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Preface”

International scientific conferences and vseminars',"tnfdiffe’rent jf'i‘el_d's held:\'in "Belarus
significantly facilitate the development of science in the republic. The «Golden. Sands» holiday
center in Gomel.region hosted seminars on micro-world physics in. 1971, <1,9>73,‘ 149‘77,4and;'1 997.
The schoql;sveminar'on’ particle physics is held here again in August 1999. The initiative to hold
all these events belongs to the. outstanding scientists such as.N. Bogolubov' F.Fedorov,
V.Kadyshevsky, V. Bely, B.Bokut and their followers A.Sissakian, N. Skatchkov N.Shumeiko,
A.Bogush, L. Tomllchlk N. Maksrmenko Yu Pleskachevsky, S.Shcherbakov and others

Micro-world physics or in other words high energy and pamcle physics is exceptionally
important for understanding fundamental basis of structure and _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 main aim of
the present school-seminar is educating scientific youth, discussing update fundamental results
in modern phyysics. information and experience exchange in experimental methodology, making
working contacts between scientists from leading international and national smentlﬂc centers. -

The organizers of the Internatlonal School-Seminar «The Actual Problems of Particle
Physics». 1999 are the 'Joint Institute for Nuclear Research (Dubna), National Center of Particle
and High Energy Physics (Belarussian, State Upiversity), B.Stepanov Institute of, Physrcs V. Bely
Institute of Mechanics of Metal ‘Polymer’ Systems (National Academy of Science), F:Scaryna
Gomel State University and P.Sukhoy.Gomel State Technical University (Ministry of Education).

v The agenda is packed with screntlfc Iectures and reports on physrcs and collrder
technologres expenmental and theoretrcal problems in.. partrcle physrcs The problems of
ones. Lectures and reports are delivered by saentlsts from the institutes- organlzers and worId-
known scientific centers of the USA, Germany, Switzerland, France, Czech Republic;- Austria
and CIS. CERN Laboratory is represented wrdely too. There are 26 professors and 29 associate
professors among:the participants - of the school-semrnar One of the partlcrpants represents
Latin America. ' PooTes et SR

The organizers of the Gomel School Semlnar 1999 screntlsts and authorrtles of Gomel
Region, the «Golden Sands» hoIrday ‘center staff hope to keep the tradltlon of holdrng similar
events going in the next millennium. EEERE R

Pl e RS I - -Organizing Committee

LHC program: ATLAS, CMS



_Phys1cs at the LHC: ATLAS performance

S Tapprogge v
aCERN, EP Drvrslon Geneva 5

.- 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 nggs bosous, 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 supersymmetrlc particles are presented

1. Introductlon

Thrs report gives an overview. of the phys1cs studles ‘expected to be
performed with the ATLAS detector. [1] in proton-proton collisions at
vs+= 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 precision measurements in the areas
of QCD, electroweak physrcs top quark phys1cs and’ B physics. Then
searches and measurements of Higgs bosons are descnbed Next ‘the search
for and measurements of supersymmetry (SUSY) are dlscussed and finally
searches for other physrcs beyond the Standard Model are presented

2. The ATLAS detector

The ATLAS detector[l] is one of the two- general purpose 47 detectors
for LHC -The interaction . p01nt is- surrounded by silicon pixel: and silicon
~ strip layers followed by.a transrtlon radratlon tracker ‘These. tracklng de-
tectors are located inside a 2 T solen01d Calonmeters are located outside
of the solenoid. -They consist of liquid Argon (LAr) calonmeters for the
e.m.: compartment and a comb1nat1on .of .iron-scintillator based and LAr
based calorimeters for the hadronrc part ‘The muon measurement is per-
formed in the central tracker and by an 1ndependent open air-core toroid
system with muon detectors. The detector has been optimized in-terms of
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lepton, photon, jet and missing E+ measurements for studies within the

Standard Model and searches and measurements of new physics. Preci-
sion measurements of leptons (e, u, 7), photons and jets are possible for
pseudo-rapidities of |n| < 2.5. The measurement of jets and of missing
transverse energy (both with calorimetry only) extends up to |n| = 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 — <) 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 10* ¢cm~2s7}, yielding an integrated luminosity
of 10 fb~!-per year. At the design luminosity of 103 cm~2s~1, a value of
100 fb~! per year is assumed. The ultimate sensitivity is given for. 300.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 measurements 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 contnbutlons Measurements of the properties of these events
(to be done at low luminosities to avoid the occurence of pile-up) are essen-
tial to understand their influence on measurements of high pr scattering
events, without having to rely on model predlctlons .

Figure 1 shows the predictions from several models (PYTHIA PHO-
JET, ISAJET and HERWIG) for the charged particle density dN/dn
and for the transverse momentum spectrum E.-d%0/dp® of the charged
particles. The models:containing a contribution from hard scattering pro-
cesses (PYTHIA and PHOJET) agree for E - d®0/dp®, whereas HERWIG
and ISAJET predict a steeper spectrum. For dNVs/d7 clear differences in
the predictions are observed: -The charged particle density ‘(at || = 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:: ST E N SRR :

wees PYTHIA6.122. A

~ - PYTHIA 6.122 - ModeH

«— PYTHIA 5.724 - ATLAS
T e« PHOETLI2 1"

..« HERWIGS®

- ISAJETT22 - *

- .ol PYTHIAG 122 A B - = PHOUET )12
I OIPYTHIAGIZE Mokl . HERWIGS
e PYTHIA 3723 - ATLAS - ISAET132

s .
T

¢ 1ird'old(p)’ (mb/GeV Y aty=0
T

o HIHH" T

Figure 1. Charged particle denszty as a function of pseudorapzdzty (left) and T
spectrum of charged particles (right) in minimum bzas events for several Monte

Carlo. models

. 'Hard diffractive scattering .
lefractlve scattering constitutes a major part of the. total Cross- sectlon
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 UAS collaboration, observmg the production of jets together
with a leading anti-proton. :

potneron

o @y

b

Fzgure 2. Sketch of hard _single dz}ffractwc scattermg (left) and hard centml
dzﬁractzon (rzght)

In ﬁgure 2 51gnatures of hard diffractive scatterlng are shown both for
single and for central diffraction. Besides one (or two) outgoing leadlng
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 (in’ the central detector undetected) leading proton(s) from
the final state (containing e.g. jets as result of the hard scattermg) An
optimal detection and measurement of such events needs-an extension of
the detector beyond the acceptance of [17| =5, for tagglng (and measure-



ment) of particle production (possibly up to |n| = 7.5) 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 parton 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.

e 0<i<t
o l<h<2
®2<ni<3
~— NLOQCD

3
™

do/dE, (nGeV)
S

-

®

153
o l] !i l‘ l' |I ll |l II " T T

it RN : RPRTES N N SPSINE RS

1000 2000 - 3000 4000 . 5000 . 0 1 2 ;03
Ey Jet [GeV) log(1/)

ERENN

Figure 3. Inclusive jet cross-section for different pseudo-mpidity ranges (left)
and reach in the (1/z,Q?) 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 E3* for different ranges
‘in pseudo-rapidity. In case of central production with |5| < 1 about 30

10

(3000 resp. 4 - 10°) events are expected with Er >3 TeV (> 2:TeV resp.

© > 1-TeV) for an integrated luminosity of 30 fb=!. Using the production
~of di-jet events, one can deduce from the jet properties.(Er:and 7 5) the
-parton.-momenta z,; and-the hard scattering scale Q2. In the right part
-of figure.3, the reach in the (1/z,Q?) plane is shown for Er > 180 GeV

; a.ndv|1]1,2] <32 :
o~ 1 T~ T
> 2 o .
8 6 , =4 [ m*<as — Warlv
- in'l<2s I~ N )
E i N %2000 = p " >20Gev e Woal'w
E LF .
o [ ¥ E,™ >20GeV
° E & - )
5 sF m 1500 |
o 10 E o F
sF R
L - 1000 - E57 -
s F F
10, R
sF so0 |-
10 r
RO AT ISP I WO B i I PSS S PR PN SRR CORT O
200 400 600 300 000 . C a2 - 0 1 2
R p}.(GeV) I H - . o ! ) rlkpwn

Figure 4. Cross-section for direct photon production as a fuhctidn of the trans-
verse momentum p}. of the photon (left) and cross-section for W production’as
a function of the decay lepton pseudo-rapidity nfePton. (right).

Direct photon production with p7. > 40 GeV allows to cover the range of
5:107% < £ < 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 p7 of the photon.” The production
of W.(Z) bosons probesthe parton densities at a scale of Q? = M3,
(M3)-and covers the range in Bjorken-z of about 3 -10~% < £ < 10~ (for
Q% ~-6(8) - 10> GeV?). Due to the differences between valence and sea
quarks, the distributions of W+ and W~ bosons differ in rapidity. More
W+ bosons are produced in the forward direction (In] > 0) than in the
central region (7| ~ 0). This difference survives in the distribution of the
pseudo-rapidity 7" of the decay lepton, as shown in the right part of
figure 4. For comparison, the HERA range for deep-inelastic scattering in
z is kinematically restricted to z > 0.01 for Q% > 10° GeVZ and to 7 > 0.1

for Q2 > 10" GeV2.. -
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- 3.4. ‘Strong coupling constant o _
.. A precise measurement of the strong coupling constant a;,, 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 a reduced
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). ‘
" Studies of hard 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 |n| = 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 — ly; with | = e, u. Due to the unmeasured longitudinal momentum
- of the neutrino (its transverse momentum p% can be reconstructed from
‘the lepton [ 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:

m¥ = \[ophpy (1 - cosAg), O

f'Wheré A¢ 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 my,. 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 &. . Transverse mass of the W .boson (left) and p% spectrum for WZ
production (right). , : - o

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. Furtlier
uncertainties are due to the knowledge of the detector energy resdlution,
the pr 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 WWZ and WW+y (leading to the production of
V}V}Z and Wy bosons) can be described at tree level in the Standard Model
by five parameters. The right part of figure 5 shows the distribution of the
transverse momentum p% of the Z boson in the case of WZ production,
for .the Standard:Model (Ag? = 0, shaded histogram) and for a value of
Agf =.0.05:(open histogram). After three years of low luminosity, about
1200 events are expected. S e SRR : Ca

4.3. .Summary I I SR

_/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 (eg. Z = Itl),
an overall precision‘of about 15 MeV could be achieved (when combin-

. if}ngTLASf andCMSmeasurements). ‘This however imposes very strong

13 -



c0nstra.ints onthe knowledge of the lepton energy scale (to a precision of
about 0.02 %).

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

5. Top quark phys1cs

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: ¢t — W (j7)bW (Iv)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. .

R

6=1L9GeV| "

=
g
E;enxstl Gev
g
T

EyenISIJ GeY. :

2500

100 150 " 30 a0
Cmg(GEV) T e e ' Toomy (Gev)y-

Fzgure 6. Invarzant mass of the W — _7_7 decay (left) and the t — Wb decay
:(nght) from top pazr productzon B

In the left part of ﬁgure 6 the reconstructed mass for the deca.y W — 5y
ls .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 — jj and t— ‘Wb)
are_observed.. -The mass resolution. obtained is: a(m_,_,) =178 GeV resp
o(me) =119 GeV.. : SRS
- Due to the large statlstlcs expected (more tha.n 105 events per year at
low luminosity), a negligible statistical uncertamty (< 0.1 GeV) on the top:

s
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',fquark mass-is. expected. The systematic uncertaxnt:es are dominated by
- the. knowledge of the jet energy scales (for light quark and b quark jets)

and the effects of final state radlatlon (and to a lesser extent the one of

;;v;‘1n1t1al state radiation).. An overall uncertainty of less than 2 GeV seems
'1eachable

‘5.2." tf resonances

-

. olal background

T

~ppoatt
N pp = W 4 jets ¢

Events /20 GeV
2

[

W8 pp Sy, b, -

7

g
&l‘ '.t

» m;;,(GeV)
m, (Cev)

. Figure.7. Sensitivity (o - BR) to production of a resonance decayzhg to tf as
. a function of my (left) and ezpected signal from a fourth generation gquark ug

(m(u4) = 300 GeV), decaying to W+b (right).

An investigation has been performed to determine the discovery poten-

tial for generic resonances decaying to ¢¢ pairs. The mass resolution was

found to be o(m(tf))/m(tf) ~ 7 %. The sensitivity for a 50 discovery
ranges from values of BR-o =300 fb at a mass of 1 TeV to about 2 fb at~

4 Tev (for 300 fb~!), as shown in figure 7 (left‘part).

‘.5 3 Top quark decays and couphngs

The branchmg ratios of top quarks to b. Quarks (resp W bosons) are

\expected to be measura.ble with a statistical accuracy of O(107%). Rare
;deca.y modes of t0p qua.rks (sens1t1ve to flavour cha.nglng neutral currents)

should be observable for branching ratios between 10~* and 10~%. The

-production of single top quarks (an electroweak process) can be used to
-+ determine the CKM matrix element Vj.

-+ 5.4, Fourth generation quarks

The measurement of the number of light neutrlnos (equal to three) done

2 ‘a.t 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
‘4 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 L

“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 tf 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 o, 8 and 7.- CP
* violation leads to different decay rates for B® and B° to a CP eigenstate
f. This can be expressed in terms of a time-dependent asymmetry:

N(B = f)(t) = N(B° - f)(t)

Al = 4 2
A= NE= pa T NE = D) 2
which has the following functional dependence on ¢:
A(t) = acos(Amt) + bsirkl(Amt)y. ’ ’ " (3)

. Here a is the direct CP violation parameter, b is the‘parameter: for mixing
_ induced CP violation and Am the mass difference between the B meson
. states. For the simplified case of a = 0, a time-integrated asymmetry

~"A%s_can be defined. This time integrated asymmetry can be expressed as

_ follows
AObs X Dtangack(Dintb + AP)’ (4)

where b  sin 2B3. AP is the asymmetry present in the production and
" Digg = 1'— 2py is the dilution factor for the tagging, where pw is the
" mistagging probability. Dyt = Ns/(Ns+ Np) and Die = /(1 + z?) are

i
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the dilution factors for the background (where Ns (Np): number of signal
(background) events) and for the time integration (z = Am/T).: -

0 To méasure 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—7 .
tagging (w;relation of the charge of pions produced close to the B meson).
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:’\I“}%e:av"ﬁ’xéeg;éurer‘nen’t' of sini 24 ‘will be inade using thé"décbzliyiof 'BY mesons
to final ‘states with-a J/¥ and a K?. 'In’ the left part ‘of figure 8 tlie

‘reconstructed invariant mass of electron pairs from the J/¥ decay i$ shown
B N i 4

yielding a mass resolution of about 60 MeV. The tail to lower masses is die

“to bremsstrahlung energy losses. The'mass spectrum from fully simulated

events (solid- histogram) is well reproduced by a fast simulation of the

detector response ‘(dashed histogram): The right ‘part of this figure shows
‘the reconstructed invariant mass'of the \J/W(ee)K?(r) system. A clear
Bg signal with a mass resolution of 26 MeV is observed. ' 70T
" For three 'years of ruuning at low luminosity, the expected statistical

uncertainty on'sin 2 is about'0.010 (when leptor and ‘B = r- tagging and
J/ ¥ — ee and J/¥ — pup decay modes are combined). The expected
size of the systematic uncertainty (due to asymmetries in the production
tl.le t.agging and the background, as well as the knowledge of the various’.
dilution factors) is about 0.005.. Thus the expected precision ‘on sin 26 is

‘;b@tter;,‘than.theexpectv'ed accuracy. from:the e*e~; B-factories:(e.g.. 0.05-in

) E,the:case of BaBar.):
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6.1.2. Measurement of the angle « .

The decay B — = is sensitive to the angle «, but is theoretlcally
complicated due to the interplay between CP violation contributions from
~tree and. from Penguin amplitudes.

s = A 3 C
o —— - ol
= oo B, o -
-] — =2 -
< 4000 1 Other B, \.; 15 =
Z o 5 Signal o r
P % 19 -
2000 r
B s
0 D]

s 55 6
‘\4(1: WX) (GeV)

Fzgure '9. Recomstructed two pion invariant mass with signal and background
cantrzbutzons (left) and ezpected accuracy on the angle a (right).

" The measurement of the angle o of the unltra.rlty triangle is limited by -
“the poor 7/K separation capabilities of ATLAS (which give at most'a 1o -

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 shown. Besides the signal from B; — 7= the contributions from other 2
and 3—body decays are shown (By — 7K, B; — 7K or KK, A, — apor
th and B — pr or wam).

; Nonetheless after three years an accuracy of up to 2° on the a.ngle « can
,be reached The exact value depends on various theoretical uncertainties.
,Flgure 9 shows in the nght part the dependence of the expected accuracy
0, for o on the value of « itself, for different assumptlons on the phase
6 between tree and Penguln 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/Ar of the Penguin to the tree amplitude (the dotted line —
b= 30°). ,

6 1 3. Measurement of the angle v -

The study of the decay B, — J/¥¢ could be used in principle to deter-
- mine the angle y. The phase £ of the interference between the weak decay
and thé decay via mixing is proportional to sin-y. However the expected

—
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- Figure 10. E:cpected osczllatwn szgnature for B, mesons wzth Ams = 38.5 ps
. (left) and ezpected signal (shaded histogram) and background for the rare decay
By - K" pt w (right).

: expected accuracy on Am, itself ranges between 0 04 and 0 16 ps

 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 fea.Slble

6.2. B) oscillations

Oscrlla.tlons between the B and B? (which are linear comblna.tlcns of
mass eigenstates with different masses my and my) are expected in the
Sta.ndard Model. The oscillation frequency depends on the mass difference

" Am, = my —my; however 1o observation has yet been made The present
limit on the mass difference Am, is Am, > 12.4 ps~* (at 95 % C.L., from

LEP, SLD and CDF), the expected value is in the Standard Model is below
20 ps~* (also at 95 % C.L. )-

" The reconstruction of B, decays uses the channel B — Dyt where
the D; decays to ¢m~ and the ¢ is detected via the K* K~ decay mode.
The resolutron on the proper decay time of the B, is found to be 0 071 ps,
y1e1d1ng a reach in Am, of up to 38.5 ps™* (for 30 fb~1). ’
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The left part of figure 10 shows the expected result in the time dependent

asymmetry of a single experiment (for Am; = 38.5 ps~! and 30 fb1). ‘The
-1

- 6 3 Rare B meson decays

“Due to their signature with two muons in the final state, rare B meﬁon

'decays are considered to be self _triggering’. The expected branchlng ratios
' are in the range between 10~°

and 10~1° in the Standard Model. The right
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; part of ﬁgurelO shows the expected signal for the decay B} — K% ptp~,
where a clear signal can'be observed for 30 fb~!. =~ - % -

'6.4. Summary B P o
i -Dué ' to the high statistics. of pb eveénts (= 2 -10'® per year selected by
:the first -level trigger. at low luminosity) precise ‘measurements of the CP
*violation‘parameters sin 2F3 (expected accuracy of 0.01 (stat.)) and of the
- anglei @ (accuracy of down to2%) can be made by ATLAS. Oscillations of
B, mesons ‘will .be detected: for mass differences up to:Am; = 38.5 ps7!.
*‘Furthermiore’ the rare decay of the B, meson:to.two muons should be dis-
covered with a significance of 4.30, the one of the B; meson can be excluded
~~down to'a‘branching ratio-of 3 - 1071? (assuming an integrated luminosity
of 130 b)) v s Ly : e

7. Higgs bOSOl:lSﬂ‘:\‘ RO P e

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

precision measurements of electroweak processes, no experimental evidence

for the Higgs mechanism as the source of electroweak symmetry breaking

has yet been obtained. In its simplest form,.one scalar, doublet field is

required. Three. of the four components couple'to the W* and Z bosons
to provide their.;jl:ongitudiﬁal degree of freedom, leaving one physical field:
the Higgs boson. The present limit on the Higgs mass as obtained from
direct searches at LEP2 is mpy > 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 my = 92375 GeV, giving an upper limit of my < 245 GeV
“at 95 % C.L. [3]. Unitarity arguments lead to a theoretical upper bound
w-of 1 TeV on the Higgs mass. -~ = - .. e

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

" starts to contribute significantly. * : , '
 For masses of the SM Higgs boson below 150 GeV, the dominant décay
modes are to bb (BR = 90 %) and to 77 (BR = 10 %). The decay to two
‘photons is a rare decay with a branching tatio of less than 2 102 ‘At
" larger‘masses’(>180 GeV) the decay to WW' (BR =~ 75 %) and ZZ (BR
© ®"20"%)" dominates; “The branching ratio to tf is less than 20 %:above
Cthréshold. T LT T T e

.
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-leavy. quark trianglé loop. For larger masses, the WW fusion process

71.1. H— 7Y

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 excellent rejection power vagainst

jets.
Ky c
ey * AllYs S 3
S [ «--Unconverted ys 8 4000
LB_ ] [ eee cgnvcrm[rs_'_ - , :g .
S Fmsme-ame sl T 3% st
sVt PR 8 of & Zm
015 |- N A
[ 2000
0s | - i
: o @ Low Luminosity
R e O High Luminosity
025 — L
B | [ L or'vA|!|-|l.x.||||
° ow”os ‘x 15 2 20 ) 0 80 100

mo E;(GeV)

Figure 11. Efficiency for photon reconstruction as a function of the phpton
pseudo-rapidity |n| (left), and rejection against jets as a function of the trans--

verse energy Er (Tight).

Combining the detection of uncoverted photons with ,th.e._’recovery’ of
photons converting in the tracking volume, an overall efficiency of about
85 % has been obtained, as shown in the left part of figure 11. ;The groba— _
bility for a conversion to occur is between 20 and 40 %. ‘F(Tr this efﬁmepcy,
a rejection larger than 3 - 10% against jets has bee;n, nga..;ned (.vyhere Phe
doinina.ting background is the production of a leading 7 ,1n.th_e. jet, fg.lflng
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 7-jef; and :]et-
jet production contributes between 12-30 % relative to th.e flrrc.educ1.l:>1e
background from photon pair production, after the photon 1(yient1ﬁcat10n
selection has been applied. S o o

The left part of figure 12 shows the expected ¥y invariant mass distri-
bution together with the signal of a Higgs boson of my = 120l GeV. The
right part shows the background subtracted signal (for 100 1:b“ ). ’I:he ex-
pected invariant mass resolution is o(m,,) = 1.31 GeV at l}lgh lpm1nqs1ty
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. vy invariant mass distribution for the H — ~+y signal and background
before (left) and after (right) background subtractzon

the pomtlng 1nforma.t10n of the photon shower in the calonmeter and the
contribution from pile-up events to the energy resolution.

In the evaluation of the significance for the discovery potentlal dlrect
' productlon and associated production (WH, ZH and ttH) with the decay
H:— ~v have been studied. For a Higgs mass of 120 GeV, the expected
significances (defined as S/ VB, 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 - leptons + X, and 5.2 for H + jet
productlon (for an 1ntegrated lum1n031ty of 100 fb~ 1)

7.1.2. &tH — ttbb , :

Addltlona.l s1gmﬁcance for small nggs masses can be obtalned from the
associated production of a Higgs boson together w1th a tt pair. The nggs
Is reconstructed via the decay H — bb. One top quark is requlred to
decay - leptonically, the other hadromcally This leads to a final state with
lvjjbbbb. .

In figure 13 two examples for the reconstructed bb mass spectrum are
shown for. my; = 100 GeV (left) and myg = 120 GeV (right), for an
Jintegrated lumninosity of 100 fb~'. The expected significances are 5 for
My =100 GeV and"3.6 for my; = 120 GeV (with 30 fb~!). This channel

; requlres an excellent b-jet tagglng capability.
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Figure 13. Invariant mass of bb pairs from associated production of Higgs(H —
'bb) with tt (left part: mH =100 GeV, rzght part my =120 GeV). . '

Due to the long lifetime of B hadrons (C’T ~ 470;m1) events containing a
b quark should exhibit displaced vertices, which can either be reconstructed

directly or identified through impact parameter measurements. The latter
-approach has been used to obtain high efficiencies, which are shown in the
left part of figure 14, together with the jet-rejection for ‘light quark (),
gluon (g) and charm (c) jets. For an efficiency of 60 % (at high luminosity)

rejection factors of about 100 against light quark jets should be obtained;
those for gluon (charm) jets are lower by a factor of about 2/(10). A further
method for tagging of b jets is to search for (soft) electrons (or muons) from
seml—leptomc decays of the b quark. The right part of figure 14 shows the

'expected rejection as a functlon of the taggmg eﬁimency for this method

71.3. H—- 22* — 4l '

The selection for this channel requires a lepton pair It~ with an invari-
ant mass close to the Z mass and a second 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 electrons (muons). ‘The reduction of the reducible background (mainly

it productlon and be productxon) is’ achJeved using lepton 1solat10n a.nd
Avertexmg : '

- The 51gn1ﬁcance for: thlS channel exhlblts a ’dlp between 150 < mH <

‘ 180 GeV due to the opening of the decay H — WW
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Figure 1}. Jet rejection as-a function of the b-tagging efficiency for tagging based
" on vertezing (left) and on electron tags (right). In both figures-open symbols are
for myr = 100 GeV, full symbols are for my = 400 GeV.

71.4. H> ZZ - 4 C ~» - , .o
- Figure 16 shows the expected invariant mass distribution of four lepton
final states (two pairs of opposite sign and same flavour leptons) with
‘a clear signal from a Higgs of 300 GeV above the background from ZZ
continuum production (shown for 10 fb~!).  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 figure. The pr
distribution of Z bosons from the Higgs decay is expected 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 further. The

Y

expected significance for 30 fb~! is more than 15 for 200 < my < 400 GevV |

and has a value of 5.9 at my = 600 GeV.

