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apologies: this is only a subset of available results
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the big picture
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m, # 0 = new physics must exist Ma('98) + others
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https://arxiv.org/abs/hep-ph/9805219

m, # 0 = new physics must exist Ma('98) -+ others

m, # 0+ left — handed (LH) weak currents

(renormalizability)

Taiorana macs - LonLiz7,C : —
LH Majorana mass : gm,vivy Dirac mass : m?7zvp

(gauge invariance)

m% = y(A) or new dynamics mP = y(dgy)
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m, # 0 = new physics must exist Ma('98) -+ others

m, # 0+ left — handed (LH) weak currents

(renormalizability)

Ma s ; e o L L——0 ¢ . _
LH Majorana mass : gm,vivy Dirac mass : m?7zvp
l (gauge invariance) l
£ = y(8) or new dynami 2 = (@)
m,; =y or new dynamics m,, = y(Pgm

m, # 0 4+ renormalizability 4+ gauge inv. — new particles

New particles must couple to gy and L, often inducing
non-conservation of lepton number and/or lepton flavor
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https://arxiv.org/abs/hep-ph/9805219

Solution to m, # 0 can be realized in many ways!

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

New particles must couple to g\ and L, often inducing
and lepton flavor violation (LFV) in experiments
R. Ruiz (IFJ PAN) - BLV24 5/ 38



broad implications for laboratory-based physics

1. Indirect production at non — accelerator laboratories

4. Simulations
and tool dev.
subroutine
getDecayRate ()

implicit none
P A% dogble precision.
—»—-( lifetime = hbaz /.
z S print *, ..
end subroutine

2. Direct production T
W0, Z, B, D*, *H, ... 3 Indirect pIOdUCthIl at accelerators

Many complementary ways to explore consequences of 1,
@ short and long baseline experiments and vDIS facilities ©
@ rare decay and in situ experiments ©
@ colliders and /-DIS facilities ¢/, /h, hh ©

R Rz (R paNy e LNV@FCC - BLV24 6/38



European Strategy Update (2024-)

Ongoing discussions on European HEP program and future initiatives

European Strategy Update ('20); Snowmass ('21) [2209.14872]; P5 ('23) [2407.19176]

Future Circular Collider (FCC) program
— phase 1: e e collisions
— phase 2: pp/p A/ AA collisions

1980 1985 1980 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

- Constr. Physics LEP
Construction Physics LHC - in operation
HL-LHC - ongoing project Construction Physics

< ~20 years >
FCC - design study Construction B
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https://arxiv.org/abs/2209.14872
https://arxiv.org/abs/2407.19176

European Strategy Update (2024-)

Topics of discussions:
e anticipated timeline of High Luminosity LHC (HL-LHC) milestones ®
@ objectives/milestones and timeline of FCC-ee ©
@ objectives/milestones and timeline of FCC-hh ©

@ cost/benefit of accelerated/alternative timelines ©

R Rz (R paNy e LNVGFCC = BiV2s EVER



collider strategy: infer Majorana nature! of
from via new particles

nggs Doublot Ext

!Black Box Theorem: <= v

— VS



right-handed neutrinos?

(

U(l)s

@ -7

) _-—’/"

v~ \ /T?Vk?éo\

2For reviews at colliders, see Cai, Han, Li, RR [1711.02180] and Pascoli, RR, Weiland [1812.08750]
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https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/1812.08750

1 slide for non-experts
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To generate Dirac masses for v like other SM fermions, we need vg

— — ®)+ h
Ly yuk. = —wldvg + Hc.= -y, (W ) << >0+ ) vr + H.c.

