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I N'F/A? Antonio Anastasi (18/9/1989-23/3/2020)
s —

(Antonio in Seattle in 2015)
s, S

e Summer student at Fermilab 2013

* Master Thesis on the Laser Calibration system in
2013 (first Italian master student in g-2)

* PhD Thesis on the Laser Calibration system in 2017
(first PhD in E989, see https://gm2-
docdb.fnal.gov/cgi-
bin/private/RetrieveFile?docid=4911&filename=Th
esis_anastasi.pdf&version=1)

e TB at SLACin 2014 and at Frascati in 2016 (leading
the efforts)

* Many helps and contributions on the finalization of
the laser system.

» Author of “calorimeter/laser” Technical papers
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DOTTORATO DI RICERCA IN FISICA XXIX CICLO

Antonio was an exceptional person in his freshness and with his

enthusiasm and talent. His positive being was contagious. He T Calmtion S of e £03 Expeiment . Bl
was full of life and love for what he did and he was a person of o

great faith and very sunny. The strength with which he has faced o s

the last years of his life during the illness will remain an b Gieppe MARDTE

Co-TuTOR:

indelible teaching. No words can express how we miss him. Dr. Grasiano VENANZONI

Co-TUTOR:
Prof. David HERTZOG

TRIENNIO 2014/2016


https://gm2-docdb.fnal.gov/cgi-bin/private/RetrieveFile?docid=4911&filename=Thesis_anastasi.pdf&version=1

&F/J At Mephi (December 2015) (

...one flash of memory...

Wonderful experience



&F/J TB at LNF- Frascati February 2016 (
‘1 "‘ m‘nncn ucleare | ]

Nucl.Instrum.Meth.A 842 (2017) 86-91 e e-Print: 1610.03210



https://arxiv.org/abs/1610.03210

INFN Caveat GG

Muon g-2

In the following I will refer to a, =(g-2),,/2

as: the muon anomaly,
the anomalous magnetic moment,

or simply “the muon g-2"

G. Venanzoni, LNF- Frascati, 15 April 2021
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Muon g-2

a,=(g-2)/2 =Muon (magnetic) anomaly
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0.37 ppm] 2020, Muon g-2 theory initiative
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G-2 muon experiment at CERN (Seventies)
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G-2 muon experiment at Brookhaven (2000's)
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G. Venanzoni, CERN Seminar, 8 April 2021



,N:,?Why is possible to measure g-2 so precisely?
C: Muop 2

The frequency with which the spin moves ahead of
the momentum in a magnetic field B (anomalous
precession frequency m,) is: .

(4

W, =W, -0, =a—
m

* If g=2 (a=0) spin remains locked to momentum

14
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,N:,?Why is possible to measure g-2 so precisely?

L/" Muon g-2

. The frequency with which the spin moves ahead of
the momentum in a magnetic field B (anomalous

precession frequency m,) is: B

W, =W, -0, =a—
m

* If g>2 (a>0) spin advances respect to the momentum

By measuring directly
a, X800 more sensitive
than an experiment
which measures g 15

G. Venanzoni, LNF- Frascati, 15 April 2021



INEN Key ingredients
sl

1) Polarized muons

~95% polarized for forward decay

2) Precession proportional to (g-2)

g—2)\eB
2 mc ap:(g_z)/z

(Da = (’Ospin o (’Ocyclotron = (

3) P, magic momentum =3.09 GeV/c

e _ 1
D, = B - — x E
tome [a” (a” y? —Jﬂ ]

4
N

Muon g-2
-V — n+<— u‘i‘
S
— =
Ma, N

5— FAY ANANAA A A
d f b if: \/:/: V v,rf\qu/n\ '\J/\U’\V/\\lv/\/\a'
4) Decay e* emitted preferably in spini..» e
10" VYV VA y A ' PR
direction of the muon ANy
u —>e" vevu crrose e
16
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INEN Key ingredients G
gt —— Muon g-2
1) Polarized muons

~95% polarized for forward decay

S
2) Precession proportional to (g-2) Hze o\

(0,0, <[ £22 Voo
spin cyclotron o) e a,= (g-2)/2 ‘ o

Measure 2 quantities
3) P, magic momentum =3.09 GeV/c

e _ 1
D, = B - — x E
tome [a” [a” y? —Jﬂ ]

5: ,.“-./\ \/\ /\/ ‘/f\/\‘/\‘,\/ y
) ?ﬁjﬂ NN AV:}/;\\/\ ; Y\v’,\f\/\/\ \v’ﬁ\/ﬁiﬂir\\:«‘”‘:
AAAAA VVVVVV \/\vr\ AN ’\/\J,’\V VANANN
4) Decay e* emitted preferably in spin &y
d fth WA

VWY
irection of the muon W Nwwwfm%m
u 9 e vevu ° # mc( $) modul 100;4

G. Venanzoni, LNF- Frascati, 15 April 2021



INEN Key ingredients G
P Muon g-2
1) Polarized muons

~97% polarized for forward decay

S
2) Precession proportional to (g-2) Hze o\

@ O —O = _g—2 vV )
spin cyclotron ) e au= (g-2)/2 ‘ 4
mgw k

Measure 2 quantities
3) P, magic momentum =3.09 GeV/c

e — -
®,=—7 a,B- — x E
2 me |:a,u [a.u }/2 —lJﬂ :|

E field doesn’t affect muon spin when y =29.3 %fm yyﬁmﬂf AN”\;”A o
4) Decay e* emitted preferably in spini. W ”m
i VAVAYA "J\/'\/\/‘J\/\ VIV /\?,,\Vf
N\/\/\/\/\f\/\/\/\ ANAA vy vV
direction of the muon WWNWWE\QWM
u 9 e vevu ° # mc( $) modul 100“:
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,NF/J However there are beam dynamics effect‘

( - mtrl.:.c.\h_w.,.;um Muon g-2
0 Time since injection: 5.0 us 100
* The muon beam oscillates and EL
breathes as a whole S R

* The full equation is more complexand =~ “=w."
corrections due to radial (x) and s
vertical (y) beam motion are needed

. C 11 L1 L1 L - 11l - -
-80 -60 -40 -20 0 20 40 60 80
Radial Position [mm]

_i[aul?— (Clu - 21_ 1):§XE —|Au (yy?) (Eﬁ)ﬁ

mc 14
~ N
* Running at y,4ic=29.3 (P=3.094 GeV/c) this « Vertical beam
coefficient is null oscillation >
* Because of momentum spread (<0.2%)=> Pitch correction
E-field Correction

We will come back to these corrections in the followings



INFN Extracting a (simplitied) G
( " & Fiaica Nuciears By

By expressing B in terms of the precession frequency o, of a
proton shielded in a spherical water sample:

Y, ™\ B _ hwp
0 — Wa|Hp Ty Ge 20,
o o~
WplHe THe 2 4m€,ue
N J e = :
External (precise) data hge
Wy .. |
Rl — ratio of muon to proton precession
~ ' in the same magnetic dipole field
Wp

(! =Proton Larmor precession frequency weighted for

the muon distribution
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INFN Extracting a (simplitied) G
( " & Fiaica Nuciears By

®,=Muon spin precession respect to

momentum (in B field) 106%
wa 10° £ 4

N/149.2 ns
3
]
u
L il 1wl

L -AVAVAVAVAVAVVAN
E VY
10° ? H Fermilab Muon g-2 Experiment %
a) a 10' , @ > Combined Run-1 Data 7
e ]
, 0 20 40 60 80 100
—— Time after injection modulo 102.5 [us]
/
W
E :
>§_ 305— \g 10 S 125
20F 500 = E
g \@ ] 100 —
E %9 — s 0.5 e
10:_ \ —_—
0;_ \\'o xi) A o S *_ 0.0 | B
10F E ° 50 E
! T ,‘; = 7700 S E -0.5 =
_20:_ // x @ 9'\/ \ [x
b )\ o ] 7 25
30 F /B 50(\ E -1.0
B . ‘ 210 M B 4 0 ) 0
W, (x, y, 903 X (mim) Mix,y, o)

Bp.= 0, (X,y,0)R M(x,y, p)

®,=proton precession frequency M=muon spatial (and time) distrizblution
G. Venanzoni, LNF- Frascati, 15 April 2021



,_—/,3 Extracting a (more realistic) ‘

) Istituto Nazionale
" di Fisica Nucleare Muon g_2

Corrections due to beam dynamics \

[ |
R, — ( fclock'wgneas'(1+ +Cp+cml+cpa) )
H fcalib'w;($7y7¢)®M(xaya¢)'(l+\ —I_Bq’)

\ \ Corrections due to transien!c magnetic fielcy
4 )
p— Wq 'U;(Tr) :ue(H) mu Ye
g (:);)( 7“) :ue(H) :ue me 2
N /

All these quantities have been evaluated throughout in the analysis of RUN1 data

22
G. Venanzoni, LNF- Frascati, 15 April 2021



)

