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Checked Before Talk

= | hope no interruptions!

Installing: Office 2011 14.5.3 Update

Overall progress

4

Checking occurs only when you are connected to the Internet.

Check for Updates
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Problem with Review Talks

| will do both of these

R. Bernstein CTEQ Summer School 2015 Muon Physics 4




i
| Y
Wi a}'e I'.I.%‘fa i3

many of these are dead. Hmm...
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Big ldeas | Want You To Get

= Muon Physics spans a lot of interesting physics
= [t's mostly about precision tests, but not just
= [t can open windows that may be closed to colliders

x Charged Lepton Flavor Violation and g-2 are Nobel-
class physics perhaps best studied with muons and
you should learn about them.
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Today/ Tomorrow

® [oday: precision experiments, mostly at PSI
= muon couplings and properties
= proton charge radius puzzle
® Tomorrow: precision and searches, at PSI and FNAL

x g-2, and charged lepton flavor violation

R. Bernstein CTEQ Summer School 2015 Muon Physics {
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Muon facllities
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Why Am / Giving This

| ecture?

= Good question

CONTACT

Email: rhbob@fnal.gov
Phone: (630) 840-2035

MY FAVORITES
Recent:

Reading: H is for Hawk, Helen
Macdonald

Mowies: Mushi-Shi and Serial
Experiments Lain (anime)
Attempting To Play: Allegro

= MIT '76, PhD Chicago ‘84 in search for direct
CP-Violation in K, Columbia Post-Doc, FNAL =

Lecture on Mu2e

Useful Links:

d (naturally)

= Deep-Inelastic Scattering in Neutrinos
x CCFR
= Designed and Co-Spokesperson of NuTeV
= famous post-doc Donna Naples of Pitt
= Neutrino Oscillations (MINOS, NOvVA)

x Mu2e, muon-to-electron conversion co-
spokesperson 2007-2014.
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| am working on a charged lepton
flavor violation experiment, S
wrote a blurb in Symmetry about

an amazing experiment which | joined
when | realized | didn’t know anything
about the techniques, it was terrifically
hard, and the physics was incredibly
important. It fits nicely with the other
experiment I'm working on, NO
which  will search for ne 0
oscillations, another kind of lepton
flavor violation.

| also did an experiment in the 1990’s,
NuTeV, which measured an anomalous
va[ue of the weak mixing angle, a key
parameter of the Standard Model.
People haven’t figured out how we did
that yet but it got my h-index up fairly
high and it's keeping some theorists
gainfully employed and off Wall Street.

After looking around and realizing
managing large projects and running
large organizations was a discipline
worthy of study, and that physicists
had no idea how to do either, | got an
MBA from the University of Chicago in
2006. One thing | learned is that
running R&D organizations is a total
mystery to academic researchers. hah...

Most of my non-existent spare time is
taken up walking my Samoyed dogs,
Maverick and Lucy. I've shown one,
Toby, aka Mithril-Sylvan’s Soliloquy
(think Hamlet and a lot of barking), to
an AKC championship and a bunch of
other titles. When I'm not fussing over
them I'm pretending to play cello.

o

*Oscar Wilde, Lady Windem

ROBERT BERNSTEIN

If 1 knew what | were
doing it wouldn't be
research

A combination of
incompetence, ignorance
and indifference is almost
always a better
explanation than
conspiracy

Incompetence is like a
fractal: it appears
identical when viewed at
any level of the hierarchy

* Pressure transmitted to

the top of a hierarchy is
transmitted undiminished
to every part of the
hierarchy

Brute force has an
elegance all its own

Good, fast, and cheap:
pick two.

The world would be a

better place if all tweets
had to be in haiku.

re’s Fan, Act 111

(certainly not for my web page design skills)



OK, you know who | am
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What About You?

= [heorists?

® Students?
= Experimenters?

e ?
» |ntensity Frontier? » Post-Docs*
= Muon?

% am | going to discuss your
WOork?

x Cosmic Frontier?

