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Monte Carlo Event generators

@ Meson
A Baryon

W Antibaryon
© Heavy Flavour
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Monte Carlo Event generators
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Hadronization

o/ o
. . g ° o .. .°o o
The conversion of a partonic system ST | /225 8 26
consisting of quarks, anti-quarks, and VA& “

gluons (¢4, 999, 99, 999, 9999, 99999 - - -)

to a final state consisting of hadrons
(hi,ha,..., hy)-
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Phenomenological models

Lund string model Cluster model
(used in Pythia) (used in Herwig, Sherpa)
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Phenomenological models

Lund string model
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Phenomenological models

Lund string model Cluster model
(used in Pythia) i i

HadML collaboration
(E,-p) (E,p)
(@) ——@ For ML methods applied to
" the cluster model:
(E —p) (En, pn)
. 2203.12660, 2305.17169,
2312.08453
% Ep,p —Pn)
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The "atomic” hadronizing system:
Quark-antiquark (qq)

A Baryon
¥ Antibaryon
@ Heavy Flavour
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The algorithm (qq)
(E,—p) , (

1) Randomly select one of the string ends
2) Sample string break flavor
3) Sample transverse momentum of new quarks
2 2
1 pL+D
P(pazapy§ UpT) — 702 exXp (_ o )
T pT
4) Sample longitudinal momentum fraction of

new hadron

(1 —2)® —bm4, _ P+ By
Fl2) oo By (001 o = B2

2E; = W~

5) Repeat steps 1-4
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The algorithm (qq)
(E,—p) , (

1) Randomly select one of the string ends
2) Sample string break flavor
3) Sample transverse momentum of new quarks
2 2
1 pL+D
P(pazapy§ UpT) — 702 exXp (_ o )
T pT
4) Sample longitudinal momentum fraction of

new hadron
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The algorithm (qq)
(E,—p) , (

1) Randomly select one of the string ends
2) Sample string break flavor
3) Sample transverse momentum of new quarks
2 2
Pz TP
P(pazapy§ UpT) = m,lz exp (_ o )
pT pT
4) Sample longitudinal momentum fraction of

new hadron

(1 —2)® —bm4, _ P+ By
Fl2) oo By (001 o = B2

5) Repeat steps 1-4
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The algorithm (qq)
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The algorithm (qq)
(E,—p) , (

1) Randomly select one of the string ends
2) Sample string break flavor
3) Sample transverse momentum of new quarks
2 2
Pz TP
P(pazapy§ UpT) = m,lz exp (_ o )
pT pT
4) Sample longitudinal momentum fraction of

new hadron

(1 —2)® —bm4, _ P+ By
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2Eq = W_
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The algorithm (qq)
(E,—p) , (

1) Randomly select one of the string ends
2) Sample string break flavor

new hadron

1—z) —bm B
(1—2) exp mi ,Z:u
2 2 2F

f(z)

5) Repeat steps 1-4
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4) Sample longitudinal momentum fraction of
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The algorithm (qq)

(E,p)

(E7_ )
@) @) —

1) Randomly select one of the string ends
2) Sample string break flavor

3) Samplatrancuerce mamentum of new anarke <\
»{ When Ecv goes below ~2GeV, finalTwo
is called. This can fail, when it does,
the full string system is re-simulated
from the beginning.

4) Samyj
new h

f(z)

Y

wt = 2E,

exp
2z

5) Repeat steps 1-4
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The algorithm (qq) ;

(E,p)

(Ea_)
— ) () — A i 1 /
A A

1) Randomly select one of the string ends
2) Sample string break flavor
3) Sample transverse momentum of new quarks
2 2
Pz TP
P(pazapy§ UpT) = m,lz exp (_ o )
pT pT
4) Sample longitudinal momentum fraction of

new hadron

(1 —2)® —bm4, _ P+ By
Fl2) oo By (001 o = B2

2E(j =W | 2Eq

5) Repeat steps 1-4
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The algorithm (qq)

A
(E7 _p) I |
— J ' Hun | Hadronization data-structure
S; - S, - Sny,,., |Histories
1) Randoml A q
2) Sample n ccepte >c),
3) Sample t — — = )
p( Shl' ‘ 'Shc' ‘ ‘ShNh Chains l
P .
4) Sample Iq {mhla -E.’hlaphl}
new hadrs = =~ o
(1 Shel'”"Sheb " "ShelNne [ Breais |y o EhNyaas PhNyaa )
; | . had had had JJ
f(z) oc — _ Event
{z, Apr, m, fromPos, ﬁ:ﬁtrmg}hcb
5) Repeat st
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Why?

