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Weak Supervision for the Strong Force

An IAIFI origin story:Patrick and Ericome to my ofpce at MITE

Quark
0"
pre-process VS .
convolutional layer dense layer
Fully
supervised
learning: g >

P s
[Komiske, Metodiev, Schwartz, JHEP 201 ;a
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https://arxiv.org/abs/1612.01551
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CVU Topics - Gluon-Gluon

Pythia Parton =——— Quark-Gluon ]
— Quark-Quark

CMS 2011 Open Data
PFN R-Fit Fractions
AK5 Jets, |!|< 1.9
P 1 [495,505] GeV

80 160 250
Energy ScaleQ [GeV]

Five years later,
| Pnallyknow an answer



https://arxiv.org/abs/1612.01551
https://arxiv.org/abs/2205.04459

Outline

2017: A Quark/Gluon Conundrum

@@") 2018: Leveraging Weak Supervision
A

%ﬁﬁ&% 2019-2022: The Strong Force Reuvisited
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Particle Physics 101
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Particle Physics 101
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Particle Physics 101

2

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

Strong Force
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Collider Event

Every 25 nanoseconds at the LHC
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What is a OQuark JetO vs.OGluon JetO?

Quark (color triplet) vs.
But jet constituents areolor-singlet hadrons

Quark
as adjective

v
Well-Debned What we mean

A quark parton
A Born-level quark parton
The initiating quark parton in a bnal state shower

An eikonal line with baryon number 1/3
and carrying triplet color charge

A quark operator appearing in a hard matrix element
in the context of a factorization theorem

A parton-level jet object that has been quark-tagged
using a soft-safe Ravored jet algorithm (automatically
collinear safe if you sum constituent 3avors)

A phase space region (as debned by an unambiguous
hadronic Pducial cross section measurement) that yielc
an enriched sample of quarks (as interpreted by some
suitable, though fundamentally ambiguous, criterion)

[Gras, Hoeche, Kar, Larkoski, L8nnblad, PIStzer, Si—dmok, Skands, SoyelEBIXD17;
citing long history going back at least to Nilles, Streng, PRD 1981]

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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Emphasizing the Challenge

llllllllllllllllllllllllllllllllllllllllllllllllllllllll

Altarelli-Parisi Splittin: 3
Core prediction of CD 5

Cquark = 4/3

2 d#
—C pr

dPii ig !

Quarksand are
primarily distinguished:
by their color charge :

llllllllllllllllllllllllllllllllllllllllllllllllllllllll

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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Emphasizing the Challenge

Composite Hadrons

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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Emphasizing the Challenge

Theory
Detection

Composite Hadrons

PO

Energy Flo B1 fim 6 TO ]
Robust to hadronization and detector effectsl ' tlllm D, T (t’ vt D)
Ebut blind to direct quarkl information '

(more about this in backup)

[see e.g. Sveshnikov, Tkachov, PLB 1996; Hofman, Maldacena, JHEP 2008; MateU [ Sidwrint,2013;
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, PRL 2014; Chen, Moult, ZharfgDZh02 &)

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force 17




Color-Blind Tests of QCD I

First ever analysis using public LHC data!

(o]
8 —+ + CMS 2010 Open Data
Theory (MLL; all)
7 —— Pythia 8.219
1d! 6 11 @ = HErW|g 7.0.3
0 _dzg 5 ......... S erpa 221
4 pfFc > 1.0 GeV
AKS5; |"| < 2.4
3 p > 150 Gev
2 mMDT /SD 4= : Zeut =0.1
1F
0
o 20
E-jé L5
£ S 1.0F —
X o5

o

.0 0.1 0.2 0.3 0.4 0.5 0.6
Track zg4

2! d#
—C; r

dPii ig !
Insensitive fuark composition. Can we dodpposite!

