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4-Momentum?

e Classical momentum:

P1 Vi
p — p2 = V1 = V2 m
2% V3

* Not Lorentz invariant (e.i. dependent on reference frame)
* No concern for everyday applications
* Problematic in relativistic cases, like high energy physics
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4-Momentum?

 Extend 3-vectors to 4-vectors
 3D-coordinates — 4D-spacetime coordinates

Clt
A r Speed of Light x Time
r=|"n| - R=
)
I3
I3
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4-Momentum?

e Extend 3-vectors to 4-vectors

* 4-velocity U:
Cl C
d d | Uy
V= ER - ar | ~ |
I3 i3
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4-Momentum?

e Extend 3-vectors to 4-vectors

* 4-momentum P: /E = mc*
C cm E/c
U P1 P1
P=ymU=ym = —
T Us P3 P3
Relativistic mass ym, = m

1

V1 —u?/c?

Lorentz factor y =
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4-Momentum?

e Extend 3-vectors to 4-vectors

» 4-momentum P: =nergy
1 m E
Uy P1 P1
P =Py = — —
S P> P>
Uz P3 P3

* Particle physics: ¢ =1
e | orentz invariant
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4-Momentum in HEP

* 4-momentum P:
* |s conserved In decays:

PZ — Pe— T Pe+ €

 |Invariant mass:
P> = yzmg (c? — u?) = mg et

mg,Z — P% — (Pe— T Pe+)2
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4-Momentum in HEP

e |nvariant mass:

2 2 2
o . P _7m() (c” = u ) = my
{ | Muon data my, =P, =P,_+P,)
- |\ .
006/ { \\\%E'em“ - * However not single value
' N . .
004 * Peak with measurable width for
: f final state particles (on-shell)
0.02 K
,\m |  More variable for intermediate
Invariant mass [GeV] (Oﬁ_She”) par'nCIeS

Taken form “Accuracy and Precision of the Z Boson
Mass Measurement with the ATLAS Detector”
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4-Momentum in Generation
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Taken from https://www.physik.uzh.ch/en/researcharea/tpp.html
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4-Momentum in Generation

e Particle collision simulation:
e Parton level:
* | ow, fixed number of objects
* Sharp structures
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Parton Level Event Generation

pp — tt — (W) (W) = (b1 7,) (bg2@) ® TOP quark pair production
* Jops decay promptly
e 0 particles In ‘final state’

 Fach particle 4-momentum

e 24 dimensions
e However: masses kKnown
— 24 - 6 = 18 dimensions

[m] " [m]
Butter et al.: How to GAN LHC Events:
SciPost Phys. 7, 075 (2019), 1907.03764 [w]
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https://arxiv.org/abs/1907.03764

Parton Level Event Generation

pp — tE— W) BW ) = (bq1q,) (bgeq,) ® Particle number and type fixead
* Ordered list of floats

P1 particlel
P 2,particlel

P3 particlel

P3 particle6

[m] i [m]
Butter et al.: How to GAN LHC Events:

SciPost Phys. 7, 075 (2019), 1907.03764 [a]
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https://arxiv.org/abs/1907.03764

Parton Level Event Generation

* Ordered list: appropriate for GAN architecture

~ a\
Generator > MC Data
N Y

A

]

)

]

]

: Discriminator  |[<- = = = =
| N\ J
]

]

)

)
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T

________ 4 Lo Lp F====== -1

Butter et al.: How to GAN LHC Events:
SciPost Phys. 7, 075 (2019), 1907.03764 [w]
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https://arxiv.org/abs/1907.03764

Parton Level Event Generation

e Works well for individual distributions

X10_3 X10—3
7.0 - e .
ol 4.0
% 401 T >
© . S 3.0
S8 313
,_.!Fg 2.0- i 2!b 2.0
1.0-
1o 1.2
55 1.0 - T e
0 100 200 300 400 500 600 700 200 300 400 500 600 700
E, [GeV] E; [GeV]

[m] " [m]
Butter et al.: How to GAN LHC Events:
SciPost Phys. 7, 075 (2019), 1907.03764 [w]
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Parton Level Event Generation

e Difficulties with complex correlations like mass peaks

x 1071 x 101
— True — True
501 —— GAN 4.0- —— GAN
25+
7 = 3.0-
% 2.0 >
0, @
s L 1.5 b‘g 2.0
£ s
—lo 1.0 —ie
1.0-
0.5
0.0 - 0.0-
70.0 72.5 75.0 77.5 80.0 82.5 &5.0 &7.5 90.0 160 165 170 175 180 185
mw- |GeV] my |GeV]

