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Open questions in the Standard Model
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Open questions in the Standard Model

y lrep (ca<131 + Saq)g) = |y lrep®| = vy E(caeR + saER) )

Scalar Extensions Baryon asymmetry Fermion Extensions

[ ] Flavour' patterns m

— W REN (type I/I11)
Higgs triplet I
R = Dark Matter
Fiovon 8

—> Motivations for VLF: SM mass hierarchies, CP violation, GUT, extra dimensions, ...

— offer complementary phenomenology to many scalar extensions
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utline

m Phenomenology at leading order
m Why are higher orders relevant?
m The technical stuff (Renormalization, OS conditions, ...)

m Impact of higher order corrections
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Vector-like lepton representations

Special case: tree-level coupling to SM leptons and Higgs = vector-like leptons (VLL)

Name N E L Ls Ne Ee
Rep- (130) (17_1) (2,—%) (2,—%) (370) (37_1)
L IL®N ILOF Lder ?éeR 1PN 1,0 DPE®

vector-like: Fp g € same representation — — MpFLFr + h.c. gauge-invariant!
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Vector-like lepton representations

Special case: tree-level coupling to SM leptons and Higgs = vector-like leptons (VLL)

Name N E L L% N©@ E°
Rep- (130) (17_1) (2,—%) (za_g) (370) (37_1)

L IL®N ILOF Lder Lsdep ILo*®N® I o ®E"
vector-like: Iy r € same representation = — MpFLFr + h.c. gauge-invariant!
Interaction terms between VLL possible for: L@ E@, Lo N@, L; ® E@

eg. LOE: LOL[ Mg + MNP, JEQ®
~~ ——
"SM-like"” opposite chirality
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Vector-like lepton representations
Special case: tree-level coupling to SM leptons and Higgs = vector-like leptons (VLL)
Ea

Name N E L L% N¢
Rep- (130) (17_1) (2,—%) (za_g) (370) (37_1)
L IL®N ILOF Lder Lsdep ILo*®N® I o ®E"
vector-like: Iy r € same representation = — MpFLFr + h.c. gauge-invariant!
Interaction terms between VLL possible for: L@ E@, Lo N@, L; ® E@
eg. LOE: LOL[ Mg + MNP, JEQ®
~~ ——
"SM-like"” opposite chirality
— independent SM chiral symmetry breaking
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Phenomenology at leading order: Higgs coupling and g — 2
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Phenomenology at leading order: Higgs coupling and g — 2

€Ri L E lLj CRi L E I CRi L E Ir;
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Phenomenology at leading order: Higgs coupling and g — 2
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Phenomenology at leading order: Higgs coupling and g — 2

Ry, =1.2140.35
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Phenomenology at leading order: Higgs coupling and g — 2

x o oxox x by e )
oo [ Am; ' ,Jf' @ m;Am;
b~ Amg . LS ~3 i N T 67202
e v ].67T v

€Ri L E Ir; €Ri L E lr; €Ri L E Ir;

T'(h A 2
:RMH:HMN<1 a“)

D(h— pp)sm . Q1079

Ry = 1214035

Ry, =1.2140.35 - -

[-||-|

LoE LioFE Lo E° L& N Lg@Ea

Aa)P?0 = 26.2(4.5) x 10710

Aa)P?® = 3.8(6.3) x 10710

Aay, x 10°

[Athron, KM, Stackinger, Stéckinger-Kim '25]
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Phenomenology at leading order: Higgs coupling and g — 2

x ox x o x ? )
[ A [ BAmz \ ,Jf' K m;Am;
Voo ~ Am; Voo ~ 3 | R ~ Ty
—_—— = ——— () ]_67'[' v
€Ri L E Ir; €Ri E lr; €Ri L E Ir;
2 2
R L(h— pp) 1 Aay, N d, [ecm]
R T(h — ) sm Q109 20 x 1022
Ry =1.2140.35
3
Rup =1.2140.35 2[ - L
Aa)P?0 = 26.2(4.5) x 10710 = 1[
& OF mmm -
Aa)P® = 3.8(6.3) x 1071 | 4 ) I l
|du] < 1.9 x 107 ¥ecm -2
—23 -3
|du| < 6 x 107 ecm (PSI?) LeE LyeE Lol LeN Lyok

