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Overview

« My master thesis: a data-analysis project to study charged-particle tracking
performances.

« Simulate a set of VXD misalignments using a dedicated code, developed by
Prague. Then study their effects on:

- reconstructed track parameters from ete™ — u*u” events;
- hits in overlapping sensors of a same VXD layer.

* Develop procedures to identify and fix misalignments, hoping to contribute
to a general improvement of the Belle Il tracking reconstruction performance.

« Many thanks to Eugenio Paoloni, Giulia Casarosa, Tadeas Bilka and Jakub
Kandra for their invaluable help with technical matters.



Tracking at Belle Il

B, D and 7 decays are dominated by the presence of final-state charged particles.
Precise tracking with accurate and precise momentum and impact parameter determination
Is essential

Silicon Vertex Detector (SVD) =——&
4 layers of DSSDs

. 56 layers (14336
sense wires and 42240
field wires)

Pixel Detector (PXD)
2 layers of DEPFET pixels

- Pixel Detector (PXD): 2 layers of pixels, unambiguous 2D position.

- Silicon Vertex Detector (SVD): 4 layers of double sided silicon strip detector, excellent
position resolution.

- Central Drift Chamber (CDC): 8 inner layers, good momentum resolution.



Track parametrization

The trajectory of a charged particle ( track ) moving into an axial magnetic field parallel
to the beam approximates an helix with 5 independent parameters

A
J% bt = POCA = Point Of Closest Approach

x = dp is the 2d signed distance of the

B POCA from the z axis, the sign

depends on the angular momentum of

the track (>0 in the fig.) : transverse displacement.

= (po is the angle between pr and the x
axis at the POCA, o € [-T1,11] : azimuthal information.

= the sign of w, the curvature, is the
same as the charge of the track (>0
in the fig.) : momentum and charge.

projection

TRANSYERSE PLANE

§ =+ Pr b

= = tanA is the ratio of p; and py, AT

2 A € [-m,1] :polar information. . POCA A

E = 2o is the signed distance of the POCA Pz
from the transverse plane Lo
9 :longitudinal displacement. I {) z




Overview
* The vertex detector system (VXD) samples tracks very precisely.

* The reconstruction software needs the actual position in space of the silicon
Sensors.

 These are assembled and installed with tight tolerances around the nominal
positions, but small misalignments occur and, if corrected, yield better tracking
performances.

e Such residual misalignments are typically identified and measured using tracks.

» Our task: target a specific set of VXD global misalignments (weak modes) by
recognizing distinctive patterns in the distribution of reconstructed track variables
and in hit coordinates residuals for overlapping sensors.

« Goal: identify the patterns that allow a more direct, possibly one-to-one, connection
with specific misalignment weak modes.

* Once applied to data, this procedure will hopefully allow to quickly detect possible
non-alignment of VXD in the configuration used to perform track reconstruction.

« This work is in progress and benefits from the collaboration with Tadeas Bilka and
Jakub Kandra from the Belle Il group in Prague.




Standard VXD alighment

Recursive algorithm ( Millipede I1') that crunches many raw data and minimizes a chi2-like
expression:

tracks hits

XQ(%aa): Sj szgj(%jva)

which uses the normalized tracking residuals
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Where: - Uy ; Is a recorded measurement of hit / on the track j;
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j IS a predicted measurement from a track model;

- T; are the track parameters;

- a are the alignment parameters characterizing the model.
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Weak modes

Weak modes are residual misalignments arising from global, coherent movements of sets
of sensors that ' Inimizati

Ar rAd Az Distribution of %2 probability for each track fit
Radial expansion Curl Telescope ] é —— Aligned VXD
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Example: curl.
- Arrows indicate layer misalignment (proportional to its radius)

- Dashed lines indicate true trajectories of charged
particles (positively charged and negatively)

- Solid lines show how trajectories are reconstructed with the
deformation




My analysis

Generate 5000 e*e™ — "~ signal-only events|using the KKMC generator.

Simulate their interactions with the Belle Il detector in the Phase Ill geometry,
thus generating a set of hits and trajectories.

Prior to reconstruction, simulate various systematic misalignments
using a python script that takes a scale factor as input and, given the
geometry of the vertex detector, changes each sensors’ global coordinates
accordingly.

