BN\ O LRFDIET
R FDESZED










PHYSICAL REVIEW LETTERS meak ating

PRL 96, 243401 (2006) 23 JUNE 2006

Determination of the Antiproton-to-Electron Mass Ratio
by Precision Laser Spectroscopy of pHe "

)

M. Hori.'? A. Da:t;,z J. Eades.” K. Gomikawa.” R.S. Huymm.l N. Ono.” W. F'irl-;l,2 E. Widmann,” H. A. Torii.”

B. Juhdsz,”>” D. Barna,”* and D. Horvath®
'CERN, CH-1211 Geneva 23, Switzerland
Eﬂt’pf”'m}t’ﬂf af Physics, University of Tokyvo, 7-3-1 Hongo, Bunkyo-ku, Tokvo [13-0033, Japan
Stefan Mever Institut fiir Subatomare Physik, Boltzmanngasse 3, Vienna 1090, Austria
*nstitute of Physics, University of Tokvo, Komaba, Meguro-ku, Tokyvo 153-8902, Japan
*Institute af Nuclear Research of the Hungarian Academy of Sciences, H-4001 Debrecen, Hungary
®KFKI Research Institute for Particle and Nuclear Physics, H-1525 Budapest, Hungary
(Recerved 100 Apnl 2006; published 19 June 2006)

Antiprotonic helium and CPT invariance,
R.S. Hayano, M. Hori, D. Horvath, E. Widmann,
Reports on Progress in Physics 70, 1-74 (2007)






B FDESI I‘%}Eﬁ@ﬁ‘\j 180013

I.:E.-_

L







BFEEEXEFEED




2 3 4 565 6 7 8 9 10

o 1 836. 1 526725







1836.15271 L )

CODATAS86

1836.15270 - ¢ -

1. M8 - RMEXNIED

1836.15269 - i fa SR EIE
| B7-BFEEL |

1836.15268 |- " 2. ERMIBEH A\ DSHk

CODATAO2 TR
¢ S (EET

1836.15267 |
' ® CODATAO6 |

CODATA9S8

II|IJII|IJII|IIII|II[I|IIII

1985 1990 1995 2000 2005 2010
R 5




VTR KD o] 5E 4

TR ERE

A EERENS
7

10 E L] I L] I i ] ] L] I I ] L] L] ] I ] ] ] L] I I L] I L] I ] ] I L] E

£ & =

i RIEFEE A

P (RA@CERN) :

(el ® =

@ Hori et al.’|

_ ® €006 -

10-9 B EFEE l

: (CODATA) =

=5 & & =

10'1 0 L1 1 1 i L1 1 1 | [ I I | | [ I I [T T R | I I T B

1985 1990 1995 2000 2005 2010 201¢

bR



BEEMEER D




ppb=10{E59 D1

YIEETE £ BUE rmoncruersss) B S
JER 299 792 458 m s E&IE

hA35|NEH 6.674 3| x 10" m3kg' 57 5#3| 100000 ppb
P ~OE 6.022 141 8| x102mol" 8HT 50 ppb
TSV EH 6.626 068 9| x10*Js 841 50 ppb
fBFOES 1.672 621 64| x10%kg o7 50 ppb
BFDEBf 1.602 176 49| x10°cC oY i 25 ppb
et  EFEEL 1836.152 672 5 11#3| 043 ppb
)2 — kX UEH 10 973 731.568 52 m-! 13%7| 0.0066 ppb

T.W. Hansch et al., hydrogen spectroscopy
using frequency comb, Nobel Prize 2005




CODATA adjustment flowchart

Auxiliary
input

from S.G. Karshenboim

/ Auxiliary data = the most

accurate data which are to be

evaluated prior to the

adjustment, Re, Me/Mp, ...
/ Arrows are equations

h related data
&~ =
Derived: m, [kg], me[MeV/c2],
derived values etc...
independent
data







Beler et al, PRL 88 (2002) 011603
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=nFDES (PDG)

e Penning trap 0.078 0.00044
D Penning trap 0.085 0.00013
W"  |ure laser, HFS 0.085 0.027
T X-ray 2.5 -
K™ X-ray 32.4 -




