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PI-Workshop:
Application of Jet Substructure
to New Physics Searches

Jet substructure workshop Perimeter | Michael Spannowsky 23.02.2013
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Where are we at the moment?

4th of July,
Higgs-like boson discovery
after prediction 50 years
earlier

Huge international success!

ATLAS Preliminary

W.Z H ~bb o 4.9+13 ifb
L . Couplings quite SM like...
Fr Y. ; “Jet substructure is the only field where
(= 1.365 + 0,24 . you can GCfud“Y do Somefh“'lg neW"
‘ S?qnai '5I1renqih () (experlmen+alls+)

Mass of Higgs nice for jet substructure community

Jet substructure workshop Perimeter 2 Michael Spannowsky 23.02.2013
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Where are we at the moment?

4th of July,
Higgs-like boson discovery
after prediction 50 years
earlier

Huge infernational success!

ATLAS Preliminary

V.2 H ‘I.‘ o 49413 ifb
. Couplings quite SM like...
| “Jet substructure is the only field where
Combed  u=136:024 you can actually do something new”
‘ S(i)qnal ;I1re|1gilw (M) (exPerlmen+alls+)

Mass of Higgs nice for jet substructure community

Jet substructure workshop Perimeter 2 Michael Spannowsky 23.02.2013
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For Higgs measurement we need cross
correlation between many channels:

) TROC I production | decay [Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]
g WL 99 —H | Z
L qqH 2Z }
gg — H ww Decay into spec.
il qqH ww , channel
e ttH WW(3¢) Production
— ttH Ww (2¢) /
) inclusive 28 \ 92
qqH v , -l Zd
ol ttH yY o - BR gP My
) Ny S WH ¥ \
ZH A
H T (2¢
o —— o 3 T—TM :;:l 02 all :
. fi) bE possible decay
| TOOOT——— () WHIZH bb (subjet)
® Every measurement affected by
assumed: [y =gyl T, ~ g7 production and decay

. Uncertainty of all coupling measurements driven by total width,
l.e. channel with largest BR: H-> bb

Hbb difficult but can use new techniques, i.e. Jet substructure!

Jet substructure workshop

Perimeter 3

Michael Spannowsky 23.02.2013




Measurement incl. BDRS only ttH, H — bb (no BDRS)
Do COneg Tpos o Cheg Tpos
Aww i ().24 0.21 0.27 + (.33 ().24 +0.43
Ayz t0.31 0.35 +0.29 | £0.59 0.33 +0.64
Avn F0.53 0.65 +0.43 | £0.48 0.56 + 0.41
[ Avu £0.44 | =030 +0.59 | £0.78 [ —0.43 +0.84
Arrh 0.31 0.19 +0.46 | £0.39 0.20 4 0.60
s £0.31 030 +0.33 | £0.33 0.33  +0.33
AggH £0.61 0.59 +0.62 | =0.66 0.48 4 0.82

e Huge improvement from boosted Higgs analysis

e also for non-b decay modes due to better
knowledge of total width

‘ To reduce uncertainty for all coupling,

need to measure b and t coupling

‘ Jet substructure the right topic at the right time
(reflected by age structure of workshop participants)

Jet substructure workshop Perimeter 4 Michael Spannowsky 23.02.2013
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Field of jet substructure changed (matured?) over recent years:

Ideas older (see Mike Seymours early work) but tremendous growth only since 2008

*First reconstruction techniques PHENO
2009/2008 |+ Theory-study of high-profil pheno searches .o
*New objects (lepton jets) initiated

*Many Higgs/BSM/top studies
*First exp. results. e.g. jet mass measurement PHENO

201072011 for boosted jets EXP

*More methods to reconstruct objects

*Many experimental results

Y612 *Many techniques tested on data THEO
*Strong efforts in calculating jet observables, EXP
e.g. mass

2013 Our workshop

Jet substructure workshop Perimeter 5 Michael Spannowsky 23.02.2013
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Theory questions in focus of workshop

Theory calculations

—

® Precision calculations for
substructure techniques

Back to basics Back .
| & | to basics

Pheno applications and methods

! e How do methods compare?
‘ e How can methods be improved?
e Which scenario to study?
| ® What has been overlooked?

