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Outline

o The Muon g — 2 Experiment at Fermilab
o Anomalous precession frequency w,
o Run-2/3 result (2023):

- Improved running conditions

- Improved analysis and new methods
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Experiment at Fermilab Muon Campus
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Presented in the previous talk by C. Zhang !




Anomalous spin precession in B-field
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Principle of w, measurement

Electron energy spectrum in Lab frame

3 . =0 1. Weak decays violate parity:
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* polarized muon beam
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Master formula for a,

Weighted €/149.2 ns

i fter injection modulo 102.5 us [us ,
-T — o — Hp (TT) He (H ) my 9ge External factors,
Up ( H ) Uy M, 2 known to 25 ppb
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Relative muon intensity [arb. u.]
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Make spin precess slower
(E-field, vertical motion)

w, w correctionsfor __» Make phase change within 700 ps
= m X effects that...
p

m=Measured values

T Induce transient magnetic fields |,




Run-2/3 (2019-2020 campaign)

Total statistics = 85.2 (billions)
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w, statistical precision [ppb]

Run-2/3: ~ 5 more muon decays than Run-1

Systematic limitations in Run-1 were fixed

Stat. unc.
Dataset

Run-1 434
Run-2/3 201
Combined
Run-1+Run-2/3 185
FNAL design 100
goal




Injection and muon storage

I I I nflector Magne cancels 1.45 T main field
1. - cancels main dipole field and .

injects at ~8 cm radially away from Qs
nominal orbit

2. 3 fast magnetic kickers provide 10 mrad
kick and place muons in orbit

5. BIEIGCHOSESIEIOUAERIBOIES) (=S ) focus in |

the vertical direction

Kicker magnets [RENCIVEERNY)

radially center beam

Focussing quadrupoles [EERA:I1Y
Collimators vertically focus beam
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Before Run-2: fixed faulty resistors in 2/32 quadrupole plates = better

Run-2 /3 improved running conditions

storage, more stable beam oscillations and reduced systematics

After Run-2: added thermal insulation to ring = less variable magnetic field

Mid Run-3: upgraded kicker cables for optimal kick 2 more centered beam
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w, analysis flowchart

Data Quality
Cuts select
Subruns
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Shifts, RunCo - subtraction randomization plots g
Gain calibration Analysis
Lost muons
constants methods
) R R R R URICER S
O -1200 |- . i e e e e A
< E ] c 2
o - ] ~ ¥3n.df. = 3981/412
o -1300 . @107
S 3 1 <
© I ] -
? _1400 4 s
2 ] © 10
L ©
-1500 |~ - 9
E — 510°
-1600 |- 3 o
; _ =
-1700 |- ]
a0 [ e ] 1WEVYVVVVWWYNY T
- [P T P PP ST DU 0 20 40 60 80 100
o 5 10 15 20 25 30 Time after injection modulo 102.5 us [us]
time into island [c.t.]




Detectors

24 e.m. calorimeters

« Measure (E,t) ofe™

ot

- Each made of 6 X 9 PbF, crystals, 15X, read out by large-area SiPMs

- e generate electromagnetic shower, SiPMs detect Cherenkov light (n = 1.8)

2 straw tube trackers

- Each has 8 modules and 32 planes

- 50:50 Argon:Ethane at 1 atm pressure

- Extrapolate decay vertex location to
measure beam distribution




Reconstruct e’ events

- Pulse fitter identifies traces on crystals T T I
- Seed-and-propagation algorithm, with functions that
take into account detector time and energy resolutions - e S—

400

&00 800
energy bin (Eq) [MeV]

- Reduced pileup in un-physical region (after 3.1 GeV)
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Example of new method to subtract plleup

ﬂ o I He_k 149.2 ns
—"L\Wy

Spin

' High Energy _""""""'---—# Calo

—

For each I (Trigger) cluster that we find:

- Search for coincidence e inl (Shadow)
window, after 149.2 ns

- Superimpose the two clusters and pass to
reconstruction algorithm

—>If not resolved: merge them and build pileup

4
tr +1q/2)E t Te/2)E
B, = (Br+Es) = rtlel )Ei;i(;;l c/2)Es, —> pt Vot + Tg) = pA(t) Sy oY)
1

