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The big result!

* Four papers published April 2021 with results of Run-1 of

data taking

* Verified old Brookhaven result to similar precision
» Combined result disagrees with current standard model

calculationto 4.2 o

Beam dynamics corrections to the Run-1 measurement of the muon anomalous

magnetic moment at Fermilab
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Anomalous magnetic moments

- A charged particle with intrinsic spin has a magnetic External
dipole moment magnetic
T =g—1% field (B)

2m

* In a magnetic field, it precesses at the frequenc _

B SB P : y Precession gornt
©=65 frequency (@) ***

Magnetic

. Dirac equation predicts g = 2 for pointlike spin 1/2 moment (4)

particles
. Virtual particles result in corrections to g = 2
g—2 |
. a4 = 5 the anomalous magnetic moment

a¢ Fermilab
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A test of the standard model

Source Value (x 10-11)(1  Error
» Schwinger calculated first order QED correction

04 QED 116,584,718.93 0.10
- a ﬁ .
27 EW 153.6 1.0
* Higher order QED
HVP 6845 40
* Weak
* Hadronic HLbL 92 18
* Highest uncertainty for hadronic terms
Tree-lovel Schwinger cW Hadronic vacuum Hadronic
eETOVEl (st order QED) oolarization (HVP) light-by-light (HLbL)
Y Y
W W v A;é:& g S g
[1] T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020). ;
3% Fermilab
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Measuring a,: cyclotron and spin frequency

In the absence of an electric field, for a muon orbiting
horizontally in a perpendicular magnetic field:

a, (the anomalous

magnetic moment)

Magnetic
storage ring

a¢ Fermilab
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Measuring a,: cyclotron and spin frequency

In the absence of an electric field, for a muon orbiting
horizontally in a perpendicular magnetic field:

a, (the anomalous fg > 2 Momentum

magnetic moment)

Magnetic
Quantities to measure storage ring

a¢ Fermilab
6 9/22/2021 Hannah Binney | Rising Stars Symposium U N IVE R S ITY of WAS H I NGTON



Measuring J)p - The magnetic field B is measured using the Larmor

precession frequency of free protons, @

Free induction decay signal p

- . Nuclear magnetic resonance (NMR) probes measure w,
. » Trolley with 17 probes periodically measures field in storage
" region
- * Fixed probes are used to interpolate the field between trolley
" NMR probe | * Beam distribution measured by straw tracking detectors
- @, = (@,(x,y, ) X M(x,y, }))
Field map - Beam map

40
. C 4
10 " : E 0 250
01 T
20 — S 2 . :
p o ) 200
10 O ‘
. 0
E 0 - " ™ d D1 = 150
" : -20
1"
0 100
2 r 4 ’ -40
I |
i 50
-60
Q
Al :
- 20 40 60
40 3 2

20 10 0 10 20 10 40 - - - . !
o) RadialPosition [mm]

2& Fermilab
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Measuring w : parity violation in the weak decay

» Muons decay into electrons through the weak /
interaction, exhibiting parity violation [ Ve

* Highest energy positrons emitted preferentially in K\<
direction of muon spin +

Momentum Spin

é® ¢

a¢ Fermilab
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Measuring w : parity violation in the weak decay

» Muons decay into electrons through the weak /
interaction, exhibiting parity violation P W+ Ve

* Highest energy positrons emitted preferentially in L\H<
direction of muon spin +

Highest e+ energy configuration

Momentum Spin

@ t *

O v v
2& Fermilab
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Measuring w : parity violation in the weak decay

- , encoded in number of decay positrons above a

certain energy threshold Momentum

N [a.u.]