[Athron, KM, Stackinger, Stéckinger-Kim '25]
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Phenomenology at leading order: Higgs coupling and g — 2

X ox x b« ® !
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—— e ———— v ]_67'[' v
€Ri L E lLj CRi L E I CRi L E I1;
2 2
R L(h— pp) 1 Aay, N d, [ecm]
R T(h — ) sm Q109 20 x 1022
Ry =121£0.35
3
Ry, =1.21+£0.35 2[ — I
Aa)P? = 26.2(4.5) x 10710 = 1[
s O mmm [
Aa)P® = 3.8(6.3) x 1071 | 4 ) I l
|du] < 1.9 x 107 ¥ecm -2
—23 -3
|du| < 6 x 10" ?ecm (PSI?) LoF L6F Lok LoN' Lob Aa, x 10°

[Athron, KM, Stackinger, Stéckinger-Kim '25]
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Phenomenology at leading order: charged lepton flavour violation

BR(h — p7) 1690 BR(pu — 3e) 1
~— X —=
BR(r = py) 977 BR(u—ey) — |AO
= | %
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[Daberstiel, KM, Stéckinger, Stéckinger-Kim '26]
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Never trust a tree-level calculation

SM Lepton mass at tree-level
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Never trust a tree-level calculation

SM Lepton mass at tree-level vs one-loop
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Never trust a tree-level calculation

SM Lepton mass at tree-level vs one-loop

R XX ¥ Ty
: \ : ! ALAX
H + ‘\ : I’ + A ~ 7 L £ ' + O(U5)
> > \ IE\ ]L
€Ri Ir; €Ri L E lr;
A i Y \J
\ AL AN
+ | + L zE v+ O?)
5 4 > 167
€Ri L E ZL7
mass suppression "loses” to loop-suppression when
16720
e <1 & M Z O(1 TeV)
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Never trust a tree-level calculation

SM Lepton mass at tree-level vs one-loop

¥ X x o x o
H \ : / ALAXG 5
H + > 5 : ‘ > + ~ A\IEA\]L + ( )
€Ri lr; €Ri L E lrj
A i Y \J
\ AL AN
+ et ]LGWZE v+ O
€R L E Ir;

mass suppression "loses” to loop-suppression when

167w20?
Ve <1 & M Z O(1 TeV)

= what about other observables?
ne.g. h— pu: O(100%) tree-level correction vs O(10%) precision at LHC
= NLO corrections to Aa,, Z — €¢, CLFV?
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Major Issues

m SVD inversion: solving for y; at tree-level is only possible if the target mass is known.

one-loop mass shift Am; changes this target to
m; = mphyS Am;

= cant get m; without Am,, but cant get Am,; without y; (?)

m UV Divergences: loop corrections to self-energies, Higgs-couplings, etc. are divergent
/ dPk 1
[k’2 — AP €yv

m IR Divergences: external charged particles ~ divergences at k2, k-p ~ 0
from virtual and real photon spectrum

t/kakm __pr(ptk)
k% k2 —2kp p? —m? —2kp
——

=0 on-shell

= cancel after renormalization
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On-shell Renormalization Scheme

SOLUTION: — on-shell scheme [KM, Stéckinger, Stockinger-Kim 24]
€ @ e,
= i%pa(p) ~ ~
1
: Re Xpq (p)uq(p) =0, = ReXgqu(p) =0

2 2

ren. cond. for p* — Mq removes mixing and Am enforces Z=1
m SVD inversion v/ induced shift Am,; and mixing is absorbed by renormalization
0 phys 0 3
m; = m; 4 0m;, eq =+ Z2pCh

m UV divergences v remaining % poles after renormalization of the self-energies are cancelled
by MS constants 6\’.,, and J.\

m IR divergences v m; = mP™ ~ correctly treated following YFS

%
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Lepton Masses at tree-level

