beyond the LHC @ LIVERPOOL

Particle Physics UNIVERSITY OF

Higgs-Maxwell

Workshop MUOHS

Themis Bowcock

THEROYAL
SOCIETY

OF EDINBURGH




Experimental Particle Physics

& A little history ....
¢ What experiments & phenomenology?
& g-2
¢ Mu3e
& Mu2le
¢ (MuonE)
¢ Theory
UK effort
Other muon measurements

@
®
¢ Why are we doing this now? Commentary
@

Summary
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Experimental Portfolio

2009 2019

Experiment Facility Driver Experiment  Facility Driver
ik Higgs/SUSY ATLAS CERN Higgs/SUSY
LHCb CERN SUSY LHCb CERN Top/LFV
T2K J-PARC v Mixing T2K J-PARC v Mixing
HK Kamiokande CP
DUNE FNAL/Sanford  CP
‘0 1@“‘5 @NYM "9 ! LZ Sanford Direct DM
g-2 FNAL a,d
Mu2e FNAL LFV
: Mu3e PSI LFV
% UNIVERSITY OF CTA/LSST DM/DE
(/ LIVERPO OL MAGIS FNAL DM/ Gravity
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Over 10 years
Two European Strategies worth
What has changed for PP?
1) Discovery of Higgs
2) No evidence to date of SUSY
3) Neutrino Physics

4) New technologies (Quantum)

Barometer from undergraduate teaching in
UK — Zeitgeist

“what do PhD applicants find attractive?
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Disclaimer:  Particle Physics Beyond
the LHC

¢ We are in a European Strategy consultation
Title does not imply without the LHC

& CERN remains a key part of our UK strategy delivering crucial
physics, technology, R&D capability and training for fundamental
physics

¢ Not discussing Future Colliders or CERNs strategy here
¢ Prioritising and funding a diverse programme
¢ Introducing new and dynamic ideas 3 )

& Informing future research at CERN
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“Savs

Experimental Portfolio ¢z -
AcChvry

Particle Physics
2009 2019 beyond the LHC
Experiment Facility Driver Experiment  Facility Driver
T2K J-PARC v Mixing T2K J-PARC v Mixing
HK Kamiokande CP
DUNE FNAL/Sanford  CP
LZ Sanford Direct DM
g2 FNAL a,d +Pheno
Mu2e FNAL LFV
. Mu3e PSI LEV.
% UNIVERSITY OF CTA/LSST DM/DE
(4 LIVERPOOL MAGIS FNAL DM/ Gravity
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Physics Drivers 2019

Junior Staff Senior Staff

Dark Matter Dark Matter (SUSY)

Neutrino Nature Higgs Properties

SM Tests Collider SM Tests Collider

Higgs Properties Neutrino Nature

SM Tests Precision Quark CP

(LFYV, g-2) SM Tests Precision

SUSY (LFV, g-2)

Dark Energy Dark Energy

Axions Axions
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Dark Energy

Liverpool

Work in Collaboration PN, 5 Experiment
with late Martin Perl NS \

(Nobel Laureate, ' AW T -
visiting professor @ . WA\ = Since 2008
U. Of Liverpool) D

A terrestrial search for dark contents of the vacuum, such as dark energy, using atom interferometry (Ronald

J.Adler, Holger Mueller and Martin L. Perl)
No vacuum fluctuations

A B AMD)=Adp-Ady

Ad Subtraction

/

W= 206) -0

SooxaL 20 e
OF EDINBURGH 2019

Led to
QSFP
Dark energy density Initiative
A B A(AD)=Agp-Ady
Ad Subtraction
‘ .# A(AB) %0
¥ UNIVERSITY OF Themis HiggS-Maxwell

% LIVERPOOL Bowcock Workshop
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New Initiative-MAGIS-100
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Magis-100

_ NuMI Tunnels

NuMI N:\I:;Jc?ss
Primary Beamline, Target Hall & Decay Pipe -

10 meter scale atomic fountain at Stanford

—

romovics s ariceseon | /t‘/ Ao cosmic inflation in
2w frequency range
inaccessible to LIGO/LISA

e Rl - | - | Atomic interferometers
1 can also be sensitive detectors
of “dark” energy.

Interferometer Region

-«——— |Lower Detection Region

~«—— 2D MOT Loading 3D

=)
=" : ,
&ymes -€—— Rotation Compensation = IR \ . £\ : ) g
-—im— System C 0l > Themis Higgs-Maxwell
gom | W/ INNSE

Bowcock Workshop




Magis-100

Mid-band Gravitational Wave Detection

10°
g, Frequency band 0.03 Hz to 3 Hz
EPTA

10°'°
= Bridge sensitivity gap
g between LIGO & LISA
X ~10 mHz to 10 Hz
E 3 eLISA
g 10°
5 LISA
I
©
g
& Virgo

10 aLIGO

107

10" 10° 10° 10 10* 10° 107 10* 10°
Frequency / Hz
Figure: C. J. Moore et al., Class. Quantum Grav. 32, 015014 (2015)
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WERL Tuimiemive

Many other things in

G TRET AT
I snesey.

