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Particle physics landscape

SM’s insufficient success.
Systematic theory
space coverage
towards larger masses
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Taking the SM to higher dimensions

dim-4

dim-6

SM

dim-8
SMEFT

NP1 NP2 NP3 · using established bricks
(fields and symmetries)

· extension organised by
relevance (dimension)

· including all deformations
(theory space coverage)
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Isolating subtle patterns of new physics

array of sensitive observables

· precise SM&EFT predictions

· precise measurements

→ correlate deviations
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Building LHC’s legacy

− Improved sensitivity (multidimensionally)

− Global picture (limited assumptions)

− Precise interpretation (better EFT predictions)

− Models’ connection (matching, charting)

− New understanding (on-shell techniques)
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SMEFT progresses



ML optimisation for SMEFT [CMS ’21]

tZ + X process in the three-lepton signal region
1. discriminate tt̄Z , tZj signals and backgrounds
2. train SM vs. (ctZ , ctW , c3

ϕq) from reweighted samples
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Beyond signal and background processes [CMS ’20, ’23]
[see also 4ℓ in ATLAS ’21]

· leptons+b’s+jets final state, pT bins, 178 data points
· contains tth, ttZ , ttW , tZq, tHq, diboson, etc.
· 26 top operator contributions from reweighting
· towards publication of 26D likelihood [Valsecchi LHCP23]

Charge misid. Misid. leptons Diboson Triboson Conv. tWZ Htt

lltt νltt qltl tHq tttt Total unc. Obs.
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ATLAS Higgs+diboson+EWPO combination [ATLAS ’22]
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· Higgs ’21 STXS combination
· diboson WW , WZ , 4ℓ, Zjj
· Z pole from LEP+SLC

· principal component analysis
removing flat directions

· fit results for 22 eigen-vectors
· lin results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


ATLAS+CMS top combination [Skopven RFI23]

· full likelihoods: · 4t (nℓ ATLAS), 4t (nℓ CMS),
· ttγ (1ℓ CMS), ttγ (2ℓ CMS),
· ttZ (nℓ ATLAS)

· 700+ bin, ∼20 processes
· 8 operators, lin & quad, also in tth and ttW
· uncorrelated systematics
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https://conference.ippp.dur.ac.uk/event/1178/contributions/6434/attachments/5022/6446/kskovpenSaveEFT.pdf
https://arxiv.org/abs/2106.11683
https://arxiv.org/abs/2305.13439
https://arxiv.org/abs/2107.01508
https://arxiv.org/abs/2201.07301
https://arxiv.org/abs/2103.12603
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


SMEFT at one loop [Degrande, GD, Maltoni, Mimasu, Vryonidou, Zhang ’20]

Better accuracy
and uncertainties
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... to be resolved with more
differential measurements
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https://arxiv.org/abs/2008.11743
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


Matching at one loop: the 2HDM [Das Bakshi, Dawson, Fontes, Homiller ’24]

Exact 2HDM (S,T,U )

SMEFT, 1-Loop
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Allowed

· EWPO constraints arising first at one-loop
mild impact so far; more important with new Z pole?

· more accurate large-tan β description
from Yukawa operators; probed with new Higgs measurements
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https://arxiv.org/abs/2401.12279
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


On-shell amplitude techniques
beside Hilbert series, field geometry, double copy, etc.



On-shell amplitudes

bypass unphysical fields, operators, Lagrangians
avoid gauge and field redefinition redundancies

e.g. graviton Feynman rules [De Witt ’67]

3 pt.

4 pt.

171 terms

2850 terms

vs.

vs.

