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Motivation: Next-gen colliders
— q 2001
could measure o(e*e” — Zh) with
sub-percent precision 1507
1007
Question: Can it serve as a useful
probe of neutrino masses? %
V5 [GeV]
250 300 350 400 450 500

LCollider LLim [ab’ll LZ—decayﬁnal states L V5(GeV] L Precision J

20 Y07, qq,vv 240 0.26%

CEPC 1 oreT, qq, v 360 1.4%

5 0¥ 240 0.5%

FCC-ee 15 e, qa, vv 365 0.9%

1.35 Al 250 1.1%
ILC 0.115(0.5) Y0 (qg) 350 5% (1.63%)
1.6 (0.5) Y0 (qd) 500 2.9% (3.9%)

CLIC 0.5 0707, qq 350 1.65%

H. Chenget. al. 2205 .08553;
M. Thomson 1509 .02853;

G. Bernardi et. al. 2203 .06520;
A. Miyamoto 1311.2248;

J. Yan et. al. 1604.07524;
H. Abramowicz et. al. 1608.07538
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£ =NidN-(YLHN+ -MNCN +h.c.
! ( 2 ¢ ) > Typel Seesaw: N is an SU(2)} singlet
(H> (H) Mines Tiaime P Minkowski (1977) and more...
)f 0 m > Type IIl Seesaw: N is an SU(2); triplet
mT M
N !
> "k m=Yv/v2

R. Foot et. al. (1989)
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FERMIONIC SEESAW MODELS
£ =NioN-(VIAN+ L MNeN+h
=NidN- = o8 . .
2 > Typel Seesaw: N is an SU(2)} singlet
. P Minkowski (1977) and more...
(H) (H) Mass matrix:
)f X 0 m > TypeIIl Seesaw: N is an SU(2)[ triplet
| mlT M
' N R. Foot et. al. (1989)
v Ld m=Yv/V2
Operator Coefficient Type-I Type-1III
@ pTed L)) Cs,if ) 1yf]ij LT,
D TyPL; m 1 (7t -1 7t 3 (Pt a1 7t
HT D TyH L)) ChLij H(rofm=1yt) U P
tiDa ) (od . c® 1yt gt 1 + vl
DG Lo MLy | Cppy g F(Tofw Tty ]j F(Tort Tty )z]
H I Tiep; M) Cet,ij 0 (Forfan~17Tye), i
T.oMVen - o _1_81 i vl Li T 1yt
(L0 ep ;) HByy Cop,ij for2 4 T (Farfan 17Ty, k= (o TvTr], ¥
;oM olen - a o Lﬁ U ¢t Lﬁ t gt
TiokVodep pHWE, | Cow,ij Tz ap (YT T ve), i | 52 (Tt 17Ty, i
Coy & Frigerio, 2110.09126

Duet. al. 2201.04646; Zhang & Zhou, 2107 .12133;
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APPROACH

» Consider minimal scenario with two right-handed neutrinos

> Adopt the following lepton-number conserving texture for the mass matrix:

0 0 0 6.M 0
0 0 0 6,M 0

0 H
(mT ]"\j[): 0 0 0 6:M 0
0cM O,M 6:M 0 M
0 0 0 M o0

See e.g. A. Abada, M. B. Gavela et. al. 0707 .4058; M. B. Gavela et. al. 0906 . 1461;
O.].PEboliet. al. 1108.0661; E. Fernandez-Martinez et. al. 1508.03051

> Fix M = 1TeV and explore the parameter space of the mixing angles 0., 0,
and 6;.
(Results still hold at M = 10TeV.)

» Match onto SMEFT at u = M and use DsixTools to run to the relevant
scales.

