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1. Introduction

Weakly interacting massive particles (WIMPs) embedded in various new physics models
beyond the Standard Model (SM) are expected to annihilate into SM particles which, after a
complex sequence of processes, lead to stable final-state particles such as photons, antineutrinos,
positrons or antiprotons. These stable final-state objects may leave footprints in experiments such
as the Fermi Large Area Telescope (Fermi-LAT), IceCube or the Alpha Magnetic Spectrometer
(AMS). Soon after the discovery of the secondary cosmic ray antiprotons [1, 2], a mild excess over
the backgrounds was reported. This excess has been explained shortly afterwards by considering
the DM candidate to be a massive photino in a supersymmetric model [3, 4]. The excess seems to
be still there despite the unprecedented precision on the measurements of the antiproton-to-proton
ratio by the AMS-02 collaboration [5]. The statistical uncertainties on the measurement itself is
subleading now thanks to the large amount of data collected for a four-year period between 2011
and 2015 and over the rigidity range of 1-450 GV. Based on this measurement, several groups have
reported an excess over the SM backgrounds has been observed in the rigidity range of 10-20 GV
[6-16]. In this case, a dark matter with mass around ~ 60-200 GeV and thermal annihilation cross
section of about ~ 10726 cm? s~! seems to explain the AMS—02 excess. Interestingly, models with
dark matter having almost similar properties are able to address the so-called gamma-ray Galactic
Center Excess (GCE) [17-23, 23-30]. An important feature of these analyses is that modeling
of uncertainties may play a very important role not only in the discovery reach of dark matter in
indirect detection experiments but also in post-discovery studies. However, a proper treatment of
all the theoretical and systematic uncertainties on the antiproton flux is usually overlooked in the
literature. It was found that proper treatment of the systematic uncertainties and their correlations
can have drastic consequences on the AMS-02 excess [31-36]. In the process of dark matter
annihilation, antiprotons are solely produced from the QCD jet fragmentation. The process of jet
fragmentation which occurs at the scale of the proton mass can not be solved from first principles
but using phenomenological models or parametric fits. Hadronisation is usually performed using
multi-purpose Monte Carlo event generators. We note that there are two such models: the string
model [37, 38] (used in PyTHiA 8 [39]) and the cluster model (used in HErwiG 7 [40] and SHERPA 2
[41]). The hadronisation models depend, in principle, on many parameters that can be constrained
from data at colliders such as e.g. LEP. The modeling of the antiproton flux, therefore, contains
some uncertainties that are overlooked in the literature'. In a previous study, we have shown that
QCD uncertainties on gamma-ray dark matter searches can be important and we provided for the
first time a conservative estimate of QCD uncertainties within PytHia 8 [44] (a short summary
can be found in [45, 46]). The aim of this talk to discuss the QCD uncertainties on antiproton
spectra following the same methods used in the previous study?. To assess the QCD uncertainties
on the antiproton fluxes, we first revisit the constraints from LEP measurements on the parameters

1Some comparisons between different Monte Carlo (MC) event generators have been carried out in [42, 43]. We
however argue that the uncertainties obtained from the envelopes of different Monte Carlo event generators are not
conservative as they do not span the interval allowed by the experimental data. It was found that the differences in
particle spectra predicted in different MC event generators can be observed in the tails of the spectra while there is a high
level of agreement between them in the bulk of the spectra. This finding has been confirmed in a previous study where

we have used the most recent and widely used MC event generators [44].
2This talk is based on reference [47, 48]
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of the Lund fragmentation function and discuss the differences between the various measurements
of baryon spectra at the Z—pole. We then perform several tunings based on the baseline MoNasH
tune [49] of the PyTH1A 8.244 event generator [39]. We estimate the QCD uncertainties as the result
of various eigentunes from the optimisation tool PRoressor 2.3.3 [50] based on the measurements
implemented in River 3.1.3 [51]. The rest of the paper is organised as follows. In section
2, we discuss the antiproton production from generic dark matter annihilation, and the relevant
measurements that can be used to constrain the spectra. In section 3, we discuss the global analysis
of the fragmentation function including baryon production. We discuss the different sources of
QCD uncertainties on the antiproton spectra and assess their impact for a few selected dark matter
masses and annihilation channels and show for comparison the spectra of positrons in section 4.
We summarize our conclusions in section 5.

