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...or: where is the New Physics?

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

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2018 Vs5=7,8,13TeV
‘miiss o L
Model 67y Jets ET™ [canm™) Mass limit V5 =13TeV Reference
T
3, g 26jets  Yes 361 [JGREXIEXIDEGEA] 0.9 1.55 m(E})<100GeV 1712.02332
o mono-jet  1-3jets  Yes  36.1 [@ [[x 8xDegen] 043 0.71 m(@)-m(F})=5GeV 1711.03301
Q o 2 - 0
s @ 3-qa%] 0 26jets  Yes 361 & m(¥%)<200GeV 1712.02332
5 z el 0.95-1.6 m(¥})=900 GeV 171202332
& 3epu 4jets - 361 |z 1.85 m(F%)<800 GeV 1706.03731
Q ee, ppt 2jets Yes 36.1 z 12 m(z)-m(¥})=50 GeV 1805.11381
g 0 7-11jets  Yes  36.1 3 1.8 m(»’(‘.‘; <400 GeV 1708.02794
S Bepu 4jets s 36.1 g 0.98 m(g)-m(¥})=200 GeV 1706.03731
<
= 0-1 e, 3b Yes 36.1 z 20 m(¥})<200 GeV 1711.01901
3epu 4jets — 36.1 g 1.25 m(z)-m(¥})=300 GeV 1706.03731
biby, by—b¥) iVF Multiple 36.1 0.9 m(E0)=300 GeV, BR(hE})=1 1708.09266, 1711.03301
Multiple 36.1 0.58-0.82 m(¥})=300 GeV, BR(bY})=! 1708.09266
Multiple 36.1 0.7 m(¥})=200 GeV, m(¥})=300 GeV, BR(:Y})=1 1706.03731
G = byby, iy, My x M, Multiple 36.1 A 0.7 m 1709.04183, 1711.11520, 1708.03247
£ Multiple 361 |& Fe 0.9 m(E! 1709.04183, 1711.11520, 1708.03247
58
g_é iy, 7> Wbt or i) 0-2e,u 0-2jets/1-2b Yes  36.1 7 1.0 1506.08616, 1709.04183, 1711.11520
98 in HLSP Muiltiple 361 |7 0.4-0.9 150 GeV, (¥} )-m(¥})= 1709.04183,1711.11520
g,’ = Muiltiple 361 | & 0.6-0.8 300 GeV, m(¥; )-m(¥!)=" 1709.04183, 1711.11520
B § 771, Well-Tempered LSP Multiple 36.1 4 0.48-0.84 m(E})=150 GeV, m(¥})-m(¥})= 1709.04183,1711.11520
° "
BN 77 f oot /2, el ) 2 Yes 361 |& 0.85 180501649
i 0.46 1805.01649
o mono-jet  Yes 36.1 & 0.43 1711.03301
hoii+h 4b Yes  36.1 h 0.32-0.88 m(¥1)=0 GeV, m(f,)-m(¥})= 180 GeV 1706.03986
T viawz Yes 361 |FE 06 m@E)=0 1403.5294, 1806.02293
21 Yes 361 | X% 047 m(ET)-m(E})=10 GeV 1712.08119
RS via Wh ityyltbb - Yes 203 | @RS 0.26 m(¥)=0 1501.07110
5 KR, B otven, B—trom) 27 2 Yes 361 | MK 0.76 m(E)=0, m(7, $)=0.5(m(¥; )+m(¥})) 1708.07875
29 v, 0.22 m(ET)-m(E])=100 GeV, m(r,#)=0.5(m(¥; )+m(¥})) 1708.07875
oe s
B 7 ig, Pt 2ep 0 Yes 361 | 05 m(¥)=0 1803.02762
2ep >1 Yes 36.1 12 0.18 m()-m(¥})=5 GeV 1712.08119
AH, H—hG[Z2G 0 >3b Yes 361 it 0.13-0.23 0.29-0.88 BR(} — hG)=1 1806.04030
dep 0 Yes  36.1 i BR(Y! - 1804.03602
Direct ¥ ¥, prod., long-lived ¥ Disapp. trk 1 jet Yes  36.1 )?i 0.46 Pure Wino 1712.02118
§ " }‘ 0.15 Pure Higgsino ATL-PHYS-PUB-2017-019
Q
[Si0) Stable z R-hadron SMP : B 32 |z 16 1606.05129
25 Metastable g R-hadron, —gqi| Multiple 328  [IENNEGEI=I007S 0:27s] 16 24 m(E})=100 GeV 1710.04901,1604.04520
S 2 GMSsB, ¥}—yG, long-lived 7 2y - Yes 203 |® 0.44 1<7(¥})<3 ns, SPS8 model 1409.5542
LX) —eev/epvppy displ. ee/ep/pp - = 203 |& 1) 6 <cr(F))< 1000 mm, m(E})=1 TeV. 1504.05162
LFV pp—7. + X, V-—ep/et/ut epyeT,uT 3 = 3.2 1.9 A4,=0.11, i32/133233=0.07 1607.08079
FOXT XS — Wwizectovy 4ep 0 Yes  36.1 0.82 1.33 m(¥})=100 GeV 1804.03602
2-qa0, ¥ - qqq 0 4-5large-Rjets - 36.1 s 1.9 Large A7), 1804.03568
°>_ Multiple 36.1 1.05 2.0 m(¥!)=200 GeV, bino-like ATLAS-CONF-2018-003
S g — ths | g—1ik), ¥ — ths Multiple 36.1 18] 2.1 m(¥%)=200 GeV, bino-like ATLAS-CONF-2018-003
i, it} ¥} — tbs Multiple 361 |EMgEREaER) 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
fify, f—bs 0 2jets+2b - 36.7 | WENGaNEs] 0.42 0.61 1710.07171
fify, i —bl 2ep 2b * 36.1 i BR(7) —be/by)>20% 1710.05544
1
onl svallables -1
Only e available 10 1 Mass scale [TeV]

