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What is experiment telling us?

No direct evidence for NP despite the many reasons for it [ presence of a mass gap? |

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 JL£dt=(3.6-139) fo! V5 =8, 13 TeV
Model (,y Jetst ET™ [Ldi[fb] Limit Reference
T T T | T T T T T T T T T T T

@ ADD Gyk +g/q Oe,ut,y 1-4] Yes 139 |Mp n= 2102.10874

Re) ADD non-resonant yy 2y - - 36.7 Mg . n =3 HLZ NLO 1707.04147

2 | ADD QBH - 2j - 139 | Mu n=6 1910.08447

@  ADD BH multijet - >3] - 3.6 M n=6, Mp = 3TeV, rot BH 1512.02586

£ | RS1Gkk -y 2y - - 139 | Gk mass K[ = 0.1 2102.13405

© | BulkRS Gkx » WW/ZZ multi-channel 36.1 | Gk mass 2.3 TeV k/Mp, = 1.0 1808.02380

8 BulkRS Gkk —» WV — tvqq 1eu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636

< Bulk RS gkk — tt lepu >1b,>1J2 Yes  36.1 8Kk mass 3.8 TeV F I/m=15% 1804.10823

w 2UED/ RPP leu >2b,>3j Yes 36.1 KK mass 1.8 TeV b Tier (1,1), B(AMD - ¢t) =1 1803.09678

SSM Z" — ¢t 2epu - - 139 Z’ mass 1903.06248

SSM Z" — 11 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242

g Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299

[} Leptophobic Z” — tt Oe,u >1b,>2J Yes 139 Z’ mass M/m=12% 2005.05138

8  SSMW ¢ty 1eu - Yes 139 | wW’mass 1906.05609
Q  SSMW’ -1y 17 - Yes 139 | W’ mass ATLAS-CONF-2021-025
S | SSMW’' - tb - >1b>1J - 139 | W’ mass ATLAS-CONF-2021-043

= HVT W - WZ — tvqg model B 1 e, u 2j/1J Yes 139 W’ mass gy =3 2004.14636
S HVTW - WZ (vl modelC 3e,u j(VBF) Yes 139 | W’mass 340 GeV . gvey =1,g =0 ATLAS-CONF-2022-005

HVT W’ — WH — ¢tvbbmodelB  1e,u  1-2b,1-0j Yes 139 W’ mass 3.3 TeV gv =3 2207.00230

HVT 2’ - ZH — ¢¢/vvbbmodel B 0,2e,u  1-2b,1-0] Yes 139 Z’ mass 3.2 TeV gy =3 2207.00230

LRSM Wg — uNg 2u 1J - 80 Wpg mass e m(Ng) =0.5TeV, g, = gr 1904.12679

Clqqqq - 2j - 370 |A 21.8TeV u;, 1703.09127

— Clttqq 2epu - - 139 A { 35.8 TeV um 2006.12946

O Cl eebs 2e 1b - 139 A 1.8 TeV &=1 2105.13847

Cl upubs 2p 1b - 139 | A 2.0 TeV g =1 2105.13847

Cl tttt 2leu 21b 21 Yes 361 [A 2.57 TeV |Cael = 4 1811.02305

Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV j g4=0.25, g,=1, m(y)=1 GeV 2102.10874

S Ppseudo-scalarmed. (DiracDM) Oe,u, 7,y 1-4] Yes 139 | Mumea 376 GeV 2o=1, g=1, m(x)=1 GeV 2102.10874

Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 Mmed 3.1 Tev ! tanB=1, gz=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV L tanp=1, g,=1, m(xy)=10 GeV ATLAS-CONF-2021-036

Scalar LQ 15t gen 2e >2j Yes 139 LQ mass 1.8 TeV £5=1 2006.05872

Scalar LQ 2" gen 2p 22j Yes 139 | LQmass 1.7 TeV B=1 2006.05872

Q@ ScalarLQ 3 gen 17 2b Yes 139 [LQymass 1.2V  B(LQ3 — br) =1 2108.07665

= Scalar LQ 3™ gen Oe,u >2j,>2b  Yes 139 LQ; mass 1.24 FeV BLQ; = tv) =1 2004.14060

