Muon capture on the proton: Final
results from the MuCap experiment
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Muons decay via the weak interaction

* Fermi contact-interaction * Rate depends on G¢,
strength of weak interaction

N 1 Gymg,
0= = = Toggs (L +80)
* Modern Feynman diagram * G relates to gauge coupling
G g’

o 8M2(1+6r)




A negative muon can be captured by a proton

@-.:) /J,_ _I_p_> n_|_Vp, Rate A

e Current-current weak * Leptonic and hadronic
interaction left-chiral projections
w Vu
GrV,
My = =21, J°
W’ V2

Lo = t,%a (1 —75) u,

/\: J& — qd,.}/of (1 . ,.)/5) G,
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The quarks involved in muon capture are embedded
in a nucleon; the hadronic current must be modified

J(” = n 2 m ‘\TO- qf/‘ + q _@ ﬁ N ?’n,u q / B 2? d (}:-Uq”f}/ﬁ up
V(]j A(.}:
* CVC + G-Parity e Neutron beta decay
* 8,8:~0 * ga(a,2) =1.247 £0.004

* CVC + Electron scattering

* gy(q,?) =0.976 £ 0.001 * This leaves g,

e Known with =50%

* gul(g,?) =3.583 +0.003 uncertainty



Spontaneous Symmetry Breaking connects g,
to the pion

* Vector (CVC) e Axial (PCAC)
¢ 0,V% =0 * 0,A% = 0 (chiral limit)

AXTAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS*
* Nambu realized: Yoichiro Nambu

Enrico Fermi Institute for Nuclear Studies and Department of Physics

— If A% conserved: O oceived Pabwanry 35, 1560
e Chiral symmetry is spontaneously broken
* A massless pseudoscalar exists U
— Explicit chiral breaking 2008 Nobel Prize

o 0,A% (x) x @(x) (pion field)
o :I'he (m.assive) pion is the pseudo-Nambu-Goldstone boson
e Historic milestone:

— Foundation for the generation of particle masses

— Led to development of chiral perturbation theory, low-energy effective
field theory of fundamental QCD



Modern theory makes precise predictions for g,

e Chiral Perturbation Theory (ChPT)

* Effective field theory
e Systematic low-energy expansion valid for q N - ‘e - Vv
small compared to chiral scale ]

o 2mugennfe ]
gp(q*) = TZ;; _N;\;f - §gA(0)m/1,mN7"?4 T :
(8.74 £ 0.23) — (0.48 £0.02) p . . . n
gJrcNN
0p = (8.74+£0.23) — (0.48+£0.02) = 8.26+0.23
~N
GFVud Jheory _ + 1 0
My; = L,J° Aq 711.5 £ 4.6 s%(0.65%)

V2
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The experimental determinations of g, prior to
MuCap were far less precise
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MuCap experimental requirements

eUse a low-energy muon
beam

eStop in a specially prepared
pure hydrogen target

emage the stopping muon
(TPC)

e Measure the disappearance
rate

e Compare to the positive
muon lifetime (Mulan)



How can one measure the capture rate, A ?

,u_—l—p—>@+uu

Could try a direct measurement
* Limited by knowledge of absolute detection efficiency
e Past efforts produced ~10% precision




MuCap uses the lifetime method to determine the
capture rate, A

@ |ptrontu e

U +p —->p +(e_)+ V. + U, (~455000 %)
We observe the electron
fI’Om muon decay- | Muon-Electron timing distribution |

MuLan! i

Difference from A S

t -t

electron
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MuLan!
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The Mulan Experiment
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MuLanl! |

The experimental concept...
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MuLan!

In 2011, Mulan published a new result for the
positive muon lifetime

® Balandin - 1974

® Giovanetti - 1984

— ® Bardin - 1984
Chitwood - 2007

® Barczyk - 2008
MuLan - R06

| MuLan - R0O7

) M I RS
2.19695

2.19700 2.19705 2.19710 2.19715

Lifetime (us)
* New Mulan result (Webber et al. PRL 106, 2011)
o T+ = 2196980.3 £ 2.2 ps (1 ppm)

« Gp =1.1663788(7) x 107> GeV™2 (0.6 ppm)
e A+ = 455170.2 & 0.46 s71
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Hydrogen Target Requirements
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Past experiments were very sensitive to a
poorly known parameter of muon chemistry
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T e * Decay from any state

kinetics are rich H * Atomic capture
* Populate singlet

state =10 ns
up

/ Triplet
A+

up

Singlet

* A ~700st

* Strong spin
A dependence







Molecular formation distorts the disappearance rate
of the up system, in a time-dependent way

