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Direct searches for new physics

Model ℓ, γ Jets† Emiss
T

∫
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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 for use of SMEFT
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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

Anders Eller Thomsen (U. Bern) Automating matching LHCP24 2
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Top–down EFT workflow

E

Matching

Matching

NP

SMEFT

LEFT

R
G

R
G

R
G

Jenkins, Manohar, Trott [1308.2627]

Jenkins, Manohar, Trott [1310.4838]

Alonso et al. [1312.2014]

Jenkins, Manohar, Stoffer [1709.04486]

Dekens, Stoffer [1908.05295]

Jenkins, Manohar, Stoffer [1711.05270]

Observables

New model

The repetitive nature of EFT computations call for automated tools!
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Included in codes
wilson and DsixTools

Aebischer, Kumar, Straub [1804.05033]

Cellis et al. [1704.04504]

Fuentes-Mart́ın et al. [2010.16341]

The repetitive nature of EFT computations call for automated tools!
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Alonso et al. [1312.2014]

Jenkins, Manohar, Stoffer [1709.04486]

Dekens, Stoffer [1908.05295]

Jenkins, Manohar, Stoffer [1711.05270]

Included in codes
wilson and DsixTools

Aebischer, Kumar, Straub [1804.05033]

Cellis et al. [1704.04504]

Fuentes-Mart́ın et al. [2010.16341]

Carmona et al. [2112.10787];
Fuentes-Mart́ın, König, Pagès, AET,
Wilsch [2212.04510]

The repetitive nature of EFT computations call for automated tools!
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Matching weakly coupled theories

E

Matching

Matching

NP

SMEFT

LEFT

R
G

R
G

R
G

LEFT should reproduce the physics of LUV at energies E � Λ:

LUV(Φ, φ) LEFT(φ)

Matching

LEFT(φ) = Ld=4(φ) +

∞∑
d=5

∞∑
`=0

∑
k

C
(`)
d,k

(16π2)` Λd−4
O(`)
d,k(φ)

double expansion

Hard-region matching formula

SEFT[φ] = ΓUV[Φ̂, φ]
∣∣
hard

,
δΓUV|hard

δΦ
[Φ̂, φ] = 0

“hard” denotes the part without any soft loop momenta (it includes all tree-level contributions)

Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]; Fuentes-Martin, Palavrić, AET [2311.13630]

Anders Eller Thomsen (U. Bern) Automating matching LHCP24 4
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(Tree level only)

LEFT(φ) = Ld=4(φ) +

∞∑
d=5

∞∑
`=0

∑
k

C
(`)
d,k

(16π2)` Λd−4
O(`)
d,k(φ)

double expansion

Hard-region matching formula

SEFT[φ] = ΓUV[Φ̂, φ]
∣∣
hard

,
δΓUV|hard

δΦ
[Φ̂, φ] = 0

“hard” denotes the part without any soft loop momenta (it includes all tree-level contributions)

Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]; Fuentes-Martin, Palavrić, AET [2311.13630]
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Functional
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Anders Eller Thomsen (U. Bern) Automating matching LHCP24 4

https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/1610.00710
https://arxiv.org/abs/2311.13630


Separation of scales

Mixed (heavy–light) loop example:

Γ(1)UV ⊃
k

soft: k2 � Λ2

⊂
∫

[Dφ]e iS
(0)
EFT

hard: k2 & Λ2

⊂S(1)
EFT

Γ(1)

UV

∣∣
soft

: long-distance contributions included in 1-loop matrix elements of
tree-level EFT operators

Γ(1)

UV

∣∣
soft

= Γ(1)

EFT

Γ(1)

UV

∣∣
hard

: short-distance contributions going into the EFT operators
Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]

Γ(1)

UV
|hard = S(1)

EFT
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Separation of scales

Mixed (heavy–light) loop example:

Γ(1)UV ⊃
k

soft: k2 � Λ2

⊂
∫

[Dφ]e iS
(0)
EFT

hard: k2 & Λ2

⊂S(1)
EFT

Γ(1)

UV

∣∣
soft

: long-distance contributions included in 1-loop matrix elements of
tree-level EFT operators

