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e Qutline:

- Gauging scale symmetry = Weyl conformal geometry (WG)

- Weyl gauge theory of Quadratic Gravity (WQG) = SSB to Einstein-Hilbert (EH) action
- EH + SM: natural embedding in WG

- Weyl-Dirac-Born-Infeld (WDBI) = WQG = EH. Then add SM.

- WG dual to Riemannian geometry of dressed metric (RG*)

- Entanglement in quantum nonlocal RG*

- Conclusions
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e Goal: find a gauge theory beyond SM and GR

- SM and Higgs mechanism confirmed @ LHC; origin of EW scale in SSB/Higgs

- Gravity: origin of Planck mass Mp, cc A? must go beyond Einstein-Hilbert gravity; Seek alternative to Sugra/Strings. How?

- Noether's gauge principle (as in SM) — Gauging a space-time symmetry (beyond Poincaré) — geometry

— Einstein-Hilbert gravity?

e Scale/dilatation symmetry:

- SM with mygiges =0 scale invariant [Bardeen 1995]; in Early Universe / short distances EFTs are scale invariant.

- Discrete (fractals); Global, Local, Gauged: Weyl gauge symmetry - Weyl group: Poincaré & dilatations

- realised in Weyl geometry - first gauge theory, Weyl 1918!

- Gauging full conformal group: not a true gauge theory! (no physical gauge bosons)— Conformal gravity.
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e Weyl gauge symmetry: = WG definition: equiv classes of (g,3, w),) related by:

Wy =w, — 0%, g, =g, d =", =732,
- non-metric (*): @Mgalg = —2W, G, @Mga/@ = 0,908 — f’ﬁa GpB — fﬁa Gpa-

e History: Parallel transport of a vector (V,u® = 0): direction & norm change:

d|u ! = da" ¥V, (uu’ gog) = —2|u ! detw, #0, = \7«42 = \“0\26XP [—2/ dr"wul- Hermann Weyl, 1885 - 1955
77- credit photo: ETH

Weyl 1918: Gravity+EM (w, real photon), idea failed, photon~ U(1), but WG correct.
Einstein 1918: atomic spectral distances depend on path, WG not physical (unless w,=0,1InX). A long lasting (wrong) legacy.

e In this talk: WG: vector-tensor gauge theory of gravity, Weyl gauge group = Poincaré & D(1) dilatations, w, gauge boson

1
(*): unlike Riemannian geometry: V, g5 = 0. = I, = Egm 10090 + 0ugux — 0°g,] (Levi-Civita).
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e WG: Historical Formulation: non-metric (no torsion, affine): V(I'): W, =w, — 0, %, g, =Yg, (¥
@M Gap = —2W, Gag f‘ﬁy =17, + (1/2) (55 wy + 68w, — g wp), Wy ~ fgu —I%. f‘lojy = fgu, inv. of (*)
V., Vv = R, 07 = Ry =000, —0, 10 +10 T7 ~T0 T, . F.=V,w,~-V,w, = 0w, —0,w,

= if w,—0, I — I'y Weyl geometry — Riemannian, RPUW — PJ’UW, etc.

under (*): = R'? =R’ R, =R

ouy ouY? % wyo

R =Y72R, But: (V,R) #%2V,R: not covariant/not metric.

= Action: /g R? + VIEL, + \/ﬁéimﬁ + /g G , invariant under (*).

- non-metric — for calculatins must go to (metric) Riemannian picture (V,,, R*, ,,, R, R): R=R—6V,w'—6w,w".
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e WG: Weyl gauge covariant, metric (not affine) formulation! [Dirac 1973, D.G. 2309.11372, D.G., Micu, Condeescu 2312.13384]

(@u +2w,) gap =0. = @Mgaﬁ = @Mgaﬁ =0, Weyl geometry="covariantised” Riemannian geom wrt D(1)

0,—0,,+chargexw,

ﬁu for Weyl geometry “=" V, for Riemannian geometry!

In general:
= @MX = (V, +qxw,) X =0, if: X' =X X then @LX’ = Yix ﬁuX, X = X2 (p,r) tensor.
- R?, , =R, R,=R, R=YR, V..V, ] XP = RAUW X+ qxFu X7 =RY,,, X7+ qx Fl, X°.

