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Boosted Final States
The Top is the heaviest mass particle in the SM

The LHC has access to much higher energy scales
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Cascade decays become columnated final states



Boosted Final States

Has become a way of classifying
otherwise complicated signatures

Reduces combinatoric backgrounds

Requires rethinking cuts (eg isolation)

Becomes a unifying #amework for 
peculiar signatures that were fa$ing

between cracks



Overview

Resonant Production Heavy Pair Production Boosted Light Particle Production

+ · · ·

Production modes to get a boost

Momentum comes #om
produced particle’s rest mass

Momentum comes
produced particle’s momentum
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Common Decay Chains

1-step Cascade Decays Direct Decays
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The Classic Boosted Final State

Top, W, Z

t→ b�ν t→ bjj W±, Z0 → jj



g� → tt̄

Resonant Production
Best Opportunity for 7TeV LHC

“KK” Gluon in Technicolor & Randall Sundrum Models

Dominantly Decays into tops

t→ b�ν
t→ bjj
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∆Rt ∼ 0.7

We wi$ enter the Boosted Era this year

Back of the Envelope Estimate
mg� = 1 TeV⇒ pt
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 New Vector Bosons also Promising

�
ν

j
j

Z � →W+W−

W �± → Z0W±
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Sma$ Branching ratios, but easy to get larger boost



t� → tZ0t� → bW+ t� → tg b� → tW−

Heavy Particle Pair Production

Holdom et al 1004.3031

Cut off Top Quadratic Divergences  to Hi+s Mass

h0
h0
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tc
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h0
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Top Partners are common example

Frequently appear in Little Hi+s or Extra Dim Models
Top partners are heavy mt�

>∼ 500 GeV
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b� → tW−

Not much 
substructure

Too much mass 
for a big

boost at 7TeV
mb� = 700 GeV

Bt = 1.8 BW = 4.0



Energies/Luminosities Cha$enging

mt� = 500 GeV⇒ pt

mt
= 1.25

mt� = 700 GeV⇒ pt

mt
= 1.9

t� → tg

Best case for a boosted final state:
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The BSM Boosted Cascades

h0 → a0a0

a0 → 2µ, 2γ, 2τ, 2b, 2c, 2g
Resonant Production

Lisanti et al  0903.1377

DZero 0905.3381

h0 → 2µ2τ

h0 → 4µ

h0 → 4c, 4g
Be$azzini et al  0906.3026
Falkowski et al  1006.1650

Chen et al  1006.1151



R-Parity Violation

χ̃0 → 3q

q̃ → χ̃0q Butterworth et al 0906.0728
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WRPV = U cDcDc ⇒

No significant MET, can reconstruct everything



R-Parity Violation
q̃ → χ̃0q

⇒WRPV = QDcL χ̃0 → lqq

WRPV = LEcL χ̃0 → ��ν⇒
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q̃ → qχ2 → q(χ1h)
Kribs et al 0912.4731

Susy Hi+s Discovery
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Hi+s is the boosted
final state



Supersymmetric New Light Mediators

Cheung et al 0909.0290
Arkani-Hamed et al 0810.0714

Lint � �FµνF �
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µJµ
EM

6 40. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 40.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section
of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)).
Breit-Wigner parameterizations of J/ψ, ψ(2S), and Υ (nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the
details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available
at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2007. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))
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Boosted Light Particle Production

Hi+s Searches in  Vh, or t t h
Butterworth et al  0802.2470
Plehn et al  0910.5472

Boost comes #om the pT of the 
process, not #om a decay

2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster
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FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,! > 15 GeV |y!| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak



Direct production of susy w/ RPV
Limits on gluinos are very weak mg̃

>∼ 50 GeV

Raklev et al in 1005.1229

Produce high pT gluinosgluino could  be LSP...
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Summary
Boosted final states unify a class of

otherwise disparate signatures

Broadly grouped into leptonic and hadronic
final states

Signatures & Searches are rapidly advancing!


