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A combined analysis of Higgs and top 
quark data within the Standard Model 

Effective Field Theory
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Particle physics in the 
LHC precision era
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Huge gap between weak and Plank scales?

Compositeness? Non-minimal Higgs sector?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable? 1 GeV (Proton mass)
125 GeV (Higgs mass)

1019 GeV (Planck scale)

What defines the value of 
the weak scale? Why so 
different from Planck scale?

Degrassi et al 12
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The Higgs boson

Open questions in particle physics
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The Higgs boson

4

Weakly interacting massive particles? 
Neutrinos? Ultralight particles (axions)?

Interactions with SM particles? Self-
interactions?

Structure of the Dark Sector?

Dark matter
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phase transitions?
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The Higgs boson

5

Weakly interacting massive particles? 
Neutrinos? Ultralight particles (axions)?

Interactions with SM particles? Self-
interactions?

Structure of the Dark Sector?

Dark matter

Quarks and leptons

Open questions in particle physics

Huge gap between weak and Plank scales?

Compositeness? Non-minimal Higgs sector?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable?

Why 3 families? Origin of masses, mixings?

Origin of Matter-Antimatter asymmetry?

Lepton Flavour Universality?

Origin of neutrino masses? Are neutrinos 
Majorana or Dirac?
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Open questions in particle physics

Crucial information on these fundamental questions will be provided by the LHC: 
the exploration of the high-energy frontier has just started!

Crucial information on these fundamental questions will be provided by the LHC: 
the exploration of the high-energy frontier has just started!

LHC HL-LHC

now
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The quest for New Physics at the LHC
Model-Dependent Searches

 Map parameter space of specific 
theories, or specific realisations of theories 
(SUSY, Higgs compositeness, …)

 Reinterpretation/recasting challenging, 
since requires Monte Carlo showering, 
detector simulation, …

 Ad-hoc restrictions of the BSM 
parameter space to facilitate interpretation

 Sensitive to O(1) deviations
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The quest for New Physics at the LHC
Model-Independent Searches

 ``SM’' measurements to constrain BSM

 Allows the use of highest possible 
precision in theory calculations

 Interpreted in multiple BSM frameworks 
(including those not thought of yet!)

In the long-term, measurements have the 
largest impact in the HEP community 

Sensitive to O(0.1) or O(0.01) deviations 
(or even better!)
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Outline

 The Standard Model as an Effective Field Theory

 SMEFiT: the top quark case

 Towards a global SMEFT analysis of Higgs, gauge, and top quark data

 Constraining the SMEFT with Bayesian inference

 Can New Physics hide inside the proton? Joint PDF+SMEFT fits

Juan Rojo                                                                                     IPPP seminar, Durham
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in preparation

arXiv:1905.05215 (PRL) 

arXiv:1906.05296
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SMEFT: the new 
Standard Model
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The Standard Model
The Standard Model is defined by: 

ℒSM = ∑
i

ci𝒪(d4)
i

Particle (matter) content: quarks and leptons 

Gauge (local) symmetries and their eventual 
breaking mechanisms

Global symmetries: Lorentz invariance

Renormalizablity: validity up to arbitrarily high 
scales

All possible operators of mass-dimension <=4 
consistent with above requirements

dimensionless couplings
(before EWS breaking)
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The Standard Model as an EFT
The Standard Model EFT is defined by: 

Particle (matter) content: quarks and leptons 

Gauge (local) symmetries and their eventual 
breaking mechanisms

Global symmetries: Lorentz invariance

Validity only up to certain energy scale Λ

All possible operators of mass-dimension 6 
consistent with above requirements

ℒSMEFT = ℒSM +
Nd6

∑
i

ci

Λ2
𝒪(6)

i +
Nd8

∑
j

bj

Λ2
𝒪(8)

i + …

All possible operators of mass-dimension 8 
consistent with above requirements

Juan Rojo                                                                                     IPPP seminar, Durham

focus here on LHC physics: 
dim-5 and dim-7 not relevant 

since violate either L or B
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Why the SMEFT?

