o
LO)
N
0
0
Z
)
-
=
-
F
<

25 Sep 1998

31 August 1998

Geometry Reconstruction
using Muon Tracks in
DATCHA CERN

F. Linde, M. Woudstra”

Abstract

The geometry of the muon chambers is reconstructed
using straight muon tracks. The cross-plates are taken
as the basic units to be fitted, with three parameters
each (Az,Ay,Aa). This gives 7 angular and 12 positional
parameters. The fit reproduces known input
parameters in a Monte Carlo run within a few sigma.
With 50k tracks the cross-plate positions are
determined in the sagitta direction with a precision of
10-20 um. The multiple scattering of 1 mrad is the
dominant contribution to the error. Applied to 10 real
data runs, the corrected sagitta is consistent with zero
all over the BML chamber. The angles between pairs of
track segments are also consistent with zero. Using the
geometry reconstructed from the muons, the 16
RASNIK systems are calibrated 10 times. The error on
this calibration in the sagitta direction is 40-60 pm per
run of 50k tracks; the r.m.s. over the 10 runs is 30-
160 pm.

* Contact: Martin.Woudstra@cern.ch




Introduction

1 Introduction

One of the challenges of DATCHA is to test the feasibility of the absolute calibration of the RAS-
NIKs in-situ using straight muon tracks. This can be done in three steps. The first step is to recon-
struct the detector geometry from the (straight) muon tracks. The second step is to predict the
RASNIK readings from the new positions of the alignment components and to compare these to
the RASNIK readings measured. This gives the offsets of the RASNIK coordinates, i.e. the cali-
bration. The calibration is tested in the third step by doing track-by-track sagitta correcction using
the RASNIK measurements and then to check whether the average sagitta is zero all over the
chamber. This notes deals in detail with the first step: an algorithm to reconstruct the detector
geometry from the straight muon tracks. It also gives the RASNIK calibration values from 10 dif-
ferent runs.

Similar work has been published in ATLAS Muon Note 246 [1], where a different algorithm is
used to reconstuct the geometry from the muon tracks.

2 Choice of Parameters

The tracks that are found depend only on the wire positions, so it suffices to know where the wires
are. The wire positions are determined by the wire locators and the gravitional sag in between
them. The wire locators are positioned by the cross-plates, and the gravitational sag is known
when the wire tension is known. These gravitational sags are already taken into account in the
DATCHA muon track reconstruction. Hence the basic units to be fitted are the cross-plates, since
they determine the wire positions.

The coordinate system is defined as follows:

x: along the wire,

y: vertical,

z along the cross-plate,

with rotationsa, (3, y around the, y, z axis respectively.

This gives a priory six degrees of freedom per cross-plate (neglecting cross-plate sag and expan-
sion), or 9x6 =54 degrees of freedom for the total of nine cross-plates. Per cross-plate only three of
the six degrees of freedom (yog,influence (to first order) the wire positions and are thus seen by

the tracks, and they are the only ones that can be fitted. This reduces the number of degrees of free-
dom by a factor of two to 27. The BIL middle cross-plate is irrelevant, since BIL does not have a
central wire locator. So we are left with 27-3=24 degrees of freedom. For the @glesross-

plate has to be fixed and for the positions y and z two cross-plates have to be fixed. The number of
parameters to be fitted is thus 24-1-4=19.

We use upper index ‘-’ for the cross-platexat 0, ‘0’ for the one ax=0, and ‘+’ for the one ax >

0; lower index ‘i’ for BIL, ‘m’ for BML and ‘o’ for BOL. We denote the displacement and rotation
parameters of a cross-platefas Ay andAa. (see figure 1).We take the BML middle cross-plate

as a reference for the angles, and the two outer BIL cross-plates as a reference for the positions:

Aa?n = AZ = Ay, =0z =4y =0.
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Choice of Parameters

and the 19 parameters are:

BIL:  Aaq;, Aar (2 parameters),
BML: Ad, Ad, AZ Ay, Az AyS Az Ay (8 parameters),
BOL: Adaj, Ao, Adl, AZ, Ay, AZ) AyY, Az, Ay, (9 parameters).
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FIGURE 1. Choice of parameters and designation of cross-plates.
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Fitting the parameters

3 Fitting the parameters

The parameters are fitted by minimising ﬂ?rewhich is made up of the information contained in
the track segments in each of the three chambers. Denoting the track segments, which are just vec-

tors, byl (see figure 2), the is given by
X% = [l =Tl *+ o =1ea] 1 1]

The crucial question is how to defing -1 ?

To make life easier, we separate the fit of the angles from the fit of the positions, and correct the

one for the other in between the two fitting stages.
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FIGURE 2. The three track segments in the chambers.

The local displacemenf\g,Ay) of awire is obtained by linear interpolation xbetween the two
cross-plates concerned. This is because the angle between the wires and the gravitational field

hardly changes. We defike  as being the fractional positiefithe track in a chamber:

o X=X 2X .
X =2 - = —— sothatl<k<+1.

The total)(2 is the sum of thgz’s of the track segments in all three possible pairs of chambers:
2 _ .2 2 2
X = Xi,m + Xo,m + Xi,o
ThisX? consists of 8 parts, depending on the chambers concerned and where the track traverses the
chambers.x? , andx? , each have 2 parts, aré, , has 4 parts.
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Fitting the angles

4  Fitting the angles
The real angle of a track is the measured angle plus a local (i.e. at a certain x) track angle correc-
tion. The local rotation of the chamber is a simple linear interpolation between the rotation of the
neighbouring cross-plates:

real - Cxmeas_l_ ACX()A()

For the three chambefs is given by

S S S A
2 2
5 % a’ for k. 0
X a., for X >
Ao () =0 ™ m m and (1b)
E X, (Ao, for X, <0
E(l—f()DﬁGOH? al for &, 0
Aoy (%) = [ 0 o "o 0 o (10)
H(1+%,) [Mag— %, DAa, for X, <0
This gives
1-% 14X
GireaI: cXirneas_i_ > |mai+ > |mai+’
% of 0
X [Aa . for X =
G?al - C(meas_i_D m m m and
% X, (Day, for %, <0
5 (1-%,) ol + &, Dha’ for %20
a:)ealz a:)neas_'_[l( —Xo) a, + X, LAd, Tor X, 2 .

J(1+%,) [Ma?— &, Ao, for %, <0

Although the above equations are exact for a wire, they are only exact for a track segment if the
rotation angle is the same all over the track segment. This is true if teréoigjuein the cham-
berand no rotationof the complete chamber around the y and z aesno chamber saig y and

z (or the track should be vertical in the x-y plane, but that is not an interesting case). Any of these
cases will make the rotation angle vary along the track segment, since the track segment extends in
X. The exact correction on the angle can only be obtained by re-doing the complete trackfit using
displaced wire positions. This is however quite slow. We therefore use two approximations.
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Fitting the angles

1. We correct the track angles before feeding them into the fit. We take two ‘super-
points’ on the track, each halfway (in y) either multilayer. These points we move
(using the positional parameters) and rotate (with the angular parameters) using the
interpolated (exact!) formulas. From the two new points we calculate the new angle,
which is fed into the fit as the ‘measurement’

2. In thex? itself we use the above simple interpolated formulas.

We now replace the upper index ‘meas’ with the track index nukaber
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Fitting the angles

4.1 Fitting BIL - BML

We first deal with thg(zi,m part of thex?, using track segments in the BIL and BML chamber. The

o 2 2 2 . . .
error on the measurement is glven(ml,fm) = (0:() + (cﬁq) , Which is dominated by multiple
scattering.

5 i Dﬁa[+T'D30(i+—>“<'r(n o+ (af—ak) | for & =0

- k Ak _2
i + ok - k oK
- \a; + Xy, Ao, +(a; —ag) | for X, <0

>

— N

3
|

-

N

OoOooooOodo

I
L

The derivatives 01(2, m are forx >0 :

2 <X o
oy 1— X ) 1+ X 1-%
Y -5 1R s 2K cnat - -l | 5,
aAC(i K= 1(G|m)

2 Ak %< o
oY 1+ X 1+X
NS O

2
axl,m - 0
dAa,

2 ok <
X’ 1-% - lEX

X|,n: -9 Z |: a; +TI ma+ f(lr(n o +(U )} D
aAC(m K = 1(0|m)

aXfm — aXi,m — aXi,m
oA, 0Aa’  oAa’

(0] [0} [0}

= 0.