7.1.5. H— WW — lyjj 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 mp = 300 GeV -

(and 30 fb~1), the right part the case of my = 600 GeV (and 100 fb1).
“The selection includes the requirement of two forward jets (at |n| > 2),
to enhance the signal production process (WW and ZZ fusion), and no
additional jets (besides the ones from W — j j) in the central region. For
 the case of my = 600 GeV, the significance is expected to reach values of
up to 13.
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7.1.6. Discovery reach. ' . e
In the evaluation of the discovery reach, no K-factors (ratio of the cross-

“section at next-to-leading order to the ome dt leading order) have been
" used, meither for the signal process nor for background’ processes. This
" approach is a conservative one, as long as the ‘following relation holds:

Kszlz';v]n;l > V Kbarkgrﬁ'l;n(l“ : ) R .
Besides the channels mentioned above, also the decay H — WW®) —
Ivlv has been studied for.the intermediate mass range between 140 and

-.180- GeV, which .does not allow.a direct mass reconstruction. For large
- Higgs masses, the decay modes H — Z2Z — llvv was also considered.  The
: resulting coverage for. Higgs masses from 80 GeV to 1 TeV is: shown. in
- figure 18, for 100 fb~'. 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- cliannel on its own has a signiﬁqance of more
~than.50.. . - . : SRS R gt :

7.2. MSSM Higgs boson -

¢ In‘'the Minimal Supersymmetric Standard Model (MSSM), thére are ﬁ;/e
;.phySical Higgs bosons- (at_least two Higgs doublet fields):. .three neutral
_:ones(h,. H: CP even and A:.CP odd) and two charged ones (H*). The

masses and decay branching ratios.are. determined at. tree level by two"

- :~pa.ramete_'rs,.which;a,gekusually,chosen-<to be: ma. (the mass ‘o_f the CP:odd
-neutral Higgs) and. tan 3 (the ratio.of the vacuum expectation values of

~ the two Higgs doublets). - . . . -

Assuming that SUSY particles ar>e‘too;\heavy.to aﬁpeaf .i‘n‘t.he )décays; of
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v,:_'the nggs bosons, the decay modes are 81m11a.r to the ones of the SM H1ggs
" and- many of the, results obtained can easxly be converted 1nto dlscovery
i‘llmltS in terms of m4 and tanﬂ However for certain regions in the pa-
" rameter space additional decay ‘modes become relevant, some of these are
d dlscussed in the followmg

7.2, 1. Decay modes similar to SM nggs :
©+The values of m, and tan 8 influence the production cross-section and
“"the branching ratios for the MSSM Higgs bosons. In figure 19 two examples
- of the discovery reach (at 5¢) in the (my,tan §) plane are given for the h
" boson with the decay to 7y (left part) or bb (right part). The left part also
* shows the expected 5¢ significance contour for A — y. From h — 7y, the
 full range'in tan J is covered for m4 > 270 GeV and 100 fb~!. For the same
integrated luminosity, the decay h — bb covers all tan 8 for m4 > 160 GeV.

7 2.2. A—- 71T ‘ : :
*  For large values of tan 3 the largest sen51t1v1ty can be obtalned from A

" production with the decay A — 77. The selection requires one leptomc T

“decay and one hadronic 7 decay. The associated product1on of be (bbA)
‘w1th A =77 has’also been investigated.

' ‘The left part of figure 20 shows the invariant mass distribution of 7
- pairs for three values of the mass of the CP odd Higgs boson A (ms =
- 150, 300,450 GeV and tan § = 25) together with the expected’ background
: contnbutlon 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 myg = 300 GeV (left} and mpg = 600 GeV (right).

In the nght part of figure 20 the expected _]et rejection is shown as a
function of the tau identification efficiency for various pr ranges. The T
identification efficiency increases (for constant jet rejection) with increasing
pr. The selection criteria 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— up :

For large values of tan § the decay of A to two muons can be observed
In figure 21 (left part) the expected 51gna.1 is shown for tanf = 30 and
m4 = 300 GeV, assuming 30 fb~!. The shaded histogram indicates the
background from tt -production. The open. histogram: is the total back-
g‘round wh1ch is dominated by Drell-Yan muon palr productlon

724 Aol ; L : :

For values of tanﬂ =~ 1 the branchmg ratlo of A and H to tt is s close
to 100 % above the threshold ma,my > 2my. In figure 21 (right part)
the invariant mass distribution of ¢¢ pairs is shown, with a signal from
the deca.y A — tf for my = 370 GeV, tan f = 1.5 and 30.fb~!. It has
been obtained via the decay A — tf — W(JJ)W(lu)bb requiring the full

- Teconstruction of both ¢ quark decays. For this value of m4, a &gmﬁca.nce
-of 8.2 is obtained.

- For Higgs masses: larger- than- 500 GeV, the observability (w r.t. the 113
contmuum) is suppressed due to 1nterferences between the 31gnal and back— '

+ ground amplitudes.
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7.2.5. "H — hh with h— bb = :

--'The observation of this channel would imply. the srmultaneous dlscovery
of two Higgs bosons. The challengeis to detect a-final state with four
b-quark jets having relatively low transverse momenta. The present pr

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 allow for lower tresholds whlle keepmg the output rate reasonably
low.: -

In the left part of ﬁgure 22 the reconstructed invariant mass of a bb palr

is shown (for my, = 80° GeV), the right part of thls ﬁgure shows the bbbb :

,mvarlant mass (for my = 300 GeV) , e

7 2 6 H + cs :

~ In case the charged Higgs is lighter than the top quark it can be pro—
duced in the. decay of the top (¢ — H7'b). The search for.the H* can
be done via tt production with the decay to H*(cs)bW (Iv)b. - Selection

_r
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Fzgure 20 Tau pair znvarzant mass distribution wzth signals for three cases of

wA—=Tr (left) and jet rejection as a function of the tau ejﬁczency (nght)

requirements include one isolated lepton, two: b-tagged Jets and 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 mpy+ = 130 GeV and tan § = 1.5, where a s1gn1ﬁcance of 4.4 is

Togon, vl T

~If the charged Higgs i is heav1er than the top quark lt can decay to tb In

3 the right part of figure 23 the distribution of signal and background-in the
~ invariant mass of tb is shown for my+:-= 300 GeV: and tan 8 = 1.5; with
a s1gn1ﬁcance of 9.2 obtained for 30 fb~!. The selection requlres,‘several ’
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Fzgure 28. Reconstructed spectra for H — hh wzth h — bb. The left part shows

Mg, the nght part Mygys-

b-tagged jets in the final state and at least one reconstructed top quark.

7.2.8. Discovery reach

- Figure 24 shows the discovery reach (> 5¢) in the m4 — tan g parameter

- space for the case of minimal mixing in the stop sector and an integrated

"luminosity of 300 fb~!. The full parameter space is covered and in most |
cages it’ should also be possible to distinguish between 2 SM Higgs and a
- MSSM Higgs.: In addxtlon the expected 11m1ts from LEP2 for thls scenano :
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Figure 23. Reconstructed mass of charged Higgs bosons with decay to cs (left,

- my+ = 130 GeV) and to tb (rzght mH+ = 300 GeV) The background is also

shown (dashed line).

7.3. Measurement’ of parameters c

Once one (or more) Higgs bosons have been observed these events will
be used to determine the properties (e g. mass; width, BR- -0) of the Higgs.
Combining several decay- channels and/or production modes will allow to
put constraints on the Higgs couphngs All the numbers given below are
based on an mtegrated luminosity of 300 fb—!.

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 10~% for miy < 500 GeV.
This -accuracy is given by the channels H — vy and H — ZZ — 4.

- 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 - 10~2

for my < 700 GeV from the decay H — ZZ — 4l. A direct width

measurement will only be possible for masses larger than 200 GeV, as below

‘this value the natural width of the nggs is smaller than the expenmental
mass resolutlon for nggs 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 § = 30) is shown as a function of m,.
) The mass of the H and A boson should be measured to about 10 % for

m4 > 200 GeV and that of thek boson to about 1 % for m4 > 300 GeV.
The right part shows the expected accuracy on tan B. It should be possible

\ to reach an accuracy- of better than 10 % for tan # > 7 from H, /A =TT,
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71.'4.* Summary e T B
 If a Standard Model Higgs boson does exist, it will be discovered by

ATLAS after a few years of data taking at low. luininbsity (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 fullpatameter space-will be )

covered for an integrated luminosity of 100 fb~! 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 particles appear in the Higgs decay).-Higgs =

~parameters can be determined also in the MSSM case.
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8.”Supersymmetry

.. Supersymmetry pyi-op‘oses 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
_!:he unification of the three gauge couplings at the GUT scale, which fails
In the Standard Model and succeeds in SUSY. - o

*In the Minimial Supersymmetric Standard Model, there is one additional

Particle for each particle of the Standard Model. There are at least two
H;ggs doublet fields, yielding five physical Higgs bosons (as mentioned in
Section 7.2). The SUSY partners of the quarks are the squarks § (spin. 0,

'.l?fb and right-handed), the one of the gluon is the gluino § (spin 1):and
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the ones of the leptons (neutrinos) are the sleptons ] (sneutrinos 7). The
partners of the W¥ and the H* mix to form the charginos X7 (i = 1,2), the
ones of the 7y, Z, h, H and A mix to form the neutralinos ¥2(: = 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 R, = (~1)38+5+25, For
Standard Model particles R, = +1, whereas for SUSY particles R, = —

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 assumptlon of
SUGRA (Supergravity) models is that the breaking of SUSY takes place
in a hidden sector and is transinitted to the visible sector via gravitational
interactions. In the minimal SUGRA model (nSUGRA) common masses
for squarks sleptons and the Higgs bosons and common masses of the
gauginos are assumed at the GUT scale. Thus there are five parameters:
mp (a common scalar mass), m,, (a common fermion mass), tan 3 (the
ratio of the vacuum expectation values of the two Higgs doublet ﬁelds),
A (the trilinear coupling at the GUT scale) and sgnu (the sign of the
Higgsino mass parameter).

The actual values of SUSY particle masses (e.g. at the weak scale) are
determined by a set of renormalization group equations, which evolve the
two common masses mg and my/, from the GUT scale to a lower ‘scale.
In general the masses of the neutralinos and the gauginos are proportional
't0 1,7, whereas the masses of the squarks, sleptons and sneutrmos are

‘proportlonal to 1/mo +f m1/2: with 0.1 < f < 6

8 1.1. Descrrptlon of models used : e
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 exlstrngvaccelerators (these’ should ‘be able
to discover.this point), point 4 exhibits a strong mixing between gauginos
and Higgsinos. Point 5 is motivated by cosmology, as 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 .

point | mg | miz | Ap [ tan 8] sgnp
1 400GeV [ 400GeV | - O 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 0 45 -

Table 1. Parameters of the siz mSUGRA models studied.

In table 1 the values of the five parameters descnblng the different -
mSUGRA models are summarized.

8.1.2. Discovery reach for mSUGRA scenarios k
In figure 27 the discovery reach (50) is shown for various inclusive sig-
natures:

0l no leptons, but jetsvandmissing Er,

11 one lepton plus jets and missing Fr,

SS two leptons of the same sign,

OS two leptons of opposrte sign,

31 three leptons plus jets and missing Er,

21,0j two yleptonsvand missing Er, but no jets,
31,0j three leptons and missing Er, but no jets.
Four parameter settings have been used: tanﬂ = 2 or tan B = 10 and
# < 0or g > 0. The reach for discovery from the inclusive srgnatures
extends up to masses between 1- and 2 TeVv. Also shown are the locatlons

of the first five mSUGRA points.
An important experimental aspect is the minimisation of fake Ep¥ss tarls

~ The slgnature of large missing Er could be faked by badly measured jets.

For EF** > 200 GeV, a rejection factor of 1000 or more is needed. Figure
28 (left part) compares the E* distribution for fully simulated Z + jet
events (dashed line) to the case, where the jet is undetected (full line).
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Figure 27. Discovery reach in the mg — my; plane for various inclustve signa-

tures (for 10 fo1).

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 mass Mgy =
_E""” +pr,1 +Pr2 +pr3+ pra is shown, where pr; 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 effectlve masses above 1 TeV::

_ The different contributions to the background are: tf production (closed
: c1rcles) W + jet production (triangles);, Z + jet productlon (downward
. tr1angles) and QCD jet production (squares). ;. ..

' The result of a scan of the mSUGRA parameter space is shown in the
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Figure 29. Correlation: between Meff and Msusy fo'r mSUGRA pomt 5 (left}
and dilepton mass distribution for mSUGRA point 8 (right). - :

left part of figure 29. A clear correlat10n between the observed onset of
the deviation from Standard Model background in the Mgss distribution
and the value Msysy = m1n(Mg, M) is observed.

Due to the appearance of two LSP’s escaping detectlon for each event
a direct reconstruction of mass peaks for SUSY partlcles is not p0331ble
However, endpoints in the distributions of 1nvar1ant masses of the visible
decay products.can be used to constram e.g. mass dlfferences between

_different. SUSY part1cles

In figure.29 (right) and vfigure 30 (left) two examples for the expected
distribution of the dilepton invariant mass are given for pomt 3 and point
5. The background from the Standard Model is in both cases hardly_
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;8 2.1. Description of model parameters

The parameters descrlbmg the GMSB models are | ta.n ﬁ, sgnp, M (the

,'.", messenger scale), A = F/M,, (where VF i is the. SUSY breakmg scale)
./ N5 (the number of equivalent 5 + 5 messenger ﬁelds) and Cyrqy (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
(leadlng to signatures with missing Et) or be qua.s1 -stable. In table 2 the

[point || tang | sgnu | A (TeV) | M, (GeV) [ Ns | Cgmu | NLSP | (c-r)NLSITI

mass of tau pairs for point 6 (right).

visible, a.nd for point 5 there is some contribution from other SuUsy 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 9 — X3t~
m(x9) — m(xl) with an expected value of 52.47 GeV. For point 5, the de-
cay of the X3 proceeds via a slepton: %3 — k- — x°l+l leadmg to an
expected endpoint at-108.93 GeV. , : -

8.1.4. Large tanf

For large te.n B the £ is light and thus in the events many 7’s are expected.
If the 77 invariant mass were to be measured directly, a sharp edge would
be expected from the decay ¥3 — 77 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 77
pairs, the dashed line shows pairs with one fake 7. The smearing and the
shift of the edge are due to the undetected neutnnos i

8.2. Gauge mediated Supersymmetry breaking :

“In contrast to SUGRA scenarios; where the breaking of SUSY occurs at
a very large scalé and is mediated by gravity, in Gauge Mediated Super-
symmetry Breaking models (GMSB) the ‘breaking occurs at a messenger
scale much smaller than the Planck scale and is transmitted to the ’real
world’ via gauge interactions. The LSP is the gravitino G with a mass
tha.t can be much smaller than 1 GeV. The- next’ hghtest supersymmetric
pa.rt1cle (NLSP) can e1ther be the X1 (decaymg to G"y) or the lR (decaymg
‘to Gl)
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and the endpoint is given by the mass difference -

[1a 5 + 90 500 ] 1 1 Fal 1.2 mm
1b 51 %+ 90 500 | 1] -103] &8 1.1 km
2a 5 + 30 250 | 3 1 i 52 pm |
2b 5 + 30 250 315-10° i 1km

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_1a

g

3
g

g
T
1

H
g

I

oo-ppu EvernsZ 5Ga VIO &
g

oppap Evem2SGeVA D
8
T
H

o-pp-ap Everen2 5GaW10 &’

- 8
T
t

- A i adaal aaedaagy . STV FUUTE FreTE Fiuws sueTl
] 100 150 200 250 50 100 7158 200 250 : ] 100 1sa . 200 250
. ™ (OoV) Lo ) W (Gev) . , .,(OM

Fzgure .‘;?1 Flavour subtracted mass dzstrzbutzons for GMSB poznt la of Ml+;-
(left), My+q-, (mzddle) and Myx., (right).

In GMSB pomt 1a the lifetime of the NSLP (whlch is the xl, decaymg
to G) has a value of ¢7 ~ 1 mm. In the decay X3 —. [~ — R+~ —
Gyl*1~ four endpomts are expected in the invariant mass distributions of
M+~ (at 105.1 GeV), M-, (at 189.7 GeV) and M., (at 112.7 GeV
for the right combination and at 152.6 GeV for the wrong combmatlon)
Figure 31 shows these three invariant mass distributions. The leptons I*{~
must be correlated in flavour, as GMSB models converse flavour. Thus
the flavour subtracted mass distributions are shown for dileptons (e*e~ +
ptp~—e*u¥). 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 0C fit using the three mass

constraints in the %3 decay and resolving two-fold ambiguities through
double -occurence of the decay in an event), the decays of squarks and
gluinos can also be reconstructed in the decay chain § — gg — %33qq.

8.2.3. GMSB point 2b
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Figure 38. Slepton mass distribution (left) and lepton — slepton mass distribution
(right) for GMSB point 2b.

In point 2b (the 7y is the NSLP), there are two quasi-stable heavy slep-
tons produced in each event (CTsepton = 1 km), which resemble in their
behaviour a muon, except for the mass (which leads to 8 < 1). They are
produced in the decays of the neutralinos %2 — [}1~. Using the measured
momentum and the time-of-flight information of the muon system (time
resolution of o = 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 %8, X3 and %3
decays are visible. ‘ o

R

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 ):‘1’ — qq9
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Figure 33. Distribution of the missing transverse energy EFS (left) and of the
number Njet of jets (right), comparing Ry-violating SUSY (open histogram) to
Ry-conserving SUSY (shaded histogram,). R C

In case of baryon number violation, ays‘eléction based on a large number
of jets alone is not sufficient to suppress efficiently the Iarge QC'I*)» back-
ground. By demanding at least one lepton in the final stdte,. a. better
suppression of the Standard Model background is achieved. In the left
part of ﬁgure 33, the»expectéd distribution of ‘I,nissing transverse ehefgy is
shown both for the case of R, violating SUSY" and for R, consér\}ihg super-
symmetry (using in both cases the parameters of mSUGRA point 5). The
.‘mlssing Er siguature is much reduced in cae of'R/? violation.. As shown
in the right part of figure 33, there are however higher jet multiplicities in
case of R, violation. o '

8.3.2. Lepton number violation via X~?"’ v :
An inclusive selection of at least three leptons and missing transverse

~ energy allows (assuming-a coupling Aj23 = 1073) to cover a large range of

7the parameter space 7y — 111172 With a 5o significance, as shown in the left
part of figure 34. An indication on the mass scale can-be obtained from
the effective mass M,y = Yoo, pist+ T1_, piBto® 4 Emiss “yging the four
leading jets and the four leading leptons. Figure 34 (right part) shows a
good correlation between M, sy and Msygra = min(mg, mg,; my, Mg ).
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8.4. Measurements of model parameters

Using the (partial) reconstruction of the decay chains of supersymmetnc
particles as described above, for a given model information on the sparticle
masses .can be extracted. -Using these constraints, a global fit is.done'to
determine:the model parameters (this is only p0531b1e 1f ‘the number of 1

parameters is limited).

~ An initial scan is used to find approxlmate reglons, by welghtmg each
p01nt accordmg to the’ expenmental errors. Next, more “points in these §
reglons are scanned until the favoured values of the parameters and their §

+1o errors ‘are determined for a given mtegrated lum1n051ty (e1ther 30 bt

or 300 b~ DA Besides the statistical error, systematlc uncertamtles dueto §
the knowledge of the electromagnetlc the muon and the jet energy scale |
are taken into account The light Higgs mass is assumed to be known' to '
AM, = +1 GeV i in the case of 30 fb~! and to +0.2 GeV for the ‘case
of ultimate’ senSIt1v1ty (300 fb~ I) ‘No errors are used for the theoretlcal

treatment of the spartlcle mass calculatlon

i

8.4.1. Case of mSUGRA

For the first five mSUGRA points the expected precision is given in table f C
3. The numbers given correspond to an integrated luminosity of 30 fb‘ 4

(numbers in brackets are for the ultimate sensitivity with 300 fb‘l)

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 my, is known to 3 GeV).

Five measurements (light Higgs mass and four lepton / photon mass §
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pomt 4 || £6.3(4.4) % | £2(0.75) % o 4
:p01nt5 132013) % :1:09(05)% 15(25)% R

Table 3. E:cpected accuracy on mSUGRA paramete’rs for various pomts and
for. 30 JorL with AM, = £1 GeV (ultzmate senszthty with 300 ) with
':AMh—ﬂ)?GeV e o

§mo) | S(mps) | S(anf) ] e
[pomt 1 ]| +25(25) % | %25(2)% | =41 % - ‘

pomt 2 || £25(25) %
point 3 || £5(2.5) % ..

£2.5(2) % | £20(12) %
1M %. | £2.5(1) %
£20(6) %

TR e

[model [ 3(A) |
la

M,y [S@ip) | ) ]

.. £2% B 26% | £14 %
1 || £13% |.upperlimit | T35 % | *1%
22 || £18 %224 % | X20% | £1.7%
> | £09% | 3% | E6% | H07%

Table 4. E:cpected accuracy on: GMSB paramete’rs (30 fb‘1 ).

comblnatlons) can-be used to constram the: parameters The 51gn of [ is
determined unamblgously The values of A'and Nj are well determined,
at high luminosity the errors are dominated by systematic- uncertainties.
The value of tan'3 is mostly related to the Higgs mass and its accuracy. is
determined by the accuracy on the Higgs mass.

»The value of.Cy,,, is independent. of other parameters and will be deter—

 -mined from the hfetlme of the NLSP

'85 Summary ')' ;

The dlscovery of supersymmetrlc pa.rtlcles at the LHC should be easy
for masses of up.to 1. - 2 TeV. The decay of supersymmetnc partlcles
leads to. ﬁnal states contammg multlple jets, lleptons, heavy flavours and
missing - transverse energy.: The exact composition of these sxgnatures is
model and parameter dependent. Studies done w1th1n 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
detectlon) by making use of kinematic endpomts From this information,
SUSY particle masses can-be determmed and thus the SUSY parameter

- Space‘can be constrained.
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9. Other searches

9.1. Compos1teness . - »

Assuming that quarks and leptons are not’ fundamenta.l pa.rtlcles but are
composite objects, a spectrum of particles with unusual quantum numbers
is predicted (like excited quarks and leptoquarks) 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 relative ,
deviation from the Standard Model expectation for three values of the |
compositeness scale. For an integrated luminosity of 300 fb~! a lower limit |

of 40 TeV should be reached.
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Figure 35. Relative deviation of the inclusive jet cross-section in case of com- j
positeness (A = 20,30,40 TeV) with respect to the one without compostteness 1

(left) and ezpected deviation due to ¢ miscalibration (right).

This measurement is however sensitive to the exact knowledge of the Jet ]

energy scale. Not understood non-linearities could fake such a signature,

and therefore the use of angular distributions provides a cross-check. The

right part of figure 35 shows the expected deviation from the QCD predlc—
 tion due to an uncorrected non-linearity in the-calorimeter response, wh.lch
is s1gmﬁcant in companson ‘with the’ statlstlca.l uncertalntles 1nd1cated

9.2, Techmcolor : ,

- Technicolor models invoke dynamical breaklng of electroweak symme-
try through the existence of 'technifermions’ with technicolor:charge and
strong interactions at high scales. -The Goldstone bosons providing the
longltudlna.l degrees of freedom of the W and Z bosons are condensates of
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techniquarks, the so called technipions.
Figure 36 shows in the left part the expected signal for the decay of
technirho pF resonances to W*Z with a leptonic final state (I*vI*¥) for.

_various masses of the technirho and the technipion. The shaded hlstogram

1nd1cates the background from W Z production. e e T, g

9. 3 New heavy gauge bosons " S
Extensions of the Standard Model gauge group glve rise to new gauge_

bosons. Flgure 36 shows i in the rlght part the’ expected 51gnal from a W'

boson ‘with & mass of 4 TeV i in the leptonic decay ‘to an electron and a

- 'mneutrino. 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

ouly 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 regious), to yield precise measurements of the W boson |
and the top quark mass and to measure parameters of CP violation'in the |
By meson system, as well as oscillations of the B, meson. Furthermore '
precision measurements will also be possible for parameters of the. Higgs |
boson(s) and of supersyrnmetrlc partlcles, leading possibly to constraints |

on the model parameters
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The ATLAS Detecor at. the LHC

- R.-Leitner, Charles University, Prague
for the ATLAS Collaboration .- .-

Abstract

......

