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Jet angularities

2« K Charge information
K ﬂ included

Charge independent

Use jet observables to study different
aspects of QCD physics:
IRC safe &', a=[0,0.5,1] and 2 4 (piD)?
unsafe p,D angularities
Charge dependent observables:
Qj and N,

Study the evolution of the 1 W Ghans
observables with energy scale Broadening  Thrust
Q*=-¢’ N,
0 - : : > e  z:longitudinal momentum fraction
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p
R; -
X[;:E z{"(R—Z) ngﬂzg qi X 25,
icjet icjet s

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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Part 2

Unfolding strategy




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




All distributions are simultaneously unfolded.

1/N dN/dIn(A})

x10~" x10~" x10~"
ey = 8.00p Ty 1 7.00p T
I ® Hidaa & DJANGOH H1 1 -2 E @ Hida & DJANGOH H 1 % F ® Hidaa & DJANGOH H1
8.00F # mapGAP =8 Total unc. 1 < 7.00F# RapcaP = Total unc. 4 T 6.00F * RaPcaP =8 Total unc. =
[ # RAPGAP.Unfoiding * 1 = [ # RAPGAP+Unfolding 1 5 [ # RAPGAP.Unfolding ]
[ » S 6.00F 1 S50k E
6.00f » 4 Z L 2 i © ]
L {1 B s5.00F . L 2 1z b o ¥ ]
: Detector level events ’ ‘ : .z— 4.00F Detector level events ‘ _: = 4.00:— Detector level events . —: O f h f Id.
4.00F 0> 150Gev? i “UE 07150 Gev? E 300:_ Q%> 150 GeV? - E UtpUtS 0 t e Un 0 Ing
pf'> 10 GeV & g 3.00F pf'> 10 Gev - 3 AL o> 10 GeV ]
kr,R=1. E kr,R=1.0 ] o kr,R=1. ]
L L . T | aof {1methodology are
2.00 4 200F . E : ® ]
L g E 3 ] o .
ot - ] oo . - ] oo = « | weights that are applied
FI(4]0] I B “SPUE .ofirll FEEIE RN PN FETTS P O_OOL_L_...l....l....l...,l,...I: Ao T SN AFIFEFE VI ST W . .
2 SOy g Sy o S0 g 10 the simulation
AR S 3 s F s 1 = ¢t % ]
£ o=t ® % o o pses—u] = o___s_t_._._._._._.___ £ R & g pos—u—1 @ Green markers
e 2 I 1 =2 ¥ ]
3 50 L T T e S S ST represent the

AP S T I
5 -1.0 -05 0.0

In(A]) In(A]5) InAe) unfolded results at

N PPN PP S I B
-40 -35 -3.0 -25 -20 -1

x107"
Ig :].1H1d1 TY'I'Q'D'JA]NG'OH"],"] l,'_<,;35[}|.|||.,DAN|GO|,| '?<°3_0G_....L.d..,...,..;,;).A'.qéo.H..'...,....
6.00F 1 data -] o H1 data J H o 1 data 1 1 I I

[ # RAPGAP B Total unc. H1 E 3.00F ¥ RAPGAP B Total unc. H1 D I ¥ RAPGAP W Total unc H1 R reco eve
ke [ # RAPGAP+Unfolding % # RAPGAP:Unfolding % 2.50F & RAPGAP+Unfolding ] .
Z 5.00 ] - F 1
o - Detector level events Z 250 Detector level events z E Detector level events ] o g ree m e n WI
24 00: Q?> 150 GeV? = . g Q7> 150 GeV? — 2.00F Q?>150 GeV? ]
= 4.001 at = o al et
- F pr > 10 Gev - Pr > 10 GeV r pf'> 10 GeV ] :

i . kr.R=1.0 2.00f kr.R=1.0 s kr.R=10 E ata Improves

ol 8 . compared to
osof o " ¢ initial Rapgap

o * g ] . .
g F <y :\5‘50:"I"'l"'I"‘I"'I"’I“'I"‘:
E. S 1 5 0 g ¥ e a, & ]
g-sc_o'o 0'2 0'4' 0]6 OIB 1'0 g)»50'.11“.I“..I..||l“ul““l|..nln..lu..l.' oYy | P AP AP S BT I B B
2 B -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 o 2 4 6 8 10 12 14

prD (v A2) Jet Charge (A}) Charged hadron multiplicity (A9)



Part 3

Unfolded results
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Charged hadron multiplicity N (A9)

