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Standard Model neutrinos

Standard Model particle content Observed neutrino flavour oscillations
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Neutrinos v, stand out

purely left-chiral and massless

Right-chiral or sterile Neutrinos
neutral under SM symmetries Flavour oscillations are explained by
right-chiral neutrinos allowing mass terms




Seesaw model regimes

Dirac mass
Lp=—mpyZaN+hc, mp=vy

Majorana mass

1 —
Ly = —§mMNNC + h.c

Coupling strength is determined by
0 = mD/mM

Majorana mass introduces

Lepton number violation (LNV)

Majorana mass vanishes if

lepton-number L is conserved

Neutrino oscillation pattern requires

at least two massive neutrinos

Neutrino mass matrix from two sterile neutrinos
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Viable seesaw models

High scale

collider testable

y <1\ my < mgyr /<1

Small coupling

Low scale ~ Symmetry protected

Neutrino masses are small for

= small y

= large m,,

= symmetry protected cancellation




Decaying oscillations

N 10" 10° 10° 10* 10° 10> 10* 10°

Heavy neutral leptons (HNLs) can be long-lived particles

d
Paecay(T) = - exp(—I7) =T exp(—IT)




Decaying oscillations

Heavy neutral leptons (HNLs) can be long-lived particles N 10° 10° 10° 10* 10° 10° 10"

1074

d
Paecay(T) = - exp(—I7) =T exp(—IT)

107°
Since they are pseudo-Dirac they oscillate

1= cos(AmT) 1074
=

LNC/LNV

Posc (T)

Collider signature: Decaying oscillations

P /L/NC/LNV(T) = c::cc/LNV(T)P decay("')

Insufficient production >+
w1 ] T I

Time-integrated oscillations [2307.06208] T T T
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Measuring lepton number violation at the HL-LHC

LNV is measured
by comparing the charges of the two leptons

oscillations
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Measuring lepton number violation at the HL-LHC

LNV is measured
by comparing the charges of the two leptons
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At the Z-pole of the FCC-ee

7/v ; LNV cannot be measured using two different
charges

oscillations . L .
One can still measure angular distributions

Z N/N Yn N/NW*

Angular dependent probability

1 do(cosb)

P 0) =
(cos ) o dcosf
Probability for HNLs

3 m3fMP(6) + m?sin? @
4 2m2 + m?

P"/?(cos §) =




At the Z-pole of the FCC-ee

v/

oscillations

Z N/N Yn N/NW*

Angular dependent probability
1 do(cosb)

P(cosf) := > dcosd

Probability for HNLs

M/D _
PP (cos0) = 2 2n &

Em%fM/D(G) + m?sin? 6

LNV cannot be measured using two different
charges
One can still measure angular distributions

Z-boson polarisation due to P-violation

Pz = -Ay, Ay=1v, —v9r~0.1494

couplings of the charged leptons to the Z boson

g =1-— 2sin? 6y, gr = 2sin? Oy



At the Z-pole of the FCC-ee

7/v uF LNV cannot be measured using two different

o charges
oscﬂlKatxlons et 0 il lar distributi
7 N/N an N/N W : ne can still measure angular aistributions

Angular dependent probability Z-boson polarisation due to P-violation

P(cosf) := EW Pz = Ay, Ay=v —9r~0.1494
o dcos

Probability for HNLs

3 m3fMP(6) + m?sin? @
4 2m§ + m2 couplings of the charged leptons to the Z boson

P"/?(cos §) =
g =1-— 2sin? 6y, gr = 2sin? Oy
Majorana Dirac
fM(0) =1 + cos® @ fNE/’N(G) = Y/ (1 — c0s 6)® + y1/r(1 + cos §)?

Symmetric charge distribution Asymmetric charge distribution

PM(cos8) = P} (cos8) = %PM(cos 6) Pf(cos6) = PI@N(COS 0)




Forward-backward asymmetry (FBA)

(Anti-)symmetrised Dirac HNL probability
P2 (cos6) & Pg(cos 0)

P (cos8) := 5 ,

Symmetrization corresponds to Majorana Asymmetric contribution contains polarisation

P (cos8) = PM(cos 6 - _ 3 m;
v (cos ) (cos ) Py (cos8) = EmAfycose

Forward backward symmetric Forward backward asymmetry [2105.06576]

2 FB ._ p— FB
SFB i pr(al)= o "2 AR, = Py (1) = £578 Ay
22m% + m?

LNV correspond symmetric distribution — Not possible to measure LNV




Oscillating pseudo-Dirac HNLs

What about the pseudo-Dirac HNL?

Majorana and Dirac HNLs can only be considered as limiting cases of the pseudo-Dirac HNL

Probability to measure an (anti-)lepton

Pz (T, cos ) = PJ'/NC(T)PN/,T,(COS 6) + P,',‘,NV(T)PN/N(COS 6)

I~ from non-oscillating N or from oscillating N (similar for /1)



Oscillating pseudo-Dirac HNLs

What about the pseudo-Dirac HNL?

Majorana and Dirac HNLs can only be considered as limiting cases of the pseudo-Dirac HNL

Probability to measure an (anti-)lepton

Pz (T, cos ) = PJ'/NC(T)PN/,T,(COS 6) + P,',‘,NV(T)PN/N(COS 6)

I~ from non-oscillating N or from oscillating N (similar for /1)
Probability to measure an (anti-)lepton Oscillation probability difference
Pr= (7, €05 0) = Pyecay(T) [Py (cos 6) & Py (cos ) APosc(T)] APosc(T) = cos(AmT)

‘Dirac BM'-like Slow oscillation Fast oscillation ‘Majorana BM’-like




Time integrated observable
Time integrated probability

o0
P (cos ) := / P (T, cos @) dt Pr=(cos8) = Py (cos8) + Py (cos6) AP,
0

Difference of time-integrated probabilities Is a function of decay width and mass splitting
I—2
r2+ Am?

[ee)
AP, ::/ PLNC(T) — PINV(T) dT AP, =
0

‘Dirac BM'-like Slow oscillation Fast oscillation ‘Majorana BM'-like

Charged lepton ratio has the form

P (COS 9) PIV (COS 0)

Ri(cosf) := ———= Ri(cos@) =142 ,
P+ (cos 6) / ) Pﬁ(cos G)APgl — Py (cos6)




Angular-integrated distributions

Angular integrated probability Forward-backward probability

€0S Omax . o 1 +AFB T
[ min max]( ) = / ; Py (T, cos @) d cos 6 P,EE/Z’O](T) = P,[i' /2](7') = +()Pdecay("')
COS Umin

Time dependent FBAs Limit recovers non-oscillating result

( ) - AN/NAPosc( )

‘Dirac BM’-like Slow oscillation illati ‘Majorana BM'-like
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Forward lepton ratio Backward lepton ratio

kg v0 T,
PI[—/2 ](T) 1+AFB( ) PI[— /2](7.) _
POy 1+ AfB(7) pim /A (r)

R () =

RI™(r) =




Combined observable

Combined lepton FBA has the simple form

_AR(r) - AP(T) AFB(1) = ARBAPuc(7)
2
Focusing on the first oscillation

‘Dirac BM’-like Slow oscillation Fast oscillation ‘Majorana BM'-like
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Conclusion

Low-scale seesaw models predict pseudo-Dirac HNLs
LNV can be measured via heavy neutrino-antineutrino oscillations

At the Z-pole of the FCC-ee LNV can only be observed in distributions

Heavy neutrino-antineutrino oscillations appear in these distributions

Observation of LNV is possible at the FCC-ee
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