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Motivation

Standard Model:  chiral fermions, e.g. lf, = (v, er) € 2_j/pandegp €1
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Motivation

Standard Model:  chiral fermions, e.g. lf, = (v, er) € 2_j/pandegp €1

= L D —eerER — yelper® <¢>:—([>)’v) — YeVELER
——

not gauge-invariant!

LHC: strong exclusion limits on new chiral fermions with masses from SM Higgs mechanism

= what about vector-like fermions? Fr, r € same representation

L O —MpF. Fg v
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gauge-invariant!
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Standard Model:  chiral fermions, e.g. lf, = (v, er) € 2_j/pandegp €1

= L D —eerER — yelper® (@:_((;,v) — YeVELER
——

not gauge-invariant!

LHC: strong exclusion limits on new chiral fermions with masses from SM Higgs mechanism

= what about vector-like fermions? Fr, r € same representation
L O —MpFLFg v
————
gauge-invariant!

Special case: coupling to Iy, or eg and ® = vector-like leptons (VLL)

Name N E L L3/o N¢ E®

Rep. 1o 11 2,1/2 2,3/2 30 31
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Phenomenology at leading order

Combinations of VLL lead to additional of lepton chiral symmetry, e.g.
LOE: LD -AglLPrE® — AL LPrer® — L(APx + AP, ) E®
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Phenomenology at leading order

Combinations of VLL lead to additional of lepton chiral symmetry, e.g.
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Combinations of VLL lead to additional of lepton chiral symmetry, e.g.
Lo E: EDf)\EEP”E@f)\LfP”eRcbff()\PR+5\PL)E¢.
% X ¥ CTyi o3
\ . ; AN v
Amy; = _CE7TLT
MgMp,
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| : X h ¥
K : ! \ ' : N 9
L, Lo A~ —32BAALY
g ” i > \ . K Mo
€Ri L E ZL] eni L! * E, * )IL]- EML
AEAL
MpMp X .= .
MpMy, : F‘Ir‘ d A AN vmy,
' O--.s‘ Aa'L % e ——
: ; . 1672 Mg My,
eni L B Iy

= strong correlations between chirality-flipping observables
Kannike et al. [1111.2551], Dermisek et al. [1305.3522]
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Phenomenology at leading order

LHC: Measurement of muon—Higgs coupling

D(h — pp)

Ry =— "2
HETT(h = pp)sm

=1.214+0.35

and mass-exclusion limits ATLAS [2411.07143]

My, > 1270 GeV, Mg > 400 GeV
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Phenomenology at leading order

LHC: Measurement of muon—Higgs coupling | Model prediction (L & F)
I'(h — 3
R = L2 M) o) 435 A Aa o AEML
L(h — pp)sm R VY Vi
and mass-exclusion limits ATLAS [2411.07143]
My, 21270 GeV, Mg > 400 GeV Ry =iy B |y g grBanl?
HH ASM ~ 1 10-9
o
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Phenomenology at leading order

LHC: Measurement of muon—Higgs coupling

D(h — pp)

TP 12140.35
I'(h — pp)sm

Rup =

and mass-exclusion limits ATLAS [2411.07143]
My, > 1270 GeV, Mg > 400 GeV

Muon g-2:

Lattice HVP Av. 1
WP23

—
I FNAL2

10 30 20 10 0

101 5 (a3 — ap®)

Muon g-2 WP25 Phys.Rept. 1143 (2025) 1-158 [2505.21476]

—> see talk by Gilberto Colangelo tomorrow

Model prediction (L & E)
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Phenomenology at leading order

LHC: Measurement of muon—Higgs coupling

D(h — pp)
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and mass-exclusion limits ATLAS [2411.07143]

My, > 1270 GeV, Mg > 400 GeV

Muon g-2:
N S —
e ——
P S
KLOE et
e ———
S —
P —
ot
Tt 1V Ao 1
w2
s
R
AL .
BNL-0 o
m % ; b
101 5 (a3 — ap®)

Muon g-2 WP25 Phys.Rept. 1143 (2025) 1-158 [2505.21476]

—> see talk by Gilberto Colangelo tomorrow

Model prediction (L & E)
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P. Athron, KM, D. Stéckinger, H. Stéckinger-Kim [2507.09289]
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Why go beyond leading order?
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Why go beyond leading order?

"Never trust a tree-level calculation.” - Weinberg, Coleman, ?
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Why go beyond leading order?

"Never trust a tree-level calculation.” - Weinberg, Coleman, ?

SM Lepton mass at tree-level

X X X X
0 < 0 : .
. \ . . ;
: Voo ALANG 5
: + . : ! + .~ + YPY; v’ + O(v )
MpMr,
€Ri Ir; €ri L E lr;
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Why go beyond leading order?

