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The Standard Model: Great success, many open questions!

Leptons

2= Fermilab
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Muon g-2 Motivation

Current Status

— Theory
* Dispersive Calculation
e Updated e+/e- Measurements
e Lattice QCD

— Experimental status

Fermilab Experimental Technique

* Runs 2-3

— Hardware and analysis improvements
— Crosschecks

Outlook

— General timeline: What comes next?
2= Fermilab



Our favorite probe: The muon
 Fortuitous lifetime = 2.2 us

E& « Spin 1/2 particle

* Encodes information about

Leptons spin in its decay
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Our favorite probe: The muon
 Fortuitous lifetime = 2.2 us

E& « Spin 1/2 particle

* Encodes information about

Leptons spin in its decay

. q z
M=gbms

» This g-factor is the “g” in “g-2”

* g= 2 + contributions from
virtual particles
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g= ) + AgQED  + AGEW + AgQcD + AgNP

* a,is the anomalous magnetic moment (i.e the part that differs from 2)

SM = SM_ — 54 QED EW QCD NP
a, (9,°M-2)I2=a, +a,~" +a, a,

JE :
3¢ Fermilab
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Motivation: Theory vs Experiment in 2020

I Py
e’‘e

ot

=

(®° g-2 |b— :

v

au (Relative to SM 2020) x 10710

b

Logical Possible Expla‘nrations for 3.7c discrepancy+

1. Theory calculation is wrong
Experimental determination is wrong

2
3. New Physics Explains the gap
4

Some combination of the above

7 Sep 12,2023 B. Kiburg | Run 2-3 Result Muon g-2

S
o

301

20 1

10 -

o

I
[y
o

BNL E821 Value

l Expected FNAL Muon g-2 precision !A\

| x
RS

G ? 9?C

52 (& :

SR I

Tn
SM 2020
Previous SM Estimates

A P I L

T. Aoyama, N. Asmussen, M. Benayoun et al., The anomalous
magnetic moment of the muon in the Standard Model, Physics
Reports (2020), https://doi.org/10.1016/j.physrep.2020.07.006.
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Theory

* Muon g-2 Motivation

Current Status

— Theory
e Dispersive Calculation
* Updated e+/e- Measurements
* Lattice QCD

2= Fermilab
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Muon g-2 calculation

_ contribution error? _
® QD ‘@
g= O EW
1 HVP HVP
/1 @ HLbL .
— -
Vaolwe g= 2 + O(103)qep  + O(10°)gw + O(107)qcep

Uncertaunty (ppm) 0.001 , 0.01 ,0.34 (HVP)& 0.15(HLBL)

« Dominated by hadronic contributions = study those calculations in more detail

JE :
3¢ Fermilab
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Dispersive Theory Calculation is Driven by Experimental Input

Relates these
terms

To observable
processes like

(qHADLO) OCLOO dSK(S)R(S)

2 S
mﬂ'

Tiot(€Te” — hadrons)

Rle) = Orot(eTe™ = ptp~)

* Low-energy region dominates
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Vs [GeV] [A. Keshavarzi et al, arXiv:1802.02995]
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Dispersive Theory Calculation is Driven by
Experimental Input

11

Cross section [nb]
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Many detailed

measurements lead to

precise theory
calculation

The combination

uncertainty is

driven by tension in
low-energy region
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New: from CMD-3 [F Ignatov et al, arXiv:2302. 08834]

405

E_ : _ before CMD2 —
E e . CcMD2

= ————  sND

E —— R KLOE comb

E  E—— BABAR

E . BES

360 365 370 375 380 385 390
a™ (0.6 <(s <0.88 GeV ), 10°"°
Many machines/exp pushing to
improve to sub % precision
BELLE-II @
A HVP measurements i
|
551 » M W
BES-III
BaBar SND CMD-3
2& Fermilab

Theory WP: https://doi.org/10.1016/j.physrep.2020.07.006


https://doi.org/10.1016/j.physrep.2020.07.006

Lattice QCD Introduction

* Provides alternative method of calculating hadronic contributions

« Maps Minkowski spacetime < - Euclidean space

¢ Direct calculation using Euclidean Lattice QCD

Approximations:

discrete space-time (spacing a) Integrals are evaluated

L X . .
. . . numerically usin
finite spatial volume (L), and time extent (7) y 9
Monte Carlo methods.
— g+
MILC ny=2+1+1
adjustable parameters
300, . . [ . . . E fm
B % lattice spacing: a=>0 y @ (fm)
é < finite volume, time: L=> o T>L
= o [ ) O ()
% quark masses (my): MHujat = MHexp Q - m ('\3
. . ' tune using hadron masses My => Mfphys
- extrapolations/interpolations ’ Mud ms me mp
o : ~a? (fm?) i
I A. El-Khadra P5 town hall, 21-24 Mar 2023 X

JE H
3¢ Fermilab
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Lattice QCD Calculations

 Process
— Perform calculations with different
* lattice spacings

Example of contribution in a subset of the lattice
 total volume

. 214
 Particle masses *
: : 212 | 6+
— Use results to dis-entangle systematics and §
extrapolate to the physical, continuum limit 210 + T
5208 g@g [ T
® Status E;:é 206 kg%é L
— In 2020 WP, lattice HVP had 2.6% total 8 04 V% ,,,,,,,,,,,,,,,, 1
uncertainty 202 ki% ,,,,,,,,,,,, 1
— In 2021, BMW first LQCD Calculation, 0.8% 200 k+ ,,,,,,,,,,,,,,,, 1 : : 3
uncertainty 198 i | i
— 3.7c tension with data-driven evaluation 0.000  0.005 af;-[?;g] 0.015  0.020

JE :
3¢ Fermilab
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Lattice QCD Windows

