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® SU(5)-inspired: seesaw implementations

$ S0(10)-inspired: left-right symmetric models

® [ HC: current bounds on sleptons
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WURZBURG  -ePton flavour violation, experimental data ,b:ng
Neutrinos: tiny masses large mixings
|Am32,| ~2.4-1073 eV? sin? fa3 ~ 0.57 Gop ~ 1.47)
Am3,, ~7.6-107° eV? sin? 012 ~ 0.32
3H decay: m, < 2eV sin? 012 ~ 0.023

strong bounds for charged leptons

BR(p — ey) < 4.2-10713 BR(p~™ — e ete) < 10712
BR(T — ev) <3.3-1078 BR(T — py) < 4.4-1078
BR(T — Ul") < O(1078) (I,I! = e, p)

|de] <0.9-10728 e cm, |dy| < 10718 eem, |dr] < 1071 eem

SUSY contributions to anomalous magnetic moments

|Aae| <10713, 0< Aay, <34-10719,) |Aa,| <0.058
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WURZEURG Majorana neutrinos: Seesaw mechanism ,b:ﬁ:z)

Neutrino masses due to

i(HL)(HL)
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* P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, KEK-report 79-18 (1979);

M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, North Holland (1979), p. 315;

R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 912 (1980); M. Magg and C.Wetterich,
Phys. Lett. B 94 (1980) 61; G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181
(1981) 287; J. Schechter and J. W. F. Valle, Phys. Rev. D25, 774 (1982);

R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44 (1989) 441.
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Relevant SU(5) invariant parts of the superpotentials at Mgy
» type-l

_ I CE 1 c nTC
WREN =Y Ny N 5M-5H—|—§MRNN

» type-ll

1 _ _ 1. - _ 1 _
WisH :EY% 5ar - 15 -5y + E>\15H 15 -5 + E>\25H 15 -5y

+Mi515 - 15

» type-lll

— 1
Woun = 5240 Y 150 + 524MM2424M
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SU(3) x SUL(2) x U(1)y decomposition
® The s, 10 and 5 contain

5a = (dS, L), 10 = (u%,e%,Q), 55 = (H¢,Hy), 5y = (H , Hy)

® The 15 decomposes as

2 1
15 =S(6, 1, —5) +7(1,3,1) + Z(3, 2, g)

® The 24 decomposes as

— 5

- D
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B

Wi =Wwnrssym + Wy

~ ~ o~ 1 ~ ~
W, =N°Y,L - H, + §NCMRNC :

Neutrino mass matrix
2

my = —-2YT MZ'Y,
2
Inverting the seesaw equation gives Y, a la Casas & lbarra
Y, = V2—\/Mp - R-\/f, - U
Vu

., Mg ...diagonal matrices containing the corresponding eigenvalues
U.......... neutrino mixing matrix
R.......... complex orthogonal matrix.

Jorge Fest, 10 July 2017
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1 AN AN AN AN AN AN AN AN AN
Wrir = Wyssym + %(YTLTlL—I—YsDCSlDC) +Y,DZ1L

1

T

(MHTI Hyg + Mo HyToHy) + MyrTiTo + My Z1 Za + MgS155

fields with index 1 (2) originate from the 15-plet (15-plet).

Neutrino mass matrix
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~ o~ 3 ~ —~ = ~
Wirr = Wussm + Hi(WuYN — 4/ EBMYB>L + H, X pYx D€
1 ~ ~ 1 ~ ~ 1 — — ~ -~
+§BMMBBM + EGMMGGM + §WMMWWM + Xy Mx X v
giving
v2 (3 o 4

_ 1 _ _
my == (EYEMBWB + EYMT/MwlYW> ~ —quY‘}}MWWW

last step: valid if Mg ~ My, and Yg ~ Y
= Casas-Ibarra parametrisation for Yy as in type-I
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MSSM: (bl, ba, bg) = (33/5, 1, —3)
per 15-plet Ab; =7/2 = typellmodel Ab; =7
per 24-plet Ab; =5 = type lll model Ab; = 15
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WURZBURG  Effect of heavy particles on MSSM parameters }:“3

MSSM: (bl, ba, bg) = (33/5, 1, —3)
per 15-plet Ab; =7/2 = typellmodel Ab; =7
per 24-plet Ab; =5 = type lll model Ab; = 15