Test the effects of various VXD weak modes, by looking at the normalized
distributions of appropriately chosen tracking variables and compare them
with the distribution expected for perfectly aligned VXD.

The variables | use are combinations of track parameters of the two muons,
and their values are those extrapolated from track fit at POCA.




Examples

ddy comparison for VXD ideally aligned or realistically misaligned according to each of the

weak modes.

All = Blue, Radial {0 - 1.25) mm = Red

h dO rad

I Entries 3668
Mean 0.0001886
BRMS 0.008629

Entries 3686
Mean 0.001009
RMS 0.01982

E e kg hkeieo ko

dg (mm)

All = Blue, Telescope {0 - 1.25) mm = Red

h_do0_tel

i Entries 3668
Invariant  |mean 9.5516-0s

RMS  0.002507

Entries 3675
Mean 0.0001747
RMS 0.002573

F e Eiaphkekeokoe

All = Blue, Elliptical (0 - 0.6) mm = Red

E s Eipbkeieo ko

h_d0_ell

Entries 3668
Mean 0.0001026
RMS  0.006567

Entries 3654
Mean 4.84e-05
RMS  0.01115

i d {r'n]- 5

All = Blue, Cur (0 - 1.6) mm = Red

3 T h_do_curl

£ Entries 3668
Mean 0.0004326
BMS 0.0149

= Entries 3746
E L Mean 0.002278
E RMS  0.05954
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All = Blue, Twist (0 - 3.2) cm = Red

i h_d0_tw

Entries 3668
Mean 0.0004955
RMS 0.01714

Entries 2656
Mean 0.005142
RMS 0.07092
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h_d0_clam

Entries 3668
Mean 0.0006474
RMS 0.01947

Entries 3688
Mean 0.0006426
RMS 0.07526

"d, (mm)

All = Blue, ZExpansion (0 - 2.4) mm = Red

h_d0 Z

Entries 3668
Mean 5.5e-05
BMS 0.005951

Entries 3709
Mean 0.0005221
RMS 0.01018

E e Epheiez ke

All = Blue, Skew (0 - 1.25) mm = Red

h d0 skew

E Entries 3668
£ Mean 9.551e-05

Invariant  |[RuS 0002507

Entries 3703
Mean 0.0002754
RMS  0.002804

ResrBek o2k oz

All = Blue, Bowing (0 - 2.4) mm = Red

E e Ep ez ko

T]

h_d0 bow

Entries 3668
Mean 0.0001886
RMS  0.008629

Entries 3681
Mean 0.002104
RMS 0.0243
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or realistically misaligned according to each of the weak modes.

All = Blue, Radial (0 - 1.25) mm = Red

RMS

h_del rad
Entries 3668
Mean -0.0003544
BMS 0.0176
Entries 3686
Mean -0.001267

0.03

P Re B 2 B

o
2 &

B

All = Blue, Telescope

(0 - 1.25) mm = Red

h_del tel
Entries 3668
Mean -7.983e-05
RMS 0.01196
Entries 3675
Mean -7.417e-05
BMS 0.0130

S —
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{d(<)+>g(+) —d51O) 4 (20 - zé_))é] comparison for VXD ideally aligned