SMEFT = qualitative understanding, now: precise calculation ~ full model (mass basis)
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Lepton Masses at tree-level

SMEFT = qualitative understanding, now: precise calculation ~ full model (mass basis)

Example: L& FE

LD fyiﬁiemq) — )\ZEEZERQJ — )\]LEequ) — Z()\PR + S\*PL)E(I) — AIEFLER — ]\,[LTLLR
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Lepton Masses at tree-level

SMEFT = qualitative understanding, now: precise calculation ~ full model (mass basis)

Example: L& FE

LD fyiﬁiemq) — )\ZEEZERQJ — )\]LEequ) — Z()\PR + S\*PL)E(I) — AIEFLER — ]\,[LTLLR

redundancy MiEiLR, MngeRi < Ly, and Er same QN as Iy; and eg;
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Lepton Masses at tree-level

SMEFT = qualitative understanding, now: precise calculation ~ full model (mass basis)

Example: L& FE

LD fyiﬁiemq) — )\ZEEZERQJ — )\]LEequ) — Z()\PR + S\*PL)E(I) — AIEFLER — ]\,[LTLLR

redundancy MiEiLR, MngeRi < Ly, and Er same QN as Iy; and eg;

lepton mass matrix after EWSB

€R;j Er L;i

er; [ yiv Ao 0

A= L A o M = U, M~ Uy = diag(m;)
E 0 ME S\’U

e 5 77T - T 5 7t —\T
mass basis: ér =U,(eri, L}, ER) ér =Up(eri, Er, Ly)
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On-shell Scheme: Set-up

Bare couplings: v = yi + 0y, AV — N+ 0N, M? — M; +6M;

1 1
Field transformation: (e, Ly, E)Y —UrZzer, (er,Er,Ly)l — UnZkér

TECHNISCHE Vector-like Leptons @ NLO e, IeTTUTE O
e
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On-shell Scheme: Set-up

Bare couplings: v = yi + 0y, AV — N+ 0N, M? — M; +6M;

1 1
Field transformation: (e, Ly, E)Y —UrZzer, (er,Er,Ly)l — UnZkér

S(yw) S(AFv) 0
om=U] | 6(\kv)  6(h) My | U
0 Mg 6(\v)

Note: UL, r fixed at tree-level — om in general non-diagonal
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On-shell Scheme: Set-up

Bare couplings: v = yi + 0y, AV — N+ 0N, M? — M; +6M;

1 1
Field transformation: (e, Ly, E)Y —UrZzer, (er,Er,Ly)l — UnZkér

S(yw) S(AFv) 0
om=U] | 6(\kv)  6(h) My | U
0 Mg 6(\v)

Note: UL, r fixed at tree-level — om in general non-diagonal

compare to e.g. 2HDM:  miphys — Mphys + 0Mphys,  but  U(ag) — U(da)U(«)
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On-shell Scheme: Set-up

Bare couplings: v = yi + 0y, AV — N+ 0N, M? — M; +6M;

1 1
Field transformation: (e, Ly, E)Y —UrZzer, (er,Er,Ly)l — UnZkér

S(yw) S(AFv) 0
om=U] | 6(\kv)  6(h) My | U
0 Mg 6(\v)

Note: UL, r fixed at tree-level — om in general non-diagonal

compare to e.g. 2HDM:  miphys — Mphys + 0Mphys,  but  U(ag) — U(da)U(«)

— redundancy dmygp could be absorbed by field-redefinition, but here unpractical:

=5 X 5 matrices Ur, g ~ explicit parametrization hard to work with
= further obscures relation dm < Jdy;, 0\, 0M;
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Renormalized Lepton Self-energies

Renormalization of kinetic term:

— J— 1 1 1 1 1 1 1 1
Eulid —ma)éa — & id(25 Z4Pr+ 21 23 PL) — (21 Tm + om)ZEPr + 2 m + om] T2 P ) | e
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Renormalized Lepton Self-energies

Renormalization of kinetic term:

— —_— 1 1 1 1 1 1 1 1
8a(if = ma)ea — & [i0( 25 ZiPr+ 25 23 PL) = (27 + 6m) ZPr + 2 [ + om] Z P )| e
covariant decomposition:

€a & . .
(D) = i51u(p) = i (D 07) pPr -+ D, 07) P+ SERGP) P+ Z5EGP) )
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Renormalized Lepton Self-energies

Renormalization of kinetic term:

— —_— 1 1 1 1 1 1 1 1
8a(if = ma)ea — & [i0( 25 ZiPr+ 25 23 PL) = (27 + 6m) ZPr + 2 [ + om] Z P )| e
covariant decomposition:

€a e )
(D) = i51u(p) = i (D 07) pPr -+ D, 07) P+ SERGP) P+ Z5EGP) )

Nl

One-loop expansion:  Z2 =1+ 367Z; + ...

?

iR 1
by / (pQ):ZL/R(p2)—|—§(5ZL/R+6Z£/R)

= 1
ESR(p2) = n5R(p?) — i(m(SZR + 5Z£m) —om

1
2

=SL

57 (p?) = 25 (p?) (mazL + 5Z;m) — émt

TECHNISCHE Vector-like Leptons @ NLO
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On-shell Renormalization Constants: Lepton Sector

on-shell conditions: Re Spa (p)ua(p) = 0, p_lmaﬁéiaau(p) =0
removes mixing and Am enforces Z=1
(6m)es = LRe [zgf 4+ SLe 4o SRr 4 maZaLa]
fora=10 pr=ma
(6Z1/R)aa = —Re [zﬁc{R +ma (S5 +35E) + m2(SE + zg;)}
pZ=m?2
(523),11, = m23m2 mz ﬁ-é EaRb + mgmy ﬁ-é Egb + mg Eé Efg%
a b
+1my R\éZbe — Mg (6m)ay, — mp(dm) s
for a # b — N e
(6Z1)ay = 52z |mi Re XL, + mamy Re S8 + m, Re X5F
a b
+my f{éEbe — Mg (6mT)ap — mp (M) ap
p2=m?2

TECHNISCHE Vector-like Leptons @ NLO
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Mass matrix: tree-level vs counterterm

m; 0 0 Y;v /\,Ev 0
tree-level: 0 my 0| = Uj[\v o M |Ug
0 0 ms 0 Mg v
om;  0mgg  Omys S(yiv)  6(\Fo) 0
ren. constant: dmy;  Omy Smus = Ul [6(\Ev)  §(\) Mg | Ux
0ms;  Omss  Oms 0 OMpg 5(5\1))

TECHNISCHE Vector-like Leptons @ NLO
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Counterterm Inversion

S(yiv) 6(AFv) 0
Mae = l('] S(AFv)  s(w) M ['vl{‘|
0 SMg  d(\w) aa

TECHNISCHE Vector-like Leptons @ NLO
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https://link.springer.com/article/10.1007/JHEP10(2024)170

Counterterm Inversion

fixed by OS
S(yiv) 6(AFv) 0
§Maa = l(i; SOAEv)  s(Ww)  6My (i,,)]
0 Mg 6(\w) aa

TECHNISCHE Vector-like Leptons @ NLO
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https://link.springer.com/article/10.1007/JHEP10(2024)170

Counterterm Inversion

fixed by OS fixed at tree-level
\/ §(yiv)  S(AFv) 0 \/
6maa = l(vl (5()\,LLU) 6(){1}) 6]\[[, [,'R‘|

0 Mg 6(\w)
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https://link.springer.com/article/10.1007/JHEP10(2024)170

Counterterm Inversion

fixed by OS fixed at tree-level
\/ §(yiv)  S(AFv) 0 \/
6maa = l(vl 5()\1[”[}) 5()\7}) 6]\[[, [,'R‘|

0 Mg 6(\w)

free ren. consts.
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https://link.springer.com/article/10.1007/JHEP10(2024)170

