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As a field we've devised O(10-20) powerful methods to tag
jet substructure.

Many of the methods have been tried out in searches and
work; these kinds of methods will be crucial for searches in
the years to come.
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As a field we've devised O(10-20) powerful methods to tag
jet substructure.

Many of the methods have been tried out in searches and
work; these kinds of methods will be crucial for searches in
the years to come.

But from outside, the many methods make the field look pretty
confusing.

And from inside, | get the impression we don't always know why
or how the methods work — which is bad if we're looking for
robustness.

Is it time to get back to basics?
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Norma

What was the orig

R=0.4/0.5 jet finding fails to

pron

inal motivation?

Ind one jet per

g of a boosted [w/zHitop/NP] haC

ronic decay.

We need to make sure that this doesn't prevent us from

using

Question #1:

—\W-scale particles in TeV scale searches.

To what extent are the things we do with "normal” jets
(and leptons) mirrored in the things we're doing with

Gavin Salam (CERN)

‘fat” jets?
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What have we found out in the meantime?

There’s a huge number of things you can do with |et
substructure.

Many of the things ap

oear to Improve mass resolution,

background rej

eC’[iOﬂ, etC. [at least in MC simulation]

Question #2:
How should we balance improvements v. “complexity”
of method?
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NN E

Resolved Analysis

( Find one jet/prong )

[ Cut on jet py, Ay, ... J
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What are we comfortable with”?

Resolved Analysis

Fat-jet Analysis

( Find one jet/prong ) — ( Find subjets )

[ Cut on jet pt, Ay, ... J — ( Cut on subjet z, AR, ... )

[MDT/Prune/Trim/Filt/XYZTopTagger/Template ...]
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What are we comfortable with”?

Resolved Analysis Fat-jet Analysis

( Find one jet/prong ) — ( Find subjets )

[ Cut on jet pt, Ay, ... J i ( Cut on subjet z, AR, ... J

[MDT/Prune/Trim/Filt/XYZTopTagger/Template ...]

. N\
|solation cut for

g colourless leptons, y y

[ Coe Y
Cut on radiation in jet

g for g/g discrimination ,
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What are we comfortable with”?

Resolved Analysis Fat-jet Analysis

( Find one jet/prong ) — ( Find subjets )
[ Cut on jet pt, Ay, ... J o ( Cut on subjet z, AR, . J
[MDT/Prune/Trim/Filt/XYZTopTagger/Template ..
. ) N
|solation cut for Cut on radiation for
»
g colourless leptons, y , colourless W, H,...
(" N ) L. .
Cut on radiation in jet Cut on radiation in
f N o .
_for /g discrimination subjets
[Tmn, Qjets, deconstruction...]
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What are we comfortable with”?

Resolved Analysis ) Fat-jet Analysis

( Find one jet/prong

[ Cut on jet pt, Ay, ... % - ( Cut on subjet z, AR, .

Find subjets

[MDT/Prune/Trim/Filt/XYZTopTagger/Template ..

( . )
|solation cut for

g colourless leptons, y y

colourless W.H,.

Cut on radiation in
subjets

[Tn, Qjets, deconstruction..

Cut on radiation in je#
_for alg discriminatio

Cut on radiation for J
]
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Analvytic
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Understanding your taggers means you know what tools
you can safely use with them

For robustness, you can then choose taggers whose
distributions can be predicted in many ways

OSrrm T
R Lo ] Just like
g — NLo_ MET(Z—Vvv) In
Y Y P 1 multijets is reliably
A I bt ] estmated from
8 o[ Flrir ] | At %%H iy y+jets because
g 1 1 multiple types of
S oaH (Z+2jets+X)/ (y+2jets + X) 1 calculations of the

- BlackHat+Sherpa ] ratio agree
0 300I - I4(|)0I - I5(|)OI - I6(|)OI - I7(|)OI - I8(|)OI - I9(|)OI - I1000

HY [GeV ]
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What do we know currently”