Precision (exclusive) measurements are sensitive to hadronization!

« Uncertainty reduction éjjjjz o
- Top quark mass measurement (ry) ekl i
- e*e determination of a. _ ™ :::izz% ﬁ
* Mis-modeling bias k e b e e
- High-multiplicity events _gsooo: :1323:::7;::
- Tuning discrepancies g 3:333
‘o 0z 02/;6 TREETRE ETRE 23 /fns 05 10
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Why?

Precision (exclusive) measurements are sensitive to hadronization!

H 4 e s Charged Multiplicity (udsc) i“ Charged Momentum Fraction (udsc)
* Uncertainty reduction N . T
3 —+ PY8(Monash)  mo05 0.1 % Ok —o PY8 (Monash) 09 00
] 1 —o— PY8 (Default) 0.7 +0.1 5 S —=— PY8 (Default) 0.5 +0.0
— Top quark mass measurement (rb) & 10_12 —x-- PY8 (Fischer) 21402 25 T = PY8 (Fischer) 0.5 40.0
E Y £
1 0'2 ; 1 0—1 ;7
- e*e determination of as 0L f
10* % 102 ?
10'5 ; Data from Phys.Rept. 399 (2004) 71 . Data from Phys.Rept. 399 (2004) 71
E/ Pythia 8.183 10'2 Pythia 8.183
10'6 [l . . | . . E
14F X AN 14F
. . . Iy E Xxy% \ © F
* Mis-modeling bias L\“ emntlll | g
g 1 5 T‘*‘Xxxy’x = = i g 1 F
< 08F4" < 08X
—_— H. h I H I. H ’_0'6; L L L | L L L | L L L | ’_0'6:
iIgh-multiplicity events 5 20 # o
ch

- Tuning discrepancies

Cannot be improved by retuning
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Three roads to improvement

* Improve model * Tend towards model

— MPIs, rope hadronization, transverse mass independence
supression, flavor asymmetries, hadronic _ o
rescattering, multiscale models (string - — Sample directly from global distributions

hydrodynamical), flavor selector, etc. Non-universal and extremely difficult

Hard to come up with mathematically to convert into representative particle
precise model without established flow data (uninterpretable)
calculational techniques

* Improve observables

— Come up with better, hadronization
sensitive (IR unsafe), observables

New observables must be measured
by experiments = time + $$$

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models 21



Three* roads to improvement

* Improve model * Tend towards model

— MPIs, rope hadronization, transverse mass independence

supression, flavor asymmetries, hadronic _ o
rescattering, multiscale models (string > — Sample directly from global distributions

hydrodynamical), flavor selector, etc. Non-universal and extremely difficult

Hard to come up with mathematically to convert into representative particle
precise model without established flow data (uninterpretable)

calculational techniques

*
* Improve observables orsome
. . combination of all
— Come up with better, hadronization

sensitive (IR unsafe), observables three

New observables must be measured
by experiments = time + $$$
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Data-driven fine tuning

The phenomenological models of hadronization already give
an acceptable description of a large amount of data.
Hybrid approach: Keep the underlying paradigm e.g. strings but modify

the microscopic kinematics to accommodate the discrepant global
experimental observables.

The a parameter

a=09 a=01

157

1.0}

057

02 04 06 08 1.0
b=1GeV~2 m, =1GeV
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1.5}
1.0}
05¢

The b parameter

b=0.5 b=2.0

+ &

02 04 06 08 1.0
a=0.5m; =1GeV
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Data-driven fine tuning

The phenomenological models of hadronization already give
an acceptable description of a large amount of data.

Hybrid approach: Keep the underlying paradigm e.g. strings but modify
the microscopic kinematics to accommodate the discrepant global
experimental observables.

