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Introduction: propagation of CRs in the Galaxy�

Solar	system�

Cosmic	ray�

Source	of	CRs:		SNRs,	PWNe,	AGNs,		DM		…	
High	B/C	ratio:		CRs	trapped	in	the	Galaxy	for	millions	of	years!	(C+	Hà	B+X)		
Random	magnetic	fields:		CRs	move	randomly	in	the	Galaxy	
Diffusion	approximation:	CR	diffusion	halo:	Rh~20	kpc,	Zh~1-5	kpc	with	isotropic	Dxx	

GC�
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Cosmic-ray transportation equation�
diffusion� convection�

reaccelaration�

E-loss�

source�

 �

fragmentation� decay�

Sources	of	CRs	
•  Primary	sources	from	SNR,	pulsars	
•  Primary	sources	from	WIMP	
•  Secondary	source	from	CR	fragmentation		
Processes	in	Propagation		
•  Diffusion	(random	B	field)	
•  Convection	(galactic	wind)	
•  Reacceleration	(turbulence)	
•  Energy	loss:	Ionization,	IC,	Synchrotron,	
						bremsstrahlung	
•  Fragmentation	(inelastic	scattering)	
•  Radioactive	decay	(unstable	species)	
Solar	modulation	

Uncertainties	
•  Distribution	of	primary	sources	
•  Parameters	in	the	diffusion	equation	
•  Cross	sections	for	nuclei	fragmentation	
•  Distribution	of	B	field	
•  Distribution	of	gas	
Approaches	
•  Semi-analytical:two-zone	diffusion	model.	
•  Numerical	solution	using	realistic	
						astrophysical	data.	
						GALPROP/Dragon	code	
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Constraining the propagation parameters�

Standard	approach:	B/C+	10Be/9Be		
			pros:	B/C	source	independent,	only	constrain	D0/Zh,	

													10Be:		τBe10	=1.4	Myr,	sensitive	to	D0	only,	break	the	D0/Zh	degeneracy	

				corns:		lower	precision	10Be/9Be	data	(	from	ACE,	ISOMAX)	

																	data	come	from	different	exps.,	different	solar	activity	periods,		

	
Alternative	approach:	B/C	+		Proton	
n  B/C	+		Proton		forms	a	complete	set	for	determining	all	the	propagation	

parameters.		

n  Both	have	been	measured	by		AMS-02			
–  Very	precisely	measured	

–  Avoiding	combination	of	syst.	errors	in	different	experiments	

–  All	data	from	the	same	period,	easy	to	model	solar	modulation	effects	

	

	

	

	

	

	

	

	

	

�

H.B.Jin, Y.L.Wu, YFZ, arXiv:1410.0171,JCAP 
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Determination of propagation parameters: B/C +  Proton�
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FIG. 1: Two-dimensional marginalized posterior PDFs for the combinations of some

selected parameters involving Zh, D0/Zh, δ, Va and γp1. The regions enclosing 68%(95%)

CL are shown in dark blue (blue). The red plus (yellow cross ) in each plot indicates the

best-fit value (statistic mean value).
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D0/Zh�Zh� ��
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D0/Zh�
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Va�

Va� �1�

H.B.Jin, Y.L.Wu, YFZ, arXiv:1410.0171,JCAP MCMC	fit	to	AMS-02	B/C	and	proton	spectrum	�
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FIG. 4: Cosmic ray nuclei fluxes and flux ratios from a global fit to the AMS-02 proton

and B/C data. (Upper left) the fitted spectra of cosmic-ray proton flux. The band

corresponds to the values of propagation parameters allowed at 95% CL. The data of

proton flux from AMS-02 [27], PAMELA [28] and CREAM [71] are also shown. (Upper

right) the fitted spectra of B/C ratio. The data of AMS-02 [26], ACE [72], CREAM [63]

and HEAO-3 [61] are also shown. (Middle left) the prediction for the antiproton flux at

95% CL. The data of PAMELA [73] and BESS-Polar II [74] are shown. (Middle right) the

prediction for the antiproton to proton flux ratio at 95% CL. The data of PAMELA [75]

are shown. (Lower left) the prediction for 10Be/9Be flux ratio, the data of ACE [69] and

ISOMAX [70] are shown. (Lower right) the prediction for positron fraction, the data of

AMS-02 [2] PAMELA [4] and Fermi-LAT [5] are shown.
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10Be/9Be		correctly	reproduced�
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CR electrons and positrons�
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The CR positron anomaly: DM interpretations �

Implications for  DM annihilation  
n  large  DM mass (~0.5-1 TeV)  

n  large annihilation cross-section 
~100-1000 times larger than the typical 
thermal DM cross section. 

