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Standard Model of Particle Physics
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Neutrinos are unique:
Colourless Neutral Only left-chiral Massless
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Standard Model of Particle Physics
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Neutrinos are unique:
Colourless Neutral Only left-chiral Massless

Unable to explain neutrino flavour oscillations



Standard Model of Particle Physics with Neutrino Masses
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Neutrinos aren’t so unique:

Colourless Neutral Only left-chiral Massless

Explains neutrino flavour oscillations



Seesaw Mechanism [2210.10738, 2212.00562]

Dirac Mass Lagrangian: Majorana Mass Lagrangian:

. 1
Lp= —[MD]MVLaVRz’ +h.c. Ly = _§[Mz\1}]ijVRiVRj +h.c

Conserves lepton number (LNC) Violates lepton number (LNV)
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Seesaw Mechanism [2210.10738, 2212.00562]

Dirac Mass Lagrangian: Majorana Mass Lagrangian:
1
Lp=—[Mp| VoV +h.c Ly = _§[Mﬁ]ijVRiVRj +h.c.
Conserves lepton number (LNC) Violates lepton number (LNV)
Light Neutrinos v: Left-Right Mixing: Heavy Neutrinos n:

M, ~ —9MEHT 0= [Mp][ME]™" M, ~ M
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Seesaw Mechanism [2210.10738, 2212.00562]

Dirac Mass Lagrangian: Majorana Mass Lagrangian:
Lp=—[Mp| VoV +h.c Ly = —%[Mﬁ]ijymum +h.c.
Conserves lepton number (LNC) Violates lepton number (LNV)
Light Neutrinos v: Left-Right Mixing: Heavy Neutrinos n:
M, ~ —OMi6" 0 = [Mp)[Mf] M, = My
High scale

A\
MUz << MGUT

Small coupling Low scale Symmetry protected
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Seesaw Mechanism [2210.10738, 2212.00562]

Dirac Mass Lagrangian:
Lp=—[Mp], ,ViaVri +hc

Conserves lepton number (LNC)
Light Neutrinos v:

M, ~ —6MEQT

High scale

A\
LT K MG T

Small coupling Low scale

Majorana Mass Lagrangian:

’5M:

1
-3 [Mﬁ]iijiij +h.c.

Violates lepton number (LNV)

Left-Right Mixing:

0= [MD] [Mz\}}]_l

Heavy Neutrinos n:

M, ~ ME

Two neutrinos:

nT 2)T
O35 m(D) mpy)
M= m(Dl) mg\? 0
m(D2) 0 mg\i,)
o m%) ® m(Dl) m(DQ) ® m(;)

v

Symmetry protected

0 m?
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Symmetry Protected Seesaw Scenarios 221010733

Symmetric limit Mild symmetry breaking Large symmetry breaking
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Decaying Oscillations [2012.05763, 221010738, 2212.00562, 2307.06208]
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Decaying Oscillations [2012.05763, 221010738, 2212.00562, 2307.06208]

L Am=r| [\ am=1or | |7 am=sor |[.. All
o 0.8 | R=1/3 i R=5/6- ,‘\"v.\v R=15/16"
8 06 [~ ~ // \‘\v"‘-_ 1 l. !I‘."-‘v. — LNC
9] T R ART --- LNV
Qﬂ% 0.2 = [ ' s N ' ']t iy -
! g N : A "\ "’\ R
0 modo=o PP T T e g A4 N s N ATRVAN VRUAVAVAVAVAVAN A,
0 0.5 1 1.5 20 0.5 1 1.5 20 0.5 1 1.5 2
T/ Tdec 7-/ Tdec T/ Tdec
LNC/Lnv - - T LNC/Lnv - 1 _
Pdec osc (T) - Pdecay (7_) =Te™" X Posc (T) = 5 [1 3£ @ COS(AmT)]
Time-integrated behaviour:
PLNV Am2
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Pure Dirac HNL Pseudo-Dirac HNL Single Majorana HNL
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Detecting Lepton Number Violation

W decay (LHC, FCC-ee's W Threshold):
0+ A

- / oscillations / j =
N/N »n; N/N W= ’

LNV can be directly measured
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Detecting Lepton Number Violation

W decay (LHC, FCC-ee's W Threshold):
0+ A

W / oscillations / j =
N/N »n; N/N W= ’

LNV can be directly measured

Z decay (FCC-ee's Z Pole):
vfv Al

oscillations E
Z w_ — ©Jet
N/N >mn, N/N W#* ‘

LNV cannot be directly measured

4

Must be induced from final state observables
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Resolving Heavy Neutrino-Antineutrino Oscillations [2212.00562]