Scalar LQ 3™ gen >2eu,217t>1j,>1b - 139 LCJa mass 1.43 TeV B(LQY — tr) =1 2101.11582

Scalar LQ 3 gen Oe,p,217 0-2},2b  Yes 139 | LQS mass 1.26 ¥eV ¢ 2‘3(LQ%’/—» bv) =1 2101.12527

Vector LQ 3" gen 17 2b Yes 139 LQ; mass 1.77 TeV ¢ B(LQ; — br) = 0.5, Y-M coupl. 2108.07665
® VIQTT - Zt+ X 2e/2u/>3e,u 21 b, 21j  — 139 | Tmass 18 Tev B SU(2) doublet ATLAS-CONF-2021-024

= @ VLQBB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34TeV &+ SU(2) doublet 1808.02343

I KS) VLQ Ts/3Ts/3|Ts;3 = Wt + X 2(SS)/>3eu>1b,>1] Yes 36.1 Ts/3 mass 64 TeV 4 B(Tsj3 » Wt)=1, c(Ts3Wt)=1 1807.11883
S E VLQT - Ht/Zt 1eu >1b>3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040

88 VLQY - Wh leu 21b>21] Yes 361 |[Ymass 1.85 TeV L B(Y — Whb)=1, cg(Wh)= 1 1812.07343
=" VLQB - Hb Oeu >2b,>1j,>1J - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL7 — Z7/HT multi-channel ~ >1] Yes 139 |« mass 898 GeV § SU(2) doublet ATLAS-CONF-2022-044

-8 @ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV t only u* and d”, A = m(q") 1910.08447

= O Excitedquark g* — qy 1y 1]j - 36.7 q* mass 5.3 TeV i only u* and d*, A = m(q") 1709.10440

;3 £ Excited quark b* — bg - 1b 1] - 139 b* mass 3.2 TeV : 1910.0447

I ¢ Excited lepton ¢* 3epu - - 20.3 5\ =3.0TeV 1411.2921

=" Excited lepton v* Seut - - 20.3 [ A=1.6TeV 1411.2921

Type lll Seesaw 234e,pu >2j Yes 139 N° mass 910 GeV 2202.02039

LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV b m(Wg) =4.1TeV, gL = gr 1809.11105

w Higgs triplet H** —» W*W=* 23,4 e,u (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
_0,:3 Higgs triplet H** — ¢¢ 234e,u(SS) - - 139 H** mass 1.08 Te, DY production ATLAS-CONF-2022-010

6 Higgs triplet H** — {1 3eurt - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 139 multi-charged particle mass 9 TeV ¥ DY production, |q| = 5e ATLAS-CONF-2022-034

Magnetic monopoles - — — 34.4 monopole mass 2.37 TeV i DY production, |g| = 1gp, spin 1/2 1905.10130

{=13Tev v-=13TeV r ol 1 1 1 1 [ T | 1 1 1 1 L1 3% 1 1 1 L
partial data full data 107!

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).
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What is experiment telling us?

Still several anomalies out there??
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The search for Terra Incognita

Particle Physics has entered an age of exploration
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The EFT approach

EFTs are essential to interpret experimental observations

/ UV physics

o0 o0 Cr(zi)
ZLyrr (1) = L g=a(np) + Z Z Z (16712)2; = O, ()
£=0n=5 k

B Bottom — Up

Comprehensive approach: Large classes of UV physics covered by a single theory
( “model independence” )

B Jop — Down

Reusability: EFT computations can be shared among different BSM models
( “compute once for all” )

(B)SM computations of experimental observables are multi-scale problems:
Precision requires the use of EFTs ( RG resummation of large logs )

