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Abstract

We examine the prospects for extending the Tevatron reach fétandard Model Higgs boson
by including the semileptonic Higgs boson decays+> WW — (v, jj for M, = 2 My, and

h — Wij— Ly, jjfor M, < 2 My, wherej is a hadronic jet. We employ a realistic simulation of
the signal and backgrounds using the&e8pPaMonte Carlo event generator. We find kinematic selec-
tions that enhance the signal over the domiri&hiets background. The resulting sensitivity could
be an important addition to ongoing searches, especiatlyamass rang#&20 < M, < 150 GeV.

The techniques described can be extended to Higgs bosarhesaat the Large Hadron Collider.
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1 Introduction

The Standard Model (SM) predicts a neutral Higgs boson glartvhose couplings to other particles
are proportional to the particle masses, and that couplghdtons and gluons via one-loop-generated
effective couplings. While the Higgs boson mass is not ptedi the relation between the Higgs boson
mass and its width is fixed from the predicted couplings.WirHiggs boson contributions to electroweak
precision observables have been computed, and precisiarfadar M;, < 169 GeV at 95% confidence
level [1]. Searches at the CERN Large Hadron Collider haveyered 95% confidence level exclusion of
a SM Higgs boson for a broad mass range above 145 GeV [2, 3].

Because of small signal cross sections and large backgsptheisearch for the Higgs boson in experi-
ments at the Fermilab Tevatron is very challenging, eveh thi¢ large final datasets approachirigth !
per experiment. Nevertheless both the CDF and D@ experarieve achieved steady improvements in
their sensitivities in multiple channels to a SM Higgs bagsamd their individual results already exclude a
SM Higgs boson in the mass rang&5.7-173.8 GeV and162-170 GeV, respectively, at 95% confidence
level [4,(5,6]. This exclusion relies mainly on sensitivitythe dilepton final-state decay chain analyzed
in Refs. [7[8[9]:h — WTW ™~ — (T, £~y wherel* = e* or u*.

Here we examine the prospects for extending the Tevatram f@aincluding a search for the semilep-
tonic Higgs boson decays — WW — (ly, jj for M, =2 2My, andh — Wjj — fy, jj for
My, < 2 My, wherej is a hadronic jet. This process was first considered as a fdtéfiggs boson
discovery channel for the SSCC[10,/11] 12} 13], emphasiziagase of a very heavy Higgs boson, where
theh — ZZ — 4/ “golden mode” becomes limited by its small branching fraictand the broad Higgs
boson width. Similar to the golden mode, the semileptdnie> W W modes are (almost) fully recon-
structible: assuming that the leptorii€ is close to on-shell, the mass constraint gives an estinfdteo
unmeasured longitudinal momentum of the neutrino, up taoafthd ambiguity [13]. ForM;, = 140 GeV
the overall decay rate is 6 times larger than any other SM $igggon decay mode with a triggerable lep-
ton. Including these semileptonic channels thus offersdibénct possibility of significantly extending
the Tevatron reach over a rather broad mass range.

This channel suffers from large backgrounds from SM praessgsth a leptonically decaying” boson.
These include diboson production, top quark productiod, direct inclusiveWW+2-jet production. There
is also a purely QCD background that is difficult to estimdisemt a dedicated analysis with data. The
dominant background is inclusivid’+2-jets; from this background alone we have estimated aabign
background ratio§/B) of 3 x 10~*, after nominal preselections. Though worrisome, this tssnaaller
than the analogouS/B ~ 4 x 1075 for theeTe~ andp ™~ modes after preselection in the successful
Tevatron analyses &f — WTW~ — (*v, (~ v, [14,[15,/16/ 17, 18, 19].

A drastic reduction in both th#+2-jet and diboson backgrounds to semileptonic Higgs bosmay
can be achieved by forward jet tagging, i.e. by restrictimgdtggs boson production from vector boson
fusion (VBF) [10, 20]; it is estimated that the additionajuéement of forward jet tagging then gives
a factor of~ 100 reduction in these backgrounds. However the reducticdha Higgs signal, versus
inclusive Higgs boson production, is also severe: a factor A0 at the Tevatrorn [21]. Looking at the
similar trade-off for the dileptoh — W*TW~ — ¢*v, £~i5, channel, a Tevatron study [22] concluded
that the overall sensitivity does not improve by restrigtio VBF Higgs boson versus inclusive Higgs
boson production. We do not know of any comparable analgsithe semileptonic channel.

For inclusive Higgs boson production at the Tevatron, tmeilsptonic channels were first studied by



Han and Zhang [7,18]. In a parton-level study with some jetaming they found that, after basic ac-
ceptance cuts together with a veto on extra energetic jestigjuied to suppress the background, the
remaining background is completely dominatediizy2-jets. Han and Zhang then made additional kine-
matic selections that enhance the signal to backgrounal $&dti. For M, = 140 (160) GeV they thus
obtained a significance estimate$)fv'B = 1.0 (3.3) for 30 fb~! of integrated Tevatron luminosity. The
fully differential Higgs boson decay width for this procesas exhibited by Dobrescu and Lykken [23],
who analyzed the basic kinematics and angular distribsitibat characterize the Higgs signal.

We improve on these studies by including realistic partamwating (since parton-level jet smearing
is inadequate), an NLO-rate improved treatment of the Higmgon decays (including off-shell effects),
and a resummed NNLO estimate of the — h production cross section. The first two improvements
are incorporated by the use ofiSkpa[24,[25], a general purpose showering Monte Carlo program, f
simulation of both the signal and the inclusié+2-jets background. The NNLO signal cross section is
modeled by & -factor.

Our purpose is to study these semileptonic Higgs boson dgwaynels in a systematic way, but not to
mimic a fully-optimized experimental analysis. The DJ exypent has already reported on a semilep-
tonic Higgs boson search usifigt fb~! of Tevatron data [26, 27]; this analysis uses multivariateision
trees to enhance the significance of the result. Here we imiit burselves to simple cuts, in order to
make the features of the analysis and the underlying physice explicit. We study the Higgs signal in
the mass rangé&l10-220 GeV to reasonably cover the below, near and above thresholdned@or Higgs
boson decay to two on-shéll bosons.

In Section 2 we outline the strategy and define several uséfsgrvables. In Sectidd 3 we discuss
inclusive Higgs boson production from the dominant gludaneg fusion mechanism, and implement a
K -factor correction to theERPAresult. In Sectionl4 we introduce basic preselections amelde cuts
implemented in 8ERPAto enhanceS/+/B; this section also contains our main results. We conclude in
Section[b with caveats about the limitations of our analgsid suggestions for further improvements.
Cross-checks and additional material are presented irpihenalices.

2 Strategy and key observables

We are interested in the Higgs boson decay
h— W*W* = ev, jj, (1)

and the similar decay with a muon in the final state. In gengealake both4/” bosons off shell. We will
write ev, jj asev, jj' wherej is the jet with higher transverse momentupa), and noting that physical
observables will be symmetric undggr- j'. We use a baseline selection adopted from the D@ analysis to
define reconstructed jets and leptons and impose realtst@ptance cuts. We will assume that events with
more than one reconstructed lepton are vetoed, but we walibte the possibility of extra jets in order to
increase signal efficiency. When more than two jets are ptekere is a combinatorial problem; we will
define aHiggs boson candidate selection algorithm that assigns which two jets to use in the Higgs bhoso
reconstruction; these jets may or may not correspond tontbddading jets in the event. It is important

to note that this algorithm is chosen so as to optimize theasigensitivity after the full selection, which

is not equivalent to maximizing the number of correctly mestoucted signal events.



When the leptonically decaying’ boson is (close to) on-shell, these decays are fully renartgile
up to a two-fold ambiguity in the neutrino momentum withousiking any assumption about the Higgs
boson mass. Here we are assuming that the transverse momeiitivie neutrino is well estimated given
a measurement of the missing transverse energy (MET), asdesdemonstrated by both Tevatron ex-
periments in the determination of th& boson mass.

The semileptonic channel's advantage of being, in priegipbmpletely reconstructible offers a great
way to separate signal from backgrounds. However, whenebienically decaying? boson is far off
shell, a straightforward full reconstruction is not possibThere are then three generic possibilities for
how to proceed:

» Use only transverse observables.

» Perform an approximate event-by-event reconstructidmguen estimate of the off-shell
W boson mass.

» Perform an approximate event-by-event reconstructiongua (hypothesized) Higgs
boson mass constraint.

Since it is not clear priori which of these approaches maximizes the Higgs boson satysitve will
pursue all three and compare the results.

Given an event-by-event approximate combinatorial fudbrestruction of the putative decaying Higgs
boson, one can approximately reproduce the kinematicseirdiggs boson rest frame. The true Higgs
boson rest frame is given by a longitudinal boost from theftaime together with a transverse boost
defined by the transverse momentwpm;, of the Higgs boson. An explicit representation for the four-
momenta in the Higgs boson rest frame is given by:

1 . . .
Pe = 5 M, (%ue(l + Bev.cosby), sin by cos py, sinbysin g, Yeu, (Bev, + cos 95)> ,
1 . . .
Pre = 5 Mev, Yeve (1 = Bey,cosby), —sin by cos vy, —sinbysin @y, —Yep, (Bev, — cosby) | ,
1 .
pj = 5 myy| vy (L+ Bjpcosts), sinbj, 0, —y;5 (B + cosby) )
1 .
Dy’ 5 Mg 755/ (1 = Bjjrcos 0;), —sinf;, 0, —v;5:(Bj5» — cosb;) ) , (2)

where we have chosen the dijet plane to coincide tactheplane, and have chosen the positivaxis to
be the direction of the leptonically decayifig boson. The boost factors of the tWid bosons relative to
the Higgs boson rest frame are given by

M 2 2
/y_ ., _ h 1 _|_ m]]/ - meI/e
27 - )

Mh m2 i mgue
Yeve = <1 - L ) ) (3)

2Mey, M,%



and we note the identities
My = myjj vy + Mev, Yev
myg ﬁjj’ Yiit = Mev, 661/6 Yeve - (4)

Note thatd; is the angle between jgtand the direction of the hadronié¢” boson, as seen in tH& rest
frame, whiled, is the angle between the charged lepton and the directidmredéptoniclV boson as seen
in the W rest frame. The azimuthal angle is the angle between the dilepton and dijet planes. Defining

rii = ﬁ?jl WJZJ-, sin0; (5)
we can calculate the angle;, between the two jets as seen in the Higgs boson rest frame:

Tjj’ —1 '
T+ 1

(6)

cos 0

Signal events have a minimum opening angle between thegetsem in the Higgs boson rest frame:
—1 < cosb; < 285, —1. )

In the approximate reconstructions that we will employ im analysis, the Higgs boson mas$,
is approximated by a 4-object invariant mass,;;». The transverse momentum of the Higgs boson is
approximated by the 4-object transverse momengtyiy), ;. The dijet boosty;; defined in the Higgs
boson rest frame is approximated #yy ., , which is the dijet boost defined in the 4-object rest frame,
in which we can compute this boost factor vig:|.,, = E;;//m;;. This is equivalent to using Eqsl (3)
where one inserts for each invariant mass its reconstructedterpart.

All three of these observables discriminate between Higgsmsand backgrounds. As seen in Figure 1
(top left),m.,, ;; for signal events peaks strongly near the true Higgs bosms math a width determined
primarily by parton shower effects. Thus a simple mass windelection significantly enhances the
signal, and since we are interested in Higgs boson exclakare is no “look-elsewhere” effect associated
with imposing mass windows [28]. Note that the backgroundshat necessarily flat in the mass windows:
as seen in Figurd 1 the domindmt+jets background is rather flat in the high mass window, betasply
rising in the lower mass window because of the underlyingkiatics. In Figur€]1 (top right) one sees
that the 4-object transverse momentpqy,, ;; has a harder spectrum for Higgs signal events than for the
W+jets backgrounds, independent of the Higgs boson mass.

The reconstructed dijet boost; .., has qualitatively different behaviour depending on theaulyihg
Higgs boson mass. When the Higgs boson mass is clo@éfg-, the distribution of the dijet boost for
signal events is strongly peaked near one compared to ttrébdi®n for W+jets, as seen in Figufe 1
(lower left). For larger Higgs boson masses the signalilligion of the dijet boost is instead rather
strongly peaked around the valié, /(2 My ), as expected from Ed.](3).

Other physical observables of interest for signal versg&draund discrimination are defined directly
in the lab frame. This includes the 4-object pseudo-rapigit. ;;/, the pseudo-rapidity difference of
the two jets,Ar; ;,, and the scalar sum of the two selected jet transverse manignj;,. As seen in
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Figure 1: Examples of observables discriminating between Higgsasignd (the dominarii’+jets) backgrounds.
Distributions are shown from the upper left to the lower tidbr the reconstructed masses of thev., j, 7'} final
states, their transverse momenta, the boost of the dijeystdm with respect to the parent system and the scalar sum
of the pr of the two jetsj andj’. All results are obtained after the combinatorial Higgsdiosandidate selection
based on an ideal mass reconstruction of the potential a@sen The selection is facilitated by symmetric mass
window constraints for both the 4-object and dijet mass:, ;;; — M| < A and|m;;; — Mw | < 4, respectively.
More detailed explanations will follow in Sectiéh 4. Noteathhe background differential cross sections are scaled
down by the respective factors indicated in the legends.

Figure[ (lower right), the distribution dfi ;;- for signal events is harder than for tiiétjets background,
independent of the Higgs boson mass. From the distribusbiosvn in Figuré_12 one sees that the dijet
pseudo-rapidity difference has a maximum at zero for sigwehts (which tend to be confined to the
central region), but peaks at a larger value forlfigets background. Similarly from Figurel13 one notes
that the 4-object pseudo-rapidity distribution is moretcarfor signal than for thé/+jets background.

We will also employ various transverse masses, both aslgigg@iminators and as inputs to the algo-
rithms for the approximate reconstruction of the Higgs Imosandidates. One classwaf;r observables is



solely constructed out of transverse degrees of freegom= (p, i, py.:); We define thesenr observ-
ables as

i = A (Fral + Pl + -2 = B+ g+ < mig. (8)

where, for the purposes of this study, the lakglsrefer to two, three, or four final-state physics objects
(charged lepton, MET, and the two selected jets). We alsestiyate how our results change when we
adopt a slightly different definition that includes the flflormation from the invariant mass of the visible
subset:

k.. 2 . .
(m(mﬁz) = mj + 2(Era.pry. — Pra. Prr.) < M., 9)

whereE%., =p3.., +m3 . Here, we have separated the event into a “visibie?)(and “invisible” (k..)
part. The transverse masses are all approximately boundedabove by a kinematic edge; this gives us
another handle when fully reconstructing the event. Schieally, we have
, < k) 10
Mrik ). S My S Mkl (10)
wheremq ;. ;.. just indicates that in the presence of multiple invisiblgeots thefk..] subsystem enters

as a whole when computing EqJ (8). In the 2-particle casetvibberansverse-mass definitions coincide
provided the single objects are massless.

Given the above arsenal of kinematic discriminators andaimate reconstruction techniques, our
basic strategy will be to find the most promising combinatioh selections as a function of the Higgs
boson mass. Since we are only performing a cut and countsasand are lacking a realistic detector
description, there is no point in attempting a complete mjatation. Instead we will concentrate on
providing a comprehensive look at the physics that disistges signal from background.

3 Inclusive cross sections and event generation

We use the multi-purpose Monte Carlo event generat@rBA [24],[25] to pursue our analysis of semilep-
tonic Higgs boson decays in Higgs boson production via gfusion. This way we can easily include all
(hard and soft) initial-state radiation and final-stateaadn (ISR and FSR) effects and arrive at a fairly
realistic description of final states as used for detectoukitions. Furthermore, sophisticated cuts can
be implemented in a straightforward manner owing to the enmnt analysis features that come with the
SHERPA package. We also want to make use eESPAS capabilities in providing an enhanced model-
ing of multi-jet final states with respect to a treatment bytgra showers only. Apart from a handful of
key processes, theH&RPA Monte Carlo program evaluates cross sections at leadirgy/tnee level uti-
lizing its integrated automated matrix-element genesafonecic++ [29] and/or ®mix [30]. However,

in a number of studies,HERPAhas been shown to generate predictions that are in suffi@éah good
agreement with the shapes of kinematic distributions abthirom measurements as well as higher-order
calculations; we will give more details in the respectiveésactions that follow up. Hence, we wish to
identify appropriate constark -factors between the most accurate theory results and &uintg-order
predictions. We in turn want to apply thegéfactors to correct SERPAS predictions for the inclusion



of exact higher-order rate effects. Therefore, we studgadignd background fixed-order and resummed
cross sections at Tevatron Run Il energies for the processes

PP — (v pp (11)

leading to final states consisting of an isolated leptonsimistransverse energy and at least two jets.
The label¢ denotes electrong, and muonsy; the parton labep contains light/massless-quark flavours
and gluons. Note that final-state gluons may only occur irkdpaind hard processes or through the
inclusion of I/FSR effects. For the respecti#e-factors, it is not clear a priori at which level of cuts
they are defined most accurately. The most convenient definrshould be given in terms of the total
inclusive cross sections, while one may define more exausiactors, if the higher-order tools allow
for the specification of the desired cuts. We do not expectangtdependence on the exdctfactor
definition provided the shapes are comparable. These issaexamined in more detail below with the
goal of determining reasonable signal and backgraidafdctors that can be used to rescale the respective
leading-order cross section$?) of the S4ERPA predictions, which we take to pursue our signal versus
background studies.

3.1 Standard Model Higgs boson production and decay
The signal processes for the final states of interest are suized by
PP = h—WHW® -y, pp (12)

where the Higgs particles are produced through gluon—gfusion and decay int®/” boson pairs that
split further into the desired semileptonic final statesergrare other Higgs boson production mechanisms
that can contribute. In particular, the associated pradd?P — V' h with the additional vector boson
V decaying hadronically and the production via vector-bdssion (VBF) ought to be mentioned in this
context. For all production channels, up-to-date theopdptions for the total inclusive cross sections
of these events are needed to arrive at reliable acceptatioeates for various Higgs boson masses.
Refs. [4,/31] 32] give the most recent overview of the thealgwations and results that are used as
input for the ongoing Tevatron (and LHC) SM Higgs boson deesc For the Higgs boson masses we
are interested in, it is appropriate to separate the Higg®m@roduction from its subsequent decays
and multiply the production rates by the respective brangfiactions, which we obtain from bECAY
[83,[34,[35)36] forh — W*W™* and the Particle Data Group (PDG) listings [[37] for the sabsat
decays of thél” bosons.

