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Many experimental results of high-energy physics are obtained by comparing
the predictions of theoretical models simulated for a specific detector with
the experimental distributions obtained. Track detectors in modern
experiments provide basic information about charged particles born in
collisions.

In order to achieve high resolution of particle momentum and reduce
systematic errors, it is necessary to know the exact location of the detector
parts. A partial solution to this problem can be achieved by creating special
optical/laser systems for monitoring the position of detector parts during the
experiment. The TPC has a laser system, but it is designed exclusively for
monitoring the properties of the gas inside the TPC. We investigate the
possibility of using it to adjust the sensitive elements of the track detector.

The ultimate alignment precision, however, is achieved by using the fitted
tracks themselves.




TPC alignment
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TPC alighment

Global Coordinate System of the TPC (GCS),
Theoretical Local Coordinate System

of the sector (TLCS)
and
Local Coordinate System X, = St ‘ T._1H X, TLCS—GCS
of the sector (LCS) ‘ ' LCS TLCS
" —
Xu =S+ |47 X,
Y 00 A Yead S', T - constants, S*(x v,z ), A(@,B,y)

u 1 0 0 cos(fi) 0 —sin(5;) cos(a;)  sin(ey) 0
|4ill=1 0 cos(y) sin(y) | % 0 1 0 X | —sin(q;) cos(ey) 0
0 —sin(y;) cos(vy;) sin(f;) 0 cos(f;) 0 0 1

—1 _
7] =|

TJlH HAElH LCS — TLCS

The position of sector / is determined by the 6 parameters p,,, P.,, Pi»» Piss Pis Pisy Which in
the alighment problem are called global, and they need to be found for each sector.

Thus, the position of each track hit h(p,) is a function of 6 variables.
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TPC alignment

The parameters of the charged particle are found by fitting the experimentally found
hits of the track by its mathematical model

Line Helix
T = q1 + sin(qq) cos(gs)? r = q + q4co8(qs + t)
Y = q2 + sin(qq) sin(gs)? Y = g2 + qasin(gs + t)
z = q3 + cos(qy)t z = q3 + gst
ﬂ)

5 all track (7;(pr) — T;(7q))* [ The minimum of F gives the true

X" =F(g,p) = L X 9 values of the global parameters
events 1 a

OF (po.q0) + 3F(P0,QO)A + 52F(P0,QO)AP -0

OF (po,qo) | O F(PO,QO) 0 F(po,qo) _ 2,0°F(p,q) 32 oh
OF(p.q) _ d(h(p) —T(g))* Ok ,0F(p,q) 0T
4 = = =2—(h-T =2—(T-h )2F(p, 3 )T OT
i op op ) S 5g' LM 0F®a) _ o (O py4 L
dq 0gq? r)q, (}q ;
7T TR oy By oy Oy 8R11h > g .
oh g 0 (PU) AURT, | TR e e e L2TEB 0T Ok
op H H% B ap In' T Tog X5, Ns 1t ZJ (')Ph e i dqop (9q (9p
. . _ oR; oR, OR.}
’ Tn' Ty Ty ¥ T hs; Xj sy i gp s
line helix
aT(q) 1 0 0 cos(qs)cos(gs)t —sin(ga)sin(gs)t oT(q) 10 0 cos(gs+1) —qysin(gs+1) 0
¢ (0L cos(ga) sin(gs)t  sin(qs) cos(gs)t Ha—qH: 01 0 sin(gs+t) gicos(gs+1) 0 | A detailed description of the theoretical basis
001 —sin(gt 0 001 0 0 t / of the alignment task for MPD TPC is here:

http://mpdroot-forum.jinr.ru/download/file.php?id=1

Valentin Kuzmin VI ICPPA, Moscow 2022

01/12/2022



Mini Monte-Carlo for TPC

To study the accuracy of measuring the alignment of the device, the
simplified simulation of the TPC MPD reaction was used:
1.A charged particle leaves a d,___ width (8mm?*) strip on the surface of the

sector.

2. The center of the strip corresponds to the projection of the track along
the electric field on the plane of the sector.

3.The amplitude of the pad signal is proportional to the area of its coverage
by the band and the final value is played according to Gaussian.