* for many of its detector components, with a strict schedule to meet
- the first collisions at the Large Hadron Collider in summer 2005. "
- The r_nam‘,featur_cs of the detector are briefly summarized.

a3

l'i"":Introductmn e

The Large Hadron Colhder LHC) [1] isa proton-proton colhder wrth 14
TeV centre of mass energy and desrgn 1um1nosrty of 10%' cm‘2s‘l Beam
crossings are 25 ns apart and at desrgn lumrnosrty there are 23 1nteract10ns
per crossing. . A e
The. ATLAS detector concept and 1ts physms potentla.l have been pre:; .-

~ sented, in the Technical Proposal[2} about, four,years ago..Over the last two .

years detalled descriptions:of the detector systems.and thelr performance;_,;;
have been presented in the various Technical Design Reports (TDR)[?];..
the complex task: of therr 1ntegrat10n into the overall ATLAS. detector has
been recently described in the Technical Coordination TDR[11]. The main. .
fea.tures of:the detector are briefly summarized in following sections. More .
detalls cai . be found. in the ATLAS Detector and Physrcs Performance ,

'~_TDRuﬂ

2 Overall detector concept

“ A broad spectrum of detarled physrcs studies led to the overa.ll detector '
concept presented in the ATLAS Technical Proposal[.‘Z] The basm desrgn o

crlterla of the detector 1nc1ude the followrng

. Very good electromagnetlc calorimetry for- electron and photon iden-~

- tification and measurements; complemented by full-coverage hadronic

~ calorimetry for accurate _]et and mrssrng transverse - energy (E”“”)
R mea.surements ST : o
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° High—precision muon momehtum‘me‘a;s{ireménts‘; with the i:apability .
to guarantee accurate measurements at. the ‘highest 1urmnos1ty using
the external muon spectrometer alone;.

o Efficient tracking at high luminosity for high-pr lepton-momentum
measurements electron and photon identification, 7-lepton and heavy-
flavour 1dent1ﬁcatxon and full event reconstructlon capablhty at lower

1ummosrty,

o Large acceptance in pseudorapldrty (17) with almost full azimuthal

angle (®) coverage everywhere. The azimuthal angle is measured |
around the beam axis, whereas pseudorapidity. relates to the polar ; §

angle () where 8 is the angle from the z direction.

® Tnggenng and measurements of partlcles at low—pq- thresholds pro-
v1d1ng hlgh eﬁicrencles for most physus processes of mterest at LHC o

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

ration is based on an inner thin superconductlng solenoid surrounding the

inner detector cavity, and large superconductmg air-core toroids consist- " z
ing of independent corls arranged mth an erght-fold symmetry outsrde the oo

calorimeters.

The Inner Detector (ID) is contamed w1th1n a cylinder of length 7mand |

a radius of 1.15 m, in a solenoidal magnetic field of 2 T. Pattern recog-

nition, momentum and ‘vertex measurements, and electron 1dent1ﬁcatron
are achieved with a combination of discrete high-resolution semlconductor = |
_pixel and strip detectors in the inner part of the tracking volume, and con-

tinuous straw-tube tracking detectors with transition radlatlon capabxhty
in its outer part.

Highly granular liquid-argon (LAr) electromagnetlc (EM) samphng ca]onme—

try, with excellent performance in terms of energy and position resolution,
covers the pseudorapidity range I7] < 3:2. In the end-caps, the LAr tech-

nology is also used for the hadronic calonmeters, Whlch share the cryostats : :
with the EM end-caps. The same cryostats also house the special LAr for— B

ward calorimeters which extend the pseudorapidity coverage to || =

The LAr calorimetry is contained in a cylinder with an outer radius of 2 25, . i

“m and extends longitudinally to £6.65 m along the beam axis.
The bulk of the hadronic calorimetry is provided by a novel scmtrllator—
tile calorimeter, which is separated into a large barrel and two smaller

48

extended barrel cylinders, one on each side of the barrel.- The outer radius"
of the scintillator-tile calorimeter is 4.25 m and its half length is 6.10 m.
~The overall’ calorlmeter system provides the very good jet and ERise
performance of the detector The total weight of the: calorimeter system,
including the solenoid flux-return ‘iron ‘yoke which is 1ntegrated mto the
tlle calorimeter support’ structure, is about 4 000 Tons." : S
- The calorimeter is surrounded by the “muon ‘spectrometer. - The air-=
core toroid system, with a long barrel and two inserted: end—cap magnets
generates a large magnetic field volume: with strong bendlng power w1th1n
a'light and open ‘structure.  Multiple- -scattering effects-‘are thereby  min- '
imised, and excellent muon momentum resolution is- achleved with> three
stations of ‘highprecisiontracking chambers “Thé rnuon’ mstrumentatlon
also’ 1ncludes as-a’ key component trlgger chambers wrth very fast tlme
respornse: - : -
The muon spectrometer defines the overall dlmensmns of the AT LAS
detector: The outer chambers of thé barrel are. at a'radius of about 11-m.

" The half-length: of the barrel toroid coils is:12.5' m, "and’the third’ layer of -

the forward ‘muon chambers, mounted on'the cavern wall, is located: about
23 m from the iriteraction point. The overall welght of: the ATLAS det ctor i
is about 7 000 Tons.
. The primary" goal of'the experlment is to operate at hlgh lummosxty
(103‘1 em~%s7!) with a detector that provides as: many'signatures'as possi-: <
ble:: The variety ‘of sighatures is’ ‘considered ‘to be’ 1mportant in the harsh':
environment of the LHC in order to aclneve robust: and redundant phyS1cs
measurements w1th the ablhty of mternal cross check

3 Magnet system

The ATLAS superconductmg magnet system[3] can. be'seen in Figure:l. 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'min length and 20 m in dlametera |

The two end-cap.toroids (ECT) are-inserted-in - ‘the barrel-toroid- (BT)-at

- €achrend. angd- line up withthe CS. They. have-a- length of 5 m, an.outer -

:l;i;neter .0f 10.7 mizand .an inner. bore.of 1.65 m.: The'CS extends: over
ngth of 5.3 m and-has a- bore: of 2.4:m: - The _unusual configuratlon

8 an
) and large size.make the magnet. system a.considerable challenge requiring -
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careful engineering.

The CS provides a centraI ﬁeld of 2 T wrth a peak magnetrc ﬁeldi

of 2.6 T at the superconductor itself. The peak magnetrc fields on the

superconductors in the BT and ECT are 3.9 and 4.1 T respectwely. The. ;
performance in terms of bendmg pawer.is characterlsed by the field mtegral‘ '
f Bdt, where B'is the aznnuthal field component and the integralis taken. |
on a straight line trajectory.. between the inner and: outer. radius of the ’

toroids. The BT prov1des 2to 6 Tm and the ECT contnbntes with 4 to

8 Tm in the 0.0-1.3 and 1.6-2.7 pseudoraprdrty ranges respectively: Thel

bending pawer is lower:i in the transition regions where the two magnets
overlap (1.3 < |n| < L6).

. The position of the CS in front of the EVI calornneter demands a carefu] V', j“
mmumsatron of the. material in order. to acIneve the desired calorimeter |

performancer As a consequence, the CS and the LAr calorimeter share
one common vacuum vessel, thereby eliminating two vacuum walls. .

'Each of the three tormds; cansists of eight coils assembled radrally and
symmetncally around. the beam axis. The ECT cqil system is retated by
22.5° with respect to the BT coil system in order to provide radial overlap

and. to optrmrse the bending power in the interface: regrons of both corl = i

systems. - g

‘The magnets are indirectly cooled by forced. flow: of hehum at 4 5 K ]

through tubes welded on the casing of the windings. The cooling power is

supplied by a central refrigeration plant located in the side cavern a.nd the .

services are distributed among the four magnets.

The conductor used in all the coils is a composite that consrsts of a. ‘
flat superconducting eable located in the centre of an aluminium stahrhser 4

with rectangular cross section.

4  Inner Detector

The layout of the. Inner Detector (ID)[4] is shown in- Frgure 2. It com- ,‘
-bines high-resolution detectors at the inner radit with contmuons trackmg 3

elements at the outer radii, all contained in the CS.

. The momentum and vertex resolution requrrements from physics call for :
high-precision measurements to be made with ‘fine-granularity detectors, §
given the very large track density expected at the LHC. Semiconductor §
tracking detectors, using silicon: microstrip (SCT) (4] and pixel [5] tech- }
~ nologies offer these features.. The highest granularity is achieved around |
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the vertex region using semi- conductor pixel detectors The total number
- of precision layers must be hmlted because of the materlal 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 straw tube
“tracker (TRT) [4], which provides continuous track-following with much
Jess material per point and a lower cost. The combination of the two tech-
‘niques gives very robust pattern recognltlon and high precision.in ¢ 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 V° decays ‘The
latter are an important element in the signature of CP v1olat10n in the B
.system. In addition, the electron identification, capab111t1es of .the whole
.experiment are enhanced by the detection of transition-radiation photons-
in the xenon—based gas mixture of the straw tubes. .

The outer radius of the ID cavity is 115 cm, fixed by the inner dlmensmn
of the cryostat containing the LAr EM ca]orrmeter ‘and the total ]ength is
7 m, limited by the position of the end-cap calorimeters. Mechamcally, the
ID consists of three units: a barrel part extending over £ 80 ¢m, and two
identical end-caps covering the rest of the cylindrical cavity. The precision
tracking elements are contained within a radius of 56 cm, followed by the '
‘continuous trackmg, and finally the general support and service regron at
‘the autermost radius. In order to give uniform 7-coverage Over the full
-acceptance, the ﬁnal TRT wheels at high-z extend 1nwards to a lower
"radius than the othér TRT end-cap wheels. " ' o ~

In the barrel reg1on the h1gh—prec1sron detector layers are arranged on
concentric cyhnders around the beam ‘axis, while the ‘end-cap detectors
‘are’ mounted on disks perpendrcular to the beam axis; ‘The' pixel layers
are segmented in RO and z, while the SCT ‘detector ises small ‘angle (40
mrad) stereo strips'to ‘measure both coordlnates, w1th one ‘set of strips
in each layer measuring ®. The barrel TRT straws are parallel to ‘the
‘beam’ d1rect10n “All the’ end-cap trackrng elemments are located it planes

- Perpendlcular to the beam ams T he strlp detectors have one set of stnps

61



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 system contains a total of 140 milion ‘detector elements, each
50 pm in the R® direction and about 300 pm in z. The SCT detector
contains 61 m? of silicon detectors, with,6.2 milion readout channels. The
spatial resolution is 16 g#m in R® and 580 pm in z: The TRT detector
consists of 320 thousand straws, the resolution in R® is 170 pum per straw.

The layout provides full tracking coverage over |n| <2.5, including im-
pact parameter measurements and vertexing for heavy-flavour and 7 tag-
ging. The secondary vertex measurement performance is enhanced by the
innermost layer of pixels, at a radius of about 4 cm, 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 phases 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 3§

experiment’s "lifetime. “The mechanical design of the pixel systefn allows
the possibility of replacing the B-layer. e o

5 Calorimeters

A view of the ATLAS calorimeters [6] is_presented in, Figure 3.. The
calorimetry consists of an electromagnetic (EM): calorimeter covering the
‘pseudorapidity region |n| <3.2, a hadronic barrel calorimeter covering
In| <1.7, hadronic end-cap calorimeters covering-1.5< |n|.<3.2, and for-
ward calorimeters covering 3,1< |n| <4.9. ORI

- The EM calorimeter is a lead/liquid-argon (LAr) detector with accor-
dion geometry (7). Over the pseudorapidity range [n| <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 cyl\indef_dividéd into th're‘e,lse'{:-
‘tions: the central barrel and two identical extended barrels. It is based on
~ a sampling technique with plastic scintillator plates (tiles) embedded in an

)

iron absorber [8]. At larger pseudorapidities, where higher radiva..tion _re‘sis’-
tance 1s needed, the intrinsically radiation-hard LAr technology is use_‘dvfor
all the calorimeters [7): the hadronic end-cap calorimeter, a copper LAr

Jetector with parallel-plate geometry, and the forward caldrimétfér,' a dense
LAr calorimeter with rod-shaped electrodes in a tungsten matru;.vl

5.1 Electromagnetic calorimeter

The Electromagnetic calorimeter (EM) [7] is divided into a barrel pafﬁ
(In| <1.475) and two end-caps (1.375< || <3.2). The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (6 mm) at

4,—0. Each end-cap calorimeter is mechanically divided into two coaxial

wheels: an outer wheel covering the region 1.375< ) <2.5, axidfran ipneﬁ
wheel covering the region 2.5< || <3.2.

The EM calorimeter is a lead LAr detector with aCcdrdion_-_s}iaped Kap-
ton electrodes and lead absorber plates over its full coverage. The accor-

‘dion geometry provides complete @ symmetry without azimuthal cracks.

The lead thickness in the absorber plates has been optimised as a f}in‘c,tio'ff
of 7 in terms of EM - calorimeter performance in energy resolution. " The

" LAr gap has a constant thickness of 2.1 mm in the barrel. In tﬁ(f,' é‘nd-:_

cap, the shape of the Kapton electrodes and lead converter plates 1smore
complicated, because the amplitude of the accordion waves increases with

“radius. The absorbers have constant thickness, andftherefor"e the LAr gap
* also increases with radius. The total thickness of the’_EM ‘_cral’on‘n_l.eter’ is
" >24 radiation lengths (Xo) in the barrel and >26 X, in the end-caps.’

" Over the region devoted to precision physics (|| <2.5),. the EM caloﬁfng-
ter is segmented into three longitudinal sections. The strip section, which

has a constant thickness of 6 Xo (upstream material included) as a func-

" tion of 5, is equipped with narrow strips with a pitch of ~4 mm in the 7

direction. This section acts as a ‘preshower’ detector, enhancing pa.rticle

‘identification (y/n° e/ separation, etc.) and providing a precise posi-

tion measurement in 7. The middle section is transversally ségrn‘ented‘into
square towers of size AxA®=0.025x0.025 (~4x4 cm? at 17'=0)‘. The tota.l
calorimeter thickness up to the end of the second section is >24 X,, ta-

_ pered with increasing rapidity (this includes also the upstream material).

The back section has a granularity of 0.05 in 7 and"a thiCkhess varying:
between 2 X, and 12 Xg. For |7 >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 mea.surement
of ER***). The calorimeter cells point towards the interaction region over
the complete 77-coverage. The total number of channels is ~190 000. :

5.2 Hadronic calorimeters "

The ATLAS hadronic calorimeters cover the range |7| <4.9 using different i
techniques best suited for the widely varying requirements and radiation

environment over the.large 7-range. Over the range |n| <1.7, the iron

scmtlllatlng-tlle technique is used for the barrel and extended barrel tile |

calorlmeters and for partially mstrumentmg the gap between them with the

1ntermed1ate tile calorimeter (ITC). This gap provides space for cables and |

services from the innermost detectors. Over the range 1.5< || <4.9, LAr
calorimeters were chosen: the hadronic end-cap calorlmeter (HEC) extends
to |p| <3.2, while the range 3.1< |p| <4.9 is covered by the highdensity
forward calorrmeter (FCAL). Both the HEC and the FCAL are mtegrated
m the same cryostat as that housmg the EM end- -caps. '

An important parameter in the des1gn of the hadronic calorlmeter is
its thlckness it has to provide good contarnment for hadronic showers and
" reduce punch through into the muon. system to a minimum.” The total
thickness is 11 1nteract10n lengths ( mt) at =0, mcludmg about 1. 5/\mt
from the outer support “which has been shown both by measurements
and srmulatron to be sufficient to reduce ‘the punch-through well belowl
the 1rreduc1ble Tevel of prompt or decay muons., Close to 10/\mt of -ac-
tive calorlmeter are adequate to provrde good resolution for high energy
jets.. Together w1th the large 7- -coverage, th1s will also. guarantee a good
Emiss measurement Wthh is 1mportant for many physics signatures and
in partlcular for SUSY part1cle searches..

The large hadronic barrel calorlmeter (Tlle Calorlmeter)[S] is a sam-
'plmg calorimeter using iron as the absorber and scintillating tiles as the
active material. The tiles are placed radlally and staggered in depth. The

structure is periodic along z. The tiles are 3 mm thick and the total thrck—v

ness of the iron plates in one period is 14 mm. Two sides of the scintillating

tiles are read out by wavelength shifting (WLS) fibres into two separate

photomultlphers (PMTs). The tile calorimeter is composed of one bar-
rel and two extended barrels. Radially the tile calorimeter extends from
an mner 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 and 1.8 interaction*
lengths thick at n= 0. Azimuthally, the barrel and extended barrels are
divided into 64 -modules. In 7, the readout cells ‘built by, grouplng fibres
intoPMTs, ‘are ‘pseudo-projective’ towards the interaction  region. - The
resulting granularity is AnxA®=0. 1x0.1° (0.2x0.1 in" the last’ layer) “The '

~ total number of channels’is about 10 000. The calorimeter i is placed’ behind’

the'EM calorimeter (~1.2' Ajz)and the solenoid coil. The total thlckness :
at the outer edge of the tile-instrumented region-is 9.2 Ay at 7=0. - v
‘Each Hadronic Endcap Calorimeter|7] consists of two independent"
wheels ‘of outer radius 2.03 m.”'The upstream wheel is bu11t out of 25 mim’
copper ‘plates, while the cheaper other one; farthér from the 1nteract10n '
point, uses 50 mm plates. In"both: wheels, the 8.5 mm gap- between con-
secutive copper plates is equipped with three parallel electrodes Sphttlng '
the gap into four drift spaces of about 1. 8 mm. The readout electrode is the
central one; which'is a three layer prmted circuit,’ as in the EM calorrmeter :
The two layer printed circuits on either side serve only as hrgh-voltage car-
riers.- This eléctrode structure forms an ‘electrostatic transformer (EST)
with an EST: ratlo of two. Such a scheme has:the same behavrour as’‘a

~ double gap of 4 mm; but ‘without the drawbacks assoc1ated with very high

voltage (typlcally 4 kV instead of 2 kV), and ion build up in la.rger gaps.
‘The Liquid-argon forward calorimeter (FCAL) [7] is a particu-
larly challenging detector owing to the high level of radiation it hasto cope
with.~In ATLAS, the forward calorimeter is 1ntegrated into’ the end -cap
cryostat, with a front face at about 47 m from the mteractmn pornt The »
FCAL consists of three sections: the first one is made of copper, while the :
other two are made out of tungsten. In’ each section the calorimeter con-
sists of ‘a metal matrix with regularly’ spaced longltudlnal channels filled
with concentric rods and’ tubes The rods are ‘at pos1t1ve h1gh voltage wh11e
the tubes: ‘and- matrlx are grounded -The LATr in the gap between' i 1s the "
sensitive medrum ThlS geornetry allows for an excellent control of the gaps "_
which are as’small as 250 pm in the first'section. In terms of electronlcs“ ‘

~ and readout; four rods are ganged on the détector’’ and the signal is carned '

out by polylmlde insulated coaxral cables The number of channels 1s 3 584' :
for the total of both srdes o ‘
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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 |n} <1.0, magnetic -

bending is provided by the large barrel toroid. For 1.4< |n| <2.7, muon
tracks are bent by two smaller end-cap magnets inserted into both ends
of the barrel toroid. Over 1.0< |n] <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 impéCt-

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 f

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 thljée E

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 7-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 @
pm wall thickness, with a 50 ym diameter central W-Re wire. The chosen 4

working point provides for a non-linear space-time relation with a maxi-

mum drift time of ~700 ns, a small Lorentz angle, and excellent ageing

properties. The single-wire resolution is ~80 ym.

At large pseudorapidities and close to the interaction point, Caﬁh—
ode Strip- Chambers (CSCs) with higher granularity are used in the |
innermost plane over 2< |y| <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 precision coordinate’
is obtained by measuring the charge induced on the segmented cathode by.

the avalanche formed on the anode wire. -, . . . . . ..

‘Optical alignment systems have been designed to meet the stringent
requirements on the r;1echax_1ical accuracy and the survey of the Pyréc‘isicﬁ)‘ﬁ'.{
chambers. , ' LT SR

The precision measurement of the muon tracks is made in th(; Rz pro-

jection, in'a direction 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 transition and end-cap regions. The MDTs provide a
single-wire resolution of ~80 um when operated at hxghga.spressure(3
bar), together with robust and reliable operation’ thanks. to the mechani.
cal isolation of each sense wire from its neighbours. The construction of
prototypes has demoristrated that the MDTs can be built to the required .

mechanical accuracy of ~30 pm. e A .
-The trigger system covers the pseudorapyi(livity{ range. In| <2.4. Resis-

 tive Plate Chambers (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 spacé-time res-
olution of 1 ecm x 1 ns with digital readout. The basic RPC unit is a- -
NAITow gas gap formed by two parallel resistive bakelite plates, sepa‘,rat)ed‘ |
by insulating spacers. The primary lonisation electrons are multiplied into':
avalanches by a high, uniform electric field of typically 4.5 kV/mm. Amn-
pliﬁcat__iop in avalanche mode produces pulses of typiéally 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 ¢athode.
anode distance. Signals from the anode wires, arranged parallel to' the
MDT wires, provide the trigger information together with readout strips:
arranged orthogonal to the wires. These readout’strips ‘are also used to
measure the second coordinate. - PR
; The trigger chambers for the ATLAS muon spectrometer serve a three-
old purpose: : B o B s
the *Lguélcbh crossing ?deutiﬁCation, requiring a time resolution Bet;ter;‘than
, *& bunch spacing of 25 ns; o .
2 trigger with well-defined pT cut-offs in moderate magnetic fields
'ng a granularity of the order of 1 cm; ‘ T
m‘??&}{ement';of:. pl;e second coordinate in a direction' orthogénal to
Measured by the precision chambers, with a typical resolution of 5-10

S

réqui

that
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min. " T

The overall layout of the muon chambers in the ATLAS detector s
shown in Figure 4, which indicates the different regions in which the four 3
chamber technologies described above are employed. The chambers are ar- §

ranged such that particles from the interaction point traverse three stations : K

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 msrde the field volume
" in order to determine the momentum from the sagitta of the trajectory.
In the end-cap regions, for |n] >1.4, the magnet cryostats do not allow the
positioning of chambers inside the field volume. Instead, the chambers are . .
arranged to determine the momentum with the best possible resolutlon‘ a2
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 Both 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 mlddle‘
MDT station. : P
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Figure 3: Threejdinlexxsional cutaway view of the ATLAS calorimeters.
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Figure 2: Longitudinal view of the ATLAS Inner Detector. - Figure 4: Three dimensional view of.the muon spectrometer.
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Silicon Vertex Detectors in HEP and
in the Semiconductor Tracker of ATLAS

Sk D Ferrere o
DPNC, Université de Geneéve

.~ Switzerland

Abstract , _
This contribution is an introduction to the physics and the tech-
nology of silicon microstrip particles detectors commonly used today
in High Energy Physics (HEP). The intrinsic properties of semi-

conductor-and p-n junction based on silicon are presented. : The: :f

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. B

c
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17 ‘Introduction

In the 1950s, electron-hole pair production in germanium junctions by a-

' particles [1] was discovered. This was the sta;‘ting point for the use of

semiconductor detectors in nuclear physics for very ‘precise’gamma-rays
energy measurements from a few keV up-to 10MeV [2]. In the 1970s, this

detection technique was for the first time used in. nghEnergyPhysms
'(HEP) as telescopes of several layers of silicon detectors for beam moni-

toring [3] R R
It was only in the 1980s that this technique was used for the measure-

‘ment of particle trzijectories,‘Wlien J. Kemmer [4] used the planar, process:
oxide passivation, photo-engraving and ion implantation, for the produc-
“tion of a large quantity of low leakage current silicon radiation détcctbrg.
This technology is commonly used today for the fabrication of single-sided
or double-sided strip (or p‘ixel)isiliéonA detectors for the tracking in HEP
,')e:xj)el'imellts. ' ’ ' '

Despite the fact that silicon detectors are still a l'atli‘él' er]})erviski\Veytrac‘l\igr

_technique, it is still very attractive for several ejsé'éntiz}l'features. Using up
-to 6 inch silicon subsrate wafers of typically 300 ,um‘tkl,liCkf, desir_éd vdetv\eqtqr
.shapes with small geometrical and ql,ectpical'tolel'anges can be madé.,PaL‘-

s allel microstrip detectors with very small pitch, for example 20 zm can be
-designed. The close mounting of several layers of: silicon detet;tprs allows

construction of telescope or vertex detectors. Hit strips with a spatial fes—
olution of 2-3um can be easily achieved ensuring a good vertex and impact
parameter reconstructions inside the tra%:kéy detector. In addition the use
of magnetic field allows the identification and the measurement of charged
particles with a good momentum resolution. X

As described further in this report, suitable,frqnt-‘end electronics to
readout Si-detectors; has made also good progress. It is based on the com-
bination of preampliyﬁCatiohn,isliapiiig and safpple and-hold. Most progress

~has been made towards a faster signal processing 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
Tun in severe radiation environment as required by the LHC experi-
ments. After describing some experiments using the silicon vertex detector
in HEP, a‘report on future module construction of the ATLAS Semicon-
ductor Tracker [5] is presented. ' :

to
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2 Principle of the silicon detector and 1ts

operation

2.1 Semi-conductor properties

The semi-conductor properties are well described in solid states physics
books and reference (6] is recommended for those mterested to go deepel :

in the details.

The semi-conductors, distinct from insulators or metals, are c1ystalline '
materials with an outer shell atomic levels giving an energy band gap (E,) &
structure of the order 1 eV for silicon. The energy gap defined between §

the valence band and tlie conduction band, known as a "forbidden” region,

has no available energy levels. The conduction band, which is the highest 1
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 1ema1n assocnated to then

respectlve lattice atoms

“At 0°K, all the ¢lectrons are in the valence band and participate to the
covalent bonding between the lattice atoms (Flgure 1). Then the conduc- ¥

tivity of the material is mexnstent At higher temperature, there is enough
“thermal energy to liberate some electrons to their covalent bonds to go in
the conduction band aid leave a hole at the original position. The hole
“mobility in the lattice is much lower than the electron moblhty

- the electron mobility () in silicon at 300°K is: 1350 [cmz/Vs]
ol the hole mobility (p.) in silicon at 300"K is: 480 [cmz/Vs] s

at higher temperature

ature.

