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What is (not) this course?

* Not an introduction to QFT (basic knowledge is assumed)

* No formal, rigorous proofs but plausibility arguments.

* Emphasisis on EFTs: we'll discuss the QFT that we need for EFTs

* Not a complete EFT course: focus on particle physics (mostly BSM)

* We will sacrifice completeness for detailed specific examples (emphasis
not only on concepts but mostly on calculability)

* Most of the calculations will be done in tutorials (can be done by hand
but we will also use computer tools)

* If there is ANYTHING you don't understand please stop me and ask.

* Use some of the (very useful) resources: Skiba (TASI 2009, arXiv
1006.2142), Manohar (Les Houches 2017, arXiv 1804.05863), Cohen (TASI
2018, arXiv 1903.03622), Pich (ph/9806303) ... and many others



Why EFT?

* Because nature decouples! Observations always have a finite
precision. Given that precision we only need to care about certain
degrees of freedom, symmetries and dynamics.

* Because it's easier: EFTs split complicated multi-scale calculations
into series of simpler single-scale calculations.

* Because we have to (I): Sometimes we do not know (or can't
compute) the dynamics at high energies. EFTs allow us to
parametrize the low energy effects of such unknown UV dynamics.

* Because we have to (Il): In multi-scale problems large logs can ruin
perturbation theory (even in renormalizable models) these large logs
can only be resummed by using EFTs and RGE.



What is EFT?

 [t's the one thing that we constantly do in physics: dimensional

analysis + (Taylor) perturbative expansion ... with a few subtleties
from QFT.

* Atleastin some cases we can prove that the result is analytic (and
therefore can genuinely been expanded).

* Locality and renormalization: we have to perform the expansion carefully

* Like any perturbative expansion:

* [tis useful because experimental measurements have a finite precision.

 It's usefulness (range of validity) depends on the size of the expansion
parameter (and the nature of the expansion itself).



Observables in QFT

* The relevant observables in particle physics are given by S-matrix
elements, which can be computed from correlators via the LSZ
reduction formula
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where the correlator is defined as
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* This is valid for any interpolating field
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Observables in QFT

* Correlators can be computed in perturbation theory via
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Which Lagrangian?

* QOur QFT will be defined by the Lagrangian, a sum of local, invariant (gauge,
Lorenzt, ...) operators built with a finite number of fields and their
(covariant) derivatives.

* Which operators? In principle all local invariant ones, each with an arbitrary
coefficient called Wilson coefficient. (We will see that some operators are
more relevant than others.)

* Quadratic operators are special: they fix the global scale (kinetic term) via
canonical normalization or fix the on-shell condition (mass term), plus we
know how to solve them (free theory = harmonic oscillator).
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Which Lagrangian?

* Quadratic operators also fix the (mass) dimension of the fields
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Which Lagrangian?

h=c=1]
* Quadratic operators also fix the (mass) dimension of the fields
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Which Lagrangian?

h=c=1]
* Quadratic operators also fix the (mass) dimension of the fields
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Which Lagrangian?

h=c=1]
* Quadratic operators also fix the (mass) dimension of the fields
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Regularization and renormalization

* Feynman rules instruct us to integrate over loop momenta, resulting
sometimes in divergent expressions. These require regularization
and renormalization in order to make sensible quantitative
predictions for physical observables.

* There is a whole machinery for loop calculations that is worth
mastering but here we will either use computer tools to do the loop
calculations or use special technigues useful in EFT calculations.

* We will use dimensional regularization:
* Analytic continuation from D=4 to D=4-2€.

* Divergences appear as poles at €=0.



Regularization and renormalization

* Some useful properties in dimensional reqularization:

* Scaleless integrals vanish
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Regularization and renormalization

* Some other properties we will use:

* Partial fractioning
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* Propagator expansions
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Regularization and renormalization

* Before renormalizing let's discuss what UV divergences look like.

* Up to sub-divergences, UV divergences coming from loop integrals are
proportional to polynomials in external momenta.
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Regularization and renormalization
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Regularization and renormalization
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Regularization and renormalization

* The practical idea behind renormalization is that terms in the Lagrangian
are not observable (and could therefore be anything, even infinity). Each
Wilson coeff. has to be fixed by computing a physical observable that
depends on it.

* We will use MS renormalization, that eliminates only the 1/€ UV
divergences (renormalized WC still have to be fixed by experiment).

* The original terms in the Lagrangian are called “bare” terms (fields and
WCs): (0) (0)
L=Y C"0;

* Bare objects are written in terms of renormalized ones times
renormalization constants:
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Regularization and renormalization

Focusing on 1-loop renormalization we can write

The bare Lagrangian is then written as

L= 0 =3 pme

Wave function
renormalization

¥
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Renormalized Lagrangian Counterterm Lagrangian

The counterterms ¢;, §& are fixed by cancelling the 1/€ UV divergences
(which are local operators and we have written all of them).

Sometimes it's useful to write the mass dimension of the WCs explicitly
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Power counting and renormalizability

* Let's consider the contribution of a single insertion of an operator of
dimension d in an low energy amplitude normalized to be
dimensionless

d—4
) ,  |p any low energy scale or mass]

i
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* The higher the dimension of the operator the smaller its contribution at
low energies.

p n
* The general power counting equation is M~ (K) = Z(di —4)

1

* Also true at loop level for mass-independent regularization schemes.