Time

—— Raw data |
-~ Pileup (positive)
........ Pileup (negative) |

108

106 AN “

Counts/50 MeV

104 |

102 -

100 |

Finally: subtract merged event and add single events




Improved pileup correction since Run-1

1. In Run-2/3 we also searched for triplets (treated as systematics in
Run-1): 1 trigger, 2 subsequent shadows

2. We took into account pulse fitter behaviour:

Splits two hits in the same SiPM| OR [Merges them with reduced energy]|
Separation efficiency B = fwrr( Ei+ Ez)

gu
JE

— Al positrons
— Doublets
— Triplets

0.98—

0.96—

094




Methods for w, analysis

Wiggle plots for different energy thresholds

T-Method:

108 =

N /149 ns

- Greater threshold: wider w, oscillations _

- Lower threshold: more positrons

104 —

- Compromise: 1.7 GeV

A-Method:

10°

1 1 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1
20 40 60 80 100 120 140

.|.I|I|I|

- Extract asymmetry (oscillation amplitude) ,‘ | — AMethod
as function of positron energy 2> A(E) P — TMethod

- Weight each positron event with A(E) i ;

+ 04, (A-Method)~ 90% o, (T-Method) gl

E 1 1 1 1 i 1 1 1 1 I 1 i 1 1 1 1 1 1 1 1 1
800 1000 1500 2000 2500 3000
E,, [MeV]




Ratio method wiggle plots

Randomized wiggle plot

.. 2 u(t)
E B P P Sl mrm - V(1)
: Randiomly split pb5|fron5|n4groups : R
- - ! r Wiggle_V hWiggle U S

Shift two groups in time by + half B E T E e s e s

Time lis]

precession period T, /2. Recombine: oo rendomeerweRepel  [roma s
U(t) .
R@) =[V(E®)-U®I/[VO +U@®)] — .
It gets rid of muon lifetime and normalization N in _
fit function. Any «slow» effect is highly reduced! 2! S AR A B




Ny Y
ﬂj\‘@ “Ratio” A-Method ﬂj‘@
I I
- Developed in Run-2/3: weight each positron with asymmetry function (like

A-Method) = RA-Method
R: {vi(t); u;(0)} 2 RA:H{7;(t) = Xp AE) vi(E, t); U;(t) = g A(E)u;(E, t)}

DeltaR wrt O-multiplier

- Errors assigned:

0.004 =

g >
_ A i {90 ','”,
2 2 R QO I
oo (6) = 2U()V(t) <5U(t)> N <5V(t)> : ¥ L.rd
rRUL) = or W Lo
(U(t) n V(t))z \ U(t) V(t) : ’ e A—N\e‘ho

- Immediately visible advantage: reduce
«slow effects», such as gain systematics!
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2 15 -1 05 0 0.5 1 1.5 2
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«Slow» effects: ratio vs non-ratio

dip) , _Awa 1 dlg) 1 dig) dp)
dt w, w, dt w, d{p) dt
@(t) = @(0) + @t + -+ > Wt + ¢(t) = (g + @)t + -

* 0

T 0004 £ -
g r & -80.46
[1es [aed L
p L . o — A-Method
0.002 8048 B
. -80.5[ — RA-Method
0 -80.52—
-80.54—
-0.002 -80.56 |-
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- — A-Method C
-0.004— 806
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Counts/149.2 ns

Residuals

w, fit
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Run-2/3: w, fit and FFT of residuals

LE— —I I: | | I | I,I I | I I I I I I | I | I | I | I I I I I I | | I_
e I ¥?n.d.f. = 3981/4127
g 10 7 CBO i
° - Final fit includes all oscillations -
£ R peaks ot _
g i : N(t) = Nge "*™[1 4+ Acos(w,t + ¢@)] X _
C | X CBO(t) X VW (£) X ---
L 0.9 _
L N
0.0 0.5 1.0 1.5 2. 2.5 3.0

Vertical motion | Frequency [MHz]




CBO dominated Run-1

CBO model: amplitude vs time systematics (38 ppb).
Now reduced to 21 ppb!

