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Large Hadron Collider

Large: Circumference 27 km,
up to 100 m below surface

Hadron: Accelerates protons
(and lead ions) to up to 7 TeV

Collider: 4 interaction points
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ATLAS Experiment

Collider experiment @ LHC 4m
* Collisions of proton bunches o

e Vs=13TeV

« Every25ns e

* Upto 50 pp collisions at a time

(pile up)

* Layered detector design with
e Tracking detectors —_
* Calorimeters (electro-magnetic
and hadronic)
* Muon chambers
* Solenoid magnet

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

* We CO"ide partons from the Muon chambers Solenoid magnet | Transition radiation tracker
p roton Semiconductor tracker
* Initial momentum along beam
axis not known
* Measure transverse momentum
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What contributes to pp -~ WWbb?

WWhbb is not just top quark pair production ...
tt-production tW process @NLO EW processes (no top) Hexagon diagrams

b
W +

W™

- All of these diagrams interfere!

Motivation of the analysis
* Details of WWbb modeling (interference) are relevant for tt & top-quark mass

analyses, SUSY searches, etc..

 WWhbb is also an interesting process on its own
* Comparison of the data to fixed-order-predictions
« Sensitivity to top mass m¢ and width I, a_, PDFs, ...
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Matrix element picture
modified by parton shower
and hadronisation

Reconstruction of one event

v
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Figure taken from Bierlich et al.
arXiv:2203.11601v1
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Reconstruction of one event

. ®
«0®
.

Matrix element picture
modified by parton shower
and hadronisation
* Reconstruct jets as
approximation of ME
* Which objects are of interest?
- Focus on hard (high pr)
objects
* ATLAS: anti-k; jets with R=0.4
- Instead of quarks we

measure jets

W FSR
: W |SR*
QED
® ™ Weak Showers
) o B Hard Onium
(O Multiparton Interactions
O Beam Remnants*
Strings
Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac
W Primary Hadrons
W Secondary Hadrons
W Hadronic Reinteractions
(*:incoming lines are crossed)
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WWbb decay channels

There are three possible WWhbb final states

e Thetwob quarks will form JetS in the wt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
detector oty [b] (10.86+ 0.09) % —
etv (10.71+ 0.16) % 40189

. . utv (10.63+ 0.15) % 40189
Both W bosons decay hadronically it e D)% P

+ High statistics hadrons (67.41% 0.27) % -

- Large background contribution
- Difficult jet assignment

* Both W bosons decay leptonically
+ Clean sample (small background contribution)
- Lower statistics
o Covered by another analysis team

* One W boson decays leptonically, the other one hadronically
+ Good tradeoff between statistics and background
— This is what we are interested in!
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WWbb in the single lepton channel

x10°
Event selection 8 E anias wokiopogess <0 rusm
5 {s=13TeV, 44.3 o™ — Multiboson .
« Exactly one lepton (e or u) g 600 - top (WIDF) BIDREL =
" oiesing ransverse cneroy S
 |dentify two jets originating from b quarks 400 —f
(so-called b-tagging) -
— Large cross section and high statistics 300 =
* Plot shows data-MC comparison o E
-~ MC simulation includes signal and .
background processes 100 ]
— Background contribution is small .
What about the second W-boson? S
— Decays into quarks that turn into jets ‘Zg L —
- Reconstruct Whaq from light (non-b) jets e

30 60 80 100 120 140 160 180 200 220
bjetpT [GeV]
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Hadronic W boson

* For this study: tt events only

* W boson decays into exactly two quarks
— Reconstruct W from two jets?

 Compare the true W (before the decay) to the
particle level W (after hadronisation and clustering)
and the detector level W (after detector simulation)
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Hadronic W boson

Select 2-jet candidate closest to m(W)
1 ]

For this study: tt events only

Efficiency
o
(=]

W boson decays into exactly two quarks 0.8
- Reconstruct W from two jets? 07
Compare the true W (before the decay) to the 06
particle level W (after hadronisation and clustering) 05
and the detector level W (after detector simulation) 04
Calculate invariant mass of all 2-jet combinations 03
-~ Select the pair closest to the W mass (80.4 GeV) 02
Apply same reconstruction on particle and detector of  Worcn progress.
level Cb 100 200 300 400 500 600 700 800 :
Consider them matched when Py (Wiruth) [GeV]
Compare the various levels
_ 2 2
R \/A¢ —|_ AT] < 0.5 ° WI’ECO to Wtruth
o #Matched ° Wparticle to Wit
EﬁICIGncy = #All * WiecotO Wparticle
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Why is the performance so poor?

