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Measurement Principle AN
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Measuring w, AN
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Simply measure the time and energy of decay
positrons and count the number above an
energy threshold
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Measurement Components JAAN

3ppb 0.0003ppb

The experiment actually a. — Wallp Ty Ge
measures two frequencies H ajp e Me 9

22ppb

What we measure

I\/rleessgs:i?w Corrections from beam dynamics
Unblinding conversion factor Ff)requ ney systematic effects
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Y Y
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Beam injection
e

* Monitor beam profil
before entrance with
scintillating X and Y
fibres

% * Get time profile of beam
using scintillating pad

« ~125ns wide
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/ . Cancel B-field during
injection using Inflector,
SO muons can get into
the ring
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‘Kick’ onto correct orbit JAAN

After Inflector muons
are 77mm away from
ideal radius

“4 » Apply short magnetic
B pulse to ‘kick’ muons
onto the correct orbit
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Beam focusing AN

 Focus the muons
vertically

 Aluminum electrodes
cover ~43% of total
circumference
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Additional considerations JAAN

 Injected beam has a small vertical component
* Need to use Electro-static quadrupoles to focus the beam vertically

) 5 1\ = 52\ 7
wa:%[auB—<aM—72_1>ﬁxE—a“(#>(ﬁ.B)ﬁ]

This introduces 2 additional terms reducing the precession frequency
We can minimise the first by choosing y = 29.3 to give p, = 3.1GeV
For a 1.45T field, this sets the radius of the ring to 7.11m

However we now have 2 corrections to make to a, because:

, RS Awa
Not all muons are at the ‘magic’ momentum of 3.1GeV Q;‘\\Z@C”‘\ Cp=——
O

. . . . R\
Vertical momentum component aligned with B field Q@\@e}@ o — Awa

« Both corrections depend on the quadrupole field strength, and are < 0.5ppm
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Tracking Detectors

2 Tracking stations
Each contain 8 modules

128 gas filled straws in each
module

" A Traceback positrons to their
decay point

New Frontiers in Lepton Flavour Sussex: 15/04/2021: 10



Beam Measurements

Time since injection: 5.0 us
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« Use the tracking detectors to measure the
decay positrons to infer the decay position

* Muons oscillate radially and vertically at
different frequencies, according to the
quadrupole strength
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Calorimeters

/, Readout by SiPMs to 800
' A MHz WFDs (1296 channels
in total)
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Fitting w, AN
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« Beam frequencies show up in the residuals of a simple 5 parameter fit,
and are accounted for in the final 24 parameter fit

]
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Field measurement

Fermilab Muon g-2 Experiment
Combined Run-1 Data

L I L ! !
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Wa o fclock w;',,n (1 + Ce + Cp + le + Cpa)
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Muon beam profile

Beam

Measuring the magnetic i
field
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Measuring the field: the NMR Trolley JAAN

e An in-vacuum trolley with 17 NMR probes drives around the ring every ~3 days,
mapping out the field components

El
£
R
< 30mm —+— 30mm — A
: £
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E6 I ® E| T T '. 1 |E =
(S 1.0:— =
o - ]
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00 H | g osF =
< C 3
1.0 =
ey by b by 1
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1 : ; f X (mm)
_3})0 _1575 s 330 4510 Field measured by extracting At ~8000 azimuthal locations,
' wed br ' X fml frequency from a Free Induction obtain a field contour plot from the
: : Decay (FID) spectrum 17 probes
770{ Y L v - ]
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The muon-weighted field JAAN

e To obtain the field experience by the muons, the magnetic field distribution as a
function of time must be weighted by:
o The number of muons as a function of time, N(t)
o The beam distribution as a function of time

1.0

=Field homogeneity [ppm] = 25000_ I L T e
, 3 u Number of & vs time N(t) ]
40 00: , & 22500 ’ k]
087 e C ]
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The field is weighted by the 2D beam
distribution. An average beam distribution
for every 3 hours is used.