Electron-hole pairs are constantly being generated by thermal energy ;
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Flgure 1: Covalent bonding lattlce of SlllCOIl at 0"1\ and at h1ghe1 tempel‘

where there.are: simultaneous recombinations of electlon'; and holes. Un-
der stable. conditions, there is an equilibrium of electron-hole pairs and
the conceintration 1; of electrons or equally holes at a temperature T is

expressed as:

_E ‘
=1/ NeNve rp( ST ),_ 1T3/2c1p( T , (1)

where N¢ and Ny are the number of states in the conduction band and
in:the valence band respectively.

2.2 Doped semlconductors

'Ihe equal numl)em of clectrons an(l holes can be changed by 1nt10ducmg
a small amount of 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. . .

‘Conduction band
u}
n-type
Valence band - - °
b}
p-type
Excess'
hole
\_ Acceptor “~-Valence band .

impurity

F‘Sme Intrinsic SlllCOll (lope(l wntll Donor nnpurltles (a) and acceptor
1mpuutus (). : oo

If tllc nnpuuty is pentavalent, the extra electmn creates a dlscrete en-
ergy level in the band gap energy which is very close to the conduction
and. So at normal temperature the electron is easily excited into the con-
duction band, enhancing the conductivity of the inaterial. So the electrons
are Le nmJouh charge carriers aud the semiconductor is called n-type.
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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 semiconductor is called
p-type. N

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

Ly ?) (2)

np = n? = AT3exp( T

where n; is the intrinsic concentration. Since the semiconductor is

neutral the positive and negative charge concentration is equal: Np +p =
Na + n where Np and Ny are the donor and acceptor concentlatlons In
a n-type material one could notice that n ~ Np=-

Heavily doped semiconductor called n* and p* type are also used for
the electrical contacts of semi-conductors where the impurity concentr ation
in this region can'be as high as 10%° atoms/cm?.

2.3 The np _]unctlon

The radiation detect01s used in HEP are based on the properties of the
junction between- the n- and 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 sectnon) So the junction is

formed in a single c1ystal and the impurity content is dlfferent at the two
sides.

The unbiased _]uuctlon is w01l\111g as’ a detector but with very poor
performances and the contact potential is about 1V. In'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 sensitive volume 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 attlactlve contact:surfaces. '
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Diode in reverse biased

T Free of chage carnies
when fully depleted

Depletion zone
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Figure 3: The np semiconductor junction under reverse bias.

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 predoml-
nant, can be e\plessed asa functlon of the tlucl\ness of the depletlon reglon
by the fouunula ' » :

2

V. __‘—N & = e ’ @3
1 4( V2€ep e T : ()
where ¢ is the dielectric constant for silicon: 1.05 IO'IDFm
For a planar detector geomet1y and when theJunctlon is fully depleted
the capacitance of the’ _]ullCthll of a thickness, d, is similar to pla.na1 ca-

pac1tance and is: C= ed whele Ais the depletlon area.

The total leal\age current of the detectors depends of the bulk curlent
the surface current, and of the quality of the fabrication process. [8] 'When
the full depletion is reached, the bulk current is’ ‘due 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 estimated form the
capacitance versus the bias voltage measurement. The expression: .. .

YC =Vl @

allows the best depletlon voltage estlmatlon by ﬁttmg the two parts of »
the curve (Figure 4).
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Figure 4: Mecasurement of a pn diode (5x5 min?).
current. b) 1/C? versus bias.

2.4 Fébrication of silicon detectors

2.4.1 . Silicon ingot fabrication

The fa.bllcatlon of silicon mono—cnystal mgots can be ma.de elthel by the
Czochralski method (CZ) or the float zone method (FZ). n-type or 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 -

material where for p-type it could be boron, gallium or indium.

~ The CZ method is currently used for integrated circuits (IC) and thh»

a maximum resistivity of 1 kQcm. This method consist of pulling a mono-

crysta.l flom a silicon melt, starting from a seed crysta.l with the desired

ouenta.tlon

The FZ method is more applopnate for silicon detector appllca.tlons‘
where the resistivity need to be higher and much more uniform. On top
of a RF heatmg coil ring a polycrystalline SlllCOIl rod is melted ona seedv

c1ysta.l at lowe1 tempelatme

24 2 b‘The plaﬁar pro.cess

Standard double-sided polished n-type wafers with a (111) c1ysta.l 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
typlcal single sided p*-strip on n-substrate are as follows (anme 5)

-
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a) Bias and guard -

a
Aun oxide passivation is grown at around 1000°C with a mixture of dry
oxygen and Hydrogen cliloride. -

- an etching step is made using a photographic mask with the opening
mase according to the detector design. The mask'is created on a
quartz plate to ensure thermal stability. The alignment error is nor-
mally better thau 1 gm.

- An ion nnplautdtxon step is pelfomled at room tempelatme and with

Lhc l)ml\planc n- typc layex. Aften Lthis unplantatlon the wafers are
thermally annealed in a dry nitrogen atmosphere. . '

A metallisation is then pél formed on both sides with aliminium which
allow to avoid any problem related to the sheet 1esxlsta.nce of the
implanted layers and to facilitate tlle external eleﬁtncal contact.

- The aluminium is then removed fromn the adjacent’ stuf) zlsmg an appro-

priate mask. S
’ ) ’ R Vo B R I
The wafers are ﬁuall) (lxced to obtam the requued external shape. ‘

Depending of the detector design, some other specxﬁc steps are required,
for exemple a bias resistor based on polysilicon or iniplanted techniques.
or AC coupling which is obtained using one or more dielectric 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. o f

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) ina typical detec-
tor thickness of 300 yem is 22,000 electron-hole pairs. For a p-in-u detector
the holes will drift to the 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 be internal and external:
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n-lype silicon subtrate
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Figure 5: Successive steps of the plannar process technique. -
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. statistical fluctuations of the energy loss;
- the diffusion of carriers during the duft,
- 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 optimisation

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 gm. 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: o = d/V/12. -For events gen-
erating signals on two or more strips, the hlt position can be measured
more precisely either by using the centre of grawty method or by usmg 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 1‘e,solut}ion.l

3.2 Front-end electronlcs

The sngnal tO-llOlbe ratio is a vel\ mlpmtant paxametex and an optmnsa-
tion can be made only by trying to minimise the, equwalent noise charge
(ENC) seen by the readout ‘electronics. :
The electronics chips are generally deSJgned with preamphﬁers 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 readout clock k
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frequency. The resulting peaking time (T';) of the amplified and shaped
analog signal is an essential parameter in the noise contributions.
The noise performance of a readout system can be expressed as [13]:

ENC =ENC, ® ENC,, & ENCy ® ENCh, (5)
where
ENCpr (preampli].icr) =a-+ b x Cload[pF] v v (())

Flicker and channel and bulk-resistance transistor noises are the major
contributions to the preamplifier noise. Cjuq is the load capacitﬁnce 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 measuring the noise performance of the chip using passive

components for a given peaking time (T,).

qllcT
q 4

ENCIC (leakage current) = . (7)

"The leakage current contribution is the total leakage current of a module
as seen by one channel (/}.).

T,kT

ENcbr (bms reszslor) 2R
14

(8)

In the bias resistor contribution, R, is the parallel.resistor of bias re-
sistor of the detector and feed back resistor of the preamplifier.

Cloade Rms kT F
r 6T, (9)

ENCms (metal strip) =

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 cm) dependmg
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 collider experiments in LHC. The devices should be able to

operate after 10 years with a total fluence 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
tlie most studied effects are the bulk damages [16] which are displacements
of silicon atoms from lattice sites. :

The major known consequences are:

- the decrease of carrier mobility;

1

the reduction of charge collection;

- the iucrease of leakage current which is directly proportional to the flu-
ence (®): Al,/V = a®. This proportionality, a, is called the dam-
age constant. Al isthe change of the leakage current normalised
to the depletion volume.

- the change of effective (lopaut concentration which is directly related to
the the full depletion voltage. During the irradiation of a n-type sub-
strate material, its effective dopant concentration decreases until the
so-called type inversion of the detector bull\ Beyond this inversion,
the majority of dopant concentration is of p-type material. So the
donor removal and acceptor creation can be expressed as:

m,,:/vuxe-fd’ﬂaci) S e o)

where 1\0 is the initial dOllOl conceutlatlon ,B and ¢ are constants.

Once the irradiation is completed the eflective dopant concentration
will still evolve, depending on the storage temperature. This dependence
lias been followed intensively and one of tlle ploposed palametusatlon wa.s’
set by Ziock [17): o A

"d—‘z+‘5xtll) —1/75) +\,1><(l—(,zp( t/TL V, IR (ll)

; w:th Ts,[(l(lJS]—-lOXCl])( 0115T) ,

“and
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ts[days]) = 9140 x exrp(—0.152T) O T SR o

where T is the temperature in °C. Respectively 7g and TL, are the time
constants of tlie short-term beneficial ainealing and the long-term reverse
annealmg ¥y, Vy, Vi are constants which are proportional to the fluence
and related to the induced damage.”*Vz is the fraction of the radiation
produced acceptor concentration and gives approximately the minimum
value between the beneficial and reverse annealing. Vs is the ‘meta-stable
acceptor cotcentration produced during the irradiation process and V; is
the concentration of damage sites that can’ become actlvated accept01 SItes
due to the anti-annealing. R
Examples of the depletion behaviour'are shown on the Flgme 6 f01
detectors irradiated at 3x10!* p/cm? and annealed over 21 days at 25 °C.
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Figure 6: Deplethll voltage evolution w1th annealmg days at 25 °C. of 6
irradiated p-in-n silicon detector.

The main R&D progresses on radiation effects are in the ROSE Col-
laboration (RD48) and in the RD39 Collaboratlon which is developpmg
cryogenic tracking detectors. S

The ROSE collaboration has shown very mtelestmg 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 l’lllClOStI‘lpS ‘Si-detectors in the‘
LHC experiments. :
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Figure 7: Effective dopant concentration \:elsus S the proton fluence {cm=?]
for different types of substlates (e\tlacted flom the lesults of the ROSE
Collabomtnon) : e

The advantages of working at cryogenic ’temperdt{lres,' 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 collectlon efficiency due to: deep level trapping
centres that are flozen,

- a 1eductxon of effective dopant concentlatlon and the possxblhty to con-
trol this in order to minimise the full depletion voltage R

5 Some apphcatlons in HEP

Silicon n11c1ost11p and pixel detectors are commonly used in HEP experi-
ments as a hlgh precision tracker. They are nounally 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 experiment 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 of 2 double sided layers of
microstrip si-detectors made of 0.25 m? each, at radii of 64 and 79 mm [9].
The goals were primarily to improve the transverse momentum, P, 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 for an ENC of 1360 e~.
The r-® single track resolution of 7 um has been achieved where for the
r-z plane it is 14 gm.

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 Iis the dlscovery of the -

top quark, with the actual combined CDF and D0 mass value of:

Nygp = 174.3 £ 5.1GeV

The reasons for the upgrade are:

- to improve the top quark cross 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 cm of the interaction point, and
represents 722,432 channels to be read-out. A

The features. of this new CDF tracker are:
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. a precise 3D track impact parameter measulement for: top, B physics,
Higgs, bUS\

- a forward covelage which is 1mp10ved compared to the silicon tracker of

Run It

- alevel 2 trigger (SVT) which ré(luces_thé background by roughly 3 orders
of magnitude and allow an online identification of the b-quark;

an improvement of the transverse momentum resolution;

- a high tracking elficiency with good purity.

5.3 The Alpha Magnetic‘Spe'c'tr01llete\r (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 (I1SSA) 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 1998 [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 m? are mounted on.6
layers made of ladders of up to 60cm length and are located ina permanent
magnet of 0.15 T. The achieved accuracy is 10 and 30 gm'in the bending
and non-bending plane respectively. Thanks to the magnetic field, a:mo-
mentuin 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 of up to 10.

6 The ATLAS SemiCb‘hdu‘Ctdr?'I‘racker (SCT)
The SCT is based on the use of a silicon llllClOStI‘lp detector and it will
work with other detectm eleients to form the inner txacl\mg system of
ATLAS [5] to studv the chalged particles ploduced by p-p collisions at the

CERN LH('. This Inner Detector (ID), enclosed in a solenoid coil produc-‘
ing a field of 2T, is (omposed of 3 typcs of tracking system (anme 8): 'I he

: Pl\el Delectm the SCT and the Tlausntlon Radlatlon Tracl\er
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Pixels SCT

Figure 8: The ATLAS iuner detector.

The expected event rate is 23 interactions every 25 ns buuch crossing
for a luminosity of 10%* cm~%~". Due to the high bunch crossing flequeucy
it is essential that the detectors run with fast front-end electronics aud fast
signal processing.

About 16,000 silicon detectors, representing a surface of ~ 63 m?, vull
., be mounted on four types of SCT modules:: one is the barrel type and
there are three forward types for the 9x2 forward wheels. Also six different
. shapes of sxllcou wafer of 768 readout strips are required: one rectangular
of 64x63.6 ' mm? and five wedge types. -

6.1 The SlllCOll detector features

The ATLAS SCT prototype detector studies are pelformed accordmg 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 zzm where for the barrel the pitch is 80 gm and constant.

Each strip is biased via a polysilicon or an implanted resistor to-the bias line

with the value specified to be in tlie range of 0.75 and 2.0 M. Additional
guard rings are usually designed to set a field potential barrier between
the cutting edge and' the active sensor area (Figure 9). -

As explained previously the features of the detectors are altered by
radiation damage with particle fluence. In addltlon to that, the environ-
mental temperature of the sensors must be low to limit the total leaLage
current, and to avoid the rapid variation of the effective dopant concen-
tration duung the anti- annealmg post- madlatlon period. The normal op-
erating tempelatme sensors will 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‘corrler layoﬁt.' el 2

detector maintenance will 1mpose a warm—up of davs at 20 "C and 2: _
weeks at 17°C Accordmg to the Ziock parametrlsatlon (Formula 11) thei
maintenance over the full ATLAS operatlon is equivalent to 21 days. at 25
°C. This is used as the ofﬁcnal annealmg time perlod for the post- 1rrad1atlon
detector prototvpe studles o ST

The use of p -1mplanted silicon strlp detectors is the technologlcal ba.se-,
line for. SCT compared to the. n"’-xmplanted strlp which was one of the
options [20]. The n-in-n detectors show a- ‘better efficiency below the’ de-
pletion compared to the p-in-n after a 51gn1ﬁcant partlcle fluence- (bevond
the type mversmn) This is explamed by the fact that after the inversion.
type (section 4), for the n*-strip detectors the depletlon region starts from
the strip side where for p*-strip detectors the depletion is starting from the
backplane. However, it has been showed that for the p-in-n detectors with
a lower production cost than with n-in-n, the full eﬂic1ency was achleved :
above 300V for detectors from dlfferent manufacturers ST
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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-end architecture is based on amplifi-
cation, shapmg and discrimination to give hlt/no-lnt information for each
bunch ¢ crossing. Based on an extensive development program, two techno-
loglcal optlons of 128 channels ex1st In the first, the total functlonahtles
1es1des in.a sxngle clnp based on the DMILL BiCMOS technology The
second optlon has, the analog part on a single chip (CAFE-M) where the
p1eamphﬁe1, the shapel and ‘the discriminator are realised in a bl])Ola.l

technology. - On this last option the dxgltal palt the ABC plpelme, is

realised in a ('MOS teclmo]ogv
The. clnps must remain opela.tlonal dullng 10 yeals of data takmg and

a- talget signal- to-noise (S/N) ratio of 12 is expected at the end of they

detector lifetime. The behawour of S/N. with the partlcle fluence hawa
been s1mulated and several effects has been taken 1nto account

” 0 “the electucal parametels of the stup detectors such as re51stance and
: 1nte1 stup capa.c1tance ‘ '

o the dumnutlon of the- charge collection efﬁc1ency and the balllstlc
deficit due to charge collection time; .

o tlle increase of the detector leakage current.

A summary of the chip parameters are listed in Table 1.

P
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Parameter Specification
Noise ' - <1500 e~
# Readout channels 12x128
Efficiency ' 99%
Noise occupancy 5x104

Double pulse resolution - | 50ns for 3.5(C
Large charge recovery (801C) | - 1us for-3.5{C
Power dissipation "~ | £3.8 mW/channel

Table 1: Summary of some chip parameters.

6.3 The module construction

Since the physncs 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 acliieve a relative XY detector alignment of + 4 um on
one side and + 8 ym between the 2 stereo sides at +.20 mradian.

Special materials and partlcular designs for barrel 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 operating at -7 °C, is minimised in
order to avoid the thermal run- -away of tlle module Two types of module
will be produced: i :

- one f01 the l)auel st1uctu1e where the electlonlcs is cent1e tapped The
_ detectors are glued to a pyrolitic graphite (TPG) heat spleade' and
a beryllia baseboard for mechanical llg]dlt)’ (Figure 10).

- one f01 the fou\'(ud wheels W]lele the electronics is end- tapped The
hyl)uds are mounted at’ the far- end’ extremity and joined to a TPG
' spine Lo receive the detectoxs A special coohng block sepalatmg
thermally the hybrid and the detectors also : serves as mounting point.
" Another cooling point at the opposnte ‘side s used for hea.t detectof
dlssnpatlon and also f01 mecllamcal ﬁ\atlon
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Figure 10: Expended view of the barrel module.

7 Conclusions -

" Precise vertex detection based on silicon microstrip and pixel detectors.is

a well known technique currently used in HEP. These detectors are also
referred as solid state detectors used originally in electronic circuits. A
spatial hit resolution of 3 um 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... ’ : * e

~ As explained in this report, the silicon detectors can operate in high
particle fluences (up to 10'® equivalent 1 MeV neutron/cm?) and the con-
sequences are well kuown. Some hopes reside in the recent results of the
ROSE collaboration concerning the oxygenated FZ Si-substrate to be used
for the inner most detector layers. - i k ‘
- Despite the rather expensive techniqie, 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

H. Rohringer

Institute for ligh Energy Physics, Vienna, Austria

Abstract

In high energy physics experiments at LHC triggering is a crucial part of the ex-
perimental setup to reach the goal of studying interesting physics. We give basic
general considerations for triggering, we show. the strategies , which CMS has de-
veloped both in hardware and software and we explam in some 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 explam also some of its details.
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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 detectorsis *

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 conventional * 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 ig
rather restricted as data have to be stored during this time and sloragc spacc is also limited, so
complicated computations are not feasible. - v

The CMS trigger system will work in stages and is heavxly plpelmcd and parallellzed Fast de-
cisions will be taken mainly by programmable hardware- where only mmplc algorithms can
‘be applied. This 'first level trigger system ' uses only data from the muon and calonmcter-
systems and will decide wether data from different detectors will be read out and are lhcrcfore
usable further on or not.’ Then'in stages * higher level triggers’ - which in contrast arc based
on compulercalculauons - we will gradually use more data - eg from the tracker - to make
decisions. .

2 Introductidn

" Infig 1 we show a picture of a simulated Higgs event embedded in an * underlying cvcm as
observed by the tracker system of the CMS detector , where we have restricted the dlsplaycd

tracks to-those having a pr bigger than 2 GeV/c.- As the signal for nggs are 4 muons, we

restrict ourselves now to tracks with pr > 25 GeV/c and are then confronted with more clean
conditions which are characteristic for this event type. Wc could therefore lakc this condluon
clearly for triggering purposes. e :

Taking this example we define as the purpose of a ’TRIGGER’ the SELECTION of data/cvcnls
with specific properties ( in our case 4 muons with more than 25 GeV/c) which are lhcn wnltcn
toa storagc medium,

The trigger conditions are guided by physics reasons, detector requirements, data acqui-
sition(DAQ) boundary conditons, event rates and the computmg 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 momentitisNOTFEAS I BLE 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 u (+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 hlgh
i constltuent Vs and with high luminosity, but at the

expense of clean expenmental condmons

: Reconstructed tracks
. with pt>25 GeV

Figure 1: HIGGS DECAY into 4 muons with back groundevents. ©*
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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 1: Average sub detector event size at nommal lummosny of 1034 r24-1
Subdetector | No of channels Occupancy (%] Event size (kByte)

Pixel 80 000 000 0.01 100

Inner Tracker 16 000 000 3 700
Preshower 512 000 10 100
Calorimeters 250 000 10 50
Muons 1000 000 0r ’ 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 components),
selectivity ( a given condition should be fullfilled without *smearing’ and *overlap’ to neig-
bouring conditions -(ega Lrigger of 60 GeV/c should not also comprise tracks < 60 GcV/c)

Cenamly we need hlgh efﬁclency- 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 as the flexibility to be adaptable to unforseen
situations., Of course cost (47 Million SFR are allocated to the trigger §y§tem at the moment)
and modularity of the system for easy exchange in the case of failure or different functlonahty
are essential,; All the software and hardware componems have to be designed in thls respect.

We also refer to the CMS expressxon "latency’ in another context. It denotes also the time
,between the availability of data in the detector and the result of calculations for tri ggerpurposes
with them So the 3:2 u sec for the mggerdecxslon 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 dlscoverer !
- and the detector components involved.

6 Simulation software
6.1 Triggersimulation

Designing trigger functions needs rather big simulation efforts.They comprise simulation of
the trigger algorithms and the hardware functionality. The triggeralgorithms are tested on
various sets 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, lhough
some features - like parallelism - cannot really be slmulated
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CMS experiment layout and detectors
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Figure 2: CMS Detector and data output
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Higgs to 2 photons (M, < 140 GeV)

H® — n is the most promising channel

v if M, is in the range 80 - 140 GeV.
The' high performance PbBWO, crystal
H electromagnetic calorimeter in CMS
P @ P has been optimized for this search.

The yy_mass resolution at” My ~ 100

GeV is better than 1%, resulting in a
Y . SBot=1/20
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Hi'ggé to 2 leptons+2 jets (M, > 500 GeV)

. jef For the highesi M, in the range

jet * 0.5- 1 TeV, the promising channels
{or ons year at high luminosity are
H2ZZ bt w
Z . HIZZ 6 fjand
P - H. P HE ~ W W o i .
—

S — Delection relies on lepions, jets and
. 'z missing ransverse energy (E™}, lor
e which the hadronic calorimeter

¥ (HCAL per'omunl:a is very
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Figure 3: Higgs decaymodes seen in the CMS Detector
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Higgs to 4 leptons (140 < M,< 700 GeV)

promising channel is H* —» ZZ*— 2¢+ 2¢-
/!Jf or H? - ZZ — 2¢- 2¢-. The detection
4 relies on the excellent performance of the
p muon chambers, the tracker and the
> g@ < electromagnetic calorimeter.”” -+ - o
JZ - For M, <170 GeV a mass resolution of
S

e \ -Inthe M, range 130 - 700 GeV thé most

~1 GeV should be achieved with the
d combination of the 4 Tesla magnetic field
A . and the high resolution of the crystal
i calorimeter

3
B
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Figure 4: Higgs decaymodes seén in the CMS Detector cént .
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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 based on GEANT . The CMS specific parts
are put together under a fortran based program package called CMSIM . This allows to study
in detail the response of the various detectorparts if a particle crosses, gives the information
on hits and the expected electronic signals together with noise and other background. This
package has grown enormously in size and is therefore now replaced by a more flexible system
based on modern softwaretools like Object oriented programming under C++ and the usage of
commercial databases. Drawback is the rather slow performance of these systems.

To study detection aspects of physics processes,acceplance,e“fﬁéiency.response and the ratio of
signal to background a specific fast simulation tool has 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
Towest ( first ) level, where decisions have to be taken within 3.2 u seconds. Therefore for
each type of detectors only at most four objects of *highest rank® will be selected from the
'LOCAL (eg detectorbased) 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 7 value and transverse energy of a calorimetercell containing a jet.

These objects are

¢ 4 muons of highest p; from the muon system
¢ 4 (non) isolated electrons/«s from the electromagnetic calorimeter
o 4jets of highest E;
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 ¢ segments in 5 *wheels’ in beam direction. Each of the ¢ segments is associated with a-
trigger processor. Similarly for the calorimeters we have a processor for a 4*4 tower region as -

a basic ’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 consecuuvely on the data in motion.

In the GLOBAL TRIGGER system we can set threshold conditions on these objects (like p;
cuts), requirc common conditions on differentobjects (eg 2 muons and 4 jets ) and set relations
between objects ( eg 2 opposite sign muons with an angle of 180 degrees) to select certain
physics channels.

7.1 Triggerhierai'chies

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

. LEVEL 1 TRIGGER ‘FAST HARDWARE LOGIC

'I’he aim is, to have al'lcr a latcncy of 128 bunchcrossmgs 3.2 p. seca decnsnon wcther
to lake data from the cvent buf] fers or nol for furlher processing

v

This stage uses algorithms which perform only ’basic' 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 funcuons no squarc
roots ctc ~ :

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 units with- certain _precision eg number of bits. Each bit i is
normally realized by a wire - which needs consideration of cost and complcxuy ‘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.

x . after 128 bunchcrossings we know, wether 2 opposite sign g both with-p, > 50
GeV/c and 2 jets with transverse E; > 200 GeV/c have been in the event or not.

Several decisions from the *local triggers’ are combined in the ’global trigger’. 'I’hcsc
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 analysm in hlgher mgger
levels.

LEVEL 1 TRIGGER algorithm have reached the stage to bc 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 Tnggerpnmmv‘
- 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 S
like

* reduction of single jet and electron rate

* filtering of events containing b quarks with electron sngnals

* get rid of i from = decays or s from n° :

select certain channels like 2 muons and jets 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 events. This process - called switching - has still rate
problems as 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 ralher 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 nggs as they will appear in the CMS
detector.

