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e “New physics” beyond SM: new symmetries?

- TeV-scale SUSY:

- solved hierarchy problem; searched for at @ LHC; large x*/ndf; fine-tuned.

- Scale Invariance (SI):

- SM with m;, = 0 has classical scale invariance. [Bardeen 1995]
~1 _ : 4 2 .2
x—px, O»—p o, [¢p]=1. forbids /dxmqb + -
- no dim-ful couplings; no scale — no hierarchy! all scales from vev's [Mpanck breaks it].
- models with classical SI: “Higgs portal”: \¢? o2. [H Nicolai et al, P Ko, A Kobakhidze, C Csaki et al]

[C Hill, B Grinstein, G. Ross, K. Allison, R Rattazzi et al]

- In this talk: 1) Scale invariance at quantum level [flat space|; 2) can protect a hierarchy of vev's

[curved space: conformal /Weyl symmetry].
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e Quantum level: UV regulators break Sl explicitly: UV div's — subtraction scale (1)

DR, d=4-2¢: )\g = 12N+ >, an/€"|, L= (1/2)(0,0)* — Ny * &%,

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

[Englert et al 1976, |-Z book, Shaposhnikov 2008]

e To avoid explicit ;/I: replace n — field 0. (o) # 0 spontaneous?/l = Goldstone/dilaton o = (o) €7;

= spectrum extended by o! different model! T pr; 0 —p o, T—T—1np

[Mstring moduli dep]

e WANTED! Do a scale-invariant quantum calculation & break Sl spontaneously only.

- Toy model, flat space-time; ;/I () >(¢) stable...? loop corrections to V', my....7
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e Scale invariant regularisation (SR)

11 5= [ s [(0,0" = V(o)) + [ d'y Lifo.00)

- Sl visible sector: ¢;; o: hidden sector, decoupled. Poincaré symmetry P, X P,. [Volkas, Kobakhidze, Foot 2013]

4T

- 0: Sl potential kye*™ ~ X, o* but Poincaré symmetry demands \, = 0. [Fubini 1976].

~ 4—d
d:4—2€, m =z 0'2/<d_2), V-) V: [2’ 0'2/<d_2)i| V(ij), (Z . dim-less scale factor)

\)
¢
¢

\)

V(@,a):uge[HQe( - 2+...)+e2(2< + 2+....)+0(e3)]V(¢j).

where: g = z(a)il_e, o= (0)+oa,

= Scale-inv reg = DR + dilaton with “evanescent” couplings o €" (co-many) to visible sector
a2n@m+4
= expect c-terms: Z Qi = (= ¢,0). oo scattering: (3-loop)

m,n>0; (m,n)#(0,0
>0; ( )7#(0,0) [Komargodski et al]
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e One-loop Sl potential (d =4 — 2¢):

= B0 4 500~ V), V(8) =56t = T =00V ()

dp - | - =1 M?2
Vv, = vt trl [Q—Va '}:V - M4[— 1 }
1 2/(27‘(’)d rin(p B 1€ —|—4/{Z s | + In

s=¢,0

]\44 M2—!—6 ,M2* ~ €. Then

1 , 3
v Vie)+ 4/£V¢¢ [ (zo)?2 2] Voo 2 ¢

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

k= (4m)?, InA = In A/(4mel™7)
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e One-loop S| potential:
No new poles: one-loop beta ﬁgl) unchanged from the theory without dilaton: \® = \Z, Z;z.

d\P dA 3
10 = =0 = 5/(\1) = 1 - = E /\2, [Shaposhnikov et al, Tamarit]
Callan-Symanzik:
aU 0 ) 0
U =0\
dln z (81112 BA 8)\> (A%).
Decouple dilaton fluctuations:
1 — V. 1 1 o 1 o
U= V(e +— Vi -+ =V (- Lo D)
@)+ Voo o ~al Y Ve L oy T o >
h C\IGV g ) —0; small y;t,maintains Sl g

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

=> Transmission of scale symmetry breaking to visible sector.
= Unlike in theories without dilaton (explicit ?/I by quantum calculations), 5\ = 0 is not a necesary.

condition for S| here (spontaneous, different spectrum/symmetry) [C. Tamarit 2014]
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e Two-loop SI potential: [background field method]; Jackiw 1974]

