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Goals for this talk

1. Why do we use muons to probe the Standard
Model? How?

2. What details matter for precision experiments?

3. Where might we see the next cracks in the SM?

2% Fermilab



What details matter: Example from yesterday @ LEP

« LEP's energy measurement is sensitive to the orbit of the
moon, the level of water in Lac Leman, and the departure of
the TGV from Geneva station.

2% Fermilab



Overview — -

Muons as a w
SM Probe

SM/BSM: i

Muon g-2 —
dﬂuk P d¢
BSM I: EDMS — 4 df
T n

@ BSM II: Mu2e

sssssss

We Asked Celeb Physicist Brian Cox About Flat
Earth Conspiracies, the Multiverse, and Ghosts

Conclusion




Precision Muon Physics: Why Muons?
* We have studied the muon since its discovery 80 years ago

« What useful properties do you know about muons?

Exceptionally Useful Probe

Heavy, 2"d Generation Particle my, ~ 207 - e
High Sensitivity to New Physics X (m,u/me)
Produced and Decay via Weak Int
« V-A structure in pion decay V «— " =— u"
»  Muon Decay ,u —> eV
Can produce hydrogen-like atoms — T, — T
produce hydrog Wop, e, p
Muon lifetime is “just right” 2.2 us 10_98 << T,u << 1s




Global Precision Muon Physics Experiments

RIKEN-RAL P3| _
Materials = muSR Lifetime — Fermi constant (MuLan, FAST)

Techniques — LE beams Muon Capture — (Mucap, MuSun, AlCap)

Proton Radius — (mp/d Lamb Shift, CREMA, MuSE
CLFV - (MEG, MEG-II, mu3e)

Materials — muSR JPARC
Techniques — LE Beams, Hl beams Muon g-2
E34

TRIUME =~ P E:LF\)/—
Decay Parame 5'1 i’ . b S COMET,

3 DeeMee
Muonium
Spectroscopy
- MUSEUM

Ss T =

RCNP

HI Beams
Facility —
MUSIC

Fermilab

Muon g-2 (E98 _ : :
Muon eDM (E989) Theoretical work also very widespread

CLFV —muZ2e

Past Present Future
2% Fermilab




Precision Muon Physics to Establish the SM

« SM Electroweak Physics involves three parameters
Two gauge coupling constants: g, g’
Higgs vacuum expectation value: v

« Values fixed experimentally via precise determination of:
Fine structure constant o, known to 32 ppb

Z boson mass, known to 23 ppm

Fermi Coupling constant, G, known to 9 ppm (Giovanetti, 1984)

2 2
\/(ﬁ) +|5 om, + (‘SA_‘JF 0.14 ppm contribution from
radiative corrections (Pak

/' & Czarnecki)
18 ppm contribution L
0.09 ppm contribution

dominated uncertainty 2 Fermilab
aF rermiia



MuLan Experimental Technique

1. Prepare “radioactive
source” of muons in a
thin stopping target

ut beam >

2. Detect decay
positron

on counits
=t
>

._positr
=

* Avoid “early-to-late” systematics
— Gain Changes, Pileup

rMuban — 9196980.3 + 2.2ps

GYuLlan — 1166378 7(6) x 107 GeV 2

0.5 ppm!
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1. Observe muons form
Muonic Hydrogen Atoms in
an ultra-pure protium TPC

o _ .
2. Use Similar Technigue: Measure w

disappearance rate

| Muon-Electron timing distribution |

A/l(

ﬂ_—#+)

~ 0.16%

3. Compare - disappearance (via
u—>evv) to u* lifetime

4. Extract very different physics

2% Fermilab



MuCap: Extracting the proton’s pseudoscalar coupling, gr

— GFVud Q
g +p—n+v, My = =75 Lol

o LOf_ 1/706(1_/75)

q JF q *QAFY 75‘@ q/ quys | Up

V(){ A(J

gp(ChiraI Pert.theory) =8.26 £ 0.23

Jp(MuCap) = 8.14 £ 0.55

Sensitive to thé nuclear environment

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.055502
2% Fermilab



Aside: Precision Measurements

e Goal: ~10 ppm precision on muon disappearance rate

« Disappearance rate (decay) ~455,000 s
e Capture rate on proton ~ 700 st
e Capture rate on deuteron ~ 400 st

« Capture rate on Aluminum ~705,000 s

Stopping p forms ud atom w/ ~45 eV _
a“' 102 7
E 10 (14 b
£  “Good” muon stop
» S * uddiffusion (cm /)
P DRSS * Finds a “high” Z
von R cl|.1Ieno:zrg]){x)(evl)U materlal AZ IEX Z4

Ramsauer-Townsend minimum .
2= Fermilab



MuSun: Protium->Deuterium, Different Physics Goal

- >EW<
n
—
]'[I
é n N

LEC: d,,

n dR_~n P dr P

e v, Ve e
Triton B decay Solar pp fusion SNO vd scattering

3 3 - - + -
H-°He+e +7 pt+p—rd+e +u, Ve+d—p+p+e

\

T

dR

i

/_’Thegry. flow

—» Ex.flow

M x (q’nnuam’d)pu')’a(l - ’)’5))“

Latest result: A ,=399+3 s‘l] <

i1

A <

u-d

Musun experiment (1.5%) ]

