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TeV scale models with LNV — Models for radiative neutrino masses
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@ In SM+3nu, On2b exp are sensitive to

I 1
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Normal hierarchy
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d On2b mediated d

Inverted hierarchy .
by neutrinos
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ms = 1y (" . .
morepresents the lightest neutrino mass
| (vand [ are Majorana phases

@ Oscillation exp told us... e.g., Gonzalez-Garcia Maltoni Salvado Schwetz, JHEP 1212 (2012) 123
N
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@ In SM+3nu, On2b exp are sensitive to
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Normal hierarchy
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mi = \/|Am§1| + m?), mo = \/Amgl + |Am§1| + m(2)=

ms = 1My

morepresents the lightest neutrino mass
(x and (3 are Majorana phases

@ Oscillation exp told us... e.g. Gonzalez-Garcia Maltoni Salvado Schwetz, JHEP 1212 (2012) 123
N

52, = 0.3, s3. = 0.41(0.59),  s73 = 0.023, «©

Am2, =7.5-1077eV?, |Am3,|=25-10"%eV? |co

@ Cosmological obs are sensitive to the other combination of params....
Talk by Wong
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@ On2b exp are sensitive to @ Cosmological obs constrain
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@ On2b exp are sensitive to @ Cosmological obs constrain
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Effective neutrino mass

@ On2b exp are sensitive to
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Talk by Yang
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@ On2b exp are sensitive to @ Cosmological obs constrain
Effective nu mass S3um of nu masses
(mpg) = Z(Uei)zmi Zml(: 3mg if mg 2 0.1 eV)
i=1 Talk by Yang =1
-KamLAND-Zen ‘ : : _
PRL110 (2013) 062502 Do I I " Planck (combined) ™
Xe 25 On2b —— 1303.5076
17, > 1.9 10 years A4
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EXO 200 o~ INVERTED %

B } . 3 ~ .
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- ANE
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In future

Q: If, 1n future, they will conflict with each other, what can we learn from them?
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2
T <—1 100 Mev

o A typical momentum
Current exp. limit of neutrino in atom

10% [yr] < T7 /’/225 < 1/ [Agum|”
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@ If we have an additional New Physics contribution to On2b...

U e e U u e e
Mediated by
something
+ with mass of ANp
. m- .
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m
2 BB
4 NP
_ \
Current exp. limit Sensitive to 0%@.

10 yr] < 775" o 1/ | Asoni|* B (ms) < 03[eV]  oC%
|1/ [Aa=sl* M) Axp > O(1) [TeV]

On2b exps are sensitive to not only Majorana neutrino mass but also NP at TeV.
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u ¢ U falls into the following 5 types of effective ops

G2 [
Ly = — ZE:?XY}Z(O ){XY}Z+Z A (O0n)xy |
1=1 1=5
(Ol) = JxJyjz. (04) (JX)MU(JY)MU)% t_]X =ul'Pxd
(02) — (JX)UV(JY);WJZ;(C%) — JX(JY)u(j)u JX = el'P xe”
d g (O3) = (Ix)"(Jy)ujz:
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u o & U s into the followmg 5 types of effective ops

chfp Z S0 2 +Z P )XY} =
=1 1=5H
(O1) = Ixdyvjz:  (O4) = (JxX)"™(Iy)u(f), Jx =ulPxd
(02) = (JX) V(JY),u,r/jZ;(O5) = JX(JY)u(j)u Jx =el'Pxe”
d g (O3) = (Ix)"(Jy)ujz:

@ Nice (&compact) Formula to calculate the half-life time: paes et al. PLB498 (2001) 35
3 2 5 2

Li—g =

3 5 *
. |
(Tf;;ﬁ) =G1|) &Mi| +G2|) eMi| + GaRe (Z ET,M@) (Z EEME) ]
=t 1—1 $—4 i—1 1—4
0028 1 (mgsgp) 9%/ i M, 1 ix el
(T1 /2 ) =G { Mar — = F] i Nuclear matrix elements
v MMe 9a (i Phase space factors
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u & U fals into the followmg 5 types of effective ops

