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In recent years, there has been a distinct trend in the community:
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Then within the study of EFTs we have a huge number of ‘bottom-up’ activities:

e Construction of bases: SMEFT up to high dimensions of operators,
WET/LEFT with N flavours, HEFT vs SMEFT, ...

EFT RGEs

Flavour constraints

EWPT

Global fits

Building ALP EFTs (e.g. arXiv:2112.00553 and many many more)
Building DM EFTs

Positivity constraints

Reinterpretation of LHC limits

In absence of a choice of model, can in principle be
model agnostic and interpret all data in terms of EFTs

These are not the subject of this talk


https://arxiv.org/abs/2112.00553

BUT if you do have a favourite model, it can be useful to match onto an EFT

This has also attracted a lot of interest recently, in particular:

Functional matching at one loop: arXiv:1412.1837 + many afterwards
... €.0. 1706.07765, 1810.06994 (gauge bosons), 2006.16260
(fermions) ...

CoDEx: arXiv:1808.04403

Implementation in Mathematica: SuperTracer, arXiv:2012.07851,
STrEAM, arXiv:2012.08506

MatchMaker, arXiv:2112.10787

Matchete, arxXiv:2212.04510

Fierz identities at one loop: arXiv:2208.10513, arXiv:2306.16449
Using on-shell methods: arXiv:2308.00035, arXiv:2309.10851
Functional matching at two loops: arXiv:2311.13630

This review is to decrypt what is going on and why


https://arxiv.org/abs/1412.1837
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https://arxiv.org/abs/2311.13630

Why should you match?

Simplest reason: to take advantage of the
technology developed for EFTs! E.g. flavour
constraints suchas u — ey, u — 3e

Most important: precision! In the EFT we
resum large logarithms. BSM models could
consist of a tower of widely separated
scales. No other way to treat them (modulo
some ideas about multiscale
renormalisation ...)

Comparison with LHC information ...
especially once bounds on operators
become more important than direct
searches.

Comparison of explicit model with positivity
bounds etc.
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From 1412.1837


https://arxiv.org/abs/1412.1837

Yes, there may (still) be motivation for light (electroweak-charged) particles!
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So ideally need to be flexible about the EFT above the weak scale
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Typically BSM models are either:

From some UV framework (SUSY, composite Higgs, Randall-Sundrum, ...)
- May be heavy and leave only SM at low energies

> SUSY - interested in matching to the SMEFT, or SMEFT+DM

- Composite Higgs — HEFT, or vector-like quark models

or

Simplified models (add one/few particle, minimal DM, vector-like quarks, ...)
- May already include effective operators as a portal
> Should be built in to an EFT if particles are light

Flexible about choice of EFT - genericity




Only a handful of
SMEFT operators
are important for
lepton g-2:

Alexp =41 x 1071

‘aexp - aR—ratio‘ =251 X 10_11

Nowadays if we can
compute the SMEFT
coefficients, can include
running effects
equivalent to the leading
logs of 2-loop fixed-
order ...
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https://arxiv.org/abs/2102.08954

EDMs dy = — FQ;;E? Fp(0)
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Lepton EDMs have very tight de ~ 10 € cCm
constraints from experiments: ‘ d| < 1.1x 1072 e—cm @90% CL
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Yet key contributions to EDMs only appear at two loops
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Explicit calculations only for a couple of models (here THDM 2009.01258)

(see also gluino phase in MSSM)


https://arxiv.org/abs/2009.01258

W boson mass

The biggest reaction from the theory Dol 80478
community in 2022 was the CDF |l W boson CDFI 80432
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Models to enhance the W mass

Currently > 500 citations to the CDF paper!