CBO(t) =1+ Acgo cos(wepot + ©cpo) >< . Decoherence

* Muons are an ensemble: betatron oscillations decohere over time
 Sliding window fits to determine good or bad envelopes: more statistics>more studies
than Run-1; also input from tracker data

Exponential envelope Exponential + Constant envelope

o 0.0035 0.0
@ C 2 = 2
<& - %2 ndf 47.41/33 B N X~/ ndf 47.23/32
0.003 00 0.003709 + 3.0456_05 0,003 ) 0.003528 + 0.000327
- o1 264.7 +7.142 - P 243+39.74
L C 2 0.0001992 + 0.0003603
0.0025 — 0.0025— P
0.002:— 0_002;
i - ... and many other
0.0015— r
- 0.00151 models tested
0.001 * -
= | p0*exp(-x/p1) 000 p0*exp(-x/p1)+p2
0.0005— 0.0005F
07 T T T T T T T O A :||||\|||||\\|||||\||||\||||||\|||||\
0 50 100 150 200 250 300 350 % 50 100 150 200 250 300 350 2!

Time in fill [us] Time in fill [us] A




Run-2/3 w, analyses

BU CU waEuropa IRMA [ UKy | SJITU [ UW
Local At Global ReconlTA Global () Local | Local At

Pulse fitting
and clustering
Pileup
subtraction

Empirical | Empirical | Semi-cmpirical | Empirical - Shadow | Empirical

Analysis
methods

T.A,R.RA| T.A T.A,R.RA | AR |Q.RQ| T A T. A

 Two more analysis groups since Run-1: each applies secret offset
(«software blinding») to their result

* Many analysis improvements and different methods tested

 Many consistency checks before publishing




Run-2 /3 unblinding

- Software unblinding: %: E Egb HHIIHHHHIHH

tiH L
1|||||HHH||IH||HHH Y

-99
1 T T T T T T T T T T X T T T A e T T Y v I
- [ -
EETRRCRTE S o s 400 = s S AR T S g 41 s S AT S 4 2o >4
. . ==>= —:2:’}:':5_:":-}-5:- =2>5 —=2>>=':;>'=':'>S=' =225 —=3>>='::;;L=';'>S='
. ==7==2"3 ==7=2"3 ==7=2"3
- Hardware unblinding:
S T T T T T T T T T T T T T T T T T T 1T
Q 20t ---- Fit: 0.89+0.81 |
E i { Run-2 i
| ¢ Run-3a . = & +— BNL
o _
© 10F f Run-3b _
- - . ; 0 : FNAL Run-1
m b -
i l_ J { — FNAL Run-2/3
e e SR _.1___“- = _+___' —e—t FNAL Run-1 + Run-2/3
: } ‘ + +——+ Exp. Average
10k ! L L 26.0 205 210 215 230 235
@ a,x10° - 1165900
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Run-2/3 Result: FNAL + BNL Combination

D. P. Aguillard et al, Phys. Rev. Lett. 131.161802 (2023)
D. P. Aguillard et al, arxiv:2402.15410 (2024)

2006: 540 ppb

April 7th, 2021 FNALRun-1 4 0

August 10th, 2023 FNAL Run-2/3 —0—
FNAL Run-1 + Run-2/3 —e— (203 ppb)

2023: 190 ppb —o—
World Average
180 185 190 195 200 205 210 215

17.5

a,x10° - 1165900

clock

w, stat.
W, syst.

@ Run-1
By I Run-2/3

T T III, T T
60 80 200 400
uncertainty / ppb

0 20 40

* Running improvements

e ~ S5xstatistics

* Analysis improvements
pileup, reconstruction, ...)

e 70 ppb syst. 2> exceeded goal!

(CBO,



Prospects for Run-4/5/6

On 27 February 2023: proposal Goal of x21 BNL datasets! Stat unc
Dataset [piob] '
Muon g-2 (FNAL
| ( ) /h’u-:-sf

-
z 20 i
x Run-1 434
°
% 15_ Run_5 B Ru n-2/3 201
=
g 4 Run6 endend on 9% July 2023 Combined 185
= 101 Run-1+Run-2/3
=
2 5 A]_g Sk EXpECtEd total
S Fan2 from Run-1 to <100
RO Run-6
WO WD A9 A9 90 90 A A AR Ol Ol o
T S s R e g T e o We expect to complete

the analysis by 2025

* Quadrupole Radio-Frequency switched on during Run-5 = reduced radial and vertical
motion of muons, more stable beam and less muon losses
* Ongoing studies reduce largest Run-2 /3 systematics
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Summary and conclusions
+New muon a, experimental average has unprecedented precision of 190 ppb:
- Many running improvements and more statistics in Run-2/3

