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Outline

Context and Motivation
« The Standard Model
* Why muons?

A “heavy electron” who
lives fast and dies young.

particlezoo.net

& Fermilab
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The Standard Model of Physics AN

Our most fundamental, successful theory of nature

three generations of matter
(fermions)

I Il 1]
\

mass 2.4 MeV/c? =1.275 GeV/c? =172.44 GeV/c? 0 =125.09 GeV/c?
charge  2/3 2/3 2/3 0 0

And yet, we know it to be incomplete
spin | 1/2 u/ 1/2 C/ 1/2 t/ 1 ‘ 0 H y . p
oo || charm || wop || guon || wigss + No explanation for dark matter,

=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0 ) n O q u ant u m p i CtU re Of g raVity,
'@ |-® | @ i i
> v 'l open neutrino questlons
down ' strange bottomJ l hoton ) . .
0.511 MeV/c? ~105.67 MeV/c? ~1.7768 GeV/c? =91.19 GeV/c? ) ’ T h e O ret I Ca I I SS u e S -

- @I @l- @ @ |2 hierarchies, instabilities
electronJ muon J tau JleosonJ 8

Y, - ®)

— <2.2eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c? Yy 0
0 0 0 +1 L

LW W|®| @S

(a -

L <

—d (O

electron muon tau

! ) | W boson
neutrino neutrino neutrino
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The Standard Model of Physics

LL Mu
{e

VAN

Our most fundamental, successful theory of nature

LEPTONS

down
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1/2 e

electron

<2.2 eV/c?
0

1/2 ve

electron

neutrino )

(fermions)

=1.275 GeV/c?
2/3

i (G

charm

=95 MeV/c?
-1/3

n (S

strange

~105.67 MeV/c?
-1

- @

muon

<1.7 MeV/c?
0

1/2 Vl.l

muon

neutrino |

three generations of matter

=172.44 GeV/c?
2/3

- @

top

~4.18 GeV/c?

-1/3

»
bottom

~1.7768 GeV/c?
-1

tau

<15.5 MeV/c?
0

1/2 V’[’

ta ux

neutrino |

| photon

=91.19 GeV/c?

- @

Z boson

=80.39 GeV/c?

£l
. W

W boson

r

But still no new physics
from high-energy machines

C Are we in a desert?

o And yet, we know it to be incomplete
Higgs - No explanation for dark matter,
no quantum picture of gravity,
open neutrino questions
» Theoretical issues:
% hierarchies, instabilities
N
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The Standard Model of Physics AN

three generations of matter
(fermions)

“rTeolke e l ® | » - Ongoing efforts in Energy Frontier, intriguing results
up charm top gluon Higgs . . . .
o Jlm L e ) from Neutrino and Precision Frontiers
‘@l e®l:® l v
down strange bottom photon . . . .
o ) LU J - Neutrino oscillations: extension to SM
ot J“ © J” v J[ b‘ J é - Questions on neutrino nature and mass generation
L I [ Jg - Precision Frontier: indirect access to higher energy scales

or more weakly coupled interactions

- Experimentally, significant deviations from SM:
- Muon anomalous magnetic moment
 Hints of lepton flavor non-universality

- Connections to fundamental questions on flavor

LHC, DUNE, g-2, Mu2e are compelling and

complementary approaches to moving
Beyond the Standard Model

& Fermilab
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Why muons? AN

Properties of muons make them great tools for discovery
MUON

A “‘heavy electron” who
lives fast and dies young.

- Easy to produce
« Natural product of pion weak decay

» Easy to control and manipulate
- Charged, control with EM fields

« Weak interaction Parity-Violating: emerges 100% polarized,
decay is “self-analyzing”

particlezoo.net

- Sits at a lepton “sweet-spot”

- More stable than T — long enough lifetime to be manipulated for precision
measurements (and still short enough for decays)

- Lighter than pion — no hadronic decay — clean theoretical predictions
- Heavier than e- = more sensitive to heavy particles in loops by (mu/me)?

Muons offer unigue advantages:

Readily available, experimentally versatile, theoretically clean,
iIncreased sensitivity to new physics

& Fermilab
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Fermilab Muon Campus JAAN ‘2.

- Fermilab a global leader in muon physics

- Muon g-2 and Mu2e are among the most powerful probes of the SM

JE :
3¢ Fermilab
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Outline

The Muon g-2 Experiment

» The anomaly and how to measure it
* a, ingredients
- Status
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Magnetic dipole moment

Classical Picture:

Quantum Picture:

Girac Equation for EM potential:\

: ) Larmor Precession (particle rest frame)
g-factor: iy (0, +ieA,)=m]p =0
_ q \- ds - _ 3 qg |- =3
U=gl—ISs * Spin-1/2 point particles —=‘L’=M><B=g — |sx B
\ 2m )\ * Predictsg=2 J S 4 2m )
Quantum Field Theory:  /"\.cuum effects §
. (LO WEAK)
Picture Y Matter: o
(Anomaly: ) (Dirac Theory) (LO QED) /_‘\
g-2
a=2——
2
" Predicts g # 9

& Fermilab
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Why measure g-2

QFT encodes our entire understanding onto g-2

Y

Y \ v
g =2(1 +.00116... +.00000006951 ...+ .00000000105 ... +.000000001536

Jason Crnkovic

Schwinger Term (i) Electroweak

2T

One of most accurate tests of SM validity
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Why measure g-2 P AN “Z z e

QFT encodes our entire understanding onto g-2

A o

Y \ hd
g =21 +.00116... +.00000006951 .. .+.00000000105 ... +.000000001536

Jason Crnkovic

Schwinger Term (i)

21

Kpatcha et al., arXiv:1912.04163 [hep-ph] Calibbi et al., arXiv:1912.02676 [hep-ph]

—~ -
———— dg ~ ~ &p

. -~

. “ N\

One of most accurate tests of SM validity

Sensitive to modifications from vast array of well motivated models
Muon g-2 enhanced sensitivity to heavy new physics
* (my/mg)* ~ 40,000

£& Fermilab
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https://arxiv.org/abs/1912.02676

a, from E821

[

The BNL E821 found significant discrepancy from SM prediction
* Discrepancy has guided experiment and theory for nearly two decades

DHMZ10
Js11
HLMNT11
F17
DHMZ17
KNT18
DHMZ19
KNT19

BNL

———

———

———

_ﬂ_

|
160 170

A. Keshavarzi, D. Nomura, T. Teubner, arXiv:1911.00367 [hep-ph]

01/16/2020

|
180

Muon g-2 Theory Initiative:

« Global theory effort to improve SM
determination

* Uncertainty dominated by hadronic
VP and LbL contributions

Va 5\\
 h
e 4
3.80
190 200 210 220 7 ¢
u

(aj"" x 101%) — 11659000

Vacuum Light-by-light
Polarization scattering

After latest re-evaluation, discrepancy stands at 3.80

2% Fermilab
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a, from E821, E989 AN

The BNL E821 found significant discrepancy from SM prediction
* Discrepancy has guided experiment and theory for nearly two decades

m Fermilab Muon g-2:

I | * Improve experimental precision by x4
11 - Potential for 70 discrepancy

HLMNT11

FJ17 —_—

DHMZ17 -

KNT18 —p—

DHMZ19

KNT19 —
BNL 3.80

BNL (x4 precision) 6.80
160 17|0 léO lSl)O 2(|)0 220

(aﬁM x 101°) — 11659000

A. Keshavarzi, D. Nomura, T. Teubner, arXiv:1911.00367 [hep-ph]

& Fermilab
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The g-2 experiment at Fermilab

lab

located at Ferm

Muon Campus

Brought from BNL,

famous for i

ts travels

Y.
%
2

A

2% Fermilab
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The g-2 experiment at Fermilab

3.1 GeV/c muons
Injected into storage ring
Highly longitudinally
polarized muon beam
from pion decay

Muon spin precesses in
1.45T field

Muon lifetime yt,
=64.4 pus

C ey thermal
inner coi = = insulation)

g-2 Magnet in Cross Section

& Fermilab
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The g-2 experiment at Fermilab

« Muons enter in
“wrong orbit”

* Momentary kicker
impulse puts them in
correct orbit

S VVVVVV I ¥ & - = -
B ’A/\A”; ;‘X\A e U
] 41 A ¥ >4 4\ Yy ¥ p w> % X A
A, A Y , y A\ A A
A4 A LAY VY Yy AR A
_ A A A A Af YYYYYUYOY Y N Y Y S
g 0 A f . v i A L A
> Aoa i [ ; ; ; ; ; Yo A A A 4
IO N O d, 4 4 4 4
\ \ /31 DR | , ]
RN \ y oy B / 4 4 4 4
RN LS v NLA v A 7
YO - K P 4
_s VVVVVV ST N - e oy
10 5 0 5 10
X [cm]

£& Fermilab
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The g-2 experiment at Fermilab AN

4 Electrostatic
Quadrupole segments

- Provide vertical
focusing to muons

* Integral to collective
beam motion

P 20 cn =

—

7.
rrrrr

2= Fermilab
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From a muon’s eyes

Will Turner

3= Fermilab
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Spin precession

e~
-~

— Momentum
— SPiN

/j( — \:‘ //4' — \
H wo M r
N 7 4

Anomalous precession due to g#2

—

= spin precession frequency \

01/16/2020

CT) =-g ié_(l_y)iB CUS
g “2m ym -
@ = cyclotron frequency g-2
W = . @ =anomalous precession frequency a= )
my
g -2 B _ Simple case of no E-field, constant
o =0 — =—| =X 9 B =-a iB B-field, and momentum q N
a s c p) m ““m perpendicular to B-field. / aa _ — auB
m
/ V

Need measurement

“Magic” momentum cancels of wq, B
Thomas precession term
4% Fermilab
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ay ingredients P AN “Z Z e

» Recasting, a, can be measured from 5 inputs:

g
)

Need measurement
of wq, B/wp

Get from CODATA[:

g. =-2.002 319 304 361 82(52) (0.00026 ppb)
m,/m, = 206.768 2826(46) (22 ppb)

M./M, = -658.210 6866(20) (3.0 ppb)

[1] Peter J. Mohr, David B. Newell, and Barry N. Taylor, Rev. Mod. Phys. 88, 035009,
DOl:https://doi.org/10.1103/RevModPhys.88.035009

2% Fermilab
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https://doi.org/10.1103/RevModPhys.88.035009

Precession signal

+ + ., 5
put — et ve vy,

Decay electron —.

Decay electron — . ==
: 1) — e e —

Calorimeter active volume

24 PbF2> calorimeters monitor decays
around the ring

& Fermilab
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Precession signal

+ + ., 5
put — et ve vy,

Decay electron —.

¢ / : - 3
0 — e
MU Decay electron — . =t
= Q — L=

Calorimeter active volume

Self-analyzing decay: highest-E e+
emitted preferentially along y+ spin

ggggg

Calorimeter signal

N

-
[=]
[
TTRAIT T 11T
<,
g

o

-
o

w

-
(=]

10 E_
0_ | 2|0 — 4|0 — 6|0 — 8I0 — I100
) e | I TEN Time (us) modulo 100 ps
24 PbF2 calorimeters monitor decays Muon Oscillation due
. X .
around the ring decay to precession
4& Fermilab
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. P A
au ingredients: wq cj_e

,m.u
2 m,

o N(t) = Nye /*[1 + A cos(w,t + ¢)]
a)P

a, =

count/ 149 ns
o
N
o
V)
Ny

Al’tp 10°

u 3 Fermilab Muon g-2 Collaboration
A Production Run 1, 22-25 Apr 2018
1 (g-2)» PRELIMINARY, no quality cut
10-1 .................................................
0 10 20 30 40 50 60

70 80 90
time modulo 100 us

waq extracted from fit to calorimeter signal

£& Fermilab
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. . ML
ay ingredients: wp Y AN gze

m
g e U a)a
2 m 0 m Wp: free proton precession frequency
a = Encodes B field (using NMR probes)
H lLLe as experienced by muons distribution

“p

£& Fermilab
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Magnetic field

B field monitored with NMR probes

« Pulsed NMR, proton free induction decay

* Probes pulled in trolley for measurement
IN muon region (~3 days)

 Fixed probes for interpolation

B-field (ppm)

&' N

w

;

y (cm)

-

|
N

|
w

?]

v

o o
3o}

| 4

|
w

-1

-t
N
w

01/16/2020 Manolis Kargiantoulakis | Precision Muon Physics at Fermilab

i

2% Fermilab
26



Muon distribution

Straw trackers reconstruct
muon distribution and
determine the complex
beam dynamics

Needed for convolution with
field, but also for wq fit

corrections

01/16/2020

Decay electron —.

Traceback chambers

Calorimeter activq

Muon distribution,

Coherent betatron motion

| station12-3.50us |

61187

200
2000
“1800
1600
1400
1200
1000
800
600
400
200

TTTTT[TTIT[TTIT [T T[T T[T T TTT[TTT[TTT][TTIT
R Rl Ll R R R R RN L

Mean -4.912
Std Dev 24.48
Underflow ]
Overflow 0

Integral  6.119e+04

-60 -40 -20 0 20 40 60 80

Radial Pos [mm]

Vertical Position [mm]

Manolis Kargiantoulakis | Precision Muon Physics at Fermilab

Mean Rad. Pos. [mm]

o of Rad. Pos. [mm)]

-40 -20 0 20 40 60
Radial Position [mm]

|IIII|IIII|IIII|IIII|

2025 50
Time [us]

510 15 20 25 30 35

2% Fermilab
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au ingredients: wp JAN

B-field (ppm)

Muon distribution

JE :
3¢ Fermilab
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Improving from BNL o

w, systematic uncertainty summary[1].

Category BNL [ppb] FNAL Goal [ppb]
Gain Changes 120 20
Pileup 80 40
Lost Muons 90 20
CBO 70 <30
E-field & Pitch Corrections 50 30 New instrumentation for Wa,
Total (Quadrature Sum) 190 70

better control of beam dynamics

<w,> (B-field) systematic uncertainty summary[1].

