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What is “g-2” ?

ﬁp = —Jp 2—5 * g, : proportionality constant between
Mp spin and magnetic moment for particle P
gy — 2 * d,: magnetic anomaly
A, = 5 * a,=0 at tree level (purely Dirac particle)

* Using modern language, the term (g-2)/2 reflects the
magnitude of the Feynmann diagrams beyond leading order

a = 0 + a/2nw +

Schwinger
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Standard Model Components of g,

Dirac Hadronic Light- Hadronic Vacuum
Equation QED Electroweak by-Light Polarization

Y
Y

U

a, = 0 +0.00116584719 4 0.00000000154  +0.00000000092  +0.00000006845)

QED dominates the value itself

« Uncertainty is dominated by QCD, in particular by the
Hadronic Vacuum Polarization (HVP) term

« SM values taken from the Muon g-2 Theory Initiative

1At : . White Paper: Phys. Rept. 887 (2020) 1-166
Last Compllatlon In 2020: https://doi.org/10.1016/j.physrep.2020.07.006

https://muon-gm2-theory.illinois.edu/
3F Fermilab
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HVP Calculation: Dispersive (e*e™) Method
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Standard Model Components of g,

Dirac Hadronic Light- Hadronic Vacuum
Equation QED Electroweak by-Light Polarization

Y
Y

U

a, = 0 +0.00116584719  +0.00000000154  +0.00000000092  40.00000006845)

« Everything in SM needs to be included here: but are we
sensitive to some physics beyond the SM?

 We can compare experimental & predicted values and ask:

“Is there some New Physics in our
experiment that isn’t in the Standard Model?”
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A rich history of g-2 Theory and Experiment

History of muon anomaly measurements and predictions

} T - | [ 7.3 ppm] 1979, CERN lll u* data 1974-1976
RN [ 7.1 ppm] 1979, theory
I
[ 1.7

ppm] 1985, Kinoshita et al.

[ [ 0.66 ppm] 1999, theory
5.1 ppm] 2000, BNL u* data 1998
0.69 ppm] 2000, theory
1.3 ppm] 2001, BNL u* data 1999
0.57 ppm] 2001, theory
0.73 ppm] 2002, BNL u* data 2000
0.70 ppm] 2002, theory
0.72 ppm] 2004, BNL 4~ data 2001

- B N L [ 0.70 ppm] 2004, theory

R —eo—i ¢ |[ 0.54 ppm] 2006, BNL u* data 1999-2000

( I ] ® i [13 ppm] 1999, BNL p* data 1997

b | 4[ 0.30 ppm] 2017, Jegerlehner 2017

(
|' F ' TH EO RY <[ 0.41 ppm] 2020, DHMZ 2019
-

- . . ,F[ 0.32 ppm] 2020, KNT 2019
“Consolidation’
4 . J[ 0.37 ppm] 2020, Muon g-2 theory initiative
— [ m experlmenta| measuremenf
<«<——> 370 k< theory at the time of measurement publication
k= theory prediction
| | | | 1 | 1
10 15 20 25 30 35 40

ay’ 107 — 1165900

Situation before Fermilab exp.: tension between theory and experiment
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Fermilab Run-1 Result (2021)
 BNL E821 (2004) disagreed with SM prediction:

https://journals.aps.org/prl/abstract/10.1103/PhysRevlett.126.141801

175 180 185 190 195 200 205 21.0
9
ay><10 -1165900

« 7™ April 2021, we released
g2 s our Run-1 result
ALg-2 | .
i « Using only 5% of our data,
< e > we confirmed BNL value
S — « FNAL+BNL average stood
S rerage 4.20 from Theory Initiative

White Paper (2020)

« Today’s talk is mostly about the new experimental result

 There have also been some new results from the SM
prediction side of the plot...

3£ Fermilab
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801

The Fundamental Experimental Principle

« Difference between spin precession and cyclotron revolution

for a muon (charged particle with spin) in a magnetic field*:
B B eB eB_g—ZeB_ eB
Wa = Ws =W =95 m-o 2 m~> Mm

*s and p are assumed to be in a plane perpendicular to B
* simple classical calculation

* the relativistic approach provides the same result

/j( — \:\ /:r — \
t 1 i "
W 7 W ¥
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From single muon to muon beam

* The expression is more complicated when you add in E-field

« The motion is very nearly planar and the momentum is very nearly
the ideal one, but both effects are not perfect and require
corrections

m v+1
0 if “in Term cancels at 3.094 GeV/c, the “Magic y”
plane”
2& Fermilab
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The Cern3 g-2 experiment

« Emiliio Picasso view of the Cern3 g-2 experiment

o AL M

3£ Fermilab
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% Creating the Muon
Recycler Ring N\ Beam for g'ZZ

1063 ms

toshors/14s [ 8 GeV protons into

the Recycler
Target for pion
production
Long FODO channel
to collect m 2 v

' < pions decay in
~2km channel
L enter storage
ring

- 3£ Fermilab
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How do we measure the spin direction?

« Use V-A structure of weak decays to build a polarized beam...

The Pion Rest Frame

— <—— spin spin anti-parallel to
muon momentum

-~ = momentum

« ... and to measure the muon polarization looking for
energetic positrons
The Muon Rest Frame

high momentum

= ) :
—~—— u/ + momentum positrons emitted
/_ ﬁ preferentially along
E—
%.

\\_/ —— muon spin

spin

3£ Fermilab
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Measuring the spin precession

« The number of observed positrons above a threshold energy
oscillates with the @,/ 27 frequency due to spin precession

—N(t)=N,e""[1+ 4 cos(w t + )l—

2 e exponential decay
?ﬁmsj / \/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\ modulated by spin
: iwvVW\/\/\/V\/\A/\A/\/\/\MAM precession
5 10° MVWW\/\/\/\N\/\N\/\A/\N * note that the x-axis
© F "wraps up" every 100
10“%/.\/\/\/\/\/\/\/\/\ usec for a total of
3 f\uﬂuﬁunununvnvnvﬁv.vw\/ ~700 us = ~10 muon
0 WWWVW\/\/W\/WW\,WW lfetimes
- I R T N R SR R RN R TR I S S T N T R
0 20 40 60 8o 100
time (usec) & Fermilab
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Extracting au(simplified)

w, =a,(e/m)B 2 |a, =w,/B(m/e)
by expressing B in terms of the (shielded) proton precession frequency:

(B = hwy/21):

!
Wq| Hp My Ge
~I
Wp| Ue Mg 2

~

/ External data
~ R

R/ — Wq ratio of muon to proton precessions in
U 5';9 the same magnetic field

a, =

o J

Glp = (shielded) Proton angular velocity weighted for the muon distribution

2& Fermilab
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The key ingredients

= O}I\N\/\ANV\/V\/\N\/\/\/\,\/\,\W
(l)a IOYVVVV\/VV\/V\/\/\/\/\,\/\,\,\NW
muon precession 10V
% @., " néomtz\fned Run-1 Data'i“ ]
/ wa m m [ms]
R, = 2a .
—~ (Ppm)
Wiy S WIC
< G, G- i . 100
fi : Xt S % ."F 0.0 75 %
IO—‘Ej 50 é
-20F 4 /;;::' % -
i -5; ‘fﬁ? 20 0
X (mm) C
!
', M(x,y,p)
proton precession muon distribution

I

!

* w', =, M(x,Yy,p) magnetic field weighted
by the muon distribution in the Storage Ring

3£ Fermilab
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Muon g-2

RING
FIELD

/’/

NMR probes and electronlcs located all around the ring / e
f




Real World Experiment: Storage Ring
14 m diameter, 1.45 T C-shaped magnet stores muons

17
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inner coil

o= thermal
insulation)

o

wedge [

edge
shim odo_

region .

kurface
corretion coil

"\ outer coil

Lt e > fixed NMR probes

outer coil

OOOOOOOOOOOOONONOE
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Measuring the Field: NMR Probes

e In-vacuum NMR trolley maps field every ~3

- =

i

20

vertical position [mm]
|

17 petroleum jelly
NMR probes

« 378 fixed

-

above/ muon NG~
storage region
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2D field maps

(~8000 points)
probes monitor field during muon storage at 72 locations

835

days

X (mm)

Azimuthally-Averaged
Variation < 1 ppm

Trolley Runs

/

Interpolated
Field

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

00:00 12:00 00:00 12:00 00:00 12:00 00:00
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Calibration of Field Measurements

« 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

1 / Calibration Volume 1]

electronics RF coil support RF coil  water sample plastic support

254 mm

b Plunging Probe

Trolley 4mmmp

« 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

3£ Fermilab
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Real World Experiment: Muon Injection

« Muons are injected into storage ring & bend in the B field

2% Fermilab
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Real World Experiment: Kicker

» Fast kicker magnet tweaks direction from injection trajectory

to center of aperture

) P
&

T L L
—Kicker Pulse from Magnetometer Data 7
==T0 Pulse 7
----Cyclotron Period

3
A
>
=
w0
2100
Q
8
£

S

—

= ‘0.‘5' o8
Time (us
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Real World Experiment: Quads

.Jc quadrupoles vertically contain the beam

Quadrupole Plates

>

Ol

2% Fermilab
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Real World Experiment: Decay Positrons

« Experiment measures decay e* which curl inwards as they
have lower momentum

Ol

2% Fermilab
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Real World Experiment: Trackers

« We measure the decay point with 2 trackers

Ol

2% Fermilab
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Muon Distribution from Trackers:

Time since injection: 5.0 us

Vertical Position [mm]
o

— Beam-dynamics corrections

— Tuning simulations

100

50

—80_‘ [ B \T"|-|'\'| |-\ L O TR R B A 0
-80 -60 40 -20 0 20 40 60 80
Radial Position [mm]

« Measure beam oscillations directly

— Optimizing experiment running

2% Fermilab
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Muon Distribution from Trackers:

Time since injection: 5.0 us

Vertical Position [mm]
o

— Beam-dynamics corrections

— Tuning simulations

100

B0~ =

—80_‘ [ B \T"|-|'\'| |-\ L O TR R B A
-80 -60 40 -20 0 20 40 60 80
Radial Position [mm]

=Field homogeneity [ppm]
0.0 £ RN
0.4

g w £ « Use distribution to weight the field
5 o ¢ maps by where the muons live

_40 =30 0 20 40
Radial Position [mm]

« Measure beam oscillations directly

— Optimizing experiment running

2% Fermilab
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Real World Experiment: Calorimeters

 Time & energy of decay e* are measured by 24 calorimeters

Ol

2= Fermilab
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Measuring w, : 5 parameters fit function
« Fit with simple positron oscillation:

N,(t) = N, exp(— t/T M) [1+ Acos(wyt + @)]

« This simple fit is clearly not sufficient and well defined
resonances are observed in the residuals

%2/ ndf 8791/3814 H H . — —_
| brob ' muon lifetime: t =yt,, = 64.33 psec
N 3.511e+06 + 2.039%e+02
lo? n T 64.33 +0.
A 0.3832 +0.0000 CBO = Coherent Betatron Ocillations
10°} : _f?'_ﬁ; 4;1.27 VW = Vertical Waist (oscillations)
- 1 _ | [e) |
IOSEE ERE lmW:% Eﬁ - S
1 | it = :
i o : 3 2 \ 2
10° 8 %15 £ O 8
H % — =\ b e
2| number of positrons above thréshotd o mf\m/ - w
5-parameter fit B 2 reapec]
0 :_ 4000001 w— = E
0 100 200 300 400 500 600 /1 S et

time [ps]

RESIDUALS (in frequency space).
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The complete 22 parameters fit function

wy, wyy vertical oscillations
Wcpo, Wacpo radial oscillations

Noe ™ (1 + A - Ago(t)cos(wat + ¢ - épo(t))) - Nego(t) - Nyw(t) - Ny(t) - Nacpol(t) - J(¢)

s

Apo(t) =1+ Ascos(wepo(t) + da)e 7cEO

quG{t') =1+ A#'CDE{MCEG{t) -+ @@}E_ﬁ

Nero(t) = 1+ Acpocos(wero(t) + ¢opp)e CBO

Nocpo(t) = 1 + Ascrocos(2wero(t) + docpo)e Feso

Nvw(t) = 1+ Avweos(wvw ()t + dyw)e” 7w
Ny(t) = 1+ Aycos(wy(t)t + dy)e 7
Red = free parameters /f Lost muons (p hitting

Blue= fixed parameters ~ 7® =1 ke | Alb)dt collimators)

wepo(t) = wot + Ae 74 + Be 7B
wy(t) = FwepoyV 2we/Fwepo(t) — 1
v (£) = we — 2y (8

afF Fermiiabp
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Final fit to get w,

i 1 |i ] I | 1 I I o . , . I . . . l , . i l I I I I I I I I
.8 107 2In.df. = 4167/4132

FFT magnitude [a.u.]
=
|

0 20 40 60 80 100

o
&)
|

il - Time after injection modulo 102.5 [us]
i % 2 o No CBO or p*loss -
i L @ H
S e ¥ — Fullfitfunction A
_',__ : ol "“. > -

; A o R
e ban e Nl g LR . Y “
[ Py 1 ] . | | 1 o
0 0 = AL U v ! bl
" I
1

1 I |
0 0.5 1 1.5 2 2.5 3

Frequency [MHZ]
3= Fermilab
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Real World Complications: Corrections

« We need to make corrections for several small effects:

E-field & Up/Down motion: Phase changes over each fill:
Spin precesses slower than | | Phase-Acceptance, Differential
In basic equation Decay, Muon Losses
I I
| 1 | 1
m
W 1+ B, + B
wp wp T \ k —!_ 9

/

Measured Values Transient Magnetic Fields:

Quad Vibrations,
Kicker Eddy Current,

« Total correction is 622 ppb, dominated by E-field & Pitch...

3£ Fermilab
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Run-2/3 Uncertainty Improvement Categories

- JALRARS RARS A AnS AN LA LARN AR RARE LR AR
100 — ————————1000 O 28— —
Muon g-2 (FNAL) ) r h
£ w0 800 § % i Run-2 ]
= 3 § g 26 ]
g 6o 600 g s I -
5 3 o | .
i = = L 4
3 40 a00 k5]
g % 2 (Run-1 Run-3
2 20 B P = 7 .
< 3 - e —— ]
R“"'l/—/ 22kl b Lt
T e v s FLELRRER GRS ®
A a A AN A 3 e 5 O3S ASIT L S L S
o o o o o & PITEISITF I ET S
.8_ Run-2 Data
o 108 —— Run-1 Clustering
= —— Run-2/3 Clustering
+d
c
@
n 6
0 10
©
L ..
'_
104
fes 102
E . SO o . WAUSNE | [ MR o W
-100 0 100 200
. 0 1000 2000 3000 4000 5000 6000
Azimuth (deg) Energy [MeV]

Systematic Analysis Improvements
Measurements & Studies
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Run-2/3 Uncertainty Improvement Categories

100

80

60

40

Analyzed positrons [billions]

20

N

Muon g-2 (FNAL)

p—/
Run- l/_/
a® a8 "0 3 20 a®
o A o A o <
oM oY oM ot e o

Statistics

w, statistical precision [ppb]

Transient (ppb)

FI I

i

T T

o, | = | 5§
100 200
Azimuth (deg)
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Run-2/3 Improvement: Statistics

100 1000
Muon g-2 (FNAL)
Weighted e*in £ 80/ 800 &
our final fit after 3 <
quality control ¢ 6o Run-3 600 2
E>1GeV § 40 400 8
t> 30 us & Run-2 é
E 20 T o ;«1
Run-1
0 /_/ . . . — 1o
W® W® A9 ") 70 70
0,\,\‘\6\! 0\:\‘)\ Q\’\J\a\& 0,\’,\\)\ o ,\a“ o W"(

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

Run-1 434

Run-2/3 201

Run-1 + Run-2/3 185

3¢ Fermilab
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Run-2/3 Uncertainty Improvement Categories

35

Analyzed positrons [billions]

Transient (ppb)

100

Muon g-2 (FNAL)

R

I

o, | A T Y
100 200
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Running Conditions: Hall Temperature
« Temperature stability makes magnetlc field less variable

(C)
&

Magnet Temperature (C

~ 28.0p e

36
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g Y

Magnet Temperature (C)

[\S]

)
o

e
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)
o
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I
|

(
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Running Conditions: Hall Temperature
« Temperature stability makes magnetic field less variable

QZS—I RS R AR LR LARE LUAN LR RARE RRRY _||
S | Improved
S il Run-2 /= Hall Cooling
S 26
Q » -
= _
O 24 -
g [Run-1 Run-3 1
E - —

— s W e

22 Illllllllll”llllllllIIIIllHIIIIlIIlIIIIIIlIl'l—L
RSSO
N O3S AL Y L& e s S
IITVAIITF I
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Arbitrary Units

[mm]

Mean Radial Position

Running Conditions: Kicker Strength
« Last 18% of Run-2/3 has upgraded, stronger kicker

- —— Run-3a
- —— Run-3b

08—

« Mom. distribution more centered

06—
04—

* Lower E-field correction C,

02—

L L 1 1 1 | 1 1 1 | 1 1 1
-0.4 -0.2 0 0.2 0.4

Fractional Momentum Shift: dp/p0 [%)]

Phase space matching improved

Smaller beam oscillations

—Run-3a —Run-3b

_ C_. 1 1 I 1 I 1 I | 1 I 1 1 | 1 1 1 1
30 35 40 45

50
Time [us]
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Run-2/3 Uncertainty Improvement Categories
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Improved Measurements: Quad Transient Field
« Pulsing quads vibrate = oscillating magnetic fields
 Measured with a new NMR probe housed in insulator

ESOQ4 ESQ2 ESQ3
. T T l . - r l . r . ' . r l— 3 : T T T I T T T T I T T T T | T ] :
3 400 - & 400 I
2 1 = 5 -
o 200 - $ 200~ Run-1 Measurement —
(@] 1 o i Locations _
S 1 c - -
o c O / I
O 5 = B -
200 % 1|

T . -200
—_— v\ — B 7
< 7] N _
E -4001 1 | 1 l 1 lﬁ Mulonlfllllsl l_— _400j _7
40 60 80 100 o | 1 1 1 | | | 1 1 I | | 1 1 | 1 u

Time (ms) -100 0 100 200

Azimuth (degq)

* For Run-1 analysis, we had limited measurement positions
« 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

« Allows full mapping of all quad stations:

_ _ESQ4 £SOl ESQ2  ESQ3
o) m : |
§ 400 i N I
% 200:_ L un- 1Mz;§_as:zrement ‘” ----- :
g E lll M Lo ' ' ||“ l il illisiglu
ol r»”gluw 1 .'i!m." i
-200 & i+ l l" " “ 1 a
a00- | | i
100 0 100 200

Measurement probe mounted
on trolley rail train

Azimuth (deq)

« Uncertainty is reduced to 20 ppb

3£ Fermilab
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Improved Measurements: Kicker Transient Field
« Kicker creates eddy currents = transient magnetic field

Beam-Splitter
Cube 1

= Summer 2022 vs. Fall 2020 Noise Level Comparison
aveplate 15 ; .
= —2020 Magnet-On
Incident Fiber —2022 Magnet-On
Collimator
)
£
o
Return Fiber °©
Collimators w i
15 Run-1 Measurement
20 Run-2/3 Measurement -
Beam-Splitter 2% 05 1 5 2 25 3
Cube 2 Time (ms)

Faraday magnetometer

 Run-2/3 has lower vibration noise vs. Run-1

« Uncertainty reduces from 37 ppb to 13 ppb

3£ Fermilab
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Run-2/3 Uncertainty Improvement Categories
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Analysis Improvements: Pile-up

Run-2 Data
()] 108 —}— Run-1 Clustering
B —}— Run-2/3 Clustering
s}
4
— (3]
o 10
(V-
(@]
o 10°
g Decay end
point
2 1072 :
Pile-up
0 1000 2000 3000 4000 5000 6000

Energy [MeV]
Pile-up: 2 e* arriving at same time - 1 cluster in ECAL

Probability higher at injection (more muons): can bias w,
Clusters with E>3.1GeV are certainly Pile-up

Reduced uncertainty by:
— Improved reconstruction
— Improved correction algorithms

3£ Fermilab
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Uncertainty Improvements Summary
« Systematic improvements in all parameters

Analysis [Wasyst
Improvements Ce

&_wg”‘1+Ce+Cp+Cpa+Cdd+le

Cp wp Wyt 1+ By + By
. Cma‘
Running c
Conditions i
Caa
wWp Syst
Bq
Improved
Measurements By mEE Run-2/3

0 20 40 60 80
uncertainty / ppb

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

. Correction Uncertainty
tit

Quantity [ppb] [ppb]
wg' (statistical) - ‘201 ’
wg' (systematic) -
Ce 451 32
Cp 170 10
Cpa -27 13
Cad -15 17
le 0 3
Jeativ (wy, (7) x M (7)) - 46
By -21 13
B, -21 20
pp(34.7°) [ e - 11
m'u /me - 22
ge/2 - ]
Total systematic - 70
Total external parameters -
Totals 622 215

« 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!
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Blind Analysis
« Perform analysis with software & hardware blinding

« Hardware blind comes from altering our clock frequency

Non-collaborators set
frequency to (40 — &) MHz

Greg Bock & Joe Lykken

* Clock is locked and value kept secret until analysis completed

3£ Fermilab
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July 24t 2023: Unblinding
* Physics week in Liverpool for unblinding meeting:

[ 4

Photo credits: McCoy Wynne

 Unanimous vote from all collaborators to unblind!

« Secret envelopes were finally opened to reveal the hidden
clock frequencies and the result...

3£ Fermilab
48 5/Sep/23 Marco Incagli - INFN Pisa



... a moment of panic!

* two layers of unblinding: software and hardware

« first the software unblinding was removed and the following image
appeared on screen: few seconds of panic!

39 998 000 Hz
Unlinding: Run 3 blind clockltaR [ppb] = 14864.089, total RmupT shift -0.000 [ppb]

RmupT E989 Run23 = 0.0037072920774(7904) [213 ppb]

+3.66 0, BNL 2006

BNL 2006 +——8—+  11165920.893(629)- 102
, | +3.380, FNAL Run 1
1p FNALRun 1+——e— 1165920.430(539) - 10~°

—0.600, FNAL Run 2+3
1165917.800(250)-10~°

x?/dof = 21.52/1 +0.17 0, FNAL Run 14+2+3
FNAL Run 11+2+3 +—e— 1165918.184(236) - 10~°

@, +0.86 0, Exp. WA
i 1165918.515(221)-107?

FNAL Run 2+B +—e—

_ XIOq 576277 Muon g-2 th. init. 2020
_init. 2020 _
Staiament 1165918.100(430) - 10
Modwmlerage
18 19 20 21

a,-10°—-1165900



After inserting the secret frequency ...

* The secret frequency, written in the two envelopes, was

Inserted in the program

39 998 095 Hz
Unlinding: Run 3 blind clock taR [ppb] = 14864.089, total RmupT shift 2374.683 [ppb]

RmupT_E989 Run23 = ©.0037073008810(7904) [213 ppb]

BNL 2006 — *

FNAL Run 1 4 ° :

FNAL Run 2+3 +—e—

x?/dof = 0.06037/1
FNAL‘RUM1+2+3 +—e—

< +5.10

x2/dof=)03237/2

o +—eo—+
Standard Experiment
Model average

I 1 I

a, - 10° — 1165900

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

+3.66 0, BNL 2006
1165920.893(629):107°

+3.380, FNALRun 1
1165920.430(539)-107?

+4.96 g, FNAL Run 2+3
1165920.569(250) - 10~°

+4.990, FNAL Run 1+2+3
1165920.549(236) - 10~°

+5.150, Exp. WA
1165920.591(221) - 1072

Muon g-2 th. init. 2020
1165918.100(430)-107°



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

17.5

51

BNL =+ o
FNAL Run-1 1 o
FNAL Run-2/3 —{i—
180 185 190 195 200 205 210 215

a,x10° - 1165900

5/Sep/23 Marco Incagli - INFN Pisa

Excellent agreement
with Run-1 and BNL!

Uncertainty more than
halved to 215 ppb

Both FNAL values
dominated by
statistical error

Assume systematics
are 100% correlated
and combine...
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Run-2/3 Result: FNAL Run-1 + Run-2/3 Combination

a,(FNAL) = 0.00 116 592 055(24) [203 ppb]

BNL - ®

FNAL Run-1 1 .
FNAL Run-2/3 —{+—

FNAL Run-1 + Run-2/3 +—@—

175 180 185 19.0 195 200 205 210
a,x10° - 1165900
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215

FNAL combination:
203 ppb uncertainty

Both FNAL and BNL
dominated by
statistical error
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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 - ®

« Both FNAL and BNL
dominated by
statistical error

FNAL Run-1 1 .

FNAL Run-2/3 —113—

FNAL Run-1 + Run-2/3 +—@—

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" « Combined world
t—e— average dominated
World Average
by FNAL values.

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

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

3£ Fermilab
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Measurements at Different Magnetic Fields
« Datasets were taken at slightly different field settings
« Allows a cross check with one of the most basic “handles”.

3
22.51
i . it i
— 9 20.0; T T + 1{
% o +
> 1 175
©
229.082{ oL 1b
e FNAL tesi1d
- 2290801 = Exp. Average / 1a
N mﬂ’wn/
= ;
b IEaadd ) .
3 - ~14 ppm
229.0741 R21R80
__+:-,,,_,_,,,
229.0721 Rog

61790.0 61790.5 61791.0 61791.5 61792.0
(D},/Zn[kHz]

* Also checked a, against temperature, day/night & others
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Experiment vs Theory Comparison

« Theory prediction is less clear now, but we can still compare

< 500 > « Large discrepancy between
o apad S reacsan oAbt experiment and WP (2020)
< 510 > . .
e weamethee | ¢ Slignificance for Fermilab
T White Paper (2023) alone getto 5.00

* ... but the theoretical band is
not as sharp as it was in the
2021 comparison!

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x10° -1165900
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HVP Calculation: Lattice QCD Method

« Ab-initio calculation of HVP on lattice . L
* Results not included in White Paper (2020)

aﬁ"p’LO from:
Aubin et al. 22

Lehner, Meyer 20
BMW 20

H staggered @ twisted mass

H- Wilson

HH domain wall

Mainz/CLS 19
FHM 19
PACS 19

ETMC 19t

RBC/UKQCD 18
R-ratio

Experiment

new results

=<

|

-
L | : L L

Simon Kuberski

Lattice 2023 |
| L ) I

|
—40

-20

0

20

(aiM _ GZXP) . 1010
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BMW collaboration reached the
precision of 0.8%, comparable to
R-ratio method

Their calculation iIs closer to the
experimental result

Other groups are cross checking

Intermediate stages agree, but no
full HVP calculations to same
precision.
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Experiment vs Theory Comparison

« Theory prediction is less clear now, but we can still compare

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

a,x10° -1165900
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Include BMW result by
swapping HVP from WP with
their value

As expected, BMW falls in
between WP (2020) and
experiment
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HVP Calculation: Dispersive (e*e™) Method

« Calculated from data for o(ete™— hadrons

2
m~@~ ~ || — a/IjVP,LO
had.
Hadronlc R-ratio

Analyticity & Unitarity
(Data Driven)

« Uses data from different experiments from 20+ years
. 1/s weights low energy strongly 73% from 1 *1r~ channel

_Keshav. Nm a, Teubne PCmm

KNT19 m*m~ combination

.- wame * New results from SND2k and
N (09 CMD-3 since White Paper

—_—— KLOE combination

o .« CMD-3 is discrepant
g CLEO-c (17)

ey, * ... WHhat IS going on?

—_—— SND2k (20)

_— CMD-3 (23)

360 365 370 375 380 385 390
al'™ (0.6 =Vs =0.88 GeV) x 10°

3£ Fermilab
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Data Collection 2018 — 2023

Last update: 2023-07-11 08:26 ; Total = 21.90 (xBNL)

= Muon g-2 (FNAL) oo

= 2 PROPOSAL GOAL

x

g

g M Run-5

s

RS :

& 9 July 2023

3 / Director Lia Merminga

X 54 Run-3 - . .

S switches off the beam in
gl Rt - | Muon g-2 control room
AD WD AQ AQ 0 0 WA O\ EAYRA "l ) ad
QNN\o%\,)\i\»\aﬂg\,s&g\Aag »@‘Q\,y}“ 0,\,\>&>‘ 0,\,30\}1’960 " W Q\,B\)“ Q,\X'?p

« Apr.2021: Run-1 Result (2018 data)
 Aug. 2023: Run-2/3 Result (2019-20 data)

e ~2025: Run-4+5+6 Result (2021-23 data)
— Reach our proposal goal for statistics (~21 BNL)
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The experimental landscape will improve ...

1. FNAL Muon g-2 .
— a,measured at 0.2 ppm
— data already available to reduce error to < 0.14 ppm

2. A new type of experiment projected at J-Parc using low
energy muons (p~300 MeV/c)

— new technique
— under construction

— final goal ~0.4 ppm

$& Fermilab
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The experimental landscape will improve ...

Ongoing work in experimental inputs on o(e*e™— hadrons)
* |nitial State Radiation technique:
— BaBar: new analysis of large nrt data set with better detector
— KLOE: new analysis of 7x larger ntrt set
— BESIII: new results for tt channel and

— Belle Il: promising greater statistics than BaBar or KLOE and similar or
better systematics for low-energy cross sections

* Energy scan (VEPP-2000 machine in Novosibirsk)
— SND: new results for trt channel

— CMD-3: confirmation of their result on mmt channel; more channels to
be analyzed

3£ Fermilab
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The theoretical landscape will improve ...

1. close scrutiny of lattice calculations to establish its solidity
— how to reconcile it with dispersion approach?

2. Use the dispersive approach with t-channel data (muon-
electron scattering), instead of the standard s-channel

— Letter Of Intents submitted at CERN: Muone (mu-on-e
scattering)

i |

oo = 2 / e ({1 — A ()]
0

Hadrons

°m

2
7

<0
r—1

t2) =

4
Lautrup, Peterman, de Rafael, 1972

Aanad(t) is the hadronic contribution to the running of a in the
spacelike region: a,HLO can be extracted from scattering data!

ab



Conclusions

» We've determined a, to an unprecedented 203 ppb precision

BNL } @

FNAL Run-1 i {1

FNAL Run-2/3 +——

FNAL Run-1 + Run-2/3 +—&——

+—e—
World Average

19.5 20.0 20.5 210 215
a, x10° - 1165900

New result is in excellent
agreement with Run-1 & BNL

More than halved the total
uncertainty from Run-1

Smashed our design goal with
systematic uncertainty of 70 ppb.

* There’s more data to analyze and we’ll squeeze uncertainty
down further in our future results!
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EXTRAS

3£ Fermilab
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Running Conditions: Damaged Quad Resistors

* Run-1 had damaged resistors in 2/32 quad plates leading to
unstable beam storage

* Resistors re-designed & replaced before Run-2

E ‘ " T J- E 22 21\ T T 1 T T T T I T T T T ‘ T T T \l
E I 1 g Tee
— 13.7— - £ B i
S : = w, phase change
S * Run-1d ] o 2225 2P J n
13.6— — B
C d 3 . -t ok " **+ +—u— . *"+l ‘|l
L ] —22.3[ M 1 s S AP +.‘
1351 ] B | + +T ‘ﬂ ]
C ] —22.35}- -
13.4_ N
23] . * Run-1d |-
- _ _ 1 2245 . - -
12— Vertical beam width change _ Run-3a |-
50 100 150 20 el — 50 t0 150 200 ﬂme[Egl]o

 C,, uncertainty is reduced (75 ppb — 13 ppb)

 Beam oscillation frequencies are also more stable

3£ Fermilab
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Experiment vs Theory Comparison

« Theory prediction is less clear now, but we can still compare

< 5.00 >
—e—t
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
& +—e—+
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
New results in tension
with White Paper (2020)
L
SM: e+e- HVP
using only CMD-3
data below 1 GeV

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

isclaimer from A. Keshavarzi's Lattice 2023 talk:

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.

« |tis purely for demonstration purposes = should not be taken as final!
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Following A. Keshavarzi at Lattice 2023...

Substitute CMD-3 data for
HVP below 1 GeV

Cherry-picking one
experiment but gives a
bounding case

SND2k cannot be processed
In this way, but would fall
closer to WP (2020).

Many parallel efforts are
underway to resolve the
theoretical ambiguity
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Theory Prediction
Lattice QCD

3£ Fermilab
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HVP Calculation: Lattice QCD Method Status

« Other groups are working to reproduce BMW result

« Start with “windowing” method and compare in easiest region

H. Wittig @ Lattice 2021
Discretiiation | ' ' Stats 7 finite

357 volume issues

0 0.5 1 1.5 2 2.5 3
t |fm]

1

0.8 Lattice data

0.6 |

04 r

0.2 r

0

Cut off effects suppressed

No signal-to-noise problem

Finite-volume effects small

3£ Fermilab
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HVP Calculation: Lattice QCD Method Status

Simon Kuberski, Lattice 2023

THE INTERMEDIATE-DISTANCE WINDOW

i staggered @ twisted mass m 3.8 0 tension between lattice
"M Wilson  HH domain wall QCD and data-driven evaluation
RBC,/UKQCD 23| | | ] [Colangelo et al., 2205.12963].
ETMC 22F e m This accounts for 50% of the
Mainz/CLS 22 —— difference between BMW 20 and
the White Paper average for a}".
ETMC 21 f
BMW 20} ——
RBC/UKQCD 18| —— s
R-ratior F———— -

I
2275 230.0 2325  235.0 2375
ahvp id | 1010
(%) 12 /20

3£ Fermilab
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HVP Calculation: Lattice QCD Method Status

Simon Kuberski, Lattice 2023

THE INTERMEDIATE-DISTANCE WINDOW

70

& staggered (@1 twisted mass ¥ overlap m 3.8 tension between lattice
"M Wilson MM domain wall QCD and data-driven evaluation
RBC,/UKQCD 23| | " | [Colangelo et al., 2205.12963].
FHM 23 —h— _

ETMC 22 — — m This accounts for 50% of the
Mainz/CLS 22 —— difference between BMW 20 a1r11d
Aubin et al. 22 — the White Paper average for a,™.

chiQCD 22+ = .

ETMC 21- | Agreemgnt across many actions
Lehner, Meyer 20| o for th_e Li ght-con nected

BMW 20l e contribution (87%).

Aubin et al. 19F A, . .
RBCu ;{e oD 18- m Data-driven estimate:
/UKQ [Benton et al., 2306.16808] [Golterman]
Reratior =4 L L
200 205 210
(GEVp)id’l . 1010 . / o
2& Fermilab
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Theory Prediction
Future Prospects

3£ Fermilab
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Dispersive Approach: Future Prospects for HVP

A. El-Khadra P5 town hall, 21-24 Mar 2023

Ongoing work on experimental inputs:

BaBar: new analysis of large data set in zz channel, also zzz, other
channels, other channels

KLOE: new analysis of large data in zzr channel, other channels
SND: new results for zz channel, other channels in progress

BESIII: new results in 2021 for zz channel, continued analysis also
for nnz, other channels

Belle II: arXiv:2207.06307 (Snowmass WP)

Better statistics than BaBar or KLOE; similar or better systematics
for low-energy cross sections

STCF: arXiv:2203.06961

Need blind analyses to resolve the tensions (esp. for zz channel)

Ongoing work on theoretical aspects:
* Developing NNLO Monte Carlo generators (STRONG 2020 workshop
https://agenda.infn.it/event/28089/) [ appendix]
* radiative corrections using FSQED (scalar QED + pion form factor)

* charge asymmetry (CMD-3 measurement) vs radiative corrections [Ignatov
+ Lee, arXiv:2204.12235]

* development of new dispersive treatment of radiative corrections in zx
channel [Colangelo at al, arXiv2207.03495]

* including 7 decay data: requires nonperturbative evaluation of IB
correction [M. Bruno et al, arXiv:1811.00508]

If the differences between experiments are resolved:
data-driven evaluations of HVP with ~ 0.3 % feasible by ~2025

72
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Lattice QCD: Future Prospects for HVP

A. El-Khadra P5 town hall, 21-24 Mar 2023

HVP: lattice :

Ongoing work:

Evaluations of short-distance windows [ETMC, RBC/UKQCD]

Proposals for computing more windows:

@ Use linear combinations of finer windows to locate the tension (if it
persists) in \/E [Colangelo et al, arXiv:12963]

¢ Use larger windows, excluding the long-distance region ¢ 2 2fm to
maximize the significance of any tension [Davies at at, arXiv:2207.04765]

For total HVP:

@ independent lattice results at sub-percent precision: coming soon!

¢ Including 7z states for refined long-distance computation
(Mainz, RBC/UKQCD, FNAL/MILC)

@ include smaller lattice spacings to test continuum extrapolations (needs
adequate computational resources)

If results are consistent, Lattice HVP (average) with ~ 0.5 % errors
feasible by 2025

3£ Fermilab
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Theory vs Experiment

3£ Fermilab
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Differences between a,, values:

Sigma deviation between different predictions/measurements

FNAL 2023
(World Ave)

EXp -
WP 2020 5.0 (5.1) -
BMW 1.6 (1.7) 2.0 -
1.4 (1.5) 2.8 0.4 -

WP 2020

» Comparisons are taken from the whole a, value.

« They’re accurate when comparing to experiment

 Bute.g. WP (2020) & BMW both include same H-LbL
components and error, so significance of difference between
them is a little underestimated (2.0 vs 2.20).
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BSM Physics

3£ Fermilab
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Discrepancy and New Physics:

(Experimentalist’s (mis)Understandi

D. Stockinger:

ng)

discrepancy ~ 2 x aﬁM’wea‘k )
: NP SM, weak M .
but: expect a,,” ~ a, X (m‘ﬂ;—) X couplings
loop-induced, CP- and Flavor-conserving, chirality-flipping “*—— § —
b — sy
compare: >_< EDMs, B — Tuv EWPO
p— ey
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Discrepancy and New Physics:

(Experimentalist’s (mis)Understanding)

D. Stockinger: https://arxiv.org/abs/2104.03691

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
@ Typel, II, Y, Type X(lepton-specific), flavour-aligned

Lepto-quarks, vector-like leptons

@ scenarios with muon-specific couplings to ; and ugr

Simple models (one or two new fields)
@ Mostly excluded 5
@ light N.P. (ALPs, Dark Photon, Light L, — L;) o o

armilab

Dominik Stéckinger
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Detectors

3£ Fermilab
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Calorimeter Location
« 24 EM calorimeters inside the ring to measure decay e*

[] Calorimeters
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Calorimeter Design
 Array of 54 PbF, crystals - 2.5 x 2.5 cm? x 14 cm (15X,)

 Readout by SIPMs to 800 MHz WFDs (1296 channels)

s

3 E .
¢ ' A L
g o
"
- ~
3 &
. |
: ‘ ]
- <
- o

28 channel prototype tested at SLAC

L TR I v B

< w
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Calorimeter Performance

Energy Resolution

OL/E ~2.8% @ 2 GeV -

2000

ADC counts

1500

1000

500

-500

-1000

82

Electron pile-up

Temporal
separation at 5 ns

ﬁ_lIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIII

1 1 I 1 1 1 1 | 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1
2435 2440 2445 2450 2455 2460 2465 2470
19 sample number

See NIM A 783 (2015), pp 12-21 for details
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http://dx.doi.org/10.1016/j.nima.2015.02.028

GAIN stability established to ~few x 10

State-of-the-art Laser-based calibration system also allows for pseudo data runs for DAQ

m | Fiber
1 bundle
Slow Control
Diffuser

Laser
control

",
rry

Laser Hut

S.M. = Source Monitor
L.M. = Local Monitor

w - T T T =
) F E
Contents lists available at ScienceDirect T §.1 -005 E_ é * 10 4 / h d e m O nSt rat?d _E
Nuclear Instruments and Methods in it ] 1E— # P I R —t t ;
7 Physics Research A S  oosk { H ¢ ﬁ E
ELSEVIER journal homepage: www.elsevier.com/locate/nima g [ $ * } * ]
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Muon Distribution M”

« Want the field actually experienced by muons, so need to know
where muons are in the field map

« Measured with two straw
trackers inside storage vacuum

Tracker Module

B 24 Calorimeters
Il Trackers
= Kickers
m Collimators
=== |nflector
= FH o
270 Il Fiber Harps

TO&IBMS123

lllllllllll

Trolley Garage

NMR Calibration
Probe

Trackers

M ‘!
1A l '. ‘ A ‘
il
/A | \"\\\‘\\
[ S 0ga 52

“"f! |

Muon’s view of a tracker ilab
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Tracker: Hawk-Eye with Muons

« Each tracker is made up of 8 modules inside vacuum chamber:

Section through storage ring HU+ Storage Region

Vacuum Chamber

/

Calorimeter '\y\
T N\

racker
Calorimeter

3£ Fermilab
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Tracker: Hawk-Eye with Muons

« A muon decays to a positron which travels through tracker

Section through storage ring

Vacuum Chamber

\

Tracker \
Calorimeter

« e* position is recorded in tracker modules
« Hits are grouped and reconstructed into a track
« Track is extrapolated backwards to beam storage region

3£ Fermilab
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Corrections

3£ Fermilab
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E-field & Pitch Corrections:
* Non-simplified spin-motion is described by BMT equation:

p, = 3.094 GeV. Jackson Eq. (11.171)
a,B x B+ au_’yz—l)

AVAVAVAVAVAV AV VA VAV VAV VYV, Vg

o | Ty

. Muons travel in E-fi&1& from focusing quadrupoles:
experience a motional magnetic field in their rest frame

» Term vanishes at “magic” g Ty Pudistribution
momentum (p, = 3.094 GeV) § ooy cunp
< i
* But not all muons are at py,,4ic 0.8}
* Cg comes from p, distribution 041
measured using timing data from 02}

calorimeters Oprasnssaneed e
C — 489 + 53 ppb 40 -30 -20 -10 0 10 20 30 40
E - —

Equilibrium Radius [mm]

2% Fermilab

88 5/Sep/23 Marco Incagli - INFN Pisa



E-field & Pitch Corrections:
* Non-simplified spin-motion is described by BMT equation:

(- S)
dt

VVVVVWVW

:_igT' [aMBAx§+B
m

(0.

72

1

—1

Jackson Eqg. (11.171)
C

)

* Muons oscillate vertically (pitch) soB x B term is reduced

Vertical
position
| P Particle trajectory
0
ma >
Azimuthal (ring)
\_/ position

» C; Is extracted from vertical
width measured by the trackers

89

Cp =180 £ 13 ppb
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10000

Muons /1 mm

8000

6000

2000[

4000f

|ITI|WII|

e Data
—— Amplitude Fit

Tracker Data

A R
-20

0 20 40

Vertical Decay Position [mm]
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E-field Correction: C¢

* Imagine injecting uniform momentum & time distributions:

Higher Mom
(Lower Freq)

)

Beam
Direction

7N

ower Mom
(Higher Freq)

v ~ ¢ for
all muons

« Higher momentum muons have further to travel, so have

lower cyclotron freq. 2 Formilab
afF rermia
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E-field Correction: C¢

* QOver time, lower momentum will catch higher momentum:

« The way that the gaps are filled in Is related to the
momentum distribution of the stored beam
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E-field Correction: C¢

« Effect is a strong feature of the data at early times:

£ £18000
§™”F  Cyclotron 4—-10 s |  freooo 52 — 58 us
£ 60000 Period 2 12000
50000 -»> J' " ull || 12000
I 10000
- |
30000 8000
20000 ‘ 4000 g'2
o |W|W|' , | |w! T
NEREA LAELLAS LAASRATSEARIEIAB AN LSS AAL | S A A S ST A |
Time [us] Time [us]

* Less pronounced when all calos are added together

 Either Fourier analysis or x? fit are used to get momentum
distribution

3£ Fermilab
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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 w, with no other indications that
we're getting it wrong

cos(wat + ¢(t)) = cos(wat + Pg + 't + ...)
k = cos((wg + &' )t + ¢g + ...

* 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 two effects (C,, & Cp,)
3% Fermilab
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Cpa — Phase-Acceptance Correction

 Remember ¢ — ¢(t) causes us to mis-measure w,

€
E
>
> =)
(] L
é 20~ -20 E
i ?
0; -30 g
i 40 8
20 3
i 50 &
401 60
1 I L 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1
-40 -20 0 20 40
Decay x [mm]

« Butin Run 1, equipment failure led
to beam instability

« 2/32 quad HV resistors died
- Focusing E-field changed
- Beam width changed
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“r 1 o * Due to acceptance, ¢ depends on
muon decay position (X,y)

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

= Damaged 2-Step

Nominal 1-Step
Nominal 2-Step
Beam Injection
Fit Start Time
Damaged 1-Step

50 100

250 300
Time [us]
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Cpp — Phase Acceptance Correctron

RMS of Vertical Position [mm]

14.5F

Tracker Data

15—

—
N
T TTT

L L L 1
Measurement Start

Vertical Width

13.5F VS B
- Time in Fill
131
SR e . . + i
12,51 e Sttt
120 b r.r.._
0 50 100 150 200 250 300
Time [us]

Muon Weighted Phase [mrad]

O T N AREE R
= — Phase
L (a
1oF ( ) :_."f\'-."- ......... Early Beam
~10F i N e Late Beam -

A 5
40

230

T
-20 -10

P AT A J 2
10 20 30 40
Decay Y [mm]

O..r

1 Cartoon of

phase &

| beam width

« Beam width changes couples to phase “map” to cause ¢(t)

« -158 ppb correction with a 75 ppb uncertainty in Run 1

« Fixed by Run 2: majority of correction & uncertainty disappears
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Why phase varies with decay position

« Average detected phase changes with decay position:
Map from Geant4

€ L Longer path length
E 40— — /
- = muon spin positron
S r © envelope ™~
i Q e MEESSae LT T el ™ . Muon
0; ] g \ __ % ----T-L\_be-it
i o N\ 3
40— . Shorter path length
B 1 I 1 1 1 | 1 1 1 | 1 1 | ‘ 1 1 1 | 1 Detector
-40 -20 0 20 40

Decay x [mm]

« Origin Is acceptance: if e* decays outwards then it will have a
longer path length to a detector

* We see fewer events from top/bottom of storage region as
they miss the detectors vertically
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a, from Measurement

3£ Fermilab
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w
What do we really measure? -

Us Others

] ] Measured to 10.5 ppb accuracy at T = 34.7°C
W, : e* oscillation frequency Metrologia 13, 179 (1977)

Bound-state QED (exact)

~/ .
wp (T,r): magnetic field from Rev. Mod. Phys. 88 035009 (2016)
precession of protons in H,0,

_ = : Known to 22 ppb from muonium hyperfine splitting
weighted by muon distribution Phys. Rev. Lett. 82, 711 (1999)

Measured to 0.28 ppt
Phys. Rev. A 83, 052122 (2011)

Proposal Goal:
140 ppb = 100 ppb (stat)

@ 100 ppb (syst) Total < 25 ppb

3£ Fermilab
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Systematics vs BNL

3£ Fermilab
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Systematic Errors on w, (ppb)

BNL (E821) Proposal Run 1 Run-2/3
Gain 120 20 10 5
Pileup 80 40 30 7
CBO 70 30 40 20
E & Pitch 50 30 55 33
Lost Muons 90 20 S 3
Phase Acceptance - - 75 15
Total 180 70 108 42

Numbers are approximate
Category mapping Is imperfect

3£ Fermilab
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Systematic Errors on w, (ppb)

BNL 2001 Proposal Run 1 Run-2/3
(E821)
Absolute Calibration 50 35 19 13
Trolley Calibration 90 30 32 14
Trolley Baseline 50 30 40 38
Fixed Probe Baseline 70 30 23 16
Muon Weighting 30 10 18 10
Quad Transient * * 92 20
Kicker Transient * * 37 13
*Others 100 50 - -
Total 170 70 114 53

Numbers are approximate
Category mapping is imperfect

3£ Fermilab
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Magnet Shimming Tools

3£ Fermilab
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OO — thermal
inner coil top hat insulation 1

Magnet Design & Shimming g

* 14.2 m diameter “C"-shape magnet with e

. . ole piece _h\ou er coi
1.45 T vertical field g, Poeviece ] [ R

shim
muon -
region 6 fixed NMR probes

* Shimming campaign from 2015-16
I;_ /outer coil

resulted in very uniform field m—
+ 14 ppm RMS across full azimuth & CE —p=7112mm
3x better than at BNL mnercol | |__tophat
Fermilab Brookhaven Typical

0 50 100 150 200 250 300 350
0 [deq]

Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

3£ Fermilab
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Magnetic Shimming Tools

* Many “knobs” for shimming:

7 2 (0) I e S S S SRS SN S SRR S
P
« Shaping & homogeneity

————.

i

pole piece
E——

T TR
BSOS

-------

g-2 Magnet in Cross Section
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Magnetic Shimming Tools

* Many “knobs” for shimming:
— 72 Poles
« Shaping & homogeneity
— 864 Wedges

« Quadrupole asymmetry

IR
RS

R
or

e

R R L Lo

o
2
o
o
[
=
a
ALY
o
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B3
e
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i
o
v
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=
X!
AN
2
7o
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P2
o
o
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v
o
&
oY
'_v
S
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-2
%
-
e
X
o
-
2
e

T R L T RSP e
TS S Y N R s O =

g-2 Magnet in Cross Section
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Magnetic Shimming Tools

* Many “knobs” for shimming:
— 72 Poles
« Shaping & homogeneity
— 864 Wedges

* Quadrupole asymmetry

— 48 Iron Top Hats

« Change effective p

g-2 Magnet in Cross Section
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Magnetic Shimming Tools

* Many “knobs” for shimming:
— 72 Poles
« Shaping & homogeneity
— 864 Wedges

 Quadrupole asymmetry %

— 48 Iron Top Hats

Edge shims

« Change effective p
— 144 Edge Shims

* Quad/sextapole asymme

w

g-2 Magnet in Cross Section

107  5/Sep/23 Marco Incagli - INFN Pisa



Magnetic Shimming Tools

* Many “knobs” for shimming:
— 72 Poles
« Shaping & homogeneity
— 864 Wedges

« Quadrupole asymmetry %

— 48 Iron Top Hats

Surface coils/foils

» Change effective p

— 144 Edge Shims 0
e

* Quad/sextapole asymme

— 8000 Surface Iron Folls

» Local changes of effectiv

— 100 ACtive Surface CO”S g_z Magnet in Cross SQCtion
108 ssepfs Cadly atagunkensiio add ring-wide average field moments




Shimming the Magnet

* Progress towards a uniform field from Oct ‘15 to Sep '16:

Fermilab Brookhaven Final

1600 I

1400”

o
% 800 #
o
O 600

400

200 :

0 50 100 150 200 250 300 350
0 [deq]
]
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

Tl e =
\‘[] : ]

;[

Top hats & wedges Surface foils

ﬁ

Dipole field (p-p & RMS) improved by factor 3 compared to BNL

3£ Fermilab
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w, Measurement

3£ Fermilab
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Why do decay e* tell us about muon spin?

111

Muon spin information is encoded in parity violating decay

ut

Pe+t

Highest energy positrons are emitted back-to-back with
neutrinos

Neutrino helicity is fixed, so high energy positrons are emitted
In direction of muon spin

3£ Fermilab
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Simple fit: residuals

« Simplest form for fit is an exponentially decaying oscillation:
Noe V(1 + Acos(wat + ¢))

CBO = Radial Mean Oscillations
o \ VW = Vertical Width Oscillations

2

X2/ ndf = 8191 / 4149 Lo B

106: \’WWWVVVV\/\/\/\/\/W
WA Ay

105MWWVVV\/VVVV\/\/\/\/VWW

104W\MM/\A/V\/\/\N\/\/\N\NVW

103m
VAWAAL

¥

s
>

+{CBO

waren] CBO + ¢

—— 5 Parameter Fit

Counts Above Threshold

Residuals FFT

FFT Power of (Data — Fit) [arb]
o
~
|

L ) ! | . ) . . ) | wak VT ALY N T, Y il Lam L
0 20 40 60 80 100 0 0.5 1 1.5 2 2.5 3
Time modulo 102.5us [us] Frequency [MHz]

 Beam oscillations couple to acceptance & change number
of e* detected with time, and exponential isn’t perfect

3£ Fermilab
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Fit with beam dynamics terms
« Add terms to fit function to deal with complications:
Noe V(1 + Acos(wat + ¢))
!
o —t/T
f(8) = Noe™ " At) Neg(t) Nacho () (1 + depa(t)cos(wat + Pep(t))

« Muons that are lost from storage ring before they decay:

t
A(t) =1 — Kioss / L(#e /D ay’

to
« Beam oscillations that modulate decay rate:

e.g. Ncbo(t) — (1 + Acbo—N ’ e_t/TCbo ) COS(cho (t) -1+ ¢cbo—N))

3£ Fermilab
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Fit with beam dynamics terms: residuals
« Adding terms tames the beast:

)
" +
o (o] o
oY @ m
0D 0

S 5

= — 5 Parameter Fit
0.7} . — Full Fit

Simple 5-parameter fit
x°/ ndf = 8191/ 4149

0.5 ||

03t Fit with extra terms
20 X2/ ndf = 4005 / 4134

FFT Power of (Data — Fit) [arb]

.l:u'lf n'u,u y TN Y U i P N i R D S [V f)
0 0.5 1 1.5 2 2.5 3
Frequency [MHz]

* Important to get it right: w, changes by 2.2 ppm

« Good residuals & x? are necessary, but not sufficient
condition.

3£ Fermilab
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Counts Above Threshold

Systematic Cause: Time-Dependent Phase

 If average phase of muon population changes over time then
we can mis-measure w,:

amonmpaapitone| Noe™7 (14 Acos(uat + )
W But if ¢ — ¢(t), then
TN o8t + 9(8)) = coslwat + g+ ¢t + ..

102WVVW"‘+ = cos((wa + @)t + ¢o + ...)

C ; M ; L
0 20 40 60 80 100
Time modulo 102.5us [us]

* If higher order terms are small, then we measure (w, + ¢')
instead of w, and still get good x?

3£ Fermilab
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Main Systematic Issues ~ Beam Oscillations

« 3 main systematics for w, "6
measurement - " i

- Variety of mitigation strategies i o BT

- Well under control —totalis (- . §g&

56 ppb ; -80 -60 —40 -20 0 20Radia4|%05mgr[1][mm]80 0 5 10 15 20 25 30 35 40 Tir?qse[us]o
; Tracker data & beam dynamics

Gain Change

=
=]
<
Y

——

=
(=
o
[

9d data

0.5%

High Energy \::\._ Calo

o
uw
w
=

Analysis starts here

0.992 -

—

o]
ﬂ
m

- |

o D

a

<

Calorimeter Gain

0.990 -

Empirical correction using calo data : ;

100 150 200 250 300

Time [ps]

wn
a4

Dedicated laser calibration system
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Systematic Issues: Gain

« Calorimeter gain takes time to recover from “flash” when
beam first enters storage ring:

T
1.004 1 &0h fit

c | 9d fit
‘O 1ooz . : « 60h data
() : ad da.ta
@ 1000 el A e
w i 1 . " o . * eate
£ o9 [ | ' 0 S(y
= r !
O osse] | -2 /0
(g0} 1
®) il .
09941 | 1 Analysis starts here
0.992 1 :
0.990 L, . . , . . ;
0 50 100 150 200 250 300
Time [ps]

 Phase is energy dependent — so gain change generates
another time-dependent phase & normalization issues

« Correct based on gain measurements from laser system and
cross-check with tracker

3£ Fermilab
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Systematic Issues: Pile Up

/
Low Energy

Spin

High Energy

Two low energy e* can look
like one high energy e*

e* Travel Time [ns]

Different average decay
time means different spin
direction

— drift time

acceptance

- e acceptance

= Momentum [MeV]

0.2
0.1

o 500 1000

2000 2500 3000
positron momentum [GeV/c]

1500

* Pile up happens less often as the muons decay so phase changes

with time and we get w, wrong

« Derive a pile up correction from
data and check validity above

3.1 GeV
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Events

;— Negative here
C (abs. value shown)

Uncorrected
Ve Spectrum

Derived

f / Correction

Energy_(Mem\/»)f



Muon EDM

3£ Fermilab
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Muon Electric Dipole Moment

 Muon EDM is essentially zero in SM.
* Any observation would be a sign of new physics:

e 10 T p n 137Hg
.é..1g-15 - EXP

P
o 107

« Muon is the best option for a
higher flavour gen. search

 And it’s free of nuclear /

EXF

EXF

EDM Limits
=

EXP

—

a ¥

K
[TTTTTTTTTTTTTTTTTTTTTTITT

B molecular effects
sv_ | _sm « But, needs non-mass-scaling
107 . S BSM effects to see anything
SM . . .
. t2 L given e EDM limit
107 . \Typical BSM — |

Predictionls

EDMs: Theory & Experiment

3£ Fermilab
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Muon EDM: Tracker Search

A non-zero muon EDM would modify the spin equation

~ c e |E, Ex\é
Wan = Ay —
an Hm 772m c >
i A
Ex B | _ L
. dominates, so precession plane is tilted., B
0 =tan ~——
e : lB 2a,,
w—\/w§+w%—\/wc2b+<n )
2m

« Search for an up-down oscillation,

out of phase with w,.
Wq >>>2>2> Wy

3£ Fermilab
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Muon EDM: Tracker Search
« Search was done with tracker at BNL:

x10

Nent = 4849924

Chi2 / ndf = 414.6 / 396

N =1.236e+04 + 16.19

Lifetime = 1.135¢+05 + 7298

= 2973+ 12.31
= +

Chi2 / ndf = 415.1 ) 396

N =0.0001666 + 3.919¢.06
AgZz =-1.7640-05 5.4510-06|
phi =1695+ 0

Aedm = 4.416e-06 + 5.537¢-04

§1aooo;— (g_2)

16000(—

14000

e
~

Average vertical angle [rad]
o =) =)
w - o
== | T l T

: ’ ."I I| ll"l !d|i' ”l ‘ rl | i i l] ||| t
ST ﬁ

12000

10000— ]
L | L 1 | L | L | L | L ! L | L Of= 1 | 1 1 ra— 11| L | ! | 1
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time modulo precession period [ns) Time modulo precession period [ns)
# Tracks vs (time % T,) Average vertical angle

vs (time % T))
* Previous tracker search was statistics limited

Tracker: d,| <3.2X 10~ e cm (95%CL)
Tracker & Calo: |d,| < 1.8 x 10~ 'Y e cm (95%CL)

_ —38 World’s best f EDM
SM: d,u < 10 (World’s best for muon )

« We’re aiming to improve this limit to 10?1 e cm
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Electron Anomaly: a,

3£ Fermilab
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Why a, and not a,?

« Coupling of virtual loops goes as m? (dimensional analysis)

* Therefore, while a, is measured ~20x less precisely than the
a., It has better sensitivity to heavy physics scales:

2
T ~ 43,000

Me

« E.g. lowest-order hadronic contribution to a, is
ahadlo =(1.875 £ 0.017) x 107" (1.5 ppb of a,)

« By comparison, the muon’s hadronic contribution is ~60 ppm.

3£ Fermilab
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d. and a:

 New measurement of g, in 2023: 0.13 ppt on g,

Measurement of the Electron Magnetic Moment

X. Fan, T. G. Myers, B. A. D. Sukra, and G. Gabrielse
Phys. Rev. Lett. 130, 071801 — Published 13 February 2023

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071801

 Abllity to compare with prediction hampered by disagreement
In the value of a:

-1 05 PPP 0 05
9/2(2022) with SM —o5—
9/2(2008) with SM og
Rb —.—
CS —_—
0 50 100 150 200

(o' - 137. 035 999 000) x10°

FIG. 5. SM prediction of a using u/up from this Northwestern
measurement (red), and from our 2008 Harvard measurement
(blue), with solid and open points for slightly differing C,g
[40,41]. The @ measurements (black) were made with Cs at
Berkeley [38] and Rb in Paris [39]. A ppb is 107°.
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J-PARC Experiment

3£ Fermilab
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J-PARC muon g-2/EDM experiment

J-PARC MLF o i
Aiming for data taking

N from 2028

Constructed in 2021

Shields, area control (2022)

127  5/Sep/23 Marco Incagli - INFN Pisa
RF Acc. Test at S2 area (May 2023)




J-PARC Experiment

Experiment
Average

« Complementary technigue : -
— u beam accelerated from rest —e— Si)
Standard Model -
— no E fields [ FNAL (2021)
— smaller magnet
« Aiming for a result comparable to Run-1 i B
reSUIt towards the end Of the decade ]7| 11 |]7|l5| 1 |]|8r 1 |]B|‘5r 1 |]|9| 1 ||g|-5| 11 |2|0| 1 |2E:v5| 1 |2|]| 1 12]|45| 11 |22

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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