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Motivation AT

Karlsruhe Institute of Technology

a Neutrinos seem to have mass
a Oscillations:
» Am3, =7.58 x 107 eV?
» |[Am3| =235 x 1073 eV?
a large mixing angles

w Unknown: Absolute neutrino mass scale — KATRIN 3 4'2 5
%7 Iz 4
iy New™®
m possible upper limit: 0.2 eV, discovery: 0.35 eV
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Splitting of the neutrino mass
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CKM vs. PMNS matrix ﬂ(“.

stitute of Technology

a CKM matrix close to unity
. .
Vekn=| - @
o
u small off-diagonal: generate mixings radiatively ?

[Weinberg 1972]
a different pattern for the leptonic mixing matrix:

® o -
Upuns = | @ o @
. [ .

m large mixings
m non-vanishing 613: possible CP violation in v oscillations

[T2K, DoubleChooz, Reno, DayaBay]
m try to model quark and lepton mixing using the same mechanism?
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Models of neutrino mass generation AT

Karlsruhe Institute of Technology

“Seesaw” mechanisms \

[Minkowski; Mohapatra, Senjanovic; Magg, Wetterich; . ..]
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The one and only A“(IT

Extend Standard Model Lagrangian by one single nonrenormalizable
operator: [Weinberg 1979]

ow= 4 ()< (57

a C = ivpp: charge conjugation matrix
¢: standard Higgs doublet

m A: dimensionless parameter

a M: some high scale
® rough estimate: m,, ~ )‘—,\}J, V2, v = (¢) ~ 174 GeV
w if A\~ O(1) and O(0.1eV): M =3 x 10'* GeV
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Type | 4+ |l see-saw IT

Karlsruhe Institute of Technology

Type I: righthanded singlet

1
—Elr;] = I7LmDI/R+§VEmRVR+ h.c.
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Type | + 1l see-saw ﬂ(“'

Type |: righthanded singlet Type |I: scalar triplet

_ 1— _ _
—E; =V MpVR+ EI/EmRVR-I- h.c. —Eﬁ, = hLVf%(AL)I/L T hRI/E<AR>VR
v v
XY v ®
N p & &
N VR / N Ve
v A
mp
m=( O mo h y
mg mpr A, = ~ <AR¢2> - V2
p— 71 T [ "
My, = —MpMmp-Mmp vev see-saw
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Left-Right Symmetry A\
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Left-Right Symmetry

Karlsruhe Institute of Technology.
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Left-Right Symmetry (T

Extend the Standard Model Gauge Group

SU@)e x SU(2)L x U(L)y — SU(3)e x SU2); x SU(2)g x U(1)5_;

[Pati, Salam; Mohapatra, Pati; Mohapatra, Senjanovic; 1975]
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Left-Right Symmetry (T

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

Extend the Standard Model Gauge Group

5U(3)c X SU(Q)L X U(l)y — 5U(3)c X 5U(2)[_ X 5U(2)R X U(l)B_[_

[Pati, Salam; Mohapatra, Pati; Mohapatra, Senjanovic; 1975]
a SU(Z)L X 5U(2)R X U(]-)B—L — SU(2)L X U(l)y
via triplet under SU(2)g with B — L charge:

Ao [ LR/V2 O A =(1.3,1,2),
Lr Np  —0fp/V2 ) 1
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w electric charge: Q = T3 + Tag + 25%
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Left-Right Symmetry (T

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

Extend the Standard Model Gauge Group

5U(3)c X SU(Q)L X U(l)y — 5U(3)c X 5U(2)[_ X SU(2)R X U(l)B_[_

[Pati, Salam; Mohapatra, Pati; Mohapatra, Senjanovic; 1975]
a SU(Z)L X 5U(2)R X U(]-)B—L — SU(2)L X U(l)y
via triplet under SU(2)g with B — L charge:

A 5ZR/\/§ 52_,:—(’_ AL = (1737 1a2)7
LR — )
5?7,? —5ZR/\/§ 1

w electric charge: Q = T3 + Tag + 25%
w scalar bidoublet (EWSB): ¢ = (2,2,0)

(Y b5 (v O Rz
“"(¢f ¢28>’ <"’>‘<0 Vz)’ b=
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left-right symmetric neutrino masses AT

KKKKKKKKK

eeeeeeeee f Technology.