Extracting a (more r?alistic) ‘

INFN
L./ iFskaN Muon g-2
m
/'u (H) Measuredto10.5 ppbaccuracy M Known to 22 ppb from )
ter "l tT=34.7C muonium hyperfine splitting
/ e e
l,l,p (T) Metrologia 13, 179 (1977) Phys. Rev. Lett. 82, 711 (1999)
Fe Bound-state QED (exact) 9e Measured to 0.28 ppt
\ue (H) Rev. Mod. Phys. 88 035009 (2016) 2 Phys. Rev. A 83, 052122 (2011) /

|

f/ I
Wy 'up(Tr) rue(H) mu Je
S pe(H) e m, 2

/

Total uncertainty of 25 ppb
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Istituto Nazionale

Muon g-2 collaboration

di Fisica Nucleare

USA

— Boston

— Cornell

— lllinois

— James Madison

—  Kentucky

— Massachusetts

— Michigan

— Michigan State

— Mississippi

— North Central

— Northern lllinois

- Regis

— Virginia

— Washington
USA National Labs

— Argonne
— Brookhaven
— Fermilab

-

»

|

W%
AN
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@,

China

Shanghai Jiao Tong

Germany

Italy

Dresden
Mainz

Frascati

Molise

Naples

Pisa

Roma Tor Vergata
Trieste

Udine

Korea

CAPP/IBS
KAIST

Russia

Budker/Novosibirsk
JINR Dubna

United Kingdom

Lancaster/Cockcroft
Liverpool

Manchester

University College London

Muon g-2 Collaboration

7 countries, 35 institutions, 190 collaborators

>200 collaborators
35 Institutions
7 countries
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INEN Three different communities to measure a, '
( " diFisiea Nuclears

Muon g-2

Accelerator Physics

Storage Ring

Beam manipulation

Precision
field

magnets

Calorimetry

Precision NMR

Tracking
beam shape

Field multipoles High rate DAQ

Nuclear Physics High Energy Physics

25
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wg&m 2013: The Blg Move (
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mf,? 2013: The Big Move

< Istituto Nazionale
di Fisica Nucleare

G. Venanzoni, LNF- Frascati, 15 April 2021



INEN 26July 2013:...the ring arrives to FNAL
(ot
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m',:/N) 4, key elements for EQ8g at FNAL ‘

Istituto Nazionale
’ di Fisica Nucleare Muon g_2

Consolidated method (same ring of the BNL experiment)
More muons (X20)

improved beam and detector = Reduced systematics
New crew => new ideas

 E821 at Brookhaven
Ostat — +0.46 ppm )
Osyst = +0.28 ppm )
.+ E989 at Fermilab|_> 0.20,® 0.17w,
ostat = 0.1 ppm

szst +0.1 ppm |
G. Venanzoni, LNF- Frascati, 15 April 2021 O . 070)36_) O . O7(Dp 31

- o = +0.54 ppm

-0 = +0.14 ppm




Creating the Muon
Beam for g-2

8 GeV p batch into
Recycler

Recycler Ring

1063 ms

teshotsi14s [ O Split into 4 bunches

Extract 1 by 1 to
strike target

Long FODO channel
to collect m 2> v

p/m/u beam enters
DR; protons kicked
out; m decay away
L enter storage
ring

Muon Campus

L W
» L) N
oo s

s S
A%

G. Venanzoni, LF- Frascati, 1 Apri 021 i
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APRIL 2017
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INFN Injection / storage GG
' L’.'F'.‘i‘.‘é.".if.;?.',‘.‘,'i Muon g-2

Inflector Magnet cancels 1.45 T main field

\11

H

7

05510

radially centers beam

Focussing quadrupoles [EERF2:ARY

vertically focusses beam

R

Colllmators Ra~13Hz
N, /fill (TDR)~ 104
N,/sec(TDR)~ 1.3x10°

Ne+ E>1.8 GeV/fiII (TDR)N 10°
G. Venanzoni, LNF- Frascati, 15 April 2021 37




INEN Detector systems G
P Muon g-2
AT ‘ * (Calorimeters: fast PbF2 crystal arrays
with SiPM readout = greatly reduce

pileup
» State of the art laser calibration system

et * WFD electronics -2 greatly reduced
energy threshold

« Two straw tube trackers to precisely
monitor properties of stored muons

Top view of 1 of 12 vacuum chambers

Vac
Decay electron Yum ¢,

Decay electron L/ | I, N S //// /
N i g

Calorimeter active volume

Traceback chambers
Calorimeter active volume
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https://arxiv.org/abs/1906.08432

,N",:/J . Measuring the magnetic field ‘

zionale
" di Fisica Nucleare

» 378 Fixed probes monitor field 24/7

* 17-probe NMR trolley maps the
magnetic field over the muon storage
region

— Trolley runs every 2-3 days

* Free induction decay signal of the
probes digitized and analyzed to
extract a precession frequency

G. Venanzoni, LNF- Frascati, 15 April 2021



INFN

Istituto Nazionale

B Field shimmed at 3x finer uniformity than BN

L/ di Fisica Nucleare

Muon g-2

Oct 2015 - Aug 2016
T T T T T T 3400

ppm

Tl

A PRm

/\/\ ~50 pprr

i ], | soal

900

150

200

300 350
azimuth (deg)

T 250

Azimuthally Averaged Map

B-field (ppm)

Vertical (cm)

-4 -3 -2 -1 0 1 2
R-Ry(cm)
G. Venanzoni, LNF- Frascati, 15 April 2021
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IN'F/I-\? Eg89g collected data

Istituto Nazionale
’ di Fisica Nucleare

We have collected plenty of data over the last 3 years:

Last update: 2021-04-06 09:28 ; Total = 10.20 (xBNL)

0
Z
)
Z 8-
©
£
3 61 Run-3
+q3 4 ,//
= Run-2
T 2
An-1
O_

AD AD AQ AD 0 0 WA A O\

\ \ <
0\«“\2‘\;9’\’5\)@«“\6\;9\'5\) 3o, AN

G. Venanzoni, LNF- Frascati, 15 April 2021
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INFN Eg89g collected data

Istituto Nazionale
’ di Fisica Nucleare

We have collected plenty of data over the last 3 years:

Last update: 2021-04-06 09:28 ; Total = 10.20 (xBNL)

)

zZ

()]

Z 8-

©

=

3 61 Run-3
+q3 4 //

= L Run-2

X 2

I’'m going to present the results today

O I I I I
) g \(LQ \(LQ \f?:\ ('L'\ \(L\
Q\f“\a\sg’\’s\)\gw“\a\;g’\’w\g@ Q\N\ NS >

G. Venanzoni, LNF- Frascati, 15 April 2021
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/‘j 1 2
aFN Run 1 Datasets @
' L’.‘Q.‘i‘.‘é.":f.;‘if.‘,'i Muon g-2

Run 1 collected in spring 2018. 4 datasets based on the storage
parameters (quadrupoles field index, kickers voltage)

Dataset Acquisition %?:I: I;\)/ Kicker [kV] Positrons
1a 22 —25 Apr (01.2&)38) 130 0.9B
1b 26 Apr — 2 May (02.(1)'240) 137 1.3B
1c 4 — 12 May (02'2'240) 132 2.0B
1d 6—29 Jun (01.213638) 125 4.0B

Total statistics =8.2B e* ~1.2x BNL one
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INFN RUNz1: analysis structure LG
g Muon g-2

R :( fclock'wgneas'(l‘l‘ _I_Cp_l_cml_l_cpa) )
H fcalib'w;(xayaqb)(gM(aj?yaqb)'(l_'_ _I_BQ)

* Multiple analysis groups with different
methodologies:

— Six groups analyse o, with 2 different energy and
time reconstructions and 4 different analysis
methods

— Two groups for the analysis of , + one group for
calibration

— Different groups for beam dynamics corrections

G. Venanzoni, LNF- Frascati, 15 April 2021



&FN RUNZ2 analysis Italian contribution
7 & Fiaiea Nuclesre Muon g-2

B = (b scc o]
H .fcalz'b'wp(m7y7¢)®M<x7y7¢)°(1 BQ)

G. Venanzoni, LNF- Frascati, 15 April 2021
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INFN Beam in Run 1 challenges: ESQ GG
gt ——

* Two resistors of one

Electrostatic Quadrupole

(ESQ1) were damaged:
slower recovery time

* Beam moving down and
increasing its RMS

» Effecton o.:
* time-dependent phase

* Increase of the amplitude of s |
Coherent Betatron Oscillation LA N\ Md _____ _ ou
o easure ©  Q1LT measured
(CBO) = 84 [ > . S N o o QILB measured
- - Nominal L |— Q1LT nomina
* Increase of the muon loss . et Q18 nomina
 Fixed beforeRUN2 | | MeasurementStart
o — T - T T T ™ T
0 50 100 150 200 250 300 350

G. Venanzoni, LNF- Frascati, 15 April 2021 tus]



INEN Beam in Run 1 challenges: Kicker f

A

* Sub-standard and not
uniform kick

* Muon equilibrium orbit
displaced by~ 6mm

* Larger E-field correction

* Larger CBO amplitude

/'-':\1 50 ] T T ‘ 1 T 1 | 1 T
:! - Kicker Pulse fram Magnetometer Data |
1.0 o = T0 Pulse 7
gl ---- Cyclotron Period
= '
40 A “th
0100
0.8 c
— Q
S ——
20 s £
—
_ 0.6 =
S 2 50
E 0 2 -
= L
04 ¢ :
-20 5 J
S 0
= a
0.2 i
—40 |
50 | | |

| L | | 1 1 1 l L | | | | | 1 1
-02 0.0 0.2 04 0.6 08
G. Venanzoni, LNF- Frascati, 15 April 2021 Time (US)



) . b A
INFN ®, systematic effects GG

* Many systematics come from effects that change the phase of the
detected e* over time and introduce a bias on ®,

cos(wqt + (1)) = cos(wat + Pg + ¢t + ...)
\\ = cos((wq + &' )t + ¢ + ...)

