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What do experiments measure?

a )

Measurement = | True signal

HI bulk
jets
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What do experiments measure?

Example: + + CMS detector simulation
0.0200 - - 0.05 . : :
hardest jet in pp@5.02TeV hardest jet in pp@5.02TeV
0.0175 pr>250 GeV, Ry, =0.4,|n| <2.8 1 pr>250 GeV, Ry, =0.4,|n|<2.8
—— Pythia + HI bkg + CMS 0.04¢ —— Pythia + HI bkg + CMS ]
— 0.0150 Pythia + HI bkg ] Pythia + HI bkg
| . .
> —— Pythia — Pythia
0.0125 ]
8 5003
& 0.0100} 3
3 <
3 0.0075} = 0.02
<
~ 0.0050}
0.01}
0.0025} L
0.0000 400 “600 800 0.005 50 100 150 200
pr [GeV] n
* HI bkg. adds to the jet energy. * HI bgk. adds to the jet multiplicity.
* Detectors lose energy. * Detectors lose particles.
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Unfolding algorithm

Unfolding = correcting for bkg. and detector effects

Inference task: _X(tl) = Z] p(tl |m]) X(m]) (likelihood-free inference)
/ / ~
truth count prob. of measured count in
in t; bin m; > t; m; bin
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Unfolding algorithm

Unfolding = correcting for bkg. and detector effects

Inference task: _X(tl) = Z] p (tl |m]) X(m]) (likelihood-free inference)
/ / ~
truth count prob. of measured count in
in t; bin m; > t; m; bin
Bayesian inference:
p(t-lm-) _ p(mjlti)p()(ti) what we have:
H / Do (mj) \ * MC samples
\ * Det simulations
Forward simulation: priors
prob. of t; » m;
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Unfolding algorithm

Unfolding = correcting for bkg. and detector effects

Inference task: _X(tl) = Z] p (tl |m]) X(m]) (likelihood-free inference)
/ / ~
truth count prob. of measured count in
in t; bin m; > t; m; bin
Bayesian inference:
p(t-lm-) _ p(mjlti)p()(ti) what we have:
H / Do (mj) \ * MC samples
\ * Det simulations
Forward simulation: priors
prob. of t; » m;

Bayesian = Maximum likelihood unfolding;:

P(mj|ti)Pn—1(ti) x(m)
]

() = Jim xn (00 = £, %0000
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Unfolding algorithm

Example: + + CMS detector simulation
800 100 ' Q3
|| Measured g2
T 0.0125¢ Truth ; i
__ 700 5 IBU 1D =5
E 101 .(3. 0.0100¢ Ef E
— 600 & 0.0075} S m
5 = 2 o]
2 500 fro2s S 0.0050} -8l
2 o < ©
S = — 0.0025f =
= 400 =&
1073 4_’0.0010(1) BU UZL
300 Sg 1 S
23 1.0 oo
©+ 0.9 BE
| -4 s s o
400 600 800'° 250 450 650 g
Truth: pr [GeV] pr [GeV]
* Response mx: Pythia (+ HI bkg + CMS det) * Important statistical uncertainty.
* Unfolding Herwig (+ HI bkg + CMS det) * Deviations here contribute to sys. unc!
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High-Dimensional Unfo
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Unfolding algorithm in high-dimension

Same inference procedure:

X( i1’ 12’ . ) ZJ p( g7 mf1’ ]) x([mj1’mfz’ ])
!

prob. of
[mj, ] - [ti» ]
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Unfolding algorithm in

high-dimension

Example:

800,

Measured: pr [GeV]
g 8 3
g8 8 8

=
&
8

600
Truth: pr [(GeV]

Measured: ke, [GeV]

600
Truth: pr [GeV]

5000

-
8000

8
7

60

S

00,
00|
00)

5

Measured: pr [GeV]

Iy
8

0

300

1]

20 4
Truth: k;  [GeV]

FO 0 0

-4
5010

20
Truth: ke g [GeV]

-
5010

Measured: pr

0.2
Truth: 7,

0.1 03 0.

