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Exclusion limits/contours 
In UV-complete models

Raw data 

Inspired by P.  Owen @ Reinterp2021

There is a wide spectrum of public information from LHC  
experiments  (including that pertinent for Higgs physics)

 

Highest level of interpretation 
“baked in” 

Minimal interpretation 

https://indico.cern.ch/event/982553/contributions/4206959/attachments/2190141/3701447/likelihoods_and_more_at_LHCb.pdf
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Easy to  
communicate/use 

Exclusion limits/contours 
In UV-complete models

Raw data 

Requires expertise 
to distill information

Inspired by P.  Owen @ Reinterp2021

There is a wide spectrum of public information from LHC  
experiments  (including that pertinent for Higgs physics)

 

Highest level of interpretation 
“baked in” 
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200 300 400 1000 2000
 [GeV]Am

1

2

3

4
5
6
7

10

20

30

40
50
60β

ta
n

 (13 TeV)-135.9 fb

130

CMS Preliminary

Observed exclusion 95% CL

Expected exclusion 95% CL

EPJC 79 (2019) 421
h(125)

CMS-PAS-HIG-18-010
µµ →A/H/h 

JHEP 1808 (2018) 113
 bb→A/H 

JHEP 1809 (2018) 007
ττ →A/H/h 

JHEP 03 (2020) 034
 qq)ν and lν lν WW (l→H 

PLB 778 (2018) 101
)ττ hh (bb→H 

CMS-PAS-HIG-17-027
 tt→H 

arxiv:1910.11634
)ττ Zh (ll→A 

hMSSM

LHC “interpretation” spectrum

4Nicholas Wardle

Easy to  
communicate/use 

Exclusion limits/contours 
In UV-complete models

Raw data 

Requires expertise 
to distill information

Inspired by P.  Owen @ Reinterp2021

There is a wide spectrum of public information from LHC  
experiments  (including that pertinent for Higgs physics)

 

Highest level of interpretation 
“baked in” 

Minimal interpretation 

I will not cover the latest Higgs interpretations in this talk. 
Instead see : 
• BSM interpretations of H-measurements (R. Santos)
• STXS & differential H-measurements (S. Heim)
• EFT interpretations of H/HH (A. Calandri)

https://indico.cern.ch/event/982553/contributions/4206959/attachments/2190141/3701447/likelihoods_and_more_at_LHCb.pdf
https://indico.cern.ch/event/1346940/timetable/?view=standard
https://indico.cern.ch/event/1346940/timetable/?view=standard
https://indico.cern.ch/event/1346940/timetable/?view=standard
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The LHC is a random number generator… 
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“Full” Likelihood

(Example from K. Cranmer)
This is THE full likelihood if we substitute our observed data for x 
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“Full” “Experimental” Likelihood
We never use the full likelihood for Higgs measurements/interpretations, so I call the most complete thing we use the 
experimental likelihood. For Higgs measurements, typically

The “data” in each channel
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“Full” “Experimental” Likelihood

The “data” in each channel
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Parameters of interest and nuisance 
parameters parameterize physics model 
and experimental/theoretical systematic 
uncertainties 

We never use the full likelihood for Higgs measurements/interpretations, so I call the most complete thing we use the 
experimental likelihood. For Higgs measurements, typically
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Experimental Likelihood interpretations

OpenArt’s “interpretation of experimental likelihood”
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L(~µ,~⌫) ! L(µi, ~̂µj 6=i, ~̂⌫)

https://www.nature.com/articles/s41586-022-04892-x
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These days (with more data since LHC Run-2), we can measure more than global signal 
strengths and couplings
à Differential measurements – eg STXS “    ” *

10− 8− 6− 4− 2− 0 2 4 6 8
 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 (WW*)H→gg

 (WW*)Hqq→qq

 (ZZ*)H→gg

 (ZZ*)Hqq→qq

 (ZZ*)VH-lep

 (ZZ*)Htt

            Total    Stat.    Syst.

 < 200 GeVH
T
p0-jet, 0.15−

0.16+   0.08±    0.17−
0.18+  1.27   ( ) , 

 < 60 GeVH
T
p1-jet, 0.50−

0.51+   0.29−
0.30+    0.58−

0.59+  0.66   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 0.33−

0.37+   0.32±    0.46−
0.49+  0.68   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 0.44−

0.62+   0.62−
0.63+    0.76−

0.89+  1.43   ( ) , 

 < 200 GeVH
T
p 2-jet, ≥ 0.72−
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 200 GeV≥ H
T
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0.57+    0.61−
0.68+  0.57   )(  , 

 < 200 GeVH
T
p < 1500 GeV, jjm ≤ 2-jet, 1000 ≥

0.24−
0.40+   0.45−

0.50+    0.51−
0.64+  1.32   )(  , 

 < 200 GeVH
T
p 1500 GeV, ≥ jjm 2-jet, ≥

0.17−
0.23+   0.38−

0.42+    0.42−
0.48+  1.19   )(  , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.22−
0.34+   0.46−

0.51+    0.51−
0.61+  1.54   )(  , 

 < 10 GeVH
T
p0-jet, 

0.13−
0.19+   0.27−

0.30+    0.30−
0.36+  0.93   )(  , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.11−
0.14+   0.17−

0.18+    0.20−
0.23+  1.15   )(  , 

 < 60 GeVH
T
p1-jet, 

0.13−
0.16+   0.36−

0.40+    0.38−
0.43+  0.31   )(  , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.18−
0.30+   0.38−

0.42+    0.42−
0.52+  1.42   )(  , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.08−
0.23+   0.58−

0.80+    0.59−
0.84+  0.41   )(  , 

 < 200 GeVH
T
p 2-jet, ≥

0.14−
0.23+   0.51−

0.55+    0.53−
0.60+  0.35   )(  , 

 200 GeV≥ H
T
p

0.31−
0.75+   1.04−

1.32+    1.09−
1.52+  2.41   )(  , 

VBF 0.09−
0.17+   0.50−

0.61+    0.50−
0.63+  1.49   ( ) , 

 < 120 GeVjjm 2-jet, 60 < ≥
0.29−
0.45+   2.22−

2.79+    2.24−
2.83+  1.51   ( ) , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥ ⎯ 

0.18+   ⎯ 
2.08+    ⎯ 

2.09+  0.18   ( ) , 

( 0.01−
0.15+   1.05−

1.67+    1.05−
1.67+  1.29   ) , 

0.18−
0.39+   1.13−

1.72+    1.14−
1.77+  1.73   ( ) , 

8− 6− 4− 2− 0 2 4 6 8 10

 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

)γγ (H→gg

)γγ (Hqq→qq

)γγ (νHl→qq

)γγ (ννHll/→gg/qq

)γγ (Htt

)γγ (tH

)γ(Z H

           Total    Stat.    Syst.

 < 10 GeVH
T
p0-jet, 

0.09−
0.12+   0.24±    0.26−

0.27+  0.66   ( ) , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.08−
0.10+   0.15±    0.17−

0.18+  1.24   ( ) , 

 < 60 GeVH
T
p1-jet, 

0.11−
0.13+   0.36±    0.38−

0.39+  1.16   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.15−
0.22+   0.33±    0.36−

0.40+  1.14   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.10−
0.20+   0.52−

0.53+    0.53−
0.57+  0.93   ( ) , 

 < 120 GeVH
T
p < 350 GeV, jjm 2-jet, ≥

0.14−
0.19+   0.52−

0.53+    0.54−
0.56+  0.58   ( ) , 

 < 200 GeVH
T
p ≤ < 350 GeV, 120 jjm 2-jet, ≥

0.09−
0.15+   0.47−

0.48+    0.48−
0.50+  1.31   ( ) , 

 < 200 GeVH
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.34−
0.30+   0.89−

