
@KyleCranmer

University of Wisconsin-Madison

Data Science Institute

Physics, Computer Science, Statistics

A  P R A C T I C A L  F R A M E W O R K  O F  E F T  
F I T S  W I T H  P U B L I S H E D  L I K E L I H O O D S



A b s t r a c t

•Recently there has been rapid increase in the number of full statistical models (or 
"likelihoods") published by the experiments. 


• Most are based on the HistFactory (pyhf) format and published in HEPData. 


• This allows theorists and others to reproduce and combine measurements with the 
same gold standard as the internal experimental results. 


• However, these are mainly from SUSY and exotics searches and 


• working with EFTs is more complicated because quantum interference effects lead to 
changes in the signal template (via the dependence of the differential cross-sections 
and phase-space dependent selection efficiency on the EFT parameters). 


•In this talk I will propose a simple, lightweight framework that would extend current 
likelihood publishing to overcome these challenges and enable 'exact' EFT fits (i.e. with 
the same level of detail as the internal experimental fits and combinations).
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S c o p e  o f  t h i s  t a l k

•The focus of this talk is about a practical statistical framework for doing EFT fits


• Emphasis is on statistical correctness, not optimality of observables, etc.


• Fit distributions in the data space (no unfolding)


• Focusing on binned template fits with full systematic uncertainty treatment


• With some user-defined observables  (probably 1-D or 2-D)


• This talk is not about what is a good observable


• Independent of which EFT operators, which basis, how many parameters, etc.


•The framework lends itself well to publishing the full statistical model so that groups 
outside experiments can re-do fits, perform combinations, etc.


• So it addresses many of the motivations for unfolding, but its cleaner statistically 

x
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E x a m p l e  c o m b i n e d  f i t s  f o r  E F Ts
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The STXS combination measurement
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Aim: EFT interpretation of the 139 fb-1 combination of H  ZZ*  4ℓ,   
        H   ɣɣ and H    bb merged stage-1.2 STXS measurement
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Mostly split into pTH categories (and nJet)
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2.3 Signal yield parametrization

In all analyses listed in Table 1, the likelihood function for each signal region : , with one or more bins A , is
modeled as

! (Tk |-, )) =
÷
A

Poisson
⇣
#:,A |B: (-, )) · 5 :,A

B ()) + 1:,A ())
⌘

, (1)

where #:,A is the observed event count of bin A in region : , B: is the expected signal count in region : ,
5
:,A
B is the expected fraction of the signal in region : that is contained in bin A, and 1:,A represents the

expected event count from background processes. The ensemble of parameters of interest - describes the
Higgs boson signal normalisation, while ) represents the set of nuisance parameters taking into account
the systematic uncertainties that originate from theoretical and experimental sources, as well as additional
degrees of freedom without prior constraints such as background yields or normalisations in some of the
input channels. The global likelihood function is then the product of the likelihood functions for each
signal region : and of Gaussian or log-normal probability density functions that constrain the nuisance
parameters.

Depending on the level of detail implemented in each analysis, the signal yield parameters - can be
indexed by Higgs boson production process (8), decay mode (-), and fiducial phase space region defined
at the particle level (: 0). Analysis region : , defined at the reconstruction level, is typically chosen to
match the particle-level region :

0 as closely as possible, in order to reduce the extrapolation uncertainty.
As reconstruction-level selections do not generally correspond exactly to particle-level regions, multiple
particle-level regions will contribute to the signal yield B: .

Two distinct signal parametrization strategies are followed for the measurements listed in Table 1 and
reported in Eq. (2) and Eq. (3). For those labeled as ‘STXS’, the signal yield for region : is modeled as
a scale factor `8,:

0,-
: applied to the SM Higgs boson production cross-section times branching ratio, for

each Higgs boson production process 8 and decay - , in a fiducial region :
0 defined at the particle level.

Alternatively, for analyses labeled as ‘differential’, the signal yield is modeled as a cross-section f
:0,-
fid.

describing the sum of all production processes, separately for each Higgs boson decay mode - and fiducial
region :

0 defined at the particle level. The corresponding parametrizations of the signal yield B: in terms
of the parameters of interest -k = {`8,:

0,-
: } and 2fid. = {f:0,-

fid. } and of the nuisance parameters ) are:

B
STXS
: (-k , )) = L ⇥

’
8,:0,-

`
8,:0,-
: ⇥ (f ⇥ ⌫)8,:

0,-
SM,(N(N))NLO()) ⇥ n

8,:0,-
STXS,: ()), (2)

B
diff.
: (2fid., )) = L ⇥

’
:0,-

f
:0,-
fid. ⇥ n

:0,-
diff.,: ()), (3)

where L is the integrated luminosity and (f ⇥ ⌫)8,:
0,-

SM,(N(N))NLO is the calculation, at the highest available
order, of the SM Higgs boson cross-section for the production process 8 in particle-level region :

0 multiplied
by the SM Higgs boson branching ratio to the final state - . The factors n 8,:

0,-
STXS,: and n

:0,-
diff.,: represent the

products of acceptance times efficiency of the reconstruction-level region : for the particle-level fiducial
phase space region :

0 and Higgs boson decay - (in production mode 8 for the STXS interpretation).
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7
For each interpretation based on a particular model (SMEFT, 2HDM, or MSSM) with a vector of model
parameters ", the original signal parameters - and 2fid. are replaced with expressions that parameterise the
model predictions, e.g. f:0,-

fid. ! f
:0,-
fid. ("), so that the likelihood of Eq. (1) is directly expressed in terms

of the parameters ". Then, constraints on these parameters can be directly inferred from the modified
likelihood expression. The model-specific reparametrizations of the signal parameters are detailed in
Sections 3 and 4.

The acceptance factors nSTXS and ndiff., as well as the signal shape factors 5B, are derived under the
assumption of SM Higgs boson kinematics. For interpretations of the measurements in physics models
that significantly alter kinematic distributions, additional correction factors may be needed to account for
changes in the acceptance and signal shape as a function of BSM model parameters. These are discussed
when applicable in Sections 3 and 4.

2.3.1 Fiducial differential cross-section measurements

For the interpretation of fiducial differential cross-section measurements in the �! WW and �! //
⇤! 4✓

analyses, the differential distributions in the transverse momentum of the Higgs boson decay products are
considered. The �! //

⇤! 4✓ analysis defines 9 analysis regions with boundaries in ?
4✓
T at

{0, 10, 20, 30, 45, 60, 80, 120, 200, 300} GeV,

whereas the �! WW analysis defines a finer granularity with 20 analysis regions with boundaries in ?
WW
T

at

{0, 5, 10, 15, 20, 25, 30, 35, 45, 60, 80, 100, 120, 140, 170, 200, 250, 300, 450, 650, 13000} GeV,

resulting in a total of 29 fiducial cross-section measurements that are interpreted in Section 3.3. Further
details on these analyses, including the full definitions of the fiducial regions, can be found in Refs. [19,
20].

2.3.2 Production and decay rate and simplified template cross-section measurements

For the interpretations based on the SMEFT framework presented in Section 3, measurements of “simplified
template cross-sections” (STXS) of various Higgs boson production processes in the regions of phase space
defined within the STXS framework [47, 91–93] are used. The inclusive production process classes defined
at “Stage-0” in the STXS scheme are: 11̄� production; CC� and C� processes; @@ ! �@@ processes,
with contributions from both VBF production and quark-initiated +� production with a hadronic decay
of the gauge boson; ,� and /� production, including 66 ! /�, followed by a leptonic decay of the
vector boson (+(lep)�); and finally the 66 ! � process, consisting of ggF and 66 ! /�, / ! @@̄

production. Since the acceptances for 66 ! � and 11̄� production are similar for all input analyses, the
11̄� production mode is modeled as a 1% increase of the 66 ! � yield in each region of production
phase space [47]. Theory uncertainties for the 66 ! �, @@ ! �@@, and CC� processes are defined as in
Refs. [23, 24], while those of the +(lep)� process follow the scheme described in Ref. [94].

The analyses listed in Table 1 as using the ‘STXS-0⇤’ binning provide measurements of the scale factors `8,-
for the product of the inclusive cross-section of one or more production modes 8, with 8=ggF, VBF,,�, /�,

8
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Interpretations of the ATLAS measurements of

Higgs boson production and decay rates and

differential cross-sections in p p collisions atp
s = 13 TeV

The ATLAS Collaboration

Measurements of the Higgs boson production and decay rates and differential cross-sections
have recently been performed by the ATLAS experiment in several decay channels using up to
139 fb�1 of proton–proton collision data at

p
B = 13 TeV recorded at the Large Hadron Collider.