4.The time of arrival of the signal is proportional to the distance along the
electric field from the particle to the plane of the sector.lt is played
according to Gaussian.

5.Adjacent pads of the same row with a signal above the threshold form a
cluster, the local coordinates of which are the weighted sum of the
coordinates of individual pads. According to these coordinates, the
coordinates of the hit are calculated in the global coordinate system of the
detector.

6. The global hits are fitted by the mathematical model of the track.

7. According to the results of the fit, function F(p,q) and its derivatives are
calculated.

Simulated variants:

1.Muons from the IP in the detector magnetic field.

2. Cosmic rays without a magnetic field in the detector.

3. The beams of the TPC laser system.

* V. Kolesnikov a , A. Mudrokh a, V. Vasendina and A. Zinchenko,
«Towards a Realistic Monte Carlo Simulation of the MPD Detector at NICA»,
Physics of Particles and Nuclei Letters, 2019, Vol. 16, No. 1, pp. 6—15.
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x? track simulation in TPC

What does 1 correspond to on the abscissa
scale? 2 on alignment

This is the next alignment: w 2.4
T ¢ A
1. The shifts of the centers of local T 22 black - cosmic rays
coordinate systems relative to the 2?_ blue - laser rays
theoretical ones are distributed uniformly - : /
. . - magenta - muons from IP in MF, pT=[0.5,1]GeV

randomly in the interval 1.8
[-1,+1] cm, and random deviations of the - / »
Euler angles are in the interval [-1,+1] deg. 1.6 A
2. Artificial tracks will be simulated for the 1 4?_ / e
above alignment. C 4
3. Reconstruction of the track parameters is 1.2 g /,/
performed for theoretical alignment of the - S
detector with zero shifts and Euler angles, L e /
i.e. for incorrect alignment 0 Bi

The gradient for muons in a magnetic 0.6—

field is much smaller than for cosmic -

muons or beams of the TPC laser 0.4

vetell 0 | 0{5 | |1 | 1?5 | é

J—L missalignment, [arbitrary units]

The accuracy of the alignment calculation by
muons in the events from the collision of nuclei
in the detector will be lower than in the case of
cosmic rays or by the rays of the TPC laser
system.
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Alignment accuracy simulation

The model experiment consists Global parameters
in the simulation tracks for
alignment with deviations from

Local shift X Local shift Y Local shift Y
the zero alignment and ' s g
reconstruction of tracks using s Ssof- =
zero alignment. Using this ik a00f 3
sample of tracks hits we find o s i
real alignment. ok IL onof- &3
400 such model experiments o i 1 ::z
were conducted for sets of e " :
10,000 tracks from cosmic and il g | e
experimental muons and the 0508 o4 0t b b b R 'n_'xsy?c_ﬁﬂ R T b, s
TPC laser system rays. ' ' '
ALPHA BETA GAMMA

The black histograms show the - go- g
distributions of the input global Soof ook e
parameters. e S a
The magenta histograms are ; 500t a0l
the distributions of these o 00 st
values after 200F a0} ol
the adjustment procedure (the ok 20F J L ;
case of cosmic rays). : 100} ’ 1op "

91.:»]02 = ' le aE u.1|12 Et_e.luz ' tlr — ﬂ.l‘IJE gﬁ.loz ' ' le === u.iljz
Discrepancies at the ends of Sarad] Sb,rad] Sglrad]
the intervals due to the _
accuracy of determining the cosmic rays case

adjustment parameters.
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x? track simulation in TPC

