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Outline

Vector-like Lepton Models

Tree-level Phenomenology
m g — 2 and Muon—Higgs coupling
m Lepton Flavour Violation

VLL at one-loop
m Why go beyond tree-level?
m On-shell renormalization
m Impact on correlations

Outlook

INSTITUTE OF
NUCLEAR AND
PARTICLE PHYSICS.

TECHNISCHE CLFV in VLL models at one-loop
®3§E‘§Euﬁlm Kilian Mohling »  Trento, IT, 15.04.2025 2/19




Why vector-like leptons?
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Why vector-like leptons?

1990s
2000s
2010s

2020s

extra dimensions, Kaluza-Klein modes, hierarchy problem and Dark Matter
after Brookhaven (g — 2),, experiment: -

after Higgs discovery: only 3 chiral families, but VLL evade h — ~+ bounds
— renewed interest particularly in context of (¢ — 2), and lepton masses

Higgs/ electroweak precision physics, LFV, CPV, ...?
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Why vector-like leptons?

1990s extra dimensions, Kaluza-Klein modes, hierarchy problem and Dark Matter

2000s after Brookhaven (g — 2),, experiment: -

2010s after Higgs discovery: only 3 chiral families, but VLL evade h — ~v bounds
— renewed interest particularly in context of (¢ — 2), and lepton masses

2020s Higgs/ electroweak precision physics, LFV, CPV, ...?

In our group:
m (g — 2), <> chiral symmetry breaking <+ modifications of Higgs mechanism

m more recently LFV: correlations between p — e, u — ey and p — 3e

m precision BSM already in context of SUSY, 2HDM, ... but not VLL

— radiative corrections, renormalization, mixing at one-loop

= rich phenomenology and interesting technical challenges
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Quantum numbers and representations

VLF: Fr, and Fr same rep. under SU(3) x SU(2) x U(1) = L D MpFpFg + h.c.
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Quantum numbers and representations

VLF: Fr, and Fr same rep. under SU(3) x SU(2) x U(1) = L D MpFpFg + h.c.

VLL: tree-level couplings to SM leptons I1,; or er; and Higgs @ (or b= ed*)
—> singlet, doublet or triplet with

Name N B L Ly, | N° | E°
SU@R)L x Uy || (1,0) | (1,-1) | (2,—3) | (2,-3) | (3,0) | (3,-1)
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Quantum numbers and representations

VLF: Fr, and Fr same rep. under SU(3) x SU(2) x U(1) = L D MpFpFg + h.c.

VLL: tree-level couplings to SM leptons I1,; or er; and Higgs @ (or b= ed*)
—> singlet, doublet or triplet with

Name N B L Ly, | N° | E°
SU@R)L x Uy || (1,0) | (1,-1) | (2,—3) | (2,-3) | (3,0) | (3,-1)

Combinations that break SM chiral symmetry lr; — e?®il;; and egp; — ePiep;

L®E, LO®N, Ly, ®E, L®E", L®N® Ly,»®E®

Example: LG E
LD —lpiy§jer;® —lLiNyPrRE® — LA Prepi® — L(APR + APL)E® + h.c.

o o o o .
E o e “‘ E ," N )\IL My \* )\JE Mpg
: Yji 5\ : / M2 M2
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WY ESHES

= U Uy, = diag(m;)
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WY ESHES

er; Er Lj

€Li yfjv )\%v 0
A= N ae — U Uy, = diag(m;)
Eyp, 0 Mg M

= Mass and Yukawa matrix not proportional because of Mg and My,

» L, and £y, have different eigenvalues under t3
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WY ESHES

erj Er Ly
€Li yfjv )\%v 0
A= N o My
Ey 0 Mg X

— U Uy, = diag(m;)

