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Dimensions

Earth radius | tennis ball radius = tennis ball radius [ atom radius




Dimensions

tennis ball radius [/ atom radius = atom radius [ electron radius

(If it has any!
108 m is the limit of our knowledge...)




Dimensions

For sure, electron is

smaller than a tennis ball!



Dimensions

For sure, electron is
10 000 000 000 000 000 times
smaller than a tennis ball!



mass

charge

~4.8 MeV/c? =95 MeV/c?

173 d -1/3 S

12 4 112 . 7
down strange

0.511 MeV/c?

105.7 MeV/c?



Gigantic success of the Standard Model!

- Electron magnetic moment: 2.00231930436050 + 0.00000000000019

- More precise than to measure the Prague - Sydney distance to a human hair breadth!




g-2

lepton magnetic moments



Magnetic moment of a particle - the consequence of spin




Magnetic moment of leptons

Paul Dirac: g = 2 Julian Schwinger: g = 2.0023




Quantum corrections!




Anomalous magnetic moment




Ue

electron
anomalous magnetic moment



qiheory — = 0.001159652180252 (95)

Aoyama, Kinoshita, Nio, 2018
- Not just one but five loops!
- 12672 diagrams!
- Precision: 10"

1 2 3 4 5 6 7 8 9

-1 (2)+an(2) va() va (@)

5
07
+ ClO (;) T e T A7 + Ghadronic T Qweak- ozzL

137




Pure beauty!

PR TR PR ) Y

I(a) I(b) I(c) 1(d) I(e)
I(g) I(h) 1(i)

9’”’”““@ NN ;ﬁ%

11(a) 11(b) 11(c) 11(d) II(e) a_nd_ 12000

similar

R L7200 (BN [N (AN diagrams..

11(f) 111(a) 111(b) I11(c)

X Vi(a) VI(b) VI({C e VI(dJ e VI(@

R

VI(F) Vi(@~~"  VI(h) VI(i) VI(j) VI(k)



Even arts got inspired!

2dd| $10,000

Lepton g-2 10th order Feynman diagrams/integrals describing subatomic particles ET stainless steel artwork, 20162018
i y

REL L 4 AR

SEEING WITH FRESH EYES
MEANING SPACE DATA TRUTH
EDWARD TUFTE




Decomposing the theory Volkov arXiv:1909.08015

atPeOY — (0.001159652181547(6)(12)(229)

QED Hadronic

a(Cs) measurement unc.

N.B.: Weak contribution unc. is negligible
N.B.: The newest a(Rb) measurement yields the unc. 95 instead of 229



https://inspirehep.net/literature/1756917
https://arxiv.org/abs/1909.08015

oo |26 Y = 0.001159652180590 (130)

Gerald
Gabrielse

Wow! But we were
cooking up just
something before
we get to invent a
better theory...!




Measurement

w _ .ms  w g5
g/2 2022 e
g/2 2008 = .
SM with a(Rb) —C4.
SM Wlth oc(Cs) ge—ar
1795 180 1805 181 1815
(-w/p_ -1.001 159 652 000) x10%?
—li;:gch—l

- SM precision: 10" ...but there’s the a measurement discrepancy...




a measurement

= s PR 05
9/2(2022) with SM —0—
9/2(2008) with SM — O
Rb P
CS ' & |
o 5 100 150 200

(o' - 137. 035 999 000) x10°

- a_ measurement together with the SM prediction can be used as the a

measurement!
Precision very comparable to the most precise a(Rb) measurement!




Gerald Gabrielse, USA
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Gerald Gabrielse, tabletop experiment



Gerald Gabrielse with his a_ group

L



Gerald Gabrielse with his whole group

G.G.: “...good students...
especially if they are
tenacious, and very skilled
and don’t break more than
$2000 worth of apparatus
per week...”




Just to make sure that our apparatus is turned on, we have
to make more precise measurements than most physicists
make in their whole career...

Antimatter and other deep mysteries — | "iblic lecture by Dr. Gerald Gabrielse

,_Gen‘[ald--fs‘uabrYiél‘s"éﬁ__b

Northwestern University

» Pl O 5504/1:17:19 - Question >



Principle of the a, measurement

- one-electron quantum cyclotron

Penning trap
cooled to 50 mK, the electron can stay in the ground state ~forever

N
A =i 56
C e ‘/LFO
. n=1 — Vg = Vs — V¢
B

n=0 —
m=-1/2  mg=+1/2



muon
anomalous magnetic moment



Muon g - 2 experiment




Iment

Muon g - 2 exper




2= Fermilab







Muon g-2 experiment

- Superconducting magnet
- transported from BNL







Muon g - 2 principle

- Muon circulates in B with
the cyclotron frequency

- At injection, muon spin is
aligned with the muon
momentum

- The spin precedes around 5
with a frequency similar but
not identical to the cyclotron
frequency

