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Detecting heavy charged Higgs bosons at the CERN LHC with fourb-quark tags
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We investigate the signature of a heavy charged Higgs boson of the minimal super-symmetric standard
model in the lepton plus multijet channel at the CERN Large Hadron Collider with fourb tags. The signal is
the gluon-gluon fusion processgg→tb̄H2, followed by theH2→ t̄b decay, while the main background is
from gg→t t̄bb̄. We find that the two can be separated effectively by kinematic cuts and mass reconstruction,
but the signal size is not very large in the end. Nonetheless, with a goodb-tagging efficiencyeb;50%, this
channel can provide a viable signature over a limited but interesting range of the parameter space.

PACS number~s!: 14.80.Cp, 13.85.2t, 14.65.Fy
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I. INTRODUCTION

The detection at the CERN Large Hadron Collider~LHC!
of charged Higgs bosons would represent an unequiv
signal of physics beyond the standard model~SM!. While the
SM predicts only a neutral Higgs bosonf, any two-Higgs-
doublet extension of it predicts a pair of charged Hig
bosonsH6 along with three neutral ones: theCP-evenH
andh and theCP-oddA @1#. This is true in particular for the
minimal supersymmetric extension of the standard mo
~MSSM!. While the SM Higgs boson may be hard to disti
guish from one of the neutral Higgs bosons of the MSS
the charged Higgs boson carries the unambiguous hallm
of the supersymmetric~SUSY! Higgs sector. Moreover, in
contrast with the case of super particles, whose signa
depends sensitively upon assumptions regarding theR-parity
status and the nature of the SUSY breaking, the signatur
H6 bosons is fairly model independent. Therefore, there
been considerable interest in looking for SUSY signals
the associated Higgs sector and in particular the char
Higgs bosons. Furthermore, the masses and couplings o
the MSSM Higgs bosons are given at the tree level in te
of only two parameters: i.e., one of the Higgs boson mas
~e.g.,MA) and the ratio of the vacuum expectation values
the two Higgs doublets~tanb!. Thus the experimental dete
mination of theH6 massMH6 would go a long way to
quantitatively determining the MSSM Higgs sector.

In the MSSM one has a lower mass limit at the tree lev
MH6.MW6, which is not significantly modified by radiativ
corrections. There is also a comparable experimental l
from direct CERN e1e2 collider LEP2 searches for th
charged Higgs boson@2#. In fact, using the MSSM mas
relations, one can get a strong indirect bound onMH6 in the
low-tanb region from the LEP2 limit onMh , the mass of
the lightest Higgs boson of the MSSM@3#. As shown in@4#,
however, this constraint can be evaded in modest extens
of the MSSM involving an additional singlet Higgs boso
Therefore, it does not preclude direct searches for char
Higgs bosons in the low-tanb region.

The Tevatron and~especially! LHC hadron colliders offer
the possibility to carry on the charged Higgs boson searc
0556-2821/2000/61~5!/055011~13!/$15.00 61 0550
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higher masses because of their higher-energy reach. Her
most prominent source ofH6 production for MH6,mt
~light charged Higgs boson! is top quark decay,t→bH1.
The corresponding branching ratio~BR! can easily be esti-
mated from the relevant part of the MSSM Lagrangian

L5
e

&MW
6sinuW

H1~mb tanb t̄ bR1mt cotb t̄ bL!,

~1!

written in the diagonal Cabibbo-Kobayashi-Maskaw
~CKM! matrix approximation. It suggests a larget̄ bH1

Yukawa coupling and hence a large branching fraction
the t→bH1 decay in the regions of low as well as very hig
tanb: i.e.,

tanb&1 and tanb*mt /mb . ~2!

Interestingly, these two regions are favored byb-t unifica-
tion for a related reason: i.e., assumingmb5mt at the grand
unified theory~GUT! scale, one needs a larget̄ bH1 Yukawa
coupling contribution to the renormalization group equatio
~RGEs! to control the rise ofmb at low-energy scales@5#.
The dominant decay channels of light charged Higgs bos
are H1→cs̄ and H1→t* b̄→bb̄W at tanb&1, while the
H1→t1nt decay dominates for tanb.1 @6#. It may be
noted here that there are already some modest limits onMH6

from the Tevatron top quark data@7# in the two regions~2!.
The search can be extended over a wider region ofMH6 and
tanb at the forthcoming Fermilab Tevatron upgrade~TeV-
2!, by exploiting the distinctivet polarization inH6 decay
@8,9#. Moreover, the detection range can be enlarged to
compass practically the entireMH6,mt region at the LHC
@9,10#.

We shall investigate here the prospect of charged Hi
boson searches at the LHC in the opposite case, w
MH6.mt ~heavy charged Higgs boson!. The dominant de-
cay mode of such a particle isH6→tb̄, which suffers from
a large QCD background. Therefore, it is not surprising t
detecting a charged Higgs boson heavier than the top q
©2000 The American Physical Society11-1
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has been generally regarded as very hard.1 The largest signa
cross sections at the LHC are expected to come from
associated production ofH6 with top ~anti!quarks, followed
by its dominant decay mode, i.e.,

gb→tH2→t t̄ b ~3!

and

gg→tb̄H2→t t̄ bb̄. ~4!

After the decay of the top quark pair, one expects fourb jets
in Eq. ~4! and three in Eq.~3!, where the accompanyingb̄
sea quark does not take part in the hard scattering and h
escapes detection by being produced close to the beam
rection. The charged Higgs signal from Eq.~3! and~4! were
investigated in@14# and@15#, respectively, assuming tripleb
tagging. The dominant~QCD! background processes in e
ther case are

gg→t t̄ bb, ~5!

gg→t t̄ gg1t t̄ qq̄, ~6!

with one or more of the light parton jets in the latter proce
misidentified asb. Both analyses found fairly viableH6 sig-
nals in the two above-mentioned regions of tanb, corre-
sponding to a largeH1 t̄ b Yukawa coupling. Recently, the
associated production of charged Higgs andW6 bosons has
been investigated in@16#. Being a second order electrowea
process, however, the size of the resulting signal is sma
than those of reaction~3!,~4!. Furthermore, it suffers from an
overwhelming irreducible background induced by to
quark–top-antiquark production and decay@17#. Therefore, it
does not seem to offer a usefulH6 signal at the LHC. Simi-
larly, the production of charged Higgs scalars in associa
with b quarks @18# is burdened by a large combinatori
background as well as a formidable multijet QCD noise.