——

=mp

=) 27



To generate Dirac masses for v like other SM fermions, we need vg

- (@) +h
Ly yuk. = —Yul®vp+Hc. = —y, (ﬁ ) << )+ ) vgr + H.c

0
——
=mp

vr do not exist in the SM, so hypothesize that they do and vg = vg:

C
Vg

11— —= 0 m
= Lmass = 71 (VL V/%) ( D)
——— mp [y

chiral state

mass matrix (chiral basis)

R. Ruiz (IFJ PAN)
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To generate Dirac masses for v like other SM fermions, we need vg

Covie = e+ He.= -y (7 70) (V) vk e
~———

=mp

vr do not exist in the SM, so hypothesize that they do and vg = vp:
144
Vi

After diagonalizing the mass matrix, identify v, (chiral eigenstate) in
the SM as a linear combination of mass eigenstates:

— 0 m

— | C D
Lmass = 3 \W—/(VL VR) (mD /W)
———

chiral state
mass matrix (chiral basis)

vy = cos@ |v) + sinf |N)
—~~

chiral state light mass state  heavy mass state (this is a prediction!)

R. Ruiz (IFJ PAN) LNV@FCC - BLV24 12 /38



technical comments on high- and low-scale Seesaws (for experts)
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In pure Type | scenarios (SM+wvg), tiny m, obtained in two ways:

greatly clarified by Pascoli, et al, [1712.07611]
© High-scale seesaw:
>>.yl/<q)SM> = my, ~ mp < oo ), my ~

Generically leads to decoupling of high-mass N and from colliders

@ Low-scale seesaw: )
L Y (Psy) = m, ~ (@) , my ~ mg

Known also in literature as Inverse Seesaw, Linear Seesaw, Protective Symmetries, etc.
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https://arxiv.org/abs/1712.07611
https://arxiv.org/abs/hep-ph/9901206
https://arxiv.org/abs/0705.3221 
https://arxiv.org/abs/1712.07611
https://arxiv.org/abs/1812.08750
https://arxiv.org/abs/1703.04669

In pure Type | scenarios (SM+wvg), tiny m, obtained in two ways:

greatly clarified by Pascoli, et al, [1712.07611]
© High-scale seesaw:
>>.yl/<¢SM> = my, ~ mp < oo ), my ~

Generically leads to decoupling of high-mass N and from colliders

@ Low-scale seesaw: )
L Y (Psy) = m, ~ (@) , my ~ mg

Known also in literature as Inverse Seesaw, Linear Seesaw, Protective Symmetries, etc.

Corollary #1: In low-scale Type |, if m, ~ 0 on scale of expt. ie, (m?/0%*~0
=—> approx. L conservation

Pilaftsis, et al [hep-ph/9901206]; Kersten & Smirnov [0705.3221]; Pascoli, et al, [1712.07611]; w/ Pascoli [1812.08750]
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In pure Type | scenarios (SM+wvg), tiny m, obtained in two ways:

greatly clarified by Pascoli, et al, [1712.07611]
© High-scale seesaw:
>>.yl/<¢SM> = my, ~ mp < oo ), my ~

Generically leads to decoupling of high-mass N and from colliders

@ Low-scale seesaw: )
L Y (Psy) = m, ~ (@) , my ~ mg

Known also in literature as Inverse Seesaw, Linear Seesaw, Protective Symmetries, etc.

Corollary #1: In low-scale Type |, if m, ~ 0 on scale of expt. ie, (m?/0%*~0
=—> approx. L conservation

Pilaftsis, et al [hep-ph/9901206]; Kersten & Smirnov [0705.3221]; Pascoli, et al, [1712.07611]; w/ Pascoli [1812.08750]

Corollary #2: Collider-scale via N; with my 2 My,
— larger active particle spectrum! RR [1703.04660]
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https://arxiv.org/abs/1712.07611
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the benchmark setup
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For discovery purposes, paramerize active-sterile neutrino mixing :

Atre, Han, et al [0901.3589]

3
vy~ Z UrmVm + Vimy=aNpy—4  (neglect heavier N,y)

flavor basis =1

Vv
mass basis. can be Dirac or Maj.

_BLv2e 16/ 38


https://arxiv.org/abs/0901.3589

For discovery purposes, paramerize active-sterile neutrino mixing :

Atre, Han, et al [0901.3589]

3
v R Z UrmVm + Vimy=aNpy—4  (neglect heavier N,y)

flavor basis =1

Vv
mass basis. can be Dirac or Maj.

