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The rest frame subjet algorithm is introduced to define the subjets for the SISCone jet; with this
algorithm, an infrared and collinear safe jet shape observable N-subjettiness, ’L‘I{,, is defined to
discriminate the fat jet, from a highly boosted color singlet particle decaying to N partons, from
the QCD jet. Using rest frame subjets and ’L‘{ on dijets from highly boosted H/W /Z bosons
through pp — HW, HZ with my = 120GeV, we found that statistical significance of the signal,
from the fully hadronic channels, is about 26 for 14TeV collisions with .2 ~ 30fb~!.
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1. Introduction

The electroweak precision fits prefer light standard model Higgs; and experimental con- straints
suggest standard model Higgs mass of about 120GeV. However, the Higgs lighter than 135GeV
dominantly decays to a b-quark pair. Thus, the signals involve huge QCD background; itiAZs why
light standard model Higgs has been considered hard to discover.

Colored partons radiate to produce soft and collinear quarks and gluons which evolve to a
numerous hadrons collimated along some directions, so called hadron jets. Jet algorithms are
for grouping them. Among them, inclusive kT, Cambridge/Aachen, Anti-kT, and SISCone jet
algorithm [1] are infrared and collinear safe and popular. All of them have a free parameter, so
called a jet radius. Broadly speaking, it represent a distance measure, and a reach of jets; although
its precise meanings depend on each jet algorithm. There is a tension to choose the jet radius. To
capture the radiations of colored partons, larger jet radius is better. However,underlying event and
pileup events at the LHC produce numerous soft particles. They ruin the signal such as invariant
mass peak of the jets. To reduce the contaminations, smaller jet radius is better. Several studies on
an optimal value for a jet radius.

2. Studies on jet substructure

So one need to compromise at some value. Two approaches are studied extensively. One
is figure out optimal value for the jet radius from perturbative QCD. Other is set the jet radius
value sufficiently large, and remove some of its constituent particle to reduce the contamination
from underlying event and pileup. They are so called jet substructure algorithms; including mass
drop-filtering[2], trimming, pruning[3, 4, 5, 6].

With these, one get jets which capture the radiations from the original parton while rejecting
other radiations come from other source. Given the jet, next question would be how one can identify
its origin. It may comes from quark, gluon, or W/Z bosons, Higgs or new particles. Usually, it is
very hard job because backgrounds are much larger than those of lepton signals.

To be specific, consider Higgs production associated with W/Z bosons, pp — HW /Z — bb +
leptons. One of main backgrounds is t7 — bbW W ~. If some of decay products of W bosons are
not detected by the detector, it gives same objects : b-jets and leptons / missing energy. Consider
the Higgs highly boosted so that the b-quarks are collimated to be identified as a singlet jet. We call
it a fat jet. In this case, leptons from the W/Z bosons are also highly boosted to opposite directions.
For t#, it is very hard to give such topologies without producing other hadronic activity. In other
words, geometric shape of fat jet signals are constrained, and background is smaller than ordinary
cases.

3. N-subjettiness

Given an event with fat jets, however, how one can know whether it is a signal or not? Although
there are many studies on fat jet tagging, they do not tell us whether the jet comes from the signal
or QCD background. It is what the N-subjettiness[7] is devised for. N-subjettiness is a jet shape
observable to find highly boosted objects decaying to N partons; In other words, N-subjettiness is
for selecting fat jets with N-subjets.
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Figure 1: before(red curve) and after(green curve) applying two-subjettiness to the leading jets from pp —
W /Z+ jets (above figure) and its QCD background pp — jets (bottom figure).

It is a variation of the global event shape observable N-jettiness[8], suggested by lan Stewart,
et al. Here is a definition of N-subjettiness. It is sum of distances between its constituents particles
and subjets. We use Lorentz product divided by jet mass for the distance. (Of course, one can use
other measure; and J. Thaler suggested different distance measures.)

