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Abstract

W~ studied the process pp .... H O.... ZoZO .... 4. for very heavy Higgs mass,

M H = 800 GeY. at .;s = 40 TeY with using PYTHIAS.3. The analysis is

based entirely on a calorimetry detector. We investigated a validity of requir­

ing just an isolated electromagnetic activity rather than positively identifying
on electron. We found that such "EM-!D" is useful for this particular physics
provcss . AtKO , we examined effects or "bad" regions in the calorimeter to the

geometrical acceptance and the mass resolution of Zoo The "bad" regions do

not cause obvious deterioration on the mass resolution, and improve about

fa-nor two i II ~cOlllCl.ric(l.1 acceptance .

1 Introduction

To uncover the mechanism of the spontaneous symmetry braking in the elec­

trowcnk t.lwory is OIlP. of the most. import.ant physics for sse. According to the

model of the iuinirunl Higgs doublet, a physical Higgs scalar exists. Experirncu­

tally, the IllH.<S range between 32 MeV and 24 GeV is excluded recently by the

ALEPH colluboratiouj l]. \~c do not know theoretically about its mass scale ex­

cept. t.hut it is less than ~ 1 TeV for the perturbative approach to be valid[2]. For

this purpose, we must be capable of detecting the Higgs boson up to this region.

A heavy Higgs( Mil > 2Mw/z ) predominantly decay into W+W- or ZOZO .

pair. However, it is now turned out that the top-quark is expected to be heavier

than the W±/Zo InMs[3]. Then the W+W- pairs can be produced copiously via tf

production. Reconstruction of ZO through the hadronic decay mod" is confronted

with difficulties due to t.he large QeD background. Tho pracf.ical signal modes are

thcrofe.n- H" ~ ZOZ" ..... Ii rt; where I (I') stands for e or I" [c, I' "1' //',). In this

rcport, wr- will coru'r-ut ra.te OlJ the dec-ay ruor!o, HO - 4r.. aue! study rcquircnwlIl.s

(,,1<11,·<\ 1.0 "h,tmu id"nt.ilicat.ion(e-JD).



Suppose that «Ie) is the efficiency of e-ID for an electron, the detection effi­

ciency for four electrons is «Ie)'. Even the e-ID efficiency for an electron is 90%,

it becomes 66% for four electrons. In fact, the eDF group reports - 86% for

«le)[4], and we do not know its value under the sse environment with a realistic

detector system, Moreover, if the Higgs mass is as heavy as 800 GeV, we need

higher lumiuosity than 1033 cm-1 ., - I . Even with the IG times higher luininos­

ity, we do not I(Hill ,11 nil if «10.) b"COIIICS Iactor two worse. 011 the other }","<1 ,

the process E U~ ZU ZU ~ 40. has a clean topology with t.he ~t.rict. kinematical

constraints. Therefore. we limy not. have t.o identify electrons positively, but. lUI

isolation requirement for electromagnetic activity("EM-ID") might be enough to

suppress backgrounds. If it is possible, the better detection efficiency is expected,

and especially so under the higher luminosity. One of the topics in this report. is

to investigate the capability of the "EM-ID" for this particular physics process.

The second topic is about the geometrical acceptance. A study on the require­

ments to e-ID for the process H ~ ZO ZO --l Ii I'T' has been done by Yamamoto et.

r..l.[5]. They studied the detection efficiencies of the heavy Higgs bosom by !.H.king

account of the realistic calorimeter geometry. According to tho Mart.in-Marir-t ta

desigll of the liquid »rgon calorimeter, t.here are nonnegligible maleriel~ in front

of t.lw {'1(Ttl'OlJl<l~nC'tjc culorirnctcr at around 17]1 ~ 0.73 (TJ is t.he ps(~t1dorn.piclit'YI

'7 = - ln] tun fI/2) ) corresponding to the support structures and IT11 ::= 1.5 corre­

spou.Iiug to the barrcl-cndcap boundaries, They abandoned t.o use t.lH:~(· n~gi()1Js <1.'-;

well as the boundaries of modules in ¢ for the electron rletect.ion. If four electrons

are rrquircd ill the filial state, the geometrical acceptance becomes less I.h01l1 40%(

tbe 'I-coverage of 3 is assumed ). Motivated with t.he result, we examined effects

OIl the I\eolllctrical acceptance and the ZO-mass resolution when one electron was

allowed 1.0 cuter thos« kind of "bad" regions,

2 Methodology

2.1 Event generation

The process which we consider is HO ~ ZO Zo ~ 4e, where the Higgs is produced

via pp-collision at .;s = 40 TeV. The top-quark mass is assumed to be 150 GeV.

