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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(∗) → ℓ+ℓ−ℓ+ℓ− in the entire mass range, (c) H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− in
the low mass range, (d) H → ZZ → ℓ+ℓ−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → ℓ+ℓ−qq, (g) H →
WW (∗) → ℓ+νℓ−ν+0-jets, (h) H → WW (∗) → ℓ+νℓ−ν+1-jet, (i) H → WW (∗) → ℓ+νℓ−ν+2-jets, (j) H → WW → ℓνqq′+0-
jets, (k) H → WW → ℓνqq′+1-jet and (l) H → WW → ℓνqq′+2-jets. The H → WW (∗) → ℓ+νℓ−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 → ℓ+ℓ−bb̄, (h) the WH → ℓνbb̄ 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(∗) → ℓ+ℓ−ℓ+ℓ− in the entire mass range, (c) H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− in
the low mass range, (d) H → ZZ → ℓ+ℓ−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → ℓ+ℓ−qq, (g) H →
WW (∗) → ℓ+νℓ−ν+0-jets, (h) H → WW (∗) → ℓ+νℓ−ν+1-jet, (i) H → WW (∗) → ℓ+νℓ−ν+2-jets, (j) H → WW → ℓνqq′+0-
jets, (k) H → WW → ℓνqq′+1-jet and (l) H → WW → ℓνqq′+2-jets. The H → WW (∗) → ℓ+νℓ−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 → ℓ+ℓ−bb̄, (h) the WH → ℓνbb̄ 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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Brian Moser 28/10/2020SMEFT Higgs Measurements with ATLAS

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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0.58
   (0.49<
0.61
  1.43  

 topoVH < 350 GeV, jjm 2-jet, * )0.41<
0.59
 ,  2.10<

2.64
   (2.14<
2.70
  1.59  

 200 GeV* H
T

p 350 GeV, * jjm 2-jet, * )0.22<
0.18
 ,  1.15<

1.91
   (1.17<
1.92
  0.05  

)0.05<
0.16
 ,  1.06<

1.68
   (1.06<
1.68
  1.32  

)0.18<
0.40
 ,  1.09<

1.67
   (1.10<
1.72
  1.65  

 < 250 GeVV
T

p )0.38<
0.39
 ,  0.30<

0.31
   (0.48<
0.49
  0.78  

 250 GeV* V
T

p )0.16<
0.18
 ,  0.25<

0.27
   (0.30<
0.32
  1.01  

 < 150 GeVV
T

p )0.53<
0.57
 ,  0.46<

0.47
   (0.70<
0.74
  0.84  

 < 250 GeVV
T

p )150 )0.20<
0.23
 ,  0.26(   (0.33<

0.35
  1.10  

 250 GeV* V
T

p )0.14<
0.17
 ,  0.28<

0.29
   (0.31<
0.34
  1.09  

_

-

-
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ggF
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V(had)H

(t)tH

ggF

VBF

V(lep)H

V(had)H
V(lep)H

(t)tH
V(lep)H

H      ɣɣ

H      ZZ*

H      bb

26 categories

12 categories5 categories

43 categories

Brian Moser SMEFT Higgs Measurements with ATLAS

Mostly split into pTH categories (and nJet)

4− 2− 0 2 4 6
µ

Total Stat.
Syst. SM

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

 = 91%
SM

p

bb
B × Hll→gg/qq

bb
B × νHl→qq

ZZ*B × top

ZZ*B × VHlep

ZZ*B × Hqq→qq

ZZ*B × H→gg

γγB × tH

γγ
B × Htt

γγB × Hll→gg/qq

γγB × νHl→qq

γγB × Hqq→qq

γγB × H→gg

           Total    Stat.    Syst.

