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Strong arguments in f(l)avour of New Physics!
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Several experimental puzzles remain:

v-oscillations 1st laboratory evidence of New Physics!

?
& New mechanism of mass generation? Majorana fields? ~ © Absolute mass scale:

2 Mass ordering? (NO vs 10)
P Neutral lepton flavour violation = charged LFV?

P Leptonic CP violation?



Making neutrino masses

Extend SM to accommodate v, < v, : ad-hoc 3 v, = Dirac masses, “SMy, ”, UpmNs

In SM,,, : flavour-universal lepton couplings, lepton number conserved

[Petcov '77]
cLFV possible ... but not observable! BR(y — ey) « | Z U;Ueimi/m%/| ~ 1054
N
EDMs still tiny... (2-loop from &.p, |d,| ~ 10~ecm) - J{\f\)
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Making neutrino masses

Extend SM to accommodate v, < v, : ad-hoc 3 v, = Dirac masses, “SMy, ”, UpmNs

In SM,,, : flavour-universal lepton couplings, lepton number conserved

[Petcov '77]
cLFV possible ... but not observable! BR(y — ey) « | Z U;Ueimi/m%/| ~ 1054
N
EDMs still tiny... (2-loop from &.p, |d,| ~ 10~ecm) - J{\f\)

m
Nothing forbids an additional mass term of the form £ 2 % Up yg !

m
° [ o ° o LL -
= Neutrinos become Majorana particles — also SM-like neutrinos: £ 4 ~ —— U; I/LC
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Making Majorana neutrinos

. My, _ ¢ \ P hij
Effective mass term &£ ~ —— U; v; from Weinberg operator: > ~ —(H L, H L))
g 2\ ‘
VL i H VL ,/H VL N H
VR __4___{/ 7 2R
MR \\\ ME
VR VL { H ER
vy, S~ o Vg, S~ o
Type | (fermion singlet) Type |l (scalar triplet) Type lll (fermion triplet)
(Minkowski ’77) (e.g. Schechter & Valle ’80) (e.g. Foot et al. ’89)
KA v’
Mass terms: m! ~ — 2y —Y | mil ~ —v2Y,— ~ - Y,v,, mill~-Yl—Y
2 1% 2
Mp, Mx 2Ms

Countless more possibilities with higher odd-dimensional operators or loop-level realisations...

(Actually they are countable, see e.g. [John Gargalionis and Ray Volkas: 2009.13537 ]



https://arxiv.org/abs/2009.13537
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These core ideas can be realized in many ways!

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); + many others {L])

T
é T L o, H)
Higgs Doublet Ext,.

lich scale Type >
igh scale Type @
'
’

.,,

Rl T ____—Y

myk#Ok @ )
—

Clallsies) Si1/3 ZB@n loop
Ceinberg d = 5

rruiz(‘22) .
tions... ’b

09.13537 ]

R. Ruiz (IFJ PAN) HeavyN_Meson — Bled 24 7 /43



https://arxiv.org/abs/2009.13537

Making neutrino masses

Effective mass HL HL)
Different realis) L/ o,H)(L6,H)
VL ™~ .- H
b
L 4
vV —~ 1’ T~ o i
Type | ( n triplet)
yP P
I I v
Mass terms: m » —VY;
v A ZME by

Countless more possibilities with higher odd-dimensional operators or loop-level realisations... 'b

(Actually they are countable, see e.g. [John Gargalionis and Ray Volkas: 2009.13537 ]
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https://arxiv.org/abs/2009.13537

Type |l seesaw mechanism

Extend Standard Model with a scalar ¥ = 1, SU(2),-triplet

A7+ A+F
2

AL = vA+A0+i)(A A+
Assign lepton number L =2 to A, 7 _E

= Yukawa Lagrangian £y O YZ L. Bio, A, L ~BIweE
= Majorana neutrino masses: M, = UZ m, U; = \/ZVAYA

Yukawas fixed by oscillation data; Y, ~ O(1) for v, ~ 1071 GeV
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Lepton Number Violation @ low energies
Yukawa Lagrangian £, ; D YZ L/ Bio, A, eI CL
= Majorana masses: M, = U3 m, U; = \/EVAYA

Yukawa fixed by oscillation data, ¥, ~ O(1) for v, =~ 10719 GeV

Neutrinoless double beta decay (0v2/): A Y

w o e
AT | { — = ¢
w d W 4
Long range interaction U

¢ from light Majorana

vV mass insertion Short range interaction strongly

e suppressed for m, 2 100 GeV,
vertex: ATTWW « v, /v

Jonathan Kriewald -



Lepton Number Violation @ low energies
Yukawa Lagrangian £, ; D YZ L/ Bio, A, eI CL
= Majorana masses: M, = U3 m, U; = \/EVAYA

Yukawa fixed by oscillation data, ¥, ~ O(1) for v, =~ 10719 GeV

10°

NO

Neutrinoless double beta decay (0v2/): [ 10

10! 3

Excluded by 0vBp3

Excluded by Cosmology

Long-range interaction fixed by Up, m,,

l 1074 5

10_5 N T L | T L | M LENLERLELELY | v v LA L L AL | v v LI L AL A
10~° 10~ 1073 102 101 109
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Constraints on a Y = 1 scalar triplet

Mixing with would-be Goldstones «» corrections to My, , M, , p, EWPO

At tree level

0 My, VAR _ L 00031 £0.00019 1 < O(few GeV
— = = | =+ (). = upper limit on v ew e
cos?0,M%  v?+ 43 o a5 O )
From electroweak fit (see PDG) U.?,‘i "-"\ \' wl%
MMN\ .
b

Oblique parameters S, 7', U measure corrections to W, Z, v self-energies (one-loop)
[Peskin, Takeuchi *91]
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https://inspirehep.net/literature/321491

Constraints on a Y = 1 scalar triplet

Mixing with would-be Goldstones «» corrections to My, , M, , p, EWPO

At tree level , 5 5
My, v+ 2vx

0 _ > -
= o0 R 1.00031 £ 0.00019 = upper limit on v, < O(few GeV)

a™N\

From electroweak fit (see PDG) we - N o2

AAAAANY
\ ' d

s
Oblique parameters S, 7', U measure corrections to W, Z, v self-energies (one-loop)

[Peskin, Takeuchi ’91]

Computed for general SU(2); multiplets in
[hep-ph/9309262] for vy =0

M
LEP measurements of Z line shape, I ', :  mijii00 2 o
2 A TIONY

Higgs couplings: A,,; @ @Tr |ATA| + 4,0, Tr [pp AAT| = corrections to h — yy



https://arxiv.org/abs/hep-ph/9309262
https://inspirehep.net/literature/321491

Constraints on a Y = 1 scalar triplet

Yukawa fixed by oscillation data, ¥, ~ O(1) for v, ~ 10719 GeV

= lepton flavour-violating interactions:

f; — fi-i_fj_fk_ Tree fa — fﬁ}/ Loop
5
iy
~ s Ay Yoy’
(1+ 5jk)9671'3mi++ Re: | R 25673 m} .. |2