As we sl.ated before, we will concentrat.e our study on the very heavy Higgs, 1\1" =

800 G('V. We used t.he PYTHIA version 5.3[61 for I.he event ].\''1,crRt.ioll.
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The prod netion cross section of Higgs versus its mass is plotted in Fig.I. In­

deed its production rate is not necessarily small, but. the branching ratio to the

4e-mncle is t.oo small] - 3 x 10-· ). The resulting event rate of the 4e-modc for

M H = 800 GeV is only 11.8 events with the integrated luminosity of 10'0 cm-'.

The mass distribution, the rapidity (YH) distribution, and the the transverse mo­

mentum (PT) distribution are shown in Fig.2a, Fig.2b and Fig.2c, respectively. We

generated 1000 events for this process. Since the decay width of the Higgs boson

is proportional to M~, it becomes about 300 GeV for MH = 800 GeV (Fig.2a).

Since it is heavy, it is produced in the central region, IYH! < 2 (Fig.2b). As for

thc t runsvcrsc momentum, it. has tho large tail (Fig.2c). As the result, tho Z"

bosons arc not necessarily produced in the hack-to-baek configuration. In Fig.2d,

the ncopl",,,,rity nu!\k hotwecu the t.wo ZO bosons is shown. VV(: should nof.c t.lmt.

the jd. »r-tivity is not. small even ill this type of "clean' physics process.

2.2 Detector

The detector used in this analysis is a calorimeter system only. It covers up to 17)1 =

3 and has the tower geometry with the tower size 67) x 6¢ = 0.05 x 0.05. Each

tower is longitudinally segmented into two parts, an electromagnetic section(EJVf)

and a hadrouic one(H.4D). The energy resolutions of the electromagnetic und

hadronic sections arc 01,/E = 0.2/VE + 0.02 and 0.5/VE + 0.02, respectively,

where E is t.lic deposited energy in the tower in GeV. The angular resolutions arc

17,/ = (7" = 2.[, x 10-" which corresponds to the position resolution of Or = 5m.1II. a.f

2711. a",ay froiu f.hc interaction point at 'I = O. Worse energy and angular rcsolu tions

are usr-c] in some "bad" regions as explained in the followings.

Fig.3a shows a quadrant. side view of ,1. liquid argon calorimeter with a roil

inside designed by the KEK group[7,8]. In Fig.3b, the materials in front. of t.lw

EM SP.<:I.;Oll in radiation length(Xo) is plot.t.ecl as "function of pseudorapidity' [9).
The blauk "rea is due to the magnet, and the shaded area is clue to the vessel walls

of the calorimeter. The thickness is about. 2 X o at 'I = 0, and gradually increases

up t" 4 Xu Ill. 'I ::: 1.4. At 'I ::: 1.[" tho thickness becomes - G X o. III Fig.4, we

plot. the energy 1'<>5,,1111.;011 versus the material thickness in front of the calorimeter

calculut cd by IIsilll; t.1", EGS simulat ionj Ill]. Withou], any correct ion] filled circle

), I.JH' resolution becomes considerably worse beyond X o > 2. However, by using

the "1IIas5Iess·gap lllct.hod"( open circle ), where some absorber plates are removed

J Since tilt; culorimcter design is revised Ircqocntly, the figure should be L~I{t:1l !IIO.
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Table 1. Resolution parameters of the EM calorimeter

I ') IA (all/ E = A/../E + 0.02) "'" = (7"
"good" in '" "bad" in rP

..goor);;· in '1 O.:? 0.4 I 2.5 x 10-3

1.1 < I'll < 1.4 0.3 0.5 5.0 x 10 3

1.4 < I'll < 1.55 O.G 0.8 1.0 x 10-1



but the shower sampling is kept working, the resolution becomes the same level

up to X o ::e 3 as that at X o = O. Thus, we define thc "had" region in 71 when, t.11('

thickness is larger than 3 Xo, namely 1.1 < 71 < 1.55.

