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Motivation

Open questions concerning: 1Tev Lepons Quarks
1GeV| ' [
1. Smallness of v-masses .
1MeVj .
Z My, < (0.1 — 1.3) eV (indirect)
7
2. Mild hierarchy in v-mass 1ev Th':“fm.'s
SpeCtrum. Vv's e w T ud s ¢ b t
Am%l N 10_2 Amgu N 10_5 d s b vy vV, V3
[Amj, © Am2, u = v, D |
3. Peculiar features of lepton c m : vw 1 .

mixing matrix

t . Vr...

Source: [St13]

= An abundance of models tries to explain these features

4. Majorana nature of neutrinos
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Motivation: renormalizable mass models

» Instructive example: p-7-symmetry provokes maximal
atmospheric mixing [GL03]

» Implemented in renormalizable 3HDM with Majorana v’s

141 1% 1223

STMu,light S = (Mu,light)* G = Z: (

Vr
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Motivation: renormalizable mass models

» Instructive example: p-7-symmetry provokes maximal
atmospheric mixing [GL03]

» Implemented in renormalizable 3HDM with Majorana v’s

141 1% 1223

vy v, V3
T * Ve 1 0 0
ST My tigne S = (M tigit) S=wv, |0 0 1] v . -
Vr 0 1 0
7 = «u 0
U™ My gt U = diag(my,1,mu2,m0,3)
:>'|ljui| — |(]Ti| \/i or 923 = 41507 6 — ﬁ:%g. \% III IIII IIIII

Source: [St13]

» Can also have "predictions” of the kind: m,/m, < 1
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Overview of past works

How do such predictions behave under radiative corrections?

1. Introductory studies: Revisiting on-shell renormalization
conditions in theories with flavour mixing
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Overview of past works

How do such predictions behave under radiative corrections?

1. Introductory studies: Revisiting on-shell renormalization
conditions in theories with flavour mixing

2. Toy model study: Renormalization and radiative corrections to
masses in a general Yukawa model

3. Main work: Renormalization of the multi-Higgs-doublet Standard
Model and one-loop lepton mass corrections
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Model setup



Model setup

Study a general model, later apply specific parameter
choices/symmetries/seesaw mechanism

L = Lym + Lxin + Ls + Lyuk + Luaj + Lar + Lrp.
> SU(2)r x U(1)y with ny scalar doublets

Ls = (D, ®1)' D ®y — ;0] ®; — Aijua (‘I’I‘I’j) (q’L‘Dl)
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Model setup

Study a general model, later apply specific parameter
choices/symmetries/seesaw mechanism

L = Lym + Lxin + Ls + Lyuk + Luaj + Lar + Lrp.
> SU(2)r x U(1)y with ny scalar doublets
Ls = (D) D@y — i, 0105 — Aigua (], (f@1)
» Mass generation via Yukawa interaction and Majorana mass term

2
[y e Crexne) Ay e CrXm) k=1, . . nyg

~ 1
£Yuk =+ ‘CMaj = —ERQLF]{ (:L) - URCDLA;C (ZL> — *pR]\JRV% aF H.c.
L L

> Gauge fixing with RE-gauge (avoids scalar-vector boson mixing @ tree-level)
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Model setup

Charged lepton masses

» Masses are generated via spontaneous symmetry breaking:

n +
Dy = (90/6) =, 4 -
Pr 7 (vk + ¢y )

> v;: solutions to the ny equations (ij + Nijrivpv)v; = 0 with
v =/ vV} = 246 GeV
» Charged lepton masses:

vy
= Yk
‘cmass,e = —€R \/i FK er, + H.c.

=M,
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Model setup

Charged lepton masses

» Masses are generated via spontaneous symmetry breaking:

n +
Dy = (90/6) =, 4 -
Pr 7 (vk + ¢y )

> v;: solutions to the ny equations (ij + Nijrivpv)v; = 0 with
v =/ vV} = 246 GeV
» Charged lepton masses:

vy
—
Emass,f = —€Rr \/i I'ker +H.e.