Measured field (every 1.7 s) is weighted by
the number of detected e*
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Corrections

Beam Dynamics and Field
Transient Corrections

Fermilab Muon g-2 Experiment
Combined Run-1 Data
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Correcting Measured R JAAN
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Unblinded result AN

BNL g-2 ; &
FNAL g-2 + —&
< 420 >
SM
®

Standard Model

175 180 185 190 195 200 205 210 215
9
aUX10 -1165900

]
New Frontiers in Lepton Flavour Pisa: 16/05/2023: 19



Improvements for Run 2 onwards

* Quad resistors are fixed, so reduced Cpa, reduced muon losses, and can
take longer measurements of B,

» Full kick, muons on central orbit. Reduced Cg and d6C¢
» Magnet insulation, so less field drift from temperature variations

Last update: 2023-04-18 07:16 ; Total = 21.51 (xBNL)
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Where we are heading? JAAN

Trending towards

Fingl precision: 6a, = 140 ppb Sa, = <140 ppb

Statistics 100 ppb <100 ppb

Precession systematics 70 ppb <<70 ppb

Field systematics 70 ppb <<70 ppb

Unknown 0 ppb ~50 ppb?

. ~ o(Ry) vs. n. of effective BNL samples .
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* : . . % I 1 (s |

Warning: until we = 50d 4 I B . ol

look at the data, we | & ! ! TT LT

can’t be sure about 5 2007—7 | [

final systematics, so 150{ | : 't

this is just a good o] ! | | ~133 ppb

guess | | i

501 | | I

[ | [

° 0 1 2 3 4 5 6 7 8 9 1'0 1'1 1'2 1'3 1'4 1'5 1'6 1'7 1'8 1'9 2'0 2'1 2'2 23

BNL samples We are here now

Slide courtesy of D. Hertzog
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Theory calculation of a;{*?

before CMD2

E o, CcMD2
E SND
100 L I f T T T T l= g faaronic R ratio - —— KLOE comb
+n_+n; = . —— BABAR
10 ::- — F— BES
L n:rcnnf | E CLEO
1 Py E | - SND2k
KKI:-JZ — E- —=— CMD3
0.1 71 (n””ﬂno;::: — S 560 565 570 575 380 385 390
G E— a’™ (0.6 <(s<0.88 GeV),10™
0.01 wrm J:;xﬂ [r—
I ny —
All other states  E———
0.001 FE ), —
F ]
{.Ul":l'[
ne I
0.0001 I [ m;n;n;n;:]fn‘
1e-05 Bﬁw rﬁnemal
lattice QCD verage
Standard Model
< 42c >
o0
a?(0) K (s) +e— — had Stanard el
had.LO _ ds~%) ps) o(ete” — hadrons) andordbocel
Iz 372 s R(S) = 175 18 185 19 195 20 205 21 215
e o(eTe~ — muons) a, x 10° - 1165900
b4
Hadrons

Y 04

To get leading order hadronic contribution to g-2
« Data from e*e- scattering experiments

« Calculate on Lattice

Some tension between the 2 methods!

|s there another way?...
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- i HLO
MuonE - spacelike measurement of a,, AN

Carloni Calame, Passera, Trentadue, Venanzoni PLB 746 (2015) 325

+ Still a data driven evaluation of aji?

* Move from time-like to space-like

Time-like —> Space-like t I Hadrons
¢ 100
5
10 ¢
N I Lautrup, Peterman, De Rafael, Phys. Rept. 3 (1972) 193
al HLO _ «
. &, e = 2 [ do (1-12) Aasualt(a)
5 0
E D0
< rm
2 i) = £ <0
01} 1 Gr— il
oBES NI v M2, BABAR * DHM
" £ MAL, MARK
eeeee....POCD
% SX, 4% 3% 0.5% 0.1% S.4X  0.1% 0.01 ) ) )
o -""'o' °-"°'7; T 01 02 03 04 05 06 07 08 09 1
E (GeV) z

* |s a pure t-channel process at tree level

MuonE slides courtesy of R. Pilato, C.M. Carloni Calame, G. Abbiendi
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MuonE measurement JAAN

e muon filter
‘ p— | -hamber
M2 u F)cfl‘m . / / S i —— [ H che
160 GeV/e u
station #1 #2 #3 #k #N
ECAL
~ 100 cm
< >

