Multi-differential Jet Substructure

Measurement in High Q° DIS
Events with HERA-II Data

Vinicius Mikuni
. 4



) Review

1: Unfolding methodology

Natural

Synthetic

Detector-level

(L) e

Step 1

Rewelght Sim. to Data

VUp— 1—)wn

Simulation

s

=

Pull Weights

—_—
—

Push Weights

Particle-level

Step 2:

Reweight Gen.

Un—1 >Vn

Generation

=

oy

2: Definition of

measure observables

~

LG
&
08
Y
..
- ARG

3: Multi-differential cross
section results

<Jet Charge Q; (Ad)>

X102
— T r —
8 RAPGAP ©O Sherpa 3.0 NLO H1
| & DJANGOH & Herwig 7.2 P> 10 GeV
- A Pythia83+Vincia <> Herwig 7.2 + Merging kr,R=1.0
8.00|- A Pythia 8.3 + Dire & Herwig 7.2 + Matchbox ]
| A Pythiag.3 @ Data |
6.00[- _AE_*Q__
4.00- n
: Y\ .
i o
2.00}- Aﬁyp -
I LY - o
i o
| ! . L
102 108

Q? [GeV?)

e



We only have access to observables at
reconstruction level, i.e after detector effects | |
When comparing different theories, we want to
compare observables before detector interaction
(generator level):

Don't require theorists to have expert detector

knowledge to compare their predictions

Easier to maintain and incorporate new

calibration routines for detector simulation
What I'm net talking about today:

|BU/D'Agostini method

SVD

Matrix inversion

Other methods for unfolding using histograms

' | Generator level

| -
[ ] Reco level



https://www.sciencedirect.com/science/article/pii/016890029500274X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0168900295014780?via%3Dihub

Traditional methods for unfolding are performed

using histograms Reco level Generator level
Well understood statistical properties - 35915' (13 Toy s ss91 (3 7o0
Clear convergence criteria 8 Diepon ous .w § o[ Dtepton paricietevl
Limitations: § E ébzo,w g
Histograms need to be defined before § o ey oggey
. o e
unfolding. g @ 4 1
. . . . X 5 10°f —POWHEGV24PYTHIAB
If a different binning is required, the full & it s —
unfolding routine needs to be redone . C Ssaoss
sg 1 Sl 2 [Wstat ]
Often able to address only 1 observableata & 777 g BE LR L ]
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Multi-dimensional histograms are P [GeV] P, [GeV]

harder to deal with: curse of J. High Energ. Phys. 2019, 149 (2019).
dimensionality




* Andreassen et al. PRL 124,
182001 (2020)
For unfolding using invertible
networks see:
e  SciPost Phys. 9 (2020)
074 e-Print; 2006.06685

Detector-level Particle-level ML is used to define a method for unfolding that is
unbinned and can use multiple distributions at a time
_ Data 2 step iterative approach
g = Simulated events after detector interaction are
kS \A reweighted to match the data
Z '\ = (Create a "new simulation” by transforming
weights to a proper function of the generated
Step 1: Step 2: events
Rt Sk .05 Bevelgis Gea, Machine learning is used to approximate 2 likelihood
Vn—1 —22 wp Va1 2 v |_ functions:
% Simulation | "™ [ Generation - Ir)eco.MC to Data rev\/eightmg |
o 5 — = Previous and new Gen reweighting
g L R <— % -
77} Push Weights

! | * Andreassen et al. PRL 124, 182001
(2020)


https://arxiv.org/abs/2006.06685
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Reco level @ Data( ) MC Step 1:
] e Train a classifier to separate data from MC events
Iteration 1 e Reweight reco level MC with weights:
W(reco) =

Pp.. (reco)/p,,.(reco)
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Generator level @ Data(_MC



Reco level @ bataOMC .

