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Motivation for CLFV

- SM does not allow LFV and predicts massless neutrinos
- neutrino oscillations : m, # 0, LFV exists: sign for a physics BSM

sin® 612 = 0.307 4 0.013

sin®fy3 = 0.51+0.04 normal hieararchy

sinfys = 0.50+£0.04  inverted hieararchy

sin®f13 = (2.10+0.11) x 10~2
Am?2, = (7.53+0.18) x 10~ %eV? normal hieararchy
Am3, = (2.4540.05) x 10 3eV? inverted hieararchy

- scale of new physics not determined by neutrino oscillations

- CLFV, de > 107°% ecm, (al' — a$*)/aS*P > (a,, sensitivity): would be

independent sign for a physics BSM
— information on a scale of new physics 2



Experiment

Observable Upper Limit Future sensitivity

B(p — ev) 2.4 x 10~ 4 [1] 1—2x10 " [6], 10~ % [6]

B(p — eee) 1012 [2] 1016 18], 10717 [7]

R} 4.3 x 10712 [3], 3—7x10"17[10,9], 1078 [11, 7]
RAY 7 x 10713 [4] 3—7x10717[10,9], 10718 [11, 7]
B(T — ev) 3.3 x 1078 [5] 1—2x 1077 [13,12]

B(T — uv) 4.4 x 1078 [5] 2 x 1079 [13, 12]

B(t — ece) 2.7 x 1078 [5] 2 x 10719 [13,12]

B(T — eup) 2.7 x 1078 [5] 10710 [12]

B(T — pup) 2.1 x 1078 [5] 2 x 10719 [13, 12]

B(t — pee) 1.8 x 107° [5] 10719 [12]

de 0.87 x 10" *®* ecm [1] 107 2Y — 107 °" ecm [14]

a;,"? Sensitivity (da,/ay) Future sensitivity

(116592089) x 10~ 1  0.54 x 10 ° [14] 0.14 x 10~ ° [15, 16]

Table 1: Current upper limits and future sensitivities of CLFV observables,
electron EDM and muon MDM.
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Used Models

Non-SUSY models CSS ISS

SS=see-saw, M=constrained, |=inverse
I 1—
Logss = Loy — (VRY,/HZ + iV%MVR + h.C.)
. 1
Liss = Lsy— VrY,HI+TUrM,xp + §xiM:UL + h.c.)

SUSY models: superpotential

j 1 1J nTC c
Wess = Wussm + Y/ NigHy - Ljr + 5 My NipNjg

o o 1 .
Wiss = Wwyssm +Y,/NFH, - L+ (M,)"NEX,L +-p” X5 X1

2

LFV induced by neutrino terms
— Borzumati, Masiero PRL (1986) 961 : MSSM+3vi with SS-I has only LFV

induced by soft SUSY breaking terms and sy, ~ \/m,,/MM
— models defined by W-gg and W;gs have additional neutrino induced LFV 5




LFV in low-scale seesaw models (vzMSSM)

e Neutrino induced LFV mechanism: my 2 1 TeV

- Neutrino mass matrix (m. diagonal basis; at scale my)

0 m} M,B*LT = 0, my,, ~m,., i,j>3
M, _ D | v ) n; ngy )
(My)oss ( mp My ) mp = V2Mysgg= Y]
0 m5 0
(M,)rss = mp 0 Mg |, mp = V2Mwysgg Y]

0 My px

CSS : LFV induced by B2 = v,Y,,/(v/2M ),
g™ = (Bn), = (B"Lvp), + (B"Rug), : B diagonalizes M,
- v masses : sym. breaking (mp, # m,;, M,B" # 0) and radiatively induced

ISS : LFV induced by B"k, B*L
cvpM = (Bn)y = (B"tvp)s + (BYBug)e + (B*Lxr)e : B diagonalizes M,
v masses : m, = mEMr ux Mg mp



- Sneutrino mass matrix (CSS MSSM)

