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 Standard Model does a lot...

 Predictions of inferactions, masses,
experiment observables

« Still some unanswered questions
« Matter-antimatter asymmetry
« Presence of dark matter
* Mass and strength hierarchy
* A bunch of anomalies

 Muon g-2 indirect new physics search
 Virtual particles + behavior of muons
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 Muon's magnetic moment is used as the handle to search for h"’
potential new physics “U 5
« Relation between moment and spin through g-factor '@ 6 ¢ b
> i - ' ; e g ¢
M Zm S B ".‘.Hd"".b_."'
« g also tells us the precession rate of the spin vec’ror iNn a T
magnetic field &%
w _ eB i
spin — Y 5

» For Dirac point-like particle, g = 2 vy
« And if nature only cared about one Feynman diagram...
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THROUGH WHICH EYES<?
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 For Dirac point-like particle, g = 2 “'b
* Radiative corrections from fundamental forces increase value ofg . - p <
u 6 ¢ 0
@ g----b’,'
g=2(1 +.00116. .. +.00000006951 . . .+.00000000105 . ..+ 000000001536

Schwinger Term (%) ﬁ Electroweak

« Standard Model predicts g > 2, so what gives?




DEFINING AN ANOMALY

A o oA

g=2(1 +.00116... + 00000006951 .+.00000000105 . +.000000001536

Schwinger Term (%) Electroweak BSM?

* Indicator for potential unknown processes

- Define the anomaly (a,), which tells us the fractional difference g, —2
ege [ ] [ (] —_ u
between exciting things and a Boring Universe a, =

 Anomaly is the parameter of interest for the Muon g-2 Experiment




REWIND TO MARCH 2021

* QED contributes most to anomaly, least to uncertainty
* Hadronic terms bring most uncertainty - QCD is non-perturbative a, =
 Hints from tension between Brookhaven (BNL) result and theory

o 40
z ) % ------------------------------------------------- e Experiment (Final BNL) 116 592 089.  (63)
§ 20 oML EBD T Value .% QED 116 584 718.931(104)
g Lo, E Electroweak 153.6 (1)
%’ HVP (ete™, LO + NLO + NNLO) 6845. (40)
I e “ """"" ’ """ * * """""""""""""" H """" +V """ HLbL (pheno. + lattice + NLO) 92.  (18)
& —10 . . SM 2020 Total Standard Model (SM) Value 116 591 810. (43)
o , Previous SM Estimates Difference: a,(Final BNL) — a,(SM) 279. (76)




« Collaboration compares result to
WP20 prediction value

* From Muon g-2 Theory Initiative

« BMW20 Lattice QCD calculation is first
lattice result with sub-percent
precision

* Focus on explaining the experiment
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 Physicists love tension...
« The Universe is the most imaginative thing in the room. How imaginative is ite

 After ~20 years, Fermilab Muon g-2 formed to iry to answer the underlylng

questions from BNL ‘

« Fermilab experiment aims to make 140 ppb measurement

 Why the move? Lots of muons!
« 8 GeV protons extracted from Recycler Ring
« Sent incident on nickel-based target

finding it...

BUILDING AT FERMILAB

resolving it...




 Storage ring provides 1.45T field

* Physics ensnared in mismaich between
cycloiron and spin precession frequencies

* wcz—yimB
= _ _ 4
* Wg = ymB(1+yau)
* aazas—a(::—ia B



Storage ring provides 1.45T field

Physics ensnared in mismatch between
cycloiron and spin precession frequencies

— q B
¢ Go=-LB
C ym

* Wg = —yiml?(l +ya,)

