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Basics: Magnetic Moments W

The gyromagnetic ratio (‘g’-factor) determines
spin precession frequency in a magnetic field

Z2=[XB
- e -

= qg——S-S
H=J9 2mc

F gravity
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Basics: Magnetic Moments W

The gyromagnetic ratio (‘g’-factor) determines
spin precession frequency in a magnetic field

Z2=[XB
- e -

= qg——S-S
H=J9 2mc

Dirac's equation predicts, for a spin-1/2
charged fermion:

= ? -
g F gravity
L
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Basics: Magnetic Moments

The gyromagnetic ratio (‘g’-factor) determines
spin precession frequency in a magnetic field

Z2=[XB
- e -

= qg——S-S
H=J9 2mc

Interactions with virtual particles alter the
value, making it slightly greater than 2

Y

> 2 =
Y i (VAVAVAV) Fgravity
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Theoretical Calculation

Schwinger calculated the first order
correction to a, in the 1940’s

g-—2 a
=— > —
=" T
Tree Level QED
Y Y
1 1 y
g =2( 1 +.00116....

T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020).

Source

Schwinger

AW

Value (x 1071) Error (x 10~11) Error (ppb)

116140973.30
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AW

Theoretical Calculation source  Value (x 10-11) Error (x 10~11) Error (ppb)

Schwinger calculated the first order Schwinger  116140973.30 . -
correction to a”;n_tge 19:0 S QED 116584718.93 0.1 0.9
a="—>

2 5/

***we'll talk about
this again later

Tree Level QED
Y Y
1 1 y
g=2( 1 +.00116....

T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020).

3= Fermilab
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Theoretical Calculation

Schwinger calculated the first order

correction to a, in the 1940’s
g-—2 a

Tree Level

LA A .

g =2( 1

T. Aoyama et. al. The ano

+.00116 ..

malous magnetic moment of the muon
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Source

QED

HV/P<

HLbL
EW
Total

+ 00000006845

in the Standard Model (2020).

Schwinger

AW

Value (x 1071) Error (x 10~11) Error (ppb)

116,591,810

HLBL

+ .00000000092 ..
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116140973.30
116584718.93

0.1
40
18

1.0
43

Electroweak

0.9
343
154

8.6
368

New Physics?

+ .000000001536 ..

+—0(100>k10‘11))
* ™
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Where we were in 2021 W

BNL g-2 : @— t
FNAL g-2 | )
2021) 1 ® '
< 420 >
@
Muon g-2
T1 2020

175 180 185 190 195 20.0
aPX109—1165900

The anomalous magnetic moment of the muon in the Standard Model
Physics Reports Volume 887, 3 December 2020, Pages 1-166

Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm
https://doi.org/10.1016/j.physrep.2020.07.006 Phys. Rev. Lett. 126, 141801 — Published 7 April 2021

Jt :
3¢ Fermilab
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://www.sciencedirect.com/journal/physics-reports
https://www.sciencedirect.com/journal/physics-reports/vol/887/suppl/C
https://doi.org/10.1016/j.physrep.2020.07.006

Muon g-2 in a Storage Ring: wg Vs. o, Wi

In a storage ring, the spin of a muon
will precess to first order like:

Z—f=fix(§ —M

=W, = —‘Znglﬁ— (1_");_111
and the momentum will precess like:

dp eB

a =Y Tym
The difference in these precession
frequencies is:

—

_ . eB
wa:ws—wc=aua

where

g—2
2

a, =

2% Fermilab
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In a Storage Ring w, Is Directly Sensitive to a, W
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“Traditional’ W

HEP/Nuclear Physics

W, Mm i
a, _ Lo, Techniques
B e
Beam
Dynamics
(xX)
NMR Physics
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Muon Production and the Beamlines