See e.g. [0707.4058]

y’—a—q:—:?- et 4 o f 4

A"""
\ ros4att = L S -~
\ = \ - M
R M g.,. e y €
: e 1/‘.
-
c (Contributions to (g — 2), generically negative, weaker bound)



https://arxiv.org/abs/0707.4058

Indirect constraints on a Y = 1 scalar triplet

=
N

YAl < VT
p parameter
pw(H = v7v), Apar = —0.1
............ w(H = vy), Apa1 = 0.1

= Bounds on 4 — eee and 4 — ey strongest, further push v,



Direct searches — productlon modes
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= @ LHC: Drell-Yan always dominant for m, 2 100 GeV

= Production at LEP: eTe™ — Z* y* — ATTHTAT™~
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[1912.08975]



https://arxiv.org/abs/1912.08975

Decay modes of the triplet components

Smoking gun signal: resonance in the same-sign di-lepton invariant mass from A** decay

vy $107% GeV: AT — fiifji dominant Larger v,: AT — W=W= quickly dominates

Three-body decays BR(ATT — ¢T40T) > 95%, > 50%
Sibdominant A++ o W+ff BR(ATT — WTW™T) > 95%, > 50%
Cascades > 95%, > 50%
Three-body > 1%
% 10! -
O
— 2
2 4 o VA Mp++
M ++ Myij S 1_‘AJﬁL—ﬂ/‘HVVJF X a2_2 M2
FA++_>fi+fj+ > | K w
sz(1+6;) | Y | 7
g 10°
I
S
<
My = 500 GeV
0 T LENLELELELILA | T LENLELELILLA | T LENLELELLELE | T LI T LENLELELLELR | T L) | T LENLELELLELR | T LB
10~8 1077 106 10~° 10~4 1073 102 1071 10°
va [ GeV
2
. N 3a; Amg
If mp+e > mps: A — AT + X cascades dominate LpAve a7 = .
Sm My,



Decay modes of the triplet components

Smoking gun signal: resonance in the same-sign di-lepton invariant mass from A** decay

vy $107% GeV: AT — fiifji dominant Larger v,: AT — W=W= quickly dominates

Three-body decays BR(A*H — £+0+) > 95%, > 50%
subdominant ATT — W+ff BR(ATT — WTW™T) > 95%, > 50%
Cascades > 95%, > 50%
Three-body > 1%
% 10! -
O
N 2
2 4 L VA Mp+s
M ++ Ml/ij S FA++_)WHW+ & (12—2 2
FA++—>fi+fj+ > | v MW
sz(1+6;) | Y | 7
10°
f Same ATLAS searches
Searches for pair & associate 2 for di-boson
production: ZY¢1¢ ¢~ and <
£ v final states My = 500 GeV $earches for pair & associate
production: WTW*W~W~ and
WTWtwW-Z
A et
va [ GeV
++ + . N 35 Am}
If Mo+ > Mmp: A== - A~ + X cascades dominate LpAve a7 = .
Sm My,



Decay modes of the triplet components

102

Flavour composition of A™" — fl.+f].+

strongly depends on the PMNS input and P
neutrino mass spectrum/ordering E

2 5

A ++ Myij ;

FA++—>fl.+fj+ =

871' 1 + 51] VA

Interference of PMNS phases can lead c
to funnel regions B
<)
=z
—— BR(AT = ety)
50 - —— BR(AT = ptv)
"""""" —— BR(AT = 7Tv)
N y
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=
va = 100eV — INOO
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Decay modes of the triplet components

Flavour composition of A™" — fl.+f].+

strongly depends on the PMNS input and
neutrino mass spectrum/ordering
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Current state of the art

. _ =10 — BR(u~ - )
—— BR(u~ —etee)

I'z

EWPT

p parameter

LEP di-lepton

LEP AT w7ty _

ATLAS di-lepton

CMS di-lepton

ATLAS di-boson

101

10~ 104 1072 10°

va [ GeV

= LHC searches exclude — Di-boson final states harder to
M+ S 700 GeV for small vy reconstruct, smaller efficiencies



Decay modes of the triplet components

BR(AT* — ¢+0+) > 95%, > 50%
BR(ATH = WHW) > 95%, > 50%
Cascades > 95%, > 50%
Three-body > 1%
% 10
@)
~
_|_
<
S
|
+
4
g 10°
I
S
< mp++ = 500 GeV
0 —
10~8 1077 10-6 10—3 10~2 101 10°
Intermediate region: “LNV window” Maeizza, Nemeviek, Nesti ‘16

Narrow window where BR(A™ — £7£7") ~

Leading to manifestly lepton number violating final states at colliders: pp — L”l-ifjiW“_LWi


https://inspirehep.net/literature/1472223

The LNV window
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BR(AT — H0H)xBR(ATT — WHIWT) > 10%, > 5%
BR(AT+ — (H(+)xBR(AT — W+Z, W+h) > 10%, > 5%
BR(AT — (T(T)xBR(AY — tb) > 10%, > 5%

Bolton, JK, Nemevsek, Nesti, Vasquez
Phys. Rev. D 111 (2025) 3, 035016

200 &/,

250 300

100

= ldentify three different signal processes

= Mass reach maximal for v, ~ 40 — 50 keV

150 200

va [ keV

= Decays mostly prompt (except at W threshold)



Accessing the LNV window at (HL)-LHC

Event selection: Signal efficiencies after cuts

B> (At least) 2 same-sign leptons X%, £, 6 = e, u

P (At least) 2 matched jets AR = 0.3, prin = 20 GeV
2 Demand Prizs > 50 GeV on leading lepton/jet

? Demand leading leptons m1,, € [0.9,1.1] m..

P Rejectm; ; > 1.1my..
e 4 etet WFWT — pEpE WIWE et WIWF
30
—-—= etet th - utputth ——= Tt th
..... eiei,W:FZ(h) Miui’quz(h) ei,ui7W:FZ(h)
Dominant backgrounds: 200 400 600 800 1000 1200 1400

Ppp—> V+012j,pp > VV+012j,V=W*Z

Bolton, JK, Nemevsek, Nesti, Vasquez Phys. Rev. D 111 (2025) 3, 035016

P pp — It + 012], (pp — VVV + 012 found to subdominant) = Muon final state highest efficiency

Event simulation: Model file adapted from Fuks, Nemevsek, Ruiz [1912.08975]
2 Use MadGraphb5 (at LO) + Pythia8 + Delphes (default card) + MadAnalysis5 chain

P Rescaled to NLO in QCD, signals and backgrounds simulated to 100 fb~!

Jonathan Kriewald


https://arxiv.org/abs/1912.08975

The LNV window — sensitivities

LHC/LEP di-lepton
RN LHC di-boson
. LNV ee

—_
-
w

< =300, 3000 fb~!