= Energy Frontier?
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Outline

»x \\Vhat is a muon and how does it fit in the Standard
Model?

x Properties of the Muon
» Probing the muon and probing with muons

= muon decay, muon couplings, g-2, charged lepton
flavor violation
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Historical Note

» Yukawa predicted a particle that bound protons and
neutrons in 1935 with a mass ~ 100 Me\V/c?

x Neddermeyer and Anderson (Phys Rev 51, 884 (1937))
see minimume-ionizing particles:;

new particle?

Figure 2: Distribution of fractional losses in 1 cm of platinum.

R. Bernstein CTEQ Summer School 2015 Muon Physics

13




Remember this IS mid-1930s

= Do we believe dE/dx?

= Do we believe guantum mechanics?

= [his was not a clear, linear process!
= N0 theory predicting a new particle and a machine to build it
= gmbiguity at every stage

= How could they cinch it in the days before 507

= \\Vell, we do believe Maxwell's Equations

R. Bernstein CTEQ Summer School 2015 Muon Physics 14
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Discovery of new Particle

If it Is taken that t
lonization density
Inversely

as the velocity sc

rest mass of the particle in

he
varies

uared, the

guestion is found

approximately 130 times the

rest
mass of the elect

+25%

to be

ron.

hitn://iournals.aps.ora/or/odf/101103/PhvsRevs2.1003  Otreet and Stevenson, 1937
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Experiments We'll Discuss
loday

* MLoR A ons: = Probing the Muon:

= Muon Capture: MuCap x | ifetime and Ge: Mul.an

x Deep Inelastic Scattering Decay Parameters:

and PDF; EMC/E665 T

= Proton Charge Radius: \1agnetic/Electric Dipole
muon lamb shitt and Moment: g-2 at BNL and
MUSE at PS ENAL

R. Bernstein CTEQ Summer School 2015 Muon Physics 16




Tomorrow

®x Charged Lepton Flavor Violation

= Decay: MEG and Mu3e at PSI
U — ey, U — 3e(noneutrinos!)

® |nteraction and Properties:
Mu2e (FNAL) and COMET (J-PARC)

uUuN-—-eN
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Groundwork

®x [rst we need to establish some basics:
= decay modes
= spectra

= angular distributions
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Muon Decay 101

x Main Decay Channel: HL —e Vely

e

>s ‘U_ 7a(1_7/5)
ik Gym, \O/
P ~ 2.2 lisec

= 3

I
|
<Ve
I

I v,
: - _ polarization
— : L
S sisisasissss H =5 € isimportant
V,—»
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Muon Decay 201

B — e Vel 5
7

» |0 the Standard Model, &« i
it

€

Gimi 3 :
sisss dW = ——[2&°(3—2¢&)| x[angular and spin]d(2
this is really 3xX2'mw

nsiderabl 1
considerably.  n(e)=26*(3-26), | nie)de=1
Mmaore 0
complicatea .. E
and we will s
Qome back to S
it with TWIST E o =—t——"=5)8MeV
Zmu
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A few points to keep In mind

Energy

x This is a simple, precise BliSifalelViile]a

1 dN o835

prediction NdB o
= [herefore it should be o0

precisely checked, e

possibly revealing new i

iInteractions : |

E

x And we will use it n(e)=2¢&"(3-2¢)

extensively, so please ,

keep this in mind Michel Spectrum

L. Michel, Proc. Phys. Soc. London A63,514 (1950)
R. Bernstein CTEQ Summer School 2015 Muon Physics 21




Muon Decay 301

x Angular Distribution (will need this later)

”’Z(Zﬁ) - ﬁwe)(l IO
2¢—1
a a~ay
() =4q 3— e

® Higher momentum electrons tend to be
along muon momentum (remember for g-2)

R. Bernstein CTEQ Summer School 2015 Muon Physics 22




Now Look for Deviations

= Does the muon decay as we expect?

x Before examining experiments (muon detectors) let's
discuss muon beams

R. Bernstein CTEQ Summer School 2015 Muon Physics 23
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Surface Beams

T — 1V

x Surface beams: bring pions to rest; decay
Kinematics give p,= 29.8 MeV/c

= how much material do you need to stop a 29.8
MeV/c muon?

