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Preview: Procedure in a nutshell
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violated special c.t. breaking via ¢ term

(our main task) (tool)
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Status

2021 — 2025
Abelian model 1L | 2L | 3L | 4L
Non-Abelian 1L | 2L
SM-like, with scalars | 1L

EWSM: in progress
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Abelian model 1L | 2L | 3L | 4L
Non-Abelian 1L | 2L
SM-like, with scalars | 1L

EWSM: in progress
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Outline

@ Introduction - Abelian case at 1-loop
e Abelian case up to 4-loop
0 Non-Abelian case up to 2-loop

o SM-specifics at 1-loop
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The problem: v5 and DReg

Three properties in 4-dimensions:

{757} =0,
Tr(v57"y" P77 = 4ie??,

Tr(F1 rg) = Tr(F2F1) .

Inconsistent in D # 4 (can prove that trace=0).
Give up at least one = many proposals!
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The problem: v5 and DReg

Three properties in 4-dimensions:

{rs.7*} =0, (1)
Tr(ysyH " yPy7) = 4ietPe, 2)
Tr(M4M2) =Tr(r2ly). 3)

Inconsistent in D # 4 (can prove that trace=0).
Give up at least one = many proposals!

@ BMHV (non-anticommuting, breaks gauge inv.
But unitary, consistent)

@ “D-dim space” split into pure 4-dim space @ (—2¢)-dim space
XM = XM 4 X+ {75,7"} =0
V5 = 70717273 [vs,4*] = 0
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Details on symmetries

gauge invariance — BRST invariance — Slavnov-Taylor identity is
requirement on renormalized theory

To be fulfilled after adding counterterms:

S(rren) = 0

combines well-known STI/WIs between 1P| Green functions e.g.
@ photon self energy = transverse
@ Ward identity between fermion self energy and vertex function, etc
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Details on dimensional regularization

Regularized diagrams <« regularized Lagrangian!
E.g. QED or QCD:

D-dim propagator <> Lin = Yir" 0,1
fully D-dim gauge interaction « Lint = Py A

= in total: D-dim gauge invariance
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Details on dimensional regularization

Regularized diagrams <« regularized Lagrangian!
However, e.g. neutrino and B* (hypercharge):

D-dim propagator <> Lyin = Yir" 0,1
purely “L” gauge interaction < Lint = YPry" B, Py

= in total: not gauge invariant!
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Details on dimensional regularization

Regularized diagrams < regularized Lagrangian! «» path integral
Simple path integral relations “quantum action principle” {&gisniggper

“ 5/D¢> e’fﬁz/pqs (i [6L)el S~
are literally valid if path integral is defined by DReg diagrams and
D-dim Lagrangian
Technical tool therefore:
S([L)y=A = S(Treg) =A-T in D dimensions
Compute this! Then determine counterterms such that
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Abelian case: Lagrangian and BRST symmetry
breaking

Liinsint = i Oputp + PPy PrRAY + ...

@ Mismatch breaks gauge invariance of Lp

Dominik Stéckinger

DReg and 5



Abelian case: Lagrangian and BRST symmetry
breaking

Liinsint = ViV Oputp + PPy PrAY + ...

@ Mismatch breaks gauge invariance of Lp

= and leads to breaking of tree-level Slavnov-Taylor identity

Sq(So) = A = /ddx (ey,:,,-)c{a,. (5PR n 5PL> ¢,} .

- . Insertions A - T determine
= (eVri) (/71 Pr +V2PL)Q STl breaking
Dominik Stockinger

Only % can contribute!
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Full 1-loop calculation of A-T

The complete set of power-counting divergent 1-loop diagrams with
inser'gion of A:

A/; AD1
Ay
Results mean: breaking of three concrete WI/STls.

They have the form /e¥anescent , (jocay)

~- local counterterms can repair the symmetry!

(There is an additional diagram corresponding to the fermion triangle loop and the true anomaly (assumed absent))
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Details: Results for counterterms

! 1
0=S(LIMp_aligy+ Sly + St
N——— N~~~ N~
from finiteness sym.restoration
A ’ I_Jeg
Full 1-loop symmetry-restoring counterterms:

2 T2 - oo 2 Tr(VA)
e g forx [ TR TR

+ <5+§> (Vh)? ( jiéPRw/)}-

~+ Correspondence to the three diagrams/three Ward identities
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ngher OrderS (SUbrenormallzatlon!) [Paul Kihler. .. Matthias Weisswange. .. ]

4-loop insertion of A 4-loop insertion of A
- B
f“’“A
Br c
3-loop insertion of A},  3-loop counterterm diagram

Checks: 1. The sum gives Sy(M")]finite =local.