Category BNL [ppb] FNAL Goal [ppb]
Absolute Field Calibration 50 35
Trolley Probe Calibrations 90 30
Trolley Measurements Of B, 50 30
Fixed Probe Interpolation 70 30
Muon Distribution 30 10
Time-dependent External Magnetic Fields - 5
Others (Collective Smaller Effects 100 30 : :
More uniform field,
Total (Quadrature Sum) 170 70

better measured

[1] ). Grange et al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics.ins-det].

JE :
3¢ Fermilab
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Improving from BNL 4

w, systematic uncertainty summary/[1].

BNL [ppb] FNAL Goal [ppb]

~21x BNL statistics

a, uncertainty summary(1,2].

Category BNL [ppb] FNAL Goal [ppb]

Total Systematic Uncertain 280" | 100

Total (Quadrature Sum) 190 70

* The net systematic is across 3 running periods.

<w,> (B-field) systematic uncertainty summary[1].

Category T P Overall uncertainty reduction x4

Trolley Probe Calibrations ““

Fixed Probe Interpolation 70 30

Time-dependent External Magnetic Fields - 5

Total (Quadrature Sum)

[1] ). Grange et al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics.ins-det].
[2] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).

& Fermilab
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Last upaate: Z0Z0-01-2Z0 07215 ;] lotal = 5.00 (XBNL)

Current status s @ / s

:
T4
4.5 — . . . . . ' — 45, 25 : : g 31— &una — RuN-2
2 : === Muon g- *: |
aof M Without 14.0 & 52
- . 20 t .
5| “@D™ Data Quality ke 0
—_ | Cu tS 1> = 15 o™ 0\\‘&% 0"'\&‘\’% 0‘\"’@‘ i 0\;\0\‘“'9 0\’\60‘10 0\:"\0‘ > N = i
= 25| {25 3; -
o 80 °000.........L L K
= 20/ 8
p# 17718 10}
(V98
115
11.0 5| > |
st Currently in Run3
105
= RUN-2
N\ N\ RTINS FCRCRENC I o _10\5 »Lo‘f’l 10\9' 101(’. 10’L°I 0101 »Lo”@l ,Lo’l"l
\ N W\ W X N W W N 0 N 0
()\"‘xQ 0\"\'@ SN 0""’& 0\‘\'@ NSNS 0\;"\ o 0\:"‘\9 N ° M 0\“'\ o QX’P‘\)Q N © M
1st publication Intermediate publications Final
(> 1x BNL stats) (3x, 10x BNL stats) publication
CYis > CVis > Cv20 >  Cv21 >  Cv22 g
Run1 result expected in few months
2% Fermilab
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Run1 w. analysis P AN ¢ j, e

N(t)=NA(t)N,,, ()N, ()"

O
o M
-{1+A0-Acbo(t)-cos[wa(R)~t+¢0+¢cb0(t)]} s B cﬁ\l) § Q
e T T T T ]
2 T data X | . 5-parameter fit | T _
; m § ol - 24-parameter it 1 FFT of reS|du.aIs flat,
A ANV AN 5 | | after accounting for
10°} E .| - :
e B | beam dynamics
W ]
: a0 | effects on we.
10 Fermilab Muon g-2 Collaboration ]
y Production Run 1, 22-25 Apr 2018 200
1 @\ PRELIMINARY, no quality cut
107090 20 30 40 50 60 70 80 90 0 . l
time modulo 100 us ! ) 2 25 3
Frequency [MHz]
S —
€ - e Individual blindin
g —15;— i i . ICgm:lonl g:inging —
- _205_ ;EQZ:Z)(C;;\\/I asymm. wei ht_E
I‘§ o5 g-2 Preliminary i i E bfn'ne(.i E, s E . .
SN caeymean 1 * 6 INdependent teams/algorithms
s: F @™ 1 of the data subset : :
g a5t ot the data subsets t { -« Excellent agreement in subset
F T E T A Q 1L . . .
CF b i+ 1+ 1 whererelative unblinding tested
_50({* S S B S T A {)
e
N g Analysis

Common Reconstruction

£& Fermilab
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Run1 result expected soon!

P/.,msu«, Pee }li : 2wk 10
Famas Vv ¥ E
-5 R -, W BD
REVIEW ::) ?
: S Doeer e F-dac . A Ju\-l 3 E ANVV\A/V\/\A/\/WM a 8
Wa|  Trckiq - -t [EU e Friel; R % 8000 <) 04’_\’\’\’\/\/\/\/\/\/\/\,\,\,\,\,\,\/\/
| - MGoye) - & Track Preductin —2 2§ > Plosehrrt | MOB ) | 10° VAVAVAVaY
Ry e er {\’\’\’\’\’\"\/\/\/vv\/\/\/\,\/\,\,\,\N\/ﬁ °
- CNe-Gain - (#0 CAG i
- Abs PO OF - y (A, c .
Field ey CAly R R e 102 ¥ .
Pum—d FID hehad [ TrliyRon Bdrs E s R ’ A
-F-dac PP e ol ‘ My 5
- FP Pre —Bwoh Reviw ¢ ]
vocessing M _Wlu.ll:;@ ?I R:ch-‘w Dec 16 sl Won -2 collaborath
— &' N '. \ e 0
W >
s~ ¢ o @**-IS . |7060 7080 7100 7120 7140 7160
e o 1| x_e [mm]
i Lostyn P distitaba = Qrhriey

E‘_\QJ : - e eI
2 (Fiﬂ‘"; T:@"’B@ Ce :B‘ 5(, (s )~/ FIuA by RG-

Pideh Tl B N o

i 4 & = Cp Fi'.',::.kkm’ -vu:"s
¢"Ampimce_ (& V\(‘ﬁ\a ) -T; st -M\_ S 1T e O YR
Al p1 AP = ‘/4 *\L’J.
3) P}’ / B@ o 1"??
L—J.,

Brian Cox: ... if | were
to put my money on
something that would

Tremendous work done, many signal new physics, it's

the g-2 experiment at

checks and cross-checks Fermilab.

Run1 result, highly anticipated
by global community, is nature

- |
expected in few months! The science events to watch forin2020

One of only 2 PP events to be included

& Fermilab
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Outline

The Mu2e Experiment
Charged lepton flavor violation
Measurement principles
Status

Proton Beam

Production Solenoid

Detector Solenoid
Muon Stopping Target 17 ./ /

.?,
T Y a
oy o S AR
- / \\\\\\\\\N\\‘ N \\\m. \ O WAL :_‘ ;‘
\\\\ L\m m \\\\\\\
Yo V01 7\ W\ ) ! 3
2 “' ~ “‘“H H /

e

\‘ 4‘/ L X <'. \ ‘. “ )

N h =
200 Q) /\ QDS SO
O I I \\\\\\\\\\

V £

W\

—

Production Target Transport Solenoid Calorimeter

Tracker

& Fermilab
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Flavor in the SM o (B

. The SM flavor puzzle
Standard Model of Elementary Particles . Why 3 generations of matter?

three generations of matter . .
+ Rabi encapsulated the issue well

mass  =2.4 MeV/c? £1.275 GeV/c? x172.44 GeV/c? 125.09 GeV/c 5 sidor |. Rabi N —
charge | 2/3 2/3 2/3 0 % . M e
| u C t g H &
spin | 1/2 ’ 1/2 " 1/2 " ] (
up charm | top aluon Higgs T'he mut(in: who:rdered that !?
J J _J 4 Reply Retweet Favorite ®®® More

~4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? -R. H QLDE.K

-1/3 -1/3 -1/3 0

1/2 d 1/2 S 1/2 b 1 Y

» 4 4
down || strange | bottom photon - What defines hierarchy of masses
— - - and couplings?

