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1 Introduction

The two m ost In portant param eters for a track reconstruction w ith drift
tubes are the tin e{distance{relation (rt{relation) to convert the m easured
tin es nto spatialdistances, and the resolution function as a weight for the
track t. In this article the determm ination of these param eters is described
for the OPERA drift tubes.

OPERA is a longbaseline neutrino oscillation experin ent [2] to search
for the ! oscillation in the param eter region indicated by previous
experin ents [3]. Them ain goalisto nd appearance by direct detection
of the from CC interactions. The OPERA detector consists of two
m assive lead-em ulsion target sections follow ed by m uon spectrom eters. T he
task of them uon spectrom eters, w hich consist ofdipolem agnets, RPC @ and

10000 alum inum drift tubes of 8m length [1/], is to clarify the signature of
themuonic decay and to rem ove the background originating from chamm ed
particles produced In -neutrino interactions.

Tt isa di cult task to obtain the param eters needed for the track recon-
struction of the m uons traversing the O PERA drift tubes due to the very
poor statistics of coan ic muons at the G ran Sasso khboratory where the
OPERA detector is Iocated. The determ ination of these param eters can,
how ever, be done outside the underground lab using an equivalent detector
w ith higher track statistics at sam e conditions (tem perature, pressure, etc.).
Since them ean cosn ic energy at the sea level ( 4 GeV ) is the sam em ean
energy of the muons com Ing out from the tau lepton decay after the CC

Interaction in the target, a calbration setup was built and operated at
Ham burg. For thistwo 8 m long drift m odules ([1l]) w ith an total overlap in
horizontal position were used, w hile the resulting w ire sag was com pensated
by bending the tubes accordingly. T his article describes a calbration proce-
dure to determm ine the rt{relation and the resolution function. Furthem ore
a w ire alignm ent procedure is described.

2 The pattern recognition

T he pattem recognition ful s two iIn portant functions. O n the one hand
it perform s the preselection of hit candidates belonging to a track, on the
other hand it delivers the start values for the track t.

W e assum e that a particle passing trough the detector (straight track)
will produce N hits w ith valid drift tin es t within a de ned tin e w Indow .
T hese tim es can be converted into distances rj(t) between the track and
the red wire by using the rt{relation. T his radius r;(t) of a circle around
the sense w ire is an unsigned quantity and does not tell us on which side
the particle passed the w ire. T he pattemn recognition has to select the best
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sam ple ofhit candidates, de ne the signs to resolve the right-eft am biguities
and de ne the start angle and the start distance to the origin of the track.
For the calbration this procedure has to be fast and e cient. Nom ally a
Kaln an ]telg technique [4]isused. But ifa su cientﬁ num ber of events is
available a m ore sin plem ethod described as follow s ful 1ls the requirem ents
above. It uses single straight tracks only. In case of m ore than one track
per event (m ulti tracks) the event is ignored.

For the track reconstruction w ith drift tubes the distance from the track
to the wire is needed. T hus it is convenient to describe the particle track
w ith the Hesse form

dp = x sin y Cos  : (1)

Here dy is the track distance of the closest approach to the origin and
the angle between track and x-axis as de ned in Fig. [. In this analysis
we assum e parallel w ires, therefore a two din ensional track description is
su cient. The distance of closest approach to the anode wires d ; is then
calculated by

d;= dp XiSjl’l + yi COs @ (2)

T he index idescribes the w ire num ber 1w ith the coordinates x; and vy;.

In the sin plest pattem recognition schem e the two tubes w ith the m ax-
inum distance between each other in one event willbe used (Fig.[d). Now
four possibilities exist to t tangents (; to ;) to the radiir and rp. The
tangent m nin izing the 2 expression w illbe selected

_ i (3)

=1

A Kalman lter is a stochastic state estin ator for dynam ic system s. T he m ost prob—
able start value w ill be predicted and afterward corrected w ith the m easured one. The
di erence ofboth valiesw illbe linearly weighted and isused to In prove the current state.

*Thesu cient num berdependson the system . For the O PERA drift tubes 5000 tracks
are enough for the calibration.

