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Introduction LIVERPOOL

* The g-2 tracking detectors

* Precession frequency analysis
* Muon convolution

 Pitch correction

« Uncertainties

* Physics impact

« Conclusions
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Tracking Detectors LIVERPOOL
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* Modules built at Liverpool University
* Measure et tracks and reconstruct beam using traceback
« Reconstruct muon profile at 2 separate locations
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Measurements LIVERPOOL

* Non destructive beam monitoring as a function of time in fill

 Measure the radial and vertical position at the extrapolated
point of radial tangency as estimate of muon decay position

Possible
decay e+
trajectories

________

N
N Muon orbit
e ‘ N\
’ Possible decay \
’ \

ositions for
P 3GeV e+ ‘

« Also measure the vertical angle of the positron

* Monitor any changes in fill crucial for w, analysis
* Provide muon map for convolution with B-field

« Measure vertical width needed for pitch correction
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Tracking detectors
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Improved fit procedure

| 5-Parameter Fit |
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Accounting for the beam
oscillations improves the fits

FFT of fit residuals flattened
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Tracking Detectors

* The trackers are sensitive
enough to measure beam
frequencies changing
throughout fill

« Accounting for these improves

start time parameter scans
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convolution: impact of trackers
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Tracker coverage LIVERPOOL
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» Trackers located at 180° and 270°
« Each cover about 1Tm azimuthally

 Beam oscillations become apparent when plotted as a
function of time in the fill...
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Oscillations LIVERPOOL

Average Radial Position [mm]

11

Average Vertical Position [mm]
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Radial oscillation on a longer time scale than vertical

Can fit individual time slices for mean and width for detailed
studies

For field convolution, only beam spot after 30 us matters



Calo Acceptance
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» Final acceptance effect on calos will be smaller as high/low

decays less like

TRREREN
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« Once we have corrected back to the beam we need to know

what makes it into wiggle plot.

12 E-field/Pitch Review
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pitch correction: impact of trackers
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Why do we need a pitch correction LIVERP OOL
« Muons are going up-and-down in the ring (focused by quads):
Ay
b X Muon going up at
B © this time, but angle
> oscillates
v
N .

« Field felt by the muons is reduced:

5= = |aB-a, (1) (3.5) 5]
—

This is always
” positive for us
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Angles and Positions (5-5) 3 & LIVERPOOL

« We really care about the vertical (pitch) angle of the u*
« But we measure et so angle information is washed out a bit

* Instead, we measure position of decay and rely on the
relation between amplitude & angle of oscillation:

A AAA
V V V V o= =g )

’ o2 We’'ll actually use a beam
Larger amplrtude — Larger angle dynamics model instead of this

Smaller amplitude < Smaller angle formula but it’s close

8 8 8

Vertical Position [mm]
—
O

15



yv UNIVERSITY

A Recipe for Pitch Correction: LIVERPOOL

Ingredients:
 Tracker data

« Beam dynamics (BD) model
« Calorimeter acceptance

Steps:
1. Correct tracker measurements for ‘acceptance & resolution:

x10°

jay
o,

Counts

- @ -
[
2501 — Entries 8837896 § N Entries 9133861
B Mean ~0.006856 Cald Mean 0.3026
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C Overflow 0 C Overflow 1
r Integral  8.837e+06 - Integral  9.131e+06
1 50 __ 1 50 —
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50— 50 —
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A Recipe for Pitch Correction:

Ingredients:
 Tracker data

« Beam dynamics (BD) model
« Calorimeter acceptance

Steps:
1. Correct tracker measurements

UNIVERSITY OF

(1/4)<py?> [mrad?]
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(1/4)<<py?>> = -0.194 mrad? B

<Cp> =-0.186

Cp [ppm]'hu Mya 16 14:03:1,

quad_mis_1 -
i I I I I I I F—

vertical offset [mm]

2. Tune BD model to match tracker data at two measurement points

3. Propagate y* in model and get C; for each decay

17 E-field/Pitch Review

4/29/19
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A Recipe for Pitch Correction: @Stg%yflriol}n%gggl

» Tracker data T A m E

« Beam dynamics (BD) model

« Calorimeter acceptance

Steps:
1. Correct tracker measurements for acceptance & resolution.