Simplest process on
compound nucleus

Clean channel to
determine Low
Energy Constant in
+  Effective Field
Theories

This LEC directly relates
to astrophysical and
neutrino scattering
processes
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Proton Radius Puzzle

Muonic Hydrogen
m,, ~ 207 - me
1

W ‘. k Lot

K 3 3
Teo 186

e Muons probe the proton significantly deeper
than electrons
* Improve precision of the proton charge radius

*
4
*
*

‘ *
K *
*

wen 3% Fermilab



Muonic Hydrogen Lamb Shift Technique

cascade
~ < 2P

/ '0'. s
o

4
<" Tunable laser
—kez AN @

S @  19kevk,

Form Muonic Hydrogen

About 1% of muons cascade
to meta-stable 2S state

3. Use laser to induce 2S-2P

4. Measure 1.9 keV x-ray in 2P-
1S transition

2% Fermilab



Muonic Hydrogen Lamb Shift Differs from Electronic
Experiments

See: R. Pohl et al. Nature 466 (2010) 213.

=
6

3

Delayed / prompt events (104)

-
=
-

|

————— .

:
H,0 calibration |
3

==

L 4

)

" CREMA Result

i

t

| |

.

|

.

|

49.75

pup 7, = 0.8409(4)fm
e-p scat r, = 0.8790(80) fm

49.8 49.85

Laser frequency (THz)

Te(T+7)

49.9

dGe (q2) ‘
dq2 q=0

49.95

L [c62(&®) + 76 ()]

Hard to build

Easy to interpret

ud Lamb shift confirms
observation
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Recent (2017,2018) Measurements Maintain the Tension

0.]82 O.?S O.?A 0.?5 0.?6 0.]87 0.1]38
2 330 -
25-4P H world data
| | |
| ¢ | y |
1S-3S @
CODATA 2014

—

T
2s52P,,

25-2P,,
25-2P,,

B 2548,
= 254D,
= 2S-4PW
S 23-4PW
@ 2568,
5 256D,
E 2ss8s,
S, 25D,
w 258D,
& 2512D,,
@ 2s-12D,,

1535,

25-4P

T
I ]
k
=
® e {
e ———
© {
25-4P 15-3S —e—
—e— —%— H world data
T T T T T T T T T T T T T
0.82 0.84 0.86 0.88 0.90 0.92 0.94

Proton charge radius r, (fm)

up 2013 ¢ — e electron avg.
. scatt. JLab
up 2010 |- ———+e—— scatt. Mainz
——e+—— H spectroscopy
08 084 0.85 066 o, 088 088 og
Proton charge radius ch [fm]
L re(fm) | ep | 1P |
Spectroscopy | 0.8758 +0.077 | 0.84087 + 0.00039
Scattering 0.8770 +£0.060 27?7

* Diversify e spectroscopy
* Pursue the missing quadrant
(MUSE experiment)
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SM So Far

MuLan - G- SM Electroweak Observable

MuCap - g, — Nucleon pseudoscalar coupling (ChPT predicts)
MuSun - di — Low-energy Constants of EFT

CREMA - r, — Proton-radius

Precision measurements using the well-established
muon as a probe continue to validate critical Standard
Model parameters and sometimes reveal Puzzles

2% Fermilab



Muon g-2: The Basics

I
m=g P S
B
Y Y
g = + +
u n v
g= 2 + 0(103)0gp+t0(10°)gy + O(10")ocp

SM — SM_ — ED EW CD
a M=(gM-2)2=a°P +a " +aQ

2% Fermilab



SM determination of a,

a

SM __ QED , EW , _had, VP had, LbL
L= ay o ta, +a) + a, J

1-loop 2-loop

QED g + g o *(({‘;"g;;‘;i;';:r‘;z;’ 99.99% of ;" ~0.001% of da;"

2% Fermilab




A Tour de force Standard Model Calc

e v+ leptons

« 12,762 5-loop
diagrams!

 Kinoshita &
iIndependent
cross-checks

Phys. Rev. Lett. 109 (2012) 111808, Phys. Rev. D 97 (2018) 036001.

