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A possibility to observe with the CMS a heavy (My [ 200 GeV/c?) Higgs decaying via H’ - Z°Z" - llw is
studied. It is suggested that for Higgs masses close to threshold of H’ decay to the Z°Z° pair. The “irreducible”
background due to non-resonance production of weak boson pairs can be eliminated by a proper choice of event
selection criteria leading to signature “I*I” + Ex™*+ jets”. This observation is illustrated by PYTHIA/CMSJET
simulations. For suppression of the Z+jets and # contributions to the background, two sets of kinematics cuts are

considered.
PACS: 13.87.Ce, 13.38.Dg, 14.80.Bn

1. INTRODUCTION

Collaborations performing experiments at LEP II
have set [1] a fairly high (about 95%) confidence level

(CL) for the Higgs mass My to be above 114 GeV/c?,
and no Higgs signal candidates have been reported by

now from the Tevatron Run II. A new era for the Higgs
physics will open out with putting the Large Hadron
Collider (LHC) into operation in 2007. The new
experimental facilities such the CMS have to enable
extension of searches for the Higgs boson to the whole
reasonable range (up to 1 TeV/c?) of its masses. Then, a
failure to find the Standard Model (SM) Higgs in the
measurements could result in changing the current
understanding of the physics underlying generation of
masses of known elementary particles. However, to
have enough grounds for such a conclusion, one needs,
of course, in addition to possessing detectors with
excellent performances, a thorough examination of all
possible mechanisms of Higgs production in pp
collisions at the LHC energy, and all H” decay modes
allowing the produced Higgs boson of any plausible
mass to emerge in measurements through clear and
distinctive signatures.

On the other hand, the precision electroweak data
(see Ref. [2]) appear to limit My from above with
My <195...230 GeV/c? at 95% CL. Though, as noted,
e.g., in Ref. [3], the global fit to these data predicts for
My a value which is far below 100 GeV/c*> and
practically excluded by the established in Ref. [1] lower
constraint, My > 114 GeV/c’. One may suggest [3] the
existence of new physics beyond the SM that could be
responsible for shifting My towards greater values and
that was disregarded in the mentioned above analysis.

Our present consideration refers to studies of
possibilities to observe with the CMS a heavy

(M 1 200 GeV/c?) Higgs boson decaying to a couple of

Z" bosons with their subsequent decay to lepton
(electron or muon) and neutrino pairs,

H - 7°7° = liv. (D

This decay mode, compared to the so-called “gold-
plated” H’ - Z°Z° - 41 channel, has about 6 times
greater branching ratio and so, it may lead to a stronger
signal at large My (when the Higgs production cross
section is relatively small) with providing more
opportunities to apply hard cuts for suppression of the
background.

However, from a phenomenological point of view,
decays (1) result in signatures of the “// + E™” type,
with ways of My reconstruction being not evident. As a
consequence, observation of Higgs is thwarted a lot [4]
by the “irreducible” background (IB) coming from non-
resonance production of weak boson pairs (ZZ and ZW).
The IB can emerge as the “l/ + E™ signature with
event distributions similar in their shape to those for the
background. So, it turns out to be difficult to observe
Higgs even in case of a substantial prevalence of the
signal over the background.

The difficulties associated with registration at the
CMS of a very heavy (M= 500...1000 GeV/c*) Higgs
particle via signature “ll + E{™” were discussed in
Ref. [4]. Here, we extend this study to the region of
lower (My=200...250 GeV/c*) Higgs masses, which
fits better the current status of the electroweak data, and
show that the IB can be eliminated in this case.

2. ELIMINATION OF THE IB AND
PYTHIA/CMSJET SIMULATIONS
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For a moderately heavy (Mg 0200 GeV/c?) Higgs
particle with the mass exceeding the threshold of its
decay to a couple of Z’ bosons only by ~ 10 GeV/c?, the
products of this decay should have a small relative
momentum and preserve the direction of motion of the
“mother” resonance H’. So, one may expect that for
decay (1), the transverse momentum of the lepton pair
P;" and the missing transverse momentum Pr™* would
lie in the same semi-plane, with the angle between them
being fairly small.

Quite a different picture manifests itself in case of
the IB. The weak boson pairs are produced here in hard
collisions of partons, and, therefore, gain on average
momenta of opposite directions.

To have a quantitative illustration to this kinematic
consideration, we have performed simulations
exploiting PYTHIA (ver.6.158) [5] as an event
generator and the “fast” (non-GEANT) Monte-Carlo
model CMSIJET [6] (ver. 4.703) for the CMS response.
To begin with, our event selection cuts were as follows

Ei™ =60 GeV,

Nl <24,

Pr' 220 GeV/c?,

P =30 GeV/c?,

|Mz*M[{| <5 GeV/CZ,

the number of high-Pr leptons = 2.