- High-energy decay
positrons emitted in the spin
direction predominantly




Muon g - 2 principle

S S ][> qB
a)a Ea)s _a)C:_aM
my
Cyclotron f

Spin precession f

Anomalous f




Just count positrons with the highest energy

- High energy positrons
emitted predominantly in
the spin direction

B Calorimeters
=>» Low-energy positron

=% High-energy positron




Just count positrons with the highest energy

Spin aligned with momentum ‘

- High energy positrons ‘ Spin opposite to the momentum ‘
emitted predominantly in 7
the spin direction

= Muo (FNAL)
‘E Run-1 Datd

‘/\\/\ \/\ \/’\

N/149.2 ns
2 2
‘ —

107k
10°

10°E

10°%

_I 111 I L1 1 I il oh I L1 1 1 I Lol ll I | A B | I L1 1 1 I L1 1 1 I L1 11 I L1 1.1
0O 10 20 30 40 50 60 70 80 90
Time after injection modulo 100 us



Wow numbers!

r=7112m 0.;.:——// '\X/@RLD‘\\ %

"%mw *‘ K AA— Vi

Bl =147T

v~ 29.3
v = 99.94 % c
YT ~ 64.4 us
T = 149.2ns
1 fill = 1 bunch of length 120 ns X ¢
1 fill lasts 700 us

1 fill contains 5000 muons
16 fills per 1.4 s




2021 announcement

- Run 1 data
- Accuracy of 1079 BNLG-2 s
- 4.20 = 1:40000!
- a, 40000 times

more sensitive to FNAL g-2 4 @
new heavy particles
than ae < 4.20 >
B (me u/Mnew)2
dependency
@ : &
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
aux10 -1165900



2023 announcement

MUON g-2 RESULTS

- Run2+Run3
_ _ —— ¢ I BROOKHAVEN
- Twice higher
accuracy than the FERMILAB 2018 DATA
Run 1 result!
- 5 10 from theory' FERMILAB 2019 + 2020 DATA
- 1:3,000,000

FERMILAB AVERAGE

WORLD AVERAGE

21.0 21.5
a, x 10° - 1165900




Theory prediction

hadronic

..+ new physics

n QED M 17



7

Theory prediction

new physics

5 hadronic
"I +
g /
Q ED ! 7! 7! had I
Muon
composite?

Ui

N,

o




Theory prediction uncertainty

hadronic

+ ...+ new physics

Forms the

Negligible unc. on a
H unc.on a,




Lattice QCD...

hadronic

T T T T T T T T T
BNL 2006 } £ i

FNAL 2023 }—A—
Experimental avg. —&—

BMW 20

< 4.00
l @ :
White paper

5.20
< — o — Presented at
Sl H O ICHEP 2024
H o H CMD-3 : ,
KLOE o e in Prague!
Tau
| | | | | | | | |
175 180 185 190 195 200 205 210 215


https://indico.cern.ch/event/1291157/contributions/6054808/attachments/2900257/5085793/prague24.pdf

Lattice QCD...

hadronic

T T T T T T T T T
BNL 2006 } £ i

FNAL 2023 }—A—
Experimental avg. —&—

I & |
This work
f L i
BMW 20
< 4.00 >

5.20
< H——o——+ ™ Main
Sl H—o—H | contribution to o
i o B CMD-3 L
& KI:’OE N A8 A - (e e _> hadrons)
et Tz\;n K
1 | | | 1 | | | 1
175 180 185 190 195 200 205 210 215



Muon g-2: to be continued...

- Muon g-2: stopped last year
- Final result to be announced in 2025: twice smaller uncertainty!

On 27 February 2023: x21 BNL datasets

Muon g-2 (FNAL)
201 /5&:-6/ I

151 %
ol /4

51 A\a

_/Fn-2

O_Aun-1l . . . . { ‘
O 0 0 WA A N Ukl

AR A® A2 A N g
DRSS AR BT X 7 W qe© 2 o o
MNP QAGNE QT G n T g ¥

Raw e */ cumulative (x BNL)

- New theory predictions in a couple of years!

- To be further continued in:
- J-PARC, PSI, Fermilab



https://arxiv.org/abs/1901.03047
https://arxiv.org/abs/2111.05788
https://indico.fnal.gov/event/48469/

T

tau
anomalous magnetic moment



Hadron
Collider
(LHC




Large
Hadron
Collider
(LHC)




ATLAS: -0.057 < aT < 0.024 gos%cL

- Doesn’t even say whether a_is negative or positive...!!!

