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Direct searches for new physics

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass
Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass
Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass
2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass
SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass
HVT W ′ →WZ → ℓν ℓ′ℓ′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass
HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass
Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu

3 → bτ) = 1 2108.076651.2 TeVLQu
3

mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass
VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass
VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass
VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass
Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass
Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass
Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*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).

New physics looks to be
weakly interacting or heavy !

Base assumption when using of SMEFT
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SM effective field theory

High-energy BSM physics manifests as contact interactions in the SMEFT

LSMEFT = LSM +
∑
d=5

∑
k

Cd,k
Λd−4

Od,k

UV Physics

Bottom–up:

– EFTs allow for a model-comprehensive
(“model-independent”) analysis of deviations from the SM,
quantifying possible deviations as an expansion in E/Λ

Top–down:

– Precision calculations necessitates the use of EFTs to separate
the large BSM energy scales

– Many BSM models results in the same EFT, ensuring that
computation are reusable : you only need to compute once in
the EFT
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SMEFT as a double expansion

LSMEFT(φ) = LSM(φ) +

∞∑
d=5

∞∑
`=0

∑
k

C
(`)
d,k

(16π2)` Λd−4
O(`)
d,k(φ)

double expansion

NLO

Loop
ord.

EFT ord.

0

1

2

6 8 10

3× 103 ops. 4× 104 ops. 2× 106 ops.

Here be dragons!
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The importance of RG running
The dimension-six operators change with the renormalization scale:

dCi
d lnµ

= γi jCj

γi j is non-diagonal (operator mixing): leading effects, not only precision

C33Hu

Z/W/h couplings to tR

Hard to access at LHC

RG

C(×)HD

EWPO: ∆mW , A
FB

b , . . .

Constrained by LEP

See talk by Dominik Babal, ttW j search

|C33
Hu | <

1

(3 TeV)2
Allwicher et al. [2311.00020]
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EFT workflow
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SMEFT

LEFT
R
G

R
G

R
G

Obse
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es

New
model Current status:

Automated RG flow @ 1-loop

Automated UV matching @ 1-loop

Automated SMEFT likelihoods

Calculation of observables @ 1-loop order

Calculation of LEFT β-functions @ 2-loop
order

New : calculation of SMEFT β-functions
@ 2-loop order
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EFT workflow
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Why we should go beyond one-loop order:

Restoration of scheme invariance

New effects at 2-loop order

O
WWW̃

⊆

Das Bakshi et al. [2103.15861]

Surprisingly large 2-loop effects

Ardu, Davidson [2103.07212]; Allwicher et al. [2302.11584]

We (might) learn something new about QFT
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Functional master formula

An application of functional methods at multi-loop order
Born, Fuentes-Mart́ın, Kvedaraitė, Moreno-Sánchez, Palavrić, AET [2311.13630], [2412.12270], [2412.12270]

δŜ(2) =
1

8
KR̄∗T

[
V̂(0)
IJKLQ̂

−1
IJ Q̂

−1
KL

]
− 1

12
KR̄∗T

[
V̂(0)
IJKQ̂

−1
IL Q̂

−1
JMQ̂

−1
KN V̂

(0)
LMN

]

Master recipe:

i) Construct gauge-invariant graphs w/ full background field dependence

ii) Expand in the hard loop-momentum region

iii) Subtract subdivergences w/ a local version of R∗-operation Herzog, Ruijl [1703.03776]

iv) Evaluate tadpole loop diagrams

R̄∗

P1

P2

P3

V1 V2 = +
∆

+
∆

+

∆∆∆
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γ5-ambiguities and the limits of NDR
NDR assumptions: (d = 4− 2ε)

{γµ, γν} = 2gµν , {γµ, γ5} = 0, γ2
5 = 1,

Tr
[
γµγνγργσγ5

]
−−→
ε→0
−4iεµνρσ.

Reading point ambiguity/loss of cyclicity (for γ5-odd traces):

Tr
[
γαγµγνγργσγ

αγ5

]
= 4(4 + 2ε)iεµνρσ

−Tr
[
γαγαγµγνγργσγ5

]
= 4(4−2ε)iεµνρσ  

Operator class Problematic diagrams Affected β-functions

Reading point at the dimension-six vertex

Scalar ψ4 — —

Vector ψ4 — —

ψ2H2D — —

ψ2H3 1 CP-odd X2H2

ψ2XH 11 ψ2XH, CP-odd X2H2, and CP-odd X3

Averaging over vertex reading points

Scalar ψ4 1 CP-odd X2H2

ψ2XH 1 ψ2XH

H2X2 1 ψ2H3

X3 and H4D2 — —

Weinberg operator — —
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Tr
[
γαγµγνγργσγ

