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Detecting heavy charged Higgs bosons at the CERN LHC with foub-quark tags

D. J. Miller! S. Moretti D. P. Roy?>3*and W. J. Stirling
'Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, United Kingdom
2Departments of Physics and Mathematical Sciences, University of Durham, South Road, Durham DH1 3LE, United Kingdom
STata Institute of Fundamental Research, Mumbai-400 005, India
4LAPTH, B.P. 110, F-74941 Annecy-le-Vieux Cedex, France
(Received 4 June 1999; revised manuscript received 15 September 1999; published 10 Febryary 2000

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 withbidags. The signal is
the gluon-gluon fusion processg—tbH ™, followed by theH ™ —tb decay, while the main background is
from gg—ttbb. 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 lgtagging efficiencye,~50%, this
channel can provide a viable signature over a limited but interesting range of the parameter space.

PACS numbes): 14.80.Cp, 13.85:t, 14.65.Fy

[. INTRODUCTION higher masses because of their higher-energy reach. Here the
most prominent source oH™ production for M=<m,
The detection at the CERN Large Hadron CollidelrC) (light charged Higgs bosons top quark decayt—bH™.
of charged Higgs bosons would represent an unequivocdlhe corresponding branching ratiBR) can easily be esti-
signal of physics beyond the standard md@&1). While the  mated from the relevant part of the MSSM Lagrangian
SM predicts only a neutral Higgs bosah any two-Higgs-
doublet extension of it predicts a pair of charged Higgs e
bosonsH* along with three neutral ones: ti@P-evenH = m
andh and theCP-odd A [1]. This is true in particular for the w w e
minimal supersymmetric extension of the standard model
(MSSM). While the SM Higgs boson may be hard to distin- yyritten in the diagonal Cabibbo-Kobayashi-Maskawa
guish from one of the neutral Higgs bosons of the MSSM,
the charged Higgs boson carries the unambiguous hallmar
of the supgrsymmetn(:SUSY) Higgs sgctor. Moreovgr, N thet—bH* decay in the regions of low as well as very high
contrast with the case of super particles, whose S|gnatur{aa ng: i.e
depends sensitively upon assumptions regardindrtparity T
status and the nature of the SUSY breaking, the signature of
H* bosons is fairly model independent. Therefore, there has

been considerable interest in looking for SUSY signals vigparestingly, these two regions are favoredtbyr unifica-
the associated Higgs sector and in particular the charg n for a related reason: i.e., assumimg=m. at the grand
tie., .

Higgs bosons. Furthermore, the masses and couplings of all .. .

the MSSM Higgs bosons are given at the tree level in termém'ﬁe_d theory(_GUT) scale, one needs_a Iarng Yukawa_

of only two parameters: i.e., one of the Higgs boson masse oupling contribution to.the renormalization group equations
GE39 to control the rise ofm, at low-energy scaleg5].

(e.g.,M,) and the ratio of the vacuum expectation values o X . .
thegtwoAILiggs doubletgtanB). Thus the ex%erimental deter- The dominant decay channels of light charged Higgs bosons

mination of theH* massM,~ would go a long way to &€ H++—’CS and H" —t*b—bbW at tang=1, while the
quantitatively determining the MSSM Higgs sector. H™—7" v, decay dominates for tg#>1 [6]. It may be
In the MSSM one has a lower mass limit at the tree levelN0ted here that there are already some modest limitd gn
M =>M,y=, which is not significantly modified by radiative from the Tevatron top quark dafd] in the two regiong2).
corrections. There is also a comparable experimental limif he Séarch can be extended over a wider regiad gf and
from direct CERNe*e~ collider LEP2 searches for the tang at the forthcoming Fermilab Tevatron upgradeeV-
charged Higgs bosof2]. In fact, using the MSSM mass 2), by exploiting the dlstlnc_tlve- polarization inH= decay
relations, one can get a strong indirect boundvbg- in the  [8,9]. Moreover, the detection range can be enlarged to en-
low-tan region from the LEP2 limit orM,,, the mass of COMpass practically the entitd ,~-<m, region at the LHC
the lightest Higgs boson of the MSSI8]. As shown in[4],  [9,10l. _ _ _
however, this constraint can be evaded in modest extensions e shall investigate here the prospect of charged Higgs
of the MSSM involving an additional singlet Higgs boson. Poson searches at the LHC in the opposite case, when
Therefore, it does not preclude direct searches for chargeln=>m; (heavy charged Higgs bosprirhe dominant de-
Higgs bosons in the low-tg8 region. cay mode of such a particle B=—tb, which suffers from
The Tevatron andespecially LHC hadron colliders offer a large QCD background. Therefore, it is not surprising that
the possibility to carry on the charged Higgs boson search tdetecting a charged Higgs boson heavier than the top quark

H*(m, tanB tbg+m, cotB th,),

CKM) matrix approximation. It suggests a IargﬁﬂH+
ukawa coupling and hence a large branching fraction for

tan<1 and tarB=m;/m,. (2)

0556-2821/2000/6%5)/05501113)/$15.00 61 055011-1 ©2000 The American Physical Society



D. J. MILLER, S. MORETTI, D. P. ROY, AND W. J. STIRLING PHYSICAL REVIEW B1 055011

has been generally regarded as very Haftie largest signal TABLE I. The Y functions for the two independent helicity
cross sections at the LHC are expected to come from theombinations in terms of the functior® 7, and » defined in the

associated production &f* with top (antjquarks, followed  text. The remaining functions can be obtained by flipping the sign
by its dominant decay mode, i.e., of the helicities and exchanging with — in the Sfunctions andR

with L in the chiral coefficients.

ngtH_Htt_b 3
Ao Y(P1,N1;P2,N2;Cr,CL)
and
++ Crit1m2t CL2 M
gg—>tHH ~ttbb. (4) T cLS(+,p1,P2)

