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

What is experiment

Stalus: March 2023 [£ dt = (3.6—139) fb V5 =13 TeV
t | | . D Model t,y Jetst EI™ [Ldt[fb™] Limit Reference
1 1 L L I ] ] 1 1 1 1 L] ] ] 1 L] ] LI - L] | 1 L
e 'ng US ° " ADD Gk + g/q Oe,u,,y  1-4] Yes 139 [Mp 112Tel n= 2102.10874
$  ADD non-resonant yy 2y - - 36.7 | Ms 86TeV Wn=3HLZNLO 1707.04147
& ADDQBH - 2] - 139 | Mw 9.4TeV KEn= 1910.08447
S  ADD BH multijet - >3] - 3.6 | Mu 9.55 TeV §n =6, Mp = 3 TeV, rot BH 1512.02586
© RS1 Gkx — vy 2y - - 139 Gkk mass 4.5 TeV ' k/Mp; = 0.1 2102.13405
> Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV & k/Mp; = 1.0 1808.02380
W Bulk RS gk — tt Teu >1b>1J/2) Yes  36.1 | 8kk mass 3.8 TeV T /m = 15% 1804.10823
2UED / RPP 1eu >2Db, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMYD — ¢t) =1 1803.09678
SSM Z" — ¢¢ 2e,p - - 139 | Z' mass 5.1 TeV 1903.06248
“ SSMZ’ - 17 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
&  Leptophobic Z’ — tt Oe,u >1b,>2J VYes 139 | Z’ mass 4.1 TeV M /m=1.2% 2005.05138
- . S  SSMW’ ¢y 1eu - Yes 139 | W’ mass 6.0 TeV 1906.05609
No direct evidence for NP ®  SSMW — v 17 ~ Yes 139 | W’mass 5.0 TeV ATLAS-CONF-2021-025
S SSMW’ - tb - >1b,>1J - 139 | W’ mass 4.4 TeV . ATLAS-CONF-2021-043
. . ] HVT W’ — WZ model B 0-2eu 2j/1J  Yes 139 W’ mass 4.3 TeV &8y =3 2004.14636
desprte the many reasons forit ' © HWIwowzooremedelc 3en  2](VBF) Yes 139 | W mass 340 GeV Vevch=1,g =0 2207.03925
HVT Z/ - WW model B 1eu 2j/1J  Yes 139 Z’' mass 3.9TeV gv =3 2004.14636
LRSM Wgr — uNgr 2u 1J - 80 Wg mass 5.0 TeV gm(Ng) =0.5TeV, g, = gr 1904.12679
| presence of a mass gap? | 01 gaqs — 2 - w0 | - atsTev 1,
- Cl ttqq 2e,u — — 139 A o 358TeV 7, 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TeV & =1 2105.13847
Cl pubs 2p 1b - 139 | A 2.0 Tev g =1 2105.13847
Cl tttt >leu >1b>1] Yes 361 |A 2.57 TeV | Cacl = 4n 1811.02305
Axial-vector med. (Dirac DM) - 2] — 139 Mped 3.8 TeV Nig,=0.25, g, =1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4] Yes 139 Mimed 376 GeV ¥ g,=1, g.=1, m(y)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (DiracDM) O e, u 2b Yes 139 mgz/ 3.0 TeV & tanpB=1, g7=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 | ma 800 GeV artanp=1, g,=1, m(x)=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 2u >2 | Yes 139 | LQmass 1.7 TeV =1 2006.05872
