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The good old times ...

* Model building (without experimental data) lead to an ever growing
number of new physics models.

[ aop | [ pcp ] [ ] [Comgg:ite] [Higgsless] [Unparticles]
LRs J{uep J | J [ I:ii;tges ][ AAxiLoPnSs/ ] [ t?]tég]r% ]

[WIMPDI\/I] [SIMPDM] [FIMPDM] [GUTS] [I\/I-theory]

* Tree-level calculations (and MC simulations) were enough to get a
state of the art estimate of their phenomenology.

* Naturalness “guaranteed” one of these models (or yet another one)
would be discovered at the LHC.



The Cern LarggﬂlE{adron Collider
An then came the LHC ... TERMINATOR

i
fe|

* The experimental effort (from the LHC and other
experiments) has not found new physics so far.

* A multitude of experimental data puts stringent
constraints on models of new physics.

* Getting the implications of experimental data on new
physics models is highly non-trivial.

* And the number of new physics models is huge!

Overview of CMS EXO results
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Listing new physics models

Briefing book for 2020 update of

European Strategy for Particle Chapter 8
Physics

The newly published book distils inputs from Europe’s particle physics community Beyond the Standard MOdeI

20CTOBER,2019 | By Matthew Chalmers

'| ’» 4 8.1 Introduction
117/ ” :

4 ; L The search for physics Beyond the SM (BSM) is the main driver of the exploration programme
-~ in particle physics. The initial results from the LHC are already starting to mould the strategies
- - and priorities of these searches and, as a result, the scope of the experimental programme is
y - e broadening. Growing emphasis is given to alternative scenarios and more unconventional ex-
> & ¢ f - perimental signatures where new physics could hide, having escaped traditional searches. This
S ¢ S broader approach towards BSM physics also influences the projections for discoveries at future
S colliders. Rather than focusing only on a restricted number of theoretically motivated models,

future prospects are studied with a signal-oriented strategy. In this chapter an attempt to reflect
both viewpoints and to present a variety of possible searches is made. Since it is impossible
(and probably not very useful) to give a comprehensive classification of all existing models for
. new physics, the choice is made to consider some representative cases which satisfy the fol-
lowing criteria: (i) they have valid theoretical motivations, (ii) their experimental signatures are
characteristic of large classes of models, (iii) they allow for informative comparisons between
the reach of different proposed experimental projects.

Tn considering the nhvsics reach of anv exnerimental nrosramme. there are two kev anes.

future prospects are studied with a signal-oriented strategy. In this chapter an attempt to refiect
both viewpoints and to present a variety of possible searches is made. Since it is impossible
(and probably not very useful) to give a comprehensive classification of all existing models for
new physics, the choice 1s made to consider some representative cases which satisfy the fol-
lowing criteria: (i) they have valid theoretical motivations, (ii) their experimental signatures are

It is actually possible ... using EFTs!™

*Within weakly-coupled theories of local fields with a mass gap



Outline

The effective way beyond the Standard Model.

IR/UV dictionaries to connect theory and experiment.

 Towards the next IR/UV dictionaries.

Recent developments:
* On-shell matching.

* Generation of arbitrary models.

* Renormalization and matching of general theories.

 Conclusions and outlook.



Connecting theory and experiment
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Getting implications of experimental data on new

physics models is highly non trivial!
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The effective way beyond the SM

EFTs allow for an efficient two-step comparison between
theory and experiment:

Bottom-up: model-independent parametrization of
experimental data in the form of global fits.

> Small number of models (EFTs).

> Observables computed just once.

Top-down: model discrimination (matching).

> Has to be done on a model-by-model basis.

> (Can be automated and fully classified.




Top-down: connecting NP to EFTs

* The top-down approach consists on matching specific NP models to
the EFT: computing the EFT Wilson coefficients in terms of the
parameters of the NP model.

* We sacrifice model independence in favor of model discrimination
(physics) and model completeness.

* Computer techniques allow us to automate the matching calculations.

* Power counting+topology makes the problem of classifying the models
that contribute at a certain order solvable.

 |IR/UV dictionaries tell us all possible models that can contribute to a
specific experimental observable at certain order in the EFT
expansion: A new, alternative guiding principle beyond naturalness.



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

ApsTRACT: 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
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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).

11



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 5 ;9; S ] = = e, (S H |
rep  (1,1),  (L1), (L1, (L2); (L3)y, (L3), (L,4); (L4)

Name W wa Wy I1, 17 4 |
ep  (3,1)_, (3,1); (G1)_y (3.2, (2; (3.3)_,

Name 0, Q T @ | 4
mep  (6,1); (6,1)_z (6,1)y (6,3);, (82), VWJ

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

Name N E A:[ A;‘; = b H 1 o 5
rep  (L,1), (L1, (1,2, (1L2_3 (1,3) (1,3),

Name U D Q] Q5 Q‘Ir Tl Tz
rep  (3,1); (3.1); (3.2); (3.2 (32); ((3.3)_; (3.3

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

Name B By w wh g G H Ly |
rep  (L1), (L), (L,3), (L,3), (8.1, @1, 3) (1,2); |
43\ | Name s U U Q Qs X Vi Vs 1

i (32, (3.2)_; 3,3 cl}.2_:5_ :6.2}}:.

