precision spectroscopy of

antiprotonic helium

- welghing the antiproton -

Ryugo S. Hayano
The University of Tokyo

3 THE UNIVERSITY OF TOKYO puct 2007




ASACUSA

atomic spectroscopy
and
collisions using
slow antiprotons




Tokyo
RIKEN

Aarhus

RMKI
Debrecen

CERN

STEFAN MEYER INSTITUTE

Brescia




week ending
PRL 96, 243401 (2006) PHYSICAL REVIEW LETTERS 23 JUNE 2006

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

M. Hori,]’2 A. Dax,? J. Eades,2 K. Gomikawa,” R.S. Hayano,2 N. Ono,> W. Pirkl,2 E. Widmann,3 H.A. Torii,4
B. Juhész,>? D. Barna,®? and D. Horvath®
YCERN, CH-1211 Geneva 23, Switzerland
*Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
3Stefan Meyer Institut fiir Subatomare Physik, Boltzmanngasse 3, Vienna 1090, Austria
“Institute of Physics, University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan
SInstitute of Nuclear Research of the Hungarian Academy of Sciences, H-4001 Debrecen, Hungary

®KFKI Research Institute for Particle and Nuclear Physics, H-1525 Budapest, Hungary
(Received 10 April 2006; published 19 June 2006)

Photo CERN

pHe Is 3-body:
we owe a lot to the uCF
community
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Historical

Serendiprtous discovery of
naturally-occurring p trap

Mysterious
delayed
annihilation of
antiprotons in
helium

Annihilation Time (us)

lwasaki et al., PRL 67 (1991) 1246




Fist success at LEAR

1 Korobov

LEAR final result

First ASACUSA result at AD

ASACUSA Phase 2 (RFQD)
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CERN AD

(Antiproton Decelerator)

and ASACUSA RFQD

(radio-frequency quadrupole decelerator)
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3x107 antlprotons@S MeV
100ns pulse
every 85 seconds
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Antiproton Decelerator

" o ~
small (a few MHz) Vol i '~  _ of e 2
collisional shift and width = = - ?’) A
(which we correct) E = g

Typical target
density

16 ,»18...-3

10'7-10'°cm”

1021 cm'3

Antiproton pulse from AD
(10% of c)

electron isin ~ |s antiproton is in a
(slightly polarized to highly excited
the opposite side of p) (n~40) orbit




Laser resonance to change p orbit
— p - € mass ratio

Antiprotonic Helium

For antiprotonic helium (p 4+ e~ + «),
11
AN P72
V(n,n)—RCme off ﬁ—m>

Would be exact for pHe ion 72 helium charge, shielded by
approximate for the 3-body system  electron (calculated by theory)

Fasy production
Large yield
Long lifetime




One of the two electrons of He, replaced by B

3% of stopped antiprotons form pHe, lifetime > 3 us
a few tens of thousands of pHe produced every 90s

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, T"auger>T radiative

If Auger is fast, the system is short lived

Atoms are relatively cold




Our target is cryogenic (~ 10 K) helium gas

Antiprotonic helium atoms are quickly
thermalized (small Doppler width)

Level Energy (a.u.)

Nuclear Absorption

++

p'He  ion

Radiative Decay

(photon wavelength: 300-800nm)

—— Metastable state (1t ~1us)
wwr - Short-lived state (1~10ns to ~ 10 ps)
— |onized state (1t~ ps)

33 34 35 36 37 38 39




An example, (n,)=(39,35)—(38,34)

A =597.281 nm
P 0 ittt v s el

A =597.266 nm
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a typical
resonance profile

Photo CERN
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How to obtain
M 5/Me

input

- tiprotn/elect
FPodyQED < (e ) resu

Resonance A:stment

Frequency Comparison

e

Experiment

calibration
Antiprotonic Helium Comb
(Menlo Systems)
Y

Laser
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HF Fpmt

Lock-in LA1
~AM 9 kHz
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wavelengths of the resonance lines