Counterterm Inversion

fixed by OS fixed at tree-level
\/ S(yv)  6(AFv) 0

6maa = |f} 5()\lLU) 5()\U) (H\IL Ugr
0 oMg 6§ (Xu) aa
free ren. consts. eg MS
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https://link.springer.com/article/10.1007/JHEP10(2024)170

Counterterm Inversion

fixed by OS fixed at tree-level
\/ S(yv)  6(AFv) 0

6(yiv)
0Maa = l(, SAFv)  s(w) oML | Ug = k| dMp | +dc
0 Mg 6(\w) aa SMg
free ren. consts. c.g. MS
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https://link.springer.com/article/10.1007/JHEP10(2024)170

Counterterm Inversion

fixed by OS fixed at tree-level
\/ S(yv)  6(AFv) 0

6(yiv)
6maa = |f} 5()\lLU) 5()\U) (H\IL ('v/{ = K CH\IL + dc
0 Mg 6(\w) aa SMg
free ren. consts. cg. MS
= (6(ysv),6Mp,6Mp) = k™' (6m — dc)
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Counterterm Inversion

fixed by OS fixed at tree-level
\/ S(yv)  6(AFv) 0

S(yiv)
6maa = |f} 5()\lLU) 5()\U) (H\IL ('v/{ = K (H\IL + dc
0 Mg 6(\w) aa SMg
free ren. consts. cg. MS
e (S(yiv),éML,éME) = Ffl(émféc)

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 \) [KM, Stsckinger, Stéckinger-Kim '24]

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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MS Renormalization constants

starting point: S-functions from RGBeta package [Thomsen ‘21]

B(0;) = =& @[1]4-285@1 0  ~ 2(5@?1 (@ one-loop)
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MS Renormalization constants

starting point: S-functions from RGBeta package [Thomsen ‘21]
B(0;) = =& @[1] + Z 85@1 —£;0,  ~ 2(5@?1 (@ one-loop)

but assuming hermitian field-normalization = redundancy 5M£7E, 0y;5 # 0.
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MS Renormalization constants

starting point: S-functions from RGBeta package [Thomsen ‘21]
B(0;) = =& @[1] + Z 85@1 —£;0,  ~ 25@? (@ one-loop)

but assuming hermitian field-normalization = redundancy 5M£7E, 0y;5 # 0.
tree-level structure also for renormalization constant ~ field-redefinition (gauge-basis), e.g.
(lLi7 LL) — (]1 + (SVL)(lLi,LL) - (SMIZJ — (SME + ((5VL)1'4ML ; 0

— removes off-diagonal terms + RGE running preserves tree-level structure...
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MS Renormalization constants

starting point: S-functions from RGBeta package [Thomsen ‘21]
B(©;) = 515@[1] + Z 85@1 —£;0,  ~ 25@? (@ one-loop)

but assuming hermitian field-normalization = redundancy 5M£7E, 0y;5 # 0.

tree-level structure also for renormalization constant ~ field-redefinition (gauge-basis), e.g.

(lLi7 LL) — (]1 + (SVL)(lLi,LL) - (SMIZJ — (SME + ((5VL)1'4ML ; 0
— removes off-diagonal terms + RGE running preserves tree-level structure...

...but modifies RGE, e.g.

M3 + 2M}

0 =i (0T + 397 + 2P + AFE) — AAFARA
Blyi) = i (8T + 3y2 + 2]AF[2 + [AF) XA
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Yukawa vertex counterterm

Counterterm Matrices
ERj ER L;‘,
éLi 6y2 (S)\LE 0
Yukawa couplings: 0y~ = Ly 5/\.2 SN0
E,\ 0 0 6

= SYh=u,T5y U,

16 / 21
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Yukawa vertex counterterm

Counterterm Matrices
ERj ER L;‘,
éLi 6y2 (S)\LE 0
Yukawa couplings: 0y = L 5/\.2 SA 0 =
E,\ 0 0 6

SYh=u,T5y U,

Vertex Renormalization

_— h
L O —é Yher—

16 / 21
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Yukawa vertex counterterm

