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Introduction: Current Muon Capture Program
* PSI
* MuX trilogy and techniques

Light Exotics in Muon and Pion Capture
* Motivation
* Kinematics
°* Heavy neutrino search
* Dark photon search

CENPA

Center for Experimental Nuclear Physics and Astrophysics




PAUL SCHERRER INSTITUT

¥

Cockroft Walton =
0.87MeV

K

Injector II

|

/ W& ‘gpallation neutron sou

LY

1 g r

1]

cyclotron =
72MeV
Ll tj

PSI high intensity proton accelerator

|




Paul Scherrer Institute

Laboratory/ Energy/ Present Surface  Future estimated
Beam Line Power u* Rate Hz /4 Rate Hz
PSI (CH) (590 MeV, 1.3MW, DC)
- LEMS ‘ 4.10°
. A5 ‘ 1.6.10°
- HiMB (590 MeV, 1 MW DC) 10" (u+) (for cf. only)
J-PARC (JP) (3 GeV, IMW Pulsed)
currently 300kW
- MUSE D-line . 4.5.10° 1.5.10" (u+) 2013
- MUSE U-Line . 1.5-10° 2-5.10° (u+) 2013
- COMET (8 GeV, 56kW Pulsed) 10" (u-) 2019/2020
- PRIME/PRISM (8 GeV, 300 kW Pulsed) 10""2 (4-) >2020
FNAL (FermiLab) (USA)
© Mu2e (8GeV, 25kW Pulsed) 510" (u-) 2019/2020
Project X Mu2e (3GeV, 750kW Pulsed) 2.10™ (u-) 2022
TRIUMF (CA) (500 MeV, 75kW, DC)
-M20 2.10°
KEK (JP) (500 MeV, 2.5 kW Pulsed)
- Dai Omega “ 4.10°
RAL -ISIS (UK) (800 MeV, 160kW, Pulsed)
- RIKEN-RAL 1.5.10°
RCNP Osaka Univ. (JP) (400 MeV, 400W DC)
- MUsIC currently max 4W . 10° (u+) 2012
(=> 10" per Mw111)
DUBNA (RU) (660 MeV, 1.65kW Pulsed)
- Phasotron Ch:I-1ll 3.10

HiMB Science Case Workshop
¥ Wednesday Feb 11 - Friday Feb 13, 2015
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[MeV/c] [%] FWHM (Below SINQ Target)
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28 (Surface muons) Full (7~_~1)~1010
28 (Surface muons) 10 (3+1 )~1010
26 (sub-surface muons) 10 (3+1)-10"
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MuX Trilogy

Fermi Constant QCD Symmetries “Calibrating the Sun”
MuLan MuCap MuSun

nd-capture
—> n

u—>evv u+p — n+v u+d — n+n+v

“Muon lifetime technique”

Example: W +p—>n+V,

" capture rate 5 Rl
AS = 1/’CM_ - 1/’CM+ — Ag 10
— Ap 10

" special active target technique

MuLan (complete)

MuSun (in progress)

nter for Experimental Nuclear Physics and Astrophysics
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MulLan Final Results

& Balandin - 1974

® Giovanetti - 1984

Bardin - 1984

Chitwood - 2007

Barczyk - 2008
L 3 MulLan - RO6
-~ MulLan - RO7
2 | 2 2 N N 1 " N

21 969 19700 2. 19705 2.19710 2.19715
Lifetime (us)

t(MuLan) =2 196 980.3 £ 2.2 ps (1.0 ppm)

The most precise particle or nuclear or atomic lifetime ever measured

New Gg (30x improved since 1999 PDG)

/ Center for Experimental Nuclear Physics an

i nd Astrophysics




Muon Capture on the Nucleon: MuCap

Muon Capture uw+p—=>n+v RS Ag
i @)

Vo = @(@) Y + 357 T q”

(2
Ao = 2@ vays + 2L o ys

Hweak = % Vud L”(V”’ — A“)

