Scale invariant renormalization and applications

D. Ghilencea

National Institute of Physics IFIN Bucharest

MPI Heidelberg 20 May 2019

Based on: arXiv:1712.06024 (PRD); 1612.09120 (PRD) with Z. Lalak, P. Olszewski (Warsaw)
Related: arXiv:1904.06596, 1812.08613, 1809.09174 with Hyun Min Lee (KIAS/Seoul U)



[ 1]

e “New physics” beyond SM: new symmetry?

- SUSY @ TeV: hierarchy problem [and other problems] solved [in theory....]

- scale invariance (SI); - SM with mj, = 0 has classical scale invariance. [Bardeen 1995]
r—pr, ¢—p o, [¢p]=1, Sl forbids /d% m2e* + - -

- no dimensionful couplings; = All scales from vev's! (including Mpjanck!)
- classical SI: models: Higgs portal A@? o2, inflation... [Shaposhnikov et al; Lindner et al]

- quantum level?

- In this talk: - flat space: Sl at quantum level; protects a classical hierarchy of vev's? (spontan. §/I)

- curved space? fate of dilaton? Weyl gauge symmetry/gravity — Einstein-Proca action+cc

[Weyl conformal geometry]
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- in Nature: discrete scale invariance: self-similarity across different scales [fractals]
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- self-repeating patterns at all length scales (new structure revealed). Koch curve/snowflake
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- in Nature: discrete scale invariance: self-similarity across different scales [fractals]
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.. self-similarity at very different scales:

Left: actual neurons synapses in the mouse brain, um size. credit: Mark Miller (Brandeis U 2006).
Right: cluster of galaxies, stars, DM. astro-ph /0504097 credit: Virgo Consortium.
https://wwwmpa.mpa-garching.mpg.de/galform /millennium/
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e "“Scale Invariance” of the action: one can have:

1. - (Global) scale invariance, flat space:
/ / 1 . .
T, =pry;  ¢pr)= ;gb(az) <==in this talk.

2. - Local scale invariance: (ghosts - unitarity?) [t'Hooft 1104.4543; 1410.6675, IJMP 2016]

1
g;w(x) - Q(x)QgMV(aj% ¢/(£IZ') - @ (I)
3. - Gauged local scale invariance (Weyl gauge symmetry) D.G.arXiv:1904.06596, 1812.08613

1 /

9u(7) = Qz)’guw(@), ¢(z)= o) (2), Wy =wu— 9 InQ()

This is Weyl conformal geometry giving Weyl gravity (1918). Non-metric theory V, go5 = W), gap-
Einstein (1918) criticised it (due to massless w,,). Avoids this if w, massive and decouples (w,=0)

at high scale
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e The problem at quantum level:

- UV regularisation — dimensionful parameter — UV regulators break Sl explicitly:
DR, d=4-2¢: A= 1% N+, an/e|, L= (1/2)(0,0)* — \y 1> ¢*,

[“Higgs portal” models: any flat direction lifted by loop effects. Pseudo-Goldstone (light)].

e We avoid explicit ;/l: [Englert et al 1976, |-Z book, Shaposhnikov 2008]

= replace ;1 — field o, spontaneous (o) #0 = Goldstone (dilaton): o = (o) €”, v — px; 0 — p lo;
= spectrum extended by o! different model! = T — 7 —Inp shift symmetry

[Mstring moduli dep]

e Sl loop corrections? setup: Sl broken at (0)>>(¢) ~m,. Quantum stable? (o)=scale of 'new physics'

How is higgs mass protected from large quantum corrections associated with (o).
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e Scale invariant regularisation (SIR)

e Action: d=4, S = /d4x [((%gb)Q — V(gb)} + /d4y Ly(o,00)

visible hidden
- spectrum extended by o! potential: A\, c* but Poincaré symmetry demands A\, = 0 [Fubini 1976]

- each sector S| (shift symmetry) — enhanced shift symmetry: S; x S, = \,¢?c* A, naturally small

[Volkas, Kobakhidze, Foot 2013]

d=4—2¢: p=z0"9"2  YVV= [za d2]4 dV (), (2 : dimless), 0 = {(0) + 7
Vz(z(a}l/(l_G)) [1+26(<§>—2<502>2+ )—i—e ((2a> ) }

= SIR=DR-+dilaton with co-many “evanescent” e-couplings = ¢"x(1/€") = new corrections/poles.

