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As a “stranger” or “rookie” to this field,
let me introduce myself ...

Origin of hadrons’ mass?

- Can kaon be a member of nuclei?
- Kaon properties change in nuclear media?

G.Marshall
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Kaon in nuclel

In this workshop, an (ugly) duck
B beam dumpit T, looking different direction...

beam sweepmg,_ | / A walk through exotic atoms by examples

magnet
neutron counter
W charge veto counter
proton counter

muonic
(weak +strong)

| muonic
(strong)

1

} pure leptonic

(electromagnetic)
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Mass origin of elementary particles

Higgs condensation!
vacuum phase transition

Origin of hadron mass? S
What’s about proton? Y
Y . Only ~1% from Higgs condensation!

41<0q >
Need QCD-Higgs : <qqg> condensation
scalar boson |/ |\
© 11 normal nuclear
v-symmetry breaking of universe L || density
second vacuum phase transition soomev /ot
T4 SN
o

high density nuclear matter can be formed?



Search for Kaonic nuclear states

my./my in nuclear matier to form high density nuclear matter
1.5 T. Yamazaki & Y. Akaishi, PLB 535 (2002) 70
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strongly attractive in I=0 channel

nuclear state search
- simplest system [("pp
SHe(K-,n) @ 1 GeV/c
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“Kpp” search via 3He(K",n) @pk=1GeV/c
for efficient “ppK” formation qx~ 230 MeV/c (~ pf)
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Counts per 20 MeV/¢=

Qnp [GeV/c

Assuming a Breit-Wigner K« +3He > A+ p+nus

16 - cole .

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

C

- RAEEA ( 5
- — MAP _’ SUMm A I”H..\p ,[

12

N(A(1405) p)

M(Z4n) MK +p+p) d"’a_\'

x ,I;;(.\,HI ) X -

(I'x /2)? (=g /2022
= r— x ('Xp.—q .
|‘ -‘Inu’..\p o ‘I\ )<+ ‘I X/ -‘J-) .

o Multi-NA sum

7 INA(zpn)

2NA(ApD,)

macen) o y2-test with pole & 3NA(Ypn)

— S-wave Breit-Wigner pole
— w/ Gaussian form-factor

Counts per 50 MeV/e
4 8 12 16

11 - { i
RO 2 o |

b~

llll'llll'lllll'

|

[ 2NA(Apn_) 3NA(Zpn)
/(48)

1 | I | 1 | 1 |
momenium transfer

A d203NA(A
pn)
SNA(ApN) — x p3 (Apn)
| M CM
Mulii-NA sum dTn d cos 0n

B(X) ~ 15 MeV
r(X) ~ 110 MeVv
Q(X) ~ 400 MeV/c

pole

2 2.1 22232*’-202627 ?829 3

Y. Sada et al., Prog. Theor. Exp. Phys. 051D01 (5016)



Improving statistics to study the
structure near Kpp

~ 30 times more data
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Kpp formation quasi-elastic K

First convincing ", “Q,

Kpp signal @™ P ps

n 4 decay
rQ
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my/my innuclear matier

15

First convincing Kpp signal

If this is true, ...

A,
- Kaon can be a member of nucleus T Wass, . Kelser & W. Weise Phys.

First mesonic nuclear bound state
(bound by strong-interaction)

Boson in nuclear matter (not Fermion only)
- Kaon properties change in nuclear media?
probably, Bk ~ 50 MeV (10% if the mass!)

- Qk ~400MeV/c implies that the size ~ 0.5 fm

K in heavier nuclei?



New challenge!

Hyperfine Splitting of
Muonic Proton
@ RIKEN RAL until 2028
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Discrepancy in proton charge radius found by;

>hydrogen spectroscopy |/ e-p scattering
>muonic hydrogen Lamb shift (2s-2p level shift) @ PSI

R. Pahl et al., Nature 466 (2010)
R. Pohl et al., Ann. Rev. Nucl. Part. Sci. 63 (2013)242001

“Proton radius puzzle”
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Hadron structure study by yp - atom

- BIG puzzle on Proton Charge Radius found by muon!
- muon is 10" more sensitive than electron

0.920

= why not check [ |
magnetic radius? | { i L1011
0.880 J | %
- [ IR TR
é().!‘(vﬂ(
g l | 1
by hyperfine of yp - atom 1S o | : P mumic
g()}(lﬂ . (\.)l-\.l_\. -\I]‘)(l‘:)( . |)(|; )‘l}l\‘n ‘i(!:()h
= 0,500 } ‘ T Sitkatoon 1974 MAMIL 2010
s Sz’ S
proton @ PDG 0.780 . il;dl.«v-::cri « CODATA 2010
Mass m = 938.272046 + 0.000021 MeV WS g § 5338 3 EEEE EE S

Magnetic moment p = 2.792847356 + 0.000000023 p,
Charge radius, up Lamb shift = 0.84087 £+ 0.00039 fm
Charge radius, ep CODATA value = 0.8775 £+ 0.0051 fm

Magnetic radius = 0.777 £ 0.016 fm  ep data! why not up?



Mp hyperfine splitting actually gives us is:

proton Zemach radius dQ
= [@rar pem)lr -] = — [~ 2 [EX Ca@) Cul@) — 1]
P

convolution of charge and magnet:c moment distribution (pg, Py )

fundamental quantities of proton electronic & magnetic structure

Hyperfine splitting energy of H-like atom defined by : IS Y —p case
135, (F=1)

\

AEflks = Ep(1+ Sqrp + Sser)

> E; :Fermi term Ep = —at u(e

AEHFS ~0.183 eV

> Oqgp :higher order QED correction

> J,,, :proton structure correction 1S, (F=0)

Oy = chma.ch + brecoél + bpol + thP F : total angular momentum

Bzemach= —20Myup Rz + O{a?) | directly connected with Rz



Novel idea how to measure proton / y'SR

1S Hyperfine splitting of up atom
pump by laser & probe by u decay asymmetry!

M polarized aligned to laser spin
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th'l' we ﬂeed . budget not secured yet ...

I) dilute H, target, to reduce
- collisional polarization loss (quench)
- collisional energy shift (density dependent)
2) chamber made of heavy material
3) large decay electron counter (forward and backward)
4) high-power tunable mid-infrared laser (M1)

Top view of planned setup 7 e
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' _¥ Q{ (forward)
f W foil

laser injection
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electron counter
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SN (backward)
| mid-IR laser
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Collisional quench

P 3S,—>'S, collisional quench u polarized
. . . F =1 F =0 __.""IE = +—1"“~.\
polarization is lost... & \ : 2 \ | £ \ \
o LI QU S o A A
' 7 / = ek Ak =t e =
up(it) + p = up(l) + p / / A/
B B
J. Cohen, PRA43(1991)9
10000 LB NS 01 S 2 020 S B 01 S B B 18 S e B A CO”|S|OnaI
8750 pUTT) + P+ pK(TL) + p l quench
750.0 uench rate (A |
_ q (M) — o<t > W
§ o=0 " eff » Vlop e /!
% 500.0 A’Q - OQ Lup pH‘, u fully depolarized
v"; 37%.0 -
© o0 (Pr2 = PPyiguia )
' proportional to H, density
126.0
00 liquid target is unusable

10” 10° 10" 10’ 10 10 (density is too high € tau ~ 50 ps)
RELATIVE ENERGY (eV)

Quench rate
If ® =0.1% (0.01 %)LHD (liquid hydrogen density), then ..., = 50 (500) ns

Density of the hydrogen gas is very important
2016/08/03 Adv. Meson Sci. Lab. seminar



Laser development w/ RIKEN

Ho:YAG master oscillator

: Narrowe band seed lsper
Tm YAG finer ﬂ : o
201 ym
EOM HanL -8 mJd
' @ 2.09 pm c'?
Ho:YAG amplifiers ... .| T L
i 3 I
I =20 ns T YAG laser I
: 201 pm :
[ 500 mJ |
I 50 maxz ' ' '
I |
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RAP

tunable mid-infrared laser
(developed in RAP Wada group)

1. 10 m] @ 6 um system is in hand

M. Yumeoto, N. Saito, U. Takagi, and S. Wada,
Optics Express, 23, 25009-25016 (2015)

frequency ~6.8 um = ~44 THz
band width ~50 MHz

repetition ~ 50 Hz

double pulse 10 m] x 2 set =40 m|

> Wavelength will be controlled
' by seeded OPO with ZnGeP,

i non-linear crystal.

> 6.8 uym seed light will be
provided from Quantum
cascade laser.

40 m]J laser power
is feasible

gas cell



What we expect as a signal

F=0 = F=1 transition probability

E/S :

P=2x 1073

ST

laser power density [ JIm? ]
T : temperature [K]

rL'

excitation
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Laser power = A0 mJ, hydragen densily = 0.01 % of LHD
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Delayed timing laser injection
Large fraction of muons stop outside of H2 gas

Negative muon capture

lifetime of bound muon : M injection
Tioral = 1/ Asora l Typical time spectrum
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BG suppression by mu- capture & delayed laser injection



v C

10°

Counts per 10 ns

10°

Background measurement

heck BG level after u-stop
@ RIKEN-RAL

Typical time spectrum

{ 21 PO L) 1

total

lIll IITI 1 llll_

Simulation

gate

lll II| ] Il ] 1 2
1000 15C0 2000

Time (ns)

2500

.

