
ATLAS + CMS spin correlation combination

LHC Top WG

Miriam Watson, Andy Jung 
on behalf of

ATLAS & CMS Collaboration
Nov 6th 2025



Spin correlation: Df observable

� Highest spin analysing power: leptons
from top decay

� Use dileptonic ! ̅! events 
� Very clean samples

� Spin correlation can be inferred from the 
Df distribution:
� Df: difference in azimuthal angle 

between the leptons, lab frame

� No event reconstruction required
� Excellent lepton resolution

Use angles

Df
Lepton 1 Lepton 2

¤ Beam
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Df measurements at 13 TeV

06/11/253

Eur. Phys. J. C 80 (2020) 754 Phys. Rev. D 100 (2019) 072002

� ATLAS:  2015+2016, 36 fb-1, !" channel, no # ̅# reconstruction 
(used separately for %&& dependence)

� CMS: 2016, 36 fb-1, !!/!"/"" channels, includes # ̅# reconstruction

� ATLAS measurement repeated in 6 bins to match CMS

https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6
http://dx.doi.org/10.1103/PhysRevD.100.072002
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Combination of ATLAS + CMS !" distributions

4

v Combination utilizes Convino [Eur. Phys. J. C 77, 792 (2017)]
vTakes systematic uncertainties within each experiment into account
v ATLAS and CMS data in good agreement! Combine them
v Needs: Understand impact of systematic uncertainties, correlation assumptions

• Based on individual experiments normalized 
cross section result with N-1 = 5 DoF

• Choice: drop bin 3 - least sensitive to 
differences in models and spin/no-spin 
distributions

• No gain in the normalization part
• But gain due to correlations of systematic 

uncertainties & on statistical uncertainty  

https://doi.org/10.1140/epjc/s10052-017-5345-0


Modelling uncertaintiesModelling uncertainties

� Modelling systematics (! ̅!) expected to dominate, but links 
between ATLAS and CMS definitions not straightforward

Jay Howarth

Modelling uncertainties
• ATLAS Modelling Uncertainties: 
➡ Powheg vs. MC@NLO: “nlo” 
➡ Pythia vs. Herwig:         “shower” 
➡ Rad. settings:               “rad” 

• CMS Modelling Uncertainties: 
➡ Scales:                        “ME_IFSR_scale” 
➡ Custom tune:              “UE tune” 
➡ CR settings:                “color_reconnection” 
➡ Hdamp tuning:            “hdamp” 
➡ PDF ɑs tuning:             “pdf_as” 
➡ Top mass:                   “top_mass” 

• Ask the agnostic question, do any of these uncertainties 
look like each other? 

3

5

� Make initial assumptions based on 
similarities in uncertainty sources, guided 
by previous ATLAS+CMS combinations

� But verified impact of modifications in these 
assumptions

06/11/25



Other systematic uncertaintiesCorrelation assumptions + variations Default 
correlations

Many 
variations

6

Use LOW (25%), HALF (50%), HIGH (75%), FULL (~99%)

Modelling

Background

Experimental

+all uncorrelated 06/11/25Others uncorrelated

90%



Other systematic uncertaintiesAlternative correlation assumptions
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Use LOW (25%), HALF (50%), HIGH (75%), FULL (~100%)

Different cross-combinations of ATLAS+CMS, due to ambiguity in pairing 
across the experiments

Modelling

Experimental

06/11/25Others uncorrelated

Table 2: Alternative correlations between the ATLAS and CMS systematic uncertainties. Full details of the uncertainties are given in [15, 16]. The “Variations”
column indicates the range of variations considered for the modelling and jet uncertainties. The exact names of the jet-related uncertainties are listed, for
completeness.

Category ATLAS uncertainty CMS uncertainty Variations
t t̄ modelling
Scales ISR & FSR ME & PS scales HIGH, HALF, �HALF, �HIGH
Shower Shower choice hdamp HIGH, HALF, �HALF, �HIGH
Detector response
Jet flavour QCD JET Flavor Composition, JEC FlavorQCD HALF

JET Flavor Response
Jet pileup JET Etalnt Modelling JEC RelativeFSR HIGH
B-hadron semileptonic BR JET Eff NP1 JEC AbsoluteMPFBias LOW

4th
M

ay
2025

–
16:30

10

More 
variations



Variations of total uncertainties
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No 
correlations

With largest 
uncertainty from 

alternative 
correlations

Default 
combination

• Varying correlations increases 
combined uncertainty value 
by at most 10% (relative) in 
the second bin, less than 4%
in others

• No single variation increases 
uncertainty in every bin

• No additional uncertainty is 
included due to varying 
correlations

• Variations have a negligible 
impact on central values: less 
than 0.2% 

• Breakdown of stat.+syst. 
uncertainties in appendix 
(internal) 06/11/25

Table 3: Fractional uncertainties (statistical and systematic) on the normalised differential cross-section as a function
of �q✓✓ from the ATLAS and CMS combination. The uncertainties are compared between the nominal correlation
assumptions, the case where all uncertainties are treated as uncorrelated betweeen ATLAS and CMS, and the
maximum uncertainty from alternative correlation assumptions considered in Tables 1 and 2, respectively.