 < 10 GeVH

T
p0-jet, )0.17−

0.21+ ,  0.25±   (0.30−

0.32+  0.75  

 < 200 GeVH

T
p ≤0-jet, 10 )0.15−

0.19+ ,  0.15±   (0.22−

0.24+  1.22  

 < 60 GeVH

T
p1-jet, )0.21−

0.33+ ,  0.39±   (0.44−

0.51+  0.92  

 < 120 GeVH

T
p ≤1-jet, 60 )0.23−

0.39+ ,  0.36−

0.35+   (0.42−

0.53+  1.25  

 < 200 GeVH

T
p ≤1-jet, 120 )0.13−

0.39+ ,  0.46−

0.47+   (0.48−

0.61+  0.72  

 < 120 GeVH

T
p < 350 GeV, jjm 2-jet, ≥ )0.20−

0.28+ ,  0.46−

0.47+   (0.50−

0.54+  0.24  

 < 200 GeVH

T
p ≤ < 350 GeV, 120 jjm 2-jet, ≥ )0.20−

0.39+ ,  0.40−

0.41+   (0.45−

0.56+  0.60  

 < 200 GeVH

T
p 350 GeV, ≥ jjm 2-jet, ≥ )0.52−

0.88+ ,  0.77−

0.78+   (0.93−

1.18+  2.02  

 < 300 GeVH

T
p ≤200 )0.21−

0.41+ ,  0.33−

0.34+   (0.39−

0.53+  0.97  

 < 450 GeVH

T
p ≤300 )0.19−

0.32+ ,  0.43−

0.49+   (0.47−

0.58+  0.21  

 450 GeV≥ H

T
p )0.44−

1.29+ ,  0.97−
1.21+   (1.06−

1.76+  1.51  

 1-jet≤ )0.33−

0.36+ ,  1.01−
1.14+   (1.07−

1.20+  1.48  

 vetoVH < 350 GeV, jjm 2-jet, ≥ )0.58−

0.77+ ,  1.63−
1.71+   (1.73−

1.87+  3.03  

 topoVH < 350 GeV, jjm 2-jet, ≥ )0.25−

0.28+ ,  0.77−

0.88+   (0.81−

0.93+  0.67  

 < 200 GeVH

T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥ )0.29−

0.46+ ,  0.60−

0.66+   (0.67−

0.81+  0.88  

 < 200 GeVH

T
p 700 GeV, ≥ jjm 2-jet, ≥ )0.20−

0.27+ ,  0.27−

0.28+   (0.33−

0.39+  1.11  

 200 GeV≥ H

T
p 350 GeV, ≥ jjm 2-jet, ≥ )0.17−

0.21+ ,  0.37−

0.42+   (0.41−

0.47+  1.34  

 < 150 GeVV

T
p )0.12−

0.18+ ,  0.66−

0.72+   (0.67−

0.74+  2.41  

 150 GeV≥ V

T
p )0.19−

0.27+ ,  0.98−

1.15+   (1.00−

1.18+  2.65  

 < 150 GeVV

T
p )0.00−

0.15+ ,  0.02−

0.96+   (0.02−

0.97+ -1.09  

 150 GeV≥ V

T
p )0.25−

0.26+ ,  0.91−
1.11+   (0.95−

1.14+ -0.10  

 < 60 GeVH

T
p )0.09−

0.24+ ,  0.68−

0.79+   (0.68−

0.83+  0.74  

 < 120 GeVH

T
p ≤60 )0.06−

0.15+ ,  0.45−

0.53+   (0.45−

0.55+  0.71  

 < 200 GeVH

T
p ≤120 )0.13−

0.25+ ,  0.52−

0.60+   (0.54−

0.65+  1.05  

 200 GeV≥ H

T
p )0.10−

0.23+ ,  0.46−

0.52+   (0.47−

0.57+  0.95  

)0.68−

0.79+ ,  2.30−

3.15+   (2.40−

3.25+  0.77  

 < 10 GeVH

T
p0-jet, )0.14−

0.21+ ,  0.28−

0.31+   (0.31−

0.38+  0.95  

 < 200 GeVH

T
p ≤0-jet, 10 )0.12−

0.15+ ,  0.16−

0.17+   (0.20−

0.23+  1.14  

 < 60 GeVH

T
p1-jet, )0.22−

0.20+ ,  0.35−

0.39+   (0.42−

0.44+  0.23  

 < 120 GeVH

T
p ≤1-jet, 60 )0.19−

0.31+ ,  0.37−

0.41+   (0.42−

0.52+  1.43  

 < 200 GeVH

T
p ≤1-jet, 120 )0.08−

0.27+ ,  0.57−

0.78+   (0.57−

0.83+  0.45  

 < 200 GeVH

T
p 2-jet, ≥ )0.19−

0.23+ ,  0.47−

0.50+   (0.51−

0.56+  0.27  

 200 GeV≥ H

T
p )0.38−

0.95+ ,  0.97−

1.23+   (1.04−

1.55+  2.27  

 topoVBF )0.09−

0.17+ ,  0.48−

0.58+   (0.49−

0.61+  1.43  

 topoVH < 350 GeV, jjm 2-jet, ≥ )0.41−

0.59+ ,  2.10−

2.64+   (2.14−

2.70+  1.59  

 200 GeV≥ H

T
p 350 GeV, ≥ jjm 2-jet, ≥ )0.22−

0.18+ ,  1.15−

1.91+   (1.17−

1.92+  0.05  

)0.05−

0.16+ ,  1.06−

1.68+   (1.06−

1.68+  1.32  

)0.18−

0.40+ ,  1.09−

1.67+   (1.10−
1.72+  1.65  

 < 250 GeVV

T
p )0.38−

0.39+ ,  0.30−

0.31+   (0.48−

0.49+  0.78  

 250 GeV≥ V

T
p )0.16−

0.18+ ,  0.25−

0.27+   (0.30−

0.32+  1.01  

 < 150 GeVV

T
p )0.53−

0.57+ ,  0.46−

0.47+   (0.70−

0.74+  0.84  

 < 250 GeVV

T
p ≤150 )0.20−

0.23+ ,  0.26±   (0.33−

0.35+  1.10  

 250 GeV≥ V

T
p )0.14−

0.17+ ,  0.28−

0.29+   (0.31−

0.34+  1.09  

[see also talk by  
Davide Mungo]

4< 2< 0 2 4 6
+

Total Stat.
Syst. SM

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 91%
SM
p

bb
B = HllAgg/qq

bb
B = iHlAqq

ZZ*B = top

ZZ*B = VHlep

ZZ*B = HqqAqq

ZZ*B = HAgg

aaB = tH

aaB = Htt

aaB = HllAgg/qq

aaB = iHlAqq

aaB = HqqAqq

aaB = HAgg

           Total    Stat.    Syst.

