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Overview:

|. Search for primordial antimatter

2. Search for local antimatter

3. cosmic rays and antimatter

4. balloon measurements (CAPRICE)

5. space measurements (PAMELA, AMS)
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|. Search for primordial antimatter

late annihilation:

CMB * annihilation e*/e” > Compton scattering > CMB
structures at domain boundaries
* annihilation photons = contribute to cosmic diffuse
gamma-rays A.G.Coen et o 1998 ApJ 495 53

“Thus, we have ruled out a B=0 universe with domains smaller than a size comparable to that of the visible
universe. It follows that the detection of Z>1| antinuclei among cosmic rays would shatter our current
understanding of cosmology or reveal something unforeseen in the realm of astrophysical objects.”

BBN

* early annihilation: tiny domains: annihilation before nucleosynthesis
* late annnihilation (during or after nucleosynthesis)
- pp, p*He = 3He; don’t escape from annihilation zone
- hadrodestruction: pX = X’n; n + “He - 3He,D
- annihilation photons (pi"’s) are rescattered to below
the pair-production threshold = photodisintegration
of D, 3He, 3H at successively lower temperatures, and
finally photodisintegration of “He (always into lighter

isotopes) = large 3He, D / “He ratio
http://prl.aps.org/pdf/PRL/v84/i17/p3756_1
(Phys. Rev. Lett. 84, 37563759 (2000))
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2. Search for local antimatter

Inflation separates nearby matter-antimatter domains to
beyond the scale of the observable Universe.

Very close matter-antimatter domains might only be separated to
smaller scales, such as that of superclusters.

Search for annihilation (gamma-rays in addition to the normally
produced X-rays) at supercluster boundaries.

Lectures on Antimatter

Bullet Cluster in combination of X-rays from Chandra (red)
and optical data from the Hubble and Magellan telescopes
(vellow).

Absence of gamma-rays—>antimatter is less than 3 ppm
in this system. http://arxiv.org/abs/0808.1122

X-ray: NASA/CXC/CfA/M.Markevitch et al. Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.)

(dark matter distribution in
same cluster through
gravitational lensing)
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Searches in our own backyard

Observation by OSSE/Compton Gamma Ray Observatory in (known since
1970): strong & continuous production of positrons at the center of the galaxy

http://iopscience.iop.org/1538-4357/481/1/L43?ejredirect=migration

reconstructed maps of galactic center 51 | keV line radiation dijstribution

(deg)
(deg)

Galactic Latitude
Galactic Latitude

20 10 0 -10 ~¥
Solactic Longitude (deq) L. X. Cehg et al 1997 ApJ 481 L43

simulation observation

extended, diffuse 51 | keV emission cloud of annihilation radiation,
probably about 4000 light years across, extending nearly 3500 light

years above galactic plane : Causes!
1043 annihilations/s ~ 3 solar masses in | Gyr
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INTEGRAL space telescope

ESA/ Integral/ MPE (G. Weidenspointner et al.)
http://www.esa.int/esaSC/SEMKTX2MDAF _index_0.html

Lectures on Antimatter Michael Doser / CERN


http://www.esa.int/esaSC/SEMKTX2MDAF_index_0.html
http://www.esa.int/esaSC/SEMKTX2MDAF_index_0.html

INTEGRAL space telescope

Flux [ph/cm?/sec/sr]

Asymmetry confirmed! but...
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0.000 : | ESA/ Integral/ MPE (G. Weidenspointner et al.)
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INTEGRAL space telescope
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3. Cosmic rays and antimatter

-
o
~

A large part of positrons and antiprotons im-
pinging on Earth are produced in high-energy in-
teractions between cosmic rays nuclei with the
interstellar medium. Their spectra can provide
an insight on the origin, production and propa- -
gation of cosmic rays in our galaxy. Any observed
flux larger than that predicted by the Leaky Box e
Model (LBM), the “standard” model of cosmic
ray propagation, could indicate exotic sources of 16"
antimatter. The predictions of the propagation
models are different above 10 GeV where more 16"
refined measurements are needed.