= Mass and Yukawa matrix not proportional because of Mg and My,

X
>
X

Ly and E;, have different eigenvalues under t3

— (LFV) deviation from tree-level SM Higgs and gauge couplings P

m; )\‘ PPV
Yhz P 4+ o L E E 2+O’U4 x A x
K v MpgMy, @
1 A’L*A.] 5\ N
gfe” ~ (sfy — 3)0i5 + 3 ]EVIZE v? +0O@?) L 5 IL;
E
* Z X
DYDY X ;
gh R swliy - 5%02 +0(h) \ :
ML \ ;
— — €Ri L €Rj
sMm VLL

= O(100%) effects in lepton—Higgs coupling easily possible!
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Searches and EW precision constraints

EWPM at Z-pole [PhysRept. 427 (2006) 257-454]
9%, = —0.2689 +0.0011
9%, = +0.2323 £ 0.0013
P N e P
) : o2 Guimis 5 ina
0.100 .T%
— i3
001 oy B
VLLS mass [GeV]
B L0
BT TR 1 Figure: ATLAS exclusion limit for VLL coupling
N to muons reprinted from [2411.07143]
Mz
Figure: 1o Z-pole exclusion contours Exclusion limits for muon (electron) VLL
Aoy My, > 1270 (1220) GeV
= || <
’ M; |~ 0.03 Mg > 400 (320) GeV
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https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/2411.07143

Status Muon g-2
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Figure: Comparison between aiM and ai‘p for different

determinations of Aa:;'VP. reprinted from [2407.10913]
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https://arxiv.org/abs/2407.10913
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AaZ’? = (24.9+4.8) x 10710

BUT: main motivations for BSM
still remain

m Dark Matter
Neutrino masses

]
m flavour structure
]
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Figure: Comparison between aiM and ai‘p for different -

determinations of Aa:;'VP. reprinted from [2407.10913]

= Aa, 7# 0 or Aa, = 0 can both give important insight into BSM!
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g — 2 and Muon—Higgs coupling
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.221801

g — 2 and Muon—Higgs coupling
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g — 2 and Muon—Higgs coupling
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= AMM and Higgs coupling:
Aa; = n;,zv ReC¢,, yfgf = %&j + ZUZCZ?

= model-dependent correlation: Ci{b ~ 1671'203,

TECHNISCHE CLFV in VLL models at one-loop
@ng\gﬂg{rﬂ Kilian Mdhling =  Trento, IT, 15.04.2025

INSTITUTE OF

8/19

" PARTICLE PHYSICS


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.221801

g — 2 and Muon—Higgs coupling

Q" ‘I?T ] L Ry = 1214035
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Aay, x 10°
(=)

e MANp b ag, a
g . = 1672 My, lpjo*eriFag®
eri L E L T~ N A”'JM»-
Clery b mag
= AMM and Higgs coupling: LOE/N Lpeb®  Lof
Aaj = " ReCH,  yf = Moy +20°CY, Model 2
c Y L@ E/N® 1
= model-dependent correlation: Ci{b ~ 1671'203, L& N -
L3s @ E(@) 5
ff 2 2 a
cpv ) Aa, LeE 9
"= |Ruu=|tg| ~ ’1 —0.87T—+—
Yu Qx 10~ loop ind. ~ 1672

= CPV — additional term ~ di, [Phys.Rev.Lett. 129 (2022) 22]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.221801

Lepton Flavour Violation

) € 14 e
Z
1 1 [ Z/y
N
e e
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Lepton Flavour Violation

€ n e

Iz Iz e

In general:

@ LFV + large Aa,, suggests

— chirality flipping dipole operator

LD Le»y éLiao‘ﬂeRjFaﬁ + h.c.

ij
Dipole dominance

BR(n — 3e) ~ = X BR(x — e7)

BR(px — e) ~ — X BR(u — e7)
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Lepton Flavour Violation

Y

In general:

@ LFV + large Aa,, suggests

— chirality flipping dipole operator

LD Le»y éLiO'a’BERjFQB + h.c.

ij
Dipole dominance

BR(n — 3e) ~ = X BR(x — e7)

