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Renormalisation
Quantum Corrections = UV Divergences = Renormalisation
® Mathematically: extending products of distributions to the full spacetime
® Physically: reparametrisation of the theory
e Conditions: T ——
" Quantum Field Theory
+ Renormalisation

 Unitarity

® Physically meaningful: Relations between Observables
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Regularisation and Renormalisation

QFT = lir% (Family of Regularised Theories £(€)>
€E—

Regularisation:
® Regularisation = Isolate Singularities
® Regularisation can and may in general break Symmetries
® Various Options: UV-cutoff, Pauli-Villars, DReg, ...
Dimensional Regularisation (DReg):
® Satisfies Causality, Lorentz Invariance and Unitarity
® Most commonly used

Renormalised Continuum Theory

Regularised :I'Heér.y
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Symmetries — Gauge and BRST Invariance

® The Slavnov-Taylor identity reflects symmetries in the full quantum theory

ST o _or
S = f e toed 505 = [ o s e =

® Gauge theories at the quantum level: BRST invariance => Slavnov-Taylor identity

S() =0
N

Unitarity ] [ Lorentz Invariance ] [Gauge Independence

® The Slavnov-Taylor identity needs to be obeyed after renormalisation for consistency

® physical Hilbert space with positive norm states
® unitary and gauge independent physical S-matrix
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The y5-Problem
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The ~5-Problem

® FElectroweak interactions act on chiral fermions

® ~s is manifestly 4-dimensional
Anticommutativity
{Y5)Yp}=0

D#4

Cyclicity of Traces Trace Identity

(4-D) Tr(y*1yH2ytsytays) =0
® Give up at least one property

® Breitenlohner-Maison/’'t Hooft-Veltman (BMHV) scheme [HV'72, BM'77]
® Alternative y5-schemes (Naive anticommuting? Reading point? ...)
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Breitenlohner-Maison /'t Hooft-Veltman (BMHV) Scheme

Abandoning anticommutativity of 75 — BMHYV algebra

® Decomposing the D dimensional space
M=MsdM_ o, Nuw = Ty + N Xt =X"+ X+
® BMHYV algebra: {7,745} #0
{7 st = {9} = 29" 7, {7, 5} =0, (%, 5] =0

® Regularisation induced symmetry breaking: Sp(I'breg) # 0
® Broken symmetry has to be restored = more complicated renormalisation

Sct = Ssct + Sfct = Ssct,inv + Ssct,non—inv + Sfct
® But: unitary and proven to be consistent to all orders!
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Chiral Gauge Theories in D Dimensions and the BMHV Scheme

Chiral gauge theory
L= i%’y“aﬁbi - gyRijBuEiPLVMPij t..

Challenges in D dimensions:

@ Kinetic term, i.e. v, must be D-dimensional

S = DL + OrdVR + DR + OrdL

= kinetic term necessarily mixes chiralities
@ Analytic continuation to D dimensions not unique

® Py ~+"Pgr admits many inequivalent but equally correct extensions
® use the most symmetric option = most natural and symmetric choice

YPLAPrip = YPLYPrip = YY" R
Always: Mismatch D versus 4 = breaks gauge invariance
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Example: Broken Ward ldentities in Abelian Chiral Gauge Theories
Spurious symmetry breakings induced by the BMHV algebra, e.g.:

® Violation of the transversality of the gauge boson self energy

p p

p
—> —> —>

Py A Ay =i Cop _>Au7é0

® Violation of the fermion self energy to fermion gauge boson interaction current relation

¢
?iq:O

i i
v = z—
e /‘\
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Symmetry Breaking

Distinguish two cases
(1) S(T'veg) = 0: symmetry is manifestly preserved at all orders

(2) S(T'reg) # 0: classical symmetry is broken in either of two ways:

(a) spurious symmetry breaking: the symmetry can be restored, such that S(T'yen) = 0;
(b) anomalous symmetry breaking: the symmetry cannot be restored, i.e. S(T'yen) # 0;

Anomaly
(Cannot fix)

spurious A = bA,

(b-exact)

Wess —Zumino

Breaking A == Condition A =0

Fix: Add Counterterm — A’
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Symmetry Restoration
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Symmetry Restoration — Explicit Evaluation

Explicit evaluation of all Green functions in SD(F( noogn

subren T sct) [HB et al. '21,'23]

