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Weak boson fusion promises to be a copious source of intermediate mass Higgs bosons at the CERN LHC.
The additional very energetic forward jets in these events provide for powerful background suppression tools.
We analyze the subsequent— 77— e* u ™ pr decay for Higgs boson masses in the 100-150 GeV range. A
parton level analysis of the dominant backgrounds demonstrates that this channel allows the observation of
H— 77 in a low-background environment, yielding a significant Higgs boson signal with an integrated lumi-
nosity of order 60 fb* or less, over most of the mass range. We also restate a no-lose theorem for observation
of at least one of th€ P-even neutral Higgs bosons in the MSSM, which requires an integrated luminosity of
only 40 fb 2.

PACS numbs(s): 14.80.Bn, 14.80.Cp

[. INTRODUCTION events contain additional information in their observable
guark jets. Techniques like forward jet taggifigl—13 can
The search for the Higgs boson and, hence, for the origithen be exploited to significantly reduce the backgrounds.
of electroweak symmetry breaking and fermion mass generaA/BF and gluon fusion nicely complement each other: to-
tion remains one of the premier tasks of present and futurgether they allow for a measurement of tiél/WWH cou-
high energy physics experiments. Fits to precision elecpjing ratio.
troweak(EW) data have for some time suggested a relatively  Another feature of the WBF signal is the lack of color
small Higgs boson mass, of order 100 GiélY, whichis also  exchange between the initial-state quarks. Color coherence
the preferred mass range for the lightest Higgs boson in thgetween initial- and final-state gluon bremsstrahlung leads to
minimal supersymmetric extension of the standard modebyppressed hadron production in the central region, between
(MSSM). _ _ the two tagging-jet candidates of the sighadl]. This is in
For the intermediate mass range, most of the literature hasyntrast with most background processes, which typically
focused on Higgs boson production via gluon fusi@hand  jnyolve color exchange in the channel and thus lead to
ttH [3] or WH(ZH) [4] associated production. Cross sec-enhanced hadronic activity between the tagging jets. We ex-
tions for standard modéSM) Higgs boson production at the ploit these features, via a veto of soft jet activity in the cen-
CERN Large Hadron CollidefLHC) are well known[2],  tral region[15].
and while production via gluon fusion has the largest cross We have previously established the feasibility of WBF
section by almost one order of magnitude, there are substaimtermediate-mass Higgs boson production as both a discov-
tial QCD backgrounds. A search for the very clean four-ery channelvia H—W®*)W®*)_e* ;7 p; decayd6,7]) and
lepton signature frond —ZZ decay can find a Higgs boson as a means to provide the first direct Higgs boson-fermion
in the mass regioM ; =125 GeV, but because of the small coupling measureme.6,7] (H— 77 —h*|"p). The lat-
branching fraction of this mode, very large integrated lumi-ter allows one to naively extend the standard model search to
nosities, up to 100 fo' or more, are required. For Higgs the MSSM case: the structure of the Higgs sector predicts at
boson masses less than about 140 GeV, the inclusive searldast one scalar in the intermediate mass range, rendering the
for H— vy events is usually considered the most promisingrr channel a crucial test of the MSSM7]. Here, we show
strategy{5], while for 140< M;<200 GeV the most prom- how the additional channegt — 77 —e~u* p; can be iso-
ising search is for decay %/ pairs[5-—8|. lated, effectively doubling the available statistics for a mea-
The search for MSSM Higgs bosons must include neutrasurement of théd 7= coupling.
CP even andCP odd mass eigenstates, as well as charged Our analysis is a parton-level Monte Carlo study, using
ones. The upper mass limit 6130 GeV[9,10] on the light  full tree-level matrix elements for the WBF Higgs signal and
scalar makes it look similar to its intermediate-mass standarthe various backgrounds. In Sec. Il we describe our calcula-
model analogue, for large regions of the MSSM parametetional tools, the methods employed in the simulation of the
space. While one would expect the most promising channelarious processes, and important parameters. In Sec. Il we
to again beyy decay| 2,5], the branching ratio for this mode demonstrate how forward jet tagging,baveto, and lepton
is even smaller than in the standard model. cuts can be combined to yield aa2/1 to 1/2 signal-to-
The second largest production cross section is predictebdackground(S/B) ratio, depending on the Higgs mass. The
for weak-boson fusionWBF), qq—qqVV—qqH. These different minijet patterns in signal and background processes
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are discussed in Sec. IV. We describe how they can be usdédptonically, will ultimately also be a source of background
to achieve additional large suppression of the QCD backfor the H— 77 signal under study.
grounds relative to the signal. Combined with the results of
Sec. Il this yields production cross sections of signal and B. QCD tt+jets backgrounds
backgrounds as given in Table IV, which summarizes our . ) .
results. In Sec. V we reanalyze the impact on covering the Civen theH decay signature, the main physics back-
MSSM parameter space and discuss the luminosity requirgground to oure™u ™ pr signal arises fromtt +jets produc-
ment at the LHC for which the entinm,-tang plane can be tion, due to the large top quark production cross section at
covered. A final discussion of our results and conclusions i¢he LHC and because the branching rdéit— Wb) is es-
given in Sec. VI. sentially 100%.

The basic process we considerpgp—tt, which can be

Il. CALCULATIONAL TOOLS eithergg or qainitiated, with the former strongly dominat-
ing at the LHC. QCD corrections to this lead to additional

We simulatepp collisions at the CERN LHC,JEZ 14 real parton emission, i.e., tw+j events. Relevant subpro-
TeV. All signal and background cross sections are deter-

- \ | tesses are
mined in terms of full tree-level matrix elements for the con-

;cributing subprocesses and are discussed in more detail be- gqﬂtﬁq’ gaﬂtt_q' qaﬂtt_g’ ggﬂtt_g’
ow.

For all our numerical results we have chosernx 1/ — . ) o
=128.933, M,=91.187 GeV, andGp=1.1663%<10"° and the subprocesses fdr+ jj events can be obtained simi-

GeV ™2, which translates intoM,,=79.963 GeV and larly. For the case of no additional partons, tiie from the
sir?6,,=0.2310 when using the tree-level relations betweerfl€caying top quarks may be identified as the tagging jets. At
these input parameters. This value fok,, is somewhat the same time, we can identify a distinctly different, pertur-
lower than the current world average of 80.39 GeV. How-Pative regiqn of phase space, where'the final-state light quark
ever, this difference has negligible effects on all cross sec?’ 9IUon gives rise to one tagging jet, and one of the two
tions; e.g., theyg— qqH signal cross section varies by about d€cayb’s is identified as the other tagging jet. Finally, there
0.5% between these twa¥ mass values. The tree level rela- IS @ third distinct region of phase space, for the perturbative
tions between the input parameters are kept in order to guahard procespp—tt+jj, where the final-state light quarks
antee electroweak gauge invariance of all amplitudes. For albr gluons are the two tagging jets. The andttj matrix
QCD effects, the running of th9 strong coupling constant isslements were constructed usiMgDGRAPH [22], while the
evaluated at one-loop order, with(Mz)=0.118. We em-  {jj matrix elements are from Ref23].

ploy CTEQA4L parton distribution functiorid.8] throughout. Decays of the top quarks and’s are included in the