=M,

> M,: general complex 3 x 3 matrix. Bi-diagonalisation with
er = WR’}/RK and er = WL'VLK:

e = WEMWy, = diag(me, m,,, m.)
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Model setup

Neutrino masses

» Neutrino masses: can combine Dirac and Majorana terms

] 1
Emass,u S _pR%AkVL - 5?1{]\/’[}{1/;‘% + H.c.

——
Mp
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Model setup

Neutrino masses

» Neutrino masses: can combine Dirac and Majorana terms

U, 1
Lmass,y = _pRj%AkVL = EPR]\/[RV% + H.ec.
~——
Mp
= 1 T c\T —1l O ]\/[DT VL
9 (VL (V&) ) C <—]MD Mp Ve, + H.c.
—_—
Mbp+r
WR)TC™! = (CrgvR)TC™! = —Pr
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Model setup

Neutrino masses

» Neutrino masses: can combine Dirac and Majorana terms

_ g 1
J——— Apvp — —UrMpvg + Hee.
s R\/i kYL 92 RIVIRVR
——
Mp
1o vy -1 0 MpTY (vr
_§(VL (V&) )C <-7\"fD Mg v, + H.c.
| —
Mpyr
> Mp. g is symmetric = U Mp, U = diag(mu1, .., My ny+np)

with U/ = (gﬁ) and vg = UrYr X> vz = U7X
R

» Can assume typical mass scales mp < mg for invoking seesaw
mechanism upon diagonalisation:

M, tighe = —Mp My Mp + O(m3,/m%)

(I/;;,)chl - (GT”UT”:;;)T(—"*I = —Up

Maximilian Léschner | Karlsruhe Institute of Technology 7/24



One-loop corrections and
renormalization



One-loop calculation

Main goal: one-loop masses

» Potentially far more parameters than process-independent
physical observables
= MS-scheme somewhat unavoidable

» MS-Renormalization of scalar sector: {ouz;, SNijki, Ovk}
» MS-Renormalization of leptonic sector: {§A;, 6T, 6 Mg}

» Gauge-dependence discussion: How to show
gauge-parameter independence of one-loop masses?

> Treatment of tadpole contributions in terms of finite VEV-shifts
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Renormalization of scalar sector

Quartic coupling

> Determine 6z from (Q Te)e%*@Re?* ) in unbroken phase
to simply save some computational effort

» Using dimensional regularisation in d = 4 — 2¢, this is:

o7 R
- " % 1
21 (;Aijkl = % y, Coo = g —YE + 1H(47T)
999* 99?*
@cs

Sufficient for our purposes: dA;jx; = 0Xijk1 + SNik;
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Renormalization of scalar sector

Quartic coupling

> Determine 6z from (Q Te)e%*@Re?* ) in unbroken phase
to simply save some computational effort

» Using dimensional regularisation in d = 4 — 2¢, this is:

o7 K2
- Ny 1
21 (;Aijkl = % y, Coo = g —YE + 1H(47T)
e @
Coo

» Serves as input for mass counterterm in broken phase:

0 (R Y = -

[ 1 * * *

5 (003 + A (VisViw + Vis Vi)
0 % * %k 1%

= 3Ot [V v Vis Vi + v Vi Vigy] +

Sufficient for our purposes: (55\%,1 = 0ijr1 + 0Ntk
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Renormalization of scalar sector
dp? and dv

> Knowing 6k, find 642, and dvy, by demanding finite scalar

self-energy:
(@ +--&--), =0

N ./ p?2=0
SXijhis 5#?_, , 0V

» Need independent vy, for & # 0 [SSV13]. (Ansatz: vy, = avEyvg)

Coo (92€W g2§z>vk

+
1672 2 4c2,

= dvy, =

> Uniquely determines 6.7
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Renormalization of scalar sector
dp? and dv

> Knowing 6k, find 642, and dvy, by demanding finite scalar
self-energy:

@ o)

N , / p2=0
SXijhis 5#?_, , 0V

» Need independent vy, for & # 0 [SSV13]. (Ansatz: vy, = avEyvg)

Coo (92€W g2§z>vk

1672 il

= 5Uk =
2 4c2,

> Uniquely determines 6.7
» Check finiteness of scalar one-point function:

T+ 0 =0 Vv

Simultaneous finiteness of one- and two-point fct.: jv; = 0
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Renormalization of leptonic sector

Yukawa couplings

» Determine Yukawa counterterms 01"y, and 6A ;. from divergencies
in vertex corrections, again in unbroken phase:

e v Y

» Find remarkably simple result for neutral leptons

2 2
Coo g €W g fZ i
—— TIT.
A 162 K s 12, ) Ap + AT j] :
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Finiteness of leptonic two-point fct.