The a parameter The b parameter MaChine Iearning Oﬁers
. e b a nice framework to

207

o +e tackle this problem

05¢

157

1.0}

057

02 04 06 08 1.0 02 04 06 08 1.0
b=1GeV~2 m, =1GeV a=05m; =1GeV
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

f(z)

Base model

(-2 (_bsz>

Z z

Tony Menzo (U. Alabama + Fermilab)
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

f(z)

Tony Menzo (U. Alabama + Fermilab)

A
Base model -« = Base model
1 —2)° —bm?
(L2 o (o) i
Z z ‘/' '\
P .
7 \
/7 \
0/ \
R4 \
/ .
’ \
/7 \
/ \
/ \
> b \ >
> Observable
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f(z) 4

MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

A
Base model = = = Base model
a — - = Experiment
f(z) x d-2r ex (—bm%) v
VA p zZ . 0’ .\
7 \ 7 A
Vg A ‘
/ QA‘
/' ./ \ \
/ RANEEE |
R4 f |
e \ .
/ \ |
: e Vo
K P ..
/ Vo
/ Vo
- L. Ly
z Observable
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f(z) 4

MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

Base model
Perturbed model

Tony Menzo (U. Alabama + Fermilab)
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A
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— = Experiment
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/' 4 \_ |
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

A — = Base model
Base model .
— - = Experiment

Perturbed model .
R NOE}

Perturbed model

Tony Menzo (U. Alabama + Fermilab)
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

B del A —-—= Base model =-= Perturbed model’
ase mode .
bed model — = Experiment
Perturbed mode
, Perturbed model
Perturbed model A ADOE
7/ 7 RAY
. .\
/ R4 . \
V4 ‘/ ./ \ ] ‘
7, 7 / \ P
/ V4 / . ‘ .
‘ . | TR |
v, 7 7 1 -
P Ve
* * - I L]
/ 0/ 0/ ‘ - l
R4 K4 “l I
1y 2 A
11, 7 v 1
- ’/ '\‘ ">
’
z Observable
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

Base model
Perturbed model

Perturbed model’
Perturbed model”

>
Z

A —-— Base model =-= Perturbed model’
— - — Experiment = - = Perturbed model”
Perturbed n'_l.ode‘I P
T,

PRI A N

VAT A

7, 7 R SR T

S Wl

/ 0/ 00, \ . '

/. 0/ "/ ‘ l- '

v / ’0/ ; I ’

/ /’ 7/ \_.| !
7, J/ \.

0/ “/ “ !

\ |>
Observable
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4

"

Base model
Perturbed model

How to choose
perturbed model?

Tony Menzo (U. Alabama + Fermilab)

>
Z
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f(z) 4

Tony Menzo (U. Alabama + Fermilab)

MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

Base model Mf VS ML

Perturbed model
* Vary Lund parameters * ML-based (data-

\ (traditional driven) fragmentation
“manual’/semi-"manual” function
Howtochoose ., ..., - MAGIC, HOMER

perturbed model?

* Hybrid - keep Lund
fragmentation function,
promote Lund parameters
to differentiable objects
> Rejection sampling with

> autodifferentiation (RSA)

Z
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MLHAD - efforts: big picture

Solving the “inverse problem of hadronization”

f(z) 4 =< s ML
Machine learning

* ML-based (data-
driven) fragmentation

function
> MAGIC, HOMER

Form of universal
function/distribution approximation.
Data

n

ep Lund

tion function,
und parameters
tiable objects

n sampling with
erentiation (RSA)

Inputs —p» —» Prediction
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The "reweighting revolution”

2308.13459 ,2411.02194, 2505.00142, 26xX.XXXXX

I-|r-1 collaboration w/ M L H A D

Nick Heller, Ben Nachman, Andrzej Siodmok
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Kinematic reweighting (230s13459)

A

P : Rejection sampling:
z,0
b—05 : b=20 Acceptance probability: P,cccpt = ]%
2.0 | '
15 3_ Rejection probability: Preject — 1 — Paccept
1.0; W L Paccept<z; /)
0.5 aocept Paccept (Z; 9)

)

02 04 06 08 1.0 1 — Paccept (2 60')
Wreject —
a=0.5m; =1GeV 1 — Paccept(2;0)
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Kinematic reweighting (230s13459)

P : Rejection sampling:
z,0
b=05 Lo — 20 Acceptance probability: P,cccpt = ]%
2.0} '
15 Rejection probability: P giect = 1 — Paccept
o _ p(z0)
0.5 Hacert T (2 6)
02 04 06 08 1.0 o Pop=0)
o =
a=05m, =1GeV P p(20)
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Kinematic reweighting (230s13459)

A - p(z,0)
/ —; N 7 \‘ ~
/ \'/ \_ P
! SN, !
: /A \
! / \ \ P, accept
oy \ \
'y LN
!/ Lo
I 7 o
| w = [Twi >4
g
Observable
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Kinematic reweighting (230s13459)