= Action: \/ﬁf? + \/51/7\3,/ + \/g(ﬁgmﬂ + \/EC/J\ Weyl gauge invariant, metric formulation. Avoids Einstein's critique:

Norm of vectors invariant!  d|u|? = dx“@u(uauﬁgag) =0

[Dirac 1973, Hobson 2009.06407; DG 2203.05381]]

~ ~ A~

also: RP, =R, — 08 Fl, Ry =Ru—F., R=R, F,=1F,

R=R—6 V,wh — 6 w,wh, R: Riemann geometry
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e Weyl quadratic gravity: Broken phase: Einstein-Hilbert gravity + massive w), [D.G. arXiv:2203.05381, 2104.15118, 1812.08613]
Lo=/g E?R _4_042FW} =9 [Ig(—2¢ R—¢ ) _4—O¢2F’“’}’ eq. motion ¢~ = —R.
Go to Ri i ion: Lo = Ll gy 9,02 - -2 L g lng’| — . P2
o to Riemannian notation: 0 —\/5{2—52 [égb + (0,9) } 7 = + 5e [0) {wﬂ — 0y n¢} T la? W}.

In¢ — In¢p — 3 (would-be-Goldstone)

If (¢) #0, “gauge fixing": L =0¢/(¢) = ¢, =Sgn, ¢=S"0=(¢), w,=w,— Jyn¢’

1 3 1
/Jo=\/?{—§ 5R/+Z g&QwLw'”—ZFﬁ—AMﬂ, M="L A=

= Einstein-Proca action; M,,, A, m,, by Stueckelberg mechanism; w, massive. All masses A, M,,, m,, of geometric origin.

= when w, decouples — [ — T then WG — Riemannian. Spontaneous breaking (# dof const), non-trivial.

= Einstein gravity from the broken phase of Weyl action. A<<M5 because gravity is ultraweak: ¢ < 1.
Adding to Lo: (1/n%) /g (jﬁym: no change to above mechanism. Spin-2 ghost m,, ocn M, ~ M, if )~ O(1) [ Hawking hep-th/0107088]
Alternatively: removed by b.c.'s: Maldacena 1105.5632; Hell, Liist, Zoupanos [2311.08216, 2306.13714]. (@W = Clpo)
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e WQG: Weyl quadratic gravity = Einstein-Hilbert gravity + massive w,

(07

:2_52 ¢ [8/1 - O‘wu] ¢ ~ §u§§ if¢p = (¢), V,w'=0 gauge fixing.

= we have: V*J,=0; J,

- J,, extends a global scale symmetry current oc ¢ 9, [G.G. Ross et al 1801.07676; M. Shaposhnikov et al]

= if w, not dynamical: w, ~ (1/a)d,(In¢?), J, =0 “integrable” case = Weyl conformal gravity C?, ! [Mannheim et al]

wvpo*

- M7~ (9)?/€%, A~ (¢)?, m, ~ a”M,: geometric origin = Geometry as the origin of mass!

w

- Parameters in the theory: dim-less &, a and (@) = we fix A, Mp and m,,. [D.G. 2203.05381 [hep-th]]

= Weyl's theory: gauge theory of scale inv, an embedding of Einstein gravity. Power counting renormalizable [Stelle 1979]
- Conservation laws: T}, and J,: wrt to Weyl geom @“J,J = 0 and wrt Riemannian V#J, = (!

- Egs of motion \/§]§2 + \/§1/7\3V + \/gégm + \/gé in Weyl gauge covariant formalism (with @) “simple” form /available.

