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Motivation

e The Standard Model needs to be extended to include neutrino masses
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Motivation

e The Standard Model needs to be extended to include neutrino masses

e The extension must account for the smallness of neutrino masses

— Seesaw mechanism

e And lead to new predictions !

— Seesaw: Indirect tests

But let us keep in mind that . ..

In addition to neutrino masses, the Standard Model has some open theoretical
guestions that need to be addressed. The most popular solution to these
problems is Supersymmetry .

— R-parity. .. conservation?
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Motivation

R-parity is usually introduced by hand , without any theoretical argument
supporting it.

ldea: R-parity is the remnant subgroup after the breaking of a continuous
U(1)p_1 gauge symmetry
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Motivation

R-parity is usually introduced by hand , without any theoretical argument
supporting it.

ldea: R-parity is the remnant subgroup after the breaking of a continuous
U(1)p_1 gauge symmetry

o Left-Right symmetry: SU(3). x SU(2), x SU(2)g x U(1)g_¢,

Restoration of parity at high energies

Natural framework for the seesaw mechanism — neutrino masses
Provides technical solutions to SUSY and strong CP problems
Gives an understanding for the U (1) charges

Can be easily embedded in SO(10) GUTs

X X X X
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. F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986
Basic setup y (1986)

In SUSY models, Lepton flavor violation is a good indirect test of physics at
high energies.

e Flavor diagonal soft terms at the GUT scale

* mSUGRA boundary conditions : m4 = m34, = m3 Zs

e RGE running from GUT to SUSY/EW scale

Leptons couple to heavy fields with flavor violating couplings
RGE running induces LFV
Off-diagonal entries in m% and m2E at the SUSY/EW scale

L D D S o

Lepton flavor violating signatures

e After the heavy fields decouple no more LFV is induced

*x Indirect hint of the intermediate scales
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Left vs Right

In minimal seesaw models LFV is generated only for the left-handed
sleptons .

* Example: Type-l seesaw. € only couples through the flavor diagonal
charged lepton Yukawa Y.

* No chances to observe LFV in the right slepton sector

However, in a LR extended version of the seesaw, L¢ = (e, v9)
couples exactly like the left-handed doublet L = (v, e).
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How to break the LR symmetry

SU(3). x SU(2)y, xSU((2)g x U(1)g_1,

!
SU(3). x SU(2)y, x U(1)y

Requirements:

e Automatic conservation of R-parity
e Seesaw mechanism
e Parity conservation at high energies

e Cancellation of anomalies
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Aulakh et al, Phys. Rev. Lett. 79, 2188 (1997)

Omega LR
Aulakh et al, Phys. Rev. D 58, 115007 (1998)

Besides the usual MSSM representations:

SUB). SU@), SU@Rr UL)s_s
A 1 3 1 2
A° 1 1 3 2 = fLCA°CLS
A 1 3 1 -2 Y
AE 1 1 3 2 f ver v°U°
() 1 3 1 0 RH neutrinos mass
Q)¢ 1 1 3 0 Seesaw mechanism

The B — L = O triplets have important contributions to the tree-level scalar
potential , allowing for R-parity conservation , without the necessity of higher
order corrections (Kuchimanchi, Mohapatra, 1993 and Babu, Mohapatra, 2008).
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Symmetry breaking

SU(Z)R X U(l)B—L

cy — YR

Parity breaking scale

U(l)R X U(l)B_L

! (A) = (&%) = 22

V2

Seesaw scale
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: P hmark poi
Left vs nght SPS3 benchmar p0|r?t
Y, fit

Mg = 103 GeVv, v € [101°,5 - 101°] Gev
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e There are regions of parameter space with observable rates for LFV in
the right-handed slepton sector
e Closer vpy, — v implies closer Br (7)) — Br(7r)

e Is it possible to determine the ratio vBL/vR?
I I
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: P hmark poi
Left vs nght SPS3 benchmar p0|r?t
Y, fit

Mg = 1013 GeVv, vpr, € [10'4,10%5] GeV, vr € [101°,1016] Gev
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YBL log(vr/maur)
VR log(vpr/maur)

e By measuring left- and right-handed LFV the ratio vgy, /vR can be
constrained

e However, there is a slight dependence on Mg and mgyT

e More information (e.g. other LFV decays) is required

| |
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ut — e~ : Positron polarization asymmetry

,Ceff = G%EO’MVFMV(A%—?PL =F A%PR)ZJ + h.c.