0.91+    0.95±  1.09   ( ) , 

 < 300 GeVH
T
p ≤200 

0.13−
0.18+   0.39−

0.41+    0.41−
0.45+  1.56   ( ) , 

 < 450 GeVH
T
p ≤300 

0.15−
0.14+   0.47−

0.54+    0.49−
0.56+  0.17   ( ) , 

 450 GeV≥ H
T
p

0.23−
0.41+   1.15−

1.42+    1.18−
1.47+  2.11   ( ) , 

-vetoVH 1-jet and ≤ 0.18−
0.32+   0.84−

0.90+    0.86−
0.96+  1.05   ( ) , 

-hadVH 2-jet, ≥ 0.12−
0.14+   0.62−

0.72+    0.63−
0.74+  0.21   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥

0.23−
0.51+   0.56−

0.61+    0.60−
0.80+  1.28   ( ) , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.23−
0.43+   0.64−

0.72+    0.68−
0.84+  1.47   ( ) , 

 < 200 GeVH
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.20−
0.29+   0.33−

0.36+    0.38−
0.46+  1.31   ( ) , 

 200 GeV≥ H
T
p < 1000 GeV, jjm ≤ 2-jet, 350 ≥

0.11−
0.13+   0.59−

0.73+    0.61−
0.74+  0.31   ( ) , 

 200 GeV≥ H
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.23−
0.28+   0.52−

0.61+    0.57−
0.67+  1.69   ( ) , 

 < 150 GeVV
T
p ( ) , 0.09−

0.16+   0.72−
0.80+    0.73−

0.82+  1.75   

 150 GeV≥ V
T
p ( ) , 0.10−

0.13+   0.89−
1.11+    0.90−

1.12+  1.65   

 < 150 GeVV
T
p  , ( )⎯ 

0.13+   ⎯ 
0.87+    ⎯ 

0.88+ -0.64   

 150 GeV≥ V
T
p  , ( )0.18−

0.21+   0.91−
1.08+    0.92−

1.10+  0.39   

 < 60 GeVH
T
p  , ( )0.05−

0.11+   0.68−
0.81+    0.69−

0.82+  0.83   

 < 120 GeVH
T
p ≤60  , ( )0.04−

0.08+   0.50−
0.59+    0.51−

0.60+  0.81   

 < 200 GeVH
T
p ≤120  , ( )0.08−

0.13+   0.53−
0.63+    0.54−

0.64+  0.65   

 < 300 GeVH
T
p ≤200  , ( )0.06−

0.11+   0.65−
0.80+    0.65−

0.81+  1.23   

 300 GeV≥ H
T
p  , ( )0.12−

0.16+   0.74−
0.95+    0.75−

0.96+  1.17   

 , ( )0.90−
1.22+   3.14−

3.94+    3.27−
4.13+  2.06   

0.33−
0.41+   0.87−

0.88+    0.93−
0.97+  2.05   ( ) , 

arXiv:2402.05742 (sub to JHEP)

*ignores dominant theory uncertainties

~µ

~µ

~µ

Interpretations – STXS 

https://arxiv.org/abs/2402.05742
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These days (with more data since LHC Run-2), we can measure more than global signal 
strengths and couplings
à Differential measurements – eg STXS “    ” *

10− 8− 6− 4− 2− 0 2 4 6 8
 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 (WW*)H→gg

 (WW*)Hqq→qq

 (ZZ*)H→gg

 (ZZ*)Hqq→qq

 (ZZ*)VH-lep

 (ZZ*)Htt

            Total    Stat.    Syst.

 < 200 GeVH
T
p0-jet, 0.15−

0.16+   0.08±    0.17−
0.18+  1.27   ( ) , 

 < 60 GeVH
T
p1-jet, 0.50−

0.51+   0.29−
0.30+    0.58−

0.59+  0.66   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 0.33−

0.37+   0.32±    0.46−
0.49+  0.68   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 0.44−

0.62+   0.62−
0.63+    0.76−

0.89+  1.43   ( ) , 

 < 200 GeVH
T
p 2-jet, ≥ 0.72−

0.85+   0.42−
0.43+    0.84−

0.95+  1.54   ( ) , 

 200 GeV≥ H
T
p 0.44−

0.65+   0.62−
0.63+    0.76−

0.91+  1.37   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥ 0.41±   0.41−

0.45+    0.58−
0.60+  0.12   )(  , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.33−
0.37+   0.51−

0.57+    0.61−
0.68+  0.57   )(  , 

 < 200 GeVH
T
p < 1500 GeV, jjm ≤ 2-jet, 1000 ≥

0.24−
0.40+   0.45−

0.50+    0.51−
0.64+  1.32   )(  , 

 < 200 GeVH
T
p 1500 GeV, ≥ jjm 2-jet, ≥

0.17−
0.23+   0.38−

0.42+    0.42−
0.48+  1.19   )(  , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.22−
0.34+   0.46−

0.51+    0.51−
0.61+  1.54   )(  , 

 < 10 GeVH
T
p0-jet, 

0.13−
0.19+   0.27−

0.30+    0.30−
0.36+  0.93   )(  , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.11−
0.14+   0.17−

0.18+    0.20−
0.23+  1.15   )(  , 

 < 60 GeVH
T
p1-jet, 

0.13−
0.16+   0.36−

0.40+    0.38−
0.43+  0.31   )(  , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.18−
0.30+   0.38−

0.42+    0.42−
0.52+  1.42   )(  , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.08−
0.23+   0.58−

0.80+    0.59−
0.84+  0.41   )(  , 

 < 200 GeVH
T
p 2-jet, ≥

0.14−
0.23+   0.51−

0.55+    0.53−
0.60+  0.35   )(  , 

 200 GeV≥ H
T
p

0.31−
0.75+   1.04−

1.32+    1.09−
1.52+  2.41   )(  , 

VBF 0.09−
0.17+   0.50−

0.61+    0.50−
0.63+  1.49   ( ) , 

 < 120 GeVjjm 2-jet, 60 < ≥
0.29−
0.45+   2.22−

2.79+    2.24−
2.83+  1.51   ( ) , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥ ⎯ 

0.18+   ⎯ 
2.08+    ⎯ 

2.09+  0.18   ( ) , 

( 0.01−
0.15+   1.05−

1.67+    1.05−
1.67+  1.29   ) , 

0.18−
0.39+   1.13−

1.72+    1.14−
1.77+  1.73   ( ) , 

8− 6− 4− 2− 0 2 4 6 8 10

 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

)γγ (H→gg

)γγ (Hqq→qq

)γγ (νHl→qq

)γγ (ννHll/→gg/qq

)γγ (Htt

)γγ (tH

)γ(Z H

           Total    Stat.    Syst.

 < 10 GeVH
T
p0-jet, 

0.09−
0.12+   0.24±    0.26−

0.27+  0.66   ( ) , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.08−
0.10+   0.15±    0.17−

0.18+  1.24   ( ) , 

 < 60 GeVH
T
p1-jet, 

0.11−
0.13+   0.36±    0.38−

0.39+  1.16   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.15−
0.22+   0.33±    0.36−

0.40+  1.14   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.10−
0.20+   0.52−

0.53+    0.53−
0.57+  0.93   ( ) , 

 < 120 GeVH
T
p < 350 GeV, jjm 2-jet, ≥

0.14−
0.19+   0.52−

0.53+    0.54−
0.56+  0.58   ( ) , 

 < 200 GeVH
T
p ≤ < 350 GeV, 120 jjm 2-jet, ≥

0.09−
0.15+   0.47−

0.48+    0.48−
0.50+  1.31   ( ) , 

 < 200 GeVH
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.34−
0.30+   0.89−

0.91+    0.95±  1.09   ( ) , 

 < 300 GeVH
T
p ≤200 

0.13−
0.18+   0.39−

0.41+    0.41−
0.45+  1.56   ( ) , 

 < 450 GeVH
T
p ≤300 

0.15−
0.14+   0.47−

0.54+    0.49−
0.56+  0.17   ( ) , 

 450 GeV≥ H
T
p

0.23−
0.41+   1.15−

1.42+    1.18−
1.47+  2.11   ( ) , 

-vetoVH 1-jet and ≤ 0.18−
0.32+   0.84−

0.90+    0.86−
0.96+  1.05   ( ) , 

-hadVH 2-jet, ≥ 0.12−
0.14+   0.62−

0.72+    0.63−
0.74+  0.21   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥

0.23−
0.51+   0.56−

0.61+    0.60−
0.80+  1.28   ( ) , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.23−
0.43+   0.64−

0.72+    0.68−
0.84+  1.47   ( ) , 

 < 200 GeVH
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.20−
0.29+   0.33−

0.36+    0.38−
0.46+  1.31   ( ) , 

 200 GeV≥ H
T
p < 1000 GeV, jjm ≤ 2-jet, 350 ≥

0.11−
0.13+   0.59−

0.73+    0.61−
0.74+  0.31   ( ) , 

 200 GeV≥ H
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.23−
0.28+   0.52−

0.61+    0.57−
0.67+  1.69   ( ) , 

 < 150 GeVV
T
p ( ) , 0.09−

0.16+   0.72−
0.80+    0.73−

0.82+  1.75   

 150 GeV≥ V
T
p ( ) , 0.10−

0.13+   0.89−
1.11+    0.90−

1.12+  1.65   

 < 150 GeVV
T
p  , ( )⎯ 

0.13+   ⎯ 
0.87+    ⎯ 

0.88+ -0.64   

 150 GeV≥ V
T
p  , ( )0.18−

0.21+   0.91−
1.08+    0.92−

1.10+  0.39   

 < 60 GeVH
T
p  , ( )0.05−

0.11+   0.68−
0.81+    0.69−

0.82+  0.83   

 < 120 GeVH
T
p ≤60  , ( )0.04−

0.08+   0.50−
0.59+    0.51−

0.60+  0.81   

 < 200 GeVH
T
p ≤120  , ( )0.08−

0.13+   0.53−
0.63+    0.54−

0.64+  0.65   

 < 300 GeVH
T
p ≤200  , ( )0.06−

0.11+   0.65−
0.80+    0.65−

0.81+  1.23   

 300 GeV≥ H
T
p  , ( )0.12−

0.16+   0.74−
0.95+    0.75−

0.96+  1.17   

 , ( )0.90−
1.22+   3.14−

3.94+    3.27−
4.13+  2.06   

0.33−
0.41+   0.87−

0.88+    0.93−
0.97+  2.05   ( ) , 

Exploit sensitivity to kinematic dependence of BSM 
contributions à Effective field theory interpretations 

arXiv:2402.05742 (sub to JHEP)

L = LSM +
1

⇤

X

k

Ok + ...

Parameterize BSM effects in 
terms of Wilson coefficients ci

*ignores dominant theory uncertainties

~µ ! ~µ(~c)

~µ

~µ

~µ

https://arxiv.org/abs/2402.05742
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10− 8− 6− 4− 2− 0 2 4 6 8
 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 (WW*)H→gg

 (WW*)Hqq→qq

 (ZZ*)H→gg

 (ZZ*)Hqq→qq

 (ZZ*)VH-lep

 (ZZ*)Htt

            Total    Stat.    Syst.

 < 200 GeVH
T
p0-jet, 0.15−

0.16+   0.08±    0.17−
0.18+  1.27   ( ) , 

 < 60 GeVH
T
p1-jet, 0.50−

0.51+   0.29−
0.30+    0.58−

0.59+  0.66   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 0.33−

0.37+   0.32±    0.46−
0.49+  0.68   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 0.44−

0.62+   0.62−
0.63+    0.76−

0.89+  1.43   ( ) , 

 < 200 GeVH
T
p 2-jet, ≥ 0.72−

0.85+   0.42−
0.43+    0.84−

0.95+  1.54   ( ) , 

 200 GeV≥ H
T
p 0.44−

0.65+   0.62−
0.63+    0.76−

0.91+  1.37   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥ 0.41±   0.41−

0.45+    0.58−
0.60+  0.12   )(  , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.33−
0.37+   0.51−

0.57+    0.61−
0.68+  0.57   )(  , 

 < 200 GeVH
T
p < 1500 GeV, jjm ≤ 2-jet, 1000 ≥

0.24−
0.40+   0.45−

0.50+    0.51−
0.64+  1.32   )(  , 

 < 200 GeVH
T
p 1500 GeV, ≥ jjm 2-jet, ≥

0.17−
0.23+   0.38−

0.42+    0.42−
0.48+  1.19   )(  , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.22−
0.34+   0.46−

0.51+    0.51−
0.61+  1.54   )(  , 

 < 10 GeVH
T
p0-jet, 

0.13−
0.19+   0.27−

0.30+    0.30−
0.36+  0.93   )(  , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.11−
0.14+   0.17−

0.18+    0.20−
0.23+  1.15   )(  , 

 < 60 GeVH
T
p1-jet, 

0.13−
0.16+   0.36−

0.40+    0.38−
0.43+  0.31   )(  , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.18−
0.30+   0.38−

0.42+    0.42−
0.52+  1.42   )(  , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.08−
0.23+   0.58−

0.80+    0.59−
0.84+  0.41   )(  , 

 < 200 GeVH
T
p 2-jet, ≥

0.14−
0.23+   0.51−

0.55+    0.53−
0.60+  0.35   )(  , 

 200 GeV≥ H
T
p

0.31−
0.75+   1.04−

1.32+    1.09−
1.52+  2.41   )(  , 

VBF 0.09−
0.17+   0.50−

0.61+    0.50−
0.63+  1.49   ( ) , 

 < 120 GeVjjm 2-jet, 60 < ≥
0.29−
0.45+   2.22−

2.79+    2.24−
2.83+  1.51   ( ) , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥ ⎯ 

0.18+   ⎯ 
2.08+    ⎯ 

2.09+  0.18   ( ) , 

( 0.01−
0.15+   1.05−

1.67+    1.05−
1.67+  1.29   ) , 

0.18−
0.39+   1.13−

1.72+    1.14−
1.77+  1.73   ( ) , 

8− 6− 4− 2− 0 2 4 6 8 10

 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

)γγ (H→gg

)γγ (Hqq→qq

)γγ (νHl→qq

)γγ (ννHll/→gg/qq

)γγ (Htt

)γγ (tH

)γ(Z H

           Total    Stat.    Syst.

 < 10 GeVH
T
p0-jet, 

0.09−
0.12+   0.24±    0.26−

0.27+  0.66   ( ) , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.08−
0.10+   0.15±    0.17−

0.18+  1.24   ( ) , 

 < 60 GeVH
T
p1-jet, 

0.11−
0.13+   0.36±    0.38−

0.39+  1.16   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.15−
0.22+   0.33±    0.36−

0.40+  1.14   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.10−
0.20+   0.52−

0.53+    0.53−
0.57+  0.93   ( ) , 

 < 120 GeVH
T
p < 350 GeV, jjm 2-jet, ≥

0.14−
0.19+   0.52−

0.53+    0.54−
0.56+  0.58   ( ) , 

 < 200 GeVH
T
p ≤ < 350 GeV, 120 jjm 2-jet, ≥

0.09−
0.15+   0.47−

0.48+    0.48−
0.50+  1.31   ( ) , 

 < 200 GeVH
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.34−
0.30+   0.89−

0.91+    0.95±  1.09   ( ) , 

 < 300 GeVH
T
p ≤200 

0.13−
0.18+   0.39−

0.41+    0.41−
0.45+  1.56   ( ) , 

 < 450 GeVH
T
p ≤300 

0.15−
0.14+   0.47−

0.54+    0.49−
0.56+  0.17   ( ) , 

 450 GeV≥ H
T
p

0.23−
0.41+   1.15−

1.42+    1.18−
1.47+  2.11   ( ) , 

-vetoVH 1-jet and ≤ 0.18−
0.32+   0.84−

0.90+    0.86−
0.96+  1.05   ( ) , 

-hadVH 2-jet, ≥ 0.12−
0.14+   0.62−

0.72+    0.63−
0.74+  0.21   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥

0.23−
0.51+   0.56−

0.61+    0.60−
0.80+  1.28   ( ) , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.23−
0.43+   0.64−

0.72+    0.68−
0.84+  1.47   ( ) , 

 < 200 GeVH
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.20−
0.29+   0.33−

