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Resonance reconstruction in boosted final states

In many scenarios where resonances have to be measured they
are produced with large transverse momentum

Pro’ron
hlgh pT hlgh pT
- =@ .»o
Pro’ron

e For high pT jet substructure cannot be avoided

e Many reconstruction techniques have been proposed
and compared
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However, at the LHC many sources of radiation:

[Cacciari, Salam, Sapeta JHEP 1004]
® Pileup = Can add up to 100 GeV of soft radiation per unit rapidity

4 8 y
e Underlying Event — (im]) ~ Aug pr; (}z + 4§08 +O(Rlz)> with Aue~ 0(10) GeV

" . . D ta, M , Salam JHEP 0802
e Initial state radiation (ISR) [Dasgupta, Magnea, Salam ]
e Hard radiation from many resonances in event

—> Jet mass and internal structure will be affected by these sources

Rough argument for R* dependence:

UE has in first approximation a fix energy density Ayg.
Jet r+dr Consider hard jet core and a thin “ring” of UE

radiation of thickness dr at radius r.

Because (m?) = (;—SpQTR2 for a quark jet, we find:
70

R
s
(6m?%) o = or . pr (2mr dr Apg) r°

R
= OéspTAUE/ ridr = asprAypR* /4
0
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Business

The relevant kinematic pattern

smaller pT
large pT, low pT,
non-busy final state non-busy final state
eg. Z'->tt eg. pp->ttbar (Afb)
large pT low pT,
busy final state busy final state
eg. SUSY cascades eg. tH
top partner search
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Business

The relevant kinematic pattern

smaller pT

large pT,
non-busy final state
eqg. Z'->tt

Bologna

large pT
busy final state
eg. SUSY cascades
top partner search

ISMD

\_

e E|lw. scale resonance
highly boosted

e Decay prods highly
collimated -> R < 1.0

® Less sensitive to UE/ISR
® Subjet approach necessary

e Original motivation and
many techniques
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Business

The relevant kinematic pattern

smaller pT
4 .

e Usually small signal CS low pT,

e But can be superior fo non-busy final state
standard analysis: eg. pp->ttbar (Afb)
= Event reconstruction impr.
= b-tagging improved
= combinatorial problem red. low pT,

e Big cone, sensitive to busy final state
UE/ISR eg. ttH

e BDRS

- Y

Bologna ISMD 6 Michael Spannowsky 12.09.2014



Business

The relevant kinematic pattern

smaller pT

large pT, P | low bT. N
non-busy final state

eg. Z'->tt e Hard radiation uncorrel.
to hard interaction

large pT ® Increased comb. problem

busy final state
eg. SUSY cascades
top partner search

e Additional criteria to
select decay products
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Business

The relevant kinematic pattern

smaller pT

- lavean ~T N IOW PT,

e Most complicated non-busy final state

eg. pp->ttbar (Afb)
® Large cone, R > 1.2 J PP

e Sensitive to UE/ISR, hard

uncorrelated radiation low pT,
busy final state
e Only few approaches: eg. ttH
HEPTopTagger,
Shower deconstruction
N Y,
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“*Mano sinistra e destra del diavolo”

Groomers reduce active Taggers aim to
area of jet -> reduce identify objects based

sensitivity to pileup/UE on their properties
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Grooming tools for jet substructure
Filtering [Butterworth et al. PRL 100 (2008)]

Pruning [Ellis et al. PRD 80 (2009)]

Trimming  [Krohn et al. JHEP 1002 (2010)]
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Jet/Event selection

Qo
_.' (o L
¢ > O ()
T 0 &

UE, ISR, Pile-up, hard interaction
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Jet/Event selection

I. Locate hadronic energy
deposit in detector by

choosing initial jet )
finding algorithm, e.g. CA, L
R=1.2 °
¢ O
O D
I1.Possible to impose jet iy 0 D
selection cuts on fat jet