™

alIVPLO (9)2 /0 S ara o)

separately. [T. Blum et al, arXiv:1801.07224, 2018 PRL] .
Discretiz

issues

Short Distance (SD)  t:0 — 08
Intermediate (W) titfy—= 06
Long Distance (LD) t:t) = o o

fy=04fm, 1, = 1.0fm

¢ Use windows in Euclidean time to consider the different time regions

t|nn H. Wittig @ Lattice 2021
Stats / finite
volume issu

eS|

0 0.5 1 15
t [fm]

Further tensions for intermediate window:

T

.

compiled by M. Hoferichter

—o— RBC/UKQCD 2022
—e—i ETMC 2022
A duinininks - ETMC 2021
—e—i BMW 2020

R-ratio data [Colangelo et al, arXiv:2205:12963]
J

RBC/UKQCD 2018

|
230

| .
235 240
aE VP, win o 1()10

245

¢ Internal cross check: compute each window se
infinite volume limits,...) and combine:

a, =

parately (in continuum,

SD W LD
ay, + a,, —+ a,,

Il A. El-Khadra

P5

* Intermediate window

— lattice uncertainties are smaller and the dispersive r-ratio data can be mapped to the
Euclidean space for direct comparison

— Contributes 1/3 of the lowest order HVP contribution
. : : : o :
Work continues on other windows, multiple groups, 0.5% uncertainty go%%@lgﬁélb
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Hadronic Light by Light
//éxﬁr q

N 3 Exchanges of
+.ooo+ 0 S /¢ +...+ other resonances + +..
C\ (f07a17f23"‘)

« HLBL has smaller contribution that HVP

« HLBL Dispersive calculation is more challenging than HVP

« The dominant pion-exchange contributes about 75% and is determined to 6%

* The subleading terms dominate the uncertainty for HLBL

« Multiple lattice groups performing complete calculation (at unphysical pion mass)

©=(p) = (p")

« Both dispersive and Lattice will approach target of <= 10% feasibly by 2024

JE H
3¢ Fermilab
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Summary: New Precise Lattice Calculations are
in tension with Dispersive Calculations for a,

* Important to see how story evolves HVPfrom: =L ST T
: LM20 | C |
— Will need to see how other Buw2o PO A ot yetin WP20 (lat)
windows compares ETM18/19 | ® '
Mainz/CLS19 i @
— There are several tensions within FHM19 ! ® |
] ) ) o PACS19 : ®
the dispersive calculations, within RBC/UKQCD18 | o ® |
: : : BMW17 |
lattice and between dispersive and RBC/UKGCD N
. . . . N\ S|
lattice contributions for HVP data/lattice N
BDJ19 O :
o) o J17 o}
* Critical to support effortsto |97 4 __migg - I
understand these discrepancies DHMZ19 - §
. . S
and develop a firm theoretical KNTTS - 8
: WP20 -
CalCUIatlon IIIIIIIIIIIIIIIIIIIIIIIIIIIII I|I I IIII I
-60 -50 -40 -30 -20 -10 0 10 20 30
(aEM—anp ) X 1010
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* Muon g-2 Motivation

* Current Status
— Theory
* Dispersive Calculation
* Updated e+/e- Measurements
* Lattice QCD

— Experimental status

JE H
3¢ Fermilab
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Starting Point: Run-1 Result
a,(FNAL; Run-1) = 0.00 116 592 040(54) [463 ppb]

a,(Exp) = 0.00 116 592 061(41) [350 ppb]

BNL - @

* Theoretical situation is
complex and it is premature to
interpret comparisons
between theory and
experiment

FNAL Run-1 4 {1

I T e 3.7c discrepancy between BNL
S R and WP 2020
175 180 185 190 195 200 205 210 215 e 4 25 discrepancy between
a, %10’ = 1165900
* World Average 2021 and WP
Muon g — 2 Theory Initiative white paper (WP) value

https://doi.org/10.1016/j.physrep.2020.07.006 2020

JE :
3¢ Fermilab
18 Sep 12,2023 B. Kiburg | Run 2-3 Result Muon g-2



Runs 2-3 Result: Measured Value
a,(FNAL; Run-2/3) = 0.00 116 592 057(25) [215 ppb]

* Experimental situation solidifying

BNL +——@

e Excellent agreement with
, both Run-1 and BNL!
FNAL Run-1 4 O
! e Uncertainty more than
FNAL Run-2/3 I—[E]—l

halved to 215 ppb

* Both FNAL values dominated by
statistical error

175 160 185 190 195 200 205 210 215
a,x10° - 1165900

JE :
3¢ Fermilab
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Runs 2-3 Result: FNAL Run-1 + Runs 2-3 Combination
a,(FNAL) = 0.00 116 592 055(24) [203 ppb]

* FNAL combination: 203 ppb
uncertainty

BNL - @

FNAL Run-1 4 {1

* Both FNAL and BNL

FNAL Run-2/3 —00—i . L
dominated by statistical error

FNAL Run-1 + Run-2/3 +—@—4

175 180 185 190 195 200 205 210 215
a,x10° - 1165900

JE :
3¢ Fermilab
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Run-2/3 Result: FNAL + BNL Combination
a,(FNAL) = 0.00 116 592 055(24) [203 ppb]

* FNAL combination: 203 ppb
uncertainty

BNL - @

FNAL Run-1 +—— Sy * Both FNAL and BNL

FNAL Run-2/3 —0— . L
dominated by statistical error
FNAL Run-1 + Run-2/3 —e—%

* Combined world average
dominated by FNAL values.

