S, V-F-V, §-F-V,
and V-F-§
@ Mediators are specified with
U(1) EM charge
SU(3) colour charge

@ Here, we do not specify the
chiralities of outer fermions
SU(2),and U(1)y)

— Decom of chirality-specified ops

Bonnet Hirsch O Winter
IHEP1303 (2013) 085

@ Long Range’

Decomposition which can
contain neutrino propagation
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X BEAE

e Decompositions

List of high E completions

Long Mediator {L7{1)em, SU3):) o .. o
4 Decomposition  Range? S or V, W §'or V] Models/Refs. /Comments POSSlble decomPOSltlonS
11 (ad}{e)(E)(id) (a) (+1, 1J (0,1) (—1,1) Mass mechan., RPV [58-60],
I.R.—Ei-}"ll']mf_"trl.[.: mudF]Es [39], and
Mass mechanism with »g [61], o
TeV scale secsaw, o.., 62, 63] Necessary mediators
(+1.8)  (0,8) [64]
ldia  (ad)(i)(d)(eE) (+1,1})  (+5/3.9) ( )
1 (1 only Topology #I
1-i-b (@) (d)(i@)(E€) (+1,1) (+4/3.3)
(+1,8) (+4/3.7) oq g, e
e G T IAT @ 4 possibilities for each decom.
(+1,8) (+4/3.3)
2ib  (ud)E)(d)(@E) (b))  (+L1)  (0.1) RPV [58-60], LQ [65,66] _F- _F- _F-
g S-F-S, V-F-V, S-F-V,
2di-a (md)(a)(E)(dE) (+1,1)  (+5/3.3) and V_F_S
(+1,8) [(+5/3,3)
%iib  (ad)(e)(@)de) (b)  (+L1)  (0.1) RPV [58-60], LQ [65,66] . o .
18 (08 @ Mediators are specified with
2ii-a  (de)(u)(d)(uE) (o) (—-2/3,3) (0,1) RPV [58-60|
(—2/3F)  (0.8) RPV [58-60] ( )
2-ii-b  (dE)(d){z){aE) (—2/3.3) [(—1/3.3) , U ] EM Cha’rge
i —2_..’3,3! I:_— 1..-3 E_I i} oy $
33 (uu)(e)()(dd) (14/3.3) (+1/3.0) 73.8) only with V, and V7 ‘\00 S U ( 3 ) COIOUI' Charge
(+4/3. g_j (+1/3.8) '3, 6) C\O “\Q\e
34 (ui)(d)(d){EE) (+4/3,3) (+5/3,3) ,1)  only with R
(A0 (oad (2 - \\6 o @ Here, we do not specify the
Siii  (dd)(a)(q)(EE) (+2/3.8) (+4/3.8) ) -
G2nT) (4mT o W chiralities of outer fermions
44 (dE)(w)(u)(dE) () (—2/3.3) (0,1) 3.8 (5860
(-2/3.3) (0.8 -\)ﬁm' [58-60) (SU(Z)L and U(])Y)
dii-a  (@i)(d)(€){de) (+4/3,3) (+5/3.3) only with ¥, . . .
(+4/3.6) (+5/3,8) see Sec. 4 (this work) — Decom of chirality-specified ops
== Y AL T : :;;g; H {F-:gj only with ¥, Bonnet Hirsch O Winter
| | I
51 (we)ddiuE) 1 (-1/3.8) (1) APV |58 60] JHEP1303 (2013) 055
(—-1/3.8)  (0.8) RPV [58-60|
Giia  (ue)(a)(E)(dd) (-1/3.8) (+1/3.9) only with V! (* Long Rdﬂg@?
(—1/3,8) (+1/3.6) .. )
5ith  (ae)(e)(@)(dd) (-1/3.8) (-4/3,3) only with V] Decomposition which can
(—1/3.8) (—4/3.8)

