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Slide from first FNAL seminar on g-2
Exciting time for new Fermilab muon program
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This is an incredible opportunity for the laboratory
and the community

Part of a broader $300M initiative to build a whole Muon
Campus that starts with two very compelling experiments,
Muon g-2 and MuZ2e, but leads to a 20 or more vear program
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Muon Campus today




The exquisite machine circa 2004

' 2012 focus was on how to get the 50’ =#8
wide g-2 storage ring to Fermilab R
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Need to disassemble and transport the machine

Barge transport for most of trip, but specialty
ground transport company or aircrane
required to go from labs to barge

Contracts to develop full transportation plan
: were awarded to Erickson Air-Crane and
‘ﬁ | Emmert International

.. Newfoundland
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We took a much longer, but
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A rendering from Emmert International showing
the superconducting coils on 12 axle trailer

This part we had right!

With transportation plans in hand, it looks like the transport from the Lemont
area to Fermilab will be primarily by truck. Might use a ground or air-crane
s  toassist if needed. 2% Fermilab




Nothing for perspective on that last picture, but
here is something you are probably familiar with
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Mostly right, used 355
and 88 instead of 294

The trailer loaded with the coils passes through the
open road tolling arches with about 12 inches to spare
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In conclusion...

2012 2013 2014 2015
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MC-1 Bldg planning

MC-1 Construction
Dissassemble BNL ring/beam
Shipping window (barge)
Reassemble ring/upgrades
Cryo bldg construction

Cryo plant construction

Field shimming

If all goes as planned, look for the superconducting
coils to go rolling by next Octobe!!

Actually, not too bad here either...1°

attempt to power the ring was July 2015
FY16 — shimming year

FY17 — first engineering run
FY18 — first physics data (just published)
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What are muons?

Fundamental building blocks

of the Standard Model * Similar to electrons // \

— Same charge < .

—
-

— Same spin properties §
* Important differences
— 200x more massive

— Unstable, live ~2 millionths of a
second before they decay

£& Fermilab
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Muon g-2 measures the muon’s magnetic moment

14

Because of their spin & charge,
muon’s act like little bar magnets and
have a magnetic moment, p

Like a bar magnet, they feel a torque
when placed in a magnetic field

T=0uxB, U=—[-B
That torque causes the muon spin to
precess around the magnetic field at

a rate that increases or decreases
depending on the strength of u & B

4/16/2021 Chris Polly -- Community Advisory Board
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The g-factor

15

The strength of the magnetic moment can
be written in terms of fundamental constants 4 = 9595
and an overall coefficient called the g-factor

g=1
— This was the classical expectation around 1900
g=2

— Folding in relativistic guantum mechanics, the expectation was
shown to be 2 by Thomas and predicted by Dirac’s wave equation

As you can guess from the experiment name, Muon g-2, there
IS more to the story...

£& Fermilab
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The anomalous magnetic moment, a,

16

Particles are never truly alone, constantly surrounded by an
entourage of other particles blinking in and out of existence

What particles? All of them!

The anomalous magnetic moment,
a,, Is the interesting part
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Image Credits: Derek Leinweber

%

New physics search

Measuring the precession tells us the
muon magnetic moment

The high precision allows us to ‘see’
if new particles or forces are
contributing to the anomaly!

g—2
a#=—2

Dark matter! SUSY! Monsters yet to
Byt i be imagined! ,

r':r"

v (km/s)

Higgsino

R (kpc)

M33 rotation curve Squarks @ Sicptons @ susy force
Courtesy R. Kolb particles
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/

A hint of new physics

* a, last measured 20 years ago at Brookhaven National Lab (BNL) where
an interesting 2.7c hint of new physics was discovered

— Has grown to 3.7c with improvements in theory g—2
a = ———
[l
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« The difference has intrigued physicists for years
— Difference is ~27 x 10%in a

£& Fermilab
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Bringing g-2 to Fermilab

« Goal: Bring the container used to hold the muons from BNL
and couple it to Fermilab’s powerful accelerator beam

 Reduce the overall error by Brookhaven Muon Storage Ring
a factor of 4 to 140 ppb s

— 20x the muons = reduce
statistical error from 460 to
100 ppb

— control systematics at the
same 100 ppb level (3x
better)

Parts of the 50’ diameter storage
ring could not come apart!!