For our main production channel, the Standard Model Higgebgroduction via gluon fusion, we
want to use the most precise theoretical predictions that bacome available over the last few years,
for a great review, we refer to Ref. [32]. Using an effectiiedry approach, this production channel is
known at NNLO including electroweak and mixed QCD—electeal contributions [38, 39, 40, 41]. For
a wide range of Higgs boson masses, these NNLO cross sehawadeen shown to reproduce the latest
results obtained from soft-gluon resummation up to NNLLuaacy, cf. Refs.[[42, 43, 44]. To mimic the
resummation effects, the optimal scale choice at NNLO isifbto beur = ug = M}, /2, while for the
NNLL calculation one employs common scales.of M),. Both higher-order calculations take the most
recent parametrization of PDFs at next-to-next-to-legdinder into account where the corresponding
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M L ”Egl\fILLL B‘F/l;i ‘:/?/]* ”Egl\fILLO By w+ ”(s(?zm Ug?%\INLo Uéo) Ks ngsa K&
(GeV]  [GeV] [fb] [fb] [fb] [fb] | [fb] [fb]

110 0.002939 | 1385.0 0.0482 1428  0.04633 11.81 9.660 | 3.350 2.88 2.550 3.79
120 0.003595 | 1072.3 0.143 1102 0.1380 27.11 2221 | 7.717 2.88 5.990 3.71
130 0.004986 842.9 0.305 863 0.2976 45.83 37.50 | 13.06 2.87 10.15 3.69
140 0.008222 670.6 0.504 685 0.4959 60.53 49.60 | 17.29 2.87 13.46 3.68
150 0.01726 539.1 0.699 550 0.6927 67.88 55.63 | 19.33 2.88 15.08 3.69
165 0.2429 383.7 0.960 389 0.9595 66.72 54.50 | 19.35 2.82 15.13 3.60
170 0.3759 344.0 0.965 347 0.9642 60.02 48.85 | 1777 2.75 1391 3.51
180 0.6290 279.2 0.932 283 0.9327 47.33 38.54 | 14.19 2.72 11.15 3.46
190 1.036 228.0 0.786 229 0.7871 32.50 26.32 | 9.862 2.67 7.775 3.39
200 1.426 189.1 0.741 190 0.7426 25.40 20.60 | 7.827 2.63 6.191 3.33
210 1.841 159 0.7250 16.83 | 6.473 2.60 5.131 3.28
220 2.301 134 0.7160 14.01 | 5420 2.58 4.317 3.25

Table 1: Signal cross sectionsgo) at NNLO and LO plus the resulting signal-factors for several different SM
Higgs boson masses. The Higgs boson widths are found fromciAy calculations. Columns 5 and 6 show our
input NNLO cross sections taken from recemHtr calculations([583, 54, 55, 38] and input branching fractifors

h — W*W* obtained from HhECAY [34,[35], respectively. They are comparable to the valuesmgin the 3rd and
4th columns that are used by the Tevatron experimentatistseir ongoing Higgs boson searchies [4]. The signal
cross sections labelled “all” account for contributionsnsiming not only from gluon—gluon fusion but also from
Higgs strahlung and VBF Higgs boson production processésafculations use MSTW2008 parton distributions
except those to extract the LO values denoteddsy,“which result from using CTEQ6.6 PDFs.

PDF sets have been provided by the MSTW group in 2008 [45]. TEwatron Higgs boson searches use
these higher-ordegig — h cross section predictions to report their combined CDF agdupper limits

on Standard Model Higgs boson production in the" W~ decay mode[14, 15, 16] 4,146,117 18] 19].
Hence, it makes sense to input the same theory cross seittionsstudies to guarantee a reasonable level
of compatibility between our work and the experimental cees. However, one should keep in mind
that different viewpoints exist concerning the determorabf the bestyg — h cross section numbers.
For example, in Ref[[47] the authors argue that the 10-15B&meement seen in the inclusive rates is
unlikely to survive the cuts applied in the Tevatron anadyaad, therefore, should not be included in
the calculation of the limits [48, 49]. On the contrary, tlmormalization-group improved resummed
NNLO cross sections discussed by Ahrens, Becher, NeubérYang in Refs.[[50, 51, 52] would yield a
further 5-6% increase of the NNL4g — h rates. This is because in their approach Ahrens et al. do not
only resum threshold logarithms from soft-gluon emissiohdisor2-enhanced terms, which arise in the
analytic continuation of the gluon form factor to timelikementum transfer.

For various Higgs boson masses, Table 1 summarizes the sigea sections(so) that are of relevance
for our studies. Separated from the other entries, the feftraght parts of the table show parameters,
which we use as input to our analysis. We have used the N\LO: 4 inclusive cross sections, \-©,
given in the 5th column and multiplied them with the branchratios listed in the column to the right
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of it, which we have computed with bECAY version 3.5 The Higgs boson widths shown in the 2nd
column are also taken from theDi#CAy calculation; they slightly differ from the older values givin
[21]. To arrive at the higher-order prediction of our sigeabss sections depicted in the 8th column,
0590,1)\1NL0- we furthermore have accounted for tié decays described by the branching ratios for one
light lepton speciesB(W — (v,;) = 0.108, and for jets,B(W — pp) = 0.676, and a combinatorial
factor of 2 reflecting that either of tH& bosons may decay leptonically. The NNLO cross sections used
here [55] are updated values with respect to the ones pellish[38]. The difference can be traced back
to the addition of the electroweak real-radiation cormwias encoded in Ref. [39] and the change to top
masses ofn; = 173.1 GeV. In the 3rd and 4th columns we respectively also givedhie— h cross
sections andh — W*W* branching fractions as used by the Tevatron experimetgatigheir ongoing
searched [4]. These values are in good agreement with theatdse numbers used in our study. The
other signal cross sections listed in the rightmost partadfid[1 are the LO rates obtained fromeE®PA,
where the one Iabelle@lg?%(). refers to the use of CTEQ6.6 PDFs [56]. We will discuss theSerésults
and the correspondin@’ -factors in Section 3.3.1. In the 7th column we show an upptmate for the
signal cross sectlonss -1 if one were to include the contributions from théh, Zh and VBF production
channels. Over the considered Higgs boson mass range thepextesses would enhance the signal rates
resulting from gluon—gluon fusion by about 22—-23%. We hagtmined these estimates by adding to
thegg — h rates the theory predictions fety,, oz, andoypr as presented in the July 2010 CDF and
D@ Higgs boson searches combination papel [46] (for updeadaes, cf.[[4]) including all necessary
branching fractions to arrive at th® (v, pp final stategi The additional 20% increase resulting from
these considerations should be born in mind when accegamzesignificances are evaluated in a signal
versus background study. For the purpose of the analysiseyguasuing here, we however want to be on
the conservative side and solely concentrate on the glloordusion events.

3.2 Relevant background processes

Processes that give rise to major background contributio@®+jets and multi-jet production, where the
latter comes into play because of jets faking isolated leptnd/or MET. The muon channel suffers less
from jet fakes reducing the multi-jet background by a facfd® with respect to the electron channel. The
Z+ets background can also contribute in cases where onenlgmes missing or a jet mimics a lepton
while the Z decays invisibly. Minor contributions stem froml/ and¢t production. A first D@ search in
the semileptonic Higgs boson decay channel shows how tredeytmunds compare to each other after
basic selection cuts, see Réf.[26]. The largest fractiddB8b occurs froni/+jets, followed by multi-jets,

To obtain the values in Talé 1, the NNLO MSTW fit result for siieng couplinges (Mz) = 0.11707, has been employed,
the running of quark masses at NNLO has been enabled andpaatobottom quark masses have been setite= 173.1 and
my = 4.8 GeV, respectively.

2For all production channels, we consider the Higgs bosoayas specified i {12), since our selection and reconsbructi
procedures are tailored to this decay mode, see Sddtion durlanalysis we deal with, MET and multiple jets (from the
decays as well as I/FSR), thus, the presence of additiotmlkjiemming from other hard decays or VBF does not alter our
analysis procedures considerably, in other words the Himg®n reconstruction and selection procedures are designz
robust way with respect to additional jet activity. The doamt Higgs strahlung contributions to the semileptonicl fatates
arise from the hadronic decays of the associated vectonspsthere we have used the PDG valid3? — pp) = 0.676 and
B(Z — pp) = 0.6991. All other combinations are suppressed by about an orderghitude. Also, we do not consider more
than one lepton, i.e. we implicitly assume an exclusive lepéen cut. We also neglect théh cases where th& boson decays
invisibly and the associatdd boson splits up leptonically while — pppp. These modes will fail ouh boson reconstruction.
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tt and V'V contributing with 12%, 3% and 2% to the overall backgroundhe T+jets contribution is
totally dominated by/W/+jets production; theZ (— ¢ ¢~ )+jets background, where one of the leptons is
missed, is small and makes up less than 1% of the total baskdro

To gain a better understanding of the backgrounds, we wit lzacloser look at the major contributor
W+jets. The multi-jet background cannot be simulated ditfagwardly, since it requires detailed knowl-
edge of the experiments and measured fake rates etc. Ragdndi minor background contributors, we
will study thett as well as théV W — or, more exactly, electroweak — background. Even thougi th
enter at a rather low level after the basic selection contpréd’+jets, it is necessary to cross-check what
number of events remain after more selective cuts have hm@ied, as will be discussed in Sectidn 4.

Another background contribution that has been discussgllia-initiated vector boson pair produc-
tion [57,/58,59]. This (quark-loop-induced) process osatO (a2 a?), the same order as the signal.
This background formally arises at NNLO, but under realistiperimental cuts this production channel
has been shown to significantly increase e.giifi@” — 2 /¢ 2 v, background at the LHC. At the Tevatron
the gluon densities are small, so the impacgof— W is expected to be negligible. This expectation
was confirmed in Ref_[60] (a 4%. effect with respect to the NLt@ss section for this decay channel). A
more important effect also recently pointed out by Campdtedll. in Ref. [60] is the interference between
g9 — WW andgg — h — WW, which can result i0(0.1) corrections to the Higgs boson signal cross
section. However, interference effects are consideradayiced by requiring the transverse mass of the
leptons plus MET system to be smaller th&f,. This type of transverse cut is frequently used in our
analyses, so we can safely neglect interference effectsriatady.

3.2.1 W boson plus jets background

For our first study ofV+jets production, we explore the dependence of incluBigget cross sections on
the number of jets and the variation of the common sgalesed to specify the factorization and renor-
malization scales,r andugr, respectively. This information will help us identify antopal definition of
the W+jets K -factor, which we take to improve the rates of thee8pPA predictions. We calculate inclu-
sive W+n < 2-jet cross sections with MCFM version 5.8 to obtain resuitt tare accurate at NLO in
the strong-coupling constant [|61,/62, 63]. We also run MCRN@ to determine explicit NLO-to-LO
theoreticalK -factor

We display our MCFM results in Tablg 2 for different inclusijet binsn and scale choiceg. As
expected, for each-jet multiplicity, the NLO cross sections are more stabldemscale variations with
the largest deviations occurring for the more comgléx +2-jet processes. This is also reflected by the
various NLO-to-LOK -factors, which vary from about 0.9 to 1.5 far= 2 while they are rather constant
for n = 0 ranging from about 1.3 to 1.4 only. For illustrative purpgsee also list the LO and NLO
inclusive jet-rate ratioR(""~1) = o, /on,—1 starting withn = 1. TheW*+n < 1-jet cross sections do
not deviate substantially for the two nominal scales chogen M, y whereM? , = Mg, + pf

andu ~ Hp, which are determined dynamically for each event. Note fitatis the scalar sum of the

3We only conside¥+ bosons decaying inte* v, pairs; the charge conjugated process will just double thescsection
owing to theP P initial states at the Tevatron. We employ the LO and NLO MSD0& PDFs|[[45] withos (Mz) = 0.13939
andas(Mz) = 0.12018, respectively, and impose cuts according to the paramgiezs in Sectiof 4]1. Note that we do not
account for the so-called triangle cut relating the trarsvenass of th&” boson and the missing energy. Other parameters, such
as the electroweak input values of the Standard Model, hawe taken according to the MCFM default settings.
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Inclusive W+ n-jet cross sections in pb.

n p=M,.w/2 =M,w =2M,w % pw=Hr/2 =Hr =2Hr %

0 LO 457 465 469 o 453 463 468 113
NLO 625 619 616 T2 606 602 602 197
K 1.37 1.33 1.31 1.34  1.30 1.29

1 LO 66.2 55.6 473 %8 62.5  52.7 451 158
NLO 79.8 74.6 69.3 110 742 702 65.7 T3
K 1.21 1.34 1.47 119 133 1.46
RO 0.145 0.120 0.101 0.138  0.114  0.096
R 0.128 0.121 0.113 0.122 0117  0.109

2 LO 14.4 10.1 7.40 325 109  7.89 5.8 131
NLO 12.8 11.7 104 94 120 101 8.95 it
K 0.89 1.16 1.41 110  1.28 1.52
RZY 0.218 0.182 0.156 0.174 0150  0.131
RrRZY 0.160 0.157 0.150 0.162 0.144  0.136

Table 2: InclusiveWW++ n-jet cross sections,, in pb at LO and NLO in QCD for different scale choices and jet
multiplicities using MSTW2008 PDFs. The variations witlspect to the nominal choices{, y with Mjw =

Mg, + p7.y and Hy, are given in the columns labelled by “%”. Numerical inteigm uncertainties are not
displayed, since they are at least one order of magnituaswtéle accuracy indicated here. NLO-to-LUO-factors
andn-to-(n — 1)-jet cross section ratios are also shown for all possitdtaimces.

transverse momenta of all particles (partons) in the eventno jet clustering has taken place. Tihe-
M w scales lead to slightly larger rates when compared to thosened fory, ~ Hrp. This can be traced
back to the occurrence pfvalues that are on average larger in the latter case, éitige > (M w) for
n > 1. For the same reason, the cross section differences beconeenmanifest fom = 2. The presence
of the second jet gives an extpa contribution toH per event whereas! L,w is less affected. This
further enhances the deviation of thi- andM y averages.

Given the numbers of Tabld 2 we can conclude that our knowlaexfghe WW+2-jet background is
accurate on the level gf 20%. A K -factor of aboutl.5 should be viewed as the upper limit for correcting
LO results; in Section 3.3.2 we will however compare thE&PAbackground rates more closely with the
results of Tabl€]2 and determing&factor accordingly.

3.3 Monte Carlo simulation of signal and backgrounds using SHERPA

For reasons outlined at the beginning of Sectibn 3, we w&ERSAversion 1.1.3[[24, 25] to generate the
Luytjets signal and background events that are needed to tadeérdhe potential of a Standard Model
Higgs boson analysis in the lepton + MET + jets chaffhate will employ the results of the previous

“Version 1.1.3 was the last of the previouseERrPA generation; for all our purposes, it models the necessaygiphequally
well compared to the upgraded versions of the current (lg&reration. Cross-comparisons have confirmed this result
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two subsections to settle the inclusiiefactors needed to re-scaleiskpPAs LO predictions and include
higher-order rate effects.

The signal and background simulations share a number of comparameters and options that have
been set as follows: we simulate all events at the partomahievel, i.e. we include initial- and final-state
QCD radiation, but do not account for hadronization effactd corrections owing to the underlying event,
since their impact is considerably smaller with respectdditional QCD radiation arising from the hard
processes. The intrinsic transverse motion of quarks amshglinside the colliding hadrons is however
modeled by an intrinsic Gaussiaf-smearing ofu(kr) = 0.2 ando(kr) = 0.8 GeV. The electroweak
parameters are explicitly givendfyy = 80.419, I'yy = 2.06, My = 91.188, I'y = 2.49 GeV; the
Higgs boson masses and widths are mutable, taken accoalifapte[1; the couplings are specified by
aew(0) = 1/137.036, sind, = 0.2222 and the Higgs field vacuum expectation value and its quartic
coupling are given a846 GeV and0.47591, respectively. The CKM matrix is simply parametrized by
the identity matrix. The bottom and top quark masses arecsetyt = 4.8 andm; = 173.1 GeV,
respectively, and all other quark masses are zero. To avyidias owing to the utilization of different
PDFs and in order to develop a consistent picture, signabaskiground events are generated using the
same parton distributions. Our first choice of PDFs is the LEIW set MSTW?2008l090cl [45], because
its NNLO version has been the preferred PDF set used for tentecalculations of the gluon—gluon
fusion Higgs boson production cross sections. The stronglow is determined by one-loop running
with as (M) = 0.13939, which is the advertised fit value of the LO MSTW2008 set.

To gain some understanding of PDF effects, we compare ourWED8 results against predictions
generated with a different PDF set. To fully establish thenparison on the same level as for the
MSTW2008 PDFs, signal and background rates have to be peddicom theory using the alternative
PDF libraries. We cannot follow this approach here, instgadtart out from the same normalization that
has been used for theiBrPApredictions calculated with MSTW2008 PDFs. After the aggtion of our
cuts we then focus on the differences induced by the aligenBDF set. As our second choice we employ
the CTEQG6.6 PDF libraries [56] where the strong couplingeists/ as(Mz) = 0.118 and the running
of the coupling is again computed at one loop. Notice th&r®A invokes a 6-flavour running for all
strong-coupling evaluations.

3.3.1 Generation of signal events
We simulate signal events with electrons or positrons irfitied state according to
PP — h — ev, pp — ev, + jets . (13)

The hard process composed @s — h — ev, pp is calculated at LO. The incoming gluons and the
guarks arising from the decay undergo further parton shogewhich automatically is taken care of by
the SHERPASsimulation. One ends up with the, + jets final states generated at shower level. The hard-
process tree-level matrix elements and subsequent pdrtovess needed for the simulation are provided
by the SHERPAMOdules AMEGIC++and APACIC++ respectively. For our purpose, it is sufficient to treat the
muon final states in exactly the same manner as the electrastates, i.e. the muon decay channel is
included by multiplication with the lepton factgy = 2 at the appropriate places.

The Higgs boson production occurs through gluon—gluorofusia intermediate heavy-quark loops.
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In SHERPA this is modeled at LO by an effectivgg — h coupling where the top quarks have been
integrated out. The EHC (Effective Higgs Couplings) impétation of $iIERPAINcludes all interactions
up to 5-point vertices that result from the effective-thebagrangian. These effective vertices can simply
be added to the Standard Model. We do not work in the infinppert@ss limit, because we also want to
consider Higgs bosons heavier than the top quark, the ajppation however is well applicable only as
long asm; > M}. The Higgs boson decays are described by 4 processes, i.e. we directly consider
h — ev. pp. We thereby make use oHERPASs feature to decompose processes on the amplitude level
into the production and decays of unstable intermediaticpes while the colour and spin correlations
are fully preserved between the production and decay amdpkt[25]. This way one can focus on certain
resonant contributions instead of calculating the fullgfetliagrams contributing to a given final state,
which in our case would lead to the inclusion of contribuidrom the backgrounds. The intermediate
propagators are allowed to be off-shell, such that finitdtvieffects are naturally incorporated into the
simulation. This comes in handy especially for Higgs bos@asses below thB’WW mass threshold as the
1 — 4 decays moreover guarantee the inclusion of off-siélboson effects. A consistent LO treatment
would require the use of total Higgs boson widths as compated. We instead put in the values from
the HDECAY calculations([34, 35] as listed in Taljle 1. This modifies thgdd boson propagators and one
arrives at a more accurate description of the finite-widfaot$ of the Higgs boson decays. The effect on
the total rate,

(0) F(h — €ele pp) LO (14)

o =
S h >
T, 99

is nullified, since we eventually correct for the NNLO rab%%)\,NLO worked out in Sectioh 3]1.

In Ref. [35] a comparative study has been presented for Higgen production via gluon fusion at
the LHC. Amongst a variety of predictions including thoseegi by HNNLO [64] 65], the BERPAVer-
sions 1.1.3 and 1.2.1 have been validated to produce vesgmahle results for the shapes of distributions
like the rapidity and transverse momentum of the Higgs bpgseudo-rapidities and transverse momenta
of associated jets and jet—j&AtR separations. We hence rely on a well validated approachwibikis not
only for pure parton showering in addition to the Higgs boporduction and decays, but also beyond in
the context of merging higher-order tree-level matrix edets with parton showers. Nevertheless, we have
carried out a number of cross-checks to convince ourselin® @orrectness of theHBRPA calculations;
for the details, we refer the reader to Apperidix]A.1.

Finally we turn to the discussion of th€-factors. Recalling our findings of Sectibn 3.1, we want to
re-scale 8ERPAs leading-order signal cross sectiouﬂg) to the fixed-order NNLO predictions given by
FeHIP for Higgs boson production ing — h fusion via intermediate heavy-quark loops|[53]54, 38, 55].
To be consistent, the renormalization and factorizaticsescof the LO hard-process evaluations are
chosen as for the higher-order calculations, which empley ur = pur = M}y /2. The resulting cross
sections ultimately define our signal-factors:

g L(S‘Ol)\INLO
it bkt (15)

o0

Kg =

We have determined two sets Bf-factors for our two choices of PDFs where thefactors and LO cross
sections labelled by66” refer to the case of utilizing the CTEQ®6.6 libraries whericotating the LO
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cross sections. Our results have already been summariZeciior 3.1, they are presented in the right
part of Tabld L. Theé{-factors are remarkably stable varying slowly from 2.8 #® @ver the entire Higgs
boson mass range when relying on MSTW2008 PDFs. In the CTECGe, where we have employed
p = pur = pr = V5/2 ~ M,/2, they are larger due to the smaller LO rates but their madeistill
remainss 3.6

In addition to the default scale choice pf = M}, /2 that we used for the MSTW runs, we have
explored other options by essentially varying this defaetting foru by factors of 2. We obtained results
for p = My /4, u = V5/2 ~ My /2 andp = /3 ~ M, with the effect that the LO rates were varied by
+20% to -15% but — as expected — no shape changes were induced.

