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WHY LEFT-RIGHT
SYMMETRIC MODELS?



MOTIVATION

MOTIVATION

@ Automatic neutrino masses
e Combination both type-I and II seesaw

[R. Mohapatra & G. Senjanovic (1979), ... |

@ GUT origin of gauge symmetries

[H. Fritzsch & P. Minkowski (1975), J. Pati & A. Salam (1973), C. Aulakh, et. al. (hep-ph/9712551), ... ]
Mgur VR
e SO(10) —— (Grs —) GLr — Gsm
Gps = SU(4) x SU(2)r x SU(2)r
Gir = SUB)e x SU(2)L x SU(2)r x U(1) -1

e Strong—CP problem [A. Maiezza & M. Nemeviek (arXiv:1407.3678), ... |
e Potentially solved by C & P restoration
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MOTIVATION

SO, WHAT’S THE PLAN?

@ Preliminaries J

© Parametrising the neutrino sector
e Casas-Ibarra parametrisation

e Our parametrisation

@ Lepton flavour violation results

e Current and future bounds
o (Effect of dcp)
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PRELIMINARIES



FIELD CONTENT, YUKAWA SECTOR
AND ALL THAT JAZZ!

Quick-fire recap from last time:

Ly =L+ L2 +he.
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FIELD CONTENT, YUKAWA SECTOR
AND ALL THAT JAZZ!

Quick-fire recap from last time:

% ng —|—$YA+h.c. Field Gen. GLr
QL 3 (3a2717%>
N QR 3 (37172a%)
~ A = Qr (Yo, @+ Yo,®) Qn Lr 3 (1,2,1,-1)
i ~ Lr 3 (1,1,2,-1)
+I1 (YL1<I>+YL2<I>) L 5 G350
(i)E 70’2‘1) ()]
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FIELD CONTENT, YUKAWA SECTOR
AND ALL THAT JAZZ!

Quick-fire recap from last time:

fy :fg —|—$YA—|—hc Field Gen QLR
Qr 3 (3,2,1,1)
) Qr 3 (3,1,2,3)
- :@(YQI(D‘FYqu)) Qr Ly 3 (1,2,1,-1)
_ N Lg 3 (1,1,2,-1)
+I; (YL1<I>+YL2<I>) Lz 5 1330
o Ap 1 (1,3,1,2)
— 4P = LY Ya, (i02)AL Ly, Arp 1 (1,1,3,2)
+ LG Yay, (i02) AR L ]
P =—09P% 09
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FIELD CONTENT, YUKAWA SECTOR
AND ALL THAT JAZZ!

Quick-fire recap from last time:

fy :fg —|—$YA—|—hc Field Gen QLR
Qr 3 (3,2,1,1)
) Qr 3 (3,1,2,3)
- :@(YQI(D‘FYqu)) Qr Ly 3 (1,2,1,-1)
_ N Lg 3 (1,1,2,-1)
+I; (YL1<I>+YL2<I>) Lz 5 1330
o Ap 1 (1,3,1,2)
— 4P = LY Ya, (i02)AL Ly, Arp 1 (1,1,3,2)
+ LG Yay, (i02) AR L ]
P =—09P% 09

< SARAH model file publicly available —
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DETERMINING THE NEUTRINO SECTOR

NEUTRINO MASSES

Neutrino mass matrix from %

M~ (M% MD> My = \/EYAL/RUL/R
MD Mp Mp = ﬁ (Ylel + YLQ'UQ)
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NEUTRINO MASSES

Neutrino mass matrix from %

M, = (MQZ MD) Mp/r = \/EYAL/RUL/R
My Mg Mp = ﬁ (Ylel + YL2U2)

IN THE SEESAW APPROXIMATION

; . ! _
mkght = U;MNSdlag(meml/zvml/s)Ulir’MNS = (ME - Mp MRI Mg)
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NEUTRINO MASSES

Neutrino mass matrix from %

M, = (Mé MD) Mp/r = \/EYAL/RUL/R
My Mg Mp = ﬁ (Yp,v1 + Yr,v9)

IN THE SEESAW APPROXIMATION

; . ! _
mkght = Uf;MNsdlag(muumvwmvs)UllMNs = (ME - Mp MRI Mg)

How to determine model parameters?

o Casas-Ibarra parametrisation
e Brute force fits

@ Our parametrisation
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DETERMINING THE NEUTRINO SECTOR