=0.511 MeV/c? =105.67 MeV/c? ~1.7768 GeV/c? 91.19 GeV/c ] o

1 @ . @ a « What is the origin of lepton

N | R | R B asymmetry in the universe

electron muon tau Z boson
_— _— * Is lepton number conserved?
2 <2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? 80.39 GeV/c
O 0 v 0 v 0 v t1 W
T .

N Rl |l | - |s mixing allowed between
l.u electron muon tau W boson _
) _neutrino J{ neutrino | neutrino } generahons/ﬂavors?

£& Fermilab
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Flavor in the SM AN

Standard Model of Elementary Particles Mixing between flavors
| T s | » Quarks mixing, CKM mechanism
| I 11
ss  =2.4 MeV/c? %1.275 GeV/c? =172.44 GeV/c? 0 125.09 GeV/c’ ¢ Leptons Weak decay
@I @I-@| & - H
%T&%qf&_) guon _J|_ees - Neutrino oscillations
=4.8 MeV/ MeV/c A8 GeV/ 0
-1/3 -1 -1/3 0 ® I '
0 @@ | @ Lepton flavor violated!
down strange ' bottom photon
=0.511 MeV/c? ~105.67 MeV/c? ~1.7768 GeV/c? 91.19 GeV/c? ¢ Mleng between Charged |eptOnS
» GUrPr@P4PP | £ never observed
electron muon tau Z boson
—t—J , , - Powerful probe of flavor models
<2.2 eV/c? <1.7 MeV/ <15.5 MeV/ 80.39 GeV/c?
0 0 0 W - Especially well motivated given

electron muon tau
neutrino neutrino neutrino

LEPTONS

12 Vﬂﬁ Vy‘? V) ! - | | |
J W boson v-oscillations, LFU-violation

Any observation of Charged-Lepton Flavor Violation (CLFV)

would be evidence of New Physics
The charged-lepton analog to neutrino oscillations

& Fermilab
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CLFV processes AN

Broad global interest in CLFV searches:

Process Current limit Planned Next Gen Experiment
Z — eu BR < 7.5-107

T — eee BR < 2.7-1078

T — [ BR < 2.1-1078 10—°, BELLE-II

T — pee BR < 1.5-1078

T — un BR < 6.5-1078

T — ey BR < 3.3-107%

T — ry BR < 4.4-1078

K — eu BR < 4.7-10712

Kt = nteu BR < 1.3-1071

BY — eu BR < 7.8-1078

Bt — Kteu BR < 9.1-1078

ut — ety BR < 4.2-10~13 10— 1% (MEG)

ut — ete—et | BR<1.0-10"12 10— 16 (Mu3e)
u~A— e A RS <7.0-1071 10— 17 (Mu2e, COMET)

¢ Most stringent limits come from the muon sector

¢ The uA — eA process offers greatest potential sensitivity
¢ Best control of backgrounds

& Fermilab
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M -> e conversion: The Mu2e search

Coherent conversion /£ — ¢ in the field of a
nucleus

u +AZN) —-e + AZN) 1S Orbit

Lifetime = 864ns

Clean experimental signature
* mono-energetic e — for Al:

Eue(Al) = my, — By — Frec = 104.97 MeV

Current limit: Rﬂe < 7x107"° [SINDRUM II]

Ro= M N> #N 5 qgn
* u + N — nuclear capture '

The Mu2e experiment will probe R _at the level of <3x107"" (SES)

4 orders of magnitude improvement — a rare opportunity!

01/16/2020 Manolis Kargiantoulakis | Precision Muon Physics at Fermilab

“.Nuclear Recoil

\

y

Conversion process
normalized to nuclear capture

2% Fermilab
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History of CLFV searches JAAN ‘2.

1
- 10 VV O Bernstein, Cooper, arXiv:1307.5787 [hep-ex]
g o v i— ey
’4 — [
— v v e [l — 3e
-5 |
107 & io = uN — eN
107 [ \ %
| \£ SINDRUM II
o - \ 4 DOI: 10.1140/epjc/s2006-02582-x
10- [ O
B v MEG 2013
F U+e* ¥.. oo u X arxiv:1303.0754
10" = E =
— ® o - - w A/
103 |— v
- “Two-neutrino
10"° | hypothesis”
— VvV £V
10-17 — U €
10-19_llllllllllllll|llll|lllllll|l|Illl|llll|lllllll
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

& Fermilab
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https://arxiv.org/abs/1307.5787

History of CLFV searches AN

1E
- 107 — VV O Bernstein, Cooper, arXiv:1307.5787 [hep-ex]
g o v ey
q — ]
— v €V e [l — 3e
-5 |
107 io = uN — eN
107 k
| \ A SINDRUM i
. — \ 4 DOI: 10.1140/epjc/s2006-02582-x
107 = n
MEG 2013
— u#e* v ¥.V. o N arxiv:1303.0754
107 = o m v w
— ° o O O
10" — v [
__ “Two-neutrino V' MEG Upgrade
1071 |- hypothesis” 4 orders of magn|tUde ® PSL MUSIC
- vy, |in next-gen uN — eN @ Mu2e, GOMET
1077 =
— Future upgrades [
-19llllllllllllll|llll|IIII|ll|l|llll||lll|llll|ll
10 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
« Dramatic improvement in next generation experiments, especially uN — eN
¢ EXxploring unconstrained phase space favored by many New Physics models

£& Fermilab
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M— e conversion processes

M Mu
{e

Effective
Lagrangian:

mll /‘l.