0.36+    0.38−
0.46+  1.31   ( ) , 

 200 GeV≥ H
T
p < 1000 GeV, jjm ≤ 2-jet, 350 ≥

0.11−
0.13+   0.59−

0.73+    0.61−
0.74+  0.31   ( ) , 

 200 GeV≥ H
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.23−
0.28+   0.52−

0.61+    0.57−
0.67+  1.69   ( ) , 

 < 150 GeVV
T
p ( ) , 0.09−

0.16+   0.72−
0.80+    0.73−

0.82+  1.75   

 150 GeV≥ V
T
p ( ) , 0.10−

0.13+   0.89−
1.11+    0.90−

1.12+  1.65   

 < 150 GeVV
T
p  , ( )⎯ 

0.13+   ⎯ 
0.87+    ⎯ 

0.88+ -0.64   

 150 GeV≥ V
T
p  , ( )0.18−

0.21+   0.91−
1.08+    0.92−

1.10+  0.39   

 < 60 GeVH
T
p  , ( )0.05−

0.11+   0.68−
0.81+    0.69−

0.82+  0.83   

 < 120 GeVH
T
p ≤60  , ( )0.04−

0.08+   0.50−
0.59+    0.51−

0.60+  0.81   

 < 200 GeVH
T
p ≤120  , ( )0.08−

0.13+   0.53−
0.63+    0.54−

0.64+  0.65   

 < 300 GeVH
T
p ≤200  , ( )0.06−

0.11+   0.65−
0.80+    0.65−

0.81+  1.23   

 300 GeV≥ H
T
p  , ( )0.12−

0.16+   0.74−
0.95+    0.75−

0.96+  1.17   

 , ( )0.90−
1.22+   3.14−

3.94+    3.27−
4.13+  2.06   

0.33−
0.41+   0.87−

0.88+    0.93−
0.97+  2.05   ( ) , 

L(~µ) ! L

✓
~µ(~(cos(� � ↵), tan�))

◆

L(~µ) ! L

✓
~µ(~c(cos(� � ↵), tan�))

◆

In 2HDM models, SM-like Higgs boson couplings are modified with respect to the SM 
predictions à rates of Higgs production/decay (    ) are modified ~µ
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10− 8− 6− 4− 2− 0 2 4 6 8
 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 (WW*)H→gg

 (WW*)Hqq→qq

 (ZZ*)H→gg

 (ZZ*)Hqq→qq

 (ZZ*)VH-lep

 (ZZ*)Htt

            Total    Stat.    Syst.

 < 200 GeVH
T
p0-jet, 0.15−

0.16+   0.08±    0.17−
0.18+  1.27   ( ) , 

 < 60 GeVH
T
p1-jet, 0.50−

0.51+   0.29−
0.30+    0.58−

0.59+  0.66   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 0.33−

0.37+   0.32±    0.46−
0.49+  0.68   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 0.44−

0.62+   0.62−
0.63+    0.76−

0.89+  1.43   ( ) , 

 < 200 GeVH
T
p 2-jet, ≥ 0.72−

0.85+   0.42−
0.43+    0.84−

0.95+  1.54   ( ) , 

 200 GeV≥ H
T
p 0.44−

0.65+   0.62−
0.63+    0.76−

0.91+  1.37   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥ 0.41±   0.41−

0.45+    0.58−
0.60+  0.12   )(  , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.33−
0.37+   0.51−

0.57+    0.61−
0.68+  0.57   )(  , 

 < 200 GeVH
T
p < 1500 GeV, jjm ≤ 2-jet, 1000 ≥

0.24−
0.40+   0.45−

0.50+    0.51−
0.64+  1.32   )(  , 

 < 200 GeVH
T
p 1500 GeV, ≥ jjm 2-jet, ≥

0.17−
0.23+   0.38−

0.42+    0.42−
0.48+  1.19   )(  , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.22−
0.34+   0.46−

0.51+    0.51−
0.61+  1.54   )(  , 

 < 10 GeVH
T
p0-jet, 

0.13−
0.19+   0.27−

0.30+    0.30−
0.36+  0.93   )(  , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.11−
0.14+   0.17−

0.18+    0.20−
0.23+  1.15   )(  , 

 < 60 GeVH
T
p1-jet, 

0.13−
0.16+   0.36−

0.40+    0.38−
0.43+  0.31   )(  , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.18−
0.30+   0.38−

0.42+    0.42−
0.52+  1.42   )(  , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.08−
0.23+   0.58−

0.80+    0.59−
0.84+  0.41   )(  , 

 < 200 GeVH
T
p 2-jet, ≥

0.14−
0.23+   0.51−

0.55+    0.53−
0.60+  0.35   )(  , 

 200 GeV≥ H
T
p

0.31−
0.75+   1.04−

1.32+    1.09−
1.52+  2.41   )(  , 

VBF 0.09−
0.17+   0.50−

0.61+    0.50−
0.63+  1.49   ( ) , 

 < 120 GeVjjm 2-jet, 60 < ≥
0.29−
0.45+   2.22−

2.79+    2.24−
2.83+  1.51   ( ) , 

 200 GeV≥ H
T
p 350 GeV, ≥ jjm 2-jet, ≥ ⎯ 

0.18+   ⎯ 
2.08+    ⎯ 

2.09+  0.18   ( ) , 

( 0.01−
0.15+   1.05−

1.67+    1.05−
1.67+  1.29   ) , 

0.18−
0.39+   1.13−

1.72+    1.14−
1.77+  1.73   ( ) , 

8− 6− 4− 2− 0 2 4 6 8 10

 x B  normalized to SM valueσ

Total Stat.

Syst. SM

ATLAS
-1 = 13 TeV, 139 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

)γγ (H→gg

)γγ (Hqq→qq

)γγ (νHl→qq

)γγ (ννHll/→gg/qq

)γγ (Htt

)γγ (tH

)γ(Z H

           Total    Stat.    Syst.

 < 10 GeVH
T
p0-jet, 

0.09−
0.12+   0.24±    0.26−

0.27+  0.66   ( ) , 

 < 200 GeVH
T
p ≤0-jet, 10 

0.08−
0.10+   0.15±    0.17−

0.18+  1.24   ( ) , 

 < 60 GeVH
T
p1-jet, 

0.11−
0.13+   0.36±    0.38−

0.39+  1.16   ( ) , 

 < 120 GeVH
T
p ≤1-jet, 60 

0.15−
0.22+   0.33±    0.36−

0.40+  1.14   ( ) , 

 < 200 GeVH
T
p ≤1-jet, 120 

0.10−
0.20+   0.52−

0.53+    0.53−
0.57+  0.93   ( ) , 

 < 120 GeVH
T
p < 350 GeV, jjm 2-jet, ≥

0.14−
0.19+   0.52−

0.53+    0.54−
0.56+  0.58   ( ) , 

 < 200 GeVH
T
p ≤ < 350 GeV, 120 jjm 2-jet, ≥

0.09−
0.15+   0.47−

0.48+    0.48−
0.50+  1.31   ( ) , 

 < 200 GeVH
T
p 350 GeV, ≥ jjm 2-jet, ≥

0.34−
0.30+   0.89−

0.91+    0.95±  1.09   ( ) , 

 < 300 GeVH
T
p ≤200 

0.13−
0.18+   0.39−

0.41+    0.41−
0.45+  1.56   ( ) , 

 < 450 GeVH
T
p ≤300 

0.15−
0.14+   0.47−

0.54+    0.49−
0.56+  0.17   ( ) , 

 450 GeV≥ H
T
p

0.23−
0.41+   1.15−

1.42+    1.18−
1.47+  2.11   ( ) , 

-vetoVH 1-jet and ≤ 0.18−
0.32+   0.84−

0.90+    0.86−
0.96+  1.05   ( ) , 

-hadVH 2-jet, ≥ 0.12−
0.14+   0.62−

0.72+    0.63−
0.74+  0.21   ( ) , 

 < 200 GeVH
T
p < 700 GeV, jjm ≤ 2-jet, 350 ≥

0.23−
0.51+   0.56−

0.61+    0.60−
0.80+  1.28   ( ) , 

 < 200 GeVH
T
p < 1000 GeV, jjm ≤ 2-jet, 700 ≥

0.23−
0.43+   0.64−

0.72+    0.68−
0.84+  1.47   ( ) , 

 < 200 GeVH
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.20−
0.29+   0.33−