3.3.2 Generation of background events forWW boson plus jets production

We restrict ourselves to the Monte Carlo simulation of ¢éfechannels. Their final states are generated
through

PP — ev,+0,1,2p — ev, + jets (16)

using an inclusivélV+2-jets sample obtained from the Catani—Krauss—Kuhn—-&fef®KKW) merging

of the corresponding tree-level matrix elements with theguashowers (ME+PS) [66, 67]. In these
W+2-jets calculations the electroweak order is tiedhfg. Unlike the NLO calculation we do include
matrix elements where the extra partons may occur @sarks; effectively, they are however treated as
massless quarks in the evaluation of the matrix elementgameration of the radiation pattern. The events
are corrected for thé-quark mass after the parton showering. This approach gerseslightly harder
pr Spectra but as part of being more conservative in estimaliisgoackground it is totally reasonable.
Similarly, we simply assume no effect obget veto in removing/V+jets events.

The parameters of the matrix-element parton-shower mgrgie the jet separation scalg.; and
the D-parameter, which is used to fix the minimal separation ofpghdon jets. These parameters are
respectively set t@;; = 20 GeV and D = 0.4 in correspondence to the jpt threshold and cone
definitions of our analysis, see Section|4%.; denotes the scale at which — according to the intefpal
jet measure incorporating the-parameter — the multi-jet phase space is divided into tleed@mains of
Q@ > Qjet Where the jets are produced through exact tree-level mgigments and);e; > @ > Qcutoff ~
1 GeV where the parton-shower intra-jet evolution takes place géherate predictions from samples
that merge matrix elements with up t'* = 2 partons. Although we could increase this maximum
number, at this point we do not want to include matrix elera@vith more than two partons in order to be
consistent with our signal event generation where the jyetd those arising from tH& -boson decays
are produced by parton showers only. If one wishes to fuithprove on the description of additional
hard jets, both background and signal simulations shoukktended on the same footing.

The V+jets predictions of BERPAhave been extensively studied and validated over the lasyédars.
Studies exist for comparisons against other Monte Carlés tfg8,[69,[ 70/ 711, 72], NLO calculations
[68,(69,[73] and Tevatron Run | and Il data [68] [74!, [75,[25,[ @78, 79]. They have helped improve
SHERPAQradually and provided evidence thatERPAgives a good description of the shapes of Haget

5The LO rates calculated with the CTEQ PDF libraries are dishied for two reasons mainly, the value @f at M is
considerably lower and the altered scale choice entailstdureduction of the cross sections.
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n p=Miw/2 =M.w =2M w p=Hr/2 =Hr =2Hr Ocxw/Pb
Lo o 0.92 0.94 0.95 091  0.93 0.94 496
2 1.45 1.02 0.75 110  0.80 0.59 9.90
NLO 0 1.26 1.25 1.24 122 1.21 1.21
2 1.29 1.18 1.05 121 1.02 0.90

Table 3: Ratios at LO and QCD NLO taken between rates of MCFM anerReA CKKW (rightmost column) for
inclusiveW *+ n-jet production at different choices of scales in MCFM usiw§TW2008 PDFs in all cases. The
MCFM cross sections are listed in Table 2.

final-state distributions missing a global scaling factolypwhich can be extracted from the datal[25] or
higher-order calculations$ [73].In Appendix_A.2 we brieflighlight to what extent the CKKW ME+PS
merging includes important features of NLO computations.

We use the results of Tallé 2 to identify a reasondbiéactor for our simulatedi+jets backgrounds.
Relying on MSTW2008 PDFs, thed8RPAnumbers for the inclusive’+ andW ++2-jet cross sections are
496 pb and 9.90 pb, respectively. The O-jge8PArate thereby is about 7% larger than the corresponding
LO rates given by MCFM. The differences occur because on tieehand MCFM by default invokes a
non-diagonal CKM matrix and a somewhat largigrboson Widtl{ﬁ, on the other handr&RPAS merged-
sample generation relies on a very different scale-sefirogedure compared to the leading fixed-order
calculations. These differences have no effect on the kétiendistributions — and are fully absorbed by
the K -factor, i.e. CKM effects may eventually enter through tleerection of $IERPAS rate. Tabld B
summarizes the ratios between the MCFM predictions of Taldad $IERPAs CKKW cross sections
mentioned above. This overview neatly points to the twoarithat give the most stable ratios; they are
found at NLO fory = M w/2 andp = Hy/2 where the latter scale choice has been reported to be
well suitable for even higher jet multiplicities [80,/73,]81Based on these observations, we can hence
conclude that it is fair to apply & -factor of

K = 1.25 (17)

to the W+jets backgrounds employed in our study. The number found tempares well to globak -
factors as reported throughout the literature.

As outlined at the beginning of Section 8.3, we want to noizeathe backgrounds obtained with
CTEQ6.6 to those computed with MSTW2008 PDFs. In the CTE® ttes SIERPACKKW cross sections
amount to 544 pb and 8.13 pb for the inclusiteé™ and W +2-jet final states, respectively. Since the
latter selection ofil/+2-jet events is more exclusive, we re-scale the CTEQ backgls according to
K% x 8.13 pb = K x 9.90 pb and arrive at

K% = 152. (18)

®Switching to an unity CKM matrix and usingHBRPAS input parameters, one finds 486 phuat My .
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3.3.3 Generation of background events for electroweak andap-pair production

The W W background enters & (a2, ) of the electroweak coupling constant,,, i.e. it is suppressed by
more than two orders of magnitude with respect toli#2-jets contribution occurring & (a2, a2). Still,
without running the simulation we cannot say for sure whethe continuumi? W production remains
an 1% effect after application of the analysis cuts and —gdessary — what handles exist to distinguish
it from the signal. Because of the large resemblance betweetopologies of the Higgs boson decay
and the dominantV W production channels, we anticipate some of the cuts to ballggefficient for
both signal and minor background. This makes it hard to egéra priori the extent to which the Higgs
boson signal will be diluted by the electroweak productigpetof processes. For the same reasonsitthe
production final states can be expected to enhance the siduigdn on a similar level. Certainly, whether
we end up with an 1% or 10% effect, this time it is sufficient pplg K -factors taken from the literature.

For the simulation of the diboson production background,take the complete set of electroweak
diagrams occurring aP (a2, ) into account including interference effects. This way wepdse physics
effects beyond the plaifl’ W production with subsequent decays of the gauge bdbohs before we
only generate the processes regarding the first leptonyamil

PP — ev, pp — ev, + jets (29)

where additional jets are produced by the parton showeril&isetups have been validated fa1ERPA

in [82] and more recently i [83, 84]. Here, we employ a dymaofioice,. = V5 ~ 2 My, to calculate
the scales of the LO processes. Parton-level jets are gedexain Section 3.3.2 using the same jet-finder
algorithm and the same parametetl.( = 20 GeV and D = 0.4). Processes with bottom quarks are
included; just as in th&//+2-jets case, they are treated as massless.

Thett background events are generated according to
PP — tt — bb ev, pp — ev, + jets (20)

again utilizing the parton shower to describe any additigetaactivity beyond that generated by the top
guark decays. We only consider the semileptonic channe fdlty hadronic channel has to be considered
together with the QCD background, and the fully leptonicrofe will suffer from smaller branching
fractions, the single isolated-lepton requirement anddijey mass window that we impose around e
mass. The LO processes are calculated at the gcalem;, the mass of thé quarks is fully taken into
account and the partonic phase-space generation is stibjihet same jet-finding constraints as used for
the compilation of the electroweak background. In additi@nplace mild generation cuts on thgquarks:
prp > 10 GeV andAR, , > 0.3.

We also examined the impact gftjets production on our analyses, and found that this dmurtidgn
makes up less than 1% of the total background. Siigets has kinematics similar td+jets, we will
not study it further.

In SHERPA the minor backgrounds are computed at LO. As in all other ;ase correct the total

inclusive cross section for NLO effects by multiplying wigtobal K -factors, which for both electroweak
andtt production are larger than 1. Tevatron diboson searche$dtk 86] measure cross sections in good

"Relying on the full set of electroweak processes is moreamwasive: the rate increases by about 20%; the effect on the
shapes is rather small in general, although we observetlsliggwrder tails inpr distributions.
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agreement with the prediction given by Campbell and Elli& 1 4+ 0.9 pb for WWW+W Z). From their
work [87] (Table IIl) we infer an NLO-to-LOK -factor ranging froml.30 to 1.35. For our analysis, we
will then use the conservative estimBte

Kpew = 1.35. (21)

For the inclusivet production, we can safely estimate a conservakiwactor of1.30 by comparing the

cross section results given for the Tevatron in Refl [89] optihg ab-tagging efficiency of the order of
50% would give us a 75% chance of vetoitigevents with at least onequark jet, i.e. we were able to
remove about 3/4 of th& background; again, we will be more conservative here anahasshat about

40% of thett events will pass; hence, for our purpose, we finally assign

KR = 052 (22)

4 Signal versus background studies based on Monte Carlo simula-
tions using SHERPA

We report the successive improvements of fia/B significances when applying a series of cuts that
preserve most of the signal and reduce the incluBi#-jets background significantly.

4.1 Baseline selection

We follow the event-selection procedure as used by the Didlmmiation [26]:  hadronic jetg are iden-
tified by a seeded midpoint cone algorithm using #xscheme for recombining the momerital[90]. The
cone size is taken a8 = 0.5 and selection cuts qu‘ft > 20 GeV and|n’®t| < 2.5 are imposed. Addi-
tionally, we require a lepton—jet isolation AfR'*P=et > 0.4. For the leptonic sector, we apply transverse-
momentum and pseudo-rapidity cut5pr§ip > 15 GeV and|n'°P| < 1.1, respectively, supplemented by a
missing-energy cut vig_ > 15 GeV. In addition, we also account fadr y + Fr/2 > 40 GeV, which

is known as triangle Clﬁ.

4.2 Higgs boson reconstruction based on invariant masses

After the application of the basic cuts, we identify the Hitsfe, v, 7, j'} set from all possible candidates
allowed by combinatorics. The algorithm we use to identifg best-fit object is referred to as tHeggs
boson candidate selection. Several different selection algorithms are possible, dwaw for now, we will
use an invariant mass (d0nvm selection: the four particles (reconstructed in a moreess ideal way)
whose combined mass,,, ;; is closest to a “test” Higgs boson mak§, are chosen. Of course, in the

8NLO corrections td/ V' production can become large, for a recent example[sée [88jedk -factors as large ak77 have
been reported; taken this value, we would certainly ovenege the electroweak contribution, since the CDF-typs eutployed
in [88] are more exclusive. As for the shapes, we found thdialaly described in a cross-check against an electroweek1-jet
merged sample, including matrix-element contribution® a2, a:s ).

°The cut is applied to the leptonid” boson wheréVr,w = /(|7 + [F])2 — (Br,e + Pr)2 = mr,e,, cf. Eq. [8). For
Higgs boson masses above &V threshold, the rate reduction and shape changes inducéslgut are marginal.
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context of the analysis, the Higgs boson mass enters as dhmgi®and, thus, is treated as a parameter.
Regardless of the selection algorithm, we refer amd;’ as the two selected jets, which are not necessarily
the hardest jets in the event.

After selection, we impose a requirement on the absoluferdifice betweem,,, ;;» and the hypoth-
esized Higgs boson mass; events are kept only if they ratmhst mass that lies within the window
My, — A < myy, i < M+ A. This completes our combinatorial Higgs boson reconstmgctvhich we
label as “combh-reco” in our tables. On top of this selection, we may incladeadditional dijet mass
constraint ofMy — & < mj; < My, + & (marked byl — 80| < § in the tables). The selection pro-
cedure will certainly shape — to some extent — the remainaakd¢round to look like the signal, however
the primary effect we are interested in concerns the regluaf the background rate while we want to
preserve as many signal events as possible.

One may ask whether the reconstruction of the Higgs pacaheidate can be achieved more easily by
selecting the set containing the respective hardest [gstin particular, by choosing the two hardest jets,
41 andjs, to reconstruct the hadronically decayifig boson. We will refer to this approach as the naive
Higgs boson reconstruction, denoted as “ndiveeco” later on (as before we ug@;, ;, — 80| <4 inthe
tables to indicate that a dijet mass constraint has beensatpim addition). There are no combinatorial
issues in the naive scheme. However, as we show in our tablgs)ds poorer significances than the
selection based on combinatorics.

We calculate the number &f signal andB background events for different Higgs boson masses as-
suming a total integrated luminosity @f = 10 fb—!. This seems to be a goatiestimate for what each
of the two Tevatron experiments, CDF and DJ, were able t@cbbefore the eventual Run Il shutdown
in September 2011. We compute the numbers according to

S = Kséso'go) X 2fg£ = KSO'S X Qfgﬁ,
B = KBeBO‘g)) X Qfgﬁ = Kpop X 2fg£ (23)

wherees and K respectively denote the total cut efficiencies andihé&actors, which we have worked out
in Section 3.1, cf. Tablel1, and Sectionl3.3, cf. EQsl (1A),(21) and[(2R). The total efficiencies are
a product of single-step efficiencies, ise= [, ;. The factorf, = 2 accounts for including the decay
channels that involve muons and their associate neutridotice that the Higgs boson mass enters in our
simulation intwo, potentially different ways. In practice, the Higgs bosoassithat we used to generate
the signal need not be the same as the Higgs boson mass wefosautate the analysis. We refer to the
former as the injected mass,™ in the text, while we have already introduced the terminglofthe latter

as the “test” or “hypothesis” Higgs boson maefy. However, for simplicity we take the generation level
Higgs boson mass and the analysis level Higgs boson masstub&)M,™ = M. A discussion on how
different generation versus analysis masses would chamgesults can be found in the Appendix B.1.

We can now go ahead and calculate #)&3 ratios andS/+/B significances. For various Higgs bo-
son mass hypotheses, Table 4 and Tdblés17—10 of AppendixsBsignal andiV+jet-background cross
sections, acceptance$/ B ratios and significances at different levels of cuts for #lection procedures
discussed in this subsection. TheeRrasimulation runs obtained with the MSTW2008 LO PDFs have
been used to extract the results of all tables except thofaldé[9 presented in Appendix B.1 which are
based on a set of runs taken with the CTEQ6.6 PDFs. In Appddixve will then also briefly discuss
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cuts & 2A/ | os/ftb  op/fb S/B | os/ftb  op/tb S/B | os/tb  op/fb S/B
selections GeV €s €B S/\/E €s eB S/\/E €s eB S/\/E
M;,/GeV  [§/GeV] 165 [20] 170 [20] 180 [20]

o 19.35 220-10* 2010 | 17.77 220-10* 1810° | 14.19 220-10* 1410
1.0 1.0 0.21 1.0 1.0 0.19 1.0 1.0 0.15

lepton & 10.66  984-10° 2410° | 9.869 984.10° 2210° | 7.946 984-10° 1810°°
MET cuts 0.551 0.45  0.17 | 0.555 0.45 0.15| 0.560 045 0.12
as above & 8572 191.10° 0.0010| 7.967 191.10> 9210° | 6.471 191-10> 7410
> 2jets 0.443 0.0087 0.99| 0.448 0.0087 090| 0.456 0.0087 0.72
as above & 5.195 6997 0.0017 | 4.735 6997  0.0015| 3.691 6997  0.0011
|77, 5, — 80| <& 0.269 0.0032 0.99| 0.266 0.0032 0.88| 0.260 0.0032 0.68
naive h-reco 50 | 5.422 6492 0.0019 | 4.983 6492 0.0017 | 3.911 6749  0.0013
0.280 0.0030 1.07| 0.280 0.0030 0.96| 0.276 0.0031 0.73

naive h-reco 30 | 3.948 4108  0.0022| 3.897 4108 0.0021| 3.039 4199  0.0016
0.204 0.0019 0.98| 0.219 0.0019 095| 0.214 0.0019 0.72

naiveh-reco 48 | 4.657 2965 0.0035| 4.214 3210  0.0029 | 3.232 3539  0.0020
|77, 5, — 80| <& 0.241 0.0013 1.36| 0.237 0.0015 1.16| 0.228 0.0016 0.84
naiveh-reco 20 | 3.080 1374 0.0051| 2.876 1512 0.0042| 2.219 1676  0.0029
7724, j» — 80| <& 0.159 62107 1.33| 0.162 69107 1.15| 0.156 76107 0.83
comb.h-reco 50 7.105 6816  0.0024 | 6.557 7117 0.0020 | 5.241 7396  0.0015
0.367 0.0031 1.37| 0.369 0.0032 1.21| 0.369 0.0034 0.94

comb.h-reco 20 | 4.827 3094 0.0035| 4.577 3191 0.0032| 3.657 3255  0.0024
0.249 0.0014 1.38| 0.258 0.0015 1.26| 0.258 0.0015  0.99

comb.h-reco 50 | 6.346 3336 0.0043| 5.884 3697 0.0035| 4.679 4098  0.0025
|7 — 80| <& 0.328 0.0015 1.75| 0.331 0.0017 151| 0.330 0.0019 1.12
comb.h-reco 30 | 5.586 2217  0.0057 | 5.159 2488  0.0046 | 4.083 2756  0.0032
|17 — 80| <& 0.289 0.0010 1.89| 0.290 0.0011 1.61| 0.288 0.0013 1.20
comb.h-reco 20 | 4.616 1525  0.0068 | 4.280 1731  0.0054 | 3.404 1933  0.0038
|50 — 80| <& 0.239 69107 1.89 | 0241 79107 1.60 | 0.240 8810° 1.19
comb.h-reco 16 | 4.075 1235 0.0074 | 3.784 1396 0.0060| 3.017 1575  0.0042
|17, — 80| <& 0.211  5610° 1.85| 0.213 63107 1.58 | 0.213 7210° 1.17
comb.h-reco 10 | 3.025 787.9 0.0087 | 2.624 905.0 0.0064 | 2.103 1006  0.0046
|7 — 80| <& 0.156 36107 1.72| 0.148 4110° 1.36 | 0.148 46107 1.02

Table 4: Impact of the different levels of cuts on the.+jets final states for thgg — h — W production and
decay signal and thB/+jets background as obtained fromERPA Cross sectionsg, o, acceptancess, g and
S/B, S/\/E ratios are shown for Higgs boson massedbf = 165 GeV, M;, = 170 GeV andM;, = 180 GeV.
Note thatn;; = m;;/GeV andé = §/GeV. Significances were calculated using Efs] (23) assumirg10 fb~*
of integrated luminosity, counting both electrons and naummd combining Tevatron experiments.
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the differences that can be seen between the predictiotisddwo PDF sets.

We now turn to the discussion of the tables. Their setup ielamsifs: the rows represent different stages
in the cut-flow, Higgs boson reconstruction strategies, miags window cuts, while the third through
fifth columns contain the outcomes for different Higgs bosmasses. The second column indicates the
mass window cut (inGeV, referred to asA in the text), which has been applied to all reconstructed
Higgs boson candidates. Similarly, the number in squarekita next to each Higgs boson mass is
the dijet mass window cut (referred to asalso in GeV). At every analysis level, six humbers are
displayed for each Higgs boson mass. The top row display&@hsignal cross section (ifb), the LO
WHiets cross section (ifb) and.S/B at10 fb~! of integrated luminosity, calculated includidg-factors
and factors of 2 following Eqs[(23). The bottom three nurshareach table entry are the signal and
background efficiencies anél//B. Of these entriesS/+/B is displayed in bold. For the first set of
tables, Tablel4 arid 7 (see Appendix|B.1), we concentrate ggsHioson masses greater than62 GeV
— above thédV W threshold. Higgs boson masses below &l threshold have additional challenges,
which we explore in a later subsection.