=

Counts per 16 ns
< A
AL B EALLL ALY Rl

Counts

=l
Ty
e

.
o

l
1‘ long tail background(?)
' (tau ~20 us)

-
»
8

my

S
M
p b counter2 one PMT
ol q":‘ / counter? (L&R)

counter|
X counter?2

Time [ps)

BG can be sufficiently suppressed by coincidence.



Summary & Outlook

@® Measurement of ground state hyperfine splitting energy in
muonic hydrogen with mid-infrared laser by means of spin
re-polarization method.

@ Accuracy of AE_ ; :~ 2 ppm, derive proton Zemach radius <
| % accuracy

(need theoretical effort for further precision)

@® Proposals submitted to pulse-muon facilities
(RIKEN-RAL and )-PARC MUSE)

@® Feasibility study with pulse muon beam is on-going in RAL.



Summary & Outlook

Experimental feasibility has been checked

Laser should be upgrade its intensity by factor four...

Quenching ratio from F=1 to F=0 is based on theory
Not experimentally verified yet | Cohen, PRA43(1991)9

Came here to look for collaborator!

Not sufficient to support long-run

Tell us how to convince our funding agency.
You know, we are rookie in this field...
comment to the last budget request:

“It is not clear how to tackle proton charge radius”

Anyone wish to share the budget?
eg. laser cavity @ 20 K in hydrogen target
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Structure of proton

Proton : a building block of the visible universe

mass = 938.272046 (21) MeV
magnetic moment = 2.792847356 (23) uN

—_ However, its internal structure is not known well

e-6 °,

Hydrogen

) <>/ \,_“I
=%
Muonic Hydrogen

2016/08/03

Muonic hydrogen (u-p)
exotic atom composed with u- & p

Amegh”  h
m, ~207m,_, Rup ~ agl207 e = T =

’ m.e’ M. co

Atomic energy level 2AZa ) -
& AE. (nl)= PO a2

7 finite size ‘;h‘ﬂ'{ r'EM0

Muon is sensitive to proton structure : (m,/m.)> ~ 107

Good tool to study the proton electromagnetic structure

Adv. Meson Sci. Lab. seminar 27



Charge radius R :

Magnetic radius Ry, :

Zemach radius R,

2016/08/03

Proton radii

2 — 3e 4ol
RE - J’ d>rr pE(r) Pe(r) :charge distribution

: tic moment
R2 = | d3r 20, (;) Pu() :magne
M pM( ) distribution

Rz = J d3rrj d3r'pp(rpy(r—1r")

Adv. Meson Sci. Lab. seminar
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Proton radii

Charge radius R :

L — 3 2
RE - f d>rr pE(r) Pe(r) :charge distribution
—>Proton radius puzzle

Magnetic radius Ry, :

: tic moment
R2 = | d3r 20, (;) Pu() :magne
M pM( ) distribution

Zemach radius R, :

Rz = J d3T7‘J d3r'pp(rpy(r—1r")

< We want to measure

2016/08/03 Adv. Meson Sci. Lab. seminar 29



R; from electron-proton scattering

Electron-proton scattering Standard dipole form
G (* -2
do (do) €GEQ@D+T6h@) G2 Gy (1 )
—_— Hp S Gev /el
dfl dQ) Mott e(l1+1)
a2 . iy :
4 _ Qz.:’4mr§ c=1/(1 I 2(1 ' 7) tan 2/ - extrapolztion to )* — 0 required
Gg , G,, : form factor 1K
Gr = | pp(x) e @ dx
. x 2 \ nea -
= | (1+1’Q -x—(Q ) + .. )pg(x)d3x o | | T
DTl P
=1+4+—-|Q%| <RZ >+ i H\T‘;lr.,_\: -
6 - 0€7 + T ~2 j
o 1L
06 + t
R 6h2 dGE [Verderhasgen and Walcher, A Xiv. 1008.4225]
E sz Q2 i 0 (_I‘l_l‘:n 0" 0.15 l_l‘ 2 025 '_l"_{ l_)":‘_w e
C* [(CeVe))
Splina fit ¢+ Nasanbluth Separaior

2016/08/03 Adv. Meson Sci. Lab. seminar 30



R¢ from Hydrogen spectroscopy

atomic energy levels
1S Lamb shift

Lis(rp) = 8171.636(4) — 1.5645 (r2) MHz L _
~ finite size correction, VP etc
§) e s— Thes TS TR TR ———
. 2 3p cg.
-8 / 25-8D 1S,, > 2S,, : 2,466,061,413,187.035(10) kHz
T — * o , + 25> 8D :770,649,561,586.6(58) kHz
B g~ —— 4 22

2 unknowns = 2 transitions

71 2S Lamb shift (2S,,, - 2P, ,,)
¢ Rydberg constant .

e Lamb shiﬁ'L], “ v E,q —E,p € first term (~Rwx) cancelled

I$ —— e ,/ FS correction in P state is very tiny

2016/08/03 Adv. Meson Sci. Lab. seminar 31



Hydrogen spectroscopy to Rp

Summary of H spectroscopy

e _p
RILRED.
A _ap
2, - 20,

2, -2,
15-25 = 24485
1525 = 254D, ,
18-28 = 2'5-'1].":.,:
1528 = 25117, .
1825 = :s-as;;
1525 © 256D,
15-25 + 25-:‘-3\"_.\
IS 25 1 28 S'T)-:\,z
15-2% + :5--:-].)\,,

12§ © 28 12D,

1S 28 28 I'ZT),‘,’

1525 1+ 1538,,,

T T T T T T T T T T T T T T

\JLzs Lamb shift

| |
| I
T .
!! l = i
1 *
" . .
. L :
' — -
.i ]i
——

— ep - 08758 (77) L

| (spectroscopme itz only)

|
e

: |

.90 0.95 100

proton charge radius (fm) RH_avr = 0-8758(77) fm

L L 1 1
.30 0.85

CODATA 2006 (e-p scat. & H) R-=0.8768(69)fm |~1 %

2016/08/03

Adv. Meson Sci. Lab. seminar 32



Lamb shift in muonic hydrogen

PSI CREMA (Charge Radius Experiment with Muonic Atoms) collaboration
Laser spectroscopy of 2SF=1, , 2>2PF=2, , of muonic hydrogen

Setup in tE5 Antognini et al, Science

(n =m /m, ~ 14)

\
\
\

Caarget (,., | % )

\ Laser

2P

25

2 keV X-ray
(Ky)
detected by LAAPD

D sh-azer 4 -I S —

2016/08/03 Adv. Meson Sci. Lab. seminar 33



Lamb shift in muonic hydrogen

Timing spectra of LAAPD
R Poh/ et al., Nature 466 (2010)

| laser |nject|on

|

‘; " Our velue

2305 1.3% « 100 avents - ‘
6= i
150 -- 3
! % % - H.I ation |
1afE- - 5— ; J
L J# £ S :
Y F N [ o
1 30»— 5 Q — [
u \ 5 b -
Cy P o 4 —
< of =
T o0p P [BERREE 1.02 « 10* avents f, - I
P JBRSE 53—
o E PR - V-
150 ;g;; > -
. Do -
soof %éf S oAz -
: S S -
S & = e \\
sof_# B -
i

op
N
o

S D SRR ?*

Time _Ucl - l N N 1 l 1 1 1 l 1 l

£9.75 408 40 so 40 9
Las=r frequercy (THz2)

Measured value : 206.2949(32) meV
Theory: AE =:209.9779(49) - 5.2262 R¢? + 0.0347 R:3 meV

Rg = 0.84184(67) fm  X10 better precision

2016/08/03 Adv. Meson Sci. Lab. seminar 34



Proton radius puzzle

PSI result is x 10 better precision, however

central value does matter! e-p & H spectroscopy
(CODATA 2010)
p-p Lamb ep &H 0.8775(51) fm
| spectroscopy
70 muonic hydrogen
T - (CODATAZOIC | (90)1() & 2013)
L J-Lab 2017 {e-p) 0.84087(39) fm

“Proton radius puzzle”

FEI2010 () »

o Mainz 2070 (etp)

S TS0 IS0 0 AN N U0 T U 0 A I ORI G 0 B T J-LJ-.L.LL_LL. o L .__LL.L___'._L_LL-.__

0.81 082 083 084 085 086 0.57 058 089 09 021
Proton charge radius (fm)

2016/08/03 Adv. Meson Sci. Lab. seminar




Possible hypothesis

Proton radius puzzle (2010~, still unsolved)

P

2016/08/03

errors in the measurement(s) ?

proton structure-dependent corrections are wrong?
QED needs modification (in m-p

interaction)?

Physics beyond the Standard Model?

Adv. Meson Sci. Lab. seminar
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PSI :Energy calibration by water vapor

Are experiments correct?

absorption

calibration by H20 absorption

Delayed / prompt events (10

Laser frrqueroy (THz2)

miss in the calibration is unlikely.

) |
: $!
. "
*
-
’ |
|
o
[l
t |
o o
- . | | e
Ll .
- T $‘ 11 ‘b " ‘ i
o ‘. a
T . :
| 1 1 ] 1 ! 11 1
49.75 498 49.85 499 49.95

e-p scattering
extraction to Q2=0

shape of the form factor

101

extrapolation to 2 — O required

GgyCo
[~
[+
e
—f—Y
+ 1
:
FE
-
—
—5
=,
—_—
—

0<6
[Verderhaggen and Walcher, ArXiv. 1008.4225]
0¢5 L A 4
0 uus ur eI 02 D2 D3 DIy ue
C* [(CaVie))
Splins it Rosanbluth Separaior

new data toward lower-Q?