Be Target
incoming u direction 1.5cm
measured by the > *
previous station m

Tracking: 3 pairs of Si layers with orthogonal strips

« Scatter y on e in low Z target, and measure ll{an]?;\!::mlt: x~0.93

the scattering angle 0 om 2 105 s
* For E(beam) = 160 GeV (CERN SPS) 6

oo

phase space covers ~88% of integral ? . |
« Smooth extrapolation to full integral with fit 5 H

model 3 1
« Competitive precision 0.35-0.5% on af*° =, / f'm_,,,w,,x);

will help solve g-2 puzzle! e

MuonE slides courtesy of R. Pilato, C.M. Carloni Calame, G. Abbiendi
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Can also measure the Muon EDM AN

. . . Qe - 1 gxﬁ Qe .
wan:wa—l—wn:—ﬁ aB — a_’y2—1 . —n% —+ 8 xB
gzn(&)~
2mc

Causes an increase in muon
precession frequency

Precession plane tilts
towards center of ring

Vertical oscillation is 90°
out of phase with the g-2
oscillation

]
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G. W. Bennett et al. (Muon (g-2) Collaboration)

i el Phys. Rev. D 80, 052008 i
EDM Projected Limits ys. Rev 5 AN
Current best limit is from BNL: [d,/ < 1.9 x 10-*%e.cm (95% C.L.)

Blinded run 1 EDM search

04l N 9.%10" 04 1.25x107
- womar 0.868 03 E 0.698
O3 100 E}R/Et" M H‘\IﬁRY 0.002-0.006 & mPRvE/L*M | NA Y -0.00620.005
2 o2 tus)> 30 ASTE () 0031=0.006 2 o2 1fus)>306 AZLO tenench 0.02820.005
o - ¢ [mrad) -0.0007=0.005 N - ¢ [mrad) -0.002+0.004
T oif T ot "
v K o)
E OW E 5 t . 7
= ~0.1p—~ ) -0.1
.02 :— ——*—— Data: Run-1a -0.2:— ——<*—— Data: Run-1b
o .:— A-)} 00a(w,tid) + A::]:n ainfw,tig) + 0 _osk- /\,_2 00a{w 1) + A:&D ain(w,tig) + ©
SRR WS PPN B R al LA i RN RSL Irarer ol hetv<ry VRS =iy | IEAA ol PR Iral KOS rd] B a il b B ie ] IFUrbmial [Pt ara oarr
0 05 1 15 2 25 3 3.5 4 0 0.5 1 1.5 3 25 3 35 4
0% lus) 0% us]

* Run 1 analysis still blinded. Assuming zero signal expecting limit of:
|d,] <2.0x10*"°e.cm (95% C.L.)
Comparable with current limit, but still statistically limited

* Expect factor of ¥10 improvement for statistics accumulated so far,
with tracking improvements can push towards

|d,] <1.0 x 10%°e.cm (95% C.L.)
|
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Conclusions AN

® The analysis of the Run-1 data
produced a result with 460 ppb
precision, and 4.2¢ tension with Last update: 2023.04-18 07:16 ; Total = 21.51 (XBNL)
the theoretical prediction 20{ Muon g-2 (FNAL) el

151 %

10+

51 A-?)

® There is alot more data to
analyse - expect a factor 2
improvement for Run-2/3

Raw e ™/ cumulative (x BNL)

analysis 2
Run-1
W \\»\‘b WO \\»\Q) 90 90 A A\ G\ QA ol l GE
O ot QO X N JoC \S \\Y >0
e On course for ~140ppb total ST ATI T TN T gt R0 gt T e

uncertainty

® Assuming no signal, the EDM analysis at FNAL will improve current limit by
factor of 10

e MuonE offers third way to get af/“? - will help with current tension between
data-driven and lattice calulations
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Thank you!