[uy

start at 10-20 MeV cm?/gm
and climb up; few mm of Al

R
N
g
o
>
(]
=}
St
(<]
g
(=]
201
an
=]
|
[N
[}
[=]
3
wn

from PDG
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S u rface Beam A.E. Pifer et al., NIM 135, 39

magnets

Characteristics / S

: : muon target
= Make target right thickness,

pions stop near exit and muons . target
lose very little energy after birth: !
monochromatic
protons
= Polarization nearly 100% (100%

at birth, but some loss as exit
material)

» Can range out in very well R, =< then e \/(3 522V (AR, i)’
defined distance since
monochromatic: well defined
vertex for muon decay

R. Bernstein CTEQ Summer School 2015 Muon Physics 25
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Cloud Beams

x Pions decay In flight:
x Pions higher momentum, decay outside of proton target
= \Nide momentum range (good for many things)

®x Muons contaminated by pions, electrons

» [hicker stopping target, not well-defined depth

®x [hese can be any energy that is practical

R. Bernstein CTEQ Summer School 2015 Muon Physics 26
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wand w Beams

® Both 4* and i lose energy by dE/dx
= and eventually stop
x  will fall into an atomic orbit

® - atom, with a 1s state much closer to nucleus
than the electron

=, will not, and will quickly decay

R. Bernstein CTEQ Summer School 2015 Muon Physics 27
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Stopped and Captured

» Surface beams are positive:

= stop zt; = would strongly interact with the nucleus before
It could decay

® Surface/Stopped beams are good for muon decay properties

= collect large numbers, know initial momentum, good
polarization

x Captured muon beams are good for studying interactions
with nuclel

R. Bernstein CTEQ Summer School 2015 Muon Physics 28
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A few words
about PDFs | v

energy transferand  V=(E;" — E;)
fractional energy 3 estaissiaii in in
y=VIE"=(E® _E™)/E!

(§) iny\s_.2 0
4-momentum transfer Q° =—q° = 4Eﬂuf@ i
e

Know
X2 O fraction of momentum of nucleon
2My belonging to struck parton

R. Bernstein CTEQ Summer School 2015 Muon Physics 29




Neutrinos vs. Muons

N o< _[ O(E)o(E)dE
x Muons: measure = Neutrinos: don't
incoming flux (number, measure incoming flux;
energy) and choose often contaminations of
particle/antiparticle particle/antiparticle and
other species’
: 8

* could give talk on this but | will spare you
R. Bernstein CTEQ Summer School 2015 Muon Physics 30




Why Bring This Up?

N o< f O(E)o (E)dE
= \\Vhen measuring neutrino oscillations or neutrino structure

functions, you have to know the flux to get the answer

= End up iterating in structure functions since we only know the
product, up to much worse neutrino detector resolutions

x (Getting absolute cross-section (which you need for normalization
of structure functions) often requires separate experiment

R. Bernstein CTEQ Summer School 2015 Muon Physics 31



INn Oscillation Experiments

; : L
N o< J¢(E) sin” 26 sin” (1 27 Am’ EjG(E)dE
= can cancel a lot with two-detector oscillation
experiments, but single-detector is tough.

= Need an good detector or clean modes

= Neutrino oscillation experiments often use “quasi-
elastic” events (y=0) where all momentum goes into

muon, No nuclear breakup

» cxclusive channels for appearance modes

R. Bernstein CTEQ Summer School 2015 Muon Physics 32
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Actual DIS Muon Beam

x From E6B5S

800 GeV
protons

1097 m

Decay FODO

Figure Key
T

366m ———————————— =

Muon FODO Halo

Quad Focus

Dipole Bend
n’s
—= Quad Defocus

(to experiment)
Station

NMRE Ve H

Station Station Station ( )
‘ T ‘ Toroids

309 m — == 246m ——————=

Beam Spectrometer . J Muon pipe

A.Kotwal,
PhD Thesis

R. Bernstein CTEQ Summer School 2015 Muon Physics 33
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Muon DIS Spectrometers

EG66S

CONCRETE
ABSORBER

CONCRETE
ABSORBER

RICH CAL DC5-8 STEEL
ABSORBER

Fig. 2. Plan and perspective views of the E665 spectrometer.