{Boost 2010 proceedings:
4 The [Monte Carlo] findings discussed above indicate that while |pruning,
5 trimming and filtering| have qualitatively similar effects, there are important
'f differences. For our choice of parameters, pruning acts most aggressively on the ?:‘v.
signal and background followed by trimming and filtering. i

At the time:

e No clear picture of why the taggers might be similar or different
e No clear picture of how the parameter choices affect the taggers

Today:

e |'ll show a selection of preliminary lessons from studies for background
jets in progress with Dasgupta, Fregoso and Marzani
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The “right” MC study can already be instructive
(testing on background [quark] jets)

m [GeV], for p; =4 TeV
10 100 1000

== plain jet mass

m/o do / dm

usbg <o 1 dd ‘gn ou ‘|oAs Jemoys-uoped ‘Ma 9 Bluikd

=Y ‘bb<bb‘pa] <

—

0.001 0.01 0.1
m/p;

Gavin Salam (CERN) Jet substructure: back to basics @ PI, February 2013



The “right” MC study can already be instructive

(testing on background [quark] jets)

m [GeV], for p; =4 TeV
10 100 1000

== plain jet mass
—— Mass-drop tagger (y,,=0.09, u=0.67)

m—— Pruner (z,,=o0.1)

 Different taggers|

69 ‘A8l vI dd ‘gn ou ‘|eas| Jamoys-uoped ‘A 9 BIYIAY

= s | FIMMEY (2,,=0.1, Ryiy=0.2)
©
® L are apparently |
e 'f . ] ] '
E { quite similar 1
:
0.001 0.01 0.1 1
m/p;
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The “right” MC study can already be instructive
(testing on background [quark] jets)

m [GeV], for p; =4 TeV
10 100 1000

== plain jet mass
—— Mass-drop tagger (y,,=0.09, u=0.67)

m—— Pruner (z,,=o0.1)

s TFIMMEY (2,,=0.1, Ry;=0.2)

| But only for a |
| limited range }
i of masses |

o6y ‘A8l vI dd ‘gn ou ‘|eas| Jamoys-uoped ‘A 9 BIYIAY

m/o do / dm

L=Y ‘bb<—bb‘psl <Y
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Do we care about such differences?

® [hink data-driven backgrounds: kinks can seriously mess

W|th yOU [especially if you got used to their being absent, e.g. from moderate p: tests]

® How do these structures depend on the zcut, Yeut, Rtrim,
etc. parameters?

® Are these structures R ™
telling us something we P pametmass |
might want to know B et
about the taggers? E.g. R
how to improve them? E
This calls for analysis

0.001 0.01 0.1 1

and calculation mip,
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Pruning [7, 8] takes an initial jet, and from its mass deduces a pruning radius Rprune =
Reocr - 2})—?, where Rg,.t 1S a parameter of the tagger. It then reclusters the jet and for
every clustering step, involving objects a and b, it checks whether A, > Rprune and
min(pea, pry) < ZeutPt, (a+b)s Where zeyt 18 & second parameter of the tagger. If so, then the
softer of the a and b is discarded. Otherwise a and b are recombined as usual. Clustering
then proceeds with the remaining objects, applying the pruning check at each stage.

t Choose an Rprune such that
t different hard prongs (p1, p2)
I end up in different haro

L subjets.

Sets pruning radius, & hard
enough to end up as subjet
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 What pruning is meant to do:

{ Discard any softer radiation. |
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Pruning [7, 8] takes an initial jet, and from its mass deduces a pruning radius Rprune =
Reocr - 2})—?, where Rg,.t 1S a parameter of the tagger. It then reclusters the jet and for
every clustering step, involving objects a and b, it checks whether A, > Rprune and
min(pea, pry) < ZeutPt, (a+b)s Where zeyt 18 & second parameter of the tagger. If so, then the
softer of the a and b is discarded. Otherwise a and b are recombined as usual. Clustering
then proceeds with the remaining objects, applying the pruning check at each stage.

