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Introduction: m, from SUSY ()AQ ~ 0?Fx

» Hard-SUSY terms and only MSSM visible fields: [Frere et al '99]
> [-number breaking provided by hard-SUSY terms that respect R-parity
Msoft lor2 . 1 o n . U
N o~ <i> A (LH,)? —/d29X(LHu)2 or [HIIH c — /d 0XTXLATLA
Mx M2
X
» Turned into L-number breaking via gaugino fermion-number violation
) 5

L Ldu™L | 4m Mx

Vot s Vi,
> But, if SUSY sector breaks L-number, why wouldn't generate M—&[iﬁuﬁu C Wes?

> Suppose SUSY sector carries visible sector symmetries (e.g. forbid H,Hy so that
1~ Mgoit). May forbid RH neutrino masses/couplings to visible sector:
> ) [Arkani-Hamed et al
MaJorana' s 00]
fd“ OXTRN D mer NN and 7 fd20XLNH D) mMS—‘;(“LNHU = my, ~ g

> Dlrac. @ Jd*OXTLNA, A;—OXHNHU = m, ~ et

> New visible sector symmetry may forbid unsuppressed terms & allow suppressed ones:
> E.g U(1) gauge symmetry may forbid LH,N and msoftI:H N [Demir et al '07]

> and allow Gt LHIN C 1 [ d*0XTLAJN and soft LHIN C 2 fd“ XLATR

» Tree- and Ioop—level LH;N = m, ~ MS)?ft



Radiative m, in SUSY

L. SuUsy
Radiative m,, —
(non-renormalisation theorem)

e Dimensionless suppression e Dimensional suppression ~ ("'ST"&)H
o Maybe Dark Matter ® SUSY sector needs not carry visible symmetries
Lt i
z::} s OP, C [d*00P,
L7 i

[o L-number breaking can be independent of SUSY and still m, ocSUSY]

» Not entirely obvious in component field calculations
» Examples in the literature:
» Genuine radiative seesaw
[Ma et al '14]
My o o o L Hs3 2 2 o oA 2 NoA PPN
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Radiative m, in SUSY

L. SuUsy
Radiative m,, —
(non-renormalisation theorem)

n
e Dimensionless suppression @ Dimensional suppression ~ ("’?@t’t)
o Maybe Dark Matter ® SUSY sector needs not carry visible symmetries

L

Lo s,
:(:}} i OP, C [d*9 0P,
i

[o L-number breaking can be independent of SUSY and still m, ocSHSY]

> Not entirely obvious in component field calculations

» Examples in the literature:
» Genuine radiative seesaw
» R-parity violation
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Radiative m, in SUSY

L. SuUsy
Radiative m,, —
(non-renormalisation theorem)

. " . meot \ "
® Dimensional suppression ~ ( —t
® SUSY sector needs not carry visible symmetries

e Dimensionless suppression

o Maybe Dark Matter
L

Lo s,
:(:}} i OP, C [d*9 0P,
e i

[o L-number breaking can be independent of SUSY and still m, ocSHSY]

» Can classify the SUSY contributions as:
> Related to EWSB

(FYY =37 un(H)y + > Au(HH') #£00r (D) =g > (H' @n H) #0
H H H

> Otherwise: insertions of SUSY spurions into internal lines or vertices

Xt XX
‘ é (e.g. soft-SUSY)
B { mZ g {
X XX

Rt

¢ | XX




Radiative seesaws in SUSY

> Assume

» L[-number broken by 2 units at SUSY level with a radiative seesaw at scale M
» Low energy Higgs sector of the MSSM

(Fh, o) = #(Hau).

(Duyy) = 5 (KHIP = [(H?) . (Dlugy,) =

NILS

(= IH P + [(Ho) )

» Expectations
my 1 g2 V2 Msoft
x — &

v2 M2 M3 M2

> If Tt is small, supergraphs very convenient calculation tool
Automatic component field cancellations

Non-renormalisation theorem becomes manifest

Simpler Lorentz structure

Fewer diagrams

vyvyyvyy



Radiative seesaws in SUSY: Understanding SUSY
contributions
> In general OP, = LL ® Higgses C [ d*0 OP,:
OP, € [A D?(LLA*) or BT [i] ® {H, At, D%z, D?Z7, DD2D\7}"
DD?’DV|=D>gAt @H, D*Z2f|=F)>uHaAH®H'

/d49/3 and /dze_éT ~ Constants and/or Higgses

> Pure-SUSYewse contributions A ~ V or BT B and BT ~ Z1 or D2V
» SUSYews contributions
» Insertions of spurionic constants D*X and D?XT