See Martin Bauer’s talk...

But note ... with QSFP style techniques we can probe new physics
even up to Planck Scale (Beckenstein)

QReAT  ENGAGLMENT Ty THESKY  CAMMYNITY .

EACITEMENT £ DINOMIGM
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2013+ charged lepton
programme

With Mark Lancaster (now spokesperson
of g-2)

Joined and funded
g-2

Then (2016)
Mu2e/Mu3e

Future possibilities ....
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Why study them?

2019-1937 = 82 years

Positrons and then muons discovered in
cosmic rays ...

“Who ordered that?”
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Note on the Nature of Cosmic-Ray Particles

SETH H. NEDDE
California Institute of

Themis
Bowcock

D CARL. D. ANDE:

(+) Single particles
) Shower particles
() Produce showers

_——
300 .
+ £, (Mev)

Higgs-Maxwell
Workshop



Properti
Well known
(2016)

WERR
(2013)

€S

105.6583745 + 0.0000024 MeV

T 2.1969811£0.0000022 ps

7l /1(71-28 4}r¢ ul—

1.000024+0.000078

3, dok$59208.9+5.4%3.3 (x 100)
dy odl$59208.9+5.4+3.3 (x 107 e cm)

Decays | N

== 0 0 =
’;,.1 (S
Mode Fraction (I';/T)
|—1 @ Vg Yy ~ 100%
Mo e Vel [a] (6.0+£0.5) x 10~8
M3 e Doy ete” [b] (3.4+0.4) x 107
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Spin 72 particle

thoyw/ot =[pT2 f2m—e/2m (L +25).5 ]
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1948: Precise
Measurement an
Calculation (e)

Kusch and Foley measure g,

g. =2.00238 +/-0.00006
Anomalous Magnetic Moment

ale=g—2 /2=0.0011910.00003

TSHEIéoyAL 20th Feb
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PHYSICAL REVIEW VOLUME 74, NUMBER 3 AUGUST 1,

The Magnetic Moment of the Electront

P. Kusca anp H. M. FoLey
Department of Physics, Columbia ty, New York, New York
(Received April 19, 1948)

A comparison of the g values of Ga in the *Pys and 2P states, In in the 1Py state, and Na in
the 35 state has been made by a measurement of the frequencies of lines in the Afs spectra in a
constant magnetic field. The ratios of the g values depart from the values obtained on the basis
of the assumption that the electron spin gyromagnetic ratio is 2 and that the orbital electron
gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the
statement that gz =1 and gy=2(1.00119::0.00005). The possibility that the observed effects
may be explained by perturbations is precluded by the consistency of the result as obtained by
various comparisons and also on the basis of theoretical considerations.

Themis Higgs-Maxwell
Bowcock Workshop
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1947: QED

... and
Feynman and

Tomonaga ....

'ﬂev 7- 16 1994
E CARROL SCHW\NGER

8e ™~ 2(1 ~f %) ~ 2.00232 54917 — 119201
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electron g-2 recently

The standard model’s

Predicted: u/u, =-1.001159 652 181 78 (77) greatest tfriumph
Measured: p/pu,=-1.001 159 652 180 73 (28) Gerald Gabrielse

December 2013  Physics Today

ppt = 102
Ot 2ias T REDS T Wile 101112
Rb 2011, QED 2013 (calculated)

- Harvard 2008
—— Harvard 2006
Uw 1987 -

180 182 184 186 188 190 192
(g/2 - 1.001 159 652 000)/10 '
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BaBar 2017
90% CL

log (e 2)
(]

LKB-11

99.5% CL . 4
Q&
S t atu S < This work, 99.5% CL /A This work
— 77 S 4
y p
o L J /,,./

1.5 2

-1 1
Iogm(rn\/GeV) Iogw(mA/MeV)

1/ a=137.035999046(27)

Revised and improved value of the QED tenth-order
electron anomalous magnetic moment

. ) Tatsumi Aoyama, Toichiro Kinoshita, and Makiko
Science, 13 Apr 2018: Vol. 360, Nio
Issue 6385, pp. 191-195
2.5 o difference Phys. Rev. D 97, 036001 — Published 8 February

2018
a,=0.00115965218161(23)

used matter-wave interferometry with a cloud of
cesium atoms to make the most accurate
measurement of & to date. QFSP

ATOM
INTERFEROMETRY T

mROYAL  20th Feb ¥ univERsITY OF Themis Higgs-Maxwell 23
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Garwin, Lederman, Weinrich

2 s G (ST 1)

Rlgs7s e« L0050 LAk . (g5 7 )« @
Columbia

...how about muons?