M.R. Adams et al., Nucl.Instrum.Meth. A291 (1990) 533-551

R. Bernstein CTEQ Summer School 2015 Muon Physics

A view of the EMC apparatus
looking upstream

EMC

A view of the EMC apparatus
looking downstream
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What Are We Looking At?

magnetic field
-

— (magnetized)

material
target —tracking = PID—calorimeter = 5 range out

everything else
for muon ID

R. Bernstein CTEQ Summer School 2015 Muon Physics 35




s this sequence familiar?

CMS DETECTOR

STEEL RETURN YOKE
12,500 tonnes SILICON TRAC

SOLENOID
8 ~18,000A

FORWARD CALORIMETER
Steel + Qu s ~2,000 Channels

LAr hadronic end-cap and

. forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

R. Bernstein CTEQ Summer School 2015 Muon Physics 36




EXperiments:

» Decay Parameters
x JTWIST at TRIUMFE
x | [fetime
= Mulan at PSI
x |nteractions:

x \uCap and MuSun at PSI

R. Bernstein CTEQ Summer School 2015 Muon Physics
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TWIST: Angular Distributions

x Recast %

d’T 2 S
sl ntde =)
e de d(cosB) : 9'0( G S u

+%Pﬂ<§cost9 (1—e)+%5(4e— 3)

+1 O(m, / m,)+ Radiative Corrections

we only measure a term proportional to this product,

P, is the polarization

which is why we separate it out

Standard Model: p = 3,5 = %,é‘: |

R. Bernstein CTEQ Summer School 2015 I\/Iuon%hysics 38




Apparatus

TWIST Spectrometer

(cutaway view)

at TRIUMF

Beam pipe
Superconducting magnet and cryostat

Support cradle

Prop. and drift chamber
Target

- Yoke




at TRIUMF

Results

Andrei Gaponenko,
now Wilson Fellow on Mu2e

everyone’s nightmare:
blinding key got lost @&

R. Bernstein CTEQ Summer School 2015 Muon Physics 40
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p=0.74977 £0.00012 (stat) +0.00023(syst)

Re S| It g 9= 0.75049:40.00021(stat) £0.00027(sys0)
P,{ = 100084 +0.00029(stat) +72%/* (syst)

J.F. Bueno et al., Phys. Rev. D 84, 032005 (2011)

n Sam ple I_.R Sym metriC mOdeI A. Hillairet et al., Phys. Rev. D 85, 092013 (2012)

o
o
(9

Q
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o
a
©
o
a
-
»
-
&

|
I o o
o
. o o
o N N
o U O U

PDG rho ﬁ
. TWIST PmuXi

200 400 600 800 1000 1200
My, , GeV

adapted from Bayes et al. 10.1103/PhysRevlLett.106.041804
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Probing for New Interactions

= \\e can generically write new physics effects as

g

ﬁM

where g Is the electroweak gauge coupling and 4r Is a
function of old and new physics (at appropriate g?)

(I+Ar(m, .M, ,m....)

» Example: we can extract sin’Qy NuTeV (neutrinos,
but | did this...)

2 (1+Ar(m, M, m,,..))

sin“ 6., =
Y26 M2

and predict m; and mg! (way before their discovery)
R. Bernstein CTEQ Summer School 2015 Muon Physics 42




Use to look for new physics

x Recall:
1 GFmZ R :
st i (1+ AA(electron mass)+ AA(radiative corrections))
iz

u
= therefore precise measurements of muon lifetime and Gr
let you prolbe for deviations

® Cross-check every way possible: u'/u, interactions with
other particles....

» next three experiments about this idea

R. Bernstein CTEQ Summer School 2015 Muon Physics 43
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PSI (the other Swiss Lab

= Home for many of these experiments and currently
world’s hottest muon beam (but FENAL is working on this!)

Accelerator Facilities
C Cockcroft-Walton

Nuclear Physics and
Radiochemistry

a Particle Physics

Solid State Physics and
Materials Science

g
SINQ Target Hall

FUNSHNE 22222
% L
4 NAA/ PNA/
| GIA .