® Consider gauge boson self energy at 1-loop

1
il =

ie? Tr(V3) | 2 1
— 2| (lmy =2 ~2—

N [ (1_; ~2ln(—p )> @7~ 7" - <P2 +ﬁ2<§ ~n(or 2>)>nlw] }

® Drop finite evanescent contribution, which vanishes in LIMp _, 4

® Regularisation breaks transversality
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Symmetry Restoration — Explicit Evaluation

Exhibit the breaking explicitly — probe the gauge boson Ward identity [HB et al. '21,'23]
) 2
1 - 1 ie? Tr(VR) 1o, o
Need 3 types of counterterms
® singular and symmetric
2 2
1 e? 2Tr(V5) D 1 —
Ssct,inv = - 16_7'('26—3 Lt d”x < — Z F FIW> —+ ...
® singular and non-symmetric
e? Tr(Y3) .
Sslct,non—inv = - 1672¢ 3 lit /dDIE 514”(9 AM =+ ...
® finite symmetry-restoring
2 2
e Tr(VR) 4 15 =2
SfCt__]_Gﬂ'ZT dxiAuaA + ...
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Symmetry Restoration — Quantum Action Principle

® The ultimate symmetry requirement is the Slavnov-Taylor identity
LIM (Sp(T =0
D_)4( D(I'DRen))

® Regularised Quantum Action Principle of Dimensional Regularisation  preg (7], Dreci[D505]
Rev:[OP,SS'95, HB et al.’23]

SD (FDRen) = (A + ACt) : I‘DRen
® Possible symmetry breaking can be rewritten as a composite operator insertion

A = Sp(Sy), A+ Ag = Sp(So + Set)

Matthias WeiBwange Chiral Gauge Theories @ KUTS 2026 24 March 2026 11/35



Symmetry Restoration — Practical Application

Quantum Action

Principle Determine
_pA r Counterterms
iy e Lemputaton ol Set Renormalised Action

Regularised Action I

BRST Breaking
SD(F DReg) 7é 0

A'FDRen

LIM I'bRen)) =
Dosd (SD( DRLH)) 0

Regularisation-induced
Symmetry Breaking

® Perturbative requirement: LIM A.T? Z AP k) A((:t)) =0

—4
C
..... 4....;: = R
® Tree-level breaking: = —9Vrij (plpR - p2PL> B
_’PQ "Pl
vh ¥,
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Symmetry Restoration — 1-Loop Example

Breaking of the gauge boson self energy at 1-loop [HB et al. '21,'23]

1-loop breaking of the Slavnov-Taylor identity

~ 2T 9
(A-F)‘”:—Flw2 d%:% [—ca A 40,0 A"
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Research Programme
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Renormalisation Programme — 3 Dimensions of Complexity

» Loop Order g,

Details
Fermions in Evgnescent
D-Dimensions auge
Interactions
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Loop Order
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Multi-Loop Calculations — Ch

allenges

® Number of Feynman diagrams grows rapidly
® Complexity per Feynman diagrams

® Dirac algebra

® Loop integration (IBP-reduction, master integrals)

® Tensor structures

1010

Tensor Structures

-= (-1
- exp(r)

® BMHV-specific challenges

Tensor Rank

® Symmetry breaking in intermediate steps

® Proliferation of Lorentz covariants (7", ", ", 3, pt', ..

Matthias WeiBwange
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Computational Framework
Feynson

Uniform Momentum Configuration

|

FORM

+ Tadpole Decomposition
+ Tensor Reduction
* BMHV Algebra

nMaster Integrals

FIRE

IBP-Reduction

QGRAF $ $ Counterterms
Diagram Generation
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Symmetry Restoration — 3-Loop Application
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Symmetry Restoration — 3-Loop Application

Z(A(Q:t ’ F1)Auc =
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Symmetry Restoration — 4-Loop Application

i(ﬁ'r4)Buc p— ‘. ,A B + R B + ...

