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What is experiment telling us?

Overview of CMS EXO results

CMS preliminary a n 36-140 b~ (13 TeV)

String resanance M 1911047 (2j) 137 fort
Zy resonance M 171203143 (2 + 1y 2e + 1y; P 1y) 36 b1
Higgs y resonance i 1808 01257 (1) + 1y} 36 fb-1
Color Octect Scalar, & = L2 M 191103847 2y 137 ot
Scalar Diquark. M 19110 137 b7t
4+, pseudoscalar (scalar, g2, x BRI$-21)> =0.03(0.004) M 1911 04968 (31, =dr) 137 bt
4+, pseudoscalar (scalar), g2 x BRI-21) > =0.03(0.04) M 101104968 (31, 241) 137 oL
quark compositeness (gg), Muss=1 Nogn 1803 0803 (2j) 36 b~
1 Mo 36 b1

Nons 36 fb-!

quark compositeness (E), Nuzs = Korn 181210443 21} 36 b1
Excited Lepton Contact Interaction [ 200104521 (2e+ 2 771
Excited Lepton Contact Interaction M 200104521 2p+ 77t
M 171202345 (2 1 +E;7™) 36 b1
¥ 191103047 2j) 137 fort

3 n 190101553 (0, 14 + =3j+ E5) 361

M 190101553 0, 1t + =3+ E7) 36 !

scalar mediator (fermion portal), A M 1712.02345 (2 1 + E7) 36 -1
complax sc. med. (dark QCD), m, =5 GeV, ctx, =25 mm M 1810.10060 (4]) 36 b~}
Baryonic 2. go=0.25,gow =L, Gev M 1008 01713 th + E7) 36 -1
Z'- 2HDM, g7 =0.8, gow = 1. tanfl = Lm, =100 Ge¥ M 1908.00713 (h 4 E5°) 36 b1
vectar mediator (93). 9o =0.25, gou M 18!
Leptoquark mediator, =1,8=01, fx s=01 B0 < Mo <1500 GeV oy 777
RPV stop to 4 quarks 1 36 b1
RPV squark to 4 quarks N 38l
RPV gluino to 4 quarks M 1B06.01058 (2j) 38!
RPV gluines to 3 quarks M 1810.10092 (6}) 36 b1
ADD (i HLZ, nee= 3 M 1803.0803 (2]) 36 !
ADD [y, 8} HLZ, neo =3 M 12.10443 (2y, 2) 36 fb-!
ADD Gux emission, n =2 M 171202345 (= 1j + E7) 36 -1
ADD QBH (jh nes = 6 M 36 b1
ADD QBH (4, 1o =6 M 36 fb-!
RS Geelyy), ki =0.1 M 36 b1
RS QBH (jj), nee =1 M 36 fb-!
RS QBH (ep), ne =1 M 36 b1
non-rotating BH, Mz = 4 TeV, neo = 6 M 805 06013 (= 7jiL, v)) 36 b1
SpItUED, pzd Tev " 180311133 £ + E7) 36 !
RS Gexlg3,99). K= 0.1 M 1911.03047 12j) 137 bt
excited light quark (gy), fe = f=F = M 171104652 (y + 36 fb-!
axcited b quark, f: = M 1711.04652 fy + j) 36 b1
excited light quark (gg), M 191103947 (2] 137 fbt
excited electron, M 1811.03052 fy + 2e} 36 b~}
excited muon, f; M 1811.03052 (y + 2p) 36 fb-1
WISM, Vool =10, [Vouf® =10 M i 001-143 180202065 180610905 (3(p, e); = 1j + 2, el 36 -1
i WISM, Voo FTTIV el + Vi h =10 M ! 002-16 180610905 (= Lj+p+e) 3671
ii Type-lll seesaw heavy fermions, Flavor-democratic M i <088 190 04968 (31, =41} 137 bt
Vector like taus, Doublet M 012-079 1905, 653 (31, =4, =1v+21) 771!
scalar LQ (pair prod), coupling to I* gen. fermions, & o i <148 181101197 (2e+ 2) 36 b1
scalar LG (pair prod.), coupling to 1** gen. fermions, § = 0.5 M ! (<127 1811.01107 (2e + 2jie + 2+ E7™) 36 b1
£ scalar LQ (pair prod.), coupling to 2 gen. fermions, 8 = 1 o g <153 1808.05082 2p+2j! 36 b1
sealar L (pair prad.}, coupling to 2 gen. fermions, 8 =1 M 08-15 181110151 Lp+1j+E5™) 770
scalar LQ (pair prod ), coupling to 2 gen, fermions, =05 M ! <120 180805082 (2p+ 2 p+ 2+ E7) 36 b1
scalar LG pair prod }, coupling to 3 gen. fermions, 8= 1 M i <102 [l 181100806 (27 +2j) 36 fb!
scalar LQ fsingle prod.), coup. to 3 gen. ferm., =14 =1 M i <074 1806.030 2v4m) 36 b1
Zo, narrow resonance M 1812.04776 (2} 137 ot
Zo, narrow resonance M [ 4§ 5 191204776 (231} 137 b=t
SSMZ(94) I 1911.03947 (2} 137 bt
04 N 100510331 (1], 1y) 36 fb-1
Superstring Z, M 2103.02708 (2e, 20) 140 fb~L
LFVZ', BR(zw) = 10% M 1802.01122 lep) 36 b1
Leptophobic 7/ M I gs=0asN 190004114 (25 781!
SSMWTty) M 1803.11133 If + E7™) 36 fb-!
SSMWTTH) n 180711421 [T +E5™) 36 fb-!
S5MWigg) M 137 fort
LRSM WAll), My, =0, 5M, M 1803.11116 2 +2j) 36 fb-!
LRSM Wa(ths). M, = 0 5Mu, M 181100806 (27 + 2j) 36 b1
Axigluon, Coloran, cof =1 M 1011.03047 () 137 b7t

