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Preface· 

International scientific conferences and seminars. in ·different fields held in Belarus 

significantly facilitate the development of science in the republic. The «Golden Sands» holiday 

center in Gamel region hosted seminars on micro-world physics in 1971, 1973, 1977 and1997. 

The school.-seminar on particle physics is held here again in August 1999. The initiative to hold 

all these events belongs to the OI,Jtstanding scientists such as N.Bogolubo,v, F.Fedorov, 

V.Kadyshevsky, V.Bely, B.Bokut and their followers A.Sissakian, N.Skatchkov, N.Shumeiko, 

A Bogush, L. Tomilchik, N. Maksimenko: Yu. Pleskachevsky, S.Shcherbakov and others, 

Micro-world physics or in other words high energy and particle physics is exceptionally 

important for understanding fundamental basis of structure a·nd properties. of matter and 

development and practical use of update technologies in micro-electronics, computing, deep 

vacuum and law temperatures physics, radioactive engineering and other fields. The n:ain aim of 

the present school-seminar is educating scientific youth, discussing update fundamental results 

in modern physic~. information and experience exchange in experimental methodology, making 

working contacts between scientists from leading international and national scientificcenters. · 

The organizers of the lrternational Schooi-Semin~r (~The. Actual Probl~m's of Particle 

Physics» 1999 are the 'Joint Institute for Nuclear Research (Dubna), National Center of Particle 

and High Energy Physics (Belarussian State University), B.Stepanov Institute of. Physics, V.Bely 

Institute of Mechanics of Metal Polymer Systems (National Academy of Science), ·F;Scaryna 

Gamel State University and. P.Sukhoy Gamel State Technical University (Ministry of Education). 

The agenda is packed with scie~tific lectures an~ .reports on. physics arid collider 

technologies, experimental . and theoretical problems in . particle physics .. The problems of 

experimental equipment for .. new colliders and fundamental. high energy interac~i.onsare the key 
• •• ••• < ' •• ,. • • • • 

ones. Lectures and reports.are delivered by scientists from the institutes-organizers and world-

known scientific centers of the USA, Germany, Switzerland, France, Czech Republic; Austria 

and CIS. CERN Laboratory is represented widely too. There are 26 professors and 29 associate 

professors among the participants of th~ '~chool:s~minar. One. of the·p~rticiparits r~presents 
Latin America. ·,·.' 

The organizers of the Gamel School-Seminar 1999, scientists and authorities of Goinel 

Region, the «Goldei{sands>> holiday ·cente.r staff hope· to keep the tradition a·f holding similar 

events going in the next millennium. '<~ 

Organizing Committee 
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Physics a~ the LHC: ATLAS p~rformance 
S. Tapproggea 

acERN, EP Division, Geneva 

The expected performance of the ATLAS detector at LHC is summarized· for 
' . - . 

a variety of physics processes. Besides a description of the discovery potential 
for ·Higgs bosons, Supersymmetry and other new physics processes, examples for 
precision _measurements of Standard Model processes (suCh as parton densities, 
the W boson mass, the top quark mass), of masses and parameters of Higgs 
bosons and· of supersymmetric particles are pre'sented. · · 

I 

1. Introduction 

This. report gives an overview of the physics· studies expected to be 
performed with the ATLAS detector [1] in proton-,proton collisions at 
.JS = 14 TeV ·at LHC. The results presented here are documented. in 
more detail in [2], and can be divided into·two Classes: searches. for Higgs 
boson(s) and physics beyond the Standard Model (SM) and precision mea
surements of Standard Model and non-Standard Model processes: 

In the following section, a brief description of the .ATLAS detector is 
given. The next four sections discuss precisio'ri measurements in the areas 
of ·qco; electroweak physics, top quark physics ·~md B physics. Then 
searches and me~urements of Higgs bosons are described. ;Next, the search 
for and ;measurements' of supersymmetry (SUSY) 'an:i. discussed and finally 
searches fo~ other physics beyond· the Standard Model are· presented. 

~ . \ '. ' ~- : 

2. The ATLAS detector · 
,,. 1 

, Th~. ATLAS detectm[1] .is one of the two g~ner~l purpose 47r detectors 
for LHC. Theinteraction point is surrounded by silicon pixel and silicon 
strip iay~rs, follo~ed by ~ transition radiation trad<er. ,These t~acking d~ 
tectoi-s ax;e located inside. a 2 T ·s()l~noid. C8J.~r~~eters are located. out~ide 
of the solenoid: They consist of liquid Argon, (~Ar) calorimeters:fo~ the 
e.m. compartment and a combination of,iron-scintillator based and LAr 
based ·calorim~ters for .the hadroriic;pa~t: The;muon measu~~men:t.is per
formed 'in the central tracker and ,by ari independent open air-core toroid 
syste~ with-muon detectors. The detector has be.en optimized in.termsof 
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lepton, photon, jet and missing Er measurements for studies within the 
Standard Model and searches and measurements of new physics. Preci
sion measurements of leptons {e, f..L, r), photons and jets are possible for 
pseudo-rapidities of 1771 < 2.5. The measurement of jets and of missing 
transverse energy (both with calorimetry only) extends up to 1111 = 5. 
· Due to the huge amount of CPU time needed to simulate in detail the 

response of the ATLAS detector, most of the results presented here have 
been obtained from a fast simulation using a parameterized response of the 
detector. This reponse has been obtained from detailed simulations and 
for crucial channels (like the case of H---+ Tt) explicit cross-checks with a 
full (GEANT based) simulation have been performed. 

The running scenario assumed for the machine is that the first three years 
will be at a luminosity of 1033 cm-2s-1, yielding an integrated luminosity 
of 10 fb- 1 per year. At the design luminosity of 1034 cm-28- 1, a value of 
100 fb- 1 per year is assumed. The ultimate sensitivity is given for 30o.fb-1. 

For the examples shown in the next sections, in most cases no details on 
the selection procedure are given. These can be found in [2], together with 
other meastirements not mentioned here. 

3. QCD studies 

3.1. Minimum bias events 
At design luminosity, there will be about 25 inelastic interactions per 

bunch-crossing (i.e. every 25 ns) at the LHC energy. Almost all of these 
events will be of minimum,bias nature, i.e. they will not contain large Pr 
scattering contributions. Measurements of the properties of these events 
(to be done at low luminosities to avoid theoccur(mceof pile-up) are essen~ 
tial to understand their influence on measurements of high Pr scattering 
events, without having to rely on model predictions. 

Figure 1 shows the predictions from several models (PYTHIA, PRO
JET, ISAJET and HERWIG) for the charged particle density dNch/d17 
and for the transverse momentum spectrum E· d3ufdp3 of the charged 
particles. The models containing a contribution from hard scattering pro
cesses (PTIHIA and PHOJET) agree forE· d3ufdp3 , whereas HERWIG 
and ISAJET predict a steeper spectrum. For dN ch/ d17 dear differences in 
the predictions are observed; The charged particle density (at 1111 ~ 0) 
varies between 4 (ISAJET) and 8.5 (PYTHIA), where the PYTHIA- ver
sion 5.724 (solid line) is the model used for minimum bias events in all 
studies done by ATLAS; 
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Figure 1. Charyed part·icle density as a function of pseudompidity {left} and PT 
spectrum of charged par·ticles {right) in minimum bias events for several Monte 

Carlo models. 

3.2. Hard diffractive scattering 
Diffractive scattering constitutes a major part of the ,total cross-section 

for hadron-hadron scattering and can be described in the framework of 
Regge theory, when as leading trajectory the Pomeron trajectory is intro
duced. The first observation of hard processes in diffractive scattering was 
made by the UA8 collaboration, observing the production of jets together 
with a leading anti-proton. . 

~ IP('.''I" .:.·_·:·~:, .. ,;r, 
p 'C_o.:· p 

'1 p ~· .... ponte:~ 
.,._,_::·:::::: .. -:-. 

. "-...~ p ' 

·I· ,,.,. ·: :61 
'1 

Figure 2 . . Sketch .ofh~rd single diffractive scattering {left) and hard central 
diffraction· {right/ .· · · 

In figure '2, .signat~res of hard diffractive scattering are shown both for 
single and for central diffraction. Besides one (or two) outgoing leading 
protons, i.e. protons with a momentum close to the one of the beam par
ticles, the final state contains one (or two) rapidity gaps. These gaps 
separate the {irl)he central detector undetected) leading proton(s) from 
the final state ( cor1taining e.g. jets as result of the hard scattering). An 
optimal det(')ction• and measurement of such events needs- an extension of 
the detector 1JeJond the acceptance of 1771 = 5, for tagging (and measure-
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ment) of particle production (possibly up to ITJI ~ 7.p) and for tagging 
and measurement of leading protons. Investigations are ongoing on the 
feasibility of such detectors and on possible running scenarios. 

When both outgoing protons are tagged, the dominating process at high 
energies is central diffraction. The measurement of both proton momenta 
would 'transform' the LHC into a Pomeron-Pomeron collider with center
of-mass energies reaching up to 2 TeV. 

Besides jets, other probes can be used in hard diffractive scattering to 
gain information on the partonic content. This includes the production 
of photons, W and Z bosons and heavy quarks, together with a leading 
proton and / or a rapidity gap. 

3.3. Parton densities 
A variety of probes will be used to obtain, via hard scattering, infor

mation on the part on densities of the proton. W.:. and Z bosons as well as 
Drell-Yan lepton pairs will give information mostly on the quark (and anti
quark) densities. For the gluon density, the. production of direct photons 
and of b (and t) quarks can be used, Jets are sensitive to a combination of 
quark and gluon densities, where the fraction of events with at least one 
(anti-)quark entering the hard scattering increases with increasing Er of 
the jets. 
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Figure 3. Inclusive jet cross-section for different pseudo-rapidity ranges {left) 
and reach in the (1/x, Q2 ) plane from di-jet production (right). 

Figure 3 (left part) shows the expected inclusive jet cross-section as 
a function of the minimal jet transverse energy E¥t for different ranges 
in pseudo-rapidity. In case of central production with ITJI < 1 about 30 

10 

(3000 resp. 4 · 105
) events are expected with Er .>.3 TeV (> 2:TeV resp. 

: ::> 1 TeV) for an integrated luminosity of 30 fb71 • Using the production 
·of di-jet events, one can deduce from the jet properties. (Er and 7]1,2) the 
parton momenta x1,2 and· the hard scattering scale Q2 • In the right part 
of figure .3, the reach in the (1/x, Q2

) plane is shown for Er >. 180 GeV 
and I1Jt,2! < 3.2. 
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Figure 4· Cross-section for direct photon production as a function of the trans
verse momentum Pt of the photon {left) and cross-section for W production'as 
a function of the decay lepton pseudo-rapidity 1Jlepton (right). 

Direct photon production with pf. · :> 40 Ge V allows to cover the range of 
5 ·10-4 < x < 0.2 with Q2 > 103 GeV2

• In figure ,4 .(left part) the expected 
cross section (at leading order) for direct photon production is shown as a 
function of the transverse momentum pf. of the· photon: The- production 
of W (Z) bosons probes the parton densities at a scale of Q2 = Mfi, 
(M}) and covers the range in Bjorken..:x of about 3 · w-4 < x < IQ-1 (for 
Q

2 ~ 6(8) ·103 GeV2
). Due to the differences b~tween valence and sea 

quarks, the distributions of w+ and w- bosons differin rapidity. More 
w+ bosons are produced in the forward direction CITJI » o) than in the 
central region (ITJI ~ 0). This difference survives in the distribution of the 
pseudo-rapidity 1Jlepton of the decay lepton, as shown in the right part of 
figure 4. For comparison, the HERA range for deep-inelastic scattering in 
x iskinematically restricted to x > 0.01 for Q2 > 103 GeV2 and to x > 0.1 
for Q2 > 104 GeV2 • . 

- ' ' 4 
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3.4. Strong coupling constant 
A precise ·measurement of the strong coupling constant a 3 , ·which would 

. give access to the highest scales up to O(TeV), will be a challenge at LHC. 
.Whereas a measurement based on the inclusive jet cross-section implies 
a'strong correlation with the gluon density, the ratio of the cross-section 
for 3-jet production to the one for 2-jet production should have areduced 
sensitivity to the parton densities. Further studies are needed to quantify 
the possible accuracy and the use of other channels, like prompt photon 
production. 

3.5. Summary 
Measurements of QCD processes at the LHC will allow further' tests of 

QCD as the theory of strong interaction at very high energy. In addition, 
the large cross-sections and the large center-of-mass energy will allow to 
make precise measurements of the quark and gluon densities in the proton 
in as yet uncovered kinematical regions. A challenge still to be proven is 
a highly precise measurement of the strong coupling constant up to scales 
of O(TeV). 

Studiesofhard diffractive scattering could also be performed at LHC. 
These require most likely extensions of the ATLAS detector in order to 
increase the acceptance for particle production beyond 1771 = 5 and for 

. detection and measurement of leading protons. 

4: Electroweak physics 

. 4.1. Measurement of the W boson mass 
The W boson mass is measured in the reaction pp - W + X, where 

W - .lv1 with l = e, J.L. Due to the unmeasured longitudinal momentum 
of the neutrino (its transverse momentum P7: can be reconstructed from 
the lepton l and the recoil system X) no direct mass reconstruction is 
possible. Instead, the transverse mass m}[ is used. It is given by the 
. following expression: 

~ = v2p~p'T (1- cos !::l.¢); (1) 

where /1¢ is the azimuthal angle between the lepton and the neutrino. 
The left part of figure 5 shows the expected distribution of m}[, where 

the trailing edge is sensitive to mw. Shown are both the distribution 
at particle level and after including effects of detector smearing. At low 
luminosity, about 6 · 107 reconstructed W boson events are expected per 
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Figure 5 . . Transverse mass of the W boson {left) and pf spectrum for WZ 
production {right). 

year, giving a negligible statistical uncertainty. The dominating systematic 
uncertainty will come from the knowledge of the lepton energy scale. If 
this scale was known to about 0.02 % (the standard assumption is 0.1 %) 
it would imply an uncertainty of about 15 MeV on the W mass. Further 
uncertainties are due to the knowledge of the detector energy resolution, 
the PT of the W, the knowledge of the parton densities and the contribution 
from radiative decays. Their expected size ranges between 5 and 10 MeV . 

4.2. Triple gauge boson couplings 
These couplings are a consequence of the non-Abelian structure of the 

SM gauge group. In addition, they could receive contributions from new 
physics. The vertices for WW Z and WW 'Y (leading to the production of 
WZ and W-y.bosons) can be described at tree level in the Standard Model 
bi five parameters. The right· part of figure 5 shows. the distribution of the 
transverse momentum p~ of the Z boson in the case of W Z production, 
for the Standard.Model (!::lgf = 0, shaded histogram) and for a value of 
!::lgf.= 0.05:(open histogram). After three years of low luminosity, about 
1200 events are expected. 

4.3. , Summary 

Although the precise measurement of the mass of the W boson at a 
~ hadron collider is challenging, first studies indiCate that, thanks to the large 

statistics and the availability of sizeable control samples (e.g. Z ~ z+z-:), 
aJ1 overall precision of about 15 MeV could be achieved (when combin
i~g-ATLAS and CMS measurements). This however imposes very strong 
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constraints on the knowledge of the lepton energy scale (to a precision of 
about 0.02 %). 

From the production of W Z (resp. W 1) pairs, constraints on new physics 
contributions to the triple gauge boson couplings can be derived. The 
accuracies on the couplings are expected t.o be as high as 0{0.001). 

5. Topqtiark phy~ics 

5.1. Measurement of the top quark mass 
The gold plated channel for the measurement of the top quark mass at 

LHC is the single lepton decay channel: tt -t W(jj)bW(lv)b. The lepton 
from one W.decay is used to provide a trigger, the other W decay is used 
to fully reconstruct one top quark decay with one b-quark and two light 
quarks in the final state. 

•,! 

0 so 100 ISO 
mii(GeV) 

> 
0 
~4000 

5 
;i; 

. 2000 

100 200 300 400 
miib(GeV)-

Figure 6. · Invariant mass 'of the W -+ jj di/~·y; (left) and 'the t -+ Wb decay 
(right} from top pair production. · · ·: ' ·· 

' In the left part of figure 6 the reconstructed mass for the decay W -tjj 
i~ shown .together .the background (shaded histogram), which is domi
nated by wrong assignments of jets to W decays. In the right part of 
this figure the invariant mass of the combination of the jet pair from the 
W with a b-tagged jet is shown. Again, the shaded histogram indicates 
the .background. In both cases,. clear signals (of W -t jj and t .__. Wb) 
are.observed .. The mass resolution obtained is u(m;;) = 7.8 GeV resp. 
o:(mwb) = 11.9 GeV .. . : ' ·' · '' · .· 

D11e to the.large statistics expected (more than 105 events per year at 
lo_wluminosity), a negligible statisticafuncertainty ( < b.f GeV) dn tlie top 
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·quark mass -is expected. The systematic uncertainties are dominated by 
· the;knowledge of the jet energy scalep {for light qu-ark and b quark jets) 
. and the effects of fin::tl state radiation (and toa lesser extent the one of 
initial stat~ radiation)_. A~ overall ~ncertainty of less than_ 2 Ge V se.ems 
reachable. 

5.2. tt resonances 
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Figure. 7. Sensitivity (u · BR) to production of a resonance decaying to tt as 
afunction of mtf (left) and expected signal from a fourth generation quark u4 
(m(u4) = 300 GeV), decaying toW+ b (right}. 

An investigation has been performed to determine the discovery poten
tial for generic resonances decaying to tt pairs. The :rpass resolution was 
found to be u(m(tf))fm(tf) ~ 7 %. The sensitivity for a 5u discovery 
ranges from values of BR · u:::::: 300 fb at a mass of 1 TeV to about 2 fb at 
4 TeV (for 300 fb- 1

), as shown in figure 7 (lef!"part). 

.5.3. Top quark decays and couplings. . 
· The ·branching ratios of top quarks to b quarks (resp. W bosons) are 

'expected to be measurable with a statistical accuracy of 0(10-2}. Rare 
decay modes of top quarks (sensitive to flavour changing neutral currents) 
should be observabie for branching ratios between H)-4 and IQ-3• The 
production of single top quarks {an electroweak process) can be used to 
determine the CKM matrix element Vib· 

5.4. Fourth generation quarks 
The measurement of the number of light neutrinos (equal to three) done 

at LEP _does not exclude the existence of additional families with heavy 

15 



neutrinos.· Fourth generation quarks of u type ( u4) would decay similarly 
to a top quark. An example of a signal from the decay of a U4 quark with 
a mass of 300 GeV is shown in figure ·7 (right part), together with the 
expected background contributions. In the case of u like fourth generation 
quarks, the discovery reach is extends up to masses of 700 GeV. 

5.5. Summary 
The LHC can be considered as a 'top' factory. Besides an accurate 

measurement of the top quark mass (the estimated uncertainty is about 
2 GeV), top decays and top quark couplings will be precisely measured 
(either from top pair production or single top production). Searches for 
new physics can be performed in the production of tt resonances or via 
signals for fourth generation quarks. 

6. B physics · 

6.1. CP violation 
CP violation in weak decays in the Standard Model is due to the phase 

of the CKM matrix, describing the quark mixing. Unitarity constraints 
can be described in terms of a triangle, whose angles are a, {3 and 'Y· CP 

, violation leads to different decay rates for B 0 and B0 to a CP eigenstate 
f. This can be expressed in terms of a time;..dependent asymmetry: 

At _ N(B0 ---+ f)(t)- N(B0 ---+ f)(t) 
( ) - N(BO---+ f)(t) + N(BO ---+ f)(t) 

which has the following functional dependence on t: 

A(t) = acos(b.mt) + bsin(b.mt). 

(2) 

(3) 

Here a is the direct CP violation parameter, b is the parameter for mixing 
induced CP violation and b.m the mass difference between the B meson 
states. For· the simplified case of a = 0, a time-integrated asymmetry 
Aobs can be defined. This time integrated asymmetry can be expressed as 
follows 

Aobs CX: DtagDback(Dintb + AP), (4) 

where b ex: sin2{3. AP is the asymmetry present in the production and 
Dt~g = 1 - 2pw is the dilution factor for the tagging, where Pw is the 
mistagging probability. Dback = Ns/(Ns + Na) and Dint= x/{1 + x2

) are 
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the dilution factors for the background (where Ns (N8 ): number ofsignal 
(background) events) and for the time integration (x = b.mjr)., 
: .. To measure CP violation parameters, the flavour of the B meson at 
production needs to be tagged. This can either be done using lepton 
tagging (e.g. the muon used for the first level trigger selection) or by B -1r 

tagging (correlation of the charge o( pions produced close to the B meson). 

6.1.1. Measurement of sin 2fJ 
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The 'ineasureinent of si;i 2{3 'will be inade using tl1e 'decay of. B~ ·mesons 
to' final: st'ates with a .J /'I/ ·and. a I<~. In' the left pait ·of figure' 8 the 

'reconstructed invariant mass of electr·on pairs from tl~e .!/iit"decay is shown, 
yielding a mass resolution of about 60 MeV. The tail to lower masses is due 
to' bremsstrahlung energy losses. The mass spectrum from fully simulated 
events· (solid histogram) is well· reproduced by a fast simu,ation of the 

·detector.respoilse '(dashed histogram); The right'part of this figure sho~s 
·the reconstruCted· in\rarii:tnt · nuiss of. the J j"w ( ee )I<~( 1r1r) system: A. clear 
. B~ signal with a ma.ss 1;esoh1tion of 26 :\ieV is observed. · '· . ' · · ' 

' For three years of run~liiig at lo\v himiiwsity,' the expected statistical 
imcertainty on sin2{3 is about 0.010 (when lE~ptmi and B _:_ 1f· tagging 'ana 
Jj'Y! ---+ ee and .Jj'Y! ---+ JLJL decay modes are combined). The expected 
size of the systematic uncertainty (due to asymmetries in the production, 

~ the tagging and the background, as well. as the knowledge of the various 
dilu.tion factors) ,is about 0.005. Thus the expected precision 'on sin 2,8 is 
}~~tter,than.the.expected accuracy from the e+cB-factories (e.g. 0.05 in 
: the case of Bai3ar.): . , · ·. · · 
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6.1.2. Measurement of the angle a 
The decay B~ --+ 1r1r is sensitive to the angle a, but is theoretically 

complicated due to the interplay between CP violation contributions from 
tree andfrom Penguin amplitudes. 

~ 20 

;; r:· B-+llhlo! t ~A, I ~ 

" ~ BComb. ~ " :::; ·---- B, ~ 
"" 

z l ~ Sognal I 
~IS 
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Figure · 9. Reconstructed two pion invariant mass with signal and background 
contributions {left) and expected accuracy on the angle a (right). 

The measurement of the angle a of the unitrarity triangle is limited by 
~ thepoor 1rjK separation capabilities of ATLAS {which give at most·a 1u 
separation for momenta of about 4 GeV). In the left part of figure 9 the 
expected distribution for the invariant mass of a reconstructed pion pair 
is sh~wn. Besides the signal from Bd --+ 1r1r the contributions from other 2 
and 3-body decays are shown (Bd--+ 1rK, Bs --+ 1rK or KK,Ab-:+ 1rp or 
K pand B --+ rnr or 1r1r1r). 
. · Nonetheless after three years an accuracy of up to 2° on the angle a can 

be reached. The exact value depends on various theoretical un~ertainties. 
Figure 9 shows in the right part the dependence of the expected accuracy 
Ua for a on the value of a itself, for different assumptions on the phase 
6 between tree and Penguin amplitudes (showing as solid lines the three 
values 6. = 0, 30°, 60° - from bottom to top) and for a 50 % uncertainty on 
the ratio Ap fAr of the Penguin to the tree amplitude (the dotted line -
. 6 = 30°). 

6.1.3. Measurement of the angle 'Y 
The study of the decay B 5 --+ J f'I!¢ could be used in principle to deter

mine the angle -y; The phase ~ of the interference between the weak decay 
and the decay via mixing is ~roportional to sin 'Y· However the expected 
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· statistical accuracy of 0.03 on ~ is of the same magnitude as the eXpected 
value of~- Thus an extraction of sin 'Y does not seem to be feasible. 

/ . 

6.2. B~ oscillations · 
· 'oscillations between the B~ and B~ (which are linear combinations of 
mass eigenstates with different masses my and mL) are expected in the 
Standard Model. The oscillation fr~qliency depends o~ the m~s difference 
~ms = my- mL; however no observation has yet been made. The present 
limit on the mass difference ~ms is ~ms > 12.4 ps-1 (at 95% C.L., from 
LEP, SLD and CDF), the expected value is in the Standard Model is below 
20 ps-1 (also at 95 % C.L.). . . 

The reconstruction of Bs decays uses the channel Bs --+ D;1r+, where 
the D; decays to qnr- and the ¢ is detected via the K+ K- decay mode. 
The resolution on the proper decay time of the Bs is found to be 0.071 ps, 
yielding a reach in tlms of up to 38.5 ps-1 (for 30 fb-

1
). · 
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Figure 10. Expected oscillation signature for B 5 mesons with !:lm5 = 38.5 ps-
1 

{left) and expected signal {shaded histogram} and background for the ran;: decay 
B~ ~ K 0* p.+ JL- (right). . 

The left part of figure 10 shows the expected result in the time dependent 
asymmetry of a single experiment (for ~ms = 38.5 ps-1 and 30 fb-

1
). The 

. expected accuracy on fims itself ranges between 0.04 and 0:16 ps-
1 

• 

~ .. 3. Rare B meson decays 
· Due to their signature with two muons ih the final state, rare B meson 

. dec·ays are considered to be 'self-triggering'. The expected branching ratios 
are in the range between 10-5 and 10-10 in the Standard Model. The right 
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p;dt offlgu)."e 10 sho~s the expected signal for the decay B~ ~ K 0* JL+ JL-, 
where a clear signal d.n be observed for 30 fb- 1

• 

6.4. Summary . 
. ' Due- to the· high statistics- of pb events ( ~ 2 · 1010 per year selected by 
'·the·fiist-level trigger. at low luminosity) precise :measurements of the CP 
· violation'parameters sin2/? (expect~d accuracy of.O.Ol (stat.)) and of the 

angle• a (accuracy ofdown to ·2~) can be made by ATLAS. Oscillatio~s of 
: Bs:. mesonS 'will· be detected: for mass differences up to ·f!.ms ;::: 38.5 ps;J. 

·. Furtherrriore' the rare decay of the Bs nteson,to two muons should l;>e. ~is
covered with a significance of 4.30', the one of the Bd meson can be excluded 

·down to a' branching ratio of 3 · 10-.10 (assuming an .int~grated luminosity 
of-130fh7.l).; · , ., 

. ~:· ~: ~ ' ' . 

7. Higgs bosons· · · · . ~-; 

7.1. Standard Model Higgs boson 
Despite the success of the Standard Model in describing a large variety of 

precision measurementsofelectroweak processes, no experimental evidence 
for the Higgs me~hanism as· the source of electroweak sy:r,nmetry breaking 
has yet been oqtained. In its simplest form,, • on'~ s_calar:: dpublet field is 
required. Three,-of the four components cotiple'to the w± ·~md Z bosons 
to p~ovide their{longitudinal degree of freedom, leaving one physical field: 
the Higgs boso~~ ., The present limit on the Higgs mass as obtained from 
direct searches. at LEP2 is mH > 95.2 GeV (at 95% C.L.) [3]. Results from 
a fit· to precision electroweak data provide an· indirect determination of the 
Higgs mass with mH = 92~!~ GeV, giving an upper limit of mH < 245 GeV 
at 95 % C:L .. [3]. Unitarity arguments lead to.a theoretical upper. bound 
ofl -Te V on the .Higgs ma.Ss. ' : · , , · , . . 

. The dominant production mechanism for the Standard lylodel (SM) 
. Higgs boson at. LHC energies is gluon-gluon fusion,_ which proceeds via 

·a· heavy q1iark tri~ngle loop. 'For lar:ger masses,. the WW'fus!on process 
: starts to con'tributesi~ificantly: . : .· ·. I i . . 

For hia.Sses of the SM Higgs boson below 150 Ge V, the donii~ant. decay 
modes are to bb (BR ~ 90 %) and to 1-r (BR ~ 10 %). The decay to two 
phot'?ns is a rare decay with a branching -Tatio' of less than 2 ·10-2:: :At 

·_l~ger1~asse8'(::>·1SO GeV) the decay to'WW· (BR ~ 75 %) and ZZ (BR 
·~· 20 %)"dominates'/ The· 'branching ratio to tt -is less than 20 % •above 

· tmeshold,· ·· . · .:. : · . • ·· · · ·., -~· · · · ,."' ·· 
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7.1.1. H -t 'Y'Y 
The detection of this rare decay mode of the SM Higgs boson requires 

an excellent mass resolution and a very good photon identification and 
reconstruction efficiency together with an e..xcellent rejection power against 

jets. 
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Figure 11. Efficiency for photon reconstruction as a function of the photon 
pseudo-rapidity 1771 {left}, and rejection against jets as a function of the trans-

verse energy Er {right). 

Combining the detection of uncoverted photons with .the. 'recovery' of 
photons converting in the tracking volume, an overall efficiency of about 
85 % has been obtaii1ed, as shown in the left part of figure 11. The proba
bility for a conversion to occur is between 20 and 40%. For this efficiency, · 
a rejection larger than 3 · 103 against jets has been obtained (where the 
dominating background is the production of a leading. 1r

0 in the jet, faking 
a photon signature). In the right part of figure 11, the rejection against 
jets obtained is shown as a function of the transvere energy. 

With this performance the reducible background from "{-jet and jet
jet production contributes between 12-30 % relative to the irreducible 
background from photon pair production, after the photon identification 
selection has been applied. '-

The left part of figure 12 shows the expected 'Y'Y invariant mass distri-
bution together with the signal of a Higgs boson of m11 = 120 GeV. The 
right part shows the background subtracted signal (for 100 fb-

1
). The ex

pected invariant mass resolution is C7(mn) = 1:31 GeV at high luminosity 
and improves to 1.1 GeV at low luminosity. The two dominant contribu
tions at high luminosity are the necessity to reconstruct the vertex from 
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Figure 12 .. 'Y'Y invariant mass distribution for the H-+ TY signal and background 
before (left} and after (right} background subtraction. 

the. pointing information of the photon shower in the calorimeter and. the 
contribution from pile-up events to the energy resolution. 

In the evaluation of the significance for the discovery potential, direct 
· production and· associated production (W H, Z H and ttH) with the decay 
H ~ 'Y'Y have been studied. For a Higgs mass of 120 GeV, the expected 
significances (defined as S / .Jii, where S is the number of signal events and 
B the number of background events) are 6.5 for direct production, 4;3 for 
associated production, where W, Z, tt 4 leptons +X, and 5.2 for H +jet 
production (for an integrated luminosity of 100 fb-1 ). 

7~1.2 .. tfH ~ ttbb 
Additional significan<;e for small Higgs masses can be obtained f~om the 

associated production of a Higgs boson together with a tfpair. The Higgs 
is reconstructed via the decay H -+ bb. One top quark is required to 
decay leptonically, the other hadronically. This leads to a final state with 
lvjjbbbb . . 

In figure 13 two examples for the reconstructed bb mass spectrum are 
shown. for mll = 100 GeV (left) and mu = 120 GeV (right), for an 
_integrated luminosity of 100 fb- 1• The eXpected significances are 5 for 
mil= 100 GeV and·3.6 for TnJI = 120 GeV (with 30 fb-1). This channel 
requires an excellent b-jet tagging capability. 
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Figure 13. Invariant mass of bb pairs from associated production of Higgs (H-+ 
·bb} with tt {left part: mw= 100 GeV, right part: mH =120 GeV} . . 

Due to the long lifetime ofB hadrons (cr ~ 470JLm), events containing a 
b quark should exhibit displaced vertices, which can either be reconstructed 
directly or identified through impact parameter measurements; The latter 
app-roach has been used to obtain high efficiencies,· which are shown in the 
left part ()f figure 14, together with the jet rejection for'light quark·(u), 
gluon (g) and charm (c) jets. For an efficiency of60% (at high luminosity) 
rejection factors of about 100 against light quark jets should be obtained; 
those for gluon (charm) jets are lowerby a factor of about 2 (10). A further 
method for tagging of b jets is to search for (soft) electrons (or muons) from 
semi-leptonic decays of the b quark~ The right part of figure 14shows the 
eXpected rejection as a func~ion of the tagging efficiency for this method. 

7.1.3. H-+ ZZ*- 4l 
The selection for this channel requires a lepton pair z+z- with an invari

ant mass close to the Z mass and asecond pair with an invariant mass 
above some threshold. In figure 15 the expected signal is shown for the 
case of a four-electron (left) and a four muon (right) final state. The recon
struction efficiency is expected-to be about 91% (96 %) per lepton in case 
of electrmis (muons). The reduction of the reducible background (mainly 
tfprodU:ction and Zbb production) ·is achieved using lepton isolation and 
vertexing. 

.. The sigiiificance for this channel exhibits a 'dip' between 150 < mH < 
180 Ge V due to the opening of the decay H -+ WW. 
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Figure 14. Jet rejection as·a function of the b-tagging efficiency for tagging based 
on vertexing {left) and on electron tags (right). In both figures open symbols are 

for mH = 100 Ge V, full symbols are for mH = 400 Ge V. 

7.1.4. H ~ ZZ ~ 4l 
Figure 16 shows the expected invariant mass distribution of four lepton 

finalstates (two pairs of opposite sign and same flavour lElptons) with 
a clear. signal from a Higgs of 300 Ge V above the background frolll Z Z 
continuuni production (shown for 10 fb-1 ). The significance of the signal 
can be. further increased by a cut on the transverse momentum of one 
of. the Z bosons, as shown in the right part of the. same fig1Jre. The PT 
distribution of Z bosons from the . Higgs decay is expect~d to . be harder 
than in the case of continuum production. However the effect of higher 
order corrections on the pr distribution needs to be studied Ju~ther. The 
expected significance for 30 fb-1 is more than 15 for 200 < mH < 400 GeV 
and has a value of 5.9 at mH = 600 GeV. 