Unless otherwise noted the factorization scale is chosen a§airix elements: however. while tha’s are allowed to be
ms=min(pr) of the defined jets. off shell, the top quarks are required to be on shell. This

approximation neglects the contribution frait production,

A. qg—qqH(g) signal process(and background) which has been shown to be comparablétteates in studies

The signal can be described, at lowest order, by twoOf the H—WW signal[8,5]. We will compensate by being
single-Feynman-diagram proce,ssesqqﬂqq(WW,ZZ) conservative in assessing minijet veto probabilities for top
—.qqH, i.e. WW andZZ fusion where the weak bos’ons are quark backgrounds. Note that these approximations are not
emitteoi from the incoming quark&9]. Because of the small critical because backgrounds with ré&élpairs can be distin-

Higgs boson width in the mass range of interest, these evengé'"srl](eéj qwteb effkecuvel()j/ f;ﬂmt” events.dand tn% rea;ll top ¢
can reliably be simulated in the narrow width approximation.quar ecay backgrounds that we consider will be shown (o

From previous studies dfi— yy [20], H— 77 [16] and H constitute a minor fraction of the final backgrounds. In the

—WW [6] decays in weak boson fusion we know Severa|calculati0n of thet background energy loss from—1vX is
features of the signal, which can be exploited here also: théicluded to generate more accurgie distributions. In all
centrally produced Higgs boson tends to yield central decagases, the factorization scale is chosernuas min(Ey) of
products(in this caser” 77), and the two quarks enter the the massless partons and top guarks. As in our earlier work
detector at large rapidity compared to tHe and with trans-  [6], the overall strong coupling constant factors are taken as
verse momenta in the 20-100 GeV range, thus leading tbas)"=TIi- as(Ey,), where the product runs over all light
two observable forward tagging jets. quarks, gluons and top quarks.

For the study of a central jet veto, we utilize the results of
previous studies where we simulated the emission of at least

one extra partofi7,16,21. This was achieved by calculating C. QCD bb+jj background

the cross sections for the procesg—qqHg, i.e. weak bo- The semileptonic decays of bottom or charm quarks pro-
son fusion with radiation of an additional gluon, and all vide another source of leptons and neutrinos which can be
crossing related processes. misidentified as tau decays. These heavy quark pairs are pro-

We note that the signal simulations, with decays to tawduced strongly and priori one is dealing with a very large
pairs replaced by decays ¥ pairs, which in turn decay potential background. It can be reduced by several orders of
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magnitude, however, by requiring the leptons from the decayn our numerical simulations we set,=5.28 GeV andn,

of the heavy quarks to be isolated. Because of the softer1.87 GeV; i.e., we use the lightest meson masses in order
fragmentation function of a quark as compared toquarks,  to approximately obtain the correct kinematics for the heavy
leptons from charm decay are much less likely to be isolategyark decays. In Ref25] a factor of 100 reduction of theb
thanb-decay leptons. In the phase space region of interest tgackground was found as a result of lepton isolation for a
us, where both heavy quarks must reside in the central anggingle b— vic decay, requiringE;<5 GeV in a cone of

lar region and have substantial transverse momentum, th@gius 0.6 around the charged leptorpef>20 GeV. In our
production cross sections for charm and bottom quark pairgimylation, after energy smearing of the charm quarksee

are roughly equal. As a result we consider only thguark  pelow), we reproduce this reduction factor. The suppression

background in the following. from lepton isolation is smaller for lower;, cuts. We model
In addition to the two high transverse momentum inese effects by using E¢l).

quarks, which both must undergo semileptonic decay, two gjnce our suppression bf— vic decays from lepton iso-

forward tagging jets will be required as part of the signaljaion strongly depends on the energy resolution assumed for
event selection. The relevant leading order process therefofge very soft charm quark jet, the determination of heavy

is the production obb pairs in association with two jets, quark backgrounds should eventually be repeated with a full

which includes the subprocesses detector simulation. We will show, however, that thbjj
— — — background is truly negligible after all the selection cuts to
99—bbgg, qg—bbqg, 9;0,—bba;qy. be described in this paper. Therefore, the approximate treat-

_ . ment of these backgrounds is sufficient for our purposes.
The exact matrix elements for th€@(«g) processes are

evaluated, including all the crossing related subprocesses,
and retaining a finitd-quark mas$23]. The Pauli interfer-
ence terms between identical quark flavors in the process The next obvious backgrounds arise fr@andecays to real
4,0,— bbg,q, are neglected, with little effect in the overall 7S Which then decay leptonically. Thus, we need to study
cross section, due to the large difference in the rapidity of théeal-emission QCD corrections to the Drell-Yan procgss
final state light quarks. The factorization and renormalization—(Z,y)—7" 7 . For 7" 7 jj events these background pro-

scales are chosen as in the analogy case. cesses includg26]
The semileptonic decdy— vic of both of theb quarks is

simulated by multiplying thdanj cross section by a branch-

ing ratio factor of 0.0218(corresponding to a®’x~ or  which are dominated bg-channel gluon exchange, and all
ne” final state¢ and by implementing th&-A decay dis- crossing-related processes, such as
tributions of theb quarks in the collinear limit. The collinear

approximation for théo— vlc decay is appropriate here be-
cause the lepton transverse momentum @rdcuts to be
imposed below force the parehtquarks to move relativis-
tically in the laboratory. Denoting the neutrino and charge

lepton energy fractions by, and y,, respectively, the .5cp 77jj” background. Similar to the treatment of the
double differentialb-quark decay distribution is given by signal processes, we use a parton-level Monte Carlo program
[24] based on the work of Ref27] to model the QCDr7jj
background.

From our study oH— 77 in weak boson fusiopl6], we
know that the EW {-channel weak boson exchangeoss
section forZjj production will be comparable to the QCD

D. QCD and EW 77 +jj backgrounds

qg—qgr 7, qq'—qq'7 7,

q9—gg9r' 7, 9g—qqr T .

Il interference effects between virtual photon addex-
hange are included. We call these processes collectively the

1 d?T 2c

Py~ T |cmxes @-e

+3ry, (2-o)x,+¢ (1) cross section in the phase space region of interest. We use
1-x,—y the results of Ref[28] for modeling the EWr7jj back-
ground.
assuming an unpolarized initidd quark. Herer =m§/m§, The dual leptonic decays of thés are simulated by mul-
and the dependence on the final state charm quark mass, tiplying the 7 7~ jj cross section by a branching ratio factor
is absorbed into the correction term of (0.3518¥/2 and by implementing the lepton energy dis-
tributions for collinear tau decays, with helicity correlations
1-r—x,—-Yy, r included as in our previous analysis ldf— 77 [16].
c=—/————=1——. (2
1-x,—y Z
E. QCD WW+jj background
Finally, f(r) is the width suppression factor for the- vic We must further consider any other significant source of
decay due to the finite charm quark mass: one electron, one muon and significgirtto make a realistic
analysis of the backgrounds. An obvious candidate arises
f(r)=(1-r?(1—8r+r?)—12r2%logr. (3)  from real-emission QCD corrections W*W~ production,
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with subsequent decay of the tWd's to electrons or muons. ground is possible because interference effects between the
For WYW~™jj events these background processes includéwo are negligible for the Higgs boson mass range of inter-
[29] est.