After the decay of the top quark pair, one expects fojats . .
in Eq. (4) and three in Eq(3), where the accompanyir@ this by recomputlng the processgs,(6) from sgratch. The
sea quark does not take part in the hard scattering and hengam© conclusion applies to the the case of sibgtaistag-

escapes detection by being produced close to the beam ing in events of the type
rection. The charged Higgs signal from Eg) and(4) were gb—ttgh. 7
investigated if 14] and[15], respectively, assuming triple

tagging. The dominantQCD) background processes in ei- Therefore we only need to worry about tiieb background

ther case are (5). Moreover, we shall see below that the kinematics of the
— pair of b jets accompanying thét pair is expected to be
gg—ttbb, ) rather different for the background, as compared to the signal
_ - (4). Consequently, such a background can be suppressed ef-
gg—ttgg+ttqq, (6)  fectively by using suitable kinematic cuts on thésiets. As

. . L a result, we find a cleanébut smalley charged Higgs boson
W|_th_ one or more of the light parton jets in th(=T Iatte+r processsignal in the 4-tagged channel than in theb®nes consid-
m|S|d¢nt|f|ed as. Both analys_es found f_a|rly viabld ~ sig- ered in[14,15. In the following section we present the main
nals in the two above-mentioned regions of FACOITe-  gians in the calculation of the signal and background cross
sponding to a largéd "tb Yukawa coupling. Recently, the sections. The event selection strategy and choice of kine-
associated production of charged Higgs akd bosons has matic cuts are outlined in Sec. Ill. The quantitative discus-
been investigated ifl6]. Being a second order electroweak sjon of our analysis is presented in Sec. IV. Finally, we
process, however, the size of the resulting signal is smallesummarize the main results and present our conclusions in
than those of reactio(8),(4). Furthermore, it suffers from an Sec. V.
overwhelming irreducible background induced by top-
quark—top-antiquark production an_d de¢ay]. Thereforg, i.t II. CALCULATION OF SIGNAL AND BACKGROUND
does not seem to offer a usetdF sllgnal at the L_HC. S|m|- . CROSS SECTIONS
larly, the production of charged Higgs scalars in association
with b quarks[18] is burdened by a large combinatorial  The relatively large number_of Feynman diagrams in-
background as well as a formidable multijet QCD noise. volved in the signal processg—tbH ™, Eq.(4), renders the

We shall present here an analysistf signals at the algebraic expressions for the corresponding “squared” ma-
LHC produced via the gluon-gluon fusion proceds,? as-
suming all fourb-quark jets to be tagged. Of course, the size TABLE Il. The Z functions for all independent helicity combi-
of this signal will be smaller than in theb3tagged channel. nations in terms of the functior 7, andu defined in the text. The
However, we have verified, while computing thg-initiated ~ remainingZ functions can be obtained by flipping the sign of the
process, that, by imposing a transverse momentum cut dfelicities and exchangings with — in the Sfunctions andr with L
20-30 GeV on the spectatbrjet in reaction(4), the typical  in the chiral coefficients.
loss of signal is not dramatic: e.g., about a factor of 2—3, for
M,+~300 GeV. Besides, it is clear from the analyses in MM2aha  Z(P1,A1iP2,\2iP3,N3;PasNaiCrCLICRCL)
Refs.[14,15 that the backgroun¢b) with doubleb mistag- T — 2[S(+,P3:P1) S(— P4, P2) ChCr
ging will be very small. Indeed, we have explicitly confirmed — Ua/a 3 T4ChCL — 1 MaMataCl CR]

- —275CR[S(+,P4,P1) w3C{ — S(+,P3,P1) #4CR]
-+ —271CR[S(—,P2,P3) 44 — S(—,P2,P4) 3CR]
!Recent new insights into the problem can be found in Rif], +—++ —274CR[ S(+,P3,P1) #2Cr— (S+,P3,P2) 1€ ]
where the exploitation of top quark polarization effects was advo- + +—— —2[S(+,p1,P4)S(—,P2,P3)C| Cr
cated. For an alternative approach, using the much suppressed but — 1Mo 7374Cl CL— 71 2kbaiaCRCR]
somewhat cleaneH ™ — 7v decay channel, see Rdfl2]. In the 4 0
same spirit, the modEl = — W=h is currently being investigated in b — 2 1 /ta 12 15CL CL+ fatta 1 MaChCr

Ref. [13]. — K2tam173C] CR— H1M37274CRCL]
.ZFor some early numerical studies of the on-shelt2 produc- +——= —2m3¢/[S(+,P2,Pa) 1€ — S(+,P1,Pa) #2CR]
tion, see Ref[19].
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trix element rather long and cumbersome. This drawback ofjive all the formulas needed to implement our calculations in
the trace method can be obviated by resorting to helicitya numerical program, as they have not appeared in the litera-
amplitude techniques, which allow one to write down theture previously.