ℒSMEFT = ℒSM +
Nd6

∑
i

ci

Λ2
𝒪(6)

i +
Nd8

∑
j

bj

Λ2
𝒪(8)

i + …

 The SMEFT is the low-energy limit of generic UV-complete theories at high energies

 Complete basis at any given mass-dimension: systematic parametrisation of BSM 
effects

 Fully renormalizable, full-fledged QFT: can compute higher orders in QCD and EW

 Can be matched to any BSM model that reduces to the SM at low energies: exploits 
the full power of SM ``measurements’’ for model-independent BSM searches
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Why the SMEFT?

ℒSMEFT = ℒSM +
Nd6

∑
i

ci

Λ2
𝒪(6)

i +
Nd8

∑
j

bj

Λ2
𝒪(8)

i + …

 The SMEFT is the low-energy limit of generic UV-complete theories at high energies

 Complete basis at any given mass-dimension: systematic parametrisation of BSM 
effects

 Fully renormalizable, full-fledged QFT: can compute higher orders in QCD and EW

 Can be matched to any BSM model that reduces to the SM at low energies: exploits 
the full power of SM ``measurements’’ for model-independent BSM searches

The SMEFT is not some new theory: it is the SM once we remove the 
theoretical prejudice of its validity up to arbitrarily large scales
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The Standard Model EFT

Some operators induce growth with the partonic centre-of-mass energy: 
increased sensitivity in LHC cross-sections in the TeV region

 Systematic parametrisation of the theory space in vicinity of Standard Model

ℒSMEFT = ℒSM +
Nd6

∑
i

ci

Λ2
𝒪(6)

i +
Nd8

∑
j

bj

Λ2
𝒪(8)

i + …

σ(E) = σSM × (E)(1 +
Nd6

∑
i

ωi
ci v2

Λ2
+

Nd6

∑
i

ω̃ i
ci E2

Λ2
+ 𝒪 (Λ−4))
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The Standard Model EFT

Some operators induce growth with the partonic centre-of-mass energy: 
increased sensitivity in LHC cross-sections in the TeV region

σ(E) = σSM × (E)(1 +
Nd6

∑
i

ωi
ci v2

Λ2
+

Nd6

∑
i

ω̃ i
ci E2

Λ2
+ 𝒪 (Λ−4))

 Systematic parametrisation of the theory space in vicinity of Standard Model

ℒSMEFT = ℒSM +
Nd6

∑
i

ci

Λ2
𝒪(6)

i +
Nd8

∑
j

bj

Λ2
𝒪(8)

i + …

enhanced sensitivity from TeV-scale 
processes: unique feature of LHCwell constrained from LEP
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The Standard Model EFT
The number of SMEFT operators is large: 59 non-redundant operators at dimension 6 for 
one fermion generation, 2499 operators without any flavour assumption

A global SMEFT analysis needs to explore a huge complicated parameter space

pure bosonic

bosonic-fermionic

four-fermion operators
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SMEFT effects in top quark pair production

Standard Model

+

= σSM × (1 + a
ctG

Λ2
+ b

c2
tG

Λ4 )
SM: N(NLO) QCD interference squared
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Standard Model

+

= σSM × (1 + a
ctW

Λ2
+ b

c2
tW

Λ4 )
SM: N(NLO) QCD interference squared

SMEFT effects in single top production

b

b b
b
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Recipe for a global SMEFT analysis

(N)NLO QCD + NLO EW for SM xsecs

NLO QCD for SMEFT contributions

State-of-the-art Parton Distributions

Theory Data

MethodologyDelivery

Global SMEFT fit

Higgs and gauge boson production

Top quark and jet production 

Precision LEP, low energy, flavour, ….

Efficient exploration of parameter space

Faithful uncertainty estimate (exp & th)

Avoiding under- and over-fitting

Bounds can be compared with

specific UV completions

New data incorporated without redoing fit

Juan Rojo                                                                                     IPPP seminar, Durham
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SMEFT analyses in the market
low-energy constraints

Higgs+gauge

flavour 
physics

top quark

TopFitter
Buckley et al

Ellis et al

Aebischer et al

Falwokski et al
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SMEFT analyses in the market
low-energy constraints

Higgs+gauge

flavour 
physics

top quark

TopFitter
Buckley et al

Ellis et al

Aebischer et al

Falwokski et alIs it possible to aim to a truly global 
interpretation of the SMEFT?
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SMEFiT:
the Top Quark Case