[m] " [m]
Butter et al.: How to GAN LHC Events:
SciPost Phys. 7, 075 (2019), 1907.03764 [w]
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Parton Level Event Generation

* Approach: additional Maximum Mean Discrepancy (MMD) loss
term in the invariant mass

MMD?(Pr, Pa) = (k(z,2)), ,_p + (@, ¥)), ,iop — 2@ W), 5 p

@—>[ Generator J ) @ MC Data
A

[
l
l
[
| MMD? { Discriminator J<— sl
[ [
[ |
[ |
! A4 A4 l
I I
T L 7 |

[m] " [m]
Butter et al.: How to GAN LHC Events:
SciPost Phys. 7, 075 (2019), 1907.03764 [w]
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Parton Level Event Generation

* Approach: additional Maximum Mean Discrepancy (MMD) loss
term in the invariant mass

x10~1 x10~!
True — True
3.0 —— Breit-Wigner 4.0 —— Breit-Wigner
2.5- Gauss —— Gauss
o No MMD = 3.0- No MMD
> 2.0 >
9 O
1.5+ l_; 2.0 -
8|2 3|5
~le 1.0- —e
1.0
0.5-
0.0- 0.0
70.0 72.5 75.0 77.5 80.0 82.5 85.0 87.5 90.0 160 165 170 175 180 185
my- |GeV] my |GeV]

[m] " [m]
Butter et al.: How to GAN LHC Events:
SciPost Phys. 7, 075 (2019), 1907.03764 [w]
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Flow Generators

 Matrix Element Simulation:
* Low dimensional (comparatively) data space
* Also well suited for normalising flows
* [rains more easily

Flow Inverse

J(x) @
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Flow Generators
* New process:

pp = Zy, +{1,2,3} jets

e Sharp Z-mass peak

* VVariable number of jets
e 1,2, 3 Jets
e 9 13, 17 dimensions

Butter et al.: Generative Networks for EI_ EI
Precision Enthusiasts (2021), 2110.13632 El‘
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https://arxiv.org/abs/2110.13632

Flow Generators

e Variable number of jets

. Nijets (1-hot)
e 1,2, 3 Jets I I
e 9 13, 17 dimensions 21..9 cINN U1, 2y 1
e Still orderer list ¢INN
e Different network for 210..13 cINN jo
each number of jets
* Redunadant parts #14..17 3
Ok

Butter et al.. Generative Networks for :
Precision Enthusiasts (2021), 2110.13632 El‘
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https://arxiv.org/abs/2110.13632

Flow Generators

e Variable number of jets

. ]Vjets (1—h0t)
e 1,2, 3 Jets
e 9 13, 17 dimensions 21..9 CINN p1, f2, J1
o Still orderer list I
e Different network for 210...13 CINN jo
each number of jets I
 Redundant parts S CJINN is
e Series of networks
conditional on previous oran

Butter et al.. Generative Networks for :
Precision Enthusiasts (2021), 2110.13632 El‘
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https://arxiv.org/abs/2110.13632

Flow Generators

. Z + jet
» Topological Problems: et e
. . 0.4 - jet exclusive
 Mapping single peak - Reweighted
- N INN
gaussian to two peak 202 s e
structure S =
* Train classifier on real vs 0.0
fake samples R I .
0.5 -
BN UXIE T PR T L PES LIS SE 5 b
o e
~ 0.1 11 71 ]' | I
0 2 4 6 8
Alejs

Butter et al.: Generative Networks for EI_ EI
Precision Enthusiasts (2021), 2110.13632 El‘
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Flow Generators

. Z + jet

» Topological Problems: T Jets
. : : --=== Truth
Mapping single peak 0.010- .

gaussian to two peak

= w - Truth
structure 2
| . A 0.005-
 Train classifier on real vs
fake samples
- | 0.000 -
» Use classifier weight _

during training

050

Butter et al.. Generative Networks for :
Precision Enthusiasts (2021), 2110.13632 El‘
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https://arxiv.org/abs/2110.13632

Flow Generators

* [opological Problems:

 Mapping single peak
gaussian to two peak
structure

 Train classifier on real vs
fake samples

* Use classifier weight
during training

e Significant Improvement

S. Diefenbacher
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Uncertainties

Bayesian NN  Bayesian Neural Network

Input layer hidden layer output layer ¢ Replace netWOrk WelghtS W|th
gaussian distributions

* Additional loss to regularise
gaussian distributions

s * Viable option for Flows/INNs

 Can we estimate generative
uncertainties?

