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The Standard Model Effective Field Theory (SMEFT)
• Well known example of an Effective Field Theory: Fermi theory describes the weak

charged currents in the limit q2 ≪ M2
W as an effective four-fermion interaction ∼ GF

→ non-renormalizable mass dimension 6 operator, suppressed by M−2
W
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4GF√

2
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• In analogy: Assume BSM physics involves heavy particles beyond LHC energy reach
→ Could still appear off-shell as mediators of interactions of light SM fields
→ SM can be interpreted as low energy limit of unknown theory

LSMEFT = L(d≤4)
SM +

1

Λ

∑

i

ciQ(5)
i +

1

Λ2

∑

j

cjQ(6)
j + ...
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Dimension-6 operators in the SMEFT
(table from Grzadkowski et al, arXiv:1008.4884)

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν W Kµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν W Kµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔
D I

µ ϕ)(l̄pτ
Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνT Aur)ϕ̃GA

µν Qϕe (ϕ†i
↔
Dµ ϕ)(ēpγ

µer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔
D I

µ ϕ)(q̄pτ
Iγµqr)

QϕB̃ ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνT Adr)ϕGA
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators
This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis
of independent operators Q

(5)
n and Q

(6)
n . Their independence means that no linear combination

of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.
Imposing the SM gauge symmetry constraints on Q

(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

T Clnr ≡ (ϕ̃†lp)
T C(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q

(1)
lq → Q

(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the
2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

20 January 2023 2



ATLAS+CMS SMEFT Fitting Exercise
• LHC EFT Working Group, CMS+ATLAS SMEFT Fitting exercise: Work towards a

combined EFT interpretation of ATLAS and CMS data

→ EFT reinterpretation of differential cross section measurements

1) Parameterise cross sections in terms of Wilson coefficients, using Monte Carlo event
generators and Rivet routines

σi(c) = σSM
i + σint

i (c)︸ ︷︷ ︸
∼Λ−2

+σBSM
i (c)︸ ︷︷ ︸
∼Λ−4

= σSM
i

(
1 +

∑

j

Ajcj +
∑

j,k

Bjkcjck

)

2) Construct likelihood based on multivariate Gaussian pdf

f(c) = exp
[
(σ(c)− σ̂)

T
V −1

xs (σ(c)− σ̂)
]

→ σ(c) and σ̂: predicted and measured cross sections
→ Vxs: covariance matrix of measurements

3) Derive constraints on Wilson coefficients ci
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Input Measurements
• Higgs sector: CMS-HIG-19-015 (STXS H → γγ)

→ Simplified Template Cross Section (STXS)
measurement

→ Binning based on Higgs production mode
→ Gluon-gluon fusion bins not yet included

• Electroweak sector:

→ CMS-SMP-20-005 (Wγ)
→ ATLAS-STDM-2017-24 (WW)
→ ATLAS-STDM-2017-27 (Zjj)

(graphic from CMS-HIG-19-015)

• Top sector: CMS-TOP-17-023 (single top, t-channel)

→ taking measurement in ptT as input
<latexit sha1_base64="ao808iRS8za8PLRDKu/DZtTBxAc="></latexit>
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<latexit sha1_base64="emtTBACmRz9n27nYPsc7p04elYQ="></latexit>
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(plot from CMS-TOP-17-023)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-023/index.html


Constraints on Wilson coefficients from individual scans

• Combining STXS H → γγ, single top, Wγ (all CMS), WW, and Z+jj (ATLAS)

→ (Preliminary parameterisations)

• Due to correlations can not do full fit with all Wilson coefficients floating

→ Get constraints from 1-by-1 scans with all other coefficients fixed to zero

cqj31 chj3 clj3 cw chg cll1 chwb cjj38 cjj18 chl3 cjj31 chu

0.5−

0

0.5

1

1.5
68% CL

95% CL

Best fit

Linearised

chj1 ctwre chbox clj1 chq3 chd che cld chw chdd chl1 cjj11

5−

0

5

10 68% CL

95% CL

Best fit

Linearised
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Principal Component Analysis (PCA)

• Insufficient information to constrain all Wilson coefficients in a simultaneous fit

• Principal Component Analysis is a tool to identify the combinations of degrees of
freedom with largest and smallest variability in a linear algebra problem

→ Use it to find linear combinations of Wilson coefficients that can be constrained

1) Rotate Hessian matrix to EFT basis using matrix of linear scaling parameters Ai

V −1
EFT = PTV −1

xs P , with P =



Abin 1

c1 Abin 1
c2 . . .

