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The Challenges of Jet Substructure

e An
o e M\

e Jet substructure is a huge
opportunity for searches at the LHC

e We have available an entirely new

— 2.2py AR LR RN AR LR RARRI AR
class of observables compared to the 2 2o ATLAS Simulation
Tevatron! T 18- Pythia Z'— tt, t — Wb

. <16

e Many reasons to consider substructure 145

when looking for new physics "

@ Signals are often boosted- standard 08-

techniques can break down! 06¢

. o 0.4

@® Detectors have incredibile s
granularity and resolution— small )60 300300 400500 59706 806 800
structure is easier to resolve! P} [GeV]

©® New physics is hiding— need as
many handles as we can get!
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Introduction Overview

The Challenges of Jet Substructure

e An
o e M\

e But with great opportunity, come
great challenges

e ATLAS has been spent the past 3+

years trying to address these S % aTLAS Oniine Luminosiy ]
H H g 160; m \E:BTeV,det:ZO.Bib"‘m>:20.77:
challenges, and this talk will be > 140t B - 7T flt- 525 4o 01
structured around them: £ 1or :
5 100
@ Understanding the theory landscape 3 eo-
@® Dealing with pileup g oo
. . o 40k
© Testing methods in data 2 ]
@ Actually applying substructure to gt S e
sea rCheS Mean Number of Interactions per Crossing

e Not going to go into great detail on
the methods, but feel free to ask!
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Understanding the Theory Landscape
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The Theory Landscape

e AL
o e M\
e From an experimental perspective...
<
- O
& PN Pull Quar, k-Gy AZ?&
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& /5’& Tr'\\‘\’\ﬁ““g n %0
000 (99} . s&o Q(,, 20
& bRy By 0§ OF \
Q} “S Q’ Q - (\'Cb'
& . ¥ Cleansi & o (x®
(%Q Flltering 'eanSlng § PS» &(\)C
N-subjettiness 3 S\;o‘a
0§

. \
Calculations?? TO/"I %?’Q

e How can you process all of these ideas?
e How do you begin to tell what's useful?
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Processing New Ideas

e An
D AN

e Substructure as we know it began in 2008— the seminal BDRS paper
e A new idea at the time: use Zh and Wh production at high boson pr
and merged Higgs-jets to search for h — bb
e This field began because of a new idea for a search!
e First ATLAS results (with data) on similar large-R jets: May 2011
e Not a bad turn around, given we had to start running a detector!
e But three years is still a long time...

5 — —o.
L1240 sl B F aras ‘ o [ e ]
53 SNB=45 =Vi+jets BE .gof Cambridae-Aachen f-1.2 Statstical . B
S120f in 112-128GeV Hvv R S Tl ]
D = : r — Pytia 3
G100 =V+Higgs oosE Horviges E
~ L 1
2 80 0.01~ E
= £ El
o £ Bl
o 60 0.005- E
40} g ;
o 1
20} 874
RRE
=04
% 20 40 60 30 100 120 140 160 180 20 g:ﬁ
Mass (GeV) 0.220""40™"6080 700 120 140 160 180 200
Jet Mass [GeV]
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Current Processing Time: Q-jets

e An
o e M\

e More recent example: look at Q-jets (multiple re-interpretations of
one jet):

@ 10003
= 2 E E|
s - clasical with CA & 900F ATLAS Simulation Preliminary 1
5 clas al witl E ]
e L - o= 0.01 with CA| 800 Dijet Selection, Example Jet -
08— —o- =001 withk, 700i anti-k R=0.7 LC, Is =8 TeV =
r E — 0:=0.0001 3
L 600E - a=0.1 E
" 5005 =Mt E
F E My E
04— 400 -
. 300 E
02 2005 E
F i 100f- E
obeacbcst v B L1 E I B
10 20 30 40 50 60 70 80 90 G = o B i | | | |

pruned jetmass 0 20 40 60 80 100

Mass [GeV]

e Went from theory paper (June 2012) to experimental result (August
2013) in about one year