BR(px — e) ~ — X BR(u — e7)

€ n e

€

@ LFV + small Aa,, suggests

chirality preserving 4-fermion operators

£ Ly Erter)@rtar) +

ij
= i — ey suppressed

BR(x — 3e) ~ 0.05 x BR(u — €)
BR(i — ev) ~ 1074 x BR(p — €)
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Lepton Flavour Violation

Y

In general:

@ LFV + large Aa,, suggests

— chirality flipping dipole operator

LD Le»y éLiO'a’BERjFQB + h.c.
ij
Dipole dominance
1

150
1

300

BR(n — 3e) ~ x BR(u — ev)

BR(pw — e) ~ x BR(u — ev)

e 14 e
e Z/y

@ LFV + small Aa,, suggests

chirality preserving 4-fermion operators

£ Ly Erter)@rtar) +

ij

= i — ey suppressed

BR(x — 3e) ~ 0.05 x BR(u — €)
BR(i — ev) ~ 1074 x BR(p — €)

current: BR(u — ey) < 4.2 x 10713, BR(z — 3e) < 10712, BR(u — €)a, < 7 x 10713
future: BR(u — ey) ~ 6.0 x 10, BR(i — 3€) ~ 10716, BR(u — €)a; ~ 6 x 10716
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Lepton Flavour Violation

In general:

@ LFV + large Aa,, suggests

— chirality flipping dipole operator

LD Le»y éLiao‘ﬂeRjFaﬁ + h.c.
ij
Dipole dominance
1

150
1

300

BR(n — 3e) ~ x BR(u — ev)

BR(pw — e) ~ x BR(u — ev)

e 14 e

e Z/y

@ LFV + small Aa,, suggests

chirality preserving 4-fermion operators

£ Ly Erter)@rtar) +

ij

= i — ey suppressed

BR(x — 3e) ~ 0.05 x BR(u — €)
BR(i — ev) ~ 1074 x BR(p — €)

current: BR(u — ey) < 4.2 x 10713, BR(z — 3e) < 10712, BR(u — €)a, < 7 x 10713
future: BR(u — ey) ~ 6.0 x 10, BR(i — 3€) ~ 10716, BR(u — €)a; ~ 6 x 10716

= which scenarios are realized in the vector-like lepton models?
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LFV with chiral enhancement: © — ey

In general: flavour violation quantified by 0;; = Le~y/Ley
3 ij o o
m
BR(p — ) = —— (|Le'y‘2 + |L67|2)
4wl 12 21 M

LY 42 % 10*‘3( Aay )2[( One >2+ ( e )2}
———A\5 1010 10-4 104 e

current bound
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LFV with chiral enhance

In general: flavour violation quantified by 0;; = Le~y/Ley

3 ij By 7y
My 2 2
BR(u — ey) = e (|Le'y\ + [Ley ] )
T 12 21 i
2 2 2
Y 42 10*‘3( Aay ) [( Ope ) + ( Ocps ) }
~———\5-10"10 10—4 10—4 e
current bound
For VLL:
< i i Model [ Lo E [LoN [LoE® [ LoN® | Ly BW |
peX* [ ALv Moo |
P T T e e e
ij 64m4v \ Mg My, —
9 A’, 0 )\i" % 002 v‘“\ ‘,\f“ A e =01
= pe = iy Oep = —7 15
AL AE '
= flavour blind: 0;; ~ 1 T s
Aay <35 x 1071 <o
= naive scaling 6;; ~ :ZZ N
Aa, $5x 107138
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LFV with chiral enhancement: p — e conversion

Approximate conversion rate [Phys.Rev.D 66 (2002) 096002]

2
+

2m VA
vLeyD + =75 971
12

™
I'(p—e) = m{

2my,  Ze v,
ULE-YD + / ]/\(1 >‘
21
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.096002

