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Motivation

YeTests of CPT (Charge conjugation, Parity, Time
reversal) symmetry employing high precision
spectroscopy of atomic physics techniques

P, CP, T violations already known!
Matter Jominance in the universe!
(CPV + baryon# non cons.+ non-thermal eq.>

veGravitational interaction between matter —
ahtimatter

antihydrogen-earth



CPT symmetry

CPT symmetry is guaranteed by local quantum
field theories constructed on 3 flat space-time
fulfilling Lorentz invariance and unitarity

CPT theorem concludes: m, lql, lul, total
lifetime are exactly the same

9

What happens then if the space-time is curved by
the gravitational interaction, and/or, if non-local
interactions present (no quantum theories with
gravity till now though.....)!


プレゼンター
プレゼンテーションのノート
!


CPT symmetry

90 pBH~C2/GR2
— 70 p~m/R3=h/2mcR4
(R~h/2mmc)

TOWGeV 105-6 times hlgher
gerqy than LHC

Bummg‘ﬂbm% ¢dment
'not make sense, and one

Unreachable at all ! s should. humbly lls’cen to the

(Reaﬁh/RLHCNTO4> ‘Whlser of: nature
' 41476'

cluster 01': aalaxies ¢ .

(m,/M,)m,c~10""GeV ~10kHz 20
AT BRNTER log R [m]

-30




CPT symmetry

Consideration of CPTV sensitive quantities by
artificially adding CPT violating interactions
(Standard Model Extension: Kostelecky et al.)

(iy¥D, —m — a,y* — b,ysy* — ) @ AR B

+ idy, sy DY) =0
where iD, =id, —qA, and h=c=1

- Hyperfine transitions have the 15t order
sensitivity to the above CPT violating terms but
not for 15-25 transition. Comparison in the
absolute energy scale is important (LIV...)

R. Bluhm et 3l., PRL82¢1999)2254



CPT symmetry

Gas and Dust 4.2%
~ i‘/

Our imagination is limited in 5% of the total energy
of the universe.... € 3 frog in a well 7

Neutrino 0.3% S5tars O.5%




CPT symmetry
What is known regarding K° & KE:

IM(KCP)-m(K°)|/m(K) <6 x 10-"

Or |Im(KP)-m(K©)| <4 x 10" GeV
(cf. gravitational deformation)

Cf. Im(my) ~1.1x107 GeV
>still several % of CP violation”

*M. Kobayashi and A.l. Sanda, PRL 69 (1992) 3139
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Why antihydrogen?

he simplest antimatter

ydrogen, the opposite number of

antihydrogen, has been studied with extremely

high precision, an excellent reference
¢ Important quantities to be compared

HF and 15-2S transitions of H and H
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o1
o H

Why antihydrogen?

he simplest antimatter

ydrogen, the opposite number of

antihydrogen, has been studied with extremely

high precision, an excellent reference
¢ Important quantities to be compared

HF and 15-2S transitions of H and H

Mass, magnetic moment between pand p

(Gravity between antimatter (H) and matter (the earth))

¢ And anyway, exotic!

11



Why antihydrogen?

Im,,~-m,l/m lq,,*+9,/Iq l9m-9.1/1d]
e vse 8x10~ 4x10°8 (-0.5E2.1)x10-12
VS <7x10-1° <7x10-1° < B 5
pvsp X T\l this vear &)

Spectroscopy of hydrogen atom g,=5.585694713(46)
experiments (Hz) Av,,/V [Vih=Verol/ v

Vis o 2,466,061,413,187,035|(TO)* 4.2x10-15* 1x]O-1"

Vi 1,420,405,75117667 (9) 63x10B | (3.5+0.9)x106

12
*C.G.Parthey et al.,, PRL107(2011)203001



Why antihydrogen?

Im,,,-m,l/m lq,,*+4,/1q l9,,~9,//1ql
e vs e’ Bx10-7 <4x10-8 (-0.5E2.1)x10-"?
<7x10-10 <7x10-10 < X%‘Qj:)
pvsp X %S 10(\'2\/5 aqO5
Spectroscopy of hydrogen atom gp=> 585694713(46)
experiments (Hz) Av,,/V [Vih=Verol/ v
Vis s | 2,466,061,418,)87,035/(10)" 4.2x10-15" X101
Vi 1,420,406)5117667 (9) 63x105 | (35+0.9)x1&)
Red letter: theoretical limit for H O : achievable precision

Unknown physics if at all should be seen below this theoretical limit,

.e., should at least be 10* Hz or better, which is again 10-7GeV
). DiSciacca et al., PRL110(2013)130801, *C.G.Parthey et al., PRL107(2011)203001



Why antihydrogen?