To minimise this(z, we set all the derivatives to zero. This can be written in matrix notation as
ATRa +b = 0 with A a symmetric 7x7 matrixp  a column vector of siz&7% b +b and

A= A"+A.The upper index ‘+' stands fo‘r'r‘n >0 ,and‘’ stands ﬁq'i; <0 .The matrices and
vectors are given in appendix A, and the angles vector is given by

N . . - T
Ad = [Ad;, Ad, Aa, Ad, Ads, Ao, Adl]
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Fitting the angles

4.2 Fitting BIL-BOL

Next we deal with thgzi,o part, using track segments in the BIL and BOL chamber. The error on

2 2 2
the measurement is given l:(yj:fo) = (oik) + (c'é) , Which is dominated by multiple scatter-
ing. We follow the same procedure as for BIL-BML.

k ok 2

1-% _ol+k
[ L e+ ——— [Aa - (1—-R) hal - & Dﬁa;+(aik—az)] for 8520

K ok 2

1-% - 1% s B B N S oK
[2 Aa; + 5 Aa; —(1+X%,) hay + X, Ao, + (o) —ag) | for X, <0

[o]

>
TN
o
=~
N
I o

o oK
The derivatives 0f? , are for k3= 0

X’ N =% 1+ 1 1-5%
i =X . i Ky a0 oK kK k =X
© = 2y ——|— “Aa; + 5 LAG] — (1—%5)A0, —XeAa + (0 —ay) DT'
0Aq; k=1(0io) L i

2 N S oK K - oK
ox; 1-% . 1+X% 1+ X
Xio 2y - SA0; + A0 — (1-Xg)Ad g~ ReAd g + (o ~ o) | T
0Aa; k:1(0:(,o) L .

2 2 2
aXi,o — aXi,o — aXi,o -0
dha,,  dAa;  OAa
2 N 1ok ok _
oxi 1 (1=-% . 1+X Ky 0 ok kK oK
=2 S = ~Aa; +T'Aar—(l—xo)Aao—ona;Hai —a,) | B-(1-%)
oA, (=i(oj,) L -
2 N oK K _
0X; 1-% . 1+X%
Xio _ 2y I:(L 5| 500 + A0 - (1-X)Aag —XgA0g + (0 — ) | B,
aAGO k= 1(0-i,0) - -

Setting these derivatives to zero can again be expressed in a matrix equation. See appendix A.
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Fitting the angles

4.3 Fitting BOL-BML

Finally we deal with thgzo,rn part, using track segments in the BOL and BML chamber. The

L 2 2 2 . . .
error on the measurement is g|ven(kn5(|§,m) = (c'é) + (c'r(n) , again dominated by multiple
scattering. We follow the same procedure as for the other two combinations.

E 0 ok K y12 ok oK
old- x)muo+xOEAa mDﬁa +(0( a,)] forx;=0,%,=0
i . 0 oKrpr ok 2 .ok ok
XZ _ 1 E[(1+xo) (Ao, —X, (Ao, — mDﬁa +(or m)] for X,<0,%,,=0
om ~ Tk 2 ] 2
k=1(0om) E[(l— X,) [Aa +x(l§ (Ao, + X Dﬁam+(ao—aﬁ1)] for kgzo, $<m<0
K
0

ok
m
k - Kk kyq2 ok ok

Ao, + X, Ao, + (a,—a,)] for X, <0, X, <0

0
E[(1+5<0) Do -

To minimise this part of th&?, we again put the derivatives to zero. This time we have 4 contribu-
tions to the matrices, which are indicated by the upper indices ‘++’, *-+’, ‘+-" and ‘--’, depending

on the signs oﬁg ang’

m - The matrices and vectors are given in appendix A.

The 7 paramete&a can be found in one go, including all correlations by adding all the matrices,
and then doing the inversion and multiplication:

Ad = A1

with

b = Blm+Blm+5I0+BIO+B '*'Bom"'Bom"'Bomar‘d
A = Ai,m+Ai, +A +A +A A +Ao,m+Ao,m

. - ! . _
The covariance matrix |€m = A and the errors ontbieare given byom = JC i
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Fitting the positions

5 Fitting the positions

For the positions we follow a similar procedure as for the angles. The local (in x) correction of a
wire position in yandz is again a simple linear interpolation in between the two neighbouring

cross-plates, so the real wire positions are given by the following equations"&ftéand 2"€2s
have been rotated around the chamber centt@lgquations 1a-1c):

1-% o 1+x

ireal - Zimeas_l_ > IDSZi + 5 IDSZFL,
1-X% 1+X

| )

irea — yimeas+ 2 Imyi + 2 Imyi'*"
O N A

z:ﬁa' _ ZmeaerE Xy, Az, forXx,=0 |
o % (D7, for %, <0
D ~ + ~

y:ﬁal _ ymeaS+E X Ay, forX,=20 |
E —%. [y, for X, <0
O

real zg‘eas+ % (1-%,) Dﬁzg + X, mz; for X,=20

% (1+%,) AZg—%, (AZ, for &, <0

(|

I 0, & + ~
ygeal _ ygneas+ E (1-%,) Ay, + X, LAy, for X, =20 |

J(1+%,) My — %, Ay, for %, <0

The displacement of the track segment is equal to the wire displacement given by the equations
above if and only if the total displacement is the same all over the track. Total meaning here the
displacement because &y, Az, and rotationAa. The approach is therefore the same as for the
angles. We make two approximations:

1. We correct the track angles before feeding them into the fit. We take two ‘super-
points’ on the track, each halfway (in y) either multilayer. These points we move
(using the positional parameters) and rotate (with the angular parameters) using the
interpolated (exact!) formulas. From the two new points we calculate the new track
positions in y and z, which is fed into the fit as the ‘measurement’

2. In thex? itself we use the above simple interpolated formulas.
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Fitting the positions

In the)(2 we have to put somehow the distance between the track segments in the chambers.

In principle the angles of the track segments should be the same for one track. This is however not
true because of multiple scattering. But we know that they should be the same, so we force the

angles of the two track segments to be the average of all three (corrected) angles: . 'N?réﬂ the
simply the square of the distance between two parallel lines!

FIGURE 3. Calculation of the distance d between two parallel lines with support vectors v; and
Vp, and direction vector a.

The distance between two parallel lines can be calculated directly using vector algebra and is
given by (see figure 3):

d = |(%-vn+a”,

wherev; andv,, are the supports vector w.r.t. an arbitrary zero (‘O’;ﬁgnd the unit vector per-

pendicular to the direction vectar
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Fitting the positions

5.1 Fitting BIL-BML

We first take the track segments in BIL and BML with direction vector

a. = [005(5)}

sin(Q)

and support vectors

0 | o +
+ XAz, .

vt o= |Zmt (1-%X,)Az,
~ 0 ~
_ym + (1 - Xm)Aym + XmAy:rl

. 0 o A
v = Z,+t (1+X,)Az,—X,Az, (%.<0).

N 0 -
Ym * (1+ X, )Ayn— xmAym_

where &,y;) and &y, are arbitrary points on the extrapolated track segment. The distance

between the two lines is now simp‘lwi -V * GD‘

The)(2 Is given by the square of this, with the upper indices ‘meas’ are replaced by the upper index
k (sokis nota power!):

f
“ 0 .k + Kk k
—-(1-%,)Az, - %Az, + (7 - 2,) . !sin(ﬁk)]E for & >0
N 0 .k + k K _k
— (L% Ay~ Ay + (V= Yp)| | -cos(@)|H

o ~k - k k
—(1+ xm)Az?n + XAz, +(z - 2,) . [ sin(c‘xk)]
S 0, .k - k k _k
- (1 + Xm)Aym + XmAym + (y| - ym) _Cos(a )

N
2 1
Xi,m - K
k= l(ci’m)

N
o o

with the error

(%) = (F =20+ (=) ) (08) + (Olss)” + (Ohosr @)

wherea, is dominated by multiple scattering and gives the major contribution to the eygyis
the positional error perpendicular to the track.
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Fitting the positions

The derivatives are fcﬁﬁ1 20

2 2
axi,m - axi,m =0
0Az,, 0Ay,
2 N i o A0 ok kK k. T 7
0 k |2 o 0 .k Kk k _k m
08z, Tu(oyp) _—(1—xm)Aym—xmAy:'n+(yi ~Ym)| [-cos(@")
2 N i N N B 7
oXi —(1-%)AZ — XAz + (2 — gk
Xim _ 22 1 (1-%)Az, =% Az, +(Z = 20) | | | sin(@) E(l—f(m)cos(dk)

0 k (2 .
oAy, K=1(0im) [-(1-%,,)Ay

3 ©

Kk k k _k
~ XY + (¥ —Ym)|  [~cos(@")

o a0 kAt .k K
—(1-% Az —%-AZ +(z —Z.) sin(aX Kok
maTEme TmeEEm s A Tm (@) O-%p,sin(a@’)

0)(-2 N
I’T - 22 kl 2 K Kk k
0Azy, k=1(0im) _—(1—$<m)Ay2]—$<mAy+m+ (¥i =Ym)| [-cos(@")]

o 0 K at L K K]
-(1-%,)Az, - % Az, + (7 —2Z,)

.k
k _k
: .| sin(@") % cos(a®)

2 N
aXi,m =2 1
oAy Z 2 . 0 kot kK

Ym k:1(0i’m) __(1_Xm)Aym_XmAym+(yi _ym)_ __COS‘(G )_

2 2 2 2 2 2
aXi,m — aXi,m _ axi,m _ axi,m — axi,m — axi,m =0
0AZ, 0

- - 0 + +
, 0Ay, 0Az, dAy; 0Az, dAy,

0 0

In analogy to the angles fit, the positions can be found by solving the matrix equation
Ahzy+b = 0 with Aa symmetric 12x12 matrixp ~ a column vector of size 12, whera the
andb are the sum of matrices and vectors depending on the chambers included in the fit.
The vector with the parameters to be fitﬁ?y is given by

N ] ] S T
AZy = [AZ,, Dy, Azo, Ay, AZe, Ay AZ, Dy, AZ), Dyo, AZs, Ay 3)
The matricesA and vectord are given in appendix B. (4)
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Fitting the positions

5.2 Fitting BIL-BOL

Next we take the track segments in BIL and BOL with direction vector
a, = cog(a)

’ sin(a)
and support vectors

oAl 4o At
+ z,+ (1-X%,)Az, + X Az, .