[C. Condeescu, D.G., A. Micu, 2412.16548 EPJC]
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e Adding matter: SM Higgs in Weyl gravity/geometry h=neutral /singlet higgs [Higgs doublet, see page 19]
E—f{—R2—1F2 ——5 h2R+1(ﬁh)2—3h4} R —20*R— ¢
B 412 4 H ! 2 TR
1 2 2 Lo, 1 ! A
= \/5{——2{52¢ +§h}R—ZFW S (Duh)? = 4 [A ta [} Duh= @ —awh
=6p> Inp—1Inp—3 (“new” would-be-Goldstone) [DG, 2104.15118]

Go to Riemannian notation:

£- {3 ko) 30 (o

Stueckelberg: radial direction In p eaten by w,. Next: Y = <§>, (p) =Mp, w,=uw,— %% In p*
. : 1 2 3 2372,/ 12 IS NAY
= Einstein-Proca: (w),) : £:\/§{ —3 » R +Za M, w,w _ZF’“’ 2(Duh) —V}},
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o

M,/6'

o

M,\/6

Unitarity gauge: h — M,V6sinh w,, = W, +0,1n cosh?

1 3
= L= \/5{—§M§R'+1042M5 w;, w'* cosh®

o 1 1
__F2 + —
M6 4" 2

(9,0 = V(o).

2
where V(o) = Vj { % [1 — & sinh? } + Asinh?

o o }
M,\/6 M,\67’

/ /
200 W

= Higgs coupling to wy,: L~+g o*c p

- (neutral/singlet) higgs from Weyl vector fusion, early Universe: w,w, — oo
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e SM Fermions in Weyl gravity /geometry:

' — 1
Ly = %\/ﬁ vytel [@L +3 st aab] 1+ h.c.  spin connection (Riemann): szb =~ (0,5 — Ihyen).

-

~"

m

ab ~ab __ _ab a vb b _va
- Weyl spin connection: EZb = 5o Sy TSy =S, T (1/2) (%6 €u€ ) Wy

O\—0\—+(charge) aw,\,

= §ff’ is Weyl gauge invariant (like T'). Lagrangian: replace dyi) — 0y + ¢y awy. Then w, cancels out. g, = 1/4 V4, V).

i o 1~a l oy ~AQ [ 1 a
L¢:§\/§¢7 el [8u+q¢ozwu+§ SﬂbUab}l/J: 5\/5@/17 el _3u+§ SubUab}lbﬂLh-C-

0 — 2 . 1 7
nSM: Ly = S\GEael, [aﬂ —igTA, —iYg B+ s ow| v +he
= Ly as in SM in Riemannian geometry, no coupling to w,! Yukawa interactions: invariant [Kugo 1977]

- Note: if U(1)y xD(1) kinetic mixing: BN:BL — w,, tan y; coupling ocY. w), anomaly free & massive!
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SM G b ; L He gvo
° auge bosons: Ly, = —Z\/EFW Fow g"" 9”7,
with F,, = @MA,, — @VAM... = 0, A, — 0,A,..., symmetric T. £, invariant under (*) for flﬂ =A,.
= Action similar to (pseudo)Riemannian case. = only SM Higgs sector changes!

= SM in Weyl geometry: minimal embedding, no new dof’s beyond SM & WG. Higgs coupling to w,,.

- my, ~ aM, so usually heavy oo ~ O(1), in UV region.
But it can be ultralight, for (allowed) ultraweak o < 1. Current bound: > 10711 eV!

[Saridakis 2601.19407, E. Radu 2009.05376]

- Higgs mass quantum corrections: dm?2 oc m?. Light my,: solution to mass hierarchy ?

- above m, symmetry restored; no scale, no counterterm!
[D.G. 2203.05381, 2104.15118]
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o Weyl geometry vs Weyl anomaly: d =4 — 2¢ [DG 2309.11372; 2408.07160]

W, = /dd:c\/ﬁ{alf?jtble + o C?

oo T dla} R4/ (¢* = —R), no pl4=4n

r=V,J"=0, J'x V"R. Renormalized action, d = 4, Weyl geometry: 01/¢?: gauge invariant!

¢2

+ Rupe [do +dIn E] Rrom — 4R, [do +dyIn E] R+ R [do +dIn—

W, / d'v/g { R |ag + a1 In f |2+ B [bo+ bm E} "4 Chupe [0+ 1 n ;} G107 Weyl term
7 o)

pe } Euler term.

= Weyl gauge invariant = no Weyl anomaly = WQG: consistent (quantum) gauge theory of Weyl group.

