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OUTLINE

e The Muon Physics: A Worldwide frontier research
e The Muon g-2 Experiment at Fermilab and J-Parc

* The MUonE experiment at CERN

e Charged Lepton Flavour Violation experiments:
e MEG Il (u=>ey), Mu3e (L—=2>3e)
e Mu2e, COMET, DeeMe (u-e conversion)

e Conclusion



The Muon g-2 & CLFV Physics:
A Worldwide frontier research

PAUL SCHERRER INSTITUT
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* High intensity u beam & long decay time

* Large statistics possible & beam transport to target
* Simple kinematics

* Precise measurements in a high rate background



E E . Signin A Home =M News Sport  j& Weather I3 iPlayer Il Sounds

NEWS

B .t

SCIENTIFIC
SRS AMERICAN

e ronong ovidencefound fora | himniin S il s SN S | ANEW FORCE \\>/

A PFarticle’s Tiny Wobee Could Upend the Known Laws of Phys:cs

Home | Israel-Gaza war | Cost of Living | War in Ukraine | Climate | UK | World | Business | Politics | Culture By DENNIS OVERBYE

Science & Environment Evidence is mounting that a
— tiny subatomic particle seems to

our understanding of the uni-

— F M ?
®7 April 2021 The result, physicists say, sug- °
gests that there are forms of mat- g ; o ; N > : A > . )
ter and energy vital to the nature 3 > g - 4 v =i periment may reveal
and evolution of the cosmos that ” c o X, === physics ,,u""'n....

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 14

working toward this finding for
V m W J
REDAR HAHNFERMEAE, VIA ASSOCIATED PRESS

most of his career.
National Accelerator Laboratory in [llinois is used to study the wobble of muons.

The particle
the mue

t PePn an in-  particlesintheuniverse (17,atlast Theresults, the first fromanex- conference on Wednesday, Dr
- old at Fermilab. count) and how they interact. periment called Muon g-2, agreed  Polly pointed to a graph display-
e aberrant behavior poses a “This is strong evidence that Wwith similar experiments at the ing white space where the Fermi-
firm challenge to the bedrock the- the muon is sensitive to some- Brookhaven National Laboratory labfindingsdeviated from the the-
oryofphysicsknown asthe Stand-  thing that is not in our best the- in2001that have teased physicists ~Oretical prediction. “We can say
z ard Model, a suite of equations ory,” said Renee Fatemi, a physi- ever since. with fairly high confidence, there
Isthestandard ySicists cheer that enumerates the fundamental cist at the University of Kentucky. At a virtual seminar and news Continued on Page A19

major muonres

The muon’s magnetic moment is larger than expected — a hint that new L ' anomalia del

elementary particles are waiting to be discovered. Read our COVID-19 research and news.
Wems | cnnrralemene muone:
I'esperimento che
Abschied vom Standardmodell? . ' o
et ~ suggerisce l'esistenza
2 e S 892  dinuove forze della

natura
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Une anomalie dans le comportement

di Matteo Marini Muons twirl as they circulate in th u shaped accelerator at Fermilab, like race cars perpetually spinning out ’ .

~ du muon remet-elle en cause la théorie
Lacceleratore di particelle del Fermi, Particle mystery deepens, as physicists confirm that décrivant'infinimentpetit? Des données
momento magnetico del muone. Sen the muon is more magnetic than predicted contradictoires relancent le débat

Dac macnaticcha Momant van Myonan cchaint tateSchlich oriRar vt cain ale thaoraticch ﬁSiCa. IHVGCG é una HOthia Che apre Ii By Adrian Cho | Apr.7, 2021, 11:00 AM




April 7th 2021:

First results from the Muon g-2 experiment at Fermilab

THEORY EXPERIMENT
BNL g-2 : O—— | A NE ¥e-oo 0 . | LS
FNAL g-2 4 o
< 4.20 >
® —® A\
Standard Model Experiment 3 N
Average X

175 180 185 190 195 200 205 210 215
9
a,x10° =1165900

- -

Jexperiment - 2:00233184122(82) | RICYUECHUCL I :ARVIGENNCIIIg OIS
part per million (ppm) (0.00 00 00 46)
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Muon g-2: why are we so excited??

Experiment

| .
Rl
RN

.jl\\
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If TH £ EXP, there must be new undiscovered particles: New Physics!




Why we expect “New Physics” ?

The Sta_ndard Model Is a Quarks

mathematical framework that |
describes every particle and

Interaction we've ever measured

It's hugely predictively successful

But...

Da@@tter
Da@@\ergy
Matter %@ntimatter

\_

The fact we exist at all is evidence
that there must be Physics beyond
the Standard Model

J




Finding “New Physics”: two options

Large Hadron Collider

2. Compare ultra-precise
SM predictions with ultra-
precise measurements




The Muon g-2 as sensitive probe for New Physics

The muons have spin motion...When placed in a
magnet, it will precess like a toy top.

The precession frequency is proportional to g (the muon’s “magnetic
moment”, i.e. the strength of the magnetic field)



The Muon g-2 as sensitive probe for New Physics

Heisenberg’s uncertainty principle allows, for very short times, the existence of “virtual

particles” that lives for a very short time.
These “virtual particles” affects the way in which the muon interact with the magnetic

field and this causes g+2

_2
= gT — 0.00116...

TS ALL PART OF OUR
SEARCH To DIsCOVER How
THE UNIVERSE WORKS.

By measuring precisely g-2 we can be sensitive to each particle in the
Universe (the ones that we know but also the ones which we don’t know)




1948: The first (mass independent) loop calculation

o ’)7‘[

JULIAN CCHWINGER

i OF P .1918 AT o \(3994‘
(b)

Schwinger, Julian S. On Quantum electrodynamics and the magnetic moment of the
electron,Phys. Rev.",73,1948,416-417.

_9 2% 0001162
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In perfect agreement with Kush & Foley measurement of the electron“g-2”

The Magnetic Moment of the Electront

P. Kusce anpD H. M. FoLEY

= (g-2)/2=0.00119(5)

Department of Physics, Columbia University, New York, New York
(Received April 19, 1948)

electron “magnetic moment anomaly”




Nowdays...In the SM a = (g-2)/2 can be computed very precisely!

Hadronic contribution
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TSR (significant work going on)
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H. CZYZ, 1. DANILKIN, M. DAVIER, C.T.H. DAVIES, M. DELLA MORTE, S.I. EIDELMAN,
AX.EL- KH.ADRA A. GERARDIN, D. GIUSTI, M. GOL‘I'ERMAN s ccfrl'uEB

A Review Section of Physics Letters I
il d L‘ [{ el k THE ANOMALOUS MAGNETIC MOMENT OF THE |
al a MUON IN THE STANDARD MODEL ‘

T. AOYAMA, N. ASMUSSEN, M. BENAYOUN, J. BLINENS, T. BLUM, M. BRUNO,
1. CAPRINI, C.M. CARLONI CALAME, M. CE, G. COLANGELO, F. CURCIARELLO.

u

GULPERS, GXLSTEIN, 1 HAYAKAWA, G. HERDOIZA
A H(]FCKER M. HOKERICHTER, bl HOID, R HUDSPITHL, I et \Tov-r IZUBUCH'L
F. JEGERLEHNER, L. JIN, A. KESHAVARZI, T. KINOSHITA, . KUBIS, A,
A KUPSL L.LAUB.L LEHNER, L. LELLOUCH, I. LOGASHENKO, B. vmurscu
EMALDUS M MARINKOVIC, P. \msw.m AS. MEYER, H.B. MEYER, T. MIBE,
K. MIURA, $.E. MULLER, M. NIO, D. NOMURA, A. NYFFELER, V. PASCALUTSA,

ML PASSERA E PERLZ DEL IO, S FERIS, A PORTELLL M. PROCURA, C.F. REDMER,
B.L. ROBERTS, P. SANCHEZ-PUERTAS, 5. SEREDNYAKOY, B. SHWARTZ, . SIMULA,
D.STOCKINGER, H. STOCKINGER-KIM, P: STOFFER, T TEUBNER. R. VAN DI WATER,

M. VANDERHAEGHEN, G. VENANZONI, G. VON HIPPEL, H. WITTIG, Z. ZHA
AN. ACHASOV, A. BASHIK, X. CARDOSO, B. CHAKRABORTY, E-H. CHAO, J. CHARLES,
i, DEINEKA, A. DENIG, C. DETAR, C.4. DOMINGUEZ, \r-: noaommv
P, DRUZHININ, G, EICHMANN, M. FAEL, C8 FISCHER. £, E. GAMIZ, 7.
R RIS, GUELLATLKEELIFA, b HATTON, X ) (D0,
. HOLZ, B. HORZ, M. KNECHT, J. KOPONEN A.S. KRONFELD, J. LATHO, S, LEUPOLD,
P MACKENZIE, W.J, MARCIANO, €. MCNEILE, D, MOH.LER J [MONNARD, E-T.NEIL,
P NESTERENKO, K OTTNAD, V. PAUK. A.E: RAD?

aMQED ~oL / 21~ 0(10-3) aMHAD ~ 0(10-8) aHWeak ~ 0(10—9) | mu“ﬁﬂwurgwmm
6a, P ~ 1.4x1012 0a, AP~ 4x1010 g Weak~2x101!