Hopefully roads meet behind horizon...

Jet substructure workshop Perimeter 6 Michael Spannowsky 23.02.2013
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Analytic calculations for grooming techniques

The “right” MC study can already be instructive

(testing on background [quark] jets)

[Salam]
m [GeV], for p, = 4 TeV
10 100 1000
0.6 v v -
plain jet mass
0.5 | = Mass-drop tagger y,,«0.09, 1=0.67)
— PrUNGT (z,,0.1) ¢ = ) s
= 04 F — Trimmer (2o #0.1, Fyym=0.2) ) : [—% l J { {)[ 1 ‘\/ h) I ( l
° . P
I limited range
S .
2 of masses

0.001 0.01 0.1 Ol
m/p,

Grooming techniques can have surprising/unwanted features

Jet substructure workshop Perimeter 7 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

lnin(/r;\,-}»“/‘.,) 3
DT, + P15

AR;; > Dcy = M(fat jet)/Prp(fat jet)

Jet substructure workshop Perimeter 8 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;, J”"f.-‘f)
‘/)";‘l, i ij‘.‘j‘

-~ -~

~cut

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Michael Spannowsky 23.02.2013

Jet substructure workshop Perimeter I3
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;. f”‘-‘f)

: " Zeut
‘f’]’".f i l)lf‘.‘j‘ =

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Jet substructure workshop Perimeter 13 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;. f”"f'-‘f)

+ + < ‘:('lll-
‘/)J'".f | l)f‘.‘j‘

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Jet substructure workshop Perimeter 14 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

-~

min(pr.i, pr.;)
- <cut

‘/):f‘.f | J“.I."‘.‘j‘

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Jet substructure workshop Perimeter I5 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;. /”.-J)

X - + + Zeut
Pri+ brl
AR;; > Dy = M(fat jet)/Pp(fat jet)
Jet substructure workshop Perimeter 16 Michael Spannowsky 23.02.2013
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Soft wide-angle radiation can change mass and Dcut

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;, !"!'./)

: . < Zeut
‘/)T.f | l)’f‘.‘j‘
AR;; > Dy = M(fat jet)/Pp(fat jet)
Jet substructure workshop Perimeter |7 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(/r;\,-}"!‘,;) 5 o
PT,i + P15

X AR;j > Dey = M(fat jet)/Pr(fat jet)

Jet substructure workshop Perimeter 18 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;. f”'-‘f)
‘/f‘;‘l, f f).'f‘.‘j‘

<cut

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Jet substructure workshop Perimeter 20 Michael Spannowsky 23.02.2013
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Pruning

Dcut now bigger

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;. /}"f'-‘f)

. - < -:'{'lll-
‘/)J'".f i /)f‘.‘j‘

AR;; > Dy = M(fat jet)/Pp(fat jet)

Michael Spannowsky 23.02.2013

Jet substructure workshop Perimeter 22
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;, /}"f'-‘!)
‘/).“f“, f /).'f‘.‘j‘

~ -

<cut,

AR;; > Dy = M(fat jet)/Pp(fat jet)

Jet substructure workshop Perimeter 24 Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;, f}"f'-‘f)
‘/).“f“, i /).'f'.‘j‘

<cut,

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Michael Spannowsky 23.02.2013
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr.;, f)"f'-‘f)

. - < :‘('lll-
‘/)J'".f i /)f'.‘j‘

AR;; > Dcy = M(fat jet)/Pp(fat jet)

Michael Spannowsky 23.02.2013

Jet substructure workshop Perimeter 27
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A simple fix: “sane” pruning
Require at least one successful merging with AR >
Rprume and z > Zeut .