ATE 5 EW*

ma+ | GeV

Bolton, JK, Nemevsek, Nesti, Vasquez Phys. Rev. D 111 (2025) 3, 035016

eTet/ ,ui,ui reach strongly depends on ordering Cover region towards larger nmi, and v,




The LNV window — sensitivities

LHC/LEP di-lepton
103 i LHC di-boson
: N LNV ee

=300, 3000 b

A¥E L WA

MA++ / GeV

MA++ / GeV

—_
-
w

102_

LHC/LEP di-lepton
LHC di-boson
LNV pp

Aii—>,u,

:I:Iu:t

i

w1

va [ keV

Bolton, JK, Nemevsek, Nesti, Vasquez Phys. Rev. D 111 (2025) 3, 035016

Cover region towards larger n, and v,
eiei/,ui,ui reach strongly depends on ordering

ey final state suffers from larger backgrounds

Jonathan Kriewald
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The LNV window — sensitivities

LHC/LEP di-lepton LHC/LEP di-lepton
103-_ LHC di-boson LHC di-boson
S : : B LNV ee LNV puu
5 5,” = 300, 3000 tb 3
él AFE 5 WEW* ;<1 AFE  EYE
So far considered only degenerate
10%
101 —_ —_
spectra ma++ = Mp+ = Mo
oL What happens for m.. # M+ ?
f

N
\
1
\

_______

eTe*/ ,ui,ui reach strongly depends on ordering

AxE  EWE

MA++ / GeV

eu final state suffers from larger backgrounds

Jonathan Kriewald 09/10/2024


https://arxiv.org/abs/2408.00833

Switching on cascades

,u(;zr—> ’y’y) LHC/LEP
60 1 Z Width
= 401
O
@)
~  20-
+
I
S Y
| —9(0) -
<
S —40 - Perturbativity: [Apas| < V4T
_60 ______________________________________________________

500 750 1000 1250 1500
TN A++ / GeV

= EWPO and /i — yy strongly depend on mass splitting
(additional jets mostly soft)

= New production channels: e.g. pp — A% — ATjj = A7) AT( = ATT))

= Increase or decrease mass reach: ¢ X BR tends quickly to 0 for m.+ > mu.



SW] tC hll ng on Cascades Bolton, JK, Nemevsek, Nesti, Vasquez Phys. Rev. D 111 (2025) 3, 035016
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= Increase or decrease mass reach: ¢ X BR tends quickly to 0 for m.+ > mu.

Existing searches: m,.+. 2 900 GeV

LNV window: m1,++

2 1300 GeV
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SW]tC hll ng On Cascades Bolton, JK, Nemevsek, Nesti, Vasquez Phys. Rev. D 111 (2025) 3, 035016
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p(h = ) —— LNV ee
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" B LHC/LEP —— LNVeu

.|
= -.
@) A '. : .
~~— ! Plalic K [ . B
Now to left-right symmetry...
_20_ \ ’:...
2] oh |\ vA = 42 keV
E —40 - Perturbativity: [Apaz| < V4r
G0, T T
EWPT
0 250 500 750 1000 1250 1500
TN A++ / GeV

= Increase or decrease mass reach: ¢ X BR tends quickly to 0 for m.+ > mu.

Existing searches: m .. 2 900 GeV LNV window: m,.. 2 1300 GeV



Introducing Left-Right: Motivation

Features: Mohapatra, Senjanovi¢ ‘75

2 Combination of type | & type Il seesaw mechanism, new states ~ O(TeV)

2 Can address the strong CP problem (see e.g. [2107.10852])

2 Lightest right-handed neutrino can be a Dark Matter candidate [2312.00129]

2 Low(ish)-scale leptogenesis can be implemented [C. Hati et al. '18]

2 Left-right symmetry &, = SU3). ® SU12); @ SUR)r ® U(1)z_;
appears in the breaking of GUTs, e.g.:

SO(10) — SU4), ® SUQR); ® SU2)x @ U)p_; = €1 p = Can



https://arxiv.org/abs/2107.10852
https://arxiv.org/abs/2312.00129
https://www.frontiersin.org/articles/10.3389/fphy.2018.00019/full

Introducing Left-Right: Model overview

SM Gauge group is extended: &y r = SU3). ® SU(2); @ SUR2), ® U(1)5_;

Right-handed SM fermion singlets are promoted to SU(2),-doublets
— Add RH neutrinos, U(1)z_;-anomalies automatically cancelled

(E6 models)

Scalar sector: different (minimal) possibilities, bi-doublet + 2 doublets
or (like here) bi-doublet + 2 triplets

Physical spectrum: SM + N, ;e—k,Z ,A%i,AZ,Ag,XS,Ag,AO,HO,Hi

Jonathan Kriewald



Field content: %,; =SU®B).® SUQ2),QSUR2),QU(1)5_;
Fermions: Q; » = <Z,>LR , Ly g <;> (3 generations)

N~y
AL,R = lAL,R

V2

Ga
Gauge Fields: SU(2); p-gauge fields, A; , = Alch? , Afp =

U(l)s_;-gauge field B+ QCD SU(3).

pase A++\
: : V2
Scalar Fields: SU(2); » triplets, A; = : o | (13.1.2) 8 (1,1.3.2),
, : N
V2
0* ¢+
SU(2);, g bi-doublet, g = "' "), (1,2,2,0)
¢ P
. : s B—-L
Electrical charge: Q = 7; + T, i




Making Neutrino Masses

Majorana Mass from SU(2), breaking

Discrete ¢ -symmetry: = iy g / - /
% 6o o" AVL By, o LoD L (Y + Y o)Ly + Léic, A, YML, + Lic, Ap YY L,
’ ’ R
=Y, =Y, ¥V, =70, YM=Y¥, M,=M5, M, =-LM,
VR
From the light and heavy masses M, ~ M; — MDMglME , My ~ Mg
. v _
All Yukawas fully determined by Mp = My \/_LIL — MNlMV
measurable inputs VR
(my. , My %L , %R) Nemeviek, Senjanovi¢, Tello PRL’13

JK, Nemevsek, Nesti EPJC’24
Analytical matrix square-root VA=copl+c1 A+c A A

¢; are functions of invariants of A




Diagonalising the Lagrangian: Scalar sector

The most general &- (and 6’-) symmetric potential is given by:
V=2 [o'¢] -3 ([66] + [316]) — i3 ([a,A}] + [apAl])
2 o] + ([M] Ca [610] )+ a [d07] [61] + xa [o'] ([30'] + [5])
+p ( A, A“ [agalk ) +p2([agaL] [alal] + [agag] [aRAL]) +ps [a,aL] [AzAL]
+ou([as ] [A* A“] [A* AL] [Anag]) +ou [o0] ([8,81] + [ArAE])
+ (a2 ([00'] [AsaL] + [§16] [AgAL]) +1i) + aa ([06'8,8L] + [4'08,%])
+ 51 ([sare'al] + [#'a,08L]) + 62 ([$are'al] + [3'a,08%]) + 85 ([sard'AL] + [s14,80%])

oo 4 07/ >V
The minimisation conditions — = (0 and > () lead us to:
l- 0S,05;
82 . € VR 0
2 _ 9 . 2 B ).2 v = (—Bltg cos(a — 6p)
pi = 2 (A1 + s2pCadg) v° + (al 3 s | VR (1 + tg) (2p1 — p3)
2
p5 = (s2p (2caA2 + A3) + Ag) v° + B2 cos(0L) + ﬁ3t% cos(2a — 0L)> :
1 ( to 5)
+ — | 2cq+5,002 + 3 'URa h Y
2Cq 2¢a For exact solvability we assume f; = v; = () and

2 2
s = (01 + (205, 00825 + 355)) V7 + 2010, keep only the phase 0, (no impact on collider pheno)

