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Introduction

» structure of the proton is one of the most fundamental observables in the
atomic and nuclear physics

(radius, form factor etc)

B Muonic hydrogen atom
an exotic atom consisted with - and p

m, /m,~ 207, R ~ ay/207

probability within the proton :
(ry/ag)® = (am,, r, )* ~8x 10°

bound p feels the effect of the proton structure

Study the internal structure of proton probed by muonic hydrogen
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Discrepancy in proton charge radius determined by;

Proton radius puzzle

R. Pahl et al., Nature 466 (2010)
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Still unsettled question:

1962 1963 1974 1980 1994 1996 1997 1999 2000 2001 2003 2007 2008 2010 2011
Year

errors in the measurements?

- i ? . . .
structure-dependent corrections are wrong: How is the radius by magnetic moment
QED needs modification (in p- p interaction)?  distribution?

JNeW physics beyond the standard model? (Zemach radius, magnetic radius) 4



Physics motivation

proton Zemach radius

Rz = JdBTTj d*r'pp(r)pu( —1")

convolution of charge and magnetic moment distribution(pg , py)

good physics quantities for studying proton electronic & magnetic structure

® determined from Hyperfine splitting energy of H-like atom IS U —p case
3§, (F=
AEflks = Ep(1 + 8ggp + Sstr) %5 (F=1)
> 8 m2 ., m2 >
E; ‘Fermi term u(e) "'p
d EF =—a* 3 Hp M p

HFS ~
(Mycey + M) AEHFS ~0.183 eV

» Oqgp -higher order QED correction

: IS (E=
> O, .proton structure correction 1'S, (F=0)

Ostr = Ozemach T Orecoil T 6pol + Opyp F : total angular momentum

8zemach= —2amy,R; + 0(a?)| directly connected with Rz 4




Past measurements on Zmeach radius

+ hydrogen spectroscopy
R, =1.037(16) fm Dupays et al, PRA(2003)
=1.047(19) fm Volotka et al., EPJ(2005)

® e-p scattering
R, =1.086(12) fm Friar & Sick, PLB(2004)
=1.045(4) fm Distler et al., PLB(2011)

® muonic hydrogen 2S HFS
1.082(37) fm

2P fine splitting

R =

Z

TTee

[y

their errors

Antognini 2013 (u-p) ot

Distler 2011(e-p) e~

Volotka 2005(H) +————0—

Friar 2004 (e-p) ——e——
pays 2003 (H) +——@—
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Proton Zemach radius (fm)

> latest value of e-p and H spectroscopy are consistent within

» u-p value differs? But accuracy is insufficient to verify.
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New measurement of up IS AE

» muonic hydrogen |S HFS energy € not measured precisely before

laser spectroscopy : 0.183 eV =~6.8 um (=~44THz)

mid infrared laser is needed
Our goals :

@ determine S AE, ¢ with an accuracy of ~ 100 MHz (~ 2 ppm)

t , due to accuracy of frequency
the It precise measurement of g.s. AE,_ ;. of u-p

fundamental quantity of -p system
(can determine proton structure correction (&) with ~ppm accuracy)
@ derive Zemach radius from AE,

AEZDI?;‘ - EF(]- + 8QED + Ozemach t Orecoil T 8pol + 8hvp)
( Ozemach™ _ZamupRZ + O(az)
Rz = {(Er (1 + 80gp + Srecoir + Spor + dnvp) — AE e}/ 1.281

as same with hydrogen spectroscopy i



Expected precision of Zemach radius

R, = {(Er (1 +/6QED + 8 recoi Shup) — AEFER}/1.281(<102)

/ T '\ (need radiative correction)
1130(1) ppm 1700(1) ppm  460(80) ppm 20(2) ppm

Dupays et al, PRA 2003

R,= 1.022(13) fm Hydrogen Muonic hydrogen

Magnitude Uncertainty Magnitude  Uncertainty
: F , , AL
|mproved factor ~3 from PSI results, E 1418.84 MHz 0.01 ppm 152.443 me¥V 0.1 ppm

but 8, is dominated in error. %D 113%107% <0.001x10°% 1.13x10°° 107°
oiEd  39x 1078 2x10°8 7.5%X107% 0.1x1073
ecoil —6 —3 - —3 —6
We need help of theorists to improve & 1 6x10 i 10 s 1,7x10 B 10 .
o o*° 1.4%X 10 0.6X 10 0.46X107°  0.08X10
precision. -
P 1078 107° 0.02X107% 0.002%x107°

improvement of proton polarizability correction (0,,) drastically reduces

uncertainty of Rz (as same with hydrogen case) % % §

hydrogen case 1.4(6) ppm

muon case  460(80) ppm | check with R, determined by “electronic’” and “muonic™
measurement %




Experimental principle



Experimental principle (1)

Laser spectroscopy : signals of the resonance frequency

—> muon decay asymmetry e ..v

I) Produce u-p atom by pulsed muon source

stop W in hydrogen
- g.s. W-p atom

muonic hydrogen

atomic capture ==

2) make polarization by laser

S, (F=1)

AEHFS ~ 0,183 eV

'S, (F=0)

® polarization in F=1 state

v polarization
—_— TS Th— —_— ——
A A

cztb selective excitation

\
A

; circularly-polarized laser o



Experimental principle (2)

3) detect decay electron polarized
detv, +v .
M u s, AN decay
muon decay asymmetry
with polarization (P) :V -A theory A
! $HF
do,-(60)dQ o« |1 —§P cos @ |dQ
| 1S E‘— = =t
| ° A
| -
0 /°
|
| more decay electrons in opposite direction of
" muon spin

—> spin polarization (= resonance frequency) can
be detected decay asymmetry of muons

[ e10



Conceptual design of experimental setup

) H, target
2) tunable mid-infrared laser
3) decay electron counter(forward and backward)

e

Top view of setup

electron counter

(forward) |
. ’
electron counter
0 10 om (backward)
| | mid-IR laser

detect forward/backward electrons

A decay asymmetry = N - N .