Change groomer to ftagger
based on theory calculation

Monte Carlo
m [GeV], for p, =4 TeV
10 100 1000
0.3 T ey —,
pruning, Z,,; = 0.1
0.25 b = == = Sane pruning, z,, = 0.1 i i . s
sane” pruning Is
g Original pruning effectively placing
015 an 1solation cut on
e 2" radiation around the
_ o tagged object
0.05 “Sane’- pruning 99 )
O e— ,/ 'l L
0.001 0.01 0.1

mip,

Theory calculations lead to development of tagger
(see also N-subjettiness)

Jet substructure workshop Perimeter 28 Michael Spannowsky 23.02.2013
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A simple fix: “sane” pruning
Require at least one successful merging with AR >

Rprune @nd z > Zeut _ '@ Change groomer to tagger

based on theory calculation

Monte Carlo
m [GeV), for p, =4 TeV

10 100 1000
o i i :Jrunlng zt:“, K 0.1'
0.25 b = == =« Sane pruning, Z,, = 0.1 i T . .
sane” pruning is
g Original pruning 1 effectively placing
3 o015 an isolation cut on
£ o radiation around the

tagged object

“Sane’-‘pruning

g = 1 1

0.001 0.01 0.1 1
mip,

Theory calculations lead to development of tagger
(see also N-subjettiness)

Jet substructure workshop Perimeter 28 Michael Spannowsky 23.02.2013
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sub-jets

shapes

Workshop driven by goal to

<,

collect, categorize and compare % 0’7)‘
J; Q’:f Yo
WWell pile-up . \9\9- L)
understood | subtraction theory appluczﬁb\%f; /O,)
y-splitter yes everything ?
BDRS yes some everything
Hopkins,
HEPTop yes boost top, W
Wh-tagger
jet-mass, :
groomed yes good a lot of work | everything
angularity yes good some
planar flow yes ! some
nsub: Tjj yes good some t, W, more
Perimeter 29 Michael Spannowsky 23.02.2013

Jet substructure workshop
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N/

Well
understood

pile-up
subtraction

theory

Ncharge-track

yes

width

yes

*

angularity

yes

yes

color flow

angular
correlation
function

Event
subjettiness

shower
deconstructin
top-tag

some

jet charge

some

Qjet

Jet substructure workshop

Perimeter 30

Michael Spannowsky

applica%\ Of)}(
B G

) y
S %

23.02.2013
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Many top taggers, are they all the same!

[ ]
[ |
' = |
| /-‘ ‘
| 10
|
|
” |
» ATLAS ‘ ' ‘ ATLAS
p 107 | > CMS ' o 107 | cMS
i S HEP : 3 > - HEP
| { IH i [ H
NSub | NSub
| Pruned I ‘ 4 Pruned
| TW ! 10" | W
f Trimmed| | 1 Trimmed
|I|\ 0.2 0.3 04 ).E -‘r. Ilr-' 0.1 ' 0.2 0 -.] R 0.6 .
nal effi | effici
Performance very similar...
Jet substructure workshop Perimeter 31 Michael Spannowsky 23.02.2013
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Many top taggers, are they all the same!?
3 "

IIE =
4
!103
2 | N | ; !
We chose to test them in . ._:_ 10°
the simplest scenario... o
Shouldn’t be surprised to T -7 B o
find little difference I
% 200 d

low pT, bigger cone -

and l.ar..ge.hadronlc g ” ! o [Kaplan, Rehrman,

activity In event Schwartz, Tweedie]
are game changer

Jet substructure workshop Perimeter 32 Michael Spannowsky 23.02.2013
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Workshop driven by goal to
collect, categorize and compare

Physics cases which should be studied:

® high multiplicity jets

® quark vs gluon tagging  (Dependent on superstructure?)

® SUSY scenarios, e.g. RPV

® Challenging SM processes, e.g. VH with H->gg or cc

® Resolved vs boosted, impact of event-color flow on
reconstruction efficiency

® Electroweak states from cascade/elw decays

Jet substructure workshop Perimeter 33 Michael Spannowsky 23.02.2013
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Is it really useful fo independently
collect, categorize and compare
pheno-applications and reconstruction methods?

Contra:
* Many methods were designed for specific scenarios

e Performance of methods not always independent of
event super structure, e.g. hadronic activity, color...