2500 ! T ! T ! T ! T 2230 ! T ! T ! T ! T
M3 B B B B B B ¢
| | | e 2000
2000 e P P }‘""';;'—'"’{;7"/'}"'"—
s | [ s
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S | e | 3 1750
3] I b et s i )
& 1500 L e =
= | ’ s = 1500
& =
= 1000 | o o A o - =
: " : : (e]
> 2 /,’: — ; 1250
s P SRR s
L My T _—
500 P ——— 1000
I B |
I N N N SR T} A RN S B
102 103 10™4 10" 108 10'2 10" 10™ 10" 106
MSeesaw (GeV) |v'Seesaw (GeV)

QleeV,monl/Q=1TeV,A()=0,tanﬁleand,u>0

Full lines ...seesaw type |, dashed lines ...type ll, dash-dotted lines ...type lll
degenerate spectrum of the seesaw particles

J. N. Esteves, M. Hirsch, W.P., J. C. Romao, F. Staub, arXiv:1010.6000
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: ect on heavy particles on MSSM spectrum P
WURZBURG yp P 2
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mo = My, =1TeV, Ag =0,tan3 =10and p > 0

Full lines ...seesaw type |, dashed lines...type Il, dash-dotted lines ...type lll
degenerate spectrum of the seesaw particles

J. N. Esteves, M. Hirsch, W.P., J. C. Romao, F. Staub, arXiv:1010.6000
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207

1.8~
1.6

1.4

JcuT

1.0 -

0.8

1Og(]\4Seesavv/(}e\/v)

mo = M9 =1TeV, Ag =0,tan8 =10and > 0

MaoyTr = 2 x 1016 GeV

black lines ... seesaw type-ll

green lines ... seesaw type-Ill with three 24-plets with degenerate mass spectrum
full (dashed) lines . ..2-loop (1-loop) results

J. N. Esteves, M. Hirsch, W.P., J. C. Romao, F. Staub, arXiv:1010.6000
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one-step integration of the RGEs assuming mSUGRA boundary

ag k,
AME ;= = = (3m3 + A7) (Y TLY/@)U
3
T (YeYJ@’TLY]’@)ij

AM%’U ~ 0
Lij == IH(MGUT/M@')(SU
for ¢ # j with Y. diagonal

9
CL[=1, a”:6and aIII:g
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(AM?%);5 and (A4;);; induce

i — Ly, LTS
lj — l'L)Z(s)

Xs — lZZk
Neglecting L-R mixing:

Sm2 i 2
BR(l; = l;y) o« o’m} ( mNLS) i tan? j3
v m

BR(72 — e+ xY) N ((AM%)lg)Q
BR(72 = p+xY)  — \(AM?2)a3

Moreover, in most of the parameter space

BR(li —>3lj) N (87 (
BR(lrL — lj’y) - 3
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A 10'6 5 Q 1 E_ ................. S
™ 107 3 [—Bri-ey
3 [ OO SRR SO
i_10_9 10 Bi(T 5 i7)
T 10 e
] 1™ E T S S —
= i | 3
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—'10'13 T :
@ 10" Tl e Excluded by
| 8 F
L I S e Briu—ey)
107 ¢
10'6 j—---I--I-I-I-I-I-I-Ii-----l‘--l--l-l-Hlli----- el
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M, (GeV) M, (GeV)

degenerate vr, Upyns = Umsn, R = 1
SPS1a’ (Mo = 70 GeV, M, ;o = 250 GeV, Ag = —300 GeV, tan 8 = 10, p > 0)

M. Hirsch, J. W. F. Valle, W.P,, J. C. Romao and A. Villanova del Moral, arXiv:0804.4072
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Texture models, hierarchical vr

real textures "complexification” of one texture
% I T T TTTTT0 T T TTTITT T T TTTITI T \HHH? 10_6? I T TTTTTTI T TTTTTTI T T TTTT l \HHHE
10, | _
107 gy = 107
) _12 ~~
?10 N A ?10—10
SRl 3 102
b o]
a8 o a8
10—145
10_18i | N [ | [ A [ \HHE l/ [ [ | I B N W I A
1011 1012 1013 1014 1015 1011 1012 1013 1014 1015
s /GeV s /GeV

SPS1a’ (Mo = 70 GeV, M, ;o = 250 GeV, Ag = —300 GeV, tan 8 = 10, p > 0)

F. Deppisch, F. Plentinger, G. Seidl, arXiv:1011.1404
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my=M;,,=1000 (GeV), tanp=10, Ay=0 (GeV) my=M;,,=1000 (GeV), tanp=10, Ay=0 (GeV)
10° — B A A T T B 107 p—— AR 3
e ool JW, dDirac =0
s L J P R . S J 3 : :