    Sommerfeld enhancement 
     Resonance enhancement  
 
n  annihilate/decay dominantly to leptons, 
not quarks 

     Annihilation through light mediators 
 
Challenge: usually predict too many photons, 
in contradiction with gamma-ray observations 
from dwarf galaxies, GC and isotropic 
background 
 
Require complicated velocity-dependence of 
DM annihilation cross section 
 

H.B.Jin, Y.L.Wu, YFZ,1410.0171,JCAP�
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Gamma-ray /CMB constraints on DM annihilation�
Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.

51

Planck 2015�

CMB�

HESS	Limit�

Fermi	Limit�

Fermi-LAT, 1205.6467 � Fermi-LAT, 1501.05464 �

HESS 2016�

�alactic Center�

Galactic halo� Extra Galaxy�
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Models consistent with AMS-02, DM density, PLANK, Fermi-LAT? �

Q.F.	Xiang,	X.J.	Bi,	S.J.	Lin,	P.F.	Yin,	1707.09313�Eg.	DM	annihilating	through	resonance	�

��

v

σ v

��

Fermi-LAT�
PLANCK�

AMS-02�

Thermal	relic	density�

With	delta	<0�

Require	very	fine-tuned	parameters	�

O(10-3)�

O(10-1)�
O(10-4)�

~	0�
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Pulsar interpretations: new challenges  from HAWC�

10	

HAWC	show	slow	diffusion	of	electrons	from		Geminga	and	PSR	B0656+14�

For	D0=3x1028	cm2/s	@	GeV�

D0=3x1027	cm2/s	@	GeV�

For	D0=3x1027	cm2/s	@	GeV�

Standard	diffusion�

HAWC,	1711.06223�

Slow	diffusion�
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Toy models:  two-zone model�

D1�

D2�

��

Geminga�

Slow	diffusion	is	likely	to	be	a	local	phenomena,		(as		20	TeV	electrons	observed	by	HESS)	
PWNe	observed	by	HAWC	may	have	different	local			enviroment	
The	Two-zone	model�

D1<<D2�

Profumo,	et	al.,	1083.09731	
K.Fang,	et	al.,	1803.02640�Hooper,	et	al.,	1711.07482�
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The CR all-electron flux (e++e-)�
12	
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CR antiprotons�
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Low	energy	excess	?�

High	energy	excess	?�

H.B.Jin, Y.L.Wu, YFZ arXiv:1504.04601, PRD 

Small deviations and DM interpretations�
14	

Low-energy excess: 40-50 GeV DM to 2b, thermal cross section, consistent with GC 
High-energy excess: 10 TeV DM annihilation into 2W, 2b, boost factor ~10-100 
 
 
In general, DM induced fluxes are in general quite smooth �

Giesen,	1504.04276;	Ibe	1504.05554;		
Hamaguchi,	1404.05937;	Lin,	1504.07230	

Chen,	1504.07848;	Chen,1505.00134�

50	GeV	DM?�

10	TeV	DM?�
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The Low-energy “excess” ?�

Cuoco	et	al.,1610.03071;	Cui,	et	al.,	1610.03840	
Cuoco	et	al.,1903.01472;	Cholis	et	al.,	1093.02549�

Reinert,	Winkler,	1712.00002	
Lin,	et	al.,	1093.09545	

Still	under	debate	…�

Significance:	2σ�Significance:	4σ�

Uncertainties	are	significant,	but	strongly	correlated.	
Different	in	treatment	of	:		CR	propagation,	cross-sections,	solar-modulation�
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Theoretical uncertainties: cross sections 

antip-oton p-oduction c-oss-sections f-om diffe-ent app-oaches�

Y.C.	Ding,	N.	Li,	YFZ,	arXiv:1908.xxxxx�
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Implications	
•  Fit	with	a	power	law	spectrum	(with	a	cut	off)	,	typical	significance	~3σ		
•  Pulsars	cannot		produce	energetic	antiprotons.	
•  SNRs	can	produce	secondary	antiprotons	but	with	a	flat	(or	smooth	rising)	

spectrum.	
•  DM	direct	annihilation	(DM	DMàf	fbaràpbar	+X)	predicts	a	broad	bump,		

	too	smooth	to	explain	narrow	excess.�

Parametrization		
(power-law	with	a	cut	off)� Secondaries		in	SNRs�

DM�

The high-energy “excess ”: origins of a rising pbar spectrum�
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A sharp spectrum from  four-body annihilation�

E = �BE
0

�E/E = 2�B�
0

small �0When � ⇡ 2mp

ϕ	rest-frame� DM	CM	frame�

Lorentz boost for finite ✏0

Huang, Wei, Wu ,YFZ, Zhang,1611.01983,PRD�

Sharp	antiproton	spectrum	arise	in		
the	threshold	limit	�
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Consistency with the Fermi-LAT gamma-ray data �

Huang, Wei, Wu ,YFZ, Zhang,1611.01983,PRD�

Light	mediator	scenario	can	explain	the	structure	
without	violating	the	Fermi	gamma-ray	limits�

Favored	DM	mass	~800	GeV	with	thermal	cross	section	�

Fermi	gamma-ray	limits	�
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CR heavy anti-nuclei�
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CR heavy anti-nuclei�

Spectral	feature	of	heavy	secondary	anti-nuclei	
n  Highly	boosted	after		production	
	 	production	threshold:		17mp	(antideuteron),	31mp	(antihelium)	

	 	low	binding	energy	à	less	energy	loss	

	low-energy	window	(<	GeV/A)	for	exotic	contributions	

n  Low	production	rate	at	high	energies	
	fast	falling	of	primary	CRs	ϕ(E)	~	E-2.7	

								high-energy	window	(>100	GeV/A)	for		

	exotic	contributions	

Major	sources	of	theoretical	uncertainties	
n  Models	for	anti-nuclei	formation		

�  coalescence	models		

�  potential	models	

�  thermal	models	

n  DM	profiles	(NFW,	Einasto,	Isothermal,	…)	

n  CR	propagation	models	(MIN,	MED,	MAX,	…)	
Aramaki,	etal,	1505.07785�

Low-energy	window�

high-energy	window�
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The coalescence model�

The	coalescence	model:		A=2	case	

	

	

	

	

	

	

	

	

	

	

n  phase-space	model,	no	dynamics		

n  extremely	simple,	only	one	parameter	p0	
n  coalescence	rate		~	p03(A-1),	uncertainty	in	p0	can	be	amplified	

criterion is defined as

||kp̄ − kn̄|| =
√

(∆k⃗)2 − (∆E)2 < pD

0 , (1)

where kp̄ and kn̄ are the four-momenta of p̄ and n̄ respectively, and pD̄

0 is the coalescence

momentum of antideuteron. In the case where the momentum distributions of p̄ and n̄ are

isotropic and statistically independent, the energy spectrum of D̄ is related to that of p̄ and

n̄ as

γD̄

d3ND̄

d3k⃗D̄

(k⃗D̄) =
π

6

(

pD̄

0

)3 · γp̄
d3Np̄

d3k⃗p̄
(k⃗p̄) · γn̄

d3Nn̄

d3k⃗n̄
(k⃗n̄), (2)

where γD̄,p̄,n̄ are the Lorentz factors, and k⃗p̄ ≈ k⃗n̄ ≈ k⃗D̄/2.

The coalescence criterion for the heavier anti-nuclei can be defined in a similar way as

that of antideuteron [32]. For the case of 3He, one can define the norms of the relative four-

momenta between the three anti-nucleons as three lengths l1 = ||k1−k2||, l2 = ||k2−k3|| and
l3 = ||k1−k3||, where k1, k2, k3 are the four-momenta of the three anti-nucleons respectively.

one can use these lengths to compose a triangle, and then make a circle to envelope the

triangle with a minimal diameter. It is assumed that the three anti-nucleons can successfully

merge into an anti-nucleus only if the diameter of the circle is less than pHe

0 . If the three

lengths form a right or obtuse triangle (i.e., l2i + l2j ! l2m, for any i, j,m), the minimal

diameter equals to the longest side of the triangle, then the criterion can be simply written

as max{l1, l2, l3} < pHe

0 . On the other hand, if the three lengths form an acute triangle

(l2i + l2j > l2m, for all i, j,m), the minimal circle is just the circumcircle of this triangle. In

this case, the criterion can be expressed in terms of the diameter of the circumcircle

dcirc =
l1l2l3

√

(l1 + l2 + l3)(−l1 + l2 + l3)(l1 − l2 + l3)(l1 + l2 − l3)
< pHe

0 . (3)

An alternative way to define the coalescence criterion for 3He is simply requiring that the

relative four-momentum of each pair of the constituent anti-nuclei is smaller than pHe

0 [32, 33]:

||ki − kj|| < pHe

0 , (i ≠ j). (4)

If the relative four-momenta form a right or obtuse triangle, This method is equivalent to the

method of Eq. (3), namely, pHe

0 is determined by the longest side of the triangle. However, for

the case of acute triangles, this method predicts slightly more anti-nuclei. The quantitative

difference between these two methods will be discussed in the next section.

The spatial positions of particles also play an important role in the formation of anti-

nuclei, one should exclude the particle pairs which are not close enough to each other in

space. As shown in Ref. [32], this can be taken into account by setting all the particles with

lifetime τ " 2 fm/c to be stable, where 2 fm is approximately the size of the 3He nucleus.
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The case of anti-helium�

The	coalescence	model:			A=3	case	(antijhelium)	

	

	

	

	

	

	

	

	

	

Definitions	of	p0	

n  minimal	circle	

n  absolute	difference	for	each	relative	momenta	
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criterion is defined as

||kp̄ − kn̄|| =
√

(∆k⃗)2 − (∆E)2 < pD

0 , (1)

where kp̄ and kn̄ are the four-momenta of p̄ and n̄ respectively, and pD̄

0 is the coalescence

momentum of antideuteron. In the case where the momentum distributions of p̄ and n̄ are

isotropic and statistically independent, the energy spectrum of D̄ is related to that of p̄ and

n̄ as

γD̄
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(k⃗D̄) =
π
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pD̄
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)3 · γp̄
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(k⃗p̄) · γn̄
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where γD̄,p̄,n̄ are the Lorentz factors, and k⃗p̄ ≈ k⃗n̄ ≈ k⃗D̄/2.

