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i%JET PRUNING: Looking for New (BSM) Physics
a at the LHC with Jets

Steve Ellis, with Jon Walsh & Chris Vermilion
0903.5081

Big Picture:
For the next decade the focus of particle physics phenomenology will be
on the LHC. The LHC will be both very exciting and very challenging -
Aaddressing a wealth of essential scientific questions
Awith new (not understood) detectors

Aoperating at high energy and high luminosity
Amost of the data will be about hadrons (jets).

Theory and Experiment must work together to make the most of the data.
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A Brief review of jets

A Searching for BSM physics in SINGLE jets i bumps in mass
distributions

A Consider Recombination (kT) jets - natural substructure
but also systematics

A Also can be confused by i
U Contributions from ISR, FSR, UE and Pile-up
U Smooth but large QCD background

A Improve by PRUNING (removing) large angle, soft branchings

A Test with studies of surrogate new heavy particle i top q

UC Berkeley S.D. Ellis 4/20/09



Why JETS?

Essentially all LHC events involve an important hadronic component,
only zi- m mavoids this constraint

The primary tool for hadronic analysis is the study of jets,
to map long distance degrees of freedom (i.e., detected) onto
short distance dof (in the Lagrangian)

Jets used at the Tevatron to test the SM, will be used at the LHC to test
for non-SM-ness

Most SM particles (top quarks, Wo 0 s) and some B P
often be produced with a large enough boost to be in a single jet

SEARCH for new particles by focusing on jet masses (bumps in the
distribution) and jet substructure - bumps in massesofsub-j et s, an

UC Berkeley S.D. Ellis 4/20/09 3



@ Jet Physics: The Basis of QCD Collider
Phenomenology

Long distance physics = complicated (all orders showering of
colored objects, nonperturbative hadronization =

organization into color singlets) \
Measure this in the detector W
pdf
Short distance physics = simple 2, 7, Fragmentation
(perturbative) - fet

Want to study this —

Correlated by Underlying Event

(UE) color correlations + Pile Up \ %

Stuck with this, small? _ _
More long distance physics,

but measured in pdfs
UC Berkeley S.D. Ellis 4/20/09 4
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¥ Jetsi a brief history at Hadron Colliders
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A JETS i Cone jets applied to data at the ISR, SpbarpS, and Run | at
the Tevatron to map final state hadrons onto LO (or NLO) hard
scattering, essentially 1 jet U 1 parton (test QCD)

1.0
0.8

Little attention paid to masses of jets & o6l

. [+
or the internal structure, except for £oab e CDF data
. . . ey . T ——— p=Er, Rsep=2R
energy distribution within a jet 0ah” — B2, Rip=2R
. hoEr/4 Rerei 3R

0003 15 2 25 3 4 5 6 78 100

T

FIG. 2. F(r,R,Er) vs r for R=1.0, V5=1800 GeV,
Er=100 GeV, and 0.1 <|n|<0,7 with u=Er/4, Et/2, Er
compared to data from CDF [7]; the dot-dashed curve is ex-
plained in the text.

A JETSIIi Run 1l & LHC, starting to look at structure
of jets: masses and internal structure i a jet renaissance

UC Berkeley S.D. Ellis 4/20/09 5
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'fﬂfjﬁ' Defining Jets

Aviap the observed (hadronic) final states onto the (short-distance)
partons by summing up all the approximately collinear stuff,
ideally on an event-by-event basis.

ANeed rules for summing Y jet algorithm
Start with list of particles/towers
End with list of jets (and stuff not in jets)

E.g.,

A Cone Algorithms, based on fixed geometry i focus on core of jet

Si mp !l e ,suitédwoenhdfom colliders with Underlying Events (UE)

A Recombination (or kT) Algorithm, based on pairwise merging to undo
shower

Tends to fivacuumiuwegduitedto é+e-cqalliderst i c | e

UC Berkeley S.D. Ellis 4/20/09 6



C Render PertThy IR & Collinear Safe, potential singularities cancel
C Simple, in principle, to apply to data and to theory

C Relatively insensitive to perturbative showering and hadronization

The bad news about jet algorithms:

D The mapping of color singlet hadrons on to colored partons can
never be 1to 1, event-by-event!

D There is no unique, perfect algorithm; all have systematic issues
D pifferent experiments use different algorithms (and seeds)
D The detailed result depends on the algorithm

UC Berkeley S.D. Ellis 4/20/09 7



Recent progress in understanding/using jets

......
i

A Improved tools and understanding of algorithms i eg. G. Salam

A Improved analytic descriptions i eg. G. Sterman and collaborators,
SCET community (C. Lee, I. Fleming, S. Stewart, et al.)