(14 1)\ (14 K)A

- / —
h'd Y

“Loop” “Contact”

Lorpy = figo e F" +

5 fiLype(Uy" g + diy'ay)

g

/\: effective mass parameter
K. relative strength of loop- and contact-dominated terms

Loop terms:
e Also mediate

u—ey

Contact terms:

* Only mediate
uUN — eN

01/16/2020

%0 N
T T
W : g J e u' @ e
q
q

q
q

Supersymmetry Heavy neutrino

u e " . q u 4 e
Z,Z
L Y
q q d ® e 9 * 9
: New heavy bosons/
Compositeness Leptoquarks anomalous couplings

2% Fermilab
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Connections to g-2 JAAN ¢ j e

Effective [ m, w
. = 7. €LF!
Lagrangian: T A HROjuEL
- /
Y
“Loop,’

Unsurprisingly, “magnetic dipole”-like operator relates to Muon g-2

- The CLF-violating part of any New Physics that b et o 1912 041653 (ep
modifies g-2 would give Mu2e events

-----

- MEG constraints then already limit A~800 TeV, !
or NP not very CLF-violating X 5 X" b

2% Fermilab
01/16/2020
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Physics reach

M - o8 F" + i
LRU 111, €
(1 —)—/;)/\2/ / (1+1)A

LoLry = 5 fiLyeL Uy up + diy'ap)

5%x104 S v
A. de Gouvea, R. Bernstein, D. Hitlin

MuZ2e improves
sensitivity in all New

/\. effective mass : :
Physics scenarios

parameter
1x104 | MuZ2e

Effective mass scale

K: relative strength

of loop- and 3000 BuN-eNon AD>6x1077 = ragch up to 10 TeV,
contact-dominated ¢ well beyond the direct
terms z reach of current or
future colliders
wol *\\\\B(;1—>ey)>6x10—14
500 B(u—ey)>6x10713 \_ B(uN-eN on Au)>7x10713
Excluded (u—ey) \\\Excluded (uN-eN on Au)
- MEG ‘. SINDRUM-II .
H € \ H €
v |
q - - q 0.01 ‘ 01 ' 1 o 10 ' 100 q q
Loop-dominated ™ Contact-dominated

These “golden” search channels provide complementary sensitivity to new sources of cLFV since the relative rates depend on the details of the underlying new physics model.
Thus, it is important to pursue a programme with experiments exploring all three p — e cLFV transitions to maximize discovery potential, and, in the event of discovery, to help
differentiate the various BSM models through a comparison of the rates.



The Fermilab MuZ2e experiment Y AN 2

Scheduled to start after Muon g-2,
currently in construction phase

To achieve 4 orders of magnitude improvement, Mu2e must:
» Create world’s most intense muon beam

* Identify 105 MeV electron with high precision

» Suppress all possible backgrounds

£& Fermilab
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MuZ2e solenoids: Production Y AN “Z z e

Creating world’s most intense muon beam

Production Proton -
: beam .*
Solenoid e

-
-
’-

74

Production’

System of 3 functional solenoid units
« X104 improvement in i production per p

Production solenoid:
8GeV pulsed beam, 1.7 us between pulses
~7x%1012 protons/s on tungsten production target

£& Fermilab
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MuZ2e solenoids: Transport AN

Creating world’s most intense muon beam

Production 'Ere():r)ﬁ L.
Solenoid e
- Transport

Solenoid

Production Target

Muon
Stopping Target
S-shape solenoid eliminates line-of sight
backgrounds.

Curvature drift and collimators select sign
and momentum of muon beam,
transport to stopping target.

A
L= Fermilab
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MuZ2e solenoids: Detector

Creating world’s most intense muon beam

Production Proton .” Detector
. beam .* .
Solenoid . Solenoid

-*”  Transport
ARRR R RN "‘;!_.:IL Solenoid
- '.\ G d’

Q’

4 /4 f\\

@/

Production Target

Muon Tracker
Stopping Target

Muons stopped at Al target
1010 stopped /s, ~1018 total over 3 years : INEL
— World’s most intense muon beam 1S Orbit o by

Lifetime = 864ns ‘~.[\‘Juclear Recoil
Detector system must identify and reconstruct a 105 MeV \
conversion electron, while rejecting backgrounds from 3

conventional processes
4& Fermilab
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Background process: Decay-in-Orbit (DIO)

Michel spectrum of Ee after free muon decay, or modified in field of nucleus

2 :
s E,(max) = 2™ 558 MeV
= [Free muon decay 2m,
> = UV w. )
S F A@ T e
S v
<t
= V..
. 178 O
- 10 shape e Conversion electron
- energy far from
- @ Michel peak
» | l | | | l | | | | | | | | | | I |
0 20 40 60 80 100
Electron Energy (MeV)

& Fermilab
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Background process: DIO AN

Theory Predictions After Reco Acceptance+ AE+Resolution
2 E . L E .
> E — DIO Prediction > F — DIO Prediction
s F . . = r . .
20° — Conversion,R _=10"°|  HoL Conversion, R _=10""°
> E ue " E ue
s E o E
a8 rC 8 C
= s
<I>)|02'5_ goz:
W E W E
zZ r < r
- (E E.) :
1L conv e 1L
10" 10'g
1025r 10°
10-3-lllllllllIllllllllllllll | I | 10-3—llllllllllllllllllll llll L1 1
100 101 102 103 104 105 106 100 101 102 103 104 105 106
Czarnecki et al., Phys.Rev.D84:013006,2011 e Momentum (MeV/c) e Momentum (MeV/c)

Szafron and Czarnecki, 10.1103/PhysRevD.94.051301

Nuclear modification pushes DIO spectrum near conversion electron energy
Overlap after energy loss in material and detector resolution

DIO electron only differs from signal through its momentum
— Low-mass detector with good resolution needed

JE :
3¢ Fermilab
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Straw tracker

5mm diameter straw drift tubes
Ultra low mass, minimize multiple scattering and E-loss
Same construction as g-2 straws, just longer

120° panel of 2x48 straws, two staggered layers

& Fermilab
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Straw tracker AN

3 panels for 360° ring
Repeating in successive staggered planes

for optimal trajectory reconstruction

< 3270.0 mm >

(e

<+— 1620.0 Mm —

21,000 straws over ~3.3m — high segmentation

Resolution <180 keV @ 105 MeV , <0.18%

JE :
3¢ Fermilab
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Straw tracker

3270.0 mm

(i

!! ll

<+— 1620.0 mMm —

Straws

| Reconstructable Vacuum, no |
No hits tracks detector material
>
.E '
] . .
g0 M, Hole-in-center annular design
8, Tracker is blind to nearly all DIO spectrum

Only e with p7>~90 MeV have reconstructable tracks

O 80 | 100
Electron Energy (MeV)

2% Fermilab
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Calorimeter

105 MeV e from
stopping target

01/16/2020

Tracker followed by calorimeter
~1,350 Csl crystals arranged in two disks
Redundant E, t, position measurement to tracker

Calorimeter information can be combined with tracker
- Remove backgrounds, guard against mis-reconstruction

Tracker straw hits

Calorimeter hit

2% Fermilab
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Cosmic backgrounds

= U 105 MeV e could have
YA AL A N\ e been generated from

. WNScae = cosmic event!
cosmic y =S

Cosmic ray veto system encases
PS and downstream TS

4 stacked layers of extruded
polystyrene

99.99% efficiency requirement

& Fermilab
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MuZ2e time structure AN

0.08 & X

007 = 3x107p POT pulse

E n arrival/decay time ( x 1M )

>OOE" Prompt bckg w arrival time ( x 400 )

0.05 = u decay/capture time ( x 400 )