The coalescence criterion for the heavier anti-nuclei can be defined in a similar way as

that of antideuteron [32]. For the case of 3He, one can define the norms of the relative four-
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l3 = ||k1−k3||, where k1, k2, k3 are the four-momenta of the three anti-nucleons respectively.

one can use these lengths to compose a triangle, and then make a circle to envelope the

triangle with a minimal diameter. It is assumed that the three anti-nucleons can successfully

merge into an anti-nucleus only if the diameter of the circle is less than pHe

0 . If the three

lengths form a right or obtuse triangle (i.e., l2i + l2j ! l2m, for any i, j,m), the minimal

diameter equals to the longest side of the triangle, then the criterion can be simply written

as max{l1, l2, l3} < pHe

0 . On the other hand, if the three lengths form an acute triangle

(l2i + l2j > l2m, for all i, j,m), the minimal circle is just the circumcircle of this triangle. In

this case, the criterion can be expressed in terms of the diameter of the circumcircle

dcirc =
l1l2l3

√

(l1 + l2 + l3)(−l1 + l2 + l3)(l1 − l2 + l3)(l1 + l2 − l3)
< pHe

0 . (3)

An alternative way to define the coalescence criterion for 3He is simply requiring that the

relative four-momentum of each pair of the constituent anti-nuclei is smaller than pHe

0 [32, 33]:

||ki − kj|| < pHe

0 , (i ≠ j). (4)

If the relative four-momenta form a right or obtuse triangle, This method is equivalent to the

method of Eq. (3), namely, pHe

0 is determined by the longest side of the triangle. However, for

the case of acute triangles, this method predicts slightly more anti-nuclei. The quantitative

difference between these two methods will be discussed in the next section.

The spatial positions of particles also play an important role in the formation of anti-

nuclei, one should exclude the particle pairs which are not close enough to each other in

space. As shown in Ref. [32], this can be taken into account by setting all the particles with

lifetime τ " 2 fm/c to be stable, where 2 fm is approximately the size of the 3He nucleus.
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0 , (i ≠ j). (4)

If the relative four-momenta form a right or obtuse triangle, This method is equivalent to the

method of Eq. (3), namely, pHe

0 is determined by the longest side of the triangle. However, for

the case of acute triangles, this method predicts slightly more anti-nuclei. The quantitative

difference between these two methods will be discussed in the next section.

The spatial positions of particles also play an important role in the formation of anti-

nuclei, one should exclude the particle pairs which are not close enough to each other in

space. As shown in Ref. [32], this can be taken into account by setting all the particles with

lifetime τ " 2 fm/c to be stable, where 2 fm is approximately the size of the 3He nucleus.

4



Yu-Feng Zhou ITP-CAS� ���

Coalescence momentum of anti-Helium�

Indirect	approaches	

n  Use	the	relation	between	nuclei:	
n  Use	binding	energy:	
Direct	approaches		

n  Use	Exp.	data	(	e.g.	ALICE,	STAR	)		

ALICE,	1709.08522	(	assuming	rate	~	(p0)6	)	�
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Coalescence  momenta: the ALICE results �

2 ALICE Collaboration

1 Introduction

The production of light (anti-)nuclei has been measured in many high-energy experiments at lower en-
ergies than those of the Large Hadron Collider (LHC), such as pp collisions at the CERN ISR [1, 2],
pp collisions at Tevatron [3], photo-production gp and deep inelastic scattering of electrons at HERA
[4, 5], e+e� annihilation at °(nS) energies at CLEO [6] and at Z0 energies at LEP [7], as well as in many
heavy-ion collisions [8–16]. Many of the low energy measurements have been successfully described
by phenomenological models based on the coalescence of nucleons that are nearby in space and have
similar momenta [17, 18]. These models have been implemented in event generators with afterburners as
in [19, 20], where they used the cascade code ARC and the RQMD event generator with an afterburner
to explain the production of composite particles at AGS energies.

There are other approaches based on NN ! pd reactions [21]. The production mechanism is considered
to be a final state interaction between nucleons within the small volume of the emitting source, with a
pion taking the excess energy and momentum. This approach, however, is not trivially generalizable to
nuclei heavier than (anti-)deuterons since the cross sections and all the possible process contributions are
not always known, even for (anti-)deuterons.