2. Antiprotons from dark matter annihilation: Signals and constraints

2.1 Theoretical modeling of proton production

We first study the production of antiprotons from a generic dark matter annihilation or decay
process?. This discussion applies in general for any dark matter decaying to hadronic final states and
whose masses are above a few GeV. The process under consideration can be written schematically
as follows:

hadron-level final-state objects

xx — XiXp--- Xy ﬂ(ﬁYli)(ﬁYzj')m(ﬁYNz), (1
i=1 j=1 z=1

| —
parton-level particles

where the narrow-width approximation is used to factorise the whole process into a production
part yy — Hf\:’ | X; and a decay part X; — Hzi:l Yir. It is understood that the decay part must
contain in addition to resonant decay of heavy SM particles the process of QCD bremsstrahlung
and hadronisation to have antiprotons in the final state. Coloured particles produced either directly
in dark matter annihilation or from the decay of heavy resonances undergo QCD bremsstrahlung
processes where additional quarks and gluons are produced. The rate of QCD bremsstrahlung
processes is controlled by the value of the strong coupling constant as(Mz). Note that the value of
as(Mz) in PyTHiA 8 is larger than a/S(MZ)NTS by 20% [49, 52]. Finally, at a scale Qg =~ O(1) GeV,
any coloured particle must hadronise to produce a set of colourless hadrons. This process, called
fragmentation is modeled within PyTHia 8 with the Lund string model [38, 53, 54]. The description
of the hadronisation process is achieved in the fragmentation function, f(z), which gives the
probability for a hadron to take a fraction z € [0, 1] of the remaining energy at each step of the
(iterative) string fragmentation process. The general form can be written as
—bm_2L n

— |

f(z,myp) N@ exp( )

3A more detailed discussion can be found in refs. [44, 48].
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parameter  PyTHIAS setting Variation range ~ Monasa  Tune-3D [44]
o, [GeV] StringPT:Sigma 00-1.0 0.335 0.3174

a StringZ:alLund 00-2.0 0.68 0.5999

b StringZ:bLund 0.2-2.0 0.98 -

(zp> StringZ:avgZLund 0.3-0.7 (0.55) 0.5278
apiQuark StringZ:aExtraDiquark 0.0-2.0 0.97 0.97

Table 1: Parameter ranges used for the PyTHia 8 tuning, and their corresponding values in the MoNAsH
tune [49] and in a tune performed in [44].
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Figure 1: The mean contribution to p/p production in e*e™ — y*/Z° — ¢g at /s = 91.2 GeV (left) and
in dark matter annihilation into g4 for M, = 100 GeV (right). Here, one shows p/p produced from QCD
fragmentation, neutron decay, A*, A**, A%, A®, =* and from other baryons.

where N is a normalisation constant that guarantees the distribution to be normalised to unit integral,

and myp = 4 /mfl + pih is called the “transverse mass”, with mj, the mass of the produced hadron
and p,j its momentum transverse to the string direction, a and b are tunable parameters. It was
found in ref. [44] that the a and b parameters are highly correlated. Therefore, a new parametrisation
of the fragmentation function exists for which the b parameter is replaced by (z,,) which represents
the average longitudinal momentum fraction taken by mainly the p mesons and which is computed
at the initialisation state. Baryon production in PyTHiAS is controlled by an additional parameter
apiquark that represents the rate for diquark production in the fragmentating strings. In this case,
the a parameter in f(z) is modified as @ — a + apjquark- table 1 shows the parameters of the
fragmentation function in PytHia 8, their default values in the baseline MonNasH tune and their
allowed intervals.

In figure 1, we show the origin of protons in both e*e™ — ¢g at LEP (left) and in dark matter
annihilation into gg for M, = 100 GeV (right). In general, (anti-)protons can be split into two
categories: (i) primary (anti-)protons produced directly from the string fragmentation of quarks
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Figure 2: Comparison between the different measurements of the A scaled momentum (upper panels) and
of the proton scaled momentum (lower panels). Data is taken from [55-60, 62, 63].

and gluons and (ii) secondary (anti-)protons produced from the decay of heavier baryons.

