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Lecture Il Goals

Explain how standard thermal leptogenesis works and
its connection with the see saw mechanism for neutrino
masses

lllustrate the implementation of the Sakharov criteria

Introduce the concept of sphalerons (anomalous
symmetry breaking)

Discuss how BSM searches at colliders may preclude
Standard thermal leptogenesis & provide clues about
alternatives

Invite questions !



Lecture Il Outline

. Leptogenesis & the Seesaw Mechanism
Il. Leptogenesis Overview

lll. Leptogenesis & Colliders
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|. Leptogenesis & the See Saw Mechanism
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Baryon asymmetry & m;from
EW symmetry breaking
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Baryogenesis Scenarios
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Seesaw Mechanism

e [s the neutrino its own antiparticle ?
 Why is there more matter than antimatter ?

e Why are neutrino masses so small?



Seesaw Mechanism

e [s the neutrino its own antiparticle ?

 Why is there more matter than antimatter ?

e Why are neutrino masses so small?

“‘See saw mechanism”

“Leptogenesis” vV =YV

Heavy neutrino decays in early
universe generate baryon asym

a

L

New heavy neutrino-like particle =

its own anti-particle




Are Neutrinos = Antineutrinos ?

I' 1
Lowss = yLHvR + hic. | Ly = SLHHTL + hic. |
LI E Majorana E
/r ---------------------------------------- :
///  Lepton number violating
// * Neutrino = antineutrino

LC L : creates or destroys 2
leptons or anti-leptons

10



Type | See-Saw

Yy

Lonass = yl_LﬁuR + h.c. Lonass = KZ_LCHHTL + h.c.
Dirac Majorana

One generation: SM + one N

Lmass — yZﬁNR + h.c. -+ MNNgNR
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Type | See-Saw

— ~ y _
Loass = yLHvg + h.c. Lonass = KLCHHTL + h.c.
Dirac Majorana
One generation: SM + one Nj Lepton number violating

Lmass — yZﬁNR + h.c. -+ MNNgNR
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Type | See-Saw

Yy

Loass = yLHvRp + h.c. Lonass = KLCHHTL + h.c.
Dirac Majorana
One generation: SM + one Nj Lepton number violating
Loass = YLHNR + h.c. +|MyNS Ny
l \‘\\ Eigenvalues

- ()\\% ”
(3 C D L 2
['mass—(VL NR)(mD MN>(NR> m1%%
N

me ~ My 13




Type | See-Saw

— ~ y _
Loas = yLHvp + h.c. Loinass = KLCHHTL + h.c.
Dirac Majorana
Low-energy eff theory
H . , H
A — mN <€ \\ //
Vi Nr v
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Type | See-Saw

Yy

Lonass = yl_LﬁVR + h.c. Lonass = KZ_LCHHTL + h.c.
Dirac Majorana

Seesaw scale:
Standard thermal leptogenesis

« Formp~0.1m, — M, ~ 10° GeV
Take m, ~ 103 eV

15



Il. Leptogenesis Overview
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Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
Iin early universe

Majorana neutrinos can decay to
particles and antiparticles

Rates can be slightly different (CP
violation)
"N — (H) # T'(N — (H")

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons

17



Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
Iin early universe

Majorana neutrinos can decay to
particles and antiparticles

Rates can be slightly different (CP
violation)
"N — (H) # T'(N — (H")

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons
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Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
Iin early universe

