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the net effect of resummation on the charge asymmetry
is not large. This is related to the fact that the double-
logarithmic factors / !!q!N""2 in the resummation for-
mula are the same for the charge-asymmetric and averaged
parts. Towards lowerMt"t, where the speed of the produced
top quark becomes small, all asymmetries become small on
account of Eq. (26). At large pair masses, the additional
single threshold logarithm enhances the asymmetry.

In Fig. 4 we consider the asymmetry as a function of
cos!, with Mt"t integrated over the allowed kinematic re-
gion. Again the net effect of resummation on the asym-
metry is relatively moderate. Integration over Mt"t leads
generally to a smaller asymmetry, because lower pair
masses, at which the asymmetry decreases when going
from the LO to the resummed case (see Fig. 3), dominate
the cross section. As Figs. 3 and 4 show, the resummed
asymmetries grow substantially with both pair mass, when

integrated over rapidity, and with the relative rapidity of
the pair. Interestingly, these results are consistent with the
explicit NLO results presented in Refs. [14,15], which
indicate a decrease in the charge asymmetry, and even a
reversal of its sign, for top pair plus jet cross sections. In
such final states, the NLO virtual corrections to inclusive
pair production are absent, and it is the latter corrections
that determine the sign of the asymmetry itself.
We finally turn to the total charge asymmetry Atot

c ,
integrated over Mt"t and 0 # cos! # 1. At LO, using the
scale " $ Mt"t=2, we find Atot

c $ 6:7%. Resummation re-
sults in only a small change, Atot

c $ 6:6%. We note that
when varying the scale over the range mt # " # Mt"t, the
LO charge-symmetric part of the cross section varies by
about %20% around its central value, which is improved
by resummation to a variation of about %3%. The scale
dependence of the asymmetric part of the cross section
improves from %28% to %13%. The resummed asymme-
try shows a variation over this range of scales of about
%12%. Thus our results for the higher-order corrections to
Atot
c are well consistent with the estimate of a &30%

uncertainty made in Ref. [6].

V. CONCLUSIONS AND OUTLOOK

We have presented a study of the next-to-leading-
logarithmic QCD threshold resummation effects on the
charge asymmetry in inclusive t"t production at the
Tevatron. We have found that the asymmetry is stable
with respect to the higher-order corrections generated by
threshold resummation. We have also found that resumma-
tion significantly decreases the dependence of the results
on the factorization and renormalization scales, thus mak-
ing the standard model prediction for the asymmetry more
reliable.
It will be interesting to extend these studies to the case of

t"tjet production, for which sizable negative NLO correc-
tions have been found [15]. Also, there will be interesting
applications at the LHC in situations near partonic thresh-
old, i.e., when the t"t pair mass becomes of the order of
1 TeVor larger. Because the initial pp state is symmetric,
one needs to apply additional cuts (for example, on the
t"t pair rapidity) here in order to generate a nonvanishing
charge asymmetry [13].
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FIG. 3. Charge asymmetry corresponding to the curves in
Fig. 1.

FIG. 4. Same as Fig. 3, but as a function of cos!, integrated
over the t"t pair mass.
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the QCD jet background analytically as well as through MC simulations. In this section,
we present the summary of our analytic calculations of the QCD jet mass distribution
based on the factorization formalism [39, 40], which is presented in the Appendix. We
compare our theoretical prediction with simulated MC data. Note that the final states,
which induce the jet masses, simulated by MC event generators are much more complicated
(due to radiation, showering etc.) than our simple two body final states. Yet, as we shall
see, we can consistently describe the simulated MC data.

3.1 Analytic Prediction

We are interested in looking at the following processes:

Ha(pa) + Hb(pb) ! J1(m
2
J1

, p1,T , R) + X

Ha(pa) + Hb(pb) ! J1(m
2
J1

, p1,T , R) + J2(m
2
J2

, p2,T , R) + X

where, Hi are the initial hadrons, pi being the corresponding momenta, and the final states
include jets in the direction of the outgoing partons of the underlying process, with a fixed
jet mass, mJi

, “cone size” R2 = !!2 +!"2 and tranverse momenta, pi,T .