[Tripathee, Xue, Larkoski, Marzani, JDT, PRL 2BRD 2017,
based on Larkoski, Marzani, JDT, PRD 2015]

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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Jets are manifestation of quarks and gluons,
but there 1m0 unambiguous way
to tell a quark jet from a gluon jet

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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2017: A Quark/Gluon Conundrum

%«@ % 2019-2022: The Strong Force Reuvisited
A

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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Blind Source Separation for Cosmology

[Planck Outreach]
Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force 21



Blind Source Separation for Quark/Gluon Jets’

While you canOt unambiguously label individual jets, you can
extract andgluondistributions fromhadron-level measurements

I ¥ ¥

¢
I
I # ¥ ¥ KK

_ZF Z

In natural language processing, this is knowatapic modelingO

[Komiske, Metodiev, JDT, JHEP 2018; cf. ATLAS, PRD 2019; using Metodiev, NachydalE B[ZD17; Metodiev, JDT, PRL 2018]
[see also Blanchard, Flaska, Handy, Pozzi, Scott, PLMR 2013; Katz-SamciedsdB&cott, IMLR 2016]
[Yes, for those of you obsessed with these things, | Ripped the color of quark andagiutbrs slide.]
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Fundamental Assumption

One can make jet samples that are mixturesaqi&@k®© and?) O

Pmixed (k) - 1:q pquark (k) + (1 | fq) pgluon (k)

I Jet Features
1 = OQuarkO A A

fa == Mixture A

Quark Fraction

Non-trivial! Assumeg/ mixtures have unbiased jet properties

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force 23



Fundamental Trick

FromA/  mixtures you cardeeneQuark®© and®) O

pa(k)! "ag o (K) (X)! "Ba pPa(k)

Pquark (k) = 11 " (k) = 11 "ox
- OQuark( A A
T Mixture A \,
\’

Choosing# as big as possible yielda@ually irreducibl® distributions

[Katz-Samuels, Blanchard, Scott, JLMR 2016; advocated for in Komiske, M@@OidHEP 2018]
Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force 24




Jet Topics Result from ATLAS

ch

A: Forward

>

TLAS

c T
o L
£ 03 —
S 03[ (s=13Tev, 331" i
% I More forward jet, 1400 < Jet P, / GeV < 1600 .
>
z0 [ ]
= I~ @ Data (stat. uncert.) N
0.2— Stat. ! syst. uncert. |
o - e e Pythia 8.186 A14 7
I _.[ |——| Herwig++ 2.7 7
B [e- |_._| — — Sherpa 2.1 ]
01— | Lo, —
= . :
L ; e |
= },.o..; .—'_o B
- Lo g, 4
ole . il
@ lb5 T
5] -
A C
g C—
14
5 03 T - - - T
c e
B | ATLAS
Z 1
= - {s=13TeV, 33fb .
% I~ More central jet, 1400 < Jet P, / GeV < 1600 7]
z’ i |
=) 02— @ Data (stat. uncert) |
B ° Stat.! syst.uncert. |
- e T Pythia 8.186 Al4
- | _!l;."' Herwig++ 2.7 T
- (8 o — — Sherpa 2.1 -
01— | i .
S L .
B ]. .I:‘_, T
. “Olge . ]
OJ._Q.: L 1 L 1 L Al i SET X
g 1.5 T T T =
B =
B = | -
Ry = B el OO~~~ 00
@
|

Track multiplicity for
Ol'oplc 10 and O O

(1/N ) dN /dn
jet ch
@) o
IN U

O
w

O
N

0.1

| 0
i ATLAS

- Vs=13 TeV, 33 fb?

| 1400 < Jet p, / GeV < 1600

- Topic 1 Data .

Topic 2 Data

Topic 1 Pythia 8.186 A14 —]

Topic 2 Pythia 8.186 A14 |
- --- Quarks Pythia 8.186 A14 ]

Gluons Pythia 8.186 A14 _|

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

[ATLAS

PRD 2019]
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OOk, but donOt jet topics
depend on choice of jet features?0O

Yes! But to Pnd maximal separability
we can '

CWolLa = Classibcation Without Labe

(More accurately, classibcation with noisy lab

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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Reminder: Fully-Supervised Binary Classibcat
Training on pure, perfectly labeled examples

Signal o _
Minimize Loss Functig

(asymptotically

h(k) — Psig (k)
\1 Psig (K) + Porgd (K)
‘ Classiker ‘ Optimal Classiber (NeymanbPears
IMSE = | (h(x)! 1)° . (h(X)! 0)?
(N} signal background

Classibe Inputs

(See backup for Lagrangian formulation of what this is doing)
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Classibcation Without Labels (CWoLa)

Train directly an !

