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Who ordered that?
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(Received March 30, 1937)

EASUREMENTS! of the energy loss of

particles occurring in the cosmic-ray
showers have shown that this loss is proportional
to the incident energy and within the range of
the measurements, up to about 400 Mev, is in
approximate agreement with values calculated
theoretically for electrons by Bethe and Heitler.
These measurements were taken using a thin
plate of lead (0.35 ¢cm), and the observed indi-
vidual losses were found to vary from an amount
below experimental detection up to the whole
initial energy of the particle, with a mean frac-
tional loss of about 0.5. If these measurements
are correct it is evident that in a much thicker
layer of heavy material multiple losses should
become much moreimportant, and the probability
of observing a particle loss less than a large
fraction of its initial energy should be very small.
For the nurnoce of testing this inference and also
for checking our previous measurements® which
had shown the presence of some particles less
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massive than protons but more penetrating than
electrons obeying the Bethe-Heitler theory, we
have taken about 6000 counter-tripped photo-
graphs with a 1 cm plate of platinum placed
across the center of the cloud chamber. This plate
is equivalent in electron thickness to 1.96 cm of
lead, and to 1.86 cm of lead for a Z* absorption.
The results of 55 measurements on particles in
the range below 500 Mev are given in Fig. 1,
and in Fig. 2 the distribution of particles is
shown as a function of the fraction of energy lost.
The shaded part of the diagram represents parti-
cles which either enter the chamber accompanied
by other particles or else themselves produce
showers in the bar of platinum. It is clear that the
particles separate themselves into two rather
well-defined groups, the one consisting largely of
shower particles and exhibiting a high absorb-
ability, the other consisting of particles entering
singly which in general lose a relatively small
fraction of their initial energy, although there
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Standard Model

The Muon:
J=13

Mass m = 0.1134289257 + 0.0000000025 u
Mass m = 105.6583745 + 0.0000024 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 107 % s
7+ /7, = 1.00002 & 0.00008
cr = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(& — 8,-) / Baveisge = (—011 £ 0.12) x 10~°
Electric dipole moment d = (—0.1 & 0.9) x 107! ecm
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Muon magnetic moment

* A particle in a magnetic field feels a
torque due to the spin-magnetic field
interaction:

7 = [ixB
* The magnetic moment:
e -
- — —S
H=4g om
* and the spin precession frequency:
eB

“s = 9 9m

spin




The g-2 value: Standard Model

* Dirac’s equation naturally predicts g = 2
e Standard Model corrections contribute ~ 0.19% to the value

_9-2 _ QED Weak HVP HLbL
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Just QED
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Hadronic contribution

e Hadron Vacuum Polarization:
TR K(s)

a"? « J R(s)ds
aMZ2 S

g(eTe™ - hadrons)

Ris) = o(ete™ - u*u”)

R(s) is measured in experiments (KLOE-2,
BELLE-II, BaBar...)

* Light by Light: non perturbative, from
models and from lattice QCD




The g-2 value: Experimental Value

BNL value between 2001 and 2006:

a;"* =11 659 208.0(5.4)(3.3)x107*  [0.54 ppm] (Phys.Rev.D73:072003,2006)

........ Theory _ Experiments
The measured value shows a 3.70 e R
discrepancy with the SM prediction. This can P
be a hint of new physics in the g — 2 value. HLWNT 1 1 -
It worths the effort (both from theoretical 7 e
and experimental side) to reduce the S iI==
uncertainties in order to clarify the origin of e i
this difference. - (jNLy) ”"7 - Lil

160l - .1I7O. - .180 . .1I90l - .22)0. é10 | ‘220

(a,"™ x 10"%)-11659000

Keshavarzi et al., arXiv:1802.02995



Hint of new physics?

<

'
> >

> X
H X0,+,- H

2
* Corrections are proportional to (m”) so can be a probe of new
physics in the mass range 100 MeV — 1 TeV

* It’s worth to take a deep look inside this “anomaly”



How to measure a,

The measure is based on the anomalous spin precession
frequency of a muon in a uniform magnetic field:

For relativistic particles it becomes:

5“:_i[aﬂﬁ_(a“_yzl—1)Exg_a“(y+1)(’8 B)'Bl

mc
Where the E-field term is caused by focussing electrostatic
quadrupoles (more later). For y = 29.3 (CERN lll) the E-field term
vanishes, and using a magnetic field perpendicular to the beam

> =

f - B =0, so the expression becomes:

We need to measure precisely w, and the B-field.



How to measure a,

To measure the muon’s spin we use the parity violating muon’s decay. High energy
positrons are emitted opposite to neutrinos and behave like a massless particle

(so they are righthanded). Because of the angular momentum conservation, the
muon and positron’s spin are aligned.

Counting the number of decay positrons in a fixed direction gives a decay
exponential modulated by the spin precession frequency.



