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S1 Data processing
The workbook distributed with the dataset of Yang et al. (Digit. Discov. 2, 856–870 (2023), https://doi.org/10.1039/d3dd00015j) contains four sheets: PBE (488 rows), HSE-rel (299), HSE-rel-SOC (282) and HSE-PBE-SOC (244). Twenty-six PBE formulas contained a misplaced underscore (for example CsBaI_2.25_Cl_0.75 instead of CsBaI_2.25Cl_0.75) and were corrected before parsing. Each formula was parsed into site fractions and checked: the A- and B-site fractions sum to one and the X-site fractions to three. No composition occurs twice. One HSE-rel-SOC and one HSE-PBE-SOC entry have no PBE partner and were dropped. SLME values were converted from fractions to percent.
Table S1. Data sets used in this work
	Set
	n
	Chemical systems
	B-site sets
	Pb-free
	Single B species
	Mean PBE SLME (%)
	Mean PBE Eg (eV)

	PBE (all)
	488
	376
	56
	335
	337
	6.94
	2.74

	Paired PBE/HSE-rel+SOC
	281
	251
	55
	172
	150
	7.19
	2.75

	PBE-only (to predict)
	207
	148
	16
	163
	187
	6.61
	2.74



Table S2. Mean absolute error and R2 of all model families on all targets and split types (mean and standard deviation over three repeats of nested five-fold cross-validation)
	Target
	Split
	Model
	MAE
	SD
	RMSE
	R2

	SLME_HSEsoc
	random
	Mean (no model)
	4.619
	0.010
	5.454
	−0.008

	SLME_HSEsoc
	random
	PBE value as-is
	3.653
	0.000
	6.197
	−0.302

	SLME_HSEsoc
	random
	Linear recalibration of PBE
	2.245
	0.010
	3.226
	0.647

	SLME_HSEsoc
	random
	ML: PBE features only
	1.005
	0.011
	1.740
	0.897

	SLME_HSEsoc
	random
	ML: composition only
	0.633
	0.061
	1.120
	0.957

	SLME_HSEsoc
	random
	ML: composition + PBE (direct)
	0.604
	0.064
	1.197
	0.951

	SLME_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	0.774
	0.038
	1.471
	0.926

	SLME_HSEsoc
	chemsys
	Mean (no model)
	4.629
	0.021
	5.465
	−0.013

	SLME_HSEsoc
	chemsys
	PBE value as-is
	3.653
	0.000
	6.197
	−0.302

	SLME_HSEsoc
	chemsys
	Linear recalibration of PBE
	2.261
	0.023
	3.262
	0.639

	SLME_HSEsoc
	chemsys
	ML: PBE features only
	1.093
	0.049
	1.877
	0.880

	SLME_HSEsoc
	chemsys
	ML: composition only
	0.676
	0.095
	1.217
	0.949

	SLME_HSEsoc
	chemsys
	ML: composition + PBE (direct)
	0.661
	0.003
	1.303
	0.942

	SLME_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	0.831
	0.051
	1.518
	0.921

	SLME_HSEsoc
	Bset
	Mean (no model)
	4.708
	0.043
	5.573
	−0.053

	SLME_HSEsoc
	Bset
	PBE value as-is
	3.653
	0.000
	6.197
	−0.302

	SLME_HSEsoc
	Bset
	Linear recalibration of PBE
	2.345
	0.013
	3.393
	0.610

	SLME_HSEsoc
	Bset
	ML: PBE features only
	1.178
	0.091
	2.044
	0.858

	SLME_HSEsoc
	Bset
	ML: composition only
	0.847
	0.134
	1.476
	0.925

	SLME_HSEsoc
	Bset
	ML: composition + PBE (direct)
	0.806
	0.063
	1.515
	0.922

	SLME_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	1.132
	0.030
	1.982
	0.867

	Eg_HSEsoc
	random
	Mean (no model)
	1.212
	0.002
	1.478
	−0.008

	Eg_HSEsoc
	random
	PBE value as-is
	0.797
	0.000
	0.945
	0.587

	Eg_HSEsoc
	random
	Linear recalibration of PBE
	0.415
	0.003
	0.538
	0.866

	Eg_HSEsoc
	random
	ML: PBE features only
	0.237
	0.007
	0.337
	0.947

	Eg_HSEsoc
	random
	ML: composition only
	0.185
	0.013
	0.270
	0.966

	Eg_HSEsoc
	random
	ML: composition + PBE (direct)
	0.150
	0.010
	0.241
	0.973

	Eg_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	0.144
	0.009
	0.248
	0.972