0.2
Truth: T,

* Response mx of Pythia vs measured.
* Cross correlations pr, k¢ g, 5!
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Precision Frontier

= Measured
T 0.0125F Truth
S IBU 1D
& 0.0100f + 1BU3D
§0.0075» |
<3
E 0.0050F
~0.0025f =
0.0000} -+ e .
‘Eg 1(1) JRRIUE 7 22 SIS =S¢
$5 009} R
250 450 650
pr[GeV]
10f &=
sl

* Simultaneous unfolding of 3 observables.

1/NdN/dke, o [GeV~]

o
o
o
o

ratio to
truth

0.125F
0.100F
0.075F
0.050F
0.025F

-
-

[

= hardest jet in pp@5.02 TeV
Rak,=0.4,In|<2.8
pr> 250 GeV

(=)

1/NdN/dT;
L)

N

ratio to
truth

or

o VO H+HO
(seydjeq + "B +) geIyAd :paze|nw
saydjaq + ‘Bg +) £

e Unfolding improves from 1d — 3d.
of QCD Matter 2025, Wuhan
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Unfolding algorithm in high-dimension

Same inference procedure:

x([ti,, tip 1) = Z0([Ei - WMy, 1) x([my,, My, ... ])

Adam Takacs (Heidelberg)

!

prob. of
[mj, ] - [ti' ]

Going to higher dimensions?

1. Statistical uncertainties?
2. Convergence?
3. Computation power? 1M events, 8 obs, 10 bins:

1 PiB = 1000 TB!

numpy . core._exceptions.MemoryError: Unable to allocate 326. PiB for

an array with shape (45949729863572161,) and data type float64

Precision Frontier of QCD Matter 2025, Wuhan
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High-Dimensional-Unf

with ML Speeduph
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An algorithm for high-dimensions

* Rewrite with likelihood ratios:

() = Zp(mjltfn 3@ )p(mj) . D (ty)

Pn- 1(t)

p( 1)
Z (mylt;) P (m)

probablhty ratios

Adam Takacs (Heidelberg) Precision Frontier of QCD Matter 2025, Wuhan
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An algorithm for high-dimensions

* Rewrite with likelihood ratios:

0TS ) 2 i 2,

probablhty ratios

p(m)
Pn-1 (m)

Llc(m)] = — f dm [p(m) log(c(m)) + pr_1(m)log(1 — c(m))]

* Likelihood ratios = optimum problem: argmin,q)(L(c(m))) <

Adam Takacs (Heidelberg) Precision Frontier of QCD Matter 2025, Wuhan 15
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An algorithm for high-dimensions

* Rewrite with likelihood ratios:

- TR ) e i e

probablhty ratios

p(m)
Pn-1 (m)

*  Likelihood ratios = optimum problem: argminggn(L(c(m))) <
LeGm)] = = [ dm [p(m) log(e(m)) + -+ (m)log(1 = c(m)]
 Using events: p(m) = Y;6(m —m;)
LIe@m] = = ) 81-meas 108(e(m)) + 8i-sim, ., 10g(1 = c(my))
*  Optimum problem = training a NN classifier (OmniFold)

OmniFold-HI: efficiency, bkg counts, Trash, and Fake events, stat and sys uncertainties.
Adam Takacs (Heidelberg) Precision Frontier of QCD Matter 2025, Wuhan 16
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An algorithm for high-dimensions