"Never trust a tree-level calculation.” - Weinberg, Coleman, ?
SM Lepton mass at tree-level vs one-loop
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Why go beyond leading order?

"Never trust a tree-level calculation.” - Weinberg, Coleman, ?
SM Lepton mass at tree-level vs one-loop

X % X I
' \ ' ; AL
: + B : ! + o~ ZLTTE 54 0>)
. . . . MpgMy,
€Ri I1j €Ri L E Irj
X .
CRi : l AL AN
+ Ri + L E Lj + L, 2E )+ O(’U3)
N 167

mass suppression "looses” to loop-suppression when

16720
%N s MZO0(1Te)

= what about other observables?

=e.g. muon-Higgs coupling: LHC at O(10%) vs tree-level correction O(100%)
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Mass basis

SMEFT < qualitative understanding, but: precision calculation < full model (mass basis)
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Mass basis

SMEFT < qualitative understanding, but: precision calculation < full model (mass basis)

LD —yelrer® — A\gl,Eg® — A\ Lrep® — Z(APR + Z\PL)E<1> — MpELEr — MLLLLR
— after EWSB mixing between (er, L, Er) and (er, Er, Lp)

€Rj E[{ L,

@

€r; yfjv )\Zm‘ 0

MT = 7 j e U- T~ U; = diag(m;
Ly | Mo x M L R g(mi)
EL 0 AIE Av
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Mass basis

SMEFT < qualitative understanding, but: precision calculation < full model (mass basis)

LD —yelrer® — A\gl,Eg® — A\ Lrep® — Z(APR + Z\PL)E<1> — MpELEr — MLLLLR
— after EWSB mixing between (er, L, Er) and (er, Er, Lp)

€Rj E[{ LI_:i

€r; yfjv )\Zm‘ 0
= U;T,///_U;, = diag(m;)

Problem: me ;- fixed < requires (numerical) inversion of SVD to solve for ye
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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 kM et al. JHEP 10 (2024) 170]
e @) = 5
= 124pa P —~ 1o
: Re Eba (p)ua (p) =0, P—ma Re Eaau(p) =0
ren. cond. for p*> — m2
removes mixing and Am enforces Z=1
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On-shell mass renormalization

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 a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;
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= QED: 1 fundamental parameter m fixed by OS condition
= SM quark sector: fundamental parameters y;; <+ m; and Vcgm
= 2HDM: 4 scalar masses + mixing angle a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;

for VLL: 5 x 5 mixing matrix = better avoid explicit parametrization
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On-shell mass renormalization

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 a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;

for VLL: 5 x 5 mixing matrix = better avoid explicit parametrization
= OS conditions fix 5 of in total 13 parameter ren. consts.

S(yev)  S(ALw) 0

dmaa = U, " | 6(0L)  §(w) sMy, | U
fixed by 05 —* 0 Mg 5(w) aa
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On-shell mass renormalization

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 a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;

for VLL: 5 x 5 mixing matrix = better avoid explicit parametrization
= OS conditions fix 5 of in total 13 parameter ren. consts.
(ycv) 5(/\%11) 0
dmaa= U, " | 6(01)  s(w)  sMp | U
fixed by 05 —* 0 Mg 5(w) aa

free ren. consts.
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On-shell mass renormalization

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 a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;

for VLL: 5 x 5 mixing matrix = better avoid explicit parametrization

= OS conditions fix 5 of in total 13 parameter ren. consts.

S(yev)  S(ALw) 0

dmaa = U, [ 600)  s0w)  sMy 1',,)]
fixed by 05 —* 0 Mg 5(w) aa
free ren. consts.

e.g. MS
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On-shell mass renormalization

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 a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;

for VLL: 5 x 5 mixing matrix = better avoid explicit parametrization

= OS conditions fix 5 of in total 13 parameter ren. consts.

) fixed at tree-level
swe) s 0 \ L

dmaa = U, [ 600)  s0w)  sMy 1',,)]
fixed by 05 —* 0 Mg 5(w) aa
free ren. consts.
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On-shell mass renormalization

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 a (+...)

— 2 X 2 mixing matrix == reparametrization in terms of o and m;

for VLL: 5 x 5 mixing matrix = better avoid explicit parametrization

= OS conditions fix 5 of in total 13 parameter ren. consts.

) fixed at tree-level
swe) s 0 \ L

dmaa = U, [ 600)  s0w)  sMy 1',,)]
fixed by 05 —* 0 Mg 5(w) aa
free ren. consts.