* Operators of dimension higher than 4 have suppressed effects at low
energies. Given a finite experimental precision we only need operators
up to certain dimension (and there are a finite number of these).



Power counting and renormalizability

* Let's sketch renormalizability of renormalizable theories (operators of
dimension 4 or less)
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Power counting and renormalizability

* What about non-renormalizable theories (those with operators of
dimension larger than 4)?

* Formally they are non-renormalizable: more insertions require higher-
dimensional operators which themselves induce even higher-
dimensional divergencies so that an infinite number of counterterms are
required to renormalize the theory.

* In practice, given the finite precision of experimental data, we only need
to consider operators up to certain dimension.

* An EFT is the set of all allowed local operators with mass dimension less
than some maximum one. This theory will generate divergences of
higher dimension but the corresponding operators produce such a small
phenonenological effect that they are irrelevant and therefore we don't
need to consider them.

In practice, non-renormalizable theories are as good for loop calculations as renormalizable
theories (only a finite number of counterterms are needed to renormalize them).



Redundancies and EoM

[Arzt, ph/9304230; Criado, Pérez-Victoria, 1811.09413]

Let's consider the following Lagrangian
1 m?
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And perform the field redefinition O — go' =+ (32g03 Still an interpolating field

The resulting Lagrangian is
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The last operator has disappeared! But the physics is the same.

This field redefinition is equivalent, at the linear level, to using EoM of L4 into Le
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Operators that can be eliminated via EoM are called redundant and are not
necessary to compute physical observables (but are to compute off-shell

quantities).  For details see [Criado, Pérez-Victoria, 1811.09413]



Redundancies in 4D: evanescent operators

« Some properties are only valid in D=4. Corrections of ordel® can hit a
pole and give a finite (possibly ambiguous - scheme dependence -)
“rational” contribution [Dekens, Stoffer 1908.05295]
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[Herrlich, Nierste ph-9412375]

* The one-loop matching, and the RGEs from two loops depend on the
coefficients of the evanescent operators



Redundancies in 4D: evanescent operators

* Thereis some freedom in defining the evanescent structures but some
terms have to be included by consistency. [Fuentes-Martin, et al 2211.09144]

* Example Fierz identities (valid in 4D) for tree-level generated operators.
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Bases in EFTs

* \Which basis should we use?

* We can always use integration by parts (momentum conservation).

* We can use 4D properties for tree-level calculations (no evanescent) or
one-loop RGEs (only interested in divergent terms).

* We can use EoM (field redefinitions) when computing on-shell quantities
(minimal basis).

* We have to include redundant operators when computing off-shell
guantities (Green basis).

* [tis non-trivial to build minimal or Green bases but they have to be
built only once for each EFT (and not always).



Bases in EFTs

* Minimal (Warsaw) basis (SM EFT dim 6)

[Grzadkowski et al 1008.4884]
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Bases in EFTs

Green basis (SM EFT dim 6) [Gherardi, Marzocca, Venturini 2003.12525]
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On gauge invariance: Background field method
[Abbott, NPB185 (1981)]

* When computing in gauge theories we have to fix the gauge, the quantum
theory is no longer gauge invariant but just BRST invariant.

* Thisis enough to get gauge invariant results for physical quantities but not
for non-physical ones (off-shell Green functions, counterterms, ...).

* We split the fields into classical background fields and quantum fluctuations
and fix the gauge for the latter (leaving the theory invariant under gauge
transformations of the background fields).

* Background fields never appear in loops, quantum fields can only be in
loops.

* Off-shell Green functions, UV divergences, are explicitly gauge invariant.

* The covariant derivative does not renormalize (divergence must be proportional
to (Fy,)* but
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RGE for general theories (at 1 loop)

0) (0
* Let's consider our EFT Lagrangian L = Z C,L-( )O,E )

1
* UV divergences generated from it can be parameterized in terms of local
operators (after canonical normalization and reduction to physical basis)
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* These divergences can be cancelled by counterterms

col0) Z (0) ay(0) ez 7
i

* Using that the bare WC are independent of p we get
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RGE for general theories (at 1 loop)

* Using that the bare WC are independent of pwe get  , _ | _ 1 (e
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EFTs: bottom-up vs top-down

* Inthe bottom-up approach to EFTs we only care about the EFT: it
parameterizes the low energy effects of any UV dynamics.

* It helps us parameterize experimental data in a model-independent way in the
form of global fits.

* Examples: Chiral Lagrangian (low energy QCD), SMEFT (“any” BSM)

* In the top-down approach we consider specific UV models and match them
to the EFT (compute the WCs of the EFT in terms of the parameters of the
UV theory).

* We lose model independence in favor of model discrimination.
* Smaller number of parameters (easier to handle in fits).
* Only way to compare direct and indirect limits, range of validity of EFT, ...

* (Can be used to completely classity new physics models: IR/UV dictionaries.



EFTs from the top-down: matching and running

* The idea behind matching is to Taylor expand in the heavy mass limit

1 1 P\ 2
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* What about loops? Because of divergences loop integration and
heavy mass expansion do not commute ... but the difference is local!

[Witten, NPB104 (1976), NPB122 (1977)]

The difference corresponds to the hard region contribution of
the full theory (soft region contributions cancel between full and
EFT theories), which is local.



EFTs from the top-down: matching and running

 The difference between the UV and the EFT is local!

Taken from Pich’s lectures ph/9806303
Tree level

L O X

One loop: Compare renormalized amplitudes (we have to be consistent!)
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EFTs from the top-down: matching and running

* Which amplitudes do we compute?