Example:
= ' Measured = = hardest'jet in pp@é.OZ TeVv - =] —
—_ L ] o [ Ra=04,n <28 ] 10F = ]
" 0.0125 Truth L {0.6 7 0.125 Prk> 250 Gev L 10.6 L J
S IBU 1D >
8 0.0100¢ + IBU 3D 1 é 0.100¢ 1 -g 8t = 1
- OmniFold-HI 1D 1} 10.4 I L 10.4 L L |
~ . N L ] ]
g 0.0075F OmniFold-HI 3D ] %z 0.075 -E 6 -
Z 0.0050F ; = 0.050f ; S 4f ]
> | - 10.2 g = - 10.2 - 1
= 0.0025 : S 0.025F ; 2t = ]
L K00 0.000 e “=0.0 0 : s
1.1} I 1.1 I 1.1f M .
1.0 L - ,—i—ﬁI I .I- - — 1.0 WI*‘T"%»{G’!‘X F™ =] 1.0 -—TR ] e ==
Scoo9t I'TWA E Sco009 : 1 LA S o9k f E|
o5 . = £5 - o5 : =
"(-U"b 1.1_Omn|FoId-HI ElS 3 "(-U"); 1.1F ElS E "(6_}; 1.1F ElS 3
1.0 = 1.0~ - F= = 1.0 =t
0.9 3 E 0.9 1 E 0.9 1k E
250 450 650 F T 0 20 40 60F T 0.0 0.1 0.2 03F T
pr [GeV] ke g [GeV] T2
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* IBU and OmniFold-HI agrees in 1d and 3d!
* Understanding stat. and sys uncertainties for NN!

Precision Frontier of QCD Matter 2025, Wuhan
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An algorithm for high-dimensions

Example:
= Measured

. 0.0125¢ Truth ]
7 OmniFold-HI 3D
% 0.0100 OmniFold-HI 7D
9 7 OmniFold-HI 12D
& 0.0075F ++  OmniFold-HI 18D ]
Ke] —
3 0.0050f ]
£
~ 0.0025F ]

Adam Takacs (Heidelberg)

;—‘hardestjétin pp@S.dZ Tev e T T . o
—_ Rak,=0.4,|n| <2.8 1 10f 1
0.6 N 0.125 pr>250 GeV r 10.6 | los
< 0.100} ] . ]
E g
. | loa o° i lo.
04 20075} ] 0 S 6f ] 0.4
S = =
0.050f ] g . A
02 = -
= 0.0250 | 1,
'—:_|_'—I—|—-_._A
0.000 } " .
S 11t
23 1.0¢
&+ 0.9}
0 20 40

ke o [GeV]

* Unfolding in higher dimensions.
* Going to 18d improves performance!
* Improvement in difficult observables: m;,;, Mot

Precision Frontier of QCD Matter 2025, Wuhan
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An algorithm for high-dimensions

Example:

) 0 2
n
o 11} E
23 1.0} W 1
ey
&5 0.0f :
200 600 80C 00 01 02 03 04

pr? [GeV]

Adam Takacs (Heidelberg)

03 04 05 : ' ' ' : 100
Zsd

* Unfolding in higher dimensions.
* Going to 18d improves performance!
* Improvement in difficult observables: m;,;, Mot

Precision Frontier of QCD Matter 2025, Wuhan
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Choosing Auxiliary Obse
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How to choose observables?

Auxiliary observables

(selection based on correlation distances)

1.00
¢
n
or 0.75
p¥
s 0.50
Zg
Zsd 025 §
g =1
£ m
E] 0.00 8
F krg (:
Msa g
-0.253
I ~0.50
i—0.75
-1.00

¢ n prpypEdZy Zsa O M Kr,gMsg Ta Nsg N T2 T3 T Ts
Optimal: 11 15 12 13 14 16 17

Adam Takacs (Heidelberg) Precision Frontier of QCD Matter 2025, Wuhan

21



Adam Takacs (Heidelberg)

How to choose observables?

Auxiliary observables

(selection based on correlation distances)

1.00
[
n
or 0.75

0.50

o
)
o

<3
o
o

Linear Correlation

—0.25:

-0.50

i—OJS
-1.00

¢ n prpypEdZy Zsa O M Kr,gMsg Ta Nsg N T2 T3 T Ts
Optimal: 11 15 12 13 14 16 17

Truth

Integrate to calibration

Jet calibration:

1.  Correct the jet 4-momentum:
[pfe’:eco, many event obs.] -

2. Unfold the rest.

Calibration is an inference task!
Combine with unfolding.

Precision Frontier of QCD Matter 2025, Wuhan
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choose observables?