X} =F(p,9)IN,,,
function F for used alignment F for adjusted alignment
Fos FA
] Eriries 400 E = Erttias A00
i i | % el [ . e
"F for used alignment" is e F e
results of random alignment T -
when for tracks reconstruction £ -
theoretical “zero” alignment - nE
was used. 20 L
2 anl—
"F for adjusted alignment" is n e
final results of finding the o ¥ . | =N ., W
alignment, i3 a3 0.35 04 ﬂ.a‘Eur‘ﬁliu”F(“:}.ﬁ g 0.25 0.27 028 029 04 a1 FuriﬁlilFl’q.u?-aa
I.e. after minimizing the function _ |
F F for real alignment F (adjusted-real)
" FT FD
g e e o e o
"F for real alignment" is ol B ok s
simulated (not recovered) ks -
I S —
values Gl =
of the function F. o “E
C ki
"F(adjucted - real)" is the e i
difference between F-values of °F -
found and simulated e e ‘L "E
aIignmentS- ﬂ’!Z_SI = lllzlﬁl = E].E?I i ;]_EIBI : EJ.;QI = Iﬂ.lal = E].Illtl I IEJ.::QI I II{l.:i..z ﬂ_ -ID.&IDDE : a : i].l:lﬂltﬁI = Iﬂ.ﬂlﬁ‘ll : 40015
Furtstion Fig,o) Frealiy.pi-Fadiustedio.p

cosmic rays case
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x? track simulation in TPC

X2 =F(p,q)IN,

function F for used alignment F for adjusted alignment

C E.—-Lvlesms 400 g 20— Enlries = 400

B — Mezn 0.4388 ] C Wean 03093

C Sid Dev 003005 ® I Sid Dev  0.002761
o 100 —
590 C
If we compare these results with ik ne
the distributions for cosmic - e

A -
muons we conclude: - -

20— =
1.Average )(2 values are shifted a £ o
bit right. : -

5’125 I Iﬂ.lﬂl I‘.JI;E 04 o 145 e 1.5 I '{355I -“- I.ﬂ.E dJ.EE I Iﬂ.éﬁl = Ii?l.lﬂ o I{IIIIHI o 0.3z = -ﬂ-:;a-.- -. I{;I.:H
2.The Wldth Of Input and Furwtion Fig.o) Furotion Fig.n)
recovered distributions is very F for real alignment F (adjusted-real)

CIose. -E 20 Erdties - a0o Enttiag = &00
5 ﬂ Mean n.308 70 Mean  OUK0ETAE
Bd Dev 0002564 Sid Dey 0,000 85

3.The values of ¥ for recovered - “

edenis

alignment are systematically o
greater than the real values in

2
=]
IIII|IIII|IIII|IIIIIIIII|IIII|IIII|III

B0
both cases.

o

Al
20

20
i

PR CLCG F FO  l R TC F  TAN D o T AT e a T IR (Y P sy
lﬂ!& 024 i [ilka ) 0.32 033 0.34 -0.0005 a 1.0005 0.0 90015
Furclion Figo) Frealiy.pi-Fadjustedia,p

laser rays case
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x? track simulation in TPC

X2 =F(p,q)IN,

function F for used alignment F for adjusted alignment
Fos FA
c Erlries 00 B N0 Eriries w0
70— Mean 05822 3 B Wean 05281
= S Dev 001616 R S Dev_0.009925
g 80— B0 (—
¥ e -
E B0 —
The distributions for muons in e -
a magnetic field have the same e s
properties as the distributions f- N
in the two previous cases for of i
straight tracks. - | - | | |
é]'ifl 05 0.65 = Iﬂ.? &45 : (15 = ICI.SS — IﬂE — Iﬂ.ES —— a7
Furtetion Fig,o) Furiction Fion)

There is a significant difference
in the Wldth Of the original and F for real alignment F (adjusted-real)

F FT = FD
restored distributions, which is St Ve osis 0o oot
almost 4 times wider than for - e R e
straight tracks = s o

St:— :
E 60—
50:— :
4r.-f— -
E 40—
3¢;— N
zoi— gu__
=r_'-§— "
é];_‘- ID.|5 = IH.ESI = IEI.IE-I = Iﬂ.éEI = Iﬂ.? -ﬂ?ﬂiE I I—ﬂ.ID!I = -Iﬂ.l}IOSI = I%!l T ;J.Dlilﬁl o a.nt = ‘ICI.I}iE-
Furetion Fig,o) Frealiy.pi-Fadjustedia.p

Muons in the magnetic field
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Alignment accuracy