] e Pull weights from step 1 to generator level events
Iteration 1 e Train a classifier to separate initial MC at gen level
' from reweighted MC events

e Define a new simulation with weights that are a
proper function of gen level kinematics

~ - W(gen) - pweighted
(Lrom "' Mc(gen)/pMc(gen)

Generator level @ Data( 'MC( ' MC reweighted
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Reco level @ Data( ) MC

Start again from step 1 using the new simulation after

] pushing the weights from step 2
Iteration 1
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Generator level @ Data(_MC



Reco level @ Data( ) MC

Iteration N

Generator level @ Data(_MC

Start again from step 1 using the new simulation after
pushing the weights from step 2
e Guaranteed convergence to the maximum
likelihood estimate of the generator-level
distribution when number of iterations goes to
infinite
e Inpractice, less than 10 iterations are enough to
achieve convergence

.



Part 2

Physics case




Jet angularities

Use jet observables to study different - K (@ Charge information
properties of QCD phySiCS: ﬂ Charge independent
Infrared and collinear (IRC) safe 2 € (p{D)?
A',a=[0,0.51] and unsafe p.D
angularities
Charge dependent observables:
Qj and N,
Study the evolution of the
observables with energy scale N,
Q*=-g° 0 - i —

0 1 2 f

p
R; .
X[;:E zf’(R—z) ngﬂzg qi X 25,
icjet 0 icjet LT

1 - -Charge

Broadening Thrust

z:: longitudinal momentum fraction
q.: charge
R. distance from jet axis in (eta,phi)



Experimental setup

Using 228 pb™ of data collected i
by the H1 Experiment during T ’ff
2006 and 2007 at 318 GeV
center-of-mass energy

P: incoming proton 4-vector
k: incoming electron 4-vector
q=k-k’ : 4-momentum transfer

Phase space definition:

0.2<y<0.7
2 2
?et> 15>01((3)e(\;/ev | Reconstructed hadrons using
1 <pT <725 | combined detector
Ty information: energy flow

Jets are clustered with kt

algorithm with R=1.0 algorithm
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Detector-level Particle-level . .
2 step iterative approach
= Simulated events after detector interaction
3 Data are reweighted to match the data
2 \A = (Create a 'new simulation” by transforming
y4 weights to a proper function of the generated
\ events
Machine learning is used to approximate 2
Step 1: Step 2: el e
Revfeli)ght Sim. to Data Reweig?ltI)Gen. |Ike“h00d funCtlonS ) )
" . ‘ = reco MC to Data reweighting
Upn—1 — Wn Up—1—>Vp . . .
= Previous and new Gen reweighting
L . . Pull Weights .
E Simulation —_— Generation
g L R < <«
A Push Weights % * Andreassen et al. PRL 124, 182001
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Detector-level Particle-level . .
Different input levels for each step
Step 1 particles are used as inputs

. Data
s Step 2 uses the set of observables planned
=
% \ )% to unfold

Step 2:

Gen Jet

observables

.2 Pull Weights
E —
£ —| &
wn Push Weights Step 1




Extracting particle information

Particle information is extracted using a Point cloud
transformer* model

Model takes kinematic properties of particles and use the
distance between particles in 5-¢ to learn the relationship
between particles

Built in symmetries: permutation invariance

Consider up to 30 particles per jet

'I,?

m \ / EdgeConv K y
X, 1114

'J Ji1

e

*V. Mikuni and F. Canelli 2021 Mach. Learn.: Sci. Technol. 2 035027




All distributions are simultaneously unfolded.
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Part 3

Unfolded results




All distributions are unfolded simultaneously without binning
and without jet substructure information used at reco level!
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Dedicated DIS
generators do a good
job everywhere,
especially Rapgap

Herwig, Pythia, and
(yet unreleased update
to) Sherpa do a decent
job for most
distributions