To see why it works, consider how the bb quarks evolves. They radiate quarks and gluons and
finally hadronize. However, they do not exchange four momentum with outer system since they
form a color singlet. In contrast, bb quarks from gluon form a color octet. They evolve according
to the splitting kernels of the DGLAP equation. sz distributions of jets with 110GeV < mlj,f‘f <
130GeV, pr > 200GeV, |y| < 2.5 are shown at Fig. 2.

How underlying event, pileup, and imperfection of jet reconstruction affect the rest frame
subjet and N-subjettiness? Let’s consider two extreme cases. The first case: soft particles are
nearly parallel to the jet axis. For the first case, the particle’s energy is even suppressed by the
boost into the jet rest frame. Moreover, the particle doesn’t change the jet mass much. So its effect
on the N-subjettiness is negligible. The second case : soft particles that reside around the edge of
the cone. In this case, the particles energy can be increased about factor 3 in case of a jet with
radius 0.7 and Lorentz factor of a mother particle is about 10. But they are collimated to the boost
axis, say around cos 6, < 0.97. So it doesn’t affect the leading energetic rest frame subjets; it only
affects jet mass. If jet mass is changed about 10%, 737 can be changed about 20%. In any cases,
N-subjettiness is not changed much by inclusion of a ultra soft particle. Thus, N-subjettiness is
infra-red safe observable. By definition, N-subjettiness is collinear safe, too.

Fig. 1 is before and after applying two-subjettiness to the leading jets from pp — W /Z + jets
and its QCD background pp — jets. And this is a S/+/B improvement graph as a function of -
cut value. For the signal process, only well reconstructed fat jets pass the 73'-cut. We applied
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Figure 2: 7] distributions of jets with 110GeV < m/* < 130GeV, pr > 200GeV, |y| < 2.5.
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Figure 3: Expected m;,, distributions of the signal and background events that passes all cuts with .Z ~
30fb~!. Pythia with the ATLAS MCO09 parameter tune and SISCone jet with R = 0.8 is used. The JJ
sample includes bb. The b-tag efficiency, c-jet misidentification and light-jet misidentification probabilities
are assumed to be 70%, 10%, 1%.

two-subjettiness to the Higgs searches through fully hadronic decay channels of pp — HW /Z.
Because it involve two fat jets, the improvement factor is squared.

Here is the event selection scheme for the Higgs searches. Here is some usual selection cut
: Both of two hardest jet have py > 200GeV, absolute values of pseudo-rapidity is smaller than
2.5, a pseudo-rapidity difference of the two jets is smaller than 2.0, third hardest jet must be not
hard : pJT.3 < 30GeV. And following is our additional selection cut : both of two hardest jet have
73" < 0.08, cos 6, < 0.8, and, for the Higgs candidate jets, two leading rest frame subjet is required
to be b-tagged.

Fig. 3 is the result. Most large background comes from QCD dijet events. The statistical
significance of the signal is about 2 . The result may depends on the gluon splitting modeling, or
MC generator’s parameter tune. We use PYTHIA 6.4.23 with the ATLAS MCQ9 parameter tune,
and the modified leading-order MRST2007 parton distribution functions.

4. Conclusion

In conclusion, for the boosted color singlet particle searches, we have introduced the jet rest
frame, the rest frame subjet, and the N-subjettiness. Using SISCone jet with 75, we see that,
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for the fully hadronic pp — HV channels of the SM Higgs with my = 120GeV, the statistical
significance of the signals is about 2¢ for 14TeV collisions with .Z ~ 30fb~!. Although it will be
complementary to the known Higgs search channels, the scheme suggested in this letter is rather
a proof of concept; the scheme will be improved further to increase the signal to background
ratio, and to make full use of the jet rest frame. It involves comprehensive studies on theoretical
uncertainties of the scheme, and we left them for the future study. The rest frame subjet can be
defined by any jet algorithms, although the effects of underlying event, and pileup on the scheme
depend on the jet algorithm. We also expect the scheme can also be employed for highly boosted
colored particles.
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