S 0, ¢ +
Yot (1=X,)AY, + X,AY,

oAl o Ao
v = Z,+ (1+X,)Az,— X, Az, (%, <0).

A 0 - -
_yo +(1+ xO)AyO — XAy,

where g,y;) and &,,y,) are arbitrary points on the extrapolated track segment. The distance

between the two lines is now simpl{(vi -V,)* dD‘

Thex? is again the square of this:

O
ERE HKya 0 kat Kk k- r '[F
0~ (1=%)82=%A% + (2 =25) | | sin(@) |3 1o g5 0
~k 0 .k k k K 0=
2 g E—(l—xo)Ayo—onyg + (% ~Y)| |L-cos(@ )
Xio = 0
° Z(G-k )’0 T . 7
k=1%0/ 7 4 (1+ %9022+ KAz + (£ ZE) n@ | )
oA~ o} 0 o"%0 i = . | sin(a N
DE Ken O Kn - Kk _kaorx0<o
E A= (1 + KAy, + R6AY, + (¥ —Ye)|  [~cos(@) 7
with the error
k \2 _ k k\2 k k2 k.2 Kk 2 K 2
(010) = (B =20) + (% =Y0) )(Tg) +(Tpos) +(Oposo 5)

wherea is dominated by multiple scattering and gives the major contribution to the eygyis
the positional error perpendicular to the track.

The matrices and vectors are given in appendix B.
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Fitting the positions

5.3 Fitting BOL-BML

Finally we take the track segments in BOL and BML (the most complicated one) with direction
vector

q. . = [cos(c‘x)}

sin(a)

and support vectors

v |zt (1-%,) Dz, + %, DZg| .

~ A +
Yot (1-%,) [Ay, + X, Dﬁyo_

S ~ +
z,+ (1+X%,) Az, — X, [Nz,

~ A +
Yot (1+X%,) Ay, —X, myo_

. 0 ¢ At
+ Z,+t(1-X,)Az,, + XAz, .

o 0,4
Ym * (1-X,)Ay, + xmAy:n_

. 0 o A
v = z,+(1+X,)Az,— XAz, (%.<0).

N 0 o -
Ymt (L+X,)Ay,— xmAym_

where &,Y,) and &y, are arbitrary points on the extrapolated track segment. The distance
between the two lines is now simd(wo -V * dD‘

Thex? is given by the square of this:

g
E[_ oK 0, oKt oK 0 okt .,k ko] T k'Dz
0 E (1=%5) EAZ, + X, [BZ, — (1= Xpy) [AZ, = Xy A7y, +(Z5=2) | | | sin(@) E for 302 20
D[ ~k 0 .k + ~k 0 .k + Kk K k|0 0= "m=
E [_(1—)(0) Ay, + X, [AY, — (1 -X,,) Ay, — X Ay, + (yo—ym)_ [—cos(@")|
|
o Ky cn 0 oK s Ky 0 okt ok ka] T o[
O X —X — —X % _ ., _k 0
gt Hoo i =) B il o= 2m) || sin@) |5 for g6<0,5,20
~ ~ - ~ ~ + —
2 % 1 E %_(1+X0) myo_xo myo_(l_xm) |Iym_xmAym"'(yo_ym)_ _—COS(a )_E
Xom = ZD
3 k B .
k:1(0'o,m) EE 1 k 0 .k + N 0 .k : K K - . _k_g
0 H (1-%5) Bz, + X, [AZ, - (1 + X)) DAz, + X820, + (25— 2Z) | | | sin(@”) Ak K
oo . o .k . ok o . 0 for %,20, %, <0
~ N + N N - _
E E_(l— o) [BYq *+ X [BY, = (1 + X)) DAY + XAV + (Yo —Ym)|  [-c0S(@ )_E
D -
00 (1+ % -5 iz — (14 %) D2+ xKaz + (-2 | [ 6 —k'BZ
O ko ° If ? Ir(n " : " i T . sm(az O for %<0, <0
o 0 - o 0, K- =
E (1+Xo) |Iyo_xo |lyo_(l-'-xm) |lym"-XmAym+(yo_ym)_ _—COS(G )_B
g
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Fitting the positions

with the error

(08 ) = (=2 + (=) )09 + (050" + (0 s

whereo, is dominated by multiple scattering and gives the major contribution to the eyguis

the positional error perpendicular to the track.

R ~k oK
The derivatives fok, >0 andx,, =0 are:
2 2 2 2
aXO,m - aXo,m - aXO,m - aXO,T'I"I =0
0AZ 0Dy,  0AZ  dny; 1
2 2
6Xo,m - aXo,m =0
0Az,, OdAy,
2 N ok a0 oK Ky a0 ok KKy ]
Xom _ 1 (1-%,) Azy + X, Dﬁzg—(l—xm) Dﬁzm—xmAz;]+(zo—zm)
0 k 2 ok 0, ok ok 0 .k kK
aAZm k= l(co,m) _(1_Xo) |Iyo + Xo my; _(1_Xm) IIym_XmAy:-n + (yo_ym)_
2 N ok a0 oK Ky a0 ok K ko]
9Xom _ 9 1| (1-%) Dz, + %5 (BZp — (1—%5) (BZ — KDz + (29— Zpy)
0 k 2 ok 0, ok ok 0 ok Kk k
aAym k= 1(00,m) _(1 - Xo) |Iyo + Xo my; - (1 - Xm) |Iym - XmAy:].q + (yo _ym)_
Xem (1% D20 + X 7 — (1-K5) (D2, — XK Az + (25— 25)

-1
=2

0

* 2 ok . ok N ko k
aAZm k= 1(00,m) _(1_Xo) |lyo + Xo my; _(1_Xm) |lym_XmAy*‘m + (yo_ym)_

Mom _ yo L | (L-%5) D+ R0z~ (1- %) (B2, ~ X5 A7, + (-2
+ k |2 K 0. ok K 0 K Kk
oAy, k=1(95m) _(1—X0) Ay, + X, D&y; —(1-%p) Ay, —XmAYE + (yo_ym)_
2 2
axo,m - aXo,m =0
onz, ony,
2 N [ Ky a0 ok K 0 ok K k.|
Xom _ , Z 1| (1-%g) Mz + %5 Az, — (1—KX5) (AZg, — X AZim + (25— Z1)
0 k |2 ok 0, .k ok 0 .k k ok
aAZO k:l(o—o,m) _(1_)(0) my0+ Xo my;_(l_xm) Mym_xmAy:-n-F (yo_ym)_
2 N i . R . R 1
Xom -5 1 (l—x';) ng+ xg Dﬁzg—(l—x:(n) Dﬁz?n—kaAz; + (zg—zir(n)
0 k |2 ok 0, .k ok 0 ok k ok
aAyo k:l(oo,m) _(1_Xo) |Iyo-‘- Xo my;_(l_xm) me_XmAy:-n-F (yO_Ym)_
2 N i . R N R 1
Xom _ 1 (l—x(';) Dlzg+ xg Dﬁzg—(l—xﬁq) Dﬁzgq—xir(nAz;] + (zg—zir(n)
+ k 2 Kk 0, .k ok 0 .k Kk k
aAZo k:l(co,m) _(1_Xo) |Iyo"' Xo my;_(l_xm) |Iym_xf’ﬂAy:-n-'- (yo_ym)_
2 N [ Ky a0 ok K 0 ok Ko k.|
Yoy - 55 1| (15 B 5o (D7 = (1= %) D2y = Sz + (2= 73)
+ k |2 <k 0, .k + ok 0 Kkt k ok
aAyo kzl(co,m) _(1_Xo) |lyo-" Xo myo_(l_xm) |Iym_XmAym-‘- (yo_ym)_

k 0 k

sin(ﬁk)

—cos(@")

The matrices and vectors for all four cases are given in appendix B.

(1 —%&)sin(@")

[{1- %) cos(@ ) ,

%8 sin(@")

%X cog(@")

1-%5)sin(@),

CH(1— &) cos(@)

Xesin(@"y,

e cos(@") .
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6 Results

6.1 Monte Carlo Results

The algorithm as describes is implemented in C++, and is tested on a Monte Carlo of the
DATCHA set-up which is produced using ARVE/GISMO [3]. The tracks were reconstructed using
the DATCHA muon track reconstruction [2] in the mutdat framework [4]. In the track reconstruc-
tion we start from the ideal geometry and displace the positions of the hits using the cross-plate
parameters before doing the reconstruction. This way we generate a ‘distorted’ DST file with track
segments. The auto-calibrated r-t relation of the Monte Carlo is used. The first 60.000 tracks of
MC run 3 are used to find back the input cross-plate parameters using the muon geometry fit. All
cross-plates (that are not fixed in the fit) are moved in y and z and rotated around x (order mm and
mrad). The y and z parameters per cross-plate are 99% correlated, as can be seenintable 1. Thisis
because the tracks all have an angle of about -117 degrees with respect to the cross-plates. Itis
therefore not useful to compare the input/output parameters in y and z. Instead, we compare dis-
placements in the sagitta direction (“sag”) and in the direction ‘parallel’ to the tracks (“par”).
These values are obtained by rotating the coordinate system around x with the ideal average angle
of the tracks, which is determined by the centres of the BIL and BOL chambers (in the ideal geom-
etry), i.e. -117 degrees. Table 2 shows the input and output values in this rotated coordinate sys-
tem. The angles are of course not influenced by this transformation. The correlations between
those rotated parameters are shown in table 3 and table 4. Indeed the correlations are small in this
coordinate system.

