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Boosted Higgs Searches

(Trailblazing paper)
• Jet substructure in VH  [PRL 100 (2008), Butterworth, Davison, Rubin and Salam]

• Fat Jets for a light Higgs [PRL, 0910.5472, Plehn, Salam, MS]

• Discovering the Higgs Boson in New Physics Events using Jet Substructure

• Combining subjet algorithms to enhance ZH detection at the LHC

[0912.4731, Kribs, Martin, Roy, MS]

[1005.0417, Soper, MS]

Talk by Adam,  right now -- in SUSY 2

right now, here -- and by Tilman in 15 minutes
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Basic idea of subjet analysis

p p

b
e.g.   pp -> ZH bbar

Z -> l+l-

    H -> b,bbar

Collect FSR

Reject ISR and UE
R=1.2
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Confirmed by ATLAS analysis with slightly smaller significance
[ATL-PHYS-PUB-2009-088, G. Piacquadio]

Result for ZH and WH combined:

3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

Soper and MS
1005.0417

For ZH channel
improvement in S/B 

by factor of 2
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).

B
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ≈

√

−2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination
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The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ≈

√

−2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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Boosted scenario should help!
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Things we had to develop

I. Working Top-tagger:
• Has to work in busy final-state
• Has to be insensitive against UE 
• Based on MW and MT reconstruction

After positive identification of top run 
Higgs-tagger on remaining jets

II. Working Higgs-tagger (based on WH/ZH study):

• Has to work in busy final-state
• Has to be insensitive against UE
• No Higgs mass should be assumed

[Tilman‘s talk -- in about 4 minutes]
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Nasty backgrounds.....

ttbb
Bredenstein et al.,
 PRL 103 2009;
Belivacqua et al.,
JHEP 0909 2009

tt+jets w+jetsttz
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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).

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 (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 bottom acceptance
cuts |yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.2 which we need to attach to
our leading-order background simulation — compared to
K = 1.3 for the signal. Finally, the tt̄Z background at
NLO is normalized to is 1.1 pb [23]. All hard processes
we generate using MadEvent [24], shower and hadronize
via Herwig++ [25] and analyze with FastJet [26].

The QCD background tt̄jj exceeds the tt̄bb̄ rate by
about a factor 200; unless we apply flavor tagging outside
the top quarks we will be swamped by QCD jets. Requir-
ing two b tags will suppress tt̄jbjb by a factor 1/2500, i.e.
below the scale dependence of the tt̄bb̄ rate. In our par-
ticular analysis there is a few-percent chance of the b jet
from the leptonic top ending up in the fat Higgs jet. Com-
bined with one b tag this gives a reduction factor around
1/1000, again good enough to neglect it. For charm-
flavored tt̄cbc̄b the mis-tag probability is only 1/25, but
the starting rate is already at the same level as tt̄bb̄.

Another obvious background is Wjj production. Its
rate drops from roughly 15 nb to 40 pb when we in-
crease the jets’ minimum transverse momentum from 20
to staggered 200/300 GeV, mimicking our boosted Higgs
and top jets. The leptonic W branching ratio and two
bottom tags then reduces it to 3.2 fb. Our top tagger
described below gives a mis-tagging probability around
5.5% (including underlying event), the Higgs mass win-
dow another 10%, i.e. the final Wjj rate is only 0.016 fb.
The charm-flavored Wcj rate starts off with 1/6 of the

signal tt̄bb̄ tt̄Z
events after acceptance eq.(3) 24.4 222.6 7.0
events with one top tag 10.5 83.8 3.0
events with one mrec

bb = 110 · · · 130 GeV 3.0 14.7 0.43
subjet pairings mrec

bb = 110 · · · 130 GeV 3.2 15.9 0.47
subjet pairings after b tags 0.76 1.95 0.06

TABLE I: Number of events or mrec
bb histogram entries per

1 fb−1 including underlying event. Counting the three lead-
ing subjet pairings in the modified Jade distance means that
below row four the number is only approximately the number
of events in 1 fb−1.

Wjj rate, but a tenfold mis-tagging probability, which al-
together leaves us with a total W+jets background well
below 0.05 fb.