The SM W couplings to leptons in the flavor basis are

Lt = _% WM— Zzze [7’7“PL//(] + H.c., where P; = %(1 — 75)

=) 67735


https://arxiv.org/abs/0901.3589

For discovery purposes, paramerize active-sterile neutrino mixing :

Atre, Han, et al [0901.3589]

3
vy~ Z UrmVm + Vimy=aNpy—4  (neglect heavier N,y)

flavor basis =1

Vv
mass basis. can be Dirac or Maj.

The SM W couplings to leptons in the flavor basis are

Lint. = _% WY e [(v*Prv] 4+ He,, where Pp = (1 —+5)
= W couplings to ~ and N in the mass basis are

Ling. = _%WJ Zz:e |:7’YMPL (Zi’nzl UrmVm + VlNN):| + H.c.

= N is accessible through W /Z/h bosons
- BLV24 16 / 38


https://arxiv.org/abs/0901.3589

heavy neutrinos@FCC-ee

Community Message: Current + next-gen. facilities can probe simplest
(my, =0) |ept0geneSIS Scenal’io W/ VR Abdullahi, et al [2203.08039]; w/ Alimena, et al [2203.05502]

T T
10~
10~
IO—H
D=
10°-*
10—11)
CLD/IDEA DV
. "val\,,m HECATE DV
10712 A a
ol L o P Laaal el
107! 10° 10 10? 10°* 10*

M [GeV]
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https://arxiv.org/abs/2203.08039
https://arxiv.org/abs/2203.05502

Polarization measurements are priority: subtle helicity inversion —
differences in kinematics for Dirac e vs Majorana tnctiny

Kayser ('82) , Mohapatra & Pal ('98), Denner, et al (NPB'92, PLB'92); Han, RR, et al [1211.6447]; RR [2008.01092]

Oee = opening between outgoing /" /

3000

entries

20GeV —  Majorana —
2500 50GeV —  Dirac -—-
70 GeV

2000

1500

1000

Majorana/Dirac
T

w/ Alimena, Gonzalez Suarez, Sfyrla, Sharma, et al 1908 06 04 02 0 02 04 06 08
cos O ee

[2203.05502]; see also de Gouvea, et al [1808.10518,

2104.05719, 2105.06576 (FCC-ee), 2109.10358] — Dirac = LNC

— Majorana = LNC+LNV

z (IFJ PAN) LNV@FCC - BLV24 18 / 38


https://inspirehep.net/literature/176509
https://inspirehep.net/literature/487596
https://inspirehep.net/literature/336411
https://inspirehep.net/literature/32906
https://arxiv.org/abs/1211.6447
https://arxiv.org/abs/2008.01092
https://arxiv.org/abs/2203.05502
https://arxiv.org/abs/1808.10518
https://arxiv.org/abs/2104.05719
https://arxiv.org/abs/2105.06576
https://arxiv.org/abs/2109.10358

NEW: update with FCC-ee reconstruction framework for two- N setup

Ajmal, et al [2410.03615]

Fccan.slyses FCC-ee Simulation (Delphes) Fccnn.s:yses FCC-ee Simulation (Delphes)
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what about heavier N?
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heavy neutrinos@FCC-hh

Plotted: Normalized production rate (o/|V|?) vs my

w/ Pascoli, et al [1812.08750]
I
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https://arxiv.org/abs/1812.08750

heavy neutrinos@FCC-hh

95% Sensitivity - pp - 1,€ly / 3/ 2eu

e I® ®
IV ,f=0

10° 10°
Heavy Neutrcl)no Mass [GeV]

Only a few results. See the big paper for various flavor, Dirac vs Majorana, apg /S, permutatiens [15!12:08@@ o


http://arxiv.org/abs/1812.08750

Type 1l Seesaw?