The lepton transverse momentum P and
pseudorapidity /7 cuts are determined here by the CMS
physics properties and geometry (see, e.g., Ref. [7]).
Comparatively hard cuts were set upon the missing
transverse energy Er™* and transverse momentum of the
detected /I pair Pi" in order to suppress the background
due to single Z’ production accompanied by jets,
“Ztjets”. Also, a rather narrow, compared to the
“customary” choice of 6 GeV/c? [7], window has been
established for the // invariant mass to be in the vicinity
of the Z’ mass M, with the purpose of having the #
background at a lower level.

With these cuts, we have obtained for the event
distributions over cos(CJP"P:™*) the plot displayed in
Fig. 1. It is seen that by applying an appropriate cut
(like the one shown by the arrows at JP'Pr™ < 90°)
the IB coming from the non-resonance Z°Z’ production
can be washed out. This cut would eliminate also the
Z°W* component of the background, since we have got
in this case the cos(OPr"Pr™) distribution practically
identical to the one for Z°Z’.

Then, it follows from Fig. 1 that for a considerable
amount of the 200 GeV/c? Higgs signal events, vectors
P;" and P/™ still have opposite directions. These
events correspond to low-Pr H’ production. In spite of
the fact that they are effectively suppressed by cuts (2a),
such events emerge here due to the essentially greater
cross section compared to that for high-Pr H’
production.

It should be noted also that if condition O
Pr"P:™ < 90° holds, the transverse momenta balance
can only be provided by high-Pr jets. In other words,
this criterion eliminating the IB selects events with, at

(2a)

10

least, one high-Pr jet. Furthermore, it turns out that
modification of this cut to

DPTIIPTmiss < 900’
OP:'Py > 120°,

OP™Py > 120° (2b)

where Py is the total transverse momentum of jets, does
not result in any loss of the signal events, though may
reduce the Z+jets and background.
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Fig. 1. Event distributions over angle between
transverse momentum of the lepton pair and the missing
transverse momentum for the 200 GeV/c® Higgs signal
and non-resonance ZZ production

Apparently, the default PYTHIA option for Higgs
production at the parton level, 2 - 1 gluon fusion
gg — H’, is not a quite adequate tool for description of
the process under consideration. It would provide jet
formation occurring only through soft QCD processes,
like initial- and final- state parton showers, with a
tendency of underestimating the real yield of higt-Pr
jets. So, we replaced in our simulations discussed below
this option by the 2 — 2 hard processes gg — H’g and
gq — H'q. The results are shown in Figs. 2 and 3. They
were obtained with cuts (2a,b) supplemented by the
requirement of having no b-jets with Pr > 40 GeV,

Nlﬁjets =0 (20)
that helps to suppress the background due to #. As seen
in Fig. 2, employing the 2 —» 2 mechanisms of Higgs
production instead of the 2 — 1 gluon fusion (of
course, in the both cases, the 2 —» 3 weak boson fusion
mechanism gq — H'qq is also switched on.) leads to a
considerable (by factor of ~ 1.5) signal enhancement.

This figure also displays the sensitivity of the event
distributions to Mjy. In a non-relativistic case, the
quantity |Pr" — Py™| would be a reasonable measure for
the Higgs mass excess over 2M;. Then, one may hope
(at least, for My very close to the H’ - Z°Z" decay
threshold) that the relation of this quantity to the ZZ pair
c.m. momentum P; is preserved to some extent in the
real situation. We see, however, that already for
My ~250 GeV/c* the distributions are smeared by
relativistic broadening. In addition, cuts (2b) prove to be
too hard at My [0 250 GeV/c?, so that few Higgs events
survive them.

Thus, with cuts (2), the background is completely
determined by Z+jets and #¢ contributions. However, it is
still fairly large compared to the signal (see Fig. 3). A



way of background reduction with applying some extra
selection criteria is considered in the next Section.
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Fig. 2. Higgs signal simulated with 2 - 2 PYTHIA
option for H’ production (open histogram) compared to
that given by the “gluon fusion” 2 — I mechanism
(hatched histograms)

TRBO

S background

Q (Z+jets & tt)

N

N

v

Qo

72

40

S

8

20 signal
(M,;=200 GeV/c’)

0 an
40 60 80 10012014016018Q0200220240

BBl (GeVre)

Fig. 3. Distributions of Higgs signal and
background events over |Pr" — Pr™| for cuts (2)

3. SUPPRESSION OF THE Z+jets AND #¢
BACKGROUND AND DISCUSSION OF THE
RESULTS

In order to have more events to play with, we may
loosen the cut on Er™, E™ >40 GeV, keeping all
other conditions (2a,b,c) unchanged. Below, we will
refer to this set of cuts as “A”. With these cuts, we have
obtained the event rates listed in column “A” of the table.