The rows are divided into three groups. In the first group,srdw4, the baseline selection cuts, as
described in Sectioh 4.1, are applied.In the second group, rows 5-8, events are selected using the
“naive” criteria, then retained if their reconstructed stalfs within various Higgs boson and dijet mass
windows. Finally, in the last set of rows, 9-15, we selecinévevith the “combh-reco” algorithm, then
apply several different mass windows. The effect of the nvasslow cuts, with either the “naive” or
“comb. h-reco" selection scheme, are fairly intuitive; mass wind@lways help because they emphasize
the peaks in the signal in comparison to a featurel@3gets background. Tighter mass windows are
usually, but not always, better. Clearly, among the threegs the combinatorial selections give the best
significances, followed by the naive ones, which alreadyrawp over the baseline selection cuts.

Comparing rows with identical cuts but different selectidfnaive” versus “combh-reco”), such as
rows 5 and 9, or 7 and 11, the combinatorial Higgs boson réxat®n is better across all Higgs boson
masses by roughly 30%. The difference can be traced to ewdrgse one of the hardest jets comes
from I/FSR rather than from one of the jets of tHé decay. Had we truncated our treatment of the
background at the matrix-element level (or even at matexaent level plus some Gaussian smearing,
as in Ref.[[7], additional jet activity arising from I/FSR wid be absent and the “comh:-reco” scheme
would give the same result as the “naivgeco” scheme. Incorporating these relevant I/FSR jetsgusi
a complete, matrix-element plus parton-shower treatmetiieobackground, we notice that the “naive”
scheme is no longer the best option. The ME+PS merging thedédws us a fully inclusive description
of W+2-jet events on almost equal footing with the related NL@wation, however with the advantage
of accounting for multiple parton emissions at leadingaldtipmic accuracy. These effects are pivotal to
obtain reliable results for the combinatorial selections.

Showering effects are not just limited to the backgroundpadrticular, the width of the Higgs boson
candidates reconstructed from showered events is mucHdartzan the reconstructed width derived from
parton level. In fact, after showering, the reconstructeggkl boson peak is typically so broad that the
tightest mass windows used in the tablas=£ 5 and8 GeV) cut out some of the signal and yield worse
significances than broader windows. For example, the caminiial selections supplemented by a dijet
mass window yield FWHM of about0 GeV at the shower level, while the FWHM at the parton level
are reduced down t® GeV — that basically is the width of one bin. If we relied on the rmatlement

Note that the “lepton & MET cuts” level also includes a leptjst separation oA R'*P7°* > (.4 in the presence of jets.
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Significance vs. Higgs boson mass away from the charged diboson threshold.
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Figure 2: S/+/B significances for Higgs boson masses varying fiafin = 110 to 220 GeV after different levels

of cuts. The numbers are taken from Taliles 4 [@hd17-10, whitdctén more detail the outcome of the analysis
based on thé nvmselection procedure fat . +jets final states originating from they — h — WW signal and
the W+jets background. Results are shown for Higgs boson masdew land above th&/ W mass threshold;
the threshold region has been left out though. All signifie@nwere calculated according to E4s] (23) under the
assumption of an integrated luminosity®f= 10 fb~! and including electron and muon channels, fe= 2.

level results, we would obtain far too promisisg+/B. Focusing on thé//, = 180 GeV test point and
the “comb.h-reco” with a dijet mass window, we would find the significamdéecreasing from.5 for

A = 25 GeV,2.2for A =10 GeV 10 3.0 for A = 5 GeV. These numbers should be contrasted with
those in Tablé¥4, namely.12, 1.19 and1.02, respectively.

To conclude this discussion, it is illustrative to show atmbthe significances versus Higgs boson
masses for various selections as presented in the tablbe[@and Tablegl 7=10 in Appendix B.1), all
of which is summarized in Figurig 2. The significance, at ledigr this level of analysis, reaches a
maximum of~ 2.0. The highest significance occurs, as expected, nedithé threshold. For heavier
Higgs bosons, as thd’WW decay mode becomes subdominant to Zh& mode, the significance drops
slowly, reaching~ 1.0 at M}, ~ 185 GeV. By gradually enhancing the selections the gain in sigmifiea
remains approximately equal over the whole region of lavgg this is indicated by the parallel shifts
of the respective significance curves. Hence, the diffarerseen in the significances pdf, test point
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are mainly driven by the behaviour of the total inclusivessr@ection for the signal. Looking back at
Tabled 4 andl7, we in fact realize that the acceptangeende i are rather similar at any selection step
(for each row), only mildly varying across the different ggboson test mass points. For Higgs boson
masses below threshold (Table 8 in Apperidix|B.1), as we wslubs in the next sections, the drop-off
is more severe. Not only does the branching fractioWtd’* fall rapidly, but the signal becomes more
background-like once the twid’ bosons from the Higgs boson decay cannot both be producstiaih-
The significances shown in Figure 2 reflect our best estimhtagever, we have also performed several
checks on the stability of these significances under sligtiaitions in the analysis. These checks not only
include — as mentioned earlier — varying parton distribufinctions, but also varying jet definitions, etc.
and are summarized in Appendix B.1

4.2.1 Reconstruction below the on-shell diboson mass thitesld

In the above-threshold case there is good hope that theézddahpproach of considering the neutrino
as a fully measurable particle will not lead to results, whice sizably different from those obtained by
a realistic treatment of neutrinos. This is based on the tfat in most cases the leptoni€’ will be

on its mass shell. The approximation.,, ~ My, can in principle be used to determine the neutrino’s
longitudinal momentum — up to a twofold ambiguity — by emphagythe lepton and missing transverse
energy measurements. Below &1 mass threshold one of th& bosons will be off-shell, so that the
simple ansatz in calculating; ,, will be rather inaccurate. Hence, it a priori is not clear thiee an event
selection based on invariant-mass windows will give an aigicture that can be maintained in more
realistic scenarios. Nevertheless here we briefly estahlizat kind of significances may be achievable
assuming we had knowledge about the off-shellness (thalatiass) of the leptoni@” boson. This will
give us a benchmark, which we may use to assess more reedistiostruction approaches.

When we apply the same analysis as abovel#i& threshold, we find significances as summarized
in Table[8 of Appendix Bll. They are visualized in Fighie 2.eTlumbers demonstrate that we quickly
lose sensitivity below th&/ TV threshold, in particular for test poinfd;, < 130 GeV. This happens for
three reasons (which apply to the signal only): one facttiésdecline of the total inclusive signal cross
sectionag?l)\INLO towards lowerM;, which actually is comparable to that seen for lafrgg. As shown
in Table[1, this effect is not as drastic as one would assuome the drop in thés — W*W* branching
ratios; it is partly compensated by the rising gluon—glugsidn rate for lowM},. In contrast to the above-
threshold case, there are yet two more factors coming it@tiuation. Firstly, the basic selection cuts
affect the signal more sever@;secondly, the lowM;, signals that pass the baseline selection are often
penalized because of substantial off-shell effects. Itiqdar, the Higgs boson propagator can be pushed
far off-shell and the Higgs boson reconstruction will falitside the mass window, such that the event will
be discarded. The tendency for lighter Higgs bosons to gshadfl increases, since the basic cuts make it
extremely unlikely for the leptonic and hadroriic masses to drop below 30 GeV.

Figure[3 shows the,,, ;;» spectra including shower effects for signals and backgiswt)\/;, = 130
and180 GeV after the combinatorial Higgs boson reconstruction has beelied using wide Higgs boson
mass windowsA = Mj},). The parton showering washes out the peaks, thereforeesdand broadens
them. Both signal distributions develop a softer tail abd¥g as a result of the jet combinatorics. For

UFor My, = 110 GeV, only about 7% of the events survive, while 45-49% of the aligs kept above threshold (cf. the
respective 1st rows in Tallé 8 and 3rd rows in Tables 4&and 7).
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Combinatorial selection using wide Higgs boson mass windows.
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Figure 3: Mass spectran,,,;; after the combinatorial reconstruction of Higgs boson wdaigs for very wide
Higgs boson mass windows. Results are shown\igr= 130 GeV and M), = 180 GeV andev,tjets final states
originating from thegg — h — W signal (peaked distributions) and thétjets background (flat distributions).

M;, = 130 GeV, the tail plateaus due to the off-shell effects mentionetieza Figure[3 also illustrates
why the value of the significance jumps up significantly (asashin Figurd_2) when we tighten the Higgs
boson mass window fromh = 25 to 10 GeV for M), = 130 GeV. This effect arises because we place
our window cuts in a steeply risindg/+jets background.

When we studied which choice of mass window gives us the lestts in terms of separating signal
from background, it came as somewhat of a surprise that wenalichave to alter the additional dijet
mass constraint af/yy — § < m;;; < My + 6, 6 = 20 GeV. Our studies indicate that it is helpful to
have the hadronically decayird boson to be close to its on-shell magg,. The W boson decaying
leptonically is then forced to go off-shelhd.,, < My ), a kinematic configuration at odds with most
W+jets events.Cutting om;;- therefore helps suppress the dominant background and peesyeshould
also be convenient to demote the production of multi-jefisieftly.

For the tighter Higgs boson mass windows, our results shatetsimple one-sided lower cut an;/,
i.e.m;; > My — ¢ is slightly more efficient than using any type of dijet massdaaw. The one-sided
cut improves the significances as given in Tdble 8 by 1-2%. réheval of the upper bound an;,
has however negligible effects on selections using broggi$iboson mass windows. As a consequence
of keeping anm;;» constraint the leptonically decayirig will almost always be off-shell, such that the
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Naive Higgs reconstruction. Combinatorial Higgs reconstruction. Naive Higgs reconstruction. Combinatorial Higgs reconstruction.
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Figure 4: Cut efficienciex g andeg for ev,tjets final states and differenhvmnaive and combinatorial Higgs
boson reconstructions taking the mass poiis= 130, 170 and210 GeV. The selections are labelled by the row
numbers as assigned in Tablés 4 BHd ¥-10; row 3 marks therieaselection (used as benchmark). The left pane
exhibits the efficiencies found for the minor backgroundieeteoweak and top—antitop pair production (dashed and
solid lines, respectively) — whereas the right pane dispthge 5 for the W+jets background (dashed lines) as well
as thesg of thegg — h — WW signal (solid lines). The two plots to the right comparedwaach other nicely
visualize why the combinatorial outperforms the naive&@@a: the signal cut efficiencies get increased, while, for
WHjets, the cuts remain about as effective as for the naiveoapp. Also notice the drop of th&/;, = 130 GeV
signal curves — they show the penalty in employing the sarsie loats as above tH& 17 threshold.

reconstruction of the longitudinal component of the newis four-momentum cannot succeed without a
good guess of the mass of the. pair. We will address this issue in Sectlonl4.3.

4.2.2 Effect of the subdominant backgrounds

In this section, we examine to what extent the significané¢d¢benideal Higgs boson reconstruction will
be diluted by contributions from the electroweak and top-peoduction of theev, +jets final states. To
this end we apply the analysis as established so far, witlimoutodification.

The first thing to notice is the total inclusive LO cross sausifor these minor backgrounds &€l) pb
— substantially smaller than th& production contribution. After the application of the l@asuts, the in-
clusiveer,+2-jet cross sections drop to ab@ui pb, a factor of 40 below the major background. Including
all the variousK -factors, see Tabld 1 and Eds.](17),1(20)] (22), we find treatdtal significance,
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at the basic selection level is only 2% smaller comparedédignificanceS//B using onIyW+jet

12The cross sections stated are LO-like cross sections amebtaith SHERPA before (after) the basic cuts, we find1 and
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Significance vs. Higgs boson mass including the minor backgrounds.
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Figure 5: Single-background and total significances as a functial gffor three different Higgs boson candidate
i nvmselections as denoted on top of each panel.cthejets final states are generated from #lge— h — WW
signal, W+jets, electroweak antf production backgrounds. Al/\/B; were calculated according to Eqs.}(23)
assuming an integrated luminosity 6f= 10 fb~' and including electron and muon channels, fe= 2. The
total-background significances were obtained with Eql.(Z8he lower plots hold the ratios &f/+/B;.; over
S/+/B for W+jets only. Note that the large significances obtained by the naive selection (left paresiiit from
the failure of the relatively harder leading-jet pairs ttisfg the mass window constraints.

Switching from the baseline selection to a combinatorigéct@an and finite dijet mass window, the
single minor-background significances improve by up to 5@ave (100% below) thé/’WW threshold.
So, for beyond-baselink reconstructions, the significance corrections owing taribkeision of the minor
backgrounds will be of the same order as before. This is deated in both Figurels| 4 amd 5. In the
former we compare the cut efficiencies between all backgtewamd the signal (shown together with the
WHjets background in the plots to the right in Figlie 4) forieas naive and combinatorial Higgs boson
candidate selections. Firstly, no background cut effigiezwer exceeds any of the;. In all cases the
background curves decrease more strongly when tighteheggiection. Secondly, the pattern we observe

0.886 pb (540 and508 fb) for the electroweak antf backgrounds, respectively; the resulting single-baakgdosignificances
turn out to be almost 6 and 10 times larger thanitfigets S/v/B.
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for the minor-background cut efficiency curves resemblearylarge those of the major backgrod.
For these reasons, the single-background significancéteglieersus)f;, follow the trend found for the
W+jets contribution, but remain well above thEtjets significance@ All of which is exemplified in
Figurel® using three Higgs boson candidate selections hatmpose a dijet mass window (corresponding
to the rows 8, 11 and 13 in Tablek[4, 7 10), namely the nagdtbod withA = 10 GeV (left panel)
and the combinatorial method with the same and broader wirafo\ = 25 GeV (middle panel). The
total significancesS/v/ Bt resulting from combining the three single backgrounds é&e shown. In
fact, they only decrease by 1-5% as demonstrated by theptat®in the lower part of Figufid 5. The high
M, region is found to receive the large®)(5%) corrections once the electroweak aticcontributions
are included in the overall background. As noted early ini6e{8.2, experimenters have estimated this
fraction of events with 5% implying a 2.5% drop in significandt is reassuring to be able to confirm
this expectation with our results. Slightly contrary to thepectation, we identify the electroweak as the
leading minor background in all selections.

Based on these results it is easy to conclude; at this stagaradnalysis we do not have to worry
about contributions from minor backgrounds. Although &ddal handles exist to further reduce these
backgrounds or supplement the (here conservatively chégenveto, it is of far more importance to find
ways to diminish thé¥+jets background. We postpone this discussion until Segtid.

4.3 More realistic Higgs boson reconstruction methods

Up to this point we have ignored one big problem, namely therire problem. In our selection based on
the reconstruction of invariant masses — which we dublbedmapproach — we currently treat neutrinos
as if we were able to measure them like leptons. This is, ofssgwnrealistic and before we can talk
about further significance improvements, we have to ingatgiin which way our analysis may fall short
when switching to more experimentally motivated Higgs bosandidate selections. Under experimental
conditions, missing energy is taken from fiieimbalance in the event. However, in our analysis we then
make a small simplification and identify the missing energghuhe neutrino’s transverse momentum as
given by the Monte Carlo simulation.

There are multiple choices for how to proceed.Recall thatesrer method we pick acts as a selection
criterion; we decide which two jets to keep in the event basedhese variables, therefore we want to
design variables, which are best at correctly picking ostjéis from a Higgs boson decay. One way
to proceed is to give up complete reconstruction and to wol&ls with transverse quantities; this is
clean and unambiguous, but we throw out information. Themsg@pproach is to attempt to guess the
longitudinal neutrino momentum by requiring that some oéroélthe final-state objects reconstruct an
object we expect, such asl& or Higgs boson. Full reconstruction then gives access togaiaet of
observables, therefore keeps more handles and informatibiit is also more ambiguous.

B3I particular, the minor-background cut efficiencies shoarenpronounced drops, if one enhances the baseline to a Higgs
boson candidate selection, introduces the dijet mass wirddar tightens theA Higgs boson mass range. Notice that the naive
Higgs boson reconstruction very efficiently beats downtthieackground. This is because the two leading jets turn oatenar
compared to all other cases. The presence of a sufficient euaftsubleading jets however makes the selection based on je
combinatorics pick a pair of soft jets, and, on the contrdmyost too effective for Higgs boson masses abovdthid” threshold.

14Both the electroweak and production significances show the same strong enhancememica)/;, = 130 GeV as a result
of the effect discussed around Figlite 3 which is due to theofiadtight Higgs boson mass window. As fdr+jets, the minor
backgrounds fall rapidly for decreasiidy,.
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My, /Mw pznmw pzmh mt ntp
(Ve) (Ve) (Ve) (Ve)
<2 T v, it T v, it T v, it ML ev, it
(Ve) (Ve)
>2 MT,ev, jj’ Teveji’ Mo ey, i MT,ev. jj’

Table 5: The preferred choice of definition for the 4-particle tragrse mass shown for each of the more realistic
Higgs boson candidate selections. The definitions are given in Eq4.](8) arid (9).

To remove some of the combinatorial headache, weeusg’ andj;’ (transverse) mass windows as
before; moreover, we can impose criteria on subsets of thetetFor example, if the (3-particle) mass of
the visible systemm,;; is greater than the test Higgs boson mass, that particutacelof jets is unphys-
ical and we can move on to the next choice. A second constraariften impose is that the 4-particle
transverse mass does not exceed the upper bound on the lagm@smass windownr ., ;v < My +A.

As to the definition ofny, we generally use the definitions stated in Sedtion 2, see(@pand [(9). For
our selections, we found that the distinction of the twg definitions in fact only matters when we cal-
culate the 4-particle transverse masses. Accordinglyy sakection comes in two versions either using
MT ev,jj’ OF mg’,zzjejj,. In Table[% we summarize for each type which version is mope@piate to use
and in what context. Whenever we refer to a specific seledti@ue course, we understand it according
to the findings listed in Tablg 5.

With these criteria in hand, the different selection methare specified as follows:

e nmt: we want to test a method where the final state of the Higgs bdeoay will be identified
purely with the help of transverse masses rather than amwamasses. To this end we calculate
mr.e,j;+ @ccording to Eqs[{8) of{9) and prefer the final state giviaghe 4-particle transverse
mass closest tdf;,. Owing tomy . jj» < me,, j; the test mass window is placed on the lower side
only, My, — 2A < mg e, j» < My, with double the size as compared to the other selections. Th
advantage, but also disadvantage of the method is thererecoastruction. Avoiding reconstruc-
tion eliminates uncertainties owing to constraining magdes resolving ambiguities, but means
we have no access to longitudinal and invariant-mass oblslew involving the neutrino.

For the next two selections, we aim to approximately deteentihe longitudinal momentum of the neu-
trino, py ..., using knowledge about which value for.,, should likely be reconstructed by the combined

systemp, + p,, 21 When we write

2
*,1Vek..

my, + 2 (\/ My + D \/Pr, +Pﬁ7ue — DTik.. * DT,ve —p||,ik..p||,ye> ; (25)

using the “(in)visible” subsystem notation, we note thattsproblems can be solved up to a twofold
ambiguity. The difference amo% the two selections liesow particles are grouped in EQ. (25) and how
the twofold ambiguity is resolv

%m2 =

m wek..

5provided the MET cut was passed, we assume here that all MEE ievent has been produced by a single neutrino.
181f the solutions are complex-valued, we only assign the past to describe ., with no ambiguity left to resolve.
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* pzmw. in this selection we use thB” mass constraint to solve for the neutrino momentum:
mieye = MZ,. The ambiguity is then resolved by picking the neutrinsolution, which brings the

reconstructed mass,,, ;;» more closely to the Higgs boson test madg. For true signal events,
it then is more likely to find the reconstructed., ;;; matching the Higgs boson mass.

