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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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...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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This talk:

- Fermilab Muon g-2
- CLFV: Mu2e, COMET, Mugse
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Part 1: Muon g-2

Why Particle Physicists Are Excited
About This Mysterious Inconsistency

° R’yanF Maudelbdunl
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Ethan Siegel Senior Contributor
Starts With A Bang ¢
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as measuring the wobble of a muon

By Don Lincoln
(4 Updated 1648 GMT (0048 HKT) February 13

The magnetism of mu
in.a 700-ton ring. FERMILAB

the short-lived particles circulate

Renewed measurements of muon’s
magnetism could open door to new physics

L

Scientific breakthrough could be as simple

GIZMODO = Ask Ethan: Does The
VIDEQ REVIEW SCIENCE (09 FIELDGUIDE EARTHER DESIGN PALEOFUTURE Measurement Of The

Muon's Magnetic Moment
Break The Standard Model?

=FRONTLINE

DISPATCHES

Demonetisation still hurts

Muon conundrum

R, RAMACHANDRAN

_ (&) | particlesandinteractions

— ‘ physicsworld

MENU | Q

f v = 8

PARTICLES AND INTERACTIONS | RESEARCH UPDATE

Has the muon magnetic moment mystery been solved?

02 Feb 2018 Hamizh Johnston

gy

Fermilab @ @Fermilzb - 3l

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

We Asked Celeb Physicist Brian Cox
About Flat Earth Conspiracies, the ..
gizmaodo.com
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The g-factor of charged leptons:

-g=2 (Dirac)
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The g-factor of charged leptons:

-g=2 (Dirac)

+a/2r (Schwinger)

' &
+ up to O(5)in QED T
12.,672. diagrams! arXiv:1712.06060 bo_od EO'@

Anomalous term, a=(g-2)/2, contains all loops — QED dominates for electrons

Recent measurement: 1/062137.035999046(2.7> Science, 13 V360, 6385, 2018
— new prediction:  a_= 0.00115965218161(23) PRD g7(2018)036001
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G. Hesketh Why MuonS?

Electrons:
prediction:  a_= 0.00115965218161(23) PRD 97(2018)036001

Q_)D and EWXK loops become important for heavier leptons

.. and new physics may enter @ (m lpton np )?
taus?
- prediction: 21T = 0.00II772.I(5> Mod.Phys.Lett.A22:159-179,2007

- measured: -0.052 < a_< 0.013
Delphi Collaboration, Eur.Phys.].C35:159-170,2004




G. Hesketh Why MuonS?

Electrons:
prediction:  a_= 0.00115965218161(23) PRD 97(2018)036001

Q_)D and EWXK loops become important for heavier leptons ‘ - ¢
.. and new physics may enter @ (m o np )’
3
taus? : .
- pI'CdiCtiOIl: 21T = 0.00II772.I(5> Mod.Phys.Lett.A22:159-179,2007
- measured: -0.052 < a_< 0.013 T

Delphi Collaboration, Eur.Phys.].C35:159-170,2004

muons!
Long-standing tension:

- prediction: a,~o. 00116591821(36) KNTi8, PRDo7, 114025
- measured: aM = 0.00116592089(63) PRD 73(2006)072003

— 3.70 difference




é, Hesketh “Follow that ambulance!”

Electrons:
prediction:  a_= 0.00115965218161(23) PRD 97(2018)036001

measured:  a_= 0.00115965218073(28) PRL 100(2008)120801

— 2.40 difference
Q_)D and EWK loops become important for beavier leptons - S :
.. and new physics may enter @ ( m ipton np )? ,,
i_} %
taus?
- prediction: a_= 0.00II77ZI(S) Mod.Phys.Lett. A22:159-179,2007
- measured: -0.052 <a_< 0.013 : .