~

V(p,0) = 2% /179 V(g)

) ) 1 - -
V(@+09,0+05) = V(9,0)+ Vadat+5Vap 0ads+5Vasy 00050y + 1 Vasyp 0a050,0p+- - @, 51 9,0,
Two-loop:
dp diq | - - -
Vo = @ @ 19 OéB’YV '8 (27T)d (27T>d (Dp)ao/ (Dq)ﬂﬁ’ (Dp+q>w’ +o
CNet 3 2 | _ o
= (20)? 33,0 { -t O(EO)}. (same poles if no o). (Dp)as = (p°0us — Vag) ™!
Vagr.. = Vagr.. +€ X (Jagr. + € % (- agys (Dy)as = (Dplas + € (-Jag + € (-)as.
Then
A 4 3\ V¢¢ 1 3)\2 V —2 V¢¢ 5)\2 ¢2 7)\2 ¢4
= — 1 1 - — 44+ Ay —4In In
v 4! ¢ { " 2/4;(11(,20)2 2) 4k2 ( " n(za) o (z0)2> TE o 2 }’

14 174¢8Y (2 new V(2" finite: no z
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e Two-loop: Taylor expand about o = (o) + 7 :

U= 1+ 32 (E(z‘(?;)Q - %) + 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

- Non-polynomial terms: - vanish for ¢ < o, only log o is left.
- respect symmetries of the theory.
- finite counterterms, cannot be “seen” in a scheme that breaks this symmetry.
- if not forbidden (by a symmetry), operators generated at quantum level.

- non-renormalizable.
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e Three-loop Sl potential ; E ! E j}j

1 1 1 61 8 :
Counterterm: §[5 = — 5é3> (0,0)% — /’LQE(E 5&3) Aot + 5 5/(\?;) A6 ¢—2 + - 5&? As ¢ ) [Monin 2015]
! o

2 8 ot
5(3) _ )\3 ( 1 B 1 ) 5(3) _ § /\4 (3) _ 275 /\4
¢ 4k3\6e2  12¢/’ A 2 \gK3€E A8 864 \g K3 €.

So 5 = N/(16k%). With Zy = 1+ 6y and A = 1 (0)X\sZx, 2, Z, and (d/dIn2) \§ = 0,

>\2)\6 A3 3 .
Bre = 52 /{3 <9>\— é)\G) (similar By).
Callan-Symanzik: V) [“usual” with p— o]+V 57 [new]:
ove v ooVl oV g oVl g gV

WV oy
A A o A T o oo % me - OV

Oln z

oven. o oven ooV

T — 5 o
s A o O g =0 A=A
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e [hree-loop Sl potential: Integrate Callan-Symanzik:

6 8
U =V+AV+VE VB AV = N + As—
o o

gt 97 9 C[3]\ = V. 31—V, 93V,
3 — { (_ ) )1 gp ol oo | 2 ¢¢}
A 2T s e T ) e T 56 o T e (o)
n — — ) — — n : = —¢".

2 K3 2 /802 2 )16 (z0)2 "0
= 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 Poincaré symmetry P, X P} restored.
= No terms such as: A ¢?0? = XA (0)?¢* +---. No tunning of X for large 0. More scalars?

= since all scales generated by vev of fields, result not a DR artefact
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oL

e Dilatation current D, D" = (2"0yp; +dy) — 2 L, dy = (d—2)/2 (scalars),
(‘3(8,@]-)
oL oL
o,D" = (dy+ 1 0) +dyp;,— —dL
2 <¢ )(MJ) (Mng) ¢Ja¢j
canonical k.t., SI potential Vind=4— 2 onshell:
. d—
% — _ . .=
0,D dV 5 ¢, 90, ¢; =@, 0

in Sl theories: V' homogeneous: V(p¢;) = p*¥ =2V (¢;). (do 0/dp, p — 1, 9,D" = 0). By # 0.

e in “traditional reg” V = 12 V(¢), with V' scale invariant in d = 4 (not in d = 4 — 2¢):

(scale anomaly)

- 2e ~ 2e & a_v oV
O,D!' =2e =V ~2ep [A+ + - ]3)\()(@8)\

[Shaposhnikov et al, Tamarit 2013]