* In general, anything that changes from early-to-late within each muon
fill can be a cause of systematic error, as:

Muon g-2

— Beam distortion
— Muon losses
— Varying lifetime

— Rate dependent reconstruction
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) b A
INFN “Master Formula” GG

RUNz challenges required a number of dedicated
studies of systematic effects

Muon g-2

R :( fetoek @ -(14+C +C,+C,1+Cha) )
H fcalib'w;($7y7¢)®M(x7ya¢)'(1+ _I_BQ)

In the following we will discuss some of these quantities.
If you are interested to all the details...(see next slide)
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INEN Four articles appe

Istituto Nazionale

ared today on ArXiv!

di Fisica Nucleare

Boeam dynamics corrections to the Run-1 measurement of the mmon anomalous
magnetic moment at Fermnilal

T. Al ™ A Anastsi® M K. Bauddey,” S Baclles,™ * L Bailey,”™ * V, A. Barsaer ' E. Dl Yiunsd,

PRAB

1

T. Daarets.® F. Bedescd '

T, Bawenih ™ G, Canted Magnetic Field Measurement and Analysis for the Muon -2 Experiment at Fermilkaly

A, Clapwdatin,* 8. Charit ) ]
A D Crkovie,™ S, Daley T. Albahri,

A Apoetasi.'*-* K Bodgley,” S, Boellor, '™ ® 1. Bailey, -

A, Driurtl ™ ™ v, K, Dugin] T Boarett” F. Bodeschi,"! M, Berz,™ M. Bhottacharys,* H. P. Binney,"® 1" Bloom,*' J, Bono,” E. Bottalico,

PRA

V. A, Barsmov,'" E. Barlas-Yuool,

A Fledler® & T. Fid T. Bowoodk ™ G. Cantatore,

Muon g-2

C. Cabbanini ™ * M. D A. Chapdain® 3. Chiarity,”] B -
r: 'l'”.': ———yre I rw:-. - ll . ik Measurement. of the anomalons precession frequency of the muon in the Fermilab P RD
S Hiwsoaneroghs ® 1 K. Di Stefane, % & Diriud Muon g - 2 experiment
b, W, Hertsoon ™ (3. He O, Forran - Al Fort} ) . ) i |
M. larosaeei ® 5 AL Inea C. Cabbomini,'" " M. D. Gali T. Albakei™ AL .-'.umlmi LR W T | Ll il L " D WO TR B v G - L
L. Keltoa 2 A Keshaw K. L. Glow LE T E. Bades Yueel ¥ T, Dagren
. Gle . : » e ) )
B Kibang " O Kin, S, Macivweregln.” T. Hal : [,' "“",;";‘ . ',,“"" ' E ]t“" y Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppim
N. A Kuchinskiy,'* K. R D. W, Berteoe.® G, Heskod D, Canz,™* L. Chakraborty™ 5.

T. E. Chupfa 25 Cortdi,? L. Cent
F D0 Mes'™ 03, DI Seissia, R
M Faroog = B Fateml, ™ C, Far
N. S Froommung,'* * I, Fry ¥ O
K. R. Labe® J, LaBous . :" . I,L ‘I._ 1"
f L. K. Gibbons" A. Gioiosa,*
L. Logaskeuko * ¥ A, Loronte

< T b 8. Croat,™ F. Gray,* 8 Hacic
R. Mudrak.” K. Makine,* A, T, Herrod ™9 D. W. Hortzog

L. L% 1. Logasbenk Y

B MocCor ™~ R, Mad

W, M Morse,® 3 Mot >
G ML Pisceation ™9

B Quinn ™ N, Ttaho," §
L. Searti,* 1 D, Suthys

AL Surbane ! ¢ D, Svicki

3 A, 80 2. Mote, 7 A, Nath 2™

lacovnecd, "™ 1 M, Incagh,
L. Kalton ™ A Keshsvaesd
H. Kibarg,” M. Kibnrg, ™21 (0 H

0. Sweetamare; _ e 1, Hoag,''™ ML Tncownee, ™50 3
K Thomson® v, ] B N. Plato, %8 K. T. Pitts, D. Kuwull " L, Kekon, ™ A

G. Venmaszoul.'" T. Wall N. Raka, ! § lf.nx:w'undr N V. Klotwutew,"™ 13, K‘Iln,_,- M
€. Schlosier,™ A. Schroe A. Kuchibbotln,® N A Kwechinski

M. Sorbam'**+ D. Stackingd B L3 o 2w, Lo

G. Swectmore,'" D, A, Sweig) A L Lyvon” B MacCoy,'® R
K. Thomson.™ V. Tixf S, Miceei.® W. M. Momse? J, N
G. Versswonl. " T. Waltoy G. M. Pastontins 212 |, N, Pilag

J. Price,™ B. Quane ™ N. Rala,
L Santi, ™5 O Sehleden,™ AL Sely
M. Sceburs,' ™ " D Stickdnger. ™
G, Sweetmore ' D, A, Swelgart,”
K. Thome=oa,"™ V. Telicks

G. Vessonh, "' T, Walton,” A

First for Phys Rev to co-
publish 4 articles for an
experimental result!

PRL

T. Aladii™ 8, AL Kilaed ™ Do Allspach,” L. P. Alonei ™ A Asastasi,"' © A Asssenkov,* * F. Asfas
dzley.’ 8. Doofler, L Balley." * V. A, Dorazoy,"” E. Darles Yueel,” T. Barvett.” E. Darel,” A Doeal "'
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F. Bottalion,™ ¥ T, Brwoxk.™ D, Povden” o, TR M Carer T I Carrull, "™ B O KL Creen,”
0. Coune, ™% 8, Cevavolo,” B Chnkrabony, ™ || W, ™" A Chap 8. Chappn,” S Clsasiy,’
M. Chislete.™ ). Chot * 2. Chn™ * T, E Cliupp.* M. E. Convery,” A. Corway. ™ G. CorradL® 8. Corrod).!
L. Cotromea =" 1. D. Crokowie, ¥ 9 5 Dategor, " P. M. De Lurgin ! P T, Debevee ¥ S 0§ Fabm,
PDs Mt G D Seimecin 7R, D6 Seefaea "M B Dipendel” A Deinetd, ™ 2% 8 N Duginen- '™ M. Eads, ™
N, Eggert® A Epps, ™ 1, Esgpiwed,” M. Faroog,** R Fateml ™ C, Ferzar)," " M Fert],®™ ™ & Fidior
AT Funberg™ A Fioretsi "' [ Flay,* 8 B Foster,? H Frodsam,” E. Fie2 ' N, 8 Pr
1 Fry ¥ O F ', Gabbonipd ' -4 M, D, Galasi V-4 8

m, 2K L, Gi

oo

Wi g
sangly 7 A, Garcin,** D. E Gostler,* ), Goorge,*
1 P Girotei -5 W ( ¥ T, Gorvingr,™ 1. Gromgp, -4
I'. Hulewsxxl Lengma,™ D Hiunpod,* F. o, ™
® 8 Hemry ™ A T. Herrod.™ ' D. W, Hertzog ™ G, Heseth ™ A Hibbert ™
er, ¥ I W, Hong, '™ I Hong " ™ M Incovecas,"™ ¥ M. Incoagh'' C. Jo Y
1A Juhustone,” P Kipesel " M, Kaspintonlakis” M Karwes,™ ™ ] Kuspar. ™ D, Kawal,"' L. Kelton,™
A. Kesbovarzd," I Kessler. ™ K. 8. Khaw " %0 2 Klashadowias ”® N, V. Klioaseov,”™ B. Kiluag.”
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E. Kraegeloh ™ V. A Krylow T A Kuchibhotla,™ N A Kichinskly '™ B R Labe ). LaBounty, ™ M. Laacister "
M. ) P8 Leet S Leo™ B OLLELC D, LSS L LT )L Legashenko, ! A Lorente Camgun, ™
G Lakieoy,™ G o™ A s ' A L Lwos” B MarCin, ™ B Madrak, ™ K. Makino, ™
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J. P Milker,* S Miomn,'* 1. P Morgan,” W, M. Morse,® J. Moet,™* E. Motk ™ A, Nath,'** [, Newton ™!