Figure 1: Track description using the Hesse form and de nition of the pa-
ram eters in the used coordinate system .



first fired tube

Figure 2: Exam ple of the four tangents to the radiir; and ry. T he tangent,
m inin izing Eq.[3, is the best description of the true track.

is the m ean resolution, which is assum ed to be the sam e for all tubes in
the pattem recognition. For starting isset to 1. Them inimal ? of the

Figure 3: Sign convention for the track description considering the cases A
and B according to the particle track on the right or left side from the w ire.

selected tangent has to be Iower than a prede ned m axin al value (for this
calbration values between 100 and 500 were used). For higher values the
whole event w illbe rejected . T he origin of such events can be noise or cross
tak. Ifa vald tangent is found, the start param eter dp, .., and gswprt are
now available for the track t. The signs of the d; willbe de ned using the

convention shown in Fig.[d. The nom alvector n isde ned as
!

sin
n = : 4)
cos
T he particle can pass the w ire at two sides, denoted by A and B . Eq.[d can

be written as

doy , = ARy, = S Xy,  COS Vi, ;¢ (5)



Herex;, , andyjy , arethe pointsofcontact to the tangents. T hedistances
d; follow this convention, the vector x = ;i in Eq.[B willbe replaced by a
vector pointing from the anode w ire to the track

de;B =n (Xj_ XiA;B ): (6)

3 Track t

3.1 G eneraltrack tting

In this section a general track t procedure w ill be described. Tt was origi-
nally developed and used In the ARG U S experin ent [9]. A form er descrip—
tion for the outer tracker system of the HERA {B experim ent can be found
n 9]

Thedistances dy ;; from the pattem recognjrjon@ form a vector &, with
the din ension N . Them easuram ent uncertainties ; for each used w ire are
collected in the resolution function ,binned in tin e or space respectively. T he
squared values of this function are on the m ain diagonal of the N N co—
variancem atrix V . In the case of independentm easuram ents only them ain
diagonalis lled. T he track w illbe described by the N dim ensional vector
di(g). In generalg isM dim ensional (M is the num ber of track param eters,
in our case two). T he param eter g results from the tof di(g) to &, . Using
the least square m ethod, the param eter g m Inin izes the expression

h i h i
= & ) W & &) (7)

The welght matrix W is the inverse covariance m atrix of the m easured
coordinates:

Ww =v '

A ssum ing independent m easurem ents equation [1 can be w ritten as:

2 o 2
= — G deile))”: (8)
=1 1
M inin izihhg 2 as a function of g is equivalent to nding a solution to the
systam of equations

Q@ 2
— = 0: (9)
Cq
In general these equations are non-linear because the track m odel &(g)
is non-linear. However, In m ost of the cases it can be linearized and the
equations can be solved iteratively. A linear track m odel is given by :

d.(g)= Ag+ D with A= (A )i t (10)

“The index m denotes the distances calculated from the m easured drift tin es.



Here A denotes the Jakobim atrix. W ith this, Eq.[7 gives

T
2 - & Ag P W & Ag D (11)
Ao Xl 5
= 2 Gn Ay by):
=1 1 k=1

By di erentiation one gets

@ 2 bl X
o - 2 A5G Ayqg b)
RIS E1 i k=1 .
= 22A'w & Ag b (12)
2
) @@— - 2'w & Ag b = o0: (13)
S|

T his yields the param eters

1
g= ATWA ATw g, Db : (14)

W ith the found param eters one can solve the follow ing equation system :
A'wag=2Tw 4 D : (15)
From the general form ula for error propagation ([ol])
V (y)= 2V (x)z" or v=7x+ ¢ (16)

and the replacem ents

b4 G
V (%) wot
y G
v4 aTwa)atw

one receives the covariance m atrix

V)= @Twa) t: 17)

A s already m entioned thism ethod can be usad for a non-lnear track m odel
if it can be Iinearized. A linearisation requires a starting valie ¢y near the
true solution. In this case one can describe the vector ¢, which essentially
contains the non-linearities, w ith the rst order of the Taylor expansion

*oea

R
9= %

delg)  delap) + @ @;)=d@m)+AE o@): (18)



The Jakobim atrix of &:(g) for g = ¢p isde ned as

A=@—dyt = @A; )= — : (19)

4 e 80 e

.....