PRad @ Jlab with ISR
Suda san’s group@ Tohoku
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Theory is wrong!?

errors in the PS| measurement

Antognini,

e Statistics
Center pasiion uncertainty (~ 1% ot I') J00 MHz
e Systemahtcs

Laser frequency (H.0 calbralion) 300 MHz

AC and DC stark shill < 1 NHz
Zeeman shill (5 Tesla) < 30 MHz
Dopopler shift < 1 MHz
Collisional shift 2 MHz
e Total uncertainty of the line determination 760 MHz

¢ [heory. pralon polanzabilily 1200 MHz

e Discrepancy with CODATA prediction 75300 MHz

proton polarizability

Carlson etal., PRA 84, 020102 (2011)

uncertainty is large, but corrections
value is not so large.

82 % of total error

AE =:209.9779(49) - 5.2262 R¢? + 0.0347 Rg3 meV

discrepancy 0.31 meV

Theoretical uncertainty is much smaller
than the observed discrepancy.
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New physics!?

breaking of lepton universality

Tucker-Smith & Yavin (2011)

Coupling to muons and protons
(small coupling to other particles)

MeV-mass mediate particle

+-LeH) | “
=Sk (meV)

Lamb shift in u-H:

(.6
0.5
04 F e
: ‘:-'/.—\\ Ly
0.3 . R
o>\
.......... "'/_..\.\-{..‘-.,-,.',..........................
:" '\: '\. \
0.2 e~ WA
- L
o
oLt % R
2 N
et AL L
(.0 = el TP,
0.1 1 10 [ DO

mg (MeV)

may simultaneously solve the muon g-2 anomaly

predict energy shifts in mu-D, mu-He and true Muonium (u+u-)

2016/08/03
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FYI : MUSE (MUon proton Scattering Experiment)

talk by E.J. Downie
MUSE (Muon proton Scattering Experiment) : .

u-p scattering @ PSI

Beam-Line
NMonitar

atomic scaltering &
spectiroscop .
Scal.ered -
Par.icle
Scintillator [ ,
AT Straw-Tuhe

Tracker

+ + - -
M p’ e p’ M p, e p
8 = 20° - 100°
:=0.002-0.07 GeV?
3.3 MHz i¢lal beam NP | Chamber
' flux Detactors ' \ o
= 2-15% u's ,IJ’ ] / ﬁj
0 ; SFM el
=10-88% 2's Thin Scincillator
=(-50% m's
L] L] | \‘] % :..‘-.
precision to Rc~ 0.01 fm emtre | § W -\
| \ .' | g
production run 2018-2019 (2x6 month) i / v
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Q:What about the magnetic distribution inside the
proton probed with muon?

2016/08/03 Adv. Meson Sci. Lab. seminar
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Q:What about the magnetic distribution inside the
proton probed with muon?

proton Zemach radius

R, = fdgrrJ B3r'pg(Npy(r—1")

2016/08/03 Adv. Meson Sci. Lab. seminar
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Hyperfine splitting

Zemach radius can be determined from Hyperfine splitting energy

Hyperfine splitting (wp case)

Hyperfine splitting (15)

135, (F=1) £

AEH FS
~0.183 eV (u-p)

s, (F=0) ¥

F = I+] : atomic angular momentum
| : proton spin,
| : electron angular momentum

2016/08/03

Theoretical expression :
common in H-like atom

AEHPQ — Ep(l g é‘QF.'D + é',\‘lr)

> E; :Fermi term , ;
8 My ey M
. 4 u(e) "'tp
Epr =za T Hp

(m# (e) -+ m,,) 7

> Ogp : QED correction (including higher order)

> 0, : proton structure related correction

Oy = Opp + Opecoit + Opol + Oppp

—ZCtmm,Rz + 0(((2)

AE, ¢ is directly connected with Rz

Adv. Meson Sci. Lab. seminar
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Hyperfine splitting

Theoretical calculations

1S HFS Dupays et al., PRA 68
13S, (F=1) TT
Hydrogen Muome hvdrogen A
IS
Magninhule LIncertainty Magnitade  Uncertainty
Ef 1118841 MH: 0.01 ppmn T2 412 meV 0.1 ppuu AEHFS
PR I RS n“." 0L X 1'51'—“ 1.13% ln—f 10°°¢ _ ~0.183 eV (u-p)
Hrre 921070 2X107° 75x107° 1x10™"
Gt gx10 8 10 ¥ L7x10 ° 10 ¢
coul < \ 0O - v 0 s ST 3 009 s 3 Y T¢
o 1. 1% 10 D.6x10 046X 10 08X 10 'S (F=O)
P 107¢ 10-* 0.02%1077 0002107 0
uncertainty ~10-4
Expt Laser spectroscopy

1420.4057517667(9) MHz ~ Not Measured before

442 THz = 6.8 um
(well known as “21 cm line”)

(mid-infrared laser)

2016/08/03 Adv. Meson Sci. Lab. seminar 44



Past measurements on Zemach radius

& hydrogen spectroscopy
R, =1.037(16) fm Dupays et al, PRA(2003)

=1.047(19) fm Volotka et al., EPJ(2005)

& c-p scattering
R, =1.086(12) fm, Friar & Sick, PLB(2004)

=1.045(4) fm, Distler et al., PLB(2011)

006

cos

Cistler 2017 (2-p) ~@~

Volotka 2005(11)  w——p

Prolon Zemach radius (fim)

2016/08/03 Adv. Meson Sci. Lab. seminar
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Past measurements on Zemach radius

& hydrogen spectroscopy
R, =1.037(16) fm Dupays et al, PRA(2003)

Anteqnir! 2012 (u-p e
=1.047(19) fm Volotka et al., EPJ(2005) istler 2017(3-p) ~#-
Volotka 2005(11)  repme
& cp scattering Friar 2004 {ep) —e
R, =1.086(12) fm, Friar & Sick, PLB(2004) ‘
""" ' "Yo01 108 ' -o8 -tz

=1.045(4) fm, Distler et al, PLB(20[) ~ 0% e 12

Prolen Zemach radius (fim)

4 muonic hydrogen 2S HFS
R, = 1.082(37) fm, Antognini et al., Science (2013)

y4

> |atest value of e-p and H spectroscopy
are consistent within their errors

> u-p value differ? But uncertainty is still large.

Direct spectroscopy of IS HFS

2016/08/03 Adv. Meson Sci. Lab. seminar

P fairc splttmg
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Measurement of U-p ground-state AE ..

= muonic hydrogen 1S HFS energy €< not measured before

laser spectroscopy : 0.183 eV = ~6.78 um, 44.2 THz (mid-infrared)

Our goals :
@® determine 1S AE ¢ with an accuracy of ~ 2 ppm (~100 MHz)
the [t precise measurement of AE, "> of Y-p

fundamental quantity of Y-p system

& derive Zemach radius from AE,
AEde = Ep(1+ 8gup + i + Srecou + Spot + Snop)
Opp= —20my,Rz + 0(a?)
Ry ={(lr (1 +8azp + Orecanr + Opor + Snpp)) — Al e }/1.281

theoretical corrections measurement
2016/08/03 Adv. Meson Sci. Lab. seminar 47



Expected precision of Zemach radius

Ry = {(Ex (14 Sgip + Srecon Srop ) — AESE}/1.281

/T Ay

1130(1) ppm 1700(1) ppm  460(80) ppm  20(2) ppm

(2) ppm
Dupays et al, PRA 2003
- Hydrogen Muonic hydrogen
R, = 1.0XX(13) fm
Magnitudc Unccrtainty Magnitude  Uncorrainty
. ) ) ) o EF 1118.51 MHz 0.01 ppm 182113 meV 0.1 ppm
Opo1 1S dominated in precision, but
, Jdf 35 PG| | STEL 1.13x107°  <0.001X107°% 11sx107? 107°
improvedfactor =3 from FSIresults, g 391077 221076 7E%1073 0107
gl 507" 1078 1.7 1077 1o~¢
! 1.4%10 © NEX10 ° 04610 *  0.08x10 °
SF 10~ % 107° 0.02x107% 0.002x 1073
check with R, determined by “electronic” and “muonic” measurement
() () L) _S_)
¢ ¢ } e-p 1.4(6) ppm

+:

improvement of proton . wp  460(80) ppm

polarizability correction (9,,,) drastically reduces uncertainty of Rz

2016/08/03 Adv. Meson Sci. Lab. seminar 48



Expected precision

new chiral PT calculation on proton polarizability,
Hagelstein, arXiv 1512.03765

ECT*WS 2016
polarizability for 25 HFS Our goal
. Antognini 2013 (u-p .
EFL(25) = 0.87 L 0.42 peV. 9 (u-p)
Distler 2011 (e-p) @
x8 for EPl . (1S) > 34 ueV (18 ppm) Volotka 2005(H) «
Friar 2004 (e-p) ®
T T T B ¥ S 7 R V. I N R K PR T

Proton Zemach radius (fm)
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Expected precision

new chiral PT calculation on proton polarizability,
Hagelstein, arXiv 1512.03765

ECT*WS 2016
polarizability for 2S HFS Our goal .
1 Antognini 2013 (u-p) o
EXS 71 042ueV.