7.1.5. H ~ WW ~ lvjj for large Higgs masses 
For large Higgs boson masses, the decay H ~ WW ~ lvjj gives a 

larger rate and allows the full mass reconstruction. The left part of figure 
17 shows the expected signal and background for the case of m H == 300 Ge V 
(and 30 fb-1 ), the right part the case of mH = 600 GeV (and 100 fb-1

). 

The selection includes the requirement of two forward jets (at 1111 > 2), 
to enhance the signal production process tWW and ZZ fusion), and no 
additional jets (besides the ones from W ~ jj) in the central region. For 
the case of mH = 600 GeV, the significance is expected to reach values of 
up to 13. 
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7.1.6. Discovery reach 
In the evaluation of the discovery reach, no K-factors {ratio of the cross

section 'at' n~xt-to-lEiading . order to' the one . at 'leading aider) have been 
used, neither for the' signai process nor' for· backgrou:nd' processeS.· Tliis 
appt~ach is . a coriservative orie, as .long as the. following relation. holds: 
nKsi~n~l > jKbackgro~nd· . . , ' . . .· . , 

Besides the channels mentioned above, also the decay H --+ WW(•) --+ 

lvlv has been studied for th_e intermediate mass range between 140 and 
-180 .GeV, which does not allow a direct mass reconstruction; For large 
Higgs masses, the decay modes H--+ Z Z --+ llvv was also considered. The 

. resulting coverage for Higgs masses from 80 Ge,V to 1 Te V is • shown in 

. figure 18, for 100 fb- 1 • As can be seen from this figure, the full mass range 
for the SM Higgs boson ·is covered with more than one channel for most 
.masses .. In addition, each channel on its own has a signific.ance of more 
than 5a. 

7 .2. MSSM Higgs boson 
. In~the Minimal.Supersymmetric Standard Model {MSSM); there are five 

. physical Higgs bosons (at.least two Higgs doublet fields): .. three neutral 
· ;ones(h,'H: C£l even and A: ,CP odd) and two charged ones (H±). The 

masses and decay branching ratios ,are. determined at tree level .by two 
paramet~rs, which: are usually chosen to be:· mA (the mass .of the CP, odd 

:-neutral Higgs) and tan{j (the ratio. of the vacuum expectation values of 
·: fhe t\\'O ~iggs doublets). 

Assuming that SUSY particles are too heavy. to appear in the ,decays of 
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Figure 16. Four lepton invariant mass distribution with signal of H- ZZ- 41 
(left: no pf. cut, right: with pf. cut] and background. 

th~:Higgs bosons, the decay modes are similar,to the onesofthe SM Higgs 
·and ·many of the results obtained can easily be conver;ted into.~iscovery 
limits in terms of mA and tan[J. However for certain regions in the pa
~a.r'net~ space additional decay rnod~s become relevant, some of theSe are 
discussed in the following. 

• ',' .J : • 

7.2.1. Decay modes similar to SM Higgs 
The values of mA and tan {J influence the production cross-section and 

· the branChing ratios for the MSSM Higgs bosons. In figure 19 two examples 
· of the discovery reach (at 5o') in the (mA,tan,B) plane are given for the h 

boson with the decay to 11 (left part) or bb (right part). The left part also 
· shows the expected 5a significance contour for A--. 'YI· From h--. 'Y'Y~ the 
· full range in tai1 ,8 is covered for mA· > 270 Ge V and 100 fb-1

• For the same 
integrated luminosity, the decay h--. bb covers all tan[J formA > 160 GeV. 

7.2.2. A--. TT 

For large values of tan ,8 the largest sensitivity Carl be obtained from A 
production with the decay A --. TT. The selectwn requires one leptonic T · 

decay· and one hadronic T decay. The associated production of bbH (bbA) 
with A--. TT has also been investigated. 

The left part of figure 20 ·shows the invariant mass distribution of T 

·pairs for three values ofthe mass of the CP odd Higgs boson A (mA = 
150,300,450 GeV ann tan,B = 25) together with the expected background 
contribution, whiCh is dominated by W +jet production.· 

/ 
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Figure 17. Invariant mass distribution of lvjj final states for signal (H- WW) 
and background with mn = 300 GeV (left) ani mil= 600 GeV (right}. 

In the right part of figure 20 the expected jet ·rejection is shown as a 
function of the tau identification efficiency for various PT ranges. The T 

identification efficiency increases (for constant jet rejection) with increasing 
PT· The selection criteri~ are based on the shape of the shower. in the 
calorimeter and on the number of tracks matching to the shower. 

7.2.3. A--. J-LJ-L . 

For large values of tan ,8 the decay of A to two muonscan be observed. 
In figure 21 (left part) the expected sig:iJ.al is shoirn for tan{J ;, 30 and 
mA = 300 GeV, assuming 30 fb- 1• The shaded histogram indicates the 
background from tt production. The open. histogramois the total back
ground, which is dominated by Drell-Yan muon pair production; 

'7.2.4. A-. tt 
For values of tan,B ~ 1,thebranching ratio of A ~dH to ttis close 

to 100 % ab.ove the threshold mA, mn > 2mt. In figure 21 (right part) 
the invariant mass distribution of tt pairs is shown, with a signal from 
the decay A.--. tt formA= 370 GeV, tan,B = 1.5 and30 fb~1 • It has 
been obtained via the decay A --. tt--. W(jj)W(lv)bb, requiring the full 
reconstruction of both t quark decays. For this value of mA, a significance 

_ of 8.2 is obtained. · 
For Higgs masses larger than·500 GeV, the observability (w.r.t. the tt 

continuum) is suppressed due to interferences betwe(mthe signal and back
. ground amplitudes. 
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Figure 18. Expect~ significance for the SM Higgs' boson. · 
,• .: ' , 

-7.2.5. H--+ hh with h--+ bb 
The observation of this channel woUld imply the simultaneous discovery 

of two Higgs bosons. The challenge is to detect a final·state with four 
b-quark jets having relatively low transverse momenta. The present PT 
thresholds at the second level trigger are much higher than desirable for 
the offline analysis. The use of a b-tagging algorithm at this trigger level 
could ailow for lower tresholds, while keeping the output rate reasonably 
low: 

In the left part of figure 22 the reconstructed invariant mass of a bb pah· 
is shown (for mh = 80 GeV), the right part of this figure shows the bbbb 
invariant mass (for mll = 300 GeV). 

7.2.6. H+ --+ cs 
In case the charged Higgs is lighter thazi: the top quark, it can be pro

duced in the_decay of the top (t -+H+b). The search for-_the.H+.can 
be done via tt production with the decay to H+(cs)bW(lv)b. · Selection 
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Figure 20. Tau pair invariant mass distribution with signals for three cases of 
A'-+ 7'7 {left)and jet Tejection as a function of. the tau efficiency {right). 

requirements include one isolated lepton, two· b-tagged jets ,~d 'two non 
b-tagged jets, whose invariant mass is searched for. a mass peak. Figure 23 
shows in the left part the expected signal and background distribution for 
the case of mH+ = 130 GeV and tan/3 = 1.5, where a significance of 4.4 is 
obtained for 30 fb-1. . • 

< .. 

'7.2.7; .H:t:--+ tb , ' 
• If the charged Higgs is heavier than. the top quark, it can decay ,to tb~ In 

• the right part of figure -23 the distribution of signal and background in-the 
invariant mass of tb is shown for m 11+:= 300 GeVand tan/3 = 1.5; with 

'a significance of 9.2 obtained for 30 fb- 1• The selection require& several 
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7.2.8. Discovery reach 
Figure 24 shows the discovery reach(> 5u) in the mA- tan{J parameter 

space for the case of minimal mixing in the stop sector and an integrated 
· luminosity of 300 ·fb-I. The full parameter space is covered and in most 
c~es it sl_10uld also be possible todistinguish between a SM Higgs and a 

' MSSM Higgs. In addition the expected limits from LEP2.for this scena.iio 
are indicated: · 
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Figure 23. Reconstructed mass of charged Higgs bosons with decay to cs (left, 
mH+ = 130 GeV) and to tb (right, mH+ = 300. GeV). The background is also 
shown {dashed line). · 

7.3. Measurement of parameters·· 
Once one (or more) Higgs bosons have been observed, these events will 

be used to determine the properties (e.g: mass; width, BR·u) of the Higgs. 
Combining several decay channels and/ or production modes will allow to 
put constraints on the Higgs couplings. All the numbers given below are 
based on aninteg~ated luminosity of 300 fb- 1. 

7.3.1. Standard Model Higgs boson 
The left part of figure 25 shows the expected accuracy on the mass of 

the SM Higgs, reaching a precision; of about lb-3 for rriH < 500 GeV. 
This accuracy is given by the channels H ~ TY and -H -+ ZZ -+ 4l. 
The right part of figure 25 shows the expected accuracy on the width of 
the Higgs boson. This is expected to be measured to better than 7 · w-2 

for mH < 700 GeV from the decay H -+ ZZ -+ 4l. A direct width 
measurement will only be possible for masses larger than 200 Ge V, as below 
this value the natural width of the Higgs is smaller than the experimental 
m~s resolution for Higgs masses. · ·. 

7.3.2. MSSM Higgs bosons 
In· the left part of figure 26 the expected accuracy on the measurement 

of the MSSM Higgs masses (for tan {J = 30) is shown as a 'function of mA. 
The mass of the H and A boson should be measlired to about 10 % for 
mA > 200 GeV and that of the h boson to about 1% formA> 300 GeV. 
The right part shows the expected accuracy on tan{J. It should be possible 
to reach an accuracy of better than 10% for tan{J > 7 from H/A ~ TT. 
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Figure 24. Discovery reach for the MSSM Higgs boson (for minima(mixing). 

and similar for tanfJ > 10 from H/A-+ JLJL. 

7.4. Summary 
If a Standard Model Higgs boson does exist, it will be discovered by 

ATLAS after a few years of data taking at lowluminosity (for masses from 
LEP2 limits up to 1 TeV). For most masses, at least two channels can 
be used. Properties of the Higgs boson can be measured precisely and 
constraints be put on the couplings. 

In case of the MSSM Higgs bosons, the full_ parameter space will be 
covered for an integrated luminosity of 100 fb- 1 and in most cases. a dis

. tinction between a SM and a MSSM Higgs is possible {if the SUSY mass 
scale is large and no SUSY particlesappear in the Higgs decay). ·Higgs 
parameters can be determined also in the MSSM case. 
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8. · Supersymmetry 

Supersymmetry proposes an elegant solution to the hierarchy problem, 
avoiding the necessary fine tuning to cancel divergences in loop corrections 
to the Higgs mass. Indications for supersymmetry can be obtained from 
the unification of the three gauge couplings at the GUT scale, which fails 
in the Standard Model and succeeds in SUSY. 

In the Minimial Supersymmetric Standard Model, there is one additional 
particle for each particle of the Standard Model. There are at least· two 
Higgs doublet fields, yielding five physical Higgs bosons (as mentioned in 
section ·7.2). The SUSY partners of the quarks are the squarks ij (spin 0, 
left- and right-handed), the one of the gluon is the gluino g (spin 4) and 
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the ones of the leptons {neutrinos) are the sleptons f (sneutrinos v). The 
partners of thew± and the H± mix to form the charginos f(f{i = 1,2), the 
ones of the "f, Z, h, Hand A mix to form the neutralinos X.~(i = 1,; .. , 4). 
Since SUSY has to be broken, the most general model leads to about 100 
additional parameters describing the soft breaking terms. 

Based on the baryon number B, the lepton number L and. the spin S, a 
new quantum number (R-parity) can be defined as Rp·= (-1)38+L+zs. For 
Standard Model particles Rp = +1, whereas for SUSY particles Rp = -L 
If R-parity is conserved, SUSY particles can only be produced in pairs 
and the lightest supersymmetric particle (LSP) has to be stable.· The LSP 
is also weakly interacting (for cosmological reasons), which leads to the 
characteristic signature of large missing transverse energy, as there are at 
least two LSP's per event. 

8.1. SUGRA scenarios 
To obtain MSSM models with fewer parameters, the assumption of 

SUGRA (Supergravity) models is that the breaking of SUSY takes place 
in a hidden sector and is transmitted to the visible sector via gravitational 
interactions. In the minimal SUGRA model (mSUGRA) common masses 
for squarks, sleptons and the Higgs bosons and common masses of the 
gau~nos are assumed at the GUT scale. Thus there are five parameters: 
m0 (a common scalar mass), m 1; 2 (a common fermion mass), tan/3 {the 
ratio of the vacuum expectation values of-the two Higgs doublet fields), 
A0 (the trilinear coupling at the GUT scale) and sgnJL (the sign of the 
Higgsino mass parameter). . 

The actual values of SUSY particle masses (e.g. atthe·weak scale) are 
determined by a set of renormalization group equations, whiCh evolve the 
two common masses m0 and m 1; 2 from the GUT scale to a lower scale. 
In general the masses of the neutralinos and the gauginos are proportional 

·to m 1; 2 , whereas the masses of the squarks, sleptons· and sneutrinos are 
·proportional to)mfi +I· mf12 , with 0.1 < f < 6. . .. 

8.1.1. Description of models used 
Six points in the mSUGRA parameter space were chosen for- detailed 

studies: -_points 1 and 2 lead to large squark and gluino masses, point 3 
. is chosen for comparison with existing~accelerators (these should-be able 
to discover.this point), point 4 exhibits a strong mixing between gauginos 
and Higgsinos. Point 5 is motivated by cosmology, a.S the cold dark matter 
density -due to the LSP is close to the critical one. Finally, point 6 has a 
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large value of tan/3. 

r point II --moT ~;-c Ao I tanfj I sgnJL I 
1 400 GeV 400 GeV 0 2 + 
2 400 GeV 400 GeV 0 10 + 
3 200 GeV 100 GeV 0 2 -
4 800 GeV 200 GeV 0 10 + 
5 100 GeV 300 GeV 300 GeV. 2.1 + 
6 200 GeV 200 GeV ()__ 45 -

- --

Table 1. Parameters of the six mSUGRA models studied. 

In table 1 the ·values of the five parameters describing the different 
mSUGRA models are summarized. 

8.1.2. Discovery reach for mSUGRA scenarios 
In figure 27 the discovery reach {5o-) is shown for various inclusive sig

natures: 

01 no leptons, but jets and missing Er, 

11 on:e lepton:plus jets and missing Er, 

SS two leptons of the sanie sign, 

OS two leptons of opposite sign, 

31 three leptons plus jets and missing Er, 

2l,Oj two leptons and missing Er, but no jets, 

3l,Oj three leptons-and missing Er, but no jets. 

Four parameter settings have been used: tan f3 = 2 or tan f3. = 10 and 
JL < 0 or JL > 0. The reach for discovery from the inclusive signatures 
extends up to masses between 1 and 2 Te V. Also shown are the locations 
of the first five mSUGRA points. 

An important eXperimental aspect_is the minimisation of fake E:piss tails. 
The signature of large missing Er could be faked by badly measured jets . 
For E'!j!i118 > 200 GeV, a rejection factor of 1000 or more is needed. Figure 
28 (left part) compares the E:piss distribution for fully simulatedZ +jet 
events (dashed line) to the case, where the jet is undetected (full line). 
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Figure 27. Discovery reach in the mo - m 1; 2 plane for various inclusive signa
tures (for 10 fb- 1 ). 

8.1.3. Exclusive measurements 
Once a discovery has been made, the next steps are to get information 

about the mass scale of SUSY and to try to reconstruct decay cascades to· 
obtain further constraints on the fundamental parameters of the theory. 

In figure 28 (right part) the distribution in the effective ~ass Meff = 
E;piss + PT,1 + Pr,2 + PT,J + PT,4. is shown, where PT,i are the transverse mo-:
menta of the four leading jets. As an example, mSUGRA point 5 has. been 
used. A clear excess of events is observed for effective masses above 1 TeV. 
The different contributions to the background ar~: ttproductio~ (closed 
circles), W +jet production (triangles)~ Z.+ jet production (downward 
triangles) and QCD jet production (squares). ; 

The result of a scan of the mSUGRA parameter space is shown in the 
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Figure 28. Expected tails in the Eipiss distribution (left) and distribution of the 
effective mass Met! for mSUGRA point 5 (right). · 

Figure 29. Correlation between Meff and MsusY for mSUGRA point 5 {left) 
and dilepton mass distribution for mSUGRA point 3 (right}. 

left part of figure 29. A clear correlation betw~en the ~bserved onset of 
the deviation from Standard Model backgrou'Ud in the Meff distribution 
and the value MsusY = min(M9, Mq) is observed. 

Due to the appearance oftwoLSP's escaping detection for each event, 
a direct reconstruction of mass peaks for SUSY particles is not possible. 
However, endpoints in the distributions_of inv~riant masses of the visible 
decay products can be used to constrain e.g. mass differences between 

_ different SUSY particles. 
In figure 29 (right) and figure 30 (left) two examples for the expect~d 

distribution of the dilepton invariant mass are given for point 3 and point 
5. The background . from the Standard Model is in both cases hardly 
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visible, and for point 5 there is some contribution from other SUSY de
cay cascades (dashed histogram). In both mSUGRA points, clear end
points in the dilepton invariant mass are observed. For point 3, the decay 
chain is xg -t x_?z+z- and the endpoint is given by the mass difference 
m(xg)- m(xY) with an expected value of 52.47 GeV. For point 5, the de
cay of the xg proceeds via a slepton: xg -t [kz- -t x?z+z-, leading to an 
expected endpoint at 108.93 GeV. 

8.1.4. Large tan f3 
For large tan f3 the lis light and thus in the events many r's are expected. 

If the rr invariant mass were to be measured directly, a sharp edge· would 
be expected from the decay xg -t fr at a value of 59.64 GeV. Requiring 
both tau's to decay hadronically, the expected invariant mass distribution 
is shown in the right part of figure 30. The dotted line indicates real rr 
pairs, the dashed line shows pairs with one faker. The smearing and the 
shift of the edge are due to the undetected neutrinos. 

8.2. Gauge mediated Supersymmetry breaking 
In contrast to SUGRA scenarios, where the breaking of SUSY occurs at 

a very large scale and is mediated by gravity, in Gauge Mediated Super
symmetry Breaking models (GMSB) thebreaking occurs at a messenger 
scale much smruler than the Planck scale and is transmitted to . the 'real 
world' via gauge interactions. The LS1? is the gravitino G with a mass 
that can be much smaller than 1 Ge V. The next lightest supersyinmetric 
par~icle (NLSP) can either be the x? (decaying toG[) or the ln (decaying 
to Gl). 
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8.2.1. Description of model parameters . .. . 
. ,The parameters describing. the GMSB modelsare: tan/3, sgnj.L, Mm (the 
m~~senger scale), A =· F/Mm (where :VF is .the SUSYbre~king scale), 

·' N5 (the number of equivalent 5 + 5 ~essenger fields) and C9rav (the scale 
· factor for .the gravitino mass). The latter parameter influences directly the 
lifetime of the NSLP, which can either decay close to the interaction point 
(leading to signatures with missing "Er) or be quasi-stable. In table 2 the 

r point II tan,B I sgnJL I A (TeV) I Mm (GeV) I Ns I Cgrav I NLSP I (cr)NLSP I 
1a 5 + 90 500 1 1 x~ 1.2 mm 
1b 5 + 90 soo 1 1W x~ 1.1 km 
2a 5 + · 30 250 3 1 f1 52 JLID 1 

2b 5 + 30 250 3 5 · 103 ft 1 km 

Table 2. Parameters of the four GMSB models. 

values of the six parameters describing the four different GMSB scenarios 
used are summarized. Also indicated is the NLSP and its lifetime. 

8.2.2. GMSB point la 
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Figure 31. .Flavour subtracted mass distributions for GMSB poi~t la of Mz+z
(lejt), Mz+z-7 (middle) and M1±7 (right}. 

In GMSB point 1a, the lifetime of the NSLP (which is the x?, decaying 
toG[) h~ a value of CT ~ 1 mm. In the decay xg -t.Z~l~ -t x?z+z- -t 

G[Z+z- four endpoints are expected in the invariant mass distributions of 
Mz+z- (at 105.1 GeV), Mz+z- 7 (at 189.7 GeV) and M1±7 (at 112.7 GeV 
for the right combination and at 152.6 GeV for the wrong combination). 
Figure 31 shows these three invariant mass distributions. Theleptons z+z
must be correlated in flavour, as GMSB models converse flavour. Thus 
the flavour subtracted mass distributions are shown for dileptons (e+e- + 
J.l.+ J.l.-- e± J.L~). This removes SUSY and Standard Model background with 
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two independent lepton decays. The four endpoints mentioned are clearly 
visible and constrain three masses. Furthermore, after a reconstruction of 
the G momentum (which is obtained from a OC fit using the three mass 
constraints in the xg decay and resolving two-fold ambiguities through 
double ·occurence of the decay in an ~vent), the decays of squarks and 
gluinos can also be reconstructed in the decay chain ij -t gq -t xgqqq. 

8!2.3. GMSB point 2b 
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Figure 32. Slepton mass distribution (left} and lepton- slepton mass distribution 
(right} for GMSB point 2b. 

In point 2b (the 71 is the NSLP), there are two quasi-stable heavy slep
tons produced in each event (cTslepton ~ 1 km), which resemble in their 
behaviour a muon, except for the mass (which leads to {3 < 1). They are 
produced in the decays of the neutralinos x~ -t lfil-. Using the measured 
momentum and the time-of-flight information of the muon system (time 
resolution of u ~ 0.65 ns) for the determination of the velocity, the mass of 
the slepton can be reconstructed. Figure 32 (left part) shows the expected 
mass distribution obtained from the timing and momentum measurement. 
Combining the measured slepton with a lepton allows to reconstruct the 
decays of the neutralinos. In the right part of figure 32 the invariant mass 
of the slepton-lepton system is shown; clear signals from the xY, xg and x~ 
decays are visible. 

8.3. R-parity violation 
If R-parity is not conserved, the signatures for events containing sus

persymmetric particles change. In the case of baryon number violation, 
a large number of jets (on average 12) are expected, without significant 
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missing transverse energy associated to the event. If the lepton number 
is violated, additional leptons and jets are expected together with missing 
transverse energy. 

8.3.1. Baryon number violation via x? -t qqq 
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Figure 33. Distribution of the missing transverse energy E:piss (left) and of the 
number N;et of jets {1'ight}, compaTing Rp-violating SUSY (open histogram) to 
Rp-conserving SUSY {shaded histogram). 

In case of baryon number violation, a selection based on a large 11umber 
of jets alone is not sufficient to suppress efficiently the large QCD back
ground. By demanding at least one lepton in the final state, a better 
suppression of the, Standard Model background is achieved. In the left 
part of figure 33, the expected distribution of missing transverse energy is 
shown both for the case of Rp violating SUSY and for Rp conserving super
symll}etry (using in both cases the parameters ofmSUGRA point 5). The 
missing Er signature is much reduced in case of Rp violation .. As shown 
in the right part of figure 33, there are however higher jet multiplicities in 
case of Rp violation. 

8.3.2. Lepton number violation via x? -t z+z-v 
An inclusive selection of at least three leptons and missing transverse 

energy allows (assuming a coupling .>. 123 = 10:-3) to cover a large range of 
the parameter space rn0 - rn 1; 2 with a 5cr significance, as shown in the left 

-part of figure 34. An indication on the mass scale can be obtained from 
th ff. t' ~~ ~4 wJet. ~4 lepton · Emiss • th r e e ec 1ve mass it' eff = L...i=ll'T,i + L...i=l Pr,i + r , usmg e 10ur 

leading jets and the four leading leptons. Figure 34 (right part) shows a 
good correlation between Meff and MsuanA ::::: min(m_g, Tnq~·, mbi, mr.). 
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Figure 34. 5tT reach in the mo -m1; 2 plane for 10 fb- 1 in case of lepton number 
violation (left) and correlation of MsuanA with Meff (right}. 

8.4. Measurements of model parameters 
Using the {partial) reconstruction of the decay ·chains of supersymmetric 

particles as described above, for a given model information on the sparticle 
masses can be exfracted. · Using these constraints, a global fit is. done to 
determine. the. model· parameters (this is only possible if 'the number· of 
parameters is limited). ;·, 

An initial scan is used to find approximate regions, by weighting each 
point according to the experimental errors. Next; niore points in these 
region's are scanned until the' favoured Va.lues of the parameters and their 
±l<T errorS are det(mnined for a given integrated luminosity ( either.30 fb-I 
or'300 fb..:.1).· Besides the statistical error, systematic uncertainties dueto 
the knowledge of the electromagnetic, the muon and the jet energy scale 
are taken irito account. The light Higgs mass is assumed to be knoWr1'to 
D..Mh = :±1 GeV !~(the case of 30 fb-1 and to ±0.2 GeV for the 'case 
of ultimate se'nsiti~ity '(300 fb-1). No errors are used f~r the theoretical 
treatment of the' sparticle mass' calculation. . . . ' ·. 

8.4.1. Case of mSUGRA 
For the first five mSUGRA points the expected precision is given in table 

3. The numbers given correspond to an integrated luminosity of 30 {b-l 
(numbers in brackets are for the ultimate sensitivity with 300 fb-1

). 

8.4.2. Case of GMSB 
In the case of GMSB points the expected accuracy is given in table 4 

(for 30 fb-1, assuming that mh is known to 3 GeV). 
. . . 

Five measurements (light Higgs mass and four lepton f photon mass 
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~odel I! _,8~~~] ! . _8~~~~~ ! ~(·t·~~~ ! ' 
~nt1 ±25(25) 'Yo I ±2.5(2) 'Yo ±4(1) 'Yo 

point 2 ±25(25)% ! ±2.5(2)% ±20(12)% 

.point 3 ±5(2.5)% ±1(1)% . ±2.5(1)% 
point 4 ±6.3(4.4)_% ±2(0.75) %-. . ±20(6)% 

point 5 ::t~(1.3)% ±0.9(0.5)% ±5(2:5)% 
, .. 

., 

.. Table 3. Expectf;d accuracy on mSUGRA parameters for various points and 
jor. 30 ,fb:..1 .,with Alvh ~ ±1, .GeV (~ltimate sensitivity with ~00 fb- 1

) with 
, D.Mh = ±0.2_ (!eY. 

I 

·.;. < _.,-._ 
•,• . ' 

' ,. 
[~m-o~d~el~II~~8(~A~)~I--~8~(M~m~)~l~8~(ta-n~~~)~I-8=(=N5~) I 

1a ±2% .... ±34% . 26% ±1.4% 
1b ±13% ·l!PP.er limit -~-~~% ±1% 
2a ±1.8'%• "' ··'±24% ±20% ±1.7% 
2b ±0.9% .... ±13% ;1:6% ±0.7% 

Table 4. Expected accuracy on GMSB parameters:(30 fb- 1). 

combinations) can be used to constrain the param'eters~ The sign of J.L is 
determined l'uriambigously. Th~ values of k and N~ are well determined, 
at high luminosity the errors are dominated by systematic-uncertainties. 
The value of tan f3 is mostly related to the Higgs mass and its accuracy is 
determined by the accuracy on the Higgs mass. 
. The value of.Cgrav is indep~ndent of other parameters and will be deter
mined from the lifetime ofthe NLSP; 

s;s .. Summary 3 . •. 

·The discovery <;>f supersy~metric particl~s at theLHC should be easy 
for masses of up.to 1 - 2 TeV. The decay of supersymmetric.particles 
leads to final stat'~s containing ~ultiple jets, leptons,' h~iw'y• flavours and 
missing transverse e~ergy. Th~ exact composition of these' signatures is 
model and parameter dependent. Studies done within different models 
(and for different parameter sets) have shown that it should be possible 
to reconstruct decay cascades (despite the fact. that the LSP often escapes 
detection)· by making use of kinematic endpoints: From this information, 
SUSY .particle masses can· oe determined and· thus the SUSY parameter 
space·can .be constrained. 
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9. Other searches 

9.1. Compositeness · 
Assuming that quarkS and leptons are not fundamental particles, but are 

composite objects, a sp_ectrum of particles with unusual quantum numbers 
is predicted (like excited quarks and -Ieptoquarks). Compositeness can 
also be searched for by using inclusive jet production, where an excess of 
events at the highest transverse energies would be expected in the case 
of compositeness. Figure 35 shows in the left part the expected relati~e 
deviation from the Standard Model expectation for three values of the 
compositeness scale. For an integrated luminosity of 300 fb- 1 a lower limit 
of 40 Te V should be reached. 
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Figure 35. Relative deviation of the inclusive jet cross-section in case of com
positeness (A = 20,30,40 Te V) with respect to the one without compositeness 
{left) and expected deviation due to a miscalibration (right). 

This measurement is however sensitive to the exact knowledge ofthe jet 
energy scale. Not understood non-linearities could fake such a signature, 
and therefore the use ofangular distributions provides a cross~check. The 
right part of figure 35 shows the expected deviation from the QCD predic
tion due to an uncorrected non-linearity in the calonmeter response, which 
is significant in comparison with the statistical uncertainties indicated .. 

9.2 .. Technicolor 
Technicolor models invoke dynamical breaking of electroweak symme

try through the existence of 'technifermions' with technicolor charge and 
strong interactions at high scales. The Goldstone bosons providing the 
longitudinal degrees of freedom of the W and Z bosons are condensates of 
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Figure .16. W Z invariant mass distribution with signal from technirho and back
ground {left) and expected signal in the transverse eve mass distribution from a 
heavy W boson {right} . 

techniquarks, the so called technipions. 
Figure 36 shows in the left part the expected signal for the decay of 

technirho p~· resonances to W± Z with a leptonic final stat~ (t±vt,±.t~) for 
. various masses of the technirho and the teclmipion. The shaded histogram 
indicates the background from W Z production. · 

9.3. ·New heavy gauge bosons 
Extensions of the Standard Model gai.Ige group give rise to new' ga~ge 

bosons .. Figure 36 shows in th~ right part the. expected ~ignal· from a vV'. 
boson\vith a mass of4 TeV'in the leptonic decay to 'an electron arid a 

·neutrino. In this case, W' bosons should be observable up to masses of 
6 GeV. 

10. Conclusions 

The ATLAS detector is well suited for discovery physics at the LHC, 
. including the search for Higgs bosons and the search for Supersymmetry 
-(and other new physics processes). The expected performance will not 
only allow discoveries to be made, but also a variety of precision measure

, ments to be performed. Various Standard Model processes can be used 
to provide new information on parton densities of proton (in yet uncov-
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ered kinematical regions), to yield precise measurements of the W boson 
and the top quark mass and to measure parameters of CP violation.in the 
Bd meson system, as well as oscillations of the Bs meson~ Furthermore 
precision measurements will also be possible for p·arameters of the Higgs 
boson(s) and of supersymmetric particles, lead.ing possibly to const~aints 
on the model parameters. 
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Abstract 

; The ATLAS. experiment has now eritered the construction p~e.' 
. for many or"its detector ~orriponents, with astrict sclteduie to xri~t . 
the first collisions at the Large Hadron Collider in summer 2005: 
The main featur~s of ~he detector are briefly summar~ze~ .. 

~ ' . l 1.\; 

_,'·,,.-
_i' 

The LargeHadron Collider (LHC) [1] is a proton-:-protoncolliderwith 14 
TeVceritre oflriass energy and deiign ·lumiitosity.of l034.,cm2..2sc:.1• Beam 
crossings are 25 IlS apart and "at design hl~inos}'ty theie are. 23 l~teractions 
per crossing .. :': . , ! , .... . , •..•. ..• , ·' _,• .. ,... .... . .. ~: ·. 

The ATLAS detector·concept and its physics potential have-been pre:-· 
senteq)n,th~ Tec~ni~aJ;Prpposal[2] abputfour,years ago.,Over the last two-··· 
year~ det9-iled descriptions· of the detector systellls and.:their pe:x-formance .: 
have been presented in the various Technical Design Reports (TDR)[?]; , :· 
the c9mple~. t?S~· of th~ir integratio~ into the ov:eraU ATLAS dete~tor. has 
been recentlydescribeg in t'he Technical Coordination TDR[ll}. ;The main 
fea~ur~s of;the detecto~ are briefly. su:q1marized in. following sections. :More 
details can_,be found. in the AJ'LAS Detector and ·?hysfcs ·Performance 
TDR[12). . . . . · . · . ; . : · ..: : 

2 ; Overall, de~ ector concept . '· 

A broa~spectrum· of detailed physics stt,{dies Ied to _the o~erall detector 
concept presented in the ATLAS ~~chnical Proposal[2L T~e basic design 
criteria of the detector include the following. . · · · · 

• • ~ • •, • ., ' : • • '< • C • I 

• Very good electromagnetic calorimetry forelectron and photon iden
tification and measurements; complemented by full-coverage hadronic 
calorimetry for accurate jet and missing transverse energy (Episs) 
measurements; 



• High-precisiori mudn momentum me~reiD.~ts~ With the cipability 
to guarantee accurate measurements at.the·highest luminosity using 
the external muon speCtrometer alone;. 

• Efficient tracking at high luminosity for high-PT lepton-momentum 
measurements, electron and photon identification, 7:-lepton and heavy
flavour ideniilicatio~,and frill event reconstiudlon capability at lower 
lmpinosi~y; · · ·. - · · · 

• Large accepta'rice in pseudorapidity (77) with almost ·full azimuthal 
angle (<I>) coverage everywhere. The azimuthal angle is measured 
around the beam axis, whereas pseudorapidity relates to the polar 
angle (0) where 0 is the angle from the z direction. . . · 

• Triggering and measurementS of particles at low-PT threSholdS, pro- . 
viding high efficiencies for most physics processes of interest at LHC. 