Mixed A | _ Pa (k)
cea (K= 560+ pa ()

® $
O O h (K) = Pg (k)
® pure pq(K) + pg(k)

1 | e '
\‘ pute mbed (,X) >0 |

‘ Classiker ‘ !hpure (X)

Weak supervision yiegddme decision boundaagstrong supervisi

[Metodiev, Nachman, JDT, JHEP 2017; see also Blanchard, Flaska, Han8gdnPiMR 2013;
Cranmer, Pavez, Louppe, arXiv 2015; Dery, Nachman, Rubbo, Schwartzman, JHEP 2017;
Cohen, Freytsis, Ostdiek, JHEP 2018; Komiske, Metodiev, Nachman, Schwartz, PRD Rig$8HOwe, Nachman, PRL 20PRD 2019]

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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The Well-Read CWolLa

Weak supervision meets topic modeling

EEN ' Dijets EFP-Extracted Fractions 1 Z+jet
20 Pythia 8.230, s=14 TeV 1 Z+jet 0.20 Pythia 8.230, s=14 TeV Dijets
R=0.4, pr " [500,550] GeV ' R =0.4, pr " [500, 550] GeV -2 Quark
—n Gluon
- | Topic 1
> 2 1= g
2 15 2 0.15 _I—IL — Topic 2
O ()
Q (@] -—
2 < Z z |, 1
£ 10 2010 1 I
Q0 o) -
o o
o o r
|
5 0.05 | _I I
] (-
L
J o
0 0.00 e
0.0 0.2 0.4 0.6 0.8 1.0 0.0 2.5 5.0 7.5 100 125 150

EFN Soft Drop Multiplicity ngp

: / hpure I [O, 1]

: A A
: : hmixed | Afg B qu B
fg+fg P g +1g

[Komiske, Metodiev, JDT, JHEP 2018]
[using Katz-Samuels, Blanchard, Scott, JLMR 2016; Metodiev, Nachman, JDT, JHEP 27 Jiaéi&RL 2018]
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¥V
e #»
[ # ¥y ¥ KK

: VYV ¥ ¥ KV

il | g
Wi yA

By assuming jet samples are
mixtures of OguarksO and OgluonsO,
one can jet categories
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2017: A Quark/Gluon Conundrum

%«@ % 2019-2022: The Strong Force Reuvisited
A

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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OCollision CourseO

: QTheoretical Physics for Machine Leg
Aspen Center for Physics, January 2

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

32



= Y~ u ~ : OTheoretical Physics for Machine Lez
O CO I I IS I O n CO u rseO Aspen Center for Physics, January 2

(Theoretical)
High Energy

PhYSiCS \

New Insights infaarticle physics*
facilitated by advancesin

(and vice versa!)

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

33



Cue the Montage!
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2019: Point Cloud Learning “EP\%%

Energy Flow Networks

Set-based architecture with
Interpretable latent space

J = F V., V...,V

Vad = Ei!a(dy)
irJ

Collinear singulaiofyQCD!

2.!. Sc dz
Z

—

dPii ig !

[Komiske, Metodiev, JDT, JHEP 2019; see also Komiske, Metodiev, JDZ0IBEEdde at energyl3ow.netwqgrk
special case of Zaheer, Kottur, Ravanbakhsh, Poczos, Salakhutdinov, Smola, NIF
other set-based architecture in Qu, Gouskos, PRD 2020; Mikuni, Canelli, EPJP 2020BxnlarXiv 2020]
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2019: Metric Space for CollldersHEP\’%

Energy MoverOs Distance

for Collider Geometry

\z%\@

CMS 2011 Open Data
AK5 Jets, CHS
Scaled to 400 GeV E D :159.3 GeV

Z
N

Translated Azimuthal Angle !

'R
'R 'R/ 2 0 R/ 2 R

Translated Rapidity vy

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, JDT, Boergegtwork; open data study in Komiske, Mastandrea, Metodiev, NaikRRDI2020]
[based on Peleg,Werman, Rom, IEEE 1989; Rubner, Tomasi, Guibas, ICOZI92®00; Pele, Werman, ECCV 2008; Pele Taskar, GSI 2013
[Bavored variant in Crispim Rom<o, Castro, Milhano, Pedro,Vale, EPJC id@2tided and unbalanced transport in Cai, Cheng, Craig, Craig, PRDPRR®022]
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2020: Metric Space in Open Data

t-SNE Projection

-1 1.0
CMS 2011 Open Data
AK5 Jets, |!€t|< 1.9
FU1[399,401] GeV
o~ 0.8
c
-9 Ll
c @
)
£ 06 =
A n
= n
o 3
c T
3 0.4
> 2.
L )
Z
w
CHS, Tracks, ptf¢ > 1 GeV
Scaled to 400 GeV, Rotated 0.0

t-SNE Manifold Dimension 1

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008; using CMS Open Data]
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2020: Metric Space in Open Data I
t-SNE Projection