H. Ngwven,” M. Oberlig ! . Owofisky,*® 1.F, Ostiguy,” 8. Park,” Q. Paalotta, ®-* G M, Piasentinn 212
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B Quisn, ™ N. Raha,'" 5. Romochapdran.' E Roberg” N, T. Rider * ). L. Ritelie,* B. L. Robetts,?

D. L. Rubdn® L. Seed™ * D, Satlyas? B Scledlusan *° C, Schie A oo keriberge
Y K Semerteide™ "™ Y. M, Shotunoy,’ D Shemvakia, " 3, Sheak,™ D Sun,™ M. W. Sadth, ™ " A Smich ™
A K. Schia,” M. Sorlews.'® ™ D, Sulckinger,™ J, Stapkson,” D, SUILT C. Stweaehion,” D, Stestakis,”
C. Septunnn* T Stwtand™ 11 E Swasson ** G Swestmore ™ [ AL Swelgan * M. 1 Syplees 7
D A Tarasoma ™ 1 Tewsdey: Booth. ™ K. Thomson.™ V. Thcheako® N, H. Tran* W. Tirner, ™
E Valetgy 201837 G Vemamaoni, ™ V. P Voloykh,*™ T Waltom,” M. Warres, ™ A Wadsskopl ®*
L. Welty-Hieper,” M. Whitley,™ P, Wiater,! A Wokki, ™ “ M, Wormakd™ W W' and . Yishikawa”

The Musts g 2 Callaborstin)
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\\ /4 “ .
wm Master Formula GG-D>
7 & Fiaiea Nuclesre Muon g-2

R, = ( Fetoer w7 [ 1404 Oyt CitCpa) )
, =

fcalib'wp<$7y7¢)®M($7y7¢>°(1+ _I_BQ)
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wm A blinded analysis G
7 & Fiaiea Nuclesre Muon g-2

« Two levels of blinding: Locked Clock Panel
* HW blinding (w, clock detuned) - .
 SW (unknow offset in the analysi:

of w,)
* The HW blinding factor is known only
to two people outside the
collaboration

blinding the clock in 2018
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Istituto Nazionale
’ di Fisica Nucleare

) w, Measurement ‘

The number of positrons is modulated by the

anomalous precession frequency

Noe‘t/f[l — A cos(wyt + @)]

4, different analysis methods:

— T:simple energy threshold >1.7 GeV

— A:asymmetry weighted with
threshold >1.1 GeV

— R: ratio method

— Q: No clustering: total energy above
minimal threshold

G. Venanzoni, LNF- Frascati, 15 April 2021
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E and t are the measured observatsjfes.



—) The w, fit |

INFN
‘ ) l;I!FI.Ah') h:)u'ln'n.l! Muon g-2
 The wiggle plot is fitted =
with a decay exponential 5k
mOdU|ated by the jZZZG}O_ 40 50 Gb 70 80 20 100
recession frequency: e
p q y %1°°°°§+§#§?$+*33ﬁ3}ﬁﬁgﬁ;‘,g¢¢* Lanaah
f5(8) = Noe~/*[1 — A cos(wqt + ¢)] °§tg;§;¥i;t PRV
100005_*#* *
. 20000: *

* The 5 parameters function T
presents peaks in the Fast oo f
Fourier Transform (FFT) of oo o,
the residuals due to beam 5 ooor-
dynamics effects ? ok

* Increasing the number of
corrections in order to

remove peaks

3
f [MHz]
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INFN  Structure in residual: Beam oscillation Gy,
gt —— Muon g-2

e Coherent Betatron Oscillations (CBO) sampled by each detector
at one point around the ring

Time since injection: 5.0 us

Acpo =~ 14 turns =*F

60—

0 o
_20; ..'\ .
WS
0 I 2mp I 4mp I / 6mp I S R
CBO F | Lo 11| \\ \ \
a detector %060 40 20 0 20 40 60 80

Radial Position [mm]

Vertical Position [mm]

* Beating effects and additional radial and vertical frequencies
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INFN Lost Muons
‘ " & Fisica Nuciears
* Muon losses distort the exponential

decay of the number of stored
muons

e Muon Loss term :

t 4
](t) =1- KLM_[ e?L(t’)dt’ X
0 i =
* L(t) measured from the detection of y” i |
Minimum lonizing Particles in the New Collims
calorimeters 4

100 200 300 400 500 I
Time after injection [us]

2/

G. Venanzoni, LNF- Frascati, 15 April 2021



INFN The fit equation

.~ Istituto Nazionale
di Fisica Nucleare

Noe = (1 + A - Apo(t) cos(wa t + & - po(t))) - Neo(t) - Nyw(t) - Ny(t) - Nacgo(t) - J(t)

ABO(t) =1+ A‘.\ COS(wCBO (t) + @4 )e— TCRO

dBo(t) =1+ A,cos(wepo(t) + dy)e CEO

Ncpo(t) = 1+ Acrocos(wepo(t) + ¢cro)e 7080
Nacpo(t) = 1+ Ascrocos(2wepo(t) + dacro)e Fouo

f\rv“r (t) =1+ A VW COS (&.,‘\f“.' (t) t+ zj}v W )E W

t

f\"y(t) =1+ ;AyCOS(Wy(t)t + (:,y)e_ﬁ

t
Red = free parameters Jt)=1—Fkra | Alt)dt  Muon Loss term
Blue= fixed parameters “to

t_

wcBo(t) = wot + Ae” 74 + Be 7B

wy(t) = Fwcpo(t) vV 2we/Fwepo(t) — 1

®,, ®,,, vertical oscillations wyw (t) = we — 2wy(t)
®cpo, MacBo, radial oscillation

G. Venanzoni, LNF- Frascati, 15 April 2021
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INFN

Istituto Nazionale

Final Fit

di Fisica Nucleare

L/.

R(blinded) = (1 + W,/ Wre) [ppM]

Fourier transform of residuals

0.003 — : .

0.0025

0.002

0.0015

0.001

0.0005

0 0.5 1 15 2 2.5 3
f [MHz]

No unaccounted frequencies

G. Venanzoni, LNF- Frascati, 15 April 2021

Wcgo

e Fit result
+/- 1 sigma
—— Kawall band

-52

T T T T T

R [ppm]

fit start time [us]

e Fit result
+/- 1 sigma
—— Kawall band

2.34075

2.3407

2.34065

2.3406

2.34055

2.3405

2.34045

2.3404

2.34035

I\II\IJII\III\IIIIJI IIII\ II\|IIII

2_3403L||\|||||\||r\||||||||\w||\|||||w||[
30 40 50 60 70 80 90 100

fit start time [us]



. %
INEN Systematic errors GG
sl Muon g-2

Consistency check Varied effects

start time scan gain corr, ploss corr, pile up, betatron osc and w_, -
w, start-time phase

calorimeter scan increases beta osc, changes w_ -w, w__ w,relative
phases

different pileup separation, corrections w/, w/o spatial separation + empirical, probability,
shadow, rejection correction approaches

different kicker, quad settings different freq, ampl, phase beam osc, different
ampl. t-dependence ploss

ad-hoc correction on-off fits with, without the leading unexplained term

R-T method comparision different scales of ploss, igain, ad-hoc, pileup
slow terms

ART-Q method comparision with / without positron reconstruction, template

fitting, xtal clustering
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m;:/h? Software ®, unblinding and combination ‘

zionale
( ~  diFisica Nucleare Muon g'2

° COmparison Of different Note: R is the blinded value for w,
analyses aftersoftware - ———F———

unblinding shows good & _,,[ *Runfa «Runtc = = = |-
) s . *Run1b +Run 1d | ; ; | | ; i
consistency s s et N N S N N T
* Final combination —26_} | | ’ | | ’ | | | |
based onAsymmetry sl I A 1
method: LI S R A R N N B I O
« statistically optimalone  —sof ' [ i Lo b
* negligible gain in total S R A R A R R
p rECIS I O n by I nCI Ud I n g _32 C-T I wW-T 1 E-T I S-T l B-T I C-A l W-A l E-A l S-A I B-R ] K-Q
the other methods Analysis

* 434 ppb statistical uncertainty
(compare to 460 ppb for BNL)

* 56 ppb systematic uncertainty
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INFN “Master Formula” GG
7 & Fiaiea Nuclesre Muon g-2

Beam Dynamics corrections

B ( Fetoek @™ {14+ C. +Cp+ Coni 4+ Cpa) )
H fcalib'w;($7y7¢)®M(xvy7¢)°(1+ﬁ _I_BCI)
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INFN Electric Field correction C, (

N
.

— e g 1 - -
o=~ o~ (o)

The off-momentum muon spins are
slightly affected by the radial E field

C. = (1 — )2 %o

R2
C. depends on x, (equilibrium radius) \

(@2) = 02, + (xc)?