Pro:

» Application dependent component might render
categorization and comparison infeasable

Jet substructure workshop Perimeter 34 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique

could be
hypothesis tester vs BSM discoverers
(maximum information approach) (agnostic discriminator)
Jet substructure workshop Perimeter 35 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique
could be
hypothesis tester vs BSM discoverers

(maximum information approach) (agnostic discriminator)

If you know what to look for hypothesis
tester should be most sensitive,
e.g. Higgs discovery/measurements:

Jet substructure workshop Perimeter 35 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique
could be
hypothesis tester vs BSM discoverers

(maximum information approach) (agnostic discriminator)

If you know what to look for hypothesis
tester should be most sensitive,
e.g. Higgs discovery/measurements:

rm=
?

Jet substructure workshop Perimeter 36 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique
could be
hypothesis tester vs BSM discoverers

(maximum information approach) (agnostic discriminator)

If you know what to look for hypothesis
tester should be most sensitive,
e.g. Higgs discovery/measurements:

[Sean Connéry]

Jet substructure workshop Perimeter 36 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique
could be
hypothesis tester vs BSM discoverers

(maximum information approach) (agnostic discriminator)

If you know what to look for hypothesis
tester should be most sensitive,
e.g. Higgs discovery/measurements:

?

P e

Jet substructure WorRShop Perimerer 37 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique

could be
hypothesis tester vs BSM discoverers
(maximum information approach) (agnostic discriminator)

If you know what to look for hypothesis
tester should be most sensitive,
e.g. Higgs discovery/measurements:

o~ e

-—

i | Y

[Richard Attenborough]
Jet substructure workshop Perimeter 37 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique
could be
hypothesis tester vs BSM discoverers

(maximum information approach) (agnostic discriminator)

If you know what to look for hypothesis
tester should be most sensitive,
e.g. Higgs discovery/measurements:

Taking all
features into
account
prevents
mixup with
impostors

Jet substructure workshop Perimeter 38 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique
could be
hypothesis tester vs BSM discoverers

(maximum information approach) (agnostic discriminator)

BSM discoverers use simple observables
which induce as little bias as possible.
However, several of these observables
can be combined...

Eg. a number of bald guys with
glasses is interesting enough

Jet substructure workshop Perimeter 39 Michael Spannowsky 23.02.2013
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A categorization which takes into account
purpose and technique

23.02.2013

could be
hypothesis tester vs BSM discoverers
(maximum information approach) (agnostic discriminator)

Treeless Prunin
Template Method Hopkins NSubjettiness 8
Shower BDRS Qlets Trimming

. CMS
Deconstruction
n-subjets
HEPTopTagger
jet shapes
Jet substructure workshop Perimeter 40 Michael Spannowsky
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A categorization which takes into account
purpose and technique

23.02.2013

could be
hypothesis tester vs BSM discoverers
(maximum information approach) (agnostic discriminator)

Treeless Prunin
Template Method Hopkins NSubjettiness 8
Shower BDRS Qlets Trimming

. CMS
Deconstruction
n-subjets
HEPTopTagger
jet shapes
Jet substructure workshop Perimeter 40 Michael Spannowsky
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Peter asked me to show SD
Fat jet: R=1.2, anti-KT
ISR/UE hard interaction

(b) ‘
Build all possible shower histories
® @

@ signal vs background hypothesis
based on:

» Emission probabilities
microjets » Color connection
R=small, kT » Kinematic requirements
» b-tag information

Jet substructure workshop Perimeter 4| Michael Spannowsky 23.02.2013
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Signal hypothesis

FSR evolution
analogously

b-tag

His Hy

Wrapping up all factors gives weight for shower history

ZI."\'HfHur‘u’ (Z: ]SH‘ 2 ZI ngll:ll])

X
EI.‘w’!m’/Hur-:f (Z; [SR; x Z‘i B“(']{gi)
: S, i Sy =Sy Sy =S S
Here Signal, = HyH,pie St Hypge She ™50 e =Sk H] ), e Sve™Sve =S
Jet substructure workshop Perimeter 42 Michael Spannowsky 23.02.2013