Rejection sampling:

A

P

Tony Menzo (U. Alabama + Fermilab)

1h1

acceptﬂ reJect7 o

1h2

acceptﬂ reJect7 o

JLhs

acceptﬂ “reject?

lhl

accept’ reJect’ Y

Data-structure:
] ([ [{mr
4 zZ1 = {m
1 {ms*,
1 z= {m
z9 =
( [mls,

1h4

acceptﬂ reJect7 o

nhl,hl
* “reject

nhz,hg
* “reject

nh37h3
» “reject

nhl 5h'1
? “reject

nh4 7h'4
’ zreject

1

2

)

Nh,n

=1

(

f(zgécept; {CL, b}P) )
f(zgécept; {CL b}B)

XH(

f f( reJect? {CL b}P)

f f( reJect’ {CL b}B)
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A

P

Kinematic reweightindg (230s13459)

L

|

Data-structiy
( {m

Z1 = {m

{m

2= {m
{m

0.12 - (a.5)
0.68,0.98)
0.10 - ).72,0.88)
64,1.08)
0.72,0.88) — (0.68,0.98)
0.08 - Model 2 N | [£277(0.64,1.08) - (0.68,0.98)
0.06 - & n
0.04 - - || Model 1
|| Target
002~ 0
[)-U(} 1 I .l
10 15 30
Ny,

Tony Menzo (U. Alabama + Fermilab)
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A

P

Kinematic reweighting (230s13459)

Rejection sampling:

L

Data-structure:

{mh2,

Z1 = {m
{mhs,
{mi%,

{mhs,

Tony Menzo (U. Alabama + Fermilab)

1h1

acceptﬂ reJect7 o

1h2

acceptﬂ reJect7 o

,Lha

acceptﬂ “reject?

1h1

accept’ reJect’ Y

1h4

acceptﬂ reJect7 o

nhl,hl
* “reject

nhz,hg
* “reject

nh37h3
» “reject

Nhy R
? “reject

nh4 7h'4
’ zreject

1

2

Differentiable! — RSA

Nhn

=11

(i

accept) {CL b}P)

accept ] {CL b}B)

)

F— F(0  {a,b)p)
: H (f 0 5 {a b B)

)
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x?-loss landscape

A NONENORT
. _ sim
£X2 (ysim?yexpﬂ ’UJ) - 2 i 2
T Usim,’i Oexp,i
L /Eé.so

1.1

1.0

0.9

0.8
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" 1.000

= 0.975
0.950

0.925

—0.5

—2.0

log (Laa{Nn]])

_/7‘1".'6
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No free lunch

Statistical power drops off
quickly as you move away
the base parameterization

from

Model 1 Model 1

w1 B . B ~ 1w
0.8 ) 08

0.6 7 0.6

Tony Menzo (U. Alabama + Fermilab)

—6
T T T T
050 075 100 125 150 050 075 100 125 L50
[0 [
® DBase *  Target
Model 2 Model 2
1.6 L6
H 1
1.41 1.4
- :
E
1240 2. 12
= ] o e
101 N [ | =~ 1w
N 2

0.8 B 0.8

| .
0.6 0.6

T T T T T
0.50 075 L0000 125 150 050 075 L0012 1.50

@
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ML-based observables

* Train a deepsets classifierto ;.

distinguish simulation from | Hode1 1y
experiment g |
g 47
- Takes full event information as - o
input
0
(E' pXr pYI pz)1
(EI le pYI pz)2 B °
-
2 -

Use trained classifier output
(score) as an observable 0

035 040 045 0.50 0.55 060 065 0.70
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1.1041 *  Target
® Base
2770 1D : {Ny)
1.05 Iy 21 {SI,I\’}E} ,”::;,:»""-"7;,’/
CI21 3D {Sy, Sa, Ni) e 5/
r ¢

Classifier score with full event
info improves tuning
convergence —
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1.10

*  Target ‘
® DBase

Analytic form of (z) is useful but potentially limiting

cd when trying to describe data.
inf]

0 Can we extract the fragmentation

function directly from data?
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Microscopic Alterations Generated
from IR Collections
4 (2311.09296, 25xx.XXXX)

Histories and Observables for Monte
Carlo Event Reweighting
(2410.06342, 2503.05667, 2509.03592)

MLHAD

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models
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MAGIC

+

HOMER

(2410.06342, 2503.05667, 2509.03592)