Counterterm Matrices
eRj ER L;‘,

éLi 6y2 (S)JE 0
Yukawa couplings: 0y~ = Ly 5/\.2 SN0
Er \ 0 0 oA
Vertex Renormalization
h
—

L O —é Yher—

1
one-loop expansion: 7> =1+ %5Zi + ...

ez (" + oY) Zjen -

SYh=u,T5y U,

1
ZFh

= 1
2

1
ST = 67! 1 (azzyh n YhazR)ab + 5YihdZn

16 / 21
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Muon—Higgs coupling at one-loop

heff _ v h w2 2 2 ct
Yﬂﬂe - Yw(l - aB) + Fw(pmpu“pu*) + ol
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Muon—Higgs coupling at one-loop

Yh eff Yh (1 o aB) ]_—\lé (ph7pu+7pu )+ 51-\275#

real radiation
(IR div.)

real radiation
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Muon—Higgs coupling at one-loop

genuine 1/ diagrams

o~ UV +IRdiv)
Yh eff Yh (1 o aB) _’_]_-\lé (ph7pu+7pu )_’_51-\275#

real radiation

(IR div.)
wt
howmmm=- v h
o
real radiation genuine one-loop
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Muon—Higgs coupling at one-loop

genuine 1/ diagrams

\/ (UV + IR div.)

h.eff _ v h 0,2 2 2 ct
Yﬂﬂe - Yw(l - aB) + Fw(pmpuﬁpu*) + 5Fw

real radiation

(IR div.) counterterm contribution
(UV + IR div.)
wh nt
howmmm=- v howmmm=- hyosmm==-
I nw
real radiation genuine one-loop counterterm
TECHNISCHE Vector-like Leptons @ NLO . INSTTUTEOR
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Muon—Higgs coupling at one-loop

genuine 17 diagrams Important checks
\/ (UV + IR div.) m cancellation of UV and IR
Yh off Yh (1 B aB) Ple ( )4 oret divergences v/
ph’p“+’p“ e m cancellation of residual
real radiation 7 renormalization scale dependence v/
(IR div.) CounteUr’{/erm IcRorét.ribution m decoupling behaviour in physical
( o iv.) observables v

real radiation genuine one-loop counterterm
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Effect of NLO correction to R,

tree-level R,

Ry, =1.2140.35

3k
5 [ ] [ ]
T 1
X
S O mmm [ ]
<
~1F
-2F
-3k, , R , .
L&FE L%@E L& E” Lo N®

L% ® E°

TECHNISCHE
@ UNIVERSITAT
DRESDEN
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= N W

Aa, x 10°

Effect of NLO correction to R,

tree-level R,

Ry = 1214035

LoFE L%GBE L@ EY L& N

2.5

2.0F

0.0

0
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Effect of NLO correction to R,

tree-level R,

Ry = 1214035

= N W

Aa, x 10°

one-loop R,

LoFE L%GBE L@ EY L& N L%GBE“

Vector-like Leptons @ NLO
Kilian Méhling =  Karlsruhe, 24.03.2026



NLO correction to dipole ellipse

tree-level R, one-loop R,

Ry, =1.2140.35

..... e -

—
= —
) g
; S W LO
)y o,
N I HNLO
NO NO M < 10 TeV
S SR Y S HNLO
% X M < 30 TeV
. = B NLO
~ & M < 50 TeV

-0.50.0 05 1.0 1.5 2.0 2.5 3.0 QRSN 77777777
-05 0.0 05 10 15 20 25

9
Aay, x 10 Aa, x 10°
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Renormalization group running

mixed OS and MS conditions == residual renormalization scale dependence

de,, — asile,
.uﬁ = 6os(®a) ~ BMS(@a) - M

+0(20)
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Renormalization group running

mixed OS and MS conditions == residual renormalization scale dependence

de,, — dslle,,
—2 = B9(0,) ~ M5(0,) — “T +0(20)

linearized running from the perturbative expression: Y ~ ™4 4 )\E)\)\L + O(v?)