We begin with the factorized hadronic cross section for single inclusive jet processes,

d#HAHB!J1X(R)

dpT dmJd!
=

!

abc

"

dxa dxb "a(xa) "b(xb)
d#̂ab!cX

dpTdmJd!
(xa, xb, pT , !, mJ , R) ,

(3.1)

which in the limit of small R, we can further factorize into (see Appendix B),

d#HAHB!J1X(R)

dpT dmJd!
=

!

abc

"

dxa dxb "a(xa) "b(xb)Hab!cX(xa, xb, pT , !, R)

"Jc
1(mJ , pT , R). (3.2)

The factorization and renormalization scales are chosen to be pT , "i is the PDF for the initial
hadrons, Hab!cX denotes the perturbative cross section, and Jc denotes jet functions, whose
matrix elements are defined in Appendix A (see e.g. [41] for recent reviews and references
therein). Furthermore the Jcs are, by definition, normalized as

"

dmJ Jc = 1 . (3.3)

We have used the fact that the jet functions do not depend on ! in the leading expansion
(see Appendix A). Therefore, we can write Eq. (3.2) for the hadronic cross section as

d#(R)

dpT dmJ
=

!

c

Jc(mJ , pT , R)
d#̂c(R)

dpT
, (3.4)
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p
! 38:8 GeV. We recall that we sum over the charges of

the produced hadrons. The cuts applied by E711 were
pT;i > 2 GeV, and average over "0:4< jYj< 0:2. The
cut on the individual hadron transverse momenta is, in
fact, irrelevant for the values of M considered here.
Furthermore, as stated in Fig. 6 of [10] for the pair mass

distribution we apply ppair
T < 2 GeV, and 0:1< j cos!#j<

0:25. Figure 2 shows the data and our results. As before, the
agreement between NLO and the NLO expansion of the
resummed calculation is excellent. Again, resummation
leads to an increase of the predicted cross section and a
reduction of scale dependence. Even though the resummed
results agree with the data much better than the NLO ones
for the scales we have chosen, they tend to lie somewhat
above the data, in particular at the highest values of M.
Keeping in mind the results for NA24, one may wonder if
this might be in part related to the fragmentation functions
for summed charged hadrons, which are probably slightly
less well understood than those for pions, due to the con-
tributions from the heavier kaons and, in particular, bary-
ons. The trend for the resummed result to lie a bit high is,
however, somewhat less pronounced for the AKK set
which again produces results that are a bit steeper than
the DSS ones.

Figures 3 and 4 show the comparison of our results (for
the DSS set) to the E706 data sets for neutral pion pair
production in pp and pBe scattering at

!!!
S

p
! 38:8 GeV

(800 GeV beam energy), respectively. We do not take into
account any nuclear effects for the beryllium nucleus,
except for the trivial isospin one. This has a very minor
effect on the cross section, compared to pp. E706 used cuts
fairly different from those applied in the data we have
discussed so far. There were no explicit cuts on cos!#,

ppair
T or Y, but instead cuts pT;i > pcut

T ! 2:5 GeV and

either "1:05< "i < 0:55 (for the
!!!
S

p
! 38:8 GeV data)

or "0:8< "i < 0:8 (for the
!!!
S

p
! 31:6 GeV data) on the

transverse momenta and rapidities of the individual pions.
The cut on transverse momentum, in particular, has a
strong influence at the lowerM: in a rough approximation,
it leads to a kinematic limit M$ 2pT;i > 5 GeV, so that
the cross section has to decrease very rapidly once one
decreasesM toward 5 GeV. This behavior is indeed seen in
the figures.
As in the previous cases, the NLO expansion of the

resummed and the full NLO cross section agree extremely
well, typically to better than 2%. For the two scales we
have chosen, the NLO cross sections fall well short of the

FIG. 2 (color online). Same as Fig. 1, but for charged-hadron
production for pp scattering at

!!!
S

p
! 38:8 GeV and with cuts

appropriate for comparison to E711. The data are from [10].

FIG. 3 (color online). Comparison of the NLO (dashed lines)
and resummed (solid lines) calculations (for the DSS fragmen-
tation set) to the E706 pp data at

!!!
S

p
! 38:8 GeV [11], for two

different choices of the renormalization and factorization scales,
# ! M (upper lines) and # ! 2M (lower lines). The crosses
display the NLO O%$s& expansion of the resummed cross
section.

FIG. 4 (color online). Same as Fig. 3, but for proton-beryllium
scattering.
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data. It was noted in [14,15] that in order for NLO to match
the data, very low scales of ! ! 0:35M have to be chosen.
The resummed cross section, on the other hand, has much
reduced scale dependence and describes the data very well
for the more natural scales M and 2M, except at the lower
M where the cut pcut

T on the pT;i becomes relevant. One
observes that the data extend to lower M than the theoreti-
cal cross section, which basically cuts off atM ! 5 GeV as
discussed above. A new scale becomes relevant here, the
difference jM" 2pcut