¥y

* 5 parameter fit function:

N(t) = Noe_”f[l — Acos(w, t — @)]

O'Q).O 0.2 04 0.6 0.8 1.0
E/3.1GeV

g c  x¥ndf: 3955/4137

i 107 g precision: 1.33 ppm E
Time dilated Frequency  Spin “ 0%
muon Asymmetry (physics phase at 10° =
lifetime quantity) injection 10‘;
10"

10 2030 a0 500 Te0 70 o
Time mod 87 us
& Fermilab
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Beam injection

* A polarized muon beam is Magnetic
Injected into a magnetic storage ring

storage ring J.I.Il[l.": ]J.'Il"r 16 Shots /1.4 s

a¢ Fermilab
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Beam injection

Magnetic
storage ring

10 aetector T0 time profile

]
integral = 236909 ADC c.t. |
mean time = 24937 c.t. i
RMS = 31 c.t.

ADC counts

_ ; :
24900 25000 25100 25200
Scintillator ct. = 1.25ns

a¢ Fermilab
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u+ beam T0

Inflector

Beam injection

* Superconducting inflector
creates a field-free region
so the muons can enter the
storage ring

Magnetic
storage ring

a¢ Fermilab
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u+ beam T0

Inflector

Beam storage

* Superconducting inflector
creates a field-free region
so the muons can enter the

Magnetic
storage ring

storage ring Kickers
* Three magnetic kickers
deflect muons onto their
proper orbit
af Fermilab
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u+ beam T0

Inflector

Beam storage

* Superconducting inflector
creates a field-free region
so the muons can enter the

Magnetic
storage ring

. g

storage ring il RS Kickers
* Three magnetic kickers

deflect muons onto their Duads

proper orbit
* Electrostatic quadrupoles

provide vertical focusing

af Fermilab
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u+ beam T0

Calorimeters

Inflector

* Decay positrons have lower momentum than
muons, curl inward

* (time, energy) of positrons detected in 24
calorimeters

» Composed of 54 PbF2> Cherenkov crystals
attached to silicon photomultipliers

Magnetic
storage ring

Calorimeters

a¢ Fermilab
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'he Runi lysi
e Run1 analyslis . ———— =+

g 107?' precision: 1.33 ppm
B Beam dynamics corrections
Blinded clock My Run1 contribution

\ Muon loss correction

a o fclocka)gz(l T Ce T Cp +m+ Cpa
H fcalib(a)p(xay9¢) XM(x,y,¢)>(1+Bk—th)

7

Absolute calibration

Transient field corrections

--------

a¢ Fermilab
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@, systematics: d, o

Effect of a changing spin phase

N(1) = Noe_”f[l — A cos]

time F Spin
dilated requency  Sb
Asymmetry (physics phase at

quantity) injection

muon
lifetime

dp  d*¢
() = ¢y + — Tt t?

d¢g
dt

. Then Aw, =

18 9/22/2021 Hannah Binney | Rising Stars Symposium

fclockw (1+C +C +le+cpa)

E

feaib{@p(x,y, ) X M(x,y,¢))(1 + B + B,)
g FTTT ~ndi3oseA
= 107 ¢ . precision: 1.33 ppm T
P 106'

105,::

10‘%

103:

:..l...l....l....l‘...l...|l..
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o

no
(o
w
o
NN
o
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o
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- fclocka)?(l | Ce | Cp Ile | Cpa)
Muon loss correction YU Foan(@, (. 8) x M(x,y,))(1 + B, + B,)

* Some muons are lost from the storage ring before decaying into positrons

- They can bias @, if they have different average phases than the stored muons

At=6.2 ns At=6.2ns
+—p A

Several dedicated systematic studies showed that:
1. Muon phase and momentum 2. Low momentum muons are
IS correlated more likely to be lost

_ T | T T T T | T T T T | | T | | T T T T
10 3L, ¢ 151w
° Y  1/5high

0.005
0.

=)
©
£ 0.004
S
<

Arb. Units

Lol 0.003

0.002

107°
0.001

Relative Phase [mrad]

107° 0.000

+ Data

Data Fit
— [ Simulation [68% CL]

| | | | | | | | | | | | |
-1.5 —1 -0.5 0 : : 50 100

f

—e-

e

-0.001

-0.002 Run-la Run-1c
B Run-1b Run-1d
l |

1 L1 _ | T B R R [ R T H T T ST N N S A T AR S N
300 350 0.003 100 150 200 250 300 350
Time [us]

Time [us]

| | | |
150

| | | | | |
200

250

TABLE VII. Muon loss correction C,,; (ppb) with three sources
of uncertainty contributing to o (ppb).