Hrs(2: . Distler 2011 (6-p)  re1
x8 for EP . (15) > 34 ueV (18 ppm) volotka 2005(H) - +—e

Friar 2004 (e-p) c

! ! i | P | P R ' BT |
€96 098 1 02 104 106 108 11 112 1.4
Proton Zemack radios [fim)

Jlab g2p collaboration

inelastic cross section with polarized e-p scattering.
B polarized structure function

Theoretical input for proton polarizability calculation
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Experimental principle



Experimental principle (1)
Laser spectroscopy : signal to detect resonance

decay asymmetry of polarized muons €.
atomic capture .=
(n~14) -

_muonic hydrogen

P Produce u-p atom

stop w in hydrogen
de-excite to ground state

(T1s~ 2.2 us) nyclear capture ignorable

B Laser-induced spin repolarization

125, , (_F=|) — 3 Y. A
S AE, ¢
~0.183 eV
v o -.r__ i
12S,,, (F=0) '

F : atomic total angular momentum C &
2016/08/03 Adv. Meson Sci. Lab. semina c:rcularly—polar:zed laser 52



Experimental principle (2)

B Measure electrons from muon decay

polarized (P 5 0)

. ) ) //' e N i S Mo
muon decay asymmetry with polarization (P) B e
' R .. o, Dy e "\\

’ 1 s\ - | ), .-_./‘\
do,-(6)dQ « (1 —3zPcost dQl \ N/ :EAN
Laser frequency matches the HFS energy

‘ more decay electrons in opposite

: . direction of muon spin
spin polarization in 3S, state

\ 4

detect electron decay asymmetry

2016/08/03 Adv. Meson Sci. Lab. seminar 53



l) gas H, target

Top view of setup

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

Conceptual design of experimental setup

-3

4
_ e y {r\‘ yd
S e

Y o
Ay 47
4 o

L B
< 7 S

A7 K¢, electron counter

P )

= 0 (forward)

Vaser

detect forward/backward
electrons
Asymmetry = N - N,

2016/08/03

Adv. Meson Sci. Lab. seminar

& ' | [f %,
s g %
— (—lll |
ﬁ / mirror;
[ a‘
ﬁ““ A ""I 4
% — v A
as H
7 W B 2 é"f/‘:ﬁ:&
Wi, = o o
U pe——=" 4 7 “electron counter
N (backward)
10cm .
| mid-IR laser
A forward’backward counts
T\\ /u & decay
\ /
“w laser njection
W . +AM'2
g If/\}<'
: R
a2
34
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Competitor | : ltalian (A.Vacci’s et. al.,) group

A.Vacchi, ECT*WS 2016
Laser spectroscopy, but different method of
detection of resonance * (H,)
“muon transfer’” method /
. [ e & YV ‘1A \
L. uwp(td) abfprba a photon of resonance wavelength (l-l'PJ ‘/ (H.)
r~he/AETS o~ 6.8 1 = > n
Converts the spin stare of the (-up) atoms from ;SC’ -"S._ 018;?’ eV /
WPt 4} S wp( M) X2
—/ M
i / (wp)
2. wpl 1) °S, atowns are collisionally de-exciled (o accelerated

wpl( ™) 1S, and acceleraled by
~0.12 eV ™ 2/3 AEIFS
Cnergv-dependent muon transfer rates change the time distribution of
the events A 1s recognized by maximal response

f‘ll. 'ﬂ“‘
3. Bakalov, et al.. Phys 1ett. A172 (1993). oy N R
13, Bakalov, et al., NIM 13281 (2012). f"‘tr‘"
H, target + ~ % O, mixture
increase muon transfer rate: up —Z=>ul+p

detect muonic X-rays
55



Competitor | : ltalian (A.Vacci’s et. al.,) group

A.Vacchi, ECT*WS 2016

Recent simulations of u-p HFS expt.
Phys. Lett. A 379 151 2015

» I T T T T .l T T T T ]
= TO08 H,+0,(0.02%), T=300 K, P=36 atm
= 6000 | X-ray spectrum pr —» Op 7
i 5000 . 1..
% a0l Monte Carlo simulqtion
3000
2000 1
laser transilion
i probability 20%
| |
i =» 6% Increase
1%8 : i of x-ray counts | i
: ' ' ) I i I ' ) E I ' ) '
500 0 §00 1000 1500 2000
time MneN

p=(Na-Ng)/ V2(N,+Ny)
10% muonic atoms “shot”, p = 6x104/V4.10F = 30.
try to measure in RIKEN RAL
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Competitor 2 : PSI group
Same with Lamb shift group (CREMA to HyperMu collaboration) R. Pohl, ECT*WS 2016

" Princip ip HF

e i~ of 10 MeV/c are detected — rigger the laser
e 12~ stops in Hz gas (500 mbar, 50 K) — jp(F=0) formation

e Laser pulse: pp{F=0)—p(F=1) e . )
e Collision: up{F=1)+ Hy —» Ha +pup(F=0) + /iy, SN
« Diffusion: the faster pp reach the target walls —

m=—1 m=il m=+]

e At the wall: u~ transfer to high-Z atom — » (p2)* formation
o {nZ)* de-excitation — MeV X-rays,e and s caplure
+ Resonance: Number of X-raysfe /capture signals after laser excitation versus laser frequency

Signal events:
Laser excited up
reach wallin f € [ty er: fluser + At

s

Cavity 115 gas -0

Cavily

Background events:

Tharmalized :p
reach wall in € %500 £ser + A2
= Cool target to 50 K




Feasibility of the measurement



Transition probability

B 'S,>3S, transition probability

F=1
L polamzed
= 5 F,=-1 F,=0 F, -+1
P=2 X 10" s \/_ o X & g it % ‘_’ o
—3 "/' 5 / \._ ‘ ,} '
E/S : laser fluence [J/m2], P
T : temperature [K] laser-induced

transition
NIM B281(2012)72

~g3—<od > F=0

x |aser power
P E /

5—

B need high-power mid IR laser (> 10 mJ) u fully depolarized

multi-pass cavity

mirror mirror

enhance effective laser power by multiple o
reflection by mirrors L

laser

refractive index R= 99.95 % e

2016/08/03 Adv. Meson Sci. Lab. seminar 59



Mid-infrared laser system
Tunable mid-infrared laser (under development by Wada san’s group in RIKEN)

wavelength ~6.8 um (= ~44.2THz )

Cr.ZnSe oscilator Replica generator

° ~EO0MH> 0 T Hanow serd seediesr] 1=y |
bandwidth ~50 MHz W V*{M'A EI_'\ -
. 2 > frr———] s ST :
repetition ~ 50 Hz : SRTERE” B lena Lk L .
mid-IR by seeded optical parametric RS L VR -

oscillation (OPO) with ZnGeP, non-
linear crystal (2 um—> 6.8 um)

double pulse 10 m] x 2 sets =40 m]

OPO
vl =v2 +v3
v2

v

_ v3
non-linear crystal

40 md laser power is possible

2016/08/03 Adv. Meson Sci. Lab. seminar 60



Collisional quench

P 3S,—>'S, collisional quench w polarized
F,=-1 F,=0 R

polarization is lost... gt N\
N > _l k-_——-___~_$> )
A" /

=

up(M) +p = pup(tl) +p T,

J. Cohen, PRA43(1991)9

collisional

10000 MR B8 01 m i 021 ; e B S 8 2011 ) s S SR B 03 S e a8 200
8750 pe(1T) + p=piTl)+p i quench
7500 uench rate (A |

q ( Q) T; (‘_—_'1 *"&—_.,# =
6250 - (zﬂ* N 42 p E /
600.0 A’Q =0y <VHP >p H, u fully depolarized

g, (0™ cm’)

(Pr2 = PPyiguia )

proportional to H, density

. | liquid target is unusable
10" 107 10" 10’ 1d 10 (density is too high € tau ~ 50 ps)
RELATIVE ENERGY (eV)

Quench rate
If ® =0.1% (0.01 %)LHD (liquid hydrogen density), then ..., = 50 (500) ns

Density of the hydrogen gas is very important
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Population of spin polarization

Condition

v Laser power 40 m|
v gas H2 target
~ 50 or 500ns)

( quench

Y multi-pass cavity
(reflective index ~ 99.95 %)

Set proper timing gate after laser
injection :
averaged polarization

P=~3.7% (0. % LHD)
~16 % (0.01 % LHD)

2016/08/03

Polarization

spin polarization (after laser injection)

0.3

C.25

0.2

C.15

D1

0.05

0

Adv. Meson Sci. Lab. seminar

~ power = 40 mJ
- R=0885"%
e \“\\0.0l % LHD
- v d <, :
i e mess
. _1/ }“\. P ) 0- 6_)§
/ timing gate G !
- ! N "
L / \\\
- / \
.
a P
d \\P 0. O3f
f timing gate“\ﬁ.f;\ =0.1% LHD '
NSO [STUN AT T L | ade s 1‘1 Tt e
C cz 04 06 C&8 10 12 4 1B
Time [us]
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Delayed timing laser injection
Large fraction of muons stop outside of H2 gas

Negative muon capture

lifetime of bound muon : M injection
Toal = /Ao l Typical time spectrum

Atota|= Acapture +QAdecay 10° | S peal G (S UL | LI L {8 R T 1250 RS | E
u- capture Q : Huff factor total U decay in materials -

u__n 105

VA
‘(’ target cell (W)

w2

c.f. Ayory =2.197 us o 10 /foil on vacuum chamber (W)
EECTZRECE ;.
H 2194 1.00 E |
C 2040 1.00 & %
Cu 160 0.967 10}
.t >0 092> A I , o
W 80 0.860 0 500 1000  15C0 2000 2500

