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Muon magnhetic moment
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Dirac theory: a charged, spin 72
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.. as of things on experimental side
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FCCP 2017

Daisuke Nomura

2011 2017 *to be discussed

QED 11658471.81 (0.02) 11658471.90 (0.01) (. Awe. Lart. 100 (2012) 1101008
EW 15.40 (0.20) — 15.36 (0.10) . A, 0 20 cons) cssoe
LO HLbL 10.50 (2.60) 9.80 (2.60) Epswet Cont 118 2oy c20181*
NLO HLbL 0.30 (0.20) puws. Lee 0 73 (20) 0™

HLMNTI11 KNT17 Davier et al (2017
LO HVP 69491 (4.27) — 692.23 (2.54) this work®* 603.1 (2.4
NLO HVP -0.84 (0.07) — -9.83 (0.04) this work*
NNLO HVP 1.24 (0.01) Pas. teer 8736 (2020) 20 *
Theory total 11659182.80 (4.94) —  11659181.00 (3.62) this work
Experiment 11659209.10 (6.33) world avg
Exp - Theory 26.1 (80) — 28.1 (7.3) this work
Aay, l'/ 330 \i o 3.90 this work
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Mile stones for g-2 measurement
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Pion Decay : n= — p~ + anti v, (99.98%).

In reference frame of ©’'s CM , muon and neutrino in opposite directions.

As elicity( anti v )= +1 and s spinis 0

= spin, e p, are parallel ovvero elicity(u~)= +1 - M polarized

For m =0 allowed only elicita(u™)= -1, m, not zero allows elicity(u~)= +1.
From kinematic T — e + anti v, is favored, instead only (~ 2.5 107°)
(phase space spazio). If m,=m,=0, n stable.

Muon decay is three bodies decay

W >e +antive+v,

In CM, p,max of electron is for per neutrinos parallel and

both in opposite direction to p.

For neutrino with 0 mass we have elicity(v )= -1 and elicity(

anti v,)= +1.

-> Total Spin of neutrinos (antiaparallel) is O for p,max .

- Electron Spin coincide with p spin

- Therefore :

a) electron spin along p,"2* : forbiden as m_=0 (elicita(e-)= -
1), instead here +1! Actually strongly suppressed with
respect to case b)

b) (elicity(e-)= -1) is favored. Only possibility for m,=0

- In Lab frame, electron with high p
(energy) goes // to spin,,



Motion in a Magnetic Field

Particle: @ = Qe moving in a magnetic field:
momentum turns with cyclotron frequency a,

spin turns with g
QeB QeB QeB
we = , ws = —g (1—7)
m-y 2m ym

Spin turns relative to the momentum with o,

B B g—2\ QeB (QeB




In a storage ring, with vert. focusing (E)

With an electric quadrupole field for vertical focusing

and the magic y
abB — (a

where B is expressed in terms of the
Larmor frequency of a free proton o,



Experimental Technique

narrow time X, =77 mm
bunch of protons B =10 mrad
B-di=0.1 Tm
-
Pions [l Inflector
— DIRIIIIIIIIIIIIIIIIIIIITIIIT,
p=3.1GeV/c =
Target
« Muon storage ring — weak |
focusing betatron ~ Central orbit
* Muon polarization
 Injection & kicking Dorage Kicker =l
' ' ' Modul
* Focus with electric quads fing odules
, R=711.2cm
« 24 electron calorimeters R
Cm R
W, = QB a g A p
- - ~
a m " Electric Quadrupole ==



E821 arrival-time spectrum

f(t) ~ Noe M1 + Acoswat + ¢)]

41x10° e, E- > 1.8 GeV

Counts per 150 ns
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Time modu
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600 — 700 s
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Setting the energy threshold

* Polarized muons born from pion decay
* The highest energy positrons are correlated with the muon spin.

* As the spin rotates forward and backward the number of e* is
modulated by @,

0w, 1 2

Wy wWa YTy \| NA%(P)?