Positron polarization asymmetry

_ |AL|* — |AR|?
|AL|? + |AR|?

A(p™ — e)

SPS3 benchmark point, Y, fit, vg7, = 1014 Gev

0.7;
, e In minimal seesaw models A ~
= 06} 1 is expected
+® 7
+L 0.5:, e In this case large departures
< | from A = 1 can be found
04
e This observable is very sensitive
03l to the high energy scales
[ Lol Lo
1014 1015 1016

| vp [GeV] I
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SPS3 benchmark point

Left vs Right Y, fi

Mg = 1013 GeVv, vpr, € [10'4,10%5] GeV, vr € [101°,1016] Gev

0.7
< < 08
7 T
= = 05
< < |
04}
03 ,
e 02 04 06 08 10
YBL log(vr/maur)
U log(vpr/maur)

e The polarization asymmetry is strongly dependent on the ratio vy, /vR

e Again, there is a slight dependence on Mg and mayT
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Other signatures

Other things to look at:
e Impact on the SUSY spectrum

* Main changes from the standard expectation
* Invariant sparticle mass combinations
e Dark matter relic density

e Other low-energy lepton flavor violating processes
(uw— 3e...)

e CP Violation and flavor physics
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Summary

*

SUSY Left-Right models are well motivated extensions of the MSSM,
with automatic R-parity conservation and seesaw mechanism.

Assuming flavor blind soft terms at the GUT scale, lepton flavor violating
entries are generated at the SUSY scale due to RGE running. This
makes LFV a window to the high energy scales.

Contrary to minimal seesaw implementations, there are regions of
parameter space where LFV is also observable in the R sector. Such
observation would clearly point to an underlying Left-Right symmetry.

In addition, by comparing LFV in L and R sectors one can constrain the
ratio v, /vR, providing valuable information about the symmetry
breaking pattern.

Many distinctive features not present in the standard mSUGRA
scenarios. More observables to study!
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Neutrino data

Parameter Best fit 20 30

Am3, [107%eV?] | 7.59107 | 7.22-8.03 | 7.02-8.27
[Am2,| [1073ev?] | 2.407077 | 2.18-2.64 | 2.07-2.75
sin? 612 0.318 0018 | 0.29-0.36 | 0.27-0.38
sin? a3 0.501 004 | 0.39-0.63 | 0.36-0.67
sin? 013 0.0137 055 | <0.039 | <0.053

Taken from Schwetz et al, New J. Phys. 10 (2008) 113011 [arXiv:0808.2016v3]

e Two large mixing angles

e One small (maybe zero?) mixing angle

e Hierarchy between atmospheric and solar mass scales
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CMSSM benchmark points

Point mo M; /o Ag tan 8 sign(u)
SPSla’ 70GeV 250GeV -300 GeV 10 +
SPS3 90 GeV 400 GeV 0 GeV 10 +
SPS4 400 GeV 300 GeV 0 GeV 50 +
SPS5 150 GeV 300 GeV -1000 GeV 5 +
SU4 200 GeV 160 GeV  -400 GeV 10 +
Oml 280 GeV 250 GeV  -500 GeV 10 +
LM1 60 GeV 250 GeV 0 GeV 10 +
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LR models - Case 1: Doublet models

R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 12, 1502 (1975)
In the first LR models doublets were chosen to break the LR symmetry.
SUB3). SU@)L SU@r UL)p-:

X 1 2 1
¢ 1 1 2 -1

<
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LR models - Case 1: Doublet models

R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 12, 1502 (1975)
In the first LR models doublets were chosen to break the LR symmetry.
SUB3). SU@)L SU@r UL)p-:

X 1 2 1
¢ 1 1 2 -1

<

However ...

e R-parity gets broken unless additional discrete symmetries are imposed
by hand

e There is no seesaw mechanism
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LR models - Case 2: MSUSYLR

M. Cvetic and J. C. Pati, Phys. Lett. 135, 57 (1984)

The so-called Minimal SUSY Left-Right (MSUSYLR) model breaks the LR
symmetry with triplets instead of doublets.

SUB). SU@R)L SU@r UQ)s_s
A 1 3 1 2
AE 1 1 3 -2
A 1 3 1 -2
AC 1 1 3 2
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LR models - Case 2: MSUSYLR _ _
M. Cvetic and J. C. Pati, Phys. Lett. 135, 57 (1984)

The so-called Minimal SUSY Left-Right (MSUSYLR) model breaks the LR
symmetry with triplets instead of doublets.

SUB). SUER)L SUQr UL)p_s
A 1 3 1 2
A° 1 1 3 2 = fLEeA°LC
A 1 3 1 -2 )
AC 1 1 3 2  fvgp voU©

RH neutrinos mass
Seesaw mechanism
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LR models - Case 2: MSUSYLR

M. Cvetic and J. C. Pati, Phys. Lett. 135, 57 (1984)

The so-called Minimal SUSY Left-Right (MSUSYLR) model breaks the LR
symmetry with triplets instead of doublets.

SUB). SUER)L SUQr UL)p_s
A 1 3 1 2
A° 1 1 3 2 = fLEeA°LC
A 1 3 1 -2 )
AC 1 1 3 2  fvgp voU©

RH neutrinos mass

Seesaw mechanism
However ...

e A detailed analysis of the scalar potential shows that R-parity gets
broken by (¢) # 0. Kuchimanchi, Mohapatra, PRD 48, 4352 (1993).

— This is controversial : 1-loop corrections must be taken very seriously.
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Omega LR: Superpotential and soft terms

4%

YoQ®Q¢ + Y, LOLE — géDCI) + fLAL + f*LEACLC
aAQA + a*AQAC + aPD + o QDD
MAAA + MAACAC + MqQQ + MGOQ°

+ o+

f

m3HQ1Q + m3.Qc Qe + mA 'L + m3. L' Ie
maATA + mZAATA + mAATAC + mZACACTAC
m2®Td + m3AQTQ + m.QTQ°

1

2 [MlBOBO + MQ(WLWL -+ WRWR) + Ms3gg + h.c.]

[ToQ®QC + T, LOLE + Ty LAL + TFLCA°Le + T,AQA
TrXAQCAC + T,Q00 + T:Q°PD + B, P
BMAAA -+ BMA*ACAC + BMQQQ -+ BMQ*QCQC -+ hc]

— »Csoft

+ + + + + +
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A comment on bidoublets

In LR models the MSSM Higgses are introduced as bidoublets

HY HF
o = [ Hi H% ] : (2,2,0) under SU(2), x SU(2)rp x U(1)p_1
d u

However, at least two bidoublets are needed to produce a non-trivial Vo g s
at tree-level.

chi)QCI)Z-QC = The misalignment YQ(;) — Yg) generates Vo v

At the v scale one of these two bidoublets dicouples while the orthogonal
combination leads to the MSSM two Higgs doublets. Therefore, the low-energy
Yukawa parameters are rotations of the original ones. In the leptonic sector:

Y. = YLlcosﬁl—stinﬁl

Y, = —YLlcos 0o + stin 05
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Renormalization Group Equations

e From the GUT scale to the VR scale

d
16> —mi = 6ff'mi+12fmif1+6mifff+12mAf S’