Multi-differential

080,
-

= T T T T T T T T T = T T T T T T T T T = = -o3. T T -2 3.00] T
T PR A bmats w1 2, Fe fem A mabs 1 Sa00f @ W A pomans T Deoof e wan & bmess T pg ]S PN Pt VAR I NP S Y AL
Siosf e maecar o swepsaonio S125F o awecar 0 spsaono 1 £ [ mwar o semoono S  # awere o swepsono T 50k @ Aaoar O Shemaaono 1 Z,gf® e 0 swmaono 1
5 # DIANGOW 1 Tota unc. 5 @ DIANGOH =3 Totalunc 5 # DIANGOH B Towlunc s @ DuNGOH  Em T B & DANGOH BN Toaluno 180 <@ cnaay: 3 © DIANGOH B Tolalunc sso;_@tﬂn:sfﬂf’
B 100p© Hewan 1 g 1000 rewsrz E 5 6.00[-0 Hemio72 1 Beoofo eworz 4 ® 200E O Heworz iosy ] e 200L @ M7z s
° © L 5
T R &y 1 B075F sy ccressscer: 3}’ 1 20l weomac 2y 1 2 ook w0cotcaseaevt "V’ ] 1.50) 1.50f E
P10 GoV 3@ B> 10 Gov f B>10Gev Py *® B> 10Ge 2 2
050F  KkR-10 P 4 osof wR-to % # B knR=10 by Hi=10 1.00 1.00F k|
. ¢ 3 200f 1 2o w0 ]
025 o E 0.25F 20 E o e 050 0.50F E
0 ° pon
0.00EL omo P01 R®O 0,00k Lot o O Lt K 0,00l lus0me L B e aa o o
T T T R B e A e e At
B e e i E B M e e e 100 T T —100| — 5 — 50
3 E .. 43 S E PO P 3 2 E - 1 2 o =0 2 ol
Pert SRR RIS st Sovorroni TR vy T Rt ST T I ATTNY: sy D TTa T DT ORI ErSOBLE N NI  sead, s PRI v e (e 2 . . . .
B 1o T T T T T T, B e E"’C’Elw T 4" T i ; ’3 E‘WEIA) T A‘ T T 'o ‘3 S 50l R I e R R s R
3 = o & ob o Q. @ K}
2 g 4 o OR04" @ 9 0)
L T TN A e P NI | S WTCTIA s T FRr s TG - AT R GAR aeIAT t SRR A IR | L B o NI o B - N T
0 35 30 25 20 15 10 05 00 40 35 30 25 20 15 1.0 05 00 E 4 2 9 K 5 4 3 2 o ~1.00-0.75 -0.50 -0.25 0.00 025 050 0.75 1.00 -1.00-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 100
In(A]) In(A]) In(A2) In(A3) Jet Charge Q; (A}) Jet Charge Q; (Af)
T e B " ey ST TERE TR Be TR TR simuitaneous
F® tiga A Pynass ® dicaa A Pynass = ST AR e 1 T i = T L e ¥ ‘ t daia ria 1 Fe hisa nia E
© AAPGAP O ShepalONLO L1 = © RAPGAP O ShepadONLO i < : e o ::‘:rp.aasmo H Seo0f @ meoke  © chemasono H 3 f W HARGAR. 10 ShupadBNLD, " v 3 3 S AAam.  OuSramnd N 9 v
F E £ £ 250F o ONGOW mm Toalune  866< OF <2060 G Eo DmnGon mm Toaune  2080< G cso00Gevt 3
# DUANGOH  m Toralunc. T 0.80f @ OUANGOH = Totalunc 4 S 600 & DIANGOH &= Tar 1% © DIANGOH B8 Totalunc ° g > 10GoV © 250] iy Te = 510 Gov. . .
O Hewig72 5 O Henwig72 3 & Howa 7z B 5.00F O Hewg72 Bissk lR=10 2. 00) e Tk R=10
F E| O a0 © ° - al - F B
H - unroide ISplayin
[ 866 O c2080 Gev: o 4= ’3 = 400 65 < 07 200 Gev* g 1+ 2080 ¢ Q7 <5000 GeV? m'°3 180F: 1 1s0p E !
Fi ¢ 8y A 1 . >
diok. o T E % PEATEINE. 1) s D % 1.00f 4 1oof - E
& LS q’g 1 =or % ] e L 3 0.50] 0.50| »
020 ' Ago 1.00F E a3 E 3 - 5|
TP vt TR IO O TIOOR, oW Ll ke LOSN L Re OO e o L P 0,00+ lmemimo 95, e
o. T T T T T T T T T T