The tricky part is to pick the best choice for thieye constraint — meaning i8/2, always opti-
mal given that thé? boson may be off-shell? Faz mw, we do the following: first, we inspect the
transverse mass;r .., of theev, subsystem in each event.itfr.,, > My, we choosen, ¢, =
mr.ev,., Otherwise we pickn, .,, = My as long as\;, > 2 My or 0.9 < mpe,, /My < 1.0.
That is, above and around thi& 1V threshold, we taken., towardsMy, . If below threshold
andmre,, /My < 0.9, the mass estimate is chosen taking various subsysteniainvand trans-
verse masses into account but enforcing.,, to lie betweennr.,, and My,. For example, if
myjr > 2my ;i We Setmy ¢y, = M7 ey ;0 — My While otherwisem, o, = mr ey, jj0 — mrj
unlessmej;ji > mr ey, j;» Where we sayn, c,, = mr,ey, -

» pzmh: we again infer the neutrino’s longitudinal momentum fromssxaonstraints. Although
technically similar topz mw — with the “visible” subsystem entering E@._{25) now beifig, j'}
— we here turn the idea around and already requigg ;;» ~ M}, in order to solve fop,,, . That
is to say we enforce the combined systeny,: + p,,, to mimic a Higgs boson signal mass while
leaving us with reasonable leptonit’ massesn,,, at the same time. When reconstructing the
signal these observables are likely correlated, whileHerttackground they are uncorrelated apart
from kinematic constraints.

The details of the method are: we specify the target massmig, ;v = M) unless we
find mq ., ;/Mp > 0.94, i.e. the 4-particle transverse mass turns out too largeadyr so that
mieyejj, = m%,euejj,/o.% is the more appropriate choice. We approximate the leptdnibo-
son mass byn, ., = M, — m;; freezing it atm, .,, = Myy if this difference exceedad/yy.
We however requirenin(my ¢, ) = mr.e,. Taking this estimate, we can form the absolute dif-
ferencedme,, = |mey. — My ev.| USING the reconstructed mass,,, for each possible neutrino
solution. In the presence of two solutions we define, as a unead the longitudinal activity,
bij = m 4; exp |yij| = max{Ej; & p) ;;} with miij = m?j +p22mj and pick the solution that gen-
erates the smallég,,, i.e. theer, subsystem less likely going forward. We do so unless the sthe
lution’s ém,, drops belowm.,, and(b;;+be.: )/ (M5 +meyr) < (bjjr+bew,) /(M +Mey, )+
is satisfied; this is when we pick conversely: (= 0.5 if M}, < 2 My, otherwisedz = 1.0). Finally,
we ensure that thge, v, j, 7} set minimizingdm.,,, will be preferred by the overall selection among
all sets reconstructing the same 4-particle mass. Notesbato not reject the selected ensemble
if the ém,,, deviation becomes too large; we leave this potential to Ipéoérd by supplemental
cuts, which we discuss in Sectibn 4.4.

We explored in detail how each of these selection criterrapare to the ideal case. Figuire 6 shows
the significances peh/}, test point that we can achieve running the different comtbine selections
for various, reasonable window parameters. In the uppeelpame display them directly on top of the
(quasi optimal) ideal case, i.e. th@vmcombinatorialh candidate selection. The plots on the right and
in the center respectively exhibit the results of tteand pzmh methods for the wholé/}, test range.
The pzmw method yields similar, yet slightly worse results below @} mass threshold compared to
pzmh. Therefore, we split the leftmost pane into two subplotsthanright, one finds thez mw results
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Significance vs. Higgs boson mass using more realistic selection procedures.
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Figure 6: SingleW+jets background significances as a functiodff for 4 different realistic Higgs boson candi-
date selections using jet combinatorics. The selectioagyse denoted on top of each panel. Results are shown for
4 different mass window parameter settings each, ovedgthia sort of optimal case defined by thev mcombina-
torial h reconstruction foA = 10, 6 = 20 GeV, which also serves as the main reference. dihejets final states

are generated from the signal; — h — WV, and thelV+jets background. AlF/v/B were calculated according

to Egs. [2B) assuming an integrated luminositylof= 10 fb~! and including electron and muon channels, i.e.
f¢ = 2. The lower plots hold the ratios of realistic over idégh/B. The thick lines are drawn with respect to the
main reference, while the thin lines are taken from compgatinthei nvmcombinatorial selection relying on the
same window parameters.

for masses above threshold; on the left we then already Irthve@autcome of thart p selection, whose
discussion we postpone until the next subsection.

The bottom-row plots of Figurgl 6 depict the respective saiviractions: the significance ratios for
each selection and different window parameters alwaystakth respect to the quasi optimal case (cf.
the thick lines with symbols). To indicate the net effect lné imore realistic approaches, we also show
in each case the significance loss relative toithe mselection using exactly the same mass windows
as the realistic one (cf. the thin lines with no symbols). Wieasve serious losses, larger than 50%, if
one uses selections with tighter window parameters andfa for M}, points further away fron2 My .

The reconstruction methodgdwm pznh) do not work better than 90% of the quasi optimal case. This
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Signal over major-background ratio using more realistic selection procedures.
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Figure 7: S/B ratios as a function ol/}, for 4 types of realistic combinatorial Higgs boson candidstlections,
each with their window parameters chosen as to reach masigraficance. Thev. +jets final states are generated
fromthegg — h — W signal and/'+jets background. Th&/B were calculated from thes ando g as obtained
after the selection, the signal-factors of Tabl€1l and's as given in Eq.[(17).

only is improved by thert approach making use of broad Higgs boson mass windows winerean
reach up to about 100%. However, loweringhere quickly results in losing sensitivity. Related to the
guasi optimal nvmselection, the various results point us to work with medsired Higgs boson mass
windows always imposing the dijet mass cuts. Tighteconstraints may help improve the outcome of
the reconstruction types, but are of disadvantage in thesuneaent.

In all selections the below-threshold region is especiptlyblematic. One might settle for 65-80%
of the ideal significances, but if we want to get a better hauodl the lowh boson masses, in particular
include theM;, = 130 GeV mass point, we have to push further — which we do so in Secidd 4

Focusing on the above-threshold region, we seeghatwv slightly outperformspzh over the whole
range; only for the near-threshold region upif, = 180 GeV this is topped by thet selection for
medium-sizedA windows. This is somewhat surprising, but seems plausibdge considers that signal
events are central in rapidity and manifest themselvesrgetaransverse activity on average. This has
to be opposed to th#+2-jets background whose events tend to populate phase spaie along the
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beam direction, which generatgs, ;;/ distributions peaking about half an unit away from zero dépi
Nevertheless the differences between the 3 methods aremdtisive per se; to some extent the selections
will shape distributions differently and it is easy to imiagithe picture changing if additional cuts are
imposed. But, one has to bear in mind, there is a second, wgrgrtant criterion, the rati§/ B, which one
wants to maximize. For their optimal window parameters, nasin Figurd ¥ theS/ B curves of the more
realistic and ideal selections as functionsidf. Even more surprisingly than before, thie outperforms
the neutrino reconstruction methods and, moreover, tred €68 are also beaten unledd;, < 2 My .
Based on this observation one may prefer the methods whesetbction utilizes transverse masses, with
the only drawback of having ng, ,, estimate available.

4.3.1 More realistic reconstruction below the on-shell dibson mass threshold

We have just seen that the significances achievable in mailistre scenarios drop off considerably below
the W mass threshold, amplifying the loss already present indbalicase. Therefore, it is of great
importance to learn how the reconstruction methods destriibove can be applied more efficiently in
the below-threshold region.

We noticed that thet selectionpicks up background events, which often fall outside (nyostlove)
the Higgs boson mass window. As a result, a somewhat diffeass of background events survives
thent selection procedure compared to utilizing thevm ideal, approach. This is no surprise since
we have already argued that the Higgs boson decays yieldremeed transverse production with regard
to the W+2-jet background. Using/;, = 130 GeV, Figure[8 exemplifies this by means of the,, ;;/
andmr ey, ji//Mey, j;¢ atio distributions. We clearly see the large impact oniffigets results being a
consequence of enforcing a transverse- rather than imgariass window. Imposing the constragtt <
mr.en.j5'/GeV < 130 on the background is fairly equivalent to choosing events Varger longitudinal
components. This drives the associated invariant masdagher values whereas ther/m ratios are
shifted to lower ones.

To give a more quantitative example, we consider the ddge= 130 GeV for broad (tight) Higgs
boson mass windows ardd= 20 GeV. If we select events usingt , then discard all those events with
an invariant massn,,, j;» outside M), £ 25 (8) GeV, we find a quite impressive gain of 82% (360%).
Similarly, if we use the nvmselection and apply further cuts removing events with ., ;;; values
greater than\f;, or less thanM;, — 2A = M, — 50 (16) GeV, we observe thas/+/B improves by
12% (drops by 20%). As thienvmselection has a better startisy+/B thannt , the final significances
are similar in all cases, however the essential point is viseiro@rove the significance by combining the
transverse- and invariant-mass selections.

To exploit this potential in a more realistic scenario, we (ia a first phase) thet selection to pick
out the 4-particle system, then (in a second phase) recahgtre neutrino momentum following the
pznmwprocedure. Compared to the ideal case, this reconstrustioks rather inefficiently in identifying
background events that yield invariant masses,_;;; > M) + A. As it is optimized to the features of
the Higgs boson decay signgz mw generatesn, ., estimates by assumingr ., /m.,, ratios close
to 1. ForW+jets, these choices often turn out to be sufficiently smahan the actual masses of the
leptonically decayingV boson. Thdl+jets background usually contains an on-shEll a lowerm, c,,
is not ideal and tends to bring down the deconstructed, @dedc4-particle masses,,, ;;-. As a result
a good fraction of background events possessing true amMamasses exceeding the upper bound on
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Combinatorial Higgs boson candidate selection using a broad mass window. Combinatorial Higgs boson candidate selection using a broad mass window.
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Figure 8: Differential 4-particle mass spectra,, ;; (see left panel) anthy .- ;_;;/ /M-, ;; ratio distributions
after combinatorial selection of Higgs boson candidat@sys50 GeV symmetric mass window centered at a mass
of My =130 GeV. Thent selection characteristics is compared to the ideal caseanfsing candidates according
to thei nvmcriteria. Eq.[(8) was used to compute tine criteria. All results are shown farv, +jets final states
originating from thegg — h — W signal (solid lines) and thd#/+jets background (dashed lines).

Mmey, ;i (Se€ left plot of Figurél8) are shuffled back into the Higgsonosiass window.

Hence, we make adjustments to ghenw reconstruction used in this symbiosis of selections so that
it performs better below threshold. The basic idea is to maky exploit the differences of signal and
background in the leptonic and hadroM¢ mass distributions. If, after initiatt selection, we constrain
the transverse masses of the and dijet subsystems by placing cuts that faxvor.,, ~ My /2 and
mr,;ji» =~ My, we enforce off-shell’V’ — ev, decays while keeping those &f — j;’ on-shell. This
is beneficial to the signal and suppresses, at the same tim8/+#jets background. Here, we only add
requirements on the hadronic subsystem by imposing a mmivalue formr ;;. We leave thenr,,,
potential to be exploited by th&f;,-dependent cut optimization (which we discuss in Sedtidf, 4ince
demanding an upper bound onr ., would not only enhancet but all realistic selections.

With this major adjustment, we can now design a promisihespz mw selection, which we calit p:

» nt p: the very first part of computing:z ., ;; is identical to thent selection. Subsequently, we
requiremr,j; to be greater thamip, = 3.51 M;, — 0.015 M7 — 135.4 GeV, which we have
parametrized in terms a¥/;, for convenience. This concludes the phase of testing tims\tesise
criteria. Acceptede, v, j, '} candidates are subject to the neutrino reconstructionseviraple-
mentation deviates froz nwto some extent: we choose, ., = 0.55m7 ., +0.45 Q freezing it
belowmr,.; here we employ) = M, —m;; but keep it constant abovy +dx (0x = 4 GeV).

As in all other reconstruction methods we then solve for éimgitudinal momentum of the neutrino,
cf. Eq. [25), and reject the particulé, v, j, 7' } choice if the solutions are degenerate or generate a
meanm,,, ;;; mass deviating fromd/;, by more tham\’ = max{A, 20 GeV} [ In all other cases,

we pick the solution giving the small¢m,,, ;;» — M;| and accept it if the reconstructédmass

"Here, we do not adopt tightk choices owing to the uncertainties intrinsic to the recamsion of thep),, component.
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falls inside theA’ window aroundiz;,.

The mt p results we can reach in terms of significance and sensitiargyknown already from Fig-
ured® andl7. The increasesiiv/B (leftmost plot in Figuréls) and/ B (Figure[T) is highly visible for all
of the h test masses below threshold. For tiiep analyses with broadedtl;, windows, the significance
effect is huge compared to the respective ideal selectising the samé\ parameter. Likewise the signal
over background ratio turns out similarly or even bettentimethe quasi optimal case.

Not only doesnt p profit from the better selection performance, but we end ub wifully recon-
structed neutrino vector, giving us access to a larger sebsérvables. However, because of the hard
cut onmy 5/, we notice that thert p-selected backgrounds are strongly sculpted, washing outréer
of shape differences. The effect of they ;;; cut moreover deteriorates as soonlds > 2 My,. We
obtain significances similar to the other methods and sineg $culpt the background less, there is no
real advantage to applying p above threshold, hence, we restrict its use to the low-rhasgion. On
that note, it remains to be studied whether $hie/B, S/B improvements came at the expense of further
handles for thel{;,-dependent optimization. As a possible consequencattpeselection actually might
be superseded by an — at this level — inferior selection onbareed by appropriately designed cuts.

4.4 Optimized selection — analyses refinements and (further) significance improve-
ments

Having established the more realistic overall picture, weehdiscuss steps to achieve better signal over
background discrimination. After baseline and combiniataelections, we are interested in cuts that
help further increase the significances obtained so fag i.e < z—:%i. Our aim is to identify observables
for each M), test point that are sufficiently uncorrelated such that #ameous selections yield a total
significance gain in the range:

€51 €52 S €81€5,2
max { < (26)

g
< < .
VEBI /B2 } VEB VEB.1EB2

Above relation is written out for the example of two extra tii@s, but easily extensible to multi-cut sce-
narios. As we have shown, the subdominant backgrounds leglgible effects at this level; we therefore
concentrate on reducing thg+jets background, although the other backgrounds arérstilided in com-
puting the total significance. In order to be conservativeuaimass resolutions for hadronic final states at
the Tevatron, we will fix the mass window parameterg\as § = 20 GeV.

As we have done in earlier sections, we divide the optimizdedcsion into three broad Higgs boson
mass ranges: below threshold, near threshold, and abeshtiid. As we vary the Higgs boson mass,
we probe different kinematic configurations for the backgieh For the lowest Higgs boson mass, many
background distributionsHr, pr, etc.) are steeply rising in the region of interest, cut affi below by
baseline kinematics. For intermediate Higgs boson masse®ackgrounds tend to be flatter or peaked,
while the higher Higgs boson mass region overlaps with backgls that are sharply falling. This basic
shape behind (many) background distributions drives whitis are optimal for a given Higgs boson
mass. We present a number of distributions in Appehdix Baick up the many findings presented in
this subsection.

The optimized analysis employs only observables constduotit of the momenta of the selected 4-
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particle system{e, v, j,j'}. More inclusive observables may be useful: for example sttadar sum of
the two selected-jgtr versus the two hardest-jgtr, Hr ;;: <+ Hr12. However such observables may
also be subject to larger uncertainties from, e.g. the niogl@f hard initial state radiation. To reduce
these uncertainties one could extend the ME+PS program éagrdo inclusivd?+3-jets, however this is
beyond the scope of this study.

In the optimized analysis the longitudinal observabl&s; ;» or ., ;;, offer only moderate gains in
significance (typically, we obtain gains on the order of 34Iith larger gains occurring for heaw},),
but they are insensitive to the exact value of the Higgs bosass and are therefore more broadly appli-
cable. The total 4-particle pseudo-rapidity, ;;» can only be used in thez mw, pzmh or nt p selections,
since reconstruction of the neutrino is necessary. By theedagic, because the pseudo-rapidity differ-
ence between the selected jets is independent of the nguttits onA7; ;- can be used with all selections
(though they are not efficient fort p). We find that the requirementan; /| < 1.5 and|7e,, ;| < 3.0
work well for the entire range of Higgs boson masses we aegdnted in, so we include these cuts into
our optimized pzmh/ wandnt ) selection. In Appendik Bl2 we present example§f; ;| distributions
(Figure[12) andy.,, ;; spectra (Figure_13) after un-optimized combinatorial ct@es, documenting the
usefulness of these cuts.

The other useful observables we have found are all trarsversin some cases based on invariant
masses. Unlike the longitudinal variables, the optimaidvarse variables and cut values depend strongly
on the Higgs boson mass. We also find that transverse andudimgil observables are largely uncorre-
lated in this study, so any gains in significance from sebestin the transverse observables will add to the
gains from|An; ;| and|n,,, ;;|. We refer to Figures 14 andI15 of Appenfix B.2 convenientiystrating
this decorrelation for the casérn; /| versusme,, ;.

Below-threshold region: For pznwandpzmh, the reconstruction selections, the transverse mass of
the 4-particle systemngp'f 2,8 i and (forpzmw at low M},) the transverse mass of the leptonic system,
mr.ev., are the best observables. This result is really just aratite of the fact that simple reconstruction
selections work poorly for below-threshold Higgs bosonsour effort to makez mh/ wmore flexible and
apply them to below-threshold scenarios, we have allowegtssibility for background configurations
that are inconsistent with a single parent resonance — sudhparticle systems with ) ., > My,

T,evejj
Removing this inconsistent region results in gain€g#40%).