 < 10 GeVH
T

p0-jet, )0.17<
0.21
 ,  0.25(   (0.30<

0.32
  0.75  

 < 200 GeVH
T

p )0-jet, 10 )0.15<
0.19
 ,  0.15(   (0.22<

0.24
  1.22  

 < 60 GeVH
T

p1-jet, )0.21<
0.33
 ,  0.39(   (0.44<

0.51
  0.92  

 < 120 GeVH
T

p )1-jet, 60 )0.23<
0.39
 ,  0.36<

0.35
   (0.42<
0.53
  1.25  

 < 200 GeVH
T

p )1-jet, 120 )0.13<
0.39
 ,  0.46<

0.47
   (0.48<
0.61
  0.72  

 < 120 GeVH
T

p < 350 GeV, jjm 2-jet, * )0.20<
0.28
 ,  0.46<

0.47
   (0.50<
0.54
  0.24  

 < 200 GeVH
T

p ) < 350 GeV, 120 jjm 2-jet, * )0.20<
0.39
 ,  0.40<

0.41
   (0.45<
0.56
  0.60  

 < 200 GeVH
T

p 350 GeV, * jjm 2-jet, * )0.52<
0.88
 ,  0.77<

0.78
   (0.93<
1.18
  2.02  

 < 300 GeVH
T

p )200 )0.21<
0.41
 ,  0.33<

0.34
   (0.39<
0.53
  0.97  

 < 450 GeVH
T

p )300 )0.19<
0.32
 ,  0.43<

0.49
   (0.47<
0.58
  0.21  

 450 GeV* H
T

p )0.44<
1.29
 ,  0.97<

1.21
   (1.06<
1.76
  1.51  

 1-jet) )0.33<
0.36
 ,  1.01<

1.14
   (1.07<
1.20
  1.48  

 vetoVH < 350 GeV, jjm 2-jet, * )0.58<
0.77
 ,  1.63<

1.71
   (1.73<
1.87
  3.03  

 topoVH < 350 GeV, jjm 2-jet, * )0.25<
0.28
 ,  0.77<

0.88
   (0.81<
0.93
  0.67  

 < 200 GeVH
T

p < 700 GeV, jjm ) 2-jet, 350 * )0.29<
0.46
 ,  0.60<

0.66
   (0.67<
0.81
  0.88  

 < 200 GeVH
T

p 700 GeV, * jjm 2-jet, * )0.20<
0.27
 ,  0.27<

0.28
   (0.33<
0.39
  1.11  

 200 GeV* H
T

p 350 GeV, * jjm 2-jet, * )0.17<
0.21
 ,  0.37<

0.42
   (0.41<
0.47
  1.34  

 < 150 GeVV
T

p )0.12<
0.18
 ,  0.66<

0.72
   (0.67<
0.74
  2.41  

 150 GeV* V
T

p )0.19<
0.27
 ,  0.98<

1.15
   (1.00<
1.18
  2.65  

 < 150 GeVV
T

p )0.00<
0.15
 ,  0.02<

0.96
   (0.02<
0.97
 -1.09  

 150 GeV* V
T

p )0.25<
0.26
 ,  0.91<

1.11
   (0.95<
1.14
 -0.10  

 < 60 GeVH
T

p )0.09<
0.24
 ,  0.68<

0.79
   (0.68<
0.83
  0.74  

 < 120 GeVH
T

p )60 )0.06<
0.15
 ,  0.45<

0.53
   (0.45<
0.55
  0.71  

 < 200 GeVH
T

p )120 )0.13<
0.25
 ,  0.52<

0.60
   (0.54<
0.65
  1.05  

 200 GeV* H
T

p )0.10<
0.23
 ,  0.46<

0.52
   (0.47<
0.57
  0.95  

)0.68<
0.79
 ,  2.30<

3.15
   (2.40<
3.25
  0.77  

 < 10 GeVH
T

p0-jet, )0.14<
0.21
 ,  0.28<

0.31
   (0.31<
0.38
  0.95  

 < 200 GeVH
T

p )0-jet, 10 )0.12<
0.15
 ,  0.16<

0.17
   (0.20<
0.23
  1.14  

 < 60 GeVH
T

p1-jet, )0.22<
0.20
 ,  0.35<

0.39
   (0.42<
0.44
  0.23  

 < 120 GeVH
T

p )1-jet, 60 )0.19<
0.31
 ,  0.37<

0.41
   (0.42<
0.52
  1.43  

 < 200 GeVH
T

p )1-jet, 120 )0.08<
0.27
 ,  0.57<

0.78
   (0.57<
0.83
  0.45  

 < 200 GeVH
T

p 2-jet, * )0.19<
0.23
 ,  0.47<

0.50
   (0.51<
0.56
  0.27  

 200 GeV* H
T

p )0.38<
0.95
 ,  0.97<

1.23
   (1.04<
1.55
  2.27  

 topoVBF )0.09<
0.17
 ,  0.48<

0.58
   (0.49<
0.61
  1.43  

 topoVH < 350 GeV, jjm 2-jet, * )0.41<
0.59
 ,  2.10<

2.64
   (2.14<
2.70
  1.59  

 200 GeV* H
T

p 350 GeV, * jjm 2-jet, * )0.22<
0.18
 ,  1.15<

1.91
   (1.17<
1.92
  0.05  

)0.05<
0.16
 ,  1.06<

1.68
   (1.06<
1.68
  1.32  

)0.18<
0.40
 ,  1.09<

1.67
   (1.10<
1.72
  1.65  

 < 250 GeVV
T

p )0.38<
0.39
 ,  0.30<

0.31
   (0.48<
0.49
  0.78  

 250 GeV* V
T

p )0.16<
0.18
 ,  0.25<

0.27
   (0.30<
0.32
  1.01  

 < 150 GeVV
T

p )0.53<
0.57
 ,  0.46<

0.47
   (0.70<
0.74
  0.84  

 < 250 GeVV
T

p )150 )0.20<
0.23
 ,  0.26(   (0.33<

0.35
  1.10  

 250 GeV* V
T

p )0.14<
0.17
 ,  0.28<

0.29
   (0.31<
0.34
  1.09  

_

-

-
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C o m m e n t s  o n  U n f o l d i n g

•Unfolding is deceptively attractive 

• It seems very convenient and to address what we want to know, but 

• unfolding is a can of worms statistically and pushes many problems down stream 

• Combinations, correlated systematics, artifacts and bias introduced by the unfolding 