8271 @m+4

= expect c-terms: ———, m,n >0 [00 — oo at 3 loops (9, In o)Y; (o) = 'new physics'.
o
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e One-loop Sl potential (d =4 — 2¢):

_ %(auab)?%(aﬂaf ~V(p), V(g)= %a% = V(g,0) =2 a*179V(g).

dd ) ~ ' A MQ
Vi = V—§/(2F)d trln [p? = Vo + i = V+—SZ¢UM [ -],

]\44 M4—!—6 ,M2* ~ €. Then

1 _ 3\
0Ly = —p(o)* 1 (Zx—1A¢" with Z),—1= e’ k= (4m)”

= Scale invariant result, due to dilaton ¢. (Ino: finite quantum effect, due to symmetry, not dynamics).

InA = In A/(4me! ™)
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e One-loop S| potential:

No new poles: one-loop beta ﬁgl) unchanged from the theory without dilaton: \® = \Z, quz.

d\P (1) d\ 3 5
dlnz_o e _dlnz_g/\7
Callan-Symanzik:
dU 0 ) 0
)\3
dln z (81112 BA 8)\>U OX).

Decouple dilaton fluctuations

1 o= Vie 1 o 10
U =Vie)+— Vi -+ =V (- Lo D)
@)t Voo N ~ 3 T e LT Ty Tt > ’

h C\IZV g h —0; small ye\trmamtams Sl g

o= (o) + . CW term also respects CS wrt 1y = 2(0).

[Shaposhnikov et al, Tamarit]

= in theories with explicit §/I by quantum calculations (no dilaton) 3, =0 is a necessary condition for SI

= here 3),=0 is not a necesary condition for Sl; spontaneous §/| different spectrum/sym! 9,D* =0

[C. Tamarit 2014]
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° TWO-|OOp Sl potential: using: (qb, ) 26/(1 ¢) V(qb) ~ 0% V(qb) [background field method]

= V(p+04,040,) = V($,0)4+Vada+35 Vag 6 56+ Vaﬁv(s 0805+ Vaﬁw(s 00,0+, =9,0.

Vg, = 0,03..V

1
2

i i i i o - d'p dq - - )
2= & + 8 8 "3 @ T 12 O‘MVO‘/M// (2m)d (27) (Dp)aa (Dy)ss (Dprg)ynr + -+

(2 )2€A3¢4{ —3+2+O(0)} (Dp)as = (Dy)as +€ (. )ag +€2(...)

— 0- - - E . a — a € LIS a 6 e e &
32K2 e € ’ plap plap B 3

same poles, e-shifts to propagators, vertices: ‘7@57.“: Vagy. + el )apy. + €2 (- )apy..

[Lalak, Olszewski,DG]
[1712.06024]

Two-loop corrected U
- A¢4{1+3)\(1—V¢¢ 1) 3)\2(4 Ay — 4T Vi +312V¢¢)+5)\2¢2 7>\2¢4}
= — n — = —41In
4! 2\ (zo)? 2 4K? (z0)? (z0)? K2 0% 24k’ o*

1% 1748Y) 1742 new V2" finite

z-independent
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e Two-loop: Taylor expand about o = (o) + 7 :

U= 1+ 32 (E(z@y - %) + 2_22 (4 40 - 45(2@)2 +SE2(;</§G;)2> +0(75)

- This is the “usual” CW result with ;1 = (o), broken SI, no dilaton present.  [Cheng, I. Jack, T. Jones, S. Martin]

- new terms comparable/larger than standard two-loop terms

n ~ ~2
1l n=12 é=i(1—0+0 +) S0, ifb<o
Y {

= Non-polynomial terms: - SI, vanish if $< o, only log o left; no N"¢*a?=\"{c)?¢*+...
— no tuning of A (A = higgs self-coupling)
- finite c-terms, cannot be seen in a scheme that breaks this symmetry.