Ha H,

(eg.) &
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> Insertions of SUSY spurions X and X
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Radiative seesaws in SUSY: Understanding SUSY
contributions
> In general OP, = LL ® Higgses C [ d*0 OP,:
OP, € [AD(LLAY) or BT LL] ® { A, AT, D27, 6221, DD?DV}”

DD?’DV|=D>gAt @H, D*Z2f|=F)>uHaAH®H'

/d49/3 and /dze_éT ~ Constants and/or Higgses

> Pure-SUSYewse contributions A ~ V or BT B and BT ~ Z1 or D2V
» SUSYews contributions
» Insertions of spurionic constants D*X and D?XT
> Insertions of SUSY spurions X and X
Ha H,
(e.g.) /
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Radiative seesaws in SUSY: SUSYgws superoperators

> |dentically zero topologies in SUSY limit can contribute through internal SUSY effects

H, .
(eg) &
i) T e [0 (KDLl S B LLA,H,
) ER A ]
Li Xt L

> Ask in general: which superoperators only contribute to OP, by insertions of SUSY

spurions?
1.OP=D 2LEA™ ® (a superoperator whose D-term is zero at pext = 0)
2.0P=Il® (a superoperator whose F-term is zero at pext = 0)

» If in a radiative seesaw model all leading superoperators are of this type:

miedin o soft-SUSY effects in seesaw mediators

E micading Tt without resorting to non—standard,SU*S’Yterms]




Radiative seesaws in SUSY: SUSYEws one-loop topologies
for LLHH

> 1 1Pl + 4 based on radiative vertices:
> D*(Li)A,A,, LLD*(A,A,), DX(LL)ATAT and LLD?

Dl
L
>
Pt
Pt
-

— type- Il without a chirality flip i/ /L A
AATA Ha
> [iA,A, (1PR) e
~ type- Il with a chirality flip, type-l and -1ll 7 RN ) ‘ 7 7
> [iA,A, (1P1) /i, W i
" 2.8 H, H, /L
L/H,/H, H /L) Ho D? D D?
Dz D*
. D7 D? D* D*
» 14 based on self-energies NG
) . _ L/ BIL/L D
» Dimensional suppressions: L Ly,

3 4

> pmos /M or msoﬁ/M to p msoft/M ,umsoft/M or msoft/M

» Non-minimal least suppressions consequence of holomorphy: higher loops contain msoﬁ/M2
contributions:

H, H, H, - A, H, o,
p* D> D? p: p D2 . .
ey
i i
(eg) b . : !
D? D? n? . [D2 ¥ ;
[’) P D XX D e--—-- P ®
D? D2 2 oo : :
D? D? ; ;
! |




Radiative seesaws in SUSY: SUSYEws one-loop topologies
for LLHH

» 1 1Pl 4 4 based on radiative vertices:
> D*(Li)A,A,, LLD*(A,A,), DX(LL)ATAT and LLD*(ATAT)
— type- Il without a chirality flip

i/, H,/L
> [iA,HA, (IPR) il N
— type-ll with a chirality flip, type-l and -1ll PN 7 NS
> [[A,A, (1PI1) ENE

PR, H, i,/
L), . Hy /L[ H, D? D? D*

» 14 based on self-energies

L/, /L

H ; : L miiji DD
» Dimensional suppressions: i

3 2 3 2 4 2 4 3 4

> pmgere /M or mZig /M to pmges /M”, pmZg /M or mig /M

» Non-minimal least suppressions consequence of holomorphy: higher loops contain mso&/MZ
contributions

L/m,

Construction of models

» Pick a symmetry that forbids undesired leading topologies and allow desired
» General criterion: radiative seesaw either couples to I:Iu or to I:I; but not both
» However, this structure is not respected by

» Higher-loop contributions to operators of leading dimension
» Operators of higher dimension



A Model Example

»> Base topology

prATA,
» Charges
SU(Q)L® U(L)y | U()x | u@)
A (3,1) 0 -2
p (1,0) 0 2
X (2,-1/2) 1 1
X (2,-1/2) -1
X3 (1,0) 1 —1
X3 (1,0) -1 -1
> Superpotential
A D 2 Aty e
W = Wussm+ MaAA + " My XiX; + \pXs X3
i=1
+FI,_, </\1)A(1Y3 + AZ)%Z)A( ) =+ A ()\LEI: =+ )\XX1)A<2> + szyliz