1933: Stern and Esterman g,=5.6
Rabi g =-3.8

New heavy particle....

g=2.004 = 0.014 (0.6%)

+

a=0.002 = 0.007

1957 Proc. Pays. S0, A 70 543
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NIVERSITY OF

Experiments with a Polarized Muon Beam

By J. M. CASSELS, T. W. O’KEEFFE, M. RIGBY, A. M. WETHERELL

AND J. Ri WORMALD

Nuclear Physics Research Laboratory, University of Liverpool

H
3
5
L
]
8

‘,I.SEC
Figure 2. Time distribution of forward electrons from positive muons stopped in copper
(87%) and carbon (13%). The magnetic field was 1019 gauss. The exponentul
decay factor has been removed, and the first few points have been corrected for 3
shght non-linearity in the time analyser. Note the displaced zero

Themis Higgs-Maxwell
Bowcock Workshop
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Today
June 25, 2018+ Physics 11, 65

“The muon anomalous magnetic moment
important and unique quantity in
Subatomic physics, since its value
represents a sum over all known
standard model physics. This wide
sensitivity exists because the anomalous
moment depends on all particles in
nature that can couple to the muon,
including as-yet-undiscovered ones.”

mEROYAL  2(0th Feb [ww UNIVERSITY OF Themis
s 2019 % LIVERPOOL Bowcock
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Dirac

')) ))
+ W w
|
Electroweak
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W. Bennett et al., “Final Report of the E821
Muon Anomalous Magnetic Moment
Measurement at BNL,”

Phys. Rev. D 73, 072003 (2006).21

a ,(Expt)=11659208.0(5.4)
(3.3)x10—10

A= TP o) < 105
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Comparison of SM
& BNL Measurement

-38¢
Sy —
BNL (2004)
—fl————
360 o Ry
DHMZ —
-~ FNAL expected "
] - [
RO
HLMNT e — 014ppm
l 1 1 | l 1 | | l 1 1 | l | )
-600 -400 -200 0
x10™"
a -a (BNL)
K H
‘g-((l;%(l)g’?; 20th Feb H‘;j NIVERSITY OF Themis Higgs-Maxwell

U
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had, LOVP 072 > ds » O-I(:ad,‘*,' (5)
» ’ — oy — R(S)I\ (3), where R(S) = G
3n2 J,, S dma? /3s
10000 . : —— ; .
e ole
Non-perturbative | s . Perturbative

1000 - (Experimental data, - : (pPQCD) :
isopsin, ChPT...) :

100 + : : a
0 ! !
& ; Non :
o : -perturbativ :

10 ~ 1 . [ -
; erturbative ;

ek - (Experimental data, l
: pQCD, |
: Breit-Wigner...) :

01 — 1 3> A A A S TR ¥ + A i i Rl le=d

1 10 100

Vs [GeV]
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Hadronic Corrections

For the BNL result to match the SM prediction then the
SM hadronic estimate would need to be wrong by 60 v

€ 4 |
é 6 Standard EWK Fit
w | I EWKFit with SM g-2 as per BNL
=
wn
s 41\ 95% CL Higgs Mass Upper Limit
<
2|
| : ‘ BWLHC
* "99 5 60 80 100 120 140
Higgs Mass [GeV]
) Q
mEROYAL 2(0th Feb w¥ UNIVERSITY OF Themis
SOCIETY | % LIVERPOOL Bowcock
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The beauty of the SM i1s that
everything is related .....
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or the BNL result to match the
» SM prediction then the SM

hadronic estimate would need to
be wrong by 6 0

2

Ay SM EWK Fit

[ . Standard EWK Fit
B EWK Fit with SM g-2 as per BNL

95% CL Higgs Mass Upper Limit

N e
0= o : - IVJ l WLHC
60 80 100 120 140
Higgs Mass [GeV]
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Any new physics

m  in loops

-----
-* -

that contributes to IR
the muon mass can
contribute to a,

ay in loops

-----
i .

HR
mEROYAL  2(0th Feb \v;e UNIVERSITY OF Themis
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New physics
contributes as:

2
m
Why 4 not e? :
Electron g-2 is presently measured x 2,000 MNEW
better than muon g-2
Difficult to use taus!
But (m)z is 44,000.
mMe o
2nd Generation Leptons v. A [/\3 [ AQ&‘S
useful.
I

Muon has sensitivity to new Z S ? ? ?

physics from < MeV to TeV. e
meROYAL  20th Feb [ww UNIVERSITY OF Themis Higgs-Maxwell

U
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Main 1-loop contributions:

Simplest case:

SUSY 100 GeV' ) *
(I‘T,l'm ~ sgn() 130 x 10 11 tan 5 (—(>

ASUSY
Needs u>0, ‘light’ SUSY-scale A and/or large tan B to explain 281 x 10 ™

This is already excluded by LHC searches in the simplest SUSY scenarios
(like CMSSM); causes large x? in simultaneous SUSY-fits with LHC data and g-2