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 we see in Fig. 1: the leading
top quark and the Higgs boson both carry sizeable trans-
verse momentum. In our search we first require two hard
jets with a cone radius R =

√
y2 + φ2 < 1.5 and a lepton:

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

j | < 4

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

The maximum jet rapidity y is limited by the two bot-
tom tags inside the fat Higgs jet. We then focus on the
structure of the two jets, as shown in Tab. I:
(1) one of the two jets passes the top tagger. If two jets
pass we choose the one closer in the two masses.
(2) the Higgs tagger runs over all remaining jets with
|y| < 2.5. It includes a double bottom tag.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

Top and Higgs taggers — In contrast to other Higgs
physics [9] or new physics [15, 16] applications our Higgs
and top taggers cannot rely on a clean QCD environ-
ment: on the one hand their initial cone size has to be
large enough to accommodate only mildly boosted top
and Higgs states, so additional QCD jets will contam-
inate our fat jets [28]. On the other hand, the small
number of signal events does not allow any sharp rejec-
tion cuts for dirty QCD events. Therefore, the taggers
need to be built to survive busy LHC events.

Our starting point is a C/A jet algorithm with R =
1.5 [27]. For a top candidate which typically has a jet
mass above 200 GeV we assume that there be a complex
hard substructure inside the fat jet and apply a mass
drop selection to all splittings mhard → msoft

j forming
the fat jet; among all splitting we search for those with

maxmsoft
j < 0.8 mhard . (4)

Lazopoulos et al.,
PLB 666 2008

Bevilacqua et al., 
PRL 104 2010

tth (Signal)
Beenakker et al.,

PRL 87 2001;
Reina et al.,
PRD 65 2002

Dittmaier et al,
PRL 98 2007
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negligible after 
b-tags and 
taggers
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100 fb−1:

S[fb−1] B[fb−1] S/B S/
√

B
mH = 115 GeV 1.2 3.8 1/3.2 6.2

120 GeV 1.0 3.8 1/3.8 5.1
130 GeV 0.51 3.3 1/6.5 2.8

This result shows that we can extract the tt̄H signal
with high significance. On the other hand, similar to the
original Atlas and CMS analyses it suffers from low S/B,
the impact of the poorly understood tt̄+jets background
with its different kinematic topologies, its large theory
uncertainty and potentially large next-to-leading order
corrections, and the missing underlying event.

To improve the signal-to-background ratio S/B and
remove the impact of the tt̄+jets background (at the ex-
pense of the final significance) we can apply a third b
tag. Targeting the second tt̄+jets topology we remove
the Higgs and top constituents from the event and cluster
the remaining particles into jets using the C/A algorithm
with R = 0.6, considering all jets with pT > 30 GeV.
Amongst these jets we require one b tag with η < 2.5
and a distance ∆Rb,j > 0.4 to the Higgs and top sub-
jets, assuming 60% efficiency and 2% purity. The last
row of Table I confirms that requiring three bottom tags
leaves the continuum tt̄bb̄ production as the only relevant
background.

In Fig. 3 we show the signal from the three leading (by
modified Jade distance) mrec

bb entries of double-b-tagged
combinations; our Higgs tagger returns a sharp mass
peak. The bigger tail towards small mrec

bb we can reduce
by only including the two leading jet combinations.
This does not change the significance but sculpts the
background more. Assuming that at this stage we
will know the Higgs mass, we estimate the background
from a clean right and a reasonably clean left side bin
combined with a next-to-leading order prediction. The
result of the triple b-tag analysis is then (again assuming
100 fb−1):

S[fb−1] B[fb−1] S/B S/
√

B
mH = 115 GeV 0.57 1.18 1/2.1 5.2 (5.7)

120 GeV 0.48 1.15 1/2.4 4.5 (5.1)
130 GeV 0.29 1.03 1/3.6 2.9 (3.0)

The numbers in parentheses are without underlying
event. While removing the highly uncertain tt̄+jets back-
ground has indeed lowered the final significance, the
background of the three b-tag analysis is completely dom-
inated by the well-behaved tt̄bb̄ continuum production.