2 7
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d g (O3)=(Ix)"(Jy)uiz,

Li—g = ——

@ Nice (&compact) Formula to calculate the half-life time: Paes et al. PLB498 (2001) 35
3 2 5 2

3 5 *
. |
(Tf;;ﬁ) =G1|) &Mi| +G2|) eMi| + GaRe (Z ET,M@) (Z EEME) ]
=t 1—1 $—4 i—1 1—4
0028 1 (mgsgp) 9‘2/ i M, 1 ix el
(T1 /2 ) =G { Mar — = F] i Nuclear matrix elements
v MMe 9a (i Phase space factors

Q: What 1s the high E (TeV) origin of these d=9 effective ops?
d=9 ops.
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Q: What 1s the high E (TeV) origin of these d=9 effective ops?
d=9 ops.List high E (TeV) completions — complementarity with LHC
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@ High E completion: We focus on tree-level decompositions
1 u € € oy

Ly = —=—0OT Signal @ On2b (low E)

@ Tl()/r/QQB >10%° [yr]
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@ High E completion: We focus on tree-level decompositions
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Signal @ On2b (low E)
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@ An example,

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

(ud)(e)(e)(ud)
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@ An example,

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

(ud)(e)(€)(ud)

|2 4
A A

d Let us take vectors d
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@ 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?
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@ 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
) e e u, where (U(1),.., SU(3).)

Rediscovery of the standard neutrino
mass contribution

All the outer fermions must be left-handed
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@ 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 can also mediate
this diagram. Talk by Lopez-Pavon
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@ Another example,

Decomposition Necessary mediators

~ %

ad) (@) (d) (ue 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




“’::j)tﬁiy'(# e Decomposition  Eftective ops — High E completions

@ 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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List of high E completions
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L Decompoaition  Dopesr o oor 1"r 21 ulrats 1": Mpodale )/ Bafe SCrmment s POSSlble decomposttlons
1- (ad){€){€)(d) (a) (+1,1) (0,1) (—1,1) Mass mechan., RPV [58-60], Sn u M
LR-symmetric models [39], 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  (@d)(@)(d)(&8) (+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 A SR VREEEYER RmenvER: @ 4 possibilities for each decom.
(1.8 (44/33) (4+1/37)
Tib (ud)e)d)ue) (D) (+1,1) (0.1)  (+1/3.3) RPV [5% 60, LQ |63,66] S_F_S V-F-V S_F_ V.
(+1.8)  (0.8) (4 1,-*%;. RPV ’ ’ ’
Zm-a (ud){u)E](dE) (+1,1]) (+a/3.3) ([+24/3,3) L
(+1.8) (+5/3.3) (+2/3.3) and V F S
2iib  (ad)(e)(@)(de)  (b) (+1,1) (0,1)  (+2/3,8) RPV [58-60], LQ [65,66] . . .
(18 (0.8  (+2/33) @ Mediators are specified with
2iiia (de)(m)(d){me) (¢) (-2/3F (0.1) (+1/3.F) RPV [58-60]
(-2/3 T (0.8) (+1/3W) RPV [58-60] ( )
2iii-b  (de)(d)(@)(uE) (-2/3,3) [(—-1/3,8) (+1/3.9) U ] EM Charge
(-2/3.3) (-1/3.8) (+1/3.3)
5 (wu)(8)(e)(dd) (F1/3.9) (11/3.5) (-2/3.3) only with V, and V! SU ( 3 ) colour Charge
(+4/3, g ) (+1/3.8) (—2/3,8)
i (md)(d)(d)(EE) (+4/3.F) (+5/3.8) (4+2.1) only with V, ;
(459 (5Y (21 @ Here, we do not specify the
i (dd)(@)(@)(eE) (+2/3.8) (+4/3.3) (+2.1) only with V, . . .
(233 (1433 (121 ‘ chiralities of outer fermions
i (de)(m)(m)ide)  (e) (—2/3.0) (0.1) (+2/3.3) RPV [58-60]
(-2/3.3)  (0.B)  (+2/3.3) RPV [58-60] (SU ( 2 )L and U, ( 1 )Y)
Liia (mm)(d)(e)(de) (+4/3.F) (+5/3.8) (+2/3.8) only with V, o o
(+4/3.6) (+5/3.8) (+2/3,8) see Sec. 4 (this work) — Decom of chirality-specified ops
dih - (m)(e)(d)(de) (a/ee e (e vy Bonnet Hirsch O Winter 1212.3045