. 1 3 o e A B
,L(Act.r )Buc_ .......... — +

* Analogously for i(AZ - I‘Q)B . and i(Ad - 1)B .
u Iz
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Gauge Boson Self Energy in an Abelian Chiral Gauge Theory

4-loop result [AM,DS,MW'25]
. 8 . 8

TV g Hf v  2_uv tg v(4) ~2 v ~4) 2w

TEp0) v =~ (Tom2yt 6z (77" 77" ) + A672)1 (6X Gy 0?7 + 0 X 5p " 7)),

with

(4) _ 44nv * 4,1 an 1 4,inv 1
02" = Agp . + Bg B =T Csp =
1 -~ 1 1 1
5X;(31)3 _ Aég%reak : + Bg%reak 6_2 + é\é% reak + D4 break 647
~(4) —4.break 1 —4break 1
0Xpp=Agp - + Bpp 2

® Transversality of the gauge boson self energy is violated

® Violation is local
® Symmetry restoration necessary and possible
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Violation of the Gauge Boson Transversality
4-loop result [AM,DS,MW'25]
. 4 N . . .
iA - F‘Buc =iA - F4Buc +iAL - F3BMC +iAZ - ]‘—123“0 +iA3, - F}Buc
8

g ~9 _ rea. L
= Tor [5X§% 25+ (0K + Py ™ ) p’],

with 5X](3])3 and 5X( ) as before, as well as

preak (403759 @t 30113¢(3)  403¢(5) o
) — _ T
T ( 25020 ' 3375 | 4500 45 "(Vr)
4525151  177%  15569((3) 9
- - T T
(11664000 20250 40500 (Vi) Tr (V)
38768057  12061((3)  713((5) o 4240349 N2
(7776000 900 45 "(Vr)” ~ Gogsaoo0 TR T (k)
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Counterterm Action
At the L-loop level (with L € {1,2,3,4}): [AM,DS,MW'25]

2L

(L) _ 4 (L) 1 ——
Ssct,inv - (167T2)L / {52 < - Z F F/W) 1/; kjszlDR zkwj}

A iy FUNY S <R 3T < RS
sct,break ~ (167‘(’2) BB 2 BB 2

—(L 1—
+ 925X53;BB gBu !

ol
ol
v
N"\
<
<
S
g
[=s]
&
H,_/

and

2L

1 T
S0 = 5=z [ d‘*w{fL B BB 4 L BB B +f“ea“waPRw]}-
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Implementation Details
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Freedom in Regularisation and Renormalisation

Regularisation = family of theories labelled by regulator (e.g. A,¢,...)
® Renormalisation = Reparametrisation = family of theories labelled by free parameters
® Imaginary parts fixed by unitarity, non-local real parts fixed by causality

Remaining (local) freedom fixed by @ choice of renormalisation scheme
® relating free parameters to observables

® Any consistent regularisation that satisfies the fundamental requirements is admissible

reg. +ren. (1)

4-dimensional
Renormalised Theory

4-dimensional
Classical Theory

reg. +ren. (n)

® Dimensional Regularisation:
® require proper regularisation = fully D-dimensional propagator denominators
® BUT: non-uniqueness of D-dimensional extension =—> freedom regarding evanescent details
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Fermions in D Dimensions
In principal 2 options [PE,PK,DS,MW'24]

@ Option 1: (Y + v — )

® clectron: e =ep +eR
Lyin,e = €ife = erider, + erider + erider + erider,

° 3—terms mix physical fields with different gauge quantum numbers
@ Option 2: (¢, + ¢ — 1) and (Y§ + Yr — 12)

® ¢lectron: e; = ey, + esﬁ and ey = eSLt +er
— . — . — St st 3 st -4
Lyin,e = €1ider + ezides = erider, + etidess +epides + esider,
TSt st Y ST 4 3 st
+ estide + erider + eStider + egide’!
® preserves global symmetry

® proliferation of terms
® complicated propagator in the massive case
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Evanescent Interactions in the BMHV Scheme

Example: W-electron-neutrino interaction [PE,PK,DS,MW'24]
® 4 dimensions: EWPLVWM_ + h.c.
e D dimensions: ePRY*PLUW , +ePL3"PLuW; + h.c.

or: € PRW"PLVW; + h.c.
In general:
L2 ;i — gYVRi ButhiPLy Prby — gVLij ButhiPry PLi;
— 9YLRi; ButbiPry"Prib; — gVRLi; ButhiPLy" PLy;
Evanescent interaction currents

® restricted by hermiticity, CPT-invariance and non-broken symmetries
® additional tree-level breaking

SD(S()) = 3 = Acaw + ﬁcBﬂw
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Standard Model Application
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The Standard Model: Fields and Generators