Event generators tuned to reproduce data at LHC energies, such as PYTHIA [22] and EPOS (LHC)
[23] do not implement the production of light (anti-)nuclei, thus, their predictions cannot be compared
directly with the production of nuclei measured at the ALICE experiment [24]. This note fills this gap
by describing an afterburner for existing event generators tuned to LHC energies, following a similar
approach to references [19, 20]. It is organized as follows: Section 2 gives a description of the simple
coalescence model. Section 3 describes the Monte Carlo model proposed in this note. In Section 4, the
results are compared with the available experimental data and the summary and conclusions are presented
in Section 5.

2 The simple coalescence model

The simplest coalescence model considers an emitting source of nucleons randomly distributed like a
gas of nucleons in thermal and chemical equilibrium. Their momentum distributions are independent
and therefore the probability of finding A = Z+N nucleons in a small sphere of radius p0 around one of
the nucleon momenta is the product of the individual nucleon probabilities
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where gA is a factor that depends on the spin of the nucleus [17, 18]. Using g = E/m (c = 1), equation
(1) can be written as
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with M being the mass of the nucleus, mp the mass of the proton and mn the mass of the neutron. The
parameter p0, often refer to as the coalescence momentum, could be interpreted as the Fermi momentum
(pF ' 250 MeV/c) for a free gas of non-interacting fermions. However, this value is known to be very big
for light nuclei (A < 12), hence it is considered as a free parameter of the model, which can be extracted
from the experimental data. Despite its simplicity, this model explains the production of light nuclei at
low transverse momenta in many experiments [17, 18].
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with M being the mass of the nucleus, mp the mass of the proton and mn the mass of the neutron. The
parameter p0, often refer to as the coalescence momentum, could be interpreted as the Fermi momentum
(pF ' 250 MeV/c) for a free gas of non-interacting fermions. However, this value is known to be very big
for light nuclei (A < 12), hence it is considered as a free parameter of the model, which can be extracted
from the experimental data. Despite its simplicity, this model explains the production of light nuclei at
low transverse momenta in many experiments [17, 18].
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A straight-forward determination of p0�

B3exp	
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n  starting	with	a	large	enough	p0max	
n  Simulate		O(1011)	events	once	,	keep	the	record	of	pbar,	nbar	in	each	event	
n  vary	p0	(in	the	range		p0	<	p0max	)	freely	in	the	sample	to	fit		B3	

assuming BA ≈ p3(A−1)
0 . For a given MC event generator, we generate a large sample

of O(1011) pp-collision events and keep record of the momentum information of the final

states p̄/n̄ which have the potential to form an 3He or T nucleus, namely, selecting the p̄/n̄

particles according to a sufficiently large coalescence momentum p0,max = 1 GeV. We then

allow the value of p0 to vary freely in the range p0 < p0,max and use the condition of Eq. (3) for

antinucleus formation within the sample to fit the measured values of B3. We perform χ2-fits

for three MC event generators: PYTHIA 8.2 [47, 48], EPOS-LHC [49, 50] and DPMJET-III [51].

Another popular event generator is QGS-JET [52, 53]. It was shown in Ref. [54] that after

some tuning of the parameters for better fit the low-energy collider data, the results from

QGS-JET is similar to that from EPOS-LHC. The fit results are summarized in Tab I. Although

our approach is quite different from that adopted by the ALICE collaboration, we find that

both results are in reasonable agreement with each other.

MC generators: PYTHIA 8.2 EPOS-LHC DPMJET-III

pHe
0 (MeV) 224+12

−16 (254 ± 14) 227+11
−16 (254 ± 14) 212+10

−13

pT̄0 (MeV) 234+17
−29 (266 ± 22) 245+17

−30 (268 ± 22) 222+16
−26

TAB. I: Best-fit values of pHe
0 and pT̄0 from fitting to the ALICE data of pp-collision at

√
s =

7 TeV for three MC generators PYTHIA 8.2 [47, 48], EPOS-LHC [49, 50] and DPMJET-III [51]. The

numbers in the brackets are the values obtained by the ALICE collaboration using an interpolation

approach [44].

In Fig. 1 we show the best-fit values of B3 for 3He formation in three pT bins. The

χ2-curves of the fit results are shown in the left panel of Fig. 2. In all the fits, we find

χ2
min/d.o.f ! 0.6/2, indicating reasonable agreement with the ALICE data. The figure also

shows that the coalescence model can well reproduce the pT -dependence of B3 in the low pT
bins. At the highest pT bin pT/A = 1.0− 2.0 GeV, the coalescence model predict a slightly

lower value. For the case of T production, the ALICE data is perfectly reproduced as it

is only available for a single pT bin. The corresponding χ2-curves are shown in the right

pannel of Fig. 2.

An 3He nucleus can be formed directly from the coalescence of p̄p̄n̄, or through the β-

decay of an antitriton T (p̄n̄n̄). Compared with the formation of T, the direct formation

channel is expected to be suppressed by Coulomb-repulsion between the two antiprotons.

