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Introduction

• Disclaimer: this talk does not include any new or groundbreaking ideas, but maybe a few thoughts for discussion 

• We will reinterpret our measurements for a long time 
- EWPO observables measured at LEP ⇒ part of our combined EFT fits decades later 

• The nature of the reinterpretation may change over time 
- Even if still EFT, we may consider (more) (higher dimensional) operators, different bases, flavour assumptions, higher order QCD, EW, .. 

• Unfolded measurements have already been used extensively in EFT fits (especially outside the expt. collaborations) 
- Non-exhaustive examples: Fitmaker [2012.02779], SMEFiT - [2105.00006], EFTfitter [1605.05585] 

• Challenges: 
- Usually only unfold 1-3 observables simultaneously ⇒ lack complete information about the process in question 

- Backgrounds often assumed to be SM and subtracted 

- For EFT often interested in high energy tails ⇒ low stats. ⇒ difficult to unfold / Gaussian regime not valid 

- Reinterpretation assumes  in bin same for SM and EFT  

• This talk: a few analysis examples facing these issues

ϵ × A
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https://arxiv.org/pdf/hep-ex/0509008
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Current EFT approaches

3

Direct EFT constraints (w/ 
optimised analysis) 

aka "full-sim" 

One direct fit: 

Can (in principle) recast from cj to 
other congruent EFT basis 

L(data | cj)

Fiducial/differential measurements with EFT 
interpretation 

Unfolding, with likelihood fit   …    or matrices 

Can recast from σi to give cj, or other 
parametrization of σi

L(data | σi(cj))

L(data | σi)
( ⃗y − K ⃗σ)TV−1( ⃗y − K ⃗σ) + δP( ⃗σ)

Χ2(σi ; σimeas.)

Often simplified info. made public:

Discussed extensively in other talks! 
E.g. talk from Sergio

https://indico.cern.ch/event/1378665/contributions/5876168/attachments/2842609/4973279/SanchezCruz_NotreDameWorkshop.pdf
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Example: inclusive jets measurement

• SMP-20-011: measurement of inclusive jet production in 2016 data (36.3 fb-1) 

• Double-differential cross section in jet pT (97 GeV - 3.1 TeV) and |y| < 2.0 

• Why interesting for EFT constraints? 
- Mostly through sensitivity to four-quark operators
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Diagrams made by MadGraph5_aMC@NLO
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-011/index.html
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Example: inclusive jets measurement

• Using unfolded cross section and associated covariance matrix, perform 
simultaneous PDF and SMEFT fit using xFitter framework
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How we could reinterpret?

• Let's pretend we want to make a new EFT fit to this data, can we do it?  
- A lot of what we need is already public: 

6

Uncertainties divided into fully-correlated (across 
bins) components, and partially correlated 
(statistical), for which correlation matrices are 
provided ⇒ can reconstruct Vexpt

Ingredients needed: 
- Cross section measurements ✅ 

- Experimental covariance ✅ 
- Reference theory predictions 
- Theory covariance 
- EFT paramterization
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EFT parametrization

• Assume we will generate events with MG5_amc@NLO + our favourite UFO model (e.g. SMEFTsim, SMEFT@NLO, …) 

• Need to implement the fiducial selection & observables 
- Best option: RIVET (validated, should match exactly what was defined for the analysis) 

• Use the EFT2Obs tool to automate some of the steps

7

Setup 
process 

proc_card.dat

Make 
gridpack

Prepare madgraph cards 
for process

Generate 
events with MG

Add 
reweighting

Showering with 
Pythia8

Transform 
weights

Run RIVET 
routines

Extract scaling functions 
for observables

EFT2Obs/cards/[PROC]/

param_card.dat

reweight_card.dat

run_card.dat

pythia8_card.dat

EFT2Obs/MG5_aMC_v2_X_Y/[PROC]/

Simulation step (parallel: i = 1...N)

param_card.dat

run_card.dat

pythia8_card.dat

Default cards created by MG

User-edited cards

EFT2Obs/

gridpack_[PROC].tar.gz

EFT2Obs/[OUTPUT]/

Rivet_[i].yoda

EFT2Obs/

obs1.[json/txt/tex]

obs2.[json/txt/tex]

. . .