The vast landscape of BSM models and the repetitive nature of EFT computations call for
automated solutions
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The EFT approach: recent progress

Much progress has been made: Energy
B Tree-level matching to the SMEFT UV model
IS a solved problem A
[ de Blas, Criado, Pérez-Victoria, Santiago, 1711.10391 ] matching
MatchingTools: [ Criado, 1710.06445 ]
L:SMEFT
RGE
\ 4
M W matching
E LEFT
AIR RGE

Observables !
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https://arxiv.org/abs/1711.10391
https://arxiv.org/abs/1710.06445

The EFT approach: recent progress

Energy

Much progress has been made:

B Tree-level matching to the SMEFT UV model

IS a solved problem A
[ de Blas, Criado, Pérez-Victoria, Santiago, 1711.10391 ]

MatchingTools: [ Criado, 1710.06445 ]

matching

B RGE evolution in the SMEFT and LEFT, L:SMEFT
and one-loop matching of the SMEFT
to the LEFT Is also known

[ Jenkins, Manohar, Trott, 1308.2627, 1310.4838, v

Alonso et al., 1312.2014, Jenkins, Manohar, Stoffer, MW matching
1709.04486, 1711.05270; Dekens, Stoffer, 1908.05295 ]

DsixTools and Wilson: E
[ JFM, Ruiz-Femenia, Vicente, Virto, 2010.16341; LEFT

Aebischer, Kumar, Straub, 1804.05033 | A
IR

RGE
Observables !
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The EFT approach: the need to go beyond

However, we need to go beyond: Energy
B One-loop can be the leading effect in important UV modeil
processes. E.g., in the SM A o
matching
C
d S d s

W 5 5 W E < my, > L
S c g ) . SMEFT

MW matching

E LEFT

AIR RGE
Observables !
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The EFT approach: the need to go beyond

However, we need to go beyond: Energy
B One-loop can be the leading effect in important UV modeil
processes. E.g., in the SM A o
matching
C

d § d Ky
BRI
s ¢ d s d

B Perhaps the relevant EFT below the NP scale
Is not the SMEFT, e.q.

Z EFT 7& Zz SMEFT

- SM + ALP EFT RGE

[ Chala, Guedes, Ramos, Santiago, 2012.09017; New light states
Bauer et al., 2012.12272;
Galda, Neubert, Renner, 2105.01078;... ]

- SM + DM EFT Arr
[ Criado, Djouadi, Pérez-Victoria, Santiago, 2104.14443, ... | Observables

<
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EFT matching

The path-integral approach in a nutshell



Matching weakly-coupled theories

Zrrr has to reproduce the physics of £y at low energies:

Matching
ZuvMy > 1) > Zepr(nL)
0 00 C(Q
n,
Zerr () = Lyin (1) + 2 2 (1672) A2 0, (1)
n=2 =0
Two standard EFT matching approaches:
) : Compare the amplitudes of both theories in the low-energy limit

i) Functional matching: Integrate out the heavy modes directly from the path-integral
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The tools of the trade: diagrammatic matching

B Traditional, well-established procedure.

Amplitude matching Valid to any loop order

(with Feynman diagrams)

g < M B Matching usually done off-shell:
> {Auv(%)} Additional redundancies but need
4 to consider 1LPI diagrams only

ocZU\f(’?HJ?L)

w/ IR regulator

B Need a priori knowledge of the EFT
Lagrangian in off-shell basis and with
Equate to derive {c;} @ redundancies (e.g. Fierz related ops.)