' . 
The overall detector layout is shown in Figure 1. The magnet configu

ration is based on an inner thin superconducting solenoid surrounding the 
inner detector cavity, and large superconducting' air-core toroids consist
ing of independent coils arranged with an eight-fold s}rmmetry outside the 
calorimeters. · · 

The Inner Detector (ID) is contained within a cylinder oflength 7 m and 
a radius ofl.15 m, iii a solenoidal magnetic field of 2 T~ Pattern'recag.: 
nition, momentum. and vertex measurements, ·and electron identification 
are achieved with a combination of discrete high-resolution semiconductor . 

. pixel and strip detectors in the inner part of the tracking volume, and con'- · 
tinuous straw-tube tracking detectors with transition radiation capability 
in its outer part. . . -- ·. . . . . 
Highly granular liquid-argon (LAr) electromagnetic (EMj sampling calorime
try, with excellent performance in terms of energy aJ1d positi~n resolution, 
covers the pseudorapidity range I7JI < 3:2. In the end-caps, the LAr te~
nology is also used for the hadronic calorimeters, which share the cryostats .· 
with the EM end-caps. The same cryostats 'also house the special LArf~r
ward calorimeters which extend the pseudorapidity coverage to I7JI = 4.9. 
'J:'~~-L~~~~r!_metry is conta,ined i_11 a cylinder \Yith a11 outer radius of_2.25 _ 

---m and extends longitudinally to ±6.65 m along the beam axis. 
The bulk of the hadronic calorimetry is provided by a novel scintillator

tile calorimeter, which is separated into a large barrel and two smaller 
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extended barrel cylinders, one on each side of the barrel.· The outer radius· 
ofthe scintillator:.. tile calorhneter is 4.25 m and its half length is 6.10 m. 

The overall calo!imeter system provides the very good jet and E!ftiss · 
performance of the ~etector. The total \veight of the· calorimeter system; 
including the solenoid flux-return iroi1 yoke· which is integrated into'· the 
tile ·calorimeter support· structure, is about· 4 ·ooo Tons.· 
_ -·The calorimeter is surromided by the ·muon 'spectrometer. · The air.:.. 

core toroid system, with a long barrel and two inserted end.:.cap magliets, . 
gei.ierates a large magnetic field volume with strong bending power within' 
a light and operi •structure. :Ylultiple-scattering effects are thereby- rriin~ • 
imised, and excellent muon momentum resolution is 'achieved with; three . 
stations of 'higliprecisioir tracking ;chambers:' The muon:·· instrumentation 
also includes as ·a 'key ·component trigger chambers·with very fa.St time 
response: ,,,._ ·. ' " " "· .. , , .... · .. . , . 

The muon spectrometer defines the ovenill dimensions of the 'ATI:AS · 
detector; The mitefl chambers of the barrel are. at a·radius of aboufll m. 
The half-length of the barrel toroid' coils -is 12.5: m, 'and •the third layed)f 
the forward :muon chambers,~ mminted bn tl~e cavern wall, is located: about . 
23m from the hiteraction point. The overall weight of the .ATLAS detectbr .; 
is about 7 000 Tons. 

The primary· goal ofthe experiment is to 'operate 'at' high luminosity 
(1034 cm-:-2s-:-1) with' a detector .that provides'as inari.y'siguatures as possi.:•: 
ble: • The variety of sigi1atures is considered to be important in th~: ·haish' : 
environment of the LHC in order to achieve robust and redundant physics 
measurements witl!'the ability of internal cross-check.· ' 

' . ',! 

3 Magnet system '•' 

The ATLAS superconducting magnet system[3} can. be•seen in-Figure;!. It:. 
is an arrangement of a central solenoid (CS) providing the Inner Detector · 
with magnetic field, surrounded by a system of three large air.:core toroids. ( 
generating the magnetic field for the muon spectrometer. ·The overall di~ 
mensions of the magnet system are 26·m -inlength.and 20·m in diameter)•., 
_The~\Y() ~ncl::Gap. toroids (ECT) are. inserted-in the-barrel-toroid (BT) ~at·· 
each end and line up witlr:the cs:rrhey., have:a.Jength of 5 m, an.outer 
diameter.ofJ0.7 rricand.an .inner, bore.ofL65 m .. The.CS extends.over 
a length·' C)f /?.3 m and ·has a· bore of 2A m: The. unus~al configuration 
and, large _size make, the. nutgnet .system. a considerable challenge 'requiring 
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careful engineeJ:ing~ , _ . . . . 
The CS provides a central field of2 T ._with .a. peak mag11etic field 

of 2~6. T. at the superconductor .itself. The peak magnetic fi~ds on the 
superconductors in the BT a11d. ECr are 3.9 and 4.1. T ~ectively. The. 
p¢ormance in terms ofb_ ending power.~s characteri~ed by the field integral 
f Bdl, where B is the azimuthaUield component and the integra!; is t~n. 
on a straight line trajectory,_betv.;een the inner and: outer, radius ofthe 
toroids. The BT provides 2 to 6 Tm and the ECT contributes ;with 4 to 
8 Tm in the 0.0-;1.3 and 1.&-2~'7 pseudorapidity ranges respectively. The 
bending power islower.in the transition, regions where the two magnets 
overlap (1.3 < [TJ~ < 1.6}. •. · · · .. ·· ' . 

' ' 

The position of the CS in front of the EM calorimeter demands a careful . 
minimisation of the .. material in order. to achieve the desired. calorimeter 
performance_ As a cons.equence~ the CS and the LAr calorimeter share 
one common vacuum _vesselt. thereby _eliminating t'Wo vacuwn. walls .. 

Each of the three toroids consists of eight coils assembled radially and 
symmetrically around. the beam axis. The. ECT coil system is. rotated by. 
22.5a. with respect to the BT coil system in. order to provide radial overlap 
and. to optimise the bending power in the interface regions of both coil 
systems. :. ·. 1 

-'I;he magnets are indirectly cooled by forced. flow- of-helium at 4:5 K_, 
through tubes. welded on the casing of the windings. The cooling power is 
supplied, by a. centra! refrigeration plant located in the side cavern and the 
services are distributed among the four magnets. 

The conductor used in all the coils is a composite that consists of a 
fiat superconducting cable Iocate.d in the centre of an aluminium stabiliser 
with rectangular cross section. 

4 Inner Detector 

The layout of the. Inner Detector (ID)[4l is shown in Figure 2. It conr 
bines high-resolution detectors at the inner radii with continuous tracki:Dg · 
elements at the outer radii. all contained in the CS. 

The momentum and vertex resolution requirements from physics call for 
high-precision measurements. to be maae with 'fine-granularity detectors~ 
given.the very large-track density expected at the LHC. Semiconductor 
tracking detectors,; using silicon·microstrip, (SCT) [41 and pixel [5] tech
nologies, offer these features .. The highest granularity is achieved around 

50 

the vertex region using semi-conductor pixel detectors. The total number 
of precision layers must be limited because of the material they introduce, 
and because of their high cost. Typically, three pixel layers and eight 
strip layers (four space_ points) are crossed.by each track. A large number 
of tracking points (typically 36 per track) is provided by the st!aw tube 
tracker (TRT) [4], which provides continuous track-following with much 
less material per point ~nd a lower cost. The combination of the two tech
niques gives very robust pattern recognition and high precision in <I> and 
z coordinates. The straw hits at the outer radius contribute significantly 
to the momentum measurement, since. the lower precision per point com
pared to the silicon is compensated by the large number of, measurements 
and the higher average radius., The relative precision of the different mea
surements is well matched, so that no single measurement dominates the 
momentum resolution. This implies that the overall performance is robust. 
The high density of measurements in the outer part of the tracker is also 
valuable for the _detection of photon conversions and of V0 decays .. The 
latter are an important element in the signature of CP violation in the B 

. system. In addition, the electron identification capabilities of the .whole 
, experiment are enhanced by the detection of transition-radiati.on photons· 

' ' ' 

in the xenon-based gas mixture of the straw tubes. 
The,outer radius of the ID cavity is 115 em, fixed by the inner dimension 

of the cryostat containing the LAr EM calorimeter, and the totallength is 
7 m, limited by the position of the end-cap calorimeters. Mechanically, the 
ID consists of three units: a barrel part extending over ± 80 em, and two 
identical end-caps covering the rest of the cylindrical ca~ity. The precision 
tracking elements are contained within a radius of 56 em, followed by the 
continuous tracking; and finally the general support aud serviCe region at 
the outermost· radius. · In order to give uniform TJ-coverage over the 'full 
acceptance, the final TRT wheels at high· z extend inwards to a lower 

·radius than the other TRT end:.cap wheels~ 
. In the barrel region, the high.: precision detector layers are. arianged.on 

. concentric cylinders'· around . the beam >axis,. while. the 'end-cap. detectors 
aie mounted on, disks perpenditular. to. the b~am ·axis: : The· pixel layers 
are s~gmen~ed 'in R4> 'ahdf z; Whi~e the SCT detector\ises sm'rul angle (40 

·mrad)-stereo ships' to 'measure both 'c6ordinates~iwith one set of strips 
in each layer meiJ.Suring <I>. The barrel'TRT straws ~re 'paraller to ·the 
, he ani' direeti'on';< All the· erid-cap tra'*ing ·demerits ate located· in~ ;planes 
,J:l.'erpendi.dularto the' beam 'axis. ':['lie"strip.'detectors have' one 'set of strips 
·~·~' ~;. !"<·;··~·-·. \-• ,·:.;,,_:. :::~·· ,: ' . ·- .. ;· :: ,· ; < ~.. . :-.· : : !• 
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running radially and a set of stereo strips at an angle of 40 mrad. The 
·continuous tracking consists of radial straws arranged into wheels. 

The pixel systeni contains a total of 140 milion detectorelements, each 
50 J.Lm in the R<I> direction an·d about 300 J.Lm in z. The SCT detector 
contains 61 m2 of silicon detectors, with.6.2 milion readout channels. The 
spatial resolution is 16 J.Lm in R<I> and 580 J.Lm in z; The TRT detector 
consists of 320 thousand straws, the resolution in R<I> is 170 J.Lm per straw. 

The layout provides full tracking coverage over 1171 <2.5, including im
pact parameter measurements and vertexing for heavy-flavour and r tag
ging. The secondary vertex' measurement performance is enhanced by the 
innermost layer of pixels, at a radius· of about 4 em, as close as is practical 
to the beam .Pipe. The lifetime of such a detector will be limited by radia
tion damage, and may need replacement after a few years, the exact time 
depending on the luminosity profile. A large amount of interesting physics 
can be done with this detector during the initial lower-luminosity running, 
especially in the B sector, but physics studies have demonstrated the value 
of good b-tagging performance during all ph95es of the LHC operation, for 
example in the case of Higgs and supersymmetry searches. It is therefore 
considered very important that this innermost pixel layer (or B:-layer) can 
be replaced to maintain the highest possible performance throughout the 
experiment's lifetime. The mechanical design of the pixel system allows 
the possibility of replacing the B-layer. 

5 Calorimeters 

A view ~f the ATLAS cal~r~rr1eters [6] is presented in, Figure. 3 .. The 
calorimetry consists of an .electromagnetic (EM)·. calorimeter cove~ing the 
pseudorapidity region 1171 <3.2, a hadronic barrel calori~eter covering 
1171 <1.7, hadr~nic end-cap calorimeters covering·iL5<: .1171,<3.2,.~(1 for-
ward calorimete:rs <;overing 3) <.1171 <4:9. . ; . 

The EM calorimeter is a lead/liquid-ai:gon (LAr) detector ~th accor
dion geometry [7] .. Over the pseudorapidity range 1171 <1.8, it is preceded 
by a presampler detector, installed immediately behind the cryostat cold 
wall, and used to correct for. the energy lost in the material (ID, cryostats, 
coil) upstream of the calorimeter. 

The hadronic barrel calorimeter is a cylinder divided into three seC
tions: the ~e~tr~ barrel and two identical exte~1ded barrels. it is based on 
a sainpling technique wit}~ pl~tic ~cintillator plates (tiles) embedded in an 

52 

iron absorber [8]. At larger pseudorapidities, where higher radiation resis
tance is needed, the intrinsically radiation-hard LAr technology is used for 
a:n the calorimeters [7]: the hadronic end-cap calorimeter, a copper LAr 
detector with parallel-plate geometry, and the forward calorimeter, a dense 
LAr calorimeter with rod-shaped electrodes in a tungsten matrix. 

5.1 Electromagnetic calorimeter 

The Electromagnetic calorimeter (EM) [7] is divided into a barrel part 
(1171 <1.475) and two end-caps (1.375< .1171 <3.2). The barrel calorimeter 
consists of two identical half-barrels, separated by a small gap (6 min} at 
z=O. Each end-cap calorimeter is mechanically divided into two coaxial 
wheels: an outer wheel covering the region 1.375< 1171 <2.5, and an inner 
wheel covering the region 2.5< 1771 <3.2. . 

The EM calorimeter is a'leadLAr detector with accordion-shaped Kap
ton electrodes and lead absorber plates over its full coverage. The accor
dion geometry provides complete <I> symmetry without azimuthal crackS.' 
The lead thickness in the absorber plates has been optimised as a function· 
of 77 in terms of EM· calorimeter 'performance in energy resolution. ·The 
LAr gap has a consta1it thickness of 2.1 mm in the barrel. In the. eha~· 
cap, the shape of the Kapton electrodes and lead conve~ter plates if?more 
complicated, because'the amplitude of the accordion waves iricrea.Ses with 

· radius. The absorbers have· constant thickness, and therefore the LAr gap' 
also increases with radius. The total thickness of the EM calorimeter is 
>24 radiation lengths (X0) in the barrel and >26 X0 iri the end-caps. 

Over the region devoted to precision physics (1771 <2.5), the EM calorime
ter is segmented into three longitudinal sections. The strip section, which' 
has a constant thickness of 6 X0 (upstream material included) as a func
tion of 7], is equipped with narrow strips with a pitch of "'4 mm in the 7J 
direction. This sectiori acts as a 'preshower' detector, enhancing particle 
identification ('y jn°, e/n separation, etc.) and providing a: precise posi
tion measurement in 71· The middle section is transversally segmented into 
square towers of size D.ryxb.<I>=0.025x0.025 ("'4x4 cm2 at 17=0). The total 
calorimeter thickr1ess up to the end of the second section is > 24 X0 , ta- · 

. pered with increasing rapidity (this includes also the upstream material). 
The back section has a granularity of 0.05 in· 77 arid a thickness viu}'ing 
between 2 Xo and 12 X(). For 1771 ~2.5, i.e. for the end-cap inner wheel, 
the calorimeter is segmented in two longitudinal sections and has a coarser 
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lateral granularity than for the rest of the acceptance. This is sufficient to 
satisfy the physics requirements (reconstruction of jets and measurement 
ofEpis-'). The calorimeter cells point towards the interaction region ove~ 
the complete 1]-coverage. The total number of channels is .:V190 000. 

5.2 Hadronic calorimeters 

The ATLAS hadronic calorimeters cover the range 1771 <4.9 using different 
techniques best suited for the widely varying requirements and radiation 
environment over the-large 77~range. Over th~ range 1771 <1.7, the iron 
scintillating-tile technique is used for the barrel and extended barrel tile 
calo~iineters and for partially instrumenting the gap between them with the 
intermediate tile calorimeter (ITC). This gap provides space for cablesand 
services from the innermost detectors. Over the range 1.5< 1771 <:4.9, .·LAr 
calorimeters were chosen: the hadronic end-cap calorimeter (HEC) e:x:tends 
to 1771 <3.2, while the range 3.1 < 1771 <4.9 is covered by the highdensity 
forward calorimeter (FCAL). Both the HEC and the FCAL are integrated 
in the same cryostat as that housing the EM' end-caps. 

An important parameter in the design of .the hadronic calorimeter is 
its thickness: it has to provide good containment for hadronic showers and 

· reduce punch-:through into the muon system to a mh1imum. The total 
thickness is-11 interaction lengths (.\in~) at 77=0, including about 1.5'.xint 
from the ou.ter support, whi,ch has been spown both .by measurements 
and simulation to be sufficient to reduce th,e punch-through well below 
the irreducible level of prompt or decay muons. 'close to 10.\i~t .of ac
tjve. calorimeter are adequate,. to provide good resolution for. high energy 
jets. Together with the large v~coverag~, thi~ will also guarantee a good 
E!piss ~easureme~t, whichif3 i~i.)ortant.for. ma~y physi~signatures and 
in particular for SUSYparticle searches, .. .. . . . 

The large hadronic barrel calo_rimete~ (Tile Calorimeter)[8] is a sam
pling calorimeter using iron as the abso_rber and· scintillating tiles as the 
active material. The tiles are placed radially and staggered in depth. The 
structure is periodic along z. The tiles are 3 mm thick and the total thick
ness of the iron plates in one period is 14 mm. Two sides of the scintillating 
tiles areread out by wavelength shifting (WLS) fibres intotwo separate 
photomultipliers (PMTs). The tile calorimeter is composed of one bar
rel . and two extended barrels. Radially the tile calorimeter extends from 
an inner radius of 2.28 m to an outer radius of 4.25 m. It is longitudi-
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nallY segmented in three layers, approximately. 1.4, 4.0 aJld 1.8 interaction· 
lengths thick_ at 77= 0. Azimuthally, the barrel ~d extended barrels are . 
divided-irito 64 modules. In 'f], the readout cells; built' by grouping fibres· 
into PMTs, are 'pseudo:-projective' t~wards the· interaction region. The· 
resulting granularity is ,6.77x,6.<P=O.lx0.1 (0.2x0.1 in· tiudast layer)~' The 
total number of channels'is about 10 000. The calo-rimeter i~ pi aced behin~f'. 
the EM calorimeter ("-'1.2 Aint)and the 'solenoid coil. The total thickness · 
adhe outer edge of the tile-instrumented region· is 9.2 .\i,;t at 7]=0. 

Each Hadronic·Endcap Calorimeter[7] consists of two independent 
wheels, of outer radius 2.03 m. The upstream· wheel is built out of 25 min 
copper plates, wliile the cheaper other orie; farther from .the inteniction 
point, uses•50 mm plates. In both: wheels, the 8.5 mm gap between con'
secutive copper plates is equipped with thre~ parallel electrodei, ,splitting 
thegap into four drift spaces of about 1.8 m;n. Th~' reaoaut el~ctr~de is the 
central one; which is a three layer printed circU:it~:as·in the'EM'cil1qrhriet'er. 
The two layer printed circuits on either side serve only as high-voltage car
riers.· This el~ctrode structure forms an 'elec~rostatic transformer'. {EST) 
with an EST ratio' of two. Such a scheme has: the same beh-aviour as a 
double gap of 4'mm, but without the drawbacks assoCiated with very high 
voltage (typically '4'kV instead of 2 kV); and ion.build up in larger gaps: 

The Liquid::argon forward .c~l()r,imeter (FCAL) [7] is a particu
larly challenging detector Qwing tothehigh h~velofradiation it has to cope 
with. ·In ATLAS, the forward calorimeter is integrated irito' the end-cap 
cryostat, with a froht face at about 4.7 mfrorri the interaction point. The 
FCAL consists of three sections: the first one is made of copper,· while the 
other· two are made out of tungsten. In eachsection the calorimeter con
sists of a metal matrix withregularly spaced longitudimll 'cliannels filied 
with concentric ro~s and tubes. ,The rods are'atpositivehigh voltage,while 
the tubes arid matrix are grounded. -The ·L'Ar~ ih the gap between is the 
sensitive· me·<.ifum. This geometry allows for an excelierit controi of the gaps ' 
which are as'~ma'Jl' as 250 prn in the first section:·· In terms ofelectroriics· 
and readout;·fotir rods are ganged on th~;aetedor/artd the signal is'carried 
out by polyimide insulated coaxial cables.:The :riuiiiher ofchann~Is fs'3 584 
for the total'()fboth sides. ·j:• L ,'" ;; .... 

·.J 'i ~ 
"'; ; .. · 

·~· . ; ---:. 

,_. 
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6 Muon spectrometer 

The conceptual layout of the muon spectrometer [9] is visible in Figure 4. · 
It is based on the magnetic deflection of muon tracks in the large super
conducting air-core toroid magnets, instrumented with separate trigger 
and high-precision tracking chambers. Over the range ITJI :$1.0, magnetic 
bending is provided by the large barrel toroid. For 1.4:$ ITJI :$2.7, muon 
tracks are bent by two smaller end-cap magnets inserted into both ends 
of the barrel toroid. Over 1.0:$ ITJI :$1.4, usually referred to as the transi
tion region, magnetic deflection is provided by a combination of barrel and 
end-cap fields. This magnet configuration provides a field that is mostly 
orthogonal to the muon trajectories, while minimising the degradation of 
resolution due to multiple scattering. 

The anticipated high level of particle fluxes has had a major impact 
on the choice and design of the spectrometer instrumentation, affecting re
quired performance parameters such as rate capability, granularity, ageing 
properties and radiation hardness. Trigger and reconstruction algorithms 
have been optimised to cope with the difficult background conditions re
sulting from penetrating primary collision products and from radiation 
backgrounds, mostly neutrons and photons in the 1 MeV range, produced 
from secondary interactions in the calorimeters, shielding material, beam 
pipe and LHC machine elements. 

In the barrel region, tracks are measured in chambers arranged in three 
cylindrical layers ('stations') around the beam axis; in the transition and 
end-cap regions, the chambers are installed vertically, also in three sta
tions. Over most of the TJ-range, a precision measurement of the track 
coordinates in the principal bending direction of the magnetic field is pro
vided by Monitored Drift Tubes (MDTs)~ The basic detection elements 
of the MDT chambers [9] are aluminium tubes of 30 mm diameter and 400 
11-m wall thickness, with.a 50 11-m diameter central W-Re wire. The chosen 
working point provides for a non-linear space-time relation with a maxi
mum drift time of rv700 ns, a small Lorentz angle, and excellent ageing 
properties. The single-wire resolution is rv80 pm. 

At large pseudorapidities and close to the interaction point, Cath
ode Strip Chambers (CSCs) with higher granularity are used in the 
innermost plane over 2< ITJI <2.7, to withstand the demanding rate and 
background conditions. The CSCs [9] are multiwire proportional chambers 
with cathode strip readout and with a symmetric cell in which the anode-
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cathode spacing is. equal .to the anode wire pitch .. The predsion C()Ordinate 
is obtained by measuring th,e charge induced on the segmented cathode by 
the ~valanche formed on the, anode wire. . · , · · . · 

Optical alignment systems have been designed to meet the stringent . 
requirements on the mechanical accuracy and .the survey of. the precision 
~~bff& . . 

The p~ecision measurement of the muon tracks is made in the R:z prO
jection, ·in a directioi1 parallel to the bending direction of the magnetic 
field· the axial coordinate ( z) is measured in the barrel and . the radial co-

. ' ... ·. . ' . ' . . ... . ' ' ' 

ordinate (R) in the ~ransition and end-cap region~. The l\1DTs provi~e. a 
sirigle-'Yire resolution of ""89 P,f!l when operated at high g~s pressur~ (3 
bar)' together .wi,th ~obust and reliable ,operation thanks to the me~hani::. 
cal isolation of each sense wire from its neighbours. The construction of. 
prototypes has der~oristrated that the MDTs.can be ,built to tl).e required 
mechanical accuracy Of "".30 pm. 

.The trigger systerri covers the pseudorapidity ra!Jge ITJI :$2A. Resis
tive Plate Cha~bers · (RPCs) are used in. the barrel and Thin Gap 
Chambers (TGCs) in the end-cap regions. 

The RPC [9] is a gaseous detector providing a typical space-time res
olution of. 1 em x 1 ns with digital readout. The basic RPC unit is a · 
narrow gas gap formed by two parallel resistive bakelite plates, separated 
by insulating spacers. The primary ionisation electrons are multiplied into . 
avalan~hes by a high, uniform electric field of typically 4.5 kV /mm; ·Am
plification in avalanche mode produces pulses of typically 0.5 pC. 

. The TGCs [9] are similar in design to multiwire proportional chambers,· 
with·the difference that the anode wire pitch is larger than the cathode
anode_ distance. Signals from the anode wires, arranged parallel to' the 
MDT wires, provide the trigger information together with readout strips 
arranged orthogo~ai to the wires. These readout strips are _also used to 
measure the second coordinate. . · 

The trigger chambers for the ATLAS muon spectrometer serve a three-
fold purpose: . . · , 

* bunch crossing identification, requiring a time resolution better,than 
the LHC bunch spacing of 25 ns; . . . . · .. · .. 
_ *a ti·igger with. well-defi~1ed pT cut-offs in moderate magnetic fields, 

req~iring a granularity of the order of 1 crrl; . . . 
th . rneas~remel'lt ,of the second coordinate in a direction· orthogonal to 
. at measured by the precision chambers, with a typical resolution of 5

7
10 
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mm. 
The overall layout of the muon chambers in the ATLAS detector.js 

shown in Figure 4, which indicates the different regions in which the four 
chamber technologies described above are employed. The chambers are ar
ranged such that particles from the inter?-Ction point traverse three stations 
of chambers. The positions of these stations are optimised for essentially 
full coverage and momentum resolution. In the barrel, particles are mea
sured near the inner and outer field boundaries, and inside th,e field volume, 
in order to determine the momentum from the sagitta of the trajectory. 
In the end-cap regions, for I7JI >1.4, the magnet cryostats donot allow the 
positioning of chambers inside the field volume. Instead, the chambers are 
arranged to determine the momentum with the best possible resolution 
from a point-angle measurement (this is also. the case in the barrel region 
in the vicinity of the coils). The trigger function in the barrel is provided 
by three stations of RPCs. They are located on oath sides of the middle 
MDT station, and directly inside the outer MDT station. In the end-caps, 
the trigger is provided by three stations of TGCs located near the middle 
MDT station. 
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Figure 1: Overall layout of the ATLAS Detector. 

Pixels SCT 

Figure 2: Longitudinal view of the ATLAS Inner Detector. 
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Figure 3: Three-dimensional cutaway view of the ATLAS calorimeters. 
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Figure 4: Three dimensional view of.the muon spectrometer. 
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Abstract 
This contribution is an introduction to the physics and the tech

nology of silicon micros trip particles detectors commonly used today 
in High Energy Physics (HEP). The intrinsic properties ofsemi
conductor and p-n junction based on silicon are presented .. The 
method of signal detection and the contributions to the spatial res
olution of microstrip detectors are discussed. Before describing the 
Semiconductor Tracker (SCT) in ATLAS, one of the future LHC 
experiments, the features of some silicon vertex detectors used in 
HEP are listed. 
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1 Introduction 

In the 1950s, electron-hole pair production in germanium junctions by a-
. particles [1] was discovered. This was the starting point for the use of 
semiconductor detectors in nucleal: physics for very predse·gamma-rays 
energy measurements from a few keV up·tolOMeV [2]. In the 1970s, th,is 
detection technique was for the first time used in High Energy Physics 
· (I-iEP) as telescopes of several layers of silicon detecto~·s for beam· moni-
toring [3]. , 

It was only in the 1980s that this technique was .used for the measure
. ment of particle trajectories, when J. Kemmer [4) us~d the planar. process: 
oxide passivation, photo-engraving and ion implantation, for th,e produc
tion of a large quantity of low leakage current silicon radiation detect~rs. 
This technology is commonly used today for the fabrication of single-sided 
or double-sided strip {or pixel) silicon detectors for the tracking in HEP 

. experiments. . 

, Despite the fact that silicon detectors are still a rather expensive tracker 
/ technique, it is still very attractive for several essentialfeatures .. Using up 

:to 6 inch silicon subsrate waf~rs of typically 300 pm thick, desired detector 
shapes with small geometrical and. electri~al toleranc~s can be made. Par

. allel microstrip detectors 1;Vith very small pitch, for example 20 pm can be 
designed . .The close mounting of several layers of silicon detectors allows 

" . . ' ' . . \ "' ' 

construction oftelescope or vertex detectors. Hit stripswith aspatial res-
olution of 2-:3pm can. be easily achieved ensuring a good vertex and impact 
parameter reconstructions inside the tracker .detector. In addition the use 
of magnetic field allows the identificatio~ a~d the measurement of charged 
particles with a good momentum resolution. . 

As described fui:ther in this report, suitable front-end electronics to 
readout Si-detectors, has ~ade also good progress. It i~ based on the com
bination of preamplification, shapirig and sample and hold. Most progress 
has been made towards. a 'raster signal proc~ssing with a good signal-to
noise ratio which is essential for a good reconstruction efficiency. 

The last point, but not the least, is that Si-detectors can be adapted 
to run in severe radiation environment as required by the LHC experi
~ents. After describing some experiments using the silicon vertex detector 
rn HEP, a report on future moditle construction of the ATLAS Semicon
ductor Tracker [5) is presented. 
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2 Principle of the silicon detector , and its 
operation 

2.1 Semi~conductor properti,es 

The semi-conductor properties are well described in solid states physics 
books and reference [6] is recommended for those interested to go deeper 
iri the details. 

The semi-conductors, distinct from insulators or metals, are crystalline 
materials with an outer shell atomic levelsgiving an energy band gap (E

9
) 

structure of the order 1 e V for silicon. The energy gap defined between 
the valence hand and the conduction band, known as a "forbidden" region, 
has no available energy levels. The conduction band, which is the highest 
band, is the place where electrons are detached from their parent atoms 
and free to move inside the entire crystalline network. The electrons in 
the valence band are more tightly bound and remain associated to their 
respective lattice atoms; . . 

At 0°K, all the' electrons are in the valence band and participate to the 
covalent bonding between the lattice atoms (Figure 1 ). Then the conduc
tivity of the material is inexistent. At higher temperature, there is enough 
thermal ene]:gy to liberate some eleCtrons to their covalent bon.ds to go in 
the conduction band atid leave a hole at the original position. The hole 
mobility in the lattice is much lower than the elec:tron mobility: 

-the electron mobility (J.te) in silicon at 300°K·is: 1350 [cm2/Vs]; 
- the hole mobility (J.le) in silicon at 300°1( is: 480 [cm2/Vs]. 

at o"K at higher temperature 

Figure 1: Covalent bonding lattice of silic~n at 0°1\ and at higher temper
ature. 

Electron-hole pairs are constantly being generated by thermal energy 
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where. there are simultaneous recombinations of electron~ and holes. Un
der stable conditions, there is an equilibrium of electron-hole pairs and 
the concentration n; of electrons or equally holes at a temperature T •. is 
expressed as: 

- g- l -··· --jii;N: -E 3/2 ·-Eg) 
n; = (.rp( 2/.:T)- .1T e.tp( 2/.:T (1) 

where Nc and N \" are the number of states in the conduction band and 
in.the valence band respectively. 

2.2 Doped se1niconductors 

The equal numbC'rs of electrons and holes can be changed by introducing 
a small amount or impurities having one more or one less valence electron 
in the outer atomic shell. The impurities integrate themselves into the 

. crystal lattice creating an excess of electrons or holes (Figure 2). In this 
case the material is called 'doped' or 'extrinsic' semiconductor. 

al 
n-typc 

h) 

p-!yp~ 

Conduct ion band 

Valence band 

;_ ··-
Conduction band. 

Valence band 

Figure 2: Intrinsic silicon doped with Donor impurities (a). and acceptor 
impurities (h). 

If the impurity is pentavalent, the extra electron creates a discrete en
ergy lC:'vcl in the band gap energy which is ve.ry close to the conduction 
~and. So at normal temperature the electron is easily excited into the con
< uction band, enhancing the conductivity of the material. So the electrons 
a.r(:' tlw majority charg<' carrit•rs and t.h<' sf'miconductor is called n-t.ype. 
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If the impurity is trivalent, there is an electron missing to fill the valence 
band. As a result there is an excess of hole, and a additional state in the 
band gap energy close to the conduction band is created. In this case 
the holes are the majority charge carriers and the s~miconductor is called 
p-type. 

The non-equal concentration of eiectrons and holes in extrinsic semi
conductor is: 

-E 
np = n~ = AT3exp(--9 ) 

I kT (2) 

where n; is the intrinsic concentration. Since the semiconductor is 
neutral the positive and negative charge concentration is equal: N D + ]J = 
NA + n where No and NA are the donor and acceptor concentrations. In 
an-type material one could notice that n "' Nv.• 

Heavily doped semiconductor called n+ and p+ type are also used for 
the electrical contacts ofsemi-conductors where the impurity concentration 
in this region can be as high as 1020 atoms/cm3 • 

2.3 The np junction 

The radiation detectors used in HEP are based on the properties of the 
junction between the n- <1;nd the p-type semiconductors. The charge car
riers are able to migrate across the junction if the regions are brought 
together but not by contact and only if the crystalline structure is contin
uous (see the fabrication process in the next section). So the junction is 
formed in a single crystal and the impurity content is different at the two 
sides. · 

The unbiased junCtion is working as a detector but with very poor 
performances and the contact potential is about 1 v. lri order to improve 
the properties of the junction, a reverse bias is applied in such way that 
it conducts only a small current. Applying a positive bias on the n-type 
contact side (Figure 3) will induce an accumulation of electrons away from 
the junction and towards the n contact.· The same phenomena occurs on 
the opposite side. A depletion zone is created· and is enlarged with the 
bias. A sensitivevolume for radiation 'detection is .therefore created and 
the electric field generated will help the electrons and holes, generated from 
the ionisation, to go to their respective attractive contact surfaces. 
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Figure 3: The np semiconductor jun~tion under .reverse bia~. 

The junction is fully depleted when it is completely free of:charge car-: 
riers. The full depletion voltage, when the p-side doping level is predomi:
nant; can be eX{)ressed as a fur1ction of the thickness of the depletion region 
by the fourm~tla: . · · .. 

. e 2 d2 
lljd = ;:;-N.4d = -. - (3) 

-f ... 2fPeP .. 

where f is the. dielectric constant for silicon: 1.05 10-1° Fm-1• 

For a planar detector geometry and when the junction is fully depleted 
the ·capacitailceof the juhction of a thickness, d, is silnilar to pl~nal: ca
pacitance and is: C = f~ where A is the depl~tion area. 