Normalized N, A and NA?
o o
[=:] =] -

e
Y

o o0z 04 08 08 1
=, Normalized lab frame energy
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o
In 2004 Fermilab hosted a proton driver workshop

« We had a muon working group, where the usual cast of
characters appeared. John Ellis was our theory leader

* We quickly realized that the Fermilab complex could
provide the perfect beam to a new g-2 experiment, but
only if the Tevatron was not operational.

| think the physics conclusions that the muon group
presented are certainly interesting and relevant now, and
show why this meeting is so very important.

13



In the meantime, magnet goes
from Long Island to Chlcago

Joumey
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Moving 50 ft diameter Al fings without flexing by >1/8. .




Closing two interstates in Chicago. ...
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into Fermilab poe_rty at 4:07 a.m. on July 26, 2013




The (new) muon g-2 experiment
at Fermllab (E989)

F HigH-ENERGY PHYS

b7 o ‘ ! Muon g-2 moves
'% " | ontoanewlife

&
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Goal

» Afactor of 4 reduction in total error in a, over BNL (0.54 ppm)

atP = 11659208 S)tot X 10_11

W
+ 0.54 ppm total error

* Two things to notice:
— statistical error dominates
— systematic erroris only 2.5 to 3 times larger than E989 goal

 How to improve:
— get a hotter beam (Fermilab) (21 x statistics of BNL)
— improve everything in systematics, which have many contributing
factors
* Fermilab Goal: Equal statistical and systematic errors
— 170 ppb for o, and w,. total: + 100 ppb
— % 100 ppb for statistics
— Total error 140 ppb ( 0.14 ppm)

19



What has been done ...

* 4 Major Steps

Transport BNL storage ring and associated equipment to Fermilab
Construct a new experimental hall to house the storage ring

Modify anti-proton complex to provide a high-purity, intense beam
of 3.094 GeV/c muons

Upgrade various subsystems (injection devices, field monitoring,
detectors & DAQ) to meet requirements for rates and systematics

20



Fermilab Muon Campus Vision, circa 2012

« Convert FNAL anti-proton source to produce customized muon beams for
experiments like Muon g-2 and Mu2e

21



Muon Campus Reality — View from
Wilson Hall Today

* Muon g-2 hall complete, BNL storage ring installed and operational
*  Mu2e civil construction complete, building outfitting underway
« Conversion of accelerator complex to muon source nearing completion

22



Putting the storage ring back together again
(July 2014 — June 2015)
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June 2015: Cool down has begun!
Magnet Powered on June 25t 2016
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22 September 2015: Magnet on (5300 A, 1.45T)
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Pure beam of muon of 3.1 GeV

8 GeV protons to recycler ring for rebunching
extracted bunch and strike the m-production target
decay of m's to polarized p's in decay line

Injection into delivery ring for p, 1, p separation
[IMuons extracted to g-2 storage ring 8 GeV Protons

Main Injector

»

No hadronic flash
! - ___Pions all decay

Protons removed by a DR kicker
Forward muons collected

95% polarized
~800,000 p*/fill (6P/P 2%) at ring

et i AR H'?x

N

NEM TRANSFERLINE

Recycler

| 4 bunches RN
Possible Cycle: 16 Shots / 1.33 s Cycle

Entractzn Tem AR .
-
Lycie lengtn .33 sec

Hz 10 ms 197 ms 1063 ms

N
/
v

All protons are “excess” from
those used for NOVA v Program 25



Machine Plan: first muons on June 2017

g-2 accelerator commissioning milestones

2017 2018
Apr May Jun Jul Awg Sep Oct MHov Dec Jan Feb Mar Apr May Jumn Jul Aug Sep  Oct MNov Dec Jan Feb Mar Apr May Jun Jul Aug

’*IPermission to run beam from Recycler to P1 line
L}” Hecycler extraction commissioned with beam

[-}-” HR-to-P1 line commissioned with beam
shutdown

bt '-h[lil thlghl!!rlﬂ'll"l

AP0 Target Station dump installed (g-2 Project)
Permission to run beam to AP0 Target Station dump