Muon g — 2 (E989) at Fermilab

The Muon g-2 (E989) at Fermilab aims to reduce the uncertainty on the anomalous
magnetic moment by a factor 4 (0.54 ppm - 0.14 ppm):

* Fermilab’s accelerator to produce muon beam
* higher rate, more clean beam, better muon storage

21 times BNL statistics to reduce statistical uncertainty

* More uniform magnetic field
* magnet shimming and wedging, field intensity measured with NMR probes

Improved detectors
* fast and segmented Cerenkov scintillators for EM calorimeter

Better Beam tracking
* in-vacuum tracker detector to reconstruct the beam profile



The E989 Goal
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New Experiment, same magnet!
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New Experiment, same magnet!




New Experiment, same magnet!

Near St. Louis

Almost at Fermilab
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Fermilab Complex e st
Muon m

::“._.- = Lederman Science Center

Campus

Delivery
Ring

Recycler




2
 LINAC: accelerates 4 [storage

H- ions up to 400
MeV

* Booster: takes in
protons and boost
(duh) the energy
to 8.89 GeV

* Protons are
injected in the
recycler and 4
bunches are
produced

Linac

connect

* Protons are sent to e
the target station
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Target Li-lens Collimator Selection magnet

* In the target
station protons hit
a Ni/Cr target

e Secondary
particles are
focused a lithium
lens and selected
at 3.11 + 10% GeV B2

storage

rng
‘€HHHHEP

M5

* Pions and muons
are sent in the
delivery ring
(protons are proton
separated) abort->

* Muons are
injected in the g-2
ring



Polarised pu™

* To polarise muons we use the pion decay:

* A highly polarised muon beam can be easily obtained selecting the
highest energy muons

* The pure muon beam is then injecteted into the g-2 storage ring
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One Ring to rule them all, One Ring to fid them, One Ring to brin

‘ g them all,
and in the Darkness blind them. J. R. R. Tolkjen - Lord Of The Rings
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Kickers

* 3 magnets
* 10 mrad kick to put muons in the storage region
55 kV voltage
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Field

‘ thermal
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g-2 Magnet in Cross Section
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Calorimeters

e 24 calorimeters along the
inner radius of the ring

e Each calorimeter is a 6X9
array of PbF, crystals

e Each crystal is 2.5%2.5 cm?
and 14 cm deep (= 15 X;))

* Cerenkov crystals: Fast
response and less pile up

e Crystals are read by Large
Area SiPM (1.2x1.2 cm?)
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Calorimeters
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Gain Calibration: Laser system

I TEE A S SIS pE—— \
RING
LASER HUT s &
Filter Panel
Laser control Wheel '
system
|
Laser driver

Monitors J . Diffuser &
I o / = Returning . Panel 4
1= ) PMMA fibers "
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In Fill Gain correction

Out-of-fill
pattern

|

Begin of Muon Fill Begin of Laser Fill
Trigger from accelerator Trigger SW generated

Sync. Pulse _'T_‘fﬁu p?_t_t‘?m

Correct for the gain fluctuation
during the fill:

G(e,) = <SiPM,F> < SMoor >
l SM;r SiPMoor! ,

ti
Data are fitted using an exponential
function:

Grrg(t) =1 —Aet/?
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Tracker Detector

i —
/ I
Decayelectron

:? g

Traceback chambers .
Calorimeter active volume

Straw tracker to reconstruct the track

of particles (positrons and lost
muons).

Used to reconstruct the beam
position and profile from the decay
positron’s track.
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Tracker Detector

Run: 105 subrun: 1 event: 9

| V4 .‘;‘\‘,.. } ‘
" .- . ‘L Vb %

ring z [mmj
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Tracker Detector: Beam dynamics
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What do we see?
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Wiggle Plot
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The w, fit
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The w, value is extracted form the wiggle
plot fit using:

N(t) = Nge~t/7[1 — A cos(wgt + ¢)]

(o]

CBO

~

PRELIMINARY

/ PileUp + Lost Muons

Vertical Waist
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But...
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The residuals FFT shows peaks related to

w

Magnitude [Arb Units]

N

beam dynamics and pile up events, we

need to account for them.
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The w, fit: corrections

N(t) = Nye t/*[1 — Acos(wgt + ¢)] - C(t) - A(t) - V(1)

C(t): CBO correction

PRELIMINARY
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Lost Muons

3000

2500

Energy (MeV)

* Lost Muons are detected via 2000
coincidences in calorimeters —
* Tracker is also used to get the
correct muons signature

1000

500
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Measuring a,,

a, is finally the result from three different measures:

_ Wg geMy Hp
Wy 2 Mg U

ay
* w, from the precession frequency analysis

* wp from the NMR frequency analysis

° Wy is the value from the magnetic field convoluted with the muons distribution
inside the ring

* Wy = wp ® p(r) (field analysis @ muon distribution)
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hree experiments in one!

Accelerator Physics

Storage Ring

Beam manipulation

Precision
field

Calorimetry

Precision NMR

High rate DAQ

Field multipoles

Nuclear Physics High Energy Physics
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Questions?
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