~ — q =g
° wazws—wc——aauB

Ring field = horizontal focusing

Electrostatic quadrupoles used for vertical
 Muons observe magnetic field

- . q - 1 EXE
Wq = —— a,B — a“_yz—l p




Storage ring provides 1.45T field

Physics ensnared in mismatch between
cycloiron and spin precession frequencies

* 6C=_]/imB
~ —_9p
* Wg = ymB(1+yau)
* 5a555—5(:=—%au'3

Ring field = horizontal focusing

Electrostatic quadrupoles used for vertical
 Muons observe magnetic field

5 q - 1 ﬁ_’)xE_)'
wg = ——\a,B—|aq, _yz
Yy ~29.3




ADDED COMPLEXITY

field correction Wq = —— u

+ “Magic Momentum” minimizes electric af = 7 1 \E x E
m Cl‘uB—(Cl _)/T—I/ p

y ~29.3

—
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 Muon beam swims and breathes in both horizontal and vertical directions
« Pitch correction needed to address motion outside the ring plane
« Beam dynamics effects become more pertinent to analysis

— - — q
WQZWS—WC:——
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 Lots of effects to consider, but eventually we reach a form for the anomaly...



HOW WE TACKLE a,,

e Mylly Wgq _gemu.“e(H).uz’Q (T)| wq

a,(expt) =

( Proton Larmor precession frequency in a spherical watg
(I), (T) sample. Temperature dependence known to < 1ppb/°C.
P Metrologia 13, 179 (1977), Metrologia 51, 54 (2014),

Metrologia 20, 81 (1984)
ﬂe(H) Measured to 10.5 ppb accuracy at T = 34.7°C
H;;.(T) Metrologia 13, 179 (1977)

He Bound-state QED (exact)
Me( H) Rev. Mod. Phys. 88 035009 (2016)

m,, Known to 22 ppb from muonium hyperfine splitting
m. Phys. Rev. Lett. 82, 711 (1999)

9e Measured to 0.28 ppt

2 Phys. Rev. A 83, 052122 (2011)

2 Mepte (wy) | 2 Mo e pe(H) |@p(T)

* w, Is the anomalous precession frequency

* wy(T,) is the Larmor precession frequency of

protons in a water sample mapping the B field
and weighted by the muon distribution

- Evaluates the magnetic field observed by the
muons as they propagate around the ring

» Goal: 140 ppb [ 100 ppb (stat) + 100 ppb (sys) ]




« Storage ring: 1.45T field, horizontal focusing
« High uniformity through shimming process

TOOLS OF THE TRADE
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« Storage ring: 1.45T field, horizontal focusing
* High uniformity through shimming process

Superconducting magnet
« Entryway for muon beam

Inflector + Ring Transverse Magnetic Field
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 Storage ring: 1.45T field, horizontal focusing
* High uniformity through shimming process

Superconducting magnet
« Entryway for muon beam

 Kickers: Nudge injected beam onto
storable trajectories

ﬂ+ Inflector

& | Henl : — N\
A !:'{;‘i}q Beam Input  [lE=
o . + I

Inflctr  Ring Transvese Magnotc it

Inflector ;

L T =3

10.8 mrad
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Inflector

ut
 High uniformity through shimming process e
Superconducting magnet W /
« Entryway for muon beam A
. Kickers: Nudge injected beam onto g
storable trajectories

« Electrostatic Quadrupoles: vertical focusing
« Four quads cover 43% of the storage ring

Electrostatic fo¢using 10.8 mrad

quadrupoles




TOOLS FOR w,/a@(T,)

* Need to determine B at < 100 ppb to determine a,
« Use NMR to assess B-field in ferms of proton precession frequency w,

378 fixed probes NMR Trolley maps field Trolley cross-calibrated to ™% T -1
continuous monitoring every three days abSOIUte prObes ELectmnim RF coil support RF coil  water sample plastic support

100.00 mm
Serial_inductor coil Base piece w.

