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Family	album	

P.A.M.	Dirac	in	
1933	(Nobel)	

	

Phys.	Rev.	43,	491	
(1933)	

Anderson	
(Nobel,	1936)	

Occhialini	and	Blackett	
(Blackett	Nobel	in	1948)	

1933	

Pair	production	

Annihilation	 observed	 by	 Mr.	 O.	
Klemperer,	 communicated	 by	 Dr.	 J.	
Chadwick	 (1934)	 to	 the	 Cambridge	
Philosophical	Society	

Observation	
1932	

1928	

cloud	chamber+Rossi	coincidence	circuit:	sort	of	CR	selfie	

Prediction	
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Anti-worlds	

P.A.M.	Dirac,	Nobel	lecture	1933.	
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Anti-worlds	

P.A.M.	Dirac,	Nobel	lecture	1933.	
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Anti-worlds	

P.A.M.	Dirac,	Nobel	lecture	1933.	
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Sakharov		conditions	–	CPT	theorem	

JETP	5,	24-27	(1966)	

1.  Baryon	number	B	
violation.	

2.  C-symmetry	and	CP-
symmetry	violation.	

3.  Interactions	out	of	
thermal	equilibrium.	

from	https://antimatter.at/	

CPT	 theorem:	 any	 Lorentz	 invariant	 local	Quantum	Field	
Theory	 whose	 Hamiltonian	 is	 hermitian	 must	 have	 CPT	
symmetry.	

(Schwinger	1951	up	to	Jost	1957)	
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antimatter	at	CERN	
(my	favourite	list)	
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Evidence	for	CP	violation	in	the	baryon	sector	

CT̂ =
!pp ⋅ (
!ph1− ×

!ph2+ ) for Λb
0

CT̂ =
!pp ⋅ (
!ph1+ ×

!ph2− ) for Λb
0

AT̂ (CT̂ ) =
N (CT̂ > 0)−N (CT̂ < 0)
N (CT̂ > 0)+N (CT̂ < 0)

AT̂ (CT̂ ) =
N (−CT̂ > 0)−N (−CT̂ < 0)
N (−CT̂ > 0)+N (−CT̂ < 0)

aPT̂ −odd =
1
2
(AT̂ +AT̂ )

aCPT̂ −odd =
1
2
(AT̂ −AT̂ )

P-violating	observable	

CP-violating	observable	

Few	months	ago,	 the	LHCb	
collaboration	 reported	 the	
f i r s t	 ev idence	 o f	 CP	
violation	 in	 the	 baryon	
sec tor ,	 i nd i ca t ing	 an	
a s ymme t r y	 b e t w e e n	
b a r yon i c	 ma t t e r	 a nd	
antimatter	

Nature	Physics	13,	391–396	(2017)	
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The	LHCb	result	

Scheme	 A	 designed	 to	 isolate	
regions	of	phase	space	according	to	
t h e i r	 d o m i n a n t	 r e s o n a n t	
contributions.	

The	results	are	consistent	with	CP	symmetry	for	the	Λ->pπKK	case	(1030±56	events),	but	evidence	for	CP	
violation	at	the	3.3σ	level	is	found	for	the	Λ->pπππ	case	(6646±105)	.	No	significant	P	violation	is	found.	

Nature	Physics	13,	391–396	(2017)	
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The	1S-2S	transition	
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The	ALPHA	experiment	

Antihydrogen	 can	 be	 trapped	 in	 ALPHA-2’s	
magnetic	multipole	 trap	 if	 it	 is	 produced	with	 a	
kinetic	energy	of	less	than	0.54	K	in	temperature	
units.	

In	 round	 numbers,	 a	 typical	 trapping	 trial	 in	
ALPHA-2	 involves	 mixing	 90,000	 antiprotons	
with	 3,000,000	 positrons	 to	 produce	 50,000	
antihydrogen	 atoms,	 about	 20	of	which	will	 be	
trapped.	

Anti-atoms	have	a	storage	lifetime	of	at	
least	60	h	in	the	trap.	
	

Nature	557,	71–75	(2018)	

from	CERN	
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ALPHA	result	

The	 measured	 resonance	 frequency	 for	 this	
transition	 in	 antihydrogen	 is	 consistent	 with	
the	 expected	 hydrogen	 frequency	 to	 a	
precision	of	about	2	x	10−12.	

CPT	invariance	tested	down	to	2x10−12.	
Sensitivity		10x	improvement	expected	soon.	