£ — [, INN -+ K L prior Butter et al.: Generative Networks for g—%
[=]

Precision Enthusiasts (2021), 2110.13632
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Uncertainties

Z + 1 jet exclusive 0.4- Z + 3 jet exclusive
2 1072; IS -
% : B | — True
é 10—3_; Cé 0.2 - - —— BINN
S S | —— Train
4 ,
1077+ 0.0 =
21,25 | B2 125 -
36 1.00 [ AR Y 2100 e
10M1 B SRR PR RL S L ISR T TR I T4 (U I O e P LT PP PR Soe FE LA L
=" ] eTTrrTTT coede ‘.:, *e?Ts . 1L o “o — f '.‘6’:‘;§:?':¢ | .g.,5o
10-14 4ls el ]} | LI R (et RS SN latll $tl] .
25 50 79 100 125 150 0 2 4 6 8
Pt GeV] AR;, j,

 BINN uncertainty captures convergence of the network
 Does NOT capture how where the network fails

Butter et al.: Generative Networks for EI_ EI
Precision Enthusiasts (2021), 2110.13632 El‘
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omentum in Generation

T 000, 98 el e Particle collision simulation:

e Parton level:
* | ow, fixed number of objects
* Sharp structures

e Hadronisation:

* High, variable number of
objects
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Hadronisation

 Some particles (quarks, gluons) radiate/split of particles
* Collimated spray of particles (jets)

Parton level m K, ...

-

-
-
=

\ Particle Jet Energy depositions
P In calorimeters

Taken form https://cms.cern/news/jets-cms-and-determination-their-energy-scale

» Jet constituents expressed as 4-momenta
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Hadronisation

* Jet simulation:
* Type of particles not determined
* Number of particle not determined
* Ordered list approach not viable

* Pointcloud or graph
Parton level

T, K, ...

-

-
-
=

\ Particle Jet Energy depositions
D In calorimeters

Taken form https://cms.cern/news/jets-cms-and-determination-their-energy-scale
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Message Passmg GAN

Number fptlradmly
samples from real distributio

~
Qh\
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I

* Fully connected graph riro) cenerator T G
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&
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Q 00 :
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Kansal et al.: Particle Cloud Generation
L . with Message Passing Generative E
- » Adversarial Networks (2021), 2106.11535
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Message Passmg GAN

8 x10% X103 x103
w B I L 1 L I ] L L} ' L} L} L I L L} L I 2l ﬂ 3 5 e 1 L ] ] Ll I 1 ] l— ﬂ |.|_ l—l L] L 1 I 1 L 1 1 l l L} 1 | I L 1 1 L l 1 1 l-
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S i L7 FC ]l S3.0F i B 1 | L FC 1
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 Message Passing GAN: blue MP line
* High accuracy in explicit and derived features

Butter et al.: Generative Networks for
Precision Enthusiasts (2021), 2110.13632 El‘
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Summary

e Data structure with large hidden complexity
* Encodes significant physics information
* Difficult to model with generative models
* Impressive results achieved so far
* Significant ongoing effort to further improve setups
e Especially for large numbers of particles
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Backup

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~1m?* ~66M channels
Overall length :28.7m

Magnetic field :3.8T

Microstrips (80x180 pm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID ° Cyl i n d ri C aI Sy m m et ry i n

Niobium titanium coil carrying ~18,000A

won s detector setup

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

— 4 momentum can be
translated into

cylindrical coordinates

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Taken form https://cms.cern/detector
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Backup

e Cylindrical symmetry in
detector setup

LI b B L o=m2t ¥ * 4 momentum can be
/ .
translated into
- - cylindrical coordinates
E m
i P1 Pr
Taken form https://pos.sissa.it/050/055/pdf —
D> {
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Backup

0.010 -
 [ransversal momentum p
VOO « Often has lower cutoff
T 0.006 e Removes noise
E » Workable for GAN
= 0.004- e
- o Difficult for flows
0.002 -
[ 1 Strandard
0.000 — : . . .
0 100 200 300 400 500

pr |a.u]
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Backup

0.35-  [ransversal momentum p

0.30- e Often has lower cutoff

=
DO
ax

e Removes noise
e Workable for GAN
e Difficult for flows

normalized
- -
— )
O -

L]
—
-

=P| 0g transform
0.05 1
1 Transformed

OOO ' ! ' l 1
—10 —9 0 D 10
pr |a.u.]
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