* On-shell matching: all connected amplitudes with external, on-shell, light
particles up to the dimension we need (number of fields and derivatives).
- PROs: We don't need redundant operators.

— CONs: The number of diagrams is in general very large; we lose cross-checks; delicate
non-local cancellations between UV and EFT.

* Off-shell matching: 1IPI (one-light-particle-irreducible) off-shell Green functions
with external light particles up to the needed dimension.

- PROs: Fewer diagrams; large redundancy, more cross-checks.

— CONSs: Redundant operators needed.

Why 11PI?

Because contributions with light (off-shell) bridges are accounted for by adding
operators in the EFT at tree-level. In on-shell matching light bridges account for
the redundancies in the off-shell one and have to be included in the matching.



Etficient matching: expansion by regions

Taken from Manohar’s lectures 1804.05863
* Before studying a specific model let's consider the following integral:
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Etficient matching: expansion by regions

Taken from Manohar's lectures 1804.05863
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* We |learn a few interesting lessons:

= Ir=/Iem, the expansion vs integration order matters when there are divergences.
- UV poles are different in both integrals.

- Non-analytic dependence on light scales is the same in [rand Igm.

- Dependence on M can be non-analytic in Igbut it is analytic in [eer.

- Irhas a large log that can (sometimes has to) be resummed via RGE.

- The difference between the two integrals, after renormalization, gives the matching
condition.
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Efficient matching: expansion by regions

Taken from Manohar's lectures 1804.05863

* There is a better way thanks to the expansion by regions technique. The

integrand in Ir is singular for k2 ~ m? (soft region) and for k? ~ M?(hard
region). Let's compute the integral expanding in both regions
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Efficient matching: expansion by regions

Taken from Manohar's lectures 1804.05863

* There is a better way thanks to the expansion by regions technique. The
integrand in Ir is singular for k2 ~ m?2 (soft region) and for k* ~ M? (hard
region). Let's compute the integral expanding in both regions.

* The matching comes from the hard region contribution of the UV theory

- No need to compute in the EFT.
- No need to do the full UV calculation.

- Only the tadpole integral is needed for the calculation.
* New matching procedure (1-loop):
* Compute the hard region contribution in the UV theory.
* Forget abouté terms (UV MS-barred away, IR cancel in the difference)

 Match the result to the tree level contribution of the EFT.

| But we have to be consistent between _




EFTs from the top-down: tree level matching

* Let's consider the following UV theory m* < M?]

£ = 0 = m) + 5[0,0)° —m26%] — v + 5 [(0,8)° — M28) — Xy

* We want to find the EFT that reproduces its low-energy effects.
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EFTs from the top-down: tree level matching

* How do we match (in a systematic way) off-shell?

1) Build a Green basis (only once per EFT).

2) Compute, in the full theory, the hard region of the 1IPI contribution to all
the amplitudes needed from the (tree-level) EFT side.

3) Match all kinematic invariants to the tree-level EFT (imposing momentum
conservation = ibp in the EFT Lagrangian).

4) Solve for the Wilson Coefficients and check that all off-shell kinematic
invariants are matched (non-trivial cross-check!).

5) A further cross-check (sometimes necessary) is gauge invariance
(compute amplitudes with momentum replaced with gauge bosons),
when using the background field method.



EFTs from the top-down: tree level matching

* How do we match (in a systematic way) off-shell?

1) Build a Green basis (only once per EFT).

* Let's focus on four-fermion interactions up to dim 8 (only with derivatives)
Oy = () (™)
Oys = W)(Y) Oy = (P)(0,90"Y)
Oy = (50"0) (D)

Clys
2

3
1=2

2) Compute, in the full theory, the hard region of the 1IPI contribution to all
the amplitudes needed from the (tree-level) EFT side.

» Since we only want these operators it's enough to compute ) — ) to order p*



EFTs from the top-down: tree level matching

* How do we match (in a systematic way) off-shell?

2) Compute, in the full theory, the hard region of the 1IPI contribution to all
the amplitudes needed from the (tree-level) EFT side.

* Since we only want these operators it's enough to computewy) — 1) to orderp?
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EFTs from the top-down: tree level matching

* How do we match (in a systematic way) off-shell?

3) Match all kinematic invariants to the tree-level EFT (imposing momentum
conservation = ibp in the EFT Lagrangian). ps — p1 + p2 — ps3

M = auuntausi{ Cos + (O = Ol = (Cf3) 108
H[CE — OB — (O, 0B — 2(Cla)a) W
+[Cs + Clas —2(Claly) Tp1 - po
+H[CR —CR L +2(C%).) b1 - ps
r ~(2) (3) (1) \* . B
| Cd?w‘l + Cd2¢4 + 2(Cd2¢4) }pz P3 (3 S 4)

. S pi+p3—2p1-p
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EFTs from the top-down: tree level matching

* How do we match (in a systematic way) off-shell?

4) Solve for the Wilson Coefficients and check that all off-shell kinematic
invariants are matched (non-trivial cross-check!).

)\2 2) )\2
=3z Cew=Tip
2
m _ A (3)
Cd2'9b4 — _m Cd2¢4 - O
p4

The same procedure is used for matching at arbitrary loops!!