01 » 0
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV] Moriond 2021

1 TeV 10 TeV

Turning all the stones! NP seems to be relatively hea



Connecting theory and experiment

pulls
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Getting implications of experimental data on new
physics models is highly non triviall
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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



The EFT approach to BSM

* Effective Lagrangians parametrise the low-energy effects of arbitrary
new physics models

1
LsmerT = Lsm + —L5 + £6 + .

A A?

* Itis a double expansion in mass dimension and loops

(1)
_ (0) S50 O®)
LsverT = Lsm + — A E ( 1622 ) ;

(1)
(0) C6,i (6)
A2Z< T )Oz ...

* In weakly coupled extensions this expansion is well behaved



The EFT approach to BSM

* Itis a double expansion in mass dimension and loops

(1) (1)
0) . S5, (5) 0) . S5 (6)
L‘ISMEFT—ESM‘FAg <5Z+167r2 : )O +A2§ <57’+162 )C’)z + ...

* Their effect at lower energies is hierarchical

E B\’
M~ Mgy + C5.; (X) + [CG,z' + Cg,i] (K) “+ ...

* Inthe SM EFT odd-dimension operators are associated to (tiny)
lepton-number violating physics

Le¢ Lg
LsmerT ~ Lsm + e + Ad =+ .



IR/UV dictionaries

* Given a fixed order in this expansion we can list all models that
generate the EFT at this order and compute their contribution.

* This provides true IR/UV dictionaries that connect experiment with all
possible models of new physics.




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, d|men5|on 6 SI\/IEFT) was
computed a few years ago. [

18]

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




IR/UV dictionaries

* The leading IR/UV dictionary (tree-level, dimension 6 SMEFT) was
computed a few years ago. [Blas, Criado, Pérez-Victaria, Santiaga ‘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 (o} Qs Q~ Ty T
ep  (3,1); (3,13 (3.2 (.23 (3,2); (33).; (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 |

[rrep (1,1 (1,1), (1,3), (1,3), (8,1); (81), (83) (1,2); |

43\ | Name F U, U, Q, Qs X Vi Vs 1
!’Gc, Irrep  (1,2) : (B3,1); (B.1); (32, (B2_; (3.3), (6,2), (6,2) 3 |

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

10



IR/UV dictionaries

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

Python/

MatchingDB

gitlab.com/jccriado/matchingdb

interface dict.sqlite

‘
MatchingTools
q Mathematica H

!