[ A0] T

3I>ooL‘ et al ('89)
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Type 111 Seesaw postulates SU(2), letponic triplet (7", N° T )

lots of rich physics Baje, Senjanovic [hep-ph/0612029]; PF Perez [hep-ph/0702287]; Abada, et al [0707.4058, 0803.0481]; -+

@ heavy electron and heavy neutrino carry weak isospin charges
@ — couples to W /Z/~ via gauge charges
e typical decay modes 7 N — (/v + V

100 L T

----- pp- NI* NLO
— pp— T°T* NLO
——pp- T'T NLO

B
QU K

Type Il Seesaw
L/ TOT*+ T'T at 100 TeV

4 6 8
m; [TeV]

=3

[EEN
ol

5 10
mN! rn-r [TeV]
w/ Cai, Han, Li [1711.02180]

=) Ve


https://arxiv.org/abs/hep-ph/0612029
https://arxiv.org/abs/hep-ph/0702287
https://arxiv.org/abs/0707.4058
https://arxiv.org/abs/0803.0481
https://arxiv.org/abs/1711.02180

Type 1l Seesaw*

“

’¢
L 4

- Py 4
N —
My, 7& 0 ( Typel

4
Konetschny and Kummer ('77); Schechter and Valle ('80); Cheng and Li ('80); Lazarides, et al ('81); Mohapatra and
Senjanovic ('81)
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The Type Il Seesaw is special: generates m, without hypothesizing vg

R. Ruiz (IFJ PAN) LNV@FCC - BLV24 26 / 38



The Type Il Seesaw is special: generates m, without hypothesizing vg
Hypothesize a scalar SU(2), triplet with lepton number [ = 2

N A+ AT _ X
A= % <ﬁA0 \CA- ) , with Lae 3 fipa (q)SMTA'(DSMT—i-H.C.)
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The Type Il Seesaw is special: generates m, without hypothesizing vg

Hypothesize a scalar SU(2), triplet with lepton number [ = 2

AT \/§A++
V2AY At

The mass scale jia breaks lepton number, and induces (A) # 0:

A=

7 > , with Lae D upa (d)SMTA-(DSMT—i- H.C.)

(8) = va ~ s

2
\/imA
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The Type Il Seesaw is special: generates m, without hypothesizing vg

Hypothesize a scalar SU(2), triplet with lepton number [ = 2

AT \/§A++
V2AY At

The mass scale jia breaks lepton number, and induces (A) # 0:

A=

7 > , with Lae D upa (d)SMTA-(DSMT—i- H.C.)

(8) = va ~ s

2
\/imA

— left-handed Vzjorana masses for v

AL = ﬁL AL = Ve vic  pic A 0 /i
> —%<\/§yZVA)V7Vi
\_\,”_/
:my/
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Few free parameters = rich experimental predictions
Fileviez Perez, Han, Li, et al, [0805.3536], Crivellin, et al [1807.10224], Fuks, Nemevsek, RR [1912.08975] + others

o Example: A decay rates encode inverse (IH) vs normal (NH)
ordering of light neutrino masses
=+ p+ ij =~ di
M(A = 000 ) ~ ya ~ (Upyns e ®

my UE’MNS)U

Bray in %

Bray in %

0.1 NH

10* 0001 0.010 0.100
my,. ineV

0.001 0.01 0.1

0.001 0.01 0.1
my,,. ineVv

m,__ineV
min
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Type II@FCC-hh

AT AT A €9 production

driven by gauge couplings to W, Z,~

( = unambiguous xsec prediction!)
;

‘EIO“

€103'
2 L1

10

10
N)

100 TeV VLHC

(N'LL)

AN (VBF NLOJ ™ A A7 (NLO)

ATAT(NLO)

0 1

Fuks, Nemevsek, RR [1912.08975]

2 3 45 6 78 910

Triplet Scalar Mass, m, [TeV]

R

(IFJ PAN)

LNV@FCC - BLV24
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Type II@FCC-hh