P1/P2/M1 lines commissioned with beam
Recycler RF bunch formation commissioned with beam
Accelerator Safety Envelope updated

‘(\ Safety Assessment Document updated

6C, Shielding assessment complete

OQ Safety system testing complete

Accelerator Readiness Review

-
’ Motion controlled devices positioned (g-2 Project and DR AIP) ...:..tll‘mm"‘|lm,.m £
’ Kickers, pulsed septa ready (g-2 Project and DR AIP)
‘ M2/M3/IDR/M4/M5 instrumentation ready (g-2 Project and DR AIP)
" M2/M3/IDR/M4/M5 powered (g-2 Praject and DR AIP)
" Target Station ready (g-2 Project)

Permission to run beam to g-2
—-)-‘. &-GeV protons through M3 to:Delivery Ring
) &-GeV protons into Delivery Ring

&-GeV protons into upstéeam M4
3.1-GeV beam down M2/M3
3.1-GeV beam straight through DR into M4/M5

3.1-GeV beam (protons and muons) into g-2 storage ring
S—
:9 Re-establish beam after FY17 shutdown
'& 3.1-GeV proton removal in Delivery Ring
N

Start of data taking autumn 2017

26



®,(B) systematics

Category E821 | Main E989 Improvement Plans Goal
[ppb] [ppb]
Absolute field calibration 50 |Improved T stability and monitoring, precision tests in MRI| 35
solenoid with thermal enclosure, new improved calibration
probes
Trolley probe calibrations 90 | 3-axis motion of plunging probe, higher accuracy position de- | 30

termination by physical stops/optical methods, more frequent
calibration, smaller field gradients, smaller abs cal probe to
calibrate all trolley probes

Trolley measurements of By | 50 | Reduced/measured rail irregularities; reduced position uncer-| 30
tainty by factor of 2: stabilized magnet field during measure-
ments; smaller field gradients

Fixed probe interpolation 70 30
. . Better temp. stability of the magnet, more frequent trolley

runs, more fixed probes

Muon distribution 30 | Improved field uniformity, improved muon tracking 10
External fields — | Measure external fields: active feedback 5
Others T 100 | Improved trolley power supply; calibrate and reduce temper-| 30

ature effects on trolley; measure kicker field transients, mea-
sure/reduce Oy and image effects

Total syst. unc. on w, 170 70

* Need to know the average field observed by a muon in the storage ring absolutely to better than 70 ppb,
many hardware improvements

* Very challenging...first major step is making the field as uniform as possible

e Has been our main thrust over the last 9 months



Progress on B Field

Oct 2015 > Aug 2016

Goal

T

) 400;—

1.

7 ~1400
| ppm

rd 3{ 1200

ppm

| ~50 pprr

o 50 100 150 200 250 300

 Magnet achieved full power September 21, 2015

* Field started out with a peak variation of 1400 ppm

iR goal
350
zimuth (deg)

* June 2016 peak to peak variation was reduced to 200 ppm

* The goal of shimming is 50 ppm with a muon weighted

systematic uncertainty of 70 ppb

* BNL achieved 100 ppm with an averaged field uniformity of
+- 1ppm. They estimated their systematic uncertainty of 140

ppb. We would like to improve of a factor 2!
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®, systematics

Category E821 | E989 Improvement Plans Goal
[ppb] [ppb]

(Gain changes 120 | Better laser calibration

low-energy threshold 20
Pileup 80 | Low-energy samples recorded

calorimeter segmentation 40
Lost muons 90 | Better collimation in ring 20
CBO 70 | Higher n value (frequency)

Better match of beamline to ring | < 30
FE' and pitch 50 | Improved tracker

Precise storage ring simulations 30
Total 180 | Quadrature sum 70

* Tackling each of the major systematic errors

with knowledge gained from BNL E821

29



C. Polly’s talk @ ICHEP 2016
New detector systems to be installed by March 2017

= ‘ \q. ' * Calorimeters 24 6x9 PbF2 crystal arrays with
e, = SiPM readout, segmentation to reduce pileup

* New electronics and DAQ, 800MHz WFDs and a
greatly reduced threshold

* Three 1500 channel straw trackers to precisely
monitor properties of stored muon beam via
tracking of Michel decay positrons, significant UK
contributions

* New laser calibration system from INFN crucial
for untangling gain from other systematics

Top view of 1 of 12 vacuum chambers

Decay electron—.