This note presents multiple interpretations of these Higgs boson measurements. Measurements
of production-mode cross-sections, simplified template cross-sections or fiducial differential
cross-sections in different decay channels are reparameterised in terms of the impact of Standard
Model Effective Field Theory operators, and constraints are reported on the corresponding
Wilson coefficients. Production and decay rate measurements are interpreted in UV-complete
extensions of the Standard Model, namely the two-Higgs-doublet model (2HDM) near the
alignment limit and the Minimal Supersymmetric Standard Model (MSSM) for various MSSM
benchmark scenarios. The constraints on the 2HDM parameters (cos(V � U), tanV) and the
MSSM parameters (<�, tanV) are complementary to those obtained from direct searches for
additional Higgs bosons.

© 2023 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.



M y  m e s s a g e

•Top Level Message: We should publish the full statistical model (aka “likelihood”) 
for measurements that constrain EFT coefficients


• Lots of progress in publishing statistical models recently in BSM searches


•Second Level Message: There are a few ways to describe the dependence on EFT 
parameters. We can and should separate the specification and implementation. 


• First define a specification for one or more of these choices that removes all 
ambiguity. This allows multiple groups to implement the specification.


•Third Level Message: Event-by-event reweighing as a function of EFT parameters 
based on truth-level kinematics has some advantages.


• Removes some approximations & provides an avenue to consider new EFT 
operators after the fact

6



Publishing Statistical Models



T h e  f i r s t  P h y S t a t

•It was 23 years ago!

8
https://cds.cern.ch/record/411537?ln=en

Robin Pelkner (TU Dortmund) HS3 - HEP Statistics Serialization Standard 2

• open science: publish results and data

• statistical models are necessary:

• validation and reproduction of results

• reinterpretation and combination

• publication and archiving 

• 1st Workshop on Confidence Levels 2000:

The open science approach 

good scientific practice

experiments should 
publish likelihoods 



P h y S t a t  2 0 0 7

9

Wouter Verkerke

Bob Cousins Slide: http://indico.cern.ch/conferenceDisplay.py?confId=100458 

http://indico.cern.ch/conferenceDisplay.py?confId=100458


E a r l y  L H C  e x a m p l e s  ( 2 0 1 1 )

10

Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

*fitting, CERN,  Feb 11, 2011

ATLAS H->γγ
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680 19   Higgs Bosons

For an integrated luminosity of 100 fb!1, a Standard Model Higgs boson in the mass range be-
tween 105 GeV and 145 GeV can be observed with a significance of more than 5" by using the
H# $$ channel alone. Table 19-2 also contains the estimated significances of the H# $$ channel
for an integrated luminosity of 30 fb-1, corresponding to the first three years of LHC operation.
The significances at low luminosity have been evaluated by taking the resulting improvements
in mass resolution and background rejection into account. A signal in the $$ channel can only be
seen in this case with a significance of % 4" over a narrow mass range between 120 and 130 GeV.

The significances quoted in Table 19-2 are slightly higher than the ones given in the Technical
Proposal. The main reason for this is the removal of the so called pT-balance cut, which was ap-
plied in order to suppress bremsstrahlung background. Although without this cut the back-
ground increases, there is a net gain in the significance. Another reason is the slightly improved
mass resolution which is mainly due to a more sophisticated photon energy reconstruction, sep-
arating converted and non-converted photons. These gains are somewhat offset by the higher
reducible background.

As an example of signal reconstruction above background, Figure 19-4 shows the expected sig-
nal from a Higgs boson with mH = 120 GeV for an integrated luminosity of 100 fb-1. The H# $$

signal is clearly visible above the smooth $$ background, which is dominated by the irreducible
continuum of real photon pairs.

19.2.2.2 Associated production:WH, ZH and ttH

The production of the Higgs boson in association with aW or a Z boson or with a tt pair can also
be used to search for a low-mass Higgs boson. The production cross-section for the associated
production is almost a factor 50 lower than for the direct production, leading to much smaller
signal rates. If the associated W/Z boson or one of the top quarks is required to decay leptoni-
cally, thereby leading to final states containing one isolated lepton and two isolated photons, the
signal-to-background ratio can nevertheless be substantially improved with respect to the direct
production. In addition, the vertex position can be unambiguously determined by the lepton
charged track, resulting in better mass resolution at high luminosity than for the case of direct
H# $$ production.

Figure 19-4 Expected H # $$ signal for mH = 120 GeV and for an integrated luminosity of 100 fb-1. The signal

is shown on top of the irreducible background (left) and after subtraction of this background (right).
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3-channel top combination
The graph below represents this PDF

‣ where there are several relations between the expected means 
in the different channels

18

R
o
o
S
im
u
lta
n
e
o
u
s

s
im
P
d
f

R
o
o
P
ro
d
P
d
f

m
o
d
e
l_
e
e

R
o
o
G
a
u
s
s
ia
n

lu
m
iC
o
n
s
tra
in
t

R
o
o
C
o
n
s
tV
a
r

2
0
0

R
o
o
C
o
n
s
tV
a
r

4
0

R
o
o
R
e
a
lV
a
r

L
u
m
i

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
E
le
E
ffC
o
n
s
tra
in
t

R
o
o
C
o
n
s
tV
a
r

0

R
o
o
C
o
n
s
tV
a
r

1

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
E
le
E
ff

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
P
D
F
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
P
D
F

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
m
o
d
e
lC
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
m
o
d
e
l

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
je
s
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
je
s

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
e
e
s
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
e
e
s

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
is
rfs
rC
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
is
rfs
r

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
X
s
e
c
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
X
s
e
c

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
D
Y
_
e
e
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
D
Y
_
e
e

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
F
a
k
e
R
a
te
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
F
a
k
e
R
a
te

R
o
o
P
o
is
s
o
n

P
o
is
_
e
e
_
0

R
o
o
R
e
a
lV
a
r

o
b
s
N
_
0

R
o
o
A
d
d
itio

n

e
e
_
to
tN
_
0

R
o
o
P
ro
d
u
c
t

tb
a
rt_
e
e
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

tb
a
rt_
e
e
_
H
is
t_
a
lp
h
a
_
0

R
o
o
P
ro
d
u
c
t

tb
a
rt_
e
e
_
S
ig
X
s
e
c
_
x
_
e
p
s
ilo
n

R
o
o
R
e
a
lV
a
r

S
ig
X
s
e
c
O
v
e
rS
M
_
c
o
m
b

L
in
In
te
rp
V
a
r

tb
a
rt_
e
e
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

S
in
g
le
T
o
p
_
e
e
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

S
in
g
le
T
o
p
_
e
e
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

S
in
g
le
T
o
p
_
e
e
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

D
ib
o
s
o
n
_
e
e
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

D
ib
o
s
o
n
_
e
e
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

D
ib
o
s
o
n
_
e
e
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

Z
ll_
e
e
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

Z
ll_
e
e
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

Z
ll_
e
e
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

Z
ta
u
ta
u
_
e
e
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

Z
ta
u
ta
u
_
e
e
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

Z
ta
u
ta
u
_
e
e
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

fa
k
e
_
e
e
_
o
v
e
ra
llS
y
s
t_
x
_
E
x
p
_
0

R
o
o
R
e
a
lV
a
r

fa
k
e
_
e
e
_
e
x
p
N
_
0

L
in
In
te
rp
V
a
r

fa
k
e
_
e
e
_
e
p
s
ilo
n

R
o
o
P
ro
d
P
d
f

m
o
d
e
l_
e
m
u

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
M
u
o
n
E
ffC
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
M
u
o
n
E
ff

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
m
e
s
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
m
e
s