- However: * SUSY does not have to be minimal (w.r.t. Higgs),
* could have large mass splittings (with lighter sleptons),
* be hadrophobic/leptophilic,
* or not be there at all, but don’t write it off yet...
20th Feb ¥ univERsITY OF Themis Higgs-Maxwell
2019 v

LIVERPOOL Bowcock Workshop
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MAWY 2D RETepL SFuDIEs

 Don’t have to have full MSSM (like coded in GM2Calc [by Athron, ..., Stockinger et al.,
EPIC 76 (2016) 62], Which includes all latest two-loop contributions), and

* extended Higgs sector could do, see, e.g. Stockinger et al., JHEP 1701 (2017) 007,
‘The muon magnetic moment in the 2HDM: complete two-loop result’

=>» lesson: 2-loop contributions can be highly relevant in both cases; one-loop analyses can be misleading

e 1TeV Leptoquark Bauer+ Neubert, PRL 116 (2016) 141802

one new scalar could explain several anomalies seen by BaBar, Belle and LHC in the flavour sector
(e.g. violation of lepton universality in B -> Kll, enhanced B -> Dtv) and solve g-2, while satisfying all
bounds from LEP and LHC

J

p(7) - - poo op(7)

mROYAL  20th Feb ¥ univERsITY OF Themis Higgs-Maxwell 35
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How to measure the anomaly

& Store longitudinally polarised muons in a dipole field

& Measure 2 quantities:

& the precession frequency
& the average magnetic field sampled by the muon distribution
A is

Storage

ey

(O 5

Ring

Larmor Precession Thomas Precession B
gels el s

o _|_ ]. T '-}’: wc s AV £ =
2me ( ) YIC e spin
momentum

Cyclotron frequency

~149ns actual precession x 2

TSHSR(I)E% 20th Feb wr
S 2019 v

NIVERSITY OF Themis Higgs-Maxwell
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NI nTHOVSE o A CRROVGEL”

—p Momentum

. Spin
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count/ 149 ns

Measuring the precession

] PR TR T [T e (e gt TR gl [ R | - ST

-y
o
™

| data
— fit

—
(=}
~

10°
10%} 3
10 E " Fermilab Muon g-2 Collaboration
A Production Run 1, 22-25 Apr 2018
L (g-2)» PRELIMINARY, no quality cut
-1 " N | - " 1 S 1 " | BN riat L AT A " | P | " el "
T 0400 730 20 TS0 ENSE T 0 st

time modulo 100 us
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Beam oscillations

%10 °
& Beam oscillations 8- FFT of fit
1ntroduge add1t1onal i \ residuals
fluctuations in the e* >inld
arrival spectrum that need B R Radial CBO
to be accounted for < 2
, Bt vertical CBO
& Measured using the g3 | Harmonics
Liverpool-built tracking 2/ P4 ‘1’
detectors ol ey i
LA PR P | W
0 05 1 1.5 2 25 3
Frequency [MHz]
mEROYAL 20th Feb ¥ UNIVERSITY OF Themis Higgs-Maxwell 39
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Changing frequency
UK esNTIBrowS CRITIcHC ...

— 25¢
¢ Frequency observed to change Dast
during fill S
PR S
5 =235
& Must be accounted for in fits < o]
& Crucial measurement from the s o) = , (1+ Aot + Ae"* + Be"™
traCkerS! e E_ ‘,* 0= -3.14 rad; o, = 2.3051 rad us”
bl Ao =1.86 + 0.03 % ms
24 A=-504 +0.02%; 1, =73.3 £ 0.5 us
2055+ B =-13.10 £ 0.02%; t_=16.6 + 0.0 us
d Cirid e N S e o P L Iyl [T ol ) I
2() 50 100 150 200 250 300 350 400 450 500
Time [us]
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Straw trackers

\\\\&w 2

100 pym radial
resolution achieved

TSHEROYAL 20th Feb ¥ univERsITY OF Themis Higgs-Maxwell
SOSIETY 2019 ¥ LIVERPOOL Bowcock Workshop 4l



Tracking detectors

Radial & Vertical Positio

Vertical Position [mm]

20 40 60
Radial Position [mm]

TSHCE)R(I)EASIE 20th Feb
S 2019

NIVERSITY OF Themis Higgs-Maxwell
IVERPOOL Bowcock Workshop
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Data Collection