For Top #II = Bonnet Hirsch O Winter

contain neutrino propagation



gﬁixﬁé 9 High E models Collider testability

TR d €D ora —\(T Take scalar mediators
UR L R ¢L (uRUR)(Q)(ER)(LAR) shecity the chirakities
Necessary mediators
sul* [weors] st (50
)\DQ -—-— - - )\LQ (SLQ)[@' — ((SITQ/ )I (SEQ/ )I)
ADQU  ALQW - s T
(\I’L)Iia, — ((\Ijzo )IGLJ (\Ijz / )Iaa)
_ \_ and (\I’R)?u




gﬁixﬁé e High E models Collider testability

TS d D r-ra —\(T Take scalar mediators
UR L CR €L (URUR)(Q)(ER)(LAR) shecity the chirakities
Necessary mediators
s | wsse| stz (G
)\DQ -- 0 - - )\LQ (SLQ)H — ((SITQ/ )I (SEQ/ )I)
ADQU  ALQU s s T
(\I’L)Iia, — ((\Ijzo )IGLJ (\Ijz / )Iaa)
- \_ and (\I’R)?u

ADQADQUALQIALQ [y a(n (X (e J' b\ I[J [ e — é
= Tn’zDQﬂI’%QTn‘P |i('ﬂ-R) (TGJI-'JI(HR )a. j| [(dL )I(TS)X (ER )b] [(EL)C(G!R)J}



""\':J)I%E?(# e High E models Collider testability

TS d D S ——\(T Take scalar mediators
UR L CR €L (uRUR)(Q)(ER)(LAR) specity ihe chiraiites
Necessary mediators
sl [weora] st (50
)\DQ -- 0 - - )\LQ (SLQ)H — ((SITQ/ )I (SEQ/ )I)
ADQU  ALQW s s T
(\I’L)Iia, — ((\Ijzo )IGLJ (\Ijz / )Iaa)
- \_ and (\I’R)?u

_ ApQADQuALQrALg 1
- -m.zDQm%Qm@ 39

1(O4)Lr — (O5)LR]
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TR AL eg €L (TruR)(Q)(ER)(LAR) speity the e

Necessary mediators

sst | weon| sz (53 a
ADQ@ — - ——@ — — Q@ \.q (SLQ)r = ((5;5/3)1 (SL_é/B)I)
ADQU  ALQU N s T
(\I’L)Iia, — ((\DZO/ )IGLJ (\Ijz / )Iaa)
and (¥r)Y,
T i \_ i/
_ ApQADQuALQrALg 1

[1(04)LR — (OS)LR: Take )\'S :1, m=A

2mp 1 1
G%; 32 A°

- -m.ZDQm%Q-m@ 39
2

On2b half-life: (Tfj’f’ﬁ) = G [iMy — M|
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o h ot o (u)(Q)@ER) (Ddr) s e
Necessary mediators
st | won| sz (53 a
ADQ @ - S T e (St = (571 (52d/™)1) T
(Vr)ria = ((‘I’ZWB)I@; (‘I’Zg/g)[m)
— " \_ and (VRr)7; /
— )\Dij\gji%;if;m % 1(O4)Lr — (Os5)LR. Take X's =1, m=A
On2b half-life: (Tf'/f?) G 2;;‘9 312 ;5 iMy — Ms] 2
17 324
Exp. bound: Tf/”fﬁ (136Xe) > 1.6 - 10% [yr] mmp A > 2.0 [TeV]

Q: What does this model suggest to LHC observables?



gﬁi?{%’-‘ e High E models Collider testability

e d R T =—\(T. Take scalar mediat
UR Lo AR °L (uRUR)(Q)(€R)(LAR) specity the chiraiiies
\ Necessary mediators
s\ v sz i a
Qu )\LQ\II LQ /It LQ /I LQ /1 .
/ (VL)ria = ((‘I’ZWB)I@, (‘I’Z?/g)m;)
L and (VR)%,
— i \- i/

@ Diquark (DQ):
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L (urtuR)(Q)(ER)(LAR) specity e triaiton

Necessary mediators

+4/3
(SDQ/ )X T\
+2/3 —1/3
ALQ (SLQ)1i = ((SLQ/ )1 (SLQ/ )I)
;
5/3 2/3
(Wit = (7" )1y (0] )10, )
S \ % ::E IIIIIIIII Ns=TTeV, [ Ldi = 4.8 b’
UR dr - * Da
. L
@ Diquark (DQ): Search for a resonance in 2-jets 1 oy e Qo
S jet Apq S 0.2 |
P . UR over this mass range
UR G+4/3 1
DQ 107 ATLAS arXiv 1210.1718 .
— e — E1-|j;‘-i-i-i-l-i-i-i-i-l-i-i-i-i-lii
2 0
UR < = 1
P== “n k
g Jet E’ 26 _E