X, obtained by a Fourier analysis of arrival ig; i

time of the positrons on the calorimeter £ og

< 0.6/

C.~450 ppb, 5, ~50ppb
Uncertainty driven by momentum-time 0'2: _
correlation due to non-uniform kicker pulse e "_z'd'_1'6' e .lO. o

Magic M%mei,nt_umR ,
G. Venanzoni, LNF- Frascati, 15 April 2021 Y= ;U' ibrium Radius [mm]
—im



)
INFN Pitch correction C (vertical betatron osc.)
L/ & Flalca Muctears MuongZ

(great exaggeration)

5“:__[““B_a <y+1>(’8 B)ﬁ] )

Muon vertical position

The precession plane oscillates
harmonically with the vertical betatron >

frequency  9)(f) = 1)g coswyt o,

n
C, = Y5 _ T
4 4R?

A vertical oscillation amplitude

Orbit plane

—(4%)

£ - LML L L B B

. - E16000F-  (p) —— Ampitude Fi £

C, obtained by the p decay positions meas. 314000 —— WtuAcostanca Goecton

by the trackers averaged on azimuth 2 12000 =

10000 —;

C,~200 ppb,6, ~10ppb 8000F E

p ppb, 8¢,~10pp o, 3

4000F =

Uncertainty driven by tracker measurement 2000F E

systematic effects S I T T S ST -
0 10 20 30 40 50

G. Venanzoni, LNF- Frascati, 15 April 2021 Vertical Oscillation Amplitude [mm]



INFN

-) Example of phase shift: Muon Loss-Phase A
PEoTP Ge>

P correction G,

* Muon losses (ML) induce a (tiny) phase
shift since: 1) Different momentum p have
different phase; 2) p are lost depending on

momentum
1) 2)

d do| d
=_¢= (P. p;/_—()
dt dp| dt

Aw,

» Data-driven special measurements (of
biased momentum)

Cuu < 20 ppb, o¢_,~5 ppb

~Negligible uncertainty

G. Venanzoni, LNF- Frascati, 15 April 2021

Muon g-2
dpo/dp = (—10.0 £ 1.6) mrad /(% Ap/po)
5 : T T I T I’ T T I T T T T I T I’ T T I I’ T T T 7|7|7 T T T :
o C ]
£ 15 —
® - ]
g 10 —
- e ]
o 5 T —
= E Ny -
s OF Tre =
o . -
SE 0 T -
E —+— Data +
10 . DataFit : E
-15- Simulation [68% CL] =
C 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
-15 — 05 0 05 1 15
Ap/p, [%]
=y 0.005 E 1 T T T I ]
o C ]
£ 0.004F e ]
E s e -
< 0.003F o 3
0.002F- / A e
0.001F P 3
0.000F- =
-3
-0.001 :— —;
0.002E Run-1a Run-1c 3
T E BN Run-1b Run-1d 3
_0003 TR N TN TN N TN T TN T TN [N U TN T Y [N TN TN TN N NN T Y SO SN Y SO SO 1 ]
50 100 150 200 250 300 350




-) Example of phase shift:Phase-Acceptance p A
plectp T

INFN -
(e correction C_,
di Fisica Nucleare .....J\{lmn n-2
* Variable phase due to 1) Beam changing T Cre T
from early to late coupled with 2) the 5 145F =
measured phase depends onthedecay £ b <
coordinates £ jasf- Yrms E
1) 2) > b ]
o 13fn =
= C e .
Aa) _ d¢ | dYRM S d¢ ¢ O - 125 e ettt ..»‘-.~,-,....‘,.,wu.,v,,u,,*+mn+im+§ﬁ
a— 3. - .
dt dt dYRMS 1201 = lSIOI - l1(I)Ol - l1é0I = I2(I)Ol - I2€I>01 - l300
Time lusl
* Effectincreases to RUNa due to damaged O T T T T e
. . = Ph .
QUAD resistors - (a) ~ Eaf;eBeam ]
_10:_ N - Late Beam -

* Extensive use of the simulation trained by
data (trackers and calorimeters).

|cpa~200 ppb, 5¢,,~80 ppb

Expected Systematic effect <50 ppb in RUN2
(due to fix of EQS resistors)

G. Venanzoni, LNF- Frascati, 15 April 2021

Muon Weighted Phase [mrad]

_—l—"l‘ "‘.-‘.‘A L1 11 [ L1 11 l L1 11 l L1 1 I L1 1 I 111 1 ; _I'-l

-40 30 20 -10 O 10 20 30 40
Decay Y [mm]

@ is integrated in the Y distribution of muons




INFN “Master Formula”

R ! fclock'w;neas’(1+ +Cp+cml+cpa)
H fcalib'wp(xvyaqb)@M(x?y)qb)'(l_I_ _I_BCI)

>

Muon g-2

Field measurement

G. Venanzoni, LNF- Frascati, 15 April 2021
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INEN w, measurement

~ Istituto Nazionale
di Fisica Nucleare

* Trolley maps of the magnetic field at
about 9000 locations over the entire
azimuth every 3 days

* Fixed probes to interpolate the field
between the trolley runs

 Need calibration to convert the 17
NMR trolley to water sample

6w§,~48ppb

Uncertainty due to:
1.Temperature Corrections
2.Configuration Corrections
3.Trolley Map Systematics
4.Fixed Probe Systematics
5.Tracking Drift Uncertainty

G. Venanzoni, LNF- Frascati, 15 April 2021
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INFN W, = @, : muon weighted average (
(el o
Muon'’s view of a tracker

":

* Need field actually experienced by
muons

* Muon decay point estimated from e+
track reconstructed by the two straw
trackers inside storage vacuum

* Use beam dynamics models, tuned
to the tracker data, to get
distribution all around the ring

40 1
0.8

* Systematic uncertainty due to probe
calibrations, field map, tracker
alignment and BD model

20 A

©
o

y [mm]
o

o
FS

6~p ~56 ppb

w/!

Relative muon intensity [arb. u.]

°
¥

G. Venanzoni, LNF- Frascati, 15 April 2021 40 20 0 20 40



INEN Kicker transient field B, ,
(el

* The kicker pulse (~ 200G) produces
a transient magnetic field for
15ons in the storage volume 2
eddy currents

* A Faraday magnetometer
installed between the kicker plates
measured the rotation of polarized
light in a crystal due to the
transient field

* Signal was fitted with an Magnetometer between kicker plates
expo n e nt | a | fU n Ct | O n 15 | A‘verage o‘f All Kic!(s with fit, Background S‘ubtracte‘d
B(t) B(0) x exp (—(t — tstart)/Tk)

—18.74mG x exp (— (¢t — 30 us)/68us

AB(t) = AB(0)exp (—t/7x) 5|

'
(&,
i

milliGauss
N
o
:

N
(&)}
i

B;~30 ppb, SCpa~4O ppb

)
[S)
i

)
3

&
S

i _ H H 0 011 012 0.‘3 0.‘4 0.‘5 016 017 0.‘8 ZQ 1
G. Venanzoni, LNF- Frascati, 15 April 2021 fime After Kick (ms)



INFN ESQ transient field Bq '

~ Istituto Nazionale
di Fisica Nucleare

* The ESQ are charged/discharged
every muon fill (7oous)

* The electric pulse induces
mechanical vibrations in the plates
which generate magnetic
perturbations

* Customized NMR probes
measured B at several positions

B,~20 ppb, 63q~90 ppb

The uncertainty is determined by the
full width of the measured effect due

to the lack of measurements in run-1.

(To be reduced in RUN2 by more
measurement)

G. Venanzoni, LNF- Frascati, 15 April 2021

3cm
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L"'iFN Results ,
“© fclock'wzneas'(1+ce+cp+cml+cpa)
R,LL — /
fcalib'wp (x7y7¢)®M(m7ya¢)(1+Bk +BQ)

_

1 A
S 3.707305
o +0.530
— ” J 1 Band: combined value
X +0.120
Fa
13 L]
s 3.707300-
3
I -
t—m:s. )

| -1.860 |

3.707295 - Y

Runla Runlb  Runlc  Runld
v2/ndf=6.8/3 P(y2)=7.8%,

G. Venanzoni, LNF- Frascati, 15 April 2021



INFN a,: Unblinding 1

-

i nmw e I/ m f1|n r_ - -

On February 25 the collaboration met

for the unblinding:

1) The box was opened

2) The number was plugged in two
independent programs

3) And the result was....