13

Long proton fills are
reshaped into = 120

1 ns wide bunches

1 using RF cavities

Protons are accelerated
to 8 GeV and injected
into the recycler ring

/| Bunches are
| extracted 1 by 1 to
the APO target hall

A. Schreckenberger
0 5 10 15 20 25 ©
¢ [rad]

N
le5
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Most remaining =™ E
How Muons are Made decay along the ~ 2km .
DR detour. Protons can g 2 ‘u
80% of 1+ decay be separated from u™* - Y |
along M2/M3. o [ . | lE 2
Selecting forward - i 7
going muons yields fom i e
polarization of ~95% o g™ || H‘l
, N ’ MC-1
= Experimentzal
—— S=0
Protons hit a target and produce '+, l,
those around 3.1 GeV/c are selected
and transported along M2/M3 D S p
- -.‘f&. =)
Image: Brian Drende =
‘ 2= Fermilab
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Image: Kevin Brown

Previous Generation: E821 at BNL e

T
S old Fixed
24 g G N Target Area
U=V line B @' K
005 s LN
‘ e (D%

line

Pion Production Target

< BNL g-2 —o—.—o—)

FNAL g-2
[ s A —

U line
A I\
< 420 >
\ 4
— ——+
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9
a, =10 -1165900

FIG. 3. Plan view of the pion/muon beamline. The pion decay
channel is 80 m and the ring diameter is 14.1 m.

E821 Final Report
Phys. Rev. D 73, 072003
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https://indico.fnal.gov/event/20260/contributions/56661/attachments/35440/43242/BNLSlowExtraction_ICFA_SXWS_2019.pdf
https://www.g-2.bnl.gov/

A (g - 2), Experiment to +0.2 ppm Precision
BNL P969
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FIG. 3. Plan view of the pion/muon beamline. The pion decay 9-2 Ring

channel is 80 m and the ring diameter is 14.1 m.
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https://www.bnl.gov/npp/docs/pac0904/p969.pdf

National Laboratory

L? Brookhaven

The Big Move: A Last Look at the Muon g-2 Ring's Departure
from Brookhaven ‘

Brookhaven employees and expert engineers guided the massive electromagnet across Long Island
in the first leg of its journey to lllinois

August 8,2013

g Q enférg?

S L 1 2.

The massive electromagnetic muon storage ring can be seen here exiting the building where it gave Brookhaven Lab researchers a
tantalizing glimpse of physics beyond the Standard Model.
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Beam Profile at Inflector Entrancis
g-2

Inject muons into the storage ring 2 100 ~ 12503
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Kick onto the proper orbit

T T T
—KnckafF'u\uFamMgntumsl 1 Data
- T0 Pulse
Cyelotron Period

Kicker

Intensity [arb. units]

PR R ST T S S R PR
0.0 0.2 0.4
Time [us]
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Kick onto the proper orbit
=" = 4
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Electrostatic Quadrupoles Focus Vertically Wa

2% Fermilab
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\wm‘“‘ Ring Azimuth -3

Muon Trajectory o 0 40 50
Y
Pitch Correction E Field Correction
(»~0(200 ppb) C,~0(500 ppb)
§C,~0(5 ppb) 5C,~0(30 ppb)

mc
au = wag(l + Cp + Ce + )
Z% Fermilab
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Muons decay to posﬂrons which splral Inward ®-

2% Fermilab
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Tracking Detectors can Reconstruct Decay Vert

28
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e 3 —_——

3 .
R

Time averaged beam position from
S : / A trackers gives us the weighted B field

2% Fermilab
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Calorimeters Measure e* Energy
24 calorimeters — 1296 lead fluoride crystals with
their own energy/timing/gain calibrations.

> 99% uptime over the life of the experiment
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= oy

Muons Decay is Self-Analyzing ’ W

1
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TAT

Run-2/3 Dataset i m—— Beam distribution
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Precession Frequency Analysis ®-

Simplest functional form:
N(t) = Noe /(1 — Ay cos(wat — ¢,))

However the fit to the data is relatively
poor:
x*/NDF = 10.7

loB 4

106 4

10° 4

104 4

103 4
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/\/\/\/\/\/\/\/\/\/\/\/\/\/‘\/\/\/WVW\/
/\N\/\/\/WWV\M/V\/\/\/\/‘\/\/\/\/
N\AN\/\/WV\/\/V\/\/\/\N\/\/\/\/\/
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J 7 77 7

. .
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—— ht
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Precession Frequency Analysis ®-