LFV with chiral enhancement: p — e conversion

Approximate conversion rate [Phys.Rev.D 66 (2002) 096002]

m3 2m,, z ; 2 2m Ze 2
lp—e) = 102 { UL&“/D + = F9RV | +|vhey D+ =911V }
12
Dipole dominance?
, | Model | |nz/kp] |
15 |22 7 /0Ly | ~ 5 L& E/N® 0.5
i D
! Lo E° 0.05
— only in the models L/L3 /5 © E¢ L3/o @ E(a) 0.1

NsTIUTE OF

TECHNISCHE CLFV in VLL models at one-loop
SQ"E‘QEBRESJT‘T Kilian Mohling »  Trento, IT, 15.04.2025 11/19

b DARTILE prveics
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LFV with chiral enhancement: p — e conversion

Approximate conversion rate [Phys.Rev.D 66 (2002) 096002]

3
my,
P(h—e) = { vLeyD + 2 gZe V| + |vLeyD + 2ot gZe }
402 12
Dipole dominance?
, | Model | |nz/kp] |
o
1 >> | erLu (]L/I{IZ/UL87 ~ — _Z L& E/Na 0.5
A KD
L@ E® 0.05
— only in the models L/L3z ;5 © E¢ Ly/o ® E(a) 0.1
L& N® LaE

15 -
1.0 H
0.5] s
15 0010
- < 00 z
0.5| ,"
e
o 1 Ad? o
A
15 15 :
108 1076 104 0.01 1078 106 107
O = Oy O = Oy O = 0,
(a) No dipole dominance (b) dipole dominance (c)p —>evspu — ey
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LFV without chiral enhancement

— leading chiral enhancement vanishes if )\%S\A‘QJ\/IE]\Q =0(eg. A=0)

12873 T
BR(1 = €) ~ —1— —|V|> BR(1 — 3¢)
Sw I\capt
0(10)
L/ Lyjs ® E©@

My = Mg =15TV, A=0, N +Np

0.001

= bpe

Oep

My=Mp=15TeV, X=0, N+ Xe=03

00 02 04 06 08 10 00 02 04 06 08 L0
Nl (N + XD N/ (N + X))

0.0 0.2 0.4 0.6
N /(N +AL)

CLFV in VLL models at one-loop
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Precision vs collider constraints

et et
= flavour observables R, and Aa, ’
—> complementary constraints
hr==mmm-- Z
= similar correlation for flavour violating
o T

observables?
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Precision vs collider constraints

et et
= flavour observables R, and Aa, i
—> complementary constraints
hr===m=-= Z
= similar correlation for flavour violating
observables? s s

with chiral enhancement

My,
L(h — pe) =~ e <|YJLe

2+|Yg;2)

— Correlation between dipole coefficient
and Higgs coupling

12872y
o
BR(h — pe) 1
BR(u = ey) Q7

but: BR(h — pe) < 4.4 x 107°
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Precision vs collider constraints

= flavour observables R, and Aa,
= complementary constraints

= similar correlation for flavour violating
observables?
with chiral enhancement
h12
L'(h — pe) | + |Yeu

— Correlation between dipole coefficient
and Higgs coupling

n_ 1287%v
ij = ey
Qe i

BR(h —pe) 1
BR(u—ey) Q7

but: BR(h — pe) < 4.4 x 107°

et er

without chiral enhancement

I(Z — pe) = ( 2)

directly correlated with  — e or p — 3e

BR(Z — pe)
BRuSo 00D

bound: BR(Z — pe) < 2.6 x 10~ 7

— stronger than Higgs but again not com-
petitive
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Why go beyond tree-level?
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Why go beyond tree-level?

"Never trust a tree-level calculation.”

-(7)
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Why go beyond tree-level?

"Never trust a tree-level calculation.”
-(?)

SM Lepton mass at tree-level

% % X o
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Why go beyond tree-level?

"Never trust a tree-level calculation.”
-(?)

SM Lepton mass at tree-level vs one-loop

X X X X
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H ) ' . .
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: o Mg My,
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Why go beyond tree-level?