Abin 2
c1 Abin 2

c2 . . .
...

...




2) Eigendecomposition of V −1
EFT −→ Eigenvectors xi and eigenvalues λi

3) Obtain set of orthogonal directions in Wilson coefficient space: PCi =
∑

k x
k
i ck

→ Expected uncertainty on measurement of PCi is 1/
√
λi
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Principal Component Analysis (PCA)
• Result of PCA, rotation matrix (x1,x2, . . . )

T :

0.5−

0

0.5
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0.01 -0.01-0.00-0.03-0.14 0.01 -0.01 0.01 0.01 0.04 0.04 0.16 -0.06-0.00-0.00 0.01 0.00 -0.00-0.00 0.00 -0.00 0.00 0.00 -0.00-0.00-0.00-0.00-0.02 0.01 0.03 0.43 0.87 -0.06 0.04

-0.19 0.06 0.00 0.66 0.22 0.10 -0.09-0.02-0.03-0.08-0.43-0.02 0.03 0.02 0.00 -0.02-0.00 0.00 -0.02 0.00 0.00 -0.00-0.00 0.00 -0.01 0.00 0.00 0.29 -0.12-0.40 0.01 0.11 -0.02 0.04

-0.02 0.06 0.08 0.03 -0.12-0.29 0.70 -0.26-0.38 0.04 -0.15 0.08 -0.10-0.12 0.01 -0.35-0.00 0.00 0.06 -0.02 0.01 -0.01-0.00 0.00 -0.02 0.01 0.01 0.01 -0.01-0.02-0.00 -0.01 0.01 -0.00

-0.01 0.22 -0.04 0.06 0.10 0.16 0.11 0.13 0.28 0.27 -0.12 0.51 -0.63-0.02 0.00 0.07 0.00 0.00 -0.02 0.01 -0.00 0.00 -0.00 -0.00 0.14 -0.00-0.00 -0.11 0.00 0.05 -0.02-0.12 -0.01-0.05

-0.03 0.67 0.09 -0.03 0.12 -0.26-0.15 -0.01-0.13 0.17 -0.32-0.17 0.21 0.05 -0.01 0.17 0.00 -0.00-0.03 0.02 -0.01 0.00 0.00 -0.01 0.18 -0.00-0.00-0.34 0.02 0.18 0.02 0.06 0.02 0.01

0.01 0.30 -0.07 0.14 -0.01 0.23 0.04 0.20 0.35 -0.01 0.20 -0.14 0.17 -0.00 0.00 -0.72 -0.01 0.00 0.13 -0.12 0.02 -0.02-0.00 -0.00 -0.01 0.02 0.02 -0.17-0.02 0.01 0.01 0.03 0.00 0.01

0.02 0.37 -0.08 0.31 -0.10 0.30 0.12 -0.22-0.23-0.26 0.52 0.04 -0.05-0.06 0.01 0.31 0.00 0.00 -0.06 0.06 -0.01 0.01 -0.00 -0.00-0.19 -0.01-0.01-0.21-0.06-0.08-0.00-0.02-0.02 -0.01

-0.03 0.09 0.15 0.13 -0.06-0.72-0.19 0.19 0.17 -0.36 0.18 0.16 -0.20 0.08 -0.01-0.05-0.00-0.00 0.02 -0.02 0.00 -0.00 0.00 0.01 -0.28 0.00 0.00 -0.03-0.04-0.09 -0.01-0.03 -0.01-0.01

0.00 -0.09 -0.07 0.21 0.26 -0.30 0.02 -0.11 0.07 0.69 0.47 -0.08 0.10 0.00 -0.00 0.05 0.00 -0.00-0.00 0.04 -0.00 0.00 0.00 0.03 0.05 -0.00-0.00 0.05 -0.07-0.18-0.00 0.03 0.04 0.02