	Eg_HSEsoc
	chemsys
	Mean (no model)
	1.215
	0.004
	1.482
	−0.014

	Eg_HSEsoc
	chemsys
	PBE value as-is
	0.797
	0.000
	0.945
	0.587

	Eg_HSEsoc
	chemsys
	Linear recalibration of PBE
	0.417
	0.003
	0.540
	0.866

	Eg_HSEsoc
	chemsys
	ML: PBE features only
	0.245
	0.004
	0.344
	0.945

	Eg_HSEsoc
	chemsys
	ML: composition only
	0.189
	0.011
	0.282
	0.963

	Eg_HSEsoc
	chemsys
	ML: composition + PBE (direct)
	0.148
	0.002
	0.243
	0.973

	Eg_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	0.150
	0.014
	0.260
	0.968

	Eg_HSEsoc
	Bset
	Mean (no model)
	1.275
	0.014
	1.546
	−0.104

	Eg_HSEsoc
	Bset
	PBE value as-is
	0.797
	0.000
	0.945
	0.587

	Eg_HSEsoc
	Bset
	Linear recalibration of PBE
	0.452
	0.009
	0.583
	0.843

	Eg_HSEsoc
	Bset
	ML: PBE features only
	0.264
	0.008
	0.360
	0.940

	Eg_HSEsoc
	Bset
	ML: composition only
	0.267
	0.027
	0.355
	0.941

	Eg_HSEsoc
	Bset
	ML: composition + PBE (direct)
	0.211
	0.012
	0.303
	0.958

	Eg_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	0.211
	0.006
	0.318
	0.953

	SLME_HSEPBEsoc
	random
	Mean (no model)
	5.899
	0.013
	6.326
	−0.008

	SLME_HSEPBEsoc
	random
	PBE value as-is
	2.449
	0.000
	3.971
	0.603

	SLME_HSEPBEsoc
	random
	Linear recalibration of PBE
	1.603
	0.009
	2.159
	0.883

	SLME_HSEPBEsoc
	random
	ML: PBE features only
	0.858
	0.033
	1.474
	0.945

	SLME_HSEPBEsoc
	random
	ML: composition only
	0.631
	0.039
	1.184
	0.964

	SLME_HSEPBEsoc
	random
	ML: composition + PBE (direct)
	0.437
	0.023
	0.818
	0.983

	SLME_HSEPBEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	0.530
	0.042
	0.919
	0.979

	SLME_HSEPBEsoc
	chemsys
	Mean (no model)
	5.902
	0.019
	6.333
	−0.010

	SLME_HSEPBEsoc
	chemsys
	PBE value as-is
	2.449
	0.000
	3.971
	0.603

	SLME_HSEPBEsoc
	chemsys
	Linear recalibration of PBE
	1.610
	0.006
	2.171
	0.881

	SLME_HSEPBEsoc
	chemsys
	ML: PBE features only
	0.890
	0.016
	1.559
	0.939

	SLME_HSEPBEsoc
	chemsys
	ML: composition only
	0.681
	0.044
	1.237
	0.961

	SLME_HSEPBEsoc
	chemsys
	ML: composition + PBE (direct)
	0.454
	0.048
	0.887
	0.980

	SLME_HSEPBEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	0.542
	0.048
	0.916
	0.979

	SLME_HSEPBEsoc
	Bset
	Mean (no model)
	6.160
	0.048
	6.633
	−0.109

	SLME_HSEPBEsoc
	Bset
	PBE value as-is
	2.449
	0.000
	3.971
	0.603

	SLME_HSEPBEsoc
	Bset
	Linear recalibration of PBE
	1.780
	0.053
	2.447
	0.849

	SLME_HSEPBEsoc
	Bset
	ML: PBE features only
	1.255
	0.174
	2.112
	0.886

	SLME_HSEPBEsoc
	Bset
	ML: composition only
	0.861
	0.011
	1.582
	0.937

	SLME_HSEPBEsoc
	Bset
	ML: composition + PBE (direct)
	0.857
	0.198
	1.542
	0.938

	SLME_HSEPBEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	0.954
	0.200
	1.577
	0.936



Table S3. Corrected resampled t-tests between model families (15 outer folds). Diff is MAE(A) − MAE(B); negative values favour model A
	Target
	Split
	Model A
	Model B
	Diff
	p
	A better in folds

	Eg_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.000
	0.992
	6/15

	Eg_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	−0.055
	0.240
	10/15

	Eg_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−0.241
	0.000
	15/15

	Eg_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−0.585
	0.000
	15/15

	Eg_HSEsoc
	Bset
	ML: composition + PBE (direct)
	ML: composition only
	−0.056
	0.089
	13/15

	Eg_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.003
	0.837
	6/15

	Eg_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	−0.039
	0.032
	15/15

	Eg_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−0.266
	0.000
	15/15

	Eg_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−0.646
	0.000
	15/15

	Eg_HSEsoc
	chemsys
	ML: composition + PBE (direct)
	ML: composition only
	−0.041
	0.001
	15/15