A Jet selection schemes to isolate W/Z, top quarks or Higgs as single
jets 1
J. Butterworth and collaborators
UCB Group (J. Thaler, et al.)
Johns Hopkins Group (D. Kaplan, et al.)
Stony Brook Group (G. Sterman, et al.)

A Perturbative results for masses i UW

A Generic search/pruning techniques for BSM searches with jets i
focus on masses for now - UW

UC Berkeley S.D. Ellis 4/20/09 8



Recombination i focus on undoing the shower pairwise

Merge list of partons , particles or towers pairwise based on o0cl osene:
by minimum value of

\ ] ) . j2 f, A2
iyt uing ) () B0 )
sz,i:(prz,i)a

If kT,g)Z is the minimum, merge pair and redo list;
If ky;%is the minimum Y iis a jet!
(no more merging for i), 1 parameter D (NLO, equals cone for D = R, Ry, = 1)

a = 1, ordinary k;, recombine soft stuff first
a = 0, Cambridge/Aachen (CA), controlled by angles only
a = -1, Anti-k+, just recombine stuff around hard guys i cone-like

C Jet identification is unigue T no merge/split stage (Cone issue)
C Everything in a jet, no Dark Towers (Cone issue)

D Resulting jets are more amorphous, energy calibration difficult (subtraction for
UE?), Impact of UE and pile-up not so well understood, especially at LHC

C FASTJet version (Gavin Salam) goes like N In N (only recalculate nearest
neighbors), plus has scheme for doing UE correction

UC Berkeley S.D. Ellis 4/20/09 9



Cone Algorithm 7 focus on the core of jet

UJet = s tYadJeaora comeeantents || cone direction

U Well studied i several issues

A

Cone Algorithm & particles, calorimeter towers, partons in
cone of size R, defined in angular space, e.qg., (v./),

CONE center - (y°/ °)

CONE i / Ciff pg 1\/(9 7Y (4 FY R

Cone Contents Y 4-vector PS=3 p,
iEC
N~ C C ADC
4-vector direction ye :0_5|n‘?F%C+PzC gfc =arctargp—yc
e - B ek

Jet = stable cone  (y°,7¢)=(y°, /)

Find by iteration, i.e., put nexttrial coneat  (y°./°°)

UC Berkeley S.D. Ellis 4/20/09
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'%,g;' Jet Masses In QCD: To compare to non-QCD

Dimensions

A In NLO PertThy /pjlmpgw/> Wf%% @F

Phase space from dpfs, f~ 1 Jet Size, R ~ Dg, determined by jet algorithm

100 030 ' ‘ ' ]
f Js=14Tev
80 -
60 -
(M3) [GeV]
a0l Vs = 1.96 TeV, pp
L — \/? =14TeV, pp
20 7
0 I S N S R B | 0.10 - ! . . .
0 100 200 300 400 500 600 700 00 0.1 02 03 04 05 06

P/[GeV] xr=2P;N's

Useful QBT hiiuRmbl QQ M2>NLO~O.2pJR

UC Berkeley S.D. Ellis 4/20/09 11



For Cone, R=0.7
or KT, D =0.7

M31 do

Pioy

Peaked at low mass,
cuts off for (M/P)? > 0.25,
M/P > 0.5

Y Selecting on jets with M/P > 0.3, e.g.,
because the jet contains a heavy object,

J

Py

0.3}

M2 0.2

Pr=500 GeV/c

0.1}
P;=1500 GeV/c

0000 005 040 045 020
M3
P_f

already suppresses the QCD background;

Want heavy particle boosted enough to be in a jet (use large-ish R/D ~1),

but not so much to be QCD like (~2 <g<5)

UC Berkeley S.D. Ellis 4/20/09
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% ¢ Finding Heavy Particles with Jets - Issues

A

A

arb. units

QCD multijet production rate >> production rate for heavy particles.

In the jet mass spectrum, production of non-QCD jets may appear
as local excesses (bumps!) but must be enhanced using analyses.

Use jet substructure as defined by recombination algorithms to

refine jets.

Algorithm will systematically shape distributions.

Use top quark as surrogate new particle. (par @ 10730

m; (GeVic?)

UC Berkeley S.D. Ellis 4/20/09

e T tthar . fetmass __QCD dijet
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1 shaped by g
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'EZ@' Using Jet Substructure to separate QCD Jets

from jets reconstructing heavy particle decays

A Map the kinematics at the vertices onto a
decay.

A Masses (Jet and subjet) are key variables -
strong discriminators between QCD and non-
QCD jets.

A How does the choice of algorithm affect the
substructure we will observe?

q
W - —< 7
< Z
b jet

UC Berkeley S.D. Ellis 4/20/09 15
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L Reconstruction in Jet Substructure

A Want to identify a heavy particle reconstructed in a single

jet.

A Need correct ordering in the substructure and accurate
reconstruction.

A Must understand how decays and QCD differ in their
expected substructure.