ScienceDirect

http://www.elsevier.com/locate/physrep

a,(SM)=116591810(43) x 10~ (0.37ppm) UETGTENAZ!

T. Aoyama et al. Phys. Rept. 887 (2020)




a;°M: the QED contribution

a“QED = (1/2)(a/m) Schwinger 1948

+ 0.765857426 (16) (a/r)2

Sommerfield; Petermann; Suura&Wichmann '57; Elend '66; MP "04

+ 24.05050988 (28) (a/m)3

Remiddi, Laporta, Barbieri ... ; Czarnecki, Skrzypek '99; MP '04;
Friot, Greynat & de Rafael ‘05, Ananthanarayan, Friot, Ghosh 2020

+ 130.8780 (60) (a/n)?

Kinoshita & Lindquist '81, ... , Kinoshita & Nio ‘04, '05;

Aoyama, Hayakawa,Kinoshita & Nio, 2007, Kinoshita et al. 2012 & 2015;
Steinhauser et al. 2013, 2015 & 2016 (all electron & T loops, analytic),
Laporta, PLB 2017 (mass independent term) COMPLETED?!

+ 750.86 (88) (a/m)5 compLETED!

Kinoshita et al. ‘90, Yelkhovsky, Milstein, Starshenko, Laporta, ...
Aoyama, Hayakawa, Kinoshita, Nio 2012, 2015, 2017 & 2019.
Volkov 1909.08015: A+(9[no lept loops] at variance, but negligible 5a,~6x1014

Adding up, we get:
a, @b =116584718.931 (19)(100)(23) x 10-11

mainly from 4-loop coeff. unc. 6-loop from a(Cs)

a = 1/137.035999046(27) [0.2ppb] Parker et al 2018 WP20 value

M Passera STRONG 2020 July 8 2021 WP20 = White Paper of the Muon g-2 Theory Initiative: arXiv:2006.04822




Impressive calculation...thousands of diagrams

47

mmmmmmaﬁxm

58 60 6 1 2

r"\r‘\f,

66

100 " : 104

S. Laporta “High-precision calculation of the 4-loop contribution to the electron
g_z in QED” PhySLettB 772i(;2@]!7)‘]2\312100p self-mass diagrams.




The electroweak contribution

® One-loop term:

~ 9
5('/1’”]7

EW
a 1-loop) = —
H ( ) 24 \/‘/271-2

1, _ (2
1+ 2 (1—4sinoy)

® One-loop plus higher-order terms:

a EW=153.6 (1.0) x 10-11

Hadronic loop uncertainties (and 3-loop
nonleading logs).

WP20 value

M. Passera |AS 13.4.2021

. »

Kukhto et al. '92; Czamecki, Krause, Marciano 95, Knecht, Peris,
Perrotiet, de Rafael '02; Czamecki, Marciano and Vainshtein '02;
Degrassi and Giudice 98, Heinemeyer, Stockinger, Weiglein 04;
Gribouk and Czarnecki '05; Vainshtein '03; Gnendiger, Stockinger,
Stockinger-Kim 2013, Ishikawa, Nakazawa, Yasui, 2019.

Hadrons
/H

Hadrons




a,;/"° (HVP) Calculation: Dispersive (e*e”) Method

Calculated from data for o(e*e— hadrons)

| 2 o0
mACi)vm = L HVP Lo - = 2 / @‘
' 37r Hadronic R-ratio

| (Data Driven)

Uses data from different experiments from 20+ years

0 —
1/s weights low energy strongly: 73% from mt*nt~ channel g5 -2 (e'e” - VZ_’ hadrons)
4mta~/3s

uHLO= 6895 (33) x 10-11 F. Jegeriehner, arXiv:1711.06089

= 6928 (24) x 10-11 Keshavarzi, Nomura, Teubner, arXiv-1911.00367

)

= 6939 (40) x 10-11 Davier, Hoecker, Malaescu, Zhang, arXiv:-1908.00921
)

= 6931 (40)

x 10-11(0.6%) WP20 value

a’ ds R(s)
;o =33 j—R(s)K(s) ~ ) ds

4mn

the main contribution comes from low energies

T 10GeV

Contribution to the integral  Contribution to the error of integral



The low-energy hadronic cross section

Full hadronic A ratio
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Davier, Hoecker, Malaescu, Zhang
EPJC 2020

M.Passera |1AS 134.2(




a;/"° (HVP): Lattice calculation

Great progress in lattice QCD results. The BMW collaboration reached 0.8% precision:
a0 =7075(23)stat(50)syst x1077. Some tension with dispersive evaluations. BMW20

L

55

nature
HVP from: , .
] T I 1 ] T Explore content v  About the journal v  Publish with us v

LM20
BMW20

ETP\I11 8‘(1 9 Article | Published: 07 April 2021
Mainz/CLS19 Leading hadronic contribution to the muon magnetic

FHM19 moment from lattice QCD

PAC 31 9 Sz. Borsanyi, Z. Fodor 8, J. N. Guenther, C. Hoelbling, S. D. Katz, L. Lellouch, T. Lippert, K. Miura, L.

RBC/UKQCD18

BPVTV'V’T 7 Nature 593, 51-55 (2021) | Cite this article
RBC/UKQCD
data/lattice

BDJ19

nature > articles > article

Parato, K. K. Szabo, F. Stokes, B. C. Toth, Cs. Torok & L. Varnhorst

21k Accesses \ 398 Citations \ 963 Altmetric | Metrics

y goal

Matter Field

DHMZ19

KNT19
WP20 : Gauge Field
{—» =1-)

Fermilab unceraint

DISPERSIVE approach -

[ | _
-50 -0 =|@)




The hadronic LbL contribution

® Hadronic light-by-light at O(a3)

@ This term had a troubled life! But nowadays:

a ANLO(Ibl) 80 (40) x 10-17 Knecht & Nyffeler '02
136 (25) x 10-11  Melnikov & Vainshtein '03
105 (26) x 10-11  Prades, de Rafael, Vainshtein '09

= 100 (29) x 10-11  Jegerlehner, arXiv:1705.00263
= 92 (19) x 10-11  wp20 (phenomenology)

® Significant improvements due to data-driven dispersive approach.
Colangelo, Hoferichter, Procura, Stoffer, 2014—17; Pauk, Vanderhaeghen 2014.

Lattice: RBC: 82(35)x10-77 1911.08123 Mainz: 110(15)x10-"7 2104.02632

Hadronic light-by-light at O(a#4)
a HNNLO(Ibl) =2 (1) x 1011 |

Colangelo, Hoferichter, Nyffeler, MP, Stoffer 2014; WP20

M. Passera |AS 13.4.2021




A rich history of g-2 Theory and measurements (year 2000)

a,=(g-2)/2 =Muon (magnetic) anomaly

History of muon anomaly measurements and predictions

[ 7.3 ppm] 1979, CERN Il u* data 1974-1976
[ 7.1 ppm] 1979, theory

[ 1.7 ppm] 1985, Kinoshita et al.

[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 u~ data 2001
0.70 ppm] 2004, theory

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

[ 0.30 ppm] 2017, Jegerlehner 2017

THEORY [ 0.41 ppm] 2020, DHMZ 2019

[ 0.32 ppm] 2020, KNT 2019

[ 0.37 ppm] 2020, Muon g-2 theory initiative

experimental measurement
4 theory at the time of measurement publication

k= theory prediction
| | | |

25 30 35 40
a,*10° —1165900




History of the experiments (1950s - 2004)

* The storage ring method was developed at CERN around 1960 and improved at BNL (‘90s)
through a series of experiments with increasing precision which allowed to test the SM at
the level of strong (CERN) and EW (BNL) effects

Measurement Sensitivity Reference

g=2.00+0.10 Garwin et al[30], Nevis (1957
0.001 131000015 Garwin et al[33], Nevis (195

Q
|
e

0.001 145(22)
0.001 162(5) (

Charpak et a[35] CERN 1 (SC) (1962)

0.001 166 16(31) Bailey et al[36] CERN 2 (PS) (1968)
1 | 0.001060(67) Henryet al[46] solenoid (1969)

IR

ST Y
QW]

3

0.001 165 895(27) 23 ppm (
0.001165911(11) 7.3 ppm
0.001 165919 1(59) 5 ppm
0.001 165920 2(16) 1.3 ppm
0.001 165920 3(8) 0.7 ppm | (2
0.0011659214(8)(3) | 0.7 ppm | (£

0.001 165920 80(63) 0.54 ppm

J. Miller, E. De Rafael, L. Roberts, Rept. Prog. Phys. 70 (2007) 795

. .