P "8 00 9

I(a) I(b) I(d) I(e)

f@f@w@w@m

) 1(g) 1(h) (i)

0 g=a O 2 A

[I(a) 11(b) I(c) [1(d) Ii(e)

S WS NWNW =

[1(f) II(a) ITI(b) [1I(c)

A5 3 2 9

\ Vi(a) Vi(b) VIO~ VI{@) e VI
VI(D) Vi VI VIQ) VIG) VI(k)
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SM determination of a,

SM _QED EW had, VP had, LbL
a, =a,  +a, +a, +a,
1-loop 2-loop

QD 4 4 o

e,
HLbL /&\

BSM

H

Non-perturbative
(data input + model/lattice)

Known to five-loop 99.99%

SM 0 SM
(12,672 diagrams) of a;,” ~0.001% of da,,

9 Known to two-loop

0 SM- 0 SM
oy, 0.0001% of " ~0.2% of da,

Non-perturbative

.006% of ;"
(data input + lattice) 0.006% of a,

~47% of da)"

0.0001% of ;| ~53% of da;"

27?27?7777 7?7

s reriiinan




The Muon Theory Initiative

Great Progress with Lattice QCD

HVP: Improvements from e+e- data
Dispersion relations
Lattice QCD
Hybrid calculations

HLbL: Evaluation on parts on lattice
Dispersive approach
becoming possible

Conferences/Workshops
o Second plenary workshop of the Muon g-2 Theory Initiative at Mainz in June 18-22, 2018

o First Workshop of the Muon g-2 Theory Initiative at Q Center/FNAL in June 3-6, 2017

2% Fermilab



Theory and Experiment Disagree

a SM a EXP
8
i
i Expt. Average (540 ppb)
- 3.60 ._;
R L Davier et al. 2011

76501800 116597900 116502000 116592100 116592200 116592300 116592400

a, [10]
a EXP _ a SM — a New Physics
H M
New Physics or missing ¢ Many Possible Models
systematics/statistics? <Dark-Phetons (most var)
s SUSY (many-variations)

a; —an X (ml/A )

£& Fermilab



More precise comparison of SM and experimental
values of g-2 needed to reveal new physics

OHMZ | Uncertainty Status Projected after
180.244.9 F—A— | Source da, 2015 E989 [ppb]
[ppb]
HLMNT Total Theory 420 2407
182.845.0
HVP 360 215
| HLbL 225 1007
i Total Exp. 540 1 40
BNL-E821 04 ave. —_— iy
208.9+6.3 |
New (g-2) oxp. : L « Combined updates expected
208.9:1.6 i as output of summer work
ory . Results expected in 2018
II|IIII|IIII|IIII|IIII|IIIIIIIIIIII||IIII|IIII

140 150 160 170 180 190 200 210 220 230
a-11 659 000 (10"°)

[Blum et al.,arXiv:1311.2198 |
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http://arxiv.org/abs/arXiv:1311.2198

m Creating the Muon
. Beam for g-2

« 8 GeV p batch into

Recycler Ring Recycler

1063 ms

« Splitinto 4 bunches

ts/14s

 Extract each bunch
to strike target

« Long FODO channel
to collect 1 2 pv

<  p/m/p beam enters
DR; protons kicked

out; n decay away
« ~10,000 pstored in
ring per pulse (goal)

Number of muons
(4]
(=]

0
-150

-100 50 0

n
(3
'3

o
—~

Intensity profile is 120 | &
ns wide with “W” L RN 2
shape

e~

! Muon Campus




momentum

Experiment Basics: Muons in a storage ring spin

1. Start with polarized muon beam (from pion decay)

— «— »
— —
v ut —

2% Fermilab



momentum

Experiment Basics: Muons in a storage ring spin

1. Start with polarized muon beam (from pion decay)

—_— -
€« —+>
VL[ l’l’

2. Cyclotron frequency :

€
We = —mvB
3. Spin precession frequency :
- (&
Wg = ey B (1 +~ay)

A

5 @B

>

g=2

2% Fermilab



momentum

Experiment Basics: Muons in a storage ring spin

1. Start with polarized muon beam (from pion decay)

B
s ~N— p— ®
=0= =
2. Cyclotron frequency :
w, = —B
mry
N
3. Spin precession frequency :
> 2
- (&
CUS = mB(1+7a“) g
(\
W = Wag — W el
a — W9 .

2% Fermilab



Muon g-2 Measurements

a

_ 4B
we = =a,,

m

B via NMR = o, proton
precession frequency,

\_

a, =

~
Wa Wp Ty Ge

Wy He Me 2 \,

He Je
0| — | ~8ppb 0 (=
<Np> (2

) ~ 0.3 ppt

& Fermilab



Muon g-2 Measurements

_ 4B)
We = =y

B via NMR = o, proton
precession frequency,

(" )

wa
a, (Expt) =~
" p w, ® p(r))

2% Fermilab



frequency

INn precession

Muon sp

Decay positron

A
Pt
Sl
i

o.v.

i

) i

U
i

Calorimeter active volume

Trackers

___._____._____._____.____,._____._____._,

Aulgeqold annejey

pre-amp board

y = F./F.max

Decay
positron

Ion

Irect
lon

Correlat

Self-Analyzing Decay
 Energy D

)cosOldydQ) P = cos™ "

Y

(

dP(y,0) x n(y)|1+ A

2% Fermilab



Muon spin precession frequency

E989 data: et with E > 1.8 GeV

(2]

103

pit
Muon storage ©f

Decay positron

/
Decay l
positron

= L=

Calorimeter active volume

:10“;