- Upgraded reconstruction and pileup subtraction

- Systematic errors: 25 ppb on wg, 70 ppb on a, 2> exceeded expected value
of 100 ppb on a, at proposal

<+ Future analysis is expected to meet desing goals:

« Much more statistics, 21+ times w.r.t. previous BNL experiment

- RA-Method reduces sensitivity to many slow systematics

« RF system ON: improved beam dynamics, task forces in place to study it

7
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Extra: magnetic field



Magnetic field

- 3.1-GeV muons are stored for 700 ps in the ‘Ee’““ Ll
superconductive storage ring, kept at ~ 5K i
. . . . . wedge i
- Highly uniform vertical magnetic field: 1.45 T e | [N outer coi
g y g gﬂ?rg_, laminations B
- Shimmed passively by wedges, iron top hats muor, (@), et NIt probes
. : pole piece =
and surface iron foils O o Cooprtzce DY [ outer con
[ —
- Actively stabilized by surface current coils 5
I:I |4—p=7112 mm
10001 213 4» E|61'718 |9 1011 12 1.3 14| 15 16Dii7p‘08|e9 Euieﬂldﬁ? 231241251 26| 27128129 30"31132|33!'341'35| 36 iger coil top hat
E w0 ¢ :
g s WA A amia\ i A 14 ppm RMS across
@ o ¥ r A WA N W e v > .
GS-ng' \J i “"M‘"\:" V av‘ ki ‘\Vmw ' \' : azimuth
& . = ' ' :




Magnetic field: w, analysis in a nutshell

[Ppm]

11”17 NMR (Nuclear Magnetic

4 10.5

-4~ Resonance) probes: placed on
' trolley for special runs, every 2

e < " or 3 days between muon fills, to
17 petroleum jelly 2D fleld maps Azimuthally-Averaged . _
NMR probes (~8000 points) Variation <1 ppm prOVIde 3-D map

378 fixed NMR probes continuously monitor field
during muon storage at 72 azimuthal locations

Trolley Runs

.

Dipole [ppm] (blinded)

/ Absolute calibration with water probes

636 Interpolated . . . . . . .

e Field Field is weighted with muon distribution, measured
iz gz o oz o o oz by trackers



Extra: w, backup



Run-1 vs Run-2/3 systematics

Correction Uncertainty Quantity Correction (ppb) Uncertainty (ppb)
Quantity terms (ppb) (ppb) @™ (statistical) - 201
@™ (statistical) . 434 @ (systematic) "o 25
@} (systematic) 22 56 C 451 32
C, 489 53 C, 170 10
C, 180 13 Cora -27 13
Cui —11 5 Ciq —-15 17
Cpa —158 75 C 0 3
fcalih{mp£11 J]*¢) XM(X.‘}«‘,{;?)) 56 fculib ’ ((U;,(F} XM(FD U 46
B; =27 37 B, =21 13
B, -17 92 B, =21 20
U, (34.7°) /. 25 10 w,(34.7°) /u, e 11
mp.jme e 22 mlu;’mf = s o= 22
9./2 . 0 g./2 - 0
Total systematic 157 Total systematic for R, E 70
Total fundamental factors 25 Total external parameters e 25
Totals 544 462 Total for a, 622 215




Radial and vertical motion of the beam

Time since injection: 5.0 us

- Field index: n (quad voltages) £
- Radial motion of the beam: w, = w,V1 —n
- CBO is the aliased frequency w gy = W, — W, e
 CBO period of about 2.7 us o T
Detector _SEB_DI | ‘—e‘u‘ | '—:10' ' '—2‘6: | ‘(‘JI ' '2|u' ' '4|0' ' ‘a‘n‘ N
I_ _________________ — Radial Position [mm]
S INERE DR IR R 1

Frequency

Cycle |Cycle Cycle |Cycle  Cycle | Quantity | Expression [MHZ] [rar;:l /115]

Period [ns]

1 2 3 4 5
- Wa ea, B/m 0.23 1.439 4365
g 7& /\ /\ /\ / we v/ Ry 6.7 42.0 149.2
z W, wevI—n | 6.3 39.7 158.0
% w, we/n 2.2 13.8 454.2
"g / W BO Wo — Wy 0.37 2.33 2686