All = Blue, Elliptical (0 - 0.6) mm = Red

P oRoe B g B

h_del ell

Entries 3668
Mean -7.983e-05
RMS 001196

Entries 3654
Mean 0.0001539
RM3 0.01488

______

All = Blue, Gurl (0 - 1.6) mm = Red

All = Blue, Twist (0 - 3.2) cm = Red

All = Blue, Clamshell {0 - 1.25) mm = Red

b o5 Ouab
wE h_del_curl E - h_del _tw E h_del_clam
omsf- - Entries 3668 sasf Entries 3668 o Entries 3668
u E_ ME&I’I nhﬂm1 4?-? as E_ Mean —0.00059583 oz -_ Mean -0.0005369
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sif RMS 0.07357 arfe orf- AMS  0.06062
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& (mm) & (mm) 8 (mm)
All = Blue, ZExpansion (0 - 2.4) mm = Red All = Blue, Skew {0 - 1.35) mm = Red All = Blue, Bowing (0 - 2.4) mm = Red
[e1-1.3 [:F.0. [0 -
B h_del Z WE h_del_skew E h_del bow
o f Entries 3668 osf Entries 3668 osf Entries 3668
azf- Mean —0.0005369 0sf Mean —8.32e—05 asE- Mean —0.0004172
s — AMS 0.0262 0.2 — RMS 0.01353 oz AMS 0.02712
oz f Entries 37049 oz Entries 3703 nzf- Entries e
o - Mean —0.0001935 ok ;— Mean 7.183e-05 QB f— Mean 0.0009407
M RMS  0.06097 e RMS  0.01729 e RMS 0.07178




Examples

Distance between POCAs d comparison for VXD ideally aligned or realistically misaligned
according to each of the weak modes.
All = Blue, Radial (0 - 1.25) mm = Red

h_distanza
Entries 3686
Mean 0.05424
AMS 0.05694

Entries 3668
Mean 0.0259
BMS 0.04028

d {mm)

All = Blue, Curl (0 - 1.6) mm = Red

All = Blue, Telescope (0 - 1.25) mm = Red

w h_distanza
E Entries 3675
- Mean 0.02857
Invariant |qus oossss
Entries 3668
Mean 0.02272
RMS 0.03024

"~ d{mm)

a 5] [F3 (X3

h_distanza

Entries 37486
Mean 0.1079
RMS 0.1214

Entries 3668
Mean 0.0335

| RMS  0.07095

[:T-] T [T
d {mm)

All = Blue, Twist (0 - 3.2) cm = Red

h distanza
o L Entries 2656
E Mean  0.3249
F AMS  0.3029
1 E Entries 3668
E Mean 0.03837
RMS _ 0.1027

Selpbil gy

d {mm)

All = Blue, Elliptical (0 - 0.6) mm = Red

h_distanza

Entries 3654
Mean 0.06351
RMS  0.09369

Entries 3668
Mean 0.03181
EMS 0.06244

d {mm)

All = Blue, Clamshell {0 - 1.25) mm = Red

h_distanza

Entries 3688
Mean 0.1024
BRMS 0122

Entries 3668
Mean 0.03447
RMS 0.07672

a [:X] [:F3 a3 -} [:1.] [:T-] oy [:T:] [:1:]
d {mm)

All = Blue, ZExpansion (0 - 2.4) mm = Red

h_distanza

Entries 3708
Mean 0.1099
RMS 0.1036

Entries 3668
Mean 0.03181
RMS 0.068244

d {mm)

All = Blue, Skew (0 - 1.25) mm = Red

h_distanza

Entries 3703
Mean 0.04738
RMS 0.06484

Entries 3668
Mean 0.02845
BMS 0.04906

d {mm)

All = Blue, Bowing (0 - 2.4) mm = Red

h_distanza

Entries 3681
Mean 0.1649
RMS 01903

Entries 3668
Mean 0.03797
RMS  0.08976
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Examples

Cosine of muons momenta projections in the xz plane at POCA cosf,.. for VXD ideally
aligned or realistically misaligned according to each of the weak modes.