Sa
38, = - (Qstap +4(As = 2X9) 83p€°) . In any case: v; KV <K vp =~ O(TeV)



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Let’s start with the “easy” ones that don’t mix (in units of vp) :

C B
m2A41%+ — 4P2 + Cifoz362 , Vi = 0= no MiXing of AL 3 A;_I_
B

m2A-1l;_+ = (p3 —2p1) —

4
2 2 2
m’+ = (p3 — 2p1) — aze”,
2 2 (tg _ 1)

MmAo =mie = (p3 — 2p1) + saptapsacse’

Take as input parameters: Mp++ 5 Mpg (and tan f and &), solve for P23

p1 and a; are fixed by other masses
= Mass spectrum of A; follows a sum rule:

C
2 2 2 2 2 28
Mmiir —Mit =ML —Mro =V 03—

AT AT AT A7 9



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Now the singly charged scalars:

2
17 ( S __—iats  ___—ia S8
¢1 C2p3 € 2 €c \/5
Dy 5 2 s ] 2 _ 2 i 2 C% ca
+ :
A el 5B (3 2 C2p )
< \—ece 2 R €
M, is diagonalised with a unitary rotation (up to O(€?) :
cg —e s3 0 1 0 ec0 1— %ezsgﬂ 0 %}é
¢i|_ SO—I_ U= |e%z ¢ 0]|0 -1+ 1€2¢35 2 0 1 02
+ U HI-T— 0 0 1/ \0 - -1+, —72 0 1- 33,
¢2 o + cp e_io‘35 0 0 0 e‘i"sﬁ 9 —4c/3.s4 —e_iO‘SgCg 0
A_I_ SO_I_ = eiasﬂ —cg 0 | + = 0 0 cg + < —46“‘850% cﬁczﬂ ’ 0
- 2
R i 0 0 -1 V2 e®sog —cop 0 2 0 0 1

= qﬂz_:R are the goldstones of WER and remain massless
3/2

The remaining (fixed) mass is Q C
8 ( ) mH+:‘/—3vR 1—|—€2£
C23 4

Jonathan Kriewald



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Goldstones are decoupled in an independent rotation

We are left with 4 neutral states in the basis (Reg, ReA%, Re@,q, Im@,)

) (o

t2X(t2—S2a+52 /852)

4€? (t2coa—1) (Aa(t24+1)+8Xatca )  4t?e?sgq (Aa(t?+1)+8Aates ) \

(1)’

9 dteq (Aa(t2+1)+4ztcq )
( 46 (A]_ + (t2+1)2
% a1 — tZX(t2—82a+32 /852)
m2 = (+1)
0 462 (2c30—1) (Aa(£2+1) +82ztcs)
(12+1)°
4t? %550 (Aa(t2+1)+8rztcq )
\ (1)

Y

2tXe(t2c2a —1)sa+52 /855
(2+1)"
2t3Xesasa+52 /86,
(2+1)"

)

(1) (1)
2tXe(t202a—1)sa+52 /352 2t3Xes2asa+52/s52
(12+1)° (12+1)°
162262 (t2coq —1)? 1622122554 (t2c20—1)
ATy (1)’
16X2t2 %524 (t2c20—1) 16Xt e? 52
(t2+1)* X+ (t2+1)° B

First we decouple the SM-like Higgs / from the rest via a 2-1 rotation around 6:

m; = v°

g="?
€

my, and 0 will be taken as input to solve for 4, and «;

4 2.2 1 o _
I+ 64 )\ot cg 6A\4tcC v
(t2+1) t2 +1
(2 N X t2(1 — t?) sin(2a + 85)
B Y Y 1412 Sin(52)




Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

We are left with 4 neutral states in the basis (Reg, ReAY, Re@,o, Im@,))

Remarkably, setting A; = 24, allows to determine the remaining rotations exactly:
We rotate (Reg, o, ReAd, Regy, Imgyy)! = Oy(h, Ag, H, A)!

5 2 2X (t* —t? 594
=€l =05 =€ a1 _ ( S2 +252/852)
Y Y (82 +1)

Y

¢E€2é5931=6

o (t2Coa — 1) [32tcaAa + 4As(1 + t2)
(1 +£2)2 X

s 530 [32cado+ AN +1) - hpart of RAR : 0 =621~ —(On)z,1,
1+ t2)2 e —2t050+5,/56, | 5 H part of RAr: n =603 = arcsin[(On)2,3/co],

h part Of §R¢20 . ¢ = 931 ~ —(ON)3,1 ,

— 2t58a+52/852:| ,

94126

2
034 = cot™ ! [cot(2a) — Csct(2 a)] ,
n=b3 = _Liant X eV/t! — 2cpat® + 15a+6,/5s,
2 (t2 4+ 1)2 (Y§262 . 16(154—?522:}12)—2{—1)}\252 x4 Y)

Mixing angles also control scalar
couplings to SM-gauge bosons & quarks!

0, ¢, n can be taken as input parameters!



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

We rotate (Reg, ReA%, Re@s, Imqon)T = Op(h, Ap, H, A)! and get the mass eigenvalues:

64\t 2 16 \4tc ~
m2 =€ [ 4\ + ———2¢ 4 22 _y§? |,

. 16X (t* — 2cat2 +1) ) |

ma =Y +sec(2n) [ (Y — X)s,z7 + €2 <Y02 37 — 2 T —|—Cl2)2 ) 3727)
’ . 16Xs (t4 — 2coat> +1) ) |

mi = X —sec(2n) [(Y — X)s; + € (Y92 2 — 2 @+ 12)2 )c%)

mﬁzX,

The masses m,, , m, , my, m, are taken as input parameters to determine the potential

C2
And we get another sum rule: m?ﬁ — ?4 = 02a37ﬁ ~ 0(150 GeV)2

Mass splitting |mH mA | must be small to ensure perturbativity of 4, : |mH mA | < 16v7?



Scalar Sector: the bottom line

All potential parameters are cast as physical masses and mixings

(see JK, Nemevsek, Nesti 2403.07756 for the gruesome details)

Jonathan Kriewald



Scalar Sector: the bottom line

All potential parameters are cast as physical masses and mixings

(see JK, Nemevsek, Nesti 2403.07756 for the gruesome details)

New model file (FeynRules/UFO):
2 All mixings are calculated
2 New parameter inversion: cast all parameters in physical (measurable) parameters

2 Includes full QCD NLO corrections for the first time

2 Also a parity violating version of the model file where g; # gp




Scalar Sector: the bottom line

All potential parameters are cast as physical masses and mixings

(see JK, Nemevsek, Nesti 2403.07756 for the gruesome details)

l Better to look at some pheno :) l
New model file .