2. We can solve Sg(I")|finie + SgSf, L 0 for local CTs.
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General pattern at n =2-, 3-, 4-loop
Requiring the renormalized STI to hold leads to the result

2n
e break 1 5 e? n, break ; 3212
S”=—/d4x E AaA“ —Fp A
fct (1 67'('2) n 2 8 AAAA ( )
. break
2break 11 4
Fan =g (V)
,break _ 35242 | 8448 1639 4 2
an = (33600 + 21600 $3) TH(VR) — 21500 T(VA)Tr(VR)
,SM __ 105574465087 |, 2665684621 499349 99009133
AA = “ooaee1760 T+ “ 6008400 & (3) — 1749604 (4) — 309952 ¢ (5)

Technicalities: (A) Mathematica+FeynArts+FeynCalc up to 3-loop, (B) QGraf+FORM-+Fire/Reduze?2 at 4-loop

[Bélusca-Maito, llakovac, Kithler, Mador-Bozinovi¢, DS '21], [DS, Weisswange '23], [v. Manteuffel, DS, Weisswange '25]
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Three dimensions of difficulty

1. higher loops
2. abelian/non-abelian

3. intricacies of the EWSM

Dominik Stéckinger
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Non-abelian complications 1

@ Gauge-boson and ghost interactions
@ Non-linear gauge/BRST transformations receive loop corrections
@ Appear in Ward/ST identities, e.qg.

|
eQ Fpp(P) =+ q" Cygan =0
1 1

|
FyeR Fps(P) =+ lep, Fypgan =0

Dominik Stockinger DReg and 5 16/21



Non-abelian complications 2

2. Alternative calculation of breaking via A - T, 7.

|hS — (like abelian case) -|- (new structures, worse powercounting) elsewhere even 5-point fcts
TOT—— -
[
d
. . o
: : S
PN AN oo
S iaiond s oy o1 2} =
: T -C 3
PANBERFAN 3
) Pt J
ot B op g oo 0000% 0

@ All implemented in FeynArts:

(loop-corrected BRST prefactors, R =bosonic spinor, p#* =fermionic vector with antighost number,

A = ghost-number=1 vertex)

@ Validation: both methods agree (different Feynman rules appear)
@ 2-loop counterterm result obtained anier, ps 25]

[m] = =
Dominik Stockinger DReg and 5 17/21



Three dimensions of difficulty

1. higher loops
2. abelian/non-abelian

3. intricacies of the EWSM
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In SM: e.g. electrons ¢y g with Y, # Yr # 0
1. straightforward: ) = ¢, + ¢Rr
L= pidy — 9V BYL — 9VRURBYR
——

—PLiFL+DRIPYL+..
breaks local and global hypercharge~+CTs (¢T®)2 and (¢ )2

related: [Cornella, Feruglio, Vecchi’22][Naterop, Stoffer '23]

Dominik Stéckinger DReg and 5



In SM: e.g. electrons ¢y g with Y, # Yr # 0
1. straightforward: ) = ¢, + ¢Rr
L= Didhp — VUL BYL — 9VRURBYR
——

=i+ PRidL+...
breaks local and global hypercharge~+CTs (¢T®)2 and (¢ )2

related: [Cornella, Feruglio, Vecchi’22][Naterop, Stoffer '23]
2. add evanescent interaction (try to preserve QED g. inv.)

L= e — 9VRURBYL
breaks local/global hypercharge more strongly
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In SM: e.g. electrons ¢y g with Y, # Yr # 0

1. straightforward: ¢ = ¢ + g

L= Vidhp — 9V BYL — 9VRURBYR
- v/\
=i +PRIFYL+ ...

breaks local and global hypercharge~+CTs (¢T®)2 and (¢ )2

related: [Cornella, Feruglio, Vecchi’22][Naterop, Stoffer '23]
2. add evanescent interaction (try to preserve QED g. inv.)