“complex” amplitudes in more compact form. In expressing  First, one needs to introduce some spinor functigisd

the helicity amplitudes, we have made use of the formalisnZ [21,22,23, given in Tables | and Il, which can be defined
described, e.g., in Ref20], to which we refer the reader for in terms of the following quantitiesef*>*>=1 is the Levi-
technical details. Here we briefly outline the procedure ancCivita tensoy:

(P1-Ko)(P2- K1) = (P1-K1)(P2-Ko) +i€,,,0KoKIPIPS

+l L = 2 8
S(+,p1,P2) —— (8)
S(_1p11p2)zs(+1p2!pl)*!
|
m, and neglecting the color matrigess (here and below,
pi=t—,  17,=v2(p;- ko), 9 {\} refers cumulatively to the helicities of the external par-
i ticleshj withi=1,...,4, and,, to the summation over all
their possible combinations
wherep; andm; represent the four-momentum and mass of
the particlei (for which p?=m?) and k, and k; are two 1 3,
arbitrary four-vectors such that
™ = = (15
ko-k0=0, kl'k]_:_l, ko-k1=0. (10) 2 4
In the first of the two expressions in E@) the signs+ and
— refer to particles and to antiparticles, respectively. +NiN2D4(p3+ps)Da(pP2—Pa)
In Tables | and Il the(chiral) coefficientscg andc, are
those entering the fundamental fermion-fermion-boson verti- X 2 X bb XY X
ces, described through the expressions i=124)=24 A=® Nz
| ) ) 11
7 v Y(ps.\3;:PiNicR.cl)
and
' Z(pi \;pi NP1 N1, N1:ck,cd1,1)
r=c{'Pg+cl P, (12 e R
with Z(pj,N';Pa—Na;P2,N2;02, ;¢3¢0 1,D),
1+ys 1-vs 1 3
™ = w5 = (16)
the chiral projectors.
If we make the following assignments for the momepita 2 4
(withi=1,...,5), which we assume incoming in the initial
state and outgoing in the final state, and helicitigs(with
i=1,...,4) of theexternal particles in the-23 reaction, —N;N;D3(p3—p1)Da(p2—Pa)
- _ X b;b;
g(pP1,M 1) +9(P2,N2) —t(pP3,N3) +b(ps,Ng) +H (pszv ) i=§;y3i=§;y4 I lkzi >\’§=:t
14

ch ) - . .~g AO.
so that pf=p5=0, p3=m? (with T'3=T#0), pi=m? Z(Ps:haiPish P11, i Cr, L3 1Y)

(with I',=T",=0), andpgz Mai, then the Feynman ampli- 0o
tudesT™ can be written(apart from a phase, a factgfe, Y(pi NPy, N'iCr,CL)
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Z(PjiN'iPas—N4iP2,A2:02,82;CR,C7 51D, Y(P1,A1;P2;0 1L, Y (P2, N 301,051, 1) —samél—2)],
1 3 1 3
L = W = (22
{2 _ _ = 5
LY = = 17 ) "
;-5
2 4

+N1NzD3(p3—p1)D3(pst ps)
X b;
X'Z 2 bibjE >
ThEIThas AT [Y(Ps.NaipuiN 3 LDY(PL NP A 5PN CRCD)
Z(P3.N3;Pi N P1aN1;G1,A5c8,c051,D) Z(p1,N1;01,81;P2,02;02,82;1,1;1,0)

+2Z(p2,N\2,02, 2;P3, 3:Pi N 1,1ic,¢f)

Np. )'- . A0 AO.
Z(py N3Py N iPoh2i2 iR, CE LD Y(P1A1iP2iN S L)Y (P2 N 01 Mpi1,1) ~ sameél2)]

Y(p N:Pa,—Naich.ch), Y(Pi NiPa,—NasCR.C),
9 3 where we have introduced the coefficierig=b,=—b,
---5 =—Dhby=1, to distinguish incoming and outgoing particles,
™ = = T™1e2, (@ andthe prOPagatorﬁ)i(p)I1/(p_2_mi2+imi7i) (with v,
=T, if p>>0 andy,=0 otherwisé) and D(p)=1/p?. In
1 4 Egs. (15-(22), q; (with i=1,2) is an arbitrary four-
momentum not parallel tp; (i.e., ;# ap; with « constank
2 3 andN;=[4(q,—p;)]” ¥4 see Ref[20] for more details.
The coefficientscg and ¢, for the vertices relevant to
o -5 = TH1e2, (19  such a process are
1 94
H H
Cr,Cl)=——(mptanB,m,cotB) (23
X ) (Cr.CL VIMy singy " B.m; cotB
M = M1 e2), (20) for the charged Higgs bosoiisee Eq.(1)] and simply
== 5
1 4 (cg.cd)=(1, (24)
1 3 for the gluon to quarks couplings. As usudly represents
! -5 (21) the Weinberg angle. Here the bottom and top quark masses
7 - entering the Yukawa interaction are those defined at the
2 4 propagator pole, i.emy =my(my,), Wwherem,(Q) are

the running masses at tlienergy scaleQ (see below. Also
note that in Eqs(23), (24) we have factored out the overall
couplings—ie and —ig of the Lagrangian.
As for the color structure of our process, one should no-
X > b> > tice that in this case there are two basic combinations of
1=124 A= \r=x color matrices associated with the Feynman gra(is—
(22), that is, ¢"t®);;, and ¢°t");,,, whereA(iz) andB(i,)
Y(Pa,\3:p; J\?CE 'CE) identify the colors of the gluongquarks 1 (3) and 2 (4),
respectively. In fact, it should be recalled that the color terms
associated with the triple-gluon vertices are nothing but the
[Y(pi A:priA ;1D Y(P1 N Pa, —Aa;c,cP) strr:_Jc;ure constant§”"B*X of the SUNc) gauge group, for
whic

+N1N2D4(p3+ ps)D(P1+p2)

Z(p1,N1;01,M1;P2,12:02,131,1;,1,0

g 9 3That is, we include a finite quark width only in resonant propa-
+2Z(p2,N2,02,M2;Pi N Pa, —Ng; 1, 15cR,CF) gators.
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[tA 8] =(tAtB), —(tBth), =ifAHXtiXi (250  fact, we have also produced the exaet8 ME for the sig-
¥ ¥ ¥ s nal process, including all the above spin and interference
X being in our case the color label of the virtual gluon. €ffects, by means of theieLAs [24] subroutines and the
Therefore, one can conveniently group the original eightMADGRAPH [25] package, and compared its yield to that of

Feynman amplitudes as follows: the simplified implementation. We have always found good
agreement between the two, with residual effects surviving