Explanations generally one or more of: | -r,.u?,
_ pzl+;ﬁptree+zﬁp:l+4?+,&p.
EFT fits ) v
Ctrr o
Models with extra SU(2) reps (e.g. triplet) e Mi, :ﬁ(i""'flf[.-’)SZ\-'I&ptrem
with a vev W
e A 2 — _ _TWEW A
Models with light EW states (loops) eetW T2 2 Ptree;

Models with a Z’ that mixes with the Z (we
fix the Z mass and the weak mixing
angles from observations)



https://inspirehep.net/literature/2064224

Traditionally in a fixed order computation (expanding to one loop) we use:
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Typically this is done iteratively (which breaks perturbation theory ...)
Then we compute the W mass from M = M (Q) — Relljyy (M)
In the SM the two loop computation is required to reach the experimental precision!

In BSM models typically only one loop computation is available



W mass using the SMEFT

Corrections to the SM value can be

conveniently parametrised in the SMEFT: B
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Ideally, would extract all the operators at the matching scale and run, this
would resum large logs, even if the result is of form

2
AOG M2 log M /Q

This should be the approach when the matching is actually available!



c.f.
Athron et al, 2204.05285
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For now, we just match the total combination and neglect running in the SMEFT


https://arxiv.org/abs/2204.05285

Example procedure:

» Run up SM parameters to matching scale

v

Guess parameters in high-energy theory based on tree-level matching plus
gauge thresholds on first run. On subsequent runs use stored Yukawas

'

Compute loop masses in HET and “effective SM” subset of theory.

Compute
by (14 Aa+ A7)
1 —|_ ﬂ"ptree

2 a2 (a2 o2y
CwsSw = (ﬂ' W SW Jh:\l X

v
Match quantities in the SM from the high-energy ones via pole
matching. Compute

2 2
8117 Cyxrs
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v

Once converged: run down to top mass and compute Higgs
and W masses in the SM wih the above correction




arxiv:2208.05867 with Benakli, Ke and Slavich

We use
A Mg, (tree) g7 + g3 The tree-level relations are
PO = 2 2 determined in the high-energy
M (tree) g5 theory

Can incorporate tree-level shifts,
which occur in models with extra

vevs, e.g. triplets in Dirac Gaugino
models 2 \
p=1+ 4;—1; — M3, = pci, M2

80.46 1
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https://arxiv.org/abs/2208.05867

Or shifts from Z’ mixing with

the Z boson ... such as from 80.5001
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https://arxiv.org/abs/2312.13411

Matching of renormalisable operators

Integrating out heavy fields changes the SM couplings — especially the Higgs quartic!
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From 1807.07546 ) GeV


https://arxiv.org/abs/1807.07546

The classic example is SUSY, which predicts the \tree - 1 og 5 g Dy
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https://arxiv.org/abs/2012.15629
https://arxiv.org/pdf/2206.04618

How do you match?



Bing, Microsoft. "An
image to demonstrate
how to match."
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Two main approaches

Amplitude matching Functional matching
(with Feynman diagrams)
P <€ Ma ;
Lyv[®, 9] —— Auvv(pi)} Luv|®, ¢
o ! / \
P[] —— K, X
Equate to derive {¢;} {'_) l Enumerate
\ Functional
supertraces
l Evaluate
Y A Y
_ (tree) (1-loop)
LerT|¢)] ———— {Asrr(pi) } Lerr 4] Lypr (9]

Adapted from Cohen et al,
2011.02484


htps://arxiv.org/abs/2011.02484

Functional matching @ 1 loop

Recall Coleman-Weinberg effective potential:

2
_ A1) Z N Dates m. m;

Vet =Vo — Etl‘* (2’;7) lﬂg{k — M (Pet)] y 2
m? m
= STr| —4L ( 10g %1 _ ()],
6472 Iz

The mass depends on the classical fields, so we can expand the above to obtain the
effective potential as a power series in them.