Further improvements — One of the problems in this
analysis is that higher-order QCD effects harm its reach.
Turning this argument around, we can use the additional
QCD activity in the signal and continuum tt̄bb̄ back-
ground to improve our search. Before starting with the
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FIG. 3: Reconstructed bottom-pair mass mrec
bb for signal

(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event. The distributions shown
include three b tags.

fat-jet analysis we can for example analyze the four lead-
ing jets with a radius R = 0.6 and pT < 40 GeV and
require a set of jet-jet and jet-lepton separation crite-
ria [32]: we reject any event for which one of the three
conditions holds

cos θ∗j2j1 < −0.4 and ∆kT j3! ε [70, 160] GeV
cos θ∗j3! > 0.4 and ∆Rj2j3 > 2.5

∆Rj! > 3.5 for any of the four leading jets. (5)

θ∗P1P2
is the angle between %p1 in the center-of-mass frame

of P1+P2 and the center of mass direction (%p1+%p2) in the
lab frame. It is not symmetric in its arguments; if the two
particles are back to back and |%p1| > |%p2| it approaches
cos θ∗ = 1, whereas for |%p1| < |%p2| it becomes −1 [32].
The kT distance between two particles is (∆kT j!)2 =
min(p2

T,j , p
2
T,!)∆R2

j!. At this stage and with our limited
means of detector simulation this QCD pre-selection at
least shows that there are handles to further improve
S/B from 1/2.4 to roughly 1/2 (for mH = 120 GeV)
with hardly any change to the final significance.

In addition, we can envisage improving the analysis in
several ways in the context of a full experimental study,
including data to help constrain the simulations:
(1) Replace the mrec

bb side bins by a likelihood analysis of
the well-defined alternative of either tt̄H signal or tt̄bb̄
continuum background after three b tags. This increases
the final number of events, our most severe limitation.
(2) Provided the events can be triggered/tagged, include
two hadronic or two leptonic top decays. This more than
triples the available rate and includes a combinatorical
advantage of requiring one of two tops to be boosted.
(3) Without cutting on missing energy as part of the
acceptance cuts use its measurement within errors to as-
sign the correct jet to the leptonic top and become less
dependent on the third b tag.
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ground to improve our search. Before starting with the

tt̄bb̄

tt̄jj

tt̄Z

tt̄Hdσ/dmbb̄ [fb/5 GeV]0.6

0.4

0.2

0

tt̄bb̄

tt̄jj

tt̄Z

tt̄Hdσ/dmbb̄ [fb/5 GeV]

mbb̄ [GeV]
180150120906030

0.6

0.4

0.2

0

FIG. 3: Reconstructed bottom-pair mass mrec
bb for signal

(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event. The distributions shown
include three b tags.

fat-jet analysis we can for example analyze the four lead-
ing jets with a radius R = 0.6 and pT < 40 GeV and
require a set of jet-jet and jet-lepton separation crite-
ria [32]: we reject any event for which one of the three
conditions holds

cos θ∗j2j1 < −0.4 and ∆kT j3! ε [70, 160] GeV
cos θ∗j3! > 0.4 and ∆Rj2j3 > 2.5

∆Rj! > 3.5 for any of the four leading jets. (5)

θ∗P1P2
is the angle between %p1 in the center-of-mass frame

of P1+P2 and the center of mass direction (%p1+%p2) in the
lab frame. It is not symmetric in its arguments; if the two
particles are back to back and |%p1| > |%p2| it approaches
cos θ∗ = 1, whereas for |%p1| < |%p2| it becomes −1 [32].
The kT distance between two particles is (∆kT j!)2 =
min(p2
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j!. At this stage and with our limited
means of detector simulation this QCD pre-selection at
least shows that there are handles to further improve
S/B from 1/2.4 to roughly 1/2 (for mH = 120 GeV)
with hardly any change to the final significance.

