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Motivation for sterile neutrinos

Three Generations
of Matter (Fermions) spin %

mass [ 24V 127G TaEce
charge - |% u C
> V name up charm op
[ e gy Tace
2 | d % £
g S
\ / © | down e i
0 o o
Ve v Ve
tau
V i néuingo eutrin
o [ sty 1057 pev TGy
J tha ||t 2
g T
g

electron

muon

tau

Bosons (Forces) spin 1

Shaposhnikov et al.

» Neutrino oscillations: at least two massive light neutrinos.

» No renormalisable way in the SM therefore;

= evidence for new physics.
» Focus: type | seesaw mechanism.
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Type | seesaw
The “naive” version:
» The simplified version: (1 v, 1 vg)
M tri 0 m ith m = M

* IMass matrix ~ m M) with m = y,vgw < M.
1 Vawly [
2 MR
The symmetry protected scenario:

* Light neutrino mass: m, =

» Symmetry: for instance lepton number or B — L.

» A (2 v, 2 vg) example:

O(Yl/) 0 0 MR
Yo <O(YV) 0) ’ M= <MR € )
viEwO)
Mg

= Large ratio of y,, and Mg can be compatible with m,,.

=>my, =0+¢
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The Big Picture
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Symmetry Protected Seesaw Scenario

Benchmark model for future collider studies, defined in Antusch, OF, JHEP 1505 (2015) 053.
Similar to e.g.: Mohapatra, Valle (1986); Shaposhnikov (2007); Gavela, Hambye, Hernandez (2009)

with protective symmetry, such that
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Collider phenomenology dominated by two sterile neutrinos N;
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Further “decoupled” sterile neutrinos may exist.
0% = Yoa

The leptonic mixing matrix to leading order in ,:
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Heavy neutrino interactions

» Charged current (CC):
. g = .
Jii =5 0o Loy (<iNs + No)

» Neutral current (NC):

J'S =3 fw [02Noyy, N + (559 €1 Ny + 759 Eaz No + H.c)]

» Higgs boson Yukawa interaction:

V2 M

vi¢? (N1 + N>)
VEW

3
D%Yukawa = E fon
i=1

» With the mixing parameters: £,1 = (—i) ;B%’ o = 1&01
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Precision observables in seesaw scenarii

Input parameters: Mz, a(Mz), Gr.

The Fermi constant: 7
» Muon decay (NNT)ee (NNT)W

» Fermi constant GF # muon decay constant G,,.

Gu — [e%us
V(NN ee(NNT) 1y V255, cfym3

» Analogous: Observables involving weak decays.

> Tree-level relation: GF =

= Theory prediction for electroweak observables.
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Constraints on PMNS non-unitarity from precision data

> Analysis of non-unitarity of the PMNS matrix.

> 34 precision observables:
Electroweak Precision Observables (EWPO), lepton
universality, charged lepton flavour violation, CKM unitarity

Lots of details in the backup - please ask!

» Highest posterior density intervals at 90% Bayesian C.L.:

—0.0021 < eee < —0.0002 leey] < 1.0x107°
—0.0004 <egu, < 0 leer] < 2.1x1073
—0.0053 <&, < 0 leyr| < 8.0x107*

Antusch, OF, JHEP 1410 (2014) 094

* Non-unitarity parameters: £,3 = —9;95.

* Weak statistical preference for non-zero mixing for €.
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107"
mmmm= DELPHI (Z pole search) @20: |0]2%=|6|2
= |HC (Higgs decays) @10: |0|%=|6|?2
= ALEPH (e"e*>4 leptons) @10: |0 ?=|6, | 2

1072

o
& 107
Precision constraints @20: |©|2=|6, | 2

107 - )
==ssmms= Precision constraints @20: |0]2=(6, |2

10-5 ===== Precision constraints @20: |0 |2=|6,|?