= In broken phase, Weyl anomaly recovered: ¢? — (¢)? = A; w, massive; R— R=—4A etc

= brackets [....]: one-loop (log) running. No UV scale required (!)
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e More general: Weyl-DBI gauge theory action (d dimensions) [DMG 2407.18173]

A A N 1/2 a ., 1/2 Ap —~ ~
Sd:/dda{ — det [aORgW—I—alRMV—i—agFMU}} :/dda g a; Réi {det [(53—1—)()‘1,}} : XAV:Q—}Az [alRpV—l—angy].
ap

- Sq is Weyl gauge invariant in d dimensions, with dimensionless couplings a1 2, no need for a UV regulator/scale! (d = 4 — 2¢)
- Taylor expand, leading term = Weyl quadratic gravity in d dim's; with gauge invariant regularisation Rld-4)/2

d d— vpo v
Sy = /d o\/g RV e R* — GO0 = 5 F B 5 G] +0(X?)

where £ = fi(ap,a1) < 1, n = falap,a1) < 1, a = f3(as,a1) < 1, for suitable ay, a1, as.

- Endorses/proves mathematically the regularisation of Weyl quadratic gravity!

1 .
- O(X?): non-perturbative structure: /d4x g = [Chuvpo C“”p"f + .-, ..some are quantum corections to WQG

= Weyl-DBI action = Regularised (!) Weyl quadratic gravity 4+ non-perturbative terms;
= Weyl-DBI more general than WQG, The only theory that does not need a UV regulator!
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e Adding matter: SM + Weyl-DBI [DG, arXiv: 2508.10959]
At all SM & Weyl gauge invariant operators, from WG + SM, of mass dimension 2 in d = 4 — 2e:

1

Sy = /dd:z: [—det Awr, A

on ﬁgw + aq Euy + as F\MV + asg F/Si) + CLSLZ) FO%F(Z) of 9uv Rgil
as ‘@aHF él_dﬂ guy + Qg ‘H|2R2_d/2guy + CL7|H‘4 R?)—d guz/
as (Z E’Ya 62[@@’@/} +h.c. ) R4 Guv + Qg (EL Yy Hir + ELYJ;I? Me + hC) R34/ Juv;

aio Fagpaﬁé_lguy + ail FaﬁF(l) aﬂR—lguw

— - -

Then expand for ag > aj ~ 1, where ag ~ 1/£, € ~ A/M, < 1:

~ 1 =~ 1 ~ 1 -~ 1 4
_ d d—4)/2 2 2 2
Sd = /dl'\/g{R( )/ {4|—£2R _?CHVPU_@FNV_?G}
10 . . . P
_ 4T.ﬂ1{7}5}])17(])/11/ + |V#H‘2 . %‘H‘QR— )\|H‘4 R2—d/2 + (5 @/}L’YaegvawR‘f‘h-C-)
J

N o R N
+ ($LYyHur + 6y Y H ¢ + he) B4 } v ag%(%) |
0

= in leading order: regularised (!) SM + WQG in d = 4 — 2¢ with manifest Weyl gauge invariance. Then d — 4.
= No UV regulator needed, GEOMETRY does it (fie) WDBI action: more fundamental.

A, new space-time metric; no SM brane (“actors”) vs d=10 bulk/gravity ("stage"); removes distinction matter-geometry;

= difference from strings! Physics is relational: no actors vs stage: only “actors”.
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e Riemannian view (RG) of Weyl gauge symmetry: WG as RG of invariant g, to avoid gauge fixing artefacts in UV

Wilson line of dilatations: [Dirac 1955] (BH singularities, etc)

X

V(z) = exp {/ o wu(y) dy" }, V,V(x) =0, 7(A) : geodesic
ooy

= Non-local dressed fields (1D objects!)

9 (T) = exp {2/

—0o0 —0oQ

T

d—2 [*

= Weyl-gauge symmetric phase in UV: Non-commutativity (NC)

. i . d—2 .
[8H’ aV] Jap = 2 FHVgaﬁ’ [aw aV] gb - _T FMV *)

I (g.w) =1T7,(9), = @Mg;ﬁ = @ugfw =0, where  V,(I') =V,(['(¢g")) = V.