The totalleakage current ofthe detectors depends of the bulk current, 
the surface current; and ofthe qu~lity of the fabricationprocess[S]. Whe'u 
the full depletion is reached, the bulk current is d~e to the mobility of 
the intrinsic silicon carrier and a plateau can even be observed above the 
depletion value (Figure 4). The depletion value is estiimi.ted form the 
capacitance versus the. bias voltage measurement. The expression: 

l/C2 = 2ppl1Bias/f (4) 

allows the best depletion voltage estimation by fitting the two parts of 
the curve (Figure 4). . 
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Figure 4: Measurement of a pn diode (5x5 mm2). a) Bias and guard 
current. b) 1/C2 versus bias. 

2.4 Fabrication of silicon detectors 

2.4~1 Silicon ingot f~brication 

The fabri~ation of silicon mono-crystal ingots can be ~ade either by the 
Czochralski method (CZ) or the float zone method (FZ). n-type Qr p-type 
ingots can be obtained by adding intentional impurities {or dopant) in the 
melt. Phosphorus, arsenic or antimony are. typical elements for n-type 
~aterial ~here for p-type it could be boron, gallium or indium. 

The CZ method is currently used for integrated circuits (IC) and with 
a maximum resistivity of l.kncm. This method consist of pulling a mono
~~ystaL from a silicon melt, starting from a seed crystal with the desired 
orientation. 

The FZ method is more appropriate for silicon detector applications 
where the resistivity need to be higher and much more uniform. On top 
of a RF heating coil ring a polycrystalline silicon rod is melted on a seed 
ci·ystal at ·lower temperature. 

2.4.2 . The planar process 

Standard double-sided polished n-type wafers with a ( 111) crystal orien-' 
tation are generally used as the starting material. The successive steps 
of the planar process [7], performed under a clean room conditions, for a 
typical single sided p+-stripon n-substrate are as follows (Figure 5):' 
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- An oxide passivation is grown at around 1000°C with a mixture of dry 
oxygen and Hydrogen chloride. 

- au etching step is made using a photographic mask witli the opening 
mase according to the detector design. The mask' is. created on a 
quartz plate to ensure thermal stabil~ty. The alignm.ent error is nor
mally better than 1 Jtm . 

e-l"o'l r 

An ion implantation step is performed at room tempehtture and with 
a small angle to the ( 111) orientation to· av'oid fWin~elling effects. 
Typically boron is used for the p-type strips and ·~r~~hic is used for 
the backplane n-type layer. After this implantation the wafers are 
thermally annealed in a dry nitrogen atmosphere .. 

- A metallisation is then performed on both sides with aluminium which 
allow to avoid any problem related to the sheet resistance of the 
implanted lavers and to facilitate the external elec.;trl~~l contact. 

.. l ·he, n 

- The aluminium is then removed from the adjacent' stri1~ tlsing an appro-
priate mask. ~ · · . 

. . .... t () t.i, 
- The wafers are finally diced to obtain the reqpired extern&! shape. 

,,,, .. 
Depending of thC' detectordesign, some other specific step~ are required, 

for exemple a bias resist.oi· based on polysilicoh :or implanted techniques. 
or AC coupling which is.obtai1~ed using one or moredielectric.layers. 

An alternative fabrication process, known as gettering technique, has 
been introduced by S. Holland [8]. This process is fully compatible with 
conventional IC processing. 

3 Spatial resolution 

When a. high energy charge particle is going through a silicon detector 
fully depleted, an ionisation is created in the bulk. The most probable 
charge deposited by minimum ionising particles (MIPs) in a typical detec
tor thickness of 300 Jtm is 22,000 electron-hole pairs. For a p-in-n detector 
the holes will drift. t.o t.he p+ -strips and the electrons to the back plane. 
The incident angle of the particle will influence the number of hit strips. 

The silicon microstrip localisation accuracy depends on several effects 
which can lw internal and external: 

6~) 