Higgs==>21s
Higgs == > 4 leptons
Higgs == > 2 leptons + 2 _|ets

8.1 Detectors used for Triggering
The MUONS will be triggered by

o Drift tubes (DT)
o Resistive Plate Chambers (RPC)
¢ Cathode Strip Chambers (CSC)

These detectors are grouped in STATIONS
The ELECTRONS/+s will be triggered by

o Electromagnetic Calorimeter (ECAL) consisting of

94

— 80 000 crystals PbW O, niobium and lanthan doped
— weight 90 tons, partially produced in Russia & GUS
— traversing particels produce em showers, with the light collected in avalanche diodes

- granularity 0.0175 ¢ * 0.0175 7

— face front 22 * 22 mm**2?

~ grouped in regional towers of 5 * 5 crystals
The JETS/THADRONS will be triggered in the HADRON CALORIMETER (HCAL) consist-
ing of .

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

« showers produce light in plastic scintillators

e lightis colleeted in hybrid photodiodes (HPD)

o 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

e 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 symmeltry is choosen to be in 17 and

9. '

We define certain TRIGGER REGIONS of the detector
¢ BARREL

— formuons 0. </7n/<0.8
- forcalor0. < /n/< 13

. ENDCAP
- formuons 1.2</7n/<2.6

- forcalor1.3</7/<3.0

e FORWARD for calorupto/n/=5.0

95



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 buncherossings or 3.2 y see. This comes from the number of
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
TRACKER 6 events
ECAL 16 events
HCAL 22 events
CSC 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 =~ 58 BX
data transfer back (;readout signal’) 4+resynchronising = 15 BX
drift time in Drifttubes 16 BX
LEVEL 1 LOCAL PROCESSING 9BX
MUON TRACK FINDER 17 BX
GLOBAL TRIGGER ,. 14 BX

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

9 TRIDAS - the TRIGGER and DATA ACQUISITION SYS-
TEM of CMS

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.

v

o the *full’ data used for reconstruction

o 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 ]

DETECTORS
produce elecyanic signals

L DRIFTTUBES ] ICHARGE DISTRIBUTION j
_é .
o tdiff
HITPOSITION
from KNOWN

« - velocity in gas and
time difference tdiff - t0

Figure 5: Front end data processing - from si gnal to hllS

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 particlcs coming from the collision 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 1 riggersystem until a decision is taken. The
*full’ data rest during this decision time in buffers of lhe FRONT END SYSTEM in a specifi-
cally formatted way. « »

If the LEVEL 1 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 units just hold small portions of detector data of one event - these parts have to be
gathered together. This process of event building is initiated by the Higher Level Trigger
System, which fetches these parts gradually from the readout units and puts them physically
together via a switching network. The FILTERING PROCESS starts, eg algorithms running
on computer farms (ry to seperate uninteresting events 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 100 Hz 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 was 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

97



CMS data acquisition basic structure

10 Thytes

48 Mz Levet1 Detector Frontend

Trigger

Event

107 112 Manager

107 1z { 108 fbytars
Collisicn rate 40 MHz
Level-1 Maximum trigger rate 100 kHz
Average event size = 1 Mbyte
No. of In-Qut units (200-5000 byte/event) 1000
Event builder (512-512 switch) bandwidth = 500 Gbit's
Event filter computing power - " = 5108 MIPS
Data production = Tbyte/day
No. of readout crates = 250
No. of electronics boards = 10000

Figure 6: Hardware structure of the CMS DAQ system

98

CMS trigger and data acquisition

COMMUNICATION

Tracks

100 kHz
LEVEL-1 TRIGGER

1 Terabit/s
(50000 DATA CHANNELS)

500 Gigabit/s
100 Hz
FILTERED EVENT

Gigabit/s
SERVICE LAN

L

PROCESSING

16 Million channels
3 Gigacell butfers

Charge Time

1 Megabyte EVENT DATA

200 Gigabyte BUFFERS

500 Readoul memorles

'EVENT BUILDER. Alge

“switching network {512+512 ports) with a total

< |+ throughput of approximately 500 Gbit's forms
44 < the il ion b

the
(Readout Dual Port Memory) and the
destinations {switch to Farm Interface). The
Event Manager collects the status and
request of event filters and distrbutes avent
building commands (read/clear) to ROPMs

5TeralPS ,
EVENT Fl LT-ER. t consists of a set

of high performance commercial processors
organized into many farms convenient for
on-fine and off-line applications. The farm
architecture is such that a single CPY .- -,
processes ona evant - . S

‘Petabyte ARCHNE "

Figure 7: DATAFLOW in the CMS DAQ System

Tera : 10'2; Peta 10%; 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 only from one point, the *switching" system is fast. 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 overfloding of the HLT computing devices. At the moment
also computing and filtering is tried in steps, where only a small part 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. L .

/

Traffic Conditions Tested

| Point-to-Point Traffic
(i.e. fixed destinations)

Random Trafic

Event Building Traffic
|| (without traffic-shaping)

5. CavoinEPrOMD 25

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 TWQO
MAIN COMPONENTS of thc CMS LEVEL 1 TRIGGERING syslem - 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 as triggerobjects. They are a good signal for interesting physics objects, especially
with high pr.

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 clectromagnetic showers in the iron giving fake triggers.

The task of the MUON TRIGGERSYSTEM is

e to rcconstruct muon tracks fast, but coarsly
o measure their p;, n and ¢

¢ provide bunch crossing identification

e prepare trigger output to be ablc lo

set thresholds and correlations

support the elimination of b,c decays at high luminosities

reduce high ratcs of uninteresting events

work with the calorimeter system for muon identification

enhance together with the tracking syslem the.p; resolution

The main sources of muons and the CMS detector fesponsc are shown in fig 9. A p;
threshold of around 30 GeV/e is necessary to reach a design rate of less than 100 KHZ. On
the other hand muons need a p; of at least 6 GeV/e (o even reach the muon system.

10.2  Components of the MUON TRIGGERSYSTEM

The MUON TRIGGERSYSTEM uses 3 different detectortypes working independently. The
layout of the system is shown in fig 10.

This design has been choscn for redundancy rcasons - as a non working or not efficient trigger

- Could spoil the experiment. We will see, that this stralegy improves the overall efficiency quite .
-+ drastically when the data arc combined in the global muon trigger .
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Muon Sources
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The rate is dominated by m,K decays up to 4 GeV
and by b-,c-quark decays from 4 to 25 GeV.

The trigger rate can be adjusted by moving the threshold
in a wide range of p, without loosing much efficiency for

heavier objects.

Two muon event rates are 2 orders of magnitude lower.
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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

¢ Driftubes and RPCs radially organised in 4 stations ( = 4 HITS) interspersed in the iron
yoke ;

e segmented in the bending:¢ direction in 12 sectors and along the beam axis (n ) in 5
wheels : , S : >

FORWARD region
e RPCs ahd CSCsin 3 stations (=3 HITS ) segmented in 7y and ¢

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

10.3 REQUIREMENTS for the MUON TRI'G(‘;ER SYSTEM

The basic requirements for the muon trigger system comprise

¢ no latency - eg no dead time loss
¢ high geometrical coverage and efficienicy up to /n/ < 2.4

¢ good multimuon resolution

e suppression of *ghost triggers’ due to the Ieft-right ambiguity and spurious hits in the

DT/CSC system and the ambiguity of patterns in the RPC system
¢ good and constant p; resolution of the whole p; range
¢ sharp turn on curves for trigger selectivity

e 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 ffom
the RPC, DT and CSC are converted to TRIGGEROBJECTS like p;, ¢ ,  and a 'quality’.

The DT and CSC systems will provide parts 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 as TRIGGER OUTPUT
from the MUON TRIGGER SYSTEM not more than 4 tracks and their parameters serving
as input for the GLOBAL TRIGGER DECISION.
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¥ Muon Trigger structure

RPC DT csc
hifs hits hits
4 local trigger focal trigger
PAttern track track
Comparator segments segments
Trigger (0. 5.1, &) (. 52,1, &)
54 muon
candldates ] ]
{pr. 1, 0. qual)
reglonat trigger

Track Finder

<4 muon candidates
{py, . @, qual.)

Y

Global Muon Trigger

<4 muons
{&.'n. ¢ qual)

v

Figure 11: Logical layout of the muon trigger system

10.41 RPC TRIGGERSYSTEM -

Inthe RPC system the strategy of track reconstruction is bascd on patternrecognition of hits in
the RPC strips. Real hitpatterns arc compared with precompiled patterns from simulated tracks
Stored in look up tables . Valid patierns arc sclected and the corresponding ¢ and p: values
assigned ( fig 12)

1042 DT and CSC TRIGGERSYSTEMs

The CSC and DT trigger systems work with a dilferent reconstruction method. Both systems
have 10 cope with inherent ambiguilics of the detector data. In fig 13 we sce that for the DT
System a muon station is compriscd of 2 Supcrlayers (SL) of 4 DT planes cach. A particle
Passing through initiates charges in the DT gas which reach the signalwires in the DT cells.

Atis not clear from the hit position, wether a particle passcd by on the left or right side of

the signalwirc. But with a *meantimer’ technique using 3 or 4 hits from 1 SL to form a track
and assuming the collision point as trackorigin we can restrict these uncertaintics. If one can
' addition correlate track parts in both SL of a muon station a reconstructed track is rather
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RPC Pattern Comparator Trigger
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Figure 12: RPC TRIGGER LOGIC
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credible. Despite combinatorics we allow only two Lrack candidates per station, The DT system
works in the bending plane (¢).

The CSC system has its chambers normal to the beamdirection. Here charges produced in the
chamber gas drift to cathode strips for the ¢ coordinate, but also to wires for 7 information to
have good space resolution in a changing magnetfield in this detectorpart. One CSC chamber
has 6 layers and at least 3 hits are required for track reconstruction. The hit location is calculated
by 'comparators’ of 3 adjacent strips. :

Both systems will provide the posmon and in addition the trackdrrecuon ¢b ( from some Lrack-
points). ,

TRACKFINDING

These "locally’ found hits are *assembled” to tracks in a certainn ¢ region - 30 degrees for the
DT (fig 14). From the known position ¢ and the bending angle ¢, an extrapolated hitpesition
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 togelher to form track candldatf,s which are
filtered down to at most 2 tracks per 'region’. . :

Finally a p; value is assigned from the ¢ differences between hits of different stations.

For the CSCs a rather precise 7 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 lhese de-
scribed tasks are simulated for parallel electronic components. S

10.4.3 Global Muon Trigger

The global muon trigger will select the four best - highest p; - muons from the complementary
barrel DT/RPC and CSC/RPC forward muon system. But thé DT and RPC systems of the barrel *
have comparable efficiencies only for / /- < 0.8. In this region we can con'vlbine the data of
both systems by comparing the: muon candidates found by the respective detectors in'y and ¢
to identify the same muons in both systems via a weighting procedure and to select the best'
muons which are present only in one system. . -

The effect is a substantial increase of the global efﬁclency and a smoothing of losses in the ¢
and 77 coordinate ( fig 16 and fig 15). s

The losses in 77 around 0.2, 0.6 and 0.9 come from the detector construction in beam direction
( 3 parts) and the regular-holes™ every 30 degrees in ¢ from the construction of the muon
chambers in 12 parts .

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 /n/ > 0.9 because for tracks with a bigger incident angle not enough detector
hits are available, Therefore the data of 2 muon stations (ME13 and ME22 ) in the forward
CSC system are included into the barrel system and vice versa 1o cover sufﬁc:ently the reglon ‘

L 08</n/<13.
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Here a rather difficult data exchange on the hardwarelevel is necessary. Main consideration are
dataformats 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 5 would
behave if we ~

¢ use the barrel and fw muon system with no addmonal exchanged information from the
complementary system

~ e with data exchange between the 2 complementary systems

o if 1 chamber from CSC would not be added

105 CALORIMETER TRIGGER

The calorimeter trigger should identify and measure

-

o total and missing transverse energy E;, E;™**, AND the components E;, E,,

¢ E, of electron/ys

o E; of single hadrons 1 ,;

o E; of jets

o E, of T jets = ’ '

for /n/ < 3 with a desirable extension to /7/ < 4.5 to increase the E; resolution.

Inaddition we measure 'isolation’ of a hadron or electron/y - eg look if there is no other paruclc
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 with the data from the muon trigger system on the lcvel of thc global
trigger to support muon identification. .

bit. . ‘ ;
For triggering purposes ECAL and HCAL are segmented into common 54 n* 7 ¢ ’TRIGGER

TOWERS’ of 0.087 7 * 0.087 ¢ units as basic triggering regions ( fig 18). Finegralmng 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, bul we show two possxbxlmcs

in fig 19.

Electron/+s are found with a shdmg window tcchmque whcre a gnd of 3 * 3 towers around

a central tower scarchcs over thc whole ECAL surface for a maximum. The sum of the ECAL g
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_The whole calorimeter is scanned for ’activitics' - *quiet’ regions are marked with a specific |

B

i

transverse energy of a *central tower’ and the maximum of four neighbours around it inside the

grid is checked against E; cutoff values to find a "HIT" and avoid leakage losses. To discrimi-
nale against hadrons/jets the longitudinal shower shape in the corresponding HCAL lowenjs a13d
the ratio of deposited HCAL to ECAL E; must be small . Also the transverse shower size in
ECAL has to be narrow - it has 0 be contained in a double strip of ECAL TOWERS of 0.034
1 * 0.087 ¢ units.

Jet finding is performed in rather big grids to avoid leakage and underestimation of jet E;.
Various algorithms are under test. The latest developement concerns a search for a "HIT”,
where the E; 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 T decays ( either 1o 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 electrons/ys depending on a triggerthreshold in E;. 'I_‘he
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 E; thresholds for multiple jets .
The aim to reach triggerrates less than 100 KHz lead to rather high E; thresholds.

The selecti;’ity of triggers is demonstrated with turn on ( efficiency) curves for eleciroqs and
jetsin 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 E; versus the

triggered E; calculated back on generation level. The ideal curves should be stepfunctions,
instead the curves are smeared.

For search of new neutral particles the E; efficiency is essential. We see in the same figure
that full efficiency is only reached for a generated E; 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/~s and jets. But the selectivity of the trigger and the rate
reductions are performed by the global trigger’, where certain conditions-are set to .ﬁller
‘interesting” events. It is the ultimate part of the LEVEL 1 TRIGGER and an acc'ept sxgnal
starts the data transfer from the readoutunits 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 ratcs are an important task to handle
the produced data of the experiment and avoid overflows in the system.

Technically the global trigger needs to

. synchfonize the data of the calorimeter and muon systems as they arrive at different times

109

.



e put the physical units of the data of the different systems into the same units. Sometimes
they are not even in a linear scale

¢ provide the posmbxhly 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,

All 64 TRIGGERALGORITHMS run in PARALLEL, but it is possible - via a mask - to use all
oronly part of them to create a 'LEVEL | 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.
most

¢ 4 (isolated) electrons/ys
e 4 (isolaled)jels
¢ 4 (isolated) MUONS

and a check of total E; and missing E; of the event

a particle AND condition consists of

e single particle conditions

~ D¢, B thresholds,  and ¢ windows
— for muons conditions on QUIET, minimum ionising and quality bits

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

As an EXAMPLE we take H==> Z* Z* ==> 2 1 2 jots

We require :

¢ 2 opposite sién isolated and minimum ionising z with Pt >40GeV/c
e 2jets with By > 40 GeV/c - - T
* ¢ angle difference of the x> 60°

¢ ¢ angle difference of the jets > 60°
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A particle AND condition relates to a condition of a' me¢mber inside a particle group of at

Finally the trigger should reduce rates. We aim for 100 Khz, but because of simulation un-
certainties we assume a nominal rate of only 30 Khz. They are spht 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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Muon Chamber Trigger Logic

Drift Tutigs CSc Track Finder
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Trigger rates at L=10%*

trigger | threshold rate cumulative
type [GeV] ' [kHz] rate [kHz]
ZE; 400 0.48 - 048
Etmiss 80 1.29 1.70
e 25 6.84 8.34
ee 12 1.45 9.52
j 100 2.06 10.7
ji 60 217 11.6
iii 30 3.16 13.3
jiil 20 2.96 14.3
ej 12,50 1.35 14.9
U 20 7.8 7.8
oy 4 1.6 9.2
ne 4,8 5.5 14.4
i 4,40 0.3 14.4
WEMss | 4,60 1.0 15.3
U ZE; 4, 2—0- B 0.2 15.3

underlined numbers — this study (preliminary results)

Figure 22: Triggersettings and cumulative triggerrates

Recognltlon of hard. dlffractlve i
’ ~events with CMS 2
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o R -L.L. Jenkovszky
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Abstract

Studies of hard diffraction in proton and nuclear mteractlons with CMS is
considered. - The basic characterlstxcs of these processes and. possxble detectlon
methods are discussed: : v

Introduction.

There exists a wide class of dlffractxve interactions which differ from the
simple elastic scatteung or the dxﬂractlve excitation ofmteractmg particles.
These are events where oné or both colhdmg particles are dissociated or
quasi-elastically scattered as well:as the production of a “Central Cluster”
(CC). They are the hard diffractive dissociation or hard Pomeron exchange
processes [1], and are characterized by the following properties: a) the beam
remnants have a large longltudmal momentum (:cF > 0.9); b) the bulk of
the mltlal hadron energy is eJected ina narrow ‘volume, ,“dlffractlve cone”
c) pseudorapldlty mterval w1th an extremely low multlpllaty (¢ rapldlty
gaps”)is observed Rapldlty gaps (RG) are due to the exchange of colorless
objects. such as photon, gauge bosons and, in partlcula.r, the Pomeron [2].

The pr onounced features of these. dlﬂr active mteractlons were observed
in DIS events 3, 4] jets and w* productxon [5, 6). The fractron of such‘
events was found to be ~ 6+ 7% of ep [4] and ~ 1% of pj interactions [5].

A detailed analysis of the data has shown that hard Pomeron exchange
can account for the mea.surements et

General structure of hard dlffractlve events.

In 01der to study the structule of hard smgle and double Pomeron ex-
change processes (SPE a.nd DPE), we have generated 108 events in pp,
CaCa and PbPb collisions. The general pha.se space boundarles were de—
termmed by the condltlons :

20 GeV < MHs < 200 GeV

i
S

Masl <4, (@
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where My is the invariant mass of the produced hard scattering system
HS and |Yys| are the pseudorapidities of the hard. system constituents.
Also, the additional cutoff in the energy of the detected HS constituents
was used:

EHs>EC,,, > 40GeV, (©®

where Eps is the energy of one of the HS constituents.
In Fig. 1 the specific pseudorapidity distributions of SPE and DPE
events in the scattering of protons and Ca and Pb ions are shown.

Single Pomeron Exchange

. Double Pomeron Exchange

=

$103f pp
2

gl 1
10 ¥ i
0B % 4 2 8 2 4 6 81 SR R T R R S T R ‘10
no. ‘n
§ 1} cac £, Cato :
Zojp o0 T Em"F AN )
210, i 5"-‘ i H
S’} - H Sl J e {
108 6 4 1 0 1 4 6 8 10 Ry par R S A R PR )

S 1) -.I -.‘ -“ -2 .9 2 4 .‘ i 10 g <10 -l. -l‘ 4 2 ® 2 4 ¢ ; un'
n n
Fi lgure ‘1. Pseudorapldlty dlstnbutlon of SPE and DPE process partlc1pants in: PPy
CaCa and PbP)b interactions. '

The shalp peal\s from the bea.m lemna.nts are observed at |1]| =8 solld
curves at lzuge pseudora.pldltles) and become narrOWer as A 1nc1ea.ses
Hard system (HS) is produced in the central area || <4 (solid curves
in the center). The boundaries of area occupied by the central cluster are
depicted by dashed curves. Finally, the distance between Yeage the edge of
the central cluster ‘and the nearest scattered projectile i is a Rapidity Gap.

Due to lalge acceptance of the CMS, the CC will be covered by detectm
completly a.nd measurements would be carried’out W1th gleat acculacy

Selection of hard dlffractlve events.
The selection of diffractive events proceeds in two steps. Large 1mpact

parameter, b ~ 2R, is tuggered on by requiring that the energy, measured’

in the HF calorimeter cells is not higher than a given value Ecen(b) [7). The
next step would l)e one or more of the followmg methods. ‘

A. - Define the position of the RG inner edge, Yeige = 7edge, 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 Yeage = 6.4, 6.8. In nuclear collisions such as Pb, the nuclear
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interaction still remains so strong that even at inlpact parameters b ~ ZRA,
the edge of the gap cannot be determined. '
- Figure- 2.

_Energy, deposited in
calorimeter cells in pp hard (dotted o
line) and: diffractive (dashed line is

with applying (1) and solid line is.
with applymg (2) condmons) mter-v

1IN dEdv, (GeV)

a.ctlons
s

3 700
E.wo-

Figure 3. Same as in Fig. .2, but foxg
CaCa: (a) min.bias and (b) perlphera'~ ::: !

b ~ 2Rcq interactions. ; » . % —

) F|gure4 Sameasm Flg 3 bul.
for Pbe interactions. g

1N dEAdn, (Gev)
588888

3. 4, s 6. 7 s N :

At lmgel 1mpa(l paramelers tlle Cross sectlon of Pome10n - mduced
processes falls. sllalply Thus intermediate mass nucle1 ale plefelable for
such events. '

B. Requnre the central cluster to be separated by large ra-
pidity gaps from the rest of the hadromc final states, protons or
products of thelr dlSSlClatlon the Nmnaz dlstrlbutlon ‘ o

Each event is assngned a value of 7, defined as the pseudm apldlty of
the energy deposit in the calorimeter above some llmltmg value closest to
the appropriate projectile direction. The distribution of 7., for processes
with Pomerous (solid lines) is compared to the expectations:for the pro--.
duction of the inelastic hadronic finel states ((la.shed lines) on: Fig. 5. A"
excess of events with large lapldlty gaps will be observed in CMS Barrel.

C.- Iclelltify the diffractive events as the excess of events filling

123



the small mass region-M¢c, in the inclusive In (Mcc) distributidn;

Nmaz dis-
tribution of the energy

Figure 5.

above

20 GeV deposrted in
- the calorimeter in SPE

(a,c,e) and DPE (b,d,f)
 processes for pp (a,b),
CaCa (c,d) and POPb

(e.f) interactions.

N )
7 8. .9 10 1IN 7 8 9 10 11
. 1 max N max

Under the condition (1), the number of events with small Mc¢c i is sup-
pressed in hard interactions. Therefore, actua.lly, in this area "hard” back-
ground to dlfhactlve events is expected to be small.

r _ ~] 10 2FG y
!!: PR & . ; i
; - . &
El 3 = { i\;"n'r :l:‘/

Figure 6. dln(M2g)
distri--
bution in DPE (dcttecl
curves), SPE (dashed

* curves) and hard (solid

" curves)- processes  for
pp (a,b), CaCa (cd)
and PbPb (e,f) inter-
actions, without (a,c,e)

- and with (b,d,f) cut off
(2). Here, Mcc is an

e NN : invariant mass of cc.

_UN dN/Ln(M o)

dLn (Mcc)

dLn(Mcc)

"The contribution of DPE is greater than SPEI contribution at small
Mce. Additional cutoff (2) increases the difference between the contribu-
tions of SPE 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 pseudorapidity distributions of heavy quark-antiquark
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pairs produced in DPE processes [8] has shown the followmg Firstly:in
the overwhelming majority of cases, the QQ pairs .are produced in the
area of pseudorapidity covered by the central part of the CMS detector
[7] £ 2.5 (see Fig. 7), namely, in that place of the installation, which has
the highest resolution power. Thus the ratio of dlfl'ra.ctlvely produced QQ-
pairs to hard produced ones reaches 1ts maxima a.t Zero pseudora.pldltles
of both quark and anthuark o I ,

3004--"-..‘ : e
Z0.03 friow Figure 7.  Energy
E ggi (a,c,e) and “pseudora.-
0~ idity (b,d.f) .
0= 100 20 0 P
? (GeeP TR distribution of HS con-
‘go.os T - < g)(l)(l): E "‘* B stituents in_ pp. (a,b),
S 0.02 T Boo ‘ CaCa (c, d) and. PbPb
Som R H).oogt 3 . (e f) collrsrons (for QQ
%0 50 100 LS?G 8%)0 productron) Solid
— e -, curve is' for hard scat-
%gg; A, ¢ %,%g E © tering; dotted one is for
z i 0.01 | ' SPE:and dashed curve"
< 0.01 £0.005 ** E
P Pt ok is for DP .
0 50 100 F?G 600 .
Conclusmn.

The undelstandmg of strong interactions is mcomplete w1thout in-
clusion of soft and hard diffractive processes. -More precise results are
needed to improve the understanding of the na.ture a.nd structure of the
Pomeron and distinguish between different theoretlca.l models There is a
rich physics that can be accessed by CMS. The _conjugation of TOTEM
with CMS: will greatly, augment .the results of these studies.

Finally, we;wish to thank-the, Orgamzmg Commlttee for the wa.rm
hospitality in. Gomel. : o
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'Electron-pion Ration and e/h for
Electromagnetic Compartment of a .
Combined ;,Cfalorimeter

. Y.A. Kulchitsky,_M.V.,Kuz'miﬁ ,
Institute of Physics, National Academy of Sciences, Minsk, Belarus
& JINR,’Dubna.,» Russia

V.B. Vinogradov |
JINR, Dubna, Russia

o Abstract
The method of extraction of the e/h ratio, the degree of non-
compensatioir, of the electromaguetic compartment of the combined. 4
calorimeter is suggested. The e/h ratio of 1.74 £ 0.04 has been
determined oir the basis of the 1996 combined calorimeter test beam -
‘data. This value agrees with the prediction that e/h > 1.7 for this
"electromagnetic calorimeter. e R ‘

1 Introduction ey et

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

The aim of the present work is to develop the method and to determine
the value of the e/h ratio of the LAr electromagnetic compartment:

This work has been performed on tlhe basis of the 1996 combined test
beam data [7]. Data were taken on the H8 beam of the CERN SPS, with
pion. and clectron 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 [1] will include in the central (“barrel”)
region a calorimeter system composed 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 prototlype as shown in [Fig. 1.