A Model Example

» L-number recovered if any in {\1, A2, A }, or both Ax and any in
{Ax, Ma, Mx, , Mx, } goes to zero
> Contribution to neutrino masses proportional to either A;Ap A A% or A A2 AL A x MaMx, Mx,
» Leading perturbation theory contributions:

3 p2(L0)A,A,

» Leading LLHH in the absence of SUSY spurions:

/d“@ D2(LL)A,A, = —O(LL) [ﬁuﬁu +2Fy, Hu] — O(HyHuy) [LL + 2FLZ]
+ 4 (PL + P[)2 LFIUI:HU

/ d0LLAA, = 0 (or / d*0 AALA, = 0)

[m'jadi"g = 0 in the absence of SUSY spurions]




A Model Example

» L-number recovered if any in {\1, A2, A }, or both Ax and any in
{Ax, Ma, Mx,, Mx,} goes to zero

> Contribution to neutrino masses proportional to either A;Ap A A% or A A2 AL A x MaMx, Mx,
»> Leading perturbation theory contributions:

3 p2(L0)A,A,

» Leading LLHH in the absence of SUSY spurions:

- H, H, H, H, — w
X1 = x a7 A AT X1 =" X1 a-="
7N T ! AT
T N O e U PR B R & &
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A Model Example

> Leading soft-SUSY effects

P e e e i

* Ak * 2 *
WA LLHH @ 2280 S8 ) pHy C Lo

» Or up to order 3

1 2 2A B AxB Bx
. a msoft 4+ 22 <AX _ i) _ X 2X + bI\/IA LLH,H,
6472 M2, Mx My Ma My M
2 2
* B
ot () (e ) ]
32m2M3 \ Mx M3 M3 Ma

A (N ABx
T 192m2M2 \ M M2 d’'d
A X X



A Model Example

. o
\Z (‘W.‘/\.,,(Z“_ i
u

7 4 o
A, Vo Vv,

&

Vot Vi, i, H . H
1 5 anin a0 L oiiing o ot d 1 oo oot
WD (LD HuHu Yy, sue), s WD (LLYHuHuH]Hy WLL WHuH} Hy
20,2 2
> At one-loop order SUSYgwsg contributions have dimension-7: g/% R IA‘;—L , ﬁ

» At higher-loops there are contributions to dimension-5 operators that are not
proportional to SUSY effects involving the seesaw mediators
Ha i L

(eg) .

L x,//x/@gi -
X3/Xs

T A XX %
i X




Conclusions

» L-number breaking can take place at SUSY level and still m, o< SUSY

> There are models in which m!$*®"8 is proportional to soft-SUSY involving the seesaw

mediators, say m. Schematically
leading 2
my nwmo m
o<
v2 M3

» In these models the smallness m can be partially responsible for the smallness of m,

> Ballpark figure

M~10TeV, A~01, p~2TeV: m<100 GeV, m, S1eV
> Explicative power of small m is limited by the size of next-to-leading order
contributions that are independent of m

»> Caveat: how small can m be does depend on the amount of hierarchy in soft-SUSY
terms, i.e. on how small is m/msp_sparticles- Complete understanding would require an
actual model of SUSY

» Phenomenological virtues:

» Small m, generated by new physics near the TeV scale
» No need for small superpotential couplings
» No need for large hierarchies in superpotential mass scales



Looking for low scale SUSY seesaws signals in cLFV

» In addition to LFV mediated by radiative seesaw mediators, there will in general be

the traditional contributions from slepton-EWino/Higgisno loops .
[Borzumati and

Masi i
81 5 6(m2e )  NAL+ 6ALAL + 3mEALAL + 3N Am? + 6A] mE* AL astero '86]
L
» Sleptonic LFV ratios: [Kim et al '98]
[Hisano and Tobe
BR({—=3¢) « o m2 11 CR(u—e,Ti) _ 5 % 10-3 01]
BR({ — £'7) ~ 3m m, 4 )7 BRu—ey)
Deviations would suggest the existence of other low-lying states with lepton-flavour
1012 WO"“ in progress _ m% ~ 6 TeV, mgy ~ 1.5 TeV
7 veomsae || At Msysy = 1010 GeV:
1014 Ao = 0.01 ) | A1 =X =XAx = Ax = Ao
Ma = Mx, , 3 = Mseesaw
10718 Mu3e exp. (msoft)A = (msoft)X = (msoft)Seesaw =0
| mg =6 TeV, My, =2 TeV
tan8 =10, Ao =0, u >0
| (sparticle constraints & mpv’)
)\—12
K28 BR gy X AE s \*
LFV(Z F Mieesaw 8
. no3e © (T) ~ MSeesaw
104 10° AL .
Mseesaw [GEV] BRLFV(A) o M x MSeesaw