H, N 0 M

Nt HI MT M M. MT
M o M* HT N* | Mﬁ%(om

Mt ML NT  H,

1
Hy = mi+(5Mzeasl) + (mpmp)
Hy = mZ+ (mhmp)+ (M}, My)
M = mp(A, — pctp)
1

N = mDM]b, MB = §B[J(MV)]J — O;by

- N-N sector nearly supersymmetric if my > mgysy and Y, < 0.2

O6x6
MM,

174



Amplitudes

Amplitudes : diagrams

[ [/ [ !/
— >
k .
v, 4 [
[ !/ [ !/
< - — >
d d 1 U

We took tan 8 < 20. Neutral Higgs (h, H, A) contr. not taken into account



Amplitudes : structure

/ ey -
T = S UI(EER) i (v — dau) Pr + (F5i (69, — d9,.) Pr
—|—(G )i t0,,q" Pr, + (G Ji1t0,q" PRl l,
! Guw Cw 7
T = greost VED P + (F)nyuPr] L
TNz = 0‘282{5 U [(ERY i v P+ ()i v, P
~ — 2M2 115 | UVl Yut'L UVl Vul R
(]b]é)GL P; + (GE Pp)|l iAM§ — [U 1
(( )m% L+ ( )z'z% R LMy — [ < 1]},
(p p')?
/ QZ
Tlel1l2 — 2M2 [5lll2l((Fé;)l’l/ﬂbplz—'—(FZR>Z’Z’VMPR)Z

x 11(g5 V" Pr + g V" PR)IS — (I <> 11)]



/ 0{2
Toox' © = — iz B TPl Ly PrIS + BEE T, Prl i7" PrlS

+BEE Uy, Prl iy PRIS + BiF U, Prl Liy* PLIS
+BEEUPLL L PLIS + BT PRl 1 PRIS

+BIEV PR 1, PRIS + BT PRl 1, PLIS

+B Y10, Pl lyo" PriS + B0, PRl 10" PRIS)

XY 710X Y
4M2 > > BEUTXL LY
XY LR A=V.,5,T

1'dd 1'uu 11y
Tool® and T 4" have the same structure as 7

- form factors
- new form factors
- the underlined terms contribute to non-SUSY models

10



Form factors

Contributions

1. v, Z, |-box, sl-box; h, H, A not included )
2. Each form factor in principle has heavy neutrino (/NV), sneutrino (N ) and
soft SUSY breaking SB contributions, for instance

(F ) = Fp,+ Fz/inyN + Fz{JzinB
A.l., A. Pilaftsis, PRD80 (2009) 091902 : N, N: v, Z, I-box, sl-box; v M SSM (CSS)
M. Hirsch, F. Staub, A. Vicente, Phys.Rev. D85 (2012) 113013, A. Abada, D. Das, A. Vicente,
C. Weiland: N, N, SB; v, Z, higgs, |I-box, sl-box, but no N-box, MSISM (ISS)
A.l., A. Pilaftsis, L. Popov, PRD 87 (2013) 5, 053014: N, N, SB; v, Z, |-box, sl-box but no
higgs, vrRM SS M
M. E. Krauss, W. Porod, F. Staub, A. Abada, A. Vicente, C. Weiland, Phys.Rev. D90 (2014),
013008, MSISM: Z not dominant
A. Abada, Manuel E. Krauss, W. Porod, F. Staub, A. Vicente, C. Weiland JHEP 1411 (2014) 048:

all contributions, detailed analysis
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Dipole moments

Lagrangian and dipole moments

€

L = I[y(i0" + eA") — ml—2—mla“ (F1+ iGirys) 00 A,
a = F d; = eGy/my
Amplitude and dipole moments
il 87:](\)‘4@:2‘/ (GEVio " Pr + GR)io,,q” Pr)
o = e (Gt (G i = gz il(Gu = (G
Possible sources of lepton EDM (CPV)
A, = hyApe" —(A)905(ht e — horin)
b, = Boe'myl; (bv)iiVRiVR;

LR __ RL __
ACP — BlkABlkA ACP - BlkABlkA



Scaling behaviour of MSSM contribution dipole moments

2
a oM M;n—ltanﬂ sign(uM 2) (checked)
SUSY

e—mltan Bsin(pcp) (expected,checked)

