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TECNICO . .
W LISBOA | Some of the topics we studied

Foreword 3 R-Parity Violation and neutrino masses masses
Breaking R-parity

¢ Bilinear R-Parity Violation

Seesaw Models

After Martin ¢ Spontaneous R-Parity Violation

Students

Afterword A Testing R-Parity at the colliders
¢ SUSY decays
¢ Higgs decays

A Lepton Flavour Violation (LFV) and Dark Matter

¢ Typel, Il and Ill seesaw
¢ Left-Right (LR) model

A Unification in GUT's
€ LR models with sliding scale
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W TLFSCEIa\IOIgO Broken R-Parity Models

Rp = (_1)2J+3B+L

Foreword

Breaking R-parity
QI 5 BRpV: Explicit R-Parity Violation
e BRpV

e Testing @ LHC

€ Bilinear R-Parity Violation

Seesaw Models

After Martin ¢ Same particle content as the MSSM
Students
Afterword 7 SRpV: Spontaneously R-Parity Violation

¢ More Complicated Higgs Structure
¢ Majoron J
¢ Invisible Higgs Decay h — JJ

Rich Phenomenology

Hierarchical Spectrum: No visible 83y,

JW.F. Valle, M. Diaz, M. Hirsch, W. Porod, A. Villanova del Moral, JCR, ...
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TECNICO
LISBOA

Neutrino Masses from broken R-parity: The BRpV Model

Foreword

Breaking R-parity
o R-Parity

® Testing © LHC

Seesaw Models

After Martin

Students

Afterword

A The superpotential of the BRpV model is

BRpV MSSM Tarrb

The superfield content is as in the MSSM.

A The last term in is the only R—parity violating term. The ¢; are
parameters with units of mass

A The electroweak symmetry is broken when the two Higgs doublets H
and H,, and the neutral component of the slepton doublets Lg acquire
vacuum expectation values.

A The scalar potential is

( )

E : MSSM BR \
)

\ J

where z; is any one of the scalar fields in the superpotential
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TECNICO . . .
W LISBOA | Tree Level Neutrino Masses and Mixings

S A The 7 x 7 neutralino/neutrino mass matrix M has two zero
Sl e s eigenvalues. Therefore two of the v's remain massless at tree level.
o R-Parity

A The values of the parameters ¢; needed to account for the neutrino

Testing @ LHC ol '
° e masses and mixings are small compared with the electroweak scale.

Seesaw Models

After Martin 3 Using this we can approximately bring My to block diagonal form,

Students

Afterword

CAZ AN, ACA
Aedy A2 ALA,
AA AN, A2
where M, o is the neutralino mass matrix and A; = pv; + vge;.

0 M. o 4 det(./\/lxo)

X

0 M, a2 + Mog'?
MNN[meff ]’ = 19° + Mog

A It is clear from the the projective nature of mes that two of the v's
remain massless at tree level. The non zero neutrino mass is

r

Myg? + Msg'* ]K\Z
4 det(./\/lxo)

m, = Tr(meff) =
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TECNICO
LISBOA

One-Loop Neutrino Masses and Mixings

Foreword

Breaking R-parity
o R-Parity

® Testing © LHC

Seesaw Models

After Martin

Students

Afterword

A The diagrams contributing to the self-energy include the exchange of
gauge bosons as well of scalars.

CJ{HW\%EQ q / Y g
—> > > ——! > )y
() D ?