10°f

102}

Fermilab Muon g-2 Collaboration .
Production Run 1, 22-25 Apr 2018
PRELIMINARY, no quality cut

40 50 60 70 80 90
time modulo 100 us

Trackers
Calorimeter active volume

N(t) = Noe V7 (14 Acos(wat + ¢))

2% Fermilab



Proton Precession Frequency: How We Measure

* Nuclear Magnetic Resonance (NMR) + Turnon
Extremely Precise (~10 ppb) magnetic field

Measures Total Field _ 1}
Proton-rich ‘,!7 *
sample ﬂ gj
DC_Caile tin @\ . _AH B q\ﬁ —— rt‘*air(‘:‘

. . a >
Digitize to &
S ° R
extract O)p % i
>
Time (sec) Tiuf'sne (ms) e

2% Fermilab



Measurement principle for the magnetic field

« Map the storage field regularly during beam off periods with trolley
* Monitor the field with 400 fixed NMR probes around the ring

— W
b b, \
AY \
] YUY SRS SO UL UCUGE. T pln;lll|;|n|n|v
X o " | =) ) - 1
ey 2] i , ol

" Fixed NMR probes

2% Fermilab



Field: Production Trolley Runs

B-field (ppm) ' dipole field
Norm Skew F

Quad -0.19 0.28 A

dipole (ppm)
(=]

Sext 0.05 0.27
Octu -0.07 0.256

Decu 023  0.07
Dipole  -0.0 sooll )
T80
100 ppm
v T80 -

« Moments all < 0.28 ppm! * Dipole RMS =14.2 ppm

Goal was < 0.5 ppm » BNL RMS =29 to 39 ppm
 Variation of field +/-1ppm
over storage region

« BNL +/-2 ppm

2% Fermilab



Aside: Precision Measurements

&s e

} 1 L Gy UUULU b AU ‘ T Ty
-1_ 'l| 3"l|ll||(1*||| illsli\[ | l i !ﬂ! | |||9’|||

el
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Aside: Precision Measurements - Calculate or Measure!

1000

< >
-
ks 3
o

- L LN -t LN L

- en e - L L L]

- s e - - a8 B & L]

& aw o - aa e = L]

amesrEE s - LI I L]

500

[gdd] Aouanbaig YN

15
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wa
a, (Expt) =~ -
B-field = 1.45T wp ® P (1‘)

\.

Tracking detectors measure the muon beam.

"/1

¥ ihatic e oomaes

Y

AL

o .
-

-

W =

Slide From T. Walton 2% Fermilab



Detector: Offline+OnlineTrackers e+ momentum

T > F dist
@ -
E = =
_5 :.‘i 8000:—
3 2 7000
T S 7000
= [ C
=i 2 F
3 6000
5000
4000
3000
2000
- +
r 1000— “
) . b C
'r"'é:-llll':{-“ H H 't r.:IIFII\ D 0: I\lIIII‘IIII|\III|I\II|II\I|III\
30 35 40 45 50 55 60 65 70 0 500 1000 1500 2000 2500 3000 3500
Track Time [us] Momentum measured in straw tracker [MeV]
E L E N
£ - E B 1000
- 60— - = B000—
S - S = .
z T 3T T Location around
. 40— ;4000— A 300
o — -
R 3 f the ring
2 & 2000
C 600
o
-20 _2000:_ 400
_aol— 4000
C C 200
_Su__ _8000} J’
I IR NUVRTIN EPRRRIN R I BRI R Lol L === L 0
-60 -40 -20 0 20 40 80 -6000 -4000 -2000 0 2000 4000 6000
Radial Position [mm] Global Z Position [mm]

Plots from J. Mott .
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Performance

lel9 lel0
g 4 — Integrated Muon g-2 POT (5.9E+19)
—— Integrated with g-2 DAQ live (89%) L0
. —e— Rawe® total (1.85e + 10)
I
= 1.5 v
2 41 :
o] o
15
© 31 2
o -10 F
b o
£ =
27 =
- 0.5
l -
0 - T T T T 0.0
2 95 N oAb A o A 9P
AR S T

« Commissioning Nov = Feb

« Started full running w/ all systems installed Mar 22 2017
 Accumulated 1.85e10 raw decay positrons!
— BNL 0.939e10 total w/ quality cuts [raw e* now ~2x BNL]

2% Fermilab



(‘)a
wp ®p(T)

g-2 Summary a, (Expt) =

B-field (ppm)

102 WWM’WW

10 f Fermilab Muon g-2 Collaboration

ol
Production Run 1, 22-25 Apr 2018

i3 (g-2) PRELIMINARY, no quality cut

107"

0 10 20 30 40 50 60 70 80 90
time modulo 100 us

 The Muon g-2 Experiment @ FNAL is underway
— Collected raw stats ~2x BNL
— Analyses are well underway
— Projected first results in 2019

« We are very excited to hear updates on the theory progress

— Great progress on lattice
— Improvements in dispersive approach for both HVP and HLbL

2% Fermilab



Baryon Asymmetry of Universe

- ——— —

* Observed asymmetry:
D5 — B 6% 10710

T~y

« EXxisting CP-Violation insufficient to
explain observation

« Assuming asymmetry not present at
the Big Bang, looking for New

sources of CP-Violation
neutrinos, permanent EDMs, etc...