Results of simulation

Event rates / 10° pb”
Channel (pp, \/E — 14 TeV) vent rates p

A B C
H - 77" - llvy,
My =200 GeV/c? 41 236 108
0 )70 +
H - 77" - I'lwy, 274 103 53

My =225 GeV/c?

H - 72'7° - I'Fvy,
My =250 GeV/c?

163 54 32

Ztjets - I'l + jets 5(3)9 921 469
- . . 211

tt - WW+ijets - V'V 3 1230 | 368

ZZ - llvv 2.8 2.0 1.8

ZW - llvv 5.9 3.8 2.3
750

Total background 3 2151 837

Then, let us consider the Higgs and Z+jets event
distributions over the angle between the Ilepton
momenta (see Fig.4). A possibility to suppress the
Z+jets contribution to the background can stem from a
qualitative difference between these distributions (cf.
Ref. [4]). The neutral weak bosons from decays of the
Higgs with My 0200 GeV/c* are, on average, less
energetic than those produced directly in hard parton
collisions, and, therefore, their decays to lepton pairs
give rise to the considerably broader distribution over
the lepton momenta relative angle. The spin correlations
due to the scalar Higgs decay to the two vector bosons
also may influence the shape of distributions shown in
Fig. 4 for the H’ signal. One can see that the cuts set on
angles between the lepton total and transverse momenta,

OP'P2 > 60°,

0P P2 > 90° 3)

reduce the Z+jets background to a substantially greater
extent than the H” signal. The corresponding event rates
are presented in column “B” of the table.

Unfortunately, the constraints (3) are not capable of
an essential decrease of the # background. To suppress
the # contribution, we have resorted to analysis of jet
pseudorapidity distributions, which turn out to be
significantly broader for the Higgs signal than for the #
events (see Fig. 5). It suggests applications of cuts on jet
pseudorapidities 77 as follows

1.0 < || < 4.5. (4a)

In addition, to be tuned better to the 2 - 2
mechanisms of Higgs production by partons, gg — H'g
and gg —» H’q, we select only single-jet events,

N =1, Py > 40 GeVle. (4b)
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Fig. 4. Distributions of Higgs signal and Z+jets
background events over angles between lepton total
(top histogram) and transverse (bottom histograms)
momenta
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Fig. 5. Jet pseudorapidity distributions for Higgs
signal and background events (three top histograms),
comparison of jets pseudorapidity distribution in case
of the 2 — 2 mechanism of Higgs production with that
given by the WBF (two bottom histograms)

With imposing extra restrictions (4a,b), our final
results are shown in column “C” of the table and Fig. 6.
Cuts (3) and (4) result in a considerable, by the order of
magnitude, suppression of the total Z+jets and #
background. However, Higgs signal reduction is also
significant (by factor of ~5). Thus, the cuts considered
here is an alternative to the ones discussed in Sect. 2 and
lead to relatively small event rates (cf. Figs. 3 and 6). As
follows from Fig. 6, the Higgs signal still appears to be
small to be separated from the background. In addition,
the cuts result in the signal prevalence over the IB being
not so convincing as that provided by the criteria (2) or
“A” (see the table). So, it would be desirable to check
the IB suppression here by generation of the ZZ+jets
and ZW+jets events through 2 — 3 parton interactions.
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Fig. 6. Distributions signal  and
background events over |P{'—P/"™| fo cuts “A”

of Higgs
supplemented by conditions (3) and (4)

However, supplementing the set of cuts “A” with
conditions (3) and (4) may seem to be too restrictive,
since, e.g., selection (4b) practically excludes events
with the weak boson fusion (WBF) mechanism of H,
production (see the left graph of Fig. 7). The WBF
Higgs production yields a signature with two high-Pr
jets in opposite directions (see, e.g., Ref.[8]). The
comparison of 1 distributions for such events with
those in case of gg -~ gH’ and qg — qH’ mechanisms is
presented in Fig. 5. Evidently, the WBF events quite fit
selection criterion (4a). Therefore, the hard -cuts
discussed here can be considered as a starting point that
might be extended by adjusting them also to the 2-jet
processes of Higgs production. Apart from the WBEF,
the latter include the QCD 2 — 3 H’ production
mechanisms (a graph for one of them is shown in
Fig. 7), the importance of which was pointed out, in
particular, in Ref. [9]. Of course, some of the 2 - 3
QCD processes are effectively taken into account by the
initial- and final-state gluon radiation corrections to the
considered above 2 — 2 H’ production. However, such
a treatment is not complete. Moreover, generation of
dijet events via the PYTHIA initial- and final-state
parton showers option as a soft-QCD correction to
reactions gg — gH’ and qg — gH’ may be inadequate in
case of high-Pr jets (cf. discussion in Sect. 2). So, in
order to accomplish the adjustment of our selection
criteria to the “H’ + 2jets” events, we have to perform
simulations based on a more complicated generator,
which would generate all the 2 — 3 mechanisms of
Higgs production at the parton level. This work is
currently under way.