2. Tune BD model to match tracker data at two measurement points
3. Propagate y* in model and get C. for each decay

4. Calculate C, weighted by calo acceptance at each decay point

18 E-field/Pitch Review 4/29/19
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Tracking Uncertainties

Focusing on pitch correction since that is complete

UNIVERSITY OF

LIVERPOOL
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Vertical Distribution: Changes vs Time®/ LIVIRBOOL

» We have 2 effects that could change our vertical distribution

1. Changing radial magnetic field means the beam drifts up-and-
down over the time scale of hours:

1II|IIII|IIII|IIIIIIIIIIIIIIIIIIIlIII[IIII

T T -
E [ » Station 12 ’ - .
4 0.85— . cotonns + +#++ ++ +#+++ _E After alignment
0.6 ++ #++++++*++.4+ + ~| Difference
- +*+++4++¢++ % t . $++++ 4 could be from
0.4 7Y TedY, LML .
S UK ! 8 +++ +® | closed-orbit
020 s ] distortions or
o +++++§+++M + + ; 1 systematic
o f4'* # | shift
0.2 450 15630 16040 15080 15960 16670 15980 16080

R
« We fit each run separately and combine widths

20 4/29/19 E-field/Pitch Review
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Vertical Distribution: Changes vs Time@ LIVERPOOL

» We have 2 effects that could change our vertical distribution

2. Bad quad resistors mean the beam moves down and changes
width over the course of each fill:

Average vertical position [mm]

- 16
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- © —
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« Seems to be negligible for width measurement

21 4/29/19 E-field/Pitch Review
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(y2) over 60h dataset: LIVERPOOL

* Width is stable until run 15970, which is is thought to be
related to the quads:

be o R T
3 : ‘“é‘{{]il{l]”#lh{ lll’ | -
it g { =l 1L
1225:]#“ (i }h{n | }l[ HJ H} ’!HH *{ *“lH’:% = - ! |
15 s:'azo 15030 15940 15950 15960 15970 15980 1 lr,ég‘E :25;20 15930 15940 15950 15960 15970 15980 1 '59';9‘;

Remember
« Change after then is only a few ppb different 1 mm*~1 ppb

o Difference between stations combination of resolution & orbit
distortions

22 4/29/19 E-field/Pitch Review
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Tracking Systematics LIVERPOOL

* Tracking systematics have been computed by whole team:

— Alignment
— Tracking algorithm

— Lost muons

* We change parameters and see how y, , o, , y, , & 0, change
« Generally, vertical width is not sensitive to most systematics

« Still missing fringe field estimate

23 4/29/19 E-field/Pitch Review



Alignment: External Alignment

« Use Horst’s alignment measurements
 Fit for ‘global alignment’

Generate correlated shifts
See doc-db 16063

Ay [mm]

» Corresponds to a AC,

24

Vertical difference from sim (e =+ 0.2mm)

............... 1-1 station 18, 6, = -0.0372, intercept = +0.656
-1+0 station 18, 6, = -0.0429, intercept = +0.78
-1+1 station 18, 6, = -0.0372, intercept = +0.808
+0-1 station 18, 6, = -0.0233, intercept = +0.509
+0+0 station 18, 6, = -0.0233, intercept = +0.616
+0+1 station 18, 8, = -0.0233, intercept = +0.723
+1-1 station 18, 6, = -0.00945, intercept = +0.424
+1+0 station 18, 6, = -0.00371, intercept = +0.452
T‘H Islalicr: 18, (3, = -(.),0091‘45. intlercep.l = +0I.575 ,
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distance around ring [mm]
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0.025
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0.015
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0.005

UNIVERSITY

LIVERPOOL

. .

iy

0.2

Ay [mm]

............

station 12, 8 = 0.00232 +/- 0.0129

station 18, 6 = -0.0233 +/- 0.0129

O—IIIII|III|IIIIIII

L
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-1-1 <y> = -0.64mm, o= 13.39mm