-0.00 0.01 0.02 -0.01 0.03 -0.06-0.16-0.02 0.08 -0.01-0.03 -0.01 0.01 -0.97 0.15 0.01 0.00 -0.00 0.05 0.01 -0.00 0.00 0.00 0.00 -0.03-0.00-0.00-0.00 0.00 0.01 -0.00 0.00 0.01 0.00

0.00 0.04 0.09 -0.09 0.05 0.09 0.03 -0.26 0.27 0.15 -0.19-0.03 0.04 0.05 -0.01-0.04-0.00 0.00 0.02 0.57 0.00 0.00 -0.00 0.05 -0.65 0.00 0.00 -0.02 0.03 0.08 -0.02 0.02 0.08 0.02

0.00 0.02 0.22 -0.04 0.09 0.13 -0.00 0.22 -0.20 0.25 -0.07 0.01 -0.01-0.01 0.00 0.07 0.00 0.00 -0.04-0.64-0.00 0.00 -0.00 0.08 -0.59-0.00-0.00 -0.01 0.01 0.04 -0.00-0.00-0.00 0.00

0.00 -0.02 0.31 0.03 0.04 0.11 -0.02 0.63 -0.45 0.10 0.11 0.02 -0.02-0.05 0.01 -0.10-0.00-0.00 0.04 0.48 0.00 -0.00 0.00 0.05 0.02 0.00 0.00 0.01 -0.01-0.03 0.01 -0.02-0.07-0.02

0.00 -0.03 0.87 0.03 -0.02 0.12 0.01 -0.24 0.20 -0.04 0.11 -0.00 0.01 0.02 -0.00 0.02 0.00 0.00 -0.01-0.07-0.00 0.00 -0.00 -0.11 0.22 -0.00-0.00 0.01 -0.01-0.03-0.04 0.03 0.22 0.05

0.00 0.01 0.06 0.01 -0.02 0.01 0.00 -0.05 0.04 -0.05 0.01 0.00 -0.00 0.00 -0.00 0.00 0.00 0.00 -0.00 -0.01-0.00 0.00 -0.00 0.99 0.11 -0.00-0.00-0.00-0.00-0.00-0.02 0.01 0.06 0.02

0.00 -0.00 0.19 0.00 0.01 0.01 0.00 -0.15 0.10 0.04 0.00 -0.04 0.05 0.00 -0.00 0.00 0.00 0.00 -0.00-0.00-0.00 0.00 -0.00 0.04 0.01 -0.00-0.00 0.00 -0.00-0.00 0.19 -0.14 -0.91-0.19

chb chd chj3chj1chddchwchbox
chl3cll1 chwb

chu che chl1chg cthre
chq3cqj38

cql3ctwre
cqj31cbwre

chtbre
cbhre

cw clj3 cbgre
ctgrecld clu clj1 cjj38cjj11cjj31cjj18

 = 0.0196)λEV20 (

 = 0.0209)λEV19 (

 = 0.0441)λEV18 (

 = 0.0619)λEV17 (

 = 0.0808)λEV16 (

 = 0.176)λEV15 (

 = 0.517)λEV14 (

 = 1.13)λEV13 (

 = 1.28)λEV12 (

 = 1.63)λEV11 (

 = 1.97)λEV10 (

 = 2.71)λEV9 (

 = 7.31)λEV8 (

 = 14.3)λEV7 (

 = 33.4)λEV6 (

 = 38.3)λEV5 (

 = 56.7)λEV4 (

 = 156)λEV3 (

 = 185)λEV2 (

 = 654)λEV1 (

Basis rotation
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Fit in rotated basis, 1/2

• Flat directions (eigenvectors with small λ) fixed to zero

• Can now do full fit with many POI floating

0.5−

0

0.5
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Fit in rotated basis, 2/2

• As expected, the principal components are uncorrelated when doing a «linear only» fit
→ By taking into account quadratic terms (ΣBij cicj), we reintroduce correlations
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Summary

• EFT reinterpretation of differential cross section measurements

• So far three CMS and four (two) ATLAS analyses included

• Using PCA to determine uncorrelated linear combinations of Wilson coefficients

• A step towards a global EFT combination of ATLAS and CMS data?
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