The fit reproduces the input parameters within a few sigma (see table 2) , which is good consider-
ing the fact that the auto-calibrated r-t relation was used, which is known to have some (small) sys-
tematics [2]. This gives confidence in the fit, and now we can start fitting real data, which is the
subject of the next section.
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TABLE 1. Correlation matrix of position parameters (Monte Carlo)
_ 1.000
Az,
_ -0.985 | 1.000
Ay,
0 -0.427 | 0.420 | 1.000
Az,
0 0.421 | -0.427| -0.985 1.000
Ay,
+ 0.189 | -0.186| -0.427, 0.421] 1.00(
Az,
. -0.186 | 0.189 | 0.421| -0.428 -0.98 1.00
Ay,
_ 0.470 | -0.462| -0.126 0.124] 0.044 -0.04 1.0Q0
Az,
_ -0.464 | 0470 | 0.124| -0.126 -0.04 0.04. -0.985 1.0p0
Ay,
0 -0.154 | 0.152 | 0.460| -0.453 -0.15 0.15 -0.3p1 0.346  1.000
Azg
0 0.152 | -0.155| -0.452 0.460[ 0.154 -0.15 0.345 -0.351 -0.985 1.000
Ay,
+ 0.042 | -0.041| -0.123 0.121] 0.467 -0.45 0.130 -0.128 -0.854 0.347 1)000
Az
0
. -0.042 | 0.042 | 0.121| -0.123 -0.46 0.46 -0.1p9 0.180 0.349 -0|354 -0.985
Ay,
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TABLE 2. Monte Carlo comparison rotated input and fitted parameters
Parameter Input Value Fit Value Error  Difference  Diff/Error
_ 1.000 1.003 0.011 0.003 0.3
Ao (mrad)
+ -1.000 -1.008 0.011 -0.008 -0.7p
Aq; (mrad)
_ -2.000 -1.999 0.019 0.001 0.0¢
Ad, (mrad)
+ 2.000 2.017 0.019 0.017 0.9
A, (mrad)
_ 3.000 2.983 0.016 -0.017 -1.1p
Aa,, (mrad)
0 1.000 1.009 0.008 0.009 1.0p
Aa, (mrad)
+ -1.000 -0.998 0.016 0.002 0.1p
Aa, (mrad)
B -2.236 -2.224 0.019 0.012 0.6¢
Asag, (mm)
_ -0.016 0.003 0.264 0.020 0.0B
Apar,, (mm)
0 -0.891 -0.899 0.01d -0.008 -0.¢1
Asag, (mm)
0 -0.454 -0.679 0.141 -0.225 -1.9p
Apar,, (mm)
. -2.220 -2.238 0.019 -0.019 -1.0n
Asag,, (mm)
+ -2.253 -2.288 0.267 -0.036 -0.1B
Apar,, (mm)
_ 1.345 1.407 0.022 0.062 2.9
Asag, (mm)
_ -0.437 -0.708 0.315 -0.270 -0.896
Aparg (mm)
0 1.766 1.719 0.014 -0.046 -3.3L
Asag) (mm)
0 3.144 2.856 0.198 -0.288 -1.4p
Aparg (mm)
+ 1.328 1.263 0.022 -0.06% 2.9
Asag, (mm)
+ 1.799 1.125 0.318 -0.674 -2.
Apar, (mm)

sag = sagitta direction, par = parallel to track direction
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|.000

TABLE 3. Correlation matrix of angle parameters (Monte Carlo)
~ 1.000
Aq;
+ -0.278 | 1.000
_ 0.700| 0.097| 1.000
Aa,
+ 0.098 0.700 0.303 1.000
Aa,
_ 0.577| 0.059| 0.745 0.224 1.000
Ao,
0 0.215 0.215 0.273 0.278 -0.037 1.000
Aoy
+ 0.060| 0.575| 0.224 0.744 0.239 -0.040 1.0po0
Aag
TABLE 4. Correlation matrix of rotated position parameters (Monte Carlo)
_ 1.000
Asag,
_ || -0.168 | 1.000
Apar,,
0 -0.427 0.071 1.000
Asag,
0 0.070| -0.427| -0.154 1.000
Apar,,
+ 0.189| -0.031| -0.428 0.067Y 1.000
Asag,
. || -0.031| 0.189| 0.066 -0.428 -0.155 1.000
Apar,
B 0.472| -0.076| -0.124 0.020 0.045 -0.007 1.000
Asag,
_ || -0.076 | 0.470| 0.020 -0.126 -0.007 0.044 -0.164 1.000
Apar,
0 -0.158 0.028 0.462 -0.074 -0.1959 0.027 -0.353 0.058 1.p00
Asag,
0 0.028 | -0.155| -0.074 0.460 0.027 -0.1%6 0.069 -0.351 -0.166  1]000
Apar
. 0.043| -0.006| -0.125 0.01f 0.469 -0.069 0.132 -0.020 -0.855 0j055 1.000
Asag,
+ -0.006 0.042 0.017 -0.128 -0.068 0.467 -0.020 0.130 0.p054 -0{354 -0.136
Apar,
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6.2 Geometry fit results of real data

Data run numbers 2011 - 2020 (see appendix A of [2]) have been fit. Each run has about 50k tracks
(except 2017: 26Kk). The parameter values (again in the rotated coordinate system) are given in
table 5. The correlation matrices are given in table 6 and table 7. The errors on the angles are of
the order of 1Qurad, and on the positions a few tenqof in the sagitta direction and a few hun-

dredum ‘parallel’ to the tracks. Th)eZ/d.o.f. is 0.93 for the angle fits and 1.3 for the position fits.

The main check on the consistency of the fit comes from the sagitta values. These should be zero
all over the chamber. The cross-plate parameters found in the fit are fed back into the trackfit,
where the parameters are used to correct each hit position before the trackfit is done. This is a sure
and robust test of the fitresults. As an example this is done for run 2015. Figure 4 shows the sagitta
distribution before and after the fit. The average sagitta is about -8 mm before any corrections are
made. After the geometry fit the mean of a gauss fit on the sagitta distributiém:i® pm ,
which is a reduction of four orders of magnitude. Remember that we do not fit the sagitta directly.
The r.m.s. of 1.7 mm is mainly caused by multiple scattering. The average sagitta vs the normal-
ised x (along the wire) and z (perpendicular to the wire) of the impact point in the BML chamber
is shown in figure 5. The sagitta is consistent with zero all over the chamber surface. Figure 6
shows the distributions of the angle differences between pairs of chambers. These are the quanti-

ties that go into thgz, and should be consistent with zero, which they are.

To get higher statistics the corrected sagittas and angles of all 10 runs are combined into one histo-
gram. To gain time, these histograms are not filled inside the full-blown trackfit, but in the geome-
try fit using the approximated corrections as used in the fit (‘superpoints’, see sections 4 and 5).
The histograms made in this way agree well with the ones obtained from the complete trackfit.
Figures 7 through 9 show, for the combined 10 runs, the sagitta distribution, the average sagitta vs
x and z of BML, and the angle differences distributions. The exponential function

X—mea
y = constd e| | fitted to the correction sagitta distribution has a mear ©0+ 1.4 um , which
IS consistent with zero. The average sagitta is zero within the statistical error pivb&lDover
BML. For completeness, figures 10 through 12 show the average of the angle differences as a
function of the normalised x and z of the respective chambers. The distributions are flat as a func-
tion of x. There seem to be some systemetics left as a function of z.
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TABLE 5. Parameter values of chamber displacement data runs
Run Error [|2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Param. mrad || mrad mrad mrad mrad mrad nrad mrad njrad mrad mrad
_ 0.012|| 1.217 1.168 1.176 1.211 1.233 1.254 1.239 1.219 1.213 1.405
Adt 0.012|| 2.519 2.515 2.520 2.560 2.553 2.542 2.54p 2.577 2.565 2.478
o
_ 0.02 0.048 0.045 0.053 0.043 0.046 0.054 0.03) 0.0Q97 0.052 0.322
Aa,
Adt 0.02 0.097 0.059 0.073 0.050 0.091 0.105 0.049 0.092 0.094 0.qo9
Gm
_ 0.019(| 1.151 1.113 1.162 1.194 1.185 1.18¢ 1.208 1.189 1.186 1.376
Aag
Aq® 0.008 || 1.397 1.391 1.377 1.428 1.451 1.437 1.447 1.436 1.4119 1.425
Go
Adt 0.019|| 1.370 1.328 1.333 1.364 1.361 1.381 1.358 1.384 1.363 1.376
cx0
Param. mm mm mm mm mm mm mm mm nm mm mm
_ 0.02 -9.36 -9.30 -9.38 -9.40 -9.44 -7.79 -8.66 -11.15 -10.22 -8.4¢
Asag,
_ |04 -4.8 -34 -4.2 -2.7 -3.2 -3.1 -4.9 -6.0 5.1 -3.9
Apar,,
0 0.011|| -10.898| -10.749 -11.038 -11.278 -10.808 -8.996 -9.936 -12{515 -11.571 -94984
Asag,
0 0.19 -6.23 -6.28 -5.35 -5.72 -6.47 -5.54 -5.86 -6.71 -7.03 -6.5p
Aparg,
+ 0.02 -13.84 -13.47 -14.08 -14.42 -13.5( -11.71 -12.53 -15.p2 -14|26 -134.63
Asag,
+ 0.4 -6.1 -6.1 -54 -3.9 -6.1 -5.4 -4.9 -7.3 -6.7 -7.1
Aparg,
_ 0.03 -2.33 -2.12 -2.29 -2.55 -2.68 -2.64 -2.60 -2.48 -2.6 -2.4B
Asag,
_ |/ 0.5 0.3 11 0.0 3.7 3.0 0.7 0.7 0.3 -0.1 1.6
Apar,
0 0.015|| -6.673 -6.561 -6.573 -6.854 -6.933 -6.933 -6.918 -6.983 -6.856 -6 P71
Asagq,
0 0.3 0.1 -0.1 0.4 -0.1 -0.1 0.1 -0.3 0.8 0.0 -1.0
Apar,
+ 0.03 -12.42 -12.13 -12.19 -12.43 -12.72 -12.66 -12.37 -12.63 -12|59 -13151
Asag,
N 0.5 -0.8 2.6 0.9 2.9 2.9 2.4 4.3 1.4 2.6 -0.5
Apar,

