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G. Hesketh ...or: where is the New Physics?

New physics must exist:
- dark matter, hierarchy problem, matter-antimatter asymmetry, neutrino masses, strong CP, gravity....

...but where is it?
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New physics must exist:
- dark matter, hierarchy problem, matter-antimatter asymmetry, neutrino masses, strong CP, gravity....

...but where is it?

ATLAS ¢ Data
—— Sig+Bkg Fit (m _=126.5 GeV)
-------- Bkg (4th order polynomial)
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G. Hesketh ...or: where is the New Physics?

New physics must exist:
- dark matter, hierarchy problem, matter-antimatter asymmetry, neutrino masses, strong CP, gravity....

...but where is it?

There bave been some surprises from the lepton sector:
- neutrino masses
- proton radius puzzle
- some ~30 effects from semi-leptonic hadron decays, R(K), R(D)
- 3.70 effect in muon g-2
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G. Hesketh ...or: where is the New Physics?

New physics must exist:
- dark matter, hierarchy problem, matter-antimatter asymmetry, neutrino masses, strong CP, gravity....

...but where is it?

There bave been some surprises from the lepton sector:
- neutrino masses
- proton radius puzzle

- some ~30 effects from semi-leptonic hadron decays, R(K), R(D)
- 3.70 effect in muon g-2

If there is some new physics in a loop, muons are a good tool:
-m */m*~ 42000: muons much more sensitive to new physics

- stable enough to capture and store

Today:
- Fermilab Muon g-2
- Muse

... + a few other experiments
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Spin Precession:

- the magnetic moment of a particle rotates around a B-field
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Spin Precession:
- the magnetic moment of a particle rotates around a B-field
_498
fooam

The magnetic moment of charged leptons:

- exactly 2 at tree level (Dirac)
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Spin Precession:

- the magnetic moment of a particle rotates around a B-field
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The magnetic moment of charged leptons:

- exactly 2 at tree level (Dirac)

- first loop calculated by Schwinger in 1948
g=2+0/2m+ ...
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Spin Precession:

- the magnetic moment of a particle rotates around a B-field
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The magnetic moment of charged leptons:

- exactly 2 at tree level (Dirac)

- first loop calculated by Schwinger in 1948
g=2+0/2m+ ...

7% 970

- state of the art: O(5) in QED E i

12,672 diagrams! /@\ @\
arXiv:1712.06060
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G. Hesketh “Follow that ambulance!”

For electrons, a completely determined by QED

— only depends on o

Recent measurement of o
1/0=137.035999046(27)
Science, 13 Apr 2018: Vol. 360, Issue 6385, pp. 191-195
— new prediction of  a_= 0.00115965218161(23)
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G. Hesketh “Follow that ambulance!”

For electrons, a completely determined by QED

— only depends on o

Recent measurement of o

1/a=137.035999046(27)
Science, 13 Apr 2018: Vol. 360, Issue 6385, pp. 191-195

— new prediction of  a_= 0.00115965218161(23)
Compared to measured: _=0.00115965218073(28)

PRD 97(2018)036001, PRL 100(2008)120801
— 2.50 difference
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For electrons, a completely determined by QED

— only depends on o

Recent measurement of o

1/0=137.035999046(27)

Science, 13 Apr 2018: Vol. 360, Issue 6385, pp. 191-195
— new prediction of

a_= 0.00115965218161(23)
Compared to measured: _=0.00115965218073(28)

PRD 97(2018)036001, PRL 100(2008)120801
— 2.50 difference

For muons:

- larger muon mass — QCD and EWK loops contribute
- a long-standing disagreement with experiment:

a,= 0.00116592089(63)  (measured)
a,~ 0.00116591821(36)  (prediction)

PRD 73(2006)072003; KN'T18, PRD97, 114025
— 3.70 difference

“Follow that ambulance!”
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.. a lepton-flavour violating dark photon..?