Exotic atom® A fhie




| aser resonance to change p orbit
— p - € mass ratio

Antiprotonic Helium

Would be exact for pHe ion Z2:: helium charge, shielded by
approximate for the 3-body system | electron (calculated by theory)

|I

+relativistic correction
+QED correction
+ hyperfine



rapping potentia

analysis trap

precision trap

Antiprotonic helium:
naturally-occuring
trap

Penning trap:
man-made trap
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goal-orient

curiosity-driven

T.W. Hansch, nobel lecture 2005
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All Negatively - Charged Patticles
from K Stopped in Liquid Helium

‘Hom He

Delayed
(3.5 - 50 nsec)

— L‘n'll.l\‘ 1

150 200 250 300
Momentum (MeV/c)

R. S. Hayano et al, Phys. Lett. B 231 (1989) 355



how can K- weak decay (lifetime 12ns) be
V|51ble when cascade & nuclear capture
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Serendipitous discovery of
naturally-occurring p trap

Mysterious
delayed

__—annihilation of
antiprotons In
helium

i

10 20

Annihilation Time (us)

lwasaki et al.,, PRL67 (1991) 1246




Not just in liquid

Measurements
continued at CERN
LEAR

Established
antiproton longevity
in gas, liquid, solid
helium-3 & helium-4

74

T. Yamazaki et al, FFplHEET
@LEAR 1992-1996
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(a) *He gas 4.5 K 405 mbar

e

(b) *He gas 4.5 K 1200 mbar

3o e,

(c) *He liquid
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antiprotonic helium

a naturally-occuring
antiproton trap

=
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Easy production




Stop antiprotons in a low-temperature, dilute helium gas







One of the two electrons of He, replaced by p

3% of stopped antiprotons form pHe, lifetime > 3 ps



Mechanism of longevity

AL=4, T auger<I radiative

If Auger is hindered (high multipolarity AL)
slow radiative deexcitation (~ us / step)



Mechanism of longevity

Al=3 I 'auger>1 radiative

If Auger is fast, the system is short lived
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laser-induced
annihilation
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——  |onized state (1t~ ps)
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An example, (n,[)=(39,35)—(38,34)
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N. Morita et al, Phys. Rev. Lett. 72 (1994) 1180.




L ——HIGZRT
| e .
e (HISR2E vs BIRE)




remember:

volume > cm?3
auger lifetime < 10 ns
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also remember:

typical transition 10" Hz







Fist success at LEAR

LEAR final result



ASACUSA new laser
(goal for 2004)

proton mass precision (4.6 x 107°)
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systematics




Inprecise

Inaccurate \

precise
but inaccurate
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CERN AD

(Antiproton Decelerator)

and ASACUSA RFQD

(radio-frequency quadrupole decelerator)



ASACUSA

atomic spectroscopy
and
collisions using
slow antiprotons



Accelerator chain of CERN goEerating or aEEmved Eroiectsz

LEP/LHC

North Area
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AD | Grand S
4 f \
A
‘Hx\ Est Area
neutrons \4 N, I
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Collisional frequency shift correction

Offset (GHz)

(@7, 35)2;‘(33 34)

~+1_-_l.__
(35 33)=(34, 32)

Centroid offset (GHz)
) E

i
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(33,32)=(32,31)

Atomic density (cm™3)

Antiprotons stopped
In a dense (~1bar,
~5K) helium gas
target

zero-density
extrapolation
needed
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Fist success at LEAR

LEAR final result

AD construction I

First ASACUSA result at AD

ASACUSA Phase 2 (RFQD)

Shutdown
ASACUSA new laser

(goal for 2004)

proton mass precision (4.6 x 107°)
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Year
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s h' ¢ Antiproton Decelerator
Ex (1% of ¢, ~25% efficiency)

small (a few MHz)
collisional shift and width
(which we correct)
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Fist success at LEAR

LEAR final result

[
AD construction I
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First ASACUSA result at AD

ASACUSA Phase 2 (RFQD)