Pirsa: 13020145 Page 42/91



L T T L 1
< L ¥
= 0.10 Y
k=) signal / '\
o .
ey / ':
< / \
r-c /
= 0.05 / \
/: ,rf \
~— / \
— back- / \
ground, \
4 TR -
—-10 —8 0 5 10
log x
Jet substructure workshop Perimeter 43 Michael Spannowsky 23.02.2013
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Input for SD: small jets with R=0.2 and pT>5.0 GeV

fat jet pT>500 GeV and R=1.0: fat jet pT>200 GeV and R=1.5:

o 10 T S —
< e
g 10 B o
= 210
—_— a2 Qr‘—-lo
< 1077 o
S =
pa — i £
o ; g 107°
s 10~ =
: Z
B i S 10-3

10 = 10

signal acceptance signal acceptance
Jet substructure workshop Perimeter 44 Michael Spannowsky 23.02.2013
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Input for SD: small jets with R=0.2 and pT>5.0 GeV

fat jet pT>500 GeV and R=1.0: fat jet pT>200 GeV and R=1.5:
b SO ————

¢ 10 y 100 ——————————m
< e
o 10—1 <
g 10 W o
= 210
— = L:—io
= 10—~ D
S = 1072
o0 10~ 2
: Z
< 10~4 z 1077

10 =

ngllél.l El.('('(‘])tél.ll('(‘ HigllELl El‘('('-(‘[)télill('-(‘
Jet substructure workshop Perimeter 44 Michael Spannowsky 23.02.2013
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Apply BSM discoverer (N-subjets) to all-
hadronic final state
If mj < mMcut, | IS a subjet
f not, uncluster last step
It Rjij2< Reut, | IS @ subjet
f PT 2< Yeut PTj, J2 throw out
f P12 < PT cut, ]2 throw out

lterate
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Subjet CountmO

by reversing the CA tree

If M < Meut, | IS @ subjet

f not, uncluster last step

If Riin< Reut, | 1S @ subjet

If PT o< Yeut PT, J2 throw out
f T2 < PT ety |2 throw out
'terate
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A Subjet Counting

by reversing the CA tree

[f M < meu, | IS @ subjet

If not, uncluster last step
It Rjjin< Reut, | 1 @ subjet

If PT2< Ycut PTj, J2 throw out

If pTi2< PT cut, |2 throw out
/\ /\ 'terate
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Subjet Counting

by reversing the CA tree

If mj < Meut, | IS @ subjet
If not, uncluster last step
If Rip< Reut, ] 1S @ subjet
If PT o< Yeut PTj, J2 throw out

If P12 < PT cuty J2 throw out
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Subjet Counting
by reversing the CA tree
[f M) < Meu, | 1S a subjet
If not, uncluster last step
If Rjip< Reuty ) 1S @ subjet
— | PT o< Yeut PTj J2 throw out
f P12 < PT e, J2 throw out

lterate
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Subjet Counting

by reversing the CA tree

If My < Mmeut, | IS @ subjet

If not, uncluster last step

If Riin< Reut, | 1S @ subjet
g | DT < Yeut PT}, J2 throw out

fPTR< PTa, J2 throw out
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Subjet Counting

| N L ’ - | . - L~~~
by reversing the CA tree

If M < meu, | IS @ subjet
If not, uncluster last step
If Riin< Reut, | 1S @ subjet
If PT o< Yeut PT, J2 throw out

If pT2< PT cut, J2 throw out

I , lterate

3 Subjets
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A Subjet Counting

| ...\f\..lr ~ ;A.\..\ ! —
by reversing the CA tree

If mi < mMeut, | 1S @ subjet

If not, uncluster last step
If Riin< Reut, | 1S @ subjet
It pT o< Yeut PT, J2 throw out

If pTi2< PT cuty J2 throw out

I , lterate

3 Subjets
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" : Py Y : _W( i< )
High multiplicity final states will [VVacker]

appear as multiple fat jets,
but with unusual fat |ets

13 Jet Event 3 Jet Event

irsa: 13020145 Page 54/91



- SRTERT - VWacker
High multiplicity final states will | ¥ aeEl

appear as multiple fat jets,
but with unusual fat jets

13 Jet Event 3 Jet Event
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DISCOVERY PROCESS

Signal Background
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