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Probing BSM with muons

Apr 7, 2021
* Muon is a very sensitive probe for BSM physics  |.im e iimims e

Puklished in: Phys. Rev.Lett. 126 [2021) 14, 141801 « int; 2104.,03281 [hep-ex]
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* The Muon Trio in Precision and Intensity Frontiers
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Unveil new physics
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Very active research area!
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The Muon Moments: g-2 and EDM
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* g-2 can be calculated and measured to
very high precision

 SM Theory: 370 ppb
* Fermilab experiment: 460 ppb
* Precision test of SM calculations
* Sensitive to 4-loop QED, QCD, and EW

 The difference between theoretical and
experimental values probes BSM physics

 Complementary to LHC searches
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* A search for new physics which is
essentially “background-free”

 The contribution from SM’s CKM matrix is
too small (d ~ 1042 e cm)

e Currentlimitd ~10-19e cm

* Many BSM models predict large EDMs

 Complementary to LHC searches

* Baryon asymmetry in the universe (BAU)
requires more CPV

 EDMs are good probes of BSM CPV 4
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History of g-2

—

. - €
- g-factor relates spin to magnetic moment -
h=g—»>S

» Dirac’s prediction (1928): ge = 2 )m,

* Magnetic anomaly discovered in the electron (Kusch and Foley, 1948)
* ge =2.00238(6) by measuring atomic energy levels

* Julian Schwinger calculated ge using quantum electrodynamics (QED)

» QED one-loop correction gives g, ~2(14 ZOTLC) ~ 2.00232

Y

e

0.1% of g-factor
* Fractional deviation from Dirac’s prediction is called magnetic anomaly
qg— 2

2 5
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QED EW HVP HLbL

i

= 116591810(43) x 10~ (370 ppb)

Theory Initiative White Paper: T. Aoyama et al. Phys. Rept. 887 (2020)

SM contribution on a,

aSM _ agED 4 aiW 1 aEVP, LO 1 ai—lLVP, NLO 14 aZVP, NNLO 4 aZLbL 4 ClH

(-
9
(9}

(-
9
~

-
<
O

-

S
=
=

L

LbL, NLO

) -t d A R T

: E
) TSUNG-DAO LEE INSTITUTE

QED EW HVP HLbL
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More on HVP contributions

Theory initiative: estimate of ~2025 to sort all this out
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The “first” muon g-2 experiment

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays: the Magnetic
Moment of the Free Muon*

Riciarp L. Garwin,f Leon M. LEpErRMAN,
AND MARCEL WEINRICH

Plivsics Department, Nevis Cyelolron Laboratories,
Columbia University, Irvinglon-on-Hudson,
New York, New York
(Received January 15, 1957)

EE and Yang'* have proposed that the long held
space-time principles of invariance under charge
conjugation, time reversal, and space reflection (parity)
are violated by the “weak” interactions responsible for
decay of nuclel, mesons, and strange particles. Their
hypothesis, born out of the r—#8 puzzle,’ was accom-
panied by the suggestion that confirmation should be
sought (among other places) in the study of the succes-

sive reactions
mt—ut v, (1)

ut—et-+ 2y, (2)
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* The result was g = 2.0 = 0.1 for the muon
» Subsequent experiments indicated that g > 2
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Evolution of the g-2 precision

FNAL goal: 4 x improvement

Storage Ring
Dilated lifetime

measurement of a

,» more precise

Stopped Muons
Stop muons in a magnetic field

measurement ot g, directly
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JPARC future

full stats
Run 1 (2021)

FNAL

BNL
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duy = 116 592 089(54)stat(33)syst(63)tot X 10-1
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CERN BNL
1960-1970s 1990-2000s
7.3 ppm 0.54 ppm

(completed) (completed)

I

2006 3080

2009-2023 S
0.45 ppm

0.14 ppm (under

construction)
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Principle of g-2 measurement

Larmor Thomas Cyclotron

Storage
Ring

Spin
— measure homogenous
momentum : . :
difference In field and
frequency precise field
precisely measurement

12
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PNMR probes around the
storage ring
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pileup separation

s AR IS L LA LA L
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delta t: 4.6 ns

10 20 30 20 50
time [ns]

Decay positron curving in and 4
striking a calorimeter Opened up calorimeter Stacking crystals

15



TRy T d AR

%— [EEL &‘5
Yt/ TSUNG-DAO LEE INSTITUTE

- \ \ \' ‘! \\\\\
1
'R’

| .“ \ \ \ ~ \ ,' f %' \l
HLLRRRTRERL Y
.‘ , | W

!
I
1 Il"'

—4 l‘. \/ ‘} ‘.l “!‘1 |‘;‘..
ki | —

The SWISS KNIFE for g-2 experiment
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¢ A 25-element pNMR Trolley was used to map (FID) Waveforms with ~10 ppb resolution
’ “ the field during rOugh Sh|mm|ng adeStmentS f* ’ mall gradients ‘f “ Large gradients
(see video) ;;;Mx;)wnmw.w | Y