AFE AT A €9 production
- ' . W 2 A% ,Z' AT g Vi ] RS
driven by gauge couplings to W, Z,~ ?/(\a/)v\&: :}} g

( = unambiguous xsec prediction!) 9 JAF q /A"* — A
. — T T T T . we
o ; Saa o T oA

100 TeV VLHC

pp — A'*A** — 4(‘ + X

(¢ = e, 1) [2211.07505]

T T T T T T T T

10 ATLAS — combined - stat. only _|

EJs =13 TeV, 139 fo' ----two-lepton --- three- IePton—
- four-lepton - - 36.1 fb" ]

-asym b

~ Doubly charged Higgs 3
== o(pp — H'H) N
o(pp = HyHa ork™k)

—

o ool vod vod ol vl ol ol ol o

Total cross-section [fb]

NN (VBENLO) ™ KA (NLO) T R NN
ATAT(NLO) — B g _ N

2 3 45 6 7 8 910
1—2 PN N S S A I SN

M Triplet Scalar Mass, m, [TeV] 400 500 600 700 800 900 1000 1100 1200 1300
m(H™) [GeV]

Fuks, Nemevsek, RR [1912.08975]
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Type II@FCC-hh

AT AT AY €9 production

driven by gauge coupllngs to W, Z,~

( = unambiguous xsec prediction!)
]

—_ [ T A e R A T A A N
210

F100 100 TeV VLHC

<02
T10

5108

' E

S 3 R AV A (L) -

3} 2F AN TVBFNLO) " A=AT (NLO)
~ é B74 (NLO)
0 12345678 910
X Triplet Scalar Mass, m, [TeV]

Fuks, Nemevsek, RR [1912.08975]

R. Ruiz (IFJ PAN)

Lat g P
<

®) Ssa 9 () A

e A A

W S S oA

[fb

y
2

Luminosit
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R

—
(=]

100 TeV

AYAT (DY-NLO + yy-LO)
w/ A¥AT (DY-NLO)
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m, [TeV]
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Zee-Babu Model®

N

m,,k#()

N

N4 '
@

ol Si1/3 ) ‘ZB@n loop
7@Q1 loop )

5Zee ('85x%2), Babu ('88)

R. Ruiz (IFJ PAN)

o
o8
.
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Zee-Babu model generates m, radiatively without hypothesizing vr

R. Ruiz (IFJ PAN) LNV@FCC - BLV24 31/38


https://arxiv.org/abs/1402.4491

Zee-Babu model generates m, radiatively without hypothesizing vr

Hypothesize two scalar SU(2), singlets k, h with weak hypercharge
Y=-2,-1(= Q=-2,Q,=—1) with lepton number [ = -2

R. Ruiz (IFJ PAN) LNV@FCC - BLV24 31/38
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Zee-Babu model generates m, radiatively without hypothesizing vr

Hypothesize two scalar SU(2), singlets k, h with weak hypercharge
Y=-2,-1(= Q=-2,Q,=—1) with lepton number [ = -2

Lz = Lsy + (Duﬁ)f(Dﬂk) + (Duh)T(Dh) + 4 (py hhk' +H.c.)
[f,-j [iLih' + g (e)end ki + H.c.} T

v YL

[1402.4491]

The mass scale /1y breaks lepton number, and induces 1, # 0:

(Mlﬂ/avor)ij — 16#4[ f;-a my g;b Zab(r) mp fj-b

R. Ruiz (IFJ PAN)

LNV@FCC - BLV24 31/38


https://arxiv.org/abs/1402.4491

Few free parameters = rich experimental predictions

Nebot,et al [0711.0483]; Ohlsson, Schwetz, Zhang [0909.0455]; Herrero-Garcia, Nebot, Rius, et al [1402.4491]; + others

e E.g., k", h" couplings to leptons encode oscillation physics
NH & IH, sin®(653) <0.5