EFTs from the top-down: tree level matching

* Matching can be done also functionally. At tree level it corresponds
to just solving the classical EoM for the heavy fields, introducing the
solutions back in the Lagrangian and expanding.
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EFTs from the top-down: RGE running

* Let's see an explicit example of how to compute the RGEs for an EFT. We
start with the following EFT

c
LrrT = La<a + =

C (@)?

* We want to compute the UV divergences up to dim 6: 1 insertion of ¢



EFTs from the top-down: RGE running

* Let's see an explicit example of how to compute the RGEs for an EFT. We

start with the following EFT
Lepr = La<4 + = 5 (Wﬁ)z

* We want to compute the UV divergences up to dim 6: 1 insertion of ¢
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EFTs from the top-down: RGE running

* Let's see an explicit example of how to compute the RGEs for an EFT. We
start with the following EFT

c
LrrT = La<a + =

C (@)?

* We want to compute the UV divergences up to dim 6: 1 insertion of ¢
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EFTs from the top-down: RGE running

* Let's see an explicit example of how to compute the RGEs for an EFT. We
start with the following EFT

C
LrrT = La<a + =

 (@)?

* We want to compute the UV divergences up to dim 6: 1 insertion of ¢
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EFTs from the top-down: RGE running

* We also need the UV divergence for the kinetic term
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EFTs from the top-down: RGE running

* The original plus divergent Lagrangian fixes the counterterms and
therefore the RGE

'{ (A + -~ 1 "E’:J 6$L€/ K % (4_ As A€ )(CPLP) N

- @Cé%.kzz( ,ﬂu‘e}( LQ ' {%ﬁ(ﬁﬂ‘z—iﬁ_é)%
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* At one loop level we can consider the couplings on the RHS not to run. This
is the leading log (LL) approximation:
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EFTs from the top-down: RGE running

* RGE can be used to resum all loop order contributions of the form (« log)"
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* Which leads to RG-improved perturbation theory:
- LO (alog)”

. NLO  o(alog)” Important when a < 1 but (alog) ~ 1



EFTs from the top-down: RGE running

* In general counterterms depend on new operators (operator mixing)
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EFTs from the top-down: RGE running

* In general counterterms depend on new operators (operator mixing)
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EFTs from the top-down: 1-loop matching

* Let's now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*

contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.



EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let’s now go on to compute the 1-loop matching. We will consider the \*
contribution to fermion-fermion scattering.
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EFTs from the top-down: 1-loop matching

* Let's do the matching the more efficient way (neglecting mA2 terms)
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EFTs from the top-down: 1-loop matching

* Let's do the matching the more efficient way (neglecting mA2 terms)
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EFTs from the top-down: 1-loop matching

* Let's do the matching the more efficient way (neglecting mA2 terms)
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EFTs from the top-down: 1-loop matching

* Let's do the matching the more efficient way (neglecting mA2 terms)
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EFTs and mass-(in)dependent renorm. schemes

* Why did we use a mass-independent renormalization scheme?

The EFT expansion is a double expansionin 1/A and loops. Using a mass
independent renormalization scheme is crucial to keep these two expansions

meaningful.

Taken from Manohar’s lectures ph/9606222
* Let's see an example
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EFTs and mass-(in)dependent renorm. schemes

* The problem with mass independent schemes is that they don't decouple!
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When EFT is the only way

Taken from Cohen’s lectures 1903.03622

* Let's consider the following renormalizable Lagrangian

L= (0,67 — w6 + 5[(0,9)° — M20?) — ot - X207

* We wantto computegbgb — 99 scattering at threshold
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There is no choice of 4 that makes both logs small so perturbation
theory breaks down form < M



When EFT is the only way

* Let'sdo it the EFT way

Taken from Cohen’s lectures 1903.03622

LerT =

1 2 2,2
[(0u0)? = m?¢?] -

Cy

Z¢4—|—...

* The matching, up to 1 loop gives (no correction to kinetic term)
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The log is small if we choose iy ~ M
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* We can now use the RGE to run from fas to fL
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The large log is
resummed to all
loop order

* And now compute the amplitude in the EFT at iz
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This log is also small if
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When EFT is the only way

Taken from Cohen’s lectures 1903.03622

* What happened? The RGE in the EFT allowed us to resum (to all loop
orders) the large log.

* Indeed, if we expand to leading log our NLO solution we get the original
amplitude
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What's new now in EFTS?

* Bottom-up:

Global fits with increasing number of experimental observables (EW,
Higgs, top, flavor, LHC tails, ...).

One-loop dim-6 in the EFT slowly being incorporated.
Explicit construction of bases up to dim 9 (with and without neutrinos).

Dim 8 effects starting to be taken into account.

* Bottom-up/top-down:

RGEs: known for SMEFT and LEFT up to dim 6, partial results for dim 8
Matching: Matching from SMEFT to LEFT up to 1-loop known

Both implemented in computer codes

RGEs for beyond the SMEFT (ALPs, neutrinos, ...)

Positivity bounds



What's new now in EFTS?

* Top-down:

* Impressive progress in functional matching up to one-loop.

- Codes available to make the matching easier (but no fully automated yet).

ZU-TH-58/22

A Proof of Concept for Matchete:
An Automated Tool for Matching Effective Theories

\ FIATCHETE L]

Javier Fuentes-Martin,*2* Matthias Konig,>" Julie Pagas,*!
Anders Eller Thomsen,®* and Felix Wilsch®!