More Detall

PSI proton accelerator complex

eutron spallation source

High field (9.5T) uSR

GPS/LTF

%EH ¢ proton therapy,

irradiation facility

50 MHz proton cyclotron, 2.2 mA, 590 MeV,
1.3 MW beam power (2.4 mA, 1.4 MW test

operation)

Comet cyclotron (superconducting),
250 MeV, 500 nA, 72.8 MHz

R. Bernstein CTEQ Summer School 2015 Muon Physics 46




Rotating larget

Target-E design

TARGET CONE
Mean diameter: 450 mm
Graphite density: 1.8 g/lcm3
Operating Temperature: 1700 K
Irradiation damage rate: 0.1 dpa/Ah
Rotational Speed: 1 Turn/s
Target thickness: 60 / 40 mm

10 / 7 g/cm?
Beam loss: 18/ 12 %
Power deposition: 30/ 20 kW/mA

SPOKES

To enable the thermal expansion of
the target cone

BALL BEARINGS *) TABLE 1. Some Parameters For The Targets
Silicon nitride balls Meson Production Target M
Rings and cage silver coated Mean Diameter (mm) 320
Lifetime 2y Target prgth (mm) 5.2
Detail Y" 1 4 *) GMN, Nirnberg, Germany Target. Width (mm) 3 20
e ; N Graphite Density (g/cm”) 1.8

i\ Proton Beam Losses (%) 1.6
Power Deposition (KW/mA) 2.4
Irradiation Damage Rate (dpa/Ah) 0.11
Operating Temperature (K) 1100

R. Bernstein CTEQ Summer School 2015 Muon Physics Rotational Speed (Turns/s) :




Some Experimental Details

x At PSI: 1.3 MW 590 MeV p, 20 nsec rep rate; 2 uA ofu

we’ll talk
about MEG

we'’ll talk
about Lamb
shift expt and
proton radius

I FOCUS
Neutron Guide Hall
| i
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Precision Muon Physics

Fermi Constant QCD Symmetries “Calibrating the Sun”
MuSun

much of this section stolen from Hertzog, Kammel, Winter

R. Bernstein CTEQ Summer School 2015 Muon Physics 49
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Relationships:

= Mulan: stopped muon beam measuring " lifetime
x MuCap: captured muon beam capture on p
= Use precisely measured u* lifetime from Mulan

= MuSun captured muon beam capture on pp

R. Bernstein CTEQ Summer School 2015 Muon Physics 50




Principle

x Do u” and u have the same lifetime?
= free muons have to by CPT; but in matter, it matters

= 4 can fall into atomic orbit. Then

exiract
new physics here:
l — L 4 J does the muon
piHiE R interacts with
nucleus in
unexpected
we Will use this simple idea a lot ways?
R. Bernstein CTEQ Summer School 2015 Muon Physics 51



Another difference

= " can attach to electrons and form “muonium?’

® \We can then study muon-electron interaction, long
history, and we just don't have time. This is
gorgeous physics. (if we have time tomorrow)

= put they're not captured, and muonium formation
IS rare, treat u* as free
| GFmZ

x Now use what we learned before: z, 3 102 72

R. Bernstein CTEQ Summer School 2015 Muon Physics 52



not their logo §

Mul an

InN 1.0 ppm Mulan

U

U +p—>n+v,

15 ppm MuCap time

capture rate and
properties inferred

from difference
A’L'ﬂ+_u_ = 0.16%

and using lifetime from before, infer capture rate and check (4 p interactions:
1 1

Tsinglet state i T(‘U_) i T(ﬂ+)

; this tells us the pseudoscalar coupling

R. Bernstein CTEQ Summer School 2015 Muon Physics 53
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Experimental Concept;;g@\

Measurement Period

Number (log scale)

time
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Experimental Con8|derat|ons

®x (Gain Stability with time

= Control of pileup: if efficiency
varies with intensity, will distort
lifetime measurement