Ny // ‘ . M // ‘
~~~~~~ fo Tl 176
'y = I'(Np — {H)+T'(Ng — (H*) = ‘g—fMN
Hubble rate
T2

19



Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
Iin early universe

Simple estimation

Iy < H(T=M,)

I'y(z) /Ty




Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
Iin early universe

Simple estimation I'y < H(T=My) e

2
my = 87 * (1.66¢,) ]\Z— ~ few x 103 eV
P



Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
Iin early universe

Majorana neutrinos can decay to
particles and antiparticles

Rates can be slightly different (CP
violation)
"N — (H) # T'(N — (H")

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons
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Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
Iin early universe

Majorana neutrinos can decay to
particles and antiparticles

Rates can be slightly different (CP
violation)
"N — (H) # T'(N — (H")

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons
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Neutrinos and the Origin of Matter

CPV Asymmetry

"N — (H) —T'(N — (H*)

(N — (H) +T(N — (H*)

24



Neutrinos and the Origin of Matter

CPV Asymmetry: Quantum Interference

Tree-level CPV X One-loop “absoprtive part”
N
2 1 . CPV phases
£ — Im[ hh' but not same
1 .
16w (hhT)y, i:ZQ,B ( ) as Ppyns

25
Buchmuller, Peccei, Yanagida ‘05



Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
Iin early universe

Washout processes

P d
P d
-
-
P 4
-
P 4
P 4
/’
P d

~
~
~
~
~
~
~
\\
~,

Converts leptons into anti-leptons
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Boltzmann Equations: Heavy N

/
[N\

Decay Scattering Annihilation

27



Lepton number

B-L Asymmetry

28



Boltzmann: N, & B-L

Basic equations: decays & inverse decays

Yy
dz

dYp_r,

dZ /1

/ v | | u ;
/&%
CPV Decay L “a

Asymmetry: source

Wash out: Inverse decays, AL = 1, 2
pProcesses...

29



Neutrinos and the Origin of Matter

Putting pieces together: B-L asymmetry

[ L 1 L ll‘lll 1 1‘llll L 1

0.1

Buchmuller, Peccei, Yanagida ‘05 -

My /T

Heavy neutrinos: ~ vanishing
abundance today

30



Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
Iin early universe

Majorana neutrinos can decay to
particles and antiparticles

Rates can be slightly different (CP
violation)
"N — (H) # T'(N — (H")

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons
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Electroweak Sphalerons

Sphaleron
Configuration




Electroweak Sphalerons

Sphaleron {
Configuration Anomaly




Electroweak Sphalerons

f C -' hl.
|II ’ A p
\ I' lll I'|' |I ll dl | . hl |
| | 'Jl l" III' P )
4"’[‘ 2 "I'P "r,. .-'I d. v
0) A)L U,
Sphaleron
. > —
Configuration Anomaly A (B+L) oc Ng

EW sphalerons convert B-L asymmetry to Yg

34



Baryon Asymmetry

Convert Yy, to Yg :

Yp=CsYp_|
St’d Model
Oy — SN+ 4Ny 28
22N + 13Ny 79

35



Davidson-Ibarra Bound

My, > 10° GeV

~

|

Kk Trooy ~ 1/40 eV

T>4x10° K

t < 6x10°s

Davidson, Ibarra ‘02

36




Thermal History

INFLATION
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Ill. Leptogenesis & Colliders
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Leptogenesis & Colliders

ittt |

