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(INFN Outline

Istituto Nazionale di Fisica Nucleare

* Description of the apparatus: calorimeters
 Calibration and reconstruction of events
* Measurement principle of w, (anomalous precession frequency)

* W, analysis: Runl fits and results
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<R g-2 storage ring AN

™ e About 10* muons at a time,
0° NN injected with a rate of 13 Hz

Quadrupoles
24 Calorimeters
Tracking Stations

* 1.45 T magnetic field, 7-meter
radius: muons precede every
149.2 ns

* Each fill lasts for ~ 700 us =11
muon lifetimes

Collimators
Inflector

* Decay positrons are detected by
24 calorimeters placed along the

inner circumference
€.
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Istituto Nazionale di Fisica Nucleare

High energy positron Low energy positron

Calorimeter

Electromagnetic calorimeters

=== e == =S er
= . Ilih |

Calorimeter

w

AN

* Positrons drift away from
storage orbit and hit
calorimeters

e 24 stations, 54 crystals in
each station (9x6 array)
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(NN Cherenkov crystals and SiPMs AN

Istituto Nazionale di Fisica Nucleare

* Homogeneous EM calorimeters: 6x9 PbF,
crystals, refractive index n=1.8

* Each crystal is coupled with a SiPM working
in Geiger mode: Cherenkov light is detected
from EM shower

Incoming positron
@ 2.4 GeV (simulation)

13-17 Settembre 2021 Lorenzo Cotrozzi — Fermilab 2022 Summer School at Pisa | 19 July 2022 5



(INFR Laser calibration aN

Istituto Nazionale di Fisica Nucleare

* A high-precision laser system was built by INFN-INO to synchronize
1296 crystals at 0.1 ns level, and control gain fluctuations at 1e-4
level 2 20 ppb systematic

* Crystal gains change at different time scales:
- Short term. When a positron hits a crystal the SiPM is «blind» for
O(10 ns); a second positron might hit before recovery
- In-fill (700 ps). At the beginning there is a huge «splash» of
particles

- Long term (days). Gain changes due to external factors, mainly
_ hall temperature

=5
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(NN Laser calibration aN

Istituto Nazionale di Fisica Nucleare

e Out-Of-Fill corrections: 4 laser pulses
between two muon fills are used to
study the stability over time

Mean positron energy vs run number Calo 9

L e———
S o Corrected. ~  Positrons selected in the
) . ) - Raw | [1000-3100] MeV range
* Plot: positron mean energy before & rsof
H . § 1700/ R
and after applying OOF correction § ™= ~ —— ——
e 1600
Sync. Pulse st oo Out-of-fill 1500~ “‘k‘ PR
A o (— ’.‘

- pattem 1400 % : \j .\t/ i : ": i‘-‘ : T \.,-‘ {‘ : :
‘ ‘ ‘ :_ ..‘....‘.'.‘. ..J:
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un
Begin of Muon Fill Begin of Laser Fill
Trigger from accelerator Trigger SW generated
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Istituto Nazionale di Fisica Nucleare

1) Seed

(NN Reconstruction chain aN

é -12002
* Fit to identify pulses on crystal hits £ ™ ol
* Clustering algorithm to reconstruct
time and energy of incoming e™ . 2)propagation
* Runl: 4 different teams, each with ot e ] gl
its own reconstruction chain R lfmeif,?ois.fnd[ifj -
* Following runs: more analysis teams, &= E "‘:(), ( o oweneres e
including new Italian reconstruction; = 7] jj| e es-ome
many efforts to understand and o
reduce Runl systematics
J€
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Istituto Nazionale di Fisica Nucleare

13-17 Settembre 2021

2D Maps: Energy vs Time

Data collected in a single
dataset, order of 100
hours of acquisition
Periodic time modulation: 2o
anomalous precession -
frequency, ~ 4.365 pus
Project on Y axis: energy
spectrum of detected
positrons (see next slide) 130
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Istituto Nazionale di Fisica Nucleare