2% Fermilab



EDM Basics T

. . \j
« Permanent Electric Dipole Moments are good 5
candidates dﬂu P ¢
— T- & P-Violating d
— > CP-Violating (Assuming CPT) \;” dT
T "
* Types of EDMs —
— Nucleon EDM (n,p)
— Bare lepton (e, ) — %1
— Paramagnetic Atoms/Molecules - Electron EDM,
nuclear-spin independent coupling — Theory must
— Diamagnetic Atoms = Nuclear Shiff moment, nucleon Interpret
EDM, or nuclear-spin-dependent electron-nucleon —
Interaction

« ANY detection of an EDM would be very significant
— So far, experiments have set impressive limits

Ref: Theory: Engel, Musolf arXiv:1303.2371.

Exp: Chupp, Fierlinger, Musolf, Singh https://arxiv.org/abs/1710.02504
2% Fermilab



Typical EDM Technique
1. Set up constant magnetic field
2. Bring neutral particle into the field

3. Rotate particle so that it precesses
about the B-field

'L\ ~~~~~ L 4. Add Electric field Parallel to field
S N \"ff} (alternate aligned/anti-aligned)
ey 5. A permanent intrinsic EDM will
\( § T manifest as a difference in the
... E ‘ ., Larmor precession frequencies

@ uErEy=uBuE

6. Steps 6-100: Systematic variations
of all of the knobs

2% Fermilab



Neutron EDM projections as of Dec 2017

[ | m ORNL, Harvard
= ® MIT, BNL
2 21 A | NPI
= % v Sussex, RAL, ILL
£ =
~ [ ]
o) =
o ) A o
= naive SUSY AT,
= -25 A A o
=) v
w SUSY
c
= Future goals @ ILL, SNS, PSI: *
>
&)
Z .32 ; SM
19I50 ' 19I60 l 19170 ' 19I80 ' 19l90 ‘ 20I00 ' 20I10
Year of Publication
Project Status
LANL 2017:UCN source upgrade finished

TUM-ILL  TUM apparatus moves to ILL

PNPI At PNPI 2020

Component demo

SNS Critical component demonstration concluded

TRIUMF 2017: first UCN 2-3 years for experiment

Phase(1) data-taking concluded

PSI Phase(2) construction

ESS Demonstration phase at ILL

Sensitivity goal
(E-27 ecm)

UCN density sufficient for
0(1)

0(0.1)

PNPI: 0.5

0.2

0(1)

Phase 1: O(10)
Phase 2: O(1)

0(0.1)?

Schedule
(start data-taking)

2019
2019

PNPI later
2022
2019

Phase(2): 2020

2025



EDMs of Paramagnetic Polar Molecules

« Schiff Enhancement = Amplify external E field - Extreme

internal fields AE ~ E,; t(Eest) do -
Th* 2 151
I 5 10 e.g YbF
E, g s
o g o »

Applied field E (kV/cm)

For ThO: E_, ~ 10 V/cm - E_4 ~ 80 GV/cm !

2% Fermilab



A C M E EX p er I m e n t Electric Field&tes

t
T experimentally excluded

Spin Precession
L~22cm, 7~ 1.1ms

~

o 0 00dge

R
Beam of ThO
Molecules

Fluorescence

-V

unconstrained

Imperial 2010 ACME
, 2013
Berkeley 2002 4__ standard model
ulti- SUSY variants
generic models
Extended
Technicolor
Standard
Model
Alignment
Seesaw Neutrino Yukawa Couplings
ntal Approx.  Approx. Exact
ation CcP Universality Universality
Heavy
sFe;l‘rions
1 1 L. 1 1 1 /L1 1
T T T T T T 7/ 1 T
102 10726 1027 1028 1020 1030 103 1032 1033 10+ 104

d, (ecm)

Impressive new limit

d.| <1x107% e-cm

(90 % CL)
Models constrained

10x improvement (or
detection??) in preparation

2% Fermilab



A Muon EDM modifies the muon precession

e 1
T4

mc

1 +n—[—+ﬁxB]

Choose y=29.3 9,

M

—' I - 77€h-.»

coefficient vanishes

With just MDM in uniform
B field, the spin
precesses around B field

Electrostatic quads|d
vertically contain p

2 Zmuc

— |
g |
I
I
 An EDM tips the spin

precession plane, modifies wy,
-.n-Fermllab



Muon EDM Signal

* Muon polarization has
vertical component S,,

Maximized when -5 =0

EDM signal: an oscillation with in
the average vertical angle of the

p.g e+ that:
. * has frequency o, (~ ®,)
L . S - P e is 90° out of phase with g-2
’ : 2 oscillation