Scalar LQ 3 gen 17 2b Yes 139 | LQj§ mass 40 TeV 8 B(LQY — br) =1 2303.01294
C  Scalar LQ 3 gen Oe,u  >2j,>2b  Yes 139 LC)%l mass 1.24 B(LQ; »tv) =1 2004.14060
~ Scalar LQ 3 gen >2e,u,21721j,>21b - 139 LQZ mass 1.48 TeV BLQY — tr) =1 2101.11582
Scalar LQ 3" gen Oe,u,>17 0-2j,2b Yes 139 LQ\,7 mass 1.26 & XB(LQS — bv) =1 2101.12527
. Vector LQ mix gen multi-channel >1j,>1b  Yes 139 LQi,7 mass ' 2.0TeV ".‘B( U, —» tu) =1, Y-M coupl. ATLAS-CONF-2022-052
| n d I reCt N P Searchesrp Vector LQ 3" gen 2e,u,T >1b Yes 139 L03 mass 1.96 TeV 'B(LQY — br) =1, Y-M coupl. 2303.01294
O VLQTT - Zt + X 2e/2u/>3e,u >1 b, >1] - 139 T mass ETeV : ‘SU(2) doublet 2210.15413
e g VLQ BB - Wt/Zb + X multi-channel 36.1 B mass ' W'sSU(2) doublet 1808.02343
* O VLQ T53Ts3|Ts3 > WEt+ X 2(SS)/>3 e >1b,21]  Yes 36.1 Ts/3 mass 54 TeV BB(Ts3 > Wit)=1, c(Ts;3Wit)=1 1807.11883
S E VLQT - Ht/Zt 1e,u 21b,>3] Yes 139 | T mass 1.8 TeV #SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
O VLQY - Wh leu 21b>1j Yes 361 |Ymass 85 TeV B(Y — Wh)=1, cr(Wh)= 1 1812.07343
> VLQ B — Hb Oeu >2b,>1j,>1J - 139 B mass 2.0 TeV #iSU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 —» Z7/Ht multi-channel  >1] Yes 139 7/ mass 898 GeV 1SU(2) doublet 2303.05441
go] Excited quark g* — qg - 2] - 139 q* mass 6.7 TeV Fonly u” and d*, A = m(q") 1910.08447
§<> § Excited quark ¢* — qy 1y 1] - 36.7 qQ* mass 5.3 TeV Sonly u* and d*, A = m(q*) 1709.10440
L & Excited quark b* — bg - 1b 1] — 139 b* mass 3.2 TeV 1910.08447
Excited lepton 7* 271 >2 ] - 139 T* mass 4.6 TeV A=46TeV 2303.09444
Type Il Seesaw 2,34 e, >2 ] Yes 139 N° mass 910 GeV ! 2202.02039
LRSM Majorana v 2u 2j - 36.1 Nr mass 3.2 TeV Em(Wr) =4.1TeV, gL = gr 1809.11105
@  Higgstriplet H** - W*W=* 234 e,u (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
< Higgs triplet H** — ¢¢ 2,34 e,u(SS) - = 139 H** mass 1.08 Te\d LDY production 2211.07505
o Multi-charged particles - - - 139 multi-charged particle mass 159 TeV 4 DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass : 2.37 TeV .DY production, |g| = 1gp, spin 1/2 1905.10130
Vs =13 TeV Vs =13 TeV L1 | 1 . -
partial data full data 1071