I
ol LNC LNV |

Am = 82.7 peV
CTose = 15 mm
Z =6.660

30 40 50
cT/mm
Group LNC/LNV events = Fit oscillations = Analyse significance

B HL-LHC:
Capable of resolving NNOs Luminosity = Narrow frequency spectrum
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Detecting Heavy Neutral Leptons
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Resolving Heavy Neutrino-Antineutrino Oscillations 221200562, 2308.07297, Preliminary]

LNV is directly measurable
(W Decays)

Resolve

NNOs

Y

‘ LNV isn't directly measurable

(Z Decays)

Y

Y

Sensitive to
vV VSV

Final state
observables

Y
Sensitive to
LNC vs LNV

LNC LNV
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Final State Observables [2105.06576, 2308.07297, Preliminary]

Forward-Backward Asymmetry Opening Angle Asymmetry

Theory MC
~ LNC

Theory MC

Lab frame (p%) HNL's rest frame (p%;)
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Forward-Backward Asymmetry [2308.07207]

Dirac-like:
90

135
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Forward-Backward Asymmetry [2308.07207]

Dirac-like: Majorana-like:
90 90

135 135 45
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Forward-Backward Asymmetry [2308.07207]

Dirac-like: Slow oscillation: Fast oscillation: Majorana-like:
90 90 90 90

135 135 45 135 45 135 45

180

cos 3

P£: (T7 COS ﬂ) = Pdecay<7-) [P]J\KCOS 5) + P]Q(COS B)APOSC(T)]

PP (cos B) + P]i\?(cos B) e

2 oscC

P (cos B) =

(7) i= P (r) — PYV(7)

oscC oscC
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Resolving Heavy Neutrino-Antineutrino Oscillations (230807207, Preliminary]

1 T T T T T

Hypothesis Am =100peV Z=11.040
--- Null -+ MC Data

—— Alternative

CTose = 12 mm

(qy cos )
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FCC-ee's Z Pole run will outperform HL-LHC in the resolution of NNOs

4
Model-independent signal of LNV
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Opening Angle Asymmetry [preiiminary]
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Opening Angle Asymmetry [preliminary]
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Resolving Heavy Neutrino-Antineutrino Oscillations [preiiminary]
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Hypothesis Am =100peV Z =25.98c
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=12mm
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More sensitive to NNOs that cos /3 Challenging to measure
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Outgoing Lepton Momentum [2202.06703, Preliminary]
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Resolving Heavy Neutrino-Antineutrino Oscillations [preiiminary]
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—— Alternative o
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Equally sensitive to NNOs as cos o Straightforward to measure
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Results [Preliminary]

my; = 14GeV and [6)° = 9 x 1078 (Vertex uncertainty = 300 ym)
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Results [Preliminary]

my; = 14GeV and [6)° = 9 x 1078 (Vertex uncertainty = 100 ym)
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Results [Preliminary]

my; = 14GeV and [0]* = 9 x 108 (Vertex uncertainty = 10 pm)
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Results [Preliminary]

my; = 14GeV and [6]° = 9 x 108 (Perfect vertex reconstruction)
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ReSUItS [Preliminary]

Am = 1peV (c7,ec = 1240 mm)
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ReSUItS [Preliminary]

Am = 3peV (cT,ec = 413 mm)
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ReSUItS [Preliminary]

Am =10 peV (¢, = 124 mm)
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ReSUItS [Preliminary]

Inverted linear seesaw: Am = 743 peV (c7,, = 1.67 mm)
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ReSUItS [Preliminary]

Am = 3meV (¢, = 413 pm)
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ReSUItS [Preliminary]

Am = 5meV (¢ = 0.258 pm)
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Results [Preliminary]
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Results [Preliminary]
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Results [Preliminary]
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Conclusion

Collider-testable type | seesaw models predict pseudo-Dirac HNLs

|3
NNOs between LNC and LNV

HL-LHC (W decay) FCC-ee (Z decay)
LNV can be measured directly LNV can be detected in final state observables
U 4
NNOs manifest as decaying oscillations NNOs manifest as an oscillatory pattern

Number of events + Interplay of oscillation and decay

4

Oscillations can be resolvable

4

Understand neutrino mass generation + Detect LNV

More on [2308.07297] and [Preliminary]
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Symmetry Protected Seesaw Scenarios 2210.10735]

l— SM neutrino T

\j

Dirac Majorana

= Tiny Yukawa couplings i = Ov decay
= No collider observables .
Collider

testable low

scale seesaw

= Unable to generate = Too heavy SM neutrinos  a Insufficient to describe

SM neutrino masses = HNL oscillations or tiny Yukawa couplings SM neutrino oscillations
Dirac Pseudo-Dirac Large mass splitting Single Majorana
i A
L Majorana pair —T
A