M3y gy
emy f(mo)
My

leC

d; tan 5, 2/3<z<1 (found)

A. Pilaftsis, L. Popov, Al, PRD 89 (2014) no.1, 015001 : 1-loop CSS MSSM
A. Abada, T. Toma, JHEP 02 (2016) 174, JHEP 08 (2016) 079 : 2 loop ISS MSSM
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MSUGRA Framework

Boundary conditions and RGEs:

1. SM parameters at My scale (Fusaoka and Koide PRD57 (1998) 3986).

2. Neutrino Yukawa and heavy neutrino masses at heavy neutrino scale my,
(Pilaftsis PRL95 (081602) 2005, PRD72 (2005) 113001, PRD83 (2011) 076007: U(1) fl. sym.;

J. Kersten, A.Y. Smirnov, PRD76 (2007) 073005): A4 fl. sym.)

myN, = MmN,
0 0 0 a” b* c*
Y, = ae” 1 be 4 ce % Y, = a*e_% b*e_% c*e_%
aet be%l71 cet a*e% b*e% c*e%
3. mSUGRA conditions at gauge unification scale g; = g2 = g3,
2 2 2 2
MuyHy — Moo Mz ien — Mol
M1,2,3 — M07 Au,d,e,n — AO Yu,d,e,n .

4. MSSM+3N RGE equations (P. Chankowski and S. Pokorski, IJMP A17 (2002) 575,

S. Petcov et al. NPB676 (2004) 453). 14



Physical observables studied in

considered models

B — ey

wo — e ete”
T e ete
G T
T — e_u+,LL
T — U “ete”

T — e+,u W
T — ,u+e_e_
w Tr — e 11
pu-Au — e Au
Z — e ut

Z —e 1"

Z = urt

7 — e n

T — ,U,_’T('O

T —en
T K7
T — e_po
T — ,u_po
T —e ¢
T = u P
7~ > e K°
T — ,LL_KO
T > e K
7 — u K0
T~ > e K
77— pu K
T e i

T =t
T e KTK™
T - u KTK™

7 — e mwon?
T — W T
T — e nn

T = BN
T — 6_71'077
T — /J,_7T077
7 —> e K'KY
7'_ — u K°K°
w0 — e_,u+
n—e pt
K; — e ,LL
K; — nle pu™
w0 — e_,u+
n—ep’
K; — et

K — mle qc,ui

MMB, Al, PMF, U. of Zagreb, JY IRB Zagreb
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Solved problems, Work in progress, Questions

1. 1 loop RGEs — solved — Marija Mador BozZinovié

2. Algebraic renormalization (AR) — in progress — Jiangyang You

3. Implementation of AR techniques in evaluation of 2-loop RGEs and amplitudes
— (many) questions — topic for a talk during next visit to Dresden

MMB, Al, PMF, U. of Zagreb, JY IRB Zagreb Dresden, 10 July 2017 17
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BACKUP SLIDES

LFV : Borzumati, Masiero PRL (1986) 961

M2 - MI% + (meml) + Dy 1 me(AS — ptg 1)
(AT = wtp)ymf M2+ (mim,) + Dy 1

(Ae)'l,j ~ —#thehihylog%—ﬁ,

Since recently : in SUSY LFV studies LFV induced by soft-SUSY breaking terms
only 5



LFV in low-scale seesaw models (vzMSSM)

e New supersymmetric LFV mechanism: my 2 1 TeV

- LFV parameters in N sector:

2
Uy,

2
QmN

Qgg/ = (hihu)ﬁé’ — BZNiBK/Nz'

- Neutrino mass matrix (m. diagonal basis; at scale my)

M, — ( 0 mh ) M,B¥T = 0, My R M i,j > 3,
mp MM mp =— \@Mwsﬁg 1h:f/
0 0 0 a* b* c*

h, = ae~T be~T ce T h, = a*e=F beF e B
aeT  beT  ceT a*eF b e

cvpM™ = (Bn), = (B"v)¢+ (BYN), : B diagonalizes M,

- v masses : sym. breaking; radiatively induced



Explanation of form factor structure in
non-SUSY models

e The dominant terms of vertices appear in combinations that assure the v, P,
structure in the [ — [’y and | — I’ Z effective vertices.

e The box diagrams : Dirac (LNC currents) type diagrams have automatically
YuPr X y* Pr, structure. Majorana (LNV currents) type diagrams have v, Pr, X
~* Py, structure only after Fiertz transformations, which replace the LNV
currents by LNC currents.