"Never trust a tree-level calculation.”

-(7)

SM Lepton mass at tree-level vs one-loop

X % X x )
: b : ! XEXFAT
: + Voo + ~ LT TE L o0
: L, Mg My,
€Ri lp; eri L E i
X .
i I AL AE N,
+ €ri + L E Lj + L — EL' + O(U3)
N 1672

mass suppression "wins” over loop-suppression when

167202 -
YRR < M Z O(1 TeV)
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Why go beyond tree-level?

"Never trust a tree-level calculation.”

-(7)

SM Lepton mass at tree-level vs one-loop

% % X o )
. \ . B e XE N
: T Voo + o~ LT B L o@wd)
: [ MgM;
€Ri lLj eri L E Ir;
X )
i I AL AN
+ €ri + L E Lj + L — EL' O(U3)
N 1672

mass suppression "wins” over loop-suppression when
167202
YT & M Z O(1 TeV)

= what about other observables?

=e.g. muon-Higgs coupling: LHC at O(10%) vs tree-level correction O(100%)
= effect on electroweak precision and LFV constraints?
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On-shell scheme: motivation

= calculation of lepton — Higgs/ Z coupling at one-loop requires
practicable renormalization scheme
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On-shell scheme: motivation

= calculation of lepton — Higgs/ Z coupling at one-loop requires
practicable renormalization scheme

Major issues

m obtaining correct SM lepton masses require solving SVD for y¢ at tree-level.
one-loop mass shift Am,; makes this tedious / less efficient

m SM-VLL couplings induces off-diagonal mass corrections Am,;; and
mixing at external legs = non-trivial LSZ normalization Z;;

m One-loop IR divergences in h/Z — £;¢; require careful treatment
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On-shell scheme: motivation

= calculation of lepton — Higgs/ Z coupling at one-loop requires
practicable renormalization scheme

Major issues

m obtaining correct SM lepton masses require solving SVD for y¢ at tree-level.
one-loop mass shift Am,; makes this tedious / less efficient

m SM-VLL couplings induces off-diagonal mass corrections Am,;; and
mixing at external legs = non-trivial LSZ normalization Z;;

m One-loop IR divergences in h/Z — £;¢; require careful treatment

Solution: = on-shell scheme [JHEP 10 (2024) 170]
e @) = mtr
= 12pa P o e
: Re Eba(p)ua(p) =0, ?*%fﬂa Re Eaau(p) =0
ren. cond. for p? — m?2
removes mixing and Am enforces Z=1
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.
S(yev)  S(ALw) 0

6maa={['LT BON) ) GMy z:,;]
0 Mg 6(0w) aa

INSTITUTE OF

TECHNISCHE CLFV in VLL models at one-loop
SQ"E‘QEBRESJT‘T Kilian Mohling »  Trento, IT, 15.04.2025 16 /19

" PARTICLE PHYSICS



On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.
S(yev)  S(ALw) 0

0Maa = |:[YL t 6()\2) (S(A’U) 6]\:[L (7;:|
fixed by 05 — 0 Mg 6(w) aa
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.
S(yev)  S(ALw) 0
0Maa = |:[YL t 6()\2) (S(A’U) 6]\:[L (7;:|
fixed by 05 — 0 Mg 6(w) aa

free ren. consts.
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.

S(yev)  S(ALw) 0
0Maa = |:[YL t 6()\2) (S(A’U) 6]\:[L (7;:|
fixed by 05 — 0 Mg 6(w) aa

A VS
free ren. consts. e.g. MS
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.

OdMaa = {T,'L f
fixed by OS A

free ren. consts. A

fixed at tree-level
0o\ /£~

SMy, (r,;}
() aa

e.g. MS
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.

) fixed at tree-level
(5(y5vv) (A%v) 0 \/
Maa = {('L* 5L S0w) M z:,;]
aa

fixed by 05 — 0 Mg 6(w)

free ren. consts. e.g. MS

—> tedious to disentangle but easy to solve (linear equation...)
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.