procedure. These will all turn into systematics in the final results. 

• It is good for fast approximate answers, but  

• I do not recommend it as a platform for the final “gold standard” results. 
4

Di↵erent analysis strategies

Highly optimised analyses targeting specific properties / operators
! “best possible” sensitivity
! very model specific

Fiducial and di↵erential cross section measurements
! minimise model dependence
! relatively restricted sensitivity (hard to combine di↵erent channels)
! re-interpretable outside experiment

Di↵erential measurements in experimentally sensitive observables per
production mode (STXS)
! model dependence from production mode definition
! easy combination of di↵erent Higgs decay channels ! sensitivity to

large number of EFT operators
! re-interpretable outside experiment

Saskia Falke Inputs to EFT fits 29/10/2020 3 / 22

WHAT IS NEEDED

▸ Information on experimental  cut flows, efficiencies  

▸ Information on backgrounds 

▸ Information on results and corresponding correlations (becoming standard) 

▸ Information on the likelihood 

▸ Desirable to have results at particle level, and distributions (STXS or fiducial distr.)

12

[1912.06090]

single t + decay

Saskia Falke, Higgs2020



L i k e l i h o o d  s c a n s  v s .  f u l l  s t a t i s t i c a l  m o d e l s

•Warning: the term “likelihood” is used to 
describe both full statistical model and 
the likelihood function for observed data.

5

• EFT analyses cannot always be summarised in a 
covariance matrix 

• Most likely possible if only linear terms are taken into 
account 

• Combinations must be done by at the likelihood level 

• All necessary changes must be implemented at 
detector level

Combining detector-level analyses

5

• In the near future, detector-level analyses will be available for combination also outside the 
collaborations 

• CMS is planning to release the analysis likelihoods along with instructions to evaluate them 
• Ideas to provide profiled likelihood ratio parametrised by a neural network (see CHEP 2023 

contribution)

Sergio Sánchez Cruz

https://inspirehep.net/literature/1275827 
See also section 4.2.3 in arxiv:2109.04981
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Figure 4: Various comparisons of the combined ��, ZZ,WW likelihoods in the (V ,F ) (left) and (� ,g) (right) planes.
Top: comparison of the full combined likelihood, a näıve combination with inconsistent profiling and double counted con-
straint terms, and the combination of recoupled likelihoods with consistent profiling and without double counted constraint
terms. Bottom: comparison of the full combined likelihood and the combination of recoupled likelihoods using the nominal
uncertainties and a modified constraint terms with uncertainties inflated by 30%.

to the the full combined result that avoids the erroneous double counting. There is no meaning to a combined
contour in the signal strength plane µggF,d � µVBF,d due to the decay index d. Thus, two simple 2-parameter
benchmark models are used to present the result. Fig. 4(a) shows a benchmark model that dictates all µp,d based
on the scaling of the fermionic couplings gf = fg

SM
f

and weak boson couplings gV = V g
SM
V

. Similarly, Fig. 4(b)
considers a simple 2-parameter benchmark in which we scale the e↵ective Hgg by a factor g and the e↵ective
H�� coupling by a factor � [15]. The contours from the naive combination are considerably smaller in the V and
g directions, leading to poor agreement with the full combination (based on all 22 categories of events without
double counting constraint terms).