The effects of additional gluon radiation are estimated by

qg—qgW'W-, qq'—aqq’'W'w-, using the results of Ref§6,7] for EW 77jj events, which
are directly applied here. The EWrjj and EW WWjj

which are dominated by-channel gluon exchange, and all backgrounds are quite similar kinematically, which justifies
crossing related processes, such as the use of the same veto probabilities for central jets.

qa—>gg\N+W7, gg—>qEW*W’. G. Detector resolution

The QCD processes discussed above lead to steeply fall-
We call these processes collectively the “QODIW;]" ing jet transverse momentum distributions. As a result, finite
background. To estimate the minijet activity in these event&€tector resolution can have a sizable effect on cross sec-

we use the results for QCIZ+jets processes, which are tions. These resolution effects are taken into account via
kinematically similar{6,7].

Gaussian smearing of the energies of jets drsl and
Note that we negledtV— rv— | v decays in our simula- charged leptons. We use

tion of WWjj backgrounds. This is justified by the sup- AE 33 06
pressed leptonic branching ratio of thedecays. We show —=—9—0.03, (4)
below that theWW— euvv backgrounds are already negli- E E E
gible and, therefore, the extk&— 7v decays do not need to
be analyzed in detail. for central jets(with individual terms added in quadratiye
based on ATLAS expectation$]. For charged leptons we
F. EW WW+jj background use
These backgrounds, analogous to Q@DNjj produc- AE 0
tion, arise fromw* W~ bremsstrahlung in quartantjquark ?—2 . (5)
scattering viat-channel electroweak boson exchange, with
subsequent decay} "W~ —1*1"pr: In addition, a finite detector resolution leads to fake miss-
ing transverse momentum in events with hard jets. An
qq'—qq'W W, ATLAS analysis[25] showed that these effects are well pa-

rametrized by a Gaussian distribution of the components of
Naively, this EW background may be thought of as sup-the fake missing transverse momentum vectby, with
pressed compared to the analogous QCD process abowvesolution
However, it includes electroweak boson fusioV,V

—W"W~ via s or t-channely/Z exchange or viavVVV _ /

4-point vertices, which has a momentum and color structure (Px.By)=0.46 2 Etpao 6)
identical to the signal. Thus, it cannot easily be suppressed

via cuts. for each component. In our calculations, these fake missing

The matrix elements for these processes were constructdthnsverse momentum vectors are added linearly to the neu-
USINgMADGRAPH [22]. We include charged-curre(®C) and  trino momenta.
neutral-current(NC) processes, but discargichannel EW
boson and-channel quark exchange processes as their con- . HIGGS SIGNAL AND BACKGROUNDS
tribution was found to be only=1%, while adding signifi- o
cantly to the CPU time needed for the calculation. In general, Theqgq—qqH, H—77—e* u " vv double leptonic decay
for the regions of phase space containing far-forward andignal is characterized by two forward jets and thdecay
-backward tagging jets;channel processes are severely supdeptons €,u). Before discussing background levels and fur-
pressed. We refer collectively to these processes as the “EWher details like minijet radiation patterns, we need to iden-
WW,jj" background. BothW’'s are allowed to be off shell, tify the search region for these haktjj events. The task is
and all off-resonance graphs are included. In addition, thédentical to the Higgs searches img—qqH, H
Higgs boson graphs must be included to make the calculations yy,77,WW  which were considered previously
well behaved at larg@/-pair invariant masses. However, itis [6,7,16,20. We can thus adopt the strategy of these earlier
convenient to separate continuuitpair production from analyses and start out by discussing a basic level of cuts on
the very narronH —W*W~ resonance. We do this by set- the qg—qqH, H— 77 signal. Throughout this section we
ting My to 60 GeV in the EWWW,jj background which assume a Higgs boson mass\wf;=120 GeV for illustration
effectively removes thes-channel Higgs contribution. The purposes, but we do not optimize cuts for this mass.
H—W?*W~ background is then calculated separately for The minimum acceptance requirements ensure that the
each Higgs boson mass under consideration. A clean sepanavo jets and two charged leptons are observed inside the
tion of the Higgs boson signal and the EWWjj back-  detector(within the hadronic and electromagnetic calorim-
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TABLE 1. Signal ratess- B(H— r7—e™ u ™ p7) for M;=120 GeV and corresponding background cross
sections, inpp collisions ats=14 TeV. Results are given for various levels of cuts and are labeled by
equation numbers discussed in the text. No constraint on the reconstructadariant mass is imposed,
except in the last line which requires 90 GeYh,,<160 GeV. All rates are given in fb.

QCD EW QCD EW
Cuts Hjj  77ji  77ii  tt+jets bbjj WWijj  WWjj S/B
Forward tagg7)—(10) 2.2 57 2.3 1230 1050 4.9 3.3 1/1100
+ b veto (11) 72 1/550
+ pr (12 1.73 29 157 62 29 4.1 2.9 1/74
+ M (13) 1.34 103 1.35 16.3 104  1.60 2.6 1/32

+ non-r reject.(14),(15) 1.15 5.2 0.63 0.31 0.42 0.032 0.042 1/5.8

eters, respectively and are well separated from each Other:thett_( +jets) events 14 fb are front, 360 fb are fromt_j,
pr. =20 GeV, |7|<50, AR;=0.7, and the remaining 860 fb arise fromjj production. The
! additional jets(corresponding to massless partbme_re-
pr, =10 GeV, |m| <25, AR;=0.7. (7)  quired to be identified as far forward tagging jets. Tig
cross section is largest because thepair is not forced to
The charged leptons must be isolated in order to reducbave as large an invariant mass as in the first two cases,
backgrounds from heavy quark decays. Thus a minimum arwhere one or both’s from the decay of the top quarks must
gular distance must be imposed on the electron and the mugrass the tagging jet cuts.

signaling the tau decays: For the events where only one or none of this are
identified as a forward jet, thb’'s will most frequently lie
AR, =0.4. (8)  between the two tagging jets, in the region where we search

. . . , for theW decay leptons. Vetoing events with these additional
This has negligible effect_pn the H'QQS boson S|gna!. b jets provides a powerful suppression tool to control the top

A feature of the QCLZjj andWWjj backgrounds is the g4k hackgroun@]. Note that this doesot require b tag,
generally higher rapidity of th& or W's as compared to the - arely rejection of any events that have an additional jet,
Higgs signal: weak boson bremsstrahlung occurs at smalpich in this case would be from ka quark and its decay
angles with respect to the parent quarks, producing @, 6q,cts (It is quite possible thab tagging could improve
W's forward of the jets. Thus, we also require bo#ito lie s simple rejection criterion, especially in thg <20 GeV
between the jets with a separation in pseudorapidipy region) We discard all events wherekaor b with pr>20