! Departamento de Fisica Tedrica y del Cosmos, Universidad de Granada,
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Johannes Gutenberg University, D-55099 Mainz, Germany

3 Physik Department T31, Technische Universitit Miinchen,
James-Franck-Str. 1, D-85748 Garching, Germany

# Department of Physics, University of California at San Diego,
9500 Gilman Drive, La Jolla, CA 92093-0319, USA

[hep-ph] 8 Dec 2022

% Albert Einstein Center for Fundamental Physics, Institute for Thearetical Physics,
University of Bern, CH-3012 Bern, Switzerland

5 Physik-Institut, Universitat Ziirich, CH-8057 Ziirich, Switzerland
December 12, 2022

Studying the impact of new-physics models on low-energy observables necessitates
matching to effective field theories at the relevant mass thresholds. We introduce the
first public version of Matchete, a computer tool for matching weakly-coupled models at
one-loop order. It uses functional methods to directly compute all matching contributions

arXiv:2212.04510v1

ina manifestly gange-covariant manner, while simplification methods eliminate redundant

operators from the output. We sketch the workings of the program and provide examples



What's new now in EFTS?

* Top-down:

* Impressive progress in functional matching up to one-loop.
- Codes available to make the matching easier (but no fully automated yet).

* Fully automated matching up to one loop via Feynman diagrams now
available. [Matchmakereft, A. Carmona, A. Lazopoulos, P. Olgoso, J.
Santiago, 2112.107/87]

* [R/UV dictionaries being developed:

- Complete classification of all models that contribute to the EFT at certain order
and matching to the EFT. [Blas, Criado, Pérez-Victoria, Santiago, 1711.10391]

- Leading contribution (tree-level, dimension 6) already finished, next ones in
progress.



IR/UV dictionaries

* The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) was

computed a few years ago.

Effective description of general extensions of the
Standard Model: the complete tree-level dictionary

J. de Blas,”" J.C, Criado,” M. Pérez-Victoria“ and J. Santiago®
* Dipartimento di Fisica ¢ Astromomia “Galileo Galilei”, Universitd di Padova,
Via Marzolo 8, 1-35131 Padova, Italy
BINFN, Sexione di Padova,
Via Marzolo 8, I-35131 Padova, Italy
“CAFPE and Deparfamenio de Fisica Tedrica g del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E-18071, Granada, Spain
9 Theoretical Physics Department, CERN,
Feneva, Swilzerland

E-mail: Jorge.DeBlasMateo®pd.infn.it, jccriadoalamoQugr.es,

mpv@ugr .es, jsantiagoQugr.es

ABSTRACT: We compute all the tree-level contributions to the Wilson coefficients of
the dimension-six Standard-Model effective theory in ultraviolet completions with general
scalar, spinor and vector field content and arbitrary interactions. No assumption about
the renormalizability of the high-energy theory is made. This provides a complete ultravi-
olet /infrared dictionary at the classical level, which can be used to study the low-energy
implications of any model of interest, and also to look for explicit completions consistent

with low-energy data.

[Blas, Criado, Pérez-Victoria, Santiago ‘18]

Building on previous results

Blas, Chala, Pérez-Victoria, JS ‘14;
Aguila, Blas, Pérez-Victoria ‘08, ‘10;
Aguila, Pérez-Victoria, JS ‘00




IR/UV dictionaries

* The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) was
computed a few years ago. [Blas, Criado, Pérez-Victoria, Santiago ‘18]

* Complete list of all possible models that contribute to experiment at
tree-level and dim 6 (and their contributions).
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IR/UV dictionaries

* The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) was
Computed a few years ago. [Blas, Criado, Pérez-Victoria, Santiago ‘18]

* Complete list of all possible models that contribute to experiment at
tree-level and dim 6 (and their contributions).

Name ) S S ] = = e, (S H |
rep  (1,1),  (L1), (L1, (L2); (L3)y, (L3), (L,4); (L4)
Name W wo wy 11, I~ e |
rep  (3,1)_; (3,1); G1)_s (3,2, (3.2); (3.3)_,

Name 0, 0 3 ® |

mep  (6,1); (6,1)_z (6,1)y (6,3);, (82), ;g W

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

Name N E A:[ A;l = 21 o 5
rep  (L1), (L1, (1L,2_; (1,2_; (1,3) (1,3)_,

Name U D (o] Qs Q- Ty T;

rep  (3,1); (1), (.2); (G.2.; 32); (B3, @.3);

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.

Name B By w Wi G G, H L |

Irep (L,1), (1,1), (1,3), (1,3), (81), (81); (83), (1,2),
’6\ Name L3 Us Uy Q, Qs r ¢ W y.'-“ ‘
L rep  (1,2)_y (3.1); (1) (32, (32)_; (3.3); (6.2); (6,2)_,

o
o/:s\ Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.
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IR/UV dictionaries

The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) was
computed a few years ago. [Blas, Criado, Pérez-Victoria, Santiago ‘18]

Complete list of all possible models that contribute to experiment at
tree-level and dim 6 (and their contributions).
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IR/UV dictionaries

* The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) was
Computed a few years ago. [Blas, Criado, Pérez-Victoria, Santiago ‘18]

* Complete list of all possible models that contribute to experiment at
tree-level and dim 6 (and their contributions).

* Tree-level and dimension 6 is not enough for current experimental
precision. Going beyond requires automation.