	Eg_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	−0.006
	0.610
	9/15

	Eg_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	−0.041
	0.008
	15/15

	Eg_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−0.270
	0.000
	15/15

	Eg_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−0.652
	0.000
	15/15

	Eg_HSEsoc
	random
	ML: composition + PBE (direct)
	ML: composition only
	−0.035
	0.014
	14/15

	SLME_HSEPBEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.097
	0.676
	5/15

	SLME_HSEPBEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	0.092
	0.698
	8/15

	SLME_HSEPBEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−0.828
	0.004
	15/15

	SLME_HSEPBEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−1.496
	0.006
	15/15

	SLME_HSEPBEsoc
	Bset
	ML: composition + PBE (direct)
	ML: composition only
	−0.005
	0.985
	11/15

	SLME_HSEPBEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.087
	0.111
	3/15

	SLME_HSEPBEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	−0.139
	0.083
	14/15

	SLME_HSEPBEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−1.069
	0.000
	15/15

	SLME_HSEPBEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−1.907
	0.000
	15/15

	SLME_HSEPBEsoc
	chemsys
	ML: composition + PBE (direct)
	ML: composition only
	−0.227
	0.016
	14/15

	SLME_HSEPBEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.093
	0.155
	3/15

	SLME_HSEPBEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	−0.102
	0.092
	12/15

	SLME_HSEPBEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−1.074
	0.000
	15/15

	SLME_HSEPBEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−1.918
	0.000
	15/15

	SLME_HSEPBEsoc
	random
	ML: composition + PBE (direct)
	ML: composition only
	−0.195
	0.006
	15/15

	SLME_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.327
	0.109
	2/15

	SLME_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	0.286
	0.161
	3/15

	SLME_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−1.215
	0.000
	15/15

	SLME_HSEsoc
	Bset
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−2.526
	0.013
	15/15

	SLME_HSEsoc
	Bset
	ML: composition + PBE (direct)
	ML: composition only
	−0.041
	0.749
	10/15

	SLME_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.171
	0.096
	1/15

	SLME_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	0.156
	0.203
	4/15

	SLME_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−1.430
	0.000
	15/15

	SLME_HSEsoc
	chemsys
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−2.822
	0.000
	15/15

	SLME_HSEsoc
	chemsys
	ML: composition + PBE (direct)
	ML: composition only
	−0.015
	0.809
	11/15

	SLME_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	ML: composition + PBE (direct)
	0.170
	0.037
	2/15

	SLME_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	ML: composition only
	0.141
	0.130
	4/15

	SLME_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	Linear recalibration of PBE
	−1.470
	0.000
	15/15

	SLME_HSEsoc
	random
	ML: Δ-learning (PBE + ML correction)
	PBE value as-is
	−2.878
	0.000
	15/15

	SLME_HSEsoc
	random
	ML: composition + PBE (direct)
	ML: composition only
	−0.030
	0.688
	10/15



S2 Descriptors and hyper-parameter spaces
Table S4. Input features
	Feature
	Group

	x_MA
	composition

	x_FA
	composition

	x_Cs
	composition

	x_Rb
	composition

	x_K
	composition

	x_Ca
	composition

	x_Sr
	composition

	x_Ba
	composition

	x_Pb
	composition

	x_Sn
	composition

	x_Ge
	composition

	x_I
	composition

	x_Br
	composition

	x_Cl
	composition

	r_A
	composition

	r_B
	composition

	r_X
	composition

	var_rA
	composition

	var_rB
	composition

	var_rX
	composition

	t_Goldschmidt
	composition

	mu_octahedral
	composition

	EN_B
	composition

	EN_X
	composition

	dEN_BX
	composition

	IE_B
	composition

	EA_X
	composition

	Z_B
	composition

	Z_X
	composition

	frac_ns2_B
	composition

	frac_organic_A
	composition

	Smix_A
	composition

	Smix_B
	composition

	Smix_X
	composition

	n_species
	composition

	Eg_PBE
	PBE (electronic)

	SLME_PBE
	PBE (electronic)

	Ed_PBE
	PBE (electronic)

	DC_b
	PBE (structural)

	DC_c
	PBE (structural)

	DC_alpha
	PBE (structural)

	DC_beta
	PBE (structural)

	DC_gamma
	PBE (structural)