A These diagrams can be calculated in a straightforward way. For
instance the W diagram in the £ = 1 gauge gives

Y

4 5 )
1
Vv W W W W 2 2 2
2 =— 16-2 E 2 (Oﬁk Iki T ORik Tri ) Bi(p®, mi, miy)
k=1
1 5
\% W W W W 2 2 2
Hij " 1672 (—4) (OE‘I@ Rki T O?%(}kOgllm') my. Bo(p~, mj;, myy )

\_ k=1 J
where By and Bj are the Passarino-Veltman functions, and O™V, O™V
are coupling matrices
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TECNICO
LISBOA

J

Fitting the data

Foreword

Breaking R-parity
o R-Parity

® Testing © LHC

Seesaw Models

After Martin

Students

Afterword

W

A

The BRpV model produces a hierarfhical mass spectrum

10 E LA L L

The largest mass scale can 10° 3
be estimated by the tree :

-1
level value < 10

L

-2
The solar mass scale can v 10
be obtained at one-loop £ 103
The correct mixing angles 1074
can be obtained by an ap- c

. . — 10° L FETTT B R R R TTT| B S W R o
propriate choice of |A| and 102 107 1002 10t 102 108
%A |

A; such that

M. Hirsch, M. Diaz, W. Porod, JCR, J.W.F. Valle
Phys.Rev.D62:113008,2000

Ae < Ay, A

r

\

~N

At the time BRpV was proposed the neutrino data was not very well
known. It is interesting that with the present high precision data on
neutrino physics, the model can still accommodate it.

Jorge C. Romao
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TECNICO . .
w LISBOA | The mixings 63, 6535 and 6, could be accommodated

Foreword

Breaking R-parity
o R-Parity

® Testing © LHC

Seesaw Models

After Martin ! p
-4 L & -
Students 10 4 E
F ] . . 10-3....|....|....|....|....
Afterword 10° U 10 0 02 04, 06, 08 1
10° A [/(M,) 2 NI +ND)
J.W.F. Valle and JCR, Neutrinos in high energy and astroparticle physics (Wiley, 2015)
100: e A
I'{'i'
Q o~ '
D GDH 1 "JJ-
NN NC 10 - ff’ -
= ® 3
%2 W
-2 :w ] pil
10
1072 w0t 1 10
ae/(au +€°)
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TECNICO
LISBOA

Testing BRpV via SUSY Decays

Foreword

Breaking R-parity
o R-Parity
e BRpV

® Testing © LHC

Seesaw Models

After Martin

Students

Afterword

A | LSP Decays:

(mSUGRA)

The fact that, in these models, the LSP decays through R—parity
violating processes allows it to be either neutral or charged.

In most cases the LSP is the lightest neutralino , like in the MSSM.

For some regions of the parameter space the LSP can also be the

In both cases we have shown that despite the smallness of m,, the
LSP decays inside the detector.

L
L
scalar tau |.
L
A | LSP Decays:

(non mSUGRA)

If we depart from mSUGRA then the LSP can be almost any particle.

This gives

complementary information |.

Jorge C. Romao
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TECNICO
W LISBOA

Example: Probing the Atmospheric Angle (old slide)

Foreword

Breaking R-parity
o R-Parity
e BRpV

® Testing © LHC

Seesaw Models

After Martin

Students

Afterword

| Before SUSY I

10 ¢

BR(uqq") /BR(7qq)

10—2 I L N R
5107 107! 05 1

2

W. Porod, M. Hirsch, JCR, J.W.F. Valle
Phys.Rev.D63:115004,2001

BR(uqq') /BR(Tqq’)

01

| After SUSY I

0.5

My =120GeV, = 500 GeV,tan 8 = 5

mo = 500 GeV, A = —500 GeV.

Jorge C. Romao
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TECNICO :
W LISBOA | Seesaw models for neutrino masses: Type-I-1I-11I

( N\ N\ )
Foreword S 1 S —
Breaking R-parity 1 o 2 1 o
Seesaw Models o §VR ¢ MR VR — ,LLH;{ALHU — MXAEAL - §WMC MWM Wy
S J AN y
oLR
e Effect on Spectra type_l type_l I type_l I I
oLFV
¢ DM & LFV (Hy) (Hy) <HU> <Hu> (Hy) (Hy)
e A(pT—eTH) ! ! ,U ! !
After Martin ! ! T : :
e : Y : : AD : Y :
tudents 1 1 . ) .
| R | ! ! WM |
Afterword > < * > —< V; 1 T :V »— W * W —
v VrR VR VL Ly, "L VL M M VL
,02 YH
meg = —(vY,) Mz (vY,)" Megr = XZ{ mett = — (oY) My (07T
A Exchanged particle: Type-I-lll: neutral fermion. Type-Il: neutral scalar
3 Type-l: gauge singlet. Type-ll-Ill; gauge triplet = Stronger running
_ Not directl
3 my ~1leVand Y, ~ 0(1) = Mseesaw ~ 0(1012 14)GeV [observable )1
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TECNICO
W LISBOA