+ Hadronic | Bailey et al[37] CERN 3 (PS) (1975
° + Hadronic Bailey et al[38] CERN 3 (PS) (1979
)” + Hadronic | Brown et al[48] BNL (2000)

%)4 + Weak Brown et al[49] BNL (2001)

* + Weak + ? | Bennett et al[50] BNL (2002)

* + Weak + ? | Bennett et al[51] BNL (2004)

+ Weak + 7 | Bennett et al[51, 26] BNL WA (2004)

)
)

—~
512 3[R

p—

1 /

—
1R
~—

"

A~

Storage ring method

S | N




Pre “g-2" history (1950s)



Question of Parity Conservation in Weak Interactions™®

) | o A revolutionary
T. D. Leg, Columbia University, New YVork, New Vork . .
idea (nobel prize

C. N. Yangc,T Brookhaven National Laboratory, Upton, New York

(Received June 22, 1956) 1 9 5 7 )

detector

Chen Ning Yang Tsung-Dao (T.D.) Lee
Prize share: 1/2 Prize share: 1/2

U-spin

Lee andYan g - ' Current
(1956)

«— Detectors
Absorbers —, /

The positron is (preferably) emitted in the direction of the
spin. If you count them in a certain direction, its rate is
modulated by the precession frequency of the spin

(magnetic moment)which depends on g favoured disfavoured




Two experiments measured “g” in the 1950s

* 1957: Garwin, Lederman, Weinrich at Nevis Laboratories ' ) o

\ Nevis Labs
= 'Columbla UnlverS|ty

(Just afterYang and Lee parity violation paper -confirmation) NG

1804

New,York <= '@ fongy
Garden.City

%)
12574

of Parity and Charge Conjugation in
. 85 MEV Meson Decays : the Magnetic
PION HEAM Moment of the Free Muon*

Y RicuarDp L. GARWIN,T LEON M. LEDERMAN, -
CARBON ABSORBE — | —] AND MARCEL WEINRICH 5% Uncertalnty

TO STOP PIONS

85 MeV =, T I Observations of the Failure of Conservation

Pliysics Department, Nevis Cyclotron Laboratories,
| Columbia University, Irvington-on-Hudson,
GATE-WITIATING New York, New York
COUNTERS(4"X4") (Received January 15, 1957)

muons behave

o like electrons

“CARBON TARGET
—

T-MAGNETIC SHIELD

COUNTS RELATIVE TO ZERO APPLIED FIELD N\




Two experiments measured “g” in the 1950s
* 1957: Cassels, et al. (Liverpool) 1957 _ “ A i

__ | =VAUXHALL
= reka! Science §amj
oo X " + Discovery.~ Y
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Everton

pockRd

LiVerpOOl 'University of

Experiments with a Polarized Muon Beam

Sl Park

Birkenhead

To cite this article: J M Cassels et al 1957 Proc. Phys. Soc. A70 543

stopped u then decay — e*
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“The value of g itself should be sought in a comparison of the precession and cyclotron frequencies of muonsin a
magnetic field. The two frequencies are expected to differ only by the "

W. E. Bell and E. P. Hincks, Phys. Rev. 84, 1243 (1951)
To improve the accuracy = storage ring!



The Muon “g-2” experiments (1960s to 2023)

MUONS SPIN DETECTORS CATCH THE MUONS AS
AROUND INGIDE A THEY DECAY INTO ELECTRONS. THE ENERGY OF
THE ELECTRONS
DEPENDS ON

7 THE DIRECTION
— .i e OF NE MUONS'

STORAGE RING.

MAGNETIC

25 . MOMENT.
@ "

WHEN THE MOMENT IS

POINTING FORWARDS, THE
t DECAYING ELECTRONS
...AND WHEN (TS HAVE MORE ENERGY...

THE FLUCTUATIONS IN THE POINTING BACKWARDS,
ENERGY OF THE ELECTRONS THEY HAVE LESS
COMING OFF THE RING TELL ENERGY.

YOU THE VALUE OF THE

MUON'S MAGNETIC MOMENT.




Principle of the Muon g-2 experiment

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

ap =(g'2)u/2




Principle of the Muon g-2 experiment

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

ap =(g'2)u/2

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

29



Principle of the Muon g-2 experiment

* The frequency with which the spin moves ahead of the momentum in a magnetic

field B (anomalous precession frequency m,) is:
eB

W, =0 -0, =0d—
m

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

ap =(g'2)u/2

In the muon g-2
experiment we measure

very precisely:

* the frequency of the spin
respect to the momentum
(0,);

* the magnetic field

30



The CERN experiments | —II (1960s)

1 ppm (part per million) = 0. 000 001




The concept of magic momentum

* How to keep the muons vertically confined?
* 2nd CERN used radial variation in B field (big systematic)

—> Use electrostatic quadrupoles - but adds complications

(p, = 3.09 GeV/c)

then coefficient vanishes! The MAGIC momentum!

If we choose

So we can worry less about the electric field (but still will need corrections)

Had a, been, say 100x smaller, would need p ~ 30 GeV/c .



3" Muon g-2 experiment at Cern




CERN 11, 1969-1976

* Inject pions at 3.2 GeV (CERN-II was injecting protons)
* Use 7— udecay to kick muons onto stable orbits Muon lifetime dilates to 64 s
* Magic momentum and Electric field for vertical focusing

Still have pion
flash at
injection!

Not as bad as for
o3\

. E
Electnlic §
quadfjl’u poles} ‘

\

“—00—.
N O . ®

.
Aluminium allo_\' k“““““‘“‘

Titanium electrodes



CERN Ill, 1969-1976

232-275

2222222

362-405

a,(expt) = 0.00116592 (7.3 ppm)
a, theory) = 0.0011659
N

HVP (hadronic
vacuum
polarization)

a HAD ~ 700710 (~60 ppm)
35


https://link.springer.com/book/10.1007/978-3-319-63577-4

1984-2001: Measurement of a, at BNL

The measurement of the g-2 of the muon has been repeated with x15
better accuracy at Brookhaven National Laboratory (USA)

Improvements:

Much higher intensity
3 superconducting coils

Inject muons into ring with
inflector and kicker

In-situ B measurements
with NMR probes



E821 Experimental Technique

25ns bunch of Xc = 77 mm
> 1 X107 B =10 mrad
protons N

T M B:dl= 0.1 Tm

p=3.1GeV/c
Target

"\

—

 Muon polarization
Muon storage ring

I
[
| Blorage

Kicker
» focus with Electric Quadrupoles . [lking Modulesq. )
\ _—
«24 electron calorimeters \ R=711.2cm /)

— € =y
Wa — Ay B N\
m Electric Quadh]pole ¢




-
o
-]

E321, 1984-2001

Counts per 150 ns

-
o
2]

-
o
(%]

10° %
:n'y‘. / L"\V,;f’,\“

-
(=)
N

(2006)
a,(expt) = 0.001165920 (0.54 ppm)
a (theory) = 0.001165918

(HMNT 03)

EW Hadronic Ilght by-light

a,Htet ~ 9.2-10 (~0.8 ppm)
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a,*V ~ 15.310 (~1.3 ppm)


https://link.springer.com/book/10.1007/978-3-319-63577-4

Situation after BNL experiment (year 2000s)

BNL E821 Value
g-2 + Expected FNAL Muon g-2 precision Is the measurement wron g ?
measured
BNL _ . ,SM _

= (279 +76)x10711 (3.70)

g-2theory + H
predictions \ H ’ + Is Theory wrong ???