> 0.7 and the jets to occupy opposite hemispheres: GeV is located in the gap region between the tagging jets:
7j,mint 0-7<m_ ;< 7 max— 0.7,
>20 GeV, Cmin< 7p< 7 . 11
7, 77]_2<O_ (9) P, ”J,mﬂ o= 7j,max (11
This leads to a reduction dftj events by a factor of 7
Finally, to reach the starting point for our consideration ofwhile ttjj events are suppressed by a factor of 100, resulting
the signal and various backgrounds, a wide separation ifh cross sections of 50 and 8.7 fb, respectively, at the level of
_pseudorapldlty is required between the two forward tagginghe forward tagging cuts of Eq$7)—(10), which are now
Jets, comparable to the irreducible backgrounds, real taus from
Zjj events.(See the second line of Table Note that the
A Ttags™ | Mi,~ 77j2| =44, (10

much higherb veto probability fortt_jj events results in a

leaving a gap of at least 3 units of pseudorapidity in whichlower cross section than that fdtj events, an ordering
the Charged |eptons can be observed. Forward Jet tagg|ng h%“ch W|" remain even after f|na| cuts haVe been Imposed
been discussed as an effective technique to separate wetgee below .
boson scattering from various backgrounds in the pbkt The largebbjj background is most effectively reduced by
16,6,7,20,2], in particular for heavy Higgs boson searches.requiring a significant level of missing transverse momentum
Line 1 of Table | shows the effect of the above cuts on then the event. The distributions for the signal and the vari-
signal and backgrounds for a SM Higgs boson of mdss  ous backgrounds are shown in Fig. 1. The extremely spft
=120 GeV. Overall, about 13% of all—rr—e“u* vy  distribution forbb events is mostly due to the stringent lep-
events generated in weak boson fusion are accepted by then isolation requirements. A low transverse momentum of
cuts of Eqs.(7)—(10) (for My =120 Ge\j. the charm quark in thé—clv decay requires a fairly soft
As is readily seen from the first line of Table I, the domi- parentb quark, which in turn does not permit a large to be
nant backgrounds aes . pairs from heavy quark decays. Of carried away by the escaping neutrino. This effect is ampli-
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T T T FIG. 2. Normalized invariant mass distribution of the two tag-
ging jets for the signafsolid line) and the various backgrounds as
in Fig. 1. The cuts of Eq¥7)—(11) are imposed[The distributions

are essentially unchanged after imposing the additional cut of Eq.

(12).]

make use of the transverse momentum of the Higgs boson
candidate, defined as the recoil needed to balance the trans-
verse momentum of the observed hadrons in the event. These
“Higgs boson” transverse momentum distributions are also
plotted in Fig. 1. They are qualitatively similar i for all
processes, but the peak is shifted to lower values than that of
the real Higgs boson signal for all backgrounds. While we do
not use this distribution here, we point out that it may be
useful once a multivariate analysis is performed at the detec-
pr(Higgs) (GeV) tor level.
] o ) ] QCD processes at hadron colliders typically occur at
FIG. 1. Upper: normalizeg; distribution for the signalsolid)  gmajier invariant masses than EW processes, due to the
and various backgroundst +jets (dotted ling, bbjj (very short  gominance of gluons at small Feynmarin the incoming
gzzﬂgg |Iill’:]§QQCC|::)D V}/jV\(’lgngoé‘gsﬁzsone% lI:rr])EarIfXVEVV\\;W” 22232 protons. We observe this behavior here, as shown in Fig. 2.
TT - TT — . .
dash-dotted line The cuts of Eqs(7)—(11) are imposed. Lower: _The threett +jets ba_ck_gr(_)u_nds ha_\ve_bee_n Comblngd for Cl_ar-
the same for the normalizepl; distribution of the reconstructed ity, even though th_GIr _|r_1d|V|duaI distributions are slightly dif-
ferent. One can significantly reduce the QCD backgrounds

Higgs boson, except that QCD and EWW jj contributions have X X X ;
been combinediong dashed ling by imposing a lower bound on the invariant mass of the two
tagging jets:

1/c do/dp,(Higgs) (GeV™?)

fied by the QCD nature of tHeHjj background which favors B
the production of lowp b quarks in the first place. All other Mjj =800 GeV. (13
backgrounds involve the decay of one or more massive o

jects(aZ W’s, or top quarkinto leptons and neutrinos and bResultlng cross sections are shown in the fourth line of

) o o Table I.
thus_ resultln_a much hardgr distribution. The distributions For significant further reduction of the various back-
of Fig. 1 motivate a cut : s . X
grounds, reconstruction of the tau-pair invariant n{&€§ is

(12  hecessary. Because of the large mass of the decaying Higgs
boson and also because of its large transverse momentum
. . —. (see Fig. 1, the produced taus are moving relativistically in
which brings thebb” background to a mqnageab!e '?Ve'- the laboratory frame. As a result the tau direction closely
The cross sections after thig cut are shown in the third line follows the direction of the corresponding observed decay
of Tabl_e I ) — lepton. Since the transverse momentum of the Higgs boson is
A similar reduction of thebbjj background can be nown (it is given by the vectorial sum of charged lepton
achieved by a harder lepton transverse momentum requir%,T'S and missing transverse momentynthe momentum
ment than the 10 GeV cut of Eq7). However, the signal parallelogram in the transverse plane allows one to extract
distribution is quite soft as well and a hardey, cut would  the fractions of the two tau momenta which are carried by
lead to an undesirable loss of signal rate. Another option is tthe two charged leptons. We denote these momentum frac-

pr>30 GeV,
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oo_":- FIG. 4. Reconstructed tau-paE mass distribution\éw jj and
’ tT+jets events (dashed ling bbjj events (dotted ling and
QCD+EW Zjj events(dash-dotted line The combined curves are
055 also shown(solid line). The cuts of Eqs(7)—(14) are imposed.
Xy Xy after the back-to-back cut of E¢L4). Thebbjj background
FIG. 3. Scatter plots of, vsx,, with the cuts of Eqs(7)~(14), is almost completely concentrated in the snidll, region

L = - — : and y*/Z+jj events are strongly peaked M,,=M;.
for the 120 GeVHjj signal, bbjj, WWjj andtt +jets reducible hez sear(J:Jhing for a Higgs bogsé/npmass peak Wellzabove
backgrounds. The number of points in each plot is arbitrary an

corresponds to significantly higher integrated luminosities than ex-' 2’ both backgrounds are drastically reduced. As is indi-

pected for the LHC. The solid lines indicate the cuts of Bd). cated by th_e Width of th& peak in Fig. 4, a reSOII.Jti.On OT
about 10% is possible for the reconstructed tau-pair invariant
tions byx.., x... in the following. This reconstruction works Mass, which agrees well with earlier results obtained with
only if the %tauszare not emitted back to back in the transverséUII detector simulations fol\— 77 by ATLAS [25]. Here
y . . We are interested in SM Higgs bosons with a mass in the
plane and we therefore impose the technical cut

range 100 GeV< My < 150 GeV. As a result we need to

COSpe, > —0.9. (14 consider only backgrounds which lead to a reconstructed

. o . M . in the range
The resultlngxrl, Xz, distributions are shown in the form of ™" ¢

a scatter plot of unweighted events in Fig. 3. The distribution 90 GeV< M,. <160 GeV. (17)

for real tau pairs is shown only for the Higgs boson signal

because the plot foy*/Z— 77 looks virtually identical.
For realr decays, thgd; vector must lie between the tw

leptons, and apart from finite detector resolution the recon- . _ _ )

struction must yield 6< x,, < 1. For theWW andtt back-  €ful background suppression tool, in particular fobjj

grounds, however, the collinear approximation is not Va”devents which mostly populate the oM, region. This

b thaV's and t rks receive onlv modest boost means that the background cross sections in Table | exagger-
pecause S and top quarks receive only modest boosts,; o ,q background level and one should rather consider the
in the laboratory. In this case, th vector will rarely lie

expected rates in the vicinity of the Higgs boson mass peak.
between the two leptons, and an attempt to reconstruct a b y 99 P

- will iti -0 ~0f ianificant fracti Given the expected mass resolution, we only need to con-
parwill result inx-, OrXs, orasignincantiraction  g;qer background events withitt 10 GeV of the peak. In

of the eventg6]. Many others end up in the unphysical re- Taple 1l we have summarized these cross sections at the
gion x.>1. The scatter plot of Fig. 3 suggests the realyarious cut levels for the example of a Higgs bosorVat
T-reconstruction cuts =120 GeV. Within the cuts of Eqs(7)—(15 we have
achieved a S/B ratio of 1/1.