In contrast, the recoupling approach allows one to avoid double counting constraint terms and for a consistent
profiling over the common sources of uncertainty (both theoretical and experimental), which leads to an improved
agreement. In addition, the learning approach of Eq.(27) has been used for Lrecouple in Fig. 4. Note, in this
example the sources of experimental uncertainty that are unique to one of the decays were profiled in Le↵(µe↵), as
would be done by the experiments. Thus, there is a small e↵ect that is neglected due to the fact that the profiling
of these analysis-specific uncertainties is slightly a↵ected by identifying the common ↵ in the combination.

•Sharing profile likelihood isn’t a good approach to 
combinations, you double count constraint terms 
and have inconsistent profiling. 

• Studied extensively in

✅ 
⚠

https://inspirehep.net/literature/1275827
https://arxiv.org/pdf/2109.04981.pdf


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: In addition to publishing statistical models, RECAST-like 
infrastructure would allow us to consider new EFT operators and update / improve 
background modeling after publishing 

• This infrastructure is being used in BSM searches already
6



Likelihood Publishing + RECAST =



Message 1: 
Publishing Statistical Models



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

•It was 24 years ago!

9
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 
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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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C o n c e p t s

•While it may seem overly 
technical, these subtle 
distinctions are very 
important. 

•We overcame decades of 
stagnation when we focused 
on declarative specification 
for closed-world models and 
moved to standard 
approaches to serialization 
(e.g. ROOT binary to JSON/
yaml) 

• breakthrough with pyhf
11
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Glossary of terms

• Statistical model: This is a synonym for the probability model p(x, y|µ, ✓) as in
Eq. (7) that includes dependence on the data x and y, the parameters of interest
µ and nuisance parameters ✓, access to the individual terms and the ability to
generate pseudo- (or synthetic-) data (i.e., “toy Monte Carlo”).

• Likelihood: The value of the statistical model for a given fixed dataset as a
function of the parameters, e.g., L(µ, ✓) in Eq. (7).

• Constraint term: A term in the full statistical model that relates auxiliary data
y to a particular nuisance parameter ✓.

• Observed data the n, x, and y of Eq. (7) needed to construct the likelihood.

• Open-world: An approach to statistical modelling that allows users to define
and implement custom components in the statistical model.

• Closed-world: An approach to statistical modelling that requires users to work
with a finite set of modelling components.

• Declarative specification: An unambiguous specification (e.g., of a statistical
model) that is independent of implementation. Often there exists a reference
implementation of a specification, but in the declarative approach there may be
multiple implementations that are conceptually and mathematically equivalent.

• Serialization: The process of writing a data structure (e.g., a statistical model)
in memory to a file in a way that can be read back into memory. Loading the
serialized object typically requires access to compatible software libraries present
at the time of serialization.

Figure 1: Definitions of a few key terms used in this paper.

In contrast, publishing the profile likelihood Lp(µ) or the full likelihood L(µ, ✓) can be
convenient, but precludes the generation of pseudo data, and renders combinations problem-
atic because of issues with double counting constraint terms and/or inconsistent profiling of
the nuisance parameters. In any case, care needs to be taken to ensure a sensible parametriza-
tion, as discussed also in some of the physics cases in Section 4. In particular, likelihood
parametrization in terms of physical (pseudo) observables like masses, cross-sections, widths,
branching fractions, etc., is often more useful than a parametrization in terms of theory-model
(Lagrangian) parameters like couplings or tan �. It is, therefore, recommended that likelihoods
be published in addition to, not instead of, the full statistical model.

When considering technical aspects of preservation of a full statistical model, such as that
in Eq. (7), the dominant consideration is whether the statistical model is unrestricted (open-
world) in its implementation or not (closed-world). In open-world approaches users can extend
the modelling components, but this has down-stream technical ramifications. In a closed-world
approach, there is typically a modelling language with a finite number of component building

9



I t ’s  a  r e a l i t y

12

ATLAS Public Results Page
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https://www.hepdata.net/search/?q=analysis:HistFactory



U s i n g  p u b l i s h e d  l i k e l i h o o d s

•Just a few lines of code to download the 
statistical model, re-run fit, make diagnostic plots

14https://github.com/scikit-hep/cabinetry

SciPost Physics Submission

1 import json

2 import cabinetry

3 import pyhf

4 from cabinetry.model_utils import prediction

5 from pyhf.contrib.utils import download

6
7 # download the ATLAS bottom-squarks analysis probability models from HEPData

8 download("https://www.hepdata.net/record/resource/1935437?view=true", "bottom-squarks")

9
10 # construct a workspace from a background-only model and a signal hypothesis

11 bkg_only_workspace = pyhf.Workspace(json.load(open("bottom-squarks/RegionC/BkgOnly.json")))

12 patchset = pyhf.PatchSet(json.load(open("bottom-squarks/RegionC/patchset.json")))

13 workspace = patchset.apply(bkg_only_workspace, "sbottom_600_280_150")

14
15 # construct the probability model and observations

16 model, data = cabinetry.model_utils.model_and_data(workspace)

17
18 # produce visualizations of the pre-fit model and observed data

19 prefit_model = prediction(model)

20 cabinetry.visualize.data_mc(prefit_model, data)

21
22 # fit the model to the observed data

23 fit_results = cabinetry.fit.fit(model, data)

24
25 # produce visualizations of the post-fit model and observed data

26 postfit_model = prediction(model, fit_results=fit_results)

27 cabinetry.visualize.data_mc(postfit_model, data)

Listing 1: Example use of the pyhf v0.6.3 and cabinetry v0.3.0 APIs for interacting with
the published statistical models. This example is standalone fully runnable code, but it is only
meant to highlight the major components of the statistical model use and uses cabinetry as
it offers the highest level API to an analyst.