Secret offset

73
G. Venanzoni, LNF- Frascati, 15 April 2021
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G. Venanzoni, LNF- Frascati, 15 April 2021



INFN

Istituto Nazionale
di Fisica Nucleare

a,: Unblinding

BNL g-2 O
FNAL g-2 +4 O 3.30
< 420 >
@ - 4.2 c
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215
9
a,x 10 -1165900

G. Venanzoni, LNF- Frascati, 15 April 2021

3.70
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INFN a,: Unblinding

Quantity Correction Terms Uncertainty

(ppb) (ppb)
w, (statistical) - 434
wa (systematic) - 56
C. 489 53
C, 180 13
Cmi -11 5
Cpa -158 75
fcal:b(w;(xayad)) X A/I(l‘v Y, ‘b)) - 56
B, -17 02
B =27 37
Hp(34.7°) / pre = 10
my /me - 22
ge/2 - 0
Total - 462

434 ppb stat @ 157 ppb syst error

a, (FNAL) = 116592 040(54) x 10~

G. Venanzoni, LNF- Frascati, 15 April 2021

(0.46 ppm)
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INFN Post April 7 GG
‘ " & FiajeaNuclewrs Muon g-2

* +8500 participants to the Fermilab release (7/4)

* 1300 participants to the CERN seminar (8/4)

* > 30 theoretical papers on ArXiv the day after
the announcement (8/4)

* News reported in all newspapers, socials

» 2.7 billion people have read the news of the
measure since the announcement on
Wednesday 7 April at 12:00 on g April (fermilab
press office)

* Millions of youtube views etc ...

G. Venanzoni, Pisa, 14 April 2021
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First Page NYT

ISIS and African Militants Join New York to Provide $2.1 Billion

\f
Istituto Nazionale
di Fisica Nucleare Muon 9-2
==} o~ . -~ il
=i Elhe New Hork Cimes =
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G.O.P. and Worries

Terrorist Group Using
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to Raise [ts Profile

By AN
and il

[

A Particle’s Tiny Wobble Could Upend the Known Laws of Physics Adventurers Fleeing Pandemic
v ; ; 7 Strain the West's Rescue Teams

v

i

INTERNATIONAL A10-13

APivot by Pifiata Makers

TRACKING AN DUTREAK A9

Food Industrys Race for Shots

BUSINESS B1.6
Spying and Swedish Meatballs

SPORTSTHURSD:

Jennifer Finney Boylan o xa1
‘Woods Was Doing 80-Plus

inding road,
Tiger Wouds cly e the

speadlimis, e police sad.  PAGERS  on feather Bewnests, PAGE D1 55461y

o

By DENNIS OVERBYE

Evidence is mounting that a
tiny subatomic particle seems to
be disobeying the known laws of
physics, scientists announced on
Wednesday, a finding that would
open a vast and tantalizing hole in
our understanding of the uni-
verse.

The result, physicists say, sug-
gests that there are forms of mat-
ter and energy vital to the nature
and evolution of the cosmos that
are not yet known to science.

“This is our Mars rover landing
moment,” said Chris Polly, a

hysicist at the Fermi National
Accelerator Laboratory, or Fermi-
lab, in Batavia, IlL, who has been
working toward this finding for
most of his career.

The particle under scrutiny is
the muon, which is akin to an elec-
tron but far heavier, and is an inte-
gral element of the cosmos. Dr.
Polly and his colleagues — an in-
ternational team of 200 physicists
from seven countries— found that
muons did not behave as pre-
dicted when shot through an in-
tense magnetic field at Fermilab.

The aberrant behavior poses a
firm challenge to the bedrock the-
ory of physics known as the Stand-
ard Model, a suite of equations
that enumerates the fundamental

\

Wobble Could Upend the Kn

e W

= LT

mmwrmmvu@mm

A ring at the Fermi National Accelerator Laboratory in Illinois is used to study the wobble of muons.

particles in theuniverse (17, at last
count) and how they interact.
“This is strong evidence that
the muon is sensitive to some-
thing that is not in our best the-
ory,” said Renee Fatemi, a physi-
cist at the University of Kentucky.

Theresults, the first from an ex-
periment called Muon g-2, agreed
with similar experiments at the
Brookhaven National Laboratory
in 2001 that have teased physicists
ever since.

At a virtual seminar and news

conference on Wednesday, Dr.
Polly pointed to a graph display-
ing white space where the Fermi-
lab findings deviated from the the-
oretical prediction. “We can say
with fairly high confidence, there
Continued on Page A19




,N’F/J National journals

o~ Istituto Nazionale
di Fisica Nucleare

| Corriere
Muone, la reazione «inattesa» della News reported by the main
particella che puo cambiare le leggi National (> 30) newspapers.

della fisica

| dati dell'esperimento Muon g-2, con I'importante contributo italiano dell'Istituto
nazionale di fisica nucleare, indicherebbero fenomeni non descritti dalle attuali teorie.
Venanzoni (Infn): «Un successo in buona parte merito dei giovani ricercatori». Ma Nature
frena

di Paolo Virtuani

Repubblica

L'anomalia del
muone:
I'esperimento che
suggerisce l'esistenza
di nuove forze della
natura

— f A L'acceleratore del Fermilab

di Matteo Marini

Lacceleratore di particelle del Fermilab, a Chicago, ha misurato unanomalia nel valore del
momento magnetico del muone. Sembrerebbe un dettaglio riservato agli appassionati di
fisica. Invece é una notizia che apre la porta alla presenza di nuove particelle. Perfino di un
secondo bosone di Higgs




) . " " . .
mm] Italian contribution: a little of history
(e tmenme By

Submitted to FNAL

* We started (in an February 9, 2009
exploratory way) in 2009 The New (g~ 2) Experiment:

A Proposal to Measure the Muon Anomalous Magnetic Moment

. . to +0.14 ppm Precision
e 2012 Consolidation of
New (g —2) Collaboration: R.M. Carey’, K.R. Lynch?, J.P. Miller?,

COl |a b0rat|0n d nd C N R B.L. Roberts?, W.M. Morse?, Y.K. Semertzidis?, V.P. Druzhinin3, B.I. Khazin?®,
: . LA. Koop?, I. Logashenko®, S.I. Redin®, Y.M. Shatunov?, Y. Orlov*, R.M. Talman?,
INO contribution

B. Casey®, J. Johnstone®, D. Harding®, A. Klebaner®, A. Leveling®, J-F. Ostiguy®,
N. Mokhov®, D. Neuffer®, M. Popovic®, S. Strigonov®, M. Syphers®, G. Velev®,

S. Werkema?® |F. Happacher®, G. Venanzoni® |P. Debevec’, M. Grosse-Perdekamp”,

* In 2013 IN FN Slg |a (~ 6 D.W. Hertzog', P. Kammel’, C. Polly", K.L. Giovanetti®, K. Jungmann®,

FTE) C.J.G. Onderwater?, N. Saito'®, C. Crawford'*, R. Fatemi'}, T.P. Gorringe'!,
W. Korsch'!, B. Plaster'?, V. Tishchenko'}, D. Kawall'?>, T. Chupp®?,
C. Ankenbrandt’*, M.A Cummings', R.P. Johnson*!, C. Yoshikawa'*, André

PY In 2021 We reached - 18 de Gouvéal?, T. Itahashi’®, Y. Kuno'®, G.D. Alkhazov'”, V.L. Golovtsov'’,

P.V. Neustroev'’, L.N. Uvarov!’, A.A. Vasilyev’’, A.A. Vorobyov!”, M.B. Zhalov'’,

FTE> 30 em ployeeS F. Gray'®, D. Stockinger'®, S. BaeBler®, M. Bychkov?®, E. Frlez?°, and D. Pocani¢®

G. Venanzoni, Pisa, 14 April 2021



From where we started

>

Muon g-2

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

Gain changes | 120 | Better laser calibration

low-energy threshold 20

1eup 80U | 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
E and pitch 50 | Improved tracker

Precise storage ring simulations 30
Total 180 | Quadrature sum 70

= Un laser con controllo delle fluttuazioni di guadagno al di sotto del per mille.
Sistematico dominante in BNL!

G. Venanzoni, Pisa, 14 April 2021
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First tests 2013

Istituto Nazionale
di Fisica Nucleare

G. Venanzoni, Pisa, 14 April 2021
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("N Bringing the fibers to the calorimeters
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IN--F/A? Finally... the calibration system is ready! ‘
e —m—m—m—m—m—m————— ""\

G. Venanzoni, Pisa, 14 April 2021



,N,_—/J Finally... the calibration system is ready!