0.36+    0.38−
0.46+  1.31   ( ) , 

 200 GeV≥ H
T
p < 1000 GeV, jjm ≤ 2-jet, 350 ≥

0.11−
0.13+   0.59−

0.73+    0.61−
0.74+  0.31   ( ) , 

 200 GeV≥ H
T
p 1000 GeV, ≥ jjm 2-jet, ≥

0.23−
0.28+   0.52−

0.61+    0.57−
0.67+  1.69   ( ) , 

 < 150 GeVV
T
p ( ) , 0.09−

0.16+   0.72−
0.80+    0.73−

0.82+  1.75   

 150 GeV≥ V
T
p ( ) , 0.10−

0.13+   0.89−
1.11+    0.90−

1.12+  1.65   

 < 150 GeVV
T
p  , ( )⎯ 

0.13+   ⎯ 
0.87+    ⎯ 

0.88+ -0.64   

 150 GeV≥ V
T
p  , ( )0.18−

0.21+   0.91−
1.08+    0.92−

1.10+  0.39   

 < 60 GeVH
T
p  , ( )0.05−

0.11+   0.68−
0.81+    0.69−

0.82+  0.83   

 < 120 GeVH
T
p ≤60  , ( )0.04−

0.08+   0.50−
0.59+    0.51−

0.60+  0.81   

 < 200 GeVH
T
p ≤120  , ( )0.08−

0.13+   0.53−
0.63+    0.54−

0.64+  0.65   

 < 300 GeVH
T
p ≤200  , ( )0.06−

0.11+   0.65−
0.80+    0.65−

0.81+  1.23   

 300 GeV≥ H
T
p  , ( )0.12−

0.16+   0.74−
0.95+    0.75−

0.96+  1.17   

 , ( )0.90−
1.22+   3.14−

3.94+    3.27−
4.13+  2.06   

0.33−
0.41+   0.87−

0.88+    0.93−
0.97+  2.05   ( ) , 

arXiv:2402.05742 (sub to JHEP)

L(~µ) ! L

✓
~µ(~(cos(� � ↵), tan�))

◆

Parameterization of BSM scenario can impact 
resulting constraints on new physics!  

L(~µ) ! L

✓
~µ(~c(cos(� � ↵), tan�))

◆

In 2HDM models, SM-like Higgs boson couplings are modified with respect to the SM 
predictions à rates of Higgs production/decay (    ) are modified ~µ

CbH,CtH,CτH,CH

κV,κF,κλ

https://arxiv.org/abs/2402.05742
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Higgs portal models
Majorana fermion DM

Scalar DM

 UV-compVector DM

 = 100 GeV2 m
 radiativeVector DM

 = 65 GeV2 m
 radiativeVector DM

Direct-detection
CRESST-III
DarkSide-50
PandaX-4T
LUX-ZEPLIN

 (13 TeV)-1 (8 TeV), 140 fb-1 (7 TeV), 19.7 fb-14.9 fb

CMS

Event counts/expectations Upper limits on B(Hàinv) Interpretations in H-portal 
models for DM

When the result is presented as single number, interpretation is “straightforward*”

* Nothing straightforward about the work needed to get there : PLB 709 (2012) 65, HEP 05 (2013) 036, EPJC 73 (2013) 2455

Eur. Phys. J. C 83 (2023) 933

a nice feature of LH methods

L(BH!inv) L(BH!inv(�
SI

DM
)|mDM )

http://dx.doi.org/10.1016/j.physletb.2012.01.062
http://dx.doi.org/10.1007/JHEP05(2013)036
http://dx.doi.org/10.1140/epjc/s10052-013-2455-1
http://dx.doi.org/10.1140/epjc/s10052-023-11952-7
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Eur. Phys. J. C 81(2), 145 (2021) 

�2 ln

0

@L(~µ,
ˆ̂
~⌫)

L(~̂µ, ~̂⌫)

1

A ⇡
⇣
~̂µ� ~µ

⌘T ⇣
~̂µ� ~µ

⌘

~µ ! ~µ(V ,F )

Simple approximation of likelihood allows for fast/easy 
interpretation of Higgs boson measurements 

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-021-08942-y
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Eur. Phys. J. C 81(2), 145 (2021) 

~µ ! ~µ(V ,F )

Correlations between measurements 
dramatically improve simplification

+ �2 ln
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L(~̂µ, ~̂⌫)
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A ⇡
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~̂µ� ~µ
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⇣
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-021-08942-y
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Eur. Phys. J. C 81(2), 145 (2021) 

~µ ! ~µ(V ,F )

Accounting for correlations between 
STXS bins in theory uncertainties 
yields further improvements

+

+
�2 ln

0

@L(~µ,
ˆ̂
~⌫)

L(~̂µ, ~̂⌫)

1

A ⇡
⇣
~̂µ� ~µ

⌘T
(C~µ,Exp. +C~µ,Th.)

�1
⇣
~̂µ� ~µ

⌘

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-021-08942-y
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Comparison of constraints on Wilson Coefficients from simplified likelihood approach with experimental likelihood 
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Rotated from Warsaw basis based on sensitive directions in fit

arXiv:2402.05742 (sub to JHEP) L(~µ,~⌫) =
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https://arxiv.org/abs/2402.05742
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Inclusion of asymmetric uncertainties possible with slight extension to Gaussian approximation*

*Can also use “variable Gaussian” as in S. Kraml, T.Q. Loc, D.T. Nhung, L.D. Ninh
 

�2 ln

0

@L(~µ,
ˆ̂
~⌫)

L(~̂µ, ~̂⌫)

1

A ⇡ ⇢ij�i�j

[1] J. Araz arxXiv:2307.06996 [2] JHEP04 (2019) 064 

,

µi

ttHàγγ, 
0<pT(H)<60 GeV 

Coefficients α, β, γ, and matrix ρ determined from published 
best-fit, asymmetric uncertainties and correlation matrix [1,2]µi = ↵i + �i�i + �i�

2
i

https://arxiv.org/abs/1908.03952
https://arxiv.org/abs/2307.06996
https://link.springer.com/article/10.1007/JHEP04(2019)064


EFT interpretations with Simplified Likelihoods++ 
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Inclusion of asymmetric uncertainties possible with slight extension to Gaussian approximation*

*Can also use “variable Gaussian” as in S. Kraml, T.Q. Loc, D.T. Nhung, L.D. Ninh
 

[1] J. Araz arxXiv:2307.06996 [2] JHEP04 (2019) 064 

µi

ttHàγγ, 
0<pT(H)<60 GeV 

~µ ! ~µ(~c)

Small impact in terms of EFT constraints from Higgs (+other) measurements

� = 0
� 6= 0

�2 ln

0

@L(~µ,
ˆ̂
~⌫)

L(~̂µ, ~̂⌫)

1

A ⇡ ⇢ij�i�j , Coefficients α, β, γ, and matrix ρ determined from published 
best-fit, asymmetric uncertainties and correlation matrix [1,2]µi = ↵i + �i�i + �i�

2
i

https://arxiv.org/abs/1908.03952
https://arxiv.org/abs/2307.06996
https://link.springer.com/article/10.1007/JHEP04(2019)064


Caveats for Re-interpreting Higgs measurements
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EPJC 80 957 (2020)

No guarantee that assumptions made for SM measurements will hold for BSM 

J. Langford
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No guarantee that assumptions made for SM measurements will hold for BSM 
à Need to account for non-SM acceptance (A) when interpreting 
measurements under BSM scenarios! 

