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An implementation of neural simulation-based

inference for parameter estimation in ATLAS

The ATLAS Collaboration

Neural simulation-based inference is a powerful class of machine-learning-based methods for
statistical inference that naturally handles high-dimensional parameter estimation without the
need to bin data into low-dimensional summary histograms. Such methods are promising for
arange of measurements, including at the Large Hadron Collider, where no single observable
may be optimal to scan over the entire theoretical phase space under consideration, or where
binning data into histograms could result in a loss of sensitivity. This work develops a
neural simulation-based inference framework for statistical inference, using neural networks
to estimate probability density ratios, which enables the application to a full-scale analysis.
It incorporates a large number of systematic uncertainties, quantifies the uncertainty due to
the finite number of events in training samples, develops a method to construct confidence
intervals, and demonstrates a series of intermediate diagnostic checks that can be performed
to validate the robustness of the method. As an example, the power and feasibility of the
method are assessed on simulated data for a simplified version of an off-shell Higgs boson
couplings measurement in the four-lepton final states. This approach represents an extension
to the standard statistical methodology used by the experiments at the Large Hadron Collider,
and can benefit many physics analyses.

Measurement of off-shell Higgs boson production in
the H* — ZZ — 4¢ decay channel using a neural
simulation-based inference technique in 13 TeV pp
collisions with the ATLAS detector

The ATLAS Collaboration

A measurement of off-shell Higgs boson production in the H* — ZZ — 4{ decay channel
is presented. The measurement uses 140 fb~! of proton—proton collisions at /s = 13 TeV
collected by the ATLAS detector at the Large Hadron Collider and supersedes the previous
result in this decay channel using the same dataset. The data analysis is performed using
a neural simulation-based inference method, which builds per-event likelihood ratios using
neural networks. The observed (expected) off-shell Higgs boson production signal strength in
the ZZ — 4¢ decay channel at 68% CL is 0.87*%7 (1.00*{;%%). The evidence for off-shell
Higgs boson production using the ZZ — 4¢ decay channel has an observed (expected)
significance of 2.50" (1.307). The expected result represents a significant improvement relative
to that of the previous analysis of the same dataset, which obtained an expected significance
of 0.50. When combined with the most recent ATLAS measurement in the ZZ — 2€2v
decay channel, the evidence for off-shell Higgs boson production has an observed (expected)
significance of 3.70 (2.40°). The off-shell measurements are combined with the measurement
of on-shell Higgs boson production to obtain constraints on the Higgs boson total width. The
observed (expected) value of the Higgs boson width at 68% CL is 4.3*27 (4.1*3) MeV.

arXiv:2412.01548v1 [hep-ex] 2 Dec 2024
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The CMS Collaboration*

Abstract

A standard model effective field theory (SMEFT) analysis with dimension-six oper-
ators probing nonresonant new physics effects is performed in the Higgs-strahlung
process, where the Higgs boson is produced in association with a W or Z boson, in
proton-proton collisions at a center-of-mass energy of 13 TeV. The final states in which
the W or Z boson decays leptonically and the Higgs boson decays to a pair of bottom
quarks are considered. The analyzed data were collected by the CMS experiment
between 2016 and 2018 and correspond to an integrated luminosity of 138fb~'. An
approach designed to simultaneously optimize the sensitivity to Wilson coefficients of
multiple SMEFT operators is employed. Likelihood scans as functions of the Wilson
coefficients that carry SMEFT sensitivity in this final state are performed for different
expansions in SMEFT. The results are consistent with the predictions of the standard
model.

Published in the Journal of High Energy Physics as doi:10.1007/JHEP03 (2025) 114.
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Inference @ LHC

Maximum Likelihood: Estimate parameters behind hypothesized probability density, given observed data.

L(6|D) = Pois(n;v(6)) 1—[ p(x;|6)

I<n

Neyman-Pearson Lemma: Likelihood ratio is the most powerful test statistic.
L(60,]x)

A(x) =
L(6,]x)

Task: Compute the expected probability (ratio).
p(x|6)

p(x|65)

=7
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Inference @ LHC: Challenges

Task: Compute hypothesized probability (ratio).
p(x[6;)

=)
p(x|6,)

\ What challenges exist for LHC data?
Example: Consider a “traditional” Higgs signal strength measurement.
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Inference @ LHC: Challenge 1

1. Observable data is high-dimensional.
e Traditional inference: Project data to a low-dimensional summary statistic.
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Inference @ LHC: Challenge 2

