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* +8500 partecipanti alla release di Fermilab (7/4)

* 1300 partecipanti al seminario CERN (8/4)

* >30theoretical papers il giorno dopo I'annuncio
(8/4)

* Notizia ripresa su tuttii giornali, socials

* 2.7 miliardi di persone hanno letto la notizia
della misura dall'annuncio mercoledi' 7 aprile alle
12:00 del g aprile (ufficio stampa di fermilab)

* Milioni divisualizzazioni youtube etc...

G. Venanzoni, Pisa, 14 April 2021
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A Particle’s Tiny

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
physicist 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

own Laws of Physics

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
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o Corriere
Muone, la reazione «inattesa» della Notizia riportata dale
particella che puo cambiare le leggi orincipali (>30) testate
della fisica giornalistiche. Grande
e o o maeaniuoiaaeitine | enfasi sul contributo
e S-S SSRS==50 1 DGR R METD el sovasdricermatart. Ma tise Italiano (INFN)
di Paolo Virtuani
Repubblica

L'anomalia del

muone:

I'esperimento che

suggerisce l'esistenza

di nuove forze della

natura

— 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




,N",_-/,,? Contributo Italiano g-2: Un po’ di storia

Istituto Nazionale
’ di Fisica Nucleare

Muon g-2

* Siamo partiti (in maniera
esplorativa) nel 2009

e 2012 Consolidamento

della collaborazione e
contributo CNR INO

* Nel 2013 aperturasigla
INFN (~6 FTE)

* Nel 2021 raggiunti ~18
FTE >30 collaboratori

G. Venanzoni, Pisa, 14 April 2021

Submitted to FNAL

February 9, 2009

The New (g — 2) Experiment:
A Proposal to Measure the Muon Anomalous Magnetic Moment

to +0.14 ppm Precision

New (g —2) Collaboration: R.M. Carey’, K.R. Lynch?, J.P. Miller?,
B.L. Roberts*, W.M. Morse?, Y.K. Semertzidis?, V.P. Druzhinin®, B.I. Khazin3,
LA. Koop?, I. Logashenko®, S.I. Redin®, Y.M. Shatunov?, Y. Orlov*, R.M. Talman?,
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”,

D.W. Hertzog', P. Kammel’, C. Polly", K.L. Giovanetti®, K. Jungmann®,
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
de Gouvéals, 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',

F. Gray'®, D. Stockinger'®, S. BaeBler®, M. Bychkov?®, E. Frlez?°, and D. Pocani¢®



Da dove siamo partiti

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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Sistema laser (~2018)

) Istituto Nazionale
" diFisica Nucleare
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,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

/) . IJv 3
INFN Storage Ring 2018 @
( ~ :;'Fln‘:‘:a"!::c?::rl: Muon g-2

o X — - 1 S
=\ A 4R 2 e S
\ o * | L e o L
= i g X

g A“"f-. '-

Laser Hut C. Ferrari

G. Venanzoni, Pisa, 14 April 2021 1



,NIF/J Muon g-2 Physics Week a L'Elba (2019)
A

G. Venanzoni, Pisa, 14 April 2021
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Ruoli del Gruppo ltaliano in g-2:

* G. Venanzoni : co-spokesperson; chair del Publication committee
F. Bedeschi: membro del talk committee

M. Incagli: detector coordinator; chair Institution Board

A. Lusiani: responsabile computing Italia; chair combinazione a,
M. Sorbara: responsabile Gruppo Analisi omega_a Europa

E. Bottalico/P. Girotti: responsabili Sistema laser

A. Gioiosa: responsabile slow control

S. Mastroianni: DAQ expert

N. Piacentino e E. Bottalico membri D&l committee

G. Venanzoni, Pisa, 14 April 2021
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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
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INFN Cosa ci aspetta GG
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* RUNzis only 6% of the

final dataset
_ Muon g-2 (FNAL) LJPRGoal
g AnalySIS Of RUN2/3 * 20 - m——r ,/ -20XBNL
(expect an % —Run2 "] /
. S — RUN-3 (1) // RUNS
improvement of a 151 —— Runa i) Y 15
. L. — - RUN-S [u*) -
factor ~2 in precision) Z |
* RUN4 (November 2020- g '] /" RUN4 10
July 2021) is expected to £ o
. L 51 RUN3 5
bring the statistics to O
~13 BNL )f
3 YV —

* RUNS5 In 2021-2022 PRI KR SR Ry A AR L L
. I e i e
should allow to achieve o o o o
the x20 BNL project goal