= 1 PR BRI BT R N I PR T I NN T I PR T R T I 1
1000 2000 3000 4000
Reconstructed m, [GeV]
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The) d €n =T —\(T Take scalar mediat
UR L €r L (uruR)(Q)(€R)(LAR) specity the chiralities
/ Necessary mediators
Sh? [ wHs/3] | st /(Sgé/ Ny — — T\
ADQ® = - -~ ®Aq [(SLQ)H = ((SE_Q/ )1 (SL_Q/ )I)j
ADQY AL 5/3 2/3 T
\ (Wit = (7" )1y (0] )10, )
- and (VR);
o i \_ i/

@ Leptoquark (LQ):



Collider testability

Take scalar mediators
Specify the chiralities

°L (ugur)(Q)(er)(Ldg)

Necessary mediators

/(Sgé/s)x \
[(SLQ) = (73 ,(555/3)1)7

>
P T
= e
+2/3
_ >
;/? =
SLQ
P >
=

.
(VL) ria = ((‘Pf)/g)m, (‘PZQ/?))I@,)

and (\I’R)?u

dr

6 | T T 17T | T 1T | T T
(6]
1 ATLAS
O arXiv 1112.4828 3
x ,
s LQLQ — eejj+evjj

6+ I p
a .[Ldt =1.03fb

~

d jet Ns=7TeV

B ecjj+evjj (Exp.)
= cejj+evjj (Obs.)

A

Do (5.4
CMS (36 pb'}
IIIIIIIIIIIIIIIIIIIIIIII | Ll 1 Ll Ll

300 400 500 700 800 900 1000
m q [GeV]
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7 D d e D1 —\(T Take scalar mediators
UR L R €L (U’RU’R) (Q) (GR) (LdR) Specify the chiralities
Necessary mediators
533/3 y+5/3 Sﬁs/g /(S]gé/g)x » » T\
ADQ@ — = - = Q)\LQ (SLQ)r = ((SITQ/ )1 (SEQ/ )I)
ADQU  ALQW — —
[(‘I’L)h:a, = ((‘I’ZO/ Vras (W% )Ia,)]
\_ and (\I’R)?y

UR dr

@ Vector-like Quark (VLQ):
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7 D d én DT —\(T Take scalar mediators
UR L R e (ugur)(Q)(er)(Ldg) Specify the chiralities
Necessary mediators
Spa LU i (5s S a
ADQ @ = = - - @ \Lq (SLQ)1i = ((SITQ/ )1 (SEQ/ )I)

[(‘I’L)h:a, = ((‘I’ZWB)I@, (‘I’Z?/g)fa, )]

\_ and (\I’R)?y

UR dr

@ Vector-like Quark (VLQ): Search for a (g W)-pair

jet _\« 1 arr.
> J G%VLQ = A ( L)(i (uRa)IHz + H.c.
P > u = A A A B B S B B B A
> > o 10°F =~ det -104fb'95%CL o
fg B % ATLAS —Nh:jLi):rom HArtTHOH 3
£ 5| Ames i ety
‘/‘/ _|_ = T) = Observed Limit
x I +1c6
IT 10 =] <20 E
W S arXiv 1202.3389]
2@ L ]
o -
u  my > 350 GeV _
300 320 340 360 380 400 420 440 460 480 500

jet
mq [GeV]



Outline

New Physics (d=9) contributions in neutrinoless double beta decay (On2b)

o Neutrino mass searches as a frontier to new physics: dim=9 ops

d=9 ops — half-life time of On2b processes
“How sensitive On2b experiments to the d=9 ops?”

e What do the d=9 ops suggest to TeV scale physics?
d=9 ops — decompose them to the fundamental ints.