3 8 only in differential spectra which are of no concern in our
M{l‘}=2 Ti{”+2 T, analysis. Indeed, for the typical quantities we shall investi-
=1 =7 gate(transverse momenta, pseudorapidity, multi jet invariant

6 s masses, etf;.the results generally coincide within numerical

(N Ny _ (A} accuracy.
M= i=24 Ti 27 T (26) The HELAS libraries andMADGRAPH have also been used

to generate the background procds$ as any analytical

The standard form of the matrix eleme(VE) squared, expression for the latter would be much too cumbersome.

summed or averaged over the final or initial spins and colorsindeed, 36 different Feynman diagrams are involyactu-

is then ally twice that if one considers also those induced by the

o'e? abovel-mentioned Fermi-Dirac statisticsvith 10 external

2 —,.._ 9Ys DI iN* ~ particles.
[M[*(gg—tbH™)= 256 % i,,—z& MImMPECy, @D Both signal and background MEs have been integrated by

means ofVEGAS [26], with a careful mapping of the phase

whereC;; is a 2x2 color matrix with elements space, to account for the various resonances. In some cases,
where the multidimensional integratio®1 in total, for

c. —c _Nc NZ— 2t 1 the 2—8 implementationare more problematic, theeGAs
LI NN results have been cross-checked against those obtained
¢ by usingramBo [27] as well as the DO1GCF and DO1GZF
NAGLIB subroutines.
c, = _+_& i—l ’ (28) In addition to the phase space integration, one also has
4 N(Z: to convolute in the X,Q?)-dependent parton distribution

functions (PDF9 for the the two incoming gluons. These
Nc=3 being the number of colors in QCD. Finally, notice have been evaluated at leading order, by means of the

that the ME for the charge conjugated process Martin-Roberts-Stirling MRS) leading order(LO) packages
_ (05A, 09A, 10A, 01A, 07A [28]. The Q? used for the latter
9(p1,:N1) +9(P2,A2) —b(ps,N3) + t(Pa,Ng)+H T (ps), was the c.m. energysquared at the parton level, i.e3
(29 =x;x,s, with \/s=14TeV taken as the c.m. energy for the

ith p2=m? and p2=m2 d dinal LHC. The same choice has been adopted for the scale of the

rlo(\)/v W('ﬂ, p_31: Mo anb p4gtm.t (31 ,tﬁorrgsptl)n 'n? Vs tstrong coupling constant,, evaluated again at lowest order,

gHHaQH 4=T'), can be obtained by the simple replacement ... Agg“ chosen in accordance with that of the PDF set
R L

The above formulas refer to the-23 process of on-shell

used.
H* andt production. In reality, both these particles eventu- In addition, notice that before the signal and background
ally decay inside the detectors, so that one ought also t

gross sections can be computed reliably, one must take into
consider their decay signatures. We have included these d ceount the effects of higher-order QCD corrections to the
cays by convoluting the 23 (un.polarize()l production ME ree-level prpcesse{see the di_scussion in R¢fL5]). The full

with the three- and one-body decay MEs of top quarks andext-to-leading order corrections are as yet unknown for the

Higgs bosons, respectively, which are well known and carprocesses we consider. For the case qf the Higgs sig.nal, the
be found in the literature. In doing so, we introduce severafjomm"’mt effects can, however, be mimicked by adopting the

simplifications? First, we neglect spin effects in the top pole masses in the Higgs-boson-fermion coupling entering

quark decays. Second, we do not consider interference erfhe production proce{s_ee_Eq(ZB,)], rather than the running

fects between diagrams involving* and H™ production. ones[29]._ As for thettbb background, we estimate their
Third, Fermi-Dirac interference due to the indistinguishibil- effect by including an overak factor of 1.5 throughout this
ity of b quarks(or, equivalently, ob antiquarks in the final ~ Study[15].

state are not included. However, while noticeably simplify-  1he numerical values of the SM parameters gele
ing the numerical evaluation, we have checked that thesBasses are assumed

approximations do not spoil the validity of our analysis. In
m=m, =m,=my=ms=m=0,

“Note that in the numerical simulations we allow the top quark m,=4.25GeV, m=175GeV,
and Higgs bosons to be “off shell,” that ip5,,#m{ and p2
# Mf': in the above formulas for proce$s4) [29]. M,=91.19GeV, TI',=2.5GeV,
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My:-=80.23GeV, I'y=2.08GeV. (30) Py, b,>20 GeV. (32)

For the top quark widtH';, we have used the LO value For simplicity, we do the same for the rest, i.e.,

calculated within the MSSMi.e., I';=1.55GeV forM = .

>m,). Furthermore, we have adoptst}, and tan3 as inde- Pi= v,.j.by.b,~ 20 GEV. (33
pendent input parameters defining the Higgs sector of the

MSSM at LO. The charged Higgs boson widih - has been However, we will present some results also for the case of a
computed by means of the progratDeECAY, which indeed 30 GeV cut in transverse momentuion both jets and lep-
requiresM,, rather thanMy=, as mass inpuf30] (the tonsg, since the latter threshold is believed optimal in in-
masses of the superpartners of the ordinary matter particleseasing theb-tagging efficiency at high luminositithis is
were fixed well above 1 TeV, so they enter neither the tomeeded in order to render théo 4ignal of a charged Higgs
quark nor the charged Higgs boson decay chain as real oliposon statistically significant see Ref[32]. Furthermore,
jects and render the virtual SUSY corrections to Hhétb  we require the pseudorapidity of jets and leptons to be
decay vertex negligibl€31]). As this program uses running

quark masseg§in the modified minimal subtraction scheme |77b,j,li|<2-51 (34

in evaluating the decay width of thd*—tb channel, we , . , . .
have, for consistency, used running values for all such quarfd allow for their detection as separate objects by imposing
tities in theH*tb couplings entering our decay MEs for the the following isolation criteria:

signal[but not in the propagators and in the phase space, for s
which the pole massas,=m,(m,) andm,=m,(m,) of Eq. ARbnp jj 1= == 0.4, 39
(30) have been usgd by means of the variable
Finally, notice that we stop our analyses at the parton
level, without considering fragmentation and hadronization AR;;= \/(Anij)2+(A¢ij)21 (36)

effects. Thus jets are identified with the partons from which
they originate and all cuts are applied directly to the latter. Indefined in terms of relative differences in pseudorapidity
particular, when selectinl jets, a vertex tagging is implied, and azimuthg;; , withi#j=j,b,l =,
with finite efficiency €, per tag. As fourb jets will be re- We simulate calorimeter resolution by a Gaussian smear-
quired to be tagged, the overall efficiency will Io§, by  ing of pT (without shower spreading and with uniform pseu-
which both signal and background rates will eventually havedorapidity and azimuth segmentatiprwith [o(p')/pT]?
to be multiplied. For simplicity, we assume no correlations:(0_6/\/5")24-(0_04)2 for all the jets and[a(p")/p"]?
between the four tags: nor do we include misidentification of=(0.124/pT)2+ (0.01¢ for the leptons[14]. The corre-
light-quark (including c-quark jets produced in th#V* de-  spondingp. is evaluated from the vector sum of the jet
cay asb jets. and lepton transverse momenta after resolution smearing.
To improve the signal/background ratio and to estimate
[ll. SELECTION STRATEGY the H* mass, we follow a strategy similar to the one in
. . . . . Ref.[14].

In this section we describe the kinematic procedure (g The invariant mass of the two untagged jets is required
adopted to dlsentangle_c_harged Higgs evedisfrom the 14 pe consistent Wit -,
background(5) in the ttbb channel. First, one of the top
quarks is required to decay leptonically¢blv) to provide |M” —My:|<15 GeV. (37)
a hard lepton I(=e,u) trigger and avoid the QCD back- ) ) .
ground, while the other decays hadronical@—(gqq’), T(b) ;I'he neut-rlpo momentu_m is reconstructed by equating
with (q,q' #b,t). The resulting branching fraction is 2 P»~Pmiss@nd fixing the longitudinal component, via the
X 2/9% 2/3, with the factor of 2 accounting for the fact that Invariant mass constraiM (1») =My=. The latter gives two
each of theW*'s can decay either leptonically or hadroni- Solutions. If they are complex, we discard the imaginary
cally. We assume that the charge of thiet is not measured. parts and they coalesce; otherwise, both the solutions are

Thus the signature we are discussing is effectively retained. »
(c) The invariant mass formed by combining the untagged

4b+2 jetst 1= +pT ., (31) jet pair with one of the foub jets is required to matchn, :
. T . [Mjjp—my| <25 GeV. (38
where the two untagged jets and the p.;. (=p,) arise
from theW* W~ boson pair produced in tha decay. If severalb jets satisfy this constraint, the one giving the best
We note that all the decay products of the top quarks iragreement withm; is selected.
the signal are expected to be hard, while one of the accom- (d) The invariant mass formed by combinih@nd v with
panyingb quarks(or both depending on thigl,- —m, mass one of the three remainirigjets is also required to match,
difference could be soft. Therefore, we impose a relatively within =25 GeV. If severab jets satisfy this, the one giving
demanding transverse momentum cut on the two sdfter the best agreement with, is selected along with the corre-
jets: sponding value op".
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FIG. 1. Production cross section
tang = 1.5 for process(4) (and its charge con-
tang = 40. jugatg in the decay channgBl) as
a function of My+ in the heavy
mass range, for some discrete values
of tang, for the case in which no
(upper figure¢ and acceptance plus
selection (lower figure cuts have
been implemented. In the inset of
the upper plot, we enlarge the rates
=00 300 400 500 600 in the vicinity of My==m;,. In the
Mgz (GeV) inset of the lower plot, we present

- 4 - - the ratio between the above signal
btH+cec.>bbtt - 4b 2j 1 + missing energy/momentum cross section for ta=40 and the

o (fb)

corresponding one obtained by
adopting a threshold of 30 GeV in
(32), (33). The PDF set used was
MRS-LO (05A) with renormaliza-
tion and factorization scales set
equal to the partonic c.m. energy.
The arrow represents the size of the
background(5) yielding the same
signature (31). No b-tagging effi-
ciency is included.
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(e) The remaining pair ob jets may be looked upon as ground cross sections agaimdt,,, Ep,» Eb, [with the labels

the bb pair accompanying th# in the signal(4) and back- 1 (2) referring to the more(lesy energetic of the twdd
ground(5). Note that one of thesejets is expected to come quarkg and cogf,, and suppress the latter by suitable cuts in
from theH™ decay in the signal, while for the background one or more such quantities.

they both come from a gluon splitting. Consequently, in the  (f) Finally, we combine each of the reconstructegliarks
latter case one supposes thte pair to have a smaller invari- with each of the remainind jets to obtain four entries for
ant mass. Furthermore, one may also expect the energy atiie bt invariant massMy;. For each signal point, one of
relative angle of the twd's to be rather different, between these entries will correspond to the paréht mass, while
signal and background. We compare the signal and backhe other three will represent the combinatorial background.
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TABLE Ill. Production cross section for the sign@) (and its charge conjugatén the decay channel
(31 (top), for tan3=30 and five values o 5(+) (given in GeV in the heavy mass range, as obtained by
using five different sets of PDFs. Corresponding rates for the backgEryiklding the same signatusg1)
are also given. No cuts have been implemented. The renormalization and factorization scales are set equal to
the partonic z.m. energy. Errors are as givernvhgas.