_End cap with tapped hole

Petroleum jelly volume
|_Inner_conductor of capacitor
PTFE tuning piece with slot

vertical position [mm]
I

Absolute probes all cross-
calibrated at ANL test magnet

-—-h \‘. > g "'t..=.
T ilh}l}”lll“lqlsllw

-0 -3 -20 -0 0 10 20 30 40
horizontal position [mm]




Decay electron

R ——

-4
¥i

Calorimeter active volume Straw Trackers Calorimeter active volume

- Muons in beam weakly decay [u* - v,v.e"] T
. - F “
« Decay positrons pass through straw trackers 1200: @ ? ~ Hits
~1ooo_—
« Construct muon beam profile from tracker data ol
g
600:_Storeclp
« Combine with field map ol e Tracker Mo
: ‘/

-7 00 7050 7000 6950 6900 -6850 -6800 —6750 -6700
ring z [mm]
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THE DENOMINATOR

 Magnetic field map + Beam profile = AVERAGE FIELD THE MUONS OBSERVE
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THE NUMERATOR

« 24 calorimeters placed around the ring measure positron energy spectrum

T i N e
> Lz - - = = — —

« The power of an energy cut...

- Parity-violating weak decay [u* - v,v.e*| > high-energy positrons
preferentially emitted in direction of muon spin



 Cut at events above 1.7 GeV
f(t) ~ Noe [1 4+ A cos(wat + ¢)]

 Number of events in that range
depends on the anomalous
precession frequency

 Fit fo determine w,

 All of the pieces are in place...
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THE NUMERATOR
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 Cut at events above 1.7 GeV
f(t) ~ Noe [1 4+ A cos(wat + ¢)]

 Number of events in that range
depends on the anomalous
precession frequency

 Fit fo determine w,

 All of the pieces are in place...

N/149.2 ns
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THE NUMERATOR

— T T T T T 19
%2/ NDOF = 3899/4000 -

N V\’V\/\/\/\/\/\/\/\/\/\/\,\/\/\,\/\/\/\Z

1 1 1 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I
0 20 40 60 80 100
Time after injection modulo 102.5 [us]

THE WIGGLE PLOT




THE REALITIES OF ANALYSIS

. Complexiﬁes discovered and Muon loss & phase acceptance corrections
considerations made £ : :
-field & pitch corrections
» Kickers and quads operations
required four subruns f N, f \ ~N
« Pulse-power systems also Wa cloc a(l+C + Co+Cni# Cpa)
involved with the field transients ——— =—
Wop _ (1+B;+By) freig Wp & /O(I')J
» Corrections and systematics | Y S
studied in excruciating deiail Field transients Field calibration

« "Expectresultsin a year!” ~Talk
circa 2018



foiocld g (1+C +C,+C,+

EXCRUCIATING
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IL

R(w,) with detailed systematics categories [ppb] 1a 1c
Total systematic uncertainty 65.2 70.5 54.0 48.8
Frequency Standard 1 ppt Time randomization 148 1.7 9.2 6.9 — Co (p-pb) AN o) | e | 61
Frequency Synthesizers 0.1 ppb N carecton 3.9 10 11 1.0 Statistical uncertainty 04 0.5 04 0.2
Dicitization F 5 oob Gain 12.4 9.4 8.9 4.8 Fourier method 84 134 144 3.9
IgItization rrequenc :
& ] Y PP Pfle”p o : = 417 S L Momentum-time correlation 52 52 52 52
Total Systematic 2 ppb Pileup artificial dead time 3.0 3.0 3.0 3.0
Muon loss 2.2 1.9 52 2.4 Quad alignment/voltage 6.4 64 64 6.4
fClOCk CBO 42.0 49.5 31.5 35.2 Fieldindex 1.7 15 1.7 4.0
Ad-hoc correction 211 21.1 221 10.3 Systematic uncertainty 53 54 54 53
Wa C.
1a 1b 1c 1d
Cp (ppb) 176 199 191 166
Statistical uncertainty <0.1 <0.1 <0.1 <0.1 Data Set Run-la  Run-1b  Run-l¢ Run-1d Dataget Run-1a le-l_b Run-lc le-l,d
Tracker alignment/reco. 11.0 12.3 12.0 10.7 Cni -14 -3 -7 -17 ~—pa -184 ~165 -117 -164
Phase-momentum 2 0 1 3 Stat. uncertainty 23 20 15 14
Tracker res. & acc. removal 3.3 39 3.7 3.0 Form of (1) 5 0 ] 1 Tracker & CBO 73 43 41 44
Azimuthal avg. & calo.acc. 1.0 13 22 11 fioss function 2 1 2 2 Phase maps 02 49 35 46
. . Linear sum (oc._) 3 5 1 G Beam dynamics 27 30 22 45
Amplitude fit 1.2 04 1.0 29 ol Total uncertainty 96 74 60 80
Quad alignment/voltage 4.4 4.4 44 4.4 le C
Systematic uncertainty 12.4 13.7 13.6 123 pa