Feasibility?

e_
B [=0-> F=I transition probability
ecay
expected to .b.e small because 3G @v_ _@' b=
of M| transition 1 A A
oc laser power excitation by laser
collisional

estimate transition probability

. . quench
with realistic laser power \/

B F=I| > F=0 collisional quench rate |

competitive process with muon decay in F=1 <ls

up(1T ) +p > pp(1l) +p

then, polarization is lost

Tquench V> Tu(= ~2.2 us)

o e12



Collisional quench rate

O F=/-> F=0 quench by collision with surrounding atoms

v F=1
up(11 ) +p > up(1l) +p S SRS, TS Ul
J. Cohen, PRA43(1991)9
1000.0 I 31 s 3 s e 1 I B 1 e W R R R
8750 Pi(11) + p-pu(Tl) + p . quench
A 7500 [} . —=—=-<_—=-F=0
"g 6250 - .
8 5000 - | quench rate (1)
& amo | . — eff
S Ay = %(V.up >sz
2500 | i
1260 = (pHZ = (Dpliquid )
O‘O%aé | =¢m1%-2¢ | i¢"'1%-1¢ . 1 10 1('): proportional to H, density

RELATIVE ENERGY (eV)

Quench rate (4y) at 20 K
liquid H, then 7= 50 ps (Polarization is lost quickly before muon decay)
—> gas target is indispensable

o If @ =0.01% LHD (liquid hydrogen density), then t,. ., = 500 ns o



mid-infrared laser system

Ho:YAG master oscillator___ __ _Repl plica generator

! Narrow band seed Iaser | : tunable mid—infrared Iaser

: Tm:YAG fiber i I .

201 pm Fom HoWAG | ~ams | | (developed in RIKEN Wada group)
: @ 2.09 p . 2 |

__________________________ 1T _q9__ ¥

frequency ~6.8 um = ~44 THz

: Tm:YAG laser :
| 201 pm | band width ~50 MHz
1 500 mJ 1 .
| 50 mJx2 I " ‘ ' | repetition ~ 50 Hz
I |
| f—e O O ! double pulse 10 m| x 2 set = 40 m|
: Multi-stage Cr:ZnSe amplifier I
I r/ I
L m e e e e e e e e e e e e e e e e e e e e = == = —— ]
Optical parametric oscillator and amplifier __ __
| : » Wavelength will be
i 200 controlled by seeded
: ZnGeP2 oscillator A NO’“J’Q: OPO with ZnGeP2 non-
| 48 mdx2 > W gas cell linear crystal.
| > 2,09 pm > . . 67um H g . :
I ZnGeP2 parametric amplifier : > 6.8 Hm seed |Ight will be
i Qerowbenaio] : provided from Quantum
R ~20ns : cascade laser.
: ZnGeP2 oscillator 10 mJx2 : :
- /\ /\ : 40 mJ laser power is possible
'SZomm > ' H, gas cell
' I

________________________________ °14



laser-induced transition probability

F=0 > F=1 transition probability

A E
P=2x 107° —
S\T

E/S : laser power density [[/Im?], T : temperature [K]
NIM B281(2012)72 & D. Bakalov, private communication

ex.E =40 m), S=4 cm? T=20 K, then P=4.5 x 10
too small !

multi-pass cavity

mirror

mirror

Hydrogen

reflective index R = 99.95 % =P =~ 16%

0.45

0.35}

o
w

Polarization
=)
]

=
N
(8]

e
-—

0.051

0 1

0.4F

0.25k

L A\
— =— —= Sl = —e ——
A

excitation 1

——t - T —
A

Laser power = 40 mJ, hydrogen density = 0.01 % of LHD

: P=0.22 |
E m timing gate :
- |

P=0.16

4
II|I|I|II||II||III||II[II|I|I|I|III1II|1III|]II!:
0 02 04 06 08 1.0 1.2 1.4 16 1.8 2.0 2.2 2.4
Time [us]
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O RIKEN-RAL pulse muon source

Beam time estimation

Parameters for estimation

@

o

o

negative muon

2.4x10* [s7'] (50 Hz repetition)

Pp = 40 MeV/c

dp/p = £4 %

laser ( ~6.8 um)

40 m]
repetition 50 Hz
band width 50 MHz
mirror R 99.95 %

H, target
density 0.0001 LHD

Power

Significance (o)

O scanning region and steps

scan interval : 100 MHz
scan region: +5.7 GHz  (~ g7emach + Gbol )

signal

_ (Np — Np)

Significance(c) =

fluctuation V(Nz + Np)

beam time estimation (3-stage scan):
(1) 4.8 hours x120 points for o >3 scan = 25 days
(2) 13.4 hours x20 points for o >5 scan = || days

(3) 26 hours x 7 points for o >7 scan

0.2363

AN S SR IO S SPRO T (i
- Ard : | constant 8002 -07355
E 3Mscan! I 1| ens e
— i ! } Sigma 007516

I3 PP I M N I PP NP I T R
?0,5 -04 -03 -02 01 0 01 02 03 04 05
v—vp [GHz]

= 8 days

44 days in total
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Summary

O We propose a new measurement of ground state hyperfine splitting
energy in muonic hydrogen with mid-infrared laser

O Accuracy of AE, : ~ 2 ppm, derive Zemach radius of proton

(We need help from theory for further precision)

0 Experiment is feasible in RIKEN RAL muon facility with pulsed muon
source and the present laser technique

o el7
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