r· I 

I I 

I - I 
I !:I 

[ ~ I 
I In+ I I 

c:~-~] 

~~~ ... ,!i<&n.>.'LW 

[:m==-&.:J 

n·lype silicon subtrate 

O:~:idation with Si02 
growth of oxide with reaction 

of Si with oxyge.n 

Opening of windows 

Doping by impl:mtation 
p+ implant on top 
n+ implant for the backplane 

Aluminium layer deposition 
according to mask 

Backplane aluminisation 

l'<IS~ivation with Si02 
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_ statistical fluctuations of the energy loss; 

- the diffusion of carriers during the drift; 

- the design of the strip and readout pitch; 

the electronic noise. 

Internal effects such as statistical fluctuations of the energy loss or the 
diffusion of carriers during the drift, can lead to measurement errors of 
several micrometers and are described in reference [12). 

3.1 Design opthnisation 

When designing a silicon vertex detector, the strip pitch is a very important 
parameter for optimising the hit resolution. If the pitch is too small and the 
signal is spread over many strips, it would result in a loss of resolution due 
to a reduced the signal-to-noise ratio. The lowest readout pitch realized 
is around 20 J.Lm. On the other hand the number of readout strips is cost 
driving and must be taken in consideration in the design. 

For a readout strip pitch; d, the intrinsic hit resolution resulting from 
an uniform distribution of probability is: a = df ...([2. For events gen
erating signals on two or. more strips, the hit position can be measured 
more precisely either by using the ceritreof gravity method or by using the 
actual shape of the charge distribution. 

Another design possibility is to have intermediate strips between the 
readout strips. The charge sharing is then made proportionally on all the 
strips and the probability to have signal on two readout strips.is increased 
compared to a single strip design. This type of design can consequently 
results in an improved spatial resolution. 

3.2 Front-end electronics 

Th~ signal-t.o-nois~ ratio is a. very i~uportant parameter and an optimisa
tion can be made only by trying to minimise the equivalent noise charge 
(ENC) seen by the readout electronic~. 

The electronics chips are generally designed with preamplifiers followed 
by shapers and sample-and-hold circuitry. All channels (commonly 128 
channels) are readout sequentially thanks to an input and output annalog 
multiplexing system. Each circuitry has its own maximum readot~t clock 
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frequency. The resulting peaking time (Tp) of the amplified and shaped 
analog signal is an essential parameter in the noise contributions. 

The noise performance of a readout system can be expr'essed as [13]: 

ENG= ENGpr EB ENG1c EB ENCbr EB ENGms (5) 

where 

ENCpr (preamplifier) =a+ b X Cload[pF] (G) 

Flicker and channel and bulk-resistance transistor noises are the major 
contributions to the preamplifier noise. G1oad is the load capacitance seen 
by input channel and is coming from the capacitance network of a strip 
to its neighbours and to the backplane. The a and b constant can be 
evaluated by mea:=mring the noise performance of the chip using passive 
components for a given peaking time (T P ). 

e JqficTp 
ENGle (leakage current) = q ~-4~ (7) 

The leakage current contribution is the total leakage currentof a module 
as seen by one channel (/1c). 

e ~ T,kT 
ENGbr (bias r·esistor) = q 2Rp (8) 

In the bias resistor contribution, Rv is the paralleLresistor of bia::; re
sistor of the detector and feed back resistor of the preamplifier. 

Cloade 
ENGms (metal str·ip) = --q-

RmskT 

6Tv 
(9) 

This contribution is due to the metal strip resistance which depends 
on the width and the thickness of the aluminium strip. This contribution 
can be dominant for long ladders of silicon (more than 40 em) dependitig 
of the aluminium strip resistivity [14]. ~ 
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4 Radiation effects 

This aspect of radiation damages in silicon detectors is very important 
for the new collicler experiments in LHC. The devices should be able to 
operate after 10 years with a total ftuence of up to 1015 1 MeV equivalent 
neutrons per square centimetre. 

There are bulk and surface damages. The surface damages are caused 
by accumulation of positive charge at the silicon-oxide interface [15]. But 
the most studied effects are the bulk damages [16] which are displacements 
of silicon atoms from lattice sites. 

The major !mown consequences are: 

- the decrease of carrier mobility; 

- the reduction of charge collection; 

- the increase of leakage current which is directly proportional to the flu
ence (<I>): .6.Iuoi/V = a<l>. This proportionality, a, is called the dam
age constant. 2..fvol is the change of the leakage current normalised 
to the depletion volume. 

- the change of eff<'ciive dopant concentration which is direCtly related to 
the the full depletion voltage. During the irradiati01i of an-type sub
strate material, its effective dopant. concentratio!l decreases until the 
so-called type inversion of the detector bulk Beyond this inversion, 
the majority of dopant. concentration is of p-type material. So the 
donor removal and acceptor creation can be expressed as: 

N.j 1 = Nu X e-c<l> + t1<l> (10) 

where N0 is th;;; initial donor concentr~tion.· j3 and c are constants. 

Once the irradiation is completed the effective dopant concentration 
will still evolve, depending on the storage temperature. This dependence 
has been followed intetisively and one of the proposed pat:arneti-isation'was' 
set by Ziock [1 i]: . 

''d =Vi+ v.,. X t'.rp(-l/rs) +\:A X (1- e;rp(-t/TL) 

with: rs[days] = 70 x u:p( -0.1 i5T) 
and 
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Ts[days] = 9140 x t.rp( -0.152T) 
where T is the temperature in °C. Respectively Ts and TL are -the time 
constants ofthe short-term beneficial a1inealing and the long-term reverse 
a1in~aling. Vz, \·$, \·:4 are constants which are proportional to the fluenc~· 
and related to the induced damage. '· \lz is the fraction of the· radiatiori 
produced acceptor concentration and gives approximately the minimum 
value between the beneficial and reverse annealing. Vs is the meta-stable 
acceptor concentration produced during the irradiation process and \lA is 
the concenti·ation of damage sites that can' become activated acceptor sites 
due to the anti-annealing. 

Examples of the depletion behaviour· are shown on the Figure 6 for 
detectors irradiated at. 3x101'1 pfcm2 and annealed over 21 days at 25 °C. 
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Figure 6: Depletion voltage evolution with am1ealing days at 25 °C of6 
irradiated p-in~n silicon detector. 

The main H.&D progresses on radi~tion effects are in the ROSE Col
laboration (RD48) and in the RD39 Collaboration which is developping 
cryogenic tracking detectors. 

The ROSE collaboration has shown very interesting results concern-
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ing the oxygenated FZ silicon wafers. The interesting.effects observed on 
diodes [18]. after high pion neutron and proton fluences, are the diminu
tion of the number of effective dopant concentration after inversion and a 
delay of the type inversion (Figure 7). If this effect is confirmed on large 
p-in-n detectors the immediate application will be to use such materials 
at the inner-most silicon layers of pixel or microstrips Si-detectors in the 
LHC experiments. 
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Figure 7: Effective dopant concentration versus the proton fluence [cm-2
] 

for different t-ypes of substrates (extracted from the results of the ROSE 
Collaboration). 

The advantages of working at cryogenic temperatures, as shown by 
RD49, are very attractive, but are technically difficult over a large area. 
The interesting features at low temperature are [19]: 

a diminution of leakage current; 

the recovery of charge collection efficiency due· to deep level trapping 
centres that are frozen; 

- a reduction of effective dopant concentration and the possibility to con
trol this in order to minimise the full depletion voltage. 

5 Some applications in HEP 

Silicon microstrip and pixel detectors are commonly used in HEP experi
ments as a high precision tracker. They are normally constructed near the 
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interaction region for the collider experiments. The three silicon vertex de
tectors mentioned here are typical examples: two are collider experiments 
and one is a space experiment. 

5.1 The L3 experhn€mt at :LEP 

During the first 4 years of operation (from 1989 to 1993), L3 used a tracking 
system based on drift chambers. In 1994 the Silicon Microvertex Detector 
(SMD) was installed and operational. It consists of2 double sided layers of 
microstrip si-detectors made of 0.25 m2 each, at radii of 64 and 79 mrn [9]. 
The goals were primarily to improve the transverse momentum, Pr, and 
the impact parameter resolution for W physics, and secondly to improve 
the b-quark tagging for potential Higgs detection. 

The total number of readout channels is 72576 Jor an ENC of 1360 e-. 
The r-<ll single track resolution of 7 J.Lm has been achieved where for the 
r-z plane it is 14 ftiH. 

5.2 CDF at Tevatron 

The silicon tracking of CDF is being upgraded [10] for a new run (fore
seen between 2000 and 2003) of Tevatron at Fermilab with a luminosity 
increased by more than one order of magnitude. . 

One of the main results obtained from the run I is the discovery of the 
top quark, with the actual combined CDF and DO mass value of: 

llttop = 1 i4.3 ± 5.1GeV 

The reasons for the upgrade are: 

- to improve the top quark cro~s section and the mass measurement; 

- to improve the limits on the Higgs mass search; 

- B physics studies for CP violation. 

The new CDF silicon tracker is composed of 8 layers of microstrips 
located at radii between 1.35 and 28.0 ~m of the interaction point, and 
represents 722,432 channels to be read-out. 

The features of this new CDF tracker are: 
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_ a precise :3D track impact parameter measurement for: top, B physics, 
Higgs, SUSY; 

_ a forward coverage which is improved compared to the silicon tracker of 
Run I: 

_ a level2 trigger (SVT) which reduces the background byroughly 3 orders 
of magnitude and allow an online identification of the b-quark; 

- an improvement of the transverse mome1itum resolution; 

- a high tracking efficiency with good purity. 

5.3 The Alpha Magnetic Spectro1neter (AMS) tracker 

This detector, designed to search for antimatter and dark matter in cos
mic rays, is scheduled to be installed on the international Space Station 
Alpha (ISSA) for an operational period of 3 years. Meanwhile, the tracker, 
equipped with :38% of the total number of silicon sensors, was flown for 
10 days on the NASA shuttle flight STS-91 in June ~998 [11]. One of the 
technological challenges of this flight was the vibration and acceleration 
hardness of up to 40 g static. Electrically, the tracker performance was 
unaffected by the launch and operation in space. 

Double sided silicon detectors of a total of 5.4 m2 are mounted on 6 
layers made of ladders of up to 60cm length and are loc~ted in"a permanent 
magnet of 0.15 T. The achieved accuracy is 10 and 30 J.Lirl in the bending 
and non-bending plane respectively. Thanks to the magnetic field, a mo
mentum resolution of 7% has been obtained in the range of 1-10 GeV /c/n. 
The readout electronics used has a high dynamic range ·to allow the mea
surement of incident particles with an absolute charge ofup to 10. 

6 The ATLAS Semiconductor Tracker (SCT) 

The SCT is ba~ed on ti1e use of a silicon lnicrostrip det~ctor and it will 
work with other detector ~leinents to form the iimer tracking system of 
ATLAS [5] t.o siitdy the charged partiCles p1:odunid by p-p collisio1~s at the 
CERN LllC. This I111J('r Det.l'ct.or (ID), enclosed in a solenoid coil produc~' 
ing a field of 2T. is composed of:3.t.ypes ofti·ackingsystem (Figt~re 8): The 
Pixel Detector, the SCT, a1id th~ Transition Radiation_ Tracker. 

7i 



Pixels scr 

Figure 8: The ATLAS inner detector. 

The expected event rate is 23 interactions every 25 ns bunch crossing 
for a luminosity of 1034 cm-2s- 1• Due to the high bunch crossing frequency 
it is essential that the detectors run with fast front-end electronics and fast 
signal processing. 

About 16,000 silicon detectors, representing a surface of"' 6:3 m2
, will 

be mounted on four types of SCT modules: one is the barrel type and 
there are three forward types for the 9 x2 forward wheels. Also six differei1t 
shapes of silicon wafer of 768 readout strips are required: one rectangular 
of 64x63.6 nun2 and five wedge types. • 

6.1 The silicon detector features 

The ATLAS SCT prototype detector studies are performed according to 
predefined pre- and post-irradiation specifications. The wedge detectors 
dedicated for the forward wheels are designed with varying strip pitch 
between "'50 to 90 fllll where for the barrel the pitch is 80 pmand constant. 
Each strip is biased via a polysilicon or an implanted resistoi· to the bias line 
with the value specified to be in the range of 0. 75 and 2.0 Mn. Additional 
guard rings are usually designed .to set a field potential barrier between 
the cutting edge and the active serisor area (Figure 9). . 

As explained previously the fe<;~-tures of the detectors are altered by 
radiation dan1age with particle fluence. In, addition to that, the e~wiron
mental temperature of the sensors must be low, 'to limit the total leakage 
current, and to avoid the rapid variation of the effective dopant concen
trati~n during the anti-annealing post-irradiation period. The normal op
erating temperature sensors ~vill be around -7 °C during the 10 years of 
operation, excepting the- detector maintenance. The unavoidable yearly 
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' Figure 9: ATLAS silicon detector corner layout. 

detector maintenance will impose a warm-up ~f 2· davs at 20 <>c and 2 
weeks at l7°C._.According to: the Ziock parametr,isatio~· (Fommla ll).the 
maintenance over the full ATLAS operation is equivalentto 21 days at 25 
°C. This is used as the official annealing tirrie period for the post:-irradiation 
detector prototype studies. _ · '' . -

The us~ of J>+ -iniplant~d silicon strip detect~rs is the tech~ological basC:. 
line for SCT compared to the n+-i~planted strip which was one ofthe 
options [20}. The n~iri-n detectors show ~ better efficiency below the de
pletion compa~ed t~ the p-in-n after a significant particle fluerice·(heyond 
the type inversion). This is explained bythe fac.tthat after' the inversio~ 
type (section 4), for the n+..:strip detectors the d~pletiori region sta~ts frorri: 
the strip side where for p+ -strip detectors the depletion-is starting from the 
backplane. However, it has been showed that for the r:-in-n detectors with 
a lower production cost than with n-in-n, the full efficiency was achieved 
above 300V for detectorsfrom different manufacturers~ 
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6.2 The front-end electronics 

The front-end readout electronics, based on a one-bit digital (binary) read
out architecture, is responsible for supplying strip hit information. It needs 
to be close to the silicon strip electrodes to ensure low noise operation. The 
integrated circuits (IC) readout chips are set on electronics hybrids. Those 
hybrids have two functionalities: 

- electrical: for the power, ground, clocks, control,out-put data, chip links, 
detector biasing and filtering; 

- thermal: a high conductivity is important for the power dissipation. 

An optical communication scheme is chosen, because of its low mass 
and lack of electrical pick-up. Initially a light diode (LED) option was 
considered, but there is concerned about ageing due to severe radiation. 
The VCSEL (Vertical Cavity Surface Emitting Laser) technique is now 
considered. 

As described previously the front~encl architecture is based on amplifi
cation, shaping and discrimination to give hit/no-hit information for each 
bunch crossing. Based on an extensive development program, two techno
logical options of 128. ~hannels e~ist. ln. the'first, the total f~nctionalities 
resides. in.~- single chip b~sed 0;1 'the DMILL BiCMOS technology .. Th~ 
secohd ~ption, has, the analog part o·1~ a single chip (CAFE-M) whe1:e th~ 
pr~a~nplifier, the shaper a.rid; the discriminator are l:~alised. in a bipolar 
technology. On this ,last optiqn the digital part; the ABC pipeline, is 
reaiisecl in 'a (~MOS technolog)•. ·· . . .. · · · ' . ·. : ·. ·.· · , . 

The, chips ~ust rem~iri operational during 10 years 'ofdata taking and 
a target signal-:to-nofse ($/N)ratio of 12 is expected at the. end of the 
detector )ifetime. Th~ b~lul.viour of SJN ~ith the par~icle fluence ha~~ 
been simulated and several effects has been taken into account: / ·. 

' . ~: ' : . 

• · the electrical pararri'ete1:s of the 'strip detectors such as resistance and 
inter-strip ca})acitai1ce; . 

• the diminution.of the· charge collection efficiency and the ballistic 
deficit due to charge collection time; • 

• the increac;e of the detector leakage current. 

A summary of the chip parameters are listed in Table 1. 
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[Pan\~meter ~---- Spe-CifiCaiToi~ 

Noise $ 1500 e 
# Readout channels 12x128 
Efficiency 99% 
Noise occupancy 5x1o-4 . 

Double pulse resolution • 50ns for 3.5fC 
Large charge recovery (SOfC) .Ips for 3.5fC 
Power dissipation ~ 3.8 mW /channel 

Table 1: Summary of smile chip parameters. 

6.3 The module construction 

Since the physics require a very good accuracy on the readout strip posi
tions the module construction needs to be very precise. This means that 
the module must achieve a relative XY detector alignment of ± 4 pm on 
one side and ± 8 ttm between the 2 stereo sides at ± 20 mradian. 

Special materials and particular designs for bar~el and forward modules 
will be used in such a way that the mechanical and thermal performances 
are optimised. The larger power consumption is coming from the hybrid 
(roughly 4.5 W) and it is important that the heat transfer between the 
hybrid and the detectors, normally opei·ating at -7 °C, is minimised in 
order to avoid the thermal run-away ofthe modtile. Two types of module 
will be produced: -

one forthe barrel struct,ure where the electronics is centre-tapped., The 
detectors are glued to <1. pyrolitic graphite (TPG) heat spreader and 
a beryllia baseboard for mechanical rigidity (Figure 10). 

- one for the for\vard wheels where the' electronics is end-tapp,ed. The 
hybrids are motinted at the far-end extl:emity and joined to a TPG 
spine to recei\'e the ~letectors.' A special ·cooli~g block sepai:ati,ng 
thermally the hybrid and the detectors also serves aS mounting point. 
Anothyr· cooling point at the opposite· side is u~ed for heat detector 
dissij)a.t.ion and also for mechanical fixatio~l. 

'. • ~ < ' • ' '- ' • • • 
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Figure 10: Expen~ed view of the barrel module. 

Conclusions 

Precise vertex detection based on silicon microstrip and pixel detectors. is 
a well known teclmique currently used in HEP.- These detectors are also 
referred as solid state detectors used originally in electronic circuits. A 
spatial hit resolution of 3 pm can be achieved by optimising the detector 
design and using the relevant front.:end electronics. Nevertheless, particu
lar attention needs to be paid to the mechanical construction and assembly 
of the global detector. not losing the detector precision by mis-alignment. 
The readout chips has been extensively developed for application such as · 
low noise amplification, fast shaping;' high dynamic range, severe radiation 
environment... ~ 

As explained in this report, the silicon detectors can operate in high 
particle fluences (up to 1015 equivalent 1 MeV neutron/cm2 ) and the con: 
sequences are well known. Some hopes reside in the recent results of the 
ROSE collaboration concerning the oxygenated FZ Si-su.bstrate to be used 
for the inner most detector layers. . 

Despite the rather expensive technique, the silicon detector is' a very 
attractive choice for any charge particle detection in HEP, or for other 
applications such as medical imaging. 
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TRIGGERING in CMS 
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Abstract 

In high energy physics experiment~ at LHC triggering is a crucial part of the ex
perimental setup to reach the goal of studying interesting physics. We give ba~ic 
general considerations for triggering, we show the strategies , which CMS has de
veloped both in hardware and software and we explain in sonic details the muon 
and calorimeter algorithms foreseen at the moment. As the trigger system is an 
integral part of the data acquisition system we will explain also some of its details. 

85. 



I, 

1 Introduction 
The experiments running under LHC conditions face several problems. The date rate will be 
far higher as was common until today - every 25 Nanoseconds we will have around 30 colli
sions -. we envisage a high radiative environment, the information gained from the detectors is 
enormous and the energy regime is completely new and we can only make educated guesses on 
what will happen. We expect that interesting -collisions and the occurence of new objects will 
be rather rare and hidden in a big bulk of 'colwentional • and understood processes. Storing 
these data is physically not possible and also the capacity of computing systems available now 
is by far not sufficient to find and filter interesting objects. Therefore a trigger system should 
decide which data are kept for later processing. Unfortunately the decision time available is 
rather restricted a~ data have to be stored during this time and storage space is also limited, so 
complicated computations are not feasible. 

The CMS trigger system will work iri stages and is heavily pipelined and parallelized. Fa~t de
cisions will be taken mainly by programm'able hardware- where only simple algorithms can 
be applied. This 'first level trigger system ' uses only data from the muon and calorimeter
systems and will decide wether data from different detectors will be read out and are therefore 
usable further on or not.. Then in stages ' higher level triggers' - which in contrast are based 
on computercalculations - we will gradually use more data - eg from the tracker - to make 
decisions. 

2 Introduction 
In fig 1 we show a picture of a simulated Higgs event embedded in an ' underlying event ' as 
observed by the tracker system of the CMS detector , where we have r~stricted the displayed 
tracks to those having aPT bigger than 2 GeV/c. As the signal for Higgs are 4 muons, we 
restrict ourselves now to tracks with PT > 25 GeV/c and are then confronted with more clean 
conditions which are characteristic for this event type. We could therefore take this condition 
clearly for triggering purposes. 

Taking this example we define a<; the purpose of a 'TRIGGER' the SELECTION of data/events 
with specific properties (in our ca<;e 4 muons with more than 25 GeV/c) which are then written 
to a storage medium. 

The trigger conditions are guided by physics reasons, detector requirements, data acqui
sition(DAQ) boundary conditons, event rates and the computing time available until a 
decision is taken. 

Our aims are to reduce from the 40 Mhz data rate of LHC to 100 Khz in the first level 
trigger system within 3.2 microseconds. Gradually the following stages will reduce to 1 Khz 
and then finally to 100 hz on an output medium. 

3 CMS-DETECTOR 
First we show the CMS - detector in fig 2. But at the moment it is N 0 T FE A S I B L E to 
use all parts of the detector for triggering purposes. The main restriction is the amount of data 
available • which should be kept small. In tab 1 we give the number of channels forseen in the 
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Higgs decay in 4 ~ (+30 minimum bias events) 

The next step needs to search for a wide range of massive objects. 
The hadron colliders can provide the exploratory physics with high· 

constituent ..Js and with high luminosity, but at the ·' 
expense ofclean experimental conditions 

Figure I: HIGGS DECAY into 4 muons with back ground events 

87 



I 

CMS detector. Clearly the tracker part is rather heavy. Therefore we restrict ourselves for the 
fast decisions only to the muon and calorimeter system. 

Table i: Average sub-detector event size at nominal luminosity of 1034 cm:-2 s-1• 

Subdetector No of channels Occupancy [ % ] Event size (kByte) 
Pixel 80000000 0.01 100 

Inner Tracker 16 000 000 3 700 
Preshower 512 000 10 100 

Calorimeters 250000 10 50 
Muons 1000000 0.1 10 

·Trigger 10000 100 10 

4 Trigger quality requirements . 
We require fast decisions because of the high rate, no latency (at no instant the system should 
be unable to take or analyse data because of some bottleneck or unavailability of component'>), 
selectivity ( a given condition should be fullfilled without 'smearing' and 'overlap' to neig
bouring conditions- ( eg a trigger of 60 Ge V /c should not also comprise tracks < 60 Ge V /c) 

Certainly we need high efficiency- which is the ratio of reconstructed and produced objects. 
Purity should guarantee to get what one likes to get ( a single gamma trigger should not also 
have a admixture of hadrons ). The capability of the system to cope with the data supplied 
is a matter of thoughtful considerations as well a'> the flexibility to be adaptable to unforseen 
situations. Of course cost ( 47 Million SFR are allocated to the trigger system at the moment) 
and modularity of the system for easy exchange in the case of failure or different functionality 
are essential. All the software and hardware components have to be designed in this respect. 

We also refer to the CMS expression 'latency' in another context. It denotes also the time 
between the availability of data in the detector and the result of calculations for triggerpurposes 
with them. So the 3:2 p, sec for the triggerdecision would also be called 'latency~. 

5 Typical events- HIGGS search 
In fig 3 we show typical decay modes of the HIGGS - where LHC should be a real discoverer i 
- and the detector components involved. ' 

6 Simulation software 
6.1 Triggersimulation 

Designing trigger functions needs rather big simulation effort<;.They comprise simulation of 
the trigger algorithms and the hardware functionality. The triggeralgorithms are tested on 
various set'> of simulated data under considerations of detector specifica and the possibilities of 
only partial functionality. of the system. This should be close to the hardware reality, though 
some features - like parallelism - cannot really be simulated. 
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CMS experiment layout and detectors 

SUPERCONDUCTING 
COIL 

·-------- --- --------

Total weight : 12,500 t 
Overall diameter : 15 m 
Overall length: 21.6 m 
Magnetic field: 4 Tesla 

ECAL Scintillating PbW04 

. Crystals 

-- . 
Drift Tube Resistive Plate 
Chambers (DT) Chambers (RPC) 

CALORIMETERS 

HCAL Plastic scintillator 
copper 

• sandwich 

MUON ENDCAPS 
Cathode Strip Chambers {CSC) 

Resistive Plate Chambers (RPC) 

Figure 2: CMS Detector and data output 
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Higgs to 2 photons (MH < 140 GeV) 
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Hr. __., yy is the most promising chaMel 
if M. is in the range 80 -140 GeV. 
The high performance PbWO, crystal 
electromagnetic calorimeter in CMS 
has been optimized for this search. 
The rr mass resolution at Mrr ~ 100 
GeV is better than 1%, resulting in a 
SIB of ~1120 
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Higgs to 2 leptons+2 jets (MH > 500 GeV) 
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FOf' f'le highest M.,, in the range 
0.!5 ·1 TeV.the promising channels 
tor one year at high luminosity are 
H8 -tZZ-tt·~vv. 

H0 -tZZ-tt•t-liand 
H0 -toW'W-tttvU. 
Detection relies on leptons, jets and 
m1ssing transverse energy (E,-), lor 
which the hadronic calorime1er 
(HCAL} per1ormance is very 
important 
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Figure 3: Higgs decaymodes seen in lhe CMS DeteCtor 
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Higgs to 4 leptons (140 < MH< 700 GeV) 
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In the MH range 130-700 GeV the most 
promising channel is H• -t zz:-+ 2l• 2t
or H• -+ zz -+ 2t• 2t-. Ttie detection 
relies on the excellent perfomtance of the 
muon chambers, the tracker and the 
electromagnetic calorimeter. 
For MH s 170 GeV a mass resolution of 
~1 GeV should be achieved with the 
combination of the 4 Testa magnetic field 
and the high resolution of the crystal 
calorimeter 
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Figure 4: Higgs decaymodes seen in the CMS Detector cont 
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Hardware simulation is useful and needed before actual (expensive) building of moduls. Certain 
programs like VHDL test the hardware functionality, feasibility and validity of the design in 
respect to timing, connectors, size, speed, dataexchange, overflow, size of layout etc of the 
hardware elements of the implemented algorithms. Both the hardware and software simulations 
need to be cross checked for hidden errors. 

6.2 Detectorsimulation 

The simulation of the detector behaviour in CMS is ba~ed on GEANT. The CMS specific part~ 
are put together under a fortran based program package called CMSIM . This allows to study 
in detail the response of the various detectorpart~ if a particle crosses, gives the information 
on hits and the expected electronic signals together with noise and other background. This 
package ha~ grown enormously in size and is therefore now replaced by a more flexible system 
based on modem softwaretools like Object oriented programming under C++ and the usage of 
commercial databa~es. Drawback is the rather slow performance of these systems. 

To study detection a~pects of physics processes,acceptance,efficiency,response and the ratio of 
signal to background a specific fast simulation tool ha~ been developed based on a parametriza
tion of the detectorelements, which has steadily to be cross checked to the CMSIM simulation. 

7 Triggerstrategy 
CMS has decided to use only a small number of simple objects for triggering purposes on the 
lowest ( first ) level, where decisions have to be taken within 3.2 p. seconds. Therefore for 
each type of detectors only at most four objects of 'highest rank' will be selected from the 
'LOCAL (eg detector based) triggersystems'. The triggerobjects are characterized by a few 
values called TRIGGERPRIMITIVs like position and bending angle of a track at a point in 
the muon chambers, or 'TJ value and transverse energy of a calorimetercell containing a jet. 

These objects are 

• 4 muons of highest Pt from the muon system 

• 4 (non) isolated electronsl')'s from the electromagnetic calorimeter 

• 4 jet~ of highest Et 

We adopt a REGIONAL TRIGGER concept, whereby the same algorithmic function works 
fast and parallel on different data of regional detector parts. The 'local regions' come from the 
geometry of the construction. As an example we take the muon chambers which are organized 
in 12 ifJ segments in 5 'wheels' in beam direction. Each of the ifJ segment~ is a~sociated with a 
trigger processor. Similarly for the calorimeters we have a processor for a 4*4 tower region as 
a ba~ic 'local region'. 

But we abstain from rather timeconsuming data exchange of neighbouring regions and compare 
and combine such data only in a later stage of the triggerchain. 
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Important features of our triggersystem are therefore parallel processing and in addition we 
rely on heavy pipelining. This means that the trigger data are NOT STATIC in some mem
ories, but they constantly move with the LHC clockcycle of 40 Mhz, so that functional units 
can perform their tasks consecutively on the data in motion. 

In the GLOBAL TRIGGER system we can set threshold conditions on these objects (like Pt 
cut~). require common conditions on different·objects (eg 2 muons and 4 jete;) and set relations 
between object~ ( eg 2 opposite sign muons with an angle of 180 degrees) to select certain 
physics channels. 

7.1 Triggerhierarchies 

Because of the complexity triggerdecisions are taken in steps which we call levels. The reason 
of this level scheme is the necessity of prcselections and strong data reduction to store data 
for offline physics analysis. 

• LEVEL 1 TRIGGER : FAST HARDWARE LOGIC 

Th~ aim is, to have after a latency of 128 bimchcrossings = 3.2 p. sec a decision~ wether 
to take data from the event buffers or not for further processing 

' . . ' 

This stage uses algorithms which perform only 'bac;ic' operations like 

- logical and/or 

- add and multiply 
,, 

-.comparison of values from trigger objects 

- comparison of values from trigger objects with precalculated tables 

- only integer arithmetic , no floating numbers, no exponential functions, no square 
roots etc 

Designing trigger algorithms also require to think in hardware terms of the system. 
Therefore certain measurement values like angles are not given in floating point numbers 
but instead they appear in unit~ with certain precision eg number of bits .. Each bit is 
normally realized by a wire - which needs consideration of cosi and complexity'of con-· 
nections. This means a compromise to the size of datawords , which should be kept as 
small as possible with the guarantee of sufficient precision. 

Ex : after 128 bunchcrossings we know, wether 2 opposite sign p.. both with ·pt > 50 
GeV/c and 2jet~ with transverse Et > 200 GeV/c have been in the event or not. 

Several decisions from the 'local triggers' are combined in the 'global trigger'. These 
conditions are programmable and set from outside by phycisists and decide on the type 
of events which will be taken from the event buffers for further analysis in higher trigger 
levels. 

LEVEL 1 TRIGGER algorithm have reached the stage to be READY for. HARD-
WARE implementation and testing. · .. · · · · · 

• LEVEL 2 TRIGGERs: also called HIGHER LEVEL TRIGGERS 
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- start calculating gradually on full data of the detectors- not only on Triggerprimitiva· 
-with computerfarms 

- include and combine information from more detectors (like the trackersystem) 

- try to reach selection criteria for interesting events 

- introduce algorithms to get rid of unwanted events to reduce the data which have to 
be stored for further analysis ' 

like 

* reduction of single jet and electron rate 
* filtering of events containing b quarks with electron signals 

* get rid of It from 1r decays or ')'S from 1r
0 

* select certain channels like 2 muons and jete; in opposite hemispheres ( for 
Higgs .. ) 

This triggering level is heavily interconnected with the DAQ system, because data from the 
detector buffers are put together to full.eventc;. This process- called switching- has still rate 
problems ac; sufficiently capable hardware' is yet not available. Therefore smaller data pieces 
are transferred consecutively in 'levels' and calculated, and intermediate decisions are taken, 
but book keeping necessity is rather high. A lot more R & D and experience is required in this 
triggering stages. 

8 Physics channels and Triggerobjects 
We have previously shown typical decay modes of the Higgs as they will appear in the CMS 
detector. 

Higgs= >2')'S 

Higgs= > 4 leptons 

Higgs = > 2 leptons + 2 jete; 

8.1 Detectors used for Triggering 

The MUONS will be triggered by 

• Drift tubes (DT) 

• Resistive Plate Chambers (RPC) 

• Cathode Strip Chambers (CSC) 

These detectors are grouped in STATIONS 

The ELECTRONS/')'S will be triggered by 

• Electromagnetic Calorimeter (ECAL) consisting of 
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- 80 000 crystals PbW04 niobium and lanthan doped 

- weight 90 tons, partially produced in Russia & GUS 

- traversing particels produce em showers, with the light collected in avalanche diodes 

- granularity0.0175 ¢> * 0.017511 

- face front 22 * 22 mm**2 

- grouped in regional towers of 5 ~ 5 crystals 

The JETSIHADRONS will be triggered in the HADRON CALORlMEfER (HCAL) consist

ingof 

• 17 sampling layers to analyse the shower shape produced by particles traversing Cu-Zn 
absorbers 

• showers produce light in plac;tic scintillators 

• light is collected in hybrid photodiodes (HPD) 

• granularity 0.0875 ¢> ( =1 °) * 0.0875 17 in the BARREL region 

• grouped in single hadron towers matching ecal towers and 4*4 tower jet groups 

• Cu absorbers with embedded quartz fibers insensitive to neutrons in FORWARD regions 

8.2 Triggerregions 
Since we have a solenoidal Magnetic Field of 4 TESLA our symmetry is choosen to be in 11 and 

1/J. 

We define certain TRIGGER REGIONS of the detector 

• BARREL 

- for muons 0. < I 111 < 0.8 

- for calor 0. < I 171 < 1.3 

• ENDCAP 

- for muons 1.2 < I 11 I < 2.6 

- for calor 1.3 <I 111 < 3.0 

• FORWARD for calor up to I 11 I= 5.0 
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8.3 Trigger Latency and Time Delay 

With trigger latency we denote now the time length which the trigger needs until a final 
decision. It is bound to 128 bunchcrossings or 3.2 J.t sec. This comes from the number or 
events that can be stored in the front end buffers of the different detector and would be bigger 
with an increased buffer size. 

The storage capacity is for 

PIXEL 12- 64 events 
1RACKER 6 events 
ECAL 16 events 
HCAL 22 events 
esc 85 events 

Nevertheless every 25 nsec a trigger decision is taken - but the result is available only after a 
latency (time delay) of 128 bunchcrossings. 

As we have a strict time budget careful timing is needed for _the algorithms, since we have 
unavoidable time consuming processes in the system. 

As an example we show the time budget for the DT trigger system. 

data transfer 120 m from detector to counting house 58BX 

data transfer back ('readout signal') +resynchronising 15BX 

drift time in Drifttubes l6BX 

LEVEL 1 LOCAL PROCESSING 9BX 

MUON TRACK FINDER l7BX 

GLOBAL TRIGGER l4BX 

Clearly the 'system overhead' is much bigger than the time for running trigger algorithms. 

9 TRIDAS- the TRIGGER and DATA ACQUISITION SYS
TEMofCMS 

We have described the basic structure and strategy of the CMS triggersystems. But it is essen
tial, to understand how data flow inside the system. 

Basically the detectors produce per bunchcrossing two sets of" data seperately. 

• the 'full' data used for reconstruction 

• the 'trigger' data consisting of 'triggerprimitivs' for event selection 
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In fig 5 we illustrate schematically. how the front end electronic works to get from electronic 
signals in a DRIFT TUBE a HIT POSITION. This would be the full data. 

!FRONT END ELECTRONIC I 

DETECTORS 
produce etec•onic 11gnals 

I ORIF~ [cHARGE otsTRlBUTtoN I 

=t~ ~ 
tO tdiff 

HIT POSITION 
from KNOWN 

velocity in gas and 
tima difference tdiff ~ tO 

Figure 5: Front end data processing- from signal to hit~ 

On the other hand trigger primitivs are generated , which are also HIT POSITIONS, but in a 
more coarse and faster way. As we trigger on particles coming from the collisioit vertex or 
decaying nearby we use correlations between hits required for tracks coming from the collision 
vertex. 

The trigger data are passed through the LEVEL l triggersystem until a decision is taken. The 
'full' data rest during this decision time in buffers of the FRONT END SYSTEM in a specifi
cally formatted way. 

If the LEVEL l triggersystem decides to take the event, the full data are moved to read out 
units with dual port memories - which allow a filling of data from one side and a fetching from 
the other side by the next process step. 

Read out unit~ just hold small portions of detector data of one event - these 'part~ have to be 
gathered together. This process of event building is initiated by the Higher Level Trigger 
system, which fetches these part~ gradually from the readout unit~ and puts them physically 
together via a switching network. The FILTERING PROCESS start~. eg algorithms running 
on computer farms try to seperate uninteresting event~ even using only a small amount of the 
full event data- which now include also trackerdata- , reveal signal events and reduce the data 