Simplest functional form: 10t | Run-2
N(t) = Noe /™ (1 — Ag cos(wat — Pa)) 107 ] /\/\/W\/V\/\/\N\NW\/\/\/\/\/\/\/\/‘

106 4

N
However the fit to the data is relatively \A/W\AMM/WV\M/WWVN\/:/\NW\MNVWVW/\N\\/M/
N

poor: N\/\/\/\/\/\/\/\/\/\/\/\/\/\N\/\/\N\N
x*/NDF = 10.7 w0t {— NN NN AAAAA
—— Data % 100 us
. MAAAE A AYAAVAVAVAV VY, o

Looking at the residuals, we see clear 0 20 “ 50 80 100
evidence of frequencies beyond the
pure g-2 oscillation. 20000 |

Time % 100 us

N

10000

These are the beam oscillation
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for can bias our extraction of w,.
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Precession Freqguency Analysis

Simplest functional form: 10t | Run-2
N(t) = Noe /™ (1 — Ag cos(wat — Pa)) 107 ] /\/\/\/\/\/\f\/\/\/\/\/\/\f\f\fwﬂwﬂvﬁvﬁvﬁvﬁv”

106 4

10°
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Precession Frequency Analysis

The largest beam oscillation
frequency is the radial ‘coherent
betatron oscillation’ [CBO].

This (and other beam motion
frequencies) enter our fit due to
detector acceptance difference for
different decay positions.
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Precession Frequency Analysis: Adding 1st Order CBO w

We can modify the fit function to oo ]

incorporate these beam motion effects.
The lowest order effect is the CBO

motion, which we incorporate as: 10° ;

105 4

N(t) = NgN. e (1 — Ay cos(wat — ¢,))

103 4

where:

Nx(t) =1+ Acboe_t/TCbocos(wcbot + ¢cbo) 1.4 1

1.2 4

With this addition: 10
x*/NDF =1.18 08
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Precession Frequency Analysis: Full Fit Function ®-

N(t) = NoNyoss (DN (DN, (DN, () €77 [1 + A A (t) cos(R(wg)t — g P (t))]
R = blinded proxy for w,
Nloss(t) =1 — KjpssA(L)
Ny(t) =1+e 2/ oAy sy, cos(Wepo ()t + Pyxaz)
Ny(t) =1+e % Ayys cos(w, (Ot + dyy11)
Ay(t)  =e oA,y cos(Wepo (D)t + Pax11)
b)) =1+ e_t/TCb"A(pxn cos(wepo (D)t + ¢¢X11)

N =1 —t/Tcho A
xy (®) te nx11 COS(Wepo (O)E + Prxa1) Revealed with higher statistics Run-2+3.

+ e~ t/Tow ANY2_2 COS(wVW(t)t + ¢Ny2_2) More expected in Run-4+
-+ e_t/TCbO_t/TvW *

ley+ COS (((UVW + Wepo)t + ¢xy+) + Axy— COS (((UVW — Wepo) + (pxy—)]

2% Fermilab

39 9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar



Precession Frequency Analysis ®-

After the addition of terms accounting 1ot ] Run-2
for vertical and horizontal beam

motions and Muon losses, we arrive 7 \’V\/\/\/\/\/\/\/\/\/\/\N\/WV\W
N
N
™

at a final fit. 10°

105 A
No more peaks are seen in the | “m

104
o~ F_N

residuals, and the fit converges to a ’\f\/\/\/\/\/\/\/\/\/\/\/w\/ — Date % 100 s
103 H —— Fit

stable minimum.

Time % 100 us

300000 1 . - : .
: | i | —— FFT of Residuals
1 | | | ——- W
i i ;

250000 1 T 1 1 -~ Webo
i | ;
1 | | v
! !