WBF

QCD 2-3 H production

q H0 + -

Fig. 7. WBF and QCD-based 2 — 3 mechanisms of
Higgs production



CONCLUSIONS

A possibility to observe with the CMS a heavy
(M 10200 GeV/c?) Higgs decaying via (1) has been
studied. It has been shown that for My values close to
the threshold of H’ decay to the Z°Z° pair, the
“irreducible” background due to non-resonance
production of weak boson pairs can be eliminated by a
cut on the angle OP;"P;™*. This observation based on a
simple kinematic consideration has been illustrated by
simulations exploiting PYTHIA as an event generator
and CMSJET as a CMS response model. Since such a
criterion selects events with high-Pr jets, one may speak
here about signature “//+ E{™+ jets” rather than
“ll + E;™. Accordingly, the default PYTHIA option
for H’ production at the parton level, 2 » 1 “gluon
fusion”, is not quite adequate here. Instead, we
employed in simulations the 2 - 2 gg — gH’ and
gg — gH’” mechanisms of Higgs production and have
obtained the signal enhancement by factor of ~1.5. In
order to suppress the Z+jets and # background to an
admissible level, the two (“loose” and “hard”) sets of
selection criteria have been considered. Despite the fact
that these cuts still do not provide a good separation of
the Higgs signal from the background, they can be
considered as a promising starting point for further
studies. To provide a more realistic predictions in case
of the signature under consideration, these studies have
to be based on a more complicated generator, which
would generate all the 2 - 3 mechanisms of Higgs and
ZZ/ZW production at the parton level.
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O BO3MOKHOCTHU OBHAPYXEHUS B JETEKTOPE CMS TSKEJIOI'O BO3OHA XUITCA
IIOCPEJICTBOM H’ - Z°Z’ - llvw PACIIAIOB

JLI. Jlesuyx, /I.B. Copoka, I1.B. Copoxun, M.B. Bopouxo, C.C. 3y6

U3yueHa BO3MOXHOCTH OOHApy*EHMs TskeJIoro 6oszoHa Xurrca nocpeactsom H’ — Z°Z° - [lvv pacnanos.
[Ipeanonaranock, 4To Macca 4acTHIBI XHrTca OJIM3Ka K Opory pacnaia Ha ZZ. HenpuBouMmelii (oH, CBSI3aHHBIH ¢
HEPE30HAHCHBIM POXICHHEM BEKTOPHBIX OO30HOB MOXET OBITh IOJABJICH IyTEM BBIOOpAa KpUTEpHEB OTOOpa
COOBITHI1, KOTOpBIE IPUBOAAT K CUTHATYpe curHana “/l~ + Er™+ jets”. DTOT pe3yabTaT ObUI POMIITIOCTPUPOBAH C
nomonipio PYTHIA/CMSJET wmoznenupoBanmsi. PaccmoTpeno nBa HabOopa KpurepueB OTOOpa COOBITHH ISt
MOJIABJICHUS {f U Z+jets COCTaBIsIomuUX (hoHa.

3HAXOJKEHHS BO30HA XII'CA B JIETEKTOPI CMS YEPE3 PO3NAIMU H’ - Z2°Z° - liw
JLI. Jleguyx, /I.B. Copoka, I1.B. Copokin, M.B. Bopounxo, C.C. 3y6
JloCHiPKEHO MOKIIMBICTh 3HAXOMKEHHs BaXKKoro 0Oo3oHa Xirrca uepes posmamu H' — Z°Z° - llvv.
[Mpumyckanocs, 1m0 Maca yacTku Xirrca OJu3pKa 0 mopory posmany Ha ZZ. HempuBoaumuii ¢oH moB’s3aHuil 3

HEPEe30HAHCHUM HapO/KCHHAM BEKTOPHHX 0O030HIB MOXKe OyTH MOJABICHHI 3aBIIKH BHOOPY KpHUTEpiiB BigOopy
no/Iiif, 1O BelyTh 10 CUTHATYpu curHaiy “I/'I” + E;™+ jets”. Ilell pe3ysbTaT MpOLNTKOCTPOBAHO 3a JOIOMOIOKO
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PYTHIA/CMSJET mozentoBanss. Po3rissHyTo 1Ba HAOOpH KpHUTEpIiiB BiLOOPY momiil ajs moaaBicHs ff Ta Ztjets
KOMIIOHCHT ()OHY.
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