Vh.. assume "bad" t.ov...rer-rows every 16 lower-rows in ¢, which corresponds to

about 6mm "bad" boundary region between the two adjacent towers if the EM

section is placed at 2m away from the beam line. The energy resolutions and

the angnlar resolutions ill the "bad" regions are summarized in Table l . Since the:

position resolution is better for an electron hitting the tower boundary, we assume

the angular resolutions are independent. of ¢.

2.3 Event analysis

In the energy deposition in a tower, we assume that all the electromagnetic]

hadronic ) energy is deposited only in the clee:tromagnetic(hndronic) section, and

t.hat thcrc is 110 corrcla t.ion hetwcnn the two sections. Deposited cncrgy III a

tower is smeared independently for electromagnetic activity and hadroni« OlW.

The !.raIl:-;\'{'fSC shari liP; of shower c:n(~rg:y h':hvccn towers is also Jl(~gkd.('d.

For "<I.eb t'1N.t.J'(m, which arc decay produc! of a Higgs bOROn, its hit. position is

smeared. The electromagnetic energies in all the towers inside the window of ±1

in 7] 'lI"l ¢ (3 x 3 towers) around t.he tower where the electron hits are merged]

== E f" I (3 x 3)). For the ha dronic activity with respect to the electron, it. is defined

as 811 energy sum inside the window of ±3 in 7) and ¢ (7 x 7 towers] for all the

particles except. r.±, /l±, and v's ( == E II AD(7 X 7) ). The same merging procedure

is also applied t.o 1 or c±, which is not t.he decay product of the Higgs boson, if

its E·1' ill a sc'cel tower is larger than 5 GeV. These clusters ".re referred t.o a.' fake

clusters.

Seleet.ion requirements

E\'cut sclertion criterin arc the followings.

1. lill is less tlrau 2.8 for nil the four electrons.

2. Number of «lectrons \.... hich enter the good regions, N~(\ud. is 3 or 4.

3. Tr.msvcr-«: ellergy, EfM(3 x 3), is larger tha.n 20 GeV for all t.!", four eir-e-

t.rous.



4. For ,·;!('L electron, the ratio of hadronic activity to that of tlic electron.

n A.D / EM, is k-ss than 0.1:

E.I!ALJ(7 x 7)
HAD/EM:; .------ < 0.1.E.):,,1 (3 x 3)

5. \Ve select a combination of electron pairs in such a WAy to minimize the

quuntit.y,

6. The IllH.'S difference, IM(c;ej) - Mzl, is less than 10 GeV for both the ZO
candidates.

3 Results

3.1 Detection efficiency and mass resolution

3.1.1 Geometrical cuts

Fig.G,\. sllOWl-: tlir- pscudnrapiclity distribut.ion of electrons which arc t.hc (k('.;1)' pr.«l­

nets of t.1H' Hi",gs boson. More t..J1"B SO 'X, of t.he electron, cutr.r within 11/1 = 2.

Howe-ve-r. if "II 11J(' four olertrons arc to })(' dctr-ctcd , the ,!ct.e!'t.or cove,."p;" should

he lip to 17/1 ~:3. Fi,c;.c>h shows t.lu: dist.ri hut.ion of tho muximum p~f~lId()r;lpidit.y

out. of' tIl(' four clectron« ill an event, I'llmn," If we require j'7Imru: < 2.8, SG t
}{) of t.lH'

events survive.

N.,,,,,, (defined in section 2.3) distribution for those events which satisfy 1'71"'0" <
2.S i, shown in Fig.G, 1f we require all the electrons to enter the "good" regions,

only nbont 40% of the events remain. However, if we can ",IIow one electron t.o

enter the "1.11\.<1" regions, we gain other 40% of the events. As we will sec latcr, it.

is really t.h,: case, The resulting detection efficiency due to the geometrical cut"

becomes 77 17t'1.

