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Muon magnetic moment and the anomaly

- The muon has an intrinsic magnetic moment:

H=Gu 9 S 1
my, B<’
. . e
* Precesses in an external magnetic . = 9y

field with a frequency determined 21y

by the gyromagnetic ratio g,
* g, = 2 from Dirac equation for

spin angular momentum

d Spin_1/2 Charged partiCIe uniform magnetic field

* In reality: g, > 2, i.e. there is an anomalous magnetic

moment.
_ Yu— 2
- The anomaly: &, = 5
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a,, in the Standard Model

- Uncertainty dominated by hadron corrections:

aSM — aQED + aEW + ahad PDG, Phys. Rev. D 98, 030001 (2018)
T n T T
—11
— 116591 823(1)(34)(26) x 10
had had
EW
LO HO
FNAL BNL CERN III CERN II CERN I
2017 2004 1976 1968 1961
m TTTI T T T T 1T T Ty
LO 1
4th II
QED 6th
8th
10th
hadronic VP LO
NLO
NNLO
hadronic LbL = SM predictigns
weak LO B SM uncertainty
HO
New Physics ?
SM prediction
AT BT R cood ool ot oo vl 1 ood
10—3 1071 10! 103 10° 107 10°

a. in units 10~11 EPJ Web of Conferences 166, 00022 (2018)
© https://doi.org/10.1051/epjconf/201816600022 B O STON
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Experimental vs theoretical values

- Best measurement: BNL E821

Phys. Rev. D 97 (2018) 114025

from 1999 to 2001, | R
DHMZ10 [ - : |
- uncertainty: 540 ppb - '
- 3 - 4 o difference from SM HLMNT 1
predictions Y
) DHMZ17
- Inspired new efforts from P e
theorists: Muon g—2 Theory L 370
o . BNL (x4 accuracy) 206 |—I-—|
Initiative L., ___ _
160 170 180 190 200 210 220
- focus on reducing uncertainties on (a,>M x 10'%-11659000

u

HVP and HLbL contributions
- 4 workshops taken place

- would publish 1st report in Sep
2018
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New Muon g-2 experiment at Fermilab

- Goal: 4 times

Phys. Rev. D 97 (2018) 114025

lllllllllllllllllll

improvement in
precision, i.e. to 140 ppb
- Increased statistics: 21 Ft7
times number of events DK“N“:: B
recorded in BNL E821 - " o J
(2x1011 events, 480 ppb BINL.<X‘Ta‘fcu:a°%> IIIIIIIII oo h:H .
— 100 ppb) 160 170 180 190 200 210 220

(a,>™ x 10'%-11659000

- reduced systematics: 2.5
times better (248 ppb —
100 ppb)
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How do we measure a,?

- Store longitudinally polarized muons in a ring, with uniform
dipole magnetic field B

- Consider difference between spin and cyclotron frequencies:

geB B *If g, — 2: spin always
Ws = 5 (1 =) e aligns with momentum
elB -
We =
yme 9,
Vo = Wy — we = 2 B OL
2 m
e
w, =a—DB .
m Storage Ring ==

~—> momentum
—> spin
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How do we measure a,?

- Store longitudinally polarized muons in a ring, with uniform
dipole magnetic field B

- Consider difference between spin and cyclotron frequencies:

ge3 e B *If g, # 2: spin beats against
s = In.c | (1 - 7) rme momentum, oscillating radially
e H—
We =
Ymc )
— Z €
Wqg — Wg — We = g B @B
2 m
e
w, = a—B
m Storage Ring

—> momentum
—> spin
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How do we measure a,?

- Store longitudinally polarized muons in a ring, with uniform
dipole magnetic field B

- Consider difference between spin and cyclotron frequencies:

° * 2. ' '
ge3 | e B If g, + 2: spin beats against
s = In.c | (1 - 7) rme momentum, oscillating radially
e
We =
ymc
g—2e€
wa — wS — wC J— B
2 m
e
w, = a—B
m Storage Ring

—> momentum
—> spin
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How do we measure a,?