SM 2020

Previous SM Estimates

- We need another experiment...
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g-2: An uncomfortably lonely
search for a Crack in the SM




The Muon g-2 Experiment at Fermilab (2009 — 2023)
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4 key elements for E98g at FNAL

* Consolidated method (same ring of the BNL experiment)
* More muons (x20)

* Improved beam and detector > Reduced systematics

* New crew =2 new ideas

« E821 at Brookhaven

O-Stat ::0.46 me )
Osyst —=0.23 ppm _
. E989 at EQMQQL) 0.20,® 0.170,

O = :

~

ostat = =0.1 ppm

Usyst ::O.l ppm |
0.0700,® 0.07,

-0 = 1+£0.14 ppm




Key ingredients

1) Polarized muons

~97% polarized for forward decay

2) Precession proportional to (g-2)

O g2
spin cyclotron 2 e a,= (g-2)/2

Measure 2 quantities

3) P, magic momentum =3.09 GeV/c

=’:c{aﬂ3—(aﬂ—72_JBxE}
E field doesn’t affect muon spin when y = 29.3
) Decay e* emitted preferably in spin
direction of the muon

- +e, o
Ww—>ev,yv,

G. Venanzoni, Mainz School, 30 Aug 2021



However there are beam dynamics effects

e The muon beam oscillates and breathes as

a whole
* The full equation is more complex and

corrections due to radial (x) and vertical (y)

beam motion are needed

5a=63—562
e[ §

= ——a — -
mcl #

* Running at y,,4ic=29.3 (p=3.094 GeV/c) this coefficient
is null
* Because of momentum spread (<0.2%)—>

. Time since injection: 5.0 us 100
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Vertical beam oscillation =
Pitch correction




June 2013: The ring leaves from BNL
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2013: The Big Move

i grooKhavep




26 July 2013:...the ring arrives to FNAL
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The magnetic field is measured using pulsed-proton NMR
where the proton “wobble” frequency w,, is measured

Fixed NMR around the vacuum chamber We built a little “NMR Trolley” that goes
— - NMR trolley around the ring and maps the field
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Free induction decay signal of the probes
digitized and analyzed

The Final Field is VERY uniform



TO create muons, we start with

* A big batch of protons
* Chop them into 4 equal parts

 Shoot 1 batch at a time at a target

* Collect the resulting pions and
muons using magnetic lenses

* Run them all around this triangle until only
the muons remain

* Shoot those into the our magnetic
storage ring




The Muons arrive and begin to wobble

Yellow arrow points in direction of travel
points in direction of spin
is rotating fast than yellow arrow

The difference is proportional to g-2
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Measuring the wobble frequency

~4,000,000,000

Running time vun : vum e

usS
ectrans

—5<t<100
— 100 <t <200
—— 200 <t <300

300 <t <400

TN

4 0
Time % 100 [us]

Number of electrons
Entries / 149.2 ns

Electromagnetic
Calorimeter




w, Measurement

 The number of positrons is modulated by the
anomalous precession frequency

Nye t/*[1 — A cos(w,t + )]

» 4 different analysis methods:
— T:simple energy threshold >1.7 GeV

: asymmetry weighted with
threshold >1.1 GeV

: ratio method

— Q: No clustering: total energy above
minimal threshold

momentum

Blue arrow=spin

0.4 0.6

E/3.1GeV

E and t are the measured observables
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The w, fit

* The wiggle plot is fitted with a decay
exponential modulated by the
precession frequency:

f5(£) = Noe™*/*[1 — A cos(wat + ¢)]

* The 5 parameters function presents
peaks in the Fast Fourier Transform
(FFT) of the residuals due to beam
dynamics effects

* Increasing the number of corrections in
order to remove peaks

Counts/149.2 ns

‘F{esiduals

L/ N
NN N

YRVAVAVAR AW
\/ N AR N AR /\ N A
| \J/ \J, \\/ \u/ \/ \\/ \\/‘\ /\\,/’A\
\/ \ \/ /
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The fit equation

Noe (1 4+ A -Apo(t)cos(wat+ @ -dpo(t)))- Necpol(t) - Nyvw(t) - Ny(t) - Nocgol(t) - J(t) : o x'?/'Nbo'F='3égg'/4(;od_§
4BO( ) =14, 1,\COS(wcgo(t) -+ ,)(-_ ; :
¢Bo(t) =1+ Aycos(wcpo(t) + ¢4)e 7CBO
\CBO( ) =1 ol 11 B (;CO\(.JJCBo(t) + @ B( ’)(x_._"
Nacpo(t) = 1+ Aacpocos(2weBo(t) +""‘_"':'I,'.l&;)t?—ﬁ PE .‘
' 0 20 40 60 80 100
J\\ W ( ) — 1 + 3\'\""'(‘08(“‘\;\\’ (t)t + VW )()_'\—\ Time after injection modulo 102.5 []JS]

N =1+ A, cos(w "7y
Red = free parameters B il V)6
Blue= fixed parameters F =1 =Tk / A(t)dt
o 12 T ——
. t v g i ‘ i feso ]
Oy, .(DVW‘vertlcaI woBo(t) = wot + Ae 74 + Be 7B LI | Teso £
oscillations D B 2o —~ Muon Loss term E osf ww
®co, Maco, radial osc. wy(t) = Fwcpo(t)V 2we/Fwcgo(t) — 1 06_ _
wyw (t) = we — 2wy (t) oabl | | :
02 - 1 ;
* 434 ppb statistical uncertainty (compare to 460 ppb for BNL) :

RUN1

* 56 ppb systematic uncertainty



The measurements are done entirely “Blind”
We don’t know the result until we are done

1. Precision “clocks” are used to determine the frequencies

2. Someone adjusts the clocks to run a bit faster or slower than nominal

3. Only after the entire data analysis is complete, are we told of the correct clock frequency



Two outsiders set the Clock frequency and keep the truth in secret envelopes

These folks are NOT in
our collaboration....

But we trusted them

The secret Code with the correct clock
frequency was kept in this envelope




In February 2021 unblinding meeting for our first result
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Due to the pandemic the meeting was recorded via zoom



2021 Result

1) We confirmed the result from 20 years ago !! - - (OEA _ O AL e
R WLl (N AL) = 116502040(54) x 1071 (0.46 ppm)

BNL g-2

FNAL g-2 4

< 4.2 standard deviations >

Standard Model Experiment
Average

175 18.0 185 19.0 195 200 205 210 215
9
aux'lO - 1165900

a, (Exp) — a,(SM) = (251 £ 59) x 1071




In August 2023 we presented our second result...

i
Measurement of the Positive Muon Anomalous Magnetic Moment to 0.20 ppm M |

D. P. Aguillard,®® T. Albahri,? D. Allspach,” A. Anisenkov,*:® K. Badgley,” S. Baefiler,3*:? 1. Bailey,!7:¢
L. Bailey,?” V. A. Baranov,'>9 E. Barlas-Yucel,?® T. Barrett,® E. Barzi,” F. Bedeschi,'® M. Berz,'®
M. Bhattacharya,” H. P. Binney,*® P. Bloom,'? J. Bono,” E. Bottalico,?® T. Bowcock,*® S. Braun,*® M. Bressler,*?
G. Cantatore,'?:¢ R. M. Cs 2 B. C. K. Casey,” D. Cauz,2:f R. Chakraborty,2® A. Chapelain,® S. Chappa,”
S. Charity,*® C. Chen,?*:22 M. Cheng,?® R. Chislett,?” Z. Chu,?2:& T. E. Chupp,* C. Claessens,*¢
M. E. Convery,” S. Corrodi,! L. Cotrozzi,'® " J. D. Crnkovic,” S. Dabagov,®:! P. T. Debevec,?®
S. Di Falco,'® G. Di Sciascio,!* B. Drendel,” A. Driutti,’?® V. N. Duginov,'®4 M. Eads,?®° A. Edmonds,?
J. Esquivel,” M. Farooq,*® R. Fatemi,? C. Ferrari,'%3 M. Fertl,’* A. T. Fienberg,*® A. Fioretti,'?:J
D. Flay,32 S. B. Foster,?2 H. Friedsam,” N. S. Froemming,2® C. Gabbanini,!?:J I. Gaines,” M. D. Galati,'0:h
S. Ganguly,” A. Garcia,?® J. George,32:k L. K. Gibbons,® A. Gioiosa,2®! K. L. Giovanetti,'® P. Girotti,©
W. Gohn,?? L. Goodenough,” T. Gorringe,?® J. Grange,*® S. Grant,"»?” F. Gray,?! S. Haciomeroglu,® ™
T. Halewood-Leagas,*® D. Hampai,® F. Han,2? J. Hempstead,*® D. W. Hertzog,*® G. Hesketh,?” E. Hess
A. Hibbert,*® Z. Hodge,*® K. W. Hong,* R. Hong,? T. Hu,?*%? Y. Hu,?* ¢ M. Iacovacci,”> ™ M. Incagli,'”
P. Kammel,*® M. Kargiantoulakis,” M. Karuza,'?-° J. Kaspar,® D. Kawall,*? L. Kelton,>® A. Keshavarzi,*
D. S. Kessler,*? K. S. Khaw,2* 22 Z. Khechadoorian,® N. V. Khomutov,'®> B. Kiburg,” M. Kiburg,”- 9
0. Kim,** N. Kinnaird,? E. Kraegeloh,®® V. A. Krylov,'® N. A. Kuchinskiy,'® K. R. Labe,® J. LaBounty
M. Lancaster,® S. Lee,®> B. Li,?>!:P D. Li,?>9 L. Li,?> ¢ I. Logashenko,* * A. Lorente Campos,?® Z. Lu,
A. Luca,” G. Lukicov,?” A. Lusiani,!®-* A. L. Lyon,” B. MacCoy,3® R. Madrak,” K. Makino,'® S. Mastroianni,?
J. P. Miller,? S. Miozzi,'! B. Mitra,®* J. P. Morgan,” W. M. Morse,® J. Mott,”»2 A. Nath,®:® J. K. N 22
H. Nguyen,” Y. Oksuzian,' Z. Omarov,'®® R. Osofsky,*® S. Park,” G. Pauletta,?®-* G. M. Piacentino,
R. N. Pilato,*® K. T. Pitts,?®:* B. Plaster,?® D. Po¢ani¢,* N. Pohlman,?® C. C. Polly,” J. Price,*® B. Quinn,*
M. U. H. Qureshi,'* S. Ramachandran,''¥ E. Ramberg,” R. Reimann,'* B. L. Roberts,?2 D. L. Rubin,®
L. Santi,26:f C. Schlesier,28:v A. Schreckenberger,” Y. K. Semertzidis, !¢ D. Shemyakin,** M. Sorbara,'!: ¥ o
D. Stockinger,?? J. Stapleton,” D. Still,” C. Stoughton,” D. Stratakis,” H. E. Swanson,*® G. Sweetmore,* 10t h Au gu St 202 3’ Fe rm I |a b
D. A. Sweigart,® M. J. Syphers,?® D. A. Tarazona,% *%!® T, Teubner,*® A. E. Tewsley-Booth,??** V. Tishchenko,?
N. H. Tran,2* W. Turner,*® E. Valetov,'® D. Vasilkova,?”-%° G. Venanzoni,**>! V. P. Volnykh,'® T. Walton,”
A. Weisskopf,'® L. Welty-Rieger,” P. Winter," Y. Wu,! B. Yu,** M. Yucel,” Y. Zeng,>*?? and C. Zhang®
(The Muon g —2 Collaboration)
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Run-2/3 Improvement: Statistics