[ dim-6 SMEFT basis in Carmona, Lazopoulos,
Olgoso, Santiago, 2112.10787; Gherardi,
Marzocca, Venturini, 2003.12525 |

v v
> : -
gEFT ( ;/]L ) w/ IR regulator {AEFT (Ql ) } /M
K https://ftae.ugr.es/matchmakereft/
[ Figure from Cohen, Lu, Zhang, 2011.02484 ] [ Carmona, Lazopoulos, Olgoso, Santiago, 2112.10787 |
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https://arxiv.org/abs/2011.02484
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The tools of the trade: path-integral matching

B Many aspects developed only recently.
Currently well-established up to one loop only

| Henning, Lu, Murayama, 1412.1837; del Aguila, Kunszt,
Santiago, 1602.00126; JFM, Portolés, Ruiz-Femenia,

Lov M snp) 1607.02142; Henning, Lu, Murayama, 1604.01019;
Zhang, 1610.00710; Cohen, Lu, Zhang, 2011.02484... ]

Functional matching
(path-integral methods)

B Some closed-form formulas are known

' Using classical EOMs [ Drozd et al.,1512,03003: Ellis et al., 1604.02445: Ellis et
al., 1706.07765; Summ, Voight, 1806.05171; Kramer,
Summ, Voight, 1908.04798; Ellis et al., 2006.16260;

FUV [ MH (ﬂl) ’ ﬂL] Angelescu, Huang, 2006.16532 ]
Method of B \Vanifestly gauge invariant by construction
regions [ Gaillard ’86, Chan ’86, Cheyette *88 ]
v

L (17) B The EFT Lagrangian comes out automatically.
R No knowledge of the EFT Lagrangian is required!
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Evaluating the effective action

Given a general theory £ ;(n), its effective action is given by

T o] A A 1 - Quantum fields (loop lines)
e' Wil = J' In exp sz x Lyvin +1)

i . Classical fields (tree lines)

where
Tree-level One-loop
A A 1 — 52°(ZUV 3 .
Ly +n) =Ly +=1; — 1+ O@°) X : Interaction term
: n=i, A : Covariant propagator
o e.g. A™l = - D? - M?
51']' Ai — Xij for a heavy scalar
LD () = Loy, g () [ usual removal of heavy fields via EOMs |
Performing the gaussian path integral over the second piece Contains loop

/ integration

r'Y =—iln|(SDet(A™ +X))_% = iSTr In A1 +iSTr In(1 — AX)
uv o ) o)
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Taking the hard part

We can separate FS%, in two regions ( for qz, m? < M? ): hard (p2 ~ M? ) & soft (p2 ~ m2)

(1) (1)
FUV — 10AY,

+ I'i}

hard uv soft \

No need to subtract non-local EFT contributions if only the hard part of the loop is considered
[ JEM, Portolés, Ruiz-Femenia, 1607.02142 ]
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https://arxiv.org/abs/1607.02142

Taking the hard part

We can separate FS%, in two regions ( for qz, m? < M? ): hard (p2 ~ M? ) & soft (p2 ~ m2)

(1) (1) (1)
FUV — 10AY, + PUv

A e
[Heavy field loops | [Mixed field loops|  Light field loops]

No need to subtract non-local EFT contributions if only the hard part of the loop is considered
[ JEM, Portolés, Ruiz-Femenia, 1607.02142 ]
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Master formula for one-loop functional matching

d () — @ _i -1 i —
deQEFT—FUV —2STrlnA +2STrln(1 AX)

hard hard hard

Since AX is at most O(M~1), we can expand the second logarithm and get
[ Cohen, Lu, Zhang, 2011.02484 ]

Supertraces evaluated
déx P covariantly using the
EFT |~ CDE “trick”
log-type supertrace power-type supertrace
( universal ) ( model-dependent interactions )
VN
STrEAM RACER
r TRACER
[ Cohen, Lu, Zhang, 2012.07851 ] [ JFM, Konig, Pages, Thomsen, Wilsch, 2012.08506]
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https://arxiv.org/abs/2011.02484%20%5D
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\ FIATCHETE |\

To make your way through the BSM jungle



Automated EFT matching

\ FIATCAETE | \\\ JIcE! aimed at fully automating one-loop EFT

matching and RG running of arbitrary weakly-coupled UV theories using functional methods

Proof of concept version (Matchete v0.1)