pheno

Many of the lim
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Larmor Precession:
- the magnetic moment of a particle rotates around a B-field

(1)5:@3 = (2+4+2a)qgB

2m 2 m
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Larmor Precession:
- the magnetic moment of a particle rotates around a B-field
w=gqB = (2+2a)qB
2m 2 m

The magnetic moment of charged leptons:

- exactly 2 at tree level (Dirac’s prediction)
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Larmor Precession:
- the magnetic moment of a particle rotates around a B-field
w=gqB = (2+2a)qB
2m 2 m
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The magnetic moment of charged leptons:

- exactly 2 at tree level (Dirac’s prediction)

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

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

§ :
12,762 diagrams! arXiv:1712.06060 /@\ @\
f ;
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For electons, a determined by QED loops

A 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 a_= 0.00115965218073(2.8)

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

A 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 a_= 0.00115965218073(2.8)

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

For muons:
- larger muon mass — QCD and EWK loops contribute
- along-standing disagreement with experiment:

-2 =0.00116592089(63) (measured)

-a~ 0.00116591821(36)  (prediction)
PRD 73(2006)072003, KNT18, PRD97, 114025

— 3.70 difference

Comparison of SM
& BNL Measurement

Jegerlehner (2017) e

DHMZ (2017) Sac
-3.6a
DHMZ (2011) e BNL (2004)
_-_
KNT (2017 “ac
( ) FNAL expected
-
-3.3
HLMNT (2011) g 0-14 ppm
I 1 1 1 I 1 1 1 I 1 1 1 I 1 ]
—600 —-400 —200 0
x10™

a, - a,(BNL)
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“Follow that ambulance!”

Electron and muon discrepancies in opposite directions...

mz=‘20MeV
6_
. N L) 4r
...s0 a lepton-flavour violating dark photon..? 2 |
% ¥
= 2
s
...a model with a large muon EDM..?
- arXiv:1807.11484 of
-2 :j Resonaances
H =2 v 2 &

(86-8e,5M)x 10"
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G. Hesketh “Follow that ambulance!”