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

T e R A mmass g ] R ® o A emass R Sg00f I T T ™1 Z5g00f & T I o T T
S iask# Awoar 0 swmasonio H ] 'Siosb g oats  © cepssiis HI ] 8000 s A pymana ] Baocld wam  Lrme T m B e e A e T ] R e A e
£ = va & ANGA® O SapasoNO <R S H O o A pymass
B d NS mnre =ERS e, S o = [Hue Sepm = HEbuer 2 e Fomps wow o semsouo ] Qo o e o smmaono "
B 100p© Hewan 1 ©1.00F0 Herwg72 E Reoof-o rewers 12 s oot s ] ® omvcon  mm Towue  190<0ca0Gow | B 2505 ojavcon  mm Touwe 960 ¢Q*cassGev:
8 8 5 3 o B I R sopew 1 9 ES Keware o> 10Gev
2 075} 150 0rcssocev 1 R0k e 2 E R ° - " =7 L
i mor &&f 207k s oo 25y S R b [ p— ¥ ] oo s
0.50F P 3 osof  “ka-ro 3 & ¥ £ B Ingey * W 0Gy % 3 E
" % 2 1.00) 1.00F E
o2sk @ by 1 b - 3 ] 200 1 20f %o 1
R 050 E 1
0.00E osnmbin o, P01, ¥ 0,00k Lot o O Lt K 0.000t L . oo Pt . o5
B T ADOETT S ST R e ST T T ° °
:E . 7 goF LR R I N ' T SO T T IO g T e e e
=100E: E (et 3 S100E- x| e g
= e AR G T Dk = L L L L L . i Eiocee L L L L i L = 50 L L s
e By Sy S = S - TRt et ol
2 = = S0 prrre—r—— s Ty D e 2 ° °
3% E B et chcrooropap o] 3 0 on PG - VA oim] 3 i i
] & X Istripution 1
40 35 30 25 20 15 10 05 00 40 35 30 25 20 15 10 05 00 - 4 2 1 0 R = TR 5 T et SO
(A A (g TN 1100 0.75 0.50 :0.25 0.00 025 050 075 1.00 ~7.00-0.75 0,50 -0.25 0.00 0.25 0.50 075 1.00
Enisasaaaataots T o : A2 Jet Charge Q; (A9) Jet Charge Q; (A8)
PN E o o A oy T 7 = e i e o Y ARBAY ASaoR < s
= © snepsaonio HE 12 D tvae 0 Swmsomo H1 < A Fwhes W {2 A B N B T N u
S 100F o oicon = Tamane 1 Sosofe omweon = romiun: 1 = o Semaonio Seoof e meoar o swpsonio EI 8 mPOA O Swpa3omo S e mear 0 swmsono o
] e Siosnf: 8. cleno s = 1 £ e owwcon = tomume 5 250f o oumoon  mm tomune 90600000 | B o0k & DumNGON mm Tomne 2080 ¢GF 5000 G ]
B osof 13 = T [O wewer 2 500f & Hew 2 o, o e #7106V o Fo a7z 10 Gov . .
° 0ok 1 K] 2 200F R0 o,k o Rer0
2 b mcoamon 2 1 2o . Y 2 a0f e o 1 5o K w i
ot s o 2 400 ses 7 caomo v 27 o arcsmncer g0 @0 1.50F E
. A bJ 1 oawf owsn -8 E ome a3 = 300F g5 106w o 130 1 ’
%0 2, K5 Loyl - £ 1.00F E E
ool 7Y 200 4 1 20 aSo % 1.00 - 1
P o 1.00F £ 3 3 0s0f 1 osof » 1
canmza O o racany at o P 20m r 08 K it
e e t : a n: 0,000 IS L L e 231 I il L L om0 o. P ——" L,
R SN T AP T e e M e
—— ¥ = of 2 LY s o 2 0 9
TR AR e FTRS Tttt [N toemmssora s sesvresmrt o veen ol 1 el g%
7 Sy TRy BT e e B e e e T T e e e
po— ©os K N K 3 009,
T T Wit R TR Rots fstssarrowsii T Treeormelbasvt ecstwerenis R . NORETONTRIOINI S 17 2 e ot
20 35 30 25 20 15 10 0 TR S T
o8 %25 2018 <10 <0588 T e ] 1100 0.75 0.60 0.25 0.00 025 050 0.75 100 57006726150 025 000 625 050 675 100
P RS v a (A} n(A} Jet Charge Q; (X)) Jet Charge Q; () )
Zof @ Frems A Pmass H1 1,00 DR T ™ e [T T T T T o - -
R e s 1< Ao H1 [; * am 4 taass T e e i e mrel g R .
z ® DIANGOH B Totalunc = 0.80) = Toulunc 1 600 # RAPGAP O SwepazoNiO ] “=600f s macee O Stemazono 4% toam | A Pymags = AL R T