MG5 
Process: ggF, VBF etc

UFO model 
HEL, SMEFTsim etc

RIVET

Observables 
STXS, diff. xs, ...

EFT2Obs

import model SMEFTsim_topU3l_MwScheme_UFO 

generate p p > j j NP<=1 @0 
add process p p > j j j NP<=1 @1 

output Multijet-SMEFTsim3

SMEFT parameterisations and simplified likelihood model
• The cross section for a bin i can be expressed as the sum

σi
SMEFT(#c) = σi

SM + σi
int(#c)" #$ %
∼Λ−2

+σi
BSM(#c)

" #$ %
∼Λ−4

= σi
SM

&
1 +

!

j

Ai
jcj +

!

j,k

Bi
jkcjck

'

→ Ai
j ∼ 1/Λ2: linear terms or interference terms, arise from interference of SM and BSM

→ Bi
jk ∼ 1/Λ4: quadratic terms or cross terms (when j ∕= k)

• Constants Ai
j and Bi

jk are computed using the EFT2Obs tool, by generating events with embedded
weights for different values of the Wilson coefficients.
→ MG5_aMC@NLO interfaced with Pythia 8
→ SMEFTsim3 to calculate SMEFT corrections (SMEFT@NLO for gg → H, gg → ZH)
→ Reproduce phase space cuts using RIVET

• Construct likelihood based on multivariate Gaussian pdf

L(data|#c) =
exp

(
− 1

2
∆#µ(#c)⊤ V −1 ∆#µ(#c)

)
*

(2π)m det(V )

→ signal strengths µi =
σi
SMEFT
σi
SM

, covariance matrix V = Vexp + Vtheory

31 October 2023 18

https://github.com/ajgilbert/EFT2Obs
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Theory predictions

• Still one piece missing: 

• We only have. LO prediction from our EFT2Obs simulation, want state-of-the-art (here NNLO QCD + NLO EWK) 

• Most of our differential results come with comparison to theory prediction(s), but these are often not tabulated in HepData 
- Really need the "theory covariance matrix" ⇒ in this analysis the bin-to-bin correlations due to PDFs are clearly important 

• Not a big problem! Tools exists to  
recalculate cross sections 
- In this case, fastNLO + interpolation 

tables for this measurement 
- For other processes, if we have the RIVET 

routine we can generate our state-of- 
the-art MC and derive systematics
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https://fastnlo.hepforge.org
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Choice of observables

• For some processes can measure fully differential cross sections, e.g.  at tree level: 

• But in general not possible, e.g. VBS (2→6 process) 
- Can try to find most sensitive observables for EFT 

- Phenomenological study performed for all main 
VBS processes and relevant dim-6 operators: 

- Different observables provide different sensitivity  
to different operators [JHEP 05 (2022) 039] 

- No single "best" observable for simultaneous fit

qq̄ → ℓ+ℓ−

9

current-current quark-lepton operators

O
(3)
lq

= (l̄L�I�µlL)(q̄L�I�µqL)

O
(1)
lq

= (l̄L�µlL)(q̄L�µqL)

Oeu = (ēR�µeR)(ūR�µuR)

Oed = (ēR�µeR)(d̄R�µdR)

Olu = (l̄L�µlL)(ūR�µuR)

Old = (l̄L�µlL)(d̄R�µdR)

Oqe = (q̄L�µqL)(ēR�µeR)

W and Y current-current operators

O
0
2W = Ja,µ

L
Ja

L,µ
Ja,µ

L
=

P
f
f̄�µT af

O
0
2B = Jµ

Y
JY,µ Jµ

Y
=

P
f
f̄�µYff

G(3)
Lq

= 1
2G

0
2W

G(1)
Lq

= �
1
6G

0
2B Geu = �

4
3G

0
2B

Ged = 2
3G

0
2B Glu = �

2
3G

0
2B

Gld = 1
3G

0
2B Gqe = �

1
3G

0
2B

Table 1: Left table: Quark-lepton current-current operators in the Warsaw basis [24]. The operators
are flavor universal and thus the generation indices have been suppressed. Right table: The operators
related to the W and Y parameters, together with their rewriting in terms of Warsaw basis operators.

appendices we discuss the definition of the kinematical variables beyond the tree-level approxi-
mation (Appendix A), we give the explicit expressions for the tree-level amplitude (Appendix B)
and we report some selected results of our analysis for the LHC run 3 (Appendix C)

2 Fully-di↵erential Drell-Yan

We start our investigation of the fully-di↵erential DY dilepton production and its sensitivity
to new physics by developing a semi-analytic qualitative understanding based on the struc-
ture of the tree-level distributions. Quantitative estimates of the sensitivity are performed in
Sections 2.2 and 2.3.