Note: sag = sagitta direction, par = parallel to track direction.x'?ﬁuieo.f. is 0.93 for the angle fits and 1.3 for the position fits.

22

Geometry Reconstruction using Muon Tracks in DATCHA CERN



Results

TABLE 6. Correlation matrix of angle parameters (Real Data)
_ 1.000
Aq;
+ -0.326 | 1.000
_ 0.687 | 0.071 | 1.000
Aa,
+ 0.078 0.688 0.295 1.000
Aag,
_ 0.547 | 0.023 | 0.713| 0.193 1.00d
Aa,
0 0.194 | 0.237 | 0.266| 0.305( -0.08 1.00
Aag
+ 0.041 | 0.537 | 0.205| 0.707] 0.229 -0.06 1.0
Aag
TABLE 7. Correlation matrix of rotated position parameters (Real Data)
_ 1.000
Asag,
_ || -0.235| 1.000
Apar,
0 -0.444 0.107 1.000
Asag,
0 0.108 | -0.447| -0.254 1.000
Apar,,
+ 0.213| -0.049| -0.464 0.115 1.000
Asag,
+ -0.049 0.214 0.114 -0.468 -0.235 1.000
Apar,
_ 0.460| -0.106| -0.129 0.029 0.044  -0.009 1.000
Asag,
_ || -0.107| 0.459| 0.029 -0.128 -0.009 0.044 -0.216  1.000
Apar,
0 -0.167 0.042 0.457 -0.118 -0.157 0.039 -0.381 0.087 1.000
Asag,
0 0.042| -0.168| -0.117 0.457Y 0.039 -0.1%8 0.086 -0.382 -0.258  1]000
Apar,
. 0.058| -0.012| -0.149 0.033 0.457 -0.101 0.155 -0.030 -0.387 0j088  1.000
Asag,
+ -0.012 0.058 0.032 -0.147y -0.102 0.4%58 -0.030 0.155 0.p88 -0{386 -0.212 J.000
Apar,
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Run 2015 Run 2015
L Entries 52367 L Entries 47615
2000 - Mean ~7.945 L Mean —.5254E-03
[ RMS 1.760 L RMS 1.639
r 5000 X/ndf 3900, / 28
1750 L Constant 3218.
r L Mean 1547E-02
[ L Sigma 1.014
1500 |- r
[ 4000 -
1250 |- [
r 3000 -
1000 - r
750 |- 2000
500 |- r
[ 1000
250 | [
P PO/ I H S S T S o L : A R ‘
-20 -15  -10 -5 0 5 10 15 20 -6 -4 -2 0 2 4 6
uncorrected sagitta (mm) corrected sagitta (mm)
FIGURE 4. Sagitta distribution of one run before (left) and after (right) fit.
Run 2015 Run 2015
[ D 210 D 220
L Entries 47615 [ Entries 47615
019 [ 0.04
0.1 e 0.02
50.05 s °r
E ) i
3 r 3 L
r -0.02 -
0+ L
[ % -0.04 —
~0.05 - r
-0.06 [
T T T TS T [ E T L P P S T A AR
-08 -06 -04 -02 0 06 08 —04 -0.3 -0.1 0 0.1 0.2 0.3 0.4
normalised X BML normalised Z BML
FIGURE 5. Average sagitta of one run vs normalised x and z of BML.
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Run 2015
- 47615
L 5469
400 — 865.6
200 |
O 7\ L1 1 | | ‘ | | ‘ I | ‘ | I | ‘ | I | ‘ | | ‘ | | ‘ I | L1 |
—2500 —2000 —1500 —1000 —-500 0 500 1000 1500 2000 2500
angle BIL=BML (urad)
i Entries 47615
- Mean 8.460
400~ RMS 870.8
200 |

0
—2500 —2000 —1500 —1000

—-500 0 500 1000 1500 2000 2500
angle BOL—BML (urad)
= Entries 47615
400 = Mean —.6/835
300 RMS
200 [
100 £
I R | ‘ I ‘ I ‘ I R | ‘ I I | ‘ I I | ‘ I I | ‘ L1 ‘ I R | ‘ I I |

0
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angle BIL—BOL (urad)
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FIGURE 6.

Angle differences of one run between track segments in pairs of chambers.
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run2011_2020 | Sagitta
Nent = 458942
[ Mean = -0.000177028
25000 [— RMS = 152154
B Chi2 / ndf = 6090.63 / 118
B const =23730.3 +- 56.1737
20000 |— mean = -0.000863133 +- 0.0014
B width =0.94988 +- 0.00176391
15000 |—
10000 |-
5000 |—
0 | |
-6 -4 -2 0 2 4 . 6
Sagitta (mm)
FIGURE 7. Sagitta distribution of 10 runs after geometry fits.
Ix= mealr
width

Fitted function: y = constle

run2011_2020 ‘ Sagitta_vs_XBML I run2011_2020 Sagitta_vs_ZBML
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s 20p 5 20f
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o - )
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-20H T
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-0.8-06-04-02 0 0.2 04 0.6 0.8 -04 -03-02-01 0 0.1 02 03 04
normalised X BML normalised Z BML
FIGURE 8. Average sagitta of 10 runs as a function of normalised X and Z of BML.
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FIGURE

9. Angle differences distributions of 10 runs after geometry fit.
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FIGURE 10. Average angle differences of 10 runs between tracks in BIL and the other two

chambers vs the normalised x and z of BIL.
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FIGURE 11. Average angle differences of 10 runs between tracks in BML and the other two
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6.3 Calibration of the 16 RASNIK systems

Now the geometry has been found using the muon tracks, the RASNIK systems can be calibrated.
This is done by calculating the rasnik component positions and rotations based on the ideal geom-
etry using the parameters found in the muon geometry fits. The RASNIK readings can now be pre-
dicted and the difference between these predicted readings and the measured readings give directly
the RASNIK calibration values. Tables 9 through 11 show the values of x,y and the rotation
around z (RASNIK coordinate system) for the 16 RASNIK systems (3x4 in-plane and 4 projec-
tive). It also lists the calibration value in the sagitta direction, since this is the one we really deter-
mine in the fit (the x and y calibration values are 99% correlated!).

As a reminder of the RASNIK coordinate system:

in-plane:RASNIK <=> Global

X -Z
y y
rotZ rotX

projective: RASNIK <=> Global
X ~sagitta
y ~wire

The errors on the calibration values are calculated from the errrors on the crossplate parameters,
taking into account the correlations between those parameters. The calibration is done on all 10
runs. The r.m.s. of the calibration values are almost all twice as large as the errors. It is not clear
why. The calibration in the relevant (=sagitta) direction has an error of g@gier system per

run of 50k reconstructed tracks, which is not sufficient for ATLAS (dominant error is due to multi-
ple scattering of 1.7 mm r.m.s. which will be much smaller in ATLAS). We would like to obtain an
error at least a factor of 3 smaller, so 10x more statistics are needed. The uncertainty on the aver-
age calibration values of the 10 runs is 2544% In the present case we can combine runs to
increase statistics, but it is more elegant to calibrate with high statistics per chamber position.
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TABLE 8. RASNIK calibration values of BIL in-plane systems.