I:{prune _ ]

I Chooses Rprune based on a soft ps |

SO O { (dominates total jet mass), and |}
EE——— I --> tleads to a single narrow subjet :
.~ }whose mass is also dominated by |

i 2 soft emission (p2, within Rprune Of 1§

p1, SO not pruned away

Sets pruning radius,
but gets pruned away
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What pruning sometimes does |

N
by
) - v'
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A simple fix: “sane” pruning

Require at least one successtul merging with AR >
Rprune aﬂd Z > Zcout

0.3

0.25 |

0.2 |

m/o do / dm

Monte Carlo

m [GeV], for p; =4 TeV
100 1000

0.15 |

10
—r

-

7’
“Sane’- pruning

I’IIIIII » » IIIIIII

, ——r—r—rrr
e Pruning, z,; = 0.1
= == = Sane pruning, z,,; = 0.1

Original pruning

yy /7

Gavin Salam (CERN)

0.01 0.1
m/p,

‘sane” pruning Is
eftectively placing
an isolation cut on
radiation around the
tagged object
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1. Break the jet j into two subjets by undoing its last stage of clustering. Label the two

Mass subjets ji,j2 such that m;, > m;,.
drop 2. If there was a significant mass drop, m;, < wm;, and the splitting is not too asym-
metric, y = ]rni]rl(p%jl,pgﬁ)ARi]2 /m? > Yeut, then deem j to be the tagged jet.

3. Otherwise redefine j to be equal to j; and go back to step 1 (unless j consists of just
a single particle, in which case the original jet is deemed untagged).

| What MDT does wrong: |

Follows a soft branch (p2+p3 <

<l T s e pe) with “accidental” smalll §
) { mass, when the “right” answer |

N 2 /

" p3/ } was that the (massless) hard |

branch had No substructure Iﬁ

\ Subjet is soft, but has more

substructure than hard subjet
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A simple fix for “modified” Mass Drop Tagger:

When recursing, follow branch with larger (m2+p:?)
(rather than the one with larger m)

0.2 T 1 1 1 1 1 1
MDT, total
= == = MDT, wrong-branch contribution
------ modified MDT
0.15 | il
= Original MDT
=
© 01 F LN
6 | ettt
©
2
0.05
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What about analytic calculations of the taggers?

Simpler More complex

—

Dasgupta et al (full NLL, including non-global part)
Chien et al (partial NNLL)
Jouttenus et al (they say full NNLL; | remain to be convinced!)

MMDT > plain mass ~ trimming > sane pruning > full pruning » MB+

|

Dasgupta, Fregoso, Marzani & GPS, forthcoming:
LL in all cases, plus some subleading logs
[INB: LL doesn’t mean the same thing in all cases!)

Gavin Salam (CERN) Jet substructure: back to basics @ PI, February 2013
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Modified Mass Drog Tagger

Monte Carlo Analytic

m [GeV], for p; =4 TeV m [GeV], for p,=4 TeV
10 100 1000 10 100 1000
0.3 p—r—r—r—r-ry ettt e s y——r 0.3 —r—r—r—r-ry e e s
e MMDT, y; = 0.03 e MMDT, y,+ = 0.03
0.25 | = == MMDT, yg; =0.13 025 bk — = = MMDT, y,; =0.13

= = = mMDT, y, = 0.13 some finite y ;

0.2 F

£ =
© ©
2 o015} 15
2 2
£ £
0.1 F
0.05 |
O o o U T R | o o PR RN | o o PR o o PR T T | o o P T R R | o o P
0.001 0.01 0.1 1 0.001 0.01 0.1 1

m/p; m/p,

I[MMDT is closest we have to a scale-invariant tagger,
though exact behaviour depends on g/g fractions]
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Monte Carlo

m [GeV], for p; =4 TeV

pruning, z.; = 0.
= == = Sane pruning, z,; = 0.1

m/oc do / dm
m/oc do / dm

Gavin Salam (CERN)