— list the TeV signatures of each completion

e Summary

“Complementarity between On2b and LHC (and ILC)”

“The list helps us to discriminate the models”




‘,'\"j)IﬁIK%‘L' d=9 op. : Bridge between neutrino and TeV scale Summar 'y

Long Mediator {L7{1)em, SU3):) N
¥ Decomposition Range? S or V, W S8 orV, Models/Refs. /Comments What can we learn from thls table?
1- (ad}{e)(E)(id) (a) (+1,1) (0,1) (—1,1) Mass mechan., RPV [58-60],
LR-symmetric models [39],

Mass mechanism with vg [61] If On2b Confllcts Wlth
TeV scale seesaw, e.g., |62,63
(+1,8) (0, 8) (—1,8) |64 1
l-ii-a  (ad){d){d){EE) (+1,1) Ulla,-“ﬂfﬂj [12,1} o Cosm()loglcal Obs’a
(+1,8) U&ﬂ:g} (+2,1) . .
1Hi-b  (Gd){d){i@)(EE) (+1,1) (+4/3,3) (+2,1) —_
BT It could be a large d=9 contribution
2i-a  (ud)(d)(){uE) (+1,1) (+4/3,.3) 1/3.3)
(+1,8) (+4/3.F) 1/3,3)
2ib  (ud)(E)(d)(uE)  (b) (+1,1) (0,1) +1/3,F) RPV [58-60], LQ [65,66]
(+1,8) (0,8) 1/3,3)
2iia  (ud)(@)(€)(dE) (+1,1)  (+5/3.%) (+2/3,9)
(+1,8)  (+5/3.3) 2/3,3)
2ii-b  (ud)(e){a)(de)  (b) (+1 (0,1)

(+1.8)  (0.8)
2iii-a  (de)(n)(d)(ue) (©) (-2/3,3) (0,1)

_ +1/3,3) RPV [58-60|
(—-2/3.3) (0.8)

(

(

(

(

(

(

+1,1) (0,1)  (+2/3,3) RPV [58-60], LQ [65,66]

(

(

(+1/3,7) RPV [58-60|

(
(

2ii-h  (de)(d)(u)(aE) (—-2/3.3) (-1/3.3) 1/3,3)
(-2/3,3) (-1/3,8) 1/3,7)
31 (aa)(E)e)(dd) (+4/3.3) (+1/3.3) (—2/3.3) only with V, and Ve
(+4/3,6) (+1/3,6) (-2/3,8)
i (ma)(d)(d)(E€) (+4/3.3) (+5/3,8) (+2,1) only with ¥,
(+4/3,6) (+5/3,3) (+2,1)
3l (dd)(@)(E) (EE) (+2/3.8) (+4/3.3) (+2,1) only with ¥},
(+2/3.8) (+4/3.3) (+2,1)
441 qde){m){u)idE) (e} (—2/3.3) (0,1) (+2/3,3) RPV [58-60]
(—-2/3,3) (0, 8) (+2/3,3) RPV [58-60|
di-a () (d)(E)({dE) (+4/3.3) (+5/3.3) (+2/3,8) only with ¥,
(+4/3.6) (+5/3.3) (+2/3.3) see Sec. 4 (this work)
d-i-b () (E)(d)(de) (+4/3.3) (+1/3.3) (+2/3,3) only with ¥,
(+4/3.6) (+1/3,6) (+2/3.3)
51 (ué)(d){d){uE) (e} (—1/3.3) (0,1) (+1/3.3) RPV [5860]
(—1/3.3) (0,8) (+1/3,7) RPV [58-60|
b-ii-a  (ue)(@)(e)(dd) (-1/3,3) (+1/3.3) (-2/3.3) only with V]
(—1/3.3) (+1/3.6) (—2/3.6)
Bii-b  (uE)(E)(m){dd) (-1/3,8) (-4/3.3) (-2/3,3) only with V)

(-1/3,8) (—4/3,8) (—2/3,6)



Iﬁf?’(# d=9 op. : Bridge between neutrino and TeV scale S ummary

Long Mediator {L7{1)em, S (3):]

¥ Decomposition Range? S or V, W 8 or V, Models/Refs. /Comments What can we learn from this table?