1 TeV 10 TeV Mass scale [TeV]



A new precision era
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HL-LHC TECHNICAL EQUIPMENT:

Marginal increase in energy, but (~ 20 X more luminosity!




Effective Field Theories (EFT): bottom-up

E = Energy
EFTs are great for parametrizing the unknown:
B Can be formulated ‘without knowing the full theory
Unknown
(vast landscape ) B Systematically improvable by adding extra terms in a
New-physics double expansion in quantum corrections and E/A
A e
scale
Lgrr () = £ 4=s(ny) / UV physics
Lan + | EF .
0 o0 an
T Z Z Z (1672)¢ An—4 Op e (1)
M —lectroweak (=0 n=5 k
I T TTITTE
scale
L1EFT




Effective Field Theories (EFT): bottom-up

E

—nergy

Unknown
( vast landscape )

New-physics
scale
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EFTs are great for parametrizing the unknown:

B Can be formulated ‘without knowing the full theory

B Sys
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They give an indication on new-physics scales where
a new fundamental theory has to be formulated

For exam

LEFT

ple,

| Fermi Theory |

— Electroweak scale — Standard Model (SM)




Effective Field Theories (EFT): top-down

E

—nergy

LNP

matching

New-physics
scale

—lectroweak
scale

Given a specific new-physics idea:

B Many models share the same EFT, providing a
universal framework to connect models with data

B Precision necessitates EFTs : summation of ( large )

ogarithms of E/A arising

rTom guantum corrections

The step to build an EFT from a model is called matching

—p extremely repetitive and time-consuming task

Entire journal publication

s for the (one-loop)

matching of simple NP models




The EFT approach: The rise of automation

Wim Klein, CERN “human computer”




The EFT approach: The rise of automation

CERN first electronic computer

The (SM)EFT software project:

Upgrading from “human computers” to computers




The EFT approach: The rise of automation

—nergy

New model(s) a
{

A | s matching s .
SMEFT likelihood ( smelli )

Allwicher et al. ‘22

RG Aebischer et al. '18 |
»CSMEFT running flavio
l Straub ‘16
G MEFi
My, | s matching s [:Eifit M E F | T
| De Blas et al. ‘19 Fitmaker Giani et al. 23
L RG |
LEFT running Ellis et al ‘20

i
i
. Observables + others ( see, e.g., Gonzalez-Alonso et al. )




The EFT approach: The rise of automation

“nergy Exploit complementary information in high- and low-energy probes:

== [or this, RG running and SMEFT-LEFT matching are crucial !
New model(s)

A | s matching s

SATLAS

EXPERIMENT

RG
running

l

My, | s matching s

|
1 Belle I |
BESTH

»CSMEFT




The EFT approach: The rise of automation

—nergy

New model(s)

/A | s matching

I S =¥
1\ i
|

AU

\‘|

RG
running

l
|

RG
running

I

»CSMEFT

JFM et al. '17 & '21
My, | s matching

k4 wilson

Aebischer et al. '18

L1EFT

Observables

Building from “human computed”
one-loop results:

SMEFT running: Jenkins et al. '13, '14;
Alonso et al. '14

LEFT basis: Jenkins et al. '18

SMEFT-LEFT matching: Dekens, Stoffer '19

LEFT running: Jenkins et al. '18

Very ‘recent developments in the LEFT:

LEFT 2-loop RGEs:

Aebischer, Morell, Pesut, Virto, 2501.08384
Naterop, Stoffer, 2412.13251, 2507.08926



https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2501.08384
https://arxiv.org/abs/2412.13251
https://arxiv.org/abs/2507.08926

The EFT approach: The rise of automation

—nergy
e medets \ FIATCAETE | \\\ Automated one-loop RG
and matching calculations
matchmakereft JFM et al. ‘23 for many models
“‘ Carmona et al. '22

, funning

M Na :
w | B matching s : UV-SMEFT
.: dictionaries

RG
' running

1 |
1 "
' [}

»CLEFT Guedes et al. '23

 }

Observables * ¢

L 4



https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2303.16965

Going beyond the state-of-the-art

—nergy Multiple mass scales

~_

New model(s)

/A | s matching Present limitations & ongoing efforts

Full automation only for simpler scenarios ( no heavy vectors yet! )

r r (d<6) | L
EFT # SMEFT Implementation of many observables at one loop Is still needed

/ Multiple efforts to extend this program beyond dimension 6

Higher-order terms in E/A (Automated) inclusion of (higher-loop orders in RG and matching

New light states RG calculations has recently started

running

Observables




EFT matching (and running)

The path-integral approach in a nutshell



Diagrammatic matching: off-shell and on-shell

Amplitude matching

(with Feynman diagrams)

4 <M
Zyy (Mg, ) —— {AUV(Pz')}

w/ IR regulator

Equate to derive {c;}

ZLerr (N1) {AEFT(pz)}

Figure from Cohen, Lu, Zhang, 2011.02484

w/ IR regulator

\/ Traditional, well-established procedure

Requires a priori knowledge of the EF

Lagrangian

— Off-shell amplitudes: only 1P| diagrams but
EFT Lagrangian contains many operators
( off-shell d-dimensional Lagrangian )