0.3

0.25

0.2

0.15

0.1

0.05

0.001
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Analytic

m [GeV], for p,=4 TeV

1000

sane pruning, Z,; = 0.1 == = -

pruning, Zg; = 0.1  m—
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0.4

0.35

0.3

0.25

0.2

m/oc do /dm

0.15

Gavin Salam (CERN)

10

Monte Carlo

m [GeV], for p; =4 TeV
100 1000

m— trimming, Ry, = 0.2, z;; = 0.05
= = = trimming, Ry, = 0.2, z,; = 0.1
RS

0.01 0.1
m/p;

m/o do / dm

0.4

0.35

0.3

0.25

0.2

Analytic

m [GeV], for p,=4 TeV
10 100 1000

m— trimming, Ry, = 0.2, 2, ; = 0.05
= == = trimming, Rg,, = 0.2, z; 4 = 0.1

0.01 0.1
m/p,
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What about cuts on shapes/radiation

E.g. cuts on N-subjettiness, tight mass drop, etc.”

* These cuts are nearly m[Gev] forp, =4 TeV
: 10 100 1000
always for a jet whose
mass Is somehow
groomed. All the structure
from the grooming
persists.

s THMMEY (2,,20.1, Ryi=0.2)

e THMME (0.1, Rigi02) & Tog 120 < 0.3

m/oc do / dm

e S0 grooming & shape
must probably be

calculated together
m/p,
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Bottom line on “understanding”

® Taggers may be quite simple to write, but potentially
iInvolved to understand — tiny details can lead even
courageous theorists to tears.

e Contrast this with pt cuts for standard jet analyses —
(mostly) simple

o Still, many taggers/groomers are within calculational
reach.

e New "moditied” Mass Drop Tagger is especially simple

e New “sane” pruning Is also interesting — further
iInvestigation warranted...

Gavin Salam (CERN) Jet substructure: back to basics @ PI, February 2013
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Infrared safety:

When the addition of one soft particle with momentum €
changes the outcome of tagging by an amount O(1).

It means that perturbative calculations give oo
It means that the physics of hard objects may be irremediably
contaminated by non-perturbative physics — not good for

robustness!

Was long an issue in hadron-collider jet-finding.
L et's make sure It doesn't come back to haunt us!
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CMS’s pruning followed by a
mass-drop cut:

see blackboard!
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IR ISSues In T23

N-subjettiness T3/ T2:

T2 measures departure from 2-parton energy flow
Tz measures departure from 3-parton energy flow

Easily cured with a
cut on T2/ T4, which

forces 3@ prong Nnot
2 SOft partons to be soft.

— 2 hard partons

Extra cut has almost
) No iImpact on

To
2 However soft the performance
T3 < - two gluons, you
T3/T2 ~1 get i T/To Cacciarietal 12

That’s IR unsafe
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Scale invariant
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Experiments often have two X >2Y > 4Z, Toy MC, Parton Level

distinct searches: o | :

o 0.8 S —

Resolved (small-R multi-jet) & £y 0 S

' S 0.6 . | Beadi

Boosted (large-R fat-jet) £ OO Jjets .- :

g 04 e o .

Can resolved and boosted I T

analyses be consistently )
Ob—  "==9=c-==n ! ! ! Loy |

performed together? | 28 ek TR 20

Work in progress with Gouzevitch, Oliveira, Rojo, Rosenfeld & Sanz 9



Look just at
Y—2Z decay

Key [simple] idea:
Cuts on resolved jets should

mirror those on subjets inside fat
jets

unboosted Ay12 & pi
cuts should have

similar efficiencies to

boosted cuts (Yeut)

Ccuts on
nearby jets

Increasing should mirror
subjets cuts,

boost
> | Pt2 = Yeut Pt
Y Y

Gavin Salam (CERN) Jet substructure: back to basics @ PI, February 2013




yes “Y iat? yes
—> 1 MD tags = 2?7 |—> A;Aﬁ, M'?;o? —_— 2 Tag Sample
Event no l/
ho
Jet Clustering AKTO7 .
Hadron level basic cuts MD tags > | ? ﬁ) Ay, A:’I‘{eAtpT’r;C?w? _Yi | Tag Sample
Mass Drop Tagger applied
to 2 hardest jets no l /
MD tags > 0 |—| , “4Jet” reco o Tag Sample
o Ay, AM, Apt, MYw |
2myi—mya)| e e < My (14 ) Traditional cuts
my1+mys |~ B 7 B '
on resolved jets
Ay = |yy1 — yva| < AYmax Ay = lyyin —yvizl < Almax < |