1076

» Z pole search: limits from Z branching ratios .
Abreu et al. Z.Phys. C74 (1997) 57-71

» Higgs decays: Best constraints from h — ~~.

» WW production cross section: 50&%}” = 0.011sta¢ + 0.007 5yt
OPAL collaboration, Abbiendi et al. (2007)
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Heavy Neutrino Production in electron-positron collisions
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» Z pole: production via s-channel Z, sensitive to |6]?.
» At higher energies: t-channel W, production sensitive to |fe|2.

» At Z pole very large instantaneous luminosities are feasible.
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Luminosities at lepton colliders (old)
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Signatures for direct searches

[ Name | Final State [ [0], Z pole [ [0], /s > mz |
0.0,]°
lepton-dijet Lovjj 6|2 | 2 |
ixed fl dil ol 0|° 00a ”
mixed flavour dilepton %% |64 ] -
same flavour dilepton lolovy 62 CAR
dijet v op 6.
invisible %Y 62 CAR

S. Antusch, E. Cazzato and OF, Int. J. Mod. Phys. A 32 (2017) no.14, 1750078

» Measurement of LNV not straightforward.

> The dependency on the active-sterile mixing is determined by the

center-of-mass energy, i.e. by the physics run.

» For masses below myy lepton isolation becomes an issue.
S. Dube, D. Gadkari and A. M. Thalapillil, arXiv:1707.00008 [hep-ph].
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Indirect Signatures: Electroweak precision tests

-2
O e
[ Observable [ LEP precision [ from CEPC preCDR |
My, [MeV] 33 3
sin? O5F 0.07% 0.01%
Ry 0.3% 0.08% _
Re 0.3% 0.07% & t
Riny 0.27% 8.9x107* - Oiheory
Re 0.1% 01% | |
Ty 0.1% 0.1%
o9 [nb] 8.9 x10™* 1 x10~* |
FCC-ee: much more ambitious; JFcc-ee “‘
ILC: no strong Z pole program. 10 10‘*6 10‘*5 10‘*4 10‘*3 10‘*2

|€ce €l

S. Antusch and OF, JHEP 1410 (2014) 094

» Measuring the non-unitarity of the PMNS matrix.
> Improvement required: d¢heory and syst.

» Not included: lepton universality tests of W decays
» Not included: rare charged LFV /¢ decays
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Indirect signatures: Higgs boson properties

1

Higgs boson branching ratios: 0} e
. 0.01}+
> New decay channel h = vN i
. . = 0.001+
> Large branching ratio
possible, modified Brp_,gm 10}
» Precision Bry_,yyw ~ 1073 T
20 40 60 80 100 120
M. Ruan, Nucl. Part. Phys. Proc. 273-275, 857 (2016) M [GeV]

Antusch, OF, JHEP 1505 (2015) 053

Higgs production:
- v » Additional production mechanism

§ w at high energies.
° » Enhanced mono-Higgs production

cross section.
S. Antusch, OF, JHEP 1604 (2016) 189
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Exotic signature: displaced vertices |

t=0

electron-positron

collision

0 < t <lifetime of N

production of N
and propagation

lifetime of N< t

decay of N into
detectable particles

detectable
particles

interaction
point

» Lifetime ~ O(1 — 100) ps. 10713
» Assumption: no SM éw*i

background for g 10

displacements > 0.1 mm. 2 igi |
» Considered ILC detector 10-23 S~

0 20 40 60 80 100

M [GeV]
S. Antusch, E. Cazzato and OF, JHEP 1612, 007 (2016)
A. Blondel et al., Nucl. Part. Phys. Proc. 273-275 (2016) 1883

SiD as benchmark.
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Exotic signature: displaced vertices |l

Schematic of the detector components’ sensitivities:
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=== Conventional search (95% C.L.)
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Summary: FCC-ee sensitivities

Conventional Z pole search @20: |©|2=|6|2

Displaced vertex search @20 |©]2=|0|2

Higgs branching ratios @10: |©|2=(6| 2
Mono-Higgs @10: ©?=|6, |2

WW production cross section @10: |0 | 2=|6, | 2
Lepton-dijet @10: |©]2=|6, | 2

EWPOs @20: |©|2=|6, | 2+/6,| 2

EWPOs @20 [0]%=(6; |2

"Unprotected" type-| seesaw

M [GeV]

» Displaced vertex searches test |0]?> ~ 1071 for M < myy.

