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1) “Operator melting” EFT to full HD theory
2) “Holdom cancelations”?
3)  HD completion of EFTs – Quadratic gravity and AS??



Primary concern:

In GR, EFT, Quadratic Gravity, Asymptotic Safety:
  - Amplitudes grow with energy 

Even if couplings run logarithmically to zero coupling (or constants), 
     amplitudes blow up

How can this situation provide a successful theory?



Target: Gravity

Proxy: Shift invariant theory

See also
Percacci



Content related to:

Buccio, Percacci:    Renormalization group flows between 
                                 Gaussian fixed points
Buccio, Donoghue, Percacci:   Amplitudes and renormalization group 
                                 techniques: A case study
Donoghue, Menezes: Higher derivative sigma models
Buccio, Donoghue, Menezes, Percacci: Physical running of couplings
                                 in Quadratic Gravity
Holdom:   Ultra-Planckian scattering from a QFT for gravity
Holdom:    UV-complete 4-derivative scalar field theory
Salvio, Strumia: New infra-red enhancements in 4-derivative gravity
Hannesdottir, Schwartz: S -Matrix for massless particles

Plus works by Anselmi, Buoninfante, ….



Effective Field Theory and Higher Derivatives

Consider an EFT with shift symmetry:

Power counting expansion
  - each loop is an extra power of 𝑔

𝑀4

  - EFT signals breakdown at or before 𝑀
4 𝑔

Buccio
JFD
Percacci



One loop scattering amplitude in EFT

After renormalization of g8



Some points to notice:

- Original g does not run, nor goes g6 
- g8 does run
- Unitarity correction at order E8 
              Im T~|T|2 
-   Power counting: loops ~ E4



Now consider HD extension
   - now renormalizable

Propagator:

                                         

Spectrum:
   - massless mode
   - heavy ghost of mass m
   - ghost is unstable
   - cancelations likely, due to minus sign



Higher derivatives and separation of fields

In general:

Can separate the KE and interactions:
    -auxiliary field  
    - shift 𝜙 = a − 𝜂

Note:
 - e−iS for 𝜂
- Source coupling J(a − 𝜂)



The full amplitude at one loop order (massless mode);



At low energy (E<m), matches EFT



At low energy (E<m), matches EFT

Note – not suppressed
by 1

m2



At high energy (E>m), result simplifies (a lot)

No more dimension 6 or 8 operators (!)

“Operator melting” 
       - operators of the EFT no longer appear
       - approach to high energy reduces E^8 to E^4

Note: transition happens at 𝒎 not 𝑴/𝟒 𝒈



Some points:

 Cancelations within loop diagrams when E > m

 Imaginary part now present at order E4

      - subdominant to E8  - again cancelations present

Running coupling

  - g was already measured in  the EFT region
  - agrees with FRG calculation of Buccio, Percacci for UV region



Understanding this phenomenon 

Can redefine fields into dimensionless fields



Understanding this phenomenon

Can redefine fields into dimensionless fields

High energy limit is obtained by dropping first term

There is no dimensional factor to generate yet higher operators

Dimension-zero fields introduced and studied in
Bogoliubov, Logunov, Oksak, Todorov “General Principles
of Quantum Field Theory”



Here running of g agrees with FRG
Buccio
Percacci

But that agreement is not universal
  - fails in the HD NLSM 

Cutoff dependence, but no physical running

log Λ2

k2 but not log q2

JFD
Menezes

Hasenfratz

Percacci
Zanusso



Transition slide:

Renormalizable completion of EFT
  - same field and interaction (but extra DOF)
  - tower of EFT operators melt away

But HE behavior still bad

Running coupling cannot save you



Holdom cancellations
  - inclusive cross sections fall at high energy 

 
Any source couples to both fields
  - think of  J(𝑎 − 𝜂) coupling 
  - intrinsic minus signs included

When E>>m, the results will cancel



Example: Spin two channel of Quadratic Gravity

Direct production of massive spin-2 ghost

Large N limit to neglect vertex corrections

Results in a unitary amplitude

Han, Willenbrock



Quadratic gravity:

The 𝐶2term leads to a spin 2 ghost mode (partner with graviton)
        𝑚2

2 = 𝑓2
2 𝑀𝑃

2

The 𝑅2 term is spin 0 and ghost free (Ghost is gauge artifact) 
        𝑚0

2 = 𝑓0
2𝑀𝑃

2 

  



Scattering amplitude at weak coupling:



Cross section falls with energy
  
𝜎 = 80 𝜋

𝑠
 |𝑇2 |2

  𝜎                                                                     𝑓2 = 0.01, 0.1, 1, 10

𝑠
𝑀𝑃

2

  - simple example of Holdom cancellation

Transition happens at  𝒎𝟐
𝟐 =  𝒇𝟐

𝟐 𝑴𝑷
𝟐 not 𝑴𝑷

𝟐



But, Holdom argument is stronger

Easy to cancel with only internal HD lines

But what about external lines like scale invariant model?

Holdom calculates the high energy limit of all the amplitudes
  - massless and massive modes
 -  inclusive sum has extensive cancellations

But: Cross sections added with some negative signs



Can we add with negative signs?