* The next (tree-level dimension 8 or 1-loop dimension 6) dictionaries
will need to be published in electronic form. We are working on a
standard database format to store them [with J.C. Criado]

Tools for matching MatchingDB

Matchingmakereft '

; Python/
MatchingTools Mathematica

interface dict.sqlite

l 80

Read relevant info

gitlab.com/jccriado/matchingdb
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Automated matching with MME

Matchmakereft: automated tree-level and one-loop matching O & I‘-' | t I: 5. .|I f ft de.U g r.c 5 |T1 d t C h md { el E.Tt

Adrifin Carmona®®, Achilleas Lazopoulos®, Pablo Olgoso® and José

Santiago®
¢ CAFPE and Departamento de Fisica Tedrica y del Cosmos, Universidad de Granada. - 5
Campus de Fuentenueva, E-18071 Granada, Spain E 6 m » @ @ B ¥ ZHome X 23 Home X 2% Moriond GCD 2022 X Literature Search - INSPIRE X | MatchMakerEFT x|+ x

« c O B httpsi/fitac.ugr.es/matchmakereft/ s;y 9 L @ € =
b Institute for Theoretical Physics, ETZ Ziirich, 8093 Zirich, Switzerland

Abstract

We introduce matchmakereft, a fully automated tool to compute the tree-
level and one-loop matching of arbitrary models onto arbitrary effective theories.
Matchmakereft performs an off-shell matching, using diagrammatic methods and
the BFM when gauge theories are involved. The large redundancy inherent to the
off-shell matching together with explicit gauge invariance offers a significant number
of non-trivial checks of the results provided. These results are given in the physic
basis but several intermediate results, including the matching in the Green bas

al

before and after canonical normalization, are given for flexibility and the possibility
of further er ks. As a non-trivial example we provide the complete matching
in the Warsaw basis up to one loop of an extension of the Standard Model with
a charge —1 vector-like lepton singlet. Mat.chmakereft has been built with gener-

MATCHMAKEREFT

RAM FOR COMPL 0 H R - 2 CHING OF A S GENERAL EFFECTIVE FIELD

Also RGEs, operator independence, ... 81



Towards the next IR/UV dictionaries

* We are working on the one-loop, dimension-6 IR/UV dictionary [with
G. Guedes and P. Olgoso]. see also [Cepedello, Esser, Hirsch, Sanz 2207.13714]

* We have started with operators that cannot be generated at tree level in
weakly-coupled extensions[ X, X?¢?, > X ¢| , with heavy scalars and
fermions [heavy vectors currently under study with J. Fuentes-Martin, P.
Olgoso, A.E. Thomsen] and renormalizable interactions.

- Extend the SMEFT with heavy fields in arbitrary gauge configurations.

- Just need 2 and 3 point functions (plus gauge boson insertions).
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Towards the next IR/UV dictionaries

* We are working on the one-loop, dimension-6 IR/UV dictionary [with
G. Guedes and P. Olgoso].

We have started with operators that cannot be generated at tree level in
weakly-coupled extensions[ X, X?¢?, > X ¢| , with heavy scalars and
fermions [heavy vectors currently under study with J. Fuentes-Martin, P.
Olgoso, A.E. Thomsen] and renormalizable interactions.

- Extend the SMEFT with heavy fields in arbitrary gauge configurations.
- Just need 2 and 3 point functions (plus gauge boson insertions).

- Perform the matching with MME using the kinematics but leave gauge
directions general [MME is very well suited for this task: matching from EFT,
gauge numerics replaced only at the end of the calculation].

- Result for specific models can be obtained doing a simple group-theoretical
calculation [we use GroupMath by R. Fonseca].
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Towards the next IR/UV dictionaries

* We are working on the one-loop, dimension-6 IR/UV dictionary [with
G. Guedes and P. Olgoso].

<< OneLoopDictionary’

One Loop Dictionary loaded

Version: 0.0.1

Authors: Guilherme Guedes, Pablo Olgoso, José Santiago

Reference:

SOOCOCOCOOOOOOCOCOONOOOOOMXX K. GroupMath OOCOOOOOOCOGOCOCOOCONNK

Reference: 281
Website: renatofonseca.net
Built

SOOI OCOOCOCCOOOOCOCOOCOCOOOOOCOCOOOOOX X

OnelLoopOperatorsGrid

Osc

O
3G

OHW

(@)

HWB

OdW

in documentation: here

O

OHB
OuW
OeW

groupmath

L
P i

B,,B"(H'H)

OuB
oeB

In[34]:=

ListModelsWarsaw[alphaOeW[i, j]] // TableForm

Out[34]//TableForm=

pl->1®2

Pl->1®2

Y2 = ¢l

pl>1®2

pl-1®2

Pl->1®2

A1 1T

i
rls1el Yo 5
Yy‘,l%G

1

vl1-1e3 Yor =3
Y,MAG

dlepl-ole3 Ulepl 51®2 Ylegpl 51®2

_ Yiaisi= 1
y153el o2
Yy = %

3

_ Yoade= L
yl-3e3 -
Yy1-= %

3

_ YléfL
¥1-3el e
Yy1>-3

! 3
1

41 Toa You>-35

Vi -1+ VYo
sz*)*l*»yqﬁl

ListValidQNs [{wz = l, 1®PI o "I "IN, Yl @l > "IN M2,

— 1
w1®¢1 ») "1"@"2", {Yw]_ - - E + Y¢1, sz -» -1+ Y¢1}}:|

({61 5102, Yyl 5181}, {6l 512, Yyl 513},
(01 51@3, y1 102}, (¢l 513, yl >1c4),
(01 5104, yl 5103}, (61l 5124, yl 5185},
(61 5105, y1l 5104}, {61 >822, yl >8x1)},
(01 >822, y1 >8®3}, (¢l >8@3, yl >8c2),
{01 5893, yl 5824}, {61l >824, yl 823},
(61 5824, y1 5885}, {61 5885, yl >8c4))



Towards the next IR/UV dictionaries

* We are working on the one-loop, dimension-6 IR/UV dictionary [with
G. Guedes and P. Olgoso].