(2311.09296, 25xx.xxXX)

MLHAD

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models

48



MAGIC: Invertible nerual networks (INN)

a.k.a normalizing flow

fi(z0)  f2(21) fn(zn-1)

> 27 > Zn
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Base model

Normalizing flow

Ji(20)  fa(z1) fn(zn-1)

Z0—>» 21— - — Zp,

2 LNE NN wll

Flow — I

<4----C;

Tony Menzo (U. Alabama + Fermilab)

>
z

MLHAD — efforts: MAGIC

A
-« = Base model
— = [Experiment
™ ’ y
/’/ Nos N
. ¢ \
’ K .
7 RAA \
0/ ’/ ‘\ l
/ R4 ’ .
ya R4 \. I
/' / \ |
3 ‘/ ‘ i
./ / - -
/ 7, ‘_ |
/ R LI |
» / - .
| Ly
Observable
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MAGIC: Base model

Tony Menzo (U. Alabama + Fermilab)

——

NF
PyTHIA

Density
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MAGIC: Base model

17500 -

15000 -

12500 -

unt

= 10000 1

b

(

C

100 GeV

PyTHIA

[ 1 NF

(N,) = 6.34 £2.21
(Ny) = 6.38 £2.19
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MLHAD — efforts: MAGIC

Base model
Perturbed model

Normalizing flow

Ji(20)  fa(z1) fn(zn-1)

Z0—>» 21— - — Zp,

Tony Menzo (U. Alabama + Fermilab)

A
-« = Base model
— = [Experiment
. / . - .\ /" " \‘
Rd A \
’ K .
./ \ \
R4 \ |
R4 f |
’ v
/7 \ |
/ Vol
/ Vo
/ Vo
| Ly
Observable
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Tony Menzo (U. Alabama + Fermilab)

MLHAD  efforts: MAGIC

Base model
Perturbed model

Normalizing flow

Ji(20)  fa(z1) fn(zn-1)

Z0—>» 21— - — Zp,

—L(z:2) NI wll

Flow >

A —- = Base model
— = Experiment

Perturbed model

i
'.
|

, i
|
i
j

S
Observable
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MLHAD  efforts: MAGIC

f(Z) A A —-— Base model

Base model
Perturbed model

— = Experiment
Perturbed mode

Normalizing flow

fi(z0)  fa(z1) fn(zn-1) 0/

Z)—> 2] —> - — 2, /

- =2 LNLNON wll /’

FIOW > 7 ¢

Z Observable
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MLHAD  efforts: MAGIC

A —-—-—18B del
Base model ane THOTe

Perturbed model
Perturbed model’

— = Experiment
Perturbed mode

Normalizing flow

Ji(20)  fa(z1) fn(zn-1) /

Z)—> 2] —> - — 2, /

L(z,3) (-\mm& T ya

Z —— bl /0
z —> Flow % AN v
<=-9C; /‘

Tony Menzo (U. Alabama + Fermilab)

> i
DL Observable

The journey towards differentiable hadronization models

56



MAGIC: qq

x 10
304 &, 44992923 mmem Base _
Sl 1 .
2.91 Fine tuned B
2.0+ 84
a g,
~ 1.54 CS
1.0 1
9
0.51
I} 1 i
0.04 * :
0.0 0.2 0.4 0.6 0.8 1.0 0

p:
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argmin L[ f] = = L(x)

Null hypothesis

Minimize binary cross-entropy

p(z | bo) ] -
€T) = 2] » Relative
/(@) p(x | 6) +px | 61) Rejeetim/r; frequency
(z]60)
f@) GG p(x | 6o) _ 2@l ) _ 4o
1—fz) 1 p(z|%) p(x | 0o) +p(x | 61) —plx | ) plx]0:)

~ p(x]o)+p(x]01)
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Training

Evaluation

SNdata

—

S accept

§1

reject

—
SNh.,c

oNp—1
Sreject

Chains

Breaks

Simulated data

Tony Menzo (U. Alabama + Fermilab)

1 — y(Zn)
Step 2
& l—> wlen)m
R _Ei}%—ﬂz Wy--e-*
Step 3

{S’}test_> R éu_j—bfdata(z)
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MLHAD  efforts: HOMER

Base model

Tony Menzo (U. Alabama + Fermilab)

>
z

A
=« = Base model
— = [Experiment
™ ’ y
/‘/ \‘ /‘ \.
. ¢ \
’ K .
7 RAA \
R4 \ |
R4 ! |
’ v
/ \ |
3 ‘/ ‘ i
./ / - -
/ v
/ Vo
| Ly
Observable
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MLHAD  efforts: HOMER

Base model

-« = Base model
— = [Experiment

. ’ "

. . \

S0 N
7 R !
7 ./ \ \
/ R4 \ |
/ R4 :
/ R4 \. I
/7 R4 vV
3 ‘/ ‘ I
K4 P . .
7 Vo
R (|
7 - .