T j. Higher-order effects associated
with this scale (which are different from the ones addressed
by threshold resummation) and/or nonperturbative effects
such as intrinsic transverse momenta [11] probably control
the cross section here. It is also instructive to see that the
cross section is very sensitive to the actual value of the cut

on the pT;i. In Fig. 5 we show the resummed results for
scale ! ! 2M for pT;i > 2:5 GeV (as before) and pT;i >
2:2 GeV. One can see that with the lower cut the data are
much better described. Experimental resolution effects
might therefore have a significant influence on the com-
parison between data and theory here.
In order to check consistency, E706 also presented their

pBe data set at
!!!
S

p
! 38:8 GeV when the E711 cuts were

applied instead of the E706 default ones. These data are
found in [11]. Figure 6 shows the comparison for this case.
One can see the same trends as before. Clearly, the de-
scription of the data by the resummed calculation is ex-
cellent. For this set of cuts, the cross section is not forced to
turn down by kinematics at the lower M, and theory and
data agree well everywhere. Figures 7 and 8 show results
corresponding to Figs. 3 and 4, but for the lower beam
energy, 530 GeV, employed by E706 (

!!!
S

p
! 31:6 GeV).

FIG. 5 (color online). Resummed cross section for scale ! !
2M and pT;i > 2:2 GeV (dashed line), compared to the one with
pT;i > 2:5 GeV shown previously in Fig. 4 (solid line).

FIG. 6 (color online). Comparison to E706 data with a differ-
ent set of cuts, corresponding to the ones applied by E711. The
data with these cuts are from [11].

FIG. 7 (color online). Same as Fig. 3, but at
!!!
S

p
! 31:6 GeV.

FIG. 8 (color online). Same as Fig. 4, but at
!!!
S

p
! 31:6 GeV.
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the QCD jet background analytically as well as through MC simulations. In this section,
we present the summary of our analytic calculations of the QCD jet mass distribution
based on the factorization formalism [39, 40], which is presented in the Appendix. We
compare our theoretical prediction with simulated MC data. Note that the final states,
which induce the jet masses, simulated by MC event generators are much more complicated
(due to radiation, showering etc.) than our simple two body final states. Yet, as we shall
see, we can consistently describe the simulated MC data.

3.1 Analytic Prediction

We are interested in looking at the following processes:

Ha(pa) + Hb(pb) ! J1(m
2
J1

, p1,T , R) + X

Ha(pa) + Hb(pb) ! J1(m
2
J1

, p1,T , R) + J2(m
2
J2

, p2,T , R) + X

where, Hi are the initial hadrons, pi being the corresponding momenta, and the final states
include jets in the direction of the outgoing partons of the underlying process, with a fixed
jet mass, mJi

, “cone size” R2 = !!2 +!"2 and tranverse momenta, pi,T .

We begin with the factorized hadronic cross section for single inclusive jet processes,

d#HAHB!J1X(R)

dpT dmJd!
=

!

abc

"

dxa dxb "a(xa) "b(xb)
d#̂ab!cX

dpTdmJd!
(xa, xb, pT , !, mJ , R) ,

(3.1)

which in the limit of small R, we can further factorize into (see Appendix B),

d#HAHB!J1X(R)

dpT dmJd!
=

!

abc

"

dxa dxb "a(xa) "b(xb)Hab!cX(xa, xb, pT , !, R)

"Jc
1(mJ , pT , R). (3.2)

The factorization and renormalization scales are chosen to be pT , "i is the PDF for the initial
hadrons, Hab!cX denotes the perturbative cross section, and Jc denotes jet functions, whose
matrix elements are defined in Appendix A (see e.g. [41] for recent reviews and references
therein). Furthermore the Jcs are, by definition, normalized as

"

dmJ Jc = 1 . (3.3)

We have used the fact that the jet functions do not depend on ! in the leading expansion
(see Appendix A). Therefore, we can write Eq. (3.2) for the hadronic cross section as

d#(R)

dpT dmJ
=

!

c

Jc(mJ , pT , R)
d#̂c(R)

dpT
, (3.4)
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Appendix

A Jets at Fixed Invariant Mass

Here we give details of the definitions and calculations for the jet functions that we employ
in section 3. Single inclusive Jet cross sections have been studied intensively [38, 46, 47, 48].
Here, we are interested in computing the QCD background to jets of measured mass. The
main background to the production of tt̄ pairs is from dijet production from hadronic
collisions,

Ha(pa) + Hb(pb) ! J1(m
2
J1

, p1,T , !1, R) + J2(m
2
J2

, p2,T , !2, R) + X, (A.1)

where the final states are jets in the directions of the outgoing partons, each with a fixed jet
mass m2

J , a “cone size” R2 = !!2 +!"2, and transverse momenta, pi,T . For simplicity we
choose the cone sizes equal for the two jets, although they can be di"erent. For R < 1, we
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with corrections that vanish as powers of R. Here the "’s are parton distribution functions
for the initial hadrons, Hab!cd is a perturbative 2 ! 2 QCD hard-scattering function,
equal to the dijet Born cross section at lowest order, and the Ji are jet functions, which are
defined below. Jet function Ji summarizes the formation of a set of final state particles with

fixed invariant mass and momenta collinear to the ith outgoing parton. Corrections to the
cross section of order R0 can only occur through collinear enhancements which factorize
into these functions [49].
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Appendix