Electron and muon discrepancies in opposite directions...
...s0 a lepton-flavour violating dark photon..?

...a model with a large muon EDM..?
- arXiv:1807.11484

...or experimental effects..?

Fermilab Muon g-2 experiment:
- factor 4 improvement over BNL result
- should resolve (at 5-100 level) or resolve muon discrepancy

34 institutes, 185 collaborators
UK: Lancaster, Liverpool, Manchester, UCL

mz=20 MeV
6 L
4 | i
e
R
2 L
0 L
_2l o Resonaances
&
_4 =9 0 2 4
Comparison of SM
& BNL Measurement
Jegerlehner (2017) —m—
-3.50
DHMZ (2017) —=
DHMZ (2011 =L
( ) — BNL (2004)
—-
-39c
KNT (2017) —= FNAL expected
—
HLMNT (2011) e 0-14 ppm
[T B TER K N R -
—600 —400 —200 0

x10™"
a, - a,(BNL)
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—_— Ask Ethan: Does The
. . . . Demonetisation still hurts m

Why Particle Physicists Are Excited Measurement Of The
About This Mysterious Inconsistency Muon's Magnetic Moment
Q" Break The Standard Model? " .

7/03/18 1:30pm gl f ¥ &= & -
« Filed to: PARTICLE PHYSICS v 483k 10 9 physrcsworld

@

patticles and interactions

Ethan Siegel Senior Contributor
Starts With A Bang Senior Contributor @
Science
The Universe is out there, waiting for you to discover it
filw B8

S 1 PARTICLES AND INTERACTIONS | RESEARCH UPDATE
Science |

i Has the muon magnetic moment mystery been solved?

02 Feb 2018 Hamish Johnston

Login | unt | C

C'., l Home

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

By Don Lincoln
@ Updated 1648 GMT (0048 HKT) February 13, A,
2018 &G/

o TE Ay 5 . /i
Fermilab @ @Fermilab - 3h

"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

' H We Asked Celeb Physicist Brian Cox
magnetism could open door to new physics et Co)r:spiracies,the

By Adrian Cho | Jan. 25, 2018 , 12:00 PM T gizmodo.com
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

w=gqB = (2+2a)qB

2 m 2 m
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Put muons in a magnetic field, measure precession frequency

w=gqB = (2+2a)qB

2m 2 m

Use a circular magnetic storage ring (7.1 m radius)

Cyclotron frequency: w=qB — W=w-0 =2 ﬂ

m m
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G. Hesketh Measuring Muon g-2

Put muons in a magnetic field, measure precession frequency

w=gqB = (2+2a)qB

2m 2 m

Use a circular magnetic storage ring (7.1 m radius)

Cyclotron frequency: w=qB — W=w-0 =2 ﬂ
m m

Use “magic momentum” 3.09 GeV’

®,= —ﬂ{aﬂB—(Gﬂ i WX,E}
m ///%CU c
Actually measure ratio of two frequencies:

22ppb
3PRD ,pp/o.ooo_%ppb

Wq aup mu Ye
Wy Ue M, 2




K Wiggle plots

G. Hesketh

Decay e+

Top down view of ring section

/

Calorimeters

'\'\,

Tracker
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Along journey
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Y B-field
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Need highly uniform B-field around the storage ring

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

s thermal
innercoil & top hat ,y',nS,L,‘I,a‘t"O”)

‘O

edge S5 L=

shim
muon -
region ﬁ fixed NMR probes

X isurface™ IQ outer coil
correction coil |

e

E <—p=7112mm
("t

inner coil

Oct 2015 mepAug 2016 [ Goal

/7&31\1& p_,}af

A ~CH N S N 074 B G e 2 By o l

o

Y10 | | ] -moopem

50 ppm

100 150 200 250 300 350
azimuth (deg)