2 - ) _
Vi) Vi) + o [N (R) + A BOS (AR + ﬁOSwE)AJLA}
my

K=o

=0, A=-2, /\5 = /\é‘ = 0.4, my = mg = 5000 GeV

0.002f

0.001

0.000 -

*0.001+

-0.002

In (1/ o)
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Conclusions

® :
m VLL strongly affect lepton—Higgs physics oo
— unique correlations testable in upcoming experiments €Ri L
m LO study for all six models completed v 10°
m precision era requires accurate (higher-order) predictions T T
. . = Lo
— OS scheme provides consistent framework g 2
m one-loop corrections implemented v F :«m
= ]
4 e 05
m /m
1
. 0.0,
-10 -5 0 5 10 -10 -5 0 5 10
Agfh, x 10* AgZ, x 101
A=1, my=my
2
20
zT 15
5]1 1.0
0.5
0 0 ) 2000 4000 6000 8000 10000

my, [GeV]
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Conclusions

® >
m VLL strongly affect lepton—Higgs physics Lo
< unique correlations testable in upcoming experiments €Ri L
m LO study for all six models completed v e R
m precision era requires accurate (higher-order) predictions T 7
— OS scheme provides consistent framework g 4
m one-loop corrections implemented v ; $1u
g ,\_:J 0.5
) | 5
) |
M 105 0 5 10 %5 0 5 10
Agfh, x 10* AgZ, x 101

A=1, mg=my

> NLO for many more interesting observables:
Z — £, CLFV, EDM, trilinear Higgs (?), ... 20

> RGE improved results ~» SMEFT analyses
> theory studies: vacuum stability, different RS

0 2000 4000 6000 8000 10000
my, [GeV]
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Conclusions

[0} (I?Jf

m VLL strongly affect lepton—Higgs physics

< unique correlations testable in upcoming experiments €Ri L
m LO study for all six models completed v 10° R
m precision era requires accurate (higher-order) predictions T T
— OS scheme provides consistent framework = z
m one-loop corrections implemented v ; Tt«w
= ]
4 e 05
m m
1
M “10-5 0 5 10 %% 5 0 5 10
AgF, x 10 Aghsy, x 101

A=1, mg=my

> NLO for many more interesting observables:
Z — £, CLFV, EDM, trilinear Higgs (?), ... 20

> RGE improved results ~» SMEFT analyses
> theory studies: vacuum stability, different RS

— still some work left to do!

0 2000 4000 6000 8000 10000
my, [GeV]
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Backup
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Mass Basis: SVD Problem

PROBLEM: masses m 23 = M, - known, but fundamental Yukawa couplings are not!

GOAL: For given {)\;, M}, find y; such that SVD yields the correct SM masses
Perturbative Solution expansion in small parameter: ¢ ~v/Mp/p < 1
M =My + e M = U =Uj (L+eA] +A; +..)
— approximate results in terms of fundamental parameters (equivalent to SMEFT tree-level
expansion)
A AL \o?
m; =y + “ECE 4 O(e?), ma =~ Mg + O(e), ms ~ Mg + O(e)
MgMj,
Numeric Solution transform to eigenvalue problem ...

MU, = diag(m;) (SVP) — Un it~ ~U,, = diag(m?) (EVP)
. and solve for roots of characteristic polynomial

Xi(y;) = det(%_T,///_ — Ilmf) = FindRoot[{Xx1, X2, X3}, {V1, V2, V3}]

— much more precise (in principle arbitrary precision), but "black box”.