2.2 Experimental constraints

From the discussion in the previous subsection, it is clear that the modeling of antiprotons
will be improved if one includes all the relevant measurements of proton spectra performed at LEP.
Besides the measurements of the proton spectrum itself, one may expect some improvements from
measurements of the spectra of the A? baryons as well. The A° baryons are dominant sources of
secondary protons at LEP (about 22%). There is a strong correlation between the spectra of (anti-
yprotons and of A? baryons since all the A° baryons are reconstructed from their decays into 7p. We
do not expect significant improvements from measurements of other baryons such as A** or Z* as
due to the limited precision on their differential rates. Therefore, the main constraining observables
in this study will consist of a set of measurements of A and p/p energy—momentum distributions.
To guarantee a good agreement with the results of the previous study [44] (including an acceptable
modelling of overall event properties), we also include measurements of meson spectra, event
shapes and particle multiplicities. We have considered eight constraining measurements of proton
and A° reported on by ALEpPH [55, 56], DELPHI [57-59] and OrpaL [60, 61].

In figure 2, we show the comparisons between the different experimental measurements of
A spectrum and p/p spectrum. We can see that there are some inconsistencies between the
measurement of the scaled momentum of p/p performed by OpaL and the other experiments for
xp > 0.1 (the OpaL result is below all the others). Furthermore, the old DELPHI measurement (blue)
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of p/p momentum is inconsistent with the new one (green) for few bins of & ~ 3-3.2. Note that
both these DELPHI measurements cover the hole left by ALEPH-1996. Finally, the DELPHI-1993
measurement of A” scaled momentum seems to be inconsistent with the others for for & < 1.1 (the
discrepancy is mild as compared to the proton case). We do not include OpaL—1994 measurement
as it is inconsistent with all the other measurements for x,, > 0.1 and DeLPHI-1995 as it was
superseded by DELPHI-1998 one.

3. Tunes of the fragmentation function

3.1 Phenomenological setup

This study aims to perform further retunings of the fragmentation function using PyTHIA8
version 8.244 [39] assuming the MonasH tune [49] as our baseline. The different measurements
used in our tunings are implemented in the validation package River version 3.1.3 [51]. Both
Frequentist and Bayesian tunings are performed using the optimisation tool PROFESSOR version 2.3.3
[50] and MuLTINEST [64]. Analytical expressions for the physical dependence of the observables
on the different parameters are derived by fitting the Monte Carlo predictions to a set of points in
the parameter space. In this study we assume a fourth-order polynomial interpolation to represent
the true response of PyTHIA 8, i.e.

fiy({pi}) = oy +Zﬁ(b)p + Z v pipj + Z
i,j,k=

kplpjpk + Z ,kaplp,pkpf, (3)
i,j=1 i,j,k,{=

1 1

witha, B,v, 6, and € are the polynomial coefficients determined in the fitand {p; } = {a, (z,), 01, apiquark }
are the parameters of the Lund fragmentation function (defined in table 1). The best-fit points for
the parameters are determined by a standard )(z-minimisation method (MinurT [65]) implemented
in ProrEssoR and which uses the analytical polynomial interpolations defined in equation 3.
The goodness-of-fit per number of degrees of freedom is defined as

D) = Ro\?
V= 1 ZMOZ(M)’ 4)

ZO wOlb € O| parameters 0 beO Ab

where R;, is the central value for the experimental measurement O at a bin b, f;)({p;}) is the
analytical expression of the response function which is a polynomial of the parameters, and A, is
the total error which is quadratic sum of the statistical MC errors, the experimental errors and a flat
5% theory errors:

— 2 2
80 =T} e+ Ch e + O ®
with ot = 0.05 X f(5) ({pi})-

3.2 Results

The results of the fragmentation function tunes are shown in table 2 for individual experiments
and their combinations. We can see that the best-fit points of StringZ:alund, StringZ:avgZLund
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Tune alund avgZLund sigma aExtraDiquark bLund X2/Ndf

ALEPH 0.758f8:8§j 0.541f8;88; 0.297f8’_88§ 1.218f8'_§§§ 1.040 116.22/296
0.054 0.007 0.006 0.298

DELPHI 0.358;())'(())%l 0.497f8_88g 0'287t8'889 0.782t882§ 0.533 144.37/268
+0. +0. +0. +0.