BNLg2 — °
« FNAL Main: Phys.Rev.Lett. 126 (2021) 141801 FNALe2 +—ou
o« FNAL omega_a: Phys.Rev.D 103 (2021) 072002 g
o FNAL Field: Phys.Rev.A 103 (2021) 042208 < £20 ,>
e« FNAL Beam Dynamics: arXiv:2104.03240 (2021) SM
— ——

Standard Model

175 180 185 190 195 200 205 210 215

a, x 10° - 1165900

Muon g-2 Theory Initiative (all contributions within): Phys.Rept. 887 (2020) 1-166, https:/muon-gm2-theory.illinois.edu/white-paper/
HVP/HLbL Plots: Aida X. El-Khadra, First results from the Muon g-2 experiment at Fermilab (2021)

BMW Lattice HVP (2021): Nature (2021)

Mainz HLbL: arXiv:2104.02632 (2021)

BNL Final: Phys.Rev.D 73 (2006) 072003

Dune/g-2 Z’ sensitivity: Phys. Rev. D 100 (2019) 115029

BSM g-2: arXiv:2104.03691 (2021)

|
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.141801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.072002
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.103.042208
https://arxiv.org/abs/2104.03240
https://www.sciencedirect.com/science/article/pii/S0370157320302556?via=ihub
https://muon-gm2-theory.illinois.edu/white-paper/
https://theory.fnal.gov/events/event/first-results-from-the-muon-g-2-experiment-at-fermilab/
https://www.nature.com/articles/s41586-021-03418-1
https://arxiv.org/abs/2104.02632
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.072003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115029
https://arxiv.org/abs/2104.03691

Backups...

]
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Muons at FNAL AN

Lower instantaneous rate but
larger integrated rate than BNL

=Chicagop

~10,000u* (from 102 p) at 3.1 GeV every 10 ms
(g-2): V3 of proton cycles, neutrino expts: %

Extra 900m of instrumented beamlines
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Run 1 specific problem... JAAN

« When fitting the beam oscillations using & —W i
= 0 | f 1 L bos ,
the tracker data we observed that a 15 15;'(1 J‘{ H (\ ~ P\ f | ﬂ L I “) | ﬁ\ ﬁ i fﬂ H f H
constant frequency didn’t work g wH‘/.}L(\'\I"“H\’\}H»/ﬁ'_”\”ﬂ.;’“H\
« Eventually traced this to 2/32 faulty 3 5;,‘“;‘\‘\““'_ M)H’H M»H}U\H{ U”I
resistors in the quads g °§jUI;MU¥[UWUluHc*J 1
20 E I :% _5:_
18:— ,"l ‘10:' i R TR Ry 100
- | Track Time [us]
e i Nominal 1.5160 3 oo April 2018
L e s Nominal 2-Step = T F
C s | Beam Injection 9
OEF — — - Fit Start Time g 23f
8:— , | Damaged 1-Step B * Data:Run1a
:_ | Damaged 2-Step 2,251 — 0, — (A )e"™ — (Bl )e "™ -
6: | - ®, = 2.3375 + 0.0002 rad ps” .
4: | ool A=279 £0.03rad; T, =59.6 1.4 us
zj : | - B =5.25 +0.03 rad; t, =657 £0.07 s -
0__.,g1.|.5|o...."|)0.,.,1|01.1.2(|)0....|.1., 2155000 T80 200 250 300
S 250Time [ug?o Time [us]

|
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Run 1 specific problem...

* When fitting the beam oscillations using

the tracker data we observed that a
constant frequency didn’t work
« Eventually traced this to 2/32 faulty

resistors in the quads

- Fit Start Time

o N
L T T T[T T T[T T T[T T[T T[T T[T [ TTT[TTT
.................L".v.,,l.....-..’: (R N

1 i L1 |

Nominal 1-Step
--------- Nominal 2-Step
--------- Beam Injection

Damaged 1-Step
.................. Damaged 2-Step

0 50 150

New Frontiers in Lepton Flavour
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S 5p I L M
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g 2
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2,351 .
23]

¢ Data: Runid

2,250~ — 0, ~ (AT )e ™ — (BT )e" ™ .