UE, ISR, Pile-up, hard interaction
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Filtering/Trimming

I. Recombine jet
constituents with new
alogrithm, eg CA, R=0.2

Filtering:
recombine n subjets

Trimming:
recombine subjefts
which fulfill Pp; > f x A
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Filtering/Trimming

I. Recombine jet
constituents with new
alogrithm, eg CA, R=0.2

Filtering:
recombine n subjets

Trimming:
recombine subjets
which fulfill PT,j > fx A
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Filtering/Trimming

I. Recombine jet
constituents with new
alogrithm, eg CA, R=0.2

Filtering:
recombine n subjets
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recombine subjefts
which fulfill Pp; > f x A
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Filtering/Trimming

I. Recombine jet
constituents with new
alogrithm, eg CA, R=0.2

Filtering:
recombine n subjets

Trimming:
recombine subjefts
which fulfill Pp; > f x A

7N

fix choice based on Jet property
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Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr, pr.;)
P — ) - ) < ~
D1 + DTy cut

Pruning

ARQ;J' > Degt = M(fat jet)/PT(fa,t jet)

Bologna ISMD
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Pruning

Based on 2 conditions

If both hold frue veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr, pr.;)
P — ) - ) < ~
D1 + DTy cut

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

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
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Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr, pr.;)
P — ) - ) < ~
D1 + DTy cut

Pruning

ARij > Degt = M(fat jet)/PT(fa,t jet)
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr, pr.;)
P — ) - ) < >~
D1 + DTy cut

J AR;; > Doy = M(fat jet)/Pr(fat jet)
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

\/ L min(pr;, pr.;)
pr,i + Pr
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Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

min(pr, pr.;)
P — ) - ) < >~
D1 + DTy cut

ARQ;]' > Degt = M(fat jet)/PT(fa,t jet)

Bologna ISMD
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Pruning

Based on 2 conditions

If both hold true veto
merging,

eg. recombination is wide
angle and asymmetric

¢ s min(pT,iapT,j)

0P oy
1 + Pl cut

J AR;; > Doy = M(fat jet)/Pr(fat jet)
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Pruning

Based on 2 conditions

If both hold frue veto
merging,

eg. recombination is wide
angle and asymmetric

min(pT,ia pT,j)
pr,i + Pr.j|

< <cut

X = =

J AR;; > Doy = M(fat jet)/Pr(fat jet)
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Grooming methods seem complicated but we can obtain
fheoretical undersfandlng [Dasgupta, Fregoso, Marzani, Salam JHEP 1309]

See also talks by Gregory Soyez
and Andrzej Siodmok

one can calculate trimmed/pruned/filtered jet mass:

p/odo /dp

quark jets: m [GeV], for p, =3 TeV . .
oy o v e Different methods show different
0 T —— : : :
olain jet mass | logarithmic behaviour
SRTLIIL TrMMET (2,005, R0 -> parameter need to be chosen wisely!
= = =  Pruner (z.,=0.1)
02 b === MDT 009, ue067) 1 m [GeV], forp,=3 TeV,R =1
' _ 10 100 1000
v6.4£5 (DW) vinualtity ordered -
01 v6.425 (P11) p,ordered = = =
’ v8.165 (4C) p, ordered = « —
Analytics e
- '\ v6.428pre (P11) p,ordered -
© A
calculation helped 3 :
finding bugin 2 |
Pythia 6 | )

MMDT (y,,, = 0.13)
L L

O | a | a |
10°® 10 0.01 0.1

p=m?/(p; R
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Most importantly, these methods do exactly what they

Mass drop + Filtering

Jet mass

Bologna

:_ ATLAS —a— Before Splitting/Filtering _:
T 240 f L =35pb” —»— After Splitting/Filtering
;‘ - —a—— After Splitting Only ]
8 220:_ Cambridge-Aachen R=1.2 jets _:
— - Split/Filtered with R > 0.3 n
7 200¢ p,>300 GeV, lyl <2 ]
Q] - ]
= — =
— B ]
q) - —]
- L ]
C [ —
g} - -
O] _ _|
= - =5

d‘:\lr:Y=4.2To.1 G(leV | | | |
1 2 3 4 5 6 7 8 9

Npy

are supposed to do:

<— Mass drop

Grooming removes sensitivity to soft radiation
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Tagging Electroweak scale resonances
Tagging = Identify Object

Identification exploits fact that quantum numbers of
signal resonance different than backgrounds

Quantum numbers are: mass, colour, spin, couplings (width)

-> we need to construct observables which indicate different QN

Higgs: (125 GeV, 0, 0, 4 MeV) —» Simplest! Success of BDRS
W/Z: (80-90 GeV, 0, 1, ~2 GeV) —» Spin correlations

top: (170 GeV, 1/3, 1/2, ~2 GeV) =» Only EW scale colored object
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Taggers make use of fraction of event

Higgs boson!?

Tagger implicitly ignores rest of event, i.e. production mechanism

(strictly not correct)
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Boson tagging approaches

Top Mass Window

® Propagate event shape to jet shape: 2 — 376V Roesonance
0.10 — — QCD Dijet (P6,p7)
; ~--- QCD Dijet (P6,Q) 7
008 ]
) spherici’ry: § 006 _":"'L;-P_________ I
NERY 0.0af .—: ]
SJ_kl _ 1 Do Pa 0_02; -
ZO‘EJet | | acjet | | %00 005 010 015 020 025

500 GeV < P, < 600 GeV, 160 GeV <m <240 GeV

» N-subjettiness: [Thaler, Van Tilburg JHEP 1103] e

__ _topjets (kT axes)

o
N

— QCD jets (min axes)
- - -QCD jets (k; axes)

o
-
(62}

TN = Z PT .o mln (AR a)B
3 | :
ZQEJet pr OﬂRO aEjet =L N

Relative occurence
o
—

0.05r

» treeless approach: [Jankowiak, Larkoski JHEP 1106] solf
2
djle — pT,jlpT,jQ AR]L?Q 015
0.10
(JADE)
Zjl#]é d3132 @(R AR]ljz) 0.05

G(R) =
(JADE)
Zjl#]é djle | . .
34 80 160 240

Mg,



Boson tagging approaches

f Undo last clustering Drop activity outside \

® subjet based pronged reconstruction:

» massdrop taggers:

[Butterworth et al. PRL 100 (2008)]
[Plehn et al. PRL 104 (2010)]

Recluster to 3 subjets

Qdentify top via mass ratios

Keep 5 hardest subjets Find subjets @

} Qj e‘i-s: [E I Iis e'l' aL pR L 108 ( 201 2)] Many paths remain unexplored
W = (dij — d™")
= €XP { Jmin }

d.. — { iy = min{p%ivp%j}ARzzj
1] :

—_ 2 : -
dC / A = A sz distinct sets of four-vectors
» Template Method: [Almeida et al. PRD 82 (2010)] oan R
[Backovic, Juknevic, Perez JHEP (2013)] . | mHiges

SE
N ia+1  Jatl ) 2 f.LE mf
Ovy(j, f) = max (R exp | — X:: § Z Z E(k,)—E(iz, ja) 002

k= ia 1]= ja |

0.00 |

35 ' . Ovs '




Taggers access different information

e.g. BDRS  [Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
1

o(pp — HX) X
(pf —my)? + my Ly

x T'(H — bb)

/b
" H ->b,bbar
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Taggers access different information

e.g. BDRS  [Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
1

(p7r — m3)? +my Ty

o(pp — HX) X x T'(H — bb)

mass drop:

1) check for mass drop

mj1 < 0.66 m;