In SUSY models the structure of amplitudes is more complex than in non-SUSY
models. The vertices of the SUSY models and Fiertz transformations, necessary
to receive the appropriate currents, lead to the most general structure of the
amplitudes permitted by the Dirac algebra.



SUSY Ilimit: cancelations

ts 251, w350 (Barbieri, Giudice PLB309)

V2L . Ferrara, Remiddi PLB53 (1974) 347

11



Numerical results for CLFV

Choice of parameters

1. mp = 1000 GeV, Ay = —3000 GeV, M; /5 = 1000 GeV
consistent with mjy ~ 126 GeV

consistent with mg, mg > 1 GeV

in agreement with lightest neutralino as a dark matter candidate
2. sign(p) >0

3. tan 8 = 10 in most of calculations
4. Yukawa parameters:
model 1: a=0b6,c=0;a=¢,0=0;,b=c¢c,a=0
model 2: a =b=c
Pertubativity condition Trhlh, < 4
model 1: a < 0.34
model 2: a < 0.23

. mpy < 10 TeV: consistency with resonant leptogenesis

15



B(p — ev) B(p — eee) RZ;; Rﬁg
mg = M1/2 =1TeV, Ag = —3 TeV

my = 1 TeV, tan 8 = 10

model 2: a = b = ¢

pertubativity condition Trhih,/ < AT

quadratic Yukawa dependence

A T4
R, Ry, B(p — eee) > B(u — ey)

10—20 10—18 10~ 16 10~ 14 10—12
B(u—ey)

10_11 T T T TTTTT T T ||||||“0 T T T' A
' A B(pu — ev) B(u — eee) R, R

10-13 mo = My 9 =1 TeV, Ag = —3 TeV
= my = 1 TeV, tan 8 = 10
%;’1015 model 2: a = b = c
0%10_17 pertubativity condition Trhih,/ < 4m
quadratic Yukawa dependence
10°%° Rﬁg, Rz;é, B(pu — eee) > B(pu — evy)

a=b=c

16



Trromm

T T T

TTTTI T T TTT

porvnnl ol

vorvvonl ool el

Trromm

T T T

TTTTI] T T TTT

>
prvvonl vl el vl el

B(p — ev) B(p — eee) RZ;; Rﬁg

mg = M1/2 =1TeV, Ag = —3 TeV

a: B(pn — eee) = 10712 for mpy = 400 GeV

tan 8 = 10

model 2: a = b =c

B(p — evy): cancelation of N, N and SB contributions
RAv Rzi > B(u — ev)

ue e

B(p — ev) B(p — eee) RE; Rﬁg

mg = M1/2 =1TeV, Ag = —3 TeV

a: B(p — eee) = 10712 for mpy = 400 GeV

tan 8 = 10

model 1: a = b, c =0

B(p — ev): cancelation of N, N and SB contributions
RAv Rzzi > B(u — ev)

ue e

17



10—10

10—11

B(u—eX)

10—12

10—13

5 10 15 20

tp
IO_QE 3
10—10: ?
10_11€ _______________________ E
S 1072 E
Lo E
— 10_1SE ?
10—14§ ?
1015E ?
-16 i

B(p — ev) B(pu — eee) Rgé Rﬁlg
mqg = M1/2 =1TeV, Ag = —3 TeV

mpy = 400 GeV

a: B(p — eee) = 10712 for tan 8 = 10
model 2: a = b = ¢

weak dependence on tan (3

RAY, RIL> B(p — ev)

ue e

B(p — ev) B(pu — eee) RZ;; Rﬁg

mg = M1/2 =1TeV, Ag = —3 TeV

mpy = 1 TeV

a: B(p — eee) = 10712 formpy = 1 TeV

model 2: a = b = ¢

B(p — evy): cancelation of N, N and SB contributions
RAv Rzi > B(u — ev)