We shall present here an analysis ofH6 signals at the
LHC produced via the gluon-gluon fusion process~4!,2 as-
suming all fourb-quark jets to be tagged. Of course, the s
of this signal will be smaller than in the 3b-tagged channel
However, we have verified, while computing thegg-initiated
process, that, by imposing a transverse momentum cu
20–30 GeV on the spectatorb jet in reaction~4!, the typical
loss of signal is not dramatic: e.g., about a factor of 2–3,
MH6'300 GeV. Besides, it is clear from the analyses
Refs.@14,15# that the background~6! with doubleb mistag-
ging will be very small. Indeed, we have explicitly confirme

1Recent new insights into the problem can be found in Ref.@11#,
where the exploitation of top quark polarization effects was ad
cated. For an alternative approach, using the much suppresse
somewhat cleanerH6→tn decay channel, see Ref.@12#. In the
same spirit, the modeH6→W6h is currently being investigated in
Ref. @13#.

2For some early numerical studies of the on-shell 2→3 produc-
tion, see Ref.@19#.
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this by recomputing the processes~5!,~6! from scratch. The
same conclusion applies to the the case of singleb mistag-
ging in events of the type

gb→t t̄gb. ~7!

Therefore we only need to worry about thet t̄bb̄ background
~5!. Moreover, we shall see below that the kinematics of
pair of b jets accompanying thet t̄ pair is expected to be
rather different for the background, as compared to the sig
~4!. Consequently, such a background can be suppresse
fectively by using suitable kinematic cuts on theseb jets. As
a result, we find a cleaner~but smaller! charged Higgs boson
signal in the 4b-tagged channel than in the 3b ones consid-
ered in@14,15#. In the following section we present the ma
steps in the calculation of the signal and background cr
sections. The event selection strategy and choice of k
matic cuts are outlined in Sec. III. The quantitative discu
sion of our analysis is presented in Sec. IV. Finally, w
summarize the main results and present our conclusion
Sec. V.

II. CALCULATION OF SIGNAL AND BACKGROUND
CROSS SECTIONS

The relatively large number of Feynman diagrams
volved in the signal processgg→tb̄H2, Eq. ~4!, renders the
algebraic expressions for the corresponding ‘‘squared’’ m

-
but

TABLE I. The Y functions for the two independent helicit
combinations in terms of the functionsS, h, andm defined in the
text. The remainingY functions can be obtained by flipping the sig
of the helicities and exchanging1 with 2 in theS functions andR
with L in the chiral coefficients.

l1l2 Y(p1 ,l1 ;p2 ,l2 ;cR ,cL)

11 cRm1h21cLm2h1

12 cLS(1,p1 ,p2)

TABLE II. The Z functions for all independent helicity combi
nations in terms of the functionsS, h, andm defined in the text. The
remainingZ functions can be obtained by flipping the sign of th
helicities and exchanging1 with 2 in theS functions andR with L
in the chiral coefficients.

l1l2l3l4 Z(p1 ,l1 ;p2 ,l2 ;p3 ,l3 ;p4 ,l4 ;cR ,cL ;cR8 ,cL8)

1111 22@S(1,p3 ,p1)S(2,p4 ,p2)cR8cR

2m1m2h3h4cR8cL2h1h2m3m4cL8 ,cR#

1112 22h2cR@S(1,p4 ,p1)m3cL82S(1,p3 ,p1)m4cR8 #

1121 22h1cR@S(2,p2 ,p3)m4cL82S(2,p2 ,p4)m3cR8 #

1211 22h4cR8 @S(1,p3 ,p1)m2cR2(S1,p3 ,p2)m1cL#

1122 22@S(1,p1 ,p4)S(2,p2 ,p3)cL8cR

2m1m2h3h4cL8cL2h1h2m3m4cR8cR#

1212 0
1221 22@m1m4h2h3cL8cL1m2m3h1h4cR8cR

2m2m4h1h3cL8cR2m1m3h2h4cR8cL#

1222 22h3cL8@S(1,p2 ,p4)m1cL2S(1,p1 ,p4)m2cR#
1-2
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trix element rather long and cumbersome. This drawback
the trace method can be obviated by resorting to heli
amplitude techniques, which allow one to write down t
‘‘complex’’ amplitudes in more compact form. In expressin
the helicity amplitudes, we have made use of the formal
described, e.g., in Ref.@20#, to which we refer the reader fo
technical details. Here we briefly outline the procedure a
o

rt

l

-
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give all the formulas needed to implement our calculations
a numerical program, as they have not appeared in the lit
ture previously.

First, one needs to introduce some spinor functionsY and
Z @21,22,23#, given in Tables I and II, which can be define
in terms of the following quantities (e012351 is the Levi-
Cività tensor!:
S~1,p1 ,p2!52
~p1•k0!~p2•k1!2~p1•k1!~p2•k0!1 i emnrsk0

mk1
np1

rp2
r

h1h2
, ~8!

S~2,p1 ,p2!5S~1,p2 ,p1!* ,
r-
l

m i56
mi

h i
, h i5A2~pi•k0!, ~9!

wherepi andmi represent the four-momentum and mass
the particle i ~for which pi

25mi
2) and k0 and k1 are two

arbitrary four-vectors such that

k0•k050, k1•k1521, k0•k150. ~10!

In the first of the two expressions in Eq.~9! the signs1 and
2 refer to particles and to antiparticles, respectively.