= much simpler to disentangle and easy to solve (linear equation...)

but: unlike SM or 2HDM — off-diagonal dmgp remain
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Muon—Higgs coupling at one-loop

oyt 1,2 2 2 it
A = Aﬁf(l - O‘B) +Fuu(ph’pu+’p#*) + T

4 INSTITUTE OF
NUCLEAR AND
PARTICLE PHYSICS.

@ TECHNISCHE On-shell renormalization of vector-like leptons

DRDERSITAT Kilian Méhling = Hamburg, DESY, 24.09.2025 8/9




Muon—Higgs coupling at one-loop

oyt 2 2 2 t
N = A;ﬁ(l - O‘B) + Ly (P 2t P, ) + 61000

L ut
real radiation
( IR dIV.) J oemmme- o
I
real radiation
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Muon—Higgs coupling at one-loop

ff __ yt 1¢ 2,2 2 -t
Xl = Nt (1= aB) + T, P v ) + 0T

+
P I
real radiation
(IR div.) genuine 1¢ diagrams [T ¥
(UV + IR div.)
K
genuine one-loop
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Muon—Higgs coupling at one-loop

oyt 2 2 2 t
N = )\ﬁf(l - O‘B) + Ly (P Pt P, ) + 01000

L ut
real radiation
(IR div.) genuine 1/ diagrams counterterm contribution ; ...... ¥
(UV + IR div.) (UV + IR div.)
K
wt
JREEEEN
I’
counterterm
TECHNISCHE On-shell renormalization of vector-like leptons NSTITUTE OF
@3#';‘2%@7” Kilian Mahling = Hamburg, DESY, 24.09.2025 8/9 PR pivscs



Muon—Higgs coupling at one-loop

A = (1= o8) + TR ) 0T
real radiation
(IR div.) genuine 1/ diagrams counterterm contribution ; ...... 5
(UV + IR div.) (UV + IR div.)

Important checks
m cancellation of UV and IR divergences v
m cancellation of residual renormalization scale dependence v/

m decoupling behaviour in physical observables v
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on—Higgs coupling at one-loop

oyt 1,2 2 2 t
A = Aﬁf(l - O‘B) +Fﬂﬂ(ph’pu+’pp,7) + T

+
real radiation a
(IR div.) genuine 1/ diagrams counterterm contribution ; ...... 5
(UV + IR div.) (UV + IR div.)
K

Important checks
m cancellation of UV and IR divergences v
m cancellation of residual renormalization scale dependence v/

m decoupling behaviour in physical observables v

A=1, my=mg
2.5

2.0

+

15} ! I

1.0} N h =mee-

0.5 "w

ool ] counterterm

0 2000 4000 6000 8000 10000
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 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 and
complete NLO correlation: calculation of Aa, at NLO (2-loop)

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(h — 7€) < 2.0 x 1073
BR(h — Tu) < 1.5 x 1073

BR(Z — pe) < 2.6 x 1077
BR(Z — 7e) < 5.0 x 1076
BR(Z — Tu) < 6.5 x 1076

LFV decays

L— 0y

0 — 3¢

BR(pu — evy) < 4.2 x 10713
BR(T — ¢y) $4x 1078

BR(u — 3e) < 1.0 x 10712
BR(T —30) <2 x 1078

[ — e conversion

I'(p~Au — e~ Au)/T
D(p~Ti = e Ti)/T

A —13
capt < 7% 10

Lot <43 x 10712

cap

Future sensitivities: I(u~ Al — e~ Al)/TA

BR(u — 3e) ~ 10716

capt
BR(px — ey) ~ 6 x 10~

~6x10-16
14
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On-shell scheme: set-up

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

_ _ _ _ e A
LD -M&Eepa — MilroLi — lpaYapepp® — ALRER®, Y = (f\’ f)
L

Parameter transformation:  M® — M2 +0M¢, Yap — Yap + 0Yap, A= A4\

= Redundancy: £;, — Vilr, and eg — VreR. VLR can be used to make gauge-basis field
renormalization hermitian or set bare M = 44 M; and yiej = y5dij

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

S A Y i s
(LR)HURZReRv <EL —UpZ[¢ér - =Ra S;

munitary 5 X 5 UE/R diagonalize renormalized mass matrix |2 x 2 mass diagonalization

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

— 5(Yv) (;MZ B in terms «
dmap = Uy, <5M]‘§ 5(w) Ug # 0mabap —> some of the fundamen-

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

R;Eba(p)ua(p) =0, 1m f{\gEaau(p) =0, but: 50 Z,, and 2 + 11 parameters

-

50 equations 5 equations

— OS conditions fix ZL/R and 0mgaq = dm, but not off-diagonal dm,

= similar problem to tree-level m; vs y7, but now Up,/r are already known
— choose 5 params. (Dirac masses and y¢), fix rest by external conditions.