Loy Ry W2 | om2y®Ry® i L 4y ®)2 yE)f
+4(m%{>)mnYI€m)Y£n) f -+ 12TfTJr R 4T£k)T£k) T

f
3
— (395 M |* + 65| Ma|* + 5912%51)13
d
16m° —mic = 6f1fmic+12fTmicf +6micf1f +12macf1f

VY P+ 2 OO 4y

"‘4(mgp)mnY,-Em) TYL(n) + 12T}Tf + 4T£k) TTjgk)
3
— (39| Mi|? + 6g3| Ma|? — 59%%51)13
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Renormalization Group Equations

e Fromthe vg scale tothe vpgg, scale

2d 2

167"~ m = 2Y,mZ. Y +2my YY) + 2mY Y,V + miy.Y)
+Y.YIm2 + m2Y, Y] + Y, Y. m2 + 2V, m2.Y,
3
+2T.T] + 2T, T — (3gh.| Mi|* + 697 |ML|? + ZQ%LS2)I3
d
167T2dt m2. = 2Y]YemZ +2mZY]Y, +4dmy YV, +4YImiY.
3 1
+ATIT, — (3g5.|M1|* + 297 MR|* — ZQ%LSQ - 59%253)13
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RGEs: Approximated expressions

e From the GUT scale to the VR scale

1 m
2 _ + (k) (k)T 2 2 GUT
Ami = 12 <3ff SR ) (3mg + Aj) In ( o )
1 m
2 _ (k) Ty (k) 2 2 GUT
Ami. = 12 (Sfo + Y'Y, ) (3mg + Aj) In ( . >

e Fromthe vgr scale tothe vpgg, scale

1 UR
Ami ~ LYY (3mi, + A%, In (UBL)

AmZ. ~ 0
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Basic Setup J. N. Esteves, M. Hirsch, J.C. Romao, W. Porod, F. Staub and A. Vicente
JHEP 12, 077 (2010)

e MSUGRA boundary conditions

e 2-loop RGEs

* Analytical computation with Sarah

F. Staub, Comput. Phys. Commun. 181, 1077 (2010)
* Numerical implementation with SPheno
W. Porod, Comput. Phys. Commun. 153, 275 (2003)
e Threshold corrections at intermediate scales

e Two types of fit to neutrino oscillation parameters

*x Y, fit: Flavorin Y, LH, v DO Y L®L®
* ffit: Flavorin fLAL
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Left vs Right: types of fit

Y, fit f fit
GUT scale : m? = m3 = m3 73 GUT scale : m? = m3 = m3 73
1 1

VR scale : mf = m3

due to parity conservation
off-diagonal m?, stop running
1
vpL scale : m? # m%
off-diagonal m?. stop running
.

SUSY scale : m% # m%

VR scale : m?Z = m$

due to parity conservation
off-diagonal m?, and m? stop running

|

SUSY scale : m$ # m%

* Large LFV entries in both sectors.

* In case of the Y, fit, the L-R difference is sensitive to the vy, — VR

difference.
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Y, fit

w scal rmination
Seesaw scale dete atio gy = 1015 GeV,vp = 5 - 1015 Gev

SPS1a’ SPS3
107t = 107te
ER - El
~ 2L
3 T 10
/.]; T@ 10—3,
) L,
& & w0
3 g 107°¢
i]; TN 10—6,
i;/ Excluded by Z{/ 107k Excluded by
& p— ey a p— ey
L 108L |
1012 1013
Ve T 1
u _
ml/ — = ? YI/ ° MR YI/

