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SIGNALS from RELIC WIMPs

Direct searches (deeply underground experiments) :
elastic scattering of a WIMP off detector nuclei
Measure of the recoil energy
~ Annual modulation and directionality of the measured rate

Indirect searches: in Cosmic Rays (mostly space based experiments)
sighals due to annihilation o{ accumnmulabted xx in the cwf Sun/Earth
(heutrinos)
signals due to xx annthilation in the galactic halo
(ankimatter, gamma“ravs)

New F:'m'%ittes are SQarathed ak colliders
but we cannok say amvﬁhiv\g about beiv\g
the solubkion ko Ehe DM i Ehe Universe!



The interest into rare cosmic rays

L Baldini, 14077631

Ratio of differential intensities

y (all sky) /' p

y (EGB)/p

10:] 10£
Kinetic energy [GeV]

Antimatter is highly suppressed
Y rays even more, but keep directionality



Antimattear or y-rays sources from
DARK MATTER

Annihilation

ﬁe€&3

p DM density in the halo of the MW
My, DM mass
<ov> thermally averaged annihilation cross section in SM channel £

[ DM decay time
e+, e- energy spectrum geherated i a single annthilation or decay event
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Antiproton fluxes at the Top-of-
Atmosphere

et eT
) GALACTIC DIFFUSION

ENERGY LOSSES

TRANSPORT IN THE HELIOSPHERE

<

DM signal

X p, D

TOA
Flux

HELIOSPHERE

spectral geatures

multiplicitg (norm)




Injection spectra from DM and CRs

] >p D et e v v
+ PYTHIA
X ‘WF W H HERWIG ]CX)“ACV-Fé“fF§J
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. X Hadronization: MC tunccy
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process oot y
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AMS-02 antiprotons are consistent with a
secamd&ry asErothsicaL oriLgn

M. Boudaud, Y. Genolini, L. Derome, J.Lavalle,
D.Maurin, P. Salati, P.D. Serpico 1906.07119

XX
2
<
)
=
N
9]
o

—|— AMS-02 (Utot)
Baseline prediction
0 Total uncertainties

| . Parents Transport
| XS Total

The secondary bar flux is predicted to be consistent with AMS-02 data
Transport and cross seckion uncertainkies are aompambte

A dark matter contribution would come as a very tiny effect
Precise predictions are mandatory
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Possible contribution from dark
makter
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10 =
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An&i,pro&ov\ data are so precise Ehat permi&
to set strong upper bounds on

10 — Limit CR bb with systematic uncertainty . . . .
= 1-32 65 DM detection the darke makbkter annihilabion cross section,
-28 | IIIIIIII | IIIIIIII | IIIIIIII | |
Y 10° Y 10° or to improve the fit wart. to the secondaries

alone adding a tine DM contribution



Production cross sections in the
galactic cosmic ray modeling

H, He, C, O, Fe,.. are present in the supernova remnant surroundings,
and directly accelerated into the the interstellar medium (ISM)

All the other nuclei (Li, Be, B, p-, and e+, gamma, ...) are produced by
spallation of heavier nuclei with the atoms (H, He) of the ISM

We need all the cross sections OK - from Nichel down to proton -

for the production of the j-particle from the heavier k-nucleus scattering
off the H and He of the ISM

Remarkable for DARK MATTER signals is productions of:
antiproton, antideuteron, positron and gamma rays.



Antiproton praduc:&om bv tnelastic
scatterings

D, Korsmeier, Di Mauro PRD 2017

X 2 g |
a7 (By) = / S TES AR RMOEE MOORIWIDN  Source term

p Tl
Eyy, (‘IEP LJ= Fro&os«, helium

‘(bth i the CRs and in the ISM)

Cosmic antiproton data are very precise:
production cross sections should be known with high accuracy
i order not to introduce high theoretical uncertainties



Parameter space to be covered

Fixed target Lab frame

T;=300GeV
Tﬁ =100Ge
T;=40GeV

Ts=15GeV
T5;=6.0GeV

T5=2.0GeV

AMSO2 accuracy is reached if pp —> pbar cross section is measured with
3% accuracy inside the regions, 30% outside.