(
[12]3/[23][31]

)2

[12]4⟨34⟩4/stu
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https://inspirehep.net/literature/51323
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


Analyticity and unitarity

loops cut into lower loops
+ rational terms

trees cut into smaller trees
+ contact terms

recursive construction from the simplest amplitudes
or more direct extraction of various quantities

· · · · · ·

· · · · · ·
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https://inspirehep.net/authors/1273362
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On-shell techniques for SMEFT

· operator enumeration
[Shadmi, Weiss ’18], [Ma, Shu, Xiao ’19], [Falkowski ’19], [GD, Machado ’19]

[Li, Ren, et al. ’20, ’20], [Harlander, Kempkens, Schaaf ’23]

· kinematics characterisation
[Aoude, Machado ’19], [GD, Kitahara, Shadmi, Weiss ’19], [GD et al. ’20]

[Balkin et al. ’21], [Dong, Ma, Shu, Zheng ’21, ’22], [De Angelis ’22]
[Bradshaw, Chang, Chen, Liu, Luty ’22, ’23], [Liu, Ma, Shadmi, Waterbury ’23]

· anomalous dimensions
[Cheung, Shen ’15], [Azatov et al. ’16], [Bern et al. ’19, ’20], [Jiang et al. ’20], [Elias Miró et al. ’20, ’21]

[Baratella et al. ’20, ’20, ’21][Accettulli Huber, De Angelis ’21], [Delle Rose et al. ’22], [Baratella ’22]
[Machado, Renner, Sutherland ’22], [Chala ’23]

· matching to UV theories [De Angelis, GD ’23]
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https://arxiv.org/abs/1809.09644
https://arxiv.org/abs/1902.06752
https://arxiv.org/abs/1912.07865
https://arxiv.org/abs/1912.08827
https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/2007.07899
https://arxiv.org/abs/2305.06832
https://arxiv.org/abs/1905.11433
https://arxiv.org/abs/1909.10551
https://arxiv.org/abs/2008.09652
https://arxiv.org/abs/2112.09688
https://arxiv.org/abs/2103.15837
https://arxiv.org/abs/2202.08350
https://arxiv.org/abs/2202.02681
https://arxiv.org/abs/2212.06215
https://arxiv.org/abs/2304.06063
https://arxiv.org/abs/2301.11349
https://arxiv.org/abs/1505.01844
https://arxiv.org/abs/1607.05236
https://arxiv.org/abs/1910.05831
https://arxiv.org/abs/2005.12917
https://arxiv.org/abs/2001.04481
https://arxiv.org/abs/2005.06983
https://arxiv.org/abs/2112.12131
https://arxiv.org/abs/2005.07129
https://arxiv.org/abs/2010.13809
https://arxiv.org/abs/2109.06191
https://arxiv.org/abs/2108.03669
https://arxiv.org/abs/2201.10572
https://arxiv.org/abs/2207.08831
https://arxiv.org/abs/2210.09316
https://arxiv.org/abs/2301.09995
https://arxiv.org/abs/2308.00035
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


Operator enumeration



Massless helicity spinors
[Mangano, Parke ’91]

[Dreiner, Haber, Martin ’08]
[Helvang, Huang ’13]

[Dixon ’13]
[Schwartz ’14]

[Cheung ’17]As square and angle brackets

ui+ =
(

0
i ]

)
, ui− =

(
i⟩
0

)
for massless particle i

Rewritting momenta

pi
µσµ

αα̇ ≡ pi
αα̇ = ϵαβ

β i⟩[i α̇ 2-by-2 matrix of rank 1

Trivialising p2
i = det(pi

αα̇) = ⟨ii⟩[ii ]/2 = 0

⟨ii⟩ = ϵαβ i⟩αi⟩β = 0, [ii ] = ϵα̇β̇ i ]α̇i ]β̇ = 0
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https://arxiv.org/abs/hep-th/0509223
https://arxiv.org/abs/0812.1594 
https://arxiv.org/abs/1308.1697
https://arxiv.org/abs/1310.5353
https://www.cambridge.org/us/academic/subjects/physics/theoretical-physics-and-mathematical-physics/quantum-field-theory-and-standard-model
https://arxiv.org/abs/1708.03872
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