- Store longitudinally polarized muons in a ring, with uniform
dipole magnetic field B
- Consider difference between spin and cyclotron frequencies:

ge3 e B *If g, # 2: spin beats against

e — (] — Tt :
s T o ( ) ~me momentum, oscillating radially

—> momentum
—> spin

30 35 40 a5 50 55 60

time [us]
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How do we measure a,?

- Actual extraction of ay:

e D
Wa HUp Ty, Je

Wy e Me 2

a,, =

- J

. &}p Is weighted average of Lamor precession frequency of

a free proton in the magnetic field
- measured using NMR probes and an absolute calibration probe
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How do we measure a,?

» Actual extraction of a,: 0 <Z“ ) ~ 25ppb
g W m’/ h
q a Mp Ty, Je
w = =
N “p He e 2\ y
/ \
He ge
5 <M—p) ~ Gk 5 (5) ~ 0.3 ppt

*Uncertainties are taken from CODATA

. &}p Is weighted average of Lamor precession frequency of

a free proton in the magnetic field
- measured using NMR probes and an absolute calibration probe
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The Ring
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The Ring
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Real world considerations

- Real muon beam has a small vertical component
- Need vertical electric field to focus the beam

, 3 I Nz 2 Y (7 BAF
Wa = —— auB_(aM 72 1>5XE_CLMW_|_1(5'B)5
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Real world considerations

- Real muon beam has a small vertical component
- Need vertical electric field to focus the beam

. (& I — — — "Y — —»—»_
=" |a,B— E_ B
YT e _a“ o W2—1>6 ) aMV‘Fl(ﬁ )ﬁ_

» Choose y =29.304 (p = 3.09 GeV, a.k.a magic momentum)

* but not all muons are at magic momentum (Ap = 0.5 %), i.e.
the term is not completely vanished
- Vertical motion of the beam can be corrected for by measuring
beam profile
- using scintillating fiber tracker (destructive), and straw tube
trackers (non-destructive)
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Magnetic field uniformity

- Shimming 1.45 T field

1400" : /\ /\ ‘ | /\ H ; | |
= 1200 i I T /\ , :
g- l. /-\/\ R /-\: - 2 . : r/\’\‘/
Q1000 & TIR! Vi o\ il : )
—_— "o g 5 3 3 H : .
) V"\j : AN 7V ; i Tad L ) AN
S 800 % _ , /\ § ¥ T
A 600 . ] 1 £
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Magnetic field uniformity

- Shimming 1.45 T field
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Magnetic field uniformity

- Shimming 1.45 T field
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Magnetic field uniformity

- Shimming 1.45 T field
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Beam profile measurement

- Two tracker stations for monitoring

Decay e+

Vacuum Chamber

\

Calorimeters

l‘ ,
AN
LAWY "J‘:.-‘.l‘,l‘l“.

Muon view .\, 5
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Beam profile measurement

- Two tracker stations for monitoring

Decay e+

Vacuum Chamber

'\

Calorimeters

Radial & Vertical Position

Tracker
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Preliminary data: w, oscillation

- Number of positrons (E > 1.8 GeV) as function of time:

N,(t ) ~ Noe 77 [1 — Acos(wat + (,ba)] e
g 10° | 950M p03|trons (~1 3 ppm stat) | | data |
E 107 — fit
c ' '
5 106 | 0 — 100 us
B AN AAARANAAY e
N 200 — 300 ps
10° .' / N4 400 -500 ps
102 - | | .. N A4 500 — 600 pis
E %
10 F " Fermilab Muon g-2 Collaboration —=-
: A Production Run 1, 22-25 Apr 2018 :
1 3 , @ ~ PRELIMINARY, no quality cut 3