» Inserting Yukawa- and VEV-counterterms in the lepton
mass-counterterms gives finite self-energies

» For charged leptons: 6\, = % (6viTy + v}oT%)
= No freedom left in the choice of 6 M,

e~ —— 2 . %)

SM,

20, via dX;ijk1,0mi5,0vk
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Finiteness of leptonic two-point fct.

» Inserting Yukawa- and VEV-counterterms in the lepton
mass-counterterms gives finite self-energies

» For charged leptons: 6\, = % (6viTx + vj0T )
= No freedom left in the choice of 6 M,

(- 2 2 ) -

SM,

20, via dX;ijk1,0mi5,0vk

» Jv,. and 6T, suffice for finiteness!
» Choice of vy, is unique in our setup
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Finiteness of leptonic two-point fct.

» Inserting Yukawa- and VEV-counterterms in the lepton
mass-counterterms gives finite self-energies

» For charged leptons: 6\, = % (6viTx + vj0T )
= No freedom left in the choice of 6 M,

(- 2 2 ) -

SM,

20, via dX;ijk1,0mi5,0vk

ov, and 0T, suffice for finiteness!
Choice of jvy, is unique in our setup

>
>
» Similarly for neutrinos: §Mp = % (dvk Ak + vedAg)
>

Note: 0 My = 0 at one-loop!
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Gauge dependencies



Gauge dependencies |

» All relevant correlation functions made finite

» Consistency check: gauge-parameter independence of
one-loop masses

Z Z
I
g 4= IS
: H
A GO G
27T ,-\\
(r/:’\? + .'/ - o ‘\7',
i ‘ |
-

Maximilian Léschner | Karlsruhe Institute of Technology 13/24



Gauge dependencies |

» All relevant correlation functions made finite

» Consistency check: gauge-parameter independence of

one-loop masses

» Can analytically show this for on-shell lepton self-energies,

i.e. here: when p — 1, [Wei73]

Z cZ
e ()

] [} = (),
dz | ;

Z @2
d (‘—J;’\? + ./ - \\
d¢z

Maximilian Léschner | Karlsruhe Institute of Technology
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Gauge dependencies |l
Z and ghost tadpole

Vector boson and ghost propagators:

—Yuv + ky,kv/k2 _ k/tklj §Z

Z
Bk £2) = k2 — M3 k? k2 — &z M7
z 1 0

e - NCED
A7) = g (=8 6)
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Gauge dependencies |l
Z and ghost tadpole

Vector boson and ghost propagators:

—Yuv + ky,kv/k2 _ k/tkl/ EZ

Z -

Auy(k7£Z) i k2 — M% 2 k2 _ sz%
z 1 0
@ - = (=A@

A (k7§Z) i k2 i ng\/[% <_ A (k7£Z))

Ghosts exactly cancel £z-dependence in Z-tadpole:
ng CZ
d*k 0 Z
i + i x /(27T)4 [(Az’g)ﬁ(kafz) +&zA (k,fz)} =0
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Gauge dependencies |l

Residual ¢£z-dependent contributions to self-energy

yA
m = /(d4k Frp FFLr e

. 2m)4 P ;é—A k2 — &, M2
—_——
AW (p—k)

Frr = U;UL”;'L — UL Ur
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Gauge dependencies

Residual £z-dependent contributions to self-energy

(;./jt’\? D U/P d4k} }7 k k }7 1
. (2m)i TPy %— 7 M2 e M3
%,_/
G AW) (p—k)
(RN

1
[} a
a

E \\', 0 / Tey [A : RL1T ] .
X = myl + ] my
(Y (277')4 2 LR RL k2 — fZM%
—l

AG) (k,E7)