The reduced background level due to this tau-pair mass cut is
o Shown in the last line of Table I.
Clearly, Higgs boson mass reconstruction is a very pow-

Xz Xz, >0, X§1+X§2 <1 (15 Yet another significant difference between signal and
Once the momentum fractions carried by th@ pair are  some backgrounds is the angular distribution of the charged
known, the invariant mass of the tau pair is given by decay leptonse™ and ™, relative to each other. In the case
of the Higgs signal, the high; of the Higgs boson results in
M= Mgy /X7 X (16)  a tau pair, and therefore charged decay leptons, which are

emitted fairly close together in the laboratory frame. In the
The reconstructed tau-pair invariant mass distributions focase of the heavy quark backgrounds, this correlation is not

the combinedVN ™ W~ andtt_backgrounds, fobEjj events reproduced, in particular when vieng as lepton separation
and for the QCD and EWZjj events are shown in Fig. 4, in the lego plot(see Fig. 5. For thebbjj background, for
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TABLE Il. Signal rateso-B(H— r7—e*u ™ pr) for a SM Higgs boson oM ,;=120 GeV and corre-
sponding background cross sections, withii0 GeV mass bins. Results are given for various levels of cuts
and are labeled by equation numbers discussed in the text. On line 7 we include an overall efficiency factor
for identification of tagging jets and leptons, as discussed in the text. On line 8 the minijet veto is included,

with py°'°=20 GeV. All rates are given in fb.
H—-7r H-WW QCD EW QCD EW

Cuts signal bkgd 77jj  77ij tt+jets bhj WWjj WWjj S/B
Forward tagg7-10 1.34 4.7 0.18 45 8.2 0.18 0.11 1/44
+ b veto (11) 2.6 1/12
+ Pt (12 1.17 2.3 0.12 2.0 0.28 0.12 0.08 1/4.1
+ Mj; (139 0.92 0.67 0.10 0.53 0.13 0.049 0.073 1/1.7
+ non-r reject.(14),(15  0.87 0.58 0.10 0.09 0.10 0.009 0.012 11
+ ARg, (19 0.84 0.023 0.52 0.086 0.087 0.028 0.009 0.011 1.1/1
+ 1D effic. (x0.67) 0.56 0.015 0.34 0.058 0.058 0.019 0.006 0.008 1.1/1
Paur 20 X0.89 x0.89 X029 x0.75 x0.29 X029 x0.29 X0.75 -
+ minijet veto (19) 0.50 0.014 0.100 0.043 0.017 0.006 0.002 0.006 2.7/1

example, a large rapidity separation is induced by the con-
flicting requirements of a large tau-pair invariant mass and y 7]
the low lepton transverse momenta surviving the lepton iso- g R
lation cuts. The lepton correlations can be exploited by im-
posing a lepton pair angular cut:

AR, < 2.6. (18)

This cut acts primarily against thtd +jets andbbjj back-
grounds, which are already at a quite low level. We select the
value 2.6 conservatively to retain more signal rate, in par- 3
ticular for large Higgs boson masses, closeMg,=150
GeV.

At this level of cuts we consider one final background, an
additional source oé+ w+ pr from Higgs boson production
itself, via H—WW decay. Real or slightly virtualV's are
produced as opposed to reds, so the search for reaf's
outlined above will restrict the contribution from this decay
channel. However, most of the other cuts we have describet
isolate Higgs boson production only, and even the lepton 3%
angular cut will selectH—WW events due to the strong M
anti-correlation of theV spins, which leads to the, u pair g
being emitted preferentially together in the rest frame of the~
Higgs bosor{8]; the large transverse boost of the Higgs bo- ,8
son in the laboratory only enhances this angular correlatior
[6]. The largeWW branching ratio compared to that feor Q
over the upper end of the mass range which we are consid«—
ering (=130-150 GeYV, then leads to a background compo-
nent which cannot be neglected. Table Il demonstrates this
via a comparison of thél— 77 signal andH —WW back-
ground over the mass range of interest, after all cuts previ-
ously discussed have been imposed.

Another distribution of interest is the lepton-pair invariant £ 5. Normalized angular distributions of the charged leptons:
massme,, , which is shown in Fig. 6 for Higgs boson masses ) azimuthal opening angle an) separation in the lego plot.
of M;=100 GeV and 150 GeV and for the various back-Results are shown for Higgs boson masses of 100 and 150 GeV
grounds. As is readily seen, thé+jets andWWjj back-  (solid lines and for the various backgrounds:+ jets (dotted ling,
grounds prefer high values afi,, , while the real-tau back- bbjj (very short dashed linecombined QCD and EWWW j (long
grounds cluster at low invariant mass. A cut on thisdashed ling QCD r7jj (long dash-dotted lineand EWr7jj (short
observable would have to be Higgs boson mass specific. Wash-dotted ling The cuts of Eqs(7)—(15),(17) are imposed.

)
©-
o
~
=)
o
o]
~
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TABLE Ill. Cross section times branching ratio for the— 77 signal vsH—WW background, for the
mass range of interest. The cuts of EGH—(15),(18) are imposed, and rates correspondritg=My+10
GeV mass bins around the Higgs boson mass.

My 100 105 110 115 120 125 130 135 140 145 150

B(H—77)o (fb) 104 103 098 093 084 074 062 051 039 027 019
B(H—-WW)o (fb) 0.002 0.005 0.00 0.015 0.024 0.034 0.045 0.057 0.067 0.072 0.076

therefore do not cut om,,, but instead mention it as an complex nature of the signal at hand, containing electrons,

additional distinguishing characteristic of the Higgs signal atmuons, missing transverse momentum and jets, the issue of

a very advanced level of cuts. devising an effective trigger, at low and high luminosity,
While we do not impose any further cuts at this point, weneeds to be addressed within a full detector study and cannot

should include an estimate of the total rate loss due to varibe performed by us. We want to emphasize the premium for

ous detector efficiencies, to make closer contact with experilow lepton p; thresholds, however.