-1 I T P B P B P S P B

. 0 10 20 30 40 50 60 70 80 90
Time % 100 ps
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Accumulated statistics

* First physics run from Feb. to early Jul. 2018: 1/10 of
targeted number of positrons collected

lel9

Integrated POT

~2%x1010 e+,
or 2xBNL

Boston University College of Arts & Sciences
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Outlook

- Just finished the first physics run
- Upgrading elements of the storage system
- Analysis of the first dataset in progress

- 3 papers on a, planned

2 x BNL 5-10 x BNL 20+ x BNL
Stats Stats Stats
v v v
n

: ‘ 400 ppb Result ‘ 200 ppb Result ‘ + | 140 ppb Resulit

Feb - Jul Data

1st physics taking

run complete
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Summary

- |t is an interesting time for muon ¢-2!

- lots of progress from the Theory Initiative
- production data taking has been started

- Detectors performed well, analysis tool chain is ready
- First result from 2x1010 et is scheduled for early 2019

DHMZ10 | . ;

JS11 | . : '
HLMNT11 | .' i

FJ17 — % E

DHMZ17 b El E

KNT18 n—*—u

SNL 3.76 | JI

BNL (x4 accuracy) 2 2 oo —
160 170 180 190 200 210 220
(@,°M x 10'%-11659000

1)
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Backup
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w, measurement

Highest energy positrons are correlated with the muon spin

S +
< I/e /’L
Se+
Puv, —
, Sv, Pe+
S
P, p

As the u* spin precesses towards and away from the
calorimeters the number of high energy e* is modulated

The muons pass the calorimeters at cyclotron frequency w,,
so the modulation occurs at the difference freq, w,
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Why a, and not a.

« Coupling of virtual loops goes as m?

* Therefore, while a, is measured much 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 10712 (1.5 ppb of a,)

* By comparison, for the muon the hadronic contribution is
~60 ppm.
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Muon g-2 measurement uncertainties

Fermilab I 2018

BNL

+—

C

()]

&= CERNII

=

)

Q.

>

L CERN Il
CERN |
Nevis

10 100 1000 10000 100000 1000000 1E7

g, X 107"
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FNAL BNL CERN III CERN II CERN I Measurement precision achieved

[1] 2017 2004 1976 1968 1961 < S by different experiments
LO
4th
QED 6th
8th
10th
hadronic VP LO
NLO
NNLO LO = Leading Order
hadronic LbL i‘iﬁ;‘ﬁ? QED = Quantum Electrodynamics
weak LO VP = Vacuum Polarization
HO NLO = Next To Leading Order
New Physics ? NNLO = Next To Next To Leading Order
SM prediction LbL = Li.ght-by-Light
|,|I | | IIIII|,|,| LI Ho = ngher order
10_3', ud ”;'0_1 101 103 10° 107 100 SM = Standard Model
a, in units 107 3

[1] F. Jegerlehner, EPJ Web Conf. 166, 00022 (2018) doi:10.1051/epjconf/201816600022 [arXiv:1705.00263 [hep-ph]].
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a,, in the Standard Model

aEM _ CLSED 4+ CLEW i al}iad, VP 4+ al}iad, LbL
| —1_
| —0.00116591823(43)

v
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a,, in the Standard Model

aEM _ CLSED 4+ CLEW i al}iad, VP 4+ al}iad, LbL
| —1_
| —0.00116591823(43)
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a,, in the Standard Model

aiM _ G,S‘ED 4+ CLEW £+ azad, VP 4+ azad, LbL
| —1_
| —0.00116591823(43)

- QED:

- known to 5-loop

. 99.99% of aﬁM

. ~0.001% of 5a§M
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a,, in the Standard Model

aiM _ CZS‘ED 4+ CLEW £+ al}iad, VP 4+ azad, LbL
| —1_
| —0.00116591823(43)

. known to 5-loop - known to 2-loop

"y M’
- ~0.001% of §a5™ 0.2% of 0a,,
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a,, in the Standard Model