200000 A : | S
: —-= VW-CBO
1

150000 4 :

100000 4

50000 -

04 1 . i H
T L - T T T I T - T I T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Frequency [MHz]
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Precession Frequency Analysis: Cross Checks w

R = blinded proxy for w,
R(w,) stability vs:
Start time Energy Bin Calorimeter

Run-2 Run-3b
Run-2 —42 A
X2/NDF = 22.53/24 = 0.9388
A =S4 e p = 0.548
A i nf ® p0: -5.94e+01 * 2.80e-01 —44 4
» f‘l 'I‘“ ke . -
~59.04 LN L ,,.’m" : + A - R:-5.95e+01%3.37e-01
AsY o N DTN U —56 4 4+ T - R:-5.95e+01%3.75e-01 e
pre iy, W ! : 46
: ghpfa Y ] :
LY f H 3
‘.'v & S : N :
3 1 —58 1 : B k& H —48 L
~595 1 WA S e I 4 K e 1 :
!"rll!‘.l ﬁ. n‘ ‘ .....:.. s ..u' . ...E‘ ....‘ ....'.-:‘.. o oo ] ......-:'. T N +
o . BT 1 * .dﬂ"-’ « i ; : © —50
WS v \\ o s . w —60
-60.0 - 2 %, ! ?
! ) | —521 \
L % —62 |k |
| T’"\.}}‘ v l“I ¥ K} ¢ '
60.5 4 vy 4 ‘:,,,l : —54 X2/NDF = 23.14/23 = 1.0062
—ou. | A ,"I W i : I I B (T p = 0.452
. i, —64 1 HH p0: -4.91e+01 + 5.14e-01
| ¥ i =561 4+ A - R:-4.93e+01+4.87e-01
\ & * T - R:-4.92e+01%541e-01
-61.0 A ! —66 1
20 o 20 . . 24D 1000 1250 1500 122; 20;?] [;2;_3(]) 2500 2750 3000 0 5 callor)rimEter N:r?]ber 20 25
Start Time [us] oy
L H
3¢ Fermilab
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Precession Frequency Analysis: Cross Checks ®-

Run-3: w, /@, vs. Inflector Current

0.00370743 - p.’l',;:’mmm
. R agains.t B 0.00370742
for Run 3 sliced by Hours since Magnet Ramp Up
== = Fit line: y = x-893.66(23) Q H
g T65] recme B O — S
% ¥ Run3A :% ] A +
— —66 + RunE - 400 —
Py a 0.00370740 A
=) =]
= © 0.00370739 1
@ -300 & - - - - -
—68 - — 2758 2760 2762 2764 2766
5 v Inflector Current / A
(] c nriector Curren
© - 250 5 ~
e —694 __L - & Run-3: w, /@, vs. sub-dataset
L I I 200 o
S _70{ £ S
@ 150 & N
X o o
o —711 100 £ ~
1
T T T T T m
824.0 824.2 824.4 824.6 824.8 g
B-field variation (wrt nominal) / ppm *
zeg‘325 b - Fit line: y = 332.15(89)
~ T S
+ many, many more cross checks S0 L B

3 3C 30 3E 3F 3G 3 3 3K 3L 3M 3N 30
. . . Data Set
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Putting it all together...

with corrections

Changes in w,

! I
fclock(‘)meas(1 + Ce + Cp + le @‘l' Cdd)

|
Changels in @,

Frain(ZCt, v, @) X @, (x,y, $))(1 + By + B,)

Transient

- Wa

(e

External Constants

magnetic fields
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#p(Tr) 10.5 ppb uncertainty
atT,. = 34.7°C
#e(H ) w Metro;g‘a 13,179 (1977)
(
Iie(H) ' Bound state QED calculatlon
“Exact”
He CODATA 2018
\_ Wy,
my | Muonium hyperfine splitting
m. | +QED]| 22 ppb uncertainty
L e ! CODATA 2018 )
. N
Je Electron g-2 (2023)
? 0.13 ppt uncertainty
L Phys. Rev. Lett. 130, 071801 (2023). )
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Systematic Improvements: C,,

Decay y [mm]

[}
=]

-40

44

-

Wat + ¢ - w,t + P(t)

~

N -
o o
T T

o
T

ferock @3 (1 + Co + Cp + Cpy +Catt Caa)

fcalzb(x(x Y, d)) X (Up(x y'd)) (1 + Bk +B )

]

-
[—

o b b b e

gﬁ

d d
= w,t + <¢0 +2¢+ dt‘ft )
l
meas d¢
K W, = Wgq +E+
d(x,y)
T LI B ]

N _, 10 40 4
kT

I t -20 é 20
. 8 1
1 30

: i
1 @40 3 >
B Q

L — ! -20
1 50 8

- ; 60 -40

4020 0 T 20 a0

Decay x [mm]
9/14/2023
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3 [us]

(t) [mrad]

C
pa

I

-21.3
-21.35
-21.4
—-21.45
-21.5
-21.55

-21.6

Wi

- o 3
- Run 1 —
E —158 + 75 ppb
3 <P(t) £
- 50 100 150 200 250 300 350 400 450
Time [us]
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Decay y [mm]

Systematic Improvements: C,,

PYy)

fetock @ (1 + Co + Cp + Cpy +Coat

Cdd)

fcalzb(x(x y!(l)) X wp(x y:¢) (1 + Bk +B )

Wi

1 T £ A I I IR T 7
o THe e S Y LS
i ] g -21.35F 4
20~ - 20 E 20 E ]
i ] 9 B T 214 3
of- =N §®E 0 _ £ 21455 =
- 1 B4 B = — = 7 3
C ] g 2 215 .
20— — o -20 E Run 1 3
I 1 B0 2 21855 E
a0 \ 60 -40 —21,6?¢(t) 3
U T T 50100 180 200 250 300 380 400 450
Decay x [mm]  [mml Time [us]
mditional systematic studies done to verify phaseﬂ
acceptance maps. Cross checks between different
simulation programs to ensure consistent results.
5 AR vs CaloNum - Run2All - Station 12 - a—Melmd_ o AR vs Galohum - Run2All - g"‘z”""s'"ﬂ;:;""" :;“20‘150 5
z |AR12,avg+53 ppb| B o [Bff2, 9; PP
ol l o0 + !
R TR F L
s + 1 ;; 1 + o +f ) : 1
Tt -t |4&Fermilab
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fetock@d®(1+ Co + Cp + Cpy + Cdd) w ‘
fC(lllb(x(x Y, P) X wp(x Y, ¢) (1+Bx+B )

Systematic Improvements: C,,
Py

Decay y [mm]

=\

Time [us]

7\|\|| ] :' | I TTTTrTTT I I l_.
40,_ ] -10 40 A _21'3;_ +* L + i + + _:
L - — c N T E
i ] [ —21.35F 3
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i L ] ‘;‘ E -21.4 =
i ] ] = g E ]
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3 ] 50 8 -21.55¢ =
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i L T
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Time [us]
\ /E E o \
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0.4—.3' _1.:_
D'E:‘\M 15‘.:
', -15
e, I
ol miyge s , s ( )
[ xmean t
pgedegegen, !

2| -
R '.w;m-m:/mllab
Time [us]



Decay y [mm]

. ferock @3 (1 + Co + Cp + Cpy +Catt Caa)
Systematic Improvements: C,, o 5G0 7. 8) X oGy DY+ By £ By W‘
pxy) xX(x,y,1)

40:_ E 10 _ e S T E
Oi— . 30 E g 0 — :
: * 40 3 ®; _— _

2 1H,, 2 20 Run1 -

° Run 2 A

40+ — 60 -40 j

do0 e e et R TR0

Decay x [mm] x [mm] Time [us]
Coa Correction [ppDb] Uncertainty [ppDb]
Run-1 —158 75
Run-2/3 —27 13
2% Fermilab
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Selected Systematic Improvements

-~

Triple Coincidences in All Calorimeters

Cumulative Lost Muons [t > 30us]

~

107

107

10-¢

1077 4

107t

10-°

—— Run 1D
~}= Run 2C
—+ Run 30

0.0035 4

0.0030

0.0025 A

0.0020 4

0.0015 -

0.0010

0.0005 4

0.0000 -

o

so 100 150 200
Time [ps] Time [us]

Better running conditions reduced
muon losses: C,,; is now negligible

25 300

/

48

Wa

Run-1 Measurement Points
Run-2+ Measurement Points
Q1 Q2

Q3 04\

More measurements of quad transient:
Bq is now much better understood

o - - ' T B
S 400 |
_45 :_ - ;ﬂ.:i 1
a | ,. \W ”m":“i M
© H s e 1111 i
= ;:‘ " =l | L
i _ ! l a
-400 * f ’
100 0 100 200

Azimuth (deq)
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Run-2/3 Systematics

Wa

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

Syst. 157 70 2.2

. Correction Uncertainty
uantit

@ Y [ppb] [ppb]
wg' (statistical) - 434 201
wg' (systematic) - 56 25
Ce 451 53 32
Cp 170 13 10
Cpa =27 75 13
Cad -15 - 17
O’ml 0 5 3
Jeatin (wp (7) x M (7)) — 56 46
By -21 37 13
B, -21 92 20
1 (34.7°) / phe — 0 11
m'u /me - 22 22
96/2 - 0 0
Total systematic - 157 70
Total external parameters - 25 25
Totals 622 462 215

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

2% Fermilab
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Where we stand now w @

BNL —} * i 460 ppb
FNAL Run-1 4 0 + 463 ppb
@ ' & }
SM: e+e- World Average
(2020) (2021)
175 180 185 19.0 195 200 205 210 215
a,x10° - 1165900
2% Fermilab
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Where we stand now

BNL - ®

FNAL Run-1 4 0 + 463 ppb

FNAL Run-2/3 —0— 215 ppb

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

460 ppb
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Where we stand now

BNL - ®

0 + 463 ppb

FNAL Run-1 4

Wa

460 ppb

are 100% correlated)

FNAL Run-2/3 —0— 215 ppr (Assuming systematics

FNAL Run-1 + Run-2/3 +—e—t 203 ppb

175  18.0

52 9/14/2023

195 200 205 210 215

a,x10° - 1165900

185  19.0
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Where we stand now

{ 460 ppb

FNAL Run-1 4 0 + 463 ppb

FNAL Run-2/3 —0— 215 ppb

FNAL Run-1 + Run-2/3 —@—t 203 ppb

—e—t 190 ppb (Proposal goal: 140 ppb)
World Average

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

2% Fermilab
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Where we stand now w @

< 500 >

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

(2020)

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x10° - 1165900

2% Fermilab
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%, U-S- DEPARTMENT OF Office of

3 ENERGY Science

- \ 4 2~ | 3 o A A - il 3 ) s P
< 0y oo Z 2R ; ; A Muon g-2 Collaboration’Meeting — Elba 2019

Were there no updates to the theory side, | could end the
talk here...




Wa

Where we stand now

56

9/14/2023

a,x10° - 1165900
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5.00
< .
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
L +—o—
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
Y
40 )
¥JK~_ | ! u
L AW T HVP
17.5 18.0 18.5 19.0 19.5 20.5 21.0

Disclaimer for CMD-3 Values
A. Keshavarzi | Lattice 2023

IMPORTANT: THIS PLOT IS VERY ROUGH!

+ Tl White Paper result has been substituted by CMD-3 only for 0.33 = 1.0 GeV.

» The NLO HVP has not been updated.

« |t is purely for demonstration purposes = should not be taken as final!



https://indico.fnal.gov/event/57249/contributions/271581/

AT .
8 @

AWARNING

You're about to hear an

2% Fermilab
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R(s)

Theoretlcal TenS|ons Dlsperswe vs. Lattice

10000

1000

100

0.1

' oo Y(1s 6s) i
Non-perturbative: | !
| experimental data ! e Perturbative:
(plus small isospin & ! ' pQCD
. . !
ChPT estimations) | i
1 1
1 1
¢ : i
H i
i : i ]
: i
e i
L i Non-perturbative & perturbative: | KNT 2018 ]
i experimental data OR pQCD 1 == )
! B " 1+ Muon g-2 Tl White Paper
! (and Breit-Wigner for narrow ! A Keshavarzi | Lattice 2023
) ! resonances)‘ ! )
| 1 ] 10 100
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100 T Full nagronic R ratio
R
10 K'DK; I
o —
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Kl:x!‘: —
0.1 o —
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0.01 mﬁ —
All ather 313183 —
0.001 (x*w’n® )"’H. —
wmx
o —
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[ —
1e-05
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nwl ~
had

|“‘| -— HVPLO _

3m3

= R(IK(s) |
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L (fm)

|

Aida X. El-Khadra | Lattice QCD
Laurent Lellouch
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a (fm)

Uu(x) = €40 ()

{a

L

TEFermilab


https://arxiv.org/abs/hep-ph/9412279
https://moriond.in2p3.fr/2022/EW/slides/3/1/2_LLellouch_NO_BACKUP.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025
https://muon-gm2-theory.illinois.edu/white-paper/
https://indico.fnal.gov/event/57249/contributions/271581/

Theoretical Tensions: Dispersive vs. Lattice Wi

_ & staggered M8 twisted mass
Only one sub-percent evaluation of asz,Lo from: 4+ Wilson = domain wall

a;i'" on the lattice [BMW 20]

Goal: many 0.5% lattice calculations - M since
» Limited supercomputer time
» Timescale: 1.5-2 years

(Goal: comparisons of lattice with ) L _
dispersive results

» Tools developed to make
Intermediate comparisons - -

\> Timescale: right now! Yy,

2020 White Paper | R-ratiof =< -

Experiment - | | }—Yﬁ (2021 relsult) =

) —20 0 20

(ail\-l _ Clsz) . 1010

Simon Kuberski | Lattice 2023

£ Fermilab
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https://www.nature.com/articles/s41586-021-03418-1
https://indico.fnal.gov/event/57249/contributions/271582/

. CALCULABLE
1HABFFABLE ZONE

Di‘scretization Good statistical precision
effects Small finite volume effects

Noise
Finite volume

) . corrections

-

Image: UC Berkeley/UH-Manoa/lllumina Studios
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https://news.berkeley.edu/2013/11/04/astronomers-answer-key-question-how-common-are-habitable-planets

Lattice: Euclidean Time Windows W

[1, o]

AV

0.8 Lattice data
0.6
0.4

0.2

1.5 2 2.5 3

o ¢ [fm]
Image: Antoine Gérardin | Lattice 2023
Equation: Phys. Rev. D 106, 114502 (2022) O(t,t',A) = 3 (1 +tanh[(t — ') /A]).

0

0 0.5

—

61 9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar to =0.4fm, t;=1.0fm and A =0.15fm.


https://indico.fnal.gov/event/57249/contributions/271164/
https://indico.fnal.gov/event/57249/contributions/271164/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.114502

Theoretical Tensions: Intermediate Window W

Light quark connected contribution to
intermediate window

.
\'d

Lattice data

0.4 t
0.2
0 L L L L L
0 0.5 1 1.5 2 2.5
t [fm]

Left: Antoine Gérardin | Lattice 2023
Right: Maarten Golterman | Lattice 2023

—a— BMW 20
—a— LM 20
—a— YQCD 23
> —— ABGP 22
—a— Mainz/CLS 22
—a— ETMC 22
—a— Fermilab/HPQCD/MILC 23
—a— RBC/UKQCD 23
-—0—|| . | Data-based BBGKMP 23
195 200 205 210
aZVl’qu % 1010
Tensions between dispersive and lattice

calculations persist even where lattice
extrapolation effects are sub-dominant
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https://indico.fnal.gov/event/57249/contributions/271164/
https://indico.fnal.gov/event/57249/contributions/270697/

Theoretlcal (Input) Tensions: Babar KLOE and CMD 3 w
@~ f

T before CMDz
- oDz
E é L For2020 WP,
— KLOE cqmb known tensions
' between KLOE
: . BgABAR and BABAR were
ete” > ntm” - i BES incorporated
: : ; : 5 : : into systematic

« . CLEO error
L, ~ SND2k

L l ) l | B B LA l | Vi I A | l [ D . i L

' dme® %M ¥ 360 365 370 375 380 385 390

a”™ (0.6 <(s<0.88 GeV),10™"°

F. Ignatov et al, arXiv:2302.08834

2% Fermilab
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Theoretlcal (Input) TenS|ons Babar KLOE and CMD 3