Print["aep[1,7]1=",
Simplify][
Match2Warsaw[alphaOeB[i, j], {Fa-» {1, 1, -1}, Sa-» {1, 1, 0}}] /.
Log[a ] » Log[a/u"*2] /. u>MSa /. iCPVA2 51 /. FourPi -»4P1i]]

1
(MFa® - MSa®)*

dep[T,]]= L1[eR, minus, Fa, Saj][]]

384MFa3H2g

MFaz]

MFa> .
MSa

MFa6-6MFa4MSa2+-3MFa2M5a4+—2MSa6+-6MFa2MSa4Log{

L1[minus, eR, Fa, Sa] [mif3] L1l[minus, lL, eR, phi][i, mif3] -

3 (MFa® - MSa®) |-12 (MFa® - MSa®)®L1[Sa, Sa, Sa] + MFa’

+

MFaz}

[2 MFa L1 [minus, Fa, Fa, Sa, SIX] vSaZ
a

MFa4-4MFa2MSa2+-3MSa4+-2MSa4Log[

MFa® + 2 MFaZ MSa? - 3 MSa* +

|

2 MFa L1 [minus, 1L, eR, phi] [mif3, j] Ll[minus, 1L, Fa, phi][i]

L1[phi, minus, phi, Sa]

MFaZ]

MFa® - 5 MFaZ MSa?) L
(MFa a“ Msa“) Og[MSaz

L1[minus, 1L, Fa, phi] ['i]] +

85

L1[minus, Fa, 1L, minus, phi] [mif3]




Towards the next IR/UV dictionaries

* We are working on the one-loop, dimension-6 IR/UV dictionary [with
G. Guedes and P. Olgoso].

aeg[i,j]—:-{Sa.Sa.Sa L1[Sa, Sa, Sa] T[1l][Sa, Sa, Sa] +
eR.Fa.SalLl[eR, minus, Fa, Sa] T[1][eR, minus, Fa, Sa] +
Fa.PL.Fa.SalLl[minus, Fa, Fa, Sa, SEVEN] T[1][minus, Fa, Fa, Sa] +
Fa.PR.Fa.Sa Ll [minus, Fa, Fa, Sa, SIX] T[1l][minus, Fa, Fa, Sa] +
phi.phi'.Sa Ll [phi, minus, phi, Sa] T[1][phi, minus, phi, Sa],

* We will also provide a function to automatically generate
Matchmakereft models for specific choices of field quantum
numbers to perform the complete one-loop matching.
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On-shell matching

Off-shell matching is very efficient:

= Small(ish) number of diagrams (1IPI).

- Hard region contribution directly local, many cross-checks.

But requires the construction and reduction of a Green basis.

On-shell matching can be done in terms of a Physical basis but:

- There are many diagrams contributing (light bridges have to be included).

— There is a delicate cancellation of non-local contributions between UV and EFT
that is non-trivial to follow analytically.

Our solution [with M. Chala, J. Lopez-Miras and F. Vilches]:

- We rely on QGRAF (very efficient even for a large number of diagrams).
- We do kinematics numerically (trivial cancellation of non-local terms).

- We stick to tree level.
87



On-shell matching

* Tree level on-shell matching of the Green basis to the physical basis
provides a simple reduction (which has to be done only once, for the

EFT at the end of the chain of EFTs across thresholds), including higher
order terms.

* Simplest example: a real scalar to dimension 8 (Z2 symmetric)

1
Lip= —53(82 +m?)s — As* + ag18® + agys® + oz8232(8M6,,8)2

1
Ly = —53(62 + m?)s — st + agrs® + Be1(0°5)* + Beas>0?s

+agsS + agng((’?M&,s)z + Bg150%0%0%s + Bgas> 0?0 s

—I—[38332(825)2 + Bgas°0?%s
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On-shell matching

* Simplest example: a real scalar to dimension 8 (Z2 symmetric)

* Corrections to the 2-point function have to be carefully included in the UV

theor
) m2, . =m? — 203 m?* + 2(Bs1 + 462 )m6 +
phys 61 81 61 T

VZ =1—281om?+ (38s1 + 1062, )m* + ...

* Connected, amputated amplitudes have to be computed with full

propagators,v/Z factors and p; = mZ .

[ 304
5

65
——\'Bs1 + —)\582+8)\583 Bsa4

1728 H12
—12061 861 — —)\2561 — —562 _>‘561562

g1 — g1 + 1602 Bg1 — 4\Bea +m

576

gl — Q8] — 7)\ Bs1 + 6ag1 862 + -
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Automatic basis generation

* Producing a Green basis is non-trivial.

[Buchmuller, Wyller ‘86
[Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884] SMEFT at dim 6
[Gherardi, Marzocca, Venturini 2003.12525]

Tools can help us do that in an automated (and error-free) way:.

* Why not do the calculation once and for all? [with R. Fonseca, P.