Delphi Collaboration, Eur.Phys.].C35:159-170,2004 S

muons!
Long—smnding tension:
- prediction: a,~o. 00116591821(36) KNTi8, PRDo7, 114025

- measured: aM = 0.00116592089(63) PRD 73(2006)072003
— 3.70 difference
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G. Hesketh Fermilab Muon g-2

Fermilab Muon g-2 experiment (E989) U
- factor 4 improvement over Brookhaven (E821) result A
- precision of 140 ppb . @ \
BNL — FNAL 34 institutes, 185 collaborators
[ so (stat) + 33 (syst) — 11 (stat) + 11 (syst) | x 10™ UK: Lancaster, Liverpool, Manchester, UCL
- Spokesperson, Run Coordinator, DAQ experts
DHMZ10 S | F i
JS11 —l—‘:-—i i
HLMNT11 1 = i
FJ17 r—'——{i |
DHMZ17 1 ¥
KNT18 rﬁ:{—a
BB 3.7 i !
BNL (x4 accuracy) .06 =
160 170 180 190 200 210 220 ;, 4

SM 10y _ Keshavarzi et al.
8, x107)=11653000 arxiv:1802.02995 -
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

a)j:qu _ (z+zozu) qB _ (I+élu)£
2m 2 m “m
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

B + B B
0 =512 (2+24,) g _ (1+au)q—
2m 2 m wm
Storage ring cyclotron frequency
B B
a)C:q_ = a)d — a).f_a)f — duq_
m m

Electric fbcusmg flelds mtmduce further coupling:

Use “magic momentum” 3.09 GeV
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Wiggle plots
Decay e+

Top down view of ring section

_— =

Calorimeters Tracker

Main energy measurement made using 24 calorimeters
- fast response lead-flouride Cherenkov crystals (9x6 crystals, each 25 x 25 x 140 mm), resolution 2.3% at 3 GeV

107 F E 60 hour dataset, preliminary =
E ¢ w, statistical precision: 1.2 ppm ]

Highest energy positrons when spin .
and momentum are aligned. 10°F ‘/\N\/\/\/\/\/\/\/\/‘\/\/\/\/\N\/V,
- ] 0-87 us

1174 - 261 us

» M\/\N\/\/\/\/\/\/\/W\/\w B
MMW\/\A/V\/\N\NVV\f ——
i W\/\/\/\/\/\/\/\/\/\/\M/\W

E 435-522 us
EB Aetrnn i ]
. . : , : : { VAVA LT

0 10 20 30 40 50 60 70 80
time modulo 87us
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& et Improved Wiggle
£y | " y%ndf: 8519/4165 | . . ) .
107 p}r‘e cision: 1.35ppm | UK contributed new tracking detectors in front of two calorimeters
g 1 - 8 modules, 4 rows (2 x stereo) per module, 32 straws per row
M ANV AVAAAAAZ ’
10° ;_/\/\/\M/\/\N\N\/\/\/\/VV\/\/\ﬁ N
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— Improved Wiggle
Y y¥ndt:8519/4165 | Y x¥ndf:3983/4152
10 E . precision: 1.35 ppm L precision: 1.35 ppm
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First data-taking run complete:
- s months running, > 2x Brookhaven stats (took s years!)
- publish in 2019 (currently still blinded)

- run 2 underway

Target for end 2020: 20 x BNL

— could push significance to ~s-100

T T T T T T T T T T T T T T ' g ' ! I ' : ! y I ] : I |
1 |
TDR Goal— = = = = = — = - - DHMZ10 R |
- . i |
20 Run period 15-Oct to 7-July (14 week summer break) ’ JS11 ] _ | | |
StudY shifts: 25% e = !
?CCI(I% eraﬁofrtdowntlgng: 2 days/month R4 ! !

= rolley shift every 3 days ’ . e :
= 15| 10% data quality reduction s i FILMNTH i i

o i
> 1 1
o FJ17 -— :
i) 1 i
- i i
o i} DHMZ17 R —{ i
T |
o i |
z KNT18 - 4 |
£ |
i |
R 3.7¢ t
|
BNL (x4 accuracy) 7,00 =t
] A I A (R M H ST B S I l D)
160 170 180 190 200 210 220

(a SM X 101 0)ﬁ1 1659000 Keshavarzi et al.
H 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

' T :
DHMZ10 —-—-—e !
! .
JS11 ﬂ—-— | i
HLMNT11 + :
! :
FJ17 ™ —{: i
: ,
DHMZ17 — .
KNT18 | '
!
BhL 3.7¢ i
BNL (x4 accuracy) -y N
A I I, R i i gWowoW ol @ g oy o i
160 170 180 190 200 210

(a,>M x 10"%)-11659000

Keshavarzi et al.
arXiv:1802.02995
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<I;9 Hesketh What would it mean..?