Cosmic Ray Flux Vs. Energy
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Specific interests:

* Formation models for cosmic rays
* Propagation models for cosmic rays *

* WIMPS/dark matter I _

e search for primordial antimatter (1) O TR

Nuclear Physics B - P i S I
Volume 78, Issues 1-3, August 1999, Pages 32-37
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... antimatter in cosmic rays ...

positrons and antiprotons in cosmic rays:
* produced in inelastic collisions in interstellar medium
* flux determined by propagation, energy distribution of primaries
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positrons are difficult to measure/interpret:
* radiative losses close to sources
* possibility of primary positron cosmic rays
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Searching for antimatter in the cosmic rays reaching the Earth

d EAS Development in the Atmosphere E
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Searching for antimatter in the cosmic rays reaching the Earth

Cosmic Ray

Py N, ()
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Searching for antimatter in the cosmic rays reaching the Earth

('

EAS Development in the Atmosphere )
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Y Flux
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Perpendicuiar (Degrees!
1

Shadow of the Moon as observed by Milagro

angular resolution
of Milagro

Moon shadow is affected by
Earth's magnetic field

\ No double shadow =

low energy events cosmic rays only have one charge

No neutral cosmic rays
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Perpendicular (Degrees!
1

Shadow of the Moon as observed by Milagro

angular resolution
of Milagro

Moon shadow is affected by
Earth's magnetic field

\ No double shadow =

low energy events cosmic rays only have one charge

No neutral cosmic rays

can do better....
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Cosmic Antiproton Ring-Imaging
Cerenkov Experiment

Gas RICH

superconducting
magnet
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JET drift

chamber

Coil

Results from

/BESS

height of flight = 38 km = top of atmosphere
PRL 84 (2000) 1078 http://prl.aps.org/pdf/PRL/v84/i6/p1078 |
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subsidiary result (datat+propagation model) = tau(p) > |.7 Myr
http://arxiv.org/abs/astro-ph/980910|

Lectures on Antimatter

Michael Doser / CERN

10


http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
http://arxiv.org/abs/astro-ph/9809101
http://arxiv.org/abs/astro-ph/9809101

Space-based detectors

benefits:

* above atmosphere (primary, rather than secondary spectrum)
* WYSIWYG

disadvantages:
* above atmosphere (= satellite = cost! & reliability!)
* much more limited solid angle / detector size
* technology is fixed (and usually not cutting edge)

PAMELA AMS

was launched in June 2006

part of the Resurs-DK | satellite installed on I35 (2011)
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Results from PAMELA:

) 4><10'3 astro-ph0810.4994 B produced in evaporation of primordial BH,
R Donato 2001 (D, ¢=500MV) annihilation of SUSY particles?
035 ----- Simon 1998 (LBM, ¢=500MV)
Pluskin 2006 (PD, ¢=550MV) No: pure secondary production
0.3 ® PAMELA

.....

http://pamela.roma2.infn.it
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so: all appears well with antiprotons.What about positrons!?
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Positron excess! What positron excess? (INTEGRAL)

Galactic core signal well explained by ‘standard’ causes

http://www.physto.se/~edsjo/talks/pdf/Positron-excess-020903.pdf

Supersymmetric causes are dead....
....... lONg live supersymmetric causes:

“Observation of an anomalous positron abundance in the cosmic radiation”

Abstract. Recently published results from the PAMELA experiment have shown conclusive
evidence for an excess of positrons at high (~ 10 — 100 GeV) energies, confirming earlier
indications from HEAT and AMS-01. Such a signal is generally expected from dark mat-
ter annihilations. However, the hard positron spectrum and large amplitude are difficult
to achieve in most conventional WIMP models. The absence of any associated excess in
anti-protons is highly constraining on models with hadronic annihilation modes. We revisit
an earlier proposal, wherein the dark matter annihilates into a new light (f, GeV) boson ¢,
which is kinematically constrained to go to hard leptonic states, without anti-protons or 7°’s.
We find this provides a very good fit to the data. The light boson naturally provides a mech-
anism by which large cross sections can be achieved through the Sommerfeld enhancement,
as was recently proposed. Depending on the mass of the WIMP, the rise may continue above
300 GeV, the extent of PAMELA’s ability to discriminate between electrons and positrons.
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Positron excess! What positron excess? (INTEGRAL)

Galactic core signal well explained by ‘standard’ causes

http://www.physto.se/~edsjo/talks/pdf/Positron-excess-020903.pdf

Supersymmetric causes are dead....
....... lONg live supersymmetric causes:

“Observation of an anomalous positron abundance in the cosmic radiation”
http://arxiv.org/abs/0810.4995