Last update: 07-31-2023; Total statistics = 85.2 (billions)

Number of et

with E > 1 GeV Muon g-2 (FNAL)
t>30 ps [ 2
 Factor 4.7 more data Dataset Statistical Error [ppb]
in Run-2/3 than Run-1 | Run-1 434

Run-2/3 201

Run-1 + Run-2/3 185




Run-2/3 Improvement: Systematics

Analysis
Improvements

Running
Conditions

Improved
Measurements

éu _ @ 14 Co+ Gyt Cpa + Caa+ O

Wp w;” 1+ Bp + Bq

40 60
uncertainty / ppb




Run-2/3 Uncertainties

e sl © | Otal uncertainty is 215 ppb

Quantity

wq' (statistical)

[ppbl] Run-1 Run-2/3 Ratio
Stat. 434 201 2.2
Syst. 157 70 2.2

* Near-equal improvement: We're still
statistically dominated

Systematic uncertainty of 70 ppb surpasses
our proposal goal of 100 ppb!



This time the unbinding meeting was in Liverpool
24 July 2023

McCoy Wynn€'
ﬁc oy_ut%‘



Run-2/3 Result: FNAL + BNL Combination

a,(FNAL) = 116 592 055(24) x10-" [203 ppb]

* FNAL combination: 203 ppb
uncertainty

 Both FNAL and BNL
dominated by statistical error

FNAL Run-1 + Run-2/3 —@— [203 ppb] (24 e Combined world average

dominated by FNAL value

—e—t [190 ppb] (22)
World Average

175 1860 185 190 195 200 205 210 215
a,x10° - 1165800

Size of a/;"=153.6(1.0) x 107

a,(Exp) = 116 592 059(22) x 10-"" [190 ppb]



RBC/UKQCD 23

Mainz/CLS 22

Aubin et al. 22

Lehner, Meyer 20

Aubin et al. 19
RBC/UKQCD 18

Comparison with SM prediction (2023)

bl staggered HH twisted mass overlap
H+ Wilson HH domain wall

FHM 23
ETMC 22

chiQCD 22
ETMC 21

BMW 20

R-ratio

1 L | T L 1
205
(a}}vp)ll).l . 101[)

Keshavarzi,

Nomura, Teubner: Priv. Comm. . .
£ KNT19 n*m~ combination

—_— CMD-2 (03-06)
SND (04)
KLOE combination

BaBar (09)

BESIII (15)

CLEO-c (17)

¢ not included in KNT19¢
SND2k (20)

—_— CMD-3 (23)

360

365 370 375 380 385 390
al’ ™ (0.6 =vs =0.88 GeV) x 10%°

HVP from
lattice
(intermediate
region~ 1/3
apLHLo)

INC. In
Wp20
HVP from

(2m dominant
channel)

NOT inc.
in wp20

Comparison

New results
after 2020

with wp20

5.00 >

+—e—+

Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)

< 510 >
® +—eo—
SM: e+e- HVP World Average
T.I. White Paper
(2020)

Selected new results
since White Paper (2020)

Disclaimer: prediction from

Lattice taken from Lattice 2023 ®

talk; prediction from CMD3 SM: e+e- HVP
based on our specific using only CMD-3
assumption data below 1 GeV

175 18.0 18.5 19.0 19.5 20.0 20.5
a,x10° -1165900

Comparison of FNAL Runz1-3 result with the Theory
Initiative’s calculation wp2o is at

Waiting for a clarification of the theory (see

( )



https://muon-gm2-theory.illinois.edu/

Outlook for muon g-2 at Fermilab

Data from Run-4/5/6
fully produced and
analysis making good
progress

With more than 21x
BNL statistics on tape
we will likely surpass
total precision of
140ppb

Plan to publish result
of the full dataset in
2025 with twice
improved statistical
precision

| Muon g-2 (FNAL)

N
o

TDR goal: 21 x BNL

-
O]

~25% tot stat

analyzed /
_/Tan-2
o‘e//R.urM :

AD AD AD AD of

N, MR ’ MRV
Q’\’\\ QN 3 0\$ QN 3 0»\,3 AN

—
o
EEE . - . S .y,

analysis in progress

N

T
Z
a8
X
()
=
-
©
-]
£
-]
o
~~
+
(O}
=
©
e

(N
1

Other analysis ongoing with first results based on Run-1 data expected in 2024
Muon Electric Dipole Moment analysis with final sensitivity goal of <102° e:cm
BSM searches via CPT/Lorentz violation and Dark Matter



J-PARC muon g-2/EDM experiment

J-PARC MLF

C ~nctriicrtad i+
LONStrucied InZusi

Prog. Theor. Exp. Phys. 2019, 053C02

Features:

* Low emittance muon beam (1/1000)
* No strong focusing (1/1000) & good injection eff. (x10)
« Compact storage ring (1/20)

* Tracking detector with large acceptance
* Completely different from BNL/FNAL method
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Conventional muon beam

(BNL Fermllab)

@ emittance
\&/
| O ) ~1000rt mm ‘mrad

Strong focusing
Muon loss
BG 1t contamination

pion
production




Muon beam at J-PARC

emittance

@ ~1000t mm mrad
@ o
® -

Strong focusing
Muon loss

production
BG 1t contamination

emittance

It mm mrad
e T———— Reaccele ratEd Free from any of these

R RB @BIL LR FAT/51) t h erma I muon




Surface u*
Stop in Aerogel

Ultra-cold Muons

Diffuse Muonium (u*e’) atoms into vacuum

lonize

e 1S - 2P->unbound

Accelerate

 E field, RFQ, linear structures

« P=210

Proton beam
(3 GeV, IMW, 25 Hz)

Graphite
| target (20 mm) |

Laser

L

- | <,

Surface muons

1 (28 MeV/c)  mu production |
5 target

122nm, 355nm Laser

Las

Production of thermal energ
muonium £ S8

Silica aerogel
(sio,, 30 mg/cc)

[ ; ‘
high pt i /

(
and p_ §r

{ Re-accelerate |
by LINAC

: Ultra-cold

), Muon beam
P=210 MeV/c

(2.3 keV/c)



Muon storage magnet

» Superconducting solenoid Muon beam
cylindrical iron poles and yoke
vertical B = 3 Tesla, <1ppm locally B i ‘,
storage region r=33.3+1.5cm, h = I rk | i Connection =
+5 cm sl N == pipe .
tracking detector vanes inside ' | P i =
storage region

storage maintained by static weak
focusing
» n=15x 104 rBJ(z) =-n zB,(r) in
storage region

(

Fig. 8

\)

AV r—\/-('\f-x
000000
:

- Nt

Solenoid

coil




Comparison of g-2 experiments

Prog. Theor. Exp. Phys. 2019, 053C02 (2019)

BNL-ES821 Fermilab-E989 Our experiment

Muon momentum
Lorentz y

Polarization

Storage field

Focusing field
Cyclotron period

Spin precession period

Number of detected e™
Number of detected e

a, precision (stat.)
(syst.)
EDM precision (stat.)
(syst.)