L= ce — 9VRURBYL
breaks local/global hypercharge more strongly
3. fictitious sterile fields (like toy models): 11 = ¢ + ¥, Yo = ¢r + Y§t

L = Pqidhps + Paidbp — gV BYL — 9VRURBYR — M,

does not produce usual D-dim propagators
also: [C.P. Martin et al '99]
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General exploration — U(1) part of SM

General framework containing all above as special cases
= option 1 ist most promising (ever, kinler, DS, Weisswange '24]

1 2
St?m: = { g

4
Peo5 . B 5EE
5 B,0B" + 5,B.8'B,B

.g At t(ak ) g T Bl S 4, BlE
— i20y2| (9" 0}) 62 — 0}(9"¢2) | B — S-0ve| 001 BB, + Z0162B"B, |
+g 0B [0FY P + 6F% B |y
. {5 Yo YeBLoter + 0 YL Vulidatn + 0 Ygy Yadidhda + h.c.}
1 = | =p 3. - — 3 — —pu
+ é(Wz {aﬂ,d)Zd} ¢2 - é/gdp ((752(752)8“ + Zg2¢2¢28,,,8} + hc}
1 2 ! 2
- (55}/4 G2p2p22 + 3 (6Ya — 6Yud) D) 10202 + §5Y4 Dpp2202 + h~C-) ;
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Conclusions

Apply BMHV non-anticommuting 5 scheme to chiral gauge theories
@ gauge/BRST invariance broken via A - T

@ need symmetry-restoring and evanescent divergent counterterms
Status:

@ Method established, many crosschecks
@ two computations of breaking, locality, cancellability

@ Feynman rules implemented in FeynArts and QGRAF setups
Results and outlook:

@ 4-loop abelian model, 2-loop non-abelian

@ 1-loop general fermions+scalars exploration
@ work in progress: EWSM
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Plan here: chiral “QED” (only Pgry) at 1-/2-loop

[Bélusca-Maito, llakovac,Kuhler Mador-BoZinovi¢, DS "21]

1. Define D-dimensional Lagrangian compute symmetry breaking
2. Determine 1-loop UV divs ~~ Lggt

3. Determine 1-loop violation of Slavnov-Taylor identity

4. Determine 1-loop symmetry-restoring counterterms ~ Ly

5. Repeat at 2-loop new features?
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Plan here: chiral “QED” (only Pgry) at 1-/2-loop

[Bélusca-Maito, llakovac,Kuhler Mador-BoZinovi¢, DS "21]

1. Define D-dimensional Lagrangian compute symmetry breaking

4. Determine 1-loop symmetry-restoring counterterms ~~ Ly
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1. Define D-dimensional Lagrangian

Abelian theory like U(1)y-part of SM, only ¢g; interact

Description of symmetry: gauge invariance — BRST invariance —
Slavnov-Taylor identity is required for renormalized theory: S(I'ren) = 0

Dominik Stockinger DReg and ~5 23/21



1. Define D-dimensional Lagrangian

Abelian theory like U(1)y-part of SM, only ¢g; interact

Description of symmetry: gauge invariance — BRST invariance —
Slavnov-Taylor identity is required for renormalized theory: S(I'ren) = 0

L has D-dim kinetic but 4-dim interaction term!

Liermions = i0;@0i + €VrivrAvg; .

Dominik Stockinger

DReg and ~5



1. Define D-dimensional Lagrangian

Abelian theory like U(1)y-part of SM, only ¢g; interact

L breaks D-dim gauge/BRST invariance
= and leads to breaking of tree-level Slavnov-Taylor identity

Se(So) = A = /ddx (eVni)e {171,- <5PR + 5PL> «m} -

B N N This is the core of the difficulties.
/'\\ = (eVri) (m Pr + UZPL) .3 Can be written as a
g local Feynman rule

Dominik Stockinger DReg and 5 23/21



2. Compute Green functions to determine UV divs
Many 1-loop diagrams (not shown) ~~ divergent counterterms:

First part as usual

second part is special for BMHV, sym-breaking and “evanescent”

Dominik Stockinger DReg and 5 24/21



3. Determine 1-loop violation of Slavnov-Taylor id.
Ultimate structure at 1-loop (finite ct to be determined)

1
r(DF)(eg =1t S;ct + Sf10t7

Dominik Stockinger DReg and 5 25/21



3. Determine 1-loop violation of Slavnov-Taylor id.

Ultimate structure at 1-loop (finite ct to be determined)
r(D1F)(eg =1+ Sly+ Sy,
Evaluate STI at 1-loop order, div-parts cancel, fin-parts t.b.d.
Sa(TSheq) = Sa (M) ins + SaSiy
Left term means: breaking of regularized STI; must be computed.