J. Langford
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Caveats for Re-interpreting Higgs measurements

L(~µ,~⌫) =
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One measurement’s background is another 
measurement’s signal

BSM interpretations of Higgs measurements  
should consider effects on backgrounds* too

*different story if background is “data-driven”

Also highlighted by
L. Nollen

https://link.springer.com/article/10.1007/JHEP07(2021)005
https://indico.cern.ch/event/1346940/contributions/5785171/attachments/2852174/4987581/Synergies_Nollen_SMatLHC_2024.pdf


A note on combinations of simplified likelihoods
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arXiv:2109.04981 

+ ~µ ! ~µ(~c)

⇣
~̂µ� ~µ

⌘T
(C~µ)

�1
⇣
~̂µ� ~µ

⌘

Note: Individual CMS 
part ignores 
correlations

Correlation information between measurements (eg due to theory uncertainties) often lost when using simplified 
likelihoods constructed from profiled likelihood …

https://arxiv.org/pdf/2109.04981


A note on combinations of simplified likelihoods
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Correlation information between measurements (eg due to theory uncertainties) often lost when using simplified 
likelihoods constructed from profiled likelihood …

arXiv:2109.04981 

+ ~µ ! ~µ(~c)
Note: Individual CMS 
part ignores 
correlations

L̂ATLAS + L̂CMS 6= L̂ATLAS+CMS

⇣
~̂µ� ~µ

⌘T
(C~µ)

�1
⇣
~̂µ� ~µ

⌘

https://arxiv.org/pdf/2109.04981
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Why can’t we (you) just use the experimental likelihood then?



CMS Higgs observation LH

29Nicholas Wardle

Even ~12 years ago our Higgs boson 
experimental likelihood composed of 
• 5 decay channels (analyses)
• Mix of template/parametric 

analyses
• ~700 parameters 

Extremely complicated statistical 
model

How can we communicate likelihood 
function for (re-)interpretations?



Like this …
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https://new-cds.cern.ch/records/c2948-e8875 

Full statistical model + data = experimental likelihood!

Note : ATLAS pyHF full experimental statistical models (+data) also available since 2019 but none for SM Higgs measurements yet…

https://new-cds.cern.ch/records/c2948-e8875
https://atlas.cern/updates/news/new-open-likelihoods


(Re-)using the likelihood
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CMS statistical software (Combine) published to allow (re-) interpretation of published CMS 
statistical models (see Combine paper and online documentation)

Ph
ys

ic
sM

od
el

s Python based model implementation

Command line interface to construct + (re-)parameterize likelihood eg : ~µ ! ~µ(V ,F )

>
>

Calculate result

https://arxiv.org/abs/2404.06614
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/part2/higgscouplings/


Summary
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CMS has published first full experimental likelihood – the CMS Higgs 
discovery statistical model (+ the data used)
• Code available to (re-)use the model for interpretations of Higgs results 
• Many more planned for the future 

Interpretations of Higgs measurements of great interest to community 
• Evolution with time from inclusive (àkappas) to differential (àEFT) focused 

measurements 
• Ultimately aim is to place constraints on (or better yet discovery) new physics and 

the way we get to that matters

Simplifications facilitate communication + re-use of experimental results 
• Gaussian approximation extremely useful but need to be careful of 

• correlations (both experimental and theoretical)
• Non-gaussian behavior (we never truly reach asymptotes so precision 

matters)
• Generalizations of assumptions made from SMàBSM not always valid 

• Truly full likelihoods not realized experimentally (yet) though several ideas 
emerging (see backup) on doing that
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Summary
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CMS has published first full experimental likelihood – the CMS Higgs 
discovery statistical model (+ the data used)
• Code available to (re-)use the model for interpretations of Higgs results 
• Many more planned for the future 

Interpretations of Higgs measurements of great interest to community 
• Evolution with time from inclusive (àkappas) to differential (àEFT) focused 

measurements 
• Ultimately aim is to place constraints on (or better yet discovery) new physics and 

the way we get to that matters

Simplifications facilitate communication + re-use of experimental results 
• Gaussian approximation extremely useful but need to be careful of 

• correlations (both experimental and theoretical)
• Non-gaussian behavior (we never truly reach asymptotes so precision 

matters)
• Generalizations of assumptions made from SMàBSM not always valid 

• Truly full likelihoods not realized experimentally (yet) though several ideas 
emerging (see backup) on doing that
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Backup Slides
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“Full” “Experimental” Likelihood
We never use the full likelihood for Higgs measurements/interpretations, so I call the most complete thing we use the 
experimental likelihood. For Higgs measurements, typically

The “data” in each channel can be …

Event count(s) after 
some selection 

Number of events in a given bin 
of some distribution 
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“Full” “Experimental” Likelihood
We never use the full likelihood for Higgs measurements/interpretations, so I call the most complete thing we use the 
experimental likelihood. For Higgs measurements, typically
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background contributions

Parameters of interest* 

* Note several Higgs analyses directly parameterize in BSM terms eg AC HàVV

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
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Higgs Combinations have O(1000)’s nuisance parameters

Experimental/Detector systematics:
• Object efficiencies, energy scales, luminosity 

Signal theory uncertainties:
• Inclusive x-section uncertainties, QCD scale, pdf, 

UEPS, Branching ratios, jet counting

Background theory uncertainties:
• Often rather different phase-spaces considered for extrapolating from 

control regions for data-driven estimates
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F. Dulat, A. Lazopoulos, B. Mistlberger 

“Full” “Experimental” Likelihood
We never use the full likelihood for Higgs measurements/interpretations, so I call the most complete thing we use the 
experimental likelihood. For Higgs measurements, typically

https://arxiv.org/abs/1802.00827
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Profiling

P1

P 2

L
(P

1 ,P
2 )!

L
(P

1 ,P̂
2 )

Example, say we have just 2 parameters
• L(P1,P2) describes full likelihood 
• Profiling out one of the parameters gives 

is a profiled likelihood
• We use Wilks’ theorem to determine 

intervals from ratios of profiled log-
likelihood (q) 

• q=0 à “best-fit” for P1

• q≤1 à 1σ interval for P1

To estimate parameters of the model (and intervals on the parameters of interest), 
(one or two at a time…), we eliminate parameters of likelihood via profiled likelihood

q(P1) = �2 ln

 
L(P1,

ˆ̂P2)

L(P̂1, P̂2)

!



Higgs Production and Decay
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39

WH / ZH

VBF

ggH

gg→
ZH

gb→tHW qg→tHq

39

ttHbbH

D
ecreasing cross-section H

�

�

H

�

�

H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

Hàff HàVV

Hàγγ

Many production and decay 
modes to study Higgs for  
mH~125 GeV … access to 
many Higgs-SM couplings



Latest Higgs Combinations (inputs)
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Analysis L
Reference Binning SMEFT

2HDM and

Decay channel Production mode [fb
�1

] (h)MSSM

H ! �� (ggF, VBF, WH, ZH, tt̄H, tH) 139
[38] STXS-1.2 X X
[19] di↵erential X(subset)

H ! ZZ
⇤

(ZZ
⇤ ! 4`: ggF, VBF, WH + ZH, tt̄H + tH) 139

[22] STXS-1.2 X X
[18] di↵erential X(subset)

(ZZ
⇤ ! ``⌫⌫̄/``qq̄: tt̄H multileptons) 36.1 [27] STXS-0

⇤ X

H ! ⌧⌧ (ggF, VBF, WH + ZH, tt̄H + tH) 139 [39] STXS-1.2 X X
(tt̄H multileptons) 36.1 [27] STXS-0

⇤ X

H ! WW
⇤

(ggF, VBF) 139 [40] STXS-1.2 X X
(WH, ZH) 36.1 [41] STXS-0

⇤ X
(tt̄H multileptons) 36.1 [27] STXS-0

⇤ X

H ! bb (WH, ZH) 139 [42,25] STXS-1.2 X X
(VBF) 126 [43] STXS-1.2 X X
(tt̄H + tH) 139 [44] STXS-1.2 X X
(boosted Higgs bosons: inclusive production) 139 [45] STXS-1.2 X X