Abstract. Recently published results from the PAMELA experiment have shown conclusive
evidence for an excess of positrons at high (~ 10 — 100 GeV) energies, confirming earlier
indications from HEAT and AMS-01. Such a signal is generally expected from dark mat-
ter annihilations. However, the hard positron spectrum and large amplitude are difficult
to achieve in most conventional WIMP models. The absence of any associated excess in
anti-protons is highly constraining on models with hadronic annihilation modes. We revisit
an earlier proposal, wherein the dark matter annihilates into a new light (f, GeV) boson ¢,
which is kinematically constrained to go to hard leptonic states, without anti-protons or 7°’s.
We find this provides a very good fit to the data. The light boson naturally provides a mech-
anism by which large cross sections can be achieved through the Sommerfeld enhancement,
as was recently proposed. Depending on the mass of the WIMP, the rise may continue above
300 GeV, the extent of PAMELA’s ability to discriminate between electrons and positrons.
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suggestive, but inconclusive
data before PAMELA
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction
measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,
31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.
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theoretical calculation for pure secondary production of
positrons during propagation of cosmic rays in the galaxy

Adrianf et al., Nature 458, 607-609 (2009)
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FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron
fraction compared with theoretical model. The solid line shows a calculation by Moskalenko &
Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaxy. One standard deviation error bars are shown. If not visible, they lie inside the data points.
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et /(et +e7)

http://arxiv.org/abs/0808.3725
Bergstrom, Bringmann & Edsjo (2008)
\ \ \ \
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Figure 8. The solid line is the expected
flux ratio et /(et + e7) as calculated
following standard secondary production.
The data points are the combined HEAT
and PAMELA data. The expected flux

ratio is shown without (dotted lines)

and after taking into account radiative
corrections (dashed lines) [11].
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Figure 9. The positron fraction as a function
of energy including contributions from | Kaluza-

Klein dark matter annihilations| compared to the
measurements of the PAMELA experiment. Results
are shown for dark matter masses of 600 GeV and
800 GeV, and for one propagation model.  The
dashed line denotes the positron fraction with no

contribution from dark matter (secondary positron
production only) [12].
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Figure 8. The solid line is the expected
flux ratio et /(et + e7) as calculated
following standard secondary production.
The data points are the combined HEAT
and PAMELA data. The expected flux
ratio is shown without (dotted lines)
and after taking into account radiative
corrections (dashed lines) [11].
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800 GeV, and for one propagation model.  The
dashed line denotes the positron fraction with no
contribution from dark matter (secondary positron
production only) [12].
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PAMELA

A rise in the positron fraction at high energy has been postulated for the annihilation of
dark matter particles in the galactic halo[5, 6, 7, 8, 9, 10, 11]. The production of positrons
through pair production processes in the magnetosphere of near-by pulsars would also yield
a similar positron signature[16, 17, 18, 19, 20]. We note, however, that none of the published

models fit our data well and the reason for the rise remains unexplained.
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next step: AMS
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Particle trajectory

LEPS )/
’_:' TOF Layers S1
========= R Ap—— S2 Trigger: hits in all 4 TOF planes
" Tracker T1 .
A ’ Planes T2 ||
- / Track fit: determine particle ‘rigidity’
- ' T3
3 l@swomr
A Beta and direction from TOF
\ T4
::::: *{"“mrzs |Z| from energy loss in TOF, tracker
T6
—t s3
<a|LEPS search for Z=-2 (He)
y Aerogel
@ 3 — Cerenkov

Fig. 1. Schematic view of AMS as flown on STS-91 showing the cylindrical permanent magnet, the silicon microstrip tracker planes T1 to

T6, the time of flight (TOF) hodoscope layers S1 to S4, the aerogel cerenkov counter, the anticoincidence counters (ACC) and low energy
particle shields (LEPS).

Main background: the huge numbers of p; e (|Z|=1) & He (Z=2) that can be multiple-scattered
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J. Alcaraz et al. / Physics Letters B 461 (1999) 387—396
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Outlook

AMS: launched a few years ago on the last flight of the space shuttle,
will collect data for several years, reaching 10-? sensitivity to antiprotons

The real question is how sensitive, and up to which momenta, AMS
is to positrons, so that the PAMELA signal can be verified and explored

further. With the reduced magnetic field, its sensitivity appears limited
to 50 GeV Nuclear Physics B (Proc. Suppl.) 173 (2007) 51-55
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Outlook