¢ Much faster turn-around time for trying new ideas!
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How Do We Get Fast Results?
o1 AN~

Dhm NS

FrT T T T T T T T T T T T T T T TTT
ATLAS Preliminary e Data E

e Many factors contribute to our ability
to study new algorithms and ideas [ La-z03 061" i amay 028
quickly RIS =i S
@ Well understood data samples: F, Noworous0l
especially boosted W-jets, top jets,
QCD jets
@® Existing code infrastructure means
less time spent on “basics”
©® The collaboration is much more
comfortable with new ideas because : il
) ) 0 02 04 06 08 1
of the success of previous studies Volatility

Jets
3

bk
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How Do You Choose?

e An
D AN

e Being able to study new
algorithms quickly is great! But
we do not study them just for
their own sake...

ATLAS S\mu\a\l?ﬂ Preliminary 7|
anllkR07L 8 TeV

=0.1,d = mip_, G/A Pruning
Nojs = 75, 0= 0.1
MC, All Backgrounds

Dijet Rejection

2| -

e Importantly, need to compare 10

performance of all these i ]

ideas 10F E

. . E — Volatilit q

e New ideas and improved _— N‘-jsibjeitmess f
performance are great, but there 1L

is a need for stability and w,ét Efficiency
consistency so that searches
can actually use these
techniques

e Study Q-jets in detail, but we
see it performs the same as
older techniques (n-subjettiness)
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How Do You Choose: Top Tagging

o1 Ay
P b M\
.5 \\ W HTT (tight)
3 E\ ATLAS Simulation Preliminary ®  HIT ety
@ b Is=8TeV T A HTT(oose)
o 1 ]V, & Noublettiness tagger VI
£ 1L T @ afa o agger v
2 o y S m aa, &[d tagger v
% e 2 m* ayd), tagger
2 O m* taggerll
g A \d, taggert
2 — tagger Vi:c,, scan
8 L s S tagger V:|d, scan
T - \d, scan
- - Pruned S
Theory - Experiment -
-~ Trimmed ; ;
ot 02 o3 5\9"03\48'7!(!&"(3 > e o7 10 0'2 0'4 0'6 0'8 1

tagging efficiency

e Theory results suggest that n-Subjettiness and HEP Top Tagger are
best: also seen in ATLAS

e But important to note that peformance changes with efficiency
e Some final states might require higher efficiency, and a different tagger!
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Understanding the Theory Landscape o oam

Dhm NS

e New ideas are constantly emerging, and ATLAS is constantly
implementing them
e Turn-around on new ideas is a year or less, oftentimes
e Dialogue with theorists has been extremely productive for everyone
e We are beginning to understand what works best: but we tread
carefully, as this is final state dependent
e What is missing?
e No public ATLAS or CMS results on boosted Higgs!
e Hard to pin down exactly why... not enough cross-section? Need new
techniques? Backgrounds too difficult?
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Pileup
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Pileup is a Concern

ol AR
L= o\
e Using large-R jets means we are
i LI AL I R B B
very suspectible to extra 2 [atins P
rad 1ation ; 0.1 ;Ia].?«(w-ak‘zwn'n R=1.0 LCW, No jet grooming applied —
© r < eV, i < 1
e Which is a shame, because = Lo soﬁvg ° ]
the LHC plans to throw a lot < 0.08p e E
of radiation at us 0.06]- ]
e Even in 2011 conditions, see a 004k ]
large dependence of mass on i ]
. 0.02r- b
pileup B L ]
’JA'H\HH\HH\HH

%

50 100 150 200 256 300
Leading jet mass, me [GeV]

e How can we hope to do physics
in these conditions?
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Pileup The Problem

Area Corrections and Grooming are Magic

er A
P b M\

80_22ATLAS Simulation Preliminary Vs =14 TeV $0'22ATLAS Simulation Preliminary Vs =14 TeV