) Istituto Nazionale
" diFisica Nucleare

G. Venanzoni, Pisa, 14 April 2021



,N;,?, JINST 14 (2019) P11025 (2906.08432)

~ Istituto Nazionale
di Fisica Nucleare

The laser-based gain monitoring system of the
calorimeters in the Muon g — 2 experiment at Fermilab

A. Anastasl,® A. Bastl,*¢ F. Bedeschl,® A. Bolano,” E. Bottalico,%¢ G. Cantatore,®¢

D. Cauz,*/ A.T. Chapelain,® G. Corradl,” S. Dabagov,™"/ S. DI Falco,? P. DI Meo,”

G. DI Sclasclo,* R. DI Stefano,”! S. Donatl,%¢ A. Driuttl,%/ C. Ferrarl,>™ A.T. Fienberg,”
A. Florettl,®™! C. Gabbaninl,%™ L.K. Gibbons,2 A. Glolosa - P. Girottl,¢ D. Hampal,"
J.B. Hempstead,” D.W. Hertzog,” M. lacovaccl,”” M. Incagli,* M. Karuza,%4 J. Kaspar,”
K.S. Khaw,” A. Luslanl,®" F. Marignettl,”! S. Mastrolanni,” S. Miozzl,* A. Nath,”

G. Pauletta,/ G.M. Placentino,“ N. Raha,? L. Santl,%/ M. Smith,%" M. Sorbara %-*
D.A. Swelgart® and G. Venanzon|®!

AgstrAcT: The Muon g — 2 experiment, E989, is currently taking data at Fermilab with the aim of
reducing the experimental error on the muon anomaly by a factor of four and possibly clarifying
the current discrepancy with the theoretical prediction. A central component of this four-fold
improvement in precision is the laser calibration system of the calorimeters, which has to monitor
the gain variations of the photo-sensors with a 0.04% precision on the short-term (~ 1 ms). This
1s about one order of magnitude better than what has ever been achieved for the calibration of a
particle physics calorimeter. The system is designed to monitor also long-term gain variations,
mostly due to temperature effects, with a precision below the per mille level. This article reviews
the design, the implementation and the performance of the Muon g — 2 laser calibration system,

showing how the experimental requirements have been met. Errore su m, <20 ppb
(Phys.Rev.D 103 (2021) 7, 072002)



https://arxiv.org/abs/1906.08432

IN_F/J Physics Week at Elba 2019 (>100 participants)
g
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,N;P, INFN g-2 Group (2021) .
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G. Venanzoni, Pisa, 14 April 2021 R
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. Y
&ﬁ N Roles of the Italian group .@\

* G. Venanzoni: co-spokesperson

F. Bedeschi: member of the talk committee

M. Incagli: detector coordinator; chair Institution Board

A. Lusiani: head of computing for Italy; chair combination a,
M. Sorbara: head of the omega_a Europe Analysis Group

E. Bottalico / P. Girotti: responsible for the laser system

A. Gioiosa: slow control manager

S. Mastroianni: DAQ expert

N. Piacentino and E. Bottalico D&l committee members

G. Venanzoni, Pisa, 14 April 2021
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L N g-2Young @\

Muon g-2

M. D. Galati (MSc. at UniPi): Magnetometer, Run2 analysis,
lost muons and pileup studies;

P. Leo (Msc. At UniPi): Run2 analysis, Reconlta;

E. Bottalico (PhD. at UniPi): Phase acceptance systematics,
Laser studies and beam dynamics;

L. Cotrozzi (PhD at UniPi): Run2/3 analysis;

P. Girotti (PhD. at UniPi): Gain corrections, Run 1 residual gain
analysis, pileup studies;

* M. Sorbara (PhD. at UniRoma2): Run 1/2 analysis, result
combination and calorimeter simulation.

4 dottorandi 2 studenti di laurea magistrale



/ N'F/J Future ,

_~ Istituto Nazionale
" diFisica Nucleare Muon g_2

* RUNzis only 6% of the

final dataset
_ Muon g-2 (FNAL) LJPRGoal
g AnalySIS Of RUN2/3 ” 20 - m——r ,/ -20XBNL
(expect an % —Run-2 ("] /
. S — RUN-3 (1) // RUN5
improvement of a 151 —— Runa i) Y 15
. L. — - RUN-S [u*) -
factor ~2 in precision) Z ‘
* RUNg4 (November 2020- 3 ' /" RUN4 10
July 2021) is expected to £ o
. L 2 59 RUN3 5
bring the statistics to O
~13 BNL /)f
3 LY s

* RUNS5 In 2021-2022 PRI KR SR Ry A AR L L

- AP R AT o S

should allow to achieve ©° ©o" o o
the x20 BNL project goal

93
G. Venanzoni, LNF- Frascati, 15 April 2021



-~ MU .
onE al CERN .
’ N _FIHNNHO Nazionale '®
( ~~  diFisica Nucleare Muon 9-2

Test RUN 2021 (approved by SPSC);
Full run 2022-20257

e muon filter
Y e 1 )
M2 i beam > / / —__— e u chamber
150 GeVie T
station # 1 #2 #3 L #k #N
ECAL

Alternative measurement of HVP for a,

-A. Abbiendi et al Eur.Phys.J.C 77 (2017) 3, 139
-Lol https://cds.cern.ch/record/2677471/files/SPSC-1-252.pdf



INFN Conclusions '
(T =

* We have presented the first measurement of a, at 0.46 ppm

e Qur result is consistent with the BNL one (within one standard
deviation) with slightly better precision

a, (FNAL) = 116592 040(54) x 10~**  (0.46 ppm)

e The discrepancy with the Standard Model prediction of the g-2 by
the Theory Initiative is 4.2c6

e We expect an improvement in precision of a factor 2 from the
RUN2/3 data and more from Rung4 and s.

e INFN played (and will play) an important role for this

measurement!
Stay tuned!

G. Venanzoni, LNF- Frascati, 15 April 2021



" ) The Muon g-2 Collaboration (Elba 2019
INEN : ‘ )

G. Venanzoni, CERN Colloquium, 8 April 2021
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How a kick is made?

Muon g-2
June 4, 2018

a charging power supply charges up
capacitor bank to low voltage (700 V) that |
Is discharged

through a transformer into

a Blumlein, which is a HV capacitor (55
KV), that is discharged through

four 50 Ohms resistors, which convert
high voltage into high current into

iIn-vacuum plates, where the current
generates magnetic field that rotates
momentum vector of muons

————




N /149.2 ns

>

INFN
[ e Voo o2
108 _ T T T | T T T T T T T T T T T T |_:
2 - Data -
27 o3 8.2x10%et
107 _ = Fit _
- 3 (combined RUN1
- WWWW\/\/V\/\/\/\/\/\W statistics
. ‘/W\/W\/\/\/\/\/vv\/\,\/vvvv\/m
10* —JV\MNV\’WV\/\/V\/\N\/\N\AN\;
10° & H 1 = 64.4 s,
Fermilab Muon g-2 Experiment ] VT = O%S NS,
T Combined Run-1 Data 1 (8-2): 7o =4.37 ps;
10" £ ; @ 3 Cyclotron: tc = 149 ns
B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0 20 40 60 80 100

Time after injection modulo 102.5 [us]

G. Venanzoni, CERN Seminar, 8 April 2021
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IN.:IN? R-method (Ratio) 1
(s —

* Ratio method: randomly split dataset in 2 subsets
shifted by +half a g-2 period

* Build combinations of the 2 subsets which
eliminates the exponential behaviour and leaves

just a sinusoidal term

U@)=u"(t)+u (1)
N®-U@®)
N +U(D)

u*(t)=N(t=T/2)=N e ™" (1 + Acos(w txw, T +@)
2 R(t) =

wre R(t) = Acos(wat + ¢) — %(%)2 + (h.o.)

3 parameters fit: less sensitive to slow effects which divide out

Matteo Sorbara INFN Referees 101

11/09/2020 .
Meeting



INFN

Istituto Nazionale

Q-method

L/_,

di Fisica Nucleare

* No clustering: just
integrate energy above
threshold for each crystal
(in principle no threshold
should be applied)

 Toreduce the amount of
data stored offline, time
bins are summed up in
groups of 60

* The total energy per
event fluctuates with w,
frequency

Matteo Sorbara

11/09/2020

ET
signal
threshold & " B R
pedestal i 4
Hgap
left pedestal right pedestal
samples samples
1 20001 210020 560000
raw ADC
samples 1.25 ns bins
1 3168
24 x 54
60-fold decimated H
ADC sample hlstogr_ams
per fill

INFN Referees'
Meeting

102
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Beam Frequencies in the Residuals

pc 1
fC:ym'an feo = fo — fx

fo=V1i—-nf. fow = fe = 2f;
freat = fepo t fa

£ y =Vvn fe
)
0
0 2mp 4mp / 6mp S
I I I CBO I
a detector
11/09/2020 Matteo Sorbara INFN Referees' .

Meeting

Muon g-2



o~ Istituto Nazionale
di Fisica Nucleare

Beam Storage and Focussing

* 3 magnets

e 10.8 mrad kick

e 55kV voltage
each

Calibration
NMR probe

Traceback
chambers

* 4 electrostatic
quadrupoles

e each
quadrupole
divided in 2
regions (long

. Monior 1 : . and short)

ol = * High Voltage

determines the

beam dynamics

[_1270° Fiber
19 monitor

Trnllc:f
garage

Matteo Sorbara INFN Referees 104

11/09/2020 .
Meeting



INEN Calorimeters
P

* 24 calorimeters along the
inner radius of the ring

e Each calorimeterisa 6x9
array of PbF, crystals

* Each crystal is 2.5x2.5 cm?
and 14 cm deep (= 15 X))

« Cerenkov crystals: Fast
response and less pile up

* Crystals are read by Large
Area SiPM (1.2X1.2 cm*?)