Pb Pb
14

Y _T_< Vi

vy

¥ Vr

¥ Ve
e
Pb Pb




CMS: -0.0042 < aT < 0.0062 @os%cL

- Order of magnitude more precise than ATLAS

jJ—— > 2
Z‘LH . +




Conclusion



0.001 159 652 180 59
0.001 165 920 59
0.0009

0.000 000 000 000 13
0.000 000 000 22
0.0032



a. = 0.00115965218059 = 0.000000 000000 13
0.001 165 920 59 =+ 0.000 000 000 22
ar = 0.0009 + 0.0032

2
Me _ <
mnp

( 2
Contributions of new heavy particles (ﬁ—“—) 43000 X

S|
=
|

MNP
2

mr
MNP

12000000 x




New Physics: e.g. Leptoquarks...

50,

Analyzer:

> T T ,g T T T T T T T T ] % 1 ‘. T T T T 3
[ ATLAS data 1 ATLAS --Exp.sig mObs.sig
© ATLAS ; : Data : 13 TeV, 36.1 fb" i 1 S ok 13Tevisom!  mz mTop o
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P [ Diboson DZ(ee) 1 g 10 3
g [ Single top 100, . o 3
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Editorial Board member:
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BACKUP



Magneticky moment Castice (animace, cas 34:00)

Muon ERA
Scientific
Seminar



https://www.youtube.com/live/81PfYnpuOPA?si=A1GeovdTmbxMMama&t=2042
http://www.youtube.com/watch?v=81PfYnpuOPA

Muon g - 2 tricks (few out of many...)

- s qB
a)a — a)s — a)c — _au
my

Perpendicular B’ and B




From talk by M. Fertl at PANIC 2021

Units: xxx 10-11

QED (6 (@”), > 12000 digrams): 116584718.931 £ 0.104
Electroweak: 153.6 £ 1.0
LO hadronic vacuum polarization: 6931 =40
NLO HVP: —-98.3 £0.7
NNLO HVP: 124 £ 0.1

LO hadronic light-by-light scattering: 92 £ 19
NLO hLbL scattering: 21

Uncertainty dominated by hadronic physics contributions!



Taken from Yuki Sue’s ICHEP 2024 talk

Cross section measurements of exclusive channels

Leading order HVP contribution W 5 HVP
GHVPLO _ (1)2 j°° K(s)o(e*e™ — hadrons) : DA "
0 3n/ Jlnz 57 olete »utpr)

O Verify cross sections at Belle I
O As a first step, we begin with ete—m*irn® channel

100. T T T T T
| RS)=

J('e“‘e‘ - hadrmlls)
a(ete” > putpu”)
Total hadronic R-ratio

10} e ~73%

1

0.1 - ,1F°YE>1'8 GeV (auHVP Error)z

R(s)

0.01
0.001

0.0001 .
[ e

1 2%

04 06 08 1 1.2 1.4 16 1.8 ~63%

1e-05

] Vs [GeV] PRD 101, 014029 (2020)



https://indico.cern.ch/event/1291157/contributions/5878364/attachments/2896286/5078180/20240718_ichep_ysue.pdf

CMS: -0.0022 < aT < 0.0041 gos%ctL

CMS Preliminary 138 o™ (13 TeV)
®* Observed —68% CL ---95% CL

L3 .

ee—Z—-vey | T
PLB 434 (1998) 169

......

DELPHI

yy—1t (y from e)
EPJC 35 (2004) 159

ATLAS

yy—Tt (y from Pb)
PRL 131 (2023) 151802

CMS

yy—Tt (y from Pb)
PRL 131 (2023) 151803

CMS

yy—t (v from p)
This result




Prima hledani novych Castic/sil
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Presny test univerzality leptonu

0.4 L] I L] L] T L] I T L] L] T I T T L] T I L] L}

m Ay* = 1.0 contours
Prelim. 2022

R(D*)

0 K B BaBarl2 N
R(D") B(BY — D*"1"v;) 035 —
B(BY — D*—ptuyy,) N ]
Wb e 36w

n LHCb18 Do ™ --N i
BY = Drty 03} =
R(D) = B(B = Dr ) - LHCb22
B(B" — Dutuv,) - 1 .
Leptokvarky 0.25 = 4 -Bellelo = =
: Belle 1 7 PRD 94 (2016) 094008 Average :

v - B Gt GO L 1S R(D) = 0.358 £0.025 £ 0.012
- - = 02 +HFLAV SM Prediction ~ JHEP 1712 (2017) 060 R(D*) =0.285+0.010 £0.008 =
. B R(D) = 0.298 + 0.004 dergfit bt o p=-0.29 N
b P c - ROD#H=0254:£0005  phocR Sl o P(X) = 32% -
B PRD 105 (2022) 034503 .

1 I 1 L 1 I L 1 L L I 1 1 1 L I 1 L L
0.2 0.3 0.4 0.5

z
&