A Makes reconstruction sensitive to systematics of the jet
algorithm.

A Jet substructure affected by the systematics of the

algorithm.
q
< P,
q
\ jet

UC Berkeley S.D. Ellis 4/20/09 16
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WY Systematics of the Jet Algorithm

A Consider generic recombination step:i,)] p

A Useful variables: z = min(pr;, Pr; ) 0 = AR;;

(Lab frame) pT,
A Merging metrics:  p, . = pr,20/D  pc, =60/D

A Interms of z, d, the algorithms will give different kinematic
distributions:

A CA ordersonly in d: z is unconstrained
A kT ordersinz-d:z and d are both regulated
A The metrics of kKT and CA will shape the jet substructure.

UC Berkeley S.D. Ellis 4/20/09 17
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WY Systematics of the Jet Algorithm II

a=m,./M,
a,=m,_/ M,

Subjet masses, mass of jet = M,

In jet rest frame (think top decay) cosg, = ED E o
,m> ,La

(note : there is one)
- // D

Plus an azimuthal angle

Again angular distributions are strongly shaped by the algorithm,
choosing the algorithm is important!

UC Berkeley S.D. Ellis 4/20/09 18



A We compare the substructure of the kT and CA algorithm by
looking at jets in QCD dijet & ttbar events; generated with
MadGraph/PYTHIA (DWT tune).

A High pT jets: 300-500 GeV - these jets will be part of a
background sample used in later studies on top reconstruction.

A Use alarge D jet algorithm: D = 1.0

A Look at LAST recombinations in the jet - these are the parts of
the substructure that will be tested to determine whether the jet
IS likely to come from a heavy particle decay.

A Labeling for the last recombination: 1,2 J

UC Berkeley S.D. Ellis 4/20/09 19
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normalized
distributions

Systematics of Algorithm: d
A Consider d on LAST recombination for CA and kT.

A CA orders only in d - means d tends to be large (often close
to D) at the last merging.

A KT orders in z-d, meaning d can be small
A Get a distribution in d that is more weighted towards small

d than CA
- Fhletal o CA theta kT
0.03 ; f__r"-' ; 0.03 i [
0.025 ,.._IJ ] 0.025 - I_r LLL" ]
- ;fr ] Y ]
0.02 é JJI‘_I_r é 0.02 ; ‘I_.I_IH ; Q C D
0.015 E " ] 0.015 : "'LHL._L‘_L‘_‘ ;
0.01 ; JJJJJ_I)I'J ; 0.01 i ‘__'-"‘""-—n_w ) ]
0.005 i A i 0.005

D _ D 20
UC Berkeley S.D. Ellis 4/20/09



normalized
distributions

normalized
distributions
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Systematics of Algorithm: d COMPARE

theta kT
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normalized
distributions

Systematics of Algorithm: z

A Consider z on LAST recombination for CA and kT.

A Metric for CA is independent of z - distribution of z comes from
the ordering in d

A Periphery of jet is dominated by soft protojets - these are
merged early by kT, but can be merged late by CA

A CA has many more low z, large d recombinations than kT

- CA - KT
L Fe
0.5H . 0.037 'I.LLI
i ] 0.0251] .
0.4 ] | LH'L_L ]
| S . QCD
0'37 - i ."LLL"LLL E
H ] 0.015° . ]
0-2_ n C Ln-‘-—-‘-"'ﬂ'l.l-—-u'!-rﬂ-u-l i
i ] 0.01 |
0.11% 0.005- ]
I — o S e =
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u@ Systematics of Algorithm: z COMPARE
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Zﬁf' Systematics of Algorithm: Subjet Masses

A Consider heavier subjet mass at LAST recombination, scaled by

the jet mass a1 = max(mq, ms)/m;

A Last recombinations in CA dominated by small z and large d
A Subjet mass for CA is close to the jet mass - a1 hear 1

A Last recombinations in kKT seldom very soft
A Subjet mass for KT suppressed for a1 near 1

1 1
umaCA nnafakT
g |_ 0025: T

0.06] : 025 LL_LL

0.05 i H’J 0.02 f rlJI"rJ 1 f
- 2 0.042 ,—r é 0.0152 IJJ i QCD
qN) g °-°3§ ;r[r § 0.o1f 1 .
—_3 0.02 -
T o : S : HJ
E — 0.01F g e #J_d__,.r—""f 3 0.005 ]
S8 A4 : i ]
0.9 % 01 02 03 04 05 06 07 08 09 1 % 01 02 03 04 05 06 07 08 09 1
)
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+ Systematics In Heavy Particle Reconstruction

A Some kinematic regimes of heavy particle decay have a poor
reconstruction rate.

A Example: Higgs decay H  bb with a very backwards-going b in the
Higgs rest frame.