Seesaw




Thank you



Work in progress



Characteristic models

»> 3 models to span the different topologies:
> type-ll :: D*(LD)A,A,

> type-l/ll :: LEALA,
.
> 1Pl [LA,A, L8 i,
L L
» Plus the especially suppressed version of type-lI:
> LLD*(AIAT) H



Characteristic models



Characteristic models

> 3 models to span the different topologies:

> type-ll :: DZ(ZI:)I:IUI:Iu

> type-l/Ill :: LLH,H,

> 1Pl :: LLA,A,

» Plus the especially suppressed version of type-I|

> LLD*(ATAT)

» Model scheme:

[Seesaw/flavour Med iator}

» Involved in the effective tree-level topology

5]

(Internal/loop Sector ()A(s)j

» Reponsible for flavour structure

» Involved in the fundamental topology
» The source of soft-SUSY effects for m,,

Model | Seesaw Mediator

Flavour Mediator

X's

my, /v?

Iy

oA

Iy

>
@D
>)

P
@D
=P

X1,2,3 @ X1,2,3

Bx ®(mZys)x
M3

uBx DAL Bx
M4

1PI

)%17;(2 ® X, )A<3

Bx
M3




Characteristic models

ALN?s3
my L
2~ 16223 (/\X Bx @ Ax( soft)x)
T *
my (}\)\ ))\Hd)\xBXCB N
? ~ —]_67-(2/\/[4 (H‘Sﬁ (&) AHdCB)
m,  (AAT)N?Bys3
DR TSI VE

y,:

“dI

| & 1PI:

Minimal choices:
g 1x (X3 @X3)

I: 1><(N€BN)+1><(X1€BX1)
1Pl 2x X,

g: ATy = (/\3( (1) é )/\{) . A= (

1PI: (AXT) = AA] /\L;_<f<1(,\L),-1 k2(AL)i2
|



Some preliminary comments

> Take SUSY at some input scale Msysy > M := Mseesaw ~ Mx
» Running will generate (Msoft )seesaw (Mz) # (Msoft )seesaw (input)

»  This means that
m, M3

Cloop v2

~( mzoft )seesaw

is sensitive at leading order running to EWinos masses M; .
Example (for Model 1PI):

1 TA* Ty *
B,(;X)l = 2(2AL Af My, + 2Mx, AL + B AT+ AT A; Bxl)
2
ng)z = My, (15g§/\/12 1 3g2My + 5AnAy + 5Tr(A{AL>) +Bx, ()
5(51))(3 =4y (2MX3AH + )\HBX3)

» It will also imprint LFV in the slepton soft-SUSY sector. [Borzumati and
Example (for Model I1,): Masiero '86]

el 6(m§oﬁ)A,\pL F6ATAL +3mPNIAL + 3AFALm? + AT mP* A,
L

» In addition to LFV mediated by radiative seesaw mediators, there will in general be the
traditional contributions from slepton-EWino/Higgisno loops

» Sleptonic LFV ratios: [Kim et al '98]
, » . [Hisano and Tobe
BR(¢ — 3¢') (o Me 11 CR(p — e, Ti) 5 % 10~ '01]
—— -~ — (o -, ==
BR(Z — ¢'v) 37 mi, 4 BR(px — ev)

Deviations would suggest the existence of other low-lying states with lepton-flavour number



BR

E.g. of a feature of Il,

model

> Model Il, vs ordinary SUSY type-Il model:

10712

10 F

1076

10—18 L

my

AFA3
v2 1672 M3

2
Msofte

Seesaw

my AFA
v2 Mscesaw

LEA coupling (as in Mode I1,) may enhance £ — 3¢’ compared to £ — £/~

Preliminary

Model 11,

m~~6TeVm N15TeV

Ag = 0.01

Muse exp.

MEG upgrade _

At Msysy = 1o10 GeV:
AM=X=Ax =Ax:=Xo
Ma = MX1,213 = Mseesaw

Ao = 0.05

poey ——

u—3e

(msoft)A = (msoft)X = (msoft)Seesaw =0

mg =6 TeV, My, =2 TeV
tan8 =10, Ao =0, u >0
(sparticle constraints & mpv’)

)\—12

Mseesaw [GeV]

10°

BR |y ¢ AE o M \*
LFV(¢ F 8
© Sge;aw ~ MSeesaw

4

A
BRLFV(A) o I\/I47F X M4

Seesaw
Seesaw



Backup



+/:Iu ()\1)?1?3 + )\2)%2),\(3) + A ()\L[I: + AX)?l)?2> + 5\)(KY1Y2 .
In the absence of the last term the model acquires the R-symmetry shown in the last

column of the table. The broken L-number phase corresponds to

/\ﬁ)A(3Y3 — MX3)A<3Y3 + )\ﬁf@Y:‘; s MX3 = )\<p> .