Frr= L“"}l(fm L —ULUir

Maximilian Léschner | Karlsruhe Institute of Technology

15/24



Gauge dependencies

Residual £z-dependent contributions to self-energy

m D) / d4k F k }éF 1
p:k (2 ) RL p %_A LRkQ—é-ZM%
—_———
G A®) (p—k)
LN

1

] a
a

Z \\'/ ! / d4kj 1 [A F2 + F2 “ ] 1
& 5 [T my ST =
(Y (27T)4 2 LR RL k2 — fZM%
—l

AG) (k,E7)

- d4k R R . R R
SN /W [ Frr — Frui] A (p — k) [Froim, — i Fre] ACD (k, €2)

Frr= L“"}l(fm L —ULUir
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Gauge dependencies IV
Weinbergs Trick

Can relate the three contributions via appropriately shifting the loop
momentum:

AW (p— k) = — (p— K — ) AV (p— )k + (p — 1) AV (p — k)

—_——— —
(AM) (p—k))~1
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Gauge dependencies IV
Weinbergs Trick

Can relate the three contributions via appropriately shifting the loop
momentum:

AW (p— k) = — (p— K — ) AV (p— )k + (p — 1) AV (p — k)
——o—
(A (p—k)) =1

—k  +(p—) AV (p— k)E

—0 under f(;’i;“;l
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Gauge dependencies IV
Weinbergs Trick

Can relate the three contributions via appropriately shifting the loop
momentum:

AW (p— k) = — (p— K — ) AV (p— )k + (p — 1) AV (p — k)
——o—
(A (p—k)) =1

—k  +(p—) AV (p— k)E

—0 under f(;’i;“;l

== (p— 1) + (p — i) A (p— k) (p — 7y
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Gauge dependencies IV
Weinbergs Trick

Can relate the three contributions via appropriately shifting the loop
momentum:

FAV (p— k) = — (p— F — 1) AW (p— k)E + (p — 1) AW (p — k)
N——
(AW (p—k))—1

+ (p— ) AP (p — k)

d4k
(2m)*

= —(p =) + (p— i) AP (p = k) (p — 1)

~—~
—0 under [
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Gauge dependencies V

Full ¢z-dependence of self energies contained in:

&z
d
X /(;iﬂ,];d {_2 [(? i mV)FER + FI%L(? _ mV)}
+ (p — ) FLrA™) (p — k) Fro(p — 110,
+ (p — ) FLrA™ (p — k) (Frri, — i, FLR)

+(w Frr — Fro,)A™ (p — k) Fre(p — mu)} AC) (k, €7)

, — 77t~ T 7% A
Frr=U, Uyt — U Urr
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Gauge dependencies V

Full ¢£z-dependence of self energies contained in:
GO

. 7N

(rJ\'\z // \\ ‘\\,"
S .
]

&z

——

Ak (1 N, o )
o N [(p — ™) Fig + Fap(p — mu,)] < Goldstone tadpole

+ (p — 1) FLrA™) (p — k) Fro (p — 10,)
+ (p — 110,) FLrAY) (p — k) (Frotnw, — 1w, FLR)

+(m, Frr — FRLmu)A(V)(p —k)Frp(p — mV)} A(GO)(kv £z)

Terms of these types do not contribute to mass corrections, only
shifts of the propagator residues — field strength renormalization

= Gauge-parameter independent one-loop masses

Maximilian Léschner | Karlsruhe Institute of Technology 17/24



VEV-shifts



Finite tadpole contributions |

» We have seen: need (finite) tadpole contributions for
gauge-parameter independence of one-loop masses

» Can introduce finite VEV shifts Av;, to absorb these =

vanishing one-point function
@ @ o &
i + | + 4 =
| | |
SN, 6, SN, o2, Av
ov ov

®
+ 1 =0 —
I
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Finite tadpole contributions |

» We have seen: need (finite) tadpole contributions for
gauge-parameter independence of one-loop masses

» Can introduce finite VEV shifts Av;, to absorb these =

vanishing one-point function
@ @ o &
i + | + 4 =
| | |
SN, 6, SN, o2, Av
ov ov

®
+ 1 =0 —
I

» Equivalence of inserting all tadpole contributions for a given
observable versus shifting v, — v, + Awvy, in Lagrangian

—R—+ : - ' = —QR—+—D—
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Finite tadpole contributions |l
Charged leptons

» Insertion of finite VEV-shifts yields:

& 271H . 5
! 1 2 * o
- = =Y [Gore +Glm] x — 7 % g M (Bl Vi + Viaw)
b—2
b |G= (W,Qrk WL> vy
—4—%4— = 7@ (W}T? Fk,A”Uk WL’YL —+ WEFLAUA:WR’YR)

AM,

» compare with:

1 _
_ﬁz WhoiTkWerys £ + Hee.