In addition, we can envisage improving the analysis in
several ways in the context of a full experimental study,
including data to help constrain the simulations:
(1) Replace the mrec

bb side bins by a likelihood analysis of
the well-defined alternative of either tt̄H signal or tt̄bb̄
continuum background after three b tags. This increases
the final number of events, our most severe limitation.
(2) Provided the events can be triggered/tagged, include
two hadronic or two leptonic top decays. This more than
triples the available rate and includes a combinatorical
advantage of requiring one of two tops to be boosted.
(3) Without cutting on missing energy as part of the
acceptance cuts use its measurement within errors to as-
sign the correct jet to the leptonic top and become less
dependent on the third b tag.
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the impact of the poorly understood tt̄+jets background
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To improve the signal-to-background ratio S/B and
remove the impact of the tt̄+jets background (at the ex-
pense of the final significance) we can apply a third b
tag. Targeting the second tt̄+jets topology we remove
the Higgs and top constituents from the event and cluster
the remaining particles into jets using the C/A algorithm
with R = 0.6, considering all jets with pT > 30 GeV.
Amongst these jets we require one b tag with η < 2.5
and a distance ∆Rb,j > 0.4 to the Higgs and top sub-
jets, assuming 60% efficiency and 2% purity. The last
row of Table I confirms that requiring three bottom tags
leaves the continuum tt̄bb̄ production as the only relevant
background.

In Fig. 3 we show the signal from the three leading (by
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combinations; our Higgs tagger returns a sharp mass
peak. The bigger tail towards small mrec
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by only including the two leading jet combinations.
This does not change the significance but sculpts the
background more. Assuming that at this stage we
will know the Higgs mass, we estimate the background
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combined with a next-to-leading order prediction. The
result of the triple b-tag analysis is then (again assuming
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QCD activity in the signal and continuum tt̄bb̄ back-
ground to improve our search. Before starting with the

tt̄bb̄

tt̄jj

tt̄Z

tt̄Hdσ/dmbb̄ [fb/5 GeV]0.6

0.4

0.2

0

tt̄bb̄

tt̄jj

tt̄Z

tt̄Hdσ/dmbb̄ [fb/5 GeV]

mbb̄ [GeV]
180150120906030

0.6

0.4

0.2

0

FIG. 3: Reconstructed bottom-pair mass mrec
bb for signal

(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event. The distributions shown
include three b tags.

fat-jet analysis we can for example analyze the four lead-
ing jets with a radius R = 0.6 and pT < 40 GeV and
require a set of jet-jet and jet-lepton separation crite-
ria [32]: we reject any event for which one of the three
conditions holds

cos θ∗j2j1 < −0.4 and ∆kT j3! ε [70, 160] GeV
cos θ∗j3! > 0.4 and ∆Rj2j3 > 2.5

∆Rj! > 3.5 for any of the four leading jets. (5)

θ∗P1P2
is the angle between %p1 in the center-of-mass frame

of P1+P2 and the center of mass direction (%p1+%p2) in the
lab frame. It is not symmetric in its arguments; if the two
particles are back to back and |%p1| > |%p2| it approaches
cos θ∗ = 1, whereas for |%p1| < |%p2| it becomes −1 [32].
The kT distance between two particles is (∆kT j!)2 =
min(p2

T,j , p
2
T,!)∆R2

j!. At this stage and with our limited
means of detector simulation this QCD pre-selection at
least shows that there are handles to further improve
S/B from 1/2.4 to roughly 1/2 (for mH = 120 GeV)
with hardly any change to the final significance.

In addition, we can envisage improving the analysis in
several ways in the context of a full experimental study,
including data to help constrain the simulations:
(1) Replace the mrec

bb side bins by a likelihood analysis of
the well-defined alternative of either tt̄H signal or tt̄bb̄
continuum background after three b tags. This increases
the final number of events, our most severe limitation.
(2) Provided the events can be triggered/tagged, include
two hadronic or two leptonic top decays. This more than
triples the available rate and includes a combinatorical
advantage of requiring one of two tops to be boosted.
(3) Without cutting on missing energy as part of the
acceptance cuts use its measurement within errors to as-
sign the correct jet to the leptonic top and become less
dependent on the third b tag.

with 2 b-tags

with 3 b-tags

Results

with UE

without UE for 100 1/fb

tremendous improvement on S/B in tth
tth might contribute to Higgs discovery
tth might be a window to Higgs-top coupling
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