3.1.2 Physics c uts and mass resolutions

Fip;.7 shows the niiniunuu transverse ellergy of the electrons in au event , EfM (3 x

3)min, aft.(~l' the gcolll(~l.ri(".nl ell ts. If we require E.fM (3 x 3)min to he larger thun

20 Ge.V, !JG% of the events survive, The measure of the isolation, H AD / EM, is

plot.t.cd in Fig.S» for th" ,ignH.I electrons which ,n.t.i,fy E-fM (3 x 3) > 20 G,-\'. II.. Itn.'
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a sharp peak at HADIEM :e 0, and 99% of the electrons satisfy the requirement,

H ADI E 1\1 < 0.1. Being required for all the four electrons in an event to satisfy

the isolation condition, DG% of the events remain.

After the geometrical cuts and the isolation cut, we select a combination of

electron pairs, for which the quantity, (M(C,C,) - M z )' + (M(e3e,) - ]vIz)', is

the smallest. There is no wrong combination out of 610 events. Fig.9a shows

the invariant mass distribution of the electron pair where bot.h of thern enter t.he

"goo.I' regions after the ElfM(3 x 3)",;n and the HADI ElvI cuts. Fig.9b shows

t.he siinilar distribution, but. one of the electrons enters the "bad" regions. There

is no obvious difference between the two distributions '. If we require both the Zl.l

candiclnf.cs t.o satisfy t.he condition, IM(ec) - Mzl < 10 GeV, 92% of the events

survive.

Invariant. muss distribution of four electrons, M(ZZ), after all the physics cut.s

is plotted in Fig.10. The broad peak is simply due to its natural width( see Fig.2a

) Cont.ri but.ion from the detector resolu tion is negligible. If we select t.h,., region,

GOO GcV < ;\I(ZZ) < 1200 GeV, i8% of the events survive. In T"ble 2, we

summarize thc requirements, the efficiencies, and the number of events after the

each requirement step with t.he nominal integrated luminosity for one experimental

year, 10' pb-I.

3.2

3.2.]

Answers to the questions

Do we really ne ed e-lD?

The HADI E!H dist ribution for t.he fake clusters in the same process, 1'1' ..... H" .....

4e, is shown i" Fur.Sh. Note- t.hat. thc horizontal scale is differl'lIl. Irom Fig.Sa, Aft.<T

t.he isol"t.;oll rut., O.D x 10-'J rlust.r-rs per event remain. Since: we apply only "Elvl­

ID", I.h<"" fake clusters are considered as electrons. Taking account of this ra.t.c

and t.hc probabili ty to choose a wrong combination of electron pairs( < 2 x 10-3 ) ,

we clo 1l01. have to identify electrons positively, but just to require isolated E/-.1­

clusters as long as the signa) events are concerned. As we will see in the next.

section, the "EM·ID" is enough to suppress t.he backgrounds to negligible level.

The only oxccption is the continuum Z 02° production, where upplication of the

positive e·ID dose not help further than the "EM-ID". Thus, we may conclude
_.- ..._--_......--:-~

2/\~ a eln-r.k , we plot the AI(cc)-c1islrihIlLioti in Fig.9c similar to Fig.9b, bill with the twice

wor s- rr-solut.ion ill the "had" regions for hof.h f'ncrgy nml J\lIgul;u rnCil'">lIfC:I11CIlI.S. In this cusc the

dirrr.:rl'rln' I"rorll Fig.tJa i.... obvious
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Table 2. Efficiencies and the number of events per year

HO _ 4e ZOZO _ 40

(continuum)
Cros-s section 1.18 x 10-3 pb 3.49 x 10-3 ph

selection effie. Evts/ yr. effie. Evts/ yr.
without cu ts 11.8 34.9
IT)1,"", < 2.8 0.8G 1D.2 0.41 14.5
N~ht ..1 = 314 0.77 7.8 0.70 11.5

EfM > 20 GeV (l.OG 7.5 O.G[) 7.5
HAD/EM 0.96 7.2 (l.08 7.3

16Mxl < 10 GeV o.sz G.G 1.00 7.3
O.G < /II" < 1.2 TeV 0.78 5.2 0.24 1.8

overall 0.44 5.2 0.05 1.8

One experimental year corresponds to 10·pb- l .



that 11", requirement of isolated electromagnetic activity is enough for the heavy

Higgs search ill the process, pp -+ HO -+ 4e.