0.04

0.03F

0.02 —

0.01 B Signal window

O~ 200 400 800 800 7000 1200 1400 1600 1800
Time (ns)
Several prompt background sources could give 105 MeV e
T Example:
Characteristic: pion lifetime 26 ns T _
Radiative pion capture
Concept: Simply wait for prompt bkgds to decay a7 N - vN
- Delayed signal window by 700 ns V > e e
* Proton pulse period 1695 ns
* Muonic Al lifetime 864 ns
Time structure eliminates prompt backgrounds
3£ Fermilab
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Background budget o (&

Expected total number of background events from each source,
over entire MuZ2e:

3 years at 1.2x1020 protons/year (8 kW beam power)

Background process Expected events
Cosmic ray muons 0.21 £+ 0.02 4+ 0.055
Intrinsic DIO 0.14 £0.03 £ 0.11
+0.004
RPC 0.021 = 0.001 4 0.002
Prompt, late-arriving Muon DIF < 0.003
Pion DIF 0.001+ < 0.001
Beam electrons (2.14+1.0) x 104
Antiproton-induced 0.04 £ 0.001 £ 0.02
Total 0.41 + 0.03 (stat-+syst)

Expect <0.5 background event in 3 years
Any observation will be strong evidence for CLFV

£& Fermilab
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Signal sensitivity AN

1 [ B CEL ER LR 1
0ol Mu2e sng(l)ulatlon m Conversion R,e = 2 x 10~16
L 3.6 x 10° POT
0.8 |- | —+ Total background (stat+syst)
§ 0.7 B ‘ 1 m DIO background
% ot Other backgrounds
Yo 0.6 -
o) R
= har ol 1
@ 0.4-—
=
© 03
m -
0.2
0.1 /
0 === b ey .
102 103 104 105 106

Track momentum, MeV/c

Expectation of 7.5 events in sighal window against 0.41 bkgd events:

50 discovery sensitivity at Rue=2x10-16

* orders of magnitude beyond currently constrained
 Single-event sensitivity at Rye=3x10-17

— Real discovery potential

& Fermilab
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Lepton number violation search

Tracker straw hits Calorimeter hit

Note charge symmetry of detector
Reconstruction of et as well as e-

Allows Lepton Number Violation search p~N — e*N’ with AZ = 2

Guaranteed to occur if Majorana neutrino
Complementary measurement to OvGg

& Fermilab
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Status

All solenoids and sub-systems currently
under construction

* Several components successfully prototyped,
or already delivered and being tested

Solenoids are schedule driver

Commissioning expected in 2022

TS coil module

CRV module

& Fermilab
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Outlook - CLFV AN

Our sensitivity to CLFV will improve by orders of magnitude in

next few years
- MEG-II, Mu3e-I, COMET-I, Mu2e

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

2e-1l with PIP-II
Sensitivity: 10 10" 10 10"°
Mu3e Phase-| _
Sensitivity: 10™ 10" 107 10" or smaller
Pursue options for a follow-up experiment :
Sensitivity: 10™ 10" or smaller
2010 200 203 203
Data Taking )
- (Approved Experiments) - Proposed Future Running

arXiv:1812.06540 [hep-ex]

A very well motivated set of searches with real discovery potential

& Fermilab
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Outlook

[

What if g-2 or Mu2e observes a signal?

/" It’s RPV

It’s MFV
SUSY!

SUSY!
@l

It’s Randall-

Sundrum!

01/16/2020

* Hugely important input for BSM

« But limited information on exact

nature of New Physics

A\
\ It’s .
Anarchlc' | \
It’s .
anthropic!. ¢ GOMplementary input and more
sensitive future searches needed
| ‘b - Complementarity with other CLFV,
% . _
e neutrino programme, ...
10 Littes R. Bernstein
Higgs!
$& Fermilab
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- - - H Mu
Future precision searches at Fermilab P AN ‘5.

R,.(Z)/R,.(Al)

Mu2e-Il, evolution to Mu2e A deGouvea R Bemstein, D. Hilln |
- improving sensitivity by extra order of magnitude - Mu2e-lI
- Most sensitive CLFV probe for foreseeable future L B o A M u2e

Powerful in any scenario, PAC-endorsed

V. Cirigliano et al., phys. Rev. D80 013002 (2009)

ol 3
| 'Y v Model discrimination on )
| M underlying physics by I o Bepeeio™t
d A comparing CLFV rates on | )
2 LA AIN . . | _ g .
| NN SN N different stopping targets, 500 - Blu—ey)>6x10~13 \_ B(uNoeN on Aw>7x10713
Jt ¥ e ﬁ..: S A A - Excluded (u—ey) \\\Excluded (uN-eN on Au) -
1 Vf"' ' =1 D channels - MEG ‘. SINDRUM-II
-e'J - S \\\
20 40 7 60 80 .

Several other ideas for PIP-Il -era precision science

- Storage ring EDMs
- Future CLFV all-channels, lepton flavor universality

- Fixed target Dark Matter search

& Fermilab
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Summary JAAN 2

Precision Muon Physics:

A powerful tool with unique advantages
Fermilab a global leader

Muon g-2, Mu2e: two of the most sensitive tests to SM

Landmark results expected soon, and over next years

Stay tuned!

Muon g-2
1st publication :
ﬂ o 1xBNL stats) || (3% 10X BNLstats) Final
CYis > CVie > cv20 >  Cv2i >  cv2 g

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

pPN->eN
(7x10™)

Sensitivity: 10" 10" 107 10"
1
(1x10™) Sensitivity: 10™ 10" 107° 10" or smaller
p>ely “ Pursue options for a follow-up experiment
(42x10%) | FS—— 107 ‘ 10" or smaller
207 207° 2070 20%°
- :?Aa;;r.tr)av'g;gExperiments) - Proposed Future Running
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Extra slides
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g-2 Fermilab beam Y AN “Z Z e

Creating the Muon Beam for g-2

« 8 GeV protons

- Divide in 4
bunches .
- Extract each to strike target

Recycler Ring

' . ‘ 1063 ms
““"r 16 Shots /1.4 s

- Magnetic lenses collect t > uv

2N < . p/mn/u beam enters Delivery ring -

protons get kicked out; pions decay
away
« And only muons enter storage ring

Number of muons

o s s

§

00 24800 24900 25000 25100 25200 2530
ct

‘ BB X2 N Muon Campus
Intensity profile is 120 A , A [N M..F-)

ns wide with “W” Ay N e
shape

£& Fermilab
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Beam to Muon Campus

mm= M1 Line _
we AP-0 TargetH al P
m— M2 Line . T
m—= M3 Line APSO .
== Delivery Rin ‘. ! s
— Deliv:yy Ring AbortLine , : \ AP10 Detector, g _
m M4 Line Delivery Ring IlaII:;I‘.' <

M5 Line Abort Line
ws MC-1 Experimenta Hall
we Mu2e TargetH al

' Mu2e Detector Hall

Mu2e
Target Hall

_— A MC-1
APO P p - ‘\ Experimental

-3;951;;~.,_ f!ﬂ?"',-:; o
--..:::liiz-_;.-‘MI's Line . = R
— pJ| ——— —_—— =" /;ﬁ"' .
F23 F27 S -:“-4-'_ — /,:.,,/ \
F2 = Vi
e f
|