...a model with a large muon EDM..?
arXiv:1807.11484
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G. Hesketh Fermilab Muon g-2

Fermilab Muon g-2 experiment (E989) U
- factor 4 improvement over BNL (E821) result A
- precision of 140 ppb ’ @ :
BNL — FNAL o
[ 50 (stat) + 33 (syst) — 1z (stat) + 11 (syst) ] x 10™ 34 institutes, 185 collaborators

UK: Lancaster, Liverpool, Manchester, UCL
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FJ17 »—-—ti ;
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MR (P : NP BTSSP :
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(a SM 1010)_1 1659000 Keshavarzi et al.
i arXiv:1802.02995
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i Has the muon magnetic moment mystery been solved?
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Scientific breakthrough could be as simple
as measuring the wobble of a muon

By Don Lincoln
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"If | were to put my money on something
that would signal new physics, it's the
g-2 experiment at Fermilab."

Gravitational effect: the g-2 magnet arrives at Fermilab to be i
experiment

|2 SN / ey, I
The magnetism of muons is measured as the short-lived particles circulate
in a 700-ton ring. FERMILAB

Renewed measurements of muon'’s
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

_g9B (z+zau) qB
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

B
W, = - (I+d‘u)%
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

B
W, — - (I+d‘u)%

Muyons decay...

— Use a circular magnetic storage ring (7.1 m radius)

Cyclotron frequency:
wczﬂ = w,= a):_a)c:ﬂuﬁ
m m
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

B
a):_ - (I+d‘u)%

Muyons decay...

— Use a circular magnetic storage ring (7.1 m radius)

Cyclotron frequency:
a)C:ﬂ = 0,= 0,~0
m

Use “magic momentum” 3.09 GeV’

a

a)z—% a,B —




)
G. Hesketh

»
» 7k, # QU€EA LU E 717, /
‘e
- - Q - -
d O d10
O1C C CAINCTI DCI Q
C
‘ .
\ Chicago
] .;g A !
, e g i 1
L i I
) | : } nsylvani )
i) s | ohio + Pennsylvania’ | o
! NE i~ Indiana b Philadelphia, %
X H 2 =Columbus | = A
Indianapolis i = Maryland ew Jersey
5 = T . -l
L el P Del:
‘ . i i
uri_ St s . <3
{ - Y
fm \ - 7
f 1 rict of
. entucky e :
RRGLUCKY e iumbia
¥ [RRIC AT AP e iy g
L 4 s orth
& nnessee L Fh“'r
o P _arolina
525 L Sy . _ Charlottep
# | ‘ T~
o i A “‘ ~ b
1 Atlanta’ % South? " »
A ‘5. Carolina
Alabama ¥ 4 :
v Georgia \
] ¢ 7
'] -
e R A
] \ =—~~2 Jackson
isianal s -
Tampa s ¢, g
M
sulfl of @
A -
ruitalst The
Bahamas
2
*

REVENE]
= .

Along journey

-

(L




FARMSTEAD
BREWERY

. > 3

- - g y - :

- ¥
SHACY K ;

;o i

' -~

- =
- r— -

i PUTRE, & ] |
. i \ N o . .
! N .

e ¢







22

G. Hesketh

Wiggle plots
Decay e+

Top down view of ring section

'\'\1

Calorimeters Tracker

Main positron energy measurement made using 24 calorimeters
- fast response lead-flouride Cherenkov crystals (9x6 array, each crystal 25x25x140mm)
- resolution 2.3% at 3 GeV
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G. Hesketh

Wiggle plots
Decay e+

Top down view of ring section

'\'\1

Calorimeters Tracker

Main positron energy measurement made using 24 calorimeters
- fast response lead-flouride Cherenkov crystals (9x6 array, each crystal 25x25x140mm)
- resolution 2.3% at 3 GeV

Highest energy positrons when spin
and momentum are aligned.