The absolute value of LFV BR's is linked to the Seesaw scale.
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SPS3 benchmark point
Y, fit
vpr = 10'° GeV,vgr € [101°,1016] Gev

e — [+ mass splitting

Xs — FIF — xJE17

I 107 -
103 —
_ - <]§ g r
g ‘z : L
JlIE ,
. 107+
107 - -
10_5;\ Lol Lol \ "] Lol 10_43 Lol Lol Yol Lol
1010 1011 1012 1013 1014 1010 1011 1012 1013 1014
MS [GGV] Mg [GGV]

e Sizeable splittings mg — my are produced by RGE running in the L and R
sectors.
e Sensitivities around 10~* can be reached at the LHC for both observables
(Allanach et al. PRD 77 (2008) 076006).
e Deviations from the mSUGRA prediction (m¢s >~ mj) are measurable. |
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SPS1a’ benchmark point
Y, fit
vpr = 10'° GeV,vgr € [101%,1016] Gev

e — [+ mass splitting

X5 — 1T — xJE17

.-::::5”
= .;;5g§5=”!“‘ 1"
? N'“““HH

Amy
my

SRR HH
EEEEEREE H
“3 | itiiiii
III !Il o6
= l ERED
SEESENEE S R

T T T TTTTTg
o0 same. SR
-eece ga—
-—eae o

:
O R
S S OREES SRS
Fhgt.tetiaery
~ . .
i ..

El Lo o
1012 1013 1014 1012 1013 1014

L — [GGV] D —— [GGV]

Large splittings mz — m are produced by RGE running in the L and R
sectors.
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li — l]’)/

l; — l;7y processes are enhanced by off-diagonal Am% and Asz. For
example, in the case of u — e~y:

(Am3 g
~ - —_O_— = ~
M g > N e 2
Y, g N (AmL,E)U y
// \\ _ —o— _ €
~ ~
~ 7 ~N
/ \ we, AN
| | /
IS o é / \
/ \
:E :t e =
H X X / \ €
| |
y — - —
0
H X e

" Avelino Vicente - SUSY LR models and low energy phenomenology Planck 2011 — 34 /18 -



li — l]’}/

p— ey

Mseesan= 1012 (GeV) tanB=10, A,=0 (GeV) Mgeesay= 102 (GeV) tanB=10, A,=0 (GeV)
1500 LI I LI L L I T 1T I L I LI L L I LI i 1500 LI I LI L L I LI I\l T 1T I LI L I LI i

S e B N I — © 750 aaaxt0th —
© :
120 - N N N ] 500 R y\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]

H H H - i . I| H
: 11 1 | \I 11 1 | I 11 1 | I 11 1 1 ] 0 L 11 1 I 11 1 | 11 1 | I 11 1 | I 11 III 1 I 11 1 1 ]
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500
My, (GeV) My, (GeV)
12 13

Non-negligible right-handed contribution

=> Larger Br's w.r.t. stardard seesaw
] ]
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A(p™ = ety)

Strong dependence on mg due to slepton masses

Mseesaw™ 10** (GeV) tanB=10, Ap=0 (GeV)

Alpt — e'y)

05

0.3

Mseesaw™ 10** (GeV) tanB=10, Ap=0 (GeV)

250 500 750 1000 1250 1500

M/, (GeV)

Mseesaw = 1012 Gev

d N |

05

250

500

750

M,/ (GeV)

1000 1250 1500

Mseesaw = 1012 Gev

e Large mg:. Comparable L and R slepton masses, LFV in the L sector dominates
e Small mq: Lighter R sleptons compensate the additional LFV in the L sector
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SPS3 benchmark point
f fit
vpr = 101° Gev,vp = 5-101° Gev

X5 decays and LFV

X2 — X3 L 1j with i 7 j

10°¢
~— K, defined as
1071- - ~
Br(Xs — Xieu)
L 107 BT(?Z% — 92(1)66) T BT(>~<8 — 92(1)/%“)
&w
1077 If the intermediate L and R sleptons
are on-shell (as in SPS3) one can
10°4:- Excluded by Lo . L R
g distinguish between Keu and Keu
1055 N . and find LFV in both sectors
1011 1012 1013
MS [GGV]

This signal can be discovered at the LHC if K., > 0.04
See Andreev et al., Phys. Atom. Nucl. 70 (2007) 1717
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