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dark matter searches with CR antiprotons

From 2016, different studies found an intriguing indication for a DM signal in
the antiproton flux, for DM masses near 80 GeV, with a hadronic annihilation
cross-section close to the thermal value
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Cuoco, Kramer, Korsmeier, Phys.Rev.Lett. 118 (2017)
(analogous results in Cui et al. Phys.Rev.Lett. 118 (2017))



dark matter searches with CR antiprotons
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fig. from Cuoco, Kramer, Korsmeier, Phys.Rev.Lett. 118 (2017)

A DM candidate of this kind could
potentially fit also the Galactic
Centre excess in gamma-rays.

Recently, several authors have
conducted in-depth
investigations on different
aspects of the analysis:

»  Secondary antiproton
production cross section

»  Solar modulation

»  Correlation among the data

The debate is going on, as
some authors claim the excess
Is robust, while others claim
that AMS antiprotons are
compatible with a pure
secondary origin




this talk

We will focus on the secondary antiproton production
cross section.

In particular, we will consider the very low-energy regime,
close to the production threshold.

First, we will describe how this cross section is modelled
and we will discuss some potential shortcomings of the
models that are actually used.

Then, we will describe a simple analytical model to study
the effects that the modelling of this cross section has on the
secondary antiproton spectrum and on the bounds on
dark matter annihilation cross section.



secondary antiproton production cross section

We focus here on data-driven parametrizations. Alternative : Monte Carlo models

We consider the parametrisation by Winkler (from Kappl and Winkler JCAP 09
(2014) and Winkler JCAP 02 (2017) )
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secondary antiproton production cross section

We focus here on data-driven parametrizations. Alternative : Monte Carlo models

We consider the parametrisation by Winkler (from Kappl and Winkler JCAP 09
(2014) and Winkler JCAP 02 (2017) )

 Let’s consider a p + p collision. The
total cross section is given by the
sum of different channels :
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secondary antiproton production cross section

We focus here on data-driven parametrizations. Alternative : Monte Carlo models

We consider the parametrisation by Winkler (from Kappl and Winkler JCAP 09

(2014) and Winkler JCAP 02 (2017) )

We exploit the radial scaling hypothesis |

- (which hold at c.m. energies > 10 GeV
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secondary antiproton production cross section

We focus here on data-driven parametrizations. Alternative : Monte Carlo models
(but, in general, less reliable at low energies, which is the focus here).

We consider the parametrisation by Winkler (from Kappl and Winkler JCAP 09
(2014) and Winkler JCAP 02 (2017) )
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secondary antiproton production cross section

We focus here on data-driven parametrizations. Alternative : Monte Carlo models
(but, in general, less reliable at low energies, which is the focus here).

We consider the parametrisation by Winkler (from Kappl and Winkler JCAP 09
(2014) and Winkler JCAP 02 (2017) )
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low energies - the phase space model

We want to model the very low-energy behaviour of the cross section that

describes the production of antiprotons in pp collisions. In particular, we
are interested in the reaction:

with | Phase

space term

phase space model: If we assume that the amplitude |M|*is constant, the
cross section is simply given by the phase space term.




low energies - the phase space model

Under the simplifying assumption that the amplitude is constant, the n-body
phase space term can be easily derived in a fully analytical way

We can decompose the n-body P1

phase space term as follows: | a1z
‘ qi12 P2

/d%(P;pl,-.-pn) =
p3
ds,
/ o d(I)Z(PQQaapn)/dq)n—l(qmpl,---pn—l) \
P4

with a = {1,...n —1}

-and the integration limits being: We iterate the same procedure
2 until we only have 2-body
(Z mz-) <sa < (Vs—mn)’ phase space terms, which we
1=1

can express analytically
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total cross section

our cross section model
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our cross section model

H—— PS + Winklerl7 (15 GeV)
(| m data (Shen and Berkey 1968, feed-down corrected)
= ¢ data (Antinucci, 1973) =
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Below the lowest
energy data
point we adopt
the phase
space model

The phase space cross
section is normalised to

5 reproduce the lowest energy
data point
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our cross section model

Phase space model, rescaled by means of a linear
interpolation between the two regimes
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The threshold energy above which we adopt the Winkler parametrisation
is the only free parameter of our model. How do we constrain it?