—

Eﬁ- B tron
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Wiggle plots
Decay e+

Top down view of ring section

'\'\,

Calorimeters Tracker

Main positron energy measurement made using 24 calorimeters
- fast response lead-flouride Cherenkov crystals (9x6 array, each crystal 25x25x140mm)
- resolution 2.3% at 3 GeV

107 F : 60 hour dataset, preliminary -
3 w, statistical precision: 1.2 ppm ]

Highest energy positrons when spin . _
and momentum are aligned. 10°F ‘A/WVV\/\/\/\/\/\/\/\/\/\/\W
” WMN\/\NV\/\/\/\/\A/\/\/V 130
0¥ ‘/\/VV\/\/‘\/\/\/\/\/\/\/\/\/WV\N
So— VVVVW\/\/\/\/\/V\/\/VVV\/\ 5
i ; : . . . . 5 S\ [/]522-610 us

0 10 20 30 40 50 60 70 80
time modulo 87us
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Need highly uniform B-field around the storage ring

- magnetic field was shimmed to high precision
- monitored using NMR probes

s thermal
inner coil B top hat e )!nS‘Lyllat‘lorj)

‘m

wedge e

Bh\ outer coil
edge = :

muon fixed
region
ﬁ surface
correction coil

——— )

NMR probes

Ig_—/ outer coil

A

112 mm

top hat |

inner coil |

g-2 Magnet i

n Cross Section

- plunge probes and trolley runs
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B-field uniformity 3x better than BNL (2x was the goal)
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1

~1400 ppm



G. Hesketh s-parameter fit

Simplest fit: 5 parameters
- exponential decay (2 parameters)
- with a superimposed sine wave (3 parameters)

| 5-Parameter Fit |

T T ind 8519185

107 —
precision: 1.35 ppm

A A AR
10°} Y

102 | W"W,‘

0 10 20 30 40 50 60 70 80
time modulo 87 us
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G. Hesketh New Trackers

UK contributed new tracking detectors in front of two calorimeters
- 8 modules, 4 rows (2 x stereo) per module, 32 straws per row

o
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G. Hesketh Beam position
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G. Hesketh

Improved Wiggle

b T Anat éstoates
° precision: 1.35 ppm
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& Hesketh Improved Wiggle
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G. Hesketh Status

First data-taking run complete:
- s months running, > 2x Brookhaven stats (took s years!)
- publish in 2019

Runs in 2019/20 will accumulate ~20 x BNL
— could push significance to ~s-100

T T T T T T T T T T T T T T ! ' ! ! | : | T T T :
i i
TDR Goal— - — — — — — — - _ DHMZ10 e |
207 Run period 15-Oct to 7-July (14 week summer break) . 1811 ‘ o i
StudY shifts: 25% 7 ’ G !
?ccltle eraﬁofrtdowntlgng: 2 days/month R4 ! !
= rolley shift every 3 days . i~ !
= 15| 10% data quality reduction s i M ; !
as] I |
> | |
:’ FJ17 e i
a : |
- i i
s ] DHMZ17 HEEEE :
1] | |
o | |
% KNT18 ——e— i
] ;
BRI 3.7¢ t
BNL (x4 accuracy) 7 06 e
L] I & 3 5 ; T B I -
160 170 180 190 200 210 220

(a SM X 1010)_1 1659000 Keshavarzi et al.
U arXiv:1802.02995



& Heskedh What would it mean..?
Further experimental confirmation?
— Planned g-z experiment at J-PARC
- different techniques, different systematics

I o I ! I 1
DHMZ10 %_._fq I
Jst1 -
HLMNT11 I——rI——%
FJ17 »—-—{i i
DHMZ17 }—-—1 '
KNT18 — '
BNL 370 1
BNL (x4 accuracy) . i

e L |

160 170 180 190 200 210

(auSM x 10'%-11659000

Keshavarzi et al.
arXiv:1802.02995
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G. Hesketh What would it mean..?

Further experimental confirmation?
— Planned g-z experiment at J-PARC
- different techniques, different systematics

How about the theory?

— T : T T T T :
- FNAL g-2 Uncertainty DHMZ10 % i
JS11 = i i
HADRONIC Uncertainty ! i
I, 57N Coruior AT i B i
FJ17 l—l—{: i
DHMZ17 }—-—1 '
QED Uncertainty QED KNT18 %:—i i
Contribution '
B 3.70 1

1 IIIILul 1 IIIIIII| | IIIIIII| | IIIIIII| 1 IIIIIIII | IIIIIII| 1 IIIIIII| 1 IIIIL|,|| 11 IIIIII| | IIIIIL|J BNL (X4 aCCUI’aCy) 706 l_'ll_|
10" 10" 10 10° 10° 107 10° 10° 10 10° 10? e | :

160 170 180 190 200 210

Contribution to a
Tl

(auSM x 10'%-11659000

Keshavarzi et al.
arXiv:1802.02995

220
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G. Hesketh What would it mean..?
Further experimental confirmation? =
— Planned g-z experiment at J-PARC
- different techniques, different systematics AN

How about the theory?

