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= Hierarchy problem as a guide to new physics
= Scale invariance and quadratic divergences
= Simple @ealisticOmodel

" Inclusion of gravity

= Conclusion
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Hierarchy problem

®  Spontaneous electroweak symmetry breaking: very important theoretical
ingredient of the Standard Model (describes the origin of mass) ; has not been
established yet experimentally (LHC experiments)
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Hierarchy problem and new physics
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Experiments (LEP/SLC ). 115 GeV < M, < 186 GeV (95% C.L.)

: Mp
Auv <600 x (195 GeV)

incompatible with indirect experimental bounds, Ayy > 2 TeV !

= Supersymmetry : @ 6M,2 ~ Yy A%’\f

82

= MSSM with softly broken SUSY
. , 3Y?2 .
AM}% S 1M§ +- ﬁxMtZ ln(ﬂl{/ﬂlt) = JM,E > 600 — 1000 GeV

= Little hierarchy problem - Little Higgs, Fat Higgs, no-Higgs, etcE
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Scale invariance and quadratic divergences

" Let us set u>=0.SM (bare) Lagrangian is invariant under the global
scale transformations

, ) W
Vo(¢) = 7(¢7¢)’
" Scale invariance is anomalous symmetry. The mass scale is

generated quantum mechanically (dimensional transmutation)!
(Coleman & Weinberg)

. 1
M? ~

e [6My, +3M5 — 12M}] <0, = NO EWSB, v =0

= Extend the bosonic sector !

® NO guadratic dicergences in scale invariant theories !
(Bardeen; Frampton & Vafa; Hill; Meissner & Nicolai;
Foot, Kobakhidze, Volkas)
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Next-to-minimal Standard Model

(R. Foot, A.K., R.R. Volkas, Phys. Lett. B 655,156-161,2007)

" Add extra sterile real scalar boson S(x):

. Sy A: A3t o
Vo(9,8) = 5 (#10) + T S* + 5} (¢79) S
¢~ (1,2,41), S~ (1,1,0)
Zy : 8 — —§ (might be relevant for dark matter)

= Quantum corrections:

V = W] + 6V1—100p + ese (V >> 6V]_—loop >> 6V2—]oop >> ...}

= Approximate minimization (Gildener & Weinberg)

¢=L( 0 ), S =rsinw

V2 \cosw
A A A
Vo(r,w) =r1° (gl cos® w + 32 sin® w + f sin® w cos? w)
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Next-to-minimal Standard Model

. i ()Vl‘. BV().
= Stationary conditions: . lr=tr), w=tw) =0 5 Tlemtr), wmie) = 0
Solution A: if Ay >0,

sinw) =0, (N=v2@)=v#£0, <S>=0

A1(A) = 0 (dimensional transmutation)

Solution B: ¢ A< 0.

1

(tan*w) = ¢, V2(g) = () ( ﬁ) i

v, (§) =vi{tanw)

) o A1(A)
where ¢ = \//\Q(A)

A3(A) + v/ A1 (A)X2(A) = 0 (dimensional transmutation)

. Agv?
2 3 . . U
" Tree-level masses: A: =5 H=5 ma=0, h=0¢
B:
m%; = (A1 — A3)v® , H = —sinwdy, + coswS’; my =0, h = cosway + sinwS’
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Next-to-minimal Standard Model

2
= 1-loop corrections:  §Vi_1o0p = Ar* + Brlog (T—)
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- . “ T i=100p \ r | —= = e - —
Fixing the VEV: 5. = =0 =log{ -} 1 9B

* The PGB mass: m2 = 0;2' Pl ey = 8B(r)’
1 r ! .‘1 4 J"
- W ‘3TI'A/IV + TrMS — 4TI'A/IF]
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Next-to-minimal Standard Model

v 1 -
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115 GeV < M, < 186 GeV (95% C.L.) = my; > 500 GeV, tanw < 0.65

= Landau pole: pr =~ 10—100 TeV for m; < 120 GeV

= Little hierarchy problem (LEP paradox) is solved without invoking
SUSY or other exotics

" Further extension of the scalar sector motivated by e.g. dark matter
and/or neutrino masses (R. Foot, A.K., K.L. Mcdonald, R.R. Volkas,
Phys. Rev. D 76,075014,2007) can push the Landau pole above the

Planck scale, .
pr > 1077 GeV
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Planck/Fermi hierarchy
(R. Foot, A.K., K.L. Mcdonald, R.R. Volkas, 0709.2750 [hep-ph])

" Classical world is scale invariant. Mass is originated from quantum

fluctuations.
= Can we generate Planck and Fermi scales simultaneously?

= Simple model again:

L=+—g §SZR + LHiggs + ..

_ Ao sta2 4 AS g _ AX 4t g
V="2(610) + 505t - X (e)S

(6)? (tanw) 1Ay (A \/)‘

(S)? 2 T 2 he(h) MAs(A)

JMPlanck - €<S> ,JMFcrmi - <¢’), = /\X ~ 10_32)\(;'
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Planck/Fermi hierarchy
" Higgsmass - M} =(Xe+Ax)v°, h=—coswd+sinws’,

. . . 1 . .
= Dilaton mass - M2 = 8B(r)? ~ 82 (72 (Mt + 6M;, + 3M7 — 12M}]
o = coswgy + sinwS’

" |nextended versions: 107% eV < M, < 10' GeV

" Tree-level coupling of the dilaton to matter vanishes:

- 1 4o 30 - - mys -
VEgmsbrur — (14 gh - 5 ) (1+ 35 ) mrbrss = medpwr - 7 obru,
FYIvs 9 (7‘> (7‘) FYr¥s FYr¥s (r)
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Planck/Fermi hierarchy

" Coupling to the anomalous trace of matter energy-momentum tensor:

3 i a a [y <
V—=gT*o™ — —4 (:> ( (gg )FM‘,,F Y y(mp)sdr + ) =

4 my = - B(gs)
Lor e — NoNN, (N|2\s)pa
aavies U RAS A

(Shifman,Vainstein & Zakharov)

F ¥ |N) = mydnUn

32£ . e—.'\-I,,r‘
V(r) =Gy o, 6€mfv .

= Experiments on 1/r Newton law £ < 3 X 107 for My, ~ 107% eV

No restrictions on & if M, ~ 1072 eV
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Planck/Fermi hierarchy

® Cosmological constant is finite.

Perturbative vacuum energy: Ertivne = —EB(fr)“*
1288 — 9

Nonperturbative vacuum energy:

Qv

Egcp = —(9/32)(0| 2 Fe Fa #|0) ~ 0.012 GeV*
T

= Some other nonperturbative contribution from a hidden sector ?
" |R screening of the CC ?
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Conclusion

" Scale invariance: all mass scales have purely quantum mechanical
origin.

Suggestive example: My, ~ Agcp
" Very simple models with classical scale invariance are capable to
resolve the LEP paradox without invoking supersymmetry and/or other

exotics. Their predictions are testable at LHC and/or future linear
collider

" Planck/Fermi hierarchy can also be realized in a technically natural
way.

" Classical scale invariance is a viable alternative to low-energy softly
broken supersymmetry.
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