produced in the collisions to a manageable rate of 100Hz for permanent storage. 

As trigger and data acquisiton systems (DAQ) are closely connected we also speak of the CMS 
_ TRIDAS SYSTEM . In fig 6 the hard ware structure and in fig 7 the data flow in the system 

is shown as it wa~ described above. 

At the moment there is a bottle neck in the switching process. There we have to connect 
several nodes ( readoutunits) with nodes holding complete data of an event. In fig 8 we show 
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CMS data acquisition basic structure 
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Figure 6: Hardware structure of the CMS DAQ system 
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CMS trigger and data acquisition 
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Figure 7: DATAFLOW in the CMS DAQ System 

Tera: 1012; Peta 10ts; IPS: Instruction Per Second; LAN: Local Area Network 
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several possibilities to connect nodes and the respective traffic lines .. If we always connect 
fixed points or distribute data orily from one point, the 'switching' system is fa~t. If we switch 
crosswise timing problems arise. At the moment systems of 8 * 8 nodes are tested with the 
capability of 120 MB/sec. But 1000 * 1000 nodes are foreseen. Several models of data flow 
are under investigation as to avoid overftoding of the HLT computing devices. At the moment 
also computing and filtering is tried in steps, where only a small pan of data of an 'event is USed 
for calculations and gradually more data are included and events rejected. This process on the 
other hand requires big administratitive overhead by an event manager . to keep record which 
data are already transferred or waiting. . 

~ 99CSC..f>ol.rd 

Traffic Conditions Tested 

22 

Figure 8: SWITCHING PROCESSES 
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10 LOCAL TRIGGERS of the FIRST LEVEL TRIGGER
ING SYSTEM 

Having described general triggering considerations we outline the functionality of the TWO 
MAIN COMPONENTS of the CMS LEVEL 1 TRIGGERING system - the MUON and 
CALORIMETER TRIGGERSYSTEM 

10.1 MUON TRIGGERSYSTEM 

As muons (should) have a very clean signature and are therefore 'easy' to identify they have 
been chosen a~ triggerobject~. They are a good signal for interesting physics object~. especially 
with high PT. 

As seen from the collision point the muon system is the outmost detector system of CMS. The 
iron yoke together with the ECAL and HCAL should shield primary hadrons and electrons!-ys 
from the muon system. Nevertheless hadrons can 'punchthrough ' to the muon system with 
a certain probality, which has been studied some time ago. Some problems also arise since 
muons can stimulate electromagnetic showers in the iron giving fake triggers. 

The task of the MUONTRIGGERSYSTEM is 

• to reconstruct muon tracks fast, but coarsly 

• mea~ure their Pt. 7J and¢ 

• provide bunch crossing identification 

• prepare trigger output to be able to 

- set thresholds and correlations 

- support the elimination of b,c decays at high luminosities 

- reduce high rates of unintercs~ing events 

- work with the calorimeter system for muon identification 

- enhance together with the tracking system the.pt resolution 

The main sources of muons and the CMS detector response are shown in fig 9. A Pt 
threshold of around 30 Ge V /c is necessary to reach a design rate of less than 100 KHZ. On 
the other hand muons need aPt of at least 6 Ge V /c to even reach the muon system. 

10.2 Components of the MUON TRIGGERSYSTEM 

The MUON TRIGGERSYSTEM uses 3 dilTerent detectortypes working independently. The 
layout of the system is shown in fig I 0. 

This design ha~ been chosen for redundancy reasons - a~ a non working or not efficient trigger 
could spoil the experiment. We will sec, that this strategy improves the overall efficiency quite 
drastically when the data are combined in the global muon trigger . 
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'"'' The rate is dominated by 1t,K decays up to 4 GeV 
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Figure 9: TRIGGER RATES and TRIGGER RESPONSE 
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Figure 10: Layout of the muon trigger system 
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The trigger data come from the 

BARREL region 

• Drifttubes and RPCs radially organised in 4 stations ( = 4 HITS) interspersed in the iron 
yoke 

• segmented in the bending'«'/> direction in 12 sectors and along the beam axis (7] ) in 5 
wheels , 

FORWARD region 

• RPCs and CSCs in 3 stations ( = 3 HITS ) segmented in 17 and cP, 

The RPC hardware will provide trigger data faster than the Drifttubes and CSCs.The algorithms 
for track reconstruction are basically different for RPC and Drifttubes!CSCs . 

10.3 REQUIREMENTS for the MUON TRIGGER SYSTEM 

The basic requirements for the muon trigger system comprise 

• no latency - eg no dead time loss 

• high geometrical coverage and efficiency up to 11}1 < 2.4 

• good multimuon resolution 

• suppression of 'ghost triggers' due to the left-right ambiguity and spurious hits in the 
DT/CSC system and the ambiguity of patterns in the RPC system 

• good and constant Pt resolution of the whole Pt range 

• sharp tum on curves for trigger selectivity 

• rate restriction to < 15 Khz at high luminosity at Level 1 as a safety margin from the 
nominal required restriction to 100 Khz equally distributed to the muon and calorimeter 
system 

10.4 Structure of the MUON TRIGGER SYSTEM 

In fig 11 we show the information and logical structure of the muon triggersystem. Hits from 
the RPC, DT and CSC are converted to TRIGGEROBJECTS like Pt.«'/>, 1J and a 'quality'. 

The DT and CSC systems will provide part~ of tracks ( tracksegments) from their local detectors 
- eg the muonstations- which are grouped to detector regions- and are gathered together to form 
tracks. Each of the three systems will deliver independently after some filtering processes at 
most four tracks. The global muon trigger reduce them to give a~ TRIGGER OUTPUT 
from the MUON TRIGGER SYSTEM not more than 4 tracks and their parameters serving 
a~ input for the GLOBAL TRIGGER DECISION. 
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~ Muon Trigger structure 
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Figure II: Logical layout of the muon trigger system 

10.4.1 RPC TRIGGEHSYSTEM 

In the RPC system the strategy of track reconstruction is based on pattemrccognition of hits in 
the RPC strips. Real hitpattcms arc compared with precompiled pattcms from simulated tracks 
stored in look up tables . Valid paucms arc selected and the corresponding 4> and Pt values 
assigned ( fig 12) 

10.4.2 DT and CSC THIGGEHSYSTEMs 

The CSC and DT trigger systems work with a different reconstruction method. Both systems 
have to cope with inherent ambiguities of the detector data. In fig 13 we see that for the DT 
system a muon station is comprised of 2 Supcrlayers (SL) of 4 DT planes each. A particle 
Passing through initiates charges in the DT ga~ which reach the signalwires in the DT cells. 

. It is not clear from the hit position, wether a particle passed by on the left or right side of 
the signal wire. But with a 'mcantimcr' technique using 3 or 4 hit~ from I SL to form a track 
~nd a~suming the collision point as trackorigin we can restrict these uncertainties. If one can 
10 addition correlate track part~ in both SL of a muon station a reconstructed track is rather 
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credible. Despite combinatorics we allow only two track candidates per station. The DT system 
works in the bending plane (r/>). 

The CSC system ha<> its chambers normal to the beamdirection. Here charges produced in the 
chamber ga<; drift to cathode strips for the ¢> coordinate, but also to wires for 71 information to 
have good space resolution in a changing magnetfield in this detectorpart. One CSC chamber 
ha'> 6layers and at lea<>t 3 hits are required for track reconstruction. The hit location is calculated 
by 'comparators' of 3 adjacent strips. , 

Both systems will provide the position and in addition the trackdirection rPb (from some track
point<>). 

TRACKFINDING 

These 'locally' found hit<; are 'assembled' to tracks in a certainn ¢>region- 30 degrees for the 
DT (fig 14). From the known position¢> and the bending angle rPb an extrapolatedhitposition 
in the next station can be calculated via lookup tables and compared with ·a real hitposition 
found there. 

All valid extrapolations between 2 stations are put together to form track candidates which are 
filtered down to at J?OSt 2 tracks per 'region'. 

Finally aPt value is assigned from the ¢> differences between hit<; of different stations. 

For the CSCs a rather precise 71 value exists, which can be found for the DT by using the third 
coordinate of a muon station. 

The technical realisation has been studied by a hardware ( VHDL) simulation, were these de
scribed tasks are simulated for parallel electronic component<;. 

10.4.3 Global Muon Trigger 

The global muon trigger will select the four best- highest Pt -muons from the complementary 
barrel DTIRPC and CSCIRPC forward muon system. But the DT and RPC systems of the barrel 
have comparable efficiencies only for I 'fJ l < 0.8. In this region we can combine the 'data of 
both systems by comparing the muon candidates found by the respective detectors in 11' and tj> 
to identify the same muons in both systems via a weighting procedure and t9 select the best 
muons which are present only in one system. 

The effect is a substantial increase of the global efficiency and a smoothing of losses in the tj> 
and 71 coordinate ( fig 16 and fig 15). 

The losses in 71 around 0.2, 0.6 and 0.9 come from the detector construction in beam direction 
( 3 part<;) and the regular 'holes' every 30 degrees in tj> from the construction of the muon 
chambers in 12 part<; . 

A specific problem is the overlap region between barrel and forward, where only a combination 
~ of the respective detectors can provide sufficient efficiency. The efficiency of the barrel muon 

system drops for 1111 > 0.9 because for tracks with a bigger incident angle not enough detector 
hit<; are available. Therefore the data of 2 muon stations (ME13 and ME22) in the forward 
esc system are included into the barrel system and vice versa to cover sufficiently the region 
o.s < 111 I< !.3. . 
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Here a rather difficult data exchange on the hardwarelevel is necessary. Main consideration are 
datafonnats and timing problems and the necessity to avoid 'double' muon reconstruction by 
the barrel and forward muon trigger systems. 

The geometrical situation is shown in fig 17. Then we show, how the efficiency in 11 would 
behave if we 

• use the barrel and fw muon system with no additional exchanged information from the 
complementary system 

• with data exchange between the 2 complementary systems 

• if 1 chamber from esc would not be added 

10.5 CALORIMETER TRIGGER 

The calorimeter trigger should identify and measure 

• total and missing transverse energy Et. Etmi••, AND the components Ez, E
11 

• Et of electron/is 

• Et of single hadrons 

• Et of jets 

• Et ofr jets 

for 1111 < 3 with a desirable extension to 1111 < 4.5 to increa~e the Et resolution. 

In addition we mea~ure 'isolation ' of a hadron or electron/f- eg look if there is no other particle 
activity in its near. neighborhood. A b quark and W decay could therefore be discriminated. 
Minimum ionisation - eg an energy deposit compatible with a minimum ionising particle - is 
checked and combined \'{ith the data from the muon trigger system on the level of the global 
trigger to support muon identification. 

The whole calorimeter is scanned for 'activities' - 'quiet' regions are marked with a specific 
bit. 

For triggering purposes ECAL and HCAL are segmented into common 54 11 * 72 rjJ 'TRIGGER 
TOWERS' of 0.087 11 * 0.087 rjJ units a~ basic triggering regions ( fig 18). Finegraining is 
provided since a HCAL TOWER coincides with 4*4 ECAL TOWERS. 

10.5.1 Electron/Jet finding algorithm 

The final identification algorithms are not fixed at the moment yet, but we show two possibilities 
in fig 19. 

Electron/Js are found with a sliding window technique, where a grid of 3 * 3 towers around 
a central tower searches over the whole ECAL surface for a maximum. The sum of the ECAL 
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transverse energy of a 'central tower' and the maximum of four neighbours around it inside the 
grid is checked against Et cutoff values to find a 'HIT' and avoid leakage losses. To discrimi
nate against hadronsljet~ the longitudinal shower shape in the corresponding HCAL towers and 
the ratio of deposited HCAL to ECAL Et must be small . Also the transverse shower size in 
ECAL ha~ to be narrow - it has to be contained in a double strip of ECAL TOWERS of 0.034 

11 * 0.087 rjJ units. -

Jet finding is performed in rather big grids -to avoid leakage and underestimation of jet Et. 
Various algorithms are under test. The latest developement concerns a search for a 'HIT', 
where the Et of a 4 * 4 region of trigger towers is summed in all possible combinations and 
compared within a 12 * 12 tower region to find a maximum. 

Single hadrons and r decays ( either to electrons or hadrons with a narrow energy deposit) are 
found by a combination of ECAL and HCAL response. 

10.5.2 Rates and Efficiencies 

In fig 20 we show the triggerrates for clcctrons/fs depending on a triggerthreshold in Et. The 
curves show the effect of the trigger on ratereduction and the purity of the sample by applying , 
several cuts. 

In the same figure are Jet triggerrates also depending on Et thresholds for multiple jets . 

The aim to reach triggerrates less than 100 KHz lead to rather high Et thresholds. 

The selectivity of triggers is demonstrated with turn on (efficiency) curves for electrons and 
jet~ in fig 21. · 

Electrons from topdecays need at least 40 GeV/c to be detected with 100% efficiency. 

The turn on curves for jets show the efficiency to find a jet above a fixed Et versus the 
triggered Et calculated back on generation level. The ideal curves s~ould be stepfunctions, 
instead the curves are smeared. 

For search of new neutral particles the Et efficiency is essential. We see in the same figure 
that full efficiency is only reached for a generated Et greater than 200 GeV/c. 

10.6 GLOBAL TRIGGER 

The local muon and calorimeter trigger systems provide only 'triggerprimitivs' to iden
tify and measure muons, electrons/Js and jet~. But the selectivity of the trigger and the rate 
reductions are performed by the 'global trigger', where certain conditions are set to filter 
'interesting' events. It is the ultimate part of the LEVEL 1 TRIGGER and an accept signal 
starts the data transfer from the readoutunit~ to the HLT system. Clearly physics simulations 
have been done to study efficient trigger conditions for Higgses, SUSY particles etc. 

On the other hand the reduction of muon, electron and jet rates are an important task to handle 
the produced data of the experiment and avoid overflows in the system. 

Technically the global trigger needs to 

• synchronize the data of the calorimeter and muon systems as they arrive at different times 
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• put the physical unit~ of the data of the different systems into the same unit~. Sometimes 
they are not even in a linear scale 

• provide the possibility of a flexible algorithms scheme which can be used and changed 
easily 

In total 128 TRIGGER ALGORITHMS 'are foreseen, out of which 64 are for pure physics 
purposes and 64 for calibrations and technical checks. 

All64 TRIGGERALGORITHMS run in PARALLEL, but it is possible - via a ma~k - to use all 
or only part of them to create a 'LEVEL 1 TRIGGER accept'. 

A TRIGGERALGORITHM is composed of a 

• logical OR of up to 8 general AND conditions 

An AND condition is a logical AND of several particle AND conditions. 

A particle AND condition relates to a condition of a member inside a particle group of at 
most 

• 4 (isolated) electronslys 

• 4 (isolated) jets 

• 4 (isolated) MUONS 

and a check of total Et and missing Et of the event 

a particle AND condition consists of 

• single particle conditions 

- Pt. Et thresholds, 1J and¢> windows 

- for muons conditions on QUIET, minimum ionising and quality bit~ 

• correlation conditions : angle differences between 2 particels, sign patterns 

As an EXAMPLE we take H => Z* z• => 2 p. 2 jets 

We require: 

• 2 opposite sign isolated and minimum ionising p. with Pt > 40 Ge V /c 

• 2jet~ with Et > 40 GeV/c 

• ¢> angle difference of the p. > 60° 

• ¢> angle difference of the jet~ > 60° 
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Finally the trigger should reduce rates. We aim for 100 Khz, but because of simulation un
certainties we a~sume a nominal rate of only 30 Khz. They ar~ split equally on the muon and 
calorimeter system. 

In fig 22 we show a realistic example which treshholds can be set so that ultimately we reach 
this goal by requiring more and more stringent conditions. 
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Trigger rates at L= 1 fi34 

trigger threshold rate cumulative 
type [GeV] [kHz] rate [kHz] 

.EEt 400 0.48 0.48 
~-

Etmiss 80 1.29 1.70 
---- --

e 25 6.84 8.34 
ee 12 1.45 9.52 

-~ 

j 100 2.06 10.7 
j j 60 2.17 11.6 
j j j 30 3.16 13.3 

-~-

j j j j 20 2.96 14.3 
ej 12; 50 .··. 1.35 14.9 
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-- r-----------
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~-~------- 1--

!l j ~,40 0.3 14.4 
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underlined numbers- this study (preliminary results) 

Figure 22: Triggersettings and cumulative triggerrates 

120 

--Recognition of hard .diffractive 
· ·. · . · events with ·CMS · -

S.A. Chatrchyan, M.G. Hayrapetyan, S.V. Shmatov 
Joint Institute for Nuclea1· Research 

Dubna, Russia. 
' .. ''· . 

. · · L.L. Jenkovszky . 
Bogolyubov lnstitute!for Theoretical Physics 

Kiev, Ukraine · 

.Abstract 
Studies of hard diffraction in prot~n an.d. nuclear interactions with CMS is. 

' -1' ' ~ • : : 

considered. The basic characteristics of these processes and possible detection 

methods are discussed; 

lntro d uction. 

.; 

There exists a widedass ~>fdiffractive interactions_~hich differ-from the 
simple elastic scatterii1g or the diffractive excitation of interacting partiCles. 
The;e are e'vents whei·e one or both colliding particles are dissociat~d or 
quasi-elastically scattered a.s well as the production ofa "Central Cluste~' 

. . . . ' .. ' 

(CC). They are the hard diffractive dissociation orhard Pomeron exchange 
processes [l].and are characterized by the following properties: a) the beam 
remnants have' a ·large longit~dinal mome~tum (xF 'i 0.9); b) the bulk of 
the initial hadron energy is ejected in_ a nat:row volume, ''diffractiv~ cone"; 
c) pseudorapidity interv~l with an extremely low miiltiplicity("rapidity 
gaps") is observed. R~pidity g~ps (RG) are d~~ to the exchange of colorless 
objects such as photon, gauge boso~s and, in particular,the Pomerori [2]. 

The pronounced featur~s of these diffractiveirite~actions were observed 
in DIS-events [3·, 4],jets and w± prod~ction [5;·6]~ Thefractionofsuch· 
events ~as found to b~ "' 6 + 7'% of ep [4] and "' 1% ofpp inte~actions [5]. 

A detailed analysis of th~ data h~ shown that· hard Pom~ron exchange 
can account for the measurements. 

General ·structure of hard diffractive events. 
In order to study the structure of hard single and double Pomeron ex

change processes (SPE ~nd DPE), we have generated 106 events in pp; 
GaGa and .PbPb collfsions. The general pha:se. space boundarie;, were de-
termined by, the ~onditions: ·; ; _ · :' ~ ' 

, 20 GeV ::;- MHs ::; 200 GeV, IYHsl < 4, (1) 
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where MHs is the invariant mass of the produced hard scattering 'system 
HS and IYHsl are the pseudorapidities of the hard system constituents. 
Also, the additional cutoff in the energy of the detected HS constituents 
was used: 

EHs > Ecut 2:: 40 GeV, (2) 

where EHs is the energy of one or' the HS constituents. 
In Fig. 1 the specific pseudorapidity distributions of SPE and DPE 

events in th_e scattering of protons an~ Ca and Pb i<?ns are shown. 
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GaGa and PbPb interactions. 
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The sharp pe~ks from the b'eam remnants are observed at l17l <, 8 (solid 
curves at: lm:ge pseudorapidities) and become narrower as A increases. 
Hard system· (HS) is produced in the central area 1171 ~ 4 (solid curves 
in the center). The bomidaries of area occupied by the central cluster are 
depicted by dashed curves. Finally, the distance between Yeda~ the edge of 
the central cluster and the nearest scattered:projectile is a, Rapidity Gap. 

Due to large acceptance of the CMS, the CC will be covered by detector 
completly an? measurements-would be carried'out with great accuracy. 

Selection of hard diffractive events. 
The selection of diffractive events proceeds in two steps. Large impact 

parameter, b ~ 2RA, is triggered on by requiring that the energy,measured 
in the HF calorimeter ceils is n~t higher than a given value Eceu(b) t7J. The 
next step would be one or more of the following methods. 

A. - Define the position of !he RG inner edge, 'Yedae = 1]edge' by 
using "Roman pot" calorimeters or with TOTEM detector. 

For pp interactions, the edge of the rapidity gap is placed at large values 
of rapidity Yedae <, 6.4, ·6.8. In nuclear collisions such as Pb, the nuclear 
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interaction still remains so strong that even at impact parameters b ~ 2RA ~ 
the edge of the gap cannot be determined. 

~ E~-- .,----~--, __ _ i =~ . - -
~ ~ -- . . 

~ fo . ' .. . . . 
10 

·~3~--~.~----5~----~.----~1~--~. 
'1 

Figure· 2. Energy, deposited in 

calorimeter cells in pp hard (dotted 

line) and diffractive (dashed lirie is 

with applying (1) and solid line is 

with applying (2) conditions) .inter

actions. 

lE'7oo~a-"' 600 -

Figure 3. Same as in Fig. 2, but forf !:::: :. . •.• . . · · . · · · 
GaGa: (a} mir1.bias and (b}'periphera1 ~ E ~ 
b :::::: 2Rca interactions. 0 
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At larger impact para1net.ers the cross sectior~ of Pomeron -: induced 
processes falls slwrply. Thus intermediate mass nuclei are pt:eferabh~ for 
such events. 

B. - Require the central cluster to be separated by large ra
pidity gaps from ·the rest of the hadronic final states, protons or 
products of their dissiciati8n, the 7]max distribution. . 

Each ewnt is assigned a value of 7]ma:r defined as the· pseudorapidi ty of 
the energy deposit in the calorimeter above some limiting value closest to 
the appropriate projectile direction. The distribution of 1]max for processes 
with R.Omerons (solid lines) is compared to the.expectations for the pro
duction of_ the inelastic hadronic finel states (dashed lines) on' Fig. 5. A 
excess of events with lat:ge rapidity gaps will be observed in CMS Barrel. 

C. - Identify the diffractive events as the excess of events filling 
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the small mass region·Mcc, in the inclusive ln(Mcc) distribution. 
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Under the condition (1), the number of events with small Mcc is sup
pressed in hard interactions. Therefore, actually, in this area "hard" back
ground to diffractive events is expected to be small. 
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Figure . 6. dIn ( Ml-cl 
distri-

bution in DPE (dotted 
curves), SPE (dashed 
curves) and hard (solid 

curves) processes for 

pp (a,b), GaGa (c,d) 

and PbPb (e,f) inter-
actions, without (a;c,e) 

and with (b,d,f) cut off 
(2). Here, Mcc is an 
invariant mass of CC. 

The contribution of DPE is greater than SPE contribution at small 
Mcc- Additional cutoff (2) increases the difference between the contribu
tions ofSPE and DPE processes (compare a,c,e and b,d,f on Fig; 6). 

D. - Detect the Hard System in the central region. 
A study of the pse_udorapidity distributions of heavy quark-antiq~ark 
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pairs produced in DPE processes [8], has sh~wn the following. Firstly in 
the overwhelming majority of cases, the QQ pairs are pr~duced .in the 
area of pseudorapidity covered by the central part of the CMS detector 
1111 ~ 2.5 (see Fig. 7), namely, in that place of the installation, ~hich has 
the highest resolution power. Thus the ratio of diffractively produced QQ
pairs to hard produced ones reaches'its•maxima at zero pseudorapidities 
of both quark and antiquark ' · • ' · '· 
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Conclusion. 

Figure 7. Energy 

(a,c,e) and pseudora

pidity {b,d,f) 
distribution of HS con

stituents in PP: (a,b), 
GaGa (c,d) and PbPb 

, (e,f) collisions(for QQ 
production). Solid 
curve is' for hard scat

tering; dotted one is for 

· SPE and dashed curve · 

is for DPE. 

The understanding of strong interactions is incomplete· without in
clusion of soft and hard diffractive pr<?cesses .. More precise results are 
needed to improve the understanding of the nature ~nd structure. of the 
Pomeron and distinguish between different the~retical models. Ther~ is a 
rich physics that can be accessed by CMS. The conjugation ofTOTEM 
with CMS will greatly augment the results of these studies .. 

Finally, ·we, wish .. to thank· the. Organizing Committee. for the warm 
hospitality in .Gamel.. 
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Abstract 

The method .,of extraction of the e / h ratio, the degree of non
compensation, of the electromagnetic compartment of the combined 
calorimeter is suggested. The efh ratio of 1.74 ± 0.04. has been 
determined on the basis of the 1996 combii1ed calorimeter test beam 
data. This value agrees with the prediction th~te/h > 1.7 for this 

:electromagnetic calorimeter. . . 

1 ·Introduction 

The c>xist.iug calorimetric complexes (CDF, DO, H1 etc.) as well as the 
the future huge ones (ATLAS [1], CMS etc~) at the CERN Larg~ Hadron 
Collider ( LHC) are the combined calorimeters with the e!ectromagnetic 
and hadronic compartments. For the energy reconstruction and description 
of the longitudinal development of a hadronic shower it is necessary to know 
the ef h ratios, the degree of non-compensation, of these calorimeters. As 
to the ATLAS Tile barrel calorimeter there is the detailed information 
about the ef h ratio presented in [2], [3], [4]; [5], [6]. But as to the liquid 
argon electromagnetic calorimeter such infoni1ation practically absent. 

The aim of the present work is to develop the method and to determine 
the value ofthe e/h t;atio of the LAt:electromagnetic compartment. 

This work has been performed on the basis of the 1996 combined test 
beam data [7). Data were taken on the HS beam of the CERN SPS, with 
pion and <'lcctron beams of 10, 20; 40, 50, 80; 100, 150 and 300 GeV /c. 
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2 The Combined Prototype Calorimeter 

The future ATLAS experiment [I] will include in the central ("barrel") 
region a calorimeter system c01i1posed' of two separate units: the liquid 
argon electromagnetic calorimeter (LAr) (8] and the tile iron-scintillating 
hadronic calorimeter (Tile) [5]. 

For detailed understanding of performance of the future ATLAS com
bined calorimeter the combined calorimeter prototype setup has been made 
consisting of the LAr electromagnetic calorimeter prototype inside the 
cryostat and downstream the Tile calorimeter prototype as shown in Fig. I. 

Crycut.•t 

p. ••• 

10 C:.V ~ )00 GltY IC~J 

-I 
U·4 8. 12.0 ~ 

t 
~"•11 

0 1 2 n 

Figure 1: Test beam setup for the ATLAS combined prototype calorim~ter. 

The dead material between the two calorimeters was about 2.2 Xo 
or 0.28 Aj. Early showers in the liquid argon were kept to a minimum by 
placing the light foam material in the cryostat upstream of the calorimeter. 

The two calorimeters have been placed with their central axes at an 
angle to the beam of 12°. At this angle the two calorimeters have an active 
thickness of 10.:3 AJ. 

Between the active part of the LAr and the Tile detectors a layer of 
scintillator was installed, called the midsampler. The midsampler consists 
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of five scintillators, 20 x 100 cm2 each, fastened. directly to the front face 
of the Tile modules. The scintillator is 1 em thick. · . · 

Beam quality and geometry were monitored with a set of beam wire 
chaml?ers BCI. BC2, BC3 and trigger hodoscopes placed upstream of the 
LAr cryostat. · 

To detect punch through· particles and to measure the effect of longi
tudinal leakage a "muon wall" consisting of 10 scintillator counters (each 
2 em thick) was located behind the calorimeters at a distanceof about 1 
metre. 

2.1 The Electrontagnetic Liquid Argon Calo~in1eter 
The electromagnetic LAr calorimeter prototype consists of a stack of 

three azimuthal modules·, each one spanning go in azimuth and extending 
over 2 m along the Z direction. The calorimeter structure is defined .by 
2.2 mm thick steel-plated lead absorbers, folded to an accordion shape and 
separated by 3.8 mm gaps, filled with liquid argon. · The signals are col
lected by Kapton electrodes located in the gaps. The calorimete1~ extends 
from an inner radius of 131.5 em to an outer radius of 182.6 em, repre~ 
senting (at 11 = 0) a tptal of 25 radiation lengths (Xo), or 1.22 interaction 
lengths ( A1) for protons. • The calorimeter is longitudinally segmented into 
three compartments oL9 X 0 , 9 Xo and 7 Xo; respectively. More details 
about this prototype can be found in [1], [9]. · 

In front of the EM calorimeter a presampler was mounted. The active 
depth of•liquid argon i~ the presampler is 10 mm and "the strip spacing is 
3.9 mm. · . 

·The cryostat h~ a cylindrical form ~ith 2 m internal diameter, filled 
with liquid argon, and is made out of a 8 mm thick inrier stainless-steel 
vessel, isolated by 30 ~m of low-density foam (Rohacell), itself protected 
by a 1.2 mm thick aluminum oute1; wall. · · · · 

2.2 The Hadronic Tile Calorinteter 

The hadronic Tile calorimeter is a sampling device using steel as the 
absorber and scintillating tiles as the. activ:e material [5]. :The innovative 
feature of the design is the orientation of the tiles which are placed in plimes 
perpendicular to the Z direction· (10]. For a better samplirig homogeneity 
the 3 mm thick scintillators are staggered in the radial direction. The tiles 
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are separated along Z by 14 mm of steel, giving a steel/scintillator volu~e 
ratio of 4. 7. Wavelength shifting fibers (WLS) running radially coll~ct 
light from the tiles at both of their open edges .. The .hadron calorimeter 
prototype consists of an azimuthal stack of five modules. Each mo.dule 
covers 211)64 in azimuth and extends ~ m along the Z direction, such that 
the front fate covers lOO.x 20 cm2• The radial depth, from an inn~r radius 
of 200 c~ to an outer radius of 380 em, accounts for 8.9 >. at 7] ~ 0 (80.5 
X 0 ). Read-out cells are defined by grouping together a bundle of fibers 
into one photomultiplier (PMT). Each of the 100 cells is read out by two 
PMTs and is fully projective in azimuth (with l:::.cp = 27r/64 ~ 0.1), while 
the segmeribition along the Z axis is made by grouping fibers into read-out 
cells spanning t:l.Z = 20 em (L:l.r7 ~ 0.1) and is therefore not projective 
Each module is read out in four longitudinal segments (corresponding to 
about 1.5, 2, 2 .. 5 and 3 AJ at 17 = 0). More details of this prototype can be 
found in [1], [2]. · 

3 Event· Selection 

We applied some similar to [7] cuts to eliminate the non-single track 
pion events, the beam halo, the events • with an interaction before LAi· 
calorimeter; the events with the longitudinal leakage, the electron and 
muon events. The set of cuts is the following: · 

• the single-track pion events were selected by. requiring the pulse 
height of the beam scintillation counters and the energy released in 
the presampler.of the electromagnetic calorimeter to be compatible 
with that for a single particle; 

• the beam hal~ events ~ere· removed with appropriate cuts on the 
horizontal and vertical positimis of the in~~mirig track impact point 
and the space angle with respect to the beam axis as measured with 
the beam chambers; · 

• the electron events were removed by the requirement that the energy 
deposited in the LAr calorimeter is less than90% of the beam energ)r; 

• a cut on the total energy rejects incoming muon; 
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• the events with the obvious longitudinal leakage were removed by 
requiring of no signal from the punchthrough particles in the muon 
walls; 

• to select the events with the hadronic shower origins in the first 
sampling of the LAr calorimeter; events with the energy depositi~ns. 
in this sampling compatible with that of a single minimum ionizatimt• 
particle were rejected; 

• to select the events with the well developed hadronic showers energy 
depositions were required to be more than 10 % of the beam energy 
in the electromagnetic calorimeter and less than 70 % in the hadronic 
calorimeter. 

4 The e / h ratio of the LAr Electromagnetic 
Co1npartment 

The response, Rh, of a calorimeter to a hadronic shower is the sum of 
the contributions from the electromagnetic, Ee, and hadronic, Eh, parts of 
the incident energy [11] . 

E =·Ee + Eh, (1) 

Rh = C • E, + h · Eh = C • E · (/rro + (h/e) · (1- frro)) , .. ' . (2) 
' . . . ~ 

where e (h) is the energy independent coefficient of transformation of the 
electromagnetic (pure hadronic, low-energy hadronic activity) energy to 
response, frr" = Ee/ E is the fraction of electromagnetic energy. From this 

where 
e 

1f 

e 1 
E =.- ·- · Rh, 

7r e 

e/h 
- 1 + (e/h -:-· 1)J~o 

(3) 

( 4) 

In the case of the combined calorimeter the incident' beam energy, 
Ebeam 1 is deposited .into the LAr compartment; ELAr, into·Tilecal com
partment, ETile• and into the dead material.between the.LAr:and Tile 
calorimetet's, Edm, 

Ebwm = EL.4r + ETile + Edm • (5) 
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Using relation (3) the following expression has been· obtained: 

. · e) e · 
Ebeam = CLAr · (; LAr · RLAr + CTile · (;)Tile· Rrile + Edm • (G) 

where CL..tr = 1/eLAr ariel CTile'= 1/eTile· F1'om this expression the value of 
the ( ef rr)LAr ratio ca1~ be obtained \ · , . . 

( .:_) = Ebeam - Erile - Edm 

7r LAr CLAr · RLAr 
(7) 

where 
En ='= cT'I · (.:_) · · · RT'I 

I e I e 7r Tile I e (8) 

is the energy released in the Tile calorimeter. 
The (e/h)LAr ratio and 

Jrr0 ,LAr = kLAr · lnEbeam (9) 

can be inferred from the energy dependent (efrr)LAr ratios: 

(e) (e/h)LAr 

; LAr = 1 + ((ejh)LAr- 1)Jrr 0 ,LAr . 
(10) 

We used the value ( ef h )Tile = 1.3 [4] and the following expression for 
the electromagnetic fraction of a hadronic shower in the Tilecal calorimeter 

frr 0 ,Tile = kTile • lnETile· (11) 

with kTile = 0.11 [12], [13]. 
For the CLAr constant the value of 1.1, obtained in [14], [7], was used. 
The algorithm for finding the CTile and cdm constants will be considered 

in the next section. 

./ 

5 The CTile Constant 

For the determining of the CTile constant the following procedure was 
applied. We selected the events which start to shower only in the hadronic 
calorimeter. To select these events the energies deposited in each sampling 
of the LAr calorimeter and in the midsampler are required to be compatible 
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with that of a beam particle. We used the following expression for the 
normalized hadronic response [11] 

--= + - -1 . 0 RTile CTile ( 1 ((e) ) 
Ebwm (e/h)Tile h Tile (frr lrile) • (12) 

where 
R'hle = RTile + CLAr • RLAr {13) 

CTile 

is the Tile calorimeter response corrected on the energy loss in the LAr 
calorimeter, frro,Tile is determined by the formula (11). 
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Figure 2: The corrected RTile response as a function of the beam energy . 

The values of RT;1e are shown in Fig. 2 together with the fitting line. 
The obtained value of CTile is equal to 0.145 ± 0.002. 

6 The Energy Loss in the Dead Material 

. Special attention has been devoted to understanding of the energy 
loss in the dead· material placed between the active part of the LAr and 
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the Tile detectors. The term, which accounts for the energy loss in the 
dead material between the LAr and Tile calorimeters, Earn, is taken to 
be proportional to the geometrical mean of the energy released in the last 
electromagnetic compartment (ELAr,3) and the first hadronic compartment 
(Erile,l) 

Earn = Cam · V ELAr,3 · Erile,l (14) 

similar to [7], [15]. The validity of this approximation has been tested by 
the Monte Carlo simulation and by the study of the correlation between the 
energy released in the midsampler and the cryostat energy d~position [7], 
[16], [17]. We used the value of cam = 0.31. This value has been obtaii1~d 
on the basis of the results of the Monte Carlo simulation performed by 
I. Efthymiopoulos [18]. 
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Figure 3: The comparison between the Monte Carlo simulation (solid cir
cles) and the calculated values (open circles) for the average relative energy 
losses in the dead material, Eam/ Ebe{'m• as a function of the beam energy. 

These Monte Carlo (Fluka) results (solid circles) are shown in Fig. 3 
together with the values (open circles) obtained by using the expression 
(14). The reasonable agreement is observed .. The average energy loss iri 
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the dead material is equal to about 3.7%. The typical distribution of the 
energy losses in the dead material between the LAr and Tile calorimeters 
for the real events at the beam energy of 50 GeV, obtained by using Eq. 

14. is shown in Fig. 4. 

rn -c: 
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> 

UJ 10 -0 -(1) 
..c 
E :::s 1 0 ·-
:z: 
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Energy Loss in Gap (GeV) 

Figure 4: The distribution of energy loss in the dead lT!aterial for 50 GcF 
pion beam. · . 

7 The (e(rr)LA1· and (e/h)LAr Ratios.· 
Figs. 5 and 6 show the distributions of the (~/1r)LAr ratio derived by 

formula (7) fm: different energies. 
The mean values of these distributions are given in Table 1 and shown 

in Fig. i as a function of the beam energy. 
The fit of this distribution by the expression (10) yields (efh)LAr = 

1.74 ±.0.04 and kLAr = Q..l08 ± 0.004 (x2 /!VDF = 0.93). For the fixed 
value of the p~ram~ter kLAr = 0.11 [12)the result is ( ~/h)LAr = 1.77± 0.02, 
(y2 fNDF = 0.86) .. The quoted errors are the statistical ones obtai~1eci 
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Figure 5: The distributions of the ('e/'rr )LAr ratio for· Ebeani = 10, 40 Ge V 
(left column, up to down) and Ebeam = 20, 50 GeV (fight column, up to 
down). . 
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Table 1: The mean (e/rr)LAr ratio as a function of the beam energy. 

Ebeam(GeV) ( efrr )LAr 
10 . 1.471 ± 0.025 
20 1.419 ± 0.015 
40 1.331 ± 0.017 
50 1.330 ± 0.019 
so 1.276 ± 0.010 
100 ·. 1.278 ± 0.009 
150 1.255 ± 0.009 
300 1.191 ± 0.014 

from the fit. The systematic error on the ( ef h )LAr ratio, which is a con
sequence of the uncertainties in the input constants used in the equation 
(7), is estimated to be ±0.04. 

Wigmans showed [12] that the the efh ratio for non-uranium calorime
ters with high-Z absorber material is satisfactorily described by the for
mula: 

e efmip 
h = 0.41 + 0.12 nfmip 

(15) 

in which efmip and nfmip represent the calorimeter response to e.m. show
ers and to MeV-type neutrons, respectively. These responses are normal
ized to the one for minimum ionizing particles. The Monte Carlo calculated 
efmip and nfmip values for the RD3 Pb-LAr electromagnetic calorime
ter are efmip = 0.78 and n/mip < 0.5 leading to (~/h)LA•· > 1.66. Our 
measured value of the. ( ef h )LAr ratio agrees with this prediction. . . 

There is tlw estimation of the ( e/ h )LAr ratio of 3. 7 ± 1. 7 for this elec-
tromagnetic compartment obtained in [19] on the basis of data from the 
combined lead-iron-LAr calorimeter [20] .. This value agrees with our value 
within errors. But we consider their method as the incorrect one since for 