N. P. Hartland, F. Maltoni, E. R. Nocera, J. Rojo, 
E. Slade, E. Vryonidou, C. Zhang, arXiv:1901.05965 (JHEP) 
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The SMEFiT method
 Generate a large sample of Monte Carlo replicas to construct the probability 
distribution in the space of experimental data

# MC replicascorrelated systematic 
uncertainties

central value 
(data) 

cross-section for
k-th replica

statistical 
uncertainties
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The SMEFiT method
 Generate a large sample of Monte Carlo replicas to construct the probability 
distribution in the space of experimental data

 Construct theory calculations where the SM is extended by SMEFT corrections

σth
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
cn

Λ2
+

Nop

∑
n,m=1

σ̃i,nm
cn cm

Λ4
, i = 1 …, Ndat

to be determined from the data

SM: compute 
at (N)NLO QCD

SMEFT: compute at 
(N)LO QCD with aMC@NLO
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The SMEFiT method
 Generate a large sample of Monte Carlo replicas to construct the probability 
distribution in the space of experimental data

 Construct theory calculations where the SM is extended by SMEFT corrections

𝒪th
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
cn

Λ2
+

Nop

∑
n,m=1

σ̃i,nm
cn cm

Λ4
, i = 1 …, Ndat

 Determine the SMEFT coefficients replica-by-replica by minimising a cost function

E({c(k)
l }) ≡

1
Ndat

Ndat

∑
i,j=1

(𝒪(th)
i ({c(k)

n }) − 𝒪(art)(k)
i )(cov−1)ij(𝒪(th)

j ({c(k)
n }) − 𝒪(art)(k)

j )
Juan Rojo                                                                                     IPPP seminar, Durham



The SMEFiT method
 Determine the SMEFT coefficients replica-by-replica by minimising a cost function

E({c(k)
l }) ≡

1
Ndat

Ndat

∑
i,j=1

(𝒪(th)
i ({c(k)

n }) − 𝒪(art)(k)
i )(cov−1)ij(𝒪(th)

j ({c(k)
n }) − 𝒪(art)(k)

j )
 The covariance matrix includes all sources of experimental errors + some theory errors

covij = cov(exp)
ij + cov(th)

ij

(covt0
)(exp)
ij ≡ (σ(stat)

i )
2

δij + (
Nsys

∑
α=1

σ(sys)
i,α σ(sys)

j,α 𝒪(exp)
i 𝒪(exp)

j +
Nnorm

∑
β=1

σ(norm)
i,β σ(norm)

j,β 𝒪(th,0)
i 𝒪(th,0)

j )

cov(th)
ij = ⟨𝒪(th)(r)

i 𝒪(th)(r)
j ⟩rep

− ⟨𝒪(th)(r)
i ⟩rep ⟨𝒪(th)(r)

j ⟩rep
,

t0 prescription

th uncertainties: PDFs can be extended to MHOUs
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The SMEFiT method
 Determine the SMEFT coefficients replica-by-replica by minimising a cost function

E({c(k)
l }) ≡

1
Ndat

Ndat

∑
i,j=1

(𝒪(th)
i ({c(k)

n }) − 𝒪(art)(k)
i )(cov−1)ij(𝒪(th)

j ({c(k)
n }) − 𝒪(art)(k)

j )
 The covariance matrix includes all sources of experimental errors + some theory errors

covij = cov(exp)
ij + cov(th)

ij

 The ensemble of coefficients             then provides a sampling of the probability density 
in the SMEFT parameter space

{c(k)
l }

⟨cl⟩ ≡
1

Nrep

Nrep

∑
k=1

c(k)
l ρ (ci, cj) =

1
Nrep

∑Nrep
k=1 c(k)

i c(k)
j − ⟨ci⟩ ⟨cj⟩

δciδcj
.
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 The output of SMEFiT is a sampling of the probability distribution in the SMEFT space

{c(k)
n } , n = 1 …, Nop , k = 1 …, Nrep

 Used to evaluate statistical estimators such as variances, correlations, higher moments, …

 Distributions are reasonably Gaussian for well-constrained degrees of freedom ….
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Sampling the SMEFT probability distribution
 The output of SMEFiT is a sampling of the probability distribution in the SMEFT space

 Used to evaluate statistical estimators such as variances, correlations, higher moments, …