-10 <y> =-0.88mm. o = 13.4mm
-1+1 <y> = -0.81mm, o, = 13.39mm

L L

01 <y>=-0.22mm, 6, = 13.4mm

00 <y> = -0.34mm, o, = 13.38mm

L

0+1 <y>=-0.46mm, 6 = 13.4mm

+1-1 <y> = 0.15mm, o, = 13.38mm

T T

+10 <y> = 0.23mm, 5, = 13.42mm

|

+1+1 <y>=-0.03mm. o = 13.41mm

IIIIIIIIIIIIIIlII
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-60 -40 -20 0 20

40
Vertical pos [mm]

(y> changes by +/- 0.6 mm, and <y2 +/-0.01 mm?2

4/29/19 E-field/Pitch Review

= 0.3 ppb



SD Vertical Position [mm]

Alignment: Internal Alignment

UNIVERSITY OF

LIVERPOOL

* Internal alignment is the movement of the individual modules

In a station
| PN

Sample #

0 0
-500 -400 -300 -200 -100 0 100 200 300 400 500 -500 -400 -300 200 -100 0 100 200 300 400 500

[um] [um]

Generate randomly mis-aligned modules +/- 100um

Reconstruct data and calculate <y2)
Details in doc-db 16685
Ao, = 0.06 mm, giving AC, = 1.5 ppb

25 4/29/19 E-field/Pitch Review

Gleb Lukicov (UCL)
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Alignment: Straw Angle Alignment & LIVERPOOL

RMS of Vertical Position Change [mm]

26

:I | T LI I T 1 T l T LI T I LI LI | T 1T T I T T T l T : 109_ym
0.3 ' -
E # ¢ Station 12 E Wire
02 * Station 18 B
0.1E- + = 7.5°
0 ° —~
-0.1F # -
~0.2F E
—0.3; | l 1 1 | 1 1 1 | 1 l 1 1 | 1 1 1 1 | 1 1 l 1 | | 1 1 1 T 1 I_f DeSign isaligned
735 74 745 75 755 76 7.65 ! ! ’ !

Straw Angle [ °]

Wire position at end of straw known to ~100 ym

Conspiracy theory: all are misaligned in same way due to some
machining error

Uncertainty on vertical width of 0.25 mm — AC, = £ 6.9 ppb

4/29/19 E-field/Pitch Review
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Tracking Algo: T-to-R LIVERPOOL

DocDB 17746

Have function for going between drift-time and track impact
parameter

Changed slope of this curve to that of steepest & shallowest layers:

IIIII ] TTTT TTTT T galralml TTrr1rr B L ] TTT1T Trri4g FrTT1T ] TTTT I TTT1T T galralml LU T 5Kk ] TTT1 Trrig
2.5 2.5
E =F&
£ | £ I
<€ B <EESidh
©) ®)
a N Q
1.5 1.5 —
i Default i Test Cases
I Parameterisation -
i (One line per layer) 7 e Y i
IIII|IIIIIIIIIIIIIIlIIIIIIIIIIIIIIlIIIIlIIII :IIII|II|I|IIIIIIIII|IIIIIIIIIIIIIIlIIIIIIIIl
0 1020 :30:2::40::::50:: .60 70 80 90 0 10720 30740 :-60: ::: 60 70 80 90
Drift Time [ns] Drift Time [ns]

* Ao, =0.1 mm, giving AC, = 2.7 ppb

Gavin Hesketh (UCL)

27 E-field/Pitch Review 4/29/19
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Tracking Algo: t, Offset LIVERPOOL

ocDB 16787

+ t, offset is fixed time difference between estimate of t, and the mean
of hits in the track

« Getting it wrong increases/decreases the drift circles of the straw hits

data run 15922
all stations

yPos-STD vs timeoffset

%13_8_ ................ ......................................................... .............................................................................. e Take +2 ns as uncertainty

136;_%_j___ ....... ______________ . NO Clear Shift in Width Of y

Tl s St by - bity i Ll SR
1344:_ ................ ............................ E AG=25+30um ............. i {% ..... dlStrlbutlon, bu’[ we take
| R I AR R uncertainty as 25 ym [0.6 ppb]

SN ARRE AR AR
13_1‘.‘3i)lll3i2ll‘CS-_EI-J~1\1I.3J§GIII3J§8ll

timeoffset [ns]
a
Nominal

Alessandra Luca (FNAL)