» Discovery of TeV-scale LNV could rule
out high scale leptogenesis

* Discovery of heavy neutral leptons (HNL)
could point to low scale leptogenesis

39



Energy Scale (GeV)

TeV LNV & Leptogenesis

102

103

102
107

<__¢,_ Standard thermal lepto

40



Boltzmann: N, & B-L

Basic equations: decays & inverse decays

Yy
dz
dYp_p
dz

CPV Decay =

Asymmetry: source

Wash out: Inverse decays, AL =1, 2
pProcesses...

—————————————————————————————————————————



Energy Scale (GeV)

TeV LNV & Leptogenesis

1012

103

102
107

<__¢,_ Standard thermal lepto

Deppisch et

<_‘I'_ Fast AL = 2 int: erase L al 14, 15

What if TeV scale LNV
interactions exist ?

42



Boltzmann: N, & B-L

Basic equations: decays & inverse decays

TeV scale LNV can

dYy
dz
e : e ‘:
~ WYg_p |
dz B-L i
wipe out Yg,
CPV Decay by S Y

Asymmetry: source

Wash out: Inverse decays, AL =1, 2
pProcesses...

—————————————————————————————————————————

\-—————_I



Energy Scale (GeV)

OB TN Ny

TeV LNV & Leptogenesis

1072 <__¢,_ Standard thermal lepto
® ®
| —~
i -
|
' — D inf- Deppisch et
R A A L X
Electroweak, resonant lepto,
2 : ,
i < WIMPY baryo, ARS lepto... !
107 . !
|
—  Post-sphaleron, cold... i
_ \ rN__/
________________________________________________________ & -
ae

Baryogenesis alternatives
44



TeV Scale LNV: Models

ittt |

» Discovery of TeV-scale LNV could rule
out high scale leptogenesis

* Discovery of heavy neutral leptons (HNL)
could point to low scale leptogenesis

45



TeV Scale LNV: Models

Lonass = yl_LﬁVR + h.c. Lonass = %Z_LCHHTL + h.c.
Dirac Majorana

General Classification: Helo et al, PRD 88.011901, 88.073011

vSM: Type | See-Saw

U e e u
W, I Ng ‘ w, Mass: standard see-saw but TeV
Vi V2 Vs Vi scale

d Topology 1 d

46



TeV Scale LNV: Models

N 3
Lonass = yl_LFIVR + h.c. Lonass = %LCHHTL + h.c.
Dirac Majorana

LRSM: Type | See-Saw LRSM: Type Il See-Saw

d - u d - u
2,
H""—R i . 4! R - -
R
.l'\rz (é— [ —
Wg s e Wg s e
d - u d = u

47



TeV Scale LNV: Models

Lonass = yl_LFIVR + h.c. Lonass = %Z_LCHHTL + h.c.
Dirac Majorana

General Classification: Helo et al, PRD 88.011901, 88.073011

SUSY: R Parity-Violation

e d d e
= [~ | 2 Sfermion a, T
F
Gaugino g, x Majorana
LNV
U Topology | U

] _ ~ /
WaL=1 = SAijkLiL jex + KfjkLindk + wu;LiHy,
= 48



TeV Scale LNV: Experimental Probes

Lonass = yl_LFIVR + h.c. Lonass = %Z_LCHHTL + h.c.
Dirac Majorana

Ovpp-Decay
e e
d

A(Z, N) A(Z+2, N-2)

49
Low energy deep underground



Ton Scale Experiments: Worldwide Quest

Ovpp decay Experiments - Efforts Underway

. . mass (0v
Collaboration Isotope Technique iso tope?ﬁ
CANDLES Ca4s 305 kg CaF; crystals - liq. scint 03kg
CARVEL Ca48 #CaWO, crystal scint. ~ton
GERDAI Ge-76 Ge diodes in LAT 15kg
GERDATI Ge-76 Point contact Ge in LAr 31
mm Ge-76 Point contact Ge 25kg
LEGEND Ge-76 Point contact ~ton
Mo-100 : . 69
NEMO3 So.82 Foils with tracking 09 g
SuperNEMO ) .
e g Se-82 Foils with tracking Tke
EX0200 SuperNEMO Se-82 Foils with tracking 100 kg
LUCIFER (CUPID) Se-82 ZnSe scint. bolometer 18 kg
AMORE Mo-100 CaMoO, scint. bolometer 15-200 kg
LUMINEU (CUPID)  Mo-100  ZnMoOs/Li;MoOs scint. bolometer ~ 15-5kg
COBRA Cd-114,116 CdZnTe detectors 10 kg