OdMaa =

) fixed at tree-level
d(yv)  6(Ayw) 0 \/
o
fixed by OS A

5L S0w) M (:,;]
0 SMg  §(w) aa
free ren. consts. g MS

—> tedious to disentangle but easy to solve (linear equation...)

Compare to:

= QED: 1 fundamental parameter m fixed by OS condition

= SM quark sector: fundamental parameters y;; <+ m; and Vcgm
= 2HDM: 4 scalar masses + mixing angle o (+...)

— explicit mixing angles —> reparametrization in terms of m;
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On-shell mass renormalization

— OS conditions fix 5 of in total 13 ren. consts.

OdMaa =

) fixed at tree-level
d(yv)  6(Ayw) 0 \/
o
fixed by OS A

5L S0w) M (:,;]
0 SMg  §(w) aa
free ren. consts. g MS

—> tedious to disentangle but easy to solve (linear equation...)
Compare to:

= QED: 1 fundamental parameter m fixed by OS condition

= SM quark sector: fundamental parameters y;; <+ m; and Vcgm
= 2HDM: 4 scalar masses + mixing angle o (+...)

— explicit mixing angles —> reparametrization in terms of m;

for VLL: 5 X 5 mixing matrix = better avoid explicit parametrization
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Muon—Higgs coupling at one-loop

Up to one-loop order

il =Y (1—aB) + T (w7, 0y .9 ) + 01

INSTITUTE OF
NUCLEAR AND
PARTICLE PHYSICS.

@ TECHNISCHE CLFV in VLL models at one-loop

BRESEN T Kilian Mohling » Trento, IT, 15.04.2025 17/19




Muon—Higgs coupling at one-loop

ut
hos====- v
Up to one-loop order
I
eff _ vy h 14,2 2 2 ct oy
Yi; = Y5 (1 - O‘B) + T (ph:plﬁrvpu—) + 0I5 real radiation
real radiation
(IR div.)
TECHNISCHE CLFV in VLL models at one-loop g, NSTTUTE OF
@Ba‘?jﬁ:‘” Kilian Mohling » Trento, IT, 15.04.2025 17/19 S




Muon—Higgs coupling at one-loop

Up to one-loop order

I

y?;f = Yz? (1 - O‘B) + F}f(pi,pi+,pi,) + 61_‘1@]#
real radiation A
(IR div.)  genuine 1/ diagrams
(UV + IR div.)

genuine one-loop
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Muon—Higgs coupling at one-loop

Up to one-loop order

I

y;];f = Yz? (1 - O‘B) + F}f(pi,pi+,pi,) + 61_‘1@]#
real radiation A

(IR div.)  genuine 1¢ diagrams counterterm contribution

(UV + IR div.) (UV + IR div.)

n

I

h =mee=
I
counterterm
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Muon—Higgs coupling at one-loop

Up to one-loop order

I

il =Y (1—aB) + T (7, 4,9 ) + 01
real radiation A

(IR div.) genuine 1/ diagrams counterterm contribution
(UV + IR div.) (UV + IR div.)

Important checks
m cancellation of UV divergences v
m IR finite after inclusion of real radiation v

m cancellation of residual renormalization scale dependence v B owmenen

counterterm
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Muon—Higgs coupling at one-loop

Impact on correlation: SMEFT — coefficients at one-loop

A3 A2 A2
SMEFT __ L
Y _y“+0(16;2>’ Cea = 1\242 [ ! +O(16;2> ]
N—_—— ~ N——

12 tree-level 14
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Muon—Higgs coupling at one-loop

Impact on correlation: SMEFT — coefficients at one-loop

A3 A302 A2
SMEFT _ o 7 7 7
Y et (167r2>’ Ceo = 2 [ ! +O( ) ]
N—_——

1672
10 tree-level 10
= (very) large correction to ySMEFT cancels between yEfF and my,
Uu — ySMEFT 4 Cg£v2 nyL
= _— 1+ 0(10)
eff SMEFT 30““ 2 ySM
Yopp = Yu +3C v 3
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Muon—Higgs coupling at one-loop

