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Standard Model and beyond

The Standard Model (SM) is

o Extremely successful,
e.g. QED g — 2: g/2 =1.00115965218085(76)

Problems of the SM:

[Smf; Dmf]
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Scales in high energy particle physics
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@ One fundamental scale in SM: (vy) =~ 246 GeV (ans:08)
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Scales in high energy particle physics

W Z
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@ One fundamental scale in SM: (vy) =~ 246 GeV (ans:08)
o Gives particles mass via Higgs mechanism = masses depend on (vy)

e Only one scale in Gravity: My ~ 1.2 x 102 GeV
= Problem for unification/ Quantum Gravity
@ New physics introduce intermediate scales my < M < My,

!
= Problematic corrections (e.g. via loops) to my ~ 125 GeV (i)
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Conformal symmetry and scale invariance

e Conformal symmetry/ group =
Lorentz generators + Translations + Dilatations + SCT
N————

Poincaré Scale invariance
o Largest possible non-supersymmetric group of space-time symmetries

e For a unitary and renormalizable QFT:

Conformal invariance = classical scale invariance

@ Cl. scale invariance = no dimensionful couplings at tree level in the
Lagrangian £

No (m?, .. ) but (yi, Ai, gi,...) €L

e Extensions via (gauged) scalars (117
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Scale generation

Mechanisms

@ Technicolor, Composite W and Z bosons, Top-quark condensates,
Extra Dimensions, Higgs, Coleman-Weinberg

via spontaneous symmetry breaking (SSB)

v False vacuum, V=0
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Scale generation

Mechanisms

@ Technicolor, Composite W and Z bosons, Top-quark condensates,
Extra Dimensions, Higgs, Coleman-Weinberg

via spontaneous symmetry breaking (SSB)
@ SSB: the vacuum (v) has less symmetry than b e o

the the Lagrangian £
@ Higgs mechanism: Vy with mass my = S ¢

(vu) #0
— Fermion mass via couplings to the Higgs
— Bosons mass via Goldstone theorem

o Coleman-Weinberg mechanism: not my but
loop corrections induce SSB (radiatively) (cw

1 A2t Ap?] 3
Ver(¢1 1) = 720" + 256(fr2 (In [2/?2} B 2>
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Gap equation

o Generalized sph. coordinates for ¢ via one radial () and n — 1
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Gap equation

o Generalized sph. coordinates for ¢ via one radial () and n — 1

-,

angular (¢) coordinates
@ Symmetry breaking or criticality equations:
. Lz > 1,2
radial : 0 = k(Y0; po) + A(Jo; po) + 58(190; ©0)

angular : 0 L @9 [H(ﬁ; @o) + A(ﬁ; @0)] 53
=vo

= f (/\;(u),ﬁ) L0

= Set the dimensionless coupling at, e.g. My, and use RG-flow to evolve
until both criticality equations are fulfilled
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Scale Hierarchy

Example: massless QED

o Crit. equation: A+ 136%:2 (In(g2) — 1/3) + 0O(\?) 1o

— Acit + 122 0éne(109 G2 = 1/3) =0
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Example: massless QED

o Crit. equation: \ + 16”2 (In(g?) —1/3) + O(A?) =0
e Dimensional transmutation: A\(u), g(¢t) = Zerity Perit,  [Gerit] 0

1 mi 3gcrlt 8? Vet
o Field and gauge boson mass: —3 = Z<¢ with m¢ = oF
A =it
— Acit + 122 9ée(109 G2 = 1/3) =0
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Scale Hierarchy

Creating two scales via SSB

e Multiple scalars (often used Gildener-Weinberg approximation of
tree-level flat direction)
e.g.: Vo = A(®]01)% + Ao (9]d2)2 + N, (G101 )(010,)
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Scale Hierarchy

Creating two scales via SSB

e Multiple scalars (often used Gildener-Weinberg approximation of
tree-level flat direction)
e.g: Vo= A (P1d1)2 + Aa(DLd2)2 + A, (D1 by ) (0] dy)

@ Gap equations allow for systematically analysis of SSB properties
= scalar-, gauge-, mixed symmetry breaking

@ 1-loop masses of ®1, 5 are highly complex — difficult analytical
treatment of hierarchies in CW

o Look at highly symmetric points: A1 g = A20/2, 81,0 = &2,0
= find the naively expected m?/m3 A, ¢

@ We expect: only spontaneously broken scale invariance may protect

scale separation

But we do not know, yet ...
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Summary & outlook

Summary & outlook

Classically scale invariant model with dynamical scale generation via
SSB

e Multiscalar Coleman-Weinberg (without approximations)
@ Gap equations allow for intuitive description of SSB w.r.t. Ao, &0

@ Incorporates the full RG-running

Can relate 1-loop mass hierarchies (somewhat) analytically to A, o

@ A lot more to understand for more complex cases ...

Thank you for your attention!
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