. IH h—ev
Normal ordering: 05

cos 6 .
fe;-r = tan 6o 2 + tan #13 sin 9236—15
fur cos 013
cos 6 .
@ = tanf 3 tan 03 sin 9236_“5
fur cos O3
=
. =
Inverse ordering: /=
fer  sinfz s
=——"=¢
fl“' tan (913

Sen cosbaz ;s
= ¢

fur  tanfis

fer

fen

= —tan 023.



https://arxiv.org/abs/0711.0483
https://arxiv.org/abs/0909.0455
https://arxiv.org/abs/1402.4491

Zee-Babu@FCC-hh

. * ~—(h™) g p . *

k™%, h™ couple directly to Z, >W/VZV 7 ::}>__/1__‘,v‘

. . AN ) .. v,
via gauge couplings ®)
( = unambiguous xsec prediction!) ' I)jo,v" ‘,V"V!-"- r -r"

Y Y W b %
p (c)
108
2 LR oy A R RS I IS RS I IS IR
= 10°¢ e 100 Te_V VLHC E £ joLATLAS — combined - stat. only _|
,:1 108 m=m, E 5 EJs=13TeV, 139" - %v:rl;zpton - three- -lepton3
F 3 =1 B pton - - 36.1 fb ]
= = 8 r -asym y
N E 3 N 1
°! ETE T N\ T ]
> 3 E ~— Doubly charged Higgs 3
= S £ = o(pp > H'H) 3
! s o(pp — HiHa o k™'k) ]
11 5 r 1
P gtk e

2107 E NN
S E
Q10 o s s

o KA ADY-NEO) +-8 o5 - ; L

B U //;(DY G :;;;;;;;;5;;;5;;;/ B DT PRIV

B 5 1 e 6 - 8 = 10 ] 400 500 600 700 800 900 1000 1100 1200 1300

n m(H=) [GeV]
N

Zee-Babu scalar mass [TeV]

FCC-hh: my ~ 4 —5 TeV with
L =10-50 fb=! at.\/s = 100 TeV
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https://arxiv.org/abs/2206.14833

so much not covered

=) 77



dre se pe

neutrinos
—
[ — u-e ce te
ce Le Te
‘ I IR i L 1k HH‘ LI H‘ i H‘ L LU LU I HH‘ L1 HH‘ Lo H‘ il HH\‘ IR LU LU ‘ [RENIN
3 o = = o) —
) < ® ) @ o
< < < < <

Unambiguous data that neutrino have nonzero masses

@ general arguments, more new physics must exist (unciear what kind)

@ reach of FCC-ee/hh known for many popular Seesaw models

(more work still needed!)

@ until clear guidance from TH or EXP, important to explore broadly
for a review, see Cai, Han, Li, RR [1711.02180]
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one more thing
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senior postdoc vacancy in Krakow

3-year Adv/Senior Postdoctoral Researcher in Theoretical Particle Physics

Cracow, INP * Europe

hepph  hepth  nuclth PostDoc

(O Deadline on Nov 15, 2024

Job description:
Job Title: Adv/Senior Postdoctoral Researcher

The Department of Theoretical Particle Physics (NZ42) at the Institute of Nuclear Physics — Polish Academy of Sciences (IFJ PAN) in Krakow, Pola
postdoctoral appointment (“adjunct” in Polish) in the group of Prof. Richard Ruiz.

inspirehep.net/jobs /2829053
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Thank you for your time.
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The Black Box Theorem

R. Ruiz (IFJ PAN)
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In '82, Schechter & Valle published (PRD’82) a seminal finding:

@ Suppose 0v

is mediated within

“a 'natural’ gauge theory”

—

e u,d and

all carry weak charges

R. Ruiz (IFJ PAN)

process

|
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(c)
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FIG. 1. Diagrams for neutrinoless double-8 decay in
an SU(2) X U(1) gauge theory. The standard diagram is
Fig. 1(a). It is the only one which contains a virtual
neutrino (of four-momentum p). d and u are the down

and up quarks.
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https://inspirehep.net/literature/171180