In Tables I and II the~chiral! coefficientscR and cL are
those entering the fundamental fermion-fermion-boson ve
ces, described through the expressions

G~8!m5gmG~8! ~11!

and

G~8!5cR
~8 !PR1cL

~8 !PL , ~12!

with

PR5
11g5

2
, PL5

12g5

2
, ~13!

the chiral projectors.
If we make the following assignments for the momentapi

~with i 51, . . .,5), which we assume incoming in the initia
state and outgoing in the final state, and helicities.l i ~with
i 51, . . . ,4) of theexternal particles in the 2→3 reaction,

g~p1 ,l1!1g~p2 ,l2!→t~p3 ,l3!1b̄~p4 ,l4!1H2~p5!,
~14!

so that p1
2[p2

250, p3
25mt

2 ~with G35G tÞ0), p4
25mb

2

~with G45Gb50), andp5
25MH6

2 , then the Feynman ampli
tudesTi

$l% can be written~apart from a phase, a factorgs
2e,
f

i-

and neglecting the color matrices! as ~here and below,
$l% refers cumulatively to the helicities of the external pa
ticlesl i with i 51, . . . ,4, and($l% to the summation over al
their possible combinations!

~15!

1N1N2D4~p31p5!D4~p22p4!

3 (
i 51,2,4

(
j 52,4

bibj (
l56

(
l856

Y~p3 ,l3 ;pil;cR
H ,cL

H!

Z~pi ,l;pj ,l8;p1 ,l1 ,l1 ;cR
g ,cL

g ;1,1!

Z~pj ,l8;p4,2l4 ;p2 ,l2 ;q2 ,l2 ;cR
g ;cL

g ;1,1!,

~16!

2N1N2D3~p32p1!D4~p22p4!

3 (
i 51,3

(
j 52,4

bibj (
l56

(
l856

Z~p3 ,l3 ;pi ,l;p1 ,l1 ;q1 ,l1;cR
g ,cL

g ;1,1!

Y~pi ,l;pj ,l8;cR
H ,cL

H!
1-3
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Z~pj ;l8;p4 ,2l4 ;p2 ,l2 ;q2 ,l2 ;cR
g ,cL

g ;1,1!,

~17!

1N1N2D3~p32p1!D3~p41p5!

3 (
i 5 i ,3

(
j 51,2,3

bibj (
l56

(
l856

Z~p3 ,l3 ;pi ,l;p1 ,l1 ;q1 ,l1 ;cR
g ,cL

g ;1,1!

Z~pi ,l;pj ,l8;p2l2 ;q2 ,l2 ;cR
g ,cL

g ;1,1!

Y~pj ,l8;p4 ,2l4 ;cR
H ,cL

H!,

~18!

~19!

~20!

~21!

1N1N2D4~p31p5!D~p11p2!

3 (
i 51,2,4

bi (
l56

(
l856

Y~p3 ,l3 ;pi ,l;cR
H ,cL

H!

@Y~pi ,l;p1 ;l8;1,1!Y~p1 ,l8;p4 ,2l4 ;cR
g ,cL

g!

Z~p1 ,l1 ;q1 ,l1 ;p2 ,l2 ;q2 ,l;1,1;1,1!

12Z~p2 ,l2 ,q2 ,l2 ;pi ,l;p4 ,2l4 ;1,1;cR
g ,cL

g!
05501
Y~p1 ,l1 ;p2 ;l8;1,1!Y~p2 ,l8;q1 ,l1 ;1,1!2same~1↔2!],

~22!

2N1N2D3~p41p5!D~p11p2!

3 (
i 51,2,3

bi (
l56

(
l856

@Y~p3 ,l3 ;p1 ;l8;1,1!Y~p1 ,l8;pi ,l8;pil;cR
g ,cL

g!

Z~p1 ,l1 ;q1 ,l1 ;p2 ,l2 ;q2 ,l2 ;1,1;1,1!

12Z~p2 ,l2 ,q2 ,l2 ;p3 ,l3 ;pi ,l;1,1;cR
g ,cL

g!

Y~p1 ,l1 ;p2 ;l8;1,1!Y~p2 ,l8;q1 ,l1 ;1,1!2same~1↔2!]

Y~pi ,l;p4 ,2l4 ;cR
H ,cL

H!,

where we have introduced the coefficientsb15b252b3
52b451, to distinguish incoming and outgoing particle
and the propagatorsDi(p)51/(p22mi

21 imig i) ~with g i

[G i if p2.0 and g i50 otherwise3! and D(p)51/p2. In
Eqs. ~15!–~22!, qi ~with i 51,2! is an arbitrary four-
momentum not parallel topi ~i.e., qiÞapi with a constant!
andNi5@4(qi2pi)#21/2; see Ref.@20# for more details.

The coefficientscR and cL for the vertices relevant to
such a process are

~cR
H ,cL

H!52
1

&MW6 sinuW

~mb tanb,mt cotb! ~23!

for the charged Higgs bosons@see Eq.~1!# and simply

~cR
g ,cL

g!5~1,1! ~24!

for the gluon to quarks couplings. As usual,uW represents
the Weinberg angle. Here the bottom and top quark mas
entering the Yukawa interaction are those defined at
propagator pole, i.e.,mb,t[m̄b,t(mb,t), where m̄b,t(Q) are
the running masses at the~energy! scaleQ ~see below!. Also
note that in Eqs.~23!, ~24! we have factored out the overa
couplings2 ie and2 igs of the Lagrangian.

As for the color structure of our process, one should n
tice that in this case there are two basic combinations
color matrices associated with the Feynman graphs~15!–
~22!, that is, (tAtB) i 3i 4

and (tBtA) i 3i 4
, whereA( i 3) andB( i 4)

identify the colors of the gluons~quarks! 1 ~3! and 2 ~4!,
respectively. In fact, it should be recalled that the color ter
associated with the triple-gluon vertices are nothing but
structure constantsf ABX of the SU(NC) gauge group, for
which

3That is, we include a finite quark width only in resonant prop
gators.
1-4
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@ tA,tB# i 3i 4
[~ tAtB! i 3i 4

2~ tBtA! i 3i 4
5 i f AHXt i 3i 4

X ~25!