cp




27

(1+B,+By) Fieis Wp ® p(T)

e e EXCRUCIATING DETAIL

azimuthal shape* 7.6 ppb
skin depth 12.6 ppb
frequency extraction (0.4/1ms) 4.6 ppb
Q3L: fit, position 1.5 ppb
repeatability 13.3ppb Run-1 Estimate:
drift 10.2 ppb By =-27.4 £ 37 ppb
radial dependency 4.4 ppb
204 8 pulses 14.0 ppb
total —15.0 ppb 81.7 ppb Quantity
Calibration Coefficients Diamagnetic Shielding T dep (1/0)do/dT -10.36(30)
PROBE
Value (Hz) Stat (Hz) Syst (Hz) Bulk Susceptibility B -1504.6 £+ 4.9 ppb
1
2 Material Perturbation Os 152+ 133 ppb
3 Source Uncertainty (ppb) _ "
Paramagnetic Impurities Op 0+2 ppb
4 Temperature 15-28 o :
5 ‘ Radiation Damping ORD 03 ppb
| Configuration 22
6 Proton Dipolar Fields Od 023 ppb
7 Trolley 25
8
9 Fixed Probe Production | <1 correction [ppb] uncertainty [ppb]
Fixed Probe Baseline 8 Dataset 1a 1b 1c 1d 1a 1b 1c 1d
Tracking Drift 22 _43 1. Tracker and i ) i ) 9.2 13.3 15.6 19.7
Total 43-62 calo effects ' ) ) )
otal -
2. COD 1.6 15 1.7 1.4 5.2 4.7 5.2 4.9
effects
3. In-fill time 1.9 23 1.2 a1 i ) i )
effects
Total -0.3 -0.8 0.5 -2.7 10.6 14.1 16.5 20.3
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REACHING A RESULT

BNL g-2 - 2
- 3.70
FNAL g-2 4 ® :
- 3.30
<: 4.20 :}
® i ® I
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

* a,(SM) = 0.00116591810(43) -> 368 ppb [Muon g-2 Theory Initiative]

a,-10°%— 1165900

Quantity Correction Terms Uncertainty

(ppb) (ppb)
wy' (statistical) — 434
wy" (systematic) - 56
Ce 489 53
C, 180 13
Chni -11 D
Chpa -158 75
fcalib<Wp($,y,¢) X M(a:,y,qb)) o 26
By =27 37
By -17 92
(347 e E 10
My [Me — 22
ge/2 — 0
Total systematic - 157
Total fundamental factors - 25
Totals 544 462

+ a,(Exp) - a,(SM) = 0.00000000251(59) > 4.2c
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DIGGING A LITTLE DEEPER

Quantity Correction Terms Uncertainty  * FNAL experiment determined a,, to

T (Statistical) beb) ___®ph) ) ynprecedented precision

2i (systematic) 1% e * Run-1 uncertainties dominated by statistics
o o Y - 6% of ultimate data sample

iﬁib@p(:g,y,@ R 158 ;20 * 15% smaller error than BNL

By 27 370 « 157 ppb systematic error is half BNL level

B, -17 920

Hp(34.7°) /e 10

My /e 2« Phase acceptance and field transient

Total systematic 7@  systematics became major topics of study

Total fundamental factors 25 N
Totals ” I for Muon g-2

ge/2 - 0
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QUAD TRANSIENT (B,)