L3 0‘478_(())'82?63 0'557_8'8856 0.315_8_88g 1.998_8_%Z 0.897 84.70/140
+0. +0. +U. +0.

OpaL 0.588% 0g¢ 0-5367 0z 0.3007- 702 1.998% 504 0.872 53.54/136
0.038 0.004 0.002 0.196

ComaINeD 0.6017 ¢ 0.540% 0% 0.307% (05 1.671f0'196 0.897 676.69/852

Table 2:
experiment.

Results of the tunes performed separately to all the considered measurements from a given

and StringPT:sigma are consistent with the results of a previous study [44]. On the other hand,
the best-fit point of StringZ:aExtraDiquark is larger than what we found in the one-dimensional
parameter space tune. Note that this value is driven by the results from two experiments: L3 and
OpaL. In figure 3 we show one- and two-dimensional marginalized posterior distributions for the
unimodular four-dimensional parameter space fit along with the 68% and 95% Bayesian credible
intervals. We have also checked that these results do not correspond to flat directions as the best-fit
point of StringZ:aExtraDiquark does not depend on the maximum value allowed in the scan.
We finally note that the these tune results give fairly good agreement with data and the results are
competitive with the baseline MoNASH tune.

4. QCD uncertainties on antiproton spectra

4.1 Perturbative uncertainties

The perturbative uncertainties are split into catergories: scale variation uncertainties and non-
singular (hard terms) uncertainties. The first class of the shower uncertainties are estimated by
varying the renormalisation scale by a factor of two in each direction with respect to the nominal
scale choice. To guarantee that scale variations are as conservative as possible, a number of
modifications on the naive scale variations are done by adding some NLO compensation terms to
absorb large corrections [66]. The variations of the non-universal hard components of the DGLAP
kernels are also possible with the new automated formalism. We close this discussion by noting
that Matrix-Element Corrections (MECs), switched on by default in PyTHia 8, lead to very small
variations of the non-singular terms of the DGLAP splittings for Z° decays. It was found that

switching off these corrections would lead to comprehensively larger envelopes [66].

4.2 Fragmentation function uncertainties

The ProFEssoR toolkit provides an estimate of the uncertainties on the fitted parameters through
the Hessian method (also known as eigentunes). This method consists of a diagonalisation of the
X2 covariance matrix near the minimum which results in building a set of 2 - Nparams variations.
These variations are then obtained as corresponding to a fixed change in the goodness-of-fit measure
which is found by imposing a constraint on the maximum variation, defined as a hypersphere with
maximum radius of 7 (defined as the tolerance), i.e. Ay?> < T. Therefore one can define the
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Figure 3: One- and two-dimensional marginalized posterior distributions for the uni-modal four-dimensional
Here, the contours show the 68% and 95% Bayesian credible intervals.

parameter space fit.

Tune StringZ:alund StringZ:avgZLund StringPT:sigma StringZ:aExtraDiquark
Central 0.601 0.540 0.307 1.671
20 eigentunes

Variation 1* 0.609 0.542 0.307 1.775
Variation 1~ 0.591 0.538 0.307 1.558
Variation 2* 0.501 0.535 0.306 1.679
Variation 2~ 0.700 0.544 0.308 1.662
Variation 3* 0.597 0.609 0.333 1.670
Variation 3~ 0.603 0.474 0.283 1.671
Variation 4* 0.601 0.478 0.475 1.672
Variation 4~ 0.600 0.581 0.197 1.669

Table 3: The Hessian variations (eigentunes) for the nominal tune including all the measurements performed

by ALEPH. The variations correspond to Ay? = 4 (95% CL) with Ay? is defined as Ay? = x2,, — x