( A
14 _31 1 ®ac)2 _ 99
BT 42 1. Me h Are hC
_|_
L
( N
8 1 m, 1. () Mmoo’ (ac)?
Vile = 5 m @ h 1,418.83 MHz
14 e m, g Ky
LY 4.=2.002  1,420.24 MHz
=2 Ve IS the th’c QED, Zemach 1,420,401 (1)
tity t |
quantity 1o measure experiment  1,420,405,751.7667 (9)

2 Avye~3.5ppm 14



H Synthesis and manipulation

(M) p+e* >H + hv I'=310"(4.2/T)"? p, p, s
(2)p+er+et DH +e ['=610"(4.2/T)2p2 p, s~
(3)p+(ete’) 2DH +e

(4) (e p) +e

= 10 106 - 10° fem
Hewevermixing is nGeERYP cm
< ~ 3 =7
- ﬁ
i) @0 = .
= N8 con ntiThtedBody
£ Separpti | e |
< Coule ' 4 1)
L AN |
107 == |
| Radiative 1 |
0o 50 100 150 200 250 300

positron temperature (K)



H Synthesis and manipulation

ATHENA Nature 419(2002)456
ATRAP Phys. Rev, Lett89(2002)213401

16



H Synthesis and manipulation

H is neutral, and not manipulatable with electric fields.
On the other hand, H is a small magnet, which can be manipulated
by magnetic fields

22"‘:)3/2 F==2
€)) unifgmszﬂﬁ:z@ﬂ:fFéL / s1—>
— F=0 \
2°Pu/2 - ILES

T 2. 466x10'5H=

(b) non-uniform|magnetic w s-_%z HES

12s 1.420x10° Hz ' magnetic field [T]

D WLFS

LFS: Low field seeking states HFS: High field seeking states

- Magnetic field gradient can control H, and minimum B field
configuration can trap H in LFS states

17



H Synthesis and manipulation

'IOO : | | | | | | | | | | | | | | | | | | |
! Trap depth~ O.7K/T {0 071
1 for ground state H tap
c 10 ¢ AB..,= (35T, 0.9T) 2
I C :
-.[Cj N i
Qo)
I L _
O
o -2
=10t 5T =
r 5T -
. 2T
107 1T
[ L L L L L L L L L L L L L L L L L L L
@) 20 40 60 80

Antihydrogen Temperature (K)



Expected temperature of H

K K, mK mK miK HK

| 10 11 100 10 100

- 1 | | | J

I 1

a i

‘He
-

4.2K -

T __He H free fall
N I .3k
"'|'6im'ri‘o71_r'e?1i§£r?:_t€r_""";’LH

. I

1
&mmmm_n_l_?ﬂa Laser
i : 2.5mK Cooling
1
Tesl 10 1 .
- Wm
} : = | v:n- I"_I{I;:lég;ellc
Gouss 10° 1p* 103 102 10
i : 5 1.5 Gravitationa
1 p— Energy
H beam - 1.34mK  (mgh)

| H trap

. I

| 1

| 11 1 i |

" 10 1] 100 10 ] 100

| K K mK mK mK uK
1

i " Energy in °K
]

~Q.7K/T



H Synthesis and manipulation: CUSP

Hyperﬁ ne Transition microwave spectroscopy =2
H extraction in 3 field-free region =

cusptrap )

Stable trapping of pand e’
LFS states focusing
HFS states defocusing

Minimum B configuration

A

Or

Beam axis [m] .
A kind of Molecular beam methods

CUSP trap



H Synthesis and manipulation: CUSP




H Synthesis and manipulation: CUSP

+ + + + + + p: 3x10°, e*: 3x10°

9H: 7><'[O3

-@-
-9~
-®-
-®-
@

N

©)
O T

H formation rate (arb. units)
I

20 40 60 80 100 120
Time since the antiproton injection [s]

Successful synthesis of H in the cusp trap (2010)
- Extraction of antihydrogen downstream of the cusp trap

- Toward MW spectroscopy
Enomoto et al., Phys. Rev. Lett. 105 (2010) 243401



Magnetic bottle scheme: ALPHA

15-25 laser spectroscopy = > S S - .
long time H trapping = o l |v| |v
magnetic bottle (minimum B > = i f
configuration)

10+
osl
061

04 7 O\)ﬁ&

02 f O

—

I L L 1 L L L 1 L L L 1 L L L 1
02 O4 06 08 10

;3-:90 ‘=' = L') l f
- Charged Parﬁcles unstable o%} AL LUURO € COl
z (cm)

> higher multipole for
uniform field near the axis 23



H synthesis

For colder H: Auto Resonance

v depends on amplitude = amplitude control by external RF
ALPHA, Andressen et al., PRL106(2011)025002

24



H Synthesis and manipulation: ALPHA

(a) main solenoid inner solenoid octupole
(length indication) ext.scintillators helium volume
S - / ________ ymr /ﬂgmr / eryostat
[~ __/ / /] / e
T = === ; e'le
o oL LI L LT ] p e+ Il!!lllllll-lm <&
faraday cup/ / : |.
final degrader /"  _phar catching i~ mixing | positrons positron transfer

1. Trap pand e* under uniform B field
2. Energize magnetic bottle
(octupole and mirror fields)
3. Mix them for1's
4. Remove all pand e*
5. de-energize the magnetic bottle
(octupole and mirror coils) 25



Magnetic bottle scheme: ALPHA

f oy
A

@)
O o
=
o =
=
-+
o3
T T

positrons

O

c

0
.. +

|9}
& 9o
L&
O v
o=
=0
+— =
c v
w O

P I T I IR
(o¢) Ne} < o @)

[A] SIXy/ UO [e13U304

80 120

40

-80 -40

-120

26

Axial Position (z) [mm]



H Synthesis and mampulatlon ALPHA

o

+ Ts OéOOs

s vl%ﬁ)leé%@»

l180s .