Cryostat

Midsanpler

10 Cev =™ 300 Gev Bc 3

A ex
——

83-4

8120

Figure 1: Test beam setup for the ATLAS combined prototype calorimeter.

The dead material 'between the two calorimeters was about 2.2 _Xo
or 0.28 A7. 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 calorlmeters have an active
thickness of 10.3 A;. :

Between the active part of the LAr and the Tile detectors a laye1 of
scintillator was installed, called the midsampler. The midsampler consists
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of five scintillators, 20 x 100 cm? each, fastened dlrectly to the front face
of the Tile modules. The scintillator i is 1 cm ‘thick. ,

Beam quality and geometry were monitored with a set of beam wire
chambers BC1, BC2, BC3 and trigger hodoscopes placed upstream of the
LAr cryostat.

To detect punchthrough particles and to measure the eﬂ'ect of longi-
tudinal leal\age a “muon wall” consisting of 10 scintillator counters (each
2 cm thick) was located behind the calorimeters at a dlsta.nce of about 1
metre.

2.1 = The Electromagnetic Liquid Argon Calorimeter

The electlomagnetlc LAr calorlmeter prototype consists of a stack of
three azimuthal modules, each one spanning 9° in"azimuth- and extendmg
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 calorimeter extends
from an inner radius of 131.5 cm to an outer radius of 182.6 cm répre-
senting (at 7 = 0) a total of 25 radiation lengths (Xo), or 1.22 interaction
lengths (A;) for protons. : The calorlmeter is longitudinally. segmented into
three compartments of.9 ' Xo, 9 Xo and 7 Xo; respectlvely More, deta.lls
about this prototype can be found in [1], [9]. :

In front of the EM caloumeter a presa.mpler was mounted The actlve
depth of liquid algon m the p1esampler is 10 mm and the strlp spacmg is
3.9 mm. / : i '

The cryostat hias a cylmdrlcal form' with 2 m-internal dlameter filled
with liquid argon, and is made out of a 8 mm thick inner ‘stainless-steel
vessel, isolated by 30 cm of low-density foam (Rohacell), 1tself protected
by a 1.2 mm thlck alummum outer wall

2.2 The Hadronlc Tlle Calorlmeter

The hadronic Tile calorimeter is a sampling device usmg steel as the

~ absorber and scintillating tiles as the active material: [5]. The 1nnovat1Ve
feature of the design is the orientation of the tiles which are placed in planes

perpendicular to the Z direction:[10]. For a better sampling homogeneity
the 3 mm thick scintillators are staggered in the radial direction. The tiles
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are separa.ted along yA by 14 mm of steel glvmg a steel/scmtlllatm volume
ratio of 4.7. Wavelength shifting fibers (WLS) running radially collect
light from the tiles at both of their open edges. The hadron calorimeter
prototype consists of an azimuthal stack of five modules. Each module
covers-2m /64 in azimuth and extends 1 m along the Z direction, such that
the front fa.ce covers 100 x 20 cm?. The radial depth, from an mnel ra(hus
of 200 cm to an outer radius of 380 cm, accounts for 8.9 A at .= 0 (80.5
Xp). Read-out cells are defined by grouping togethel 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 A¢ = 27 /64 ~ 0.1), while
the segmentation along the Z axis is made by grouping fibers into read-out
cells spanning AZ = 20 cm (An = 0.1) and is therefore not projective
Each module is read out in four longltudmal segments (coxrespondmg to
about 1.5, 2, 2.5 and 3Arat = 0) More detalls of this prototype can be
found in (1}, {2].

3 Event -Se}lect‘ion.

We applied some similar to [7] cuts to eliminate the non-single track
pion events; the beam halo, the events:with an interaction before LAr
calorimeter; the events with the longitudinal leakage, the’ electlon an(l
muon events The set of cuts is tlle followmg e

. the s1ngle—t1acl\ pion events were selected by requnrmg 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;n ‘

o the beam halo events were lemoved with appropua.te cuts on the'

horizontal and vertical positions of the i mcommg track impact point
and the space angle with 1espect to the beam ax1s as measmed w1th
the beam chambers;’ o '

e the electron events were removed by the requirement that the energy
‘ ‘dep0s1ted in the LA1 ca.loumetel is less than 90 % of the beam enelgy

- .

. e acut on the tota.l energy 1ejects incoming muon,

130

e the events with the obvious longitudinal leakage were removed by
requiring of no signal from the punchtluough partlcles in the muon
walls; i :

o to select the events with the hadronic shower orlglns in the first
samplmg of the LAr calorimeter; events with the’ energy deposntlonst
in this sampling compatible with that of a single minimum ionization -
particle were rejected;

o 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 ¢/h ratio of the LAr Eleétrdmégnetic
Compartment o

The response, Ry, of a ca.loruneter toa hadromc shower is the sum of
the contributions from the electromagnetlc E,, and hadronic, Ej, parts of

the incident energy [11] :
E= E + By, (1)

Ri=c E+h-Ev=c-E-(fut(be)- (1= fe) .~ (2)

where e (h) is the energy independent coeﬂicxent of transformatlon of the
electromaguetic (pure hadronic, low-energy hadronic activity) energy-to
response, fro = E./E is the fraction of electromagnetic energy. From this

E=Slm, @
Eo T s t ,

where : - e ‘

e e/h (4)

7r—1+(e/h-1)f,,o T e
In the case of the combined calorimeter the 1ncndent beam enelgy,

Eteam, is-deposited-into the LAr compartment; Epa,, into- Tilecal com-

partment, -E7¢, and into the dead materlal between the LAr and Tlle

calorimeters, E,;,,,, e

k’”Ebemn = EL'A; + ETilch+ Edm- - ” : . ' (5)
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Usmg 1elat10n (3) the following e)\pressmn has been obtained:
e e
Ebeam = cLAr ( )LAr RLAr + CTite ( )T ile RTxle + Edm ) (G)

where ¢f 4, = l/eLAr and CTile = l/eT,le Flom thls expressnon the value of
the ( e/7r Lar 1at|o cau be obtamed o

(%)“:. -

Ebeam — Erite — E4m -
R ’ (‘ )
N CLAr * LAr _

where e Cen s S ,
- Brite = crite - (—) - Rrae - - . (8)
m/ Tile

is the energy released in the Tile calorimeter.
The e/h L4r ratio and

R

f1r° LAr = ]\'LAr lnEbeam (9)

can be mfeued from the energy dependent e/w)LAr ratios:

(E) S e/h)LAr
r/Lar 14 ((6//1)L4r — 1) froLar

We used the value (e/h)riy. = 1.3 [4] and the following expression for
the electlomagnetlc fraction of a hadromc shower in the Tilecal calorlmeter

(10)

f1r°,Tile = krite ‘»lnETile- (11)

with krq = 0.11 [12], [13].
For the cp 4, constant the value of 1.1, obtained in [14], [7], was used.

The algorithm for finding the crite and ¢y, constants will be considered
inr the next section.

5 The cp;. Constant

“For the determining of the cr;. 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 expressnon for the
normalized hadrouic response (11}

ile CTile e ' ’ \
Ez:ulm - (E/Z)lTile ((/—l)T"‘e - 1) “Um i) (12)

where

R%y. = Rrite + -Rpar . . (13)

Tile
is the Tile calorimeter response corrected on the energy loss in the LAr
calorimeter, fro 1. is detemuned by the for mula (11). ‘

Rﬁlel EBeam (pCl GeV)
o
N

70 80 90100
E (IEeVO

40 50 60
Beam

Figure 2: The corrected Rr;. response as a function of the beam energy.

The values of Rf;, are shown in Fig. 2 together w1th the ﬁttmg line.
The obtamed value of CTile 1S equal to 0 145 :!: 0. 002

6 The Energy Loss 1n the Dead Materlal

Spec1al attentlon ‘has. been devoted to understandmg 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;, Eg,, is taken to
be proportional to the geometrical mean of the energy released in the last
electromagnetic compartment ( Ey4,3) and the first hadronic compartment

(ETite,1) '

Eim = Cim - \/Erar3 - ETite, : (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 midsguhpler and the cryostat energy deposition [7],
[16], [17]. We used the value of csm = 0.31. This value has been obtained
on the basis of the results of the Monte Carlo simulation performed by
I. Efthymiopoulos [18].

2 S| A L — ]
2
~10 10

EBeam (GeV)

Figure 3: The comparison between the Monte Carlo simulatior; (solid cir-
cles) and the calculated values (open circles) for the average relative energy
losses in the dead material, Egm/ Epegm, 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 in
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ihe 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. :

[72]
i
=
m .
> o]
Ll 10 1
S
Do
5 “
=-10 |- ) S .
= -
1 |- +
3 " " 1 i 1 i i
(0] é 10 15 20

Energy Loss in Gap (GeV)

Figure 4: The distribution of enefg)' loss in the deadv;rrqaterial for 50 Gel”
pion beam. : 2 ; : . :

7 The (c/ﬂ)LA,. and (e/h)rar Ratios.:

.Figs. 5 and 6 show the distributions of the (e/m)La- ratio (l_grived by
formula (7) for different energies. : :

The mean values of these distributions are given in Table 1 and shown
in Fig. 7 as a function of the beam energy.

The fit of this distribution by the expression (10) yields (e/h)Lar =
1.74 % 0.04 and kpar = 0.108 £ 0.004 (x*/NDF = 0.93). TFor the fixed:
value of the parameter kpar = 0.11 [12] the result is (e/h)Lar = 177:l:002
(\?/NDF = 0.86). The quoted errors are the statistical ones obtained.
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Table 1: The mean (e/m)L4, ratio as a function of the beam energy.

Ebeam(Gev) (e/W)LAr
10 “1.471 £ 0.025
20 -1 1.4194£0.015
40 - | 1.331 £0.017
5 1 1.330£0.019
80 - |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 (e/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 e/h ratio for non-uranium calorime-

ters with high-Z absorber materlal is satisfactorily descubed by the f01-

mula:
e e/mip

R 0.41 + 0.12 n/mip

in which e/mip and n/mip 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
e/mip and n/mip values for the RD3 Pb-LAr electromagnetic calorime-
ter are e/mip = 0.78 and n/mip < 0.5 leading to (e/h)Lar > 1.66. Our
measured value of the (e/h)a- ratio agrees with this prediction.

There is the estimation of the (e/h)La- 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 (e/m)p4- ratios the calibration constants are used
which have been obtained by minimizing the energy resolution that leads
to distortion of the true (e/m)p4, ratios. - ' I

UM
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Figure 7: The niean values of the (e/7)Lar ratios as a function of the beam
energy. The line is the result of a fit of eq. (10). :

8 Conclusions

The methiod of extraction of the e/h ratio, the degree of non-compensa-
tion, for the electromagnetic compartment of the ATLAS barrel combined
prototype calorimeter is suggested. On the basis of the 1996 combmed test
beam data we have determined this value which turned out to be equal to
1.74 + 0.04 and agrees with the Monte Carlo pledlctlou of V\’lgmans that
e/h > 1.7 for this 'LAr calorimeter. : : S
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W + jet production at LHC — ,
CompHEP, VECBOS and PYTHIA
comparlson at partonic level

V A Ilyln and AN. Skatchkova

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, o
in particular at very high transversal momenta. This task shouldbe © -
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 + Njets
(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
GeV. 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 high energy collisions, used widely for
LHC processes, for example for search of Higgs boson and SUSY effects.

1INP MSU, Moscow
"2JINR, 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 the W + jet case. Here all three programs
have exact (LO QCD) matrix element implemented and one can cross check -
other calculations conditions. Among them the choice of QCD. parameters
(Q? scale of hard subprocess, runing a, norrna.hzatlon PDF set) plays the
major role. In further reports (to be appear elsewere) we will present next
steps of the cross-check: W + 2jets at partonic level,.and W. + Njets
(N = 1,2,3,4) with 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 automatlc calculation of cross sections in
leading order (LO) of perturbation theory for progesses 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, sectrons (also
Z plus up to 3:jets) at hadron colliders. It is based on the VEGAS integra-
tor and exact (LO QCD) matrix elements for hard subprocesses VECBOS
was turned out to be an usefull tool for the Tevatron data analysis [9].

We have used lea.d1ng order CTEQ41 [7] parametrlzatlon for the parton
distributions with A( p =235 MeV (corresponds to A(5 =181 MeV) in
CompHEP and PYTHIA (where we used the interface w1th PDFLIB [8]).
Here the, 1ndex at:Agcp parameter means the number of quark flavours.”

In the VECBOS code the CTEQ4I set is 1mplemented w1th,A(é%D =300

MeV

" In all programs we used fixed strong couphng constant a, (MW) 0. 1345
(corresponds to the LO formula at Ag =181 MeV) )

The QCD scale @* for hard subprocesses and for evolutron of par-
ton dlstrlbutlons was. chosen equal to W boson mass in CompHEP and
VECBOS. In PYTHIA this cholce is not, a.va.rlable Thus we used default
variant when Q? equals to average sum of the transversal masses squared
for W and jet., We have corrected . (MSTP(32)=2) this scale by the factor
K= 2MW/(MW +. 2pT), where pT 1s the correSpondmg cut (pr.> pT) to
be closer to.the fixed scale Q2 e

Physical constants used smew=0 473 MW—80 3427 GeV I‘w-—2 10526
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GeV, qem=1/127.9. Note that the value for W width was obtained as a
sum of all 2-body partial widths evaluated in electroweak LO.

VECBOS at CERN for the CMS experiment o
Current version of VECBOS was copied on the CERN CMS disk space:
/afs/Cern.ch/cms/physics/VECBOS 8 o i

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: | '

e 43 — CTEQ4l , AGLp = 300 MeV

e 44 — CTEQ4dm , Alkp = 300 MeV

e 130 — CTEQ4m , A, = 215 MeV

o 131 — CTEQ4m , AQkp = 255 MeV

o 133 — CTEQ4m , AYL, = 348 MeV

e 134 = CTEQ4m , A§Lp = 401 MeV
In order to start VECBOS generator one

VECBOS calculation session finishes with: ’ :
_ cross sections and histograms in the VECBOS.OUT file;

— partonic events in the file VECBOS.pev (in CompHEP format). .

has to use GetPev commaxid.

AjLp in VECBOS E -
Strong coupling is evaluated in VECBOS through the well lgnownr.L

formula o, = 127/(33-2Ny) log(Q*/A%cp), but with‘out" ﬂavqur ‘mag:hm(g:

A(c;)cn is used for any value of Q%. More correct is to substitute A(QC p on

A(QSE;D when Q > M,, and on Ag;)cn when Q > Miop. This is the source
for overestimating the W + jet matrix element at the level ~ 3 — 4% and
(gradually) higher for W + Njets. , B
Also the CTEQAI set implemented in the VECBOS code is normalized
with A@ = 300 MeV rather than 235 MeV in "standard” CTEQ4I set.
This is the next source for overestimating (3 —4%) the matrix elements in
VECBOS. S . -
Furthermore, these two points of different using the Agcp parameter
in VECBOS affect also in the evaluation of parton distributions.
Thus, in our analysis we used two variants of the VECBOS code:
300 MeV) and without flavour

o VECBOS! - with CTEQ4(AGLp =
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matching (default code);

o VECBOS® - with CTEQ4I(A8)C p = 235 MeV) and flavour matching.

v

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):

fifi—gW  fig— ;W
where f; 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 |7| < 5 covering all areas of the CMS
detector (including forward HCAL). -

Then, we considered the five variants (denoted further as T1, ..., T5)
of the cut on the transversal momentum: pr > 20, 50,7200, 400 and 800
GeV. :

The resulting cross sections (MC error ~ 0.7%) with percentage rates
in terms of CompHEP results are presented in the Tables1and 2. =

Observed difference between VECBOS? and CompHEP/PYTHIA at
the level 10% at high transversal momenta is explained by the different
using the Agcp parameter discussed above. ‘ L :

Small difference between CompHEP and PYTHIA is caused by slightly
different choice of the Q? scale - fixed in CompHEP (Q* = M), and
Q = M3, (M}, + (pr))/ (M, + (3%)?) in PYTHIA. ‘

Observed difference at the level ~ 2% between Com’pHEPA and VECBOS’
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 — 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. co
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VECBOS® |

[ Cut | CompHEP | VECBOSY |
T1 4.926 4.812 (-2.3%) 5.019 (+1.9%)
T2 1.171 1.145 (-2.2%) 1.210 (+3.4%)
T3 |2.270 - 1072 | 2.190 - 1072 (-3.6%) | 2.464 --10~2 (+8.5%)
T4 | 1.526- 10=° | 1.498 - 10~ (-1.8%) | 1.732 - 1073 (+13.5%)
T5 | 6.620 - 10=° | 6.250 - 10~° (-5.9%) | 7.393 - 107° (+11.7%)

Table 1: Partonic pp — W + jet cross sections (in nb) at different cut on

the transversal momentum: CompHEP vs VECBOS.

[ Cut |  CompHEP ]

PYTHIA 57]

T1 4.926 4.842 (-1.8%)
T2 1.171 - 1.151 (-1.7%)
T3 | 2.270 - 10~2 | 2.206 - 10~% (-2.9%)"
T4 | 1.526 - 1073 | 1.499 - 1073 (-1.7%)
“T5:| 6.620 - 10°° 6238 10"5(58%){

Table 2: Partonic pp — W + jet cross sections (m 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.Dvornikov, A-Khomitch,
A.Solin, D.Stepankov, F.Zyaziuliya =~
20 NC PHEP, Minsk, Belarus ~.” -
E-mails: solin@hep.by; tchek@hep.by. .
L.Golutvin, N.Gorbunov, V.Karjavin, SMovchan
JINR, Dubna, Russia .

Abstract

A set of large-scale nultichannel analog Integrated Circuits has been
developed and tested for some types of particle detectors. ASICs were
produced using Bi-JFET 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 expenmenrs based on
mask pragmmmab[e analagarray:s dzscussed. o : »

f.lntroductmn T R ey

One of thc main- featums of modemn- expcnmcntal eqmpment 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 necessary. During the
recent years at the National Center of Particle and High’Energy physics
works has been camed to dcveIop mulnchannel analog ICs for cxpenmental
eqmpment. o

All dt:51gns are based on 1 me combined: microwave Bl—JFEI‘
process, which is available from the «Initegral» (Minsk, Belarus) production -
association. Typical structure of bipolar and field effect transistors 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:1.-Vertical Section of Single npn BIT and jFET .+~ "+
‘. .. :As an example ‘of .our electronics solutions:we present a very-forward
electronics. for. the CMS MEI1/1 cathode strip chambers (CSC) readout [3,4].
The area of our activity includes only-a wvery'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 MEL/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: . » " .« el s T

2 Cathbde;[eadout. e

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
‘high. input rates. The gain of ME1/1 cathode amplifier is supposed to be.in
the.range of 4.~ -8 mV/fC. The result of R&D: is “KATOD-1m" ASIC,

which block diagram is shown-at fig.2;, . .« = - .

: -~

v
M
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w SREF

“KATOD-1m" one channel
- @-‘ISWG» ,

Fig.2. "KATOD-1m" Preamplificr-Shaper ASIC Block Diagram

-to SCA»

|
from detector

The main paramcters of 16-channcl charge sensitive preamplifier—
shaper for cathode rcadout “KATOD-1m” are:

Peaking time of shaped chamber signal ~150 ns )
Shaper CR-RC# with Tail Cancellation and Gain Control

ENC {r.m.s.) ~2400+12 e/pF
Input Rates up to 1 MHz/channel

The final version of cathode readout ASIC “KATOD” will be based
on “KATOD-1m” with additional embedded digital testing, calibrating and
control system for cach channel. This system consists of 48-bit shift regiszter
(3 bits per channel), decoder and a set of analog switches for commutation
of test charge from internal 2-bit DAC or external precision chal_'ge source. -
It is also capablc of switching on/off cvery channel on the basis of input
code combination. : oL e
Block diagram of onc channel of “KATOD” IC is shown at fig.3. -
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Fig.3. "KATOD" Prcamplifier-Shaper ASIC Block Diagram

"KATOD" one channel

3. Anode readout
Block dlagram of one channel of the “ANOD” ASIC is shown at ﬁg 4.
In order 10 p10v1de hlgh llmlng resolullon in presence of h1gh input

rates and input signal with large dynamic,range, tail cancellation circuit with
base line restorer and time-over-threshold comparator are employed in the

IC for anode readout “ANOD”. Optimal threshold for ME1/1 CSC is: about'

10 fC and gain is 10 mV/{C.

The main. palameters of 8- channel charge sensitive preampllﬁer—'?

shaper-discriminator [or anode wire readout “AN OD” are:
® - Peaking time ~20 ns .

Shaper CR-RC? with Tail Cancellatlon

ENC (r.m:s.) ~1600+20 e/pF

Input Rates up to 10 MHz/channel

LVDS- compatible output
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s REFTThr.

ANOD ASIC channel

R .. Comp. -Driver | :
Shaper CR-RC? (LVDS)
with Tail Cancellation (Controlled) S

Shaper:

)
from detector

‘BIAS Block
(one per chlp)

Fig.4. "ANOD" Preamplifier—Shaper-Discriminator ASIC ‘Bl‘o'ck Dlagram
4.Testing and results

At the ﬁgmes 5,6 one can see examples of signals from ICs obtained
during rate capability test on the prototype of CSC MEI/l Tests were
carried out m JINR (Dubna) on X ray test setup ‘ .

Tok I s oy

“mzms/:m: “*l— u:‘:“, o -:. . . : E;.......q-......;.-.u-:b...u s
I 4 A maTE
f,‘ ¢ . Ty _i: o ‘h - ~IMHuch
. i zrr‘;ﬁ' o 'Jt‘ H
N LA J.‘ ,.1.,
' b 02§0ns N
il} HE: :. e : 0]"5
,..l'" - »'“ e M L
O e e
a | ASICOwptSigndl b . ASICOwpud Sigual. .
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Tok HIFE M35 12 Acy
e - s
: : : ENY
1800mv RATE R 112 4 Ratre
: t : ~Suhtlzch 3 1 v ~IMIbich
AN il 1 | i +

R e TR Y - | e e .
C) ASIC Output Signal. d) ASIC Output Signal.
Fig. 5 (a-d). “KATOD” output signals at:

a) single input pulse; . '

b) input pulse rate ~1 MHz/ch (sweep time 1 us/dlv)
¢) input pulse rate ~50 kHz/ch; v

d) input pulse rate ~1 MHz/ch (sweep time 25 ps/div).
Shift of output base line not exceeds 40 mV in all cases.

umrm - bt nu 4 umnm "kwl

Disciminator stcnmmator
imuumﬁaw
Shaper Output o K~ 10mVAC :
(before BLR ) :
oty Shaper Output . #y. :
4 . (before BLR) W
.Y § Ua8C LA AL
fosdec) 4 (80mY)
K Pl ‘.nm w7 TR A . i
ey Ly n m.n MR TR a1 4 an
a) RATE -13 MBzieh " b) RATE ~10 MHzeh =

Fig. 6 (a, b). “ANOD” output signals at dlfferent\mput rates.

5. Mask programmable analog array

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 mask prograthmable 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].
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Mask programmable analog array consists of 4 identical channels,
which, in-turn, consists of two macrocells. Around array core 54 pads are
p]aced. These pads could be used as IC’s contact pads or as schematics
elements. Mask programmable analog array chip is 2.7X3.6 mm? 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 arrayand a whole chip. We
have used mask programmable analog array as base for the followingICs: -

Micropower low-noise charge sensitive amplifier '

High-speed charge sensitive amplifier-shaper

High-speed comparator

Oscilloscope synchronization IC (for replacement of serial productlon
IC ADO11A)

‘ l W=
Fig 8. Mask programmab]e apalog array.
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GConcIuswn L e

The ICs, showed above have 1mprovcd radlatlon ‘hardness, low noise; -
highly" ‘reproducible:: parameters,. low power .consumption ‘and: low:
interchannel - Crosstalk: :They could:-be ‘used in the- design:of - rcadoul*

electronics for a widc range. of modern pamclc dctcctors
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Mult1phc1ty Distributions Derived From
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“Abstract

In this paper a new Monte-Carlo model Jor. qq- fragmentatzon
system is constructed on the baszs of QCD eﬁ"ectwe field theory.ap-
proach proposed by K. Gezger Factorial moments F ) cumulants
I{,, and the ratio Hg 2 for final state colorless. clusters are
computed. It .appears that Monte-Carlo model gives order. of mag-
nitude and oscillating behaviour of ezperzmental Hyg:though there is
no precise_fitting. This result may indicate that approach proposed
by K.Geiger is a very good hadrbnifzationscheme 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. Gelger in
(3] is designed to fill this gap and has a potential to be developed for ,
systematical descrlptlon of hadromzatlon The key element of [3] is
Lagranglan accountmg for relevant degrees of freedom i in each kme-
matical region, i:e.  for quark (;) and gluon (4,) fields in’ perturba—
tive region (Q? > k2 > Q2) and quark (U) and gluon (x) condensate
fields in nonpelturbatlve region (Q2 > k2 > A?). Here Q? is a hard
scale for high-energy' process, k? is transverse momentum squared,
Qo separates pelturbatlve and nonperturbative domains and A is
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- QCD fundamental scale. Dynamics of pa.rton»ha.dron conversion is -

described by coup]mg of quark and gluon ﬁe]ds to gluon condensa.te
field (which drives quark condensa.te ﬁeld) I urgently refer ‘Teader
to [3] for details and in’this paper I-only look for multiplicity dis-
tributions emerging from this approach in g§-fragmentation (only
gluodynamics will be considered).