SM __ aQED n aEW . ahad VP | ,had, LbL

Dy 0

| —0.00116591823(43)

A

/&

* Hadron:
- known to 5-loop * known to 2-loop - 0.006% of aSM
+99.99% of a; " +0.0001% of a> ™ + ~99.8% of 5aSM

e ~0. 001% of 5CLSM * 0.2% of 5@81\/ft
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Delivery Ring

Proton bunch —
Pions ,u Inflector
3.11 GeV/c

M
120ns

Target

« Storage ring: 14 m diameter
toroidal C-magnet with 1.45 T field

* Inflector magnet nullifies the
storage ring field for incoming
muons

Muons that pass through the
Inflector are off central orbit
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Delivery Ring

Proton bunch —
Pions Iu Inflector
q — ﬁ o

3.11 GeV/c

H
120ns

Target

« Storage ring: 14 m diameter Injection orbit

toroidal C-magnet with 1.45 T field

* Inflector magnet nullifies the Central orbit
storage ring field for incoming Kicker
muons magnets

* Muons that pass through the
Inflector are off central orbit

« Magnetic kicker moves the orbit to " I
the centre of the storage ring

11 mrad
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Delivery Ring

—

Proton bunch

Pions Iu Inflector
ﬁ —
3.11 GeV/c
120ns

Target

« Storage ring: 14 m diameter
toroidal C-magnet with 1.45 T field

+ Inflector magnet nullifies the
storage ring field for incoming
muons

« Magnetic kicker moves the orbit to
the centre of the storage ring

« Muons focussed Vertica”y with Electric Quadrupo'es
electrostatic quadrupoles
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Muon EDM search

* A non-zero muon EDM would modify the spin equation

—

« 0 x B dominates, so precession plane is tilted.

¢ 5—tcm_1ﬂ
enBB
w—\/wg—l—w%—\/wg—l-< - )
0
. y

« Search for an up-down oscillation,
out of phase with ,.

x\ We >>>>> w,
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-9
Ol _ oeff _ geff 2.8x10-9 exactly cancel

the 3.60
e
— —;((1 +3€2¢) a,B / discrepancy
1 3
— I:a'u— )/2—1 -—€2¢(4+au+m)] ﬂ x K
Y 2
- (1= gy - 1>)<B-B>ﬁ). (73)

Prog. Theor. Exp. Phys. 063B07 (2018)
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The GR paper, and why it was wrong (?)

radial F—field correction

Aay, _ § X B X (Er)avg (26)
a, cBa,

To calculate a numerical value, we use B = 1.45 T, 8 = 0.9994, a,, = 1.1659 x 1073. Using
these values and £ = 2.8 x 10~° one gets:

T —14%x1071°, (27)
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=1  Tracker-Calorimeter Cross-checks 2N

* |Independent measurement of e* momentum, time and

position for calo systematic checks oo e

—~~
- Tracks

oo Gain — E o | |
[ - Early Tuning-up Run | -
S 35001 B 0.98
g - (Crude Calibration) L E
> 3000F 0.96
o2 y ' . .
o) : 1(1:3 50
c 200 = 0.94
LLl Preliminary =
% 2000 :— 8 0 0.92

= — .

1500 —
© - - -50 g v 0.9
1000 - . e
- 1 /@ 3 0.88
500 —
o Preliminary =/ : 0.86
:l '1 ‘;l PR O v T M O A B e o S il D e o - : 4 : _15q[ Lot f.l [‘1 R S SO T M S Rl N S B S T A k. S AT 1'
% 500 1000 1500 2000 2500 3000 3500 4000 -100  -50 0 50 100 _ 150

Track Momentum [MeV] | Track Rad. Pos (mm)

AARKAARA,

Pile- up I § Calorimeter
Rare case: 2 tracks & only 1 calo cluster
3
|
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