) * \ |)

z Observable
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MLHAD  efforts: HOMER

Base model

Tony Menzo (U. Alabama + Fermilab)

>
z

-« = Base model
— = [Experiment

w = | |wz TN TN

7 \

l /‘ ‘-
I \
L. \
Observable

i
'.
|

. " i
|
i
i

-
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MLHAD  efforts: HOMER

Base model

Tony Menzo (U. Alabama + Fermilab)

>
z

-« = Base model
— = [Experiment

w p— | | w,i ‘/‘-0\ /".\‘

7

by \

\
\

\
1
I
v
I
I
I
[

>
Observable
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MLHAD  efforts: HOMER

Base model

Tony Menzo (U. Alabama + Fermilab)

>
z

-« = Base model
— = [Experiment

w p— | | w,i ‘/‘-0\ /".\‘

e X \
./’ '\ \
K R4 \ |
/ R4 :
ya R4 \. I
/‘ \ |
3 ‘/ ‘ I
./ P . .
/ 7, ‘_ |
/ R LI
» . / ‘\ .
L< 1y
Observable
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MLHAD  efforts: HOMER

Base model
Perturbed model

Tony Menzo (U. Alabama + Fermilab)

>
Z

A
=« = Base model
— = [Experiment
™ ’ y
/‘/ \‘ /‘ \.
. ¢ \
’ K .
/' ./ \ \
R4 \ |
R4 r |
’ v
/ \ |
s ‘/ ‘ i
K4 P .
/ \ |
/ Vo
| Ly
Observable
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1.0
0.8

Ratio

HOMER: qg

[ 1. Data

[ Simulation

HOMER
Best NN

== % { N
X2 / 1I\rl)itxs = 35
XZ / 1I\Fh'1ns =9

5706

Tony Menzo (U. Alabama + Fermilab)

0.8

1.0

0.107

Density

0.00

Ratio
O = =

[1]

1

H

Simulation
Data
Classifier
Inference
HOMER
Best NN

Exact w.

Y
—

0o O N

15
ny

10

— %%/ Nyins = 11679
X2/ Noins = 6.03
X2/ Noms = 36.52
X/ Noms = 323
x® / Ngms'= 3.37

— X*/ Noins =125
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HOMER: w/ gluons

Evaluation Training = =-==----- Accepted chain (Sij) Step 2

“ws Th,
2 %H wix Ny ([T — 1)
_le ,C
| Ts\,

_th c l

o NNdata c |
Niata (H w X N) )
_— wclass(eh) N e winfer(6h7 6)
I - j I
i =1 i
! !
e L cimmm e 2
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Two “solutions"” to the inverse problem of

hadronization
MAGIC HOMER
* “"Top-down" * "Bottom-up”
* Relies on the construction of * Relies on the reconstruction of a
an explicit likelihood classifier weight (derived from
(normalizing flow) the score) from a product of

string-break weights
* Must be embedded into the

simulation pipeline * No modifications to the

simulation pipeline required
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The road ahead

(E7 _p)

— () ——— (@)

is called.

Tony Menzo (U. Alabama + Fermilab)

When Ecv goes below E..., final Two

Y

The journey towards differentiable hadronization models
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The road ahead

(E7 _p)

This system has two limits:
1. Ecm >> my \ °®

- Random walk in f(z) ° ¢

2. ECM ~ Mhp

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models
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The road ahead

(£, —p)

, , ( (E,p) ® Fail finalTwo

This system has two limits:
1. Ecm >> my, % %

- Random walk in f(z)

2. ECM ~ Mhp
- f'(z) influenced by finalTwo

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models
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The road ahead

(E7 _p>

- @N@ ﬂ ® Fail finalTwo

We want to extract f(z), not f'(z) — cleaner
extraction would factorize these two pieces.

How?

