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e Thoughts on asymptotic safety in a messy UV
e RG in a messy UV: the string case

e UV completion on the world line



Asymptotic safety in a messy UV?



Gastmans et al 78
Weinberg '79
Peskin
Reuter, Wetterich
Gawedski, Kupiainen
AS as a UV completion Kawai et al,
de Calan et al’,
Litim

Morris

Weinberg et al’s basis for a proposal of UV complete theories

Gaussian IR fixed point => perturbative

Interacting UV fixed point => finite anomalous dimensions
In a field theory replace 1/e with 1/c => divergences of marginal
operators (which affect the fixed point), some cured



Cateqgorise the possible content of a theory as follows:

Irrelevant operators: would disrupt the fixed point - therefore asymptotically safe
theories have to emanate precisely from UV fixed point where they are assumed zero
(exactly renormalizable trajectory)

Marginal operators: can be involved in determining the UV fixed point where they
become exactly marginal. Or can be marginally relevant (asymptotically free) or

irrelevant.

Relevant operators: become “irrelevant” in the UV but may determine the IR fixed
point.

Dangerously irrelevant operators: grow in both the UV and IR (common in e.g. SUSY)

Harmless relevant operators: shrink in both the UV and IR

Note relevant or marginally relevant operators still have “infinities” at the FP - just as
quark masses, they still run at the FP just like any other relevant operator: but being
relevant they do not affect the FP. (By definition they become unimportant at in the UV.)



Normally try to think about such UV fixed point behaviour within field
theory: but is string theory already asymptotically free?



Normally try to think about such UV fixed point behaviour within field
theory: but is string theory already asymptotically free?

A) No! (Distler) String theory doesn’t need such behaviour to make itself finite. The
massless spectrum doesn’t control finiteness, and in any case it doesn’t resemble any
known field theory with a UV fixed point.



Normally try to think about such UV fixed point behaviour within field
theory: but is string theory already asymptotically free?

A) No! (Distler) String theory doesn’t need such behaviour to make itself finite. The
massless spectrum doesn’t control finiteness, and in any case it doesn’t resemble any
known field theory with a UV fixed point.

B) Yes! (Wetterich) String theory has only one dimensionful parameter (which goes into
defining the units by which we measure energy). A second energy scale is needed to
observe scale violation. This could be the Planck scale, or the dynamical scale of some field
theory. But well above the physics at which this second scale is generated, the theory
should return to scale invariance(a.k.a. a UV fixed point for operators)



Normally try to think about such UV fixed point behaviour within field
theory: but is string theory already asymptotically free?

A) No! (Distler) String theory doesn’t need such behaviour to make itself finite. The
massless spectrum doesn’t control finiteness, and in any case it doesn’t resemble any
known field theory with a UV fixed point.

B) Yes! (Wetterich) String theory has only one dimensionful parameter (which goes into
defining the units by which we measure energy). A second energy scale is needed to
observe scale violation. This could be the Planck scale, or the dynamical scale of some field
theory. But well above the physics at which this second scale is generated, the theory
should return to scale invariance(a.k.a. a UV fixed point for operators)

It would be interesting to know if it is B) and if so how string theory does it.



e A meaningful RG procedure with a messy UV: attempt 1)
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Interested in s dependence at a particular mu. Normally count UV divergences



e A meaningful RG procedure with a messy UV: attempt 1)

Instead count branch cuts as a function of s
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e A meaningful RG procedure with a messy UV: attempt 1)
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e Toy example: KK theory
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Poisson resum then to get the branch cut expand the exponential until you get the pole
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e Toy example: KK theory

Note that the answer averages over the UV states and is not the same as a naive
rigid cut-off at the scale s. (e.g. can introduce Scherk-Schwarz splitting of N=4
theory — the KK modes still give zero, even though the naive beta function

would oscillate as ™~ +- (R\/g)d )



RG in a messy UV: the string case



e Can we do the same thing in a string theory?

e Kaplunovsky + \infty ... calculate threshold corrections by doing the same diagram:
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This is the scale s — the answer will go like log(s) — so this gives the correct
running in the field theory limit (s << 1) where the cut-off is at tau_2 >> 1.
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The particle limit of the world-sheet Green’s function gives a natural cut-off in s:
This is the one you want:
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Note the importance of e—kl'k2G12 — —sG12/2 v @ 728

The particle limit of the world-sheet Green’s function gives a natural cut-off in s:
This is the one you want:
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c.f. the the factor eT(Sw(l_w)_mQ) that appeared in the field theory two-point fn.

Takes the form of the one-loop world-line Green’s function + stringy corrections.