AMS: launched a few years ago on the last flight of the space shuttle,
will collect data for several years, reaching 10-? sensitivity to antiprotons

The real question is how sensitive, and up to which momenta, AMS
is to positrons, so that the PAMELA signal can be verified and explored

further. With the reduced magnetic field, its sensitivity appears limited
to 50 GeV Nuclear Physics B (Proc. Suppl.) 173 (2007) 51-55

UPDATE:
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PAMELA/Fermi signal confirmed

|

Positron fraction

mﬁ’%{’ﬁw %

0 OU§¢ o AMS

. FERMI
e q&gﬁ PAMELA
- og g AMS-01 :
i# at WP HEAT
CAPRICE98
CAPRICE94

TS93

-
Q
.y
O
O
o

' 1 1 1 el 1 1 L .|
1 10 10°
positron, electron energy [GeV]

standard (“boring”) astrophysical sources sufficient to explain a rise:
http://www.aanda.org/index.php?option=com_article&access=doi&doi=10.1051/0004-6361/201014225&Itemid=129

http://arxiv.org/pdf/1304.1482.pdf

is there a drop at higher energies?! could then be sign of dark matter...

Lectures on Antimatter Michael Doser / CERN


http://www.aanda.org/index.php?option=com_article&access=doi&doi=10.1051/0004-6361/201014225&Itemid=129
http://www.aanda.org/index.php?option=com_article&access=doi&doi=10.1051/0004-6361/201014225&Itemid=129
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Spectral index: electron/positron spectra

Vo= = d|log(®,+)]/d[log(E)|] (over an energy-dependent E window)

e Positrons
¢ Electrons

L.l—t
@ —e—
e

=_—0=
—0—i——

-2.5

T\*

fﬁ* bt
1

K
et
17T mﬁ*"’“” :

Spectral Index
w

-3.5

| | | N R
10 10°
Energy [GeV]

Aguilar et al. . PRL 113, 121102 (2014)

is there a drop at higher energies?! could then be sign of dark matter...

stay tuned....
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Overview:

|. Introduction and overview
2.Antimatter at high energies (SppS, LEP, Fermilab)
3. Meson spectroscopy (antimatter as QCD probe)

4.Astroparticle physics and cosmology
5. CP and CPT violation tests

6. Precision tests with Antihydrogen: spectroscopy

/. Precision tests with Antihydrogen:gravity
8.Applications of antimatter
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Back to Earth: antimatter in the lab

THE MIRROR DiD NN S€£€M T
BE OPERATING PROPERLY.

Search for some form of asymmetry between
matter and antimatter : P and CPT
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Plan A: CP violation

P violation known since 1955,

CP violation since 1964 in KO

S Yo

CKM matrix

O
1
v
~
N,
4
cC
O

QlAN

w+

CP violation in B'mesons (BaBar, Belle) since 2001

CP violation in D’mesons (LHCb) since 201 |
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Plan B: CPT violation

Two ways to violate CPT

* CPTV through decoherence

* (non-unitarity; entanglement with quantum-gravity

environment) - Ellis, et al.

* CPTV within quantum mechanics

* (e.g., spontaneous Lorentz violation)
Standard Model Extension (Kostelecky)

Lectur



SM Lagrangian:
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SME Lagrangian:

_ <+ _ > _ <+~ _ > _ + _ _ __
L = ZLiee*,Lay* D, La+ Siee” , Rav" D, Ra + Siee” , Q47" Dy Qa + iee” Uav® D, Ua + Liee” ,Dav* D, Da — [(GL)apeLadRp + (Gu) apeQ1¢°Us + (Gp) apeQ 1¢Dp| + h.c. — e(D,¢) D ¢ + p’ed’ ¢
A T \2 1 v 1 Hv 1 v 1, wT aHV 1 [T 5) a(_)u nw T oa H DA
(¢'0)” — 5eTr(G L, G"") — 5eTe(W,, WH) — zeB,, B* — ji(cr)uvapee” . Lay* D" Lg — i(cr)uwwapee” ,Ray* D" Rp — (ar) apee” , Lay*Le — (ar) apee! ,RaY"Rp

- > - “ o “ o _ . _
—3i(cQ)uvapee” Q7" D* Qp — gi(cv)wapee’ Uay® D” Up — 3i(cp)uvapee” , Day® DY Dp — (aq)papee” Q7" Qs — (av)uapee” U av'Up — (ap)apee” ,Day*Dp — 3 [(HL)uwapee” €'y Lago® Ry
+ (Hu)uwapee” €, Q 40°0*°Us + (Hp)uwapee” € ,Q 400 D| + h.c. — 3 (kgw )" ed' Wy o — 3 (ksp)" e¢T¢By, + i(ky)*ed' D, + hec.