All = Blue, Radial (0 - 1.25) mm = Red All = Blue, Telescope (0 - 1.25) mm = Red All = Blue, Elliptical (0 - 0.6) mm = Red
3 h_COSanglexz e h_COSangleXZ . h_COSangleXZ
= Eniries 3668 = Enties 3668 = Entries 3668
=E Mean -0.1167 e Mean -0.1167 e Mean -0.1167
100 £ RMS 0.7236 leo - RMS 0.7236 3 AMS 0.7236
16 Entries 3686 160~ Entries 3675 fen - Eniries 3654
w f- Mean  0.0242 1 Mean 0.03515 - Mean  0.03374
1zn | RMS 0.7089 1z BRMS 0.7173 nzn RMS 0.7064
100 :— 100 |— 100 —
E-d f— B 1) iy
(0] E— L) = [ =
wf- “af wp
=f mf mE
a5 | g wk ! T 3 k et wk ! q ik g 4
All = Blue, Curl (0 - 1.6) mm = Red All = Blue, Twist (0 - 3.2) cm = Red All = Blue, Clamshell {0 - 1.25) mm = Red
e h_COSangleRZ = h_COSangleRZ e h_COSangleRZ
= e Entrles 3668 = Enties 3668 3 Enties 3668
=0E Mean —0.1167 = Mean —0.1167 = Mean -0.1167
o RMS  0.7236 g RMS  0.7236 e RMS  0.7236
160 P~ Entries 3746 Rl Entries 2656 Tew £ Entries 3688
3 Mean 0.03373 3 Mean 0.001032 3 Mean —0.08209
::E: RMS 0.7051 ::: AMS 07102 ::E:
L] f— B e f—
] E— [ o ] E—
ao - wf anf
=f mf mE
ﬁil II -n.lu- — IOI : G.I!- 1 15 °l;- 1 I-O\.II [} [-1.] 1 15 'iil ﬁl ! IO\.IBI
All = Blue, ZExpansion (0 - 2.4) mm = Red All = Blus, Skew (0 - 1.25) mm = Red All = Blue, Bowing (0 - 2.4) mm = Red
i R COSangeRe F R COSangiexZ oF F_COSangiexZ
E Entries 3668 E Entries 3668 E Entries 3688
= Mean -0.1167 =aE Mean -0.1167 3 Mean -0.11867
e L RMS  0.7236 180 RMS  0.7236 o0 - RMS  0.7238
180 - Enfries 3709 1ea - Entries aro3 bl Entries 3681
b Mean 0.004229 tan - Mean 0.03005 tan - Mean -0.06157
120 ;— RMS 07242 {F: ] o RMS 0.7205 et - RMS 0.7301
og — 00— noe —
[0 E— Bl — B =
(-] E— o] = (L) =
=E =f =E
9 | R e 1 T 8% I| gy e 1 T 9k | gyl 0 1 T

Unambiguously Twist: Twist cosf, distribution is very symmetrical and the
mean is ~ 0.001.



Global picture

Radial expansion
Ar = cyeare -1

ddo

A ©

Telescope
Az = Cscale

Elliptical expansion

¢ : highly sensitive to the weak-mode.

. poorly sensitive to the weak-mode.

x : invariant to the weak-mode.

Clamshell

Ar = cyeate - cos (20) - r AP = cyeate -cos (9)

Skew

Bowing
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Twist
I’A¢ = Cscale "<

Z. expansion
AZ = Cscale " 2

<
x

L ]
X

52()

57“0

0T,

0Ty,

XXX

or,

dg - dy

20 " 20

A NANENE RN

S NESENANEN

L NANE A NE N R \@

«x«««««x«l

«A«A«x««xff




Global picture

Radial expansion
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‘ Allows for unambiguous identification of a weak mode
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Global picture

Radial expansion
Ar = cyeare -1
) !
S
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Telescope

Az = Cscale * T

Elliptical expansion

Ar = cyeate - cos (20) - r AP = cyeate - c0s ()

Clamshell

Skew
AZ = Cyeqle - €COS (¢)

Bowing
Ar = Cyeqle - |Z|
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Residuals in overlapping module regions

A further development to complement and validate the results is to use hits from
tracks traversing regions where modules overlap within a layer of the VXD.

6.7

6.8 5.6

69 5.7

6.10

6.5 6.4

6.6 6.3

3 5.2
5.5 4.4 4

45 33 4.2

21 41

4.6 3.5

4.7

5.8 48 4.9

6.11 6.14

6.12

Internal ladder (int.)

51

512

The difference in residual values for the
two measurements in the overlapping
modules is:

6.1

res = Aleyt. — AlUjnt.

6.16

Where A = qmees. _ upred. .

u is the local coordinate parallel to the
short side of the sensor.

External ladder (ext.)

Overlapping region




Simulation and event reconstruction

Events with tracks traversing two overlapping sensors of a same layer are a small subset of the
total. Generate 10* ete™ — p*u™ for sufficient statistics.

After simulation, a VXD weak-mode misalignment is simulated and tracks are reconstructed in
this geometry. A few sanity checks ensure we are not missing major things (aligned
reconstruction is shown).