® Spin: dephasing will change
angular distribution, Changmg
acceptance Ey e

2

Measurement Period, TM

....Kicker Transition  \

Background Level

i L L .
0 5000 10000 15000 20000
Time relative to kicker transition [ns]

R. Bernstein CTEQ Summer School 2015 Muon Physics
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PRL 106, 041803 (2011)

R e S u ‘ tS Phys. Rev. D 87, 052003 (2013)

x Skipping over details, for which my friends will get me
later

Effect 2006 2007 \Comment

Kicker extinction stability Voltage measurements of plates

Upstream muon stops Upper limit from measurements
Overall gain stability: | MPV vs time in fill; includes: |

Timing stability Laser with external reference ctr.

Pileup correction Extrapolation to zero ADT
Residual polarization Long relax; quartz spin cancelation
Clock stability Calibration and measurement

Total Systematic 0.42 0.42 \ Highly correlated for 2006/2007
Total Statistical 1.14 1.68 \

G,=1.1663787(6)x10~ GeV " (0.5ppm)
T =2196980.3+ 2.2 psec (1.0 ppm)

the most precise nuclear or atomic lifetime ever
measured

R. Bernstein CTEQ Summer School 2015 Muon Physics 56




Muon Capture on the Proton

= MuCap

quark level nucleon level

— 00y
u\yu (1 }/5) g Y relevant

freedom ?

N O S). e degrees of
Ki QQ:"
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Nucleon form factors
u +p RS 7 ity st o

Observable: Singlet capture rate A

M <G.V Xl//v(1—75)l//u XY, (Va _Aa)l//p

R. Bernstein CTEQ Summer School 2015 Muon Physics 58




Quarks In Nuclei

x Not just V-A anymore (leaving out a few terms)

" 30e0e02: o l oV a 8 &
J =Mn(gv7/ +ﬂ6 q, =& Vs+t—q 7/5))“1?
2mN mu
V 3 A

x CVC and PCAC:

= |f 0,4%explicitly broken leads to pion field

AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS*

Yoichiro Nambu 2008

Enrico Fermi Institute for Nuclear Studies and Department of Physics

University of Chicago, Chicago, Illinois NObel
(Received February 23, 1960)
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Pseudoscalar form factor gp
.

2171]\,nfzugA(q2 =0)

gp (q2) R 3 2
q —m,
0

PCAC pole term

(Adler, Dothan, Wolfenstein) : g

g, =826+023
P / \ n
What’s Important: BNLdOK (ChMPU
» Modern QCD connects these quark/nucleon views PR DEO, 6899 (1004)

= solid QCD prediction via ChPT (2-3% level)

= pasic test of chiral symmetries and low energy QCD
Recent review. P Kammel and K. Kubodera, Annu. Rev. Nucl. Part. Sci. 60 (2010), 327
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Chiral Symmetries

= Chiral symmetry: left and right-handed parts of Lagrangian
transform independently

= this is SU(2) . xSU(2)r

® Gluons spontaneously break this symmetry to isospin,
yielding three massless pions (and all baryon masses)

. SU2) xSU(2)ris broken anyway because quark masses are
not zero

= pions have mass (pseudo-Goldstone bosons)

R. Bernstein CTEQ Summer School 2015 Muon Physics 61
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Experiment o

= Stop in pure Ho gas
x  ppu Molecules can distort lifetimel
= mpurities < 10 ppb
= [Sotopic Impurities < 6 ppb

= |mage muons stop with TPC

= Measure electrons vs. time (infer lifetime)

[ S L/ L/ ([
S S P 7 L ’/

*




Result

= [SSues about previous experiments resolved

g,(MuCap) = 8.06£0.55
g, (theory) = 8.26 £ 0.23

—_
N3
£
(oo
@
(=]
1
|
N
(=)
~
o
O
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Compare Lifetimes

= Do We Get Same Lifetime from Mulan, MuCap?
. make bound state corrections
= corrections for impurities

= assume chiral perturbation theory right

® can check either CPT or XPT

7(free 1", MuLan) = 2196980.3% 2.2 psec
T(effective i, MuCap) = 2196963 £ 42 psec
T =T