In principle this corresponds to checking all STIs/Wis, e.g. Fermion 2-point/3-point function etc.
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3. Determine 1-loop violation of Slavnov-Taylor id.

Ultimate structure at 1-loop (finite ct to be determined)
1

r(DF)(eg =1t S;ct + Sf1ct7
Evaluate STI at 1-loop order, div-parts cancel, fin-parts t.b.d.

1)y _ 1 1

Sa(Mbheg) = Sa(T™)finite + S Sty
Left term means: breaking of regularized STI; must be computed.
In principle this corresponds to checking all STIs/Wis, e.g. Fermion 2-point/3-point function etc.
But can be simplified by using quantum action principle (BM)
Sg(rMy =AM

Bonneau (1980): only power-counting divergent diagrams matter!

Dominik Stockinger DReg and 5



The complete set of power-counting divergent 1-loop diagrams with
insertion of A:

AH AP1
Ay
Results mean: breaking of three concrete WI/STls.

They have the form /2¥a0eseent . (joca))

~- local counterterms can repair the symmetry!

(There is an additional diagram corresponding to the fermion triangle loop and the true anomaly (assumed absent))

Dominik Stockinger DReg and 5 26/21



4. Determine symmetry-restoring counterterms

|
Sd(r(1))|finite + Sngct =0

Dominik Stockinger
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4. Determine symmetry-restoring counterterms

|
Sd(r(1))|finite + Sde1ct =0
Requiring this renormalized STI to hold leads to the result

e? ~Tr(V2) = 25, € Tr(V3) -
Sh= 1o /d4x{—é Baotar o 1R ey

(25 o )2(w,z<?PRw/)}

This is the full 1-loop result of symmetry-restoring counterterms for this
chiral QED in BMHV scheme for our Lagrangian.

Finite, NON-evanescent counterterms. Not gauge invariant!

Modify both self-energies and A* interaction
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5. Repeat at 2-loop (subrenormalization!)

Dominik Stockinger
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2-loop Slavnov-Taylor breaking — many diagrams of four types:

v Py
s Pa

Dot tp1
vh Vo

U5 Pa
1-loop insertion of A},

P2t
o i
] wa

insertion of A into 1-loop diagram with 1-loop ct insertion

Sum gives Sy(F®)|sinite =local. Can cancel by local counterterms

Dominik Stockinger
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Determine sym-restoring counterterms at 2-loop

!
Sa(F®)lfinte + SaShy = 0
Requiring this renormalized STI to hold leads to the result

4 6
St = e—)Z/d“x {Tr(yR) ADA e (gﬂ) (A%)?

(16%2
O (g OB - 5 TOR)) (70 P w,-)}

This is the full 2-loop result of symmetry-restoring counterterms for this
chiral QED in BMHV scheme for our Lagrangian.

Finite, NON-evanescent counterterms. Not gauge invariant!

Same structure as at 1-loop

Dominik Stockinger DReg and 5



Application: restoration of 2-loop photon self energy
This is how the breaking looks like:

P
fin-part

ie*

673
3.25674 23

6 log(— %) — 244(3)) PP - ")
"
+ 8 p'p

|

Dominik Stockinger
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Application: restoration of 2-loop photon self energy
This is how the breaking looks like:

p

fin-part ie4 673 B N iy
3-2567r4[(23 6 log(—p°) 24{(3)) (P"p" - P°9")

11 MRV AE AUV
+ 4 (PP - P9 )] ,
The breaking is compensated by the counterterm of the previous slide:

4

Finet X 5 25674 167"
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Generalization to YM [Bélusca-Maito, llakovac, Mador-Bozinovié, DS, 2020]
symmetry-restoring counterterm for YM+fermions+scalars (1-loop)

1 _
Sfct,restore -

h {gz S2(R)