Number of reconstructed PXD hits per track Number of reconstructed SVD hits per track
§ 7000 Entries 27767 g7o00 —'_|__I_ Entries 54082
F Mean 2.505 = Mean 4.339
F — =
6000 - RMS 1.196 6000 - RMS 2.304
5000; sooof—
4000?— 4000;
3000; 30002—
2000; 2000;
mnnf— '000;
E‘lw\\|\\\||\\|\|\\\|‘\ Ll | o e T S e e SR —
0 0 1 2 3 4 5 6 0 2 4 6 8 10 12
N. of reconstructed PXD hits per track N. of reconstructed SVD hits per track
— 5 £ -
3 E h_PXDxy . E = EmrizESVng-m?z . 60
> 41— | Entries 27767 15— |Meanx  0.3106
= | Meanx 0.06194 — |80 = [Meany 0023 e
3 | Meany -0.01151 = - e — 50
= | RMSx 1.347 10 — [RMSy 6.795 g
2 |RMSy 1.336 e — |50 - g
E - . 51— s —|40
e - -~ —140 -
0 [ i . °E - —130
E [ - - —30 sF
E -:-.,--..____ - ____.”--"_'{_ = \\ 20
2 - 20 Y=
A -
E Im 15 10
-4 -
= Eva 1 Ll | | | L |
75_5\ L \_ldl\ L1 I_lal L1 \_‘2\ L1 I_|1\ L1 \nll - “' |- I2| 111 \3'\ L1 \4‘I L1 I5 0 —2920 _15 _10 _5 n 5 10 15 20 0



Residuals in overlapping module regions
res = Auezt. — Auipne. is marginally sensitive to the effect of multiple scattering
because of the little radial separation between overlapping sensors belonging to
the same layer.

When reconstruction is performed with VXD perfectly aligned we observe an
unimodal, symmetric distribution as expected.:

Histogram of residuals differences

counts

—|— Entries 2953
Mean 1.978e-05

RMS  0.0008591
400

300

200

100

e

G003 ~0.002 ~0.001 0 0.001 0.002 0.003
AU, - Au,,. (Mm)

ext.



Aueqrt. — Auine. comparison for VXD ideally aligned or realistically misaligned according to
each of the weak modes.

" All = Blue, Radial 600 pm = Red All = Blue, Telescope 600 um = Red All = Blue, Elliptical 600 um = Red
450
o hDelta_rad hDelta_tel e[~ T hDelta_ell
- F Entries 2953 - Entries 2653 oo i Entries 2053
E_ Mean 5.419e-05 = Mean 3.457a-05 L Mean 4.724e-05
3 RMS  0.001164 = RS 0001017 ol RMS  0.001224
1000 [~ . 250 - Entries 2497
: Entries 2761 Entries 2848 wob
3 Mean  0.01459 = Mean 3391605 : Mean —0.0005009
B0 — 150 —
wb RMS  0.01539 . AMS  0.0009244 o RS 0401815
av.'uu-E 200 [
- 1] I L
o A L
° B0l BOOE & DOOE GOl GG GOE G085 6.3 ..-M!.'-!f"""‘;ii-‘i‘-.s S04 Mn
Au,, -Au,, (mm} Au,,-Au,, (mm) Au,,-Au, (mm)
All = Blue, Curl 600 um = Red All = Blue, Twist 600 um = Red All = Blue, Clamshell 600 pm = Red
': hDelta curl =0 hDelta tw a0 |- hDelta clam
a0 h Entries 2953 o Enitries 2953 — M |Entries 2953
0 Mean 4.415e-05 o Mean 3.457e-05 ImE_ Mean 4.724e-05
- RMS  0.001119 w0l RMS  0.001017 b RMS  0.001224
w0 Entries 2680 wob Entries 2789 e Entries 2609
400 Mean 0.0005746 sof Mean 0.000117 s Mean 7.013e-05
e RMS  0.002113 b RMS  0.001295 ol RMS  0.01501
') E o
160 mnf_ m:_
T Y T Y T YT o 0002 0004 0006 0n0a _&;m 0004 -0.000 -0.008  Cad T 0001 0002 0003 0004 0.006 _E_ A i 0 G i T mie b
AU, - AL, {mm Au,-Au_, (mm) Au,, - Au (mm)
All = Blue, ZExpansion 800 pum = Red All = Blue, Skew 600 pm = Red All = Blue, Bowing 800 pm = Red
B0 =00
mg hDelta_Zexp - hDelta_skew a0l ~ hDelta bow
e Entries 2053 o Entries 2953 sono - Entries 2953
m— Mean 3.449e-05 0 Mean 3.457e-05 1800 Mean 5.419e-056
a0 H RMS  0.0009551 a0 AMS  0.001017 o RMS  0.001164
=0 _w Entries 2741 =0 Entries 2787 :: 3 Entries 2635
o Mean 7.554e-05 a0 Mean 4.647¢-05 sob Mean  0.005911
" RMS  0.000901 - AMS 00009997 mof RMS  0.009036
o 100 m:_
& ok E E
-&[;H -0.003 a0z O [:] [T [T 003 on0d Ko A 3 R 1 L ] =i A AR BL05 i 4
Au,, - A, (mm) Au, - Au, (mm}) Au, - A, (mm})