Significance gap

T . T -, T :
TR GOA o ey e OHMZ10 "-'—‘ :
20 ? :
Run period 15-Oct to 7-July (14 week summer break) P .
Studpeshifts: 25% July = JS11 -—t—
?ccrla era:\(;rrt downtiang: 2 days/month i .
=i rolley shift eve EVE . e
g 15| 10% data qualit?}educ‘on o tagal 1 -
= S FI17 .
(%) s
2 1 ‘ - DHMZ17 S
00l e e R B SR = e ity % .
a\ p - < H
o 33 KNT18
£ .
5 b - .
L 370
oo = g BNL (x4 accuracy)
7.00
0 /— ‘ 1 1 1
A T R B e A T O e Oy R, O S 3 49 10 40 A0
e \°°'\qu d-"\oec\'qe"'\ 0 \\)0.\»)%.\, oé.xoecx@ba s \0‘\.1 160 170 1 803M 11 090 200 210
(a x 10 7)-11659000 Keshavarzi et al.
A ® arXiv:1802.02995
ST Resv9>
mEROYAL  20th Feb ¥ univERsITY OF Themis Higgs-Maxwell 43
SOCIETY 2019 w LIVERPOOL Bowcock

OF EDINBURGH

Workshop

220



... a lepton-flavour violating dark photon..?
...a model with a large muon EDM..?
arX1v:1807.1148

Combined explanations of (g—2) i ,e and implications for a large muon EDM
Andreas Crivellin, Martin Hoferichter, Philipp Schmidt-Wellenburg

Fortunately UK using g-2 to make a 1-2 order magnitude improvement in
muEDM!

mEROYAL  20th Feb ¥ UNIVERSITY OF Themis Higgs-Maxwell 44
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Explaining electron and muon anomalies \Q &)

Crivellin + Hoferichter + Schmidt-Wellenburg, arXiv:1807.11484

‘Combined explanation of (g-2), . and implications for a large muon EDM’
discuss UV complete scenarios with vector-like fermions (not minimally flavor

violating) which solve both puzzles and at the same time give sizeable muon
EDM contributions,
|du| 210 -102L
but escaping
constraints from

Ve (57
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Explaining electron and muon anomalies

* Davoudiasl + Marciano, A Tale of Two Anomalies’, PRD96(2018)096018
use one singlet real scalar @ with mass ~ 250-1000 MeV and couplings ~103
and ~10“for u and e, in one- and two-loop diagrams
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Summary of g-2 SM corrections/uncertainities

- FNAL g-2 Uncertainty

LA e ¢
HADRONIC Uncertainty (
HADRONIC Contribution

‘] - o

_—i—— 4— LFTings

| ul | | | | | | ul J OP CJOK.L ‘
2 1 IIllIlI- Lt 2 L : L L Lo 'l Lo 'Gl L = Lo Ll '31 Lo '2 *
10" 10 1040 10> 10 218 10- 10% 1010
Contribution to a
u
mEROYAL 20th Feb ¥ UNIVERSITY OF Themis Higgs-Maxwell 47
§SSJ£:{;§ 2019 v [LIVERPOQOL Bowcock Workshop



LETTERS TO

On the Possibility of Electric Dipole Moments
for Elementary Particles and Nuclei
M. P 1oaso N, Fo Rassey

ard U pisersi
Apeil 27, 19

erally assumed on the hasis of some suggestive theo-
mmetry arguments' that i clementar:
ches can have no electric dipo!

this note to point out that although t
are valid when applied to molecular and atomic moments whose
electromagnet 'nnx n is mll understood, llu r exte
and dun n(m‘ i
e possibility of an electric
dipole moment of a nuc huu or similar parti that the dipole’s
oricntation must be completely specified by the orientation of the
angular momentum which, however, is an axial vector specil:

he required t .h:a:n an cl tric dipole m

charges. On the other hand, if the nucleon should s.;x-ml part of

its time asymmetrically diss d i les

of the type that Dirac* has

circulation of these magnetic poles m-:hl give rise to an u-l<

dipole moment. To farestall a possible objection we may remark

that this electric dipole would be a polar vector, being the product

of the angular momentum (an axial vector) and the magnetic pale

strength, which is a pseudoscalar in conformity with the usual
that electric charge is a simple scalar,

« argument against electric dipoles, in another form, raises
directly the question of parity. A nucleon with an clectric dipok
moment woukd show an asymmetry between left- and right-

oordinate systems; in one system the dn; ment

'muld be parallel to the angular momentum and in the other,
antiparallel. But there is no compelling reason for excluding this
bility. It would not he the only asymmetry of particles of

ary experimence, which already exhibit conspicuous asym-

i ct to electric charge. Although magne:

n illustration of a particular mechanism by which
) i , not the only

tence of an electric dipole

w of the

. The evidence from

atoms, nucleons, and ele

s one might suppose,
insensitive to the rllm ts of
nuclear leetrie dipole, becaw
ficld at lhl position of a charged nuu.hu<
he electric dipole poten

times of nuclet in liquids, ttering of neutron:
ructure studies, the Lamb- Ru]u ford experin
f clectrons and neutrons.

the existence of an electri
favorable ald not have revealed

yment smaller than the charge of the clectron multiplied by a

ance D less than 1077 cm. The scattering experiments®
n are by far the most sen
, and Rainwater® would cor-
they were due to an electric
dipole moment.