Olgoso]. 1
* Write down a generic EFT up to dimension 6 [with Sym2Int]. I “

* Compute its RGEs [using Matchmakereft].

* The resultis valid for arbitrary EFTs (only the group theory remains to be
done).

* The next step is to compute the finite matching [with R. Fonseca, G.
Guedes and P. Olgosol. 90



RGEs of general EFTs

* Build the most general EFT using Sym2Int.

1 1 oy 1 .. .
Li<a = — _(QKF)ABF;ﬁ,FB“V + 5(@K¢>)apr¢aD”¢’b + (agy)ijhillD; — 3 [(m,f)a‘.j’t.vgc’bi’j + h-C-]
(m(;s)abgbaqf’b [ 13&UTCU3 + h.c. ](ba - fabe ¢ﬂ¢b¢( A (ba(bbgbr(bda

pv ‘P2

phys 1 5 Ny
524:()} hys — 5 (aijf)ﬂ)A t)TCO-; IJJFA 4 (ﬂ( g )’l}abq" TCL 3¢'a¢’b + h. C]

B o LV 1 2 LV 5}
+ 5 (a0 ap P EL G+ 5 (a;l)ABaFA* Ffu+ 57(0)) e a0
grcd — 1 (5) D D* (5) D. b TCD;L y. (5) D h.
<5 9 (rqﬁD)abr( uD"ba)Pvde + 9 (rﬁ.’, )ij( ni) Vi + ( pcf.:)g,ja?* itDYjpa + hc.

Compute its beta functions using MME.

. (5) B 29C ) c 11 .cpB ,cDE B IBE ())
1

A 51 B ~ra 3] * ] cya avy/c
+ 2ig “af_;})?)f%jtjkyki — [(GE_&?‘F)A'&}'] tijkz + (A Bﬂ + )(ai;)ABCTr[Y Y¢+YeYe,

Only a straight-forward group theory calculation remains for any
specific model. o1



Positivity bounds

* Positivity bounds: restrictions on WC based on locality, unitarity and

crossing symmetry

Taken from Chala @ SMEFT TOOLS 2022

Deriving positivity

By 4 s — _|_ 2
wi(p1) ™ ~ ©i(p3) (P1+p2)
t = (p1 +p3)2
p u = (p2 + p3)*
pj(p2) e pi(pa) s+t+u=20
A(s) = A(—s)

A(s) =ap+a1s+ass® + -
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Positivity bounds

* Positivity bounds: restrictions on WC based on locality, unitarity and

crossing symmetry Taken from Chala @ SMEFT TOOLS 2022
e S ]
A(s) 2 S
3 0 / Y
f/ \n
gfffifh\\ S .
R DR o
\ —m? m”

\ /

\ "

S //D

/ As(;) =2 /OO - lim[A(s + i€) — A(s — i€)]

2 $3 e=0

o0 1 o0
:2/ L Yim[A(s + i€) — A(s + i€)"] :272/ 7(5)

m2 8% e m2 S
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Positivity bounds

* Positivity bounds: restrictions on WC based on locality, unitarity and

crossing symmetry Taken from Chala @ SMEFT TOOLS 2022
e S ]
A(s) 2 S
3 0 / Y
f/ \n
7777§74_\\ S .
R DR o
\ —m? m”

\ /

\ "

S //D

A(s) = ag + a18 + azs® + -+

272/ 7ia) = 2 Res[A(S),s = 0] = 27ias

:>CL220 94



Positivity bounds

* Positivity bounds: restrictions on WC based on locality, unitarity and crossing

symmetry

* These bounds can impose restrictions on theoretically allowed parameter

space (global fits)

* (Can also impose non-trivial conditions (signs, vanishing conditions) on
anomalous dimensions (tricky when tree-level contributions vanish).

Figure 1: Structure of the singularities of a two-to-two amplitude in the forward limit in
the plane of the complex Mandelstam variable s at tree level (left) and at one loop (right).

Chala 2301.09995
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Positivity bounds

* Positivity bounds: restrictions on WC based on locality, unitarity and crossing
symmetry

* These bounds can impose restrictions on theoretically allowed parameter
space (global fits)

* (Can also impose non-trivial conditions (signs, vanishing conditions) on
anomalous dimensions (tricky when tree-level contributions vanish).

(,(1) (2) (3) 5(1) 5(2) ~(1) ~(2) ~(3) ~(4) (1) (2) (1)

(2)
& qu_,/lDol “e2gp2 D3 “e2gh2 D3 Cp2 2 D3 cfztfﬂ D3 Cqua,zDa Cp2 2 D3 Cetp2 Cup2 Cupz Cpep: Cpeope C h al a 23 O 1 O 9 995

Coips Coips
Codyap:  + + + — - - 0 0 0 0 0
Cohgrps + + 0 0 — - 0 0 0 0 0

A [0] - [0] -~ - 0 o [0] -

&iups +  +  + [0 - o - - [o] -

&odaps  + + + [0] — 0 - - [0 -

Corprp 0 0 0 — 0 0 0 0 — 0 0 —

ci2p2p 0 0 0 0 0 - - 0 - - -

Caw:p 0 0 0 - 0 0 0 0 0 0 0 -

ey 0 0 0 0 0 [0] - - 0 - - 0 0

e 0 0 0 [0] - [0] - - - - - 96




Thank you for your attention!

[f you are interested in going deeper into state-of-
the-art research in EFTs feel free to talk to me,
there's a lot to be done!
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