CUORICINO, CUORE-0  Te-130 TeO; Bolometer 10kg, 11 kg
CUORE Te-130 TeO; Bolometer 206 kg
CUPID Te-130 TeO; Bolometer & scint. ~ton
SNO+ Te-130 0.3% =Te suspended in Scint 160 kg
EX0200 Xe-136 Xe liquid TPC T9kg
nEXO0 Xe-136 Xe liquid TPC ~ton
KamLAND-Zen (I, 1)  Xe-136 2.7% in liquid scint. 380 kg
KamLAND2-Zen Xe-136 2.7% in liquid scint. 750 kg
NEXT-NEW Xe-136 High pressure Xe TPC Sks
NEXT Xe-136 High pressure Xe TPC 100 kg - ton
PandaX - 1k Xe-136 High pressure Xe TPC ~ton
DCBA Nd-150 Nd foils & tracking chambers 20kg

J. Wilkerson INT DBD Program June 2017

50



PandaX Il

The Chinese Context

h‘

51



TeV Scale LNV: Experimental Probes

Lonass = yl_LFIVR + h.c. Lonass = %Z_LCHHTL + h.c.
Dirac Majorana
Ovpp-Decay pp Collisions

e e e e
d d u

A(Z, N) A(Z+2, N-2) X X

L
.
<

: 2
Low energy deep underground High energy °



TeV Scale LNV: Experimental Probes

:\ﬁml "L + h.c.
DiratL H C_ SS DI 2\ Majorana

Ovpp-Decay pp Collisions
e e e e
d d u

A(Z, N) A(Z+2, N-2) X X

L
.
<

: 53
Low energy deep underground High energy



TeV Scale LNV: Experimental Probes

Lonass = yl_LﬁVR + h.c. Lonass = %Z_LCHHTL + h.c.
Dirac Majorana
i 91 : )
S . TeV Scale LNV:
LHC: pp — jjee F Jrg2 “Simplified Models”
LS,
d U
Ovpp - decay )
) Jefft = /4192
d u 54




TeV Scale LNV: Experimental Probes

Lonass = yZﬁ[VR + h.c. Lonass = %ZCHHTL + h.c.
Dirac Majorana

Benchmark Sensitivity: TeV
I NV

Present - -

Tonne scale

%)

T. Peng, MRM, P. Winslow 1508.04444




Leptogenesis & Colliders

» Discovery of TeV-scale LNV could rule
out high scale leptogenesis

-+ Discovery of heavy neutral leptons (HNL)

could point to low scale leptogenesis =

o6



Energy Scale (GeV)

OB N Ny

Low Scale Leptogenesis

1012

Baryogenesis alternatives

<__¢,_ Standard thermal lepto

®®
~

_ g Deppisch et
<_‘I’_ Fast AL = 2 int: erase L al 14, 15
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Low Scale “ARS” Leptogenesis
Leptogenesis from heavy neutrino oscillations
* Right handed N, , Ng, N- oscillate

» QOscillations have a CPV component

 Each heavy flavor has non-zero L
butL;5=0

Akhmedov, Rubakov, Smirnov ‘98

58



Lepton Number <+

Low Scale “ARS” Leptogenesis

Ng sector: L, + Lg+L-.=0

Ny oscillations + CPV

r
|
|
|

e o e o -

Akhmedov, Rubakov, Smirnov ‘98

99



Lepton Number <+

Low Scale “ARS” Leptogenesis

Ng sector: L, +Lg+ L. #0

,¢r ——————————————————————

|
|
|
|
I
.
La Lc I N
-
! Ly ! N 7
: 1 v
| B
I i I
I i I
I ! I
e e e e e e )
1 <€ > \l
/ — |
Tiny Ng = Vign 1 i
mixing ! Yukawa Int |
J !
N ’

Akhmedov, Rubakov, Smirnov ‘98

1
J_____:______
e e e [ e e e | %

1

|

\

Sphalerons
convertto Yg
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RH Sterile Neutrinos
e = (2 5) (o, 512) ()

lve) N [ cosbyy sinfgy 1)
INg) )\ —sinf,;y cosfpy |v9)

Heavy

neutrino ’V2> = cos Oyy |NR> + sin Oy ‘V€>

P R SN

“Sterile” Small mixing St'd Model

61



Systematic assessment of heavy neutrino signatures

at colliders

Production
X’
W, :
%! O N
X
X Y
W, : g W
l, )
Hn‘.’ .‘\‘.
X

h:
b 00,6, N
X

Decay

e
/
' =
N !! E
W+

Final States
pP: lalijl, lal5liv
ecet,e'p: Y{zjj, YOV

ee",pp: vlijj, viilv

Small mixing — Long life

<

pp: lavjj, CovlzeE, Lawww