2.1 Tree-level distributions

Consider the neutral process qq̄ ! `+`�. The fully-di↵erential cross-section is given by

d3�

dm2
``
dc⇤ dy

=
⌧

3 · 64⇡m4
``

X

q

n ⇥
(1 + c⇤)

2
Lq(⌧, y) + (1� c⇤)

2
Lq(⌧,�y)

⇤
P q

s (m``)

+
⇥
(1� c⇤)

2
Lq(⌧, y) + (1 + c⇤)

2
Lq(⌧,�y)

⇤
P q

o (m``)
o
,

(1)

where m`` =
p
ŝ is the dilepton invariant mass and ⌧ = ŝ/S (with

p
S the collider energy),

while y is the absolute value of the rapidity (relative to the beam axis) of the dilepton system.
We define c⇤ = cos ✓⇤ as the cosine of the angle formed, in the rest frame of the dilepton pair,
by the charge-minus lepton and the direction of motion of the dilepton rest frame relative to
the lab frame. At tree-level, ✓⇤ as defined above is the angle between the `� and the most
energetic incoming parton.3 The detailed definition of the kinematical variables beyond tree-
level is reported in Appendix A.

The sum in eq. (1) spans over the light quarks q = {u, d, c, s, b}, and, for each quark species
q, Lq is the product of the corresponding q and q parton distribution functions (PDFs), namely

Lq(⌧, y) = fq(
p
⌧ ey;m2

``) fq(
p
⌧ e�y;m2

``) . (2)

3It is essential not to define ✓⇤ with respect to a fixed beam-axis orientation. With that definition, the fully-
di↵erential cross-section in eq. (1) would depend only on the combination (P q

s + P q

o ) like the single-di↵erential
cross-section in eq. (4), and all the advantages of the fully-di↵erential analysis would be lost.

3

[2103.10532]

JHEP05(2022)039

Op.
SSWW+2j OSWW+2j WZ+2j ZZ+2j ZV+2j WW

L L+Q L L+Q L L+Q L L+Q L L+Q L L+Q

c(1)Hl — mll — MET mee
† mWZ pT,e−µ−† pT,e−µ−† pVT,j1 pVT,j1 pT,l1 MET

c(3)Hl ∆ηjj† ∆ηjj† mjj
† mjj

† mjj
† mjj mjj

† mjj
† ∆ηV

jj ∆ηV
jj mll

† mll
†

c(1)Hq pT,j1 pT,j1 mjj mll mjj pT,j1 mjj pT,j1 mVBS
jj mVBS

jj MET MET

c(3)Hq ∆φjj ∆φjj mll mll ∆φjj
† pT,l1 ∆φjj

† pT,l4 pVBS
T,j2 pVBS

T,j2 pT,l1 pT,l1

c(3)qq mll
† pT,j2 mjj pT,j2 mjj pT,j2 mjj pT,j1 pT,l1

† ∆φVBS
jj — —

c(3,1)qq ∆φjj pT,j2 mjj pT,j2 mjj pT,j2 mjj pT,j1 ∆ηV
jj

† ∆φVBS
jj — —

c(1,1)qq ∆φjj pT,j1 pT,j2 pT,j2 pT,j2 pT,j1 pT,j2 pT,j2 ∆φVBS
jj pVBS

T,j1 — —

c(1)qq pT,j1 pT,j1 pT,j2 pT,j2 pT,j2 pT,j2 pT,j2 pT,j2 ∆φVBS
jj pVBS

T,j1 — —
cHD pT,j1 mll ∆ηjj ∆ηjj mee ∆ηjj† pT,e+µ+ pT,e+µ+† pT,l2 pT,l2 pT,l1 pT,l1