The suppression effect is, however, difficult to estimate quantitatively. From Tab. I, it can be

seen that the determined coalescence momenta for 3He are only slightly smaller than that for

T by ∼ (5 − 10)%, suggesting that the effect of Coulomb-repulsion may not be significant,

which is consistent with the analysis in Ref. [55]. In the following calculations, we shall

include the contributions from T using the corresponding B3 values, and approximate the

energy spectrum of 3He from the decay of T to be the same as that of T for a given production

process, which roughly enhance the final 3He number by a factor of two or three depending

6

Avoid		assuming	B3	~	(p0)6	�

Direct-search	approach	�

We	found	the	values	of	p0		lower	by	~15%	compared	with	that	from	ALICE		�
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Significant uncertainties arise when extrapolating to low energies  �
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FIG. 4: Left) Total number of 3He events from pp-collisions at di↵erent center-of-mass energies.

The events are generated using three event generators PYTHIA 8.2, EPOS-LHC and DPMJET-III.

Right) Energy spectra of 3He events from pp-collisions in the target-rest frame at two di↵erent

energies of incident protons Elab = 200 and 500 GeV for the three MC event generators.

DPMJET-III can reach an order of magnitude. The energy spectra obtained for the three

event generators at two di↵erent energies of incident protons Elab = 200 and 500 GeV (cor-

responds to
p
s=19.4 and 30.7 GeV, respectively) in the target rest frame are shown in the

right panel of Fig. 4. As it can be seen from the figure, although the coalescence momentum

of 3He production in all the event generators are calibrated to the same ALICE pp-collision

data at
p
s = 7 TeV, at lower CM energies, the predicted 3He energy spectrum can be

significantly di↵erent.

IV. UPDATED LIMITS FROM AMS-02 ANTIPROTON DATA

A. Cosmic-ray propagation

The propagation of CR anti-nuclei in the Galaxy can be described by a di↵usion model in

which the di↵usion zone is assumed to be a cylinder with radius rh ⇡ 20 kpc and half-height

zh = 1 ⇠ 10 kpc. The di↵usion equation of CR charged particles can be written as [57, 58]:

@f

@t
= q(~r, p) +r · (Dxxrf � ~Vcf) +

@

@p
p2Dpp

@

@p

f

p2
�

@

@p

h
ṗf �

p

3
(r · ~Vc)f

i
�

f

⌧f
�

f

⌧r
, (8)

where f(~r, p, t) is the number density per unit of particle momentum p at the position ~r, and

q(~r, p) is the source term. Dxx is the energy-dependent spatial di↵usion coe�cient which is

parameterized as Dxx = �D0(R/R0)�, where R = p/(Ze) is the rigidity of the cosmic-ray

particle with electric charge Ze, � is the spectral power index which can take two di↵erent

values � = �1(2) when R is below (above) a reference rigidity R0, D0 is a constant normal-

ization coe�cient, and � = v/c is the velocity of CR particles. ~Vc is the convection velocity,

9

Ecm	=7	TeV�

CR	production		�

collider	production		�

energy	scale	relevant	to	CR	anti-helium	production	�

ALICE	data	is	for		Ecm=7	TeV,	to	high	for	CR	anti-helium	production�

Ecm	~	50	GeV�
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Predicted secondary backgrounds�

B3 can reach 20 ⇥ 10�4 GeV4. For lower pT bins, the corresponding B3 can be smaller by

an order of magnitude. Note that the pT dependence of B3 is correctly reproduced by the

all MC event generators considered in this work. In Ref. [69], the maximal 3He flux from

DM annihilation was discussed with the AMS-02 antiproton constraints taken directly from

Ref. [80]. The analysis of [69] used the coalescence model and the analytic relation between

pHe

0 and B3 in the isotropic limit, which again cannot reproduced the pT dependence of B3.

To be conservative, the value of pHe

0 was set in the range 160�248 MeV, which leads to large

uncertainties in the predicted maximal 3He flux. The 3He flux from DM was also discussed

recently in light of the preliminary antihelium measurements by AMS-02 [81]. However,

neither the antiproton constriants nor the background contributions was considered in their

analysis.
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FIG. 9: A comparison of the secondary contribution to the flux ratio 3He/He obtained in this

work with that from the previous work by Herms, et. al. [27], Blum, et. al. [55] and Korsmeier,

et. al. [69]. See text for detailed discussions.

VI. CONCLUSIONS

In summary, motivated partly by the recent progresses made by AMS-02 in searching

for heavier anti-nuclei, we have discussed the prospect of detecting 3He in the AMS-02

experiment under the constraints from the AMS-02 antiproton data. We have updated the

upper limits on DM annihilation cross sections from the AMS-02 p̄/p ratio, and then used the

18
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FIG. 7: Left) Predicted maximal 3He fluxes (solid curves) as a function of kinetic energy per

nucleon from DM annihilation into qq̄ final states in the MED propagation model with four di↵erent

DM profiles NFW [74], Isothermal [75], Einasto [78] and Moore [76, 77]. The DM particle mass is

fixed at m� = 300 GeV. The secondary 3He fluxes generated by EPOS-LHC are also shown for a

comparison. Right) The same as left, but for three di↵erent propagation models MIN, MED and

MAX [72] with DM profile fixed to “Isothermal”.