B 0, = 2.3356 +0.0001 rad ps” i

ool A=6.85+0.03rad; 1, =79.8 0.6 us ]

B B =5.04 +£0.01 rad; Ty = 7.34 £0.04 us ]

_ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ]
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Time [us]
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Absolute Calibration

Calibration (Plunging) probe, placed inside e
ring and referenced to each trolley probe :‘":_: L

Plunging Probe
Checked against spherical water sample to get absolute number
Cross checked with He3 sample, with different systematic uncertainties

Overall calibration uncertainty ~35ppb
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Pitch Correction = - - - Jood % (4 Ce 4G Ot £ Cho)

p<Tr) B fcalib <wp(x7y7 Qb) X M(Z‘,y,¢)>(1 + Bk’ + BQ)

50 = a,B - (a, — —— Eda, (- (.B)
YT e [a“ <a“ v2 — 1) b i ('y—l—l) -B) b

T T T T T T T T T T T

€ r
£ 10000}~ -
- L a e Data . .
S i @ > Ampitude Fit - * Component of momentum parallel to field due to focusing
s s000F" » Use tracking detectors to measure the vertical width of the
6000 beam
4000/
: o i) _nA)
2000~ p 2 2
: | 2 R§ 4 R
0= =20 0 20 40
Vertical Decay Position [mm]
= F T T "_\' L L L L L ':
§160005_ (b) T AmldeFt Data Set Run-la Run-1b Run-lc¢ Run-1d
g 140001 " E C, (ppb) 176 199 191 166
2120000 E Stat. uncertainty <1 <1 <1 <1
10000? E Tracker reco. 11 12 12 11
80001 E Tracker res. & acc 3 4 4 3
6000 E By(¢) & calo. acc. 1 1 2 1
4000 E Amplitude fit 1 <1 1 3
2000, E Quad calibration 4 4 4 4
T R T S— Syst. uncertainty 12 14 14 12

Vertical Oscillation Amplitude [mm]

]
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Ag [mrad]

sl
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Muon Loss a w; (Tr) N fcalib <wp(x7y7 Qb) X M(l‘,y,¢)>(1 + Bk’ + BQ) @
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Y0 900 < >| L T[T T e, E
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- ! [} 5 — L 33y
l I z Ok [ o N
dt I <p>:| dt : > oF E 10 5; xl:z;;" |
Lot — - € F | - eis g
-5 = 10 ?f +Y
o L2 1l o it
« Lost muons have a slightly F Data Fi ] 107 }
different phase w.r.t the ~'or Il Simulation [66% CLJ E : :
- e T aa | I O SO IO O
ensemble Wthh causes a : : : : 50 100 150 200 250 300 350
. . Aplp, [%] Time [ps]
change in phase vs time
* Reduced from Run-2 Spin momzn}_um correlation from | o\ mom. muons are lost faster
onwards elivery ring than high mom. at early times
0005 | -+~ ;
0.004 =
0.003F-
- Data Set Run-la Run-1b Run-lc Run-1d
002
0002k Comi -14 -3 7 17
0.001 Phase-momentum 2 0 1 3
0.000~ Form of I(t) 2 0 1 1
-0.001 fioss function 2 1 2 2
-0.002E- Run-1a Run-1c_] Linear sum (oc,,;) 6 2 4 6
TE BN Run-1b Run1d 3
_0003_‘I..|‘I.|||I||||I|||.I||| L
: 50 100 150 200 250 300 350

Time [ps]
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Muon Weighted Phase [mrad]

1 r Wa oo fclocszn(l“l'ce‘*‘c + Chnt +|Cha u
Phase Correction &, = 7 = - o o e yan( + B+ By «@'

Decay y [mm]

— I I —
401~ -
i ] - _
20 . £+ Focusing str_ength of the quadrupoles
q : 2 changed du.rlng fill
0 - £+ The non-uniform acceptance of the
- IR ] g calorimeters causes the average
200 § 3 phase to change during the fill
w0l B « Damaged resistors (Run-1 only)
[ T R R R B enhanced this effect
-40 -20 0 20 40
Decay x [mm]
O ! ! rrrTTrT T T T T Op T T T T T T ™
. 0_ @ F T::::‘ns,eseam 3 E £ ® o~ —:::;"Beamj Data Set Run-la Run-1b Run-l¢  Run-1d
A S teeBem 1 g ¢ "% oolateBeam Cha -184 -165 -117 -164
g _105 E Stat. uncertainty 23 20 15 14
£ Tracker & CBO 73 43 41 44
2 20 Phase maps 52 49 35 46
§§ -25f ] Beam dynamics 27 30 22 45
ﬁ _30f- E Total uncertainty 96 74 60 80
,_‘;0 lllllllllllllll N £ S SN ]