Dataset Run-1a Run-1b Run-1c Run-1d
C,.i -3 -7

Phase-momentum 0
Form of (1) 0
f10ss function 1

2= Fermilab
UNIVERSITY of WASHINGTON
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Run1 results: the tip of the iceberg frumily ‘_ -

* BNL and FNAL results have similar uncertainties

* So far we have only analyzed ~10% of data we
have taken and ~5% of data we expect to take

* Uncertainty in Run1 was statistics-dominated, but
we will be pushing that uncertainty lower

* Want to improve some of the larger sources of
systematic uncertainty

Last update: 2021-06-27 07:51 ; Total = 12.89 (xBNL)

-

Z

m 12| Muon g-2 (FNAL)

>

m | i - 1

= 10 Run-4 SNLg2 = ®

0

g > - FNAL g-2 4 @

S 6- |

EJ Run-3 < e >

s 4 - - !

X 2. i ! ® ——
0 ‘A Nn-1 Standard Model Eﬁﬁg{;";gm

WO A® A A9 0 g A A WA 175 180 185 19.0 195 200 205 21.0 215
O MRV AR\ W\ < O
Q\,\!\?’\‘Q@ Q\,\WQ@ A AN A AR a,% 10" = 1165900

aF Fermilab
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Run2 and beyOnd 2 =t y¥ndf:3955/4137

g 107?' precision: 1.33 ppm
U0 20 300 a0 80 070 e Beam dynamICS COrreCthnS
Blinded C|OCk /My Run2 contribution
w , fitting and analysis
fcloc 1+C +C +le+Cpa

S cativ{@p (X, y, ) X M (x ya¢)>(1+!3kf3q)

/

Absolute calibration

Transient field corrections

--------

a¢ Fermilab
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f clock(1 T

C.,+C,+Cp+Cp)

Improving pileup systematic Ay X feativ(@p(x,y,¢) x M(x,y,¢))(1 + By + B,)

* Two positron hits can be measured by the 5 "

107

calorimeters as a single event

* One event with E1+E2 has different phase and
asymmetry than two events with E1, E2

- A pileup correction is applied to avoid bias to w,,
- One of the largest Run1 systematic errors on @,

/7 8\

Reduction of 4x in pileup region

10°

10°

10°

10*

102

Positron energy spectrum

Pileup
region

0 1000 2000 3000 4000 5000 6000

Energy [MeV]

» Crystal hits have a known energy- Implemented new pileup correction with very successful results (in
dependent time resolution Should decrease pileup uncertainty in Run2/3

* Info incorporated to improve discrimination Energy spectrum comparison
of positron events arriving close in time

Oat VS. Eor bin

— Original clustering

——  New clustering

-
o
(o)}

Pileup region

-
o
(&)}

events
— —
o o
~ ©
© IIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIIT—Q—HALN‘?I

-
o
S

-
o
w

-
o
N

400 600

energy bin (E.f) [MeV]

| | | | | | | | | | | | | | | | | | | | |
2000 3000 4000 5000 6000
energy[MeV]

Pileup correction comparisons

t' corrected by UW
nom corrected by UW
nom corrected by empirical

t' corrected by empirical

| | | |
5500
Energy [MeV]

2= Fermilab
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Muon g-2: the tip of the iceberg?

 Motivation...