® Fermion doublets
a Z a
a = vi qi7a = uI
I er ’ I dZI

® Fermion generators

vV A=1 ) gy Vesapdiss  A=1
A
Tisab =  IWhivagay A €1{2.3,4} . Tapavi; = § 9wtivapadiis A € {2,3,4}
0, Ac{5,...,12} 9stSapidabs A€ {5,...,12}

® Explicit form of the generators in “chirality space”

i _ y};ab A A e T (¢ |ty /t\éij
(aﬁ,ab)_ (j}\ﬁ)ab ylj;,ab a(W,aﬁ,ab)— (?AT)ab 0/’ S,a/j',z'j)— (tAfT) tA

ij  SJ

)
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BMHYV Regularisation in the Standard Model

® Generic fermionic Lagrangian [MW'25]
Lfermion = _?i@l? - Tgﬁ,abz% PQWAPB l? + q?aia(ﬁﬂ - %%,ab,ija?a PO&WAPB q}"b7
QED and QCD are vector-like gauge theories

e Fully D-dimensional QCD = # = ¢4
What about QED? Consider electric charge generator: Qgﬁﬂb = tlg/v,aﬁ,ab + ygﬁw

f 3 Lf 73 f f
f | Vrawtliw Yatte)l (@ @ c 1
(Ces.) ((yf*>ab+<f3*>ab Vho ) <Qz;, o) et

Choice: BMHV Implementation
® Fermions in D Dimensions = Option 1: (Y1 + ¥ — ¥)

® Evanescent gauge interactions: 53
gane ygb = CQED y}j;,ab’ f € {17Q}a
tAfb =0,

T A
ts,ij = €QCD ts,ij?
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Gauge Interactions in the Standard Model

Standard Model quarks in the BMHV scheme [MW'25]
® photon interaction current

_‘ﬂ .’b _-7 7 .,b
eQuv7" Aqy” — (1 — cqep)eQud;" Ay
® 7, interaction current
_ ib |, 9w — — (b
——eQabq”Zq} t o t3 o7 ZPray’ (1—6QED)—6Qabq”Zq}
° W,f interaction current

I p—— b _
\/_ abq}a PLq} \/— abql]aW PLq

® gluon interaction current

_ A A
gs 51_]qzla q}a (1 - CQCD)gS SZ]anG Ja
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Regularisation Induced Symmetry Breaking in the Standard Model

Tree-level breaking: [MW'25]
— — — =
A= Sp(So) = — /dDm c {qifa [PR (Tléab,ijﬁ + TL’L}ab,ijé - ,TLf}%,ab,ij 5 + 5>)PR
- — — =
+PL (Tléab,ijé + 7-L<‘ab,ij5 - T}?L,ab,ij (5 + 5)) PL] q%b}
ab,ij

—i / dPx c? {—’“[(Té“TRL T,fLTLA—ingBCTgL) PLYEPL

n (TLATL _TBTA - ichBcE%> N Z,jPRWBPR] q}',b}
+ lepton-contributions

= Ay, 1] + Ar[e,q, q] + Do e, V,11] + As[e,V,,q]
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QCD Contributions to the Symmetry Breaking

Question: is it sufficient to consider symmetry restoration of the EWSM? [MW'25]

Complete tree-level breaking of the full SM:

~

A= /dD:c [ﬁy(x) + Aw(z) + As(z) + Ayw(z) + Ays(e) + zWS(»”U)]

Setting evanescent gauge interactions to zero = mixed contributions vanish

QCD contributions to the tree-level breaking:
Ag(z) = —(1 — cqep)gsti ;0. (@ " ar ),
-~ 3 4 -~ -~ ib
Ayg(z) = icqepgy 9s(Vi — yg)abtf,ijchzfa [PR$APR - PL$APL} ay’,

~

. i, ~ ~ ib
Aws(z) = —icqepgw gst 1 apt iz ay" [PR$APR - PL@'APL}Q} :

There is no choice of cqrp and cqep that eliminates all strong contributions o g

Answer: NO, need to include QCD for a proper renormalisation!
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Excerpt: 1-Loop Results in the Standard Model