A. Celis et. al. 1704.04504
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» Direct contributions from effective operators:

> Also consider indirect contributions from parameter shifts
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» Direct contributions from effective operators:

> Also consider indirect contributions from parameter shifts

A1) A(3) A(3) _
EN O.90CHL,ee+0.77CHL‘ee—0.13CHL,W, \/3—240GeV
= A1) A@3) A(3) _
(o)) 2.09CHLyee+1.96CHL'ee—0.13CHL'W, Vs =365GeV
Here C = C x (1TeV)2

N. Craig, M. McCullough et. al. 1411.0676




Higgsstrahlung Constraints from other observables Results & Summary Backup

| 0000e 000000 0000 00000 |
HIGGSSTRAHLUNG

Type-I Seesaw; 6, = 1072 Type-III Seesaw; 6, = 1072

0.14 0.14
0.12 0.12f
0100 0.10F .
< 0.08 2 0.08
< o <
0.06 0.06
0.04 Ry 0.047
0.02 0.02
0.00 : 0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0. .
A(1) ~Q)  _ ~(3) _
Ao _ 0'90%{5'@“077?{3{5” 0.13?{%’“#, Vs =240GeV
(o) 2'09CHL,ee+1‘96CHL,ee_0'13CHL,yu’ Vs =365GeV
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Type-1 Seesaw; #, = 1072 Type-IIT Seesaw; 0, = 1072

0.14 0.14f
0.12 0.12f
0.10r 0.10F .
< 0.08 < 0.08f
<= ., =
0.06 0.06¢
0.04 0.04
0.02 y 0.02f
0.00 : 0.00F
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0, 9.

> Red region: |Ac/o| < 0.5% at /s = 240 GeV
> Dot-dashed line: |Ac/o| = 1% at /s = 240 GeV
> Dotted line: |Ac/c| = 1% at /s = 365GeV
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CONSTRAINTS FROM OTHER OBSERVABLES

Type-I Seesaw; 0, = 1072 Type-III Seesaw; 6, = 1072
0.14 0.14f
0.12 0.12
0100 0.10F "
= 0.08 < 008
0.06 0.06-
0.04 0.04f
0.02 0.02
0.00 : 0.00%
0.00 0.02 0.04 0.06 0.0% 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.0% 0.10 0.12 0.14
0. O,
Consider:

> Electroweak observables my, and sinfy,
»> Lepton flavour universality (LFU) and CKM ratios

» Lepton flavour violation (LFV) tests
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» W-boson mass and the weak mixing angle, s;, = sinf,, are shifted by

2 o (A8 AB)
om2, ~ 1.05(cHL’ee + CHL'W)GeV

2 AQ) L e® ) D), AB)
55w~0-°20(CHL,ee+CHL,W) 0005 (€17} .+ ¢ 1)
1

> We also know the following:

Observable SM prediction Measurement
sin® (giefgt) 0.231534 + 0.000030 | 0.23153 +0.00026
myy [GeV] 80.356 + 0.006 80.377+0.012

J.deBlaset. al. 2112.07274;  S. Schael et. al. hep-ex/0509008; PDG 2022
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ELECTROWEAK OBSERVABLES

Type-1 Seesaw; #, = 1072 Type-IIT Seesaw; 0, = 1072
0.14 0.14
0.12 0.12
0.10f 0.10[ .~
< 0.08 < 0.08
S-) v &)
0.06 0.06
0.04 0.04 -
0.02 0.021
0.00 0.00&
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
B, .
> Red region: [Ac/o| < 0.5% at
. . V5 =240GeV
sml, ~-1.05(CH) ,+C | |Gev
w HL,ee HL,pu » Dot-dashed line: |Ag/o| = 1% at
. A A A V5 = 240GeV
853, =0.020(C) L +C) ) -0.005% (C) i+ C8) )
w HLee " “HLup Zl: HLii = ~HLii > Dotted line: |Ac/o]| = 1% at
V5 =365GeV
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LFU AND CKM RATIOS

Type-I Seesaw; 6, = 1072

Type-111 Seesaw; 6, = 107*

log,(6,)

log0(6,)

-1.5
log,o(?e)

-1.0

> Ratios of gauge couplings: g;,/¢ = g—’e’ =1+ 0.06((:‘(3)