X being in our case the color label of the virtual gluo
Therefore, one can conveniently group the original ei
Feynman amplitudes as follows:

M 1
$l%5(

i 51

3

Ti
$l%1(

i 57

8

Ti
$l%,

M 2
$l%5(

i 54

6

Ti
$l%2(

i 57

8

Ti
$l% . ~26!

The standard form of the matrix element~ME! squared,
summed or averaged over the final or initial spins and col
is then

uMu2~gg→tb̄H2!5
gs

4e2

256 (
$l%

(
i , j 56

Mi
$l%M j

$l%* Ci j , ~27!

whereCi j is a 232 color matrix with elements

C11[C225
NC

4 S NC
2 221

1

NC
2 D ,

C12[C215
NC

4 S 1

NC
2

21D , ~28!

NC53 being the number of colors in QCD. Finally, notic
that the ME for the charge conjugated process

g~p1 ,l1!1g~p2 ,l2!→b~p3 ,l3!1 t̄ ~p4 ,l4!1H1~p5!,
~29!

now with p3
25mb

2 and p4
25mt

2 ~and, correspondingly,G3

50 andG45G t), can be obtained by the simple replaceme
cR

H↔cL
H .

The above formulas refer to the 2→3 process of on-shel
H6 and t production. In reality, both these particles even
ally decay inside the detectors, so that one ought also
consider their decay signatures. We have included these
cays by convoluting the 2→3 ~unpolarized! production ME
with the three- and one-body decay MEs of top quarks
Higgs bosons, respectively, which are well known and c
be found in the literature. In doing so, we introduce seve
simplifications.4 First, we neglect spin effects in the to
quark decays. Second, we do not consider interference
fects between diagrams involvingH1 and H2 production.
Third, Fermi-Dirac interference due to the indistinguishib
ity of b quarks~or, equivalently, ofb antiquarks! in the final
state are not included. However, while noticeably simpli
ing the numerical evaluation, we have checked that th
approximations do not spoil the validity of our analysis.

4Note that in the numerical simulations we allow the top qua
and Higgs bosons to be ‘‘off shell,’’ that isp3@4#

2 Þmt
2 and p5

2

ÞMH6
2 in the above formulas for process~14! @29#.
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fact, we have also produced the exact 2→8 ME for the sig-
nal process, including all the above spin and interfere
effects, by means of theHELAS @24# subroutines and the
MADGRAPH @25# package, and compared its yield to that
the simplified implementation. We have always found go
agreement between the two, with residual effects surviv
only in differential spectra which are of no concern in o
analysis. Indeed, for the typical quantities we shall inve
gate~transverse momenta, pseudorapidity, multi jet invari
masses, etc.!, the results generally coincide within numeric
accuracy.

The HELAS libraries andMADGRAPH have also been use
to generate the background process~5!, as any analytical
expression for the latter would be much too cumbersom
Indeed, 36 different Feynman diagrams are involved~actu-
ally twice that if one considers also those induced by
above-mentioned Fermi-Dirac statistics!, with 10 external
particles.

Both signal and background MEs have been integrated
means ofVEGAS @26#, with a careful mapping of the phas
space, to account for the various resonances. In some c
where the multidimensional integrations~21 in total, for
the 2→8 implementation! are more problematic, theVEGAS

results have been cross-checked against those obta
by usingRAMBO @27# as well as the D01GCF and D01GZ
NAGLIB subroutines.

In addition to the phase space integration, one also
to convolute in the (x,Q2)-dependent parton distributio
functions ~PDFs! for the the two incoming gluons. Thes
have been evaluated at leading order, by means of
Martin-Roberts-Stirling~MRS! leading order~LO! packages
~05A, 09A, 10A, 01A, 07A! @28#. TheQ2 used for the latter
was the c.m. energy~squared! at the parton level, i.e.,ŝ
5x1x2s, with As514 TeV taken as the c.m. energy for th
LHC. The same choice has been adopted for the scale o
strong coupling constantas , evaluated again at lowest orde
with LQCD

Nf54 chosen in accordance with that of the PDF s
used.

In addition, notice that before the signal and backgrou
cross sections can be computed reliably, one must take
account the effects of higher-order QCD corrections to
tree-level processes~see the discussion in Ref.@15#!. The full
next-to-leading order corrections are as yet unknown for
processes we consider. For the case of the Higgs signal
dominant effects can, however, be mimicked by adopting
pole masses in the Higgs-boson-fermion coupling enter
the production process@see Eq.~23!#, rather than the running
ones @29#. As for the t t̄ bb̄ background, we estimate the
effect by including an overallK factor of 1.5 throughout this
study @15#.

The numerical values of the SM parameters are~pole
masses are assumed!

ml5mn l
5mu5md5ms5mc50,

mb54.25 GeV, ml5175 GeV,

Mz591.19 GeV, Gz52.5 GeV,
1-5
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MW6580.23 GeV, GW52.08 GeV. ~30!

For the top quark widthG t , we have used the LO valu
calculated within the MSSM~i.e., G t51.55 GeV for MH6

@mt). Furthermore, we have adoptedMA and tanb as inde-
pendent input parameters defining the Higgs sector of
MSSM at LO. The charged Higgs boson widthGH6 has been
computed by means of the programHDECAY, which indeed
requires MA , rather thanMH6, as mass input@30# ~the
masses of the superpartners of the ordinary matter part
were fixed well above 1 TeV, so they enter neither the
quark nor the charged Higgs boson decay chain as real
jects and render the virtual SUSY corrections to theH6tb
decay vertex negligible@31#!. As this program uses runnin
quark masses~in the modified minimal subtraction schem!
in evaluating the decay width of theH6→tb channel, we
have, for consistency, used running values for all such qu
tities in theH6tb couplings entering our decay MEs for th
signal@but not in the propagators and in the phase space
which the pole massesmb[m̄b(mb) andmt[m̄t(mt) of Eq.
~30! have been used#.

