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Muon Capture on Proton

w+p - (Wp)s V.t N BR=0.16%

MuCap goal: to measure pp-capture rate N\ with 1% (or better) precision
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Mp-capture offers a unique probe of the nucleon’s
electroweak axial structure

—



Muon capture on proton
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N
CtaHpapTtHaa Mogenb u CTPYKTypa HYKITIOHOB

g, = 0.9755 % 0.0005
g. = 1.245  0.003
g =3.582 % 0.003
g.(th) = 8.26 £ 0.23

g,(OMC)= 6 — 12

J-(RMC)=12.2 0904



pseudoscalar form factor g,

PCAC: EmvN
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heavy barvon chiral perturbation theory: >
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grlg) = —,:u—q*—“ - T8 I(ﬂ}mHM Fa =
2p=(8.74£023)-(048x002) =820 £0.13

A calculations O(p”) show good convergence: 100% 25 % 3% EZaNN
delta effect small  LO NLO NNLO 13.31(33)
13.01)
13.05(8)
author Vear = Ag AT comment
Primakoff 1959 664(20) 11.9(7) smaller g,
Opat 1964 634 13.3 smaller g,
Bernard et al 1994  5.44(23)
Fearing et al 1997 = B.21(9)
Govaerts et al 2000  8.475(76) | 688.4(38) 1201(12)
Bemard etal  2000/1 6874 (711%) 129  NNLO. small scale T O e
Andoetal 2001 695(722%) | 119 NNLO NLO result
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Muon capture on proton
Sensitivity to Form Factors
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Experimental information on g,

Ordinary Muon Capture Ww+p—vtn

BR~107, 8 experiments 1962-82. BC, neutron. electron detection
“in principle” most direct g; measurement

Radiative Muon Capture w+p—vtnty

BR~10-%, TRIUMF (1998). E. =60 MeV, 297 = 26 events
closer to pion pole = 3x sensitivity of OMC
theory meore invelved (min substitution, ChPT)

» Muon capture in nucle:

n+ ‘He —» v+H A =1496 =4 g1 PSI(1998)
g,= gpﬂl (1.08 £0.19) error dominated by 3-N theory
correlation measurements

* I CleCTIO Production at Illl'EEﬂ'DlEl

uCap




Ref. nin, At (us)  S:O:P Rate (s7}) gpl —ﬂ.SSmi]
Ordinary muon capture

Hildebrand (1962) 1.0 00 0.150.77:007 420+120 195+11.6
Hildebrand and Doede (1962) 1.0 00 0.150.77:007 428+ 85 18.7+82
Bertolini et al. (1962) 1.0 00 0.150.77:007 450+50 164+49
Bleser et al. (1962) 1.0 10 0.01:0.880.11 515+85 6.3+8.7
Rothberg ef al. (1963) 1.0 12 0.01:0.880.12 464+42 114+42
Alberigi-Quaranta et al. (1969) 0014 09 1.00:0.00:0.00 651+57 11.0+3.8
Bystritskii et al. (1974) 0072 14 1.00:0.00:0.00 686+ 88 8.7+5.7
Bardin et al. (1981a) (original 7, ) 10 25 46020 79+3.0

(new 7,) 435+17 106x2.7

Radiative muon capture
Wright et al. (1998) (original theory) 1.0 0365 0.06:0.85:0.09 (2.10+0.21)x 108 124+09+04
(new theory) 122+0.9x04
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“ Radiative muon capture in hydrogen was carried out only recently with the result
that the derived gP was almost 50% too high. If this result is correct, it would be
a|sign of new physics... ”

— Lincoln Wolfenstein (Ann.ReNucl.Part.Sci. 2003) 10




Pioneers of muon capture experiments
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1969 Bologna-Pisa-CERN

Emilio Zavattini 1927-2007 H2 —target 8 atm g, = 11.0 + 3.8

1973 Dubna group

H2 —target 41 atm g,=8.7%5.7

Expt. Problems

« Wall effects

« Background

* Neutron detection efficiency
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MuCAP - PSI: precision goal
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Ctpaterna MuCap akcnepumeHTa

U3mepeHne BpeMeHU XN3HM (T) log(counts)
Cc ToyHocTbIo 10ppm, perncrpauua

H—eVV pacnapos ( 10*10)

U* ,no capture

u-

> time
OAOHO3HAYHOCTb MHTEpnpeTauum

3axBaT u3 F=0 cocTosiHus |ip atoma npu nnotHoctn 1% LH2
Ucnonb3oBaHue metoankn aktuBHon muwieHu (TPC)

C TOYHOMU perucTtpaumen KoopauHat ¥ BpeMeHU OCTaHOBOK MIOOHOB,
PEKOHCTPYKLUA TPEKOB 3NIEKTPOHOB K TOYKe pacnaja.