Signal, tag=30(fb)

Mach) 05A 09A 10A 01A 07A
2002149 217.14-0.18 226.67% 20 199.110.15 204.480.17 222.7%0.18
300310 123.20+0.10 130.7¢0.11 110.96:0.086 116.42-0.10 125.76:0.11
400407 60.414+0.059 65.256:0.066 53.416:0.049 57.3330.057 61.366:0.059
500(506) 30.802+0.044 33.895:0.047 26.742-0.040 29.4810.043 31.252-0.045
600605 16.341+0.029 18.268 0.032 13.97%#0.026 15.676:0.029 16.4550.029
Background(fb)
05A 09A 10A 01A 07A
1863+ 56 1949+-59 1706+ 51 175553 190157
MRS-LO[Q= = 3]
4Ab+2jetst 1= +pl No cuts

We plot the signal and background cross sections against thiuction cross sections is the apparently poor signal-to-
quantity. The former will show the resonant peakMf;+ background ratio, over all thé1,+ spectrum considered,
sitting on top of a broad combinatorial background, while thejrrespective of tarB. Note, however, that no dedicated treat-
latter will show only a broad distribution iMy,. As we  ment of the final state kinematics has yet been performed.
shall see below, the Breit-Wigner peak itself can help toindeed, the number of heavy charged Higgs events produced
improve the signal/background ratio further as well as tois sizable up to around 800 GeV, where the total cross sec-
determine thed ™ mass. tion at both tarB values is still around several femtobarns.
(@ For My=>m,, one of the above-mentionedd jets At its maximum, just after the opening of th&€" —tb decay
(i.e., the one coming from the * —tb decay would gener-  threshold, it can be larger by about two orders of magnitude.
ally be much harder than the other. In this case, one can Figure 1 has been produced by using the MRSQ32)
expect to reduce the combinatorial background by combinindg®DF set. In Table Ill we study the dependence of both signal
each of the top quark pairs with the harder of the two accomand background rates on the choice of the structure func-
panyingb jets. This would give two values of the invariant tions, using the other four fits of the 1998 Martin-Roberts-
massM , for each signal point, one of which corresponds toStirling-Thorne LO packag For reference, we have used
the parenH™ mass. Therefore, we shall also show the signathe value tas=30, whereas five different choices of Higgs

and background cross sections against this quantity foPOSOn masses in the heavy range have been adopted. Differ-
My==300 GeV. ences in the signal cross sections are found to be within the

+25% range, with a somewhat smaller range for the back-
ground. Furthermore, changing the renormalizati@n and
factorization(u) scales from their common default valu/é

Both signal(4) and background5) cross sections are fi- to, e.g., the sum of the rest masses in the2and 2-4
nite over the entire phase space, providedsggiark mass is ~ production proces#4) and (5), induces variations in the re-
retained in the calculation. Thus, as a preliminary exercisesults of the same order as above. As a consequence, an over-
we look at the total production rates of the above processedll error of, say, approximately 30—35 % should be taken as
with no cuts whatsoever, as they would appear in the decagn estimate of the uncertainties related to the PDFsand
channel(31) to an ideal detector. This is done in the top plot throughout the paper.
of Fig. 1. Here, the rates have been obtained by multiplying As the next step of our analysis, we implement the accep-
the 2—3 cross section times the relevant BRs of quark andance cut$32)—(35) and the selection cuts described through
Higgs boson decays, thus neglecting finite width effects. Théteps(a)—(d) in the previous section. The total signal and
signal rates depend on bolh,+ and tang, and so they are background cross sections after such constraints have been
plotted as a function of the former for two values of the latterenforced can be found in the bottom plot of Fig. 1. Note that
in the favorable region€). In contrast, the background rates the kinematic procedure outlined above has been helpful in
are independent of both and are indicated by the arrow next
to they axis. The inset in the top plot of Fig. 1 enlarges the™

region around the threshold regidiy=~m;, where the  Sthe aqditional fits correspond to varying the lasggiuon ande
B(H" —tb) increases rapidly. A striking feature of the pro- about their central preferred values.

IV. RESULTS AND DISCUSSION
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FIG. 2. Differential distributions in invariant magsop-lef), in cosine of the relative angléop-right and in energy of the most
(bottom-lef) and leasibottom-righ} energetic of the twd quarks accompanying thé pair, for process4) (and its charge conjugate
the decay channéB1), for four selected values dfl - in the heavy mass range, with t{8#40. Acceptance and selection cuts have been
implemented here. The PDF set used was MR$€53) with renormalization and factorization scales set equal to the partonic c.m. energy.
The fifth (dot-dasheficurve represents the shape of the backgrd@ngielding the same signatu81). All distributions are normalized to
unity. No b-tagging efficiency is included.

increasing the signal-to-background ratio over all the Higgsall transverse moment@ncluding the missing one The in-
boson mass spectrufcompare to the curves abgveThe  set in the bottom plot of Fig. 1 presents the consequent sup-
signal rates have been depleted too, mainly bypﬁzecut pression on the signal rates for, g.g.,,&#no. Far from the
(32), dropping to a few femtobarns for values of faat the ~Mn=~mM+m, threshold, the ratio between the two cross
upper and lower ends of the parameter range and Higgs p§ections stabilizes at just below (Brespectively of targ).