A The backwards-going b will be soft in the lab frame - difficult to
accurately reconstruct.

A When the Higgs is reconstructed in the jet, the mass distribution is
broadened by the likely poor mass resolution.

H rest frame lab frame

25
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« Systematics in Heavy Particle Reconstruction
A In multi-step decays, kinematic constraints are more severe.

A Example: hadronic top decay with a backwards going W in the top
rest frame

A In the lab frame, the decay angle of the W will typically be larger than the
top quark.

A This geometry makes it difficult to reconstruct the W as a subjet - even at
the parton level!

A One of the quarks from the W will be soft - can mispair the one of the quarks
from the W with the b, giving inaccurate substructure

t rest frame lab frame

UC Berkeley S.D. Ellis 4/20/09
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y. Reconstructed Heavy Particles

A Decays resulting in soft (in Lab) partons are less likely to be
accurately reconstructed

A Soft partons are poorly measured - broader jet, subjet mass distributions

A Soft partons are often recombined in wrong order - inaccurate substructure

A Small z recombinations often arise from

A Uncorrelated ISR, FSR
A Underlying event or pile-up contributions

Not indicative of a correctly reconstructed heavy particle i

Y Can the jet substructure be modified to reduce the effect of soft
recombinations?

UC Berkeley S.D. Ellis 4/20/09
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% Pruning the Jet Substructure

A Soft, large angle recombinations
A Tend to degrade the signal (real decays)

A Tend to enhance the background (larger
QCD jet masses)

A Tend to arise from uncorrelated physics

A This is a generic problem for searches -
try to come up with a generic solution

. : : others have tried similar ideas -
Y PRUNE these recombinations and Salam/Butterworth (Higgs),

focus on masses Kaplan (tops),
Thaler/Wang (tops)

UC Berkeley S.D. Ellis 4/20/09 28



dath Pruning :

Procedure:
A Start with the objects (e.g. towers) forming a jet found with a
recombination algorithm

A Rerun the algorithm, but at each recombination test whether:

A Z < Zcur and R > Deut CA: Zcut = 0.1 and Deut = d/2

(d; is angle at final
recombination in original KT: Zcut = 0.15 and Dcut = d,/2

found jet)

A If true (a soft, large angle recombination), prune the softer
branch by NOT doing the recombination and discarding the

softer branch

A Proceed with the algorithm

Y The resulting jet is the pruned jet
UC Berkeley S.D. Ellis 4/20/09
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A Study of top reconstruction:

A

A Hadronic top decay as a surrogate for a massive particle produced
at the LHC

A Use a QCD multijet background - separate (unmatched) samples
from 2, 3, and 4 hard parton MEs

A ME from MadGraph, showered and hadronized in Pythia (DWT
tune), jets found with homemade code

Look at several quantities before/after pruning:

Y Mass resolution of reconstructed tops (width of bump),
small width means smaller background contribution

A pPT dependence of pruning effect

A Dependence on choice of jet algorithm and angular parameter D

UC Berkeley S.D. Ellis 4/20/09 30
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EE‘ Defining Reconstructed Tops i Search Mode

A A jet reconstructing a top will have a mass within the top mass window, and a
primary subjet mass within the W mass window - call these jets top jets

A Defining the top, W mass windows:

A Fit the jet mass and subjet mass distributions with (asymmetric) Breit-Wigner
plus continuum - widths of the peaks

A The top and W windows are defined separately for pruned and not pruned -
test whether pruning is narrowing the mass distribution

| jet mass, pruned | jet mass for jets with pT > 200
: sample TR pruned
3500 C
- - 0.05
- mass fit : | unpruned
2500[ 0.04 . ]
: i JJ Dt
2000} 0.03f | r ]
15002 0.02: ;'_,—‘ a
1000 ?:I:t':HI'-'}'-cﬂ 7
: 0.01F ]
500: - II"""——-._.;
T S T T T T R T T a—rT 7 T T T T T T TR T T T T T
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~ fit mass windows to identify

a reconstructed top quark

asuof—fit top jet
3000~ MASS

2500|—

peak width U

2000}
1500
1000

500

UC Berkeley

i Defining Reconstructed Tops

peak function: skewed Breit-
Wigner

M2T2 la +b(m — M)

(mQ _ M2)2 + M2]_"2

plus continuum background
distribution

C d
- _+_ ____EE
m m
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o Defining Reconstructed Tops
fit mass windows to identify cut on masses of jet (top mass)
a reconstructed top quark and subjet (W mass)
so-fit top jet 1400/
s000-IMNASS 1200 . .
25002— peak W|dth Gjet 1unof— Ilr:a\./;/SSUbJet
2000% » atmE

I I | PPN AR - PRI TRl | A AR
?40 q."iD 55 60 65 70 75 80 85 a0 95 100
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