2. ltis unfeasible to evaluate the probability density numerically.
o T[raditional inference: Use sampled distributions from simulations as an approximation.

parameter 9

|

latent 2

—_
N

o

1]

T H—> ZZ* - 4] ggF+bbH Il Z2Z*
| Vs=13TeV, 139 b VBF XX, VW

VH B Z+jets, tt |
7 MttH+H 77 Uncertainty -

Events/2 GeV
)
o

observable

(o] [00)
o o
T T

‘ | Simulation | ‘

P (x | 6) = / dZdetector / dZshower / dearton P (X|Zdetector)p (Zdetect0r|zshower)p (Zdetectorlzparton)p (Zparton | 9)
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Inference @ LHC: Challenge 3

3. Quantum effects can introduce complicated dependence on the parameters of interest.
o T[raditional inference: Keep it simple.

VM + MB|2 = ,U|Ms‘2 + \/ﬁRﬁ(MgMB) + |MB|2
v(u) = pvg + /vy + vp

o Can be shown: one summary histogram from 1+2 is optimal across all .
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Simulation-based Inference @ LHC?

/ \\\\\\\\i’ il / g !

1. High- dlmen3|onallty of data 2. Intractability of the likelihood 3. Quantum interference in probability

—P{x} ~ p(x]0) = / dzpsim(x‘z)V\/((Z‘@)‘2

What if any/all of these approximations do not hold?

Can simulation-based inference overcome these challenges?

poiler: Yes; in fact, these are the ideal conditions under which it excels!
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ATLAS H — 47 off-shell measurement




Physics overview

e In/dependence of Higgs production cross-section on Higgs width in on-/off-shell regimes:

2 2 T 2 2 H-VV
H—VV gprod(mH )g decay(mH ) do —vv gprod (3:)8 decay (@ da_off—shell o 2 (3;) 2 (3;)
Oon-shell & T ' y X > N ) > d D) g prod 8 decay
H dmyy (myy —my)” —myly Myy
> 120 _I I | 1T T 1 | T 1T 1 | 1T 1T 1 | 1T T 1 | L I_ E
8 - ATLAS ¢ Data _ f ATLAS qq = Z7Z
- H — 77* s 4 ggF+bbH [l ZZ* s 12 108 Vs =13 TeV, 140 fb’ gg - H* —)ZZ
% 100 Vs =13TeV, 139 fb” VBF tX)_(’ VVY _ § Bl Other Backgrounds
t= - VH Il Zdets, it 1] e qqo (H* )77 +2]
g) - % B itH+tH  ZZ Uncertainty - 1041 — Signal B
W 80~ / — ¢ Data
- y - : e o 777 Uncertaint
- % { o Comparison of on-/off-shell rates under 0000 ° . g
60 - % - SM-like assumptions = indirect
I 7 ] measurement of Higgs width.
401 % B
: (5 % : S 1.5f— _f
20— & 7 1] n - I ¢ L
= 1O e R A T
0 w 0 55 —— 1.0+Signal/Exp. B
A O ]
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m4| [GeV] Myp [GeV]
e Negligible interference between signal & e Significant interference between signal &
background: background:
v(u) = puvg + vy v(p) = pvs + Vv + vy
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Off-shell Higgs probability density model

|
_ gglk ggk ggk ggF gg
p(x |F‘off-she11’”off—shell) EW X | HofrshenVs P s (X)+ \/I“off-sheu I (x) + vy pB F(x)
v('uoff shell> Hoff-shell
EW _EW _EW EW | EW
T Hoff-shellVs  PS ( )+ luoff—shellvl ()C)+VB pB (.X)

—

+ V1P (%)

e 3 distinct predictions generated to determine

signal+background+interference (SBI) basis:

Process Multipliers Samples
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Event selection

e 14 observables to describe kinematics of Higgs(+jets) system.
shie () + Spre ()
Dpre(x) = log — 3 EW B 127
’ shie  (X) + Spre ©(x) + sEI77 (x)