+—eo—i
World Average

175 180 185 190 195 200 205 210 215
a,x10° - 1165900

a,(Exp) = 0.00 116 592 059(22) [190 ppb]

JE :
3¢ Fermilab
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Muon g-2 Motivation

Current Status

— Theory
* Dispersive Calculation
* Updated e+/e- Measurements
* Lattice QCD

— Experimental status

Fermilab Experimental Technique

JE H
3¢ Fermilab
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Muon g-2 basics in a storage ring

23

eB
w, = —a
T m

u

A precision measurement of the muon’s
anomalous spin-precession frequency in a
well-measured magnetic field will tell us how

muons see the universe.

Sep 12,2023 B. Kiburg | Run 2-3 Result Muon g-2
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What are the main experimental steps to get ¢, ?

eB
W, = —a
T m

u

Build a racetrack for the muons
Inject and store polarized muons

Detect the decay positrons to .
determine the muons’ propertiesiss

4. Map and track the magnetic field

2= Fermilab
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1. Build a racetrack for the muons: Bring the magnet to Fermilab




26

2. Inject and store polarized muons

8 GeV protons
Use RF to create bunches

Create pions on a target

Transfer and decay ©m 2 v,
creating a polarized muon beam

Delivery Ring kicks out remaining
protons, muons are extracted

~5000 stored muons per pulse

10ms 197 ms

"""l ||||||r16 shots /1.4's

Repeat!
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2. Inject and store polarized muons

* Muons are injected into storage ring & bend in the B field
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2. Inject and store polarized muons
« Fast kicker pulse transfers muons to central orbit

150

)

— T T T ™
— Kicker Pulse from Magnetometer Data |
—T0 Puise 1

~--- Cyclotron Period

Intensity (a.u
3

50

1 1 1 L L ]
%z "6 62 04 06 03
Time (us)

JE H
3¢ Fermilab
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2. Inject and store polarized muons
« Pulsed quads provide vertical focusing (restoring force)

2= Fermilab
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2. Inject and store polarized muons

1. Cyclotron frequency:

e
a)c=m—yB

2. Spin precession frequency

e g—2
Wg = m_yB(l-H/T)
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O,

Momentum ———s

Spin e

—
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2. Inject and store polarized muons

1. Cyclotron frequency:

e
a)c=m—yB

2. Spin precession frequency
e g—2
Wg = m_y B (1 + )/T)
3. Spin rotates ahead of momentum as
muon orbits the ring

Difference frequency w, is prop. to a, (and B)

eBg—2 eB
m 2 m

Wy — W, =W, = a

U
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JO,

Momentum ——s

Spin ——s

—

« At each point in the ring spin
rotates radially in & out at w,
2& Fermilab



3. Detect decay positrons to determine the muons’ properties

« Time & energy of decay e+ are measured by 24 calorimeters

JE H
3¢ Fermilab
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3. Detect decay posnrons to determine the muons properties

33

Sep 12,

ADC counts

538888888

1

E,: 4366

pedestal: 1758

t;: 16609.375

2023 B. Kiburg | Run 2-3 Result Muon g-2

16600 16605 16610 16615 16620 16625 16630 16635

sample number
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3. Detect decay positrons to determine the muons’ properties

« Due to parity violation, as the p* spin points towards & away from calos the
number of high energy e* oscillates

3 LT 3 5°§"’6 . Real Data
1SR | unsa
« Count et hitting calos above threshold (or weight the hits)
« We measure the oscillation frequency w,
2& Fermilab
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Muon Precession (w,): “Wiggle Plot”

Entries / 149.2 ns

35

Run-3a: 33 B et

To

8 108 T T T I T T T I T T T I T T T I
o x%n.d.f. = 3981/4127
L Running time 00H : 00M : 00s %_’ 107 &
, —5<t<100 _:\_
— IRALT | 010° g :
= | — 100 <t <200 o]
L | ‘ l \II | | —— 200 <t < 300 "q-J' 5
- | ' ! | 510 X
I ’ A - ‘ 1 AR 300 < t < 400 Q_) X
| ’ ‘ ’ | ’ ‘ —— 400 <t <500 ; 104 A =
L1 [ [ LA
20 40 60 80 100 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

—
<

| |
40 60 80 100
Time after injection modulo 102.5 us [us]

Time % 100 [us]

o
N
o

Select decay positrons with E > 1.7 GeV to maximize sensitivity
Fit the time spectrum to extract w,

JE :
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N/149.2 ns

Muon Precession (w,):

Start with simple 5 parameter fit: F(t) = Noe H/ 7 11+ Agcos(w.'t + ¢o)]

FFT of fit residuals

1.2 R L L N I A T T T T T
Lo i N fCBo ]
10F | | - | fepo T far]
° Lo Pt vw
i
@ 0.6 B
S Co! i
[ i 4
o 04 N ]
10° =
s ] [ o ¥ S Y O At S Al R Wity dayrldiilisaholimiiy (Pl Ay
102 a ~0 05 1 15 2 25 3
L L L | 1 L 1 | L L ! | L L L | L L 1 | 3 Frequency [MHz]
0 20 40 60 80 100 - -

Time after injection modulo 102.5 [us]



Muon Precession (w,):
« Actual fit has to account for:

« Beam oscillations — couple to acceptance & modulate signal

 Muon losses — decay isn’t purely exponential

22 parameter fit

Noe ™ (1 + A - Apo(t) cos(wat + ¢ - dpo(t))) - Nceo(t) - Nvw(t) - Ny(t) - Nacpo(t) - J(2)

Ago(t) = 1 + Axcos(wepo(t) + ¢.4)e” 7050

dBo(t) = 1+ Aygcos(wepo(t) + dp)e ™ T

Ncpo(t) = 1+ Acgocos(wepo(t) + ¢co)e 7080

Nyw(t) =1+ Ayweos(wyw (B)t + dyw)e VW

Ny(t) =1+ A,cos(wy(t)t + ou)e_%
t

J@t)=1—krm | At)dt

Jig

wcgo(t) = wot + Ae” 7% + Be 7B
wy(t) = Fwepo(r)V 2we/Fwepo(t) — 1

wyw () = we — 2wy (t)