�q✓✓ range [rad] Fractional uncertainty (%)
Nominal Uncorrelated Maximum

0 � c/6 1.16 1.09 1.18
c/6 � c/3 0.89 0.92 0.98
c/3 � c/2 0.70 0.68 0.73
c/2 � 2c/3 0.76 0.74 0.76
2c/3 � 5c/6 0.68 0.67 0.70

5c/6 � c 0.81 0.77 0.82

6th November 2025 – 10:56 12



Variations of total uncertainties

9

• Varying correlations increases 
combined uncertainty value 
by at most 10% (relative) in 
the second bin, less than 4%
in others

• Uncertainties improve relative 
to individual ATLAS or CMS 
measurements

06/11/25

Uncertainty in bin 4 for ATLAS: the total systematic uncertainty varies smoothly in the absolute differential 
distribution, but ! ̅! modelling systematics are large in this bin in the normalised distribution; it lies at the crossing 
point of the data and predictions, where a small change in shape causes a large uncertainty. The dominant 
uncertainty here is the 2-point syst. evaluated from the comparison of Powheg+Pythia8 with 
MG_aMC@NLO+Pythia8.
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Correlation matrix
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• Value of dropped bin derived 
from sum of other bins in 
normalised distribution

• Uncertainty derived from 
correlation matrix from the 
combination and values of 
uncertainties in other bins

• Additional elements in final 
correlation matrix also 
computed (but not used 
further)

06/11/25
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With Powheg+Pythia8 Common MC and NNLO 
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Improvements in all bins

Individual and combined distributions compared to
Common MC Powheg+Pythia8 and fixed-order 
NNLO QCD predictions

Scale uncertainties included on Common PP8 and 
NNLO

Note PP8 is NLO in production and LO in decay; 
NNLO prediction is NNLO in production and decay

06/11/25
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Eur. Phys. J. C 80 (2020) 754
-1ATLAS, L = 36.1 fb

Phys. Rev. D 100 (2019) 072002
-1CMS, L = 35.9 fb

ATLAS + CMS combination

Phys. Rev. Lett. 123 (2019) 082001
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Figure 2: Correlation matrix of the bins of the combined ATLAS and CMS �q✓✓ distribution.

Table 4: Normalised differential cross-section as a function of�q✓✓ from ATLAS and CMS individually, and for their
combination. The two uncertainties in each measurement are the statistical and systematic uncertainty contributions,
respectively. The statistical uncertainty includes both the data statistical uncertainty and the contribution from MC
statistics.

�q✓✓ range Normalised cross-section [1/rad]
[rad] ATLAS CMS Combination

0 � c/6 0.2759 ± 0.0021 ± 0.0034 0.2734 ± 0.0026 ± 0.0041 0.2754 ± 0.0017 ± 0.0027
c/6 � c/3 0.2816 ± 0.0021 ± 0.0030 0.2820 ± 0.0023 ± 0.0034 0.2821 ± 0.0016 ± 0.0020
c/3 � c/2 0.3012 ± 0.0020 ± 0.0022 0.3009 ± 0.0022 ± 0.0023 0.3013 ± 0.0015 ± 0.0015
c/2 � 2c/3 0.3229 ± 0.0020 ± 0.0050 0.3242 ± 0.0021 ± 0.0022 0.3232 ± 0.0014 ± 0.0020
2c/3 � 5c/6 0.3513 ± 0.0020 ± 0.0027 0.3499 ± 0.0021 ± 0.0029 0.3504 ± 0.0014 ± 0.0019

5c/6 � c 0.3769 ± 0.0020 ± 0.0042 0.3795 ± 0.0021 ± 0.0039 0.3775 ± 0.0014 ± 0.0027

production and decay in the narrow-width-approximation. In addition to the nominal MC predictions used301

by each experiment, another P�����+P�����8 simulation is presented here: this uses common settings302

for the MC generators, agreed by the ATLAS and CMS Collaborations [49]. It was developed to help303

with combinations and comparisons between the experimental results and is denoted “Common MC” in304

the following. Figure 3 shows the combined result, the NNLO QCD prediction and the Common MC305

sample. It also includes a prediction which is calculated as an expansion of the normalised differential306

cross-section in powers of the couplings, to NLO in the strong and weak gauge couplings [19, 28, 29].307