CASAS-IBARRA PARAMETRISATION
Simple procedure to find Mp:

MD = f(m}/ight7 MLa MR; R)

— Require an additional matrix R
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CASAS-IBARRA PARAMETRISATION

Simple procedure to find Mp:
MD = f(m}/ight7 MLa MR; R)
— Require an additional matrix R

misht — My =X, =V*Dx, VI = —~MpMp' M},
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DETERMINING THE NEUTRINO SECTOR

CASAS-IBARRA PARAMETRISATION
Simple procedure to find Mp:
Mp = f(my&", My, Mg, R)
— Require an additional matrix R
misht — My =X, =V*Dx, VI = —~MpMp' M},
= 1= [iDy*VTMpOD;,?| |iD; 20T MV DL

=R —RT
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DETERMINING THE NEUTRINO SECTOR

CASAS-IBARRA PARAMETRISATION
Simple procedure to find Mp:
Mp = f(my&", My, Mg, R)
— Require an additional matrix R
misht — My =X, =V*Dx, VI = —~MpMp' M},
= 1= [iDy*VTMpOD;,?| |iD; 20T MV DL

=R —RT

Using the above expression we can
than determine Mp as required

Mp = —iV*DY*RD}2 Ot
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DETERMINING THE NEUTRINO SECTOR

CASAS-IBARRA PARAMETRISATION
Simple procedure to find Mp:
Mp = f(my&", My, Mg, R)
— Require an additional matrix R
misht — My =X, =V*Dx, VI = —~MpMp' M},
= 1= [iDx 2V MpOD;,?| |iD5 20T MEV DL

=R =RT

. . IMPLICATIONS:
Using the above expression we can
than determine Mp as required e R is an unknown matrix € O(3;C)

@ Unrelated to model parameters
o Potentially violates C & P

@ Results in an infinite number of
degenerate solutions

Mp = —iV*DY*RD}2 Ot
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DISCRETE SYMMETRIES

Parity P :
Ly < Lr ) Yo, = Yc%i
Ap o Ap 3 200 Ly

O+ of Ya, =Ya,
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DETERMINING THE NEUTRINO SECTOR

DISCRETE SYMMETRIES

Parity P :

Ly < Lg _ Yo, =Y},

AL <~ AR —>$ - YLi = C%

O+ of Ya, = Ya,
Charge-conjugation C :

LL d L% ) YQi = %T,L

A & A}} ﬂ) YLi = YLi

¢ <« T Ya, =YX,
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DETERMINING THE NEUTRINO SECTOR

DISCRETE SYMMETRIES

Parity P :

LLHLR Py
AL(—)AR i)
b > Of

Charge-conjugation C :
LL d L% )
AL o AE Z inv.
¢ 5 o7
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DETERMINING THE NEUTRINO SECTOR

DISCRETE SYMMETRIES

Panity P :

Ly < Lg YQ-:Y{ lieht P [ VL
inv. K K 1ght: iy * —1 *
AL(—)AR g—) YLi: E my, ?}RMR MDMR MD
P > Bf YA, = Ya
: : myeht £ (U—L Mg — Mp Mg" MD)
VR

Charge-conjugation C :

Ly« LS )
Ap o Ay b 2 )
T =Y *
Do D Yoo =Yan  Ya=Y =Ya, = f(Mp,vr,0R)

4

[E. Akhmedov and M. Frigerio (hep-ph/0509299)]
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DETERMINING THE NEUTRINO SECTOR

OUR PARAMETRISATION

C-conserving case re-written as:

B=aA-A""!
=V*(aDa— D) V!

—1/2_ 1 —-1/2 vL
B =My mlishea V2 o=
VR

A= My MpMt?
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OUR PARAMETRISATION

C-conserving case re-written as:

B=aA-A"!
=V*(aDs - D ") VT

—1/2_ 1 —-1/2 vL
B =My mlishea V2 o=
VR

A= My MpMt?

Diagonalise and solve resulting
diagonal polynomial matrix equations

.. N/
DEY /(D) +4a

2
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DETERMINING THE NEUTRINO SECTOR

OUR PARAMETRISATION

C-conserving case re-written as:

Be=ad_ A1 Diagonalise and solve resulting
diagonal polynomial matrix equations

=V*(aDa— D) V!
DU & (D(“‘))2 +da
B B
2¢

B =My mls o= pli
v

=

A= My MpMt?