Apr = pg) —p&g) > (1 — ycut)p%l)

max (my,1, Myz2) < [+ my

( ‘

Jet Reconstruction

Analysis cuts

Boosted cuts

R
0.7

My
125 GeV

Ayres

max

0.8

Aymax
1.3

Rsi | Ry | ngie |
1.3 10.3 3 0.67

Yeut
0.9

Pr
25 GeV

min
‘ymax |

5.0

er{lin
100 GeV

fm
0.10

on resolved |ets
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X>2Y >4Z, Toy MC, Hadron Level, LHC 8 TeV

L= =
- | Diets - Efficiency
> [ djets  Slets ‘ roughly
) — g N ]
S stable as
4011 ‘ E
2 Y — Total - X—2Y =4/
[ - } i
A Ny e 2 Tag sample - goes from
- I N Y 1 Tag sample - :
_ ISP 4932 jets
------ 0 Tag sample
10-2_ | : .';I , é‘:\, ! oo ]
1 2 3 FM=4|V|X /52 Ms 7 8 910 20
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X>2Y>4/Z, Toy MC, Hadron Level, LHC 8 TeV

0-6_ I I I I 1 1 I I | ]
B — R=0.7 -
_ 05 < R=0.4 -
O — a - o
5 b =10 E Efficiency
5oL - roughly
< 03F e independent
< 0.2 T - of R used In
o . f""v N .
o - clustering
— 3 7
0.1 -
O: ' ' ' L ! ! Lo -
1 2 3 6 7 8 9 10

Gavin Salam (CERN) Jet substructure: back to basics @ PI, February 2013 33



Gavin Salam (CERN)

Plleup In the

Jet substructure: back to basics @ PI, February 2013
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Pronged top taggers

Some have pileup-reduction built in (HEPTopTagger,
Template), essentially by using small (R~0.2-0.3) sub-
cones, sometimes dynamically adjusted to the top pt

For heavy pileup you will need to supplement them with
full pileup subtraction (e.g. area-based).

[ Technically trivial, but so far studiec
only for filtering & trimming

Shape-based taggers
Until recently, no clear way of subtracting pileup.
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| |
() -~ - ) (—
il

Cacciari, Dutta, JH Kim, GPS & Soyez '12

nth derivative of Shape as a function of
shape wrt ghost \ l_ particle momenta in jet
momenta
n] a”
| __ n
v = ar Ty ()

Jdry,

Ghost area
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Cacciari, Dutta, JH Kim, GPS & Soyez '12

nth derivative of Shape as a function of
shape wrt ghost particle momenta in jet
momenta \

Vet =

Ghost area

,_)Vjet,sub — Vjet — ,OV[ |

Subtracted shape pileup density
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Practical test: T32 and tog tagging

Correcting the 13 distribution

(1kt,1)

32
| | | | |
tt
~ 2 ['m;>50GeV, oy >0.15 7
E Ql S N~ 7\
-
P
2
Z v
- 1F i i
Z "\
S~~~ \\
A J no PU — \
A (30) PU — —
’ 1st order sub ----
/ 2nd order sub —
A ] ] ]
0 0.2 04 06 0.8 1

Green: no PU
Gavin Salam (CERN)

Red: with PU

Blue/Black: subtracted
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Practical test: Ts2 and top tagging