mental expectations. Based on discussions with ATLAS and

CMS eXperimenta”StS, we apply an additional factor of 686 V. RADIATION PATTERNS OF MINIJETS
for the identification(ID) efficiency of the two tagging jets, o
and a factor of 0.95for the ID efficiency of the two charged If we are to veto centrab jets to reduce thet+jets

leptons,e and u. The combined detection efficiencies are background to a manageable level, we must take care to
reflected in line 7 of Table Il. We note that the high effi-

ciency for lepton triggering and identification may not hold & T T T
for all leptons down tqp; = 10 GeV, but we do not expect g, 1.0}

losses to be large enough to render our estimate grossly of™

timistic. § o8l

The consequences of higher effective lepton transverse g,
momentum thresholds are explored in Fig. 7. An increase oig o8}
both the electron and the muon threshold to @, > 15 5
GeV would lead to a signal loss of order 30%, with a slight ~_ 0.4l
improvement of S/B, as can be read off Figa)7 An in- i
crease of only the electron threshold to this value would? &

reduce théd — 77 signal by less than 20¥&ee Fig. T)]. pt 0-2F
thresholds may be as high as 20 GeV for electrons but can b™>
as low as 6 GeV for triggering on muofs,31]. Given the
o
T/‘\ E 1.0
E i | o
N :\2/ 0.8 -
) )
E [ ] o
o ~. 08
b
= o°
o :E 04
Q i ] 8 K
- £ o2}
2
H 0'0 L L 'l L L
0 120 0 10 20 30 40 50 80
me, (GeV) pT(e,mi.n) (GeV)

FIG. 6. Normalized dilepton invariant mass distribution, after ~ FIG. 7. Integrated charged lept@s distributions after the cuts
the cuts of Eqs(7)—(15), (17),(18) have been imposed. Results are of Egs. (7)—(15),(17),(18) have been imposed. Shown are events
shown for Higgs boson masses of 100 and 150 GsMid lineg fractions above a minimal leptom; as compared to a threshold of
and for the various backgrounds as in Fig. 1, except that the QCI0 GeV for (a) the minimale or x transverse momentunpy,
and EW r7jj backgrounds have been combined for clafifigsh-  and(b) the electron transverse momentums,.. Results are shown
dotted ling, and the long-dashed line corresponds to the combinedor Higgs boson masses M,;= 100 GeV(solid line) and 150 GeV
QCD + EW WWijj background. (dashed lingand for the combined backgrouridotted ling.
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TABLE IV. Number of expected events for a SMjj signal in theH— rr—e~u ™ p; channel, for a
range of Higgs boson masses. Results are given for 6bdbdata at low luminosity running and application
of all efficiency factors and cuts, including a minijet veto. As a measure of the Poisson probability of the
background to fluctuate up to the signal level, the last line givgs,ss, the number of Gaussian equivalent
standard deviations.

My 100 105 110 115 120 125 130 135 140 145 150
oo (o) 062 061 058 055 050 044 037 030 023 016 011
N 374 365 350 328 300 263 223 180 137 99 65
Ng 67.7 454 274 168 112 84 71 64 61 59 57
s/B 06 08 13 20 27 32 31 28 22 17 11
OGauss 41 48 56 64 68 67 61 53 43 32 22

correctly estimate higher-order additional central partoniovhich is expected from a full resummation calculation, while
emission in the signal and backgrouri6$ Fortunately, as a preserving the normalization of the hard 2-jet cross section.
result of the absence of color exchange between the tw@he second, the “exponentiation model,” assumes that soft
scattering quarks in EW processes, which includestbjr  gluon radiation approximately exponentiates. This implies
signal, we expect soft gluon emission mainly in the verythat central veto jet multiplicities effectively follow a Pois-
forward and very backyvard dlrectpns. For QCD processes,  gistribution with mea;jet = o305 [34]. Both methods

on the other hand, which are dominated tashannel color use perturbative cross sections for 2- and 3-jet cross sections.

octet exchange, soft gluon radlatlc_m occurs r_n_alnly in th he advantage is that QCD matrix elements at the tree level
central detector. Thus, when considering additional centra

radiation withpy = 20 GeV to match oub veto condition contain the full information on angular distributions and
= , o ) -

we will reject QCD backgrounds with much higher probabil- hardness of addm_onal Jet emission. A parton shower ap-

ity than the EW processes. Obrveto is then automatically proach would not immediately give Fe"ab'e answers qnless

also a minijet veto, a tool for QCD background suppressiorpo'[h color coherence a}nd the choice 9f scale are |mplg-

which has been previously studied in great detail & mented correctly,_ matchlng the answer given by QCD matrix

production at hadron collidefd5,7,16,32 elements for sufficiently hard partons.

. . In the following we directly use the results of Reff§,7],
Largely following the analysis of Ref21] for the analo- . . . X
gous IgWijj procgss Which)(/vould be[us]ed to “calibrate” which considered Higgs boson production by WBF and

the tool at the LHC, we veto additional central jets in thebackground processes in phase sSpace regions for the jets that
region are virtually identical to the ones considered here. In contrast

to our early studie$16,21], the veto candidates are defined
jets (pr > 20 GeV) anywhere between the tagging jets; i.e.,
p¥?t°> PT vetos (198  they are searched for in a somewhat larger rapidity region
than ther decay leptongsee Eq.(9)], which have to be at
least 0.7 units of rapidity away from the tagging jets. The
n}?rgnin< 77}’9t°< n}?r?waxv (19 choice of Eq(19b) allows for more suppression of the back-
~__grounds than the more restrictive selection.
wherepr e May be chosen based on detector capabilities The resulting veto survival probabilities are summarized
and expected minijet production from double parton scatter |ine eight of Table II. These values were determined with
ing. Here we takepr ye=20 GeV. 3-jet Monte Carlo simulations for the Higgs signal and QCD
The determination of veto efficiencies for the QCD back-gq EWZjj production[6,7]. The results for QCLZjj pro-
grounds encounters the problem that we are interested in thg,ction are also used for QCWW jj production, due to the

phase space region where additional soft parton emission igmjlarity of the subprocesses, and are taken as well for the
very likely. In a fixed order perturbative calculation of cross bEjj background

sections with an additional soft central jet p§;> pr veto — .

this leads to a “3-jet” cross sectiofcounting the two for- For thett +jets backgrounds we have discussed before,

ward tagging jets plus the soft central veto) jetich often the effects of the minijet veto on trh_equarks arising from
exceeds the corresponding hard “2-jet” cross section contN€ top quark decays has been considése e.g. the second

sidered in the previous section. The occurrencesgfie, Ilne.(_)f Table II)._We now want to take _mt_o account the
> 0, jer indicates that effects of multiple soft gluon emis- additional rgductlon dye to soft glyon radlatlont_lnevents.
sion must be taken into account. We have analyzed this prodNote that this separation is an artifact of our using tree level
lem in detail beford16,21,6,7 and found that two very dif- approximations and would not arise in either a NLO calcu-
ferent procedures give consistent results for the vetdation or when using a parton shower progréand certainly
probabilities. The first, the truncated shower approximatiornot in the experimenjs We have examined the expected
(TSA) [33], regularizes the soft partgoy distribution so as  survival probability fortt + jets for the exponentiation model
to reproduce thept distribution of the hard recoil system in Refs.[6,7], finding a somewhat higher veto probability
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10— ‘ 0.8 — ‘ : 0.8 —
[ M,[GeV] 08 [sif’B-oy [ .- ] (a.B),[f6] (@B),[f6] /
120 7% A 0.6 _(leptorlll-hadron) — 0.6 I (ual fépmu)’
100 = 1 08f 1 o4l T1 o4l ] FIG. 8. Variation of Higgs bo-
04r.- 7 son masses, couplings to gauge
w0k 1 oa2f 4 02p~ 1 02¢ ] bosons, and signal rates for the
‘ s ‘ 0 ‘ ‘ 0 ‘ . oL ‘ ‘ two 77 channels as a function of
100 125 150 100 125 150 100 125 150 100 125 150 i
M,[GeV] the pseudoscalar H|gg§ boson
‘ . 1 08 . 08 ‘ mass. The complementarity of the
2 two scalar plateau states is shown
08 L cos’(B-ar) ] (0.B)[fb] (0.B)y[fb]
X 06 (eptonchadrony] 06 (dual lepton) | for tang=4, 30. Other MSSM pa-
061 1 o4 1 oal 1 rameters are set tp=200 GeV,
04F ) 1L ’ Mgusy=1 TeV, and maximal
02k U 402y 1 02 ] mixing.
120 .
‘ . ‘ oL ‘ oL ol ‘
100 125 150 100 125 150 100 125 150 100 125 150
M,[GeV]
than forZjj events. Because of the uncertainties in the de- Pyvn=Cog B—a), (20)