NORENGION

Tirhigr{er{sns]
@ O o

p=r i
=X
n

III_I|I T lil II| TTTT
II'LIJII'IIII Ylfll [ 11

e per attempt

f

ii m%w@ll%@r@@mﬂw.: -

FT@) pand e under uniform B field

2. Energize ogbgpole@@d) miroolicl Booo
3. Mix them (6pm’l§memen’c time (s)

SO e 35 long,as 2000s!

(oc’cupole and mirror coils)
Andresen et al., Nature 468 (2010) 673, and Fujiwara et al, Nature Phys. Z(2011)558,

“Trappin
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Magnetic bottle scheme: ATRAP

Penning trap ) .
electrades 2 straight & 2 helical
fiber layers
4]
: : (e
S
o
(9]
P>
(*%aq
(%]
field-boosting solenoi §
S
loffe pinch coils

loffe racetrack coils
loffe pinch coils

P:10°, e":3x107  ~5H/mixture

70 F

6 «n
60 . e o
50, 105 H B
40 F . —— 3 é
30 ¢ - L] 3
20 —2'12
10 | -4 £
n wv
ol
— 2 &
40 i @ &
= = ———0
30F L | —H [ =
; | 3
200 &g
5 S
10} 4
: i

ol
-0 -8 6 4 2 0 2 4 6 8
time afte r quend (s)

10

G.Gabrielse et al., PRL1088 113002(12)



Magnetic bottle scheme: ALPHA

HYPGVﬁDG transition in strong inhomogeneous magnetic field

a B T | T T T T T T T | b C T T T T | T T T T | T T T T | T T T T ]
25 N — B —— On resonance (103 runs) |
: 15 % Off resonance (110 runs) _‘
20:_ _ E %No microwaves (100 runs) _|
B | i S 1 3
—i - —i i
T L 1 5 o —
o T o 4
2 r L i
cC 10 — c b
g | : g -
T \ 1 @ [ i
S Ll D gt P ] ] N ] -
-60 0 60 120 180 -20 -10 0 10 20
Time t(s) Axial position z(cm)

> Precision criteria fulfilled? 0:2x104 e*:2x106

- Laser spectroscopy in 3 future? ~1Htrapped/mixture

—_ 2
C.Amole et 3l., Nature 483(2012)439 (~6x10°H {Ob@m?@



Spinflip of p/p: Complementary exp.

oo -

S S

b >\60'15©-

e —

35

S ‘B40404

2N

g_ o

£ £200;

P

g -E J

E 5 ofo] =—

S € I Y

T @© |

c =

Q :20 A O ' C \‘ F 2 ] F B F" 9 F" -, F«'\ I’“ F
Ae=0.8neV D =407 49,8 49,9 = 502 503 504 505

(7p]

'RF drive frequency (MH2)

' RF drive frequency (MHz
Spin down I 2011 (S. Ulmer): p splqnﬂlpy (TO ?
2012 (C C Rodegheri): p spinflip, 10
2012(J. DiSciacca): p spinflip, 106
2013 (J. DiSciacca): p spinflip, 10-¢

Complementary to H HF s
S. Ulmer et al.. PRL106(2011)253001



pHe* (e-pHe**)laser spectroscopy:
Antiproton-to-electron mass ratio
measurements: 1836.1526736(23)

._
van Dyck 86 / CODATA 86 -
@ I Farnham 95
He— Beier 02 o) PI"OJ(OT)S
E- @ Verdu 04
+H®4 CODATA 02 average
—&— This work 5 Anth rotons
[ L [ y [ U [
67 68 69 70

ass ratio - 1836.15200 /107
p mass will soon be known with better precision than the

mass of PothetAbsNBuHa4 Ol 2080r universe!
(note that this is 3 CPT confirming experiment)



Summary and outlook

Antihydrogen: successful manipulation, now at the entrance
of the physics research, i.e., CPT symmetry test starts now via
ground-state hyperfine transitions: ASACUSA
15-2S transition: ALPHA, ATRAP

p spinflip in a penning trap: BASE, ATRAP
pHe: ASACUSA
antimatter-matter gravity: AEgIS, Gbar

ELENA provides 10-100 times more ps hopefully from 2017

pu* vs pu: more sensitive to CPTV than H vs H?

d (p+*p 2 d +xn" uud+ uud 2 uududd + ud)

32



Antihyd rogen~

reseg [rc}') Chinese red

@@

Thank you very much for your a’t‘cen’clon‘

We are looking for active and motivated young =

people who want to join our H activities at

/—\S/—\CUSA MUS/—\SHI (wc;rkl g place: Geneve)!

4y VA robber family who steals
®pbrecious Chinese red from King's

Now we are é’c the entrance of & 979¥¢ digqing a longfcunnel for
the real antihydrogen research! mMany generations
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