R
o
o
P
o
is
s
o
n

P
o
is
_
e
m
u
_
0

R
o
o
A
d
d
itio

n

e
m
u
_
to
tN
_
0

R
o
o
P
ro
d
u
c
t

tb
a
rt_
e
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

tb
a
rt_
e
m
u
_
H
is
t_
a
lp
h
a
_
0

R
o
o
P
ro
d
u
c
t

S
in
g
le
T
o
p
_
e
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

S
in
g
le
T
o
p
_
e
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

S
in
g
le
T
o
p
_
e
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

D
ib
o
s
o
n
_
e
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

D
ib
o
s
o
n
_
e
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

D
ib
o
s
o
n
_
e
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

Z
ta
u
ta
u
_
e
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

Z
ta
u
ta
u
_
e
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

Z
ta
u
ta
u
_
e
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

fa
k
e
_
e
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
E
x
p
_
0

R
o
o
R
e
a
lV
a
r

fa
k
e
_
e
m
u
_
e
x
p
N
_
0

L
in
In
te
rp
V
a
r

fa
k
e
_
e
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
P
d
f

m
o
d
e
l_
m
u
m
u

R
o
o
G
a
u
s
s
ia
n

a
lp
h
a
_
D
Y
_
m
u
m
u
C
o
n
s
tra
in
t

R
o
o
R
e
a
lV
a
r

a
lp
h
a
_
D
Y
_
m
u
m
u

R
o
o
P
o
is
s
o
n

P
o
is
_
m
u
m
u
_
0

R
o
o
A
d
d
itio

n

m
u
m
u
_
to
tN
_
0

R
o
o
P
ro
d
u
c
t

tb
a
rt_
m
u
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

tb
a
rt_
m
u
m
u
_
H
is
t_
a
lp
h
a
_
0

R
o
o
P
ro
d
u
c
t

S
in
g
le
T
o
p
_
m
u
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

S
in
g
le
T
o
p
_
m
u
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

S
in
g
le
T
o
p
_
m
u
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

D
ib
o
s
o
n
_
m
u
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

D
ib
o
s
o
n
_
m
u
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

D
ib
o
s
o
n
_
m
u
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

Z
ll_
m
u
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

Z
ll_
m
u
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

Z
ll_
m
u
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

Z
ta
u
ta
u
_
m
u
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
H
is
tS
y
s
t_
0

L
in
In
te
rp
V
a
r

Z
ta
u
ta
u
_
m
u
m
u
_
H
is
t_
a
lp
h
a
_
0

L
in
In
te
rp
V
a
r

Z
ta
u
ta
u
_
m
u
m
u
_
e
p
s
ilo
n

R
o
o
P
ro
d
u
c
t

fa
k
e
_
m
u
m
u
_
o
v
e
ra
llS
y
s
t_
x
_
E
x
p
_
0

R
o
o
R
e
a
lV
a
r

fa
k
e
_
m
u
m
u
_
e
x
p
N
_
0

L
in
In
te
rp
V
a
r

fa
k
e
_
m
u
m
u
_
e
p
s
ilo
n

R
o
o
C
a
te
g
o
ry

c
h
a
n
n
e
lC
a
t

5.1.3 Extending the Likelihood Function to include Multiple Bins or Channels510

One may wish to extend the likelihood function in Eq. 15 to include multiple channels (e. g. ee/µµ/eµ)511

or several jet multiplicity bins. Formally, the extension looks very similar for both cases. Let us first512

consider the case of multiple bins indexed by i. The expectation for the ith bin from the kth signal or513

background contribution is514

N
exp
ik = L !ik"

j

#̃i jk
#i jk($ j)

#̃i jk
= Ñ

exp
ik "

j

#i jk($ j)

#̃i jk
. (16)

Note, that we do not add the index to $ j, because we see this as a common source of systematics which515

is common for the different bins and the different signal and background contributions. The likelihood516

function is now a product over these bins517

L(!sig,L ,$ j) = "
i∈bins

[

Pois(Nobs
i |Nexp

i,tot)×Gaus(L̃ |L ,!L )"
j

Gaus($̃ j = 0|$ j, %$ j
= 1)

]

. (17)

The likelihood function for multiple channels is similar, with an additional product over the multiple518

channels. The only subtlety is that k now runs over the set of signal and backgrounds specific to that519

channel. Similarly, the sources of systematics might also be different for the different channels. Leaving520

the range of the indices implicit, we arrive at521

L(!sig,L ,$ j) = "
l∈{ee,µµ ,eµ}

{

"
i∈bins

[

Pois(Nobs
i |Nexp

i,tot)Gaus(L̃ |L ,!L ) "
j∈syst

Gaus(0|$ j,1)

]}

. (18)

5.2 Extracting Measurements from the Profile Likelihood Ratio522

Armed with the final likelihood function in Eq. 18 and the Asimov dataset, we can now derive the ex-523

pected uncertainty on the desired cross section measurement. The likelihood function can be maximized524

to determine the maximum likelihood estimate of all the parameters !̂sig,L̂ , $̂ j. One can then consider525

the likelihood ratio526

r(!sig) =
L(!sig,L̂ , $̂ j)

L(!̂sig,L̂ , $̂ j)
(19)

and the profile likelihood ratio:527

& (!sig) =
L(!sig,

ˆ̂
L , ˆ̂$ j)

L(!̂sig,L̂ , $̂ j)
(20)
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9 observations of continuous variables
1 parameter of interest
27 nuisance parameters

Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

*fitting, CERN,  Feb 11, 2011
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → "+"−"+"− in the entire mass range, (c) H → ZZ(∗) → "+"−"+"− in
the low mass range, (d) H → ZZ → "+"−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → "+"−qq, (g) H →
WW (∗) → "+ν"−ν+0-jets, (h) H → WW (∗) → "+ν"−ν+1-jet, (i) H → WW (∗) → "+ν"−ν+2-jets, (j) H → WW → "νqq′+0-
jets, (k) H → WW → "νqq′+1-jet and (l) H → WW → "νqq′+2-jets. The H → WW (∗) → "+ν"−ν+2-jets distribution is
shown before the final selection requirements are applied.
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FIG. 2. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → τlepτlep+0-jets, (b) H → τlepτlep 1-jet, (c) H → τlepτlep+2-jets, (d) H → τlepτhad+0-jets and
1-jet, (e) H → τlepτhad+2-jets, (f) H → τhadτhad. The bb invariant mass for (g) the ZH → "+"−bb̄, (h) the WH → "νbb̄ and (i)
the ZH → ννbb̄ channels. The vertical dashed lines illustrate the separation between the mass spectra of the subcategories in
pZT, p

W
T , and Emiss

T , respectively. The signal distributions are lightly shaded where they have been scaled by a factor of five or
ten for illustration purposes.
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → "+"−"+"− in the entire mass range, (c) H → ZZ(∗) → "+"−"+"− in
the low mass range, (d) H → ZZ → "+"−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → "+"−qq, (g) H →
WW (∗) → "+ν"−ν+0-jets, (h) H → WW (∗) → "+ν"−ν+1-jet, (i) H → WW (∗) → "+ν"−ν+2-jets, (j) H → WW → "νqq′+0-
jets, (k) H → WW → "νqq′+1-jet and (l) H → WW → "νqq′+2-jets. The H → WW (∗) → "+ν"−ν+2-jets distribution is
shown before the final selection requirements are applied.
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FIG. 2. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → τlepτlep+0-jets, (b) H → τlepτlep 1-jet, (c) H → τlepτlep+2-jets, (d) H → τlepτhad+0-jets and
1-jet, (e) H → τlepτhad+2-jets, (f) H → τhadτhad. The bb invariant mass for (g) the ZH → "+"−bb̄, (h) the WH → "νbb̄ and (i)
the ZH → ννbb̄ channels. The vertical dashed lines illustrate the separation between the mass spectra of the subcategories in
pZT, p

W
T , and Emiss

T , respectively. The signal distributions are lightly shaded where they have been scaled by a factor of five or
ten for illustration purposes.
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S. Kraml - Feedback on use of public likelihoods - 24 Sep 2020

Why public likelihoods

• The statistical model of an experimental 
analysis provides the complete mathematical 
description of that analysis                               
p(o|!) relating the observed quantities o to the parameters ! 


• Given the likelihood, all the standard 
statistical approaches are available for 
extracting information from it


• Essential information for any detailed 
interpretation of experimental results                  

2

Les Houches Recommandations (2012) 

3b: When feasible, provide a mathematical 
description of the final likelihood function in 
which experimental data and parameters are 
clearly distinguished, either in the publication 
or the auxiliary information. Limits of validity 
should always be clearly specified.


3c: Additionally provide a digitized 
implementation of the likelihood that is 
consistent with the mathematical description.


arXiv:1203.2489 .