Correspondingly B &) Aep (see Eq.[I0) can beusad in Eq.[13.
T his results
h i
ATWA(@G &)=A'W & Gl : (20)

T he change of param eters

g 9 do (21)
results Into a better approxin ation for the next iteration
g =©h+ g (22)

Eq.[20 and 22 de ne an iterative procedure. In the nth iteration, equation

3 .
TT T

ATWA(g)=ATW & dlo 1) : (23)

is solved for g. Thevector &, (8, 1) contains the tted track distances for
the track param eters of the next iteration and A is the Jakobim atrix of the
track param eter org= g, 1. ¢ then gives the new approxin ation of the
param eters

=6 1+ g (24)
The end condition is reached when g 0 and

z 2. (25)

3.2 Track twith two param eters

In this section am Inin altrack twith two param eters w ill be described in
detail for the drift tube m odules. T he initial param eter gs 1+ fOr the track
t found by the pattem recognition is
|
CiOS tart

% = Sstart = : (26)
Start

T he Jakobim atrix (Eq.[Id) can be written as:
|
Qa Qd;
A = = @A; )= = : 27)

@ @ 1
Toq ER L




(A ; ) contains the partial derivatives of d; (see Eq. [J) with respect to dj
( =1)and ( = 2)

@di @di
=1 and = X; COS ; sin 28
ado e i Vi (28)

By substitution (Eq.[23)
G=2ATwa and Y=2TW @ Glon 1)); (29)
one receives
G g=Y and g= G y . (30)

G isan 2 2matrix whileY and g are two dim ensional vectors. For inde-
pendentm easuram ents G and Y can be calculated by

A1 @ds ed.

G = —2&& ;o= 1;2; (31)
=1 {€q €q
A @ 1

Y = — (G dei): (32)
izl@q i

T he calculation of the partial derivatives is done in Eq.[27. T he subscripts
and  describe the elam ents of the param eter vector . Calculating g
w ith Eq.[30 gives the new iterated param eters

& = ¢ 1+t 4 (33)
T his procedure (Eq.[30) w illbe repeated, until the end condition
2_ 2 ) 2 . 2 (34)

is 1l Iled. A quality check for the track t is the distrbution of the 2
probability, shown in Fig. [4. On the left side events have been clustered
w ith an under{estin ated resolution whereas the resolution has been over{
estin ated for the events on the right side. Except for the peak on the left
side due to noise and cross talk, thisdistribution is at, since a uniform error
distrbution is expected . Furthem ore, them ean value of the 2 distribution
per degree of freedom , also shown in Fig. [4, should be around one if the
track tworks correctly. In reality them ean value variesbetween 1 and 1 .3.
For the t describbed here a 2. =10 " was used. The procedure
converges usually after three iterations. A fter that the signs of dy ;i, de—
term ined by the pattem recognition, w ill be corrected (tumed) if they are
opposite to the signs ofdy, . T his procedure is repeated untilno sign changes
appear anym ore (solution of left/right am biguity). Such hits w ith random
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Figure 4: P robability distribution of 2 (Jeft) and the distribution of 2 per
degree of freedom (right).

tin e signals, com ing from noise or cross tak, are rem oved if the 2 distri-
bution is too large. T he whole procedure is repeated, starting w ith the gy
from the pattemn recognition, until 2 2 .- After this it willbe tested if
still enough tubes N are left over for the reconstruction (> N gpes, ,, = 4).
In this case, the vector g, of the last iteration contains the track param eter

w ith the best track description. If not, the whole event is rejpcted.

4 Calibration

T he calibration is the iterative determ ination of param eters lke the rt re—
lation and the resolution function (% ). In addition the alignm ent of the
w ire positions is possible w ith this procedure and w illbe described.