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



'S
T BEAZ

Saitama University

e Decomposition

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 1212.3045

@ Long Range’

Decomposition which can
contain neutrino propagation




£ & A e Decomposition 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; S U ( 3 ) Colour Char gcC
(+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) {(+2/3,3) (+4/3.3) (+2,1) | only with V, b 4l :
(1248 (AT (o chiralities of outer fermions
L (de)wimide) (0 |(-2/3.3) (0.1) (+2/3.8)| RPV [58-60]
(-2/3.3)  (0.8)  (+2/3,8)] RPV [58-60] (SU ( 2 ) [ and Ui ( 1 )Y)
Adi-a  (aa)(d)(E)(de) (+4/3.F) (+5/3.8) (+2/3.3)] only with V, o o
(+4/3.6) (+5/3.8) (+2/3,8)| see Sec. 4 (this work) — Decom of chirality-specified ops
4ii-b  (ma)(e)d)ide) -; l-'lf'.S.E_fl l:ti 1;‘_3.3! (4 2,-:3, S_El only with ¥, Bonnet Hirsch O Winter 1212.3045
(+4/3,68) (+1/3,6) (+2/3.3)
B meddnee)  © 1 1=1/3.8 0.1 (+1/30[ RoV [55-00]
(-1/3.3)  (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) . . .
—_—r contain neutrino propagation

For Top #II = Bonnet Hirsch O Winter
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T BEAZ

Saitama University

e Decomposition

List of high E completions

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)  fuiniad (+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) (il (+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) |elbniel (+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 1212.3045

@ Long Range’

Decomposition which can
contain neutrino propagation




Saitama University

T BEAZ

e Decomposition

Long Mediator {L7{1)em, "S'L”? el
¥ Decomposition  HangeT 5 or V), i 8 or V, Models/Refs. /Comments
1- (ad){€){€)(d) (a) (+1,1) (0,1) (—1, l_fn 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)
(+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)
2ib (ud)E)(d)(uE) (b) (+1,1) (0.1) (+1/3,3) RPV [58-60|, LQ [65,66)
(+1,8) (0,8) (+1/3,9)
2ii-a  (Gd){@)(E)(dE) (+1,1) (+5/3,3) (+2/3.3)
(+1,8) (+5/3,3) (+2/3.3)
2ai-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 [58-60]
(—2/3.3) (0.8) (+1/3,7) RPV [58-60|
2iii-h (de)(d)(u)(2E) (—-2/3.3) (-1/3.8) (+1/3.8)
(-2/3.3) (—-1/3.8) (+1/39)
31 (aa)(E)e)(dd) (+4/3.3) (+1/3.3) (—2/3.3) only with V, and Ve
(+4/3,68) (+1/3,8) (—2/3,6)
3-ii (i) (d) (d)(€E) i |-1j"3,§| k{ a3, 3; (+2,1})  only with ¥, \0 Y*‘A&Q
1+ 1_,-36] |,_ 1 -:1..".3. 3_.] | +2 2.1) e $
Fiii (dd)(@)ia)(eg) (+2/3.8) (+4/3.3) (+2,1) only m&\% \X\\
(+2/3.8) (+4/3.3) (+2,1) \)
41 (de)(u)(m)(de) c) (-2/3.% (0.1) (+2/3, 31\)@1“‘» [58 Gl:r|
(=2/3.3) (0.8 (£2/3. 3 RPV [68-60|
4-ti-a  (ud){d){E)(dE) (+4/3,3) (+5/3.3) (+2/3, only with ¥,
(+4/3,6) (+5/3,3) ([+2/3, see Sec. 4 [Lhis work)
== LS LA IR ISR YEN: R SR T only with ¥,
(+4/3.6) (+1/3.6) (+2/3,
G- (ue)(d)id){us) () -_.—I J3.3) (0.1) (+1/ RPV |58-60)
(—1/3,3) (0.8) (+ RPV [58-60]
Sedi-m  (ueE)(@)(e)(dd) (-1/3,3) (+1/3.3) only with V]
(—1/3.3) (+1/3.6)
A-i-b (mE)(E)(m)(dd) (—1/3,3) (—4/3,3) only with Tr;{
(—1/3.3) [(—4/3.3)