= determining the compatibility of the observations with                  
theoretical predictions 

Searches for New Physics: Les Houches Recommendations

for the Presentation of LHC Results

S. Kraml1, B.C. Allanach2, M. Mangano3, H.B. Prosper4, S. Sekmen3,4 (editors),
C. Balazs5, A. Barr6, P. Bechtle7, G. Belanger8, A. Belyaev9,10, K. Benslama11,
M. Campanelli12, K. Cranmer13, A. De Roeck3, M.J. Dolan14, T. Eifert15, J.R. Ellis16,3,
M. Felcini17, B. Fuks18, D. Guadagnoli8,19, J.F. Gunion20, S. Heinemeyer17,
J. Hewett15, A. Ismail15, M. Kadastik21, M. Krämer22, J. Lykken23 F. Mahmoudi3,24,
S.P. Martin25,26,27, T. Rizzo15, T. Robens28, M. Tytgat29, A. Weiler30

Abstract

We present a set of recommendations for the presentation of LHC results on
searches for new physics, which are aimed at providing a more e�cient flow of
scientific information between the experimental collaborations and the rest of the
high energy physics community, and at facilitating the interpretation of the results
in a wide class of models. Implementing these recommendations would aid the full
exploitation of the physics potential of the LHC.
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8 LAPTH, Université de Savoie, CNRS, B.P.110, F-74941 Annecy-le-Vieux Cedex,
France
9NExT Institute: School of Physics and Astronomy, Univ. of Southampton, UK
10 Particle Physics Department, Rutherford Appleton Laboratory, UK
11 Physics Department, University of Regina,3737 Wascana Parkway, Regina–SK,
Canada
12University College London, Gower Street, WC1B 6BT London, UK
13 Center for Cosmology and Particle Physics, New York University, New York, NY
10003, USA
14 Institute for Particle Physics Phenomenology, University of Durham, Durham DH1
3LE, UK
15 SLAC National Accelerator Laboratory, 2575 Sand Hill Rd, Menlo Park, CA 94025,
USA
16 Theoretical Particle Physics and Cosmology Group, Department of Physics, King’s
College London, London WC2R 2LS, UK

1

ar
X

iv
:1

20
3.

24
89

v2
  [

he
p-

ph
]  

20
 M

ar
 2

01
2

https://indico.cern.ch/event/957797/contributions/4026032/



T h e o r i s t  r e j o i c e  

13

S. Kraml - Feedback on use of public likelihoods - 24 Sep 2020

Now: full likelihoods !!
• Plain-text serialisation of HistFactory workspaces, JSON format

6

ATL-PHYS-PUB-2019-029 (05 Aug 2019)

- Provides background estimates, changes under systematic 
variations, and observed data counts at the same fidelity as 
used in the experiment.


- Usage: RooFit, pyhf 


- Target: long-term data/analysis preservation,  
reinterpretation purposes

Rate modifications defined in HistFactory for bin b, sample s, channel c. 

 SUSY-2018-31 (1908.03122) multi-b sbottom: 2b+2H(bb)

 SUSY-2018-04 (1911.06660 ) stau search, 2 hadr. taus

 SUSY-2019-08 (1909.09226) 1 lept. + H(bb), EW-ino

 SUSY-2018-06 (1912.08479 ) 3 lept. EW-ino

So far available for 4/12 SUSY analyses with 139 fb-1

https://indico.cern.ch/event/957797/contributions/4026032/
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S. Kraml - Feedback on use of public likelihoods - 24 Sep 2020

Reinterpretation Forum Report 2020

“.… In fact, many of the data products discussed here, such as signal/background 
yields and correlations, are used by the various external reinterpretation packages to 
construct likelihoods. Whilst extremely useful, the likelihoods constructed from these 
products are however always only an approximation to the true underlying experimental 
likelihood. The reinterpretation workflow can be greatly facilitated and rendered much 
more precise if the original likelihood of the analysis is published in full. We strongly 
encourage the movement towards the publication of full experimental likelihoods 
wherever possible.”


“ATLAS has recently started to do this using a JSON serialisation of the likelihood […] 
The provision of this full likelihood information is much appreciated and we hope that    
it will become a standard, as it greatly improves the quality of any reinterpretation.”

7

Reinterpretation of LHC Results for New Physics: Status and Recommendations after Run 2 

arXiv:2003.07868, SciPost Phys. 9, 022 (2020) 

https://indico.cern.ch/event/957797/contributions/4026032/
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Abstract

The statistical models used to derive the results of experimental analyses are of
incredible scientific value and are essential information for analysis preservation
and reuse. In this paper, we make the scientific case for systematically publishing
the full statistical models and discuss the technical developments that make this
practical. By means of a variety of physics cases — including parton distribution
functions, Higgs boson measurements, effective field theory interpretations, direct
searches for new physics, heavy flavor physics, direct dark matter detection, world
averages, and beyond the Standard Model global fits — we illustrate how detailed
information on the statistical modelling can enhance the short- and long-term
impact of experimental results.
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ATLAS Public Results Page



I t ’s  a  r e a l i t y

17

https://www.hepdata.net/search/?q=analysis:HistFactory



B r o w s e  a n d  i n t e r a c t  w i t h  p u b l i s h e d  s t a t i s t i c a l  m o d e l s

18

http://hepexplorer.net



T h e  H S 3  E f f o r t

•There is now an effort to create a common serialization 
standard for pyhf, RooFit, BAT, zfit, etc. models


• Key idea: separate specification from implementation

19

Robin Pelkner (TU Dortmund) HS3 - HEP Statistics Serialization Standard

idea: provide standardized format for statistical 
models:

• human-readable, in JSON format

• machine-readable for direct implementation of 
statistical models

• software-independent

• generic, mathematical definitions

• full compatibility with respect to 
RooWorkspace and pyhf

HS3 - HEP Statistics Serialization Standard

4

implementations

https://github.com/hep-statistics-serialization-standard
Talk at Reinterpretation Forum [link]

https://indico.cern.ch/event/1264371/contributions/5338176/

https://videos.cern.ch/record/2296062 

https://github.com/hep-statistics-serialization-standard 

Aug 30, 2023

https://conference.ippp.dur.ac.uk/event/1178/contributions/6463/attachments/5039/6443/go
https://indico.cern.ch/event/1264371/contributions/5338176/
https://videos.cern.ch/record/2296062
https://github.com/hep-statistics-serialization-standard
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T h e  H i s t F a c t o r y  s p e c i f i c a t i o n

•The HistFactory specification is pure math with two main implementations (original 
C++ version in ROOT/RooFit and newer python version pyhf)


• Widely used and has almost everything needed 

21

HistFactory Template: at a glance

: events, : auxiliary data, : unconstrained pars, : constrained pars

Use: Multiple disjoint channels (or regions) of binned distributions with multiple samples contributing to each with

additional (possibly shared) systematics between sample estimates

Main pieces:

Main Poisson p.d.f. for simultaneous measurement of multiple channels

Event rates  (nominal rate  with rate modi�ers)

encode systematic uncertainties (e.g. normalization, shape)

Constraint p.d.f. (+ data) for "auxiliary measurements"

f data parameters = f ,  ,  =   Pois n  ν   ,   c  a  χ( ∣ ) (n ⃗ a∣⃗η ⃗ χ)⃗
c∈ channels

∏
b∈ bins  c

∏ ( cb∣ cb (η ⃗ χ)⃗)
χ ∈  χ ⃗

∏ χ ( χ ∣ )

n ⃗ a ⃗ η ⃗ χ ⃗

ν  (  ,  ) =   (ν  (  ,  ) +  )cb η ⃗ χ ⃗
s∈ samples

∑

multiplicative

  κ  (  ,  )(
κ∈κ ⃗

∑ scb η ⃗ χ ⃗ )
scb
0 η ⃗ χ ⃗

additive

  Δ  (  ,  )

Δ ∈ Δ⃗

∑ scb η ⃗ χ ⃗

ν  (  ,  )cb η ⃗ χ ⃗ ν  scb
0

4



T h e  H i s t F a c t o r y  s p e c i f i c a t i o n

•… but the HistFactory specification is not natural for describing interference effects 
encountered in EFTs.


• We can create / extend the specification to handle EFT parameter dependence

22

HistFactory Template: at a glance

: events, : auxiliary data, : unconstrained pars, : constrained pars

Use: Multiple disjoint channels (or regions) of binned distributions with multiple samples contributing to each with

additional (possibly shared) systematics between sample estimates

Main pieces:

Main Poisson p.d.f. for simultaneous measurement of multiple channels

Event rates  (nominal rate  with rate modi�ers)

encode systematic uncertainties (e.g. normalization, shape)

Constraint p.d.f. (+ data) for "auxiliary measurements"

f data parameters = f ,  ,  =   Pois n  ν   ,   c  a  χ( ∣ ) (n ⃗ a∣⃗η ⃗ χ)⃗
c∈ channels

∏
b∈ bins  c

∏ ( cb∣ cb (η ⃗ χ)⃗)
χ ∈  χ ⃗

∏ χ ( χ ∣ )

n ⃗ a ⃗ η ⃗ χ ⃗

ν  (  ,  ) =   (ν  (  ,  ) +  )cb η ⃗ χ ⃗
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∑

multiplicative

  κ  (  ,  )(
κ∈κ ⃗
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4
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Figure 3: Overview of produced samples for morphing validation in the H ! WW ⇤ ! e⌫µ⌫ channel. The SM
coupling gSM = cos(↵) · SM is set to 1 for all input samples and the limits for the BSM parameters are taken such
that a pure BSM sample would have the SM cross section. The parameters for the validation samples are taken
randomly in the desired parameter space.
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Figure 4: The number of expected events in the considered parameter space for H ! WW ⇤ ! e⌫µ⌫ calculated with
the morphing method is shown on the left. The relative uncertainty on the number of expected events propagated
from the morphing function can be seen on the right.
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Figure 2: Distributions of cos (✓1), where ✓1 is the angle between the on-shell Z boson and its negatively charged
lepton (left) and the angle � (right) between the decay planes of the two Z bosons for events generated in the ggF
H ! Z Z⇤ ! 4` process at 13 TeV, calculated in the rest frame of the Higgs boson [1]. Generated validation samples
(solid) as well as predictions calculated via morphing (dashed) are shown. The ratios between the morphing output
and the validation distributions are shown in the lower panels.