+2(kpp)* (D) Dyp + hec. — 2(kp)wauwe B B* — L(kg)uauweTr(G**G*) — 2 (kw ) irpw e T (WA WHY) + (k3) €™ eTr(GAGuw + 2i93G2GLGL) + (k2)we™ eTr(WAW,,,

1
+ %igW,\WMW,,) + (k:l),ge"”)‘“”eBABW + (ko)xeB" + e [e(l —u)R —2eA +es"" R, + et’”‘“”RMW}
TGN

Kostelecky, PRD 69, 105009 (2004)
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Type ll:"Model” for CPTV: standard
model extention SME

CPT violation and the standard model

Don Colladay and V. Alan Kostelecky
Department of Physics, Indiana University, Bloomington, Indiana 47405

(Received 22 January 1997)

CPT & Lorentz violation

Modified Dirac eq.in SME /
(iYMDM — MmMe — ‘a;'y# — b, 757

— 2He ol? +ici,y*D" + id;,ysy*D") =

\ Lorentz violation

* Spontaneous Lorentz symmetry breaking by (exotic) string vacua

* Note: there is a preferred frame, sidereal variation due to earth
rotation may be detectable
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Verifications of CPT symmetry

Tests of particle/antiparticle symmetry (PDG)

absolute accuracy (GeV)
-27 -24 -21 -18 -15 -12 -9 -6 -3 0
10 10 10 10 10 10 10 10 10 10

pP-p M@ss

p-p charge/mass

e g-factor

p-p|magnetic moment
d-d mass

He-"He miass

M

e’ charge

107 10* 107 10" 10" 10" 10° 10° 10° 10°

relative accuracy (GeV)

Inconsistent definition of figure of merit: comparison difficult
Pattern of CPT violation unknown (P: weak interaction; CP: mesons)
Absolute energy scale: standard model extension (Kostelecky)
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AD: Antimatter Factory

] @ Injection at 3.5 GeV/ ¢
“’ — 0 Oy O ®C0—O0 0= ]
‘ Antlprotpn ‘\_‘.\-- T -’i,.,.-. "-'.'\
production ‘\ o .
Q‘ @ Extraction
pox (=2x107in 200 ns)
S
0
]
i
@® Decelerationand 7
cooling = o
(35-0.1GeV/c) i S
: (9 ASACUSA
- QO
2l ATHENA
= &
2y 3 /
< D
2
0 10 20 m 7
o "Q' Electron cooling

[J. Y. Hémery & S. Maury, NPA 655 (1999) 345c]



|) g/m measurement of the (anti)proton

In a magnetic field, charged particles follow cyclotron orbits:

—_ < == v ..-,'\"._'T—__:';.

> K )

B B 5 R 5

w.= Bq/m W
ﬁ <> ;‘.‘ (= v‘ :-t . : —
: .:. X £ . _— _5 wf' ‘7- :’,‘
Y, - NG e
AT == “awiTy
AT REIS (PR RTS
ﬁ ..‘_.;5_:2 magnetron motion )
Add an electrical potential well: E '

. E .

Ee
:-'::;:._e:fle"

=>
wz — Vq/m d U / modified cyclotron motion

axial and magnetron
motion

strong homogeneous axial magnetic field to

More generally: motion in Penning trap: == confine particles radially and a quadrupole

electric field to confine the particles axially

modified cyclotron motion magnetron motion axial motion

0 0.\ o) 0 0o \° 0’ 9
a)+ - C + C _ z 0 - —c T c _ z C()Z = _2C2UO
2 2 2 "9 o) 9) m,

O(100 MHz) O(l MHz) O(10 kHz)
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Antiproton and proton in Penning trap:

- first scheme: alternate proton and antiproton (systematics!)

- advanced measurement: compare antiproton with H™ held
simultaneously in Penning trap

requires advanced particle manipulation schemes (“parking”, high-sensitivity and high-selectivity tuned circuit )
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Cyclotron frequency of the antiproton

*V. gives Q/M
* Problem: accuracy of B!