—

Wreco tO Wtruth 2
Wparticle to Wtruth E
Wreco tO Wparticle —:

Efficiency
o
(e}

Low p: range
* Cut applied in pre-
selection:
pq(jets) > 20 GeV
* Low p(W) - low pgjets)
- Jets from the W may
not pass the p; cut

ATLAS Simulation
Work in Progress

& 900 200 300 400 500 600 700 800
p. (Wiruth) [GeV]
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Why is the performance so poor?

Medium p: range
 Efficiency limited by
badly reconstructed
events
- Better selection
criterion?
— Apply cuts on the
reconstructed W?

Efficiency

1:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
0.9 :_ Wreco to Wtruth 2
E Wparticle to Wtruth E
0.8 : Wreco to Wparticle —:
07 3
0.6f r
05F / U'I =
0.4F -
- Wi A
03 :‘. +l*+#*| m | "1 -:
02F { H fitl =
g ATLAS Simulation 3
0-1: Work in Progress .
- I I I I I I I Losod

00 100 200 300 400 500 600 700 800

p. (Wiruth) [GeV]
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Why is the performance so poor?

—

o SRR LA AL RARRL RALAE RARAE RARLE RLAE R
'é 0.9 3 Wieco 10 Wit 3
E E Wparticle t0 Whiuth E
0.8 :_ Wreco tO Wparticle _:
07 T E

o
)
L] L]

High p: range (boosted)

1 ° Athigh p(W) the angle
= between the decay
products is small

0.4F

0.3F

: | ): - They may be clustered
0.2F T into one jet
)4 ATLAS Simulation * Allow also reconstruction
0.1 Work in Progress

from a single jet?

PN TP FITT FIVHE PV FOTTL TRV PYPHE R
& 900 200 300 400 500 600 700 800
p. (Wiruth) [GeV]
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Why is the performance so poor?

Why is the green line so

different?
1 * Compares reco to particle
§ S e e L LN LR LN LR L |eve|
g 0.9 :_ Wieco 10 Wit N . . . .
2 Woarice 10 Wi - No indication if the
“osk Wieco t0 Wartie reconstructed object is

indeed a W

— Ignore this line for now

- Focus on blue curve
instead

0.7E
0.6
05E
0.4
0.3
02F

. ATLAS Simulation
0-1: Work in Progress

SERTECRARE RN FRERI FRATE RN FNUNE AT AT
00 100 200 300 400 500 600 700 800
p, (Wiruth) [GeV]
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Whad - Optimised reconstruction

““/Preselect three objects
» Leading jet (highest p7)

—k

’3, :llllllllllllllllllIlllllllllll TT1 ?rrl'l'l; ° SUbleadlngJet
c C ot iy - .
Soof  E e *ﬂmﬁ*n%! | E « Sum of leading and
o F y hiti : ~ subleading jet 4-vectors
0.8 C_ . T — N
0.7 E— . —E ‘ ) * .
£ /. - Calculate the invariant mass
06F ° E - of all three objects
0.5F ° = \' v
0.4F 60 < m(Wreco) < 100 GeV ~ Select object. with mass
[ Wreco t0 Wirun E closesttom
0.3 E Wparticle t0 Wi E AN (W)
0.2 :_' Wreco to Wparticle _: ¢
> ATLAS Simulation E Check if 60 < m(Wieco) < 100
0-1E Work in Progress 3 GeV is fulfilled
C I | 1 I I 1 1 | -
G900 200 300 200 500 600 700 800 $

P, (Wiruth) [GeV] This is the reconstructed W!
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Whad - Optimised reconstruction

" Preselect three objects

‘\\

» Leading jet (highest p7)

o] Sl LA M LA DAL 75 SO L) | R + Subleading jet
2 0.9F & e wﬂ#ﬂ#‘ﬂ# WL = « Sum of leading and
5 F |2 }I it .~ subleading jet 4-vectors

0.8 2 A T N *

0.7 E— L ] e

E /| Add cut at Calculate the invariant mass
06f 4 .~ 80 GeV ~of all three objects

0.5F, ¢
0.4 60 < m(Wreeo) <100 GeV Select object. with mass
03fF Wreeo 10 Wt ~ closest to m(W)
= Wpamcle to Wtruth ~~
0.2 :_' Wreco to Wparticle ¢
< ATLAS Simulation Check if 60 < m(Weco) < 100
0-15 Work in Progress GeV is fulfilled
FLaa I [ | I [ I LAl I L Ll I L Ll I LL L1 I L L1 I LAl
('b 100 200 300 400 500 600 700 800 *