- FNAL g-2 Uncertainty / “Light by Light”
HADRONIC Uncertainty Iy g S
HADRONIC Contribution ~— | o %

N
\ VvV

v’\;’\J’

Low energy QCD...
QED Uncertainty - need experimental input
— a 8§£ribunon - proposed MUonE experiment at CERN
1 IIII|_|]| 11 IIIIII| | |||I||I| | |I|I||I| 1 IIIIIIII | IIIIIII| 1 IIIIIII| 1 IIII|_|,|| 11 IIIIII| | IIIIII_IJ "'07' Zdt[ice Cdlc%ldtionj

10 10" 10™ 10° 10° 107 10° 10° 10" 10° 10
Muon g-2 theory initiative underway:

Contribution to a https://indico.him.uni-mainz.de/event/11/overview

J



35

. 1 p)
G. Hesketh : new physics:

SUSY?
- Needs u>o, light’ SUSY-scale () and/or large tan (3 sy | L
...already ruled out by the LHC? ag """ =~ sgn(p) 130 x 107 tan 3 (

100 Ge\-") 2
- However, SUSY does not have to be minimal

Asusy

Many other ideas out there, eg:

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

-2 nggS doublet model Stockinger et al., JHEP 1701 (2017) 007
- axion-like particle Marciano et al, PRD 94 (2016) 115033

- dark phOtOIl eg Feng et al, PRL 117 (2016) 071803

If the discrepancy goes away, will set tight limits on these new physics scenarios

See also Thomas Teubner’s talk at the UK HEP Forum, Nov 2018



é, Hesketh What would it mean..?

1t may not be the clear sign of new physics we wanted...
- complementary measurements needed to resolve model dependency.

— EDM experiments

— cLFV experiments

{

DHMZ10 .

[}

JS11 ; -
HLMNT11 —

FJ17 —e{

e e e

DHMZ17 R
KNT18 —
BhL 3.70
BNL (x4 accuracy) 706 e
ST R A S | I B T S AT S i £
160 170 180 190 200 210 220

(@ Mx 10'%-11659000 Keshavarzi et al.
u arXiv:1802.02995
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G. Hesketh Further clues: EDMs

Fundamental particles can also have an EDM - Qe - - e -
- zero in SM (slight shift due to loops) d=n § u=g 2 e S
- more significant shifts with BSM loops mc mc
" H e H p n
’ ' =107
E - EXP
2 C
' 2} L | e
w Eon
[ vl ; = EXP
o = EXP
Existence of EDM — additional source of CP violation 1027
:: EXP
.m_szE: SM M
E: M
1Y BSM
- sM




G Hesketh Further clues: EDM:s

Fundamental particles can also have an EDM -

- zero in SM (slight shift due to loops) d=n

- more significant shifts with BSM loops

i) 1t
»e

Existence of EDM — additional source of CP violation

A non-zero muon EDM would lead to out-of-plane precession
— 100x improvement in limit from Fermilab g-2
- an upgrade would push limit further...

Development work for proton EDM ring underway
- part of CERN's “Physics Beyond Colliders” programme.

EDM Limits (e cm)
—t —t —t
< < <
5 N =

—t
|
(4]
[~

107

EXP

SM

SM

2mc
P n
EXP
EXP
SM SM

BSM




Charged Lepton Flavour Violation

Michel decay

Neutrino oscillations violate lepton [ﬂavour conservation
— technically possible in charged lepton sector

...but suppressed by ~10%°

CLFV decay



Charged Lepton Flavour Violation

Michel decay

Neutrino oscillations violate lepton [ﬂavour conservation
— technically possible in charged lepton sector