The calbration procedure is based on the concept of residuals (),
de ned as di erence of the tted drift distance (d+) and the m easured one

(O )
B) d¢ dn: (35)

The sign ofd, isde ned as sign of di. T he rt{relation and the resolution
function are represented by subdividing the param eters in tin e bins for an
iterative procedure.

41 Tin e distance relation

T he correlation of the drift tin e tp and the drift distance is given by the
rt{relation using the drift velocity vp
Z . Z % dr

de(p ) = . vp (B)dt= . Ecdt: (36)
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Figure 5: T he signs of the drift distances, the residuals and the corrections
of the rt{relation.

T he iterative correction of the rt{relation isdone by thedi erence d , (),
calculated from the residuals including the signs of the drift distances

dn (b ) sign(de) (6)= sign(de)(de dn ): (37)

dn (b ) gpeci es, whether the m easured drift distance is too low or too
high. The signs used in the above equations are presented in Fig. [H. The
drift distance di(tp ) is de ned negative, if the particle track passed the
w ire on the left side (according to the de ned coordinates) and positive on
the right side. The sign of the residuals, arising from the drift distances,
follow s the sam e convention if the distance of the tted track is larger than
the m easured drift distance. In the other case, the sign of the residuals is
opposite to the drift distances. If d, (tp ) > 0, the rt{relation is increased
in the given tim e bin for the next iteration, for d (& ) < 0 it isdecreased.
N om ally the residuals are G aussian distributed. In the vicinity of the w ire
the In uence of the prim ary ionisation statistics increases due to the cluster
distrbbution, and the drift tin e distrbution w ill be asym m etric to larger
values and thus to larger drift distances. U sing Eq. [37, the distdbution of

dn, (b ) willbeasym m etric to the negative side. Thise ectw illbe stronger
the closer the track passes the w ire. Sihce the di erence in Eq. [39 can not
be an aller than the negative value of d, (sam e sign asd:), this e ect leads
to a cut on the negative side in the d (& ) distrbution (see chapter[32).
Thecuton d, (p ) distrdbution is exactly T, J. T hus the distribution is
positive at the w ire position. In all cases the m axin al entries are at zero
position. Them ean value of d (& ) corrects the rt{relation as follow s

dn (b new = I (B o+ hdp ()1 (38)

with hd, (tp )i asmean value of the d, (&p ) distrbution. T he iteration
stops if the squared sum over all d, (p ) is not changing w ith further
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Figure 6: Correlation between drift tin es and distances, called rt{relation
(left). On the right side the distribbution of the tted distances are shown.

iterations.

For the start, the distance d,, (tp )o Is obtained by integration of the
drift tin e spectrum . In a st approxim ation a drift tube with a hom o-
geneous distribution of track distances will be assum ed. W ith dN tracks,
passing the w ire w ithin the interval [r;r+ dr],

dnN N
—— = const= ﬂ; (39)
dr Thipe
N ack isthenum ber of tracksw hich hit the tube and 1y, is the tube radius.
T he drift velocity vp is given by

Tare AN
N track dt

(40)

Vp =
By integration of the drift tim e spectrum dN =dt and nom alizing to the
m axin al tube radius one gets a rst estin ation of the rt{relation
7
e ) dN

—dt: (41)
N track O dt

d-m ;Start(tD ):

Fig.[d show s the correlations between the distances di (tp ) and the drift
tines tp . The mean values of the di(tp ) distrbutions of both branches
form the rt{relation. For the calbration two versions of rt{relations are
used. The description of the tim e binned version is a good approach for
distances not too close to the w ire. Since the residua distribbution near the
w ire is asymm etric as m entioned above, the rt{relation (tin e binned) is
bend away from the actual w ire position. This description is unrealistic,
since the position zero is existing. To avoid this behavior, a com bination of
tin e binned and space binned rt{relation is used, w here the space binned

11



relation isused forpositionsnear thew ire. T husthew ire position is reached,
but the drift tin es are alw ays greater than zero. T his behavior is realistic,
since a drift tin e zero can not appear due to the cluster distribution even
in the case if the wire is hit by a track. For describing, interpolating and
an oothing the rt{relation cubic splines are used. If the m ethod is working
correctly, the distrbbution of the tted distances is theoretically at. In
reality this distrdbution is a bit bended, but should be w ithout spikes and
gaps.