£& Fermilab
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AII put back together at Fermllab'
PR N

Goal: Measure
4 the precession
frequency...to
very high
precision

;¥
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The analysis ‘big’ picture
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Systematics (numerator) fa 1b o 1d

Co(ppb) 176 199 191 166

Statistical uncertainty <0.1 <0.1 <0.1 <0.1

Frequency Standard 1 ppt Tracker alignment/reco. 11.0 12.3 12.0 10.7
Frequency Synthesizers 0.1 ppb Tracker res. & acc. removal 3.3 39 37 3.0
Digitization Frequency 2 ppb Azimuthal avg. & calo.acc. 1.0 13 22 11
: Amplitude fit 1.2 04 1.0 29
Total Systematic 2 ppb _
Quad alignment/voltage 4.4 44 44 4.4
Data Set Run-la  Run-1b  Run-le¢  Run-1d Systematic uncertainty 124 13.7 13.6 123
Cha -184 -165 -117 -164
Stat. uncertainty 23 20 15 14 Data Set Run-la Run-1b  Run-lc¢  Run-1d
Tl"d,CkCl' & CBO 73 43 41 44 C -14 -3 -7 17
Phase maps 52 49 35 46 Pl T ! 5 E) 1 3
. ) N 1ase-momentum :
Beamdviamies 27 % 2 4 Formofl(t) 2 0 1 |
otal uncertainty 96 6 floss function 9 1 2 2
Linear sum (oc,,,) 6 2 1 6
R(w_,) with detailed systematics categories [ppb]
Total systematic uncertainty 65.2 70.5 54.0 48.8
Time randomization 14.8 i 9.2 6.9 1a 1b Te 1d
Time correction 3.9 1.2 1.1 1.0 Ce (ppb) 471 464 534 475
Gain e oo 8.9 g Statistical uncertainty 04 0.5 04 0.2
Pileup 39.1 41.7 35.2 30.9 .
Blleu Srtificial ead fkns 30 3.0 3.0 3.0 Fourier method 84 134 144 3.9
Muon loss 2.2 1.9 5.2 2.4 Momentum-time correlation 52 52 52 52
CBO SO Quad alignment/voltage 64 6.4 64 6.4
Ad-hoc correction 211 21.1 22.1 10.3 . )
Fieldindex 1.7 15 1.7 4.0
*Run 1 o, data analyzed in four subsets Systematic uncertainty 53 54 54 53
£= Fermilab
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Calibration Coefficients