3.2.2 De we have to abandon the "bad" regions?

As we sec in the previous subsection, the mMS resolution of ZO with one "bad"

electron is almost the same as that with two "good" electrons, If the assumption

for the energy resolutions and the angular resolutions is not so far away from the

reality, we can use the "bad" regions with keeping good quality in mass resolu­

bon. 13y just a!lowing OIlC electron may enter the "bad" regions, the geometrical

acccptunce hCeOIl}($ about twice larger.

4 Background study

4.1 lJij -; ZOZo -; 4e (continuum)

The cross section is 3.5 X 10-3 ph for ,fi> 400 GeV, where .,ff; is the em energy

in the '1<1 S)'Sl.clll. It is about three times larger than that of the Higgs prorluct.ion,

HO -+ 4c, at Mil = 800 GeV. 'We generated 3000 events for this prorr-ss. Tho

l'llmo' clistributiou, t.!J(' ET(3 x 3)",;" distribut.iou, and the l\1(ZZ) distributiou are

plotl.(·d ill Fig.Ll , Fig.12, aud Fig.13, respectively. Ot.her distribut ions n.ro similar

to those for sigllfl.1 events. About 41 % of the events enter the region, 1'71""" < 2.8.

The requirement of E7"(3 x 3)",;" > 20 GeV rejects 35% of thc "vents after the

geOllldriml cut. As for the A1(ZZ) distribution, 24% of events enter the sigual

region, GOO Gr:V < /l-l(2Z) < 1200 GeV. The resulting overall det.ecl.ion efficiellcy

is 5%, which is to 1)(' compared wit.h 44% for the signal. TI", dcf.r-ction (·ffici","·i,,,

and 111(' llIIJll!)('r of .-vcnt.s at. each st,ep arc also summarize-d ill Til.hle 2

4.2 J)J) -; Zll + jet -; 2c + jet

TIlC' (TllSS Sf'dinl1 is :jO.7 ph for fi> 400 G"V and PT > 100 GeV. It. is 2.G x ](r'
timcs Iilrl\e:r t.hall l.l«: sil\lHtl process, HO -+ 4e. 'We generated lOOOO events for this

process. III Fig.14, we show the HAD/EM distribution for those dusters (cxcept

t.he electrons from 2°) which satisfy 1111 < 2.8 for the seed tower, and EfM (3 x 3) >
20 Gr'\!. Since our requirement for an electron is just the HAD / EA! value should

be Irss 11,:111 0.1, thr. rnt.r: to misidentify the fnke cluster as an e!,'Ct.rol1 is 0.7 x 10-·J
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clusters pe:r e-vent. Therefore, tho probability to find two such fake dusters in

"II event is alrout 0 x 10-". "Ve need millions of events, if w(' straightforwardly

estimatr- t!l(' proh"bilit)' to misidentify the "electron" pair as Zoo Instead, we'

could ('stirmc!" the pruhabili ty using tho same duster sample without. irnposinj;

the isolation requirement, HADIEN! < 0.1. III Fig.15, we plot the invariant mass

distribution of the cluster pair for which the distance between the two clusters,

L>R(= J(L>7JF + (6¢)'), is larger than 0.2. From the figure, we estimate the

probability that the pair is consistent with ZO to be about 10%. The invariant

mass distrihution of the real ZO and the fake ZO, M(Z"Z"), is plotted in Fig.16.

The probability to fake the Higgs boson, 600 GeV < M(Z"Z") < 1200 GeV,

is less than 2 x 10- 3 . The resulting overall probability to fake Higgs signal for

the current process is estnnated to be less thun - 1 x 10-8 . It corresponds to

the cross scrt.ion of 3.1 x 10- 7 pb, which should be compared to 0.2 x 10-'\ pb

(= (1(H" ...... 4c) x 44';1,,) for signal. Although the estimation is rather crude, this

background would be negligible,

4.3 Other backgrounds

4.3.1 qq ...... Z"lg I gq(/fj) ...... ZO,q(/fj)

The cross sections for these processes would be roughly about order O( 0') smaller

than t.l",t. of Pl! ...... ZOJrt, where n is the fine structure consf.an!.. Since we do not

positively require the electron idcnt.ificutiou in the present study, we iucvir.al.ly

cousidr-r t.he p liol.on as an electron. The probability to find a Iuke clusf.cr in au j<'l.