eet,ep: Yvjj, YvlGtE, Ywvww

ee",pp: wvjj, wwilzll, wvvvv

pp: lovjj, CovlzeE, V'V
eet,ep: Yvjj, Yvlzti, YuVV

ee",pp: wjj, wilzly, wVV

E. Cazzato

RH Sterile Neutrinos: Many Signatures
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Long Lived Heavy Neutral Leptons

Lessons from T, Y X" "— SM

Phase space (192 =3 ~ 6000)

1.2 fm (MX>4 <1Te\/>
CT & —
931( My My

Muon decay:

.+ My ~80GeV, My,~0.1GeV&gy*~0.004 — cr ~660m *

* Additional )z for half-life

63



Long Lived Heavy Neutral Leptons

Lessons from T, Y X" — SM
Phase space (192 =3 ~ 6000)
1.2 fm (MX>4 (1 TeV)
CT R —
931( My My

BSM Examples:

« M,~ 100 GeV, M, ~ 10 GeV, g *~10"— ct ~1cm

N decay

64



Displaced Lepton Jets

so where do we start? Ay

diséppearing or

displaced kinked tracks \
multitrack vertices i )
, non-pointing
A\ 4 /\ ..~ (converted) photons
‘ y ,..:. Lo
_ T X :
displaced leptons, / / R emerging jets

lepton-jets, or ‘
lepton pairs

////'

- // \ trackless,
// low-EMF jets
quasi-stable
~ charg

multitrack vertices in the
muon spectrometer

/

d

Heather Russell, McGill University 24 April 2017

H. Russell, CERN LLP
workshop, April 17

L) TYPE1

L) TYPE2

EMCAL
B3 HCAL
| MS

ATLAS JHEP11 (2014) 88

65




VMSM
usmn.m:mions t
:iid s Bb
vl/\l] V’/\L vs/\l!
e e

Ann. Rev. Nucl. Part. zll’g“;-so
Sci. 59, 191 (2009)  boson

0.001

10~

10-°

|VFN|2

10-°

1077

Solutions w/ LLP’s: vSM

Spin-1 P. Mermod

N1 mass ~keV
- dark matter

N _mass ~GeV
2,3

- seesaw
- |leptogenesis

-~ v
.................

N N, "[rilcpton
R AU < search ;
SHiP_.~ pion jet~
propesal search
1 2 5 10 20 50

0%
E. Izzaguire & B. Shuve

M N (GeV)

Mixing U,

G%—'MillvaN |2
19273

* Displaced LJ + u
» 3 resolved prompt leptons
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“ARS” Leptogenesis & Future Colliders

Global analysis and cosmology

M[GeV]

plot to be updated in MaD/Garbrecht/Gueter/Klaric 1609.09069 [references to origin of sensitivity estimates given therein]

M. Drewes 67



RH Sterile Neutrinos: FCC & CEPC

Summary

m Systematic assessment of heavy neutrino signatures at colliders.
m First looks at FCC-hh and FCC-eh sensitivities.

m Golden channels:
m FCC-hh: LFV signatures and displaced vertex search
m FCC-eh: LFV signatures and displaced vertex search
m FCC-ee: Indirect search via EWPO and displaced vertex search

4 FCC-hh able to
J test all flavour
1 combinations.

Good sensitivity re-
ach from FCC-hh &
| FCC-eh.

Best sensitivity to

6|2 from displaced

vertex searches at | 1071, ~——+" | e

the FCC-ee. 10 50 100 500 1000
M [GeV]

68
E. Cazzato



Lecture Il Key Ideas

Seesaw mechanism to explain small m,,

Standard thermal leptogenesis: connecting seesaw
mechanism to Yp

Anomalous symmetry breaking via EW sphalerons

Low-scale leptogenesis alternatives: ARS leptogenesis
(oscillations)

Collider implications: observing TeV scale LNV & HNL’s

69



Back Up Slides
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Electroweak Sphalerons

B+L Anomaly
B+L
J.o
/®\fL
W W
2NF a 117 Va H 1%
8“J5+L =253 X {92WWW“ — ¢'*B,, B" }

71



Electroweak Sphalerons

Cherns Simons Number

2N —~ ~
B+L i 2 a va 2 v
P = < W, W — g B, B |
9’ 3 Wew o