* has amplitude « EDM magnitude
{5 Fermilab



Experimental Summary of muon EDM bounds

SM pred ~107-36 e-cm
SM EDM scales with lepton mass

d, Limit (e-cm)

CERN I <1.05x 10"-18 Bailey (1978)

BNL <1.8x 10719 Bennett (2009)

FNAL <~10"-21 Projection

JPARC < ~10"-21 Projection

eEDM <1.8x10"-26 Naive SM scaling* from

Baron (2014) ACME
eEDM <~1.8 x 10"-27 ACME update (Projection
assuming limit)

Muons are curious particles = Keep looking for clues
25 Fermilab



The Evolution of Precision: EDM limits

EDM precision experiments (upper limits)

1021  ©s
Ra
'E' NiZnFeO Cs fountain
v
o Cs
= ®
2 102 © "en
- Xe Hg
o
TIF
5 Cs YbF
£ Hg " PbO
[} Xe Tl 9
e Tl Xe
g 1027 - TI Hng
b= Xe
£ @)
o’ electron
atomic Hg ThO
neutron H
MIXED: current sensitivity g
10730 : :
1960 1980 2000 2020
Year

From: W. Heil, Xe EDM
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Fermilab Muon Campus: The Stage for MuZ2e
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The Evolution of Precision: CLFV

History of 4 — ey, uN — eN, and pu — 3e

1
42 107 i: L\
E oL v ou— ey
lq — |
F v ey o i — 3e
10° i, s uN — eN
107 |— t,’
- \2
- ?“I.
— '- e |
1{]-11 - |
= *e m m w
1018 — WV MEG Upgrade
10" — @ PSL MUSIC
= MuZe, COMET &
10-17 —
10‘19 T | | | I | | | I I | | | I I | | | I I | | | I | | I I | | I I | | | I I | | 1 1

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
R. Bernstein, P. Cooper , arXiv:1307.5787v3
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MuZ2e conversion

« Charged Lepton Flavor Conservation
— Processes that start with “electron-ness”, end with E _ﬂ

“electron-ness”

— Empirically observed, but no known conservation

“‘Law” yet

« What e
— Ent

| REALLY want

Jff) d{:?ti &\,' o'ad
/

* Having d nucieus Lo recull dgdinst ditlows 101 COISEI VdU I of E and P
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The Search for Mu2e

 MuZ2e searches for charged lepton flavor violation (CLFV) in muons:

u= + Al — e~ + Al

 The Standard Model (with neutrino masses) predicts fewer than 1 in
10°° muons to convert

 An observed signal means unambiguous new physics.

« The experimental signature? Electron with 105 MeV!

Signal Background (A) J

Background (B) )
-~

’A

Nudews Nuclews Nuclews
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Lots of Possibilities for New Physics

1 e
q q
Supersymmetry Heavy Neutrinos Two Higgs Doublets
(%)
E U e n . d u . e
5
= L. 2,2
fd H H
p—
q q d . e .
= q q
8 Compositeness Leptoquarks New Heavy Bosons /

Anomalous Couplings

« Muon-to-electron conversion allowed via loop diagrams or contact terms.
— cf: p=2ey happens via loops.

* Muon-to-electron conversion enables discovery sensitivity over broad swath
of BSM parameter space.
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MuZ2e apparatus

Production Solenoid (PS) Transport Solenoid (TS) Detector Solenoid (DS)

~25 meters

2% Fermilab



MuZ2e apparatus

8-GeV protons
(pulse every 1695 ns)

Particles produced
from tungsten target

Production Solenoid (PS) a@r’sport Solenoid (TS) Detector Solenoid (DS)

2% Fermilab



MuZ2e apparatus

8-GeV protons
(pulse every 1695 ns)

Production Solenoid (PS) a@r’sport Solenoid (TS) Detector Solenoid (DS)

S-shaped solenoid:

» collimator selects negatively-charged particles
* transports particles to detector area, and

« allows remaining pions to decay to muons

2= Fermilab



MuZ2e apparatus

8-GeV protons
(pulse every 1695 ns)

Production Solenoid (PS) a@r’sport Solenoid (TS) Detector Solenoid (DS)

Muons stop on Al target,
which emits an electron
isotropically

SOOI

2= Fermilab



MuZ2e apparatus

8-GeV protons
(pulse every 1695 ns)

Production Solenoid (PS) a@r’sport Solenoid (TS) Detector Solenoid (DS)

SOOI

Straw tracker/crystal
calorimeter detect
electron signature

2= Fermilab



MuZ2e apparatus

8-GeV protons
(pulse every 1695 ns)

Production Solenoid (PS) grisport Solenoid (TS) Detector Solenoid (DS)

Factor of 10,000 improvement due to:

1) Pulsed beam, with protons delivered every 1695 ns
2) Solenoids used to efficiently create secondary muon beam
\_ /

2% Fermilab




20k Straw tubes
transverse to beam
High efficiency,
excellent resolution
Momentum
= resolution 120

keV/c core for 105
MeV electrons

—0.04

£ . Al ewAl

Foos W2 :; Inner 38 cm is purposefully un-

2 y iInstrumented

%0.02— n .