(NN Pileup subtraction aN

" —— Energy Spectrum )
10 | __|* Positrons decay from ~ 3 GeV
—— Pileup Correction
10 muons, so max energy should
wéé-\x be ~ 3 GeV (dashed line)
104 [ . .
i * But: pileup! Double and triple
g overlapping positrons, which
o we can subtract
= * Red line: correction that is
0 1000 2000 3000 4000 5000 6000 7000 8000 .
. mew M) applied to data (absolute value,
Te 190205 _ 1492105 from positive to negative)
N\ |
5 e Time
J€
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INFN Energy spectrum in muon rest frame

Istituto Nazionale di Fisica Nucleare

2 Set
' @ —*  « Parity violation in muon decay:
O “  T(E,0) =N(E)[1+A(E) cos(6)]
> — * Correlation between high-energy decay

positrons and @, angle between positron
and muon spin: highest rate for 86 = 0

* Positron energy spectra in the lab frame
depends on muon spin direction

* Rest frame: e™ max energy is ~ m, /2

0.8

0.6

0.4
0.2
F

—02F

04 s lal vy = Positron energy normalized by ~52.8 MeV
y
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< Spectrum in lab frame AN

Istituto Nazionale di Fisica Nucleare

Electron energy spectrum in Lab frame

H

E 2F o=0°
% 1af o =90°
R o = 180°

14F o = 60°

w2k calorimeter

1 :;)
- spin
Red arrow: 1 momentum momum

o
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Blue arrow: 1 spin

o
»
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y=E/Emax

Positron spectrum changes with the angle between muon momentum
and spin >time modulation w,, with period of ~ 4.365 us

=5
M
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<R Wiggle plot aN

Istituto Nazionale di Fisica Nucleare

If we fix an energy threshold (e.g. 1700 MeV) and count all detected
positrons above threshold, over time:

Wiggle plot

2000

1750 4

1500 +

1250 +

1000

750 A

Detected positron

T T T T T
0 5 10 15 20 25

WE Dy Time [us]
|~'; E I
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<R

Istituto Nazionale di Fisica Nucleare

Asymmetry
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* Asymmetry is a function of energy: from negative to positive,

crosses zero at ~ 1000 MeV
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<R Wiggle plot AN

Istituto Nazionale di Fisica Nucleare

106

N /149 ns

10°

10°

10°

Wiggle plots for different energy thresholds /' y = Positron energy normalized by max Energy ~ 3 GeV
- A UCJ 109""I""I""I""I""I""I""I""I""I""
= By =0 By =02| & Muon g-2 (FNAL)
E .y+h=0'5 %) 103 Run'1 Data
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] ]
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Time [us] Time after injection modulo 100 ps

Integrating over 1700 MeV minimizes statistical uncertainty on w,

=5
R

13-17 Settembre 2021 Lorenzo Cotrozzi — Fermilab 2022 Summer School at Pisa | 19 July 2022 15



(INFN 5-Parameter fit

Istituto Nazionale di Fisica Nucleare

K

600020 %1-2_ T N L R L L I ]
2 5000 = [ : I fCBO i
o = 1ok 5 Fast Fourier Transform f +f
= & of residuals fCBO —a
‘§ 3000 S [ " Ihw i
3 2000 - E 0.8 _

10003(%"'4'0'"'5'0""e‘o""7'0"''a'o""g'o""mo 06_—- _:

20000~ $ . : i

- ¢ 0.4 i -
21oooof$#¢‘?’+t++$ ¢} % &# % ‘ [ ] i
IRAATATICEI L EITATY IS FEYNY N _
s ot #+i+ﬁ+t” $4% s th 3 XY ’v te* ¢ i
E_wooo? tf##ﬁ¢$+g£§¢$*‘?*‘% ? ’t‘f# ‘ ‘ﬁ 0.2 -
_20000; t # * 0 0 A L 1 I' ik "I A Y I NN AP A TR Aot Al it Pl i
0 a0 80 80 70 80 90 700 0 0.5 1 1.5 2 2.5 3

Time [us]

Frequency [MHz]
r

N(t) = Noe_a[l + Acos(w,t + ¢)]