Time (ns)
BG suppression by mu- capture & delayed laser injection

2016/08/03 Adv. Meson Sci. Lab. seminar 39
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proposal to RIKEN-RAL muon facility

proton synchrotron : 1SIS Didcot, Oxfor dgrir €
=Ry - Kinseor
800 MeV proton with 50 Hz repetition (2 bunches) B o -

2 uA (1.6 uA for Target station |)

B0DMeV Proto =

Production
L, Target
—_— ~4 % loss
| ¢ Laser Room
0 |-|l | Pion
| FT] Injector
]|
Superconducting
[ HHH] Solenoid
o Cryogenic System
DA -
[Room ' )
‘ wiu ) DC Separator
:,j / - .‘ ‘....-.& -
- Pgnd ) _‘.'. ;‘. - > G . ' i : N
f R, BN (R S T
& THS
. Comirol
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ns [ /s

-
e

Numbar of Mu:

pulse muon yield

“stimated muon intensily in 4emx4cm

137 S L T 1 11 | B L B | T T
3 ] | | I :
i N
o Y
1'8 = ’” N v - —
O :,,\9 e W
- < ’Oi o T . .
i o! e P 1 Negative muon yield
P L g - P, =40 MeVic
- | ’ - O E
| s dplp =24 %
1% LN ] 2 4% 0% [s-!
. W : Ax10% [s]
E ! /'*i . . . '
3 L s typical intensity q
o Vi | K
'_l?‘ ] [ | z li L1 | [ T l L I (I | I I 4 eak tO eak
0 20 40 80 80 100 123 p‘ P
Muon momentum [MeV/c] s
T. Matsuzaki et al., NIMA465 Pulse width L \ n " [\ (\
70 nS(FWHM)< — >
Repetition

20 ms (50 I1z)
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Resonance hunting

P scanning region and steps
scan interval : 100 MHz  (Doppler ~ Bandwidth ~ 50 MHz)

scan region: +5.7 GHz  (theoretical uncertainty)

. signal (Np — Np)
Significance(o) = — =
fluctuation  /(Np + Np)
expected spectrum
Ng N, forward/backward electron counts 6 18t scan
-
if off resonance, N.-N, =0 A
X o=
N; =N, = 0 should be identified over the & 5-
< =
statistical fluctuation (~3 sigma eqiv .time) 8 =
pick up > | sigma 5 -
w 0__
25 days :
e

o2}

2016/08/03 Adv. Mesol




Resonance hunting

P scanning region and steps
scan interval : 100 MHz  (Doppler ~ Bandwidth ~ 50 MHz)

scan region: +5.7 GHz  (theoretical uncertainty)

g signal (Ng — Np)
Significance(o) = — =
fluctuation  /(Np + Np)
N, N, forward/backward electron counts 3 : i 2" scan
6 >
if off resonance, N.-N, =0 ] \ candidate
T 4
N; =Ny = 0 should be identified over the g 3F 1
statistical fluctuation ( ~5 sigma eqiv. time) § o b | ’ (
= = s ?
pickup > 3 sigma EFE -] T 1
2 e @ i .] JI'
I | days i : + l i
1 | I ¢ .
=0 E I ’l L | | I |ll R 1

2016/08/03 Adv. Meson v—vp [GHZ]



Resonance hunting

P scanning region and steps

scan interval : 100 MHz  (Doppler ~ Bandwidth ~ 50 MHz)

scan region: +5.7 GHz

(theoretical uncertainty)

signal (Ng

Ng)

Significance(o) =

fluctuation - V(Ng + Np)

N, Ny forward/backward electron counts

if off resonance, N.-N, =0

Ny —N; = 0 should be identified over the

statistical fluctuation ( ~7 sigma eqiv time)
beam time estimation

: 36 days
frequency determination. : 8 days
statistical error : ~10 MHz

(~ 0.2 ppm)

resonance finding

2016/08/03

expected spectrum

i i ; i §330:4
11 8 Tl b T e oot L e o o383
3 : Canstant A2 -amss
- Nean CINMASY — IS
8: === : i 7 Seprw Q0736 =CO07732
i : R :
! : J& \
© Lot
— 8 l |e \
a ! ! of ! !
o : : ! }. | : :
= : r ; \ : ;
= . i ! ' ‘\
< s : > - / - \ - ;
L= P L | AR S N N
w : : : Yool
o - ! : : 1N
N z T §
-11|i 1 1 1 (BN li P Y l 111

5 04 03 02 01 0 01 02 03 04 05
v —vq [GHz]
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beam test @ RIKEN-RAL



RIKEN-RAL Port-4

BO0OMeV Proton [} =
—— ' = x k‘ - ¥
LH Production
Target
3 T o Coincidence counter
[]—] .—] Injector
| Port 3 g

(Blow )

Superconducting
Solenoid

Cryogenic System

4 § 4 muSR spectrometer
2016/08/03 Adv. Meson Sci. Lab. seminar




4

Counts per 10 ns

Background measurement

™

check BG level after u-stop k- *
: k long tail background(?
Typical time spectrum Lo I s S ®)
100 | R PR G O AL 1 L] ' | 12GR ) 1 l | JER 1 | 2GR JREA | l_ E :‘ (ta,u ~20 us)
-2l
total Simulation 8 E
103 // = 10._
. 2 E
‘{: 1':§|rget cell (W) : o
10° 'E T
0 S ‘uTmo[yﬁ]b 20 2)
10° i N%
72 : “E ﬂ counter2 one PMT
LS : "”5 {"'\ / counter? (L&R)
g F .;.R Y counter|
= 0L \ 2 f
o T 1;"]'.. mevmojljv tY‘e r2
|| 00 | T Y ”’5—1 N I
1000 150 2000 2500 , 1» '
Time (ns) l i
BG can be suppressed by coincidence Time ] )

2016/08/03 Adv. Meson Sci. Lab. seminar
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Summary & Outlook

P Measurement of ground state hyperfine splitting energy in muonic
hydrogen with mid-infrared laser by means of spin-repolarization
method.

p Accuracy of AE, s : ~ 2 ppm, derive proton Zemach radius < | %
accuracy

(need theoretical effort for further precision)

P Proposals submitted to pulse-muon facilities
(RIKEN-RAL and J-PARC MUSE)

p Feasibility study with pulse muon beam is on-going in RAL.

2016/08/03 Adv. Meson Sci. Lab. seminar
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Proton Zemach radius from Hydrogen HFS

theoretical calculation of correction value

Spectroscopy of hydrogen HFS | B — Poor
P Py y g L 1 A20 405 51 765 0000 000 N 1
Ly 1 118310 08 0AXO 02 G
AEHFSexp = 142040575 | 7667(9) Hz _:'Ir: Le 1.001 103 Ib 000 00 0 .
b, |:n ) u.;,;: :; 0.000 000 001 ::. 23
theary of ydragen HF s, wownewma
AENT™ = Ep(1+ 8900 4 6%7) e
6'Str — Fiad U000 U000 0627
SPol 4 SHVP 4 shVP 4 sweak 4 gsize 4 srecoil - — —
Volotka et al., EP| 2005
5517 = 1.0154(2)6%°™m%h + 1.4 x 1078 |
= 1.0154(2) X 2m,,aR, + 1.4 x 1078 input
EEIP 1 — 5Dirac _ 5QED — §Pol 6uVP _ 6hVP _ 6weak _ 5recoil - 1.4 X 10—8
F
RZ —

1.0154 X 2m,

Uncertainty (16) mainly comes from proton
R, = 1.037(16) fm, Dupays et al., PRA(2003) polarizability effect : ‘ |
1.045(16) fm, Volotka et al, EP/(2005) opel=1.4(6) ppm o © Y

EPJC 24(2002)24 -




u-D in PS|

A. Antognini PSPS 2016 ,
ry(CODATA2010) = 2.1424(21) fm, H2 isotope

arXiv 1607.03165 r (CODATA2010) = 2.121(25) fm, D2 spec. only
_ CODATA-2010
ud . e
Hp + 150 B 1) spectroscopy
1 .
. e-d scatt.
L L L L | L L | ] ] ] ] L L L | L L | L
212 2125 213 2135 214 2.145

Denteron charge radins T [tm|

isotope shift of 1S->2S in H and D (PRL 104)
ra —r2 — 3.82007(65) fm?.