Shutdown
ASACUSA new laser

(goal for 2004)

proton mass precision (4.6 x 107°)
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M 5/Me



input

3-body QED *'(—[ antiprotn/electron

/' mass ratio ] result
Resonance Astmem

Frequency Comparison
Laser \ .
Experiment
calibration
Antiprotonic Helium Comb

(Menlo Systems)




wavelengths of the resonance lines

* * ? + * pbar-3He lines
® 6 ¢ & @ & o pharaHelines

300 400 500 600 700
Wavelength (nm)




| 2 transitions were measured

favor ed z
ransitions

|E)4H'E+

~— short-lived states

33

metastable states

34

35

b\-ﬁ

umfavor‘ed
transitions
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Theory - non-relativistic H

antiproton
electron




Complex coordinate rotation (CCR) method

Not true bound states

Careful treatment of
Auger decay is needed

SR P - complex eigen values
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-2.8473246 -2.8473244 -2.8473242 -2.8473240

Real part

Korobov



add relativistic correction (~ 100 ppm)

| P | Am

E
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dm, 8m,




add self energy (~15 ppm)

Bethe logarithm
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1 kg 3 o
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(39,35) = (38,34) example (Korobov)
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Experimental & theoretical precisions improved

p*He* (39,35)—(38,34) transition frequency (GHz)

=

501949-2 -l_ I 1 1 1 L | 1 1 1 L I 1 1 1 | | 1 1 I L | R
X x Experiment ]

i ¢ Theory
501949.0 (Korobov)

501948.8 |

501948.6 |

501948.4 |




EXp VS Th e O ry Two theory calculations (Aand )

A (40,35)=(39,34)
(39,35)=(38,34) (38,34)=(37,33)
(37.35)=(38,34) (36,34)=>(37,33)
(37,34)=(36,33) : (36,33)=(35,32)
(36,34)=(35,33) 5 (34,32)-(33,31)

(35,33)==(34,32) E® I—H A (32,31)=(31,30)

(32,31)=>(31,30)
0 20
|: LY th ~ LY EIF:I Y E‘Iptpph} I: v th , 'E‘EP':I ."r v Exp{ppb}

 Up to ~50 ppb differences between the two theoretical calculations
(A and H) ; we now take H in view of the claimed accuracy

» Systematic shift of some 20 ppb in p*He?



Errors

Gexp = 4"5 MHZ

statistical 3-13 MHz,




m p/Mme= 1836.152674

+0.000005
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Sub-Doppler two-photon laser spectroscopy

417 nm ——————> o &—o— 372nm

Doppler width decreased
from 1300 MHz to 70 MHz
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—— CODATA 98

@4 CODATA 02

@] ASACUSA 2006

being considered for the codata 06
adjustments

@+ Projected 20077

6.5 7.0 7.5x 10"
mass ratio -1836.1526
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meyer et al, PRL 84

H'e (2000) 1136 pulse 2455528941.0(9.8)
ete ngg;":f’g‘ggf;tSaé}z oulse 1233607218.9(10.7)
ete Fee(fégé) T;;* s CW 1233607216.4(3.2)
up s prf::sglress pulse no signal yet

(b He)* Zavattini et al pulse questionable
EHE ASACUSA pulse, so far gt snpieliniely

1553643100.0(5.0)




the only exotic atom studied by a
CW laser system so far... ete-

M.S. Fee et al, Phys. Rev. A48 (1993) 192

)h ulld-up cavity
~— 486 nm , 2.5 kW CW

2.5 kW CW laser power, power density 1.7 MW/cm?
INIE/NIVAL——ERITOREBEL...
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antiproton mass may become better known

N RERENS
10-? - T 1 T T | | T I | L | I I L L] L I I

density shift

RZFEE
(RK@CERN)

g ) RFQD

& ¢ Hori et al.”
CETEE 2006 Lens
(CODATA) IE
o o = 2-photon

CW

1 I 1 1 1 1 ] 1 I 1 1 t 1 1 1 | I | 1 1 1 I 1 1 1 1
1990 1995 2000 2005 2010 201&

HhREF







Serendipitous discovery

Precision of pHe spectroscopy has reached 0
(RFQ, Comb, ..., took us a long time)

x |00 improvement possible (nontrivial but doable),
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