Ucnonb3oBaHue ynbTpauucToro sogopoaa Cz < 10ppb

KoHTponb npumecen no peakuusm: pp +Z - pZ + p, Cz~10ppb.
ObGecneyeHne N30TONUYECKOU YUCTOTbI Boagopoaa

Up +d - ud + p + 134eV, npumecsb Cd <1ppm, anddysunsa pd ~cm
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PSI meson factory

600MeV protons

2mA extracted proton beam
100% duty factor

High intensity muon channels
Muon-on-request mode

PNPI in PSI since 1986

* Muon catalyzed dd-and dt-fusion experiments ( completed )
* Muon capture on He-3 ( completed )

 Muon capture on proton ( completed )

* Muon capture on deuteron ( in progress )



Schematic view of the TPC
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The trajectories of charged particles are measured in
3D space with resolution (rms) 1-2 mm.
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The signal on TPC anode wires from p-e decay event



250

n RUN=17, event=45

200

L - L A T A e e e e il N

M : recoil nucleus

-
[4.]
o

Amplitude

-
o
o

50

0 50 100 150 200 250 300
Time, channel=40ns

Display of a typical event with p-capture reaction on impurity



concentration of impurities
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Moniteoring of impurity concentration,

2003
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Captures per Good MuStop
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Humidity, ppb

Humidity behaviour during 29.11.2005
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IV. the new protium isotope separation facility:

production of ultra-depleted protium

1) Cd = 1440 ppb (2004)
2) Cd <60 ppb (2006)
3) Cd < 6 ppb (2007)



B Single muon requirement (to prevent systematics from pile-up)
B [imits accepted U rate to ~ 7 kHz,
®  while PSI beam can provide ~ 70 kHz

® Muon-On-Demand concept B Beamline
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muCap Online Browser
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Events per 40 ns bin

Electron Definition:
Scintillator Hodoscope

12 cm Impact Par. Cut

6|
10" E
5|
107 E i
— Fit of 12 cm Cut Spectrum
— toy=0.040NLe "' +B
B ¥4 Indf 576.6/594
4 L. N 1.60e+09 + 4.1e+04
1 0 [— -1
— A 0.455% 1.2e-05us
[ | B 2.15e+03 = 5.Te+00
| | | | | | | | | | | | | | | | | | | | | | | | | | |
-5 0 5 10 15 20
eTime - muTime [us]
Normalized

residuals




Start and stop-time

-scans consistency
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Obuwas HabpaHHaga cTaTUCTUKA

['on ut (1079) |u- (1079) |Cd(ppb) H20(ppb)
2004 0.2 2.0 ~1400 ~70
2005 1.4 3.5 ~1400 36
2006 1.56 8.6 <60 18
2007 5.4 6.0 <6 8.7
8.56 20.1
O6bwunn ofbem gaHHbIX 39 2004-2007 rr. +~ 100 TB




TABLE: Applied corrections and systematic errors.

Effect Corrections and uncertainties [s-1]
RO6 RO7
Z > 1 impurities 7.8 +-1.9 45 +- 0.9
mu-p scatter removal 12.4 + - 3.2 7.2 +-1.3
mu-p diffusion 3.1 +- 0.1 30 +-01
mu-d diffusion +- 0.7 +- 0.1
Fiducial volume cut +- 3.0 +- 3.0
Entrance counter ineff. +- 0.5 +- 0.5
Electron track def. +- 1.8 +- 1.8
Tdtal corr. ku_ 23.3 +- 5.2 14.7 +- 3.9
m up bound state (D“p) 12.3 +- 0.0 12.3 +- 0.0
ppnYu states (Dppu) 17.7 + -1.9 17.7 +- 1.9



Pesynbtatbl aHanus3a gaHHbix 3a 2004-2007 roa
N, =]1.2 x 10

), = 455851.4 & 12.5stat + 8.5syst s (MuCAP 2004).
)., =455857.3 £ 7.7stat £ 5.1syst s (MuCAP 2006).

A, = 455853.1 £ 8.3stat + 3.9syst s (MuCAP 2007).



Muon Capture Rate A,

;\‘s - ;\‘u- -()\'u+ - Dup ) T Dppu
Dup = 12.3s-1 ( up bound state)

Dppu =17.7s-1  (Appp =(1.94 = 0.06)ps-1)



Pesynbtatbl aHanus3a gaHHbix 3a 2004-2007 roa

A,. =455170.05 £ 0.46 s (ULAN experiment)
A, =455854.9 £ S.4stat + 4.7syst s (MuCap 2004-2007)

AM CP(aver.) = 714.9 £ S5.4stat = 5.3syst s
AJ™=693.3 s (aver.) + 19.4s'(r.c.)=712.7+ 3.0 £ 3.0 s”!
gPMuCap — gPTh - 0.065 X (ASMuCap - ASTh)

g MuCp= 8 (6+0.48(exp)+0.28(th)

g™ = 8.2 + 0.2 (2.8%)
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Precise and unambiguous MuCap result solves longstanding puzzle
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Earlier, in 1998, we have studied the muon capture on *He. The muon capture
rate in the channel p- + *He — °H + v, was measured with high precision :

A, =1496.0 £ 4.0 s (0.3%).

This result have been used in some theoretical analyses :
L.E. Marcucci et al. (2012) [1] and D. Gazit( 2009) [2]

for deriving the A, and the proton’s pseudoscalar form factor g,.
A,=1494 £21s' [1] and A = 1499+ 12 s ([2].
g, =813 £ 0.6 [2]
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