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Future ete~ Colliders

To what precision can o(ete™ — Zh)
be measured?
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Collider | Lin[ab™'] | Z-decay final states | /s [GeV] Precision
20 {0, qq, v 240 0.269
CEPC a9, vv o
£, qq, vi 360 1.4%
5 /s 240 0.59
FCC-ee %
15 00, q§, v 365 0.9%
1.35 s 250 1.1%
ILC | 0.115(0.5) 0~ (q9) 350 | 5% (1.63%)
1.6(0.5) e (gg) 500 | 2.9%(3.9%)
CLIC 0.5 VAN Te! 350 1.65%

H. Cheng et al., 2022; G. Bernardi et al., 2022; J. Yan et al., 2016; M. Thomson, 2016;

A. Miyamoto, 2013; H. Abramowicz et al., 2017
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@ Type-lll Seesaw: Model
@ Lepton Number Symmetry

Tobias Felkl Seesaw vs. Higgs DSU2022 3



Type-1ll Seesaw: Model
Lepton Number Symmetry
Lepton Flavour Universality
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Type-Ill Seesaw: Model

Like Type-1 Seesaw, but with additional charged leptons!

1 52
& = (Tki Tk, ri) ~ (1,3,0) YE = 7):'?’\35;—2""", Yo =53
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Type-Ill Seesaw: Model

Like Type-1 Seesaw, but with additional charged leptons!

sLFiv2
(ZRH ZRH ) ~ (1 3 0) Z%I = %7 Z%I = 23“‘?’

3 n
Zz P (Zivﬁ YR H 4 S Z/\/ancz +hc)
i=1 j=1 ij=1

D, =0, — iggW. TP

R. Foot, H. Lew, X. G. He, G. C. Joshi, 1989.
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After EWSB:
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Lepton Number Symmetry

Lepton number is (classically) conserved in SM.

Introduce two new (singlet/triplet) fermion interaction states,
with +1 and —1 units under lepton number.

Parametrisation of Dirac and Majorana matrices:

x i MX MX
ij

v ’
mz'(:*(yx GYX) MX paMX

V2

y
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Light neutrino masses:
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Lepton Number Symmetry

Lepton number is (classically) conserved in SM.

Introduce two new (singlet/triplet) fermion interaction states,
with +1 and —1 units under lepton number.

Parametrisation of Dirac and Majorana matrices:

. , x 0 MX
my; = *(YX O)U M <MX uzMX) i
U

Light neutrino masses:

2
m, = %Mz YX(MX)—I YXT

[T le

Inverse Seesaw ‘ 0 ‘ 0 ‘

D. Wyler, L. Wolfenstein, 1983; R. N. Mohapatra, 1986; R. N. Mohapatra, J. W. F. Valle, 1986.
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Lepton Number Symmetry

Lepton number is (classically) conserved in SM.

Introduce two new (singlet/triplet) fermion interaction states,
with +1 and —1 units under lepton number.

Parametrisation of Dirac and Majorana matrices:

X_V (ox X x_ (0 M
m,,_\/i(v ey )J MU_<MX 0 ),

Light neutrino masses:

2 ’ ’
m, = _%E (YX (MX)AYXT n YX(MX)AYX T)

Inverse Seesaw

Linear Seesaw

E. K. Akhmedov, M. Lindner, E. Schnapka and J. W. F. Valle, 1996.
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Lepton Number Symmetry

Lepton number is (classically) conserved in SM.

Introduce two new (singlet/triplet) fermion interaction states,
with +1 and —1 units under lepton number.

Parametrisation of Dirac and Majorana matrices:

XV oyx x_(0 M
ml =2 o), M _(MX 0).
Light neutrino masses:
m, =0
(Tl
Inverse Seesaw | 0 | 0
Linear Seesaw 0
Exact LN limit | O 0
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Lepton Flavour Universality

Wy coupling in SM: £ D —igw i iy" PivjW,, aw,ij = %5,-]

Shift in SMEFT:
Sgwi _ Vi

g2/\f S s
—0.04 (C(L ut C,_,3L)22) 5 +0.06 C&)

Eij =

1
(CWSWCHWB + ¢k Chp + ECW6GF> 0 + VTCHL i

L,ij
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Lepton Flavour Universality

Wy coupling in SM: £ D —igw i iy" PivjW,, aw,ij = %5,-]

Shift in SMEFT:
Sgw,i 7 1
_ 98w,ij VT (CWSWCHWB + — CWCHD + ECW(;GF) dij + VTCHL i

Eij =
’ g2/x/§ i — sa
~0.08 (€11 + € ) 05 +0.06 €7

Ratios of gauge couplings:

X
g, = (%) Sl e v 14006 (CH, - €)X =meK
e
g \" - -
gT/H = (j) ~1—¢cuy+er~1+0.06 ( ,(_,32,33 — C,E,3,_)722) ; X=nm/
7

Extraction of Vs from different channels:
K;L3

vK3

1 et~ 140,06 (C), — E)

R(Kez) =~

VK[I/Z V d 3)
us u
R(Vis) = 5 ~1-— v 5MHN1—&—019C,_”_11—007C,_,L22

Vis us
A. Crivellin, M. Hoferichter, 2020; D. Bryman, V. Cirigliano, A. Crivellin, G. Inguglia, 2021.
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Lepton Flavour Universality

LEPTON FLAVOUR UNIVERSALITY

Observable Measurement Model prediction
g 1.0010 + 0.0009
" 1.0017 + 0.0016
8u/e 1+ 0.48(]0* — 16,.]%)
A 0.9978 4 0.0018
R(Ke) | 1.001295 + 0.002891
i 0.9965 + 0.0026
&l 1+0.48(10,2 — 6-)
g 1.0011 + 0.0014

R(Vis) 0.98898 -+ 0.00606 | 1 F 1.49|6.|> + 0.58|6,|> + 0.01 0, |2

A. Pich, 2021; C.-Y. Seng, D. Galviz, M. Gorchtein, U.-G. MeiBner, 2022; PDG 2022.
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Lepton Flavour Universality

Type-I Seesaw; 8, = 1072
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logo(8.) logyg(fe)

LFU constraints in the 0.—0, plane.

@ red-ruled region: |Ac/o| < 0.5%, /s = 240 GeV
@ dot-dashed contour: |Ac/c| < 1.0%, /s = 240 GeV
@ dotted contour: |Ac/c| < 1.0%, /s = 365 GeV
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Lepton Flavour Violation

A. Abada, C. Biggio, F. Bonnet, M. B. Gavela, T. Hambye,
2008.

Trilepton decays and p — e con- Y
version induced at tree level in
Type-lll Seesaw, other transitions

at loop level. W~ W=

[N v, 20 ,_€
LEPTON FLAVOUR VIOLATION
Observable Experimental bound Model predictions
Current Future Type-| Type-lll

BR(p — ev) | 42x 10713 6 x 10714 0.82 x 1073 [00,,1% | 1.27 x 1073 6.6,,|2
BR(p — 3e) 1x 10712 1x 1071 0.14 x 1073 |06, |2 0.72 (066, |?
CR(p — e; Au) 7x 1071 0.12 x 1073 |66, |2 27.1 066, |2

2.6 x 1077 _
CR(p — e; Al) 3 5 10-17 0.23 x 1073|606, |2 6.7 |06, |2
BR(T — ev) 3.3x 1078 9x107° 0.15 X 1073 0.6,1% | 0.23 x 1073|602
BR(7 — 3e) 2.7 x 1078 4.7 x 10710 | 0.02 x 1073 |60, |? 0.13 |00 |?

A. M. Baldini et al., 2016 & 2021; U. Bellgardt et al., 1988; A. Blondel et al., 2013; W. H. Bertl et al., 2006;
R. Abramishvili et al., 2020; M. T. Hedges, 2023; B. Aubert et al., 2010; S. Banerjee et al., 2022; K. Hayasaka et
al., 2010.
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Lepton Flavour Violation

Type-1 Seesaw; ¢, = 107? Type-III Seesaw; 6, = 1072

logy(0e) log,(0.)
LFV constraints for both Seesaw models in the §.—6,, plane.
@ red-ruled region: |Ao/o| < 0.5%, /s = 240 GeV

@ dot-dashed contour: |Ac/o| < 1.0%, /s = 240 GeV
@ dotted contour: |Ac/c| < 1.0%, /s = 365 GeV
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Lepton Flavour Violation

Type-I Seesaw; 6, = 10 6 Type-III Seesaw; 6, = 10 6

log,(r)
A

-3.0 -
-30 -25 -20 -15 -10 -05 00 -30 -25 -20 -15 -1.0 -05 00

log9(0.) logo(#.)

LFV constraints for both Seesaw models in the 6.—0, plane.