Read relevant info

12



Automated matching with MME

Xiv:2112.10787v1 [hep-ph] 20 Dec 2021

Matchmakereft: automated tree-level and one-loop matching

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

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

E o M ¢ @ B B ¥ Ztome X 23 Home X 2 Moriond GCD 2022 X Literature Search - INSPIRE % | MatchMakerEFT x|+ x

= ] O 8 httpsi//ftae.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 Teorica y del Cosmos, Universidad de Granada,

Campus de Fuentenueva, E-18071 Granada, Spain MATCHMAKEREFT

¥ Institute for Theoretical Physics, ETZ Ziirich, 8093 Ziirich, Switzerland 57 g Sl SHATEREAS 20

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 cros:

ecks. 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 efliciency in mind. These ingredients allow matchmakereft to

ality, flexibility and efficiency in mind. These ingredients allow matchnskeret: & — A| SO RG F S, O p erator Ta d e p en d ence, ...

13



Towards the next IR/UV dictionaries

* We are working on the one-loop, dimension-6 IR/UV dictionary [with

G. Guedes and P. Olgosol.

see also [Cepedello, Esser, Hirsch, Sanz 2207.13714, 2302.03485]

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

* We have started with operators that cannot be generated at tree level in
weakly-coupled extensions [X?, 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.

Result for specific models can be obtained doing a simple group-theoretical
calculation [we use GroupMath by R. Fonsecal].

O B8 = https://gitlab.com/jsantiago_ugr/sold

SoLDe
B i Smeft One Loop Dictionary (SOLD)

-0- 32 Commits & 1Branch ¢ 1Tag K 69.1MB Project Storage () 1Release

15



Towards the next IR/UV dictionaries

We are working on the one-loop, dimension-6 IR/UV dictionary [with

ListModelsWarsaw[alphaOeW[i, j]]

G. Guedes and P. Olgosol.

In[1]:= Import["https://gitlab.comfjsantiago_ugrfsold/—/raw/main/install.m"
Installing SOLD
Installation completed.

In[2]:= << SOLD"

One Loop Dictionary loaded
Version: 0.0.1

Authors: Guilherme Guedes, Pablo Olgoso, José Santiago

Reference: _____
XHXXOOOOCOOOOOOOXX XX XXXXX GroupMath XG0 XXX XX

i J o3 Version: 1.1.2 (6/May/2020

b, '1”: e Author: Renato Fonseca

z I Reference: 2011.01764 [hep-th

o ol . 5 .

ani e Website: renatofonseca.net/groupmath
did b\ R Ry Built-in documentation: here

XRXCOCOCOAGOOCOOCOCOGOOCCOACOAOOOCOOOOCOCGOCOCONNOCKCOOOCX KX

=1
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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. Olgosol.

Print["ac[1,7]1=",
Simplify[Match2Warsaw[alphaOeB[i, j], {Fa- {1, 1, -1}, Sa- {1, 1, 0}}] /.
{Log[a_] » Log[a/pu"2], iCPVA2 > 1, FourPi »4Pi} /. u-MSa] // NiceOutput]

. 1
e [1,]]= - 7 81
I e, (v, )
[ [ M2 . . .
2 6 4 2 2 s F 2 g4 6 i,mif3 mift3
[“MFa Mea - 6 Mg Mg, + 3 Mg, MSa+5Log[T"“} Mea M5a+2MSaJ Ve ] )‘ﬁ,Fa,Sa[ ] )‘ﬁ,eR,Sa[]] -
| | Sa

4 2 2 4 F 4 2 2
IIuIIFa\ +2 MFa MSa -3 MSa + Log[Ta] {,MFa -3 IIIIlIFa\ MSa ] J )‘r;,E,Sa )‘E,ER,Sa[]] *
Sa

LY

"2 2 |
'{MFa - MSa,] [3MF3
. 2 N

M aM2 M2 3 ML .2 Log| nfa | wd_ | AR p) (31
Fa ~ Fa "'sa * sa *t Og[T} Sa Fa,Fa,Sa “‘Fa,eR,Sa *
1 5a

2
6 MFa

w2 w2 (3. [mif3,j] . [mif3]| 5 (4]
2 (Mez - M5, 7 Ve L RT: J ML, Fa,o J

b i
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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. Olgosol.

createlLagQuick[{Fa- {1, 1, -1}, Sa-> {1, 1, 0}}]

New Physics Lagrangian:

L1 [Fa, Sa, Fabar] Fabar[spl].left[Fa[spl]] Sa+Fabar[spl].right[Fa[spl]] Sa + L1 [Sa, Sa, Sa]
Sa Sa Sa + L1 [Sa, Sa, Sa, Sa] Sa Sa Sa Sa + L1[LL, Fabar, Phibar][ff0O]
Fabar[spl].LL[spl,ss0,ff@] Phibar[ss2] TS71[ss@, ss2] + L1[LR, Sa, Fabar][ff0O]

Fabar [spl].LR[spl,ff@] Sa + L1 [Phi, Sa, Sa, Phibar] Phi[ss@] Sa Sa Phibar[ss3]
TS31[ss0®, ss3] + L1 [Phi, Sa, Phibar] Phi[ss@] Sa Phibar[ss2] TS11[ss0, ss2]

Numerical Clebsch-Gordan coefficients:

(TS11 - {{1, 0}, {®, 1)}, TS1llbar » {{1, 0}, {0, 1}}, TS31 > {{1, 0}, {0, 1}},

TS31lbar - {{1, 0}, {0, 1}}, TS7T1 > {{1, 0}, {0, 1}}, TS7lbar - {{1, O}, {0, 1}}}

* We also provide a function to automatically generate Matchmakereft
models for specific choices of field guantum numbers to perform the

complete one-loop matching.

CompleteOneLoopMatching[extension, modelname, <EFTname>,<outputdirectory>]
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arxiv:2301.10542v1

Towards the next IR/UV dictionarie

1.0

» Can be used for phenomenological analyses . | =

A new puzzle in non-leptonic B decays

Aritra Biswas,” Sébastien Descotes-Genon,” Joaquim Matias.” Gilberto
Tetlalmatzi-Xolocotzi®* I s/ /i o h s

* Can be explained by dipole operators. My

* Runto EW scale, match at one loop to SMEFT and run up to
matching scale (all known and in codes), then use the dictionary.

2
L — 9 (1) 1 (mi
ngqfqh:mb T 3202 q;,c i |(Codanans = G (Codunas| o8 (m?>
vt g3 t
& %V;,l(cd(}‘)kb - WFI(-TW)%LWIJW-I)AGF

- 353_2 (1 - mlgl) mg(Cra)gp — GZ‘%FE(TW’)TR!.VQZ(CHud)tb
¥

g3 2mi, b o)
T 7or2 (1 S+ m% )m‘bvzyk(CHq)kin

: m2, ” : ) : :
+ 57%;_2 mb{S (7 + Q-mIQ ) Vqlk(ci(';g)klvlb — 9k (I]’{)[Vqlf(c};;)tkvkb i ij(ogfir)j)ktvtb]}
A
2
] 93 (1) 1 (8 . m’
v z2r? \© — &% ;1 5.19
o {32'”2 ( ol 6 ‘qud) qkkb ielloE (AQ )} Tracery (5.19)
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1.0

» Can be used for phenomenological analyses . | =

A new puzzle in non-leptonic B decays

Aritra Biswas,” Sébastien Descotes-Genon,” Joaquim Matias.” Gilberto
Tetlalmatzi-Xolocotzi®* g5 A

* Can be explained by dipole operators. My

* Runto EW scale, match at one loop to SMEFT and run up to
matching scale (all known and in codes), then use the dictionary.

One viable possibility: @~ (1L 1)y,: ¥1~3,2)1y,. Pa~ B 1) 1y,

3

(Cag)ij = — =2 - oM, My log [ Ma ) AR
G A M2 (M2 — M2 [T e\ 2 ) e

M2 M2 M,
(znfb log (Mz) + (M2 - M?) (5+210g ( 12)) ,\g;,,] (Aga)i(Apa)j + O ( M;’)

Mg, =~ 1.5 TeV, Mg, ~2.0TeV, Mg~4TeV,
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Conclusions and outlook

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

* It allows us to exhaustively list all observable models and compute their
phenomenological information.

* |IR/UV dictionaries connect directly experiment to all observable new
physics models:

* Perfect guiding principle to pin-point new physics if anomalies found.

* Optimal framework to interpret bounds if no new physics is found.

* The leading order dictionary was computed a few years back, the Smeft
One Loop Dictionary (SOLD) is currently being computed, thanks to
recent progress in automated matching calculations.
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