...but suppressed by ~10%°
Put BSM physics in the loop — increase the rate

CLFV decay
g
/ e
el
i o
A BITITE RIS i

Any observation of cLFV is new physics!
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Many BSM models include charged leptorz{ﬂavour violation

- leptoquarks, compositeness, Higgs doublets, heavy neutrinos...
...or invoke it for leptogenesis of matter-antimatter asymmetry
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Many BSM models include charged leptorz{ﬂavour violation

- leptoquarks, compositeness, Higgs doublets, heavy neutrinos...
...or invoke it for leptogenesis of matter-antimatter asymmetry

Second Higgs I Mu2e
Doublet Compositeness e
0 T _
I Sindrum
B LHC

10" 10" 10° 10° 107 10° 10° 10* 10° 10?2 10

| q o
eu Higgs anomalous Yukawa coupling limit

Heavy Neutrinos Leptoquarks

Sensitivity to flavour-violating Higgs couplings
Probe LQ masses up to 300 TeV y 5 1155 ping

cf 1 (120) TeV at HL-LHC (LHCb)
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= curentand =+=+++ projected limit for pN—) eN
curentand  sesses projected imitfor |t €Y
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Excluded Region (1988-2016)

Effective Lagrangian
de Gouvea & Vogel, arXiv 1303.4097
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Updated from A. de Gouvea, P. Vogel, arXiv:1303.4097
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= curentand =+=+++ projected limit for pN—) eN
curentand  sesses projected imitfor |t €Y
e cUentand  voeeer projected mitfor [t €€€

Excluded Region (1988-2016)

Effective Lagrangian
de Gouvea & Vogel, arXiv 1303.4097
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Step-change in sensitivity in coming years 10° e Sy

.probing mass scales up to 10,000 TeV

SINDRUM-| (1 988) [1.08-12]

Can belp resolve model dependency in g-2: T imssnmior . =
i iiiiii% i\iiiiii

Dates are time the last data was taken for existing limits or
the start of data taking (where known) for projected limits

~ 2 2 ﬂ)z | RS PR i
Rate (CLFV) ~ g x 07, X ( A 10_?_ i ; o pet
my, ) 2 Dipole K Contact

e g x (5

Updated from A. de Gouvea, P. Vogel, arXiv:1303.4097
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G. Hesketh CLFV "

MEG-II @ PSI:
- physics in 2019
- x10 on limit
— 10™* after 3 years
11 institutes, 75 collaborators
- no UK involvement
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G. Hesketh
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MEG-II @ PSI:
- physics in 2019
- x10 on limit

— 10™* after 3 years
11 institutes, 75 collaborators
- no UK involvement

/‘4

Muze @ FNAL
- starting 2022 (after g-2)
- x10* on limit
— 107 after ~4/5 years
40 institutes, 242 collaborators
- Liverpool, Manchester, RAL, UCL
COMET @ J-PARC similar (Imperial)
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MEG-II @ PSI:
- physics in 2019
- x10 on limit

— 10™* after 3 years
11 institutes, 75 collaborators
- no UK involvement

/‘4

Muze @ FNAL
- starting 2022 (after g-2)
- x10* on limit
— 107 after ~4/5 years
40 institutes, 242 collaborators
- Liverpool, Manchester, RAL, UCL
COMET @ J-PARC similar (Imperial)

Muze @ PSI
- phase 1 (2020) & 2 (2025)
- x10* on limit
— 107 after phase 2
11 institutes, 60 collaborators

- Liverpool, Bristol, Oxford, UCL
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MEG-II @ PSI: Muze @ FNAL Muze @ PSI
- physics in 2019 - starting 2022 (after g-2) - phase 1 (2020) & 2 (2025)
- x10 on limit - x10* on limit - x10* on limit
— 10™* after 3 years — 107 after ~4/5 years — 107 after phase 2
11 institutes, 75 collaborators 40 institutes, 242 collaborators 11 institutes, 6o collaborators
- no UK involvement - Liverpool, Manchester, RAL, UCL - Liverpool, Bristol, Oxford, UCL
COMET @ J-PARC similar (Imperial)
V/‘,
= v
Complementary experiments: \é/