CBO motion, as observed by the detector “vw Wo — 2y 2.3 14.4 435.3




Randomization

w 30— -
S [ _Run-2T Method Run-2 R Method
2  HEntries 100 -
o | Entries 540
25 H Mean —80.57 Mean ~80.56
[LStd Dev_0.03447 Std Dev  0.08431 Run-3a. A-Method
| Run-2 A Method m Run-2 RA Method T F T ndf 10.18 /21
HMean 8062 Ve . . o1 0843304207
] Std Dev  0.03357 P B p -0. + 0.
A Std Dev_ 0.07983 —mi— ]
1 - —72-_:L l : l i /
_ _743— ~—
10— 7 Tndt VRENFE
N =H po _71.46 + 0.298
- 3 p 331404183 [fou s ettty h il
5 _ p3 —02214 i 01283 Calorimeter Number
|
|_ [ I T | | [ T | | L1 11 I [ I | [ (] I [ 1 | [T R B | |
o — T — T T W] — | — o T—.




Laser-based gain monitoring system

Built by INFN/CNR-INO: time synchronization and calibration of 1296
SiPMs on timescales from ns to days/weeks. Gain changes dominated w,
systematics at BNL: exceeded goal of 20 ppb at FNAL.

Standard operating mode:

* Sync pulse: time synchronization at ~ 50 ps || Svnc In-Fill Laser OoF Laser

|
* In-Fill pulses: monitor rate-dependent gain I%Mﬁ ﬁ f ? i t
|

— . | Positrons
changes at 10~% during 700 us of ut beam | Beam End of
& 5 H H injection< 700 ps > beam

e Out-of-Fill pulses: monitor stability over days



SiPM gain calibration

In-Fill: sag in power supply due to initial injection splash.

Gain function g(t)
o
o
N
|
|

Recovery timescale of front-end electronics: O(10 us). s

gt)=1.0-ae¥"
o =0.062 = 6.2%

7=6.28 us

Short-term: consecutive positron hits within O(100 ns). 7 2 S
After the first hit, the recovery time of pixels reduce the el
gain experie\gced by the second hit.

1.08
1.06
1.04
1.02
1
0.98
0.96
0.94
0.92

Short Term gain function g(t)

a=0113=11.3%
0 9: 1=1238c.t. =15.47 ns

At [clock ticks, c.t.]



CBO dominated Run-1

CBO model: frequency vs time systematics (38 ppb).
Now reduced to 21 ppb!

 Exponential relaxation of CBO frequency
* Run-1: faulty ESQ resistors enhanced this effect 10 times!
* Sliding window fits to determine lifetime and constrain it in w, fits

= 9

@ ﬁ' 0.7F

—~ 8% w,=2.3354rad ps' ¢ =7.6998 rad = r

= ° °” 06

= 7E -ty -t ‘Lg E W,

2 'FE 3¢ + dwt + Ae " + Be g r 30 + dut + Ae

‘_‘g B:—\ 6’¢' = -0.00 ],ll":'id; &w = 0.00 urad '—15_1 '-"g 0.5 30 = -0.00 prad; 6w = 0.00 prad ps™
o \ ) A = 6,82 + 0.03 rad 283505 7 oa A=059034rad; 1, =21.1% 9.43 us
—g = - . - I'a 3 T.A = - - - ',I.S s% .

g 4 \ B=542+0.02rad; 1, =6.54 £ 0.03 us = 0.3

o)
lllIIIII]IHIIlII[III]I][IIH'IH
o
n
[TTTT [T [T T T[T ITT[TTT

-
/

2 p Y
Run-1 Run-2/3
SAL g
. ] '|'
1] o: { 1 1 ; [ ' J i
_1IIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|I _||1|illlll|||||||1|1111||||||llillllilllll
0 50 100 150 200 250 300 350 400 450 0 20 40 60 80 100 120 140 160 180 200 220

Time [us] Time [us]




Blinded analysis

- Hardware: main clock is tuned at (40 — ¢) MHz
Offset only known to two scientists external to the
collaboration Al

- Software: each w, analyzer applies their own, secret offset to their results




Run-4/5/6: current status and puzzles

- With much more statistics, we can investigate the residual slow term
-> energy leakage in calorimeters?
- reconstruction effect?

- Further improved reconstruction with new pulse fitting technique

- Task forces in place to address dominating Run-2/3 systematics

- Quadrupole Radio-Frequency switched on during Run-5, to highly reduce
radial and vertical motion of muons = more stable beam dynamics and much
fewer lost muons!
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