Hyper-parameters were tuned by randomised search (12 candidates, three inner folds with the same grouping as the outer folds, MAE scoring). Search spaces: extremely randomised trees and random forest (400 trees; max_features 0.3, 0.5, 0.8, 1.0; min_samples_leaf 1, 2, 4; max_depth none or 12); gradient boosting (200–800 trees; learning rate 0.02–0.1; depth 2–4; subsample 0.7 or 1.0; min_samples_leaf 1–5); XGBoost (200–800 trees; learning rate 0.02–0.1; depth 2–6; subsample 0.7 or 1.0; column subsample 0.5–1.0; L2 0.1–10); LightGBM (200–800 trees; learning rate 0.02–0.1; 7–31 leaves; min_child_samples 5–20; subsample and column subsample as above); CatBoost (300 or 600 iterations; learning rate 0.03–0.1; depth 3–6; L2 1–10); kernel ridge (α 10−3–10; γ 10−3–10−0.5); SVR (C 0.1–1000; γ 10−3–10−0.5; ε 0.01–0.3); multilayer perceptron (hidden layers (32,16), (64,32) or (128,64); L2 10−4–1; learning rate 10−3–10−2; early stopping). The Gaussian process (constant × Matérn ν = 5/2 with one length scale per feature, plus white noise) was fitted by maximising the marginal likelihood with two restarts. The FT-Transformer used fixed settings (32-dimensional token embeddings, two pre-norm encoder layers with four heads, feed-forward width 64, dropout 0.1, AdamW with learning rate 10−3 and weight decay 10−4, batch size 32, up to 400 epochs with early stopping after 40 epochs without improvement on an internal 15 % validation split, ensemble of three). The multi-fidelity random forest was tuned over max_features (0.3, 0.6, 1.0) and min_samples_leaf (1, 3) on the inner folds.
S3 Label audit and baselines
Table S5. Compounds whose HSE06+SOC gap changes by more than 1 eV between the PBE geometry and the HSE-relaxed geometry
	Composition
	Eg PBE (eV)
	Eg HSE+SOC at PBE geometry (eV)
	Eg HSE+SOC HSE-relaxed (eV)
	SLME PBE (%)
	SLME HSE+SOC HSE-relaxed (%)

	RbSnI1.5Br1.5
	0.46
	0.65
	3.33
	8.0
	1.0

	MASnBr2.25Cl0.75
	1.72
	2.26
	3.88
	16.7
	0.2

	MASnBr3
	1.26
	1.69
	3.40
	19.8
	0.7

	MASnBr0.375Cl2.625
	2.11
	2.76
	4.23
	10.9
	0.1

	MASnI1.875Br1.125
	1.10
	1.45
	3.21
	20.1
	1.0

	FASnBr3
	1.34
	1.80
	3.34
	20.8
	0.9

	MASnI2.25Br0.75
	1.09
	1.44
	3.02
	20.8
	1.7

	MASnI2.625Br0.375
	1.03
	1.36
	2.94
	20.1
	2.0

	MACa0.125Sn0.875I3
	0.99
	1.27
	2.78
	21.9
	3.8

	K0.25Rb0.125MA0.625SnCl3
	1.79
	2.36
	3.51
	14.2
	0.5

	MAGeBr3
	1.61
	2.25
	3.30
	20.4
	1.3

	FASnI3
	1.05
	1.32
	2.67
	21.7
	4.7

	FASnBr1.875Cl1.125
	2.22
	2.83
	3.83
	9.9
	0.3

	MASnI3
	0.88
	1.14
	2.47
	20.0
	6.3

	MACa0.125Sn0.75Pb0.125I3
	1.04
	1.23
	2.38
	22.0
	8.2

	CsPbI0.75Br2.25
	1.62
	1.24
	2.82
	16.6
	2.9

	RbPbI0.75Br2.25
	1.59
	1.21
	2.74
	16.9
	3.4

	FAPbBr2.625Cl0.375
	2.23
	2.02
	3.15
	10.2
	1.8

	MAPbBr2.25Cl0.75
	2.09
	1.89
	2.97
	10.9
	2.2

	MAPbI1.5Br1.5
	1.89
	1.60
	2.64
	15.7
	5.2



Table S6. Audit checks: label range, SLME predicted from the gap alone, a two-stage model (ML gap followed by SLME(gap)), nearest-neighbour baselines on site fractions, the error in the high-SLME window and the error for pure compounds and alloys (chemical-system-grouped cross-validation unless stated)
	Check
	Target
	Model
	MAE
	R2
	MAE (window)
	MAE pure
	MAE alloy
	Max label

	label_range
	SLME_HSEPBEsoc
	–
	–
	–
	–
	–
	–
	16.12

	SLME_from_own_gap_only
	SLME_HSEPBEsoc
	–
	0.453
	0.985
	–
	–
	–
	–

	two_stage_gap_then_SLME
	SLME_HSEPBEsoc
	–
	0.577
	0.977
	–
	–
	–
	–

	kNN1_on_site_fractions
	SLME_HSEPBEsoc
	–
	2.056
	0.620
	–
	–
	–
	–

	kNN3_on_site_fractions
	SLME_HSEPBEsoc
	–
	2.402
	0.674
	–
	–
	–
	–

	kNN5_on_site_fractions
	SLME_HSEPBEsoc
	–
	2.748
	0.638
	–
	–
	–
	–

	kNN3_on_site_fractions_Bset
	SLME_HSEPBEsoc
	–
	3.733
	0.339
	–
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEPBEsoc
	PBE value as-is
	–
	–
	4.558
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEPBEsoc
	ML: composition only
	–
	–
	0.732
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEPBEsoc
	ML: composition + PBE (direct)
	–
	–
	0.560
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEPBEsoc
	ML: Δ-learning (PBE + ML correction)
	–
	–
	0.700
	–
	–
	–