2 All mixings are calculated

2 New parameter inversion: cast all parameters in physical (measurable) parameters

2 Includes full QCD NLO corrections for the first time

P Also a parity violating version of the model file where g; # gp



LNV at LHC in Left-Right: Keung Senjanovi¢ process

Production and decay of N via Wj

Keung, Senjanovi¢ PRL’83

2 Same-sign di-leptons + jets, 1 very high-p lepton

2 If N lightish = boosted/merged signatures




LNV at LHC in Left-Right: Keung Senjanovi¢ process

Production and decay of N via Wj

Jonathan Kriewald
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LNV at LHC in Left-Right: Keung Senjanovi¢ process

[ATLAS: 2304.09553]
[CMS: 2112.03949]

7 Muon channel Vs = 13 TeV, 139 fb'1, All limits at 95% CL
-1 -
A I LI l LB I LI I LI I LI I L I LI I1|3I8|be I(I1I3I1:elvl) ’-\_' % I~ ATLAS ReSOIVed 36 fb1
- i o> - JHEP 01 (2019) 016 TLA
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? Exclusion my, 2 6 —7TeV

P Di-jet searches my, 2 4.5 TeV




LNV at LHC in Left-Right: Keung Senjanovi¢ process

[ATLAS: 2304.09553]
[CMS: 2112.03949]

7 Muon channel Vs =13 TeV, 139 fb'1, All limits at 95% CL
138 fb™ (13 TeV) = B 1
9 [rrrrryrrrrprrr T Iclﬁél LI LI LB L ;_I Ii) B — ﬁgéé%??;g#vge)doﬁg fb ATLAS
= Combined (exp.) 10 — 1
Q [ ", CR— 6 | ATLAS Boosted 80 fb . .
—— : uu channel o — L Phys.Lett.B 798 (2019) 134942 Majorana scenario
- 5 Combined (exp. + s.d.) E: Z,I - e A LB
EZ —— Combined (obs.) 8 = - JHEP 04 (2022) 047
1 c L Boosted Expected (£1 0, )
4 |~ Resolved (obs.) (= S <! B - e
= — . Resolved Expected (16, )
— Boosted (obs.) o ~ _
— CMS 13 TeV

(resolved, 36 fb™)

What about the scalar sector??

95% CL upper limit

10

1 15 2 25 3 35 4 45 5 55
my,_(TeV)

2

P Exclusion my, 2 6 — 7 TeV

P Di-jet searches my, 2 4.5 TeV



LNV at LHC in Left-Right: “Majorana Higgs”

Here: production and decay of A% — NN

LoD L, (Y + Yop)Lp + Léicy, A, YVL, + Lic, Ag YY Ly

ma2 (A* pt+)
0 R
['(A, = NN) «x my — %
R R m2 D= X
WR A% _A_
\ v2)

A% mixes with SM-like Higgs o sin &
= A% decays into SM states

[(AY - VVO) ~sin @ T(h — VYD) (A% — ff) ~ sin* 0 T(h — ff)

Jonathan Kriewald




LNV at LHC in Left-Right:

Production of A

Fuks, JK, Nemevsek, Nesti arXiv:2503.soon

103 4
: . — 99— hA
: ! gg — AA
2 -
10° 7S t P — pp - WEA
T~
1 ST pp = ZA
~
10" -
- ‘\\
. I “~~ ~~~~~~
[ TSP
10° 4 | TN ——— oy
: I ~~-__-~: ~~~~~~~~~~
i f ‘--._-h.‘
= () e e =
~ ] e 2
S ' e
1 |
10-2 - : 9 000\ ——r —— - - h
1 : sind = 0.05 t ]
; \
-3 \
10 3% \
] \
1074 -
1077 4
50 100 150 200 250 300
ma / GeV

Sizeable roduction in “A-strahlung” and gluon fusion

Resonant production via Higgs decay for very light A

Jonathan Kriewald

NLO model-file JK, Nemevsek, Nesti EPJC’24

See also: https://sites.google.com/site/leftrighthep



https://sites.google.com/site/leftrighthep

LNV at LHC in Left-Right: Decays of the A

2 Fuks, JK, Nemevs&ek, Nesti arXiv:2503.21354
0 My
F(AR - NN) X mAO 100 -
R 12 —
Wx 5
v E
1072 E
Ample room for A% — NN! :
1077 5 BR(A" — WW™)
: BR(A! — ZZ*)
BR(A"” — hh!")

BR(A’ = NN)

107 ; BR(A® = bb) ;'
BR(A? - cé) | omy = 45 GeV
BR(A" — 777) ,'
107 . H— . : .
50 100 150 200 250 300
mao / GeV
[(AY - VVO) ~sin*0 T'(h — VV) (AR = ff) ~sin*0 T'(h — ff)




(Transverse) displacement of N

Sizeable displacement from N decay

= Focus on displaced leptons/jets

=
\

*A*
/

[>/\

= Decay of associated boson triggers event

Jonathan Kriewald

Fuks, JK, Nemevsek, Nesti arXiv:2503.21354

0.12 — o WA mw, = 6 TeV my,, = 10 TeV my,, = 20 TeV
110l op — ZA ey my=20GeV,my = 60 GeV
A07 — gg—-na L S N
. 0.08- B 1
|
S |
~ 0.06 -
ol 3
BIES
™® 0.041 =R
0.02- }
0.00 - —C el gl : i, - Sy
107° 1073 1071 10!
dyy / M
4
(mWR/ 3TeV)

N lifetime =~ 2.5mm

(my/10 GeV)3



Analysis outline

Select events with 2 same-sign leptons with

AR(Z,j.) > 0.25 (lose most events due to soft-lepton isolation)

| 7’]({) | < 2.4 «kinematic/isolation efficiencies: 20 — 40 %
p£) > 10 GeV

0. mm <d,, <30cm (Decay in inner tracker) 0 100 /G15|\§) 200

Simulation with MadGraph5, Pythia, Delphes, MadAnalysis tool-chain

NLO model-file JK, Nemevsek, Nesti EPJC’24
See also: https://sites.google.com/site/leftrighthep

Large displacements, same-sign leptons, m(£jj) 2 10 GeV : no prompt backgrounds



https://sites.google.com/site/leftrighthep

Sensitivities at (HL)-LHC

Detection/Reconstruction of at least 3 Events Fuks, JK, Nemevsek, Nesti arXiv:2503.21354
300 fb‘\l 3000 fb~!
my, = 30 TeV
,_____'_'_'_Z'_'_'_Z'_Z'_'_'_'_Z'_'_Z'_Z'_I'_‘i’_T_'I_
50 100 150 200 250 300

Jonathan Kriewald



Sensitivities at (HL)-LHC

Detection/Reconstruction of at least 3 Events Fuks, JK, Nemevsek, Nesti arXiv:2503.21354
—— KS [ATLAS] pp — WA [Tracker]
1 —— KS[100 TeV] pp — ZA [Tracker]
10° 3 0 di-jet searches pp — WA [MS]
KS [CMS] pp — ZA [MS]
> 107
N ]
@,
~—
< 10°
102
101 T T T %l
3 4 5 6 7 8910 20 30 40 50 6070

M Wgr / TeV

= complementary parameter space,
exclusion up to my, 2 70 — 80 TeV!