» VEV-shifts induce finite mass-shifts

£mass,é = —egMper +H.c. =
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Final results

» Eventually calculate finite mass shifts (for neutrinos) via
) = p (=007 + 25 6P + 28 02 + 58 0%) 1.

Am; = m; (257) (m?)+Re(S7) (m?) (i=1,...,nz +np)

» Having shown gauge-parameter independence, can use specific
gauge for simpler calculation

> Presentation of full analytic results for leptonic self-energies
in Feynman gauge (including tadpoles)

Maximilian Léschner | Karlsruhe Institute of Technology 20/24



VEV-shifts of heavy Majoranas



Finite VEV-shifts of heavy Majoranas

» Majorana tadpole contributions:

O V2 ) M2
( s = Atl()X) = ~16:2 Tr {mz (]1 —In ./\/lz) (Fb +FJ):|
fin

. O(m% /mpg) 0 14
> ml,_< 0 O(mx) ,e.g.mp ~ v, mg~ 10"* GeV

(x)
> Lead to VEV-shifts Av{¥) = Y232 St Vi

Yukawa couplings: Fj, = % (L'LA;‘.UI, + UiAZfU;,) Vi
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Finite VEV-shifts of heavy Majoranas

» Majorana tadpole contributions:

O V2 ) 2
( ESS = Atl()X) - T Tr {mz (]1 —In ./\/12) (Fb +FJ):|
: fin

5 O(m2%/mg) 0
> ~ D 2 "y g 14
m, =~ ( 0 O(mz) )’ e.g.mp ~ v, mp ~ 10°* GeV

(x)
> Lead to VEV-shifts Av®) = 32 2y,
b

» No sufficient suppression: Contributions very large for high mpz

» Crude estimate: Av™) < 10GeV = mp < 10° TeV
Yukawa couplings: I}, = % (li;"f/_\k.l!,, + U AT U;,) Vi
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Finite VEV-shifts of heavy Majoranas

Just a feature of our tadpole scheme?

» VEV-shifts as a matter of bookkeeping:
Finite tadpole contr. in Avy:

—@—+—®—+—A—+@+:+: v

oI, 0v Av 6N, 62,60 Av

finite -0

gauge-indep. masses
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Finite VEV-shifts of heavy Majoranas

Just a feature of our tadpole scheme?

» VEV-shifts as a matter of bookkeeping:
Finite tadpole contr. in Avy:

—@—+—®—+—A—+@+ [

6T, 0v Av 6N, 62,60 Av

finite =0

gauge-indep. masses

> Avk = (0

finite

gauge-indep. masses
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Finite VEV-shifts of heavy Majoranas

Gauge-parameter independence of one-loop masses shows that
tadpoles must be taken into account
» If tadpoles are “renormalized away”, gauge-dependence in
masses might be introduced, e.g. in mass renormalization via

- - . © .2

sm©S 5t At

finite, but gauge dependent =0
» In General: Potential source for confusion

Bookkeeping is important!
> Potentially problematic behavior of Majorana tadpoles in MS

Maximilian Léschner | Karlsruhe Institute of Technology 23/24



Conclusions

» An abundance of renormalizable neutrino mass models
available, often with many new scalars

» Want to check perturbative stability of mass and mixing
predictions in generally applicable way
= multi-Higgs doublet SM
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Conclusions

>

>

An abundance of renormalizable neutrino mass models
available, often with many new scalars

Want to check perturbative stability of mass and mixing
predictions in generally applicable way
= multi-Higgs doublet SM

MS-renormalization of scalar and leptonic sector in broken
phase via renorm. of parameters of unbroken theory

Analytic results for full one-loop lepton masses

VEV counterterm necessary when &y 2 # 0 to achieve finite
scalar one- & two-point functions