An great advantage of using the antiproton data to constrain the predictions for 3He

flux is that the obtained constraints become highly insensitive to the choice of DM density

profile, as varying the DM profile mainly results in a rescaling of the best-fit h�vi in such a

way that the same antiproton flux is reproduced. In the left panel of Fig. 7, we show the

prediction for the maximal 3He flux after constrained by the AMS-02 CR antiproton data

for the four di↵erent DM profiles in the same MED propagation model for DM particles with

mass fixed at 300 GeV and qq̄ the dominant annihilation final states. Compared with Fig. 5

and Fig. 6, it can be seen that for the four DM profiles, the di↵erence in the constraints

on the DM annihilation cross sections can reach O(10), while that in the predicted 3He

flux are reduced to ⇠ 30%. Similarly, the predictions become also highly insensitive to the

choice of propagation models, provided that they give rise to similar secondary antiproton

backgrounds. In the right panel of Fig. 7, we show the upper limits on 3He flux for the three

di↵erent propagation models with the same DM profile. For the models giving nearly the

same secondary background such as the “MIN”, “MED” and “MAX” models, the di↵erence

in the predicted 3He flux is also very small ⇠ 30%.

Detecting CR antihelium is one of the major scientific objectives of the AMS-02 experi-

ment. In this work, we give an estimation of the maximal number of 3He events which can

be observed by AMS-02 after taking into account the constraints from the AMS-02 antipro-

ton data. We assume the whole lifetime of the experiment to be 18 years, and adopt the

most optimistic assumptions related to the detectors. In general, the number of 3He events

observed by a detector can be written as

N =

Z Tmax

Tmin

⌘ �He A t d T, (14)
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Importance	of	using	antiproton	limits	for	predicting	anti-nuclei�
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Projected maximal anti-helium flux @AMS-02�
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FIG. 8: Upper panels) maximal flux ratios He/He from DM annihilation under the constraints from

the AMS-02 p̄ data, together with the secondary 3He backgrounds. The pp-collision cross section

and the coalescence momentum pHe

0 are determined using the MC event generator EPOS-LHC. The

error bands indicate the uncertainty in the coalescence momentum. The results are obtained by

adopting the “MED” propagation model and the “Isothermal” DM profile. The blue shaded regions

represent the detection sensitivity of AMS-02 at 95% C.L., after 18 years of data collection. Lower

panels) the same as the upper panels, but based on the event generator DPMJET-III.

For a comparison with the previous work in the literature, in Fig. 9, our results are

compared with a selection of previous work related to the projection of the CR 3He flux.

The analysis in Ref. [27] considered the constraints form the AMS-02 antiproton data, and

used the coalescence model with the DPMJET-III event generator to simulate 3He formation.

However, the coalescence momentum pHe

0 was inferred from the vale of pD

0 , which is quite

large pHe

0 ⇡ 311 MeV and leads to the conclusion that CR 3He is within the reach of AMS-02.

On the country, in our work, we use the value pHe

0 = 212+10
�13 MeV directly from fitting the

ALICE data. Consequently, in our work the predicted CR 3He flux using DPMJET-III is an

order of magnitude lower. In Ref. [55], the coalescence parameter B3 was estimated using the

ALICE data and the Hanbury-Brown-Twiss (HBT) two-particle-correlation measurements.

The obtained value of B3 is in a wide range (2 � 20) ⇥ 10�4 GeV4. Consequently, the

predicted 3He flux can be much larger than that from other approaches. However, as shown

by the ALICE data (see Fig. 1), the value of B3 shows a significant pT dependence which

was not reproduced in the HBT approach in [55]. Only in the highest pT bin the value of
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The most optimistic case for antihelium@AMS-02�
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FIG. 8: Upper panels) maximal flux ratios He/He from DM annihilation under the constraints from

the AMS-02 p̄ data, together with the secondary 3He backgrounds. The pp-collision cross section

and the coalescence momentum pHe

0 are determined using the MC event generator EPOS-LHC. The

error bands indicate the uncertainty in the coalescence momentum. The results are obtained by

adopting the “MED” propagation model and the “Isothermal” DM profile. The blue shaded regions

represent the detection sensitivity of AMS-02 at 95% C.L., after 18 years of data collection. Lower

panels) the same as the upper panels, but based on the event generator DPMJET-III.

For a comparison with the previous work in the literature, in Fig. 9, our results are

compared with a selection of previous work related to the projection of the CR 3He flux.

The analysis in Ref. [27] considered the constraints form the AMS-02 antiproton data, and

used the coalescence model with the DPMJET-III event generator to simulate 3He formation.