2. Monte-Carlo vaod,el. -

In [3] K. Geiger applies: his approach to gluodynamics of qg-
fragmentation and shows that perturbative and nonperturbative
stages can be treated on the very same footing. Usual for per-
turbative evolution parton shower description can-be applied in the
frame of Geiger's approach to nonperturbative evolution. Gluon
with momentum &k = (k+, k=, k1) (light cone variables are used) can
participate in the following processes:  gluon branching (g — gg) at
‘perturbative stage, energy transition from gluon ‘to gluon conden-
sate (g —= gx) and gluon fusion (gg — \) at nonpertutbative stage,
the whole evolution-ending in gluon extinction- a.nd c]uster forma-
tion. The corresponding probabilities are:

a, (k?
“"y—'yy(zv ki) = %1'-')_7945757 (z) L (1)

(m )

(k) = )@

2(7'r ') (L2 ) G ;(1 = 2)Yggsx (2) - (3)

wgg-rx (24 k3 1)=

+

Here z is Iightcone momentum fraction (z = %&- for 1 — 23 branch-
1

ing, z = —#— for 12 — 3 fusion). a,(Li) and 'yg_,gg( ) are well known

strong QCD coupling and splitting functlon for gluon bra.nchmg cor-.
respondingly. Coupling A (L2) and functlons Yo—9x(2)y Yegax(2)
are:.

¢ k2 )y In(Q2/K3 ‘
Adk) = (Q‘f4,, L) ,ningm; (4)
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we=i(f5). e
igg-»x(z) (2 —-z+2) ‘ : (6)

- Monte-Carlo srmulatron of branchlng is well deﬁned procedure’
(see for example [4])" For bra.nchmg 1 —) 23 the followmg kmema.trcs’
arises: s

kf = zkf, o (M
g=a-ak, 0 ®
k12 = zk1y + 71, 9
ki3 = (- z)kiy = P, (10)
where p is intrinsic transverse momentum for branching,
pL=z201- 2K - (- 2)K - ;’.-kg." R 6§ )

1 emp]oyed constramed evolutlon scheme, mva.rla.nt mass bemg,
evolution va.rla.ble In thls scheme one plcks up value of z € (z_, z4)
distributed accordmg (1) or (2) z4 bemg obtamed from kinematical
restrictions (pJ_ > Q% K > Q3 k2 > Q3 for perturbatrve gluon
bra.nchmg, i > /\2 k2 > A?, k2> /\2 for. nonperturbatlve energy
tra.nsfer from gluon to gluon condensate) : '

pert = vy ey 12
Zi‘ ) (1 :h kl ) y . (v( ) ‘
nanper! + - 8A2 . i (13
A NN 2 1 —_—kl | -‘ : :: v;: ( )

Once zis plcked up, the values of k2 and k2 are prcked up ran-
domly from the allowed kinematical reglon " Accurate’ a.ccount of
Sudakov form factor is done as well.. 3

The fusion of gluons is rather stralghtforward The only subtle
point -is lmp0531blllty to carry out fusion effectively at moderate
energies, when there is a shortage of gluons to choose for fusron ’
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3. Multiplicity Distributions.

Experimental multiplicity distributions of hadrons (P, = 22»)
are the result of processing large number of events with large num-
ber of particles in each event. THerefore 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:

§ n(n-1)..(n-gqg+1)P,

(X nP)
n=0 -

_< n(n—1)..(n-g+1) >euents
<n >euenu

g=1 ‘
Cumulants Ij = F, — E C"'_,Kq_mF and the ratio of cu-

mulants to factorial moments H 'F'l are also studied because of
their sensivity to the form of multnphcnty distributions.

On fig.1,2 computed Fy and H, are shown (Q=100 Gev, A=0.23
Gev, Qo=1 Gev). It appears that Monte-Carlo’ model gives order
of magnitude and ‘oscillating behaviour of H, shown in [6] for ex-
perimental data though 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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Flgure 1. lactoual moments F, from Monte-Carlo code for
ete~-annihilation (Q=100 Gev, A 0.23 Gev, Qo=1 Gev).
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Figure 2. H, from Monte-Carlo code for e*e~-annihilation
(Q=100 Gev, A=0.23 Gev, Qo=1 Ggy).

161



The description of the oscillations of
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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 ete~-
annihilation at Z° peak.

At the present time the dynamics of multiparticle bpuroduction 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 moments changes sign as a function of its
order. The factorial moments can be obtained from multiplicity distribu-
tions (MD) P,, through the relations [2]:

F, = Zn(n—l)...(n—cj+l)Pn ’ (1)

n=gq
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for factorial momepts and

K,=F,= S Ci_K,_;F, (2

i=1

for factorial cumulative moments. The ratio of their quantities is
Hq:Kq/Fq ‘ S (3)

In this job the ratios are calculating (3) in Two Stage Model (TSM) [3]
multiparticle production for ete~-annihilations at the Z° peak. MDs were
calculated in TSM [3] and described the experimental data (4] well: In this
model process of multlpartlcle hadron production in ete~ -anmhllatlon
goes on two stages. The stage of quark-gluon division is descrlbgd 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 dlstrlbutlons
Ph= Q (5,2 )l:-o,Q”(S z)=[1+ —(1 =)™ (4)

1o
m = 8z
where it and k, are parameters, Q”(s z) is the generatlon function for MD

. On stage of hadlomza.tlon MDs of hadrons formed from partons are
described by positive binomial distribution (PBD)

P @Era-
" N, Np
with generation function -
. ‘ — h B Ny o .
QF=[1 +,ﬂ’—(z-1)] . L (6)

‘The parameters n} and N, ( p=q(g) for quark(gluon) ) have sense of
average and ma.xxmum multxphcxtles of hadrons formed from parton (q
or g) on the stage of hadronization. The generation function for MD of
hadrons in ete~-annihilation in supposxtxon soft blechment of partons are
determmmg by convolutlon of two stages

G = X PLIQP (Y=, G(e) = Q”(Q"(z))Q’(Z) o

m=0
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For comparison with experimental data on MD [4] the expression was -

used [5]

— h b (2+am)N-n

Pu(5) =0 5 PhCE amin( V(1= T37) ®

where § is a normalized factor, PF is determined by (4), N=N,, a= No
are parameters of the model. : N

MD (8) are described the experimental data from 14 GeV to Z° beak
[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 -

pararfleter N can change. This behavior of the parameters of TSM lets to
describe the oscillations of sign of H, (3). In accordance [5] it is possiB]e

to calculate in TSM F, and K, [6]: .
1 &G B
1 ) g -
., _ 1 &G | |
K, = |a=1 ‘ (10) -

ni(s) 0z9

The expression (7) for G(s,z)7 after taking a logarithm
InG(s,z) = —k,In[l + 2—1(1 —Qu)]+21nQ
14

and the expansion to series in a power on Q, will be

m m m

InG(s,z) =k
n (S Z) p,nzﬂ(m'*'kp

If will put (6) into (11) for Q. and Q, we will get

— —h amN h

_ . m. "1 ‘ n
InG(s, 2) = by 20 (7 1) —[1+ (=~ 1)] +2NIn 1+

(= 1)
" Now it is possible to find K, using (10)

(q;l)! : wh g

. 1 g—t, m " ._____
IS" = (mz=la(am— YV—)(am—_N—)(Tn'+ kp) _(—l)q Nq_l )(ﬁ(S)) L
(12)

) == 42mQ. - (1)

where 7i(s) is the average mﬁ]tip]icity hadrons in é,"“e" - annihildt_i@h 'Ean,d
F,, using (9) EE

q-

Fo= mZ=U(2 +am)(2 + on?z - ,71\,7)...(2 +am — %VJ_)Pm(T:Es)) - (13)
with -
— kp(kp + 1)...(kp +m — 1)( kp kp m m
" : mt k, +m .

T+ ky

The sougt-for expression for Hy will be

ey am(am— x7).:(am — %)(%)mﬁ; -__'(_1)?1__;\7,:1"' ’(14)

Vom=ol2 + am)(2+ am — 1—{,-),,_(2 +am _'gT-\-I_l_)Pm

H, =

where €, is a normalized factor. _

The comparison with data SLD coll.[1] showes that (14) describes quali-
tatively behavior of the factorial momentum ratio only. 1t is seen minimum
at q=5, there’are small oscillations: of sign for'q from 9 LQ'15,«buf after
q=15 the oscillations begin to grow. L D e S

The value of parameters described quark-gluon devision (71, k,) and
the stage of hadronization (a, V) almost not differ from value'were got in
(5] for MD. The parameter 7" in (14) is absent. It value may be get'from
average multiplicity R TR
7i(s) = (2 4 am)T". ) ST (18)

It is staying almost regular in both fits: for MD and Iy. The parameter
o is staying regular too. It determines the ratio N, to Ng:and equal from -
0.3 to 0.4. It shows that quark jet gives more hadrons than gluon jet about.
three times. The parameler N (maximum number ‘of hadrons from quark
on stage of hadronization) from MD in [5] is changing from 5 and higher,
and from H, from 5 to 3. The parameter of OBD k, is staying constant
(from 18 to 23) in both cases, too. . S o

-So, the-behaviour parameters: of ‘TSM at Z° peak for MD.is agreed:

with behaviour for. Hj. “The quantity of x? for Hy is not good. Perhaps
this happens on the reason: of ‘di\ﬂ'érén'cég‘tlié mechanism of multiparticle
production of hadrons on the second stage\fro‘m,v;’I‘SM,“the undeveloped.
parton cascade (not a lot of gluons) and so assymetry of process cascade,
marking besides two quark jets-and’ t.héir‘br‘ems‘trahlu'n'g gluons; deviding:
gluons, too. -~ ’ L
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The formation of several gluon jets in addition of quark jets can make ‘

the oscillation of H, slower. ,

In conclusion can made some additions to the behaviour mean multi-
plicity of partons 7i(s) for e*e~-annihilation on the first stage. In accor-
dance [3] it may be fitted by phenomenological expression '

m(s)=Fln —ﬁ, (16)
with # =1.35 and /s =1.8 GeV. So, considering true this approximation
at low energies it is possible to.consider appearance of gluons in ete~-
annihilation begins from the energies near 2 GeV.

The mean multiplicity of hadrons on the second stage from one quark
ﬁ;‘(s) may be approximated phenomenological, too '

/i

mh(s) =Bl L, )

Mg

where 8 =0.79, mq ‘z,37k‘0 MeV. The last energy mg determs enérgetin

region from which begin to appear process of multiparticle production.

It is shown that TSM does not contradict the experimental data on the T

oscillation ratio of factorial moments at Z° break, but it is necessary detail
study and subsequent modifications.

- I thank Kuvshinov V.I. for supporf and help in job. I thank th.e«.lab’-’,-;

oratory of physics investigations of Gomel state technical university for.
support, too. )
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Abstract A ‘ |

Idea that the very highrmultipli:(':ity‘ (VHM) ivents are governed = ..
by hard processes is considered. For this purpose quantitative re- .
alization of the Pomeron, DIS and large-angle annihilation (LAA)
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}ctiqn.

1

The estimations of an expected multiplicities distribution.- tails at LHC
eﬁergies are oﬁ"e:ed as possible physical programm. Investigation of t';he.
multiplicity distributions was popular since seventies [1]. The very high
multiplicity (VHM) processes as the attempt to get beyond sf,anda.rd mul-
tiperipheral hadron physics was considered in [2]. The hadron theory based
on the local QCD Lagrangians [3] and the experimental consequences was
given in the review papers [4}. ’ o
‘We begin with general analysis.” Let on(s) be the cross 'segt_;l(pq"off n
particles creation at the CM' energy +/s. We introduce the generating
function: B e T R
T(sx z) = ZZ“O‘,.“S =(P1+P2)2 >>_:m'2- S (1'1)

“~Permanent addxes_s: Tnst.of Phys. Thbilisi, Georgia
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So, the total cross section and the averaged multiplicity will be:

O'tot = T(s 1 Zan, amn = Zna,, = ZT(S, 2)z=1. (1.2)

At the same time A : | . -
dz o dz _ :

o, = WT(S z) ___/2_7” ( (n+1)lnz—§tln’l'(s,z)) (1.3)

Applying the steepest descent method we may deterrmne the asymp-
totical behavior of o, at large n. It was shown in paper of T.D.Lee and
C.N.Yang [5] that the singularities z, of T'(2, s) in the z plane may be lo-

cated at |z| > 1 only. We may distinguish following possibilities at n — oo:

1)z, =1: 0 > O(e™™);

2)z, = 00: g, < O(e™™);

3)zy = 2,1 < 2, < 00: 0, = O(e7™). .
The second type belong to the mult1per1pheral processes kinematics: cre-

ated partrcles form Jets movmg w1th dlfferent veloc1t1es along the CM in-
coming. partrcles
Another 1nformatlon is 1ncluded 1n

-

lnﬂs, z <Z Sy s

For instance, 1f Cn = 0 m > 1 we have the Po1sson d1str1butlon Op =

Utot(‘n)-_ exp (—7). If ¢y = Ym(c1)™, i.e. v is the some restricted function
of m, than the so called KNO scaling take place: o, ~ ot f(n/7). One of
the mostly interesting question: is the KNO scaling really takes place?

Tt was-found in’seventieth’ that ‘the’ multlperlpheral kmematlcs dom-"
inates inclusive cross sections f(s pc) ‘Moreover, the created partlcles _

spectra do not depend on s at h1gh energles in the multlperrpheral reg10n

wda.:’g : dt dt ¢(t i !
f(S Pc) = E««,‘;d3p (27r) ls(;lsfin;)( 8:32_( 2)2)2-’ 3132( ch_) = St1t2

Here 5, = (pa + )% 52 = (0 + Do), Pe = s + Bae +pc.L and ¢:(t ) are
the 1mpact factors of hadrons So the particle ¢ forgot the, details.of- 1ts
creation. It was found experrmentally that the ratlo v

fEtp o+ _ fErp T+, f(pp-ﬂr- ).

>U(7f+p) - ) O'(K+ -|-p) = O.(W) - (15) 1
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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 impljed 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 I; = 0 (production of
anomalous number of ;) 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~") mentioned above. - ~
. Let us demonstrate this reason using almost hand-wavmg arguments
The effectlve pion’s lagrangian of S. Weinberg (9] Less ~ (1~72/f2) o=
140M eV regards the current algebra theorems, describe rather satisfactory
the soft pions interaction. Using the functional integral approach we may \
consider the n plon 's correlator

/Dﬂ'f-zﬂ "(-'31) ,H-Zn(z )e z[[('ﬂ')

The assoc1ated probablllty of creatlon of 2n prons may estlmated assummg :
that the kinetic part of Lagrangian is neghglble, , R

_/dz:v

Note, the 72 & 1 - y/fr/n — 1 is essential in this integral. This means

that the potentlal part of Lagrangian is ~ (/n/ f7r — 0o and thus the" «
semiclassical approximation is valid. : :

I (1.6)

o
RS

2

The Pomeron is treated as a (infinite) set of particles emltted close to the';
CM beams dlrectlon (w1th1n the small angles of order 6; ~ th INZD << 1).:
We expect that these type of partlcles will not be detected by the detectors,: :
since they are move into the beams pipe. The collider expenment detectors .
locate at finite angles fp ~ 1 and will measure the products only of partlcle N
¢ decay.
What will happened when instead of one particle a set of partxcles with
invariant mass square s; is created at large angles? Then the cross sectlon =
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will acquire the type suppression factor: (m? /s,)F(a, In?(s,/s0)) with the

function

o= ’NF( 2(2)), N~( )A
12ln2

A"= ap— =

Radiative corrections to the 1ntercept was’ ca.lculated [10] in recent time

The resulting value is A= 0.2. '
The way to obtain detected large mult1p11c1ty is to organize DIS-like

experiments, expecting the large-angle scattered hadrons in the detectors.

Large transfers momenta will be decreasing by ordinary evolution mech-

anism to the value of order m, and then the Pomeron mechanisin of pe-

ripheral scattering of the created hadrons from the’ pomization region w1lll

start. C.
What the characteristic multiplicities expected from Pomeron mecha-
nism with the intercept exceeding unity, A ~ 0.2? It is the quantity of

order (s/m2)® = 200 for /s = 14TeV. This rather rough estimation is in
agreement with the phenomenological analysis of A Kaidalov [1]; based on 5

multi-pomeron exchange in the scattering channel:

3

Let now construct the relevant cross sections. It is convement to sepa.rate“"

them to the classes.

a) Pomeron regime (P);

'b) Evolution regime (DIS);

¢) 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 (The 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—ﬁ;f,"mwsorvm,r) .
dos. e /1 jd-Bn"/'ﬁ"' dfn-1
T 64w Jmags By Jmigs Bacy
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a,'zo.f)s =02 (21)

oy /ﬁz dpy ., /( d2Qn+l 2)2(F1F2) ()

m?/s ,31
nyyi=n i-_-n (S,/So) (q')’y',i-'f-l
dZ = y H _ /d2 Hi:l W

Performing B—integra.tion,A -

/ " / e / " dﬁ - =L, L'=1n'—s—2-." (32)
m’/s ,Bn m’/s ,Bn 1. m’/s ,31

Here q; = a;p2 + Bip1 + giy is the 4-momentum of the virtual gluon joining.

‘the emitted particles with 4-momenta ki, kij1, 8i-= (k; + k,+1) is' thelr
“invariant mass squa.re One should use: here that ST :

5182 8ny1 = SEu_ E:_L: E?J_ = m + (‘I: ‘Ti—l)z:
m? << 5; << 5 =2p1pe, (33)

where

as(q: 2) A&k
ale) = / e B

is the reggeized gluon traJectory ‘Here we imply the a.rrangement on the

rapidities of the emitted gluons

'2
— << ﬂ,, << B,,_l <. << ﬂl ~ 1. (3.4)
8

The quantity I‘l 2 may be assocmted w1th the formfa,ctors of the 1mt1a1
hadrons: (simply we replace them by the coupling constants of g, g° =
dra,) whereas the quantities ;i1 associated with the effective vertices of

“transition of two gluons to the emltted particle.” For the case’ ‘of emission

of scalar’ particle we' have 'y,,,“ =m. For the case “of emissmn of gluon,
w1th momentum k = q, q,+1 we have

1"’“’ m ‘-")+ (2”2’“ "‘pl ‘f‘?“)]. (3.5)

7i,i+l 9[ (‘Jx+11z+1)—P2( . pzk

4

For the pure deep inelastic case, when one of the initial hadrons is scat-
tered at the angle @ have the energy E' in the cms of bea.ms whereas
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. the another is scattered at small angle and: the large transfer momentum
Q = 4EE'sin?(9/2) >> m? is distributed to the some number of the
emitted particles due to evolutlon mechamsm we have [11] (6 is small):

. doy, Q"M dD dE'dcos, |
Q* dk? dk2 k2 dk?
D= (3 )"/mzk [+ 2k2/dﬂ1/dﬂz
/ IBP(F). P, P(z) =2 L+ (4.)
ﬂn-—‘ . . -2,

where the hmrts of 1ntegrals show the 1ntervals of var1at10n and the lnte-
grand is the differential cross section.Again  the rapidities f; are rigorously
arranged as well as the transvers momenta squared

5

For the large-angles particles production process the differential Cross sec-
tion (as well as the total one). fall with cms energy 1/s.We' will consider
for deﬁnlteness the process of anmhrlatlon of electron posrtron pa1r to n
photons [12]: - o

ORI e 2 AR
dqr?L=-2ﬂan’

dF _(—)"/ dyn/ dzn9($n yn)/ dyn 1

0\ dmn_le(mn 11— yn,_l) z;=1In %, r lnE P (5 1)
The srmllar formulae takes place for subprocess of quark—a.nthuark anmhl-
latlon 1nto then large angle moving gluons We note that the quantltles q?
may vary up to maximal value,s which corresponds to the em1ssron at large
angles. The total cross sectron of anmhrlatlon to any number of photons

is:

- 2T 22 ‘ 20 ;¢ .
Utot(s) —(“‘;)““ 12(1');1' _?P2- (5-2)

We conclude that the differential cross sections of the n particles produc—
tion may be presented as a product of factors

dq,z dﬂ, SUiiesiingl et g
,B: LT S S T P

1172

i

under various assumptions about transvers momentum g; and rapidity S;.
We will suppose that every emitted particle of mass (virtuality) M
will decay and create the number of secondary partlcles (plons) with the

probablhty )
, 2 o
AdWn(M) = dnne ;'e,n,—ln—m—2 S : (53)
Construct now the cross sections of comblned processes. When the one of
the initial particles h; 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: , 7
Apm = oy A%, |gal> ~m® . (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 reahzed with large angles hadron
production from the central region: . - . . o .

donmp = dZadoP¥dZe, - (5.)

6

We discuss in conclusion possible mechanism violation of the exponential
fall down of the multiplicity as a function of the number of the created
particles 7. 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 rnultlphclty on 7 in the
Tegion 7 ~ Ty,z/2: exponential fall off will be changed on the (exponen— 7
tial?) growth [13]. If such an effect will take place some understandrng
about Centaurus cosmic events may be obtalned '
Acknowledgments
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ANALYTIC APPROACH IN QUANTUM 4
CHROMODYNAMICS AND ITS APPLICATIONS

1. L Solovtsov

Gomel State Technzcal Unwerszty, Gomel 246746 Belarus and
' Bogolzubov Laboratory of Theoretical Physics; *
*“Joint Institute for Nuclear Research Dubna. 141980 Russza '

., Introduction. An intrinsic lngredlent of modem quantum field the-
ory (QFT) is the renormalization” group (RG)’ method proposed in the
mid-fifties [1, 2]. The role of this method is particularly important in the
cases’ where the interaction is not' weak, for’ example;in quanturn‘chromo-
dynamics (QCD). Hardly any hadromc process' investigated :in the: QCD
framework can be analyzed without using the renormalization group. It is
well known that directly solving the RG equation for the invariant charge
leads to unphysical singularities, for example, to the ghost pole in the one-
loop approxnnatlon Taking next loop corrections into account does not
alter the essence, and leads’ only. to addltlonal branch ¢uts. The e)clstence
of such s1ngu1ar1t1es contradlcts the general pr1nc1ples ‘of local QFT.

As early as in the late-ﬁftles N.N. Bogollubov AA Logunov and
D.V. Shirkov in the paper [3] proposed a resolution of this problém in the
context of quantum electrodynamics by unifying the RG method with the
requirement of analyticity with respect to Q2 which in turn followed from
the known Killén-Lehmann representation expressing the basic principles
of local QFT [4]. :

In this lecture we consider an ana.lytlc approach (AA) to QCD which

“has been proposed in [5, 6] and devised further in [7-19]. A new expression
~for the QCD running coupling, obtained within this. approach has a regu-

lar ghost-free -behavior in the infrared region with the umversal hrmtmg
value expressed only via group symmetry factors and mdependent of ex-
perimental estimates on the QCD- scale parameter The method leads to
a well-defined procedure for ana.lytlcally continuing the running couphng
from the spacelike ta the timelike. domain. We present rwults of apply-
ing analytic perturbation theory-to some hadronic _Processes. Theoretrcal

- predictions thus obtained turn out to be remarkably stable with Tespect

to the renormalization. scheme and thher loop dependence for the whole
low-energy region. - : » 5
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Analytic running coupling. To construct an analytic f:oupling, we
start with the leading order expression for the running coupling

a _ 1
D)= T amm@ ) R@/A)

where a(Q?) = @(Q?)/4 and By = 11—(2/3)f, the one-loop co.eﬂicient. of
the B-function for f active flavors. According to [5, 6] an analytic coupling
is written in the form of the spectral representation

at( (1)

1 [ plo) 9

a ) = - e . .

an(@) = - [ do e

The spectra’.l‘function p(o) can be found via a discontinuity of the running
coupling (1) on the physical cut

L= ln‘—Z—z.' (3)

a® B

(1+ a.ﬁoL)2 + (aﬂqﬂ)z ’

PRIGE

The renormalization group invariance of @5, defined via Eq.(2) i~s provid2ed

by the‘scaliﬁg property of the spectral function p(c/ 12,a) = p(lno/A?),

where the scale parameter is A? = p® exp(—1/afo)- ,
Substituting p{*) into Eq. (2) we get

| a1 2y _ 1 1 + A? s

(@)= 5 |moryae T =@

(4)

The analytic’ coufxling (4) has no ghost pole at Q? = A2, Its infrared limit-

ing value &{!)(0) = 4w /fp depends only on group factors a:nd, numerically,
for f = 3, we have &{})(0) = 4w/9 =~ 1.398. The first 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 properti(.as, com‘p\ensa.tes .the
ghost pole at Q? = A? and is essentially nonperturbative. This term gives
no contribution to the perturbative expansion. Thus, t.h? causality and
spectrality principles expressed in the form of Q%-analyticity, senq us th(:
message that perturbation theory is not the whole story. Th'e re('lulre;r.lgn

of proper analytic properties leads to the appearance of CODtI‘lbut.IODS given
by powers of @Q? that cannot be seen in the original perturbatl.v_e expan-
sion. We note also that unlike in electrodynamics, the asymptotic freedom

176

- property in QCD has the effect. that such nonperturbative contributions
show up in the effective coupling function already in the domain of low en-
ergies and momentum transfers reachable in realistic experiments, rather

“than at unrealistically high-energies: - .= . . .