Impact on correlation: SMEFT — coefficients at one-loop

A3 A3p2 A2
SMEFT _ wp
Yu _y“+0(16;2>’ Cea = 1\142 [ ! +O(16;r2> ]
N—_—— N——

12 tree-level 14
= (very) large correction to ySMEFT cancels between yEfF and my,
m
Tu _ ySMEFT 4 ngvz ysz
eff SMEFT i, 2 SM 1+0(16)
Youp = Yp +3Cp Y

BUT: remaining one-loop corrections are still significant

A=0, my=mp

A=1. my=mp
25
X
20
T 15 -1
x
J 10
05
o00Lt e e
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
my, [GeV] my, [GeV]
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Summary & Outlook

m VLL have strong impact on Higgs and flavour (violating) physics and upcoming
experiments will extensively probe the interesting parameter regions.

m Aa;, — 0 makes some room to address other questions like
origin of lepton masses, LFV and CPV.

m Era of high precision measurements = era of high precision theory
—» first step: (on-shell) renormalization scheme v’
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Summary & Outlook

m VLL have strong impact on Higgs and flavour (violating) physics and upcoming
experiments will extensively probe the interesting parameter regions.

m Aa;, — 0 makes some room to address other questions like
origin of lepton masses, LFV and CPV.

m Era of high precision measurements = era of high precision theory
—» first step: (on-shell) renormalization scheme v’

m Next: application to EW precision and LFV observables — precise predictions for
upcoming experiments
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Summary & Outlook

m VLL have strong impact on Higgs and flavour (violating) physics and upcoming
experiments will extensively probe the interesting parameter regions.

m Aa;, — 0 makes some room to address other questions like
origin of lepton masses, LFV and CPV.

m Era of high precision measurements = era of high precision theory
—» first step: (on-shell) renormalization scheme v’

m Next: application to EW precision and LFV observables — precise predictions for
upcoming experiments

Thank you!
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Backup

Backup
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Backup - Current and Future Experimental Bounds

Collider constraints

| Higgs | z |
BR(h — pe) < 4.4 x 1075 | BR(Z — pe) < 2.6 x 1077
BR(h — 7€) < 2.0 x 1073 | BR(Z — 7€) < 5.0 x 1076
BR(h — 7u) < 1.5 x 1073 | BR(Z — Tu) < 6.5 x 1076

LFV decays
| 00y | 0 — 30
BR(u — ev) < 4.2 x 10713 | BR(u — 3e) < 1.0 x 10712
BR(T — £y) $4x 1078 BR(T — 30) $2x 1078

[ — e conversion

C(p~Au — e~ Au)/TAY <7 x 10713

capt

D(p~Ti —»e Ti)/IN < 43x10712
M t

cap

Future sensitivities: T(u=Al = e~ Al)/TA% ~ 6 x 10716

BR(u — ey) ~ 6 x 10714
BR(u — 3e) ~ 10716
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On-shell scheme: set-up

Example: L ® E  multiplets with same QN — egr, = (ers, Er) and 41, = (Ip;, L1)

p— -7 Vi N7 ’ A
LD -MgErera — M{€roLr — £raYaperp® — ALRER®, Y= (i\/ AE)
L

Parameter transformation: M — M® +6M?, Yy — Yap + 0Yap, A= A4 0)

= Redundancy: £;, — Vilr, and eg — VRreR. VL /g can be used to make gauge-basis field
renormalization hermitian or set bare M = §44M; and yfj = y5dij

Field transformation: multiplets under broken gauge group Compared to 2HDM

ER I 0, L1
(Lz_z) — UgpZZér, (ELL> —U; Z7ér (g) = R (2)

=unitary 5 X 5 U;/R diagonalize renormalized mass matrix |2 x 2 mass diagonalization