Decay electron ’

L’;L ugc&:b‘\

Calorimeter active volume

Traceback chambers

Calorimeter active volume
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Laser Calibration Scheme

Laser hut | Ring
Rk R —— i._______________>
1
4 g 1Quartz fiber PMMA fiber
% L1 ~30m Diffuser bundle
- Ll ; \ E : e 1
: Filter 1x4 split |
I <l B ey
1 e
6 : .
! |
O O !
o 1 .
1 1 'II ‘
............ | Quartz fiber] PMMA fiber
L i ~30m | [(Diffuser bundle
: e
1 v ",'
Eilter 1X4 split /
§ Wheel 6
S
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Source/ urce bu
local
monitor al b

crates

A 1

Panel 1

Panel 24
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Aim of the Laser Calibration system

 Main goal: stability monitor

* Monitor short —term calorimeter gain fluctuations at the 10 level
both during spills (in-fill) & between spills.

Also, to:
e Test/calibrate the calorimeters.

* In “Flight simulator mode” the experiment can be simulated
* Provide a time reference for the DAQ
* Pile-up studies

32



Mapping the short-term (700 mic. s) gain

— In-fill pulses

1.000 f
0.999 [
0.998 [
0.997 F

SiPM Gain

0.996 £
0.995 f

0'994 l:l il 1 118

0O 20 40 60 80 100 120 140

/Iﬁlg term stability \\ time (us)
\ — Out of fill pulses :

,‘ 10ms 197 ms 1063 ms

(IR i —

11
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Monitoring Electronics: (Source & Local M.)

Source Monitor x 6

Am+Nal

DB1

Possible Cycle: 16 Shots / 1.33 s Cycle

10ms 197 ms 1063 ms

DB2

DB3

DAQ TCP/IP
Local Monitor x 12
700 H.S Am+Nal ‘ |
« DB1
ﬂ A A/L | 1] A T
Am Am
Local Monitor x 12
10 ms Am+Nal ‘ ’
During FILL Between FILL
Laser sequence 1 Laser sequence 2
For each laser pulse (in Fill and between Fill): DAQ TCP/P

 Time information (local & global ref)
 Chargeintegral (14 bit ADC)
* Operational parameters (Voltage)

* Temperature (local/remote/env.)
e Self calibration (electronics) Readout doubled with WFD (800 MHz/12 bit)

Event builder:
e Hardware inside crate
e Software between crates

!



)
)
=z
_|
o)
@)
—
—
m
P

-

> 0 42 uvw o o un n v

© Z z 2 =z 2 =z £

X O o v N W Nk

O C

o 3

2

_|

pu)

,9 36



counts

counts/100ns

Laser Control Board: “flight simulator *

Laser control board used to simulate (g-2) fill (with no wiggles)

P
h2 Bk bbbl Al L
_ Entries 5001 ' I
| Mean x 245.3 | 1T
Mean y 1775 1l
. RMS x 144.6
E RMS y 2958
E _ 72 Indf  4.298e+05 / 2080
C p0 1344 + 1.665
u pl_ 0.01563% 2.694e-05

20ns

AT

time (us)

Average 96 hits; pulse width

- g -
- M - & --_ -*-ﬁ' -l'

1 —Lﬂl—,—l—‘—‘—‘—l‘—‘—l—‘—{‘ i R il et Y I.'-|='I rd |$¢5H‘.l'|:f | F}’.ﬁn w |
0 40 50 60 70 80 90 100
time {(us)




First fill — May 23, 2017 commissioning run
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Beam/magnet

Detector/DAQ

performance:

Beam: good success with FY17
commissioning run
e Accomplished all pre-shutdown
goals
e Delivered ~3 billion muons to
storage ring
* Have a plan for repairs and
improvements during shutdown