3(y°v)
7 om=x| oM, | +dc . .
remaining consts.

fixed by OS ] SMp R~ &

i (fixed e.g. in MS)
determined from UI‘/R/\ fundamental ren. const.

= fundamental ren. consts. are given by Kk~ !(§m — &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)
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https://link.springer.com/article/10.1007/JHEP10(2024)170

On-shell Renormalization Constants: Gauge Sector

Re S5 (M2) =0, lim - 2Re2’ (M?)=0, and
p2_)Mz p
Re XM € ‘ =0, lim I =0
VV/(q) v(q) q2:M‘2// 2o M2 P M2 ( Jev(q)

The vector two-point function has the general covariant decomposition
pv a*q” 2\ q"q
,22 ,(q) flEVV,(q )( py qT) — zEVV’( ) P

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

one-loop order

v

521 — —Ro ), (M2) SM? =ReX),(M?)
0Zvy = —Re ST, (M2), SME =Rex{y (M)
§Zaz = —M%ReZEZ(M%) 0Zza = M%RBZEZ(O)

z zZ

The charge and vev renormalization constants are given by

de SM2 2. [ SM2 sM2
R SW. dv _ w o w2z _ W\ _ de
e 2 0Zaa+ cw 0Zz4 ), v T 2MZ, + 57, \2M2 ~ 2MZ, e

" PARTICLE PHYSICS.
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On-shell Renormalization Constants: Lepton Sector

Yab(p) = SE (0*)pPr + 2L, (p%)pPL + 251 (0?)Pr + S5 ()P

(m)os = §Re[maSf, +maSf, + DR+ 58]
p2=m2

~Re {Efa + ma (zgf’ + EGS,IL') +m?2 (2% + Eéé)]

fora=b<{ (0ZR)aa

2

pr=mg

(0Z1)ea = —Ro[Sky +ma(S2F +53 ) +md (S8 +28)]

pé=mg
(6ZR)ap = mﬁimg [mg Re EaRb + mqmp Re Eﬁb + mq Re Ebe

+mp Re ZEZ)I’ — ma(dm)ap — mb(émT)ab} ,

2=

fora#b e

(6Z1)ap = mgimg [mg Re L + mamy Re SR + mgy Re S5F

22
pr=my

+my, EEZE;{ —ma(6mT)ap — mb(5m)ab:|
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Muon—Higgs coupling at one-loop

Impact on correlation: SMEFT — coefficients at one-loop

A3 A2 A2
SMEFT __ i pp i
Yu _y“+o(167r2>’ Ceo = 2 [ ! +O(167r2) }
——— ~  N—

10 tree-level 10
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Muon—Higgs coupling at one-loop

SMEFT — coefficients at one-loop

Impact on correlation:

A3 A3p? A2
SMEFT __ i pp i
Vi _y“+o(16w2>’ Ceo = 2 [ +O(167r2) }
——— ——
12 tree-level 12
= (very) large correction to szEFT cancels between y/iff and my,
mu _ SMEFT i, 2 off
i _ y:MEFT N CE;ZU2 )\lstyfnt =1-0.87 IAOG‘; (1 + 0(16))
€ — < —
A = Y +3Cpv H
TECHNISCHE On-shell renormalization of vector-like leptons R
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Muon—Higgs coupling at one-loop

Impact on correlation: SMEFT — coefficients at one-loop

SMEFT A Ajv? :
_ i pp i T i
Yu _y“+o(16w2)’ Ceo = 2 [ 0(167r2> }
———
10 tree-level 10

= (very) large correction to ySMEFT cancels between yEFf and my,

'"Zu — szEFT+ CZ;U? )\ifL Aau

off SMEFT w2 ASM =1-0 87 1+ 0(19)

Aip = Yo +3C v

BUT: remaining one-loop corrections are still significant

A=0, my=mp A=1, my=mg
25 25
b A
2.0 2.0
z s Ve oas
x x
s s
a 10 a 10
05 05
oolh . ool d .
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
my, [GeV] my, [GeV]
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Muon—Higgs coupling at one-loop

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

ov

1 y (M
v 1672 Z‘M ln(m )
VLL - h
k3

v

+ enhancement from mixing

eff | ~p, 2 s
Yup| ~ Cepv™ X657

v

Leading correction (L & E)

eff B3 AH 3

MO M
y““ ~ [E ,\2—12>\,\} ln( )
yiM e 167r2M2m“ -
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