3.09 GeV/ce 300 MeV/c
29.3 3
100% 50%
B=145T B=30T
Electric quadrupole Very weak magnetic
149 ns 7.4 ns
4.37 us 2.11 pus
5.0x10’ 1.6x 10" 5.7 x 10"
3.6x107 - —
460 ppb 100 ppb 450 ppb
280 ppb 100 ppb <70 ppb
0.2x 107" e.-cm — 1.5x 107?' e-cm
09 x 107" e-cm —~ 0.36 x 107%' e-cm

Running In preparation



Schedule and milestone 7

JFY | 2022 2023 2024 2025 2026 2027 2028 and

beyond
KEK
Budget
Surface V' Beam at H1 are Beam at H2 areg %o
muon -—

S
Bldg. and *=inal design Completion 'G
facility R

(=
Muon V' lonization testfi@S2 * lonization test at F £
source =

O
LINAC 210 MeV

bk 80keV acceler&ion@52 * 4.3 MeV@ H2 * fa ste
Injection and
storage muon injection
Storage * B-field probe 3 !
magnet ready ing done
Detector * Installatilm
DAQ and . B
computing | | B Ready
- I8
Analysis A I ready
I Analysis software ready

More detailed schedule at nttps://docs.google.com/spreadsheets/d/1021SO5MvxWnEjrqH4sIGOLmSIQUIPj9p/edit#gid=1381089061



alf*% (HVP) A «Third way»: MUonE at CERN ONE

(a space-like approach of a ")

Measurement of Ao, _(t): hadronic contribution to the running of the
electromagnetic coupling constant.

0 5.53-10"1 2.98 10.5

Tpeak = 0.914 .
tpe.a.k ~ —0.108 GeV?

Hadrons




The MUonE experiment usne

Extraction of A, _,(t) from the «shape» of the u*e- =2 p* e elastic differential
cross section

dadata/dt 1

dot9P Jdt 1 = Acyep(t) — Actpaa(t)|?

From theoretical calculation

To be measured

X 0.928, E, - 130.7 GeV Muon beam momentum = 150 GeV

A beam of 160 GeV muons allows to cover
the whole au”LO

Muon scattering angle (mrad)

Correlation between muon and electron
angles allows to select elastic events and
reject background (e*e” pair production)

Boosted kinematics: 6, <5 mrad, 0, <32
mrad

Electron scattering angle (mrad)



MUonE at CERN: status y§Ne

muon filter

M2 u beam — u chamber
150 GeVie / [ T

station # 2
EC \l

-C. M. Carloni Calame et al PLB 746 (2015) 325
-G. Abbiendi et al Eur.Phys.J.C 77 (2017) 3, 139

 Many progress in the last vyears, inc.
-Lol https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf

detector optimization and development of
u-e (NYNLO MC

* 3 weeks Test Run in 2023: proof of concept
of the experimental proposal using 2
tracking stations and ECAL. Successful run
at 40 MHz

* Staged approach towards the full |EEEEEEZE——E——z——T—— e
experiment: 15 phase in 2025 with limited
sensitivity to Ao, _,(t); final accuracy after

LS3 (>2028) with <0.5% target precision on
a HLO
u




Introduction to CLFV

* Charged Lepton Flavor violation is forbidden in the Standard Model:

* u—>ey, u—~eee, L +A 2 e+A,, 1>e(u)y, t>e(u)h, K> ue, K>npe, and
many others
e Neutrino oscillation may induce CLFV but very small (due to GIM-like
mechanism and neutrino mass)
BR(u—2>ey)~0(10%) (BR uN-> eN)<100

2

~ 1070 (lo'f—n:ev)4

2

m
* V;
Ul-‘iUci M2‘
w

3

B(ﬂ—*e’l)=32—1r
:

* |f CLFV found = Clear evidence of Physics BSM
* Many theories BSM predicts CLFV



NP can contribute to CLFV Processes & g-2

T — €7

A wide field of research
LFV decays of leptons

Anomalous magnetic moment for the u

Muon-to-electron conversion

LFV in meson decays

90% C.L. upper imits for LFV t decays

Pisa, 12-04-2016




Various models predict CLFV

Sensitivity to different Muon Conversion Mechanism

Supersymmetry

Predictions at 10-15

Compositeness

Heavy Neutrinos Second Higgs

doublet

Heavy Z/,
Anomalous Z

Leptoquarks coupling




Supersymmetry as source of CLFV

e Supersymmetry (SUSY)
* Hierarchy Problem
e Unification of Force

 |f SUSY exists
— SUSY flavor mixing

Physics of
slepton mass matrix




Correlations: p 2 ey vs (g-2),

3.4 o discrepancy w.r.t. Standard
Model prediction

possible hint of new physics

this would enhance to u->ey for
example in a supersymmetric

model

12 2 -4
cLFV coupling |5, | =10

almost excluded

BR(u—ey)x10"

resolution improvements by a
factor 4 from future experiments
at Fermilab and J-PARC

together with new generation .
a : Aa
cLFV experiments will be_ 4 a 812)2
P ;5 ) 5 (200)( O—H) | L

sensitiveto [6,, | =10
= G. Isidori et al., 2007




Correlation p =2 ey & u-e Conversion

4 m _ - N K o . All Limits are at 90% CL
T f)Az et Fu ETATY ei(qq + ee)

e

/ \

q ‘:’ : q
- _ J \__4d q
photonic non-photonic

/\

SUSY-GUT, SUSY-seesaw \ MEG-I
® higgs mediated processes

Doubly Charged Higgs Boson (LRS etc.)

Little Higgs Models B(u—ey)<4.2x10713 v Rue(UN—eN on Aw<7x10~13

Randall-Sundrum Models Excluded (u—ey) \\ Excluded (uZN—eN on Au)

SUSY with R-parity Violation k

Leptquarks

Heavy Z'

Multi-Higgs Models

. SINDRUM-II

photonic-like( no:photonic-like




Correlations

FBMSSM
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Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models %% % signals large effects. Y ¥ visible but small effects and s implies that

the given model does not predict sizable effects in that observable.

The pattern of measurement:
* % & |arge effects

* X

visible but small effects

* unobservable effects
Is characteristic,

often uniquely so,

of a particular model

AC [10]

RVV2 [11]

AKM [12]

SLL [13]

FBMSSM
[14]

LHT [15]

RS [16]

GLOSSARY

RH currents & U(1) flavor
symmetry

SuU(3)-flavored MSSM

RH currents & SU(3) family
symmetry

CKM-like currents
Flavor-blind MSSSM

Little Higgs with T Parity

Warped Extra Dimensions




CLVF p-decay status

If charged lepton flavour is violated we might
these muon decays:

n— ey,
n — eee 10-%
HN — eN 10-11
First measurements shortly after discovery 10-13
muon (showed muon was not an excited 1015
electron)
10-17
Experiments in preparatign will push u— e 101940 1950 1960 1970 1980 1990 2000 2010
sensitivity by up to four orders of magnitude
over the next 5-10 years. # Best limits Projected sensitivities (90%CL)
u—>ey < 4.3x10'* MEG (PSl) 6x10-* MEG Il (PSI)
: u—>eee  <1.0x102 SINDRUM (PSI)  4x10-'5 Mu3e | (PSI)
This corresponds to at reach for NP up to 1x10-' Mu3e Il (PSI)

O(PeV) (107° eV) mass scales, out of reach

i . N—eN < 7.0x10-13 SINDRUM II (PSI 6x10-17 Mu2e (FNAL
direct NP searches at colliders. H wAuU — e Au (PS 7x10-15 COME(T | (J-IZ’ARC)

6x10-7 COMET Il (J-PARC)




u->ey: Signal and Background

: Physics Accidental
Signal
9 Background: Background:
17 v
+ + + ,,+ @V + O
e U e” U A T ouTA n
Q« O O« O | ‘ E O Photon from:
l Radiative, AlF,
V 0 Bremsstrahlung

[T

s L
€ 4
_“ 52.8 MeV 52.8 MeV
_ﬁer Jjer I ®e}’ t or
2 0

RRad R,BR(y — evvy|AE,, AE,, AB,,)

~

b
LL% iTey

[ ) ) ) Dominating for
RAcc ~! Rﬂ . AEe . AE}, . A@e}, . ATe}, <4——— high mgon rates
1]
arco Francesconi 4/ 14 EPS-HEP2023, 21-08-2023




Mylar Degrader

S system in
windov y Collimator

MEG-II: 1L — eY at PS|

\‘ “Z” channel
nES5 beam line delivers 28 MeV/c surface muons to ‘ l—“—"' = !!l " pscas
3 Cobra = = \ ‘ np et riplet ” HSC43
experiment ta rget “U” channel .—\S’D ‘;/:4 / . HSF41

Steering magnets QSF48 ’ 7 P HSC42

} QSFSZW .é" @ HSC41
Upgraded (thin, fast, stable) detector: Vit //’ g s

1m 'S43
— F34 QSF43

FS42 QSF42

Target

e 2-5x10’ p-decays per second

Liquid xenon photon detector

/ LXe)
't""

Cylindrical Drift Chamber for positron momentum b4 y '2 "