IVQCBO(t) =1+ leC'BOCOS(zLUCBO(t) + ¢2cBO )8_ 27CBO
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s o _
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3. Measure decay p05|trons to determine the muons’ properties
Two Trackers

\

Trackers

/

Yy

o Muon s view of the storage region .
Je.red (e ¥Eermilab
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3. Measure decay positrons to determine the muons’ properties

Time since injection: 5.0 us

£l _ *Measure beam oscillations

Et directly

”  — Beam-dynamics corrections
R Tuning simulations

- Optimizing experiment running

1
-80 -60 40 -20 0 20 40 60 80
Radial Position [mm]

JE :
3¢ Fermilab
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4. Map and Track the Magnetic Field

* Nuclear Magnetic Resonance (NMR) «  Turnon
magnetic field

« Extremely Precise (~10 ppb)
 Measures Total Field Proton-rich % x <¢><+:

sample

RFE Caile tin Y\ \\\ A e

o > -—>
Digiize to 5 | M ,
extract o, S | W
eeeeee 2= Fermilab
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4. Map and Track the Magnetic Field: Start with a uniform field

BNL FINAL = FNAL Shimming Progress

1600
1

1400"

WEACTERRN AR Y
o R N Ak NS
g TR

200 . j\/“f

0 50 100 150 200 250 300 350

Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016

Sep 2016

Y -
3¢ Fermilab
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rack the Magnetic Field: Start with a uniform field

(((((((((
Mean

" Large
Il gradients

Small gradients

v

17 petroleum jelly : L
NMR probes — o . e

Nov 2015 Sep 2016

42 Sep 12,2023 B. Kiburg | Run 2-3 Result Muon g-2

2= Fermilab



4. Map and track the magnetic field

* In-vacuum NMR trolley maps fleld every ~3 days

vertical position [mm]
Lo

DR T P S ® m4r:)
17 petroleum jelly 2D fleld maps A2|muthally-
NMR probes (~8000 points) Averaged

Variation <1 ppm
» 378 fixed probes monitor field during muon storage at 72 locations

840
3 Trolley Runs
25 \
]
— 838
£ /
o
2837
[}
236 Interpolated
Fixed probes e Field
above/ muon 835

04/22 04/22 04/23 04/23 04/24 04/24 04/25

storage region
00:00 12:00 00:00 12:00 00:00 12:00 00:00

43 Sep 12, 2023 B. Kiburg | Run 2-3 Result Muon g-2

2= Fermilab



4. Map and track the magnetic field

« Cross-calibrate using a cylindrical plunging H,O probe which
repeatedly changes places with trolley (petroleum jelly probes)

PT1000 macor support  aluminum shield

macor support

£
/ Calibration Volume 5[
Q

electronics RF coil support RF coil ~ water sample  plastic support

254 mm

i | Plunging Probe

Trolley 4mmm)

» This probe is checked against a spherical probe
using an MRI magnet at ANL

« Both also cross-checked against a 3He probe
(different systematics)

H,O Probe 3He Probe

JE :
3¢ Fermilab
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Putting it all together

45

Sep 12,2023 B. Kiburg | Run 2-3 Result Muon g-2

x#/n.d.f. = 3981/4127

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

Y (mm)

- ) 1.0 jon:5.0 us
=Fleld homogeneity [ppm] ——
404 < .
—_
08 5. ™
£
20 B
>§
0.6 %
c
[
2
01 £
c 150
0.4 g
T E
—201 g
S
©
02 g
25 @
.5% —40 -

-40 -20 0 20 40 ST T PN B B
Radial Position [mm] 0 20 40 60 80
Radial Position [mm]
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From ideal to reality

Beam dynamics effects that

Measured anomalous p modify the observed p
precession frequency precession frequency
4 ) \

a, = Wa _ Wq 1+Ce+cp+0pa+cdd+0ml

g wp Wi 1+ By + B,
N

R]:_/ % J
Calibrated proton precession Transient magnetic fields
frequency (NMR) only present when
circulate

2% Fermilab
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Outline

47
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* Muon g-2 Motivation

* Current Status
— Theory
* Dispersive Calculation
* Updated e+/e- Measurements
* Lattice QCD
— Experimental status
* Fermilab Experimental Technique
* Runs 2-3
— Hardware and analysis improvements
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Run 1 Uncertainties: Where can we improve?
Total Uncertainty: 462 ppb

Statistical
434 ppb

Total Systematic: 157 ppb

Ce

Run-1
Uncertainties

Systematic

157 ppb
\ Run-1

Systematics

W, syst.

Dominated by
statistical error wp syst.

By

Bq

Target: quadrupole transient field B, and

phase-acceptance effect

JE :
3¢ Fermilab
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Systematic Errors B-Field (proton precession) w, (ppb)

Muon precession - w, (ppb) BNL2001  Prop-  Runi
(E821) osal
IIEBt;\IZI; Proposal AU Absolute 50 35 19
. ( ) Calibration
Gain 120 20 10 Trolley % 30 20
Pileup 80 40 30 Calibration
CBO 70 30 40 Trolley Baseline 50 30 40
E & Pitch 50 30 55 Fixed Probe 70 30 23
Lost Muons 90 20 5 Baseline
Phase * * 75 Muon 30 10 18
Acceptance Weighting
Total 180 70 108 Quad Transient : * 92
Kicker * * 37
Transient
Numbers are approximate Others 100 50 -
Category mapping is imperfect Total 170 70 114
3F Fermilab
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Run-2/3 Uncertainty Improvement Categories

1000
Muon g-2 (FNAL)

80 800 &
s
<

Run-3 2

60 600 2
o
]

400
, \

Rur\—l/_/
® -

Ky K o o oS
» N
@m‘! o @A@* o o o

Statistics

Analyzed positrons [billions]
IS
5

400

200F

Transient (ppb)

-200f

400

., M RN, AR L A
-100 0 100 200
Azimuth (deg)

Systematic
Measurements & Studies
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Magnet Temperature (C)

10?