AL
] )

| 1 [
C eCCo o

A 17-element pNMR Trolley maps the field IN
VACUUM during running periods

\

Shimming Trolley Probe Matrix

' )

p—
O i)

NN

378 Fixed Probes above and below the vacuum chamber
measure the field continuously throughout the experiment
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A grand view of the g-2 ring

1. Inject muon beam
iInto the storage ring
and store them

2. Monitor the magnetic
field with fixed and

trolley probes

3. Detect positrons with
calorimeters and

trackers
19
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Additional corrections

W (Tr)ipe(H)  pte M 2

——————————

11 ppb 0 ppb 22 ppb 0.3 ppt

Corrections from
Unblinding conversion factor Measured g — 2 frequency the beam dynamics systematic effects

\4 l b % )
Wa fclock Wg,n (1 Ce Cp le Cpa)

O OYT) et (wp(e,y,0) X M(,y,0))(1+ Bi + By)

\ J J
Va NV e
NMR probe calibration factor Magnetic field weighted over Corrections from
the muon distribution and the transient magnetic field

azimuthally averaged
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Fermilab Muon g-2 Experiment
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Systematics in wa ?

| Energy vs Time | Time
3000 o x10° —————s . —_—
3 L
E g 160__ ﬁ m m ]
> 2500 = n fit with
5 S 140 | -
& S il ﬂ
W 5000 120 ﬂ
100
1500 80:’ ]
60
1000 oV /|
40 v !
500 | 20 . . .
30 40 50 60 70 80 90 100 30 40 50 60 70 80 g0 100
Time [us] time [us]

Is that all? NO!
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Systematics in wa ?

_ —tit
N(t) = Nye [1 + A, cos(wt + gb)]
If the phase is time dependent (“early-to-late” effect)

wt + ¢ = wt + P(1)

€ 140 \
8 120: ﬂ ﬂ /
100) — (a) T ¢ )t T ¢O
80| :
60/} ' . .
o _ Frequency is shifted!
2(;0‘ ~ a0 50 80 70 80 90 100 23



wa Systematics

 Detector Effect

. . Low Ener
° POS|tron p||eup /T

* Gain instability
* Beam Dynamics

Muon Spin Direction

 Horizontal betatron motion Calorimeter

* Vertical betatron motion Single positron vs pileup spectrum
wge——"—"—"————————

o Beam de_bunChing 1075 - single posilrons :

- pileup pasitrans

- Spin Dynamics
* Spin-momentum correlation + muon losses

500 100 150 200 250 300
time [us]

A1 cos(wt + ¢1) + Ao cos(wt + ¢po) = Az cos(wt + ¢p3) 24
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wa Systematics

 Detector Effect Artificially constructing pileup spectrum and removing it from the raw data

* Positron pileup \
’ .8 ’ o.u?— ’ .3 |
* Gain instability o 4 )

£.4 “ 0.4:_ c.4
. | l .
- Beam Dynamics ]
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* Horizontal betatron motion

* Vertical betatron motion

Energy spectrum of Calo 1, t=29.76 us

° Beam de-bunChing 10° 4 + uncorrected data

- Spin Dynamics

- corrected data
103 -

* Spin-momentum correlation + muon losses

107
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wa Systematics

| Number of over-threshold positrans

- Detector Effect E MO =N [ oo+ )
* Positron pileup :: n !
+ Gain instability NU/RTAY
- Beam Dynamics “ - |
", theg-2"wiggle plot” -

* Horizontal betatron motion ORI S 20 B 30 3 a0

time [us]

* Vertical betatron motion
Detector acceptance effect

* Beam de-bunching
- Spin Dynamics
* Spin-momentum correlation + muon losses
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Run-1 result (Apr 2021
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Measurement of the Positive Muon Anomalous Magnetic Moment to
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Current status

Last update: 2022-07-19 04:31 ; Total = 19.0 (xBNL)
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J-PARC Muon g-2/EDM

J-PARC (MLF)

graphite
target

Goals:
g-2 450 ppb (~ BNL/FNAL run 1)

EDM 1.5x 1021 e - cm (x70 better)

30



) A d A R

5
Y/ TSUNG-DAO LEE INSTITUTE

Muon g-2 and EDM

e - -~ _
n(ﬁxB) o = 300 MeV/c muon

u ) No electrostatic quadrupole
m
" > 0.0610° -
S ol P, =50% N =5.7x10" 3 [ Pw=50% N, =5.7x10
=~ "F 0 200 MeV < E.. < 275 MeV E o4l 200 MeV <E,. <275 MeV
E & [ d,=1x10” ecm
3 S 002 +
o 108:_ é h » + N E
T L N, + + -
3 - - o + Ll
S :+ T~ vV 8
-0.021— +
10 - +
- -0.04:—
0 B T T T e —0'060_“lOfZl“O!«t“lO.lG”lOfBl”l1“l1?21l.l1f4l“1.16l“1.l8l“é“
Time [us] Time (modulo Ta) [us]
Uncertainties on a,, [ppb] 450 (stat.) S
< 70 (syst.) Detector misalignment Tracker-only measurement