P, (Wiruth) [GeV] This is the reconstructed W!
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Cross section results

— 0.3

Data needs to be unfolded > "L ATLAS Internal 4 Data, stat. uncerta'imy -
* Correct for detector effects O o5l I5=13TeV, 140 fo  Full uncertainty E
 Data are presented on particle level S 7 Hadronic W selection * FR+Evinias Egg)ﬂx) -
. — - ¢ + i

— Allows comparison of data to MC X oor * - i PH+P§thia8( DS) ]
predictions = T : + PH+Pythia8 (DS fix.) -
o) - - ]
o ©o0.15- * -
Calculate invariant mass of lepton and . ]
assigned b-Jet_ | o = - B
* Observable is constrained by top mass - ‘ .
 Distribution exhibits sensitivity to top 0.050 E
mass s ]
.:. Ly | * M —— . .
(> 0.8 .'3 : _
S 0.6y =

50 100 150 200 250 300 350 40(
mgﬁlected [GeV]
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Summary

 ATLAS measurement with WWbb > O d  TTT + Data, stat, uncertainty
* final state in single lepton channel O ogf V5=13TeV, 140 fb" = Full uncertainty e
» Understand modeling effects 8| Hadronic W selection 3 LrrVas Ry
* Probe sensitivity to SM parameters X o0.o0 - ¢ PH+Pythia8 (DS) E
« Compare to fixed order calculations S F . + PH+Pythia8 (DS fix) 2
©0.15- ° ]
 Reconstruct W boson explicitly ™ N 5
* Use 1 or 2 jets for the reconstruction 0.1 = - =
* Apply m and pr cuts on reconstructed W to . ]
improve reconstruction and reduce 0.05 —
background C - Z
P I e . oy | ]
] o 1_2 AR

* Cross section results S B e —
* Presented one preliminary cross section S (1):8._‘......1...' """""""" o ; """""""""""" :x """""" i
plot as a function of m(bl) S 08Ty

50 100 150 200 250 300 350 40(

* Currently preparing publication of results mgclected [GeV]
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Backup

IMPRS Workshop
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Wi.qd - Naive reconstruction

Find all 1-, 2- and 3-et
combinations (sum of the
the 4-vectors)

Select combination with
smallest mass difference
to mw

Find all 1-, 2- and 3-et
combinations (sum of the
the 4-vectors)

Select combination with
highest pr

Efficiency

Efficiency

1-jet candidates

2-jet candidates

ATLAS Simulation
Work in Progress

'F E F T T | RAAAS LERRR T

E ] o F ]
0.9 - g 0.9 -
F ] i ]
0.8F - 0.8fF -
3 ] e E
0.7 3 07 o E
06E 3 06 -
05F 3 05 3
04fF * e 0.4 e
o s ] ]
03F r 03 | r
02f * 3 02 "| K
. 3

0.1+

3 ATLAS Simulation
3 Work in Progress

«HEREEEENI RERTI RURRE FART FRRTH FRRRE AU T AT
OC 100 200 300 400 500 600 700 800
P, (Wtruth) [GeV]

100 200 300 400 500 600 700 800
p, (Wtruth) [GeV]

L ) L AL AL L) LAALD LA AL L U Al ML A RRARd aaa AL M
F ] 5 F ]
09 -] g 0.9 -]
] 3 = 3
08k °:"'" K rf 3 3
- B TR A | 3 3
o7k HH E ;
06F « - -
L] 3 3
04fF = : E
03f E 03f * 3
0.25—= 3 02f s E
F s ATLAS Simulation E :_.‘ ATLAS Simulation E
01F, Work in Progress ] 01k Work in Progress 3
OC 100 200 300 400 500 600 700 800 OC 1 00 200 300 400 500 600 700 800

p, (Wtruth) [GeV]

p, (Wtruth) [GeV]

Efficiency

Efficiency

3-jet candidates

0.4F

03fF

0.2

0.1

AL LAY LA LAARN LS RALES RALES RELL) A
_ Wreco to Wtruth -
_ Wparticle to Wtruth -
Wreco to Wparticle