A Jets at Fixed Invariant Mass

Here we give details of the definitions and calculations for the jet functions that we employ
in section 3. Single inclusive Jet cross sections have been studied intensively [38, 46, 47, 48].
Here, we are interested in computing the QCD background to jets of measured mass. The
main background to the production of tt̄ pairs is from dijet production from hadronic
collisions,
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Figure 19: Feynman rules associated with the F+! operator at the end of a Wilson line.
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Figure 20: Feynman rules associated with eikonal lines, from the expansion of the Wilson
lines.
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Figure 21: Real contributions to the quark jet function at order !S.
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Jet functions
Leading Contribution: Single Gluon Emission

J (f) = 2
!S

"

Cf

mJ
log

!

p2
T R2

m2
J

"

d!pred!R"
dpTdmJ upper bound

# Jg!mJ; pT; R"
X

c

!
d!c!R"
dpT

"

MC
; (3.8)

d!pred!R"
dpTdmJ lowerbound

#Jq!mJ;pT;R"
X

c

!
d!c!R"
dpT

"

MC
; (3.9)

exploiting the fact that Jg > Jq in the region of high jet
mass, as can be seen in Eq. (3.6).

B. Jet function, theory vs MC data

In this section, we compare a set of theory-based bounds
for the jet mass distribution to the mass distribution ob-
tained via MC event generators. This part contains one of
our main results, where we demonstrate that our theoretical
predictions are in agreement with the MC data. In Fig. 3,
we compare the quark and gluon-jet mass distributions
from Eqs. (3.8) and (3.9) to the distributions from different
MC generators (MG/ME, SHERPA and PYTHIA). We perform
this comparison at fixed pT , since we are interested in the
relative shapes of these distributions around the top mass
window. Note that abovemJ $O!100 GeV", the shapes of
three MC distributions are very similar. SHERPA and MG/ME

distributions interpolate between the quark jet function
(lower bound) and the gluon-jet function (upper bound)
as expected. For the purposes of comparing shapes, PYTHIA
and MG/ME are rescaled so that their total cross sections
agree with SHERPA. This cross-section scaling does not
affect the predictive quality of the theory curves, since it
affects both sides of Eqs. (3.8) and (3.9). The scaling allows
us to present the results from the different event generators
on a single plot. Note, as mentioned before, that for mJ %
pTR, higher order corrections will contribute, pushing the
distribution down, with a Sudakov-like suppression, which
can be seen in the lower mass region for pT # 1:5 TeV and
R # 0:7.
In a typical experimental setup, a lower cut over pT will

be assumed, and the distributions will be integrated above
that pmin

T cut. Thus, we can integrate over the appropriate
region on Eq. (3.7), which leads to the analog of Eqs. (3.8)
and (3.9) for the pT-integrated jet mass cross section,
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FIG. 4 (color online). Comparison between the theoretical jet mass distributions and MC leading jet mass distribution from SHERPA.
The minimum pT and cone size are indicated on the plots. A gluon (quark) hypothesis is the prediction made if the entire contribution
were from gluon (quark) jets [cf. Eq. (3.10)].
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equivalent to a no recoil approximation, thus resulting
overall in a harder process than the result in Eq. (A16) at
fixed scales.
For the purpose of comparing the mass distributions

obtained from jet functions and the MC simulations,
Eq. (3.5) can be matched to !d!c!R"=dpT"MC obtained
from MC, leading to the following relation:

d!c
pred!R"

dpTdmJ

# Jc!mJ; pT; R"
!
d!c!R"
dpT

"

MC
(3.7)

for the prediction of quark and gluon-jet mass distribution
based on perturbative calculated jet functions, Eqs. (A14)
and (A16). Note, however, that this would require us to
split the MC output in terms of the parton flavors c, which
for realistic simulation leads to ambiguities, especially
when matching is used. Therefore, for our analysis, in-
stead, we use the analytic result to suggest bounds for the
‘‘data’’ distribution from the MC. There is, however, no
a posteriori way to determine the flavor that initiated the
jet (as with real data). Thus, we write
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FIG. 2 (color online). Various theoretical gluon-jet mass dis-
tributions, along with a 1=mJ curve, are plotted for pT # 1 TeV
and R # 0:4. Plotted are the jet mass distribution from (A16)
with running (red, dashed), and fixed (blue, dotted) coupling,
along with the eikonal jet function (green, dashed-dotted) with
fixed coupling. For the jet functions with no running the scales
were chosen be pT .