* Compare particles in same magnetlc feld

* Antiproton, proton
* Antiproton, H-

* Final accuracy
« 1010

Q, / Qo _ _0.999'999'999'91(9)
Mp

M-

p

G. Gabirielse et al.,
PRL 82 (1999) 3198

(g/m)/ (a/m).- I = 1(69) x 10

S.Ulmer et al.,
Nature 524, 196 (2015)

Lectures on Antimatter

0,12

© 0,08
0,06

electronic signal [mV2

< 010k

.g'

0,021
0,00
02 01 00 01

1 Q—
° 27Z'M—

v

i linewidth Av A =12 107

(This antiproton was
- trapped for 60 days,
| until Jan. 18, 1993,

| 7 o'clock)

®

Av_ =11 mHz

02 03 04 05

cyclotron frequency v_- 89 258 427 Hz
G. Gabrielse, D. Phillips, W. Quint, 1993
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2) measurement of the magnetic moment
of the (anti)proton via antiprotonic helium

'p

* stopping of
negatively charged
particles in matter
* slowing down by

ionization (normal } Energy (@a.u)

O
energy loss)
* end when kinetic

capture e

_,{

. . . I,=0.90 a.u.
energy < lonization (24.6 &V)
energy
« capture in high-lying
orbits with n~V(M*/me) He' g0

0(s) 30

example: antiprotonic helium
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determination of M5

115 ot v F=L-1/2 J =L
! HF AVHF HF - 3 i Ve
110 > J=L-1
£ -
+ -
+ 1.051 @
T v
1 S ﬂ HF
T 1.00F :
L ® l * 1 o
N J7 = L+1
0.95 -
R R S B + - é i VsHE'
— Fr=L+1/2
12.86 12.88 1290 12,92 1294 12.9¢ Jr=L
vuw (GHZz)
Veuet , Veue~ MoOst itivVe, but impossible to measure (power requirement)
- . . . _
Av, = = Veuet — Ve Sensitive to Up

sensitivity factors from theory (D. Bakalov and E.WV,,PRA 76 (2007) 012512)
e S(F,J)= 0Enrs/ OUp \Hp =-Hp
e S(v,t*) =S(FJ ") —=S(F*J*")
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vHF+ (MHz)

vHF - (MH2z)

Magnetic moment of the antiproton

12.897.6
12 8974+

& 12896,3000 & 12897,0000

12.897.2

12.897.0F 4 Korobov, 2009

12.896,8 |
% Pask, 2009 F ¥
12.896,6 |4 {
12.896,4 |
& Korobov, 2001
12.896,2 |
12.896.04 100 ' 200 ' 300 ' 400 500
Pressure (mbar)
A Korobov 01 4 Korobov 09 ®Pask 09 P09 Average
12.925.0
L | & 4 129242000 & 12924,9000
12.924.8 Korobov, 2009
12 924.6
i % Pask, 2009 } E
12.924.41
12.924,24 Korobov, 2001
1 1 1 1 1 1 1 1
12.924.05 100 200 300 400 500

Pressure (mbar)
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Magnetisches Moment des Antiprotons
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T. Pask et al. / Physics Letters B 678 (2009) 55-59
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vHF+ (MHz)

vHF - (MH2z)

Magnetic moment of the antiproton
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Magnetisches Moment des Antiprotons
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J.DiSciacca et al., PRL 110, 130801 (2013)

T. Pask et al. / Physics Letters B 678 (2009) 55-59
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Overview:

|. Introduction and overview
2.Antimatter at high energies (SppS, LEP, Fermilab)
3. Meson spectroscopy (antimatter as QCD probe)

4.Astroparticle physics and cosmology
5. CP and CPT violation tests

6. Precision tests with Antihydrogen: spectroscopy

/. Precision tests with Antihydrogen:gravity
8.Applications of antimatter
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Goal of comparative spectroscopy: test CPT symmetry

Hydrogen and Antihydrogen

HYDROGEN NAoOAAYH
[
3
2 2p
A 3/2
1s-2s 12
L 2 p_hoto.. P
AA=243 nm
T. Hansch et al., 14
Phys. Rev. Lett. 84, 5496-5499 (2000) | Af/f=10
1 _
'S, L
Al
=0
Bohr Dirac Lamb HFS 2iH dmesd >61id
Ground state
hyperfine splitting
f=1.4 GHz
N. F. Ramsey,