son masses below 700 GeV or so. For intermediate values &' the background, the reduction is slightly higher, a factor

tanB, e.g., around the minimum of the production cross sec®f 4 Or SO. _ _ .
tion occurring at ta~7, prospects are more gloomy. In Continuing with step(e) of our plan, we next investigate

fact, the signal rates are always below 1 fb or so in this caséN€ Mass, angular, and energy behaviors of theliwoarks

for any M+ value. Furthermore, as hefand in the follow- ~accompanying thét pair, after the acceptance and selection
ing as wel) we have retained a finite value fdt,, the cuts have been implemented. The relevant plots can be
reader may appreciate—by comparing this plot to the onéound in Fig. 2. For reference, the value chosen forgan
above—the suppressingenhancing effects of a larger is 40, whereas for the charged Higgs boson masses we
(smalley Higgs width at low(high) M= values for tapg ~ have takerM\-=214(310]407]{506 GeV, corresponding
=40, with respect to the case t8r1.5 (the effects of a to M,=200(300]J400]{500 GeV. (Spectra look rather
I';#0 are the same in all cageés intimated in the previous similar if a p|Tr,Vj ,b>30 GeV cut is enforced insteadAs
section, we also have considered the case of a 30 GeV cut @iready foreseen, one can appreciate significant differences
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100.0 I I I I FIG. 3. Production cross section
| | | | for procesg4) (and its charge con-
jugate in the decay channéB1) as
a function of My+ in the heavy
mass range, for two discrete values
of tanB. Acceptance and selection
cuts have been implemented here,
along with the additional cut§39)
on the 2 system accompanying the
tt pair. In the inset, we present the
ratio between the above signal cross
section for tangB=40 and the corre-
sponding one obtained by adopting
a threshold of 30 GeV ir(32),(33).
The PDF set used was MRS-
LO(05A) with renormalization and
factorization scales set equal to the
tang 1.5 partonic c.m. energy. The arrow
____________ tang = 40. — represents the size of the back-
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in all four quantities considered, as long Bk,- is well  combining each of the reconstructeduarks with the harder

abovem;. If My= is not much larger than 200 GeV, the b jet, as in step(g) [the corresponding invariant mass is

signal and background distributions are similar except for théabeled asvi,(H)]. The distributions that we obtain in this

angular variable. In contrast, M -=300 GeV, one can see way are given in the bottom part of Fig. 4.

a greater discriminatory power in each of these variables. One sees from the figure that the signal-to-background
In order to enhance the signal-to-background ratio, espeatio is (much greater than 1 in the neighborhood of the

cially in the very heavy Higgs boson mass region, we thereresonant peaks. This is an advantage of theayyged chan-

fore adopt the following additional constraints on the #0- o] gver the ®-tagged case considered in REF4], where

Jet system: the backgrounds were found to exceed the signal. In contrast,
Mpp>120 GeV, co9p,<0.75, E, >120 GeV. the size of the Higgs cross section is smaller in our case,

(399  because of the kinematic suppression induced by requiring

the detection of the fourth quark. However, with an annual

The resulting signal cross sections are shown in Fig. 3 fofuminosity of 100 fis %, expected from the high-luminosity

tanB=1.5 and 40 along with those of the background. The0 tion of the LHC. and a verv qodstaaaing efficiency. one
signal-to-background ratio has increased, but the backgroundD . ' Very gof 99ing Y ¢
would obtain a clearly viable signal. To illustrate this we

remains larger. However, notice the very little loss of signal h he sianal he riaht-hand le of Fia. 4. f
at very large Higgs boson masses. In fact, the Higgs rated'0W the signal rates on the right-hand scale of Fig. 4, for an

remain above 1 fb foM ;- =800 GeV. For a transverse mo- OPtimistic b-tagging factor ofey=0.1, corresponding tey,
mentum cut of 30 GeV throughout, the typical suppressior=26%. Such a high value is now considered realistic for the
on the signalaway from thresholdis again about a factor of TeV-2 run at Fermilab and can be achieved by combining
3 (see the inset in the figurenow similar to the case of the the silicon vertex and the lepton tagging efficiendigg]. It
background. is also close to the optimistic expectation ob#agging ef-

To enhance the relative rates further and estimate th#iciency of about 50% even for the high luminosity run of the
charged Higgs boson mass, we reconstructMieinvariant ~ LHC [32].
mass by combining each of the reconstructed top quarks with For the above efficiency and luminosity, one would obtain
each of the accompanyirgjets, as described in stef), a  between 10 and 100 Higgs events per year with signal-to-
quantity that we labeM 4(H). The resulting spectra are pre- background ratios above 1 fdd}; as large as 800 GeWfor
sented in the top plot of Fig. 4 for ts8=40 and six selected tanB=40), as shown in Table IV. This shows the predicted
values of theH™ mass along with the background. The sig- number of events in a window of 80 GeV centered around
nal distribution clearly shows a resonanceVat(H)~M = the Higgs resonances for both signal and background, to-
sitting over a combinatorial continuum, while the back- gether with the corresponding statistical fact&/s/B. By
ground spectrum is broader and tends to concentrate at vdboking at those rates, one would expect an accessible signal
ues ofM,(H) below 300 GeV. One can sharpen the reso-for M;=<600 GeV in the high-ta region(=40). Similar
nances at the cost of reducing the size of the signal byesults also hold for the case of low-t8rvalues(<1.5).
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FIG. 4. Differential distribu-
tions in the reconstructed charged
Higgs boson mass for proce&$
0.010 (and its charge conjugaten the
decay channel(31) for six se-
lected values oM+ in the heavy
mass range, for tag8=40. Accep-
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implemented here, along with the
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However, given the not too large rates of the surviving Before concluding, we would like to come back to and
Higgs events, the actual size of the MSSM parameter spagastify what we have mentioned in the Introduction: that the
that can be covered strongly depends onlittagging effi-  size of the background®),(7) is generally smaller than that
ciencyc, . For instance, changing it from 56% to 40% would of procesg5) considered so far, for thetagging efficiencies
result in a reduction oéé by a factor of 4. This corresponds assumed in this paper. Rather than rerunning all the simula-
to a suppression of th&/ /B rates of Table IV by a factor of tions for each of these additional final states, we have as-
2. A similar effect would occur if a 30 GeV cut in transverse sumed the twdanti) top quarks to have already been recon-
momenta of both missing and observable particles is enstructed, with similar efficiency in each case. This way, we
forced, as opposed to the 20 GeV value advocated here. gRn compute the 24 cross sections6),(7) and apply the
this case, the suppression would be somewhat smalldfansverse momentum, pseudorapidity, and separation cuts of
though, about a factor of 3 on the event rates and 1.7 on th8ec. Ill to the jet-jet system accompanying thepair, along-
statistical significances. side those of Eq(39). We do so also for the case of process
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TABLE IV. Number of events from signa4) (and its charge the charged Higgs bosons of two-Higgs-doublet models
conjugate (S) and background5) (B) in the decay channéBl),  (2HDMs), as their production and decay dynamics can en-
along with the statistical significanc&i(/B), per 100 inverse fem- tirely be described at the tree level by only two parameters.
tobarns of integrated luminosity, in a window of 80 GeV around apgwever, the feasibility of their detection at the LHC has
few selected values oMy (given in GeV) in the heavy mass o\ avs heen far from certain if the mass of the new particles