error average |rm.s. |[2011 |2012 (2013 |2014 (2015 |2016 (2017 |2018 |2019 |2020
bilo_x 5.6 0.0 -7 -2 -3 -1 4 2 1 1 6 0
bilo_y 115 0.0 0 -1 1 1 -1 0 1 0 -1 1
bilo_rotz || 0.019 ] 4.171 0.030| -62 9 0 15 1 -32 -27 30 24 41
bill_x 6.7 0.0 -7 -2 -3 -1 4 2 1 1 5 0
bill_y 13.8 0.0 2 -2 0 0 0 2 3 -2 -2 -1
bill_rotZ 0.019|| -12.121 | 0.032] -55 -4 -10 2 13 -36 -24 25| 51 39
bil2_x 6.7 0.0 -7 -3 -3 -1 4 2 1 1 5 0
bil2_y 13.8 0.0 -3 0 1 2 -2 -4 -1 1 0 4
bil2_rotz || 0.019|| -0.143 0.029| -53 12 11 16 -7 -41 -2 29 19 3]
bil3_x 5.8 0.0 -8 -3 -3 -1 4 2 1 1 5 1
bil3_y 13.3 0.0 0 0 1 1 -1 -1 1 0 -1 1
bil3_rotz 0.019|| -12.483 | 0.037] -78 27 24 26 -14 -43 -24 23 13 4

Columns: error from muon fit (mm,mrad), average of the 10 runs (mm,mrad), r.m.s. of the 10 runs (mm,mrad), difference
between each run and the avergge firad)

TABLE 9. RASNIK calibration values of BML in-plane systems.
error ||average |rms (2011 (2012 |2013 2014 |2015 (2016 |2017 (2018 2019 |2020

bmlo_x 0.4 6.7 0.6 || -382| 388| -651| 1204 627 -26 -173  -1013 -8 3
bmio_y 0.8 14.0 1.1 -581| 605| -1145 2184 1180 354 -3p6 -2000 -18 483
bmio_rotz || 0-03 || 9.35 0.02| -2 19| -15 | 29| 12| 14| 12 47 0 2
bmi1_x 0.4 10.2 0.6 -386| 389 -650 1204 623 -25 -172 -1011 -6 3p
bmi1_y 0.8 141 1.1 -600| 628| -1136 2221 1170 328 -3b7 -1999 -32 -p23
bmi1_rotz || 0.03 || 0.25 0.03| 7 11| -8 27| 17 22 -19| 61 11 5
bmi2_x 04 || 9.0 0.6 || -388| 387| -651| 1204 622 -2 -172 -1012 -7 4
bmi2_y 0.8 || 12.0 1.1 || -579| 610| -1146 2189 1185 351 -385 -1965 -20  -P40
bmi2_rotz || 0-03 || 8.28 002 14 | -10| -10| -23| 14| 14| -14 55 2 -4
bmi3_x 0.4 7.7 0.6 -388| 388 -650 1204 627 -271 -172  -1012 -4 4
bmi3_y 0.8 13.7 1.1 -598| 634| -1139 2226 1175 326 -346 -1964 -31 -ps1
bmi3_rotz || 0.03 || -4.99 0.03| 25 -9 -13 -33 11 23 -20 61 7 -5
bmio_sag || 0:05 || -0.41 0.08| -76 72 -60 82 19 -184 26 5 1 11p
bmi1_sag || 005 || 2.72 008 -72| 61| 64| 65| 24| -171 9 6 9 13
bmi2_sag || 0-05 || 2.59 009 83| 68| -60| 80| 17| -18 22| -10f 3 146
bmi3 sag || 0-05 || 0.64 009 -74| 58| -63| 63| 21| -170 4 11 9 16

Columns: error from muon fit (mm,mrad), average of the 10 runs (mm,mrad), r.m.s. of the 10 runs (mm,mrad), difference
between each run and the avergge firad). _sag=sagitta direction
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TABLE 10. RASNIK calibration values of BOL in-plane systems.
system/run ||error pverage ms 7011 2012 2013 014 015 016 017 018 019 020
bol0_x 0.5 53 11 -1753 609| -1309 1767 98 -207 1310 -1262 -428 394
bol0_y 1.0 10.0 2.1 -3176 777| -244Dp 3411 2366 -112 2188 -2598 -436 9
bol0_rotz 0.02 -12.86 0.03|| 48 33 -29 -16 -5 11 -39 15 -13 -2
boll_x 0.5 7.9 11 -1752| 608| -1309 1767 982 -206 1309 -1263 -425 2'90
boll_y 1.0 12.9 2.2 -3236 800| -2494 3415 2436 -117 2253 -2613 -450 1
boll_rotz 0.02 -9.33 0.03 || 40 45 -20 -13 -8 5 -43 20 4 -3<I
bol2_x 0.5 54 11 1750, 610| -1308 1767 98] -208 1307 -1263 -425 489
bol2_y 1.0 11.9 2.1 -3173 824| -2494 3394 2395 -107 2183 -2598 -456 3
bol2_rotz 0.02 -13.29 0.08 -89 48 133 127 -10 -40 8 -48 -4 -1p2
bol3_x 0.5 8.8 11 -1752] 609| -1309 1766 98 -208 1310 -1263 -424 393
bol3_y 1.0 13.8 2.2 -3234 848| -253p 3397 2466 -112 2248 -2p13 -469
bol3_rotZ 0.02 -12.96 0.03 54 17 -26 -32 -31 12 -36 3 -25 64
bol0_sag 0.06 0.22 0.16 -121| 190 -55 27 -200  -133 174 54 -183 29
boll_sag 0.06 1.18 0.15 -93 179| -35 25 -231  -131 144 61 -175  2p5
bol2_sag 0.06 -0.58 0.15 -120| 169 -34 35 -21p -137 174 53 -172 2p3
bol3_sag 0.06 1.56 0.15 -94 158| -14 32 -246  -135 14f 60 -165  2p7

Columns: error from muon fit (mm,mrad), average of the 10 runs (mm,mrad), r.m.s. of the 10 runs (mm,mrad), difference
between each run and the avergge firad). _sag=sagitta direct
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TABLE 11. RASNIK calibration values of projective systems.

system/run ||error |pverage ms po11 2012 2013 2014 2015 2016 2017 018 019 020

Q0_x 0.05 || 6.31 0.07 5 -12( -61 78 45  -119 32 12 56 57
QO_y 0.14 || 11.03 0.25 249 -399 -16p -133 -124 -217 468 273 r92 |l30
Q0 _rotz -4.239 0.117 -75| 127 -101 -9p -4 232 54 117 -132 Is1
PO_x 0.06 || 14.37 0.09 -50 26 -1%5 121 80 -2 -1y1  -1p3 96 76
PO_y 0.14 || 4.91 0.12 -30 -144 -108 -105 -22 -32 250 PO 128 94
PO_rotz 15.319 0.329 170 194 211 227 -294 1y2 320 -§375 -%89 |63
Q1 x 0.05 || 15.70 0.04 75 -63 10 18 -58 41 -19 0 -85 B0
Qly 0.14 || 12.29 0.18 -419 272 95 B 112 90 -117 -133 117 -7
Q1 rotz -12.526 | 0.260 -91 133 76 -606 -177 231 -39 261 -114 36
P1 x 0.06 || 14.98 0.04 -56 11 26 -16 -56 31 17 8 -13 iz
Ply 0.14 || 9.91 0.07 -170 21 -1 -76 20 11 126 24 7 9
P1_rotz -14.809 | 0.155 -19 57 -24 5 258 -27 188 -240 -267 74
00_sag 0.04 || -7.62 0.09 -3 164 81 -58 -29 145 -90 -45 -b4 32
PO_sag 0.04 || -14.78 0.09 52 -17 24 -11p -78 65 146  1p0O {92 95
01 _sag 0.04 || 14.07 0.06 126 -96 -2 19 -7l 30 5 6 -49 B1
P1 sag 0.04 || 13.97 0.03 -40 g 24 -9 -58 30 5 -11 -16 3

Columns: error from muon fit (mm,mrad), average of the 10 runs (mm,mrad), r.m.s. of the 10 runs (mm,mrad), difference
between each run and the avergge firad). _sag=sagitta direction
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Conclusion

7 Conclusion

The DATCHA geometry has been reconstructed using straight muon tracks in an iterative fit. We
have taken the cross-plates as the basic units to be fitted with three first order parameters per cross-
plate: two position parametedz Ay) and one angle paramet&oErotation around the-axis).

Taking the BML middle cross-plate as a reference for the angles, and the two outer cross-plates of
BIL as a reference for the positions, we are left with 19 parameters (2 BIL, 5 BML, 9 BOL), i.e. 7
angles and 12 positions.

We split the fit in two by first fitting the 7 angles, then correcting the tracks for the angles and posi-
tions, fitting the 12 positions, and then correcting the tracks for the positions and the angles. The
fits themselves are linearised around zero, whereas the corrections in between the fits are not line-
arised, but are an approximation based on ‘superpoints’. In an iterative procedure the fit converges
to within 2% of the errors in typically 9 iterations, which takes less than 5 minutes for 50k tracks
(on a HP 712/80).

The fit is tested on Monte Carlo with a known deformation. The fit finds the input values back
within a few sigma.

Applied to real data, the consistency of the fitted parameters is tested by feeding them back into
the trackfit, which applies a hit-by-hit correction before doing the trackfit. This is done for one run
as an example. The average corrected sagitta is consistent with zero all over the surface of BML.
The 10 runs are combined into one histogram using the approximated corrections as used in the fit
(‘superpoints’). The average corrected sagitta of the 10 runs is consistent with zero within the sta-
tistical error of 5-1Qum all over BML. For the angles there seem to be still some systematics left
as a function of z of the chambers.