- not forbidden by symmetry — ops quantum generated; non-renormalizability!
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e Two-loop: No new poles. Two-loop B&z), anom dims 7(;2) unchanged. Usual counterterm:

_1 2 ¢(2) 261 4 ¢(2) 2) A2 (i B i) 2 —)\2
5L2_ 2(8ﬂ¢) 5¢ /”L(O-) 4'>\¢ 5)\ ) 5)\ 4 €2 e ’ 5¢ o 24:‘{)26.
) 7 13 o )
N 33 A7, unchanged (as if no dilaton & p =const). 17 = 0.
K
Callan-Symanzik (check):
oV 2) 0 0 15 8V(1) ) )
Jln z BA I\ +7<§>)¢a¢ +7c(r) V"‘ﬁA N = O(XY), “usual” CS
(2,n)
8(9‘; = O(\Y), B AR R kloop correction.
nz
Am AN 6 3\, A,
itV oV Shetet VOIS S {7(2)\m _ A)% _ T%} = Ao i+ (12X = A A= 40N

By, X A2; Ay —0: S, X Sh.
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e Three-loop Sl potential: Counterterms! [Monin 2015]

o)
1 1 ¢6 ¢8 .....
5Ly = 50, (0,0)" - {4' BVt —% Ao 8% As 04}
3 M\ 275\
56 _ 9 56 3) _
A6 2>\6 /43367 A8 864)\8 k3¢ = 7925 ) 5)\67 /6)\8

------

Integrate CS: Three-loop term: Uz = AV + VB 1 vB2 VO =0old'[p—z0]; new: VB and AV

0 i 1t SN— Vip 312 Vi 93V
P T LA A B o {Q+<9—7+—Ao CH>1D( o g Vo O Voo

R P 128 1) o T 96 (202 64 (z0)?
A & 401N Gy — Vi A
(3n) = {(zm——)— (——)\) }1 cull Vo = 22,
v 2 13 2 )50 T\ T 601 Mo 00 =59

[DG 1712.06024]

= Sl effective operators always suppressed by ¢ =-. At large o enhanced symmetry S, x S}, restored =
= forbids c-terms A\ ¢?0* = \? (0)? ¢* + - - - No tunning of Higgs selfcoupling A for large o.
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oL
8(({9,@]')

e Dilatation current D, Dt —

(2"0yp; + dy) — 2" L, dy = (d—2)/2 (scalars),

- oL oL
-in d =4 — 2¢, potential V:  0,D" = (ds +1)(0u0)) 55— ( 7 +dy &, % AL
HYJ J
— dV — d; ¢j a¢.’ ¢; = ¢,0; (onshell, canonical k.t.)
J

e in Sl theory: V' homogeneous in d dim's: V(p¢;) = p*¥ =2V (¢;) = 9,D" = 0.

e in “usual” reg: y =const, no o: V = p*V(¢), and V is scale inv in d = 4:

0,D" =2¢€ p*V ~ 2ep* )\—i—@—i— aVocBA =0 only if 8y, =0]|. (scale anomaly
1

- different field content! [Shaposhnikov et al, Tamarit 2013]

“For scale invariance, though, the situation is hopeless; any cutoff procedure necessarily involves a large mass and a large mass necessarily breaks scale

invariance in a large way. This argument does not show that the occurence of anomalies is inevitable [.....]" (S. Coleman: Aspects of Symmetry, p.82, 1985).
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e SM+dilaton: one-loop SI potential [Shaposhnikov et al 2008; DG, Lalak, Olszewski]

A )\m g
V = 22HHE?+ 22 (HH) o?+ 2264+ - 1) 922 = Ay, + loops
3! 2 4l , "
min (o) #0:
A a A oa 9 As 1 , (@)* =3\
Zgb + oo +ZAUU NN (Am <0), 2) CERRSY (1 + loops)
— Z(Qb —|—)\—¢O' )+|OOpS.

;/I: tuning (i) or Vinin=0 = EWSB; m; ~ A (D)2 =(=3) A\ (0)2 < (o) if |\,| <\, one classical

tuning
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e SM+dilaton: one-loop SI potential [Shaposhnikov et al 2008; DG, Lalak, Olszewski]
A Am Ao
V = 22HH?+ 22 (H H) o> + 2264 - 1) 9X2, = A\, + loops
3! 2 4l | |
min (o) #0:
_ Ao 4 Am oo 9 A 4 <¢>2 _ —3Am
_Zgb +I¢U+ZAUU + ... 2) Gy (1 + loops)
A 3\ 2
o f(ng + )\—¢02)+ loops.
§/I: tuning (i) or Vinin=0 = EWSB; m; ~ A (D)2 =(=3) A\ (0)2 < (o)? if |\,| <\, one classical
tuning
nimi(o,0)  mi(o,o
vil= 3y = ,(# )m (@ ), 'old CW' [t — 2 0]
| 4K cj(z0)?
]:¢7U;G7t7W7Z
1
Vi = = [(—16)\m>\¢ —I8A2 4 AuAy) 6 — Am(48) + 260, )20 — TAZo
K
¢6
+ >\¢/\m—2], largeo : S, X S},
o