2) check “asymmetry” bbar
y=""V ) AR s D
.~ H->bbbar
P > P
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Taggers access different information

o(pp — HX) X

e.g. BDRS

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]
1

(pfr —m

Apply filtering and take
3 hardest subjets

Use b-tagging on 2
hardest subjets

n)? +mply

Bologna

ISMD
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bbar{ 4
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H -> b,bbar
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Taggers access different information

1 _
x I'(H — bb)
(p3r —m3r)? + my L'y

/ . X

L@ T —=

o(pp — HX) X

: 1 :
Higgs pT - SNB =21 = Vajets select
14Fin 112-128GeV vV
SPQC'l'rUm - —V+Higgs final state

Events /8GeV / 30fb™
:

M
00 20 40 60 80 100120140 160 180 20
Mass (GeV)
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Taggers access different information

BDRS very successful, but could still be improved by taking color
connection into account

as dE

2(1 — cos b
0(qq9) = UO(QC])/CF Y dcos b (1 — cos fgq)
2w B,

(1 —cosbyq)(1 —cosbyy)

Soft gluon tends to be
emitted into cone between
quarks from Higgs decay

Higgs decay products
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Pull designed to access color coherence

[Gallicchio and Schwartz
PRL 105(2010)]

~ Pull can access information not used by BDRS
~—g Studied in ATLAS, can help to identify top decay product:
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Boosted top quarks - a perfect test ground

e top itself is colored object

-> top can radiate gluons

® decays electroweak into other

colored objects

-> decay products have spin/color

correlations

e At LHC plenty of energy
-> tops produced beyond threshold

-> lots of radiation in event

® Mass of top induces scale

-> different kinematic regimes

Bologna

ISMD

42

LO ttbar production

o
N

e

N

ttbar production + radiation

A ‘/\\é&n

CyTy+ /({/;
N
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Comparison of top taggers

HTT (tight)

HTT (default)

ATLAS Slmulatlon Prellmmary
s =8 TeV

HTT (loose)

bef’rer

—i
o
N

-
Q
—
O
'g\ 03
© i\ 1@=010CNV ~
= M
O) x
=
(@)
O)
(T
e

m™ &\d,, tagger Ill

m™' tagger Il

Vd_,z tagger |

tagger VI: 7, scan

=1 = = tagger V:@ scan

----- d,, scan

‘D0®ﬂ><][:l>0<

10

nnnnnnnnnn d12 scan

trimmed mass scan

- .- T,ScCan

0 0.2 0.4 0.6 0.8 1
tagging efficiency
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Question: Can theory guide us the way to improve taggers?

Is it possible to perform such hypothesis test given complexity of LHC events?

UE
O(1000)

particles ez E - ISR

/ G et TR T R b SR

Protons

ISR SRR
UE

At least full event generators do a good job reproducing data...
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Question: Can theory guide us the way to improve taggers?

Is it possible to perform such hypothesis test given complexity of LHC events?

UE

O(1000)

particles

. |
/

Protons

ISR YRR
UE

At least full event generators do a good job reproducing data...
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Parton shower in a nutshell

The parton shower bridges the gap from the hard interaction scale down
to the hadronization scale O(1) GeV

partons from the hard interaction emit
D2 (p% = 0) other partons (gluons and quarks)

L pP1 + P2 These emissions are enhanced if they are

collinear and/or soft with respect to the
emitting parton

Probability enhanced in soft and collinear region due to ~ 1/(p1 + p2)2
o1fp1 — O, then  1/(p1 4 p2)? — o0
o If po = 0, then  1/(p1 4+ p2)? = o0

o If p2 — Apy, then 1/(p1 —|—p2)2 — 00
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Example

ete” — 3 jets

2
a. dO?
Collinear limit: dUee—>3j ~ Oee—2j Z 2; QQJQP(Z)
je{a,q} 19
1+ 27 (1—2(1 - 2))?
Posag=Cr4——  Pyogy=Ca 02 P,