PHYSICAL REVIEW LETTERS 121, 222001 (2018)

Measurement of Antiproton Production in p-He Collisions at ,/syy =110 GeV

R. Aaij et al.”
(LHCDb Collaboration)

The cross section for prompt antiproton production in collisions of protons with an energy of 6.5 TeV
incident on helium nuclei at rest is measured with the LHCb experiment from a data set corresponding to an
integrated luminosity of 0.5 nb~!. The target is provided by injecting helium gas into the LHC beam line at
the LHCb interaction point. The reported results, covering antiproton momenta between 12 and
110 GeV/c, represent the first direct determination of the antiproton production cross section in p-He
collisions, and impact the interpretation of recent results on antiproton cosmic rays from space-borne

do/dp [ub ¢/GeV]

experiments.
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Re-analysis of the cross section
parameterization

Param, I
e Fit of two most recent (analytic)
. — . —_— C _—
parametrizations for antiproton Tinyv (V'S, TR, PT) = 0in(1 — 2r)* exp(—Chr)
L . C4
production in pp collisions SR T X [03 (v's) " exp(—Cspr)
parametrization c7 5
e Fit of pA4 parametrization by to pp data +Cs (\/5) exp (—CspT)]
rescaling from pp
Fix the pp
Experiment  CM-Energy [GeV] Channel parameters 'PQ’(‘QM, il
NA49 17.3 pp v C
. — . _ 2
NA61 7.7,88,12.3,17.3 pp x2-fit of the pA Tiny (V'8, 2R, p1) = 0 RC1(1 = 2R) i
Dekkers 6.1 6.7 rescaling factor X C3X
PP to pA data x |1+ GoV (mr —my)
LHCb 110 pHe
ll + C (10 — G@)j elsewhere
, , R =
27-Mar-19 Michael Korsmeier 6 \ X exp [C@ (10 B %>2
[ X (zr — xR,min)Q}

oh (Vs g pr) = fP4(A 24, D) ol (Vs, 2w, pr)

JGalaxy — O-inv(2 + AIS + 2AA:

inv
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New fixed-tarqet data for the

&;A‘AE: ier&OM XS FD, Korsmeier, Di Mauro PRD 2018
pp —> F?bm‘*—)( r

pHe —> pbar + X
NAEL (Aduszkiewicz Eur ‘kas. Jd. C77

- (ze17)) LHCb (Graziani ek al. Moriond 2017)
Tp = 81, 40, ¥0, 16% GeV T = 6.8 ey
Fraction of the pp source term covered Fraction of the p-nucelus source term covered
bj the kinematical parame&evs space b y the kinematical parameters space

—— LHCb pHe (1/s=100-120 GeV)
— — NA49 pC (1/s=15-20 GeV)

—— NA49 (1/s=15-20 GeV) - NA61
— — NA49 (/s=10-50 GeV) NAG61 (scaled to \/s=50 GeV)
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pp—> Pbarﬁ-x pradw:&om cross seckions

qi; (1) = /de‘ 41 nism.; i (1
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10-31 :_ — — Param. |
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ey ---- di Mauro
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102 103

Ts [GeV]

100 10!
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o
o

+D, Korsmelier, DL Mauro PRD 201¥%

Good agreement for T > 10 GeV
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Still, the pp channel brings at least 10% uncertainty,
Systematics ...



High-enerqgy data analysis

Korsmeier, FD, Di Mauro, PRD 2018

1. Fit ko NA&L pp = Fbm‘ + X data
2. Calibration of pA XS o NA49 pC —> pbar + X data
3. Inclusion of LHC pHe —> pbar + X data

Paramebrizaktion 1 Paramebrizakion 11

[)

1
10° pr=0.62 GeV T —062GeV ewtwemgy™ X 067
V o aToeege® X e—a—e—t-oougy™ x 0.6
pr=0.75 Ge oor oS .
10 1 pr=0-85 GeV ¢ ¢ e

x 0.6*
pr= 0.97 GeV

os_s s etessasstes x 0.6°
102 pr=1.12GeV

o o ® o ¢ 80000%000 X0.66

pT=1.3ZGeV ‘_./.’—’_—’_
£ 10_3 .o qeevecastt X 06’

° o o
1.69] GeV ’_—//,—

e e®000eyd X068

z 10—4 PT=U'67_
&

pr=(221-2251 6V .t
*__,__4_-»—-‘—-’—'—'—'-' X 06°
107° PT=[3.06—3.12] GeV

107 107
O—0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 O—0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05