= Weyl gauge invariance in UV enforces non-commutativity and non-locality ! emergent non-commutativity (NC)

dy” Wu(y)} G, ()" = exp { - dy" w,(y) } ¢, Gauge invariant: gZL = G o = o".

= zero-sized points don't exist, only w,-flux threaded areas! Minimal area/scale holonomy. Softens UV; strings w/o strings!

= quantum (!) non-locality QNL: {(w,)=0. At low scales w,, decouples, dressing suppressed ¢* — ¢, g, — g,.,, locality and

If w, = 0, 1og ¢ pure gauge: F,, =0, V(z) ~ ¢(x), local dressing (1), g5, = g ¢°.

commutativity restored!
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e Dual actions in WG versus RG of dressed metric g,

Sw = /ddx \/§ {Oz1§2 + o 62ypg + as ﬁiy + ay é} (ﬁZ)d%/z.

= / A5 /G [0aR(G") + s Cpupo 9"V + G5 FL,(6°) + a G(o") | (R )V, d=4— 2, ete

WDBI action in Riemann geometry defined by g;,,:

~

Sl o= /ddx { — det [ao fAigW + alfiw + aQFW] }1/2

= /dd:p { —det [ag R(g") g}, + a1 Ry (g") + G2 Fu ] }1/2; S, = Sy + non-pert. terms

WG vs RG (¢*) quantum relation.

= At fundamental level: local, Weyl gauge invariant quantum theory, no masses, with underlying WG. Physics: broken phase.

= Dual view: use RG of g5, with QNL + NC: Avoids gauge fixing artefacts (BH singularities,..) in UV, uses dressed fields

= QNL & NC: evidence of Weyl gauge symmetry in RG; physical artefacts of translating WG into our real-world RG of g7,,.

= Topological inequivalence: seen @ egs of motion: [dressing 9w, €q motion of gu,,} =0, [dressing 9w, €q motion of Wu} # 0.
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e Example of QNL: Entanglement in quantum non-local RG of g, :

Two photons entangled: common origin at x., a non-factorisable polarisation entangl matrix &,,(z.) = 1/\/5(6(;)6((;2)— e((,l)eg)).

Their correlation is then

O3 p(ar, ) = / PG A (21, 70) g7 Enn(i0) gV A (s 22)

o 5(4>(:1:1 — )
g*1/4($1) 9*1/4(1:6)’

9050 = Riyy| A (1) =

propagator Azy(xl, z.) = A, (21, x.), when no boundaries, photon action is invariant under dressing.

Photon action is modified by the two boundaries where detectors are placed
ASy = /d%@g*“’jju(x) A, (z) 0W (x — xp), k=1,2.

where J,, boundary currents that break Weyl gauge symmetry, then Weyl charge of the action is non-vanishing, given by that
of \/g*(xx) g*" (1) = V*(xr)\/g(z1) " (1), - symmetry broken explicitly. Quantum Correlation of boundaries:

C;V<ZU1,$2) x V(xy,xg) Oy, x2), V(xy,z9) = VQ(:Ul)V_Q(a:Q) = exp {2/ wadza},

T2

(V(x1,29))0 = /Dwu V(xy, z9) Skl — 2/ dy“/ dz"D,,(y — 2), D,, : propagator of w,.
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What this means:

- quantum connected nodes by g, Wilson line.

- Measurement of polarisation(s) is a boundary condition(s); global solution C'; (1, r2) must satisfy additional constraints b.c.
- “update” at z; following a measurement (b.c.) at z; is an algebraic update/solution for global 0" = g*/ V V7

to satisfy global b.c. of dressed propagators.

- not a spooky action through flat space-time as in QM, but a result of quantum non-local g;,, by Wilson line.

- what happens when w,, massive? WL dressing suppressed (decoherence). D,,, ~ exp(—my|z1 — z2|)/|z1 — 22].