For nt , the transverse mass of the dijet system or the sgalasum formed with the selected jets,
Hry ;;, are the most optimal, with improvements@{50%). The former cut takes advantage of the fact
that the signal jets originate in a (real or virtu#ll) boson, while the background jets come primarily from
ISR — information that is not exploited in the initiat selection. Somewhat smaller gains come from
cutting on the total selected system’s transverse momemntgm, ;-

Fornt p, there is little optimization to be done. Much of the phydttat is behind the optimal cuts in
thepzmh/ wormt cases has already been incorporated into the selectioaggo8ome improvement is

possible by cutting out the region with very low 4-partialartsverse momentumpy ., ;-

We illustrate our findings by showing and commenting on a kowdllection of spectra resulting from
the baseline combinatorial selections; for more detaiksyefer the reader to the discussion around Fig-
ure[16 of Appendix BI2.
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My, comb.h-reco leading #major cut  gain subleading cut  gain minor cut  gain
[GeV] selection [range in GeV]  [%] [range in GeV]  [%] [range in GeV]  [%]
nt p mj; [75,00] 17 Hrp ;o [76,00] 9 pr,; 38, 00] 4
120 m myy [72,00] 70 Hr ;o [72,00] 52 Hroep i [108,00] 6
pznw mrev, 0,400 73 mye) . [0,120] 38 Hr i [64,00] 10
pznh mie) . [0,120] 63 Mey, i [0,124] 59 my ;0 [76,00] 48
ntp PToevejjr 19, 0] 6 mr.ev. [0,48] 4 my ;o [76,00] 4
130 m Hrp,y [72,00] 38 mr [68,00] 31 mjy [73,00] 4
pznw mrev, [0,48] 53 mye) . [0,130] 42 my g [72,00] 11
pznh mie) . [0,130] 48 Mew, i [0,134] 46 Hr i [68,00] 25
nmp DT,eveij’ [12, 0] 8 Hr ;40 [68, o] 3 mr.ev. [0, 60] 3
140 nm Hrp ;40 [68, 0] 24 DT,evejj’ [16, o] 15 DT,evejj’ [15, o] 6
pznw mr.ev, [0,56] 30 mT@V iy [0,140] 30 my ;v [70,00] 6
pznh mie) (0,140 29 Mey, i [0,144] 28 Hr o [68,00] 14
nt p pT,eucjj/ [17, OO] 14 HT,eucjj' [116, OO] 3 HT,euejj/ [116, OO] *
150 nt Prev.jj [20,00] 18 Hr ;i [60,00] 10 Hr i [56,00]  *
pznw mie) . [0,150] 20 pre,; [18,00] 18 Prev.j; [18,00] 9
pznh mye) (0,150 19 Mey, i [0,154] 19 Preve;y [18,00] 9
nt pT,eucjj/ [18, OO] 18 HT,eucjj' [136,00] 12 Aée,uc 2 19 3
165 Pznmwv Pr,evejj’ [187 OO] 18 Mevejj’ [07 170] 17 ’)/J‘j/‘eye S 1.06 20
pZn’h pT,eucjj/ [18, OO] 18 meycjj/ [0, 170] 13 ’ij/‘eyc S 109 15
m DT,evejs’ [21, 0] 20 Hrep i [140, o] 16 Ape,v, > 1.7
170 pznmwv PT.evejj’ [19, OO] 20 Mevgjj’ [0, 176] 13 ’ij/‘eyc S 1.12 11
pzn‘h PrT,evejj’ [207 OO] 20 Mevjj’ [07 176] 9 ’)/J‘j/‘eye S 1.16 9
nt PT.evejj’ [227OO] 24 HT,eucjj’ [148700] 22 HT,euejj/ [1407 OO] *
180 Pznmwv PTevesj’ [217 OO] 23 HT,jj’ [647 OO] 11 1.06 < Vi leve < 1.22 5
pznh Prevy [22,00] 24 Hgp, iy [140,00] 10 mye) . [136,182] 5
nt PT.evejj’ [247 OO] 28 HT,eucjj’ [156700] 27 HT,euejj/ [1487 OO] *
190 pznmw Priev.sy [23,00] 24 Hp, iy [148,00] 15 112 < Yj5je, <130 5
pznh Preveij (24,000 29 Hp, i [144,00] 17 m;”';jy Ly 142,194 3
nmt HT,eUejj’ [1647 OO] 31 pT,eUejj’ [247 OO] 28 pT,euejj’ [15700] 9
200 pznmwv PT.evejj’ [24, OO] 25 HT,eucjj' [156, OO] 20 1.18 S ’ij/‘eyc S 1.40 6
erTh pT,eucjj/ [27, OO] 32 HT,eucjj' [156,00] 25 HT,euejj/ [144, OO] 4
nt HT,eucjj' [172, OO] 36 pT’eycjj/ [25,00] 27 pT,CVejj/ [15,00] 8
210 pznmw Hren, ;o [160,00] 24 Prev.iy [24,00] 23 1.25 < Yjjrjen, < 145 14
pzn‘h HT,euejj’ [1627 OO] 36 PT,evesjj’ [307 OO] 36 1.25 S ’)/J‘j/‘eye S 1.54 7
mt Hrev 50 (180,00 39 mp e, i [174,00] 26 PToevejjr (12, 00)] 8
220 pznmw Hre, i [168,00] 29 Prev.jyr (24,00 22 131 < jjrjen, <153 15
pznh Hren i [172,00] 49 PT.ew, [56,00] 43 130 < Yjjrjen, <158 8

Table 6: Leading (optimal/major) and subleading cuts for each Higgson mass and selection criteria (all selec-
tions are combinatorial with window parametéxs= § = 20 GeV). Gain inS/+/B, in percent, is shown after each
cut. Having used the major discriminators including psetafudity cuts (see text), next in the cut hierarchy are
the minor cuts shown in the two rightmost columns. The sigaifce gains associated with them are understood in
addition to the major cut improvements. Cuts marked withstaregsk have less than 2% improvement.
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Near-threshold region: For Higgs boson masses close to i@V threshold, the 4-particlgr is the
most powerful additional handle. In Higgs boson productias in other colour-singlet resonance pro-
duction, thepr,, ;;+ distribution is cut off at low values by soft-gluon resumioaf and falls off at high
values because of parton kinematics. The result is a pedk#&ibdtion. The hard scale of the process,
dictated by the Higgs boson mass, sets the initial ISR sdadeeby influencing whergr ., ;;» peaks.
Since the Higgs boson is heavier than theboson,pr ., ;; always peaks at higher values for the sig-
nal compared tdV production. Even though the dominant background for ouysts 1/+2-jets, rather
thanW+0-jets, the argument still holds. The peakpin,,, ;; for W+2-jets is still governed by/y, and
continues to peak at lower values than the Higgs boson si@election criteria change the tails of the
backgroundpr ., ;; distribution, but do not affect the location of the peak. gt out the lowpr ., ;7
region, improvements on the order of 20% are possible. iDigions such agir ;;/, the scalap; sum

of the two selected jets, dilr.,.;;, the Hr of the 4-particle system, also have potential discriminat-
ing power. Signal versus background distributions in tHevant variables after baseline combinatorial
selections are shown in Figure] 17, see Appehdix B.2.

Above-threshold region: For higher Higgs boson masses, the total amount of (trassyemergy

in the W+’ system becomes the most powerful discriminator betweesitrmal and the background.
Specifically, once\l;, 2 200 GeV, the Hr of the selected 4-particle system peaks at significantliidrig
values than the background, regardless of the selectidmitpge. By cutting away the low#r region,

we find gains of order 25% are possible. The 4-objectemains a very useful observable, as does the
4-particle transverse mass. Examples of signal versuggbawkd distributions are shown in Figurel 18,
see Appendik BJ2.

Results: The optimal or “leading” or “major” cuts for the different gtjs boson mass categories and
selection methods are summarized in Table 6. To give sonaehide useful the single best discriminator
is compared to other observables, we also show the percaetse in significance for the second best
or “subleading” single discriminator. Separately we hais® aletermined which combinations of the
leading discriminator (supplemented by the respectivagiseapidity cuts discussed above) with a second
observable give the largest (additional) increase in 8@anice. The second “minor” cuts of these optimal
two-variable selections are summarized in the last twornokiof Tablé 5. Note that in most cases these
minor cuts do not involve the same observables as the subipadt; this is because the subleading
discriminator is typically strongly correlated with theatling discriminator, and thus does not add much
to the combined significance. Some ideas beyond the applicaf minor cuts exist; we comment in
AppendiX(B.3 on a few possible routes one can take to enh&eceptimized analyses presented here.

When looking for minor cuts, we found in addition to variable have already discussed, such as
Yjjlev. (in SeCtiorl2),Hy (c,,;;» @nd the 4-objecpr, a few other observables, namely ;, A¢. ., and
m ;; to be beneficial. The first twayr ; and Ag, ,, are common, so we do not repeat their definitions
here. The last minor cut observable,, ;; is defined throughn? ;;, = m?,, + p7.,;, exhibiting yet
another way of defining a transverse mass. The additionakdeim the minor cuts are typically small,
except close to thB”W threshold and for the largest Higgs boson masses consileredin particular for
My, > 2 My, the boost of thgj’ system in the reconstructed 4-object rest frame standsscuhealpful
discriminator of secondary order; for more details, we refgain to Appendix Bl2 and the discussion
around Figuré_19. Also, the dijet-system based handtes,;; and Hr ;;» yield fairly substantial extra
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gains, but only at lowM;, if we rely on thepzmh method. Once jets are picked stemming from the
backgrounds, the stridtf;, mass reconstruction of the selected 4-object, as encodexhin and amplified

by the major cut given througln% 2,6 i gives rise to the selection of less energgtig’ jets with preferred
pair masses af;;; ~ My, — 6. The observables: | ;; andHr ;- exploit this fact conveniently, hence

facilitate such secondary improvements, as shown in F[@8ifer the example of/;, = 130 GeV.

Finally, the baseline combinatorial and optimized comtairial significances are displayed as a func-
tion of the Higgs boson mass in Figlide 9. The ratio plots aatet with each selection in the lower part of
the figure visualize the significance increase achieved éyfhimization. Independent of the selection,
they also indicate &(10%) drop of significances caused by the subdominant backgrodfatsising on
the S/+/B ratios taken with respect to the ideal case (orange lings aiiitles), these ratio plots empha-
size that the optimizedt ( p) (transverse) an@zmw selections work best below and above @V
mass threshold, respectively. The relaféd3 ratios presented in Figure]10 confirm these findings. They
turn out to be rather small, as a consequence of maximizegitinificance and trying to preserve most
of the signal; both of which does not allow for imposing tostrietive cuts. Advantageously, the actual
number of signal events, present in thiss — WW channel is not small. Except for the Higgs signal
at M, = 120 GeV (with O(4) expected events), the optimized analyses usually leavathshwandreds
of signal events (50—-300), if we assume an integrated lusitinof £ = 10 fb~!. Even the~ 25 signal
events forM;, = 130 GeV are sufficient, particularly aS/ B increases te- 0.04.

Clearly, as seen from Figure 9, the optimized significanoesHe four different Higgs boson recon-
struction methods are very similar. The best significanderiddiggs boson masses close to &l
threshold, suggesting that it would be possible to achi®¥ 8onfidence level exclusion in a stand-alone
analysis. For a Higgs boson mass in the ramge < M, < 150 GeV, the optimized significance is
between).7 and1.4. Given the additional improvements expected from a fulltivatiate analysis, this
indicates that the semileptonic Higgs boson decay chararehtake a significant contribution to Higgs
boson exclusion in this mass range.

5 Conclusions, caveats, and prospects

We have presented a systematic study of the prospects femdirg the Tevatron exclusion reach for a
Standard Model Higgs boson by including the final statesrgyisom semileptonic Higgs boson decays.
We have used a realistic simulation of the Higgs signal amdrébevant Standard Model background
processes to exhibit the kinematic differences betweersitireal and background. We have used three
qualitatively different approaches to extracting the ¢k@mematics, one based on transverse observables
and the others based on approximate even-by-event fulhstwwtion. We have shown that all three
approaches give similar results when one optimizes setexhased on several discriminating observables.
The details of the optimization depend on the Higgs bosorsnaasl in particular on whether it is below,
near, or above the threshold for decay to two on-shélbosons.

The optimized significances that we have achieved are nfitisut for stand-alone Higgs boson ex-
clusion except in the most favorable case where the Higgsrbosss is close to threshold. However the
sensitivities shown here are certainly promising as ingréd to a combined multi-channel analysis.

One important caveat is that the signal to background rédiothis type of analysis are fairly small,
on the order of a percent, as illustrated in Fidure 10. Thiama¢hat Higgs boson exclusion is sensitive to
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Significance vs. Higgs boson mass after cut optimization for realistic selections.
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Figure 9: Total significances as a function 8f;, after including the subdominant backgrounds and all mdijos p
minor cuts (as specified in the text and Tdble 6). The reslifts(with squares) are shown for the four types of
more realistic Higgs boson candidate selections, whicle lmen advertised in this work. They are denoted on
top of each panel. In all cases the combinatorial approaiciy weindow parametera = § = 20 GeV has been
applied for selecting the candidate set of particles. Asitgeih Figuré B, the ideal case (i.e. thevmcombinatorial
reconstruction of the Higgs boson candidates ug8ing= § = 20 GeV) is taken as the main reference to compare
the different results. For each combinatorial selectibe, dutcome (lines with circles) with no cuts applied (but
using a slightly smaller mass windoy, = 15 GeV) is also displayed to emphasize the effect of the cut opttion.
Note that the effect of the minor backgrounds has been nieglét computing each of these reference curves. The
ev.+jets final states are generated from the signak—~ h — WW, the W+jets, electroweak antd backgrounds.

All S//B; were calculated using Eq§.{23) and combined according t¢Z8) assuming an integrated luminosity
of £ = 10 fb~! and including electron and muon channels, f&= 2. The lower plots depict for each selection the
ratios of optimized over un-optimizes$}/+/B (lines with squares) and optimized over ideal-case retasyiy/B
(lines with circles). The thin blue lines visualize in how fae finalS/ /B results suffer from the presence of
the minor backgrounds.
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Signal over background ratio after cut optimization for realistic selections.
[ including mnor-background and m nor-cut effects ]

& —=-0 invm comb. h-reco/=10,5=20 GeV)
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Figure 10: The S/B ratios associated with the total significances presentétigare[9. The ratios are shown
as a function ofif;, for the final selections: the combinatorfat nw (triangles),pzmh (circles),nt (squares) and
nt p (diamonds) selections using the window paramefers 6 = 20 GeV each supplemented by their specific
optimization cuts, see Tabfé 6. The reference curve (daledvith diamonds) is the same as used in Fidgdre 7
representing thenvmcombinatorial reconstruction withA = § = 20 GeV, no extra cuts applied and neglecting
the impact of the minor backgrounds. The +jets final states were generated frogn— h — WW signal events,
the W+jets, electroweak and backgrounds. Th&/B; were calculated using thes ando s as obtained after the
final selections, the signd{-factors of Tabl€l and th& 5 as given in Eqs[{17)[(21) anld {22). Single ratios were
combined according t§/ B0ty = 1/ >_,(S/B;) .

relatively small systematic errors in the modeling of thelggiounds, notably the dominant background
from W+jets. However we have shown here that an experimental sindigs multiple over-constrained

handles on the kinematic features of the data, providingaexbss-checks. In addition, the Higgs boson
candidate selection employed here to identify the two jeisifthe Higgs boson decay is by design rather
stable against effects from extra hard radiation; this ceduhe uncertainty in the background modeling.

The techniques described here are applicable to Higgs besanthes at the CERN Large Hadron
Collider. At 7 TeV center-of-mass collision energy, the ¢dooson production cross section increases
by a factor of~ 30, while theWW+jets background increases by a factor~e20. With no hard upper
limit of the amount of data available, one can use more wstei selections and improve both the signal
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to background ratio and the overall significance. A recemlyeis by the ATLAS collaboration [91]
employed a 4-object invariant mass reconstruction anded wligss window similar to the baseline naive
analysis used here, but applied to the heavy Higgs boson reges M), > 240 GeV. A CMS study
[92] looked at the enhanced signal to background ratio gdexV/by focusing on VBF production (and thus
requiring two extra forward jets). Because of the large binarg fraction, theh, — WW semileptonic
mode might prove to be observable at the LHC over a larger maagge than thés — W W dilepton
mode; thus it could play a critical role in establishing tlaume of electroweak symmetry breaking, in the
event that the Higgs boson mass-is20 GeV.
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A Appendix: Monte Carlo event generation

A.1 Leading-order cross sections

Here we briefly report on the tests we have done to convinceetuas of the correctness of thaeRpra
leading-order cross section calculations. We found settisfy or better agreement in all our cross-checks,
which we briefly summarize here:

* For the case oh — e~ 7, pp decays, we have comparedERPAS branching ratios with those
obtained by multiplying the HECAY results forBy -« given in Tabld L times the PDG literature
numbers forB(W — ev.) x B(W — pp) = 0.1075 x 0.676. Using AMEGIC++s mode of
calculating partial widths of — N processes, we determinét}— ,,, = I'(h — e~ . pp) /T, for
the various Higgs boson masses and respective widths of[IaliThe differences seen are at most
on the few-percent level.

» With the explicit knowledge of ther&RPAbranching fractions we were able to extract Higgs boson
production rates at LO from thedBRPAsignal cross section calculations according to

r o
LO h O'(O) _ e~ Vepp . (27)

o = g =
990 = T(h — e Depp) ¢ %P B,

Vepp

The numbers that we obtained from this procedure comparktevaumbers of other LO calcu-
lations, for example the LO rates as evaluated in MCFM or iplex¥ by Becher and Yang for
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verification purposes [93].

» SHERPALO rates were computed for both finite top masses and in tha@tmfiop-mass limit. The
ratio of the former over the latter cross section given as

o5’ (2 :
_|; <_> (28)

singles out the dependence on the top mass versus Higgs tmassiratio, which is encoded by the
function

I(z) = 62+ 3z (dz — 1) { (1 — 4z) [m(”\/m)_mr_

2 1-+v1—-A4zx
20(4x — 1) arcsin® <L> (29)
2\/x '

Note that|I(z)|? attains unity as — oo, while it vanishes for: — 0. Comparing the numerical
cross section ratios with the analytical values ffbz) |2, we found excellent agreement over the
entire Higgs boson mass range considered in this study.

A.2 NLO calculations versus CKKW ME+PS merging

When compared to NLO calculations, it is evident thaEeSPAs CKKW merging approach does not
account for the virtual corrections 6+jets in their entiret@ The only contributions enter through Su-
dakov form-factor terms at leading-logarithmic accurasgdiin the parton shower and to reweight the
tree-level matrix elements. The real-emission correstibowever are included on a fairly comparable
level with respect to full NLO calculatio@ Unless one decides for a fixed-scale choice at NLO, both
approaches determine the strong-coupling scales dynliynica. on an event-by-event basis, taking the
kinematic configuration of the event into account. For adiséh reasons, it then occurs that the CKKW
shapes of distributions emerge in many cases quite signtiathose evaluated at NLO, making an appli-
cation of globalK -factors feasibl®d The treatment to fix the strong couplings is different wheritipie
scales are present. While at NLO the scales are set unifsodi that allag factors obtain the same
value, in the CKKW method they are set locally by the procedtself, cf. [68,102, 70] for example.

18For a brief summary of the basics of the CKKW merging, see [F6]. For the current generation of8rRPAMonte Carlo
programs, the ME+PS facilities have been extended to altovwiréincated showering, which is a major refinement over the
CKKW approach, see Refs. [[76.194,95].

®More recent versions oft&RPA from version 1.2.3 on, have been enhanced by the means &vagenfor a number of
important processes, events at the hadron level with a mateat at next-to-leading order ins [83,[84,/96]. To make this
work, SHERPArelies on interfacing external one-loop amplitude gemesdike MCFM [61)97], B ACKHAT [98,[99] or, more
generally, via the Binoth Les Houches Accord [100]. Becanfsthe complexity of the procedure, such improvements ate no
yet available for arbitrary processes, in particular thétirjet final states we are interested in.

2For example, in[[25] a globak -factor of magnitudel.33 with respect to the total inclusive cross section as medsoye
CDF [101] was applied to achieve a good agreement betweettatheand the IS£RPA predictions for inclusive jet multiplicity
and transverse momentum distributions.
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This is known asy, reweighting, constituting the second component of theimatement reweighting of
the CKKW method. The assignment of the scales proceedsrtiically based on the splitting history,
which is identified by the:r-jet cluster algorithm when applied to the initial matribe@ent configura-
tion considering physical parton combinations only. Thdal@ values found by the clustering can be
interpreted as the relative transverse momenta of theifibehsplittings. They are then used as the scales
for the strong-coupling constants replacing the predefaimaice of the initial matrix-element generation.
It would be interesting to see if a hierarchical scale sgttian further stabilize NLO results, but no such
o reweighting has been completely worked out yet for NLO dakbons.

B Appendix: Analysis side studies and additional material

B.1 Ideal Higgs boson reconstruction analyses

We first complete the presentation of our Secfiod 4.2 mainlted®y showing Tableg]7 arid 8 where
we display the numbers associated with the high and low Higg®n mass region, respectively. As in
Table[4 we list the signal anti+jet background cross sections, selection efficienc#d} ratios and
significances at different analysis levels. All cuts, theaon procedures, the layout of the tables and the
interpretation of the results given in the tables have bésrudsed in detail in Sectign 4.2. Note that the
rightmost column of Table 10 carries the outcomes for theness point\/;, = 220 GeV.

One remark shall be added regarding the magnitude of off-sffects. The loss one faces due to
off-shell Higgs bosons can be read off Table 8 by comparimgattceptances after baseline (1st rows)
and combinatorial Higgs boson selection (4th rows). Whiteve theWW W mass threshold the loss
on the signal (background) is mild (significant) rangingnrd.2—1.3 (2.6-3.2), it steadily increases for
decreasingM}, approachingl.8 and5.3 at M, = 130 GeV and M, = 110 GeV, respectively. The
background loss factors turn huge (up to 48) because ofeleplstfallingm..,, ;;» spectrum (cf. Figurel3),
but this cannot overcome the smallnessS¢f/B due to the signal reduction.

We now present the results of our side studies, which we dddial put in an appendix in order to not
distract the flow of the main body.