Sensitivities at (HL)-LHC

Detection/Reconstruction of at least 3 Events Fuks, JK, Nemevsek, Nesti arXiv:2503.21354

30 ——
di-jet searches s Lo
300 fb—l -0 4 pp — WA, ZA [Tracker]
pp — WA, ZA [MS]

gg — AA

gg — hA

'l
-
P

-
.
a2

-
-
-
-
-

-
-
'4
- -
- ——

20 30 40 50 607080

my, | TeV
= complementary parameter space, = Large displacements up to Muon
exclusion up to my, 2 70 — 80 TeV! Spectrometer [MS] possible! 8 m < d,, < 13 m



Interplay with Ovff

KamLAND-Zen: T2 (136Xe)

80

Jonathan Kriewald

26
1, 7 2.3 >< 10-°yrs
1 / / Gl -
di-jet searches / ," ,/' ,/' ,//
pp — WA, ZA [Tracker| i / /" /," L
pp — WA, ZA [MS] )

30 40 50 60 7080




Conclusions & Outlook

2 Minimal Type Il seesaw is a cool model that gives an origin to neutrino masses

Appears e.g. in the left-right symmetric model on the way to GUTs

2 Collider searches start to gradually exclude the low-scale parameter space

Small v,: di-lepton Large v,: di-boson

2 Suggest new search strategy for intermediate v, region: the LNV window

Complementary search for Lepton Number Violation (vs Ov2/)

Jonathan Kriewald



Conclusions & Outlook

2 Suggest new search for (light) A% in Left-Right symmetric model
2 Same-sign leptons from A?e — NN — £*¢* + jets decay = LNV

2 Dedicated displaced vertex analysis: = My, > 70 — 80 TeV




Conclusions & Outlook

Minimal is a cool model that gives an origin to neutrino masses

Appears e.g. in the left-right symmetric model on the way to GUTs

Collider searches start to gradually parameter space
Small v,: di-lepton Large v, : di-boson
Suggest new search st - B o ' ihe

Thanks for your 5

Complementary seq

attention!

—
2 Suggest new search for (light) A% in Left-Right symmetric model
P Same-sign leptons from Ag — NN — £*¢* + jets decay = LNV

P Dedicated displaced vertex analysis: = My, > 70 — 80 TeV



l Bonus content '



Sighals @ FCC-ee

Vs =240GeV, %, =5.1ab"!

30 : :
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Jonathan Kriewald
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Type Il seesaw mechanism: the induced vev f

AT A+
G V2
Extend Standard Model with a scalar ¥V = 1, SU(2); -triplet N R .
g v

V(g A) = — 12l + mETHAT AL + 4, (¢79)” + 4, Tr [ATA] + 2, [(ATAY)
+ ppa (@Tioy AT +h.c.) + Ayp; @ Tr [ATA| + A0, Tr [ AAT]
@ = SM-like SU(2),-doublet

VAQmz + V24, 4)

V2v2

= Triplet vev v, induced by SM-like electroweak vev and 1, # O (stability condition y;,, > 0)

Minimise potential: ,u}% = vleh, W4

See e.g. [1105.1925]

4 \
= Combined presence of Yukawa and y;, , leads to Lepton Number violating interactions

= small p;, 5 & v, technically natural

© J.Kriewald = -


https://arxiv.org/abs/1105.1925

Type Il seesaw mechanism: the scalar spectrum

AT A+
A V2
L1y L +
Extend Standard Model with a scalar ¥V = 1, SU(2); -triplet “\Ap i _AT
ik o
V(p,A) = —pto e+ miTi[ATA] + 4, (¢ qo) + Ap, Tr [AT A] + Aps [(ATAY]
+ ppa (qo Tic,ATp +h.c. ) + a1 @ @Tr [ATA] + Appo T1 [gogoTAAT]
Components of A; have mass terms:
Anao /1hA2 Ana
=20y mh=mi=mdo+ B md=ed, Pl =]+ L

And mix with the SM-like doublet ¢:

2mx <v > > y
. A A . A - A
Sin 0, 4 =~ sin 6 z\/z —= sinf, o ~2 | —
g ) Ate X9
mj; —my \ v % 1%

Mixing induces couplings to pairs of Mixing with would-be Goldstones «w»
quarks, W, Z corrections to My, , M,, p, EWPO

Mass splittings follow sum-rule: N oy
Mass splittings limited by Tachyon

A
2 A (799 2 WAY, 9 "y : NS
mio — My — My, — My, = ——V conditions & perturbative unitarity

See [1105.1925] for comprehensive analysis of the potential

© J.Kriewald =~



https://arxiv.org/abs/1105.1925

The LNV window

180 m
NO
1604 BR(ATT — ¢40%) x BR(ATH — WHIFH) 2/20% 1e
Bolton, JK, Nemevsek, Nesti, Vasquez |
140 A [2408.00833] i
|
- ma = 900 GeV I
i :
100 /
< 2 >
= 80 1 > 0
= o
] V
60 - 2 <
LS i =
40 21 & £
ma = 300 GeV o = =
20 ! ! ! L] ! ! ! L] ! ! ! L] ! ! o1
1074 1073 1072 107! 109
mein / ev

= In phenomenologically viable region: only mild dependence on 1, and ordering

min
(Stronger dependence on
ordering in flavour channels)

© J.Kriewald = - 3


https://arxiv.org/abs/2408.00833

Decay modes of the triplet components

Mma++ — MaA+ / GeV

Am =

va [/ GeV

BR(ATF — £+0+) > 95%, > 50%
BR(ATH = WHTW*) > 95%, > 50%
Cascades > 95%, > 50%
Three-body > 1%
101 4
100 4
0 MR | ML | ML | T Tt ML | MR | LR | T
1078 1077 1076 1073 10~4 1073 1072 1071 10°
VA / GeV
BR(A® — vv) > 95%, > 50%
101 BR(AO —WtW~=,22) > 50%, > 25%
BR(A0 — HH) > 50%, > 25%
BR(A® — ¢q) > 25% i
Cascades > 95%, > 50%
10° 4 Three-body > 1%
0 -
—10° -
—101 '/
10-8 1077 10-¢ 1075 1074 1073 1072 107! 10°

Am =

10° 4 Three-body > 2%

—10" 1

o BR(x — HZ) > 50%, > 25% ||
BR(x° — ¢q) > 50%, > 25%
Cascades > 95%, > 50%
Three-body > 1%
0 -

BR(AY — £+0) > 95%, > 50%
BR(A* — W*2) > 25%
BR(A* = HW+) > 25%
BR(AY — ¢7) > 25%
Cascades > 95%, > 50%

10—8 1077 10-6 10—° 10—* 10—3 10—2 101 10°

VA / GeV

BR(x? — vv) > 95%, > 50%

10-8 10-7 10-6 10—° 10—+ 10—3 1072 1071 100

va [/ GeV



Diagonalising the Lagrangian: Gauge sector

Higgs Mechanism: Scalar multiplets acquire vevs at

g 0 0
() = ( 1 >,<ALR>= <v O> withv=\/v12+v22=246GeV, tanﬁ:2
) ’ L.R

0 -— e’“v 12

Leading to masses for gauge bosons from the scalar-kinetic terms:

PLrin = |DP|° + | DA, |* + | DA
Dtp = o — ig(Ald — pA¥)

DFAp g = 0D g — iglA} po Ap gl —ig'B*Ap ¢

(Order of fields matters due to matrix representation)

Manifest left-right model: g; = gp = g leads to conservation of € or &



Diagonalising the Lagrangian: Gauge sector

Charged gauge fields mass matrix:

Af g’ Big e ~'%? sin 28 v
(A 9A )M2 = ]\42 = _V2 , T
. "LR \ A¥ Wer 0 R\ elag2gin 2 Incfrig? VR