'.E Pythia8 Z' — ti (m,=2TeV) 25 ns bunch spacing % Pythia8 Z' — tt (m,=2TeV) 25 ns bunch spacing

1 O-2fanti-k, LOW jets with R=1.0 @) = 40,7 (u=40) LD O-2fanti-k, LCW jets with R=1.0 @) = 200,6"(1=200)

Bo.18[05 < Pl < 1TeV, 0.0< n| <03 Bo.18[05 < P < 1TeV, 0.0< n| <03

N © No jet grooming, no jet pileup correction N o No jet grooming, no jet pileup correction

©0.16) * No jet grooming, jet 4-vector pileup correction EOJ 6p * No jet grooming, jet 4-vector pileup correction

50.14] 0 Trimmed, no jet pileup correction 50.14f o Trimmed, no jet pileup correction

o = Trimmed, jet 4-vector pileup correction z0 ol Trimmed, jet 4-vector pileup correction

ot = 200

0.08F
3 »
0.06 o8
0.04) M
0.02F
O f60 0 100 200 300 400 00 000 0 100 200 300 400 500

m* [GeV] m® [GeV]

e Areas correction: measures susceptibility of jets to radiation by
measuring ambient energy in events

e Trimming: remove soft subjets from large-R jets
e Even with 200 interactions, these two techniques restore the jet
mass spectrum
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What About Jet Shapes?

e An
o e M\

:‘* g ATLA‘s Prelir‘ninaly ‘ E:sTev,“deI:ZO.‘S!b" ]
G 0.95;‘;23‘.1;?3%33;% Reto 4= MC:Unaoreces
H . E 500 ps' <600 Gev : Correcte El
e Can easily extend the areas correction Of adngies | T4 Daneoreces
. [ corrr,>0.1 —&— Truth-particle jets 4
to work for jet shapes 085 JUIEEe S S
. . . o -8 8 3
o Corrected distributions show no slope 08r8= ]
. . 075 14}4}%4}4}4}4}4}4}%
vs. more interactions e i
o G L L L L I hu
e We can use the same technology to s Lg-;g
< | S s
correct for many other shapes as well g o83
(and even event-shapes!) 12 e oo e
0.9 E
0.8

()
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Are We Still Worried About Pileup?

e An
o e M\

e The answer is both yes and no:

e Yes! We do not know if the MC is correct! Low pt jets have problems!
e No! The MC has not lied yet, and 2012 results are good! Substructure
does not really care about low p7!

e For now, it seems like jet substructure observables will survive to very
high pileup conditions
e Other elements of searches, like E?"ss, may not!
e Validation of these techniques will be critical in 2015
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Comparing Data/MC
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Comparing Data/MC  Introduction

Validating Substructure o1 Al

Dhm NS

o Much of ATLAS's efforts with substructure so far have been towards
validation:
e Understanding data/MC agreement
e Studying performance in different samples
e Measuring resolution and uncertainties
e The challenge: understand to what extent jet substructure actually
works in the data
e Don't just look at QCD backgrounds, but real signals as well
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Comparing Data/MC  Results

Validating Mass

- -

observable... == N
200 -
e Can use a clean sample of W-jets to Ceeas

e AR
b M\
% 1000 T T T T T T M|
. i i 3 L ATLAS —e— Data 2011 ]
e First thing to understand: in a well 2 [ cemscomanngwony e ]
. P 800; anti-k, LW jets with R=1.0 Single top 3
known sample, how accurate is our § T e omn0n Wi
. . F P> 200 GeV " wv+jets o
modeling of the jet mass? R
e The simplest jet substructure 400 -+ ]

0
measure how well data and MC agree— ¢ ¢ L
. . . R 3 W WSS o PR |.rl:§
use this to derive uncertainties B opb T TO