- different field content(!); here 8, = 0 for SI.
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e Model building: tree level [Shaposhnikov et al 2009]
1 . 1 y 5 9 As 4
L=5000"¢0+ 50,00 = V(d,0), qb +—</5 TR

- want spontaneous §/I: min: () [As(@)? 4+ 3N\ (0)? ] =0, () [3An{d)? + Ao (0)*] =0,
(o) #0 = (¢) # 0 non-trivial ground state if:

i A B\ 52
(i) 9A, = ApAg +loops, A, < 0;  and (i) <i—i2 = —%(1 + loops), = V = f(¢2 + — Y 02)

flat direction: V' =0 on g.s.

e (i) in a given loop order: tuning V =0 = spontaneous?/l = EWSB.

Ao K M| < Ay one classical tuning so  m; ~ Ay(¢)” ~ =\, (0)" < (0)7,

e Question: quantum level: is such hierarchy protected by S| + P, x P,? Any dangerous ~ )\é (0)??

2

V(g,0)=c"W(g/0), min: W(¢/o)=W'(¢/0)=0, = V o< |¢*/0® —(¢)*/(0)”
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e Model building: one-loop SI potential

1 1 Ao
L'=§ M¢3”¢+§8M08“0—V(gb,0), gb +—¢2 2+ZU4 I, = Ay Ay + loops.
DR:id=4—2¢, V> V=p*V(p,0), p=z0ld2
V=V i/ddptl[2 \7+'5} V+1ZM4 _1+1M52}
=V —-= rin|p” — Vg +ic| = — — +1In
! 2 ) (2m)? b 7 4K = Loe Co
Vg = p* [Vag +€ Naﬁ] + O(é?),
2
Nop = u_[ (ta Ve =+ 15 Va) + (1 frag — Ha pi3) V a,f=¢,0

1

= New, finite one-loop corrections ¢ x - from derivative of  wrt 0. Suppressed by o
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e Model building: one-loop SI potential

U =V+vhpyitn

v = G4 {ZM4 ¢,0 [ M(i(f;Z) g]}

5—0’

ym _ A (¢2+ ) (A6 — 40 (A0 + An) 6 0% = 2102, 0%) D A0 ¢
o )\¢ 2 )\¢ ¢ ¢ m m Qb

-If Ay =0 (A, = 0) then V(Ln) = (. Also z-independent. B, X Ay — 0if Ay = 0 (P, X P)
- 1 massive + 1 massles d.o.f.; Taylor expand: o = (0) + 6, ¢ = (¢) + ¢.

= V(1) & non-polynomial operator already @ one-loop, finite, independent of z
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e Model building: Minimise U: Xy > [An| > Xs, M) ~ Ap(d)” ~ =\ {0)* < (0)? (*)
)\¢ 4 Am 2 2 >\U 4 S 3
_ Doty Lm M-
U= oty et 647{;1:2 L=
6
+ A ¢— — (16 Ag A + 6A7, — 3AsA,) 9" — 167, ¢°0” } +ON)
: (p)* Am 6y 5
CPE o= |- AIn3N\, — 17/3 O(A
m o)? )\¢[ @47r< 1o /)]+ (Aw)
oneEop
- fix subtraction “parameter”: z = (¢) /(o) = p = (¢) (usual). m% =trU;;|
_/\2 2
m&‘l_loop = #@ x function(Ag, p)
= No tuning beyond classical one to have Am? ‘ < (0)®. no A (0)* spontaneous — all orders.

?11- loop
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e Application: scale invariant SM + dilaton: at one-loop:

As A Ao 4 AN (HTH)
_ ¢ HJ[HQ 7im T 2 7o 4
v 3!( ) 2(HH)J P
1 A
= A¢¢ mgb +E6(£ e (AsAe = 92, + loops).
o?