T

average

=719 ppm
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MuSun

x td—n+n+vy

R. Bernstein CTEQ Summer School 2015 Muon Physics 67
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Motivation

U +d—vtn+n
measure rate Ad N ud(t|) atom

to <1 5% Aq 1S the capture
= simplest nuclear weak Interaction rate from qOUblet
process with precise theory & hyperfine;
experiment 3 Sershacaiy it
= g, from MuCap, rigorous QCD based e (like ]/1-) from
calculations: effective field theory I\/IuCap

= MuCap tested one-nucleon
amplitudes; MuSun tests two-

nucleon.
R. Bernstein CTEQ Summer School 2015 Muon Physics 68




Motivation

U t+td—=vitntn
» Cclose relation to neutrino/

astrophysics MuCap tested one-
. nucleon amplitudes;
solar fusion pp —devy, MuSun tests two-
nucleon
SNO: v.d —>ppe (CC)

v.d —>pnv. (NC)

why was SNO NC measurement important?
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MuSun Detector System

ram I =T - Sy g

7
-




about 40% of data have been taken

IN detall:

Scintmator Paddles eSC

R. Bernstein CTEQ Summer School 2015 Muon Physics 7




Begin Long section Whe
Don’t Agree With the S
Model
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= \any of you
saw this in
2010

®x \\Vhat Is going
on, and what
does it have to
do with
muons?
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" New value for charge radius
of key subatomic particle
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The Puzzle

= Charge radius of proton: like a “rms” location of charge

= neutral particles can have a charge radius too, e.g.
the K° made of strange and down quarks. Strange
quarks are heavier, hence closer to origin.

= Proton charge radius can be measured:
= Dy calculating energy levels

= Py scattering (as for K9)
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Spectroscopy

®x Basics: Schrodinger Egn, 1st year guantum:

= :_me(x2

o
: 2n

x Plus QED corrections (Lamb shift, spin-orbit,...)

= Plus finite size of proton

AE o< (charge radius =r, Y /n’

finite size

x And we can have both muonic and electronic atoms.
Muons are more rr;assive; live closer to nucleus,
proton looks (206) times “larger”
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— 13.6 eV aka the Rydberg
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Pohl et al., Nature 2010

PrOb‘em : Antognini et al., Science 2013

x CREMA expt: measured 2s-2p Lamb shift in muonic
hydrogen. (Charge Radius Experiment with Muonic Atoms)

= 7S and 2p:

= Bohr: 2s = 2p, degenerate

= Dirac: 2812 # 2Pz/2 but 2S1/2 = 2P1/2

®x One-loop vacuum polarization: 2s1/2 = 2p1,2 (Lamb Shift)
= Measured large deviation of Lamb Shift from theory

= |nterpret result in terms of proton radius
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not to scale

N picture:

5/2
3p32___ ____ 4 3D
3812 —— - T 3D%?
(

3P12 split by Lamb shift)

] —

—

231/2 _— — — fine structure (spin-orbit interaction)

\-

P12 Y

Lamb shift

— hyperfine splitting
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http://www.annualreviews.org/doi/pdf/10.1146/annurev-nucl-102212-170627

Data

= Beamline at PSI ze5 we’ll see this range later
= Produces ~600 u/sec

» KE from 3-6 keV. This is hard because muons
are produced in MeV range, and you have to
decelerate to keV range within muon lifetime.

— Fit to the data
— Background of the fit

= Stop muons in Tmbar Hy gas in a 20 cm long,
0.5 x 1.5 cm size target (uniform laser
llumination)
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» Fach muon detected separately, with C foils: | Leserfrenueng Th
detect secondary electrons, then TOF

= [rigger pulsed laser on coincidence

x | OOk for resonance
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—\B=2T  py-mokv
200 nm foil

Beam/
Apparatus '

B=5T
1

detector
&
al cooling

Muor

Friction:

» need to get muons to a 57
few keV Velocity filter

Momentum filter ——

= dE/dx: too much variation | | .
> Figure 3.1: LH(V%’)I.HT of the muon beam, with cyclotron trap C'I', muon extraction channel MEC
(S-t rag g | I n g) and an g u I ar and 5 Tesla solenoid.
divergence (scattering) |