0364060 80 100 120 140 160 180 200
Jet Mass [GeV]
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Jet Mass (with Trimming)

el AR
L= o\
«10°

> 100prrrr e L B AN A AR AR RERRR ARRARE

(] £ —e— Data2012 Q@ r ATLAS - S ]
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- [ “anti-k, R=1.0, Trimmed O W +jets Foan jot

> £ p,>500 GeV, hi<t.2 [ Single Top 8  600=py <800 GeV, i <08

$ 70b ' — € Data 2011

= = S Statistical uncertainty 5 Dijets (Pythia)

€ E Z Dijets (POWHEG+Pythia)

w60 Dijets (Herwig++)
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30|
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e Can see a beautiful top peak in the top sample: spectrum is very
well modeled

e Lots of variation in MC for QCD: Powheg and Herwig++ do best
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HEP Top Tagger: Very High Purity

e An

P b M\

. . . . n T T T T
e Trimming and n-subjettiness often " ATLAS Preliminary

> ]

[0 4

O ool ]

- . . < N -1 1

used in semi-leptonic searches: need 3 [JLa=zosh ]

high signal efficiency & 400} Vs =8 TeV ]

'8 L E[}atazmz B

e But what about all-hadronic searches— & 300¢ = wis =

ST Emsneerr ]

where you need high signal purity? 3 200~ B oicatuncensny Y ]

e HEP Top Tagger provides a much & ook o 1

cleaner sample, and is also very well ]
modeled %™"30 60 90 120 150 180 210 240

Top Quark Candidate Mass [GeV]
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Comparing Data/MC Results

Template Methods in Quark-Gluon Tagging

cr an
LS | ™ N

e Significant data/MC disagreement for variables sensitive to
quark/gluon tagging required the use of a data-driven templates

quarks gluons Y +jet

gluons quarks dijet

e Take percentages from MC, measure y+jet and dijet in data: solve
for quark and gluon distributions in data
e More information on method in
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Templates with Data

e An
D AN

~ 307 \ \ \ \ \ = 0.3p \ \ \ \ \
\C; [ ATLAS Preliminary —@— Extracted ] § [ ATLAS Preliminary —@— Extracted ]
25; anti-k, R=0.4, In] < 0.8 A~ Pythia Dijets E = 0'25; anti-k, R=0.4, In| < 0.8 — Pythia Dijets B
n —m— Pythia y+jet ~ L —m— Pythia y+jet
[ S [
205 Extracted from‘ 2011 Data Closed markers Quarks o 0.2? Extracted fron: 2011 Data Closed markers Quarks
= I Ldt=4.7fb", Vs=7TeV Open markers Gluons ; E J. Ldt=4.7fb", Vs =7TeV Open markers Gluons
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1 5; & :@: 0.1 5:* b
£ e P e
10+ o O g 015t g
[ g —— ] ey —i—

& ]
5 s 1 0.05 *E'E%.;:.% i —

%12’;HH;m‘;HH;HH;HH;HH;’ ‘2’12’m‘;HH;HH;HH;HH;@&
e S PR = e
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gO'S%\\\\\\\\\\\\\\\\\\ g08\""mH‘\HH\HH\HH\HH\
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e Data disagrees with Pythia in n;,, leading to worse separation than
expected
e Track Width has better agreement, though not good at high pt
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Comparing Data/MC  Conclusions

Validating Substructure o1 Al

Dhm NS

e In top and W measurements, remarkable agreement between data
and MC
e In both QCD and signal samples!
e Quark/gluon tagging has more trouble: gluon properties in particular
are not well modeled
e Need to help theorists understand these issues!
e Has the challenge been met?
e W and top samples used as much as possible to understand “real”

substructure
e But the pr spectrum is very limited— not related to real signals

o Where else is it interesting to measure structure?
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Searches
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Searches: Actually Using Substructure

e Now that we understand the tools, we should actually be using these
in searches

o Recall: the entire field is motivated by a search (BDRS and Higgs)
e ATLAS has a number of analyses that apply our techniques
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Searches  tf Resonances

tt Resonances
e an
o b M\

> 03F T T T o

o £ ATLAS Preliminary

8 o025 Simulation, 15-8TeV

£ o0 ]