 …. but much less so for under-constrained or redundant operators
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n } , n = 1 …, Nop , k = 1 …, Nrep

Juan Rojo                                                                                     IPPP seminar, Durham



 For single-parameter fits, Monte Carlo results benchmarked with Hessian method (quartic 
fit), finding good agreement

The SMEFiT method
 Uncertainties on the SMEFT degrees of freedom evaluated from variance of MC sample

(δcn)2 =
1

Nrep

Nrep

∑
k=1

(c(k)
n )

2
− ⟨cn⟩2

Juan Rojo                                                                                     IPPP seminar, Durham

χ2({cn}) = χ2
0 + ∑

n

cnan + ∑
n,m

cncmbnm with only interference terms

χ2({cn}) = χ2
0 + ∑

n

cnan + ∑
n,m

cncmbnm + ∑
n,m,l

cncmcldnml + ∑
n,m,l,p

cncmclcpenmlp

with interference+quadratic terms 

Fitting the coefficients of the likelihood expansion from data only feasible with a few operators



 For single-parameter fits, Monte Carlo 
results benchmarked with Hessian 
method (quartic fit), finding good 
agreement

The SMEFiT method
 Uncertainties on the SMEFT degrees of freedom evaluated from variance of MC sample

 The Hessian method numerically less 
stable as dimensionality of parameter 
space increases

(δcn)2 =
1

Nrep

Nrep

∑
k=1

(c(k)
n )

2
− ⟨cn⟩2

Hessian 1D fit
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 We follow the same flavour assumptions as 
in the LHC Top WG note

Minimal Flavour Violation (MFV), diagonal 
CKM, zero Yukawas for first two quark gens, 
CP conservation assumed

 Include those SMEFT dimension-6 
operators of Warsaw basis with at least one 
top quark

The fit includes a total of 34 independent 
degrees of freedom

Include both interference and quadratic 
contributions from these operators

4-heavy

2-heavy-
2-light

2-heavy 
+ V/h

SMEFiT analysis of top quark sector



34

A large number of different dimension-6 SMEFT 
operators modify top production at LHC

σth
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
cn

Λ2
+

Nop

∑
n,m=1

σ̃i,nm
cn cm

Λ4

SMEFiT analysis of top quark sector
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A large number of different dimension-6 SMEFT 
operators modify top production at LHC

σth
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
cn

Λ2
+

Nop

∑
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SMEFiT analysis of top quark sector
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A large number of different dimension-6 SMEFT 
operators modify top production at LHC

σth
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
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Λ2
+

Nop

∑
n,m=1

σ̃i,nm
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SMEFiT analysis of top quark sector
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A large number of different dimension-6 SMEFT 
operators modify top production at LHC

37

σth
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
cn

Λ2
+

Nop

∑
n,m=1

σ̃i,nm
cn cm

Λ4

SMEFiT analysis of top quark sector
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A large number of different dimension-6 SMEFT 
operators modify top production at LHC

The top quark sector of the SMEFT

σth
i ({cn}) = σSM,i +

Nop

∑
n=1

σ̃i,n
cn

Λ2
+

Nop

∑
n,m=1

σ̃i,nm
cn cm

Λ4

The fit includes more than 100 cross-section measurements at 8 and 
13 TeV from 10 different top-quark production processes 
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Fit quality

Good agreement between theory (SM 
and SMEFT) and data for most datasets

For the 103 fitted cross-sections, we find 
χ2/ndat of  1.11 (1.06) before (after) fit

Including SMEFT effects improves 
agreement with data: need to quantify how 
significant this improvement is
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SMEFiT results

 Agreement with the SM expectation within uncertainties

 Bounds on individual operators are in general largely correlated among them

 Large differences between the bounds obtained from each operator
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Comparison with 1D fits and previous bounds

 Improvement found (more stringent bounds) in most fitted degrees of freedom

 For some specific operators our bounds are the first ones to be reported

 Individual bounds can overestimate the actual (marginalised) bounds

(updated, v3 to appear)
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Correlation map

Juan Rojo                                                                                           HEFT2019, CP3 Louvain-la-Neuve
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Energy reach

Sensitivity up to several TeV for many operators!