The same information is presented in Figure 4, as a ratio of the data or predictions to the distribution308

6th November 2025 – 10:56 14



With Common MC and NNLO or NLO fixed-order predictions
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Same information, relative to 
Common MC Powheg+Pythia8, and

Shows fixed-order NNLO QCD 
predictions and fixed-order NLO QCD 
+ Weak prediction evaluated as an 
expanded ratio in the normalized 
differential cross-section

Scale uncertainties included on 
predictions

See overall shape difference between 
combined data and some of the 
predicted distributions

06/11/25
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c2 for agreement with models
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With theory uncertainties (scale 
+ stat., taken as uncorrelated)

� c2 shows mild tension with the ATLAS, CMS and Common Powheg+Pythia8 MC 
� Agreement improves with fixed-order predictions: better for NLO expanded (but large scale 

uncertainties), reasonable for NNLO
06/11/25

N-1(=5) DoF

4.2 Testing compatibility between data and predictions323

Values of j2 and their corresponding probabilities have been computed from the covariance matrix of324

the combined dataset, to quantify the agreement between the combined ATLAS and CMS measurements325

and a variety of predictions. These are shown in Table 5. The first column in each case (‘Measurement326

uncertainty’) takes only the uncertainties in the experimental measurements into account, using the full327

covariance matrix on the combined dataset. The second column (‘Total uncertainty’) includes the statistical328

and scale uncertainties in the theoretical predictions as well. The theoretical uncertainties are evaluated329

as an envelope of the individual scale variations and are treated as uncorrelated between the bins; these330

numbers give a qualitative indication of the agreement when the uncertainties on the predictions are taken331

into account.332

The NNLO prediction [27] is evaluated with dynamic renormalisation and factorisation scales, given by333

`R = `F = �T/4. This is compared to “expanded” predictions, using an expansion of the normalised334

differential distribution in powers of the couplings. This latter prediction is computed to NLO in the335

strong and weak gauge couplings [19, 28, 29] and uses fixed scales `R = `F = <C . Both predictions are336

also discussed in Section 2.1.337

Table 5: j2 values per degree of freedom (DOF) and j2 probabilities for compatibility between data and predictions,
using the full covariance matrix for the ATLAS and CMS combined dataset. The ‘Measurement’ uncertainties refer
to those derived from the Convino combination, while the ‘Total’ uncertainty also includes statistical and scale
uncertainties in the theoretical predictions. The QCD scales (`R, `F) used in the fixed-order predictions and in the
P����� ME are also listed.

j2/DOF values j2 probabilities (%)
Theoretical prediction Scale Measurement Total Measurement Total

uncertainty uncertainty uncertainty uncertainty
Monte Carlo
ATLAS P�����+P�����8 <) ,C 4.2 2.8 0.08 1.7
CMS P�����+P�����8 <) ,C 4.4 3.3 0.05 0.59
Common P�����+P�����8 <) ,C 4.5 2.8 0.04 1.5
Fixed-order
NNLO QCD �T/4 1.7 1.6 13 17
NLO QCD+Weak expanded <C 3.4 0.80 0.48 55

Overall, the j2/DOF and j2 probabilities show tension with the P�����+P�����8 MC predictions from338

ATLAS and CMS, and also with the common MC predictions. The agreement improves when comparing339

to fixed-order predictions, with the caveat that the NLO QCD+Weak expanded prediction suffers from340

larger scale uncertainties which enlarge the j2 probability to 55%. The NNLO QCD prediction also shows341

an improved agreement at the level of 17%. The conclusions are the same when varying the choice of342

dropped bin in the combination. Although the curves in Figures 1 and 3 show some differences in shape343

between data and fixed-order predictions, taking into account the full covariance of the measurement344

leads to a good agreement overall. Several of the systematic uncertainties allow an overall shape change345

in the data to match the predictions better, particularly the ISR and FSR “low radiation” uncertainty in346

6th November 2025 – 10:56 17



Summary

14 06/11/25

� Have performed a combination of the 
normalised Df distributions measured by 
the ATLAS and CMS experiments

� Compared to POWHEG+PYTHIA8 
Common MC sample (an important aspect 
of this note)

� The common NLO MC prediction is in mild 
tension with the combined data, showing 
clear differences in shape

� The fixed-order theoretical predictions 
including higher-order corrections agree 
better with the data with !" probabilities of 
17% for NNLO QCD and 55% for NLO 
QCD+Weak predictions. 