- 1.0
Coordinate systerhQCD!
0.8
y Z
0.6 ;Z: {6666) ’
3
043 2! d# dz
= dPiy ig ! ..SCiE?
0.2
- -/
— 0.0

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008; using CMS Open Data]
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2020: Metric Space In Open Data

Correlation Dimension

oD

6
— CMS 2011 Open Data
CMS 2011 Simulation
5\ —=Pythia 6 Generation
5,1\
@ 4N AK5 Jets, |17t | < 1.9
2 “\ °t | [399, 401] GeV
o N CHS, Tracks, pt™© > 1 GeV
g 3 \\ Scaled to 400 GeV, Rotated
I5
2
S 2
@
1
Q
10

Energy ScaleQ [GeV]

Scaling behavafrQCD!

d#
Ci E

— /

Hmm,
distortunderlying physgtcs

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using Grassberger, Procaccia, PRL 1983; KZgl, NIPS 2002; using CMS Open Data]
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2020: Detector Unfolding HEP\’%

Fold detector corrections
via iterated applicatiomadchine-learned reweighting

Detector-level Particle-level
- Data
©
-
Step 2:
Reweight Gen.
Data !n! 1|!!! o o ‘
1S G "
D eneration
2 —
E Z <
p) Push Weights

—

[Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020; + Suresh, ICLR SimDL 2021;
Komiske, McCormack, Nachman, PRD 2021; see unfolding comparison in Petr Baron,APPB 2021]
[see alternative in Bellagente, Butter, Kasieczka, Plehn, Rousselot, Winterhalder, Ardé&tbaeSciPost 2020]
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Oh, thatE

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force
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2021: Launch of IAIFI B

Can we Pnally put thie@in tarelli-Parisi?

|

Must separatquarksrom !

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force



2022: Putting All the Pieces Together

Quark and Gluon Jets EConfronted with , EUnfolded for ,
from the Strong Force  Public Collider Datak Detector EffectsE

- (Q

EDisentangled using Weak Supervision o ETriangulated with
Set-Based Classibers with Topic Modeling Optimal Transport!
e //% _____________________________________

[Komiske, Kryhin, JDT, arXiv 2022; using Komiske, Mastandrea, Metodiiky JOT, PRD 2020
Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020; + Suresh.ICLR SimDL 2021;
Metodiev, Nachman, JDT, JHEP 2017; Komiske, Metodiey, JDT, JHEP 2019; Meto@B\, 2D18;
Komiske, Metodiev, JDT, JHEP 2018; Komiske, Metodiev, JDT, PRL 2019]
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2022: Putting All the Pieces Together

Plus some technical details as to how we extract reducibility factors,
determine correlated uncertainties, and validate the methodE

oD R [ R [ R

0.62 1.0
Const. Multiplicity CMS 2011 with CVU

PFN-Extracted
AK5 Jets, |!1]< 1.9
pet | [475,525] GeV

ROC Curve
AK5 Jets, || < 1.9
P 1 [475,525] GeV

0.60

Jet Topics ROC Curves
CMS 2011 with CVU
AKS5 Jets, |!]| < 1.9

P 1 [475,525] GeV

0.58

T

0.54

9/ 4 slope
m

1 ('=1)

‘2

N const

| | cms 2011 cvu PEN

— Fitwith K =4
Tangents 0.52

Quark Fraction f»
Topic 2 (OGluonO)

1 Anchor Bin
1 L-Fit
0.50 R-Fit

||| |||| Parton CVU T
0 ==

.0 . 0.4 0.6 0.8
Topic 1 (OQuarkO)

4
0.4 0.6 . 0 8.64 0.66 0.68 0.70 0.72 0.74 0.76

Forward Mixture CDF M1 Quark Fraction f1

Once you knoguark fractionghe rest iBnear algebra

[Komiske, Kryhin, JDT, arXiv 2022; using Komiske, Mastandrea, Metodiiky JOT, PRD 2020
Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020; + Suresh.ICLR SimDL 2021;
Metodiev, Nachman, JDT, JHEP 2017; Komiske, Metodiey, JDT, JHEP 2019; Meto@B\, 2D18;
Komiske, Metodiev, JDT, JHEP 2018; Komiske, Metodiev, JDT, PRL 2019]
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Dimensionality of Quark/Gluon Jets