P Deuteron radius puzzle?
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Comparison with past measurement

T. Matsuzaki et al., NIM 465(2001) , 200 uA, prod.T thickness 10 mm

Estimated muon intensity in 4cmx4cm

107

-

W

108

§
O.:
S

10

: . -----;-2-—@—

108
Tendency is consistent

109

Number of Muons [/s]

To do: absolute value of

adjusted by this point .
the yield

]LllALllLllljllAllllLLAL>
40 €0 80 100 120

Muon momentum [MeV/c]

'
'
i
1
'
'
'
'
'
AL

102

Jlxlll
20
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Negative decay muon beam study at PORT-4
Beam time in May (5/11-13) : CHRONUS - coincidence counters

=’i.r;1 I counter3 ar Timing spectra
I - —— ——— B ter2 § ,’\y
i el I
L0 0d e n b
[—D--. : &
- - ol 48 counter2 one PMT
— T > - = Y counter?
[——- \C 99.998% Bl }‘» “/ counter| x counter2
u . Q- E | % (o
( 0) o 1”””{ 1- T, g UN R [lpw,n U e R
her ,\]‘ il Ik
: [‘ { %\T l LT“JJL] V m
l[l 1 I L B B l L i ’l’
U Z 12 1 6

20
Tme [ps]
BG can be suppressed with coincidence : ~ 104

v design the prototype of counters
v u-stop beam test with dilute gas

‘ beam time in this autumn
RAL-IAC 76



Detector : CHRONUS @ PORT-4

CHRONUS @ PORT-4 (already equipped for HISR) D. Tomono et. al, NIMA600 (2009)44

* 303 counter x 2 arms
> plastic scintillator :  10x10x 50 (or 40) mm? coated with TiO,

WSF : [.5 m (Kuraray Y-11(400)MS)

> light guide : fiber 2.5 m (Kuraray)
> PMT: 16-ch. multi-anode PMT (H6568-10-200)

Clear fiber  Wavelenzth shifting fiber

- Y

.
Ome
\ v mm
\‘ rl,: > - "\'\\
et U mm ,
... TO2 soal
o Scinn’lalor
\_Y{b
ln,
o)
:f.i < 16¢ch
o

MAPMT léch




Results

muon momentum : 32/36/40/44/48/52/56/60 MeV/c

effective decay time in C :2026.3 £1.5 ns
T. Suzuki et al., PRC35(1987)

Time spectrum

Momentum dependence of yield

o' h_all ;
10— ) g o —
= - Entri 0 -
_ 'I \\ R}AS 0 2 —_. ............... P R N
3 \\ %7 ! ndf 922.8/873 E
1= N Prob 0.1179 o ol
5 - " congl G936 1 1 T : . . .
; _ tau 2021+ 0.002 B : i
- = [<] = YIS W eyt - ST P T T ) T TR
e — H -
2102 typical spectrum < F < |
E: - = B ' :
8 - 5
10— 2 e r) AT
- N ? amount of material is
- 2 e ; | too small"
1= - @ : !
E ||. .l ....I l-._:11i4 l 1111‘11 il '1-LAL
0 5 10 18 ; 30 35 A0 15 U 9% il
Time [us) dorentam [M=V/:
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Proton Zemach radius from e-p scattering

& electron — proton scattering

- 2 2
do) _ (do €GE + 16y G, Gy : form factor
d() dQ). — e(1+71)

6 & AN
Q? = 4EE'sin* = 5/ T= ¢ =14+ 2(1+ 1) tan? (E)]

point like proton size 4771,, c2’

Ry = “"""" f = P (1/1,65(02)Gu(QY) - 1)

p Friar & Sick, PLB(2004)
> G and G,, by fitting with (old) data

error : normalization of e-p cross section &
R, = 1.086(12) fm statistics of data

p Distler, PLB(2011)

> new high precision data from Mainz (Bernauer et al., PRL 2010)
> direct fit of Gzand G,, (not a classical Rosenbluth separation)

R, = 1.045(4) fn
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Proton Zemach radius from Hydrogen HFS

theoretical calculation of correction value

Spectroscopy of hydrogen HFS | B — Poor
P Py y g L 1 A20 405 51 765 0000 000 N 1
Ly 1 118310 08 0AXO 02 G
AEHFSexp = 142040575 | 7667(9) Hz _:'Ir: Le 1.001 103 Ib 000 00 0 .
b, |:n ) u.;,;: :; 0.000 000 001 ::. 23
theary of ydragen HF s, wownewma
AENT™ = Ep(1+ 8900 4 6%7) e
6'Str — Fiad U000 U000 0627
SPol 4 SHVP 4 shVP 4 sweak 4 gsize 4 srecoil - — —
Volotka et al., EP| 2005
5517 = 1.0154(2)6%°™m%h + 1.4 x 1078 |
= 1.0154(2) X 2m,,aR, + 1.4 x 1078 input
EEIP 1 — 5Dirac _ 5QED — §Pol 6uVP _ 6hVP _ 6weak _ 5recoil - 1.4 X 10—8
F
RZ —

1.0154 X 2m,

Uncertainty (16) mainly comes from proton
R, = 1.037(16) fm, Dupays et al., PRA(2003) polarizability effect : ‘ |
1.045(16) fm, Volotka et al, EP/(2005) opel=1.4(6) ppm o © Y

EPJC 24(2002)24 -




Tungsten H, gas cell

glued with STYCAST (epoxy)

Indium :tau = ~85 ns

W bolt / nut




Time for resonance hunting

In the case of RIKEN-RAL muon facility

B0 MY Protan ~—

H L t_)’ -1 #: t ﬁ Praductian

[ wLlaes Room ]I
=

'{‘vrl [

THS
- Contrel

Parameter for estimation
@ negative muon
2.4x10% [s7']
(50 Hz repetition)
P, =40 MeV/c

dp/p =4 %

2016/08/03

Superconducting
Solenoid

™ Cryogenic System

P scanning region and steps

scan interval : 100 MHz

b scan region: +5.7 GHz

(~ §Zemach 4 § pol)

e

i signal

(Np — Np)

Significance(c) =

fluctuation - V(N + Ng)

beam time for resonance finding

: 3 months

expected spectrum —— —
G = B s g s s gl o363
e : : i Canstant AN -&755
o ' Nean DINHASY — DS
8- ; '{f\ Sepre 00736 -CO077E3
- ' | - "0. .'l T
E 6 : 1 : 1"‘ '\ h H
P ; 5]
: i { -+ \ !statistical error : ~10 MHz
U 02 ppm)
D 5 : . I} ! :
L : : / H
AR
25 04 03 Dz 01 0

01 0

AdV. p A - \’0 IGHZ]

Ll | Ll 1 ll L
01 02 03 C04 05
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Expected precision of Zemach radius

Ry = {(Ex (14 Sgip + Srecon Srop ) — AESE}/1.281

/T Ay

1130(1) ppm 1700(1) ppm  460(80) ppm  20(2) ppm

(2) ppm
Dupays et al, PRA 2003
- Hydrogen Muonic hydrogen
R, = 1.0XX(13) fm
Magnitudc Unccrtainty Magnitude  Uncorrainty
. ) ) ) o EF 1118.51 MHz 0.01 ppm 182113 meV 0.1 ppm
Opo1 1S dominated in precision, but
, Jdf 35 PG| | STEL 1.13x107°  <0.001X107°% 11sx107? 107°
improvedfactor =3 from FSIresults, g 391077 221076 7E%1073 0107
gl 507" 1078 1.7 1077 1o~¢
! 1.4%10 © NEX10 ° 04610 *  0.08x10 °
SF 10~ % 107° 0.02x107% 0.002x 1073
check with R, determined by “electronic” and “muonic” measurement
() () L) _S_)
¢ ¢ } e-p 1.4(6) ppm

+:

improvement of proton . wp  460(80) ppm

polarizability correction (9,,,) drastically reduces uncertainty of Rz
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Doppler width

v Estimation of Doppler width broadening

Maxwell distribution (1 direction)

() = mc? mv
I = e\~ T,

2\

o;= [ =128 x10

4 mc“

Hyperfine splitting energy:
E=0.183 eV =44.2THz

Doppler width

kT =8.617 x 10 eV/IK x 20K = 1.72 x 103 eV
mc? = (M, + M) MeV = 1.044x 10° eV

o(f) =44.2 THzx 1.28 x 10® =56.5 MHz

Our case :
line width of 6.7 um laser
Doppler broadening(20 K)
total

50 MHz (o)

56.5MHz (o)
75.7 MHz (o)
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Proton Zemach radius (u-p 2S HFS)

& PSI : 2-transition of 25-2P of p-p A.Antognini, Science 339(2013)417
21 finc splitting
fi :25,,(F=1)> 2Py, (F=2) ‘fz —~ f, : AEFFS(2S)

s B B
I nn
-

f, :28,,,(F=0)> 2Py, (F=1) =0
singlet triplet

st ‘;7..-.- | A singlet N ) Sp— Stripiet

10i Yy L class| class | Lamkb
& 8;‘:;; — shutt
= 61;“:‘.4‘-‘. — | ~' .
g g
22— T AT -4
é U:_ = ; — Y
g’ 'é? 'y - chsa il daas |
] ‘-i:‘ ' Pawrs Q: -t
;: ai;-‘,'\rl.u~ s "*}* -~.“A | h_ 231 —

- . (WK '.:I'.'l§ "' et ‘ S hypeifine spialung

0 . . ' . . Y.

L O o =

uncertainty :
R, = 1.082(31)2%(20)t fm
= 1.082(37) fm v experimental(statistical) error due to large 2P width
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Proton Zemach radius from e-p scattering

& electron — proton scattering

- 2 2
do) _ (do €GE + 16y G, Gy : form factor
d() dQ). — e(1+71)

6 & AN
Q? = 4EE'sin* = 5/ T= ¢ =14+ 2(1+ 1) tan? (E)]

point like proton size 4771,, c2’

Ry = “"""" f = P (1/1,65(02)Gu(QY) - 1)

p Friar & Sick, PLB(2004)
> G and G,, by fitting with (old) data

error : normalization of e-p cross section &
R, = 1.086(12) fm statistics of data

p Distler, PLB(2011)

> new high precision data from Mainz (Bernauer et al., PRL 2010)
> direct fit of Gzand G,, (not a classical Rosenbluth separation)

R, = 1.045(4) fn
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Zemach radius from Hydrogen & muonium HFS

Ers(e-p) = 1420.4057517667(9MHz  Eygle™p) =(1 1+ Aguy, + AL 1T AgEY,

E,r(e- ut) = 4463.302765(53)MHz Fupsle™p™) — (1 + Aggp + ARIER.
M, /4, =3.183345118(89) ' A - recoil
difference due to the proton structure R

(after correcting magnetic moment and reduced mass effect)
Brodsky, PRL94 (2005)022001 (&erratum 169902)

. ,_ u" .\
Lypste™p) g, (1 m,jm,)

Auks 4 4 e Ayee = 145.54(4
HES Lyesle p') pp (11 iy fm,) HFs (4) bbm
. EHFSI::(’—P)-'!E; | E||| .\'(('_,).:'."!Ef _ (1 + AQED + A% -+ AS'
L.HFS (¢ 2 ) 'L;i . Eypgle ™) E;I (1 — AO_ED + Aﬁl

0%¢ = (a /3|2 In ;'\3,"';')-13)- — 4111/420].