» EWPOs test |0|? ~ 1075 up to M ~ 60 TeV with O(1)
Yukawa couplings.
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Promising search strategies
at electron-proton colliders
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Heavy neutrino production at electron-proton colliders

w-

W=

W'(:q) W'(:'Y)
» Leading order production of heavy neutrino mass eigenstate.
> qu): dominant at lower center-of-mass energies.

» W": relevant for larger masses.
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Production cross sections (W

Electron beam energy [GeV]
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For 60 GeV as benchmark for the electron beam E,:
» o,y increase of ~ 30% for E. — 100 GeV.
» Increased by ~ 80% when including polarisation.
» Consider 1 ab™! (for FCC-eh and LHeC).
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Signal channels from W%

[ Name | Final State [ [0,] Dependency | LFV |
N o 100,
lepton-trijet ey, 2 v
2(%)
jet-dilepton v |9e;2a|
trijet Jijv AR X
monojet Jrvv AR X

» LFV (and LNV) signature for o # e, § # «, and v # o,
» Unambiguous lepton-number-violating final states, e.g. e™ jjj.

» More (and more complex) signatures from W{").
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Lepton-flavour-violating signatures
0.010 : . :

0.001
— (o7jj (@=p1.7): |O]*=|0a0- /16
o 10 — T 1O =16e6: /161

Dashed lines denote the LHeC

1075
Antusch, Cazzato, OF; [1612.02728]

1078 ‘ ‘ ‘ ‘
500 1000 1500 2000 2500 3000

M [GeV]
» Very sensitive tests of combinations |0.0,|.

> Upper bounds:
|0c0,| from 1 — ey (MEG); 00| from precision data.

> Requires |6,| < |0e| for sizeable branching ratios.
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Sensitivities: summary

At one-sigma confidence level

ep and pp at parton level

FCC
10 50 100

500 1000
M [GeV]

S. Antusch, E. Cazzato, OF; 1612.02728
The combination of ee with pp and ep colliders provides
complementary tests for the neutrino mass mechanism.

[m]

5
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Summary

> Present constraints: active-sterile mixing |0|?> < 1073,
» Search strategies at lepton colliders:
Direct: lepton-dijet, dilepton, dijets
Higgs: production and decay channels
EWPO: measurement of PMNS non-unitarity
Displaced vertices: best sensitivity for M < myy,
pp/ep: LFV dilepton-dijet/lepton-trijet

& displaced vertices

*

b R I

» Synergy: The combination of direct and indirect signatures
at ee/pp/ep will allow to test model specific predictions.

= Testing the origin of neutrino masses.
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Conclusion

» CEPC CDR writeup this year
» FCC-ee CDR writeup next year

» ILC & LHeC seeking additional physics motivation
(neutrinos NOT included yet)

Extremely important input
for future collider projects!
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Thank you for your attention.



Backup | - EWPO

Experimental results and SM predictions for the EWPO, and the
modification®, to first order in the “non-unitarity” parameters
€aa = 0},03. (formulae for M > mz)