F - ”I: 5Di7“ac =T
10710 |

S PETE E S T v — = ; -
o 10 | | | % | | o 107" 3 |, 5Dirac =0
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E Y 2 S T L B DYoLy l, 0pirac =7
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| : 1 | | 107
ST R R4 Y S S T | g
10 .y
10 10
10 10" 10" 10" 10" 10" 10'® 10
MSeesaw (GeV) 2

S13
degenerate spectrum of the seesaw particles, Mscesaw = 1014 GeV

J. Esteves, M.Hirsch, J. Romao, W.P,, F. Staub, arXiv:1010.6000
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I[[— m=100GeV| : g : S ] [ mol0GeY : _ : ]
0°F — memcer| 77 s 1015........; om0 GV | fo e T ;
O' — m =300 GeV : : : : . i — m.=300 GeV : : : :

A oo 15 RS SRS SR VA S ook R R N
- : : : : : ; 0L _~ : U T S S
NI 10! R Y

[ e —)

o o o O

=

004060 80 020 60 80

M, , [GeV] M, , [GeV]

o(pp — X3) X BR(x3 — 32, ; lilj — pErFxY)
Ao = 0, tan 8 = 10, u > 0 (Seesaw II: A; = 0.02, Ay = 0.5)

J. N. Esteves, J. C. Roméao, A. Villanova del Moral, M. Hirsch, J. W. F. Valle, W.P,,
arXiv:0903.1408
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® Origin of R-parity Rp = (—1)2st3(B-L)
= SO(].O) — SU(3)C X SU(2)L X SU(2)R X U(]-)B—L
— SUB)e x SUR2), xU1)r xU(l)p_L
= SU(3)C X SU(2)L X U(].)Y X U(].)X
or E(8) x E(8) = SUB)e xSUR2), xU(l)y xU(1)p_rL

® Neutrino masses

B — L anomaly free = vp
usual seesaw, inverse seesaw

® |ow scale realisations:

» additional D-term contributions to m, at tree-level,
extra U(1) with new D-term contributions at tree-level: mj, , . < m7 + 1920?

® g or other exotic neutral scalar as DM candidate
= interesting for (modified) Natural SUSY
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Superfield generations SU(3). SU(2)r, SUR2)r U(l)p_r
Q 3 3 2 1
Q°
L
Ic
P
A

A

—_ 4 a2 DWW W

A A A a A a

- W = =2 W LW N =N =

W = W W = = NN =N
N

QC

W = YoQ®Q° + Y, LOLC — gCDCI) + FLAL + foL°ACL® 4+ aAQA + a* ACQCAC

+  aQ®P + a* QDD + MAAA + MAASA® + MqaQQ + MEQQC .

J.N. Esteves, J.C. Romao, M. Hirsch, A. Vicente, W.P., F. Staub, arXiv:1011.0348
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B

at the SU(2) g breaking scale vy

Yy
Yu
Ye
Yy,

Yé cos 01 — Yc% sin 04
—Yé cos 0o + Ys sin 09
Y} cos@1 — Y7 sin 6,

Y7} cos @y + Y7 sin 6

at B — L breaking scale vg_:
v-masses: mainly seesaw |
vr-masses: f.upr, Mup,1 := Mg

logy (ﬁ)

J.N. Esteves, J.C. Roméao, M. Hirsch, A. Vicente, W.P,, F. Staub, arXiv:1109.6478
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at the SU(2) g breaking scale vy

Y; = Yé cos 01 — Yc% sin 04

Y. = —Yé cos 09 + Ys sin 6o H'g
Y. = YLl cos 1 — YL2 sin 64

Y, = —Yg cos Oy + YE sin 09

at B — L breaking scale vg_:
v-masses: mainly seesaw |
vr-masses: f.upr, Mup,1 := Mg

logy (ﬁ)

J.N. Esteves, J.C. Roméao, M. Hirsch, A. Vicente, W.P,, F. Staub, arXiv:1109.6478