Finally, notice that we stop our analyses at the par
level, without considering fragmentation and hadronizat
effects. Thus jets are identified with the partons from wh
they originate and all cuts are applied directly to the latter
particular, when selectingb jets, a vertex tagging is implied
with finite efficiencyeb per tag. As fourb jets will be re-
quired to be tagged, the overall efficiency will becb

4, by
which both signal and background rates will eventually ha
to be multiplied. For simplicity, we assume no correlatio
between the four tags: nor do we include misidentification
light-quark ~including c-quark! jets produced in theW6 de-
cay asb jets.

III. SELECTION STRATEGY

In this section we describe the kinematic proced
adopted to disentangle charged Higgs events~4! from the
background~5! in the t t̄ bb̄ channel. First, one of the to
quarks is required to decay leptonically (t→bln) to provide
a hard lepton (l 5e,m) trigger and avoid the QCD back
ground, while the other decays hadronically (t̄→b̄qq8),
with (q,q8Þb,t). The resulting branching fraction is
32/932/3, with the factor of 2 accounting for the fact th
each of theW6’s can decay either leptonically or hadron
cally. We assume that the charge of theb jet is not measured
Thus the signature we are discussing is effectively

4b12 jets1 l 61pmiss
t , ~31!

where the two untagged jets and thel 1pmiss
T (5pn

T) arise

from theW1W2 boson pair produced in thet t̄ decay.
We note that all the decay products of the top quarks

the signal are expected to be hard, while one of the acc
panyingb quarks~or both depending on theMH62mt mass
difference! could be soft. Therefore, we impose a relative
demanding transverse momentum cut on the two softeb
jets:
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pb1 ,b2

T .20 GeV. ~32!

For simplicity, we do the same for the rest, i.e.,

pl 6,n1 , j ,b3 ,b4

T
.20 GeV. ~33!

However, we will present some results also for the case
30 GeV cut in transverse momentum~on both jets and lep-
tons!, since the latter threshold is believed optimal in i
creasing theb-tagging efficiency at high luminosity~this is
needed in order to render the 4b signal of a charged Higgs
boson statistically significant!: see Ref.@32#. Furthermore,
we require the pseudorapidity of jets and leptons to be

uhb, j ,l 6u,2.5, ~34!

and allow for their detection as separate objects by impos
the following isolation criteria:

DRbb,b j , j j ,bl6, j l 6.0.4, ~35!

by means of the variable

DRi j 5A~Dh i j !
21~Df i j !

2, ~36!

defined in terms of relative differences in pseudorapidityh i j
and azimuthf i j , with iÞ j 5 j ,b,l 6.

We simulate calorimeter resolution by a Gaussian sme
ing of pT ~without shower spreading and with uniform pse
dorapidity and azimuth segmentation!, with @s(pT)/pT#2

5(0.6/ApT)21(0.04)2 for all the jets and@s(pT)/pT#2

5(0.12/ApT)21(0.01)2 for the leptons @14#. The corre-
spondingpmiss

T is evaluated from the vector sum of the j
and lepton transverse momenta after resolution smearing

To improve the signal/background ratio and to estim
the H6 mass, we follow a strategy similar to the one
Ref. @14#.

~a! The invariant mass of the two untagged jets is requi
to be consistent withMW6,

uM j j 2MW6u<15 GeV. ~37!

~b! The neutrino momentum is reconstructed by equat
pn

T5pmiss
T and fixing the longitudinal componentpn

L via the
invariant mass constraintM ( ln)5MW6. The latter gives two
solutions. If they are complex, we discard the imagina
parts and they coalesce; otherwise, both the solutions
retained.

~c! The invariant mass formed by combining the untagg
jet pair with one of the fourb jets is required to matchmt :

uM j jb2mtu<25 GeV. ~38!

If severalb jets satisfy this constraint, the one giving the be
agreement withmt is selected.

~d! The invariant mass formed by combiningl andn with
one of the three remainingb jets is also required to matchmt
within 625 GeV. If severalb jets satisfy this, the one giving
the best agreement withmt is selected along with the corre
sponding value ofpn

L .
1-6
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FIG. 1. Production cross sectio
for process~4! ~and its charge con-
jugate! in the decay channel~31! as
a function of MH6 in the heavy
mass range, for some discrete valu
of tanb, for the case in which no
~upper figure! and acceptance plu
selection ~lower figure! cuts have
been implemented. In the inset o
the upper plot, we enlarge the rate
in the vicinity of MH65mt . In the
inset of the lower plot, we presen
the ratio between the above sign
cross section for tanb540 and the
corresponding one obtained b
adopting a threshold of 30 GeV in
~32!, ~33!. The PDF set used wa
MRS-LO ~05A! with renormaliza-
tion and factorization scales se
equal to the partonic c.m. energy
The arrow represents the size of th
background~5! yielding the same
signature ~31!. No b-tagging effi-
ciency is included.
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~e! The remaining pair ofb jets may be looked upon a
the bb pair accompanying thett in the signal~4! and back-
ground~5!. Note that one of theseb jets is expected to com
from the H6 decay in the signal, while for the backgroun
they both come from a gluon splitting. Consequently, in
latter case one supposes thebb̄ pair to have a smaller invari
ant mass. Furthermore, one may also expect the energy
relative angle of the twob’s to be rather different, betwee
signal and background. We compare the signal and ba
05501
e

nd

k-

ground cross sections againstMbb , Eb1
, Eb2

@with the labels

1 ~2! referring to the more~less! energetic of the twob
quarks# and cosubb and suppress the latter by suitable cuts
one or more such quantities.

~f! Finally, we combine each of the reconstructedt quarks
with each of the remainingb jets to obtain four entries for
the bt invariant massMbt . For each signal point, one o
these entries will correspond to the parentH6 mass, while
the other three will represent the combinatorial backgrou
1-7
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TABLE III. Production cross section for the signal~4! ~and its charge conjugate! in the decay channe
~31! ~top!, for tanb530 and five values ofMA(H6) ~given in GeV! in the heavy mass range, as obtained
using five different sets of PDFs. Corresponding rates for the backgrond~5! yielding the same signature~31!
are also given. No cuts have been implemented. The renormalization and factorization scales are set
the partonic z.m. energy. Errors are as given byVEGAS.

Signal, tanb530~fb!