— On-shell matching: only need to know on-shell
EFT Lagrangian but, a priori, more complicated
calculations. See Chala et al., 2411.12/98 for a

numerical approach using rational kinematics

Breaks gauge invariance in intermediate steps



https://arxiv.org/abs/2011.02484
https://arxiv.org/abs/2411.12798

Simplified diagrammatic matching: method of regions

We can separate loop integrals in two regions ( for qz, m? << M?): haro (p2 ~ M?) & soft (p2 ~ m?)

Method of regions: Beneke, Smirnov '97, Jantzen “11

If only the hard part of the loop is considered, we get the EFT Lagrangian directly JFM, Portolés, Ruiz-Femenia, '16
/hang, '16



https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/1610.00710

The functional approach to EFT matching

Functional matching
(path-integral methods)

gUV (;/]H ) ;/]L)

Using Equations

/ of Motion (EOMSs)
\

I'ov 715 (mp) 1. ]

Method of regions

\4

ZLeer (17)

Based on the Wilsonian approach : split vibrating fields into fast

(1) and slow (7, ) vibrations and “integrate out” the fast ones

‘/ More systematic and efficient approach

‘/ The EFT Lagrangian comes out directly

/ Manifestly gauge invariant at every step

Final resu
( off-shell

ts need to be reduced to a basis

matching )

Wilson, 1965




A taste on functional matching
e Lagrangian: £y with fields 7 = (5 17;) and hierarchy my > m;

e Background field method: shift all fields # — 71 + 7

1 . background fields ( satisfy the quantum EOM ) Tree lines in Feynman graphs

7 : quantum fluctuations Loop lines in Feynman graphs

® Quantum effective action:

Goal: Evaluate the path integra

elluvlil — J In exp (l[ d9y ZLuvn + ﬁ)) (“integrate out” the quantum fluctuations )

and isolate the EFT contribution




A taste on functional matching

® Expanding the Lagrangian in 7:

gUV

0
Zyy( +n) = L) A

on,

}7:

7

1

N, +—=n,x)

2

5° Ly

57/]!9()6/) 5;/]a(x)

>

1p(x) + O(n°)




A taste on functional matching
® Expanding the Lagrangian in 7:

. w 6% 1 52F
Lovii+n) =L@ + ——| 5, + =1, — n,(x) + 6(7%)

g |t 27T sy () Sy(x)
n=n n=

>

® Tree-level: V) = ng(ﬁL, ﬁH(ﬁL))

EFT
— Substitute 77,7 by its EOM expanded in m[:,1 [ Simpler than computing Feynman graphs |
il
S 4

‘S ~ 'O

53UV . () . ‘s ”H O' .

Oy - e .,

= R4 ‘.
X 4 S




A taste on functional matching

® Expanding the Lagrangian in 7:

A

ZLyy( + 1) =ZLyvnp) 4

a

1

N, +—=n,x)

2

5° Ly

Onp(X7) 017,(X)

>

p(x") + O(n°)




A taste on functional matching

. . Q,p(x, X)
® Expanding the Lagrangian in #: -
0 1l
) n 0Z 1 5* Ly | .
Ly + 1) = ZFgyli) - My + = 1,(X) : n,(x") + O(n°)
o |2 () B |
n=n n=n
® Inverse quantum-field propagator:
Wilson line

/ [ parallel transport x < x']

D0, x") = Que(A(x), D+ DYrip(x), DY) U,y (x, x7) 8(x — x') o
D2---Dir U(x, x') = p,(G*",D'G*?, ...)