Radial expansion, elliptical expansion, clamshell and bowing show striking distinctive features
in the residual differences, with asymmetric and/or multi-modal distributions.




Summary

e Charged particle tracking is a key capabillity for the success of the Belle Il
program.

| am exploring the possibility to quickly spot misalignments of the VXD,
using samples of ete™ — u" " events.

* Preliminary findings show that some weak-modes might unambiguously be
connected to observed patterns in the distribution of appropriately chosen
reconstructed variables.

« work still in progress: refine studies with backgrounds and then look at real
data.
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Examples

cost,. comparison for VXD ideally aligned or realistically misaligned according to each of the

weak modes.

All = Blue, Radial (0 - 1.25) mm = Red All = Blue, Telescope (0 - 1.25) mm = Red All = Blue, Elliptical (0 - 0.6) mm = Red
= h_COSangieYZ =ar R CUTSangievZ =ar A TSaEngevZ
r Enfries 3666 E Entries 3668 E Entries 3668
200 [ Mean -0.1098 o[ Mean -0.1098 e[ Mean -0.1098
C RMS  0.7333 r RMS 07333 r AMS  0.7333
Entries 3686 [ Entries 3675 Entries 3654
e Mean 0.03115 el Mean 0.03356 50 Mean 0.03301
AMS 07132 C AMS  0.7042 AMS __ 0.7082
toa 100 - 100 |-
3F ; S 3 13 : s °|;' I| e e e 1 T (i_' | L ) e 1 T
All = Blue, Curl (0 - 1.6) mm = Red All = Blue, Twist (0 - 3.2) em = Red All = Blue, Clamshell (0 - 1.25) mm = Red
=r h_COSangieYZ =r h_COSangieYz =r h_COSangieYZ
E Entries 3668 E Entries 3668 E Entries 3668
o Mean -0.1098 o[ Mean -0.1098 e[ Mean -0.1098
C RMS  0.7333 C RMS  0.7333 C AMS  0.7333
[ Entries 3746 r Eniries 2656 Entries 3688
180 Mean  0.0281 180 Mean 0.01486 1= Mean —0.07837
C RMS  0.7082 r AMS 07157 I N5~y e pl? t
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Unambiguously Z-Expansion: Z-Expansion cost,,, distribution is very symmetrical

and the mean is ~ —(0.0001 .




Examples

d,, comparison for VXD ideally aligned or realistically misaligned according to each of the

weak modes.

All = Blue, Radial (0 - 1.25) mm = Red
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Event generation, simulation and reconstruction

. Generation: € e~ — u " events using KKMC, which is the default generator for this

kind of events (no resonances or interference of resonances with continuum).

« Simulation: it performs interaction with the detector, taking into account all the different

materials involved and every geometry, and stores energy losses in the
sensitive volumes.

Hits coming from the event are created, together with trajectories and secondary

particles: simulated information will be used as “truth” information in this
analysis.

 Reconstrution: - Hit reconstruction:

- Track representation: particle propagation and extrapolation taking into
account the detector geometry and the magnetic field,

- Track fitting algorithm: fit of the track, given the reconstructed hits and track
representation.