The Higgs boson masses used in the analyses are, of coupsghétycal. However, we only considered
the obvious scenario where the test magshas been set equal to the Higgs boson nid$¥ injected
while generating the signal predictions. It is clear thad gsnans over a range of masses when pursuing
an analysis, and here we do it in steps of 10 GeV, still theadd¢liggs boson mass could deviate as much
as 5 GeV from the assumed mass. Hence, we want to briefly smystiongly the nvmHiggs boson
candidate selections and their related significances deperthe match between the test and injected
Higgs boson mass. To this end we generated other than dsiigindtl predictions for Higgs boson masses
of M, = 165,175,185,195 GeV and input them into the analyses usihg, = 180 GeV. Figure[11
shows the outcome of this side study where, for both typesalyaes, we collected results for several
mass window settings. We learn two things from plotting flgeificance as a function of the Higgs boson
generation mass. First, the significances that we attaireik@ep the selection parametefd;( A, ¢)
constant are fairly robust over a broader range of generatiasses. Yet the maximusy /B occur for
My, = M,™. Secondly we learn, asymmetric window placements suchithat M," are beneficial to

achieve significance gains. By focusing on a single gereratiass, e.gM}iLnj = 190 GeV, we see that
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cuts & 2A/ | os/tb  op/fb S/B | os/tb  op/fb S/B | os/tb  op/fb S/B
selections GeV €s es S/VB €s es S/VB €s ez S/VB
M;,/GeV  [§/GeV] 190 [20] 200 [20) 210 [20]

o 9.862 220-10* 96107 | 7.827 220-10* 75107 | 6.473 220-10* 61107
1.0 1.0 0.10 1.0 1.0 0.08 1.0 1.0 0.06

lepton & 5.561 984.10> 1210° | 4.433 984.10° 95107 | 3.689 984.10> 78107
MET cuts 0.564 0.45 0.08| 0.566 0.45  0.07| 0.570 0.45  0.05
as above & 4.586 191.10> 51.10° | 3.709 191-10° 4110° | 3.128 191.10®> 3410°
> 2jets 0.465 0.0087 0.50| 0.474 0.0087 0.40| 0483 0.0087 0.33
as above & 2.533 6997 77107 | 2.007 6997 6010° | 1.671 6997 50107
|77, 5, — 80| <& 0.257 0.0032 0.46| 0.256 0.0032 0.36| 0.258 0.0032 0.29
naive h-reco 50 2.699 6644 8710 | 2.146 6303 72107 | 1.789 5837 64107
0.274 0.0030 0.50| 0.274 0.0029 0.40| 0.276 0.0027 0.34

naiveh-reco 30 2.082 4062  0.0011| 1.649 3805 91.10° | 1.374 3521 81.10°
0.211 0.0018 0.49| 0211 0.0017 040| 0212 0.0016 0.34
naiveh-reco 48 2.177 3483  0.0013| 1.699 3151 0.0011| 1.397 2649  0.0011
|77, 5, — 80| <& 0.221 0.0016 0.56| 0.217 0.0014 045| 0216 0.0012  0.40
naive h-reco 20 1.488 1565 0.0020 | 1.159 1312 0.0019 | 0.9518 1080 0.0018
775, 5, — 80| < & 0.151  7110° 0.57 | 0.148 6010° 0.48 | 0.147  4910° 0.43
comb.h-reco 50 3.666 7296  0.0011| 2.937 6946 89107 | 2.464 6465 79107
0.372 0.0033 0.65| 0.375 0.0032 052| 0.381 0.0029 0.45

comb.h-reco 20 2.545 3145 0.0017 | 2.031 2964 0.0014| 1.699 2756  0.0013
0.258 0.0014 0.69| 0.260 0.0013 056| 0.262 0.0013 0.48

comb.h-reco 50 3.243 4088  0.0017 | 2.573 3755 0.0014| 2.138 3211  0.0014
|17z — 80| <& 0.329 0.0019 0.77| 0.329 0.0017 062| 0.330 0.0015 0.55
comb.h-reco 30 2.806 2662  0.0023| 2.205 2314 0.0020| 1.823 1925  0.0020
|17, — 80 <& 0.284 0.0012 0.82| 0.282 0.0011 068| 0.282 8810° 0.61
comb.h-reco 20 2.333 1830 0.0027 | 1.829 1555 0.0025| 1.507 1293  0.0024
|7z — 80| <& 0.237 83107 0.82| 0.234 7110° 0.69| 0.233 5910° 0.62
comb.h-reco 16 2.066 1484 0.0030| 1.617 1255 0.0027| 1.331 1029  0.0027
|50 — 80| <& 0.209 67107 0.81| 0.207 5710° 0.68 | 0.206 47107 0.61
comb.h-reco 10 1.436 921.6 0.0033| 1.121 773.9  0.0030 | 0.9215 632.3  0.0030
|50 — 80| < & 0.146  4210° 0.71| 0.143 35107 0.60| 0.142 2910° 0.54

Table 7: Impact of the different levels of cuts on the.+jets final states for thegg — h — W W production and
decay signal and thi/+jets background as obtained fromeRPA Cross sectionsgs, o, acceptancess, e g and
S/B, S/\/E ratios are shown for Higgs boson massed®f= 190, 200 and210 GeV. Note thatn;; = m,;/GeV
andd = §/GeV. Significances were calculated using ES] (23) assurfiirg 10 fb~* of integrated luminosity,
counting both electrons and muons and combining Tevatrparaxents.
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cuts & 2A/ os/tb  op/tb S/B | os/fb op/fb S/B | os/fb op/tb S/B
selections GeV €s eB S/\/E €s €B S/\/E €s eB S/\/E
M;,/GeV  [§/GeV] 110 [20] 120 [20] 130 [20]
lepton & MET 0.2254 19080 27.10° | 0.8017 19080 97.10° | 2260 19080 27.10°
cuts &> 2 jets 0.0673 0.0087 0.027| 0.104 0.0087 0.095| 0.173 0.0087 0.27
naive h-reco 50 | 0.02723 3212 20107 | 0.2132  969.2 51107 | 0.9580 1963  0.0011
0.00813 150°  0.025| 0.0276 4410° 0.11 | 0.0733 8910° 0.35
naive h-reco 48 | 0.00873  34.23 5910° | 0.1160  90.62 0.0029| 0.5804  363.7 0.0037
|77, 5, — 80| <& 0.00261 160°  0.024| 0.0150 4110 0.20 | 0.0444 1710° 0.49
comb.h-reco 50 | 0.04236  392.8 2510 | 0.3000 1131  6110° | 1.253 2239  0.0013
0.0126 1810°  0.035| 0.0389 5110° 0.15| 0.0959 0.0010  0.43
comb.h-reco 50 | 0.01252  41.87 69107 | 0.1515  124.0 0.0028 | 0.7673  461.3  0.0038
|7z — 80| <& 0.00374 190°®  0.032| 0.0196 5610° 0.22 | 0.0587 2110° 0.58
comb.h-reco 20 | 0.00607 8805 0.0016| 0.1017  23.97 0.0098| 0.4995 53.81  0.021
|0 — 80| <& 0.00181 40107  0.033| 0.0132 11107 0.34 | 0.0382 2410° 1.11
My, /GeV  [5/GeV] 140 [20] 150 [20]

lepton & MET 4316 19080 5210° | 6.343 19080 7710
cuts &> 2 jets 0.250 0.0087 0.51| 0.328 0.0087 0.75
naiveh-reco 50 2.213 3230 0.0016 | 3.642 4593  0.0018
0.128 0.0015 0.63| 0.188 0.0021  0.88

naiveh-reco 48 1.374 924.4 0.0034| 2.509 1662  0.0035
77, j» — 80| <& 0.0795 4210° 0.73| 0.130 7610° 1.00
comb.h-reco 50 2.902 3637 0.0018| 4.778 5103  0.0022
0.168 0.0017 0.78| 0.247 0.0023  1.09

comb.h-reco 50 1.877 1121  0.0038| 3.487 1968 0.0041
|70 — 80| <& 0.109 51107 0.91| 0.180 8910° 1.28
comb.h-reco 20 1.213 2341  0.012| 2462  704.8 0.0080
|7 — 80| <& 0.0701 1110° 1.29 | 0.127 3210° 1.51

Table 8: Impact of the different levels of cuts on the.+jets final states for theg — h — WW production
and decay signal and tH&+jets background as obtained frorAERPA Cross sectionsg, op, acceptancesg,

ep and S/B, S/v/B ratios are shown for Higgs boson masses below the on-stdsdin mass threshold from
My, = 110 GeV to M;, = 150 GeV. Note thatrm;; = m;;/GeV and$ = d/GeV. The significances were
calculated according to Eq$.(23) assumifig= 10 fb~' of integrated luminosity, counting both electrons and
muons and combining Tevatron experiments. The layout ofdbke is the same as in Tablgs 4 &and 7, however a

smaller number of Higgs boson candidate selections is shown
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Significance vs. Higgs boson mass as injected for the signal generation.
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Figure 11: S/+/B significances as a function of injected Higgs boson masseingafrom M,if’j = 165 GeV to

200 GeV for different mass window parametehsands. Results of two combinatorial analyses based or tiem
reconstruction are shown: one using the default sefting= M,™ (dashed lines), the other where the hypothesized
Higgs boson mass is fixed aff, = 180 GeV (solid lines). For the different injected Higgs boson masske
ev.tjets final states are generated from the— h — WW signal and thdV+jets production background. All
significances were calculated according to Elgsl (23) ta&irlg the dominant background into account and under
the assumption of an integrated luminositydf= 10 fb !, including electron and muon channels, ife= 2.

the response in significance can easily get as large as 40&ostidng sensitivity can be understood by
comparing the signal and background shapes as visualiZéidune[3 or the upper left plot of Figuré 1.

In the remainder of this appendix, we outline the impact oFR&riations and parameter variations
other thanM;,, A andé on our analyses.

The SHERPA calculations resulting from using the CTEQ6.6 PDF librauggve a similar pattern with
significances that are about 1-10% larger. This can be réddloe[9 and seen in Figuré 2. By normaliz-
ing the Monte Carlo predictions for both PDF choices, MSTW&&nd CTEQ6.6, to the same respective
theory cross sections, it is altogether reassuring to sddhh cut and event selection procedures only in-
duce deviations of the order of 10% or below. For the combiigtHiggs boson candidate selection, one
finds almost the sams/+/B ratios, provided a wide Higgs boson mass window is used. iGnifisances
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cuts & 2A/ | os/fb  op/fb S/B | os/fb  op/fb S/B | os/tb  op/fb S/B
selections GeV es es S/VB s es S/VB €s es S/VB
M;,/GeV  [§/GeV] 165 [20] 170 [20] 180 [20]
naive h-reco 50 | 4.495 5317  0.0020| 4.121 5317 0.0018| 3.232 5527  0.0013
0.297 0.0022 1.14| 0296 0.0022 1.02| 0.290 0.0023  0.77
naiveh-reco 48 | 3.965 2371  0.0040| 3.585 2571  0.0032| 2.759 2849  0.0022
|77, 5, — 80| <& 0.262 0.0010 1.50| 0.258 0.0011 1.27| 0.248 0.0012 0.92
comb.h-reco 50 | 5.603 5511  0.0024| 5.149 5758  0.0021| 4.105 5982  0.0016
0.370 0.0023 1.39| 0.370 0.0024 1.22| 0.368 0.0025 0.94
comb.h-reco 50 | 5.081 2632  0.0046 | 4.690 2923  0.0037| 3.722 3251  0.0026
|7 — 80| <& 0.336 0.0011 1.83| 0.337 0.0012 1.56| 0.334 0.0014 1.16
comb.h-reco 20 | 3.890 1206  0.0076 | 3.592 1357 0.0061| 2.846 1518  0.0043
|7 — 80| <& 0.257 5110° 2.07 | 0.258 5710° 1.76 | 0.255 64107 1.30
M;,/GeV  [6/GeV] 190 [20] 200 [20] 210 [20]
naiveh-reco 50 2.231 5435 9210° | 1.779 5158 7610 | 1.480 4787 67107
0.287 0.0023 0.53| 0.287 0.0022 0.42| 0.288 0.0020 0.36
naiveh-reco 48 1.867 2821 0.0015| 1.465 2560 0.0013| 1.203 2161  0.0012
|77, 5, — 80| <& 0.240 0.0012 0.61| 0.237 0.0011 0.49| 0.234 9110° 0.44
comb.h-reco 50 | 2.865 5892  0.0011| 2.302 5607 90107 | 1.925 5221 80107
0.368 0.0025 0.65| 0.372 0.0024 053| 0.375 0.0022 0.45
comb.h-reco 50 | 2.575 3243  0.0018| 2.052 2988  0.0015| 1.702 2557  0.0014
|7 — 80| <& 0.331 0.0014 0.79| 0.331 0.0013 064 0.332 0.0011 0.57
comb.h-reco 20 1.949 1445  0.0030 | 1.536 1242 0.0027 | 1.265 1029  0.0027
|7 — 80| <& 0.251 6110° 0.89 | 0.248 5310° 0.74| 0.247 4410° 0.66

Table 9: Impact of the different levels of cuts on the.+jets final states for theg — h — WW production
and decay signal and tH&+jets background as obtained froraERPA when using the CTEQG6.6 PDF libraries.
Cross sectionsg, o, acceptancess, ez andS/ B, S/\/E ratios are shown for Higgs boson masses fifn =
165 GeV to M}, = 210 GeV. Note thatm,;; = m;;/GeV andd = 0/GeV. All significances were calculated
according to Eqs[(23) assumifig= 10 fb~ " of integrated luminosity, counting both electron and mubarmels
and combining Tevatron experiments.

of the CTEQG6.6 calculations outperform those obtained Wi8TW2008, once the mass windows for the
Higgs bosons4) and dijets §) are tightened. We find the differences being more pronalifwmeHiggs
boson masses just above &1 threshold.

Speaking of shape differences triggered by the use of diftePDFs, we note that the MSTW2008
PDF set accounts for a larger transverse activity, i.edigpdistributions turn out steeper while tipe
spectra develop 10-25% harder tails compared to the CTH®édictions. Also, for MSTW2008, mass
peaks are more washed out, again resulting in differencteasrder of 25%.

Lastly, apart from the rightmost column, Tablg 10 gives nueails for the choicéls, = M, =
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cuts & 2A/ | os/fb  op/fb S/B | os/tb  op/tb S/B | os/tb  oB/fb S/B
selections GeV €s es S/VB es es S/VB €s ez S/VB
M, /GeV  [5/GeV] 180 [15] 180 [20] [pls* /GeV >30) 220 [20]

o 14.19  220-10* 1410° | 14.19 220-10* 1410° | 5.420 220-10* 51107
1.0 1.0 0.15 1.0 1.0 0.15 1.0 1.0 0.05

lepton & 7.046 984.10° 1810° | 8.127 987-10° 1810°¢ | 3.101 984-.10° 65107
MET cuts 0.560 0.45 0.12| 0.573 045 0.13]| 0.572 0.45  0.05
as above & 6.471 191-10° 7410° | 3.907 6715 0.0013| 2.661 191.10° 2910°
> 2jets 0.456 0.0087 0.72| 0.275 0.0031 0.73| 0.491 0.0087 0.28
as above & 3.169 5272 0.0013| 1.932 2194 0.0019 | 1.413 6997 4210°
|17, 5, — 80| <& 0.223 0.0024 0.67| 0.136 0.0010 0.63| 0.261 0.0032 0.25
naiveh-reco 50 | 3.911 6749  0.0013| 1.948 1429 0.0030| 1.510 5342 58107
0.276 0.0031 0.73| 0.137 6510° 0.79| 0279 0.0024 0.30

naiveh-reco 30 | 3.039 4199 0.0016| 1.551 907.0 0.0037| 1.161 3196 75107
0.214 0.0019 0.72| 0.109 410° 0.79| 0214 0.0015 0.30

naiveh-reco 48 | 2.857 2778 0.0022| 1.631 925.5 0.0038| 1.169 2167 0.0011
|77, 5, — 80| <& 0.201 0.0013 0.83| 0.115 4210° 0.82| 0216 9910° 0.37
naiveh-reco 20 | 2.118 1351  0.0034| 1.170 454.3  0.0056 | 0.7991 874.9  0.0019
|77, 5, — 80| <& 0.149  61107° 0.89 | 0.0825 2110° 0.84| 0.147 4010° 0.39
comb.h-reco 50 | 5.241 7396  0.0015| 2.484 1534 0.0035| 2.088 5942 73107
0.369 0.0034 0.94| 0.175 7010° 0.98| 0.385 0.0027 0.40

comb.h-reco 20 | 3.657 3255 0.0024| 1.718 671.7 0.0056 | 1.440 2508  0.0012
0.258 0.0015 0.99| 0.121 3110° 1.02| 0.266 0.0011  0.42

comb.h-reco 50 | 4.248 3241 0.0029| 2.185 1024 0.0046| 1.798 2662  0.0014
|7z — 80| <& 0.299 0.0015 1.15| 0.154 4710° 1.05| 0.332 0.0012 051
comb.h-reco 30 | 3.845 2220 0.0038| 1.916 699.8  0.0060| 1.528 1581  0.0020
|z — 80| <& 0.271 0.0010 1.26| 0.135 3210° 1.11| 0.282 7210° 0.56
comb.h-reco 20 | 3.260 1564 0.0045| 1.617 492.9 0.0071| 1.264 1058  0.0025
|7z — 80| <& 0.230 71107 1.27| 0.114 2210° 1.12 | 0.233  4810° 0.57
comb.h-reco 16 | 2.895 1273 0.0049 | 1.444 399.0 0.0079| 1.115 846.6  0.0027
|50 — 80| <& 0.204 58107 1.25| 0.102 1810° 1.11| 0206 3810° 0.56
comb.h-reco 10 | 2.010 805.0 0.0054| 1.038 258.5  0.0087 | 0.7722 525.2  0.0030
|50 — 80| <& 0.142 37107 1.09 | 0.0731  1210° 0.99 | 0.142 2410° 0.49

Table 10: Impact of the different levels of cuts on tke.+jets final states for theg — h» — WW production
and decay signal and th&+jets background as obtained frorRERPA. Cross sectionss, o, acceptancesg, g

andS/B, S/+/B ratios are given for Higgs boson massesifif = 180 GeV andM;, = 220 GeV. For the former
mass point, the central column shows the values for ggjghreshold increased i) GeV, while the left column

has the values for a smaller dijet mass window ot 15 GeV. A further decrease of the dijet mass window to

§ = 10 GeV yields S/B = 0.0034 as well asS/v/B = 1.14 andS/B = 0.0058 as well asS/v/B = 1.36 for
the combinatorial Higgs boson reconstruction and massawsdfA = 50 andA = 20, respectively. Note that

m;; = m,;/GeV; all other mass variables denoted by a tilde are understottetisame way. All significances were
calculated according to Eq§.{23) assumihg: 10 fb~! of integrated luminosity, counting both electron and muon

channels and combining Tevatron experiments.
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180 GeV including the cases where either the dijet mass window heis ightened frond = 20 GeV to
§ = 15 GeV or the threshold of the jet transverse momenta has been esthtop)." > 30 GeV.

B.2 More realistic Higgs boson reconstruction analyses

We collect here in this appendix additional material to saisate our findings presented in Secfion 4.4.
Figured IPET8 display a number of distributions resultiragrf the baseline plus combinatorial analyses.
In each plot we show four curves, two predictions each fordig@al and thél+jets background as
obtained after the ideal oivn) and one of the more realistic combinatorial selections.il®\ive vary
the Higgs boson masses and the choice of the realistieconstruction method, we keep the window
parameters of the combinatorial selections fixedhat A/GeV = 25 andd = §/CGeV = 20 over the
whole set of spectra shown in these figures.

In Figure[19 we look at distribution taken at the intermegliaptimization level, including the effects
of the major cuts but before the application of the respeatiinor cuts as listed in Tablé 6. In these
plots we compare the Monte Carlo predictions for the Higgsobosignals of differenf\/;, with all,
dominant and subdominant background predictions. Alléhg®dictions follow from using realistic
selection procedures where Higgs boson and dijet mass wsidbA = ¢ = 20 have been employed.