* To achieve our full precision goal
* For precision muon experiments
* For precision tests of the standard model
* For improvements and updates to the theory | M

a¢ Fermilab
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Questions?

a¢ Fermilab
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Backup

a¢ Fermilab
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The current spin on a,

Muon g-2 theory initiative

4 "v;",\, “‘v‘,‘\ & N
1 R T \\\\\\ »
| SOl OH R U SRR AR (b R AR R R \ AR ~ AN
! UL LRI \ﬂ (I TR ,‘ \ A \,“\\\‘ AW QB
| (IR RO AR R W RN AR ) -\

|-|V|:I> froml: I I I I I I . E|I.Khadral ,I I \I ,I - L AN \.‘ittig
LlMZO | | : l l l: | = @ +  Aubin et al. 20, prelim.
BMW20 — o *—— ETMC 20, prelim.
ETM18/19 | O | . .
Mainz/CLS19 | o | H ® « Mainz 20, prelim.
FHM19 : ® | ° H—@—— Lehner 20
PACS19 | |
RBC/UKQCD18 | ® | —— BMW 20
BMW17 | ~ | o— Aubin et al. 19
RBC/UKQCD LA IS
data/lattice % — O RBC 18
BDJ19 =L S 200 205 210
J17 - '[ § | (agvp)win . 1010
S S N S| |---notusedin WP20_ __
DHMZ19 — § aysM =116591810(43) x 10-1
- S T. Aoyama, et al., Physics Reports (2020),
KNTT9 Ny https://doi.org/10.1016/j.physrep.2020.07.006.
WP20 i
e ey sy aBNE=116592080(63) x 10-1
26 -60 -50 -40 -30 SM-20 -10 100 10 20 30 Phys.Rev.D, 73 (2006) 072003
exp N :
(a, -a, " )x10 3.5 standard deviation discrep
L,
L3

L. Gibbons



Components of a, measurement

- Need to measure both @, and B to high precision

. B measured using Larmor precession frequency of the free proton, w,

Relative error (ppb) Experiment
_ Je 0.000 26 Quantum electron cyclotron. Hanneke et al. 2008.
Cl,u — Sy 3.0 Hydrogen spectroscopy. Winkler et al. 1972.
My fm. 22 Muonium hyperfine splitting. Liu et al. 1999.
Wa /o, 140 Fermilab g — 2

To measure! Known from other
experiments

a¢ Fermilab
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Fermilab beamline

* 8 GeV protons hit target,
producing pions

 Pions near 3.11 GeV selected
* Pions decay into muons

* Muons near maximum pion
energy (3.094 GeV) selected to

create polarized muon beam
(M2/M3)

* Muons separated from protons
In delivery ring

* Muon beam arrives in g-2
storage ring

28 5/15/2020 Hannah Binney | General Exam
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Precession in a real storage ring

Vertical confinement (focusing)
» Electrostatic quadrupoles

Finite momentum spread

Desired precession term, but also...

Vertical beam motion

“pitch correction”

d(B - S)

dt

29

€

T

S

au,@xB

“Magic” momentum to cancel:
Y~ 29.3 (pu ~ 3.094 GeV)

“E field correction”




Combining it all... A

ai™ ) = 116592 040 (51),(18)gy(Bexiernal (462 ppb)

I I | I | l | | I I | | I I | | | | | | I I I I | | | E

Total B - Correction —

W = i B Uncertainty =

a —stat = . E

Wa — syst I— : —

G, ;

Cpa _;

E z

Copm E

Ce =

B\ : =

B : : -

. -«— Total uncertainty goal (140 ppb) E

R s —— l'T'(')"t'éii"éyéfé T ygoal(100ppb) .................... :

a— TDR —stat . | ' =

Wz — TDR —syst _;

(Bp B TDR | [ | T | | | | | | | I | | | | | | | | I | _'é
100 200 300 400 500 600

Correction / Uncertainty Size [ppDb]
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Implications

Which models can still accommodate large deviation?