termination of veto probabilities, we prefer the more conser-
vative estimates here. Note, however, that even without conyhile for down-type fermions the factors are
sidering any additional minijets, thé backgrounds are very
small (see line 7 of Table )| mitigating any concern over sina
minijet veto probabilities. While the veto survival probabili- Norh = — —— = SiIN(B—a)—tanB cogB—a),
ties of Table Il are estimates only, they can be independently cosB
determined at the LHC in processes lik¢j and Wjj pro-
duction[21,28§. cosa

So far we have considered a single Higgs boson mass of 7., =——=cogB—a)+tanB sin(8—a),
120 GeV only. We must extend our results to a larger range cosp
of My. The expected number of signal and background
events for 100 Ge¥ M < 150 GeV and an integrated lu-
minosity of 60 fo ! are shown in Table IV. In the fourth line
of Table IV we show the S/B rate, and in the fifth line we _ anda ~— B, leading tomyy~1 on theM,, plateau

show the Poisson probability for the combined background%mdn ~1 on theM, plateau(see Fig. & The rr SUSY
VVH ™ H .

to fluctuate up to the signal level, in terms of the equl\/"jllemfzslc:tors on the plateaus are dominated by the first terms in Eq.

Gaussian significances which can be expected in the exper(lzl), again rendering unity.Thus, in both plateau regions

men';f_o_n ave:age. ng Iumlnosllty running 1S asstL)J_med, --the situation is very similar to the SM case discussed above.
Q?eecéﬂ;gzegsses ue to overlapping minimum bias eventis illustrated in Fig. 8 these plateau states are numerically
' approached for moderahd , values already, as long as tén
does not become too small, which would be in conflict with
V. IMPLICATIONS FOR THE MSSM LEP2 limits. In fact, the MSSM branching ratiB(h,H
—77) is even slightly enhanced compared to the SM case
The H— 77 decay mode has proved especially useful in[35].
case of the minimal supersymmetric extension of the stan- Previously we have analyzed the semileptonicdecay
dard mode[17]. In the MSSM the neutraCP even Higgs  mode h/H—rr—e/pu*h*p; [17]. To the semileptonic
boson states form two mass eigenstates, the properties ghannel we can now add the signal expected in the purely
which are usually described as functions of gaand the leptonic mode, h/H—rr—e“u"p7. In this extended
pseudoscalar masd ,. For very large or very small values analysis we change our definition of the “MSSM Higgs bo-
of M the scalar massedy, or My approach a plateau, as son signal” as compared to the previous analysis, which
shown in Flg 8. These plateau states have masses be'%kjed a 9 coverage of the entire parameter space with
=130 GeV[9,10], dependent on the value of tBnTogether  ~100 fb~* luminosity. In the WBFr+ mode the SM and the
with the projected limits from th&h andZH search at LEP2 \SSM analyses are exactly the same, namely scanning the
this yields exactly the mass window where the WBF  invariant 7+ mass distribution for a Higgs mass peak and
— 77 mode is most promising, as shown in Table IV. finding the probability that the excess events could arise
The couplings of the MSSM Higgs bosonsWyZ and =
pairs are given by the SM coupling and a multiplicative
SUSY factor which for the weak bosons are

(21)

wherea is the mixing angle between the tv@P even Higgs
boson states. On thel,, and M plateaus one finda ~ g

The case of vanishing;.,, or 7,4 has previously been dis-
cussed in detai[17]: h,H— yy would be dramatically enhanced
Nyvh = SIN(B— @), and become the dominant discovery mode.
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from a fluctuation of the background within 210 GeV tanp
mass window. For values &l , in the transition region the 30 ,.’““‘""
reconstructed mass peaks frdm- 77 and H— 77 decays [ ».0‘0’0‘0‘0’04
will be close to each other. Hence, the tail of the invariant 25 \ ‘:‘:‘:‘:‘:‘3
mass distribution resulting from the non-plateau state will \ Pt % %% /
add to the plateau state signal, reducing the required lumi- 50 L LHC@o0fb™): &0‘0‘0‘0‘{ ]
nosity for a complete coverage 080 fo~* for the semilep- N VVoHotr KRSSEEK VY —=h—>tr]
tonic channel alone. ? Retetelelel ]
. . . . 15 ¢ 900999 g
For each of the two discovery modggsemileptonic and i ’Q‘Q‘Q‘Q‘Q’
purely leptoni¢ we calculate the probabilitp; for the back- PSS
ground to fluctuate and produce all expected signal 10 N ‘}:0:0:0‘ A
+background events?; and P, are combined tdP;P,[1 ; \:Q:/
—log(P;P,)] [36]. This probability, instead of the naive 5 [\ LEP2: e'e —7h \\\e..... p
product of the two single channel probabilities, is then trans- o — 1\(‘)5 T e
lated into the luminosity required for asSdiscovery?> How- M,[GeV]
ever, since we consider two channels of similar strength, we
do not observe significant influence of the statistical treat- tanf ‘
ment on the final numbers. 30 '0‘0‘0‘0‘
To estimate the required luminosity for complete cover- ) ):0:0:0:02
age of the MSSM parameter space with an expeciedi§- 25 \ t.:.:.:.:‘j
nal we chose the supersymmetric mass sdalg,gy as 1 : PN Yo% %e%’
TeV and vary the trilinear stop coupling, between O(no 20 [ LHC@O0fb™): %‘:’3’:’:
mixing) and 6 Mgysy (maximal mixing. The latter yields N 9&0‘0‘4 Wiy
the maximal plateau mass. However, from Table IV we con- 15 & %0:02 g
clude that our limit is very robust against effects which move N \%‘:’2
the plateau masses. As a complementary measurement small 10 D .0.0}
values of tarB are excluded through th&h,ZH limits from . \"///
LEP2. This assures that the Higgs boson mass peak is suffi- s NLEP2:e'e —Zh 7
ciently separated from thé background peak. We are aware b ‘ : e oo
that other LEP2 channels likkh,AH or the Tevatron run || 80 100 120 140 160
search will probe a fraction of the MSSM parameter space, M,[GeV]