For Top #II = Bonnet Hirsch O Winter

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-§
@ 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 1212.3045

@ Long Range’

Decomposition which can
contain neutrino propagation



"t‘ﬁ%?ﬂc_% 9 Decomposition An example

TR AL eg L (TruR)(Q)(ER)(LAR) specity the hinaiies

Necessary mediators

4/3
s [ gsss| 52 (5% T\
)\DQ . _)\. )\.' = )\LQ (SLQ)Iz p— ((Sﬁé/g)[ (Sgé/3)1>
DQW LQWw - T
(\I’L)Iia, — ((\DZO/B)IOLJ (\Dzz/g)faa)
L \_ and (\I’R)?u




T BEAZF Decomposition An example

TR AL er L (TruR)(Q)(ER)(LAR) specity the chisaiie

Necessary mediators

st | w2 (53 a
)\DQ - -9 @ - - )\LQ (SLQ)Iz — ((Sﬁé/g)[ (Sgé/3)1>
ADQU  ALQU N s T
(\I’L)Iia, — ((\DZO/ )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}



Psirz @ Decompositi
T BERZ Decomposition An example

TR AL er L (TruR)(Q)(@ER)(LAR) specity the e

Necessary mediators

ssit | weon| sz (53 a
)\DQ - -9 @ - - )\LQ (SLQ)Iz — ((Sﬁé/g)[ (Sgé/3)1>
ADQU  ALQU N s T
(\I’L)Iia, — ((\DZO/ )IGLJ (\Ijz / )Iaa)
. \_ and (\I’R)?u

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

1(O4)Lr — (O5)LR]



An example

_ ApQADQuALQrALg 1
- -m.ZDQm%Q-m@ 39

On2b half-life: (

er

023
T1/2

(wruR)(Q)(eR) (Ld

Necessary mediators

Take scalar mediators

R) Specify the chiralities

(1) = ((¥

\_

(SLq)ri = ((555/3)1 (SL_é/B)I)T

~N

) T
ZO/B)IQJ (‘Pzg/g)m,)

and (\I’R)?y

i(O4)Lr — (O5)LR] Take \'

)—1 _ G 2mp 1 1
~ G 3200

S :1, mzA
2
My — M5




"\‘%ﬂjﬁ 9 Decomposition An example

TR AL eg €L (TruR)(Q)(@ER)(LAR) specity the hisaiie

Necessary mediators

st | wor| sz (53 a
S A G (Sea)ri = ((81g ) (57" )r)
: T
(\I’L)Iia, — ((QZO/B)IGJ (\DZQ/S)IO:J)
and (VR);
UR dr - Y/
ADQADQUALQUALQ 1 . : _
= mdgomigmy 32 ((O0)rr = (Os)Lr]  Take N's=1,m=A\
. o028\ TE 2mp 1 1 :
On2b half-life: (175 = G2~ 3543 iMy — Ms]
IF . A
Exp. bound: Tf/”fﬁ (136Xe) > 1.6 - 10% [yr] mmp A > 2.0 [TeV]

Q: What does this model suggest to LHC observables?