PROBE
Systematics (denominator LT
1 90.81 0.38 2.02
2 84.21 0.65 1.18
. e 3 95.02 0.53 2.19
run- 1 (;lli)birlld} }:re) 7;‘; pp{) Source Uncertainty (ppb) 4 86.03 0.25 128
aé.u’nut 1al shape .6 ppb Tomperature 15_28 5 9296 0.51 110
skin depth 12.6 ppb I P— - 6 106.24 046 135
frequency extraction (0.4/1ms) 4.6 ppb & 7 116.64 0.96 1.61
Q3L: fit, position 1.5ppb Trolley 25 8 76.39 0.60 1.21
repeatability 13.3 ppb Fixed Probe Production | <1 9 83.52 0.23 1.64
drift 10.2ppb Fixed Probe Baseline 8 24.06 1.39 126
radial dependency 4.4 ppb R P 177.55 0.22 1.9
rackin I -
Z Sk - pph g 2255 | 208 os
_15 Total 43 - 62 . . .
total —15.0 ppb 81.7 ppb 711 0.53 188
74.82 1.06 1.59
20.35 0.44 2.94
17212 1.23 1.96
0.70 1.70
Quantity
Diamagnetic Shielding T dep (1/0)do/dT -10.36(30)
Bulk Susceptibility O -1504.6 + 4.9 ppb
Material Perturbation Os 15.2£13.3 ppb
Paramagnetic Impurities Op 02 ppb
correction [ppb uncertaint b
Radiation Damping ORrD 03 ppb [pPb] ¥ [ppb]
Proton Dipolar Fields Od 0+23 ppb Dataset 1a 1b 1c 1d 1la 1b 1c 1id
1. Track d
it . 3 . - g2 | 133 | 158 | 197
calo effects
- e 1.6 1.5 1.7 1.4 5.2 4.7 5.2 49
Run-1 Estimate: effects
By =-27.4 + 37 ppb N o | 23 | 12 | 4a - - . -
effects
Total -0.3 -0.8 0.5 -2.7 10.6 14.1 16.5 20.3
JE :
3¢ Fermilab
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Gathered on Feb 25 to unblind

# gm2-run1-comb.ipynb x | W gm2-runi-elab.ipynb ® | % gm2-uni-check.ipynb X | W gm2-omega-a-aug

D T”qT’ B+ X OO » 8 C » Code
E989 Run 1 unblinding

_|+3.7116,E821
1165920.924(629)- 10-°

UW envelope

+3.340, E989 Run 1

Same numbers! 1165920.398(538)-10~°

_|+4.240, E9B9 Run 1 + EB21

F N A L enve | o) p e 1165920.620(410)-10~°

_|Muon g-2 theory initiative
1165918.100(430)-10~7

1 1 1 1
18 19 20 21
a,- 107 - 1165900

£& Fermilab
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Four articles on arXiv and published in Phys Rev

T. Barrett,® F. Bedeschi,'®
T. Bowcock,>® G. Cantat
A. Chapelain,® S. Charit;
J. D. Crnkovic,** S. Daba|

A. Driutti,?®2° V. N. Dugin
A. Fiedler,® A. T. Fi

C. Gabbanini,'*-" M. D.
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L. Kelton,? A. Keshava|
B. Kiburg,” O. Kim,
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L. Li,?? ¢ I. Logashenk

B. MacCoy,%” R. Mad
W. M. Morse,® J. Mott,> 7
G. M. Piacentino,?"

B. Quinn,* N. Raha,' §
L. Santi,?%: ¢ D. Sathyar
M. Sorbara,'!+9 D. Stécki
G. Sweetmore,®! D. A. Sy
K. Thomson,** V. 1

G. Venanzoni,'” T. Wall

Beam dynamics corrections to the Run-1 measurement of the muon anomalous

magnetic moment at Fermilab

T. Albahri,?® A. Anastasi®,'® K. Badgley,” S. BaeBler,?¢:2 1. Bailey,!”-? V. A. Baranov,'® E. Barlas-Yucel,?®

Beam dynamics

PRAB

Magnetic Field Measurement and Analysis for the Muon g—2 Experiment at Fermilab)

T. Albahri,®® A. Anastasi,'’>* K. Badgley,” S. Baefller,'™® I. Bailey,'?-¢ V. A. Baranov,'” E. Barlas-Yucel,*”
T. Barrett,% F. Bedeschi,'' M. Berz,>” M. Bhattacharya,"® H. P. Binney,'® P. Bloom,*! J. Bono,” E. Bottalico,'!:32™