[ . 1 IS how publicly available:
[ Define (gauge) J_)[ Define fields J [ Define couplings J p y
groups
2 \ l / B Works with any model with heavy
= scalars and/or fermions
[ Write down EUV

: g B Simple and intuitive input/output
%o EV funcC Sén\éa_nﬁves
s B Handles arbitrary group theory
£ Tree-level, unsimplified: Field redefs. 1-loop, unsimplified:
- [ £ J """ [ Len J
Q ' \ . . - . .
5 i :'/‘:/ B Partial simplifications of the resulting
§ =l oA “« L sl sk EFT Lagrangian (IBP, field redef.,...)
< Jais Simplifications - Lerr

: g B Heavy vectors not yet supported

[ JFM, Kénig, Pagés, Thomsen, Wilsch, 2212.04510 ] [w.i.p with Olgoso, Santiago, Thomsen]

RG computations not yet available
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Simplifications and basis reduction

The resulting EFT Lagrangian is typically redundant

_1 o a0 Ay 6C 30, G 000
3—2(%45) 2””45 4!45 45 ¢0¢+ €b(a¢)

Exact simplifications ( linear ): IBP, Dirac and group identities, commutation relations...

1 1 A C
_ 2 242 4 1
< = 2(()ﬂqﬁ) 2m ¢ m ¢ +—A2

3C, —

C
Al

¢° +

On-shell equivalence ( non-linear ): Field redefinitions ( sometimes equivalent to using of EOMs )
[ Criado, Pérez-Victoria, 1811.09413 ]

3C,—-C p
b — b+ 32A23¢3 [02¢=—m2¢—§¢3]

L (i X m2(3c2—c3)>¢4+ 18C, = 2(3C, — Cy)

1
P — (3PP ——
= 5 0y = 41 3 A2 18 A2

FIATCHETE routines implement both kinds of simplifications ( no Fierz identities at the moment )
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Two BSM matching examples

SM extension with a scalar SM-singlet

1 1 Ao, A
Ly = Lom+5(0,8? = M §* - % s' - 225t 2L HH) S - < (HTH) S

with M, K, Hg > VEW

Less than a minute to compute the one-loop [Henning, Lu, Murayama 1412.1837;

: : Ellis, Quevillon, You, Zhang 1706.07765;
matching ( which was correctly computed ’ L ’
J ( y P Jiang, Craig, Li, Sutherland 1811.08878;

only after several iterations in the literature ) Haisch, Ruhdorfer, Salvioni, Venturini, Weiler 2003.05936 |

SM extension with a vector-like lepton (£ ~ (1,1)_;)

Loy =%su+i(Ey,D'E) —mg EE - (veZ HEg+h.c.) with My > vey

About a ~1 minute to compute the one-loop matching plus ~3 minutes to simplify
( result validated against )
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https://arxiv.org/abs/1412.1837
https://arxiv.org/abs/1706.07765
https://arxiv.org/abs/1811.08878
https://arxiv.org/abs/2003.05936

Let’'s see how It works!

An example of Matchete In action



Matchete in action

Next is a live demonstration, please see the attached Mathematica notelbook
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So, In a nutshell

plus medium- and long-term goals



Outlook

B (Automated) EFT matching is crucial to BSM phenomenology

B [unctional matching is ideal for automation ( also useful for pen-and-paper computations! )

B Complete automation: Lagrangian in, Lagrangian/WCs out not yet available

* Ongoing progress with G —INNN

B The ultimate goal is a code ( or chain of codes ) that fully automates

* One-loop matching

Multi-step matching
* RG evolution

e Connection to observables / fit to data
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Input

Automated matching and running

Javier Fuentes-Martin | Automatized One-Loop Matching of BSM Models

Future plans

s

[ Define (gauge)

J—)[ Define fields [ Define couplings ]
groups

\\/

ym break.
[ Broken phase L, J Write down Lyy ]