TECHNISCHE Vector-like Leptons @ NLO
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Mass Basis: Effective Couplings

ERj ER LE
€rL: yfjv XEU 0

Mass Matrix: M = Ly | Mo x o My = MU, = diag(m;)

eri [ ¥5; Ap 0 m
Yukawa couplings: Yo = L /\J]' A 0 = YU, # diag(—l)
., , ’ v
EL\0 0 A
€Rj ER L;{
éRi (Sijs%;v 0 0 i
Z couplings: gg = Eg 0 %, 0 = L'Pj‘gﬁ(:,; * 1s%,

E}_i 0 0 siy— %

TECHNISCHE Vector-like Leptons @ NLO
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On-shell Renormalization Constants: Gauge Sector

DA 2\ _ . 1 pasY 2\ _

Re X5, (M2) =0, pr s PPN RO S, (M2) =0,  and

D . MUY _ : 1 pv —
ReXy v (9)ev(q) ooz, 0, q21_1>r§\143 2=z 2vv(@)ev(a) =0

The vector two-point function has the general covariant decomposition
. T 2 MV L 2 193
—iXy(q) = =Sy (g )(n“” - %) — %%y (¢%) L

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

v

57y = —Re X, (M2) SM? =ReX,(M?)
§Zvv = —Re T (M3), SM} =ReXTy (M)
024z = —%Zﬁézﬁz(M%) 0774 = ﬁ%ﬁ/e Zaz(0)

The charge and vev renormalization constants are given by

de

ot _ 1 sw. Su _ SMy | ey (M7 SMy ) _ e
c 2(5ZAA+CW5ZZA)’ v T 2MZ, + s2,\2M2 ~ 2M32,

TECHNISCHE Vector-like Leptons @ NLO
g#'gstnRES,}m Kilian Mhling = Karlsruhe, 24.03.2026 4/8




Muon—Higgs coupling at one-loop

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

v 9 M
v IvLL 167r2 Z|)\| ln<mh)

+ enhancement from mixing
)\;ﬁ‘é ~ CHBv? x 628
v
Leading correction (L @ E)

Xl N AN 03 M
[adad E LY 2
~ CECCLINT )2 12AA] 1
Ai'}f’ 10 1672M2m [Z n(mh)

TECHNISCHE Vector-like Leptons @ NLO g,
i
g#'gvs%RgsﬂT‘T Kilian Méhling = Karlsruhe, 24.03.2026 5/8 o )




Full NLO correlation?

the one-loop corrections to A, result in

A . 2Aa,,
)\i'lf' Q1¢ 2.3 x 1079

(1%—(%16))

... but since the only relevant chiral symmetry breaking comes from
NG
MgMy,

so do the two-loop corrections to Aa,,

Aau|@24 ~ Aallf (]. + O(l())

TECHNISCHE Vector-like Leptons @ NLO e, msTUTEOF
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Aa,, at Two-loop

MASS BASIS: in principle yields trustworthy result from established calculation methods,
2486 genuine (1PI) 2-loop diagrams + O(100) counterterm diagrams

Y ,‘ €
JNeE IP /‘ W ‘ ¢ 8 JJ \éﬁ
4 1 2 V 3 1676 1677 1678 2484 2485 2486

GAUGE BASIS: In analogy to SMEFT one-loop matching: calculate I + B/W® — eR<I>
only 262 genuine (1PR) 2-loop diagrams + 280 counterterm diagrams

LU L IL L IL
eR . Es eR Es eR . Es
Es ™ LA V™ el}ﬁ’ ™

© ) My
B B B
1 2 3

~» mass-insertion method, should give the leading (chirally enhanced) two-loop contribution
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Consequences for new

Physics?

2HDM

LQs

My=30GeV, G=C=0

| \\\\\\\\\:\::\*‘A\\_
S

\\\\\\\»

My = Mys [GeV

ALPs

04GN, A=1TV

[Am, > o]

My [GeV)

Aa, % 10°

SUsy

my g = My+50 GeV, My = 1200 GeV, tang = 40
550

500

450 % =

400

350

1000 1500 2000 2500
#(GeV]

VLL

Ryu=121£035

OF - I I -
-1
-2

LoE  LyoE LoE LoN' Lob

EW fit

EW fit

mDD (KNT)
DD (DHMZ)

@ DD (KNTICMD3)

@ attice (Mainz)
lattice (BMWc)

0270

P. Athron, KM, D. Stéckinger,
H. Stéckinger-Kim [2507.09289]
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UNIVERSITAT
DRESDEN

Kilian Méhling =
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