Y>(S
16.2 6 (5SGG + Sgae — /d4X G‘"‘“@ZGa) 2; )Sq;q)

H)ade/d4 GaGb;LGCGdu_ CF!')mn/d4 GaGb,uq)m(Dn
_ (YD T2Ym). _

£Ca(G)
N S CH

Finite, NON-evanescent counterterms. Not gauge invariant!
Modify all self-energies and some interactions! J

But rather compact, universal, can be/is implemented e.g. in FeynArts

=

=
Dominik Stockinger
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3-loop outlook — photon self energy breaks
transversality (preliminary) [Matthias Weisswange]

~y 3
IrA!;\(p)‘div =

1

x 1;62)3 (5rTORTOR - ZT08) &

61 638 §
+ (1 a5 TR TR + 405Tr(yﬂ)> ](p P -p'g")
ie® 1 6 529 1
+ (167‘(‘2)3 |:— ﬁTr(y'g)g + <%Tr(yﬁ‘) (yR) + wT (yR)> -
4187 49427 544 170
+ (32400Tr(yﬁ) ") + <64800 ﬁ@) Tr(y”)> E} g

(12;5;2) (1080Tr(y”)Tr(y”) Tr(yg)) Pl

Dominik Stockinger DReg and 5 33/21
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General Summary

Background:

@ ~5 is problematic in DReg, BMHV scheme is rigorous

@ ~5 non-anticommuting, distinguish 4-dim and e-dim quantities

@ gauge invariance broken already in £p and at loop level
Renormalization in general: Tren = MNreg + It

@ [en should be finite

@ S(lren) = 0 should hold

@ this fixes divergent and symmetry-restoring counterterms

@ in addition, counterterms derived from field/parameter
renormalization may be added

Dominik Stockinger DReg and 5



General Summary

Results:
@ Symmetry-restoring counterterms: 1-/2-loop YM, 3/4-loop “QED”

@ Method established: determine violation of Ward/Slavnov-Taylor
identities from A-diagrams

@ Result has compact simple structure
Outlook:
@ 1-, 2-loop EWSM, 3-loop YM ...
@ many details not talked about relevant for SM!
@ automatize, implement in FeynArts, FeynRules etc
@ alternative £p, schemes (FDH, DRed, etc, other v5 schemes)
@ RGEs
@ Fierz problem. ..

Dominik Stockinger DReg and 5



2. Compute Green functions to determine UV divs
Many 1-loop diagrams (not shown) ~~ divergent counterterms:

1 _ ol 1
Ss.ct - Ssct,inv + Ssct,break )
First part as usual

6Z)

1
Al 2} 521/)9
) A+

c
2Lc+ >

— el
1 A
Sct inv — LdJR + e_ALeA )

second part is special for BMHV, sym-breaking and “evanescent”

Tr % 1- _
S;ct,break 1671' (3 R) ( (SAA — San) + /ddX EAungu) .

beyond the usual field/parameter renormalization

well-known in DRed: needed for unitarity/finiteness at higher orders

Divergences for evanescent operators with independent coefficients, J

= i = = Ty
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2. Determine UV divs at 2-loop

Many 2-loop diagrams (not shown) ~~ divergent counterterms:
2
Sgct = Sgct,inv + Ssct,break7

First part as usual ~ field and parameter renormalization
second part is special for BMHV, “sym-breaking” (partially non-evan.)

et TR (L= 117 12,

Siotbreak = — o564 3 A (Z(SAA — San) + <2—€ - ﬂ) /ddx EA“@
& VR (5, v 2102\ g

 2567% 3¢ (E(y R 3 T F')) Stvn

Dominik Stockinger DReg and 5



3. Determine 2-loop violation of Slavnov-Taylor id.

Ultimate structure at 2-loop (fct to be determined)

2
r(DF)(eg =r® 4 Sszct + szct )
Evaluate STI at 2-loop order, div-parts cancel, fin-parts t.b.d.
Sa(T3eq) = Sa(T®)finte + SaSBy
Left term (breaking of regularized STI) must be computed, use g.a.p.

Sq(r®)y = A-T@ 4 AL T

Dominik Stockinger DReg and 5 38/21



Symmetry transformations of Green functions

di(X) = ¢i(X) + d¢i(x),

L(x) = L(x)+ 6L(x)
How do Green functions behave?