- f'(z) influenced by finalTwo
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The road ahead

(E7 _p>

- @N@ ﬂ ® Fail finalTwo

We want to extract f(z), not f'(z) — cleaner
extraction would factorize these two pieces.

How? Maybe another time... :)

- f'(z) influenced by finalTwo
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Conclusions

* RSA: flexible, scalable, replicable approach to tuning

- ML-based observables, optimizers, infrastructure

- Uncertainty quantification, scaling with parameter dimension

* Data-driven fragmentation function:

- HOMER and MAGIC offer as complementary methods
* HOMER + flavor, tackle real data soon?

* Better observables needed MLH A_D

* HOMER x MAGIC

» Better likelihood models? (MAGIC+)

Tony Menzo (U. Alabama + Fermilab)

https://uchep.gitlab.io/mlhad-docs/
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Conclusions

* RSA: flexible, scalable, replicable approach to tuning

- ML-based observables, optimizers, infrastructure

- Uncertainty quantification, scaling with parameter dimension

* Data-driven fragmentation function:

- HOMER and MAGIC offer as complementary methods
* HOMER + flavor, tackle real data soon?

* Better observables needed MLH A_D

* HOMER x MAGIC

» Better likelihood models? (MAGIC+)

Tony Menzo (U. Alabama + Fermilab)

https://uchep.gitlab.io/mlhad-docs/

Thank you :)
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Tony Menzo (U. Alabama + Fermilab)

Back-up
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Stringy hadronization: overview

Consider the simplest hadronizing system:

A qq pair oriented along the z-axis, with equal and
opposite momentum.
Treat this as a semi-classical system with potential A R
\:x:/
V (/r‘) — /{T 1’/ \\w

A color flux tube forms between the qq pair and in
the absence of string breaks the system follows a
‘yo-yo' motion

—2z —— 2B/ ——— +z
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Flavor reweighting (2505.00142)

Consider Nureaks String breaks. If strange breaks are p= P
suppressed by p compared to light quarks, what is the 2+p
probability to producing ns breaks?

New string
break

Npreak _ o =
P(”sE’Nbreaks> — ( rnfeil S>pnss(1 _p>NbreakS Ns3 u o1 \
S8S
1

P(,O/) (p/>nss (1 . p/>Nbreaks—nss
w = p— —_—
P(p) p 1—p

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models
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Flavor reweighting (2505.00142)

COnSider Nbreaks Stl’in — L
p pr—
suppressed by p col % ! 24
probability to produ Quark |- .
1
break
P(nSE’A]\fbreaks>I
dd
P /
o L)
P(p)
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MAGIC: Invertible nerual networks (INN)

a.k.anormalizing flow Fi0) fa(z1) Fu(on)

20— 2| —> - — Zp,

Invertible Real NVP transformations: ) T;
qu@ NN I
z

z’l =z1 O exp (51 (22)) + t1(22),

/ / /
Zo = 29 ®exp (32 (zl)) + ta(27), N Flow — 7
/ \ C,————» <3———=C;
Scale transform  Translation Ot =2
transform Coor
Inverse: Z— < s1t €S2t — 2
22— (2 — £ (1)) Gexp (— 5(21), ol L

21 = (2) — t(22)) @ exp (s (22)).
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Invertible nerual networks (INN)

a.k.a normalizing flow F1020)  fa(21) fn(zmo1)

0 > 21 > .-

=z . > Zn
Learn a composition of n independent T
bijective transformations that relate a Fﬁ(za z) ﬂ ﬂ ﬂ l
z

probability distribution pz(z) on latent —

space Z to the target distribution px(x) . -
on target space X. ] ’ Flow > xy

C,———-» ---=C;
The probability distribution for the .
random variable x = f(z) is given by For n iterative transformations:
Pk (@) = pz(2)| det Jp(2)| ! X (@) = pz(z0) [ ] I det J7, (zi-1)| !
1=1

Jr=0f/0x
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Invertible nerual networks (INN)

a.k.anormalizing flow Fi0) fa(z1) Fu(on)

I n 1 20 —> 2] —» - —> Zp
Py (x) =pz(20 det Jr (zi—1)|" . €T;
x (@) ( )};[1‘ f:(zi—1)] L(z, %) ﬂﬂm i
Train with the negative log likelihood: B
N z +— Flow > T
LNy = _Zlogpf((mmeaca) Ci————» J====C;
a=1
—Z{ logpz (F~ " (wa; 0, cq)) + log | det Jp—1(24) |} Zl—C;)—-!——’le
z— < S1. 11 € S2 19 S—
2y—d 4 (:D—%I——-»Z’Q
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ML-based observables