Correcting the 13 distribution

‘ngkt’”
| | | | |
tt
0.8
= 2 ~m;>50 GeV, 1(211kt’1)>0.15 7
EN ~Y< —v"'/ \
e
S, 0.6
S 1} g d
< “‘\ o)
— no PU — \ ©
i (30) PU — — 0.4
' 1st order sub ----
(1/ 2Ind order sulb — |
0
0 02 04 06 0.8 1
0.7 ! ! ! : , 0.2
E“C\I 06 B - =
vl_g) L — o eeemmmmmmmmm T :-
O 5 ‘_—_T--_-_'__I—=I : | O
0 10 20 30 40 50
Npy

Tagging efficiency

top tagging with T3,

(1kt,1)

I I
LHC, vVs=8 TeV

— Pythia8(4C), noUE
anti-k;(R=1), p; = 500 GeV

solid: ttbar

T32 = 06, Toq = 015,

~0...G-

I I I
no PU —=—

with PU —e—
PUsub ——

|©-0--9--6--09-la..4

20

30

40 50 g,

Green: no PU

Red: with PU

Blue/Black: subtracted |
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S U m m a I'y [and points for discussion]

it's time to make the transition to a deep understanding
of our tools, the only way of guaranteeing robustness

» Analytical control of “pronged” taggers now seems to be
possible [though still early days]

» Taggers can have surprises in store for us — especially
when we explore full LHC14 p: range.

[They can also be “fixed up”, e.g. sane pruning, modified MDT]
» When do we want want to use “radiation-based” taggers”
» Do we need/want continuous resolved-fat-jet analyses?

» Pileup: it's time to start dealing with it systematically in our
taggers [beyond just grooming, even as part of grooming]
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EXTRAS



Prong based

(e.q.

Tem

e

Different fat-jet tagger types

-PlopTlagger,

plate Tagger)

® [dentifies prongs

| ® Requires prongs be
i consistent with
kKinematics of
t=>Wb— 3 quarks

Radiation based

i (e.9. N-subjettiness = T3/T2

+ mass cut)

} ® Requires top-mass

consistency (maybe W|th '
some grooming) =

® Exploits weaker radiation {

from top (3 quarks) than
background (1g+2g or |
39)



Top quarks, Tops from quark-jets &Top fat-jets

[and their radiation pattern]

- \:I’ L“\,'Lf (O‘/;‘.- ( (‘(‘._\L\ - l)pp){-(_,l & ‘Q((di/'f‘}‘é’ b-:v‘){() {QP E : \/'E r( s O2
R — -— P P —————————— e : - S —. - ;7. P

R — W

e - 4 “\A - “I\. - - 4 S —— —— —— ” : '
"\“ ’/’/ - \/ ' V ’/. : ‘
N . | / _ : \/ |
!

4

\ ’
\AJ -
yv ;, !
0’ L i ; ,’ i
(\ "
' - \{/ i / ! 3
’ g ’
| | - '
3 [ A~ L I |
1‘ \ ) : / 1L /
: ﬁ '. /» Foir /
] : ! 3 |
: 3 ;
! { J
) i J
. . ’
i
|

-
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Are top pairs in
NIgN-pt events always
pback-to-back”

A reminder that top-quarks at LHC are almost “light”

An 8 TeV study with POWHEG, top-pair production, no
decay and no parton showering (to keep things simple)
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Flavour Creation

* Ptiop1tPiop,2 > 1200 GeV anti-top
2 B X ;
|_
1
S~
N
o
S %
o}
+ 1 5 B x % 7
o
e’
d_—r X
)
X ¥
1 | —
0 /2 T

AI:{top 1,top 2
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Flavour Excitation — tops inside your PDFs

 Priopi*Prop2 > 1200 GeV
2 B + pt,t0p1 > 600 GeV

(3 Pttop 1 * Pitop 2)/HT
(@) ]
N
1T
—

/2
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AI:{top 1,top 2

anti-top



Gluon Splitting

top

Pt top1+Prop,2 > 1200 GeV

Pt top1 > 600 GeV

jet 2 > 1200 GeV

jet1 T B

Pt

._._I_\AN QOHJQ + _.QO“_JQ muv

/2

AI:{top 1,top 2
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