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

Muon g-2 theory initiative underway:
https://indico.him.uni-mainz.de/event/11/overview

i g
— T B :
: i D ;
u ' v ' < .Y ' " JS11 | - : i
HLMNT 1 : - :
f; s : FJ17 | -—1: .
SR "Light by Light” : I
P \MKI—I—: ) i
I 2 |
S ) S KNT18 - 4 ;
BNL 3.76
L0w 37?67' 9 QC_;D... BNL (x4 accuracy) 706 =
- input from ee—hadrons , ' |
. N N L i 1 N i " N 1 N i 1 N i " N 1 N I N N
- proposed MUonE experiment at CERN 160 170 180 190 200 210 290

07 ldttice CdlC%[éZinnS (al-lSM X 1010)_,1 1659000 Kes_hgvarzi etal.
arxXiv:1802.02995
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G. Hesketh g-2: new physics:

SUSY?

- Needs u>o, light’ SUSY-scale (A) and/or large tan (3 i

- . i e o IV 2
...already ruled out by the LHC? a, ~ sgn(p) 130 x 107" tan B | ——

Asusy

Many other ideas out there, eg:

-1 TeV Leptoquark Bauer + Neubert, PRL 116 (2016) See also Thomas Teubner’s talk

-2 nggS dOUblCt model Stockinger et al., JHEP 1701 (2017) 007 at UK HEP Forurn, Nov 2018
- axion-like par ticle Marciano et al, PRD 94 (2016) 115033

- dark phOtOIl eg Feng et al, PRL 117 (2016) 071803
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g-2: new physics?

SUSY?

- Needs u>o, light’ SUSY-scale (A) and/or large tan SUSY o gom() 190 x 10~ tan 3 [ 100 eV ?
...already ruled out by the LHC? S T SRS S s i T—

Many other ideas out there, eg:

-1 TCV Leptoquark Bauer + Neubert, PRL 116 (2016) See alSO Thomas Teubner’s talk

-2 nggS dOUblCt model Stockinger et al., JHEP 1701 (2017) 007 at UK HEP Forurn, Nov 2018

- axion-like par ticle Marciano et al, PRD 94 (2016) 115033
- dark phOtOIl eg Feng et al, PRL 117 (2016) 071803

Complementary measurements needed to resolve model dependency if signal confirmed

If tension resolved, will set tight limits on these new physics scenarios
- will also want experiments that can probe higher mass scales in search for new physics

— EDMs, CLFV experiments



Part z2: Electric Dipole Moments

Fundamental particles can also have an EDM
- zero at tree level in SM

- can be boosted by BSM loops

Existence of EDM — additional source of CP violation



Part z2: Electric Dipole Moments

Fundamental particles can also have an EDM
- zero at tree level in SM

- can be boosted by BSM loops

o
Existence of EDM — additional source of CP violation

— Fermilab g-2 will give 100x improvement in muon EDM limit
- non-zero EDM would cause to out-of-plane precession
- an upgrade (24 x new trackers) 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
< < <
s R S

—t
|
(4]
[~

107

EXP

SM

SM

EXP

EXP

SM

BSM




Part 3: Charged Lepton Flavour Violation

CLFV decay

Michel decay

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

...but suppressed by ~10%°



Part 3: 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

Any observation of CLFV is new physics!