Xf Xf

LHCh data agree better with one of the two pp parameterizations.
They select the high energy behavior of the Lorentz invariant cross section
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The nuclear antiproton source spectrum

Korsmeier, FD, DL Mauro PRD i201¥%

— — Param. |
— Param. |l

— — Param. |
— Param. |l

q(ﬁ) T'257 [Gev1 .7m—3s—1]
q(ﬁ) TF2_).7 [Gev1 .7m—3s—1]
[
<
N

p—He
Param II is preferred by the fits.
The effect of LHCh data is to select a h.e. trend of the pbar source term.
A harder trend is preferred.
Uncertainties still range about 10-15%, and increase ot low energies.



E4fecks on the total F?bm‘
produc:&a»m

Korsmeier, FD, Di Mauro, 1802.03030, PRD 2018

with uncertainkies i the
kvperov\ correcktion and
Lsospih violakion

The antiproton source term - is affected by uncertainties of
+- 10% from cross sections.
Higher uncertainties at Low energies




For next generation experiments

AMSO2 accuracy is reached if ppRlpbar cross section is measured with

3% accuracy inside the regions, 30% oubside.






Antideuteron from Dark Matter
particles

> P , N >
+HF’YTHIA

HERWIG
Fluka (Mazziotta et al. 1510.0462%)

X | M Z W

. b J ' . ¢ b 2

A TR TR 3.
5, k. |k | Ky d®kn

Coalescence function



Flux of antideuterons: DM vs secondary on:

D, Forhenqo, SalFD, horhengo, salatl PRD Ro0l; D, Fornengo, Maurin PRD 200%;
Kadastik, Raidal, Strumia PLB2010; Ibarra, Wild JCAP2013; Fornengo, Maccione, Vittino JCAP 2013; ..ati PRD (2000) ADD

T T'TYTI

1 IH"YI

BESS limit
_______ m,= 50 GeV, TOA

v

=
=
-
»

-
| .

”'III‘ T IHY‘I'I
\

TN

Kinematics of spallation reactions
prevents the formation of very low
antiprotons (antineutrons).

™7 H'l"[

At variance, dark makter
annihilates almost at rest



S@.«aov\d&wj antideuterons

FD, Fornengo, Maurin PRD 2008

Conkributions ko secondaries

]O_G T IIIYIII T T T 171 T T T 11!!!!]

= Gl
< ~
= -
S S
% 7
) )]
1A ;'.2’ IS fluxes
% Ta solid: astrophysical uncertainty
S $=0 GV (IS) & dotted: nuclear uncertainty
MED flux
10 10
(GeV/n) Ts (GeV/n)
|
p-p, p-He Propagation uncertainties
’ ’
Compaktibilibu with B/C
He-H, He-He : u B/C

Nuclear uncertainties
Production cross sections & P

Production from antiprotons
Non-annihilating cross sections

H- pbar, He-pbar



The antideubteron DM source
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The window $/B is wider for SHe, in spite of 4 o.of Lower spectra



Possible antideuteron verification of
Dark Matter hint in am&&pm&oms

FD, Forhengo, Korsmeier, PRD 201%

Pooal = 124 (62) MeV Pl = 24% (124) MeV

lL
(7]
lu)
)
S
P
C
<
>
[
O
Nl
[ 10—8
<

10!
T/n [GeV/n] T/n [GeV/n]

DM an&ipra&o—ms possibtv hidden in AMS daka are
on&ev\&attv testable bv AMS and GAPS



Uncertainties o the debkection predic&wv\s

Coalescence Model:
a factor » 10
(does not affect pbar flu

Pro Fag&&iom models:

a factor > 10
(affects pbar flux)

See talks by
D Maurin,
Engelbrecht,
De Felice

Average flux over GAPS sensitivity

=
o
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Average flux over GAPS sensitivity
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o
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Monte Carlo
- coalescence

(Pythia)

analytic
coalescence

u
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Monte Carlo
- coalescence

(Pythia)

analytic
coalescence

vl
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Average flux over GAPS sensitivity
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Average flux over GAPS sensitivity

FD, Fornengo, Korsmeier, 1711,0¥ 468 sub
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60 65 70 75
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Average flux over GAPS sensitivity