Leptonic Yukawa Lagrangian

L = y;LidR; + 7 L;OR; + by (L,-TCALLJ- + R,-TCARRJ-> +h. c,

where L = (v, eg) € SU(2), and R = (vgr, er) € SU(2)r.

u Charged lepton mass: me = viy + vy,

m Dirac neutrino mass: mp = w1y + vy,

= Majorana neutrino masses: m; = v, h, mg = vgh. !
a combined see-saw type | + II:

mg  mp
M == T
mp Mg

m,, = mg — mp (mp)f1 mE

LIf parity symmetry is assumed, i.e. £ inv. under L < R
Motivation seesaws LRsym & SUSYLR RLFV
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SUSY'’s tale AT

eeeeeeeeeeeeeeeeee f Technology.

{ A Story of the Plains

Bret Harte
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SUSY's tale A“(IT

m Extending Poincaré symmetry: SM particles become part of larger
multiplets (chiral and vector supermultiplets)

= holomorphy of the superpotential: no 7 because of no
u left-right symmetric SUSY: automatic R-parity conservation
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SUSY's tale AT

eeeeeeeeeeeeeeeeee f Technology.

m Extending Poincaré symmetry: SM particles become part of larger
multiplets (chiral and vector supermultiplets)

= holomorphy of the superpotential: no 7 because of no
u left-right symmetric SUSY: automatic R-parity conservation

Superpotential of the minimal SUSYLR model

We =y;Li®R; + hjj (LiALLj + RiARR;)

LCvetic, Pati 1984]
where the chiral superfields are Ly = (41, ¢c) (lefthanded)
and Lg = ({% = ((r)<, () (righthanded).

Motivation seesaws LRsym & SUSYLR RLFV Conclusion

Wolfgang Gregor Hollik — neutrino & SUSYLR October 10, 2012 9/15



SUSY’s tail

Karlsruhe Institute of Technology
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SUSY has to be broken
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SUSY’s tail A“("

SUSY has to be broken @

Soft-breaking terms of MSSM w/o squarks

Vit =0 (M2) T+ 8in (M3) ;8
+ASh i8R+ h.c.

+ m2|h1|? + m3|ho|> + (m2,h1 - by +h. c.)

1 = ~ 1 > 2
4 (Ml)\oPL)\o Th c.) 4 <M2)\PL)\ +h c)

Motivation seesaws LRsym & SUSYLR RLFV Conclusion

Wolfgang Gregor Hollik — neutrino & SUSYLR October 10, 2012 10/15



SUSY'’s tail AT

SUSY has to be broken @

Soft-breaking terms of SUSYLR

Vsoft :ZT(M%)IJZJ + r?;k(M%?)Uf?J
+ [ASLoR + hc |

+ [By (LA + RarR) + hoc |,

m SUSYLR constrains the soft breaking parameter space

w relations between up and down sector (AY = A9, A” = A and
M%) = MG = M2, M2 = M = M3) @ LR scale

m RGE connection between SUSY and LR scale
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super-seesaw mechanism AT

Karlsruhe Institute of Technology.
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super-seesaw mechanism ﬂ(“-

effective sneutrino mass matrix

M2 = ( M, Mig ) ~ ( O(MZysy)  O(Msysymg) )

v

’ (-M%R)Jr Mg O(Msysymg) O(m%)
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super-seesaw mechanism ﬂ(“'

effective sneutrino mass matrix

M2 — M%LT Mg ,\VJ< O(M&ysy) O(Msusva))
Y (Mig)' Meg O(Msysymg) O(mg)