N
@
T

Run-2 Data
— Run-1 Clustering
— Run-2/3 Clustering

0

1000 2000 3000 4000 5000 6000
9y [MeV]

Analysis Improvements
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Run-2/3 Uncertainty Improvement Categories

= (RA23 AR Wil BiLks RERS WASA L T T
100 1000 O 28 —
Muon g-2 (FNAL) o r q
7 I S r y q
Ew 800 fé 5 . Run-2 g
H , 5 g 26 .
2 60 fun3 600 3 £ r b
8 o o - 4
g = = B J
g a0 200 S T 24— -
H 2 5
g Run-2 3 g [Run-1 Run-3 1
2 20 i P = b
< 3 L ~—~ — ]
R“”’l/—/ 95 e Ut Pl il vl v o ot o'l o Disgsl el
R S e N RIILRRE RSP
e AN R A 0 e AN LS SSEIT & L &
e S e o o o ‘\fv?SYQQ{DS‘)SQQ’S{DQ@%YQ
Statistics
— T T T T
'g = Run-2 Data
o 400 108 — Run-1 Clustering
has [ —— Run-2/3 Clustering
= N
& 200
w i 6
a el 10
o O
(= [
| 4
-200— - 1o
-400[- - 102
PR B T PO A SO 0 Mo P I A
-10 0 100 200 ; . . .
. 0 1000 2000 3000 4000 5000 6000
Azimuth (deg) Energy [MeV]
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Run-2/3 Improvement: Statistics

100 1000
Muon g-2 (FNAL)
Weighted e* in our 5 80 - 800
final fit after quality

Run-3
control 60 - 600
E>1GeV 40 - 400
t>30us Run-2

201 e

Run-l/_/
0 T .

“Wo " “o “Wo BN N
Q o >y o & o<
0\:@\ oY D 0,\',\'\ oY N oY X Q’\X‘\

r200

Analyzed positrons [billions]
w, statistical precision [ppb]

Factor 4.7 more data in Run-2/3 than Run-1
Dataset Statistical Error [ppb]
Run-1 434

Run-2/3 201

Run-1 + Run-2/3 185
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Run-2/3 Uncertainty Improvement Categories

100 1000 Q 28— a
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2 60 600 2 IS
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g 2 T L0 & = 1
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Running Conditions
5 [ T o T -
o = S Run-2 Data
o 400 N 108 — Run-1 Clustering
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2= Fermilab
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 Temperature stability makes magnetic field less variable
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Running Conditions: Hall Temperature

 Temperature stability makes magnetic field less variable
"I"'I"'I"I"I"'I"'I"'I'I’/"I"'I"'I"'I"!‘

I Improved
I Run-2 /_\3 Hall Cooling

-Run-1 Run-3

N
0
I

Magnet Temperature (C)
N N
N (o))
| | | | |

JE :
3¢ Fermilab
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Running Conditions: Kicker Strength
* Last 18% of Run-2/3 has upgraded, stronger kicker

F —— Run-3a

- — Run-3b
08—

Arbitrary Units

Mom. distribution more centered

Lower E-field correction C,
e (off-momentum muons whose
electric field aren’t cancelled by
L magic momentum technique)

' l—0.4 -0.2 — 0 0.2 0.4
Fractional Momentum Shift: dp/p0 [%]

06—
04—

02—

Mean Radial Position [mm]

* Phase space matching improved

Smaller beam oscillations

JE :
3¢ Fermilab
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Run-2/3 Uncertainty Improvement Categories

57

100 1000
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T 80 800 2
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L LY R L B N L L T

G 28
e
=
o
2 26— -
E
()
fiad
2 241 —
2 Run-1 Run-3 4
2 -
L —_ ——
o) =S P U B 1 I T P | | Loool ool
DPIIRPPR 2P PHP
PSIIASST F S SIS
FIILETTF I ELR
Run-2 Data
108 —— Run-1 Clustering
— Run-2/3 Clustering

1000 2000 3000 4000 5000 6000
Energy [MeV]
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Transient Fields affect the muons

Quads are pulsed synchronously with muons

Correction Uncertainty
Quantity R u n 1 terms (ppb) (ppb)

feaiiv{@p (x,,0) X M(x,y, d)) T 56
B, -27 37
B, -17 92

We observed a motion of the quad plates associated with these pulses
Affects field observed by muons, but not the field mapped by trolley (quads off)

inner radius

e o ® Pulsing Quads
quad plates + + + I * Side plates
/j K\ oscillate radially
-1 |* Oscillating
S pul I conductor
) perturbs B-field
N ﬁ; * Fixed probes
I sensitive to
++ + _
e ©o o oscillation
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Dedicated measurement
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Improved Measurements: Quad Transient Field

59

* Measured with a new NMR probe housed in insulator

ESQ4 ESQ2 ESQ3
—_ . I a 3 : T T T T | T T T T | T T T T | T T :
8 400 -| § 400 —
o 4 - N _
d — +J L _
o 200 - § 200~ Run-1 Measurement —
87 1 @ B Locations 1
g 0 § o / ]
1 - B ]
© 00 — -200[~ i
o * ] - N
(] ’ L ]
L 490 T Muonfils 4 400 '
80 100 C R T N T T T N A ]

-100 0 100 200

Time (ms)
Azimuth (deg)

* For Run-1 analysis, we had limited measurement positions
around the ring

* Largest Run-1 systematic: 92 ppb

3¢ Fermilab
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Improved Measurements: Quad Transient Field

* For Run-2/3 analysis, probe runs on the trolley rails

e Allows full mapping of all quad stations:

ESQ4
Y F N HEL T |
S 4001 '
E zoo:— asurement
%2} o
C -
c ol
[ C
-200 ]
O~ -400F -
100 o 100 200
Measurement probe mounted

i i Azimuth (de
on trolley rail train (deg)

* Uncertainty is reduced to 20 ppb

JE H
3¢ Fermilab
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Run-2/3 Uncertainty Improvement Categories
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Analyzed positrons [billions]

Transient (ppb)

100
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80
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40
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Analysis Improvements
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w, Systematics: Phase Shifts
* Many systematics come from effects that change the phase of the detected e* over time

* These make us mis-measure w4 with no other indications that we’re getting it wrong

cos(wat + @(t)) = cos(wat + ¢ + 't + ...)
\ = cos((wg + @' )t + Pg + ...)

* In general, anything that changes from early-to-late within each muon fill can be a cause
of systematic error.
* Most phase shifts are eliminated by design or before fitting the data, but we must correct

for one particular effect ( Cpa)
2& Fermilab
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Decay y [mm]

Cpa — Phase-Acceptance Correction

+ The g — 2 phase of the accepted positrons depends on the muon decay position (x, y, ¢) and

40

20

-20

40

63

energy.

T R T
20 40

Decay x [mm]

Detected Phase [mrad]

(Exaggerated) Example “decay cones” at the different radial
positions.

Not an issue if the muon distribution doesn’t change shape

over a fill
2= Fermilab
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. =k
Cpap — Phase Acceptance errorin Run1 =«
« The spatial muon distribution should be stable during o
the measurement period. However... “E Nominal 1-Step
. . 12— IS Nominal 2-Step
« 2 out of 32 Quad HV resistors were damaged which b e Beam Injecton
led to unstable beam conditions O T E— pamaged 1-Step
— The electric field changed during the measurement 6‘
— The mean vertical position and width changed *
20
— Resulted in a -158 ppb correction with 75 ppb unc. o N T D
50 100 150 200 250 300
— Resistors fixed prior to Run2 - much more stable Time fhs]
- 'E - I g 13.8E i
Cpa Correction Unc. £ o — 5 e ——Run 1d
[ppb] [ppb] $ oz o g dad g i 8 134t i o
§ of— . i,. o oy éég‘m;g?gﬂg H%% % qgﬁ#ﬁiﬂ{}%ﬁﬁ%ﬁhﬁ[EH}[ % 13.2? i Run 2c
Run -158 75 £ oo 5 W
-1 & -0,4; : (é) 12.8;— .":.-
oo | Thund i e R :
Run -27 b ~—Run 2¢ waf | PP {Iﬁ
-2/3 _15 :..|....|.‘,.|....|.H.|.... 12‘2:_.:.,|.‘..|....|....|....|x...
0 50 100 150 200 250 Time [u(;(]JO 0 50 100 150 200 250 Time [uz(]JO
2& Fermilab
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Uncertainty Improvements Summary
Wa _ wy 1+Ce+Cp+C’pa+C’dd+le

- Systematic improvements in all parameters “p o wp' 1+ B+ By

Analysis _Jw.syst.
Improvements C

Runnin
nning: ¢,
Conditions
Run-1 Ca
Systematics wp Syst.

c. Improved _[Bq

I Run-1

Cpa I Run-2/3

Measurements |5«

0 20 40 60 80
W, Syst. Ce uncertainty / ppb
Cpa

W, syst.

wp syst.

. After improvements, total

k . =

B, systematic comes from multiple
p .

Bq

2& Fermilab
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Run-2/3 Uncertainties: Final Values

Quantity

Correction Uncertainty

Total uncertainty is 215 ppb

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201 2.2

Syst. 157 70 2.2

Near-equal improvement: We're
still statistically dominated

Systematic uncertainty of 70 ppb surpasses
our proposal goal of 100 ppb!

[ppb] [pph]
wg' (statistical) - ‘201’
wg' (systematic) -
Ce 451 32
C, 170 10
Cpa o7 13
Cad -15 17
le 0 3
featin (W (7) x M (7)) - 46
By, -21 13
B, 21 20
11p(34.7%) / pre - 11
My /me - 22
ge/2 - 9
Total systematic - 70
Total external parameters -
Totals 622 215
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Outline
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* Muon g-2 Motivation

* Current Status
— Theory
* Dispersive Calculation
* Updated e+/e- Measurements
* Lattice QCD
— Experimental status
* Fermilab Experimental Technique
* Runs 2-3
— Hardware and analysis improvements
— Crosschecks
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Crosschecks: Run 2-3 sub-datasets sorted chronologically

* I|dentified many Run 2 & 3 dataset slicing
variables and 0.00370755 - " i
subdivide run2-3 %@ | ”
into ~5-10 g 0.00370754 - run s
subsets sorted é + {

?

on each variable = 0.00370753 --TLH---;---IF .;.+.+.*.+.--+- .+.+-_

alW

3 0.00370752 - +

* Everything was
consistent with
expectations

1 1 1 1 | | | | | | | | 1 1 1 1 1
R PP KPR PP KK o0 D 0 oo
Dataset

JE :
3¢ Fermilab
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Stability against different beam conditions

69

A, is the amplitude of beam oscillations,
Kioss 1S Stored muon losses, which can shift phase

(Recon west)

o
Wp

Wal

Runs 2 & 3 ACBO

slicing (statistically binned)