20
G. Venanzoni, Pisa, 14 April 2021



NEN  Nelfrattempo dalla teoria: Giugno 2020
P Mo o2
* T.Aoyama «The anomalous magnetic moment of the muon in the Standard

Model», June 8, 2020, 194 pages, e-print: 2006.04822 [hep-ph]
Phys.Rept. 887 (2020) 1-166 (>180 citations)

o 40

TO BNL E821 Value Contribution Value x10'!
= 30 Experiment (E821) 116 592 089(63)

x ) e
— Expected FNAL Muon g-2 precision HVP LO (e*e) 6931(40)
= ol HVP NLO (e*e") ~98.3(7)
S 20 X HVP NNLO (e*e™) 12.4(1)
® HVP LO (lattice, udsc) 7116(184)
% ; HLbL (phenomenology) 92(19)
o 10 1 & HLbL NLO (phenomenology) 2(1)
= N HLbL (lattice, ud's) 79(35)
g ” HLbL (phenomenology + lattice) 920(17)
T 0- H v QED 116 584718.931(104)
) Electroweak 153.6(1.0)
« SM 2020 HVP (e*e~. LO + NLO + NNLO) 6845(40)
fbl —-10 - HLbL (phenomenology + lattice + NLO) 92(18)
Previous SM Estimates Total SM Value 116 591 810(43)
Difference: Aa, := a;," — a™ 279(76)

_20 4

o™ o0® N WO ®
ResuI:cLs of 4 ;ears e}forts o?‘ Theo:y Initiative Aau = (279-'—-76) x10* =3.70
(>170 people) (Aau ~2300ppb)
No surprise (although one single number)
HVP LO largest contribution (= MUoNE)
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Article | Published: 07 April 2021

Leading hadronic contribution to the muon
magnetic moment from lattice QCD

Sz. Borsanyi, Z. Fodor &, J. N. Guenther, C. Hoelbling, S. D. Katz, L. Lellouch, T. Lippert, K. Miura, L.
Parato, K. K. Szabo, F. Stokes, B. C. Toth, Cs. Torok & L. Varnhorst
to reduce its uncertainties. The most precise, model-independent determinations so far
rely on dispersive techniques, combined with measurements of the cross-section of
electron-positron annihilation into hadrons®*-, To eliminate our reliance on these
experiments, here we use ab initio quantum chromodynamics (QCD) and quantum
electrodynamics simulations to compute the LO-HVP contribution. We reach sufficient
precision to discriminate between the measurement of the anomalous magnetic moment

of the muon and the predictions of dispersive methods. Our result favours the

experimentally measured value over those obtained using the dispersion relation.

Moreover, the methods used and developed in this work will enable further increased

precision as more powerful computers become available.
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Cosa ciriservera’ il futuro?

HVP from:
. ILZ .I'IIIBI'I'I.II'
* Misura BMW20 —o—i
RUN2/3 ETM18/19 | ® :
@300ppb Mainz/CLS19 . » |
FHM19 : |
PP PACS19 o
RBC/UKQCD18 = =
Th 5 BMW17 = o |
° eorvy: RBC/UKQCD
y datalattice -
BDJ19 il
. J17 i
* Nei ) /[ |__not used in WP20_ __
prossimi DHMZ19 -
due anni (TS HH g
WP20 b
Sapremo... | " N T | R T | I T Y ' N e
-20 -10 0 10 20 30

G. Venanzoni, Pisa, 14 April 2021
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Test RUN 2021 (approved by SPSC);
Full run 2022-20257

e muon filter

/ — | hamber
M2 i beam - // —__— - u chamber
150 Gelie

station #1 #2 #3 ik #N

ECAL

Misura indipendente del contributo HVP di 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

(contributo importante di M. Massa, A. Moggi )
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~~) Conclusioni: Pisa e I'esperimento g-2: una lunga
FN  storia con un finale ancora da scrivere

- Ilstituto Nazionale
di Fisica Nucleare Muon g'2

19

19

2010-202..:

6 O_ 1 9 8 O : ;:1;;2(1}11:::123 (::(;21121::}: :;Pisa consic'lered the ch:?lllenges presented by
- gy hadronic cross-section data.
E. Picasso (Muon g-2 experiment @
CERN = 7ppm) : ’\
90-2010: Wyl

KLOE (Cervelli, Di Falco, Incagli
Venanzoni) = Misura della sezione
d’urto adronica, sviluppo tecnica ISR
per contributo HVP