Nature	557,	71–75	(2018)	

To	excite	the	1S–2S	
transition,	ALPHA-2	
uses	a	cryogenic,	in	
vacuo	enhancement	
cavity	for	continuous-
wave	light	from	a	243-
nm	laser	system	to	
boost	the	intensity	in	
the	trapping	volume.		
	
Two	counter-
propagating	photons	
resonantly	excite	1S-2S.	
A	third	photon	
absorbed	and	ionizes	
the	atom	->	LOSS.	
	
Signature:	pbar+X->4π	.	
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antimatter	in	cosmic	rays	
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AMS-02	positrons	
http://www.ams02.org/	

Nature	552,	63–66	(2017)	

PRL	119,	181101	(2017)	

On	the	AMS-02	official	website,	a	“Dark	Matter	1	TeV”	
model	is	fit	to	the	positron	spectrum	up	to	800	GeV.	
	
Exotic	scenarios	continued	being	proposed	even	after	
the	 publication	 of	 the	 electron	 break	 at	 ~1	 TeV	 by	
CALET	and	DAMPE	(confirming	HESS)	
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Positrons	and	pulsar	wind	nebulae	

PRD96	(2017)	10,	103013		

Science	358,	911-914	(2017)	

spin-down	time	scale	variations	
diffusion	coefficient	variations	

arXiv:1803.09731	

Science	358,	911-914	(2017)	

arXiv:1803.09731	

HAWC	 mea su r emen t	 o f	
Geminga	and	B0656+14	diffuse	
emission	 had	 huge	 impact	 on	
debate	the	positron	anomaly.	
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AMS-02	antiprotons	
PRL	117,	091103	(2016)	

JCAP09(2015)023	

PRL	117,	091103	(2016)	
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B/C	à	pbar/p	uncertainty	
Res.	Notes	AAS	1	35	(2017)	

“[…] in the entire energy range 1-350 GeV, the e+/p- 
ratio is consistent with being equal to ratio of the 
production rates in the conventional mechanism, as 
the production of low energy antiprotons is 
kinematically suppressed in collisions with a target 
at rest. These results strongly suggest that cosmic 
ray positrons and antiprotons have a common origin 
as secondaries in hadronic interactions.” 

P.	Lipari	arXiv:1608.02018	

What	about	the	conventional	mechanism?		
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TeV	antiprotons:	the	Moon	shadow	
Phys.	Rev.	D	97,	102005	(2018)	

Moon	shadow	searches	
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what	future	
for	CR	antimatter	searches?	

(going	to	talk	about	new	techniques	
NO	sensitivity	curves)	
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“Detector	studies	for	AMS-03”	

PROTON and HELIUM PHYSICS @ AMS-02 
0,3 m2 sr 3,14E+07 s/y EXCLUDED EXCLUDED EXCLUDED 

  10^8 10^9 10^10 10^11 10^12 10^13 10^14 10^15 

  100MeV GV     TV     PV 

Integral .  1/y .@ 0,1-1  .@ 1-10 .@ 10-100 .@ 100-1000 .@ 1.000 -> .@ 10.000 -> .@ 100.000 -> .@ 1.000.000 -> 

 p 3,00E+09 5,98E+09 1,19E+09 2,38E+07 4,32E+05 8,61E+03 1,72E+02 3,43E+00 

He 1,08E+08 1,08E+09 2,15E+08 4,28E+06 7,77E+04 1,55E+03 3,09E+01 6,17E-01 

                  

Detectors tracker, TOF, RICH Tracker, (RICH) Tracker Tracker Tracker TRD +ECAL ?     

Variables R, beta R R R R, gamma gamma     

Physics 
Van Allen, solar, 
subcutoff 

solar, geomagnetic, 
galactic galactic galactic 

galactic, moon shadow, 
sun shadow 

galactic, moon shadow, 
sun shadow galactic extragalactic, knee 

                  