5.1.2. Validation in VBF H ! WW
⇤ ! e⌫µ⌫

In addition to the SM coupling SM two non-SM couplings HWW and AWW are used for validation. All
three operators act on the production and decay vertex which results in 15 input samples needed for the
morphing. Besides these 15 input samples additional validation samples are produced to have statistically
independent distributions.

An overview of all generated samples in the parameter space can be found in Figure 3, where the two
additional validation samples have been highlighted and dubbed v0 and v1. Their parameters have been
chosen randomly. For each sample, 50.000 Monte Carlo events have been generated. The cross sections
calculated in arbitrary units using the morphing technique can be seen in Figure 4 (left). Using larger
absolute non-SM coupling values results in larger rates for both non-SM coupling parameters.

The relative uncertainty arising from the morphing function on the number of events is shown in Figure 4
(right). In the considered parameter space the relative Monte Carlo statistical uncertainty remains very
small, in the range of ca. 2-3%, whereas outside the region the uncertainty grows the further away the
parameters lie from the input samples. This explains both the local maxima in the central parameter region
and the rapid increase in the outer region.

For this channel, the kinematic observable used is the azimuthal angle between the two tagging jets �� j j .
All input distributions for morphing and validation are scaled to their respective cross section in arbitrary
units and shown in Figure 5. When morphing to one of the input samples a perfect match is obtained.
The morphing is also tested against statistically independent validation samples, as shown in Figure 6,
exhibiting agreement within ⇠ 5% of the input samples and the morphing.

14

|g1MSM + g2MBSM |2 = g21 |MSM |2 + 2g1g2Re [M⇤
SMMBSM ] + g22 |MBSM |2

The matrix element of such a scenario for given values of {gSM, gBSM} can be written as a sum of the pure
SM and the pure BSM contribution2

M (gSM,gBSM) = gSM · OSM + gBSM · OBSM. (3)

This translates into the description of a physical observable T from the above signal process,

T (gSM,gBSM) / |M(gSM,gBSM) |2 = g2
SM · O

2
SM + g

2
BSM · O

2
BSM + gSM · gBSM · 2<(O⇤SMOBSM). (4)

This can be used to morph to an arbitrary parameter point.

The number of input distributions required to morph to an arbitrary parameter point ~gtarget = {gSM,gBSM}

is equal to the unique terms in the matrix element squared, which is three in this case. It is su�cient
to generate a pure SM distribution Tin(1,0), a pure BSM distribution Tin(0,1) and a mixed distribution
Tin(1,1). Using the proportionalities to the matrix element squared one obtains

Tin(1,0) / |OSM |
2,

Tin(0,1) / |OBSM |
2,

Tin(1,1) / |OSM |
2 + |OBSM |

2 + 2R (O⇤SMOBSM).

(5)

Applying these three equations to Equation 4 results in the morphing function for a distribution at an
arbitrary parameter point

Tout(gSM,gBSM) = (g2
SM � gSMgBSM)
|                {z                }

=w1

Tin(1,0) + (g2
BSM � gSMgBSM)
|                  {z                  }

=w2

Tin(0,1) + gSMgBSM|    {z    }
=w3

Tin(1,1). (6)

2 In this and the following section, the notation O will be used for the amplitude,whereas the notationM will be used for fully
computed matrix elements. However, since the di↵erence is only conceptual, the symbols are used interchangeably.

SM

Mix

BSM

Interference

2SM

2BSM

+1

�1

�1

SM · BSM

Figure 1: Illustration of the morphing procedure in a simple showcase.

4

3-d vector space, distribution for any point in this space is linear mixture of distribution for 3 basis samples!

Simple example:

As one changes the parameters of the EFT, the 
distributions  change due to interference.  
But there is a trick:

p(x |α)

(real examples need more basis samples)
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coupling gSM = cos(↵) · SM is set to 1 for all input samples and the limits for the BSM parameters are taken such
that a pure BSM sample would have the SM cross section. The parameters for the validation samples are taken
randomly in the desired parameter space.
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Figure 4: The number of expected events in the considered parameter space for H ! WW ⇤ ! e⌫µ⌫ calculated with
the morphing method is shown on the left. The relative uncertainty on the number of expected events propagated
from the morphing function can be seen on the right.
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Figure 2: Distributions of cos (✓1), where ✓1 is the angle between the on-shell Z boson and its negatively charged
lepton (left) and the angle � (right) between the decay planes of the two Z bosons for events generated in the ggF
H ! Z Z⇤ ! 4` process at 13 TeV, calculated in the rest frame of the Higgs boson [1]. Generated validation samples
(solid) as well as predictions calculated via morphing (dashed) are shown. The ratios between the morphing output
and the validation distributions are shown in the lower panels.

5.1.2. Validation in VBF H ! WW
⇤ ! e⌫µ⌫

In addition to the SM coupling SM two non-SM couplings HWW and AWW are used for validation. All
three operators act on the production and decay vertex which results in 15 input samples needed for the
morphing. Besides these 15 input samples additional validation samples are produced to have statistically
independent distributions.

An overview of all generated samples in the parameter space can be found in Figure 3, where the two
additional validation samples have been highlighted and dubbed v0 and v1. Their parameters have been
chosen randomly. For each sample, 50.000 Monte Carlo events have been generated. The cross sections
calculated in arbitrary units using the morphing technique can be seen in Figure 4 (left). Using larger
absolute non-SM coupling values results in larger rates for both non-SM coupling parameters.

The relative uncertainty arising from the morphing function on the number of events is shown in Figure 4
(right). In the considered parameter space the relative Monte Carlo statistical uncertainty remains very
small, in the range of ca. 2-3%, whereas outside the region the uncertainty grows the further away the
parameters lie from the input samples. This explains both the local maxima in the central parameter region
and the rapid increase in the outer region.

For this channel, the kinematic observable used is the azimuthal angle between the two tagging jets �� j j .
All input distributions for morphing and validation are scaled to their respective cross section in arbitrary
units and shown in Figure 5. When morphing to one of the input samples a perfect match is obtained.
The morphing is also tested against statistically independent validation samples, as shown in Figure 6,
exhibiting agreement within ⇠ 5% of the input samples and the morphing.
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The matrix element of such a scenario for given values of {gSM, gBSM} can be written as a sum of the pure
SM and the pure BSM contribution2

M (gSM,gBSM) = gSM · OSM + gBSM · OBSM. (3)

This translates into the description of a physical observable T from the above signal process,
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This can be used to morph to an arbitrary parameter point.

The number of input distributions required to morph to an arbitrary parameter point ~gtarget = {gSM,gBSM}

is equal to the unique terms in the matrix element squared, which is three in this case. It is su�cient
to generate a pure SM distribution Tin(1,0), a pure BSM distribution Tin(0,1) and a mixed distribution
Tin(1,1). Using the proportionalities to the matrix element squared one obtains
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Applying these three equations to Equation 4 results in the morphing function for a distribution at an
arbitrary parameter point
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2 In this and the following section, the notation O will be used for the amplitude,whereas the notationM will be used for fully
computed matrix elements. However, since the di↵erence is only conceptual, the symbols are used interchangeably.
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Figure 1: Illustration of the morphing procedure in a simple showcase.
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3-d vector space, distribution for any point in this space is linear mixture of distribution for 3 basis samples!

Simple example:

As one changes the parameters of the EFT, the 
distributions  change due to interference.  
But there is a trick:

p(x |α)

(real examples need more basis samples)

Physical

Positive


Probabilities



E F T  “ m o r p h i n g ” t r i c k

•For 2 BSM operators affecting VBF Higgs production and decay, we need a 15-D vector space 


•For 5 BSM operators we need 126-D vector space
24

Process Number of components for n operators

O�Λ0
� O�Λ−2� O�Λ−4� O�Λ−6� O�Λ−8� ∑

hV /WBF production � n n(n + 1)
2

(n + 1)(n + 2)
2

h → VV decay � n n(n + 1)
2

(n + 1)(n + 2)
2

Production + decay � n n(n + 1)
2

�
n + 2

3� �
n + 3

4� �
n + 4

4�

Table �: Number of components c as given in Eq. (�) for di�erent processes, sorted by their sup-
pression by the EFT cuto� scale Λ.