Spre
O
g 108~ ATLAS 1 qq — ZZ ]
?) \/§=13TeV,140ft:)‘ g9 —» (H* —)ZZ
*GE) 1061 ' B Other Backgrounds
|.|>J Bl g0 H* -»)ZZ2+2]
: — Signal
104— ¢ Data —
; 777 Uncertainty
o o ® Qo @ ‘ ® o o o - |
10 R . 2 E e o o o oo “
: pe 10°
Variable Definition
M4 quadruplet mass = .
mz, Z| mass g 1.5 .
mz, Z, mass W ok 7+§
cos 9" cosine of the Higgs boson decay angle [q; - n,/|q;]|] S e M
cos 6 cosine of the Z; decay angle [—(q2) - qi1/(|qz] - |qi1])] A 05 =
cos 0 cosine of the Z; decay angle [—(qi1) - q21/(|q:1] - |g21])] -2.0
O Z; decay plane angle [cos™ (n; - ng) (q1 - (0 X nge)/([qi] - [0y X nge])]
(3{ angle between Z;, Z, decay planes [cos™'(n; - m) (qp - (n; xm2)/(|qq] - [my X ma|)] SR : D > _0.85
Pr quadruplet transverse momentum
y* quadruplet rapidity CR : D, < —0.85
Riets number of jets in the event . . o . . .
mj leading dijet system mass Preselection multi-classifier to define control/signal region.
An;; leading dijet system pseudorapidity
A leading dijet system azimuthal angle difference
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Neural simulation-based inference (NSBI)

e A balanced classifier between hypotheses: o Implicitly estimates probability ratio:
v(6;) = v(60,)

p(x]6,)
p(x|6y) + p(x|6,)

> S(x;91,92) —
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NSBI accuracy diagnostics

o Calibration:
NSBI-predicted ratios must correspond to the correct values.

« Using Asimov datasets with u = 0.3,1.7 to check interference-
& signal-rich cases.

e Reweighting:
Must reproduce distributions under alternative hypotheses.

—1
p(x |:uoff—shell) _ (P(X |:uoff—shell) ) (P(x |,Uoff-she11 — 1))
p(xlluoff—shell - 1) pref(x)

Pref(x)
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NSBI accuracy diagnostics
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Maximum likelihood with NSBI

1. Maximizing the unconditional likelihood:

—2InA(u, 0, @) = -2 Z In [Pois(Ny|vi(u, 8, @))]
regions (/)

Fp(xillua 97 a,)— 2
-2 In + Am — Am
Z ! pref(xi) ] Z ( )

events (7) systematics ()

 The presence of parameter-independent p_...(x) does not change location of global minimum.

2. Profiling the conditional likelihood:

¢ = o A (W)
K A, @)

e The common denominator p,.¢(x) cancels out between hypotheses.
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H* — 4¢ signal strength results

e Expected & observed constraint on off-shell Higgs signal strength % B
both show improved constraint over traditional inference method. £ {2 ATLAS »
T 3 . Vs =13TeV, 140 fb
e Improvement understood to be from optimality under Neyman-  + -
Pearson Lemma + un-binned nature of analysis: 10— 42 only
S8 P -
- ATLAS Simulation . -
- V5=13TeV, 140 fb™" - 8_—
6__ —— Unbinned NSBI I __ B
B —== Binned log [ps/p(u=1.0)] 15 bins |
B + Binned p(y = pscan)/p(u =1.0) 15 bins |
Binned p(u = Uscan)/p(u =1.0) 20 bins
i Binned p(U = tscan)/P(U = 1.0) 30 bins |
4 __ Binned p(u = Usean)/P( = 1.0) 90 bins __
2 |
00 05 1.0 15 20 25
u
Hoft-shell = 0-87
09/04/2025 Higgs measurements using simulation-based inference techniques

—— QObs NSBI
-—— Exp NSBI
— = (Qbs Histogram
-~ —- Exp Histogram

|\||||||
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+0.75
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(1.00

+1.04
—0.95

M off-shell
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Results: combination & | ;; interpretation

New result Old result

o Statistical combination: —2nA(kw,0Hzz,6,a) = -2 Z In [Pois(Ny|vi(0gzz/kH, @))] Onzz = Ké,on-sheuK%/,on-sheu = K%/,on—shell
on-shell 4¢ ) ) 4
regions () = Kg off-shellKg off-shell = KV off-shell
° 2f2y off-shell -2 Z In [POiS(Nllvl(HHZZa 0, a’))]
ff-shell
Phys. Lett. B 846 (2023) 138223 regions (1)
o 4¢ on-shell 2 Y [p(inHsz, 0,0) | . S (am - am)?
Eur. Phys. J. C 80 (2020) 957 of 2l 4¢ Pret(Xi) syscaisics (m)
y SR events (i)
T L L L A B L B
X - _
= - ATLAS =
17.5 : \/§= 13 TeV, 140 fb_1 _ ObS NSBI —
~ —— EXp NSBI B
15.01= — = Obs Histogram =
(o5 -~ —- EXp Histogram —f
10.0 - Significant improvement previous result over same dataset!