S | Fully « Blind to beam flash

a 501l e_ fiducial . )
o thru cente I_’ * Blind to >99% of Decay In Orbit
L offracker\ =~ 1 (DIO) spectrum

0 50 100

Electron Energy (MeV) .
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Decay-In-Orbit (DIO)

« Peak and Endpoint of free
muon decay ~ 52.8 MeV

 Detector blind to these
electrons

+ Conversion signal at 105 Vi |
MeV >> 52.8 MeV ;

Michel (free muon
decay)

|||||||||||||||||||||||||
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Decay-In-Orbit (DIO) Background

 Consider the recoll off
the nucleus

 When neutrinos are at
rest, the DIO electron
can be at the
conversion energy
(minus the tiny
neutrino mass)
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u Decay in Orbit Spectrum =" Al

 Decay tn Orbit Spectrum *" Al

_ E)S

025k 1dr ( conversion
3 Iy dE,

3x10°16

resolution|smearing
background

110716

tail from recm{ T o
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Expected backgrounds

I Muon decay-in-flight
Radiative pion capture
Pion decay-in-flight
I Beam electrons

Process Expected Number
Cosmic Ray Muons 25 == 0076
DIO 0.14 4+ 0.09
RO 1025 == (. 003
Antiprotons 0.047 4+ 0.024
Muon DIF = (L0035
Pion DIF 0.0014 < 0.001
Beam Electrons 5 0=
Total 46 == 0105
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Single Event Sensitivity

C(u +N(A,Z)— e +N(A,Z))

Ue — F(Ju_ + N(A,Z) — all muon CaptureS)

» Designed for SES of ~3 x 10-1/
* Online in ~2021

« Detection would usher in new
era of precision measurements

« Setting 10,000x improved limit
would be tremendous too

« Upgrades - 1018 underway

Probability of...

rolling a 7 with two dice 1.67E-01
rolling a 12 with two dice 2.78E-02
getting 10 heads in a row flipping a coin 9.77E-04
drawing a royal flush (no wild cards) 1.54E-06
getting struck by lightning in one year in the US 2.00E-06
winning Pick-5 5.41E-08
winning MEGA-millions lottery (5 numbers+megaball) 3.86E-09
your house getting hit by a meteorite this year 2.28E-10
drawing two royal flushes in a row (fresh decks) 2.37E-12
your house getting hit by a meteorite today 6.24E-13
getting 53 heads in a row flipping a coin 1.11E-16
your house getting hit by a meteorite AND you being

struck by lightning both within the next six months 1.14E-16
your house getting hit by a meteorite AND you being

struck by lightning both within the next three months 2.85E-17
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What's Next?

PHYSICS

We Asked Celeb Physicist Brian Cox About Flat
Earth Conspiracies, the Multiverse, and Ghosts

Ryan F. Mandelbaum
. PARTICLE PHYSICS v

RFM: And finally, what do you think are the most important outstanding

mysteries in physics?

BC: The LHC hasn’t taken nearly as much data as it can, and it’s also being
upgraded to get many more collisions. It will be a big surprise if all [we
find] is the Standard Model Higgs particle. People were expecting we’d see

supersymmetry that would have given us an idea of what dark matter is.

One of the biggest discrepancies in particle physics at the moment is the g-
2 experiment. It’s a measurement of the way the muon behaves in a
magnetic field. The experiment shows a significant discrepancy with the
Standard Model that’s getting more significant with time. It’s a low-profile
experiment, but it’s extremely sensitive to new physics. It’s still running,
but if I were to put my money on something that would signal new physics,

it’s the g-2 experiment at Fermilab. I think it’s really fascinating.

The other thing is gravitational waves. The point was not to discover
gravitational waves—everyone was pretty sure they existed. The point is
that we now have an observatory that can watch the collisions of black
holes and neutron stars. Thinking that LIGO was built to discover
gravitational waves is like saying we build telescopes to look at one star. Of

course not. It completely revolutionized astronomy.
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Goals for this talk

1. Why do we use muons to probe the Standard
Model? How?

Muons have very useful properties
We design clean, precision experiments to carefully
expose cracks (Muon g-2, EDM, MuZ2e, etc...)

2. What details matter for precision experiments?

Until you have calculated/simulated/measured, everything
you can think of. And probably some things you didn’t!

3. Where might we see the next cracks in the SM?

| can’t answer your contest question for you, but | hope | left
a few clues about my opinions ©
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Suggested Readings

Precision Muon Physics

©)

©)

O

“Low-energy precision tests of the standard model: a snapshot” D. Hertzog. Ann. Phys.
(Berlin), 1-8 (2015) / DOI 10.1002

Gorringe, Hertzog. Precision Muon Physics. Prog. Part. Nucl. Phys. 84 p.73-123
(2015).

Kammel, Kubodera, Precision Muon Capture. Ann. Rev. Nucl. Part. Sci. 60 p.327-353
(2010).