Massless three points

fully determined by little-group covariance

M(1h1 , 2h2 , 3h3 ) = g

{
[12]h1+h2−h3 [23]h2+h3−h1 [31]h3+h1−h2 for h > 0

⟨12⟩−h1−h2+h3 ⟨23⟩−h2−h3+h1 ⟨31⟩−h3−h1+h2 for h < 0

up to a constant coefficient

f +f +s [12]
v+v+s [12]2

f +f −v+ [13]2/[12]
v+v+v− [12]3/[23][31]

t+t+t−
(

[12]3/[23][31]
)2

[g ] = 1 − |h|
≡ ∑ hi
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https://benasque.org/2024imfp/


Massless higher-point contact terms

Multiple independent structures for given helicities

non-vanishing Lorentz invariants (sij ≡ 2 pi · pj , ϵijkl ≡ ϵµνρσpµ
i pν

j pρ
k pσ

l )

solving · little-group covariance
· momentum conservation
· Schouten identity [12][34] − [13][24] + [14][23] = 0

e.g. GR-SM-EFT up to dim-8: [GD, Machado ’19]

t+t+t+t+ : [12]4[34]4 + [13]4[24]4 + [14]4[23]4

t+t+v+v+ : [12]4[34]2, [12]2[13][14][24][23]

t+v+f +f − : [12]2[13][124⟩ ×polynomial(sij , ϵijkl )
t+f +f +f +f + : [12][13][14][15]

· · · · · ·
also from Hilbert series: [Ruhdorfer et al. ’19]

Gauthier Durieux – International Meeting on Fundamental Physics – Benasque – 10 Sept. 2024 16

https://arxiv.org/abs/1912.08827
https://arxiv.org/abs/1908.08050
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


Massless higher-point contact terms

Multiple independent structures for given helicities

non-vanishing Lorentz invariants (sij ≡ 2 pi · pj , ϵijkl ≡ ϵµνρσpµ
i pν

j pρ
k pσ

l )

solving · little-group covariance
· momentum conservation
· Schouten identity [12][34] − [13][24] + [14][23] = 0

e.g. GR-SM-EFT up to dim-8: [GD, Machado ’19]

t+t+t+t+ : [12]4[34]4 + [13]4[24]4 + [14]4[23]4

t+t+v+v+ : [12]4[34]2, [12]2[13][14][24][23]

t+v+f +f − : [12]2[13][124⟩ ×polynomial(sij , ϵijkl )
t+f +f +f +f + : [12][13][14][15]

· · · · · ·
also from Hilbert series: [Ruhdorfer et al. ’19]
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Kinematics characterisation



Massive spinors [Arkani-Hamed, Huang, Huang ’17]

Two massless for one massive
pi

µσµ
αα̇ = qi⟩[qi + k i⟩[k i = iJ⟩[iJ with k2

i = 0 = q2
i ,

2k i · qi = m2
i

J = 1, 2

Spin s from 2s symmetrized spin 1/2
left implicit, e.g. ⟨1I3J⟩[2K 3J′ ] + (J ↔ J ′) written as ⟨13⟩[23]

Leading high-energy limit is just unbolding

Three-point examples:
ffs [12], ⟨12⟩

vvs ⟨12⟩2, ⟨12⟩[12], [12]2

ssv [3(1 − 2)3⟩ ≡ [3(p1 − p2)3⟩
ffv ⟨13⟩⟨23⟩, ⟨13⟩[23], [13]⟨23⟩, [13][23]
... counting by spin irreps addition
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Three-point example: W +W −Z

· 8 combinations of ⟨12⟩
[12] ⊗ ⟨23⟩

[23] ⊗ ⟨31⟩
[31]

· one non-trivial relation between them:
m1⟨12⟩⟨13⟩[23] + m2⟨12⟩[13]⟨23⟩ + m3[12]⟨13⟩⟨23⟩

= m1[12] [13]⟨23⟩ + m2[12]⟨13⟩[23] + m3⟨12⟩[13] [23]
7 combinations expected from angular momentum