Left-Right Model: breaking scales and neutrino mass

Foreword

Breaking R-parity

Seesaw Models

o Type-I-ll-lI

e Effect on Spectra
o LFV

e DM & LFV

e A(pT—eT )

After Martin

Students

Afterword

-

Mgut

~N

SU(?))C X SU(Q)L X SU(?)R X U(l)B—L

\
VR

SUB)e x SU2)L x U(1)pr x U(1)p-1

\_

1

UBL

SU(?))C X SU(Z)L X U(l)y

l

Msusy, Mz

A Superpotential
W =Y, L®L — f.L°A°L® + ---

¢ Y, and f. complex 3 x 3 matrices

7 Lagrangian at vpr, = (AY)

L= HuﬁYyI VR — %I/}Z; Cc-1 (fc'UBL) VR + -

A Effective neutrino mass matrix (type-l)

meg = —(vY,)(fevpr) " (0Y,)"

¢ Y fit— f.=1,Y, arbitrary
¢ ffit—Y, =1, f.arbitrary
¢ Different imprints on RGE running

Jorge C. Romao
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TECNICO :
W LIsBoA | Effects of the heavy particles on the MSSM spectrum
A The appearance of particles with charges under the gauge group at
Foreword scales between Mgeesaw and MqauT leads to changes in the beta

Breaking R-parity

Seesaw Models

o Type-I-ll-lI
oLR

oLFV

e DM & LFV

e A(pT—eT )

After Martin

Students

Afterword

functions of the gauge couplings

A Example of spectra at () = 1 TeV versus the seesaw scale

SUSY parameters mg = My =1 TeV,

Ag=0,tanf =10 and © > 0

Type-| (full lines), type-Il (dashed) and type-lll (dash-dotted)

J.N. Esteves, JCR, M. Hirsch, F. Staub and W. Porod, Phys.Rev.D83,013003,2011
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TECNICO : :
W LISBOA | LFV in the slepton sector: Approximate formulas for Am;

Starting with universal (mSUGRA) boundary conditions @ Mgy

Foreword
Breaking R-parity A Seesaw type— l—l I—l l l
Seesaw Models a’k

i 3
o Type-I-11-11I AmL i = —W (3 mg + A2> ( k TLYN) L =1n ]\Z[\IJT)
1J
eEffect on Spectra

o LR n

Amg ;5 > 0 ag =1, a; =6 and ary =
e DM & LFV \ ’

e A(pT—eT )

Y

1| ©

a3 Left-Right Model

After Martin

Students 1 5 y MGU
oo (| McuT 1 Am = ——— (3f1 +YL( 'y (3m3+A3)m( T)
T VR
1 M
N 2 VR )
UR Am? ~ _Lyyy’r (m%\v + A, ) n [ 2R
l 87 ’ e " UBL
VBJ, \AmZE ~ () )
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TECNICO
LISBOA

Radiative lepton decays [; — [;7: Approximate formulas

Foreword

Breaking R-parity

Seesaw Models

o Type-I-ll-lI
o LR
eEffect on Spectra

e DM & LFV

o A(uT—et )

After Martin

Students

Afterword

A BR(l; = 1;7): (MEG...)

s i ¥ ./ Y 14
,Ceff :eﬁliguyFuy(AL]PL—l_AéPR)lj—I_h.c. fz_) ' L J
2 ~0(c+
X (XF)
487'('304 i1 77 _
BR(Z,L — lj’}/) = G2 (‘Ag‘z —+ ‘AéP) BR(Z,L — leiVj)]
F
7 For seesaw models: AiLj ~ (AT%)”, A% ~ (AT%E)”
Mgsusy Mgsusy

¢ type-l-lI-lll =» only Af

¢ Left-Right model: In principle both A, and Ag

—» Positron polarization asymmetry(MEG)
type—l—ll—lll]

#1 LR

¢ Distinguish models:

_ AP —Ag)® _ ] 1
[AL|* + |AR|?