,,,,,,,,,,,,,,,,,,,,,,,,,,,

g-2 Magnet in Cross Section

B-field uniformity 3x better than BNL (2x was the goal)
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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




i New Trackers

G. Hesketh

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

UK contributed new tracking detectors in front of two calorimeters

st F:
= i -
fr== it T e =
Ir::"- anﬂn'ww .'I 5
'E':;". = Decay positron
."_'-I
Pe—r———m ="
|
II
Calarrmeter
L Run: 105 subrun: 1 event: 9 E
- ety e 15 60001~ 5000
1200}— < 2 r
N - T 4000
- % o > —
B E - 4000
1000[— I & 2000
B - : B
= & A B
€ il
Tl v F Decay 3000
< 800— i i .
g r o — 2 Vertices
B i -2000— 2000
600}— e C
= / —4000
& Tk F 1000
400— o C
L 4 -6000— "=-=’//
B ¥ ST A ~
P E.L] PR PRI, EUNDE POPIPL PPN PN (PP e B S S e RN IR R 0
—7100  -7050  -7000 6950 6900  -6850 6800 6750  —6700 -6000 -4000 -2000 O 2000 4000  GOOO

ring z [mm] Global Z Position [mm]
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G. Hesketh Beam position

beam position video
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Improved Wiggle

b T Anat éstoates
° 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

Runs in 2019/20 will accumulate ~20 x BNL

— could push significance to ~s-100
Comparison of SM

& BNL Measurement

4.1
TDRGoal- - - - - - - - — — Jegerlehner (2017) e
201 Run period 15-Oct to 7-July (14 week summer break) .
StudY shifts: 25% e 350
Accelerator downtime: 2 days/month R4 DHMZ (2017) —.
= Trolley shift every 3 days .
2 15L 10% data quality reduction pad ]
R 360
= DHMZ (2011 —a—
+ ( ) BNL (2004)
E | KNT (2017 2
© —=—
o ( ) FNAL expected
X -
£ -3.3
| HLMNT (2011) e 0-14 ppm
I 1 1 1 I 1 1 1 I 1 1 1 I 1 ]
| ~600 —400 —200 0
x10™

o a, - a,(BNL)
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Planned g-z experiment at ]-PARC

What will it mean..?

- provide cornpletely independent measurement

How about the theory?

Comparison of SM
& BNL Measurement

Jegerlehner (2017) et

350

DHMZ (2017) =<
36a
DHMZ (2011) s BN (2004)
RS —
KNT (2017 33
( ) FNAL expected
-
-3.3
HLMNT (2011) = 0-14 ppm
I 1 1 1 I 1 1 1 I 1 1 1 I 1 ]
—-600 -400 —-200 0
x10™
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Planned g-z experiment at ]-PARC

- provide completely independent measurement

How about the theory?

FNAL g-2 Uncertainty

E—

HADRONIC Uncertainty
HADRONIC Contribution

QED Uncertainty

10

Contribution to a

.T
N

What will it mean..?

Comparison of SM
& BNL Measurement

g
Jegerlehner (2017) et

DHMZ (2017) L
36a
DHMZ (2011) s BNL (2004)
RS —
KNT (2017 33
( ) FNAL expected
-
-3.3
HLMNT (2011) = 0.14 ppm
I 1 1 1 I 1 1 1 I 1 1 1 I 1 ]
—-600 -400 -200 0
x10™
a, - a,(BNL)

1

Nl 'VVacuum Polarisation”
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g-2 theory

G. Hesketh

VALUE (x 10~H) uniTs
QED (7 + ) 116584718.951  0.009 £ 0.019 + 0.007 £ 0.077,
HVP (lo) [20] 6923 + 42
HVP (lo) [[21] 6949 + 43 Muon g-z Theory Initiative underway

— need xz improvement to keep up with experiment

HVP(ho) [21] —98.44 0.7 P 1
T e o https://indico.tnal.gov/event/1379s/
EW 154 4 1

Total SM [20] 116591 802 & 425 1o T 265 110 + Zormer (£49,0,) Lattice starting to contribute to LBL €5 HVP
Total Sh_[ [21} ]_16 591 828 + 43[-],]_‘() + 26H—H() + 20t.hcr (i50tot}