 (GeV)JM
100 150 200 250 300

-1
E

ve
nt

s 
/ 5

 G
eV

 / 
10

0 
fb

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

Sherpa
Pythia
MadGraph
Gluon Hypothesis
Quark Hypothesis

 = 1000 GeV)
T

C4 Jet Mass (P

 (GeV)JM
100 150 200 250 300

-1
E

ve
nt

s 
/ 5

 G
eV

 / 
10

0 
fb

0

5000

10000

15000

20000

25000

Sherpa
Pythia
MadGraph
Gluon Hypothesis
Quark Hypothesis

 = 1000 GeV)
T

C7 Jet Mass (P

 (GeV)JM

100 150 200 250 300

-1
E

ve
nt

s 
/ 5

 G
eV

 / 
10

0 
fb

0

200

400

600

800

1000

1200

Sherpa
Pythia
MadGraph
Gluon Hypothesis
Quark Hypothesis

 = 1500 GeV)
T

C4 Jet Mass (P

 (GeV)JM

100 150 200 250 300

-1
E

ve
nt

s 
/ 5

 G
eV

 / 
10

0 
fb

0

200

400

600

800

1000

Sherpa
Pythia
MadGraph
Gluon Hypothesis
Quark Hypothesis

 = 1500 GeV)
T

C7 Jet Mass (P

Top Mass Window Top Mass Window

Top Mass WindowTop Mass Window

FIG. 3 (color online). The jet mass distributions for SHERPA, PYTHIA, and MG/ME are plotted for different pT and jet cone sizes. The
quark and gluon mass distributions from the jet functions are overlaid, using Eqs. (3.8) and (3.9). The upper left plot corresponds to
950 GeV $ pT $ 1050 GeV and R # 0:4. The upper right plot corresponds to 950 GeV $ pT $ 1050 GeV and R # 0:7. The lower
left plot corresponds to 1450 GeV $ pT $ 1550 GeV and R # 0:4. The lower right plot corresponds to 1450 GeV $ pT $
1550 GeV and R # 0:7.

ALMEIDA, LEE, PEREZ, SUNG, AND VIRZI PHYSICAL REVIEW D 79, 074012 (2009)

074012-6

Jet functions can be matched to MC.

One cannot obtain simulations in terms of partons c
without ambiguities.
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We can use the Jet functions to understand the 
substructure of jets
Then we proceed to build observables that 
exploit these features, and compute them

but wait....
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3

section and hadronic final states. Standard hadronic
top searches include b-tagging as a necessary condition.
Since these show good agreement with the SM predic-
tion [13], the existence of a new particle which decays to
a bottom is probably disfavored, unless this state would
only be produced with a high boost, where these searches
would fail [14].

Regarding the planar flow distribution, it is interesting
to note that a sizable excess for Pf > 0.4, relative to the
Pythia [15] prediction, was found in [4, 6]. This might
motivate a search for particles with 3-body (or higher)
decays e�ectively (for this purpose, the top’s decay is
considered as 3-body).

In order to investigate this issue, we used di�erent MC
tools to estimate the QCD Pf distribution in the rele-
vant search window. The first is Herwig 6.520 [16] with
JIMMY 4.31 [17] for multiple interactions and the PDF
set CTEQ6L [18]. The second is Madgraph/MadEvent
4.4.51 [19] with the Pythia 2.1.4 package and the same
PDF set, with and without MLM matching [20]. We
also used Pythia 6.4 by itself. All MCs were interfaced
to FASTJET 2.4.2 [21] for jet clustering. The result is
shown in Fig. 1, together with the recent CDF data.
It is evident that the three simulations that we use ex-
hibit good agreement with each other, and furthermore
that their resulting distributions are closer to the data
than the Pythia one in [4, 6]. Note also that reasonable
agreement was found between the predictions of Mad-
Graph/Pythia and Sherpa in [10].

We further demonstrate that a contribution from par-
ticles with 3-body decays favor higher Pf values, such
that a proper combination with the QCD prediction can
yield a better agreement with the data. In Fig. 2 we
show the distribution generated by an RPV light gluino
(see below), separating between runs that include only a
partonic decay to three quarks and runs with showering
and hadronization (we do not combine the QCD contri-
bution here). Also in the figure is the Pf distribution of
a toy model where a heavy scalar decays to three mass-
less scalars. The decay was computed analytically, and
the Pf distribution was obtained by random generation
of events. It is interesting to mention that this curve is
in perfect agreement with the MG/Pythia partonic case,
while if we add the proper matrix element of the decay
to this “random” model, we find perfect agreement with
the Herwig partonic curve.

Toy Model. In order to demonstrate a toy model
that can account for the observed excess, we consider an
RPV gluino in the context of SUSY, where the rest of
the sparticles are decoupled for simplicity (In principle,
there could be interference e�ects in gluino production
from squarks, but this is highly model dependent). The
gluino decays to three quarks, hence in case its mass is
inside the window used in the search, it would lead to an
excess of events with boosted jets [2].