First Principles
CD Calculation:

MOD (Q

—— CVU Topics Gluon-Gluon
— == Pythia Parton = Quark-Gluon
= Quark-Quark

12

10

CMS 2011 Open Data
PFN R-Fit Fractions
AK5 Jets, |'| < 1.9
P 1 [495,505] GeV

Correlation Dimension
()]

-~
]
~~

— — -
- ——

oo NMO

Ratio to Pythia
ORrRRrRr

10 20 40 80 160 250 500
Energy ScaleQ [GeV]

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

dim;; (Q)! — !C| + C; In——

dPii ig !

2! o Cooprl2

Q

Color Factood QCD

2! < d_#
"’ #

[Komiske, Kryhin, JDT, arXiv 2022]
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Dimensionality of Quark/Gluon Jets

MO R

—— CVU Topics — GG/QQ
—=- Pythia Parton —— (GG+QQ)/2QG
LL Theory

CMS 2011 Open Data
PFN R-Fit Fractions
AKS Jets, || < 1.9
P 1 [495,505] GeV

9
T
o
c
Q
0
c
)
£
O
c
9
<
=
S
O

40 80 160 250
Energy ScaleQ [GeV]
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Fully data-driven extraction
quark color ratio

/3

+ 43
+ 4/ 3

[Komiske, Kryhin, JDT, arXiv 2022]
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I5D R

' | N B R R T '
- CVU Topics Gluon-Gluon |
— ==~ Pythia Parton Quark-Gluon ]
— Quark-Quark 1

12

10}

CMS 2011 Open Data
PFN R-Fit Fractions
AK5 Jets, |!|< 1.9
P 1 [495,505] GeV

Correlation Dimension
(@))

~
~
~
[ _
—y Sy
i —

~
Nﬁ

oo NMO

=
O CEREARE TLELE

Ratio to Pythia
OFrRPFPF

20 40 80 160 250 500
Energy ScaleQ [GeV]

We gained new insights into strong force by
fusingadvances in machine leamiitig)
Insights from quantum Peld theory
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Summary

2017: A Quark/Gluon Conundrum

Quark/gluon jets offer an extreme example where
fully supervised learning is fundamentally ambiguous

S A% 2019-2022: The Strong Force Revisited

- ' Jet physics has crossed a important threshold where machine learn
7 ?\2 “ IS now yielding insights that go beyond traditional analysis technique
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Backup Slides
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MOoD

QCD through the Lens of Condensed Matter

<+ 4+ CMS 2011 Open Data
re) 10° CMS 2011 Simulation
% —= Pythia 6 Generation
o
5 AK5 Jets, |!et| < 1.9
$ 10 2| P& 1 (375 425] Gev A ——
x CHS, p?F¢ > 1 GeVv - 1
o s -
— - ‘
8 e by
- \
w 10 4 /- \
p /./-' H
D S '
N e
G ot
g 10! 6 /’,-I-"'
(@) 7 '|'+
£ |r' t
it
10 8 14 :
10 ° 10 4 10 3 10 2: 101 10°
I R :
< >

[Komiske, Moult, JDT, Zhu, arXiv 2022; see talks by Moult, BOOST AQDST 2020]
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Hadronic Phaseé

Partonic Phase
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QCD through the Lens of Cosmology

[Chen, Moult, JDT, Zhu, arXiv 2022]
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_ _ Patrick Komiske Eric Metodiev
Principles of 3 ,
Fundamental ' .

Ph SiC “ l' e’
y \* <« '-‘—"“
Robustness of Energy Flow

[Komiske, Metodiev, JDT, JHEP 2018]

Energy Flow
Networks

https://energyRow.network/
[Komiske, Metodiev, JDT, JHEP 201

Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

[Zaheer, Kottur, Ravanbakhsh, Poczos,
Salakhutdinov, Smola, NIPS 2017]
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Triangulating the Space of Jets '@= &"@e! 8

1mJ

[Chu, MIT News July 2019]

158.7 GeV

205.8 GeV

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, JDT, energgfiwork;
see alternative graph network approach in Mullin, Pacey, Parker, White, WillialfaR, 2021 ]
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Rapidity-Dependent Quark/Gluon Fraction

MOD R

1.3

1.2| Rapidity Spectrum CVU Topic 1
CMS 2011 with CVU — CVU Topic 2

11 AKS Jets, |11t | < 1.9 —-— Pythia Quark

1.0| Pr ! [475525] Gev Pythia Gluon

0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0'-02.0 -15 -10 05 00 05 10 15 20

Pseudorapidity !