0.003707450 -

0.003707445 -

0.003707440 -

0.003707435 -

<4me
23D

un
un

0.003707430 -

@ w

== = Fitline: y = 370743878 -10~*!
Weighted mean: 370743878(74) -10~11
Weighted std.: 266 *10~1*

X*Indf =12.000/ 14

p-value = 0.606

u

5
N

A
B

o T

1
0.003 0.004

Acgo

I I
0.001  0.002
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I
0.005

1
0.00¢

(Recon west)

o~/
Wp

T

3

RUI’]S 2 & 3 K[oss
slicing (statistically binned)

0.00370746 -

0.00370745 -

0.00370744

0.00370743

Fitline: y = 370743868 -10~1
Weighted mean: 370743871(74) -10~12
Weighted std.: 226 -10~*

X?/ndf =8659/14

p-value = 0.852
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Measurements at Different Magnetic Fields

70

e Across BNL and Runs 1-3, datasets were taken at slightly different field settings

* Allows a simple cross-check of scaling between u and p precession frequency

3
22.5
28 20 ++ ty

=9 2001 T T f I |

X =

=1 17.5

©
c 220082 °® BNL 1b
o e FNAL Tey+451d
ﬁ _229.0801 — Exp. Average _— 1a

N
(@) -
© ¥ 229.078 2 3P
S = " 3a
c o 229,076 - .
O T _— < >
S5 3 — ~14 ppm
S 229.0741 RY &

—
229.0721 R99
61790.0 61790.5 61791.0 61791.5 61792.0
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u");,/2n [kHz]

Magnetic field
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* Muon g-2 Motivation

Outline

* Current Status
— Theory
* Dispersive Calculation
* Updated e+/e- Measurements
* Lattice QCD
— Experimental status
* Fermilab Experimental Technique

* Runs 2-3
— Hardware and analysis improvements

9) — Crosschecks

A e Outlook

— General timeline: What comes next?

JE H
3¢ Fermilab
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FNAL Data Summary

Last update: 2023-04-13 10:16 ; Total = 21.46 (xBNL)
- Muon g-2 (FNAL) // _
Z 20 Run-6
2
g
£ 197 Run-5
3 2023 pub (in
5 progress)
2 10 1 Run-4
+m 202b1 f 1
= pu I ]
©
g s5it A\-s l -
,/151;1-2 ~2024-2025 pub
0 Run 1
»\Q\ »\Cb 9O 90 A A\ AT al o 9l D
o\ O e ek gt X O e \ W 0
,\\\\"’* R ,\\\"” P e A P A ROF e T (<9
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Run-6 is final dataset collection
ended in July 2023

— Total integrated statistics reached
the TDR goal of 21xBNL (actual =
21.9xBNL)

— Systematic uncertainty (~70ppb)
should exceed the ~100 ppb
experimental goal

— Experimental uncertainty should
exceed ~140 ppb

Additional magnet systematics

ongoing for ~6 months

Raw production on Runs 4-6
complete

Pushing into new regime, new

puzzles
2& Fermilab



Improved Operations in Run 4-5-6

« Maintained temperature stability and pulsed system quality control near optimal
parameters

* Reduced beam oscillations by augmenting quads with RF phase-space matching

RF HV on top of the Quad HV

Quad voltage [kV]

73

Quad-RF

-

—li—

30 40 50 60 70 80 90 10

[llustration

0 200 400 600 800 1000
Ti
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Beam center

Horizontal centroid [mm]
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Experiment vs Theory Comparison

« Theory prediction is less clear now, but we can still make some comparisons

C 500 >

Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
C 510 >
@ +—o—+
SM: ete- HVP World Average
T.I. White Paper (2023)

(2020)

!

New results in tension
with White Paper (2020)

175 160 185 190 195 200 205 210
a,x10° - 1165900
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~5c wrt Theory Initiative WP (dispersive) - will
likely decrease

Include BMW result by swapping HVP from WP
with their value. Some caveats:

« other lattice groups have checked
intermediate window, which contributes
less than 40% of the discrepancy with the
dispersive calculation

* Looking forward to seeing additional full
lattice calculations in 2024

* Ignores many dispersive results

» As expected, BMW falls in between WP
(2020) and experiment

2= Fermilab



Runs 1-3 Results / Implications  What can explain the difference?

/
< 5.00 / > \
+—e—
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
@ +—o—+
SM: ete- HVP World Average
T.I. White Paper (2023)
(2020)
!
New results in tension L
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,x10° - 1165900
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(a) Experimental Error

(b) Theory Error

(¢) New Physics

(d) Some combination of the above

Excellent agreement between BNL
"~ and FNAL Run 1-3

This hypothesis is much less likely
now

2025 FNAL result will reduce
experimental uncertainty by ~30%
and establish legacy target

2& Fermilab



First Results / Implications  What can explain the difference?
(a) Experimental Error

(b) Theory Error
> (¢) New Physics

(d) Some combination of the above
Longstanding dispersive calc

< 500

Fermilab 1+2+3
(2023)

< 510
PPTY / - Investigating recent tension
Tl V\(gggol;aper - What can CMD-3 tell us?
Nlew results in tension O .
wih White Paper (2020) SM: Lattice HVP New lattice QCD approach
Bl Collab. suggests higher value

(2020)

— Could new physics be lurking in
e+/-e- measurements?

: 195 200 205 210 — Systematic e+/e- experimental
a,x10° - 1165900 error?

17.5

2= Fermilab
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First Results / Implications  What can explain the difference?
(a) Experimental Error
< 5.00 >

(b) Theory Error
+—eo—
Significance will likely decrease Fermilab 1+2+3 (C) New PhySiCS

with an updated SM prediction (2023)

< 515 > /(d Some combination of the above

@
A Many Exciting theory possibilities
- (2020) Measurement of the Positive Muon Anomalous

Magnetic Moment to 0.46 ppm

.