SUSY: MSSM, MRSSM

@ MSugra. .. many other generic scenarios

@ Bino-dark matter+some coannihil.4+-mass splittings

@ Wino-LSP+specific mass patterns

Two-Higgs doublet model

@ Type |, Il, Y, Type X(lepton-specific), flavour-aligned

Lepto-quarks, vector-like leptons

@ scenarios with muon-specific couplings to u; and ug

1000 2000 3000 4000
M S1 [GGV]

Simple models (one or two new fields)

@ Mostly excluded 1N
@ light N.P. (ALPS, Dark Photon, Light LM _ L’T) o Bl ot Mo D3 S gt

Dominik Stockinger Muon (g — 2) and Physics Beyond the SM

D. Stockinger, April 2021 APS meeting, https://...

31




Lost muons in the o, fit

[

Ny—= Ny |1 — exp(t'/z t’

I? 1_2 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
— \ — _|
oy . = - Muon g-2 (FNAL) Preliminar — Runla -
Scale =10 Triples spectrum % 1oL g-2 (FNAL) ’ —— Runtb -
s [ = = —— Runic -
parameter S i —— Runtd
'-'3 0.8_— —]
. ©
(from fit) E i
s 0.6
O |
— |
0.4

0.2

150 200 250 300
cluster time (u s)

0050100 150 200 250 300 350
Time [ps]
2= Fermilab
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Measuring the phase-momentum correlation

* Perform fit on each dataset to extract the phase

* Measurements show a correlation between phase and Pulse Tlow momentum wiagle
mrad = Low momentum

momentum of 10 = 1.6 ~in line with simulation
% dplp L.

—_
o
[6)]

N, 8.051e+04 + 3.217e+01
63.75 = 0.01

A () (1O R () (O
¢ -2.167 = 0.003
= —-oo40 = 10.

N/149.2 ns

<¢> B Pulse 1 nominal momentum vlviqqle
. = (! there is a correlation between phase and — ¢ | Nom momentum [ zswos samen
(P) —— -
momentum e T : T

Pulse 1 high momentum wiggle

a0 ® 10°
"g' ; ; % - H|gh momentum tNO 7.0116+04 = 2.9576+01
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Measuring the momentum change Muon g2 (FNAL)

Preliminary

e Goal: measure whether high or low

—— 1/5 low

momentum muons are preferentially lost —— V3low
—— 1/5 mid
e Use upstream collimators to bias the — 1
" " . . . — g
momentum distribution in the ring —— nominal_
30 20
e Measure stored momentum distribution e
Q) E ow
f—; Muon g-2 (FNAL) Preliminary 1 1;2 Ih|gh
 Measured loss spectrum for each T 10" .
momentum distribution S :
1 0—5 B 0.8.: . ’:::” _
; "ty :
10 H mﬂw * ﬂff
i il |l||*t|hﬂlﬂl'|
10750 100 200 250 300 350
Time [us]
& Fermilab
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Building a loss function

e Perform a fit using a set of equations, one per systematic run

e | oss function maps a momentum distribution to a measured
number of lost muons

e Assume analytical form of loss function

Rmax
F(r)l(r) d]/' — g
Rmin ! I t
Loss
function
(fit)
Momentum
distributions Integrated losses
(measured) (measured)
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* A positron hitting a calorimeter may deposit
energy In multiple crystals

 Clustering gathers these crystal hits and
sums the energy to give the positron energy

* |deally: one cluster = one positron

* Pileup event: one cluster = more than one
positron

* Less pileup to begin with means less pileup to
subtract means lower pileup uncertainty

- Strategy: improve clustering to reduce
pileup

36

- - One calorimeter |
What is clustering?

HEEENEE
X

2079 MeV
108.044 us

1879 MeV
108.033 us

X

2319 MeV
107.990 us

A. Fienberg thesis



Clustering improvement strategies:
Improving time discrimination

» Calo channels have a known energy-

7 O

dependent time resolution ERC amenniwrDs

. . ] 705_ O same WFD5 _

Timing of high-energy pulses known o _5

more precisely sof :

a0} :

. . 30} -

* This information has not yet been N o I
. . . . 0 500 1000 1500 eﬁectivz;oggergy [np2eS]00

incorporated into clustering algorithm ...

an opportunity for improvement bution versus effoctive omergy for laser svents read out by the

same, or different, WFD5s. A single channel resolution can
be obtained by using the dotted line and scaling the vertical

axis by 1//2.