A(p™ — e™)

Jorge C. Romao
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TECNICO
LISBOA

Low-Energy LFV constraints in SUSY seesaw models: type-I,li

Foreword

Breaking R-parity

Seesaw Models

o Type-I-ll-lI

o LR

eEffect on Spectra
o LFV

e DM & LFV
o A(uT—et )

After Martin

Students

Afterword

W

a
a
A

a
a

Parameters: SUSY: {mg, M5, Ag =0, tan 3 = 10,52, sign(u) = +}
Seesaw: Mp = 10" GeV and My =5 x 1013 GeV
Dark matter region: WMAP (30), 0.081 < Qh? < 0.129
SPheno(W.Porod), SARAH(F.Staub)
J.N. Esteves, S. Kaneko, JCR, M. Hirsch, and W. Porod, Phys.Rev.D80,095003,2009 Higgs funnel
Mg= 103 (GeV) tanB=50, A;=0 (GeV) M= 5x10"3 (GeV) tanB=52, A,=0 (GeV)
2500 2500 . i |
3 n 210"
- 5.7x10 :
2000 2000 1 3
/>-\1500 />\1500
8 S
£ 1000 £ 1000
500 500
0 | 0 | | | |
500 1000 1500 2000 2500 500 1000 1500 2000 2500
M/, (GeV) M/, (GeV)
Miop = 169.1 GeV (blue), 171.2 GeV (red), 173.3 GeV (green)
Superimposed the contour lines for the Br(u — evy). With the present

bound of 4.2 x 10~ most of parameter space shown is excluded

Jorge C. Romao
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TECNICO
W LISBOA

A low-energy observable for Left-Right model: A(u™ — e™v)

Foreword

Breaking R-parity

Seesaw Models

o Type-I-ll-lI

o LR

eEffect on Spectra
o LFV

e DM & LFV

o A(pT—eT )

After Martin

Students

Afterword

J

2 2
Positron polarization asymmetry: A(,Lﬁ — e+fy) — Iiil2+ligi2
In seesaw type-I-lI-lll: A(u™ — eTy) =1, as Ag ~ 0

Parameters:

¢ SUSY: SPS3 {mg = 90, M, /5 = 400, Ag = 0, tan 8 = 10, sign(u) = +}
® LR:wvpr = 10" GeV, vy € [10'4,10%°] GeV, Y, fit

Mseesaw™ 10% (GeV) tanp=10, A;=0 (GeV)

1500 | I LI | I LI | LI

250

500

750
Mo (GeV)

1000 1250

1500

" If MEG measures A < 1,]
we can have an handle on]

the scales vr, vpr, and test
the LR model

0.2

0.4 0.6 0.8 1.0
log(vr/maur)

log(vpr/maur)

J.N.

Esteves, JCR, M. Hirsch, A. Vicente and W. Porod, JHEP 12 (2010) 077
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TECNICO
LISBOA

After Martin: Answering the question Why only 1 Higgs Boson?