Each one-dimensional distribution is supplemented by @amimus-ratio subplot. The first prediction
in the respective legend is always taken as the referendehwite have arranged to bd®&tjets prediction
for all plots shown here. The ratio subplots nicely visuahzhy we place the cuts as given in Table 6.
Note that in all plots we only compare the shapes, i.e. alliigions are normalized to unit area.

We start by showing theAn; ;| distributions in Figuré 12. The differences in the resuftthe ideal
and more realistic selections are immaterial; there arengisfly no differences in the above-threshold
cases. Furthermore, the shapes are very stable udgerariations. We see that placing a cut around
|An; ;| = 1.5 keeps most of the signal, while it removes a large fractiothefii+jets events. We note
it is only the W+jets background featuring a peak location away from zdiather backgrounds (not
shown here) behave similarly to the signal.

When working with the reconstruction methogsz mh/ w, we have access to another longitudinal
variable: we can include a cut on theeandidate’s pseudo-rapidity to supplement the consg&iatn the
major and|An; /| cuts. Figuré I3 displays various,, ;;- distributions. Again, all predicted shapes are
rather independent of the choice of the test migs The W+jets background (as well as the electroweak
background which is not shown here) tends to preferably ladg@the forward rapidities while the signal
(and theit contribution also not shown here) shows up more centrak lEaids us to requit@e,, ;| < 3.0
as pointed out in Sectidn 4.4 to achieve additional sigmifieagains. Deviations between the ideal and
more realistic reconstructions become visible; they noa(225%), this is clearly because one needs
information about the neutrino to form this observable. \Wsewve that thél+jets background receives
the larger corrections compared to the signal.

We add one more comment regarding longitudinal quantitieshis study, as stated in Sectibnl4.4,
the pseudo-rapidity variables, which we discussed abaw®jrdargely uncorrelated with the transverse
observables as well as invariant masses. Schematicalljlusteate this on the basis of two-dimensional
|An; ;| versusmy,,;; distributions for both the Higgs boson signal and fiéjets background. In
Figure[14 we show these distributions as resulting from timahinatorialpz mw reconstruction for two
different Higgs boson masses, beloid{ = 140 GeV) and above {4;, = 180 GeV) the diboson mass
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Figure 13: Pseudo-rapidity of the selectda, v., j, 7'} set, the Higgs boson candidate. The predictions for
gg — h — ev.+jets production (coloured lines) obtained after the coraturiali nvm(dashed) and more realistic
h reconstruction (solid) selections (uppgrzmh, lower: pznmw) are compared with each other and to the corre-
sponding predictions of thé’ (— ev. )+jets background (black lines). Left panes show resultdfgr= 150 GeV,
while in the right panes the outcomes fafi, = 190 GeV are shown.

threshold. Similarly, Figure 15 exhibits the results oa with thent selection where the:,,, ;; quan-
tities were reconstructed as in the ideal case. When caefilonith the respectivél/+jets backgrounds,
we notice that the predictions originating from the productof Higgs bosons cover rather different pa-
rameter regions in theu,,, ;;» —|An; ;| plane. This happens independent of the valuéffand the
chosen combinatorial selection. Based on these obsemsatice expect the total/+/B increase to al-
most completely factorize into a product of singlgy/B improvement factors.
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Figure 14: Two-dimensional distributions showing the selected-gyslo-rapidity differencdAn; ;/|, plotted
versus the reconstructed maas,_;; of the selectede, v, j, j'} combinations. The predictions fggy — h —
evetjets production obtained aft@z mw reconstruction of Higgs boson candidates are comparedeaith other
and to the corresponding predictions given by iHé— ev.)+jets background. The upper (lower) plots represent
the signal (background) predictions, while the left (rigteines show results fd;, = 140 (180) GeV.

In Figure[16 we depict examples of potential discriminatmefow the diboson mass threshold. From
the upper left to the lower right we present, for the choic8fpf= 130 GeV, the transverse mass; .-,
of the leptonically decaying/’ —, the scalapr sumHr ;; of the selected jets, the transverse masses of the

selected 4-patrticle semg’fjuej ,, and of the selected jetsyr ;;/, as well as their corresponding invariant
massesm,+,, ;;» and m” Tt]1e first three plots in that order are the leading cut véglfor pz mw,

nt andpzmh followed by the subleading cut variables for andpzmh, cf. Table[6. In the lower left
plot we display the subsubleading cut variable forrthemethod,m;;,, which would yield a significance
gain of 19% if we were to demana;;; > 72 GeV. Unlike the transverse observables depicted in the
upper and center panes of Figlre 16, the invariant-magibdisons are affected by the modifications of
the ideal selection owing to a realistic neutrino treatmerite selected 4-object invariant mass (lower
left) exemplifies to what degree shapes can get distortechdpznh approach. The shoulder above

M, = 130 GeV emerges because complex solutions cannot be completabjeavim the reconstruction
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Figure 15: Two-dimensional distributions showing the selected-gytlo-rapidity differencdAn; /|, plotted
versus the reconstructed maas,_;; of the selectede, v, j, j'} combinations. The predictions fggy — h —
evetjets production obtained after combinatorial selectioooading to thent procedure are compared with each
other and to the corresponding predictions given bylhe— ev,)+jets background. The upper (lower) plots
represent the signal (background) predictions, while difie(tight) panes show results fdf;,, = 140 (180) GeV.
Note that for the purpose of illustration, the.,, ;;» quantities are reconstructed as in the ideal case.

of the neutrino momenta; the lower tail arises fromihe,, . ;;» constraints on the target mass ., ;;’,
see Section 413.

The 2-particle transverse masses shown in the upper leftemtdr right of Figuré 16 together with the
m;» spectra document why we exploit the signal’s preferencerfeshell hadronic and off-shell leptonic
decays of théV bosons. All backgrounds considered in this study disfawvisrdorrelation. The 4-particle

transverse mass (center left) exhibits — as expected — &inmematic edge for the signal at% ee)ﬁ/ejj’ =
My, while all backgrounds are continuous in this variable héag their broad maxima above the applied
mass window. The features of ti#&y ;;» handle (upper right) have been already described in Setion
For this variable, the electroweak background turns outaditike whereas thet background generates

(by far) the hardest tails.



55

ev+jets production & comb. h-reco: m . of lep.W ev+jets production & comb. h-reco: sel.jets H
S‘ [T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ ] '; LI ‘ L ‘ L ‘ L ‘ L ‘ L ‘ T 3
8 1k - invm: WHets - 8 ---- invm: W+jets 3
S E ---- invm: Higgs signal (130 GeV) 3 S - invm: Higgs signal (130 GeV) ]
= [ — pzmw: W+jets 1 = —  mt: WHjets
> -1 —— pzmw: Higgs signal (130 GeV) — e —— mt: Higgs signal (130 GeV) 7§
210 3 T q
E 3 k=] 4
£ ] < Heos 820 ]
B 2L . ° 3 -
S 10°E 3 o 107E E
o E ] — E 1
= r 1 F ]
-3 —
10 g ; lO'Ag E
10°F - E r u ]
F E 10°F Ll E
[ - ] E TevatronRun2  : |- E|
10°E Ll T B RV RN PRSI W s R
b i 3 b Fr—T T L B B R B B
= 5 — ¢ 6f E
g F - a E
Too20 ). E T = E
s ol g e T : |
s o == SY: T B IO L. " 1
0 60 100 40 60 80 100 120 140 160
M5, [GeV] Hj [GeV]
ev+jets production & comb. h-reco: sel.setm & ev-jets production & comb. h—reco:m _ of jj’ pair
ErroT ‘ L ‘ L ‘ L ‘ L ‘ L ‘ T T ‘ ™ F T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ q
% - invm: W+jets E % r - invm: W+jets 1
g - invm: Higgs signal (130 GeV) ] g : - invm: Higgs signal (130 GeV) :
— pzmh: W+jets 1 — —  mt: W+jets
=107 E — pzmh: Higgs signal (130 GeV) = = 10" E — mt Higgs signal (130 GeV) E|
2 f E e ]
2~ r ] s} [ ]
g | o3 f
© 102F - o .
l: 1 S ?
= L ] C ]
107 El -+ F i
g =25, 8520 ] E
10°E Tevatron Run 2 - -]
F I SR A |
"5 E T T ‘ L ‘ T \: "§ E T T T ‘ T T T ‘ T T T \3 ‘ B
S af g S af -
5] [ ] o [ ]
T o2r E S E
LE) £l B LE) 5 [ 1
| s S
~ i i == I T £ 0r | P E—— | =
100 110 120 130 140 150 160 170 0 20 40 100
mgi,v i [GeV] my; [GeV]
ev+jets production & comb. h-reco: mass of sel.set ev+jets production & comb. h—reco: mass of jj’ pair
'; 1 EFrooT ‘ LI ‘ TTTT ‘ T 1T ‘ TT 17T ‘ TT 17T ‘ TT 17T ‘ ™7 '; FroT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT]
() E <= invm: W+jets E (0] L ----invm: W+jets ]
g E - invm: Higgs signal (130 GeV) B g r - invm: Higgs signal (130 GeV) 1
bl r —— pzmh: W+jets 1 — S — mt: W+jets B
= [ —— pzmh: Higgs signal (130 GeV) = —— mt: Higgs signal (130 GeV)
10t - 4 £ w'F -
ET T el _E:zs, P 5 f Re2s5 820 ]
S L : ] o r ]
5 : 1 3
3 L
107 1 E w'E E
- ) Tevatron Run 2 = Tevatron Run 2 | |-+ |}
W e | | | I 07 RS
g P 5 EH -
o E P 3 o E T 3
=~ 2F 3 -~ 2F il |
(= £ | [ £ |
IS E | IS E M |
[ £ E [ £ E
O E E 18} E E
0F g 0F = H ]
s i anaates i ' el ]
~ Bl b b b bt T A - ~ E s NEENE NN NN FEREE S = 1 = . WS R N
100 110 120 130 140 150 160 170 60 65 70 75 80 85 90 95 100
Mew, iy [GeV] m; [GeV]

Figure 16: Examples of leading and subleading cut observables bele@ iy threshold, fordf, = 130 GeV.

Predictions are shown for thgy — h and W production ofev.+jets final states using thenvm (dashed) and
more realistic (solid) combinatorial selections. Top tétbm, left panesm -, (pzmNIeading),mgr”zlVe ” and
Mety, ;5 (PZh leading and subleading); right panés; ;;-, mr, ;; andmg; (n leading to subsubleadjing).
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Figure 17: Examples of (sub)leading cut observables for Higgs bosossesd/;, ~ 2 My,. Predictions are
shown for thegg — h and W production ofev.+jets final states using thenvm (dashed) and more realistic
(solid) combinatorial selections. Top to bottom, left pgng- .+, ;;» andm.-;_;;» (Pzh leading and subleading),

Hrp .5 ;5 (M subleading); right panemg";),pﬁjj,, Me-5, ;7 @NdHry j; (pznwleading to subsubleading).
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Figure 18: Leading and subleading cut observablesX6y choices well above th2 My, threshold. Predictions
are shown for thggg — h andW production ofev, +jets final states using thienvm(dashed) and more realistic
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We now discuss some of the near-threshold discriminatoesewmost of the examples are given for the
test pointM;, = 170 GeV. Figure[1¥ shows in its top row the two leading cut variablext tve found for
this mass region. In the upper right we have the transversxsm%ee),ﬂe ., of the selectede, v, 7,5}
objects as resulting after thez nw reconstruction withM;, = 150 GeV. We discover properties very
similar to those discussed for the case of low Higgs bosorsesasf. Figure 16. In the upper left we have
depicted the first-rank discriminator for medium Higgs bosaasses — the selected 4-object transverse
momentum distribution. It was introduced early on in SetiZo Here, we present the. .+, ;- distri-
bution as obtained after the combinatonednh selection. We remark that the curves of the other two
realistic approachepzmwandmnt , (both not shown here) deviate even less from the respeaties of
the ideal selection. Also not shown in Figlré 17 but wortHevko mention, the electroweak background
would yield spectra similar to those of thEt+jets background whereas the top-pair production would tur
up significantly harder than the signapbs spectra.

The other example plots of Figurel17 are chosen from the ss¢@ind-leading cut variables. The
center panes display the invariant mass distributians;, ;;» resulting from thepzmh/ wselections. As
opposed to the — by construction — sculpted shapes op#reh method, we observe that thez mw
selection reproduces the invariant mass shapes df ivenideal reconstruction to a large extent. The
lower panes demonstrate the potential possessed by seaiavérse momentum sums that we exemplify
by means of the selected-st; . ;;» observable as given by the selection (lower left) and the
selected-jefdr ;;» observable resulting from thez nwreconstruction (lower right). Remarkably, based on
the 4-objectHr, we can achieve an even clearer separation between théaighthhell/+jets background
once we seledt candidates according to tiheé method.

Figure[I8 summarizes the types of discriminating obseeghbb identified in Tablg 6 for the region
of large Higgs boson masses; we uge = 210 and220 GeV in the example plots. The upper panels
representt{;, .- ;;» distributions obtained aftgrzh (left) andnt combinatorial selections. Between
these two cases we detect only marginal differences, anidhdiyrbetween the predictions of the ideal
andpzmw reconstructions (not shown here). At large Higgs boson esaghe sighal develops the peak
at considerably largefi values compared to thid/+jets background. This characterizes the selected-
set Hr as the strongest handle we have abovelifi@” threshold. Moreover, thpzmh andnt realistic
selections further enhance the separation between thegakorpgions. For the subdominant backgrounds
(not shown here), we noticed a strong similarity betweenHhespectra arising from the electroweak
production and théV+jets background. Thé background however yields the hardest spectra both in
terms of the peak position as well as the tail of fite distributions.

The center panes of Figurel18 show two examples of seléataddidater distributions. These vari-
ables do not constitute the best discriminators anymotestiiuguite often rank second best in separating
signal fromW+jets production in the domain of largd},. As thepz mwreconstruction works extremely
well for heavy Higgs boson decays into on-shiéll bosons, it givep .- ;;» shapes almost identical
with the ideal selection.

For the M}, = 220 GeV point, we present two different subleading cut variablethalower pane of
Figure[18. To the left, one finds the. .-, distribution of the reconstructeld’ ~ resulting after selecting
Higgs boson candidates accordingptoh. The purely transverse massy .+, ;;» Of the nt -selected
4-object set, cf. Eq[{8), is depicted on the lower right. fhase variables, we recognize similar features
as for theHr,, ;;» spectra concerning the minor backgrounds and the compangb thei nvmHiggs
boson candidate reconstruction.
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Figure 19: Examples of minor cut observables after application of mejds and rapidity constraints including
spectra resulting from subdominant backgrounds. Predistusing the more realistic combinatoriatandidate
selections are shown fer, +jets final states arising frogy — & (solid red),W+jets (solid black){t (dashed blue)
and electroweak (dashed green) production at Tevatron R8e¢ text for more details.
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In Figure[19 we give a brief overview of discriminators thead to a further increase in significance
after implementing all major and rapidity constraints dissed in Sectidn 4.4. The boost factey.,,, as
introduced in Sectionl2, proves very helpful in separatigga from backgrounds over a large range of
above-threshold Higgs boson masses. Sifge,, develops a peak for the signal only, it is advantageous
to isolate the boost factor peak region in order to explat #nnot too broad scalar resonance has been
produced over a multitude of continuous backgrounds. Bhexémplified in the upper plots of Figurel 19
where we present two boost factgy;|.-, example distributions foll;, = 165 GeV (left) and M), =
220 GeV when selecting via thpz nwmethod.

For thepzmmh method in particular, we identified two transverse varigtitet, if constrained from
below, are very yielding in the low Higgs boson mass regiomneat this more involved level of the
analysis. We exhibit these variable ;;» on the left andm  ;;» on the right, in the center panes of
Figure[19 choosind/;, = 130 GeV. As in similar cases the significance gain originates fropi@ing
the different peak locations associated with the signahigtter values, and the dominant background,
preferring the low values.

For M, very close above threshold, we can use the azimuthal anglebée the lepton and MET or
the two selected jets (as suggested by Han and Zhang inCR@&f) [id further suppress the backgrounds.
A low-pr Higgs boson produced &/ WW threshold gives rise to two longitudinally moviily bosons,
which in turn each decay into two objects oriented almoskiiadback in the transverse plane. This is
demonstrated by the example plot in the lower left of Fig@evhere signal and background distributions
are shown for the\¢, - ; observable when employing the selection forMj, = 165 GeV.

Finally, we display in the lower right of Figure 19 an examplea global-event observable, naméfy-
as calculated from the entire event, not vetoed by the seteahd major cuts. Itillustrates the hierarchy of
scales intrinsic to the heavy Higgs boson sigrd],(= 220 GeV) and different background processes; it
also visualizes the leftover potential when considerirgglobal H for the implementation of additional
cuts, see Appendix B.3.

B.3 Directions for additional improvements

The final sets of events surviving our optimized combinatcselections of Higgs boson candidates are
perfect for use as input to a full multivariate analysis. sTikiprimarily because the analysis types presented
here were geared towards significance maximization, saatkafficiently large number of events can be
preserved.

« S/Bimprovements: since we are rather safe from a statistics point of view,ethigrin many
cases potential to improv&/B by simply requiring more restrictive constraints accept{mild)
significance losses at the same time. The simplest way isttharder in the tails of the major
observables; for instance fpznwat M), = 220 GeV, usingHr,,;;; > 188 GeV (instead of the
bound given in Tablgl6) results in a 40% gainSpiB while the significance only drops by 10%.
Of course, a change in variable sometimes is more benefmiah&ximizing.S/B and keeping
a reasonable significance. Consider for examyleat M; = 140 GeV; hardening theHr ;.
constraint by cutting out the region bel®® GeV maximizesS/B by doubling it, but reduces the
significance by a factor df.4. In contrast, usingnr ;;; > 72 GeV gives a factorl.6 increase in
S/ B, yet only a factorl.2 decrease in significance. Certainly one can opt for the (pthdreme
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and totally maximize5/ B, e.g. for thgpzmwcase just mentioned, we find a hugjeB gain of 600%
by demandingr ;; > 64 GeV but we actually just traded a reasonable significance assolowith
half a percentS/B for a~ 4% S/ B of very low significance diminished by a factor . This
behaviour is typical owing to the limited amount of data také the Tevatron.

» Overall Hy cut: the philosophy of this study is to only constrain variableslving the candidate
set of particles. Allowing cut observables sensitive tothele event structure can lead to additional
significance improvements but the related uncertaintiedaager since such observables are more
prone to hard radiative corrections that need to be destalppropriately, often beyond parton-
shower modeling. At the level of identifying minor cuts, asen in Table[6, we found that an
overall Hy cut on the selected events yields in most cases significaaos gf the order of 20-40%
near and above threshold. This is a conservative estimaigidaring the larger uncertainties on
such cuts. An example is shown in the lower right of Figure I#me we see why one benefits by
constrainingH from below. In addition one could suppress thdackground by introducing an
upperHy bound, or equally, exploit the fact that the leading jetg iproduction yield a substantially
harderHr» = Hr j, j, spectrum.

» Asymmetric mass windows for reconstruction methodas touched during the discussion of Fig-
ure[11, the use of asymmetric test mass windows(\8, — Ay, Mj, + Ayp), can improve the
realistic selections that either approximate or set thecsedl 4-object massn,,, ;. For all M,
values, it is advantageous to chodsg,, larger by a few GeV thark,, where2 A = Ajqy, + Ayp.
The results presented in Figlre 1 (upper left) and FiglreBfglwhy this is a good idea: first, the
Higgs boson resonance is deformed by radiative losses antlitien effects (there is no perfect jet
finding let alone (sub)event reconstruction) amountinglerger portion of cross section below the
peak; second, the backgrounds are either sufficiently flatlmelow thelW W threshold — steeply
falling towards smaller masses amplifying the asymmetigoefurther. We checked the asymmet-
ric window scenario for th@z mw method, where this led to significance gains up to 10%. For the
dijet mass windows, the effects turned out too weak.
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