Proton precession

PRA

T. Bowcock,? G. Cantatore,'
A. Chapelain,® S. Charity,”

L. Cotrozzi,'**32 J. D. Crnkovic,
R. Di Stefano,'®3% A. Driuf

C. Ferrari,'»1* M. Fert|

C. Gabbanini,'* M. D. Gal
K. L. Giovanetti,'® P. G

S. Haciomeroglu,” T. H.

D. W. Hertzog,’® G. Heske

M. Tacovacci,'® 3! M. Incagli,
L. Kelton,®® A. Keshavarzi

B. Kiburg,” M. Kiburg,” 2! O. H
K. R. Labe,’ J. LaBow

1. Logashenko,*# A. Lorente
R. Madrak,” K. Makino,°

J. Mott,%7 A. Nath,0-31

R. N. Pilato,'"32 K. T. Pitts,
N. Raha,'' S. Ramachandy

C. Schlesier,®” A. Schrec

M. Sorbara,'?33 D. Stéckingd
G. Sweetmore,’” D. A. Sweig|
K. Thomson,*? V. Tis

G. Venanzoni,'' T. Waltoy]

First for Phys Rev to co-
publish 4 articles for an

Measurement of the anomalous precession frequency of the muon in the Fermilab

PRD

Muon g — 2 experiment

T. Albahri,®® A. Anastasi,'"»* A. Anisenkov,» " K. Badgley,” S. BaeBler,’” ¢ I. Bailey,'?>4 V. A. Baranov,'” I

E. Barlas-Yucel 37 T. Barrett,®

P. Bloom,?! J. Bono,” E. Botta

D. Cauz,®® R. Chakraborty,*® S.
T. E. Chupp,*? S. Corrodi,! L. Cot
P. Di Meo,'” G. Di Sciascio,'? R.
M. Farooq,*? R. Fatemi,®® C. Ferre
N. S. Froemming,*® 22 J. Fry,*” C
L. K. Gibbons,® A. Gioiosa,2" 11
S. Grant,?*® F. Gray,?* S. Haci

A. T. Herrod,* 4 D. W. Hertzog,
R. Hong,'3® M. Tacovacci,'?:3! N
D. Kawall,*! L. Kelton,?8 Al

N. V. Khomutov,'” B. Kiburg,” M.
A. Kuchibhotla,?” N. A. Kuchinskiy
B. Li,26:1 ¢ D, Li,?0:8 L. Li,26¢ L. 1
A. L. Lyon,” B. MacCoy,*® R.

S. Minzsz W. M. Morse,® J. N

G. M. Piacentino,?* 2 R. N. Pilat|
J. Price,* B. Quinn,** N. Raha,'!
L. Santi,?>8 C. Schlesier,?” A. Schr|
M. Sorbara,'33 D. Stockinger,?®
G. SWOntmm'o,’“’ D. A. chigart,"
K. Thomson,*® V. Tishche|

G. Venanzoni,'' T. Walton,” Al

Muon precession

experimental result!
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Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm

PRL

B. Abi,* T. Albahri,?® S. Al-Kilani,?® D. Allspach,” L. P. Alonzi,*® A. Anastasi,'’** A. Anisenkov,*" F. Azfar,*
K. Badgley,” S. BaeBler,'7 ¢ I. Bailey,'>" ¢ V. A. Baranov,'” E. Barlas-Yucel,®” T. Barrett,% E. Barzi,” A. Basti,'!32
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N. Eggert,® A. Epps,?? J. Esquivel,” M. Farooq,*? R. Fatemi,*® C. Ferrari,!*'* M. Fert],*®:16 A. Fiedler,??

A. T. Fienberg,*® A. Fioretti,'""!* D. Flay,"* S. B. Foster,>2 H. Friedsam,” E. Frlez,"” N. S. Froemming,*® 22
J. Fry,%7 C. Fu,?0:¢ C. Gabbanini,'*** M. D. Galati,'*32 S. Ganguly,?”7 A. Garcia,*® D. E. Gastler,? J. George,!!
L. K. Gibbons,® A. Gioiosa, 2! K. L. Giovanetti,'> P. Girotti,'*32 W. Gohn,*® T. Gorringe,*® J. Grange, 42
S. Grant,*® F. Gray,?* S. Haciomeroglu,” D. Hahn,” T. Halewood-Leagas,?® D. Hampai,” F. Han,?®
E. Hazen,? J. Hempstead,*® S. Henry,* A. T. Herrod,* ¢ D. W. Hertzog,*® G. Hesketh,* A. Hibbert,**