OB̃ is tightly constrained by LEP.OBB̃ on the other hand does not contribute toHWW couplings
and its contribution to HZZ is suppressed by sin θ2W . We will therefore restrict our analyses to
OWW̃ .

�.� Decomposition into components

Let us return to the decomposition of the amplitudes into several components given in Eq. (�).
In the following sections we will count the number of components for the processes that involve
Higgs-gauge interactions. �e results for di�erent processes are summarized in Tab. �.

Following Eq. (�), the coe�cients wc(θ) are always a product of Wilson coe�cients divided by a
polynomial of Wilson coe�cients (from the normalization).
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whereMi is the amplitude involving the operator Oi , and the dot product A ⋅ B is short for
ReA†B.

For n dimension-� Wilson coe�cients, there is thus � SM term, n SM-BSM interference terms,
and n(n + 1)�2 BSM-only terms.

�.�.� Higgs decays

For pure Higgs decays

h → VV (��)

the calculation is exactly the same as in Eq. (��). It does not matter whether V decays are in-
cluded.

�.�.� Production and decay

�e situation is slightly more interesting when considering a complete process

qq′ → hV → VV V (��)

or

qq′ → h qq′ → VV qq′ . (��)

For simplicity we ignore non-Higgs amplitudes and the dependence of Γh on the Wilson coe�-
cients. Both e�ects depend on many more operators and are subleading for on-shell measure-
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Figure ��: Morphing weights wi(θ) for basis points distributed over the full relevant parameter
space.
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Express EFT as a mixture:

 are polynomials,  are physical distributions!

Can truncate to  if desired 
wc(α) pc(x)

𝒪(Λ−n)

p(x |α) = ∑
c

wc(α)pc(x)

This is implemented in MadMiner



E F T  “ m o r p h i n g ” t r i c k

•For 2 BSM operators affecting VBF Higgs production and decay, we need a 15-D vector space 


•For 5 BSM operators we need 126-D vector space
24

Process Number of components for n operators

O�Λ0
� O�Λ−2� O�Λ−4� O�Λ−6� O�Λ−8� ∑

hV /WBF production � n n(n + 1)
2

(n + 1)(n + 2)
2

h → VV decay � n n(n + 1)
2

(n + 1)(n + 2)
2

Production + decay � n n(n + 1)
2

�
n + 2

3� �
n + 3

4� �
n + 4

4�

Table �: Number of components c as given in Eq. (�) for di�erent processes, sorted by their sup-
pression by the EFT cuto� scale Λ.

OB̃ is tightly constrained by LEP.OBB̃ on the other hand does not contribute toHWW couplings
and its contribution to HZZ is suppressed by sin θ2W . We will therefore restrict our analyses to
OWW̃ .

�.� Decomposition into components

Let us return to the decomposition of the amplitudes into several components given in Eq. (�).
In the following sections we will count the number of components for the processes that involve
Higgs-gauge interactions. �e results for di�erent processes are summarized in Tab. �.

Following Eq. (�), the coe�cients wc(θ) are always a product of Wilson coe�cients divided by a
polynomial of Wilson coe�cients (from the normalization).

�.�.� Higgs production

In the pure Higgs production processes

qq′ → hV (��)

and

qq′ → qq′h , (��)

the di�erential cross section decomposes into SMandEFTparts in a straightforwardway. Schem-
atically,

dσ ∝ �MSM +�
i

fi
Λ2Mi�

2

∝ �MSM�
2
+�

i

2 fi
Λ2 Mi ⋅MSM +�

i , j

fi f j
Λ4 Mi ⋅M j , (��)

��

whereMi is the amplitude involving the operator Oi , and the dot product A ⋅ B is short for
ReA†B.

For n dimension-� Wilson coe�cients, there is thus � SM term, n SM-BSM interference terms,
and n(n + 1)�2 BSM-only terms.

�.�.� Higgs decays

For pure Higgs decays

h → VV (��)

the calculation is exactly the same as in Eq. (��). It does not matter whether V decays are in-
cluded.

�.�.� Production and decay

�e situation is slightly more interesting when considering a complete process

qq′ → hV → VV V (��)

or

qq′ → h qq′ → VV qq′ . (��)

For simplicity we ignore non-Higgs amplitudes and the dependence of Γh on the Wilson coe�-
cients. Both e�ects depend on many more operators and are subleading for on-shell measure-
ments.

�e rate can then be decomposed as

dσ ∝
������������

�M
p
SM +�

i

fi
Λ2M

p
i �
�

�
M

d
SM +�

j

f j
Λ2M

d
j
�

�

������������

2

∝ �M
p
SMM

d
SM�

2

+�

i
2
fi
Λ2 �(M

p
SMM

d
SM) ⋅ (M

p
SMM

d
i ) + (M

p
SMM

d
SM) ⋅ (M

p
iM

d
SM)�

+�

i , j

fi f j
Λ4 �2(M

p
SMM

d
SM) ⋅ (M

p
iM

d
j ) + (M

p
SMM

d
i ) ⋅ (M

p
SMM

d
j )

+ 2(Mp
SMM

d
j ) ⋅ (M

p
iM

d
SM) + (M

p
iM

d
SM) ⋅ (M

p
jM

d
SM)�

+ �

i , j,k
2
fi f j fk
Λ6 �(M

p
SMM

d
i ) ⋅ (M

p
jM

d
k) + (M

p
iM

d
SM) ⋅ (M

p
jM

d
k)�

+ �

i , j,k,l

fi f j fk fl
Λ8 (M

p
iM

d
j ) ⋅ (M

p
kM

d
l ) . (��)

��

production decay

Figure ��: Morphing weights wi(θ) for basis points distributed over the full relevant parameter
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Express EFT as a mixture:

 are polynomials,  are physical distributions!

Can truncate to  if desired 
wc(α) pc(x)

𝒪(Λ−n)

p(x |α) = ∑
c

wc(α)pc(x)

This is implemented in MadMiner

Fully differential 
cross-section



O t h e r  d e s c r i p t i o n s

•Same idea, different in details 


•Here are two concrete examples 
for describing how the (truth-
level) fiducial cross section in 
phase space region  depends 
on the EFT coefficients 


• Can extend to fully 
differential cross-section 

  where  is the 

truth-level kinematics

k′￼

α = {cj}

dσ(α)
dz zi

zi
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3.1.3 Cross-section calculation with linear and quadratic terms

The SMEFT prediction including the available terms proportional to ⇤�4 is:
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where both numerator and denominator are a second-order Taylor expansion resulting in a linearised
expression for terms of order ⇤�2 and a quadratic expression for terms of order ⇤�4. Similar to Eq. (12),
and for the same reason, the width ratio expression in Eq. (13) is not subjected to a further Taylor-expansion.
While the set of operators proportional to ⇤�4 considered in Eq. (13) is not complete due to missing 3 = 8
operators, as noted earlier a comparison of results obtained with the linear and linear+quadratic statistical
models is indicative of the sensitivity of the measurements to terms suppressed by ⇤�4.

Figure 4 illustrates the impact of the linear terms � 9 for the three SMEFT operators considered in the
interpretation of the fiducial differential cross-section measurements, whereas Figure 5 shows the impact

of linear and linear+quadratic terms on production (�f8,:0
9 ) and decay
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Figure 4: Expected impact of the SMEFT operators on the fiducial differential distributions of the transverse
momentum of the Higgs boson decay products in �! WW and � ! //

⇤ decays, relative to the SM cross-section,
under the assumption of the linearised SMEFT model. The values of the Wilson coefficients, specified in the
legend, are chosen to show the distribution of the operator impact in the same range as the typical uncertainty of the
measurement. To judge the experimental sensitivity to constrain the operators from the data in the listed fiducial
regions, the total uncertainty on the measurement in each region is shown in the top panel. For presentational clarity,
the uncertainty of low precision regions is clipped off in the plot. The impact of these three operators in the STXS
analysis is shown in matching colors in the bottom panel of Figure 5 for coefficient variations of identical magnitude.

The relative importance of the quadratic term increases linearly with the considered variation of the
corresponding Wilson coefficient. Figure 5 shows that the quadratic terms have the highest impact in the
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where the indices 9 , ; run over all non-negligible operators. The coefficients � 9 and ⌫ 9; are proportional
respectively to ⇤�2 and ⇤�4. The values of all SM Higgs branching ratios that enter Eq. (11) are taken
from Ref. [47].

For the interpretation of the differential analyses, where the measured parameters f
:0,-
fid. do not label

individual production processes, the relative fractions of the different processes are predicted according to
the SMEFT calculations as in Eq. (6).