'l ' Mea;ured -—'- ' :—‘hardestjét in pp@S.(;Z TeVv ' ';- ' ' -t ' ' ' ' .-'—. ' g g
— 0.0125f Truth I Joe o125 RS0 lnl<28 it os 101 I Jos 5 =
o OmniFold-HI 3D [ pr>250 GeV % ®
2 0.0100F OomniFold-HI 7D ] v 0.100F ] ~ 8r - 1 G e
o 4 OmniFold-HI 12D A 5 38
§ 0.0075 F omnifold-HI18D {[ | 194 Z0.075} i 104 = It jos =2
2 | 3 = = g2
Z 0.0050} ] Z 0.050} ] S 4f ] > &
z {02 2 — L qo2 5 2
— ~ Q
~ 0.0025 ] = 0.025F | ] 5o
= — ¥ a
- .—'_'—O—o—a_._A
0.0000 — - —+=0.0 0.000 ¥ * +H—+50.0 E é
e 11 2 1 e 11 (I e. L8
o5 1.0 '=|.-:‘ g§ 1.0 1= o5 o3
8500 | EPos) S I £
400 600 80OF T 0 20 40 60 F T g
pr [GeV] kt,g [GeV]
‘With calibration
351,1E M “_TI_‘» - 8 L1t | — Sy ZIN- %
251.0 ] = = —] ©2351.0 e b —] 05 1,0 st b —
8509 7D i T B5 g0l T ] B o0t =L e
= “f 18D . . - = ' . . L = ' . . | S
250 450 650 F T 0 20 40 60F T 0.0 0.1 0.2 0.3F T
pr [GeV] ke, g [GeV] T2

» (Calibration worsens the performance.
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Measured: pr [GeV]
Measured: pr [GeV]
Measured: pr [GeV]

600 000" 40

400 20
Truth: pr [GeV] Truth: kg [GeV]

Measured: kg [GeV]
Measured: ki g [GeV]
Measured: ki, [GeV]

30010

400 600
Truth: pr [GeV]

005,

0,00

400 600 8000
Truth: pr [GeV]

20 40
Truth: ki g [GeV]

y |
.

0.2
Truth: 5

0.2
Truth: T,

0 0l 02 03 o
Truth: T,

» (Calibration worsens the performance

in high dims.
Adam Takacs (Heidelberg)
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Summary: unfolding in high-dimensions

Introduction to unfolding (likelihood-free inference)

OmniFold to unfold in high dimensions

Better performance is already in use in pp:

Strategy to choose auxiliary observables

Improved workflow by unifying: calibration + bkg subtraction + unfolding.
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Thank you for your

attention!
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Unfolding as a general inference

Unfolding

Adam Takacs (Heidelberg)
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Calibration Classification
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IBU vs OmniFold

Example:
15t jteration ' I D el ST = S
1of ] i1 of ~F- 1BU3D OmniFold-HI 3D {} LRy / =T
e ., I . .
L L0 —_— 10— T S F—=11.0 = —_—=
T SN — : Z
o 0.8} : i\ jo.8f ﬁ\&I-P losf 7°
0 T | | 1
_; S 2" jteration ' ' ' ' ) K1
S 3512} ] 11.2F 11.2} :
®% 1.0 z - {5 S PPN = R 5 o2 —=—11.0 - ——
:I: _‘; . - ¥ S l\;a'_'_ ¥ N = . M o g '¥| (=1 . ‘_'_'/ 1
352 0.8} I Xlzl\ 0.8} 0.8} ]
O ©
w = } —t
j= 37 jteration
E 1.2} i 11.2F 11.2}F 1
o J | T I I - 1 i 7‘__' T 1
1.0p== T — = | 1 O e e S R | L O = | tamla
0.8} I lTl - {o.s} jo.8} :
250 450 650 F T 0 20 40 60F T 0.0 0.1 0.2 03F T
pr[Gev] kg [GeV] T
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* Unfolding in 3d.

* IBU and OmniFold-HI agrees!
* Understanding stat. and sys uncertainties

Precision Frontier of QCD Matter 2025, Wuhan
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