12 x 12-matrix — see-saw-like structure E\ﬁ
perturbative diagonalization: [Dedes, Haber, Rosiek 20.0~]
2 3 -1
Ut MU = < 3'/\/11;@ . e(Msusvm;; ) > ’
O(Mgysymg™) Mpgg + O(Msysy)
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super-seesaw mechanism ﬂ(“-

effective sneutrino mass matrix

M2 — M%LT Mg ,\VJ< O(M&ysy) O(Msusva))
Y (Mig)' Meg O(Msysymg) O(mg)

).
12 x 12-matrix — see-saw-like structure E\

perturbative diagonalization: [Dedes, Haber, Rosiek 2007]

M2 O(M2 ey mzt)
UTM{;U — < ve SUSY'"'R > ,
O(Mysymg') Mg+ O(MZsy)

1 _
where Mg@ = M7, — Mip (Mzg) (/\/l%/?)T + O(Méysymg?).

Motivation seesaws LRsym & SUSYLR RLFV Conclusion

Wolfgang Gregor Hollik — neutrino & SUSYLR October 10, 2012 11/15



super-seesaw mechanism ﬂ(“-

effective sneutrino mass matrix
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Y (Mig)' Meg O(Msysymg) O(mg)

).
12 x 12-matrix — see-saw-like structure E\

perturbative diagonalization: [Dedes, Haber, Rosiek 2007]
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UTM{;U — < ve SUSY'"'R > ,
O(Mysymg') Mg+ O(MZsy)

1 _
where Mg@ = M7, — Mip (Mzg) (/\/l%/?)T + O(Méysymg?).

2 2 *
ma, o (Ma; ) 2 —2
M, = < pL=0 o pl=2 ) + O (M&ysym

‘ Ma,o (M) (Msusvmz”)
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super-seesaw mechanism ﬂ(“'

effective sneutrino mass matrix

M2 — M%LT Mig ,\VJ< O(M&ysy) O(Msusva)>
Y (Mig)' Meg O(Msysymg) O(mg)

12 x 12-matrix — see-saw-like structure E\
perturbative diagonalization: [Dedes, Haber, Rosiek 2067]
2 3 -1
Ut MU = < 3'/\/11;@ . e(Msusvmfz? ) > ’
O(Mgysymg™) Mpgg + O(Msysy)

1 _
where M%@ = M7, — Migp (Mgg) (/\/l%/?)Jr + O(Méysymg?).

2 _ D (.2 2y—1 DT
ma—p = Xymy) (M + M3)  mpm;’ + ...

X,mP = —y* cot pmP* — v, AV
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radiative lepton flavour violation

PMNS matrix renormalization

g v
i PLUPMNS—H\/_ P (L+ AUS + AUY),

flavour changing self energies and sensitivity to neutrino mass

AU?N’"LZ""
1 A 2
ml/
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enhanced corrections to PMNS mixing ﬂ(“'

stitute of Technology.

flavour changing self energies and sensitivity to neutrino mass

ml/fzfi - my,.my,

AU} ~ - 5+ <5 x 10% for m) ~ 0.35 eV and f,i =1,2
Am Ams
v fi
100000
10000
1000 |
100 |
10 —
‘o 210 4e-10  6e10  8e10 Te-05 12605 14609 16608 1.86.00 2009
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Results: m,, 0.3 eV AT

w Choice of parameters: /\/l2 = MZ=M2= mg 1 @ start
w vg = 10125 GeV, tanB = 20 puH = 500 GeV, I\/I1 =iM, = m;
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Results: m,, 0.3 eV AT

w Choice of parameters: M2 = MZ=M2= mg 1 @ start
w vg = 10125 GeV, tanB = 20 uH =500 GeV, I\/I1 =iM, = m;
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Conclusion ﬂ(“'

stitute of Technology

radiative flavour violation (RFV) due to SUSY corrections
flavour mixings in trilinear couplings

m A, as remnant of heavy singlet neutrino superfields

a smoking gun of high scale physics in effective sneutrino mass matrix
entanglement of heavy neutrino mass scale (= LR scale) and SUSY
breaking terms
m ensure left-right symmetric boundary conditions at the high scale
(~ 10213 GeV)

leptonic RFV prefers quasi-degenerate neutrino mass spectrum
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Conclusion AT