2
1
(mi)ilon =~ (3T + Dy v (3m3+A3)1n(mGUT>,
T k=1 ij VR

2
1 m
(mee)yjlon = —73 (3fo+ > v TYL(M) (3mg +A<2))1n( GUT)

k=1 id VR
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1. xample spectrum
WURZBURG 3 Y >R
1800
%
O
~ 1600~ e
n
% ______
> 1400 |-
1200 - qL
------ 8§ = 4r
1000 -
HOI AO H:I: HE -
gor-
O, 0 —
[ i——
600 R
X3 ——
400 | X%
200 - n —
hO
0

mo = 600 GeV, M; /o = 700 GeV, Ag =0, tan 8 = 10, u > 0 and vg = vpy = 1014 GeV
full lines: LR-mdoel, dashed line pure CMSSM

J.N. Esteves, J.C. Roméao, M. Hirsch, A. Vicente, W.P,, F. Staub, arXiv:1011.0348
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AT (m%)ij A (m )w
L mA ) R 4
SUSY SUSY

BR(l; — ;) o< (A7 2 + |A%?)
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Al (mQL)iJ’ A (m? )w
L~ ) R™ a1
SUSY SUSY

BR(l; — ;) o< (A7 2 + |A%?)

polarisation asymmetry

|Ar|? — |AR|?
A% + |AR|?

ALr =

blue SPS1a’, green SPS3, red SPS5

10" 10" 10"
R [Ge\/]

J.N. Esteves, J.C. Roméao, M. Hirsch, A. Vicente, W.P,, F. Staub, arXiv:1011.0348
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1B

10°F
>
10—1 L
-2
. 10
N
S
107 =
1074+ Iellralas] o
p— ey
10_5;\ I Lol I I I Ll
101] 1012 1013
MS [GGV]

oo BR(X3 — Xien)
en BR(%9 ~0 BR(%9 ~0
(Xo2 — Xjee) + BR(X5 — X3 i)

KL,: contributions via L-sleptons

K,: contributions via R-sleptons
assumption m(x3) > m(l;) > m(x));
data point SPS3

J.N. Esteves, J.C. Roméao, M. Hirsch, A. Vicente, W.P,, F. Staub, arXiv:1011.0348

CMS studies: depending on the spectrum K., > 0.04 detectable for £ = 10 fo—! at

Vs =14 TeV
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Lightest neutralino mass, M(¢?) [GeV] . CDF Run Il Preliminary (L=5.8 fb")
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WURZBURG

B

Natural SUSY: 100 GeV< u < 500 GeV, squarks except ¢ few TeV, mz ~ 1 — 2 TeV

1 A A
Wers = Wmssm + E(MR)ij VR,i VR,j

+ (Y)44 L; - Hy VR, j

2ma M. -
(Yo)es = £(ZNT)* | 275 cosh ysg e Ti056
Uy
2mas M, -
(Yi)es = —i(ZNH)* | 22875 cosh g e F 056
Vu
1 0 0
R = 0 CcOS ¢56 sin ¢56
0 —singse COs P56

¢ps6 € C

My, i ~ M;—3, My = O(keV),
My ~ Mg = O(few - 100 GeV)
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Natural SUSY: 100 GeV< u < 500 GeV, squarks except ¢ few TeV, mz ~ 1 — 2 TeV

search for sleptons

1 A A
Wers = Wmssm + E(MR)ij VR,i VR,j

+ (Y)44 L; - Hy VR, j

2 M ,
(Y )5 = :I:(Z?IH)* | £33 M5 cosh 756 e Fibs6
Uy

2 M :
(Vo)eo = —i(Z01)" | == coshysg eT050 \ \
1 0 0
. LHC, 13 TeV, tree-level
R= 0 cosgse  singse for searches: x K-factor 1.17
0 —singsg cos P56 (B. Fuks et al., arXiv:1304.0790)
P56 € C dominant decays:

IL = IXY , vxy

~0

My, i = M; s, My = O(keV), b l_>2+ VX
1 1

My ~ Mg = O(few - 100 GeV)
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8+13 TeV data (13.9 fo—1)
using CheckMATE 2.0 Th. Faber, J. Jones, Nh. Cerna-Velazco, WP arXiv:1705.06583
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additional constraint
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using CheckMATE 2.0 Th. Faber, J. Jones, Nh. Cerna-Velazco, WP arXiv:1705.06583
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additional constraint

pp — XXy = LT DRrDE
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No signs for physics beyond the SM

But the hunt still continues, both at low energy experiments and the LHC
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M. Hirsch et al. Phys. Rev. D 78 (2008) 013006
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SPS3 (My = 90 GeV, M, ;, = 400 GeV, Ag = 0 GeV, tan 8 = 10, pu > 0)

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004.
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