1 x=x’
l [ -¢'- [
/
A /\ A Kuzenko, McArthur, '03

JFM, Moreno, Palavri¢, Thomsen, 2412.12270 ﬂ



https://arxiv.org/abs/2412.12270

A taste on functional matching

® Expanding the Lagrangian in #:

A

ZLyy( + 1) =ZLyvnp) 4

® Inverse quantum-field propagator:

0,0, %) = Que((x), D1+ D fi(x), DX) U, (x, x") 5(x — X')

a

1

+—1,(X
7P 2na()

J Q (X, X')

|
5L yv

y(x") + O

Higher-loop orders

onp(x’) ong(x) |
H=n

Wilson line

—

[ parallel transport x < x']

D*...DM U(x, x') =p (G*,D’G"™, ...)

x=x'

Kuzenko, McArthur, 03

JFM, Moreno, Palavric, Thomsen, 2412.12270 d



https://arxiv.org/abs/2412.12270

A taste on functional matching

. _ J @ ,p(x, X7)
® Expanding the Lagrangian in #: o
0 11
) N o7 1 5L yv : 3
Zyy(n + 1) =Lyl - My + = 1,(X) : n,(x") +0(°)
a |, 2 onp(X’) ong(x) |
= n=i

Higher-loop orders
(see 2412.122/0 )

® 1-loop effective action:

! T [l — J Dn exp(ij n,(x) Q. (x,x) nb(x’)> — FS%, [#] = — iIn SDet G~1? = éSTr In @

Gaussian integration



https://arxiv.org/abs/2412.12270

How to evaluate supertraces [In O(x, x)].,.

.J _— ——
X, X

. l l , : / /
FS%, 7] = ESTrlnC@ = ia ,é(x —xX)[InQ(x,iDY) ], U, (x,x") 6(x — x')




How to evaluate supertraces [In O(x, x)].,.

! / i —_ i J o
Cov (7] = S olrn@==%* EJ O(x = x) [1n QCx, iDy) 1, Upa(X, X)) 0(x — i)/ '

X,X

x=x'

J [In Q(x, ilﬁ’;—k)]ab U, (x,x)
x,k




How to evaluate supertraces

[In @(x, x")],,
: , eik(x—x’)
1) ra L ¢ N y NP '
F%V (7] = Py STrin @ = + 5 ,é(x —x)[InQ(x,iD;) ], U, (x,x") 0(x —i)/
l A
= + EJ [In Q(x, iD’;—k)]ab U, (x,x)
x.k x=x'

i .
|

¢ N‘é

’ 1

1

N

k .
— - - -i Lol
k /\\ f




How to evaluate supertraces

[In Q(x, x')] .,
| | J eik(x—x’)
R l l / . / /
I (7] = > STrln @ = + EJ ,é(x —x)[In Q(x,iD*)1,, U, (x,x) 5(x —\x_)/ k
l n
= + EJ [In Q(x, iD’;—k)]ab U, (x,x)
x.k x=x'
3 - \“x —> I = - i /y
\~ % EET /\
’ k hard

The EFT action (to arbitrary EFT order) is obtained directly from the hard-momentum expansion: k = miy,

JFM, Portoles, Ruiz-Femenia, 1607.02142; Zhang 1610.00710



https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/1610.00710

\ FIATCHETE |\

To make your way through the BSM jungle



The Matchete package

W= NN is a Mathematica package aimed at fully automating EFT matching and running

of arbitrary weakly-coupled UV theories using functional methods

[ Defugfoﬁgpasuge) J_) Define fields [ Define couplings J First public version of Matchete
H ] [
§ \ l / B One-loop matching of any model with
= heavy scalars and/or fermions
( Write down Ly J

\ ) B Simple and intuitive input/output

4 %
1) func. derivatives, :
£ EOMs CDE, STr B Automated handling of group theory
5

Tree-level lified: Field redef: 1-1 lified: : - : :

= { ety ,‘28‘?'"'" o ] L e ”T(S{')"p' 'e B Automated simplifications to EFT basis
o EFT g EFT
: ¢ ‘/:‘/,. - Linear simplifications ( IBP, group theory,... )
(@) . ’ . . . ' '
5 Full, unsimplified: p G [ Full. simplified: Not including Fierz ( evanescent contributions )
< Leer Simplifications Lerr