- for d ~ 1200 km of Micius satellite, m,, = 27h/\ ~ 1071% eV, for d ~ \. https:/doi.org/10.1103, 10.1126 /science.aan6972
m,, ~ 10713 eV for dark matter [Radu et al, PRL126(2021)]. Bounds from atomic clocks ~ 1071* eV: Saridakis [2601.19407].
-implies QNL and NC at lower scales, but negligible: o ~ my,/M,, ~ 107%, [d,,8,] ~ aF},.

- Weyl gauge invariance = quantum non-locality of g;,,, = etanglement as evidence of Weyl gauge symmetry.
- "spooky action” replaced by: global boundary-value problem of O* required by Weyl gauge invariance (Einstein).
- measurement device as global b.c. and part of problem (Bohr, exp indivisibility observer-quantum system).

- quantum non-local hidden variables (dw),)
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e Weyl gauge symmetry at LIGO-Virgo-KAGRA DG, V. Mandric: [2607.13146]
g/u/ - g/“/ + 59/‘”’ w,u — O + 5&)“,
R = —4A. dS background with A > 0:

(aoao — OO + HEm2 /H?) pi = 0.
(9000 = 90 + 210 ) AET = 0.

pi. vector polarisation modes.

P T BT R |

L L MR BTSRRI
0] +1 R £ |
-5 - [
C R
g —10 B
2 5
-15 4 [
Bl GWTC-4.0
. B GWTC-5.0
~20 o [

Y[ r T r ] T[T rrrrJrrrrrrrrr

r —r
S A% VS TS TV  TVS

From LVK Collaboration arxiv:2607.19293.

Comparison of likelihoods for different polarisation hypotheses against the purely tensor hypothesis. The left columns (blue)
are previous results (GWTC-4.0), while right columns (orange) include the most recently analysed data (GWTC-5.0).
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e Conclusions:
- Weyl geometry: admits a Weyl gauge covariant & metric formulation. Gauge theory.

- WQG, WDBI: the only true gauge theories of a space-time symmetry (beyond Poincaré).

- Stueckelberg mechanism to Einstein-Proca action; w,, massive, decouples, — Riemannian geometry.

- Einstein-Hilbert action: broken phase of Weyl quadratic gravity / WDBI. Mass of geometric origin (M, m,, A > 0)

- Weyl-DBI: most general Weyl gauge theory (d dim's!) = regularised WQG + non-pert corrections. No UV regularisation!

- SM in Weyl geometry: no new dof's! both geometry and action have this symmetry.

- Riemannian view on Weyl gauge symmetry: non-local dressed metric/fields, soft UV, 1D strings, non-local interactions.
- Dual map and description WG = RG (g;;,) + QNL + NC.

- UV quantum non-locality (QNL) and non-commutativity (NC) in RG: from Weyl gauge invariance.

- Tests?
a) Starobinsky-like inflation 0.00257 < < 0.00303., G. Ross et al [1906.03415], DG & Lee [1906.11572], [1809.09174]
b) Gravitational waves, [2607.13146].
c) quantum non-locality (entanglement): evidence for Weyl gauge symmetry?
)

d) w, as dark matter (geometric solution): Harko et al [2311.16893]
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e Weyl group algebra (Poincaré & dilatations) : [DG et al, 2312.13384; Condeescu-+Micu 2408.07159]

- generators: translations P,, Lorentz transformations (rotations) 1/“’ and dilatations D:

- associated gauge fields: vielbein ¢, spin connection §Zb and Weyl gauge boson w),

a
o

[PaaMbc] :nabpc_nacpaa [Dapa] — Paa [Paapb] — 07 [DaMab] — 07
[Maba Mcd] - nachb - nbcha - nandb + nbndaa

- infinitesimal transformation: § = €T = &P, + (1/2) X My, + A\p D.
- To construct an action invariant under the symmetries of the theory: build covariant objects (curvatures) out of the fields.
- field strengths of local translations (F,), rotations (M%) and dilatations (D)
R, (P") = 2Djel + 2wely,  Dyel = 9uen + 5,"el,
Ruy(Mab) _ 8M§Vab - ayguab + §uac§1/0b . gyacgud) = Rabuy,

R,(D) = 0w, — 0w, = Fp

which transform covariantly under dilatations: 0R,,,(P*) = ApR,,(P"), R, (M) =0, R, (D)=0 = the action.