[T. Blum et al., arXiv:1311.2198]
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G. Hesketh
VALUE (x 10~H) uniTs . . .
QED (7 + #)  116584718.951 £ 0.009 £ 0.010 £ 0.007 £ 0.077, — need xz improvement to keep up with experiment
HVP(lo) [20] 6923 + 42
HVP(lo) [21] 6949 + 43 Muon g-z Theory Initiative underway
HVP(ho) [21] 984+ 0.7 Tindi
T e o https://indico.tnal.gov/event/1379s/
EW 154+ 1

Total SM [20] 116591 802 & 425 1o T 265 110 + Zormer (£49,0,) Lattice starting to contribute to LBL €5 HVP
Total Sh_[ [21} ]_16 591 828 + 43[-],]_‘() + 26H—H() + 20t.hcr (:l:50tot}

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

MUonE experiment @ CERN:
- space-like (free of resonances) e-mu scattering
- basically a 150 GeV muon structure-function experiment
-> new, independent input to HVP calculations (used ee—hadrons to date)

Up to 20 Be targets + Si detectors
Schedule: downstream calorimeters + muon PID
2018: 2 modules in CERN M2 Beam Line Be | ~1m |
2019: LOI to SPSC paiiup s e St Lo
. . . | 1 — [ v
2020/1: construction & installation | | ] g9
. 1 @ beam >3
2021/2: start data taking (for 2 years) modwen n | 5
target n targetn +1
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LR ﬁ § ' 100 GeV \*
"ﬂ' .h“ ':'1 Thw r . ) ]'C i
oA ~ " : i @Y~ sgn(p) 130 x 107 tan B[ ———
M Asusy

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

- ...excluded by LHC for simplest (like CMSSM)

- causes large ¥* in simultaneous SUSY-fits with LHC data and g-2
- However, SUSY does not have to be minimal

- could have large mass splittings (with lighter sleptons), be hadrophobic/leptophilic

g-2: new physics?
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G. Hesketh g-2: new physics:

N 100 GeV \ *
aimﬂ ~ sgn(p) 130 x 107 tan f3 (O>

Asusy

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

- ...excluded by LHC for simplest (like CMSSM)

- causes large ¥* in simultaneous SUSY-fits with LHC data and g-2
- However, SUSY does not have to be minimal

- could have large mass splittings (with lighter sleptons), be hadrophobic/leptophilic

Many other ideas out there, eg:
-2 nggS doublet rnodel, Stockinger et al., JHEP 1701 (2017) 007
-1 TeV Leptoquar k Bauer + Neubert, PRL 116 (2016)
- single new scalar could solve g-2, B-factory anomalies and still satisfy limits from LEP and LHC...
- axion—like particle contributing hke 7° in HLBL Marciano et al, PRD 94 (2016) 115033
- inevitably, a dark photon eg Feng et al, PRL 117 (2016) 071803

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

See Thomas Teubner’s talk at the UK HEP Forum, Nov 2018
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It may not be the clear sign of new physics we wanted...
...but it may be the sign we get!



33

?
G. Hesketh «..50..7

It may not be the clear sign of new physics we wanted...
...but it may be the sign we get!

10 identify the new physics model, need to determine
- couplings
- quantum numbers
- mass

Continued non-observation at the LHC will rule out some scenarios
..but need other observations to pin this down.

— EDMs
— cLFV experiments



3 Further clues

G. Hesketh
Fundamental particles can also have an EDM g Qe - ; =g € 3
— zero in SM, slightly non-zero due to loops ¢=n Yme § 2mc
Existence of EDM — additional source of CP violation & M P 5
=10"¢
i) I . £ |=
2 C
; 2] N R
' Eoul
- =
= 2 EXP
a — EXP
: ' | 107
| Vi e ||
102 SM SM
A non-zero muon EDM would lead to out-of-plane precession W
- can be measured using trackers oF e
— 100x improvement in limit from Fermilab g-2 L 3 i
- an upgrade would push limit further... -




> Proton EDM

G. Hesketh

The proton EDM can be measured using similar techniques to g-2
- but use all electric storage ring

e 1 o |
[(au - _) BXE ] cancels completely using p = 0.7 GeV

w, = —
“ mc y:+1
e E
w. = — Q—_ leaves precession due to EDM
n
2mc

#

Momentum
vector

=107
5 B .
o e
E ......... ?‘L;(I'I“’”
E 102
= ﬂ [€¢ . . »
3 = Part “Physics Beyond Colliders” programme

s — expect 5 orders of magnitude in limit.