COBRA

800 liter LXe calorimeter for photon energies

Scintillating tile timing counters for accidental
background rejection

Pixelated timing counter
pTC)

Muon stopping target

Performance comparison MEG-Il vs MEG

Cylindrical drift chamber
Radiative decay counter (CDCH)

MEG

E,- (keV) 100 89 330
Po+ , B+ (mrad) 3.7/6.7 4.1/7.1 8.4/9.4
Yo+, Ze+ (mm) 0.7/1.6 0.75/1.85 1.1/2.5
Elv("»‘? ) (w<2cm)/(w>2cm) 1.7/1.7 2.0/1.8 2.4/1.7
Uy, Vy, Wy, (Mm) 2.4/2.4/5.0 2.5/2.5/5.0 5/5/6
fory (PS) 70 78 122

Resolutions Foreseen Achieved

Efficiency (%)

69
65
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st run: 556895 (2023-11-08 02:22:07)

MEG-I| status

First MEG-Il were published 2023:
BR(L — ey) < 7.5 x 1013 (arXiv :2310.12614v2)

Published
analysis

(Combined MEG + MEG-II: BR(u1 — ey) < 3.1x1013)

)~ L —"
0'.’/1\'1:1_\' 02/Jul D1/5% 01/Nov

‘Wed Nov 8 07:00:25 2023

Based on few weeks of data taken in 2021 (10** y1 decays)

-
o
|
¥

Continue to run until 2026.

MEG limit (90% C.L.)

Sensitivity BR(u*—e*y)

New best UL:

\ 3,73.1x10°13

Final sensitivity goal is 6x10-14

PSI accelerator long Shutdown from 2027 to 2028, likely no beam until second half of 2029

2023 (exp.)

5, =6x1014

| 2027

|
i MEG Il goal:
|
|

Decision: Ready for Long Shutdown Start Long Shutdown Re-Start HIPA (Proton Beam & User Operation)

S0 Beam OP sD Beam OP Long Shutdown Beam OP ) Beam OP

Techn. & Mecharlical Design, Engineering, Planning Procurement & Testing Remove TgM HIMB Installation Comm. Pilot Exp. Consolidation

20 30 40 50 60 70 80
DAQ livetime [Weeks]

1st Beam HIMB & User Operation
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Mu3e@ PS|

DACKJrounas

Internal conversion accidental
e+

BR (bt —>e* e e'vev ) =35x107
Features
common vertex common vertex no common vertex
2p;i=0, XEj=m, 2p;i#0, XE;<m, 2p; #0, XEj#m,
In time In time out of time

Rejecting the background requires Gty < 300 pm
6, < 0.0 MeV/c
c;<0.9ns




Separator

\
$ \ ‘,\1“-"1\0\
(] } g_)um'ﬂ'“}“o"\' y Quadi o i

Duag proton bean
=Yadrg 7 I
riplet 3 tpole / Gy
TTip o g / pole
. " \ i e -Hldnine]
b ‘ e ! fid ] 1 LN ‘ Extraction
[N ! LTl < dipole
/1» . | | | s
~ \

Target E

171'{}1&‘

Inside mu3e up to 2x10° y/s are stopped on
thin mylar target.

To achieve high resolution for low energy
positrons/electrons (10-50 MeV) requires an
ultra-low-mass tracker

« MuPix tracker (~0.1%X, per layer)
« 50 ym HV-CMQOS pixel sensors
« Low mass supports
« cooled with gaseous Helium

« Recurling track concept (1T B field)

Scintillating fiber and tile detectors crucial for
the reduction of combinatoric backgrounds




Mu3e status

Construction of the mu3e experiment is ongoing, to

be completed in early 2025.

Phase | experiment (Start of Physics operation in

2026)

- 108 p/s beam

- substantial improvement on SINDRUM limit (10-12)
based on first year of data.

- Completion phase-l around 2030 with sensitivity to
BR(u—eee) < 2x10-1°

Phase 2 experiment upgrade

2x10° y/s after PSI HIMB upgrade

Extended acceptance

Fast silicon to control combinatoric backgrounds
Sensitivity goal 1016

4 order of magnitude improvement respect to e iba 0
SINDRUM BR(u—eee) < 1x10°72 Meoc [MeV/C']




u-e Conversion in Nuclear Field

 Muonic Atom (1S state)

e Muon Capture (MC) 3 Al
N (A' Z) 9 V“ N (A' £- 1) &?egi)rrr?eiet: 864ns “*«.Nuclear Recoil
 Muon Decay in Orbit (DIO):
U 2evy
« MC: DIO =1:1000(H), 2:1(Si), 13:1(C), 3:2 (Al) Ee = 1, — (B.E.),¢ — Erecont
° T, (Al) =0.86 LS = 104.96 MeV J

* SIGNAL: Charged Lapton Flavor Violation (u-e conversion in nuclear field) with a
monochomatic e- with E~¥105 MeV

s w+(AZ)2e +(A 2

T~ + (A, 2) — e~ + (A, Z)]
T+ (A, Z) — v, + (A, Z —1)]

BR[p~ +(A,Z) — e + (A, 2Z)]




Fermilab Muon Campus

o \Vu2e goal is to improve by

a factor 10% the world’s best
sensitivity on:

I'(4+ N —> e +N)
['(u= + N — all captures)

R,u(-.’ —

SINDRUM Il @PSI (2006, Au)*:
R,.<7-10"* (90% CL)

[S. Di Falco, EPS-HEP2023]



MuZe experiment concept

Protons

" Produce a muon beam using a proton beam:

L i . \ Pions Decay to
— Proton beam hitting a production target produces pions Muons ]
. —_ —_ = ectrons
— Pions decay to muons (71~ - u"v,) Emitted

" Low momentum muons captured in a stopping target
— Instantaneously (~ 10713 s) cascade to 1s state
— Muonic X-ray emission spectrum gives estimation of number of

muons captu red Production Stopping
Target Target

=" Muons in muonic atom decay after a certain lifetime:
— Muon nuclear capture (~61% in Al): uN - v, N"™*

— Muon decay-in-orbit (DIO, ~39% in Al): uN — eNv, 7, 308 A 27

— uN—->eN conversion: signature of a single monoenergetic — ‘”gj

electron of ~105 MeV Lifetime = 864ns “x[\\luclear Recoil

= Measure ratio of conversions to muon nuclear capture

[[u~ + A(Z,N) > e~ + A(Z,N)]
[[u=+A(Z,N) > v, +A(Z — 1,N + 1)]

Ee

— 1“/1('2 — (BE)l\ - Er(*('nil
= 104.96 MeV

Rye =
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Pulsed proton beam

* Mu2e uses a pulsed proton beam to mitigate backgrounds associated with the primary
beam

e 8 GeV pulsed proton beam from Fermilab booster, re-bunched in the recycler ring,
and then transported to the delivery ring

Extracted from the delivery ring through resonant extraction (a.k.a., slow extraction)
Each pulse: 1695 ns (~2 Tﬁ“), 3.9%107 protons (+50%)

* 900 ns live window 08E=rromon. TR E R
. | | POT pulse
sta rtlng from 700 ns to : n arrival/decay time ( x 1M)
w arrival time ( x 400 )
Suppress prompt ' 'rompt backgrounc w decay/capture time ( x 400 )
background

* Inter-bunch extinction

ratio (fraction out of
bunch) < 10710

A00 800 1000 1200 1400 1600 1800
Time (ns)




The Mu2e experimental apparatus: the 3 solenoids

Product!on Pr ton bear Detector solenoid
solenoid _ Muon stopping target

Production target . S e Calorimeter
Transport solenoid Tracker

1) Production Solenoid:
- 8 GeV pulsed proton beam entering from

the right hits the tungsten target

- a graded magnetic field drives low

momentum particles downstream

- Coils assembled with the inner bore

- Preliminary field map obtained



The Mu2e experimental apparatus: the 3 solenoids

Production
solenoid

Detector solenoid
Muon stopping target

Production target Calorimeter

Transport solenoid

2) Transport solenoid:
- selects -/+ particles of wanted momentum with swivel

collimators

- thin absober windows to reduce antiproton background

- small magnetic field gradient to avoid trapped particles

- Installed in the hall Il

97



The Mu2e experimental apparatus: the 3 solenoids

Production
solenoid

Detector solenoid
Muon stopping target N

Production target

Transport solenoid

3) Detector Solenoid (11 coils):

- Contains the Al muon stopping target
surrounded by proton/neutron absorbers
- field gradient increases acceptance
and suppresses beam electrons

- 1 T uniform field in detectors region

B
> Q.v.l

- all 11 coils built, being assembled A DS coil The Aluminum muon stopping target



MuZ2e detector (main components)

Straw tube tracker provides Electromagnetic calorimeter differentiates
momentum measurement particles through energy deposition
Searching for 105 MeV electrons, with a 2 disks spaced by 70 cm
180 keV/c momentum resolution 674 pure Csl crystals/disk

2 arrays of 6 SiPMs/crystal

216 panels (made of straws)
36 planes (6 panels each) Transverse
18 stations (2 planes each) coordinate resolution
9

f . 0

Conversir:?'n Electrons
105 MeV/c

! ‘H'\
o]

||A “\

.IT‘JOI’IS
18 stations of 12 panels N

(~21000 straw tubes)

Expected completion
and installation: end of
2024

ok b

Main responsib |tINFN



«signal» window

Mu2e Run 1 simulation —— CE

b e —e— Cosmics :
Rizo | 21:0:5¢10

N 6 x10' e
I W stops - O X —a— Pbar

T, : [640,1650] ns

N /50 keV/c

1045
e track momentum (MeV/c)

The DIO spectrum falls as (Emax-E)° close to the end point

Can be suppressed by the momentum window cut 100



Given the very low background level a 5¢ discovery will require
MuZ2e to observe just 5 events of muon conversion

The R,. corresponding to a 5o discovery in Run 1 Is:

- _15 Mu2e Run 1
R,U,-(i =1.1- 1() Sgl[fiscl:)lclery reach

If no events will be observed the 90% CL limit will be:
. —16 Mu2e Run 1
R, =6.2-10

that iIs more than x1000 better than current best limit!