To find the effective operators in an EFT,
we integrate over the ‘heavy’ fields =P {“:H [(jL]} / Don OKp{ Lidr, DH]}

.. which is equivalent to solving this O\ Get 1y Gel 1|
. . . : p— U
equation for the heavy fields: SoH




Functional matching @ 1 loop

Generalise the one-loop effective potential to include derivative operators, gauge
boson and fermion background fields: compute effective operators by expanding:

. 1 i 1 :
déz LU2P) 141 — ~ STrlog K —— ) — STI‘|: K 'X ]
./ EF [';b] 2 5 hard > - n ( ) hard
Cinetic term : Integration over ‘hard’ momenta_
Toa 1 | handles IR divergences from
LoD s0Kpo=15) @Ky, " massless (SM ...) fields in loop
2 i e e
(52£:[]1.-r =2 ﬁ[;v[tp + (59] OEe?) = 0P (K — Xy ) oY = 5(’,-:?1 R (K — X1y ) 0
02
P? —m? (spin-0) - interactions
Ki=<{¢ P-m, (Hpiﬂ-%) A= XUV“T:‘T%:H'?*]
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First subtlety: redundancies

Once we have generated all possible operators consisting of ‘light’ fields, either through
functional matching or computing diagrams, find that they are not independent:

Integration by parts -

2 142 20 42 34
- b s =204 (0,0 205 (o
conservation of momentum ¢pUor =207 (0,¢1)" + 20100,

Field redefinitions ¢ — No+ F(¢)

Equations of motion  (D*D,p) = m*p! — A(p'p) ¢’ — el + epgd" T — d)¢
1

Fierz identies (Pr/r)[Pr/L) =5V PryLllnePLsr) (more on these in a minute)



Second subtlety: infra-red divergences

Integration of loops involving light fields leads to divergences when
the light-field masses -0

/ 4 ! _ b ! + finite
@ —M2)(@ —m?) (@ —m2) " erp M?
2
These should cancel out in the matching! N% log m_2 + finite
miy M

« Same divergence should be present in loops of just the EFT — subtract them off!
e Can use the method of regions to handle this directly:

e - 9
1 K\
45

T - oM~
1672 M + O™

soft

See e.g. 1607.02142

+
hard



https://arxiv.org/abs/1607.02142

Third subtlety: evanescent operators

- I :") Tl — " T (1 —
e donancene_ CPeraters 0P, = (L4owen)ea@o™un) = Oruge = (Eur)ea(@hen).
are indepenaent. - B = _
P O = (L L) (€gyuer) — Oper = (Lrer)(€rLl),

Fierz identities arise from completeness relation on Dirac operators

1= Z le;)(e;| = Z ’NAIQ(FA)Z(FA)M, Ta = {8, 4", " v, 7"}

But this is only true in integral dimensions: in dimensional regularisation have
X1 90Xy =) bi(X1, Xo)T; 0T + E(X1, Xo)

/ " coettn
Coefficient Evanescent operator,
Any Lorentz product of Fierz ID vanishes when d=4.
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https://arxiv.org/abs/2306.16449

In practice: codes

Computing matching by hand for thousands of operators would be tedious or
Impossible —» need automation by codes

Mathematica codes for computing supertraces: SuperTracer,
arxXiv:2012.07851: STrEAM, arXiv:2012.08506

CoDEx: arXiv:1808.04403 computes the same and matches to
example bases.

MatchMaker, arxXiv:2112.10787 takes models defined in
FeynRules files in background gauge and unbroken phase, and
generates automatically using diagrammatic method via QGRAF
and FORM.

Matchete, arxiv:2212.04510 uses SuperTracer to compute
effective operators, partly automates the solution of
redundancies.


https://arxiv.org/abs/2012.07851
https://arxiv.org/abs/2012.08506
https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
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Still incomplete — claim is that
functional approach should
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P . . .
Standard format output Standard format output
b, b, A




Outlook

* There is lots of activity on complementarity between top-down
and bottom-up approaches even in the context of EFTs.

* Full automation of the one-loop matching process to the
SMEFT is not yet available via functional methods: still work In
progress.

* From my point of view, full integration of top-down model
construction to matching is a key goal.

* Automation of basis generation to matching would be ideal.

* Matching computations can also be used to compute RGEs.

* Groups have started looking at two-loop matching (relevant for
EW, rare processes, EDMSs, ...)
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