28 4/29/19 E-field/Pitch Review
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Tracking Algo: Material Density %7 LIVERPOOL

DocDB 16787

Amount of material in tracker is used to calculate energy loss

[ ]
« (Getting it wrong means we get our track curvature wrong
No Material: Half Material: Nominal: Double Material: . -
Oxo 0.5%0 0 2x0 Vertical Position STD vs x p
%105 Entries 698012 | Entries 701907 | Entries 710300 | Entries 690017 E : :
2 EMean 0007725 Mean  0.144 |Mean  0.2808 Mean  0.543 £ data run 15922
RMS 0.0365 |[RMS  0.06451 [RMS  0.1159 RMS  0.1997 g all stations
-

Energy Loss

18,6 Emyrrgrngng oo eegersgresg oo ey
5 0 0.5 1 15 2 25
U X p[mm]

i N'H“MMM i

T
0.8

I ||
. 0.4 .
MeV lost

» Tested reconstruction with 0, 0.5, 1, 2x nominal density.

* No clear shift in width of y distribution, but we take uncertainty
as 11 um [0.3 ppb]

Alessandra Luca (FNAL)

29 4/29/19 E-field/Pitch Review
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Lost Muons LIVERPOOL

* Lost muons look like high momentum e* in the tracker
« Many removed by quality cuts, but some survive.

« Estimate how many make it through by using calorimeter to
tag et/u:

Stn 18 | Vertical Decay Vertices All Tracks
z E Entries 9625114
— ___.-""_"“““--.__ Mean 0.2873 1 0.004238
10° =— = . StdDev  13.15£0.002997
= __-' - All Tracks - Lost Muons (Scaled)
0 =— T - Entries 9501489
= e = Mean  0.2828 +0.004222
10° =— L ol Std Dev 13.0140.002986
= *,:::?;v-ww,maw,«»ﬁmwf*" T ;::.,’ Lost Muons (Scaled)
10 = TPt T Entries 19294
= *% ff +ﬁ*ﬁ-}?f t | Mean 1,63 40.2527
0 Bt ? H i ) sianer 3509201787
%W’r er_rr T ‘ﬁﬂﬁtf’rﬁ’}
1
T100 t | S W !
Vertical Decav Vertex [mm]
A Vertical Width [mm] ‘ —0.109=+0.004
+ 60 mm Ran
30 4/29/19 E-field/Pitch Review 60 a ge [2.9 ppb]

Sam Grant (UCL)




Uncertainties from Tracking:

31

?V

UNIVERSITY

LIVERPOOL

Systematic o, systematic [mm] C, systematic [ppb]
Alignment (Internal) 0.06 1.5
Alignment (External) 0.01 0.3
Alignment (Curvature) 0.1 2.7
Straw Stereo Angle 0.25 6.9

t, 0.03 0.6
Track Finding 0.01 0.3
Hit resolution 0.01 0.3
RtoT 0.1 2.7
Material Effects 0.01 0.3
Magnetic fringe field ? ?
Cross-talk < 0.005 <0.1
Lost muon contamination 0.11 2.9
Total 032 +7? 8.6 +?

Find that all tracking uncertainties together give ~ 9 ppb
Need to make sure last outstanding systematic is not significant
Should be able to check straw stereo angle alignment with tracks

E-field/Pitch Review

4/29/19
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Vertex Resolution Removal: Data LIVERPOOL
Ew smiont2 | £ sutionts:
ko 164;— { —; T 164 ﬁwﬂmlﬁhﬂl TTMW‘T H .............. M ...... _f

g HH!M H.MIMM I H E TH { Lk { HH Mw -
160 m-----W-TLW-W--T-rﬂ--ww|Jﬁ.1..rﬂ+1...h....r" WMH‘ : —j 160F- E
1585_; Gazussian-Ellifse Con:. J H _f 1585_ . Gazussian-EIIipse Con:. i _:
56l <1605 £0.1 ER et L
1' 5'9é6 159301594015950 15960 1587015960 15990 1592015930 1584015950 1596015970 15980 15990

Run Run

« Using fit over whole range of 60h:
()72 = 1605+ 0.1 mm?  (y?)° " =162.7+0.1 mm?