2

min"®

Ax? to match a corresponding confidence level interval; i.e. one-sigma variations are obtained by

requiring that Ay? ~ Ng; where Ny is the number of degrees-of-freedom. This approach allows for
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a conservative estimate of the uncertainty if the event generator being used has a good agreement
with data (which is usually quantified by sznin /Ngs < 1) and the resulting uncertainties provide a
good coverage of the errors in the experimental data. To enable for this situation, we have added an
extra 5% uncertainty to the MC predictions for all the observables and bins which already implied
a x?/Ngs < 1in our fits as depicted in table 2. On the other hand, we enable for large uncertainties
by considering not only the one-sigma eigentunes but also the two-sigma eigentunes (correspond
to Ay?/Ngs = 4) and the three-sigma eigentunes (correspond to Ay?/Ngs = 9). The three-sigma
eigentunes provide a very good coverage of all the experimental uncertianties in the data for meson
and baryon spectra but results in unreasonably large uncertainties that overshot the experimental
errors for e.g. event shapes or jet rates. The variations corresponding to the two-sigma eigentunes
are shown in table 3.

4.3 Assessing QCD uncertainties on antiproton spectra

In this section, we quantify the impact of QCD uncertainties on particle spectra from dark
matter annihilation for a few dark matter masses and annihilation channels. The results will be
shown in the x variable defined by

Exin _ E—-m ©)
M, My’

X

with Ey, is the kinetic energy of the particle specie, m is its mass and M, is the dark matter mass.
We study the following annihilation channels:

M, xx — XX Spectra
10 GeV qq, 88 Figure 4
100 GeV qq,88,VV Figure 4

For the ¢4 annihilation channel, we assume that the dark matter is annihilated to all the quarks except
the top quark with BR(yx — ¢4) =0.2,¢g = u,d, s, ¢, b. For the VV channel, we include both the
ZZ and W*W~ channels with equal probabilities: i.e. BR(yy — W*W~) = BR(yxy — ZZ) =0.5.
The impact of QCD uncertainties on the antiproton spectra are shown in figure 4. For comparison,
we show the spectra of positrons as well. We can see that the QCD uncertainties resulting from
parton-shower variations are subleading for dark matter mass of 10 GeV and especially in the anti-
matter spectra. As far as we go to high dark matter masses, for example 100 GeV, these uncertainties
become more competitive with the hadronisation uncertainties and reach up to 15% in the peak
region. The hadronisation uncertainties on the antiproton spectra are very important and can reach
up to 20% in the low energy region and about 10% in the peak region. In the high energy region,
both the perturbative and hadronisation uncertainties are important with the latter are dominant
with respect to the former (and can reach up to 50%. Note that the position of the peak changes for
some particle species. There are regions where all the variations result in no uncertainty at all, e.g.
x =~ 0.2 in the antiproton spectra in the ¢4 final state.
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Figure 4: The scaled kinetic energy distribution of antiprotons (leff) and positrons (right) in dark matter
annihilation into g4 (red), gg (green) and VV for dark matter mass of 10 GeV (upper pane) and 100 GeV
(lower pane). For each pane, the dark shaded band corresponds to the parton-shower uncertainties while the
light shaded band corresponds to hadronisation uncertainties.

5. Conclusions

In this talk, we discussed the study of the QCD uncertainties on antiproton spectra from DM
annihilation which we studied for the first time in [44]. We first discussed the physics modeling
of antiproton production from dark matter annihilation and the minimal set of constraining data.
We then performed several retunings of the Lund fragmentation function parameters in PyTHia 8.
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We provided a minimal set of variations on the parameters that define a conservative estimate of
the QCD uncertainties allowed by data. We have finally shown quantitatively the impact of the
QCD uncertainties on the spectra of antiprotons from DM annihilation into ¢4, gg, and WW + ZZ.
Full data tables which can be used to update those in the PPPC4DMID are public can be found
on GitHub and can be found in https://github.com/ajueid/qcd-dm.github.io.git. The
tables can also be found in the next releases of DaArRkSusy 6 [67] and MicROMEGAS 5 [68].
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