" "As for-a particular value of ‘the analytic running coupling at . Q? =.
‘0 one:can make two‘important statements.. Firstly, the ‘@an(0) . value is

~independent of A. Secondly, this infrared limiting value in- any.order 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 &,(Q) and one has to fix the “physical one” by comparing with
experiment is accustomed. Eq. (4) describes a family of possible.curves for
@3n(Q?) forming a bundle with the same common limit at Q? = 0 as it is

[SRRANE SR SR

- shown in Fig. 1 (on the left). "

) . .. Analytic _runniqg coupling
AN 1-loop
05t
G 2loop- | -
o S QUGevy |
0 A £ " : PR
'0'0,0 B S 04 - 06 0.8 1.0

Figure 1: On the ileft. The kbliu‘xcyﬂé 1of anéI_y;tic squtibns for mvana.ntQéD

. coupling. The curves (a) and“(b) ‘are the I-loop analytic G,, for A = 200

MeV and 400 MeV, respectively; the curves (c) and (d) show the corresponding
PQCD result. On the right. “Higher loop stability” of the analytic solution.

" The normalization point is on the T ’Igptog'SCa{e: &,(Mf) =0.34."

.« The wholé shape of the @0 (Q%) e;rolution turns out to be reasonably
- stable with respect to higher corrections. The point is that the universal-.
ity of &,y (0) practically gives rise to stability of the a{9(Q?) behaviar;with

respect to higher correction in the whole infrared region. On the other

’hand, this stability in the ultraviolet domain is a reflection’of the property

of asymptotic freedom. As a result, our analytic model obeys approximate

“‘highér’ldops‘stability” in the whole Euclidean region. Numerical calcula- .

tion (performed in the MS scheme for one-; two-, and three-loop cases'with
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f = 3) reveals that a{?(Q?) differs from a{})(Q*) within the 10% interval
and a{3(Q?) from aZHQ?) 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 running coupling in the Euclidean (spacelike) range of
momentum, Q*> > 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 correlatlon functlon for the
quark vector current, II(g?), as follows

zdﬂ( Qz)
TdQr -

D(@*) =

Taking the correlator II(—Q?) in the form of an unsubtracted dispersion

relation one can write down the dispersion relation for the D-function

D(Q?) = Q2 I Grar o) ®)
@ =2 [ ey Qz) |

where R(s) is the e*e~ annihilation ratio. '

The D-function is an analytic function in the complex Q? 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 s dz
R(S) —5;;
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 @*¥(Q?) in the spacelike region and
af(s) in the timelike reglon based on the followmg expressmns for D(Q2)
and R(s)

D(Q?)oc[1+d,aeﬂ(o2)] - R(s) [1 +r1a° (s)] @

where d; and 71 are the first coefficients of perturbatlve expansions. The

subscript s in (8) means “s-channel” (the timelike region): From (6) and -
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(5).-

(_Z)’ : : (7) )

(7), one finds the connections between these eﬁ'ectlve couplings in the
spacelike and timelike regions

s+ie

= 2 2 it dz ; ' :
eﬁ(Q)—Q/ g, ff@)——aﬁs_/k Bt

QQ)

These equations serve to define the effective coupling a¢f(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’ a®®(z) to derive the effective coupling in the.s-channel
from (9). This way leads to the so—called w2-terms which play an impor-
tant role in the phenomenological analys1s of various processes However
the perturbative approximation of a*®(z) breaks the ana.lytlc propertles
mentioned above. For example, in the one—loop approxnna.tlon the func-
tion a*(z) has the form 1/[8; In(z/A?)] with a ghost pole at z = A?, which
contradicts the assumption that a*¥(z) is an analytic function in the cut
z-plane. A consequence of this problem is the fact that if a¢f(s), obtained
in such a way, is substituted into (9), the ongmal one—loop forrnula in the

spacelike region is not reproduced. -

~ This dlfﬁculty can be avoided in the framework of AA in’ wh1ch the
runmng coupling is forced to have the correct ‘analytic propertles l'Asa
result,the effective couphng in the tlmehke reglon is glven by the followmg

" elegant expressron 7}

"ai“(s)f=k71—r/s°°"i‘-’-_p(q)”.“ - .'(10)

Both couplmgs @ (Q?) and. aeﬁ(s) have the same umversal limit at
Q% = 40 and s = +0 and a similar ultraviolet tails as Q> — oo and
s — oo. However, in the intermediate region the effect of analytic contin-
uation becomes important. The distinction between the different effective
couplings is several percent, which may be important for extractmg the
QCD coupling constant from various experimental data. '

More than two decades ago, Schwinger proposed [27] that the Gell-
Mann-Low function, or the g-function; in QED could be represented by
a spectral function for the photon propagator. Remarkably, we find that

U'The correct analytic properties of the D-function can also be ma.mta.med in' the
framework of the:so-called variational perturbation theory which is based on a new
small expansion parameter.[24] (see Refs. [25, 26)). co :
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this idea is realized in our proposal for the timelike coupling in QCD. For
the B-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 certainly correct if we construct the S-function
for the couphng (10) defined in the timelike region:

o, g—sd““{: )y

ds. oo

In ‘perturbation theory, the difference between the couplings in the space-

like and timelike regions’ is given by three—loop dlagrams and therefore
B = Q*da"/dQ? = ~p(s)/m + O(3-loop). ©

' Defiriing the B-function of the t-channel charge B(QRY = QQdaEE(Qz) /dQ?

we can write down the followmg relatlon between two ﬂ functions

Q%-Qﬂ/ (+@yme) o m

Thus the general propert1es of the theory lead to the followmg propertles
of the G-function considering as a_function of Q% B(@?) is an analytic
functlon in the complex Q*-plane w1th a cut along the negatlve real axis.
It is interesting to consider whether there exists a p0551ble solutlon,
which can be called an s-t ‘self-dual solution’ of Eq. (12) in which thereis a
symmetrical behavior of the charges for the ¢- and s- channels. In this case
ﬂ(Qz) = fB,(s = Q%) and we have the integral equation to the §-function.
It is clear that there is a “trivial” solution of this equation, B(Q?) = const.
Are there any other solutions? Introduce the variables Q*/A* = exp(z)
~and §/A2 = exp(y), and put gb(:t:) ﬂ(QZ) and ( y) (s), we obtain the
1ntegral equatlon o EREE
N L= /;o;,d.ma—: Do )
‘with the kernel K (z) =1/[4cosh®(z/2)]: = v
By applyrng the Fourler transform to Eq. (13) one finds "

MM—K@M@,bcjﬂ“;}”KW

where K (p) =7 p/ smh(7r D). ‘ -
... Possible nontnvral solutions of Eq. (14) appear,at the pomts for whrch
K (p) = 1. However, there i is only one point of that sort:. p-=0. Therefore,
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é(p) o 6(p), which leads to the “trivial” solution B(Q?) = const 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 pnnclples 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 7 decay The inclu-
sive character of the decay of a 7 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.
Meastrement of the ratio of hadronic to leptonic 7 decay widths, i.e., the
quantity R, = T'(T — hadrons+v)/T(T — WD), allows one to extract, w1th
a high degree of accuracy, the value of the strong coupling constant o at
the 7 mass, M, ~ 1.78 GeV. Compa.rlng this value with the values of o,
found at hlgher energy is an lmportant test of the apphcablhty of QCD
perturbatlon theory over a wide range of _energies and requlres a ‘careful
check, At present both experrmental and theoretical 1nvest1gat10ns of the
decay of a 7 lepton are contmumg intensively. ‘

One usually employs analytic properties of the hadronlc correlatron
functlon in order to rewrite the original expression for the 7 hadromc rate,
which 1nvolves 1ntegratlon over a nonperturbatlve region of small momenta,
in the. form of ‘a contour 1ntegra.l over a circle of sufficiently large radius
Q* = M? to apply ‘perturbation theory (PT). ‘However, the perturbatlve
approx1mat10n which introduces a ghost pole, v1olates the analytlc pr0p-
erties required to use the Cauchy theorem in this manner. -

Following [10] we will apply analytic. perturbatlon theory (APT) in
which it is possible to maintain the correct analytic behavior. For our
purpose, it is important that, within this approach, it is poss1ble 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 7. decay, 1nvolv1ng the timelike and the Spacehke
definitions of the running couplings, respectively. |

Why is analyticity important? The initial theoretical expressmn for R,
in the case of massless quarks contains an integral over timelike momen-

)
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tum s [28] -

. 2 M2 ds | s \? o
R=207"=(1- 2. | ImII :
Rt [P ) ()i, o3
where the range of 1ntegrat10n extends down to small s and cannot be
calculated in the framework of the standard perturbatlon theory. The
‘method of calculation of R, based on explmtmg certain analytlc properties

of the hadronic correlators IT(s) allows one to rewrite the expression (15) by
using the Cauchy theorem in the form of a contour integral in the complex

s—plane with the contour runnmg clockw1se around a circle centered on_ the‘

origin of radius M?2:

o) (tegg)oea oo

In the representation (16) the contour has a sufficiently large radius,
and it is possible, in principle, to calculate R, perturbatively. However, the
transition to the contour representation requires certain analytlc propertles
of the correlator. Namely, the correlator I1(s) is an analytic functlon in the
complex s-plane with a cut along the positive part of the real axis. The
parametrization of II by the perturbative running coupling violates these
analytic properties. It is clear that the difference in the regions of integra-
tion in the initial expression (15) for R, and the expression (16) obtained
after applylng the Cauchy theorem makes it necessary to parametrize I'I
in (15) and D in (16) with different couplings. Indeed, a renormal1zat10n—
group analys1s gives a Tunning couphng determined in the spacelike region,

while the initial expression (15) contains an integration over timelike mo-

mentum and therefore to calculate (16) requires the procedure of analytlc
continuation from spacelike to timelike momentum
Separatlng the QCD contrlbutlon A in R,,.

R, =3(|[V,a* + |V,,,| )SEw 1+ A4;), : ' >(17)

where V4 and Vu, are the CKM matrix elements, and Sgw is the elec—
troweak factor, we obtaln the two equivalent representations,

-

- ds s \? \ e,
Af=2“/ () (g o
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and ) d N d L ,‘__3 /
‘ 1o Z ) —eff 1Ay
A= f % (1 - rr) (1 ¥ M2) .(zl-. PR
o lel=ME
It should be noted that the equlvalence of these formulae holds only
in the case of the above-mentioned analytlc propertles of the correlator '
H(s) and D- functlon and that these. analytlc propertles are broken in the
standard perturbatlon theory The QCD contrlbutron represented in the
form (16) is the_ expression which one usually uses for theoretlcal analysrs
In principle, the expression (19) can. be calculated on’ the bas1s of pertur—y
bation theory, but then it is 1mpossrble to, return from (19) to ( 18) Wthh
corresponds to the initial Eq. (15), and nothmg can be sald about the. error

’assocrated with sw1tchmg from (18) to (19) Therefore, 1t is. 1mposs1ble to

give in'the framework of the standard perturbatlon theory a self—consrstent
descrlptlon of the 1nclus1ve decay of art lepton 1nto hadrons _The method
of APT allows one to avoid the above-mentloned dlfﬁcultles and evaluate
both the 1n1t1al 1ntegral over the phys1cal region and the contour represen-
tatlon whrch are equal due to the _Cauchy theorem We underscore once
again that the APT rnakes it possrble to 1mplement the correct tran51t10n
from expression (15) to (16) These expressions sunply comcrde as they
should, while the apphcatlon of perturbatlon theory with ‘the. standard
renormallzatron-group refinement runs into serious difficulties.

The fundamental quantity in:the: APT ‘approach is the spectral den-
31ty o(o) by which one can parametrlze both the running couplings in the
spacelike and in the timelike regions. “We now ﬁnd ‘a formula which ex-
présses the strong interaction contribution to R, via the spectral density
function. To this end, introduce an effective spectral density p*¥ (o) that
corresponds to the effectlve couplmg The QCD correctlon has the form

d1 T do o

L /40 n(gy - ;('1 ’ n) {1+ n") (o). (20)
Due to the feature of,umversahty,"'theﬁrst term in' this equation can be
expressed in terms of only the first S-function coefficient.

The results of the analysis performed in [9, 10, 17] demonstrate the im-
portance of analyt1c1ty in the running coupling, not only from the .funda-
mental pomt of view. - a self-consistent theoretlcal ‘description of 7 decay —
but also from the standpomt of giving a self-consistent description of the
Q% evolution of the running coupling’ and extractmg the parameter AQCD '
from ‘the experimental data on 7 decay. R T S S

AT—
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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 known problem of the dependence of the results on the

renorrnahzatlon prescription. Thus, the partial sum of the PT series used '

in approximating a phys1cal quantrty ‘bears a dependence on the choice of
the renormalization scheme, which is the source of theoretical ambiguity
in descr1b1ng experlmental data 'In'QCD, such amblgulty is the greater
the smaller are the energy parameters characteristic of the process.  To
solve the stability problem of the results obtained, it is by far not enough
to 1nvest1gate only loop, stablllty within a certain renormahzatlon scheme
one should also’ consider the scheme stability of the results. o

Here, we discuss the scheme arbitrariness arising in the APT in the

example of the R-ratio for the ete -annihilation process into hadrons.
This example is phys1ca11y 1nterest1ng for the renormalization scheme (RS)
stability issue (see, e.g., dlscussron 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 in [14, 18]
(see also [19]). In the framework of the nonperturbative a—expansmn the
process of e*e~ annihilation has been studied in'[30). :

In passing from one renormahzatlon scheme to another the couphng

constant transforms as o ] B
a_a(1+vla+vza Rl [ T (21)

We limit ourselves here to the three—loop level of the D—functron achreved

at present, w1th the QCD correctlons taken in the approx1rnat10n where e

._a(1+d1a+d2a) o S (22)

with the runnlng charge deterrmned as a solution of the renormahzatlon
group equatlon with the three-100p ,B-functlon

ﬂ(a)=#'a—#‘5= —ba*(1+ba+ba®), - (23)
where . e ‘ Vo
©33-2f , 153-19f W _ 77139—15099f+325f2 o
=— b= 24
b_ 6 b= 66— 4f b 288(33 - 2f) ( ),

The three-loop ,B—functlon coefﬁcrent b; and the expansion coefﬁcrents di
and d, depend on the choice of the renormalization scheme. Under scheme
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transformation (21) they change as
by = b2“vl_blvl+v2; L
d = di—wv, . (29)
d’2 = d2-2(d1~—U1)UI—U2. o

Thus, every term in representation (22) un(lergoes a transformation,.
and we thus obtain the new function

d=d(1+dd +da?), | (26)

where the coupling a’ is evaluated with the new ,B—functlon with the three-
loop coefficient b, replaced by the primed one bj.
Egs. (26) and the transformation law of the scahng parameter A’ =

- Aexp(v; /b) [31] allow us to write down two scheme invariants [32]

b, Q.- ‘
plzalogp—dl, p2;b2.+d2vfbldl_df- . (27)

We normalize the momentum scale at AM—S In arbitrary scheme, the
invariant charge is then determined from the equation

2 .___ .
b ? 1og (Q..) =d®—d+3(ab), (29

where

1+bia b / Ad.'L‘
Poa Q+bz)(1+ blzz: + bez?)”

Although there are no general argurnents to prefer a certain renor-
malization 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, thls
cr1ter10n can be related to the cancellation index

1
(I)(a,bg) = - - bll og ——— (29)

C= I;;I(lsz |da| + d} + [d[by) - . (30)»

One should of course keep in mind the conventions involved in these con-

siderations, in particular as regards the minimal value of the cancellatlon
index.
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Given a certain maximum value of the cancellation index Cp,.x, we
can investigate stability of the results obtained by taking different schemes
with the index C < Cax.  AS Crmax, We take the index corresponding to the

optimal RS scheme based on the principle of minimal sensitivity (PMS):

We then have a relatively small class of “admissible” schemes bounded by
the maximal index Cpysg.
Consider the RS-invariant e*e~ anmhllatlon cross-sectlon ratio

R(s)=3§f: QL +rs(s), Ts(s) = a(s) [1+na(s)+rza2(s)], (31)

where we wrote the QCD contribution, 74(s), in the third order for the
massless case. The function a(s) and coefficients 7, depend of the fla-
vor number f. The function a(s), “the runnmg couphng in the timelike
region”; usually, is defined naively as a mirror image &(—Q?) = a(Q?).
Instead, we use the self-consistent analytic approach.

Expansion for the QCD correction r(s) is similar to the one for the
RS-invariant Adler function D(Q?)

4@ =@ 1+ da(@) +a¥@)] . (D)

The effective spét;tral’ density g‘}ff(a) is represented by an expansion

of (o) = PO(U) + dio1(0) + da0a(0) ,

where the quantities in the r, h. s. depend on f. The first term, po(c),
in the last expression is just the spectral function for a(Q?) and g(c) =
Im[a(—0 — i€)]F*! are related to its higher powers. It is essential that the
Adler function is defined in the Euclidean region where the renormahzatlon
group method can be applied directly.

For R(s), the cancellation index Cr is evaluated using the known cb-
efficients r; and 7, of the perturbative expansion of the correction r =
a(1+ m1a + r9a?). For the PMS-scheme, it is Cpms =~ 9. 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

corresponding to the parameters r(MS) = 1.64 and b(gM_S)_ = 4.47. These
schemes are close to each other and to the boundary cancellation index
CHZCVS—ZCPMSZZ :
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Figure 2: On the left. Plot of the QCD correction rs_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 Cr ~ 2: H and MS. On
‘the right. The smeared ete™ annihilation ratio Ra(g?).

In Fig. 2 (on the left), we plot the QCD correction 7¢=3(s) as a func- .
tion of \/s/Agg for these two schemes in the usual treatment, as it was
considered, e.g., in 34, 29, 35] and within the AA. One can see that the
analytically improved result for R(s) obeys a stable behavior for the whole
interval of energies being practically scheme-independent. The RS stability
of the IAA predictions has also been observed for the Bjorken and Gross-
Llewellyn Smith sum rules and for the semileptonic 7-decay (15, 16, 17).

To incorporate threshold effects and compare our results with exper-
iment, we use for the cross-section ratio an approximate expressmn sug-
gested in [36]

R(s) =3 Z; Q% O(s — 4m3) T(vs) [1 + g(vp)rs(s)], (33)

where

W;ﬁl——@,T.(v)/—v(B 9(v) = | [ 3?(%"’-%)]’

and consider the “smeared” quantity (36]

2 _ A [® R(S)
Ra@) =2 | e

In Fig. 2 (on the right) we show smeared experimental data for Ra(g?®)
at A = 3GeV? 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 parameter 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 unlversal
value of the analytic coupling at Q* = 0. _ «

The results of analysis performed in the fra.rnework of the a.nalytlc a.p—
proach demonstrate the importance of the running coupling analyticity,
not only from the fundamental point of view. - a correct theoretical de-.
scription of .7:decay, but-also from the standpoint of giving a description
of the Q2 evolution of the running coupling and.extracting the parame-
ter Aqcp from the experimental data on 7 decay. The analytlc properties.
play a key role in self-consistent definition of the~runn1ng coupling in the
timelike region. .

Analytic. perturbation theory reduces the RS dependence dr astlcally ‘
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 AA description agrees with experlmental data. for S

the smeared e*e” -annihilation ratio.

The author would like to express sincere thanks to professors D.V. Sh1r—
kov and K.A. Milton and to Dr O.P. Solovtsova. for frultful collabora.tlon
and helpful discussions. -
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Nucleon electromagnetic form factors
in a single-time constituent quark model
! : . Tlichova T.P., Shulga S.G..

Skaryna University, Gomel, LPP JINR, Dubna

" Abstract

- The main statement of the nucleon constituent quark model with a fixed n‘umberydf )
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 1nvest1gated for=20 Q% = 0 + 2Gev?. :

The problem of the relativistic treatment of the constituent quark model
(CQM) have been solved by several manners [1; 2, 3], which have general
feature - fixed number of the part1c1es assumption-and additive assumptlon

for nucleon current expression in terms of quarks currents [5]. A popular

approach to the problem is the light-frant dynamics. [2]. In present work

we propose to use the.old quasipotential approach [6] for formulatlon of

CQM with fixed number of particles.
In proceeding we suggest ithat Fock momentum-space for nncleon has

N = 3 quarks Dirac ba81s | aip, ang, a3p3) _| ap)

1359 =~ Z / 0, 80| ap)(ap | AK) e

We w111 take it for granted that all nontr1v1al effects of the QCD vacuum‘l
(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 | /\K) we c0n51der

covariant single-time WF [7] (N = 3)

VS o(2) = U (@601 — 22) .. 6nacaws = zn)), (g

V3 (z) = (0| T[¢) (=) - - (”)(rvzv)]lf\K)

where U5 (z) is Bethe-Salpeter WF (nx), = 7’% = K K 7 4-velecity,'
§-functions in (2) covariantly equal times in the center-of—mass of system.

=20 Using a translational invariance B(zi) = exp(iHt;)$(0,x;) exp(—zH ti)s

expression ¢o(0,x) = 1/(2)* [ d &, [b-()u{(q) exp (—igz) + .. | 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 can |
obtain the Fourler-momentum representatlon WF (2) (D - the Wigner

rotation matrix;p= =1, B2 B3, Pi = Lg'ps) 8, 7,9

\I’/\K a(p) (27(')6(1)(130 _MP) Er H: lu"i )(pl) Hz_ D ;(r' 1)] (T f)l ’\0) .

= (2m)s0(Fy ~Mp) T, u(")(pi)(rp | AK).
(3)
As in [7] we determine WF pro;ectlon into pos1t1ve-frequenc1al states:
By =
UK (p) = 4 (p1) - --UaN(PN)‘I’AK,a(P) = 271'5(1’0 —Mp)(rp | AK); (4)

(rp | AK) = (27r)36<3>(2 Py H D”'(:Dz oHO(®B). (5)

The connection established between CQM WF with fixed number of
particle (rp | \P) and WF. <I>(+ m give us a chance to obtain equation for
relative motion WF by standart form [6, 7)(& Pi=3 p. =0):

N
_ )X 8y — )0 .
(EES; Mp)®3o" ' (P) = /,_1_‘[2 in’»:.V( r)(p,ﬁ:)(pf\-s)(r)(ﬁ,) ©)

To construct a three-particle state with given total angular momentum
J =1/2 and helisity A we use the same method as in Ref. [10]:

(+)Xr)e e o S '
835" By, B, Ba) = @53 Oy, 74, DS (B DI (B, (7)

14 4 )
where p;= — p= Lp: +ps- We used the oscillator WF [11] and Caulomb-like
WF for calculati= on of the proton form factor:

g = Nexp —"’"‘ E, +Eo + By _3m 5 U (Biba)
U iFk \/(Eo +m)(E‘o +m).

pGoulomb N/(Eo + By + Eo)"’ —9m? + '72)2

®
Let us c0n31der electromagnetic current matrix element. Assuming that
J.(0) = _7(’)(0) we first expand in sets of free-particle states (1) and

current matrlx element takes the form:

(P17, (0)ln0) = /] Hdﬂ 40,3 (P a'p @Blif(O)lap)(apln).

s=1
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Figure 1: GE/Guyp, Ghy/Gaip/up and GL/Gu/pp in osc1llatc?= r anc{
Coulomb-like model with best parameters for fit : ‘Coqlomb (fsohd ’cu’rve).
mg = 150Mev,7* = 0.5Gev’ ; Oscillator (dashed curve):” mq = 162
Mev,y® = 0.35 Gev®. ... Experimental data from [4]. " Gap =1/(1 +

Q2/0.71).
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For 3-quark system with symmetrical WF we obtained (f)'1+ 132 + f’a——-
Pi + D2+ p3 = 0): I ' :
) ) ' * (+)(ri whrh) .

(WP1Ju(0)[m0) = 3 [ dp,dQpy T Gy (B}, By, Ba)s

o l A S ) p2'+}73 P2+p3 : L R .

* DB (P)du' ™ (P}, P1)DRE™ (p2) DE™ (p3) 5512290 (b, 1y, po)

If 8= 0 then s = A—j";P and f= or s = p| + p, +D3,8 =p1 +p2 + p3 we
have ‘ o : . '

Eol+ Eo +.Ea’

L Epy + Ep, + Ep,
Pi4prtpy = PBb—Bp 4 p, 4 p, = P21 e (10)

Thus, (9) apprbximatly satisfies to current conservation condition:
if (7, = p)u(ip1[iP(0)lespi) = 0 then (P — P),(n'P'|J,(0)|n0) ~
=0, P=(M,,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:

(WP17,0)[n0) ~ 3 X 5 (@l PO O)] a0 =S F®), (1)

where form factor is F(t) = [ dQp,dS%p, $o (B} Ba, Bs)o(pi; P2, Ps).
Relation (11) provides the scaling law of the space-like Sachs nucleon
form factors=20 (G§ ~ GE /up). ‘Dziembowski [2] obtained that the
so-called soft contributions (CQM) reproduce the experimental data ex-
tremely well=20 up 'to the scale.Q? ~ 2.5 GeV? for the nucleon. ‘Analo-
gous results were obtaited by Cardarelli [2] within light-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 Q? ~ 3 GeV? for quark mass my = 166Mev, y* =
1.1Gev?. The magnetic moment (up = G m(0)) was become in this model
(with® = 1.1Gev?) for m, = 105Mev but GE/Gap > 1,GY/Gup/up >
Lfor Q*=0+2Gev?,  (Gap=1/(1+ Q%/0.71). -
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