® Finite symmetry-restoring counterterms of the fermionic sector [MW'25]
(1) 1 4 (1)7a YA (1),A YAp. b
Sfct,fermion - 167 162 d {5F} bl Zall lVl R ab 1 W P lI &FlVl LabIJ I }// PLZJ

(1) ~ i, (1),A —i,a3pA b (1),A YA j,b
+0F, abqll%aq} —0F; VqRabz]qZIaW PRAT™ — 0F 3001 abij, LA VAPL) }
® Finite symmetry—restoring corrections to the BRST transformations

1o
(1) ! Rf 4,0 AR A b
Sfct ext 1671’2 / d'z R TR,abPR + TL,abPL] lI

+ AR [ Thab PR+ Tl PLlar” — ARG T byt + h'c'}

® Sample counterterm coefficients

3—&F ha 3 1-¢ ,
5Fl(zlzg> =3 Fesh(Flg) - FC "(F},Fig), 5F1({1) = —TFC2(GA)

f

® Simplest and most economical expressions obtained for (cqrp = 0, cqcp = 0)
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Towards higher Orders in the Standard Model

Determination of symmetry-restoring counterterms
® Computation of the symmetry-breaking at the n-loop level

n—1
(A-T)™ =A. 1™ 4+ 3" AP .10 =AY o)
k=1

® Determination of the non-invariant counterterms from the n-loop breaking operator

AL = [0 (s +ZS§§ )}m): [/d% 5(S0-+ 55, 59 60+ T Cf))yn)

0i(x) OK;(x)
Abelian Non-Abelian
® BRST transformations do not renormalise ® BRST transformations renormalise
* 055 /K (x) =0 * 05y /5Ki(@) 0
° sDS((:?) = A((ftl) = —(A . F)(") +00) ® Non-trivial evaluation of [SD (So + >y ng))] ()
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Summary

and
Outlook
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Summary of Contributions

I Conceptual

Analysis of BMHV
Implementation
[2411.02543].

Renormalisation and
Symmetry Restoration
[2303.09120].

Matthias WeiBwange

I Computational

Automated FORM
framework.

Handling billions
of terms.

L

Chiral Gauge Theories @ KUTS 2026

l Application

3-Loop Abelian
[2312.11291].

4-Loop Abelian
(Highest Order)
[2506.12253].

1-Loop Standard
Model (Foundation).

24 March 2026




Electroweak Precision Phenomenology

® The Standard Model is too good but does not describe all phenomena
® Need high-precision tests to probe SM & BSM physics

2-Loop SM
1-Loop SM Renormalisation

Electroweak
Renormalisation

Precision
Observables

Mw, Z-decays,
Higgs Production with
zero ambiguity.
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Chiral Gauge Theories and the ~5-Problem

® Electroweak interactions act on chiral fermions

® |eft-handed and right-handed fermions interact differently with gauge bosons
® SM and all its extensions for potential new physics are chiral gauge theories

® ~x is manifestly 4-dimensional

® Cannot simultaneously retain the following properties in D dimensions

{17} =0 (1
TI’(FlFQ) = TI’(F2F1) (2)
Tr(y57M'y"yP7) = —die"* G)

® Inconsistent in D # 4 = ~y5-problem
® Give up at least one property

® Breitenlohner-Maison/’'t Hooft-Veltman (BMHV) scheme
® Alternative 5-schemes (Naive anticommuting? Reading point? ...)
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Alternative v5-Schemes

Limited range of applicability

Ambiguities at the multi-loop level

e "Kreimer's" scheme / reading point prescription (important alternative) [DK'90-93]

® Abandoning cyclicity of the trace
® promises a better behaviour w.r.t. gauge invariance

® However, ... multi-loop properties not fully under control

® Ambiguities from location of 5 [AB,AP’'16;MZ'16;CP,AT’19;JD et al.’20,'22;FH’22]
® Problems with higher order QCD corrections with an external flavour-singlet axial-current
[LC'23]
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Breitenlohner-Maison /'t Hooft-Veltman (BMHV) Scheme

Abandoning anticommutativity of v5 — BMHV algebra

® Decomposing the D dimensional space

M:M4@M—2ea npuzﬁpy+ﬁﬂu7 XM:Y“—i_XM

BMHYV algebra

{’yuanyw} = {;Y“a%} = 2’3/'[1 75, {7“775} = 07 [,3/“775] =0

Breaks gauge invariance in intermediate steps

Broken symmetry has to be restored = more complicated renormalization

Sct = Ssct + Sfct = Ssct,inv + Ssct,non—inv + Sfct

Complicated

But: unitary and proven to be consistent to all orders!
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Technical Aspects of the ~-Algebra in the BMHV Scheme