Using Eqs. (7)–(10), two statistical models are constructed for the interpretation of the data: a linearised
variant that only considers terms suppressed by up to a factor ⇤�2, and a linear+quadratic variant that
considers all available terms, including those with suppression factor ⇤�4.

3.1.2 Cross-section calculation with linear terms

In a scenario where ⇤�4-suppressed contributions are ignored, the predicted deviation of the cross-section,
partial width and total width from their SM values can each be explicitly linearised as a function of the
Wilson coefficients c. Ignoring all ⇤�4-suppressed BSM terms in Eq. (7), and using the parametrisation of
Eqs. (8)–(10), the expression for the cross-section times branching ratio reduces to
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where all higher order terms in the expansion are suppressed by power ⇤�4 or beyond.

A subsequent Taylor expansion of the width ratio expression of Eq. (12) and truncation of terms beyond
⇤�2 would result in a completely linearised expression for f⇥⌫. However, as the parametric dependence
of a Wilson coefficient in a branching fraction 5 is effectively of the form 2/(1 + 5 · 2), the linearity in 2 of
this expression assumed for small values of 2 does not hold for large values of 2. This effect is particularly
pronounced for operators affecting Higgs boson decays with a large branching fraction, e.g. 21� , and
operators that have a large measured uncertainty that allows large values of 2 in the error propagation. For
this reason, a full Taylor expansion of the ratio is not performed.
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Event-by-Event Reweighting



M o r p h i n g  h i s t o g r a m s  v s .  e v e n t - b y - e v e n t  r e w e i g h t i n g

•Morphing histograms (or fiducial cross-sections estimated with MC) has some subtle issues:


• Statistical fluctuations for bin probability (or fiducial cross-section) can lead to 
unphysical negative probabilities when morphing to a new value of 


• Efficiency and acceptance aren’t constant for all events in a given bin of the observable 
, so there is some (mild) approximation 


•

α

x
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M o r p h i n g  h i s t o g r a m s  v s .  e v e n t - b y - e v e n t  r e w e i g h t i n g

•Morphing histograms (or fiducial cross-sections estimated with MC) has some subtle issues:


• Statistical fluctuations for bin probability (or fiducial cross-section) can lead to 
unphysical negative probabilities when morphing to a new value of 


• Efficiency and acceptance aren’t constant for all events in a given bin of the observable 
, so there is some (mild) approximation 


•However, event-by-event reweighing based on morphing avoids these issues


• The event weights are always positive


• The weights are for a specific event (that either passes or fails selection criteria), so there 
is no approximation due to averaging efficiencies / acceptances for different types of 
events. 

α

x

28



I d e a  1 :  a  m o d e l  t h a t  b u i l d s  h i s t o g r a m s  o n - t h e - f l y  

•For any fully simulated event with observable  and MC truth record  that was generated 
from EFT with parameters  (e.g. the SM), we can reweight to a new EFT parameter point  
with 


• Similar to what we do with PDF reweighing. 


• Kinematics don’t change! Efficiency and acceptance are already included by selection on 
reconstructed quantities on event-by-event basis.


• The -dependence of differential cross-sections can be computed using “morphing” 
equations or closely related approaches


•Idea: For each value of  fill a signal histogram with set of weighted events  


• Can do this on-the-fly while doing the fit. 


• It captures the -dependence of efficiency and acceptance

xi zi
α0 α

α

α {xi, wi(α)}

α
29

wi(α) =
dσ(α)/dz
dσ(α0)/dz zi



D e t a i l s :  h o w  t o  b u i l d  h i s t o g r a m s  o n - t h e - f l y  

•Idea: For each value of  fill a signal histogram with set of weighted events  


• Can do this on-the-fly while doing the fit


• It captures the -dependence of efficiency and acceptance


•Details: To do this, the statistical model would need to maintain a tiny database that 
includes information for a set of simulated events: 


• Store  (observed value of observable) and the coefficients needed to reweight event to 
a new point . For example:


• The differential cross-section (at truth-level) for set of basis points as implemented in 
MadMiner


• The fully differential versions of the coefficients  in ATLAS-CONF-2023-052 


•It may be a bit slow, but its very flexible and avoids the problems mentioned above. 

α {xi, wi(α)}

α

xi
α

Ai,k′￼

j
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I d e a  2 :  R E C A S T- l i k e  s e r v i c e  f o r  E F Ts

•Consider the case where ATLAS and CMS publish statistical models parametrized for some 
subset of operators in a specified EFT basis. 


• Sometime later one wants to reinterpret the analysis for a different set of operators 
keeping the same event selection, breakdown of signal and control regions, observables, 
binning, etc. 


•RECAST is a framework for reinterpretations like this for BSM searches


• In general, this requires running new signal through the full MC simulation + reco + analysis 
chain. ATLAS is actually doing this with preserved analysis workflows!


•But for EFTs we can simply to reweight the existing fully simulated SM events (doesn’t require 
running more simulation, reconstruction, etc.)


• The service could calculate the coefficients for the mini-database based on truth-level 
kinematics and export a new statistical model that implements the statistical model for 
those operators as describe above.

31



C o n c l u s i o n

•Recently there has been rapid increase in the number of full statistical models (or "likelihoods") 
published by the experiments — mainly for BSM searches and their reinterpretation. 


• Ironically, it’s not being used much for EFTs. This should change!


• It would allow theorists and others to reproduce and combine measurements with the same gold 
standard as the internal experimental results. 


•We will need to define new specifications for components of statistical models that describe the 
details for how distributions of observables depend on EFT parameters including interference effects


• This is already very mature, but we should make the specifications concrete and then implement 
them in public tools


• Approaches based on event-by-event reweighting and on-the-fly creation of histograms have 
some nice properties and should be explored


•Finally, we have all the ingredients needed to create a RECAST-like service for EFTs that would allow 
us to reweight fully simulated samples of events to new EFT scenarios at some point in the future
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Backup



A  b r i e f  i d e a

34https://beta.briefideas.org/ideas/8106c030eba22dd3a8d268940d5e42d8
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3 Interpretations based on SM Effective Field Theory

3.1 Methodology of Effective Field Theory interpretations

The Standard Model Effective Field Theory provides an elegant language to encode the modifications of
the Higgs boson properties induced by a wide class of BSM theories. Within the mathematical language of
the SMEFT, the effects of BSM dynamics at high energies ⇤ � E, i.e. well above the electroweak scale
E = 246 GeV, can be parametrised at low energies, ⇢ ⌧ ⇤, in terms of higher-dimensional operators built
up from the Standard Model fields and respecting its symmetries such as gauge invariance. This yields an
effective Lagrangian:

LSMEFT = LSM +
#3=6’
8

28

⇤2 O
(6)
8 +

#3=8’
9

1 9

⇤4 O
(8)
9 + . . . , (4)

where LSM is the SM Lagrangian, O(6)
8 and O(8)

9 represent a complete set of operators of mass-dimensions
3 = 6 and 3 = 8, and 28 , 1 9 are the corresponding dimensionless Wilson coefficients. Operators with 3 = 5
and 3 = 7 violate lepton and/or baryon number conservation and are not considered in this study. The
effective theory expansion in Eq. (4) is robust, fully general, and can be systematically matched to explicit
UV-complete BSM scenarios.

The goal of the analysis is to constrain the 3 = 6 Wilson coefficients that correspond to operators that either
directly or indirectly impact Higgs boson couplings to SM particles [95, 96]. Contributions of operators
of mass-dimension 3 = 8, which are suppressed by 1/⇤2 with respect to the leading effects from 3 = 6
operators and whose impact on Higgs boson production and decay in the kinematic regions of interest are
not fully calculated, are not considered. The “Warsaw” basis [97] is used, which forms a complete set
of all O(6)

8 operators in Eq. (4) allowed by the SM gauge symmetries. This basis is widely used in EFT
constraints in various fields of particle physics.

In this note the ‘top’ flavour symmetry scheme for EFT operators is assumed, following the recommendation
of Ref. [98]. In this scheme, quarks of the first two generations and quarks of the 3rd generation are
described by independent fields, a * (2)3 symmetry is imposed on the light quarks, and the quark sector of
the EFT is assumed to have no mixing; all lepton generations are modeled independently. Table 2 lists the
operators considered in the analysis of STXS data, and their corresponding Wilson coefficients 28. Only
CP-even 3 = 6 operators for which the ⇤�2-suppressed contribution to any of the STXS measurements
shown in Figures 1–3 exceeds 0.1% with respect to the SM prediction at 28 = 1 are listed. The EFT analysis
of the differential data only considers a subset of the coefficients listed, 2�⌧ , 2C� and 2C⌧ , due to the more
restricted sensitivity of the differential analyses.