	MAE_pure_vs_alloy
	SLME_HSEPBEsoc
	ML: composition + PBE (direct)
	–
	–
	–
	0.291
	0.485
	–

	label_range
	SLME_HSEsoc
	–
	–
	–
	–
	–
	–
	16.11

	SLME_from_own_gap_only
	SLME_HSEsoc
	–
	0.427
	0.980
	–
	–
	–
	–

	two_stage_gap_then_SLME
	SLME_HSEsoc
	–
	0.673
	0.944
	–
	–
	–
	–

	kNN1_on_site_fractions
	SLME_HSEsoc
	–
	2.042
	0.523
	–
	–
	–
	–

	kNN3_on_site_fractions
	SLME_HSEsoc
	–
	2.253
	0.563
	–
	–
	–
	–

	kNN5_on_site_fractions
	SLME_HSEsoc
	–
	2.526
	0.522
	–
	–
	–
	–

	kNN3_on_site_fractions_Bset
	SLME_HSEsoc
	–
	2.743
	0.456
	–
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEsoc
	PBE value as-is
	–
	–
	4.857
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEsoc
	ML: composition only
	–
	–
	0.805
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEsoc
	ML: composition + PBE (direct)
	–
	–
	0.847
	–
	–
	–

	MAE_in_SLME>=10_window
	SLME_HSEsoc
	ML: Δ-learning (PBE + ML correction)
	–
	–
	1.326
	–
	–
	–

	MAE_pure_vs_alloy
	SLME_HSEsoc
	ML: composition + PBE (direct)
	–
	–
	–
	0.385
	0.740
	–

	prospective_Bset_seen
	–
	–
	–
	–
	–
	–
	–
	–

	HSEPBEsoc_labels_inside_query_set
	–
	–
	–
	–
	–
	–
	–
	–



[image: ]
Fig. S1. Spearman rank correlations between selected descriptors, PBE outputs and HSE06+SOC targets (HSE-relaxed set, n = 281). * p < 0.001,  p < 0.01, * p < 0.05.
S4 Results on the HSE-relaxed targets
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Fig. S2. PBE versus HSE06+SOC values after HSE relaxation (n = 281): (a) SLME, (b) band gap, (c) distribution of the SLME difference and (d) the SLME difference versus the PBE SLME.
[image: ]
Fig. S3. (a) Held-out SHAP importance of the direct model for the SLME at the PBE geometry (top 12 features, grouped by type). (b–d) HSE-relaxed SLME target: (b) learning curves, (c) conformal coverage of the Δ-learning model and (d) Y-randomisation of the direct model on chemical-system-grouped splits.
Table S7. Top-k retrieval for the HSE-relaxed SLME target
	Split
	k
	Model
	Hits
	Precision
	ρ (all)