MA(H6) 05A 09A 10A 01A 07A

200~214! 217.1460.18 226.67620 199.1160.15 204.4860.17 222.7960.18
300~310! 123.2060.10 130.7960.11 110.9060.086 116.4260.10 125.7660.11
400~407! 60.41460.059 65.25660.066 53.41060.049 57.33360.057 61.36060.059
500~506! 30.80260.044 33.89560.047 26.74260.040 29.48160.043 31.25260.045
600~605! 16.34160.029 18.26860.032 13.97760.026 15.67060.029 16.45560.029

Background~fb!

05A 09A 10A 01A 07A

1863656 1949659 1706651 1755653 1901657

MRS-LO @Q5m5Aŝ#

4b12 jets1 l 61pmiss
T No cuts
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We plot the signal and background cross sections against
quantity. The former will show the resonant peak atMH6

sitting on top of a broad combinatorial background, while t
latter will show only a broad distribution inMbt . As we
shall see below, the Breit-Wigner peak itself can help
improve the signal/background ratio further as well as
determine theH6 mass.

~g! For MH6@mt , one of the above-mentionedb jets
~i.e., the one coming from theH1→tb̄ decay! would gener-
ally be much harder than the other. In this case, one
expect to reduce the combinatorial background by combin
each of the top quark pairs with the harder of the two acco
panyingb jets. This would give two values of the invarian
massMbt for each signal point, one of which corresponds
the parentH6 mass. Therefore, we shall also show the sig
and background cross sections against this quantity
MH6>300 GeV.

IV. RESULTS AND DISCUSSION

Both signal~4! and background~5! cross sections are fi
nite over the entire phase space, provided theb-quark mass is
retained in the calculation. Thus, as a preliminary exerc
we look at the total production rates of the above proces
with no cuts whatsoever, as they would appear in the de
channel~31! to an ideal detector. This is done in the top p
of Fig. 1. Here, the rates have been obtained by multiply
the 2→3 cross section times the relevant BRs of quark a
Higgs boson decays, thus neglecting finite width effects. T
signal rates depend on bothMH6 and tanb, and so they are
plotted as a function of the former for two values of the lat
in the favorable regions~2!. In contrast, the background rate
are independent of both and are indicated by the arrow n
to they axis. The inset in the top plot of Fig. 1 enlarges t
region around the threshold regionMH6'mt , where the
B(H1→tb̄) increases rapidly. A striking feature of the pr
05501
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duction cross sections is the apparently poor signal
background ratio, over all theMH6 spectrum considered
irrespective of tanb. Note, however, that no dedicated trea
ment of the final state kinematics has yet been perform
Indeed, the number of heavy charged Higgs events produ
is sizable up to around 800 GeV, where the total cross s
tion at both tanb values is still around several femtobarn
At its maximum, just after the opening of theH1→tb decay
threshold, it can be larger by about two orders of magnitu

Figure 1 has been produced by using the MRS-LO~05A!
PDF set. In Table III we study the dependence of both sig
and background rates on the choice of the structure fu
tions, using the other four fits of the 1998 Martin-Rober
Stirling-Thorne LO package.5 For reference, we have use
the value tanb530, whereas five different choices of Higg
boson masses in the heavy range have been adopted. D
ences in the signal cross sections are found to be within
625% range, with a somewhat smaller range for the ba
ground. Furthermore, changing the renormalization~Q! and
factorization~m! scales from their common default valueAŝ
to, e.g., the sum of the rest masses in the 2→3 and 2→4
production process~4! and ~5!, induces variations in the re
sults of the same order as above. As a consequence, an
all error of, say, approximately 30–35 % should be taken
an estimate of the uncertainties related to the PDFs andas
throughout the paper.

As the next step of our analysis, we implement the acc
tance cuts~32!–~35! and the selection cuts described throu
steps~a!–~d! in the previous section. The total signal an
background cross sections after such constraints have
enforced can be found in the bottom plot of Fig. 1. Note th
the kinematic procedure outlined above has been helpfu

5The additional fits correspond to varying the large-x gluon andas

about their central preferred values.
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FIG. 2. Differential distributions in invariant mass~top-left!, in cosine of the relative angle~top-right! and in energy of the mos

~bottom-left! and least~bottom-right! energetic of the twob quarks accompanying thet t̄ pair, for process~4! ~and its charge conjugate! in
the decay channel~31!, for four selected values ofMH6 in the heavy mass range, with tanb540. Acceptance and selection cuts have be
implemented here. The PDF set used was MRS-LO~05A! with renormalization and factorization scales set equal to the partonic c.m. en
The fifth ~dot-dashed! curve represents the shape of the background~5! yielding the same signature~31!. All distributions are normalized to
unity. No b-tagging efficiency is included.
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increasing the signal-to-background ratio over all the Hig
boson mass spectrum~compare to the curves above!. The
signal rates have been depleted too, mainly by thepb2

T cut

~32!, dropping to a few femtobarns for values of tanb at the
upper and lower ends of the parameter range and Higgs
son masses below 700 GeV or so. For intermediate value
tanb, e.g., around the minimum of the production cross s
tion occurring at tanb'7, prospects are more gloomy. I
fact, the signal rates are always below 1 fb or so in this ca
for any MH6 value. Furthermore, as here~and in the follow-
ing as well! we have retained a finite value forGH , the
reader may appreciate—by comparing this plot to the
above—the suppressing~enhancing! effects of a larger
~smaller! Higgs width at low~high! MH6 values for tanb
540, with respect to the case tanb51.5 ~the effects of a
G tÞ0 are the same in all cases!. As intimated in the previous
section, we also have considered the case of a 30 GeV c
05501
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e
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all transverse momenta~including the missing one!. The in-
set in the bottom plot of Fig. 1 presents the consequent s
pression on the signal rates for, e.g., tanb540. Far from the
MH6'mt1mb threshold, the ratio between the two cro
sections stabilizes at just below 3~irrespectively of tanb!.
For the background, the reduction is slightly higher, a fac
of 4 or so.