We are now un ng, in collaboration with Mr. James H
mnh an experiment whi ure the electri
lipole moment of the neutron if it value of D of approxi-
mately the above magnitude. The exy t will utilize a
neutron beam magnetic resonance® apparatus of high resolution’

a possible shift of the neutron precession frequency upon
the application of a strong electric field.
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The authors wish to thank Mr. Smith for sugesting
lant correction 1o our original calculation on the
ectron interaction experiment
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U ptow, Long Ist:

intensity maximum of 20 to 30 d»
ponential tail to the light curve of ha’

cmission of 'm\rl\
Irogen content expand
radiating 10% ergs /sec. visible
These characteristics m
proposed mechanism. Th
 underg”

|1emlun will rise v
2 10 3X10* °C
|u(\\(~t~n alpha

%
»,,,’, ,,“ ;,?(,,
lhr alph, e
on thresh

ature. It may I-c num_

| increases as the squa ce €

X By wi Lol 70,70
exponentiall % Ll o o
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| proceed until there ares. %7,
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ce neutrons be absorbed rapi

y scheme of Be',

UNIVERSITY OF Themis

LIVERPOOL Bowcock

neutron-

r Theary

Purcell and Ramsey

Higgs-Maxwell

Workshop -



Muon : EDM
@a m=w_ﬁ'+w_,,2'

Up/Down Asymmetry

8
b=
<
o
kel
Z
o
=}
z

O( 1 M) eve nts in traCke rs e 5000 10000 15000 20000 25000 30000 SSOO%me ?r?S%OO
(few weeks)
--> sensitivity at 1019

* Precession plane tilts
towards center of ring

[BNL] - . |
2 auses an increase in
i muon precession
Expect several billion frequency
events in the +  Oscillation is 90° out of
trackers and so reach phase with the a,
10-21 oscillation
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WE COuLDN'T aev
MUOHE THIS FopoeD (MeT)

Theory limited by hadronic LO corrections, a ¢ - ; e

Traditional calculation from ee—hadrons : bt AT ral
— need x2 improvement to keep up with g-2 10, 4 o ~

ik ] Signal -~ B

MUonE will measure space-like region: 0 e * -

JP gzo = H ~1 05<A0h,d<1 0‘3 / 4

— scattering of high energy mu (150 GeV) on e
" | Normalization

r((Y,‘t!ﬂ, Z;fh |;;1.'.<|‘|

a 1 0.4 /,,’ Aahad<~106 '
—f 1 X)Aahad(t(X))dx &3 L(/ N_(t) N
JU 0 E / - e date L 2
—/" s T —t e ———
“f»’ 5 ‘,:n 15 2:- g 30 o
¢, ‘mrad) ee[mrad]

Up to 20 Be targets + Si detectors

downstream calorimeters + muon PID Schedule: ! :
2017: test beam at CERN H8 Beam Line

> 2019: LOI to SPSC

3cm
| Y 5 2020/1: construction & installation
#Beom = 523 2022/4: (after LHC LS2) start data taking
modulen ® | | = 3
targetn targetn +1
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Outlook/Conclusions

~1.4 x BNL dataset taken during run 1 after quality cuts

Liverpool-built trackers crucial component of measurement

Currently analysing - hardware and software blinded in both frequency
and field measurements

Expect unblinding in early summer 2019

Run 2 underway - aiming for 3 times more data this year

Additional tracking station being added summer 2019
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w World | U.S. Politics | Business | Entertainment | Sport | Travel | Style | Health | Video International Edition + O

Scientific breakthrough could be as
simple as measuring the wobble of a

muon
By Don Lincoln o O °

® Updated 1648 GMT (0048 HKT) February 13, 2018
Fermilab @ @Fermilab - 3h
"If | were to put my money on something
that would signal new physics, it's the

g-2 experiment at Fermilab."
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PHYSICS REPORTS (Review Section of Physics Letters) 68,/No.[2 (1981) 93-119. North-Holland Publishin g Company

After some 21 years of (g-2) measurements on the muon at CERN, a great deal of territory has been
brought within the civilized domain of QED theory, and the precision of the most recent result defines
the limits within which that domain is secure against any future theoretical excursions. As we have
stressed above, any modification to the photon propagator or new coupling common to both muons and
electrons would imply a perturbation of a, by a factor (m,/m.)’ larger than for a.. Thus in the absence
of possible coupling particular to the electron, the present muon result ensures that a. is a “pure QED
quantity” down to the level of three parts in 10",

However, all the effort expended in this activity has brought us no nearer to understanding the
mystery of the muon mass. No evidence of a special coupling to the muon has been found. On more
general observational grounds it is known that the neutrinos distinguish between the charged leptons.
The neutrinos clearly know the difference in the sense that the electron, the muon and the new lepton
of mass 1.8 GeV/c?, discovered by Perl et al. [68], each have their own associated neutral massless
fermion; perhaps it is in this area that enquiry should be made for an answer to the charged lepton mass
splittings.