7.5 £
- 2777 Ty =430 (4.175) MeV Iy =447%5 4155 Mev
BOEE\ o5 L.t Ll = -
2.5 —f
0.0 0.5 1.0 15 2.0 25 3.0
Ky = u/sM . . . . . .
H=1HIlH Different assumptions = interpretations available in backup.
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Physics overview

e SMEFT: Interference between SM and EFT operators.

(d) Pt ’ Pt ’
d=4 Ci d 2 , , ) ,
Lowerr = Loy + ), D, ﬁ()i( | Msserr|” = >‘A"\ " >VV\<‘L‘ ’ >\“‘\ ’ >RH
d>5 1

e SMEFT operators affecting VH(bb) process: e WCs rotated to mass eigenstate basis:
Operator Definition Wilson Operator Definition Wilson 2z _ _, % [, 2
N coefficient coefficient 82 T TEN2 (S wCHB T CwCHW T wcwCHWB) ’
oY) iH'D  Ha, etV O HYG"HW? B ¢ 7 02 1
. AT e e H P g = _ZF (chw(CHW — CpB) + 5(5%} — C%U)CHWB) ,
3 , =g 3 RHY
(91({()1 iH'0* D Hap o vrqp cl({()1 O H’LaaHWZUB O - 2/, ,
YR 82 = _ZF (CwCHB T SwCHW — chwcHWB) ’
Ot iH" D Hagy'ug  cpy Do (H™H) Wi, W oy I P
~ 2 2
. __ 9, =8 :—2—<sc~+cc~+scc~),
Oug iH+ﬁdeRW” dy Ciid O, (H‘LH)W;’WWWV e 4 2 A22 wHB T Cw*HW T CwtwHWB
g27 =§Z’Y = 2% (s.c (Cyov — C ~)+1(S2 — ¢2)Ceyiin |
Onp (HJFD”H)*(HJFD;[H) CHD Ons (H'H) B,,B"  cysp : ? A2 \OTOVHW S THBA T g B T/ THWE
~ 7]2
Oun (H'H)OMH™M) oy Oy (H'H)B,,B" 43 51 =8 =-25 (c%,cHg + 55, Cpyiv — SwaCHWB) .

W(Cs targeted for VH(bb) measurement
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Physics overview

M (3,0,6,0)° =) .4, fi(0,06,¢),
fl —fLL—Sm @Sln 0

fy = f17 = cos @ cos
f3 = f2r = (14 cos” ®)(1 + cos” ) b
fi = fir = cos @sin@sinf

Beam axis

fs = fir = cos @ sin © sin § cos O cos 6 H
f6 :leT = sin ¢ sin ® sin 6

f, = fi = sin ¢ sin ® sin § cos © cos f
fs = frm = cos? gasin2 O sin” 0

~ 7 5 > Plane of pp—VH @® In VH rest frame
f9 — fTT’ = sIn” @ sin ®sin‘ 6 , Plane of V—>l1 l2 @® In V restframe

e EFT operators induces changes in:

e Inclusive cross-section.

« Object kinematics + angular distributions. —
e Measurement of one = integration over others

= Loss of BSM physics information.

Instead, use simulation-based inference
technique utilizing complete event information to
'build optimal observable for BSM effects.
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Object & event selection

Hbb Resolved Hbb Boosted
Deepdet ParticleNet
Variable SR V+HF CR V+LFCR tt CR
Max (b tag score of b; and b,) > medium > medium < medium > medium Variable SR V+HF CR V+LF CR tt CR
V Min (b tag score of b; and b,) > loose > loose > loose > loose H PARTICLENET score > 0.94 > 0.94 €10.1,094) > 0.94
O-IeptOn No. of additional jets <2 <2 <2 > 2 Np-tagged j€ts outside H cand. =0 =0 =0 > 0
A (piromiss jmiss <05 <05 <05 — mgp' € [90,150] € [50,250] U ¢ [90,150] > 50 > 50
M (bq, by) € [90,150] € [50,250] U ¢ [90,150] € [50,250] € [50,250]
Variable SR V+HF CR V+LF CR _ tt CR Variable SR V+HF CR V+LFCR  ttCR
V M:dX (b tag score of by,b,) > medium > medium > loose and < medium > tight H PARTICLENET score > 0.94 > 0.94 c [0.1, 094) > 0.94
Min (b tag score of b;,b,) > loose > loose — — . .
1 —|ept0n No. of additional jets <2 <2 - > 2 Nb-tagged jets outside H cand. =0 =0 =0 >0
M (by, by) € [90,150] € [50,250] U ¢ [90,150] € [50,250] e [50,250] mgp'! € [90,150] < [50,250] U & [90,150] > 50 > 50
Variable SR V+HF CR V+LFCR ttCR , _
_ . _ Variable SR V+HF CR V+LFCR tt CR
Max (b tag score of by,b,) > medium > medium < loose > tight
V , H PARTICLENET score > 0.94 > 0.94 < 0.94 > 0.94
Min (b tag score of b;,b,) > loose > loose < loose > loose v
2_lepton v m € [75,105] € |75,105] € [75,105] < 75o0r > 105
P m € [75,105] € [85,97] € [75,105] € [10,75] or > 120 H € 190,150 € [50,250] U ¢ [90,150] > 50 > 50
m V4 V4 J
M (b4, by) € [90,150] € [50,250] U ¢ [90,150] € [90,150] € [50,250] SD
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Boosted Information Trees (BITs) as likelihood ratios