é. Hesketh CLFV "

—
° ° —— d LEL RN j d I i [ _) eN
Could show limits on: % s SO e M
- leptoguarks, compositeness, Higgs doublets, = (| e e ik 690
heavy neutrinos... < 10 BT RTR

oneet " Mu2e (2021)/8.0-17]

Instead, parametrise using an effective Lagrangian

de Gouvea & Vogel, arXiv 1303.4097 :

||:;;;::l|uuut'.....-.-...m-...-..-.....,,m Mu3e-ll (2025) [1.0e-186] .
= .Ir|r|l|||l = ~ |||'|!" ¥ MEG-|!|:2019:|[409'14] ................ T L L L Lt T T T T

Ei'i],F"u" 5 H ﬁ‘ﬂ_;urf' L I = ba h.c. i agnae S THEY) 7 R

[_ K+1 111“ [ MEG (2016) [4.2¢-13] H
o _ = = Mu3e-| (2020) [4.6e-15]
|I H:' f ‘ |II Fl IIIL III!I —I_ r.lil d-\.IJ-ll r; —I_ Jill' ' r-. . ul"M"'"'lu.-,u i e ©
L utL ' L L) £

an® - s
'll."- Illlnn“."""u.'..""-lnnnnnn;".....“

EEngpupnnnnt .
*

~y A2

[ SINDRUM-|
[ e,0 o . . Limits are at 80% C L. “ QBB} ”Uﬁ"'lz}
- ™ D ime the last da ken for existing limi
Step change mn Jemztwtty mn comzng year:v : r:g? air;u?;at meki n?(wﬁaerg?;: mﬁ ;rp?{:]j eé?ga ﬁmtﬁsm \ |
I i 1 iiiiii% i i iiiiiii i i iiiiii% i i iiii;i

..probing mass scales up to 10,000 TeV 102 107" 1 10 102
Dipole K Contact

Updated from A. de Gouvea, P. Vogel, arXiv:1303.4097
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MEG-II @ PSI:
- physics in 2019

- x10 on limit

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

Muze @ FNAL
COMET @ JPARC
- starting 2022. /2020
- x10* on limit

— 107 4 yrs, COMET phase 2
Muze:- L’pool, Manchester, RAL, UCL
COMET: 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

Muze @ FNAL
COMET @ JPARC
- starting 2022. /2020
- x10* on limit

— 107 4 yrs, COMET phase 2
Muze:- L’pool, Manchester, RAL, UCL
COMET: Imperial

e
Y

PAlN—

e

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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e ejl “ / Q "
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X :
MEG-II @ PSI: Muze @ FNAL
- physics in 2019 COMET @ JPARC

- x10 on limit

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

- starting 2022. /2020
- x10* on limit

— 1077 ~4 yrs, COMET phase 2
Muze:- L’pool, Manchester, RAL, UCL
COMET: Imperial

e
Y

PAlN—

e

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

- Liverpool, Bristol, Oxford, UCL

Complementary experiments:
- Mu2e/COMET: quark and lepton couplings

- Muse purely leptonic, can also search for dark photons, ALPS, etc
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- Muze, COMET

G. Hesketh
%2 Stop muons on an Al target
y - X-ray emission from capture — normalisation

uN — eN /. \\

X-rays

m;t - Ehind - Er‘ecni!
105.67 — 0.47 — 0.22 MeV
104.98 MeV



(? Hesketh MUZG, COMET

%° Stop muons on an Al target
y - X-ray emission from capture — normalisation
0o 2 e~ Signal of neutrino-less conversion:
~ mono-energetic electron
q q
0.4 0 0
3‘}3 B : : o e
e- 2 0asE ' : o
W " — W [l
8 "E Signal Window o FaR
B paf- 103.85 < p < 105.10 M&V/c
: F : :
5o 0.25— . '
= - . :  — DIO
0.2— . ,,ﬁ :
- .o v : CE
0.15— f J*:f L ;
01— 1
= % LL :
E, = m, — Epina — Er'ecnﬂ 0.05 :_ "__._.,—"'F'.'_JJ LL E
= 105.67 — 0.47 — 0.22 MeV — " L
_ = 'I_"H_IL_\_'I_._HII_'T_H_:_“_I 1 1 | 1 1 I | i L—"‘ P I | L | 1 1 L 1
= 104.98 MeV Q01 102 103 104 105 106 107

Reco Momentum [MeV/ic]
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Muon lifetime on Al: 864 ns

Prompt backgrounds:
- Curved solenoid transport channel
- Pulsed beam with strong extinction factor (<10?)