Throughout this note, a value of ⇤ = 1 TeV is assumed. Coefficients for alternative values of ⇤ = - can
be obtained through a scaling of the results presented in this note by a factor (-/1 TeV)2. All Wilson
coefficients are assumed to be real.

3.1.1 Simulation of the impact of SMEFT operators

The impact of the 3 = 6 SMEFT operators listed in Table 2 has been computed with two Universal
FeynRules Output (UFO) models of M��G���� [70] normalised to theoretical calculations of production
cross-sections and decay branching ratios as follows.
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Calculations for Higgs boson production modes with tree-level diagrams have been performed with
SMEFTsim [99] under the assumption of the ‘top’ flavour symmetry scheme, following the recommendation
of Ref. [98] and providing as input ⌧� = 1.1663787 ⇥ 10�5 GeV�2, </ = 91.1876 GeV, and <, =
80.387 GeV, where ⌧� is the Fermi constant and </ and <, are the / and , boson masses respectively.
Cross-sections have been calculated at NLO accuracy in QCD for ggF, 66!/� and � ! 66 with
SMEFTatNLO [100] and at NLO accuracy in QED for SMEFT-SM interference terms in �! WW [101] and
� ! /W [102]. Lowest order calculations in QCD for <� = 125.09 GeV are used for all other production
and decay modes. SMEFT modifications to the background processes in the included analyses are not
considered.

In the simulation, the following requirements are applied at particle level: the minimal jet transverse
momentum is ?T > 20 GeV, and an angular separation �' > 0.05 between two jets or two leptons
is required, in order to avoid divergences in the matrix element calculation. For all events, P�����8
is used for the simulation of parton showering, where the Higgs boson decay is based on the width
calculated by M��G���� for the EFT parameters in question. In ggF events a matching is performed
with the MLM algorithm [103, 104] to remove phase space overlap between the jets from the matrix
element and the shower. For analyses based on the STXS methodology, the Rivet program [105] with the
HiggsTemplateCrossSections [106] routine is used to analyse the simulated events, compute high-level
kinematic quantities and classify the events according to their STXS region.3

The cross-section predictions for a specific process, calculated as described above, are estimated as the sum
of three terms:

fSMEFT = fSM + fint + fBSM, (5)

where fSM is the SM cross-section, fint describes the interference between the SMEFT operators (BSM
processes) and SM operators, and fBSM is the cross-section involving exclusively SMEFT operators. When
considering only 3 = 6 SMEFT operators, it follows from Eq. (4) that fint consists of terms involving
a single 3 = 6 SMEFT operator, suppressing each term by a factor ⇤�2, and that fBSM contains terms
involving products of two 3 = 6 SMEFT operators, suppressing each term by a factor ⇤�4. For this reason,
the impact of the fBSM term is generally expected to be small, though its impact may still be non-negligible
in certain regions of phase space, e. g. when energy scales are of order ⇤.

Additional terms suppressed by a factor ⇤�4 occur in the general SMEFT expansion of Eq. (4), i.e. the
lowest-order cross-section terms generated by 3 = 8 operators that involve interference between SM and
these operators. As only a subset of Higgs processes have been calculated with 3 = 8 operators [107–109],
the list of terms suppressed by a factor ⇤�4 considered is incomplete and the effect of the missing 3 = 8
terms relative to fBSM is not known in general. However, their effect may be of a magnitude comparable to
that of products of two 3 = 6 SMEFT operators, as the suppression factor is at the same order. For this
reason, SMEFT interpretations will be presented both with and without the fBSM contribution to give a
general indication of the sensitivity of the analysis to ⇤�4 terms.

To reduce the perturbative QCD uncertainty on the extraction of the SMEFT Wilson coefficients, the
parametrisation of the predicted cross-section of Eq. (5) is computed as a relative correction to the SM

3 The Rivet algorithm has been modified to classify events in which a Higgs boson and two leptons arise from the same production
vertex as VH production events. This modification ensures the proper classification of events with leptons from off-shell +
decays, since M��G���� only saves on-shell intermediate particles. Contributions from off-shell + bosons are small in the SM,
but can be enhanced by SMEFT operators.
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prediction computed at the highest available order for each process:

fSMEFT = f
((N)N)NLO
SM ⇥

 
1 +

f
(N)LO
int

f
(N)LO
SM

+
f

(N)LO
BSM

f
(N)LO
SM

!
. (6)

This calculation strategy assumes that higher-order terms have the same relative effect on fint and fBSM as
on fSM [110].

The predictions are further modified by the impact of SMEFT operators on Higgs boson decay branching
ratios. Since the Higgs boson is a narrow, scalar particle, and only on-shell production is considered in
this analysis, its production cross-section and decay width factorise. The impact of SMEFT operators on
production and decay therefore also factorises and can be derived independently. Thus, the cross-section
for a given Higgs boson production process 8 in particle-level region :

0 and for a given decay mode � ! -

is

(f⇥⌫)8,:
0,�!-

SMEFT = f
8,:0
SMEFT ⇥ ⌫

�!-
SMEFT =

⇣
f
8,:0
SM + f

8,:0
int + f

8,:0
BSM

⌘
⇥

 
��!-

SM + ��!-
int + ��!-

BSM

��
SM + ��

int + ��
BSM

!
.

The factorised SMEFT prediction is calculated with ratios as in Eq. (6) to utilise the SM prediction at the
highest available order:

(f⇥⌫)8,:
0,�!-

SMEFT = (f⇥⌫)8,:
0,�!-

SM,(N(N))NLO
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! ©≠≠
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SM
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BSM
��!-

SM

1 + ��
int
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SM
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BSM
��

SM

™ÆÆ
¨

, (7)

where the ratios fint/fSM and �int/�SM have a linear dependence on SMEFT operators and are suppressed
by a factor ⇤�2, and the ratios fBSM/fSM and �BSM/�SM have a quadratic dependence on SMEFT operators
and are suppressed by a factor ⇤�4. In the analysis, these ratios are parametrised as

f
8,:0
int

f
8,:0
SM

=
’
9

�

f8,:0
9 2 9

f
8,:0
BSM

f
8,:0
SM

=
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9,;� 9
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f8,:0
9; 2 92; (8)
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with

�
��

9 =

Õ
-
��!-

SM �
��!-

9Õ
-
��!-

SM
⌫
��

9; =

Õ
-
��!-

SM ⌫
��!-

9;Õ
-
��!-

SM
. (11)

In Eq. (11) all Higgs boson decay modes - with up to four final-state particles are included in the sum. All
�

f8,:0
9 , ���!-

9 , ⌫f8,:0
9; and ⌫

��!-

9; coefficients are constant factors obtained from simulation that express
the sensitivity of the process to the operators O 9 and O; that correspond to the Wilson coefficients 2 9 and 2; ,
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where the indices 9 , ; run over all non-negligible operators. The coefficients � 9 and ⌫ 9; are proportional
respectively to ⇤�2 and ⇤�4. The values of all SM Higgs branching ratios that enter Eq. (11) are taken
from Ref. [47].

For the interpretation of the differential analyses, where the measured parameters f
:0,-
fid. do not label

individual production processes, the relative fractions of the different processes are predicted according to
the SMEFT calculations as in Eq. (6).

Using Eqs. (7)–(10), two statistical models are constructed for the interpretation of the data: a linearised
variant that only considers terms suppressed by up to a factor ⇤�2, and a linear+quadratic variant that
considers all available terms, including those with suppression factor ⇤�4.

3.1.2 Cross-section calculation with linear terms

In a scenario where ⇤�4-suppressed contributions are ignored, the predicted deviation of the cross-section,
partial width and total width from their SM values can each be explicitly linearised as a function of the
Wilson coefficients c. Ignoring all ⇤�4-suppressed BSM terms in Eq. (7), and using the parametrisation of
Eqs. (8)–(10), the expression for the cross-section times branching ratio reduces to
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, (12)

where all higher order terms in the expansion are suppressed by power ⇤�4 or beyond.

A subsequent Taylor expansion of the width ratio expression of Eq. (12) and truncation of terms beyond
⇤�2 would result in a completely linearised expression for f⇥⌫. However, as the parametric dependence
of a Wilson coefficient in a branching fraction 5 is effectively of the form 2/(1 + 5 · 2), the linearity in 2 of
this expression assumed for small values of 2 does not hold for large values of 2. This effect is particularly
pronounced for operators affecting Higgs boson decays with a large branching fraction, e.g. 21� , and
operators that have a large measured uncertainty that allows large values of 2 in the error propagation. For
this reason, a full Taylor expansion of the ratio is not performed.
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