5 080F 6 rowgrz i1s bl = o OMNCON mm Towwe  10<O G | D & GINGON 3 Tosune | 980¢Q" (86 Gevt Sasfe mow 0 semeasno HU 1S 2s0b D e o ommsen H1 reS u I n I
3 S oml 5 o ez #7100 B 500E0 Hewsr sowe 4 BUEe vmcor m e oo 1 B Fo dmeor = ™ 160 0 csss Gow
200 oo & ° | moancr  PF 2 400 ] 2ew ’ Q200p @ e i B e
= 575 10GeV = Fgtdy = 2 5 210
) N 4 040f  F G ¥ ¥ ] 3.00 1.50) 1 7 s E
X i an 30 unfolde
0.20F 9 0.20F } 1 2001 % B 2.00) ® 1.00F E 1.00 &
1.00) o
0.00k Koo, L 0,00l scme o2 L . 23 ool alm oo, | o 000kt o AR osop % 1 & E H H H
T T T T : e
'.,\_""ODE §.1uo ’ d T T T T 100FT T T T T i ~100FT T T T T T e 9 }’M Istrl utlons
e i : 2 <9 & 9 = ol 3mnE T T T 3 oo T T T e
= = 1 L L 1 1 L = L L L L L - = 2
B ET - - g 100Es £ 4 ook f | ) . d vy = 0
L e, e e I & e L F e waananananartanss I BesnanaasanaA .
3 E & o % 9 5 - 5 o T T 3 ——
o I . ‘3 . 3 . o O ‘ : ; a m‘nl L " 3 : d & u‘ E EAA_A o<>°°§ ?;‘DUEAAA T o‘<>°‘°§
4 . Ly : y ¥ g "y . h f f 2 vrs ] &
1 5 4 3 Bl 0 00 02 04 06 08 1.0 00 02 04 06 08 1.0 iob e o A AT AT ] Tk TN T AR ATAT ]
In(ALg) n(\Ly) D) A2 24 6 8 10 12 14 F I S S B R TR Y
BRI SR ‘ . g ‘ i 0 (VAo prD (VA3) Charged hadron multiplicity Ne (A3) Charged hadron multiplicity N (A3)
- ® Hidela A Pyma k ™ = Ay e T T T s o R T T |as T T T T T el 10
Zooofs waar O Smsono H 12 2 e o swmsowo B S ol S o 0 Semsono W PR T HU L 22 Faliom & et aasoas I S g apacian s ene s
£ e chmeos 4 E sool [im Fook s Do & e e zamoane | Fooobs i, & T mm o aman ] $ LS wor o semoono HI {"Somb§ S B s H 4
3 O Hewg72 s 41 3 O Hamig72 B> 10Gev 5 © Hawg2. B> 10.Gev 5200F ¢ pimcon s Towiwe  t66<0ccmae | B . DuANG e 2080 ¢ 05000 Gov?
S 6.00] 13 R 3 710Gy 8 Do 1hy s 3 DNGOH 1 T une < csoo
® re 3 5 o W a0 2 soof- & e * ' N o oms ] Bqgf® M Hitose
2 [ amscorcamocent 16 450 anae o soubionne i1 = 1 =S eoof 1 =is 2 SRTE
L e 4 ] Bempm o onmargt™ 4 # T soe,
Rt » e I N @ 1oof » 3
- 200F 4 ] L A 3
2,00 4 1 2.00F ey ] 2.00 &° y & g) A.gc
o O o ® & oSk % m S 33&’ E
000108 01 . . Ll o) 000l o) . . Lm0 000 : : L i c I > & e
00T T T T . 1 o - = : = : 100FT T T . - - ; = = . 0 i R 0. o i e b e i ooyl
& o = L S Y j E o e 4. 3 o 3 ' BGICRARE) A AR
EoAtaevrratn] Tty yrema] iR pesmseeessiet BEK nevennnannnnns Bk
3 ES - - - - - = . = TR Rl
5 100ET T T T . T B goET - . = - = S10o T T T T T - B =
& & onay 1% . a1 29 M oL SRR G I ARSI AR ahal)
¥ v WL R SRR e Tt SRR A - TR i i T B P v el ointictos ML Binone e
e R & T - 04 06 08 10 R N P S S R R T

1
i 2
In(A}g) In(Als) prD (V A3) prD (V2A3) Charged hadron multiplicity Ne (A3) Charged hadron multiplicity N¢ (A3)



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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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

DIS2023
4


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

S



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.