However, the coalescence momentum pHe

0 was inferred from the vale of pD

0 , which is quite

large pHe

0 ⇡ 311 MeV and leads to the conclusion that CR 3He is within the reach of AMS-02.

On the country, in our work, we use the value pHe

0 = 212+10
�13 MeV directly from fitting the

ALICE data. Consequently, in our work the predicted CR 3He flux using DPMJET-III is an

order of magnitude lower. In Ref. [55], the coalescence parameter B3 was estimated using the

ALICE data and the Hanbury-Brown-Twiss (HBT) two-particle-correlation measurements.

The obtained value of B3 is in a wide range (2 � 20) ⇥ 10�4 GeV4. Consequently, the

predicted 3He flux can be much larger than that from other approaches. However, as shown

by the ALICE data (see Fig. 1), the value of B3 shows a significant pT dependence which

was not reproduced in the HBT approach in [55]. Only in the highest pT bin the value of
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m� (GeV) �� ! qq̄ �� ! bb̄ �� ! W+W�

DM

30 0.084+0.038
�0.040 (0.153+0.070

�0.073) 0.041+0.020
�0.018 (0.073+0.036

�0.032) —

100 0.153+0.065
�0.072 (0.269+0.114

�0.127) 0.227+0.107
�0.103 (0.419+0.198

�0.190) 0.164+0.077
�0.076 (0.304+0.143

�0.141)

300 0.122+0.055
�0.056 (0.179+0.081

�0.082) 0.160+0.074
�0.074 (0.256+0.118

�0.118) 0.054+0.025
�0.025 (0.084+0.039

�0.039)

1000 0.106+0.048
�0.048 (0.138+0.063

�0.063) 0.131+0.058
�0.061 (0.179+0.079

�0.083) 0.015+0.007
�0.007 (0.019+0.009

�0.009)

Secondary 0.986+0.437
�0.455 (0.054+0.021

�0.021)

TAB. III: Prospective maximal number of 3He particles with which can be detected by AMS-02

after 18 years of data taking under the most optimistic assumptions. The number of secondary 3He

are estimated using MC event generator EPOS-LHC. The numbers in the brackets correspond to the

results using DPMJET-III. The quoted uncertainties are due to that in the coalescence momentum

pHe

0 determined from the ALICE data.

where �He is the flux of 3He, A is the acceptance of 3He which is assumed to be identical to the

geometric acceptance of the AMS-02 detector A ⇡ 0.5 m2
· sr, ⌘ is the detecting e�ciency

which is assumed to be unity, and t ⇡ 18 yr is the total exposure time of the AMS-02

experiment. The lower and upper limits of the integration are set to be Tmin(max)/A =

0.1 GeV (1 TeV).

In Tab. III, we show the predicted maximal number of antihelium events for the three

di↵erent annihilation channels and four DM particle masses from 30 GeV to 1 TeV using

two MC event generators EPOS-LHC and DPMJET. The expected secondary backgrounds are

also shown for a comparison. We find that in the most optimistic cases, the expected total

number of events can reach O(1), and is very likely to be dominated by the secondaries.

A more realistic estimation of the prospective 18-year 3He detecting sensitivity of AMS-

02 after considering the contamination of He was given in terms of He/He flux ratio in

Ref. [21], where He stands for 3He+ 4He. In Fig. 8, we show the predicted He/He in the

“MED” propagation model with the “Isothermal” DM profile for various DM annihilation

channels, DM particle masses, and coalescence momenta using event generators EPOS-LHC

and DPMJET. We find that the events which can be observed are likely to have kinetic energy

T/A & 10 GeV, i.e., T & 30 GeV for 3He, and are dominantly arising from the secondary

backgrounds. Recently, the AMS-02 collaboration has reported preliminary hints of antihe-

lium events [79]. For instance, a candidate event of 3He with momentum 40.3± 2.9 GeV is

shown. Such a event corresponds to a kinetic energy per nucleon T/A ⇡ 12.5 ± 1.0 GeV.

As can be seen from the upper panels of Fig. 8, it is close to the overlap region between the

AMS-02 sensitivity and the prediction from the secondary production. Thus the energy of

the candidate event is consistent with the secondary 3He prediction in the most optimistic

case. From Fig. 8, it is also evident that DM-interaction induced 3He are unlikely to be

observed by AMS-02.
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n  The	expected	antihelium	events	is	O(1)	
n  Typical	energy		30-100	GeV	
n  Dominated	by	secondary	backgrounds,	not		DM	annihilation�

Expected	anti-helium	events	(	after	18	yrs	of	data	collecting)�
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Antihelium-3 @AMS-02 ?�

AMS-02�	2016
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Antihelium�4 @AMS-02 ? �

AMS-02	so	far	find	8	anti-helium	candidate	events	with	2	coincide	with	anti-helium-4		�

Stay	tuned	!�
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Thank you for your attention !�


