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APRIL 7TH: FERMILAB MUON G-2 EXPERIMENT ANNOUNCED THE FIRST RESULT
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APRIL 7TH: FERMILAB MUON G-2 EXPERIMENT ANNOUNCED THE FIRST RESULT

Beam dynamics corrections to the Run-1 measurement of the muon anomalous
magnetic moment at Fermilab
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THE MAGNETIC MOMENT OF THE MUON

— € .
= g—¢
H 82m

Magnetic moment connected to spin via dimensionless factor g: gyromagnetic ratio

the anomalous magnetic moment
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THE MAGNETIC MOMENT OF THE MUON: FROM THEORY

Dirac g=2 (1928) Muon g-2 Theory Initiative

for s=1/2 particles

}\ au(SM)=116591810(43) x 10-11

p Iz
Schwinger (1948) Vacuum polarizations Hadronic Electroweak
1st order QED Higher order QED  HVP: 6845(40) x 10-11 153.6(1.0) x 10-1
uncertainty: 0.1 x 10-11 HLbL: 92(18) x 10-11
o a
27
o ) o -
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MEASURE ¢, IN A STORAGE RING
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MEASURE ¢, IN A STORAGE RING

Cyclotron frequency Spin precession
° B ° Bl +ya) et
W = —— g = — +ya W, =0, —w,.=—da
my my H a s C mﬂ (7]
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— spin
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STORAGE RING: HOW WE STORE THE MUONS

pitch corrections: C), E-field corrections: C,
Y <a”B Yy (7-B) 7 <a/y2—1> ¢ )
oy oy e
~0 ~0 e
P = Pmagic = =3.094GeV/c
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10.5 ppb uncertainty (hyd
MEASURE aﬂ IN A STORAGE RING Metrolog?ap13, 1u79 (1977) m ( yaregen maser)

bOU‘Dd state QED calc., exact
/
a)a ’MP /’te(H) mﬂ gey\

aﬂ = — 0.28 ppb uncertainty
TDR goal: G)Z; Me(H) Ho M, 2 Phys. Rev. A 83, 052122 (2011)

140 ppb \ 22 ppb uncertainty

“ fOIdthpé?\lvfmentt (Muonium hyper fine split.)
overthe result) Phys. Rev. Lett. 82, 711 (1999)

faoek @3 (14 C# Cy+ G+ Gy,

Ya

~
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MEASURE g, IN A STORAGE RING

. a)a 'MI,? /’te(H) mﬂ ge
031,) /’le(H) /’te me 2

a,

unblinding factor precession beam dynamics corrections

Jetock @g % (1 +C,+ Cp +C,;+ Cpa>

a)a

@p b <a)é(x, v, ) X M(x,y, gb)) (1 + By + BQ>
absolute field magnetic field sampled Magnetic transients
calibration by the muon distribution corrections
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THE MUONS

8 GeV protons in recycler

Target
10ms 197 ms 1063 ms
o Recycler Ring Jmmi: jI““llr -
/- 2 x 8 shots

p/Tr/u beam, p kicked away, 11 decay

nt — pv, 95% polarized muons

‘ . af = [~ "\ BxE
w,=——\|q,B - a”_yz—

m c

fo P = Prasic = D 3.094GeVie
0 NGy

"

Muon Campus

o -
& 2 -

Store muons for ~700us (~10 lifetimes)
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HOW TO STORE MUONS: MAGNETIC FIELD

inner coil top hat
wedge
iron foil
ouren
edge _5 _
shim YO \
muon .
region O fixed NMR probes
pole piece ' r:
S ace .
L-» /outer coil
I—
1]
:
<1 D N-—p =7112 mm
inner coil top hat

Fully-assembled lamination (10 degrees wide)
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HOW TO STORE MUONS: THE INFLECTOR

- Need to cancel field in beam channel

- prevents strong deflection of the beam

Helium Channel
(for cooling)

Inflector

Injected Cryostat
muon beam  Central Orbit j

Beam
) /_ Channel

Inflector Body Inflector
Services

ey

; [ oy
Fixed NMR -é 'o’o?%

e Sy
— '-""'-------_-_ T —— Helium Channel — g‘gﬁ"
———— = (for radiation shie% )
g\T — .
s g
Outer X
Muon Beam Vacuum Chamber Coil \—— Jacket

NiTi/Nb/Cu
Magnetic Flux

d — 7 7 Shield
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HOW TO STORE MUONS: THE KICKER

l—|150 ) 1 Ll I T 1 I I 1 L 1 I I 1 1 I 1 Ll 1 .

% - — Kicker Pulse from Magnetometer Data | INCident beam center 77 mm off from center
B --=-TO Pulse :

3_ Y Cyclotron Period Of Storage reg|0n

ﬁmo B tears muon onto store orbit

> | -

=0

=

S

2 50

ot
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Time [us]
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HOW TO STORE MUONS: FOCUSING

Jlnner upper coil
2

BONY-

\\Yir

Outer coil = ;\\\\\k
/// i

- Radial focus:
1.45T vertical B field

- Vertical focus:
electrostatic quadrupoles 43% of the ring)

16
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THE MEASUREMENT: CALORIMETERS ( @, ")

24 Calorimeters with 54 (9x6) Cherenkov
PbF, crystals read out by SiPMs
- arrival time (~100ps) & energy of e* (~5% at 2GeV)

- Laser system for gain response calibration
throughout data taking
(stability 10-3, rate difference 104)
17
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THE MEASUREMENTS: CALORIMETERS ( a)crlneg;)

a

\

- Parity violating decay (Michel)

- Highest-energy e* emitted
preferentially along muon spin

= Mt
Ve _ =
_ ®@ — ¢t
V, <=‘_=>
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MEASUREMENTS: o™ o, | Juaor® (146t Gt Gt )

i (046 .) X M0,y ) ) (1 + By + Bo)
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MEASUREMENTS: o"* o, S @ (14 C G+ Gt G

Example from dataset 1d D fuaio (@53 ) X MCx.3.0) (1 + B+ Bo)
'__| 1 I' I 1 | 1 I I
A S 1OF Y2In.df. = 4167/4132
o) L I 10°
© ' - -
2 10 ! o 107
c | | o 40t L
(®))] | o 10° F
@ i X e F
e 2 10° £
E — i g 102 W " " 1 " M " 1 N " L 1
05L . 0 20 40 60 80 100
wl-‘“i u;‘“ Time after injection modulo 102.5 [us]
Y Nye " [1 — A cos(w,t + ¢)
- .8 § S No CBO or pu* loss g | ?)
| o O
- P 3 — Full fit function «__ - :
Lo X < s 1 22 parameter fit
0'0 : 1 I 1 1 *CBO:
0 0.5 1 1.5 2 2.5 3 Coherent Betatron

Frequency [MHz] Oscillation

(O ENERGY (T menttibonten o o,
WZJENERGY 0.0t tinsan teertoy 20 rgonne




Faosk @ (14 Co+ G + G )

MEASUREMENTS: o

8.8

Jeatib <a)13(x,y, ) X M(x,y, d))) (1+ Bg + By)

N(t) = Noe_t/'”“ 11+ Acos(wat + ¢o)]

Early-to-late effects ¢p — ¢(¢) -> corrections needed

= [T | | | ] =3 L l l l r ] 1.00
E 40 - E 4o 7 Hoes
> B - > = |
> B 7 5 > B 7
© - . 8 - 4 Ho0.90
5 20 - E 8 20 -
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, il 2 L ,
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- i o - I i
L i % - | 0.75
20— — % 20 ]
_40; ; _40; ; 065
| I | | | I | | | I | | | I | | | I | B N
_40 _20 0 20 40 \-4|.0\ \-2|O\ | 6 | | 2|0 | | 4|O | 060
Decay x [mm] Decay x [mm]
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TRACKERS: BEAM DYNAMICS @ S 0 (14 G+ G+ G+ G

raio {0406,y ) X MCe.3. ) ) (1+ By + By)

.

o

2 straw-tracker stations

(each 8 modules, 4 layers of 32 straws, 50:50 Ar:Ethane, res ~100um)

| Muon distribution + field maps: W’
4 Handle on beam dynamics
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TRACKERS: BEAM DYNAMICS @ S 0 (14 G4 Gy G+ G

raio {0406,y ) X MCe.3. ) ) (1+ By + By)

Time since injection: 5.0 us

_8 100  30p
E [ P —
E [ E_F
560 E20
£ T 4 10F
& 40 a 10
Y 3 o
§ I €0
>o0l— .- S . rC
D S10F
- = r
o B
20 Sl -
C . o 20
L o E
-40— o 15
C 20 @ F
B »610:—
-60— o F
B * s 5
. o £
_80IIIIIIlIIllI'IlI|ll||[llllll||ll 0 Coovovo o b o by by bww v by v by o by v by v byy oy
-80 -60 40 -20 0 20 40 60 80 0 5 10 15 20 25 30 35 40 45 50

Radial Position [mm] Time [us]

*CBO: Coherent Betatron Oscillation
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NUCLEAR MAGNETIC RESONANCE (NMR) hoy = 2u | B|
p p
- Flip spins of a sample
by delivering a 11/2-pulse

- measure Free Induced Decay (FID) Free Induced Decay (FID)

:||l\|l‘ M Hr T I
| f ”\ il “’

__ 1000mm 15000 ‘ H H | \I\ ‘ \ |
Serial inductor coil Base piece w. ‘ | ‘ ‘ ”‘ ‘H l } \
End ith tapped hol double crimp _connection Outer crimp rin o J L
" nd cap with tapped hole 10000 A \lllJ || Jll l“ ‘|H|‘| '.,Hu.hﬂm
S
fe o)
Petroleum jelly volume : : oy 5000 1
_ Inner_crimp rin =
Inner conductor of capacitor PaallEL diierer Ehil o,
PTFE tuning piece with slot 8 0+
S
Petroleum Jelly probes & o]
—10000 +
-15000 4
0.000 0.002 0.004 0.006  0.008 0.010 0.012
time [s]
H20 callbratlon probe (f catib)
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Faosk @ (14 Co+ G+ G+ G )

a

THE FIELD MEASUREMENT e

@) ) Jeatib <60§(X,y, D)X M(x,y, ¢)> (1+ B+ By)
T_rol!ey | 378 Fixed Probes

- inside the storage region, ~3 days - Outside of the storage region

- 17 probes, moves around the ring - 72 position, ~5deg apart

| § [ .
i G 60mm
. AN e | N >
\\*‘“y T -‘»:/ e -----SY_ ______ ‘ k
40 N s N P
e y 8 ’
30 i ‘,")'an‘% 5 o,
& O S\ e TUtTttta@NYT Tt
T T ©
£ £ 4 =1 b
[ \ |
é 10 N }' 5/ ‘:‘ I! 3
s 3 AN A AN ¢ S 4 S
' RN LAY 4
10 ~ SRS B -t - e - - - - E
/5\3‘/“‘ . W TN, el y <
‘:10 -30 =-20 -10 0 10 20 30 40 L()
norizontal position [mm)] \B
Electronics
B B

gonne National Laborat
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{c U'S Department of Energy faboratory
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THE FIELD MEASUREMENT

Trolley (every ~3 days)
Field inside the muon storage volume

'o —
°E 50
“-a
o 0
o s
-50F
[ | 1 1
0 100 200 300
Azimuth (deg)

Relative m; (ppb)

o_llllllllllllllll;l_l

Faosk @ (14 Co+ G+ G+ G )

S

a
~

i { 46,39 X MG, 3, ) (1+ By + Bo)

!
wp

378 Fixed Probes (from the outside)
Track the field between field maps

I ]
2000 e corrected
* uncorrected A
¢ trolley value 1 ]
1000 \ ¢ trolley value 2

s

-1000 \\ Y
\WA" ]
Ve
I 1 1 I 1 1 1 I 1 1 1
-2000 20 40 60
Time (h)

Uncertainty: random walk model

(Brownian bridge)
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Time since injection: 39.0 us