ue e
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B(l — U115 m
R, = BUZThi) o mi g (GL) iy, (G only:
Bl — lU'~) 3 m?,
l Ri(t — epp) = 1/90,
N . BU— e L % m? 11 Ri(T — eup) = 1/419
2 = —(In—5 — —
B(l = U'y) 3T my 4 Ro(p — eee) = 1/159,
R Ro(T — eee) = 1/91,
R3 = e
B(p — ev) Ro(T — ppp) = 1/460
K
T RI" = 1/198,
= 160tz 7 | F(—p?))? "
[’capture R3™ = 1/188
108 I Rg(u—)ezee),Rgi,R?“
ﬂ‘t mgop — M1/2 =1 TeV, AO = —3 TeV
i
o 1 FAY my = 400 GeV, tan 8 = 10
GT) modell: a=b,¢c=0
;: Ro(p — eee): full: 0.2 — 102, (Gg’R)l’l only: 1/159
of ¥ Ti. . 4 LR .
& i RIT: full: 3 — 104, (GER),, only: 1/198
A 2 L
”___F________"_______“__ R4™: full: 6 — 2 x 10%, (GL1%),/, only: 1/188
T+ A TY - source of strong enhancement?
my/GeV
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10° A
]
I \
/I \\
8 100 /// A \\\\\
' // /K __________
210% =/
= s
1074 ’
| 1 L1 |..I
10° 104
my/GeV
I T I
10!
"
3. '
10~ :
0
3
o 1073

10—5 1 11 111

Ro(p — eee) : form factor contributions
G+ and F,, Iz, box, G,g’R only

tan 8 = 10

a: B(p— ey) =102 for my = 400 GeV
- dominance of the F» contribution

Ro(p — eee): N, N, SB, G,];’R only
tan 8 = 10

a: B(p — ey) = 102 for my = 400 GeV
- dominance of N for my <1 TeV,

- dominance of SB for my > 1 TeV
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104 T T T TTT

102

R3(u—eAu)
S

=
<
N

Seo
——————

Rs(u—eAu)
= = =
<L < L

=
<
N

R4 : form factor contributions

G~ and I, Iz, box, G,e’R only

tan 8 = 10

a: B(p — ey) = 102 for my = 400 GeV
- dominance of F'z cont. for my > 1 TeV
- dominance of box cont. for my <1 TeV

R4“: N, N, SB, G,?’R only

tan 8 = 10

a: B(u— ey) = 102 for my = 400 GeV
- dominance of NV cont. for my <1 TeV,
- dominance of SB cont. for my > 1 TeV
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104 T T T TTT

102

R3(u—eAu)
S

=
<
N

Seo
——————

Rs(u—eAu)
= = =
<L < L

=
<
N

R4 : form factor contributions

G~ and I, Iz, box, G,e’R only

tan 8 = 10

a: B(p — ey) = 102 for my = 400 GeV
- dominance of F'z cont. for my > 1 TeV
- dominance of box cont. for my <1 TeV

R4“: N, N, SB, G,?’R only

tan 8 = 10

a: B(u— ey) = 102 for my = 400 GeV
- dominance of NV cont. for my <1 TeV,
- dominance of SB cont. for my > 1 TeV
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Numerical results for lepton dipole
moments

Choice of baseline parameters

mg = 1TeV, My, = 1TeV, Ag = —4 TeV , tan 8 = 20,
my = 1TeV , By = 0.1 TeV , a = b = c = 0.05,
LI LA L L B LA B B BB I UL L L U s L
C ] _10: .
1,5><10*10_— . 2.0x10 - =
C ] 1.5x1070F 3
3 - 4 3. - 3
~10[ ] C ]
@M 1.0x1070 . ® 1 0x101F 3
C . -11f =
5.0><10’11_— . 5.0x10 - -
Dol bovoabov o bovr o bvovva b a bl O-O__||||||||I|||I|||||||||||I|||I|||||||I|||I|||I|||||||I|||I|||I|||__
10 15 20 25 30 35 40 500 1100 1700 2300 2900 3500
tan S mo=M 1/2/ GeV
LI AL L L L L L L e [TT T T T T T T [T T T T[T T T T[T T T T TTTT 1T
_1uf e ]
8.0x10 @ ] C ]
6.0x10-1F — all ] a_ 009~ E
3. ,11: T N~ . 210045 _:
@ 40x10°MF L N ; 004" 1
» —— SB ] - r .
2.0x10"1F ] & 0.02- -
CeT T T T < N i
00 =———————————————————— - - E
I T T T T N T T [T Y B B B A | 0.00— —
0 2000 4000 6000 8000 10000 Clov o b bovn oo boa v boa g bl
G V 500 1000 1500 2000 2500 3000 3500
my / Ge Mo/ GeV
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Summary