& Fermilab
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Inflector

Inflector Body

Central Orbit

Injected Muon
Beam

Fixed NMR
Probe

uon Vacuum Chamber
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Storage ring field

[

Through bolt

360 mm

i
'

B

A Iron yoke B&\\\\\\\\\\\\\\\\N

Outer coil —

1570 mm
&
Spacer Plates

Upper push-rod
slot \E :

///

NARR

[

“Back-leg” )

Shim plate

‘j— Inner upper coil

<=—Muon bea Poles

Inner lower coil

—_
To ring center

01/16/2020

' 4.097592E +000

1 NMR probes

(

2% Fermilab
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Field JANN

Absolute field calibration in great shape

Same BNL H,O probe, also used in LANL muonium hyperfine compared to our
new probes

We developed a new cylindrical plunging probe (smaller shape corrections)
We developed a new He-3 standard probe (smaller corrections)

We built a dedicate cross-calibration facility at ANL to make all tests under
highly controlled conditions —

:::::
¥ =
L

st Facility

‘ o
—

Developed He-3 as
a new standard

& Fermilab
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3) There are also challenges:

Reminder of Injection and storage components because
that’s where we are not yet optimized

We would like to put in new

Open Ended next summer to
increase the Rate by 30%

M

Q4

We continue to improve
this challenging system to
increase Kick

radially centers beam

15-28 kv

Q2 vertically focuses beam

2

Q3\

Collimators

Working on increasing max Voltages

and adding Novel RF system for
scraping and CBO reduction




3X Kicker Pulse Shapes

Kicker B-field vs. Time

= K1 Measured (2017-09)
mes K2 Measured (2017-09)
= K3 Measured (2017-09)

= The (magnetic) Kicker needs to create a ~11 mrad

T L1 deflection of the incoming beam on the first turn,
and then “get out of the way” before the beam

returns. This is an engineering challenge that was

o © o o
N IS o ®
) ! 1 A

Kicker B-field Magnitude (a.u.)
o
o

. o O never fully realized for BNL ... and not yet for us.
Time (ns) ) - x‘:somm'“:&‘m ,r,],Tr,)‘._rrIIYr'I11wr:mw
og e | o
.‘g « Strength: 148 kV ' E i
S 0.6| —=— Strength: 149.3 kV M ! —
> o Strength: ~154 kV 4 ' :
© +— Strength: 148.6 kV | .
o 0.4| —— Strength: ~160 kV | ! —
Z 3 ; -
0.2f -
-40 -30 -20 -10 O 10 20 30 40
. . . . . Raditfs [mml )
If the kicker voltage is set too high, These are distributions of the beam in
current-carrying cables can burn so we  the +45 mm radial coordinate. It’s well
had to back off a bit to avoid that. contained, but not quite centered. The

colors represent different kick strengths

Important takeaway for now. We can live with
this. We just don’t like it



During Run-1, 2 of 32 HV resistors on the Quad plates were flawed.

This meant they did not stabilize prior to “fit start time” and thus ...

. . . . HV's from measured plates (13.1/18.3kV)
» Vertical Muon distribution mean moves down by 0.6 mm ————_4 =

- We are investigating its impact on w, extraction

oo | 30us

» Muon Loss fraction ~10x greater than Run 2

 This can cause a “phase shift” if the lost muons have a
different average phase compared to the non-lost muons.

O QILT measured

seeee StartOf o o1 0 Q1LB measured

; — QILT nominal
o F]t o o= -+ QILB nominal
EXAMPLE of how we approach determining the Muon Loss impact |77 RedandblueQuad """"""""
1.  Determined Momentum-Phase correlation in Stored Muon distribution from Simulation AND plates_chau:ged.rup_,_h
directly b}{ a special measurement where we exaggerated the effect significantly. This is
known ‘well. umm;, 200 250 300 350
2. Determined Muon Loss Fraction in context of Precession fits. This is known well.
3. Determining correlation between Lost muons and their momentum. In progress.

- We made a special systematic run to bias the momentum distributions high and low to test ML rate
«  Multiple beam storage simulation programs being tuned to study lost muon event momenta

4, In the end, we take the most conservative information to estimate the systematic.

(Remember, this was a Run-1 problem only. These resistors were
replaced before Run-2




Non-perturbative QCD dominates SM muon g-2

(1]

u n Ce rta i nty. Contribution a, [x10-11] éa, [x10-11]
QED incl. 4-loops + 5-loops 116 584 718.86 | 0.03
Largest source of SM error [—> [hadronic LO VP 6 894.6 32.5]
hadronic LbL 103.4 28.8
Optical Theorem Hadronic HO VP 87.0 0.6
Im l_[had(qz) N ahad(qz) 2 Weak to 2-loops 153.6 1.1
Theory 116 591 783 43
Im. N Experiment 116592091 | 63
y Inclusive hadronic final The. - Exp. (4.00 difference) | -306 76
state cross section am 2 ) dS A
Analyticity Cl::ad' LOVE s f4 ) 5 R (S) K (S)
Y & 3T "z §
(LO HVP) Optical Theorem [f:rnlg\:t::‘neirg?;: data]\
U(e*e" — hadrons)

R(S) - »(4310{2 /35)

£(s) =22 [ v =)
( ) m’ fod x2+(s/mi)(l—x)

Amplifies low energy u
o(e*e=¥»hadrons) .

[o(e*e'-)u*uﬂ

at tree level

[1] F. Jegerlehner, arXiv:1804.07409 [hep-ph].



Work continues on improving the precision of
Initial State Radiation (ISR) method:
a had. LO VP
u [ J

Direct Scan Method: (suitable for Phi- and B-factories)
e e

2 -
value (error) q
o0 m 1 m
” . 1] ' hadrons hadrons
1.4 0.6 go Y q q
had.LO VP 0.6 e e QED process that lowers
a, ' 1.4 (1] JISR effective CM energy
0.9 o(ete=Pn*i) contributes the | B rToTTTTTTTTTTT
most to the value and error e ot el e et 36041 132 e
100 [ T T T ! ! L ' ' |Full hadronic R ratio
xR —— Direct scan only: 370.77 +2.61 +——»——i
wtnn
10? KK —
:‘:-z.::- — ——3 KLOE combination: 366.88 +2.15 +—=
1F sKL
K:mr{  — BaBar (09): 376.71 +2.72
0.1 L Kk —
- ! (' rtn nono),lo,_‘ I
o (“4,!_"."_,}';" — BESIII (15): 368.15 £+4.22 +——&—
0.01 B 2::(8 |
| n‘{_ PR S S S PR SR SR SR R SR S S S N S S S S S S S S S S S N
0.001 - (,,’f'L-",:S‘jé,fé,j‘f; mmmm 360 365 370 375 380 385 390 395
o — a ™ (0.6<Vs<0.9GeV)x 10" »
0.0001 n’on;n:)n'n’n'
(L "o’novm — 0.4 N s:::m —a— au"""(o.es s‘so.QGeV)=(369.:1z1.32)x10"° 11400
combinaton +—8—— Global V(3* pe/d.0.f.) = 1.30
1e-05 03F s - 11200
0.4 0.6 0.8 1 1.2 1.4 1.6 18 [1] o
Vs [GeV] = ol T {1000 £
. . . 2 Oét . Oe’e - x'x) :t::
From a recent hadronic VP contributions to muon g-2 workshop!?: s 800
. 0.1f
* Belle Il studying an e*e=» ' measurement (Maeda Yosuke) % }& {600 e
* BABAR working on e*e=» ' measurement using full BABAR data set 0 } 400 %o
(Michel Davier) o { fi200
* BESIII preliminary e*e=»rtnn®, mtm2n®, and ' 3n® measurements n : n , 1 0
. . 0.6 0.65 0.7 0.75 0.8 0.85 0.9
(Christoph Florian Redmer) Vs [GeV]