BACK TO THE MASTER FORMULA -
Alessandra Luca [i.

g .
€ 1o S ONSS (WG 3) fror
£ s -

Matteo Sorbara | R
(WG 4) L0y
- =  beam dynamics

precession

unblinding factor corrections -
@ Jelock @g 0 (1 +C,+C,+C,+ Cpa>

a

S~

“p ) Jeatib <60l;(x, Vs ) X M(x, y, ¢)> (1 + B + BQ)

magnetic field sampled
absolute field by the muon distribution Magnetic transients
calibration

20003\,\ A corrections

e uncorrected

000 + roley vaue 2

o \’\;/,\ | Alec Tewsley-Booth
-10003— \\ :— (WG 4)
L \;J/fl ]
2000 L L L ’.‘

020 a0 60 Argonne &
e (0

Relative m; (ppb)
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THE RUN-1 RESULT

2%Indf=6.8/3, P(y*)=7.8% -
[+1.750]

1 A
o 3.707305 H
o
S Loosee
X | | 1
Fa +0.120
% 3.707300
5 3
Il =
l—m:x.
1
3.707295 Y

a U.S. DEPARTMENT OF Argunn. National Laboratory is a
7 SENERGY US.0cximentof Eneroy iaecratory
managed by UChicago Argonne. LLC.
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Faoak @ (14 C,+ G+ Gy + Gy )

THE RUN-1 RESULT T n
b s {0503 ) X M5y, ) ) (14 B+ By)

T T T 1 I T T 1 T I T T T T | T T T T I T T T

|

Total = Correction

S ;
B Uncertainty

fclock

O
3
IIIIIIIII LI IIIIIIIII IIII|IIII|IIII LI IIII|IIII|IIII

W3 — TDR - stat
Wa — TDR — syst

~

W, _TDR

1 1 1 1 1 1 1

8 LI IIIIIIIIIlIIII
o

| | !
400 500
Correction / Uncertainty Size [ppb]
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THE BLINDING: ¢

f' | d ,#gs STANFORD RESENRCH SYSTENS maun o " | m_ ,_._T r,.1
e - = ———E
<+—— GPS-disciplined %] ooooodaomo | i L2

10 MHz Rb ref Independent 10 MHz

Digitizers
(f x 20)

Monitor stability

ENERGY Depav!mem Lﬂ:ﬁz‘ﬂigy‘mn.y 31
W icago Argonne, LLC.
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THE RUN-1 UNBLINDING
Comparison to SM prediction

a,(SM) = 0.00116591810(43) -> 368 ppb

|« Individual tension
g And » . with SM
|
| — BNL: 3.7c
ace — FNAL: 3.3
( 4.20 >
\TMV :

— — S —

175 18.0 185 19.0 19.5 20.0 20.5 21.0 21.5
a,-10° — 1165900

au(Exp) - a,(SM) = 0.00000000251(59) -2 4.2
& Fermilab
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BEYOND RUN-1: WHATS NEXT

Run-1 publication: only ~6% of the full expected dataset

Last update: 2021-06-04 09:43 ; Total = 12.27 (xBNL)

j E T T T T T 3

Z Totall w Correction E

@ 12{ Muon g-2 (FNAL I

512 g ( ) :p= E

210 &

= L Run-4 c 3

= 8 . E

S 81 ] * ]

€ o 3

8 6 | I L .................. E

v A-s . —— ] TDR goal 140ppb

g 4 - T 00/ 200 300 400 500 50!
Correction / Uncertainty Size [ppb]

K 5. /K’TJ:Z _

O-An'1 L | | We expect at least two more runs
\ \% \ \% \ \g | '\g \(LQ \fLQ \fL\ ‘(L\ JL\ R u n 5 & 6
N, W ey W e e o < O
Or\,\‘\’a Q’\’5 0\,\“6 Q’\'5 0}\,396\,\‘\ 0;\;56 Qr\«P‘Q 0’\'3
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BEYOND RUN-1: VERY EXITING TIMES

Much more data to come! @
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Also the theory side is very active! T .
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