As =Aurs ' Ak Ag  BursAomp * AR): (071 GeV2, this vields 8% — 0.0153.
Ag = A, +A,, =-37.66(16) ppm A, =-1.4(6) ppm

A, =-39.1(6) ppm R,=1.019(16) fm

depends shape of form factor? 87
AP=6.01(15) bbm




De Rujula’s idea

@ Advocated as possible solution of Proton Radius Puzzle

“QED is not endangered by the proton’s size”, PLB693, 555 (2010)

form factor with “dipole” and “single pole”

large third Zemach moment

piay(r) = [d3f9 Penarge([F — P2

) ticharge(12)

(ryo) — / a®r r3p(r) — 36.2 fm°

/ (r.z»" ‘:jr.)(?) )
(209 G779(49) - 5.2262 —; - 0.00913 — mev
fm= fm-

\ /

and get rp, = 0.878 fm PSI: <p3> = f<r2>312

wl f=3.79
Such & large third Zemach moment iz impossibe
raiz (De Rujula) = 366 = 6.9 fm’
) (2) (Sick] = 2711 0.13m°
» (Mainz 2010) = 2.85 4+ 0.0 fm?

e-p scattering data are inconsistent with De Rujula’s hypothesis



Comparison between RIKEN-RAL & J-PARC

p RIKEN RAL p J-PARC MUSE
T e e
Beam power [kW] 160 300
Repetition [Hz] 50 25
Proton energy [GeV] 0.8 3
Prod. target thickness [mm] ? ?x2
Momentum bite [%] 4 10°?

Double pulse interval [ns] 320 600
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Proton Zemach radius (u-p 2S HFS)

& PSI : 2-transition of 25-2P of p-p A.Antognini, Science 339(2013)417
21 finc splitting
v, :28,,(F=1)> 2Py, (F=2) ‘fz — £, : AEHFS(25) S

s B B
I nn
-

:25,,(F=0)> =

v, :25,,(FF0)=> 2P, (F=1)

singlet triplet
saf JF S e — A singlet 2. j [Sp—— Stripiet
1002 i b classl 40 Taded he p! al Lamt
3 " - H e ol

""1’ O:E: P f? s‘i: u,. shuft
-G 4 , M L I (TP X ) sl
2 6l L e 18 G a N 1 B e s ’* ) .
¥ s Srabs | L4 ) : ey b ¥ . singlet
S 2 =z *-."'-&I; f'é‘-'." ! ; |

0 -y : o ;
£ r = -
5 flia"‘ ’ - aa. u j_m -
= ,E:;ﬁ A . chsa il 4 ,,té T b dags
Wi — . I rom— 1
o iy, . » ey o -~
- STy ) . - A(d i Mt Y
3 ﬁ:— o pide J r* [ 3 oyt '4

,: I.L " Sert 2 ? AP LL'—:-' . :- . :S 1/ — i

1T T { 1 kS LR + 28 hype fine spliltng

F A P | . . ' .
%=a ca =20 e0o ano 720 nz0 a0 300 S50 V.
v -53.0 TH2 [GHZ) v -390 TH2 \GH2)

uncertainty :
R, = 1.082(31)%*(20)" fm

= 1.082(37) fm v experimental(statistical) error due to large 2P width
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Proton Zemach radius from Hydrogen HFS

theoretical calculation of correction value

Vilin Frio "
’ SPeCtrOSCOPy thydrogen HFS | V- 1 120 4058 51 767 0000 000 i Inli
Ly 1 118310 08 0AXO 02 G
AEHFSCXP = 142040575 | 7667(9) Hz AL b 1001 103 49 0000 000 0]
SDim™ U0 U7 XX 17
g 0.001 056 21 0.000 000 001 |18 23]
theory of hydrogen HFS P opocmsw  0MA0008 AN, tikwed
AEHFS — Ep(l + é‘QED + 65[ ") .1'.':' (000 001 4 (L000 000 6
Sstr — . 0,000 000 0 A -
SPol 4 SHVP 4 shVP 4 sweak 4 gsize 4 srecoil S el ——
Volotka et al., EP| 2005
5517 = 1.0154(2)6%°™m%h + 1.4 x 1078 |
= 1.0154(2) X 2m,,aR, + 1.4 x 1078 input
EEIP 1 — 5Dirac _ 5QED — §Pol 6uVP _ 6hVP _ 6weak _ 5recoil - 1.4 X 10—8
F
R, =
z 1.0154 X 2m,
Uncertainty (16) mainly comes from proton
R, = 1.037(16) fm, Dupays et al., PRA(2003) polarizability effect : ‘ |
1.045(16) fm, Volotka et al, EP/(2005) opel = 1.4(6) ppm o ¢ Y
EPJC 24(2002)24 *6 '
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Hydrogen spectrosocpy

A (.t g)—(n" 7, 5" Vmens (K[12) rel. une. Source Rel
Il [2S12 — 202 -1 057 862(20) 1.9 x 10 ™ Sussex 1979 [25] %
H2 -1 057 845.0(9.0) 8.5 x 10~° Harvard 1986 [26] *
I3 |25y, — 2%, 9 911 200(12) 1.2 % 10 % ITarvard 1994 [27] #
[N |25, — 8512 770 619 350 012.0(8.6) 1.1 x 10 "' LKB 1997 [28]#
HS |25, — 804, 770 649 504 450.0(8.3) 1.1 x 107 LKB 1997  [28]*%
16 |25y, — 8Ds 770 619 S61 584.2(61) 83 x 10 '* LKB 1997  [28]*
H7 |25, > 12Dy, 700 191 710472.7(9.4) 1.1 x 107 TKB 1999  [29] *
[I8 |25y, — 1205, 799 191 727 103.7(7.0) 8.7 x 1072 LKB 1999  [29]*
19 [1S),2 — 25,2 2166 061 113 187.103(16) 1.9 x 10 = MPQ2000 [30]
H10 2 466 061 412 187.080(34) 1.4 x 107'* MPQ 2004  [31]*
I111 2 166 061 113 187.035(10) 1.2 x 10 ** MPQ 2011  [32]
H12 2466 061 413 187.018(11) 4.5 x 10~ MPQ 2013  |33]
H13[15,,2 — 35,2 2022743278 678(13) 4.4 x 10712 LKB2010  [34]*
Hi14 2922 743 278 659(17) 5.8 x 107" MPQ2016  |[35]
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Physics beyond the standard model
Miha Mihovilovic talk in MESON 2014

- Puzzls could be explained by 13
breaking the e-p universality. 12 |
=
- New interaction could also %
explain the (g-2), puzzle. w '
g 09 -—
- The universality tested, but 0| . Uniwersaly |
constrains loose enough o : ®  HOMOIRGS et
for such explanations. ’ 0 00¢ 008 012 06 02

Momentum trarsier aeoendency 1,/A% (GeV/c) ¢

- Various new interactions proposed.
Constraints on new forces Iimit the possibilities.

- Most interesting candidate: Anew U(1) gauge boson mediating the
interaction betwsen dark matter and the Standard modsl particlss.
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De Rujula’s idea on the puzzle

@ Advocated as possible solution of Proton Radius Puzzle

“QED is not endangered by the proton’s size”, PLB693, 555 (2010)

form factor with “dipole” and “single pole”

large third Zemach moment

piay(r) = [d3f9 Penarge([F — P2

) ticharge(12)

(ryo) — / a®r r3p(r) — 36.2 fm°

/ (r.z»" ‘:jr.)(?) )
209 9779(49) - 5.2262 —; - 0.00913 — mev
fm= fm-

\ /

and get rp, = 0.878 fm PSI: <p3> = f<r2>312

| wl f=3.79
Such & large third Zemach moment iz impossibe
raiz (De Rujula) = 366 = 6.9 fm’
) (2) (Sick] = 2711 0.13m°
» (Mainz 2010) = 2.85 4+ 0.0 fm?

e-p scattering data are inconsistent with De Rujula’s hypothesis

2016/08/03 Adv. Meson Sci. Lab. seminar
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Proton charge radius from e-p scattering

In the limit of first Borm approximation the elastic e-p scattering (one photon exchange)

do do eGE + 1Gfy =, 8 e -~
— — — N i - /',’
70 70 c(1+71) G_E, G_M : form factor e
Matt
2_4[;'EI . 29 — Q2 = |1 2(1 2 o - ~
Q“ = 4EE’sin E,t—W,E— + 2(1+ 7) tan 3 Ce .Gy
— 3 p p e

structure less proton

0

(do') a®[1—p* smz%l
Mott 4k? sin"'j

GE and GM were extracted using the Rosenbluth separations (ot at extreme low Q?
the G_M can be ignored.)