Sost E

e One of the canonicial searches B oo 9
utilizing substructure 005 , E

e High mass Z’ decays to high pt top e =TS SRR
quarks: too boosted for a resolved mieTTeV]

analysis to see

_ - e
e Reconstruct Z’ mass with & COpATLASPrelminay e e s
. . . =~ 50 | W-jets Z+jets
semi-leptonic and hadronic top 2 Gomeen :B'TV
. g R
candidates @ a0
2 ILm;uzrb‘
209 W jets
10 boosted
2 15
% 1
£ o5
[a) 1

m""9[GeV]
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Searches tt Resonances

tt Resonances: Limits ~ A~

Dhm NS

s TeV L ‘obs. 85% CL upper imit
1y e Exp. 95% CL upper limit
I Exp. 1 6 uncertainty

Exp. 2 o uncertainty
----- Leptophobic Z' (LO x 1.3)

ATLAS Preliminary

[ Ldi=14310"

6, x BR(Z— ff) [pb]

e Search utilizes very high pr top
quarks: how well do we understand
large-R jets, especially mass, here? ' ' 2 s (7o

¢ Validation regions are at lower pr

e Limits are significanctly better thana g A =
. I ~ 7 OWsjets [ Z+ets
resolved analysis would bel! 2 oweson
JLm:u.sz‘
W+ jets
boosted
5? P
2 1sf : , ol
g b WWW%%W%
a8 250 300 350 400 450 500 550 600 650

pL" [GeV]
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Dark Matter with Substructure

e An
o e M\

e Another search with substructure at
the very heart: look for dark matter
produced in association with ISR

. % NI
W-jet i A T
. : . < :

e Semi-leptonic and resolved jets have g0 %ﬁmm
huge backgrounds! Go to very high o 2 Dlu=d) 100
p1 to avoid backgrounds: requires 100pZ4
substructure s

> 0 T T T T T T

§ 355" SR: E7** > 500 GeV/ R,
u X £

H

: " v
B 7
X gO 60 70 80 90 100 110 120
mi [GeV]
d
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Mono-W Limits

e An
o e M\

3 FATLA5 203167 Vs 8TeV —= D9iobs E
< —=— D5(u=-d):obs J
s EF —+ D5(u=d)iobs 3
10¢L-90% CL —e— D1:0bs ]

E —=— C1:0bs 3

A

e Set limits on effective theory mass
scale as a function of dark matter

Ll

mass 260 460 660 860 10‘00 12‘00
. . m, [GeV]
e Making some assumptions on the

effective operators of dark matter, can S Thigm  owa om0

. . s L~ DS:ATLAS 7TeV j6q) L E
even show limits compared to G0l 1 |
direct—detection experiments émrw: spln-{rir{ependeni :spin-dependem 4

ATLAS 203" (s=8TeV]
T — SIMPLE 2011
[— XENON100 207 1 coupp 2012 - - icecube ww |
[—CDMS low-energy - P‘C'\Sﬁo 2012 IpeCube b

Tl L
1 10 10° 10™ 10 10? 10°
m, [GeV] m, [GeV]
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Total Jet Mass in SUSY o oam

Dhm NS

o A completely different approach: high
multiplicity SUSY final state, lots of
jets and E7"*

e large jets here may not coincide with 6

T T T T T
ATLAS o o
JLdt=203 b, [5=8 Tey — Total background
1 lepton CR Cdi—aqun

- . - «© -
tops or gluinos: but summing their Bygo 2 00 v
a .z, +jets

I Single top

mass is sensitive

e This signal region is not the most
effective at the end, but may be useful
for 13 TeV