FIG. 1: QCD planar flow distribution (normalized to unit
area) calculated by di�erent MC tools compared to the CDF
data with the anti-kT jet algorithm (R=1.0) [4]. The data is
represented by orange circles with error bars, while the solid
blue, dashed red and dotted green lines correspond to Herwig,
Pythia and MadGraph with Pythia including MLMmatching,
respectively.

FIG. 2: Planar flow distribution of an RPV gluino decay
(normalized to unit area) calculated by di�erent MC tools
compared to the CDF data with the anti-kT jet algorithm
(R=1.0) [4]. The data is represented by orange circles. The
solid light blue (dashed red) and dashed-dotted purple (dot-
ted blue) lines correspond to a particle level (partonic level)
simulation using Herwig and MadGraph with Pythia, respec-
tively. The short-dashed green line is for the “random” model
described in the text

Such a scenario has already received attention in a
recent CDF search [3], considering only a non-boosted
region with conventional reconstruction. This study fo-
cused on signals of six jets, and employed sophisticated
techniques for reducing the background, such as three-jet
correlations and vertex position tracking. Yet it turned
out to be practically insensitive to a possible gluino con-

Eshel, Gedalia, Perez, Soreq (11)
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Overlap Method

each case, we find large background rejection powers based on this analysis, with substantial
e!ciencies.

Highly boosted Higgs decays are discussed in Sec. 4. In this case, the signal and back-
ground are both two-parton states at lowest order (LO). Their template overlap distributions
are slightly di"erent, but here we use another feature of the template method: the unique-
ness of the template state with maximum overlap. This information provides us with an
additional, infrared safe tool, which will enable us to attain significant rejection power even
in this case. We conclude in Sec. 5.

2 Overlap Formalism

We want our template overlaps to be functionals of energy flow of any specific event (usually
involving jets), which we label j, and a model, or template, for the energy flow in a signal,
referred to as f . Our templates will be a set of partonic momenta f = p1 . . . pn, with

n
!

i=1

pi = P , P 2 = M2 , (1)

which we take to represent the decay products of a signal of mass M . For example, the
lowest-order template for Higgs decay would have n = 2 and for top decay, n = 3. Of course,
templates with more than the minimum number of particles are possible. To represent the
sum over this n-particle phase space, we introduce the notation

! (R)
n !

" n
#

i=1

d3"pi
(2#)32$i

%4(P "
n

!

i=1

pi) #({pi}, R) , (2)

where the function #({pi}, R) limits the phase space integral to some region, R, which may
represent a specific cone size, for example.

We would like to measure how well the energy flow of any given event j matches that
of the signal on the unit sphere, denoted by $. We represent the template energy flow as
dE(f = p1 . . . pn)/d$. This function is taken at fixed (to start with, lowest) order. Similarly,
we will represent the energy flow of event j as dE(j)/d$. This quantity is observed, either in
experiment or the output of an event generator. Schematically, a general overlap functional
Ov(j, f) is represented as

Ov(j, f) = #j|f$ = F

$

dE(j)

d$
,
dE(f)

d$

%

. (3)

In principle, the choice of the functional F is arbitrary.

A natural measure of the matching between state j and the template is the weighted
di"erence of their energy flows integrated over some specific region that includes the template

3

We would like to measure how well the energy flow of  a 
given event  matches that of the signal. 

Where the energy flows are compared over an region of  ⌦



Overlap 

momenta pi. To quantify this di!erence, we construct the functional F using the template
states. We will find it useful to identify the di!erence in terms of the template configuration
in n-particle phase space with the closest match of energy flow to a given state j. As
a measure of the matching we introduce a function "(x) that is maximized at x = 0 to
"(0) = 1, which represents a “perfect” match. A simple example, which we will employ
below, is a Gaussian,

Ov(F )(j, f) = max
!
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n

exp

!
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1

2!2
E

"
#

d#

$

dE(j)

d#
!

dE(f)
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%

F (#, f)

&2
'

, (4)

where we introduce a width, !E with units of energy. For infrared safety, the function
F (#, f) should be a su$ciently smooth function of the angles for any template state f [31].
For example, it could be defined as a Gaussian around each of the directions of the template
momenta [32]. Alternately, we may choose F to be a normalized step function that is nonzero
only in definite angular regions around the directions of the template momenta pi [33]. This
is the method we will use below. We emphasize that the choice of our overlap functional
is to a large extent arbitrary, subject to the requirements of infrared safety. We will find,
however, that relatively simple choices can give strong enrichment of signals.

To be specific, for an n-particle final state, we will represent our template overlap (drop-
ping the superscript (F )) as

Ov(j, p1 . . . pn) = max
!
(R)
n

exp

!