. J

- Field redefinitions/EOMs
JFM, Konig, Pages, Thomsen, Wilsch, 2212.04510



https://arxiv.org/abs/2212.04510

Example: neutral triple-gauge interactions

New physics in Z(v, Z)(v*, Z7)?
LHC limits from NTGCs

7t AL T A 2
Vv -
! a R .
3. Zi ol &
Y E B O
H > Cl :'," §
T e !l
Ly g 151 /s
= Fa
Vi S | i
_ Ny
Ly i
T Ty [ ;';' . Run2
A H Oj ,;; | —— HL-LHC
l .'L 1 1 1 1 ‘ 1 1 1 1 1 1 ‘
. 0 200 400 600 800 1000
A(GeV)

- L)iagran1 and plot frorn [240204306]

22 BSM models with dimension-8 SMEFT contributions to NTG analyzed using

Matchete by Cepedello, Esser, Hirsch, and Sanz [2402.04306]




New Matchete workflow

f N

[ o J >(__ Dene et | Define couplngs | v0.1 — v0.4 changes:
S
: \ /
T B Automated handling of evanescent operators
Write down L, J
s . JFM, Kdnig, Pages, Thomsen, Wilsch, 2212.04510
EOM func. deri\{atives,
hard-region cov. STr B Theoretically-cleaner evaluation procedure
[Tree_'eve'jg?imp“ﬁed:J hield fe~d.e s [ t-loop, ”T(S{Tp"f'ed J Covariant Derivative Expansion == Wilson lines
¢ "\ . B More robust and considerably faster

Full, unsimplified: ‘o L’ Full, simplified:
EFT EFT

% proj.

The community has been of great help bringing issues to our attention!

Tree-level, evanescent: _
[ £1c© tJ phys. proj. B Other new features:
Tree-level, physical: , , ,
[ £50 _ ;[}gﬁ] ] Rematchinlg \ - Heavy-particle flavor indices,
the ev. Piek Full, phys. scheme: . ,
[ LS. } - Mapping to predefined EFT bases

Automated matching and running

- Partial documentation...

O vO0.4 (current)



https://arxiv.org/abs/2212.04510

Work in progress and future plans

Input

Automated matching and running

[ Define (gauge) Define fields Define couplings J
groups
f sym break.
[ Broken phase £UV Write down EUV
— V.
~ \
func. derivatives,
hard-region cov. STr
Tree-level, un5|mpl|f|ed Field redefs. 1-loop, unsimplified:
/(0) T . ’(1)
Leer Re N Legr
« N
Full, unsimplified: ‘o L’ > Full, simplified:
Leer Simplifications (d # 4) Leer
%proj.
Tree-level, evanescent: 1 _
g[ﬁég)T phys. proj.
Tree-level, physical: |
£§F(TO) = P[EEFT] Rematchin\ Y
the ev. pieces Full, phys. scheme:
S
/ EEFT
[ RG %ncuons; J poles from hard-
=FT region cov. STr
O vO0.4 (current) i Y
O V0.5 (soon) (¢ fard f Standard f
O v? (future) [ tandard tormat output] ( tanaard tormat outputj

Coming next

m Interface with other EFT tools

Automated one-loop f functions

Symmetry breaking and heavy vectors

-ooft-Veltman scheme for ¥
JFM, Moreno-Sanchez, Thomsen 2507.19589 + w.i.p

= Thermal Field Theory

JFM, Lopez-Miras, Moreno-Sanchez, w.i.p

Longer term

B RG and matching beyond one loop

— 2-loop RG in the SMEFT
Born, JFM, Kvedaraite, Thomsen, 2410.0/320

Born, JFM, Thomsen, w.l.p



https://arxiv.org/abs/2410.07320
https://arxiv.org/abs/2507.19589

Work in progress and future plans

[ Define (gauge) Define fields Define couplings J
groups
o)
-
Q.
f sym break.
[ Broken phase LUV Write down EUV
— V.
~ \
func. derivatives,
hard-region cov. STr
Tree-level, un5|mpI|f|ed Field redefs. 1-loop, unsimplified:
/(0) """ ’(1)
Legr " *\ Legr
£ : ‘./
.E ¢ “/l.
g / . ’
= Full, unsimplified: ‘o Lo’ > Full, simplified:
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Coming next