but we do not need to rely on them for complete coverage of
the MSSM parameter space. The results are shown in Fig. 9: FIG. 9. 50 discovery contours foh,H— 77 at the LHC with
combining the two tau decay channels leads to a requireg40 fb 1. They are complemented by the current CERNe™
luminosity of <40 fb~! for a 50 observation, with a com- collider LEP2 limits. The suppersymmet(@USY) parameters are
fortable overlap in the no-mixing scenario. This number stillset tox=200 GeV,Mgysy=1 TeV, and maximal mixinguppe)
depends on the LEP2 reach, which we conservatively fix t@nd no mixing(lower).
the current limits[37]. The transition region of moderate
pseudoscalar masséwhich limits the reach exhibits one
additional feature: if the luminosity is large enough, therel00 GeV still requires less than 907th of data, assuming
will be a growing region where both the light and the heavylow luminosity conditions. Abovév =140 GeV the signal
scalars will appear as peaks in the invariant mass spectrurguickly deteriorates, due to the falling branching ratio for the
This would lead to a unique opportunity to measure the mix-H— 77 mode. These results are comparable to those for the
ing angles in the MSSM Higgs sector. H— 77—h=1¥p; channel[7,16], except asM , approaches
145-150 GeV. In this high mass range the purely leptenic
decay signal receives substantial backgrounds frem
VI. DISCUSSION —WW. Combined with the semileptonic channel discussed
) ) o in Refs.[7,16] one effectively doubles the available statistics
. The res_ults summarized in Table IV show that it is poSs-or the H— 77 decay mode, making observation of this de-
sible to isolate a low-backgroundig—qqH, H—77 ¢4y nossible with significantly less than 60 fbof data, and
—e p”pr signal for the SM Higgs boson at the LHC. iimately providing a number of cross-checks for the indi-
Counting rates will be suﬁlcllently large to obtain a better;iqya| analyses. In the MSSM framework the combination of
than 5 signal with ~6_O fo~+ of data fqr_the mass range the two decay modes yields arSsignal for <40 fb! of
105-135 GeV. Extending the observability region down t04ata with an arbitrary choice of MSSM parameters which are
still allowed by LEP data.
The expected purity of the signal is demonstrated in Fig.
2Some analyses prefer to chose the Bayesian instead of the Fré0, where the reconstructedr invariant mass distribution
quentist approach, which would lead to a slight decrease in oufor a SM Higgs boson of mass 120 GeV is shown, together
required luminosity. with the various backgrounds, after application of all cuts, ID
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0.10 - - - - these differences and largely eliminate the norack-
grounds.
= 0.08 We advocate taking advantage of an additional fundamen-
3 tal characteristic of QCD and EW processes. Color-singlet
} exchange in the channel, as encountered in Higgs boson
L 006 production by weak boson fusigand in the EWZjj back-

3 ground, leads to additional soft jet activity which differs
% 0.04 strikingly from that expected for the QCD backgrounds in
} both geometry and hardness: gluon radiation in QCD pro-
o 0.02 cesses is typically both harder and more central than in WBF

' processes. We exploit this radiation, via a veto on events
with central minijets ofpt > 20 GeV, and expect a typical
000 80 100 120 140 160 70% reduction in QCD backgrounds and about a 25% sup-
pression of EW backgrounds, but only about a 10% loss of
M., (GeV)

the signal.

FIG. 10. Reconstructed pair invariant mass distribution for a We have identified the most important distributions for
SM MH:120 GeV signa| and backgrounds after the cuts of Eqslenhancing the Signal relative to the background, and set the
(7)—(15),(18) and multiplication of the Monte Carlo results by the various cuts conservatively to avoid bias for a certain Higgs
expected particle ID efficiencies and minijet veto survival probabili-boson mass range. There is ample room for improvement of
ties. The double-peaked solid line represents the sum of the signalur results. A multivariate analysis of a complete set of sig-
and all backgrounds. Individual components are bhg signal  nal and background distributions is expected to lead to im-
(solid line), the irreducible QCIZ jj backgrounddashed ling the  nroved background suppression. Mass specific cuts should

irreducible EWZjj background(dotted ling, and the combined & entyally be employed and will improve matters as is evi-
reducible backgrounds from QCEEW +Higgs WW/j events and ot from e.g., the angular and lepton invariant mass distri-

] bj | i - i . - . —

tt+jets andbbjj production(dash-dotted fine butions of Figs. 5,6. Additional suppression of ttter jets
background may be possible withidentification and veto in
the py, < 20 GeV region. We do not pursue these questions

ng;irs]geti:r\]/(\jegkml;rggn\/?aziozhIsrgggg, Istom:?heefcﬁf;]blteheere. One reason is that our results are derived at the parton
Horr—e®u™ p; decay providesg compfex gignal with aqevel only. Even though we have included expected detector
T y , . .. . _
multitude of characteristics which distinguish it from the r_esolut!o_n eﬁ_‘ects and losses due to finite tr_|gger _and_detec
tion efficiencies, a more complete detector simulation is now

various backgrounds. - .
The basic feature of theg— qqH signal is the presence needed. We have to leave this work to our experimental col-

of two forward tagging jets inside the acceptance region ofé2gues. o _

the LHC detectors, of sizabje, and of dijet invariant mass "€ very promising results of this study suggest that the
in the TeV range. Typical QCD backgrounds, with isolatedH— 77— @@ uu+ pr modes should also be considered. The
charged leptons and two hard jets, are much softer. In addfilepton invariant mass distribution of Fig. 6 shows that
tion, the QCD backgrounds are dominatedWyoremsstrah-  €limination of theZ peak inZ—ee, uu backgrounds would
lung off forward scattered quarks, which give typically reduce the Higgs signal by a small amount only. In addition,
higher-rapidity charged leptons. In contrast, the EW pro-the requirement of significani; [Eq. (12)] is expected to
cesses give rise to quite central leptons, and this includes ntdrgely eliminate QCD or EWZjj production, leavinZZjj

only the Higgs signal but also EWWWjj and 77jj produc- andZWjj events with invisibleZ or W decays as the addi-
tion, which also proceed via weak boson fusion. It is thistional backgrounds. Given our results for the analogous
similarity that prevents one from ignoring EW analogues toWW jj events we expect these new backgrounds to be mini-
background QCD processes, whiahpriori are smaller by mal. This implies that the purely leptonit— 77 signal can
two orders of magnitude in total cross section, but after basienost likely be enhanced by almost another factor of 2, fur-

cuts remain the same size as their QCD counterparts. ther reducing the integrated luminosity required for observa-
In addition to various invariant mass and angular cuts, ongon of the H— 77 signal.
can discriminate between the redb of the signal(and of Measuring the Higgs-boson—fermion coupling will be an

the QCD and EWrrjj backgroundsand “fake” 7's from important test of the standard model as well as its supersym-
the W,t,b backgrounds. This is possible because the highmetric extension. For such a measurement, via the analysis
energy of the produced’'s makes their decay products al- outlined in this paper, minijet veto probabilities must be pre-
most collinear. Combined with the substantig} of the cisely known. For calibration purposes, one can anaE/ge
7~ system this allows for-pair mass reconstruction. The events at the LHC. The production rates of the QCD and EW
W decays do not exhibit this collinearity due to their modestZjj events can be reliably predicted and, thus, the observa-
boost in the laboratory frame. This leads to markedly differ-tion of the Z— 1l peak allows for a direct experimental as-
ent angular correlations between thg vector and the sessment of the minijet veto efficiencies, in a kinematic con-
charged lepton momenta. Our realeriteria make use of figuration very similar to the Higgs signal.
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