3 ⊗ 3 ⊗ 3 = 1 ⊕ 3 ⊕ 3 ⊕ 3 ⊕ 5 ⊕ 5 ⊕ 7

· combinations growing like E 3 and E 2

can only arise at the non-renormalisable (tree) level
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Three-point example: W +W −Z
C is 1 ↔ 2
P is ·] ↔ ·⟩M(1W , 2W , 3Z ) ∋{

[12]⟨13⟩⟨23⟩ mZ /mW + ⟨12⟩[13]⟨23⟩ + ⟨12⟩⟨13⟩[23]
+ ⟨12⟩ [13] [23] mZ /mW + [12] ⟨13⟩[23] + [12] [13] ⟨23⟩

}
/mZ mW

⟨12⟩(⟨13⟩[23] ± [13]⟨23⟩)/mZ Λ

[12](⟨13⟩[23] ± [13]⟨23⟩)/mZ Λ

⟨12⟩⟨13⟩⟨23⟩/Λ2

[12][13][23]/Λ2

· one unique renormalisable structure

· for identical vectors (mZ /mW → 1):
· no fully symmetric combination → ZZZ vanishes
· only fully antisymmetric combinations → W aW bW c requires ϵabc
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Four-point example: ffZh

· Twelve independent structures: [GD, Kitahara, Shadmi, Weiss ’19]

M(1f , 2f , 3Z , 4h) ∋
[13]⟨23⟩
⟨13⟩[23]

[13][23]
⟨13⟩⟨23⟩

[12]⟨3(1 ± 2)3]
⟨12⟩⟨3(1 ± 2)3]

[312⟩[13]
⟨321]⟨23⟩
[321⟩[23]
⟨312]⟨13⟩

× poly(sij )

· Counted by Hilbert series numerators: [Gráf, Henning, Lu, Melia, Murayama ’22]
[Bradshaw, Chang, Chen, Liu, Luty ’22, ’23]

HffZh(d) = 2d5 + 6d6 + 4d7

(1 − d2)2

→ fully characterised kinematics, beyond lowest operator dim.
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EW symmetry from perturbative unitarity [GD, Kitahara, Shadmi, Weiss ’19]

[Llewellyn-Smith ’73]
[Joglekar ’73]

[Conwall et al. ’73, ’74]

f f Z h ∼
Z

2f

1f

4h

3Z

+ f

2f

1f

4h

3Z

︸ ︷︷ ︸
factorisable s, t, u channels

+

2f

1f

4h

3Z

︸ ︷︷ ︸
contact terms

high−−−→
energy


[12]
mZ

(
c left

ffZ − c right
ffZ

)(
c right

ffh − cZZh
mf

2mZ

)
⟨12⟩
mZ

(
c left

ffZ − c right
ffZ

)(
c left

ffh − cZZh
mf

2mZ

)
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Anomalous dimensions &
selection rules



Anomalous dimensions [adapted from: Caron-Huot, Wilhelm ’16]

· In a massless theory, any (log µ2) comes with a (− log sI)

· A dilation zD/2 with D ≡ ∑
i pµ

i
∂

∂pµ
i

captures all Mandelstam
logs in a single (− log z) and disregards logs of sI/sJ ratios

· Form factors F ≡ out⟨p1, . . . pm|O(q)|0⟩in have all
sI ≡ (∑

i∈I pµ
i )2 Mandelstams positive

momentum influx
Re z

Im z

F †

F

· Dilated form factors F̂(z) ≡ zD/2F only have singularities at
positive z ’s

at
∑

k αkm2
k/

∑
I αIsI in Feynman parameterisation
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Non-renormalisation [Cheung, Shen ’15]

vanishing tree helicity amp. ⇒ vanishing one-loop divergences
define (anti)holomorphic weights ↪ ↩w ≡ n ∓ h
renormalisable trees: ↪ ↩w tree