EDMSs

O

O

O

Engel, Ramsey-Musolf, van Kolck, Electric dipole moments of nucleons,nuclei, and
atoms: The Standard Model and Beyond. Prog. Part. Nucl. Phys. 71 p.21-74 (2013).
Chupp, Ramsey-Musolf, Electric dipole moments: A global analysis. Phys. Rev. C 91
035502 (2015).

Chupp, Fierlinger, Musolf, Singh. Electric Dipole Moments of the Atoms, Molecules,
Nuclei and Particles. Rev. Mod. Physics https://arxiv.org/abs/1710.02504

Baron et al. Order of Magnitude Smaller Limit on the Electric Dipole Moment of the
Electron Science 343 p.269-272 (2014).
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Great Progress with Lattlce QCD

Dec 2015:

e 2016-17: physical pions,

u,d,s,c connected loops
2% Precision (Models 0.7%)

RBC/UKQCD 2012

ETMC 2013

HPQCD 2016

Mainz 2017

BMW 2017 (unpub)
RBC/UKQCD 2017 (unpub)
Hagiwara et al. 2011
Davier et al. 2012

DHMZ 2016

No new phyfsics

580 600 620 640 660 680 700 720 740

auHVP LO 1 010

From tallby C. Lehner at Lattice 2017

3.5c4rom lattice alone!

—— Lattice Calculation
—— Dispersion Relation

Both
https://arxiv.org/pdf/1710
.06874.pdf

disconnected loops
— Small contribution

First calculation

66
disconnected diagram
(gluons not shown)

Blum et al,

Nov 2015: hadronic light-
by-light
— Needed to avoid

becoming dominant
theory uncertainty

QED Box

QCD Box ina QED
Box to manage finite
volume effects

Jin et al,

http://arxiv.org/pdf/1512.09054.pdfhttp://arxiv.org/pdf/1511.05198v1.pdf
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Muon g-2 Field
QE T ) Su!oerb. Intrinsic
Shim Kit
ﬁ\“‘"“" ~ Added iron
,., m | !amlnatlons fo_r X3
= Improvement in

E El|<—p=7112mm . . .
(- e field uniformity

g-2 Magnet in Cross Section

BNL FINAL - FNAL Shimming Effort

0 50 100 150 200 250 300 350
0 [deq]

Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016
s reiilnmavg
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Muon g-2 Running Outlook

* Will need FY2020 running
* Running about 50% of design rate, making great progress
e Started summer shutdown to upgrade various components

{ )1& U186 Nz
"MINERVA. MINERVA "MINERVA ?
NuMl | M T Nova. NOVA NOVA
" MicroBooNE MicroBooNE 7 " SBN: MicroBooNE \
BNB B SBN: ICARUS SBN: ICARUS SBN: ICARUS 'SBNCARUS
SBN: SBND SBN: SBND SBN: SBND
g-2 g2 g2
Muoncamphs Mu2e Mu2e Mu2e p’
MT [ [ FTBF- MTEST _ FTBF - MTEST FTBF - MTEST
SY 120 | mc OPEN | LAFAT FTBF - MC FTBF - MC Pl
NVl | SeaQuest | OPEN OPEN
al I Q2 Q3 Qa4 Qi1 I Q2 | Q3 Q1 I Qz I Q3 Q4
15t publication 2" publication 3 publication
I > (>1x BNL (5-10 x BNL (>20 x BNL
statistics) statistics) statistics)

CY18 CY19 CY20 CY21
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Experimental Summary of EDM bounds

Measurement ------ > EDM Implication
Aw [uHZ] log(d [e cm])
% _22 A
103
-24 dq and dq from
_— the neutron
5 Gl P dq from Hg
. -28@ «
Significant de from ThO
experimental —— impact of recent
) -30 improvement in
progress in last paramagnetic
few years 37 EDM sensitivity
10-@Hg Generic sensitivity to
-34 new physics follows

by taking dr = my

Courtesy: A. Ritz
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Next-Generation Muon MDM+EDM Experiments

\
> el o

: \» - 8 F =M . "
/ ) | Conceptual design of Positron Tracking Sensor !

576 mm SihStvrip Sensor

48 vanes

Uniform acceptance
—~suitable for EDM meas.

J

400 mm

E

. 3
*High-rate 3.09 |
*Highly polarize« /14(/0
+1.45 Tesla, 7-m 33, “op,

o) ; ¢ J
n q
Y/

GeV/c muon
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Novel Beamline Design

Pulsed proton beam, ~250 ns wide , ~1695 ns apart
Delay live gate ~700 ns

Suppress prompt backgrounds (beam electrons and pion
Interactions)

1695 ns
< >
0.08 —
007 E- [ ] POT pulse
T E n arrival/decay time ( x 1M)
0.06 =3 u” arrival time ( x 400 )
0.05 = u” decay/capture time ( x 400 )
0.04
0.03E
0.025 . .
= Signal window
0.01F
O $ 1 I 1 1 I 1 1 I 1 4 l IW 1 1 | 1 1 [ 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
Time (ns)
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