© Orthogonality of My and M_g. = 4D — evanescent contractions vanish

M Tr(. .37 ..) =0

@ Normal form of ~-traces:

Tr(fy\l/l ""/y\ymiﬂl i'un )7 € {1a’757PL7PR}

© ~-trace factorisation:

1
Tr(F” . A ) = T T AT )
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Quantum Action Principle

Field Transformations
dr(x) — dn(x) + opr(x), S —S+6S

= /D¢eis[¢+5¢]+if(‘z’k"]”‘sd”c"]’c) measure invariant
= /ng (1 +36S + i/&qbk . Jk> ¢! SO+ [ di i 1st order expansion

— 0= /D¢> (ms“/wk i) ST ek i (55) +¢/<5¢k> A
Variation w.r.t. quantum fields

exactly valid in DReg and provides breaking DReg:[BM'77], DRed:[DS'05], Rev:[HB, Al PK, MM, DS, MW'23]
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Slavnov-Taylor ldentity
Symmetry transformations (e.g. BRST transformations)
8¢y = 0s¢;, 65 =0
Example: chiral fermions in an Abelian gauge theory
si(x) = shp;(x) = —iec(w)yRiijj(x), here: syp;(z) =0

The Slavnov-Taylor operator
or
S :/d4$ $P;) ———
(r) (56 37

Coupling transformations to external sources Loyt = K;50;

ST or
S(I) = / O s 5@
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Symmetries — Slavnov-Taylor ldentity

® The Slavnov-Taylor identity reflects symmetries in the full quantum theory
® The classical Symmetry can, and may in general, be broken by the Regularisation
S(reg) # 0
® The Slavnov-Taylor identity needs to be obeyed after renormalisation for consistency
® physical Hilbert space with positive norm states
® unitary and gauge independent physical S-matrix
® Require the validity of symmetries as part of the definition of the theory
!
S(Fren) =0
[

Regularisation induced symmetry breakings need to be restored

® Symmetries usually valid in DReg
® However, no gauge-invariant regularisation that preserves chiral symmetry = ~y5-problem
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Ward ldentities in Abelian chiral Gauge Theories

Abelian gauge theories: Slavnov-Taylor identity S(I') = 0 = Ward identities

bv lefA =0,

Po s =0,
~ 0 ~,.
JOE (0 — ) — — R o
FwEA(q - 0) - eyR]k 8pu Fww

Distinguish two cases

© Regularisation preserves symmetries
—> standard multiplicative renormalisation

© Regularisation breaks symmetries
F(”)

== include symmetry-restoring counterterms, satisfying S(I'y;; ...

) = —bsi
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Algebraic Renormalisation

® Symmetry restoration — inductive procedure
® Symmetry breaking is restricted in two ways
® A = local polynomial restricted by power counting
® Wess-Zumino consistency condition: bA =0
e Trivial elements of the BRST Cohomology, i.e. 3A’ with A = b A’
® Symmetry can be established to all orders
® QOriginal action can be equipped with a new counterterm
Sfct =-A
[}

Non-trivial elements of the BRST Cohomology

® Anomaly; the breaking cannot be restored
® Anomaly cancellation conditions can be derived, e.g.

Tr(V3) =0
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Symmetry Restoration — Explicit Evaluation

Explicit evaluation of all Green functions in SD(FiZt))ren + S

® Consider gauge boson self energy at 1-loop

B ie? Tr(y?%)
1672 3

. [ (1_; - 21n(—p2)> @'’ — ") — <P2 +ﬁ2<§ (= 2)))77W] }

2 —U—U  —=2—uv | PO
- {(p”p — ) - §p277“”]

® Drop finite evanescent contribution, which vanishes in LIMp _, 4

® Regularisation breaks transversality
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Symmetry Restoration — Explicit Evaluation
Exhibit the breaking explicitly — probe the gauge boson Ward identity

ie2 Tr(y%g) |: i/\Qp'u p IL :| 7& 0

SO e = ip, T ()] =

1672 3
Need 3 types of counterterms
® singular and symmetric
2 2
1 e 2Tr(V3) D 1 —
SSCtInV:_167T26 3 d 'T<_ZF F,u,y>+--.
® singular and non-symmetric
e? Tr()%) 1
St noninv = e i /d% 5Au0 Al