Continuing with step~e! of our plan, we next investigate
the mass, angular, and energy behaviors of the twob quarks
accompanying thet t̄ pair, after the acceptance and selecti
cuts have been implemented. The relevant plots can
found in Fig. 2. For reference, the value chosen for tab
is 40, whereas for the charged Higgs boson masses
have takenMH65214(310)@407#$506% GeV, corresponding
to MA5200(300)@400#$500% GeV. ~Spectra look rather
similar if a pl 6,n j

T ,b.30 GeV cut is enforced instead.! As
already foreseen, one can appreciate significant differen
1-9
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FIG. 3. Production cross sectio
for process~4! ~and its charge con-
jugate! in the decay channel~31! as
a function of MH6 in the heavy
mass range, for two discrete value
of tanb. Acceptance and selectio
cuts have been implemented her
along with the additional cuts~39!
on the 2b system accompanying the

t t̄ pair. In the inset, we present th
ratio between the above signal cro
section for tanb540 and the corre-
sponding one obtained by adoptin
a threshold of 30 GeV in~32!,~33!.
The PDF set used was MRS
LO~05A! with renormalization and
factorization scales set equal to th
partonic c.m. energy. The arrow
represents the size of the bac
ground~5! yielding the same signa
ture ~31!. No b-tagging efficiency is
included.
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in all four quantities considered, as long asMH6 is well
abovemt . If MH6 is not much larger than 200 GeV, th
signal and background distributions are similar except for
angular variable. In contrast, ifMH6>300 GeV, one can se
a greater discriminatory power in each of these variables

In order to enhance the signal-to-background ratio, es
cially in the very heavy Higgs boson mass region, we the
fore adopt the following additional constraints on the twob-
jet system:

Mbb.120 GeV, cosubb,0.75, Eb1
.120 GeV.

~39!

The resulting signal cross sections are shown in Fig. 3
tanb51.5 and 40 along with those of the background. T
signal-to-background ratio has increased, but the backgro
remains larger. However, notice the very little loss of sig
at very large Higgs boson masses. In fact, the Higgs r
remain above 1 fb forMH6&800 GeV. For a transverse mo
mentum cut of 30 GeV throughout, the typical suppress
on the signal~away from threshold! is again about a factor o
3 ~see the inset in the figure!, now similar to the case of the
background.

To enhance the relative rates further and estimate
charged Higgs boson mass, we reconstruct theMbt invariant
mass by combining each of the reconstructed top quarks
each of the accompanyingb jets, as described in step~f!, a
quantity that we labelM4(H). The resulting spectra are pre
sented in the top plot of Fig. 4 for tanb540 and six selected
values of theH6 mass along with the background. The si
nal distribution clearly shows a resonance atM4(H)'MH6

sitting over a combinatorial continuum, while the bac
ground spectrum is broader and tends to concentrate at
ues ofM4(H) below 300 GeV. One can sharpen the res
nances at the cost of reducing the size of the signal
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combining each of the reconstructedt quarks with the harder
b jet, as in step~g! @the corresponding invariant mass
labeled asM2(H)]. The distributions that we obtain in thi
way are given in the bottom part of Fig. 4.

One sees from the figure that the signal-to-backgrou
ratio is ~much! greater than 1 in the neighborhood of th
resonant peaks. This is an advantage of the 4b-tagged chan-
nel over the 3b-tagged case considered in Ref.@14#, where
the backgrounds were found to exceed the signal. In cont
the size of the Higgs cross section is smaller in our ca
because of the kinematic suppression induced by requi
the detection of the fourthb quark. However, with an annua
luminosity of 100 fb21, expected from the high-luminosity
option of the LHC, and a very goodb-tagging efficiency, one
would obtain a clearly viable signal. To illustrate this w
show the signal rates on the right-hand scale of Fig. 4, for
optimistic b-tagging factor ofeb

450.1, corresponding toeb

556%. Such a high value is now considered realistic for
TeV-2 run at Fermilab and can be achieved by combin
the silicon vertex and the lepton tagging efficiencies@33#. It
is also close to the optimistic expectation of ab-tagging ef-
ficiency of about 50% even for the high luminosity run of th
LHC @32#.

For the above efficiency and luminosity, one would obta
between 10 and 100 Higgs events per year with signal
background ratios above 1 forMH

6 as large as 800 GeV~for
tanb540!, as shown in Table IV. This shows the predict
number of events in a window of 80 GeV centered arou
the Higgs resonances for both signal and background,
gether with the corresponding statistical factorsS/AB. By
looking at those rates, one would expect an accessible si
for MH6&600 GeV in the high-tanb region ~*40!. Similar
results also hold for the case of low-tanb values~&1.5!.
1-10
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FIG. 4. Differential distribu-
tions in the reconstructed charge
Higgs boson mass for process~4!
~and its charge conjugate! in the
decay channel~31! for six se-
lected values ofMH6 in the heavy
mass range, for tanb540. Accep-
tance and selection cuts have be
implemented here, along with th
additional cuts~39! on the 2b sys-

tem accompanying thet t̄ pair.
The PDF set used was MRS
LO~05A! with renormalization
and factorization scales set equ
to the partonic c.m. energy. Th
seventh~dot-dashed! curve repre-
sents the shape of the backgroun
~5! yielding the same signature
~31!. Normalization is to the total
cross sections times the number
possible ‘‘2b12 jet mass’’ com-
binations: four ~top! and two
~bottom!. The right-hand scale
corresponds to ab-tagging effi-
ciency factor ofeb

450.1, i.e., eb

556%.
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However, given the not too large rates of the survivi
Higgs events, the actual size of the MSSM parameter sp
that can be covered strongly depends on theb-tagging effi-
ciencycb . For instance, changing it from 56% to 40% wou
result in a reduction ofeb