Magnet: at 5280A — up most of the
time with no problems

Inflector: some instabilities and trips
due to cooling problems

Quadrupoles: sparkling mostly due
to not perfect vacuum (107 torr,
expected 2x1077 torr)

Calorimeters: The uptime was 100 %
since day 0. Used to measured initial
splash, “CBQO”, launch, for protons
and spin precession, distribution of
decay vertices, and losses for muons
Tracker: mostly worked with only 1
HV trip in the commissioning run
Aux Detectors (IBMS, Fiber harps)
mostly working and very useful for
beam diagnostic

Readout Electronics: stable
throughout runs

DAQ and online monitoring
performed well

Offline production: Data
reconstructed almost online (~4
hours delay). ~20 TB of data were
reconstructed in 4 days.



June 2017: first muons at FNAL

news INFN of June 2nd: In USA a caccia dell’anomalia del muone

Number of high energy positrons as a function of time

- data
— fit

count/2*149 ns

2
"IIE

10
E 3 Fermilab Muon g-2 collaboration
L @ Cummlss;;rélrﬁdm::hiune 2017
u_' - '1|n' . 'zin' - 13|D| . '4|n' . |5|Dl - 1E|DI - '?lul T80

time modulo 80 us

This figure was accumulated from two weeks of data accumulated in June 2017 and
has approximately 700k positrons. The number of wiggles is somewhere between
that achieved by CERN-II and CERN-III.
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The peaks are from protons and lost muons

y [mm]
3
i

0 20 40 60 80 100 120 140 160 180 200 220 10

Spatial distribution of calorimeter clusters from JAAE™017 data
recorded in the calorimeter. 41



first positron tracks
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One of the first tracks recorded by the tf&éK8 showing the hits from a single charged
particle (likely a proton) through the straw trackers and the (wire)-track fit and the

magic radius

1400

Ring x [mim)

1200

1000

800

200

600 —

400 —

2

||I1I|III]III

W A e,
Storage Region o
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Hits from a single charged particle (likely a proton) thronHmThe straw trackers and the
(wire)-track fit
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"

8000

8§

6 II£|IlI|III]III|III]IIJ[III|III!III|III|lII|I

o oy g by
500 1000 1500 2000 2500

P T
3000

Momentum measured in straw tracker [MeV]

o

Momentum of tracks (there are approx 250k tracks in this plot)
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Current (A)

Main and Inflector Magnet

= T —
=1 ¥ L T

g B8
s 8 8
5.8

1,060.00
530,001 | I }
0.00 L] ! - L - - A
1:26:44 PM 3:69:112PM 6:31:41 PM 2:04:10 PM 11:36:39 PM 2:44:20 AM 5:16:49 AM 7:49:18 AM

T
10:21:46 AM  12:54:16 PM 3. 26:44 PM
G287 sE1R20M7 BRR201T 66207 B122017 6M32NT BH6R20T GM202017 GI2212017 BI26i2017 si2ezmT

The currents in the storage ring magnet and inflector magnet
for the first month of the June 2017 commissioning run
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Performance of Laser Calibration

- PIN1/PIN2 Ratio Profile
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Cross check of Source e Local Monitor

* Stability is qualified by the T T
two PiD signals in the SM — .. s s s

PIN1/PIN2. The ' “lm][l -WIWENMM @mﬁmmﬂlﬂw - -

comparison between

Fm {d_}}

ADC14 bits digitization and wros :

WDF (800 MHZ/lz bit) % '“++f4“4*i;“i*f| 4 {i"::{ilﬁn{.tfﬂ?if‘" ht Iii{ HH#*|“|”| ” ||| IH{ [;10E-4
shows capability of stability & =/t'" """ i * { “
monitoring at <10 F b — M NN

* Ratio of the two signals
(PMT) of the LM. Within :
the uncertainty of the laser
fluctuations and statistics
of the photons no i g j |
instability can be seen b o]
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Project Timeline