(or jcLc;) JlCr (·Vt'llt. l [(j --t "e"}, is order of ~ 1 X 10-2, which is the ~al1H' order of

o . Therefore, the overall background level of these processes are estimated to he

the s.une order as that of I'P ...... ZOje.t, and are therefore negligible.

Dkgcl(ZOlj)::: Dkgd(Z0j) (O("'.! ") ::: Bkgd(Z0j)
'J -+ C

4.3.2

Siur» t.he cross :·.;('ct.iCJl] for 1'11 -t Z07 is almost the Si-UUC [or 1)1' --+ Zu ZU at. fi =
40 TrVl l l ], "'C' ('onld ('stinHd." the cross section for PI' ...... Z U2

1 ...... 2021 iI.'
(1(/1/1 ...... Z2, ...... 2<:21 ) (1(1'/) ...... ZI) ()(n) 1
..- ....., ""-

(1(}'}' -> ZZ ...... 4c} - (1(/1/1 ...... ZZ) D,'(Z ...... 2r) - 4'

where DI'(Z" ...... 2<:) is the branching ratio of the decay mod" ZU ...... e" r+ 11'1or'"

over, the probability for the 1 pair to be consistent. with the Z" Il1HSS, '(21 ...... "Z"),
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is expected to be at most oder of - 10%. Thus this process would be negligible

compared to the continuum process, pp - ZZ - 4e.

4.3.3 qij -,Tn

With the similar arguJI1c'1lt. a.' 111 the previous sed-ion, this background level is

estimated a.s

- 0(<» !(2, - "Z")
Bkgd(-y"'(/I) ~ Bkgd(Zo,'Y) Br(Z ~ 2e)' -e; Bkgc/.(ZO,,)

Thus, t.his process is further smaller than the process qfj _ Z°'Y'Y, and is negligible.

4.3.4

With the similar argument as in sect.ion 4.3.1, this background level is estimated

R.S

Bkr!rl(/I,g) ~ Bk9d(-y/l,)~\:;}(j- "c") < Bkgd(-'rrn),

where n., is t.lic strong; coupling constant. Therefore, t.his process is also negligible,

5 Summary

\Ve st.udiccl the process 7'7' - HO - ZO ZO - 4c for very heavy Higgs mil.".

Mil == SOD Gt'V. at. fi = 40 TcV with using PYTHIA5.3. The analysis was 1",.sr:c1

ent.irely OIl t.he calorimetry detector, "V". took account of t.he "had" regirms in t.l",

calorime-ter system at the barrel-cndcap boundaries and tho module boundaries.

If we 'I''' only the "good" regions and apply positive c·ID, the efficiency be­

(',onH'~ only ;,ho\\f. IS flO. Since the ('.ros:-\ li)C';d,ion it.self is smnll , we have to save

sigual events as much as possible with keeping good signal-to-buckground rat.io.

For t his purl'o'e, we investigated the validity of "EM·ID" instead of e·ID and

examined effects of the "bad" regions to the acceptance and the mass resolution

of Zoo

As for tbe first subject.• the isolation requirement on electromagnetic activi­

ties j~ enough for this particular physics process. The main Im.ckgro\\1\u is t.he

r.outiuuum ZuZo proc!11d,ioll, where t.he posit.ivc: c-lD does Jmf. bell' t.1l suppre-ss

fllrlJwL TIl<" sig;lIal·l.o.hfl.c:k~r()ll11d ratio is aIHHIt. 3. Ot.II(·f l"I('I\,i!;rol111<!s Sl1('h ;1.'"



z» + jet, ZO + jet + /, and ZO + / + /, are estimated to be negligible. As for the

second subject, the "bad" regions do not cause obvious deterioration on the mass

resolution of ZO, and improve about factor two in geometrical acceptance.

Even with the contrivances to loosen the e-lD and to use the "bad" regions, the

overall dctr-rt.ion efficiency is about 45 %. Since the eros, section is too small for

the very hr.>;,,·y Hi~J;s Loson, we need much higher luminosity than 10:" C7/I-·'.,-I.

Under such cuviromucut, the "EM-ID" would be much effective ill the detection

efficicllcy t.hun tlir- 1'<I,itive ,··lD.
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