- Muze involves quark and lepton couplings
- Muse purely leptonic, can also search for dark photons etc
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%0 Stop muons on an Al target
y - X-ray emission from capture — normalisation
B - e~ Signal of neutrino-less conversion:
~y mono-energetic electron
q q

m, — Ebind i Erecoil
105.67 — 0.47 — 0.22 MeV
104.98 MeV

(11l
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Muze

Stop muons on an Al target
- X-ray emission from capture — normalisation

0o e~ Signal of neutrino-less conversion:
~ mono-energetic electron
q q
2 'D'-ﬂ- ] ]
> F ' :
= — stat. errors only M .
0.35— _ 0 ' .
S E Neor = 3.6 10° Signal Window
8 o3 R,=10 103.85 < p < 105.10 M&V/c
a [ Neg = 3.72 = 0.01 . :
S s Npg=0.20 = 0.02 ' :
LU ‘ | " [
z — . -
0.2— No PID selection applied ' *ﬁ '
- oo 4 : CE
0.15— f J*:f L :
0.1~ : 1
= % LL :
E, = m, — Epina — Erecoil 0.05 :_ '__._..,—-"F'.'_JJ LL E
= 105.67 — 0.47 — 0.22 MeV — — o
g = 'H_l‘_‘_'l_'_ﬂl._'-rﬁ:_ﬂ_l ] 1 | ] L 1 1 | ] L—"‘ st ] Ly b L | | 1 | 1
D Q01 102 103 104 105 106 107

Reco Momentum [MeV/ic]
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8 GeV protons (8 kW)

20 m downstream
Stopping Target Monitor

Production
Solenoid
’."?'f-."‘yr\n;l'\\‘rriuwu
Tracker
Al-Stopping 6m
Target Calorimeter
L 1700 ns
I Praoton pulse on
Production target o B Pmmpt bﬂkgmundf
ns ns . . . .

- (radiative nuclear capture, d.i.f., pions, protons).
ety - Curved solenoid transport channel
b " - Pulsed beam with strong extinction factor (<10?)
JiA Live Window [\ [\

\ I\ . Cosmics: cosmic veto detector
| g \_
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Muon decay in orbit (WN—evvN)

- precise momentum resolution

Straw tracker (similar to g-2 trackers)
- hollow cylinder design

./.

,

Muze will follow g-2
- uses same beamline at Fermilab Muon Campus
- first beam 2020, data-taking through 2025

Possible upgrade using PIP-II beam
— further factor of 10 on the limit
arXiv:1802.02599
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Signal Michel Decay Michel Decay + Conversion
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Michel Decay

Branching Ratio

—
Q
S

10-16

10—18

101

102 103 104 105
e*te'e* mass (MeV/c?)

106

Michel Decay + Conversion

pu— DECAY MODES Fraction (I';/T)
e Vel ~ 100%

e Ve, [d] (6.04+0.5) x 108
e Tev ete [e] (3.440.4) x 10~°
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Munze @ PSI .
DC beam of up to 10* u/s on target, triggerless DAQ. M A
Photon conversion: ; B

- vertex resolution 200 um "

- Scintillating fibres (<1ns) ‘ e (Eu
Internal conversion <

- momentum resolution 0. MeV
..in the scattering-dominated regime (E<s3 MeV)

Inner pixel layers

wry

p Beam Target

Santillating fibres
/

/! Quter pixel layers
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Muze @ PSI .
DC beam of up to 10* u/s on target, triggerless DAQ. M =4
Photon conversion: s e

- vertex resolution 200 um ¥

- Scintillating fibres (<1ns) and tiles (<100ps) ‘ e (Eu
Internal conversion <t

- momentum resolution 0. MeV
..in the scattering-dominated regime (E<s3 MeV)

Recurl pixel layers

Y I Y D O Y Y B - B Y O I I DX T (N 00 1 T 1 I
Scintillator tiles Inner pixel layers

| Beam Target

wrryy

___ gantillating fibres
[(TITTTI T I I oo amres i R B )

! Quter pixel layers
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Muze @ PSI
DC beam of up to 10 u/s on target, triggerless DAQ.