SM one-loop potential U = V + V(1) 4y (1n)

1 m;(¢, o)
v = - E : (¢ o) In —L——
) 2
4”;’ 6,0:G.t,W,Z i (20)
1
vin=— [( 16Am A0 — 1802+ AsAy) & — An(48A + 260, )%02 — TAZo"
¢6 ¢8 ) 12
+ ()\¢)\m + 66\, ) +8 (4)\¢ — 2\ ) )\6 — —|— (192)\6 + 2)\¢)>\6 — —l- 40)\ 0-8

- scale invariant. New one-loop terms. Taylor-expand about (o): leading order O(1/{(c)): usual CW.
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e Implications:

minimum < - [1+¢], ¢ = function(\,)

e one-loop correction

Am? = _Az 362{27[ (n gz+§)+2g§(mg42 %)—16%@?(111%2_%)]

2
2 [ry 2o
—1—4)\¢ 51n12 8+ 1n27] .

e no extra tuning beyond classical one and that of couplings (for V' = 0).

e beta functions, similar to case with y = constant (but same field content):

9, 3, 3 3, 9,
B, = = [3(4g§+4gf+2g§g§—12h4) — 4y (798 + 708 — 3h2) + 403 + 32, + 96N\

2\ | 3., 9
— Al oA, —)\a—(—Q - hQ)}
B p [ o T +2 491+492 3hy



[17]

e New couplings: beta functions:

36 3 9
B = = [6)\¢ — 8+ Ay — Q(ng + 205 - 3h§)]
2 3 9
Brg = =20 (284 + M) — (S0 + 203 — 307 |
K 4 4
2 39 9, 2\ |
By = 10[43 - Am(ig1 9 - 3n7))|
2 39 9, 2\ |
By, = 2 [3A6 - 6A12(Zg1 + 93— 3ht>_
= if one sets Ag510,. = 0 at tree level, then 5y, ., = 0 at one-loop, but emerge at 2-loops.

e implications: SM vacuum stability; other: non-minimal coupling, Brans-Dicke theory.

[Ross, Hill,Ferreira; Shaposhnikov et al



e Conclusions

= scale-invariant UV regularization (SR) possible; additional o beyond initial spectrum.
= SR "=" DR + o with “evanescent” o €” corrections. Spontaneous §/I flat direction (tuning V' =0....)

= quantum level: scale invariant scalar potential. = ¢°/0?%, ¢®/0?, etc, non-polynomial c-terms

=> non-renormalizability.

SI + enhanced Poincaré symmetry:

= Quantum stable hierarchy of vev's from tuning couplings order-by-order for V' = 0.

All scales from fields' vevs, not an artefact of DR. More scalar fields?

= Other applications? - SM vacuum stability? see talk by Z. Lalak at this workshop.

- curved space-time: Weyl symmetry. see talk b G.G. Ross
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e Model building. One-loop: No new poles, usual counterterms:

1 1
51 = — (o) { (23, ~ DA + 1(Za— DAud0” + (2, — DA
with
Dy = 14—+ A2 /A,
Ap T 2/%6 ¢ m/ 7\
Iy = 14—y + Ay +40,),
A 5~ (Aot Ar +4An)

= (47)2. From: d(u(0)2€/\¢Z>\¢)/dlnz:O one recovers usual beta functions:

Y
A= = R0
BST)L = jfl:r; = %()‘qﬁ + 4N + Ao) A [— 0if A, = 0]
Callan Symanzik: [see C. Tamarit 2014]

dU (0 @ 0N,
dlnz (5&' O, +Z@z) U= 00
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e Two-loop: No new poles. Two-loop B&z), anom dims 7(;2) unchanged. Usual counterterm:

1 1 Nr9oo3 —\?
5Ly — = 252 _ 26\ pt 52 5@ — (_ _ _) 5@ _ .
2= 5 (Ou0)057 —pulo) g AGTOT, 0 e 2 % T U2
(2) 17 3 . . (2)
B = ~3.3 A, unchanged (as if no dilaton & p =const). 7,7 = 0.
K
Callan-Symanzik (consistency check):
A n0 (9,0 9 y oV
Po— |V = O(\"), ‘“usual’ CS
TR e “56 T 75 HO T = 0N, s
(2,n)
A O(\h), B A% YR kloop correction.
Oln z
Am A A 0 A @ Am
oif VoV 22 g% VS {7(2)\m—>\)¢———3 ¢—} = Ao i+ (12X = A A= 40N
2 96K o2 2 ot

BAm X A%n’ )\m%OZ Pv X Ph.