* Capture rate depends on spin configuration

* Relative population is a function of kinetic rates (A, ,A,,)

* Molecular formation rate is a function of hydrogen density, ¢

z | 100% LH, | * A ~ 700 s z | 1% LH,
10" \ P 10-1;—“ ps
| M\3/4A'54051)
107 O M o 17,’4’AS (210s1) 1%
ol ~ N Al
) R ,,,, \\\ “
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MuCap is designed to be mostly insensitive to the
molecular complexities

16

MuCap design

2
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*MuCap design is drawn centered on the theory value
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High-Z impurities have a larger capture rate and

should be removed from the target
“High-2" =7 > 1  CHUPS purifies the gas continuously

A, x Z*

e Active TPC
e No materialsin
fiducial volume
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Deuterium
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nd diffusion

u forms ud atom
Ramsauer-Townsend minimum
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Cryogenic distillation column
|sotopic separation

cy < 6 ppb
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The careful choice of operating conditions
makes this experiment possible

1 1 | 1 11 | 1 11 | 1 11 | 111 | 1 |1 | |
2 4 6 8 10 12 14
time (us)
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For 10 ppm, we need more than 10'° muons ...
1.3 MW beam; 2.2 mA, 590 MeV protons

Accelerator Facilities
C  Cockeroft-Walton
12 Wjector 2
R 590 MeV Ring Cyclotron
i hjector 1

Beam Transport Lines
P Proton Channel

Neutron Spallation Source
S Neutron Spaliation Source SING
L Targat-Storage Pit

1 Medicine
— 1 Isotope Production IP2
=L, 2 Eye Treatment OPTIS
—up 3 Proton Therapy Gantry
i N
MNuclear Physics and
Radiochemistry

IF ticle Physs
Solid State Physics and
Materials Science

TTE3 Beamline,
Paul Scherrer Institut,
R . NA-Hall Experimental Hall % \

VI uﬂ@ﬁﬂ, SWltzerIand Brendan Kiburg, University o B ' Numvnﬁummj,




The experlment is conducted in the nE3 beamlme at PSI

nE3 beamllne

MuCap detector -
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One muon at a time

Muon
TPC

entrance
counter /




One muon at a time

Muon
TPC

entrance
counter /




One muon at a time
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The decay time is histogrammed and fit with an
exponential plus background

Nt)=Ny-w-X-e" + B

Lifetime histogram 12 I ndf 268.2219 / 233
c N 2245556 + 49.3
S A (s™) 457073.3+ 7.4
2 108 = B 14430.25 + 42.26
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The TPC images the muon stop

¥

- P ¢ 10 bar ultra-pure H,

e Bakeable glass/ceramic
materials

e No materials in the
fiducial volume
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The TPC images the muon stop

ey ~ *10 bar ultra-pure H,

e Bakeable glass/ceramic
materials

e No materials in the
fiducial volume
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The collection of charge on anode wires generates
pulses, which are digitized into pixels

EVH discriminator
' threshold

>
ED I
T i . EH - threshold
c - ===
- v
. mm
0O:0:0:
—_— > >
'1'2'3'4'5'6' 78" 1 2 3 45 6 7 8
Clock Ticks(200 ns) E above threshold at clock

boundary generates pixels



A sample event

TPC side view

> ‘ vertical direction ‘

Fiducial volume

TPC active volume

> muon beam direction

> | vertical direction

Front face view

Fiducial volume

TPC active volume

transverse direction




How can we get the capture rate wrong?

* Acceptance of events that fake a good stop,
but actually stop in other materials

counts \
Z

/ time

* Any “early-to-late” changes in muon
acceptance
— If the decay electron changes the probability that

we identify the muon stop as “good” in a time-
dependent way




Muons that fake a stop in the fiducial volume but actually
stop in the surrounding high-Z materials are dangerous

Pixels

s vertical direction

Muon leaves Fiducial Vol

m— And probably Active Vol
> Mmuon beam direction
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The scatter events are not always so clear...