AT VV+
L4 i [ L L L
MWL,R is diagonalised with a unitary rotation: (A[{) — Uw< +>

et 104
with UW = e : 4 e* M‘%VL )
_Séela Cf and Sf as 7S2ﬁ = _SQ,ﬁ (Up to @(6 ))

Mixing controlled by f = arctan(v,/v;)
The mass eigenvalues then become:

. ) Input parameters: MWL ; MWR ,tanf,a, g



Diagonalising the Lagrangian: Gauge sector

Aszp g2 e =¥ 0 o’
2 pR 2 -
(A3L9 A3R9 B) MZL,R A3R — MZL,R e TVR —62 4 o 62 =] r = E
B NG Ve
Az A
MZL,R is diagonalised with an orthogonal rotation: [ A,, | = 0, Z
B ZR

The mass eigenvalues then become: pieng g’ [
S Mixing is fixed:

My,=0, M e Up to O(e?) - 0
AN i T Y am , (Up to O(e7)) OZZ(;} o _ﬂ)
\/ C1+2r2 Verw Verute tw
2(1 + 1) ¥ A
M, ~gv \/ +r o G _dlia |
Z = 8K "8+ 2 T R

\O ngﬁtw Czw )



Diagonalising the Lagrangian: Gauge sector

gv
M, =0, MZL ~ ,
1
I A
From the mass eigenvalues: \/ 1+ 2r2
2
€
M, ~ v\/2(1+r2) 14
e 8(1 + r2)2
M s
WL w
We can fix c¢,, and therefore r in the on-shell scheme: €, = =L\ —
g MZL CQW
M2
Using My, , M, and g as input parameters: — o TN
\ 2M2, — M2
/i L
€2MWR M%,L MWR
>M, | \/_ ~ 1.67MWR

= /2
© 42 MG, - M) 2M3, — M3,



Diagonalising the Lagrangian: Gauge sector

Input parameters: MZL , MWL : MWR ,tanf,a, g

My, , M, and g take their measured values and define s,,, @,, etc...

MWR is limited by direct searches to be MWR > 6 TeV

Measurements of the neutron EDM d, limit sina tan 28 < 5.8 X 10~%  [2107.10852]

IR
d, x> —— sinlg tan2p
Zmb

Dominant decay channels: BR(WIIQ—F — q,47) =75 %, BR(W}'gF — EN) ~ 24 %

BR(Zz — q4) =~ 55%, BR(Z, = NN) ~ 17 %, BR(Zz = W, W, h) ~ 12 %

(mg5_aMC with default parameters)


https://arxiv.org/abs/2107.10852

Diagonalising the Lagrangian: Scalar sector
Scalars are complex

( A S )
SO, V2 e o T b7
" 0 : 0 Afr | - dr v, + Re@ + ilm¢g)
\ /

= some of the pseudo-scalar excitations are eaten by the (massive) gauge bosons

The most general &- (and 6’-) symmetric potential is given by:
Pip—dt, Ao Ag G- T, A o AS
V=t le'e] - ([06] + [¢'0]) -4 ([asal] + [Arak])
+ 1 [616] + s ([dxzﬂ] 30| )+A3 (361] [876] + A [s70] (|d0'] + [64])
+p ( A, A‘f [agal, ) o2 ( | [aLal] +[agar] [ARAL]) +0s |aLAL] [azAL]
+oa (a0 ] [A* A“] [ A} [ ])+a1 o'd] ([a:aL] + |[8%])
+ (oo ([60'] 8,81 + [9'6] [Anah]) +he) +an ([e0'a,01] + [¢lenna}])
+ 6 ([¢0rs'al] + [618,0a%]) + 82 ([daro'AL| + 618,088 ) + 65 ([oard'al] + [¢'a,805))
In the case of €, additional phases appear:
= the parameters p,, 1, , 4,4, p4 and B, can now be complex, in & only a, carries the phase 9,



Diagonalising the Lagrangian: Scalar sector

The most general &- (and 6’-) symmetric potential is given by:
V=2 [o'¢] -3 ([66] + [316]) — i3 ([a,A}] + [apAl])
2 o] + ([M] Ca [610] )+ a [d07] [61] + xa [o'] ([30'] + [5])
+p ( A, A“ [agalk ) +p2([agaL] [alal] + [agag] [aRAL]) +ps [a,aL] [AzAL]
+ou([as ] [A* A“] [A* AL] [Anag]) +ou [o0] ([8,81] + [ArAE])
+ (a2 ([00'] [AsaL] + [§16] [AgAL]) +1i) + aa ([06'8,8L] + [4'08,%])
+ 51 ([sare'al] + [#'a,08L]) + 62 ([$are'al] + [3'a,08%]) + 85 ([sard'AL] + [s14,80%])

oo 4 07/ >V
The minimisation conditions — = (0 and > () lead us to:
l- 0S,05;
82 . € VR 0
2 _ 9 . 2 B ).2 v = (—Bltg cos(a — 6p)
pi = 2 (A1 + s2pCadg) v° + (al 3 s | VR (1 + tg) (2p1 — p3)
2
p5 = (s2p (2caA2 + A3) + Ag) v° + B2 cos(0L) + ﬁ3t% cos(2a — 0L)> :
1 ( to 5)
+ — | 2cq+5,002 + 3 'URa h Y
2Cq 2¢a For exact solvability we assume f; = v; = () and

2 2
s = (01 + (205, 00825 + 355)) V7 + 2010, keep only the phase 0, (no impact on collider pheno)

Sa
38, = - (Qstap +4(As = 2X9) 83p€°) . In any case: v; KV <K vp =~ O(TeV)



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Let’s start with the “easy” ones that don’t mix (in units of vp) :

C B
m2A41%+ — 4P2 + Cifoz362 , Vi = 0= no MiXing of AL 3 A;_I_
B

m2A-1l;_+ = (p3 —2p1) —

4
2 2 2
m’+ = (p3 — 2p1) — aze”,
2 2 (tg _ 1)

MmAo =mie = (p3 — 2p1) + saptapsacse’

Take as input parameters: Mp++ 5 Mpg (and tan f and &), solve for P23

p1 and a; are fixed by other masses
= Mass spectrum of A; follows a sum rule:

C
2 2 2 2 2 28
Mmiir —Mit =ML —Mro =V 03—

AT AT AT A7 9



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Now the singly charged scalars:

2
17 ( S __—iats  ___—ia S8
¢1 C2p3 € 2 €c \/5
Dy 5 2 s ] 2 _ 2 i 2 C% ca
+ :
A el 5B (3 2 C2p )
< \—ece 2 R €
M, is diagonalised with a unitary rotation (up to O(€?) :
cg —e s3 0 1 0 ec0 1— %ezsgﬂ 0 %}é
¢i|_ SO—I_ U= |e%z ¢ 0]|0 -1+ 1€2¢35 2 0 1 02
+ U HI-T— 0 0 1/ \0 - -1+, —72 0 1- 33,
¢2 o + cp e_io‘35 0 0 0 e‘i"sﬁ 9 —4c/3.s4 —e_iO‘SgCg 0
A_I_ SO_I_ = eiasﬂ —cg 0 | + = 0 0 cg + < —46“‘850% cﬁczﬂ ’ 0
- 2
R i 0 0 -1 V2 e®sog —cop 0 2 0 0 1