Data/Prediction _,

5
00 100 200 300 400 500 600 700 800 9001000
Total ‘composite’ jet mass, Mi [GeV]
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The Potential For Searches

e An
o e M\

e So far, not too many searches have utilized substructure!

e Many more are planned: direct stop, RPV SUSY multijets, W’ — tb,

W' — WZ, exotic 4 top models, etc.
e What is preventing analyses from being released?

e Access to information: SUSY multijets had to use “composite” jets,
because R = 1.0 jets were not available

¢ More handles for optimization: New observables mean more room
for optimization, which takes time

e Analyzers need to help with performance: A smaller set of users
means uncertainties, etc., require more work to derive

e This is not low hanging fruit: The simple analyses have already been
done, so all that's left is the fun stuff :-)

e What existing searches would benefit from substructure?
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Conclusions
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Summary

e An
o e M\

e Substructure is a new opportunity for searches at the LHC
e ATLAS has been working to test new techniques, measure
performance, and study data/MC agreement
e These techniques are no longer “experimental”: they are commissioned
and well understood!
e Data/MC agreement is, in general, remarkably good

e Large samples of boosted W and top jets make validation
straightforward
e Notably, quark/gluon discrimination does not work as well as expected

® The one island of significant disagreement?

e Techniques are already used in many searches, but even more are in
progress

e 13 TeV will make boosted objects even more important: looking
forward to new developments!
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Thank You For Your Attention!

M. Swiatlowski Substructure at ATLAS 27 January, 2014 35/ 36



Backup
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Backup Templates

Extracting Templates

e An
o e M\

e Goal: to better understand quark/gluon shapes in data, extrapolate
data to 100% purity with fractions from MC

e Ideally, solve for g/g on bin-per-bin basis from:

Po = percentage quark

g - h = histogram value
hduet _ Pguetq+ Pguetg

q/g = templates
(v + jet)/(dijet) = different sample
e But, need to account for b and ¢ fractions (for now, taken from MC):

pytiet  — Pz)+jetq+Pg+jetg+Pg+jetb+Pz+jetC From Data

i i i Ihe From MC
dijet _ ijet ijet ijet ijet
h =Pqo qtPg gtPg btPcc Solving for This

e Then, compare pure data shapes to pure MC shapes (used for
training tagger)
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Testing Method in MC

o1 AR
D N,
= 0.3 \ \ \ \ \ = 0.3 \ \ \ \ \ E
§ [ATLAS Simulation Preliminary —®— Extracted ] § [ATLAS Simulation Preliminary —®— Extracted ]
=0.25F ik Reoa m<os A Pythia Dijets 5 =0.25F ik Reoa mi<og A PythiaDiets B
~ r ' o : —m— Pythia y+jet ~ [ t o : —m— Pythia y+jet
8 02} Extracted from Pythia MC11 Closed markers Quarks | § 02} Extracted from Pythia MC11 Closed markers Quarks |
= r Vs=7TeV Open markers Gluons = r Vs=7TeV Open markers Gluons
0.15[ = 0.15F 7
FaF ] FEF ]
0.1, @_@_ 3 0.11@ E
Sy e Y SR ,:F:F@:@:%i——@::@:
0.05¢ e, . - 0.05¢
Q | | | | | K Q i | | | | | £
E AL LA L L L L L L B B L E IS LA L L L L B L B L |
S 12 S 12
0] :@—ﬁ—@— 0] —@:ﬁ—@—
g ;g%@ﬁiﬁ — & & | g ;g%ﬁ; — A&
> 2 I I Y B A A | 2 I N T N T |
w 50 100 150 200 250 300 350 w 50 100 150 200 250 300 350

Py [GeV] P} [GeV]

o MC-labeled distributions in v+jet and dijets agree very well with
templates derived in MC
e Disagreement at low pr will be discussed at length soon
e Gives us confidence that the algorithm is doing something sensible
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