Soft limit: E, — 0 k< p,f-L the matrix element for

_|_

e'e —» Qqg factorizes (Eikonal Current)

l dipole

2p1 - p2
(Maggl® = [Mqql*9:Cr
999 al I ey k
In the large Nc limit most radiation occurs in a [Marchesini,
cone between colour partners Hiégs Webber]
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Factorization of emissions and Sudakov factors allow semiclassical
approximation of quantum process:

Sudakov form factor:

73nothing(o <t< T)

lim H?:_()lpnothing (Tz <t < Ti—|—1)

n— >0

lim H?:_()l (1 — 7Dsomething (Tz <t < Ti-l—l))

n—oo

T .
— exp _/ dpsomethmg(t) At
; dt

T
d somethin t
> dPﬁrst (T) — dpsomething(T) €eXP (/ P th g( )dt>
0

dt
Sudakov form factor provides “time” et
ordering of shower: 5500
2 2 2 Q 5855 i Q
Ql N Q 5 > Q 3 Q% 5 O D O 6
Q% QOO B84 .
low Q° 4= longer time Q2
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In summary:
The probability weights in the evolution from the hard interaction scale to

the hadronization scale are given by Sudakov factors and splitting functions.

vertices = Splitting functions
propagator-lines = Sudakov factors

hard scale

v 49100

hadronization
scale
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Signal hypothesis

1/
6_59

FSR evolution
analogously

Wrapping up all factors gives weight for shower history

3 D ISR/Hard (ZZ ISR; x ), Signalj)
ZISR/Hard (Zz ISRI X Zj BaCng)

X

. . . . / . 177 . / . !/ . . /7
Here ©Signal; = HyHgpice SSPhtbege She b e {)bge S g TOb TS
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e And many more...

|§~ 5 e And for all backgrounds...
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Analogously for the top decay (more involved as top colored)

full matrix
element

top

‘

Conceptional difference compared to Higgs from last year:
e Splitting functions for massive emitter and spectator

e Full matrix element for top decay

P({p’ t}N|S) . Zhistories Hrsp - Zhistories ’M|2HtOP6_St1 fge_sg T

XUp, thn) =

P({p’ t}N’B) B Zhistories HISR S Zhistories ngsg Hggg T
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chi distribution for top vs QCD

=
—l
-

0.05

(1/N)dN/dlog x
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Q - T L2 ] 4 T T T T T ] 14 T T T T . T T T n
2 7 ATLAS Preliminary Py
= - Ldt=142f -
" —— . -
8’ 6 Data ¥s=8TeV —]
= - —=— MC =
5 —
4 c

3~ -—l-*—f——o—”;w_'f‘_._d_._—f»‘*‘*ﬁ“:;::,__- ""”_4_’" 1
. VST e —— r+*
2F -

Data/MC

Shower deconstruction tagger
improves on best other
taggers by factor 2-4 in S/B
over large efficiency range

Bologna ISMD

tagging rejection

Chi distribution
insensitive fo pileup

L4

—
o
w

LSS SO SUSUS S, S S T TI.

‘ .......... Shower - -

—
;|

Ll

<

HTT (tight)
HTT (default)
A HTT (loose)

- SD
] V‘Tz & N-subjettiness |
v m* &Yd,, & \d,, tight
om™ &Yd,, & \d,, tagg
& m™ &Yd,, tagger Il
o m™ tagger Il

JAY Vd_,ztaggerl

—— tagger VI: 1., scan

‘—{ =100 tagger V- ‘fd; scan

------ d,, scan
------ V—s scan
............................... '-."..‘..“‘ wes trimmed mass scan
1 T T T Ll . «eee0 Tgp SCAN
0 0.2 0.4 0.6 0.8 1
tagging efficiency
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3 termpl

Tagging EW-scale resonances is necessary at 14/13 TeV LHC

Many methods have been proposed which
exploit different physics

Experiments are studying many of them but
physics potential still by far not fully exploited

For that purpose detailed understanding of QCD important
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