Using 50k reconstructed straight tracks, the cross-plate positions (y and z) are determined with a
precision of 10-2%m in the sagitta direction and 0.2-0.5 mm ‘parallel’ to the tracks. The rotation
of the cross-plates around x is determined with 1Q#2@d precision.

From the geometry reconstructed with the muons, the 16 RASNIK systems are calibrated. Using
50k tracks the calibration in the sagitta direction has and error of g8:6The r.m.s. of the cali-
bration values over the 10 runs is a factor 2 larger than the errors. This is probably due to the cor-
relations between the calibration values. A factor of 10 more statistics is needed to get the errors
down to an acceptable level.

We conclude by saying that a simple and elegant method has been presented to fit the DATCHA
geometry using straight muon tracks. The parameters are directly related to chamber construction.
The performance is satisfactory.
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Appendices

Appendix A Matrices and vectors used in angles fit

For track segment paiL - BML we find for>‘<'r(n >0 (upperindex ‘+’):

N _k _k ~K ~k T
a —a..[1-%X 1+X
Brmzz i m|: i |O_)A(k00’0}
y Kk 2 2 1 2 1 Y m! >
k=1(Tim)
I K2 N K |
(1-%) 1-(X%) 0 1—xi)A(k 000
4 4 2 m
~k ~k
1+ X% 1+ X%
N (1+%) L3k 000
. 1 4 2
Am= > = 0 0 00C¢
kzl(o—i,m) Kk
(Xm) 000
00d(
.00
. . 0
For )“('r(n <0 (upper index *-’) we find
N k _k ~K ~K T
; o —o [1-X 1+X
Bi,m = z : K r2n|: 2 I! 2 I1Xm1 01 01 O) Oi|
k:l(oi,m)
| ~k\2 k2 K |
(1-%) 1-(%) 1—xi$(k 0004
4 4 2 m
Ky 2 N
1+%) 1+X%
N ) L3k 0000
1 4 2
Alm = 2 k.2
kzl(o:‘,m) . . (%) 0000
000C(
.00d(
.. 0d
. . 0
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For track segment paiBL - BOL we find for&':, >0

+ N (X!(—Gk 1—5\(k 1+5\(k K K T
I (0] | | A ~
Bi,o = Z K 2|: 2 ’ 2 lol Ol 01_( 1_X0)1_X0i|
kzl(o-i,o)
I ~k\2 ~ky2 ~k ~k _
(1-%) 1-(x) (1-%) ke (1=%) «
000- (1-%,) — X
4 4 2 0 2 0
k2 ~k ok
(1+X%) 000 (1+Xi)1 ke (1+X) «
N T T %) 5%
A=y k12 . . 000 0 0
k=1(0j,) . . .00 0 0
. 0 0 0
K\ 2 Ky ok
(1—x0) (1—xo)xo
K\ 2
. (%X5)
For>‘<('§<0:
N _k _k ~k ~k T
_ o —0o,1-% 1+X
bio = S - 20[ — = ',0,0,f(ﬁ,—(1+$<':,),0} and
kzl(o-i,o)
I k2 ~ky2 ~k ~k |
(1-%) 1-(%) (1-%) x (1-X%) ~K
00 X (1+%,) 0
4 4 2 0 2 0
k2 ~K ~k
(1+%) (1+%)  (1+%) K
\ 4' 00 2' 5 2'(1+x0)0
- 1
A, = Z — 00 0 0 @
K=1(T,) 0 0 0 4
k.2 Ky ok
(xo) —(1+x0)xo 0
2
(1+%9° 0
. : 0
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For track segment paiBOL - BML we find for§<('§ 20 andi':n 20 (upperindex ‘++):

N k k
++ Op—a ~k Ky ak T
Bo.m = z %[O, 0, 0%, 0, (1-%), %]
kzl(o-o,m)
000 0 O 0 o |
.00 0 O 0 0
..0 0 O 0 0
N
N e ()70 R (1R K
0,m K .2
k:l(o-oym) P . O O 0
k2 Lk ~k
(1-%,) o(1=X,)
k2
i (%X,)

And for 3('; <0 and%';n >0 (upperindex ‘-+’):

N k k

- a.—a R N ~ T
Bom = z °k 210, 0, 0 %k, =5, (1+%5), 0]
k:l(o-o,m)
000 0 O 0 0
00 O 0 0 (
0 O 0 0 (
N 1 K 2 KAk Ak ok
Ao+m = Z 2 (Xm) XmXo _Xm(1+ Xo) 0
) k
— 2
=1(Tg ) (3" RE@+5) 0
(1+%9° 0
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And for f(':, 20 and>‘<'r(n <0 (with upper index ‘+-'):

N k _k
+- 0p—a K Ky ke T
BO,m= Z Ok I;1[01 01 Xma Oa O,(l—Xo), Xo]
kzl(o-o,m)
00 0 00 0O 0
.0 0 OO 0 0
k(2 K K K <k
N (X)) 00X (1=%) XX
+- 1
Ao, = Z = 00 0 0
K=1(0g ) .0 0 0
K2 ok K
e (1-%5) %(1-X5)
k2
(X5)

And finally for f(g <0 andf(fn <0 (with upper index ‘*--"):

N k k
- a,— T
Bom = S —=—3l0, 0,5 0, (1+%5), 0]
) K .2
k:l(o-o,m)
00 0 0 O o 0
.0 0 0 O 0 @
2
\ (R 0 Ky K(1+%5) O
Aom=S kl |- 0 0 0
' = 2
=1(%om | L% K@+ o
(1+%9° 0
i 0
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Appendix B Matrices and vectors used in positions fit

For track segment paiL - BML we find for>‘<'r(n >0 (‘+):

0
0
~(1-%5) Dsin(a")
(1-%) Ccos(@*)
N , k _ky_. -k k Kk _k 5K sin(ak)
+ (Z = z,) Sin(@") = (Y; —Yp) cos(@") m
B = > k2 & cog(@®)
k=1 (o-i'm)
0
0
0
0
0
(. O =
00 0 0 0 0 00000D
.0 0 0 0 0 o00oo000pDp
k12 ok ok
Kk k (A=%0) ek k2, ke Xm(1=%g)
.o =(1=-%)sin(@”) — sin(2a7) X, (1-X,)sin"(a") ——2—5|n(20( )00000(
Kk ok
X (1—X
(1-%)cog(@") - m( > m)sin(26k) % (1-%5)co (@) 00000 g
N k.2
+ 1 K2 .2,k (Xm) . .k
Am= 2 . (Xy,) sin“(@") - sin(2a) 00000 0.
k= 1(O-i'm) T« 2 2
(%) cos(a") 00000¢(
000000
.00000
..000O0
..00
. 0(
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For $<'r(n <0 (-):

& sin(@®)
—f('r(ncos(c_xk)
—(1+%K) Csin(a@)

(1+ %) Coos(@")

- %(zF—zﬁ)sin(ak)—(yF—yﬁ)codak) 0
) k 2 O
k=1 (Ui,m)
0
0
0
0
0
L O -
k2. 2,k (?rkn)z. ky oK k.2k2lr(n(1+$(ﬁ’|)- k
() “SIN(3) ——5—SiN(20") ~K (1 + Kp)sin* (') ~———"sin(26) 0000000
K2 ok Em(IHR) o,y
(%y) cos(a) ——2—sm(2a ) Xn(1+%X,,)cos(@) 00000000
1458 2
—(1+%)sin(@") | ZX”‘) sin(2a") 00000000
N
A= kl _ (1+%)cos@) 0000000D
k=1(9m) 00000000
.0000000
..000000
..00000
..000
..... 00
...... 0(
L q
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For track segment paiiL - BOL we find for f('c(, =20 (‘+):

0
0
0
0
0
N ok Kyargmky ook Ky ok 0
S z (z' —2z,)sin(@”) = (y; —Yo)cos(a™) 0
1,0 — K 2
K=1 (Gio) 0
~(1-%5)sin(@)
(1-%5) cos(@")
—&sin(a®)
& cos(a")
00000000 0 0 0
.0000000 0 0 0
..000000 0 0 0
..00000 0 0 0
.0000 0 0 0
..... 000 0 0 0
...... 00 0 0 0
. % A E 0 0 0 0
Ao = ky2
, k (2 2 1-% 2
k=1(0io) | (1- %9 sin?(@") —(——i)-sin(zak) (1 - %) sin(a®)
~k ~k
2 X (1-%
........ (1-%5) cod (@) —Msin(za")

()‘(E)zsinz(ak)

OO oooooo

ok ok
Xo(1=%5)

0 "9 sin(2a)

2

(1 - cos(a®)’
k2
(X;) sin(2a)

() cod(@¥)
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And for <0 (-):

_ ; -
0
0
0
0
N K Ky . ,—k K Kk _k 0
boo v B R)SINE) 0 Yo o) | ok
io = Z - )2 Xosin(@")
k=1 (o; Kk
Lo —%;cos(@")
—(1+%)sin(@")
~k _k
(L+X%,)cos(a™)
0
L 0 .
000000 0 0 0 0 op
.00000 0 0 0 0 0D
..0000 0 0 0 0 0P
..000 0 0 0 0 00
.00 0 0 0 0 00
..... 0 0 0 0 0 00
k2 ok K
2 X 2 X (1+X
- % N (% sin’(@") —(-—gz-sin(zak) —s&(1+ 8 sin(@®) —9—(———2-—-—925in(26k) 0d
i,0 — Kk 2
k=1(0jg) K2 2k ?E(1+>“<(k,) ok ok ok _k 2
...... (%) cos(a”) > sin(2a") —X,(1+X;)cos(@”) 00
ky2
2 1+X
...... ( 1+ % sin’(a") (A% sin(2a%) 00
2
...... (1+ 55 cof(@) 00
...... 0 (
L .
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Finally for track segment pailL - BML first the vectord for the four cases.