= 0ifp<<aoor), —0. no Aé¢202N>\¢¢2<0>2
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e SM+dilaton: one-loop SI potential [Shaposhnikov et al 2008; DG, Lalak, Olszewski]
A Am Ao 42 (H'H)?
% :—¢(HTH)2+—(HTH)U2—|——O’4 o { ) : 1) 9)2 = Ay, + loops
3! 2 4 3 o2 : _
min (o) #0:
Ao 4 Am 9 9 Ao 4, N ¢ (0)* =3y,
= — — — Ao — — 1 (AR <0), 2 = 1+
4!¢—|—4¢0—|—4! U—I_Ga? ( ) )<J>2 )\(b(—i—oops)
A 3\ 2
— f<¢2+>\—¢02)+|oops.

§/I: tuning (i) or Viin=0 = EWSB;  mj = Xs(¢)° =(=3)A\n(0)* <(0)* if [\,| <A, one classical
tuning

n:mi(¢, o m2(¢, o
vil=" 3" = ,(# )m (@ 2), 'old CW' [ — 2z 0]
o 4K cj(zo)
1
Vi = — [(—16)\mA¢ — I8N 4 M) 6 — (48N, + 250, )% — TAZo
¢6 ¢8 ¢10 ) ¢12
+ (AgAnm + 6)\6/\(,); + 84Ny — 2Am) Ao gt (1926 + 2X4) N6 P 407¢ et large o : S, X Sp,
AV =2 6810,12 - 2 4202 2(5)2
40 p ) Oy LY, Law —0if¢p < oand A, = 0. no )\¢¢0' N)\¢¢ <O'>

p ol”
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e SM-dilaton: one-loop implications recall A\, < [A\p| < Ay (%)
minimum )2 = 1+ ¢] < 1, if [An] < Ay, ¢ = loop correction function(\y)
o ¢

e one-loop correction

— A (0)? ¢ 1 g 1 h? o1
Am2 = ’”—{27[4(1— —) 24(1—2 —)—16h4(1—’f——)}
S VI 17 Gt O e R R A I P\ T3
2

A
+ 4N [51n1—§ — 8 +1n27]} = A As(0)? + -+ -but no Aj(0)”.

- no tuning of A\, beyond classical tuning: 35 o\, so A, stays ultraweak, technically natural.
- classical hierarchy of vev's: (¢) < (o) protected by quantum scale inv S, x Sy, (all orders, spont ?/I)

- recall that all scales only from fields’ vev's = result is not a DR artefact! More scalars?
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e SM+-dilaton: one-loop beta functions (similar to when ;1 = constant, same field content):

1r./9, 3, 3 3, 9
B = | 3598+ 701 + 50105 — 12h1) —4hs (07 + 75 — 3hF) +4XD 4 3AZ + 96N\

4 4 2 4 4
2\ 1 3 9
By, = —[ 6+ 2 m + 5)\0 — (ng + Zg% — Bhf)} X Am, = Ay, stays small (f.p.).
K
: 3\ 3 9
e for new couplings By = 76 [6)\¢ — 8\, A, — 2(19% + 193 _ 3hf)]
2 35 9, 5
B = =[20 (280 + M) — (07 + 705 — 30 |
K 4 4
_ 2 39 99 L9)]
5>\10 = 10 4)‘6 )\10 491 + 492 Sht
_ 2 3o, 9y n2) 1
By = 2|3X — 6Aig 491 "’492 3hy
= if one sets A\gg510,. = 0 at tree level, then (), ,, = 0 at one-loop, but emerge at 2-loops.

e Curved spacetime - Gravity breaks S, x .S, by (flqbQ + ngQ)R = 0O\, =& (..)+ &)+ ()
- what happens to the dilaton/flat direction? hierarchy of vev's (Higgs vs dilaton)?
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(a)

e The fate of the dilaton: =- Local scale symmetry: inv. under: g, = 0 G, O =

2l Q

1 111l
wanted: Lppy = —5\/§M5 R = Li=— \/§§ [602R—|—g’w 0,0 0,0 | (inv.)

1) ghost!  2) Fake conf symmetry?[sackiw, Pi2015), 3) Go to Einstein frame: # dof violated! To avoid!!