A A

Fractions

[Komiske, Kryhin, JDT, arXiv 2022]
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Forward/Central Differences

Multiplicity Weak Classibcation Weak Regression

[ R MBI D R

0.04
CMS 2011 |O|pen Data - - CVU Forward CMs 2011|O|pen %ata -+ -+ CVvU Forward CMS 2011|O|pen Data -+ -+ CvU Forward
0.035| AKS Jets, |!|< 1.9 AKS5 Jets, || < 1. AKS Jets, |!| < 1.9
P I [475,525] GeV CVU Central 15| p* 1 [475,525] GeV CVU Central P | [475,525] Gev CVU Central
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8 0.015 Ei 1 S 10 )
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Constituent Multiplicity N const PFN Classibcation Model Output PFN Regression Model Output

[Komiske, Kryhin, JDT, arXiv 2022]
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Extracted Fractions with Different Observables

Traditional Observables

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5

Extracted Log-Likelihood Ratio In Ly ,m ,

MOD

Anchor Values | | Anchor Bin
CMS 2011 with CVU | | L-Fit
AKS5 Jets, |"| < 1.9 | | R-Fit
prt 1 [475,525] GeV —.  Parton CVU
I I-I 1.1
o |
|
I | | |
| I |
|
I
L. |
e = v e ¢ — — — — —] I-rl._ l_|..l _______
1
|
N const Nos p.? !é! =1) !](-! =1) m
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Extracted Log-Likelihood Ratio In Ly, ,
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Weak Supervision

MOD

Anchor Values | I Anchor Bin

CMS 2011 with CVU | | L-Fit

AKS5 Jets, || < 1.9 | | R-Fit

pr' 1 [475,525] GeV —- Parton CVU
- _._I..I_._.J_l_q. ............... —

[ 4] I
—.—.T.I—.—.-I_.l_r.—..'_l_'-.—-i—l-J-.—.—
PFN Cls. PFNReg. EFNCls. EFN Reg.

Observables
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Extracted Quark Fractions
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o
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o
=

o
o

Quark Fractions

MOD Q

CMS 2011 with CVU
AKS5 Jets, |!]| < 1.9
Pt 1 [475,525] GeV
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Three Different Strategies fo¥

Likelihood Ratio Fit
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Six Traditional Observables
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Testing Sample Independence
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Unfolding Checks
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Likelihood Ratio Trick e presced inthis form

Key example simulation-based inference

Goal: Estimatep(x) /
Training Data: Finite samplsand
Learnable Function: parametrized by, e.g., neural networks

Loss Function(al):L = ! logf (x) 5 T fx)! 1 o

: X
Asymptotically: arg minL = & Likelihood ratio

f(X) q(x)

_ ' X . .
| min L = dxp(x)log % KullbackbLeibler divergence

[see e.g. Cranmer, Pavez, Louppe, arXiv 2015; DOAgnolo, Wulzer, PRD 2C
simulation-based inference in Cranmer, Brehmer, Louppe, PNAS 202
relation to f-divergences in Nguyen, Wainwright, Jordan,AoS 2009; Nachman, PRile2021]
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Likelihood Ratio Trick e presced inthis form

Key example simulation-based inference

Asymptotically, same structure aagrangian mechanlics

Action: L = dxL(x)

Lagrangian: L(x) = ! p(x)logf (x) + g(x) f(x)! 1

|
Euler-Lagrange: - 0 Solutiorf: (x) = P(x)

| f q(x)

Requires shift in focus from solving problspesifying problems

[see e.g. Cranmer, Pavez, Louppe, arXiv 2015; DOAgnolo, Wulzer, PRD 2C
simulation-based inference in Cranmer, Brehmer, Louppe, PNAS 202
relation to f-divergences in Nguyen, Wainwright, Jordan,AoS 2009; Nachman, PRile2021]
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Machine Learning Requirements

If you have in handE

Ethen you can leverage ML!

Many HEP tasks can heé

Physics input essentfalr robust usage of these tools

[see HEPML-LivingReview for extensive bibliography]
Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force 66




Jesse Thaler (MIT, IAIFI) N Weak Supervision for the Strong Force

67