* Train a deepsets classifierto .
distinguis :
experimel

_ Takes fu :.Einfonnatiom
input
rlr —@ > 50
p
Use tr
(score) as an observable 0

035 040 045 0.50 0.55 060 065 0.70
S
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INN learned mapping

84
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INN learned mapping

1.4+
I
L2 W e n

rof JIE U e

V| o
o6 [ W |

pr
)

0.44 A
e !

| | | /
0.0 |7
0.6 08

0.0 02 04 1.0 50 -25 00 25 50
Pz 21

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models



Training data

The implementation of full hadronization event using single emission kinematics
requires an independent pr sampling followed by a pr-dependent sampling of p,
sampling (due to the dependence of f(z) of transverse mass).

Generate Pythia qq > h
events, first with no pr
kicks at different values of
the hadron mass, record p..
Generate events again,
with kicks turned on,
record pr.

1.60 1.|25

pr
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MAGIC: qq

Use hadron multiplicity N as global event-level observable

{pl ,pT} {pl ,pT} {ple ,pT Sik Ny =3
5 (ke Pt} {p2, P} (ol ,pT} {plhe, o7}, {0le, 0}, yoim _ | M2 =5 o _
[{pl, o7, {pz e, Ny =2
N,
W,
%E w; X (0, )
Event weights: w= . where w; = = _—F =L
: Py (P2 pr)
Hi@v:n1 Wy

Loss (Earth mover's distance):  Leup (V5™ w, YoP)

Tony Menzo (U. Alabama + Fermilab)
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High

(|Inzen| = (|1n -"ff'h]))g)
1-T

C

SHAP values

(| 1n za| = (| Inzen))?)
((Itng] = (| nag]))?)
(| nz;] — (| Inas]))?)

(|0 zanl)
neh

Low

en T

—-1.5 —1.0 —0.5 0.0 0.5 1.0 1.
SHAP value (impact on model output)
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Brownian bridge

e Gaussian random e Gaussian random
walk (Ecy>>my) walk with
_ Markovian termination

condition, i.e.
Gaussian bridge

- Psuedo-Markovian

Tony Menzo (U. Alabama + Fermilab) The journey towards differentiable hadronization models
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Brownian bridge

* Gaussian random * Gaussian bridge

walk (Ec|v|>>mh)

dXt — th

Tony Menzo (U. Alabama + Fermilab)

- Boundary conditions

The journey towards differentiable hadronization models
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Brownian bridge

* Gaussian random * Gaussian bridge

walk (Ec|v|>>mh)

dXt — th

Tony Menzo (U. Alabama + Fermilab)

- Boundary conditions

Xo = 70 X7 =x7

dX; = it + dW;

Doob h-transform

The journey towards differentiable hadronization models
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Unforced Brownian Bridge (Conditioned to Hit 1 at T)

Mean Deviation: 0.50003 + 0.99927

 Gau

wall 1o

----- Target = 1

avy

AT ! ditions

c N / ~ AAAN
'L% ” 5 . £ -II‘\ b ﬂ'l,_ ,1' j A *\‘ / v J y
( o AL~ N_~ : ' [ = xT
0.0 :
—0.5- 4+ dWy
- 1 . ” T T T | T I
0.0 0.2 0.4 0.6 0.8 1.0 'rm
Time
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Unforced Brownian Bridge (Conditioned to Hit 1 at T)
Mean Deviation: -0.00070 + 0.14105

2.0 |
""" Target = 1 :
.......... T _
1.5
* Gaus
- AN AN
walk L Y Sh WA A Ay WP "~ VN 874 A\~ o "R E T
- W SRS NNA tions
2 054 i 5 . / / Y=
dd & N " .
; 7 \'\ /"I L
0.0 77 NN A ANV
wk/\ /IH"': f/ Ill'ﬂ ;"f\\kq/ /\4 II
S \‘_:: V v dW
—0.5 1 v t
—1.0 T | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Time
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Brownian Bridge Transition Densities at Selected Times

[uly}

,_.

=)

o
1

=

Probability Density

Tony Menzo (U. Alabama + Fermilab)

=

itions
E
|_

2 4 = xT

1

+ dWy
2/ [ \\SS
0.0 0.2 0.4 0.6 08 1.0 12 14 ! 'm
Position
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