—> off-diagonal mass (Yukawa) renormalization constants matrix Ra
=—> explicit parametrization

_4 [6(Yv) SM¢ _ in terms «
Smap = Uy T S5 Ug # dmaday f the fundamen-
a L <5]\41aE 5(Aw) R a = some O e funaamen

tal parameters can traded for
pole masses and «
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On-shell scheme: renormalization constants

f{\éEba(p)ua(p) =0, p_lmaﬁézaau(p) =0, but: 50 Z,;, and 2 + 11 parameters
50 equations 5 equations

= OS conditions fix Z /g and dmaq = dm, but not off-diagonal dmp

= similar problem to tree-level m; vs y¢, but now Uy, are already known
— choose 5 params. (Dirac masses and y¢), fix rest by external conditions.

3(y°v)
/+ m==k oMy, + dc
fixed by OS ] Mg

(fixed e.g. in MS)
determined from U”/R/K fundamental ren. const.

remaining consts.

= fundamental ren. consts. are given by k1 (dm — &c) and can be obtained
numerically or perturbatively.

Note
m m and dm of leptons with different charge are not independent
< OS cond. on all leptons fixes more parameters (e.g. also A or 5\) [JHEP 10 (2024) 170]
m alternatively: leave masses of some leptons (e.g. doubly charged or heavy neutrinos)
off-shell and compute one-loop mass shift (preferable e.g. in the triplet models)

TECHNISCHE CLFV in VLL models at one-loop
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On-shell Renormalization Constants: Gauge Sector

Re X, (M2) =0, 21;11;42 2 Mz ReX),(M2)=0, and

N 1717 _ _

Re 2y (9)ev (a) I B 5%2 7oz v (@ (@) =0
v

The vector two-point function has the general covariant decomposition

R nov n
i @) =~ ) (1 — L) — inhy (67) 2

v

Inserting this into the on-shell conditions gives the following renormalization constants at
one-loop order

67 = —Re X, (M,%) SM? =ReXy,(M2)
5Zvy = —Re T4, (M2), SMZ =RexT (M2)
8Zpz = —WReEAZ(MZ) 8Zza = %ReEﬁZ(O)

z

The charge and vev renormalization constants are given by

de M2, SMZ  SME
R § SW Sv _ _ w | _ de
o =3 0Zaa+ 0274 ), o = 2M2 QM% pTvER

TECHNISCHE CLFV in VLL models at one-loop
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" PARTICLE PHYSICS



On-shell Renormalization Constants: Lepton Sector

Sab(p) = B8 (0*)pPr + SL (p?)pPL + S5E(0?)Pr + S5 (p?)PL

(0m)aa = % Re [mazfz%a + mazga + Easf + Eg’f]
p2=m3
for a = b4 (Zn)as = R[St +ma (3 4288 ) +mz (284 28)]
pT=mg
(0Z1)ea = —Re[ Sy +ma(SEF + 588 ) +m2 (4 28)]
pe=mg,
0Z)as = gy [ RS, 4 mamy RSt 4+ m, Rewigy
a=my,
“+my, f{\gngl’ — Mg (6m)ab —my (JmT)ab:| 5
2—
fora#b T
(0ZL)as = rtz [mf Re 23, +mamp Re Ngf + ma Re D55
a=my
+my Re Eff — Mg (5mT)ab — mb(ém)ab:|
p2=m;}

TECHNISCHE CLFV in VLL models at one-loop
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Muon—Higgs coupling at one-loop

= remaining large loop effects e.g. from corrections to dv

ov

1 M
VLL 1671’2 Z‘ z| " mp
i

v

+ enhancement from mixing

eff

~ P2 v
Ypana| Ceqv™ X 65

Leading correction (L @ E)

eff © Hoa3

Mo )\)\
y’;{,‘l ~ B L [E /\2—12,\,\} m( )
Yy l1e 16m2M?m,, -
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