11/09/2020 Matteo Sorbara INFN Referees' Meeting 105
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INEN A blinded analysis ‘

Istituto Nazionale
" di Fisica Nucleare Muon g'2

precise digitization rate); 2) SW (unknow offset in
the analysis of w, )

HW blinding: w, clock detuned with with true
frequency (40 —XMHz); blinding factor in the
range of 25 ppm.

The “blinding” factor is known only to two people
outside the collaboration and stored in two
sealed boxes (at FNAL and UW), and revealed
after the completion of the analysis and
agreement to proceed with the unblinding

I ]
l!
Y/ )

Two levels of blinding: 1) HW (blinding of the LOCked ClOCk Panel

(Greg Bock and Joe Lykken blinding the clock in 2018) 107
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The g-2 experiment at CERN: a triumph for QED

Muon g-2

16-59 usec
59-102
_102-146
L 1464189
189-232
232-275
275-318
318-362 |
362-405
405-448 ]
. 448-491 |
L Lo . 491-534
10 20 30 40 50 60
Time in microseconds

a2 1165924 (8.5) x 107° (7 ppm).

lul

A At e

Number of events /(Qg32 psec

103 =

QED terms Muon Numerical values ( x 10°)

2nd order: A 0.5 Total QED: 1 165852(1.9)
4th order: B 0.765 782 23 Strong interactions: 66.7 (8.1)
6th order: C 24452 (26)  Weak interactions: 2.1(0.2)
8th order: D 135(63) Total theory: 1165921 (8.3)

10th order: E 420 (30) 108




INFN Acceptance correction

Istituto Nazionale
di Fisica Nucleare

The azimuthally averaged phase maps

L L S B B B B

* A considerable study of this effect involved: E L R
> - 1 H-10
1. Generation of phase, asymmetry, and 2 2°§. 1R
o 1 geo
acceptance maps using our GEANT-based ! T TR,
_ P N
model of the ring - 1 @50
40~ - B0
2. Folding the azimuthal beam distribution 40 20 0 20 40
Decay x [mm]
with the obtained maps to determine the ¢ ()
Ppa
phase shift - 5, (t). E 217 b b
<, 2135 ' =
S I ]
3. Application of this ¢35, (t) to precession = . Data : Run 1d j
-21.45 —o,+ Ap et E
data fits to determine the phase- 215 o o ro03mmd ]
-21.55( t1=30.4 £3.1us E
acceptance (pa) correction Cy,,. 216 x*/ ndf = 52.4/45 .

L ....I....I....I....I....I.H.I.H.I....r_'
50 100 150 200 250 300 350 400 450
Time [us]
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INEN Muon g-2: Status @
(et Muon g2

* EB821 experiment at BNL has generated enormous interest:

a,”' =11659208.9(6.3)x 107" (0:54PPm)

* Tantalizing ~3.5 o deviation with SM (persistent since ~20 years):

aiM — 1 1 659 1 8 1 0(43) X 1 0_10 T. Aoyama «The anomalous magnetic

moment of the muon in the Standard

, Model», June 8, 2020, 194 pages, e-
a,821-a SM= (27.9+7.6) x100 = 3.7q ;

print: 2006.04822 [hep-ph] (>40
(Aa, ~2300ppb)

citations)
* Current discrepancy limited by:

Experimental uncertainty=> New experiments at FNAL and J-PARC x4 accuracy
Theoretical uncertanty-> limited by hadronic effects

CISM _ ClQED CZHAD N aWeak Hadronic Vacuum polarization (HLO)

a Mo = (692.3+4.0)1010

> _
MUonE (see Marconi’s talk) £/ "=~ SaH/aM~O.6% 110



(9-2),,: a new experiment at FNAL (E989)

 New experiment at FNAL (E989) at
magic momentum, consolidated
method. 20 x stat. w.r.t. E21.
Relocate the BNL storage ring to
FNAL.

— 6a,x4 improvement (0.14ppm)

S
o

If the central value remains the
same > 5o from SM (enough to
claim discovery of New Physics!)

BNL E821 Value

w
o

+ Expected FNAL Muon g-2 precision

M 2020) x 1071°

N
o

Complementary proposal at J-PARZC 101
In progress using ultra-cold muons

< 3.7 o (BNLvs SM 2020)>

o

SM 2020

ay (Relacpve

}H’# a

|
[
o

’ Previous SM Estimates

—201 . . . — 14

W °



)

INFN Beamline Wedges

Istituto Nazionale

di Fisica Nucleare

uon g-2 storage rng acCepts particies on

* Incoming beam loss of 80%

VAL

n 7 Muon g-2
irl Up/[) — 02%

* Goal: Reduce the beam at injection to better match the accepted beam

1500 . .
¢foof | —© beam at injection
op/p = +1.1% > @ o | —=* after 100 turns
Q
el
Q
® 1000 Oo 000
o) o e
-
e ® 0]
& o P
2 o'}
S 600 o) o
Qi 0]
op/p = 10.2% oflio
WT | T
0 “QTT - G E TTT?W%
3 3.05 3.1 3.15

Momentum, p (GeV/c)

3.2

112



wm Shimming tools for the Magnetic Field G
7 & Fiaiea Nuclesre Muon g-2

; : thermal
« B Field 1.45T inner coill | T top”ha;t“ — | insulationj
* 12 Yokes: C shaped flux returns C I - '
» 72 Poles: shape field A
« 864 Wedges: angle - quadrupole wedge NN —— a Y
(QP)) , pole piece B ™ outer coil
zhirﬁ — ]

24 1Iron Top Hats: change po=7.112m _ —
effective mu _mmu.é“ region fixed NMR probes W ' |§
« Edge Shims: QP, sextupole (SP) - cgeﬁtfgﬁ?ﬂn Q. | outer coil

« 8000 Surface iron foils: change — 7
effective mu locally A
D )74 4{mm

- Surface coils: will add average ('
field moments (360 deQ)

: - top hat
inner coil S

113
G. Venanzoni, CERN Colloquium, 8 April 2021



INEN CBO amplitude
gt —— Muon 9.2

 CBO is parametrized from tracker data as:

T B ]
3 [ (a ]
=, 235_— ++ + —
. o (t) = w _(i)_e—a_(ﬁ)_e—g 9@ r A AARaaRR AE
cbo 0 A - & 23:_ /(" _:
C ’,r * Data:Run1a ]
* The parameters 74 and T represent two 2251 I." — @y — (Al Je* - (Bl ) -
C | ®, = 2.3375 +0.0002 rad ps™ ]
recovery times, one short ~5us and one long 22| A=279 +003rad; 7, =506 14 ps ]
_ - B =525 +0.03 rad; 7, = 6.57 +0.07 us 1
~50us due respectively to quadrupoles 215-I| ]
% 50 100 150 200 250 300
scraping and damage resistors. t [us]
= - T g : T T T - T
s [ L2 S1F ¥2In.df. = 4167/4132 1
* The parameters differ among different datasets § r : % 10° “’W\MNMWMM’W
= 10 > 10° !NVVVV\NVWWWWV\,\,\,W\}
c i o .. WVVVWVVV\ANV\NV\,VVW
mostly for Run 1a and 1d, where the damaged & | 2 m
' E[ 2 j PV | | ¢
resistors effect was worse. “ osl 0 20 40 60 80 100
: | “I-"’g -:“‘ Time after injection modulo 102.5 [us]
. . - ‘_g ._§ e e No CBO or u* loss
* Without the CBO term in w, model, strong - % £ — Fullfitfunction
. . . T . -
Lo L L L L P T S T S N T S
signals emerge in the residuals at expected h 55 1 - ! 5= s
. Frequency [MHz]
frequencies.
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INEN w,, : Calibration procedure
g

) ,

The Trolley has a complicated magnetic
perturbation, which needs to be accounted for

Use of a calibration probe to go from
«measured» m, in the trolley to shielded proton
frequency

It is a Water-based NMR probe; Highly
symmetrical construction => minimize B perturb

Measure field perturbations of probe materials
and orientation very precisely: (15.2 £ 12) ppb

Careful comparisons to BNL's spherical probe
and 3He verify understanding

Quantity Uncertainty (ppb)

Diamagnetic Shielding T dep 5

Bulk Magnetic Susceptibility 6

Material Perturbation

Water Sample and Sample
Holder

Radiation Damping

Proton Dipolar Fields
TOTAL

magnet pole piece

fixed probes

trolley vacuum

calibration probe

<>

PT1000 macor support  aluminum shield macor support

electronics RF coil support RF coil  water sample  plastic support

254 mm

Figure?
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NN Towards 140ppb G
P Muon g2
da, BNL FNAL goal
(ppb) (ppb)
w 5 Statistic 480 100 20 x BNL statistics: more

muons/sec, higher quality
beam, less beam background

W, Systematic 180

70

new instrumentation for w,
measurement: segmented
and fast EM calorimeters
with laser calibration system

wp Systematics 170

70

improved wp measurement:
new precise NMR probes and
tracker system for beam dis-
tribution

Total 540

140
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From a muon’s eyes
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