SU2) e U(1)y | U)x | U(1)L | U(Q)r
A (3,1) 0 -2 4
b (1,0) 0 2 0
X (2,-1/2) 1 1 -2
X2 (2,-1/2) -1 1 0
X3 (1,0) 1 -1 0
X3 (1,0) -1 -1 2

Table: Extension of the MSSM in model Il,. We omitted the conjugates
of A and Xj 2. U(1)g stands for an R-symmetry acquired as Ax — 0.



+A (X 1
SU2) e UL)y | U)x | UQ) | UQ)r | Ro
A (3,1) 0 0 4 +1
p (1,0) 0 2 0 +1
X (2,-1/2) 1 0 -2 | +1
X2 (2,-1/2) -1 0 0 +1
nx Xz (1,0) 1 -1 0 -1
nx X3 (1,0) -1 ~1 2 | -1

Table: Extension of the MSSM in model ll;. We omitted the conjugates
of A and Xj . We assume an U(1)g symmetry (with charges as in the
last column) that is broken in such a way that the last two terms are

negligible.




lly (cont’d)

We will take n = 1. Then,

o

(X3)i(R3)j + (X3);(R3)i = (/\3 ( 2 )/\3T) IEERAE PP I
i

My =U"TmU=v?sUT (/\3( (1) (1) )/\_{) U
in/4 eim/4 )

S RT e
\f\/—U vR ( ei7r/4 efhr/4

where R is a general 2 X 2 complex orthogonal matrix. We can check that this
parameterisation does in fact span the 10 independent real parameters of the matrix

)\35\;— + 5\3)\;—.



=p

2
W = MyNN+ Z NipiXiXi + Mx3)A<3Y3
i=1
+Z <YNNI:IU -+ YX)A(l)A(g,) +N <5\Xy1Y2 + )\X)A<1)A(2> -+ )\HHU)A(2Y3 .

(One can show that there exists no U(1)g symmetry that would forbid either Xx or
Ax, while retaining the rest of the superpotential.)
We take n = n’ = 1. Then:

11
f-clY,-NYjN-&-ng<Y,-XY-N+Y-XY-N>:(Y”( L o )Y”)_,
ij

J J !




| (cont’d)

SU@) e U()y | UL)x | UML) | Ry

nx N (1,0) 0 -1 | -1
1 (1,0) 0 2/3 | 41
p2 (1,0) 0 4/3 +1
n’ x X (1,0) 1 -1 -1
W x X1 (1,0) -1 13 | -1
X2 (1,0) -1 0 +1
X» (1,0) 1 —4/3 | +1
X3 (2,1/2) -1 0 +1
X (2,-1/2) 1 0 | +1

Table: Extension of the MSSM in model |. We omitted the conjugate of
N.



1PI

1 ~ ~ 2 1 ~ PRI PSS
Wipl = E/\/lxle + ApXaXo + 5/\/1X3x32 + M LX Xy + AgAuX2 X5

SU@R)Le UML)y | Z& | UML) | Ry

nx X (1,0) -1 0 -1
X2 (2,1/2) 1] -1 | +1
X (2,-1/2) “1| 0o |41
Xs (1,0) -1 0 +1
b (1,0) 1 1 +1

Table: Extension of the MSSM in model 1PIl. All MSSM superfields are
even under the Z,.



1PI (cont'd)

We take n = 2. Then:

A, =UTm,U=vkUT (/\L/\[> U, A = ( ra

1
= A = \/EU*«/rﬁ,,RT,

v

1
= (M) = —(AL)j-
Kj

|
AL)it
|



Observable Old Bound Current bound | Future sensitivity
BR(p — ey) | 1.2x 1071 5.7 x 10713 6 x 10714
BR(T — ev) 33x10°8 — 0(1079)
BR(T — ) 4.4 x 108 — 0(1079)
BR(u—3e) | 1.0x 10712 — 0(10716)
BR(T — 3e) 2.7 x 1078 — 0(1079)
BR(T — 3p) 2.1x1078 — 0(1079)
CR(p—e, Ti) | 43x 10712 — O(10718)

CR(p — e, Au) 7 x 10713 — —
CR(u — e, Al) — — O(10716)

Table: Bounds and future sensitivities for several cLFV observables.