o Full- event likelihood: e Likelihood ratio between SMEFT hypotheses:
—La
L(D|6) = H Lo(0)p(x;]0), 99 = L(c(0) =0 (6g)) — ), logR(x;|6,6)
N 1<i<N 1<i<N

o Probability density ratio intractable at detector-level; but can be evaluated at joint (detector+parton) level.
e Signal: latent variables (parton-level observables) + regression targets (ratio of EFT weights) extracted from MadGraphb5+SMEF Tsim.
e Background: no EFT dependence = always unity.

~ pxzl8) _ p(zl6)
p(x,z60p) p(z|0)

e BDTs trained to estimate the of the likelihood ratio.
1
R(x|0,60y) =1+ Z (0; — ) Ri(x) + Z 5(91'—90)(9]'—90)131',]'(7‘)
1<i<M 1<i<i<M
R.(x) = > R(x6,6,) R..(x) = 29 R(x[6,8,)
l 06 7 ozs,” AT 96, 96; o,
=Y
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https://www.sciencedirect.com/science/article/abs/pii/S0010465522001047?fr=RR-2&ref=pdf_download&rr=929c2ccbf906928a

Optimization of BIT shapes

e R(x|0,0,) is the optimal observable to separate between 6 and 6.

e Itis notin general optimal between (', 0).

o Task: select an 6, close-to-optimal for all 6..

« Bayesian optimization maximize the expected 95 % confidence region (volume).
o Avoid WC space with reduced sensitivity.

o Full WC space still probed in obtaining results.
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Results

« BIT training inputs: energy-sensitive & H — bb kinematics (O-lepton) + angular variables (1/2-lepton).
e BIT validated with background-free training: agreement between regression outputs & parton-level EFT weight ratios.
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e Fit background-only hypothesis fit to data.
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Results: SMEFT constraints

(1)

(3)
Chg

Results compatible with SM predictions with p-value of 73 % (A?) and 84 % (A%).
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e Most comprehensive coverage of SMEFT operators achieved in the channel to date.
e Comparable constraints on simultaneous vs. one-at-a-time achieved.

(Asymptotic approximation not guaranteed)

Additional results: 2-dimensional likelihood scans, upper limit on A.

09/04/2025

Higgs measurements using simulation-based inference techniques

20



Conclusions

e Traditional inference methodologies to measure HEP processes rely on approximations of their underlying probability densities:

e Low-dimensional summary of observables + uniqueness of the summarized probability densities on parameters.

e Higgs measurements performed by ATLAS & CMS using novel simulation-based inference techniques presented in this talk.
o ATLAS: Measurement of the off-shell Higgs production rate & I ';; interpretation under SM-like assumptions.

« CMS: Constraints on SMEFT operators affecting VH, H — bb process.

e Does not rely on approximations associated with traditional inference.

o Simulation-based inference has the potential to significantly improve statistical power of physics measurements at the LHC.

Thank you for your attention!