Γ(1)

UV

∣∣
soft

= Γ(1)

EFT

Γ(1)

UV

∣∣
hard

: short-distance contributions going into the EFT operators
Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]

Γ(1)

UV
|hard = S(1)

EFT
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One-loop functional matching

The functional trace captures all one-loop matching contributions:

Master formula from path integral manipulation:

δ2S

δη(x) δη(y)
=
[
∆(Px)

P 2
x −m2 with bkg. fields

−X(x, Px)
]
δ(x, y)

L(1)
EFT =

[ ∫
k

log ∆(k + Px)U(x, y)−
∞∑
n=1

1

n

∫
k

[
X(x, k + Px) ∆−1(k + Px)

]n
U(x, y)

]
y=x
hard

Evaluation through repeated expansions—no diagrams needed!
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Covariant variations by
Fuentes-Mart́ın et al. [1607.02142];

Cohen et al. [2011.02484];
Fuentes-Mart́ın, König, Pagès, AET,

Wilsch [2012.08506];
Fuentes-Martin, Palavrić, Sánchez,

AET: WIP

https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/2011.02484
https://arxiv.org/abs/2012.08506


Matchete: a general matching tool
In
p
u
t

A
u
to
m
a
te
d
m
a
tc
h
in
g

Define (gauge)
groups

Define fields Define couplings

Write down LUV

Tree-level, unsimplified:

L′(0)EFT

1-loop, unsimplified:

L′(1)EFT

EOMs
func. derivatives,

CDE, STr

Full, unsimplified:

L′EFT
Full, simplified:

LEFTSimplifications

Field redefs.

Fuentes-Mart́ın, König, Pagès, AET, Wilsch [2212.04510]

Matchete v0.2 is a
Mathematica package

1-loop matching of any
model with heavy
scalars/fermions

Simple and intuitive
input/output

Fully automated
simplification to EFT basis*

Handles all group theory

Matchete is general : it is not restricted to SMEFT nor to dimension 6
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Example: SM + Vector-like lepton
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Example: SM + Vector-like lepton

QprHe = (H†i
←→
DµH)(ēpγ

µer )
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Example: SM + Vector-like lepton
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Example: neutral triple gauge interactions

New physics in Z(γ,Z)(γ∗, Z∗)?

Vµ

Vα

Vβ

LH

LH

EH

EH

EH

H

H†

M
od

el
 Q

Q
5

M
od

el
 D

S1

LHC limits from NTGCs

Run2 
HL-LHC

∗Diagram and plot from [2402.04306]

22 BSM models with dimension-8 SMEFT contributions to NTG analyzed using
Matchete by Cepedello, Esser, Hirsch, and Sanz [2402.04306]
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Matchete: WIP and future plans
In
p
u
t

A
u
to
m
a
te
d
m
a
tc
h
in
g
a
n
d
ru
n
n
in
g

Define (gauge)
groups

Define fields Define couplings

Write down LUVBroken phase LUV
sym. break.

Tree-level, unsimplified:

L′(0)EFT

1-loop, unsimplified:

L′(1)EFT

EOMs
func. derivatives,

CDE, STr

Full, unsimplified:

L′EFT
Full, simplified:

LEFTSimplifications

Field redefs.

Tree-level, physical:

LS(0)EFT = P[L(0)EFT]

Tree-level, evanescent:

E [L(0)EFT]

Full, phys. scheme:

LSEFT

ev. proj.
phys. proj.

phys. proj.

Rematching
the ev. pieces

RG functions:

βEFT

Standard format output Standard format output

poles from self-
matching the EFT

Fuentes-Mart́ın, König, Pagès, AET, Wilsch [2212.04510]

Handling of evanescent
contribution

Interface with EFT toolchain

1-loop RG calculations

SSB and heavy vectors
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Outlook

Matching and RG calculation is crucial EFT technology

Matchete is easy to use for matching up to 1-loop order

EFT tools allow for the exploration of interesting new phenomenology

New and exciting features underway!

https://gitlab.com/matchete/matchete
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Backup



SM implementation
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SM implementation

Practical implementations can simply load in the standard definition of the SM.
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