Rep. CERN 1970

comparison with experimental results

pE—

Data collected in the late '60s |
at the CERN PS.
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The data consist of the
production cross section of
antiprotons in fixed target
proton proton collisions, for
energies of the incoming |
poroton of 18.8 GeV and 23.1
GeV (Dekkers et al. Phys.
Rev. 137, 1965) and 19.2
GeV (Allaby et al. Tech.

).
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comparison with experimental results

data from Dekkers et al. (1965) data from Allaby et al. (1970)
10° | | — I — 10" 3 n T 3
- - Winklerl7 - - $- ]
B — Phase Space | _ -e: .
B ¢ ¢ E,=18.8GeV,0=0.1rad [] 102 | -
B ¢ ¢ E,=23.1GeV,0=0rad || N Z
‘—'«_'10_1 = AR — — 3 — _
3 K SRR 3 107 =
C\lm : ¢\~ : Nic’-s : :
| - N - | | _

> AN P o -4

ST I AN ¢ | 10 E E
'é 10-2 — \‘ —_ 'é B \. |
o i . = 10° | o ° -
=) N i S - N .
mb — — mb w —
s . S 10°® 4 — Phase Space v =
M 1073 | E = 1 --- Winklerl? X ]
- + 3 /& & 0.05GeV < py < 0.15GeV oo |
B . - 107 He ¢ 0.25GeV < pr < 0.35GeV —
i ] 1é ¢ 0.45GeV < pr < 0.55GeV ]
1 ¢ 0.65GeV < pr < 0.75GeV i

1074 1 1 1 1 1 1 10°8 ! ! i LN b

4 6 8 10 12 14 4 6 8 10 12 14

p; |[GeV] Py |GeV]

‘ The phase space model does not seem to prowde a good descrlptlon of |
" antlproton production at these energies. This gives us an upper limit to |ts |
M | | applicability.




our cross section model

In light of these constraints we consider two possible values for the
threshold energy: 15 GeV and 18 GeV
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secondary antiproton source term
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secondary antiproton source term
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galactic propagation

transport ea&mtiow
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The transport model that we
consider features both
reacceleration and convection
(with a linearly increasing
convection velocity).

We solve the transport equation
| numerically, by using the
Credit: P. Mertsch DRAGON COde.




galactic propagation

transport ea&mtiow
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Fig. from Aguilar et al. PRL 120 (2018)




galactic propagation

Fitting a set of propagation R
parameters is a non-trivial task. 7 7
As it was shown in G. £ J'
Johannesson et al. ApJ 824 (2016), ﬂf
the propagation parameters that fit = /
low-mass isotopes (p, He and S
pbar) are significantly different R
that the ones that are found by fig. adapted fvr(?m G.'Joh?nnesson et aI.YApJ'824 (2016)
fitting the “usual” light elements 2] M S0 xBetAE S

] ] E 0.4} I

How do we deal with this? f 1&



galactic propagation

We adopt two different strategies to fit the propagation parameters:

» We fit p, He and p data alone

This means that we assume that light isotopes m
and heavier nuclei have two different
propagation histories.

* We fit p, He, B/C and C data. We assign to the p
flux a free normalisation (the one that provides
the best fit).
This is compatible to assume that the difference
in the propagation parameters obtained by
fitting light isotopes and heavier nuclei is due to
uncertainties in the secondary antiproton
production cross section.

In our fit, we use AMS data: Aguilar et al. PRL 114 (2015), Aguilar et al. PRL 117 (2016), Aguilar et al. PRL 120 (2018)



solar modulation

Very local
il Shocked VLISM . . .
s Heliosheath force-field approximation:
(VLISM) -/ " >
¢ | T T 2M
£ Termination shock | 1 ®ProA (TTOA) — TOA( TOA T ) d1 19 (TLIS) |
-~ e Tr1s(Tris+2m)
®
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Bow
shock?
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— —