1f ik were DM

T T T T T 11 T T T T T 11
88 _
B .bb = TABLE II. Summary of the best-fit DM mass and thermally
averaged cross section for various standard model final states
hh from the analyses [14, 56].
100 m Final state mpwm [GeV] (ov) [1072° cm?® /3]
B ] qg 34 1.9
- . bb 71 2.6
i ] ZZ" 66 2.4
- z . hh 128 5.7
B 7 tt 173 3.8
n tt _
10-1 | | Lo | | [ R N I
10! 102 103

mpwm [GeV]



Contribution from ALICE

Alice Coll. PRC 201%

ALICE pp \s = 0.9 TeV, |y| < 0.5

—o-d, ALICEpp \s=7 TeV
EPOS (LHC)*
PYTHIA 8.2 w/o CR*
PYTHIA 8.2 (Monash)*
Event mixing*
* with afterburner

14 16
p /A (GeVic)

14 1.6
pT/ A (GeV/c)

Coalescence parameter measured also at LHC energies

See talle bj M. Kachelriess
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The Fradu&?zion of anki helium

73

d° o Mg

He 71.3 7 .22
(H”E MMy,

13 13 13
d° o= d° o= d° o=
P 5 P 5 n
p n

dk3 dk3 dk3

P P

N _ M, ( P )2 dN; AN, dN;,

b n I B
dE4 mesmy,

8k ) dE; dE; dE;

which again relies the antiproton production cross section



& [(m”s sr(GeV/n)) ™)

& [(m°s sr(GeV/n)) ']

10

107"

— — - N N
S © 9 e =°
Y

-
o

-
L=

-
ne

—
(==

The case for antihelium

Cirelli, Fornengo, Taoso, Vittino, JCAP2014; Carlson, Coogan, Linden, Profumo, Ibarra, Wild et al. PRD2014

DMOM + 65 Muy =40 GoV P = 195 MoV . DMOM = b5 mpy = 40 GoV
° * Good signal-to-bkgd ratios
107
= o *  Predictions for most DM models
g " much lower than experimental
‘jé . reach
© 40"

-
(=3
1

-

I

o
-

T [GeVin] T [GeVin]

DM DM — W'W" Mgy =1000 GeV  pe;, =195 MeV DMDM — W"W  mpy = 1000 GeV

* Nuclear physics brings relevant
effects through (p.oa )¢

& [(m®s sr{GeV/n)) ")

T [GeVin] ' T [GeVin)
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?@.rspec&ves wibh anktihelium

FD, Forhengo, Korsmeier, PRD 201%
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Challenging for present day experiments



Ankihelium 3He proc’&u&&ms«

First daka ab LHC/Alice, Alice Coll, PRC 201¥%
Data ot 09, 2.76, 7 TeV sqrt(s)

Invariank 32,@_!.&5 Coalescence parame&er

- L, ALICE pp \s=7TeV [,ALICEpp \s=7TeV
g -
[ 3He. ALICE pPp \s=7TeV o “He, ALICE pp \s= 7 TeV . t. Bevalac p'A E:J =21 GeV f, EPOS (LHC).

K2 N Tsallis ) - "He, Bevalac p-A E, = 2.1 GeV - “He, EPOS (LHC)*

* with afterburner
+='=

1.5 2
P, /A (GeV/c)

Previous data from Bevalac on 3He, comsistent with Alice.
Measured a pr depemdemc:e, but non very relevant in the Galaxy (see inv. 5&@1&)

Peoal greaber (122 MeV vs 9% MeV) than i Frevmus estimations [? (FCOQL)é




Conclusions

No clear evidence of DM in antimatter
1f nature has hidden DM signals in antimatter, these signals are tiny
Unavoidable to handle this research as a precision physics Frc:}bi.em:
propaga&imu i khe Galaxv and in the ketiosph&re;
cross section for secondary production

Antideuteron are, so far, the best signature.

Let’s do not forqet that antimatter from DMshould also produce Y rays



Greneral idea for makching the accuracy

® Debermine the conbribution to the .am&&yro&ov\ source spe&&rum
fyom the whole parameter space ‘

® Assigi the maximal uncertainty that the cross section should
have in order to address the following requirements:

1. The total unaer&am&v shall mwmatch the AMS-02 accuracy

2. The parameter space with larger contribution to the source
syec&rum, should have the smaller uncertainties in the cross
section measurements
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source term contripution

Predictions for future extensions of
experiments
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