	random
	10
	PBE value as-is
	1
	0.10
	0.867

	random
	10
	Linear recalibration of PBE
	4
	0.40
	0.867

	random
	10
	ML: PBE features only
	4
	0.40
	0.927

	random
	10
	ML: composition only
	8
	0.80
	0.974

	random
	10
	ML: composition + PBE (direct)
	7
	0.70
	0.975

	random
	10
	ML: Δ-learning (PBE + ML correction)
	4
	0.40
	0.952

	random
	20
	PBE value as-is
	8
	0.40
	0.867

	random
	20
	Linear recalibration of PBE
	9
	0.45
	0.867

	random
	20
	ML: PBE features only
	13
	0.65
	0.927

	random
	20
	ML: composition only
	18
	0.90
	0.974

	random
	20
	ML: composition + PBE (direct)
	18
	0.90
	0.975

	random
	20
	ML: Δ-learning (PBE + ML correction)
	14
	0.70
	0.952

	random
	30
	PBE value as-is
	9
	0.30
	0.867

	random
	30
	Linear recalibration of PBE
	13
	0.43
	0.867

	random
	30
	ML: PBE features only
	24
	0.80
	0.927

	random
	30
	ML: composition only
	29
	0.97
	0.974

	random
	30
	ML: composition + PBE (direct)
	28
	0.93
	0.975

	random
	30
	ML: Δ-learning (PBE + ML correction)
	25
	0.83
	0.952

	chemsys
	10
	PBE value as-is
	1
	0.10
	0.867

	chemsys
	10
	Linear recalibration of PBE
	3
	0.30
	0.866

	chemsys
	10
	ML: PBE features only
	3
	0.30
	0.925

	chemsys
	10
	ML: composition only
	8
	0.80
	0.969

	chemsys
	10
	ML: composition + PBE (direct)
	7
	0.70
	0.973

	chemsys
	10
	ML: Δ-learning (PBE + ML correction)
	5
	0.50
	0.947

	chemsys
	20
	PBE value as-is
	8
	0.40
	0.867

	chemsys
	20
	Linear recalibration of PBE
	9
	0.45
	0.866

	chemsys
	20
	ML: PBE features only
	12
	0.60
	0.925

	chemsys
	20
	ML: composition only
	18
	0.90
	0.969

	chemsys
	20
	ML: composition + PBE (direct)
	17
	0.85
	0.973

	chemsys
	20
	ML: Δ-learning (PBE + ML correction)
	15
	0.75
	0.947

	chemsys
	30
	PBE value as-is
	9
	0.30
	0.867

	chemsys
	30
	Linear recalibration of PBE
	11
	0.37
	0.866

	chemsys
	30
	ML: PBE features only
	25
	0.83
	0.925

	chemsys
	30
	ML: composition only
	28
	0.93
	0.969

	chemsys
	30
	ML: composition + PBE (direct)
	27
	0.90
	0.973

	chemsys
	30
	ML: Δ-learning (PBE + ML correction)
	26
	0.87
	0.947

	Bset
	10
	PBE value as-is
	1
	0.10
	0.867

	Bset
	10
	Linear recalibration of PBE
	2
	0.20
	0.855

	Bset
	10
	ML: PBE features only
	5
	0.50
	0.926

	Bset
	10
	ML: composition only
	8
	0.80
	0.963

	Bset
	10
	ML: composition + PBE (direct)
	9
	0.90
	0.966

	Bset
	10
	ML: Δ-learning (PBE + ML correction)
	6
	0.60
	0.931

	Bset
	20
	PBE value as-is
	8
	0.40
	0.867

	Bset
	20
	Linear recalibration of PBE
	6
	0.30
	0.855

	Bset
	20
	ML: PBE features only
	12
	0.60
	0.926

	Bset
	20
	ML: composition only
	18
	0.90
	0.963

	Bset
	20
	ML: composition + PBE (direct)
	17
	0.85
	0.966

	Bset
	20
	ML: Δ-learning (PBE + ML correction)
	13
	0.65
	0.931

	Bset
	30
	PBE value as-is
	9
	0.30
	0.867

	Bset
	30
	Linear recalibration of PBE
	10
	0.33
	0.855

	Bset
	30
	ML: PBE features only
	22
	0.73
	0.926

	Bset
	30
	ML: composition only
	29
	0.97
	0.963

	Bset
	30
	ML: composition + PBE (direct)
	28
	0.93
	0.966

	Bset
	30
	ML: Δ-learning (PBE + ML correction)
	23
	0.77
	0.931



Table S8. Split-conformal coverage and width on the HSE-relaxed SLME target (Δ-learning model)
	Split
	Nominal
	Coverage
	SD
	Width (%)

	random
	0.90
	0.929
	0.049
	5.74

	random
	0.80
	0.838
	0.082
	3.19

	chemsys
	0.90
	0.934
	0.037
	6.49

	chemsys
	0.80
	0.833
	0.086
	3.61

	Bset
	0.90
	0.807
	0.154
	6.02

	Bset
	0.80
	0.630
	0.229
	2.97



S5 Comparison of learning algorithms
Table S9. Full results of the learning-algorithm comparison (direct model, composition + PBE inputs; primary targets at the PBE geometry)
	Target
	Split
	Algorithm
	MAE
	SD (folds)
	R2
	p vs extra trees
	Better folds

	Eg_HSEPBEsoc
	Bset
	Gaussian process
	0.080
	0.025
	0.997
	0.002
	15/15

	Eg_HSEPBEsoc
	Bset
	Ridge (linear)
	0.151
	0.028
	0.986
	0.347
	10/15

	Eg_HSEPBEsoc
	Bset
	Gradient boosting
	0.169
	0.045
	0.983
	0.688
	10/15

	Eg_HSEPBEsoc
	Bset
	CatBoost
	0.170
	0.053
	0.982
	0.793
	8/15

	Eg_HSEPBEsoc
	Bset
	LightGBM
	0.173
	0.045
	0.982
	0.802
	8/15

	Eg_HSEPBEsoc
	Bset
	Extra trees
	0.178
	0.051
	0.979
	1.000
	0/15

	Eg_HSEPBEsoc
	Bset
	XGBoost
	0.182
	0.062
	0.979
	0.892
	8/15

	Eg_HSEPBEsoc
	Bset
	SVR (RBF)
	0.184
	0.072
	0.980
	0.885
	7/15

	Eg_HSEPBEsoc
	Bset
	Random forest
	0.225
	0.075
	0.969
	0.086
	0/15

	Eg_HSEPBEsoc
	Bset
	FT-Transformer
	0.239
	0.032
	0.970
	0.051
	0/15

	Eg_HSEPBEsoc
	Bset
	Kernel ridge (RBF)
	0.240
	0.098
	0.963
	0.306
	5/15

	Eg_HSEPBEsoc
	Bset
	Multi-fidelity RF (Yang 2024 style)
	0.265
	0.053
	0.959
	0.004
	1/15