Foreword

Breaking R-parity

Seesaw Models

After Martin
e Multi-Higgs

Students

Afterword

3 Number of particles with Spin 1
Fixed by the choice of Symmetry Group SU(3) x SU(2) x U(1)

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak Electromagnetic Strong
Property Interaction Interactlon(EleCtroweak) Interaction Interaction

Acts on: Mass — Energy Flavor Electric Charge Color Charge
Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons

Particles mediating: Graviton w+ w- z0 Y Gluons

(not yet observed)

107" m 10~ 41 0.8 1 25

Strength at {
3x107""m 10-41 10-4 1 60

3 Number of Particles with Spin %
There is no principle. Fixed by experiment

3 Number of particles with Spin 0
There is no principle. | Therefore should be fixed by experiment!
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W TLFSCEIa\IOIgO NHDM: Many chalenges

Foreword

Breaking R-parity

Seesaw Models

After Martin
e Multi-Higgs

Students

Afterword

A Theory

¢

® & 6 6 6 ¢ ¢ o

Perturbative Unitarity

Bounded From Below

Precision observables

CP violation and EDM constraints

Contributions to b — s

Many parameters: Symmetry constrained models

Dark Matter

Flavor changing neutral interactions (FCNI)

A Experiment

¢

L 4
\ 4
\ 4

Confronting LHC data
Confronting the new limits on the EDM

Checking flavor constraints

Also lots of fun in the last 10 years ...

Jorge C. Romao
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TECNICO . . .
W LISB0A | Students and postdocs of the collaboration Valencia—Lisbon

Foreword These are the students and postdocs that | have shared with Martin:
Breaking R-parity

Albert Villanova del Moral

Seesaw Models

After Martin

Students

Afterword

Solveig Skadhauge

Cyril Hugonie
Joao N. Esteves
Satoru Kaneko
Thomas Kernreiter
Avelino Vicente

Carolina Arbelaez

9 O O o o o o O 4

Renato M. Fonseca
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TECNICO
W LISBOA | Afterword

Foreword A It has been a lot of fun to work all these years with Martin
Breaking R-parity

We have established a very strong link between the Valencia and Lisbon
groups, with the exchange of many students.

Seesaw Models

After Martin

Students 3 | hope that the next years will be as rewarding as the ones that have
elapsed

Thank you Martin
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TLFSCEIa\IOIgO Multi-Higgs 2024 in Lisbon

Foremord Multi-Higgs Workshops

Breaking R-parity

Seesaw Models

After Martin

Students Workshop on

Multi-Higgs Models

Afterword

3 - 6 Sept 2024

odels

Lisbon - Portugal

2018

This Workshop brings together those Interested In the theory
and phenomenclogy of Multi-Hiogs models. The program is
designed to include falks given by some of the leading experts

: ; ; ; : terested in the theory
in the field, and also ample time for discussions and collaboration dels. The program is

between researchers. A particular emphasis will be placed on ;o leading experts

identifying those features of the models which are testable ;.0 and collaboration :ﬁmh:n:mm is

at the LHC and DM searches, isis will be placed on '“':mh'ﬁfﬂi,
For registration andior to propose a talk, send an email lo: ls which are festable s and collaboration
g prog s will be placed on
i 2 which are testable : bested in the theary
Zhdmwork@icftp, lecnico.ulisboa. pt i, send an email to: i\ will be placed on | The progam is
the feading exparts
shoapt and an email to: which ame testable L. 0. colisharation
8 will be placed of i of me kating Kaperts
Web Page : http:licftp.tecnico.ulisboa.pti~2hdmwork/ an pt T Il I i The Avetiit B
shoa.pti~Zhdmwork/ e Wi faln which are teatabie UL CNCTE R
"'H"”h”" - '::::ll-:::_d AREnaL la.ph"'zhﬂl'l'l'wcrkn' i B snrad an enall i :ﬁﬂﬂ:'hl?:::l:
Jurge Ramii, CFTT Conminlite: i 0. pu~Zhelmwerk! '
Judia P, Silva, CFTP i sand we mall b
Wik S, PSEL & CFTC F.J. Duntella FA Msiwila br=Znomwork’
P F 1SEE & CFIC GC. Drang G Brusin o i
L tareirs, CFIF B, skl 1 s Kl e ol et
I H, Habier . Gromdbomkl GE. Hrune ; | ke
; L Thekar el
2 - : &, Boaiiwiiirs 3 =
= < : " B hoan i ¥ Ol :;'.r:.h ki
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