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Overview

m Neutrinos have mass
m We would like to find good probes of mass models

m One potential probe is Higgsstrahlung (e*e™ — Zh) at a
next-gen collider

m We look at the prospects for Type-l and Type-lll Seesaw

This talk is part one of two — to be followed up by Tobias.
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‘— Assembling the pieces

Context: Seesaw Mechanism

Right-handed neutrinos (Type-l Seesaw)

_ o 1 .
L = Ni N — <YLHN + 5MNCN + h.c.)
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‘— Assembling the pieces

Context: Seesaw Mechanism

Right-handed neutrinos (Type-l Seesaw)
__ e A 1
L = NijN — <YLHN + 5MNcN + h.c.)
e 0 m)\/v° _ Yv
(l/ N )<mT M) (N) +h.C., m = %
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‘— Assembling the pieces

Context: Seesaw Mechanism

Right-handed neutrinos (Type-l Seesaw)
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L = Ni N — <YLHN + 5MNcN + h.c.)
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L, masszi(l/ NC) (mT M) <N> +h.c, m = ﬁ

Seesaw masses
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‘— Assembling the pieces

Context: Seesaw Mechanism

Right-handed neutrinos (Type-l Seesaw)

_ _ 1
L = NijN — <YLHN + 5MNcN + h.c.)
1, — /(0 m)\/[(v° Yo
L, masszi(l/ NC) (mT M) <N> +h.c, m = ﬁ

Seesaw masses
2

m
Miight ~ M Mheavy ~ M

See next talk for Type-III
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Mass Matrix Texture

We adopt the following texture for the mass matrix:

0 0 0 .M 0

0 0 0 o.M 0
0 m #
<m¢ A4>_. 0 0 0 &M 0

o.M 0,M 0,M 0 M
o 0 0 M 0

See e.g. Abada et. al. 0707.4058

For concreteness we fix M = 1 TeV and explore the parameter
space of the mixing angles 0., 0, and 0.
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Standard Model Effective Field Theory

To study the Seesaw models we use EFT.

SMEFT Lagrangian

L= L+ Zcioi
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‘— Assembling the pieces

Standard Model Effective Field Theory

To study the Seesaw models we use EFT.

SMEFT Lagrangian

L= L+ Zcioi

Example: Weinberg Operator

v >

A
AN
R
\ 4
A
R

Full theory: LHN interactions SMEFT: Os ~ LHLH
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Assembling the pieces

SMEFT Procedure

m Step 1: Match the Seesaw models to SMEFT

l Operator [ Coefficient [ [ Type-| Type-lll
(#HL)TCH L) Cs,i5 3 (Vraah ) IR R
(HYD, )Tt Ly) | O p 1 (vt~ 1YT)” 3 (Y/(MTM)*IY/T)U
(HY DS H) (Lo Ly)| ) i -1 (Y(MTM)*YT)U 1 (Y’(MTAI)*l?TLj
(HTH>(E5RjH) CeH,ij 0 (~ UwTIW)_l?TYe)-;j
(Ti;0"" e )HBuy Cenis || 1oz 55 (YTan~1¥Tye). = (?(MTM)*Y/TYG)M
Tio" o ep ) HWS, | Cewij || 1oz 22 (Y(MTM) =1V TYL) e 392 (?(MTM)”WYE)U

Du et. al. 2201.04646,

Zhang & Zhou, 2107.12133,

Coy & Frigerio, 2110.09126

m Step 2: Use DsixTools to perform RG running to the relevant

scale.

Celis et. al. 1704.04504

m (Step 3: Match to LEFT at the electroweak scale and run to
a low scale. Next talk!)
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STOP
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‘— Assembling the pieces

STOP

Did you know that introducing BSM physics means you're wrong
about most, if not all, SM parameters?
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An effect we can't ignore: Parameter Shifts

Example: muon decay
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An effect we can't ignore: Parameter Shifts

Example: muon decay

- + +oe
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‘— Assembling the pieces

An effect we can't ignore: Parameter Shifts

Example: muon decay

- + +oe

Fermi constant extracted from muon decay is shifted!

a 1 1
Gr=Gp [1 + v <C§?}J’W I C’S};’ee - §CLL,e;me - ECLL,,uee,u>:|
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‘— Assembling the pieces

Parameter shifts (continued)