[1] A. Keshavarzi, D. Nomura and T. Teubner, Phys. Rev. D 97, no. 11, 114025 (2018) do0i:10.1103/PhysRevD.97.114025 [arXiv:1802.02995 [hep-ph]].
[2] Workshop on hadronic vacuum polarization contributions to muon g-2, KEK, Tsukuba, Japan, Feb. 12t to 14t (2018):



X —

BNL muon anomaly measurement and SM prediction

differ by greater than 30.

B u, d, s, and c contributions
A u, d, and s, contributions
I uandd contributions

incl. ISR --=-=-=-=-=-=--- [1]

DHMZ10 (eTe™)
180.2+4.9

DHMZ10 (eTe +71)
189.4+ 5.4

JS11 (eTe +7)
179.7+ 6.0

HLMNT11 (e7e™)
182.84+ 4.9

DHMZ10/JS11 (e"e +71)
181.1+ 4.6

BDDJ15% (ete +71)
1704+ 5.1

BDDJ15* (ete +71)
175.0+ 5.0

DHMZ16 (e7e™) i 3.6 o]
181.74+ 4.2

FJ16 (e7e +7)
1776 £ 4.4

e (3.3 o]
i (3.6 o]
|—e—| 4.8 o]

|—e—I [4.2 o]

excl. ISR
DHea09 (e*e™)
178.8 £ 5.8
BDDJ12* (eTe +471)
1754+ 5.3
* HLS global fit

experiment
BNL-E821 (world average) 2 , :
209.1 + 6.3 HLS best fit

e —— Ne=2+4141 - ob-mmmm o= -
—— HPQCD 16
666 + 13
k i ETM 15
678 + 29
i ETM 13
674 + 28
b ———— N.,=2+l —_——r e - ————
A RBC/UKQCD 11
641 + 46
&= Aubin+Blum 07
748 + 21
—a— Aubin+Blum 07
713 £ 15
b Ni=2 bt
L Mainz/CLS 16
652 + 35
iy Mainz/CLS 11
618 + 64
—t— ETM 11
572 + 16
H 688.77 + 3.38 e*e &t data
600 650 700 750 800 af,m’ - 1010

Work continues with LQCD auhad- LOVP calculations

1020 20
a,,%10'-11659000

Historical e*e” and t data discrepancy resolved by including
effects such as p—y mixing (important isospin breaking
effects): DHMZ10 (e*e” + t) does not have p-y mixing
correction

BDDJ15% excludes while BDDJ15" includes BABAR r*rr data
If central values do not move, achieving Fermilab error
goal will lead to a greater than 50 difference 30

[1] F. Jegerlehner, EPJ Web Conf. 166, 00022 (2018) d0i:10.1051/epjconf/201816600022 [arXiv:1705.00263 [hep-ph]].



Muon electric dipole moment (EDM) will tilt the spin
precession plane.

[1]
* Muon EDM will violate P, T, and CP

symmetries.
 Experiment only measures one precession
frequency!
* Toagood approximation, w is parallel to B
and cBn points radially in the storage ring.
Straw Tracker Detectors can measure a tilt in
the spin precession plane.
o From a radial or longitudinal magnetic ;
field component. X ; ; , qn‘u/jB
o From a muon EDM. w = \/a)a +a),7 =~ |0 +
o Atiltinthe precession plane leads to an V 2m

up-down asymmetry in the positron B-field contribution dominates

angle. over E-field contribution in
storage ring.

—_

/AP 1 BxE- g E 5 =
C

-1 +[xB

@=@4ﬁlz )
“2m\ c

a 7 u u

mi| “oy ol

42
[1] J. Grange et al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics.ins-det].



CLFV

Ordinary muon decay conserves lepton flavor:

u —e v, v,
L 1 O 0 1
| 0 1 -1 0

e

Violation of charged lepton flavor “forbidden” in SM

Loophole: neutrino oscillations 1
« Some CLFV must occur
« But rate is vanishingly small, <10™°

BR(p —ey) = ?% z=Z2:3 U,:U ZA]\Z:?EZ <10
Any CLFV observation would be evidence
that rate is enhanced by new physics )
« A search for rare forbidden processes at the M Xo ¢
Intensity Frontier i )
« Complementarity and synergy with LHC e /6/
1\’71 y
H X0 €
: : : Wi _
- The charged-lepton analog to neutrino oscillations! YU
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Tracker from-end electronics

Electronics volume 71<r<80 cm Digitizer
e 0On every panel inside cryostat mezzanine card

Readout at both ends of straw,
preamp and digitization

Drift time resolution:

2ns (100um drift radius)

Time difference resolution:

4cm along straw axis

ADC for dE/dx measurement to
identify highly-ionizing proton hits

Requirements:

Digitizer
mezzanme card

Supply HV to straws (and remote disconnect)
B-field perturbation <1G in active detector region
Low power <10kW within cooling capabilities
Sustain radiation damage from target

<12 X96 dead channels in 5 yrs at 90% CL

& Fermilab
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Tracker analysis AN

From individual straw hits in tracker we need to:

¢ Remove background hits
¢ |dentify hits from single particle (pattern recognition)

¢ Reconstruct particle's trajectory (helix fitting)

Signal electron + all hits over 500-1695 ns window

Detailed G4 model: straws, electronics, supports, B-fields

2% Fermilab
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" M Mu
Tracker analysis P AN 4 5_@

momentum resolution at start of tracker (simulation)

. L2
W XY trlﬂ\ Eﬂ 0* -
3 o F
: S [
- o
- 2103 3 Core width = 159 keV/c
: -
3 W
1o0f- ’ 102
200} Tracker : I'Nﬂu b
o hits ) ﬂ'l‘ww” |
_4005— 10¥|(m |
~5%056"40 300 200 100 0 100 200" 300 400 500
. g : U
Helix fit, least squares fit, followed :
byiterative[(_a[man_ Filter track fit W NS S S NS e | A |

2 3 4
p -p.  (MeV/c)

measured = true

Tracker momentum resolution requirement:
ap/p<0.2% for a 105 MeV electron, or ap<180 keV/c

£& Fermilab
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PIP-Il beamline for MuZ2e-II
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