ab
H 0, —0y+chargew,

R,,(P,) =0, spin connection: 5% = 59" 4 2(etle’” — b e*” covariantised version of Riemannian s%

Jw, = s I

Also  I'", =ef D,ej, then ﬁuV” =e, D,V* where D, V*=0,V'+qrw,V"+s, V?, Weyl gauge covariant, etc.
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e Weyl “photon” - photon mixing (w, — B,,): adding U(1)y symmetry to Lo; [source: SM fermions action]

1
Lo — L4 :\/_{4'—52]%2_1 [FQ +281anWFW+FYW}}.

Re-do calculation, diagonalize mixing by:

A~

Wy = Yw,secy, B, = B, —w, tany,
Then

1 ~ 3
£1:\/§{——M2R+—M2a 72 sec x> ww

2P 4P 4 (F,2 + FY,uy)}?

- the photon after EWSB:

A, = BL cos 0, + Ai sinf, = [BM + W, sin X] cos 0, + sin QwAi.

- gauge kinetic mixing — photon includes a small ‘piece’ of w,,, suppressed by sin y (!)

- Weyl was not completely wrong in trying to relate w, to the photon - they can mix;

[D.G. arxiv: 2104.15118]

- mixing not forbidden by Coleman-Mandula: symmetry direct product U(1)y x D(1); both broken spontaneously.
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e Higgs sector in Weyl geometry: (x: mixing U(1)y - D(1) (w,)) EMH = [0, —iA, — aw,] H,

~

EH:\@{ p

~ AN 1
_ %1 |H?R+ |D,H |* — \|H|* — 1 F2 +2siny F, F{¥ + F;W] }

where A, = (g/2) 3.A, + (¢'/2) B,; A, is the SU(2);, boson, B, is the U(1)y boson.

~ o g
_ Potential Vie) = Vi {6)\ sinh! —2 &+ 2[1 — ¢ sinh?
( ) 0 Mp\/é g 51 Mp\/é

N U I T It R R e S P g 6 /02
_4[)\ 9§1§+6§15}a S GEME 0t + S €M) + O(0° /M),

]2}, Vo= (3/4)M?.

if G <L (o) = (GE/NM;, mi=2&& M,

- Hierarchy using £/& ~ 3.5 x 10717, A ~ 0.12 (SM). Hierarchy controlled by ¢ of R? term!

mg = 36"+ ) 0P {14 50 {0 Psin O/}

= Part of Z mass due to Weyl geometry: w), (via mixing x), beyond Einstein gravity/Riemannian geometry part (~ #)
p

[D.G. arxiv: 2104.15118]
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e Precision constraints (Z mass):

[D.G. arxiv: 2104.15118]

_Amy g% (0)?sin’x (@) _ 1r{o)\?, 2 (o)
° = mg 12M2 o +O<Mg>__§(mw> (g7 tan x) +O<m—ﬁ))'

- (o) = 246.22 GeV; at 68% CL, ¢ = 2.3 x 1079, then:  a >2.17 x 10 ¥siny.

m
- in terms of the mass: Tw > 6.35 X tan y

- correlation mass of w,, vs tan x mixing.

= the constraint from Z-mass is v. strong: e.g. effect of w, to Aa, of muon magnetic moment:

1 2
~ D55 g (9 tany)” = 2.56 x 107,
™ mg,

Aay,

which is very small (cannot match the ongoing discrepancy).



[25]

. o 2 , o
e Weyl-Starobinski-Higgs R?-inflation V=" { [1 — & sinh’ > MG +(1/€?) sinh* oM \/6}
p p
A/ E2=1078 A/ E2=1078
3O 0006F T T

L — &=107" I
Lo a=ax0 D ?
250 g0 N 0.005"
L & =12x107° ] h
200 &=16x1070 o E R 0.004 |
L £=20x10"3 : : : | i
v [ i 3 3 3 ] [
R P AR [ VD I R b ] r 0.003
vo ’
1.0F 0.002
05} 0.001

0.():“‘ 0.000:\HHi“”i””i””i””f

0 0955 0960 0965 0970 0975 0980

nS
%8 26, 20
Nl <« +O(£); = M?— = -2 cosh +0O(&2
/€ S G (&); m e 3 Mp\/é (&7)

)2 —(16/3) & 4+ O(&) saturates Starobinsky limit for & — 0

- Starobinsky: R* + M,R. Weyl: (1/£?) R+ &1 R = similarity of r(ns). Gauged version of Starobinsky model!