Dominik Stéckinger
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Symmetry transformations of Green functions

di(X) = ¢i(X) + d¢i(x),

L(x) = L(x)+ 6L(x)
Path integral:

Dominik Stéckinger

DReg and 5



Symmetry transformations of Green functions

di(X) = ¢i(X) + d¢i(x),

L(x) = L(x)+ 6L(x)
Path integral:

Z(J) = / D¢ e/ £+I9

Dominik Stéckinger
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Symmetry transformations of Green functions

¢i(x) = di(X) +89i(x),  L(x) = L(x) + IL(x)
Z(J) = / D¢ e/ £+I9
(measure invariant) = /D(b eif£+6£+‘j¢+‘j5¢

Dominik Stéckinger
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Symmetry transformations of Green functions

oi(X) = 9i(x) + d9i(x), L(x) — L(x)+ dL(x)

Z(J) = / Do el £+
(measure invariant) = /D(b eif£+6£+J¢+J5¢

(1st order in &) = /’D¢) (1 +lf5£+J5¢)elfﬁ+J¢

Dominik Stéckinger DReg and 5



Symmetry transformations of Green functions

Bi(x) = #i(x) + dgi(x), L(X) = L(x) + 6L(X)
Z(J) = / Do e/ £+Io
(measure invariant) = /D(b eif£+6£+J¢+J5¢
(1st order in &) = /D¢) (1 +lf(5£+J5¢)elf£’+J¢
result:

0= /D¢ (i [ 5L + Jog)el f £+

Dominik Stockinger
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Symmetry transformations of Green functions

oi(X) = 9i(x) + d9i(x), L(x) — L(x)+ dL(x)

Z(J) = / D¢ e/ £+I9

(measure invariant) = /D¢ eif£+6£+J¢+J5¢
(1st order in &) = /D¢ (1 +lf5£+J5¢)elf£+J¢
result: 0= /D¢ (,f&c + J5¢)eif£+J¢

Formal “derivation” for £ = 0 gives form of ST identities

((601)d2...) + (91(62)...) +...=0
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Symmetry transformations of Green functions

oi(X) = 9i(x) + d9i(x), L(x) — L(x)+ dL(x)

Z(J) = / D¢ e/ £+I9

(measure invariant) = /D¢ eif£+6£+J¢+J5¢
(1st order in &) = /D¢ (1 +lf5£+J5¢)elf£+J¢
result: 0= /D¢ (,f&c + J5¢)eif£+J¢

“derivation” is valid in DReg and gives breaking paco: s o) soneizs0s.00125]

((0p1)p2...) +{P1(dd2)...) + ... = —i{p1¢2...([IL))

Dominik Stockinger DReg and 5 39/21



Symmetry transformations of Green functions

oi(X) = 9i(x) + d9i(x), L(x) — L(x)+ dL(x)

— / Do € J L+Jdg
(measure invariant) = / D¢ € [ LASLAIP+I5¢
(1st order in 6) = /DqS (1+iféL+ J5¢)eifE+J¢>
result: 0= /D¢ (i [6L + Jop)el [ £+J8

This is exactly true in DREG (where 6£ might be # 0)

((0p1)p2...) + (P1(662) ...) + —i{p12... (L))
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Symmetry transformations of Green functions — really

Regularized quantum action principle

((601)p2...) + (H1(0¢2)...) + —i{p102...([0L))

Interpret this as an identity between regularized Feynman diagrams
@ becomes a property of regularization scheme, does not
necessarily hold (no fundamental QFT requirement)

@ if desired, must be proven for each regularization

DREG: [Breitenlohner, Maison '77],

@ valid in srHz: [Lowenstein et al '71],
DRED: [DS '05]
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Symmetry transformations of Green functions — really

Regularized quantum action principle

((601)p2...) + (H1(0¢2)...) + —i{p102...([0L))

Interpret this as an identity between regularized Feynman diagrams

ldea of proof in DREG/DRED: look at possible Wick contractions

@ 0L = 0Lquadratic + 0 Lint, dLquadratic = (69:)Djjd;
@ Use properties of DREG/DRED: D is inverse propagator even on
regularized level, scaleless integrals vanish

@ then, combinatorics leads to above identity

Dominik Stockinger DReg and 5
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