I’Gc. Irrep (1.2:12- 13.1),; (3,1)
O : i

/:9 Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

12



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

B gitlab.com/jccriado/matchingdb

dict.sqlite

!

Read relevant info

14



Automated matching with MME  FEEESEESEESSS

Matchmakereft: automated tree-level and one-loop matching
- First complete version: spring 2016
- First public version: summer 2016

- Second version with extended matching: end 2016

Adrign Carmona®®, Achilleas Lazopoulos®, Pablo Olgoso® and José
Santiago®

O B https://ftae.ugr.es/matchmakereft/

E & m o @ @ B ¥ SHome X 23 Home X 23 Moriond GCD 2022 X Literature Search - INSPIRE X | MatchMakerEFT x B x

« ] O 8 httpsi/fftae.ugr.es/matchmakereft/ b © L 0 ¥ =

Matchmakereft: automated tree-level and one-loop matching

Adridn Carmona®®, Achilleas Lazopoulos?, Pablo Olgoso® and José
Santiago®

@ CAFPE and Departamento de Fisica Tedrica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E-18071 Granada, Spain MATCHMAKEREFT

¥ Institute for Theoretical Physics, ETZ Ziirich, 8093 Ziirich, 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 physical
basis but several intermediate results, including the matching in the Green basis
before and after canonical normalization, are given for flexibility and the possibility
of further cross-checks. 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. Matchmakereft has been built with gener-
ality, flexibility and efficiency in mind. These ingredients allow matchmakereft to

mammmmmm et — Also RGEs, operator independence, ...

Xiv:2112.10787v1 [hep-ph] 20 Dec 2021
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Towards the next IR/UV dictionaries

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

see also [Cepedello, Esser, Hirsch, Sanz 2207.13714]

* We have started with operators that cannot be generated at tree level in
weakly-coupled extensions [ X2, X?¢?, 1) 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
(. Guedes and P. Olgosol.

We have started with operators that cannot be generated at tree level in
weakly-coupled extensions [ X2, X?¢?, 1) 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. Fonsecal].

17



Towards the next IR/UV dictionaries

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

<< 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)},
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Towards the next IR/UV dictionaries

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

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

MFa>

MFaz]

MFa6-6MFa4MSa2+—3MFa2MSa4+—2MSa6+-6MFa2MSa4Log{MS .
a

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}

MFa® - 4 MFa’ MSa® + 3 MSa® + 2 Msa® Log| =
MSa

+

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

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]] +

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

19



Towards the next IR/UV dictionaries

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

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 guantum numbers
to perform the complete one-loop matching.

20



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. Chalal:

- 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.

21



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 + 048282((%8,,3)2 + Bg150%0%0%s + Bgas> 0?0 s

—I—[38332(825)2 + Bgas°0?%s

22



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
y mf)hys = m? — 2Bg1m* + 2(Bs1 + 4B5,)m° + ...

VZ =1—2819m?+ (38s1 + 1062, )m* + ...

* Connected, amputated amplitudes have to be computed with full

propagators, v/Z factors and p; = moy.s

[ 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

* Write down a generic EFT up to dimension 6 [with Sym2Int].

* 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. Olgoso].

24



RGEs of general EFTs

* Build the most general EFT using Sym2Int.

1 1 ey 1 .. .
La<a =— _(QKF)ABF:},FB“V + s (axp)avDyda D" dp + (@Kw)ij’ﬂ'i’ilmwj 9 [(mf)éjwfcwj + h-C-]

2
S M2ty — 5 [Visat oy + e o — "2 6ot -

abcd
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Compute its beta functions using MME.
5 . 11 1 5
(dg%)ABa. = _Zgzﬁfbebr(a¢l)ABp Zg {[ f( DBf( DE _ _ebceE — §t§tan:| ( ;I)“)AE& + (A > B)}
1

. 51 B ~ra 5) *, B 3} cya avy/c

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

model.
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Conclusions and outlook

* The effective approach is well supported by experimental data and
extremely powerful:

- IR/UV dictionaries allow us to study new physics in a systematic and
comprehensive way.

- Automated generation of models, on-shell matching, automated finite matching
and RGE calculation, global likelihoods, ... all make the dream of a one-keystroke

calculation of phenomenological implications of any new physics model feasible.

* The way ahead: renormalization and matching of arbitrary (effective)
theories.

= Do all calculations for a generic gauge configuration.

= Results for specific models require just a simple group-theoretical calculation.

26



/urich, a great place to do physics ... and good friends

Sabbatical at ETHZ (2015)
ETHZ Postdoc (2007-2009)

Solar eclipse of March 20, 2015

Big thanks to the
organizers!
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