We have carefully studied the IV, N and soft SB contributions to LFV. For
the first time complete set of box diagrams is included. Complete set of chiral
amplitudes is included (B/4%, B;4") - this decomposition is valid for any model.

We have shown that in 4 — eee N Z-boson-mediated graphs dominate for
my < 1 TeV and soft SB Z-boson-mediated graphs dominate for my > 1 TeV.
In ;4 — e conversion in nuclei NV box graphs dominate for my < 1 TeV and
soft SB Z-boson-mediated graphs dominate for my > 1 TeV. It is interesting
that the low-scale seesaw model setup strongly influences soft SB part of the
amplitude.

~

Due to partial cancelation of N and N contributions in magnetic dipole
amplitudes the [ — [’y amplitudes are suppressed relative to other CLFV
amplitudes.

Due to pertubativity condition on Yukawa couplings, the CLFV amplitudes are
dominated by quadratic Yukawa contributions, while quartic contributions are
small. 25



e The dependence of LFV amplitudes on tan 3 for 5 < tan 8 < 20 is weak,
except for [ — [’y processes. (Bs — )

e Relative to the MSSM with ordinary seesaw mechanism, [ — l'l1ly and © — ¢
conversion branching ratios are enhanced 2 — 3 orders of magnitude in the
region of parametric space where are no accidental cancelations of amplitudes.
Opposed to the high-scale seesaw MSSM models, in the low-scale seesaw
MSSM models [ — I’l1l5 and ;1 — e may give stronger constraint to the model
parameters than [ — [’y processes.

e \We made an analysis of the lepton dipole moments, with particular regard to
muon magnetic dipole moment a,, and electron electric dipole moment d.. Up
to our knowledge such analysis has been done for the first time in a model
with a low scale seesaw mechanism. We showed that a, satisfies scaling
behaviour as in MSSM, and the heavy neutrino and sneutrino contributions
do not numerically change the MSSM prediction for a,. For d. we found a
scaling behaviour which almost agrees with the naive scaling prediction. That
is new result. Further, at one loop level, only the additional phases of the soft
SUSY breaking bilinear and trilinear couplings induce d., while the potential
source of CPV from vrMSSM vertices which are not complex conjugate to
each other give numerically zero contribution to d.. That is in accord with the
result obtained for the one loop result for d. in models with high scale seesaw
mechanism. 26



Amplitudes : Dominant contributions

- dominant terms in lowest order in gy and v, (Y,)

Two Yukawas
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— Four Yukawas
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Form factors
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-2 M2, t52% 1, w2k 0 (Barbieri, Giudice PLB309)
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Numerical estimates
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Summary

We have shown that in the low-scaled supersymmetric seesaw models sneutrinos
might give large effects indenpenent of SUSY breaking mechanism.

Due to SUSY the ¢ — /'~ are suppressed.

That makes 11 — e conversion especially interesting candidate for finding LFV.
1 — 3e and 7 — 3e give complementary information on LFV.

Inclusion of the mSUGRA boundary conditions strongly influences te final
results of the model. Particularly it leads to lo larger theoretical prediction
for LFV observables R,., # — 3e and 7 — 3 leptons by up to factor of 25.
The branching fractions for £ — ¢/~ variation show smaller variation — they are
slightly larger than those obtained in in MSSM+3N without mSUGRA boundary
condition, but larger than results obtained in non-supersymmetric version of
the model.