Ncs(t) — 967T2 / d L €ijk €abe ia j kc
R A(B+ L) =2Np x AN¢gg

72



TeV Scale LNV ?

Yy

Lonass = yl_LﬁVR + h.c. Lonass = KZ_LCHHTL + h.c.
Dirac Majorana
TeV LNV Mechanism
e e
Ay M, k? F
AL ASIIIBB B I: : B
O(1) for A~ 1 TeV / N\
A(Z,N) A(Z-2,N +2)
Implications




TeV Scale LNV: Experimental Probes

— ~ y —
Loas = yLHvp + h.c. Loinass = KLCHHTL + h.c.
Dirac Majorana
TeV Scale LNV
d U
- Effective operators:
Ovpp - decay
‘< st '—QO +h.c
d y LNV — g4 7=
d g1 At 3~+ AT T7C
— , u O1=Q77dQ77dLL
LHC: pp — jjee F Jrgz
s - ° Jeft = /9192 iy




TeV Scale LNV: Experimental Probes

Lonass = yZﬁ[VR + h.c. Lonass = %ZCHHTL + h.c.
Dirac Majorana

Benchmark Sensitivity: TeV
I NV

Present - -

Tonne scale

%)

T. Peng, MRM, P. Winslow 1508.04444




TeV Scale LNV: Experimental Probes

Lonass = yl_Lf[VR + h.c. Lonass = %ZCHHTL + h.c.
Dirac Majorana

Benchmark Sensitivity: TeV
I NV

Present - -

Tonne scale

%)

A (TeV)

T. Peng, MRM, P. Winslow 1508.04444




Ovpp-Decay: TeV Scale LNV

Lonass = yl_LFIVR + h.c. Lonass = %ZCHHTL + h.c.
Dirac Majorana

General Classification: Helo et al, PRD 88.011901, 88.073011

N

1V3
I
I
I
———— ———— I S
Vi Va Vs Vi Vi Va vy

Topology | Topology 11

77



Ovpp-Decay: TeV Scale LNV

Lonass = yl_LFIVR + h.c. Lonass = %ZCHHTL + h.c.
Dirac Majorana

General Classification: Helo et al, PRD 88.011901, 88.073011

SUSY: R Parity-Violation

l | F (ilf,—.~\(jl,
VN, AV

Topology |

1 _ - '
WaL=1 = SAijkLiL jex + K;,-kLindk + wu;LiHy,
= 78



Low Scale “ARS” Leptogenesis

6.

3 Singlet RH neutrinos: N,, Ng, N,

LTOT=[SM+ ], +Lg+ L,

N, oscillations + CPV — L, 70, Lg # 0, L, # 0 but
LTOT =()

Yukawa interactions: L, < H + .4 in equilibrium
above T, for k=B,C but not for k=A

Lepton number for .5 . converted to ng by EW
Sphalerons

Conditions 4 — M,, can be ~ O( GeV')

Akhmedov, Rubakov, Smirnov ‘98 79



Displaced Lepton Jets

wr B
so where do we start? W [ g oz -
' . diséppearing or e i h ATLAS Simulation
displaced kinked tracks \ 2 Lin :
multitrack vertices H A « 015~ ]
, npn-pointing cc) L ‘ J— m,d =0.40 GeV |
.-~ (converted) photons S [ 5:‘1 m, =0.90 GeV |
2 = .My =0.
S i i
& 0AH I3 -.-m, = 1.50 GeV]
displaced leptons, g \ emeréing jets L
lepton-jets, or - L b
lepton pairs 0.051- i —
> i 'll
/ \ [ :}l-
: L '-ﬂ.:}_l
\ i trackless, % — ‘MOLS '1
{ low-EMF jets : ; -
/ quasi‘stable \nn P+0,)
multitrack vertices in the charg ficles
muon spectrometer
/ LJ TYPE1 L) TYPE2

Heather Russell, McGill University 24 April 2017

H. Russell, CERN LLP
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RH Sterile Neutrinos

Summary: FCC-ee sensitivities

107
= Conventional Z pole search @20: |©|2=|0|?

e Displaced vertex search @20: |0|2=|6)?

10°°
m=m Higgs branching ratios @10: |©|2%=|6|?
Mono-Higgs @10: ©°=|6, |

5 107}

|©

= \WW production cross section @10: |0]2=6, |2
102 | epton-dijet @10 |0]%=|6:|?
m—— E\WPOs @20: |0|2=|6. | %+|6y|?

10-1} — EWPOs @20 |0|2=|6;|2

= "Unprotected" type-I seesaw

50 100 150 200 250 300 350
M [GeV]

» Displaced vertex searches test |#]? ~ 10711 for M < myy.
» EWPOs test |0]?> ~ 107 up to M ~ 60 TeV with O(1)

Yukawa couplings.
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