For the present, however, the thread which has linked many experimenters together in the common
cause of measuring the muon (g-2) factor at CERN is now broken and those who have shared this
experience have gone their separate ways. It remains to be seen whether or not future refinement of the
theory of the weak, electromagnetic, and strong interactions will call for the discerning scrutiny of
further measurements of evep greater precision
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Lepton Flavour Violation

5 \Iew ‘Yvoaaw\w\w\e
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CFLV

In SM
el
W + ARl

; < =
! ! +
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Search for Gamma-Radiation in the 2.2-
Microsecond Meson Decay Process
E. P. HINCKS AND B. PONTECORVO
National Research Council, Chalk River Laboratory,
Chalk Riser, Ontorio, Canada
December 9, 1947

HE meson decay process which is identified by a
mean life of 2.2 microseconds' has been usually
thought of as consisting of the emission of an electron and
a single neutrino, as suggested by the well-known Yukawa
explanation of the ordinary beta-process in nuclei. How-
ever, the Yukawa theory is at variance with the results of
the experiment of Conversi, Pancini, and Piccioni,* and
since there remains no strong justification for the electron-
neutrino hypothesis,® a direct experiment to test an al-
ternative hypothesis—that the decay process consists of the
emission of an electron and a photon, eack of about 50 Mev—
has been performed.

The apparatus, illustrated in Fig. 1, consists of three
rows of Geiger-Milller counters, 4, B, and C, each having
an effective area of approximately 38 cm X 20 cm. Above 4
there are 15 cm of lead, and between 4 and B, 1.5 cm of
lead. Mesons traversing A and B, and stopped in a graphite
absorber 38 cmX19 emX$§ cm thick, produce decay elec-
trons which may be detected in either B or C. Decay
photons, if present, could also be detected in B or C,
whose efficiency for gamma-radiation was increased by
introducing 2.1 mm of lead between the graphite and
both B and C. The twofold function of B—first, detection
of the passage of a meson by a coincidence with A (event
“(4, B)"), and second, detection of a decay electron (or
photon) following “(4, B)"'—is permitted by the circuit
design. Although one of the eight counters of B (that
through which the meson passed) is insensitive to the
decay particle because of the long counter dead time, the
use of B in this manner allows an advantageous geometry.
The outputs of the three rows are mixed by circuits whose
function is schematically shown in the diagram, and the
following delayed events are finally recorded:

THE EDITOR

Tasis L Delayed single and coincidence counting rates.

B0 @Daer Baart@ant B, Cae
Comishe) Comatote) “Uethmianed Coumii

ith us
e 11004034 1226503 104048 0214005
of observation)
Without

te plus
hmnot 0484020  AMA025 1122038 0432008
obeervation!
Net effect due to de-

ay om 5454045  7.624042  13.07062
graphite plus lead.

1. “(B)an;" discharges of B occurring between 0.6
and 5.3 microseconds after (4, B),”

2. “(Caari” discharges of C occurring between 0.6
and 5.3 microseconds after (4, B),”

3. “(B, Caar;” coincidences of B and C occurring be-
tween 0.6 and 5.3 microseconds after “(d, B).”

Runs were made with and without the graphite plus
lead between B and C, and the results are presented in
Table I. Other runs with graphite only, with lead only,
and with other thicknesses of graphite and lead, were per-
formed and these will be reported in a more complete
account of the experiment. Check runs with a 1.6- t0 6.3-
microsecond delay gave results consistent with a mean
life of 2.2 microseconds.

‘The observed rate (B, C)ae could be due to the following
causes:

(i) genuine electron-photon coincidences from the
meson decay,
(ii) single decay electrons which traverse both B and

i) casual events.

The casual rate (iii), which is due essentially to mesons
traversing B and C between 0.6 and 5.3 microseconds after
an event “(AB),” has been estimated from the measured
double and triple coincidence rates and from the char-
acteristics of the circuits to be 0.22::0.02 counts per hour.
It is independent of the presence or absence of graphite
plus lead. Effect (ii) should be detected only in absence of
graphite plus lead, since otherwise the total thickness of
material between B and C is of the order of the expected
range of the electrons. We observe, in fact, that (B, C)ae
increases appreciably when the graphite plus lead is re-
moved. The presence of this effect was verified by a sub-

. 1. Arrangement of apparatus
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10 T
s _ Other CLFV searches
- At e+e- or pp GPDs:

x e % A « Z ey, 1y, er,
c [ & '.‘
3 10 KA * Hoep, ty et
: A) A .
o A In flavour experiments:

10| o 1 .
§ o « LFVin hadron decays

p— ey
10 @ -3e . 00
UN = eN MEG
o
10 —
A : ¥ :[:, SINDRUM" SINDRUMII
101 MEG plan
Mu3e | O
10 F Mu3e Il C
Comet/Mu2e
1940 1960 1980 2000 2020
Year
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back-to-back electron Muon decay from 3 co-planar electrons
and photon muonic atom. ZP,=0 ZE,=m