= 5] solenoid to make small
beam (tight gyration radius)

= Solenoid size then puts
constraints on laser and
stopping volume

http://edoc.ub.uni-muenchen.de/5044/1/Antogni ‘ do.pdf ‘
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And the result Is

® /0 discrepancy (people argue about the 7. but not >5 )

charge

. electron muon
radius

spectroscopy 0.8775(51) fm  0.84087(39) fm

® /O discrepancies need independent checks

= ejther something is wrong, new physics, or both...
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Electron vs. Muon

x Multiple electron measurements, averaged by CODATA

= [he 2s-2p values at top are independent of Rydberg

251,72Py )5

25:572Py ),

25,,,=2P;,,
15-25+425-4S, ,
15-25+25-4D;,
15-25+25-4P, ,
15-25+25-4P, ,
15-25+25-65, ,
15-25+25-6D;,,
15-25+25-8S, ,
15-25+25-8D;),

15-25+25-8D, ,

H .,y = 0.8779 % 0.0094 fm
Muonic hydrogen = 0.84087 + 0.00039 fm

15-25+25-12D,,
15-25+25-12D;,

15-25+15-35, ,
0.90 0.95

Proton charge radius (fm)
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Scattering Method
: o

do _( do - @
= )‘F(Q )‘ D

F(g)= Jd3r e’ p(r)= 1—é<r2>q2 g

= Really define things in terms of .J, (see Hill at CIPANP2015)

r2 = 6 dGE (qz)
e dq2
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Form Factor Fit to Charge Radius

» Plot is result of integrating up to O%nax

l :
e 7“E(q2)+2—6“ q.F(q)
mp

2

GE:E+4C]2F2’ Gy =hH+1l
P
2
» 4G (q")
r, =0 :
dq i

R. Bernstein CTEQ Summer School 2015 Muon Physics 83




Results so far

» Need to measure form factor vs g4 and extrapolate to g°=0
charge electron muon
spectroscopy 0.8775(51) fm  0.84087(39) fm

MUSE at PSI:
scattering  ~0.88-0.90 fm PRad at
Jefferson Lab

see both Carlson and Hill, CIPANP 2015 for how complicated this really is—
but complicated doesn’t mean wrong. Stay tuned
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Scattering Experiments

x MUSE: simultaneous measurement of u p, up and e™p
elastic scattering at PS|

x () from 0.002 to 0.07 GeV?
» PRad: elastic e-p cross-sections at Jefferson Lab

x () from 0.0002 to 0.02 GeV?

x Both focusing on low Q- where one gets radius
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PRad

» Get to very low O° with
non-magnetic
spectrometer, large
acceptance; use

Proposed experimental setup in Hall B

Side View

calorimetry
» Electrons at 1.1 and B =R
: 2 0
G 3000 Its turbo = High resolution, large acceptance HyCal
22 ev tO Increase Q pumpe calorimeter (including PbWO, crystals)

= Windowless H, gas flow target

raﬂge, H2 target " XY — veto counters

= Vacuum box, one thin window at HyCal only

= Normalize to Moller
scattering: ee —ee
(wrt Meller, look up QWeak for parity violation
o\Vilale RA\V/VAY
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MUSE at PSI

= More “traditional” scattering experiment, but still
ferociously difficult

= 115, 153, 210 MeV mixed x,u,e beam; timing to reject &
events

= 4 cm LH2 target
g |

» Quartz Cerenkov (50 psec for PID) g i,,,jf ]

x \Wire Chambers/Scintillators

R. Bernstein CTEQ Summer School 2015 Muon Physics




Possible Resolutions

= Error in scattering experiments:

= fits, data, uncertainties
= Proton Structure Theory

= some new effect different between electron, muon
= New Physics

= |epton non-universality? new force?

x put lots of constraints
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Rydberg and new physics

= [hen what Is source of experimental mistake
iIn Rydberg determinations?

= New Physics

¥ COUNRE (PaRESRaTEIS wrong?

= dark matter

il
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Part 2: g-2 and CLFV
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