« At FNAL repetition rate, quad pulsing induces mechanical % 400; E
vibrations — this is a new problem o 200f =

» Vibrations perturb the B-field! 2 o :

- Special NMR probes built to map this effect S o E
« Long & Winding Road 4005 E

T 74060 80 100
">~ _Time (ms)

17 ppb correction

« Only matters in window when muons
are present (grey band in plot),
averaged over 8 bunches and 43% of
the ring

92 ppb uncertainty dominated by lack
of information
* Run-1 did not have complete map ,
* Run-2 and beyond will = 2x-3x reduction

200_/I/IIIIIII|||I'|IIIIITT\
100F

-100§

Relative Field (ppb)

200F

-300%— -é

: 1 L L I 1 1 1 1 1 1 1 1 I 1 L L L I 1 1 1
-400 39 20 41 42

Time (ms)
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PHASE ACCEPTANCE (Cpg)

« Basic fit function follows: 7(t) ~ Noe=[1 + A cos(wat + ¢)]

« Consider case where ¢ - ¢(t):
cos(wqt + ¢(t)) = cos(wat + ¢ + @'t + ...)
= cos((wq + @)t + ¢ + ...)

- Extracted w, is shifted by ¢’

« Detected decay positrons carry particular phase

* Phase depends on decay position (x,y) and
energy (E)

« Not a big issue if muon distribution remains stable




e e

32

PHASE ACCEPTANCE (C,,q)

= [

E 40

> 10 ) .

§ o » £+ Defected decay posifrons carry particular phase
I w B * Phase depends on decay position (x,y) and

: o 3 energy (E)

200 o 5 « Noft a big issue if muon distribution remains stable
-40: 680

« Equipment failure in quad circvuit led to instability
« Damaged resistors changed E-field

« Vertical distribution - changing acceptance -
changing measurement

Decay x [mm]

20

AV [KV]

|
!
|
125_ I Nominal 2-Step
103_ | --------- B‘TaT ::je.ction . . .
1 S i — Comeae e « 158 ppb correction with 75 ppb uncertainty
off | l o  Resistors fixed by Run-2, remove significant impact
B
o
0= (1) | ST e e B 500

Time [us]
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“Getting a charged particle to go in a circle is easy.
Getting it to go in the one you want is a miracle of science” ~Adam

KICKER EFFECTS (C,) (B,)

 Kicker plates receive 4kA in 200-ns timescale
* Presents a technical challenge to the experiment

o Current vs. muon beam distribution — factors into
momentum-time correlation

« Part of the (C,) correction

« Concerned about eddy currents produced by main kick

* Multiple magnetometers and groups assessed the induced-
field relaxation

« Kicker paper in peer review



* FNAL result confirms BNL
« Unprecedented precision

« 4,20 tension with theory
* More likely to come

* Run-1 is small piece of data

THANK YOU! -

/
Last update: 2021-06-27 07:51 ; Total = 12.89 (xBNL) /
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N B~ OO

4.20
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Standard Model

/

Run-4

Run 2/3 analysis in progress,
expected reduction in error
Run-3 — by another factor of 2.
Systematics on track for
Run-2 <100 ppb
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BACKUP THINGS
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’ Previous SM Estimates
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DING AT FERMILAB

SM 2020

A e®

S

 Physicists love tension...

finding it... resolving it...
« The Universe is the most imaginative thing in the room. How imaginative is ite

 After ~20 years, Fermilab Muon g-2 formed to iry to answer the underlylng

questions from BNL

 Why the move? Lots of muons!

« Fermilab experiment aims to make 140 ppb measurement

« 8 GeV protons extracted from Recycler Ring
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