* # * pbar-3He lines
* | # | ¢ * # pbar-4He lines
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p3He Hyperfine structure

and the results were compared with

(spinless) 3-body QED theoretical calculations




Theory - non-relativistic H

antiproton
electron

V..V 2 2
R’ r_E_

—1

Complex coordinate rotation (CCR) method

 \,.¢=0.06
- M *He"p (38,33)
S —=—a,=099 Not true bound states
o .| —4-a=100 "
<2097 —e—as101
E L Careful treatment of
f= ~ i Auger decay is needed
(@) ¢=0.10, |
© N L0 24
E-a.sxw - NisZEiin \‘ o= CCR calculates
— (950,720,700,130) 9=0.08 complex eigen values

v T ¥ T ¥ T
-2.8473246 -2.8473244 -2.8473242 -2.8473240

Real part

Korobov



add relativistic correction (~ 100 ppm)

(Zpe0(rye) +Z;68(x5))

(Z38(rye) +Z25(x;))

3
) <ZIS:Ie In*(Zyea) "> 8(rye)

—I—Z;; lnz(Zl;a) _25(rl;)>,




(39,35) = (38,34) example (Korobov)

501972347.9
—27525.3
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Re S U H:S Two theory calculations (Aand ™) compared with experiment

Hori et al.,
2006

(40,35)—(39,34)

Hori et al.,

(39,35)—>(38,34)
(37,35)—(38,34)
(37,34)—>(36,33)
(35,33)—>(34,32)

(38,34)—(37,33)
(36,34)—(37,33)
(36,33)—(35,32)
(34,33)—(35,32)

PRL, 2003
® g (33,32)—(32,31) (34,32)—(33,31)
,. | (32,31)—(31,30) — _.H (32,31)—(31,30)
0 100 200 200  -100 0 100 200
(Vth~Vexp)/Vexp (PPD) (Vth = Vexp )/ Vexp (PPb)

A (40,35)=(39,34)
(39,35)=(38,34)
(37,35)=(38,34)

(38,34)=(37,33)

(36,34)=(37,33)

|_._| (36,33)=(35,32)
[ I (34,32)=(33,31)
[ | ,_._, A (3231)=(31,30)

(37,34)=(36,33)
(36,34)=(35,33)
(35,33)=(34,32)
(32,31)=(31,30)

50 - 0. 50
(Vin-v exp)/V exp(ppb) (Vin-v exp /v exp(ppb)

Note: Expanded scale

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

e Systematic shift of some 20 ppb in p3He?

e antiproton mass value will be improved if the theories converge




Errors

Gexp = 4-15 MHz

statistical 3-13 MHz,

systematic: chirp 2-4 MHz, collisional shifts O.1-2 MHz,
harmonic generation -2 MHz

(and negligible AC-Stark)

Gtheory — |-2 MHz (Korobov)

SR

Results & Implications




Two views

Derive mp/me vary me
(assume CPT) relative to mp and mq
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1836.15269 mass ratio
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m p/Me= 1836.152674

+0.000005

ASACUSA2006
PRL 96, 243401 (2006)

+0.00000085

codata2002

CODATA adjustment flowchart

from S.G. Karshenboim

Auxiliary
input

l Auxiliary data = the most
accurate data which are to be

evaluated prior to the
o related data adjustment, Rw, Me/Mp, ...

j Arrows are equations
h related data
et o
Derived: mp [kg], me[MeV/c?],
derived values etc...
independent
data




1836.15267261(85) 0.46 ppb (CODATA2002)

1O

1836.15267247(80) 0.43 ppb (CODATA2006)

Two views

Derive mp/me vary me
(assume CPT) relative to mp and mq

CPT test Vary Qp and Mp
p - F_) mass & with TRAP constraint on Q/m

charge comparison 9x10-"




CPT limit

Antiprotonic
Helium

Next step




Sub-Doppler two-photon laser spectroscopy

417 nm ——> o &—— 372nm

Doppler width decreased
from 1300 MHz to 70 MHz

romvelo sy V)L
V,+V, M

(34,32)

(36,34)—(35,33)

single photon two photon
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| S | CODATA 98
@1 CODATA 02

f———@—{ ASACUSA 2006

being considered for the codata 06
adjustments

@+ Projected 20072

el e—
6.5 7.0 7.5x10™
mass ratio -1836.1526

summary




Serendipitous discovery

Precision of EHe spectroscopy has reached 107
(RFQ, Comb, ..., took us a long time)

Fundamental constant (mp/me)

x| 0 improvement possible (two-photon
spectroscopy), but

Must better understand 3-body QED calculations

thank again to the
UCF community