. . . 1
e Weyl gravity/gauge symmetry: G = 0* Gy, O0=—=, W,=w,——0,In Q% (b)
e p q 1 P Pl I 3 It . R
Fuv:Fuv+§ 5Mwy+5ywu—gww],lnv(b) = R=R-3qD,w - ¢ Wl = R:@

7, : Levi-Civita. I, : Weyl geom V, g5 = —qw,, gags; D,o=(0,—q/2w,)0 = D,0 =

= if w,—0: fZV — I, Weyl geometry — Riemann geometry; R — R, Weyl tensor éuww — Chupo

=> invariants of (b): \/§R2, \/§02R, \/§(DMU)2, \/§F5w ﬁéﬁuaﬁ where F,, = 0,w, — 0w,

X denotes a quantity in Weyl geometry
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e The fate of the dilaton:  Weyl gravity=Einstein gravity + massive w), [DG 1812.08613, 1904.06596]

Ly = /g { 0 R? — —F2 }, & > 0, original Weyl action (1918)

4 4 M
- &0 2 4 1o .2 Do :
= 9 Z(—20 R_O>_ZF‘“’ eom: 0= —R; dilaton: Inoc — Inoc — In{)

+ Gauss-Bonnet + Weyl-tensor-squared.

e Weyl gauge transformation (b) - of “gauge fixing!”

500' N 6M N 1 ~
Q= 6M2 = G = Vg, 07 = &)p, Wy =wy, —gaﬂ no? use R=R—3qD,w" — §q2wuw“

1, 3M; 3 1
L= /G{ -5 MR- 2M2ww“——F2}
2 \/5 9 P 250 + q 2 4 uv
= Einstein-Proca action for massive w,, which “absorbed” the dilaton In o field! mass of w, oc ¢ M,
= Gravitational Stueckelberg mechanism, massless o + w,, —massive w,,. no ghost! # dof=3 conserved!

= no flat direction/dilaton left at low energies! Original Weyl gravity physically viable.
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e The fate of the dilaton: Adding matter @- higgs-like field.
~ 1 1 -1, - A - .
Ly = /g {% R? _ZFi’/_ E€¢2R+§(D“¢)2 —I¢4}, linearise: R* — —20°R — o

= Vi{ G @0 e R+ (D00~ (0 &oh)) = L (@o® +E)

2
e Weyl gauge transformation (b): “gauge fixing”: ) = %, p=DM, w,=w,— éln e
P
. . . N 1 2 7 3 2 9 A L 1 "9 1 LA 9
Einstein-Proca action for w), : Ly = \/5{ — MR+ -M;q w0" — —F,, + =(D,¢)” — V] },
2 4 4 2
3M! B2 92\ .
V= p[l— &0 } + = ot
26 L 62 T

= No dilaton In o left (eaten by w,). Gravitational higgs mechanism. Also m7 = (—¢/&) M.

= Fixed point for £7 The limit £ = 0 = S, X S}, = B¢ o< £7 not (¢ +1/6)! Quantum corrections?
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e Conclusions

|. Flat space: - Quantum SI: V in A¢* (3loop) & SM (1 loop) spontaneous breaking (SB)
- classical hierarchy of: higgs vev < dilaton vev = quantum stable
- Sl effective operators, suppressed by dilaton

- all scales from fields’ vevs, result not a DR artefact

Il. Curved space: - Generate Mpjapnq ~ dilaton vev = Weyl gravity/gauge symmetry, no ghost.
- Stueckelberg: dilaton “eaten” by Weyl “photon” w),, which becomes massive m ~ qM,,

- “Gauge fixing” Weyl gravity = Einstein-Proca for w,, + cc > 0 after SB
- Adding matter: £¢?R: — EWSB; Fixed point for £? Next: my, quantum stability?
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—— BACKUP SLIDES e% Ot N
e Three-loop Sl potential -M- jIj

: L <) > sl Ly a Ly & 1o, ¢ :
Counterterm: 5L3:§5¢ (0up)” — p (Z@ A +65>\6 >\6§+§5>\8 )\8;) [Monin 2015]

5(3) B A3 ( 1 1 ) 5(3) 3 A\ 5(3) 275 A\
o T 43\ g2 ’ X 9 3. g 3
4k \Ge 12¢ 6 2NgRo€ 8 864 Mg k€.