= radiative flavour violation (RFV) due to SUSY corrections
u flavour mixings in trilinear couplings
m A, as remnant of heavy singlet neutrino superfields
a smoking gun of high scale physics in effective sneutrino mass matrix

= entanglement of heavy neutrino mass scale (= LR scale) and SUSY
breaking terms

m ensure left-right symmetric boundary conditions at the high scale
(~ 101213 GeV)

m leptonic RFV prefers quasi-degenerate neutrino mass spectrum

a BUT: LR symmetry in connection with RFV induces dangerously
large LFV processes (¢; — £;7)

Xk /\S\s\I ‘ X0
- —
Vg €y /2/2/2/

Y
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See-saw and neutrino masses ﬂ(“‘

nnnnnnnnnnnnnnnnnnnnnnnnnnn

Puzzle of neutrino masses

m,<1leV <+ m;>~1GeV.

@ heavy singlet neutrino
(“righthanded”)

@ triplet scalar (“vev see-saw")

@ left-right symmetry combines
both

features of left-right symmetry

= ESWB: Higgs Bidoublet (2,2,0) couples ¢; and g via yy
w breaking SU(2)g x U(1)g_: Higgs triplet Ag = (1,3,2) gives
masses to vg — mg ~ (AR) = vg ~ 101214 GeV

® LR symmetric form: (3,1, 2) giving rise to see-saw type |l

Motivation seesaws LRsym & SUSYLR RLFV Conclusion
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How the mixing comes into the game \“(“’

nnnnnnnnnnnnnnnnnnnnnnnnnnn

SM: Lefthanded fields doublets, righthanded singlets under SU(2):
QL,i» Ur,i,dr,is LL i, er,i- i=1,..., N generation index.

Charged electroweak current

Lee= — (UL/'V dLI+eLI’y VLl+hC)

2f

flavour blind, only lefthanded.
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SM: Lefthanded fields doublets, righthanded singlets under SU(2):

QL,,', UR.j, dR7,', LL7,', €R,i- i=1,..., N generation index.
Charged electroweak current:

Lee= — (UL/'V dL/‘{'eLI’Y VLt+hC)
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Yukawa Lagrangian and fermion masses:
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SM: Lefthanded fields doublets, righthanded singlets under SU(2):
QL,,', UR.j, dR7,', LL7,', €R,i- i=1,..., N generation index.

Charged electroweak current

Lee= — (UL/'V dL/‘{'eLI’Y VLt+hC)

2f

flavour blind, only lefthanded.

Yukawa Lagrangian and fermion masses
Lyvuk = y§ Quiddrj + vii Quidurj+ yi Liiderj + h.c.

Masses: m’ = vyf — mgiag = V[TmeR, VLT,RVL,R =1

such that fX’,' — fx},’ = (Vx),'afx’a, X=LR.
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How the mixing comes into the game ﬂ(“’

nnnnnnnnnnnnnnnnnnnnnnnnnnn

SM: Lefthanded fields doublets, righthanded singlets under SU(2):
QLi,Ur,i,dri, Lii,er.;. i=1,...,N generation index.

Charged electroweak current:

i _ - _ o
Loc=— 255 W/j_ (ul—,a VLL:ai VLd,ia v dia+@, VLe,ai Vi/,ia o Via+ h.C.) )

only lefthanded.