Z. Hodge,*® J. L. Holzbauer,”® K. W. Hong,*” R. Hong,'?® M. Iacovacci,'?>3! M. Incagli,'* C. Johnstone,”

J. A. Johnstone,” P. Kammel,*® M. Kargiantoulakis,” M. Karuza,'®4> J. Kaspar,’® D. Kawall,"! L. Kelton,>®
A. Keshavarzi,"* D. Kessler,*! K. S. Khaw,?"-26:48.¢ 7 Khechadoorian,® N. V. Khomutov,!” B. Kiburg,”

M. Kiburg,”?! O. Kim,'®% S. C. Kim,® Y. I. Kim,® B. King,** N. Kinnaird,?2 M. Korostelev,'*:¢ 1. Kourbanis,”
E. Kraegeloh,*? V. A. Krylov,'” A. Kuchibhotla,?” N. A. Kuchinskiy,'” K. R. Labe,% J. LaBounty,*® M. Lancaster,*
M. J. Lee,” S. Lee,” S. Leo,?” B. Li,®:1:¢ D. Li,?0-# L. Li,? ¢ I. Logashenko,"" A. Lorente Campos,*®
A. Luca,” G. Lukicov,?® G. Luo,?? A. Lusiani,'"?> A. L. Lyon,” B. MacCoy,*® R. Madrak,” K. Makino,?’

F. Marignetti,'?30 S. Mastroianni,'® S. Maxfield,* M. McEvo; W. Merritt,” A. A. Mikhailichenko,® #

J. P. Miller,? S. Miozzi,'? J. P. Morgan,” W. M. Morse,* J. Mott,> 7 E. Motuk,*® A. Nath,'%3! D. Newton,? "
H. Nguyen,” M. Oberling,! R. Osofsky,*® J.-F. Ostiguy,” S. Park,”> G. Pauletta,>> % G. M. Piacentino,?’'?

R. N. Pilato,'"32 K. T. Pitts,” B. Pl 3 D. Pocanié¢,'™ N. Pohlman,?? C. C. Polly,” M. Popovic,” J. Price,
B. Quinn,** N. Raha,'! S. Ramachandran,! E. Ramberg,” N. T. Rider,® J. L. Ritchie,’® B. L. Roberts,>

D. L. Rubin,® L. Santi,*® D. Sathyan,> H. Schellman,?®: ! C. Schlesier,®” A. Schreckenberger,16:2 37

Y. K. Semertzidis,>'® Y. M. Shatunov,* D. Shemyakin,*” M. Shenk,?? D. Sim,** M. W. Smith,*® ! A. Smith,3
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(The Muon g —2 Collaboration)
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Run 1 result

a,(BNL) = 0.00116592089(63) = 540 ppb

BNL g-2 — o

17.5 18.0 185 19.0 19.5 20.0 20.5 21.0 21.5
a, - 10% — 1165900

26 4/16/2021 Chris Polly -- Community Advisory Board

We found nothing that
would change BNL
result

Larger collaboration
Higher purity beam

More advanced
instrumentation

More powerful
simulations
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Run 1 result
a,(FNAL g-2; Run 1) = 0.00116592040(54) - 463 ppb

e 15% smaller error
BNLg—2 } @ i than BNL

\\

P « Both experiments
dominated by
statistical error

FNAL g-2 +4 °

« (Good agreement
- safe to combine

175 18.0 185 19.0 195 20.0 20.5 21.0 215
a, - 10° — 1165900

£& Fermilab
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Experimental combination

a (Exp) = 0.00116592061(41) = 350 ppb

BNL g-2 °
FNAL g-2 + —e
@
Experiment
average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5
a,-10° — 1165900