E,=E.="%m, Monochromatic
electron

7}

Ee= mu'Eblnding'Erecoil

Radiative decay: Muon Decay in orbit ' Radiative decay

H—> evvy beam related: (n—> eeevv);

Accidental backgrounds: prompt antiprotons, Accidental backgrounds
L—> evV + conversion or | pions,.. U—> evv + conversion or
Bhabha electrons Bhabha pairs
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Sensitive to loop Sensitive to loops Sensitive to loops(coupling

diagrams (coupling  (coupling toy*/Z,7’,..) toy*/7,7,..)

toy) and.t=ae diagrams and tree diagrams/(eeep)
(aqep)
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Many BSM models include ch

arged leptorz{fh

- leptoquarks, compositeness, Higgs

vour violation
oublets, heavy neutrinos...

...or invoke it for leptogenesis of matter-antimatter asymmetry

Second Higgs
Doublet

Heavy Neutrinos

1

q

Compositeness

Leptoquarks

Probe LQ masses up to 300 TeV
cf 1 (120) TeV at HL-LHC (LHCDb)

TSH(E)RCI)E% 31{‘ 20th Feb
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Update from de Gouvea & Vogel, Prog. in Part. and Nucl. Phys. 71 (2013).

m— current and secees projected imitfor UN— eN
— CUTENt AN secese projected limit for &= €Y
currentand *eseee projected limitfor [t €€€

08

Excluded Region (1988-20186)
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.................. Muz2e (2020) [6.0e-17] @M ZQ
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S e @ﬁRauyeLF e WA e S e i sty Lol OSPR
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Mu3e i

Recurl pixel layers

Santillator tiles Inner pixel layers

{1 Beam Target ‘@’

'

YYYYY

Santillating fibres /

_ —
/ Outer pixel layers \_ 5
~ i Pae = Rl &
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Ecintillating
tiles

Phase 1A/1B: BR (u— eee) < 4x10*>, ~3 years running at 10® p/s from PSI ne5 Compact Muon Beam Line
Phase 2: BR (u— eee) < 101®, ~3 years running with extended acceptance detector at 2x10° p/s from
planned High Intensity Muon Beam (HIMB)

UK deliverables (Phase 1)

* Assembly off all outer pixel layers of the MuPix tracker

* Mu3e clock-and-control system for the time-slice based DAQ
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HV-MAPS sensors

Adaptation from CMOS-MAPS using high-voltage
compliant CMOS processes.

» Specific is deep N-well that collects charge and includes
analogue and digital circuits. (no parasitic collection) P-substrate Not depleted

* N-well is biased to > 80 — 200 V giving 10 - 30 um depletion in bulk.
» High signal and fast charge collection, combining compactness of CMOS with performance

of hybrid planar silicon sensors.
CKewT TEcNoLDQY

Critical properties for Mu3e:

» Sensors can be thinned to 50 ym without signal loss.

» Sensors can operate in a high rate environment (o(t) < 25 ns) — o fE AO" ANCE D
Mu3e is the first PP experiment to employ HV-MAPS in a tracker

Mu3e would not be possible without this new technology! (sensitivity ~ (X/X,)? r»fﬁq\; LH C
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Events per stopped u* /3
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@

& If g-2 confirmed CFLV checks whether NP has a lepton mixing
angle

& Particular sensitivity to 4 fermion contact terms
& Mu3e can search for dark photons

¢ UK on muZ2e (with upgrade options) and mu3e
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Other muon experiments

¢ muEDM - parasitically at g-2 and upgrade
¢ Dedicated experiment for muEDM
& J-PARC experiments
¢ Proton radius
o .
SoROTAL 200 e 2 IVERPOGL Roeman S eatier

OOOOOOO
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A few comments

There is a great richness and elegance in these experiments
Creativity and training 'jé’

Whatever the outcome of ES this diversity should be preserved
Enthusiasm of students and teams working on this

Cheap (UK resource CLFV minimal)

But major contributions to all experiments so far

& g-2: Theory, Hardware, Analysis, Leadership
¢ Mu3e: building vertex detector
& Mu2e: STM
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Moments ...

“If you enjoy doing difficult experiments, you can do them, but it is
a waste of time and effort because the result is already known” .

Pauli

"No experiment is so dumb, that it
should not be tried” : Gerlach

“the Muon obeys QED.

g-2 is correct to 0.5%.

In my opinion, it will be

right to any accuracy. So it’s not worth
doing the experiment”

Head of CERN Theory at time of CERN
EDMs

“would you like to predict
the result ?” : F. Farley FRS
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Muons
- Why Liverpool and UK joined
- Part of UK strategy ...
- Partial snapshot

. Missed out muons at LHCb

Universality etc
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Physics Beyond the LHC is exciting!

Access to PeV in the next decade

Can we do physics with loops? Existential question....
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Theory
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