® finite symmetry-restoring

2 T 1o o
SL=—-° Tr(VR) / d'z §Au82A’ n

1672 3
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Symmetry Restoration — Explicit Evaluation

Pros
+ obvious and straightforward procedure
+ operates on ordinary Green functions = convenient
Cons
- 3 in principle oo many identities between Green functions
- involves also complicated finite and non-local terms of Green functions

- most finite terms, in particular non-local ones, do not contribute

—> Calculation is unnecessarily complicated; this strategy is not the most efficient

Is there a better and more efficient procedure?
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Symmetry Restoration — Quantum Action Principle

® The ultimate symmetry requirement is the Slavnov-Taylor identity
LIM (Sp(T =0
D_)4( D(I'DRen))

® Regularised Quantum Action Principle of Dimensional Regularisation

SD (FDRen) - (A + ACt) : FDRen
® Possible symmetry breaking can be rewritten as a composite operator insertion

A = Sp(Sy), A+ Ay = Sp(So + Ser)
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Symmetry Restoration — QAP: 1-Loop Example Revisited

Breaking of the gauge boson self energy at 1-loop

1-loop breaking of the Slavnov-Taylor identity

~ 2T 9
(A-F)‘”:—Flw2 de%{—cﬁ PA 40,00 A" +
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Quantum Action Principle vs. Explicit Evaluation

Simplification is threefold
+ Only UV-divergent part of Green functions contributes
+ Only power-counting divergent Green functions required
+ In general fewer diagrams with A insertion

Cons
— Requires special A-operator inserted Green functions

— "“Indirect” determination of symmetry-restoring counterterms

— Procedure with the Quantum Action Principle is much more efficient!
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All Massive Tadpoles Method

Extracting UV-divergences utilising an infrared rearrangement

11 pPPH2kep+M* 1
(k+p)? k2— M? k2 — M2 (k +p)?

® Exact decomposition, which can be applied recursively
® Power-counting finite terms can be dropped
® Does not affect the UV-divergences after subtraction of subdivergences

Improved tadpole expansion: Introducing M? and performing a Taylor-expansion

1 1 1 pP?+2k-p (P4 2k-p)?

(k +p)? — (k+p2—M2  K2—M2 (k2—M?)? (k2 — M?)3

® Same result as with the exact decomposition when neglecting numerator terms oc M?

® Auxiliary counterterms oc M? necessary (not part of the theory)
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Master Integrals

Single-scale massive vacuum master bubbles
® 1-loop

® 2-loop

&Y @D o &
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Tensor Reduction

® Reduction of tensor integrals into scalar integrals

n

"t (pype) = Calpr, -, pe) T (D1 pi)

a=1
e Determination of the scalar integrals upon projection, using P41 #r Tyt = Oab
 ppLpe
C,= P! Lo

® Task: Determination of B = {T}"" "} | and B* = {P/"F}7
® Special case: Vacuum bubble tensor integrals = B = {ocoTH"# |og € 57}, n = |S}|

T#l"'ﬂr — nﬂo(l)/"a@) . n“U(T—l)uU(T)7

n
Pé“""“ _ ZAI(;a) Tlflmur
b=1
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Tensor Reduction — Orbit Partition Approach

® Stabiliser of T, in S,: encodes permutation symmetries of T,

H(T,)={h €S, |hoT, =T,} C S,

® Orbit of T, under the stabiliser H(T,) C S,: equivalence class

® QOrbit Partition Approach:

0@ ={hoT.|heH(T,)}CB,

® utilise symmetry arguments: P!1#r shares the same symmetries as T}1-Hr
® set of tensors B can be partitioned into disjoint orbits

® orbit sums = stabilisation under H (1)

Pl — i&(ﬁ@(
c=1

S e

)

Te, 0
r 2 4 6 8 10 12 14 16
n=1S5] 1| 3| 15 | 105 | 945 | 10395 | 135135 | 2027025
m=pr/2) | 1] 2] 3 | 5 7 11 15 22

Matthias WeiBwange

Chiral Gauge Theories @ KUTS 2026

24 March 2026