3.3 Approaches based on machine learning

The sections above focus on the considerations relevant for publishing the full statistical model.
Here we comment briefly on other approaches.

It is possible to publish profile likelihood scans (that is, the profile likelihood Lp(µ) at
a discrete set of µ values) in many formats. For example, in Section 4.2.3 we highlight an
example where ATLAS published text files tabulating the value of the profile likelihood ratio
in the (µggF+ttH , µVBF+V H) plane for the Higgs boson decaying to dibosons [43–46]. However,
for higher-dimensional likelihoods with nuisance parameters or several parameters of interest,
this approach does not scale.

Instead, one can attempt to approximate the likelihood L(µ, ✓) with, for example, a neu-
ral network, and serialize the network using one of several technical solutions provided by
the machine learning libraries (either framework-specific formats or framework-independent
formats such as ONNX [47]). This is the approach taken by DNNLikelihood [48] (see also
Section 4.4.4), which demonstrated that a realistic LHC-like statistical model can be encoded
in neural networks with rather simple architectures with minimal loss of accuracy and trained
in a reasonable amount of time.

However, without more thought it is not possible to form correctly a combined likelihood
in this approach because the constraint terms associated with common sources of systematic
uncertainty would be included multiple times, which has the effect of artificially reducing

16
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15

http://hepexplorer.net. Built by FAIROS-HEP

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

16

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 for EFT 

18

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

Also applies to Combine’s binned-templates



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

19

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

Also applies to Combine’s binned-templates
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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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|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)

Physical 
Positive 

Probabilities
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•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
21

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
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iM

d
j ) + (M

p
SMM
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i ) ⋅ (M

p
SMM

d
j )

+ 2(Mp
SMM

d
j ) ⋅ (M

p
iM

d
SM) + (M
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d
SM) ⋅ (M

p
jM

d
SM)�

+ �

i , j,k
2
fi f j fk
Λ6 �(M
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SMM
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jM

d
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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
space.

��

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 

• Used in MadMiner for 
Simulation-based inference

k′￼

α = {cj}

dσ(α)
dz zi

zi

22

3.1.3 Cross-section calculation with linear and quadratic terms

The SMEFT prediction including the available terms proportional to ⇤�4 is:

(f⇥⌫)8,:
0,�!-

SMEFT = (f⇥⌫)8,:
0,�!-

SM,((N)N)NLO
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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

✓
1+���!-

9

1+���
9

� 1
◆

rates.

0.5

1

u
n

c.

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5S
M

σ
(c

)/
σ

∆
=0.01

HG
 c

=-0.2
tG

 c

=-2.0
tH

 c

ATLAS Preliminary
-1

 = 13 TeV, 139 fbs

0-5 
5-10 

10-15 

15-20 

20-25 

25-30 

30-35 

35-45 

45-60 

60-80 

80-100 

100-120 

120-140 

140-170 

170-200 

200-250 

250-300 

300-450 

450-650 

650
≥ 0-10

10-20

20-30

30-45

45-60

60-80

80-120

120-200

200-300

 [GeV]
γγ

T
p  [GeV]4l

T
p

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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ATLAS CONF Note

ATLAS-CONF-2023-052
26th August 2023

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.



E x t e n d i n g  t e m p l a t e  s p e c i f i c a t i o n s  f o r  E F T  f i t s

•This was done by Belle II 

• Subject of my talk at LHC EFT WG, with 
some more details about “on-the-fly” 
reweighting 

•Focus of LHC EFT effort should be to 
converge on the specification(s).
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https://conference.ippp.dur.ac.uk/event/1178/contributions/6443/ 
https://indico.cern.ch/event/1296757/timetable/#3-area-4-a-practical-framework

Implementation

eos.github.io

• Calculate theoretical predictions
• Theory parameters: Wilson coefficients &

hadronic parameters

pyhf.readthedocs.io

• Built a "custom modifier" that generates
new signal template from theory
parameters.

• Theory parameters become fitting
parameters.

L. Gärtner (LMU) RIF 2023 30.08.2023 14 / 18

A model-independent likelihood
function for the Belle II B+ → K+νν̄analysis

Lorenz Gärtner1,2 on behalf of Belle II,
in collaboration with

Danny van Dyk3, Lukas Heinrich2,4, Méril Reboud3

1LMU Munich, 2Excellence Cluster ORIGINS,
3IPPP Durham, 4TU Munich

30.08.2023

Belle

Summary
• Challenge: Neutrino-induced experimental complexities in B+ → K+νν̄ lead to

model-dependent results due to kinematic assumptions and hadronic matrix
element description.