!
n

(

a=1

1

2!2
a

"
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a )!E(f)
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&2
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, (5)

where the direction of template particle a is n̂a and its energy is E(f)
a . In applications below,

we will use these energies to set the widths of the Gaussians. The functions "(n̂, n̂(f)
a ) restrict

the angular integrals to (nonintersecting) regions surrounding each of the template momenta.
We will refer to the corresponding state as the “peak template” f [j] for state j. The peak
template f [j] provides us with potentially valuable information on energy flow in j.

In summary, the output of the peak template method for any physical state j is the value
of the overlap, Ov(j, f), and also the identity of the template state f [j] to which the best
match is found. As we shall see, this will be of particular value when we apply our method
to boosted Higgs. We turn first, however, to the analysis for boosted tops.

3 Three-particle Templates and Top Decay

In this section, we illustrate the peak template method for top identification, using as a
template the LO partonic three-particle phase space of top decay. The essential observation
is that light-quark and gluon jets (generally referred to as “QCD jets” below) typically have
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Top and QCD jets

In Fig. 1 we compare the overlap distributions for showered top jets and QCD jets (for
the same z = mJ/P0) for event generators Pythia (version 8) [36] for 2 ! 2 process without
matching, MadGraph/MadEvent (MG/ME) 6.4 [37] (with MLM matching [38] interfaced
into Pythia V6.4 [39]), and Sherpa 1.2.1 [40, 41]. It is clear that the showering smears
the top distributions significantly, although top events tend to yield somewhat larger peak
overlaps. Note also the large variations between the generators.

Figure 1: Comparison of histograms of template overlap Ov, Eq. (6), with top jets and QCD
jets from di!erent MCs [upper left (right) Pythia (MG/ME) and Sherpa on the bottom], for
R = 0.5, 950 GeV" P0 "1050 GeV, 160 GeV" mJ "190 GeV and mtop = 174 GeV.

3.3 Planar flow

We have seen that LO top templates already distinguish noticeably between top and QCD
jets. There is still a close relation, with both distributions being fairly flat. To gain a
better resolution between the two possibilities, we shall rely on the jet shape variable, planar
flow [16, 17]. For completeness we give the definition of the planar flow variable, Pf . First
construct for a given jet, a matrix I! as

Ikl! =
1

mJ

!

i

!i

pi,k
!i

pi,l
!i

, (8)
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Overlap and Planar Flow
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Figure 3: Comparison of scatter plots of planar flow Pf vs. template overlap Ov for top
jets (right) and QCD jets (left) from di!erent MC (from top to bottom: Pythia, MG/ME,
Sherpa), for R = 0.5, 950 GeV! P0 !1050 GeV, 160 GeV! mJ !190 GeV and mtop = 174
GeV.
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Figure 3: Comparison of scatter plots of planar flow Pf vs. template overlap Ov for top
jets (right) and QCD jets (left) from di!erent MC (from top to bottom: Pythia, MG/ME,
Sherpa), for R = 0.5, 950 GeV! P0 !1050 GeV, 160 GeV! mJ !190 GeV and mtop = 174
GeV.
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Higgs
2body & 3body S vs. B max(Ov) dist’

extends outside the jet cone, we set the corresponding energies E(k, l) to zero. We fix !a

(for the ath parton) by that parton’s energy, !a = E(ia, ja)(f)/2.

The corresponding overlap of a three-body (NLO) template function with the energy
distribution of the data is defined to be

Ov(j, f) = max
!
(R)
n

exp

!

"!
3

#

a=1

1

2!2
a

$

ia+1
#

k=ia!1

ja+1
#

l=ja!1

E(k, l)! E(ia, ja)
(f)

%2
&

' , (15)

where again E(ia, ja)(f) is the energy for the template particle a, and !a = E(ia, ja)(f)/2.

We now apply the peak template function method discussed above to study energetic
Higgs jet events in relation to QCD jets. We use data for QCD jet and hadronic Higgs
jet events after showering and hadronization, for R = 0.4, 950 GeV < EJ < 1050 GeV,
110 GeV < mJ < 130 GeV and mH = 120GeV as obtained from MG/ME via anti-kt jet
clustering algorithm.

Our aim is to understand how the template overlap formalism is capable of systematic
improvement by using information from higher order perturbative corrections into the space
of template states. In the plot on the left of Fig. 3, we compare the template overlap
Ov(j, f) distribution from Eq. (15) for Higgs and QCD jets, which was obtained using
the three particle templates. The corresponding plot on the right of Fig. 3 shows similar
distributions when both two and three particle templates are combined. We see that Higgs
jet events are peaked toward larger values of template overlap, Ov, than QCD jets.