However: string theory is defined on-shell — can use tricks but probably not
very meaningful at scales well above s>>1.



e A meaningful RG procedure with a messy UV: attempt 2)

Instead focus on amplitudes we can calculate on-shell: 4pt gluon amplitude in the
Euclidean region s>>1, t,u<0 and add contributions from t channel and u channel.
Also gives corrections to the Yang-Mills action, but can now put gluons on-shell.
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In field theory: in principle we need to calculate about 1000 diagrams. However
can use various tricks to extract the divergences, or branch-cuts. e.g. only need to

D X
Adding the diagrams in s,t,u channel
gives correct answer! N K ><E

populate these topologies ...

T7 T8 T9
T10 T11 T12



e A meaningful RG procedure with a messy UV: attempt 2)

Instead focus on amplitudes we can calculate on-shell: 4pt gluon amplitude in the
Euclidean region s>>1, t,u<0 and add contributions from t channel and u channel.
Also gives corrections to the Yang-Mills action, but can now put gluons on-shell.

In string theory: The fixed angle scattering amplitude and region of phase space
was done by Gross-Mende: dominated by saddle at
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e A meaningful RG procedure with a messy UV: attempt 2)
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e A meaningful RG procedure with a messy UV: attempt 2)

The integrand has a well defined saddle point which gives the amplitude
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UV completion on the world-line



e So what just happened? How does string theory quench amplitudes in the UV?

As we saw the saddle point obeys

t
exp(—mTy) = —

But small angles is the particle limit. So we could have just used the modified
world-line Green’s function: the saddle in the vertex positions is entirely
determined by the unmodified Green’s function. Then you are left with a factor in

the one-loop integrand of

t
eXp(—ﬂ'TQQ—Z + due™ /)

Replacing 1w ~ —s this gives the correct saddle

Conclusion: string theory amplitudes can be mimicked by adding the leading exponential

term into the world-line propagator!
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t
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But small angles is the particle limit. So we could have just used the modified
world-line Green’s function: the saddle in the vertex positions is entirely

determined by the unmodified Green’s function. Then you are left with a factor in

the one-loop integrand of This was the only work string theory had to do
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Replacing 1w ~ —s this gives the correct saddle

Conclusion: string theory amplitudes can be mimicked by adding the leading exponential

term into the world-line propagator!



e Conversely: contemplate simply defining a world-line theory with a G that has
similar properties.

Although the WL formalism emerges in the particle limit of string theory, a first
qguantised particle theory can be built from the bottom up.

Feynman;

Affleck, Alvarez, Manton;
Bern, Kosower;
Strassler;

Schmidt, Schubert

Normally would have e.g. the tree-level propagator in a scalar theory:
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To mimic string amplitudes, copy the only Moebius transformation that matters:

AGH) = [ dee O



To mimic string amplitudes, copy the only Moebius transformation that matters:

A(p?) = /O dt =T (O +m?)

T(t) = T,
Tt) =3 ¢
Simple example: 1T = t+ 1 gives infinite derivative field theory siege;
Biswas, Mazumdar,
9 9 9 Gerwick, Koivisto
A(p ) = 2K1(2(p +m )) Buoninfante, Lambiase
pz_:mz 3 p2 <1,
— 24 m2)

Importantly only single pole: ghost-free (c.f. siegel et al. exponentially dressed props.)



Th’m: Any theory for which tT'(t~1) is entire is ghost-free (at tree-level)
e.g. the trivial case T'(t) = t + 1 gives precisely the Siegel et al theory:
Ap?) = e /(p? + m?)

This case is indistinguishable from imposing a cut-off on proper time (by reparam’n):

e 1
Ap?) = /T AT L e 10
0

The previous case corresponds to a weighted sum over paths that diverges “nicely” at T=2
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In target space the Bessel function has introduced minimal length:
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Solutions to heat equation with in our example D(t) = (1—1/¢%)



Generic trees: written like the string version (or rather vice-versa)

e.g. scalar QED: write as a world-line theory, with Wilson line for photon emission
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with G = %|7’Z‘—Tj| , and extract term in n-polarization vectors.



e.g. gauge coupling ... P1 P2
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Generic one-loop diagrams written like the string version (or rather vice-versa)
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Can always rearrange it so propagators are treated democratically: e.g. 2 point
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Dominated by the saddle at t=1: but this is not surprising, because we built it in. All UV
sensitive amplitudes are dominated by saddles.
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Conclusions

The behaviour of perturbative amplitudes (e.g. Gross Mende) can be understood
by perturbing world line Green’s functions without string theory clutter/beauty

The lowest corrections to G recovers the attenuation of string amplitudes in the UV

Can define sensible RG at scales much higher Ms in terms of physical amplitudes, in
which string theory seems to have a Gaussian UV fixed point

Inspired by this to look at new class of UV-complete world-line theories

Correspond to infinite derivative field theories, but much nicer properties — e.g.
amplitudes dominated by saddle points

Gravity? Macrocausality? Unitarity at level of S-matrix?