• Solution: A model-independent likelihood function enables maximum likelihood fits for
any given (B)SM signal prediction, using the supplied information about the q2

distribution.
• Tool integration:

• Extend pyhf and interface it with EOS for run-time template updating.
• Method fully applicable to other decay channels and results.

• Benefits:
• Exploration of exclusions in BSM parameter space.
• Individual model studies with provided decay rate predictions.
• ...

• Significance: Publishing such likelihoods is crucial for a full exploitation of experimental
results.

Belle
lorenz.gaertner@physik.uni-muenchen.de
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Message 3: 
Extensible EFT reinterpretation with 

RECAST infrastructure



E x t e n d i n g  t h e  E F T  r e i n t e r p r e t a t i o n

•This morning, Sergio covered motivations and strategies for incorporating 
changes at a lower level (new EFT operators, changes to sig/bkg models, etc.) 
keeping the analysis strategy (event selection, observables, etc.) fixed  

• Update signal / background components & export a new statistical model 

•In BSM context, this is often referred to as “recasting” and we have built 
infrastructure to do this

25Sergio Sánchez Cruz’s talk earlier today: https://indico.cern.ch/event/1378665/timetable/?view=standard#b-562259-reconstruction-level 

Why would we want to incorporate changes?

6

• Expand the interpretation 
• Analyses are performed for a fixed set of WCs (typically one 

sector, say, “top physics”)  
• (Global) combinations may be interested in a superset of those  

• “Promote” backgrounds to signals 
• Consider EFT effects on the background 

• Updated signal/background models 
• More precise calculations will necessarily appear 

• Inside the collaborations it is often possible to assess these 
problems 

• Predictions can only be updated by running the analysis code 
• Communication among theorists and experimentalists is of 

utmost importance!! 
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• Samples can be reweighted after the generation 
• Conceptually the same to what reco-level 

analyses typically do already 
• Reweighting needs to be carefully validated 

• Phase space is not guaranteed to be fully 
covered 

• These validations are “standard” when designing 
the analysis → generation point can be tuned 

• Not guaranteed when adding new operators 
• In practice, helicity-ignorant reweighing works 

better for many use-cases (see next slide) 
• Procedure straightforward for EFT effects → those 

are evaluated at parton level

Post-generation reweighting

7

L. Jeppe, A. Grohsjean 

LHC EFT WG prediction note

• Full simulation is expensive may be the 
last resort in some cases 

• Simulating SM + EFT contribution requires 
significant resources  

• O(1B) ttbar events are used for Run 2 
measurements  

• In Madgraph is possible to produce samples 
with including only (some of) the EFT 
contributions 

• Example of SM, linear and quadratic terms 
simulated with three independent samples 

• May be even useful beyond 
reinterpretations

If everything else fails: full 
simulation
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- SM contribution 
- Linear contribution 
- Quadratic contribution

https://indico.cern.ch/event/1378665/timetable/?view=standard#b-562259-reconstruction-level


P r e s e r v a t i o n  &  R e i n t e r p r e t a t i o n

•First results using the RECAST reinterpretation framework and 
publishing full statistical likelihoods (using pyhf) in 2019 

• Recent pMSSM effort uses 10 searches, 19 parameter pMSSM, 
and 20,000 parameter points

26



A  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! 

•In most cases for EFTs we can simply 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 specification as describe 
above.

27



FAIROS-HEP



W h a t  i s  FA I R O S - H E P ?

•Recently, the US National Science Foundation funded a new Research Coordination 
Network project titled “FAIROS-HEP”.   

FAIROS = Findable.  Accessible.  Interoperable.  Reusable.  Open Science. 

•The FAIROS-HEP project aims to connect groups of researchers thinking about FAIR 
data in HEP and other experts in this field to envision a more cohesive infrastructure 
around data and publications in HEP.   

• By focusing on FAIR data practices and how data and software can be linked to 
physics results, we hope to build a network of researchers thinking about how we 
can create a “living publication” to preserve and extend physics results.   

• The project includes some funding for building infrastructure as well as future 
workshops connecting groups.

29



FA I R O S - H E P  C o n t i n u e s  a  L e g a c y  o f  C o n t r i b u t i o n s

•DASPOS (2012-2016)  

• https://daspos.crc.nd.edu/   

• Contributions to RECAST led to REANA as a spinoff project now led by CERN 

• Supported REANA Common Workflow Language  

•DIANA-HEP (2015-2021) 

• https://diana-hep.org/  

• Contributions to REANA, RECAST, launched pyhf likelihood publishing, early work in simulation-based inference, Active 
Learning for reinterpretation 

• Supported GitHub -> Zenodo DOI minting 

•IRIS-HEP (2018-?) 