	Eg_HSEPBEsoc
	Bset
	MLP (2 hidden layers)
	0.396
	0.110
	0.927
	0.005
	0/15

	Eg_HSEPBEsoc
	chemsys
	Gaussian process
	0.059
	0.017
	0.997
	0.005
	14/15

	Eg_HSEPBEsoc
	chemsys
	Extra trees
	0.096
	0.017
	0.994
	1.000
	0/15

	Eg_HSEPBEsoc
	chemsys
	Gradient boosting
	0.099
	0.018
	0.994
	0.638
	6/15

	Eg_HSEPBEsoc
	chemsys
	LightGBM
	0.100
	0.019
	0.994
	0.506
	5/15

	Eg_HSEPBEsoc
	chemsys
	XGBoost
	0.103
	0.017
	0.994
	0.300
	5/15

	Eg_HSEPBEsoc
	chemsys
	CatBoost
	0.111
	0.019
	0.993
	0.123
	3/15

	Eg_HSEPBEsoc
	chemsys
	Ridge (linear)
	0.113
	0.014
	0.991
	0.146
	2/15

	Eg_HSEPBEsoc
	chemsys
	SVR (RBF)
	0.113
	0.014
	0.992
	0.011
	1/15

	Eg_HSEPBEsoc
	chemsys
	Random forest
	0.126
	0.021
	0.990
	0.000
	0/15

	Eg_HSEPBEsoc
	chemsys
	Kernel ridge (RBF)
	0.130
	0.020
	0.988
	0.006
	1/15

	Eg_HSEPBEsoc
	chemsys
	FT-Transformer
	0.166
	0.026
	0.985
	0.000
	0/15

	Eg_HSEPBEsoc
	chemsys
	Multi-fidelity RF (Yang 2024 style)
	0.175
	0.025
	0.980
	0.000
	0/15

	Eg_HSEPBEsoc
	chemsys
	MLP (2 hidden layers)
	0.298
	0.099
	0.959
	0.003
	0/15

	SLME_HSEPBEsoc
	Bset
	Gaussian process
	0.632
	0.380
	0.973
	0.605
	9/15

	SLME_HSEPBEsoc
	Bset
	Extra trees
	0.734
	0.425
	0.959
	1.000
	0/15

	SLME_HSEPBEsoc
	Bset
	LightGBM
	0.736
	0.440
	0.961
	0.987
	7/15

	SLME_HSEPBEsoc
	Bset
	Gradient boosting
	0.755
	0.611
	0.962
	0.898
	9/15

	SLME_HSEPBEsoc
	Bset
	FT-Transformer
	0.784
	0.342
	0.949
	0.768
	3/15

	SLME_HSEPBEsoc
	Bset
	XGBoost
	0.788
	0.514
	0.962
	0.621
	7/15

	SLME_HSEPBEsoc
	Bset
	CatBoost
	0.812
	0.477
	0.958
	0.452
	4/15

	SLME_HSEPBEsoc
	Bset
	Random forest
	0.889
	0.758
	0.941
	0.478
	6/15

	SLME_HSEPBEsoc
	Bset
	SVR (RBF)
	0.890
	0.294
	0.962
	0.331
	2/15

	SLME_HSEPBEsoc
	Bset
	Kernel ridge (RBF)
	0.920
	0.356
	0.957
	0.048
	1/15

	SLME_HSEPBEsoc
	Bset
	MLP (2 hidden layers)
	1.041
	0.500
	0.957
	0.244
	4/15

	SLME_HSEPBEsoc
	Bset
	Ridge (linear)
	1.147
	0.423
	0.931
	0.026
	1/15

	SLME_HSEPBEsoc
	Bset
	Multi-fidelity RF (Yang 2024 style)
	1.177
	0.697
	0.886
	0.177
	3/15

	SLME_HSEPBEsoc
	chemsys
	Gaussian process
	0.355
	0.084
	0.993
	0.036
	13/15

	SLME_HSEPBEsoc
	chemsys
	Gradient boosting
	0.451
	0.114
	0.982
	0.770
	9/15

	SLME_HSEPBEsoc
	chemsys
	Extra trees
	0.463
	0.130
	0.981
	1.000
	0/15

	SLME_HSEPBEsoc
	chemsys
	LightGBM
	0.477
	0.139
	0.983
	0.737
	6/15

	SLME_HSEPBEsoc
	chemsys
	XGBoost
	0.487
	0.120
	0.982
	0.445
	3/15

	SLME_HSEPBEsoc
	chemsys
	CatBoost
	0.509
	0.133
	0.983
	0.215
	3/15

	SLME_HSEPBEsoc
	chemsys
	Random forest
	0.526
	0.140
	0.975
	0.165
	2/15

	SLME_HSEPBEsoc
	chemsys
	FT-Transformer
	0.614
	0.154
	0.973
	0.024
	1/15

	SLME_HSEPBEsoc
	chemsys
	Kernel ridge (RBF)
	0.682
	0.120
	0.979
	0.000
	0/15

	SLME_HSEPBEsoc
	chemsys
	SVR (RBF)
	0.712
	0.135
	0.976
	0.006
	1/15

	SLME_HSEPBEsoc
	chemsys
	Multi-fidelity RF (Yang 2024 style)
	0.872
	0.200
	0.933
	0.000
	0/15