11 (ad}{e)(E)(id) (a) (+1,1) (0,1) (—1, 1_:: Mass mechan., RPV [58-60],
LR-symmetric models [39],

Colour § Mase mechasim with vg 01 If On2b conflicts with

4] o
Liia  (ad)(@)(d)(22) Ty el cosmological obs.,
o m HE,l; . .
b (it es) — - It could be a large d=9 contribution

Zi-a  (ud)(d)(€)(ue)

b (ud){E)(d)(uE) ih)

RPV [s8-60, LQ [65,66] Such a large d=9 contribution

should leave the trace in LHC

HIY L e except for T-1-1-1 (and T-II-1)
Riv s 60 that does not contain
a coloured mediator

Dii-a  (ud)(i)(e)(dE)

2-ii-b  (ud)(e){u){de) ib)
2ii-a :'d:*;u’&;u‘d;u‘l.!.ﬂ (o)

2-ii-b  (dE)(d){z){aE)

RE] (i) (€} (&) dd) only with ¥, and V;

34 (ui)(d)(d){EE) only with ¥,

il (dd)(w)(u)(EE) only with ¥,

41 (dE)(@w){m){dE) () RPV |53-60)|
RPV [58-60|
only with ¥,
see Sec. 4 (this work)

only with ¥,

dii-a  (@i)(d)(€){de)

d-ii-b  (ua)(E)(d)(de)

51 e d)dime) ) RPV [5860]
RPV [58-60|
Sedi-m  (ueE)(@)(e)(dd) only with V]

5ii-b  (ue)(e)(i)(dd) only with ¥

Colour 6



c\ﬁ.&fj‘# d=9 op. : Bridge between neutrino and TeV scale

Summary

What can we learn from this table?

It On2b conflicts with
cosmological obs.,

It could be a large d=9 contribution

Such a large d=9 contribution
should leave the trace in LHC
except for T-I-1-1 (and T-II-1)
that does not contain
a coloured mediator

T-I-1-1 can be examined at ILC!

exotic 1nteractions with electron!

Long Mediator {L7{1)em, SU3):)
¥ Decomposition  HangeT 5 or V), i §' or V:  Models/Refs. /C
1- (ad){€){€)(d) (a) (+1, 1J (0,1) (—1, 1 Mass mechan., RPV [58-60],
LR-symmetric models [39],
Mass mechanism with vg [61]
m @ TeV scale seesaw, e.g., |62,63
[64]
l-ii-a  (@d)(@)(d)(&8) (+1,1) m (+2,1)
m 2L 3)  (+2,1)
1-i-b  (ad)(d)(a)(EE) +1.1 TEEFRE (+2,1)
Zi-a  (ud){d)(e)(ue) +1, [
Z-i-b  (wd)(E)(d)(uE) (b RPV [68-60|, LQ [65,66)
2ii-a  (Gd){@)(E)(dE)
2ai-b (ad){E)(@)ide) (b) RPV [58-60|, LOQ [65,66)
2-iii-a (dE)(@)(d)(@E) () RPV [58-60|
RPV [58-60|
2-ii-b  (dE)(d){z){aE)
RE] (i) (€} (&) dd) (=273 3]) only with ¥, and Tr';
34 (ui)(d)(d){EE) (+2,1})  only with ¥,
(+2,1)
it (dd)(@)(m) (ee) (+2,1)  only with ¥,
(+2,1)
4 (dE) () (u){de) (o) L7 \J RPV |53-60|
RPV [58-60|
didi-a  (mi)(d)(E)(de) i only with V,
see Sec. 4 (this work)
4-ii-b  (ua)(e)id)(de) only with ¥,
G- (e d)(d){ue) () i1/ RPV [58-60)|
(14 31) RPV [53-60|
Sedi-m  (ueE)(@)(e)(dd) et 01y with V7
A-i-b (mE)(E)(m)(dd) [ 273 310 only with Tr;{