@ red-ruled region: |Ac/o| < 0.5%, /s = 240 GeV
@ dot-dashed contour: |Ac/a| < 1.0%, /s = 240 GeV
@ dotted contour: |Ac/o| < 1.0%, /s = 365 GeV
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Type-lll Results

Type-III Seesaw; 6, = 1072 Type-III Seesaw; 6, = 107°

IS — »
/
9ot : 1
3 s
= -3 1 =
—4r ] 9
_5f 1 50
_6 N ] 220 !
-6 -5 -4 -3 -2 -1 0 -3.0 -25 -20 -15 -10 -05 00

logy(6e) log;o(fe)
Summary plots for the Type-lll Seesaw model.
@ red-ruled region: |Ac/o| < 0.5%, /s = 240 GeV

@ dot-dashed contour: |Ac/o| < 1.0%, /s = 240 GeV
@ dotted contour: |Ac/c| < 1.0%, /s = 365 GeV
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Type-lll Results

Type-11I Seesaw; 6, = 10 2 Type-III Seesaw; 6, = 10 6

-10f " 3
=
-5.0 )
-1.57 4
: ’3: Gp
R{V,..) S -201 : 1
‘ = R{V,,)
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Type-lll Results

Type-11I Seesaw; 6, = 10 2 Type-III Seesaw; 6, = 10 6

-4.5 : -1.01 \ : \ 1
s e 95/
-5.0 B :
-1.57 4
—~ =55 - :
= : 3 £ ‘ N
2 R{V,..) S -2.0r 2t : 1
o0 Blus 0 i *
< 6.0 ‘ = R{V,.)
i -2.5¢ 1
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_7.0 . _3.0t :
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logo(#.) log 4 (6.)

Riding the Seesaw:

What Higgsstrahlung May Reveal about Massive Neutrinos.
T. Felkl, A. Lackner & M. A. Schmidt; arXiv: 2211.15954.

Thank you for your attention!
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Back-Up
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Future ete~ Colliders

Collider Type NG Pl%] Lint
h ‘ e fet |ab! /IPH
HL-LHC pp 14 TeV 3
ILC and C* ee 250 GeV |£80/ £+ 30 2
c.0.m almost 350 GeV |£80/ £30] 0.2
similar 500" GeV |80/ + 30 4
1TeV |80/ +20 8
CLIC ee 380 GeV | +80/0 1
CEPC ee Mz 60
2Mw 3.6
240 GeV 20
360 GeV 1
FCC-ee ee Mz 150
2Mw 10
240 GeV 5
2 Miop 15
muon-collider (higgs) pp | 125 GeV 0.02

S. Dawson, P. Meade, I. Ojalvo, C. Vernieri, 2022.

@ precision measurements of Higgs-boson properties, and more
@ control over initial-state momenta — smaller uncertainties

@ no backgrounds from QCD processes
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SMEFT matching conditions

Coefficient Type-| Type-lll
Gs.j 1 (YV*(MW)AY,/T)J %(YZ*(M}:T)—IY}:T)U
Tree f('lll-),u 1 (Yu Mu]‘MU) lyuT) % (YZ(M’:TM":)*lYZT)’_
C’E?L)U _1 (YV MVTMV)—lyw)j %(YZ(MZTMZ)—lyif)’“
Corj 0 (Y= v Ty Tye)
Loop CeB.jj 161\-2 (YV(MVTMV)?lYUTYE),j ﬁﬂ (YZ(MZTMZ)?IYZTI;E),'
CeW,ij 162 5gz (YV MVTMu)flyuTye)j 16; 382 (YZ(MZTMZ) 1thye)u

Y. Du, X.-X. Li, J.-H. Lu, 2022; D. Zhang, S. Zhou, 2021; R. Coy, M. Frigerio, 2022.

Tobias Felkl Seesaw vs. Higgs DSU2022 19



Higgs Production Channels

g - S S
3 AN
T
T 10°
10l 4
1
1D—|_
10—2 1 " L L
0 1000 2000 3000
Vs [GeV]

S. Dawson, P. Meade, |. Ojalvo, C. Vernieri, 2022.
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epton Flavour Universality

Type-I Seesaws 6, = 1070 Type-11I Seesaw; 0, = 10°°
g g 9y fu i
& E

2 RS Zararar 7

~15f 1
R(V,
R(V,
-2.0 -2.0f ]
-2.0 -15 -1.0 -0.5 -2.0 -15 -1.0 -05
logyo(#.) logy,(6.)

LFU constraints in the 0.—0, plane.
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Low-Energy Effective Theory (LEFT)

Physics at low energies: Remove t, h, Z, W as dynamical d.o.f.
Use JMS operator basis.

E. E. Jenkins, A. V. Manohar, P. Stoffer, 2017.

LD Celju(liy" Puty)(leyu Pitr) + Cel (L Prty) Ly Prly)
+ Coeriua(C" Ply) By Prly) + [Ceilfgk/(EPRfj)(EPR&) + h.c.}
+ [Cerii(€ic™” Pre;)Fup +hoc]

LD CHH (0" PLt)(@yuPLq) + Cog ™ (64" Prl)(Gvy. Pra)
+ Co R (07" PLO) (@71 Pra) + Coe K (@7" PLq) (€7, Prl)
+ [CER@Pa)(@Pra) + C3 (EPa)(GPLa)

+ CEZRR(ZUW PrC)(Gouw Prq) + h.c.].