cH! pT,j1 mll mll mll — mWZ — ∆ηjj pVT,j2 pVT,j2 — —
cHW ∆φjj mll ∆φjj mll ηl3

† mWZ mjj m4l pVBS
T,j1 pVT,j2 — —

cHWB pT,j1 pT,j1 ∆ηjj mll mee mWZ mµµ
† ∆ηjj ∆ηV

jj ∆ηV
jj pT,l1 MET

cW ∆φjj pT,ll ∆φjj mll pT,l1 mWZ ∆φjj pT,l4 ∆φVBS
jj

† ∆φVBS
jj

† MET MET
c(1)ll mjj

† mjj
† mjj

† mjj
† mjj

† mjj mjj
† mjj

† ∆ηV
jj

† ∆ηV
jj

† pT,ll† pT,l2

Table 5. Most sensitive observable for each VBS process and SMEFT Wilson coefficient, inferred from individual fits and employed in the final
statistical combination. The columns marked with L and L+Q indicate the results for fits including respectively linear and linear+quadratic terms
in the Wilson coefficients. A − indicates no sensitivity to an operator in a given process. A † indicates that the preference for the variable indicated
is very mild, as most observables give similar sensitivity. EFT corrections to QCD backgrounds were retained for OSWW+2j, WZ+2j, ZZ+2j
and ZV+2j.

–
32
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https://link.springer.com/article/10.1007/JHEP05(2022)039
https://arxiv.org/pdf/2103.10532.pdf
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Choice of observables

• One possible solution: measure N x 1D differential cross sections, and reinterpret simultaneously 
- Same events in each measurement ⇒ account for statistical correlations (e.g. by bootstrapping) 

• Example, ATLAS H→γγ differential cross sections [JHEP 08 (2022) 027] 

• Limitations: contains less information than full joint PDF, Gaussian approx may not be valid with small event counts
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Figure 19: The e�ect on the five di�erential distributions used in the analysis of (a) the CP-even coe�cients 2�⌧ ,
2�⌫, 2�, , 2�,⌫ and (b) the CP-odd coe�cients 2

�
e
⌧

, 2
� e⌫, 2

�f, , 2
�f,⌫

of the SMEFT e�ective Lagrangian for
values of the coe�cients close to the expected limits. The 2�⌫, 2�, , 2�,⌫ variations at the expected limits a�ect
mainly the � ! WW branching ratio with negligible e�ects on the cross-section. The e�ect is shown at a new-physics
scale ⇤ = 1 TeV.

Statistical interpretation Limits on Wilson coe�cients are set by constructing a likelihood function
which is defined, up to a constant normalisation factor, as

! = exp

�

1
2

�
fobs � fpred

�T
⇠
�1 �

fobs � fpred
� �

,

where fobs and fpred are :-dimensional vectors from the measured and predicted di�erential cross-sections
of the five analysed observables, with : = 34 equal to the total number of bins of the five distributions
used in the fit, ⇠ = ⇠stat + ⇠syst + ⇠theo is the : ⇥ : total covariance matrix defined as the sum of the
statistical, systematic and theoretical covariances. The overflow bins for ?WWT , < 9 9 and ?

91
T are not used in

the limit-setting fit as they extend beyond the assumed new-physics scale ⇤ = 1 TeV.

The statistical covariance matrix is obtained with a bootstrapping technique and the resulting correlation
matrix shown in Figure 20. The matrix provides a measure of the statistical correlations between
cross-section bins because the same events in data will populate the di�erent observables used in the fit.

The covariance matrices for systematic and theoretical uncertainties are constructed from the uncertainties
listed in Section 7. Theoretical uncertainties are considered for the di�erent production modes using the
default SM MC simulation to estimate the e�ect of QCD scale and PDF variations, detailed in Section 8.1,
and are considered to be independent of new physics. Identical sources are assumed to be fully correlated
across bins and variables. In addition, nuisance parameters are included in the fit to account for limited MC
sample size, typically a�ecting the highest ?WWT and < 9 9 bins. In what follows, the likelihood function is
numerically maximised to determine !max and confidence intervals for one or several Wilson coe�cients
are determined via

1 � CL =
π

1

G
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Figure 19: The e�ect on the five di�erential distributions used in the analysis of (a) the CP-even coe�cients 2�⌧ ,
2�⌫, 2�, , 2�,⌫ and (b) the CP-odd coe�cients 2

�
e
⌧

, 2
� e⌫, 2

�f, , 2
�f,⌫

of the SMEFT e�ective Lagrangian for
values of the coe�cients close to the expected limits. The 2�⌫, 2�, , 2�,⌫ variations at the expected limits a�ect
mainly the � ! WW branching ratio with negligible e�ects on the cross-section. The e�ect is shown at a new-physics
scale ⇤ = 1 TeV.