the determination of the ( efrr )LAr ratios the calibration constants are used 
which have been obtained by minimizing the energy resolution that leads 
to distortion ofthe true (e/rr)LAr ratios. 
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Figure 7: The mean values of the ( efrr )LAr ratios as a function of the beam 
energy. The line is the result. of a fit of eq. (10). 

8 Conclusions 

The method of extraction of thee/ h ratio, the degree of non-compensa
tion, for the electromagnetic comp~rtment of theATLf\S barrel combined 
prototype calorimeter is suggested. On the basis of the 1996 combined test 
beam data we li.ave determined this value which turned out' to l)e equal to 
1.74 ± 0.04 and agrees with the l'vlonte Carlo prediction of Wigmans that. 
ef h > 1.7 for this LAr calorimeter. 
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W +jet production at LHC -
CompHEP, VECBOS and PYTHIA 

comparison at partonic level 

V.A.Ilyin1 and A.N.Skatchkova2 

Abstract 

The W boson production recoiled by hard jet at LHC is calcu
lated at partonic level with the help of CompHEP, VECBOS and 
PYTHIA programs, and obtained results are cross checked. Main 
goal is to understand the accuracy of the corresponding calculations, 
in particular at very high transversal momenta: .This task should be 
considered as a basis for the cross check of more complicated cases 
with W + Njets final states (N = 2, 3, 4) which study is crucial 
for the understanding of the background to several channels for the 
Higgs boson search and for study of SUSY effects. All three pro
grams have exact matrix elements of the subprocesses. Thus, one 
can cross check other calculation aspects, in particular the choice 
of QCD parameters. 

Reactions with W +jets production provide important part of physi
cal backgrounds to different standard and, in particular, sypersymmetrical 
processes at the hadron colliders. We present detailed comparison of the 
rates at different transversal momenta calculated by CompHEP [1], VEC
BOS [2] and PYTHIA [3] programs. 

Note that W production, associated with two jets, was calculated in 
[4] at TEVATRON energies with the help of CompHEP and VECBOS. 
Obtained results were compared, and reasonable agreement was found. 
In [5] VECBOS and PYTHIA were used for evaluation of W + N jets 
(N = 2, 3, 4) at LHC, and serious underestimating of the rates was fixed 
for PYTHIA. For example, at moderate transversal momenta (20 GeV) 
the corresponding ratio VECBOS/PYTHIA was 1.5, and 2.5 at Pr = 200 
Ge V. This is not surprising because of second jet in PYTHIA is simulated 
by the parton showering mechanism which is an approximation with ad hoc 
unknown applicability at high transversal momenta. However, PYTHIA 
is ·a standard tool for simulation of !tigh energy collisions, used widely for 
LHC processes, for example for search of Higgs boson and SUSY effects. 

1INP MSU, Moscow 
. 2 JINR, Dubna 
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Here large transveral momenta of W boson and jets (up to 500-800 GeV) 
are of special interest. One can expect that PYTHIA underestimates the 
rates more seriously at very large Pr than it was observed in [5]. 

We start our analysis from theW+ jet case. Here all three programs 
have exact (10 QCD) matrix element implemented and one can cross check . 
other calculations conditions. Amo;ng them the choice o~ QCD parameters 
(Q2 scale of hard subprocess, runing a 8 normalization, PDF set) plays the 
major role. In further reports (to beappear elsewere) we will present next 
steps of th.e cross~cheGk:. W +2jets at par~onic level, ,and W + Njets 
(N = 1, 2, 3, 4) w,ith jet simulation through the parton hadronization and 
subsequent jet reconstruction in CMS detector environment. . . 

Let us give short characteristics of the software used in the calculations. 
CompHEP is a program for automatic calcuh1tion of cross sections in 

leading order (LO) of perturbation'theory for processes in the Standard 
Model and its extensions. Matrix elements are calculated symbolically for 
complete set of Feynman diagrams, :and then integrated over the phase 
spase with the help of adaptive MC program VEGAS [6]. 

VECBOS is a program for evaluation of W + N jets cross sections (also 
Z plus up to 3jets) athadron colliders. It is based on the VEGAS i~tegra
tor and exact (LO QCD) matrixelements for hard subprocess~s. VECBOS 
was turned out to be an usefull tool for the Tevatron data analysis [9]. 

PYTHIA is a widely used .Monte Carlo physical event generator. 
We have used leading order CTEQ41 [7] parame-trization for the parton 

distributions with A~bn =235 MeV (corresponds to Agbv -18LMeV)in 
CompHEP and PYTHIA (where we used the interface with PDFLIB [8]). 
Here the. index at-AQcD parameter means the. number of quark flavours. 

In theVECBOS code the CTEQ4lset is implemented wit~ A~bn =300 
MeV. 

In ail programs w~ used, fixed strong coupling constant a;;(Mw)7"'0.1345 
(corre~p(mds to the Lb for~ula at Agb~ ~181 M~V).. ·. ·. ! ·' : · : · 

The QCD scale Q2 for hard subprqcesses and for evolution of par
ton distributions was chosen -~qual to W .boson mas~ in Co~pHEP and 
VECBOS. In PYTHIA this choice is not available .. Thus we used default 
variant when Q2 equals to ave~age ~~m :~f the tr~nS~ersal ma:ss·es squared 
for Wand jet. -We, have c_orrect~d.(MSTP(32)=2) ~~is scale by .the factor 
K = 2M'fv/(M'fv +2p~), where,p~is the corresponding-cut (PT.> p~), to 
be closer to. the fixeds~ale Q2 ~-!Y.ffv:' . . . . _ .· · . . '. 

Physical constants used: sin8w=0:473, Mw=80.3427 GeV,fw=2.10526 
-, . ' . - '· . . . ) . ; . ' . ~ 
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GeV, aem=1/127.9. Note that the value for W width was obtained as a 
sum of all2-body partial widths evaluated in electroweak 10. 

VECBOS at CERN for ·the CMS experiment 
Current version of VECBOS was copied on the CERN CMS disk space: 
/afs/cern.ch/cms/physics/VECBOS 

Here we placed also some commands and the code of the interface with 
PYTHIA for hadronization of partonic events generated by VECBOS. 
VECBOS generator is created by the VECBOS.make command. All 
needed input parameters can be changed in the INPUT .VECBOS file. 
In particular the following PDF sets are available: 
• 43 --t CTEQ41 , Am~D = 300 MeV 

• 44 --t CTEQ4m , A~bv = 300 MeV 

• 130 --t CTEQ4m, A~bv = 2l5 MeV 

• 131 --t CTEQ4m, A~bv = 255 MeV 

• 133 --t CTEQ4rn, A~bv = 348 MeV 

• 134 --t CTEQ4m, A~bv == 401 MeV 
In order to start VECBOS generator one has to use GetPev command. 

VECBOS calculation session finishes with: 
-cross sections and histograms in the VECBOS.OUT file; 
- partonic events in the file VECBOS.pev (in CompHEP format). 

A~hv in VECBOS 
Strong coupling is· evaluated in VECBOS through the well known· LO 

formula as= 127r/(33-2NJ)log(Q2 
/ A~cv), but withoutflavour matching: 

A~bv is used for any value of Q2 • More correct is to slibstitute A~bv on 

Agbv when Q > Mb, and on A~bv when Q > Mtop· This is the so~rce 
for overestimating theW+ jet matrix element at the level"" 3-4% and 
(gradually) higher for W+ Njets. 

Also the CTEQ41 set implemented in the VECBOS code is normalized 
with A<4> = 300 MeV rather than 235 MeV in "standard" CTEQ41 set. 
This is the next source for overestimating (3- 4%) the matrix elements in 
VECBOS. ~ . 

Furthermore, these· two points of different using the AQcD parameter 
in VECBOS affect also in the evaluation of parton distributions. 

Thus, in our analysis we used two variants of the VECBOS code: 
<> VECBOSd - with :CTEQ4l(A~bv = 300 MeV) and without flavour 
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matching (default code); 
<> VECBOS8 -with CTEQ4l{A~bv = 235 MeV) and flavour matching. 

W +jet final state at partonic level 
Several subprocesses contribute in W +jet final state at the partonic 

level, which we subdivided on two subsets {in correspondence with the 
PYTHIA subprocesses 16 and 31 ): 

JJj --tgW fig- hW 
where fi represents quarks of different flavours - u, d, c, s or b. 

W boson was putted to decay in the W - vee channel. 
In this paper we do the comparison at partonic level. So, under the 

jet we understand the parton produced in the hard subprocess. For the 
jet we used a cut on pseudorapidity 1771 < 5 covering all areas of the CMS 
detector (including forward HCAL). 

Then, we considered the five variants (denoted further as Tl, ... , T5) 
of the cut on the transversal momentum: PT > 20, 50, 200, 400 and 800 
GeV. 

The resulting cross sections (MC error ""0.7%) with percentage rates 
in terms of CompHEP results are presented in the Tables 1 and 2. 

Observed difference between VECBOSd and CompHEP /PYTHIA at 
the level 10% at high transversal momenta is explained by the different 
using the AQc D parameter discussed above; 

Small difference between CompHEP and PYTHIA is caused by slightly 
different choice of the Q2 scale - fixed in CompHEP (Q2 = Mfi,), and 
Q2 = Mfi,(Mfi, + (PT)2)/(Mfi, + (p~)2 ) in PYTHIA. __ _ . 

Observed difference at the level"" 2%between CompHEP a~d VECBOS5 

is caused by the "scalar" treatment in VECBOS of the decay W - Vee, . 
while in CompHEP this decay is treated in terms of" true" 2 --t 3 Feynman 
diagrams with Breit-Wigner form of W propagator. 

We thank S.Abdullin, E.Boos, M.Cobal, D.Denegri, M;Dittmar, L.Dudko, 
A.Nikitenko and A.Pukhov for many useful discussions. 
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jcuf 1 ConipHEP j ___ yE~Bo~s __ l____ _ VECB68'1 

T1 1 4.926 4.812 (-2.3%) 5.019 (+1.9%) 
T2 1.171 1.145 (-2.2%) 1.210 ( +3.4%) 
T3 2.270. 10 2 2.190 . 10 -:.! (-3.6%) 2.464 . 10 -:.! ( +8.5%) 
T4 1.526 . 10 ~J 1.498. 10-J (-1.8%) 1.732. 10 -J (+13.5%) 

I 
T5 6.620. 10 -() 6.250 . 10 -() (-5.9~) 7.393. 10 -() (+11.7%) 

Table 1: Partonic pp--+ W +jet cross sections (in nb) at different cut on 
the transversal momentum: CompHEP vs VECBOS. 

p~uq--CompHEPT:- -- ~--PYTHIA 5.7 I 
T1 4;926 4.842 (-1.8%) 
T2 1.171 --1.151 (-1.7%) 
T3 2.210. 10-2 2.206 -~ 10-2 (-2.9%)-
T4 1.526. w-3 1.499 . w-3 (-1.7%) 
T5' 6.620. w-5 6.238. w-5 (-5.8%)-

-- -

Table 2: Partonic pp--+ W +jet cross sections (in nb) at different cut on 
the transversal momentum: CompHEP vs PYTHIA. _ • _ _ , _--. ., ,- ~ '··' . 

-- :·· 
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Low-noise Monolithic Charge Sensitive 
Preamplifiers ICs for Particle Detectors 

K.Afanasiev, V.ChekhovSky. N.Choumeiko. O.Dvomikov. A.Khomitch. 

Abstract 

A.Solin, D.Stepankov. F.Zyaziuliya 
'_f:IC PHEP.-Minsk. Belarus •-__ -- - -

£-mails: solin@hep.by; tchek@hep.by. 
I.Golutvin. N.Gorbunov. V.Karjavin. S.Movchan 

JINR.- Dubna. Russia 

A set of large-scale multichannel analog Integrated Circuits has been 
developed and tested for some types of particle detectors. AS/Cs were 
produced using Bi-JFEr technology. Examples of low noise. high speed. 
low power cathode and anode. multiwire proportional chambers· readout 
ASICs are shown. Also. results of development of specialized mask 
programmable analog array are presented. •Possibility of' development of 
wide range of multichannel analog ICs for physical experiments based on 
mask programmable analog array is discussed. 

t.lntroduction · 

One of the· main- features' of modern· experimental equipment- for 
particle physics is a large number (hundreds and. thousands) of data 
acquisition channels. To create compact data acquisition boards for physical 
experiments. multichannel integrated circuits are neces_sary. During the 
recent years at the National Center of Particle and High Energy physics 
works has. been carried to develop multichannel analog ICs for experimental 
equipment. 

All designs are based on l.2Jllll. combined- microwave Bi-JFEf 
process. which is available from the «Integral» (Minsk. Belarus) production · 
association. Typical structure of bipolar and field effecttransistors is shown 
at the fig. 1. Pspice models of all basic electronic components were 
developed. These models are used in schematics simulation [1,.2]. 
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Fig; I.-Vertical Section of Single npn BJTandjFET-
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. ,As an example ofour electronics solutions ewe present a very forward 
electronics for the GMS MEI/1 cathode strip chambers (CSC) readout [3,4]. 
The area of our activity includes only a very· front.-end • chips: charge 
sensitive preamplifier-shapers for cathode strips readout and charge 
sensitive preamplifier-shaper-discriminators for anode :wires/·, our efforts 
were aimed to meet specific MEI/1 requirements and operational 
conditions. Chips were designed and tested in co-operation by NC PHEP 
(Minsk) and- JINR (Dubna). ·All ·chips were produced by ··'INTEGRAL'' 
production association: ' I ' ' ', 

. ~ -; 

· ~- Cathode readout 

For cathode readout one of the main task is to provide proper tail 
cancellation in order to obtain optimal signal-to-noise ratio in presence of 
highinput rates. The gain ofMEl/1 cathode amplifier is supposed to be. in 
the:range of 4-r-: 8 mV/fC. The result of R&D. is HKATOD-lm" ASIC, 
which blockdiagl'am is shown-atfig.2,,_ 

' ' ~ ~ 
•• ! ~-· :.: \ ... ·; ~ • • • 

;·: t 

148 

SREF 

··KATOD·1m"' one channel 

u ' sB>·. 
-~ CSP . 
~ . . . 
..: :! 

·~·~CB> -G>~SCA• 
- I .__ ______________ _J x1 '"\-1oTRG• 

Fig.2. "KATOD-lm" Preamplifier-Shaper ASIC Block Diagram 

The main parameters of 16-channcl charge sensitive preamplifier
shapcr for cathode readout ·'KA TOD-1 m" are: 

• Peaking lime of shaped chamber signal -150 ns 

• Shaper CR-RC4 with Tail Cancellation and Gain Control 
• ENC {r.rn.s.) -2400+ 12 elpF 
• Input Rates up to l MHzlchannel 

The final version of cathode readout ASIC ''KA TOO" will be based 
on "KATOD-lm" with additional embedded digital testing, calibrating and · 
control system for each channel. This system consists of 48-bit shift register 
(3 bits per channel), decoder and a set of analog switches for commutation 
of test charge from internal 2-bit DAC or external precision charge source. 
It is also capable of switching on/off every channel on the basis of input 
code combination. · 
Block diagram of one channel of •'KA TOD" IC is shown at fig.3. 
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TREF1 SREF 

-.r~ 

Calibratio l_j X1 ) -to TRG-+ 

, · n .·. . ·\\···· 3-bit shift 4 •... ., V J 
fTest · register : . 

1 , Cell·· , 1 "KATOD" one channel . 

Fig.3. "KA TOD" Prcamplifier-Shaper ASIC Block_ Diagram 

3. Anode readout 
.. ,, 

Block diagram of one chaimel of the "ANOD" ASIC is shown at fig:4. 

In order to provide high timing resolution in ·presence of high input 
rates and input signal with large dyna!lliq;ange,tail cancellation circuit with 
base line restorer and time-over-threshold comparator are employed in the 
IC for anode readout "ANOD". Optimal threshold for MElli CSC is,about 
10 fC and gain is 10 m V /fC. 

The main parameters of 8-channel charge sensitive ·preamplifier-
shaper-discriminator for anode wire readout "ANOD" are: 

• Peaking time -20 ns 
• Shaper CR-RC3 with Tail Cancellation 
• ENC (r.m.s.) -1600+20 e/pF 
• Input Rates up to 10 MHz/channel 
• L VDS- compatible output 
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-REF Thr. 

ANOD ASI.C channel 

' .:·~ ~ 

Comp. 

·BIAS Block 
(one per, chip)" 

Fig.4. "ANOD" Preamplifier-Shaper-Discriminator ASIC J:3lock Diagram 

4. Testing and results 

At the figures 5,6 one can see examples of signals fromiCs obtained 
during rate capability test on the prototype of CSC MEl/1. Tests were 
carried out~n JINR(Dubna) on X-ray test setup. 

l 
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C) ASIC Output Si~nal. d) ASIC Output Si~nal. 

Fig. 5 (a-d). "KATOD" output signals at: 
a) single input pulse; 
b) input pulse rate -1 MHz/ch (sweep time 1 j.ls/div); 
c) input pulse rate -50 kHz/ch; 
d) input pulse rate -1 MH7Jch (sweep time 25 j.ls/div). 
Shift of output base line not exceeds 40 m V in all cases. 
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a) HAlt ·!.SM!I1irh b) . IUT£ ··lO~UllJ't·h 

Fig. 6 (a, b). "ANOD" output signals at different input rates. 

5. Mask programmable analog array 

Ulol~,. Un 
011(1"" 

!Jiqillt'l 
!.Z:)f'l. 

In order to reduce time and resources spend in the development of 
custom ICs, mask programmable analog arrays are widely used today. 

Such a specialized m_ask programmable analog array for nuclear 
electronics applications was developed at NC PHEP. Its design is based on 
an analysis of most popular schematics for wideband mask programmable 
analog arrays [1-2,5]. 

152. 

Mask programmable analog array consists of 4 identical channels, 
which, in ·tum, consists of two macrocells. Around array core 54 pads are 
placed. These pads could be used as IC's contact pads or as schematics 
elements. Mask programmable analog array chip is 2.7X3.6 mm2 in size. 
one 100 mm wafer can hold . up to 650 chips. At fig. 7, 8 are shown the 
single tile of the mask programmable analog array arid a whole chip. We 
have used mask programmable analog array as base for the following ICs: 

Micropower low-noise charge sensitive amplifier 
High-speed charge sensitive amplifier-shaper 
High-speed comparator 
Oscilloscope synchronization IC (for replacement of serial prod1;1ction 

IC A<l>OllA) 

• II 
0 
II 
• I • 

3 

··=··== Fig.8. Mask programmable analog array. 
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; ' . . . . '~. 

6.Conclusion · ~ ; 

·· The ICs, showed above, have imp'roved radiation hardness, low noise; 
highly ·reproducible, parameters, low power consumption 'and: lo\v · 
interchannel · crosstalk, :They could . be used in the design of readout 
electronics for a wide range. of modem particle detectors: 

't': 

~ ; • ' . • • .-- ! 'l ., .. 
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'Abstract 

In this paper a new Monte-Carlo modelJo.r. qij-fragmeniatio~ 
system is constructed on the basis of QCD effectiye field theor:y:ap
proach proposed by /(.Geiger. Factorial.n:&oments Ji'9 , cumulants . /( . 
!(

9
, and the raho H9 • = 1J! for final state colorless. clusters. are 

computed. It .appears that Monte~Carlo model gives order. of mag
nitude and oscillating behaviour of experimental.H9 ·though there is 
no precise.fitting. This result may indicate that approach proposed 
by !(.Geiger is a very good hadronization scheme for Monte-Carlo 
event generators. 

1. Introduction. 

QCD deals with different objects when different distances are 
involved. At small distances (less than 1 fm) the relevant degrees 
of freedom are quarks and gluons, their interaction being well de
scribed by perturbative QCD [1]. At large distances we see hadrons 
and use QCD sum rules and low energy models [2). But there are 
no tools to describe dynamics of transition between these different 
kinematical regions, i.e. dynamics of confinement and hadroniza
tion. QCD effective field theory approach proposed by K. Geiger in 
[3) is designed to fill this gap and has a potential to be developed for 
systematical description of hadronizatio~. The key element of [3) is 
Lagrangian accounting for relevant: degrees of freedom in each kinEr 
matical r·egion, i.e. for quark ( .,P;) and gluon (Aa) fields in perturba
tive region (Q2 2: ki_ 2: Qfi) and quark (U) and gluon (x) condensate 
fields in nonperturbative region (Qfi 2: ki_ 2: A 2). Here Q2 is a hard 
scale for high-enei·gy process, ki_ is transverse momentum squared, 
Q0 separates pei·turbative and nonperturbative domains and A is 
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QCD fundamental scale. Dynamics of parton-hadron conversion is 
described by coupling of quark and gluon fields,to gluon condensate 
field (which driv~ quark condensate field) .. j urge~tly_refer'reader 
to [3) for details and in 'this paper' h:mly look for multiplicity dis
tributions emerging from this approach in qij-fragmentation (only 
gluodynamics will be considered)~. 

2. Monte-Carlq Model ... 

In [3] K. Geiger applies his approach to gluodynamics of qij
fragmentation and shows that perturbative and nonperturbative 
stages can be tn!ated on the very same footing. Usual for per
turbative evoluti01'1 parto!l shower description can be applied in the 
frame of Geiger's approach to nonperturbative evolution. Gluon 
with momentum k = (k+; k-; kl.) (light cone variables are used) can 
participate in the following processes: gluon branching (g --t gg) at 
perturba.tive stage, energy transition from gluon to gluon conden
sate (g --t gx) and gluon fusion (gg --t x) at noi1pertutbative stage, 
the whole evolution ending in gluon extinction and· cluster forma
tion. The corresponding probabilities are: 

2 0 8 (ki} 
w9 -+99 (z, kl.) = ~"Yu-+uu (z),. (1) 

A (k2 ) 
Wu-+ux (z, kl) = :\2rr l. "Yu-+ux• (z) (2) 

. A ( k2 
) (A 2 ) · 

Wgg-+x(z, kl) = x21r l. . kl 7r~z{1- zhuu-+x (z). (3) 

k+ 
Here z is lightcone momentum fraction (z = ~ for 1 --t 23 branch-

1 

ing, z =~for 12 --t 3 fusion). a 3 (kl) and "Yu-+uu(z) arewell known 
3 . -· 

strong QCD coupling and splitting function for gluon branching cor-. 
respondingly. Coupling Ax(ki) and functions ."Yu-+ux(z), .Y~u-+x(z) 
are: 

A (k2 ) _ O(Q~- ki) ln(Q3/ki} 
x l. - 47r ln(Q5/A2)' 

{4) 
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1 (1 1- z
2

). 
"Yu-+ux(z) ~ 4 1- z ' {5) 

"Yuu~x(zl ·= 8 (z2 
c- i + -~) ··. ·. 

' ·. . ' ' ' 2 
{6) 

· Monte:c'arlo simulation of branching is well defined procedu're 
(see for exan'lple [4Jr For branchi~g 1 ~ 23 the following kinematics 
arises: 

k+- zk+ 2 - 1' 

kt = {1- z)kt, 

k1.2 = zk1.1 + ih, 
k1.3 = {1- z)kl.l_- ih, 

where ih is intrinsic transverse momentum for branching, 

Pl ::;; z{1- z)k? - {1 - z)k~ - zk5. 

{7) 

{8) 

{9) 
{10) 

{11) 

I employed,constrained eyolutionscheme; invariant mass being. 
evolution variable. ~n .this scheme one picks up value ofz E (z_, z+) 
distributed according {1)or (2), z± be.ing obtained from kinematical 
restrictions (Pl -~- Q~, k~ ~ Q~ .. k~ 2::: Q~ f~r perturbative gluon 
b~anching, Pl 2::: A 2, kf 2::: A 2, kr 2::: A 2 f6n1onperturbative en~rgy 
transfer from gluon to gluon condensate): · ' ·· ' · 

1 -- • ' < 

± -- 1±v o 
zpert- 1 (' /kr- 8Q2) ' ' 

2 k1 ' 
{12) 

z±o~pert =,! (1± _J __ k
2
1_ -_8A_2) 

2 k . ' 
' ' ' 1 . l,' 

·(13) 

Once~· is pi~ked up, the values of k~ and k~ ·~re picked up ran
domly from the allowed kinematical region. Accurate account;of 
Sudakov form factor is done as well. . : . · . ; ' , 

The fusion ofgluons is rather straightforward. The only subtle 
point is impossibility. to carry out fusion effectively at modimi.te 
energies, .when there is a shortage of gluons to choose for fusion. 
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3. Multiplicity Distributions. 

Experimental multiplicity distributions of hadrons (Pn = ~) 
are the result of processing large number of events with large num
ber of particles in each· event. Th'erefore they are statistical dis
tributions and dynamics of the process can be concealed by large 
number of events. Let us define factorial moments [5] which are 
quantities refined from statistical fluctuations: 

00 

L n(n- 1) ... (n- q + 1)Pn 
n-O 

Fq= oo q = (14) 
( L nPn) 
n=O 

< n(n- 1) ... (n- q + 1) >event& = q < n >event& 

q-1 
Cumulants Kq = Fq - L cr;_lKq-mFm and the ratio of cu

m=l 

mulants to factorial moments H9 = !f:,: are also studied because of 
their sensivity to the form cif multiplic1ty distributions. 

On fig.1,2 computed F9 and H9 are shown (Q=100 Gev, A=0.23 
Gev, Q0 =1 Gev). It appea'rs that Monte-Carlo model' gives order 
of magnitude arid 'oscillating behaviour of H9 shown in [6] for ex
perimental data thougli there is no precise fitting. This result may 
indicate that approach proposed. in [3] is a very good hadronization 
scheme for Monte-Carlo event generators. 
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Figure 1. Factorial n)oments F9 from Monte-Carlo code for 
e+e- -annihilation (Q=lOO Gev, A=0.23 Gev, Q0 =1 Gev). 
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from Monte-Carlo code for e+ e--annihilation 
(Q=lOO Gev, A=0.23 Ge~, Q0 =1 Gev). 
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Abstract 

It is shown that Two Stage Model hadronization can explain 
the qualitative oscillations in sign of the ratio of factorial cumulant 
momentum on the factorial momentum of increasing order in e+e-
annihilation at Z 0 peak. 

At the present time the dynamics of multiparticle production of ele
mentary particles is staying one of the actual directions in modern high 
energy physics. The theoretical and experimental investigations are taking 
place. The impossibility of application PT QCD in the whole of interaction 
region is supplemented by construction of phenomenologic models. This 
models are modifying due the experimental data are changing at more high 
energies or the new physical characteristics are obtaining. It lets to get 
more new information about the multiparticle production dynamics. 

At the recent years it was shown (1] that the ratio of the factorial cu
mulative moments to factorial ~oments changes sign as a function of it~ 
order. The factorial moments can be obtained from multiplicity distribu
tions (MD) Pn, through the relations~[2]: 

F9 = L n(n- l) ... (n- q + 1)Pn (1) 
n=q 
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for factorial moments and 
n 

Kq = Fq - 2: c;_J<q-i F; (2) 
i=l 

for factorial cumulative moments. The ratio of their quantities is 

H9 = K 9/F9 (3) 

In this job the ratios are calculating (3) in Two Stage Model (TSM) [3] 
multi particle production for e+ c -annihilations at the Z0 peak. MDs were 
calculated in TSM (3] and described the experimental data (4] welL In this 
model process of multiparticle hadron productioi1 in e+e- -annihilation 
goes on two stages. The stage of quark-gluon division is described by 
perturbative theory (PT) QCD. At the second stage (the transformation 
of quarks and gluons in hadrons) phenomenological model is used. MD of 
partons on the first stage is described by negative binomial distributions 
(NBD) 

1 am . m 
P::.=-,a mQ"(s,z)lz=O·Q"(s,z)=[1+-k (1-z)tkp (4) 

m. z . P 

where m and k" ar('l parameters, Q~'(s, z) is the generation function for MD 
P!. On stage of hadronization MDs of hadrons formed from. partons are 
described by positive binomial distribution (PBD) 

.:.:_ h - h Np-n 
ph =en (n" )n(1- np ) 

n N-p N . N 
" " 

(5) 

with generation function 

- h Np Q: = [1 + ~ (z- 1)] . 
p 

.. · .. (6) 

The parameters n~ and Np ( p=q(g) for quark(gluon) ) . have sense of 
average and maximum multiplicities of hadrons formed from parton ( q 
or g) on the stage of hadronization. The generation function for MD of 
hadrons in e+ e--annihilation in suppo~iti~n soft blechrilent of partcms' are 
determining by convolution of two stages 

G(i) = L P![Q:(z)rQ~(z), G(z) = Q"(Q:(z))Q~(z): (7) 
m=O 

163 

.;-.~ 



~ 

For comparison with experimental data on MD [4] the expression was 
used [5] 

- h - h (2+am)N-n 

Pn(s) = n L P?:.Cf;+am)N(lv t(l- iv) (8) 
- m=O 

where n is a normalized factor, Pt, is determined by (4), N = Nq, o = !j; 
q 

are parameters of the model. 
MD (8) are described the experimental data from 14 GeV toZ0 peak 

[4]. The summation over numbers of gluons (m) is fulfilling from 0 to 
80. In [5] the parameter N is constant and equals to 5. In this job the 
parameter N can change. This behavior of the parameters of TSM lets. to 
describe the oscillations of sign of Hq (3). In accordance [5] it is possible 
to calculate in TSM Fq and J(q [6]: 

F. - 1 aqc 
q- w(s) azq lz=l 

[{
9 

= _1_8qlnG 
w(s) 8zq lz=l 

The expression (7) for G(s,z) after taking a logarithm 

lnG(s,z) = -kpln[1 + ~7.(1- Qa)] + 2h1Q 
p 

and the expansion to series in a power on Q a will be 

m mQm 
lnG(s,z) = kp L (_ k) ~ +2lnQ. 

- m=l 177. + p m 

If will put (6) into {11) for Qa and Q, we will get 

- (9) 

(10) 

{11) 

- m 1 -h amN . _ -h 

lnG(s,z)~kPL(- m k) -[1+ nN(z-1)] +2Nln[1+ nN(z-1)]. 
111.+ P m -

Now it is possible to findi<9 usin~ (10) 

, 1 q-1 m m q(q-1)! fih q 

ltq = (L o(om- N) ... (om--N )(_ k) -(-1) Nq-l )(_( )) ' 
m=l 1n + p -- n s 

(12) 
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where fi(s) is the average multiplicity hadrons in e+e- .:. annihilation and 
Fq, using (9) · -- · 

. . h q 1 -··-q-1 ---n- · 
Fq= L(2+om)(2+mn- N.) ... (2+om_-~N )Pm(_( )) ... (13) 

m=O J 1l S 

with 
P. = kp ( kp + 1) ... ( kp + m - 1) ( kp t ( m ) m. 

m m! kp + m m + kp 

The sougt-for expression for Hq will be 

H 0 

I:m=_
1 
om(am - k ) ... (om- !l=..!.N-1 )( _ m )m l. _ (- 1)q (q-1)! 

q = u1 m+kp m Nq-1 

I:m=o(2 +om )(2 +oin-k ) ... (2 +am-~ )Pm • (
14

) 

where n1 is a normalized factor. 
The comparison with data SLD coll.[1] showes that (14) describes quali-

tatively behavior of the factorial momentum ra.tio only. It is seen minimum 
at q=5, there' are sri1all oscillations. of sign for q from 9 to 15, but after 
q=15 the oscillations begin to grow. ' 

The value of parameters described quark-gluon devision (m, kp) and 
the stage of hadronization ( o, N) almost not diffet: from value were got in 
[5] for MD. The parameter rrh in (14) is absent. It value may be get from 

average multiplicity 
IT(s) = (2 + a:m)rrh. 

--- (15)' 

It is staying almost regular in both fits: for MD and J\q. The parameter 
o is staying regular too. It determines the ratio N9 to Nq· and equal froni 
0.3 to 0.4. It shows that quark jet gives more hadrons than gluon jet about 
three times. The parameter N (maximum number of hadron~ from quark 
on stage of hadronization) from l'vlD in [5] is changingfrom 5 and higher, 
and from Hq froni 5 t~ 3. The parameter ofOBD kp is staying constant 
(from 18 to 23) in both cases, too. ' 

So, the ·behaviour parameters oCTSM at Z 0 peak for MD is agreed 
with beha~iour fm: Hq. The quantity of x2 for l/q, is not good. Perhaps; 
this happens on the reason of difference- the nie~hat-iism -of multiparticle' 
production of hadrons 011 the second stage from 'fSM, the mideveloped 
parton cascade (not a lot of ghtons) arid so assytnetry of p1·ocess cascade, 
marking besides two quark jets"and their b~emstrahlung gluons; deviding~ 
gluons, too. 
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The formation of several gluon jets in addition of quark jets can make 
the oscillation of Hq slower. . · 

In conclusion can made some additions to the behaviour mean multi
plicity of partons m( s) for e+ e--annihilation on the first stage. In accor
dance [3] it may be fitted by phenomenological expression 

v'S 
m(s)=/3ln tz., 

yso 
(16) 

with (3 ~1.35 and JSO ~1.8 GeV. So, considering true this approximation 
at low energies it is possible to. consider appearance of gluons in e+ e-
annihilation begins from the energies near 2 Ge V. 

The mean multiplicity of hadrons on the second stage from one quark 
n~(s) may be approximated phenomenological, ~oo 

h v'S nq(s) = (Jln --, 
mo 

(17>' 

where fJ1 ~0.79, mo ~370 MeV. The last energy m 0 determs energetic 
region from which begin to appear process of multiparticle production. 

It is shown that TSM does not contradict the experimental data on the 
oscillation ratio of factorial moments at zo break, but it is necessary detail 
study and subsequent modifications. 
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Abstract· 

Idea that the very high multipliCity (VHM} ivents are governed 
by hard processes is considered. For this purpose quantitative re
alization of the Pomeron, DIS and large-angle annihilation (LA.A) 
mechanism combinations are considered in the pQCD frame. The 
phase transition (condensation) ,in the soft pions system is described 
as the alternative to above mechanism. It is shoWn that it predicts 
enhancement in VHM tail as compared to QCD pred!-ction. 

The estimations of an. expected multiplicities distribution- tails at LHC 
energies are offered as possible physical programm. Investigation of the 
multiplicity distributions was popular since seventies [1). The very high 
multiplicity (VHM) processes as the attempt to get beyond standard mul
tiperipheral hadron physics was considered in [2]. The hadron-theory based 
onthe local QCD Lagrangians [3) and the experimental consequences was 
given in the review papers [4). 

We begin with general analysis.· Let'crn(s) be the cross section of n 
particles creation at the CM · energy .jS. We introduce the generating 
function: . . · · .· 

T(:S,z) = EznCTn,s _ {p1 +p2)2 >> m2. 
-~.P-erm_an_:_en_t_ad_dr..:..· ·..:..es_s_: ~In..:..~--t.-of-P-hys. Tbilisi; Georgia ' . 

. . . . 

(1.1) 
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So, the total cross section and the averaged multiplicitywill be: 

d 
Utot =T(s,l) = I:U~,Utotn =I: nun= dzT(s,z)z=,l· {1.2) 

. ! ~ I · , · · ~ I . ' ' • ' ' • 

At the same time 

Un =I ~z T(s, z) =I dz.e(-(n+l)Inz+lnT(s,z)). (1.3) 
27rzzn+l 27rz - , 

Applying the steepest, de~cent. method we. may determine the asymp
totical behavior of Un at large n. It was shown in paper of T.D.Lee and 
C.N.Yang [5] that the singularities z8 of T(z, s) in the z plane may be lo
cated at lzl 2: 1 only. We may distinguish following possibilities at n -t oo: 
l)zs = 1: Un > O(e-n); 
2)zs = oo: Un < O(e-n); 
3)z8 = Zc, 1 < Zc < oo: Un = O(e-.n). 
The second type belong to the multiperipheral processes kinematics: cre
ated pa:i:ticles·form jets moving with different-velocities· cilong the CM in-
coming partiCles. . . . . ' ' . . • ' ·, .. ' ' '' ' 

Another· i:rifo~mation is included in 

ln.f(~, z) ~ L (z- l)m , 
. m! Cm· (1.4) 

For instance, if Cm = 0, m > 1 we have the Poisson distribution: Un = 
Utot<nr exp(-n). If Cm = lm(c1)m, i.e. /m is the some restricted function n. 
of m, than the so called KNO scaling take place: Un""' Utotf(n/n). One of 
the mostly interesting question: is the KNO scaling really takes place? 

It was· found in• seventieth that the· multiperipheral ·kinematics dom
inates inclusive cross sections J(1;pc)· : Moreover, the created•'particles· 
spectra do notdepend on s a:t high energies in the multipedpher81 region:' 

> ';_ -!' ~.: 1 ': ' :·, • •• ~; ,'' • , ' ·"'< I . ~ • 

. '· ":dU.· · j· dttdt2sls2¢t(tt)¢2(t2) ; . · 2· • ; · 
f(s,pc) = 2Ecd~ =. (2 )2 (t , . 2)2(t 2)2, StS2( -pc.L) = st1t2~ · · ··. · · " Pc 7r s 1 - m . 2 - m . · · · - ·· 

Here St = (pa + Pc)2
' 82 = (pb + Pc)2

' Pc = qcPa + ri;~ -~Pel.' a~d ¢i( ti) are' 
the impact facto~s of hadrons .. So the particle c forgot the details. of its 
creation.' it wa.S found experimentally that the ratio · · · . : . · 

/(7r+p-t7r_+: .. ) _ f(K+p~i-+ ... ) __ f(pp·~·1r-+ ... ) 
u(1r+p) - u(K+ + p). -' ·. · 'u(pp) {1.5)' 
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is universal {6]. This take place due to the two Pomeron multiperipheral 
exchange providing the nonvanishing contribution in the s asymptotics to 
the cross section. It was impl~ed that the Pomeron intercept is exactly 
equal to one. Just this-kinematics leads to the KNO-scaling [7]. 

The asymptotics 1) assumes phase transition [8]. The signal of creation 
of exotic state of pions say in the isotopic state with 1: = 0 (production of 
anomalous number of 1r0) in the region of space of pions Compton wave
length order- so called pion condensate - may lead to the observable effect 
in multiplicity distributions. One may expect considerable deviation from 
the.regime O(e-n) mentioned above. 

Let us qemonstrate. this reason using almost hand-waving arguments. 
The.effective pion's lagrangian ~fS.Weinberg [9] Leff rv (1;._-i2

//;)-
1

, fr = 
140M~ V, regards the curren~ algebra theorems, describe rather satisfactory 
the soft pions interaction. Using the functional integral approach we may. 
consider then pion's correlator 

JD1rJ;2n1ri1 (x~) .• ~7ri2n {x2n)e-L•JJ(r). 

The associated probability of creation of2n pions may estimated, assuming 
that the kinetic part of Lagrangian is negligible, 

P2n = {1 dxxn_1_el-~~.,l ""'e(-2y'ii), n -too. 
lo 1-x 

{1.6) 

Note, the :~r2 ~- 1- J f1r/n -+ 1 is essential -in this integral. This means, 

that the potential part of Lagrangian is "' JnJ fr -+ oo and thus the 
semiclassical approximation is valid. 

; 

2 

Tl!e Po~eronis treated as a (infinite) set of particles emitte,g dose to the 
CM beams direCtion (within the small angles of order (}i "',2mh/ ..JS :< < 1 ). 
w~ exl>ect that these type of particles will not be detected by. the deteCtors. 
since they are move into the beams pipe. The .collider experiment detect'o~s ·' 
locate at finite angles (} v "'·1 and will measlire the products only of particle . 
c decay. · 

What will happened when instead of one particle a set of particles with 
invariant mass square St is. created at large angles?· Then the cross section 
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will ~cquire the type suppression factor: {m2 / st)F(as ln2{stf s0 )) with the 
function 

2 . 
as ( 2 2 S )) S )A O'n=-NFnasln(- ,N=(-,-, 
St So So 

· 12ln2 · · 
b. = ap - 1 = --a,; ~ 0.55, as = 0.2 

1r 
(2.1) 

Radiative corrections to the intercept was calculated [10] in recent time. 
The resulting value is b. ~ 0.2. · 

The way to obtain detected large multiplicity is to organize DIS-like 
experiments, expecting the large-angle scattered hadrons in the detectors. 
Large transfer's momenta will be decreasing by ordinary evolution mech
anism to the value of order m-rr and then the Pomeron mechanism of p~ 
ripheral scattering of the created hadrons from the ·poinization region will 
start. 

What the characteristic multiplicities expected from Pomeron mecha
nism with the intercept exceeding unity, b. ,.;.. 0.2? It is the quantity of 
order (s/m!)A ~ 200for .JS = 14TeV. This rather rough estimation is in 
agreement with the phenomenologicalanalysis of A:Kaidalov [1]; based on 
multi-pomeron exchange in the scattering channeL · 

3 

Let now construct the. relevant cross sections. It· is convenient to separate·· 
them to the classes 
a) Pomeron regime (P); 

. b) Evolution regime (DIS); 
c) Double logarithmic regime (DL); 
d) DIS+P regime; 
e) P+DL+P regime. 
The description of every regime may be performed in terms of effective 
ladder-type Feynman diagrams ('~he set of relevant FD dependS on the 
gauge chosen and include much more number of them). . ' ' 

For the pure Pomeron regime [3] the estimated cross section have the. 
form· (y- _lli_ m2 ~ s rv rri2 ) . . 

• - 16-rr2 ' 0 1r 

1 11 · df3n [Pn df3n-1 ..• 
d0'2--+2+n = 647r2 m2/s f3n lm2./s f3n-1 
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1(32 ·df3t I , d2qn+1 · 2, 
x -{3 dZn ( 2 2, 2 (r~r2) , 
· m2 /s l qn+l -m.J · 

{3.1) 

I 
· '· - (s·/s )a(q;)-v~ .. 

dZ - nni=n ~ .ns=n ' 0 IS,s+l 
n - Y i=l q, i=l ( 2 2)2 · ·. . qi -m 

Performing {3-integration,. 

1
1 dfJn 1'Pn ' df3n~l . ·1P2 d{Jl - n I _ --... --Ln., 

m2 /s f3n m2 /s f3n-1. .m2 /s fJ1 
L=ln~ m2" (3.2) 

Here qi = CtiP2 + f3ii1t + qu_ is the 4-momentum of the virtual gluon joining 
the emitted particles with 4-momenta ki, ki+h Si = (ki '+ ki+t)2 is their 

·invariant mass square. One should.use here that 
' 

E2 E2 E2 2 (- - )2 StS2 · · · Sn+l = S LL • • • n.L> i.L = mi + qi- qi-1 , 

m2 << Si << s = 2P1P2, (3.3) 

where 

· ~(qi) ~ as~q~~m
2

) ./(k~'-~2)((~~ k)2 ~·m2)', 
is the reggeized gluon trajectory. Here we imply the arrangement .on the 
rapidities of the emitted gluons · · ,. · .. 

m2 
- << f3n.<< f3n-l < ··· << fJ1 "'1. s . . -

(3.4) 

The quantity r 1,2 may be associated with the formfactors of the initial 
hadrons (simply we replace them by the coupling constants of g, g

2 = 
47ra

8
) whereas the quantities 'Yi,i+l associated with the effective vertiCes of 

tr~itioil of two gluons to the emitted particle. For the case of emission 
of scalar' particle we have 'Yi,i+l = ·m. For the case. of emission of gluon 
with momentum k~ = iii ..:_ qi+~ we have . 

2p1k; m2
- q~ 2p2ki m2

- q~+l ( ) 
'Yi,i+l = g[-(qi+qi+1)-p2(--- )+P1( )]. 3.5 

. P1P2 P2ki P1P2 P1ki · 

4 

For the pure deep inelastic case, when one of the initial hadrons is scat
tered at the angle 9 have the energy E' in the ems of beams whereas 
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the another is scattered at small angle and the large transfer momentum 
Q = 4EE'sin2(0/2) >> m2

, is distributed to the ~orne number of the 
emitted particles d11;e to evolution m.echanisll1 we have [11](0 is small): 

' .• 2 : 12 ' 
DIS 4a E , 

dan = Q4M dDndE dcos(), 

a Q2 dk2 k2 dk2 1k2 dk'i 1 . . 1 . . . 

dDn = ( -4 s )n { k2n { n k2~~1 . . . k211 df31 { df32··· 
1r, 1m2 n 1m2 n'-1 m2 1 . x }pl 

. [ 1 . f3n 1 + z2 · 

X }p2 ~~1JJ(f3n-1) ... P~f31), ~(z) = 2 1 -_z, ~:~~) 
. . ~ . ' ' . 

where the _limits of integrals show. the intervals. of variation and .the inte
grand is the differential cross section. Again· the rapidities !3i are rigorously 
arranged as well as the transvers momenta squared. 

5 

For the large-angles particles production process the differential cro~s' se~