Definition of the Proton Radius :
Tayler expansion at low Q?

| Q’ Q* p
GP(Q?) =1 ——<ri>+—<rt>+ .. dGP(Q?
£(Q7) 6 120 i <r2>=—6%
2016/08/03 Adv. Meson Sci. Lab. seminar QZ:O 95




Polarization transfer method

Y R R B R
- - Rosendluth results
e+ n=—>e+p ,

Measure transverse (P;) and longitudinal (P, ) polarization . 100 v
outgoing proton. g

G T (E+E) # . 050 - \\‘!i

- = lall— L A Pucken \!-.E;\., 1
G, P, 2m, 2 [ Gayou D }‘

1w G

@ lones, Funjabi

Many recent experiments conducted in Halls A & C at 200 Polkizition
Jefferson Lab {to name a few): [ cheit traiisfer
M K. Jones et al., Phys. Rev. Lett, 84, 1398 (2000) ) 0,50 — % L resplts
O. Gayou ¢ al., Phys. Rev. C64, 038202 (2061)  Clearly a high pric 00 20 40 60 80 1O

O. Gayou ¢t al., Phys. Rev. Lett. §8,092301 (2002) for the nuclear @ (GeV?)

V Punjabi et al., Phys. Rev. C71, 955262 (2005) ph‘/SlCS communit A.J R Puclett at. al, Plys. Rev. Lett. 104, 242301 (2010)
M K. Jones ei al., Phys. Rev. C74, 035201 (200¢) !

G. MacLacluan e, al., Nucl, Pliys. A764, 261 (2006)

A.J.R.Puckell #1. ul.. Phys. Rev. Lett. 104, 242301 (2010)
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Proton Zemach radius from 2S HFS

Fermi 22.807995
Antognini Ann. Phys. M anomalous M.M. 0.02659
all-order eVP 0.07437
AEHs = Ep(1 + Sgpp + Sstr) 2-loop to E_F 0.00056
= Ep(1+ dggp + 87 + Orecoir + Opot + Opve) 1-loop eVP in 1g 0.04818
2-loop eVP in 1g 0.00037
further 2-loop eVP 0.00037
| , muVP 2-loop 0.00091
AE[fLs — 22.9778(2) — 0.0022(5) 17 — 0.1621(10)7, + As;;j:.g meV  vertex -0.00311
substitute r, = 0.84087(39) fin higher order -0.00017
’ ’ hadron VP 0.00060(10)
0.0022(5) x 0.84087(39)* = 0.00155(35) weak 0.00027
AE('I = 22.9763(15) — 0.1621(10)7. + AEPO.’ meV hlgher order size to EF 0.0009
s = 22:9763(15) (10)7; + 8y recoil 0.02123
(15) comes from uncertainties of eVP +p structure =0.0001
different theoretical calculation eVP cor to size -0.00114(20)
substitute £ into £ aEth — 225896367 ORP 621 (10)55 % HB2YA2
substitute ~ AEj,e = 22.8089(51) meV Antognini, Science(2013)
AER?C = 0.0080(26) meV PRA83(2011) 042509
~_229763(15) + 0.0080(26) — 22.8089(51)
'z = 0.1621(10)
= 1.082(31)***(20)" = 1.082(37) 97
2016/08/03 Adv”Meson Sci. Lab. seminar




MAINZ Al T

Three spectrometer facility of the Al collaboration: J. Bernauer, PRL 105,242001, 2010

v Q%2=1[0.004 - 1.0] (GeV/c)? range

v Large amount of overlapping data sets (~1400)
v Statistical error <0.2%

v/ Luminosity monitoring with spectrometer

v Additional beam current measurements

rp =0'879(5)stat(4)sys(2)mod(4)group
v Confirms the previous results from ep—ep scattering;
v Consistent with CODATAQ6 value: (r,=0.8768(69) fm)

2016/08/03

Adv. Meson Sci.
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non-linear crystal

Zinc Germanium Phosphide (ZGP)

Clantations & Sxes Coatcal Charecteristics

2P Single Crystals

Zinc Germanium Phosgphide (ZGP) axhibits a large
nenlinear coefficient—180 times larger than gotiss um
—making it one of the most efficient
nanlinear crystals availabla. Qther propartias include:

* Optical transparency from 1 t0 72 um, high thermal
conductivity

' ' = High lager damage threshold
* Toleranee af hinh avarage power
¢ Stable mechanical properties
Click image to view gallery = Phasematching abllity over a bread spectral region,

* Wide apararing remparature ranga "o 407 10 1807 Demcsrarim meoe
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Cavity mirror

mid-infrared mirror
CRD Optics, Inc.

Bandwidth Diameter ROC

Model Number Center Wavelength Reflectivity (nm) in) (m Price per Pair Details
901-C010-3300 3300 99.99%  3000-3400 1 1 $2500 View
901-C010-400C 4000 9998%  3580-4330 1 1 $3000
901-C008-4000 4000 99.98% 35804350 0.8 6 $3000
901-C008-460C 4600 99.98% 42804740 0.8 ] $3000
901-C010-486C 4860 99.98%  4685-5230 1 ] $3000
901-C020-520C 5200 90908%  5018-5332 2 ] £6000
901-€010-520C 5200 9098%  5018-5332 1 1 $3000
Q01-.0010-6200 6200 99 OB% 5800-6550 1 ] $3000

90 6800 9998%  6500-7200 0.8 1 $3500
90%-1010-680C 6800 9996%  6500-7200 1.0 1 $3500 View
901 ) . 1 1 3500
901-C010-780C 7800 99.98%  7500-8100 1 1 $3500 View
901-C010-830C 8300 99.99%  7950-8650 1 ] $3500
901-C010-860C 8600 99.98% 8300-8900 1 A $3500
901-C010-260C 9600 99.99% 9200-10000 1 x £3500 View
901-0010-0810 11000 0000% 9300-14000 1 ] $3500 View
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lonization effect by laser

6.7um =0.183 eV

lonization potential of Hydrogen : 13.6 eV
lonization potential of MuonicHydrogen : ~ 2.6 keV

Pulse energy : 40 m|

Pulse duration :~ 10 ns

Beam size at focus : @100 pm (middle of multipass cell)

Focused Intensity :
52x 108W/cm? << 10"W/cm? (multiphoton ionization threshold)

Focused intensity is significantly smaller than
2016/08/03 multiphoton ienization threshold 101



uncertainty in Zemach radius from pp atom
Uncertainty of AE?S, ;s and R, (PSI case)

AE?S, ¢ (theory) = 22.9843(30) — 0.1621 (10) R, "~ (7 = 60 ot gl —iien) s
R, = (22.9843(30) - AEZS,,. (exp)) / 0.1621(10)

R, = (22.9763(15)+0.0080(26) - AEZS, .. (exp)) / 0.1621(10)

AE?S, by PSI : AE?S, .. =22.8089(51) (Antognini 2012)

R, =0.1754(59) / 0.1621(10) = 1.082 (37)  *(37) = (31)=»(20)

3.4x10-2 6.2x10-3 3.4x10A-2
* uncertainty mainly comes from proton polarizability
AE'S, .. case: AE,, = 0.0080(26) meV o

AE'S, .. (theory) = 182.725(62) o s ot o]
F a0 Mty L0 pprn| 132 428 me\ .1 pem

RZ - (|84.087 (IS) - AEISHFS (EXP))/ |.28 I (YY) A< 11610 2 2 oro0110 ° L1610 3

(yy<tor [T ) T

* uncertainty of proton polarizability (IS) o4 | 12100 oc104| ose10s oss10
ZOA%&AJ S) = 0084( I 5) mev (46Q\()8Q)epjm§a|) Lab. seminar o e | e ecea




muonic hydrogen molecular ion

muonic molecular ion formation:
(u~p) + Hy = [(pup) pee|
rate A, = ¢ x 2.2x 10° [s']

¢ : density [/p yp]

0.00ILHD case :rate =2.2x 103 [s"'] << muon life
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magnetic field effect on transition energy

Magnetic field effect on transition energy

For muonium,

W = -(1/4)AW - pgH g, M H +- (112)AW (1 +2M; x + x?)!2
AW = hyperfine splitting

x = (g Mg® * g, Hg")H/AW = H/1585

We could use similar equation for pp.

However, for simpler estimates...

Energy by Magnetic moment under field
Hy = eh/2mP =5.05x 107 /T =3.16 x 108 eV/T = 0.00316 peV/kG

M, = 2.792 py, = 0.00882 peV/kG
U =-1.913 py, = -0.00604 peV/kG

M, = -4.49 x 10728 J/T = 0.0281 peV/kG
U, = -928 x 102 |/T = 5.80 peV/kG

Hyperfine splitting

Muonium AEMY = 4463 GHz = 18.4 peV

Muonic proton AEHP (1S) = 45THz = 185 meV (h = 4.136 peV/GHz)

This is ~10,000 of Mu, because of atomic size (x (m,/m,)3= 6.5 x 10¢) and

the magnetic moment (2.792(m /m_)=0.0015)

Thus p, H/ AEF (1S) = 0.11 peV / 185 meV < 104 even at 4 kG.
This is quite different from Mu, where the ratio >1.
Magnetic field effect on Yp is negligible.



Test of bound-state QED

Test of bound-state QDDD

Sternheim interval

8 dE, — dE,; = -0.120 meV with accuracy of 10*-6

PSI 2S HFS : 22.8080(51) meV
ISHFS : 183.XXXX(37) meV

PSI 2S HFS : 22.8080(51) meV

ISHFS : 183.XXXX(37) meV
-0.120 (41) meV
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