XPT parameter free prediction: Jdp = 8.26 +0.23

MuCap final result: gp = 8.06 £ 0.55
25 B T
verifies basic prediction g 20 [
of low energy QCD ®
5 150
- +
PRL 110, 012504 (2013) e g
APS Editor's spotlight E ChPT
Physics World 5 |-
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Muon Capture on the Deuteron: MuSun

w + d—n+n+v measure rate Ad to 1.5%

Measure weak coupling of two-body axial current

EFT

pion less EFT, Ly A
HB x PT, dR sole unknown LEC up to N3LO

Model independent connections via dR

= 2N weak processes

Sun pp —de'v W u k
SNO v.d—=ppe (CC) w . W v
d
p_~"

v,d—=pnv, (NC) ‘ ;

= Nuclear forces
Three-body forces, nn scattering length “Calibr‘a‘ring the Sun”

CENPA

Center for Experimental Nuclear Physics and Astrophysics




MuCap: Active TPC Target

to prevent muon stops in walls
(Capture rate scales with ~Z4)

10 bar ultra-pure hydrogen, 1.12% LH,
2.0 kV/cm drift field

~5.4 kV on 3.5 mm anode half gap
bakeable glass/ceramic materials

P (o Lol

X / (4
X

4

Observed muon stopping distribution

3D tracking w/o material in | —EEEES—_—_ S
fiducial volume

oy's
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MuSun: High Density Cryo TPC

liquid Neon cooling at 34K @
HV Cathode 80 kV » }

drift field 11 kV/cm
vertical drift 72 mm
grid 3.5 kV

NSt
R T 77777
ONgrIEeg

cont. circulation &
cleaning of the D,
gas at 5 bar

48 anode pads density ¢ = 6% of
90x120 mm2  liquid hydrogen
Be window 0.4 mm

" jonization chamber with no gas gain

" new cryo-preamp designed by UW
achieve 10 keV electronic resolution.

CENPA

Center for Experimental Nuclear Physics and Astrophysics
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MuCap Comparison

(@ —
[ hlgh granularlty o detector hit
" [ow threshold
= 10% energy resolution l
£
§|® ©
:‘g ~\/ 1
. T—> .z;nos.itio.r:;rom-anodes ———> z position from anodes I I == I I

Muon catalyzed fusich
M S Prompt ~ ns
uSun s
dud

" lower granularity :

= excellent 20 keV £z b Hes
energy resolution :

Energy Deposition of Charged Particles

— T T
Muon stopping pad

MuSun TPC
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10 A’

g,f,'s.,sfg.:;su.‘.;gg.,hg'.,.;A',s'z;,.;_kg.‘u_i;ssz.hs‘s'a.‘faéi:"f:%i;: c 550 000 o) 8000 15500
C EN P A Energy (channels)
Center for Experimental Nuclear Physics and Astrophysics
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Ideas only

Search for Light Exotics

u/t capture provides O(100 MeV) energy

Generic

Reactions
" muon

s —m? + M?
m, Vv w =
A 25
/ s — M? +m?
Vv =
24/s
M,
@ Amyg = ——Aw
ma
reaction Vs p v T, w T, BR Ref
Ltp—v+n 1043.93 99.15 99.15 99.15 94478 522 157x1073 [10]
uw+ SHe v v+t 2914.04 103.22 103.22 103.22 2810.82 1.89 3.28x1073 [11]
p+ “He—v+t+n 3833.03 83.60 83.60 83.60 3749.43 0.932 ~ 0.5x1073 [12]
T+p—=7+n 1077.84 129.40 129.40 129.40 948.44  8.87 0.394 [13]
T+p—-1'+n 1077.84 28.03 137.86 2.88  939.98 0.418 0.605 [13]
7+ 3He » ot 294795 135.74 135.74 135.74 2812.21 3.23 0.069 [14]
T+ 3He > 70 +1¢ 294795 3249 13883 3.86 2809.12 0.188 0.158 [14]

nd Astrophysics




Id nl
e oy Heavy v Search

Generic 107 ¢

102 L SOOI SOOI U SRR SOOI NS

.« LSND-MiniBooNE window

Mixing strength U,

0 50 100 150 200

. Neutrino mass m_,,, MeV
Gninenko model

250 300

explains LSND not as v,— v, oscillation but as NC reaction with sterile v,
consistent with Karmen (MiniBoone??)