� Public Note will be released in next days!
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Backup

15 06/11/25



Df measurements at 13 TeV

06/11/2516

� ATLAS:  2015+2016, 36 fb-1, !" channel, no # ̅# reconstruction 

(used separately for %&& dependence)

� CMS: 2016, 36 fb-1, !!/!"/"" channels, includes # ̅# reconstruction

� ATLAS measurement repeated in 6 bins to match CMS

Eur. Phys. J. C 80 (2020) 754 Phys. Rev. D 100 (2019) 072002

https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6
http://dx.doi.org/10.1103/PhysRevD.100.072002


With Common MC and NNLO or NLO fixed-order predictions

17

Only combined distribution 
compared to
Common MC Powheg+Pythia8, 
and fixed-order NNLO QCD 
predictions

Also show fixed-order NLO QCD 
+ Weak prediction evaluated as 
an expanded ratio in the 
normalized differential cross-
section

Scale uncertainties included on 
Common MC PP8 and NNLO

06/11/25
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Combined results
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� Improvements in all bins
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Figure 2: Correlation matrix of the bins of the combined ATLAS and CMS �q✓✓ distribution.

Table 4: Normalised differential cross-section as a function of�q✓✓ from ATLAS and CMS individually, and for their
combination. The two uncertainties in each measurement are the statistical and systematic uncertainty contributions,
respectively. The statistical uncertainty includes both the data statistical uncertainty and the contribution from MC
statistics.

�q✓✓ range Normalised cross-section [1/rad]
[rad] ATLAS CMS Combination

0 � c/6 0.2759 ± 0.0021 ± 0.0034 0.2734 ± 0.0026 ± 0.0041 0.2754 ± 0.0017 ± 0.0027
c/6 � c/3 0.2816 ± 0.0021 ± 0.0030 0.2820 ± 0.0023 ± 0.0034 0.2821 ± 0.0016 ± 0.0020
c/3 � c/2 0.3012 ± 0.0020 ± 0.0022 0.3009 ± 0.0022 ± 0.0023 0.3013 ± 0.0015 ± 0.0015
c/2 � 2c/3 0.3229 ± 0.0020 ± 0.0050 0.3242 ± 0.0021 ± 0.0022 0.3232 ± 0.0014 ± 0.0020
2c/3 � 5c/6 0.3513 ± 0.0020 ± 0.0027 0.3499 ± 0.0021 ± 0.0029 0.3504 ± 0.0014 ± 0.0019

5c/6 � c 0.3769 ± 0.0020 ± 0.0042 0.3795 ± 0.0021 ± 0.0039 0.3775 ± 0.0014 ± 0.0027

production and decay in the narrow-width-approximation. In addition to the nominal MC predictions used301

by each experiment, another P�����+P�����8 simulation is presented here: this uses common settings302

for the MC generators, agreed by the ATLAS and CMS Collaborations [49]. It was developed to help303

with combinations and comparisons between the experimental results and is denoted “Common MC” in304

the following. Figure 3 shows the combined result, the NNLO QCD prediction and the Common MC305

sample. It also includes a prediction which is calculated as an expansion of the normalised differential306

cross-section in powers of the couplings, to NLO in the strong and weak gauge couplings [19, 28, 29].307

The same information is presented in Figure 4, as a ratio of the data or predictions to the distribution308

6th November 2025 – 10:56 14
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� Expanded or non-expanded NLO or 
NNLO predictions also available from 
authors of nominal NNLO calculation

� Shape of the NLO (expanded) 
predictions is more like data and scale 
uncertainties are very large: these two 
effects give a better !" probability for 
NLO than for NNLO

� NNLO predictions are further from the 
data and have smaller scale 
uncertainties, so give a lower probability

� Powheg+Pythia8 Common MC (not 
shown here) is fairly consistent within 
uncertainties with other predictions, 
especially NNLO, but central values lie 
further from the data      à worse !"
probability for this model

19 06/11/25

Comparison with predictions Some predictions are interpolated from 10 bins to 6 bins
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Other systematic uncertaintiesOther systematic uncertainties � Many other uncertainties in both experiments
� Not expected to influence results significantly

20 06/11/25

� A few (mainly jet 
flavour and pileup, 
plus backgrounds) 
depend on MC 
models and similar 
techniques, so are 
correlated between 
ATLAS and CMS