’ Prediction in MUV \ SM Prediction \ Experiment ‘
[Relgn (1 — 0.15(cce + £pu1)) 20.744(11) | 20.767(25)
[Rolgps (1 + 0.03(cce + 1)) 0.21577(4) | 0.21629(66)
[Relsyr (1 —0.06(cee + €41)) 0.17226(6) | 0.1721(30)
(09 4] grg (1= 0.25(cce + £,) — 0.27¢,)/nb | 41.470(15) | 41.541(37)
[Rinv]gns (1 + 0.75(cce + £,1) + 0.67¢,) 5.9723(10) | 5.942(16)
[Mw]sn(L — 0.11(cee + £p1))/GeV 80.359(11) | 80.385(15)
[Miept]sm(1 — 0.59(ece + £4,,))/MeV 83.966(12) | 83.984(86)
(512 2lsna(1 + 0.71(€ee + £411)) 0.23150(1) | 0.23113(21)
(st ]san(L + 0.71(zee + £10)) 0.23150(1) | 0.23222(27)

* Minimal Unitarity Violation scheme: antusch et al; JHEP 0610 (2006) 082.

Oliver Fischer Neutrino mass physics at lepton colliders 23 /24



Backup Il - lepton universality

Modification due to sterile neutrinos (formulae for M > my):

Rop = WNLI—;(EM_E%).
] \ Process | Bound | | Process | Bound |
RL, m 1.0018(14) | R, m 1.0021(16)
R, m 1.0006(21) | RT, m 0.9956(31)
RW m 1.0085(93) | RX, m 0.9852(72)
RV m 1.032(11) | RX w 1.018(42)
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Backup Il - CKM unitarity constraint

Current world averages: V4 = 0.97427(15) , V,, = 0.00351(15)

’ Process ‘ Visfi(0) ‘
(VP2 = [VPPR(L+ £ (eaa)), [ KL — mev | 0.2163(6)
V2 = VPP P(NNT) ., K, — muv | 0.2166(6)
For the kaon decay processes we have: Ks — mer | 0.2155(13)
V2 = |V2PK=e2(NNT),, , K* — mev | 0.2160(11)
|Vig P = |V K H 2 (NNT)ee K* — muv | 0.2158(14)
Average 0.2163(5)
Processes involving tau leptons:
Process fProcess(g) |Vis|
BB((::};Z)) Epp 0.2262(13)
T — Kv €ee T Epp — 77 0.2214(22)
T =4, 75|02 —0.9e,, — 02, | 0.2173(22)
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Backup IV - lepton flavour violation

» Present experimental limits at 90% C.L.:

] Process \ MUV Prediction \ Bound \ Constraint on |e44] ‘
p— ey | 24x103euel? [ 5.7 x107B [ e <1.5x107°
T ey | 43x107 e 2 | 1.5 x1078 | £, <59x 1073
T—py | 41x107%e 2 | 1.8 x1078 | £, < 6.6 x1073

» Estimated sensitivities of planned experiments at 90% C.L.:

Process | MUV Prediction \ Bound Sensitivity ‘
Brre | 4.3x10 %e. o] 107 |ege>15x1073
Brr, |41x107*e,?| 107° |er>16x1073
Bryeee | 1.8 x107°fge® | 1071° | g4 > 2.4 x107°
RI: | 15x107°euel | 2% 10718 | £4e > 3.6 X 1077

= RMTi yields a sensitivity to m,, up to 0.3 PeV.

e
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Backup V - precision estimates for EWPOs

| Observable | ILC | FCCee | CEPC | CEPC
Ry 0.004 0.001 0.01 0.003*
Riny 0.01 0.002 0.012 0.006*
Rp 0.0002 0.00002 0.00017 0.00007*
My, [MeV] 2.5 0.5 0.5 0.5
sar 1.3 x107% | 1x107% | 23 x107% | 3.3 x1076*
o [nb] 0.025 0.0025 n.a. 0.008*
Ty [MeV] 0.042 0.0042 n.a. 0.014*

| Reference | 1310.6708 | 1308.6176 | Ruan (2014)7 |  scaled*

1 Private communication.

* Assumption: CEPC produces 10! Z bosons, compared to the
10%? Z bosons @FCC-ee.

— Uncertainties scaled: dcppc = 0pco—ee X V10.
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