Photon conversion:
- vertex resolution 200 um
- Scintillating fibres (<1ns) and tiles (<100ps)
Internal conversion
- momentum resolution 0. MeV
...in the scattering-dominated regime (E<s3 MeV)

CETh santilating N
1 : tiles

\ / ..#...
scintillating S8
fibres &
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1.1 nv’ pixel tracker

Material budget critical:
-s0o um HV-MAPS
- 25 Wm support
- 25 um flex-print
- 2. wm aluminium traces
- 10 wm adhesive
- gaseous helium cooling
— 0.1% X_ per tracking layer

MuPix8 development: 4

- 81x80 wm pixels, 128x200 pixels per chip
- 178 M channels for Phase 1.

- 1.25 Gbit/s serial data outputs

- ~21omW/cm* power consumption
19.5m

Test-beam results:

- >99.5% efficiency

- noise rate per pixel ~o0.2 Hz

- time resolution ~14.5 ns

- measured track residuals ~ 35pum (80/Vi2 = 23 um)
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G. Hesketh Muse Timing Detectors

Fibre ribbons in central barrel:
- 4 layers of ~25oum
- 12 x SiPM arrays (LHCDb type)
- time resolution <4o00ps on prototype

Scintillating tiles in the recurl stations:
- 6.5x6.5x§ mm?
- total of 6272 channels in Phase 1
- resolution of ~35ps from prototype

Ins
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2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles

e e semsor - Fﬁq Wﬁ Fﬁ Fﬁ WW Wﬁ

- max bandwidth 740 Mbit/s (x4 requirement) s e

-
3
=
5]
° 35
3!-?
o o
Q >
S a
&

H data Output up to I TB/S (phase 24) FPGA FPGA | 86FPGAs [ FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA
Lo | |

Need to find and fit billions of tracks per second... L L 1

. . witchin witchin witchin witching

— Online event reconstruction on GPU farm T Rl e o poad

Iokoper : J '
so GPUs "o’ | [EI=T =
- data reduction of ~1000 s [T ey [
— output s0-100MB/s
Gbit Ethernet | | | ]
Co:lj::fion — St’\g?:;e

Server

[IXELIEIT.

At UCL we are developing the clock €5 control system
- optical transmission of:

- clock signal to frontends

- control signals (start run, reset, ...)
- active splitting using Firefly connectors
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Currently under construction, first data 2020

——
> e cUrentand  s+s=== projected limit for pN—) eN
___ M3 Phase I 5chentatic Qo cumentand  eseess projected imit for &> €Y
) [ = [ : t‘ = cumentand +e+++r projectedimitfor [t €€
'— < i 04 = Excluded Region (1988-2016)
_ oo™ Tiu2e (2021)(6.0e-17)

||;==::;||||.m-'l'......---....._"_"“” Mu3e-Il (2025) [1.0e-16]

EEEEEEE
T L L LTI T TR L E T L L CL LR R EL L LEL L
. Visag,
T

MEGHI (2019) [4.0¢-14 wees st BOVET (2021) 7 26-15] ****"

MEG (2016) [4.2e-13) ,.u"'"' .

"nu|||u-un|-|n:|:M... "t. Mude-| {2[}20} [465_15]

.
¥
Ressasasseas el S S rinsaag,,

.
aant
sheanasnaaninnt

=11 1 03 E —
a0 E B
m F | Phase 1A B
iz [ SINDRUM (90 % CL) B
10 g—j ---------------------------------------------------- = °v§
F Y I i
10_13 L l".\'\\ | Phase IB il S!NDR &v‘
EoL UM (1988) 11, o
L e Limits are at 90% C.L. Ay el -
10" N Phase Il B Dates are fime the last data was taken for existing limits or
F R the start of data taking (where known) for projected limits 1
_15: Rt SR, I it iiiiii% it iiiiiiz g iiiiii% i iiiiii
0 E
2 ) —2 —1 2
F——  Mu3e (90% CL) \ 10 10 1 10 10
e[ T Mu3e continued e ;
L Sensitivity MuJe e Dipole K Contact
17 - . Ll ) . L] . . . Updated from A. de Gouvea, P. Vogel, arXiv:1303.4097
10 o 100 [o foo 200 300 [ ¢ 100 200 300 400

running davs
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New physics must be out there... but where?
— reach further through loops, with high precision measurements