First step: charge dependency of reconstructed track parameters

Generate few thousands eTe™ — u™ 1™ signal-only events and feed them to the

full Belle |l simulation and event reconstruction.

Using a custom-made analysis module | restrict to those events where only 2
tracks are reconstructed and | extrapolate information from the store array
whose elements are objects containing the values of the track parameters
obtained performing the track fit.

This part of the work is focused on spotting possible differences between the
reconstructed track parameters of the p* and u—.




Transverse impact parameter

do for w dO for pu*
%400; ézmoj
350;— 3503
o0k 00 dO resolution is
: ol O(10) of pm as
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200?— 200}
150%— ‘502
100%— ‘003
505— . 502
—Uo.l;()llI I I—U.l‘JUEI — (ll — ‘U.0|02I | ‘0.004 70%04 -0.002 0 0.002 0.004
d,(mm) d,(mm)
* Difference between charge-specific d0 distributions
< 1001 1001
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8 805 | 8 805
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. 2 . = L " ‘&,“1 L
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seem to show a shift between o “{ o ‘H
and p~— distributions. o | b |
—EUE— -60-
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bin bin



Longitudinal displacement

z0 for p
[]
£
= Entries
3
600 ot
[ Constant
- Mean -0.0001664 = 0.0002901
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a00[
3001
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100
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01 —0.05 0 0.05

z0 for p*

o counts

o
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T T T T T

The difference between the X is
compatible with having added a
degree of freedom: the value of the
fit parameter po = —0.53 =1.03 is

compatible with 0.
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Minimum distance between the reconstructed tracks

A convenient inclusive way to summarize the whole reconstructed track information
Into a single distribution is to construct the minimum signed distance between the two
straight lines which best approximate the tracks near the origin.

Neglecting curvature w ( linear approximation ) | can write the two tracks,
corresponding to the positive and the negative muon, as

pt = dSPE 4 (P54 A5
p = dSTE) 2T AEp)

(=) o ()
and the distance between the tracks is |5 = p(_) . p(()+) dSTE) — @) 4 50— 20z
Dy X Dy |
Distr. of delta for each pair of tracks
8 [ Entries 3670
600;— Mean —3.236e-05
500 ; RMS 0.003579
a00 =
300;
200
r —|_|_h——L
—8;2 i0.015 -0.01 ‘—IO.EOI‘SI | I(‘J‘ | I(IJ.()OS 0.01 I _6_()1?50 —'(IO2




Track-finding efficiency studies: overview.

In order to estimate the track-finding efficiency, D** — D"z decay is used.

There are sufficient kinematic constraints to detect this decay even if one of the tracks from D°
IS missed.

Then one can process full and partial reconstruction (one track is missed) of this decay.

After the estimation of the number of candidates for each of reconstructions, it is possible to
calculate the track-finding efficiency of the missed particle:

K- M (D**) = 2010.26 + 0.07 MeV
N M (D) = 1864.84 + 0.07 MeV
JU
M(m%) = 139.57018 £ 0.00035 MeV
Do :
D+ »<:\> ' Q <20 MeV
at -

Nfull<D*+ — DO7T+)
Npgre.(D*+ — DO )

e(charged track) =




pX: momentum in the plane of the ring

2200
[
3
0180
160
140
120
100
80
60

40

20

p, for W

o=

Entries 3668
“Mean 0.1462

RMS 2.82

counts

n

p, for p*

oof
snf
snf
140f

120}

muf
snf
sof
40f

200

Entries 3668

CMean 0.2667

RMS 2.818

Both the histograms show a peak at
~ 5 GeV/c, which ( for muons) is

consistent with a T(4s)resonance at
Vs =10.58 GeV.

Both the distributions have nonzero

positive mean and this may suggest that
interactions push particles in the x direction
outside of the accelerator tunnel.

This is consistent with an expected
crossing angle of 83 mrad between the
beams.