FTC
W

13-17 Settembre 2021 Lorenzo Cotrozzi — Fermilab 2022 Summer School at Pisa | 19 July 2022 16




<R

Istituto Nazionale di Fisica Nucleare

Time since injection: 5.0 us

Beam dynamics effects
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CBO: Coherent beam oscillations with T = 2.7us

Lost muons: drift out of storage ring and hit consecutive calos
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NFR Full fit (22-par) and FFT @

Istituto Nazionale di Fisica Nucleare

iy T T T [ T T 1
» ! N
g I § Noe ?1(1 4 Apo(t) cos(mat té- ¢50(t))) * Nepo () - va{f) ’ Ny(f) * Nocpo (t) - J(t)
j— o St
IE. - "'-' ABO(t) =1+ AA COS(wCEO (t) + ("bﬂ)e Tf.‘f:()
O i : Ppo(t) =1+ Ay cos(wepe(t) + pg) e cso
' _t
."3 1 -O B : Nepo(t) =1+ Appp cos(wego () + depo) e Tcaot
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CINFN Different methods: T and A

Istituto Nazionale di Fisica Nucleare

* T Method: we count positrons over energy threshold, set to

1700 MeV to minimize statistical uncertainty on w,

* A Method: weight positrons with asymmetry function:
* Allows to lower energy threshold to 1100 MeV
* Reduces statistical uncertainty on w, by ~10%

* Run-1 result was the combination of 4 A-Weighted analyses
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INFN - Main systematics and improvements

Istituto Nazionale di Fisica Nucleare

Last update: 2022-07-19 07:31 ; Total = 19.0 (xBNL)

Run-1 main w, systematics
Value [ppb] 0‘20'17.5- Muon g-2 (FNAL)
Uncerta!nty (stat.) 434 %1504 ~
Uncertainty (syst.) 56 2
Detailed Systematics ‘—:‘312-5
Time Randomization 9 %10 0
Time Correction 1 =
Gain 8 GBJ 7:57
Pileup 35 & 501 Run-3
Pileup Artificial Dead Time 3 . /ﬁ:r.l-z
Muon Loss 3 ™
CBO (beam oscillations) 38 0.0{/5;%1%' T o o N N - -
Residual Slow Term 17 R SR L NP oV S N O AL AN N AL AR ol SN
AN AT (AT RAT (ST ANT A (B q WO W W

After Runl (published in April 2021) we collected more statistics and worked on
hardware and analysis improvements to reduce largest systematics (in red boxes)

Ly
L. 2
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(NN Ratio method histograms aN

Istituto Nazionale di Fisica Nucleare

Gets rid of «slow effects» such as muon decay
lifetime: different sensitivity to w, systematics

Positrons splitted in two histos:
* V(1)
* U(¢)

/ ¥ W " ! - .: N -
w L - "
- hWiggle V hWiggle_U -

v t —I— v t - Entres  1.275428e+ 08 | | Eniries  1.274867e+08
1 2 — Mean 89.55 Mean 47.78
| stdDev 64.35 | | Std Dev 1.5

il 1 1 1 | 1 1 L 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 |

u u 30 35 40 45 50 55 60 65 70

+ . Time fusl

i

Randomized wiggle plot

Counts/bin
C

Where vy, v;, u;, u_ get 25% of positrons each & T
. . . T 0.23
u, shift positron times by + ?“ (half of
w, period)
: __V()-U(t)
Ratio: R(t) = —

V(t)+U(t)

L8
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(NN Summary and conclusion AN

Istituto Nazionale di Fisica Nucleare

* The anomalous precession frequency w, is one of the two
ingredients to obtain the muon magnetic anomaly a,, (see
Paolo’s presentation):

i = - M;?(TT) pe(H) My, g,
ki ('D;)(TT) :ue (H) :ue me 2

* Parity violation in muon decay allows us to extract w, from fits
to «wiggle plots» i.e. counting positrons vs time

* Runl results (April 2021) will be improved with higher statistics,
hardware upgrades and combined effort in data analysis

* More details on beam dynamics and magnetic field in next
presentations by Elia and Anna ©
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