H ! Z� (inclusive production) 139 [46] STXS-0
⇤ X X

H ! µµ (ggF + tt̄H + tH, VBF +WH + ZH) 139 [47] STXS-0
⇤ X X

ATLAS: arXiv:2402.05742(sub to JHEP) Analysis Decay tags Production tags

Single Higgs boson production

H ! gg [42]

ggH, pT(H) ⇥ Nj bins

VBF/VH hadronic, pT(Hjj) bins

WH leptonic, pT(V) bins

ZH leptonic

gg

ttH pT(H) bins, tH

H ! ZZ ! 4` [43]

ggH, pT(H) ⇥ Nj bins

VBF, mjj bins

VH hadronic

VH leptonic, pT(V) bins

4µ, 2e2µ, 4e

ttH

H ! WW ! `n`n [44]

eµ/ee/µµ ggH  2-jets

VBF
µµ+jj/ee+jj/eµ+jj

VH hadronic

3` WH leptonic

4` ZH leptonic

H ! Zg [45]
ggH

Zg
VBF

H ! tt [46]

ggH, pT(H) ⇥ Nj bins

VH hadronic

VBF
eµ, eth, µth, thth

VH, high-pT(V)

H ! bb [47–51]

W(`n)H(bb) WH leptonic

Z(nn)H(bb), Z(``)H(bb) ZH leptonic

ttH, ! 0, 1, 2`+ jets
bb

ggH, high-pT(H) bins

H ! µµ [52]
ggH

µµ
VBF

ttH production 2` SS, 3`, 4`,

with H ! leptons [53] 1`+ th, 2` SS+1th, 3`+ 1th

ttH

H ! Inv. [71, 72] pmiss

T

ggH

VBF

VH hadronic

ZH leptonic

Higgs boson pair production

HH ! bbbb [57, 58] H(bb)H(bb) ggHH, VBFHH (resolved, boosted)

HH ! bbtt [59] H(bb)H(tt) ggHH, VBFHH

HH ! leptons [60] H(WW)H(WW), H(WW)H(tt), H(tt)H(tt) ggHH, VBFHH

HH ! bbgg [61] H(bb)H(gg) ggHH, VBFHH

HH ! bbZZ [62] H(bb)H(ZZ) ggHH

CMS: Nature 607 (2022) 60-68

https://arxiv.org/abs/2402.05742
http://dx.doi.org/10.1038/s41586-022-04892-x


Simplified likelihoods for searches
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L(µ, �)⇡(�) ! L(µ,✓)⇡(✓) =
P=90Y

I=1

P (nobs
I |µ · ns,I + aI + bI✓I + cI✓

2
I ) ·

1p
(2⇡)P

e�
1
2✓

T⇢�1✓

<latexit sha1_base64="ITuBzUAFKeMXRXUrbO67uVo7fhc="></latexit>
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Non-Gaussian effects can be accounted for 

A. Buckley, M. Citron, S. Fichet, S. Kraml,  W. Waltenberger, NW J. High Energ. Phys. 2019, 64 (2019)

These are the same as 
the full likelihoodsimplify

https://doi.org/10.1007/JHEP04(2019)064


Simplified likelihoods in the wild!
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Real experimental likelihoods converted 
into simplified likelihoods*…

“Search for dark matter produced with an energetic jet or a 
hadronically decaying W or Z boson at √s= 13 TeV”

• Data separated into 1 or 2 jet  topologies

• Binned missing transverse momentum distribution 
used to separate signal from background  

      à 29 bins

JHEP 07 (2017) 014

CM
S-
NO

TE
-2
01
7-
00

1

http://dx.doi.org/10.1007/JHEP07(2017)014
http://cds.cern.ch/record/2242860/files/


Workflows
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Standard workflow for predictions

New signal model 
• UFO+param/proc/run card
• …

MC generation 
• MG5+Pythia
• Herwig
• Sherpa
• …

Detector Simulation 
• Full/Fast Geant4
• Delphes
• BuckFast
• Transfer functions  
• …

Event Selection/categorisation
• Rivet
• MadAnalysis
• …

- Counts/observables 
for signal process 
- Statistical inference

SModelS

MadMiner

http://madgraph.phys.ucl.ac.be/
https://arxiv.org/abs/1907.09874
https://herwig.hepforge.org/
https://sherpa.hepforge.org/doc/SHERPA-MC-2.2.5.html
https://geant4.web.cern.ch/node/1
https://cp3.irmp.ucl.ac.be/projects/delphes
https://rivet.hepforge.org/doc
https://launchpad.net/madanalysis5
https://smodels.github.io/


Example from CMS (EXO-20-004)
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HepData entry 

“Search for new particles in events with energetic jets and large missing transverse momentum in proton-proton 
collisions at 13 TeV” – Full Run-2 data update

• Signal templates & cutflows
• Simplified likelihood inputs
• MC Generator configs for various 

signals + MadAnalysis implementation 

See RAMP talk by A. Albert 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-004/index.html
https://www.hepdata.net/record/ins1868108?version=1
https://indico.cern.ch/event/1049578/contributions/4416485/attachments/2267454/3859694/2021-06-28_ramp.pdf


Higgs interpretation without a (on-shell) Higgs?
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Full Run-2 analysis yields 4-top observation

Combined significance 5.9σ (5.1σ) !
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th.

tttt
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arXiv:2212.03259
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 (13 TeV)-1138 fb
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g

HHH

t

t̄

t̄

t

Phys. Lett. B 847 (2023) 138290

Search for 4-tops provides complementary 
approach to constraining Higgs-top Yukawa 
coupling! 

CM
S-TO

P-18-003

http://dx.doi.org/10.1016/j.physletb.2023.138290
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html


2HDM (κ vs EFT)

46Nicholas Wardle – SM@LHC 2024



Non-Gaussian likelihoods
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In Higgs physics, often find “signal-strength” measurements 
 
 à         Standard model defined by 
 
 à Assume only total rate of iiàHàff is modified by new physics 
(ok in certain models)

µi = µf = 1

S. Kram
l, T.Q

. Loc, D
.T. N

hung, L.D
. N

inh

f
i
µ

4− 2− 0 2 4 6 8 10
bb
ττ

WW
ZZ
γγ

bb
WW

ZZ
γγ

bb
WW

ZZ
γγ
µµ
ττ

WW
ZZ
γγ
µµ

bb
ττ

WW
ZZ
γγ
CMS

 (13 TeV)-135.9 fb
Observed

 intervalσ1

ttH
W

H
ZH

gg
H

VB
F

EPJC 79 (2019) 421

+ correlations

Re-construct profile likelihood

Extend Gaussian 
approximation with 
“variable Gaussian” 

µi, µf ! µi(CV , CF ), µf (CV , CF )
<latexit sha1_base64="oTG3wjfppjAhe89SlMhczYSeLr8=">AAACLnicbVBbS8MwGE29znmr+uhLcQgTxminoI/Dofg4wV1grSXN0i0sbUqSKqPUP+SLf0UfBBXx1Z9hthVxmwcSDuecj+Q7XkSJkKb5pi0sLi2vrObW8usbm1vb+s5uU7CYI9xAjDLe9qDAlIS4IYmkuB1xDAOP4pY3qI381h3mgrDwRg4j7ASwFxKfICiV5OoXdhC7CUlLD4rcJn5qc9LrS8g5u8+sYs1NmmlJ3Zfp0W9uSnX1glk2xzDmiZWRAshQd/UXu8tQHOBQIgqF6FhmJJ0EckkQxWnejgWOIBrAHu4oGsIACycZr5sah0rpGj7j6oTSGKt/JxIYCDEMPJUMoOyLWW8k/ud1YumfOQkJo1jiEE0e8mNqSGaMujO6hGMk6VARiDhRfzVQH3KIpGo4r0qwZleeJ81K2TouV65PCtXzrI4c2AcHoAgscAqq4ArUQQMg8AiewTv40J60V+1T+5pEF7RsZg9MQfv+AWkiqeQ=</latexit>

Re-parameterize in terms of coupling 
modifiers

Non-Gaussian effects matter!