So 7 = N3/(165%). With Zy = 1+ 8y and A = 1> (0)Ae 22> Zy and (d/dIn2) A =0,

)\2)\6 A3 3 -
Brg = 52 /4;3 <9>\—§)\6) (similar By).
Callan-Symanzik: V) [“usual” with p— o]+V 37 [new]:
ove oV (2>av<1> 50V (9 av<1> o av

— O\,

8lnz+ﬁ)‘ o\ 0 o\ BA EN % ¢ T In

oV oveEm o oV

M — D -
oz A o A g =0 A= s




[25]

e [hree-loop Sl potential: Integrate Callan-Symanzik:

6 8
U =V+AV+VE VB AV = N + As—
o o

ALt 07 9 (BN—Vie 3oV 93V
Ve 97,9, = Voo 312 Voo 958 Voo
pe {Q+ (128 Tty ) "o T 96" (zo)? 64 (za)2}
| A3 Ao\ &7 7401\ oy —V A
(3,n) _ 4 { (2 . _6) ( . ) }1 ot} . _ - 2.
v 3 A )i T T M) e Ve =30

= more non-polynomial operators at higher orders. Vanish for ¢ < o; Ino left.

ng) . unchanged (as if no dilaton; u=const). Higher loops?

e some conclusions so far:
= only terms suppressed by o. For large o enahnced shift symmetry S, X S}, restored.

= No terms such as: A ¢?0? = XA (0)?¢* +---. No tunning of X for large 0. More scalars?
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e Conformal group: Generators (15): P,, M,,, D, K,. Conformal transformation leave angles invariant.

1
infinitesimal transf: 0= —1 [b“ P, — §w’“’ M, —pD+c"K,

P, =10, M, =i(x,0, —x,0,) D =iz"9,, KM:i(QxMx”—(SZxQ) 0y

for translation (P,), Lorentz (M), dilatation (D), conformal (K ,), giving: z'* = a# + € f*

14

fuo = by fi=wuwz’, fi=px,, fM:cV(QxM:c”—(SZ:UZ).

sol. t0 O, f, + Oy fy = (gu/2)Orf*. = 0" f,(x) conserved. 9, J" = f, D,0" + (1/4) oL o\ fr = 0.
Goldstone: Q(t)= [dzJ(Z,t), and 0 = [ dZ[D,J*", $(0)] = Ap[Q(1), ¢(0)] or (0][Q(Z), ¢(0)]|0) = c # 0.

(011" (), 60} = = (016(0)10)"0" Dl — ),

(OI[D, o()]|0) = d (Olo()[0),  OILE", (y)]|0) = 29" d {0]¢(y)]0),
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e The fate of the dilaton: Gravitational Stueckelberg mechanism:

A Weyl gauge invariant action:
o, Loa
L:\/§|:__F +§<DMO-) —|_..':|7 FILLV: Mwy_aywu

Dyo = (0, —q/2w,) 0= (—q/2) 0 [w, — (1/q) 0, Ina”].

2
o : o) . " R 1
“gauge fixing" transformation: 0? = 2 = Q2gW 0=570 Wp=Wu— gau In 0
— Proca action
- Lo @ o ~
L= \/§|:_ZF;W+§MWMUJ +oe
- spontaneous breaking; w,, has eaten the scalar Ino (note Ino — Ino — In(2)

- number of d.o.f. is conserved (=3).
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e The fate of the dilaton: Weyl quadratic gravity — Einstein gravity + massive w), [DG 1812.08613]

Li= /g 0 R? — —F2 ], & > 0, original Weyl action (1918)

41 4 - M
o < 2 T 4 | S B > T .
= 9 E<_20 R_O>_ZFMV eom: 0°=—R; dilaton: Inoc — Inog — In )

Use R = R — 3¢ D,w" — 3/2¢*w,w" then, in Riemann language:

50 2 2 50 4 1 2
Ll:\/ﬁ{ 5 [6 R+ (0,0) T + 500 ( M—l/qﬁﬂlna) _ZFMV}
" . " 500-2 ~ 2 ~9 6M ~ 1 2
e gauge transf (b) “gauge fixing! 0= = g =L, 0°=—=, Wy=w, —=0,Ino
GMZ? K K 50 K H q/
1 . 3M? 3 1.
L, = A{——MQ _ 2 22 M “——FQ}

= Einstein-Proca action for (massive) w, which has “eaten” In o field! no ghost! # dof conserved!

cons. current 0“(F,,+\/g) + ffogbo[ wu]ﬁb():O