(updated, v3 to appear)
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A global SMEFT analysis
of Higgs, gauge & top data

J. J. Ethier, F. Maltoni, L. Mantani, E. R. Nocera, J. Rojo, 
E. Slade, E. Vryonidou, C. Zhang, in preparation
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Towards a global SMEFT analysis

Extend top analysis with Higgs and gauge boson production observables

Include all available LHC Higgs measurements (signal strengths, distributions, STXS) 

 Also EWPO from LEP and gauge boson pair production from LHC

 Perform restricted fits with constrained scenarios for UV models (eg flavour assumptions)

 Methodological improvements to efficiently explore parameters space

Juan Rojo                                                                                     IPPP seminar, Durham
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Nested Sampling
Statistical mapping of the N-dimensional likelihood profile to 1D

23

Nested Sampling
• Statistical mapping of multidimensional integral to 1-D

Z =

Z
dnaL(data|~a)⇡(~a) =

Z 1

0
dXL(X)

where the prior volume dX = ⇡(~a)dna

Feroz et al. arXiv:1306.2144 
[astro-ph] 
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.

X2X3X4

(b)

Figure 1: Cartoon illustrating (a) the posterior of a two dimensional problem; and (b) the trans-
formed L(X) function where the prior volumes, Xi, are associated with each likelihood, Li.

be recovered by integration over its survival function (a result evident from integration by parts)
we have (unconditionally):

Z =

Z 1

0

X(�)d�. (5)

When L(X), the inverse of X(�), exists (i.e., when L(⇥) is a continuous function with connected
support; Chopin and Robert 2010) the evidence integral may thus be further rearranged as:

Z =

Z 1

0

L(X)dX. (6)

Indeed, if L(X) were known exactly (and Riemann integrable1), by evaluating the likelihoods,
Li = L(Xi), for a deterministic sequence of X values,

0 < XN < · · · < X2 < X1 < X0 = 1, (7)

as shown schematically in Fig. 1, the evidence could in principle be approximated numerically
using only standard quadrature methods as follows:

Z ⇡ Ẑ =
NX

i=1

Liwi, (8)

where the weights, wi, for the simple trapezium rule are given by wi =
1
2(Xi�1�Xi+1). With L(X)

typically unknown, however, we must turn to MC methods for the probabilistic association of prior
volumes, Xi, with likelihood contours, Li = L(Xi), in our computational evidence estimation.

3.1 Evidence estimation
Under the default nested sampling algorithm the summation in Eq. (8) is performed as follows.
First Nlive ‘live’ points are drawn from the prior, ⇡(⇥), and the initial prior volume, X0, is set to

1We give a brief measure-theoretic formulation of NS in Appendix C.
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Figure 1: Cartoon illustrating (a) the posterior of a two dimensional problem; and (b) the trans-
formed L(X) function where the prior volumes, Xi, are associated with each likelihood, Li.

be recovered by integration over its survival function (a result evident from integration by parts)
we have (unconditionally):

Z =

Z 1

0

X(�)d�. (5)

When L(X), the inverse of X(�), exists (i.e., when L(⇥) is a continuous function with connected
support; Chopin and Robert 2010) the evidence integral may thus be further rearranged as:

Z =

Z 1

0

L(X)dX. (6)

Indeed, if L(X) were known exactly (and Riemann integrable1), by evaluating the likelihoods,
Li = L(Xi), for a deterministic sequence of X values,

0 < XN < · · · < X2 < X1 < X0 = 1, (7)

as shown schematically in Fig. 1, the evidence could in principle be approximated numerically
using only standard quadrature methods as follows:

Z ⇡ Ẑ =
NX

i=1

Liwi, (8)

where the weights, wi, for the simple trapezium rule are given by wi =
1
2(Xi�1�Xi+1). With L(X)

typically unknown, however, we must turn to MC methods for the probabilistic association of prior
volumes, Xi, with likelihood contours, Li = L(Xi), in our computational evidence estimation.

3.1 Evidence estimation
Under the default nested sampling algorithm the summation in Eq. (8) is performed as follows.
First Nlive ‘live’ points are drawn from the prior, ⇡(⇥), and the initial prior volume, X0, is set to

1We give a brief measure-theoretic formulation of NS in Appendix C.