10 N Development work ongoing at Juelich.

=
109 BSM
SM
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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

Heavy mediator — low rate process
- 4 la beta decay with the massive W boson
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cLFV

Many BSM models include charged leptmz{ﬂavour violation

- leptoquarks, compositeness, Higgs

oublets, heavy neutrinos...

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

Heavy mediator — low rate process
- 4 la beta decay with the massive W boson

Neutrino oscillations violate lepton flavour conservation
— techincally possible in charged lepton sector

...but suppressed by ~10%°
Put one of these models in a loop, rate may increase...
There is no “floor™!

- current limits ~10™

- sensitivity purely experimental limitation

— any observation of cLFV is new physics!
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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

A [TeV]

my, . i i i Hize (20216 0e-17]
J'E{']_I-"'l.' = e ].J 2 “ﬁ"T.::rff:LF + h.c. i ‘
2 h '||H;;g=||u.-ut'.'.:..:-........-...... Mu3e-Il (2025) [1.0e-16]
'I . l“ + f Hfjr -I_ Jilni' f s | ...".'""'“'"""-1|ncuu|"..uu.u-uu-rnn-nnn
. — KL Yu€L (fu_”.- Wy + " ,r_} Wi e
I:-.]' T H}-"HH 4 e e oA “",..m*"""COMET-I{2021][?_2&15]'"""
[ MEG (2016) [4.2¢-13] H

ARREREEE R, ettt
‘,M'..

Mu3e-| (2020) [4.6e-15]

*
l||-.n...........:".......-nnnnnnu"...,."
+
»
)

.
et
Bhaggapnnnnnset

103:w

Limits are at 90% C.L.
Dates are time the last data was taken for existing limits or

the start of data taking (where known) for projected limits \
I i i iiiiii% i i iiiiiii i i iiiiii% i i iiiiii
1072 107 1 10 102
Dipole K Contact

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

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

A [TeV]

L LI LRy
T L]
L

my, et ize (2021)6.017]

D -~ ) i :
ﬂ{'].}ﬂr (& 1‘} A2 .F'!HtT;:rff.;,F + h.c. i
. | (e, Mu3e-1l (2025) 1.0e-16]
'l l“: + f glll:.jr -I_ Jiljl I:. s ..'"""""“"""l-luuuucu.-llllunlunnnlnnn
. =HLYuEL (fu_”.- Uy + ar" f.} i P O
il = H}Aé I“ Mt et GONET (2021) 12015
(VG (2016) [4.26-13 %
. Mudel (2020) 46 15]

axt - *s
aant® i -wieL L L E L L LT L PR E L L L EE LR L LEE L TP

Next generation experiments can reach BSM physics B

al’l
at masses of 10,000 TeV’ L
...the LHC direct reach is ~10 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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~

+ e’ + / e’ + /
/M %"/ — /M %—o’ — —— /M %_,’
MEG-II @ PSI: Muze @ FNAL Muze @ PSI
- physics in 2019 - starting 2022 (after g-2) - phase 1 (2020) & 2 (2025)
- aiming for x10 on limit - aiming for x10* on limit - aiming for x10* on limit

— 10™* with 3 years running — 10"7 with ~4/5 years running — 107 after phase 2

11 institutes, 75 collaborators COMET @ J-PARC similar 11 institutes, 6o collaborators
- no UK involvement 40 institutes, 242 collaborators - Liverpool, Bristol, Oxford, UCL