-30 20 -10 O 10 20 30 40
Decay Y [mm] Decay X [mm]
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i i ;o We feock W (14 Ce + Cp + Crt + Ca) u‘
TranSIent flelds R’u N (;)é(Tr) N fcalib <Wp(337y7 gb) X M(xazv ¢)>(1 + B:"’ Bq @

e Largest run-1 uncertainties come from “fast transient” fields generated by the

pulsed systems (kickers and quads) /

o Frr ]
. . . Q 400 -
e Muons experience a field change which the e 1 Quad
fixed probes do not see (due to shielding) 2 20F 1 B,
z Of Y
. © L ]
e Effects were measured separately during i =200 g
dedicated measurement campaigns. a0 AT S
Cl’:ﬁgr]resilj?'g;e_ 0 20 40 60 80 100
/CLO_'..,'...IHIHWH_ \ fimes Time (ms)
= [ 1 Kicker: 7 00~ T I
§ 0.0 —_— -~ By £ 100f- \ .
: s 2 o :
'2-0; : Data_f E -200; _;
— Fit ] -300F- E
0002 04 06 08 10 B R R R TR
Time After Kick (ms) Time (ms)
o Kicker pulse of 22 mT for 150 ns just after muon injection. o Measured with a dedicated in-vacuum NMR

e Field change caused by residual field after kicker pulse. Muons . :
present from 30ps to 700us after the kick (fit region) . g;’:g L%?f;iﬁoa?tﬁe(%g)“Sgbp'ates during pulsing
KKicker correction: -27 (37) ppb / '
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~0.1% spread in momentum in the ring
<R> of stored muons depends on p
Fourier analysis to determine
equilibrium positions
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6 8 10 12

4
Time [us]

Data Set Run-la Run-1b Run-lc¢ Run-1d

Ce 471 464 534 475

Stat. uncertainty <1 1 <1 <1
Fourier method 8 13 14 4
Momentum-time 52 52 52 52
Quadrupole calibration 6 6 6 6
Field index 2 2 2 4

Syst. uncertainty 53 54 54 53
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The g-2 storage ring magnet AN

inner coil top hat |

e 7.112 mradius ‘C’-shape magnet with vertically-
aligned field B =1.45 T [l

e Dipole field has ppm-level uniformity odge _ N4 o ]

shim
muon % fixed NMR probes
region

e Tiny (ppm) changes in magnet geometry, driven by _"°'e"iif [ | outer cot
temperature changes, cause the field to drift over — ]
time CE 4—[ =7112mm

inner coil | top hat |

e 378 ‘fixed’ NMR probes, built for this experiment,
around the ring measure the drift continuously, and ~ )
provide feedback to the magnet power supply to keep
the dipole (vertical) term constant six-probe station 2

four probe statlon

e Shimming devices minimise gradients (transverse and 5
azimuthal field components).
-
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Interpolating between trolley runs P AN

e Need to know the field experienced by the muons, but the trolley cannot take data
when the muons are present. One trolley run takes 3 hours, every ~3 days.

e Fixed probes take data continuously during muon fills. Use this data to interpolate
between trolley runs.

e There are 72 fixed probe ‘stations’ around 2000F " 4 " T T T T T T T T T onected
the ring, every ~5 degrees A o “rsiegvae 1 2
1000 y .
3 i 3 ¢ trolley value 2 |
e The fixed probe measurements are 5 ok \M ]
calibrated using the trolley measurements £ s e,
both times the trolley passes 2 -1000F N s
IS : AN
ibrati i i & -2000F & ]
e Calibration drifts over time, due to changes : i F ]
in higher-order terms that cannot be 3000k . B
. - L 4 _
tracked by the fixed probes T B Y E—
Time (h)

e Leads to the tracking error uncertainty
(22 - 43 ppb in the run 1 datasets)
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Improved kicker run 2-3
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