FY14 FY15 FY16 FY17 FY18 FY19

! Construction (Project & Muon Campus) !
Mc 1 (GPP) : . |

g-2 Cryo Plant (AIP) !
Ring Assembly ¥ Ring cold ready f¢r operations
- 1

1

1

I

1

1 1

| | Shim Field |

| 1 1 |

! Prep Chambers/Install !

i E Construct/Install Sub-systems ¥ Experiment ready for ope'rations

: | Accelerator Modifications b Acceldrator ready for opératlons

d e - = i e O G (S 1
. Operations (Laboratory): ! I ] ! :
: | Ring Cold :
1 1 1 : 1 1 1
! ! ! Detector/DAQ ! ! !
I 1 ) Commission i I i
1 1 1 1 1 1 1
1 1 1 1 Beam 1 !
! : | : Tune-up MK ! !
1 1 1 1 1 1 1
i i E i E Physics Production Running
 Analysis (Collaboration): P [ | m— ’ """""""" '
1

: 1 1 . .

| | | 1-2 x BNL statistics \
1 1 1 1 ' 1
: : : : * : ~5-10 x BNL |
I I | I

1 1 1 1

1 1 1 1

1 1 1 1

U U S U
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Conclusions

E989 is on schedule
First runs in June-July 2017 very successfull
Coming future very appealing:

2018
Jul Aug Sep ©Oct Hov Dec Jan Feb Mar Apr May Jun Jul Aug

shutdown g?
‘(b Re-establish beam after FY47 shutdown
(Q 3.1-GeV proton removal in Delivery Ring

3.1-GeV muons into g-2 storage ring
Beamlines optimized for maximum intensity

First Physics results expected by spring/ summer
2018
Then Data Taking will go on for 2 years

™
Ld
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Social Programme

- Workshop on "Flavour changmg%qd
conserving processes" 2015 (FCCPZ‘@S};@

10-12 September 2015 Villa Orlandi, Anacapr, Capri

Island, Italy
Europe/Rome timezone

The workshop aims to discuss the status and prospects of the physics of "Flavour changing and
conserving processes” and addresses the scientific community involved in experiments like
g-2, mu2e, meg, meee, EDM and more generally to the physics of K and B mesons. It wants to
be a "thinking effort" on the outlook, both theoretical and experimental, as well as a picture of
the "state of art". Specifically aims to gather expertise gained in Italy on SM contributions to
the g-2 of the muon and related subjects.

Dates: from 10 September 2015 08:00 to 12 September 2015 13:00
Timezone: Europe/Rome
Location: Villa Orlandi, Anacapn, Capri Island, Italy

International Centre for Scientific Culture - University of Napoli Federico II
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3-6 June 2017 Q Center | | Search

66 registered participants, 40 talks, 15 discussion sessions (525 minutes)

i Fl.ihadra PhiPci17 Mains 24.29 Lima 2017 [



Workshop on "Flavour changing and
i __ conserving processes" 2017 (FCCP2017)

7-9 September 2017 Villa Orfandli, Anacapri, Capri
Island, Italy

Owerview
Timetable
Organizing committes

Local Organizing
Committes

Caontribution List

Author index

Registration
Registratian Form

List of registrants

Travel Information

Accommodation and fee

subjects.

Dates:
Timezronea:
Location:

Additional

info:

The workshop aims to discuss the status and prospects of the physics of "Flavour
changing and conserving processes” and addresses the scientific community invalved in
experiments like g-2, muZe, meg, meee, EDM and more generally to the physics of K
and B mesons. It wants to be a "thinking effort” on the outlook, both theoretical and
experimental, as well as a pictura of the "state of art". Specifically aims to gather
expertise gained in Italy on SM contributions to the g-2 of the muon and related

from 07 September 2017 08:00 to 09 September 2017 16:30
Europe/Rome
Villa Orland’, Anacapri, Capri I'sland, Ttaly

International Centre for Scientific Culture - University of Napcli Federico II

Contacts For any information or question please contact the Local
Organizing Committee at: loc_focp2017 @lists.na.infn.it
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