0.002567 <7 <0.00303 if n,=0.9670 % 0.0037; (N = 60) upper limit on r: Starobinsky: (n,~0.968)

D.G. arxiv:2007.14733, 1906.11572;: G. Ross, C. Hill, P, Ferreira, J. Noller 1906.



[26]
e Weyl anomaly - review in Riemannian geometry:

- Weyl-invariant action W (o) of scalar field (o) coupled to gravity; g, external field. At quantum level, integrating o generates:

1
W, = — d’z\/g A(d), d=14— 2,
A(d) = higher derivative ops: ~RO@H/2R, R, 0=D/2 g, Ryype D D2 Ruve7 Counterterms:
ptt d P 2 2 2
/ J—
W, = _(d— 4) /d v (bCaﬁvé +0G), G =Ry — 4R, + B = V,VE d =4,
2 0 d 2 2 2
ﬁ g,uV V d CIZ'\/§ OQB,Y(S = (d — 4) (Caﬂ’yé + § DR)a Weyl term
1%
2 ) i
ﬁg’w W d'z\/gG = (d—4) G, Euler term
[17%

_ =2, W =b[C?

-2 (W, + W+ W,)
d=4 \/§g“ 0 ld—a Hp

T — }
. I 0

V9

+(2/3)0R] + VG# 0

17/ non-zero: = Weyl + Euler anomaly from Weyl and Euler terms.
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= Weyl anomaly induced action:

b O - oW,
d— 4 W, = §/d4x\/§C’WW In— CHP7 + .., T _g//w(g - ochﬁVpU
p Il
e Weyl gauge-invariant regularisation: y — ¢ [¢ dilaton] Englert, Gastmans, Truffin 1976]
b R O\ Auvos
W. = d A ddx \/_ ¢2 (d=4)/(@=2) Clil/pau W, = /d4$\/§ Cuupo (CO +c11n E) cHrr

= Weyl invariance maintained for the Weyl term alone, Weyl anomaly recovered for ¢ — (¢) = p.

= But Euler anomaly (topological) from G remains, since it is independent of 1; [G o< V,(...) in d = 4 only].

Not Weyl invaraint in d dimensions.

e In Weyl geometry: G — G is indeed Weyl gauge covariant in d dimensions!. Then Euler anomaly can be avoided, as above.
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o Weyl geometry vs Weyl anomaly: In Weyl geometry: @ R, §M}A3a5, OR, etc: Weyl covariant! [DG 2309.11372; 2408.07160]

Wy = d 7 d’z\/g A(d),  d=4— 2

A(d) Weyl gauge invariant: ﬁ(@uﬁu)(d%)/?fg, fA{W (@Mﬁﬂ)(d*‘”ﬂ]@”, Euvm (§M§“)(d*4)/2]§“”p”, ete.

1
We=——
d—4

tayg{al + 0B, + all,, + 4G} ROVE (6 = —R)

T/j =V, J'=0, J'x V*“R. Renormalized action, d = 4, Weyl geometry:

. 071 . =~ 01 ~
W, = / d'v/g { R ay+arln ?} R+ Fu by + by In ﬁ} B 4 Gy |+ 1 In gﬂ G Weyl term
~ 07 ~ ~ 0
+ Rupe [do + dy In E} RFW — AR, [do +dp In E] R"™+ R [do + dp In —} } Euler term.

= Weyl gauge invariant! no Weyl anomaly = WQG: consistent (quantum) gauge theory of Weyl group.

= In broken phase, Weyl anomaly recovered: ¢* — (¢)* = A; w, massive; R— R=—4A, etc

= brackets [....]: one-loop (log) running. No UV scale required (!)