If momenta are measured precisely 
  - separate out individual mass states
  - each cross section is positive and growing

Need uncertainty in energies 
    - when E >> m need ∆E >  m
    - both states contributing to the same measurement

Holdom’s QCD analogy
  - despite coupling running to zero, jet cascades grow with energy
  - radiation and parton branching
  - mass and collinear singularities
  - partons off-shell in cascades by amounts of order E
  



Faddeev – Kulish to the rescue?

Usual IR cancelation in cross sections ala BN, KLN
  

Technically nonsense
  - radiative cross section is infinite
  - use IR regulator
  - but there is no physical IR cutoff

Fault is the use of non-interacting Fock space
   - electron without electromagnetic field
   - soft photons part of the physical state
   - coulomb phase is another manifestation

FK put IR effects in states, matrix element



States with radiation as coherent states 
  - individual Fock states not distinguishable
  - redefined S matrix
  - cancelation happens within matrix elements

Seems to transfer Holdom cancelations to matrix elements
  - in asymptopia, all states are massless
  - cancelation between internal states occurs

But in FK, “energy resolution” is ill-defined
   

 

FK seems more physically consistent



Hard S Matrix                                     Hannesdottir, Schwartz

  - more concrete/practical version of Fadeev-Kulish

  Motivation: S matrix does not formally exist for massless particles
     - but can redefine states with radiative effects included
     - residual interactions are hard
     - can be done perturbatively
     - scale of superposition is 𝝁~𝑬

In HD theories, massless normal particle and near massless ghost
   - carry relative minus sign
   - cancelations in each amplitude



Radiative effects in HD theories

Salvio and Strumia – IR enhancements in Quadratic Gravity
    - large radiative amplitudes

Converse of UV suppressions

Also direct radiation
  - e.g. shift-symmetric model

Interplay of UV cancelations and IR enhancements seems complex



Potential final result

High order EFT Lagrangians disappear for HD completion

High energy amplitudes tamed by cancelations

Radiative processes abound

2 -> n processes also common

Jet cascade picture



HD completion of EFTs?

   Wilsonian exact renormalization group
           - changing scales brings in operators of all dimensions
           - flow from HE to LE will induce all operators
           - not natural to truncate to 2 derivatives only
           - this is how Asymptotic Safety works
           - directly relevant for gravity - 𝑅2terms clearly induced

  But there is a difference with usual renormalizable theories and EFTs

 



Renormalizable theories
  Self-contained and predictive of all high order operators
  
  Higher order operators can only be  innocuous
    example: log 𝑚2 + ∇2~ log m2 + ∇2

𝑚2+…           A. Platania 

And other non-local operators.   - “operator melting”

  High energy non-locality masquerading as local operators 
     - no “hard” higher order operators



EFTs
 
Lowest order EFTs not closed and predictive of operators

Imagine going up in cutoff
   - first nontrivial truncation brings in HD terms
  - but some truncations can form new renormalizable theories
  - if no new DOF/interactions at those scales, then
         can transition into closed renormalizable class of theories

Ex. FRG analysis of shift invariant model
                                                                      (Percacci, Buccio)
But also potentially Quadratic Gravity



Quadratic Gravity

Renormalizable                                                                 Stelle

May be present in nature (Starobinsky inflation)

RG intertwines the couplings:                  Caution: Gauge invariance
                                                                                   problem

Need not be ultimate theory:
   - but potentially closed gravity theory (like SM)
 



Relation to Asymptotic Safety?

Going up in cutoff, first correction is quadratic in curvature

Quadratic truncation is consistent
     - but it is a renormalizable theory – i.e. quadratic gravity
     - operator melting – no further HD terms need appear

Quadratic truncation also saturates the critical surface of couplings

Would further HD operators be innocuous?

What is essential difference between QQG and AS with same set of 
    quadratic couplings?



Cross section falls with energy
  
𝜎 = 80 𝜋

𝑠
 |𝑇2 |2

  𝜎                                                                     𝑓2 = 0.01, 0.1, 1, 10

𝑠
𝑀𝑃

2

  - another example of Holdom cancellation

Transition happens at  𝒎𝟐
𝟐 =  𝒇𝟐

𝟐 𝑴𝑷
𝟐 not 𝑴𝑷

𝟐



Pastor-Gutierez
Pawlowski
Reichert
Ruisi

Is Asymptotic Safety in this class?:



Euclidean locality vs Lorentzian nonlocality 

If Lorentzian physics tracks Euclidean RG, Lorentzian must be 
nonlocal

This is like our “operator melting”

Does Lorentzian AS become strongly coupled Quadratic Gravity?



Tentative theses:

A) In HD theories, HE cross sections fall off
        - higher order Lagrangians vanish at high energy
       
B) “Holdom cancelations”
        - “simple” with only HD internal lines
        - difficult with HD external lines – FK resolution?
        - probably “cascade-like” final states
        - more important dynamics than running couplings

C) HD completions of EFTs form renormalizable theories
      - if no new DOFs at those energies
      - Quadratic gravity (AS?) as natural HD completion