	SLME_HSEPBEsoc
	chemsys
	MLP (2 hidden layers)
	0.883
	0.198
	0.962
	0.009
	1/15

	SLME_HSEPBEsoc
	chemsys
	Ridge (linear)
	0.995
	0.121
	0.951
	0.000
	0/15



Table S10. Pooled out-of-fold RMSE and MAE and screening metrics (true top-k recovered in the predicted top-k; MAE and Spearman ρ among compounds with HSE06+SOC SLME ≥ 10 %) of all learning algorithms for the HSE06+SOC SLME at the PBE geometry
	Split
	Algorithm
	RMSE
	MAE
	Top-10 hits
	Top-20 hits
	MAE (SLME ≥ 10 %)
	ρ (SLME ≥ 10 %)

	chemsys
	Ridge (linear)
	1.401
	0.980
	5
	11
	1.235
	0.649

	chemsys
	Kernel ridge (RBF)
	0.909
	0.635
	8
	13
	0.794
	0.886

	chemsys
	SVR (RBF)
	0.970
	0.658
	8
	14
	0.888
	0.879

	chemsys
	Gaussian process
	0.544
	0.310
	7
	16
	0.452
	0.914

	chemsys
	MLP (2 hidden layers)
	1.234
	0.795
	5
	14
	1.213
	0.875

	chemsys
	Random forest
	1.001
	0.516
	8
	16
	0.672
	0.887

	chemsys
	Extra trees
	0.866
	0.454
	8
	15
	0.519
	0.924

	chemsys
	Gradient boosting
	0.849
	0.423
	10
	17
	0.556
	0.912

	chemsys
	XGBoost
	0.844
	0.454
	7
	15
	0.560
	0.901

	chemsys
	LightGBM
	0.825
	0.431
	8
	15
	0.549
	0.902

	chemsys
	CatBoost
	0.829
	0.472
	7
	15
	0.561
	0.903

	chemsys
	FT-Transformer
	1.029
	0.545
	7
	13
	0.602
	0.886

	chemsys
	Multi-fidelity RF (Yang 2024 style)
	1.627
	0.865
	5
	12
	0.961
	0.740

	Bset
	Ridge (linear)
	1.650
	1.113
	5
	12
	1.426
	0.554

	Bset
	Kernel ridge (RBF)
	1.308
	0.863
	7
	13
	1.336
	0.823

	Bset
	SVR (RBF)
	1.220
	0.827
	8
	15
	1.043
	0.853

	Bset
	Gaussian process
	1.030
	0.542
	4
	8
	1.041
	0.691

	Bset
	MLP (2 hidden layers)
	1.312
	0.869
	6
	13
	1.190
	0.855

	Bset
	Random forest
	1.534
	0.878
	5
	13
	1.539
	0.729

	Bset
	Extra trees
	1.280
	0.723
	5
	13
	1.094
	0.824

	Bset
	Gradient boosting
	1.222
	0.707
	7
	13
	1.148
	0.835

	Bset
	XGBoost
	1.232
	0.749
	8
	13
	1.118
	0.841

	Bset
	LightGBM
	1.249
	0.686
	6
	13
	1.026
	0.835

	Bset
	CatBoost
	1.288
	0.777
	7
	13
	1.081
	0.835

	Bset
	FT-Transformer
	1.419
	0.719
	6
	14
	0.760
	0.847

	Bset
	Multi-fidelity RF (Yang 2024 style)
	2.124
	1.173
	4
	12
	1.626
	0.525



S6 Prospective predictions
The predictions for all 207 PBE-only compounds, with 90 % intervals, applicability-domain distances and stability flags, are given in the file Supplementary_Tables_all_results.xlsx (sheet T12_prospective_predictions_all).
The Gaussian process, the most accurate algorithm in Table S9, gives prospective predictions that agree closely with those of the extremely-randomised-trees model used in the main text (Spearman ρ = 0.99 inside the applicability domain, mean absolute difference 0.49 points); 11 of the 15 highest-ranked in-domain compounds are common to both models, and the six leading Pb-free, stable compounds of Table 5 of the main text are predicted at 14.7–16.0 % by the Gaussian process (sheet T23_prospective_ET_vs_GP).
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