2 Workin Progress

e *r'lﬂﬁmuu

b

100 200 300 400 500 600 700 800
p, (Wtruth) [GeV]

o
©

0.4

03

0.2

.-

I
-
-
-

el "'*m,n,t \

= ATLAS Simulation

01F & Workin Progress
Sef P PP TTTIT FYTIE FRVTY PRI PYOTE FRVPL PO
OC 100 200 300 400 500 600 700 800

p, (Wtruth) [GeV]

— pr Sortierung erzielt hohere Effizienzen als die Massen Sortierung
- Kombiniere 1-, 2- und 3-Jet Kandidaten

IMPRS Workshop
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Whaa - Verbesserte Rekonstruktion

Hartester Jet Harteste 2-Jet Kombination Hartester + zweit-hartester Jet

1 1

) o g > 1:""I""I"''I""I""I""I""I""I"':
 ,Harte* Objekte liefern Sosf Sosf 8 osf 3
hohere Effizienzen Tosp/ T e °""'“'*u++ “os “os E
; ety {|+|.+* + | 3
* Betrachte nur 07f 07 07 3
* hartesten Jet, ) 08 08 3
* harteste 2-Jet Kombination ¢ : 05 osf 3
* Kobination aus den 04F - : 04 3
hartesten 2 Jets 03f [ 03f o 3
02f 02F s 02f 3
0! Workin Piogress. o e b o ATLASSmulion
& 400200 300 400 300 600 700 800 e O Ct:“'1'od"2'06"3'06"4'06“é()ld"é(;d"%(;é“ééd"-
A . p, (Wtruth) [GeV] p, (Wtruth) [GeV] b (Wiruth) [GeV]
* Betrachte nur die Events mit . ey .
M(Wreco) > 65 GeV § § - §09
w w 3 Ll_I08
- 0.7

Wreco to Wtruth
Wparticle to Wtruth

*t 03F* 1 °%F W eco 1O Wparticle
+** 02F 3 02f
#AS Simulation E ATLAS Simulation E : ATLAS Simulation
brk in Progress 01F Work in Progress E 01F Work in Progress
b E
TN P I TS PR P L | P T
C[ 100 200 300 400 500 600 700 800 OC 100 200 300 400 500 600 700 800

P, (Wtruth) [GeV] P, (Wtruth) [GeV] P, (Wtruth) [GeV]

- Ein Massencut erhoht die Effizienz
— Kombiniere 1- und 2-jet Kandidaten
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Whaa - Kombinierte Rekonstruktlon

Vorauswahl mit 5 Objekten

Ohne Massen Einschrankung . Hartester Jet,
— 1 -I LILBL I LILIELEL] I L BL L] I LI I LILILIL I LI L] I LI I LI L I L L l- ® ZWeit-hérteSter \]et
% : > * Kombination aus den 2 hartesten
S 09 e Jets
o F ] * Harteste 2-Jet Kombination
0.8 E ~ * Harteste 3-Jet Kombination
o7E 3 A /
0.6 : _: Ve l D
05k = Rechne die invariante Masse
= . ] der 5 Objekte aus
04 * = N ] J
E : Wreco to Wtruth E ¢
0.3 :_ - Wparticle to Wtruth _: / N
02f- Wreeo 10 Woaricle 3  Wihle das Objekt dessen |
o . ATLAS Simulation E Masse am nachsten an my ist
'k Work in Progress ] — Rekonstruktion auf
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

q} 100 200 300 400 500 600 700 800
p, (Wiruth) [GeV]

L Teilchen- und Detektor-Level
- 4
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Reconstructed Wh.qg

7] 40000 CrrrT UL B BB L LA L L L I L L L BN L L B %) 40000 T T T T ] T T T L L B B B B B
2 = _ Q C -
H C ATLAS Work in Progress J € C ATLAS Work in Progress
35000 — — @ 35000 — .
- {s=13 TeV B = {s=13 TeV -
30000 : — 30000 E
25000 o « Data B 25000 o  Data B
C [l Correct match . C [ Correct match .
20000 [ - No W — 20000 [ - No W —
F [ Wrong match . C [ Wrong match a
15000 — [CJ Background 4 15000/ — [ Background =
100001 = 10000} =
5000/ ] 5000(— —
: : : 1 L 1 I L L 1 ‘ L 1 1 ‘ 1 :

0 50 100 150 200 250 300 350 400 450 500 100 120 140 160

PYW__) (W

pr and mass distribution of the reconstructed W on detector level
e Correct match: AR(Wreco,Wirun) < 0.4

* Wrong match: AR(Weco,Wirun) > 0.4

* No W: There is n0 Wqun

— Consider all signal and backgorund processes
— Good performance of the reconstruction algorithm
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Cross section results

T T T T T

= [ o R 7 = ] R R B N 7
% 10 A LAS Internal 0 Data stat uncertalnty 5 % 10 ATLAS Internal t Data, stat. uncertainty —
0] E {s=13TeV, 140 fb" Full uncertainty 3 O) E (s=13TeV, 140 b Full uncertainty 3
9 1 Hadronic W selection # PH+Pythia8 (DR) = o) [ Hadronic W selection # PH+Pythia8 (DR) B
=5 E # PH+Pythia8 (DR fix.) E 2 1; i PH+Pythia8 (DRfIX) E
35 1ot i PH+Pythia8 §D§) b % - i PH+Pythia8 (DS E
= = + PH+Pythia8 (DS fix.) 5 Z 101 + PH+Pythia8 (DS nx) -
Data needs to be unfolded Sk Y 1 g'F e
E 3 -2 —
Correct for detector effects 1ok " 4 E e
. e & E -3 - o =
 Data are presented on particle 1of : N 2 :
level 10°F s L 5 PPN
H —6: | ,m,‘.;lk...|....|....4uu;....l....l: ;5: ci i L g ]
* Allows comparison of data to MC 104 e e B R RRRETEREEES
. . Al SRS Sl 1. 'i'.l 1.2 -
predictions S 10 e % S gt . i
S 0.6k 0.6 ; ; ; ; . ;
100 200 300 400 500 600 700 800 900 = 100 200 300 400 500 600
. . . Leading b-jet p_[GeV] Subleadlng b-jetp_ [GeV]
Plots show the pr distribution of W, S s Wi o e T
. . . - © 10 ATLAS Internal ¢+ Data, stat. uncertainty = © 10;— ATLAS Internal 4 Data, stat. uncer‘(amty —;
leading b-jet, subleading b-jet and / S F \5=13TeV, 140M" < Fultncerany  § O CE {s=13TeV, 140" Fulluncerainy
. L b d 8 1 Hadronic W selection  # E:ﬁﬁng Egs)ﬁx) = -8 4L Hadronic W selection * E::gﬁmgg Egg)nx) ]
o] Fe 3 + = —_ E $ E
arge pT range can be measure X 10_15":. i PH+Pythia8 (DS ] X g i PH+Pythia8 (DS) 3
E ™ + PH+Pythia8 (DS flx ) E | o + PH+Pythia8 (DS fix.) _|
Good agreement between data 5. b S O
S102¢ b - 3 g =
and MC i T S e 2
10°%g = = g o ]
45 - Yy 3 10—3 - - -
Ll Y % E E o 3
10°F B 10°F e
m19~6_ S S S ] (619;5_- I I I S— I [l
BYa a - 84
8 1% e s +:4 T':E : +l,x Tlr 8 1 g T h— 1y R : 1l .............. 4
S 32 —) '
S 0. : ; : A : : =
100 200 300 400 500 600 70t 100 200 300 400 500 600 700 800 900
Lepton P, [GeV] Hadronic W < [GeV]
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Cross section results

Add 4-vectors and calculate invariant < 0.3 T A o T T T T

[0} n n erna ¢ Data, stat. uncertainty

mass (bl, Wbbl) ] _ ) o Q L {s=13TeV, 140 o Full uncertainty .

— Slope of the distribution exhibits ] 025 yadronic W selection §:+Eym!agggg)f | E

e 2 B 3 +Pythia iX. ]

senS|t|V|ty to top mass -é 0o .: - : PH+Pythia8 (DS) e

2 Vet . # PH+Pythia8 (DS fix.) -

— 0.09 L L B L L B o - ™ -

= - ATLAS Internal ity - . .

Boog- (o tatovimom " 0150 .

9 () o7E Hadronic W selection *# PH+Pythia8 (DR) 3 - ¥ i

e + PH+Pythia8 (DR fix.) = B » |

= - ¢ PH+Pythia8 (DS 3 — - - —

1\’3 0.065— DT + PH+P§Eh:gg EDS)fix.) E 0 1: - ]

£0.055 . = i .

= - E 0.05 ]

0'04§ B 2 § ' ]

o g | Qoo e mtees

0.01 *% o O [ Dester e - T -

o et DR e — P

0 120«[; - 50 100 150 200 250 300 350 40(

o DefL ] méslected [GeV]

200 300 400 500 600 700 800 90«

selected
Mivhadsol [GeV]
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