* Recoil proton from scatter
| * Depositenergyonl

EH : anode

Pixels *» Require > 1 blue pixels to
eliminate scatters

s vertical direction

Muon leaves Fiducial Vol

And probably Active Vol

s> muon beam direction

4/6/2012 Brendan Kiburg, University of Washington 40



Energy deposition from decay electrons can modify pixels in
a muon track

Side View of TPC

n beam e (a) u enters TPC &
—3 ] OO0000800m .
(b)t =t OO0 O0000EDm lonizes gaS
(a)t=t, . (b) Charge drifts
towards MWPC
MWPC MWPC
(c) Decay electron
p—e vy 0 deposits energy
(d) t =tyin
(C) t=te Pixel pushed
afalelalalalalafalnl over EH thresh (d) Augments
MWPC DO0ooOooogdOmm pixels

!



Pixels can be generated by the electron

vertical direction

>| (drift time)

> muon beam direction

4/6/2012 Brendan Kiburg University of Washington
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The interference is time- 4578 ] Gt SoTse s
and space-dependent P )

A (sY)
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Consistency Checks
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The disappearance rate is independent of azimuth

Lifetime Values for each gond over nContEH: 2.0-6.0+ 1df 20.5483 /7 15
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The disappearance rate is independent of run number

A vs Run hLambdaVsRun
- Entries 2622
— Mean 6.086e+04
0.464 — RMS 1107
e
0.462 —
0.46 |
Wy
0.458 ‘ g
22/ ndf 5.10064 / 7 =
- %10° Prob 0647683 | mbda Distribution
g oo PO 456532 7.35084
g : ||\|||||\|||\||||||\|x2f.ndf=96.841r11?
& 4s658—
= - Constant 1M1.2+19
; B Mean 0.002146 + 0.013550
§ 45656— @
L, - Sigma 0.9949 + 0.0102
=3 B —
456.54 :— l l _Z
456.52 - § L] _:
B " ]
456.5 - E
45{‘)48_ 11 | I . | I | | I . | I . | 1111 | I | 111 1 | 111 4 3 1 ‘2' L1 1' "'6" 1 '1" "2" 3 dll" :5
1 z 3 4 5 6 ! 8 Run by run standard deviations from A

Data sets




Start and stop-time-scans demonstrate consistency

lﬁt vs. Fit Start Time
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Results

MuCap design




10 times increased statistics

Statistics Comment
[101° muon decays]

2004 0.16 0.05 published *
2006 0.55 0.16 This talk
2007 0.50 0.40 This talk
Total ~1.21 ~0.61 ~60TB raw data

*V.A. Andreev et al., Phys. Rev. Lett. 99, 03202 (2007)

Remember: A" known to 1 ppm from MuLan!



Double Blinded measurement

500 MHz precise master clock
Detune clock

Hide from analyzers

Analyzers add secret offset



Double blinded

, A [s"] double blinded
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Systematic corrections and errors

Systematic errors Run 2006 Run 2007 Comment
A (s9) ‘sx (s1) [ (s ‘63, (s9)

High-Z impurities

up scatter -12.4 3.22%* -7.20 1.25*  * =prelim.
up diffusion -3.1 0.1 -3.0 0.1
Fiducial volume cut 3.0 3.0
Entrance counter inefficiencies 0.5 0.5
Choice of electron detector def. 1.8* 1.8* * =prelim.

Total -23.3 5.148 -14.74 3.88% % =correlated



Impurity monitoring

N W B O
o O o O

Y
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2 5_1 ....... g mm Akl

2_ 3 i
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CHUPS Flow (slpm) Capture Yield (ppm)
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50 60 70
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N
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2004 run: Cy < 7 ppb, ¢c,,5~30 ppb
2006 / 2007 runs: ¢\ <7 ppb, c,,5~10 ppb



Final high-Z impurity correction

Production Data

2t

Calibration Data
(nitrogen added to

_|_/ production gas)

-

Extrapolated

B N e
Result

O  Observed capture yield Y,

Lifetime deviation is linear with the Z>1 capture yield.



External corrections to A._

N = o+ As Ay
_I_
5B

Ag (MuCap prelim.*) =7145+54,, £5.4, s

* Small revision of molecular correction might affect A < 0.5s! and syst. error

Ag (theory) =711.5+35+3 s



Precise and unambiguous MuCap result
solves longstanding puzzle
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gp(MuCap prelim.) =8.1 £ 0.5
Op(theory) = 8.26 £ 0.23
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Thank you!
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Precise and unambiguous MuCap result
solves longstanding puzzle
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