Match SMEFT onto LEFT, perform RG running down to relevant scales.
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Lepton flavour violation

3
mgl_
BR(G = 67) = g (1Cenil 4 |Cenil?)

Y. Kuno, Y. Okada, 2001.

N N A 2
Cep iz — 0.55 Cow1z + (177 €)1, — 048 €f)) ) 107

BR(p — ev) =~ 7.117 x 10°

~ ~ 2
Cop13 — 0.55 Cap 13 + (29 69 ¢ 5 —8.12E()) 13) 10*6(

BR(r — ey) ~ 0.004 x 10°

5
7 my, VLL VRR VLR VLR
BR( = 645) = 55 - [ ‘cew‘ +64|CYRE. +8‘Ceejw‘ +8 Cew,]
2
2562 my. 11 .12
+ = (In mz 4) ( cgﬁ/ +| L, )

b4e VLL VLR * VRR VLR
——Re [( Cee.jii Ces,fw) Cé’“/ ( Cee.jij Cee,JJJI) Cew]

L. Calibbi, X. Marcano, J. Roy, 2021
N N 2
BR(iu — 3¢) ~ 1.2 x 1074 {64 l027( €8, + CLBlZ)) +80.49(C 1, + € )) }

A 2
BR(7 — 3e) ~ 0.2 x 10~* |64(0.27(Cly) 1, + €)1, | +8]0.49( () 5 + €3 15
DSU2022 23

Tobias Felkl Seesaw vs. Higgs



Lepton flavour violation

2
Ce'y,12

o D+ &V + gy V"

D+§£€) 2 _;'_g_é";) v

+|-22

Wconv = ‘_
R. Kitano, M. Koike, Y. Okada, 2007; V. Cirigliano, R. Kitano, Y. Okada, P. Tuzon, 2009.

Nf\p/) = (Ce‘L/JL]L.le + Col 1211) + (Ced 1211 + Ce\c/iL§?211)
) = 2 (CUfu + Cltfn) + (o + i)
~(n) VL CVIR )

VLL
v (C w1211 + Cey 1211) +2 ( ed, 1211 + Ceg 1211

~(n) VRR VLR CVRR
RV Ceu,1211 + Cuen112 ) + 2 | Ceg 1211 + C de 1112

o muN\5 [ 116 5
CR(i = &) ~ (GeV) { 21.54 } x 10
- A A A 0.0974
[2 (€t + Ctfn) + (Cltfon+ C8r) | { Oen |

2
’ [(CeV”Lﬁ“ G 12“) (C%“ + CY’LE“)] { 00.6114763 } ‘
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RG running in LEFT and matching onto SMEFT

Cery,ij (1 = 5GeV) 3)
—I L A 150.732 Capj — 82.394 Cay j + 3.204 Clog, s
+ A () 5 — 021383 ¢ )
~ 0.2661 4.4758
A; =107%(0.0013 - -
0.0013 - -/
VLL (1) (3)
Codtjiy ™ —0.266 Cpy) . — 0271 Cfp) .+ 0.973 Cuy i,
VRR
ColRR: A 0.974 Cee i +0.235 Cye i — 0.006 Ceyjiz3 + 0.003 Ce, 3351,

YR~ 0.4912 ¢V 1 0.4000 )

Q

+1.018 Cp jjj — 0.012 Cpy jjaz,  and

ee, jijj HL,ji HL,ji

Colt & —0.556 Cpye jj + 1.018 Cpe jji — 0.015 Cqe, 3357 + 0.011 Cey iz
Uty ~ 0708 Cly) 1, + 0738 CY) L, — 1047 €Y
Yy & —03172€) |, — 0.3170 €)1, +0.984 Cly 1o,
CYRR 11 A~ —0.321 Che 12 + 0.008 Coy, 1233 — 0.005 Ce 33125
Coth 12 R 0.696 Che 15 + 0.017 Cge 3312 — 0.014 Cey 1233,
Yt ~ —0.856 Cf)) 1, —0.864 Cy) |, +0.987CD 11,
Uty ~ 0.1617C) 1, +0.1615 C(5) 1, +1.006 Cug,1om1»
Coaffo11 7 0.158 Cpre, 1 — 0.004 Cey, 1233 + 0.002 Cge 3312, and
Ciafi1p ~ —0.867 Cpre 12 — 0.020 Cge 3312 + 0.018 Cey 1233
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