Ad
d 

va
ria

bl
e 

Ga
us

sia
n

https://arxiv.org/abs/1908.03952
https://arxiv.org/abs/1809.10733


Timeline for public likelihoods 
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>
time

2024 CMS public 
statistics models

+ Combine

L. Heinrich 



Recommendations for re-interpretations
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/InterpretingLHCresults

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/InterpretingLHCresults


Public Statistical Models
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ATLAS has been releasing public versions of their 
statistical models for several years

Limited to simple histogram-based models but very 
welcomed by the pheno community for reinterpretations

ATLAS analyses with pyHF compatible public models: 



HepData for published likelihoods
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https://www.hepdata.net/record/ins1748602 

Search for bottom-squark pair production with the ATLAS 
detector in final states containing Higgs bosons, b-jets and 
missing transverse momentum

ATL-PH
YS-PU

B-2019-029 

https://www.hepdata.net/record/ins1748602
https://cds.cern.ch/record/2684863?ln=en


Publishing profiled likelihoods
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In between simple and full likelihoods 
à Communicating profiled likelihoods in EFT 

S. Liu (CHEP 2023)

J Much faster as interpretation already performed 
à can re-interpret (re-profile) very quickly as underlying model is a DNN!
L Parameterization baked in 
à can’t incorporate developments in EFT, systematics embedded into results  

Train a DNN to learn

DNN can cope with high 
dimensional space (here example is 
t-quark measurement with 16 WCs!

Publish DNN for 16D likelihood 
surface 

 

�2 ln
L(~c)

L(~̂c)

Check accuracy 
in terms of �2 ln

L(~c)

L(~̂c)

https://indico.jlab.org/event/459/contributions/11730/


Unfolded vs Full sim 
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A. Gilbert

Used in Top/Higgs-
land (anomalous 
couplings)

https://indico.cern.ch/event/1378665/contributions/5901944/attachments/2845747/4975535/LPC-EFT-Unfolded.pdf


EFT HàWW (HIG-22-008)
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AC HàVV

4− 3− 2− 1− 0 1 2 3 4 5
Parameter value

B~H
c

BW~H
c

W~H
c

HBc

HWBc

HWc

HDc

Hc

Expected
Observed

CMS  (13 TeV)-1138 fb

Best fit   68% CL

-0.76      [-4.19, 0.67]

-0.12      [-0.44, 0.81]

0.08       [-0.79, 0.51]

0.17       [-1.62, 1.05]

0.03       [-0.23, 0.16]

-0.26      [-0.76, 0.41]

-0.54      [-1.57, 0.83]

-0.08      [-0.23, 0.12]

Direct parameterization of H-VV vertices in terms of 
EFT couplings à directly measure from terms in LH

Only one of 𝑐HW, 𝑐HWB, and 𝑐HB is independent, the 
same is also true for cp-odd versions.

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html


EFT parameterizations in Combine
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Slide from G. Boldrini



STXS à EFT Parameterizations in Combine 
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STXStoSMEFTModel.py 

https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit/blob/main/python/STXStoSMEFTModel.py


Other features in Combine

57Nicholas Wardle

Installation via pre-compiled container image: 

Many other statistical routines available : 
see Combine paper and online documentation

Determine upper/confidence limits

Multi-dimensional profile 
likelihood scans/contours

Fit diagnostics tools 

2− 1− 0 1 2

)/0ν-ν(

In itia l-state radiation scale (t̅ tW )

Matrix-e lement scale variations (t̅tH)

In itia l-state radiation scale (t̅ tt̅t)

MC stat. in bin 3 of SR-3ℓ t̅tt̅t (2016)

Matrix-e lement scale variations (t̅tW )

Final-state radiation scale

JES: Flavor QCD (bottom)

MC stat. in bin 2 of SR-2ℓ μμ t̅ tt̅t (2017)

Additional b jets in t̅tH

JES: Relative Sample (2018)

Normalization t̅tW

b tagging efficiency (light)

b tagging efficiency (c jets, quadratic)

Matrix-e lement scale var iations ( t̅t t̅t)

Normalization t̅tZ

Additional jets in t ̅tW

Additional b jets in t̅tW

JES: Absolute (corr.)

b tagging efficiency (c jets, linear)

b tagging efficiency (b jets)

0.09−

0.09+
1.10 

0.13−

0.13+
1.37 

0.05− 0 0.05

rΔ

Fit constraint (obs.) +1 SD impact (obs.) -1 SD impact (obs.)

Fit constraint (exp.) +1 SD impact (exp.) -1 SD impact (exp.) CMS

Δν

>

https://arxiv.org/abs/2404.06614
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/
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Getting to the “full” likelihood



DNN based likelihoods
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[1] A. Coccaro, M. Pierini, L. Silvestrini, R. Torre:  Eur. Phys. J. C 80, 664 (2020). 

Random samples from the toy search experimental 
likelihood serve as training data for a Deep Neural 
Network [1]  

Bin index

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90

Nu
m

be
r o

f e
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nt
s

1

10

210

Observed data

 stat unc.)±Nominal background (

Energy scale up/down

Theory uncertainty up/down

New physics signal

Category 1  (s.f.)
-26.11
+13.50 (eff.) -54.12

+43.50 = 1006.50 N Category 2  (s.f.)
-39.01
+31.10 (eff.) -29.13

+18.60 = 256.40 N Category 3  (s.f.)
-9.90
-12.60 (eff.) -10.93

+7.40 = 52.60 N

δ1

δ2.
. μ

log(L)

• 2 hidden layer NN, with SELU activation functions between 
layers – tested different #nodes in hidden layers.

• Adam optimizer with MSE as loss function to train the NN 
parameters. 

• Sampling based on p(x) – in this case known from the expt. LH

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8230-1


ML-based likehood(ratios)
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In some cases, it may be more challenging than necessary to learn the likelihood directly
 à if p(x|α) must be obtained from some complex simulation, but can still generate from p

If you can find a function s(x) that is monotonic with r(x; α0,α1) [1], 
then;

[1] arXiv:1506.02169
[2] arXiv:2010.06439

r(x|↵0,↵1) =
p(x|↵0)

p(x|↵1)
=

p(s(x)|↵0)

p(s(x)|↵1)
<latexit sha1_base64="yjUmftfaRB/CifJur7+g5rbozq4="></latexit>

e.g  s(x) can be a classifier trained to 
separate α0 vs α1  

likelihood-free based inference or Approximate Bayesian 
Computation (ABC) more common outside HEP - See [2] for a 
very nice review of applications in HEP!

γ

-2
Δl

og
 L

(γ
)

x

p(
x)

Exam
ple gau

ss
ian

 

mixtu
re

 m
odel [1

]

CARL

Here x can be anything à not restricted to binned likelihoods!

See the PhyStat seminar from Kyle Cranmer for more ML based approaches and MadMiner  

https://arxiv.org/abs/1506.02169
https://arxiv.org/abs/2010.06439
http://diana-hep.org/carl/notebooks/Diagnostics%20for%20approximate%20likelihood%20ratios.html
https://indico.cern.ch/event/962997/attachments/2119949/3574708/PhyStat-Seminar-2020.pdf


MadMiner
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Full likelihood with SBI

Sourced from https://github.com/diana-hep/madminer.
Excellent tutorial by K. Cramner: https://indico.cern.ch/event/982553/contributions/4220018/attachments/2185603/3706682/MadMiner-tutorial-reinterp-2021.pdf 

https://github.com/diana-hep/madminer
https://indico.cern.ch/event/982553/contributions/4220018/attachments/2185603/3706682/MadMiner-tutorial-reinterp-2021.pdf


Nuisance parameters description
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Public statistical model comes with nuisance parameter naming 
+ description as .html files

e.g Hàττ channel nuisance parameters 
in systematics_higgs_htt.html



Simple Model vs Combination
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Simple parametric statistical model 

CMS Higgs observation 
combination statistical model

https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit/blob/main/data/tutorials/CAT23001/datacard-3-parametric-analysis.txt


ATLAS Run-1 Higgs model 
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Linearized Simplified Likelihoods 

65Nicholas Wardle – SM@LHC 2024

N. Berger arXiv:2301.05676 

Simplify template-based likelihood functions by linearizing systematic variations  
 à Simplified Likelihoods with Linearized Systematics (SLLS) 

Implemented in fastprof  (compatible with pyHF or RooFit models): https://github.com/fastprof-hep/fastprof 

Maintains information on NP correlation schemes à combinations of SLLS models also possible!

Example from ATLAS chargino and neutralino pair search (Phys. Rev. D 103 (2021)

https://arxiv.org/abs/2301.05676
https://github.com/fastprof-hep/fastprof

