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ASt andard Model does

A Predictions of interactions, masses,
experiment observables

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

A Muon g -2 indirect new physics search
A Virtual particles + behavior of muons




THROUGH WHICH EYES?

AMuonds magnetic moment is used a h"’ 1 a
potential new physics ,‘U =
A Relation between moment and spin through g -factor '@ b ‘ @
D "0 o BTN
D vy g8
A g also tells us the precession rate of the spin vector in a e
magnetic field £
A For Dirac point -like particle, "Q ¢ Y
AAndifnature only cared about « man di agr a
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THROUGH WHICH EYES?
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A For Dirac point -like particle, | 2
A Radiative corrections from fundamental forces increase value of g [y ™
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g=2(1 +.00116... + 0000000695 1...+.00000000105 . +.000000001536

Schwinger Term (LZ) Electroweak

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



DEFINING AN ANOMALY

A o oA

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

Schwinger Term (LZ) Electroweak BSM?

A Indicator for potential unknown processes

A Define the anomaly ( =|=H) which tells us the fractional difference I H
between exciting things and a Boring Universe =|=|_l

A Anomaly is the parameter of interest for the Muon g -2 Experiment
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REWIND TO MARCH 2021

A QED contributes most to anomaly, least to uncertainty I H
A Hadronic terms bring most uncertainty & QCD is non -perturbative =|=|_l —
A Hints from tension between Brookhaven (BNL) result and theory

o 40
% ) % ------------------------------------------------- ST Experiment (Final BNL) 116 592 089. (63)
§ L % QED 116 584 718.931(104)
g Lo E Electroweak 153.6 (1)
g HVP (g g, LO + NLO + NNLO) 6845.  (40)
§ o “ """"" ’ """ * * """"""""""""" H """" +v """ HLbL (pheno . + lattice + NLO) 92. (18)
& —10 . _ SM 2020 Total Standard Model (SM) Value 116 591 810. (43)
. , Previous SM Estimates Difference: $4(A n&al ) @3- 279. (76)




A Collaboration compares result to
WP20 prediction value

A From Muon g -2 Theory Initiative

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

A Focus on explaining the experiment
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BRIEF THEORETICAL ASIDE

LM20
BMW20

ETM18/19 |
Mainz/CLS19
FHM19
PACS19

BMW17

RBC/UKQCD
data/lattice

BDJ19
J17

DHMZ19
KNT19

WP20

RBC/UKQCD18 = ®

Fermilab uncertainty goal

not used in WP20
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APhysicists love tensioné finding ité res
A The Universe is the most imaginative thing in the room. How imaginative is it?

A After ~20 years, Fermilab Muon g -2 formed to try to answer the underlying

guestions from BNL ‘

A Fermilab experiment aims to make 140 ppb measurement

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




A Storage ring provides 1.45T field

A Physics ensnared in mismatch between
cyclotron and spln precession frequencies
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A Storage ring provides 1.45T field

A Physics ensnared in mismatch between
cyclotron and spin precession frequencies

A1~ —0
A —&(p 1)
A er” T —&6

A Ring field = horizontal focusing

A Electrostatic quadrupoles used for vertical
A Muons observe magnetic field
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A Storage ring provides 1.45T field

A Physics ensnared in mismatch between
cyclotron and spin precession frequencies

AT —0
A —&(p 1)
A k1T T -6

A Ring field = horizontal focusing

A Electrostatic quadrupoles used for vertical
A Muons observe magnetic field
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ADDED COMPLEXITY

AdbMagi c Moment umod miningizq"?e:"@cbrviaca
field correction [ (‘*’ S —
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A Muon beam swims and breathes in both horizontal and vertical directions
A Pitch correction needed to address motion outside the ring plane
A Beam dynamics effects become more pertinent to analysis

ALot s of effects to consider, but event ua
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lie(H) Measured to 10.5 ppb accuracy at T = 34.7°C

~ 1 (T) sample. Temperature dependence known to < 1ppb/°C.