T BEAZF Decomposition An example

R d T (amun)(Q)(er) (Ldn) Sk

\ Necessary mediators

[)\ }Sgé/g ‘I’+5/3 Sﬁé/g (Sgé/g)X +2/3 1/3 T\
DQ@- — - }—' -~ ®\q Sra)r = ( (S S
QU  ALQW (SLa)s (( Lo )1 5ig )I)

- T
(\I’L)Iia, — ((\DZO/B)IQJ (\ng/g)faa)

L \_ and (\I’R)?y

@ Diquark (DQ):



e e Decomposition An example

o (armn)(Q)(er) (Tdr) S i

Necessary mediators

4/3
(S5)x h
+2/3 ~1/3
ALQ (SLQ)ri = ((SLQ/ ) (SLQ/ )I)
.
5/3 2/3
(Wit = (7" )1y (0] )10, )
S \ % ::E IIIIIIIII Ns=TTeV, [ Ldi = 4.8 b’
uR dR L o . l[:lli;::ta
--2-- q"(1200)
@ Diquark (DQ): Search for a resonance 1n 2-je )\“’” =05 e oo,
ct |
P > ’LJL R over this mass range ..
>
UR o+4/3 <] 1E
DQ ATLAS arXiv 1210.1718 |
- T =3 T
UR < % :
P— LR
> Jet E

= . 1, 1 I PR T I NN T I PR T R T I PR R |
1000 2000 3000 4000
Reconstructed m, [GeV]



Jﬁiﬁ# 9 Decomposition An example

T d I €n a (URUR) ( Q) (@) (Z dR) Take scalar mediators

Specify the chiralities
/ Necessary mediators

Sh? [ wHs/3] | sty /(ng{ )y )

ADQ @ — — - - @)\ o +2/3 —1/3, \ "

LQ (SLQ)ri = ((SLQ )1, (Spq )I)

ADQY AL 5/3 2/3 T

\ (Wit = (7" )1y (0] )10, )

L and (VR)%,
o i - i/

@ Leptoquark (LQ):



F Saitama University e 0
O Er i e Decomposition An example

wRo TP (amuR)(Q)(ER) (Ddn) L e

/ Necessary mediators

/(ng\/g)x \
= T

(St = (512 ,(S;é”)fﬂ

(Y1) ria = ((\Pf’/?’)m, (\PIQ/?))I@, )T

and (\I’R)?u

ATLAS
arXiv 1112.4828 3

LQLQ — eejj+evjj

@ Leptoquark (LQ): Search for a (eg)-pair

P5—— et

Gg+2/3 /

LQ (A, djet

J Ldt = 1.03 fb"'
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T BEAF Decomposition An example

o T 7T () (Q) () (Tdr) T e

Necessary mediators

s w3 sid® (155")x a
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ADQU  ALQW — —
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\_ and (\I’R)?y

@ Vector-like Quark (VLQ):



A e Decomposition An example

T BEAF
ur dy €R €7 ( Ul ) (Q) (—) (z d ) Take scalar mediators
RUYR CR R Specify the chiralities
Necessary mediators
s (| wH58) s /(Sgé/g)X 2/3 1/3 T\
ADQ@ = = == Q\q (SrQ)ri = ((SE_Q/ )i (SEQ/ )I)
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\_ and (\I’R)?y

UR dr
@ Vector-like Quark (VLQ): Search for a (g W)-pair
iet o\« I arr.
P ; 'JU/ O%VLQ = A ( L)(i (uRa)IHz + H.c.
> > g 102;'""'-'5: T [ wtesol
g S| Amas and< 1o uncerainy ]
W+ £ I S — et ]
lT 10 =] J+20 =
W S arXiv 1202.3389]
U my > 300 GeV E
jet 350520 540 560 380 400" 420 440 460" 480 500

mq [GeV]
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Outline

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

o Motivation: Why O0n2b? Why 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

— The list helps us to discriminate the models

e Seeking a relation to the models at the TeV scale

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...
@ They have masses of the TeV scale @ #L must be violated in somewhere

E>Radiative neutrino mass models <:£I
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066\
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" 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
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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

bRadiative neutrino mass models <:£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...