Virtually all parameters receive shifts: g — g + dg

The upshot

For any observable o, such as a cross-section,

6USM
Ao = osMEFT — OsM = A0Direct + Z 0gi
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‘—Higgsstrahlung and Seesaws

Higgsstrahlung

ay [fb]
€ 2001

1501

100

50¢
e

; : : ; ‘ = Vs [Gev]

(a) The dominant diagram 250 300 350 400 450 500

(b) SM cross section

VX o gz \° A
= JLah 14+ -
707 3ors (92 + 97) (s — mQZ> < * 123m22>

where A = (s — m2Z — 'm,,zL)2 - 4m22m?b
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‘—Higgsstrahlung and Seesaws

Higgsstrahlung

Higgsstrahung cross section is shifted from its SM value:

A
=2~ (090CH) , +0TTCH) , —013CF) ) x (1Tev)?

a0
at /s = 240 GeV

Craig et. al. 1411.0676
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‘—Higgsstrahlung and Seesaws

Higgsstrahlung

Higgsstrahung cross section is shifted from its SM value:

A
=2~ (090CH) , +0TTCH) , —013CF) ) x (1Tev)?

ol
at /s = 240 GeV

Craig et. al. 1411.0676
In terms of mixing angles:

A 0.9510.12 +1.10(6,|> + 0.02 6,12  Type-|
29240 GeV) = 0| ; 0l 2+ 0] , P
27.59 0| — 1.08 0,2 — 0.01 16, > Type-lll

00
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Higgsstrahlung

0.95(0¢|? +1.1016,]% +0.0216-|%>  Type

Ao
29 (240 Gev) =
(240GeV) {27.59\9€|2 —1.0810,]% — 0.01[05]2 Type-lll

o0

Type-I Seesaw; 6, = 1072 Type-III Seesaw; 6, = 1072
0.14 0.14
0.12 0.12
010f .. 0.10F .~
L 0.08 L 0.08
) 2 =)
0.06 0.06
0.04 0.04
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. 8
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‘—Higgsstrahlung and Seesaws

Electroweak Observables
W-boson mass and the weak mixing angle, s,, = sin ,, are shifted

72)’1)2 (4Cw3wCHWB + C%UCHD + 2\/58121}5GF>

w w

1
552, = 5% (SewsuCup + Conwis + Vaewsadir
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‘—Higgsstrahlung and Seesaws

Electroweak Observables

W-boson mass and the weak mixing angle, s,, = sin ,, are shifted

by
2 —mg 2 2 2
dmiy = 22 _W2 )v (4cwswCHWB + ¢, Cup + 2\/§sw(5GF>
w w
9 CwSw of1
o520, = 0?2 ZcwswCrp + Crws + V2¢u5,0GF
2 —s2 \2

We also know the following:

Observable SM prediction Measurement
sinQ(HIe?'F’t) 0.231534 £ 0.000030 | 0.23153 £ 0.00026
my [GeV] 80.356 + 0.006 80.377 + 0.012

de Blas et. al. 2112.07274  Schael et. al. hep-ex/0509008 PDG 2022
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‘—Higgsstrahlung and Seesaws

Electroweak Observables

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

0.14 0.14
0.12 0.12
0.10 0.10f .

0.08 Y < 0.08
=)

0,

0.06 0.06

0.04 0.04
0.02 0.02f
0.00 0.00E
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, e

Figure: Constraints from my, and s,, at 20 vs. Higgsstrahlung prospects.
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‘—Higgsstrahlung and Seesaws

Type-| Full Results

Skipping to the full results...

Type-1 Seesaw; 6, = 1072

Type-I Seesaw; 6, = 107°

log,(0-)

—2.0k ‘ RN
-6 -5 -4 -3 -2 -1 0 -30 -25 -20 -15 -10 -05 0.0
logyo(0e) logo(6e)
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‘—Higgsstrahlung and Seesaws

Type-| Full Results

Type-1 Seesaw; ¢, = 1072 Type-I Seesaw; 6, = 107°
OF%, : -
1=
_oF
S -3r 2 |
56 0
2 2
_4r
-15r S 4
_5F
_6t o _20k : o
-6 -5 -4 -3 -2 -1 0 -30 -25 -20 -15 -1.0 -0.5 0.0
logyo(0e) logyo(6e)

Upshot: we are not likely to see shifts to a(eTe™ — Zh) in Type-l
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Type-| Full Results

Type-1 Seesaw; ¢, = 1072

Type-I Seesaw; 6, = 107°

log;(0-)

-3.0 -25 -20 -15
logyo(6e)

we are not likely to see shifts to o(eTe™ — Zh) in Type-|

-1.0 -0.5 0.0

logyo(0e)

Upshot:
Seesaw.