Iﬁf?‘(# d=9 op. : Bridge between neutrino and TeV scale

Long Mediator {L7{1), "S'UI_'_H;-L.J
¥ Decomposition  HangeT 5 or V), i 8 or V, Models/Refs. /Comments
1- (ad){€){€)(d) (a) (+1, 1J (0,1) (—1,1) Mass mechan., RPV [58-60],
LR-symmetric models [39],
Mass mechanism with vg [61]
TeV scale seesaw, e.g., |62,63
C=) CE)) =) o
l-ii-a  (@d)(@)(d)(&8) (+1,1) m (+2,1)
m TESTRRRY u“* 1)
1-i-b  (ad)(d)(a)(EE) +1.1 TEEFRE (+2,1)
Zi-a  (ud){d)(e)(ue) +1, [
Z-i-b  (wd)(E)(d)(uE) (b RPV [68-60|, LQ [65,66)
2ii-a  (Gd){@)(E)(dE)
2ai-b (ad){E)(@)ide) (b) RPV [58-60|, LOQ [65,66)
2-iii-a (dE)(@)(d)(@E) () RPV [58-60|
RPV [58-60|
2-ii-b  (dE)(d){z){aE)
RE] (i) (€} (&) dd) [=273.3)) only with V, and V)
34 (ui)(d)(d){EE) (+2,1})  only with ¥,
(+2,1)
it (dd)(@)(m) (ee) (+2,1)  only with ¥,
4 (dE) () (u){de) (o) \J RPV |53-60|
L) RPV [58-60|
dii-a  (@i)(d)(€){de) only with ¥,
W see Sec. d [th*; work)
d-ii-b  (ua)(E)(d)(de) 1y only with 1
G- (e d)(d){ue) () / RPV [58-60)|
-ﬁlﬂl RPV [58-60|
Sedi-m  (ueE)(@)(e)(dd) mn only with V]
A-i-b (mE)(E)(m)(dd) sl g1y only with ¥ '

Summary

What can we learn from this table?

It On2b conflicts with
cosmological obs.,

It could be a large d=9 contribution

Such a large d=9 contribution
should leave the trace in LHC
except for T-I-1-1 (and T-II-1)
that does not contain
a coloured mediator

T-I-1-1 can be examined at ILC!
exotic interactions with electron!

My last message:

On2b exps, cosmological obs,
LHC and ILC
are complementary!
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Back-up

New Physics (d=9) contributions in neutrinoless double beta decay (On2b)

TeV scale models with LNV — Models for radiative neutrino masses
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Maybe, we have already known the mediators appear in the big table...
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E>Radiative neutrino mass models <:J_—I

30° with TeV ingredients
O

. o
(\600“ Size of two contributions to On2b can be comparable!
\ .
Standard one dim=9

Ty ~ 0.1eV Anp ~1 TeV



“"‘\"ytﬁjﬁ e Seeking the relation to the models Examples

Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale

@ #L must be violated in somewhere
E>Radiative neutrino mass models <:J__I

30° with TeV ingredients
O

500“(08126 of two contributions to On2b can be comparable!
\Q

Standard one dim=9
my ~0.1eV Anp ~1 TeV

1

If d=9 and M, are related " oo
in a model...

IGEX

Discover!

INVERTED

= Ditference
— d=9 contribution

0.001

1My in reality

Suggested!

- 0001 001 | (just for sketching the idea)
™o
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale

@ #L must be violated in somewhere
E>Radiative neutrino mass models <:J_—I

5 with TeV ingredients
066\
. . .
" Size of two contributions to On2b can be comparable!
\O :
Standard one dim=9
my ~0.1eV Anp ~1 TeV
If d=9 and m,,, are related % &
in a model... N - Discover!
§ . - I‘\_‘ Difference

< | — d=9 contribution
With the info on this plane, o« |Indicated!

we have a chance to know . !
[ ] [ ] [ ] u es e [ ]
the origin of neutrino mass! .- g%

10~ 0.001 0.01

™ 1my,in reality

| (just for sketching the idea)
™o
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

30° with TeV ingredients
O

. o
<" Size of two contributions to On2b can be comparable!
o ,
Standard one dim=9

Ty ~ 0.1eV Anp ~1 TeV
Examples introduced in recent papers, based on Decomposition of LLQOQdd,

Coloured Babu-Zee model with LQ(3, 1,-1/3), DQ(6, 1, -2/3)
Kohda Sugiyama Tsumura PLB718 (2013) 1436 Q L L Q

dR dR

Dim=9 op is directly proportional to 1;,, and its contribution to On2b seems to be large.
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

50 with TeV ingredients
O
(\5\)0“((\Size of two contributions to On2b can be comparable!
\ .
Standard one dim=9
Ty ~ 0.1eV Anp ~1 TeV

Examples introduced in recent papers, based on Decomposition of LLQOQdd,

Coloured Babu-Zee model with LQ(3, 1,-1/3), DQ(6, 1, -2/3)

Kohda Sugiyama Tsumura PLB718 (2013) 1436 d d

“ {\]/‘/ t9
ISD

(’)0;;25— _ _Q_

€ SLqg  SLQ

Topology #2
L diagram L
Dim=9 op is directly proportional to 1;,, and its contribution to On2b seems to be large.
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