¥ T T T T ¥ 7 8IGEV (56 I\V/\/) N
= ProtongBEam

B Proton pulse
B Prompt particles
m Background electrons

7 Signal electrons

i g

Solenoid

Detector
Active

Number of Particles

' Straw Tracker
COMET Phase 2 (2025) & Crystal ECAL

0 0.5 10 1.5
Time (us)
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Production Target |

8 GeV protons (8 kW) Muyze tollows g-2: 2021

Pl s = " Muze-11I:
J RN - use PIP-II beam
Bt UK deliverable: 20 m downstream 100 kW @ 800 MeV
Stopping Target Monitor - further x10 on limit

- part of 2020 Ps

Detector

Al-Stopping
Target

i T b Ed ®
i ¥ w4 0d Bd ®
Fd Fd &
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G. Hesketh

74
L 4

Michel Decay Signal

- rate: ~ 1 - push limit to 107
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G. Hesketh

¢ yy &)
e’ | ) y
?F- ij /'/' /
4 = '
c
Michel Decay + Conversion Signal

- rate: 1073 - push limit to 107

Branching

101 102 103 104 105 106

ete'e* mass (MeV/c?)
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Muse

Muze @ PSI
DC beam of up to 10* w/s on target, triggerless DAQ.
- Scintillating fibres (<1ns) and tiles (<100ps) to time-slice the data

- online reconstruction using GPU farm

- vertex resolution 200 um
- momentum resolution 0.5 MeV
...in the scattering-dominated regime (E<s53 MeV)

— HV-MAPS sensors, thinned to so um; 0.1%X_ per layer

Recurl pixel layers

UK deliverables:

- outer layers of tracker

- clock and control system

- Pixel Detector Coordinator

I ) 0 Y 1 I 0 ) [0

Scintillator tiles Inner pixel layers

Muze Phase-1 (2020)

ey

i Beam Target

Scintillating fibres
1 ) I I = ) ¥

_ /" Quter pixel layers



» Muse

G. Hesketh

Muze @ PSI
DC beam of up to 10* w/s on target, triggerless DAQ.
- Scintillating fibres (<1ns) and tiles (<100ps) to time-slice the data

- online reconstruction using GPU farm

- vertex resolution 200 um .
- momentum resolution 0.5 MeV UK deliverables:
- outer layers of tracker

...in the scattering-dominated regime (E<s53 MeV)
— HV-MAPS sensors, thinned to so um; 0.1%X _per layer - clock and control system
° - Pixel Detector Coordinator

Muse Phase-2 (2026) N AN

- needs beamline upgrades _ . CUT cdntillating N
. recur] pixel ) / e et tile=

L o d}u-l-gr:- PFKGL p ";'__‘_: _I_ * \

g Aﬁ __\\_ layers / _ :

\ / ..#..
scintillating S8
fibres &
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Taus

Best limits on T— upup and T— wy from B-factories

- Belle-II expect to reach 10 in coming decade

TauFV at CERN:

- proposed detector at SPS beam dump (parasitic to SHiP)
- could reach 107 for T — uuw, possibly further for T — pue

Limit

1
10-!

10-3
10-3
107
109
10-11
10-13
10-15
10-17

10- 19

‘ iy

v =€)

o u— 3e o " = W VEG

= gu’\' — (=_-'\" = . - M0
geeMe

A T—3u Mu3el

!l II T] l'| TI l[ II Il T] ll II ll Tl l[ II Il Il III

IllJllllJ.Illllllllllllilllll]lll]ljllilll]ll'll

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
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New physics must be out there... but where?
— reach further testing loop effects with high precision measurements

Muyon physics complements and extends magor research themes:
- BSM searches, CPV in the lepton sector and leptogenesis of matter-antimatter asymmetry
— input to European Strategy: arXiv:1812.06540

Muon g-2:

- first publication planned in 2019, running for 2 more years to reach 20x BNL stats.
- EDM and w measurements

- options for extended / upgraded running, and follow-on measurements

CLFV with muons:

- Mu2e, COMET 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 & LHC

Going to be an exciting few years!
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