Proton Larmor precession frequency in a spherical watg

Metrologia 13, 179 (1977), Metrologia 51, 54 (2014),
Metrologia 20, 81 (1984)
Metrologia 13, 179 (1977)

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

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

Measured to 0.28 ppt

Phys. Rev. A 83, 052122 (2011)

J
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HOW WE TACKLEw®

" (o) |¢ca " O]

A(D=|= IS the anomalous precession frequency

Al _"Y is the Larmor precession frequency of

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

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

"y
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TOOLS OF THE TRADE

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

Superconducting magnet

A Entryway for muon beam

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

Inflctr  Ring Transvese Magnotc it

Superconducting magnet
A Entryway for muon beam

A Kickers: Nudge injected beam onto
storable trajectories

ﬂ+ Inflector

10.8 mrad
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AStorage ring. 1.45T field, horizontal focusing ut .
A High uniformity through shimming process 7

Superconducting magnet
A Entryway for muon beam

A Kickers: Nudge injected beam onto
storable trajectories

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

Electrostatic fo¢using 10.8 mrad

quadrupoles
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TOOLSFOR 71 7Y

A Need to determine B at < 100 ppb to determine =|=H
A Use NMR to assess Bfield in terms of proton precession frequency 1

378 fixed probes NMR Trolley maps field Trolley cross -calibrated to "R -1
continuous monitoring every three days absolute probes ]

100.00 mm 254 mm

RF coil  water sample  plastic support

Serial_inductor coil Base piece w.

_End cap with tapped hole
€

|_Inner_conductor of capacitor
PTFE_tuning piece with slo

vertical position [mm]
I I

Absolute probes all cross -
T TR S R calibrated at ANL test magnet

1
horizontal position [mm]




Decay electron
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StraW TraCkerS Calorimeter active volume

Calorimeter active volume

A Muons in beam weakly decay

[H © hyhgm |

600

A Decay positrons pass through straw trackers 1200f
A Construct muon beam profile from tracker data ;eo
A Combine with field map ok
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THE DENOMINATOR

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

A24 calorlmeters placed around the ring measure positron energy spectrum

AThe power of an energy cut é

A Parity -violating weak decay [I—I, © hyhgm ] A high -energy positrons
preferentially emitted in direction of muon spln
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THE NUMERATOR

A Cut at events above 1.7 GeV
f(t) ~ Noe M1 + A cos(wat + ¢)]
A Number of events in that range

depends on the anomalous
precession frequency

A Fit to determine ]

AAl Il of the pieces ¢
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THE NUMERATOR

L L
x? / NDOF = 3899/4000_:

106 \/\N\/\/\/\/\/\M/V\/\M/\N\/\/\é

A Number of events in that range 10° M
depends on the anomalous 10* M
precession frequency

A Fit to determine 1 10°

! L 1 L L 1 l 1 L 1 I 1 ! L ]
AAl'l of the pieces 0 20 40 60 80 100
Time after injection modulo 102.5 [us]

THE WIGGLE PLOT

A Cut at events above 1.7 GeV
f(t) ~ Noe M1 + A cos(wat + ¢)]

N /149.2 ns
3,




A Complexities discovered and
considerations made
A Kickers and quads operations
required four subruns

A Pulse-power systems also
iInvolved with the field transients

A Corrections and systematics
studied in excruciating detail

AdOExpect resul ts
circa 2018

THE REALITIES OF ANALYSIS

Muon loss & phase acceptance corrections

E-field & pitch corrections A

Wy ook Wa (1+G,+C,+Gyy + G,

Wp _ (1 +B, +BY) fieq Wp & /O(I')J
\ Y ]\ Y J
Field transients  Field calibration

n a year! o ~Tal k
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ook W@ (1 +C.+C +G, + G
EXCRUCIATING DETAIL

clock

Data Set Run-la Run-1b  Run-lc¢  Run-1d

Cra -184 -165 -117 -164

Stat. uncertainty 23 20 15 14
Tracker & CBO 73 43 41 44
Phase maps 52 49 35 46
Beam dynamics 27 30 22 45
Total uncertainty 96 74 60 80

G Cpa