Finite tadpole contributions obligatory for gauge-parameter
independent one-loop masses

Can absorb these contributions in finite VEV-shifts

First numerical results imply problematic contributions from
heavy Majoranas in MS-scheme
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Conclusions

» An abundance of renormalizable neutrino mass models
available, often with many new scalars

» Want to check perturbative stability of mass and mixing
predictions in generally applicable way
= multi-Higgs doublet SM

» MS-renormalization of scalar and leptonic sector in broken
phase via renorm. of parameters of unbroken theory
» Analytic results for full one-loop lepton masses

»> VEV counterterm necessary when &y 2 # 0 to achieve finite
scalar one- & two-point functions

» Finite tadpole contributions obligatory for gauge-parameter
independent one-loop masses

» Can absorb these contributions in finite VEV-shifts

» First numerical results imply problematic contributions from
heavy Majoranas in MS-scheme
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Backup slides



Relevance of radiative corrections?

Lepton mass and mixing corrections
not systematically studied so far

Precision era of v-physics in reach
Almost maximal mixing in Upyins VS.
almost diagonal Vokwu

Large threshold corrections in BSM
models

Our hope: perturbative stability of
masses and mixings might give a
measure for usefulness of underlying
models

36°

T
5D-UEDM
0 \ N -
32 N
N
L N J
N
28° - AN B
S
N
L N J
: AN
24° : S MssM o
: Ng
L .
P I S A
2 3 4 5 6 7 8 9 10
w=Mz 10g1o(w/GeV)
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Possible extensions of the thesis

» Finite field strength renormalization using on-shell conditions
» Translation to renormalized mixing angles
» Subsequent discussion of gauge-parameter dependence



Estimate: Finite VEV-shifts of heavy Majoranas

> yp : Yukawa coupling of Dirac neutrino mass terms; largest
contribution to VEV-shift via lightest scalar

) V2 s )]
L 3272 "RYD
A0 V2 m%mD

= AvX) ~

Mz T B2m Mz P

» Seesaw mechanism: yp ~ mp/v = /m,mg/v

327 vM%
|A |
V2 my,

> m, = 10710 GeV, MIZ_I = 125GeV, Av ~ 10 GeV

= |mg| ~

= mp ~ 4 x 103 TeV



Scalar mass two-point counterterm

The counterterm pertaining to the scalar self-energy —ill, (p?) is
given by

) &
(- 8 = - 5 [(ij +5/\ijk-zv§§vz} (Vi Vi + Vigy Vip)

T~ o Y %
— Z(S)\ij]gl [v] v VieVip + Ujvlvz'bvkb’]

7~ * * * *
= 5)\“1«1 (Svgvr + viour) (VipVie + Vip Vis)

i 3 * ok * * XY 7k
= Z)\ijk;l [(6vjvg + v 0vE) Vip Vi + (0vv + viduy) Vi Vi ]



Gauge dependencies

Z-contribution

Using propagator-shift trick yields

Z
d*k ) .
—pi_&k—D /WFRL%A( (p — k)FFLrAC) (k, £2)



Gauge dependencies

Z-contribution

Using propagator-shift trick yields

Z
d*k ) .
—pi_&k—D /WFRL%A( (p — k)FFLrAC) (k, £2)

d*k .
= /(271_)4 [*FRL (p — TTLV) FLR

¥ Fry (p— i) AV (p — k) (p— 1) Fur] A (k,€2)



Gauge dependencies

Z-contribution

Using propagator-shift trick yields

Z
d'k ] .
_pi—ﬁk_ D /WFRL%A( )(p — k) FFLrAC) (k, ¢2)

. /((2:1;_];4 [7FRL (p i ﬁLl/) FLR
¥y (p— ) AV~ K) (p 1) Frr] AC (h,7)

i, = UzULW’R — UL Ui,
Frr = U[]:UL'YL — UL Uir,

(0 MDN\ (UL _ . £



Gauge dependencies

Z-contribution

Using propagator-shift trick yields

Z
dik ] '
—pighk—:) /WFRL%A( )(pf kl)%FLRA(G )(k,gz)

= /((2{;_]){4 [_FRL (p—ﬁl,,) FLR

+ Frp (p—,) A (p = k) (p = 1) Fur] A (k,£2)