That’s all folks! (...until Tobias’ turn)
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Backup Slides



Riding the Seesaw Part |

‘—Backup Slides

Backup: SMEFT Operators

Ouw HTHW], Wik
Ous HTHB L BH
Onws Hig! HWI BH
Onn (HTH)D(HTH)

Oup (HTD H)*(H'DMH)
Olityy | (H'DH)Tr"Ly)
0% (HUD“H)(L 091 L)
OHe,ij (HTZDGH)(6 i7" er;)
OLL,ijkl (Liy" L) (Liyu i)
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‘—Backup Slides

Backup: Higgsstrahlung in the SM

VA g 2 A
a0 (91%+912%)<5_Zi:2> <1+>-

2
12sm?,

9 = gz(—% +sin®6,,)
gr = gz sin® O,
92
cos 0y,
A= (s —m% —m3)? —dm%m3

9z =
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‘—Backup Slides

Backup: Higgstrahlung Shift

Ao 5 591, + 9R6 voo&
a9 _ 2( 9z22zh , 9L gs g}; gR‘) + S difi.  See Craig et. al. 1411.0676
90 9ZZh 97 + 9% 9ZZh =2

Parameter shifts:

39z 2zn 2( 1 1
———— =v"(Cyn+ -Cup — f5GF>y
9z2h 4 V2
dgr 1 2 1o/ .1 3
SR v?(8swewCrwn + Cup +2V25GE) — —v*(CY) 1 +C) 1y), and
gz 8(c2, —s2)) 2
é s2 c 1
29R _ _ Sw 2 <4chWB +Cup +2\/§5GF> - ~v%Chenr-
9z 4(c?, = s2) Sw 2
‘Direct’ contributions:
2 2 2 s(s +my —mj)
d2 =4(s,Cyp + swcwCHWB + ¢, Caw); fa=12my ——F———,
125mz + A
2 2
d3 = —4sywcwCyp — 2(¢y, — $,)CarwB + 4swecwCHW ,
2 9L+ 9r (s = m%)(s + mZ —m})
f3 = —12em7y B) 5} B) s
97 + IR 125mZ + A
2
1 3 gL 2
da=—92(C§}) 11 +CHL 1) fa= 55 (s —m}),
: : 92 + 9%
29R 2
ds = —97CHe,11, and fs = 5——7 (s —mz).

9% + 9%
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‘—Backup Slides

Backup: Weak Mixing Angle

97 —9n _ _2(1—4s})
g%—i—g]%L 14 (1—4s2)2

Left-right asymmetry Aj =

1 1 3
b = S0 (€l + )

1
5gd|rect — _§gZ’U2OHe,’ij’

3
1 88 0A, 0A; ;
2 direct direct
S eff = Sasm T 050 + = 304, ( Z 9iu + n ;@Rﬁc )

(3 NE
~ 5o, 5w + 0.020 <CJ(L1)L,11 + CJ(LI)L,22>

3
—0.005 Z ( S)Lu + OS)LZJ
i1



Riding the Seesaw Part |

‘—Backup Slides

Backup: Shifts in terms of mixing angles

[ I Type-| [ Type-lll |
Ao /o (240 GeV) 0.95160¢|% +1.1016,|% + 0.02 16 |2 27.59 6|2 — 1.0816,,|% — 0.01 (6|2
Ao /oq (365GeV) 0.8716c|% +1.1216,]% +0.04 6.2 66.15 6|2 — 1.0916,,|% — 0.01 16~ |2
Ao /oq (500GeV) 0.80160c|% +1.1416,]% +0.05(6-|2 | 126.39|6.|% — 1.10(6,|? — 0.01 |6, |2
[ shift || Type-l [ Type-lll |

As? —0.157(|6c|? + 1041%) +0.00310- % | 0.017(|0c|? + [6,]) — 0.143 6|2
Amyy /GeV 8.24(]0c|2 + 16,,1%) — 0.13]0. |2 —8.51(|6c|? 4 16,,1%) — 0.13 (6|2
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