4.2 Spatial resolution

For the determ nation of the resolution function 5(t ) the RM S value of
the residualdistribution ;(tp ) willbe used

1
— (£5 i(tp ))?: (42)
Ny

N speci esthe entries of each residualdistribution fora given tin ebin jand
f; is the residual scale factor. Since the residuals are calculated as thedi er—
ence of m easured and tted track distances, they contain the uncertainties
of the tted track. To avoid underestin ating the Ieso]utjonﬁ a scale factor
for correction is needed. T he calculation of this factor w ill be described in
the follow ing [7].

T he resolution fiinction isused to construct the covariancem atrix V. (& )
which appears in the 2 expression (Eq.[d). T he expectation of the squared
deviations of m easured and tted distances to the w ires are the diagonal
m atrix elem ents

Vi@ )= 2ln 4l )L (43)

Since per de nition the true track (param eter giue) has no errors, the co—
variance m atrix can be w ritten as

V@)=V @n Gel6izrue))=V (muel: (44)

T hat m eans the covariance m atrix elem ents are equal to the standard de-
viation of the true resdualdistribution. Since the true track (and the true
residualdistrbbution) is unknown, it w ill be replaced by the param eter g of
the tted track of the last iteration. T he relation of the m easured resduals
to the covariance m atrix is

V)=V d)éeV@): (45)
By linearisation

deg)=d@)+ A @@ &) (46)

°0 nly the tted track is known, not the real one.
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the true residuals can be expressed by m easurable values
h i

~true = In Gt (Grue)= Gn @)+ A (Srue 9) =~ A (Grue 9): (47)
By m eans of a general error propagation ([6/]) one gets
V (gue) =V () + VAg)=V (~)+ AV (@A : (48)

This m eans, the reference tra ctory di(q) is only known within the track
param eter errors. If only the standard deviation of the m easured residual
distribution is used for the correction of the resolution function, it will be
underestin ated (further inform ation in [8]). A convenient correction isdone
by the residual scale factor. W ith the requirem ent

h i
Viilue) = £ WE)= £ Vibowe) @V @2 )y (49)

one gets the factor

2

£ = !
2 @Aav(@@AT)y 0)

for the ith m easured residual ; of the track. A is the Jakobim atrix (Eqg.
27) and V. = W ! the covariance m atrix of the track param eter vector
g (Eqg. B0). The ed ; contains the calculated resolution (Eq. [42) for
the given drift tin e bin of the last iteration. Fi. show s the residual
distrbbution, corrected with the scale factor. If the com plete covariance
m atrix is unknown, a global correction factor can be usad. A ssum ing that
allN red tubes have the sam e G aussian distrbuted ervror and the sam e
m ean squared m easured residual 2, one gets

2
m in

2
=N—2=ndof=N 2 (51)

w ith ngor degrees of freedom (2 for a linear track m odel).

Each resdual ;(tp ) will be corrected by the factor and 1lled into his—
togram s. The RM S value of this distribution is the m ean resolution (% ).
R epetition for each tim e bin i yields the resolution function ;(t ) depen-—
dent on the drift tim e. T he weilght requires a resolution for each individual
w ire distance d and d¢. For the interpolation and sm oothing cubic splines
are used. Thus resolution values for a ner binning are avaikbl. Fig. [1
show s the resolution function and the splines. T he tim e dependent resolu-
tion function can be converted into a distance dependent one by using the
rt{relation.

A quality factor of drift tubes is the m ean resolution

1
hi=vy—n—o—; (52)
nop R g
t = __
2
N =1 1
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with ; as resolution of the ith of N drift tim e bins (eg. 20 ns per bin).

T his de nition takes into account, that distances w ith a better resolution

have a higher weight in the track t. Usihg them ean resolution h i in the

next fteration of the track t, the m ean errors of the track param eters are
equal to the weighting of a variable resolution function () [Z].