N\

Tree-level, evanescent: h :
0 phys. proj.
e

{ Tree-level, physical: |

LSF(TQ) P[LEFT] Rematching Y
the ev. pie& Full, phys. scheme:
[ ‘CEFT J
{ RG functions: J/

B poles from self-
il matching the EFT

[Standard format output]

[Standard format output]

>
- J
\ B
func. derivatives,
CDE, STr
Tree-level, un5|mpI|f|ed Field redefs. 1-loop, unsimplified:
A0 | LN )
Lert " \ Lerv
) N
A} 1
. 4
Full, unsimplified: ‘A Lo’ Full, simplified:
e Simplifications Leer

\ FIATCAETE | \\\

Proof of concept already available at:
https://gitlab.com/matchete/matchete

Expected functionalities include:

Complete basis reduction

Handling of evanescent
contributions

Other ys and regularization/
renormalization schemes

EFT basis identification

Heavy vectors and symmetry
breaking

One-loop RG computations

Interface with other EFT tools
( UFO / WCxf outputs)


https://gitlab.com/matchete/matchete

Thank you

Matching models is about to become easy!



Backup



Method of regions

pPtq
// \\ 1 ddp
q I= JDp Dp = (u* e’e)* —
m m (p+ Q)z (p2 — m?)? iﬂ%
p p
Say m* < q2 »  hard: p2 ~ q2 & Soft: p2 ~ m?

Expansion by regions provides a method for scale separation in dimensional regularization:
| Beneke, Smirnov, hep-ph/9711391; Jantzen, 1111.2589 |

: [D b o) = |- 4w 2L | 4 oone)
- m-)=—|—— — m-, €
[.=1|D : O(m?) = I _ 1 1 u’ _ 0O(m>
soft — pq2(p_m2)2 + (m)—g ;+ nﬁ + O(m~, €)
—q? K . .
I=L. .+ 1 ,=—1In 9 + O(m>, €) — Spurious IR/UV divergences
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https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589

Manifest covariance of the supertraces

Supertraces are not automatically manifestly covariant due to “open” covariant derivatives (Dﬂ 1)

dd d
STr[Q(iDM, U] = i[ o) (p | tr Q(l UY |p) == dd tr [Q 1D Dy Uk(x)

Covariant Derivative Expansion (CDE) / /

Path integral transformation sandwiching the trace between e ~iD0, gnd P

When passing e ~i0yD through Q to cancel against %P

covariant derivatives into commutators

it has the desired effect of putting all

_iD-0, ¢ iD-0 (—=1)" Q A, A
e D% (D, +p,) e =p, +i Z v Dy, oG, 0502 0
_Pa (_l)n a a

=== This renders the all supertraces manifestly covariant!
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Evanescent operators when changing basis in the EFT

In d = 4, we can use Fierz identities so that Lgpr = Lgpr
Zerr 2 Coy Qo + o0 Ry Ry = (Cpe)e,t)
/ pr \pr 1 prst A\pPrst prst __ g e vH
EFT - CeW eW 5 Cfe Qfe Qfe o ( plu f)(eSy e”)

but their one-loop amplitudes ( evaluated in d = 4 — 2¢ ) are different!

. / gL 7 —_ >X<l/
! (AeH—n”W o AeH—an) — 6471'2 [Cfe]p styets (MT G,LwPRu> qﬂe

Ind = 4 — 2¢, there is an evanescent operator

1 0
prst _ __ — prst prst prst € =™
R B 9) Qfe T Efe Efe > 0
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Evanescent operators when changing basis in the EFT

An evanescent operator E is an operator that satisfies

E = rank(e) d—4 > 0

Evanescent contributions have long been accounted for in the LEFT (Weak Effective Hamiltonian).
Not so much in BSM context [ Buras, Weisz ‘90; Dugan, Grinstein, '91; Herrlich, Nierste, hep-ph/9412375;... ]

The physical contributions from evanescent operators are finite and local
E

A
pr_, _ SLYe opr
ce 12872 W

e.g., in the previous example

+ [ many other contributions ]
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