RESuULT

1 i ii)\ 2
v{ = ——MyPvrdiag DG £/ (DG?) +4a | ving?
2\/§UL

Advantages:
Q@ Eightfold degenerate solutions

@ Function only of model parameters
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LEPTON FLAVOUR VIOLATION RESULTS

LEPTON FLAVOUR OBSERVABLES

CALCULATED OBSERVABLES:

o ly — 55’}/

o Uy — 3lg

o Uy — gl ls

@ [, — e conversion

Including all tree and one-loop
contributions
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LEPTON FLAVOUR VIOLATION RESULTS

LEPTON FLAVOUR OBSERVABLES

CALCULATED OBSERVABLES: Example Topologies

° Uy — Ly
] ga = 365
o (o —Lglyls

@ /1 — e conversion . .
H Tree-level scalar Radiative

Including all tree and one-loop
contributions

|
Vector penguin Scalar penguin
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ON FLAVOUR VIOLATION RESULTS

LEPTON FLAVOUR OBSERVABLES

KEY PARAMETERS Example Topologies

(AS A RESULT OF THE
PARAMETRISATION)

@ Uy,
@ Jicp S S
e Mp Tree-level scalar Radiative
(i) a1 GeV
(7) T Myp—type
(i) ngKMMuD—typeVSKM |
° ZA) YA(+++) Vector penguin Scalar penguin
(i) Y
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LEPTON FLAVOUR VIOLATION RESULTS

TRIPLET- YUKAWA SIGN-CHOICE

Mp =10"*1 GeV Mp = 1074VCTKMM“P*B’DQV(;KM
UL L D DL 10_7\ T T T T -
1079 e |
1071 1
310716 1 =
—15
T 110 i
2107% 3 3
= Ew—lg _
m
1070 E
107231 1
L Y I R TEET EPUPUTEETT EPETUTEE:, 10—27 FETTEETY IR EFSITTREEEY BTN I,
1071 10-® 1076 107%* 1072 109 1071 10-®* 1076 107%* 1072 109
vL [GeV} vL [GQV}

o Sufficient to consider only two choices
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CURRENT AND FUTURE BOUNDS

DI1AGONAL Mp

100 T T T
Mp =z GeV O u—3e
—of () O p—ey
10 Scp =0 w—eTi
0 7= 3p
> 1074
@
o,
=2 107°
1078
10-10 :
108 1076 1074 102 10°
T

LFV Process Present Bound Future Sensitivity

= ey 4.2 x 10713 6 x 10714
w— 3e 1.0 x 1012 ~3x10716
T— 31 2.1 %1078 ~4x10710
p~ — e, Ti 43 x107'2 ~ 10718

@ Scalar tree-level contributions
dominate

e Off-diagonal YA vanish at LO

light

m
Dp = —~
B MD <<O(\/&)
= Dy~4a /2

s AHH —vD,vT =Dy
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CURRENT AND FUTURE BOUNDS

DI1AGONAL Mp

100 T I ] 100 1 1 1
Mp =z GeV O u—3e Mp = aGeV
—of () O p—ey oft-h
10 som = 0 ji—eTi 10 sop = 0
0 7= 3p
> 107 > 1074
L 5}
O, o,
—6 —6
S 10 3 10
1078 I I
10—10E 10—10 nnan_nnndlna nnodlnao
1078 1076 1074 1072 10° 1078 106 1074
T T

@ Scalar tree-level contributions again dominate

e Off-diagonal YA do not vanish at LO

AH>=V<

a-1/2

0

_a1/2

0 > VT — o 1/2 <cos 20

sin 20

sin20 — cos 20

) # s

)R DETECTING L
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CURRENT AND FUTURE BOUNDS

14 i
Mp = VCKMMup—typeVCKM

10° ™ . , 1007.......¥..... r—
Mp = 2V Mup—type VEkM Mp = 2VignmMup—type Varm
10-2 [ (+++) 10-2 (+—4)
Scp =0 Scp =0
O p— 3e
= —4F 3 p— ey =
> 10 i >
o o
=~ 1076 < 10-6
108 oo A0 A [() 8Tt
10710 s FAA i i 10710

10-4 10°

T x

108 100

e Additonal flavour violation from CKM elements

o Large hierarchy in YA

e Interplay between y-penguins and tree-level scalar contributions
Example 1 — 3e:

2,1)y-(1,1 1 2,0)x (6,1
Mtree—level o8 YA( )YA( ) M'y—peng [0 ¢ W ;YA( l)YA(Z )
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CONCLUSIONS

CONCLUSIONS

Q@ Exploited discrete left-right
symmetries to simplify neutrino sector

4

© Examined current constraints and
prospects of probing low-scale left-right
symmetries using LF'V observables

Also investigated:
e Varying scalar masses
e Neutrino hierarchy & mass scale

e Varying dcp
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CONCLUSIONS

EFFECT OF dcp

10-13 . . . 10-13
10—16 L i 10—16
o~ 10-19 ~10-19
g10 g10 '
10722 107221 1
10—25 10—25 | | |
0 /2 ™ 3m/2 27
5CP
10719 - . T 10713 ‘ ‘ ‘

10717

1079F

Z1o-2

—_— = 3e
T = 3e

10-3F

— =7 Spuete

— = pentuT | - s huteren
-.=7 etpTuT
10-25 i i i 10-15 e j
0 /2 T 3r/2 2m 0 /2 ™ 3r/2 27




CONCLUSIONS

EFFECT OF dcp

10° r
Mp =z GeV
[ (+++)

3
bcp = 3

3 T T T
[ Mp =2 GeV

-+
Focr = %

e For both sign choices off-diagonal YA do not vanish at LO

AT =v*D,u v £ Dy

DETECTING Lk
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CONCLUSIONS

SCALAR SECTOR

Field content

5T s
0 + T S gt
o= () (g ) e (T
2 2 JL — L ) _°R
V2 R V2
with VEVs
o_ 1 50— L
¢7 = \@(v1+01+w1) L= ﬂ(vLJrULﬂLWL)
1 1
0 0 .
— (v + o2+ 0p=—=((Wr+or+1i
Py = \@(2 02 <P2) R ﬂ(R R <PR)
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CONCLUSIONS

SCALAR MASSES

Bi-doublet/SM-like masses

m,zl ~ 2\ v? — i)ﬁg m%{ ~ 2(2\2 + A3)v? + %v%
m% =~ 203v% 4+ 2(A3 — 2\9)v? mie =~ iozg(v2 + 20%)
Left/right triplet masses
miy, =~ 3 (p3 — 2p1) v, M, = 2p10
m, = 2 (ps = 2p1)v% mi{f o~ %Ué(ﬂ?) —2p),
millii ~ 2p9v% + %a3v2 mi;i ~ % ((p3 — 2p1)v% + asv®)
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CONCLUSIONS

LFV BounDs & FUTURE SENSITIVITY

LFV Process Present Bound Future Sensitivity

= ey 4.2 x 10713 6 x 1071

T — ey 3.3x 1078 ~3x107°
T — Wy 4.4 x 1078 ~107?

o — eee 1.0 x 10712 ~ 3 x 10716
T — eee 2.7x 1078 ~5x 10710
T = [UfLpl 2.1x1078 ~4x 10710
T~ —eputpT 2.7x1078 ~5x 10710
T = pete” 1.8x1078 ~3x 10710
T~ = pute e 15x1078 ~ 3 x 10710
T~ —=etpTpum 1.7x1078 ~3x 10710
p~ — e, Ti 4.3 x 10712 ~ 10718

uw- — e ,Au 7x 10713 -

u- — e Al - 10716 —3 x 10717

u- — e ,SiC - 10714
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CONCLUSIONS

MODEL PARAMETERS AND MASS SPECTRUM

Model Parameters

A 0.13 vr, 10710, 1 GeV
)\2 1.0 VR 20 TeV
A3 1.0 tan 3 104
)\4 0 [e5] 0
o1 3.2 x 1074 Qs 0
P2 2.5 x 107 as 2.0
p3 1.8 x 1073 B1 0
P4 0 Ba 3.83 x 1074
u? 7.87 x 10% GeV? Bs 0
U3 —2.00 x 10* GeV? w3 1.28 x 10° GeV?
Resulting Mass Spectrum
mp 125.5 GeV my 20 TeV
ma 20 TeV mpg+ 20 TeV
M, 482 GeV MHEg 506 GeV
ma, 482 GeV e 512 GeV
My 511 GeV Myt 541 GeV

My, 9.37 TeV My, 15.7 TeV
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