range, with tarB=40. Fourb jets are assumed to be tagged with . Ce
overall efficiencyef=0.1, i.e.,e,=56%. All cuts discussed in the is much larger than the quark mass. Therefore, a high-on-the

text, (32—(35), (@—(d) and (39), have been implemented. The list priority is to devise phenomenological strategies that

renormalization and factorization scales are set equal to the partonwou_Id allow one to me_et the difficult challenge of their de-
c.m. energy. The first row corresponds to #g(H) distribution, ~ tection at the LHC collider.

whereas the second refers to tlg(H) one(see Fig. 4. We have contributed here to this task by considering the
production and decay of charged Higgs scalars of the MSSM
Number of events per year in the channelgg—tbH ™ +tbH* —bbtt—bbbbW W™,
My=*=40 GeV S B si\B in which oneW* decays hadronically and the other leptoni-
310 127.80 105.14 12 46 cally. The major feature of our analysis, as compared to oth-
57.80 41.90 8.92 ers carried out in the past, is that all fduquarks present in
207 8856 67.63 10.76 the final state are required to be recognized as such. The
5378 3921 8.58 advantage of this procedure is that it allows one to exploit
506 51.46 38.74 8.26 the differences existing between signal and background in
36.32 26.86 7.00 the kinematics of the heavy quark jets. In fact, in the domi-
605 20.43 21.49 6.34 nant backgroundgg—ttbb, the twob quarks produced in
22.70 16.58 5.57 association with theét pair are soft, collinear, and at rather
704 17.09 11.98 4.93 low invariant mass. In contrast, in the Higgs signal, at least
14.02 9.89 4.45 one of the two is expected to be energetic and isolated, as
803 10.03 6.75 3.86 long asMy-= is significantly larger tham,. The disadvan-
8.61 5.81 3.57 tage is that the additiond quark produced in Higgs events

MRS-LO[Q= = \&] _has rather |QW transverse momentum, so that its detection
imposes a sizable loss of signal.

4b+2 jetst1*+pl After all cuts By exploiting a selection procedure that allows one to

reconstruct both top quark and top antiquark masses and af-

) ~ter imposing tight constraints on the tviioquarks accompa-
(5). (For all such computations we have resorted again t% ing thett pair. we do see Hiaas peaks appearing on top of
MADGRAPH [25].) By adopting €,=0.56 and assuming ying pair, 9gs p bp 9 P

. ~0.01 to be the rejection factor against riorjets a flat combinatorial background and also above the con-
g,g#b— Y- y

then the rates obtained this way scale as follows: tinuum from ttbb events. Their statistical significance is
_ _ — — such that viable signals can be obtained for charged Higgs
o(gg—ttbb):a(gb—ttgb):o(gg—ttgg+ttqa) boson masses up to 600 GeV or so, whengds either
~3.38:0.56:0.48. (40) below 1.5 or above 40, with a total number of Higgs events

of the order of a several tens every 100 inverse femtobarns of
Thus, the singly and doubly mistagged backgrounds are luminosity. y

both one order of magnitude smaller than the pulepfo-
cess. The same applies also to the other channel contributir}%
to a possible double mistagging, i.e.,

Such mass coverage is significantly higher than that
hieved in previous analyses based on a tripkagging.

> However, we should stress that these conclusions rely on a
gg—ttgq, (41)  high, though not unrealistidy-tagging efficiency, of about

whereq#b, whose production rates are in fact comparable®0% Per singléb jet, and a transverse momentum cut on jets
to those of proces) (about 25% smallgr Altogether, they and leptons, of 20 GeV, somewhat lower than the threshold
would add a 40% or so contribution to thE)Ebackground normally considered. If such performances can be achieved

Some of these backgrounds are likely to be enhanced by t_he ITHC detectors while the machine is running at high
larger probability of ac-quark jet faking ab tag, which we Iuml_nosny, then the “lepton plus I chann_el represent_s a
have not taken into account. However, their inclusion wouldProfitable new means to access such elusive yet crucial par-

not change our main results, so that we have left these reali¢/es over significant portions of the MSSM parameter
tions aside for the time being. space. Besides, this channel will be very useful for the mea-

surement of the charged Higgs boson parameters, given the
higher purity of the signal in this case. Certainly, our results
are sufficiently optimistic to justify a more detailed detector-

The discovery at the LHC of charged scalar particleslevel study, incorporating hadronization of the final state par-
would definitely confirm the existence of new physics be-tons, and the effects of jet identification and reconstruction,
yond the SM. In this respect, a very special role is played byas well as a full background simulation.

V. SUMMARY AND CONCLUSIONS
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