Stat. errors only

()2 = 1532401 mm? ()" =155.4 £ 0.1 mm’

calc calc

* Relatively small change from resolution (~8 ppb)

32 4/29/19 E-field/Pitch Review
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Vertex Extraction Resolution: Systemai LIVERPOOL

* How wrong could our resolution estimate be?

E‘ 5.5:Ill|lll|lIIIIIIIIIIIIIIIlllllllllll|l+ll :
E 5 f_ *  Radial Position | + } + _f
§ 45 f— Vertical Position + + + t } + + + + —f
= - =
A AL
< - RETRNRIAL e
% 3.5 * t f -
R - } .

> 3E RYAIALY E
e — pogt, =

255 MI”” =

- { -

2F E
15:IIIIIIIIIII|III|II IIIIIIIIIIIIIIIIIIIIlIII:

~0 20 40 60 80 100 120 140 160 180 200 220

Straw Hit Resolution [um]

« Conservatively, | think we know our hit resolution to ~ 30 ym
 Vertical resolution known to 0.5 mm — AC; = + 3 ppb

33 E-field/Pitch Review 4/29/19



Tracker to beam: acceptance

UNIVERSITY OF

LIVERPOOL

 How does what trackers measure compare to true beam?

-
=
-

1200

Radial

1000
800

MDCH1

600

Entries / mm

llI|III|III|III|III|III|

— all muons

—— quality reco

. track

”——+++4+

2 i - [ |

Tracks/T ruth

-50 40 30 20 -i0 0 10 20 30
True Radial Position [mm]

X4

1200 :— — all muons
— Ve rtlcal —— quality reco. track
1000 [—
£ 800 —
E —
8 o~ MDCA1
e C
400 —
200—
0.0012F —‘—_'_‘*I_ + | |
T +++ = | I L
001 |
£0.001F T Tracks/Truth 4T
0.0008 F : _i_
-50 40 30 20 -0 0 1020 30 40

True Vertical Position [mm]

« See more tracks at lower radius (closer to tracker)

« See fewer tracks that decay near top and bottom of ring —
means we underestimate vertical width
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How much do we underestimate width LIVERPOOL

« Take the tracker measurement and weight it by the
acceptance curve (2"9 order polynomial fit)

x10°
0.0014 — 180 — unweighted, <y 2> = 160.9 mm 2
L — weighted, <y 2> = 184.1 mm 2
0.0012 — 160 —
- 140 [—
0.001— —
- 120 —
0.0008 — _| » -
k) - 2 100 —
£ r ratioBeam £ n
0.0006 — Entries 1.096403e+07 80 —
- Mean 0.9179 -
- Std Dev 24.86 60 —
0.0004 - x2/ ndf 24.26 /21 —
- Prob 0.2807 40—
0.0002 | — po 0.001298 =+ 0.000013 C
= p2 -3.105e —07 + 3.054e —08 20 :_
0_|11||[[|||||||||||1|||[|||||||||||]|||[|||||||||| 0_, | il . ; B L . . L
=50 -40 -30 -20 -10 0 10 20 30 40 5( —40 -20 0 20 40
True Vertical Position [mm] Vertical position [mm]
2y i 5 o Remember
« (y? increases from 161 to 184 mm?2 [14% f mm2 1 ppb

* Including resolution increase is reduced by ~ 3 mm?
«  Will correct for acceptance & resolution together
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Uncertainties Summary: LIVERPOOL

Systematic C, systematic [ppb]
Tracking 8.6+ 7

Vertex Resolution 3

Total 9.1+7?

« Uncertainty excluding acceptance is ~10 ppb

* Acceptance correction itself will be less than 20 ppb with
small error

« Simulation/Model uncertainty is also 10 ppb

 Total correction expected to be ~160 = 15 ppb.
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Conclusions LIVERPOOL

37

Systematics assessed for pitch correction
— Straw stereo angle dominates

Same uncertainties apply to convolution, radial component
important

— Assessment underway

For w, the tracker model is used for variation of field index
throughout the fill

— Uncertainties negligible compared to changes in beam dynamic
frequency lifetimes