=

‘charge-dependent modulation : we allow for a different value of the |
. Force-field potential for each CR species under consideration




galactic propagation

Winkler Winkler Winkler
+ PS 15 GeV | + PS 18 GeV
Do [10%® cm?s™ 1] 3.57 3.57 3.58
01 0.47 0.47 0.47
02 0.37 0.38 0.38
Ry [GV] 179.63 179.59 179.18
1
vA [kmil ] - 23.74 23.88 23.93 Obs. Winkler | Winkler + PS (15 GeV) | Winkler + PS (18 GeV)
dvc/dz [kms™ kpc™] 0.70 0.70 0.74 b (72 data points) 60.6 61.9 60.7
Yp,1 2.13 2.13 2.13 He (68 data points) 39.4 38.1 37.7
Vp.2 2.39 2.39 2.39 P (57 data points) 84.3 75.8 49.2
5 1[?(’}\/] 016 017 1016 Total (197 data points) | 184.2 175.8 147.6
p . . .
YHe,1 2.18 2.17 2.17
VHe .2 2.30 2.30 2.30
pie [GV] 10.10 10.09 10.09
oo [GV] 0.76 0.77 0.76
Ptie [GV] 0.61 0.60 0.59
o5 |[GV] 0.96 0.99 1.00
Do = 3.99 x 10*® cm?s™* 0p = 0.43
b5 = 0.35 vg = 27.0Tkms™!
dv./dz = 0.7kms ‘kpe™ ' Y1 = 2.08 Model 5 ©p | X3 [67 data points]
Yp2 = 2.40 pp = 9.64GV Winkler 0.96 | 0.73 81.04
VHe1 = 2.16 VHe,2 = 2.32 Winkler + PS 15 GeV | 0.96 | 0.76 74.00
pHe = 10.18 GV Yo = 2.28 Winkler + PS 18 GeV | 0.97 | 0.81 49.8
Ye,2 = 2.37 po = 10.30 GV




galactic propagation

Winkler Winkler Winkler
+ PS 15 GeV | + PS 18 GeV
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results - dark matter bound
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» For Method 1, we marginalise over the force-field potential

» For Method 2, we marginalise over the force-field potential and the
normalisation of the secondary antiproton flux

» Dark matter spectra at injection from PPPC 4 DM ID (cirelli et al. JCAP 1103 (2011) 051)
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The difference with respect to the bounds obtained with the Winkler model can

reach up to 80%, if the phase space model is used up to high energies, otherwise it
stays within 30%




results - dark matter bound
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» For Method 1, we marginalise over the force-field potential

» For Method 2, we marginalise over the force-field potential and the
normalisation of the secondary antiproton flux

» Dark matter spectra at injection from PPPC 4 DM ID (cirelli et al. JCAP 1103 (2011) 051)
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The difference with respect to the bounds obtained with the Winkler is always
below 30%



results - antideuteron prospects

Is this difference in the bounds significative for what concerns the
prospects of dark matter detection in the antideuteron channel”
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Antideuteron fluxes at injection from PPPC 4 DM ID (cCirelli et al. JCAP 1103 (2011) 051)



results - antideuteron prospects

Is this difference in the bounds significative for what concerns the
prospects of dark matter detection in the antideuteron channel”
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conclusions

We have illustrated a very simple analytical model to describe the
low-energy behaviour of the secondary antiproton production
cross section

By applying such model we have shown that:

» The excess in the antiproton flux at around 10 GV does not appear to
be affected by the modelling of the low-energy cross section

» The impact on the dark matter antiproton bounds can reach the
20/30% level (70/80% for the most aggressive configurations)

» This impact on the antiproton bounds obviously reflects on the
expected antideuteron fluxes

Obviously, our phase space model is very likely to be an
oversimplification. We are currently working on refining it by including
effects that could be relevant (resonances, formation of bound states,
final state interactions ...)
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results - antideuteron prospects
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GAPS [28] 2 x107° 0.05 0.25
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low energies - the phase space model

Under the simplifying assumption that the amplitude is constant, the n-body
phase space term can be easily derived in a fully analytical way

The general idea is to introduce intermediate four-momenta 4a = qu;
by inserting unities in the form: iCa

ﬁ?m_—zf—'t
1 :/ d Qa
7 e




low energies - the phase space model

Under the simplifying assumption that the amplitude is constant, the n-body
phase space term can be easily derived in a fully analytical way

By putting together the above equations we get:

3
1_/dsa dqa 1

WhICh If plugged into the phase space term, glves

e ——

!

| ds, d>q, 1 d>p, 1 4 ‘
(I)n P, s oo Pn) = 2 o(P — a  4n |
w / A% (P;p1s - Pn) / o (2r)i2E, ) @r 2B, ) )

where we have a 2-body phase space and a (n 1) body phase space terms