4 by a factor of 4. This correspond
to a suppression of theS/AB rates of Table IV by a factor o
2. A similar effect would occur if a 30 GeV cut in transver
momenta of both missing and observable particles is
forced, as opposed to the 20 GeV value advocated here
this case, the suppression would be somewhat sm
though, about a factor of 3 on the event rates and 1.7 on
statistical significances.
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Before concluding, we would like to come back to an
justify what we have mentioned in the Introduction: that t
size of the backgrounds~6!,~7! is generally smaller than tha
of process~5! considered so far, for theb-tagging efficiencies
assumed in this paper. Rather than rerunning all the sim
tions for each of these additional final states, we have
sumed the two~anti! top quarks to have already been reco
structed, with similar efficiency in each case. This way,
can compute the 2→4 cross sections~6!,~7! and apply the
transverse momentum, pseudorapidity, and separation cu
Sec. III to the jet-jet system accompanying thet t̄ pair, along-
side those of Eq.~39!. We do so also for the case of proce
1-11
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D. J. MILLER, S. MORETTI, D. P. ROY, AND W. J. STIRLING PHYSICAL REVIEW D61 055011
~5!. ~For all such computations we have resorted again
MADGRAPH @25#.! By adopting eb50.56 and assuming
eg,qÞb50.01 to be the rejection factor against non-b jets,
then the rates obtained this way scale as follows:

s~gg→t t̄ bb̄!:s~gb→t t̄ gb!:s~gg→t t̄ gg1t t̄ qq̄!

'3.38:0.56:0.48. ~40!

Thus, the singly and doublyb mistagged backgrounds ar
both one order of magnitude smaller than the pure 4b pro-
cess. The same applies also to the other channel contribu
to a possible doubleb mistagging, i.e.,

gq→t t̄ gq, ~41!

whereqÞb, whose production rates are in fact compara
to those of process~5! ~about 25% smaller!. Altogether, they
would add a 40% or so contribution to thet t̄ bb̄ background.
Some of these backgrounds are likely to be enhanced
larger probability of ac-quark jet faking ab tag, which we
have not taken into account. However, their inclusion wo
not change our main results, so that we have left these r
tions aside for the time being.

V. SUMMARY AND CONCLUSIONS

The discovery at the LHC of charged scalar partic
would definitely confirm the existence of new physics b
yond the SM. In this respect, a very special role is played

TABLE IV. Number of events from signal~4! ~and its charge
conjugate! (S) and background~5! ~B! in the decay channel~31!,
along with the statistical significance (S/AB), per 100 inverse fem-
tobarns of integrated luminosity, in a window of 80 GeV around
few selected values ofMH6 ~given in GeV! in the heavy mass
range, with tanb540. Fourb jets are assumed to be tagged w
overall efficiencyeb

450.1, i.e.,eb556%. All cuts discussed in the
text, ~32!–~35!, ~a!–~d! and ~39!, have been implemented. Th
renormalization and factorization scales are set equal to the par
c.m. energy. The first row corresponds to theM4(H) distribution,
whereas the second refers to theM2(H) one ~see Fig. 4!.

Number of events per year
MH6640 GeV S B S/AB

310 127.80 105.14 12.46
57.80 41.90 8.92

407 88.56 67.63 10.76
53.78 39.21 8.58

506 51.46 38.74 8.26
36.32 26.86 7.00

605 29.43 21.49 6.34
22.70 16.58 5.57

704 17.09 11.98 4.93
14.02 9.89 4.45

803 10.03 6.75 3.86
8.61 5.81 3.57

MRS-LO @Q5m5Aŝ#

4b12 jets1 l 61pmiss
T After all cuts
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the charged Higgs bosons of two-Higgs-doublet mod
~2HDMs!, as their production and decay dynamics can
tirely be described at the tree level by only two paramete
However, the feasibility of their detection at the LHC h
always been far from certain if the mass of the new partic
is much larger than the quark mass. Therefore, a high-on-
list priority is to devise phenomenological strategies th
would allow one to meet the difficult challenge of their d
tection at the LHC collider.

We have contributed here to this task by considering
production and decay of charged Higgs scalars of the MS

in the channelgg→tb̄H21tb̄H1→bb̄t t̄→bb̄bb̄W1W2,
in which oneW6 decays hadronically and the other lepton
cally. The major feature of our analysis, as compared to o
ers carried out in the past, is that all fourb quarks present in
the final state are required to be recognized as such.
advantage of this procedure is that it allows one to exp
the differences existing between signal and background
the kinematics of the heavy quark jets. In fact, in the dom

nant background,gg→t t̄ bb̄, the twob quarks produced in

association with thet t̄ pair are soft, collinear, and at rathe
low invariant mass. In contrast, in the Higgs signal, at le
one of the two is expected to be energetic and isolated
long asMH6 is significantly larger thanmt . The disadvan-
tage is that the additionalb quark produced in Higgs event
has rather low transverse momentum, so that its detec
imposes a sizable loss of signal.

By exploiting a selection procedure that allows one
reconstruct both top quark and top antiquark masses and
ter imposing tight constraints on the twob quarks accompa-

nying thet t̄ pair, we do see Higgs peaks appearing on top
a flat combinatorial background and also above the c

tinuum from t t̄ bb̄ events. Their statistical significance
such that viable signals can be obtained for charged Hi
boson masses up to 600 GeV or so, when tanb is either
below 1.5 or above 40, with a total number of Higgs eve
of the order of a several tens every 100 inverse femtobarn
luminosity.

Such mass coverage is significantly higher than t
achieved in previous analyses based on a tripleb tagging.
However, we should stress that these conclusions rely o
high, though not unrealistic,b-tagging efficiency, of about
50% per singleb jet, and a transverse momentum cut on je
and leptons, of 20 GeV, somewhat lower than the thresh
normally considered. If such performances can be achie
by the LHC detectors while the machine is running at hi
luminosity, then the ‘‘lepton plus 4b’’ channel represents a
profitable new means to access such elusive yet crucial
ticles over significant portions of the MSSM parame
space. Besides, this channel will be very useful for the m
surement of the charged Higgs boson parameters, given
higher purity of the signal in this case. Certainly, our resu
are sufficiently optimistic to justify a more detailed detecto
level study, incorporating hadronization of the final state p
tons, and the effects of jet identification and reconstructi
as well as a full background simulation.
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