= qﬂz_:R are the goldstones of WER and remain massless
3/2

The remaining (fixed) mass is Q C
8 ( ) mH+:‘/—3vR 1—|—€2£
C23 4

Jonathan Kriewald



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Goldstones are decoupled in an independent rotation

We are left with 4 neutral states in the basis (Reg, ReA%, Re@,q, Im@,)

) (o

t2X(t2—S2a+52 /852)

4€? (t2coa—1) (Aa(t24+1)+8Xatca )  4t?e?sgq (Aa(t?+1)+8Aates ) \

(1)’

9 dteq (Aa(t2+1)+4ztcq )
( 46 (A]_ + (t2+1)2
% a1 — tZX(t2—82a+32 /852)
m2 = (+1)
0 462 (2c30—1) (Aa(£2+1) +82ztcs)
(12+1)°
4t? %550 (Aa(t2+1)+8rztcq )
\ (1)

Y

2tXe(t2c2a —1)sa+52 /855
(2+1)"
2t3Xesasa+52 /86,
(2+1)"

)

(1) (1)
2tXe(t202a—1)sa+52 /352 2t3Xes2asa+52/s52
(12+1)° (12+1)°
162262 (t2coq —1)? 1622122554 (t2c20—1)
ATy (1)’
16X2t2 %524 (t2c20—1) 16Xt e? 52
(t2+1)* X+ (t2+1)° B

First we decouple the SM-like Higgs / from the rest via a 2-1 rotation around 6:

m; = v°

g="?
€

my, and 0 will be taken as input to solve for 4, and «;

4 2.2 1 o _
I+ 64 )\ot cg 6A\4tcC v
(t2+1) t2 +1
(2 N X t2(1 — t?) sin(2a + 85)
B Y Y 1412 Sin(52)




Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

We are left with 4 neutral states in the basis (Reg, ReAY, Re@,o, Im@,))

Remarkably, setting A; = 24, allows to determine the remaining rotations exactly:
We rotate (Reg, o, ReAd, Regy, Imgyy)! = Oy(h, Ag, H, A)!

5 2 2X (t* —t? 594
=€l =05 =€ a1 _ ( S2 +252/852)
Y Y (82 +1)

Y

¢E€2é5931=6

o (t2Coa — 1) [32tcaAa + 4As(1 + t2)
(1 +£2)2 X

s 530 [32cado+ AN +1) - hpart of RAR : 0 =621~ —(On)z,1,
1+ t2)2 e —2t050+5,/56, | 5 H part of RAr: n =603 = arcsin[(On)2,3/co],

h part Of §R¢20 . ¢ = 931 ~ —(ON)3,1 ,

— 2t58a+52/852:| ,

94126

2
034 = cot™ ! [cot(2a) — Csct(2 a)] ,
n=b3 = _Liant X eV/t! — 2cpat® + 15a+6,/5s,
2 (t2 4+ 1)2 (Y§262 . 16(154—?522:}12)—2{—1)}\252 x4 Y)

Mixing angles also control scalar
couplings to SM-gauge bosons & quarks!

0, ¢, n can be taken as input parameters!



Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

We rotate (Reg, ReA%, Re@s, Imqon)T = Op(h, Ap, H, A)! and get the mass eigenvalues:

64\t 2 16 \4tc ~
m2 =€ [ 4\ + ———2¢ 4 22 _y§? |,

. 16X (t* — 2cat2 +1) ) |

ma =Y +sec(2n) [ (Y — X)s,z7 + €2 <Y02 37 — 2 T —|—Cl2)2 ) 3727)
’ . 16Xs (t4 — 2coat> +1) ) |

mi = X —sec(2n) [(Y — X)s; + € (Y92 2 — 2 @+ 12)2 )c%)

mﬁzX,

The masses m,, , m, , my, m, are taken as input parameters to determine the potential

C2
And we get another sum rule: m?ﬁ — ?4 = 02a37ﬁ ~ 0(150 GeV)2

Mass splitting |mH mA | must be small to ensure perturbativity of 4, : |mH mA | < 16v7?



Diagonalising the Lagrangian: Fermions

The various vevs in the model induce tree-level mass terms for all fermions:
Only the bi-doublet couples to quarks, giving masses to up- and down-type quarks

£4 = Qy (Yy0+Y,0) Qp + He,
£ =Ly, (Yoo +Yed) L+
+ Lioo AL YM L) + Ligioo AgYA! L'y + Hee..
Which are diagonalised as:
Mu:UuLmuU,lR, Md:UdLmdUC‘;R

From these mixings we can define the CKM and its right-handed (measurable) analogue:

M,,
Mg

Y,v1 + Y, e "oy
—Y, e vy =Y, v

e UT Urs /= UT #Uar (Vg can has additional phases in the case of €)

The quark Yukawas are then fully Yo = v2 — 2 (My w1+ e7** Mg vp)
determined from measurable inputs: 3 1 |
quark masses and mixings Y, =——5—5 (Mgvi + € *M, vs)

U1 — Uy



Diagonalising the Lagrangian: Fermions
Both triplets and the bi-doublet induce mass-terms for the leptons:

My=—=Ywne+ Y, Mp=Yw —Yme ™, M, =v Y}, My=vply

In which M/, is a mass-term between LH and RH neutrinos, M; and M, are Majorana

The charged lepton mass M, is easily diagonalised: Me = Uer my UETR

1 .
Yg:v2—v (Mpv1 + Mge *“vs)

And the Yukawas of the bi-doublet are given by: ' 12 |
Y =—— Z(Mgvl—l—MDew"vg)

Due to M, LH and RH neutrinos mix with each other, we need to diagonalise the mass matrix:
My = (71 Vr ME Mg ,,;%



Diagonalising the Lagrangian: Fermions

Due to M}, LH and RH neutrinos mix with each other, we need to diagonalise the mass matrix:
’/_Z,Mnxc_ (]7 ch) ML MD VL
R = VL PRI\ MY MR ) \ v

Majorana mass matrix is complex symmetric: (block-) diagonalised via Autonne-Takagi factorisation:

WM, W = (mlight 0 )

0 Mheavy

Perturbative diagonalisation (expand in My 1) gives us:
—1 AT
M, ~ M — MpMp Mp, My ~ Mg
In which the blocks are diagonalised via the unitary matrices V, and V)

VVTMVVV — dia’g(mV17mV27mV3) 9 VJEMNVJTT — dia’g(mN17mN27 mN3)



Diagonalising the Lagrangian: Fermions

The full rotation matrix is approximately given by (up to Mgl):

W — V1 — BBV, BV}
-B'V,  V1- BiBV}

o V» BV}
“\-Blv, W )°

Charged lepton currents can be cast as:

With B = M M

££c = %ZL’)’NULTLng + %ZR’)’“URTLRWE

With the 3 X 6 mixing matrices given by:

3

The first 3 X 3 block of %, can be identified as the
(Z/{L)ai :Z(V?L)akwkz 9 .

LH would-be PMNS, the second 3 X 3 block of % as

k=1
3 its RH analogue
(UR)ai — (VT )akwk 7 -
,; . . U  could be measured in W5 — £N decays