Physica Scripta T59, 323 (1995) Af/f=10"12



The reality

Making Antihydrogen

Plan A:
Trapping Antihydrogen
Cooling Antihydrogen
Boundary conditions (magnetic field, limited solid
angle, *low™ numbers of particles)

Plan B:
Atomic beam



Antihydrogen production

(one of two methods)

Nested-well technique: Penning trap for p,e* : B=1T (plasma stability)

Mixing trap electrodes ATHENA
25mm1 DB B <ﬁb‘B’ BD B et N=5x107 n=2x10%cm3
N pN=10*
>
T 75 | ATRAP
S 100 | et N=2x106
2 1ag | L S N1

-60 -40 -20 0 20 40 60
axial position (mm) [G. Gabrielse et al.,
Phys. Lett. A 129 (1988) 38]

— Positrons cool by emission of synchrotron radiation
— Antiprotons launched into pre-cooled positrons

— H production sets in spontaneously at high rates

— Disadvantage:

plasma temperature, re-ionization, high-n states

[G. Gabrielse et al., Phys. Rev. Lett. 93 (2004) 073401;
N. Madsen et al. (ATHENA), Phys. Rev. Lett. 94 (2005) 033403]
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Nested Penning traps
Capture energy: few keV
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Nested Penning traps
Capture energy: few keV
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Trapping of H?

BROOKLYN SUPERHER?
SUPPLY CO.




Trapping of H?

Antihydrogen Production within a Penning-loffe Trap

G.Gabrielse et al., Phys. Rev. Lett. 100, 113001 (2008)
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Temperature

Reaching the few K regime

evaporative cooling of antiprotons (ALPHA) PRL 105, 013003 (2010)
1000 K | £1007%
=
£
100 K} 8 50 % _
- |
X e,
10 K | S B " Mo
10 100 1000 10 100 1000
on-axis well depth [mV] on-axis well depth [mV]

essential to avoid reheating:
- great care needed on noise reduction;
- can not use electron cooling to pre-cool
- bring e to cold p, not vice-versa, or use autoresonant excitation of p
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Potential on-axis (V)

Successful trapping!

(ALPHA)

Vacuum
wall

antihydrogen or antiprotons?

-
o

. 4
A —q
v T v -3
v -
° b ° q
y Ao Vi y A )
4 Yl M
Oy X A A 5® ¥ Vi St St :
- L .r {fxe - WA ° .. v «
[ — . sitrons from A |‘,A_ L o ]
Annihilation Electrodes = i accumulator 1 ks, e 1
detector i L . (1 A A S S S S S I S S L S
1 1 v |
8 ° 3 gl
A A -
6 \ %' . v -
v _ ° ® B z
al Antiprotons: Antiprotons: o v ey B SH
before injection A Y . o e Y A A -
. ° we © & 1
2 Positrons ﬁ “ o ¢ :
A i A " 1 A " 1 A A ] " A 1
0 : . -200 -100 0 100 200

Axial position, Zz (mm)

quick opening of magnetic trap (20 ms)
+ sensitive detector for antihydrogen



Transition probability (arbitrary units)
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microwave spectroscopy in traps
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C Amole et al., Nature 483,439 (2012)



Plan B: antihydrogen beam
(entering unknown territory...)

* Magnetic bottle | o
Formation by 3-body recombination

* e~ trapping achieved Formed Hbar spin-selected
* Neutral atoms were also Polarized beam?
?
trapped! Cold atoms could be trapped-
Paul trap
11000 nm laser 377 nm (886 nm)

11d -= 2s/3d laser

Positron
injection

Antiproton
injection

Antihydrogen
ejedtion

Mohri A and Yamazaki Y 2003 Europhys. Lett. 63 207



Plan B: antihydrogen beam
(entering unknown territory...)

* Magnetic bottle | o
Formation by 3-body recombination

e traPPing achieved Formed Hbar spin-selected
* Neutral atoms were also Polarized beam?
?
trapped! Cold atoms could be trapped-
Paul trap
11000 nm laser 377 nm (886 nm)

11d -= 2s/3d laser

H beam
Antiproton

. C .
) mjection

Positron
injection

Antihydrogen
ejedtion

Mohri A and Yamazaki Y 2003 Europhys. Lett. 63 207
http://www.nature.com/ncomms/2014/14012 | /ncomms4089/full/ncomms4089.html
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the end

(well.... actually, there’s one
more thing: the trap for

Antihydrogen is a MOT...)

Lectures on Antimatter Michael Doser / CERN