[S. Di Falco, EPS-HEP2023]




MuZ2e schedule

Simulated Mu2e signal and background

* Run I: End of 2026, before PIP-II/LBNF shutdown Mu2e simulation = Conversion By, = 2 x 10
] 9T 36 %102 POT b (L
° 103 im prove ment over SI N DRU M_I I —+ Total background (stat+syst)

l‘ m DIO background
* Full data set by the end of the decade, expected

Rye < 8x107'7 @ 90% CL, 4 orders of magnitude
improvement to the current limit

Other backgrounds

<
o

o 2
o

o
~—
~
-
<]
—
P
0
o
e}
—
¥
joF
n
e
=
>
=

. Artuso et al., arXiv:

e 2023 P5 Report recommended continued support
for Mu2e in the next decade

103
Track momentum, MeV/c

Muon-based CLFV rare decay experiments, expected timeline, and expected 90% CL

exclusion power *  Discovery reach (50): Ry, =

-16
2023 2025 2x10
| 1 . . [ 9 :
data mete-14 | Exclusion povl/(le;' (90% CL):

const. phase | phasell | 2e-16

const. phase | phasell | se-17

i : ;
| const. phase | phasell = 6e-17

R&D construction data téking 102



COMET@JPARC

- a long superconducting solenoid
- Phase-l

- Beam BG Study

. SES.=3x 107"

- 2018 ~ 2020
- Phase-ll

. SES.=26x 10"

. 2022 ~

. L
<212 -
Lasss 4
- i
' [ »
.
:




DeeMe@JPARC

MELC - MECO - Me2e, COMET
DeeMe: Completely different idea
S.ES.=10:(C)~ 5x10"*{Si€)

Production target and convejgl

@m- Production target the same
@inflight m—— u-
®Muonic Atom Formation

Proton @ M -e Conversion

Production

EEget Secondary Beamline

Capture Solenoid Spectrometer Magnet
HSIABC (PACMAN)
‘I
|
= ,'
l"
g

~ R
| ' l “. \




Conclusions
Exciting muon precision physics programme

Muon g-2 : successful (70 years) history. Fermilab muon g-2 achieved a precision of 0.2
ppm (=2 0.14 ppm final accuracy). X50 improvement in precision respect to CERN-III
Current results pose a puzzle that needs resolving. Major focus across theory and new
experiments to clarify this

Current experiments and experiments under construction will improve sensitivity to
charged lepton flavour violation in muon decays by up to four orders of magnitude.

Wide program with with high discovery potential!!

Maybe the final answer will come from one of you!??!

Thank You for the attention!!! 4



ONE THING 16 FOR GURE: THE HUNT (S ON, AND
NEW DIGCOVERES ARE ON THE HORIZON.

\ // e

Mu2e, COMET, Deeme

//,




END
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2013: The Big Move

LAb hh FohE

——— e
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The straw tube tracker

uJ 1
ot Tracker

1§tsr%?itc§‘r{se of 12 panels

straw tube
5 mm diameter
15um mylar wall

216 panels (made of straws)

80:20 ArCO, gas mixture ~21000 straw tubes
25 um Wwi?eg@1450v 36 plan.es (6 panels each) ( )
ADC & TDC at both ends 18 stations (2 planes each)

All panels completed Transverse coordinate resolution

23/36 planes assembled

Leakage test ongoing
0=132.7%£0.7 um

Performances confirm

expectations

Expected completion and ; .
installation: end of 2024 04" 0. 2 04 08 o08_ 2

1.4
Drift radius residual (mm)
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The electromagnetic calorimeter

2 disks spaced by 70 cm

674 pure Csl crystals/disk
2 arrays of 6 SiPMs/crystal

Main goal: e/u separation

v Beam at 0°
e Cosmic Rays - Hamamatsu
A Beam at 50°
] Cosmic Rays - SensL

*

w
2
s
I
©

o
N
©

E

=

[}
Z

1.631/5 2 /ndf 2776 /3
6.29+0.2011 @ 4.85 + 0.1399
0.08285 + 0.006919 b 0.06402 = 0.004284

105 MeV/c muons

T [
4 ‘1

f

‘,'I‘
Ml

T"“‘w,,d_

R T

‘ Delté T [nsj
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Re-accelerated thermal muon

surface muon herme | accelerated muon
E 3.4 MeV ne 212 MeV

D 27 MeV/c 2V /¢ 300 MeV/c
Ap/p  0.05

\

\t i
,..-'»_\:‘
/ -

H-line Mu production Electrodes(Soa) LINAC
target

lonization Laser
(122 nm, 355 nm)




Proposed experimental site (H-line)

Material and Life science Facility in J-PARC

G R

B T G D
o muoen MuSEUM
n PrO‘ﬂ uction DeeMe
| target

/

\

L 454~ g spallation neutron j

T idniei o VAT i 0 s
N. Kawamura et al., PTEP 2018, 113G01 (2018)




Sensitivity to the Theory (1960-2000)

0.54 x 10~ contribution to

a;"* =116 592 089 (63)x10~* (2001) (0.9999..) (5.9 X 1075) (1.3 x 1079)

. a)
Y

a4 oops
0.54 ppm BNL m (E) + hadronic + weak+ ? e -E
>900 diagrams l i
a3

[ \3 3 Loops
cenn g
\ /1 |
' ‘ 76)
>100 dlagra ms
/) 2 2 Loops
CERN | \ 7]
9 diagrams
(04 1 Loop
T l»l H
Wy
1 diagram

113



Detector system of silicon trackers

* Requirements
— Detection of e+ (100<E<300 MeV)

— Reconstruction of momentum
vector

— Stability over rate changes
(1.4 MHz 2 14 kHz)

* Specifications

Sensor: p-on-n single-sided strip
Number of vanes: 40

Number of sensors : 640
Number of strips : 655,360

Area of sensors : 6.24 m?
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Detector system of silicon trackers

ositron
neutrino ,L —

P,.=50% N,.=57x10"
200 MeV < E,. < 275 MeV

10°

@

Dy 100
/7,/1]]0

Y
(=]
™

®
c
n
-
2
c
=
Q
&)
[
>
g

20 25 30

e* decay time (usec)




u-e Conversion in Nuclear Field

transport solenoids

——— oy I I cecroe |~ COVET!

9 | | electrons || .
detector |R, <~107"

—— . N ¢ clectrons ~ COMET1 @JPARC

roton beam | | ‘ | e )
P target detector Rey <~ 107 -107

electrons - DeeM?@JPARC

electrons R <~ 10" |
roton beam ey
P detector | '

[A.Schdning, Heidelberg, Jan 2017]



weag

Must resist to 5.7-10'2 protons/s
Gaps and fins to help heat dissipation

Maximum T~1100 °C
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The Aluminum muon stopping target

80 cm | ﬂ/T .‘
(NN 11 A &
bt |
.n ﬁa“ |
37 foils of Al p\:,. Ao o
105 um thick -

75 mm radius o

22 mm central hole radius K. ‘-, 1

The segmented geometry helps to reduce electron energy
losses (improving momentum resolution)

The central hole helps to reduce radiation in the detector
118



The hadronic HO VP contribution

® O(a3) contributions of diagrams containing HVP insertions:

Already included in a HLO

a, HNLO(vp) = -98.3 (7) x 1011 |

Krause '96; Keshavarzi, Nomura, Teubner 2019; WP20.

® O(a4) contributions of diagrams containing HVP insertions:

M. Passera

V-V V-
/&Aﬁé a,HNNLO(vp) = 12.4 (1) x 10-11 |

Kurz, Liu, Marquard, Steinhauser 2014

IAS 13.4.2021