Heavy neutrino

\ conserved L small &~ large ¥~
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Symmetry Protected Seesaw Scenarios 221010733

Linear Seesaw Inverse Seesaw Seesaw Independent
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pp my 0 0 my ppg 0 my O

M,= pp®0+0Qup 1 (0 ®6) 0
% 2
{lnpllfl £ 1e50l,0  {uaél*,0,0} {0,0,0}
s -2 ’
Am = Am, = 2|up0| my |07 = | |1
108 .
Seesaw Hierarchy Benchmark Model o »\_\_‘x\
2; 104 | I Li ‘u".\\\\ <
Linear  Normal  Am,, = 42.3meV = 5”(;’ers\‘j Nmearl SN
_ ——50peV - - Norma
Inverted Am, = 748 peV 4 BueV  Inverted
m,, = 0.5 meV 10° - 0.5 peV B
Inverse m,=50mev [T T T T TTTT T T
m,=80my = [pee———ce—eesceescescesssesssssseg
1074 | | | |

34/39



Forward-Backward Asymmetry [2105.0657]

Pure Dirac HNL:

D 3m% [’YL/B<1+C085>2 + Yy, (1 —COSB)Q] + m?sin? B
Felb) = PyulB) = 3 2m%, + m2
Z

Theory MC
0.8 - —_— PO/ |
\ I v £+

0.6
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Forward-Backward Asymmetry [2105.0657]

Single Majorana HNL:

Py(cos B) + Py(cos 8)  3m%(1 + cos® B) + m? sin”® B
2 4 2m?% + m?

PM(cos B) =

90

Theory MC
0.8 |- — Lol 8
. Lopt

0.6
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Simulation [2210.10738, 2308.07207]

Phenomenological Symmetry Protected Seesaw Scenario (pSPSS)

5SPSS Model Two Majorana DOF described by six additional parameters
mMys (6.,6,,0,) Am A
Y
FEYNRULES
UNIVERSAL FEYNMAN OUTPUT M4/5 ~ mM<1 + %|9’2> + %Am T =T(my,,0,, Hw 0.)
Y

MADGRAPHS5  AMCQNLO
Light neutrinos are Majorana particles

Y

v No Lepton Number

Parton-level events

PyTHIA
Hadronisation and showering

Left-chiral interaction 4+ Small masses

Y U

Approximate LNLS with v ~ v; and 7 ~ vy
DELPHES Il
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Event Reconstruction [2212.00562, Preliminary]

Run Z Pole WW Threshold Run HL-LHC
Simulated Events 309 965 47937 Simulated Events 50000
Exactly one/three u —34241 —14009 Exactly one prompt 1 —23196
Exactly one j —1498 —2819 Exactly one displaced j —21652
Displaced 3964 —5107 Exactly one displaced x  —1396
Displaced j ~ —12128 —4322 pisolation  —838
Vertex direction —53 —3 Vertex direction 0
N mass window ~ —40534 —1709 Mo [prompi elesiel 0
W mass window —111
Remaining events 217547 19968 N mass window  —1211
Remaining Events 1596
Z:  my=14GeV  (0,,0,.0,) = (0,3,0) x 10~ I' = 22.6 peV
WW:  my=55GeV  (6,.,6,,0,)=(0,1,0)x107? I = 2.05 peV
LHC  m,, = 14GeV (0.,0,,0,) =(0,3.16228,0) x 10~* I =13.8 peV

The three muons in the WW diagram are correctly identified in 19 132 events
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Statistical Analysis [2212.00562, Preliminary]

Null hypothesis Alternative hypothesis
Oscillations are absent in the data Oscillations are present in the data

Agreement between hypothesis and data

Nin! —Nj Thin
Nhyp<7—bin> bin" € hyp( bin)

0 bin _ _ bin
#Events:  PRin = T Byo =[] 2o
bin* bins
¢ 1 1 Hhyp (Tevent> — Hevent ’ t
Observable:  FIEM = T €XPy 75 pu Phyp = H Frys
TO event event events

Compare hypothesis
No oscillations  Oscillations

Likelihood ratio (LR) = P,y X Py 1 0"
Log Likelihood ratio (LLR) = —2log(LR) 0 +00

Significance
Likelihood of finding oscillations at a given LLR under the null hypothesis
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