- Liverpool, Manchester, UCL
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MEG-II @ PSI:
- physics in 2019
- aiming for x10 on limit
— 10™* with 3 years running
11 institutes, 75 collaborators
- no UK involvement

cLFV

Muze @ FNAL
- starting 2022 (after g-2)
- aiming for x10* on limit
— 10"7 with ~4/5 years running
COMET @ J-PARC similar
40 institutes, 242 collaborators
- Liverpool, Manchester, UCL

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

- Liverpool, Bristol, Oxford, UCL

The coming s years sees a step-change in sensitivity to cLFV! e

Complementary experiments:
- Muze involves quark and lepton couplings
- Muse purely leptonic, can also search for dark photons etc
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uUN — eN

)’E{_«"
~
/ - \
I I : \ e
v
q q

m;t - Ebind e Erecoil
105.67 —0.47 — 0.22 MeV
104.98 MeV

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

Signal of neutrino-less conversion:
mono-energetic electron
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~0
X Stop muons on an Al target
/ \ - X-ray emission from capture — normalisation
MN — eN _ [ &\
JI'-L L g_ o . A
Signal of neutrino-less conversion:
Y mono-energetic electron
q q
o 04 - .
% — : :
= — siat. errors only M .
0.35— _ 0 ' .
S F  MNeor=36x 10° Signal Window
8 oafb R,,=10 103.85 < p < 105.10 M&V/c
a = N = 3.72 = 0.01 ' ;
= — . -
S oasb- Noo=0:20 =0.02 : :
z — . -
0.2— No PID selection applied . *ﬁ '
- oo 4 : CE
0.15— y J} [ “ :
01— 1
= Y L
E, = m, — Epina — Erecoil 0.05 - '__._.,—"'rhr LL:
= 105.67 — 0.47 — 0.22 MeV - i o
S — 'H_l‘_‘_'l_'_ﬂl._'-rﬁ:_ﬂ_l 1 1 | 1 1 1 1 | ] L—ﬁ st 1 I e S P 1 1 1 L
= 104.98 MeV Yo7 102 103 104 105 106 107

Reco Maomentum [MeV/ic]
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Prompt backgrounds
(radiative nuclear capture, d.i.f., pions, protons). . 1700 ns
- Curved solenoid transport channel e
. . i roduction targe

- Pulsed beam strong extinction factor (<10?) 700 ns 900 ns

. . M t
Cosmics: cosmic veto detector i

target
Muon decay in orbit (UN—evvN) A\ Ve Window {\"'- l.-'“"-..\
- precise momentum resolution || \ | ‘I
\ N
[N b |

8 GeV protons (8 kW)

7
7
/

20 m downstream
Stopping Target Monitor

Production
Solenoid

Detector

Tracker
Al-Stopping < 6_’m

Target Calorimeter
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Munze @ PSI
DC beam of up to 10* u/s on target, triggerless DAQ. e

.
i Scintillating .

tiles AN

a4
scintillating
fibres
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Munze @ PSI
DC beam of up to 10* u/s on target, triggerless DAQ.

Combinatorics, Michel decay + photon conversion:

- Scintillating fibres (1ns) and tiles (100ps) g
- vertex resolution 200 um

Michel decay + internal conversion

- momentum resolution 0.5 MeV

Recurling tracks in 1T field,

scattering dominated regime (E<s3 MeV)

ol Seintillating .
recur] pixel i / Foe oy tiles ™
_— ovter pixel N

z""-'- &~
g\ e

\ / .
scintillating S8

fifpres
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1.1 m?’ pixel tracker
- first HV-CMOS tracker in particle physics!

Material budget critical:
-so um HV-MAPS
- 25 Um support
- 25 um flex-print
- 12 um aluminium traces
- 10 um adhesive
— 0.1% X_per tracking layer

Timing detectors reduce combinatorics \ RN o2k
- tracking on GPUs to keep up with muonrate . L 7 A
d DN R ”
IR i =
! ;_ = s ' t
P "N 4
\ \ \ "
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Currently under construction, first data 2020

——
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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 in 2019, running for 2 more years, 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!

We may need new ideas and new experiments to really identify new physics
- this is a great time to be joining the field!
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