4

Zi ⇠
X

i

Liwi

wi =
1

2
(Xi�1 �Xi+1)

• Posterior samples obtained as a by-product of computing evidence Z

• Samples directly from prior space to locate region of maximum likelihood

• Advantage: no need for cross-validation or a minimizer (fit algorithm) 

• Disadvantage: exponential increase in runtime as prior volume increases

Z = ∫ dNcℒ (data | ⃗c ) π( ⃗c ) = ∫
1

0
dXℒ(X)

Samples directly from prior space to locate regions of maximum likelihood

Main advantage: no need for optimiser (fitting), cross-validation, …

Bottleneck: exponential increase in runtime as prior volume increases
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Nested Sampling

 In general good agreement with the MCfit approach

 Fully independent validation of the SMEFiT results with orthogonal methodology

26

SMEFiT: Top Sector Reloaded
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• Agreement of 95% CL bounds rather good between the two methods 

• Slight improvements in some operator bounds from previous SMEFiT publication 

preliminary
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Nested Sampling

 for one-parameter fits, NS reproduces the bounds from quartic fits to the χ2 profile

preliminary
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Restricted scenarios
Top-philic scenario for UV-complete theory: new physics couples preferentially to 
third generation LH quark doublet and RH quark singlet

 Initial basis of 34 operators now reduced to 22 independent ones

These additional theory assumptions lead to more stringent bounds in the SMEFT 
coefficients (reduction of dimensional of parameter space)
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Restricted scenarios
Top-philic scenario for UV-complete theory: new physics couples preferentially to 
third generation LH quark doublet and RH quark singlet

 Initial basis of 34 operators now reduced to 22 independent ones

These additional theory assumptions lead to more stringent bounds in the SMEFT 
coefficients (reduction of dimensional of parameter space)
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Top-Philic Scenario
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• Significant reduction in error with top-philic constraint 

preliminary
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Adding Higgs data

 Case study: associated V+h production at 13 TeV from ATLAS

 13 new SMEFT operators, no cross-talk with the top sector

 Only 5 points but probes several new directions in parameter space
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SMEFiT: Higgs Sector
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• Analysis of VH production data from 
ATLAS at 13 TeV

• Single dataset of 5 points

• No interference with top sector

• Total error dominated by 
statistical uncertainties – reflects 
in resulting coefficient bounds

• Same SM prediction as ATLAS analysis 
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SMEFiT: Higgs Sector
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• Single dataset of 5 points

• No interference with top sector

• Total error dominated by 
statistical uncertainties – reflects 
in resulting coefficient bounds

• Same SM prediction as ATLAS analysis 

• Analysis of VH production data from 
ATLAS at 13 TeV
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Adding Higgs data

constraints 47 independent directions in the SMEFT parameter space: 
one of the most ambitious SMEFT analysis to date

preliminary
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Constraining the SMEFT
with Bayesian inference

S. van Beek, E. R. Nocera, J. Rojo, and E. Slade, 
arXiv:1906.05296 (submitted to SciPost)
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Bayesian reweighting
 Under many circumstances, one would like to quantify the impact of a new 
measurement in the SMEFT parameter space without having to redo the full analysis

 One would also like to quantify (and compare) the amount of information contained in 
current and (possible) future measurements

Bayesian Inference tells us how to update (``reweight’’) the SMEFiT probability 
distribution with the information provided by new measurements

ωk ∝ (χ2
k )(ndat−1)/2 exp (−χ2

k /2) , k = 1,…, Nrep

MC replicas 
of a prior fit

total χ2 of new data 
for k-th replica

number of data 
points in new data 

 Extensive validation of reweighing by comparison with direct fits carried out in the PDF 
case. What about the SMEFT parameter space?

weight of
k-th replica
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 Start from a variant of SMEFiT which excludes LHC single top production data

 To ensure sufficient statistics, this prior is constructed with Nrep = 10000 MC replicas

 Then add different combinations of single top data either by reweighting or by a direct fit 
and compare the results

 The amount of new information in each case is quantified by Shannon’s entropy: the 
effective number of replicas

Neff = exp
1

Nrep

Nrep

∑
k=1

ωk ln
Nrep

ωk

For Bayesian reweighting to be used reliably, one requires that  Neff  > 50, else we run out of 
statistics and a direct refit is required

Bayesian reweighting
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Bayesian reweighting
 To identify which SMEFT directions are more constrained by the new data, evaluate the 
Kolmogorov-Smirnov statistic between the prior and reweighted probability distributions: 
the larger the KS-statistic, the larger the effect of the new data