SM ≥ 4 for n ≥ 4
(except for e.g. Yukawa amps)

from cut: ↪ ↩w loop
EFT = ↪ ↩w tree

EFT + ↪ ↩w tree
SM − 4

so ↪ ↩w loop
EFT ≥ ↪ ↩w tree

EFT

+ angular momentum selection rules [Jiang, Shu, Xiao, Zheng ’20]

Gauthier Durieux – International Meeting on Fundamental Physics – Benasque – 10 Sept. 2024 23

1505.01844
https://arxiv.org/abs/2001.04481
https://inspirehep.net/authors/1273362
https://benasque.org/2024imfp/


Non-interference [Azatov, Contino, Machado, Riva ’16]

massless tree four-point amplitudes involving transverse bosons
do not overlap in helicity at dim-4 and dim-6

interference mass- or loop- suppressed, recovered in the
azimuthal angle of decay products or through extra radiation

[Azatov, Elias-Miro, Reyimuaji, Venturini ’17]
[Azatov, Barducci, Venturini ’19]

[Panico, Riva, Wulzer ’17]
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Non-renormalisation beyond one loop [Bern, Parra-Martinez, Sawyer ’19, ’20]

length(Oi) > length(Oj) − #loops

only maximal cut, between tree amplitudes, at minimal L order
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UV–EFT matching



Positivity constraints [Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi ’06]

· Unitarity S · S† = I with S = I + iA:

(A − A†)/i = A · A†

positive for elastic+forward
∼

∫
dX |Aab→X |2

Disc

sum over intermediate state XA†(+iϵ) CPT= A(−iϵ)

· Analyticity:

controlled
at 4 points Re s

Im s

EFT

UVUV

Res
s=0

AEFT
ab→ab(s)
sn+1 = 1

2π

∞∫
Λ2

ds
sn+1

[
Disc AUV

ab→ab + (−1)n Disc AUV
ab̄→ab̄

]
+ C∞

so cn ≥ 0 for n even ≥ 2

vanishes
by Froissart
for n ≥ 2

≥ 0 ≥ 0
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Dispersive EFT matching [De Angelis, GD ’23]

· equate FEFT and FUV order by order in the zero-momentum expansion

· dilate (with zD/2) and enforce Res
z=0

F̂EFT(z)
zn+1 = Res

z=0

F̂UV(z)
zn+1

· EFT: Res
z=0

F̂EFT(z)
zn+1 = cn polyn(sI) with FEFT

tree =
∑

k ck polyk(sI)

· UV: Res
z=0

F̂UV(z)
zn+1 =

∮
z=0

dz F̂UV(z)
zn+1 =

[∑
Res +

∫
Disc +

∫
∞

]
F̂UV(z)

zn+1

log(M2
J − z sJ )

1
z sI − M2

I

Re z

Im z

M2
J

sJ

MI
2

sI

F̂UV(z)
zn+1

EFT match
ing

from just cuts!
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Simple toy Φϕ3 example

k

j

i
g4

g4
: Res

z=M2/sijk

|A(ϕϕϕ → Φ)|2

zsijk − M2
1

zn+1

=
g2

4
M2

( sijk

M2

)n

j

i

g4 g4 :
1

2π

∫ ∞

M2/sij

dz
zn+1

∫
dLIPS |A(ϕϕ → ϕΦ)|2

=
1

2π

∫ ∞

M2/sij

dz
zn+1

1
8π

(
1 −

M2

zsij

)
g2

4

=
g2

4
16π2n(n + 1)

( sij

M2

)n
for n > 0

· all EFT orders obtained at once
· nothing to know about, or compute in, the EFT
· fewer legs and loops
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On-shell amplitude techniques for the SMEFT

SMEFT is becoming the framework of choice
for collider data interpretations.

It allows to isolate subtle patterns of heavy new physics
and to encode the LHC legacy.

On-shell amplitude techniques bring new understanding and
facilitate computations:

to construct operator bases, and characterise kinematics to
arbitrary high dimension.

to understand the structure of anomalous dimensions, and to
match on UV models.
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