4
o /(jwl; [; (pFER + FIQ%LJV))

+ (PFrr — Frow) A (p — k) (Frop — 1w FLR) } AC) (k,€7)




Vector boson propagators

Various useful ways of writing vector boson propagators:

9w + kuku/kz N kukv gV

AY (k) =
pv (F) k2 — M2 k2 k2 — &y M2
. —9uv + kuky/k2 i kj/bkl/ 1

T k2 M2 M2 k2 — & M2
174 1% 1%



Mixing angle renormalization

General idea (preliminary)

» Possible definition for one-loop mixina:
Ul—loop = 5UTUtree(5U = Utree + 59TUtree + Utree503 5U =1 + 50

» Unitary demands anti-hermitian correction, i.e. 66t = —§6:

Uy

1—loop

Ui —toop = 1 4 60" 4+ 60 + U}l (367 + 36) Uireo = 1



Mixing angle renormalization

General idea (preliminary)

» Possible definition for one-loop mixina:
Ulfloop = 5UTUtrcc5U = Utrcc + 5€TUtrcc + Utrccéga 5U =1 + 59

» Unitary demands anti-hermitian correction, i.e. 66t = —§6:

Uy

1—loop

Ut —toop = 1 + 861 + 660 + Ul . (661 + 68) Uppeo = 1

» Mixing physically observable in la
T B
Loe = QBZBWB’Y#UPMNSVB - { U
= gpIWh~.(Z)*) Upnns 2L/ Py
w
> Then with Z,/% =1+ 16,

1
Ui -100p = Upmns + 3 (6 Upmns + Upnmnsdi ]

» Looks like a natural choice!



Mixing angle renormalization

Gauge dependence (preliminary)

» Problem: on-shell field strength renormalization is gauge
dependent

=1l
2 2
m; — mj

N
=1

1
5(5L)ij = [m?Ef;L + miijij + ijf;R T misz]pz

» Same goes for anti-hermitian part (AH):

) =

——— [mfo}L (m?) + m?Ef}L (m?) +m;m; (E%R(mf) + E%R(m?))

+ my (B57(m7) + T (m5)) + ma (255 (m?) + 25 (m)))]

> All (-dependent terms should cancel, but at least for finite
corrections: cancellations not obvious! (Note the different
arguments in the self-energies)



Mixing angle renormalization

» Various renormalization methods available in the literature for
quark mixing, e.g. using symmetric point p? = 0:

1
V}gKM VCKM 5 ((5ZAH)TVCKM (VOCKM)T(SZ;%II?)
2
A m; +m3 s
(62 H)ij i m?2 —m% ( +22ij(0))

» Alternatively (bluntly speaking): brute force calculation of
self-energies, then use only terms that do not depend on & [?]
» ...the question persists:

» What is the canonical method for mixing angle
renormalization?



Mixing angle renormalization

Pinch-technique

Explicitly gauge-independent X (p?) for defining renormalized mixing
angles: (scalars) Krause et al., JHEP 1609 (2016) 143

i(pQ) _ Etad‘&/:l (p2) + Eadd(p2)7

ytd: full self-energy w. tadpoles, ¥:299: additional explicitly
gauge-independent part from toy two-to-two scattering (intermediate
scalars H;):

rH:iXX PT (pz) THiYY

1]
2 2 H;H; 2 2
p myy 7 p mHj

i

I': vertex function, X7': self-energy-like fct. Major insight:

iH,zH (p°) = Etad ( 2)+ZZIH7(Z72) = Z?I?Hj . 1( )JFEEII}MH (%),
. o

= ¥ gauge-independent. Downside: trades gauge dependencies for

prescription in the definition of 3.

p*-scheme: use symmetric point p? # 0 at which self-energies are

evaluated: (p*)* = (M7, + M%)/2.



Renormalization

Radiative corrections in perturbation theory often diverge:

Tadpole-example: k',, /d4l —
P Pe 1+ X emiE -
]

i L i of 2 M2
—u /(27)1 12— M2 167T2M <6W’E+11147r+1—1nﬂ2>
: & e

» Regularization to make divergencies treatable
» Renormalization to absorb them

gy = g+ dg
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