Transverse momentum

P, for w

350 —
300 —
250 7
200 —
150 7
100}

50

Mean

RMS

0_\\Ill\\llll\\I|IIII|III\|II

Entries 3668

3.816

1.193

0

1

2

3

4 5 6
pT(GeV/c)

P, for pu*

00T
c [

=

o [
O350
300 7
250 —
200 —
150 —
100

501

Mean

RMS

U_IIIll\\lll\\\Il\\\llll\llll

Entries 3668

3.808

1.216

0

1

2

3

4 5 6
pt(GeV/c)



Coordinate system of the Belle Il software.

% Horizontal outward of tunnel
y: Vertical upward
#: Solenoid axis (== bisector of two beams); ~direction of electron beam

positron (4GeV)

e azimuthal angle around z-axis, =0 for (v = L0000
(1: zenith angle; =0 for (v =(0,0,1)

Coordinate system of Belle Il software. x axis is horizontal and toward outside of the accelerator
tunnel, which is roughly northeast. y is vertical upward. z is the Belle solenoid axis, which is bisector of two

beams; roughly toward the direction of electron beam. ¢ is azimuthal angle around z-axis. ¢ = 0 is defined
for (x,y,2) = (1,0,0). fis zenith angle with respect to z-axis. # = 0 is defined for (x, y,z) = (0,0,1)



Detectors

......
---------
...............

Tracking .o :
Hardware R EEEEE

e

— 250 mm —

Component Type

Performance

Beam pipe Beryllium Cylindrical, inner radius 10 mm,
double-wall 10 pm Au, 0.6 mm Be,
1 mm coolant (paraffin), 0.4 mm Be
PXD Silicon pixel Sensor size: 15x100 (120) mm® 10M impact parameter resolution
(DEPFET) pixel size: 50x50 (75) um? a,, ~ 20 pm
2 layers: 8 (12) sensors (PXD and SVD)
SVD Double sided Sensors: rectangular and trapezoidal 245 k
Silicon strip Strip pitch: 50(p)/160(n) - 75(p)/240(n) pm
4 layers: 16/30/56/85 sensors
CcDC Small cell 56 layers, 32 axial, 24 stereo 14k g6 = 100 pm, o, = 2 mm 4
drift chamber r=16-112cm ) 05 /P = /(0.2%p,)? + (0.3%/8)?
.83 <2< 159 em Built O /pe = 1/(0.1%p0)? + (0.3%/B)? (with SVD)




Side view of the vertex detector

/

< PXD layers

SVD layers X

\



ete” — utu~ differential cross section |

4n,
4 /1= 2 Am=
do— _° ; (1+ﬂ(m§+mi)+(l—4mf)(l— m”)coszﬂ)dﬂ
5

5 5

bir’s | e

If the energy is much larger than either mass, m, < my < /5 < 90 GeV, then this is approximately,

-2

1 10
[
do0 = —— (1 +cos> 8)dQ 3 F b
643:25 ( ) 10 ¥(28)
-
Wnting ¢ in terms of the fine structure constant, 10 | Z
:
Z0° e, :i
2 = i
e"= — =41 IR
. ® 0 S A
" - ‘\’.\ l\
this is ) 0 .’ \
o .
da=4—(1 —I—CDSZH)JII 0 GeV
-5
2
10 10

ee” — hadrons differential cross section

25P-'|--'|"-|-"'-|----rI

a
=

6 (e"e" — Hadrons) (nb)
=
~a
v

0
944 946 10.00 10.02 1034 10.37

B—meson events
i Y(4S)

10.54

10.58

10.62

W (GeV/c?

Figure 2.1.: e*e™ cross section in the T(15) — T(45) region. The red dashed line
marks the kinematic threshold for the production of BB pairs .



Millipede II

This algorithm is based on global linear X minimization with constraints. )
This method relies on linearization of the normalized residuals z;; in the X function:

tracks hits tracks hits
(’973 j

ai- 1\

Where: - 7}, @ are initial parameters;

- 0T, 0a are small corrections.

Separation of alignment parameters a from track parameters 7 allows to simplify
the problem of minimization by means of block matrix algebra and solve a reduced
problem using matrix inversion.




Coordinates systems

Local
wi(r) 4
u(re)
TP 3 /
= —
:v(z) ,é! > 7

With: - R rotation matrix
- Aq = (Au, Av, Aw)
- AR = RoRgR,
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