Performance of the Muon g-2 calorimeter and readout
systems measured with test beam data (K.S. Khaw et. al.)

2= Fermilab
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Measurement of o, (£, ) for clusters

» Construct analogous time resolution function for
existing clusters

* Incorporates timing resolution information and
physics-based width of shower

* For each cluster, calculate the time difference of each
crystal hit from the cluster time
Lk

* Bin as a function of effective energy E . =
\/ (E2 + E)/2

. Fitto 65, = 1/2(A%) + B*/E,;
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Events that would have originally been clustered together

Implementation

calo 3, time = 37984, avg time sig = 12.8, avg chi2/energy = 0.25

» Replace At discriminator in algorithm with >
At’, which is weighted by time resolution 4

At -, ||
oalLey)  OalEey) |

1378

. AT(E5) =

0
Energy [MeV]| ° : ? > : ° ° 7 &n clust O
[ tx: tl me Of h It In CI USter # of At . calo 20, time = 403202, avg time sig = 1.9, avg chi2/energ;:t1c.’;6CIuSt 1060
_ .1 1(Most likely) not real pileup
o [. cluster time
4 -
3 530 ES
X (O]
265
1
0 0
0 1 2 3 4 5 6 7 8|n clus%:
out of clust
L, -
a¢ Fermilab
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Effect on energy spectrum

. Tested different At’ windows to see
effect on energy spectrum

- Chose 6-8 At’ window based on limited
distortion to energy spectrum

* This new clustering successfully
reduces pileup by ~4x in the pileup
region!
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Current clustering method

» Clustering method used in the UW analysis uses time separation only

: Crystal hit time  :
: closer to cluster :

time than next
between crystal hit

t|me and runnlng _______________________ E. ........................... E

cluster time : Crystal hit time
= closer to next

crystal hit than
cluster time
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Events that would have originally been clustered together

Implementation

calo 3, time = 37984, avg time sig = 12.8, avg chi2/energy = 0.25

» Replace At discriminator in algorithm with >
At’, which is weighted by time resolution 4

At -, ||
oalLey)  OalEey) |

1378

. AT(E5) =

0
Energy [MeV]| ° : ? > : ° ° 7 &n clust O
[ tx: tl me Of h It In CI USter # of At . calo 20, time = 403202, avg time sig = 1.9, avg chi2/energ;:t1c.’;6CIuSt 1060
_ .1 1(Most likely) not real pileup
o [. cluster time
4 -
3 530 ES
X (O]
265
1
0 0
0 1 2 3 4 5 6 7 8|n clus%:
out of clust
L, -
a¢ Fermilab

42



If it’s real, what are general take-home remarks (p. stockinger)

The deviation is larger than the SM EW contributions and hence "large" and
not obviously easy to explain in BSM

a, Is a loop-induced, CP- and flavor-conserving, and chirality-flipping
— (aninclusive probe of essentially all particles/interactions)
— The chirality flip implies interesting correlations to the muon mass

» fundamental questions like Higgs/electroweak symmetry breaking and Yukawa
couplings/connection to flavor structure/origin of three generations

Many BSM scenarios can give large contributions, but
— they either involve a chirality flip enhancement (connections to deep physical properties)
— or rather light, neutral new particles (dark matter?)

— In virtually all cases there are strong parameter constraints from LHC, dark matter, LEP,
flavor experiments etc.

Typically one is forced into non-traditional parameter regions.



What might this mean ? (first “in general”)

* For us: strong motivation to push Run 3/4/4 analysis and obtain the full statistics
goal.

. For,other precision muon physics experiments: You might be onto something good!

- For preclswn ohysics: Sensitive experiment can really probe SM; go fc —
| ’“’ , beta decays, MOLLER, EDMs, etc :

o s Citations to the PRL as of last night... A‘bith‘ard tﬁc'i"brieflly summarize ®

'D. Hertzog