1
40 MeV <m, <80 MeV et
U pl*~ 102 -102 !l

; Center for Experimental Nuclear Physics and Astrophysics




fdeas only Heavy v at PSI?

_ Hyperfine Interactions 101/102 (1996) 445-449
Early experiment:

10° —
u +3He - t+v (70%) .
D 403
c 107 ¢
c
b
" rms resolution 25 keV S 10}
2 < -3 S [
" U, < 10 = ol
a
- 10° L ,
Key improvements MuSun 400 /600 800 1000 1200
" TPC size and cryo operation 1'73 15 20
= Resolution . | TMeV)
N 80 60 40 200
= Digitizer and DAQ / Eqv (MeV)
= v Detection ? background:
uw+3He—>d+n (20%)
: : — 2n (1
Large improvement potential d+2n (10%)

Good test case for more difficult pion experiment

14



Ideas only Dark Photons

messenger
- b -

Popular scenario: SU(3) x SU(2) x U(1) x U’(1)

V coupling via kinetic mixing: L, ,=€eJ, V,
A' - invisible (m, = 10 MeV)

" connection to DM 102
= “explains” muon g-2 anomaly

1073}

Worldwide effort
= Bump huntin A" —I*I w
= Unseen decay
MISSINg energy

scattering of x
ee

1074}

ap=0.1 for

DiSCUSSion 10-5- LSND, JLab, ILC, MiniBooNE |

| PP | PSR | PRI .

0001 001 0.1 1 10
my [GeV]

CENPA * eXp. compeftition
er for Experimental Nuclear Physiig mOdel dependence
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Ideas oy pBark Photons at PSI?

Kammel, Pospelov
Capabilities
= Excellent w beams

= Simple, clean and low energy reactions

= Two body recoil with high resolution 3He TPC:
model-independent search for unseen mode

16



Ideas only Beam & Rates

7E5 @ PSI

N mA™"s™

w/mt range R and width AR in mm He
= assume MuSun density
= 2% Ap/p
" how clean is beam at low p ?

example
= 108 t/s stop in 20mm @ p=50 MeV/c

CENPA

Center for Experimental Nuclear Physics and Astrophysics
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Ideas only

assume
® MuSun TPC
= 100 keV rms resolution
= 4-8 mm pixel

Detector

N W

T_v,w (MeV)
N

[

[y
thothe ns

.....

m_A (MeV}

Main issue is good energy resolution
= correct for T energy in stop pixel

16
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Ideas only

Systematics
= optimize for excellent energy resolution !

= SM background

3
: m™+° He —
TPC suppresses continuum +
_>
. —
" rad. corrections ?
_>

= wall stops, muons, electrons?

Statistics

Systematics & Statistics

SHrY (17.8%)
SHvy (6.6%)

dny + pnny (7.4%)
dn + pnn (68.2%)

= conservatively assume R_~10°n/s ( single tin TPC)

= R(3H,y)= 7 kHz
= 2 months: >10710 events

Exciting, but basic homework still needs to be done
to check whether ideas survive some scrutiny.
@ cinpa 0 T " Y
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ES study :
o ,,O planned 1
b\ @ SNs2 ® operating -
\ ‘
SNS
1 LANSERBSNS B Frctinac .
P = 100K 3 HP-SP :
Q <
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Ideas only  Part Il: Heavy v Search

+

LSND 98 = °
u
/7 rrnp—dy
Tt \VM‘—Q‘——’VG {Ve p—ne" (CO) }

N
Vo *PC = v +n+liC (NO) Ghinenko 11
l_, v+ consistent with

+ —>
Ve

1,<109s Karmen, MiniBoone
o 0.011 1
=) 00t | % = i
R S/ 2 |
_ - r:q:?/ = 2|
0009 // 21 -:1 — | < LSND-MiniBooNE window
0008 [ | / ) B
amtr b = /"" Ev o g1 ¢
N 2 e 2 S :
o re // //// ki 07 KSR it rang
0005 [ B LSND 3 _5:\J nee
oooa b 'é // Dirac, a=-1 'é 10 Frespy \\,\ K —pviv
0.003 - B o V \ ” J
_ : 10
MiniBooNEy -
4 0.001 S sfoayaluag 10
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