(simulated - adjusted) alignment parameters

. . Error af logal X Error of local Y Error of local 2
Tl'.le proble_m of flndl_ng the f;:m'_ Entries . 2800 %m__ Entries ! ago0 | 00 Entrles £ 2800
alignment is determined up to the =R i St E
simultaneous identical shift of the o G, | L e B L i Ml IR
centers Of I ocal coordinate ﬁm;_ Sigma 0.08372 | | Slgma 0.07369 so0 |- Sigma 0.06131
BO0 -
systems and simultaneous *F ' sl
rotation of sectors around the E ol :
global Z axis. In both cases, the E _ wr
- . EDD:— a0t - L
minimum F does not change. : . a00f
100 F I
The nature of this condition lies L.’cisl S Ry Sy ".’Lg.sl B v e I G 7w L.’u-l.s' S Ry R Y
. . . xJeml vleml Sylcm]
in the equations for F, which do - - o
not change when the variable is s ALPFA : BETA l GAMMA
. 00 Entries 0| £ F Entries wo| € | Entries 2600
shifted by a constant value. oo b Mean 1.265¢-20 | 2800f Mean 7612621 3 f Mean -6.325¢-22
2 Std Dev 0,0006492 StdDev  0.003122 C StdDev 0001812
‘:'222: oo 700 E Contiet | 8175 ; ot o4
In order to exclude the Sgwa_oourrs| 0} Soms_oogs| T Sgma 000180
accumulation of this type of 100 £ soo - so0f
shifts during the process of - swof -
minimizing, the average shifts of s sw0f wl
variables X,Y, Z and the average 5225: 0 :
Euler angles were fixed. ol s to0f "
855 = S iy T —5%2 Ly — 3 —
Sa.lradl Sh.fradl Salradl

cosmic rays
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Alignment accuracy

(simulated - adjusted) alignment parameters

Error ot local X Error ot local ¥ Error at local 2
X i Y Y z
E Entries 4800 5 Entries 4800 = Entries 4800
5500 o =
§ Mean 2718219 g”m Mean 1.099e-19 gm Mean 1.6482-19
aoo Std Dev 0.077 SidDev  0.0711 i StdDev  0.05846
Canstant 936.1 Constant 1036 1000 Canstant 1272
700 Mean -0.0005353 8 Mean -0.0001175 r Mean  3.332e-05
. : Sigma __ 0.07807 I Slgma _ 0.07084 Sigma _ 0.05765
The alignment accuracy by laser a0 . ] ST b SesS
. i gl
rays is very close to the results 500 - ! ol
of cosmic rays and is about 750 L sl [
- - 00 r r [~
microns for shifts and about 7 : o
. 200 L [
minutes for Euler angles BETA ) anf
100 - [
andGAMMA ti...l. L i i a-l...lu F L i) pll L e I i)
06 04 0.2 ] 02 4 06 06 04 .2 ] 02 o4 06 -6 -4 0.2 ] 0.2 4 06
The accuracy of the ALPHA - e o
angle IS 2 mInUtes because Of Error of ALPFA Error of BETA Error of GAMMA
itivi : ALPFA BETA : GAMMA
the greater SenSItIVIty of Fon gu0 Entries 2800 -E””“_‘ Entries 4800 | Haoo - Entries 2800
H Zo00 Mean  -1.54e-20 g Mean -1.581e-21 2 [ Mean  B.177e-21
this angle' " . SdDev 00006272 | StdDev  0.002627 il StdDev  0.001671
PR Constant 3762 800 Constant  983.2 : Constant 1501
1800 | Mean -2.89% 06 - Mean  1.374e-05 r Mean  -1.47e-06
1600 E Sigma _ 0.0006904 Slgma _ 0.002606 1000 - Sigma 0.00171
1400 — 680 = 800 _
1200
1000 | 400 - 600 -
BOO | i L
o0 b L 400 r
200 L
400 & - sp0
200 | _J L_ i r
c.:' 1 ; L | L L . | oL . . . . | oLl 1 ; | i L |
.02 ] .02 -0.02 ] o2 .02 ] .02
Sa lradl Sh.[radl Sofrad)
laser rays
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Alignment accuracy

The alignment accuracy by
muons in a magnetic field
produced in the IP (blue
histograms) is several times
worse than that by straight
tracks.