T he resuring resolution function can bedescribed by a theoreticalm odel

S

j3

2nZ (2nZ 2 + §?)

(Ahheo = + k% + d?: (53)
It consists of contributions from the prim ary ionisation statistics, from the
di usion and from a constant part k (uncertainties in w ire position, tin e
Jitter in the electronics, tin e resolution, etc.). T he di usion, dependent on
the eld and the drift distance, is speci ed by d. The param eter j is the
num ber of the triggered cluster, np the num ber of prin ary ionisations per
unit and r the drift distance.

43 W ire calibration

T he presented procedure can also be used for the calbbration of the w ire po—
sitions by replacing the track param eter vector  w ith a vector ~ describing
the w ire positions

= (54)
y
T he track description is then given by
d; = dp x sin( )+  cos( ): (55)
T he Jakobim atrix can be w ritten as
i
Qa @d;
A= — = (A; )= - ; (56)
@N ~_ o~ @ i=1;:00N
= n 1 -1;2
w ith
@d; @d;
— = s and L - joos (57)
e R
iand j denote the w ire num ber. Equation [23 can be w ritten as
h i
ATWA( ")=A'W & &(Th 1) : (58)

~ contains the w ire shifting in the x and y direction. T he calculation of
~ isdone by

G “=Y and ~=G ly; (59)
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w ith the determ ination ofG and Y as in Equations[29,[3]land[32by replacing
g with ~. The stop condition is the sam e as described by Eq. [34. In this
case should not change (after 2 - 3 iterations). For a start param eter
the theoretical w ire positions are used.

In m ost cases, eg. fora narrow angle distrlbbution, it ism ore su cient to
align only one w ire coordinate (perpendicular to the track axis). A sinple
way is an iterative procedure using the m ean value of the residual distribu—
tion. For each iteration the w ire position w ill be corrected by the deviation
of this m ean value from zero, attenuated by a scale factor of 0.3 to 0.5.
It is of advantage that not only tracks perpendicular to the w ire deviation
have to be used. Tracks at angles around those also give good results and
act as additional attenuation. This m ethod is very stable, but without a
scale factor the technigque is not working and the w ire correction starts to
oscillate. Furtherm ore this m ethod only works for hom ogeneously irradi-
ated drift tubes, for tubes at the edges the position correction is biased and
should not be used. Fig. [ show s som e plots of the w ire positions before
(upper plots) and after the correction (lower plots). In the left plots the
deviation of the w ire position is shown, in the right plots the distribution
of the deviation can be seen. The RM S value gives the overallm ean w ire
m isalignm ent. T he plotted results show the Im provem ent of the accuracy of
the w ire position from 183 m down to 38 m after ve iterations.

4.4 Callbration schem atic

A  ow diagram of the iterative calibration procedure to determ ine the rt{

relation and the resolution function is presented in Fig. [10. For the st
iteration a rt{relation from the Integration of the TDC gpectrum is used.
Furthem ore, the run tim e correction (ty), not described in this article, can
be extracted from the TDC spectra for each channel and used for the drift
tin e calculations. For the rstiteration a constant resolution function h i=

1000 m isused in the pattem recognition and the track t. T he procedures
ofthe pattem recognition and the track taredescribed in detailin chapter([Z
and[3. A frer the iteration the resulting rt{relation is used as start param eter
for the next iteration. T his procedure w ill be repeated until the rt{relation
w ill not change. T he Indicator is the sum of the squared di erences of old
and new rt{relation. Now the procedure described above w ill be repeated
using the resolution function. T he convergation of the rt{relation and the
resolution function appears after several iterations (typically 10). At the
end a wire calbration can be done if necessary. In this case, the whole
calbration has to be repeated, starting from the drift distance calculation
(see Fig.[10). A frer several iterations (typically 5), the w ires are aligned.
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Figure 9: W ire position before (upper plots) and after the w ire alignm ent
(lower plots). In the left plots the deviation of the w ire position is shown,
in the right plots the distrdbution of the deviation.
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