) aEAy Summary

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 Conflicts With
TeV scale seesaw, e.g., |62,63
.8) (0.8) (—1,8)  [64] .
I ORI cosmological obs.,
8] (+5/3.3) (+2,1) . .
ey By It could be a large d=9 contribution
+1,1)  (+4/3,8) (
+1,8)  (+4/3.8) (
.1) (0,1)
.8) (0.8 |
) (+5/3.3)
8] (+5/3.3)
+1,1) (0,1)  (+2/3,8) RPV [58-60], LQ [65,66]
(
(
(
(
(

1di-a  (@d)(i)(d)(eE)

Lii-b  (ud)(d)(u)(e€)

Zi-a  (ud)(d)(€)(ue)

2ib  (ud)(e)(d)(ze) (b) +1/3,9) RPV [58-60], LQ [65,66]

2ii-a  (ud)(i)(E)(de)

2ii-b  (ud)(e)(u)(de) (b) _
(+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)

+1/3,7) 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)
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S REAY Summary

Long Mediator {L7{1)em, S (3):]
¥ Decomposition  HangeT 5 or V), i 8 or V, Models/Refs. /Comments

What can we learn from this table?
If On2b conflicts with

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

Mass mechanism with vg [61]
'[‘f"w" scale seesaw, e.g., 62,63

8@

=) o) 1
e e cosmological obs.,
Lith - (ad)(d)(a) e It could be a large d=9 contribution
Zi-a  (ud){d)(e)(ue)
2ib  (ud)(E)(d)(uE)  (b) RPV [58-60], LQ [65,66] SU.Ch a large d= 9 COIltI'iblltiOIl
Hie e should leave the trace in LHC
2iih  (ad)(e){@)ide)  (b) RPV [58-60], LQ [65,66) GXCCpt fOI' T-I-l-i (and T-II-l)
2iiia (de)(a)(d){zE) (c) RPV [58-60)] :
ROV e 60 that does not contain
Ziikh - (de)(d)(a)(ae) a coloured mediator
RE] (i) (€} (&) dd) only with ¥, and V;
34 (ui)(d)(d){EE) only with ¥,
il (dd)(w)(u)(EE) only with ¥,
13 (de)(u)(m)(de) (o) RPV [5260)]
RPV [58-60]
dii-a  (@i)(d)(€){de) only with ¥,
see Sec. 4 (this work)
d-ii-b  (ua)(E)(d)(de) only with ¥,
B1 . (ae)d)d)uE) () RPV |58 60]
RPV [58-60)]
Sedi-m  (ueE)(@)(e)(dd) only with V]
5ii-b  (ue)(e)(i)(dd) only with ¥
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) REAY Summary

Long Mediator {L7{1)em, S (3):]
¥ Decomposition  HangeT 5 or V), i 8 or V, Models/Refs. /Comments

What can we learn from this 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]
TeV scale seesaw, e.g., |62,63

If On2b conflicts with

CECE) = .
Liia  (ad)(@)(@)(ce) s o cosmological obs.,
o B mﬂlﬂﬂi (+2,1) ) .
i e — - [jZ}j It could be a large d=9 contribution

Zi-a  (ud)(d)(€)(ue)

2ib  (ud)(e)(d)(ze) (b) RPV [58-60], LQ [65,66]

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

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

2iib  (ad)(e)(@)(de)  (b) RPV [58-60], LQ [65,66]

2-iii-a  (dE)(m)(d)(nE) () RPV [58-60|
RPV [58-60|
2-ii-b  (dE)(d){z){aE)

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

i (ma)id)(d)(ee) J 3y (+2,1)

3l (dd)()(@)(ee) 3 Hij only with V, T-I-1-1 can be examined at ILC!

only with ¥,

2.1 . o o .