Statistical interpretation Limits on Wilson coe�cients are set by constructing a likelihood function
which is defined, up to a constant normalisation factor, as

! = exp

�

1
2

�
fobs � fpred

�T
⇠
�1 �

fobs � fpred
� �

,

where fobs and fpred are :-dimensional vectors from the measured and predicted di�erential cross-sections
of the five analysed observables, with : = 34 equal to the total number of bins of the five distributions
used in the fit, ⇠ = ⇠stat + ⇠syst + ⇠theo is the : ⇥ : total covariance matrix defined as the sum of the
statistical, systematic and theoretical covariances. The overflow bins for ?WWT , < 9 9 and ?

91
T are not used in

the limit-setting fit as they extend beyond the assumed new-physics scale ⇤ = 1 TeV.

The statistical covariance matrix is obtained with a bootstrapping technique and the resulting correlation
matrix shown in Figure 20. The matrix provides a measure of the statistical correlations between
cross-section bins because the same events in data will populate the di�erent observables used in the fit.

The covariance matrices for systematic and theoretical uncertainties are constructed from the uncertainties
listed in Section 7. Theoretical uncertainties are considered for the di�erent production modes using the
default SM MC simulation to estimate the e�ect of QCD scale and PDF variations, detailed in Section 8.1,
and are considered to be independent of new physics. Identical sources are assumed to be fully correlated
across bins and variables. In addition, nuisance parameters are included in the fit to account for limited MC
sample size, typically a�ecting the highest ?WWT and < 9 9 bins. In what follows, the likelihood function is
numerically maximised to determine !max and confidence intervals for one or several Wilson coe�cients
are determined via
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Figure 20: The observed statistical correlations, evaluated with a bootstrapping technique, between ?
WW

T , #jets, < 9 9 ,

�q 9 9 and ?
91
T are shown

where 5 (G
0
) denotes the distribution of the test statistic G

0 = �2 ln(! (20
8
)/!max), ! (2

0

8
) denotes the

likelihood value evaluated for a given Wilson coe�cient value 2
0

8
, and G = �2 ln(! (28)/!max) determines

the value 28 that bounds the confidence interval at the desired CL.

The coverage of 68% and 95% CL limits using the likelihood ratio scan was validated using pseudo-
experiments.

In Table 7, the observed 95% CL limits are shown for the considered Wilson coe�cients. The limits are also
summarised in Figure 21. The limits are obtained assuming that all Wilson coe�cients other than the one
quoted are zero. The limits are provided for two scenarios, one where predictions are obtained using only
the interference term, and the other where both the interference term and the quadratic term are included.
Since the interference terms dominate the predicted cross-sections, the limits in the two approaches are
very similar for coe�cients of CP-even operators. Significant di�erences emerge for the CP-odd ones,
for which the interference term cross-section vanishes for CP-even observables, and the sensitivity to
pure CP-violating e�ects is obtained through the �q 9 9 observable. The results place stringent limits on
all CP-even operators, as they a�ect mainly the normalisation of the five distributions through either the
production cross-section, as for 2�⌧ , or the � ! WW branching ratio, as for 2�, , 2�⌫ and 2�,⌫. The
results show that the current �q 9 9 measurement can only constrain the 2

�
e
⌧

and 2
�f, coe�cients, as the

cross-section is dominated by ggF and VBF (which is dominated by ,, fusion). In contrast, the very
loose limits on 2

� e⌫ and 2
�f,⌫

indicate a breakdown of the EFT regime and unitarity constraints, and the

43

lack of sensitivity to these coe�cients at the current measurement accuracy. In addition, two-dimensional
limits are derived, allowing two Wilson coe�cients (a CP-even coe�cient and its CP-odd counterpart) to
vary simultaneously, using the interference-only cross-section and including the quadratic dimension-6
cross-section, and these are shown in Appendix D.

