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Preview — Breaking of Gauge Invariance in the BMHV Scheme
Spurious symmetry breakings induced by the BMHV algebra, e.g.:

® Violation of the transversality of the gauge boson self energy
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® Violation of the fermion self energy to fermion gauge boson interaction current relation
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The y5-Problem
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Chiral Gauge Theories and the ~5-Problem

® 5 is manifestly 4-dimensional = D = 4: cannot retain

{57t =0 (1)
Tr(I‘ll“g) = TF(FQFl) (2)
Tr(h57/'7"yPy) = —4ieh?” (3)
® BMHV scheme: {7*,v} # 0
M:M4@M—267 n/.u/:ﬁy,y—i_ﬁulla XM:YM—FXM
{7“7’75} = {ﬁ’“?%’)} = 2’711757 {7”775} = 07 [/3/“?'75] =0
® Regularization induced symmetry breaking: S(I'yeg) # 0
= include symmetry-restoring counterterms, satisfying S(ng})ﬂen) = —bSé?)

= such that S(T'yen) Lo
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Chiral Gauge Theories in D Dimensions and the BMHV Scheme

Chiral gauge theory
L= i%’y“ambz’ - 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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Symmetry Restoration
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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))

® Regularized Quantum Action Principle of Dimensional Regularization  preg(sv77], Dred [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)
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Symmetry Restoration — Practical Application

® Perturbative requirement from the SIavnov—Taonr identity

k
$I_'\>/I4 ( DRen + Z A 1—‘%Ren + A?\:) =0
® Tree-level breaking: ﬁ-operator reflects the breaking of chiral gauge invariance

Sp(So) = A = —/degyRijC{Ei(ng + 5%)%‘}

c
..... .(.........
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= —9VRij ( Pr + PL)
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e Compute Green functions involving an insertion of the composite operator A + At
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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

[AM,DS,MW'25]
B
/\/\/\/\/\/L v,
RN 4 _ ¢ A BY c A
Z(AF )BPBVBHC_ .......... - + > o =+
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(B T%) g e g Tt
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Results
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Right-Handed Model
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Gauge Boson Self Energy in an Abelian Chiral Gauge Theory
1-loop result [HB et al. '21,23]

- 2 T 2
. 1 ig® Tr(Vgr) (27, o\ 1
TR0 g = e (3 ) {; (p“p” - " ) p2n

2-loop result

TV ‘ 4 y L=V nz 1 17 L—[V
ZFB“B(p)\iiVZ ig"_Tr(V) [ (p‘p -7 ) (———)pzn’ ]

(1672)2 3 2¢2 24e
3-loop result [DS,MW'23]
F Zgﬁ B3,inv AS ,inv —U=—V —uv
t |d1v =7 {en2e |0BB 2 + E PP’ — P
. 6
ig S3break 1 S3break 1 23 break 1| o _
—_ (167‘-2)3 |: BBrea +B real 6_2 +ABBI‘ea Z:| p 77/111/
+ -9 i96 —3,break 1 p2 —
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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
Chiral Gauge Theories @ DESY Theory Workshop

24 September 2024 10/16

Matthias WeiBwange



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)
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Singular Counterterm Action Ss.t = Ssct.inv + Ssct,break

At the L-loop level (with L € {1,2,3,4}): [AM,DS,MW'25]

1 —uw
SS(CLt>mV — (16” /dD {52( )(_ ZF“ “l,) +0 szpzzlﬁmwj}

and
(L) g D ) 1s mopmn | o) 1 —_—
Ssct,breakz W/d x{éXBB 2B 8 B +5X —B 8 B
—(L 1l— —— —u —(L =
+g2ox BuB'BB + oX ) (iidPrs; ) }
with

DR i = <8 0ij + 19VR i )PR.
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Finite Counterterm Action Sp

At the L-loop level (with L € {1,2,3,4}): [AM,DS,MW"25]

2L
L g 4 Lbreak 1 5 =25 L break L L break—T
s — 627 /d x{]—"BB “5Bu0 B + ¢ Fyppp g BuB BB + i (?PRw]}

At the 4-loop level, for Standard Model hypercharges Y5M, we find:

FuM ~ 140.38 FaM ~ 108.73 FM %~ 7035
Frmpp ~ —456.91 FaSM 2 112.46 #SM —0.84

fg,}SM ~ 5.29
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The Standard Model
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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,

® J-terms mix physical fields with different gauge quantum numbers

@ Option 2: (Yr, + P35t —> 1) and (Y5* + Yr — o)

® ¢lectron: e; = ey, +es and e = e}, t 1 eR
t
‘Ckm e — 612&61 + 921562 - f’[ﬂael, + €5 Z&E’ + €Lla€k + €5 zﬁeL
o st — . . .
(zs,fzdcsL +erider + eitu?eR + em@ei
® 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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Application to the Standard Model

Standard Model quarks in the BMHV scheme [PK,AM,DS,MW] to be published
® 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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Thank You
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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 )
TI’(FlFQ) = TI’(F2F1) (5)
Tr(y57M'y"yP7) = —die"* (©)

® Inconsistent in D # 4 = ~y5-problem
® 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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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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Symmetries — Slavnov-Taylor ldentity

Consistent theory: S(Tren) L 0
® physical Hilbert space with positive norm states
® unitary and gauge independent physical S-matrix

Distinguish two cases:

@ Regularization preserves symmetries: S(I'yeg) =0
= standard multiplicative renormalization

@ Regularization breaks symmetries: S(I'eg) # 0
— include symmetry-restoring counterterms, satisfying S(Fgﬁ%mn) = —bSY;
Regularization induced symmetry breakings need to be restored
® Symmetries usually valid in DReg
® However, no gauge-invariant regularization that preserves chiral symmetry = v5-problem
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Ward ldentities in abelian chiral Gauge Theories

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

Pv FIXA =0,
Po T4k = 0,
~ o
Jik () — _ , ki
F’IZJEA(q = 0) = eyR]k; 8 Fww
Distinguish two cases

© Regularization preserves symmetries
—> standard multiplicative renormalization

@ Regularization breaks symmetries

= include symmetry-restoring counterterms, satisfying S(I" éul))ren) = —bS7,
[OP,S5'95, HB et al.'23]
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Algebraic Renormalization

® 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 Sp(I" iut))ren +5%) [HB et al. '21,'23]
~ 1 LN Lo
zFZ{fq(pH = Ay Ay
2
ie” Tr(y )] 2 i 1o,

o meyor v (rost o]

Exhibit the breaking explicitly — probe the gauge boson Ward identity

ie? Tr(y2) 1,
2ot _ 2o
62 3 [ —pp pp}#o

SO e = ip, T ()| =
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Symmetry Restoration — Quantum Action Principle

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

e Tr(V3) 15
— 5 — Pt
1672 3 { PP P ]

= —i [S(T)]hne = pylez(p) |1

1-loop breaking of the Slavnov-Taylor identity

2 2
B 1=y /d%%[i ¢, A" + 9, 0> 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

— Procedure with the Quantum Action Principle is much more efficient!
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