For comparison, the results for
laser beams are shown in black.
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(simulated - adjusted) alignment parameters

Error af local X

X
§2"U C Entrles 4800
S Mean  1.272e-19
StdDev  D.2155
toma Constant  479.9
Mean  0.0007261
800 - Sigma 0.2138
00 |
400
200
008 06 04 02 0 02 04 06 0B
wleml
Error of ALPFA
= ALFFA
por — | Entries 4800
Bo00 Mean -2.358e-20
E Std Dev  0.002849
2000 £ Constanl  893.3
1800 Mean  B.857e-06
1600 |- | Sigma _0.002671 |
1400 F
1200
1000 F
800 | B
800 F
400
200
nEL j R ] [y I ]
0.02 i 0.02
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£
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600

400

200

Error of local Y

Y
Entries 4800
L Mean  1.995e-19
C Sid Dev 0.1879
Constant 550.6
Mean -0.0003911
Slgma 0.185

Ll L Lol v iy . |
08 -06 -04 02 0 02 04 08 OF

w.ieml
Error of BETA
BETA
r Entries 4800
Mean -5.196e-06
Std Dev  0.005469
= Conslant 4739
Mean 3.547e-05
Slgma 0.005351
| | i |
.02 ] ooz

Sh.fradl

Error of local 2

F 4
600 |-  [Entries 2800
600 -
& Mean  1.866e-19
1400 Std Dev D.2196
F Canstant 466.3
1500 Mean -0.0004003
r Sigma 0.2204
1000
800 |-
&0 -
400
200
C-: L il pi i | L
-08 -06 -04 -02 0 02 04 06 OB
Sy foml
Error of GAMMA
i GAMMA
400 [~ Entries 2800
E Mean  7.047e-21
ool StdDev 0.003537
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800
800
e
200
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Alignment accuracy

The equations for the minimum of F
are not an exact condition. They are
of first order relative increments of
the global variables.

We should use an interactive
procedure and when we have to

stop it?

F. _ .
We used condition: ¢ = ——*

F;

<107

The smoothness of the function
near the minimum depends on the
magnitude of the track statistics.
How many tracks do we need to use
in order not to lose accuracy?

We used N, =10000

£=2-10" & N __ =50000 do not

increase the accuracy of global
parameters

:

It is enough to use:

e=10* & N___=10000

k
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(simulated - adjusted) alignment parameters

Error of local X Error of local Y Error of local Z

: X " Y w z
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E Std Dev 0.07461 F Std Dev  0.06992 § StdDev  0.05559

s Constant  960.1 r Constant 1051 1000 Constant 1307

a2 Mean -2.873-05 L Mean  5.252e 07 - Mean  0.0002421
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E 600 |

: 800

3 400 -

F [ 400
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b L 200 -

o A i feingie] I pll L AR I g giingis]
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: Std Dev 0.0005956 | 1000 - StdDev  0.002368 : StdDev  0.00161

E Canstant 4003 Constant 1099 1200 & Canstant 1566

= Mean -2.102e-06 F Mean  3.594e 06 r Mean  2.036e-08

E Sigma  0.0006541 800 - Slgma  0.002321 - Sigma  0.001637

3 800 - 800

3 i e

F 400 -

a 00|

E 200 - [

F F 200 -

E J|L L | a_' " | | FO— P | L S|
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Conclusions

A theoretical basis has been created for determining the MPD TPC alignment
using its experimental data.

As part of the mpdroot computer system, a simplified simulation of the
detector response with subsequent reconstruction of tracks in the detector
was created to study the accuracy of finding the TPC alignment.

The possibility of using the TPC laser system for detector alignment has
been studied. This system was originally designed only to monitor the
properties of the gas. It is shown that it can be used for permanent TPC
alignment monitoring.

The accuracy of finding the alignment for three types of events is
investigated: cosmic rays without a magnetic field in the detector, laser
system rays and muons in the magnetic field of the detector from the
interaction point. The accuracy in the first two cases is approximately the
same. It is ~700 microns for the shift of the origin of the sector and 7
angular minutes (0.0023rad) for Euler angles. The accuracy in the case of
muons born in collisions of nuclei is several times worse.

The proposed method of finding global alignment parameters can be applied
to any track detector consisting of separate parts with sensitive elements
rigidly fixed on them, for example, silicon vertex detectors, in particular the
MPD Inner Tracking System.
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