Table 7: The 95% CL observed limits on the 2�⌧ , 2�, , 2�⌫, 2�,⌫ Wilson coe�cients of the SMEFT basis and
their CP-odd counterparts using interference-only terms and using both the interference and quadratic terms. Limits
are derived by fitting one Wilson coe�cient at a time while setting the other coe�cients to zero. The limits are
computed at a new-physics scale ⇤ = 1 TeV.

Coe�cient 95% CL, interference-only terms 95% CL, interference and quadratic terms

2�⌧ [�6.1, 11.0] ⇥ 10�3
[�6.5, 10.2] ⇥ 10�3

2
�

e
⌧

[�0.12, 0.23] [�3.1, 3.5] ⇥ 10�2

2�, [�1.9, 0.9] ⇥ 10�2
[�1.8, 1.0] ⇥ 10�2

[ [0.28, 0.30]
2
�f, [�10.2, 5.2] [�7.3, 7.3] ⇥ 10�2

2�⌫ [�5.8, 2.8] ⇥ 10�3
[�5.5, 3.0] ⇥ 10�3

[ [8.4, 9.3] ⇥ 10�2

2
� e⌫ [�21.8, 5.7] ⇥ 102

[�2.3, 2.3] ⇥ 10�2

2�,⌫ [�5.2, 10.7] ⇥ 10�3
[�0.17,�0.15] [ [�5.5, 9.8] ⇥ 10�3

2
�f,⌫

[�2.5, 4.0] ⇥ 102
[�4.0, 4.0] ⇥ 10�2
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Figure 21: Observed and expected 68% and 95% CL limits on SMEFT Wilson coe�cients using (a) SM and
dimension-6 operators interference-only terms and (b) including quadratic dimension-6 terms. Limits are derived
by fitting one Wilson coe�cient at a time while setting the other coe�cients to zero. The limits are computed at a
new-physics scale ⇤ = 1 TeV.

10 Summary and conclusions

Measurements of Higgs boson fiducial cross-sections in the diphoton decay channel are performed using
?? collision data recorded by the ATLAS experiment at the LHC, assuming the Higgs boson mass to be
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Alternative: "non-trivial" observables

• Well established that we can build optimal discriminators from 
ratios of squared matrix elements (or train a DNN to learn them) 

• These discriminator distributions can be unfolded too 

• Example: CMS H→ZZ→4l differential cross section [HIG-21-009] 

• Possible limitations: given discriminator not optimal for all cj in 
general
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Another example: Wγ differential cross section
• 2D measurement in pT(γ) [energy growth]  

and φf [interference resurrection] 

• Measure in three bins of |φf|. Limited by pTmiss 
resolution 
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Binning limitations
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Within-bin efficiency 
• Built-in assumption that EFT does not change 

response matrix 

• To 1st order, can check selection eff. does not 
change significantly within each bin 

• But could be dependence on other variables we 
integrate over
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Figure 72: Cumulative efficiencies in the 2017 electron (left) and muon (right) channels for each
step of the baseline selection as a function of p
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Figure 73: Efficiencies in the 2018 electron (left) and muon (right) channels for each step of the
baseline selection as a function of p
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Figure 74: Cumulative efficiencies in the 2018 electron (left) and muon (right) channels for each
step of the baseline selection as a function of p

g
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• Backgrounds assumed to be SM-like, but in principle EFT-
sensitive 

• We could unfold sum of all contributions to prompt final-
state (building in more assumptions about process 
composition and ε X A)
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Reinterpretation & summary

• A big question with reinterpretation is who is doing it, and what information they have! 

• As discussed in Kyle's talk, we are making good progress with preserving and releasing statistical models  

• If in 30 years we can build a new :                                   , no problem with: 
- unfolded binning limitations 
- Gaussian approximations 
- Lack of systematics information for correlations 
- Presence of backgrounds (as long as we split the processes in the same fiducial bins) 

• But concerns of efficiency / acceptance dependence remain, as does challenge of building optimal observables 

• Do we conclude unfolded cross sections are no longer a useful too for EFT interpretation? 
- Clearly not the best we can do, but still provide a common language at the intersection of theory and experiment(s) 

‣ E.g. allow us to benchmark against fixed-order calculation 

- Consider it a good insurance option ⇒ the underlying machinery is ultimately the same (likelihood model), so the cost of providing 
these results is not high

15

L(data | σi(cj))
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