In '82, Schechter & Valle published (PRD’82) a seminal finding:

@ Suppose 0v/[ is mediated within %, wt
“a 'natural’ gauge theory” . process TTTemTeT "“‘""{
— ] e :
w |

@ u,d and all carry weak charges

BLACK BOX
@ always possible to build a many-loop,
2-point graph with external v, /]

d
o Ov(/J generates a for v = i
i
e ]
wf
@ holds generally for other %
process FIG. 2. Diagram showing how any neutrinoless

for further discussions, see . — iys
double-B decay process induces a ¥,-to-v, transition,

Hirsch, et al [hep-ph/0608207] and Pascoli, et al [1712.07611] that is, an effective Majorana mass term.
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https://inspirehep.net/literature/171180
https://arxiv.org/abs/hep-ph/0608207
https://arxiv.org/abs/1712.07611

The Dirac-Majorana Confusion Theorem

R. Ruiz (IFJ PAN) LNV@FCC - BLV24
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In '82, Kayser also published (PRD'82) a seminal finding:

refined later by Mohapatra & Pal ('98)

5, The helicity amplitude for the LNC
. ~ process W — /[ ffis
Mine = eu Tine AV JZ . D(py)

Intuition: successive LH chiral interactions = LH helicity eigenstate

T[);\IIC - uiL(pz)’prL X ( \/b/V_/ + my ) X ’Y'LL'DLVR(pl)
LH helicity state  Ppmy, Pr=0

— Minc ~ Py

2 2
py—my,

R. Ruiz (IFJ PAN) LNV@FCC - BLV24 6/9


https://inspirehep.net/literature/176509
https://inspirehep.net/literature/487596

The helicity amplitude for the LNV
process W+ — /[ / ffis

Miny = En T[,/\I/V Az‘//‘; JgﬁD(Pu)

Intuition: CPT Theorem — C-inversion = PT-inversion
TR =Tr(p2)y?  Pr x( b+ m, ) X" Prvr(pj)
LNV LR Ny N /
CPT: PL—Pgr Pr g Pr=0 RH helicity state

/ my
e -f\/lL/\/\/ ~ —

2]
P —my

Confusion Theorem: In SM + Majorana v, the rate of LNV~ O(m,);
in the limit where (m?/M?,) — 0, Dirac behavior recovered

holds for other gauge theories with Majorana fermions Han, RR, et al [1211.6447]; RR [2008.01092]

R Rz (R pany e LNVOFCC = BiV24 20


https://arxiv.org/abs/1211.6447
https://arxiv.org/abs/2008.01092

technical comments on high- and low-scale Seesaws (for experts)
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For super experts

What about quasi-degenerate Majorana neutrinos?
Wolfenstein ('81), Petcov ('82)
Low-scale Seesaws assume SM+vg+S = 3 mass states per generation:

(for a review, see C. Weiland's thesis [1311.5860])

2
m, ~ ('m"—g) my,, ~ =+ (\/m,z? + m% FO( ))

this is smalll!

(two interferring N;)

— Ve


https://arxiv.org/abs/1311.5860
https://arxiv.org/abs/hep-ph/0702294

For super experts

What about quasi-degenerate Majorana neutrinos?

Wolfenstein ('81), Petcov ('82)
Low-scale Seesaws assume SM+vg+S = 3 mass states per generation:

(for a review, see C. Weiland's thesis [1311.5860])

2
my, ~ (%Z) mpy, , ~ =+ (\/ mp + mp F O( ))

this is smalll!

Minus sign <= a CP phase = destructive interference
—iMin (W —

X) ~ mp, + eAmp, ~ O( ) ~ my

(this is smallll)
(two interferring N;) ’

Bray,Lee, Pilaftsis [hep-ph/0702294]

In m, — 0 limit (typical for LHC), my, — mp, and A¢p — 7:

2 quasi-degenerate, Majorana N; with opposite CP phase =~ 1 Dirac N;

— Ve


https://arxiv.org/abs/1311.5860
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