Figure 3: Histograms of template overlap Ov with Higgs jets and QCD jets from Pythia 8, for
R = 0.5, 950 GeV" P0 "1050 GeV, 110 GeV" mJ "130 GeV and mhiggs = 120 GeV using 2-body
templates (Left) and 3-body templates (Right).

The templates can also be systematically improved by using jet shapes. Actually, the
e!ects of higher-order corrections can be partly captured by using planar flow, which we
defined in Eq. (27). We expect soft radiation from the boosted color singlet Higgs to be
concentrated between the b and b̄ decay products, as opposed to a jet initiated by a light

14
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Overlap+Planar Flow

the jet system. Therefore, we expect that planar flow for Higgs jets will be peaked toward a
lower value than that of QCD jets.

In Fig. 9, on the upper left, we show the Pf distributions for QCD jet and Higgs jet
events. This panel of the figure confirms our expectation that Higgs jets tend to have smaller
Pf values than QCD jets events (for the same z = mJ/P0). In the remaining panels, we
show scatter plots of Pf vs. template overlap Ov, which show that both QCD and Higgs jets
reflect two-pronged energy flow. In both cases, those events with large values of Ov tend to
have relatively small values of Pf . We see, however, that the Higgs events yield somewhat
smaller Pf , with a concentration of points at larger Ov in general, again in agreement with
our heuristic expectations.
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Figure 9: In the plot on the upper left, we show a histogram of Pf for Higgs jets and QCD
jets. In the plot on the upper right, we show a scatter plot of Pf vs. template overlap Ov for
Higgs jets. The remaining plot shows a scattering plot for QCD jets. Note the concentration
of points for Higgs jets at larger values of Ov compared to QCD jets. We choose R = 0.4,
950 GeV! P0 !1050 GeV, 110 GeV! mJ !130 GeV and mH = 120 GeV. (MG/ME [37]
with MLM matching [38])

Finally, in Fig. 10, we show the fake rate vs. e!ciency when we combine template overlap,
!s, and planar flow. In the plot on the right, we also show that angularities and !s indeed

18

This would apply to leading order for events with highly boosted Higgs and QCD jets. On
the other hand realistic QCD and Higgs jets have, of course, nonzero Pf , because of QCD
radiation e�ects that smear the distribution. We expect soft radiation from the boosted
color singlet Higgs to be concentrated between the b and b̄ decay products. This is to be
contrasted to a jet initiated by a light parton, whose color is correlated with particles in
other parts of phase space, producing radiation in the gaps between those particles and the
jet system. Therefore, we expect that planar flow for Higgs jets will be peaked toward a
lower value than that of QCD jets. In the studies we show below, the combination of Ov
and Pf gives a strong background (QCD) suppression with quite substantial signal (Higgs
decay) e⌅ciency.

Figure 5 shows the two-dimensional distributions of MC events in the Pf vs. Ov3 plane
for the signal and background. The scatter plot shows that signal events cluster around large
overlap while, at the same time, Pf is essentially below 0.2. By contrast, QCD events tend
to be spread over the entire area. These plots also confirm our expectation that Higgs jets
tend to have smaller Pf values than QCD jet events (for the same z = mJ/P0). Clearly, any
set of events chosen from the bottom right of these plots, with Pf < Ov3, is highly enrich
in three-body Higgs events compared with background. The clear di�erence in these scatter
plots show the potential of the template overlap method.

    












      



  

    











      



  

Figure 5: Scatter plots of planar flow Pf vs. template overlap Ov for Higgs jets and QCD
jets from Pythia, for R = 0.7, 950 GeV� P0 �1050 GeV, 110 GeV� mJ �130 GeV using
three-body templates.
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Figure 12: Comparison of fake rate vs. signal e⇥ciency with various cuts on three-body
template overlap Ov(3) with Higgs jets and QCD jets from di�erent MC [top left ( top
right) Pythia (Sherpa) and bottom MG/ME], for a Higgs mass window selection criteria
110 GeV < MJ < 130 GeV and 950 GeV < P0 < 1050 GeV. The curves are the result
of varying the minimal value of two-body template overlap Ov(2). Both e⇥ciency and fake
rates decrease as we increase the overlap cut. The dashed curves denote the case when Pf
cut is implemented, while the solid curves have no Pf cut.
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Figure 4: Comparison of fake rate vs. e!ciency with various cuts on template overlap Ov
and Pf with top jets and QCD jets from di"erent MC [upper left (right) Pythia (MG/ME)
and Sherpa on the bottom], for R = 0.5, 950 GeV! P0 !1050 GeV, 160 GeV! mJ !190
GeV and mtop = 174 GeV. The lines show the e"ect of cuts in planar flow (Pf) for fixed
overlap (Ov), with the lowest (most inclusive) Pf cuts to the right. The green dot is for
Pf > 0.6 and Ov > 0.4.
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