L e e e TEREF AT T TCELeT wi 00T T T T T T I NN T T & =9 L S 7 ! y =9 L3R
e L e e el e epenaence o e
T T T T T T T T T T T T T T o T T T T T T T ° T T T T T T T 50F " ¥ % ¥ T ¥ J { ! " 50F | T : 2 5 ¥ 4 v v
 100) > 100] S = %00,
é : BT . 3 3 E & ey | K 5ZEWWW3 3 -
E 0.1 L L L L L L 1 L L L L L L L I L
T AT S L 00 o ST
AT b lol NS ISt e T T S L LTS, e L B e observables
In(A) In(A) In(A} In(A} Jet Charge Q; (A} Jet Charge Q; (A9) )
= I T T ] »1.00] T ™ ae [T T T T T ™ |8e T T T T T T Lo ig!
~Z100f @ Hidus A Pymasa LI i H1 B ® toma A Mmass wo ]| ® Wiows A bmass W S D H H
3  RAPGAP Sherpa 30NLO = O Snepa30NLO 6.00- # RAPGAP O Shepa3oNLO ] “=600F e ravcar o stepasonio 4 % Wi A Pyniasa H1 S psob @ Wam | A pymass o
z ® DUNGOH B Totalunc Z 080 = Totlane 1 = P i P I e 1 & DNGOH ma Toue | 0<OicasGew | O 250F % mweaar O swpasonio ER] S RAGA® O SmpatoMO
= 0.80F & Henwig72 13 O Hewig72 5} O Hoigr2 03" 10 Gav 5 5.00E0 Hewgr2 prwey 4 8 © DIANGOW  mm Totalunc. 'WJ'O’«;;HVS«V’ o o8 Dy T mf*::zsvs-v'
oR-10 R-10 i 10 Goy B o
3 b S 0.60f- 1 .40 1 %400 B 200p O ety nat ] DAL hewa "o R-10
R P 28p 8T smocarsmonn ¥ = = il I 56 ]
- B> 10Gev - [ 06w ¥ | 3.00| 150 o k|
0.40| keR=10 A 4 0.40) wR-10 h Y & P
o 40 $ 200F 4 200 1oof A ¢ 2 ERTY E
E 1 oaf 1
% A e 1.00 A e osof s & A 4 o050 E ° ° °
o 20 %
e e, o e e o MR i istributions
~—100j ~100] —100FT T T —100| T T T T T T T T
FoF £ £ T T — . 3 T :
£ £y L . L 100k L . . 1 . grooks i A ) ) i f | . | d P IR L 24125 T T b A °
2 o 2 2 2 2 5 2 o Ti‘m,:AA 000°° b ANA K
~100E-L L f L L L 1006 L L L | oy S . f d 100EL . s A f « AT SRS LB O A |
E 3 2 - | 5 4 3 Bl ! 00 02 04 06 08 1.0 07 02 04 06 08 10 - I U S S T e P S N T R TR T
In(Afs) In(A5) prD (V3) prD (VA2) Charged hadron multiplicity Ne (A9) Charged hadron multiplicity N (A3)
Al ~o oo 10" 10+
= FL T T T % T T T @ himn A Pmasa | YRR RS Wioma A Punass | o] es P ey e
=g e it T H | -2 i) H1 > b ® RAPGR 0 Swmasonio S o[ ® MO O Shepazono 5 @ Tiam | A Pymabs W ]S, @ Mo A pmass H
< 8.00f-# RAPGAP O Snepa3oNLO =< O Snepa3ONLO 5 6.00F 6 crczomcev | G .00 o o 2060 < O csoo0Gevi | D © RAPGAP O SnepadONLO T 200F # RaroAP O Shea3oNLO
T [ e omcon ] T = Toalunc 3 & ool okl . s RUNCOL: Tl > S200F & omncon mm Towue.  SecamGe 5 L e ouanGon mm Tomue  Z0BDCO<5000GRV
s & Hewi72 5 800 1 3 @ b2 el B[O w2 Ponets S o veware B> 10Gev o O Hmarz 5751060V
B 6.00 1% ° 2,0 * " E o ® " 2 0l r.R=10 8 is0f o CEETEE
s - = 4.00F 4 =40of i ?a Soogo
2 foscorcamoer &ﬁ’g, 8 400 20m.c csoon o S ] L & e o0 rad »y
= a00f o 0cev 1= ; . ol P 3 * B
A
oo . Yo sof- % 1 aab & 1 & 5 o,
2.00F L3 4 2,00 Lwro % ] P, & 0.50F 3, }h 0.50F . &’& B
“do I e . AR Yoo L ® *; ..
0,00l tL0me 01 1 L L om0, o. L Lm0 = o X
5
L