 Note that information can be added (i) due to new direct constraints and/or (ii) by 
breaking degeneracies in the parameter space
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Reweighting efficiency

prior fit
(no single top) adding single-top t-channel

Significant amount of new information each time new process added via reweighting:
marked decrease in effective number of replicas

adding single-top 
s-channel

number of 
effective replicas
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Results: adding single top t-channel
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Results: adding single top t-channel

The KS statistic distinguishes genuine 
differences between probability 

distributions as compared to fluctuations
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Results: adding single top t-channel

 Good agreement between the probability 
distributions after a new fit and when using 
bayesian reweighting

 Provided Neff is large enough, fit and 
reweighed results are indistinguishable
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Can New Physics 
Hide Inside the Proton?

S. Carrazza, C. Degrande, S. Iranipour, J. Rojo, and M. Ubiali
arXiv:1905.05215 (PRL)
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Parton Distribution Functions 
(PDFs)

Proton energy divided among 
constituents: quarks and gluons

Determine from data: 
Global QCD analysis

Mass? Spin? 
Heavy quark content?
Novel QCD dynamics? 

Theoretical predictions 
for LHC, RHIC, IceCube?
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Proton structure: parton distributions
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All-order structure: QCD factorisation theorems

NLHC(H) ∼ g ⊗ g ⊗ σ̃ggH

proton

Higgs
σ̃ggH

proton

gluon

gluon

g

g

Parton Distributions

Proton structure: parton distributions



Dependence on x fixed by non-perturbative QCD dynamics: extract from experimental data

Probability of finding a gluon inside a 
proton, carrying a fraction x of the proton 
momentum, when probed with energy Q

x: fraction of proton 
momentum carried by gluon

Energy of hard-scattering reaction: 
inverse of resolution length

Energy conservation: momentum sum rule

Quark number conservation: valence sum rules

∫
1

0
dx x (

nf

∑
i=1

[qi((x, Q2) + q̄i(x, Q2)] + g(x, Q2)) = 1

∫
1

0
dx (u(x, Q2) + ū(x, Q2)) = 2

Parton Distributions
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Dependence on Q fixed by perturbative QCD dynamics: computed up to 

Probability of finding a gluon inside a 
proton, carrying a fraction x of the proton 
momentum, when probed with energy Q

x: fraction of proton 
momentum carried by gluon

Energy of hard-scattering reaction: 
inverse of resolution length

𝒪 (α4
s )

∂
∂ ln Q2

qi(x, Q2) = ∫
1

x

dz
z

Pij ( x
z

, αs(Q2)) qj(z, Q2)

DGLAP parton evolution equations

Parton Distributions
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The Global QCD analysis paradigm
QCD factorisation theorems: PDF universality

σl p→μ X = σ̃uγ→u ⊗ u(x) σp p→W = σ̃ud̄→W ⊗ u(x) ⊗ d̄(x)

Determine PDFs from deep-
inelastic scattering…

… and use them to compute predictions 
for proton-proton collisions
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A proton structure snapshop

valence 
quark 

number steep rise of
gluons & sea quarks

heavy 
quarks
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SMEFT & PDFs
NNPDF3.1 dataset
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SMEFT & PDFs

Figure 5.7. Graphical representation of the results of Tables 5.2 and 5.4, where we compare the
95% CL bounds on the 34 degrees of freedom included the present analysis, both in the marginalised
(global) and in the individual fit cases, with the bounds reported in the LHC Top WG EFT note [10].

the individual bounds are in general rather tighter than the marginalised ones, except for
some of the four-heavy-quark operators (and for OtZ) where they are instead comparable.

Another useful way to present our results is by representing the bounds on �/


|ci| that
are derived from the fit. This is interesting because, assuming UV completions where the
values of the fitted degrees of freedom ci are O(1), plotting the results this way indicates
the approximate reach in energy that is being achieved by the SMEFT global analysis. This
comparison is shown in Fig. 5.8, which is the analogous plot as Fig. 5.7 now representing the
same bounds as bounds on the ratio �/


|ci| (now only for the marginalised bounds from the

global fit). We find that for the degrees of freedom that are better constrained we achieve
sensitivity up to scales as high as � ƒ 1.5 TeV, in particular thanks to the chromomagnetic
operator OtG which is well determined from the di�erential measurements of top quark pair
production. Future measurements based on larger statistics should allow us to prove even
higher scales, in particular by means of the high-luminosity LHC datasets.