tion (as well as the totalone) falUvith crris energy \IS. We will consider 
for definiteness the process of annihilation of electron-positron pair to n 
photons [12]: · · .. · · · -· · · · · -· >;: · 

d 
.. DL·= 27r~2dF.' , .... 
an n1 . s 

. · a fP fP [Yn 
dFn = ( 27r)n Jo dyn Jo dxnO(xn- Yn) Jo dyn-1 

._1;· i;.' ' .• '· . ·. . '' q~ . 1 . . . s . ' 
X ,dxn~l()(Xn-1-Yn-1) ... ,Xi=ln~, Yn=ln~13 , .p=ln-

2
,(5.1) 

o m · m ·-· ., . > ' ~. '·"' .. _·' ,_ ' -. -. . ' • ' :".. . • ·' . 
The. s~~ilarJor:mulae takes place for subprocess of quark-antiquark annihi
lation into the.n large~angleinoving gluons. We.note that the qmmtitie8 qf 
may v~ up to ~aximal vaiue.,s which corresponds to the'einission.at large 
angles. The total cross section of ~nihilation to.any num:ber.ofphotons 
is: 

· · . ....:.· 2(2;a)312'2 . . .. 2 ~ 2a 2 atot(s)- . I2(x),x - -p. 
S X 7r 

) 

'(5.2) 

We conclude that the differential cross ~ections of the n particles prod~~-
tion may be presented as a product of factors ·· 

. dqrdf3i . . , .... , : _. :· . , , • . : - . , 
:, ql~;f3r· · ;. :i· 
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under various· assumptions about transvers momentum qi and rapidity f3i· 
We will suppose that every emitted_ particle of mass (virtuality) M 

will decay and create the number of secondary particleS (pions) with the 
probability . · · ' 

C en M 2 

:dWn(M) -:-- dn-=e-" , n =In -
2 

• (5.3) 
n mr 

Construct now the cross sections of combined processes. When the one of 
the initial particles h1 is scattered on small but sufficient enough angle to 
fit the detectors and other is scattered almost forward the combination of 
DIS and Pomeron regimes take place: 

dan,m := da{;18dZm, lqnl2 rvm2
_ (5.4) 

provided that the virtuality of the .last step of evolution regime of order 
of hadron mass. For the kinematical case of almost forward scattering of 
both initial hadrons the situation may be realized with large angles hadron 
productlon from the central region: . 

dan,m,k =.dZnda;//dZk. {5.5) 

6 
. 

We discuss in conclusion possible mechanism violation of the exponential 
fall down of the rrniltiplicity as a function of the number of the' created 
particles n. It may take place due to creation pion condensate - the states 
of identical particles obeying the Bose-statistics. As a signal of this state 
may be the change of the distribution character of multiplicity on n in the 
region n"' nmax/2: exponential fall off will be chffitgedon the(exponen- ' 
tial?) growth (13]. If such an effect will take place some understanding 
about Centaurus cosmic events may be obtained. 
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,-1. . . 

Introduction. An intrinsic ingredient of modern quantum field the
ory (QFT) is the renol:malizatiorl'group (RGr method proposed in the 
mid-fifties [1, 2]. The role of this method is particularly important in the 
cases wpere the hiteradion is not; weak, for'example;·in quantum chromO
dynamics (QCD). Hardly any hadronic process investigated .in the: QCD 
framework can be analyzed without using the renormalization group. It is 
well known that directly solving the ftG equation for the invariant charge 
leads to unphysical singularities, for example, to the ghost pole in the one
loop approximation. Taking next loop corrections into account does not 
alter. the e;sen~e, and leads only. toadclit'ionp.lbranch cuts.' The existence 
of such Singularities contradicts th~ . generat princi pies :of local, QFT.; 

As early as in the.late:-fifties, N.N. Bogoliubov, ,A:A~ Logunov and 
D.V. Shirkov in the paper [3] proposed a· resolutio-n of thisp~oblem in the 
context of quantum electrodynamics by unifying the RG method with the 

I
. requirement of analyticity with respe~t to Q2 , which in turn followed from 

the known Kallen-Lehmann representation expressing the basic principles 
. of local QFT (4]. . . . . . . . . 

I
! In this lecture we consid~r an analytic approach (AA.) to ,QCD which 

·has been proposed in [5, 6] anddevised furtherin [7-19]. A new expressi«?.n 
, for the QCD running coupling,obtained within this approach has a regu-
j lar ghost-free behavior in the infrared region with the uniyersal.li_miti~g 

I value expressed only via group symm~tryfactors_ andindepe~dent.ofex-
' perimental estimates-on the QCD scale parameter. The method leads to I a well-defined procedure for analytically contin~ing the iunning coupling 
1 from the spacelike to the timelike.domain. Weprese~t ,results of apply-
' ing ·analytic. perturbation theory to same hadrcinic. processes. Theoretical 
I . . . 

l - predictions thus obtained. turn out to be remarkably stable with respect 
; to the renormalization.scheme and higher loop dependence for the whole 

low-energy region. · , . 



Analytic running coupling. To construct an analytic coupling, we 
start with the leading order expression for the running coupling 

-(1) 2) _ a _ 1 
a (Q - 1 + a,Bo ln(Q2 jp2) - .Bo ln(Q2 / A2) 

(1) 

where a(Q2) = a
5
(Q2)/47r and ,80 = 11- (2/3)!, the one-loop coefficient of 

the ,8-function for f active flavors. According to [5, 6] an analytic coupling 
is written in the form of the spectral representation · 

- 2 1 fnoo p(u) 
a an ( Q ) = - du Q2 • • 

1r o u+ -u 
(2) 

The spectralfunction p(u) can be fauna via a discontinuity of the running 
coupling (1) on the physical cut 

a2,8o1r 
p<1>(u) = (1 + a,BoL)2 + (a,Bo7r)2' 

(1 

L = lnJL2. (3) 

The re):lormalization group invariance of lia.n defined via Eq.(2) is provided 
by the scaling property of the spectral function p( CT I p2

, a) = p(ln CT I A 
2
}, 

where the scale parameter is A2 = p2 exp( ..,...1la,B0 ). 

Substituting p<1> into Eq. (2) we get 

-(1) ( 2). - 1 [ 1 . A 2 ] 
aan Q - .Bo lnQ2IA2 + A2- Q2 

(4) 

The analytic coupling (4) has no ghost pole at Q2 = A2
• Its infrared limit

ing value a~1 >(o) = 47ri,Bo depends only on group factors and, numerically, 
for f = 3, we have a~~(O) ~ 41rl9 ~ 1.398. The firsf term on the of 
right-hand side Eq. (4) preserves. the standard ultraviolet behavior of the 
invariant . coupling. The second term, which comes from the spectral rep
resentation and enforces the proper analytic properties, compensates the 
ghost pole at Q2 = A 2 and is essentially nonperturbative. This term gives 
no contribution to the perturbative expansion. Thus, the causality and 
spectrality principles expressed in the form of Q2-analyticity, send us the 
message that perturbation theory is not the whole story. The requirement 
of proper analytic properties leads to the appearance of contributions gi~ei1 
by powers of Q2 that cannot be seen in the original perturbative expan:
sion. We note also that unlike in electrodynamics, the asymptotic freedom 
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· property in QCD has the effect that such nonperturbative contributimts 
show up in the effective coupling function already in the domain oflow en
ergies and momentum transfers reachable in realistiC experiments, rather 
than at unrealistically high· energies: · ', · · ' .. · .. · 1. :. ; . . 

As for. a particular value of the analytic running coupling at ·.Q2 =. 
0 one c·an make two 'important s_tatements. Firstly, the ·a.an(O) value is 

-independent of A: Secondly, this infrared limiting value in any. m:der of 
approximation· is defined by the one-loop contribution. (see details in ·[6, 
19]). This means that the causality-· (-analyticity) property brings the 

- feature of the universality. The theory· supplies us with a set of possible 
curves~for as(Q) and one ha.S to .fix the "physical one'~ by comparing with 
experiment is accustomed. Eq. ( 4) describes a family of possible;cur\res for 
lian(Q.2 ) forming a bundlewiththe same common limit at Q 2 = 0 as it is 

. shown in Fig. 1 (on the left). ~·. 

1,5f-' -,-.,-'--.,------'----'----f----. l~r---~------~--------~~ 

..... -
Analytic running coupling 

' ;•:.! •' . 

'.', 

0,5 

:·• :1,;; 
o,o Q(GeV) 

0 ., 2 3 O.fb.o · 0,2 · o,• · · 0.6 o.s t.o ... .. : .1~ 

,, 
·I~ ~ ;' < ~·' 

'} ~ ~ :' ~ ..... 
Figure 1: On the left. The bundle of analytic solutions for invariant QGD 

, coupling. The curves (a) and'•(b)"are the 1-loop analytic aan for A = 200 
MeV and 400 MeV, respectively; the curves (c) and (d) show the corresponding 
pQGD result. On the right. "Higher loop stability" of the analytic solution. 
The normalization point is oli the T 'lepton·scale: ~s(Mi) = 0,34.' . '. ' 

· ... The whole shape of the lian(Q2) evolution turns out to be reasonably 
st~ble with respect to higher corrections. The point is that the universal
ity of lian(O) practically gives rise to stability of the a~{Q2) behavior:with 
respect to higher correction in the whole infrared region. On the other 

. hand, this stability in the ultraviolet domain is a reflection'ofthe property 
of asymptotic freedom. As a result, our analytic model obeys approximate 
-i•h.ighedoops stability" in the whole Euclidean region; Numerical·calcula

. tion (performed in the MS scheme for one-, two-,· and three-loop case5''vith 
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f = 3) reveals that a~(Q2) differs from a~(Q2) within the 10% interval 
and ai::/(Q2) fromai~(Q2) within the 1% limit. This fact is demonstrated 
in Fig. 1 on the right. 

Spacelike and timelike effective couplings. The method described 
above defines the rilhning coupling in the Euclidean (spacelike) range of 
momentum, Q2 > 0. If we· wish. to. parametrize processes with time
like momentum transfer, for example, the process of e+ e- annihilation 
into hadrons, we must make use of some nontrivial analytic continua
tion procedure from the spacelike to the timelike region (see, for example, 
[20, 21, 22, 23]). To this end one usually applies the dispersion relation for 
the Adler D-function, defined in terms of the correlation function for the 
quark vector current, TI(q2), as follows 

*. (5).' 

Taking the correlator TI( -Q2) in the form of an unsubtracted dispersion 
relation one can write down the dispersion relation for the D-function 

( 2). 2 rXl ds ( ) 
D Q = Q lo (s+ Q2)2 R s , (6) 

where R(s) is the e+e- annihilation ratio. 
The D-function is an analytic function in the complex Q2 plane with 

a cut along the negative real axis. Taking into account these analytic 
properties we can write down the inverse relation for R(s), 

1 ls+iE dz 
R(s) = --. - D( -z), 

271'1 s-iE Z 
(7) 

where the contour goes from the point z '= s - iE to the point z = s + iE 
and lies in the region of analyticity of the function D(z). 

Let us define effective couplings a,eff ( Q2) in the spacelike region and 
a,~ff(s) in the timelike region based on the following expressions for D(Q2) 
and R(s) 

D(Q2) oc [1+d1a,eff(Q2)], ~ R(~}cx [1+r1a:ff(s)], (8) 

where d1 and r1 ·are the first coefficients of perturbative expansions. The 
subscript s in (8) means "s-channel" (the timelike region); From .(6) and 
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(7), one finds the connections between thes~ effective couplings in the 
spacelike and timelike regions 

roo ds eff( ) 
a,eff(Q2) = Q2 Jo (s + Q2)2iis s , 

1 s+iEdz 
a.:ff(s) = --2 . J -aeff(-z). (9) 

71'1 z . 
s-iE 

These equations serve to defi.lle the effective coupling a~ ( s) which 
parametrizes the R(s) ratio and plays the role of the running coupling 
in the timelike region. One usually applies the standard perturbative ap
proximation for aeff ( z) to derive the effective coupling in the s-channel 
from (9): This way leads to the so-called 1r2~terins which play an impor
tant role in the phenomenological analysis of various processes. However, 
the perturbative approximationof aeff(z) breaks the analyticproperties 
mentioned above. For example, in the one-loop approximation the func
tion aeff(z) has the form 1/(,B0 ln(z/A2)] with a ghost pole at z = A2, which 
contradicts the assumption that aeff(z) is an analytic function in the cut 
z-plane. A consequence of this problem is the fact that if a~(s), obtained 
in such a way, is substituted into (9), the original one-loop formula in the 
spacelike region is not reproduced. 

This difficulty can be avoided in the framework of AA, in which the 
miming coupling is forced to have the correct ··analytic properties. 1 As a 
result, the effective coupling in the timelike region is given by the following 
elegant expresskm (7]:' · 

· · 1 100 du . a~(s) = - -. p(~). 
71' s (]' 

(10) 

Both couplings a,eff(Q2) and a.:ff(s) have the same universal limitat 
Q2 = +0 and s = +0 and a similar ultraviolet tails as· Q2 -+ oo · and 
s-+ oo. However, in the intermediate region the effect of analytic co~tin
uation becomes important. The distinction between the different effective 
couplings is several percent, which may be important for extracting the 
QCD coupling constant from various experimental data. 

More than two decades ago, Schwinger proposed(27] th~t th~ Cell
Mann-Low function, or the ,8-function, in QED could be represented by 
a spectral function for the photon propagator. Remarkably, we find that 

1The correct analytic properties of the D-function can also be maintained in the 
frantework of the so-called variational perturbation theory which is based on a new 
small exJ)ansion paranteter (24] (see Refs. (25, 26]). · 
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this idea is realized in our proposal for the timelike coupling in QCD. For 
the {3-function which corresponds to the coupling defined in the Euclidean 
region this statement is true through the two-loop approximation, but 
breaks down if one takes into account three-loop contributions. However, 
Schwinger's identification is ceitainly correct if we construct the /3-function 
for the coupling (10) defined in the timelike region: 

daeff 
f3s = s-9 - p(s) 

ds ~ ----;- (11) 

IIi perturbation theory, the difference· between the couplings in the space
like and timelike regions is given by three-loop diagrams and, therefore, 
f3 = Q2daeffldQ2 = .;_p(s)l1r + 0(3-loop). · 

· Defining th'e {3.:furiction of the t-channel charge {3( Q2) = Q2daeff ( Q2) 1 dQ2 

we ean write down the folloiring re~ation between~ two {3-functions 

. . 2 . . 2 . rX) . . ds . . ' . . 
~(QJ= Q lo · (s + 0 2)2 f3s(s): . . (12) 

' ' ' .. ' ·-I . : 

Thus, the general properties of the theory lead to the following properties 
of the. ,8-:function considering. as. a function of Q2: f3(Q 2 ). is an· analytic 
function in the complex.Q2-pla;ne ~ith ~cut plong the negative reai 'axis .. 

Itjs interest.ing to,considerwh~ther there exists a possible solutio~, 
which can be called an s-t 'self-dual solution' of Eq .. {12), in which th11re is a 
symmetrical behavior of the charges for the t- and s- chan~els: I~ this case 
f3(Q2

) = f3s(s = Q2
) and we have the integral equation to the /3-function. 

It' is clear that there is a "trivial" solution of this equation, {3( Q2) =canst. 
Are there any other solutions? Introduce the variables Q2 I A 2 = exp( x) 
and s/A2 =-exp(y), ·and put if>(x) = f3(Q.2)'arid ¢fy)= f3(s); we obtain the 
integral equation · '· · · · :• : · 

·: ¢(x) '=: J..:,dyK(x.~ y)'¢(y) (13) 

with the'kerriel' K(x) '= I/[4 cosh2(x/2)); . 
By applying the Fourier transform to Eq. (13) one finds' .. 

;fi(p)' = i<(p) ;fi(p)' ., {14) 

wh~Fe k,(p) =_7rpfsinh{7rp)~ , . . . . . .·· .... · .. . : 
, . Possiblenontrivial solutions of Eq, (14) appear. at the poi;nt's, for which 
K(p) = L However, there is only one point of that sort: p ;:::.0. Therefore, 
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;fi(p) (X 8(p), which leads to the "trivial" solution f3(Q 2
) =canst and other 

s-t self-dual solutions are absent. 
Thus, behaviors of the running couplings in the spacelike and timelike 

regions can not be symmetrical in any renormalization scheme [12). It 
should be stressed that to reach this conclusion we used only the proper
ties of analyticity, which reflect the general principles of the theory, and, · 
therefore, this result· can be considered as a rigorous result coming from 
the first principles of quantum field theory. 

Analytic perturbation theory and inclusive 1- decay. The inclu
sive character of the decay of a T lepton into hadrons and the fact that 
the nonperturbative QCD contributions-to this process are very small [28) 
make it possible, in principle, to describe this process on the basis of the 
standard methods of quantum field theory without any model assumptions. 
Measurement of the ratio of hadronic to leptonic r decay widths, i.e., the 
quantity 14 = r(r -t hadrons+v)lf{r -t lvv), allows one to extract, with 
a high degree of accuracy, the value of the strong coupling constant a 5 at 
the T mass, Mr ~ 1.78 GeV. Comparing this value with the values of as 
found at higher energy is an important test of the appli<;~bility of QCD 
perturbation theqry over a wide range of energies and requires a careful 
check. .. .At present;. b~tl1 expel-iinent~l and theoretical investigations of the 
decay' of aT leplori are'continuing intensively. · . 

One ·usually employs analytic properties of the hadronic correlation 
function in order to rewrite the original expressio* for the rh~dronic rate, 
which involves integration over 'anonperturbative region of small momenta, 
in theform bfa contour integ~iJ over a circle of sufficiently large radius 
Q2 = ivf; to apply perturbation theory (PT). However, the perturbative 
approximation, which introduces a ghost pole, violates the analytic prop:
erties requir~·d 'to use the Cauchy theorem in this manner. 

Following [10] we will apply analytic. perturbation t1ieory (APT) in 
which it is possible to maintain the correct analytic behavior. For our 
purpose, it is important that, within this approach, it is possible to give 
a self-consistent definition of the running coupling in the Minkowskian 
region [7). This fact allows us to obtain two equivalent representations for 
the QCD correction to r decay, involving the timelike and the spacelike 
definitions of the running couplings, respectively. 

Why is analyticity important? The initial theoretical expression for 14 
in the case of massless quarks contains an integral over timelike momen-

181 



tum s [28] 

21M~ ds ( s. ) 
2 

( s ) . . Rr=- ·- 1-- · 1+2-·- Imll(s), 
1r o M} M} . M} · 

(15) 

where the range of integration extends down to small s" and cannot be 
calculated in the framework ·of the standard perturbation theory, . The 
·method of calculation of Rr based on exploiting certain analytic properties 
ofthe hadronic correlators TI(s)allows one torewrite.the expression (15)by 
using the Cauchy theorem in the form of a contour integral in the-complex 
s-plane with the contour running clockwise around a circle centered on the 
origin of radius M;: · 

1 i. · ds ( s )
3

(. s ) . Rr=-. · -· 1--· 1+-· D(-s). 
2m. isi=MJ s M} · Mi 

(16) 
. 

In the representation (16) the contour has a sufficiently large radius, 
and it is possible, in principle, to calculate Rr perturbatively. However, the 
transition to the contour representation requires certain analytic properties 
of the correlator. Na~ely, the correlator TI(s) is an analyticfunction i~ the 
complex s-plane with a cut along the positive part of the real axis~ The 
parametrization of n by the perturbative miming coupling violates these 
analytic prop_erties. It is clear that the difference in the regions of integra
tion in the initial expression '(15) for Rr and the expression (16) obtained 
after applying the Cauchy theorem makes it necessary to parametrize n 
in (15) and D in (16) with different couplings. Indeed, a renormalizatiori
group analysis gives a running coupling determined in the spacelike region, 
while the initial expression (15) contains an integration over timelik~ mo
mentum and therefore to calculate (16) requires the procedure of anaiytic 
continuation fr()m_ spacelike to timelike.momentum. 

Separating the QCD contribution b.r in R; 

Rr = 3(1Vudl2 + IVusi 2)SEw(1 + b.r), . (17) 

where Vud and Vus are the CKM matrix elements, and SEw is the ele~
troweak factor, we obtain the two equivalent representations, 

~ 

JM~ ds ( s ) 
2 

( . s ·) -eff ) 
b.r = 2rl 

0 

Mi 1- Mi 1 +2Mi a8 (s), (18 
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b.r ~ ~ f dz (1 ~ ~). ·(1+ 4) aeff(z). 
2m . z . . · Mr , , . Mr . · · · 

izi=MJ . 
{19} 

. It should be noted that· the equivalenc~. of tp.ese. foninilae. holds only 
in the case of the abov&:mentioned analytic properties .of the correlator . 
TI(s) and D~functio~ and that these analytic properties are broken'~~ the. 
standard pelturbation .theory. The QCD contribution represented in the 
fo~m (16) is the expressio~ which one us~ally uses f~r th~o!~tical amilysis~ 
In principle, the expression (19) can be cal~ulat~d on the basis or'pertu;
bation theory, ·b~t then it is i~p,ossibleto,r~tu~D: fr9m .(19) to {is)~4!cl:i 
corresponds to ~heinitial Eq. (15), and not_?,~ng can.pe,~~~~ abc>11t th~:~rror 
associated with switching from (18) tq (19).. Therefore, it isimpossible to 

·give in· the framework of the st~ndard pertur:batlon th~ory a 'self-~onsist~nt 
description of the inclusi~e decay of' a ~ lept~~. info' hadrons. The' m~th~d 
of APT allo~s .one .to avoid- the above~~~ntion~d difficultie;·a;d evaiuat·e· 
both t'he i~itial inte~al over the physical region) and the contour represen~ 
tation whichare equal due.· to .the Cauchy t'heo~em~ Weunqerscore. one~ 
again that the APT ~p.kes.itpossible to i~pl~ment the~orrect transitio~ 
from Epepression (15) to {16),_ ~hese expressions si!!lply coincide, as they 
should, while· the application of perturbation theory with ·the. standard 
renonnalization-group refinement runs into serious difficulties~ ' · ·· . · · 
· : The fundamental quantity in the APT ;approach is the spectral den
sity e(u) by which onecan parametrize both the running couplings in the 
spacelike and in the timelike regions .. We' now find ·a f6ixp.ula which ex
presses 'the strong interaction contribution to 'Rr' via the speCtral density 
function. To this end, introdn<;e an effective spectral density peff ( u) that 
corresponds to the effective coupling. The QCD correction has the form 

·~r ~·;i~' .tXJ dulff.(u)- dl .. {Midu·(.·r~· ,;:)· 3(.1 + ~·)·· '~~ff(u). (20) 
1r lo u 1r lo u Mi Mi 

Due to the feature of. universality, the first' term in· this equation can be 
expressed in terms of only the first ,8-function coefficient. 

The results of the analysis performed in [9, 10, 17] demonstrate the hn'
portance of analyticity in. the running coup~ng,_nqt only from the :funda
mental point. of view - a self-consistent theoretica.i description ofr decay -
but also frou't the standpoint of giving a self-co~istent description of the 
Q2;evohition of the running:coupling·arid extracting"the,parameter A6co 
from the experiment& data ori r decay .. , · · ·' : · · '' .· · · ,. · , ' 
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Renormalization scheme dependence. Inevitable truncation of the 
PT series, i.e., the approximation of a physical quantity by one of its partial 
sums, leads to the kiiown problem of the depende,nce of the results on the 
renormalization prescription. Thus, the partial sum of the PT series used 
in approximating a physical quantity bears a dependence on the choice of 
the renormalization scheme, which is the source of theoretical ambiguitY 
in describing experimental data. In QCD, such ambiguity is the greater 
the smaller are the en~rgy parameters characteristic of the process~ · To 
solve the stability problem of the results obtai'ned, it is by far not. enough 
to investigate only loop stability within a ceitain reriormalization scheme; 
one sho~ld also consider the scheme stability of the reSults. 

Here, we discuss the scheine arbitrariness arising in the APT in the 
example o( the R-ratio for the e+ e"--annihilation process into hadrons. 
This example is physiCally interesting for the r{moririalization scheme (RS) 
stability issue (see, e.g., discussion in Ref. [29] and references therein)'. 
The AA analysis of the process of e+ e- annihilation into hadrons and 
investigation of the RS dependence problem have been performed iri [14, 18} 
(see also [19]). In the framework of the nonperturbative a-expansion the 
process of e+e- annihihition'has· been studied in'[30]. •· · 

In passing from one renormaliiation ·scheme to another, the coupling 
constant transforms as· ' · ' · · 

a' = a(1 + v1a +v2a2 + · • ·). (21) 

We limit ourselves here to the three-loop level of the D~function achieved 
at present, with the QCD,corrections taken in the.approximationwhere 

d = a(1 + d1a + d2a2), (22) 

with the running charge determined as a solution of the renormalization 
group equa~ion with the three-loop ,B~furiction · ·" 

'.' aa 
,B(a) :::;:: J.L2 a 2 = -ba2(1 + bla + b2a

2
)' (23) 

J.L . ' • 

where 

b = 33 - 2f ' b = 153- 19f 
6 ' 1 

.. 66- 4f ' 
bMS :: 77139- 15099f+ 325j2 . (24) 
2 ~ 288{33-: 2f) . •,· 

The three-loop ,B·function coefficient ~ and the expansion coefficients dt 
and d2 depend on the choice of the renormalization scheme. Under scheme 
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transformation (21), they change as 

b~ = b2 - V~ - b1 Vt + V2 , 
d~ = dt- Vt, 

d~ = d2 - 2(dt - Vt)Vt - V2. 
(25) 

Thus, every term in representation {22) undergoes a transformation, 
and we thus obtain the new functfon 

d' = a'(1 + d~a' + d~a'2), (26) 

where the coupling a' is evaluated with the new ,8-function, with the three
loop coefficient b2 replaced by the primed one b~. 

Eqs. (26) and the transformation law of the scaling parameter A' = 
.Aexp(.v1/b) [31] allowus to write down two scheme invariants [32] 

b Q2 ' 
Pt = 2log A2 - dt, P2 = b2+ d2- btdt - d~. (27) 

We normalize the momentum scale at AMs· In arbitrary scheme,· the 
invariant charge is then determined from the equation 

b 1 ( Q
2 

) = dMs _ d1 + q,(a, b2}, - og A2 t .. 
2 MS . 

{28) 

where 

1 1+ba fa dx 
q,(a, b2) = ~- btlog .Boa

1 
+b2 } 0 (1 + b1x)(1 + b1x + b2x2) · (29) 

Although there are no general arguments to prefer a certain renor
mal~zation scheme from the start, we nevertheless can define a class of 
"natural" schemes, which look reasonable at the three-loop level that we 
consider. The relevant criterion was proposed in [33]. One should restrict 
oneself to the schemes where the cancellations between different terms in 
the second scheme invariant (27) are not too large. Quantitatively, this 
criterion can be related to the cancellation index 

c = ,:2, (lb21 + ld21 + d~ + lddbt). {30) 

One should of course keep in mind the conventions involved in these con
siderations, in particular as regards the minimal value of the cancellation 
index. 

185 



Given a certain maximum value of the cancellation index Cmax, we 
can investigate stability of the results obtained by taking different schemes 
with the index C::; Cmax· As Cmax, we take the index corresponding to the 
optimal HE scheme based on the principie of minimal sensitivity (P:YIS). 
We then have a relatively small class of "admissible" schemes bounded by 
the maximal index CPMS. 

Consider the HE-invariant e+ e- annihilation cross-section ratio 

R(s) = 3 I: Q} [1 + r1(s)], r1(s) = a(s) [1 + r1a(s) + r2a2(s)], (31) 
I 

where we wrote the QCD contribution, r1(s), in the thi~d order f~r the 
massless case. The function a( s) and coefficients rk depend of the fla
vor number f. The function a(s), "the runningcoupling in the timelike 
region'\ usualiy, 'is defined naively as a mirror image a( -Q2

) = a(Q2
). 

Instead, we use the self-consistent analytic approach. 
Expansion for the QCD correction r(s) is similar to the one for the 

HE-invariant Adler function D(Q2) • 

dt(Q2
) = a(Q2

) [i + d1a(Q2
) + d2a2(Q2

)] • (32) 

The effective spectral density ejff ( u) is represented by an expansion 

ejff(u) = Po(u) + d1(]1(u) + d2e2(u), 

where the quantities in the r, h. s. depend on f. The first term, p~(u), 
in the last expression is just the spectral function for a(Q2) and (]k(u) = 
Im[a( -u- it:)]k+1 are related to its higher powers. It is essentialthat the 
Adler function is defined in the Euclidean region where the renormalization 
group method can be applied directly. ' . 

For R(s), the cancellation index Cn is evaluated using the known co
efficients r1 and r 2 of the perturbative expansion cif the correction r ~ 
a(1 + r1a + r2a2

). For the PMS-scheme, it is CPMs ::= 2. To demonstrate 
the scheme arbitrariness arising here, we choose two schemes from this 
class. The first one is the H scheme with the parameters r~H) ·= -3.2 
and b~H) = 0 (the 't Hooft scheme), and the second is the MS-scheme 

. (MS) (MS) correspondmg to the parameters r 1 = 1.64 and b2 = 4.47. These 
schemes are close to each other and to the boundary cancellation index 
cH ::= eMs ::= cPMs ::= 2. 
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Figure 2: On the left. Plot of the QCD correction Tf=3(s) calculated in the cases 
of perturbation theory (PT) and the analytic approach (AA) in two different 
RS's with. approximately the same cancellation index Cn ~ 2: H and MS. On 
'the riglit·. T~e smeared e+e- annihilation ratio Rll.(q2 ). 

In Fig. 2 (on the left), we plot the QCD correction r1= 3 (s) as a func
tion of vs/ AMs for these two schemes in the usual treatment, as it was 
considered, e.g., in [34, 29, 35] and within the AA. One can seethat the 
analytically improved result for R(s) obeys a stable behavior for the whole 
interval of energies being practically scheme-independent. The HE stability 
of the IAA predictions has also been observed for the Bjorken. and Gross
Llewellyn Smith sum rules and for the semileptonic r-decay [15, 16, 17]. 

To incorporate threshold effects and compare our results with exper
iment, we use for the cross-section ratio an approximate expression sug
gested in [36] 

R(s) =32::: Qj8(s-4m})T(v,) [1 + g(vt)rt(s)], (33) 
I . 

where 

Vt=V1- 4m} T(v)=v(3-v2) g(v)=471'[~-3+v(~-~)] 
. s ' 2 ' 3 2v 4 2 471' ' 

and consider the "smeared" quantity [36) 

2 f:l.lnoo R(s) 
Rll.(q) =- ds ( 2)2 • -. 

7r o s-q + (34) 

In Fig. 2 (on the right) we show smeared experimental data for Rll.(q2) 

at D. = 3 Ge V2 and the third-order PMS curve taken from [34). In· the 
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same figure we plot the AA three-loop result obtained with the value of 
the scale parruneter as in [14] ,matched according to [11]. 

Conclusion. We have considered the analytic approach to QCD and 
some its applications. The general principles of the theory, the consequence 
of which the certain analytic properties of the running coupling, lead to the 
essential stability of the running coupling behavior in the infrared region 
with respect to many loop correction. Here, the prime point is the universal 
value ofthe analytic coupling at Q2 = 0. 

The results of analysis performed in the framework of the analytic ap
proach demonstrate the importance of the running coupling analyticity, 
not only from. the fundamental point of view- a correct theoretical de~. 
scription of.T·decay, but also from the standpoint of giving a description 
of the· Q2 evolution of the running coupling and. extracting the parame
ter Aqcn from the experimental data on T decay. The analytic properties
play a key role in self-consistent definition of the-running coupling in the 
timelike region. 

Analytic. perturbation theory reduces the RS dependence drastically. 
Physical quantities thus obtained turn out to be practically scheme inde
pendent in a wide class of RS for the whole energy interval. We have also 
demonstrated that the AAdescription agrees with experimental data f~r· . . . 
the smeared e-l;e- annihilation ratio. 

The author would like to express sincere 'thanks to professors D.V. Shir
kov and K.A. Milto:ri and to Dr. O.P. Solovtsciva for fruitful collaboration 
and helpful discussions. 

REFERENCES 

[1] N.N. Bogoliubov and D.V. Shirkov, Dokl. Akad. Nauk SSSR 103 (1955) 
203; 391. 

[2] N. N. Bogoliubov and D. V. Shirkov, JETP 30 (1956) 77;Nuovo Cim. 3 
(1956) 845. - . . . . -

[3] N.N. Bogoliubov, A.A. Logunov and D.V. Shirkov, Sov. Phys. JETP 10 
(1959) 574. ' - -

[4] N.N. Bogoliubov and D.V. Shirkov, Introduction to the Theory of Quantum 
Fields. "Nauka", Moscow, 1986. 

[5] D.V. Shirkov and I.L. Solovtsov, JINR Rapid Coinin. No. 2[76]-96 (1996) 
5. 

. [6] D.V. Shirkov and I.L. Solovtsov, Phys. Rev. Lett. 79 (1997) 1209. 
· [7] K.A. Milton and I.L. Solovtsov, Phys. Rev. D 55 (1997) 5295. 

188 

[8] D.V. Shirkov, Nucl. Phys. (Proc. Suppl.) B64 (1998) 106. 
[9] O.P. Solovtsova, JETP Lett. 64 (1996) 714. 

[10] K.A. Milton, I.L. Solovtsov and O.P. Solovtsova, Phys. Lett. B415 (1997) 
104. 

[11] K.A. Milton and O.P. Solovtsova, Phys. Rev. D 57 (1998) 5402. 
[12] K.A. Milton and I.L. Solovtsov, Phys. Rev. D 59 (1999) 107701. 
[13] D.V. Shirkov, Theor. Math. Phy~. 119 (1999) 55. 
[14] I.L. Solovtsov and D.V. Shirkov, Phys. Lett. B442 (1998) 344. 
[15] K.A. Milton, I.L. Solovtsov and O.P. Solovtsova, Phys. Lett. B439 (1998) 

421. 
[16] K.A. Milton, I.L. Solovtsov and O.P. Solovtsova, Phys. Rev. D 60 (1999) 

016001. 
[17] K.A. Milton, I.L. Solovtsov and O.P. Solovtsova, Proceedings of the XXIX 

Int. Conference on High Energy Physics, Vancouver, B.C., Canada, July 
23-'29, Vol. II (1998) 1608, hep-ph/9808457. 

[18] D.V. Shirkov and I.L. Solovtsov, Talk given at the International Work
shop "e+c- collisions from¢ to Jf'I!", Novosibirsk, March 1-5, 1999 {to be 
published in the Proceedings), hep-ph/9906495. 

[19] I.L. Solovtsov and D.V. Shirkov, Theor; Math. Phys. 120 {1999) 482. 
[20] A.V. Radyushkin, Preprint JINR, E2-82-159, 1982, JINRRapid Comm.' 

No. 4[78]-96 (1996) 9. 
[21] M.R. Pennington,G.G. Ross, Phys. Lett .. 102 B (1981) 167. 
[22] N.V. Krasnikov, A.A. Pivovarov, Phys. Lett. B116 (1982) 168. 
[23] J.D. Bjorken, Preprint, SLAC~PUB-5103i 1989; Proceedings of the Cargese 

Summer Institute, Cargese, France, 1989, ed. M. Levy et al., NATO Ad
vanced Institute, Series B: vol. 223, Plenum, New York, 1990. 

[24] I.L. Solovtsov, Phys. Lett. B327 (1994) 335; Phys. Lett. B340 (1994) 245. 
[25] H.F. Jones and I.L. Solovtsov, Phys. Lett. B349 {1995) 519. 
[26] H.F. Jones, .I.L. Solovtsov and O.P. Solovtsova, Phys. Lett. B357 (1995) 

441. 
[27] J. Schwinger, Proc.'Natl. Acad. Sci. USA 7t' (1974) 3024; 5047. 
[28] E. Braaten; Phys. Rev. Lett. 60 (1988) 1606; E. Braaten S.· Narison and 

A. Pich, Nucl. Phys. B373 (1992) 581. 
[29] P.A. Raczka and A. Szymacha, Phys. Rev. D 54 (1996) 3073. 
[30] I.L. Solovtsov and O.P. Solovtsova, Phys. Lett. B344 (1995) 377. 
[31] W. Celmaster and R.J. Gonsalves, Phys. Rev. D 20 (1979) 1420. · 
[32] P.M. Stevenson, Phys. Rev. D 23 (1981) 2916. 
[33] P.A. Raczka, Z. Phys. C 65 (1995) 48~. 
[3_4] A.C .. Mattingly_ and P.M. Stevenson, Phys. Rev. D 49 {1994) 437. 
[35] J: Chyla, A.L. Kataev and S.A. Larin,Phys. Lett. B267 (1991) 269. 
[36] E.C. Poggi'o, H.R~ Quinn and S. Weinberg, ~hys. Rev. D 13 (1976) 1958 . 

··:r ;• 

189 

";. 



Nucleon electromagnetic form factors 
in a single-time constituent quark model 

· Ilichova.T.P., Shulga S.G. · 

Skaryna Un£versity, ({omel, LPP JINR, Dubna 

Abstract 

. The main statement of the nucleon constituent quark model with a fixed number of 

particles as basic ansatz are considered in a framework of the single-time (quasipoten

tial) approach to the bound state problem. The scaling law breacking for the proton 

form factor=20 are investigated for=20 Q2 = 0 + 2Gev2
• 

The problem of the relativistic treatment of the constituent quark model 
(CQM) have been solved by several manners [1, 2, 3], which havegeneral 
feature- fixed number of the particles assumption·and aqditive assumption 
for nucleon current expression in terms of quarks currents .[5]. A popular 
approach to the problem is the light-front dynamics.[2]. In present work 
we propose to use the.old quasipotential approach [6] for formulation of 
CQM with fixed number of particles. 

In proceeding we suggest that Fock momentum-space for nucleon has 
N = 3 quarks Dirac basis I a1p1, a2p2, a3p3) =I ap)·: 

L.XK} ~·~ jdnPidnP2dnP3.1 ap}(ap I .XK). (1) 

We will take it ·for granted that all nontrivial effects of the QCD vacuum 
(e:g., gluon and quark.:.antiquark conde= nsates) can be absorbed into the' 
effective parameters of the CQM. 

To find ·a· equation for wave function (WF) (ap I .XK) we consider 
covariant single-time WF [7] (N = 3): :, 

W~~,0(X) = \llf~,0(x)8(nK(Xl- X2)) ... 8(nK(XN-1 - XN )), . 
wf~.a(x) = (0 I T[¢~/(xl) ... <P~(xN)]I .XK), 

'• 

(2) 

where wf~,0(x) is Bethe-Salpeter WF; (nK)11 = }#2 = ~ - 4-velocity, 
8-functions in (2) covariantly equal tirn.es in ~he center-of-mass of system; 

=20 Using a translational invariance ¢(xi) = exp(iHti)¢(0, xi) exp( -iHti), 
expression <Pa(o, x) = 1j(21rp J drlq L:r [br(q)·u~>(q) exp( -iqx) .f. ... ] and 
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according to fixed number of particles assumption notice that the anti
particle operator do not give a contribution into the one-time WF we cari 
obtain the Fourier-momentum representation WF (2) (D - the Wigner 

. • o _o o o o --1 
rotatiOn matnx;P=Pb P2, P3, Pi = LK Pi) [8, 7, 9]: 

- (1) o [ N (r') N + r'r· ] o . W,\K,a(P) = (27r)8 (Po-Mp) E:Ili=l Ua/ (Pi) rri=l D k '(pi) (r PI .XO) 
0 

= (27r)8{l)(Po -Mp) rrf:l u~;}(pi)(rp I .XK) . 
. (3) 

As in [7] we determine WF projection into positive-frequencial states: 

~~tj{r)(p) = U~11 (pi) ... u~~(PN)~,\K,a(p) = 27r8(Po -Mp)(rp I .XK); (4) 
N N + , 

(rp I .XK) = (27r)38(3)(L Pi) IT D ~r;(Pi)<I>~~)(r)(P). (5) 
i=l i=l 

The connection established between CQM WF with fixed number of 
particle (rp I .XP) and WF <I>~~)(r) give us a chance to obtain eq~ation for 

relative motion WF by standart form [6, 7](2:: Pi= L: p~ = 0): 

N 

CE EP; - Mp )<I>~~)(r)(P) =I!! dD;.; v<r'r)(p, p')<I>~~)(r')(p') (6) 

To construct a three-particle state with given total angular momentum 
J = 1/2 and helisity .X we use the same method as in Ref. [10}: 

<I>(+){r)(po Po Po ) = tnmodelXSU(6}(r r' r')D(r2,r~) (pr/)D('r3,r;) (pr/) (7) 
,\0 h 2• 3 rO ,\ 11 2• 3 (p2+p3) 2 (p2 +p3) 3 l 

where ~1= - ~F l;/+p2 • We used the oscillator WF [11] and Coulomb-like 
WF for calculati= on of the proton form factor: 

rpgsc=Nexp[-~ (Eo +Eo +Eo _:.:Jm-}: ;. 'rs._-~ 1 
3-y Pt P2 P3 · if:k 

rpCoulomb = Nj(Eo +Eo+ Eo )2 _9m2+ 12)2. 
0 Pl P2 P3 

(s) 
Let u.S consider electromagnetic current matrix element. Assuming that 

N . 
J11(0) = L: i1s>(o) we first expand in sets of free-particle states (1) and 

s=l 
current matrix element takes the form: 

N N 

(n'P'IJ11(0)In0) = L I II dDp;.dDP•L(n'P'Ia'p')(a'plj~s>(o)lap)(aplnO).: 
s=l k=l a' ,a · 
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Figure 1: G~/Gdip• Gf.t/Gdip/ J-Lp and G~/GM I J-Lp in oscilliito= r and 
Coulomb-like model with best parameters for fit :·Coulomb (solid curve): 
mq = 150Mev,-'Y2 = 0.5G~v2 ; Oscillator (dashed curve):· mq = 162 
Mev,12 = 0.35 Geil ... _Experimental data from {4}. Gdip = 1/(1 + 
Q2 /0.71). ' . 
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For 3-quark system with symmetrical WF we obtained (p~+ P2 + Pa= 
Pt + P2 + Pa = 0): 

I I m2 *(+)(r~,r~,ra) 01 0 . 0 
(n P jJI'(O)jnO) = 3J drlp2 drlp3 Eo _ o E tl>>.'O _ (pl, P2, Pa)* 

P2+Pa p 2 +p3 . · - -

* D~,a~ (p~)j:~ot (p~, pt)D~,o2(P2)D~,oa(pj)ti>~t)(ot ,o2,oa){Pt, P2, Pa) 

' .. - . (9) 
0 0 . . 

If s= 0 then s = if;P and f= or s = p~ + P2 + Pa, s = Pt + P2 + Pa we 
have 

Eo1+Eo +Eo· - E +E +E 
P

1
t+P2+Pa=P

1 
Pt J;,2 

P
3 ;p1+P2+Pa=P Pt ~;-· Pa. {10) 

Thus, (9) approximatly satisfies to current conservation condition: 
if (P

1
1 - Pt)"(aip~IJr1>(o)jatPt) = 0 then (P1 - P)"(n1P'IJ"(O)jn0) ~ 

~ 0, P=(Mn, 0). The numerical calculation are shown that this condition 
approximatly satisfy for wide region of the model parameters. 6 - dimen
sional integrals of this model calculated by the Monte-Carlo method~ 

Eq. (9) in nonrelativistic. limit (additive quark model) is given by: 

(n'P'IJ"(O)_InO) ~ 3 X ~;~>02 '03 (a~P'jj~1 >(0)IatO)x~~,o2 '03F(t), (11) 

. *-. o, 0 0 - ' 
where form factor IS F(t) =I dDp2dDp3 <po (p1P2, P:J)cpo(P!, P2, Pa). 
Relation (11) provides the scaling law of the space-:li~e Sachs nucleon 
for~ factors=20 (G~ ~ G~fJ-Lp). 'Dzi~inb~wskj [2) oiitai~ed'that the' 
so-called soft contributions (CQM) reproduce the experimental data ex
tremely well=20 up to the scale Q2 ~ 2_.5 GeV2 for the nucleon. ·Analo
gous results w~re obtaited by Cardarelli [2]·withinlight-front CQM ,without 
quark form factors. We have reproduced it in our model (see, fig. 1, exper
imental data from [4]). The Coulomb-like model describe best the exper
imental data up to=20 Q2 ~ 3 GeV2 for quark mass mq = 166Mev,/2 = 
1.1Gev

2
• The magnetic moment (J-LP = GM(O)) was become inthis model 

(with 1
2 

= 1.1Gev2
) for mq = 105Mev but G~/Gdip » 1, G~/Gdip/ J-Lp » 

1 for Q2 = 0 + 2Gev2
, (Gdip = 1/(1 + Q2 /0.71). 
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