A(3)
HLup CHL,ee)
K,
U2 . .
> R(Vys) = V‘l;‘;s =1- I'ZCS)L,MLL - O.OGCSLQQ A. Crivellin and M. Hoferichter 2002.07184
us
)
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Radiative charged-lepton decays:
p—ey,T—ey
3 Observable Current bound Future reach
m
‘i 2 2
BR(/; — £j7) = ﬁ(wmﬂ +1Cey, jil?) BRG—ep | 42x1013 | ex10714
T ¢;
BR(7 — ey) 33x1078 9x1079
Y. Kuno and Y. Okadahep-ph/9909265 BR(u — 3¢) 1x10-12 1x10-16
Trilepton decays: u — 3e,7 — 3e
P Y p ’ BR(r — 3¢) 2.7x1078 4.7x10710
VLL ~VLR CR(u-¢; A 7x10713 -
BR(C; —3¢,) = f(Cey, Clt CEMR, ) (-5 A *
CR(u-e; Al) - o(10717)
L. Calibbi et. al. 2107 .10273
aipbret-a CR(u-¢; Ti) 61x10"13 o(10718)
[—e conversion in nuclei
CR(p—e; Pb) 46x 10711 -
VLL ~VLR —e: -11 _
CR(H—’@) :f(CeY'Cee ’Cee ’) CR(u-e; S) 7x10
R. Kitano et. al. hep-ph/0203110;
V. Cirigliano et. al. 0904 .0957
= & = = z
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LEPTON FLAVOUR VIOLATION (LFV)
Type-I Seesaw; f, = 1072

Type-III Seesaw; 0, = 1072

-4

-3 -2 -1 0
logyo(6e)

logy(6.)

> Red region: [Ac /0| <0.5% at /s = 240GeV
» Dot-dashed line: [Acg/c| = 1% at /s = 240 GeV

» Dotted line: |Ag/o| = 1% at /s = 365GeV
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COMBINED PLOTS — 6,-0, PLANE
Type-I Seesaw; f, = 1072

Type-III Seesaw; 0, = 1072

-6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0
logyo(6e) logy(6.)
> Type I Seesaw: observable shift ruled out!
> Type III Seesaw: observable shift possible!

> Red region: [Ac /0| <0.5% at /s = 240GeV
» Dot-dashed line: [Acg/c| = 1% at /s = 240 GeV

» Dotted line: |Ag/o| = 1% at /s = 365GeV
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COMBINED PLOTS — 0,-60, PLANE

Type-I Seesaw; 6, = 1076

Type-III Seesaw; 6, = 107

1 00—

log,(67)
logyq(6:)

-30 -25 -20 -15 -10 -05 00 -30 -25 -20 -15 5

S -1.0 =05 00
logyo(6e) log,(f)
. > Red region: |Ac/a| < 0.5% at /s = 240 GeV
> Type I Seesaw: observable shift ruled out! ed region: |40/l < e ¢

» Dot-dashed line: [Acg/c| = 1% at /s = 240 GeV

> Type III Seesaw: observable shift possible! > Dotted line: |Ac/o| = 1% at /5 = 365 GeV
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TYPE-3 ZOOMED IN

Type-I1I Seesaw; 0, = 1072 Type-III Seesaw; 6, = 10°°

-4.5 \ i -1.0f s 3
3 £ Sw
4 I 9
-5.0 : Cn _ i
. x -15 : :
~ -850 5 ~ 5 :
< < o SRS
= % = -y ; 4
g 5 —20r : Gz
& a; & ; &
- -6.0 e . - &/
: e
-2.51 i o
-6.5 :
7.0 3.0t n
-24 -22 -20 -18 -16 -14 -12 -1.0 -24 -22 -20 -18 -16 -14 -1.2 -10
log,(f:) log,o(0.)
L hif 240GeV i > Red region: |Ac /0| <0.5% at /s = 240GeV
argeSt shit at \/E =240GeVis ~5% » Dot-dashed line: [Acg /0| =1% at /s = 240 GeV
Largest shift at /s = 365GeV is ~ 12% > Dotted line: [Ao /0| = 1% at /5 = 365GeV
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SUMMARY & CONCLUSIONS

Type-I Seesaw; #, = 1072

Type-III Seesaw; 6, = 1072

log;o(6,:)

logyo(6e) log;(6.)