m Interface with other EFT tools

Automated one-loop f functions

See talk by

Symmetry breaking and heavy vectors Ferrando

-ooft-Veltman scheme for ¥
JFM, Moreno-Sanchez, Thomsen 250/7.19589

See talks by
Fiore, Dashko, Gil,

= Thermal Field Theory 4 Hill
and Hi

JFM, Lopez-Miras, Moreno-Sanchez, w.i.p

Longer term

See talk by

B RG and matching beyond one loop Lopez-Miras

— 2-loop RG in the SMEFT
Born, JFM, Kvedaraite, Thomsen, 2410.0/320

Born, JFM, Thomsen, w.l.p



https://arxiv.org/abs/2410.07320
https://arxiv.org/abs/2507.19589

Two-loop RGEs in the bosonic SMEFT

We have implemented functional methods at 2-loops into a custom version ( still private ) of GZaY Ko 77 NN

First application: 2-loop RGEs in the bosonic SMEFT:

Z bSMEFT —

4 S| #
+D,H'D'H + yu”H'H —
+ Lo+ Lo + L

— lBﬂVB — lWI””WI - lGA,qu/jl
U 4 U

Y|
—(H"H)?
2( )

_|_

Born, JFM, Kvedaraite, Thomsen, 2410.0/320

X2H?

Cup H'H B* By,
Cuw | HTHW!Ww WL,
Cnc | H'HGA™ G4,
C, 5 H'HB" B,
C,w | HIHHWIWWIL
C,s | HIHGAWGY,
Cuws | (H'o'H)B*™ W,
Cuws (H'o'H) B W/{v

X3
Cw | fI/K W,{ v W,,J p W/f{ p
Co fABCGﬁlqupGgu
O FIIK ﬁ;; v W,;] p ng p
C FABC éf vGgBr GS p

H*D? and H
o (H'H)®
Cuo (H'H)O (HTH)
Cup | (H'D,H)" (H'D+H)



https://arxiv.org/abs/2410.07320

Some results in the bosonic SMEFT at NLL

Jc. A Ao

l

— - + ...
dinuy ~ (1672)  (1672)

O 5 20 5 45 299 41
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=<27g§ 5 8y8&1 3 /185>CH
(1) 12,14242c 520
Chg ( a EgY B gL) HL BgY HD +(32813/8L 6881/813, - 96/18Y8L)CHWB

Enlarged mixing: Most operators mix at NLL +2881%gl%CHW T 268%82CW




Some results in the bosonic SMEFT at NLL

dcC, A Ao

- -+ + ...
dinuy ~ (1672)  (1672)

C,; does not mix into any other bosonic SMEFT operator, even at two loops

B Already anticipated using amplitude methods Bern, Parra-Martinez, Sawyer, 2005.12917

B Thisis no longer the case in the complete SMEFT, e.qg.
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https://arxiv.org/abs/2005.12917

Two-loop SMEFT RGEs: new challenges with fermions

Born, JFM, Thomsen, coming soon

® Impact of evanescence-free scheme into f functions

® Treatment of subdivergences:  R™ operation in presence of fermions and evanescent operators

Global renormalization: Substract subdivergence adding

all one-loop counterterms ( cumbersome )

>‘W"‘< Local renormalization: Substract subdivergence directly
at the graph level ( R* operation )

e Naive treatment of s is challenging ( ambiguous diagrams / reading points )




Summary and outlook

B The EFT program has entered an , considerably simplifying phenomenology

:9 The dream of fully automating (heavy) BSM studies is becoming a reality

B Huge progress in the recent years ( better precision and more breadth )

— UV-to-EFT matching is reaching NLO precision ( key differences with LO results )

— 2-loop LEFT RGEs are know; 2-loop SMEFT RGEs are coming soon!