Wi

@ ~ |4

. . . before cmoz
- Same CMD2 :
: collaboration :
- with similar S’;"D
— _methods ) KLOE comb
. BES .
: *Still in pre-print
" . chEo 5 stage, but being
i : SNDZK heavil3‘/ scruFinized |
" : \ and no ‘smoking gun
: : : : CMD3 explanation for the
- Co-located at VEPP-2K. Subset]i -\ differenceyet
of the same running period T W W
o o 475 380 385 390 N
g -
F. Ignatov et al, arXiv:2302.08834 au ( 0'6 <E < 0‘88 Gev )’ 10 e .
aF Fermilab
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" —=—  BMW 20
8 LM 20
—a— YQCD 23
—— ABGP 22

—a— Mainz/CLS 22

—a— ETMC 22

—a— Fermilab/HPQCD/MILC 23

- RBC/UKQCD 23

Data-based BBGKMP 23
—e— Data-based (CMD3) BBGKMP 23

195 200 205 210 “Replace 2-pion data between 0.33 and
anl,qu x 1019 1.2 GeV by CMD3 data, keeping KNT19
data elsewhere (preliminary)”

Light quark connected contribution
to intermediate window

Maarten Golterman | Lattice 2023

2% Fermilab
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https://indico.fnal.gov/event/57249/contributions/270697/

What does it all mean?

Assuming

Correctly

g The Experiment A

\Measures Nature)

(

“Old dispersive inputs are right” )

50 signal of new physics!
Difference between dispersive and lattice results needs to be
understood.

T.I. White Paper
2020)

. 2

SM: Lattice HVP

BMW Collab.
(2020)

uuuuuuuuuuuuuuu

SM: e+e- HVP
using only CMD-3
data below 1 GeV

< 5.00 >
+—e—t
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
+——
SM: e+e- HVP World Average
(2023)

/
“Lattice calculations are right” )
Standard model lives to fight another day
Still need more independent (blinded) calculations to confirm the
results
~ 40 tension (in some energy ranges) between lattice and dispersive
evaluations to solve. Do dispersive calculations get the right inputs? J

175 180 185 190 185 200
a, % 10 - 1166900

66 9/14/2023

20.5

21.0

“CMD-3 cross sections are right” )

Assuming CMD-3 is gives the ‘truest’ value of the low-energy e* /e~
cross section, the lattice and dispersive calculations can agree

How did 20+ years of experiments get the wrong e* /e~ cross sections?
What did CMD-3 do different? No ‘smoking gun’ yet.

Does this cause tensions elsewhere? j

e Fermilab
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What does it all mean? @-

/ \ / nature \ / &lhe New Nork Times

e | s Physicists Move One Step Closer to a

. ) Dreams of new physics fade withlatest muon || Theoretical Showdown
Mismatch with Standard-Model magnetism result The deviance of a tiny particle called the muon might prove that

. . . - e . . ol il . . P Qs
Pred |Ct|0nS Reaches 5 Slgma ::::::I:n test of particle’s magnetism confirms earlier shocking findings — but theory might not need a rethink one Of the most well—tested theorles in phySlCS is lncomplete.
August 10,2023 - Physics 16,139 Davide Castelvecchi

The Muon g-2 Collaboration has doubled the precision of their 2021 of the muon’s vy f = ﬁ Share full article A D ] 480

moment, strengthening a tension with predictions based on the standard model.
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Theory initiative plans for an
updated white paper in late 2024
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The Muon g-2 ring at the Fermilab particle accelerator complex in Batavia, Ill. Reidar
Hahn/Fermilab, via US Department of Energy

€ Fermilab

On Monday, July 24, members of the Muon g-2 C ion gathered at the University of Liverpool,
UK, to “unblind” their latest experimental results. This photo shows Fermi National Accelerator
Laboratory scientist James Mott reading out one of the ... Show more

\_

67 9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar




Experimental outlook: The best is yet to come!

Last update: 07-31-2023; Total statistics = 24.5 (BNLs)
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Improvements for Run-4+ w

-

Last update: 07-31-2023; Total statistics = 24.5 (BNLs)
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Conclusions

The Muon g-2 Experiment at

Fermilab has measured a, t00.2

ppm

Theoretical calculations of a,
remain in flux —» Updated white
paper in 2024

Run-4+ promises more
Improvements in statistical and
systematic uncertainties

It's an exciting time for muons!
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Thank you!
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