Muon g-2 (Bedeschi, Incagli, Lusiani,
Di Falco, Donati, Venanzoni,

Bottalico, Girotti, Cotrozzi): Pisa 2003

—>Sistema laser (+CNR INO: Ferrari

Fioretti, Ga bbanin |)’ Analisi ® 3 In summary, this was a short but very intensive workshop. However, there were also
2020_20 2 two moments of relaxation, with a visit to the Piazza dei Miracoli, where the leaning

L. . tower is located, and a delicious dinner in the lovely ancient Villa Toscana. During the
MUonE ( Inca gl l nga b ue, Venanzon I dinner, Simon Eidelman proposed organizing the next workshop in Novosibirsk two

Pil ato, M aSsa, M Oggl) —>Misura years from now. By then, new theoretical and experimental results, expected in
d | retta HVP attraverso scatte ri n g mu particular from the g-2 experiment at Brookhaven, as anticipated by Lee Roberts (and

now released, see CERN Courier January/February 2004 p6) will clarify whether the
SuU e- : . : . o : -
discrepancy observed in a,, will vanish, or whether it will remain, so requiring new

physics.



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

3

(NIM/JINST) Lz TP

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

END

Muon g-2

27
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Status of hadronic light-by-light contribution

1 I l I 1 I Ll I 1 I L I l l 1 I l
Hadronic model 4 pQCD
Mainz21 (+ charm-loop) —0——- Ab-initio lattice QCD+QED
RBC/UKQCD19 | P ,
+ charm-loop
WP20 data-driven % B % Data-driven
dispersive
WP20 | = |
] | | | | I | 1 | 1 | |
0 20 40 60 80 100 120 140 160
HLbL 11
a, x 10

Systematically improvable methods are maturing; uncertainty to a,
controlled at 0.15ppm; cross-checks facilitated by Theory Initiative

6 /11



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, CERN Seminar, 8 April 2021

(0.46 ppm)

29



,N'F/J Updated g-2 history (April 8 2021)

_~ Ilstituto Nazionale
di Fisica Nucleare

History of muon anomaly measurements and predictions

k o | [ 7.3 ppm]1979, CERN Il u* data 1974-1976
) ) ' [ 7.1 ppm] 1979, theory

—— —|[ 1.7 ppm] 1985, Kinoshita et al.

} ° | _1[13 ppm] 1999, BNL u* data 1997
0.66 ppm] 1999, theory
5.1 ppm] 2000, BNL u* data 1998
0.69 ppm] 2000, theory
1.3 ppm] 2001, BNL u* data 1999
0.57 ppm] 2001, theory
0.73 ppm] 2002, BNL u* data 2000
0.70 ppm] 2002, theory

0.72 ppm] 2004, BNL p~ data 2001
0.70 ppm] 2004, theory

0.54 ppm] 2006, BNL u* data 1999-2000
0.63 ppm] 2006, theory

0.30 ppm] 2017, Jegerlehner 2017

[ I p—————————g—————

Hard —[ 0.41 ppm] 2020, DHMZ 2019

- —{[ 0.32 ppm] 2020, KNT 2019

e Muon G'z FNAI— data —[ 0.46 ppm] 2021, FNAL p* data 2018

+  Exp. Aver |l 0.35 ppm] 2021, BNL 2006 + FNAL 2021
o p érage [ 0.37 ppm] 2020, Muon g-2 theory initiative

—

tei experimental measurement

«<—> 4420 B4 theory at the time of measurement publication

ki theory prediction
1

| | | | | 1
10 15 20 25 30 35 40

a, - 10° — 1165900

a,(AVG) = 116592061(41) x 10~ (0.35 ppm).
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G. Venanzoni, CERN Seminar, 8 April 2021



INFN w, Measurement @\

Istituto Nazionale
" di Fisica Nucleare Muon g'2

M

Muon'’s spin is correlated to high energy positron’s
momentum

The number of positrons is modulated by the
anomalous precession frequency

Noe~tT[1 — A cos(wyt + ¢)]
4, different analysis methods: —

momentum

— T:integrate all positrons above 1.7 GeV

— A: weight the positrons with A(E)
function and integrate above 1.1 GeV

12

— R:randomly split dataset in 2 subsets Pu
shifted by +half a g-2 period, build
combinations of the 2 subsets to remove:

06
slow terms (exponential, gain...)

0.8

=

0.4

Blue arrow=spin

— Q: No clustering: just integrate energy
Red arrow= momentum

above threshold (in theory no threshold .
Should be applled) for eaCh Crystal 90 02 0'4E/3.1Ge\3'6 08 10

0.

N

3
G. Venanzoni, CERN Seminar, 8 April 2021 E and t are the measured observables.