— More and more observables in global fits; including direct efforts from experimental collaborations!

B Functional methods play a crucial role in EFT matching and running calculations, especially when
combined with computer tools




Thank you

BSM phenomenology is about to become easy!

\ FIATCAETE |\

http://matchete.qitlab.io/



http://matchete.gitlab.io/

JFM, Palavri¢, Thomsen, 2311.13630
JFM, Moreno, Palavri¢, Thomsen, 2412.12270

Going beyond one loop

A . 1 1 1
Fuvinl = Syylil =1 hIJ'@'? CXPp [l (5 mQpymy + EXl Nk 7 g+ a0 M ? g+ - )]

5Ly _ 8Py
7 7 k1 = 51,61, 51 S
57’]157/]157’][{ ;7[ ;/]J ﬂK ;/]L
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>
=
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<>

ade

N.B.: 7k = Z VI () PEPE U(X, y) gy U(X, 2) o0 8(x — y)5(x — 2)


https://arxiv.org/abs/2311.13630
https://arxiv.org/abs/2412.12270

JFM, Palavri¢, Thomsen, 2311.13630
JFM, Moreno, Palavri¢, Thomsen, 2412.12270

Going beyond one loop

A o ] 1 1
Fuvlinl = dyvln] =1 IHJQW CXP |! (5 mQpymy + EXl Mg ? yx + I gL ? e+ -- )

., ih” (1) h* ~1 -1 -1 - 1 3
= Syvlnl + TSTY In@ + 7@11 s 1 7 11k Qu, QuQxn 7 Lun — ?@IJ 7 11k Qg + O(1°)

= Suvlill + 3 logy | 4+ —---d— = L 4+ O(RY)

Tree level One loop K Two loops
Every two-loop contribution is included here!
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JFM, Palavri¢, Thomsen, 2311.13630
JFM, Moreno, Palavri¢, Thomsen, 2412.12270

Two-loop functional evaluation
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JFM, Palavri¢, Thomsen, 2311.13630
JFM, Moreno, Palavri¢, Thomsen, 2412.12270

Two-loop functional evaluation

- N

4 \
How to evaluate ¢ - - ~ ?
\

X
Y 4
L 4
S Y 4
8 4
R . . . . O . I O = . -
¢ ’ S
¢ ’ S
’ L
' :/.

Every (non-factorizable) two-loop contribution is included here!
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JFM, Palavri¢, Thomsen, 2311.13630
JFM, Moreno, Palavri¢, Thomsen, 2412.12270

Two-loop functional evaluation

4 \
How to evaluate ¢ - - ~ ?
\ -

4
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Gg = [ [ Vope®) Q0" iDy +k + 1) Vo 0|05 (x, iD,— k) Uy, (x, X)| |0 (x, iD= DU, . (x, X))

Valid to all orders in the EFT expansion!
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75 schemes in dimensional regularization

e Naive Dimensional Regularization (NDR) scheme:

b — 2 Vi 9 — (), 2 — I .
W uh = 26 T s) & ry Py Ty 'y ys| = 4i(4 — d) e
tr [}/,u}/yypya}/S] d_—>4) o 418/41/,00 tr []/p}/a}/a}/ﬂ}/y}/S}/a] = — 41(4 — d) ghvpo

® Breitenlohner-Maison-'t Hooft-Veltman (BMHV) scheme:

4 dim d — 4 dim

N7 : _
T =Yg TV var' =0 (v, 7"} =0
i 1 7 N 2 1 —
Ys = — = EussV VY'Y’ ye=1 [75, 741 =0

41



Two-loop SMEFT RGEs: reading-point ambiguities in NDR

Start at dimension-six operator “Unclear” prescription

A

Unambiguous in the “open basis” ( Fierz + evanescent )