50 with TeV ingredients
&)
(\5\)0‘(‘((\Size of two contributions to On2b can be comparable!
\ .
Standard one dim=9
Ty ~ 0.1eV Anp ~1 TeV

Examples introduced in recent papers, based on Decomposition of LLQOQdd,

Coloured Babu-Zee model with LQ(3, 1,-1/3), DQ(6, 1, -2/3)
Kohda Sugiyama Tsumura PLB718 (2013) 1436
Q dR dR Q
°DQ 0v2 ODQ

ml/=l/—>//<|<'>|:\\ 1—L Oe;;B: - — L - -

Q dp dp Q SLq  9LQ

Hd Hd Topology #2
L diagram L
Dim=9 op is directly proportional to 1;,, and its contribution to On2b seems to be large.
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

30° with TeV ingredients
O

((\ ° ° °
(\5\)0‘(‘ Size of two contributions to On2b can be comparable!
\

Standard one dim=9
Ty ~ 0.1eV Anp ~1 TeV
Examples introduced in recent papers, based on Decomposition of LLQOQdd,
Two-loop mNu model with LQ(3, 1, -1/3), Majorana fermion (8, 1, 0)
Angel Cai Rodd Schmidt Volkas 1308.0463 Q dR dR Q
Ov2p3 * *
O — — >— -
eff St ¥ Siq
Topology #1
L diagram L
Dim=9 op is directly proportional to 1;,, and its contribution to On2b seems to be large.
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

5 with TeV ingredients
066\
A\ . .
" Size of two contributions to On2b can be comparable!
\O .
Standard one dim=9
My ~0.1eV ANP ~1 TeV
Examples introduced in recent papers, based on Decomposition of LLQOQdd,
Two-loop mNu model with LQ(3, 1, -1/3), Majorana fermion (8, 1, 0)
Angel Cai Rodd Schmidt Volkas 1308.0463 Q dR dR Q
dptld
S / :
o N *
Ty, =17, )’ I OOV25= R
—— - - = eff SLQ w SLQ
@ 1dr SLq
H Topology #1
d L diagram L
Dim=9 op is directly proportional to 1;,, and its contribution to On2b seems to be large.
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

30° with TeV ingredients
O
500“®Size of two contributions to On2b can be comparable!
o
' Standard one dim=9
my ~0.1eV ANP ~1 TeV

Examples introduced in recent papers, based on Decomposition of LLQOQdd,

Colour-8 mNu model with Scalar (8, 2, 1/2), Majorana fermion (8, 1, 0)
Choubey Duerr Mitra Rodejohann JHEP 1205 (2012) 017 Q L L Q
* I
OOVQBZ _ > _
eff d d
Topology #1
dR diagram dR
In this case, dim=9 op is not directly proportional to 77,
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Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

5 with TeV ingredients
Ode\
. . .
" Size of two contributions to On2b can be comparable!
\O :
Standard one dim=9
my ~0.1eV Anp ~1 TeV
Examples introduced in recent papers, based on Decomposition of LLQOQdd,
Colour-8 mNu model with Scalar (8, 2, 1/2), Majorana fermion (8, 1, 0)
Choubey Duerr Mitra Rodejohann JHEP 1205 (2012) 017 Q L L Q
AN /s A
N e
My, = X O%28—= \ _ 1,1 _
[ XA I § eff d v b
Topology #1
w dR diagram dR
In this case, dim=9 op is not directly proportional to 77,




‘C\-ﬁﬂx# e Seeking the relation to the models Examples

Maybe, we have already known the mediators appear in the big table...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:J_—I

50 with TeV ingredients
&)
(\5\)0‘(‘((\Size of two contributions to On2b can be comparable!
\
Standard one dim=9
Ty ~ 0.1eV Anp ~1 TeV

Neutrino mass models based on the effective operator approach
Schechter Valle Phys. Rev. D25 (1982) 2951
Babu Leung Nucl Phys B619 (2001) 667

de Gouvea Jenkins Phys. Rev. D77 (2008) 013008

del Aguila Aparici Bhattacharya Santamaria Wudka JHEP 1206 (2012) 146,
JHEP 1205 (2012) 133

Angel Rodd Volkas Phys. Rev. D87 (2013) 073007
Farzan Pascoli Schmidt JHEP 1303 (201 3) 107 and more...
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