Muon physics complements and extends major research themes:
- BSM searches, CPV in the lepton sector and leptogenesis of matter-antimatter asymmetry

g2
- first publication planned in 2019, running for 2 more years to reach 20x BNL stats.
- options for extended / upgraded running, and follow-on measurements incl EDM

cLFV:

- Muze and Muse aiming for 10* improvement in sensitivity over current limits
- probe mass scales up to ~10* TeV

- complementary physics, and complementary to g-2

Going to be an exciting few years!
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Theory limited by badronic LO corrections, aMHNLO

1.1 , , , _ 16
Traditional calculation from ee—hadrons 3 Lo e &
— nced xo k thg- 1073, R P [
need x2 improvement to keep up with g-2 : p
_I'-I P
] Signal - o
MUonE will measure space-like region: L0 H 105<Aq. <10 frf 0 2
— scattering of high energy mu (150 GeV) on e » had ps =
ML - - .. -2
2 _~~ | Normalization | =
a. - 6=
3 - S
(84 ! o ﬂuhadﬁ"'lﬂﬁ | e
——f 1—X)Af)!had(t()())dx 0.3 L{;"'JIH M. (t:] i
..ﬂ: 0 " ,_.-"'J r 11'"-., aata =ia | 2
o it
- ! 1 I — il
0 B 10 L5 20 a5 0
8, {mrad]
Tradd) Be[ mra d]
Up to 20 Be targets + Si detectors
downstream calorimeters + muon PID Schedule: _
. 2017: test beam at CERN H8 Beam Line
e ~
3cm| < lm > 2019: LOI to SPSC
H | o fi_ii,_f;—f+§ £ 2020/1: construction & installation
e U 31 2022/4: (after LHC LS2) start data taking
modulen M ] o]
target n targetn+1
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(ls“.'\[ —_ ”(b)[;‘])__ ”fuu/__ ”[‘,”

/4’ JH L H

VALUE (x 10~11) uniTs
QED (v +¢) 116 584 718.951 4+ 0.009 £ 0.019 + 0.007 4+ 0.077,

HVP(lo) [20] 6923 + 42
HVP(lo) [21] 6949 + 43
HVP(ho) [21] —98.4+0.7
HLbL 105 + 26
EW 154 + 1
Total SM [20] 116591802 £ 42,10 % 265110 £ 2ouner (£49,0,)
Total SM [21] 116591 828 - 43,110 % 264110 & 2000 (£50,00)

[T. Blum et al., arXiv:1311.2198]

HVP calculated using dispersion relation
plus experimental data from ee— badrons
— MUonE will improve experimental input

See Phiala Shanahan’s talk at ICHEP

https://indico.cern.ch/event/6865ss/timetable/#20180711

g-2 theory

— need x2 improvement to keep up with experiment

Muon g-2 Theory Initiative underway
hteps://wwwth.kph.uni-mainz.de/g-2/

Lattice starting to contribute to LBL &5 HVP

T. Blum et al., arXiv:1801.07224

ETMC 2013 | — : — ]
HPQCD 2016 | —— -
Mainz 2017 -+ : — - lattice

BMW 2017 |- —t—t—t— .
RBC/UKQCD 2018 H—+—H

RBC/UKQCD 2018 |- ) .
HEH
EHEH
HH
HEH

HLMNT 2011 |-
DHMZ 2012 |-
DHMZ 2017 |-

Jegerlehner 2017

No new physics |- —-— =
| | | | | |
610 630 650 670 690 710 730 750

HvP , 10
a, x 10

R-ratio
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E821 E989
Category [Ppb] E989 Improvement Plans (ppb]
: * Better laser calibration -
Gain changes 120 | Low-energy threshold . Detector
Team
* Recording low-energy samples
e S « Segmented Calorimeters -
Lost muons 90 = Better collimation in ring 20 Ring
Team
* Higher n value
C8o L * Better match of beamline to ring Xl
Detect
E and pitch so | Improved tracker T
corrections = High precision storage ring simulation
Total 180 |Quadrature Sum for dws (syst.) 70
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