αγ5

]
= 4(4 + 2ε)iεµνρσ

−Tr
[
γαγαγµγνγργσγ5

]
= 4(4−2ε)iεµνρσ  

Operator class Problematic diagrams Affected β-functions

Reading point at the dimension-six vertex

Scalar ψ4 — —

Vector ψ4 — —

ψ2H2D — —

ψ2H3 1 CP-odd X2H2

ψ2XH 11 ψ2XH, CP-odd X2H2, and CP-odd X3

Averaging over vertex reading points

Scalar ψ4 1 CP-odd X2H2

ψ2XH 1 ψ2XH

H2X2 1 ψ2H3

X3 and H4D2 — —

Weinberg operator — —
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Example: how some ambiguities can resolved

The reading-point for almost all four-fermion operators can be
verified through Fierzing to another operator basis

Strategy devised for the LEFT: Buras et al. [hep-ph/9211304]; Aebischer et al. [2501.08384]

(
eγµe

)(
dγµd

)

←→

(
eγµd

)(
dγµe

)

Fierzing tensor-current operators involves an ambiguous evanescent contribution
causing the trick to fail: we abandon the Warsaw basis
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https://arxiv.org/abs/hep-ph/9211304
https://arxiv.org/abs/2501.08384


Example: how some ambiguities can resolved

The reading-point for almost all four-fermion operators can be
verified through Fierzing to another operator basis

Strategy devised for the LEFT: Buras et al. [hep-ph/9211304]; Aebischer et al. [2501.08384]

(
eγµe

)(
dγµd

)

←→

(
eγµd

)(
dγµe

)

Fierzing tensor-current operators involves an ambiguous evanescent contribution
causing the trick to fail: we abandon the Warsaw basis

Anders Eller Thomsen (U. Bern) 2-loop SMEFT RGEs La Thuile 2026 8

https://arxiv.org/abs/hep-ph/9211304
https://arxiv.org/abs/2501.08384


The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Avoiding uncontrolled γ5 traces from tensor currents:

Q
(3)
`equ =

(
¯̀
iσµνe

)
εi j
(
q̄jσ

µνu
)
−→ O`uqe =

(
¯̀
iu
)
εi j
(
q̄je
)
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Simplify group algebra:

(tA)i j(t
A)k ` = 1

2δ
i
`δ
k
j − 1

2N δ
i
jδ
k
`
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Remove derivatives acting on multiple fields

Q�H =
(
H†H

)
�
(
H†H

)
−→ O(‖)

HD =
(
H†H

)(
DµH

†DµH
)
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Canonical gauge coupling normalization:

Xµν −→ gXXµν
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Fully automated counterterm calculation
Private version

of

Mathematica, single core

Born, Fuentes-Mart́ın, Kvedaraitė, AET [2410.07320]

Result agrees with de Vries et al. [1907.04923]
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Computation
Input Lagrangian

Xi1 i2
Vi1 i2 i3

, Vi1 i2 i3 i4

One-loop counterterms

in Bd basis: δ
(1)

d̄P̄λi

Two-loop counterterms

in Bd basis: δ
(2)

d̄P̄λi

Physical
counterterms:

P
(
δ

(1)

d̄P̄λiO
i )

Evanescent
counterterms:

E
(
δ

(1)

d̄P̄λiO
i )

Physical
counterterms:

P
(
δ

(2)

d̄P̄λiO
i )

Evanescent
counterterms:

E
(
δ

(2)

d̄P̄λiO
i )R∗-shifts

Physical counterterm Lagrangian
in an off-shell BP basis:

δP̄ g
(2)
a Qa

Inserting evanescent oper-
ators into one-loop graphs

Evanescent shifts to the
Pf -scheme β-functions

Field redefinitions to go on-shellField redefinitions to go on-shell

Finitely-compensated, physical,

on-shell β-functions: β
(1)
P̄f

Finitely-compensated, physical,

on-shell β-functions: β
(2)
P̄f

∼
6

0
h

o
u

rs
@

1
core
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(2)
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0
h

o
u

rs
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1
core

lnµ

E
v
.

co
u

p
li

n
gs

Phys.
couplin

gs

ga

η α
=

0 Pf -scheme

t

ga
+ β

P̄,a
dt

β
P̄
,α

d
t

η α
=

0

Pf -scheme

ga
+ β

Pf,
a
dt

t+ dt

P̄-scheme
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Results: pdf
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Results: interactive notebook
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Summary and outlook

The 2-loop SMEFT RGEs are needed for consistent NLO phenomenology

B-violating sector results by Banik et al. [2510.08682]

Results can be adapted to the Warsaw basis at the price of an extra ambiguity

Remaining ambiguities (such as they are) would have to be resolved in the
BMHV scheme: we hope to integrate the code with a BMHV-scheme
implementation
w/ Adrian Moreno-Sánchez

Thank you!
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