5.3 The impact of the NLO QCD and O(�≠4) corrections
The baseline fit results presented above are based on theory calculations that account both
for the NLO QCD corrections to the SMEFT contributions and for the quadratic O

!
�≠4

"

terms in Eq. (2.2), see also the discussion in Sect. 2. Here we aim to assess the robustness
and stability of our results by comparing the baseline fit results with those of fits based on
two alternative theory settings. Firstly we compare with a fit where only LO QCD e�ects
are included for the SMEFT contributions, and then with a fit that includes only the linear
O

!
�≠2

"
terms in the e�ective theory expansion (but still based on NLO QCD for the SMEFT

contributions).
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Top quark production

Hartland et al 19

NNPDF3.1 dataset
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SMEFT & PDFs
Jet production

Hartland et al 19
Alte et al 17

NNPDF3.1 dataset
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SMEFT & PDFs

Drell-Yan (high mass)

Hartland et al 19

Alioli et al 18

NNPDF3.1 dataset
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Why do we need better PDFs?
Deviation from SM prediction 

in high energy tails?
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Why do we need better PDFs?
Deviation from SM prediction 

in high energy tails?

SMEFT interpretation: from a massive particle at high energies …

73Juan Rojo                                                                                     IPPP seminar, Durham



Why do we need better PDFs?
Deviation from SM prediction 

in high energy tails?

…or reflecting our limited understating of proton structure?
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Naive approach
Separate LHC data into input for PDF fits and input for SMEFT studies?

SM
EF

T
PD

Fs

Can we do better?
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Simultaneous PDF & SMEFT fits

76

Our goal: constrain simultaneously both the PDFs and SMEFT degrees of freedom

Proof of concept: DIS-only fits where SM theory is augmented by d=6 SMEFT operators

which can arise e.g. from a Z’ boson with non-universal couplings to quarks

ℒSMEFT = ℒSM + ∑
q=u,d,s,c

aq

Λ2 (l̄RγμlR) (q̄RγμqR)

These SMEFT operators modify the DIS structure functions and thus affect the PDF fit

ΔFSMEFT
2 ⊃

x
12e4 (4aue2 Q2

Λ2
(1 + 4KZ sin4 θW) + 3a2

u
Q4

Λ4 )(u + ū)

from interference with SM from squared amplitude

SMEFT effects enhanced by Q2 : 
constrain from HERA data
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Impact on the PDFs
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For a large region of the allowed parameter space,
SMEFT effects can be partially (but not completely) reabsorbed into the PDFs
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NNPDF3.1 DIS-only, Q = 10 GeV
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Fingerprinting BSM effects
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Tell-tale sign of SMEFT effects: rapid variation with Q (DGLAP evolution slower)
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Fingerprinting BSM effects
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Ultimate goal (HL-LHC timescale!): simultaneous PDF & SMEFT global analysis

One can compare bounds on SMEFT degrees of freedom in the joint 
fit as compared to the usual approach where PDFs are kept fixed

SM
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Summary and outlook
 The SMEFT is the new Standard Model: a systematic, model-independent parametrisation of 
the low-energy deformations from any UV-complete BSM theories that reduces to the SM

SMEFiT is a novel framework, suitable for global analyses of the SMEFT, which exploits 
expertise inherited from PDF fits

 As a proof-of-concept, applied this framework to the determination of the constraints in the 
SMEFT parameter space provided by LHC top quark data

 Improved constraints compared to previous studies (first-ever bounds in some cases)

Next steps: enlarge the operator fitting basis and include additional LHC cross-sections 
(Higgs, electroweak, jets) as well as flavour and low-energy observables, and explore 
implications for specific UV-complete models

Demonstrated the applicability of Bayesian reweighting for the a posteriori inclusion of the 
constraints from new measurements on SMEFiT without need of redoing fit

The simultaneous determination of PDFs and SMEFT degrees of freedom will be required to 
fully exploit the LHC potential

Juan Rojo                                                                                     IPPP seminar, Durham