We

++
Bo,m =

find fork{ = 0, % 20 (++):

0
0

~(1-%8) Dsin(a®)

(1-%%) Ccos(a®)

N k
—Xmsin(a’)
N (Z5-28)sin(@") - (vh -y cos@ )| K cos(@")
> — :
k=1 (oo‘m)
0

(1-%)sin(@")
~(1-%5)cos(a")
~k . . _k
X,sin(a”)

ok _k
—X,co8(0")

For &£<0,% 20 (-+):

N

B;,er = z

k=1

0
0

~(1-%%) Csin(@")

(1—%%) Coos(@®)

—%& sin(@®)

K Ky =k kK _k N _
(Zo—2)SIN(@") = (Yo = Y) COS@) | & cos(@")
k 2 Kook

(Tom) —Kgsin(@")

& cos(a®)

(1+ %) sin(@")
~(1+ ) cos(a")

0
L 0
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For $<('§ >0, i('r(n <0 (‘+-):

% sin(@)
—k;cos(ak)

—(1+ %Xy Csin(@)

(1+%5) Coos(@")

0
N k ky .~k k k —k
S z (Z5 = 2;) Sin(0) — (Yo — Ym) cOS(T ) 0
o,m — K 2
k=1 (O-olm) 8

(1-%)sin(a")

~(1-%cos(@")

k
0

k _k
,cos(a")

X sin(ak)

—X

And finally for &£ <0, & <0 (--):

% sin(@)
—kkm cos(ﬁk)
—(1+ %Xy Csin(@)

(1+ %) Ccos(a")

0

- %(z‘;—zkm)sin(ﬁk)—(yg—yfn)cos(ak) 0
S (C(l;,m)2 —&sin(a®)
kgcos(c‘xk)

(1+%5)sin(@")
—(1+ ) cos(@")

0
0
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Then the maticeA for the four cases.

oK oK :
Forx,=0,%,=0:

00 0 0 0 0
) 0 0 0 0
k(2 ok ok
1-X X (1-X
L —(1-%)sin(@) —(—-~§—'-“—)-sin(26k) & (1- %% )sin (@) ——ﬂ(-—z——f‘l)sin(zak)
~k ~k
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(%) cos(0")
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~k ~k Kok
1-X )(1-X 1-X )X
0o 2w -%) m)z( Y gin2a) ~(1-5)(1- ) co(a) (——2”‘) Osin(20") ~(1-X5)Kssin’(@")
K Ky k2 f‘ﬁ](l—?g) ok K ok ky2 Aﬁq?g K
00 —X,(1-X;)sin(d") Tsm(Zd ) X X,sin(a”) > sin(2a™)
)A(k (1_ k) 5\(k 5\(k )
00 - "%gin2a - (1- %) cos(a") ”é"sin(za") —s& *8sin(@®)
00 0 0 0 0
) 0 0 0 0
k2 ok ok
2 1-X% s X(1-
(1- %) sin’(@") —%sin(zak) E(1-x8)sin@)” - of 5 °)sin(2ak)
~k ~k
2 X (1-X 2
(1- %) cod (@) -L(Z—O)sin(za") (1 %) cos(@")
k2
2 X
(%) sin?(a ) ) sin(2a)
0 2
2
() “co(a")
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00 0 0 0 0
) 0 0 0 0
k(2 N <k
1-% X (1-X
L —(1-%)sin(@) | 2"“) sin(2a®) & (1-%%)sin’(@®) —m(—zﬂzsin(zak)
~k ~k
X (1-X
(1-%& ) cos(a@") —Msin(zak) & (1- %K ycos(@")
Ny 2 (%)
Ao = — (%) sin?(@) — sin(2a®)
k:l(o—o'm)
(x'r(n) cosz(ak)
0 0 0 0 00
0 0 0 0 00
Kok 2,k (1—$<km)$<cl§ ok ok Ky 2k (1—5<km)(1+5<¢l§) ok
(1-%p)X sin"(a”) —-——-——2——-—-—sm(2a ) —(1-%,)(1+X,)sin™(T") ——-—-——-—é—-———-—sm(ZG ) 00
Kk ok ~k ~k
1-%X )X 1-% )(1+X
(X% 2”“) %in(2a) (1-%)sksif(@y LmT) ”‘)2( Y gin26) «(1-)(1+%)co(@") 0 0
~K Kk ~k ~k
2 XX 2 X (1+X
& <K sin(a") - ”é"sm(za") - (1+ %) sin(@) i(z—")sin(zak) 00
~k -k ~k ~k
X X 2 X (1+X 2
—M0sin(2a%) %< KK sin(a") Msin(mk) 1+ cos@)” 00
k2 ok ok
2 X 2 X (1+X
~(X)sin*@y - ;) sin(2a") K1+ K sin(@") of 5 Viin2a) 00
K2 2k >A<Ic(>(1+f<g) K K K Ky 2
(%) cos(a™) Tsin(Zﬁ ) —X,(1+%,)cos(@™) 00
(1+5°
2
(1+ % sin(@") g sin(2a“y 00
2
(1+ RE) cosz(ak) 00
00
)
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Appendices

N ~k
Forx,=0,%,<0

2
K2 oo () o ReLER)
(%) sin“(a )—-——2——S|n(2a ) X (L+X)sin™(@”) -————-E—-——-sm(ZO( ) 00

R (1+%5)

2
(%) co(@) > sin(2a") = (1 + %5 )cos (@) 0 0
(14359
—(1+ % )sin(@) —Tmsin(ZEk) 00
N
A= kl 2 (1+%)cog@) 00
k= l(o-o,m) 00
.0
5 5\(k (1_$(k) 5 ~k <k
00 & (1-%sin@) —-ﬂl-z--f’-sin(za") & K sin(a®) _ "“2°sin(zak)
R (1-%5) 2 P 2
00 —o° sin(2a%) & (1- 55 cos(a@") . ”éosin(ZGk) & %K sin(a)
~k ~k ~K ok
1-X )(1-X —-X
0 0 —(1-%K)(1-%)sin*(@") Lz(o)sin(Zﬁk) —(1-%5)Esin(@") ( 2”’) °sin(2a")

00 (1=K (L-Kf) 255 01— 201 — 5 c0d(58 (1-%g)%s 5%y —(1- % sin(a¥

——2——sm( a) (1-X,)(1-%,)cos(a") —2——sm( a) —(1-%x,)X,sin"(a")
00 0 0 0 0
00 0 0 0 0
00 0 0 0 0
.0 0 0 0 0
k2 ok ok

2 1- 2 X (1-X
1-8 sin%(@" ) sin(2a* 51— % sin(a ——P-E-—————qzsin 25
(0] 2 0 0 2
2 K (1-55 2
(1- %) cod (@) —-9-—-3—-—9-sin(26k) %5(1 - %) cos(@")

(RE)Zsinz(ak)

k2

*o) sin(2a)

() cod(@¥)
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Appendices

oK N .
Forx,<0, X, <0:

k2.2, k (f(lr(n)z. K ok Ky .2,k g(km(l"'g(lr(n) . K
(%) sin“(a”) ——-—2—-—S|n(26 ) X (L+X,)sin" (@) 5 sin(2a”) 00
~k ~k
2 X (1+X
(%) cod(@) Msin(zak) & (1+ % )co(@) 0 0
(14359
—(1+ % )sin(@) —Tmsin(Zﬁk) 00
N
- ok _k
Pom = kl , . . . (1+%$)cog@) 00
k=1(0g,m) . . . . 00
.0
~K <k ~k ~k
X X 2 X (1+X
& sKsin(@") " °sin(2a") % (1 + %) sin(a®) -—-”L(-Z--E’zsin(zak) 00
ok ~k ~k ~k
XX 2 X (1+X 2
"éosin(ZC‘xk) & *sin(@") i 5 O)sin(2c‘xk) %1+ cos(@)” 00
~k ok
(1+X,)X K

(1+%E)(1+55)
2

(1+ %) Esin?(@ ) — > 2sin(2G%) —(1+ &5)(1+ X5)sin* (@) sin(2a%) 00

(1+55)5K

ok ok
(o064 (14 8 )REsind(@y SmE %)

sin(2a%) —(1+%)(1+ x5)co (@) 0 0

2 2
0 0 0 0 00
0 0 0 0 00
k2 N N
k2.2 K (%) .k Kor ke k2 Xo(1+%o)
—~(%5) sin“(@") - ; sin(2a") K5 (1+ %) sin(@’) —9——-5-——9—5|n(20( )y 00
K2 2 Kk )A(g(l"f(l;) K K K Ky 2
(%,) cos(a") — sin(2a") —X,(1+%,)cos(@) 00
2
(1+55)

2
(1+ % sin(@") sin(2a¥) 00
K2 2.k
(1+%,) cos(a) 00
00
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