> og(ete” — Zh) can be measured at future colliders to ~ 1% precision
> If agrees with SM prediction:

> Type I OK

> Type III constrained
> If differs from SM prediction:

> Typeldead

> Type III constrained (if difference up to ~ 12%)

N
0
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SUMMARY & CONCLUSIONS
Type-I Seesaw; 6, = 1072 Type-III Seesaw; 6, = 1072

log;o(6.) log;o(0e)
> og(ete” — Zh) can be measured at future colliders to ~ 1% precision
> If agrees with SM prediction:
> Type I OK
> Type III constrained

> If differs from SM prediction:
> Typeldead

> Type III constrained (if difference up to ~ 12%)

Thank you!
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BACKUP: HIGGSSTRAHLUNG IN THE SM

VA 8z7h ’ A
1+ .
907 3905 (gL gR) mZZ 12stZ
_ 8&mgz
8z27zh = —Cose

8L=8z\~ +Sln Ow)
gr=gzsin Hw

_ &
§z= cosfy

_ 2 242 2.2
—(s—mZ—mh) —4mth
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BACKUP: HIGGSTRAHLUNG SHIFT

A 5 581+ 8RO S
fazz(Mer)JrL Z d; fi- See Craiget. al. 1411.0676

o0 "\ 8zzn g +85 827h (=
Parameter shifts:
98zzh _ yz(q, eyp- Lmﬂp)
827h B va )
g, 1

= 2 1 2(c() ©)

= ———v°(8swewC +Cyp +2V26GER |- - ve(C +C , and
87 8(c2,-52) ( HWB™™~HD F] 2 ( HL11 HL,II]

8 52 1
28R _ — u2[4—c’” CawB +CHD +2\/§66F)— ~?Cen-
87 Aley, —sy) Sw 2 i

‘Direct’ contributions:

2 _ 2
s(s+m%, —m9)
fp=t12md ——Z I
12stZ+/l
2 2
dy =4(sy,C +swewC, +c¢7,C )
2 wCHB * Sw w2HW§ wCHW 5 8L+ER ("'"ZZ)(”’"ZZ""%,)
dg =—4swewChp —2(cw = Sw)CHW B +4swcw Cw f3=-12emz =5 12sm2, + A
dn =g,V L c® 8L*8R smy+
4=-8zCh 1+ 1) fie =Bl _(_m2)
ds=-g7Cpe,11 gt+g2 z
2
f5:%(5—mzz]
g +g
LT8R
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Left-right asymmetry oy =

8 -8 20-452)

gr+gr  1+(1-4s%)2
direct _ _ * 2 (-~ (3)
08L,ij =582V (CHL.ij+CHL,ij)
di 2
831,?}“—-5821/ CHe,ij»
1ds2, (o<t 3 ; dsty 3 ;
2 2 w 4 direct 4 direct
s =5 +0sy,+=——-|=— ) O0gr ;i +——) Ogh:;
w,eff w,SM w 3ddg(0gL l; L,ii agRi:Z\’l R,ii
2 A(3) A(3)
= Sy,sm T 0.020 (CHL,II + CHL,ZZ)
3
-0.005 )" |
i=1

A1) A(3)
Chpiit CHL,ii)
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BACKUP: SHIFTS IN TERMS OF MIXING ANGLES

I

Type-1

Type-IIT

Ao/ (240 GeV)
Aolog (365GeV)
Aol (500 GeV)

09502 +1.10(6y[% +0.02167 2
08710 +1.1218y[% +0.04107 |2
0.80(0¢l? +1.1410,1% +0.05]07 |2

27.590¢ % ~ 1081612 - 0.01 671
66.15|0¢ |2 ~ 1091012 - 0.01 672
126390 % —1.10(0p1% - 0.0107

shift_[]

Type-1

Type-III

2
Asyy

Amyy /GeV

~0.157(18¢[? + 16, 1%) +0.003 167 |2
8.24(10¢12 +1041%) - 0.13107 |2

0.017(10¢ 2 +1042) - 0.143107 2
~8.51(10¢ 12 +10412) - 01310712
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