Tools 

acceptance vs R, live 
time, efficiency, MC, 
inner tracker, 
alignement, TOF 
calibration, RICH 
calibration, 
backtracing(near Earth) 

acceptance vs R, live 
time, efficiency, MC, 
inner tracker, 
alignement, , RICH 
calibration, backtracing 
(near Earth) 

acceptance vs R, live 
time, efficiency, MC, 
inner tracker, 
alignement, TOF 
calibration, RICH 
calibration, backtracing 
near Earth) 

acceptance vs R, live 
time, efficiency, MC, 
inner/outer  tracker, 
alignement, backtracing 
Earth-Moon, Earth- Sun) 

acceptance vs R, live 
time, efficiency, MC, 
outer  tracker, 
alignement, , ECAL 
calibration, backtracing 
Earth-Moon, Earth-Sun 

 acceptance vs R, live 
time, efficiency, MC, 
outer  tracker, 
alignement, TRD 
calibration, ECAL 
calibration, backtracing 
Earth-Moon, Earth- Sun) 

 acceptance vs R, live 
time, efficiency, MC, outer  
tracker, alignement, TRD 
calibration, ECAL 
calibration, backtracing 
Earth-Moon, Earth- Sun)   

Background  p - - - - e- e- e-   

Background  He He3/He4 He3/He4 He3/He4 He3/He4 - - -   

Limitations 

multiple, scattering, 
acceptance,AMS02 
magnetic field - - 

different tracker 
acceptances, alignement 

momentum resolution 
runs out, TRD comes 
in ?, if ECAL is used loss 
of factor 10 acceptance 

only TRD has limited 
gamma resolution, if 
ECAL is used we lose a 
factor 50 

only TRD has limited 
gamma resolution, if 
ECAL is used we lose a 
factor 50 no statistics 

From	“Detector	studies	for	AMS-03”,	R.	Battiston	and	N.	Masi	

What	are	the	limitations	of	AMS-02	above	1	TV?		

24/05/18	 Vulcano	2018	 20	
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“Detector	studies	for	AMS-03”	

PROTON and HELIUM PHYSICS @ AMS-02 
0,3 m2 sr 3,14E+07 s/y EXCLUDED EXCLUDED EXCLUDED 

  10^8 10^9 10^10 10^11 10^12 10^13 10^14 10^15 

  100MeV GV     TV     PV 

Integral .  1/y .@ 0,1-1  .@ 1-10 .@ 10-100 .@ 100-1000 .@ 1.000 -> .@ 10.000 -> .@ 100.000 -> .@ 1.000.000 -> 

 p 3,00E+09 5,98E+09 1,19E+09 2,38E+07 4,32E+05 8,61E+03 1,72E+02 3,43E+00 

He 1,08E+08 1,08E+09 2,15E+08 4,28E+06 7,77E+04 1,55E+03 3,09E+01 6,17E-01 

                  

Detectors tracker, TOF, RICH Tracker, (RICH) Tracker Tracker Tracker TRD +ECAL ?     

Variables R, beta R R R R, gamma gamma     

Physics 
Van Allen, solar, 
subcutoff 

solar, geomagnetic, 
galactic galactic galactic 

galactic, moon shadow, 
sun shadow 

galactic, moon shadow, 
sun shadow galactic extragalactic, knee 

                  

Tools 

acceptance vs R, live 
time, efficiency, MC, 
inner tracker, 
alignement, TOF 
calibration, RICH 
calibration, 
backtracing(near Earth) 

acceptance vs R, live 
time, efficiency, MC, 
inner tracker, 
alignement, , RICH 
calibration, backtracing 
(near Earth) 

acceptance vs R, live 
time, efficiency, MC, 
inner tracker, 
alignement, TOF 
calibration, RICH 
calibration, backtracing 
near Earth) 

acceptance vs R, live 
time, efficiency, MC, 
inner/outer  tracker, 
alignement, backtracing 
Earth-Moon, Earth- Sun) 

acceptance vs R, live 
time, efficiency, MC, 
outer  tracker, 
alignement, , ECAL 
calibration, backtracing 
Earth-Moon, Earth-Sun 

 acceptance vs R, live 
time, efficiency, MC, 
outer  tracker, 
alignement, TRD 
calibration, ECAL 
calibration, backtracing 
Earth-Moon, Earth- Sun) 

 acceptance vs R, live 
time, efficiency, MC, outer  
tracker, alignement, TRD 
calibration, ECAL 
calibration, backtracing 
Earth-Moon, Earth- Sun)   

Background  p - - - - e- e- e-   

Background  He He3/He4 He3/He4 He3/He4 He3/He4 - - -   

Limitations 

multiple, scattering, 
acceptance,AMS02 
magnetic field - - 

different tracker 
acceptances, alignement 

momentum resolution 
runs out, TRD comes 
in ?, if ECAL is used loss 
of factor 10 acceptance 

only TRD has limited 
gamma resolution, if 
ECAL is used we lose a 
factor 50 

only TRD has limited 
gamma resolution, if 
ECAL is used we lose a 
factor 50 no statistics 

From	“Detector	studies	for	AMS-03”,	R.	Battiston	and	N.	Masi	

What	are	the	limitations	of	AMS-02	above	1	TV?	The	tracking	system.	