• https://iris-hep.org/   

• Major contributions to likelihood publishing, HEPData integration,   

•SCAILFIN (2018-2021) 

• https://scailfin.github.io/    

• Contributions to REANA (Slurm and HPC backends, applications built on top of REANA), Active Learning for reinterpretation 

•FAIROS-HEP (2022-2025) 

• https://fairos-hep.org/  

• Continue the legacy of contributions, help coordinate the ecosystem
30
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C o n c l u s i o n

•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: In addition to publishing statistical models, RECAST-like infrastructure 
would allow us to consider new EFT operators and update / improve background modeling after 
publishing 

• This infrastructure is being used in BSM searches already 

•Bonus: The FAIROS-HEP project has funds to support (travel to) workshops to coordinate the 
design of this infrastructure.
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P h y S t a t  w o r k s h o p  o n  S B I  i n  M u n i c h
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Backup & Referees



R e l a t e d  t a l k s

•Talk at Higgs 2020  

• https://indico.cern.ch/event/900384/contributions/3796227/  

• Unfolding vs. simplified likelihoods vs. full statistical models 

• STXS vs. Fully differential  

• Simulation-based inference  

•Talk at LHC EFT WG in 2023 

• https://indico.cern.ch/event/1296757/ 

• Full statistical models and on-the-fly reweighting 

34
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A  b r i e f  i d e a

35https://beta.briefideas.org/ideas/8106c030eba22dd3a8d268940d5e42d8



Exceprts from  
Simulation-Based Inference



C o n c l u s i o n

•Likelihood fits in the data space are the gold standard for statistical inference 

• RECAST and likelihood publishing are technical solutions that address model 
dependence and the theory-experiment interface 

• STXS a good step, but more differential information can lead to large gain in sensitivity 

•Properties we want  

• Ability to be fully differential 

• Exploit highest fidelity simulation (QCD, detector simulation) without approximations 
that introduce additional systematic errors 

• Clear statistical motivation and compatibility with traditional combined analyses 

• Scalability in terms of channels and parameters 

•The approach I presented (implemented in MadMiner) achieves these goals
37
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B e n c h m a r k i n g  S T X S  i n  W H

39

• Simplified Template Cross-Sections (STXS) 
define observable bins that are supposed to 
capture as much information on NP as possible 
[N. Berger et al. 1906.02754; HXSWG YR4] 

• Let’s check! How much information on 
 
 
 
 
can we extract from                                       ?
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• Results: STXS are indeed sensitive to operators, 
adding a few more bins improve them, 
but a multivariate analysis is still stronger

[JB, S. Dawson, S. Homiller, F. Kling, T. Plehn 1908.06980]



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

40

Method	 Approximations	 Upfront cost	 Eval 

Summary statistics: 

    Likelihood for summary stats (standard histograms)	 Reduction to summary stats	 Fast	 Fast 

    Approximate Bayesian Computation	 Reduction to summary stats	 Depends	 Depends	  

Matrix elements: 

    Matrix Element Method	 Transfer fns	 Fast	 Slow 

    Optimal Observables	 Transfer fns, optimal only locally	 Fast	 Slow 

Neural networks: 

    Neural likelihood	 NN	 Needs many samples	 Fast 

    Neural posterior	 NN	 Needs many samples	 Fast 

    Neural likelihood ratio	 NN	 Needs many samples	 Fast 

Neural networks + matrix elements: 

    Neural likelihood (ratio) + gold mining (RASCAL etc)	 NN	 Needs less samples	 Fast 

    Neural optimal observables (SALLY)	 NN, optimal only locally	 Needs less samples	 Fast



S i m u l a t i o n - b a s e d  i n f e r e n c e  r e f e r e n c e s

41

Opinionated review 
K. Cranmer, JB, G. Louppe: 
“The frontier of simulation-based inference”  
[1911.01429] 

Do It Yourself (for LHC physics) 
JB, F. Kling, I. Espejo, K. Cranmer: 
“MadMiner: Machine learning—based inference for particle physics”  
[CSBS, 1907.10621, https://github.com/diana-hep/madminer] 

LHC HXSWG YR4 STXS 
JB, S. Dawson, S. Homiller, F. Kling, T. Plehn: 
“Benchmarking simplified template cross sections in WH production”  
[JHEP, 1908.06980] 

Use in Astro: Strong lensing 
JB, S. Mishra-Sharma, J. Hermans, G. Louppe, K. Cranmer 
“Mining for Dark Matter Substructure: Inferring subhalo population properties 
from strong lenses with machine learning”  
[ApJ, 1909.02005]

Original works 

JB, K. Cranmer, G. Louppe, J. Pavez: 
“A guide to constraining Effective Field Theories 
with machine learning”  
[PRD, 1805.00020] 

JB, G. Louppe, J. Pavez, K. Cranmer: 
“Mining gold from implicit models to improve 
likelihood-free inference”  
[PNAS, 1805.12244] 

Follow-up with incremental improvements 
M. Stoye, JB, K. Cranmer, G. Louppe, J. Pavez: 
“Likelihood-free inference with an improved 
cross-entropy estimator”  
[NeurIPS workshop, 1808.00973]

https://github.com/diana-hep/madminer


P h y S t a t  w o r k s h o p  o n  S B I  i n  M u n i c h
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On-the-fly Event-by-Event Reweighting  

Excerpts from  
https://indico.cern.ch/event/1296757/  

https://indico.cern.ch/event/1296757/


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).

44https://indico.cern.ch/event/1296757/timetable/



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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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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ATLAS CONF Note

ATLAS-CONF-2023-052
26th August 2023

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 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
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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
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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.
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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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