T OreE 7w AT exotic interactions with electron!
RPV [AR—-60

only \Lith 1-';!

see Sec. 4 (this work)

only with ¥,

dii-a  (@i)(d)(€){de)

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

51 (e ddme) 0 APV |58 60]
RPV [58-60]

Sedi-m  (ueE)(@)(e)(dd) only with V]
5ii-b  (ue)(e)(i)(dd) only with ¥
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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!



Back up slides

o Neutrino mass bound from cosmological observations

9 LR symmetric model as a Decomposition of dim=9 op



gﬁiﬁﬁé o Why On2b? Why d=9 op.? Effective neutrino mass

@ On2b exp are sensitive to
Effective nu3mass

(mpg) =Y _(Ue')’m;

@ Cosmological obs constrain
S3um of nu masses

> mi(~ 3myg if mg 2 0.1 eV)
1=1

1=1
I ' TTTTIT I I T TTTTII I I T TTTTTI I I T TTTTI
6000 | f,=0 —— _ I B
B f,=0.1, fixed (0, Q,) i 10? 5 LSS Massless N
B f.=0.1, fixed (@q, h)  ----vo--- B . ACE -
5000 : c O T e, Q .
NF_\ - \’a s _"t \:_‘ i
~
= 4000 | - \ -
E | L \ _|
N = -
& 3000 - & Massive Nu . i
- B B suppresses ]
= 2000 | | . the small scale parts . \ -
- '}_i'r E f\_, _ O
1000 |/ - f,=0.1, fixed (0g, Q) - |
- CMB N f,=0.1, fixed (@, h) e ]
0 | | | | | | | =1 111l | Lt | [ R | | IIIII\J;
-3 -2 -1
2 200 400 600 800 1000 1200 1400 10 10 10" <maller
! k- (WMpc) scales
Theoretical calcs are taken from
Phys.Rep 429 (2006) 307
Lesgourgues and Pastor
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@ On2b exp are sensitive to
Effective nu3mass

(mgg) =Y _(U)?*m;

@ Cosmological obs constrain

Sgum of nu masses
> mi(~ 3myg if my 2 0.1 eV)
i=1

o

rdd

1=1
Obs: Planck, WMAP-9year, and balloons
I I I I I I I
6000 - =0 ——
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Obs: SDSS, 2dFGRS
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Mafsless Nu

Massive Nu .

suppresses .
the small scale parts .
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Talk by Wong




“,\‘:J)I%EKE‘? e Decomposition  Eftfective ops — High E completions

@ An example,
Taking Topology #I

let us decompose d=9 op as Necessary mediators
— =\ (= (= V(+1,1) Wg
(ud)(e)(e)(ud) L
4 (_17 1) WR
¢(Oa 1) NR
) Cr € Ux where (U(1),.., SU(3).)

Left-right symmetric model

All the outer fermions are right-handed

Bound from On2b

Riazuddin Marshak Mohapatra PRD24 (1981) 1310
My, = My, > 1.3 TeV (91, = gRr)




gﬁfﬁi‘ft e Decomposition  Eftfective ops — High E completions

@ An example,
Taking Topology #I

let us decompose d=9 op as Necessary mediators
— =\ (=) (— V+1,1) Wg
(ud)(e)(e)(ud) L
|4 (_17 1) WR
%D(Oa ]-) NR
U e where (U(1),., SU(3).)

Left-right symmetric model

All the outer fermions are right-handed

Bound from On2b

Riazuddin Marshak Mohapatra PRD24 (1981) 1310

My, = My, > 1.3TeV (91, = gr)

e

=l

Npr and Wg collider search

Rizzo, Phys. Lett. B116 (1982) 23
Keung Senjanovic, Phys. Rev. Lett 50 (1983) 1427

ATLAS search for 2 leptons+jets: arXiv.1203.5420
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