New results in tension
with White Paper (2020)

Muon g-2 Collaboration « B. Abi (Oxford U.) Show All(237)
Apr 7,2021

11 pages

Published in: Phys.Rev.Lett. 126 (2021) 14, 141801
Published: Apr 8, 2021

e-Print: 2104.03281 [hep-ex]

DOI: 10.1103/PhysRevLett.126.141801 (publication)
PDG: mu(mu)/(ehbar/2m(mu))-1 = (g(mu)-2)/2

Report number: FERMILAB-PUB-21-132-E Ru n 1: Iin k

175 18.0 18.5 19.0 195 20.0 20.5 21.0 Experiments: FNAL-E-0989

9 View in: OSTI Information Bridge Server, ADS Abstract Service
a, x 10 -1165900
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2308.06230

Physics possibilities (papers citing August arxiv paper, which

has now been accepted for

PRL)

Probing chiral and flavored Z’ from cosmic bursts through neutrino interactions
ShivaSankar K. A., Arindam Das, Gaetano Lambiase, Takaaki Nomura, Yuta Orikasa (Aug 28, 2023)

e-Print: 2308.14483 [hep-ph]

pdf [= cite

[@ reference search %) 0 citations

Muon g — 2 and dark matter in Supersymmetric SU (4). x SU(2); x SU(2)r
Qaisar Shafi (Delaware U.), Amit Tiwari (Delaware U.), Cem Salih Un (Aug 28, 2023)

e-Print: 2308.14682 [hep-ph]

pdf = cite

Flavor physics in SU(5) GUT with a 45 scalar representati
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Overall Timeline & Summary
A. El-Khadra’s talk at P5 town hall, March 2023

« Major
experimental
result in 2023

* Theory planning
significant
updates in 2024

« Open questions
on theory-theory
& theory-exp
anomalies will be
addressed on
this timeline

Near-term Timeline

FNAL E989 J-4
Run 6
Run 5
Run 4 V
? ?
T A * o T * T — * v‘ * T
Run 1 result Result from Result from Final result
announced Runs 2&3 Run 4&5 from E989
Muon g-2 Tl WP update
WP pu%lished Theory Initiative: \—p‘
] ¥ ongoing activities: develop method average for Lattice HVP
v v« CMD-3 seminar (virtual): 27 March 2023 at 8:00am US CDT
o v WP update with all available results ~ late 2023
* Tl workshops:
SSSSSSSSSSSS S Jun 2021 @ KEK (virtual)

X A E-khadra

Sep 2022 @ Higgscentre
Sep 2023 @ Bern
Summer 2024 @ KEK

P5 town hall, 21-24 Mar 2023
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Muon g-2 Collaboration

Muon g-2 Collaboration

7 countries, 33 institutions, 182 collaborators

USA China

— Boston — Shanghai Jiao Tong

— Cornell Germany

— llinois _  Dresden

- JKames :Aadison —  Mainz

- entucky

— Massachusetts l] Italy .

—  Michigan — Frascati

—  Michigan State ~ Molise

—  Mississippi - N.aples

—  North Central - Pisa

—  Northern lllinois — Roma Tor Vergata

- Regis — Trieste

~ Virginia ”/.\ - Udine

—  Washington “¥ Korea

USA National Labs - CAPP/IBS

— Argonne i - KAIST

— Brookhaven Russia

— Fermilab —  Budker/Novosibirsk
— JINR Dubna

llab e
181 collaborators - [E—

— Lancaster/Cockcroft

33 Institutions S
7 countries

— University College London

Muon g-2 Collaboration Meeting @ Elba, May 2019
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J-PARC Experiment & MUONE

JE :
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J-PARC muon g-2/EDM experiment

J-PARC MLF

Aiming for data taking
from 2028

2% Fermilab

Shields, area control (2022)
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RF Acc. Test at S2 area (May 2023)



J-PARC Experiment

+  Complementary technique : -

BNL(2006)
—  ubeam accelerated from rest —e—i I
Standard Model e

— no E fields 2020) FNAL (2021)
— smaller magnet

*  Aiming for a result comparable to Run- "
1 result towards the end of the decade -t R L ol ni Lo L L L L

Muon anomalous magnetic moment a, X 10° - 1165900

« Under construction aiming for data taking from 2028.

« Succeeded to deliver a surface muon beam to H-line.

» Constructed the experimental area for muon cooling and
the first stage of the acceleration.

« Currently taking data to demonstrate the muon cooling by
using the laser ionization of muonium, followed by RF

acceleration tests. _
2% Fermilab..
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Additional Experimental handle being pursued: MUonE at CERN

* A novel approach to determine the

a

I

leading hadronic contribution via a
very precise measurement of the
shape of the differential cross
section of ue elastic scattering

HLO __ % / dzr(1 — ) Aapeq(t(x)]

Be scattering target
Tracking via silicon strip detectors

Status

— Scattering test beam studies 2017-
2018

— Test runin 2021/2022

Goal: 3 years of running 2 0.3%
precision on a//*?

The MUonE experiment ONEe

Extraction of Aa, _,(t) from the «shape» of the u™e- > u* e elastic differential cross section

do—data/dt _ 1
m /daﬁ’cyp/dt 1= A (t) — Acaa(t)|?

From theoretical calculation
e 0 corencaL.calcuiatio To be measured

Muon beam momentum = 150 GeV

o
T

A beam of 160 GeV muons allows to
cover the whole aﬂ”LO.

»
TT 1T

cattering angle (mrad)

.Correlation between muon and -
electron angles allows to select elastic = [
events and reject background (e*e ’r

pair production).

.Boosted kinematics:
Bu <5 mrad, 6, <32 mrad.

G. Venanzoni, Tl Meeting, KEK, 29 Jun 2021
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