.
=100 T * i 1 X L & 5 X T T T T T T T T T T T T T T

_10ET T T T T T oF T T T 3 = & Tk 100 —100]
S S t 8 o o e 1 29 £ o)
e : ; A 5 o 5.9 ] : v ] =100ks L L L L L L L L & (T R i T i, i T e
= E ° T T T T T T T L T T T ° °
E 100] T LR AESEE e —
E*DGE-' T T T T ._3 ‘fmog_l T T T T ‘i 3% A EmuE 350 3 EmoE
I} 2 o4 oy ] & P N— o S c O FofoRoxoxoy @ OF oET
o E vj o E j L L L L L L L 1 L L L I L L L L L h L L L L L L L

1 L L L L i L L L L L L 0.0 02 0.4 06 08 1.0 04 06 08 1.0 2 4 6 8 10 12 14 2 4 6 8 10 12 14

5 -4 -3 2 -1 0 -5 -4 3 2 4 [

ALy (ALY oD (v A2) prD (VA2) Charged hadron multiplicity N (3) Charged hadron multiplicity N (3)



Mean value of all distributions also unfolded for free
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Multi-differential Standard deviation of all distributions also unfolded for free
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}(} Conclusions and prospects
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Jet observables are an unique laboratory to study QCD

properties

Energy scale evolution for each jet observable measured in

multiple Q? intervals from 150 to 5000 GeV?

Detector effects are corrected using the Omnifold method

with particles as inputs using graph neural networks
Unbinned and simultaneous unfolding

Unfolded the means and standard deviations without bin

artifacts

Good agreement for dedicated DIS generators, worse

agreement for general purpose simulators

Public results available at: DESY-23-034


https://arxiv.org/abs/2303.13620
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THANKS!

Any questions?







Systematic uncertainties

Systematic uncertainties currently considered
HFS energy scale: +- 1%
HFS azimuthal angle: +- 20 mrad
Lepton energy: +- 0.5% (mainly affects Q?)
Lepton azimuthal angle: +- 1 mrad (mainly affects Q?)
Model uncertainty: differences in unfolded results between Djangoh and Rapgap
Non-closure uncertainty: Differences between the expected and obtained values of the closure test
QED uncertainty: Use the variation of measured quantities when radiation is turned off in the simulation
Statistical uncertainty: Standard deviation of 100 bootstrap samples with replacement

.



Lund string hadronization model and CTEQ6L PDF set

Djangoh: Dipole model from Ariadne

. PS from leading log approximation

Pythia 8.3: default NNPDF3.1 PDF

Vincia: p_ ordered antenna and NNPDF3.1 PDF

Dire: dipole model, similar to Ariadne and MMHT14nlo68cl PDF
Herwig 7.2: Cluster hadronization and CT14 PDF set
Sherpa 3.0: Cluster hadronization pQCD at NLO accuracy for the 1 & 2 jet
final states and LO for the 3 jet contribution.