Q: 	maximum	momentum	estimator	
BL: 	bending	power	
d: 	tracker	lever	arm	
σp: 	single	point	resolution	

24/05/18	 Vulcano	2018	 21	
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New	trackers	

Monolithic	 Active	 Pixel	 Sensors	 (MAPS)	 are	 silicon	 detectors	
developed	in	CMOS	technology.	State-of-the-art	of	particle	tracking	
in	High	Energy	Physics.		
Readout	 electronics,	 including	 signal	 detection,	 shaping	 and	
thresholding	is	embedded	on	the	chip.	

•  Extremely	low	noise	(fake	hit	rate	10-8)	
•  Need	less	charge	to	collect	->	thinner	
•  Pixel	size	as	low	as	4	μm	->	resolution	down	to	1	μm	
•  Also	a	lot	of	intelligence	on	chip:	zero	suppression	and	

clustering	
•  Digital	output	->	no	dE/dx	
•  Pixel	tracker	never	used	in	space	
•  High	power	consumption	(w.r.t.	standard	microstrip)	
•  MAPS	design	and	development	takes	5	years	and	2	M€	
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The	case	of	ALPIDE	
•  Extremely	low	noise	(fake	hit	rate	10-8)	
•  Need	less	charge	to	collect	->	thinner	
•  Pixel	size	28	μm	->	resolution	of	about	5	μm		
•  Zero	suppression	and	clustering	
•  Digital	output	->	no	dE/dx:	cluster	size	sensitive	
•  Going	to	be	used	for	HEPD-2	(launch	2020)	
•  Power	consumption	manageable	if	slow	control	

line	used	
•  Developed	by	the	ALPIDE	Collaboration	

Trento	preliminary	
beam	test	at	TIFPA	

NIMA	824,	434-438	(2016)	

Trento	preliminary	
beam	test	at	TIFPA	

Trento	preliminary	
design	HEPD-2	

ALPIDE-based	
tracker	

CSES-1	
(launched	on	
Feb	2,	2018.	
Flying)	

HEPD-1	
(flying)	
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Magnets	–	the	AMS-02	case	

from	http://www.ams02.org/	

The	Magnet	operates	at	a	temperature	of	1.8	K,	using	
the	cryogenic	power	provided	by	2,500	L	of	superfluid	
Helium	stored	in	a	toroidal	vessel.	Because	of	parasitic	
heat	 loads,	 the	 Helium	 will	 gradually	 boil	 off	
throughout	the	 lifetime	of	 the	experiment,	expected	
to	be	around	three	years.	After	this	time	the	SCM	will	
warm	up	and	it	will	no	longer	be	operational.	
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High	temperature	superconducting	magnets	
Peter	Lee,	“A	Comparison	of	Superconductor	Critical	Currents”		

Operating	a	superconducting	
magnet	at	20K,	instead	of	1.9K	

takes	you	to	another	world.	
Cooling	manageable	with	a	

cryocooler:	simpler,	less	
expensive,	more	robust,	longer	

experiment	lifetime.	
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Closing	remarks	

How	they	met	themselves	
Dante	Gabriel	Rossetti	(1860-1864)	

•  90	years	after	its	prediction,	antimatter	
remains	one	of	the	deepest	mysteries	to	
solve	

•  we	have	an	idea	of	how	baryogenesis	
occurred	and	which	symmetries	must	have	
been	conserved	all	through	Universe	
history		

•  Standard	Model	CP	violation	just	observed	
in	the	baryon	sector,	but	too	small	to	solve	
the	problem	

•  CPT	symmetry	for	H-Hbar	systems	
experimentally	verified	up	to	2x10-12	

•  CR	antiprotons	show	some	tension	with	
purely	secondary	prediction	

•  CR	positrons	puzzled	the	community	in	the	
last	decade	(PAMELA…).	Recent	HAWC	
observations	of	PWNs	crucial	to	revitalize	
the	discussion	

•  Extending	CR	antimatter	measurements	
up	to	30	TV	is	of	great	importance.	A	new	
generation	of	magnetic	spectrometers	is	
under	development	