Uncertainties on EDM [10~%' e-cm] 1.5 (stat.) | | |
0.36 (syst.) Z——» Systematics from axial E-field and

radial B-field can be neglected o



Fermilab vs J-PARC

J-PARC-E34

Muon momentum 3.09 GeV/c 300 MeV/c
Lorentz y 29.3 3
Polarization 100% 50%
Storage field B=145T B=30T
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 us 2.11 s
Number of detected e™ 5.0x10° 1.6x10" 5.7 x 10"
Number of detected e~ 3.6x10° - -
a, precision (stat.) 460 ppb 100 ppb 450 ppb
(syst.) 280 ppb 100 ppb <70 ppb
EDM precision (stat.) 0.2 x 107" e - cm - 1.5x 107% e cm
(syst.) 09 x 107" ¢-cm — 0.36 x 10! ¢ - cm
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Schedule and milestones

ext: demonstration of acceleration of p+
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Production of thermal energy muonium Muonium yield measured at TRIUMF
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Muon g-2 from muonium spectroscopy
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=0
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Ground-state HFS theory
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nonrelativistic Fermi energy
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My (14+m./m,,

electron-muon

Y ¢v) correction
mass ratlo Z-exchange ¢ (_a)
—65 Hz [CODATA 2018 + refs therain]

OHFS — (5Dirn(: + (5rad + 51‘(:(: + (Srud roc T 5\&'{:;11{ —+ 6!1;1(1 hadrenic vacuum pol.
= 237.7(1.5) Hx

relativistic radiative radlatwe—recgll. o,
(exact) known upto O(Za’)  recoil known up to O|im, /m,ja” . |
including & ) " known up to dominantad by (yet) uncalculated QED

Aien, frn, ) Zex)) corrections at three-loop order
S s o . bl ARRACTRA TR Sl o
Srnion Chiie s [Eides-Shelyuto IMPA 2015]
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Phys.Rev.Lett. 127 (2021) 25, 251801

Muonium ongoing e e | A value of aff“ at O(1ppm)
ultimate F=—=——=| is not competitive to current

spin-precession measurements

However, it may help to understand
the origin of the ~ “ppin difference
between (R-ratio) SM and experiment

BNL+FNAL 2021 &
SM (BMWc-lattice) @

SM (R—ratio)

1

12 14 16 18 20 22 24

a,x10”=1165900

1S-2S theory

nanrelativistic energy 2 _
(including recoil) O‘,a | correction
ATA 2 efs there
3 Ruc [CODATA 2018 + rfs therei
VJ.‘D‘*{)S e —= : Vi« rescaling hydragen farmulas
DL 4 (14+m_/m ‘ ‘

, ! ~ with the muon mass and removing
muclear linile size and L . ellects

2+3 photon exchange
vacuum pal kne: No®{ Za)!
pal. nown up to Qo™ (Za)
known up to

N 7 v
Q w(Zex)

018_28 = (-S’T)ira(: + arel—re(: + OP.SF} T (-S’VT’ + 537 + éi’w + ér:—xd—re(: + (-)’;J.SE

muon self-E

radiative-recoil

relativistic  relativistic-recoil known up to

electron self-E . N
(exact) known up to ey o Ol(rn, fro el Zex)” f t lculated QED (rad-
Olu{do:)’] known [ O Zrx)” | rom (yet) uncalculated QED (rad-rac)

corrections at three-loop order 34
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Muonphilic dark matter
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Muon g-2 and EDM experiments as muonic dark matter detectors
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Rich physics program connected to muon g-2

CERN
Fermilab, N”I\‘/?S‘gl‘:”@q:f'z”,
CMD-3, BaBar, J-PARC, PSI Muon-philic ermiia
BES-III, Belle-ll MuonkE gauge boson
scarchces
Low-cnergy |
ote— colliders Muon EDM
Muon g — 2 | |
theory and e ReteC  Muon collider  VETY aCtive
experiments CAPCLLTIEILS field now!
Muonium ,
Muonium TRU
J-PARC 15 —25 " PIONEER@PSI,
MEG I, MuZe, PIBETA/PEN@PSI
Mu3e, MuMuBar
MuMASS@PS3SI,
J-PARC

Many interesting and high-impact experiments for young students and postdocs! 36



ONE THING 1S FOR SURE: THE HUNT IS ON, AND

NEW DISCOVERIEES ARE ON THE HORIZON.
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