Yukawa Lagrangian and fermion masses:

Lyuk = y§ Quiddrj + v Quidur; + yi Liiderj + h.c.

ot — foo_yftaf i —
Masses: m' = vy’ — Mg = V,'m" Vg, VL7RVL,R =1,
such that fxy,' — fX,i = (VX)ian,a: X=LR.
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effects on sneutrino mass matrix AT

Karlsruhe Institute of Technology

m charged slepton mass matrix as in the MSSM
m sneutrino mass matrix in the MSSM: simple

M2 =

./\/l2 + M2T} cos281 1
1 0

a Majorana mass term V,ngl/R inflates sneutrino mass matrix:
additional terms ~ Drig, ViR

2 2
Mi.g Mi.g
M. Mg

M3 = 2 2 2 2
v / /
"\/lR‘L \/lR L* MR*R* MR*R
12 x 12-Matrix
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Wolfgang Gregor Hollik — neutrino & SUSYLR October 10, 2012 19/15



effects on sneutrino mass matrix ﬂ(“’

m charged slepton mass matrix as in the MSSM

m sneutrino mass matrix in the MSSM: simple

v

M2 — <M2+MZ ¥ cos2p1 l>
’ 1 0

a Majorana mass term y;mRuR inflates sneutrino mass matrix:
additional terms ~ DriR, Vpig

MQ
M2 = N LR
< (Mig)" Mig )

N

12 x 12-Matrix
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Particle content of the minimal
SUSYLR model — Higgses and Leptons ﬂ(“.

1SU(2)1 x SUR)r x U(1)s 1|

[Cvetic, Pati 1984]
w scalar bidoublet (EWSB): ¢ = (2,2,0)

(é)

w scalar triplets: A; = (3,1,+42), Ag = (1,3, -2)
(RN o (T
U e R

w additional triplet fields: A} = (3,1,-2), A, =(1,3,+2)
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Particle content of the minimal
8
SUSYLR model — Higgses and Leptons (IT

1SU(2)1 x SUR)r x U(1)s 1|

[Cvetic, Pati 1984]
w lepton doublets: L; =(2,1,-1), Lgp = (1,2,+1)
m both L; and Lg left-chiral Superfields

w=(9) = (F)-(5)

a Majorana mass terms out of triplet vev:

0 v
(AR) = < 0 g) —  hrLEe(AR)Lr = vgmprk

Motivation seesaws LRsym & SUSYLR RLFV Conclusion
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Particle content of the minimal XIT
SUSYLR model — leptonic and gauge B

sector
multiplet of el. charge
fields # SU(2)L X 5U(2)R X U(l)BfL Qel
L= (gLaeL) 3 (2717_1) (07_1)
Lr = (0%, 7%) || 3 (1,2,+1) (0,+1)
) 1 (2,2,0) -1,0,+1
Aqy 1 (3,1,+2) 0,+1,+2
JAOYE 1 (3,1,-2) 0,—-1,-2
AR 1 (1,3,-2) 0,-1,-2
JAVY 1 (1,3,+2) 0,+1,+2
GH2 1 (8,1,1,0) 0
Wi 1 (1,3,1,0) +1,0
7 1 (1,1,3,0) +1,0
B 1 (1,1,1,0) 0
Motivation seesaws LRsym & SUSYLR RLFV Conclusion

Wolfgang Gregor Hollik — neutrino & SUSYLR October 10, 2012 21/15



Majorana mass renormalization

T

Karlsruhe Institute of Technology.
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effects of righthanded Neutrinos

m trilinear couplings A,

m see-saw-like terms in sneutrino mass matrix

7
(5LL‘)L~7
L
73 A2
’ \
1 \
vk vri
Xo
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7 D (.2 2y 1 DT
8 [« ~ Xymy (mR —i—/\/lg) mgm,;

VA ;
~ u2y with mg = vghg
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LR symmetry at high scale ﬂ(“'

m vg ~ 1012-1% GeV out of neutrino data: seesaw scale mg ~ vg
m relating SUSY and LR scale: RGE running [Martin, Vaughn 1994]
m above the LR scale: using LR symmetric RGEs

A[GeV]
Ay
Aq
"= Msysy =R
t =log(u/Mgysy)
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