09/04/2025 Higgs measurements using simulation-based inference techniques
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Inference @ LHC: Challenges

e Neyman-Pearson Lemma: likelihood ratio is the most powerful test statistic for simple hypotheses.

puvgps(x) +vppp(x) ps(x) p(x;|p) u

s(x;)

plxln) = V) ) = @ 4ps®  pElE=0) v, v,

v(u) = uvg +vp

e Neyman-Pearson Lemma: likelihood ratio is the most powerful test statistic for simple hypotheses.
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ATLAS off-shell: NN training

Parameter Value
Number of hidden layers S
Number of neurons per layer 1 000
Activation function sSwWish
Optimizer (initial learning rate) NAdam (0.1)
Batch Size 256 — 4096
Training epochs 100
k-fold cross validation k=10
Ensemble members (total) 100 — 700
Ensemble fraction (sampled without replacement) 300

Train-validation split 90—-10%

09/04/2025 Higgs measurements using simulation-based inference techniques



ATLAS off-shell: Asimov dataset closure
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H* — 4¢ signal strength results

e Expected & observed constraint on off-shell Higgs signal strength % - e ]
both show improved constraint over traditional inference method. % 1oL ég-!'éSTeV 140 fb- —— Obs NSB| ]
e Full Neyman construction to ensure CI coverage: =t [ | -—== Exp NSBI §
=~ NgF— 10— 47 onl — = Obs Histogram ]
o - ATLAS Simulation —— Pseudo-experiments (u’=0.0)7 B onty .- =+ Exp Histogram -
\; - Vs=13TeV, 140 fb™' 68% Cl (ty 0.0 < 0.66) i . -
? 100 : —_— | 95% Cl (t,u=0.0 < 4.46) — :_
= - i .
N | ]
4 | _|
107 E | -
- | -
1072 :— | —:
- | B =
B 68% I 95% o _
o | —
10—3 R LR T E S TS TR T SRR NN S SO N .I. | I L I L0
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0.75 1.04
Hoff-shell = 0-8710.54 (1-00t0.95
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ATLAS off-shell: uncertainties

09/04/2025

Uncertainty source

Absolute Impact on of-shell

Nuisance Parameter Auxiliary Observable

Electron uncertainties (—0.05, +0.06) (—0.05, +0.06)
Muon uncertainties (—0.03, +0.03) (—0.02,+0.03)
Jet uncertainties (=0.10,+0.10) (—=0.09, +0.11)
Luminosity (—0.01,+0.01) (—0.01,+0.01)
Total experimental (—=0.12, +0.13) (—=0.11, +0.12)
qq — ZZ modeling (—0.06, +0.07) (—0.06, +0.07)
gg — Z7 modeling (—0.08,+0.13) (—0.07,+0.09)
EW qg — ZZ + 2j modeling (—=0.01, +0.01) (—0.01, +0.01)
Total modeling (-0.10,+0.15) (—-0.09,+0.12)
Systematic uncertainty (—=0.16, +0.19) (—=0.14,+0.17)
Statistical uncertainty (—0.49,+0.72) (—0.50, +0.73)
Total uncertainty (—0.54,+0.75)

Higgs measurements using simulation-based inference techniques
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ATLAS off-shell: full results

09/04/2025

68% CL interval 95%0 CL interval
Parameter Value Observed  Expected Observed Expected
NSBI analysis
Uoff-shell (4€ only) 0.87 [0.33,1.62] [0.05,2.04] [0.05, 2.38] < 2.38
Hoff-shell 1.06 [0.61,1.67] [0.17,1.83] [0.21, 2.24] [0.01, 2.42]

'y [MeV] 4¢only) 3.43 [1.37,6.71] [0.20,8.25] [0.18,9.98] < 12.09

'y [MeV] 429 [2.41,6.95] [0.66,7.61] [0.76,9.66] [0.12, 10.50]
R, 1.19  [0.53,2.07] [0.02,1.92 < 2.96 <2.73
Ryv 0.95 [0.61,1.39] [0.31,1.70] [0.30,1.86] [0.06,2.14]
Histogram-based analysis
Uoff-shell (4€ only) 0.79  [0.02, 2.00] <2.14 <2.97 <3.10
Moff-shell 1.09 [0.54,1.81] [0.08,1.90] [0.10,2.41] [0.01, 2.52]
'y [MeV] 4€only) 3.43 [0.10, 8.42] < 8.89 < 12.48 < 12.89
'y [MeV] 4.37 [2.13,7.43] [0.35,7.94] [0.39, 10.14] < 10.79
Ry, 1.23  [0.00, 2.20] < 1.98 < 3.15 < 2.84
Ryv 0.95 [0.60,1.43] [0.27,1.74] [0.26,1.90] [0.02, 2.18]

Higgs measurements using simulation-based inference techniques
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ATLAS off-shell: NSBI classifier output distri

butions
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CMS VHbDb: 2D likelihood scans
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