28 4/16/2021 Chris Polly -- Community Advisory Board

15% smaller error
than BNL

Both experiments
dominated by
statistical error

Good agreement
- safe to combine
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Comparison to SM prediction

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

* |ndividual tension
BNL g-2 ° : :
Saye with SM
FNALg-2 +——e | - BNL: 3.70
7330 — FNAL: 3.3
< 4.20 >
® } ®
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5
a,-10° — 1165900

a,(Exp) - a,(SM) = 0.00000000251(59) -2 4.20

£& Fermilab
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Conclusions

30

« We have determined a, to an unprecedented 460 ppb precision!

The Run 1 result

— 6% of ultimate data sample
— 15% smaller error than BNL
_ 3.30 tension with SM 4 29 )

BNLg-2 — o

FNAL g-2 +——@—+

——— ——+
_ = = —11
U«,u (FNAL) _ 116 ‘]92 040(‘]4) X ]-U Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215

a,x 10’ - 1165900
After 20 years, we confirm the BNL experimental results!

Combining BNL/FNAL and comparing to theory = 4.2c tension
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The results heard round the world!

The worldwide press coverage was astounding

31

— Over 3000 media outlets covered the story

— Total estimated media reach of those outlets 3.5 billion

people! (Pop. Earth 7.7 billion)

Nobel prize committee invited us to present the results at
the Manne Siegbahn Memorial Lecture in Stockholm

— Frist time this honor has gone to particle physics since the

Higgs discovery in 2013

* Late Edition
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A Particle’s Tiny Wobble Could Upend theKnown Laws ofPhystcs Adventurers Fleeing Pandemic
Strain the West’s Rescue Teams

By DENNIS OVERBYE

Evidence is mounting that a 3
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15 Aring at the Fermi National Accelerator Laboratory in [llinoisis used to study the wobble of muons.
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f % Mark Hamill @

Evidence is mounting that The Force
has been with us
ALWAYS.

€ The New York Times @

Breaking News: Evidence is mounting that a
tiny subatomic particle is being influenced by
forms of matter and energy that are not yet
known to science but which may nevertheless
affect the nature and evolution of the univer...

Ehe New Pork Eimes

Quotation of the Day: A Particle’s Tiny
Wobble Could Upend the Known Laws
of Physics

f@v»D

April 7, 2021
“What monsters might be lurking there?”

CHRIS POLLY, a physicist at the Fermi National Accelerator
Laboratory in Illinois, referring to mounting evidence that tiny
subatomic particles called muons seem to disobey the known laws

of physics.
afF rerimidp
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Much more data to come! 7/
7/
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2 .~ reduce combined experimental error by
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Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
a, ><‘|0 - 1165900

Thank you!

33 4/16/2021 Chris Polly -- Community Advisory Board

2= Fermilab



	Slide Number 1
	Slide from first FNAL seminar on g-2
	Slide from first FNAL JETP talk on g-2
	Slide from first FNAL JETP talk on g-2
	Muon Campus today
	Slide from first FNAL JETP talk on g-2
	Slide from first FNAL JETP talk on g-2
	Slide from first FNAL JETP talk on g-2
	Slide from first FNAL JETP talk on g-2
	Slide from first FNAL JETP talk on g-2
	Slide from first FNAL JETP talk on g-2
	All put back together at Fermilab!
	What are muons?
	Muon g-2 measures the muon’s magnetic moment
	The g-factor 
	The anomalous magnetic moment, am
	New physics search
	A hint of new physics
	Bringing g-2 to Fermilab
	All put back together at Fermilab!
	The analysis ‘big’ picture
	Systematics
	Systematics (denominator)
	Gathered on Feb 25 to unblind
	Four articles on arXiv and published in Phys Rev
	Run 1 result
	Run 1 result
	Experimental combination
	Comparison to SM prediction
	Conclusions
	The results heard round the world!
	Outlook
	Slide Number 33

